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Preface

The advent of an organometallic chemistry based on the first-
row transition metals has been gaining attention within the propose
of transform chemistry in a more environmentally friendly discipline.
This movement sheds light on the Olefin Metathesis reaction, which
is one of the most powerful reactions in organic synthesis as it allows
the formation of new C=C double bonds. The reaction is catalyzed
either by ruthenium or molybdenum metal carbenes whose cost and
toxicity partially prevents their industrial applications. Therefore, the
Olefin Metathesis reaction is a paradigmatic example in which the
achievement of the long desired Fe-based catalyst can potentially have
breakthrough consequences.

This Thesis is a theoretical exploration, using DFT methods,
aiming to understand which parameters can be followed for such goal.
To do so, we present here a study about the electronic structure of
iron-complexes, its reactivity with olefins, and a in-silico design search
about possible ancillary ligands that can be used to produce such cat-
alyst. Forthcoming Chapters are overviewed in the next paragraphs.

Chapter 1 is an introductory background about some principles
of the classical organometallic chemistry, and, within this field, we
present the main aspects of olefin metathesis reaction. We still discuss
the characteristics of this new emerging field of the organometallic
chemistry, based on complexes of earth-based metals. Distinct kinds
of iron-carbenes reported in the literature are presented, specially con-
cerning the reactivity with olefins to metathesis and the cyclopropa-
nation, which can act as a deactivation path.

A step forward, in Chapter 2, we discuss the foundations of the
main methodology we use to approach the problem that we have sug-
gested: the main pillars of Computational Chemistry are presented, in
particular, the Density Functional Theory, that is the computational
methodology we have applied. In this Chapter, we demonstrate the
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reliability of the level of theory we have use, as well.

Moving to the presentation of the results and discussions, Chap-
ter 3 offers hints to understand the reasons why iron-carbenes so far
presented in the literature fails to catalyze olefin metathesis, but in-
stead drives to cyclopropanation, focusing the electronic structure and
the energetics of the above-mentioned reactions. This is done compar-
ing with the effective ruthenium-carbene belonging to the family of the
2nd Generation Grubbs catalysts.

We have also done a large analysis of which characteristics the
ancillary ligands should fulfil in order to achieve as much as possible
the thermodynamics and kinetics of a feasible metathesis catalyst. In
Chapter 4, is dedicated to discussing the electronic structure of ML,
iron-catalysts, as well as the reactivity of them with olefins, comparing
olefin metathesis with cyclopropanation. In the Chapter 5, handling
the same approach of the previous chapter, we study of pentacoordi-
nated complexes bearing iron-carbenes.

Finally, General Conclusions gathers the main conclusion drafted
from our research. After all, Appendices provide some additional data
necessary to a better understanding of the main text.



Background

Olefin Metathesis is a remarkable reaction catalyzed by com-
pounds belonging to the field of organometallic chemistry: corresponds
to the breaking of two carbon-carbon double bonds and the subse-
quent formation of two new ones. Its importance has been growing in
the past decades with a wide range of applications. Although since
the very beginning his importance was recognized, the enlightenment
of the mechanism and the development of well-defined catalysts al-
lowed it to became one of the most important machinery to perform
carbon-carbon couplingt Obviously, this was not ignored in the sci-
entific world, which awarded the chemistry Nobel prize of 2005, "for
the development of the metathesis method in organic synthesis”? to
Yves Chauvin,® for the elucidation of the mechanism, and Richard
R. Schrock® and Robert H. Grubbs® for the synthesis of the so-called
well-defined catalysts.

On the other hand, nowadays, organometallic chemistry is wit-
nessing a bold change in the attempt to move the chemistry performed
with the elements in the center of the periodic table, mostly the pre-
cious metals, to the first-row transition metals. This attempt is mo-
tivated because the latter have a huge natural availability and are
biocompatible. Within this effort, to continue the successful history of
olefin metathesis, one step further is to try transform, as much as possi-

11



12 Chapter 1 - Background

ble, into an environmentally friendly and more affordable process. One
path for such task would be the use earth-abundant metals to make the
catalyst system. In the case of olefin metathesis, iron systems can be
an interesting alternative to be explored, since it belongs to the same
family as ruthenium, which is the metal that one of the most effective
catalysts families is made with.

We dedicated this Chapter to provide a background vision over
the chemistry related to the problem we discuss in this thesis, from
the most wide envisage until the most specific matter. To begin with,
we discuss general organometallic chemistry. After that the olefin
metathesis reaction, regarding the development, mechanism, catalysts,
application, together with cyclopropanation reaction, which is one pos-
sible deactivation path. Another part is dedicated to present the iron-
carbene chemistry, as part of a new chemistry based on earth abundant
metals, regarding the structure, electronic states and reactivity, espe-
cially with olefins. After all, based on the points we have discussed,
we present the goals that this work should address.

1.1 Traditional Organometallic Chemistry

The successful history of organometallic homogeneous catalysis
lies in the use of metal complexes to catalyze reactions. During the
nearly last 50 years, that catalyst technology has principally relied on
the 4d and 5d transition metals in groups 8, 9, and 10 of the periodic
table, as highlighted in the [Figure 1.1} These are the so-called precious
metals such as Palladium (Pd), Platinum (Pt), Rhodium (Rh), Iridium
(Ir), and Ruthenium (Ru), which have been the pillars not only of
homogeneous but also heterogeneous catalysis. The popularity of these
metals was established by the research in the last five decades, carrying
out a predictable chemistry, based on the relative stability of their
complexes, low ligand lability and ability to characterize diamagnetic
complexes in solution using NMR spectroscopy.®® The high activity,
predictable selectivity, availability of reliable synthetic precursors and
general ease of handling has raised these metals catalysts among the
most widely deployed in synthetic contexts*?

Complexes synthesized with those metals have been proven to
be efficient for a large number of applications, showing a broad scope,
high efficiencies, and ample tolerance to functional groups, playing a
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Figure 1.1: Periodic Table, featuring the precious metals.

important role in organometallic chemistry. They usually act in hy-
drocarbon transformations and strong bond activation, in many cases
performing the most difficult part, such as breaking H-H bonds, form-
ing C-H or C-C bonds, etc®™ Prominent examples include cross-
coupling reactions with palladium catalysts,* "+ C—H activation reac-
tions with iridium and rhodium catalysts ™ hydrosilylation with plat-
inum catalysts 1 hydrogenation with the Rh-based Wilkinson’s cata-
lystl? and asymmetric hydrogenation with rhodium or iridium com-
plexed™®19 among others. Another important reaction belonging to
this field, which is the focus of our study is alkene metathesis catal-
ysed ruthenium catalysts, within others 2%

The importance of this organometallic reactivity based on the
precious metals is also illustrated by the widespread practical ap-
plications in the production of commodities where hydroformylation
(Rh)2Y hydrosilylation (Pt), Wacker-oxidation (Pd)?? are remarkable
cases. They also increasingly expand their reach beyond specialty,
like fine chemicals: palladium cross-coupling chemistry, for instance, is
intensively used in the pharmaceutical and electronic materials man-
ufacturing. Furthermore, asymmetric hydrogenation (Ru, Rh), olefin
metathesis (Ru) are also broadly used in pharmacy.?®
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1.2 Olefin Metathesis

Olefin metathesis is one of most remarkable reactions in organo-
metallic chemistry. It is an elegant reaction to promote the formation
of unsaturated compounds by forming two new C=C bonds from the
breaking of any two-else former double bonds, as the general transfor-

mation shown in the [Scheme 1.1]23RH25
+ g — +
Scheme 1.1: Olefin Metathesis reaction

The word metathesis comes from the greek perafleois, originally
used in phonology, meaning a sound change that alters the order of
phonemes in a word. In chemistry it resembles the interchange of atoms
between molecules, as we have just defined for this olefin case.® Olefin
metathesis is generally a reversible reaction and requires a proper cata-
lyst to achieve the equilibrium in a useful time. Frequently it is unpro-
ductive and competitive with other reactions, resulting in a complex
process depending on relative rates, and releasing of volatiles or insol-
uble products that change the equilibrium

Olefin metathesis was observed for the first time in 1931, re-
ported as metathesis of propene to form butene and ethene at high
temperatures, by Schneider and Frolich2¥ In the early 60s many re-
ports (H. S. Eleuterio, E. F. Peters, B. L. Evering, R. L. Banks and
G. C. Bailey) from chemical industry described again the formation
of 2-butene and ethene from propene, catalysed by heterogeneous sys-
tems of molybdenum supported on alumina. This reaction was named
olefin disproportionation2%3% Meanwhile, H. S. Eleuterio and Truett
reported independently, in 1964, the polymerization of norbonene with
WClg/AlEt,Cl* Using the same system, in 1964 Giulio Natta ob-
served polymerization of cyclopentene and norbonene! However, it
was only in 1967 that Nissim Calderon and colleagues realized that
olefin disproportionation and polymerization of cyclic olefins are the
same reaction, which he termed olefin metathesis, a name that stands
so far.#2
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1.2.1 Types and Practical Applications

Olefin metathesis shows a wide range of applications that is a con-
sequence of the large number of different olefins able to react or be
formed, for instance terminal olefins, inner olefins, cyclic, macrocyclics

and polymers. shows the versatility of most used processes
involving olefin metathesis, either in laboratory or industry.

cross-metathesis
*—9+-0—9 = o—0 -0—9

CM

g

ring-opening metathesis
polymerisation

—
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Scheme 1.2: Types of Olefin Metathesis Reaction
The first reaction is the cross-metathesis-CM, which refers the
reaction between two acyclic olefins. Such reaction is essentially de-
generate and an equilibrium is easily reached, but the equilibrium can
be displaced towards products by releasing gaseous ethene produced
during the reaction, if the reactants are terminal olefins. The olefin
product can have F or Z conformation, although in general, ther-
modynamic control drives the reaction to produce the more stable

conformer, which is sometimes the only product. If the reacting olefins
are equals, the process is called self-metathesis 133135
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The second reaction is Ring-Opening Metathesis Polymerization-
ROMP that forms polymers by metathesis from cyclic olefins. Histor-
ically, is the most common application of olefin metathesis for prepa-
ration of new materials. It is particularly important in the chemical
industry of polymer production. The driving force for this reaction
is the loss of ring strain in the cyclic olefins2®B%57 TIf instead the
olefins just opens, without form a polymer, we have the Ring-Opening
Metathesis-ROM, shown in the third entry®® The fourth entry cor-
responds to the opposite reaction of ROM: intra-molecular coupling
of two olefins, giving a cyclic olefin, called Ring-Closing Metathesis-
RCM. This reaction is usually energetically unfavourable due to the
ring strain of the products, but it can be favoured by the formation of
volatile ethene®® The last kind is Acyclic Diene Metathesis-ADMET,
which is the intermolecular reaction of a diolefin to form polymers or
oligomers. ADMET is also driven by the release of volatile ethylene
gas. 4

This variety of metathesis reaction has been applied to the syn-
thesis of a wide range of organic products such as polymers, petrochem-
ical products and in advanced organic synthesis with pharmaceutical
and biological implications ™2 Cross-metathesis, for instance, is the
base of Phillips Triolefin Process, to produce ethene and 2-butene from
propene with an heterogeneous catalyst. This process was used in 1966-
72. Afterwords, propene demand forced the usage of the opposite re-
action, called Olefins Conversion Technology: the last process can still
be used to 1-hexene production from butene and propene. Shell Higher
Olefin Process (SHOP) produces linear higher olefins from ethene, in
a total of 1.2 million of ton per year as the trade name Neodene®.
Regarding the fine chemicals, Neohexene (3,3-dimethyl-1-butene) can
be produced by cross-metathesis using 2,4,4-trimethyl-1-pentene and
ethene. It is an important intermediate for synthesis of Tonalide®, a
synthetic musk perfume and also used to make Terbinafine®, an anti-
fungal agent.*! Insect pheromones, which are useful as environment
friendly pest-control agents can be obtained with standard metathesis
reaction from commodity starting materials.4°

ROMP is definitely an important process for polymers produc-
tion: the first commercial metathesis polymer was polynorbornene,
under the trade name Norsorex®, obtained by polymerization of Nor-
bonene, with RuCl;/HCI in butanol. This compound is used for oil
spill recovery, as sound barrier or for damping. ROMP of cyclooctene
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form a polymer commercially known as Vestenamer®, performed in
hexane as solvent in the presence of a WClg-based catalyst. The poly-
mer is used for improving the properties of rubber compounds and
for use in rubberised asphalt. There is innumerate other examples of
polymers produced by means of ROMP, like polydicyclopentadiene.
Hydrogenated analogues of some of these polymers are available as
well; Zeonex® (suitable for optical applications) is a saturated ROMP
polymer of substituted polynorbornene*!

The applications of olefin metathesis in the pharmaceutical field
are intrinsically correlated to RCM, and in a less extend to the opposite
reaction, ROM, remarkably for preparation of macrocycles, although
it does have some limitations such as high dilution, selectivity and
unwanted isomerization, which prevent in less extend their commercial
use. shows some examples of macrocycles synthesized using
olefin metathesis.

Scheme 1.3: Olefin-containing macrocycles obtained with olefin
metathesis.

Some examples, among many, is the use of RCM to prepare multi-
kilogram quantities of a complex molecule (BILN 2061 ZW) that is
precursor of a potent anti-hepatitis C, for instance (a)*4 Fiirstner
and Thiel, using RCM, shortened the total synthesis of a 7-membered
azepin compound (balanol), which is a drug used as anticancer agent
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and in controlling inflammation, cardiovascular disorders, central ner-
vous system dysfunction and even HIV infection(b).*” Another anti-
cancer drug, epothilone, and its derivatives were also prepared using
ring closing metathesis(c).*¥ It was found as well that with metathesis
is possible to selectively cyclize musk-odored lactone, improving the
industrial process(d).*?

1.2.2 The Reaction Mechanism

After Calderon®® craft the term olefin metathesis, the step for-
ward was the understanding of the reaction mechanism. In the late 60s
and early 70s, different suggestions for mechanisms and intermediates
were brought froward 2%2Y Within this effort, in 1971, two chemists at
the French Petroleum Institute, Yves Chauvin and his student Jean-
Louis Hérisson® suggested that olefin metathesis is initiated by a tran-
sition metal carbene. The general mechanism for two different olefins

reacting through olefin metathesis is summarized in

o—0 L =
M—@
//D x
T:I H
C B
A D
Scheme 1.4: Mechanism of Olefin Metathesis.

In this propose, the active species to catalyse the reaction is a
metallic carbene, that interacts with an olefin to form a metallacy-
clobutane intermediate (step A), which subsequently breaks apart into
a new olefin and a new carbene (step B). This new carbene interacts
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with the second olefin to form another intermediate metallacyclobu-
tane (step C), which breaks to form the the second new olefin and
regenerate the initial carbene, starting over the cycle (step D). At this
point, it is obvious that besides the metal-carbene, the intermediate
metallacyclobutane is key stage in the reaction.

The formation of the metallacyclobutane (step A) is a [242] cy-
cloaddition and the subsequent opening (step B) is a [2+2] cyclore-
version. Those two processes are the main barriers (transition states,
in the computational chemistry language) of the reaction. Usually di-
rect [2+2] cycloaddition of main group elements is orbital-symmetry
forbidden thus has a high activation energy.®® However, in this case, in-
teraction of the olefin molecule with the metal orbitals breakdowns the
orbital-symmetry control and allows a formally forbidden process.®

Nowadays everyone agrees that the seminal paper of Chauvin
& Hérisson was the first to envisage correctly the key role of metal
carbenes in olefin metathesis and the events that lead to exchange of
groups around carbon-carbon double bonds, but it took several years
before the mechanism was experimentally supported and widely ac-
cepted, a task mostly achieved due to the efforts of Katz. 2%

It is clear the importance of the intermediate metallacyclebutane
for olefin metathesis. Apart of cycloreversion to metathesis products,
metallacyclebutanes of Pt, Ir, Rh, Ru can drive to alkanes, olefins,

carbene—olefin complexes and allyl complexes (see [Figure 1.2]).27

R R
IMl—("
M—/ = —_—
olefin .
; cyclopropanation
* metathesis n
l p-elimination [M]

. R

Figure 1.2: Representative examples of evolution paths from metalla-
cyclebutane intermediate.

In our case, another deactivation process should be a matter of at-
tention: cyclopropanation, since for iron-carbenes, which is our focus,
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this process is often observed. Metallacyclebutane structures relevant
for cyclopropanation are not well documented, possibly because reduc-
tive elimination is a fast process. This is more important in the case
of Fischer-type carbenes??°® However, in some cases, the intermedi-
acy of metallacyclebutanes is clearly established, especially in reactions
catalysed by Cu and Pd .28

In this way, the relevance of metallacyclebutanes as intermediates
in cyclopropanation from olefins and diazocompounds may be under
doubt, since in many cases it is not generated. Some evidences point
to the direct reaction of metal-carbenes with olefins, whose gmecha-
nism is detailed in Section Therefore, it seems that there is no
a single general mechanism for cyclopropanation. A further question
is why some metallacycles yield cyclopropanes, whereas others olefin
metathesis.

1.2.3 Olefin Metathesis Efficient Catalysts

The first catalysts used were multicomponent homogeneous and
heterogeneous catalyst systems, poorly defined, usually composed by
transition metal salts combined with main group alkylating agents
or deposited on solid supports. Classical examples are WClg/BuySn,
WOCI,/EtAICl,, Mos/SiOs, ReaO7/Al;O3. Because of their low cost
and simplicity, these systems still have an important place in commer-
cial applications. However the usage of those catalyst is limited due
to the harsh condition and strong Lewis acid they require, which are
incompatible with many functional groups. Besides, the existence of
only few active species made hard the initiation process and reactivity
control 4"

The big step for enlightening the mechanism (Scheme 1.4)) demon-
strated that the active species are metal-carbenes, and metallacyclobu-

tane is an important intermediate. This gave a chance to move further
in the improvement of the reaction, influencing the development, by a
rational design, of an alkylidene or metallacyclobutane catalyst. Katz
showed, then, that isolated metal-carbenes initiate olefin metathe-
sis,>>2% which turned this structure the main focus of research. In
this way, before going further in the discussion of the modern olefin
metathesis catalyst, we want to discuss about the nature of metal-
carbenes itself.
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Metal-Carbenes

The first report of transition metal-carbene double bond was pro-
vided by Ernst Otto Fischer, in 1964 and it is shown in
Noteworthy this carbene gave to Chauvin some insights about the
mechanism, since it proves that metal-carbene species exist. Carbenes
similar to this are defined as Fischer carbenes. This family of com-
plexes usually has a metal from the groups 6 to 8 with a low oxidation
state.

Fischer Carbene Schrock Carbene

X R,
M= M=
Y Rz

X, Y= hetereatom | R;R,=H,alkylaryl

electrophilic C, nucleophilic C,
Ph Cl
(00W= Cp |
OMe Co |
P Me
first example first example
(1964) (1974)
& SRR (@ SUBS TN
M v M v

®— | QP— @
— &) —8

hs

Radical Carbene
R= hydrocarbyl

R
[M]—ﬁ( X=heteroatom

radical at C_

Figure 1.3: Types of metal-carbene and their orbital interaction
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The orbital interaction, also depicted in shows that
the [M]=CR, bond is made by the o-donation of the carbon of the
carbene ligand (C,) and the m-retrodonation from the metal to the
ligand. Overall, the electronic density on C, is diminished, result-
ing in polarization of the metal-carbon double-bond, with the carbon
carbenic becoming electrophilic.®

Another important family of metal-carbenes was introduced for
the first time by Schrock in 1974,°Y then called Schrock carbenes. In
this group, unlike the previous ones, the [M|=CRy bond is covalent-
like, with the metal usually in a high-oxidation state. Fach metal-
carbene bond is polarized towards the carbene, reason why the C, is
nucleophylic. Orbital interaction and the first report Schrock carbene
are shown in

At the fundamental level, the distinction between the two type
of carbenes is based on the nature of the [M]=CRz bond, inferred from
its cleavage, which can be seen as the reverse of the metal-carbene
formation. The cleavage products of Fischer carbenes, both carbene
and metal fragment, are singlets. For Schrock type, on the other hand,
they are triplets®%®2 Recently a new class of carbenes has emerged,
where the carbene bears a significant radical character. The carbene
radical is formed by one-electron reduction of metallic
center during the formation of [M|=CRg, at an open-shell transition
metal complex (in particular low-spin cobalt(IT) complexes), using di-
azo compounds and related carbene precursors.®?

Well-defined Catalyst

The successful history of metathesis in the field of organic syn-
thesis is due to the development of the active, selective and efficient
catalysts based on metal-carbene. The first result of this kind was pub-
lished by Casey and Burkhardt®® showing that W(CO)5(=CPhy) re-
acts with isobutene to form 1,1’-diphenylethylene (1974) and Chauvin
(1976)% using the same system reported metathesis as well. However,
this complexes were not well determined.

Well-defined catalyst metal-carbene are said so because they are
characterized by spectroscopic techniques and their composition is well
established. These systems were developed only in the 80-90s. They
are the catalyst commonly used today and can be divided in two fam-
ilies: the Schrock type metal-alkylidenes which present d° centers (Ta,
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Mo, W, Re), and the Grubbs type metal-carbenes that are based on
ruthenium. Both type of complexes present high catalytic activities
and selectivities, and are commercially available.

Schrock catalysts are those metal-alkylidenes complexes of d°
metals, but this history started one decade before with a Ta carbene
(|Ta(=CH-¢-Bu)Cl(PMe3)(O-t-Bu)s), which catalyses the metathesis
of cis-2-pentene.%® The first properly defined carbene of this kind was
reported in 1990, made of a Mo atom with two alcoxide ligands, an

imide and the carbene([Figure 1.4)).%7

general formula ,{-.,,, Br
F,C”1"CF,

NR, O
M Mo, W .
Y 2,5-MePyr, OR
X OR,4 Schrock,1990 Schrock,2009

Figure 1.4: Schrock’s Catalysts

Further studies culminated in a group of catalysts that exhibited
better initiation and unique levels of reactivity under milder condi-
tions than ever before®® They allow reaction of diverse substrates
such as terminal and internal olefins, and also challenging olefins like
ROMP low-strain monomers, or ring-close of sterically demanding and
electron-poor substrates. On top of that, they also made possible
deeper studies on the structure-reactivity relationship and mechanism,
and provide a commercial catalyst.2) However, those complexes showed
some disaadvantages, basically deriving from the oxophilicity of the
metal center, making them to be extremely sensitive to oxygen and
moisture, limiting their usage. They are also intolerant to alcohol and
aldehydes, which are present in many biological /natural substances.

More recently, in 2005, Schrock noticed that changing one of the
alcoxy ligands by a pyrrol generates a very active catalyst. This was
later explained by theoretical calculations®? analysing the role of the
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ligands, which drove Schrock and Hoveyda (2008-2009) to produce a
large number of similar catalysts, which are more stable and active,
and at the same time Z-selective because of the large alcoxy group.™

Ruthenium complexes are an interesting element because it shows
tolerance to air, moisture, nitrogen and oxygen containing functional
groups, and at the same time reacts preferentially with C-C double
bonds over other species. Indeed, at the very beginning of olefin
metathesis history, RuCl was used for ROMP of cyclobutene (1965).™
The group of Grubbs studied for many years polymerization with these
ruthenium salts. In 1992, in a great breakthrough, they reported the
first well-define carbene of ruthenium able to catalyse ROMP of nor-

bonene (Figure 1.5)).7
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Figure 1.5: Grubbs’s Catalysts

Three years later, in 1995, Grubbs prepared a new well-defined
ruthenium-carbene, whose structure is closely similar to the vinyldene
ones previously reported™ Those complexes were immediately com-
mercialized, and even today are within the most used catalysts in or-
ganic synthesis because of their stability to air and compatibility with
functional groups. This is known as First Generation Grubbs Cata-
lyst. Please note that this complex is highly coordinated (16e~) and
the interaction with olefins is difficult. Mechanistic studies have shown
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that the carbene active species is formed by dissociation of a phosphine
forming a 14e~ reactive species. ™

The groups of Fiirstner and Herrmann,™ Grubbs and“®7 Nolan™
figured out that replacing a phosphine with an Arduengo’s cyclic bis-
amino carbene ligand, the NHC, works to accelerate the activation
process. These ligands are excellent o-donors but show no m-acceptor
properties, which increases electron density at the ruthenium center.
This is called Second Generation Grubbs Catalyst, and is used for
cross-metathesis and is commercially available. It is more thermally
stable and active than the previous one, although it is not tolerant to
amines and nitriles.2%2%

Meanwhile, in 1999, Hoveyda™ prepared a related ruthenium
catalyst derived from the Grubbs’ First generation catalyst, bearing
one phosphine and a internal and chelating metal—oxygen carbene
ligand, very reactive, stable and functional-group tolerant. Subse-
quently in 2000, Hoveyda® and Blechert®” simultaneously reported a
new catalyst bearing an Arduengo’s carbene instead of the phosphine.
Both catalysts are now commercially available, although expensive,
and show better activities for electron-deficient olefins*? They are
named Hoveyda-Grubbs catalyst of First and Second Generation, re-
spectively. In 2011 Grubbs reported a catalyst with a adamantyl-
containing NHC chelating ligand that is effective for Z-selectivity of
products.#?

Overall molybdenum and ruthenium catalysts offer complemen-
tary degrees of efficiency. The superior activity of a Mo catalyst in
one case does not mean that such activity is true in all cases. Mo an
W complexes are sensitive to moisture and air, and should be han-
dled in inert atmosphere and used in anhydrous solvents. Alike an-
other early-transition-metal complexes, they are incompatible with car-
boxylic acids, ketones, aldehydes, most alcohols and primary amines,
but are effective in the presence of phosphanes and thioethers, which
decompose Ru-complexes. Regarding the activity, some reactions, for
instance, occurs within minutes with 5 mol% of Hoveyda catalysts, but
others do not proceed, even at 70°C, in the presence of catalytic or
stoichiometric amounts of second generation Ru catalysts.®®
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1.3 Organometallic of Earth Abundant Met-
als

For nearly 50 years organometallic chemistry was supported, in
a large extend, on the precious metals. However their use can become
outdated and provide some inconveniences due to the nowadays funda-
mental emphasis on the sustainable matter, the environmental impact
and associated carbon dioxide footprint derived from the extraction of
scarce elements from the earth’s crust, can somehow become outdated
and provide some inconveniences on their usage.'! Moreover, precious
metals present precarious toxicological properties. Some of them, such
as platinum and rhodium, are more toxic than Fe by two or more or-
ders of magnitude™®2 In fact, because of the toxicity of these metals,
their levels in pharmaceuticals is limited to 10 ppm.*Y The ionic forms
of ruthenium show toxicity as well, therefore, when used as a part of
a catalytic process, they should be removed from the product, which
can be difficult, depending of their nature

A second problem to be faced is that those precious transition
metals are among the least abundant and subsequently most valuable
in the Earth’s lithosphere. Although in some cases the metals may be
recycled, some lost is inevitably. In polymerizations based on alkene
metathesis or hydrosilylation, the catalyst is typically left in the reac-
tion product, especially if it is an organic product. On the other hand,
substantial costs are involved when recovery and recycling of the metal
is required tLOE%ES Begides, a potentially non-sustained supply can be
a consequence of ’political’ price fixing due to a massively imbalanced
global distribution.®®

Such factors can be less relevant in the academic world or in pro-
cesses carried out in relatively small scale, but it can be an important
bottleneck for industrial applications in a global scale. For instance, if
the wishful change of cars based on fossil fuels to hydrogen fuel cells
comes true, the demand of Pt will be far bigger than the known ores,
but such a change could be achieved with the development of efficient
fuel cells that use Fe catalysts.®

Precious metals often cost more than 100 or 1000 times the cost
of base metals, typically >508%/g, whereas the price of Fe, for instance,
is often quoted per kilogram or ton. Ruthenium is somewhat less ex-
pensive than the other precious metals, but the inability of recovering
the catalyst imply in high cost processes. The price comparison be-
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comes even more favourable for Fe if is consider the much higher atomic
weight of the precious relative to Fe. [Figure 1.6| shows the compari-
son, in prices per mol, of the precious metals we have been discussing
about.
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Figure 1.6: Market prices of transition metals. By the middle of 2017
the values are 6046 for platinum, 3018 palladium, 3308 rhodium, 5994
iridium and 215 for ruthenium, in US$/mol.#* Tron’s price is based on
scrap iron quotation in August 201757

These considerations have motivated chemists to work on alterna-
tives to this chemistry. One interesting solution came out: replace pre-
cious metals with base first-row transition metals on the basis of peri-
odic similarities (Figure 1.1)). Apart from the attempts at substituting
for their precious-metal analogues, the wide use of less-explored metals
coupled with the contemporary knowledge of homogeneous catalysis
can often lead to new reactivities that have not been achieved with
precious-metal catalysts.

