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Preface

Long time ago, a younger version of myself decided to join the computational chemistry
community in blind way. No regrets nowadays, it was totally worthy. Nobody could expect
the outstanding and extensive knowledge I have received during these years of research
training. I have learnt the potential of computation in resolving chemical problems as well
as in understanding the essential engine of phenomena. After all, the final outcome has been

captured in the text you already have in your hands.

The dissertation I proudly present here pursues to reflect both the competence and the
impact of computational chemistry in the organometallic chemistry scene. Forthcoming
chapters are lightly overviewed as follows. /ntroduction gathers the general concepts of the
topics under further discussion and provides a simplistic sketch of the theoretical
methodology employed. Objectives points towards the general targets this work pretends to
achieve. The body of the results is divided into three different parts. Structure analyses the
geometry of paramagnetic Pt(III) complexes and evaluate the presence of agostic
interactions in low-coordinate Pt(II) species. Reactivity unravels the reaction mechanisms
of selected transition metal-mediated processes, i.e., C-H bond activation and cross-coupling
reactions. Properties applies several computational methods to reproduce and predict some
properties of transition metal compounds, in particular, NMR chemical shifts and acid
dissociation constants. Conclusions collects the most important remarks obtained along the
study. Ultimately, in Annex A and Annex B one can find the first page of the published

material I am co-author of.

I hope you enjoy the dissertation as much as I did. Thanks for reading and have fun!

Manu
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INTRODUCTION

You don’t need to be a genius to do chemistry;

you just need to be smarter than molecules.

John E. Anthony in The Organometallic Reader






1. Organometallic Chemistry

Coordination chemistry concerns a certain sort of compounds —mnamed coordination
complexes— in which a metal binds molecules or ions, so-called ligands. As a part of this
area of expertise, organometallic chemistry manages to join organic and inorganic worlds,
taking advantage from both of them (Figure 1.1). Common organic chemistry is plenty of
covalent bonds and relatively restricted valences, whereas inorganic species exhibit ionic
and dative bonds in a wide range of oxidation states. As a bridge between them,
organometallic chemistry is constituted by inorganic metal centres, M, bounded to organic
ligands, L. It mostly entails compounds that contain M-C or M-H bonds. However, closely
related species frequently become relevant in organometallic processes, and the previous
definition could seem too strict. In these cases, the previous statement is kindly broadened

to include additional moieties, such as M—O or M-N bonding interactions.!?

Organometallic

Figure 1.1 Venn diagram defining organometallic chemistry.

Organometallic chemistry comprises both metalloid and metal atoms. Transition metals
including groups 3—12 stand out among other elements because of the presence of electrons
in their valence d-subshells, which provides a quite interesting chemistry. As a result, a

massive amount of organometallic studies are focused on them.3*

But, how did everything begin? To answer this, a brief timeline of organometallic
chemistry is shown in Figure 1.2. Detailed historical records can be consulted in proper
literature.!? The first organometallic species were synthesised in 1757, when Cadet
unconsciously obtained a mixture of organoarsenic compounds. However, it was not until
late 1830s when Bunsen characterised the so-called Cadet’s fuming liquid as a mixture of
[As2Mes] —cacodyl— and [(AsMe2)20] —cacodyl oxide—, the first organometallic
compounds.”> The next landmark leads us to 1827, when the first olefin complex was

synthesised by Zeise.® Afterwards, several compounds were described, such as [Ni(CO)4] or
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[PtMesl], among others."? In the 1950s, the synthesis’® and characterisation® of ferrocene
species [Fe(CsHs)2], generally known as sandwich complexes, became a milestone in the
field. From that moment on, organometallic chemistry was explosively boosted. As selected
examples, two relevant cases are intentionally highlighted. In 1983, Brookhart and Green
coined the term agostic interaction to those situations in which C-H bonds may act as
ligands in metal complexes through a two-electron, three-centre, intramolecular contact.!®!!
In 1984, Kubas et al. achieved success in the characterisation of transition metal complexes

with a coordinated dihydrogen molecule.!?

., .l 19KE PiPrg
;pt»“\ oC,, | ..COo
W
Cl // Me,/,l' “\\Me /ﬁ OC/|\T
. Pt : LaM*-.
5 Zeise Me” N Fe " TH PiPr,"
[As;Me;] § Pope PN § Brookhart § Kubas
AsMe,),0 Ni(CO,
[ 2)20] [O( )al — :3 Pauson —~ | Green —
~ .
in Cadet & Mond 9 | Miller
I~ [ce]
— -
o
- =]
] 1]
7P A A A A AW ]
)
on o | Fi
ot % | Fisher
S [Werner < | Wilkinson .
Coordination o Sandwich —_ \n Chauvin o Heck
chemistry © Zlegler compounds S Sharpless o | Grubbs — Negishi
[e)) (=} . (=} (=] .
— | Natta & | Noyori | Schrock | Suzuki
Polymerisation Asymmetric Metathesis Pd-catalysed
synthesis cross-coupling

Figure 1.2 Timeline of organometallic chemistry.

Organometallic chemistry has brought up outstanding insights all along its history. In
this regard, the Nobel foundation notably recognised the astonishing advances and
contributions that organometallics did provide, and still does, to science (Figure 1.2).!3 One
key point is that organometallic compounds either promote or undergo reactions that
cannot simply be performed using straightforward organic chemistry. The main reason lies
in the rich chemistry afforded by the versatile transition metals, together with the fine
tuning of the ligands attached to them. From an academic point of view, this field offers
unexpected behaviours uncovering new concepts, structures, and reactions. These outcomes
directly bring about revolutionary applications in fine chemical synthesis* and materials
science.!>!® What is more, this field takes part actively in biochemistry'” and, consequently,
in medicinal chemistry.!® Last but not least, it can also invest in sustainable features'>?° and

contribute to the energy challenge.”!

2 For the story about the discovery of the structure of ferrocene, see P. Laszlo, R. Hoffmann, Angew.
Chem. Int. Ed. 2000, 39, 123-124.
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Under this scene, computational chemistry can perfectly play its role to analyse,
understand, and even predict the behaviour of organometallic compounds.??” The
pioneering frontier orbital theory developed by Fukui and Hoffmann paved the way to
rationalise chemical reactions.”® Another cornerstone in the field was the first ab initio
study of a full catalytic cycle —olefin hydrogenation by the Wilkinson catalyst— reported
by Morokuma and co-workers.? Since then, computational chemistry has spread massively.
Computation has now a full toolbox of techniques at its disposal to inspect chemical
processes at molecular level. To name a few, one can analyse bonding situations, predict
structures, characterise transition states, propose reaction mechanisms, and estimate
spectroscopic properties. In the organometallic ambit, computation has to handle two main
issues, i.e., the description of the metal centre and the size of the ligands. Improvement of
current approaches and development of new methodologies can overcome these situations.
Consequently, the field has matured remarkably rapid. The emergence of user-friendly
program packages makes easier the application of extremely elaborate methods, spreading
the number of users. Computational chemistry also profits from advances in computer
technology by improving the computing power. Indeed, the size of the systems that
supercomputing machines can model becomes larger and larger every day. The whole
scenario depicts a nice picture in which the breadth and depth scope of computational

organometallic chemistry can be truly appreciated.

What is next? The future of organometallic chemistry looks quite promising and,
definitely, it will be an ongoing research area.3%-3? Critical challenges should be addressed by
science —e.g., renewable energies, water safety and supply, pharmaceutical development,
and new age materials— and organometallic chemistry has a huge arsenal available to deal
with them. Despite metal-free processes may occasionally become more convenient, the
chemistry associated to the d and f orbitals of transition metals is unique, precious, and

irreplaceable, thus chemists should take care of it and prevent it to fall into oblivion.

The current dissertation regards diverse sides of organometallic chemistry addressed
from a computational point of view. For this reason, the aim of this introduction is to make
a first contact with the main topics, rather than provide a detailed description, since they
will be covered in future sections. In a nutshell, the structure of chemical compounds
(Chapter III) serves as core foundation from which reactivity (Chapter IV) and properties
(Chapter V) can be rationalised. Following this path, the geometries of four- and three-
coordinate transition metal complexes are first commented and the general engines of C-H
bond activation and cross-coupling reactions are subsequently discussed. To close up, the
acidic properties of dihydrogen complexes are presented and transition metal nuclear

magnetic resonance is introduced.



[. INTRODUCTION

1.1. Structure of Transition Metal Complexes

As stated before, transition metal complexes are formed by metal atoms surrounded by
ligands. Given the close relationship between chemical properties and molecular structure, a
further understanding requires insight about the disposition of the ligands around the metal
centre. Even though in main-group chemistry the geometry can be relatively easy to
predict, in transition metal organometallic chemistry it is not. For instance, the nature of
the metal, its spin state, and both steric and electronic effects of the ligands are some aspects

that one should ponder on.

The most extended guide to rationalise coordination compounds is the 18-electron rule.?
Analogous to the octet rule, the metal atom can fulfil 1 s, 3 p, and 5 d orbitals which overall
count to 18 e-. It means that the number and the nature of the M-L bonds will be devoted
to accomplish this requirement. This rule is largely empirical and should not be taken ad
pedem litterae. Indeed, literature is plenty of exceptions, especially 16-electron transition
metal complexes and their 16-electron rule.?® Considering these premises, the simplest
approach to predict and explain geometries is based on the coordination number (CN)
which is defined as the number of occupied coordination sites on a metal centre. Figure 1.3
relates the most common coordination numbers to their usual geometries.* Complexes with
high CNs —with a maximum value of 9, one ligand per metal orbital— contain small
ligands, whereas complexes with low CNs usually encompass bulky moieties. Importantly,
the denticity of a ligand (x) denotes the number of atoms in the ligand bonded to the metal.
When those atoms are contiguous, the term is renamed as hapticity (n).* Hence, the

coordination number may be different from the number of ligands.

CN Geometry CN Geometry
. L
2 Linear L—M—L Trigonal |
. 5 Bipyramidal '-_'\|"'~
3 Trigonal L/'M—L L
L
3 T-shaped '—7M—'- |
L 6 Octahedral L—M-
L 7|
L
4 Square-planar L7M—L
L
L
I|‘ 6 Pseudo-octahedral M

4  Tetrahedral L

M—
Ly L
L

Figure 1.3 Common coordination numbers (CNs) and geometries.
The transition metal evidently plays an undeniable role in setting the structure,

particularly the number of electrons in d orbitals. In this regard, the crystal field model is

able to account for some properties by analysing electrostatic interactions between the
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metal and ligands. Initially, the & orbitals of an isolated metal have the same energy.
However, the approach of ligands along the space disturbs the metal centre and the
formerly-degenerated d orbitals now split. The energy difference between orbitals is called
crystal field splitting and is depicted by A. Figure 1.4 shows the effect of contacting four and
six ligands with a metal centre in tetrahedral and octahedral fashions, respectively.* The
magnitude of the splitting depends on the oxidation state of the metal as well as the nature
of the ligands. Species that provide small A values are known as weak field ligands.
Whenever the splitting is small enough, Hund’s rule of maximum multiplicity applies and
electrons tend to be unpaired giving rise to paramagnetic high-spin complexes. Analogously,
those species that generate large A gaps are called strong field ligands. Here the pairing up of
electrons is favoured and diamagnetic low-spin complexes are found instead.
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Figure 1.4 Crystal field splitting in MLs tetrahedral (left) and MLs octahedral (right) complexes.

The former approach is mostly qualitative. To move forward for a better understanding,
one should appeal to the more advanced ligand field model. This theory allows to derive
molecular orbital diagrams resulting from the interaction between metal and ligand orbitals

of proper symmetry.3>3

Among the vast diversity of structures, attention is drawn herein to four- and three-

coordinate platinum species.

1.1.1. Four-coordinate Pt(III) species

Four-coordinate complexes are extensively widespread throughout transition metal
chemistry. Generally, a coordination number of 4 entails tetrahedral or square-planar
structures (Figure 1.3) but, sometimes, unusual geometries as see-saw —also known as
sawhorse or butterfly— can be found. This latter structure arranges trans ligands at 180° and
cisligands at 90-120°. A qualitative orbital diagram with those four-coordinate geometries is

displayed in Figure 1.5.3637
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At this point, it is necessary to introduce the Jahn-Teller effect (JTE). This phenomenon
can be divided into two categories.® The first group concerns the mixing of degenerate or
nearly degenerate orbitals in incomplete shells, namely first-order JTE and pseudo JTE,
respectively. The second group involves the interaction between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) within the
same molecule, namely second order JTE. It is worth noting that distortions produced by
the first group are rather small, but the effects coming from second order contributions may
cause large modifications. Applying this knowledge to the symmetric tetrahedral geometry,
the three upper orbitals (Figure 1.5 centre) are indeed degenerate and JTEs can take place.
Therefore, see-saw (Figure 1.5 left) and square-planar (Figure 1.5 right) structures can be

considered as Jahn—Teller distortions from the tetrahedral one.®
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Figure 1.5 Qualitative orbital diagram of see-saw, tetrahedral, and square-planar four-coordinate complexes

(o-donor scheme). Angles in degrees.

In d° and d'° complexes, the orbitals of each d shell are equally occupied and, therefore,
steric effects dominate establishing a tetrahedral geometry.* Four-coordinate d® complexes
are mostly square-planar rather than tetrahedral since the electrons are better
accommodated in the low energy orbitals of the former arrangement (Figure 1.5 right).

However, less systematic trends are accepted for other d» configurations.

Particularly, d’” complexes can appear as tetrahedral or square-planar structures,* albeit
the final geometry relies on additional aspects. For instance, the spin state of a complex can
determine its geometry yielding different stereospinomers.” In d’ complexes, high-spin

states (S = 3/2) favour tetrahedral structures, whereas low-spin states (S = 1/2) enhance
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square-planar ones. When second and third period transition metals are involved, the
square-planar geometry is preferred in low-spin configurations.?” Denticity of ligands is also

relevant because their coordination modes may impose or distort specific shapes.*

The d7 Pt(Ill) centre is not a common oxidation state and their complexes are
characterised by one electron unpaired. Likely, they tend to either disproportionate or
dimerise, hence mononuclear species are rarely characterised. Hitherto, a few square-planar
and only one see-saw Pt(IIl) structures have been reported. The structural analysis of this
novel see-saw Pt(III) complex, stabilised by bulky N-heterocyclic carbenes ligands (NHC),

will be presented in Section 3.

1.1.2. Three-coordinate Pt(II) species

The coordination number 3 is less common among transition metal complexes.*’ They
usually perform T-shaped and trigonal structures (Figure 1.3), although Y-shaped
dispositions may also be found. A qualitative orbital diagram with these three-coordinate

geometries is displayed in Figure 1.6.353¢
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Figure 1.6 Qualitative orbital diagram of T-shaped, trigonal, and Y-shaped three-coordinate complexes

(o-donor scheme). Angles in degrees.

In line with four-coordinate species, three-coordinate T and Y shapes can be envisaged as
Jahn-Teller distortions from the symmetric trigonal geometry (Figure 1.6).#2 The two upper
degenerate orbitals in trigonal structures are sensitive to undergo JTEs and their mixing

produces T and Y shapes. In three-coordinate d® systems, such as Au(III)*? and Pd(II),#
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theory predicts a T-shaped geometry as the most feasible scenario with 8 e~ occupying the

four low-energy molecular orbitals.

Indeed, T-shaped structures can be derived from four-coordinate, square-planar
complexes by removing one ligand.®3% This process generates an open site in the
coordination sphere of the metal, i.e., a coordinative unsaturation. Such vacant site
decreases the stability of the complex and, at the same time, increases its reactivity. As
consequence, they are often invoked as transient intermediates in homogeneous catalysis

and bond activation reactions.

Drawing the attention to three-coordinate Pt(II) species, T shapes also dominate® since
they are isoelectronic with respect to the aforementioned Au(Ill) and Pd(II) systems. As a
result of their unsaturated nature, these complexes are not particularly stable. Whenever
each ligand contributes with 2 electrons, the resulting species formally contain 14-electron
species —the 16-electron rule is not accomplished— and the electrophilic metal centre
tends to fulfil the vacancy. According to this, one can distinguish between true and masked
T-shaped complexes.*% True T-shaped species do not form contacts to stabilise the open
coordination site. However, this is not easy to achieve; indeed, the vacant site is usually
masked by intra- or intermolecular interactions. The most common situations are compiled
in Figure 1.7. On one hand, the C-H bonds of the ligands can approach the empty site
forming agostic interactions.’®#” On the other hand, the chemical environment becomes
crucial because both counteranions or solvent molecules can coordinate to the metal centre,
even in a competitive way.”® In any case, whether these interactions are labile, the
complexes can be considered as operationally three-coordinate in a Xkinetic sense.®
Occasionally, T-shaped species are simply no stable and, when non-bulky bridging ligands

are involved, dimerisation processes may occur.

|

—Pt”—ﬂj [ = Empty site

| |II /II\C 1l |II
—Pt—L —Pt"“'L —F|>t—x —Fl’t—solv

WERlel L =Agostic  Counteranion  Solvent

Figure 1.7 General classification of T-shaped complexes.

Agostic T-shaped structures characterised so far will be reviewed in Section 4. A
dynamical perspective on agostic interactions in masked T-shaped Pt(II)-NHC species will
be presented in such section. The author refers to literature for a detailed collection of true

T-shaped Pt(II) species as well as counteranion and solvent adducts.®
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Interestingly, an unique Y-shaped Pt(II) species has been reported by Marko et al.,”® the
complex [(IPr)Pt(SiMe2Ph):] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). X-ray
diffraction studies on this species show a Si—Pt-Si angle of ca. 80° and Si—Pt-Crer angles of ca.
140°. Authors appeal to the steric hindrance and the transinfluence exerted by both carbene
and silyl ligands in order to account for the unusual geometry. However, theoretical
calculations performed by Takagi and Sakaki sustain that, despite the large Si---Si distance of
2.980 A,50 the complex is better described as a Pt(0) o-disilane than as a Pt(II) disilyl.5! In
addition, the Pt NMR chemical shifts fit better with Pt(0) species. Lastly, Vidossich and

Lledoés claim back the Pt(II) disilyl scenario based on localised orbital calculations.>?
1.2. Reaction Mechanisms

A reaction mechanism is a detailed description of the elementary steps that take place
during a chemical transformation.>*>* The main issue is hardly what happened, but Aow. In
the course from reactants to products, species undergo bond forming and bond breaking
steps through transition states (TS), visiting different intermediate structures in the way
(Figure 1.8). Both the order and the manner these processes occur depict the whole
mechanistic scene. Recognition of decisive stages can lead to a rationalised design of
processes, evading the trial-and-error approach. In other words, knowing the most relevant
features of the mechanism sheds light on which guidelines should be followed to efficiently
improve the reaction in terms of rate, yield, or selectivity. However, a number of reactions
proceed rapidly and smoothly and the experimental detection of transient species is limited.
In this ambit, theory appears as an excellent tool since it allows to analyse the whole
mechanistic landscape by computing the energy of all intermediates and transition states.
All this knowledge is compiled in the potential energy surface (PES) which will be discussed

in Section 2.5.1.
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Figure 1.8 Qualitative two-step Gibbs energy reaction profile.
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In order to disclose whether a mechanism is feasible or not, several aspects must be
considered. To cover them, a qualitative two-step reaction profile is shown in Figure 1.8. It
encompasses the evolution of the Gibbs energy (Y axis) along a certain reaction coordinate
(X axis). In first term, thermodynamics concerns the Gibbs energy difference between
reactants and products, AGr, and rules the spontaneity of the process. However, the reaction
does occur effectively only when kinetics permits, it means, when the chemical system

gains enough energy to overcome the most significant Gibbs energy barrier, AG*.

It is noteworthy that experimentalists usually deal with reaction rates (k-representation),
but theoreticians operate better with energies (E-representation). Eyring transition state

theory connects the two worlds by means of

k= kBT e—AGI/RT

1.1
b (1.1]

being ks the Boltzmann constant, h the Planck constant, R the universal gas constant, and T

the absolute temperature.

Regarding exoergic reactions (AGr < 0), one aspect of interest is the understanding of
reaction kinetics. A widespread concept in chemical kinetics to evaluate reaction
mechanisms is the rate-determining step (RDS). Unfortunately, definitions of RDS found in
literature may be unambiguous and misleading. For instance, it has been stated as the
slowest step of the reaction, the step with the smallest rate constant, or the one with the
highest-energy transition state. Nevertheless, all these definitions present drawbacks.®
Instead, the so-called degree of rate control becomes a suitable concept for evaluating the
relevance of states —i.e., intermediates and transition states— in intricate reaction
mechanisms.>>>7 It quantifies the extent to which a differential change in the Gibbs energy
of any state influences the net reaction rate.”” The transition state and intermediate with the
highest degree of rate control are called rate-determining transition state (RDTS) and rate-
determining intermediate (RDI), respectively. It is more physically appropriate to define
rate-determining states than steps because the latter entail two consecutive points and this
requirement is not always fulfiled.>> In catalysis, this theory has been applied to derive the
energetic span model,>* which allows for the estimation of turnover frequencies (TOF)%
and turnover numbers (TON).¢! Herein, the RDS will be associated to the process in which

the RDTS is involved.

As featured before, by analysing both thermodynamic and kinetic aspects of the chemical
reaction one can give the green light to mechanistic proposals. Notably, this procedure is

applicable to almost any field of chemistry including organometallics. Plenty of transition

12
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metal-mediated reactions can be studied, e.g., oxidative addition, reductive elimination,
insertion, substitution, transmetalation, and so on and so forth. In regard to the current
dissertation, C—H bond activation, Heck, and cross-coupling reactions —corresponding to

Sections 5—7— will be addressed.

1.2.1. Pt(II) C—H bond activation

C-H bonds are no longer inert in chemistry. Their activation —and subsequent
functionalisation— is an ongoing research topic of great importance.®?% The intramolecular
version, including cyclometalation®”% and rollover® processes, is also widely documented.
Particularly, platinum species play a remarkable role,*’! as in the bond activation of
methane, see for instance Periana-Catalytica’? and Shilov® systems. In this regard, Pérez and
co-workers have recently reported the methane functionalisation in supercritical CO:

solvent catalysed by silver complexes.”

Given the relevance of functionalising C-H bonds, the reaction mechanism has drawn a
lot of attention.”#7¢ A general hydrogen transfer scenario in Pt(II) chemistry via C-H bond
activation is illustrated in Scheme 1.1. The first step concerns the coordination of the C-H
moiety. The majority of substitution reactions involving Pt(II) centres proceed associatively
via five-coordinate, 18-electron intermediates.”? Nevertheless, three-coordinate, 14-
electron, Pt(Il) species are indeed feasible —as previously discussed— thus the dissociative
pathway must be taken into account.®>”” Afterwards, the C—H bond activation per se takes
place (Scheme 1.1). There are two extreme well-established mechanisms for hydrogen
transfers. On one hand, the oxidative addition/reductive elimination (OA/RE) process
displays an intermediate in which the platinum has increased its oxidation state by two
units and one Pt—H bond has been formed. On the other hand, the o-bond metathesis is
characterised by a single four-centred transition state with no Pt--H interactions. In
between, the transition metal can interact in more or less extent with the migrating
hydrogen, which provides a range of flavours. As a consequence, a puzzling set of acronyms
arises in literature. The mechanism can be coined as oxidatively added transition state
(OATS),”» metal-assisted o-bond metathesis (MAoBD),”® oxidative hydrogen migration
(OHM),”® and o-complex assisted metathesis (0-CAM).” Actually, a wide spectrum of

situations for metal-mediated hydrogen transfers can be found.”s#

Finally, according to the electronic properties of the metal centre, the C-H bond
activation can be classified as electrophilic, ambiphilic, or nucleophilic,® regardless of the
operating mechanism.®? In line with the electron-poor nature of its metal centre, Pt(Il)
species related to Periana-Catalytica and Shilov systems have been catalogued as

electrophilic.®

13
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— C
/

H
C—-H Coordination C—H Bond Activation

Scheme 1.1 C-H coordination and C-H bond activation mechanisms: oxidative addition/reductive elimination

(OA/RE), metal-assisted process, and o-bond metathesis (cBM).

Section 5 will be devoted to discuss intermolecular C—H bond activation reactions of

arenes promoted by three-coordinate Pt(II)-NHC species.

1.2.2. Cross-coupling reactions

The development of straightforward protocols to construct C—C bonds is certainly a valuable
tool in synthesis. A powerful example is the so-called cross-coupling reaction.®® The process
means the Pd-catalysed coupling between organic electrophiles and organometallic reagents
(Scheme 1.2). Several kinds of cross-coupling reactions appear depending on the nature of
the organometallic reagent R'~m. For instance, the Suzuki-Miyaura conditions involves
organoboranes,?$ the Negishi reaction profits from organozinc reagents,? and the Hiyama
process encompasses organosilicon compounds.?”88 These procedures have been successfully
applied to industrial processes and nowadays a plethora of high-value chemicals are
prepared using this technology.®-' Accordingly, this great advance has been recognised and

Suzuki and Negishi were awarded with the Nobel Prize in Chemistry in 2010.132

® ® = aryl, alkenyl
[Pd] X = halide, triflate
®_X * ®—m N ®_® m = [B] Suzuki-Miyaura
[Zn] Negishi
[Si] Hiyama ...

Scheme 1.2 Pd-catalysed cross-coupling reactions.

The general catalytic cycle proceeds by a sequence of three main steps as shown in
Scheme 1.3: (i) oxidative addition, (ii) transmetalation, and (iii) reductive elimination.
Firstly, the R—X is oxidatively added to the Pd(0) catalyst which results in the formation of

[PA(R)(X)]. According to C-X bond dissociation energies, the reactivity usually follows the

14
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trend I > Br > Cl For unreactive bonds, such as C—Cl, the oxidative addition can even
constitute the rate-determining step. The next step is known as transmetalation because the
R’ group is transferred from one metal, m, to another one, Pd, yielding [Pd(R)(R’)]. This
stage makes the difference among cross-coupling reactions and it cannot be generalised.
Finally, reductive elimination takes place between the R and R’ groups, the product R-R’ is
released and the Pd(0) catalyst is recovered. A number of computational reports have nicely

covered the mechanistic features of cross-coupling reactions.”

Cross-Coupling Cycle

R—R R—X

Reductive
elimination

Oxidative
addition

R' (ii) N

Transmetalation

X—m R'—m

Scheme 1.3 General cross-coupling catalytic cycle.

As an alternative to the previous textbook or neutral mechanism, some authors support
the so-called anionic mechanism.**” This proposal considers the mediation of three- and
five-coordinate anionic palladium species along the catalytic cycle. However, calculations
do not provide unequivocal and clear answers. For instance, for a catalytic coupling between
PhCl and [SH]-, gas-phase calculations provide a better turnover efficacy for the anionic
pathway,®®% but solvent-corrected Gibbs energies favours the neutral one.®® Conversely,
according to calculations on a Suzuki coupling involving acetate ligands, both neutral and
anionic pathways —i.e., considering [Pd(PMes):] and [Pd(PMes)2(OAc)]- as active species—

are plausible.”

Calculations on the transmetalation process of Pd-catalysed Suzuki-Miyaura cross-
coupling reactions will be presented in Section 6, whereas a Hiyama reaction mechanism in

water will be discussed in Section 7.
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1.2.3. Heck reaction

Together with cross-coupling processes, the Heck reaction has been a major breakthrough
in C-C bond forming chemistry. It was first reported independently by Mizoroki'® and
Heck.1%! The traditional process represents the Pd-catalysed arylation and alkenylation of
olefins in the presence of a base (Scheme 1.4).1021%4 Although there is no organometallic
reagent —hence, no transmetalation step—, sometimes it is catalogued as a cross-coupling
reaction in which m in Scheme 1.2 stands for H. The reaction is also useful in fine chemical

processes®?1105 and Heck was awarded with the Nobel Prize in Chemistry in 2010.1392

J= olefin

/_/ [Pd] ®/\/ @ = aryl, alkenyl

X = halide, triflate
B = base

Scheme 1.4 Pd-catalysed Heck reaction.

The main steps of the Heck reaction mechanism are displayed in Scheme 1.5: (i)
oxidative addition, (ii) alkene coordination, (iii) insertion, (iv) B-hydride elimination, and
(v) catalyst regeneration. Firstly, in presence of R—X the Pd(0) catalyst undergoes oxidative
addition to give rise to [Pd(R)(X)]. Then, the olefin reaches the metal centre and inserts into
the Pd—R bond. The recently formed alkyl moiety is susceptible to suffer a B-hydride
elimination yielding a transient hydride species. Finally, an auxiliary base regenerates the
Pd(0) catalyst. The regiochemistry (branch vs. linear alkene) is dictated at the insertion step,
whereas the stereochemistry (Z- vs. E-alkene) is imposed at the P-hydride elimination.

Several computational studies have been carried out on the title reaction.*

v) Heck Cycle (i

Catalyst R/\/ BH _ OX|dat|ve

regeneratlon / \ addmon

T"'"

H
L e /( L
B-Hydride Alkene
elimination coordlnatlon
"Pd—(
</
(m)

Insertion

Scheme 1.5 General Heck catalytic cycle.
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The previously discussed anionic mechanism is proposed to operate in this reaction.” In
certain systems, a Pd(II)/Pd(IV) mechanism has also been claimed.!%1% According to
computation, the insertion energy barriers for Pd(0)/Pd(II) and Pd(II)/Pd(IV) systems are
similar, but the oxidative addition —even with aryl iodides— is the rate-determining step
for the latter.'” For pincer-type catalysts, theory indicates that Pd(IV) intermediates are

thermally accessible.!1°

Calculations on the Pd-catalysed Heck reaction mechanism —together with the above-

mentioned Hiyama reaction— will be presented in Section 7.
1.3. Acidity of Dihydrogen Complexes

Given the imminent consumption of fossil fuels, alternative energy sources should receive
the baton. As pointed out in earlier sections, organometallic chemistry can indeed
contribute to this goal. In this concern, the dihydrogen molecule is not only a feedstock in
several hydrogenation processes but also a potential fuel.!!! Accordingly, the production and
storage of molecular H> are critical issues which can be addressed through detailed studies
on transition metal dihydrogen species.!'?11¢ In the 80s Kubas et al. reported that transition
metals can bind dihydrogen molecules in a n? fashion (Figure 1.2).!2 Since then, a wide

variety of dihydrogen complexes have been characterised.!!’

The M-H: bonding in o-complexes is usually described by a three-centre, two-electron
interaction stabilised by back donation of electrons from a d orbital of M to a o™ orbital of
H>, similar to the Dewar—Chatt—Duncanson model for olefin coordination.!!8 The extent of
back donation can tune the M—H2 interaction in such a manner that the H-H bond distance
can range from 0.8-0.9 A in true dihydrogen complexes to 1.0-1.3 A in elongated
dihydrogen complexes, becoming a dihydride species at the oxidative addition limit

(Scheme 1.6).119.120

The extent of the M—H: interaction leads to the H-H bond activation per se. The H-H
bond splitting can be achieved by homolytic or heterolytic cleavages (Scheme 1.6). In the
homolytic pathway, the dihydrogen ligand is oxidatively added to form the dihydride
complex, increasing the oxidation state of the metal centre by two units. In the heterolytic
counterpart, a metal hydride is formed by removing one hydrogen atom as a proton. The
involvement of hydrogen bonded species in the latter mechanism has been proposed.!?!-122
Interestingly, metal-free systems based on the frustrated Lewis pair machinery have also

demonstrated potential to split H-H bonds.!?314

17



[. INTRODUCTION

Homolytic Cleavage Heterolytic Cleavage

Oxidative Proton
addition transfer
M H

n+2 S} @D
M "M---| "M—H_ + BH
H ~ H H H Hydride
n 1
Dihydride "M~ True M---\ Y
N H-.
H "B
Elongated Hydrogen bonded

Scheme 1.6 Mechanisms for H-H bond cleavage in transition metal chemistry.

The previous heterolytic H-H bond cleavage (Scheme 1.6 right) can be actually
recognised as a textbook acid-base reaction; as a result, an acid dissociation constant Ka
—normally expressed as pKa— pertains. For that matter, acid constants are good probes to

obtain useful information about the deprotonation state of molecules in solution.

Despite the acidity of free H: is almost negligible (pKa of ca. 35 in THF'%), it can be
dramatically increased when transition metals come into play. The first pK. measurement of
a ruthenium dihydrogen complex was performed in acetonitrile by Heinekey et al. who
quantified a value of 17.6.1% Afterwards, a vast collection of experimental pK. values have
been reported in organic solvents.'?-12 As one can expect, the acidity is strongly influenced
by the ligands as well as the metal centre. For series of isostructural compounds, the
presence of more electron donating ligands and heavier transition metals tends to decrease
the acidity.'” Remarkably, some dihydrogen complexes exhibit superacidic properties, e.g.,
monocationic rhenium'®, dicationic ruthenium,'®! and osmium species'3"13? with pseudo-

aqueous pKa values ranging from -2 to -6.

