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Computational chemistry" > has gained a wide popularity over the last decades.
Computational techniques are now routinely used in many fields of chemistry and
they are valuable tools in several fields such as material science,” computational
biochemistry® (like protein folding)’, catalysis,” ’ and many more. And the list is
growing. Among the many potential applications for computers, mechanistic
studies of chemical reactions has been constantly developed since the use of
accurate techniques is nowadays accessible with reasonable computer times. The
scale of computable systems started with only a few atoms, and was progressively
expanded to several decades. Currently, it is feasible to compute chemical systems
of 150-200 atoms through DFT with accurate functionals in an acceptable range of
time. The Nobel Prize awarded to Walter Kohn and John A. Pople in 1998
recognized both the development of computational methods and the major
contribution of DFT techniques in the realm of computer modelling. The constant
improvement of computer power has no doubt played a major role in such an
expansion. Many chemical concepts which were impossible to envision
computationally are now easily computable. Very large systems are accessible with
the implementation of QM/MM techniques.® ° Computing enzymes is one of the
long-lasting challenges which recently became affordable for standard
equipments.'” ' We can also mention the implementation of solvation effects
through continuum electrostatic models which significantly improved the accuracy
of the systems computed.'?

If it is accepted that the technical problems inherent to computation which
previously impeded its progression will be constantly reduced in the future, the
relevance of computers in chemistry has not always been considered obvious. Why
computing chemical processes? Chemical reactions have long been developed
without an accurate understanding of the exact sequence of events taking place
along a reaction. Various experimental optimization methods allow the
development of optimum reaction conditions. More generally, chemistry has
indeed been performed successfully for centuries without the help of computation.
As a consequence, theoretical approaches have not always being recognized by the
general community of chemists as a valuable tool. However, computation can
definitely relieve the synthetic chemist in his goal to obtain better reactions. For
instance, the choice of appropriate experimental conditions usually requires some
long and fastidious tests of large amount of possible ligands, additives, solvents,
which usually require long performing times and generate large amounts of waste.
The use of computation can potentially relieve the synthetic chemist by pointing
out the optimal parameters of a reaction. If impossible experimentally, the
identification by computational means of the most important steps and the key
intermediates of a reaction can help determine where the efforts towards better
conditions should be directed. Examples of mechanistic elucidation through
computation in homogenous catalysis are now numerous. Nonetheless, the direct
improvement of catalytic processes through computationally elucidated
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a chemical reaction is not the only goal. We believe in the utility of studying
reaction mechanisms, even for reactions that are already working well. Apart from
technical considerations, the chemical understanding of the precise mechanism of a
reaction is of prime importance by itself. Performing science is inherently directed
to a better understanding of our world and the chemical concepts which govern it
are still far from being understood. The utility of reaction mechanism might not be
seen immediately, but its realization will be part of a general comprehension of
chemistry, and, by extension, science.
It is believed that the continuous improvement of both computer power and
computational methods will allow faster and more efficient mechanistic
elucidations which will reduce the time between experimental outcomes and the
results of the computational efforts. Ultimately, the gap between bench and in
silico experiments will be reduced to the point that both experimentalists and
theoreticians will work hand in hand, joining their tools in a coordinated effort
towards more efficient chemical processes.

Among the myriad of bond formations and bond cleavages which take place in
chemical reactions, two have been the topic of intense research in the last decades:
the carbon-carbon bond formation and the carbon-hydrogen bond cleavage. They
share the particularity to be considered as very inert bonds. Chemists usually took
advantage of the functional groups in molecules because they are typically more
reactive. Sulfur, oxygen, phosphorous, and nitrogen groups are typically considered
as the groups of choice to structurally modify a molecule. Nonetheless, the realm of
transition metal allowed the discovery of less obvious reactions, and soon emerged
the idea that carbon-carbon bonds, and then carbon-hydrogen bonds were also
fruitful patterns.” This triggered many studies which aim at developing valuable
chemistry from inert bonds, sparing their prior functionalization step.

1.1 C-H bond cleavage

1.1.1 Challenges and mechanistic overview

Saturated hydrocarbons are the main components of petroleum and natural gas, and
their availability makes them interesting targets for the conversion into more
practical and useful compounds. Activation of the inert carbon-hydrogen bond of
such saturated molecules has become an important challenge to overcome the
major energetic challenges of the 21% century.' So far, a broad applicability of the
C-H activation techniques in synthetic chemistry has been hampered by the high
dissociation energy of the inert C-H bonds (101 kcal/mol” for ethane, 105
kcal/mol” for methane),”> which make their functionalizations a hard task. '
Alkanes, and more generally saturated hydrocarbons do react under very high
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compounds. However, the very harsh conditions of the combustion processes
inherently prevent the development of smooth, controllable and well-defined
exploitations into fine chemicals. Enzymes can also be very efficient activating
agents, but applications to large scale processes are not easy. The use of transition-
metal based homogeneous catalysis has been explored, and significant
breakthroughs over the last three decades have seen the development of catalysts
operating under mild conditions, which lead the C-H activation processes to the
doors of economical viability and practical development.'”? In the middle of the
sixties of the past century, Chatt reported the ability of a zerovalent ruthenium
complex to perform oxidative addition with naphtalene.”’ The so-called Shilov
catalytic systems were another breakthrough in the field.*> We also mention the
case of the alkane oxidation and the important discovery of mercury and platinum
catalysts which promote the transformation of methane to methanol through a
carbon-hydrogen activation mechanism.” ** Since then, the field received
permanent attention, and the quest for a general catalyst that can operate in mild
conditions is far from fully achieved.'” "' Much effort has been devoted into the
mechanistic understanding of the C-H activation processes over the last decades,
and many of such reactions are now rather well understood.”

Figure 1.1.1 collects the mechanisms generally accepted for C-H bond activation
by transition metal complexes. The first mechanism, reported in equation (1), is the
oxidative addition process that starts with a metal complex (L,M) bearing a vacant
site, usually generated in situ from a stable 18-electron complex. Coordination of
the hydrocarbon fragment R-H to the metal vacancy is followed by formation of a
metal-hydrogen and a metal-carbon bonds concomitantly with the cleavage of the
carbon-hydrogen bond. The oxidation number increases by two units during the
process. This mechanism is typically operative for electron-rich low-valent late
transition metals, such as Ir, Ru, Pt, Os, Re.... The complexes involved should not
be too sterically demanding at the metal center, and the electron count of the
reactive intermediate should be 16 or less. Such a mechanism is impossible in early
transition metal complexes where the metal is in the configuration ¢°. Many
transition metal complexes with the metal in the electronic configuration d'°, &* o
or d* are able to activate alkane or arene compounds through an oxidative addition
mechanism, and this has been reviewed on several occasions.”®* Early reports
include iridium complexes such as (CsHs)Ir(PMe;), or related complexes.””*' The
first oxidative addition in a complex with a @® metal center was also reported by
Bergman. Cp*Ir(PMes)(Me)(OTf) appeared to activate mildly the C-H bonds of
several alkanes.” Studies of the mechanism of oxidative addition started several
decades ago,” and computational mechanistic reports helped rationalize this
process in many occasions.* ** The second process represented in equation (2) is
the sigma-bond metathesis, which is usually operative at electrophilic early
transition metal centers (or rare-earth metal complexes), i.e. at metals that cannot
be further oxidized (¢° complexes). This process is characterized by the concerted
cleavages of the R-H an M-R’ bonds and formations of the M-R and R’-H bonds
through a four-center transition state. One of the first reports features some
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alkenyl...).**” Numerous examples can also be found in the literature.”®

H M H
LM + R-H L,M- - LM LM (1)
R AN \
R R
R,
L.M-R + R-H —— | LM H LM-R+ R—H (2
‘R
M ks
E'\/:l\,E
_ g M-E'
M-E M E
AN N .
. O el e
E'—H H’ E-=H
5 C(R)(H)
/// \\\ /
L.M=CHR + R—H —— | M." H| —— LnM\ 4)
R R'

Figure 1.1.1 General mechanisms traditionally considered for a C-H activation
process.