Is not surprising, then, that in recent years, increasing efforts
have been devoted to the design and discovery of homogeneous cata-
lysts that incorporate base first-row metals, for chemical transforma-
tions, such as iron (Fe) and cobalt (Co), managing to offer sustainable
alternatives to the conventional catalysts that now face diminishing
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supply 8% Comparably, the first-row transition metals, such as Fe,
Co, and Ni, are much more abundant on earth, inexpensive, and more
environmentally friendly. For example, the natural abundance of Fe,
Ni, and Co on earth is about 32%, 1.8% and 0.88%, respectively as
a consequence, production and separation of Fe, Co, and Ni is less
energy-consuming than for precious metals LHE2E001

With regard to the biocompatibility, ergo the toxicity to living
beings, the earth-abundant metals show an advantage, since, exactly
because they are abundant in Earth crust, in the evolution of live they
were incorporated in various biological processes. Enzymes activated
by vanadium, manganese, cobalt, iron, and copper are ubiquitous and
provide inspiration to catalytic chemists. Metals supported by por-
phyrin and other macrocyclic ligands are common in nature. Cobal-
amin is the very important vitamin Bi,, which is a porphyrin complex
with cobalt. Chlorophyll is another very important biological complex
made of porphyrin and magnesium, and hydrolases are complexes of
zinc (Zn) L9293 Table 1.1]summarizes some life processes where those
metals take part in.

Table 1.1: Functional roles of inorganic elements found in biology®%
Function Metal Representative Examples
Hydrolysis reactions
Acid-Base 7Zn, Fe, Ni, carried out by
Catalysis Mn, Mg carboxypeptidase,

urease, arginase, etc.

Dioxygen transport

Atom or Group 'V, Fe, Co, Ni, (hemoglobin);
Transfer Cu,Mo, W alkyl group transfer
(cobalamin)

Iron-sulfur proteins,
Electron Transfer Fe, Cu, Mo cytochromes,
blue copper proteins

Enzymes involved in oxygen
metabolism; nitrogen fixation;
radical formation

V, Mn, Fe, Co,

Redox Catalysis Ni.C, W
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1.3.1 Open-Shell Behaviour

The chemistry undergone by the precious metals is usually based
on a even number of electrons and are redox-neutral. Olefin Metathe-
sis is a example of this. Elements of the same group in the periodic
table are expected to present similar chemical behaviour. However,
the principles of the precious metal chemistry may be not present in
their first-row counterparts that often form complexes with a tendency
to generate paramagnetic species (S > 0) or preferring one-electron
pathways. Additionally, is observed that high-spin systems as 'metal-
loradicals’ lead to free radicals and decomposition. This can be one of
the biggest challenges for the earth-based metals chemistry e

Iron complexes, for instance, are undoubtedly able to promote
two-electrons chemistry processes, but single electron processes are
certainly competitive and, in many cases, preferred. Of course, this
open-shell behaviour can favour new reactions, but if the wish is to
emulate the chemical behaviour of noble metals, as is ours, regarding
olefin metathesis, we have to face it.2&52

The electronic behavior of transition metals is governed by the
spin state generated by the partially filled d-orbitals of the metallic cen-
ter. The metals alone have high-spin configuration, but when forming
complexes, the degeneracy of the d-orbitals is lost into a split that
can lead to a low-spin configuration or, if the d-orbital splitting is not
big enough, the high-spin configurations remains feasible. For exam-
ple, in we can see how different coordination numbers and
geometries influence the d-orbital splitting for iron complexes.

The logical way to solve this spin matter is to address the splitting
of the d-orbital, controlling the electron occupancy. The determinant
issues are the coordination geometry and the nature of the chosen
ligands: strong field ligands lead to larger splitting, in particular, in
the octahedral ligand field, and hence favour electron pairing and the
formation of low-spin complexes®*P4 In a given coordination number,
changing the nature from independent ligands to chelating can provide
a big change in the relative energies of the orbitals.”®

The oxidation state also plays an important role, since a higher
positive charge density contracts the metal orbitals and it costs more
energy to pair electrons in a smaller orbital, leading preferably to higher
spin-state. In the same sense, more electron donating ligands will
reduce the pairing energy and more electron withdrawing ones will



30

Chapter 1 - Background

I

XZ

i

yz

>
F“<I¢<—

L/,, |e.\\\li
™ | YL

octahedral

5=0 (or 1)

X

I 4

XZ yZ

e

L

L/f.F| .\\\L
v

square-based
pyramid
5=1 (or 0)

4

44
xz Xy yz

o

22 x2y2

L
I

Fe.,
~ L
1]

tetrahedral

5=2

trigonal
bipyramid
S=1

trigonal

S=2

Figure 1.7: Most common open-shell configurations for Fe(II) com-
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increase it.”® A large number of ligands also forces a large value of

the splitting of the d-orbitals.

If the charge of the metal and the

coordination sphere is constant, the pairing energy decreases from the
first row to the two lower rows, because with a small covalent radius
the 3d orbitals are less diffuse than the 4d and 5d orbitals, resulting
in higher exchange interactions between compact 3d-orbitals, giving
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more easily medium or high spin systems.?$100

Although is not the wished trend for this thesis, iron has been
employed to generate radicals by an large numbers of reactions, and
in another cases radical behaviour was observed as well. However, as
expected, radical species are challenging to control the reactivity and
stereoselectivity. Some examples of this open-shell reactivity catalysed
by iron salts are C—H bond oxidations,*"! cyclizations, formation of
few C—X Bonds (X=0, S, N, F, C1),/%? different kinds of C-C cross-
couplings by different approachs ™ Another kind of C—C bond for-
mation is previously convert olefins to radicals, promoted by iron salts
as well 1% High-valent non-heme iron complexes shows a versatility in
radical-alike dioxygen binding

In comparing the chemistry of earth based and precious met-
als, Chirick says that the latter ones "when surrounded by strong field
ligands such as phosphines, carbenes, carbon monoxide, alkyls, and
hydrides typically used in catalysis, predictable two-electron chemistry
18 observed. As such, fundamental transformations such as ozxidative
addition and reductive elimination are enabled and constitute the key
bond breaking and making steps in many catalytic cycles. Strong field
organometallic compounds of the first row transition metals are by no
means rare and in fact, compounds such as ferrocene and Fe(CO)s
launched the field of organometallic chemistry. These early organo-
metallic complexes often contained saturated, 18-electron configura-
tions that limited their utility in catalytic reactions. Nevertheless, many
successful catalytic reactions, such as alkene hydroformylation, have
been reported where the base metal catalyst operates in the traditional,
strong field limit. ™0

A general trend for replacing precious metals with first-row tran-
sition metals in homogeneous catalysis is to identify ligands that, bind-
ing properly to the metals, promote a reactivity similar to the precious
metal, as decreases the focus on the metal. Along the control of the
steric and electronic properties by manipulating the ligands and coordi-
nation geometry, some features have been useful for the recent success
of the organometallic chemistry of first-row metals:”

(i) Strong chelation to metals increases the stability of the metal
complexes and potentially minimizes the degradation of the cat-
alysts;

(ii) Ligands such as hydride, alkyl or aryl, and CO provide a strong
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ligand field that favours low-spin states, which are more com-
monly observed for precious metal-based complexes;

(iii) Redox-active ligands store and release electrons readily, thus ob-
viating the need to change the oxidation states of the metals;

(iv) Ligands capable of activating a substrate via secondary coordina-
tion sphere interactions diminish the reactivity difference among
the metals in the same group.

1.4 New Iron Organometallic Chemistry

Iron is one of most ubiquitous elements in the Earth crust, in-
deed is the second most common metal, after aluminium, constitut-

1
ing around 3 of it, making availability and price not a problem. In

contrast to man-made precious-metal catalysts, iron shows an interest-
ing biocompatibility, since it is part of large number of fundamental
molecules involved in biological process, most of them also organo-
metallic complexes with prophyrins: hemoglobin in the oxygen trans-
portation, cytochrome involved in the electron transportation process
in the oxidation of carbohydrates for generating energy, etc. (see

ble 1'1'89,93,106

This metal has a neutral electronic configuration of [Ar]3d®4s? lo-
cated in the center of the d-block in the periodic table (Figure 1.1)), just
above the ruthenium, and is at the same time an early and late metal,
and therefore should be able to embrace a wide range of chemistries.
The oxidation states range from -2 to +6, being useful in reductive
and oxidative processes®® 1% For iron(Il) complexes ([Ar]3d®) a coor-
dination number of six with an octahedral ligand sphere is preferred.
Iron in low oxidation state is more interesting for organometallic chem-
istry and in particular for iron-catalyzed reactions because it can form
more reactive complexes than its iron(II) and iron(III) counterparts.
Therefore, iron(0) and iron(-II) compounds are favoured for iron catal-
ysis ¥ Tron also binds well with N and O-based ligands, as well as
N-heterocyclic carbenes or similar donors. This allows phosphines and
similar to be avoided, thus limiting cost, labour and environmental
impacts. This characteristics suggests that iron complexes are able to
cover almost the entire range of the organic synthesis 8107109
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1.4.1 Reactivity

These characteristics allow iron complexes to be involved in a
broad range of reactions, for instance, additions, substitutions, cy-
cloadditions, hydrogenations, reductions, oxidations, coupling reac-
tions, isomerizations, rearrangements, and polymerizations. |Figure 1.8
summarizes some representative reactions carried out by iron catalysts.
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Figure 1.8: Representative examples of Fe-Reactivity

Recently, important discoveries have been accomplished in the
field of iron-catalyzed cross-coupling chemistry, which classically is
catalysed by nickel and palladium. Iron-catalyzed protocols do not
merely benefit from economic advantages but entertain a rich mani-
fold of reactivity patterns and tolerate various functional groups. The
past years have witnessed a rapid development of more efficient pro-
tocols for the cross-coupling between alkyl, alkenyl, alkynyl, aryl, and
acyl moieties becoming available to organic chemists. The practical as-
pects of this technologies was proved to be efficient to several synthesis
of natural products M Efforts to clarify the rather unclear mech-
anism, should unfold new opportunities to develop new reactions and
improve turnover numbers, space—time yields and selectivity profiles of
existing transformations. Although the mechanism is not completely
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clarified it probably takes place through a radical mechanism. The
catalysts are usually three-coordinate iron-salts,** 12! but not exclu-
sively*2Z presenting high spin states, such as quintuplet. The high-spin
iron complex originates the radical species in the catalytic cyclet%?
Those same iron complexes are used, as well, in living polymerizations
based on radical mechanisms 1247126

Another important subject that has been gaining attention is the
activation of unreactive C—H bonds, such as the ones found in aliphatic
and aromatic hydrocarbons, by means of iron complexes. This is a field
of major interest in current organic chemistry, because is a window
to new reactions and for the synthesis of new organometallic com-
pounds. C-H bond activation is a fundamental step in the C-C and
C-heteroatoms coupling 122128 Recently controlled radical polymeriza-
tion of styrene and others olefins with an high-spin Fe(II) complex were
reported 22

Reduction is also studied in the emerging iron chemistry, es-
pecially regarding the hydrogenation and hydrosilylation of alkenes,
alkynes, imines and carbonyl groups.®3%13U Tt has been shown that
low covalent iron complexes catalyse the hydrogenation of doubles and
triple bondst%132133  Recently, iron catalysts have been used with
efficiency, in such a way that they can compete with noble metal cata-
lysts for carbonyl reductions*** The opposite reaction, oxidation, also
can be catalysed by iron. Examples are the oxidation of C(sp?)-H
bonds resulting in ketones or alcohols and C(sp?)-H bonds giving in
epoxidation or alcohols > 4Carbonyl-olefin metathesis also has been
reported to be catalysed by an iron salt that acts as lewis acid polar-
izing the carbonyl bond 125242 Finally, water oxidation can provide a
cheap source of electrons for the reduction of water to Hy. Some iron
complexes also have been used to this transformation 143146

1.5 Iron Carbenes

As shown in Section[I.2.2] in order to carry out olefin metathesis,
a [M]=CRy species is needed. In this way, if we want to achieve olefin
metathesis using iron as base metal of the catalyst, it is necessary to
understand the nature and possible reactivity of iron carbenes. His-
torically, studies of [Fe]|=CRj are intimately related with the carbene
transfer reaction (cyclopropanation), usually carried out from a diazo
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compound to an alkene, which can be catalysed by iron complexes gen-
erally bearing different nitrogen- and phosphorus-containing ligands.*47
In this case, the iron-carbene complex is actually a stable intermediate
of the stoichiometric carbene transfer reaction from a diazocompound
to an olefin.

In we show the Fe=CRj, complexes reported in liter-
ature, for which the structure was characterized mainly by X-ray and
NMR techniques. Among these carbenes we can envisage two broad
families: the first one, is composed of "free carbenes" in which the sub-
stituents in the carbon are not linked with the ancillary ligands or with
another molecules (cases a-f). Unlike, in carbenes g-1 the substituents
of the carbenic carbon are chelated with a ancillary ligands and thus
can be seen as "bridge carbenes".

The first of the [Fe]|=CRy(a in the[Scheme 1.5)) corresponds to the
family called Piano-Stool complexes with the general formula Cp(CO)
(L)Fe=CHR* (L=CO,PPh3;R=Me,Et,CHM;). These catalysts are
positively charged complexes synthesized by convenient procedures via
hydride or alkyl anion reagents. They were developed to access stable
iron-carbene or complexes for in situ generation of the carbene 128119
The first studies of this complexes reported cyclopropanation with
stoichiometric amounts of the iron complex mainly by the groups of
Brookhart, Lapinte and Casey*%U Tt is worth noticing that in some
of these complexes the groups X and CO are replaced by a bidentate
chelate diphenylphosphine ligand 229160

Afterwards, in the 1990s several other iron complexes, have sub-
sequently been developed as efficient catalysts for cyclopropanation,
which conserve the ancillary ligands of a, but without the carbene:
Hossain and co-workers reported the use of the CpFe(CO)3 fragment in
the cyclopropanation of alkenes by utilizing diazo esters as the carbene
source 184 Cyclopropane products of this reactions usually present
the least stable cis-isomer. [Figure 1.9)shows the general mechanism for
[Fe|=CRj formation from the iron complex plus the diazocompound
- part A - and subsequent cyclopropanation - part B. In these cases,
the metal-carbene complex is normally not characterized. Please note
that this process is not catalytic regarding the diazo compound, which
means that the carbene is generate at each turnover cycle, unlike the
olefin metathesis reaction, where the carbene is generate only once.

An extensive study of iron carbenes having porphyrin as ancillary
ligand has already been presented by various groups. This is the family
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Scheme 1.5: Fe=CR,; reported as characterized in the literature.

of iron-carbenes with the largest number of examples, represented by
system b in [Scheme 1.51%17 The porphyrins of these complexes are
usually the tetraphenylporphyrin (TPP) or its derivatives, such as the
complex with an N-methylimidazole (c¢),"™ Another type of tetra-
coordinate planar ligands has also been used to synthesize different
Fe=CR,, for instance the TMTAA- tetramethyldibenzotetraazaannu-
lene (d).*2

This class of iron complexes are also capable of carbene transfer
to olefins, following the general scheme showed in the with
a stoichiometric usage of diazo compounds to generate the |[Fe|=CRj.
In fact, they have been reported as more effective for cyclopropana-
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Figure 1.9: General reaction of the stoichiometric transfer reaction
of carbenes from a diazocompound to a olefin, catalysed by an iron
complex.

tion than others metal complexes™™ Unlike the previous group of

iron complex, it is rather common to determine the structure of these
|[Fe|=CRy by many techniques, like NMR and X-ray. These char-
acterizations found those complexes to be low-spin (singlet) iron(II)
species KL The resulting cyclopropanes of this reaction are the
most stable trans-isomer.

Complex e in is a low-coordinate iron carbene syn-
thesized by the group of Chirik X It is a remarkable system, due to its
low-coordination environment, in opposite to the previous ones. This
complex shows a S=1 behaviour and is a carbene radical. Regard-
ing the reactivity, the complex is able to promote intramolecular C-H
activation and carbene transfer to nitrenes or carbon monoxide, but
no cyclopropanation was observed. Iron-carbene f was done in Flori-
ani’s group. The characterization showed that this is high-spin (S=2)
complex, with no reactivity observed L7178

Although some [Fe]=CR; catalyst were not isolated, their exis-
tence is sure due to the observed reactivity: besides some porphyrin
iron complexes, p-oxo-bis|(salen)iron(IIT)] complexes have been de-
scribed as giving olefin cyclopropanation with diazoacetates, probably
based on a mechanism similar to that of [Figure 1.9[2*18% Similarly,
cyclopropanation with diazoacetates were reported in the presence of
iron complexes with terpyridines as ancillary ligands. 18

So far we have discussed the free-carbenes. In the group of the
bridge-carbenes, one of them is similar to the piano-stool family that
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was characterized by X-ray diffraction, but no reactivity was observed
(g) X% Complex h is a six-coordinate bearing chelating alkylidene lig-
ands, characterized as high-spin. It was synthesized in a unfruitful
attempt to catalyse olefin metathesis. In fact no reactivity was not ob-
served, and even cyclopropanation was not observed either 185182 Very
recently another high-spin (S=2) chelate iron carbene (i) supported by
a tripodal amido-phosphine-amido was reported giving cyclopropana-
tion when reacting with olefins. 186

Besides cyclopropanation, iron porphyrin carbenes have been re-
ported to mediate other reactions including, C—H insertion, carbonyl
olefination, O-H insertion and remarkably, N-H insertion. 1871491 Also
non-heme carbenes are able to promote C(spy)—H bonds activation.
In the next section we will discuss more precisely the mechanism of
the cyclopropanation reaction.

1.5.1 Cyclopropanation Mechanism

As mentioned at the previous section one of the most common
reactions of iron-carbenes is cyclopropanation, which would be a key
deactivation process of olefin metathesis. That is, the reaction implies
the transfer of the carbene to the olefin, and the first one is regenerated
with a diazocompound, starting a new turnover cycle. The generation
of the carbene is that in the part A of [[Figure 1.9/ and its mechanism is
already clarified as happening by a radical mechanism, but this is not
the focus of this text 121193

In Section 7?7 we have shown that cyclopropanation can be a fea-
sible process from the intermediate metallacyclebutane through a re-
ductive elimination mechanism. Since some of this complexes are high
coordinated, the formation of the intermediate metallacyclebutane can
be difficult, and cyclopropanation can happen in a direct interaction
resulting in the transfer of the carbene to the olefin.

Within the efforts of enlarging the toolbox of the earth based met-
als reactivity, a extensive work about cyclopropanation with [Co’/|=CR,
have been done, where the compounds are similar to the cyclopropa-
nation with iron carbenes porphyrins that we have discussed. In the
the general mechanism for this path is shown. This is a
stepwise mechanism elucidated by experimental and computational ef-
forts. Here, there is no previous interaction of the olefin with the metal-
lic center to form the metallacyclebutane, as in the olefin metathesis
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mechanism. Cyclopropanation occurs through a nucleophilic attack of
the olefin to the carbon of the metal-carbene, or better said, an elec-
trophilic attack of the carbon carbenic to the olefin. The attack is
followed by an intermediate structure of the catalytic cycle, in which
the metal carbene interaction has a single bond character, likewise,
the olefin loses the double bond characteristics. Subsequently the ring-
closing reaction lead to the cyclopropanation product and the metal
fragment SPI9AI95
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Figure 1.10: Cyclopropanation by a carbene transfer mechanism.

For the case of the cobalt-carbenes, the mechanism is said to be
radical-alike: the cobalt has an odd number of electrons and when
the carbene is formed the metallic center is oxidized by a unit and
the electron density is concentrated over the carbenic carbon. In the
intermediate, the unpaired electron is on the carbon-v, and promotes
the cyclization by attacking the a-carbon and the unpaired electron
returns to the metallic center 63196197

Despite the existence of a fair number of experimental results of
cyclopropanation with iron-carbenes, to the best of our knowledgement
there is no conclusive study about the mechanism of this reaction.
It is accepted that the reaction occurs through the carbene transfer
mechanism, which starts by the electrophilic attack of the olefin by the
carbene. In the case of [Fe]=CRy with porphyrin (b) Woo claimed that
instead of the stepwise mechanism, rather a correspondent concerted
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mechanism exists with a barrier corresponding to the transition state
represented in the bottom of [Figure 1.10]16%167

For this very same iron carbenes, however, a stepwise mechanism
similar to the cobalt-carbene was also proposed.** For the [Fe]=CR,
bearing porphyrin as ancillary ligands (a) the existence of a carbo-
cation or radical species was suggested, which is formed in a non-
concerted insertion of the carbene into the olefin.

In the case of iron carbenes of piano-stool family (b), the exis-
tence of a zwitterionic intermediate has been proposed ,
after the attack step, with a partial positive charge on the carbon-vy
and the negative over the metal 12125 However concerted mechanism
was also claimed to take place based in theoretical works 125199

Very recently, Deng showed by theoretical approach that the cy-
clopropanation of styrene by the high-spin catalyst i proceeds by a
radical mechanism similar to that one of the cobalt porphyrins.*&°

Overall, two different paths can be envisaged for cyclopropana-
tion reaction:

(i) Reductive elimination from the metallacyclebutane;

(ii) Carbene transfer to the olefin.

The later can be divided in three different processes depending
on the formation or not of a intermediate and the nature of this species
be biradical or a zwitterionic.

(ii.a) Concerted;
(ii.b) Radical stepwise;

(ii.c) Cationic stepwise.

1.6 Fe-Carbenes for Olefin Metathesis?

To the best of our knowledge, there are very few existing exam-
ples of first row transition metal carbene complexes able to perform
the olefin metathesis reaction. Only Tebbe’s titanium complex®? or
V2UL202 have been reported and the scope of reactions in which they
have been applied is still rather limited. However, iron could be the pre-

ferred choice, since it is the earth most abundant transition metal and
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the main focus of this work is to explore possibilities of iron-carbenes
catalyse olefin metathesis.

Unfortunately, several difficulties can be easily identified when
thinking in an iron carbene able to perform olefin metathesis. First,
early-transition-metal complexes are incompatible with carboxylic acids,
ketones, aldehydes, most alcohols and primary amines.®® The synthe-
sis of the iron carbene is challenging and this is probably due to the
usual low stability of first row transition metal carbenes: Grubbs, for
instance, tried to synthesize |Fe|=CRy analogue to the First Genera-
tion Grubbs Catalyst (PCy3Cl;Ru=CHPh), without success.?** Dixon
and co-workers also arrived to similar conclusion when they performed
CCSD(T) calculations on model systems of Ru, Os and Fe carbene
complexes derived from the 2nd generation Grubbs catalysts. They
found that while the metal carbene bond dissociation energy is large
in the case of Ru and Os, the BDE for the [Fe]|=CRj; species is much
smaller?%* A second problem, probably related to the previous, is
that the existing first row transition metal carbenes most commonly
undergo cyclopropanation and/or free radical reactions when reacting
with olefins, as we have shown above.

These two evidences can be associated to two aspects: a) the
[M]=CRyz carbene bond tends to be weaker for 3d metal containing
complexes than when the metal belongs to the second or third row.
This decreases the metal carbene stability and favours alkene cyclo-
propanation and other carbene transfer reactions; b) while 4d and
5d metal complexes usually present a singlet ground state, several
spin states may be close in energy in first row transition metal car-
benes. This includes open shell systems that would more easily proceed
through radical reactions.

In this context, there are few works explicitly dealing with olefin
metathesis with iron-carbenes. Experimentally Wolczanski and col-
leagues synthesized a carbene like (h) (of with no much
success, concluding that "while it is easy to be discouraged by these and
previous findings with regard to base metal catalysis of olefin metathe-
sts, it s clear that stronger fields must be entrained in lower coordinate
environments, and the pursuit of an [Fe]=CRs functionality must be
realized, in order for the desired reactivity to have a chance at being
observed." They also pointed out that the fail could be because the
complex is high-valent and cationic, and an interesting catalyst must
be neutral or anionic. 183185
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Some theoretical contributions in the literature also evaluate the
potential of the iron-carbenes for metathesis: Hoffmann and co-workers
performed extended Hiickel calculations on ML,—~CH, and CpsM—=CH,
carbene species with the aim of determining the electronic structures
that would favour the olefin metathesis reaction. One of their main
conclusions is that cyclopropanation should be forbidden for complexes
with d° to d* metal centers, but favoured for d® systems (counting the
carbene as a neutral ligand).20?

More recently, Poater, Cavallo and co-workers studied the re-
action mechanism for olefin metathesis of an iron carbene complex
generated by substituting the ruthenium metal center of the 2"¢ Gen-
eration Grubbs catalyst by iron2%%2% Also, it was reported that a
complex based on the 2" Generation Grubbs catalyst, where the chlo-
rines were replaced by carbonyls, allegedly favours olefin metathesis
over cyclopropanation, but the ligand NHC was chosen as model, with
the mesityls substituted by hydrogen 2%

1.7 Goals

Within the efforts for build a new chemistry based on earth-
abundant metals, the general objective of this thesis is to rationalize
how the nature of the ancillary ligands, coordination geometry around
the metal center and the iron formal oxidation state control the spin
multiplicity of the metal carbene ground state, the [M]=CRs bond
strength and the reactivity of the resulting species over olefins, espe-
cially targeting metathesis. Such understanding can pave the way to
define suitable routes for designing iron carbenes with potential cat-
alytic activities in olefin metathesis that ultimately could guide experi-
mental efforts and turn in the synthesis of iron-based olefin metathesis.

In view of the difficulties to obtain the desired catalyst, compu-
tational chemistry can be a powerful tool to clarify the mechanism in-
volved in the reactivity of iron-carbenes with olefins, usually prevailing
cyclopropanation over olefin metathesis, and compare with the reac-
tivity of the ruthenium-carbenes which gives metathesis. Such effort
aims at offer insights about the nature of the two families of complexes.

Computational efforts also can be used to explore the properties
of potential iron complexes. For the particular aim at design a poten-
tially active olefin metathesis catalyst based on iron, it can be used to
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rationalize how the coordination sphere around the metal center and
the nature of the ligands and the metal modify the electronic proper-
ties of iron carbenes as well as their reactivity towards olefins, thereby
giving us insights on the key factors that such complex should fulfil to
perform the olefin metathesis reaction.

Due to the complexity of the general objective of the work, the
following specific objectives have been established.

(i) Determine the most plausible alkene cyclopropanation reaction
mechanism when catalyzed by iron carbenes;

(ii) Understand the role of ancillary ligands and iron coordination
sphere in stabilizing singlet state L3sM—=CH, tetracoordinated
metal carbenes and the metallacyclebutane resulting of its re-
action with ethene;

(iii) Analyse how the nature of the ancillary ligands and iron formal
oxidation state tunes the metal-carbene ground state and its re-
activity facing olefins in L;M=CH; pentacoordinated complexes.






Theoretical Foundations

As previously said, this thesis addresses the electronic struc-
ture of different iron carbenes complexes and their reactivity with
olefins. With that, we want to provide some insights to help designing
[Fe]=CRs complexes able to catalyze the olefin metathesis reaction,
instead of transferring the carbene from the iron center to the olefin,
which is a process that deactivates this potential catalyst.

The methodology used to address this problem is an approach
based on computational quantum chemistry. Since the late 70s this
field has grown exponentially, mainly because of the enlargement of
computational power, allowing more and more applications to solve
chemical problems with increasing complexity. Many times these the-
oretical efforts have helped or even totally enlightened some avoiding
waste of chemical products saving resources and environmental aggres-
sions. Our present work is within this idea, where we have been able
to access a large number of complexes and analyze their behavior that
could have been difficult to perform experimentally.