As concerns the dissertation, pKa values of aqueous iron, ruthenium, and osmium
dihydrogen complexes have been estimated. Background and results can be consulted in

Section 8.
1.4. Nuclear Magnetic Resonance of Transition Metals

It is well known that nuclear magnetic resonance (NMR) is an essential tool for chemists.
This extraordinarily multipurpose technique is employed to characterise compounds,
elucidate structures, or study dynamic processes, among other applications. Whereas 'H, '3C,
9F, and 3'P nuclei are routinely acquired, the inspection of transition metals is less extended
—it may be hampered by low receptivity or significant quadrupole moments— but still
suitable to handle bio-!** and organometallic scenarios.!34!% Indeed, some advantages should
be pointed out. For instance, hydrogen atoms are usually located at the periphery of
organometallic compounds whereas the metal is located at the centre. Since the reactivity is

associated with the coordination centre, the metal surroundings arise as a promising feature
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to probe. Another interesting matter concerns the broader chemical shift span of transition
metals —ca. 12000 ppm for %Rh— compared to that of common nuclei —ca. 12 ppm for
'H. As a result, subtle steric or electronic changes on the chemical environment of the metal
can entail appreciable variations on its chemical shift, turning this technique into a very

sensitive tool.

From a computational standpoint,'3137 the prediction of nuclear magnetic parameters is
an ongoing research field that closely connects theory with experience. The computation of
transition metal chemical shifts is helpful to confirm assignments, validate structures,
rationalise trends, build chemical shift-structure correlations, etc. Unfortunately, the
sensitivity depends on the computational set up, thus validation of the protocol is strongly
recommended.!?$1% Moreover, environmental effects such as solvent and temperature may

come into play.40.141

Along the d-block, rhodium stands out in homogeneous catalysis —e.g., hydrogenation
and hydroformylation of alkenes. In the way to develop new catalysts or improve older
ones, '®Rh NMR spectroscopy becomes highly convenient.!¥>143 Although a priori there is
no global, unequivocal relationship between chemical shifts and reactivity, empirical
correlations can be established within families of compounds. For instance, such kinds of
relationships have been found for rate constants of ligand exchanges'# and migration
reactions,'® enantioselectivities,'# and stability constants.!#” More recently, rates of water
substitutions in rhodium clusters were also related to chemical shifts.'# In this scene, theory
may be useful to predict 'Rh chemical shifts and reveal latent correlations. Thorough

analysis on a set of Rh—bis(phosphine) derivatives will be presented in Section 9.
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2. Computational Methods

The term theoretical chemistry stands for the combination of mathematical methods with
quantum —or classical— mechanics to approach chemical systems. The subfield
computational chemistry arises from the implementation of these chemical concepts into
working computer programs.'* Likewise, people can also be classified. According to
Cramer,™® (i) theorists develop new theories and models to improve the older ones, (ii)
molecular modelling researchers focus on chemical systems of relevance, sometimes at the
expense of theoretical rigor, and (iii) computational chemists attend to computer-related

tasks, such as development of algorithms, encoding, or visualisation of data.

Computational chemistry can be roughly divided into quantum —ab initio— mechanics
and classical mechanics calculations. Quantum mechanics presents several levels of theory,
but only density functional theory is applied herein. Discussion about the representation of
molecular orbitals by mathematical functions —i.e., basis sets, effective core potentials, and
plane waves— can be extensively consulted in literature.'* On the other hand, classical
mechanics relies on parameterisation of simple equations and therefore it can handle large

systems with less computational effort.

Quantum mechanics was born from the failure of classical mechanics in describing
phenomena at the microscopic level. Astounding concepts as wave-particle duality or
discretisation of energy built the foundations during the beginning of the 20th century.
Pioneer scientists behind such great advances were awarded with five Nobel Prizes in
Physics from 1918 to 1933 (Figure 2.1). At that time, the enormous mathematical
requirements of theory prevented the computation of rea/ systems. Further development of

theory together with progress in computer science has paved the road towards a broad scope

of application.
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Figure 2.1 Timeline from quantum mechanics to computational chemistry.
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In the modern times, the major relevance of theoretical and computational chemistry has
been recognised by the Nobel Foundation, awarding Nobel Prizes in Chemistry to Kohn and
Pople in 1998 and, more recently, to Karplus, Levitt and Warshel in 2013 (Figure 2.1).13
Indeed, this is not the end but the beginning. Computational chemistry is relatively young

and there is plenty of room for improvement.

As concerns the present section, density functional theory and pertinent aspects about
some of their density functionals are primarily discussed. A brief overview on molecular
mechanics and molecular dynamics is introduced afterwards. Finally, treatment of solvent
and application of previous methodologies on the current dissertation are presented. The
author feels free to reject a strictly pure theoretical point of view in favour of a
computational —perhaps pragmatic— perspective. The following overview attempts to

meet theory in a general taste.
2.1. Density Functional Theory

The very centre of quantum mechanics (QM) is the Schrodinger equation.’™ It is mostly

applied in the time-independent non-relativistic formalism,

EVY=HY [2.1]
meaning E total energy, W wave function, and H Hamilton operator of total energy.
W contains all knowable information about the quantum system and depends on the 3N
spatial coordinates of electrons {ri}, N spin coordinates of the electrons {si}, and 3M spatial

coordinates of the nuclei {Ri}, being N the number of electrons and M the number of nuclei,

‘{’(fl,?2,...,fN,sl,sz,...,sN,f{l,f(z,...,f{M) [2.2]

At this point, the Schrodinger equation [2.1] for molecular systems can be simplified by
introducing the Born—Oppenheimer approximation. It is built on the fact that nuclei are
much heavier than electrons and, as a consequence, they move much slowly. The problem is
then reduced to solve the electronic Schrodinger equation [2.3], i.e., to compute the

electronic energy for a fixed frame of nuclei,

A

Eel\Pel = HellPel [23]
in which We now depends on electron (spatial and spin) coordinates {xi},
V(5B 81585080 ) = P (R, K Xy ) (2.4]
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Wa is not an observable, but [Wel? in [2.5] is interpreted as the probability that electrons 1,

2, ..., N are found simultaneously in volume elements dxi, dxo, ..., dx~.

[, (R KpeensXog | K, A ey [2.5]

The most common method to solve the electronic Schrodinger equation [2.3] is the
Hartree—Fock (HF) approximation, which can be consulted elsewhere.’' Still, We relies on
4N variables, {xi}, and the usual chemical systems of interest contain many atoms and many
electron, thus wave function based methods are not affordable. To overcome that, the
electron density p is here introduced through [2.5]."2 p(r) determines the probability of
finding any of the N electrons within the volume element dri. Since electrons are
indistinguishable, the probability of finding any electron at this position (dri) is just N times

the probability for one particular electron,

o(f)= Nj---ﬂlpe, (%), Ky X )| 5,0 el 2.6]

Importantly, p(r) is a function of only three spatial coordinates {ri} and, indeed, is an

observable that can be measured.

Density functional theory (DFT) profits from the above-mentioned properties of the
electron density p(r).'>2 DFT as is known nowadays'>>!>* was born in 1964, when Hohenberg
and Kohn published their homonym theorem.'®™ They demonstrated by reduction ad
absurdum that the electron density determines the Hamiltonian and, therefore, all
properties of the system. To put it differently, any observable of a non-degenerated ground
state can be calculated as a functional of the electronic density.? From a chemical point of
view, the most interesting observable is the energy of the system, which acquires the

following formulation,

E[p]=T[p]+ E..[p]+ Exc[p] 27)

meaning T kinetic energy, Ee electron—electron repulsion, and Exe. nuclei-electron
attraction. The two first terms are collected into the universal Hohenberg—Kohn functional
Fux[p] which form is the same for all N-electron systems. Furthermore, the Ec. term can be
split into the classical Coulomb part ], which is exactly known, and the non-classical

contributions Ena, which is completely unknown,

2 A functional is defined as a function that takes as argument another function —instead of a
number— and gives a scalar.
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Fi[p]=Tlp]+ Ecc[p]=Tlp]+ Jlp]+ E,[p] 28]

The major task of DFT is therefore the quest of explicit expressions for T and Ena. With
this target in mind, current DFT is applied as implemented by Kohn and Sham in 1965.1%
This formalism established a way to approach the functional Fux by finding a reliable
approach for the kinetic energy. Although the true kinetic energy T is unknown, one can
compute exactly the kinetic energy of a non-interacting reference system, Ts, being Ts < T.

Fux is then rewritten as

Fuc[p]= Ts[p]+ J[p]+ Exc[p] [2.9]

where the so-called exchange—correlation energy Exc collects everything that is unknown,

Exc [p]z(T[p]—Ts [p])+ E,ulp]=Tc[p]+E,alp] (2.10]

being Tc the residual part of the true kinetic energy that is not evaluated.

Hitherto, this strategy contains no approximation. Whether the exact form of Exc is
known, the Kohn-Sham formalism would lead to the exact energy. Thus, the challenge of

modern DFT? revolves around the development of exchange—correlation expressions.

2.1.1. Classification of density functionals

As stated before, the exchange—correlation functional Exc represents the core of DFT. Both

exchange and correlation contributions are usually beheld separately,

Exc[p]:Ex[p]"'Ec[P] [2.11]

Exchange term Ex encompasses the fact that electrons of same spin do not move
independently from each other, but this effect vanishes for two electrons with different
spin. Correlation term Ec covers the electrostatic repulsion between electrons. Exchange
contributions are notably larger than correlation ones. In principle, each exchange
functional can be coupled with any correlation functional, but some combinations just work
better; likely, they profit from error cancelation. For further discussion, it is worth noting

that the HF approximation computes exchange exactly but neglects correlation.!>!

The first approach is called Jocal density approximation (LDA). It supposes a local
behaviour, i.e., Exc only depends on the density at r and not the values at other point r’. This
approximation attains the uniform electron gas (UEG) model, which is formed by electrons
moving on a positive background charge distribution, being the total ensemble neutral.

Although it is very far from realistic situations, the model is useful because of the
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corresponding exchange and correlation functionals are highly accurate or even exactly
known. Ex has an explicit form, equal to the one derived by Slater in HF theory.!>
Conversely, Ec must be estimated, for instance, through the implementation by Vosko, Wilk
and Nusair (VWN).’ The local-spin density approximation (LSDA) is a generalization of

the LDA extended to open-shell systems.

In order to account for the non-homogeneity of the true electron density, the
information about p(r) can be supplemented with its gradient, Vp(r). Actually, it is not such
simple, and some restrictions must be enforced.!’> This methodology is called generalised
gradient approximation (GGA). These functionals still feature a fully local nature in a
mathematical sense, but sometimes they are careless defined as semilocal. As interesting

GGA examples, one emphasises B86 for exchange,'®® LYP for correlation,!¢! and PBE.!¢2

The next step guides to the meta-generalised gradient approximation (meta-GGA) which
incorporates an explicit dependence on kinetic energy density in the exchange term. Second

order density gradient V?p(r) may be also considered. Examples include VSXC!% and TPSS.1¢4

One should remind that HF theory provides an explicit expression for the exact
exchange, which has a non-local nature. In this sense, another proposal may rely on
approximating functionals only for the part that HF does not cover. It can be proved that
taking the whole exchange from HF is not a feasible option for molecules and chemical
bonding, thus only a certain portion of pure exchange is considered. Because of that mixing,
they are called Aybrid functionals (also hyper-GGA). To further discuss, the adiabatic
connection should be introduced. Shortly, it links a non-interacting system with the real
one by means of the coupling strength factor \. This parameter ranges from 0 to 1, being 0
for a non-interacting system and 1 for a fully interacting one. Exc can then be written as

Eyc = .[01 E} dA [2.12]

ncl

For A = 0, Exa only contains exchange which can be computed exactly. For A = 1, Ena is
composed of both exchange and correlation terms and can be estimated by any exchange—
correlation functional. However, for intermediate values of A, Ena is unknown, thus the
relationship between Ena and A should be estimated. The simplest approach is known as
half-and-half combination, HH,!®> which assumes a linear behaviour of Ena with respect to

A, i.e., 50% exact exchange.

1 oo 1
EY :EE§E° +EE§5C1 [2.13]
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The next stage introduces empirical fitted parameters to control the weight of the different
contributions,® as in the popular B3LYP hybrid functional [2.14] where a = 0.2, meaning

20% exact exchange,!61:166.167

ESYP = (1-2a)EPP* +a ERX +b EB® 4 ¢ EL® + (1—c)ES™ [2.14]

Recent efforts include the hybrid functionals M06 with 27% exact exchange and M06-2X
with 54% exact exchange, fitting ca. 30 parameters each one.'® Additionally, Perdew et al.
have proposed a fixed amount of exact exchange, 25% in [2.15], based on perturbation
theory arguments.!¢>170 For the special case where GGA in [2.15] means PBE, the functional
is called PBEQ.162170171

EXP™=ESA +0.25 (B —ESOY) [2.15]

Finally, fully non-local functionals —which also consider unoccupied orbitals— can be
obtained using the exact exchange and evaluating a part of the correlation exactly. An
example of that is the random phase approximation (RPA).”7? Unfortunately, the
computational cost scales rapidly but some advances begin to appears.””” The so-called
double hybrid functionals, which combine the correlation of density functionals and MP2-

like corrections, are making progesses.'’*

All these categories have been gathered into the biblical Jacob’s ladder (Figure 2.2)
proposed by Perdew et al.'”>17¢ It shows the different rungs from the HF World to the
Heaven of Chemical Accuracy. Nevertheless, there is no genuine, systematic way to
improve since DFT energy has not a variational behaviour with respect to the exchange-

correlation potential. More likely, one should climb or descend according to the needs.

Chemical Accuracy

Rp,
A"- Unoccupied
orbitals
yper.GGA Exact
Meta. exchange
? GGA Kinetic
(+v?p)
GGA
LDy

Hartree—Fock World

Figure 2.2 Jacob’s ladder of density functional approximations towards Exc.

2 Because of such parameterisation, some authors argue that DFT should not be considered ab initio.
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Complementing the taxonomy previously discussed, different flavours of functionals can
be distinguished according to the degree of parameterisation, i.e., non-empirical, empirical,
and over-empirical.’”” For instance, PBE is parameter-free —it is not fitted to any molecular
properties— whereas B3LYP contains three of them. As take home messages, (i) good non-
empirical functionals are widely applicable at the expense of losing accuracy and (ii) good
empirical functionals are often more accurate. One should be able to find a proper balance

for the chemical system under study.

2.1.2. Which functional should one choose?

Every computational chemist has pondered on this question quite often.> One must face the
fact that there is no unequivocal, universal answer. Indeed, the choice of functional strongly
depends on the chemical system!”” and, frequently, the performance of density functionals

should be validated beforehand.!7817°

According to literature, it seems that scientific community has already made its election.
Figure 2.3 collects the occurrence of selected functionals across journal papers in 2000
(green bars), 2010 (orange bars), and 2013 (blue bars). The hybrid functional B3LYP
overwhelmingly appears as the most popular choice in DFT, but it is not free of drawbacks.
Indeed its occurrence has slightly decreased in 2013 at the expense of other functionals.
Zhao and Truhlar have enthusiastically remarked the shortcomings of B3LYP, notably, the
failure in describing non-covalent interactions.'® Instead, they propose a suite of density
functionals —e.g., M06 family— which provide a proper description of dispersion
interactions.!®%181 Alternatively, one can also approach this issue using the methodology
proposed by Grimme et al.'8? It consists in empirical corrections to standard DFT based on
atom-pairwise coefficients and cut-off radii. It means, the correction can be easily added to
any functional to consider dispersion interactions. In comparison to other methods, this
procedure is fast and simple —only Cartesian coordinates and atom numbers are needed—

and still offers reliable results.183

In regards to organometallic chemistry, several benchmark studies have been compiled
in literature covering the performance of different density functionals and their application
to structures, reactivity, spin states, etc.'® As convenient cases for the current dissertation,

selected papers are discussed straightaway.

2 Every year since 2010, Swart, Bickelhaupt and Duran rank the popularity of density functionals
within the scientific community by means of the so-called density firnctionals poll. In 2013, PBE
was the most popular choice, closely followed by PBEQ. See http://www.marcelswart.eu/
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Figure 2.3 Percentage of occurrence of functional names in journal title and abstract

in selected years (ISIS Web of Science, 2014).

Quintal et al. have considered some transition metal-mediated reactions, such as Pd(0)
oxidative addition, Pd-catalysed Heck reaction, and Rh-catalysed hydrogenation of
acetone.'® They do not found an outstanding functional but a cluster of them that perform

fairly well. Among them, PBEQ, B1B95, and PW6B95 are highlighted.

Lai et al. have computed several C-H bond activation reactions promoted by transition
metal —Rh, Pd, Ir, and Pt— pincer complexes.’® Among the density functionals under
consideration, B3LYP appears as the most accurate density functional. Other good options

are the double hybrids B2GP-PLYP and B2-PLYP and the hybrid PBEQ. Interestingly, the

empirical dispersion correction D3 has a small influence on energy barriers.

Steinmetz and Grimme have tested 23 density functionals against several bond activation
processes catalysed by Ni and Pd complexes.'®” The best performance was shown by the
hybrid PBEO supplemented with the dispersion correction D3, followed by PW6B95-D3,
PWPBB95-D3, and B3LYP-D3. In line with Lai et al.,'® energy barriers do not dramatically

depend on medium-range contacts, although reaction energies do.

Weymuth et al. have recently tested 9 density functionals against experimentally
reported dissociation energies involving relatively large transition metal complexes.!s® They
conclude that, although there is no reliable density functional for all the reactions under
consideration, PBEO and TPSSh provide the most accurate results. Additionally, for some of
the reactions under consideration, the inclusion of the D3 dispersion scheme increases the

deviation from the experimental values.

Zhao and Truhlar have tested 14 density functionals against databases involving
transition metal reaction energies and metal ligand bond energies.!®® According to the

results, they recommend M06, M06-L, and MO05 for transition metal chemistry.
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Sieffert and Biithl have attempted to reproduce the experimental binding enthalpy of
PPh3 in a Ru(Il) complex using both dispersion-corrected and empirical parameterised
density functionals.'® They disclosed that a proper description of non-covalent interactions
is crucial, suggesting the dispersion-corrected B97-D and the empirical parameterised M06

family as prime options.

Pantazis et al. have reported that some functionals fail to locate the agostic structure of a
Nb(IIT) complex.” Among the 24 density functionals considered, 11 of them reproduce
both agostic and anagostic minima —e.g., PBEO, PBE, TPSS— whereas 2 of them only
identify the former. Also, there are 11 functionals that cannot describe agostic interactions,
and anagostic situations are found instead. As conclusion, functionals that do not obey the
UEG limit —as LYP— are unable to locate the agostic situation. Extending this inquiry,

Tognetti et al. pointed out the fundamental role of the exchange counterpart.!!

Biihl et al. have tested the performance of several density functionals against geometries
of second-1*? and third-row!® transition metal complexes. Using precise experimental data as
reference, they observed that PBEO, B3PW91, and B3P86 hybrid functionals perform best.
Jiménez-Hoyos et al. have extended the test set of Biihl and co-workers by including other
functionals.’ Regarding second- and third-row complexes, M06 performed worse than
PBEQ. As general trend, all functionals predicted larger bond distances when moving down

from 3d to 5d transition metals.

Finally, Sodupe and co-workers have studied open-shell Cu(II)-water complexes with
density functionals containing different amounts of exact exchange.!®>!% Compared to high
level calculations computed with large basis sets —couple cluster including single and
double (and estimated triple) excitations, CCSD(T)—, functionals with higher exact

exchange values are recommended, e.g., BHLYP with 50% exact exchange.
2.2. Molecular Mechanics

Contrary to the high-level description of atoms in DFT methods, in molecular mechanics
(MM) molecules are simplified as networks of solid spheres (atoms) that are connected
through springs (bonds).'”” They behave according to classical physics. The energy of such

systems, Utowl, is computed as follows

U = Z(Eb +Eq +E, + Enb) [2.16]

molecule

in which Eb refers bond deformations, Ee valence angle deformations, E, dihedral angle

deformations, and Ex non-bonded interactions (Figure 2.4). Each contribution is evaluated
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using rather simple equations that include various parameters. As plain examples: harmonic
potentials are used for bond and angle deformations, periodic functions are needed for
dihedral torsions, and Lennard-Jones potentials are implemented for van der Waals
interactions (Figure 2.4). Additionally, out-of-plane deformation Es, electrostatic Ee, and
hydrogen bonding Enw» are nowadays adjoined to [2.16]. All these functions together with
their corresponding parameters form the so-called force field. Analogous to the previously
discussed density functionals, a similar question may arise here. Which force field should
one choose? There is neither an unambiguous answer. But, one would emphasise that force
fields are specifically parameterised to describe a certain kind of molecules. Whereas the
ideal density functional should perform well for all systems, force fields should not. For
instance, AMBER mainly focuses on DNA and proteins'®® and GLYCAM takes special care of

carbohydrates.!®

Figure 2.4 Parameters (left) and functions (right) considered in typical

molecular mechanics schemes.

The simple math related to force field equations allows the treatment of an enormous
number of atoms. Such cheap computational cost facilitates the performance of dynamics
simulations (see Section 2.3). Ergo, this technique has become absolutely dominant in the
biological field where is successfully applied on macromolecules ranging from small proteins

(hundred atoms) to the capsid of HIV (64 millions atoms).?®

Despite the above-mentioned perks, the methodology is still limited in organometallic
chemistry. Transition metals are not described by common force fields because their
parameterisation is a hard, challenging task. Even so, several approaches have been proposed
to expressly gather transition metal features.20! More strikingly, bond-breaking situations
are not permitted in the molecular mechanics ensemble, thus reactivity cannot be
investigated. Instead, the combination of MM with QM methods (see Section 2.5.2) can
overcome these troubles, providing a powerful tool to deal with more intricate and larger

chemical systems.
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2.3. Molecular Dynamics

DFT and MM methods have been addressed from a static point of view, i.e., the explicit

motion of atoms for a period of time has not been considered so far. In this regard,

molecular dynamics simulations do concern the time evolution of atoms. Contrary to

quantum dynamics (QD) which solves the time-dependent Schrédinger equation, molecular

dynamics (MD) invokes classical Newton’s equations of motion?%
B _ 4

F=m-a=- =m

= _ 2.17
dr dt? 2171

Spsl

_d%

e [2.18]

3

Each molecular dynamics step represents a change in atom positions (r) over time (t). The
magnitude and direction of motion are ruled by forces (F) that are computed from force
fields —classical MD— or quantum mechanics methods —ab initio MD— (stage 2 in Figure
2.5). Then, the equations of motion are solved by means of numerical methods according to
a certain time step At (stage 3 in Figure 2.5). One simple, robust, and widely-used approach
to integrate such equations is the Verlet algorithm.?®® Regarding the time step, small At
values provide accurate results but slow down the computation rate significantly. The
reverse applies for large At values; the calculation process is accelerated but the conclusions
may become pointless. The recommended time step should be an order of magnitude
smaller that the larger vibrational frequency, usually X-H bond stretching. Therefore,
typical At values are close to femtoseconds. When the atoms are propagated, the forces are
computed again and the loop continues (stages 2—4 in Figure 2.5). Finally, the resulting atom
configurations —snapshots— are collected into the so-called trajectory which represents the

evolution of atom positions over time.
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Figure 2.5 Simplified flow chart of a general MD procedure.
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A typical simulation setup contains N atoms confined to a certain box of volume V.
When dealing with simulation of liquids,?* the interactions between the fluid and the walls
of the box are not desired, thus they must be removed by using periodic boundary

conditions (PBC). The initial volume V is considered a portion of the bulk and is called
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primary cell. Then, this primary cell is periodically replicated in all directions to represent
the bulk substance. These replicas, also known as image cells, move in exactly the same way
the initial cell does. That is, when a molecule leaves the primary box, one of its images will
enter through the opposite face (dashed blue circle, Figure 2.6). When computing the forces
F, in principle, one must take into account all interactions between molecules lying in
surrounding boxes and, consequently, infinite terms are generated. This is not practical and
a truncation is needed, i.e., only a region of same size and shape as the initial box is
considered around each molecule (dashed red square, Figure 2.6). This approximation is

called minimum image convention.

Figure 2.6 Two-dimensional periodic boundary scheme for bulk dichloromethane.

To conclude, the major advantage of MD is its ability to deal with environmental
—solvent and temperature— effects from a dynamic point of view. Low-cost, classical MD
appears as a powerful tool to tackle large macromolecules in realistic surroundings.
However, the above-mentioned MM drawbacks arise again; the connectivity between atoms
does not permit to break or make bonds and transition metal chemistry is not properly
described with force fields. As discussed below, one can appeal to ab initio MD simulations

to overcome these situations in either biological?® or transition metal?® areas.
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2.3.1. Born—Oppenheimer molecular dynamics

Ab initio molecular dynamics (AIMD)?7 —also DFT-based MD— involves the motion of
particles within a quantum mechanics framework, e.g.,, DFT. Particularly, Born-
Oppenheimer molecular dynamics (BOMD) solves the time-independent Schrédinger
equation for a fixed set of nuclear positions in each step. In other words, the interatomic
forces are evaluated from electronic structure calculations (stage 2 in Figure 2.5) as MD
simulation proceeds (stage 3 in Figure 2.5). These operations consequently entail expensive
computational demands; whereas classical MD can easily cover hundred of nanoseconds
—even a microsecond?®—, AIMD runs on the picoscale. Nevertheless, the benefit that one

can obtain by describing the environment quantum mechanically is undeniable worthwhile.

Because of such expensive computational cost, AIMD simulations cannot be extended
careless. Then the question is, for how long should one run a molecular dynamics
simulation? It depends on the size of the system as well as the kind of event one seeks to
reproduce. Small structural changes that occur relatively fast —i.e., involving energy
barriers comparable to ksT— can be affordable. However, large conformation arrangements
and chemical reactions are out of the time scale, thus techniques such as umbrella

sampling?® and metadynamics?!? are invoked to boost the occurrence of these events.

Before closing the section, one can alternatively use the popular Car—Parrinello approach
(CPMD)?! instead of BOMD. Despite it has not been employed herein, it became a

cornerstone in the AIMD field. One refers to literature for inquiring readers.207-212
2.4. Solvent

In homogeneous systems, solvent is ubiquitous. One must face this aspect regardless of the
computational method —QM or MM, with or without MD. In most cases, solvent acts
innocently, but it can indeed come into play. There are three main approaches to describe
solvent in computational chemistry (Figure 2.7), i.e., implicit, hybrid implicit—explicit, and

fully explicit models. Again, the level of description is adapted to each particular system.

€ r p r -

W 1 N _7-

(a) (b) (c)
Figure 2.7 Solvent models for [PdCls]* in water: (a) implicit, (b) hybrid implicit—explicit, and (c) fully explicit.
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In implicit models (Figure 2.7a), solute is placed into a void molecular-shaped cavity and
solvent is represented as a continuum with a dielectric constant £.2!32!# This is the fastest and
simplest way to implement qualitative solvent contributions and is recommended when
solvent does not actively participate in the reaction. Among the available implementations,
the SMD model has been elected for this dissertation.?”> It is composed by (i) the bulk
electrostatic interaction and (ii) the cavity-dispersion-solvent-structure term which
accounts for short-range interactions between solute and solvent in the first solvation shell.
Authors claim for the universality of the model, meaning that it can be applied to any
—charged or uncharged— solute in any liquid medium for which a few descriptors are
known or can be reasonably estimated. That is, SMD relies on parametric functions —rather

than constants— that take as input physical properties of the given solvent.

Whenever solute-solvent interactions really make the difference,?® implicit models
become inadequate. An initial approach consists in the inclusion of explicit solvent
molecules in the QM calculation together with the continuum representation, which is
named as either cluster—continuum or implicit-explicit model (Figure 2.7b). The number of
solvent molecules as well as their configuration space are issues that one should deal with.

Unfortunately, such considerations may increase the computational cost prohibitively.

Finally, the fully explicit model (Figure 2.7c) is the most accurate one but, at the same
time, the most computationally demanding. In this treatment the solute is surrounded by a
large number of solvent molecules. The description of such a bulk solvent requires the

performance of MD simulations under periodic boundary conditions (Section 2.3).
2.5. Scope of Application

At this point, all the computational methodologies employed in the current dissertation
have been briefly introduced. This section is then devoted to expound the applications.
Unfortunately, the wide scope of the topics under consideration hampers a deeply

discussion of each technique; proper literature is cited instead.

Routine electronic analyses are shown in Section 3 and no detailed introduction is
required. The rest of techniques are gathered accordingly with future discussion. A concise
initiation to QM/MM used in Section 4 is presented. Then, the potential energy surface
concept is introduced since it represents the core of geometry optimisations in Section 3 and
reactivity studies in Sections 5-7. Finally, protocols to estimate interesting chemical
properties are commented; particularly, pKa values in Section 8 and chemical shifts via

magnetic shielding tensors in Section 9.
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25.1. QM/MM

In previous sections, the pros and cons of the QM and MM methodologies have been
mentioned. But, why not profit from both of them simultaneously? The fundamental
concept is to save computational effort —as in MM— as well as to describe chemical
properties accurately —as in QM. A major breakthrough was then introduced in the
seminal work by Warshel and Levitt, who combined the two worlds forming a multiscale
ensemble capable of handling complex systems.?'” They, along with Karplus, were honoured

with the Nobel Prize in Chemistry in 2013.13

Nowadays, the term QM/MM has been adopted for such hybrid methods. A typical
organometallic QM/MM scenario is illustrated in Figure 2.8. The QM partition concerns the
atoms that either cannot be described by MM methods —e.g., transition metals— or
undergo interesting events —e.g., bond-breaking and bond-forming reactions. Conversely,
the MM region collects the rest of atoms and additional species that do not participate
actively. By doing that, one can calculate the entire chemical system —no structural
simplifications applied— in reasonable computation times. This technique is indeed very
attractive in transition metal chemistry?'82'° and essential in biological systems.?”? Even
more, DFI/MM approaches perform better than dispersion-lacked full DFT methods in
describing dispersion interactions.”?! Regarding transition metal chemistry, the author
would like to mention the IMMOM implementation which integrates a QM layer with an
MM partition.?”? This protocol evolved towards the current ONIOM version,??® in which n-

layers are now available and each partition can be described with QM or MM, indistinctly.

Figure 2.8 Typical QM/MM scheme for [Pd(Ph)(Br)(PPhsz)2].

An interesting point is still missing. Where should one establish the border to separate
the two worlds? The choice of QM/MM partitions may be non-trivial and can influence the

outcome,!® thus one should attempt to preserve the chemical integrity as much as possible.
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Whether the boundaries pass through covalent bonds, several approaches are available to

recover this artificial situation.?20

In the same way that QM and MM (Section 2.3), QM/MM can be used to run MD
simulations?” as will be presented in Section 4. The system under study is shown in Figure
2.9, where no bonds were cut. The QM region is formed by a full cationic Pt(II) complex,

while the MM partition collects the counteranion and the bulk dichloromethane solvent.

& -
P ¢
L™ ., - &
¥ y -
PN I "5 “r @
9

L=
P
5

P ; | _‘;‘ N -'d
L 5 Sk

} d e/
il A AL
¥ ". !.l
- ! -
A ﬁw 1 [SbFe]-
A ':-|.-u .'- J CH2C|2
W
.“'\.
£

Figure 2.9 QM/MM scheme for [Pt]* and [SbFs]- in explicit dichloromethane solvent.
QM in balls-and-sticks and MM in lines.

2.5.2. Potential energy surface

The potential energy surface (PES)?4?%> represents the energy of a system according to the
positions of the nuclei. It is built by computing the electronic energy —e.g., by means of
DFT methods— within the Born-Oppenheimer framework for each nuclei configuration.

Overall, the PES shows the energy landscape of a particular chemical system.