We note that the border between these two mechanisms is sometimes rather blurred
and a combination of the two can be operative and was indeed reported in several
occasions.”® ** The importance of o complexes in C-H activation processes by late
transition metals under constant oxidation state emerged recently.*” The 6-CAM
mechanism (see equation (3)) recognizes the adaptability of sigma-bond metathesis
mechanisms to late transition metal fragments. The mechanism depicted in
equation (4) is an 1,2-addition across a metal-ligand double bond. This process is
also an important strategy for C-H activation reactions, and it has been used in the
case of C-H activation of benzene across a Zr-N double bond.** Similarly, C-H
bond activation of various hydrocarbons across a titanium-carbon triple bond was
reported.*" ** A related process is the carbene insertion of a alkane onto a metal-
carbene double bond,” where the metal is not directly involved in the activation
process, but bind the active carbene fragment.** We also mention the Lewis-base
assisted deprotonation, which has also been called the concerted metalation
deprotonation (CMD), which involves the cooperation of a base to perform intra-
or intermolecular C-H activation.”*’
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The term “agostic” is derived from the ancient Greek language, and means “to hold
close to oneself’. Agostic interactions are very important in organometallic
chemistry due to their potential implications in various processes.”™ ** They are
indeed believed to have a role in the formation of intermediates in many
organometallic reactions. Among others, the #-H elimination process assisted by a
7 agostic interaction in zirconium complexes is usually highlighted.*® They might
also be involved in the mechanism of the Green-Rooney olefin polymerization,
along the formation of the metal hydride bond.”’ Any covalent bonds in close
proximity from a metal center can be potentially considered as agostic. The agostic
interaction has been first contemplated as a three-center two-electron interaction
between the metal and the C-H bond involved.”® ** This was described by
Brookhart and Green as the “donation of C-H bonding electron into a vacant
atomic orbital on the transition metal atom”.”> We note that the close contact of a
C-H bond and a metal center does not suffice to define such proximity as agostic
interaction.”* The difficulty is to delimitate a clear definition of what should be
considered as agostic, and what should not. Since the term was coined, the exact
definition has been the subject of debate in the chemical community, and a clear
way of defining these interactions has not emerged yet.*” >> However, it is usually
considered that the distortion of a covalent bond in close contact with a metal
center is the main attribute of such interactions, and we will thus consider such
distortion as its definition.

Experimental characterization techniques of agostic interactions include gas
electron diffraction, and NMR spectroscopy.”” X-Ray diffraction is also used but
the difficulty to locate the hydrogen atoms close to the metal makes this technique
rather unreliable. A well-defined way to characterize an agostic bond has not
emerged, being experimental or theoretical.

1.2 C-C bond formation

1.2.1 Cross-coupling reactions

The overwhelming importance of carbon-carbon bond formation reactions was
recently acknowledged by the attribution of the 2010 Nobel Prize in chemistry to
Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for their work in the
development of cross-coupling reactions. Many efforts have been devoted around
the world to develop this very rich chemistry’® and cross-coupling reactions are
commonly used in academia and in the industry.”’ The possibilities of such
reactions are also exploited in the total synthesis of natural products.” ** In the
following, we will quickly review some of the fundamental carbon-carbon bond
forming reactions.
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consists of the reaction of two alkyl halides with sodium to form a new carbon-
carbon bond (equation (1) of Figure 1.2.1). In 1901, Fritz Ullmann discovered the
reaction depicted in equation (2), later called the Ullmann coupling. The reaction
needs harsh conditions.®* '

The Mizoroki-Heck coupling (eq.(3)) was originally reported by Mizoroki in
1971, (although some contributions appeared earlier), and developed by Heck.**
6% Activated olefins were found to react with organic halides stereoselectively (the
trans product is typically favoured).

Acetylenic coupling was primarily reported by Glaser in 1869.° ° Some
experimental issues (generation of explosive intermediates) prevented a broad
applicability of this method. Improvements in the experimental protocol,”
followed by the introduction of new ligands by A.S. Hay expanded the scope of the
reaction.”® We also mention the important contribution of Sonogashira (coupling
schematically represented in equation (4)), whose main features is the presence of
two catalysts : a Pd(0) species, and a copper salt.”” The acetylenic coupling has
many implications in various fields of chemistry.”

The Suzuki-Miyaura reaction (eq.(5) and (6)) consists of a palladium-catalyzed
coupling between an organoboronic acid and an organic halide.”' The mechanism
has been thoroughly studied computationally,” ™ and the importance of the base
has been rationalized.” The scope of this ubiquitous coupling has been hugely
expanded.”

The palladium-catalyzed coupling of tin reagents was discovered in 1975 (eq.
(7)).” This coupling has also been vastly developed,”” and successfully applied to a
vast amount of compounds. The mechanism is well-defined and is rather well
understood.”™

The Negishi coupling (eq.(8)) involves an organozinc, an halide and a palladium
(or nickel) based catalyst.” Its scope is also very large, with various organohalides
competent for the coupling.*

Coupling reactions are not limited to carbon-carbon bond forming reactions.® As
an example, we mention that Buchwald and Hartwig developed a highly versatile
palladium-catalyzed coupling affording aryl amines (eq.(9)),**" originally
discovered by Migita in 1983.%

More recently Fukuyama discovered a reaction depicted in equation (9), later
coined the Fukuyama coupling, which consists of a palladium-catalyzed coupling
between a organozinc and a thioester.*

Finally, the first coupling involving silicon reagents was reported by Hiyama in
1988, and is represented in equation (10).*” However, most of the development of
this reaction (fluoride-free processes, expansion of the scope) has been done by the
group of Denmark.*® The mechanism study of the fluoride-free coupling is one of
the aims of this PhD thesis.

Since the primary reports of Wurtz and Ullmann, a wealth of cross-coupling
reactions were thus reported over the last century.”” The use of various metal
catalysts and organic reagents allowed the development of an extremely rich
chemistry. Their usefulness for the synthetic chemist, and the tremendous
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such processes of crucial importance. The use of DFT calculations has been shown
reliable and useful on many occasions, in a variety of coupling reactions.”

2 R-X + Na  — R-R (1)
| — —
//// R1__ \ /
Ri
X Pd cat. xR
[::::I/ —+ :::\R - > [::::r/”\\¢/ (3)
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X L Pd cat.
+ H—R, Q%Rz 4)
Cul
Riw X Pd cat. Rive—e (5)
B(OH), R> Base R,
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_ Pd cat. 10
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Figurel.2.1 Schematic representation of the main cross-coupling reactions.
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Miyaura coupling is among the most studied, and many computational reports were
published over the last decade. An understanding of the full catalytic cycle has
been reached. ™" ** The elucidation of the Heck coupling has also been the topic
of several theoretical reports.” ** The transmetalation step of the Stille cross-
coupling was thoroughly analyzed by Yates et al, and the phosphine ligand effect
was rationalized.”
Regarding the cross-coupling of organosilicon compounds (Hiyama coupling),
Sakaki and co-workers studied the role of fluoride on the activated transmetalation
process between a vinylsilane and a palladium (IT) complex.”® To our knowledge,
no other computational treatment of the Hiyama cross-coupling (and especially the
fluoride free process) has appeared.

1.2.2 General mechanism of a cross-coupling reaction

The generally accepted mechanism of a cross-coupling is surprisingly
homogeneous, in spite of the huge variety of metal catalysts, ligands, and organic
reagents used. The three main steps are the oxidative addition, the transmetalation,
and the reductive elimination and are represented in Figure 1.2.2. Oxidative
addition and transmetalation are usually the most energetically demanding
processes of the coupling, the reductive elimination being considered as the easiest
step (even if this can be arguable in some cases).
R-R' R-X
LnPd®©)

Reductive Oxidative
elimination addition

M =B, Sn, Mg, Zn, Si...
R —R X=1,Br, Cl
LnPd!~ ., LnPdM~ L = phosphine, NHC...

Transmetallation

X-M R'—M
Figure 1.2.2 General mechanism of a palladium-catalyzed cross-coupling reaction.

However, even if the general three-steps pattern is followed by the vast majority of
cross-coupling reactions, the precise mechanistic picture is more complex and
highly dependant of the molecular components and the experimental conditions.
The oxidative addition step has been extensively studied computationally.”” *® It is
usually considered as one of the most energy demanding step of the catalytic cycle,
but no general rules can be drawn. Three pathways are usually considered for this
process, namely a dissociative pathway (with one of the ligands bound to the metal
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concomitant with displacement of one of the ligands (the organic halide binds the
metal concomitantly with the loss of one ligand), and, in the case of bisphosphine
complexes, a bisphosphine pathway where no ligands are leaving the coordination
sphere of the metal during the oxidative addition (this last case is usually discarded
for steric reasons, especially when very bulky ligands are used).