This Chapter aims at provide a general description about the
theoretical basis of the methods used to perform the calculations in
this thesis. Although most electronic structure methods we used are
based on the Density Functional Theory, we start discussing some steps
before, in order to comprehend the underlying support of this method.

45
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2.1 The Schrodinger Equation

At the beginning of the 20th Century one of the most important
breakthroughs in the history of science took place: the rising of Quan-
tum Mechanics replacing Classical Physics in the field of atomic world.
As such, it is a remarkable tool to understand chemical phenomena.
Hence, one of the most important fields of Theoretical Chemistry, the
Quantum Chemistry methods, are based on Quantum Mechanics and
their goal is to relate the important macroscopic properties of chemical
systems to their electronic structure.

The most important pillar of Quantum Mechanics is the Schro-
dinger Equation. Often, discussions of quantum chemistry start from
this point, since after all, the goal of most of the approaches is to find,
at least, an approximate solution for it. The non-relativistic time-
dependent form of this is the Equation [2.1}

(=54 V(@) wla.0) = (0.0 2.)

This is a differential Equation. The left part is the Hamiltonian
operator, also represented as H, that contains the kinetic and potential
energy terms. In a many-particle system, like a molecule, this terms are
mostly related with the position of the nuclei and electrons regarding
each other.

If the potential term, V (¢), in the Hamiltonian does not change
over the time, the wavefunction can be written as the product of the
spatial part and the temporal part. The experimentally observable
quantity is the probability distribution function - |¢)(q,t)|? - and the
states where the probability density is constant over the time are called
stationary states.

Most computational methods deal with situations where the po-
tential can be considered time-independent and, therefore, are station-
ary states. In this way we can derive from Equation the time-
independent form:

Hy(q) = E¥(q) (2.2)

With a given set of spatial coordinates, the solution of the time-
independent Schrédinger Equation produces the wavefunction, (q)
and gives the energy F of the stationary states of the system. However,
the analytical solution of this Equation is only known for hydrogen-like
systems, which demands the use of approximations.
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2.1.1 The Born-Oppenheimer Approximation

An important step to solve the Schrédinger Equation is based in
the large mass difference between the nuclei and the electrons. It is a
good assumption that this mass difference makes the nuclear velocities
much smaller than the electron velocities and the electron cloud can
easily adjust to the nuclear change.

The time-independent Schrodinger Equation depends on the elec-
tronic and nuclear coordinates. The Hamiltonian H of a molecular
system can be written as Equation
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where o and [ refer to the nuclei and ¢ and j are the electrons. The
first term is the kinetic energy operator for the nuclei and the second
is referred to the kinetic energy term of the electrons. The third is the
potential energy of the nuclei repulsion and the fourth is the electronic-
nuclear interaction. The last term is the potential energy due to the
repulsion between the electrons.

As suggested above, if m, > m., the movement of electrons and
nuclei can be decoupled, and the electrons can assumed to be moving
in a fixed nuclei geometry. In this situation, for a given geometry, the
third term of Equation which is the nucleus-nucleus interaction,
is a constant and the kinetics energy of the nucleus, in the first term,
is nullified. Therefore, we can define the electronic Hamiltonian (H,;)
with the remaining terms.

Schrédinger Equation can be written with the }AIel along with
the nuclear interaction energy potential, V,,, which is constant, giving
Equation where U is the potential energy including the repulsion
energy of the nuclei. In this approach, energy and wavefunctions are
parametrically dependent on the nuclear coordinates. This means that
for a given geometry there is one energy and one wavefunction. 2
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(He + Vaa)%z(% Qa) = U(Qa)wez(% C]a) (2-4)

In the last Equation, as nuclear interaction V,, is a constant for
a given geometry, it can be dropped of the Hamiltonian giving the
Equation below:

ﬁeﬂ/}el = Eeld}el (25)
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that provides the purely electronic energy (E,;), parametrically depen-
dent on the nuclear coordinates. It is worth mentioning that U, also
referred as the adiabatic potential, is a consequence of the resolution
of Equation constituted by the summation of the purely electronic
energy plus the internuclear energy potential for a fixed geometry. Ob-
viously, many different geometries can be experimented. This different
interdependent positions arising from the movement of the nuclei pro-
vide the Potential Energy Surface (PES), discussed properly in Section
2.3

Regarding the wavefunction, this approximation implies that it
can be treated as a separation of the nucleus wave-function and the
electron wave-function:

V(¢ 4o) = Ver (65 Ga)Va(¢0) (2.6)

2.1.2 Variational Principle

The terms needed for setting up the specific electronic Hamilto-
nian operator for a molecule are dependent on molecular geometry of
the target system. What follows is to determine the eigenfunction
and the eigenvalue E correspondent to the Hamiltonian. Once we ob-
tain 1, it is possible to obtain others eigenvalues of others properties,
applying the proper operator. The problem is that only for very few
and trivial systems this strategy can be applied.

To solve this problem there is an approach that systematically
drives to the best approximated wavefunction of a electronic state.
This is the wvariational principle, which stands in a very important
place for the quantum mechanics/quantum chemistry applications.

If any arbitrary wavefunction, called trial wavefunction (), but
the real one, is considered, then we have:

(¢ | H|yp)

(ole) o2F 21)

This Equation states that the energy computed by (gp|ﬁ|gp> is an upper
bound to the true energy of the ground state. To be eligible, the wave-
function should be well behaved and meet the boundary conditions,
such as be continuous everywhere and quadratically integrable !
The majority of machineries that look for the exact wavefunc-
tion in computational methods minimizes (| H |p) until the AE is zero
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within a pre-setted threshold, when the exact wavefunction is, then,
considered as found. Although it is not the only condition to achieve
the exact wavefunction, it works well for the most of the situations.

2.1.3 Hartree-Fock Method

The simplest method applying the variational principle to obtain
an approximated wavefunction is the Hartree-Fock. In this case, the
trial multielectronic wavefunction must be antisymmetric regarding the
interchange of two electrons coordinates and the simplest approxima-
tion to accomplish that requirement is the Slater Determinant:

(1) (1) - on(1)
B — 1 $1(2)  #a2(2) - on(2)
SPTOUNT | S

P1(N) @2(N) -+ on(N)

where the columns ¢; are the single-electron wavefunctions (molecular
orbitals) composed by the product of a spatial orbital(y) and a spin
function (a or f), also known as spin-orbitals, while the rows are the
electron coordinates.**

The expectation value of the Hamiltonian (H,) with a Slater
determinant provides the Hartree-Fock energy (Eyp) of the system,
given by:

(2.8)

Ne

Bur = Y (0llulo) + 5 > (017100 — 0IR1o) (29

)

In this Equation /hjl is the one electron operator which gives the con-
tribution from the kinetic energy and the electron-nucleus attraction.

1 Al
T 2
hi = =5 Vi = y == (2.10)

Tia

The term jl is the so-called Coulomb operator that involves the “mul-
tiplication” of a matrix element with the same orbital on both_sides
and represents the classical repulsion between charges, while K; the
Ezxchange operator “exchanges” the two functions on the right hand

side of the — operator. The latter has no physical analogy and arises
Tz’j
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from the antisymmetric character from the Slater determinant.?t The
two last terms of Equation represents an average potential felt by
each electron due to the rest of the electrons.

T6;(2)) = <¢i<1>r%r¢i<1>>|¢j<2>> (2.11)
Rilo;(2) = <¢i<1>|%|¢j<1>>r¢i<2>> (2.12)

The task now is to find the best set of spin-orbitals that make
the energy a minimum through the variational principle. The variation
of the trial wavefunction composed by those spin-orbitals, however,
shall maintain them orthogonal and normalized, condition that can be
handled by using the Lagrange multipliers. This gives the Hartree-Fock

equation [2.13] R
Fipi = €,9; (2.13)

where Fj is the Fock operator:

F,=h; + Z( j— j) (2.14)
J

The Hartree-Fock equation is a pseudo-eigenvalue equation as the
Fock operator needs all the spin-orbitals to define the Coulomb and
Exchange operators. Because of this restriction, a procedure based
on the variational principle, the so-called Self-Consistent Field (SCF)
method is used. This method works iteratively: first, a guessed set of
spin-orbitals forms the initial trial wavefunction, after the Fock oper-
ator is constructed, and then the Hartree-Fock equations are solved,
providing a second set of spin-orbitals, that are used in the next iter-
ation. This process runs until the the convergence of the energy and

the wavefunction 212

Restricted and Unrestricted Hartree-Fock

In the building of the Slater determinant each electron occupies a
different spin-orbital. Those spin-orbitals are expressed as the product
of a spatial orbital and a spin function (« and ). In the case of the
closed-shell systems, the same spatial orbital is used to describe two
electrons with different spin functions, implying doubly occupancies of
the spatial orbital. This procedure is called Restricted Hartree-Fock
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(RHF). This solution is very useful because the vast majority of the
ground state species are those with a paired even number of electrons,
which gives, overall, a singlet electronic state.

For open-shell systems, two different treatment are possible: one
of them is the Unrestricted Hartree-Fock (UHF), where different or-
bitals are used for electrons with different spin functions. Here, all the
spatial orbitals () are mono-occupied. The other method is the Re-
stricted Open-Shell Hartree-Fock, where the closed-shell are described
by doubly occupied orbitals and the open-shells by mono-occupied or-
bitals. These open-shell procedures can be applied to systems with an
odd numbers of electrons or, even so, to that ones with even number
of electrons, but with open-shells behaviour, such as the triplet ground
states of many molecules.

One problem of the UHF technique is that the Slater determinant
does not describe an eigenfunction of the total spin operator S;. The
more the expectation value of the total spin operator (Sy) of a Slater
determinant deviates from the correct value, more the unrestricted
determinant is contaminated by functions related to states of higher
spin multiplicities and has less physical meaning.?°

2.1.4 Basis set

In the Hartree-Fock method the wavefunction is described by the
Slater determinant, which is a combination of molecular orbitals. A
covenient way to construct those wavefunctions to be easily optimized
is expand each spatial orbital (y;) as a linear combination of basis

functions (¢,), which are called atomic orbitals. This is the Linear
Combination of Atomic Orbitals (LCAO)*!

k

Xi =Y CaitPa (2.15)

a=1

where the c,; are yet unknown coefficients. From a set of basis functions
we can obtain linearly independent wavefunctions, and the problem lies
on calculating the coefficients.

In principle, the use of a complete set of basis functions would
represent exactly the single-electron wavefunctions. However, a com-
plete basis set means that an infinite number of functions must be used,
which is impossible in actual calculations. Then, a finite number of ba-
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sis set is usually applied, obviously at the price of the incompleteness
of the basis, leading to the basis-set truncation error?*

There are two types of basis functions often used in electronic
calculations: Slater Type Orbitals (STO) and Gaussian Type Orbitals
(GTO). The Slater type orbitals have the functional form below:

o(r,0,n) = NYlm(é’,n)r”_le_CT (2.16)

However, resolution of the bielectronic integrals is easier using
Gaussian functions(GTOs):

p(r,0,1) = N (0, )22 le < (2.17)

Despite GTOs being better than STOs regarding the computa-
tional solution, they have some disadvantages, such as give a poor
representation of the atomic nuclei. To alleviate the problem, several
GTOs are often grouped together to form what are known as contracted
Gaussian functions (Equation [2.18).

In particular, each contracted Gaussian (;) is taken to be a fixed
linear combination of the primitive Gaussian functions (g) centred on
the same atomic nucleus. The spatial orbitals (y;) are then expressed
as a linear combination of contracted Gaussians, similar to Equation
2. 10

The smallest number of basis functions corresponds to the so-
called minimal basis set in which one function is used to represent
each orbital. An improvement is to use two basis functions to describe
each orbital: the double zeta (DZ). The next up is the triple zeta (TZ)
with three functions per orbital.

Obviously, the use of a large basis set increases the computational
cost. As usually the chemistry takes place with the electrons of the
valence shell, and thus, those are the ones that should be better treated.
In a split-valence basis set the valence orbitals are described with more
orbitals than the inner orbitals.

Sometimes the orbitals during a chemical process become dis-
torted (polarized) and can be described more properly if basis functions
representing orbitals with higher angular momentum are included.
Those are the polarization basis functions.
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Anions, highly excited electronic states and molecular complexes
tend to be much more spatially diffuse than regular orbitals. When
a basis set does not have the flexibility necessary to allow a weakly
bound electron to localize far from the remaining density, standard
basis sets are often augmented with diffuse basis functions.

One of the most used types of basis set was developed by Pople
and co-workers. In this model, the minimal basis set is STO-nG. STO-
3G basis is a widely used minimum basis. Pople’s split-valence double-C
basis set is called 6-314+G(d); the core orbital is a contracted Gaussian
function made of 6 primitives, and the valence is described by two
orbitals: one contracted made of 3 primitives and one single primitive.
It has also one set of diffuse sp-functions on heavy atoms only and a
single d-type polarization function on heavy atoms.

6-3114++4G(d,p) is a triple-( split-valence basis, where the core
orbitals are described by one function that are a contraction of six
primitives and the valence orbital are described by three functions,
represented by three, one and one primitives, respectively. Further-
more, the basis set is augmented with a set of diffuse s- and p-functions
on heavy atoms, and a diffuse s-function on hydrogen. Finally, a po-
larization d-function is added on heavy atoms and one p-function on
hydrogen atoms.

Effective Core Potential

When elements from the lower part of the periodic table are part
of the system, there will be a large number of core electrons that de-
mands basis functions to be described. Those electrons in the core of
the atoms are less relevant for chemical interests, such as reactivity or
bonding analysis, not consider them can impoverish the description of
the valence electrons, due to a poor calculation of the electron-electron
interactions. Furthermore, an implicit description of relativistic effects,
essentially arising in the core region, is routinely necessary, so that a
formally non-relativistic Hamiltonian can be used in valence-only cal-
culations, even for heavy-atom compounds.

These two problems can be avoided at once by modelling the
core electrons with an appropriate function and treating the valence
electrons explicitly. This function is the Effective Core Potential-ECP.
In this work we do calculations of some ruthenium complexes that are
treated with this procedure.
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2.1.5 Electron Correlation

In the Hartree-Fock method, the real electron-electron interaction
is replaced by an average interaction generated by a mean field of the
rest of the electrons. Therefore, even enlarging the basis set to infinite,
the real energy can not be achieved. The energy difference between
the Hartree-Fock limit and the exact energy is called correlation energy
and, although it accounts only for a small amount of the total energy,
it is fundamental for discussing properly many systems and properties.

This energy is usually split in two components: the dynamical
correlation caused by not taking into account the instantaneous rel-
ative movement of the electrons. The second component, the static
correlation, is due to the monodeterminatal nature of the Hartree-Fock
method, which can not give a good description the electronic state in
cases where exist another Slater determinant with similar energy than
the ground state.?10

Find a method to solve the electron correlation problem was,
and still is, one of the main goals of computational quantum chem-
istry. A large variety of schemes have been developed in the scope of
ab initio methods: they are the so-called post-Hartree-Fock methods.
Among these methods, the most important ones are the Configuration
Interaction, that is based on the variational method, the Many Body
Perturbation Theory and the Coupled Cluster method.

The principal advantage of this methods is that they allow a
systematic improvement of the accuracy of the computational results.
However, they are, generally, highly computationally demanding and
this make them not suitable for large systems.

Because we have not used those methods in this work, we are not
discussing their formalism any further. Instead, in the next sections,
we describe another method to take into account the correlation energy.

2.2 Density Functional Theory

An alternative to wavefunctions based methods are the density
functional methods. Those methods are based on the Density Func-
tional Theory (DFT). Their success is due to the calculation of the
electronic properties from the density instead of the wavefunctions.
They are cheaper because while a wavefunction for n electrons has 4n
variables, which are the three spatial variables plus the spin one, the
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density electron density has only three spatial variables, regardless of
the complexity of the molecule. Hence, these methods allow the study
of medium to large size systems introducing the correlation energy at
more affordable computational cost.

The electron density is the central entity in DFT. It is defined as
the integral over the spin coordinates of all electrons and over all, but
one of the spatial variables, as in the Equation:

,0(7?):N/.../|\P(fl,fg,...,fN|2d81defN (219)

p(7) determines the probability of finding any of the N electrons within
the volume element dr; with an arbitrary spin, while the other N-
1 electrons have arbitrary positions and spin, commonly known as
electron density.2!

It is easy to see that p(7) is a non negative function of three spa-
tial variables which vanishes at infinity (p(7 — oo) = 0) and integrates
to the total number of electrons ([ p(7)diy, = N). Unlike the wave-
function, which itself has no physical meaning, the electron density can
be measured experimentally.

2.2.1 Hohenberg-Kohn Theorems

The nowadays DF'T was born in 1964 when Hohenberg and Kohn
provided®* the needed foundations of DFT through two theorems.
Within the Born-Oppenheimer approximation the nuclear positions
are constant and we have the following Hamiltonian:

h2 Za€/2
o 22V

The second term is the potential energy of interaction between the
electrons and the nuclei and depends on the coordinates of the nu-
clei, which are fixed. In DFT this quantity is called the external
potential (V). 2"

Quoting directly from the Hohenberg-Kohn paper, 24 this first
theorem state that "the external potential (Vo (T) is (to within a con-
stant) a unique functional of p(7); since, in turn Ve (T) fizes H we
see that the full many particle ground state is a unique functional of
p(7)". This is the existence theorem. They demonstrated, via reductio

+ ZZ? (2.20)

ioi>y Y

H




56 Chapter 2 - Theoretical Foundations

ad absurdum, that two diferrent V,,; cannot be determined by only one
non-degenerate electron density, which is equal to say that the ground
state electron density univocally generates the V,,;, and thereby the
Hamiltonian and thus the wavefunction.#*

The first theorem states the existence of the electron density,
but says nothing about the form of this electron density. The second
theorem of Hohemberg-Khon is the variational principle that provides
a approach to achive the exact density. It is analogous to that in
wavefunction based variation method (see Equation 2.7). Given an
approximated electron density (p') that integrates the number of elec-
trons, the energy derived from this density is an upper bound to the
exact ground state energy, provided by the exact electron density.?*

Eo(p') = Eo(p) (2.21)

2.2.2 Kohn-Sham Methodology

Althoug the Hohemberg-Kohn theorems states us that is possible
to find the properties from the electronic density, it does not show any
form to calculate the energy from this density or even how to find
the electronic density without finding the wavefunction in the first
place. In this way, a breakthrough step for establishing the DFT as a
functional theory was provided by the introduction of the Kohn-Sham
equations 20

Khon-Shan approach is aimed at determining with good accuracy
the major part of the kinetic energy by considering a fictitious reference
system of n non-interacting electrons. This system is described by a
set of orbitals ¢; that experiences the same external potential, in such
a way as to make the ground state electron probability density of the
reference system - pg(r) - equal to the exact ground state electron
density of the molecule we are interested in -p(r). Those orbitals of
this system are given by the Kohn-Sham equations [2.22

hKSQbZ' = €i¢i (222)

where h%9 is the Kohn-Sham Hamiltonian, which is going to be de-
scribed later, and ¢; are the molecular orbital.

This is a similar approach to the Hartree-Fock theory, where the
orbitals are described as spatial one-electron orbitals, which form the
wavefunction of the reference system as an antysimmetrized product
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of these orbitals, like the Slater determinant.?’® These orbitals are

the denominated Kohn-Sham orbitals and with them we can yield the

electron density:
N
=D lar) (2.23)
i=1

The exact ground state electronic energy of the real system can
be put as follows:

E(p) = Ts(p) + Vae(p) + J(p) + Exc(p) (2.24)

The first term is the kinetic energy of the non-interacting elec-
tron gas, calculated by Equation 2.25] This energy differs only slightly
from the kinetic energy of the real system, but significantly improves
the DF'T energy value over Hartree-Fock one, being an important ad-
vantage of this method. In the second term is the nuclear-electron
interaction, also referred as external potential, whose energy is deter-
mined by the Equation 2.26] The classical Coulomb electron-electron
repulsion is the third term and its energy is given by the Equation
227l

N

() = > (6i0) Vo) (2.25)

Z —p ri)dr; (2.26)

Ta

1 p(ri)p(r;
= 5//—”]' J dride (227)

Still about the Equation[2.24] Exc(p(r)) is the so-called exchange
correlation energy, which is the only one that has no explicit form. It
includes all terms that remains unknown within the Kohn-Sham ap-
proach, and is defined by Equation [2.2§]

Exc(p) = [To(p) — Ts(p)] + [Eee(p) — J(p)] (2.28)

where the first bracket counts for the residual part of the real true
kinetic energy, To(p), that is not covered by Ts(p). The second part
regards the non-classical electrostatic contributions corresponding to
the difference between the real electron-electron interaction potential
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and that of the reference system. This functional embraces also the
correction for the classical self-interaction energy.

The Hamiltonian, or the Kohn-Sham one-electron operator, of
the Equation [2.22] can be stated as

1 Yz p(r;)
S = V2 — —a+/—]dr-+V 2.29
2 Z T Tij I X ( )
[}
where the term Vxo is the potential due to the exchange-correlation
energy. Because this energy is not known, also the explicit form for
the corresponding potential is ignored, then it is simply defined as the
functional derivative of Exc with respect to the electronic density:

op

Ve = (2.30)

If Exc is known, then Vxo can be obtained, and the Kohn-Sham
strategy would lead to the exact energy.

The machinery of the Kohn-Sham scheme operates iteratively as
in the flow of the figure To begin with, an electronic density
is guessed, typically using a superposition of atomic densities. Using
some approximated form for the exchange-correlation functional we
can find the exchange-correlation potential and with that, it is pos-
sible to construct the Khon-Sham one-electron operator as well. The
Kohn-Sham equations are, then, solved to obtain the Kohn-Sham or-
bitals, which are used to compute a new improved density, presumably.
This process is repeated until the density and the exchange-correlation
energy have converged within a threshold. Then the electronic energy
is calculated by means of Equation [2.24]

The open-shell systems can also be treated by unrestricted DFT
in a similar way as in UHF (section [2.1.3)), but in this case the Slater
determinant is constructed from the Kohn-Sham orbitals. Noteworthy
for the unrestricted DFT, the spin-contamination is usually less signif-
icant, since the exchange-correlation functionals shows a local nature
as opposed to the non-local Hartree-Fock exchange. !
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Initial Guess
p(r)

Calculating the
VXC’ and hKS

Solve Kohn-Sham Equations
hKS¢z' = £;

Evaluate the Electron Den-
sity and Total Energy

p(r) = 2y | éulr) IP= E(p(r))

!

Converged?

No

Output
po(r); E(po(r))

Figure 2.1: Flow of the Kohn-Sham method.

2.2.3 Exchange-Correlation Functionals

The Kohn-Sham formalism allows an exact treatment of the sys-
tem if the Ex¢ is obtained. Unfortunately, Exc remains unknown and
the different functionals existing in the literature differ on how this un-
known term is defined. Those are the exchange-correlation functionals
- XC functionals. In many of these approaches is common to split the
functionals in two parts: the exchange (Ex) and the correlation (E¢)
terms. These two terms are themselves also functionals of the elec-
tron density and the corresponding functionals are known as exchange
functionals and correlation functional, respectively.

Exc(p) = Ex(p) + Ec(p) (2.31)

There is no a sistematic way to improve the DFT method as it
can be done in the post-HF methods. Enhance those DFT functionals
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usually means splitting them in more terms, with some of these terms
fitting to experimental values. Perdew?. %2 compares the enhance-
ment of the density functionals to climb Jacob’s ladder, leading the
way from the Hartree world to the heaven of chemical accuracy, illus-
trated in [Figure 2.2] Each rung of the ladder adds a refinement to the
approximation of the exchange-correlation energy. This is an analogy
about a biblical excerpt where Jacob had a dream about a stair from
the earth to the heavenfl

haRTREE WIRLD

(a) Jacob’s ladder of density functionals (b) Jacob’s Dream by Gustave
ascending to chemical accuracy.?L” Dore

Figure 2.2: "Jacob’s Ladder" proposed by Perdew

The first rung is the Local Density Approximation that is
based on the idea of a hypothetical uniform electron gas, in such a way
that the density varies slowly. The advantage of this approximation
is that of the exchange functional is known, which is expressed by
Equation [2.32] often called Slater exchange.

i) =2 (37 [ (232

™

Although the analytical form for the correlation functional part is not

*"And he dreamed and behold a ladder resting on the earth, with its top reaching
to heaven, and the angels of God were ascending and descending on it.” (Genesis
28:12)
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known, Monte Carlo simulations and sophisticated interpolations al-
lowed many authors to present expressions for the correlation func-
tional. Omne of the most famous was developed by Vosko, Wilk and
Nussair.?"

In the more general case, where the o and 3 densities are not the
same, LDA is replaced by the Local Spin Density Approximation
which is composed by the sum of the individual spin densities:

LSDA 1/33 3 Ve 4/3 4/3
By p) = -2 | (pa "+ pg " )dr (2.33)

LDA performs reasonably well for metallic systems, but it presents
important limitations when treating molecules as their electron density
is typically far from being spatially uniform. So there is good reason
to believe that the LDA approach can show limitations. An improve-
ment can be obtained considering the changes of the density along the
system. In this way, the next step climbing the Jacob’s ladder can be
achieved by considering the gradient of the density. In the General-
ized Gradient Methods the first derivative of the density is included
as a variable. One of the earliest and most common functionals was
proposed by Beck (B88)“Y as a correction to the LDA exchange func-
tional:

72
EB88 — ELDA / 4/3 Lo d 2.34
X (0) X —F Z 1+ 68z, sinh~tx, " (2:34)

| Vo]
(p)/?
determined by fitting known Hartree-Fock exchange energies of several
atoms. OPTX is another exchange functional that was proposed by
Handy and Cohen:

where x = and §=0.0042 is an empirical parameter that was

/3 (y
EQPTX (p) = ay ELPA( —a22/ I —i—va (2.35)

with the parameters a;= 1.05151, ay,=1.43169 and v =0.006 deter-
mined by fitting to the unrestricted HF energies of first and second-row
atoms, 225222

Similarly, there have been many GGA correlation functional,
most of them with intimidating forms. A popular one was proposed by
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Lee, Yang and Parr (LYP).%** The LYP correlation functional is often
combined with the B88 or OPTX exchange functional to produce the
BLYP and OLYP acronyms.*

Still within the GGA approach, Perdew, Burke and Ernzerhof
have proposed an exchange and correlation functional (PBE) that is an
enhancement Taylor-like expansion based on gradient corrections of the
LDA exchange functionals. Likewise, the correlation functional is writ-
ten as an enhancement factor added to the LSDA functional 21¥224 The
OPBE functional uses the GGA parts of Handy and Cohen’s OPTX
exchange functional with the PBE correlation functional 22226

A logical improvement to achieve the next rung is allow the ex-
change and correlation functionals to depend on higher order deriva-
tives of the electron density, with the Laplacian (V?p) being the second-
order term. As alternative, the functional can be taken to depend on
the orbital kinetic energy density 7, according to the following Equa-

tion:
occ

=33 Vi) P (2:36)

The inclusion of these terms heads to this third rung, the so-called
meta-GGA functionals. The TPSS(Tao—Perdew—Staroverov—Scuseria)
exchange—correlation functional is non-empirical and can be considered
as the next improvement over the PBE functional 24"

The Adiabatic Connection Formula provides a link between a
fictitious reference system with non-interacting electrons and the the
actual fully interacting system. If is assumable that the wave function
of the non-interacting system is a Slater determinant composed of KS
orbitals, the exchange energy is exactly that given by Hartree—Fock
theory, calculated by HF wave mechanics methods, which is the exact
exchange energy ™ Within this approximation, some models that
includes in the formula the exact exchange are often denoted hybrid
methods or hiper-GGA. One of the most popular DFT functional
belongs to this kind: B3LYP.