The computation of the entire surface is only feasible for small systems containing a few
atoms. Actually, for reactivity studies of practical situations, only key stationary points
—first derivative zero— on the energy surface are needed, i.e., minima and saddle points.
All second derivatives of the energy —collected in the Hessian matrix— are positive in the
former, but one negative value is found in the latter. From a chemical perspective, minima
correspond to reactant, intermediates, and products, whereas saddle points of first order
represent transition state structures (Figure 2.10). Certainly, energy profiles similar to Figure

1.8 are indeed cross-sections of the PES along a specific reaction coordinate.
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As general manner to proceed, one should optimise the geometry of reactants and
products —minima— and locate the corresponding transition state structures —maxima—
that connect them. While optimisation towards minima is a routine job, location of
transition state structures is not. There are methods to approach the topic,??4?? but success is
not always guaranteed. Somewhat a transition state structure may be considered a piece of
handicraft. By computing the energy of these stationary points one can obtain insight about
AE —difference between intermediates— and AE* —difference between intermediates and

transition states. The idea can be extended to AG and AG* whether Gibbs energies are

computed by means of using statistical thermodynamics formulas.

(saddle point)

(saddle point)

(minimum)

(minimum)

Reactant

(minimum)

Figure 2.10 Conventional potential energy surface.

This widely-used procedure has been applied to analyse the PESs corresponding to C-H

bond activation processes (Section 5) and cross-coupling reactions (Sections 6 and 7).

2.5.3. Computation of pKa

Thermodynamics states that standard reaction Gibbs energies can be related to equilibrium

constants as follows,

AG®: =-RT In K, [2.19]

Applying this concept to acid—base chemistry, the estimation of an acid constant in a
certain solvent, K«*' (Scheme 2.1), is apparently as simple as computing the standard Gibbs
energy for the corresponding deprotonation process. However, important issues not
considered at first glance complicate the path. For instance, the computation of accurate
Gibbs energies of charged species in solution remains challenging; particularly, the proton

contains no electrons thus the Gibbs energy must be computed indirectly.

sol
Ka

@A +5 K+ @s

Scheme 2.1 Deprotonation equilibrium of an acid HA in solvent S.
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To deal with solvation of species, the proper description of the solvent becomes crucial.
As exposed in Section 2.4, one can simulate the solvent as a continuum (Figure 2.7a). Even
though this method may provide accurate solvation Gibbs energies for neutral and ionic
species, they intrinsically neglect explicit solute—solvent interactions. Hence, the next stage
involves the inclusion of solvent molecules together with the implicit continuum
description (Figure 2.7b). Many efforts have been focused in water, where solute—solvent
interactions may become decisive. Variants of the same idea have been reported, namely

cluster—continuum?4-22 or implicit—explicit??® models.

Concerning the calculation of acid constants, several procedures can be found in
literature.?3-232 As stated before, whenever explicit solvent molecules are considered in
Scheme 2.1, pKa values can be computed using analogous hybrid cluster—continuum models.
Indeed, the importance of strong solute—solvent interactions in aqueous solution has been

claimed.?323 The study has been extended to non-aqueous solvents.?®

Computation of pKa values is herein performed using an hybrid cluster—continuum
approach?¢??’ as shown in Scheme 2.2. In this thermodynamic cycle solvent molecules (S)
are explicitly considered forming a cluster configuration (S»). AGC.depror means the
deprotonation Gibbs energy in gas phase and AG° * stands for the conversion factor from an
ideal gas standard state of 1 atm “°” to a standard state of 1 M “*”.2 AG*i1(X) terms account for
standard solvation Gibbs energies of species X. Lastly, RT-In([sol]/n) represents the

correction term for the Gibbs energy change of 1 mol of [sol]/n M liquid state to 1 M.

AGOg,deprot — AG**

AH(g) + S,(0) =~ Alg) + H'S,(9)
| | | |

AG*so(AH)  AG*5(Sy) AG*soi(A7)  AG*soi(S,HY)
© ©)
AH (sol) + 8 (sol) ————= Af(sol) + H'S, (so)

AGosol,deprot
+ RT In([sol}/n)

Scheme 2.2 Cluster-type thermodynamic cycle for pKa computation.

Following the thermodynamic cycle previously discussed (Scheme 2.2), the

deprotonation Gibbs energy in solution is calculated as

2 AG°™* = RT In(R¢T) = 1.9 kcal mol! where R = 1.986 10-3 kcal K-! mol-!, Rg = 0.082 atm L K-! mol-,
and T = 298.15 K.
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2. Computational Methods

AGsovdepror = AG g aeproi = AG® ™ + AG st A™ )+ AG"sai(H'S, )

. . [2.20]
~AG"soi(AH) - AG"501(S, )~ RT In([sol]/n)
Then, isolating pKa from [2.19] (In (10) = 2.303) one obtains
PKE! = AGsoLdeprot /2.303 RT [2.21]

It can be deduced from [2.21] that Gibbs energy errors of 1.4 kcal mol-! results in an error of

1 pKa unit at room temperature. Therefore, an error of 2 pKa units is usually accepted.??

One last parameter still unknown is n, the number of solvent molecules. This value is
usually optimised to properly account for the solvation Gibbs energy of the proton,
AG*01(H*). In aqueous solution, the current accepted value is —265.9 kcal mol! obtained by
Tissandier et al.?*¢?%, albeit another approximation claiming for more negative values in
aqueous and non-aqueous solvents has been reported.?®® This value has been
computationally confirmed by using hybrid cluster—continuum (-266.7 kcal mol')??*¢ and
implicit—explicit (-266.1 kcal mol')**® models. For the cluster-type thermodynamic cycle in
Scheme 2.3, the actual AG*a(H*) is obtained when n—0.22¢ Hence, the number of solvent
molecules is that which provides a converged value of AG*«(H*). Zhan and Dixon included 4

water molecules?” and Bryantsev et al. increased this number up to 10.226

AGog,bind — AGO™*

H@ + Sa(@ =~ Hs.(g)
| | |

AG*sol(H+) AG*sol(Sn) AG*sol(SnH+)

. . ¢
H (sol) + S, (sol) 7>—> H®Sn (sol)

RT In([sol]/n)

Scheme 2.3 Cluster-type thermodynamic cycle for AG*i(H*) computation.

According to Scheme 2.3, AG*1(H*) is finally expressed as

AG soilH )= AGsbina — AG*™ +AG w(H'S, )

2.22
~AG"51(S, )~ RT In([sol]/n) 2221

The above-mentioned procedure will be applied in Section 8 to compute pKa values in
THF and water. Firstly, the number of solvent molecules is estimated according to Scheme
2.3. Then, pKa values of several dihydrogen transition metal complexes are evaluated in THF

and water following Scheme 2.2.
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2.5.4. Computation of chemical shift

From an ab initio standpoint,?®*?% the chemical shift of a nucleus (8) is acquired by
computing the magnetic shielding 3x3 tensor (o) as the second derivative of the total energy
with respect to the external magnetic field and the magnetic moment. A priori, this

derivative can be evaluated by any QM method, e.g., DFT.241.242

A point to consider is the so-called gauge origin problem. It means that the results
depend on the particular origin of coordinates selected for the calculation and,
consequently, the comparison of results computed with different origins becomes
meaningless. This issue is irrelevant for other types of calculations —PES analysis or
geometry optimisations— but applies to molecular properties which appear in presence of
external magnetic fields, such as NMR parameters. Among the several ways to overcome
this obstacle, the gauge-including atomic orbital method (GIAO) is the most common.?# It
introduces a factor in the description of the atomic orbitals which depends on both the

position of the atom and the magnetic field.

Following the path to obtain chemical shift values, symmetrisation and diagonalisation of
the tensor o are required. This procedure yields three eigenvalues, which average value is
denoted as isotropic shielding oi.. Actually, only differences between oio can be measured
in solution due to averaging caused by molecular motion. By comparison with a standard

value oiso(standard) the chemical shift can be approximate as

&= 6iso =Oiso (Standard) ~ GCiso [2.23]

oiso(standard) is computed for the experimental reference compound in the same way as
described above. Whenever the reference species is tricky to calculate or is not available for
the target nucleus —such is the case of '®Rh—, calculated oio values for a large set of
compounds are correlated with experimental § in a linear regression. The value of o at 6 =0
is taken as oio(standard). This kind of approach is frequently applied to profit from error

cancellations.

Quoting Schreckenbach et al., chemical shift is sensitive to everything?** In the DFT
framework, it depends on the functional as well as the basis set. In first term, Biihl disclosed
that the hybrid B3LYP functional performs quite better than the pure BPW91 one for Fe
and !Rh nuclei, thus the inclusion of exact exchange was recommended.?®> The choice of
density functional (Section 2.1.2) indeed dictates the reliability of the molecular geometry,
which is a deciding point in the computation of NMR parameters. Regarding basis sets, a

proper description of the core electrons is mandatory in spectroscopy. Special functions for
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2. Computational Methods

such kind of calculations have been developed; see for instance, IGLO basis set.? When
computing the chemical shift of transition metals, they should not profit from usual
effective core potentials anymore and all electrons basis sets are required instead.
Alternatively, the frozen-core approximation, which properly describes the asymptotic

behaviour of orbitals near the nucleus, is also available.242247

A quick mention concerning relativistic effects is deserved here,?*824 particularly for the
calculation of NMR parameters.?%?! Relativity arises when particles approach the speed of
light. As the nucleus becomes heavier, such contribution gains importance. As regards the
chemical shift computation of 3d and 4d transition metal nuclei (e.g., '®Rh), the relativistic
heavy atom effects on their own shieldings (heavy atom-heavy atom effect, HAHA) are
fairly systematic and cancel each other to a large extend,!®®13° at least whether no other
heavier atoms are present in the neighbourhood (heavy atom-other heavy atom effect,
HAOHA).?»0 Otherwise, such as 5d transition metal nuclei (e.g. 1Pt), scalar and spin-orbit

corrections should be taken into account.

Together with all previous issues, temperature and solvent effects may be relevant.!3¢
Regarding transition metal systems, Biihl and Parrinello carried out ab initio molecular
dynamics simulations on vanadium complexes in water.!* They computed >'V chemical
shifts using representative snapshots along the trajectory. This computational protocol
allows the inclusion of thermal —via dynamic averaging— and solvent effects, though in
their particular case both contributions were small. Likewise, Truflandier and Autschbach
also performed ab initio molecular dynamics simulations on aqueous platinum complexes to
further compute Pt chemical shifts.'¥! As previously hinted for 5d metals, relativity
matters. This improved procedure provided chemical shifts in very good agreement with

experimental values.!#!

Computed '®Rh chemical shifts on optimised Rh-bis(phosphine) structures will be
presented in Section 9 according to equation [2.23]. ois(standard) is obtained through an
experiment-theory correlation as discussed above. No relativistic effects are considered in

the calculations.
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OBJECTIVES

To me, there's only one form of human depravity

—the man without a purpose.

Hank Rearden in “Atlas Shrugged” by Ayn Rand






The current dissertation seeks the clear purpose of applying selected computational
protocols to analyse and interpret a broad scope of chemical scenarios, particularly those
involving organometallic compounds. The central objectives are divided into three general

chapters: Structure, Reactivity, and Properties.

STRUCTURE

Computation allows the calculation and rationalisation of transition metal geometries as

well as bonding situations. In this line, the particular goals tackled herein are:

e Unravelling the unusual see-saw structure of a paramagnetic Pt(III) complex bearing

alkyl and N-heterocyclic carbene ligands.

e Analysing agostic interactions in low-coordinate T-shaped Pt(II) species as well as

revealing their behaviour in solution.

REeacTIVITY

Computation provides useful tools to devise and evaluate reaction mechanisms at
microscopic level. As concerns organometallic reactivity, the targets addressed in this

dissertation are:

e Rationalising the reactivity trends of T-shaped Pt(II) species towards intermolecular
C-H bond activation processes through the inspection of the stereoelectronic

properties of N-heterocyclic carbene ligands.

¢ Disclosing the mechanistic role of the base —hydroxide anion— in Pd-catalysed

Suzuki-Miyaura cross-coupling reactions.

e Providing a full mechanistic picture of Si-based Pd-catalysed vinylation reactions in

water in order to account for the experimentally reported products.
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PROPERTIES

Computation allows the prediction and subsequent understanding of several chemical

properties. The particular purposes of this chapter are:

e Estimating acid constants as pKa values in water solvent for a set of transition metal

dihydrogen complexes.

e C(Calculating '®Rh NMR chemical shifts and finding potential correlations to

understand trends in NMR parameters.
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STRUCTURE

—As simple as that? You didn’t use magic?

—Only common sense. It’s a lot more reliable in the long run.

“Mort” by Terry Pratchett






3. Unusual See-Saw Pt(III) Structure

This study is devoted to analyse the electronic and structural features of an unusual see-saw
Pt(III) complex bearing N-heterocyclic carbene (NHC) ligands. Each section is presented as
follows. Firstly, Introduction focuses on experimentally reported Pt(III) structures,
neglecting reactivity issues deliberately, and Computational Details specifies the particular
theoretical procedures that have been performed. Concerning the results, Ligand- or Metal-
Centred Radical? discloses the location of the unpaired electron over the molecule whereas
Origin of the See-Saw Structure analyses both steric and electronic factors to account for the
unexpected see-saw structure. Finally, Conclusions collects the fundamental outcomes that

computation has provided.
Most of these computational results have been published as shown in Annex A.??
3.1. Introduction

The activation of C-H bonds of hydrocarbons is a quite interesting process in which
platinum compounds take part actively (Section 1.2.1). In this regard, the oxidation of Pt(II)
species is closely involved in the Shilov process. Pt(IV) compounds are mostly formed as
transient intermediates, but occasionally their paramagnetic Pt(III) counterparts can be
stable enough to take them into account.>?* As concerns the formation of Pt(III) species,

the use of bulky ligands can prevent dimerisation, but disproportion may remain.?>*

Due to the above-mentioned handicaps, characterised mononuclear Pt(III) compounds
are indeed scarce.” Selected complexes are gathered in Figure 3.1. In 1984, Usén et al
reported the first mononuclear Pt(III) species 1 containing perchlorophenyl ligands.?¢->8
The solid state structure clearly displays a square-planar environment around the platinum
centre. Later, Bois et al. obtained the dithilolate-based square-planar Pt(IIl) anion 2 in
presence of a Pt(II) species as countercation, being the closest Pt---Pt distance 3.514 A.2%9
Alves et al. also employed related dithiolate ligands.?® Stephen et al. isolated a six-
coordinate Pt(IIl) species 3 which exhibits two thioether macrocycles in a distorted
octahedral arrangement.?! Recently, the cationic Pt(III) complex 4 bearing bulky IPr (1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) ligands has been successfully characterised
by means of crystallographic, spectroscopic, electrochemical, and computational
techniques.?? The square-planar geometry of 4 was confirmed by X-ray diffraction studies
showing Ci—Pt—Cir and I-Pt-I angles of 179.5° and 177.1°, respectively. Among the
predominance of four-coordinate square-planar shapes (Section 1.1.1), the uncommon see-

saw Pt(III) structure 5 emerges (Figure 3.1).%? As in 4, 5 also contains bulky IPr ligands but
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III. STRUCTURE

now one of them, labelled as IPr', forms a metalocycle involving a former methylic carbon
of one isopropyl group. The see-saw structure is easily disclosed by examining angles; the

Cie—Pt—Crpr moiety is almost linear (178.2°) but the C—Pt-Br angle is rather bent (149.5°).

[Bu,N]®

= _cl; 1° : 3 [PFel®
@ 5 [Pt'(CNMe),*° ;3@)

> NC cn]® [~ T
//_\ Ptl" /—\\ 2 JVI\S ’I'Pw‘ | [S “"P{I‘I“\ /Sj
Cls Cls N s s s” | s

N |
7 s
=/Cly 2 3
1
[BArF]® [BArF]®
®
Dipp~ "X e -
=N NS
179.5 :\\ D|pp 178.2° B\—'—-N\
AL Dipp .
1Pt /Pt —pr Dipp =
2 /

N
No .
& Dipp ’\/N > Dipp

4 5

Dipp = 2,6-diisopropylphenyl

Figure 3.1 Characterised mononuclear Pt(III) species reported in literature. Angles from X-ray studies.

Paying attention to paramagnetic third-row NHC-based transition metal complexes, only
a few studies appear in literature. Tumanskii et al. reported a strong participation of the
IMes ligand (1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) in [Re(CO)s(IMes)].2
Conversely, Roberts et al. described several [CpW(CO)2(NHC)] species as metaloradicals.?**

The current computational investigation attempts to accomplish two main purposes, i.e.,
(i) to disclose the ligand- or metal-centred nature of the radical and (ii) to find out the origin

of the see-saw structure of 5.
3.2. Computational Details

Forthcoming calculations were performed at the DFT level by means of the BHLYP
functional'¢!1% —suitable for open-shell complexes!®>1%— as implemented in Gaussian 09.2¢
The Pt, Br, and I heavy atoms were described using scalar-relativistic Stuttgart-Dresden
SDD effective core potentials and their associated double-( basis sets,?® complemented with
a set of f-polarisation functions.?”28 The 6-31G** basis set was used for the H,>° C, N, O,
and Si atoms,”? including diffuse functions for the O atoms.?””' All structures were fully
optimised in gas phase without any symmetry restriction. Computation of the Hessian
matrix confirmed that structures corresponded to minima. Population analyses were
performed by computing Mulliken spin densities —fairly suitable for transition metal

complexes?””>— and Natural Spin Orbitals.
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3. Unusual See-Saw Pt(III) Structure

3.3. Ligand- or Metal-Centred Radical?

The computational study is focused on the novel see-saw Pt(III) structure 5. However, as
test probes, the well-established complex 1 and the closely-related species 4 are also
calculated. Gas-phase optimisations of 1 and 4 successfully predict square-planar geometries
as experimentally reported (Figure 3.1). Subsequent population analyses are performed to
get insight into their electronic features. In agreement with electron paramagnetic
resonance (EPR) experiments, the spin density of 1 is totally localised over Pt (98%),258262
whereas 4 splits the spin density among Pt (41%) and I (29% each).?%? These values are
reflected on the shape of the single occupied molecular orbitals (SOMO) as shown in Figure
3.2. The SOMO of 1 is definitively described as a Pt d:? orbital, whereas the SOMO of 4
reveals contributions from Pt di- and I px orbitals. Similarly, the reported SOMO of the

octahedral complex 3 (Figure 3.1) represents 30% Pt, 48% axial S, and 12% equatorial S.2¢!

Sl @
O \ Clg | prp\N/@ o D‘””‘N/\
> N ! \_—N

S bio (
/ \ Dipp H,C—
\NR( Dipp~ _(

) 4=
\ '\/N\D\pp '\/N‘D\pp

9

24

&)

J

X X

s Pt 41% 1| 29% s Pt 59% Br 28% C 11%

y y
Figure 3.2 Mulliken spin densities and SOMO representation (isovalue 0.05) of complexes 1, 4, and 5
(Dipp = diisopropylphenyl).

As concerns 5, the optimised geometry fits the experimental see-saw shape displaying a
Cie—Pt—Crpr angle of 178.0° (178.2° in solid state) and a C—Pt-Br angle of 143.2° (149.5° in
solid state). The spin density is mainly localised over Pt (59%), albeit Br (28%) and
cyclometalated C (11%) also contribute. No significant spin density is found over the IPr
ligand. In comparison with the similar complex 4, the SOMO of 5 is now more spread but

mostly accounts for the spin density values (Figure 3.2).

2 Briefly, large deviations of measured g-values with respect to the free electron ge (2.0023) generally
indicate participation of metal orbitals.
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III. STRUCTURE

3.4. Analysis of the See-Saw Structure

As previously commented (Figure 1.5 and Figure 3.1), four-coordinate Pt(IIl) species are
expected to be square-planar. Since 5 clearly shows a see-saw geometry, calculations will be

devoted to this special case by inspecting both steric and electronic effects.

Firstly, steric effects are evaluated by optimising the simplified model complex 5M
(Figure 3.3), in which the Dipp (diisopropylphenyl) arms of the IPr ligand have been
replaced by methyl groups forming the new IMe ligand (1,3-dimethylimidazol-2-ylidene).
Additionally, possible structural constrains imposed by the cyclometalated arm are removed
by introducing a methyl ligand bound to platinum. As a matter of fact, less hindered 5M still
adopts a see-saw structure, i.e., Cive—Pt—Cive angle of 178.6° and C-Pt—Br angle of 148.3°.
The spin densities contributing to the SOMO of 5M (56% Pt, 32% Br, and 11% C in Figure
3.3) are essentially the same as those of 5 (59% Pt, 28% Br, and 11% C in Figure 3.2). Since

the see-saw structure persists, steric effects can be discarded.

Pt 56% Br 32% C 1%

Figure 3.3 SOMO representation (isovalue 0.05) of model 5M.

As stated above, the model 5M is indeed a good representation of the actual complex 5.
Therefore, to gain further insight, the deformation from see-saw to square-planar geometry
is applied to 5M taking as a reaction coordinate the C—Pt-Br angle, 0, and optimising all the
geometrical parameters at fixed values of 0. This angle is gradually varied (A0 = 10°) from
148.3°, the optimised value in 5M, to 180.0°, the ideal value in square-planar structures. The
resulting geometries and SOMOs are collected in Figure 3.4. The Cmve—Pt—Cive angle, o,
remains constant at ca. 179°. As expected from the imposed structural restrains, the energy
raises 5.6 kcal mol! above the see-saw minimum. In the square-planar limit, two main
events are observed; (i) the Pt and Br orbital contributions evolve towards pure dx- and px
orbitals, respectively, in agreement with the SOMO of the square-planar complex 4 (Figure
3.2), and (ii) the overlapping of orbitals coming from Pt and C vanishes at this level of

isovalue.

52



3. Unusual See-Saw Pt(III) Structure
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Figure 3.4 Evolution of the SOMO of 5M (isovalue 0.05) along the C—Pt—Br reaction coordinate, 6.

The precedent mixing of methyl and platinum orbital contributions seems to drive the
distortion from the square-planar geometry; in other words, the presence of the methyl
ligand does influence the structure of 5M. Generally speaking, ligands in ¢rans position to

bromide may exert a strong impact in deciding the geometry.

To stress this point, the closely-related square-planar complex 4 is simplified to 4M in the
same manner as 5M —replacing Dipp arms of IPr by methyl groups— and an analogous
procedure of bending along the I-Pt-I angle, ', is then applied. This angle is gradually
varied (A0' = 10°) from 180°, the optimised value in 4M, to 150°, the value in the see-saw
environment of 5M. The resulting geometries and SOMOs are shown in Figure 3.5. The
Cmve—Pt—Cive angle, @', stays invariable at 180°. Contrary to 5M (Figure 3.4), the potential
energy surface of 4M seems smoother and, more interestingly, no relevant mixing between

Pt and I is observed in the see-saw limit at this level of isovalue.
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Figure 3.5 Evolution of the SOMO of 4M (isovalue 0.05) along the I-Pt-I reaction coordinate, 6'.
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Due to the putative role of alkyl groups in deciding the geometry, electronic effects are
now considered by changing the methyl ligand in 5M by other ligands L of distinct
electronic nature. One should remind that only the electronic character of L with respect to
the ligand in trans position —bromide in this case— is analysed here. Since the monitoring
of the two largest angles in four-coordinate species has proved to be useful,**?3 the resulting
complexes are plotted in Figure 3.6 according to 6(L-Pt-Br) and ¢(Cme—Pt—Cive) angles.
Dashed grey squares give support delimitating regions where see-saw and square-planar
structures prevail. Three different kinds of electron-donating anionic ligands are evaluated:
strong o-donors in red, moderate o-donor in blue, and weak o-donors and m-donors in
green. To implicate the previously studied complexes, perchlorophenyl and iodide ligands
—as found in 1 and 4— are also considered. Strong o-donor ligands such as silyl and
hydride favour see-saw structures, displaying 0 angles of 138.4° and 140.7°, respectively.
This effect is however less marked for cyanide and alkenyl ligands, where 0 angles are ca.
160°. Otherwise, the presence of less donating ligands such as hydroxide and bromide
recovers the square-planar shape. In all these situations, ¢ angles remain almost constant,
ranging from 175° (L = Ph) to 179° (L = Me). The trend shows that ligands with strong o-
donor character correlate to large structural deformations towards see-saw geometries.
Extending the results of 5M towards 5, electronic effects of the alkyl ligand of IPr' mostly

account for the see-saw structure.
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Figure 3.6 Distribution of [Pt"{(IMe)2(L)(Br)]* complexes according to ¢ and 0 angles.
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3. Unusual See-Saw Pt(III) Structure

3.5. Conclusions

Paramagnetic Pt(III) species [Pt(IPr)(IPr')(Br)]* 5 has been investigated by means of DFT-
based geometry optimisations and electronic population analyses. Computational results are

summarised as follows.

o Pt(III) complex 5 is mostly described as a metaloradical species where NHC ligands

act innocently.

e The see-saw geometry in 5 is not explained by steric effects. Instead, this unusual
structure is supposed to be dictated by the electronic influence of the alkyl moiety in

the IPr' ligand.

e Based on calculations of the model complex 5M, strong o-donor ligands in trans

position to bromide drive deformations from square-planar geometries.
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4. Dynamics of T-Shaped Pt(II) Species in Solution

This study reveals dynamic features of agostic interactions in T-shaped Pt(II) complexes.
Each section is presented as follows. Introduction provides a general overview of the agostic
interaction as well as selected characterised Pt(II) species in which one can find this kind of
bonding. Computational Details indicates the particular theoretical aspects used in the
calculations. Concerning the results, Gas Phase Structures initially explores the agostic
bonding by analysing gas-phase geometries whereas Dynamic Perspective of Agostic
Interactions further addresses how such agostic contacts evolve over time in presence of
explicit solvent. Discussing Agostic Situations sums up the results and emphasises key
factors when dealing with agostic interactions. Finally, Conclusions gathers the main ideas

that computation has provided.
These computational results have been published as shown in Annex A.274
4.1. Introduction

The agostic interaction is typically defined as an intramolecular contact between a metal
centre M and a C—H bond.!®!! Depending on the number of atoms that form the chelating
ligand, n, the agostic bonding is labelled as «, B, y, §, and remote ( for n = 1, 2, 3, 4, and
more than 4 links, respectively (Figure 4.1). Some structural and spectroscopic guidelines
(Figure 4.1) have been suggested to characterise agostic interactions* and to discern them
from anagostic situations.”> Whereas the former exhibits a 3-centre-2-electron bonding
nature, the latter is largely electrostatic. On the other side one can find a 3-centre-4-
electron intramolecular hydrogen bond in which the metal M acts as H-bond acceptor.?76:277
All these parameters are quite general and several factors such as large chain sizes can

influence the agostic moiety.

Agostic  Anagostic H-bond
dM---H) 1.823A 23-29A variable
8(M---H-C)  90-140 110-170 ~180
n=1234 . H 5(H) Upfield Downfield Downfield
aBydg

Figure 4.1 Main features of agostic and non-agostic situations.

The agostic coordination mode is now a recurring event in organometallic chemistry.# It
is involved in important reactions such as polymerisation or C-H bond activation. An
interesting example of that concerns low-coordinate Pt(II) species, in which the presence of

open coordination sites prompts the formation of agostic interactions. These species indeed
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participate in a number of reactions, for instance, f-H elimination, intra- and intermolecular

C—H bond activation, H2 bond activation, ligand substitution, and so on and so forth.#

Selected cationic phosphine-based Pt(II) complexes are compiled in Figure 4.2. Orpen,
Spencer and co-workers firstly described a series of complexes [Pt(alkyl)(P-P)]* (P-P =
bidentate phosphine) in which norbornyl?”#?” and ethyl-derivative groups?®*-282 were able to
form -agostic interactions. X-ray studies of 1 —mnorbornyl?’— and 2 —ethyl?®0—
confirmed the agostic structures. In some cases, the f-agostic contact was strong enough to
generate hydride—ethylene isomers. Later, some bisphosphine complexes were reported in
which one alkyl substituent of a phosphine —instead of an alkyl ligand— can reach the
metal centre. Baratta, Carmona and co-workers synthesised complexes [Pt(P)(P')]* 3?83 and
478 where the phosphine P' underwent a cyclometalation process. The vacant site trans to
the cyclometalated alkyl ligand was fulfilled by a §-agostic interaction according to X-ray
studies. Further hydrogenation could recover the original phosphine arm, thus generating
hydrides [Pt(H)(P2)]+.28328 In these hydride complexes the agostic interactions were deduced
on the basis of NMR coupling constants.® Related species [Pt(L)(P2)]* were also reported

exhibiting y-agostic contacts transto L, being methyl in 5% and catecholatoboryl in 6.2
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Figure 4.2 Phosphine-based agostic Pt(II) complexes.

Referring to other ligands, some examples are collected in Figure 4.3. The neutral
phenylpyridyl complex 7 displayed an uncommon bifurcated agostic interaction.?®’ In the
same way as phosphines P' in 3 and 4, NHC ligands can also undergo cyclometalation
processes forming [Pt(NHC)(NHC')]*, where NHC' stands for the cyclometalated ligand.
Complexes 8 with I'Bu (1,3-di-terr-butylimidazol-2-ylidene) and 9 with IPr (1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) were described, but only the latter has been

characterised in solid state.288
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Figure 4.3 Phenylpyridine- and NHC-based agostic Pt(II) complexes.
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As previously noted, obtaining structural data is an important point to evidence agostic
contacts (Figure 4.1). From a theoretical point of view, geometry optimisation becomes the
initial step to reveal them, but several computational procedures allow to inspect the agostic
bonding in detail, for instance, Atoms in Molecules and Natural Bond Orbital analyses.?%-2%!
Particularly, Thakur and Desiraju performed Natural Bond Orbital calculations on a set of
first-, second-, and third-row transition metal complexes to investigate M. -H-C
interactions.?”> Among the Pt(II) complexes that were analysed, M:--H-C contacts in 1-3
were definitively classified as agostic, albeit in the case of 5 both agostic and H-bond
characters could be assigned. Besides, the calculation of NMR parameters have been used as
probes to meet agostic interactions in alkylidene species?*?** and d® transition metal

complexes.?%52%

Literature proves that much effort has been put into analysing the szatic agostic bonding,
but little attention has been drawn to its dynamic behaviour. Early investigations focused on
the study of polymerisation reactions by means of ab initio molecular dynamics simulations
in gas phase. Meier and co-workers dealt with olefin insertion processes in Zr-catalysed
polymerisations, where - and y-agostic structures were located.?”” Ziegler and co-workers
described several exchange processes between different agostic situations in Ti- and Zr-
based catalysts.?%-3% Recently, Rowley and Woo performed molecular dynamics simulations
on a Zr-catalysed polymerisation reaction by treating counteranion and pentane solvent
explicitly in a QM/MM framework.*! They were able to detail fast - to a-agostic

isomerisation processes in a zirconocene catalyst.

In this scene, AIMD simulations indeed appear as promising tools to gain further insight
on agostic interactions taking into account both temperature and solvation factors.206207
Particularly, this study analyses agostic Pt(II) species in explicit dichloromethane solvent by
means of QM/MM MD simulations. Complexes 8 and 9 were considered because the
experimental characterisation is challenging to achieve.?®® The agostic bonding in 8 was
determined in solution by NMR spectroscopy since no crystals suitable for X-ray studies
were obtained. On the other hand, complex 9 showed agostic interactions in solid state but
no information about its solution behaviour could be disclosed from NMR experiments;
overlapping of signals and signal averaging hampered its elucidation. For the sake of

comparison, the well-defined B-agostic complex 1 was also investigated.?®

The current investigation is directed towards (i) characterisation of agostic interactions

in solution, and (ii) discussion about how dynamics can impact such agostic bonding.
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4.2. Computational Details

Forthcoming calculations —both gas-phase optimisations and MD simulations— were
performed using the freely available CP2K program package.32353 Ab initio molecular
dynamics (AIMD) simulations were run on complexes 2, 8, and 9 according to the Born-
Oppenheimer approach (Section 2.3.1) at the DFT level by means of the PBE exchange-
correlation functional'®? which correctly describes agostic interactions.® An additional
simulation of 9 was run by adding the dispersion correction D3 of Grimme et al.'2 AIMD
simulations were set up at constant volume and temperature (300 K) through a velocity
rescaling thermostat which guarantees canonical sampling.3* The Quickstep algorithm30>3%
was used to solve the electronic structure problem using a double-{ plus polarization
(DZVP) basis set®” to represent the orbitals and plane waves (up to 300 Ry) for the electron
density. Core electrons were described using pseudopotentials.33° Wave function
optimisation was achieved through the orbital transformation method using electronic

gradients of 5-10-7 as convergence criterion.?!°

Simulations of complexes 2, 8, and 9 were run in explicit dichloromethane, the solvent
used in experiments.?80288 Around 1000 dichloromethane (DCM) molecules were included in
a cubic box of 47.482 A edge to reproduce the experimental density.3!! The simulation cell
was treated under periodic boundary conditions. The Poisson solver developed by Martyna
and Tuckerman was used to remove the periodicity intrinsic in the plane wave
representation.’’> A counteranion [SbFs]- was included in the model to neutralize the
simulation cell. The organometallic complexes were treated by quantum mechanics (QM)
whereas the DCM molecules and counteranion were described using molecular mechanics
(MM) as shown in Figure 2.9. The QM box was cubic of 25 A edge for each complex. DCM
solvent was described by the fully flexible all-atom potential developed by Fox and
Kollman.3® The force field was shown to reproduce the macroscopic properties of liquid
DCM, including density, heat of vaporisation, and diffusion constant, in good agreement
with experimental data. Suitable parameters were particularly designed for the

counteranion [SbFs]- using the method developed by Seminario.3'

Initially, each model underwent 1 ns classical MD simulation keeping the organometallic
complex fixed and the final structure was used to start the QM/MM MD simulations?"

during ca. 15 ps.