Reductive elimination has also been fairly studied in the past.”” The rates of this
process can vastly vary, depending on the electronic and steric properties of the
complexes.'” Nonetheless, computational efforts allowed the establishment of
general trends and the influence of some ligands could be rationalized.'®" '

In contrast, the transmetalation step is highly dependant of the particular cross-
coupling process, and the complexes involved. General rules are even more
complicate to determine for this process, but it is usually considered that it is
significantly demanding in energy.

The understanding of the precise events occurring in a cross-coupling will
ultimately allow the design of new improved reagents and help the development of
coupling using milder conditions. Part of this thesis is a modest attempt towards
this elusive goal.

1.2.3 Olefinic ligands in cross-coupling reactions

Olefinic ligands are ubiquitous in chemistry, and their fundamental role has been
highlighted recently.'® ' The effects of alkene ligands on the oxidative addition
of a cross-coupling catalytic cycle are rather well-understood. The reaction rate for
the olefin ligated palladium catalyst is believed to be slower than the non-ligated
species for that particular step. Particularly, dibenzylideneacetone (dba) is widely
considered as an olefinic ligand, and its behaviour has been studied in details by
Amatore and Jutand.'®> 1% Pd(dba), and Pd,(dba); are some of the most widely
used palladium pre-catalysts and the non-innocent role of dba in the oxidative
addition step has been established.'"”’” The presence of dba possibly stabilizes the
palladium catalyst, preventing is decomposition. However, dba also participates in
an equilibrium between the reactive species towards the oxidative addition (L,Pd,
where L, is typically a monodentate or a bidentate phosphine) and the much less
reactive species (the dba ligated catalyst L,Pd(dba)). The dba ligated species is the
main species in solution but the less reactive towards oxidative addition (as
depicted in Figure 1.2.3, k, < k). The concentration of the active species is then
controlled by the extent of the less reactive species. The type of ligand L (typically
a phosphine) has also an influence on the reaction rate but the concentration of dba
in solution is key in the process by affecting the availability of the reactive species.
We note that dba controls the rates of the oxidative addition, but is probably absent
from the transition state of this process.108
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Figure 1.2.3 Reactive species in the oxidative add1t10n step.

In contrast, olefinic ligands such as dba are known to have beneficial effects on the
reductive elimination step. Regarding the transmetalation process, the effect of dba
on the reaction rates or the mechanism is unknown. Figure 1.2.4 sums up the dba
effects (and more generally that of the olefinic ligands) on a cross-coupling

reaction.
A B
o
| RX
RE (olefinic, :
fK ( ) LnPd
ast

+ olefinic || - olefinic KOA(o/efinic)

i ligand
e ligand 9 slow
R-R' K (0) X
slow LnPd
Reductive Oxidative K OA
elimination addition fast
A__B - olefinic +|%223|C A - B
| ligand _R _— |
; R LnPd!~p. LnPdM~ !
LnPdI<__, + olefinic . - olefinic | ypg(!
R ligand Transmetalation ligand
X-M R'—M
KRE < KRE(o/efinic) KOA > KOA(o/efinic)

KTransm and KTransm(olefinic)

> No clear trends
Figure 1.2.4 Olefinic effects along the general cross-coupling catalytic cycle.

The role of dba on the transmetalation step of the fluoride-free silanolate coupling
will be studied in this thesis.
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The possibility to use aryl chlorides instead of aryl bromides and iodides has been
an important step towards the use of cheaper reagents with easier availability.'”"'"!
The stronger R-X bond when going up the halogen part of the periodic table makes
the oxidative addition step more difficult with chloride compounds than with
bromide or iodide reagents. The challenging coupling of alkyl organic compounds
was another major improvement.'' ' The use of simple alkane reagents (R-H)
instead of halide compounds (R-X), taking advantage of C-H bond activation
processes is now one of the forthcoming challenges.''* C-H activation and carbon-
carbon bond forming reaction are two very powerful tools for the synthesis of new
molecules. The development of methods which would take advantage of both
concepts will undoubtedly unravel exciting possibilities to build new molecular
scaffolds.

1.3 Density Functional theory : An overview

Foundations of the Density Functional theory (DFT) emerged at the beginning of
the 20th century, when the idea that the ground state energy of a given system and
its properties could be defined as a functional of the ground state electron density.
Enrico Fermi and Llewellyn Tomas independently developed a method, the so-
called Fermi-Tomas method, which gave a central role to the electron density in a
system of electrons.''> ''® After the work of Slater,'"” P. Hohenberg and W. Kohn
formally generalized this concept with two theorems that provided the basis of
DFT.""* The first theorem establishes that, in a given system consisting of electrons
moving under the influence of an external potential, the total energy of the given
system is a unique functional of the electron density. The second theorem
demonstrates that the density that minimizes the total energy of the system is the
ground-state energy of that system. A route to find the ground-state energy was
provided by the formalism published by W. Kohn and LJ. Sham in 1965."" The
Kohn-Sham equations can be expressed as follows:

E[p]zTS[p]+Idr Vo () P(r)+ Vi [o]+ E e [ ]

Where T is the Kohn-Sham kinetic energy, v,, the external potential, V,, the

Coulomb energy, and E . [p] is the exchange-correlation energy.'** The exchange-

correlation term is the most challenging term of the equation, and the quest for
more accurate DFT functionals are variations and improvements on how to address
this term. The E,.[p] is usually split in two separated terms, namely the exchange

term EY, and the correlation term EC. The former term is associated with the
interactions taking place between electrons of the same spin, when E€ is critical for
electrons of opposite spins. This functional, and then the two terms of the
exchange-correlation energy can be local or include the effect of the gradient. The
first approximation was the Local density Approximation (LDA) which considers
that the electron density is the same at each point of the space where the functional
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even for inhomogeneous systems. This LDA approximation was first proposed by
Dirac in 1920."' The Local Spin-Density Approximation (LSDA) included the
electron spin dependence in the description,''” and was designed for systems with
unpaired electrons. LDA functionals typically overestimate the ES term, while
underestimate the E¥ term, which results in a rather good description of the
exchange-correlation term. This cancellation of errors compensates the raw
approximation inherent to the LDA method.

The following major improvement was the consideration of the gradient of the
density. The Generalized Gradient Approximation (GGA) method takes into
account the fact that the electron density varies through the space, and as such, the
approximation is more complex than that of the LDA method. Functionals
following the GGA formalism typically estimate the energy of the systems with a
reasonable accuracy, improving the results obtained with LDA functionals. Their
performance is however limited in a number of cases. For example when accurate
descriptions of van der Waals interactions is needed.'” We also note that no
significant improvement is found for calculations in the solid state.'*® In a series of
publications, A.D. Becke developed this approximation,'**'*® together with
Perdew.'”"*! The formalism developed by Becke is based on empirical
parameters, while that of Perdew is derived through the physical concepts of
quantum chemistry. Among the numerous functionals following the GGA
approximation, are BP86,'** '** and BLYP.'** 1*?

A very popular class of functionals is the hybrid-GGA, which combine the
exchange-correlation term of the GGA approximation with a part of the Hartree-
Fock exchange. These functionals are now widely used because of the significant
improvement obtained for the description of a wide range of molecular properties.
The most popular hybrid functional is B3LYP,'** 1 132 but PBE1PBE"" '** is also
part of this family. The pure functional of Perdew, Burke and Ernzerhof (PBE) was
made into its hybrid form as the PBE1PBE or PBEO.

Meta-GGA (or kinetic energy) functionals, such as TPSS,"”* include some
additional semi-local components to the gradient (the Laplacian). Truhlar and co-
workers have developed the suite of meta-hybrid density functionals including
MO06, MO6HF, M062X, M05, and M052X."* Meta-hybrid-GGA functionals are
now increasingly used in chemical modelling, since some of them appear to
describe accurately molecular systems containing weak interactions (such as van
der Waals interactions).

In addition to mixing the HF-exchange into a given density functional, the
extended hybrid functionals developed by Grimme and co-workers are composed
of a fraction of the MP2 correlation energy calculated with hybrid DFT orbitals.'*®

Benchmarking the chemical system under study is a common practice in order to
assess the accuracy of the chosen functional on a given problem."””’ Among the
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been one of the most used since 1993.

It has been suggested that the progression in the DFT formalism development
could be seen as a five-rung ladder."*® In this pictorial representation, the first two
rungs would be occupied by the functionals following the LDA and GGA
approximations respectively, and the third one by the meta-GGA. The fourth rung
would by occupied by the hybrid and the hybrid-meta-GGA approximations. The
last one corresponds to the fully non local functionals, which are still under
development.