E)B;%LYP _ (1—a,o)E)L(SDA+CLOE§?aCt+CLIAE§88+CZCE(LjYP+(1—CLC)EgMW
(2.37)

The a,, a, and a,. parameters are determined by fitting to experimental
data and depend on the chosen forms for Ex GGA and Ec GGA, with
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typical values being a, around 0.2, a, close to 0.7 and a. close to
0.8.228’229

Likewise, for instance, the TPSS functional has been augmented
with 1/10 (e = 0.1) of exact exchange to give the popular TPSSh
method 230

EXe7%" = aBZ N1 — a) EXTS + EEPSS (2.38)

In the higher levels of Jacob’s ladder, not only the occupied or-
bitals are employed in the calculation, but also the virtuals are used.
Although inclusion of the virtual orbitals is expected to improve the
results in areas that usually are a problem for the others functionals,

such as dispersion, for instance, on which very little work have been
done 2

2.2.4 Dispersion Correction

It has been known for a while that commonly used density func-
tional methods do not describe the long-range dispersion interactions,
like Van der Waals. Dispersion energies are due to phenomena that can
be considered as instantaneous electron correlations processes, like, for
instance, dipole moments that have its origin in ’charge fluctuations’.
These phenomena are better described by methods that provide ’true’
wave-function, which is not the case of DFT /23!

A solution to this quest was assiduously developed by Grimme
and co-workers.**! The idea is to treat the (quantum mechanically)
difficult dispersion interactions semi-classically and to combine the re-
sulting potential with a quantum chemical approach. This can be said
as a kind of quantum mechanical-molecular mechanical hybrid scheme.
It is usually termed DFT-D.

The DFT-D24%% variant takes the following explicit form:

C¢
Efsy =56 ) <R%)ﬁfdmp(Rij)
ig>i Y (2.39)
1
fdmp(RZ]) = 1 + 6—0&@(Rij/RvdW—1)

Here, dispersion coefficients, Cg’, obtained from the geometric mean
of tabulated elemental values, are summed over interatomic distances,
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R;;, modulated by a damping function, fgm,(R;;), that gradually acti-
vates the dispersion correction (at a rate characterized by «ag) over a
distance characterized by the sum of the two atomic vdW radii, R qw,
while an scaling factor, Sg, is optimized to be unique to adjust the
repulsive behaviour of each Exc functional.

2.3 Potential Energy Surface Exploration

The main part of this thesis is based in calculations to explore the
Potential Energy Surfaces of the specific paths related to the reactivity
of olefins with iron-carbenes. An exploration of a PES is based on
the concept of the Born-Oppenheimer approximation, discussed on the
Section there, nuclei are fixed and the Schrédinger Equation
is solved for this static electric potential arising from the nuclei in
that particular arrangement. Then, different arrangements of nuclei
may be adopted and the calculation repeated. The set of solutions so
obtained composes the Potential Energy Surface (PES) of a polyatomic
species.?!? The PES is a hypersurface defined by the potential energy of
a collection of atoms over all possible atomic arrangements. It has 3N-6
dimensional coordinates, where N(number of atoms)>321 [Figure 2.3|
is a schematic representation of a hypothetical hyperdimensional PES
of a given system.

A particularly interesting matter in a PES are the stationary

oF
points. Those are the points where all the forces vanish - | — = )—

¢; is an arbitrary nuclear coordinate. In the Figure the
points labelled with a,b,c and d are stationary, but they are not of
the same kind. To distinguish the types of stationary points, it is
necessary to consider the second derivatives of the energy with respect
to the nuclear coordinates.

2

Second derivatives quantities — comprise the Hessian ma-

0a:0.+
trix. A minimum of a potential energy %Zgi“face corresponds to all pos-
itive second derivative (points a and b). A maximum of a potential
energy surface is characterized by the eigenvalues of the Hessian matrix
all being negative(d). The minimum with the lowest value is called the
global minimum (b) , while all the others are local minima (a).
First-order saddle points are characterized by one negative eigen-
value, whereas all the others are positive - points c. They are associ-
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b

Figure 2.3: Hyperdimensional PES of an hypothetical system.

ated with the chemical concept of transition state that is the minimum
energy that has to be overcome in order to go from a minimum to an-
other. The minima in this case can represent, for instance, reactants,
products or intermediates of a given reaction.*

The procedures to find the stationary points in the PES are called
geometry optimization. Energy minimization optimization looks for
the minima in the PES. Optimized structures are useful because of-
ten correspond to a substance as it is found in nature. On the other
hand, one might desire optimize to a transition state in order to gain
understanding about the mechanism of a reaction. In a general form,
optimized geometries can be found by computing all the forces at a
given molecular geometry and check if they vanish. If they do not,
the geometry is varied, using an appropriated algorithm, until one is
found that can be considered as corresponding to zero forces which is
a gradient vector of zero length 3

2.3.1 Multiple-State Reactivity

Many chemical reactions of systems containing unpaired elec-
trons can involve changes in the total spin of the system. This is
called Multiple-States Reactivity. Such a reaction is referred as spin-
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forbidden, since that in the absence of spin-orbit coupling, hopping
from a potential energy surface of one spin to another of different spin
is "forbidden" and does not happen. They are particularly common
in the chemistry of compounds containing transition metals, especially
those from the middle of the first transition series, such as iron or man-
ganese, though they can also occur for species with unpaired electrons
located on many other types of atom 22233231

An approach that describe spin-forbidden reactions is based on
the properties of a much more limited number of points on the potential
energy surfaces. The idea is to locate the regions in which the different
potential energy surfaces cross one another, and more specifically to
find minima on the crossing hypersurfaces: so-called minimum energy
crossing points or MECPs 2%

One of the most used methods in the literature to locate MECPs
was proposed by Jeremy N. Harvey and co-workers**® using gradients
and energies at the same level of theory. The energies E; on the two
PESs and corresponding energy gradients 0F;/0q with respect to the
nuclear coordinates ¢ are combined to yield two effective gradients, f
and g:

- [(%) - ()] - -
9= (aab;) o Kaai) ‘m

These vectors f and g are orthogonal, and go to zero at the
MECP, where the energy gradients on the two surfaces are parallel.
Around the MECP, f is orthogonal to the crossing hyperline, whereas
g is parallel to the hyperline and points towards the minimum.

(2.40)

2.3.2 Thermodynamic Properties

So far, we have shown methods to calculate the energy of an
individual atom or molecule. Nevertheless, the majority of chemical
research does not concern individual molecules, but instead macro-
scopic quantities of matter that are made up of enormous number of
molecules. The behavior of such aggregates of molecules are governed
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by the laws of thermodynamics and most of the chemical properties
and reactions are defined regarding some of the fundamental thermo-
dynamics quantities !?

The connection between the microscopic energy obtained from
electronic calculations and the macroscopic values that can be mea-
sured in the laboratory is provided by statistical thermodynamics, by
formulations used to obtain zero-point energy, entropy, free energy,
enthalpy and so on. The fundamental function that characterizes sta-
tistical thermodynamics is the partition function. Using the canonical
ensemble- which is for a constant number of particles N, volume V,
and temperature T- it is written as:

Q(N,V,T) Ze*E (N.V)/kpT (2.41)

where ¢ runs over all possible energy states of the system with energy
FE; and kg is the Boltzman’s constant. For the canonical ensemble and
using established thermodynamics definitions, the following is true:

U — kT2 (fﬂnQ)
T ) nv

H=U+PV
(2.42)
oln@Q)
G=H-TS

The energy of the partition function E; can be written as the
sum of terms: the translational, rotational, electronic and vibrational
energy. Handling the ideal gas and rigid-rotor approximation is possi-
ble determine the two first terms. Electronic energy is obtained with
regular electronic calculations. Finally, the vibrational energy, can
be provided through a vibrational frequency calculation using the har-
monic oscillator approximation, in terms of the reduced mass and force

constants, which are the same second derivatives of the energy with
2

respect to the coordinates, (_8 ) So, the frequency calculation
4;q;
provides the Hessian that gives information about the nature of the sta-

tionary points on the PES and also contributes for the calculation of
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the thermodynamic properties. In practice it is fairly straightforward
to convert the potential energy determined from an electronic struc-
ture calculation into thermodynamic data - all that is required is an
optimized structure with its associated vibrational frequencies 21255

Based on the transition state theory, the macroscopic rate con-
stant can be expressed as in Equation [2.43]

k_TefAGi/RT
h (2.43)
AGi = AGTS - AGreactant

AG* is the Gibbs free energy difference between the TS and the reac-
tant and £ is Boltzmann’s constant. This equation allows to address
the kinetics of the reaction that, together with the thermodynamic
properties of the systems, can be very useful in the understanding the
feasibility of a given processes.

krate =

2.4 Computational Details

We are going to present in this thesis a computational strategy
based on density functional theory, to explore the potential energy
surface of metal carbenes interacting with olefins as we have presented
in our Goals, in the end of Background: Chapter 3 is dedicated to
understand their different reactivity, while in Chapters 4 and 5 we
discuss how different ancillary ligands tunes such reactivity in favour
of olefin metathesis. Because the computational details we use are
basically the same in the three Chapters of results, we decide present
them at once.

In the methodology of that computational strategy, all structures
were performed with the OPBE density functional 221222224 Geome-
try optimizations were done in gas phase without any geometrical con-
straint. Main group elements were represented with the valence double-
plus polarization 6-31G(d,p)22%22% basis set. For iron and cobalt were
treated with the Wachters-Hay valence triple-plus polarization basis set
enlarged with diffuse functions, 6-311+G(d,p).2%23% For ruthenium,
the small-core quasi-relativistic Stuttgart/Dresden effective core po-
tential was used, which replaces the 28 inner electrons by a non-local
effective potential. The remaining electrons were described with the
associated (8s7p6d)/[6s5p3d] basis set.**
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Frequency calculations were done to ensure the nature of the sta-
tionary points in the potential energy surface: whether they were min-
ima (absence of imaginary frequencies) or transition states (possessing
one imaginary frequency). Connectivity of the transition states to the
correspondent minima was confirmed by Intrinsic Reaction Coordinate
(IRC) calculations. These calculations also provide the thermal cor-
rections, whose the free-energy corrections were obtained at 298.15 K
and 1 atm.

Afterwards, in order to refine the energies, single point calcula-
tions were done with the same functional OPBE and a large basis set 6-
311++G(d,p)22%24L for all atoms of the systems, except for ruthenium
atoms, which were again treated with the SDD pseudopotential. These
calculations were executed with Gaussian 09 suite of programs.?42

Calculations for open-shell systems were carried out considering
the spin-unrestricted formalism. Moreover, for all pre-catalyst carbene
species complexes with a singlet ground state, we performed unre-
stricted calculations to also explore the possible existence of a more
stable open-shell singlet state. However, in all cases, the optimiza-
tion collapsed to the closed shell solution. The nature of all stationary
points was verified by vibrational analysis, ensuring that all frequen-
cies are real for minima and that transition structures only present one
imaginary frequency. All calculations described so far were performed
with Gaussian 09 package 42

Grimme’s correction for dispersion forces were evaluated at the
optimized geometry using the Sg scaling factor of OPBE functional
(0.75),%% calculated with Moldraw visualization code.?? All reported
values along the text are based on the total energy obtained with the
larger basis, summed with Free Gibbs Energies thermal corrections
aforementioned obtained at 298.15 K and 1 atm with the smallest
basis set, and the Grimme’s corrections.

Minimum energy crossing points were calculated using a code
developed by J. N. Harvey and co-workers,?°® which acts as a wrappen
program working with Gaussian 09. Thermal corrections to the MECP
structures were obtained by performing frequency calculations (freq
= projected keyword in Gaussian 09) for the two states and taking
the average values of the corrections. This protocol was proposed by
Maseras and co-workers. 23

In the beginning of [3] aiming at analyzing the structure of the
metal carbenes, orbital localization based on maximally localized Wan-
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nier functions 2224 was done with the CP2K code 2%247 The Quick-
step algorithm was used to solve the electronic structure problem based
on DFT calculations using the PBE exchange correlation functional 224
where only valence electrons were included in the calculations, repre-
senting the valence-core interactions by means of the GTH-type pseu-
dopotentials#*%2%% A double-zeta plus polarization (DZVP) basis set
was used to represent the orbitals and plane waves (up to 300 Ry)
for the electron density. Wave function optimization was achieved
through an orbital transformation method* The results of these
calculations are discussed in terms of the centroids of the localized or-
bitals, as suggested by Lledos and Vidossich,?! authors of an extensive
work where this approach is applied to understand chemical bonding
in organometallics systems.

2.4.1 The level of theory

The OPBE density functional?®*22% has been proposed as one of
the best functional to properly describe spin states of iron complexes
specially in formal iron(II)species: Swart and co-workers demonstrated
that this functional reproduce the S=2 spin state of classical well sta-
bilised Fe(H,0)2" and Fe(NH3)2t complexes. 252 Corroborating this pa-
per, works of benchmarking with different functional for calculate spin
state of many kinds of iron complexes, have pointed OPBE as a good
choice 22325 OPBE also has been used to study reactivity? 225257
and spin-crossover®® of iron compounds. Even so, we decide test the
chosen DFT functional to analyze the spin state for three the most
recurrent iron carbenes in the literature, which we have introduced
in Section [I.5] These complexes, bearing the methylene carbene, are
defined in the Scheme 2.1

+ A
I ) 11 |
o
B
OCI 1 Fe—— N——Fe—N
Ar” SAr
Ph,

Scheme 2.1: Fe-methylidenes based on known Fe-carbenes.
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At this point, it is worth mentioning that Complex I has a singlet
ground state and it has been reported to undertake alkene cyclopropa-
nation. Similar behaviour is reported to Complex II. Finally Complex
I1I has a triplet ground state and according to Chirik and co-workers
does not react with olefins. The results for these three complexes we
summarize in [Table 2.1] which reports the relative stabilities of the dif-
ferent spin states of the metal-carbene, metallacyclebutane and cyclo-
propanation products. Optimized structures of the stationary points

are in Appendix

Table 2.1: Relative Gibbs (G4, + D2) energies with respect to the
singlet state metal carbene and ethene (in kcal mol™!) of the different
spin states of the metal carbene, the metallacyclobutane intermediate
and cyclopropanation products for complexes 1 to 3.

carbene metallacyclebutane cyclopropanation
complex
S=0 S=1 S=2 S8=0 S=1 S=2 S=0 S=1 §S=2
I 0.0 n/a® n/a® -4.8 n/a® n/a® -16.4 -22.0 3.3
II 0.0 163 183 0.2 n/a® -1.9 -0.5 -35.8 -28.0

I11 0.0 -88 10.5 -29.6 -26.4 n/a®* -23.8 -28.7 -32.0
“ Optimizations lead to structures that do not correspond to carbene
or metallacyclobutene species.

Complex I is stable only as singlet, while singlet and triplet de-
compose through the carbene coupling to the carbonyl ligand. Com-
plex II presents a singlet ground state, as the most stable form, with
triplet and quintet states lying 16.3 and 18.3 kcal mol™! above the
singlet respectively. Finally, Complex III is a triplet with the singlet
state being 8.8 kcal mol~! higher in energy and the quintet state even
less stable.

Moreover, alkene cyclopropanation is predicted to be strongly
exergonic for I, IT and III, regardless of the spin multiplicity. It is
worth pointing out that the metal fragment in which the carbene has
been lost to form cyclopropane presents both in I and IT has a triplet
ground state. Consequently, cyclopropanation is the thermodynami-
cally favoured process.

Overall, these results suggest that the combination of OPBE and
Grimme’s Dispersion (D2) along with 6-3117TG(d,p) basis sets, re-
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garding the ground spin of carbene methylidene state and cyclopropa-
nation shows an agreement with the experimental results, supporting
our model approach, and thus it will be used in the rest of the thesis.



Reactivity of Existing Metal
Carbenes with Olefins

The Background Chapter shows that ruthenium-carbenes are one
of the best catalysts for olefin metathesis. On the other hand iron-
carbenes frequently catalyze cyclopropanation reactions. In partic-
ularly, Piano-Stool and Heme iron-carbenes are oftenly studied iron
carbenes reporting as cyclopropanation catalyst.

This Chapter aims at providing insights to understand which
factors are involved in some metal carbenes that determines their re-
activity with olefins, particularly regarding the electronic structure of
those carbenes and their activity towards cyclopropanation and olefin
metathesis. Since iron compounds were reported as presenting non-
low-spin behavior for various systems, an important part of this study
considers medium-spin states and compares them with singlet states
of the catalysts to observe the role played by different spin state elec-
tronic surfaces. The carbenes studied in this Chapter are drawn in

The first catalyst is the very effective Grubbs Second Generation
olefin metathesis catalyst (1), for which we want to compare olefin
metathesis with possible cyclopropanation paths. Complex 2 is the
same as the one before, but the ruthenium atom was replaced by an

73
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Scheme 3.1: Fe-methylidenes based on known Fe-carbenes.

iron atom, seeking to see how this changes the electronic behavior and
the reactivity with olefins. The others complexes were reported as
synthesized, characterized, and with a well-determined reactivity : 3
is the so-called piano stool [Cp(CO)yFe!/=CHPh|™ that has been re-
ported as giving cyclopropanation products when reacting with olefins.
Complex 4 has an heme group as ancillary ligand, which is a model of
the original tetraphenylporphine bearing carbene — (TPP)Fe!/=CHPh,
and shows similar reactivity as the previous one described.

Results are presented in the following order: first we analyze the
electronic structure of the four complexes shown in [Scheme 3.1] focus-
ing on the metal-carbene bond. Afterwards we discuss their reactivity
with olefins with the aim of determine the preferred cyclopropanation
mechanism and compare with olefin metathesis. But before entering
properly in the discussion of our problem, aiming at doing a compari-
son, we discuss the case of a cobalt-carbene, which the reactivity and
electronic structure was well clarified.
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3.1 Metal-Carbenes Electronic Structure

As already mentioned, first row transition metal complexes are
more prone to present open shell ground states and, for the particular
case of metal carbenes this can turn in species in which the carbon
of the carbene shows a significant radical character. This is, for in-
stance, observed for the iron-carbene (e in ?7) synthetized by Chirik
and co-workers or the cobalt-carbenes with porphyrins as ancillary lig-
and (similar to 4 in [Scheme 3.1)). For the cobalt carbene this implies
that alkene cyclopropanation occurs through a radical mechanism. It
is for this reason that we start with an analysis of the iron-carbene
electronic structure. We wonder whether the iron-complexes studied
here can show a similar behavior to that of the cobalt open-shell car-
bene, with a possible radical chemistry, when they show a non-low spin
electronic state.

The metal center of these species has a d° electronic configu-
ration and thus, they can exhibit a singlet low-spin (S=0), a triplet
intermediate-spin (S=1) state or a quintet (S—2) high-spin electronic
state, this one being usually much higher in energy than the other two
and will not be discussed further. reports the Gibbs energy
difference between the singlet and triplet state as well as Mulliken spin
densities.

Table 3.1: Mulliken spin densities over the metallic center and carbon
of the metal-carbene bond for the the triplet state of complexes 1-4,
and relative energy of the triplet state relative to the singlet state (in
kcal mol™1).

Complex Metal Carbon AGg_r

1 1.61 -0.07 22.0
2 2.38 -0.52 -4.2
3 1.18 0.27 -

4 1.22 0.54 18.2

Complexes 1, 3 and 4 show a singlet ground state while 2 is
a triplet. Noteworthy, for Complex 3, and despite many efforts, we
were not able to optimize a minimum for the triplet electronic state.
Instead, a triplet structure with the carbon of the carbene bound to
the carbonyl ligand was located (see Section [3.5]for further discussion).
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Apart of the values in the previous Table, the spin densities of
the triplet states are also pictorially in [Figure 3.1

Figure 3.1: Calculated isosurfaces of « (red) and /3 (violet) spin-density
of the triplet state (0.03 a.u. m?) for Complexes 1 (a), 2 (b) and 4 (c).

It can be observed that the Ruthenium carbene, Complex 1, has
the spin density located mainly at the metal, the Mulliken spin density
values being 1.61 at ruthenium and virtually 0 at carbon. Thus, even
if the complex is in its triplet state, one would not expect a radical
carbene-based chemistry.

In the case of catalyst 2, the iron analogue of Complex 1, the
spin density distribution in the triplet ground state shows important
differences as compared to 1. That is, the metal shows positive spin
density values (red contours), and the carbene negative values (violet
contours), thereby indicating that the 7 bond is not completely formed,
probably due to the smaller overlap between iron d orbitals and those
of the carbene fragment in 2. This is confirmed by the spin density at
iron and the carbene , which are 2.38 and -0.52, respectively.
These values are indicative that in this triplet state there is not only
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two unpaired alpha electrons, as expected, but instead we have three
unpaired alpha electrons and one unpaired beta electron, resulting in
an overall triplet state. These observations suggest that catalyst 2
could be prone for a non-closed shell chemistry behavior. Such behavior
has been defined as hyper open-shell states, and has been reported
theoretically®? and experimentally*®® for different Fe-systems.

For complex 4, the spin density of the triplet state is delocalized
between the metal and the carbene, with spin density values being
0.54 at the carbon atom and 1.22 over the metallic center, which can
be visualized in and suggest that the triplet state of 4 can
also present radical based reactivity, if in the triplet was the ground
state.

shows the centroids of the localized molecular orbitals
in the singlet and triplet states, respectively. These calculations have
been done with the CP2K code which only explicitly considers 14 outer
electrons of the formally 2+ metal cation center (ns® np® nd®). Thus,
the number of electrons around the metal in all cases have to account
for these 14 electrons. For Complex 1, the blue dots represent an
electron pair, since in the restricted DFT (PBE) approach, alpha and
beta orbitals are identical and as such they have the same centroid. It
can be observed that it is possible to count 6 dots around the ruthenium
center, corresponding to 12 electrons. The other 2 electrons, along with
2 electrons from the carbene, are involved in the double bond M=C and
thus, there are two dots in the middle of this bond. This is in agreement
with a Schrock carbene like behavior, the M=C bond arising from the
interaction of the metallic fragment and the CRy carbene both in the
triplet state®? Note that the centroids over the other M-L bonds can
be viewed as two electrons from the ligands. A similar behavior can
be inferred for the others complexes in the singlet state.

Complexes show a different behavior in the triplet state. In the
unrestricted DFT treatment, used for calculating open shell species,
each orbital holds one electron, instead of two (as it happens in the
restricted DFT). In this way, instead of one blue dot corresponding to
the centroid of the doubly occupied orbital, we have two dots: a red
one corresponding to the centroid of an occupied a orbital and one
yellow dot corresponding to a (3 orbital.

For Complex 1, there are 5 red-yellow dots pairs around the
ruthenium, resulting in 10 electrons, and two red dots indicative of
two unpaired electrons, as expected for the triplet state. The unpaired
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Figure 3.2: Wannier functions of the (a) singlet and (b) triplet states.
Blue spots corresponds to a electron pair, red ball means a a and yellow
ball 3.
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electrons are mainly localized at the ruthenium center. Finally, the
other two electrons needed to complete the 14 electrons considered
explicitly for the metal in the calculation are involved in the M=C
bond.

Regarding Complex 2, there are also 5 pairs of red-yellow dots,
and two red dots corresponding to two unpaired a orbitals. However,
there is only one electron pair corresponding to the M=C bond. The
other pair is split in two, in such a way that the centroid of the «
orbital is close to the metal and that of the § orbital is closer to the
carbon atom. Therefore, triplet is formed by three alpha electrons at
the iron atom and one beta at the carbon, which would explain the
spin density values with opposed sign observed for this compound and
suggest that the double bond is not completely formed.

Complex 4, in the triplet state, has 6 pairs on the metal, one
additional pair corresponding to the M=C bond and two unpaired «
electrons, one over the metal and the other located at the carbon atom
of the M=C.

(TPP)Co!’=CHPh is a cobalt-porphyrin whose radical behaviour
driving to cyclopropanation is known. Using our methodology on this
carbene, we analyze its electronic structure for comparison. Results

are shown in [Figure 3.3

\
&

°

a I a1 o

— ~—a * :
(TPP)Co"=CHPh P 2 ’“’If_'*"va—- SR

Figure 3.3: Electronic structure of (TPP)Co//=CHPh: (a) spin-
density (0.03 a.u. m?), (b) HOMO , and (¢) Wanier functions of the
doublet ground state.

Our calculations clearly show that the spin-density of this com-
plex in the doublet spin ground state is indeed concentrated over the
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carbon of the carbene (Figure 3.3la). This spin density is concentrated
on the HOMO orbital, since the surface of the spin density has a topo-

logical similarity with this orbital (Figure 3.3tb). Actually, Mulliken
spin density values are of 0.73 for the carbon of the metal-carbene
bond and 0.00 for the cobalt. This complex has a Co!! with a d” elec-
tronic configuration and is a low spin where the doublet state is 19.29
kcal mol™! lower in energy than the quadruplet. The doublet state
implies the presence of only one unpaired electron. The basis set of
the Wannier functions calculations treats the valence shell of the Co
with 17 electrons. As the complex is neutral, and the ligand TPP is
doubly charged, then the cobalt atom in this calculation should have
15 electrons in its valence shells. However centroids of the localized or-
bitals provided by the Wannier functions (Figure 3.3}c) show 14 dots
around the cobalt atom, showing it has only 14 electrons performing
actually a Co’’!. The other unpaired electron remains on the bond
formed between the carbon of the carbene and the atom of the phenyl
ring. This bond was supposed to bear only two electrons, one « (red
dot) and the other § (yellow dot), but instead we can see one « elec-
tron more. This completely agrees with previous experimental and
theoretical studies 53197

Overall, the electronic structure analysis of these compounds in-
dicates that if the iron-carbene complexes are in the triplet state, they
could be involved in a radical chemistry, similarly to that observed for
cobalt-carbenes that promote cyclopropanation, just above described.
This is in contrast to that observed for the ruthenium Carbene 1, since
the two unpaired electrons are localized at ruthenium and thus, a two
electron chemistry is expected.

3.2 Remarks on the Reactivity

Next sections are focused on understand possible mechanisms for
the reactivity of the complexes 1, 2, 3 and 4 with p-methyl-styrene.
We focus basically in paths that drive to cyclopropanation, although
we also compare the Gibbs with olefin metathesis, since it is desirable
to understand the competitiveness of these reactions. In particular,
we explore the three possible cyclopropanation mechanisms as well as
that of olefin metathesis, as shown in [Scheme 3.2] Note that Ph stands
for the phenyl group and Tol for the he p-toluyl substituent.
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Scheme 3.2: Considered reactivity of metal-carbenes with olefins.

One of these pathwaysr refers to the olefin metathesis mecha-
nism: R is the active carbene species, which by the cycloaddition step,
passes through the metallacyclobutane intermediate (M), and gives
olefin metathesis products (Poys) by cycloreversion. Reductive elimi-
nation drives to cyclopropanation (Pg,.), from the metallacyclobutane
intermediate. The others paths refers to cyclopropanation mechanisms
that involve the nucleophilic attack of the olefin to metal carbene bond.
They can proceed either through intermediate I, and we call stepwise
carbene transfer or directly, in a concerted carbene transfer approach.
This intermediate can have an open-shell biradical character with un-
paired electrons at carbons « and ~ if the reaction takes place in the
triplet state, or it can be a zwitterion when the process proceeds in the
singlet state.

3.3 Reactivity of Grubbs Catalyst

The catalytic activity for olefin metathesis of Complex 1, and
other related Ru-based catalysts have been widely studied computa-
tionally.#>*0% However, their capacity to undergo the cyclopropana-
tion has been scarcely studied. In fact, it has been proposed that
formation of cyclopropane can be in one pathway for its deactivation:
Bernardi and co-workers reported the energetics of the reductive elim-
ination from the metallacyclebutane and carbene transfer, but only in
the singlet state.® in general, considerations about the reactivity of
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intermediate spin state states are missing, as well. In we
present the already well-established mechanism for olefin metathesis
of Complex 1 with p-methyl-styrene in singlet state and in the triplet
state as well and the optimized geometries are shown in for

cycloaddition and for cycloreversion.
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Figure 3.4: Gibbs energy profile (in kcal mol™!) for olefin metathesis
— cycloaddition (black) and cycloreversion (blue)— and alkene cyclo-
propanation by reductive elimination (red) processes involving 1 with
styrene in both singlet and triplet states.