Interaction energies were computed in gas phase and corrected using the counterpoise

method to deal with basis set superposition errors.3!6
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4.3. Gas Phase Structures

Geometries of 2, 8, and 9 are firstly optimised in gas phase at PBE level, being the structural
parameters in good agreement with available X-ray data (Figure 4.4).28028 For the larger
complex 9, an optimisation using the dispersion correction D3 is also performed, providing a

similar outcome (Figure 4.4).

In 2 the CH moiety is located close to the metal centre. This proximity together with the
significant lengthening of the C—H bond already confirm a strong 3-agostic interaction. In 8
a O-agostic contact is formed by one methyl group from the terr-butyl arm of the
cyclometalated I‘Bu (I’Bu'). Contrarily, in 9 the (-agostic interaction —with a chelating size
of six members— involves one methyl group from the Dipp arm of the non-cyclometalated
IPr. Since Pt---H and Pt---C distances in 8 are slightly larger than in 9, the agostic interaction
in the former seems to be weaker, although in both cases the C-H bond distance is scarcely
elongated. The larger Pt--H and Pt---C distance values found in 8-agostic 8 could be due to
the restricted mobility of the methyl group imposed by the cyclometalated ligand.

Regarding the Pt—-H-C angle, it becomes larger as the chelating ring size increases along 2

(B), 8 (8), and 9 (7).

B2
d(Pt-H)=1.875A
d(Pt-C)=2.366 2.28A 58 9
d(C—H)=1.205 d(Pt-H)=2.335A
Pt---H)=2.031 2.000 2.017A
8(Pt-+H-C) = 98.0 d(Pt--C)=3217A )

(

(Pt--C)=2.970 2.920 2.876A
(C-H)=1.130 1.133 0.979A
O(Pt---H-C)=138.2 135.7 145.1

d(C-H)=1.113A
8(Pt"H-C) = 126.4

Figure 4.4 Optimised structures of 2, 8, and 9. Structural parameters computed at PBE level.

X-ray data in italics and PBE-D3 values in bold.

The geometry of 2 clearly denotes the strongest agostic bonding among the species under
investigation. However, no definitive conclusions about the relative strength of the agostic
interaction in 8 and 9 can be deduced from gas-phase optimised structures. Instead, their

dynamic behaviour in solution will be inspected to establish differences between them.
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4.4. Dynamic Perspective of Agostic Interactions

Complexes 2, 8, and 9 will be analysed separately. For each case, the experimental
information is firstly commented; then, the QM/MM MD simulations are presented and the

most relevant results are discussed.
Complex 2

The agostic interaction in complex 2 was ascertained in both solid state (X-ray studies) and
solution (NMR spectroscopy). According to experimental reports,?® an equilibrium between
agostic—ethyl and hydride—ethylene isomers was detected in dichloromethane solution at
room temperature. As a result, all five protons and two carbon atoms appear equivalents in
NMR spectra above 240 K. Interestingly, the ethyl complex 2 was recovered at low
temperature. *C NMR experiments at 145 K show a doublet triplet multiplicity with /cn
coupling constants of 60 and 153 Hz, respectively, for the agostic methylic carbon atom. In
other words, the carbon nucleus perceives the agostic proton differently from the other
ones, which means that the agostic exchange via methyl rotation is slow in the NMR time
scale at that temperature. Additionally, the small coupling constant of 60 Hz is also a

symptom to identify agostic interactions.!->*

QM/MM MD simulation of 2 is performed in explicit dichloromethane solvent for 14 ps.
Evolution of selected structural parameters of 2 along the simulation is plotted in Figure 4.5.
For the time spanned, the simulation shows almost constant values for Pt---H (blue line in
Figure 4.5) and Pt.--C distances (grey line in Figure 4.5) of ca. 1.9 and 2.4 A, respectively. In
line with low-temperature NMR experiments,”® the agostic interaction in 2 neither
disappears nor exchanges via methyl rotation. The isomerisation processes observed at room

temperature?® are beyond the time scale accessible by the simulation.

3.0
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‘ . . . . . . u o
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Figure 4.5 Pt---H (blue line) and Pt---C (grey line) distances during the PBE simulation of 2.
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Complex 8

No solid structure is available for complex 8, hence the agostic bonding was inferred from
NMR data.?8® The small /p.c of 25 Hz between the platinum and the methylic carbon atoms
of the non-cyclometalated terr-butyl in NHC' was considered as an indicative of putative
agostic interactions. Notably, the three methyl groups of this tert-butyl group appear

equivalent in NMR spectroscopy at 298 K.

QM/MM MD simulation of 8 is performed in explicit dichloromethane solvent for 15 ps.
Evolution of selected structural parameters of 8 along the simulation is plotted in Figure 4.6.
During the first 7 ps, the agostic interaction is maintained, where Pt---H (blue line in Figure
4.6) and Pt---C distances (grey line in Figure 4.6) are 2.4 and 3.1 A, respectively. After 7.5 ps
an agostic exchange is observed via ters-butyl rotation, i.e., a new methyl group (black C
atom) displaces the former (grey C atom) and establishes a new agostic interaction (red and
black lines in Figure 4.6). This recent contact —with the same structural features as the
previous one— is hold for the rest of the simulation. This facile agostic exchange agrees
with the equivalence of NMR signals observed in the experiments.?® On one hand, carbon
atoms can become equivalent through terr-butyl rotations. On the other hand, hydrogen
atoms can be exchanged via methyl or consecutive ters-butyl rotations, albeit the former

process was not observed for this particular simulation run.
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60 | — Pt-H
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Figure 4.6 Pt---H (blue and red lines) and Pt---C (grey and black lines) distances during the PBE simulation of 8.
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Complex 9

The solid-state structure of complex 9 was determined by means of X-ray studies.?®
Unfortunately, NMR spectra recorded at room and low temperature provided no
information about agostic interactions in solution mainly due to signal overlapping signal

and averaging issues.

To get insight about the structure of 9 in solution, QM/MM MD simulations are
performed in explicit dichloromethane using PBE and PBE-D3 functionals. The PBE
simulation maintains an agostic interaction during the first 7 ps; afterwards, the methyl
group moves away and the agostic bonding is lost.?* In order to dismiss the lack of
dispersion as the driving force for such event, the simulation is also run in the PB3-D3
framework. Evolution of selected structural parameters of 9 along the PBE-D3 simulation is
plotted in Figure 4.7. Initially, the agostic interaction remains at Pt---H (red line in Figure
4.7) and Pt---C distances (grey line in Figure 4.7) of ca. 2.0 and 3.0 A, respectively. After 1 ps,
one new agostic interaction (blue line in Figure 4.7) is established via methyl rotation. Then,
similarly to PBE results,””# the agostic contact vanishes at 5 ps. After 3 ps, the agostic
situation is recovered and hold for the rest of the simulation. At the end, a different agostic
interaction is formed (green line in Figure 4.7) involving another methyl rotation. No
exchanges between agostic methyl groups are observed via isopropyl rotation for this

particular simulation run.
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Figure 4.7 Pt---H (blue, red, and green lines) and Pt---C (grey line) distances during the PBE-D3 simulation of 9.
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In order to inspect the transient absence of agostic interactions in detail, Pt---C distances
and C'-Pt—Cie—N dihedral angle (¢) have been monitored and plotted in Figure 4.8a and
Figure 4.8b, respectively. Snapshots of both agostic and non-agostic situations are also
displayed in Figure 4.8c. The agostic carbon atom is labelled as C: and the non-agostic
carbon atom coming from a different isopropyl group of the same IPr ligand —the one
which eventually approaches the metal— is named as C2. At the beginning and the end of
the simulation, the Pt--Ci distance is ca. 3.0 A, in agreement with the presence of agostic
bonding (grey line in Figure 4.8a). In the interval when the agostic contact vanishes, from 5
to 8 ps, C1 moves away at the same time as C2 comes closer to Pt (black line in Figure 4.8a).
C2 attempts to stabilise the metal vacancy but no agostic interactions are detected. This
conformational event implies a slight rotation of the IPr ligand across the Pt—Cier bond as
shown in Figure 4.8b, which can be related to the IPr rotations observed for the non-

cyclometalated analogous [Pt(Me)(IPr)2]+.288
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Non-agostic

\
'
'
]
1
'
]
]
i

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

~
o)

|

R
o

Agostic structure Non-agostic structure

Figure 4.8 (a) Pt---C (grey and black lines) distances and (b) C'-Pt—Cie—N (magenta line) dihedral angle during

the PBE-D3 simulation of 9, (c) selected agostic and non-agostic snapshots.

Radial distribution functions (RDF) are computed to analyse the solvent organisation
around carbon atoms Ci and Cs of the agostic isopropyl group (Figure 4.9). C.--Cocu RDFs
plot the occurrence of DCM molecules —by monitoring the carbon atoms Cocvu— at certain
distances from agostic Ci1 and non-agostic Cs atoms for the time span 8-15 ps, i.e., when the

agostic interaction is more stable. RDFs of Ci---Cpcu and Cs-+-Cpem show maximum peaks at
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4.2 and 3.8 A (Figure 4.9), integrating for ca. 1 and 5 DCM molecules (cut-off distance of 4.5

A). As a result, non-agostic Cs appears quite more exposed to solvent than agostic C1.

5DCM

\
! # N ;
0.0 cut-off \=/
4 5 8

d(C"'chm) / A

Figure 4.9 C.--Cpcum radial distribution functions during 8-15 ps in the PB3-D3 simulation of 9.

Agostic C1 in grey and non-agostic Cs in black.
4.5. Discussing Agostic Situations

The present work approaches the agostic question from a dynamic perspective. The previous
section stated the diverse agostic dynamics of the three complexes. In 2 the B-agostic
interaction remains intact during the simulation time. In 8 the &-agostic interaction is
preserved for the entire simulation but a fast exchange is observed via tert-butyl rotation. In
9 the C-agostic interaction switches on and off. When the agostic contact stays, quick
exchanges via methyl rotations are also detected. Consequently, in those cases in which the
contact may be weak and fluxional, for instance in 9, the essential point may be for how
long the agostic bonding exists. Although the time span is limited, it has been enough to
describe certain fast events, such as agostic exchanges in 8 and 9 as well as the transient
absence of agostic interactions in 9. However, the lack of statistics does not allow to estimate
the time scale of these events. More intricate changes can indeed occur taking longer times,

but they are beyond the scope of these AIMD simulations.

When dealing with weak contacts, solvent may impact the outcome. Previously, it has
been shown that only one DCM molecule is close to the agostic methyl group in 9 (Figure
4.9). To investigate this point, the interaction energy between the agostic C1 in 9 and one
DCM molecule is shown in Figure 4.10. The maximum interaction energy is found at 5.5 A
with a value of -4.5 kcal mol!. Contrary to gas- and solid-phase structures, where the
agostic interaction prevails (Figure 4.4), the picture of loose interactions can change in
solution and the solvent influence should be evaluated. Indeed, the vacancy can be occupied

by solvent molecules instead,® e.g., dichloromethane.37-320
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Figure 4.10 Interaction energy E as a function of the Ci---Cbcm distance between 9 and one DCM molecule.

As stated above, for subtle interactions the static picture may be deficient to account for
the dynamic behaviour of the system in solution. For instance, according to Pt---C and Pt---H
distances (Figure 4.4), the agostic bonding in 9 should be stronger than in 8, but this is in
contrast to the fleeting existence of the former (Figure 4.7). Therefore, a proper
configurational sampling is needed. In this line, some authors have already applied this
concept in estimating dynamically averaged NMR parameters of transition metal complexes.
NMR chemical shifts!4*141321 and coupling constants®?? were calculated for sets of snapshots

extracted from AIMD simulations in explicit solvent.

Further, agostic interactions can stabilise reaction intermediates as well as transition
states, which in turn increase reaction rates.?? Since the agostic species is usually considered
as an initial stage in C-H bond activation processes, the extent to which the C-H bond is
weakened is here evaluated. As initial evidence, the C-H elongation from gas-phase
geometries should be inspected (Figure 4.4). In 2 the C-H bond distance of 1.205 A is clearly
lengthened, whereas in 8 and 9 the values of 1.113 and 1.133 A suggest more subtle
deformations.® To support this point, C-H bonds are analysed in terms of maximally
localised Wannier orbitals??4325 where the electronic charge is concentrated in dots denoted
as Wannier function centroids (WFC). This procedure largely simplifies spread molecular
orbitals and can be applied to analyse chemical bonding situations.52326327 Figure 4.11 show
several WFCs for representative bonds, especially, the agostic C-H bond in gas-phase
geometries of 2, 8, and 9. The displacement of such point from the C-H bond axis is taken as
a measure of the agostic strength. The higher displacement is observed for 2 (0.202 A),
followed by 9 (0.073 and 0.084 A for PBE and PBE-D3 optimisations, respectively) and 8
(0.043 A). Whereas in 2 an initial stage of C-H bond activation is envisaged, in 8 and 9 the
remote agostic bonding only suggests a stabilising role towards the open coordination site.

That means, the agostic bond may not involve reactivity. As a matter of fact, Hiller et al.

s For comparative purposes, a C-H bond distance of ca. 1.09 A is considered as reference value.
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reported the X-ray structure of a §-agostic [Ru-NHC] complex in which the Ru--H and
Ru---C distances are ca. 2.05 and 2.83 A and the Ru-H-C angle is 135° similar to those
parameters observed for 9 in Figure 4.4. Interestingly, this species underwent a
cyclometalation process through a base-assisted C-H bond activation reaction which does

not involve the agostic moiety but other C-H bond that is geminal to the agostic one.3?

r!" N
\e J 3)

Figure 4.11 Selected Wannier function centroids (magenta dots) in 2, 8, and 9.

Hence, a dual effect of the agostic interaction can be envisaged according to its strength.
They can either promote C-H bond activation reactions, as in 2, or provide stabilisation of
low-coordinate situations, as in 8 and 9. However, which are the factors that govern the
different behaviour? The small set of complexes studied herein hampers a reliable
generalisation of results, but some important points are highlighted as follows: (i) degree of
flexibility of the dangling CH fragment, (ii) steric crowding of substituents around the
agostic moiety,32>-%! and (iii) nature of the ligand in ¢rans position to the agostic interaction.
Delving into the latter point in more detail, strong o-donor ligands trans to agostic bonds
weaken the interaction.®®>-334 Braunschweig et al. reported a series of true T-shaped Pt(II)
complexes which contain o-donor boryl and borylene ligands in trans position to the vacant
site.286335336 The fact that these species lack agostic interactions was attributed to the high
trans influence exerted by these ligands. Interestingly, when the weaker o-donor
catecholatoboryl ligand is employed as in 6 (Figure 4.2), an agostic interaction indeed
appears, displaying a Pt---C distance of 2.322 A in solid state.286 As regards complexes 2, 8,
and 9, the stronger o-donor character of alkyl groups in 8 and 9 with respect to phosphine

ligand in 2 likely contributes to weaken the agostic situation in the former species.

68



Finally, the different structural scenarios found in the three complexes do also influence.
In one hand, the chain length differs from each other, increasing from n = 2 in 3-agostic 2 to
n = 6 in remote (-agostic 9. In this regard, an interesting colour change which depends on f3-
and y-agostic coordination modes has been reported for the complex [CpMo(CO)2(PiPr3)]+.337
On the other hand, geometrical constrains can also play a role. Since the agostic CH group
in 8 comes from the anchored I‘Bu', the motion of ligands is restricted. Conversely, fluxional

processes become more reliable when the non-cyclometalated IPr ligand is involved in 9.
4.6. Conclusions

Three agostic T-shaped Pt(II) species have been inspected by means of QM/MM MD
simulations in explicit dichloromethane solvent. Computational evidence is summarised as

follows.

e Simulations have demonstrated particular dynamics behaviours for each agostic
interaction, being strong and stable in 2, weak and stable in 8, and weak and

fluctuating in 9.

e When dealing with fragile interactions, the inclusion of explicit solvent molecules is

recommended to account for its dynamics.

e Additional aspects such as geometrical constrains and t¢rans influence of spectator

ligands are emphasised.
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By the essence and nature of existence, contradictions cannot exist.
If you find it inconceivable that an invention of genius should be abandoned among ruins,
and that a philosopher should wish to work as a cook in a diner

—check your premises.

Hugh Akston in “Atlas Shrugged” by Ayn Rand






5. Pt-Mediated Intermolecular C—H Bond Activation

This study analyses the capability of NHC-based 14-electron Pt(II) species to promote
intermolecular C-H bond activation reactions of arenes. Each section is presented as
follows. Introduction surveys previous works about intermolecular C-H bond activations
involving 14-electron Pt(II) intermediates. Computational Details collects the specifications
of the theoretical procedures. As concerns the results, C—H Bond Activation of Benzene and
Toluene describes the different reactivity of Pt-NHC complexes by means of optimising
geometries and computing energies of reactants, products, and transition states. Structures
and reaction energy profiles are discussed therein. Exploring the Role of NHCs investigates
the chemical aspects that govern the observed reactivity trends. Lastly, Conclusions brings

together the outcome that computation has provided.
These computational results have been published as shown in Annex A.3%
5.1. Introduction

The importance of Pt-promoted C-H bond activation reactions has already been noticed in
Section 1.2.1 and the general mechanistic scenario is shown in Scheme 1.1. The
intermolecular C-H bond activation involving 16-electron Pt(II) species is a well established
process.’®’! The participation of 14-electron Pt(II) intermediates is however less common

but still feasible.®> Relevant examples in the field are reviewed below.

Goldberg and co-workers reported the C-H bond activation of both alkane and arene
solvent molecules (nz-pentane, cyclohexane, benzene, and toluene) by means of the low-
coordinate intermediate [Pt(Tp')(Me)] A, where Tp' stands for tris(3,5-
dimethylpyrazolyl)borate (Scheme 5.1).3334 A could be generated via methyl abstraction
from Pt(II)3° or via reductive elimination from Pt(IV).3% The open coordination site in A
allows coordination of solvent molecules and subsequent C-H bond activation, forming
Pt(IV) species B and C. Indeed, A can be trapped as an acetonitrile adduct in

perfluorobenzene solutions.?*
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Scheme 5.1 Intermolecular C-H bond activation via [Pt(Tp')(Me)] A.
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IV. REACTIVITY

Schwarz and co-workers addressed the C—H bond activation of benzene in gas-phase ion-
molecule reactions involving the T-shaped species [Pt(N-N)(Me)]* D (Scheme 5.2).34 The
complex D bearing the bipyridyl ligand also reacted with toluene and methane molecules.?*?
Calculations using M05-2X34 and BP86%* functionals suggested that both OA/RE (via

intermediate E) and 0-CAM (via transition state F) are competitive reaction mechanisms.
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Scheme 5.2 Gas-phase intermolecular C-H bond activation via [Pt(N-N)(Me)]* D.

Soon after the forthcoming study, Ozerov and co-workers demonstrated the potential of
the pincer complex [Pt(PNP)]* H in activating C—H bonds of arenes (Scheme 5.3).3 Triflate
removal from H generates the putative unsaturated species I which finally evolves towards

the corresponding aryl complex J.
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Scheme 5.3 Intermolecular C-H bond activation via [Pt(PNP)]+ L.

The use of electron-rich N-heterocyclic carbenes (NHC) as ligands in organometallic
chemistry®# appears as a powerful tool since they allow fine tunning of both steric and
electronic properties of complexes.3#-3# In this regard, Conejero and co-workers achieved
success in promoting intermolecular C-H activation of arenes by means of stable 14-
electron Pt-NHC species.33® Firstly, benzene activation was tested against complexes
[Pt(NHC)(NHC'")]* 1 containing four different NHC ligands (Scheme 5.4), i.e., ['Bu a (1,3-di-
tert-butylimidazol-2-ylidene), IPr b (1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene),
IMes* ¢ (1,3-bis(2,4,6-trimethylphenyl)imidazol-4,5-dimethyl-2-ylidene), and IMes d (1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene). Neither 1a nor 1b could activate benzene

molecules even at high temperature, although 1b underwent a PB-H elimination side
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5. Pt-Mediated Intermolecular C—H Bond Activation

reaction. Interestingly, upon heating at 120 °C, 1lc¢ was found in equilibrium with the

corresponding phenyl product 2c. In the case of 1d, only traces of 2d were detected.
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Scheme 5.4 Intermolecular C-H bond activation of benzene via [Pt(NHC)(NHC")]* 1.

According to the promising results obtained for the IMes* ligand c, the activation of
other arenes was investigated.?*® Heating of 1c in toluene solution at 120 °C indeed allowed
the detection of tolyl product 3c in equilibrium with reactant (Scheme 5.5). Only C-H bond
activations in meta (m-3c) and para (p-3c) positions were observed in a ratio of 5:1. Besides,

C—H bonds were chemoselectively cleaved over C-F ones in fluorobenzene derivatives.

Mes* ' IMes* 19 Mes* e Mo Me i
s S o — |
2 |t | i IMes* = N_ _N |

Toluene ! NG !

IMes*' IMes* IMes* ! !

1c m-3c p-3c e ¢ :

Scheme 5.5 Intermolecular C-H bond activation of toluene via lc.

In the framework of these experiments,3® the computational study pursues (i) to
reproduce the experimentally reported reactivity of Pt—-NHC complexes for arene C-H bond

activations and (ii) to get insight into the role of the NHC ligands in such processes.
5.2. Computational Details

Forthcoming calculations were performed at the DFT level by means of the PBEOQ
functional'6?170171 —suitable for describing agostic interactions'® and third-row transition
metal geometries'®— as implemented in Gaussian 09.26> Test calculations were carried out
with the MO06 functional.'®® The Pt heavy atom was described using scalar-relativistic
Stuttgart-Dresden SDD effective core potential and its associated double-( basis set,?¢

complemented with a set of f-polarisation function.?” The 6-31G** basis set was used for the
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H,%% C, and N atoms.?”°, Benzene (BZ, ¢ = 2.27) and toluene (TOL, € = 2.37) solvent effects
were included through SMD?'> single-point calculations on gas-phase optimised geometries.
The structures of reactants, intermediates, transition states, and products were fully
optimised without any symmetry restriction. Transition states were identified by having one
imaginary frequency in the Hessian matrix. It was confirmed that transition states connect
with the corresponding intermediates by means of application of an eigenvector
corresponding to the imaginary frequency and subsequent optimisation of the resulting
structures. Energies in solution (AEsz and AEror) are here presented to discuss reactivity
trends. Gibbs energies strongly overestimate the reaction profiles due to the intermolecular
nature of the process. Since for the C-H bond activation the solvent itself is also the

reactant, the complexes can easily access to such molecules and entropy is not decisive.

Buried volume values3#® (%Vuuw, see Section 5.4) were computed by means of the freely
available web application Samb Vca.3¥ Default parameters were used to set up the

calculation (R = 3.5 A and d = 2.1 A). Hydrogen atoms were included in the calculation.
5.3. C-H Bond Activation of Benzene and Toluene

First, benzene (Scheme 5.4) and toluene (Scheme 5.5) C—H bond activations promoted by
14-electron Pt(II) complexes are computed. The optimised geometries of reactants 1 are
shown in Figure 5.1. la exhibits a §-agostic interaction through a terr-butyl group, in
agreement with NMR data?®® and AIMD simulations.”’4 1b forms a remote (-agostic
interaction involving one methyl from an isopropyl group. This contact was confirmed in
solid state,?® although a labile behaviour is proposed in solution.?”’# Conversely, neither 1c

nor 1d display agostic interactions, becoming true T-shaped Pt(II) species.

1a 1b 1c (1d)
d(Pt"Hago) = 2.368A d(Pt-H,g0) = 2.030A d(PtHgosest) = 3.296 A (3.368A)
d(Pt--C,q0) = 3.161 A d(Pt:--C,g0) = 2.941 A d(Pt--Cosest) = 3.952 A (4.020A)
$(Cnc—N-N'-C'yic) = 85.0 $(Cnre—N-N'-C'ypyc) =50.3 ¢(Cnne—N-N'-C'\ic) =570 (59.8 )

Figure 5.1 Optimised geometries of 1la—c and structural parameters of 1la—d.
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5. Pt-Mediated Intermolecular C—H Bond Activation

An OA/RE mechanism is initially proposed for the benzene C-H bond activation
reaction (Scheme 5.6).2 Common to all reactants 1la—d, benzene is oxidatively added to Pt(II)
species 1 via TS1-4 forming hydride Pt(IV) intermediates 4. Then, reductive elimination

between the hydride and the CH: fragment via TS4-2 yields phenyl Pt(II) complexes 2.

NHC‘I@ H NHC 1@ NHC TN®  immmmmmmmmmmoo,

i © TS1-4 w | M TS4-2 r E |
H,C—Pt  + H,C—Pt—__> Pt—_ ! Pr b
2& | Oxidative 2\ | Reductive | s ¢l
NHC' addition NHC' elimination NHC ! !

1 4 2

_________________

Scheme 5.6 Reaction mechanism for C—H bond activation of benzene via 1.

Optimised geometries of products 2 are shown in Figure 5.2. No agostic contacts are
observed for any species. The predicted true T-shaped species 2c —and likely 2d— is in line
with the X-ray structure of the related compound [Pt(CsHFs)(IMes®)2]-[BArF4].338
Interestingly, both 2c and 2d exhibit CH-m stacking interactions between two o-methyl
groups of the mesityl wing and the phenyl ligand. The distances between the hydrogen
atoms and the centroid of the phenyl ring, CH---Ph, are 2.629 Ain2cand 2.725 A in2d. A
note of caution is worth here, since the PBEO functional is not able to describe putative m-m
stacking between mesityl and phenyl moieties. To evaluate this effect, structures of 2¢
containing CH-m (M06-2c) and w-m (M06-2c') interactions are optimised by means of the
MO06 functional. According to M06 energies in benzene, the CH-m contact in M06-2c¢ is
preferred over the m-m one in M06-2c' by 1.6 kcal mol-'. This result suggests that PBEO can

reasonably describe the phenyl products.

2a 2b 2¢ (2d)

¢(Cnpc—N-N'-C'yic) =57.0 ¢(Cnnc—N-N'—C'yic) = 38.6 ¢(CncN-N—C'yyic) =596 (584 )
d(CH---Ph)=2.629A (2.725A)

Figure 5.2 Optimised geometries of 2a—c and structural parameters of 2a—d.

2 The feasibility of a 0-CAM process is discussed later.
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The energy profiles (AEsz) for these reactions are shown in Figure 5.3. The
cyclometalated complexes 1 plus one benzene molecule are taken as zero of energies. In all
cases, the potential energy surface in the transition state region appears quite flat because
the energies of intermediates 4 are rather similar to those of transition states TS1-4 and TS4-
2. 1a demands 40.4 and 41.3 kcal mol-! for OA (TSla-4a) and RE (TS4a-2a) processes (black
line in Figure 5.3), and the product 2a is located at 13.8 kcal mol-! above reactants. 1b also
entails high energy barriers, i.e., 48.7 kcal mol! for TS1b-4b and 44.9 kcal mol! for TS4b-2b
(red line in Figure 5.3). Similarly to 2a, the phenyl complex 2b is not stable, lying 11.8 kcal
mol! above 1b. Thus, both kinetics and thermodynamics prevents the C—H bond activation
of benzene when IBu (a) and IPr (b) ligands are involved. These results agree with the
experiments described in Scheme 5.4. On the contrary, 1c and 1d require lower energy
barriers of ca. 30 kcal mol! to overcome OA and RE transition states (dashed blue and green
lines in Figure 5.3, respectively). Although these barriers are still high, the reaction could
become feasible at the high temperature used in the experiments (120 °C). The relative
stabilities of 2c,d appear quite different from those regarding 2a,b. 2c is almost isoenergetic
with respect to 1c, whereas 2d is 2.2 kcal mol' less stable than 1d. These results are in line

with the equilibrium observed for 1c,d and 2c,d, being 2d hardly detected (Scheme 5.4).

OA SH" * H " RE
C—[Pi}---Ph C-{Pt]—Ph

5O [--mmmmmmmmemmmzzzmzoseSemmmmesees oo
44.9

40 frmmmmmmmm e pr— e s

30 R

L | e B | B

AEg, / kcal mol™!

L e e Bt WEEEr

C—I[Pt] + PhH
A0 b

Figure 5.3 Energy profiles for benzene C-H bond activations via 1.

Overall, for I'Bu (a) and IPr (b) species both kinetics and thermodynamics do not favour
the C-H bond activation process. Conversely, for IMes* (c) and IMes (d) species kinetics
allows the reaction to proceed and thermodynamics rules the amount of product formed. In
these situations where bulky ligands are involved, the 0-CAM mechanism’” was not
considered since it requires a cis disposition of ligands. Although this reaction mechanism
can indeed operate for I'Bu derivatives, the relative stability of 2a will remain the same, i.e.,

precluding its formation.
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5. Pt-Mediated Intermolecular C—H Bond Activation

According to the positive outcome of IMes* (c) ligands in activating the C-H bond of
benzene, the reaction of 1c towards toluene is also performed (Scheme 5.5). In the case of
the toluene molecule, there are four kinds of C—H bonds, i.e., the reaction can take place at
benzyl b-, ortho o-, meta m-, or para p- positions. Since previous results pointed out to a
thermodynamic control, the energies (AEror) of all possible products 3c are initially
computed (Scheme 5.7). In agreement with experimental equilibria, only the products m-3c
and p-3c coming from meta and para activations are energetically comparable to lc.
Detection of either b-3 or 0-3 is unlikely expected since they lay 5.0 and 3.1 kcal mol~!
above 1c. A similar chemoselectivity pattern has been observed previously.3434 However,
Schwarz and co-workers predicted a stable benzyl product in the case of
[Pt(bipyridine)(CH2Ph)]* G (Scheme 5.2).3# The reason is that the benzyl ligand coordinates

to Pt in a n? fashion in G, whereas it only exhibits a ! coordination mode in b-3c.

E o i IMes* 19 IMes* 19 |Mes* 19 |Mes 1@
1c — "o [ONRE Plt" . IitL@ ¥ FltLd ¥ PltL@
00 | O T IMLS*\Q e e e

Lok i b-3c 0-3c m-3c p-3c

5.0 3.1 -0.6 -0.2

Scheme 5.7 Products 3¢ coming from C-H bond activation of toluene via 1c. AEror in kcal mol-.

Optimised geometries of 3c are shown in Figure 5.4. In line with the structure of phenyl
derivative 2c (Figure 5.2), two CH-m stacking interactions are observed in m-3c and p-3c
(CH---Ph distances of 2.600 and 2.625 A, respectively), whereas only one of those contacts is
found in 0-3c (CH---Ph distance of 2.587 A). No agostic interactions are detected at the

vacant coordination site.

b-3c 0-3b m-3¢ (p-3c)

(Crnnc—N-N'-C'yyc) = 61.7 (Crnne—N-N'-C'yc) =701 $(Cnc—N-N'—C'yyc) =58.8 (59.6 )
d(CH:--Ph)=2.587A d(CH---Ph)=2.600A (2.625A)

Figure 5.4 Optimised geometries of b-3¢, 0-3c, and m-3c, and structural parameters of all 3c.
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To fully confirm the feasible formation of m-3c and p-3c, the corresponding energy
barriers are computed (Figure 5.5). Again, OA/RE reaction mechanism is assumed to
operate. Complex 1c plus one toluene molecule are taken as zero of energies. Both meta and
para activation routes entail energy barriers of ca. 30 kcal mol-! (dashed light blue and dark
blue lines in Figure 5.5, respectively), same as those obtained for benzene C-H bond

activation (dashed blue line in Figure 5.3).

50
a0 L OA H 1 77777
TS1c-5¢ C—I[Pt}---Tol
29.9
0 b 299 294 293

29.8 293
20 f--mmmmmmee oo i

10 P 5c

AE+o, / kcal mol™

[Pt]_Tol -0.6 m-3c
10 L--- 1C -

Figure 5.5 Energy profiles for m- and p-toluene C-H bond activations via lc.