Heaven of chemical accuracy

rung 5 Fully non local
rung 4 Hybrid-GGA
rung 3 Meta-GGA
rung 2 GGA
rung 1 LDA

Earth (Hartree theory)

Figure 1.2.5 Ladder of accuracy comparing the generations of DFT functionals.

This scheme translates the idea that more complex functionals (developed through
more complex approximations climbing the ladder) describe more precisely the
electron density, and by extension provide more accurate descriptions of the
molecular properties of the system computed. Nonetheless, we note that the
complexity of the functional is not always translated in a better performance in the
description of a given system. Indeed, one can climb or descend the ladder
depending on their needs. In this line, the accuracy of the widely-used B3LYP
functional has been seriously challenged, especially with systems including
dispersion interaction.'” The highly parametrized M06 suite of functionals,'* and
B97D,"! and the inclusion of a dispersion factor on non-dispersive functionals are
the main corrections proposed to date.'** However, in a vast majority of cases,
B3LYP has been found competent in providing satisfying results, especially for
transition state search.'*

In this PhD thesis, various functionals will be used, namely, PBE1PBE, B3LYP,
MO06 and B97D.
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The first major objective of this doctoral thesis is a better understanding of the
chemical behavior of TpNbCH;(c-C3Hs)(MeCCMe) and related complexes, in
special their efficiency towards C-H activations recently reported by the group of
Prof. Etienne. The coordination of the cyclopropyl group to the metal center is
poorly understood. There seems to be a carbon-carbon agostic bonding between
one of the C-C bonds of the cyclopropyl ligand and the metal center, but this is
difficult to characterize from pure experimental data. The key reaction of this
complex with benzene is still poorly understood, and a theoretical calculation of the
energy profile can be helpful. The reaction of this complex with different
dimethylbenzenes yields a diversity of products involving alkyl or aryl C-H
activation which is difficult to understand. The migration reactions competing with
intermolecular C-H activation are also poorly understood, and they will be
investigated, in particular in terms of involvement of the alkyne ligand.

The second major objective of the thesis is the characterization of the mechanism
of cross-coupling processes with fluoride-free silicon reagents reported by the
group of Prof. Denmark. We will first aim to understand the transmetalation
processes in the two mechanisms, unactivated and activated, that have been
experimentally reported. The role of the phosphine ligand will be assessed, and the
viability of the Pd-O-Si type complex as an intermediate in the transmetalation will
be studied. The beneficial effect of dibenzylideneacetone (dba) on the coupling
must be clarified, and the possibility of a dba-assisted intermolecular
transmetalation will be investigated. Other interesting experimental observations
that remain unexplained are the selectivity issues induced by the use of crotyl
silanolates, and the role of chloroform when coupling heteroaromatic silanolates
with aryl halides will also be studied.

30



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDY OF C-H BOND CLEAVAGE AND C-C BOND FORMATION PROCESSES CATALYZED BY
TRANSITION METAL COMPLEXES

Abel Jean Serge Locati

DL:T. 278-2012

Chapter 2

C-H activation by niobium tris(pyrazolyl) alkyne
complexes
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The polypyrazolylborate anions (Tp) appeared as a new family of ligands in
1966."** ' The general structure is [RaB(pz)s.n], where R is a hydrogen, an alkyl
or an aryl substituent, and pz is a pyrazol-1-yl group, with n = 0, 1 or 2 (see the
schematic representation in Figure 2.0.1).

4-n
Figure 2.0.1 General representation of the polypyrazolylborate ligand.

One of the most commonly used is the tridentate ligand [HB(pz);]" (when n=1),
which is negatively charged and provides six electrons. Three coordination sites are
available, each pyrazolyl group being able to bind the metal. The ability of one of
the pyrazolyl groups to dissociate from the metal center, affording a bidentate form
of the ligand, keeping the last pyrazolyl group available to “sting” the metal over
the course of the reaction, let people call them scorpionates, in analogy with the tail
of a scorpion."*® A very rich chemistry has been developed.'” The group 5 of the
periodic table shows some examples.'**

Figure 2.0.2 represents the main complex which will be studied along this chapter
and schematically summarizes its reactivity.

TpVe? ligand

<~—— (4e)-donor alkyne, key role in
alkyl migration reactions (chapter 2

@ section 4)

‘L Loss of cyclopropane allows

Canting of the cyclopropyl group

towards the metal: C-H activation of benzene (chapter 2 section 2)
C-C agostic interaction (chapter 2 and various alkyl aromatics (chapter 2 section 3)
section 1)

Figure 2.0.2 Representation of the niobium complex studied over chapter 2, and
summary of its reactivity regarding its structural features.

This chapter will be built following the structural features of this complex. The first
section will be devoted to the study of the agostic interaction observed between one
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chapter will deal with the C-H activation ability of this niobium complex. Finally,
migration processes will be discussed in the last section.

2.1 A new criterion for the characterization of agostic C-C
interactions

Agostic interactions were extensively studied over the last decades. Since the term
was coined by Brookhart in 1983,> a multitude of complexes with agostic
interactions were isolated, and several reviews attempting to rationalize the
importance, the causes, and the consequences of these intriguing species were
published.*® > 3> % Among the possible type of interactions between a covalent
X-H bond and a transition metal, the C-H agostic structures are indeed very well
documented. In contrast, C-C agostic interactions are a more unusual phenomenon,
and have been described in only a few complexes."”*'*® They are even scarcer
when, together with the C-C agostic, some more common interactions between a
C-H bond and a metal are possible in the same complex.">” '*® In systems similar to
the ones we studied over the course of this thesis, C-H agostic complexes were
reported and analyzed exhaustively in the past.'*"'® We will instead focus on the
measurements of C-C agostic interactions in cyclopropyl rings of niobium
complexes, and the possibility to characterize them by NMR computed means.

In this section, we focus on a set of niobium complexes bearing a cyclopropyl
ligand with structural parameters indicative of a C-C agostic interaction between
one of the carbon-carbon bonds of the cyclopropyl and the metal. We will
introduce the use of Jcc coupling constants as a tool to magnify weak structural
parameters, and to reliably characterize C-C agostic interactions. The effect of the
adjacent ligand on the C-C interaction will be analyzed by screening a spectrum of
complexes, whose experimental isolation is challenging.

2.1.1 Computational methods

The stationary points were all computed using the Gaussian03 suite of program'®
at the PBE1PBE level,"* which showed reliable results for agostic systems.'®' The
Nb atom was described using an effective core potential (LANL2DZ) for the inner
electrons in conjunction with its associated double-£ basis set for the outer ones.'®*
195 An f-polarisation shell was added (exponent 0.9520).'%® The 6-31G(d) basis set
was used at C, N, B, H, O, Cl, Si and F atoms.'®" 168 NMR shifts and coupling
constants were computed using the Gauge-Independent Atomic Orbital (GIAO)
method as implemented in Gaussian03."'®
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In our study of the characterization of the agostic C-C interaction, we focus on a
small set of complexes which were experimentally isolated in the group of Prof.
Michel Etienne. The general structure of the niobium complexes studied in this
section is schematically represented in Figure 2.1.1, together with the atom
labelling used.

Figure 2.1.1 General structure of the complexes studied. Hydrogen atoms on the Tp
backbone and on the alkyne ligand are omitted for clarity.

Figure 2.1.2 depicts three isolated complexes of niobium where agostic interactions
are suspected: TpM*CH;(c-C3Hs)(MeCCMe) (1), TpM*NbCsHs(c-
C;Hs)(MeCCMe) (Ph_ag), and TpM**NbCl(c-C3Hs)(MeCCMe) (Cl_ag). Complex
1 should be logically labelled Me_ag, but since this complex will be referred
continuously throughout this chapter, it was deemed convenient to name it in the
simplest possible way. These three complexes were all synthetized and computed
by DFT means. In those, the R group of Figure 1.1.1 corresponds to a methyl, a
phenyl, and a chloride group respectively. The latter was the first to be
synthetized'™® and a C-C agostic interaction was observed by means of X-ray
spectra and computational analysis.'”® Later on, other complexes such as 1 and
Ph_ag were described, and systematic studies corroborated the presence of a C-C
agostic bonding between the C1-C3 bond and the niobium, when C-H agostic
isomers with a-C-H and B-C-H bonds could have been seen as reasonable
alternative.
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5 . )

1 Ph_ag Cl_ag
Figure 2.1.2 Computed structures of three isolated niobium complexes. Hydrogen
atoms and methyl groups on the Tp backbone and on the alkyne ligand are omitted
for clarity.