The pre-catalyst 1 is a singlet with the triplet resting 22.0 kcal
mol~! above. The black line is the Gibbs energy surface (PES) through
which the incoming olefin coordinates to the ruthenium atom, and over-
coming a transition state forms the intermediate metallacyclobutane:
the so-called cycloaddition step of the olefin metathesis mechanism.
This transition state singlet (*1 — RM*) is 18.8 kcal mol™! over reac-
tants (1 — R), while the triplet (31 — RM?) is around 22 kcal mol*
over the singlet. Metallacyclobutane singlet (11— M) is 10.0 kcal mol~!
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Figure 3.5: Optimized geometries of cycloaddition step in singlet and
triplet states, for Complex 1 with styrene. All distances are in A

higher in energy than the reactants, while triplet (*1 — M) is 22.4 kcal
mol~!. From the metallacyclobutane the cycloreversion process (blue
lines) gives the products, also crossing a barrier similar to the previous
described: the singlet ('1—MP},,) is at 18.8 kcal mol~" and the triplet
(*1—MP},,,) is around 25 kcal mol~! over the singlet. Olefin metathe-
sis products in the singlet state are almost isoenergetic with reactants,
being 0.9 kcal mol™! (11— Ppy/) below them, and the triplet (*1 — Ppyy)
22.0 kcal mol~! higher. Since a methyl substituent is the only differ-
ence from the olefin reactant to the olefin product of metathesis, the
energetics of the cycloaddition part is similar to the cycloreversion, as
well as the products energies are similar to the reactants.

Until this point, the singlet state surface of the already largely
studied mechanism for olefin metathesis is in a good agreement with
previous works. 285255 The triplet surfaces, on the other hand, provides
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Figure 3.6: Optimized geometries of cycloreversion step in singlet and
triplet states, for Complex 1 with styrene. All distances are in A.

interesting hints: they are largely disfavored with the split between the
two surfaces ranging from around 12.0 kcal mol™!, in the metallacycle
(*1 — M) until around 25 kcal mol™" in the transition state of cyclore-
version step. Ruthenium belongs to the fourth row of periodic table
and is tetracoordinate, therefore it is unlike to go through a high-spin
behavior, which can favor the singlet surface. Also, olefin metathesis
is a two-electron reaction: for instance, in the cycloaddition through
the transition state to form the metallacycle is somehow a concerted
mechanism where an electron pair of the incoming olefin is donated to
the metallic center and at the same time a bond is formed between the
carbenic carbon and the other carbon of the olefin. In this way, the
stationary points in the triplet surface with similar geometry to the
points in the singlet surface are considerably high in energy.

A different behavior is observed for the cyclopropanation reac-
tion by reductive elimination from metallacyclobutane intermediate,
represented by the red lines in with optmized geometries in
Figure 3.7, Products from this reaction (*1 — Pg,.) exhibit a triplet
ground state by 15.5 kcal mol~! and thus a spin crossing is expected to
occur. This pathway implies a barrier in the triplet state, 31 — MPp?

Cyc?
of 11.8 keal mol-1 (the transition state lies 34.2 kcal mol™! over sepa-
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rated reactants) whereas for the singlet state '1 — M Péyc the energy
barrier is significantly higher. As expected, the metathesis process
is more favorable than cyclopropanation both kinetically and thermo-
dynamically and thus, the one expected to occur. Noteworthy, the
lowest energy path towards cyclopropanation involves a spin crossing
point (1 — C'Py) between the '1 — M and the cyclopropanation tran-
sition state that is located 2.4 kcal mol~! higher in energy than the
triplet metallacyclobutane 31 — M, and 6 kcal mol~! higher than the
1-M Pg y transition structure that leads to olefin metathesis prod-
ucts.

Figure 3.7: Optimized geometries for cyclopropanation path, in singlet
and triplet states, and MECP 1 — C'P; for Complex 1 with styrene.
All distances in A.

shows the potential energy surface for the path of car-
bene transfer reaction, in the singlet and triplet spin states. In transi-

tion state (11 — RI*) one single carbon of the olefin molecule (carbon
B) attacks the carbon of the carbene (carbon (), with a barrier of 40.6
kcal mol~'. Subsequently, we have intermediate (A — I) consisting
of a kind of toluil-propane that is single-bonded with the ruthenium,
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with a relative energy of 29.5 kcal mol~!. Next step involves another
transition state (1—/ Péyc) consisting in the cyclization by the carbene
~ coupling with carbon «, forming the cyclopropane and a metallic tri-
coordinate, fragment presenting energy of 45.7 kcal ~! in the singlet
state. 13.16 kcal mol™! over the intermediate '1 — I a spin-crossing
(1 — C'P,) exists, between the triplet and the singlet surface, and the
last step of this path takes place on the triplet surface (31 — [Péyc).
Note that this crossing-point would not imply in additional barrier.
Obviously the singlet surface rules out is not a radical mechanism, but
instead a cationic/anionic path. Optimized geometries of the direct
cyclopropanation path discussed above are shown in

. . Ph t A Ph ¥
[Ru]— [Ru] T\})
D Y
['T\Tﬂl Tol

I‘Mes \IIIIIS=1 +
(llhthul:-’, T()l"‘{:

Figure 3.8: Gibbs energy profile (in kcal mol™') for carben transfer
involving Complex 1 with styrene in both singlet and triplet states.
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1-RI}

MECP 1-CP:

Figure 3.9: Optimized geometries for the carben transfer path, in sin-
glet and triplet states, and MECP 1—C P for Complex 1 with styrene.
All distances are in A.

shows the spin density in the pathway of the cyclo-

propanation by carbon transfer mechanism, in the triplet state. Al-
though in the species ®1 — R the spin density is concentrated on the
metal, along the surface a significant part of the spin density is split
also onto carbon a and 3, suggesting a radical mechanism. However,
this process is unlikely, because since the beginning, in the pre-catalyst
stationary point, the singlet is less stable than the triplet. Also, triplet
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surface is all over the singlet surface except for the TS 31 — I Péyc,
perhaps because this structure is more feasible as belonging to a rad-
ical mechanism. This destabilization compared to the triplet surface,
regarding the singlet, that even being only of 3.4 kcal mol™! in the first
TS (1 — RI¥), shows the strongly low-spin nature of the Grubbs cat-
alyst that contributes to it success as a catalyst for olefin metathesis.

*1-RI* 1-M

Pl e

\ i
Ru: 1.61 Cg:-0.08 Ru:1.17 Cq4:0.18 Ru:0.90 Cg-0.2
Cp:0.09 Cp:0.34 Cp:-0.06 C4:0.72
31-IPcye* 31-Pcye

/ gy
\ % ,;’"’A
Ru:l.56 Cg-0.11 Ru:1,90

Cp:-0.02  C,:0.36

Figure 3.10: Spin-densities of triplet stationary species of carbene
transfer of Catalyst 1 with styrene.
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3.4 Reactivity of |[Fe]=CH; bearing Grubbs
Motifs

The energy profiles associated with the olefin metathesis and cy-
clopropanation by reductive elimination for Complex B are shown in
while the optimized structures of the stationary points of
these profiles are shown in [Figure 3.12|to [Figure 3.14]
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Figure 3.11: Gibbs energy profile (in kcal mol™!) for olefin metathesis
— cycloaddition (black) and cycloreversion (blue) — and alkene cyclo-
propanation by reductive elimination (red) processes of 2 with styrene
in both singlet and triplet states.

Unlike Grubbs Catalyst 1, the pre-catalyst 2 has a triplet state
ground state, the Gibbs energy difference with the singlet being 4.2 kcal
mol~!. The metallacyclobutane intermediate also presents a triplet
state, the singlet state being around 15 kcal mol~! higher in energy.
However, the energy barrier for the formation of the metallacyclobu-
tane in the singlet state (23.1 kcal mol™!) is smaller than in the triplet
one (31.4 kcal mol™') and this turns in the fact that the transition
structure (12 — RM*) is more stable than that in the triplet state
(32 — RM*) by 4.1 kcal mol~!. This suggests that the reaction could
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MECP 2-CP:

2-RMi

2-M

Figure 3.12: Optimized geometries of cycloaddition step in singlet and
triplet states and and MECP B — C P for complex 2 with styrene. All
distances are in A.

take place through spin crossing. The energy barrier of this process
(2 — CP)) is marginally higher in Gibbs energy than the 32 — RM*
transition state. This is probably due to the fact that the cycload-
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Figure 3.13: Optimized geometries of the cycloreversion step, singlet
and triplet states, for complex 2 with styrene. All distances are in A

dition process is clearly a two-electron process and more feasible to
occur in the singlet state. Therefore, crossing to the singlet surface
is not expected. One can envisage another similar MECP between
the transition structure ((12 — RM?%)) and the intermediate metallacy-
clobutane (2-M), that we have not located because a similar behavior
to that of the first MECP is expected. Finally, the cycloreversion pro-
cess is the mirror process of the cycloaddition with the only difference
of the methyl substituent of the reacting olefin. Consequently, it shows
essentially the same energetics with analogous spin-crossing points.
The path corresponding to the reductive elimination from the
metallacycle is represented by the red lines in [Figure 3.11} The asso-
ciated energy barrier from the triplet ground state metallacyclobutane
is 7.6 kcal mol~! and thus, 32 — MPéyc transition state is around 17
kcal mol~! smaller in energy than the barriers for cycloreversion. The
hypothetical transition state singlet (!B — M Péyc) was not found. A
relaxed potential energy scan shortening the distance between the two
carbon-a of the metallacyclebutane shows a rapidly increasing of the

energy (see [Figure B.2|in Appendix).
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Figure 3.14: Optimized geometries of the cyclopropanation by reduc-
tive elimination step, singlet and triplet states, for complex 2 with
styrene. All distances are in A.

Direct cyclopropanation path for this complex has its potential

energy profile reported in and the associated geometries in

Figure 3.15: Gibbs energy profile (in kcal mol™!) for direct cyclopropa-
nation involving Complex 2 in both singlet and triplet states.
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In this path, again, the behavior is very different if compared with
the ruthenium Grubbs catalyst (Complex A). Triplet surface is always
more stable, and the barriers are lower compared to those of ruthenium
complex: the highest is 21.3 kcal mol™* (3B — RI*), while for the
Grubbs catalyst they are around 40.0 kcal mol™!. Intermediate (*B —
I) is also lower in energy (2.1 kcal mol™!), as well as the cyclization
transition state (*B — IPéyC), 14.1 kcal mol™!. An interesting fact is

that in the singlet surface, the hypothetical transition state ' B — IPéyC
was not located at this level of theory. A scan (see in of
Appendices) approaching the distance C,—C, shows a small barrier of
around 1 kcal mol™!, in electronic total energy, which suggests virtually
a barrierless process.

S=0 S=1

Z-IPCyci

Figure 3.16: Optimized geometries for carbene transfer path for Com-
plex 2 with styrene.

shows the spin density evolving along the stationary
points of the direct cyclopropanation pathway. It can been see that

the distance Fe=C,, increases in the following order: 32 — RI* (1.87) >
321 (2.08) > 32—1IPf,, (2.22). In this same order, the C,—C, bond
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distance decreases (2.97 A, 2.50 A, 2.00 A), showing the formation of
the cyclopropane product. The isosurfaces of the spin-density show a
p-density in the pre-catalyst on carbon-a. Going further in the PES,
in the transition state 32 — RI* the 3-density is partially transferred to
the carbon ~. In the intermediate 2 — I a large amount of -density is
over the carbons o and ~y. The transition state 32 — [PCi'yc is associated
with the coupling of the carbons a-v and thus, there is almost no spin-
density besides that at the metal, probably because the electrons are
coupling to form the bond C,—C,. This radical stepwise mechanism
was already theoretically proposed for iron carbenes'®® and is similar
to the cyclopropanation with cobalt carbenes above mentioned 7

2-R 2-RI*

Fe: 3.09 Cy: -0.38
Cp: 0.07 Cp:-0.75

Fe:2.38 Cy:-0.54

Fe: 2.26  Cy: 0.03 Fe: 2.19
Cp: 0014 Cp:-0.15

Figure 3.17: Spin-densities of triplet stationary species of carbene
transfer of Catalyst 2 with styrene. Red surfaces correspond to a-
spin density and blues isosurfaces correspond to S-spin density
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3.5 High-Coordinate [Fe]=CH,: Piano-Stool
Complex

For olefin metathesis to occur an incoming olefin needs to co-
ordinate to the metallic center, forming the intermediate metallacy-
clobutane that can break to olefin metathesis products or even for
cyclopropanation products, as demonstrated for Complexes 1 and 2.
In a review Brookhart and co-workers*® claim the absence of evidence
of metallacyclobutane existence. The reason for this could be that
formally Complex 3 has already 6 ligands, since cyclopentadienyl acts
donating three electrons pairs. With such a coordination number, this
complex has 18 electrons around the iron atom that might prevent
the coordination of a new ligand. In spite of that, we have still been
able to optimize the metallacyclobutane structure ('3 — M) showed in

Figure 3.18|
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Figure 3.18: Optimized geometries of cycloaddition step, singlet and
triplet states, for complex 3 with styrene. Distances in A.

The values of the M-C,; and M-Cgg are 2.37 and 2.09 A, respec-
tively, that is larger than the analogous bonds in the metallacycle sin-
glete for Complex 1, which are both of 1.99 A. This may be because of
the large coordination number of this complex. At this level of theory,
we did not found the metallacyclobutane in the triplet state though
and hypothetical 3C' — M decomposes. Neither have we been able to
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locate the transition states of the cycloaddition step, which forms the
metallacyclebutane, nor the transition state of cycloreversion leading
to the olefin metathesis products. The cycloaddition step is an oxida-
tive addition and the metallacycle is a hexacoordinate structure with
four electrons, presenting 18 electrons around the metal, which can
explain why we found the optimized structure for the metallacycle but
not for the transitions state aforementioned.

Another possibility** would be the discoordination of one ligand,
that could be either the carbonyl or the phosphine. Then the metal-
lic center would become a 16 electrons species and be more prone to
coordination by an olefin. We tested this hypothesis performing scans
for the discoordination of those ligands and we found that it is very
unfavorable and unlike happen, as showed in
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Figure 3.19: Scan for the decoordination of carbonyl and phosphine
ligands in Complex 3.

Overall, since we have neither been able to locate the transi-
tion state of the concerted cycloaddition nor the transition state of
cycloreversion of the metallacycle, the experimentally observed cyclo-
propanation from this complex, would probably occur through carbene
transfer. The computed energy profiles for these pathways both in the
singlet and triplet states are shown in and the associated
optimized geometries are given in
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Figure 3.20: Gibbs energy profile (in kcal mol™') for carbene trans-
fer involving 3 in both singlet and triplet states. 33 — R does not
correspond to an iron-carbene.

First of all, the triplet pre-catalyst 3 — R does not exist, instead
its optimization leads to a structure in which the carbon atom of the
carbene binds to the carbon of the adjacent CO. (see [Figure 3.18)). For
this spin state, cyclopropanation occurs in a step-wise mechanism: the
transition state 33 — RI* lies very high in energy (43.7 kcal mol™!) as
compared to Catalyst 2 (21.3 kcal mol™!), which may be attributed to
the ancillary ligands favoring the singlet state, specially cyclopendienyl
and the carbonyl. The next stationary point is the intermediate 33 — I
that is 26.7 kcal mol=! below the previous barrier, followed by a barrier
of 2.6 kcal mol™! (33 — IPéyc). Cyclopropanation products in the
triplet state lye 1.8 kcal mol~' above the reactants. Note that the
profile is more similar to that of Complex 1 than to that of Complex
2; remarkably, the pre-catalyst metal carbene is singlet in both cases.
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S=0

Figure 3.21: Optimized geometries for carbene transfer path, singlet
and triplet, for Complex 3 with styrene. All distances in A.

Evolution of the spin density along the path is exposed in
in the TS 33 — RI* part of is on the carbon-a and carbon-7.
In the intermediate 33 — I and in the TS 33 — IPCyct it is more con-
centrated over the carbon-vy. This spin-density is now only a-density,
unlike Catalyst 2, where part of it was [-density. Apart from that,
large part of the spin-density along the path is on the metal.
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Figure 3.22: Spin-densities of triplet stationary species of carbene
transfer of Catalyst 3 with styrene. Isosurfaces corresponds to a-spin
density.

This stepwise mechanism in the triplet surface is similar to the
case of Complex 1. However, as in Complex 1, it is more likely to not
happen. Indeed, regarding the singlet Osurface, we have the '3 — RI*
transition state with a barrier of 22.7 kcal mol™!, which is 21.0 kcal
mol~! smaller than 33 — RI*. The intrisic reaction coordinate of TS
13 — RI* drives to a structure similar to what would be the '3 — I, but
the free optimizations of this structure drives straight to the products of
cyclopropanation. At this level of theory, we were not able to optimize
any structure relative to a possible 33 — I PCyct. Therefore, we believe
the cyclopropanation occurs trough a single step concerted mechanism
in the singlet state, in a two-electron process.
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3.6 Pentacoordinated |[Fe|=CH, bearing Heme
Groups

Complex 4 also presents the common metallacyclobutane inter-
mediate for olefin metathesis and cyclopropanation by reductive elim-

ination, depicted in [Figure 3.23

S=0 S=1

Figure 3.23: Optimized geometries of cycloaddition step, singlet and
triplet states, for complex 4 with styrene. Distances in A

The metallacyclebutane singlet (*4— M) is 19.5 kcal mol~" higher
than the reactants, almost degenerate with the triplet (34 — M) which
is only 3.3 kcal mol~! higher in energy. This value is much higher in
energy than the analogous with Grubbs catalysts '1 — M (10.0 kcal
mol~1). Moreover, we have not been able to find the transition states
corresponding to the cycloaddition step neither. Obviously the cyclore-
version transition state was not located either. Thus, neither metathe-
sis nor cyclopropanation through this intermediate, are expected to
occur with this catalyst.

Besides that, the carbene complex and the metallacyclobutane
in the triplet state lye higher in energy than the corresponding sin-
glet species, suggesting that they will not play a major role in the
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cyclopropanation process. Consequently, from now on we will focus
on the nucleophilic direct attack carbene transfer pathway. Computed
Gibbs energy profiles in the singlet and triplet sates for such path-

way are shown in The optimized structures are given in
Figure 3.25]
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Figure 3.24: Gibbs energy profile (in kcal mol™') for carbene transfer
involving 4 with styrene in both singlet and triplet states.

An overall analysis indicates that in the singlet state this path
proceeds through an ionic-like intermediate, the energy barrier being
23.8 kcal mol~!. Noteworthy, while the reactant 3D — R and transi-
tion structure ' D — RI* have a singlet ground state, the singlet-triplet
relative stability changes in the intermediate, thereby indicating that
a spin-crossing may occur upon formation of D — I. Indeed, a spin-
crossing point at 16.9 kcal mol™ above reactants has been localized
(4-CPy). This is different to that observed for Complex 3, since in here
the spin-crossing occurs previous to the formation of the intermediate.

Furtehrmore, from the triplet intermediate D — I, cyclopropa-
nation products are formed in an almost barrierless process: a relaxed
potential energy scan covering the approach of carbons-a and [ of
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5=0 =1

4-RT+

4-CPa

Figure 3.25: Optimized geometries for carbene transfer path, singlet
and triplet, for Complex 4 with styrene. All distances in A
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3D — I yelds a virtually barrierless (0.3 kcal mol™!) downhill curve cul-
minating in the cyclopropane formation (see [Figure B.4lof Appendices)
In this way, this path can be faced as similar mechanism to the con-
certed one observed in the case of Catalyst 3, but here it takes place

in two different spin surface. The spin-density behavior (Figure 3.26|)
is similar to that of Complex 3 (Figure 3.22)).

33-R 33-R>1 33-1

Fe: 1.22 Cq: 0.54 Fe: 1.72 Cq: 0.25 Fe: 1.68 Cqa: -0.17 Cg: -
Cp: 0,06 Cy: 0.14 0.04 Cy: 0.59
34-TPcyct 34-Peye
NP S
Fe: - C,: - Fe: 2.26

Cp: - Cy: -

Figure 3.26: Spin-densities of triplet stationary species of carbene
transfer of Catalyst 4 with styrene. Isosurfaces corresponds to a-spin
density.

3.7 Stereoselectivity

In this chapter we are considering the trans-cyclopropane isomer
of the cyclopropanation products that is 2.5 kcal mol~! more stable
than the cis-cyclopropane. Indeed, Catalyst 4 drive to major ratio of
the trans-isomer.1*? However, experimental data show that in the case
of the Catalyst 3 the principal product is cis-cyclopropane isomer 4%
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To conciliate these contrasting results, we calculate both cis- and trans-
isomers for the rate determinant step for those mechanisms: '3 — RI}
and '4 — RI*, for cyclopropanation catalyzed by 3 and 4, respectively.
The results of such calculations are sumarized in [Table 3.21

Table 3.2: Relative stability and and Grimme’s correction of the
cis/trans isomers of the 13 — RI* and '4 — RI*. Values in kcal mol™!

3 4
Exp. Stereoselectivity cis trans
RI*-cis RI*-trans RI*-cis RI*-cis
Grimme’s Corr. -73.6 -66.9 -59.1 -58.9
Relative Stability 0.0 7.9 0.0 -1.6

As expected, results show that '4 — RI*-cis is less stable than
14— RI*-trans, by 1.6 kcal.mol™'. However, for Catalyst 3, the '3—RI*-
cis is 7.9 kcal.mol™! more stable than '3 — RI*-trans. These data
agrees with the experimental values regarding the stereoselectivity of
cyclopropanation products, in both cases.

The unexpected large stability of species '3 — RI*-cis, that im-
plies in the cis-selectivity of the cyclopropanation products, can be
attributed to larger non-covalent interactions in the transition struc-
ture. Non-covalente interactions can be measured by the Grimme’s
dispersion correction that are included in the total energy in the val-
ues used in this study. Such energies, for this especific case, are also
shown in As we can see, there is an important difference between
the cis-trans pair for the case of complex 3, which overcome the ex-
pected relative stability of the trans products. Whereas for complex
4, the isomers cis and trans of '4 — RI* are virtually degenerated in
energy, prevaling the trans-selectivity.

3.8 Final Remarks

The nature of metal-carbenes and their reactivity with olefins
was studied in diferent spin states using a computational procedure by
DFT means, with OPBE functional.
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Results show that complexes 1, 3 and 4 have a singlet ground
state and 2 a triplet ground state. Furthermore, electronic structure
analysis of the triplet state of the different catalysts shows that whereas
for the Grubbs catalyst 1 the two unpaired electrons lye on the metal
cation, for the iron carbene complexes there is an unpaired electron at
the carbene, which may induce radical mechanisms.

As expected according to experimental data, the metathesis reac-
tion is the preferred process with the Grubbs catalysts 1, cyclopropa-
nation by reductive elimination from the metallacyclobutane being ki-
netically less favorable. In contrast 2, with a triplet ground state, is
more prone to cyclopropanantion, through a two-step radical mech-
anism in which the two C-C bonds are sequentially formed (carbene
transfer cyclopropanation).

Catalyst 3, an 18 e~ complex, and Catalyst 4, a porphirinic 16
e~ complex, have both a singlet ground state, and preferentially lead
to cyclopropanation. For catalyst 3 cyclopropanation occurs through
carbene transfer in a concerted mechanism in the singlet surface. For
Complex 4 involves a birradical intermediate, in the triplet surface,
has been located, albeit short lived considering that the cyclization
process is essentially barrierless, resulting in a concerted-alike with
singlet-triplet spin-crossing.

Overall, present results show that reactivity of iron-carbene com-
plexes is very sensitive to the coordination around the metal center and
the spin state of the metal-carbene complex.






Tetracoordinated Iron Carbenes

As already mentioned in previous Chapters, the main focus of
this thesis is to advance in the design of iron-carbene able to perform
olefin metathesis. Previously, in |3, we demonstrated the reactivities of
the principal iron-carbenes experimentally reported with olefins, where
we show that high-coordination of iron-carbene with piano-stool and
porphyrin ancillary ligands prevents the formation of the intermediate
metallacyclebutane, and the experimentally observed cyclopropanation
takes place through electrophylic attack of the carbenic carbon to the
olefin. We also saw that high spin iron-carbenes drive the reactivity
towards cyclopropanation by a stepwise mechanism.

In this context, this Chapter and next aim at rationalizing how
the nature of the ligands and geometries around the metal center, in-
fluence the ground state multiplicity, as well as the kinetics and ther-
modynamics of olefin metathesis and cyclopropanation products. The
most promising set of ligands would favor the singlet state and disfavor
alkene cyclopropanation in the singlet state.

107
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4.1 Model and Approach

Cyclopropanation should be prevented when designing an iron
carbene complex able to perform olefin metathesis. In this view, our
computational strategy is similar to that of Rappé and Goddard when
comparing alkene cyclopropanation versus olefin metathesis catalyzed
by tungsten, molybdenum and chromium chlorine species.2”Y However,
we explored a larger combination of ancillary ligands as well as spin
states for iron-carbenes.

In this Chapter we focus on tetracoordinated complexes with
methylidene as carbene (LsM=CH,). Such a choice is based on the fact
that the most active carbene in olefin metathesis are tetracoordinated.
The use of methylidene as model carbene is to save computational
resources and because methylidene carbene are active species of many
olefin metathesis reactions.

For each complex, we computed the active form of the iron car-
bene, the metallacyclobutane resulting from the reaction with ethene
, and the products of the cyclopropanation reaction, as represented
in In all cases, all potential spin states (S=0, S=1 and
S=2) were considered. Noteworthy, although most of the iron carbenes
considered in this work have not been reported before, we decided to
use already reported ligands for constructing our models, or with small
modifications.

L;[M]
+
carbene transfer 4
cyclopropanation
reductive
elimination
b —— || +|

olefin metathesis

Scheme 4.1: Competing reactions Olefin Metathesis versus Cyclo-
propanation with a carbene methylene and ethene.

We localized the olefin metathesis reactants and products of olefin
metathesis, as well as, the transition states for cycloaddition and cy-
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cloreversion barrier for some selected systems. Please note that for this
specific case of self-metathesis of methylidene with ethene, the tran-
sition states of cycloaddition and cycloreversion are the same. Based
in the strategy of the previous Chapter, we considered two paths for
cyclopropanation for those same selected systems: one path passing by
the intermediate metallacyclebutane and subsequently reductive elim-
ination, and the other by a electrophilic attack of the carbon carbenic
to the olefin that for sake of clarity from now on we will call carbene
transfer path. See in the general scheme for these mecha-

nisms.

4.2 Reference system

The purpose of this and next Chapter is the in silico design of
iron carbenes aiming at make better the ratio olefin metathesis versus
cyclopropanation. We want to reproduce, as much as possible, the
characteristics and effectiveness of Grubbs catalyst. In this way, we
report here the results of the reference system, which is a methylidene
active species of the 2"¢ Generation Grubbs catalyst, labelled as 5.

In Chapter |3| we studied the reactivity for the singlet and the
triplet for the Grubbs catalyst with usual phenyl substituent on the
carbene and reactivity with p-methylstyrene. Now our model does not
include any substituent as shown in [Scheme 4.1 and thus we decided
to re-address the study to take into account the effect of the carbene
and ethene. Although the trends are kept, there are some several
particularities of the smaller methylene carbene system that are worth
to be mentioned.

The ability to undergo cyclopropanation and the non-low-spin
states been more stable seems to be crucial in preventing the use of
iron carbenes for metathesis, in this way our focus is on the energy
difference between singlet and triplet state, as well as on the selectivity
for alkene metathesis with respect to cyclopropanation.

Figure 4.1| shows the optimized geometries of the carbene, met-
allacyclobutane, and the metal fragment resulting from alkene cyclo-
propanation in the three spin states. The ground singlet state of car-
bene 5 shows a coordination around the metal center that lies between

a tetrahedral and a butterfly structure 2™ This structure can be viewed
as distorted octahedral with two vacant sites, as showed in
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Figure 4.1: Optimized geometries of (a) 2"¢ Generation Grubbs
methylidene; (b) metallacyclobutane resulting from the cycloaddition
of ethene; and (c) the metal fragment resulting from alkene cyclopropa-
nation, in the three different spin states. All distances are in

The structure presents a wide Cl-Ru—Cl angle of 144.5°, while
all other L-Ru-L angles are lesser than 103°. Interestingly, this coor-
dination around the metal center changes significantly when changing
the spin state. The triplet state lies 19.5 kcal mol~! above the singlet
state and shows a metal coordination intermediate between a tetra-
hedron and a trigonal pyramid with the carbene occupying the apical
position. The C.,.—Ru-L angles are all smaller than 105°, and those
involving the three basal ligands range from 111 to 123° degrees. The
quintuplet state is even higher in energy and presents a pseudo-square

planar geometry around the metal center (see [Figure 4.1)).