5.4. Exploring the Role of NHCs

Previous section has proved the different behaviour of NHC-based Pt(II) complexes towards
C-H bond activation process. Whilst no reaction is observed for I'Bu and IPr derivatives,
thermodynamic control operates for IMes* and IMes in both benzene and toluene C-H bond
activations. Forthcoming discussion provides some insight in order to rationalise these

observations.

To evaluate the steric hindrance of NHC ligands, the so-called buried volume %Vuur is
invoked.34834 [n a similar manner as the Tolman cone angle,?° this parameter estimates the
space which is occupied by the NHC ligand around the metal M. A graphical representation
is depicted in Figure 5.6.3® Firstly, a sphere of radius R and centre M is defined; then, a M-
Cxue distance d is set. Under this scheme, %Vuur represents the percentage of such sphere
that is buried by overlap with atoms of the NHC ligand. In other words, larger the %V,
larger the steric hindrance. Regarding the reactants 1, the %V values computed for the
non-cyclometalated NHC ligands (Table 5.1) are 38.9% for I'Bu (la), 40.1% for IPr (1b),
35.1% for IMes* (1c), and 34.9% for IMes (1d). I'Bu and IPr ligands are bulkier than IMes*

and IMes and, consequently, their presence hampers the approaching of benzene molecules.
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5. Pt-Mediated Intermolecular C—H Bond Activation

Figure 5.6 Representation of the sphere built to compute % Vbur.

To examine in depth the role of steric effects on the energy barriers, one can call for
distortion energy analyses of transition state structures.®-33 As previously mentioned,
%V only accounts for the geometry of the NHC ligands of the complex. Therefore, in
order to better compare the energy analyses with this later term, just the distortion of the
complex —but not benzene— has been considered herein. Since both OA and RE transition
states are rather similar in energy, only the former ones are considered. Initially, benzene is
removed from TS1-4, generating the distorted structures TS1-4". The distortion energies for
platinum species, AEsz*, are computed as the difference between fully optimised 1 and
distorted TS1-4'. The resulting values represent the energy required by the reactants to
adopt the oxidative addition transition state structure. The computed AEsz#a (Table 5.1) are
20.1 kcal mol-! for I‘Bu (1a), 20.6 kcal mol-! for IPr (1b), 9.6 kcal mol-! for IMes* (1c), and
9.0 kcal mol! for IMes (1d). Notably, the distortion energies involving 1c and 1d are ca. 10
kcal mol! lower than 1a and 1b. This outcome follows the trend observed for the energy

barriers AEsz#(TS1-4) (Figure 5.3 and Table 5.1).

Table 5.1 %Vuur and selected energy terms (see text). All energies in kcal mol-'.

%V (inl) AEp,#(TS1-4")  AEp,#(TS1-4)  AEg,(2)

IBua 38.9 20.1 40.4 13.8
IPrb 40.1 20.6 487 11.8
IMes* ¢ 35.1 96 30.1 0.4
IMesd 34.9 9.0 30.0 2.2

The challenge of creating a pocket to accommodate an incoming benzene molecule is
also reflected on the relative energies (Table 5.1) and the structures (Figure 5.2) of phenyl
products 2. A significant rearrangement of I‘Bu ligands is required, in which the dihedral
angle between the two NHC ligands evolves from 85° in reactant 1a to 57° in product 2a. In
the case of IPr ligands, although the change of the dihedral angle is less noticeable, the

branched isopropyl groups in 2b indeed collide with the phenyl ligand.
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As concerns the relative stabilities of 2c and 2d species, the presence of methyl groups at
the 4- and 5-positions of the imidazole ring as in IMes* (c) slightly favours the formation of
the phenyl products. Since steric contributions from IMes* and IMes are essentially the
same,3* one turns to the more electron donating character of IMes* with respect to
IMes.3¥7:354 To gain further insight on this point, thermodynamics of hypothetic [Mes*
derivatives have been studied considering different electron-donating groups on the
imidazole ring (Scheme 5.8). X stands for the SiHs (e) and NH: (f) groups which exhibit
inductive and mesomeric characters, respectively. In line with 2c, the phenyl products 2e,f
appears at —0.7 and -1.0 kcal mol}, i.e., more stable than the cyclometalated reactants le,f.
In these cases the electron-donating effect of X seems to follow a trend. The changes are

however rather small, thus no definitive conclusions should be drawn.

X X x X
NvN\b\ /@/NVN [TTTTmmomeeoees :
T PH T | X=CH; 2c —04 !
Pt" ;» Pt"—Ph i H. 2d 2.2 !
J\ J\ ! SiH; 2e —0.7 !
i ! NH _ :
S Sty L M o

X X X X

1c—f 20f

0.0 c

Scheme 5.8 Relative stabilities of 2c—f. AEsz in kcal mol-'.
5.5. Conclusions

Benzene and toluene C-H bond activations promoted by 14-electron Pt-NHC complexes
have been theoretically addressed and the outcome fairly reproduces experimental evidence.

Computational findings are collected as follows.

For complexes bearing I'Bu 1a and IPr 1b, kinetics and thermodynamics preclude the

formation of the phenyl products.

e For complexes bearing IMes* 1c and IMes 1d, feasible energy barriers are obtained to

yield the phenyl products. The preference of 2c over 2d arises from thermodynamics.

e The distribution of toluene activation products promoted by lc comes from a

thermodynamic control. Only m-3c and p-3c species are likely to be detected.

e Fine-tuning of NHC properties allows the reaction to proceed. Steric contributions
mainly govern kinetics and thermodynamics. Further subtle electronic modifications

through the imidazole backbone also influence the stability of products.
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6. Pd-Catalysed Suzuki-Miyaura Reaction

This investigation is devoted to analyse by computational means the transmetalation process
of the Suzuki-Miyaura cross-coupling reaction. Each section is presented as follows.
Introduction offers an overview of previous contributions supporting different
transmetalation reaction pathways. Computational Details specifies the computational
procedure that has been applied. As concerns the results, 7ransmetalation of Vinyl Groups
and Transmetalation of Phenyl Groups analyse the role of the base as well as the Pd-C bond
formation step for vinyl and phenyl organic groups, whereas Merging Experiment with
Computation discusses the theoretical results according to the experimental evidence.

Conclusions finally summarises the information that computation has provided.
This computational study has been published as shown in Annex A.35
6.1. Introduction

Pd-catalysed cross-coupling reactions have revolutionised organic synthesis. Several kinds
of reactions are available as pointed out in Section 1.2.2. Particularly, in Suzuki-Miyaura
conditions,®% organohalides are coupled with organoboron reagents®® in the presence of

base (Scheme 6.1).

®—X + ®—[B] [Pd], base ®__® ® ® = aryl, alkenyl

X = halide, triflate
X—[B]

Scheme 6.1 Typical Suzuki-Miyaura cross-coupling reaction.

The general reaction mechanism consists of oxidative addition, transmetalation, and
reductive elimination steps (Scheme 1.3). As concerns the transmetalation process, two
different pathways have been proposed relying on the role of the base, i.e., hydroxide in this
case (Scheme 6.2).57 The so-called boronate mechanism, path A, entails prior formation of
boronate species A via nucleophilic attack of hydroxide to boronic acid. The resulting
boronate lately displaces the halide and undergoes transmetalation. In the Pd-hydroxo
mechanism, path B, hydroxide initially substitutes halide and coordinates to Pd forming
intermediate B. This Pd-hydroxo species eventually adds boronic acid in order to promote
transmetalation. Interestingly, experimental and theoretical studies supporting both
pathways have been reported, thus the transmetalation reaction mechanism is still under

debate.?58 Relevant contributions are reviewed below.
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Scheme 6.2 Proposed mechanisms for Suzuki-Miyaura reaction (base = OH").

1}
L,Pd

Matos and Soderquist reported a thorough study on the Suzuki-Miyaura reaction
involving 9-borabicyclo(3.3.1)nonane derivatives in THF solution (Scheme 6.3).3° They
found a fast displacement of bromide by hydroxyborate via intermediate D (path A). On the
contrary, the formation of the Pd—hydroxo E took place slowly (path B).

R’ Ph
/ -
HO-g®@ L,Pd

THF
C

Br

Ph
©on _Ph [PathB _Ph ..
LoPd

L2Pd ol o)
“oH ———— 0—B~
H

E F
Scheme 6.3 Roles of the base proposed by Matos and Soderquist.®°

Sakaki and co-workers firstly reported DFT calculations on the transmetalation of
diboron reagents starting from both Pd-halide and Pd-hydroxo species.>® Soon after Ujaque
and co-workers addressed the role of the base in the transmetalation step by means of
B3LYP calculations, modelling phosphines by PHs (Scheme 6.4).3¢' They initially considered
the displacement of bromide by vinylboronate via path A (TS-HI). However, the bromide-
by-hydroxide substitution via path B (TS-HJ) could not be located for such a model system.
Instead, the oxidation of a phosphine ligand to form K was characterised. The reaction can
take place starting from the Pd-hydroxo J via TS-JI. Both transition states TS-HI and TS-JI
were lower in energy than the one which describes the Pd—C bond formation step. The

boronate mechanism (path A) was also computed for aryl derivatives.32
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TS-HI

/
PH PH (
|3 | _B(OH),

/—Td—Br /—Td—a

H PH; TS-HJ Path B PH3 |

not located

. PH, TS-JI
OH I B(OH)
Pd—OH
7 Z 2
S]
K [Pd]—PH; PHs
N J

OH

Scheme 6.4 Computed reaction mechanisms reported by Ujaque and co-workers.3¢!

The influence of other bases different from hydroxide in the transmetalation step was
computationally investigated for diimine chelated Pd complexes,3% although the mechanism

to form Pd-borate species (analogous of I in Scheme 6.4) was not discussed.

Nunes and Monteiro employed mass spectroscopy to detect borate species during Suzuki—
Miyaura coupling reactions.®* Their findings support an initial attack of the base OH- to
form the reactive borates intermediates. Indeed, arylboronate salts can be directly used as
reagents in a base-free protocol.3%5:3%¢ However, caution is needed here because the release of

hydroxide anions during the course of the reaction cannot be fully excluded.?*

Recently, experimental studies claim for the participation of Pd-hydroxo intermediates
(path B). Carrow and Hartwig showed that the populations of Pd-hydroxo and Pd-halide
complexes in THF/H20 mixtures are comparable.’”’ Kinetic studies were then performed in
order to discern between paths A and B (Scheme 6.5). The reaction between Pd-bromide L
and p-tolylboronate was very slow, less than 10% conversion after 11 h. In contrast, Pd—
hydroxo M was able to react with p-tolylboronic acid in the same conditions. Therefore, the
reaction rate involving the Pd—bromide L and the boronate resulted to be quite smaller than
the one starting from the Pd-hydroxo M, thus favouring path B.3¢’ Schmidt et al. also made
use of reaction rates to rule out the participation of boronate intermediates for a related

system catalysed by phosphine-free Pd species in DMF/H20.368

S)
H
PhsP Br  p-Tol-B(OH), O pTol-BOH), PR o

Pd_ Pd
X
©/ pph,  THF/HO O THF/H,0 ©/ )
Path A Path B
] N (Pathe) .
ka <<kp

Scheme 6.5 Kinetics studies on paths A and B reported by Carrow and Hartwig.3¢”
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Amatore et al. also studied the role of the base.3® The reliability of boronate species to
promote transmetalation was tested towards the Pd—bromide O in DMF solution (Scheme
6.6). In order to hamper the formation of Pd-hydroxo complexes, the reaction was
performed in the presence of a large excess of halide. In such conditions, phenylboronate
did not react with Pd-bromide O after 3 h. Consequently, the participation of boronate
species via path A was precluded.

€]
PhsP(  _Br Ph—B(OH)s

Pd S no reaction
/©/ Npph, Br (100 equiv), DMF
NC
0

Scheme 6.6 Lack of reactivity of boronate species reported by Amatore et al.3®

On the contrary, Lima et al. recently suggested that, in DMF/H20 mixtures, the main
role of the base is to activate the boronic acid forming the boronate intermediate via path A,

albeit Pd—OH species were not excluded.?”

In this scenario where different studies seem to disagree, the role of the base should be
computationally revisited. Therefore, DFT calculations have been carried out using the real
catalyst [Pd(PPhs):] and an improved description of the hydroxide base. The Suzuki-
Miyaura cross-coupling reaction takes place via oxidative addition®!%"8, transmetalation,
and reductive elimination®%3% processes. The present study is focused on the
transmetalation event where the base plays its main role. Both vinyl and phenyl groups are

considered in the calculations (Scheme 6.7).

[L,Pd] _R i R, R = vinyl, phenyl |

R—Br + R—B(OH), 7»T> L,Pd_  + B(OH); ' L=PPh;y !
o o R i THF solvent i

OH Br b e |

Scheme 6.7 Suzuki-Miyaura transmetalation reactions under study.

This investigation has the clear purpose of unravelling the dilemma between boronate
(path A) and Pd-hydroxo (path B) reaction mechanisms in Suzuki-Miyaura transmetalation

processes.
6.2. Computational Details

Forthcoming calculations were performed at the DFT level by means of the MO06
functional'® with an ultrafine grid*+4 as implemented in Gaussian 09.2> This functional
correctly accounts for dispersion interactions and is recommended for transition metal

chemistry 18018118 The Br and Pd heavy atoms were described using scalar-relativistic

86



6. Pd-Catalysed Suzuki—-Miyaura Reaction

Stuttgart-Dresden SDD effective core potentials and their associated double-( basis sets,?¢
complemented with a set of f-polarisation functions.?¢’2%¢ The 6-31G™* basis set was used for
the H,2 B, C, O, and P atoms.?”? Diffuse functions were added to O atoms.?’!
Tetrahydrofuran (THF, e = 7.426) solvent effects were included through SMD?!* single-point
calculations on gas-phase optimised geometries. The structures of reactants, intermediates,
transition states, and products were fully optimised without any symmetry restriction.
Transition states were identified by having one imaginary frequency in the Hessian matrix.
It was confirmed that transition states connect with the corresponding intermediates by
means of application of an eigenvector corresponding to the imaginary frequency and
subsequent optimisation of the resulting structures. Gibbs energies in THF (AGrur) are

computed according to the following formula,

AGyyp = Ay +AG,, —AE,, 6.1]
where suffix gp means gas-phase.
6.3. Transmetalation of Vinyl Groups

The boronate [R-B(OH)3]- plus the complex trans-[(PPhs)2Pd(R)(Br)] 1, coming from the
oxidative addition of R-Br, have been taken as zero of energies (R = vinyl). Firstly, the
specific role of the base is analysed; secondly, the steps involved in the transmetalation

process are computed.

6.3.1. Role of the base

The displacement of bromide by hydroxide to form the Pd-hydroxo intermediate 2 (path B
in Scheme 6.2) is first analysed. Starting from 1, the substitution transition state TS1-20 is
located at 32.5 kcal mol-' above reactants (Figure 6.1). Such a high barrier could be related
to the crude description of the base as a bare hydroxide anion. Since the presence of water is
likely in the experiments, coming from either hydration of base or solvent mixtures, the
inclusion of explicit water molecules?® surrounding the anions is therefore considered.
Figure 6.1 collects the Gibbs energy profiles obtained after the inclusion of n water
molecules, ranging from 1 to 4. Overall, the coordination of water molecules to the
negatively charged boronate and hydroxide species has a gradual stabilising role. 1 plus
solvated boronate reactants lay 7.3 and 7.4 kcal mol! below 1 plus non-solvated boronate
species in presence of 3 and 4 water molecules, respectively. The same trend is observed for
the substitution transition states denoted as TS1-2, being n the number of water molecules
involved. The transition state Gibbs energies decrease producing similar barriers for 3 and 4

water molecules, i.e., 24.2 kcal mol-! via TS1-2% and 22.9 kcal mol! via TS1-24 (Figure 6.1).
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After the substitution process the water molecules are located solvating the bromide anion.

Since these results differ in ca. 1 kcal mol-!, the series is assumed to be converged for n=3.
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Figure 6.1 Gibbs energy profiles for path B including 0—4 water molecules (R = vinyl).

As shown in Figure 6.1, transition states TS1-2» have been computed ignoring the
boronic acid, i.e., the Gibbs energy of the boronic acid is added separately. In order to
consider all species within the same calculation, the transition state TS1-23 is revaluated by
including the boronic acid in the model explicitly. The new transition state TS1-23B is
placed at 15.3 kcal mol! and involves a Gibbs energy barrier of 22.7 kcal mol-!. Similar
values were found for the transition states TS1-23 and TS1-2¢ (24.2 and 22.9 kcal mol-},
respectively), thus only TS1-23B will be discussed. The optimised transition state structures
including no water (TS1-2°), 3 water molecules (TS1-23), and 3 water molecules plus boronic

acid (TS1-23B) can be consulted in Figure 6.2.

TS1-20 TS1-23 ! TS1-2°B

Figure 6.2 Optimised geometries of TS1-2°, TS1-23, and TS1-23B. Distances in A, angles in degrees.
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6. Pd-Catalysed Suzuki-Miyaura Reaction

Alternatively, the removal of bromide by boronate to produce the Pd-boronate
intermediate 3 (Path A in Scheme 6.2) is next considered. Starting from 1, the substitution
transition state TS1-3° is placed at 14.6 kcal mol! above reactants (Figure 6.3). In line with
path B, the effect of the presence of water molecules is also evaluated. Figure 6.3 shows the
computed Gibbs energy profiles when up to 4 water molecules are included in the
calculations. The Gibbs energies of the transitions states TS1-3» diminish in the same extent
as the ones for the reactants and therefore, regardless of n, the overall barriers remain
almost constant in the range of 14-16 kcal mol! (Figure 6.3). Similar Gibbs energies are
obtained for 3 and 4 water molecules and the series is assumed to be converged for n = 3 as
in path B. The optimised transition state structures including no water (TS1-3°) and 3 water

molecules (TS1-33) are displayed in Figure 6.4.
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— n=3
— n=4
10 [Pd] = RPd(PPh;),
[B] = R-B(OH),

AGqye / kcal mol™!
()]

0
0.0
-5 +
oL 7.4 -7.3 N
1 [Pd]—Br 1[Pd—Br  Ts13" [Pd]. 3 [Pdj—OHI[B]
+[BIOH  + [BIOH-(H,0), TOHIBl o)
+ (H20),

Figure 6.3 Gibbs energy profiles for path A including 0—4 water molecules (R = vinyl).

TS1-3¢ TS1-3°

Figure 6.4 Optimised geometries of TS1-3° and TS1-33. Distances in A, angles in degrees.
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According to the aforementioned calculations, the transition states TS1-23B and TS1-3?
contain the same number of atoms and share the origin of energies; hence, they can be
compared right away. The computed Gibbs energy barrier for path B via TS1-23B is 22.7 kcal
mol-!, whereas the one for path A via TS1-3% is 14.7 kcal mol-'. It means that the boronate
mechanism is clearly endorsed since it demands 8.0 kcal mol! less than the Pd-hydroxo

route.

6.3.2. Transmetalation process

The entire transmetalation process considering three water molecules is computed. Relative
Gibbs energies are shown in Scheme 6.8 and Gibbs energy barriers with respect to the most
stable reactants (1 plus solvated boronate species at —7.4 kcalmol!) are discussed as follows.
As stated before, 1 evolves towards the Pd—boronate intermediate 3 via TS1-3? (path A)
involving 14.7 kcal mol-!. Alternatively, 1 can produce the Pd-hydroxo intermediate 2 via
TS1-2°B (path B) demanding 22.7 kcal mol-!. Subsequent attack of boronic acid to hydroxo
ligand in 2 generates 3 via TS2-3, placed at 18.6 kcal mol! above 1. Once bromide is released
and 3 is formed, the boronate ligand should change its coordination mode from 1n!-O in 3 to
n?-vinyl in 4 via TS3-4 which requires 20.4 kcal mol-'. Then, the Pd—C bond formation takes
place via TS4-5 involving 25.4 kcal mol-!. Trans—cisisomerisation and reductive elimination

processes are assumed to occur yielding the final product and regenerating the Pd catalyst.

RIR LoPd° N\
Vw \ _74
Lo L Br ©
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R L R L (H20)s

&)
. OH(H;0); TS81-2°B
RB(OH), 15.3

B(OH), 20)s
L i OH ,
Pd a0
R L
N
4/2\_ 5 BOH)
11.2

Scheme 6.8 Transmetalation reaction mechanisms (R = vinyl). AGrrr in kcal mol-.

The relative Gibbs energies of Scheme 6.8 are plotted as reaction profiles in Figure 6.5.
Path A via boronate-by-bromide substitution (blue line in Figure 6.5) demands 14.7 kcal
mol! whereas path B via hydroxide-by-bromide substitution (red line in Figure 6.5)

requires 22.7 kcal mol-'. Moreover, both pathways are lower in energy than the Pd—C bond
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6. Pd-Catalysed Suzuki-Miyaura Reaction

formation step which consumes 25.4 kcal mol-! via TS4-5. These results suggest that path A
is preferred over path B, although this decision hardly influences the transmetalation

reaction rate governed by the transition state TS4-5.
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Figure 6.5 Gibbs energy profiles for transmetalation reaction mechanisms (R = vinyl).
6.4. Transmetalation of Phenyl Groups

The same procedure applied to vinyl species (Section 6.3) is performed for phenyl
derivatives. The boronate [R-B(OH)s]- plus the complex trans-[(PPhs).Pd(R)(Br)] Ph-1 have
been taken as zero of energies (R = phenyl). Both the role of the base and the entire

transmetalation process are calculated.

6.4.1. Role of the base

The substitution of bromide by hydroxide to form the Pd-hydroxo intermediate Ph-2 (path
B in Scheme 6.2) via Ph-TS1-29 is located at 32.8 kcal mol' above reactants (Figure 6.6). As
for vinyl species, the inclusion of water molecules is also considered. According to previous
results, Figure 6.6 only shows the Gibbs energy profiles including 3 and 4 water molecules.
Ph-1 plus solvated boronate reactants are stabilised to ca. 67 kcal mol-'. The energies of the
transition states Ph-TS1-23 and Ph-TS1-24 also decrease until ca. 21 kcal mol-'. The final
Gibbs energy barriers become 27.9 and 27.2 kcal mol! for 3 and 4 water molecules,
respectively (Figure 6.6). The small difference in Gibbs energies allows to assume

convergence for n = 3.
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Figure 6.6 Gibbs energy profiles for path B including 0, 3, and 4 water molecules (R = phenyl).

As for vinyl species, the boronic acid is explicitly included in the model in order to
consider all species within the same calculation. Recomputation of Ph-TS1-23 gives Ph-TS1-
2°B which is located at 18.6 kcal mol! and requires a Gibbs energy barrier of 25.0 kcal mol-'.
Slightly larger barriers were found for the transition states Ph-TS1-23 and Ph-TS1-2¢ (27.9
and 27.2 kcal mol-!, respectively), thus only Ph-TS1-2°B will be considered.

The displacement of bromide by boronate to produce the Pd—boronate Ph-3 (Path A in
Scheme 6.2) is described by Ph-TS1-3°, which is placed at 19.4 kcal mol-' above reactants
(Figure 6.7). Following the systematic solvation procedure, Figure 6.7 displays the Gibbs
energy profiles after the inclusion of 3 and 4 water molecules. In line with vinyl species, the
Gibbs energies of both reactants and transition states decrease almost equally and the Gibbs

energy barriers remain at ca. 19 kcal mol-!. The series is assumed to be converged for n = 3.
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Figure 6.7 Gibbs energy profiles for path A including 0, 3, and 4 water molecules (R = phenyl).
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6. Pd-Catalysed Suzuki—-Miyaura Reaction

Previous calculations indicated that the comparison between reaction mechanisms for
the bromide substitution should be made in the basis of transition states Ph-TS1-23B for
path B and Ph-TS1-33 for path A. The corresponding Gibbs energy barriers are 25.0 and 18.9
kcal mol! for paths B and A, respectively. In the same manner as for vinyl counterparts, one

achieves the same outcome, i.e., the boronate mechanism is preferred by 6.1 kcal mol-'.

6.4.2. Transmetalation process

After the detailed study of the role of the base, the global transmetalation process is then
analysed. Relative Gibbs energies are shown in Scheme 6.9 and Gibbs energy barriers with
respect to the most stable reactants (Ph-1 plus solvated boronate species at —6.4 kcal mol')
are discussed as follows. The bromide substitution from Ph-1 is produced by either the
boronate species via Ph-TS1-33 involving 18.9 kcal mol-! (path A) or the hydroxide anion via
Ph-TS1-23B demanding 25.0 kcal mol! (path B). In the latter case, an additional step is
required in which boronic acid attacks hydroxide ligand via Ph-TS2-3. Once the Pd-
boronate intermediate Ph-3 is formed, the Pd—C bond formation can take place via Ph-TS3-
5 involving 39.0 kcal mol! since no prior coordination change is needed for phenyl
substrates.®? Such a high barrier certainly blocks this reaction pathway. It has been shown
that conformational diversity may be an error source to take into account.? In this regard,
another conformational structure for the phosphine ligands in Ph-TS3-5 (extracted from ref.
385) has been considered. The transition state Ph-TS3-5-con involves a barrier of 40.4 kcal
mol!, thus no energy drop is obtained using such a conformation. Additionally, a cis
configuration of the phosphine ligands in Ph-TS3-5 has also been evaluated. The

corresponding transition state Ph-TS3-5-cis still entails a barrier of 40.3 kcal mol-.
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Scheme 6.9 Bisphosphine transmetalation reaction mechanisms (R = phenyl). AGrsr in kcal mol-!.
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As alternative route, the release of one phosphine ligand is proposed in Scheme 6.10.
Indeed, monophosphine reaction mechanisms have been previously reported by
others.360.38-389 In the current study the displacement of the phosphine is promoted by the
boronate ligand itself via Ph-TS3-6. The associative substitution requires 24.3 kcal mol!
producing a x?-boronate intermediate Ph-6. Then, the phenyl group should coordinate to Pd
by displacing one OH group from the boronate ligand (Scheme 6.10). At this state the
entering n?-phenyl group (in blue) can be placed in trans or cis position with respect to the
n'-phenyl ligand (in red).3® For the cis mechanism (c suffix), the transition states of both the
phenyl coordination Ph-TS6-7c and the Pd—C bond formation Ph-TS7c-8c are located at
19.3 and 18.4 kcal mol, respectively, thus involving Gibbs energy barriers of ca. 25-26 kcal
mol-. For the trans mechanism (t suffix), the phenyl coordination via Ph-TS6-7t is placed at
18.8 kcal mol!, whereas the Pd-C bond formation via Ph-TS7t-8t is placed at 24.8 kcal
mol! and entails a Gibbs energy barrier of 31.2 kcal mol!. Reductive elimination and
phosphine coordination processes are assumed to occur yielding the final product and

regenerating the Pd catalyst.
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Scheme 6.10 Monophosphine transmetalation reaction mechanisms (R = phenyl). AGrrr in kcal mol-.

The relative Gibbs energies of Scheme 6.10 are plotted as reaction profiles in Figure 6.8.
As concerns the bromide substitution, path A via Ph-TS1-3% (blue line in Figure 6.8)
demands 18.9 kcal mol! and path B via Ph-TS1-23B (red line in Figure 6.8) requires 25.0
kcal mol-'. According to these barriers, the boronate substitution is also favoured for phenyl

species by 6.1 kcal mol'. After the phosphine release via Ph-TS3-6, the Pd—C bond
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6. Pd-Catalysed Suzuki-Miyaura Reaction

formation bifurcates in two routes, cis (dashed blue line in Figure 6.8) and trans (dashed red
line in Figure 6.8). The first step involving the phenyl coordination is quite similar in both
routes. For the Pd—C bond formation the cis route takes 24.8 kcal mol! via Ph-TS7¢-8¢
whereas the trans route involves a higher value of 31.2 kcal mol-! via Ph-TS7t-8t. Overall,
path A and cis route (solid and dashed blue lines in Figure 6.8) are the preferred reaction

mechanisms. Gibbs energy barriers of ca. 25-26 kcal mol! are found for the Pd—C bond
formation steps.
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Figure 6.8 Gibbs energy profiles for monophosphine transmetalation reaction mechanisms (R = phenyl)

6.5. Merging Experiment with Computation

The above-discussed calculations support the involvement of boronate as active species at
the first stage of the Suzuki—-Miyaura transmetalation, namely path A. However, as pointed
out in the introduction, recent experimental evidence claims for the participation of Pd-
hydroxo intermediates, namely path B.3¢7-3% This section is therefore devoted to compare
both computational and experimental results. One point of caution is worth here, since
calculations assume a standard state of 1M for all species. Although the energies may differ
in catalytic conditions —ca. 1.4 kcal mol! for each order of magnitude of concentration

difference?>—, the computational study still provide reliable mechanistic insight to take into
consideration.

Firstly, Carrow and Hartwig demonstrated that, in absence of boronic acid, the
populations of [L.Pd(Ph)(Br)] and [L:Pd(Ph)(OH)] are similar in THF/H20 mixtures.?’ To
address this issue, one must draw attention to species Ph-1 and Ph-2 in Figure 6.6 where the

boronic acid appears in both sites and its energy contribution cancels. Ph-1 (4.6 kcal mol')
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is only 2.0 kcal mol! more stable than Ph-2 (6.6 kcal mol!). Hence, a priori, both species
could be formed in solution. They also showed that the reaction between Pd—OH and
boronic acid is faster than the one between Pd—Br and boronate (Scheme 6.5).3¢7 The same
trend has been reported by Schmidt et al. in other related system.® Calculations actually
reproduce these facts due to a ground state effect as shown in Figure 6.8. Ph-1 plus boronate
species are more stable than Ph-2 plus boronic acid. Since both of them have to reach the
same Pd—C bond formation transition states, the barrier from Ph-2 is necessarily lower since

it lies above Ph-1. Overall, the Pd-OH intermediate Ph-2 is accessible but not mandatory.

Besides, Amatore et al. set up an experiment to test the reaction between Pd-Br and
boronate.3® To preclude the putative formation of Pd—OH species, a large excess of bromide
was introduced (100 equivalents). In such conditions, neither Pd—OH species nor reaction
products were detected. They suggested that, since the path involving the Pd-hydroxo
intermediate is putatively blocked, no reaction takes place. According to calculations, the
rate-limiting transition state is shared for paths A and B and involves the Pd—C bond
formation via Ph-TS6-7c and Ph-TS7c-8c. Therefore, all species prior to this point can be
assumed to be in equilibrium. Since the bromide is eventually released, an excess of this
species should displace all equilibria towards reactants. In other words, not only path B but
also path A should be hampered. Additionally, other uncharacterised compounds such as
[Pd2Brs]> or [Pd2R:Brs]>> may be formed.***! Finally, they also found that the ratio
base/boronic acid plays an important role.3 At low hydroxide concentrations, either [Ph—
B(OH)s]- or Pd—OH species are hardly present, hence the reaction rate is slow for paths A
and B. At high hydroxide concentrations, the formation of both [Ph-B(OH)3]- and Pd-OH
species is favoured. The reaction between them is however not productive and the reaction

rate is again slow for paths A and B. None of these findings contradict calculations.
6.6. Conclusions

Boronate (path A) and Pd-hydroxo (path B) reaction mechanisms for the Suzuki-Miyaura
cross-coupling of vinyl and phenyl reactants have been computed and their reliability has

been compared to experimental evidence. Computational results are summarised as follows.

e Explicit solvation of the base (hydroxide anion) is necessary to obtain a better

representation of the system.

e For vinyl and phenyl species, path A (via boronate intermediate) is preferred over

path B (via Pd-hydroxo intermediate) by 68 kcal mol-'.
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6. Pd-Catalysed Suzuki—-Miyaura Reaction

e For vinyl species, the rate-limiting transition state corresponds with the Pd—C bond
formation. The bromide displacement via path A or B hardly influences the overall

reaction rate.

e For phenyl species, the bisphosphine transmetalation seems to be inoperative; instead,
a monophosphine reaction mechanism is proposed. The rate-limiting transition states

also involve Pd—C bond formation steps.

e After re-examination of recent experimental reports, computational results fit the
available data. We conclude that palladium hydroxo intermediates are feasible but not

mandatory for the transmetalation to occur.
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7. Pd-Catalysed Si-based Vinylation in Water

This computational study attempts to provide a reliable mechanistic landscape on Pd-
catalysed Si-based vinylation reactions in water. Several reaction mechanisms are proposed
to account for the different reaction products experimentally observed. Each section is
presented as follows. /ntroduction reviews some mechanistic considerations of organosilicon
compounds and presents the experimental system under investigation. Computational
Details gathers the specifications of the theoretical method. As concerns the results, /nitial
Steps describes the common processes that all forthcoming pathways share. Hiyama vs.
Heck and Transmetalation vs. Reinsertion are devoted to illustrate and evaluate the
proposed reaction mechanisms. General Scenario puts all pathways together revealing the
overall mechanistic picture. Lastly, Conclusions compiles the main findings that

computation has provided.
These computational results have been published as shown in Annex A.3%
7.1. Introduction

The efficient synthesis of styrene derivatives —a terminal alkene with an aryl substituent—
is crucial because they are important building blocks in fine and polymer chemistry.3%
Scheme 7.1 shows several synthetic strategies to form a terminal alkene, so-called vinyl: (i)
elimination, (ii) olefination, (iii) partial reduction of alkynes, and (iv) cross-coupling
reactions.** The latter procedure can involve different kinds of organometallic partners as
discussed in Section 1.2.2. In this regard, organosilicon compounds appear as interesting
reagents due to their low cost, low toxicity, and high chemical stability.®”3> Their value in

synthesis has been demonstrated.3%

Vinylation [ NGV Ar/\]

(i) Elimination Ar/\/x X = good leaving group

(ii) Olefination  Ar”">x y~<~  Ylide and carbonyl

(iii) Reduction Ar——
: } . X . X=halide
(iv) Cross-coupling Ar YO Y =H, B, Si, Sn, Zn...