For comparison with the C-C agostic structures depicted in Figure 2.1.2, a non
agostic iron complex was synthetized.'”' In contrast to the niobium species,
compound CpFe(CO)(PPhs)(c-CsHs) (Fe_ag) can be considered as unambiguously
nonagostic. The electron count in this case is 18, and interaction between the
carbon-carbon bond of the cyclopropyl group and iron is excluded. The structure,
together with the numbering scheme, is shown in Figure 2.1.3.

Fe ag

Figure 2.1.3 CpFe(CO)(PPh;3)(c-CsHs) complex. Hydrogen atoms on the Cp ligand
and on the phosphine are omitted for clarity.
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2.1.3 Use of NMR coupling constants Jcc to characterize agostic
interactions in niobium complexes

2.1.3.1 Structural parameters

In Table 2.1.1 we show the most relevant structural data for the four compounds
presented above, namely 1, Ph_ag, Cl_ag, Fe_ag. The available experimental data
are collected together with the computed parameters. The key carbon-carbon
distances of the cyclopropyl group are shown. Note that no reliable experimental
values could be obtained for complex 1, due to a disordered structure. The angles
formed between these carbon-carbon bonds are also reported together with the Nb-
C1-C2, Nb-CI1-C3, and Nb-C1-H1 angles because these are the geometrical
parameters traditionally used to characterize an agostic interaction with a metal
center.

Table 2.1.1 Computed and experimental (in italics) structural parameters for 1,
Ph_ag, Cl_ag, Fe_ag.

1 Ph_ag Cl_ag Fe_ag
d(C1-C2) 1.51/n.0.” 1.51/1.51 1.50/1.49 1.51/1.49
d(C2-C3) 1.49/n.o.” 1.49/1.48 1.49/1.48 1.50/ 1.49
d(C1-C3) 1.53/n.0.“ 1.53/1.52 1.53/1.54 1.50/1.48
C1-C2-C3 61.4 61.5 61.6 59.9/59.4
C1-C3-C2 59.9 59.8 59.7 60.2/60.3
C2-C1-C3 58.6 58.7 58.7 59.8/60.2
Nb-C1-C2 129.2 131.1 131.4 123.1/125.1
Nb-C1-C3 118.6 112.2 115.3 129.8/130.7
Nb-C1-H1 113.0 113.7 112.4 111.2/110.6

“n.0. : Not measurable because of disorder.

A number of geometrical features are relevant in this set of compounds. In all four
complexes, the computed C1-C2 distances are very similar, between 1.50 and 1.51
A. The same is observed for the C2-C3 distances, with values around 1.49 A. The
C1-C3 distance is slightly elongated at 1.53 A for 1, Ph_ag, and Cl_ag. No such
distortion is observed in the non agostic complex Fe ag. We note that the
computed distances mirror the available experimental values, with differences of
only 0.01 A. This gives confidence in the distances computed for complex 1, where
no distances could be obtained. The angles formed between the three carbons of the
ring are very similar. They seem then unaffected by the presence or the absence of
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smaller than Nb-C1-C2 in the agostic complexes. In 1, Ph_ag, and Cl_ag, the Nb-
C1-C3 angles are more acute by around 15 degrees than Nb-C1-C2.

Put together, all these parameters (elongation of C1-C3 and acute Nb-C1-C3 angle)
confirm the canting of the cyclopropyl group toward the metal centre for the three
niobium complexes. The geometrical parameters then clearly account for an agostic
interaction. In marked contrast, in the electronically saturated iron complex, no
carbon-carbon distortion, neither canting of the cyclopropyl group can be observed.
Even if the elongation of the C1-C3 bond distance is relatively significant, the
distortions observed are rather small. From an experimental point of view, such
tiny differences can be difficult to observe, and obtain some of the structural
features is challenging with these niobium complexes (like for complex 1 where the
X-Ray structure appears disordered). Even if the computational methods used
allow us to be more confident for such small distortions, we looked for a more
reliable probe of these agostic interactions.

2.1.3.2 Experimental Jcc values

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique widely used in
many scientific fields. Many different experiments are available to determine the
structure of chemical compounds. Among them, some 1D-NMR techniques are
used to get information on the connectivity between different types of nuclei
(carbons, protons...), and elucidate the structure of challenging compounds. The
use of the 1D INADEQUATE (Incredible Natural Abundance Double Quantum
Transfer Experiment) sequence'’”” enables the characterization of the coupling
constants associated between neighbouring carbon centers. The main issue is that
such measurements face some technical problems. Coupling constants between
protons is a routine task because of the abundance of these in nature. It is different
with the carbons. '°C are inactive through NMR techniques, and the natural
abundance of the measured "°C is low (about 1%). The probability of having two
neighbouring carbons in the same molecule is then very low. Nevertheless,
suppression of the main carbon signal is possible through the INADEQUATE
technique, which allows measurement of the *C-">C coupling constant with a
reasonable accuracy in most cases. The sensitivity of this method is not always
optimal. Even if significant improvements have been made in the development of
this technique, some issues preclude reliable measures in critical cases.
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Figure 2.1.4 *C INADEQUATE spectrum of compound 1.

Figure 2.1.4 shows the representative spectrum of complex 1. C2 appears as a
doublet of doublets, and C3 consists of a simple doublet. The coupling constant Jc¢
of carbon C3 can be assigned as 15 Hz. We can then assign the value of 15 Hz of
one of the doublets of carbon C2 to that of the coupling constants between C2 and
C3 and the second coupling constant of 9 Hz can then be assigned for Jcac;. The
fact that a single doublet is observed for C3 means that the coupling between C3
and C1 should be smaller than 3 Hz. No coupling constants could be

experimentally determined for C1 for technical reasons, the signal appears too
broad.

In the case of cyclopropane, all three Jc¢ values are around 12 Hz.

Concerning complexes Ph_ag and Cl_ag, the spectra obtained are similar.
Coupling constants could be assigned for Jeoc3 and Jeocs, but only an estimation
could be made for the bond where an agostic bonding is present. Specifically, with
complex Cl_ag, Jc;c3 was impossible to measure because the signal was masked
by the methyl groups on the Tp backbone.

For complex Fe_ag, the Joc values are all between 10 and 12 Hz. The values can
be then considered as broadly homogeneous in the complex where no agostic
interactions are suspected.

Table 2.1.2 collects all the experimental data for the coupling constants.
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1 Ph_ag Cl_ag Fe ag
Jeicz 11 n.o. 9 10/11
Jeoes 15 15 15 10/12
Jeics <3 <3 <3 11/12

There is thus a significant lowering of the carbon-carbon coupling constant when
an agostic interaction is present. Differences in Joc are numerically much more
significant than in the C-C distances. This looks thus as an appealing technique for
agostic characterization. Experimental acquisition of the coupling constants is
however a very challenging task. In our case, assignment of the coupling constants
of the cyclopropyl group is incomplete. Characterization of the Jc¢ of the agostic
bond by this method does not seem significantly more feasible than through the use
of the structural parameters shown above. Therefore, we turned to computation to
get the missing values.

2.1.3.3 Computed NMR parameters on experimentally isolated
complexes

Computing NMR parameters by DFT means is generally a much easier task than
performing experimental measures.'” The reliability of computational NMR for
organometallic compounds has been established in many occasions.'”* We first
computed the chemical shifts for the niobium complexes. For the sake of
comparison, the values of cyclopropane are also shown. The Gaussian 03 suite of
program gives absolute values of magnetic shielding, and calculated values can be
referenced to that of tetramethylsilane (TMS) which is the commonly-accepted
standard for NMR spectroscopy. Nevertheless, we will not compare the chemical
shifts to the experimental values, so only the absolutes values are reported here.
The chemical shifts of the atoms of the cyclopropyl ring and that of the metal
center are collected in Table 2.1.3.
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and complexes 1, Ph_ag and CI1_ag.