NHC

Ru T .
T Y ey

Figure 4.2: Octahedral-like distorted geometry of the carbene singlet
of 5. Pink sticks are the empty sites.
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The singlet state metallacyclobutane arising from the reaction
of the Grubbs complex with ethene is more stable than separated re-
actants (AG — —6.8 kcal mol™!). This value is in agreement with
the experimental observation of this intermediate. 22273 Moreover, the
metallacyclobutane of 4 presents the well-described trigonal bipyra-
mid (TBP) geometry around the metal center with long C,~Cgz bonds
and a short Ru- - - Cg distance 20525200 Again, the triplet state is sig-
nificantly less stable (15.0 kcal mol™! above the singlet state), and it
presents a significantly different geometry. In this state, the coordi-
nation around the metal center is in between the TBP and the SBP
with one of the C, of the metallacyclobutane fragments being in a
pseudo-apical position. This turns into a Ru- - - Cg distance that is sig-
nificantly longer (2.57 vs 2.23 A) and C,Cz bonds that are slightly
shorter (1.54 vs. 1.58 A) than those of the singlet state. Despite the
puckered structure of the metallacyclobutane fragment found for the
Mo and W species, these geometrical features recall those of the SBPs
found for Mo and W catalysts, which have been proposed not to be
involved in the metathesis pathway®*27 Finally, the quintet state is
even less stable (54.3 keal mol™ over the singlet state) and presents
a TBP structure with a metallacyclobutane fragment closer to that of
the triplet state with large Ru- - - C, distance and normal C-C bonds.

For the Grubbs catalyst, the alkene cyclopropanation is ender-
gonic if the singlet spin state is maintained along the reaction pathway
(AG = +8.6 kcal mol™'), but it is significantly favorable if spin cross-
ing occurs during the reaction and the triplet state is reached (AG =
—7.4 kcal mol™). This shows that although it is well-known that 4
catalyzes olefin metathesis reaction, cyclopropanation can be a com-
petitive process, at least in the thermodynamic point of view.

Because this catalyst is our standard, we have also explored its re-
activity regarding the paths that we similarly studied in[3] Transitions
states for cycloaddition/cycloreversion were localised, as well as for
cyclopropanation. For cyclopropanation two mechanisms were consid-
ered: by reductive elimination and carbene transfer. shows
the energetics for the cycloaddition, forming metallacyclobutane, and
subsequent cycloreversion to the olefin metathesis products, and also
the competitive deactivation by reductive elimination yielding cyclo-
propanation products. [Figure 4.4 shows the energetics for the carbene
transfer path wvia olefin attack to the carbene. Optimized geometries
are presented in Appendix
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Figure 4.3: Gibbs energy profile ( kcal mol™!) for cycloaddition (black),
cycloreversion to alkene metathesis (blue), and alkene cyclopropana-
tion by reductive elimination (red), involving 5 with ethene.

In general, these profiles are similar to those discussed in the
Section [3.3] however the values for barriers and intermediates are small,
because here the substituents are smaller, thus less steric hindrance is
present. In both mechanisms for cyclopropanation, in the singlet state,
the higher barriers (15 — RM* and '5 — RI*) involve a transition state
around 18 kcal mol™'. In this context the cycloaddition (*5 — RM¥)
and cycloreversion (15 — MP},,) transition states lies 12.7 kcal mol ™!
above the reactants. This clearly shows that in spin state, metathesis
is kinetically favoured. Such a kinetic preference for olefin metathesis
was already highlighted by Bernardi and co-workers when performing
DFT calculations with simplified models of first-generation Grubbs
catalyst.>

Moreover, the transition state for cyclopropanation from the met-
allacyclobutane in the triplet state (*°5—M Péyc) is 2.4 kecal mol~! higher
in energy than that for metathesis in the singlet state. This value al-
ready suggests a preference for metathesis, but in addition to this, the
cyclopropanation process imply a spin crossing, whose the MECP is
located with a value of 9.6 kcal mol~! over the reactants. As the exper-
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Figure 4.4: Gibbs energy profile (kcal mol™!) for carbene transfer of 5
with the ethene.

imental results show that this complex is prone to olefin metathesis,
the coupling to the crossing of the two potential energy surfaces must
be difficult.

Regarding cyclopropanation by carbene transfer pathway, forma-
tion of the intermediate zwitterionic (*5—1) or biradical (*5—1) implies
overcome a transition state (15— RI*) that are very high in energy: the
singlet is 29.6 kcal mol~! above the reactants, and the triplet (35— RI¥)
lies even higher. This suggests that this mechanism is less likelier to
happen than the reductive elimination. Although we have been able
to locate the intermediates, we did not find the transition states for
cyclization (the hypothetical 5 — 1 Péyc), for neither singlet nor triplet
spin state, suggesting that this is concerted carbene transfer.

Overall, a potentially active iron carbene should present a sim-
ilar thermodynamics to that of 4, that is, a singlet ground state for
the metal carbene and the metallacyclobutane intermediate and barely
favorable cyclopropanation process especially in the singlet state, in
order to have a kinetic preference for alkene metathesis rather than
cyclopropanation.
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4.3 Stabilization of the singlet state in MLy
Iron Carbenes

Once we established the reference energetics that our in silico
designed iron carbene complex should have, we analyze the factors that
determine the ground state multiplicity of iron carbene and iron-based
metallacyclobutane species, as well as their tendency to undergo alkene
cyclopropanation. Here we analyze the influence of the nature of the
ancillary ligands that have been used experimentally in iron or other
metal based complex. Rationalization of the key factors that need
to be controlled and how ancillary ligands tune them will lead us to
defining the most promising in silico designed carbenes with energetics
similar to that of the Ru-based catalysts in the singlet state. For that,

we first considered the complexes shown in [Scheme 4.2]

e e
28 e

Me;si-CHy™ ) F°
ML'\ “-LI lj

Scheme 4.2: In-silico studied LzFe=CH,

Complex 6 is the obvious choice in which ruthenium is substi-
tuted by iron in the original 2"¢ generation Grubbs complex. In com-
plexes 79, the two chlorine ligands of the original Grubbs catalyst
have been substituted by two cyano, two neosilyl, or two adamantyl
ligands. It is worth mentioning that the (NHC)CH,Si(CH3)s)Fe!! frag-
ment of carbene 8 has already been described in the literature*™ and is
representative of several complexes containing two alkyl groups and one
N-heterocyclic carbene 227 Moreover, ligands that are very similar
to those used in complex 9 have also been synthesized 2" and Grubbs
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and co-workers have reported Ru-complexes bearing a chelating NHC-
monoadamantyl ligand 5352 summarizes the relative Gibbs
energies of the singlet, triplet and quintuplet state of the carbene,
metallacyclebutane and metal complex resulting from cyclopropana-
tion for all considered species with respect to the carbene singlet state
and ethene.

Table 4.1: Relative Gibbs (G, + D2) energies (in kcal mol™') of the
species involved in the metathesis and cyclopropanation reactions of
the Grubbs Ru complex 5, and iron carbene complexes 6-9 with respect
to the carbene singlet state and ethene.

carbene metallacyclebutane cyclopropanation

S=0 S=1 S=2 S=0 S=1 S5=2 S=0 S=1 S=2

complex

0.0 195 491 -6.8 82 475 86 -74 97
0.0 -41 -52 -66 -132 -14 -98 -451 -579
0.0 45 n/a* -149 n/a* n/a* -1.6 -28.8 -35.0
0.0 55 99 161 6.7 3.6 -13.5 -282 -379

9 0.0 11.7 196 -0.3 -6.0 3.7 -6.0 -144 -9.0
¢ Optimizations leading to structures that do not correspond to
carbene or metallacyclobutene species.

co ~J O Ot

4.3.1 Complex based on 2" Generation Grubbs Cat-
alysts

Regarding complex 6, the substitution of the ruthenium metal
center by iron without modifying any of the ancillary ligands produces
major effects on the relative stabilities of the different spin states both
in the carbene and the metallacyclobutane. In contrast to what is
obtained for ruthenium, the triplet and quintuplet spin states of the
carbene are almost degenerate and are 4.1 and 5.2 kcal mol™! lower
in Gibbs energy than the singlet state. These values are close to the
energies reported by Dixon and co-workers (0.0, —4.3, and —10.1 kcal
mol~! for the singlet, triplet, and quintuplet states, respectively) when
performing CCSD(T) calculations with models including simplified lig-
ands.2%
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The metallacyclobutane intermediate presents a triplet ground
state that is 6.6 kcal mol~! lower in Gibbs energy than the singlet. Fi-
nally, alkene cyclopropanation is thermodynamically much more favor-
able than for the analogous Ru-based Second Generation Grubbs cata-
lysts, with values ranging from —9.8 to —57.9 kcal mol™!, depending on
the spin state. Optimized geometries of the carbene, metallacyclobu-
tane, and the metal fragment resulting from alkene cyclopropanation
in the three spin states are in the [Figure 4.5]
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Figure 4.5: Optimized geometries of a) carbene; b) metallacyclobutane
resulting from the addition of ethene and; ¢) the metal fragment re-
sulting from alkene cyclopropanation in the three different spin states,
for complex 6.

Regarding the kinetics of olefin metathesis metathesis and cy-
clopropanation, showed in [Figure 4.6, the trend showed in Section
appears also here: results show that cyclopropanation is kineti-
cally favoured over metathesis, as evidenced by the energetics of the
transitions structures in the ground triplet state, even considering the
cyclopropanation through an intermediate metallacyclebutane, whose
the transition state for the reductive elimination, in the triplet state
(36 — MPéyc), is almost 30 kcal mol™! lower than olefin metathesis
(16 — RM*). Indeed, this reductive elimination transition state is al-
most degenerate with the energy of the metallacyclebutane, in the
triplet state, indicating a quasi barrierless process. The transition
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state for reductive elimination in the singlet state was not found: a
relaxed potential energy surface scan approaching the two carbon-a of
the metallacyclebutane, shows a rapidly increasing of the energy (see

Figure C.4|in Appendix)

‘,[Feﬂi [Fel |~
N &

1 : ) T

36-RM 36-MP

Figure 4.6: Gibbs energy profile (in kcal mol™!) for metallacyclobutane
formation (black), alkene metathesis (blue), and olefin cyclopropana-
tion by reductive elimination (red) processes involving 6 and ethene.

Moreover, the cyclopropanation in this case is even easier through
the carbene transfer mechanism, showed in as already ob-
served in the previous Chapter. In this path, the higher barrier cor-
responds to the attack of the olefin to the iron-carbene, which lies at
14.9 keal mol™* (36 — R[éyc), 2.0 kcal mol™! lower than the transition
state for cycloaddition that ranges from 16.7 (16 — RM*) to 19.6 kcal
mol~! (36 — RM*). This implies the no formation of the intermediate
metallacyclebutane. Noteworthily, the singlet surface of this mecha-
nism involves a concerted mechanism, since the IRC for the transition
state 16 — Rféyc evolves direct to cyclopropanation products. The ge-
ometries of the stationary points of these paths are pictured in the

and Appendix
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%-42.1 3
— 6'PCyc

Figure 4.7: Gibbs energy profile (in kcal mol™!) for alkene cyclopropa-
nation by carbene transfer of 6 with ethene.

Overall, present calculations suggest that complex 6 would not
catalyze alkene metathesis since the ground state of all intermediates
are triplets, and alkene cyclopropanation is largely preferred, both ther-
modynamically and kinetically.

Replacing the two chlorines with strong field ligands is expected
to stabilize the low spin state. Calculations were performed with chlo-
rines substituted by cyano groups (complex 7) and chlorines substi-
tuted by alkyl ligands complex 8. The energetics of these complexes

were presented in [lable 4.1} and the geometries in [Figure 4.8 and [Fig-
respectively.

According to those calculations, the ground spin states are sin-
glet, 4.5 and 5.5 kcal mol~! lower in Gibbs energy than the triplet, re-
spectively. This indicates that strong donor ligands stabilize the singlet
state enough to become the ground state for the carbene. Moreover,
the fact that the cyano and alkyl ligands behave similarly suggest that
this effect is mainly controlled by the o-donation ability of the ligands
and not by the back-donation to the 7* orbitals of the cyanide groups.

A similar effect should also be expected for the metallacyclobu-
tane intermediate. However, this is not the case: in fact, the triplet
and quintuplet states remain more stable than the singlet for 8. For
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Figure 4.8: Optimized geometries of a) carbene; b) metallacyclobutane
and; ¢) the metal fragment from alkene cyclopropanation in the three
different spin states for complex 7. All distances are in A.

7 quintuplet state structures lead directly to cyclopropanation. More-
over, for the particular case of 8, the metallacyclobutane in the singlet
state is much higher in Gibbs energy than separated reactants (AG =
16.1 kcal mol™!). This suggests that 8 would not undergo metathesis
easily, since efficient catalysts are known to present reaction interme-
diates that are close in Gibbs energy to separated reactants.

It is worth mentioning that optimizations of the carbene and met-
allacyclebutane in the quintuplet state of Complex 7 lead to different
structures: in the former, the carbene bound to the adjacent cyanide
ligands, while in the later the metallacycle evolves to the cyclopropa-
nation products, as can be seen in

Finally, although in general the addition of o-donor ligand slightly
destabilizes the thermodynamics for the alkene cyclopropanation, this
process is still strongly favoured. These data, therefore, indicate that
the inclusion of strong o-donor ligands could be useful for obtaining
singlet state carbenes, but does not seem to be sufficient to obtain a
carbene potentially active for metathesis.
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P,

Figure 4.9: Optimized geometries of a) carbene; b) metallacyclobutane
and; ¢) the metal fragment from alkene cyclopropanation in the three
different spin states for complex 8. All distances are in A.

4.3.2 Chelating o-donating ligands

The use of chelating ligands in alkene metathesis has been shown
to highly influence the catalytic activity and selectivity of both Schrock
and Grubbs type complexes 23342811284 Thyg, starting from the previ-
ously obtained results, we would like to stabilize the metallacyclobu-
tane intermediate and disfavor alkene cyclopropanation. Inspired in
the findings of Veige and co-workers, who showed that the use of tri-
dentate ligands can stabilize the metallacyclobutadiene intermediate
in alkyne metathesis,?®® we explored the possibility of using strong o-
donor tridentate ligands such as those in complex 9, whose optimized

geometry are shown in and the energetic in
We thought that this chelating ligand could stabilize the metal-
lacyclobutane intermediate and eventually make cyclopropanation less
favorable by destabilizing the metal fragment product. Results show
that the methylidene species of 9 present a singlet ground state with
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Figure 4.10: Optimized geometries of a) carbene; b) metallacyclobu-
tane and; ¢) the metal fragment from cyclopropanation in three differ-
ent spin states, for complex 9. All distances are in A

the same butterfly structure as all other complexes with donating o-
ligands (see geometries of 5-8). In addition, the metallacyclobutane
has essentially the same Gibbs energy than separated reactants (—0.3
kcal mol™!), thus suggesting that this complex may be more prone to
undergo metathesis than those discussed previously (7 and 8), even
though the ground state for the metallacyclobutane is still the triplet.

Finally, the reaction energy for cyclopropanation in the singlet
state is —6.0 kcal mol~! and —14.4 kcal mol™! in the triplet state,
indicating a less favorable cyclopropanation process than that for 8.
Overall, 9 appear to exhibit better features for metathesis than the
previous carbene complexes. It is for this reason that we decided to
explore the kinetics for complex 9, whose results are shown in
fure 4171

The transition state structure associated with the alkene metathe-
sis in the singlet state (19 — RM*) lies 18.9 kcal mol~! above the met-
allacyclobutane (*9 — M), indicating that the process may be feasible,
but not as much as those involving Ru-based catalysts. In this cycload-
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Figure 4.11: Gibbs energy profile (in kcal mol™!) for metallacyclobu-
tane formation (black), alkene metathesis (blue), and alkene cyclo-
propanation (red), involving 9 with ethene in both singlet and triplet
states.

dition process, the transition state singlet (19 — RM?*) is more stable
than triplet (39 — RM?*), but for the subsequent stationary point —
metallacyclobutane — the triplet structure (*9 — M) is more stable.
This suggests the presence of a spin crossing between the two surfaces,
which we localized at 1.8 kcal mol~! over the metallacyclobutane in
the triplet state (39 — M)-(MECP 9.1) Those geometries are shown

in [Figure 4.12]

S=0 S=1 MECP 9.1

Figure 4.12: Optimized geometries of TS of cycloaddition, singlete
and triplete, and the MECP 9.1, corresponding to the cycloaddi-
tion /cycloreversion of 9 with ethene. All distances are in A.
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However, the key point is that for 9, alkene cyclopropanation
presents low transition state structures both in the triplet and singlet
states. In particular, the transition state structure for cyclopropana-
tion by reductive elimination in the singlet state (*9 — M Péyc) is 8.6
kcal mol~! lower than the transition state for metathesis, and the anal-
ogous transition state in the triplet state (*9 — MPéyc) is even lower.
The optimized geometries for transition state for reductive elimination

process are shown in [Figure 4.13]

" 1.98! 2.12
1‘5(I'1.51

Figure 4.13: Optimized geometries of transition states, singlete and
triplete, for cyclopropnation by reductive elimination from the metal-
lacyclebutane formed with 9 and ethene. All distances are in A.

shows the Gibbs energy profile for carbene transfer
process with its associated optimized stationary points in

[Fe] to1g.Ry*
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Figure 4.14: Gibbs energy profile (in kcal mol™!) for carbene transfer
mechanism of 9 with ethene.
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Cyclopropanation following this path present the highest barrier
around 10 kcal mol=1(39 — RI*) over the transition state for cycload-
dition that forms the metallacycle, therefore implying in the feasibility
of this intermediate. However the barriers in this path are larger of
those for cyclopropanation by reductive elimination, that after all, is
the preferred path. Noteworthy this path imply in a spin-crossing be-
tween the singlet and triplet surface prior the olefin attack transition
state and, again, while the triplet state pathway is stepwise, in the
singlet is concerted.

Overall, complex 9 is not suitable for alkene metathesis, where
some main drawbacks can be identified:

(i) The metallacyclobutane intermediate has a triplet ground
state;

(ii) alkene cyclopropanation is still favorable both in the singlet
and triplet states.

Figure 4.15: Optimized geometries of singlet (if exists) and triplet
states for the stationary points (a) 9— RI*, (b) 9—1I, and (¢) 9—IP},
of the carbene transfer path of 9 with ethene.

ye?
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Isomers of Adamantyl based Complexes

Complex 9 can present several different isomers depending on the
size of the ring formed by the metal center, the NHC central ligand,
and each of the adamantyl groups that act as terminal ligands. Before
we discussed about non-symmetric tridentate ligand which contains
one 5-membered ring and one 6-membered ring.

However we decided to study the relative stabilities of the singlet,
triplet and quintuplet spin states for the probable isomers of 9 that
contain either two 5-membered rings (9s55) or two 6-membered rings
(966), to analyze if there is an important chelating effect related to the
size of the ring. With the aim of separating, as much as possible, the
electronic effects of each ring size from the sterics of the ligands, we also
considered simplified models of 9 and their isomers 955 and 946 in which
the steric constraints of the adamantyl are reduced by substituting
them by methyl groups. These later complexes are referred as 9’ (5
and 6 membered ring), 9’55 (two 5-membered rings) and 9’ (two
6-membered rings).

[Table 4.2|reports the relative stabilities of the different spin states
for all isomers of 9 and 9’ as well as the relative energies of isomer 95
and 9’6 regarding the singlet 9. shows the optimized ge-
ometries for all complexes except 9 that can be found in It
is, obviously, pointless to compare the relative energy of the structures
in the different spin states between 9 and 9’ because the models have
a different number of atoms.

Table 4.2: Relative Gibbs (G,,+D2) energies (in kcal mol™!),with re-
spect to the singlet, of the different spin states of the metal carbene for
isomers 955 and 946 derived from 9, as well as their simplified models
derived of 9’. Relative stabilities of the different spin states species
regarding the most stable 9 isomer are given in parenthesis.

complex singlet triplet quintuplet

9 0.0 7.8 19.6
9’ 0.0 9.7 24.5
95 0.0 (8.4) -2.1(6.3) 12.1 (20.5)
955 0.0 7.6 26.0
9 0.0 (6.2) 9.8 (16.0) 22.5 (28.7)

966 0.0 10.2 20.5
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5=2

Figure 4.16: Optimized geometries of metal carbene complexes in the
three different spin states for the isomers of 9 (955 and 946) as well as
those of the simplified models 9°,9%55 and 9%4. All distances are in A

Results show that isomer 9 is more stable than 955 and 9¢g, the
most stable singlet state of 9 being at least 6.2 kcal mol~! more stable
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than any of the spin states of the other isomers (955 and 9¢6). More-
over, the preference for the singlet state is very similar for 9 and 9,
the Gibbs energy difference between the singlet and the triplet state
being 7.8 and 9.8 kcal mol™!, respectively. In contrast, the 955 iso-
mer presents a triplet ground state, the energy difference between the
triplet and quintuplet states indicating that this is more likely due to
a destabilization of the singlet state rather than a stabilization of the
triplet.

The results of the simplified models allow us to rationalize the
discrepancy between 9, 96 and 955 isomers. As it is shown in[Table 4.2]
once the steric influence of the adamantyl ligand is reduced, the 9’,
9% and 9’55 isomers behave similarly and they all show an important
preference for the singlet state of about 7.5 to 9.4 kcal mol~!. This
suggests that isomer 955 should be considered an exception.

Thorough analysis of the conformations of the two 5-membered
ring in 955 and 9’55 evidences that there is only a noticeable difference
between the two models in the singlet state. In fact, while in the singlet
state of 9’55 the two rings are puckered towards the carbene, for the
case of singlet state of 955 the two rings are puckered in opposite sides
of the plane defined by the two rings. We associate this fact to the
steric hindrance of the adamantyl groups that prevents the most stable
conformation.

Further support for this interpretation is obtained when perform-
ing a constrained optimization of 9’55 model, fixing the 5-membered
ring conformations as those in the case of 955 species. Results show
that even for the simplified model the conformation in 955 produces a
significant destabilization of the singlet state of about 5.9 kcal mol™!,
which is in the range of the expected destabilization of the singlet state
in 9x5.

Overall, the behaviour of tridentate ligands formed by one central
NHC group and two terminal alkyl groups seems to be very similar and
does not depend on the size of the ring, unless other steric factors play
role as it is the case of 9ss.
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4.4 Stabilization of the Metallacyclobutane
Singlet State

Because o-donating alkyl groups containing chelating groups sta-
bilize the intermediate metallacyclebutane (9) more than the free alkyl
groups (8), we decided to study this kind of ancillary ligand in order
to favor the intermediate metallacyclebutane singlet.

Alkyl, chlorines and cyanides are negatively charged species, and
carbene and NHC ligands are neutral. As the global charge in the
complexes 5-10 is zero, the oxidised state of iron center of the active
species carbene is 24, while it is oxidate to 44 in the metallacyclebu-
tane. In this case, as the catalysts has formally six electrons around
the iron in the carbene, in the metallacyclebutane it will have four
electrons.

A molecular orbital analysis of the TBP and SBP structures of
ML5 metallacycle coordination environments (see shows
that low spin complexes of d* metal ions with a TBP structure will
present a singlet ground state, while those having a SBP coordination
geometry would favor a triplet spin ground state. This agrees with the
observation that most metallacyclobutane optimized geometries have
a TBP structure for the singlet state and a distorted SBP one for the
triplet state.

< —

{" b — —

| | L
B+ = Bt + 1B

(a) Trigonal Bipyramidal (TBP) (b) Square Based Pyramid (SBP)

Figure 4.17: Molecular orbital diagrams of d* MLs; TBP and SBP
metallacyclobutane intermediates.



4.4 - Stabilization of the Metallacyclobutane Singlet State 129

Therefore, in order to obtain a singlet state metallacyclebutane,
one has to destabilize the SBP structures. This can be achieved by
changing the nature of the chelating ligand. The two terminal coor-
dinating groups of the tridentate ligand are in trans-arrangement in
both the SBP and TBP structures. The central coordinating group is
trans to one of the carbon atoms of the metallacycle in the SBP and
has no ligand in trans in the TBP. Therefore, the proper chelating lig-
and that favours SBP geometry should have a strong donating central
group to destabilize the SBP structure. This strong o-donating ligand
will exert a trans-influence on one of the alkyl groups of the metalla-
cyclebutane in the SBP geometry, destabilizing it. In contrast, since
there is not a ligand in the {rans-position in the TBP geometry, the
presence of the akyl ligand will not influence it as much as the SBP. In
this view, we have explored the reactivity of complexes 10—13 defined
in [Scheme 4.3] All these carbenes have an alkyl ligand in the central
position of the pincer ligand.

10 T n O
N
Q) O

N N l N

13 _|+

Scheme 4.3: In silico studied pincer-containing LsFe=CH,

Complexes 10, 12, and 13 are positively charged and may not
look appropriate as catalysts. However, it is worth mentioning that
other charged catalysts have been reported for olefin metathesis, and
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they show very good activities.?®® The ligand of complex 10 has been
reported in the literature?®” for its use with other transition metals.
The ligands of complexes 11-13 are variations explored with the aim
of evaluating the role of the o-donating ability of the terminal coordi-
nating groups.

Table 4.3| shows the thermodynamics for alkene metathesis and
alkene cyclopropanation for complexes 10-13 and includes the values
of reference system 5. The optimized geometries of the carbenes, inter-
mediate metallacyclebutane and the iron fragment of cyclopropanation
are shown in Figures 4.18-4.21.

Table 4.3: Relative Gibbs (G, + D2) energies, in kcal mol™!, of the
species involved in the metathesis and cyclopropanation reactions of
the Grubbs Ru complex 5, and iron carbene complexes 10-13 with
respect to the carbene singlet state and ethene.

carbene metallacyclebutane cyclopropanation

complex

5=0 S=1 S5=2 S=0 S=1 ©S=2 S=0 S=1 5=2

5 0.0 195 491 -68 82 475 86 -74 9.7
10 0.0 43 269 -135 -59 34 89 -202 -98
11 0.0 38 210 -11.3 -11.8 0.1 10.1 -22.3 -11.0
12 0.0 6.2 227 -186 -99 -06 83 -254 -11.7
13 00 27 241 -152 -105 -1.7 114 -225 -108

As for complexes 7;-9, the strong o-donating ability of the ligands
in complexes 10-13 favors a ground singlet state for the carbene, with
the energy difference between the singlet and the triplet lying between
2.7 and 6.2 kcal mol~!. Besides that, the presence of an alkyl group
trans to one of the carbon atoms of the metallacyclobutane in the SBP
structure produces a general destabilization of the triplet state, thus
leading also to a singlet ground state for the metallacyclobutane except
for complex 11, which is the only complex with two alkyl groups.

The largest preference for the singlet metallacyclobutane is found
for complex 12, the one presenting the weakest o-donating ligand in
one of the terminal positions. All singlet state metallacyclobutanes are
between 11.3 and 18.6 kcal mol~! lower in energy than the separated
reactants, showing reasonable albeit slightly too negative energetics for
being involved in a catalytic process.
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Figure 4.18: Optimized geometries of a) carbene; b) metallacyclobu-
tane and; ¢) the metal fragment from alkene cyclopropanation in the
three different spin states, for complex 10. All distances are in A

Overall, these complexes bearing pincer-type ligands are charac-
terized by both a carbene and metallacyclobutane intermediate with a
singlet ground state and the associated thermodynamics for the met-
allacyclobutane formation close to that of an efficient catalyst such as
5.

Furthermore, alkene cyclopropanation in the singlet state is strongly
disfavored when compared to that of the other iron complexes analyzed
before, and becomes endergonic (AG ranging between 8.3 and 11.4 kcal
mol™!). These values are also close to that of the very efficient ruthe-
nium Grubbs catalyst for which alkene cyclopropanation is computed
to present a AG of 8.6 kcal mol~!.
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Figure 4.19: Optimized geometries of a) carbene; b) metallacyclobu-
tane and; ¢) the metal fragment from alkene cyclopropanation in the
three different spin states, for complex 11. All distances are in A

Alkene cyclopropanation is significantly favored thermodynam-
ically in the triplet state, the energy differences between the cyclo-
propanation products and initial reactants ranging between —20.2 and
—25.4 keal mol~!. These values are still between 12 and 17 kcal mol™*
lower than the values for the alkene cyclopropanation of the Grubbs
ruthenium complex in the triplet state.