Scheme 7.1 Synthetic strategies to approach vinylation.

Hallberg and Westerlund firstly reported a Pd-catalysed Si-based procedure to couple

vinyl and aryl moieties.>” However, the organosilicon compounds actually underwent Heck
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coupling followed by desilylation (Scheme 7.2).3%8-3% Later, the addition of fluoride anions in
the presence of alkylsilane*” and alkoxysilane’! species promoted the C-Si bond breaking
process with concomitant transmetalation to Pd, also known as Hiyama coupling. The facile
Si-F bond formation yielding five-coordinate silicon intermediates is assumed to activate
the low-polar C-Si bond (Scheme 7.2),%8 although recent experiments claim otherwise.? The
presence of NaOH*? or AgxO4340¢ —fluoride-free conditions— also prompted the Hiyama
coupling. Supporting these findings, Sakaki and co-workers theoretically modelled the
activating role of both fluoride and hydroxide anions during the C-Si bond breaking
process.“®> Denmark and Sweis later discovered that this promoting effect can be played by
silanolate species formed by deprotonation of silanols with Brensted bases.®¢47 The
presence of Pd-O-Si linkages was found to be a key feature.®® The transmetalation of
silanolate reactants can proceed via four-coordinate (thermal pathway) and five-coordinate

(activated pathway) silicon intermediates.“”

(i) Heck PUL (ii) Desilylation

ArT X
a [Pd]
Ar/x + H/\/[SI] E— 5 AT
\S|i
- _\\
Nu
E_NEJ_T_F__’_HP__’_[_S_I]_CS _J: (iii) Transmetalation

Scheme 7.2 Heck-desilylation vs. transmetalation mechanisms.

Usually, the computation of Heck and Hiyama pathways is considered separately. Several
reaction mechanisms for the Pd-catalysed Heck coupling have been calculated,’* see for
instance some representative systems based on phosphine,!®410-412 carbene,*3 and several
bidentate ligands.#'# Likewise, theoretical studies in /igand-free conditions have also been
performed.#’> Scarce literature is however available for the Hiyama transmetalation
process.“® Recently, a computational study on an oxidative Heck/Suzuki reaction compared
B-hydride elimination and transmetalation. The latter was found to be favoured in the

presence of 1,4-benzoquinone.*!¢

In line with the aforementioned green features of organosilicon compounds,®” water is
the preferred solvent from both economics and environmental standpoints, though
additional aspects should be taken into account.*”” Common organic synthesis used to avoid
water but the picture has changed nowadays.#'840 Water is a reactive media indeed, thus

the comprehension of the reaction mechanisms at work is needed for a rational design of

2 Some authors suggest the participation of [Pd—F] intermediates when arylsilane reactants are
involved, see C. Amatore, L. Grimaud, G. Le Duc, A. Jutand, Angew. Chem. Int. Ed. 2014, 53,
6982-6985.
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processes. Focusing on vinylation, the Pd-catalysed Si-based cross-coupling reaction in
aqueous media has already been reported.#?'#?? Particularly, de Jesis and co-workers
efficiently performed the coupling between triethoxyvinylsilanes and aryl bromides in basic
aqueous media with [Pd(OAc):] as precursor (Scheme 7.3).423 To further unveil the operating
mechanism, the reactions were carried out using deuterated vinylsilanes. The deuterium
distribution of the products indicated that the Heck mechanism via putative Pd-hydride
intermediates is at work.#* A more thorough and comprehensive study was lately reported
in which the scope was extended to other substrates and Pd precursors.?*> The addition of
different aryl reactants in a two-step one-pot proceeding also allowed the synthesis of

asymmetric £-1,2-diarylethene derivatives (Scheme 7.3).3%
(Pd]

2 2
AT Arc=X Ar1/\/Ar

Alr1/x by SIOED;
NaOH / H,0

Scheme 7.3 General synthesis of vinylarene (and £-1,2-diarylethene) derivatives.

Prior to address mechanistic investigations, some aspects should be considered.?? Firstly,
aryl iodide reagents are preferred because their coupling reaction can be performed at room
temperature. The actual speciation of vinylsilanes in solution is also an issue to deal with.
According to ESI-TOF and NMR spectroscopy, ethoxyvinylsilanes vinyl-Si(OEt)s undergo
hydrolysis in basic media producing vinylsilanolates [vinyl-Si(OH)20]-. Regarding the
catalyst, transmission electronic microscopy images indicated the presence of Pd
nanoparticles for all precursors but [PdClz(en)] (en = ethylenediamine) which seems to work
in a homogeneous regimen. Putting all together, both experimental and computational
studies here discussed will concern the coupling of iodobenzene with vinylsilanolate in
presence of [PdCl(en)] as depicted in Scheme 7.4. In such conditions, the reaction yields

styrene as major product, although B-silylated styrene is obtained in less extent.

PdCI Si(OH),0™
©/ b SO0 ! HZ((:”)] ©/\ . ©/\V (OH)
2

Major Minor

Scheme 7.4 Coupling reaction under study.

From the experimental side, exhaustive labelling studies were carried out using different
deuterated vinylsilanes in order to distinguish between reaction mechanisms.?> The final
outcome deduced from these experiments is summarised in Scheme 7.5 by labelling the
participant hydrogen atoms with the tags a, b, and ¢ (abc pattern). Three competing
pathways are proposed to account for the observed products: (i) Hiyama, (ii) Heck, and (iii)

desilylation.*” Firstly, the Hiyama coupling entails the transmetalation of the vinyl group
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from Si to Pd and subsequent reductive elimination. Since no hydrogen atoms are involved
in the process, the hydrogen distribution pattern of the styrene product A remains
unchanged. A only accounts for 1% of the reaction yield, thus this pathway is unlikely
operative. On the other hand, the Heck coupling involves a C—H bond activation producing
the B-silylated styrene B. In this step the hydrogen atom Hc goes to the palladium centre
forming the Pd-hydride C. The reaction does continue and Hc from C can be reincorporated
to B with concomitant silicon removal. The entering Hc can be located in trans or cis
positions with respect to the phenyl group, giving rise to the styrene species D and E,
respectively. The latter E appears as the major product (75%). Overall, consecutive Heck

and desilylation processes should prevail.

H »
. (i) Hiyama Ph)\/H A ﬁ
H [Pd—Ph] He ¥
. )\(Si(OH)zo‘ b Ph)\( D
N L siomon . o © Destiim Ha
A Ph)\/SI(OH)ZO + [Pd_pyy Desilylation
(ii) Heck Ha c

b
H a
N e (75

He

.
Scheme 7.5 Results from labelling studies. Yields determined by 'H NMR analysis of crude reaction mixtures.

With all this information at hand, a computational study is performed to reveal the
mechanistic details at microscopic level. The main purpose is to evaluate the operating
reaction mechanisms that account for the formation of the major product E as well as the
detection of the minor products A, B, and D. The Hiyama/Heck competition is first analysed

and two desilylation mechanisms are then proposed.
7.2. Computational Details

Forthcoming calculations were performed at the DFT level by means of the MO06
functional's® with an ultrafine grid$* as implemented in Gaussian 09.2¢> This functional have
been tested against dispersion interactions and transition metal chemistry providing
satisfactory results.!8181.18 The Pd and I heavy atoms were described using scalar-relativistic
Stuttgart-Dresden SDD effective core potentials and their associated double-( basis sets,?¢
complemented with a set of f-polarisation functions.?”2® The 6-31G** basis set (DZ) was
used for the H,2° C, N, O, and Si atoms.?’°. Diffuse functions were added to O atoms.?’!
Water (e = 78.4) solvent effects were included through SMD?'5 single-point calculations on
gas-phase optimised geometries using the 6-311++G** basis set (TZ) for the H, C, N, O, and

Si atoms.?’1426 The structures of reactants, intermediates, transition states, and products were
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fully optimised without any symmetry restriction. Transition states were identified by
having one imaginary frequency in the Hessian matrix. It was confirmed that transition
states connect with the corresponding intermediates by means of application of an
eigenvector corresponding to the imaginary frequency and subsequent optimisation of the
resulting structures. Gibbs energies in water (AGw) are computed according to the following

formula,

AG,, =AE, (TZ)+AG,,(DZ) - AE, (DZ) 7.1]
where suffixes w and gp stand for water and gas phase, respectively.
7.3. Initial Steps

Both Heck and Hiyama couplings share the first steps of the reaction, i.e., (i) oxidative
addition and (ii) coordination of [vinyl-Si(OH):0]- via iodide removal. First, the
unsaturated Pd(0) complex [Pd(en)] is assumed as initial catalyst.!%> After the coordination of
one molecule of iodobenzene forming the adduct 1, the oxidative addition takes place via
the three-centred transition state TS1-2 (Scheme 7.6). The relative Gibbs energy barrier
with respect to 1 is only 4.4 kcal mol-'. The resulting product 2 is taken as zero of energies.
Since the vinylsilanolate is negatively charged, one water molecule is coordinated to the

negative oxygen in order to better describe its solvation sphere.

Hy H
TS1-2 2
N\Pdo_ 38.4 N Ph SO0
) ——= | Pd_ + S SiOH)0™ H,0
” I N I
2 H,
1 2
34.0 0.0

Scheme 7.6 Oxidative addition. AGw in kcal mol-.

The reactant [vinyl-Si(OH)20]- should now coordinate to Pd in the oxidative addition
product 2. This process entails the release of iodide and is found to be stepwise (Scheme 7.7).
The negatively charged oxygen atom of [vinyl-Si(OH)0]- first displaces one amine of the
bidentate ligand in 2 via TS2-3, particularly the one which is located trans to the iodide
ligand. Such iodide is then substituted by the non-coordinated amine in 3 via TS3-4 in order
to recover the chelating situation. Both transition states TS2-3 and TS3-4 involve similar
barriers of ca. 17 kcal mol-. Interestingly, no direct O-by-I substitution connecting 2 and 4
could be located. A subsequent reorganization of the ligand [vinyl-Si(OH)20]- is needed to
change its coordination mode from n!-O in 4 to n>-CC in 5. The corresponding transition
state TS4-5 demands 19.0 kcal mol! from 2. The water molecule in 5 coordinates to the

negative oxygen of the vinylsilanolate ligand.
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Scheme 7.7 Vinylsilanolate coordination. AGw in kcal mol-'.

An alternative substitution pathway to skip TS4-5 can be envisaged (Scheme 7.7). In this
case, the entering [vinyl-Si(OH)20]- displaces the nitrogen atom located cis to iodide via
TS2-6. The vinyl group then displaces the iodide ligand (TS6-7) and the free amine again
coordinates to Pd (TS7-5) forming 5. Since the highest transition state TS6-7 is placed at
23.1 kcal mol, i.e., 4.1 kcal mol' above TS4-5, this pathway is less favoured and not

considered in further discussions.
7.4. Hiyama vs. Heck

Starting from intermediate 5, the course of the reaction diverges towards Hiyama and Heck
reaction mechanisms giving rise to the products A and B, respectively (Scheme 7.5).
Hydrogen atoms are labelled according to the abc pattern shown in Scheme 7.5 in order to

facilitate the tracking procedure.

The Hiyama mechanism (HI) is shown in Scheme 7.8a. All intermediates of this pathway
are labelled with the prefix hi. It starts with the activation of the C-Si bond. Due to the
presence of a negative charge in the vinylsilanolate ligand, the addition of a hydroxide
anion*® is quite unlikely. Instead, one water molecule is added to Si in 5 to produce the five-
coordinate silicon intermediate hil. The corresponding transition state TS5-hil describes
how the negative oxygen atom deprotonates the entering water molecule and the resulting
hydroxide binds Si. The formation of hil weakens the C-Si bond and promotes the
transmetalation of the vinyl group from Si (hil) to Pd (hi2) via TShil-h2. The C-Si bond
activation and transmetalation transition states are placed at 23.0 and 24.7 kcal mol”,
respectively. Then, the reductive elimination takes place via TShi2-hi3 at 13.4 kcal mol!

above hi2. No hydrogen atoms are actively involved in the reaction mechanism, thus the

104



7. Pd-Catalysed Si-Based Vinylation in Water

abc pattern remains unaltered. The last step regenerates the catalyst [Pd(en)] and yields the

styrene product A.

As a competitive route, the Heck mechanism (HE) is illustrated in Scheme 7.8b. All
intermediates of this pathway are labelled with the prefix he. Firstly, the [vinyl-Si(OH)20]-
ligand inserts into the Pd—Ph bond via TS5-hel, placed at 16.0 kcal mol-'. The intermediate
hel resulting from the C—C bond formation lays 4.7 kcal mol! below 2. Then, the agostic
intermediate he2 is formed via the C-C bond rotation process TShel-he2 (4.4 kcal mol') at
9.1 kcal mol above hel. Subsequent p-hydride elimination proceeds via TShe2-he3 (2.1
kcal mol!) at 6.8 kcal mol-!above hel and gives the hydride species he3. The hydride ligand
in he3 corresponds to Hec whereas H. is now settled in ¢rans position to Hs due to the C-C
bond rotation. The reaction of he3 with base eventually delivers the B-silylated product B

and regenerates the catalyst.
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Scheme 7.8 (a) Hiyama and (b) Heck mechanisms. AGw in kcal mol-1.

Figure 7.1 depicts the optimised structures of the intermediate 5 together with the rate-
determining transition states TShil-hi2 and TS5-hel in HI and HE, respectively.
Intermediate 5 represents a n?-CC coordination of the reactant [vinyl-Si(OH)20]-. The
explicit water molecule forms a hydrogen bond with the negative oxygen atom. The
transmetalation process in TShil-hi2 features a five-coordinate silicon atom and an
elongated C-Si bond. The insertion step in TS5-hel brings closer the carbons atoms

preserving a tetrahedral moiety for the vinylsilanolate.
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5 TShi1-hi2 TS5-he1
Figure 7.1 Optimised geometries of 5, TShil-hi2, and TS5-hel. Distances in A, angles in degrees.

For comparative purposes, vinylsilanolate coordination (Scheme 7.7) together with HI
and HE (Scheme 7.8) are plotted as Gibbs energy profiles in Figure 7.2. As concerns the
initial steps of the reaction (black line in Figure 7.2), the highest transition state describes
the n?-CC coordination of [vinyl-Si(OH):0]- and involves a barrier of 19.0 kcal mol-' (TS4-
5). Once 5 is formed, the reaction pathway splits into two different routes. On one hand, HI
(red line in Figure 7.2) requires 23.0 (T'S5-hil) and 24.7 kcal mol-! (TShil-hi2) to overcome
the water-promoted C-Si bond activation and transmetalation, respectively. On the other
hand, HE (blue line in Figure 7.2) takes 16.0 kcal mol' (TS5-hel) to proceed with the
insertion step. The energy difference between the transmetalation in HI (24.7 kcal mol-! via
TShil-hi2) and the insertion in HE (16.0 kcal mol-! via TS5-hel) is 8.7 kcal mol-, hence the
latter evolves faster. As a result, the formation of B may be preferred over A in agreement
with the yields shown in Scheme 7.5. It is worth noting that the overall barrier for HE

actually involves the vinylsilanolate coordination via TS4-5 taking 19.0 kcal mol-.
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Figure 7.2 Gibbs energy profiles for Hiyama (red line) and Heck (blue line) mechanisms.
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7.5. Transmetalation vs. Reinsertion

Previous calculations indicated the dominant role of the Heck mechanism to yield the B-
silylated styrene B (Scheme 7.8b). However, according to experimental evidence, the
reaction continues to yield styrenes D and E (Scheme 7.5). These products lack the silicon
moiety, thus a kind of desilylation process must occur. Two pathways are then proposed,
namely Heck-transmetalation and Heck-reinsertion. Both reaction mechanisms share the
stable intermediate hel but bifurcate from he3. Again, hydrogen atoms are labelled

according to the abc pattern shown in Scheme 7.5 to make easier the tracking procedure.

The Heck-transmetalation mechanism (HT) is shown in Scheme 7.9a. All intermediates
of this pathway are labelled with the prefix t. This proposal suggests a transmetalation
process in order to remove the silicon moiety. In line with the Hiyama mechanism (Scheme
7.8a), the initial step entails a water-promoted C-Si bond activation via TShe3-tl1. Once the
five-coordinate silicon intermediate t1 is formed, the C-Si bond cleaves and the styryl
moiety is transferred from Si to Pd via TStl-t2. The C-Si bond activation and
transmetalation transition states are placed at 15.9 and 14.9 kcal mol!, respectively (20.6
and 19.6 kcal mol! above hel, respectively). Then, the reductive elimination between the
hydride and styryl ligands occurs via TSt2-t3 at 5.1 kcal mol-! above t2. In this mechanism,
Ha remains ¢rans to Hv and He occupies the position of the former silicon group. The product

D is eventually released from t3 regenerating the catalyst.

As an alternative route, the Heck-reinsertion mechanism (HR) is considered in Scheme
7.9b. All intermediates of this pathway are labelled with the prefix r. This mechanism is
based on the readdition of the hydride ligand to the B-silylated styryl moiety. Initially, the
rotation of the alkene ligand in he3 takes place via TShe3' (5.1 kcal mol) at 9.8 kcal mol-!
above hel.? The alkene ligand in he3' can now insert into the Pd—H bond via TShe3'-r1 (5.7
kcal mol') at 10.4 kcal mol! above hel. The agostic intermediate rl undergoes a rapid C—C
bond rotation process via TSrl-r2 producing a stable Pd—O-Si linkage in r2 at 14.5 kcal
mol-! below 2. The formation of the Pd—O bond defines a syn stereochemistry between the
Pd and Si atoms and also imposes a syn configuration for the atoms Ha. and Hs. The C-Si
bond activation is again mediated by one water molecule via TSr2-r3. From the five-
coordinate silicon species r3, the C-Si bond splits by means of a syn Pd-Si elimination
process via TSr3-r4. The C-Si bond activation and elimination transition states display
energies of 6.4 and 5.4 kcal mol' and are located at 20.9 and 19.9 kcal mol! above r2,

respectively. Intermediate r4 finally delivers the styrene E regenerating the catalyst.

2 The olefin rotation process actually involves an additional transition state but it lies below TShe3'.
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Scheme 7.9 (a) Heck-transmetalation and (b) Heck-reinsertion mechanisms. AGw in kcal mol-!.

Figure 7.3 represents the optimised structures of the intermediate he3 and transition
states TShe3-t1 and TSt1-t2 in HT. Intermediate he3 coming from HE contains the hydride
and n>-CC vinylsilanolate ligands. The C-Si bond activation in TShe3-tl occurs via
deprotonation of the entering water molecule whilst the concomitant hydroxide anion
coordinates to Si. Similarly to TShil-hi2 (Figure 7.1), the transmetalation step in TSt1-t2

exhibits a five-coordinate Si atom and an elongated C-Si bond.

he3 TShe3-t1 TSt1-t2

Figure 7.3 Optimised geometries of he3, TShe3-t1, and TSt1-t2. Distances in A, angles in degrees.

Figure 7.4 displays the optimised structures of the intermediate r2 and transition states
TSr2-r3 and TSr3-r4 in HR. Intermediate r2 contains a Pd—O-Si linkage as part of a five-
membered metalocycle. The C-Si bond activation in TSr2-r3 begins with the deprotonation
of water by the oxygen atom coordinated to Pd and the freshly-formed hydroxide anion
approaches to Si. The syn-elimination in TSr3-r4 entails the lengthening of the C-Si bond as

long as the Si(OH): moiety leaves the coordination sphere of the metal.
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TSr3-r4

Figure 7.4 Optimised geometries of r2, TSr2-r3, and TSr3-r4. Distances in A, angles in degrees.

The above-mentioned calculations are gathered as Gibbs energy profiles in Figure 7.5.
After the formation of hel via 19.0 kcal mol! and he3 via 9.1 kcal mol! (Figure 7.2), the
reaction mechanism diverges. HT (red line in Figure 7.5) involves barriers of 20.6 and 19.6
kcal mol! for the C-Si bond activation (TShe3-tl) and transmetalation (TStl-t2) steps,
whereas HR (blue line in Figure 7.5) takes lower barriers of 9.8 and 10.4 kcal mol' for the
alkene rotation (TShe3') and reinsertion (TShe3'-rl) processes. The energy difference
between TShe3-t1 in HT and TShe3'-rl in HR is 10.2 kcal mol-! favouring the latter. As a
result, once he3 is formed, the reaction mainly evolves via HR generating the stable
intermediate r2. At this point there is no turning back in the process. The new barrier
required to return and reach TShe3-tl in HT is 30.4 kcal mol! and, therefore, quite unlikely
to overcome. Alternatively, r2 can undergo C-Si bond activation and elimination processes
consuming 20.9 and 19.9 kcal mol-!. Although the overall barriers for HT and HR are
similar, the latter pathway should proceed faster. This scenario suggests that D may be

detected but E should be the major product, in agreement with experiments (Scheme 7.5).

30
C-Sibond
0ot ... oactvation  Transmetalaion |
TSt12
Reinsertion C-Sibond Syn Pd-Si

T o fb-..TShesd \ Iros STSheS'-rl ,,,,,,,,,,,,,,,, activation elimination |
S .
£ C—C bond
T Figure 7.2 Nt/ \ rotation ‘
2 o he3' TSrl-r2
~ 2 N_ /e M _—
O] het Reductive
< elimination

N
o
T
i
~
©
o

TSt2-t3

—— Heck-transmetalation (HT)

= Heck-reinsertion (HR)

— E

Figure 7.5 Gibbs energy profiles for Heck-transmetalation (red line) and Heck-reinsertion (blue line)

mechanisms.
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7.6. General Scenario

All computational results are summarised in Scheme 7.10. After the fast oxidative addition
of iodobenzene, the coordination of [vinyl-Si(OH)20]- demands 19.0 kcal mol-'. From 5, the
reaction pathway diverges. Transmetalation in HI entails 24.7 kcal mol! forming A,
whereas insertion in HE consumes 16.0 kcal mol! producing he3 and, eventually, B. HI
takes 8.7 kcal mol-! more than HE thus the latter prevails. From he3, the reaction pathway
splits again. C-Si bond activation in HT requires 20.6 kcal mol! generating D whereas
reinsertion in HR takes 10.4 kcal mol-! giving rise to r2, which finally evolves to yield E. HT
involves 10.2 kcal mol! more than HR and, as a result, the latter becomes faster. Subsequent

C-Si bond activation in HR requires 20.9 kcal mol-! producing E as major product.
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Scheme 7.10 All proposed reaction mechanisms. Gibbs energy barriers in kcal mol-.
7.7. Conclusions

The Pd-catalysed coupling between Phl and [vinyl-Si(OH)20]- in water has been analysed
by computational means. Several reaction mechanisms have been considered to account for
the products experimentally observed. Hiyama (HI), Heck (HE), Heck-transmetalation (HT),
and Heck-reinsertion (HR) pathways lead to the products A, B, D, and E, respectively.

Computational highlights are summarised as follows.

e The coordination of the vinylsilanolate compound to form 5 involves a transient

decoordination of the bidentate ligand of the catalyst and overall takes 19.0 kcal mol-'.
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From 5, the insertion in HE is faster than the water-promoted transmetalation in HI

(AAG* = 8.7 kcal mol!), hence favouring the formation of B over A.

Once the hydride species he3 is formed from HE, the reaction continues via
desilylation. The reinsertion in HR is faster than the water-promoted transmetalation

in HT (AAG* = 10.2 kcal mol?), hence favouring the formation of E over D.

For HR, the presence of a Pd—O-Si linkage in r2 imposes a syn configuration of Pd

and Si moieties prior to elimination which exclusively yields E.

The proposed reaction mechanisms explain at microscopic level the experimentally

observed products.
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An animal doesn 't need to develop curiosity and intelligence

Ifit has no problems that need solving.

“Dragon’s Egg” by Robert L. Forward






8. Acidity of Dihydrogen Complexes in Water

This investigation is focused on the computation of the pKa in water (pKa**) in a series of
transition metal dihydrogen complexes. Each section is presented as follows. Introduction
presents the motivation of the study as well as previous contributions in the field.
Computational Details indicates the theoretical methods and Size of Solvent Clusters
accounts for the procedure to optimise the number of solvent molecules considered in
further calculations. Dihydrogen and Hydride Complexes introduces the set of water-
soluble dihydrogen complexes under study and their corresponding hydride counterparts.
Validating the Protocol in THF initially tests the computational approach against the pKa
values in tetrahydrofuran of some dihydrogen complexes, and subsequent Estimation of pKa
Values in Water presents the predicted pKav*er for the given set of complexes. Later on,
Discussion of pK. Values in Water analyses and rationalises the results. Finally, Conclusions

collects the main outcomes.
8.1. Introduction

Since the characterisation of the first n>-H2 complex by Kubas and co-workers,'? a lot of
efforts has been made in this field proving that transition metal complexes can successfully
coordinate molecular H2.!"> This binding situation may entail the activation of the H-H
bond, which splitting process can proceed via homolytic or heterolytic pathways as
discussed in Section 1.3. The latter is involved in relevant bio-inspired processes such as
those concerning hydrogenases.#?”428 As concerns the solvent, water is a desirable election
due to its economics and environmental advantages. In this scenario, the understanding of
the behaviour of dihydrogen species in water becomes mandatory.*?® A number of studies
have been devoted to survey dihydrogen species in organic solvents,'” but less is known in

aqueous media.

An important issue regarding the behaviour of dihydrogen in water is its acidity. As
mentioned in Section 1.3, transition metal can significantly increase the acidity of Hz, thus
determining pKa*er becomes relevant for its reactivity. Nonetheless, pK: measurements in
aqueous media are neither easy nor straightforward because of the levelling effect of the
solvent and the solubility of the species. In those cases in which experimental data are
elusive, theoretical models come to aim. The proper calculation of solvation Gibbs energies
by describing the solvent in both implicit and explicit ways allows a fair estimation of acid
dissociation constants.?20232 In transition metal chemistry, some examples of pKa
computation using such hybrid cluster-continuum models have been reported in both

organic solvents#*4! and water.#243 Water-soluble transition metal (Fe, Ru, Os)
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dihydrogen complexes appear as quite interesting species to get insight into. Both synthesis

and characterisation of these species in water are difficult tasks, hence literature is scarce.

Recently, Morris proposed an empirical equation to estimate pKa values in THF based on
a large database of diamagnetic transition metal hydride and dihydrogen complexes,**
pK, " = ZAL +C e + Cog + Ce 8.1]

charge

where the acidity constants of each ligand Av are added along with corrections for the
charge, Ccharge, the periodic row, Cnd, and d° octahedral acids, Cas. The resulting pKa"™F of

cationic acids can be converted to pKa**r by using the following correlation,!2843

pK, "™ =1.0-pK,"™ —0.7 [8.2]

The goal of the present study pursues (i) the initial refinement of the computational
protocol, (ii) the pKa estimation of n?-H: transition metal species in aqueous solution, and (ii)

the rationalisation of the observed trends.
8.2. Computational Details

Forthcoming calculations have been carried out at the DFT level using the M06 functional'®
with an ultrafine grid4 as implemented in Gaussian 09.25 This functional describes
dispersion interactions and performs well in transition metal chemistry.!8%18118 The Fe, Ru,
and Os heavy atoms were described by means of scalar-relativistic Stuttgart-Dresden SDD
effective core potentials for the inner electrons and their associated double-( basis set for
the outer ones,?® complemented with a set of f-polarisation functions.?’” The 6-31G™ basis
set (DZ) was used for the H,2° C, N, O, F, P, and ClI atoms.?”® Diffuse functions were added
to O, F, and ClI atoms.?”! This basis set is called I. Geometries were optimized in gas phase
without any symmetry restrictions and the nature of the minima has been verified with
analytical frequency calculations. Gibbs energy calculations have been performed at 298.15

K and 1 atmosphere.

Single point calculations were performed on previous gas-phase geometries using 6-
311++G™ on H, C, N, O, F, P, and Cl atoms,?””"#?¢ namely basis set II. Then, AGg(II) was
obtained by adding the gas-phase entropic contribution —computed with basis set I— to

AEg(II),

AG, (I = AE, ,(ID +[AG, () ~AE (1)] 8.3]

where suffix gp stands for gas phase.
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Tetrahydrofuran (THF, & = 7.43) and water (e = 78.36) solvents have been described as a
continuum using the SMD method.?> Single point calculations in solvent were carried out
using the basis set II and AGsi(II) values were deduced by adding the gas-phase entropic

contribution —computed with basis set [— to AEsi(1I),

AG,, (IT) = AE,,(ID +[AG,,(I) - AE ()] 8.4]
where suffix sol means solvent, either THF or water.

As concerns the calculation of pKa., full details about the -cluster—continuum
thermodynamic cycle can be consulted in Section 2.5.3. All reported pKa values were
computed at 298.15 K. The proper number of solvent molecules —THF and water—

required to form the clusters is discussed as follows.
8.3. Size of Solvent Clusters

According to a hybrid cluster—continuum thermodynamic cycle, the number of solvent
molecules forming the cluster, n, is that which converges the value of the solvation Gibbs
energy of the proton, AG*«1(H*).22¢ Following the procedure depicted in Scheme 2.3 (page
39), the size of the cluster is estimated for THF and water solvents. The structures of the
clusters S» and H*Sn —where S means solvent molecule— are first optimised in gas phase.
Continuum solvation effects are then considered via [8.4] affording AG*i(S») and
AG*l(H*Sn). Finally, these two terms are used to obtain AG*.i(H*) as described in [2.22]
(page 39). The number of solvent molecules n that best describes AG*0i(H*) will be used for

subsequent pKa calculations.

Small THF clusters are considered using up to 3 molecules. Figure 8.1a displays the
structures of (THF)x. In the case of (THF)s, two main subclasses of conformations are found
when adding a third molecule to (THF)2, namely stacked and non-stacked structures.
Several configurations for both subclasses have been computed but only the most stable ones
are shown. The non-stacked structure is finally selected for further calculations since it is
0.5 kcal mol-! more stable than the stacked one. On the other hand, Figure 8.1b shows the
explicit proton solvation as H*(THF)n clusters. In these species the proton is strongly
solvated by the oxygen atoms of two THF molecules, displaying O---H distances of ca. 1.19
A. The third THF molecule interacts quite less with the proton, showing a O---H distance of
2.651 A; hence, no additional molecules are further considered in order to simplify the

conformational space.
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(THF), stacked (THF);

non-stacked (THF);

(b)

H*(THF), o H*(THF),

v

Figure 8.1 Optimised structures of (a) (THF)x and (b) H*(THF)x clusters for n = 2, 3.

The calculated AG*i(H*) values for the clusters containing 1-3 THF molecules are
collected in Table 8.1. Unfortunately, accurate data of AG*i(H*) in non-aqueous solvents are
less available. An experimental value of -256.3 kcal mol-' has been estimated by adding a
correction term to AG"o(H*) in water.#304% Convergence is assumed for the system
containing 3 molecules since the Gibbs energy difference with respect to that with 2
molecules is only 1.7 kcal mol-'. Thus, clusters with n = 3 are used herein. The values of

AG*(H*(THF)3) and AG*1((THF)3) are —43.9 and —9.4 kcal mol!, respectively.

Table 8.1 AG*q(H*) values in THF in kcal mol-!.