1 Ph_ag Cl_ag Cyclopropane

Nb -372.0 -351.1 -346.6 o

Cl 143.7 132.3 131.6 194.1
C2 179.4 179.5 177.4 194.1
C3 173.1 170.5 171.0 194.1
HI 30.5 29.7 29.8 31.7
H2 31.5 313 313 31.7
H3 30.5 30.0 30.1 31.7
H4 31.1 30.8 31.3 31.7
HS5 30.8 30.2 30.8 31.7

The vicinal metal center has a clear (and expected) influence on the chemical shift
of Cl1. C3 is slightly more upfield than C2. All the hydrogen chemical shifts are
very similar, and no significant changes compared to the hydrogen atoms and
carbons of cyclopropane are observed. We then computed the presumably more

informative coupling constants Jcc (Table 2.1.4)

Table 2.1.4 Computed values for the main coupling constants (in Hz) of

cyclopropane and complexes 1, Ph_ag and Cl_ag.

Ph_ag 1 Cl_ag Fe ag Cyclopropane

JInbci -1.4 -1.3 -1.5

JInbes -0.001 -0.07 -0.05

JInbe2 -0.2 -0.2 -0.2

Jeim 144.2 141.3 145.9 150.3
Jesw 150.8 151.0 151.2 150.3
Jesns 155.2 153.8 157.6 150.3
Jeons 150.0 149.8 150.4 150.3
Jeans 153.6 152.9 152.2 150.3
Jeiez 9.5 8.1 9.8 10.7 15.1
Jeacs 16.5 17.2 16.8 15.5 15.1
Jeics -1.0 1.0 0.5 13.8 15.1
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values are in perfect agreement with the available experimental values collected in
Table 2.1.2. The Jcc¢ values associated to the C2-C3 distances are similar along the
three computed complexes (values between 16.5 and 17.2), and are very close to
the experimental observations (experimental values around 15). For the C1-C2
bond, the reported experimental values are also in the range of the computed ones.
In the case of complex Ph_ag, where no assignment of Jc¢ for this bond was
possible, a value of 9.5 Hz has been computed. In the case of the most distorted
distance (C1-C3), Jcc experimental values were found to be below 3 Hz. The
calculations allowed us to obtain more precise values. Thanks to these
comparisons, we can consider that our method is reliable enough to characterize
agostic interactions when no experimental data are available. We also note than the
Jeics values are comparable along the three complexes, suggesting that the agostic
interaction is rather similar for the three neighbouring ligands considered.

2.1.3.4 Computed NMR parameters of complexes not synthetized

Confident in the fact that the computing of the coupling constants is a more
sensitive tool than measuring distances to characterize agostic interactions, we
decided to study a series of niobium complexes. To analyze the influence of the
ligand, we computed several complexes of the type Tp™**NbR(c-C3Hs)(MeCCMe),

with R = F, SiH;, H, @, CN, NO,, NH,, NMe,, OMe. We thus widened the
electronic and steric spectrum of the possible ligands bound to the metal centre.
None of these complexes were synthetized, and their computations appear thus
especially interesting. In Table 2.1.5, we report the key distances and the coupling
constants of the cyclopropyl ring in these complexes.

Table 2.1.5 Coupling constants (in Hz) and key geometrical parameters (in A) of
the cyclopropyl ring of various computed niobium complexes.

R F SiH3 H 7] CN NO, NH, NMe, OMe

dC1-C2) 151 1.50 149 148 150 1.51 151 1.51 1.51
dC2-C3) 149 149 149 151 1.50 149 1.49 1.49 1.49
dC1-C3) 153 1.54 154 154 154 152 152 1.52 1.53
Jeic: 103 10.1 98 11.8 94 7.4 7.6 8.8 9.1
Jeaes 168 17.1 150 11.5 154 168 169 17.3 17.2
Jeies 08 -15 -58 87 -47 42 4.4 3.7 2.0

In all cases, we observe a dramatic lowering of the coupling constants Jc;c3
compared to that of the other two. Jc;c2 is also significantly below Jcacs, but the
magnitude of the lowering is smaller in all the complexes computed. It is
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coupling constants values. The compounds with negative values all have C1-C3
distances as elongated as 1.54 A. In the case of coupling constants between 3.7 Hz
and 4.4 Hz (when R = NO,, NH,, NMe,), the distance is slightly less elongated at
1.52 A. This supports again the vision of the coupling constants as a tool to
magnify the elongated distances of an agostic geometry.

We observe than in the cases of a strong vicinal © donor ligand (R = NH,, NMe,),
the values of the coupling constants Jc;c; are slightly higher than the values
obtained with complexes 1, Ph_ag and Cl_ag. The electronic saturation of the
metal due to this strong m donor ligand might induce a weaker agostic interaction
with the cyclopropyl group. On the opposite, strong ¢ donors such as SiHjz or a
simple hydride show stronger agostic characters translated by lower coupling

constants values. The same is observed when no ligand is placed (R = @). This
might also be explained by steric reasons, especially if we consider the case where
there is no adjacent ligand. In such case, the value is even lower, and the canting of
the cyclopropyl group might be favoured by the larger amount of available space.
The case of R = NO; is particular. A n? interaction is taken in that case. This can be
explained by steric and electronic reasons. As previously mentioned, the electronic
mechanisms of the agostic interactions observed in these complexes are beyond the
scope of this thesis. The point we would like to emphasize here is that the agostic
character can be tuned by the electronic properties of an adjacent ligand.

At this point, we should mention than such lowering in the coupling constants of a
cyclopropyl backbone is not unprecedented. Lowering of J-c was already reported
in the literature in organic molecules, namely silyl-substituted cyclopropene
molecules.'”™ ' But in these cases, the lowering appeared symmetrically in two of
the bonds of the ring. Several works also reported the use of coupling constants in
organometallic systems to account for an agostic interaction. In Figure 2.1.5, we
show an example of a C-C agostic bonding where the coupling constants were used
to studied the agostic character of the interaction.'”’ Nonetheless, the current work
is the first example where such a lowering in the coupling constants is described in
the case of an organometallic system bearing a cyclopropyl ligand.

Ti_ag

Figure 2.1.5 Example of an organometallic system where coupling constants have
been used to characterize a CC agostic interaction.
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Computing the coupling constants of the cyclopropyl backbone is a reliable and
affordable method for the identification of agostic C-C interactions. Jc¢ follows the
trend of the affected geometrical parameters, magnifying the distortions observed.
These can also be useful in the cases which experimental values are impossible to
obtain for technical reasons. The relation between the electronic and steric features
of the adjacent ligand and the strength of the agostic interaction is more difficult to
assess. A combination of steric and electronic parameters can be responsible for
this in every complex considered and a reasonable explanation can be found for
each ligand.

2.2 Activation of benzene by a niobium complex

One of the most interesting features of compound Tp“**NbCHs(c-
CsHs)(MeCCMe) (1) is its ability to activate the C-H bond of benzene. The
reaction depicted in Figure 2.2.1 has been experimentally reported by the group of
Prof. Michel Etienne.'”” When complex Tp™**NbCH;(c-C3Hs)(MeCCMe) (1) is put
in a solution of benzene, it activates sequentially two aromatic C-H bonds.
Complex 1 first loses methane which allows activation of a molecule of benzene
and formation of complex Tp“'“*NbPh(c-C3Hs)(MeCCMe) (2). Then, complex 2
eliminates cyclopropane and generates the diphenyl complex Tp“**NbPhy(c-
C;Hs)(MeCCMe) through activation of a second molecule of benzene. The first
step occurs at room temperature, the second one at 323 K. To shed light on the
putative intermediates, the general mechanism, and the reasons of the unusual
reactivity of this niobium complex, we undertook a computational characterization
of the key intermediates by DFT means.

We will first enumerate the common mechanisms admitted for C-H activation
reactions. After determination of the key intermediates, the full computed profile
will be shown. Structures of transition states and intermediates will be discussed.
Finally, the key role of the cyclopropyl ligand will be highlighted.

Ry

Figure 2.2.1 Activation of benzene by Tp™*“*NbCH3(c-C3Hs)(MeCCMe).
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In this section, the MO06 functional*> '** has been used as implemented in the
Gaussian09 suite of program.'” Nb was described with the SDD effective core
potential for the inner electrons and its associated basis set for the outer ones.'” All
the other atoms were treated with the standard 6-31G(d) basis set.'®” '®® All energy
values in this part are free energy values (in kcal/mol) including solvation (solvent
treatment by the SMD method).'® The reason why this functional was used in this
part (instead of PBEIPBE'" used in the agostic study) is the better agreement
obtained with MO06 regarding the kinetic constants. Experimental and
computational values were indeed found very close. The whole profile was also
computed by means of the PBEIPBE functional, and no substantial differences
were found in the mechanism or in the structures. All transition states computed
have only one imaginary frequency, and were connected to the corresponding
minima by relaxing the transition state geometry towards the reactant and the
product.