Present calculations suggest that changing one of the NHC ter-
minal ligands by weaker o-donor groups such as pyridine or phosphine
would favor the metallacyclobutane singlet state without stabilizing
the alkene cyclopropanation in the singlet state. Unfortunately, the
same substitution does not seem to disfavor the cyclopropanation in
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Figure 4.20: Optimized geometries of a) carbene; b) metallacyclobu-
tane and; ¢) the metal fragment from alkene cyclopropanation in the
three different spin states, for complex 12. All distances are in A

the triplet state. Therefore, the design of the proper catalyst would
require a subtle control of how easy spin crossing is and how strong
alkene cyclopropanation has to be destabilized in both spin states.

Complexes 10 to 13 accomplish several requirements that an iron
carbene should fulfil for catalyse the alkene metathesis reaction. They
present a singlet ground state for the carbene and metallacyclobutane
species, with a reasonable energy preference for the latter, and an
unfavorable alkene cyclopropanation in the singlet state. With the aim
of analyzing if the reactivity in the triplet state could prevent olefin
metathesis to occur, we localized the transition state structures for the
two processes in the singlet and triplet states. Since complex 10 is the
one with the more realistic ligand and presents thermodynamics closest
to those of Grubbs complex 5, it was taken as representative of this set
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Figure 4.21: Optimized geometries of a) carbene; b) metallacyclobu-
tane and; ¢) the metal fragment from alkene cyclopropanation in the
three different spin states, for complex 13. All distances are in

of complexes. shows the energy profile associated with the
cycloaddition to form the metallacyclebutane and the two competitive

process: cycloreversion to olefin metathesis and reductive elimination
to cyclopropanation, and the associate geometries are in the 77.

These these calculations show that alkene metathesis presents
energy barriers that are in agreement with a feasible process, with the
transition state structure for cycloaddition (110 — RM*) and cyclore-
version (110 — MPéM) being 20.3 kcal mol™! above that of metallacy-
clobutane and 6.8 kcal mol~! higher in energy than that of separated
reactants. These values are similar to those computed for the Ru-based
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Figure 4.22: Gibbs energy profile (in kcal mol™!) for metallacyclobu-
tane formation (black), alkene metathesis (blue), and alkene cyclo-
propanation (red) processes involving 10 and ethene.

Grubbs catalyst, for which AG* is 19.5 kcal mol~! with respect to the
metallacyclobutane and 12.7 kecal mol~! with respect to the separated

reactants (see [Figure 4.3)).

Cyclopropanation by reductive elimination in the singlet state is
strongly disfavored from a kinetic point of view. It lies 19.0 kcal mol ™!
(110 — M Péyc) higher in energy than the productive transition state
for metathesis, an energy difference that resembles that one computed
for 5. However, cyclopropanation by this path remains the preferred
pathway in the triplet state, with the transition state (310 — MPéyC)
lying 1.3 kcal mol~! above the metallacyclebutane (310 — M). Besides,
the access of the triplet state surface from the singlet surface occurs
through a spin crossing point (MECP 10.1) that was located just 0.4
kcal mol~! over the triplet state of the intermediate metallacyclebutane
(310 — M), suggesting that this is the preferred pathway.

Finally, cyclopropanation by carbene transfer, we found that the
mechanism is concerted, without the formation of the intermediate
zwitterionic or biradical. The transition state for the attack of the



136 Chapter 4 - Tetracoordinated Iron Carbenes

MECP 10.1

Figure 4.23: Optimized geometries evolved in the reactivity of complex
10 with ethene: (a) TS of cycloaddition and (b) TS for cyclopropana-
tion by reductive elimination, in both singlet and triplet states, and
(c) MECP 10.1.

olefin by the metal carbene in the singlet and triplet states are almost
degenerate with energies of 22.6 and 22.9 kcal mol !, respectively, re-
garding the reactants. Those values are higher than the barrier for
cycloaddition (110 — RM*). This means that here the formation of
the intermediate metallacyclebutane is more favorable than the direct
transfer of the carbene to the ethene. [Figure 4.24|shows the geometries
of the transition states involved in this carbene transfer mechanism.

Overall, present calculations suggest that complexes 10 — 13
react in a manner similar to that of the Grubbs catalyst in the singlet
state, showing a remarkable preference for metathesis not found for the
other iron carbene complexes considered here. However, the viability
of these complexes as alkene metathesis catalysts is strongly dependent
on the energetics and feasibility associated with the spin crossing in
the cyclopropanation pathway.
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Figure 4.24: Geometries of the transition states for carbene transfer
involving 10 and ethene.

4.5 Final Remarks

The nature of the ancillary ligands and geometry around the
metal center that could favor the catalytic activity for olefin metathesis
of a LyFe=CH, iron carbene were determined by means of DET(OPBE)—
D2 calculations.

We focused on the factors favoring a singlet ground state for
the active carbene and metallacyclobutane intermediate as well as
those disfavoring the alkene cyclopropanation. These requirements
arise from the fact that according to the results alkene metathesis
present lower energy barriers in the singlet state than the triplet, in
contrast to the alkene cyclopropanation which always presents lower
energy barriers in the triplet state. Therefore, precise control of the
relative stabilities of the different spins states seems to be crucial. Re-
sults show that the addition of strong o-donating ligands favors the
carbene singlet state.

However, the use of o-donating ligands alone is not sufficient for
developing an efficient catalyst. The presence of alkyl ligands strongly
destabilizes the metallacyclobutane (8), which becomes too high in en-
ergy to be involved in an efficient catalytic process. Moreover, these
kinds of ligands are not able to favor a singlet ground state metallacy-
clobutane intermediate per se.

Remarkably, the coordination geometry around iron in the met-
allacyclobutane is significantly different depending on the spin state
multiplicity. The singlet state favors a TBP similar to that reported to
be active in metathesis, while the triplet state leads to a distorted SBP.
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Therefore, the stabilization of the singlet state metallacyclobutane re-
quires the destabilization of SBP structures. This can be achieved
by using tricoordinated chelating ligands with the strongest o-donor
group in central position such as those of complex 10-13. Moreover,
the tricoordinating ligand also stabilizes the metallacyclobutane inter-
mediate with respect to separated reactants due to a preorganization
of the initial carbene that adopts a closer structure to that of the met-
allacycle than when using monodentate ligands.

Overall, the reactivity of complex 10 in the singlet state is very
similar to that of the Grubbs catalyst, with a large kinetic preference
for alkene metathesis when compared with alkene cyclopropanation.
Although cyclopropanation in the triplet state is still strongly exer-
gonic and presents a transition state that is lower than that of the
olefin metathesis.



Pentacoordinate Iron Carbenes

In this Chapter, we expanded the efforts of last Chapter to pen-
tacoordinated LsFe=CH, complexes. We focus on how the nature of
the ligands, the geometry around the metal center and the formal ox-
idation state of iron can favor the formation of a singlet carbene and
metallacycle, as well as disfavor alkene cyclopropanation. As in the
previous Chapter we compute all potential spin states of the metal
carbene, the metallacyclobutane intermediate and the metal fragment
resulting from alkene cyclopropanation. For simplicity, the chosen car-
bene was |Fe|=CH, reacting with ethene. We expand the study to
other in-silico designed ligand groups that represent borderline cases.
Finally, we explore the possibility of metal reduction to formally Fe?,
keeping a selection of the ligands explored in the first two sets of com-
plexes.

We first analyze the electronic structure of the carbene and in a
second stage we discuss the thermodynamics of its reactivity towards
olefins. A third part is dedicated to the energetics of the transition
state structures for alkene metathesis and alkene cyclopropanation of
a representative complex showing thermodynamics close to that of ref-
erence system are discussed. Afterwards, two sections are dedicated
to address aspects of the metal-carbene bond and its relation with the
cyclopropanation.

139
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Results are compared to the reference values computed previously
for the ruthenium based 2" Generation Grubbs active species (see Sec-
tion .This reference system showed that a potentially active iron
carbene should present a singlet ground state for the metal carbene
and the metallacyclobutane intermediate and an unfavorable cyclo-
propanation process, especially in the singlet state, in order to have a
kinetic preference for alkene metathesis rather than cyclopropanation
reaction.

5.1 Complexes Based on Experimental Lig-
ands

The first set of systems is composed of three complexes containing
ligands already reported in the literature. The resulting complexes are

schematically shown in

i W, , 12+
.“““ N
S
/Fe%
—N
g _
14
— T _.,
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| N_N-H
3
N

Pr.
L 5 16

Scheme 5.1: Set of in-silico studied L,Fe=CH, complexes.

The ligands of Complex 14%¢ and 15,%Y were used by Costas
and co-workers for the synthesis of high oxidation state iron oxo com-
plexes 138 Moreover, 14 has been proposed to be involved in the car-
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bene insertion in C-H bonds of arenes using a derivative of 14 as
precursor, as highlighted in the background Chapter.t?2 On the other
hand, the ligand of Complex 16 is a variation of the Scorpionato mo-
tive® in which the central boron is replaced by a triethyleneamine
linker 220292 This ligand was used by Meyer and co-workers for the
synthesis of a high oxidation state iron nitride complex. %t

Figures 1.1-1.3 shows the optimized geometries of 14-16 and the
complexes derived from the reactivity with ethene as representative ex-
ample. Regarding the energetics, the results are reported in[Table 5.1]a
long with values for the well-known Ru-based 2"? generation Grubbs
catalyst (Complex 5 in Chapter {4)), which were added for comparison.

Figure 5.1: Optimized geometries of (a) carbene 14; (b) metallacy-
clobutane resulting from its cycloaddition with ethene; and (c) the
metal fragment resulting from alkene cyclopropanation, in the three
different spin states. Attemps to obtain the quintet state metallacycle
structure directly evolved to cyclopropanation products. Distances are

in A.

All singlet state carbenes present a square based pyramid (SBP)
coordination around the metal center with the carbene occupying one
of the basal positions. Moreover, carbene substituents are perpendic-
ular to the basal plane, suggesting that the Fe=C m-bond is formed
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Figure 5.2: Optimized geometries regarding Complex 15: a) carbene;
(b) metallacyclobutane and (c¢) fragment of cyclopropanation. Attemps
to obtain the quintet state metallacycle structure directly evolved to
cyclopropanation products.
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Table 5.1: Relative Gibbs (G, + D2) energies of the species involved in
the metathesis and cyclopropanation reactions of Grubbs Ru Complex
4 and iron carbene complexes 14-16 with respect to the carbene singlet
state and ethene. All values are in kcal mol 1.

carbene metallacyclebutane cyclopropanation

complex

S=0 S=1 S5=2 S=0 S=1 S=2 S5S=0 S=1 §5S=2

4 0.0 195 491 -68 82 475 86 -74 9.7
14 0.0 -23 38 -20.7 -23.1 b 223 -28.6 -43.8
15 0.0 -63 5.1 -234 -26.7 Sb-26.8 -33.2 -50.8
16 0.0 76 227 -45 -6.0 o183 -23.1 -32.1

@ The |Fe|]=CH;y carbene is not a minimum of the potential energy
surface, optimization leads to carbene insertion into the NHC ligand.
b Optimizations spontaneously evolved to the formation of
cyclopropane.

by the overlap between the iron d,, orbital of the basal plane and the
corresponding p,, carbon orbital. The Fe=C bond distance ranges from
1.708 Ato 1.724 A, values that are similar to those found for LsFe—CH,
carbenes and consistent with an important double bond character.

The triplet state structures of 14 and 15 also present a distorted
SBP coordination around the metal center. In contrast, complex 16
presents a trigonal bipyramid (TBP) geometry with the carbene in
apical position. Regardless the coordination around the metal center,
in all these cases the [Fe]=CHs bond distance is larger than that of the
singlet (between 1.756 and 1.792 Aand the carbene substituents are
not fully perpendicular to the basal plane.

Finally, the quintet state of complex 14 presents a TBP coor-
dination around the metal center with the carbene in the equatorial
plane and showing a large [Fe|=CH, bond distance (1.881 A). On the
other hand, the quintet states of 15 and 16 present distorted SBP
structures with a long [Fe]=CHy bond distance and a pyramidalized
CH, fragment. In the three cases, the geometric features suggest that
m-bond is even weaker than in the triplet state.

Complexes 14 and 15, which only have N-based ligands except
the carbene, present a triplet ground state. In contrast, complex
16, with the strong donating N-Heterocyclic carbene (NHC) ligand,
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Figure 5.3: Optimized geometries regarding Complex 16: a) carbene;
(b) metallacyclobutane and (c) fragment of cyclopropanation. The
quinted metallacycle attempt evolves to cyclopropanation.

present a singlet ground state. This singlet state lies 7.6 kcal mol™!
below the triplet state. Indeed, as already seen for LsFe=CH, car-
benes, addition of stronger o-donor ligands favors the complex to be
low spin.

Singlet and triplet stable metallacyclobutanes resulting from the
reaction of 14-16 methyledenes with ethene present octahedral geome-
try around the metal center, while quintuplet spontaneously evolves to
cyclopropanation products. Significant differences in the geometrical
features of the metallacyclobutane fragment are observed as function
of the spin state. Singlet state metallacyclobutanes are characterized
by relatively short M-C, distances, relatively large C,-Cs bonds and
relatively large C,-Cg-C, angles. This is associate with in short M-C,
distances as already described for the d° and Ru-based TBP metalla-
cyclobutanes involved in alkene metathesis 27527

In contrast, triplet metallacyclobutanes present larger M-C,, dis-

tances, shorter C,-Cg bonds and M-Cp distances that are at least 0.3
A longer than those of the singlet state intermediates. Overall, the
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open shell metallacycles are geometrically closer to those of the d° SBP
metallacyclobutane that do not perform metathesis ™ However these
geometrical differences at the metallacycle do not arise from a change
on the coordination around the metal center as it is the case of pen-
tacoordinated metallacyclobutanes, but from a different occupation of
the metal d orbitals, as it can be seen in [Figure 5.4 Note that in
the triplet state the orbital pointing towards the Cg is single occupied,
whereas in the singlet state this orbitals is empty.

Ideal Octahedral MO diagram Natural Orbitals

Allways virtual orbitals

S

7%{;%4#4--1-

Figure 5.4: Schematic Molecular Orbitals diagram for an ideal high
field d* octahedral metallacyclobutane intermediate with the associ-
ated Natural Orbitals of the metallacyclobutane S = 1 state arising
from the reaction of 14 with ethene.

Overall, the Fe(CH,CH,CH,) geometrical features suggest that
singlet, state metallacyclobutane are more prone to undergo metathesis
than the triplet ones as already found for tetracoordinated species and
appears to be the spin state to favor, as shown in the previous chapter.
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Metallacyclobutane formation from the methylidene and ethene
is favorable for all singlet and triplet states, the AG°y9gx of the re-
action being between -26.7 and -4.5 kcal mol~!. The addition of C-
based ligands leads to the least stable metallacyclobutanes, although,
in this case, this seems to be appropriate because, while values for
14 and 15 appear too negative for an efficient catalytic process, and
those of 16 are closer to the values for the efficient 2"¢ generation
Grubbs catalyst.??3 Unfortunately, the metallacyclobutane intermedi-
ate presents always a triplet ground state, which should make it less
prone to metathesis.

Finally, alkane cyclopropanation is strongly favorable for 14 to
16 complexes in all spin states. The reaction AG°y9g) ranges from
-50.8 to -18.3 kcal mol~!. Complex 16 presents the least favorable
cyclopropanation, which is consistent with the presence of stronger
o-donor ligands. The resulting metal fragment has a butterfly coordi-
nation around the metal center in most singlet and triplet states, while
it presents a trigonal pyramid structure in the quintet states with flex-
ible ligands. Regardless of the coordination around the metal center,
the quintet ground state presents four unpaired electrons that, as in
the case of the triplet state, are localized on the metal center. Overall,
complexes 14 to 16 do not appear to be good candidates for alkene
metathesis. Three main drawbacks can be identified: i) the singlet
state is not always the ground state for metal carbene; ii) the metalla-
cyclobutane intermediate presents a triplet ground state and iii) alkene
cyclopropanation is largely favored.

5.2 Strong o-Donors Ligands

According to our findings explained in the last Chapter for tetra-
cordinated iron-complexes, addition of C-based ligands appears to fa-
vor the singlet state carbene, destabilize the metallacyclobutane inter-
mediate and disfavorm alkene cyclopropanation. These three factors
may favor alkene metathesis. Therefore, we decided to explore species
in which N—-based ligands of complexes 14 to 16 were substituted by
C-based ones, the maximum number of substitutions resulting in the
formation of a neutral complex, shown in The optimized
structures of these complexes are shown from [Figure 5.5| to [Figure 5.8

and summarizes the energetics.




5.2 - Strong o-Donors Ligands 147

| el 2+
\““\ ' “IIC/} ‘\“‘\“ "N ’\
N '/c\ N, 11 N
“"Fe 'te
/le\ ( =~
—N N
3
|/ N—
17 - —
18
l]
= | | — +
SN N_N-H
e

Scheme 5.2: Set of in-silico studied LsFe—=CHy with C-based modifi-
cations.

Table 5.2: Relative Gibbs (G, + D2) energies of the species involved
in the metathesis and cyclopropanation reactions of complexes 17-20
with respect to the carbene singlet state and ethene. All values are in
kcal mol~!

carbene metallacyclebutane cyclopropanation

S=0 S=1 5=2 S=0 5=1 S5S=2 S5S=0 S5S=1 ©5=2

complex

4 0.0 195 491 -68 82 475 86 -74 9.7
17 0.0 38 139 -34 -11.8 1.3 -18.7 -24.2 -25.6
18 0.0 -3.9 - -15.9 -19.0 178 -25.7 -37.3
19 0.0 11.8 233 -26 -1.3 3.7 -26.2 -21.9 -19.8
20 0.0 53 201 -89 -80 244 -36.2 -29.0 -294

@ The |Fe|]=CH; carbene is not a minimum of the potential energy
surface, optimization leads to carbene insertion into the NHC ligand.
b Optimizations spontaneously evolved to the formation of
cyclopropane.
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Figure 5.5: Optimized geometries of Complex 17: a) carbene; (b)
metallacyclobutane and (¢) fragment of cyclopropanation.

These substitutions have little influence on the structure of the
metallacyclobutanes as well as on that of the metal fragments result-
ing from cyclopropanation. In this way, the metallacycle present an
octahedral geometry around Fe, regardless of the spin state and the un-
paired electrons are located mainly on the metal center for the triplet
and quintet states. In addition to this, the M---Cz metal distance
becomes larger and the metallacyclobutane fragment turns more puck-
ered as the multiplicity increases. Similarly upon cyclopropanation
the metal fragment, presents the unpaired electrons in the triplet and
quintet states at the metal center.

In contrast, the nature of the ligands has a larger influence on the
carbene. In this way, C by N substitution does not usually change the
coordination around the metal center for singlet state carbenes, which
is always a SBP. However, it changes the preferred geometry and the
spin distribution for several triplet states. While complexes 14 to
16 present a SBP coordination around the metal in the triplet state,
the analogous 17 to 20 complexes mostly show a TBP coordination,
the only exception being carbene 14. Noteworthy, the quintet state
carbenes present large [Fe|=CHs bonds. The energy trends already
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Figure 5.6: Optimized geometries of (a) carbene 18; (b) metallacy-
clobutane resulting from its cycloaddition with ethene; and (c¢) the
metal fragment resulting from alkene cyclopropanation, in the three
different spin states. Distances are in A. All attempts to obtain the
quintet state carbene lead to an optimized structure in which the
carbene is inserted in the Fe-NHC bond. Moreover, optimization of
the quintet metallacycle structure directly evolved to cyclopropana-
tion products.

found for 17 to 16 set of complexes are similar to those found for
catalysts 14 to 16 present in [lable 5.2|

The addition of C-based ligands favors the singlet state, desta-
bilizes the metallacyclobutane intermediate and makes alkene cyclo-
propanation slightly less favorable. The latter can be associated with
a |[Fe]|=CH, bond strengthening, the exception being complex 20 com-
pared to 16. This is related to the fact that the N to C substitution is
performed in trans to the carbene, which weakens this bond despite the
electron density on the metal increases. That is, the strong donating
groups should be in cis to the carbene. Moreover, since the number of
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S=1 S=2

Figure 5.7: Optimized geometries regarding Complex 19: a) carbene;
(b) metallacyclobutane and (c) fragment of cyclopropanation.

C-based ligands is larger for complexes 17 to 20 compared with 14 to
16 species, the effects are in general more pronounced. This turns in
the fact that all designed carbenes present the desirable singlet ground
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Figure 5.8: Optimized geometries regarding Complex 20: a) carbene;
(b) metallacyclobutane and (c) fragment of cyclopropanation.

state, with the exception of complex 18, which has the weakest o-
donor ligands of this series. Unfortunately, several drawbacks persist.
In this view, although the preference for cyclopropanation is reduced,
this process is still by far more favorable than metathesis in all spin
states.

Moreover, results suggest that the metallacyclobutane interme-
diate has still a triplet ground state in the majority of cases. In fact,
for complexes 19 and 20, the singlet state is more stable than the
triplet but the associated energy difference is less than 1.3 kcal mol=?.
One would expect a triplet ground state in all cases as it is the ideal
situation for a d* low spin octahedral complex. Therefore, the stabi-
lization of the singlet state can only be understood by an important
destabilization of the iron d orbital pointing toward the Cg of the met-
allacycle, due to the presence of strong donating groups trans to the
metallacyclobutane fragment. Only when this destabilization is large
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enough, the ground state becomes a singlet. This could eventually
be a potential strategy to favor the metallacyclobutane singlet state.
Noteworthy, the fact that the d orbital pointing towards the Cgz of
the metallacycle is empty in the singlet state is in agreement with the
shorter M---Cy distance in this state.

5.3 Reduced Complex

shows complexes 21-24 that were obtained by reduc-
ing the metal center of the doubly positively charged complexes 14-18.
Table 5.3|summarises the associated energetics of these complexes, and
optimized geometries are depicted in [Figure 5.9| to [Figure 5.11]
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Scheme 5.3: Set of in-silico studied L,Fe’=CH,

We have analyzed these systems, because we expected that metal
reduction leading to formally Fe® carbenes (carbene considered as a
neutral ligand) could favor the singlet state metallacyclobutanes. This
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Table 5.3: Relative Gibbs (G, + D2) energies of the species involved
in metathesis and cyclopropanation reactions of complexes 21-24 with
respect to the carbene singlet state and ethene. All values are in kcal
mol ™!

carbene metallacyclebutane cyclopropanation

S=0 S=1 S5=2 S=0 S=1 S=2 S=0 S=1 5=2

complex

4 0.0 195 491 -68 82 475 86 -74 9.7
21 0.0 -04 02 -265 -21.9 -189 48 -17.1 -12.9
22 00 49 76 -233 -124 -102 89 -122 -3.1
23 0.0 29 123 -151 -12.3 49 297 -21.7
24 0.0 9.3 -+ 234 -09 233 -0.6 -16.6 0.9

® The |Fe]=CH, carbene is not a minimum of the potential energy
surface, optimization leads to carbene insertion into the NHC ligand.
b Optimizations spontaneously evolved to the formation of
cyclopropane.

d

Figure 5.9: Optimized geometries of regarding Complex 21: a) car-
bene; (b) metallacyclobutane and (c) fragment of cyclopropanation.
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assumption arises from the fact that this intermediate would present
a formal Fe?" metal center and thus, with formally six d electrons in
an octahedral environment. In this way, the singlet state would be the
ground state of the low spin situation and this would not depend on
the splitting between the ideal to, orbitals. Moreover, the additional
electrons could reinforce the |Fe]|=CH, bond and thus, disfavor alkene
cyclopropanation.

Figure 5.10: Optimized geometries regarding Complex 22: a) carbene;
(b) metallacyclobutane and (c) fragment of cyclopropanation.

Results show that reduction of the metal center on complexes 21
to 24 involves important geometrical modifications of the carbene and
the metallacycle. Regarding the carbene, while 14 to 20 Fe*" com-
plexes present a SBP coordination in the singlet state, species 21 to
24 present a TBP one. This is accompanied by an elongation of the
[Fe|=CH, bond, which ranges from 1.76 to 1.78 A. Moreover, all triplet
state carbenes present a SBP geometry around the metal center. These
changes in the coordination environment around iron can be rational-
ized by the increase of d electrons of iron. Low spin pentacoordinated
complexes with d® metal centers should present an SBP singlet state,
while the low spin pentacoordinated d® ones are expected to be TBP.
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Figure 5.11: Optimized geometries regarding Complex 23: a) carbene;
(b) metallacyclobutane and (c) fragment of cyclopropanation.

The metallacyclobutane intermediate presents the expected oc-
tahedral coordination around the metal center, regardless of the spin
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Figure 5.12: Optimized geometries regarding Complex 24: a) car-
bene; (b) metallacyclobutane and (c¢) fragment of cyclopropanation.
All attempts to obtain the quintet state carbene lead to an optimized
structure in which the carbene is inserted in the Fe-NHC bond.

state, but the characteristic wide C,-Cg-C, angle and the short M---Cg
distance of the metallacyclobutanes involved in metathesis is not ob-
served in any of the spin states. This can be attributed again to the
two additional d electrons of iron that in the case of the singlet state
occupies the d orbital pointing to Cg. Consequently, since this orbital
has a repulsive overlap with orbitals centered on the metallacycle frag-
ment, the system evolves in such a way that the M and the Cs are as
far away as possible.

The thermodynamics of the formally Fe® complexes is substan-
tially different from that of the 14 to 20 Fe?* complexes. First, species
21 to 24 generally present a singlet state metal carbene, which is not
the case for the analogous Fe?™ complexes 14, 15 and 18. Moreover,
the formation of the metallacyclobutane is largely favored and leads to
a species with the desirable singlet state. The preference for the singlet
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state ranges between 2.8 and 22.5 kcal mol~!. Finally, alkene cyclo-
propanation becomes unfavorable in the singlet state and, although it
remains exergonic for the triplet and most of the quintet states, the
obtained values are closer to those computed for the second genera-
tion Grubbs catalyst. This is particularly the case of 22, which is an
in-silico modification of the ligands used by Costas and co-workers for
the synthesis of iron oxo complexes. Overall, from a thermodynamic
point of view complexes 21 to 24 appear as promising candidates, 22
being the most interesting one.

5.4 Reaction of complex 22 with Ethene

Complex 22 appears as a promising candidate as its thermody-
namics resembles that of the second generation Grubbs catalyst. It is
for this reason that we decided to explore the energetics of the tran-
sition states associated with cycloaddition, cycloreversion and other
deactivation processes, mainly cyclopropanation. In the case of the
deactivation process, two pathways have been explored: carbene ex-
traction by ethene that mainly leads to cyclopropanation through car-
bene transfer or cyclopropanation from metallacyclobutane intermedi-
ate, by reductive elimination. Moreover, while we have only considered
the singlet state in the alkene metathesis process, we explored both the
singlet and triplet states in the deactivation pathways. Note that in
the case of cyclopropanation, a spin crossing is expected as reactants
have a singlet ground state, while cyclopropanation products have a
triplet one. We start this mechanistic discussion with the cycloaddi-
tion process to form the intermediate metallacyclebutane, whose the
energy profile is in with the geometries in

Metallacyclobutane formation from separated reactants (methyli-
dene -+ ethene) takes place in two steps: first the formation of a Fe-C
between one carbon of the olefin and the metal center (122 — RI} )
and afterwards, the formation of the C—C bond between the carbene
and the other end of the olefin (122 — Ipy1 M*). These two steps are
significantly different to those reported for the usual alkene metathesis
reaction catalyzed by the Mo, W or Ru complexes 25%200262,264,265,271
Moreover, the intermediate resulting from the formation of the Fe-C
bond formation (*22 — Ipys1) is high in energy, it lies 26.3 kcal mol~!
above separated reactants and it presents Fe---N distances that have
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Figure 5.13: Gibbs energy profile (in kcal mol™!) for metallacyclobu-
tane formation, cycloaddition, involving 22 and ethene in singlet state.
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Figure 5.14: Optimized geometries of metallacyclobutane formation,
cycloaddition, involving 22 and ethene in singlet state. Distances are
in

been largely elongated. In particular, one of these Fe---N distance is so
large (> 3.4 A) that indicates that the ligand decoordinates.
Cycloreversion takes place in similar steps to cycloaddition, al-
though the geometries and energetics are slightly different, as the two
processes occurs with two different ligands in trans. The energy profile
of this process, as well as the competitive mechanism of cyclopropa-

nation by reductive elimination are presented in [Figure 5.15. The
geometries of the two processes are depicted in [Figure 5.16]
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Figure 5.15: Gibbs energy profile (in kcal mol™!) for cycloreversion and
cyclopropanation by reductive elimination, involving 22 and ethene in
singlet and triplet state.