(THF),  AG"(HY)
1 -242.8
2 -258.8
3 -260.5
Expt. 30435 2563

The same procedure as for THF is repeated for water in order to estimate the proper
number of molecules. Previous work showed that, for even numbers of water molecules, the
(H20)n clusters can be divided into two subclasses, (H20)4m and (H20)2:4m (m =1, 2, ...), being
the latter more stable.”?® For m values higher than 2, the clustering scenario becomes more
difficult due to the intricate network of hydrogen bonds. Since the mapping of water cluster
configurations is not the goal of this study, only model systems with 1-4 molecules and
small clusters with 6 and 10 molecules are considered herein. Selected (H20). clusters are
illustrated in Figure 8.2a. Whereas (H20)+ is expected to form a cyclic species, (H20)s

generates more controversy. Previous calculations suggest that the prism and cage
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8. Acidity of Dihydrogen Complexes in Water

conformations are preferred*® but, according to the present level of theory, the cyclic form
prevails*’ being ca. 3-5 kcal mol! more stable than the formers. The structure of (H20)10 is
computed as reported in literature.®” As concerns the solvated proton structures in Figure
8.2b, H*(H20)s is optimised from experimental evidence provided by IR spectroscopy,43

whereas H*(H20)10 is taken from previous calculations.??

(a)

| L
(b) { [ y
P o Y - f»f&
v, : (v ' ©
1 < o ~.> —
H*(H,0), . ¢ .
H*(H20)e H*(H20)10
Figure 8.2 Optimised structures of (a) (H20)n and (b) H*(H20)x clusters for n = 4, 6, 10.

The calculated AG*oi((H*) values for the clusters containing 1-4, 6, and 10 water
molecules are collected in Table 8.2. The solvation sphere of the proton is poorly described
just considering 1 and 2 water molecules, but AG*«i(H*) rapidly decreases when including up
to 3 and 4 molecules. The inclusion of 6 and 10 water molecules further improves the result.
The values of AG*.a(H*) with 6 and 10 molecules are -264.5 and -265.7 kcal mol,
respectively. The difference results in 1.2 kcal mol”!, thus convergence is assumed and the

system with n = 10 is used.

Table 8.2 AG*«i(H*) values in water in kcal mol-1.

(Hy0), AG"(H?)
1 -249.8
2 -255.4
3 -262.4
4 -263.5
6 -264.5
10 -265.7
Expt.236:237 -265.9
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The present value of -265.7 kcal mol! agrees with that experimentally reported, -265.9
kcal mol 1,627 and those deduced from computational studies, e.g., —266.722¢ and -266.1
kcal mol-1.22 The values of AG*sa(H*(H20)10) and AG*a((H20)10) are -64.3 and —-23.4 kcal

mol, respectively.
8.4. Dihydrogen and Hydride Complexes

Experimentally reported water-soluble n?-H: complexes under study are collected in
Scheme 8.1; Fe(II)-phosphine 149 and 2,%! Ru(II)-PTA 3 and 4,424 Ru(II)-phosphine 5,4+
6, 7,4 and 8,*¢ Ru(Il)-aquo 9,*” and Os(II)—amine 10, 11,4844 and 12.4° After optimisation
in gas-phase conditions, the resulting H-H bond distances indicated in Scheme 8.1 resemble
those reported in literature.®! As reference value, the bond length of the free dihydrogen is
0.740 A. In complexes 1-10, the H-H bond distance ranges 0.83-0.90 A which corresponds
to a standard n?-H2 coordination mode.!"® This lengthening indicates back-donation from
the metal to the anti-bonding orbital of the H: ligand. As expected from the stronger back-
donation properties of Os, monocationic 11 and 12 behave as elongated H> complexes!!

with H-H bond distances of ca. 1.2-1.3 A.

= (CH2)s0CHs | | PTA = 1.3 5-riaza-7-phosphaadamantane!
0.860 0.853 0.884 0.880 LR
H e — e 5 1@ NI_N
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P, o WP P, F WP | | :
R oaP— A
| >Np | > PTA““"/RU\ H PTA\“"‘/R“\/H
R, H R R, CI Ry PTA H PTA H
1 2 3 4
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H—H e H—H e e — 20
R2 Meg Mez Ph2 H H th Ph2 H ‘ H Ph2 h
I:Plu \\\P ‘:P/I: s \\\Pj EP//, , \\\Pj Iiplu , \\\P
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07 | Yo HN" | NH; HN | SNH
OH, NH3 cl C' Hz
9 10 11 12

Scheme 8.1 Dihydrogen complexes 1-12. Acidic hydrogens in bold red. H-H bond distances in A.

The conjugated bases of the above-mentioned dihydrogen acids correspond to the
hydrides 1'-12' which are depicted in Scheme 8.2. The most important feature is that, after
deprotonation of 1 and 5-7, the cis-species 1' and 5'-7' are obtained instead of the trans-

counterparts,'?”-128 likely due to the strong transinfluence mutually exerted by the hydrides.
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Scheme 8.2 Hydride complexes 1'-12".

8.5. Validating the Protocol in THF

The present research is actually focused on the calculation of pK. values in water of several

dihydrogen transition metal species. Although hybrid cluster—continuum approaches have

been extensively and positively tested, no dihydrogen complexes have been evaluated so far.

In order to check the reliability of the computational protocol, a direct comparison with

experimental results is needed. In absence of data in aqueous solution, pK. values in THF

solvent are computed instead. Consulting the literature of 1-12, only the pK.™F of 7 has

been experimentally measured.!?® To extend the analysis, the species [Ru(H2)(H)(dape)2]* (Ar

= p-methoxyphenyl) 13, [Fe(H2)(H)(dppe)2]* 14, [Os(H2)(H)(dppe)2]*

15, [CpRu(H2)(dppm)]*

16, and [Cp*Ru(H2)(dppm)]* 17 are also considered (Scheme 8.3), for which the pK.™F values

are experimentally reported.!?

@®
_ @ ml e e 1
Ar, H Hoan ! phy, 1T ‘ H o pp, | Phy 1T ‘ Ho pn, = @
Piir, | P Pun,, | P Pun,,. \\\\P Ph, | Ph, |
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L/ N / Y
Ar2 H Ar2 th H th th H th ;h Eh
Ar=Ph 7 14 15 12 2
Ar = p-PhOMe 13 6 17
Ar, H Ph, H Ph, H @/
Pu,,,,,R| H Pin,. | wH P/,,,,,‘O| WH |© |
u s Ph Ph
E -~ | ~ / ’ \ -~ | ~N Pz““-Ru\ puRU_
P PAFZ P H / H
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Ar=Ph 7' 14" 15' 16 )
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Scheme 8.3 Dihydrogen/hydride species studied in THF.
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The pK.™F values of 7 and 13-17 are computed according to [2.20] and [2.21] and
following the model reaction shown in Scheme 8.4. The results are collected in Table 8.3
where absolute differences range from 0.7 to 1.4 units. Taking 2 units as margin of error
(i.e., 2.8 kcal mol' at 298 K),”° one can conclude that the theoretical prediction is in
agreement with respect to the estimated experimental values. Noteworthy, equation [8.1]
predicts a pKa™F value of 12 for complex 13, quite different from the experimental measure
of 17.4.434 Indeed, the present elaborate protocol based on DFT can captured the influence of
the remote methoxy groups of the bis(phosphine) ligands providing a satisfactory value of
16.5. Although equation [8.1] is a very useful contribution that can be easily and widely
employed, high level calculations must be invoked when dealing with subtle situations.

HTH_| ¢ K,/%F  H
M+ (THF); ——

| . |
M + H(THF), |M=Fe Ru,Os|

Scheme 8.4 Model deprotonation reaction of dihydrogen complexes in THF.

Table 8.3 Calculated and experimental®3 pK.THF.

Species pK,™F(calc) pK,™F(exp)  |ApK,THF|

7 12.7 14.1 1.4
13 16.5 17.4 0.9
14 12.9 115 1.4
15 12.7 12.1 0.6
16 8.2 7.2 1.0
17 85 9.2 0.7
MAD? 1.0

aMean absolute deviation from experiments.

8.6. Estimation of pKa. Values in Water

Once the protocol has been positively tested in THF solvent, the pKa values of 1-12 are
computed in aqueous medium according to [2.20] and [2.21] and following the model
reaction shown in Scheme 8.5. The results are collected in Scheme 8.6 and range from 21.7

in12to-4.9in 8.

® fmmmmmmmmmmem oo
H—Hjn Kawater lﬂ_](n_”@ i n=12
Ml + (H20)10 !

M|+ H(H0) !

Scheme 8.5 Model deprotonation reaction of dihydrogen complexes in water.
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Scheme 8.6 Calculated pKa"*r of complexes 1-12.

The expression of the pK. [2.21] can be decomposed in two main contributions, namely
AG®%depror and AAG*ol as indicated in equation [8.5]. The term AG9depror describes the
thermodynamics of the deprotonation reaction in gas phase and represents the intrinsic
acidity of the dihydrogen ligand in the transition metal complex. The other term AAG*«
concerns the difference in AG*wl between products and reactants and accounts for the

relative stability of these species due to solvation effects.

P = (AGg.deprot + AAG o1 + constant)/ 2.303 RT [8.5]

These two different contributions are shown in Figure 8.3 as blue bars for AG®,deproc and
red bars for AAG*wl. For monocationic 1-7, 11, and 12, the positive values of AG@deprot
indicate the difficulty to deprotonate the dihydrogen complexes to form the hydride
counterparts. As concerns AAG*swl, all contributions are negative and relatively small, in the
range of 2-14 kcal mol-'. Due to the small effect of AAG*«wl, one can conclude that the
AGOgaeproc term mainly governs the acidity. Contrarily, dicationic species 8-10 behave the
other way around, i.e., they present negative values of AG°deproc Which means that the
deprotonation of dicationic species is thermodynamically favoured. The solvation term
AAG*01 works in the opposite direction, where positive values indicate that the solvation of
dicationic dihydrogen reactants becomes more relevant than that involving the
monocationic hydride and H*(H20)10 products. However, both terms compensate and the
resulting pKaer values of dicationic species are of the same order of magnitude than those

of monocationic ones, apart from 8.
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p Kawater

120

19.7
Q0 r
60
19.0 206 17.9 49 207 27
11.4 8.2 109
30 6.9 ’ I AG g,depmot
o | nl

AG/ kcal mol™

I AAG*solv

Species

Figure 8.3 Bar chart containing pKa"*¢ values and related AG contributions for species 1-12.

As previously mentioned, the AAG*wl contribution is rather constant for monocationic
species, thus a direct correlation can be found between pKa**r and AG°gdepror. T stress this
point, Figure 8.4 shows a plot of pKavaer against AG%depror. Assuming the AAG¥ol term as a
constant, the slope of the pKavaer vs. AG.deproc representation should provide a slope of 0.73
(298 K) according to [8.5]. The calculated slope of the regression line in Figure 8.4 is indeed
close, affording a value of 0.59. One can conclude that, for the monocationic dihydrogen
species under inspection, the relative acidity can be roughly described using the gas-phase

contribution AGP®g,deprot.
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Figure 8.4. Plot of pKa“r vs. AGOdeprot involving monocationic species. Regression line in dashed red.
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8.7. Discussion of pK: Values in Water

This section will discuss the pKa“*er values reported in Scheme 8.6. As concerns the
calculated structural parameters, no global correlation between pK.ve and H-H bond
distances in dihydrogen species 1-12 is found. That is, enlarged bond lengths do not
systematically entail low pKavaer values. Therefore, a detailed one-by-one inspection of

dihydrogen complexes is carried out.

Starting with the Fe-based framework trans-[Fe(H2)(X)(P-P):]*, the pKav=er of 1 (X = H)
and 2 (X = Cl) are 19.0 and 11.4, respectively. The difference between 1 and 2 is 7.6 and
mainly comes from the gas-phase deprotonation term (AAG®deprot f 8.4 kcal mol-!). Notably,
1' adopts a cis rearrangement of phosphines whereas 2' maintains the trans stereochemistry.
Morris and co-workers reported similar results for a set of trans-[Os(Hz2)(X)(dppe)2]* species
in dichloromethane solution. For X = H,'” Cl, and Br ligands,*? the corresponding pKa
values are 13.6, 7.4, and 5.4, respectively. The ApKa between the Os-based complexes with
H and Cl ligands is 6.2, in line with the 7.6 units previously mentioned for the Fe-

derivatives 1 and 2.

Gathering the monocationic Ru-based species 3-7 by ligands, some differences can be
ascribed. Within the same family of ligands, more electron-donating ligands correlate to
larger pKavater. For instance, the pKaver of Cp-derivative 3 is 1.3 units lower than that of Cp*-
derivative 4. This trend shown by Cp and Cp* ligands has been experimentally detected for
16 and 17 (ApK.™F of 2.0 in Table 8.3)** and other related species.> A similar but more
stressed trend is observed for the pKa"er values of bis(phosphine) complexes trans-
[Ru(H2)H(P-P)]*, being 7 (R = Ph, 10.9) quite more acidic than 6 (R = CHs, 17.9), and 6 more
acidic than 5 (R = (CH2)sOCHs, 20.6). In these cases the steric and electronic properties are
not fully separated. As computational exercise, Ru—bis(phosphine) complexes are calculated
substituting methyl groups by H, CF3, and F (Scheme 8.7), where steric contributions are
rather similar among them but electronic effects are not. In this scenario, electron-
withdrawing groups clearly enhance the acidity of dihydrogen complexes. In other words,
the more electron-donating the ligands are, the less acidic the complex behave.'””” The
chelating size of the bis(phosphine) ligands is not tackled herein, albeit it may also

influence #5445

@ Calculations reported in literature*® for species 3 and 4 —using B3LYP/PCM level of theory and a
cluster of 4 water molecules— provided somehow lower pKa"r values, but the difference of 1.6
units between Cp and Cp* derivatives agrees with the current result of 1.3.
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Scheme 8.7 Calculated pKa"r of complexes 18-20 derived from 6.

In the case of complex 7, the pKa has been computed in both THF and water solvents,
resulting values of 12.7 and 10.9, respectively. According to [8.2], the pKa. difference
between THF and water for cationic acids should be 0.7 units. The computed difference is

1.8, which stays in the range of error.

An interesting situation arises in complex 8,4¢ which exhibits superacidic properties
according to the calculated pKavaer of —4.9. The dicationic nature is indeed an important
factor, but it is worth noting that dicationic species do not entail a strong acidic character
systematically, see for instance 9 (7.9) and 10 (19.7). Others dihydrogen complexes acting as
strong acids have been reported, e.g., monocationic [Cp*Re(H2)(CO)(NO)]* (pKa ca. -2)130
and dicationic [Os(H2)(CO)(dppp)2]** (pKa ca. =5.7)'3! and [Os(H2)(CH3CN)(dppe)2]** (pKa ca.
-2).132 To further investigate this case, the pKav2r values of additional species with other
ligands L are calculated as shown in Scheme 8.8. Inspired by previous reports,'3:132 the
P(OH)s ligand in 8 is substituted by CH3CN 21 and CO 22. In line with above-mentioned
acids, the computed pKaver values of 1.1 for 21 and -1.6 for 22 clearly indicate superacidic
behaviours. As a matter of fact, a solvent water molecule is also considered as ligand. The
resulting complex 23 conserves the acidity, -1.9. One can suggest that the acidic behaviour
of bis(phosphine) complexes mainly comes from their dicationic phosphine-based nature,
although the kind of ligand L also influence but in less extent. Interestingly, the superacidic
behaviour is absent in the dicationic complexes 9 and 10 containing O- and N-donor

ligands, respectively.

2® ® water

ph, 1T ‘ H o pp, | Ph, H th—l PKa
P’I/ \\\P P/I/ \\\P L= P(OH)3 (81 8') -4.9
E :] ? E NCCHj (21, 22") 1.1
CO (22,23) 1.6
th L th th L Ph2 H,0 (23,23") -1.9

Scheme 8.8 Calculated pKa"*r of complexes 21-23 derived from 8.

As concerns the osmium complexes 10-12, the resulting pKa“*< values are rather similar
and fewer conclusions can be made. Curiously, the dicationic species 10 exhibit a similar
acidic behaviour than monocations 11 and 12. However, 12 is slightly less acidic than 11 (1
unit) presumably due to the better electron-donor properties of primary amine ligands with

respect to ammonia.
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8.8. Conclusions

After optimisation and validation of the computational protocol, the pKavaer values of a set
of water-soluble dihydrogen transition metal —Fe, Ru, and Os— complexes have been

calculated. Computational remarks are collected as follows.

e The cluster—continuum approach has been invoked to compute acid dissociation
constants. Calibration calculations indicate that the inclusion of 3 and 10 solvent

molecules is reliably appropriate to describe THF and water clusters, respectively.

e By direct comparison with experimental data, the protocol has provided trustworthy

results in computing the pKa™F values of several dihydrogen complexes.

e Once the computational approach has been validated, it has been applied to predict
the pKaveer of a set of water-soluble dihydrogen complexes. No global correlation
governing the pKa.vaer has been detected. However, several trends have been found
when analysing the species by series of ligands. As general rule, electron-donating

ligands decrease the acidity.
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9. 103Rh Nuclear Magnetic Resonance Studies

This last section is dedicated to evaluate 'Rh NMR chemical shifts in Rh—bis(phosphine)
complexes as well as to inspect possible chemical shift correlations. Each section is presented
as follows. Introduction collects previous theoretical studies and presents the experimental
system under consideration. Computational Details indicates the procedure followed to
calculate the geometries and chemical shifts. The results are divided into two main sections;
Geometries and '?Rh Chemical Shifts evaluates NMR parameters at different optimisation
levels, and ‘“®Rh Chemical Shift-Structure Correlations extends the study to investigate in
detail the predicted chemical shift trends. Finally, Conclusions gathers the key findings that

computation has provided.
These computational results have been published as shown in Annex A.%°
9.1. Introduction

Rhodium plays an important role in a number of transition metal-catalysed processes. To
further investigate its chemistry, '®Rh NMR spectroscopy appears as a valuable tool.!42143
Particularly, Rh—phosphine complexes are appropriate to be studied by this technique as

found in literature.142.143:457.458

Generally speaking, chemical shifts are quite sensitive to the chemical environment,
which can be easily tuned in coordination chemistry by varying the steric and electronic
properties of the ligands. In this sense, computational approaches allow to thoroughly
analyse the structure and properties of organometallic compounds in a systematic way. As
concerns the computation of NMR chemical shifts,'3¢ early calculations dealt with a set of
Rh compounds suitable to cover a chemical shift range of ca. 3600 ppm (Scheme 9.1).244°
The next step focused on complexes containing phosphine,%4! N-donor,*? and alkene*

ligands, including indacenyl*** and porphyrin“> derivatives.

S S,

Rh® Rh Rh

LS ¢ <% oc” “co oc” “ci
A

oc_®_CcOo ocCc_ o Cl

o o o (6]
B C D E

Scheme 9.1 Rh complexes A—G previously studied.

Within the fruitful rhodium chemistry, Rh-bis(phosphine) complexes performed
excellent in several hydrogenation reactions;*¢ for instance, cationic [(COD)Rh(P-P)}*
complexes (COD = 1,5-cyclooctadiene, P-P = chelating bis(phosphine)) have provided good

results in hydrogenation of enamines.*’ Fabrello et al. reported the 'Rh NMR chemical
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shifts of 1-7 (Scheme 9.2), and some of them were correlated to calculated relative

stabilities*® where stronger donor phosphine ligands entailed more shielded nuclei.

oue
g;@ - @ QP; Q@ % < e
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n=2:dppe 1 (S5 ,S)-MeBPE )-MeDUPHOS (S,S)-DIOP 5 Ar =Ph : (R)-BINAP 6
n=4:dppb 4 2 3 Ar = p-Tolyl : (R)-ToIBINAP 7

Scheme 9.2 Cationic Rh-bis(phosphine) species 1-7.

This study initially focuses on species 1-7 to calculate Rh chemical shifts in direct
comparison with experimental data. Additional complexes are then considered (i) to
systematically investigate the influence of steric and electronic properties of bis(phosphine)

ligands and (ii) to unravel chemical shift correlations.
9.2. Computational Details

Forthcoming geometry optimisations have been performed at the DFT level using M061% —
with an ultrafine grid®4— and PBEQ'6217017! functionals as implemented in Gaussian 09.2¢>
MO6 accounts for dispersion interactions!'8!81.18 and PBEQ properly describes the geometries
of second-row transition metal complexes.’®> The Rh heavy atom was described using a
scalar-relativistic Stuttgart-Dresden SDD effective core potential for the inner electrons and
its associated double-( basis set for the outer ones,?® complemented with a set of f-
polarisation functions.?’” The 6-31G** basis set was used on H,*° C, N, O, F, P, and Cl
atoms.?”? Diffuse functions were added to O, F, and Cl atoms.?”! In selected cases, the
chloroform solvent has been described as a continuum (e = 4.71) using the SMD method.?’>
Unless otherwise stated, the structures of complexes were fully optimised without any
symmetry restrictions and the nature of the minima was verified with analytical frequency
calculations. Enthalpies have been computed with the PBEO functional at 298.15 K within

the harmonic approximation.

Upon optimising at either M06 or PBEO level, magnetic shielding tensors have been
computed with the GIAO (gauge-including atomic orbitals) method?*® by means of the
B3LYP functional'¢1%167 in gas phase as implemented in Gaussian 09.2° The basis set
consisted of a well-tempered [16s10p9d] all-electron basis on Rh,*® IGLO-basis DZ on H,
and IGLO-basis II on the rest of the atoms?* —denoted basis II'. Because functional and

basis set requirements are different for computing structural and spectroscopic parameters,
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such a mixed single-point approach is common. This particular combination of levels has

performed well in previous studies.?45460-463

To obtain the chemical shifts § from the magnetic shieldings o, a reference value is
required. Due to the lack of a suitable compound for the %Rh nucleus, o(standard) has been
calculated as the intercepts at & = 0 of the o(calc) vs. (exp) linear regressions involving
complexes 1-7 under study (Scheme 9.2) together with species A—G (Scheme 9.1) that cover
a wide range of the ®Rh chemical shift window.?> The resulting o(standard) values are
-900 and -685 ppm for M06 and PBEO geometries in the gas phase, respectively (Figure 9.1).
These values have been used along the entire computational study. Finally, the theoretical

chemical shifts have been computed according to [2.23] in Section 2.5.4.
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Figure 9.1 Plots of o(1%Rh,calc) vs. 8(exp) according to (a) M06 and (b) PBEO geometries of A-G and 1-7 in gas
phase (GP). Regression lines in dashed red.

9.3. Geometries and %Rh Chemical Shifts

The cationic Rh-bis(phosphine) complexes 1-7 (Scheme 9.2)%# were fully optimised in gas
phase using the M06 and PBEO functionals. The computed geometries fairly agree with the
X-ray structures found for 1,470 2,471 3,470 4 472 5 468 and 6.4 These and related computational
methods tend to overestimate the Rh-L (L = ligand) bond distances as previously found.!*?
For instance, the Rh—P bond lengths are enlarged with respect to those in the solid-state
structures by up to 0.080 and 0.065 A for M06 and PBEO, respectively. Comparing methods,
MO6 distances are generally larger than PBEO ones by up to 0.015 A.

Magnetic shielding values are computed on the aforementioned structures of 1-7

(Scheme 9.2) and the resulting chemical shifts are shown in Table 9.1.
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Table 9.1 Computed '®Rh chemical shifts using M06 and PBEQ geometries of 1-7.

8(calc)
Species S(exp)
Mo6 PBEO
1 -526 -431 -513
2 -518 -410 -503
3 -458 -347 -460
4 -147 -117 -278
5 -108 -88 -257
6 -42 -53 -98
7 -33 -45 -90
Slope? 1.22 0.92
MADP 60 101

2 Slope of the 8(calc) vs. §(exp) linear regression for species 1-7.
b Mean absolute deviation from experiments.

To better appreciate the relationship between calculated and experimental data, plots of
O(calc) vs. 8(exp) are displayed in Figure 9.2. The slopes of the linear regressions indicate
how well theory fits experiments, where unity means ideal correlation. M06 geometries give
a slope of 1.22 which produces an overestimation of chemical shifts. On the other hand,
PBEO geometries afford a slope of 0.92 which is closer to the experimental trend. The mean
absolute deviation (MAD) claims otherwise; the value for M06 geometries is lower than for
PBEO ones (Table 9.1). The lower MAD for M06 geometries comes from a good description
of shielded species 1-3, whereas the values for all PBEQ geometries are systematically biased.
The MAD for the latter can be reduced (i) by using the shielding of one of the compounds
1-7 as o(standard) —i.e., internal reference method— or (ii) by computing the o(standard)
from the of(calc) vs. 8(exp) linear regression for species 1-7 only —i.e., excluding A-G.

Neither procedure is however applied in order to preserve the general scope of the protocol.

(a) M06-GP (b) PBEO-GP
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Figure 9.2 Plots of §('®Rh,calc) vs. 8(exp) according to (a) M06 and (b) PBEO geometries of 1-7 in gas phase (GP).

Regression lines in dashed red and ideal lines in solid black.
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The different outcome between functionals may arise from the differences in Rh-ligand
bond lengths, which importance has been already noted.#042 As computational exercise, 1—-
7 are optimised at MO06 level but fixing all Rh—C and Rh-P bond distances to the PBEQ
values. The energy differences between the fully optimised and distorted structures are
lower than 0.5 kcal mol'. Figure 9.3 shows the magnetic shieldings computed on the
constrained structures. The results for the new set of M06 geometries mostly resemble those
for PBEO ones. It can be deduced that the functional dependence of chemical shifts mainly

arises from the proper optimisation of Rh—L bond distances.
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®
5
& -400
o)
S -500
o
-600 | QQ
®
-700

-600 -500 -400 -300 -200 -100 O
&(exp)/ ppm

Figure 9.3 Plots of o(1®Rh,calc) vs. 8(exp) according to PBEO (open circles) and M06-distorted (blue crosses)
geometries of 1-7 in gas phase (GP).

To underline and evaluate the influence of geometrical parameters, !Rh chemical shifts
are computed on distorted structures of 1 at PBEO level (Figure 9.4). From the fully
optimised geometry, the Rh—P bond distances are settled at different values around the
equilibrium distance (2.313 A), keeping the P-Rh-P bite angle p fixed but optimising all
other parameters. Likewise, the bite angle f is changed around the equilibrium value (83.3°),
keeping the Rh—P bond distances fixed but optimising all other parameters. This procedure
allows the distinction between geometrical contributions. As concerns the bond lengths, the
plot of &(calc) vs. d(Rh—P) fits a line with a slope of 3184 ppm A-! (Figure 9.4a). This result
clearly indicates the dramatic influence of Rh—P bond distances on '®Rh chemical shifts.
The large value is in line with previous data reported on complexes involving rhodium?60:462
as well as other transition metals.#”* The effect of the bite angle is however less noticeable
(Figure 9.4b). Although the plot of §(calc) vs. B is polynomial rather than linear, the ratio
A8/AB estimates a value of 12 ppm deg ' —maximum of 20 ppm deg at 89°.
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(a) Rh—P bond distances

(b) P-Rh—P angles
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Figure 9.4 Variation of §(1*Rh,calc) according to (a) Rh—P bond lengths and (b) P-Rh-P angle for PBEO-

distorted geometries of 1 in gas phase (GP). Regression lines in dashed red.

So far all geometries have been computed in the gas phase. To explore the putative
influence of the environment in solution, 1-7 are reoptimised using a continuum method to
describe chloroform —the solvent used in the experiments.“®® The solvent-optimised species
are denoted with the suffix s. The Rh—~P bond distances of 1s-7s hardly change, showing
differences with respect to 1-7 of up to 0.007 A. The chemical shifts are then computed in
the gas phase as usual. The resulting slopes of the &(calc) vs. 8(exp) linear regressions are
1.20 and 0.93 for M06 and PBEO geometries, respectively. Since these values mimic the ones
obtained for gas-phase geometries (1.22 and 0.92 in Table 9.1 and Figure 9.2), the influence

of chloroform is not decisive in this situation.

One last point to consider concerns the impact of the counteranion. According to
experiments, !%Rh chemical shifts do not significantly change when either [PFs]-, [BF4]-, or
tosylate is present.“® However, pulsed gradient spin—echo (PGSE) diffusion studies*”
involving a cation similar to 6 suggest ion pairing in solution, despite the fact that chemical
shifts are hardly altered.#’® Therefore, the mere presence of a counteranion should be
evaluated. Accordingly, 1-7 are reoptimised in chloroform in presence of explicit [PFs]- as
counteranion. The solvent-optimised species including [PFs]- are denoted with the suffixes
sc. The counteranion is initially located at the apical position of the square-planar complex
to favour putative interactions with the metal. PBEQ geometries of 1sc—7sc exhibit large
Rh---F distances, being the shortest value above 4 A, thus no strong contacts are considered.
Contrarily, M06 geometries of 1sc—7sc set closer Rh---F distances of ca. 3.5 A, hence the ion
pairing seems to be driven by electrostatic as well as dispersion interactions. Figure 9.5

illustrates the position of [PFs]- with respect to Rh for the PBEO and M06 geometries of 5sc.
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(a) M06-SC (b) PBEO-SC

Figure 9.5 (a) M06 and (b) PBEO geometries of 5sc including solvent as a continuum and counteranion (SC).

Magnetic shielding values are computed on the structures of 1sc—7sc and the resulting

chemical shifts are shown in Table 9.2.

Table 9.2 Computed '®Rh chemical shifts using M06 and PBEO geometries of 1sc—7sc.

S(calc)
Species S(exp)
MO06 PBEOQ
1sc -399 -387 -513
2sc -444 -389 -503
3sc -399 -341 -460
4sc -107 -94 -278
5sc -85 -96 -257
6sc -32 -51 -98
7sc -36 -40 -90
Slope? 1.00 0.92
MADP 100 115

2 Slope of the &(calc) vs. 8(exp) linear regression for species 1sc—7sc.
b Mean absolute deviation from experiments.

In comparison with gas-phase geometries (Table 9.1), these results indicate that the
values for the shielded species 1sc—3sc are more affected than those for the deshielded ones.
Consequently, the slopes of the &(calc) vs. 8(exp) linear regressions decrease from 1.22 and
0.92 (dashed red lines in Figure 9.2) to 1.00 and 0.86 (dashed red lines in Figure 9.6) for M06
and PBEQ geometries, respectively. The corresponding MAD values are similar, 100 and 115
ppm. These new slopes can be due to (i) the explicit occurrence of the counteranion and (ii)
the distortion of geometries after reoptimisation. To separate both contributions, the [PFs]-

counteranion is removed from calculations; subsequently, the chemical shifts are computed
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for the resulting anion-free distorted structures —i.e., without further optimisation—
denoted as 1s'-7s". The slopes of the §(calc) vs. 8(exp) linear regressions are 1.08 and 0.89 for
MO6 and PBEQ geometries, respectively (dashed grey line in Figure 9.6). The slopes resulting
from PBEQ geometries are rather similar (0.86 vs. 0.89), thus the distortion of the structure
mainly governs the change. In the case of M06 geometries, the difference is more noticeable

(1.00 vs. 1.08), hence the explicit presence of the counteranion also contributes.
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Figure 9.6 Plots of §(1%Rh,calc) vs. §(exp) according to distorted 1s'-7s' (open circles) and fully-optimised 1sc—
7sc (blue circles) at (a) M06 and (b) PBEO level including solvent and counteranion (SC). Regression lines in

dashed grey and red and ideal lines in solid black.

Putting all together, gas-phase geometries at PBEO level provide fairly accurate chemical
shift trends (slope of 0.92 in Figure 9.2b). In this scenario, the Rh—P bond distances play an
important role. The inclusion of the explicit counteranion improves the general trend but
only when dispersion interactions are taken into account, e.g., using the M06 functional

(slope of 1.00 in Figure 9.6a).
9.4. 13Rh Chemical Shift-Structure Correlations

According to the previous section, the computation of B3LYP chemical shifts on PBEQ
geometries in gas phase affords reliable results. This computational protocol is employed as
follows to disclose the dependence of the chemical shift with respect to the chemical
environment. To accomplish it, a new set of cationic complexes 8-20 is derived from 1 by
systematically modifying the bis(phosphine) ligands through the chelating size, n, and the
groups attached to the phosphorous atoms, R (Scheme 9.3). Conformations of five- (n = 2)
and seven-membered (n = 4) rings are taken from the previous gas-phase structures of 1 and
4, respectively. For the case of six-membered rings (n = 3), a chair-like conformation is used

according to a reported solid-state structure of 17.477
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R\/R R=H n=2(8), 3(9), 4(10)

~_ o _P CHs; n=2(11), 3 (12), 4 (13)
g/ﬁh\ ))n CF3 n=2(14), 3 (15), 4 (16)
/P\ Ph n=2(1), 3(17), 4 (4)

rR R Cy n=2(18),3(19), 4 (20)

Scheme 9.3 Set of complexes 8-20 generated from 1.