2.2.2 Possible intermediates and computed energy profile

The possibility of an oxidative addition mechanism could be discarded due to a
zeroth order in benzene in the reaction depicted in Figure 2.2.1. Generation of
alkylidene and alkene intermediates of equations (4) and (5) can be made through
o-H abstraction and B-H abstraction respectively. Below are shown these two types
of hydrogen transfer.

-R

K Lv LM
LMy —— | ™ NH — N +  R-H (1)

Rl Rl R'

Alkylidene intermediate

R R R"
LM 4 — LM Y| —— BV + R-H (2

Rl " Y\Rll R'

Rl

Alkene intermediate
Figure 2.2.3 a-H and B-H abstraction mechanisms in L,M(alkyl), complexes.

The equation (1) depicted in the upper portion of Figure 2.2.3 corresponds to the
formation of an alkylidene intermediate generated through an o-H abstraction. The
hydrogen in a from the metal center is transferred to the alkyl group R, which
generates the alkylidene concomitant with the release of a molecule of alkane. Such
transformations are well known in dialkyl complexes of group 5."*"" ' The group
of Legzdins reported many C-H bond activation reactions by tungsten,'®'* and
molybdenum complexes where an alkylidene holds the key role in the activation.
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triple bond counterparts of such unsaturated intermediates, namely alkylidyne
complexes (with a M=C bond) were also synthetized for titanium.*" ** In equation
(2), depicted in the lower portion of Figure 2.2.3, the B hydrogen is similarly
transferred to the vicinal alkyl group which generates an alkene intermediate,
together with loss of an alkane molecule. Examples of n’-diene,'®® ' n*
alkyne,"”*'%%, n’-allene'”> '**, or n’-styrene'”” which activate C-H bonds are fairly
common in the literature. However, facile loss of the simpler n’*-alkene ligand
through -H abstraction usually causes decomposition of the complex, making this
type of intermediate typically unstable. Subsequent intermolecular C-H activation

. . ) . . 1
reactions are consequently more scarce with n*-alkene intermediates.'”°

Consequently, in many C-H activation reactions with transition-metal complexes,
an o-H abstraction type mechanism is intuitively the first mechanism considered,
and alkylidene intermediates are the species more likely to be generated.

Guided by these general mechanistic considerations, we computed the two possible
intermediates for the first C-H bond activation, between complex 1 and 2. A is the
intermediate generated by a B-hydrogen abstraction and A’ is formed through an a-
hydrogen abstraction. In both cases, there is concomitant loss of a molecule of
methane. Figure 2.2.4 shows the two possible intermediates.

Figure 2.2.4 n’-cycloproprene A and cyclopropylidene A’ complexes proposed for
the first activation of benzene by complex 1.

Unexpectedly, the alkene intermediate appears more stable than the alkylidene
complex. The energy difference between A and A’ is 3.3 kcal/mol. Furthermore, A
has been trapped in the reaction media by a Lewis base (pyridine), and X-Ray
characterization could be obtained. This, together with the relative stabilities of
these two species, allows us to be confident that the key intermediate between 1
and 2 is a n’-cyclopropene complex. The structure of A will be commented later.
The fact that the common alkylidene intermediate is unlikely in this reaction is of
importance. As we previously said, many C-H bond activation reactions were
found to occur through these species. In contrast, considering the known instability
of alkene complexes arising from [-H abstraction, the C-H activation processes
through this type of intermediates is highly unusual. With this in mind, we
undertook the computation of the full reaction profile, depicted in Figure 2.2.5.
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Figure 2.2.5 Full energy profile for the activation of benzene by complex 1. Free energies in kcal/mol (including solvation).
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After loss of methane (from 1 to A), C-H activation of a first molecule of benzene
(from A to 2) takes place. Subsequently, the cyclopropyl group is leaving the metal
coordination sphere as a molecule of cyclopropane (2 = B). Generation of B
allows activation of a second molecule of benzene (B = 3). 1, 2 and 3 are the
complexes isolated experimentally, and A and B are the key intermediates for each
of the two activation steps.

In each of the transition states computed, a hydrogen transfer takes place which
leads to a sigma complex where a molecule of alkane (methane, cyclopropane) or
benzene is weakly interacting with the complex. Transition states between these
weak van-der-Waals complexes and the corresponding intermediates were not
computed, because the barriers are expected to be low. In any case, the barriers of
the hydrogen transfers should be higher. Moreover, calculation of transition states
for such dissociative processes are usually technically challenging. We focus on the
four transition states and the key intermediates and leave aside the sigma
complexes. The main structures of this profile are detailed below.

2.2.3 Key intermediate structures

Figure 2.2.6 depicts the key intermediates for the two activations. A is an
unsaturated cyclopropene complex, and B an unsaturated benzyne complex.

R

2.13
/@\ 2.15
148 71 49V 1.49

1.37

A B
Figure 2.2.6 Unsaturated key intermediates A and B along the profile.

48



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDY OF C-H BOND CLEAVAGE AND C-C BOND FORMATION PROCESSES CATALYZED BY
TRANSITION METAL COMPLEXES

Abel Jean Serge Locati

DL:T.

278-2012

The cyclopropene and the benzyne complexes both interact with the metal in a n*
fashion. In A, the carbon-carbon distance of the cyclopropyl group (1.48 A) is
notably elongated compared to the corresponding distance in free cyclopropene
(computed at 1.29 A at the same level of theory). This long distance reveals
substantial back-bonding from the metal and is indicative of a metallacyclic
resonance. This is why we use this type of bonding in the drawings along the
manuscript. The Nb-C(alkyl) distances lie at 2.13 A and 2.15 A. The alkyne ligand
parameters are also of interest. The 1.32 A carbon-carbon distance is very close
from that of a double bond, and the Nb-C(alkyne) bond lengths are 2.06 A and 2.09
A. All these bond lengths (short Nb-C(alkyne) and long C(alkyne)-C(alkyne)) are
comparable to that of the trapped product Tp“**Nb(c-C3H,)(NCsHs)(MeCCMe)

characterized by X-Ray,'”’ and support a four-electron donating alkyne ligand."”™
199

It is also important to note that two conformers of very similar energy have been
found for A. The most stable one has the CH; of the three-member ring pointing
towards the wedge formed by two of the arms of the Tp ligand. The other one is
directed out of this wedge and is slightly less stable.

Intermediate B is found along the pathway between 2 and 3. It has been trapped by
addition of PMes in the reaction mixture and the trapped products were fully
characterized by X-ray diffractions which confirmed the n* coordination of the
benzyne ligand. Contrary to cyclopropene complexes such as A, benzyne, and more
generally aryne intermediates are fairly common in organometallic chemistry.
Zirconium®” and molybdenum®' complexes are among the examples found in the
literature for early transition metals. In group 5, niobium,*** *** vanadium,”* and
tantalum™” complexes were reported. At the other side of the periodic table,
ruthenium complexes which activate C-H (but also C-C, N-H, and O-H) bonds
have been synthetized.””> Such compounds are usually found as intermediate
species in C-H activation processes, and a plethora of reactions have been
reported.”*® In our case, the benzyne intermediate B has the carbon-carbon distance
slightly reduced compared to the other bonds of the aromatic ring (1.37 A vs. 1.40
A for the other C-C distances, which are also the typical bond lengths of free
benzene). Carbon-niobium distances are rather similar at 2.10 A and 2.12 A.
Regarding the alkyne ligand, the bond lengths are comparable to that found in
intermediate A, with a C(alkyne)-C(alkyne) distance of 1.32 A, and C(alkyne)-Nb
bond lengths of 2.08 A and 2.10 A. No substantial differences between complexes
A and B for this ligand is thus observed.

2.2.4 Transition state structures

Figure 2.2.7 depicts the two first transition states corresponding to the activation of
the first molecule of benzene: TS1A and TSA2.
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Figure 2.2.7 Computed transition states TS1A and TSA2.