The associated energetics suggest that alkene metathesis with
22 is kinetically unfavorable. The highest energy barrier associated
to the cycloaddition is 35.7 keal mol™" (122 — RI},,,,) above reactants
and that of the cycloreversion 31.6 kcal mol™! (122 — [OMZPéM) with
respect to the same asymptote. This implies that the energy barrier
that has to be overcome from the metallacyclobutane is higher than
50 kcal mol™!. At this point it is worth mentioning that any attempt
to locate the cycloaddition and cycloreversion triplet state transition
states lead to structures with energies close to those of the singlet state,
which indicates that the reaction would not occur in the triplet state.

On the other hand, deactivation pathways show energy barriers
that are significantly lower than those of the metathesis process, both
for the singlet and triplet states. The transition states for alkene cy-
clopropanation are 27.3 (122 — MPéyc) and 14.7 (*22 — MPéyc) kcal
mol~! above the separated reactants. This values are respectively 16.9
and 4.3 kcal mol~! below those of metathesis.
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Figure 5.16: Optimized geometries for cycloreversion, in the singlet
state, and cyclopropanation by reductive elimination, in singlet and
triplet state, involving 22 and ethene. Distances are in

Moreover cyclopropanation by carbene transfer is even likely to
happen. shows the energetic energy profile and
the optimized structures for this pathway. The transition states lies
29.4 keal mol™! above separated reactant in the singlet state (22 —
RI},.) and 26.8 kcal mol~! in the triplet (322 — RI{,.). IRC from

the singlet transition state 122 — Rféyc evolves spontaneously to the
formation of an allyl hydride intermediate (22— I¢,.) that has been as-
sociated to deactivation processes in olefin metathesis. 2?4299 However
in the triplet state this intermediate (122 —1I) is formed in a productive
way to carry cyclopropanation through the subsequent transition state
192 — Toyell,.

Although the main barriers for the carbene transfer (26.8 and
29.4 kcal mol™!) path are larger than that for the reductive elimina-
tion in the triplet state (14.7 kcal mol™!), the last does not take place,
since the main barrier for cycloaddition step (35.7 kcal mol™) is larger
than the barriers of the carbene transfer, in both spin states, thus the
intermediate metallacyclebutane is not formed. Therefore, cyclopropa-
nation by carbene transfer in the triplet state is expected to prevail in
the reactivity of 22 with ethene.
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Figure 5.17: Gibbs energy profile (in kcal mol™!) for carbene transfer
involving 22 and ethene, in singlet and triplet state.
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Figure 5.18: Optimized geometries for carbene transfer involving 22
and ethene, in singlet and triplet state. Distances are in A
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In summary, complex 22 does not appear to be a good candidate
for olefin metathesis, despite its thermodynamics. Results suggest that
its reaction with olefins would be unlikely, and if it comes to happen,
would lead to cyclopropanation through carbene extraction mainly in
the triplet state, with the highest energy barrier being 26.8 kcal mol™!
(*22 — RI},,).

This unlike reactivity can be explained by formal electron count-
ing: 22 is an 18 electron complex and thus, it is not prone to accept
the coordination of the incoming olefin, leading to very high energy
barriers. This hypothesis is further confirmed when comparing the re-
sults of 22 with the reactivity of the analogous Fe?" complex 18 with
ethene. In the case of 18, the initial carbene is 16 electrons and thus,
the reaction pathway for metallacyclobutane formation shows the tra-
ditional cycloaddition transition states (se with energy
barriers that are much lower than those of 22. The triplet state is 21.8
mol~! above the reactants. However, the singlet is only 13.1 mol™!,
being much smaller than the analogous one in of 22 (122 — RI} )
that is 35.7 kcal mol .

S=0 S=1

Figure 5.19: Optimized geometries for cycloaddition involving 18 and
ethene, in singlet and triplet state. Distances are in A

Overall, results show that addition of o-donating ligands in for-
mally Fe?t L,Fe—CH, complexes leads to carbene species with a singlet
ground state. However, the presence of these ligands does not guar-
antee the formation of a singlet state metallacyclobutane intermediate
by reaction with ethene. This arises from the fact that the resulting
species presents only d* electrons in an octahedral environment, which
preferentially leads to a triplet ground state, and only when the octahe-
dral environment is distorted enough the singlet state can be favored.
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In this view, metal reduction to Fe’ leads to d® singlet state octahe-
dral metallacycles and destabilized cyclopropanation products in the
singlet state. These data are close to that computed for the efficient
2"? Generation Grubbs Catalyst and appears as promising candidates.
However, the energy barriers that have to be overcome to form the
metallacyclobutane intermediate are very high suggesting that alkene
metathesis with these complexes is kinetically inhibited. Indeed, the
Fe® I.,Fe=CH, carbenes are formally 18 electron complexes and thus,
olefin coordination appears to be strongly disfavored. In this view, the
use of labile ligands, which would coordinate at the carbene and met-
allacyclobutane to stabilize the singlet state but discoordinate during
the metallacyclobutane formation without a large energy cost could
potentially be strategy when using Ly,Fe—=CH, complexes.

5.5 Radical Character of Triplet [M]=CRs;

‘Table 5.4] summarizes the spin density on the iron and on the
carbon carbenic in the triplet state for complexes 14-24.

Table 5.4: NPA spin densities over iron and the carbon atom of the
carbene in the triplet state.

Complex Fe C  Complex Fe C
14 2.23 -0.49 20 1.70 0.18
15 2.27 -0.48 21 2.83 -0.54
16 1.93 -0.36 22 1.93 0.14
17 1.93  0.07 23 2.02 0.35
18 2.16 -0.36 24 1.14  0.50
19 1.36  0.59

Complexes 14-16, that do not have strong o-donating groups
show part of the [ spin density on the carbenic carbon. This sug-
gests a situation in between a [Fe|=CHj double bond formed with two
unpaired electrons on the metal center and a situation in which the
m-bond of [Fe|=CHj is not formed and thus three unpaired electrons
are located over the metal center and one (with the opposite spin) on
the carbene carbon. shows schematic representation of the

two limit situation.
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Schematic MO diagram for double bond situation Natural Orbitals

Virtual orbitals

Figure 5.20: Schematic molecular orbitals diagram and Natural Or-
bitals of the triplet state of complex 14.

Noteworthy, this situation with three unpaired electrons on the
metal center and one on the carbene was already used to describe the
electronic structure of (RPDI)Fe=CPhy (PDI = bis(imido)pyridine)
complexes synthetized by Chirik and co-workers, which has a triplet
ground state. 1 Similarly, we had discussed such behavior refering to
the complex 2 in Section which posses a non low-spin character-
istics. Overall, the larger |Fe|=CH, distance and the spin density dis-
tribution are indicative of a significantly weaker m-bond in the triplet
state.

Whereas complexes 14-16 present a SBP geometry around the
metal, complexes 17-20 shows a TBP coordination, with 17 being the
only exception, which is the only one that does not present strong o-
donating ligands. Interestingly, this geometrical change is associated
with a change on the spin distribution, which suggest that the limit sit-
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uation in which the [Fe|=CHy m-bond is formed (there are no unpaired
electrons over the carbon of the carbene) becomes more important.
This is consistent with a stronger |Fe|~CHy bond by the addition of
o-donor groups and appears to apply both for the singlet and triplet
spin states.

Bridge Carbene

At this point it is worth mentioning that a part of the classical
carbene discussed, can form another isomer is found to be a minimum
in the potential energy surface. in this isomer, the carbene inserts in
either the Fe-N bond involving the pyridine ligand or the Fe-C bond of
the carbene N-heterocyclic. This species is a kind of bridged carbene
and its structure resembles that recently reported as a masked carbene
complex,*¥% which we discussed in the introduction Chapter. The en-
ergies of these species are reported in and the geometries in

Appendix

Table 5.5: Relative Gibbs (G,,+D2) energies of the bridged carbene
isomers of complexes 14-24 with respect to the standard singlet car-
bene. Values in kcal mol™!

Standard Carbene Bridged Carbene
Carbene S=0 S=1 S=2 S=0 S=1 S=2
14 0.0 -2.3 3.8 3.4 24 -176
15 0.0 -6.3 5.1 13.7  -19.1 -23.9
16 0.0 7.6 22.7 -11.3  -21.8  -26.5
17 0.0 3.2 16.1 18.1 11.8  10.9
18 0.0 -3.9 -4 -15.2  -23.9 -40.7
19 0.0 11.8 233 10.0  -1.3 9.3
20 0.0 5.3 20.1 -25.2  -20.6 -20.2
21 0.0 -0.4 0.2 276 13.0 114
22 0.0 4.9 7.6 0.2  -19.8 0.3
23 0.0 2.9 12.3 7.4 4.8 6.2
24 0.0 9.3 -4 -8.4 -7.6 16.4

¢ Optimization to the bridge carbene.

Most of these new species present an open-shell ground state,
triplet or quintuplet, that usually lies lower in energy than the most
carbene. Therefore, the formation of this species seems to be an im-
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portant drawback that should be prevented during the synthesis and
reactivity of 1,Fe?t=CR, carbenes.

5.6 Bond strength vs. Cyclopropanation

The nature of the |[Fe]|=CHy may be an important factor for fa-
voring or avoiding olefin metathesis over cyclopropanation, and we
decided to access this relation regarding all the in-silico complexes we
have studied in the previous and in this Chapters. Indeed, it seems
that exists a dependence between [M|=CH,; bond strength and the
thermodynamics of cyclopropanation. Such strength can be measured
by means of the bond dissociation energy (BDE). With the aim of
determine the BDE, several asymptotes have been considered (see in
Appendix [D.2)). Results show that the smaller BDE is that computed
assuming a neutral carbene and a neutral metallic fragment, as in the
equation [5.1] Therefore, the metal carbenes studied in this thesis are
more likely to be Schrock type carbenes (see at Section .

L,=CHy('A) = L,(*A) + CH,(*B,) (5.1)

Figure 5.21|plots the dependence between the [M|L3=CH, strength,
defined as the BDE, and the thermodynamics of cyclopropanation, in

the most stable spin state for those complexes studied in Chapter
(5-13) and the studied in this Chapter (14-24). In Appendix XX we
present the exact values.

Our computed BDE for complex 5, which is an efficient catalyst
for olefin metathesis, is 88.1 kcal.mol™!. Complex 6, arising from the
substitution of Ru by Fe in complex 5, has a BDE of only 53.1 kcal
mol~!. Nevertheless, the use of chelating ligands as well as strong do-
nating groups increases the strength of the [M]L3=CH, carbene bond.
Complexes 9 and 10, as well as the pincer complexes 10-13, present
BDE’s between 72 and 83 kcal mol™!, which are only slightly lower
than those of complex 5.

In the first set of pentacoordinate complexes (14-16), system 16
presents the least favorable cyclopropanation, which is consistent with
the presence of stronger o-donor ligands that made also the strongest
|[Fe|L,=CH,. With one exception, in the second set of complexes where
N-containing ligands were replaced by C-containing ones (17-20) the
BDE’s were increased and cyclopropanation products became less sta-
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ble. The last group of complexes are those with iron reduced by two
electrons (21-24): these complexes formed a ensemble of species with
the strongest |Fe]L,=CH, and, consequently, with the less favorable
cyclopropanation as well, among the pentacoordinate complexes.

These data indicate that the addition of strong tridentated do-
nating ligands, with the strongest o-donating group, and reduced the
metallic center can show some beneficial effects:

(i) it favours the singlet states;

(ii) strengthens the M=CH, carbene bond;

(iii) disfavours cyclopropanation products.

5.7 Final Remarks

Here, in this Chapter, we used DFT (OPBE) calculations to analyze
the influence of ancillary ligands, coordination around the metal center
and iron formal oxidation state in the multiplicity of carbene ground
state and its reactivity with olefins.

Addition of o-donating ligands leads to a singlet ground state for
the iron carbene. However, when the metal center is formally Fe?" in
the metal carbene (the carbene is counted as a neutral ligand) the ad-
dition of o-donating ligands is not sufficient for achieving a singlet met-
allacyclobutane intermediate. This arise from the fact that the metal
center (formally Fe** in the metallacyclobutane intermediate) has only
4d electrons and thus, the ground state in a high field ideal octahe-
dron is the triplet. In this way, iron reduction to formally Fe® in the
carbene leads to singlet ground state both for the carbene and metal-
lacyclobutane intermediate and disfavors the alkene cyclopropanation
at least in the singlet state. In fact, the resulting thermodynamics
for methathesis and cyclopropanation of some of the here considered
L4Fe?=CH, carbene species are close to those of the efficient Grubbs
274 Generation catalyst.

Regrettably, the energy barriers for metallacyclobutane forma-
tion are very high for the most promising candidates. This is attributed
to the fact that the LyFe®=CH, complexes are formally eighteen elec-
tron complexes and thus, the alkene coordination to them is strongly
unfavorable. In this way, the potential use of labile ligands could be of
interest since their coordination could stabilize the carbene and met-
allacyclobutane singlet state but also an easy decoordination of this
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ligand could allow the cycloaddition process to occur.

Overall, the here reported data and that reported previously by
us on tetracoordinated complexes suggest that there are no general
rules to obtain an in-silico designed iron carbene complex with the ap-
propriate preference for alkene metathesis with respect to cyclopropa-
nation. In fact, the role of the ancillary ligands appears to be strongly
related to the coordination number and the formal metal oxidation
state.

The analysis of the strength of the metal-carbene bond and the
spontaneity of cyclopropanation products show an inverse relationship
for both tetracoordinate and pentacoordinate complexes, highlight-
ing the importance of strengthening the metal-carbene. The use of
strong o-donating tridentate ligands can play this role reinforcing the
[Fe|=CHs bond, which becomes only marginally lower than that of
the Ru-based Grubbs catalyst. In this way, the use of such ligands
in which the strongest o-donating group stabilizes the singlet state
for the carbene and metallacyclobutane intermediate, which becomes
the ground state, and, as well as, strengthens the M=CH, bond, de-
creasing the thermodynamic preference for cyclopropanation. Similar
achievements can be done by reducing the metallic center in the case
of pentacoordinated [Fe]|=CH,. These two strategy emerges as a way
to be pathed.






(General Conclusions

This thesis is an extensive contribution to the efforts of carry out
Olefin Metathesis based on iron catalysts, as a part of a more general
emerging organometallic chemistry based on the earth-based metals.
We have analyzed the reactivity of known iron and ruthenium carbenes
with olefins, along with the nature of the ancillary ligands and geome-
try around the metal center that could favor the catalytic activity for
olefin metathesis of a LsFe=CHy and L,Fe=CH, iron carbenes. This
work was addressed by through a computational procedure by DFT
means, with OPBE functional.

Overall, electronic structure analysis of the triplet state of the
different catalysts shows that whereas for the 2"¢ Generation Grubbs
catalyst, which is a ruthenium carbene, the two unpaired electrons
lye on the metal cation, and for the case of iron carbene complexes
there is an unpaired electron at the carbene, which may induce radical
mechanisms.

In the case of ruthenium carbenes, olefin metathesis is, as ex-
pected, the preferred reaction through the Chauvin mechanism, reac-
tivity of known iron-carbene complexes is very sensitive to the coordi-
nation around the metal center and the spin state of the metal-carbene
complex.

[ron-carbene catalyst high-valent, however, face difficulties in the
cycloaddition process, because they are high-coordinate and the coor-
dination of the incoming olefin is hard to happen. This is the case iron
carbenes belonging to the Piano-Stool (3) and Heme(4) kind that have
18 and 16 electrons respectively and are in the singlet state. For these
complexes, the intermediate metallacyclebutane is not found, ergo
olefin metathesis or reductive elimination does not take place. The cy-
clopropanation experimentally observed occurs through the concerted
carbene transfer mechanism. Likewise, (18 e~) 22 show high barriers
in the cycloaddition step, and cyclopropnation by a stepwise carbene

171
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transfer mechanism is more favourable. These are singlet state high-
coordinated iron carbenes. Complex 10 is also in the singlet state, but
because it is only a 16 e~ electrons, cycloaddition is allowed, although
the subsequent step is cyclopropanation by reductive elimination.

Complexes 2 and 6, on the other hand, are iron carbenes low-
coordinated with a non-low-spin ground state with a radical character
over the carbenic carbon, and induces cyclopropanation through the
step-wise radical carbene transfer mechanism, which shows lower bar-
riers than other possible reactivities.

Another significant part of this thesis is dedicated to analyzing
how the nature of the ancillary ligands, coordination geometry around
the metal center and the iron formal oxidation state influences the
spin multiplicity of the metal carbene ground state, the [M=CRj, bond
strength and the reactivity regarding olefins. We focused on the fac-
tors favoring a singlet ground state for the active carbene and met-
allacyclobutane intermediate as well as those disfavoring the alkene
cyclopropanation.

Results show that for the tetracoordinated iron-complexes, the
addition of strong o-donating ligands favors the carbene singlet state,
although the intermediate does not show a singlet ground spin, which
is only achieved, by using tricoordinated chelating ligands with the
strongest o-donor group in central position such as those of complex
10—-13. Fro the case of complex 10, cyclopropanation is disfavoured
facing olefin metathesis, unfortunately the kinetics is still favourable
for cyclopropanation by reductive elimination from the intermediate
metallacyclebutane.

Pentacoordinated complexes with o-donating ligands leads to a
singlet ground state for the iron carbenes, but, again, the intermedi-
ate metallacyclebutane is not in the singlet state. In this case, iron
reduction to formally Fe® in the carbene leads to singlet ground state
both for the carbene and metallacyclobutane intermediate and disfa-
vors the alkene cyclopropanation at least in the singlet state, some of
them resembling the efficient Grubbs 2"¢ Generation catalyst. As this
system are already 18 e~ the cycloaddition process is unlike. In this
way, the potential use of labile ligands could be of interest to stabilize
the metallacyclobutane and allow the cycloaddition process to occur.

The analysis metal-carbene bond strength and the of cyclopropa-
nation products thermodynamics show an inverse relationship for both
tetracoordinate and pentacoordinate complexes, highlighting the im-
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portance of strengthening the metal-carbene. Strong o-donating tri-
dentate ligands reinforces the [Fe]=CHy bond for tetracoordinated com-
plexes, which becomes only marginally lower than that of the Ru-based
Grubbs catalyst. Similarly, pentacoordinated iron-carbenes achieves
such goal also by reducing the metallic center. Therefore, these emerges
as way to be followed.
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A.1 Geometries of Known Carbenes

Figure A.1: Optimized geometries of different spin states of the metal
carbene, metallacyclobutane intermediate and cyclopropanation prod-
ucts for complexes I. Distances are in
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Figure A.2: Optimized geometries of different spin states of the metal
carbene, metallacyclobutane intermediate and cyclopropanation prod-
ucts for complexes II. Distances are in A
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Figure A.3: Optimized geometries of different spin states of the metal
carbene, metallacyclobutane intermediate and cyclopropanation prod-
ucts for complexes ITI. Distances are in
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B.1 Stability of the metallacyclobutanes

In the intermediate metallacyclobutane two substituents can be
in the carbons « (metallacycle-I) or in a carbon « and other in carbon-

B (metallacycle-1I), according to [Scheme B.1} Any of these possibilities

can be either cis or trans isomers.
|
M

p

Scheme B.1

We have analyzed the relative stability of these two possibili-
ties, regarding the trans configuration. In the case of Complex 1,
metallacycle-I is 1.4 kcal mol~! more stable than the metallacycle-II.
The same is true for the Complex 2 where the metallacycle-I is 1.0
kcal mol™! more stable than metallacycle-II. On the other hand, for
the Complexes 3 and 4, the opposite is observed: metallacycle-1I is
more stable in both cases: 9.4 kcal mol~! more stable Catalyst 3,
and 7.0 energies in kcal mol~! for the Catalyst 4. See the optimized
geometries in [Figure B.1]

Because high steric hindrance around the metallic center in Cata-
lyst 3 and 4 avoids large groups near to ancillary ligands, then metallacycle-
IT implies in a more stable intermediate. On the other hand for Cat-
alyst 1 and 2 the steric hindrance is smaller, allowing metallacycle-1
configuration.
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Metallacyclebutane-I Metallacyclebutane-TT

(0.0)

Figure B.1: Optimized geometry of isomers of metallacyclobutane for
the Complex 1-4. Relative Gibbs Free energies in kcal mol~!. Dis-
tances in A



208 Chapter B - Additional data to Chapter 3

B.2 Scans
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Figure B.2: Scan for the approaching of C, — C, in '2 — M. Distances
in A
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Figure B.3: Scan of the approaching of C,, — C, in '2 — I . Distances
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C.1
C.2

Geometries of Transition States

Catalyst 5

2.20

b U g
1.92"'\7,’

Figure C.1: Optimized geometries of singlet and triplet states of (a)
transition states for cycloaddition/cycloreversion, and (b) cyclopropa-
nation by reductive elimination of Complex 5 with ethene.

1.54 1.54

Figure C.2: MECP 5.1. Distances in A
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2.24

137

Figure C.3: Optimized geometries of singlet (if exists) and triplet states
of (a) transition states of the attack to the carbene by the olefin, (b)
minimum intermediate, and (c) transition state of cyclization, for car-
bene transfer of Complex 5 with ethene.
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C.3 Catalyst 6

30 1

]
9]
1

[Fe]

o>/ A

]
je]
1

F(kcal mol )
&
|

—_
o
|

' | ' T ' T ' | ' T ' |
2,7 2,6 2,5 24 2,3 2,2 2,1

dC -C
al v

Figure C.4: Scan for the approaching of C, — C, in the metallacy-
clebutane singlet of Complex 6. Distances in A
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Figure C.5: Optimized geometries of singlet and triplet states of (a)
transition states for cycloaddition/cycloreversion, and (b) cyclopropa-
nation by reductive elimination of Complex 6 with ethene. All dis-
tances are in A

-

-
1.37

Figure C.6: Optimized geometries of singlet and triplet states of (a)
transition states of the attack to the carbene by the olefin, (b) mini-
mum intermediate, and (c¢) transition state of cyclization, for carbene
transfer of Complex 6 with ethene. All distances are in A
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D.1 Bridge Carbenes Geometry

Figure D.1: Optimized structures for the bridged carbene isomers of
complexes 14 to 16. Distances are in A
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Figure D.2: Optimized structures for the bridged carbene isomers of
complexes 17 to 20. Distances are in A
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1)
1.457 1831

1

Figure D.3: Optimized structures for the bridged carbene isomers of
complexes 21 to 24. Distances are in A
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D.2 Bond Dissociation Energy Asymptotes

With the aim of determining the Bond dissociation Energy of
the Fe=CH, carbene bonds, it is mandatory to determine the most
favourable asymptote for the separated fragments, regarding the charge
and spin multiplicity.

For such goal we calculated the adiabatic BDE of the catalyst I
and II (as defined in [Scheme 2.1)), and 5 (as defined in Section[£.2), in
the singlet state, since for these systems is the most stable spin state.
For the products of the BDE we combined three possible charges for
the carbene fragment (0, -1 and -2) and the corresponding same charge
for the metal fragment, in order to reproduce the global charge of the
system. Moreover, for each charge of the metal we considered three
spin states, whereas for the carbene fragment we considered either one
or two different multiplicities. The computed BDEs for Complex I are

shown in [lable D.1] those of Complex II in [Table D.2| and those for
Complex 5 in [Table D.3

Table D.1: Fe=CH, bond dissociation energies (BDE) in kcal mol~! of
Complex I, considering all possible combinations of charge and multi-
plicity of the resulting fragments.

complex fragment carbene
charge multiplicity charge multiplicity charge multiplicity BDE
+1 singlet +1 singlet 0 singlet 105.4
+1 singlet +1 singlet 0 triplet 83.8
+1 singlet +1 triplet 0 singlet 99.8
+1 singlet +1 triplet 0 triplet 78.2
+1 singlet +1 quintet 0 singlet 126.9
+1 singlet +1 quintet 0 triplet 105.2
+1 singlet +2 doublet -1 doublet  317.2
+1 singlet +2 quartet -1 doublet  335.0
+1 singlet +2 sextet -1 doublet  362.0
+1 singlet +3 singlet -2 doublet  883.4
+1 singlet +3 triplet -2 doublet  883.6

+1 singlet +3 quintet -2 doublet  902.8
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Table D.2: Fe=CH, bond dissociation energies (BDE) in kcal mol™!
of Complex II, considering all possible combinations of charge and
multiplicity of the resulting fragments.

complex fragment carbene
charge multiplicity charge multiplicity charge multiplicity BDE
+1 singlet +1 singlet 0 singlet 1174
+1 singlet +1 singlet 0 triplet 95.7
+1 singlet +1 triplet 0 singlet 82.2
+1 singlet +1 triplet 0 triplet 60.5
+1 singlet +1 quintet 0 singlet 95.6
+1 singlet +1 quintet 0 triplet 73.9
+1 singlet +2 doublet -1 doublet  204.0
+1 singlet +2 quartet -1 doublet  195.6
+1 singlet +2 sextet -1 doublet  213.8
+1 singlet +3 singlet -2 doublet  669.0
+1 singlet +3 triplet -2 doublet  653.4
+1 singlet +3 quintet -2 doublet  655.3

Table D.3: Fe=CH, bond dissociation energies (BDE) in keal mol™* of
Complex 5, considering all possible combinations of charge and multi-
plicity of the resulting fragments.

complex fragment carbene
o . . ..... BDE
charge multiplicity charge multiplicity charge multiplicity

+1 singlet +1 singlet 0 singlet 127.6
+1 singlet +1 singlet 0 triplet 106.0
+1 singlet +1 triplet 0 singlet 111.4
+1 singlet +1 triplet 0 triplet 89.8
+1 singlet +1 quintet 0 singlet 131.5
+1 singlet +1 quintet 0 triplet 109.8
+1 singlet +2 doublet -1 doublet  262.5
+1 singlet +2 quartet -1 doublet  252.1
+1 singlet +2 sextet -1 doublet  276.0
+1 singlet +3 singlet -2 doublet  725.7
+1 singlet +3 triplet -2 doublet  736.0

+1 singlet +3 quintet -2 doublet  735.4
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D.3 BDE wvs. Cyclopropanation

As expected, the splitting in a neutral triplet carbene and the corre-
sponding triplet metal fragment with the appropriate charge leads to
the lowest BDE. Based on these results we further assumed that for

all others studied species the same behaviour must apply.

Table D.4: Bond dissocation energies and thermodynamics for alkene
cyclopropanation (both in kcal mol™!) for complexes 5-13. Cyclo-

propanation values are for the most stable spin state.

complex BDE cyclopropanation complex BDE cyclopropanation

O 00 -~ O Ot

88.1
23.1
66.8
67.3
83.0

-14.0
-63.6
-40.2
-45.0
-19.1

10
11
12
13

76.3
75.1
71.8
4.5

-25.7
-26.9
-30.2
-27.6

Table D.5: Bond dissocation energies and thermodynamics for alkene
cyclopropanation (both in kcal mol™') for complexes 14-24. The cy-

clopropanation values are for the most stable spin state.

complex BDE cyclopropanation Complex BDE cyclopropanation

5
14
15
16
17
18

88.1
66.3
61.2
73.1
77.9
69.5

-7.4
-43.8
-90.8
-32.1
-21.4
-37.3

19
20
21
22
23
24

71.6
65.9
80.5
84.1
67.7
81.0

-26.2
-36.2
-17.9
-12.2
-29.7
-16.6
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