TS1A corresponds to the hydrogen transfer from the cyclopropyl group to the
leaving methyl ligand. The Nb-C(methyl) and the C(f)-H bonds are cleaved and
the C(methyl)-H and C(f)-Nb bonds are formed. In TSA2, the Nb-C(Ar) and the
C(B)-H bonds are formed while the C(Ar)-H and C(3)-Nb bonds are cleaved. This
transition state illustrates the benzene entering the metal coordination sphere. In
TS1A, the B carbon of the cyclopropyl group is rather close to the metal centre,
with a C(B)-Nb distance of 2.28 A. The C(a)-Nb distance is at 2.17 A. The carbon-
metal distances of the cyclopropyl ligand in TSA2 are virtually the same with a
C(a)-Nb distance of 2.17 A and a C(B)-Nb distance of 2.28 A. The C(a)-C(B)
distance is 1.46 A for both transition states. The C-Nb distances of the leaving /
entering group are also very similar: 2.46 A in the case of C(methyl)-Nb (TS1A)
and 2.48 A for C(Ar)-Nb (TSA2). In both transition states, the hydrogen atom is
midway between the carbons of the two groups. In the case of TS1A, the hydrogen
transferred is 1.49 A away from the cyclopropyl ligand and 1.44 A from the
methyl. For TSA2, the H atom is 1.52 A from the cyclopropyl and 1.38 A from the
methyl. These two transition states have then very similar structural features.
Energetically they are also very comparable, TS1A being higher than TSA2 by 2.4
kcal/mol only.
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step of the reaction.

°
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TS2B TSB3
Figure 2.2.8 Computed transition states TS2B and TSB3.

In TS2B, the H-C(Ar) and the C(cyclop)-Nb bonds are cleaved and the C(cyclop)-
H and C(Ar)-Nb bonds are formed. In TSB3, the Nb-C(Ar2) and the C(Arl)-H
bonds are formed while the C(Ar2)-H and C(Arl)-Nb bonds are cleaved. The
distances between the hydrogen and the leaving/entering groups are very similar to
those of the structures of the first activation. In both cases, the aryl group shows an
n’-like geometry, with one of the C(Ar)-Nb distances being 2.14 A in TS2B (2.15
A in TSB3) The other C(Ar)-Nb distance (the one between the carbon where the
hydrogen transfer occurs and the metal) is of 2.24 A in TS2B (2.22 A for TSB3).

TS2B is the highest of the transition states computed (29.7 kcal/mol higher than the
first complex), and is 3.4 kcal/mol higher than TSB3.
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2.2.5.1 Rate constants

Having characterized the mechanism of the reaction, we had a more careful look at
the rate constants, in order to assess the reliability of the barriers computed. The
profile is depicted again in Figure 1.2.9, this time with only the key intermediates
and the nomenclature for the rate constants.
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Figure 2.2.9 General profile for benzene activation by complex 1 with inclusion of
rate constants.

Table 2.2.1 reports the normalized rate constants obtained experimentally for this
reaction. Concentrations of A and B could not be measured, so absolute values k.,
ks and k3, and k4 could not be obtained. Therefore, only the ratios k_/k, and k.3/k4
are reported. The DFT values are also collected in Table 2.2.1.

To calculate the rate constants from our computed energy values, we used the
equation (3) developed by Eyring-Polanyi,”” which is derived from the Arrhenius

equation:
1) 2%%)
h

where k is the rate constant, k, is the Boltzmann's constant, 7" the temperature in

Kelvin, AG is the free energy of activation, / is Planck's constant, and R the ideal
gas constant (1.985 cal.K™'.mol™). The pre-exponential factor is considered equal in
the reactions, so this term is cancelled for the determination of the relative rate
constants. The temperature was set to 298.15 K. In the table we report directly the
normalized rates in order to compare them with the experimental values.
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k, k- ks ks ka/ky k-y/ks
(24+02) (3+1) (1.53+0.06) (8+2) 03+ 12+
eXp.rate comstants 4027 107 x107 <104 02 04
exp. normalized 1 0.13 0.06 003 03 1.2
rate constants
comp. normalized
1 0.21 0.0003 0.01 05 037

rate constants

Agreement with experimental values is satisfying, with small discrepancies. The
rates and the ratios have mainly the same order of magnitude, except for ks. It
should be stressed that a change of only a few kcals in the barriers would lead to a
greater variation in the rate constants. Thus the values can be considered
reasonably good.

2.2.5.2 Correlation between C-H activation and Bond
Dissociation Energies (BDE)

The range of activation barriers in the profile depicted in Figure 2.2.5 is quite
narrow, the energy difference between the highest and the lowest transition state
being only 3.4 kcal/mol. The difference between 1 and 3 is only 4.8 kcal/mol. A
and 1 are isoenergetic. The four transition states have very similar energetics and
show very similar geometrical features. Along the profile, three species are
activated:

e Methane: between Sigl and TS1A (barrier of 18.6 kcal/mol).

e Benzene: between Sig2 and TSA2 and between Sigd and TSB3 (barriers of
18.4 and 19.6 kcal/mol respectively).

e Cyclopropane: between Sig3 and TS2B (barrier of 20.1 kcal/mol).

The activation energies then follow this scale:
CH; < CgHg < C-(C3H5)

The barriers for the activation of these small molecules are rather similar. This is
rather surprising because the bond dissociation energies (BDE) of these three
species (methane, cyclopropane and benzene) are not in the same order, methane
having the lowest BDE, benzene the highest, and cyclopropane being in between
(see Figure 2.2.10)."
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Figure 2.2.10 C-H Bond Dissociation Energies for the three molecules considered
in kcal/mol.

There is then a clear discrepancy between the barriers obtained for the activation of
these species and their known BDE. For instance, the barrier for the activation of
cyclopropane should be lower than the one corresponding to the activation of
benzene.

We consider the method used and the level of theory (calculations on the real
system with the M06 functional with solvation effects included) reliable. Therefore,
we do not believe that the absence of relation between the BDEs and the barriers
computed is due to a computational artefact. This apparent contradiction would
rather suggest that this niobium complex is insensitive to the bond strength of the
C-H bond it activates (the C-H bond being from an aromatic compound, from a sp’
carbon of a strained ring, or from a simple alkane). In other words, complex 1 does
not discriminate too much the molecule activated.

2.2.6 Role of the cyclopropyl ligand

We emphasized at the beginning of this section that n’-alkene intermediates
showing such reactivity are very unusual. Decomposition of this kind of complexes
through alkene loss makes their synthesis typically difficult. Similarly, in the
TpM*NbMe(R)(MeCCMe) family of compounds, no complexes bearing an acyclic
alkyl ligand R could be synthetized.

We therefore computed the acyclic complex TpMeZNbCHg(C2H4)(MeCCMe) (Aet),
in order to assess the effect of the strain of the alkene ligand on its bonding with the
metal center. We calculated the ligand exchange process depicted in equation (4).
The reaction is clearly endergonic, with 15.3 kcal/mol needed to undertake the
ligand exchange.

A + CyHy — Aet + CjHg 4)
+ 15.3 kcal/moal

If we compare the bond distances of the intermediates represented in Figure 2.2.11,
the Nb-C bonds are shorter in A than in Aet. The cyclopropene ligand is around
0.08 A closer to the metal than in its acyclic counterpart. The interaction between
this ligand and the metal is therefore stronger in A than it is Aet. The ring strain of
the three-membered ring is most probably responsible of this stronger binding.
Because of the weaker interaction between the acyclic ligand and the metal center,
the alkene loss is likely to be easy with Aet, at least easier than in the case of its
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Figure 2.2.11 Comparison of bond lengths in n*-cyclopopene (A) and n’*-ethene
(Aet) intermediates.

C-H bond activation is then possible with complex A because of the ring strain of
the cyclopropyl group which prevents further decomposition (due to a strong
binding between the cyclopropene ligand and the metal center), and then allows C-
H bond activation to be a competitive process.

2.2.7 Concluding remarks

The mechanism of C-H bond activation of benzene by the Tp““*NbCHj(c-
Cs;Hs)(MeCCMe) complex has been rationalized by DFT means. The key
intermediate is an unusual n’-cyclopropene complex. Computed kinetic constants
were found to be in reasonable agreement with the experimental values. The
complex was found rather insensible to the C-H bond it activates. We found that
the unusual reactivity of this cyclopropene complex is due to the ring strain of the
cyclopropyl ligand. The strong binding between this ligand and the metal allows C-
H activation to compete with the ligand dissociation process.

2.3 Aromatic vs. benzylic C-H activation of
dimethylbenzenes

We have discussed in the previous section the mechanism of C-H activation in
benzene by the niobium complexes under study. This is a remarkable reaction, but
it is simple in the sense that there are no selectivity problems invol