One interesting property that may correlate to '®Rh chemical shifts is the relative
thermodynamic stability of the complexes with regards to their binding energies. The donor
properties of the bis(phosphine) ligands are evaluated through isodesmic? ligand exchange
reactions*34%% as shown in Scheme 9.4. The free ligands are optimised in conformations free
of clashes between PR: groups. Magnetic shieldings are mainly affected by the atoms
directly attached to the nucleus of interest. As a result, the shielding of the '®Rh nucleus is
unlikely influenced by entropy terms, and correlation between chemical shifts and Gibbs
energies may be absent. Ligand exchange enthalpy values, AHz, are discussed instead since
thermodynamic contributions regarding the Rh-P bond formation are inherently
considered. All enthalpies are arbitrarily referred to 11, in which more negative AH:t values

indicate higher affinity of the ligands towards the rhodium centre.

\ /
I ~ ®/P AHLE S G)/P | -
R j + PP R ) + PP
l ’ P ' 4 P |
/AN
11 1-20

Scheme 9.4 Isodesmic ligand exchange reactions. 11 as reference compound.

Plots of &(calc) vs. AHie are displayed in Figure 9.7. As concerns the initial set of
complexes 1-7 in Figure 9.7a, more negative AHit values correlate with more deshielded
species 1-3, where higher AHit values correspond with more shielded species 4-7. This
trend is in line with the reported Gibbs energy correlation for some of these complexes.*
However, according to the results obtained for the extended set of complexes 1, 4, and 8-20
in Figure 9.7b, a global trend cannot be settled to all kind of ligands. For complexes
containing the same group R, the increment of the chelating size n entails an increment of
both the chemical shift and AHie, excluding R = H for the latter. Regarding the electronic
properties of the ligands, complexes with R = CF3 (electron-poor ligands) show high positive
AHite values, followed by those with R = H. Species with R = CHs, Ph, and Cy (electron-rich
ligands) produce similar AHie values within the same chelating size n. The trend in AHit as a

function of the electronic properties of the ligands shows no clear dependence with '%Rh

2 In isodesmic reactions, the chemical bonds broken in reactants are of the same type as those formed
in products, Rh—P bonds in this case.
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chemical shifts. The lack of a global chemical shift—stability correlation was also found for

Rh-bis(olefin) complexes.*3

(a) Species 1-7

(b) Species 1,4, 8-20
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Figure 9.7 Plots of 8(1*Rh,calc) vs. AHie according to species (a) 1-7 and (b) 1, 4, 8-20.

The previous section pointed out the Rh-P bond distance as a key parameter to
investigate '®Rh chemical shifts. In this spirit, &(calc) is plotted against the average Rh—P
bond distance in Figure 9.8. For the initial complexes 1-7 in Figure 9.8a, a linear regression
is obtained with a slope of 5682 ppm A-! (R? = 0.952). More interestingly, for complexes 1, 4,
and 8-20 in Figure 9.8b an analogous linear regression is found with a slope of 5285 ppm A-!
(R? = 0.940). Analysing the chelating size separately, the slopes of complexes with n = 2, 3,
and 4 are 3583 ppm A-! (R? = 0.867), 5862 ppm A-! (R? = 0.933), and 5513 ppm A-! (R? =
0.988), respectively. Putting all complexes together, i.e. 1-20, the slope becomes 5338 ppm

A-1 (R? = 0.943). Although some deviations are detected for complexes with five-membered

rings —which involve lower slopes, see also Figure 9.4—, the global trend is clear.
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Figure 9.8 Plots of 8(1*Rh,calc) vs. d(Rh—P) according to species (a) 1-7 and (b) 1, 4, 8-20.
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As a conclusion, '%Rh chemical shifts appear as sensitive probes to investigate Rh—P bond
distances. They may be useful to describe chemical shift-structure correlations for
bis(phosphine) ligands with different chelating sizes and electronic properties. Lastly, since
shorter bond distances to transition metals do not always entails stronger bonding situations
—Jlonger but stronger’®#°—, chemical shift-stability correlations may be missing as

previously noticed.

To evaluate the sensitivity of this correlation, the study is extended to include more
subtle modifications of the ligands. Following the substituting pattern of 6 and 7, the
substituents in para position of the aryl moieties are changed by different groups affording
21-24 (Scheme 9.5 left). Likewise, the application of this substituting pattern to 1, 17, and 4,
generates 25-29, 30-34, and 35-39 for n = 2, 3, and 4, respectively (Scheme 9.5 right). These
groups can be described by Hammett op constants, which usually refer to inductive effects.
More positive (negative) values of op indicate more electron-withdrawing (donating)

character.480:481

l@ R'=H (6) Q R=H n=2(1), 3(17),4(4)

l\ CHz (7) <. ® P CH3 n =2 (25), 3 (30), 4 (35)

Rb'"aph‘hy' OH (21) Rh OH n=2(26),3(31), 4 (36)

F (22 F  n=2(27),3(32),4(37)
Cl (23) Cl  n=2(28),3(33),4(38)
CF; (24) CF3; n=2(29), 3 (34), 4 (39)

Scheme 9.5 Set of complexes 21-39 generated from 6, 1, 17, and 4.

U

Plot of §(calc) vs. 0p*? involving species 6, 7, and 21-24 is shown in Figure 9.9a. A linear
regression is indeed found (R? = 0.959) in agreement with literature.®74% As general trend,
remote electron-withdrawing groups tend to shield nuclei. Then, §(calc) is plotted against
the average Rh—P bond distance in Figure 9.9b. Interestingly, the '®Rh chemical shifts still
correlate to Rh—P bond lengths at the picometer scale (R? = 0.941). Even more subtle
structural variations between isotopomers can be disclosed using 'Rh NMR, where Rh-L

bond distances change within the femtometer scale.*
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(a) Hammetto, constants (b) Rh—P bond distances
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Figure 9.9 Plots of §(1%Rh,calc) vs. (a) Hammett sp constants and (b) d(Rh—P) according to species 6, 7, 21-24

(blue circles) and distorted versions of 6 (open circles).

The slope of the 8(calc) vs. d(Rh-P) linear regression is 7770 ppm A-1, slightly larger than
that of ca. 5300 ppm A-! obtained for species 1-20 (Figure 9.8). The influence of such remote
substitutents can be due to (i) variation of Rh—P bond distances or (ii) direct electronic
effects. The latter can be treated separately by changing the groups R' by H atoms.
Subsequent reoptimisation keeping the Rh—P bond lengths fixed affords a set of distorted
structures of 6 and the resulting chemical shifts are indicated as open circles in Figure 9.9b.
The slope of the &(calc) vs. d(Rh—P) linear regression is 2877 ppm A-! (R? = 0.994), in line
with the value of ca. 3200 ppm A-! obtained for the distorted versions of 1 (Figure 9.4a).
Despite steric and electronic effects are not fully isolated this way, the influence via bond
distances is significant. This outcome indicates that '®Rh chemical shifts correlate not only
to direct electronic features of R', but also to indirect effects that remotely modify the Rh—P

bond lengths.?

The same analyses are performed for 25-29, 30-34, and 31-35 derived from 1, 17, and 4,
respectively (Scheme 9.5). Plots of §(calc) vs. op produce excellent linear regressions (R? =
0.9 or superior).*® As concerns the variation of §(calc) with respect to Rh—P bond distances,
the linear regressions range from moderate, R? = 0.780 for derivatives of 1, to good, R? =
0.831 and 0.910 for derivatives of 17 and 4, respectively. To achieve a fully global
correlation, additional features such as the chelating size of the bis(phosphine) ligands
should be taken into consideration somehow. Further studies may consider the role of

spectator ligands, COD in this work.

2 Although the correlations in Figure 9.8 may contain such direct electronic effect, a significant
change of the slope is not expected among the substituents under consideration —excluding CFz—;
the Rh—P bond distance is indeed a decisive parameter.
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9.5. Conclusions

13Rh chemical shifts of several [(COD)Rh(P-P)]* species have been computed. The range of
complexes under consideration has been systematically extended to explore potential

chemical shift trends. Computational insight is commented as follows.

e Computation of §('®Rh) on gas-phase geometries at PBEQ level provide results in
fairly agreement with experimental evidence, making the procedure suitable for
routine calculations. When the counteranion is explicitly included, dispersion

interactions should be taken into account during optimisation.

e According to ligand exchange enthalpies, AHie, §('®Rh) are not clearly related to

complex stabilities for the set of complexes under consideration.

e §('®Rh) do correlate to Rh—P bond distances for a variety of bis(phosphine) ligands,

where shorter bond lengths mean more shielding '®Rh nuclei.

e This chemical shift-structure dependence is also found when more subtle
modifications of the electronic properties of the ligands —characterised through

Hammett op constants— are brought into play.
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CONCLUSIONS

“Oh Deep Thought Computer’, he said, ‘the task we have designed you to perform is this.

We want you to tell us... the Answer! The Answer to Life, the Universe, and Everything.”

[]

“Forty-two”, said Deep Thought, with infinite majesty and calm.
“Is that all you’ve got to show for seven and a half million years’ work?”
I checked it very thoroughly and that quite definitely is the answer. I think the problem,

to be quite honest with you, is that youve never actually known what the question is.”

“Hitchhiker’s Guide to the Galaxy” by Douglas Adams






The current dissertation has demonstrated how computational chemistry can successfully be
applied to a number of organometallic situations. Because of this, predictive features are
becoming more important and reliable. The specific conclusions of each study have been
recited in the corresponding section. Herein, a general overview of concluding remarks is

presented.

STRUCTURE

Relevant information about the structure and bonding of transition metal complexes has

been obtained by means of different computational techniques.

e The experimental structure of a paramagnetic Pt(III) complex has been
computationally reproduced, exhibiting a metaloradical nature. Electronic —rather
than steric— effects of strong o-donating ligands distort the expected square-planar

geometry, affording a see-saw disposition instead.

e The dynamic behaviour of agostic interactions of three representative T-shaped Pt(II)
complexes have been analysed by considering explicit solvent molecules. Different
kinds of agostic contacts have been found, ranging from strong to fluctuating ones.

For these labile interactions, a realistic description of the solvent is recommended.

REeAcTIVITY

Calculations have provided feasible mechanistic pictures concerning topical organometallic

transformations, leading to a better understanding of these processes.

e The impact of NHC ligands in a Pt-promoted C-H bond activation of arenes has been
studied. I'Bu and IPr are bulky enough to prevent the coordination of the substrate.
Contrarily, steric and electronic features of IMes and IMes* favour both the

thermodynamics and kinetics of the C-H bond activation reaction.

e The role of the base —hydroxide anion— in Pd-catalysed Suzuki-Miyaura cross-

coupling reactions has been unravelled. Calculations strongly endorse the formation
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of boronate species [R-B(OH)3]- rather than Pd-hydroxo intermediates in the

transmetalation step. These latter species are however accessible but not mandatory.

Several reaction mechanisms of a Si-based Pd-catalyzed vinylation in water have been
computed. The formation of the major products is explained on the basis of the faster
insertion reactions with respect to the water-promoted Si-to-Pd transmetalation

processes.

PROPERTIES

Computational protocols have proved their reliability in predicting chemical properties, as

long as appropriate validating tests are performed.

e The pKavaer values of a set of dihydrogen complexes have been estimated. Different
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contributions have been inspected in detail, revealing that the acidity of monocationic
species mostly comes from the gas-phase deprotonation energy. The influence of

ligands has also been evaluated for key species.

15Rh NMR chemical shifts have been computed for a number of Rh-bis(phosphine)
cationic complexes. According to calculations, '®Rh chemical shifts do correlate with

Rh—P bond distances intimately, even at the picometer scale.
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Introduction

The concept of agostic interactions’” has come a long way
since Brookhart and Green coined this name to define the
Intramolecular interaction between o C-H bond and an elec
tron deficient metal centre. Whilst they were initially cone
sidered 1o be mre, it Is now accepted that they are mther
common when describing coordinatively unsaturated tran-
sition metal complexes.” A bot of work has been devoted to
assess the presence of agostic interactions. From the experi-
mental side, the exdstence of 8 MHE agostle intersction Is
mostly established by structural and spectroscopic tech:
niques.” Calculations have also been used for this aim,* * com
plementing geometry optimisations (usually in gas phase) to
show the closeness of the C-H bond to the metal centre with
analyses of the nature of the interacthon using many theore-
tical ols (usually Bader's Atoms in Molecules Theory and
Natural Bond Orbital Analysis).” ' Recently, these analyses
have revealed significant differences in fagostic interactions
involving early and late transition metal compleses'” and have
allowed us o discriminate between agostic and non-agostic
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Tahaped Pr(s) compleses (quantum nndumu)hmb«npeﬂomudnmommm
sobvent (molecular mechanics). The dy
the complex, going from saiff to flaxible on-oM agostic intetactions a1 the time scale of the simulationy
(about 15 ps). Such behaviour can only be observed by using AIMD methods in solution.

in solut

ics of the ag strongly depends on

situations when a hydrogen atom is forced into close vicinity
to the transition metal by steric factors.'*

It is now apparent that the word “agostic™ covers a wide
vatiety of subely different situations,™* Even the mle of the
agostic intemaction ks ambivalent; in some cases it prompes a
C-H bond activation process, whereas in other cases it only
provides stabilisation of transition metal compounds featuring
open coordination sites, protecting the metal from intruders,
Threecoordinate T-shaped Pt{n) compleses sharply show the
diversity of situations encompassing a common definition of
agostie complexes. These unsaturated species have been pro-
posed to participate as intermediates in several organometallic
processes, including C-H bond activation reactions.'™™ In
these highly electrophilic, formally 14-electron species, the
presence of an agostic interaction can relieve the unsaturation,
Bsolation of formally three-coordinate T-shaped Pin) species
was achieved by means of bulky trialkyl phosphine
ligands.” ™ Recently, some of us have described the synthesis
of this kind of species using Nheterocyelic carbene (NHC)
ligands. "™ In almost all cases, agostic interactions are
involved in the stabilisation of these unusual species.™ The
compounds structurally chamcterised by Xery diffraction are
collected in Scheme 1, together with the experimentally deter-
mined distances corresponding to the C-H bonds closest to
the metal centre.

Although the solid state structures of compleses 1-6 already
display notable differences regarding the agostic coordination,
the bargest disparity is found in thelr dynamic behandour In
solution. 1 and similar pagostic compleses of the type [Pr(R)
(P-9)]' (-9 = chelating diphosphine; R = alkyl) behave as
arrested intermediates in intmmolecular C-H band activation
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C-H bonpd sotivation of byvdrocarhons promoted by Pr"
complexes have Boen intensively studied since Shiloy's first
report on the calalytic conversion of methane imo methanol
and methyl chloride by Pr0)" salis!'! Mechamistically, the
firsi siep of ihis provess, prior b O-H bond deavage of
methanc, i commdinatin of i hydrocarton 15 the plalsnem
cenler, and this might cecur either associatively or with pror
dissaciation of o comuimsted Hgand, Although in most cases
the C-H bond activation a1 Pr" centers seems o lake place by
an mssociative mechanism™ there ore theorctical amd
experimenial evidences in good ap i wiith n il
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rated highly electrophilic species have been molsted and
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stable T-ahaped 1" compleses. Bocently, we have deseribed
the synthesis of this kind of highly electrophilic species
stabilired by spoatic imteractions with Nobeterocyelic carbene
{NHO) ligamds"! Herein, we fepuwt thal alteration of the
environment of the NHC ligands allows fine tuning n! the
sieric amd clecironis propernties of thelr plaii pleves,
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some arcnes !

Previousty™ we prepared the umsaiurated. catonic 1™
commporuneds | P edIPey A ] (20 and [PHSEC ENHC)]-
[BAF,). where MHE represenis ibe cyclometalsied lganids
IrBu for compound Ja and 1Pr for compoimd 3h (Sche-
me 1a). The IrfBu species Ia converts mpidly imto 3w and

C-H bond poiiveison of

al = A =i e
-l-“"?':"_ i {TH—\. .
e "
Wi B B "..L",_ (-9
Sl !

SEPE G
< - e
My

o - o
& -l"!'ﬂ: - MJ“‘—
e _)_lﬁ:” K =y

B, = e Py

Lehame v, 3} Structural repee of S b e Db
dendmibeed i el 4], and of compound Ta, which canmat be kit
b gomeerts rapidly into Ja b Simthees of the oiometalabed
complewrs §o-d

canna e isolated. By following o similar synihetic met bl
namety reactson of |PMed], with ibe coffesponding NHC
ligand and subscqucnt Ineatment with NallAs,, the onalogous
complenes 2e and 3 with the NHC lsgand [Mes® and
comaplenes 2d and 3d with the NHC ligned IMes have boen
parepared ansd charscterized | Schame 1h).

The Lewiv-agidic behavior of the citionic compounds 1h-
€ amd da-¢ Pooomes evident in their reactions with aceio-

i soan Wiy WEH Verlag Conbil B Co 0CaA Swrieen Anpras Chww. bowi [l SSn e, ypod -9
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ABSTRACT: The mechanism of the Pd-catalyzed vimylation _

of anyl hulides with visylalkoxysilanes in water has been stodied
using different catalytic precunsors. The NaOH promoter
converts the initial vinylilkoxysilane into a highly reactive
watersoluble wvinylsilanolate species.  Similarly, dewterium-
Libeling experiments have shown that, imespective of the
catalytic precursor used, vimylation occun exclusively at the
Cﬂmﬂkwmlﬂo&mwmlwc-
Si bond via a Hiyama The involvement of a

A‘Ol - —
" . Mook
-. s -
e X P
Meoch- & '
H“”'“'II’G’: \ A ’.': "
" [ 7w }m Jow ~\N)=~H.
"o &/ 5
- Mook D B

crosscoupling.
Heck mechaniem is interpreted in terms of the redoced nucleophilicity of the base in water, which difavors the transmetalation

uep.‘l'ln“«i duct (failylvieyd

with formation of 3 vinylurene, by three differemt

) undergoes partial desilylation,
(J)Wﬁkww&mdm(awumﬂlw)a(b)mﬂmnno‘dndﬁokﬁon
llnl'dHMkoMhMMdtﬂmj(t)mdhdﬂ%thﬂw

of the Hock intermedute followed by fiSi
mechankams b and ¢ have been

Both the Hiysma and Heck catalytic cydes and desylation
evabuated for the [Pd(en)Cl,] precursor in water as solvent. The calculated

Gibbs energy barriers support the reinsertion route proposed on the basis of the experimental resolts.

B INTRODUCTION
Recent work in the field of Pd<atalyred C-C coupling

1 y i, ¥
trmwwmmtmlhw&xmdumu
under mild conditsons, employ readdy available cost- and atom-
efficdient starting materials, and avoid the formation of
byproducts or the use of toxic reagents’ In this comtext,
mwdxmtmmn&mmukﬂchdnhkwlmuy.
environmental friendliness, and high chemical stability.” The
devel of organcnl nw”mmh&
hggcdbdﬁm‘lduofothn gAr allic ¢

o(ﬂnb-uuxm\qdlbehwpohmcddm-arboa
bood. Although the first ples of the ,‘ of aryl
halides with vinyltrimethybal were reported in the early
1980, Maaudynvd\mlomddw(.-}lbuuhd!hc
vieyl group in & Miroroki=Heck! process (Figure 12)." Av a
m&.dwmptpcdmdlhnmm-ncﬁmuw
duwlmsdih:dmmmlbpﬁodcdﬂmnmm
nineqncnllnlhtl{«koouph; Increasing synthetic
interest in fsilybstyrene i uun-lxdlhuwdlby
groups such as those of * Kikukawa,” o Jeffery" for
reaction conditions that could inhibit this desilylation step. A

major breakthroagh in this respect wan repocted in 1989, when
vAcswm © 2005 Amwricn Owewesl Socety

e

quuul“ﬂnhpdhbdhﬂu*moe«l
Mﬂiqdovg&nonﬁmmdhdewmn (Figure 1b)." 1t was
asumed that the formation of pentacoordinate silicates
acelerated the rate-determising tranunetalation step (Fagare
1¢). Accoedingly, the alkenylslames became more reactive when
their fBuocophilicty was increased upon  replacing  methyl
substitaents with fluordes."" However, the preformation of a
stable, pestacoordenate allicate intermediate peior 1o the
transmetalation step puay not be key to the cross.coepling
reaction because theoretical calcalations have suggested that
formation of the Si—F bond may occur in a concerted manner
with transfer of the vinyl group from Si to Pd, thus stabilizing
the transition state of the transmetalation step."’

The subsequent introduction of silanols as coupling partmens
was aimed at improving the reactivity and selectivity of these
reactions as a result of their ability to coondinate to palladiven
vis the oxygen stom, In the coune of these studics, Mo,
Hmﬂwmmwmwmd

the croms-coupling of aryl- or alkenylilanols under fluoride-free
conditions.” A major breakthrough In this respect was the
finding by Denmark and Sweis that the depectosation of

Received:  April 29, 2013
Published; August 22, 2013
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Computational Insight into '™Rh Chemical Shift—Structure
Correlations in Rhodium Bis(phosphine) Complexes

Manuel A Ortuiio,” Ludovic Castro,” and Michael Bihl**
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Spain
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ABSTRACT: ""Rh NMR chemical shiffts have been computed at the GLAD-
BILYP bevel of density Functiomal theory (DFT] for s number of X
[BR{CODMPAP)]* complexes [COD = | Scyclooctaliens, PAP = chelating o e

bis{phosphine) including  bis{dimethylphosphinolethane {dmpe), bis- E"-'-:I
{dighenyiphesphiso Jethane | h MeDUPHOS, DIOF, BINAP, and . -
sthess]. Siroctcaws ke mmmmm.ﬂmm il
i the gas phase, in 4 continuum modeing the sobvent, and with [IFF] o
counterandon incoded esplicitly. Observed trends i &('"Rh) are well — -
upmduud‘iurprhliu?ﬂﬁb—ufﬂ.rimd:a&nmhhyl[ﬁuwiurlm 2388 &Bh-P)I A 248

pairs optimised in 3 contisuum wth MOS. While there i no overall trend
Munmmpndﬂ"'mmﬁl-aﬂfmmﬂuuﬂh[nﬂudﬁ@hﬂml@ﬂﬂmpm}.hﬂa

Bmear relationship between the "ith chemical ahifts and the mean Rh=T" bond i This

P appears o be

Mwﬂmmdﬂn&q”umuﬂnﬂu&mn? udﬁmrm:&mu-buqﬂ

substifuents thal are charscteriaed

their Hamnstt constasts, The combination of ™Rh NMR and DFT

wmmwhtwﬁlmhnmmthﬁhﬂnnﬂﬂ-mw

B INTRODUCTION

Rhodium chemistry s & comervtone in homogendsoas catafysis
singe the corresponding complers are key qmm-m rekevast
processes such as hv-.k-tymmurﬂrﬁ'-rh By ds-
tice of allenes. The dewgn of new amd improved caialysts
mequaires Ehoroagh anabysis of such specees. In ander 8o obtain
further insight. "Rb paclesr musgmetic roenssce (NMR)
WMWHLMvﬂmmdrtdmdhuMy
mtmyunurul'ﬂiu-enﬂjmm including thase of
active catalysis”

As rhedivm compleses beaning  phosphine ligamds are
particulagly well suited fo be studied with "™‘Rh NMR
spectroncopy, a wealth of experimental data are svailshle. ™"

A priod there i ne straightforwand general melstioeship
between chemical shifis and reactmity. However, a numnber of
wach relationships have been established empirically within
clossly reluted Gamillis of compounds™® For & iy,
chemical shifts have beem correlsted with rate constasts of
ligand exchange’ and migration reactions,” euntioselectivities,”
and stabiility comstante'” Mo tecently, rates of water
subsisiution processes in rhodum dusiens have beem shown
o cormelste with chemical shifis.” Similsr NMR—reactivity
relations. have also beem observed or predicted i other
onganometallic wviens, ey, ming ®Co' or "V NMR" Asa
whale, trandation metal NMR b 8 usefid 1oo] to study seracrural
feabores s well as reactivities.

The chemical enviromment about the metal can be sdjusted
by tuning snd wileding the ligands, Chssntum-chemical

"r ACS Publications & 11 e Gl asiesy

computations can be & valuable complement because they
can be weed 1o sy higands or ligand configurstions that are
mmuhrwﬂrmdmhhwl;mpwhﬂ
miial o in o wystemathe way. Theory can
predict structures, energies, and NMR propesties. and the
reslting trends may be rationalined. In this regard, computa-
tional |n.iml1nmhnrdmnhmﬂpl‘mrﬁnﬂ lhlli.rr {DFT)
have been & ; lied Bo l M
Mﬁmgﬂhﬂmmﬂ"“ﬁﬂw
studies om "'Rbh nuckd were devoted to organometallic
mnﬁwﬁthmn-uu‘#:‘wmlﬂllhlﬁnﬂpofu.
00 ppen. " The scope of this rml-h.h.l-'ulgpl
extended 1o speckes comtaining phophi ""
muhmw"uwmﬁmmmw
um-i!i:mu Other complexes including imdacenyt™ and
yrin™ derivatives have abio boen snabyed.
The Rh-bis(phosphine] fragment bas peovided eacellent

resulis in catalytic processes such a nation reactions. ™
In this context, & series of cationic |[(CODIRhPAP)]"
complesns 1=7 (Figure 1, COD = | S-op y P =

MH.H[!_ Hl"huplﬂﬂt]!, el i Wﬂ.ﬂhﬂ of gfa-
ides,™ hus been soodied recently, and their cbuerved "™"ith
chemical shifis have been correlaled with wil relative
stabiliticn™ W now roport ries and "R chemical
shifis of 1=7, caleulsted with different snd insproved

Becebveds  August 1, 2013
Publisked; October 4, 2003
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True and masked three-coordinate T-shaped
platinum(ll) intermediates

Manuel A Ortufio”, Salvador Conejero™ and Agusti Liedés ™!

Review (Open Accen |

Airagn Beipn | Org Chem P, 8135313830
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Abstract

Altbough Fn I upare-planar ge . with & formally l-clection g miy abaobsscly iy modated PHTT
pl threg-coond ld=ehectran il complexes are believed 1o be Ley imsermediates im o number of plasinums-medated
[ i aransdor Albough very few aulk 1 i 1 [ L] plenes have bogn characteonigd, a

much larger nusmbser of compleses can be descrbed s opertiomally three-coondinate in 8 kinetic sense. In thess composnds, which

we e oallad masked T-shapel compl the fosanby posimion is ocoupied by @ very weak lagand (aguste bond, solvem molecile

of gopinrieranion ), which ¢an be casily displaced. This mevig saminarsies the strugiural [Gatuis of the rue snd masked T-shaped
IPai 1) eomplenes reporiod so far and descnbes synthetic saraiegses omployed for their fomation. Moeover, recent experimaental and
thepectical reports are snalyred. whach sogpes the nolvesent of such inlemedasies i resthion mechaniam, pamiculsdy C-H
beomad-activ stion progosa

Review

Scope of this review
Reaction intgrmediales sig trassient specics abls o usdery pheugs, Ligasd & formang Jratgs wigh
rmnaformatsons abong chemical processes. Electron deficient  opem coordination sies, as been proposed & the inisial s1ep in
neinl complenss with viacan cocndisanion silgs are  many teactions invalving wjuare-planar " arganceenaliic
willwmited to play such a robe. Coondmatively and electrons- wplenaes [ 1] Fowr i square-planar siructines. with a
cally unsamsrared species have oftes been invoked ms oucial  formally J6-eleciron comnting, are shaalotely dominant in
L | i i invalving lage mefal ol Py m Hemgver, thive-Goondinass, 14-¢lec-
¥
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A stable, mononuclear, cationic Pt{n) complex
stabilised by bulky N-heterocyclic carbenest

Chw shin: Cherm, Cownrrgr, 2054
S0, LS

Recesved Bth Mowember J01L
Acoepbed 2Bih Peovernger SOLY
DO 1010 RS ReodB S5

warw rit orgichemcomm

The thermally stabile. parsmagnatic Ptis] complex [Pt IPr]{BAS]
by been prepaned by oxidation of the Pl complex [Pyl Pr;) with
iodine in the presence of HaBir'. X-ray crptallographic studies
revealed the mononuciess rature of this species with a square-plarar
goeometry. EFR and DFT studies pointed out o a metal~centred radical.

Maviuem compounds in closed-shell oxddarion sares of (o), (4],
anl (] abound in the lieenare, bt less ks known about their
[1f and {w] open-shell counterpans, Althaough dinuelsar Prjs=)
specics are well knewn,” the scarcry of well characerised para-
magnetic mononuckear Prm) specics is nofeworthy,” despite being
postialated to be tmanseent intermedistes 0 several  chemioal
transformations including oddation of platinum allyls and anls,’
and anticancer activity of cis-platin and carboplatin,? In 19584, Usin
et ol reporeed the first crysmBlogmphically clamcrerised anionic,
mansnuchenr Pem) complex [PCCE)] . Since then only o few
repairts hunve appeared on the full clamceiation of moomelear
Priis) evamplenes.” In most of the cxses, te isolation was possible
I using lgands thar eould casily defocalise the unpalred cleceron
of preventing their dimerisation by Mocking the asdal coordination
sites in their ootahed ral compleses. Bond and Cohon reported thae
a bulky pincer phosphine lgand allowed for the spectrosoopic
[ebectron paramagnetic resonance, EFR) chamcterission of o
“moderaicly doble Fife) cation™," although the authors were not

dr brecwig ( JICL, D dv Qaimuira fnorpanica

R and’ danerdad de Srvala, dely derum Vrspene JF, § R Snails,
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£ Pl Clgweria X, LMW, i, Sty
* s be Chmyi g Mlanvisiies e Leagon (ICALLL Eirersiiod o Saagoce
ol LA, CPnlnd Cribwnd 1L Sroew, Forafonl, Spais

| Plewirenic supplemenisey ind: =) ilahk 1 et bk,
drtacds oof demainy funay foul WP and magr s, and
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Eraphiee dliti b CIF oF siber ¢hoibanb o s (04 1000 Sness s i

Frus pouenl 0 Tt Ryl Soxedy of Chemitry 2014

184

Orestes Rivada-Wheelaghan,” Manuel A Ortuno,” Sergio E Garcia-Garndo,
Josefing Diez.” Pabilo J. Alonso.” Agusti Liedds*” and Salvadar Congjera®”

abde 1o isolaie it fnothe pare form as a consegquenee of s fast
disproportionation im0 uncdharcterised Pris) and Pin species
Some of us have very recently isolated & pammagmetic, mons-
michear P alkyl comples [Psdire NIRruac] stabifised by
balky N-heterogyclic carbene [NHC) ligands 1Py (where P ix
1,3 bisl 2, fed iEsopropyiphenyl midazol 2sdidene amd Iy indicates
2 cyclometallazed ligand) that ks an intermediate In ithe formanion
of 8 C-Br boml.” The Neray structure of this complex exhibived an
umprecedenbed  seeuny grometny, Acoonding e conyuintional
studies, such structure was i due o sleric constraints bug o
the effect of the allyl grougs in treas oo the bromine ligand ® In this
teport we have sicceeded in the solation and chamdcerisation,
inchuding %-my diffmction and EPR siudies, of the st monoe
nuclear, eationic, square-planar Pe(m ) comples saabilised by NHCs,
particularly 1Py ligands. in fact the use of NMHCs for the stabilia-
tion of ihird row adical compleses s Hmioed b0 two odher
exmples recently published, in one of which elecimon delocall-
satbon on the Imidazed ring has been proved.”

The comples trmas-{PiMel[IPr):[* 1 peacts with 1 1o wield,
almost quantitatively, the paleyellow bis-iodide derivative
trana{Phy(1Pr),] 2, Formed after rapid redocthe elimination of
oty ek withstst dietrvtitgg any e intermediotes [Scheme 11
Compound 2 hes been spectroscopically and ervseallographically
characteriad [see ESITL

When comples 2 Is reacted with halfequivalent of 1, in the
presence of NaBAr" [NaRar = sodium teorakis]3,5-bis{riflonme-
methyljphenyl]borate] in dichlommethane an intense blue
sobution ks formed almoss immediately (Scheme 1], The "H NMR
spectmum of the crude reaction misture reveals the formution of &
sityghe proclisct shamving only broad sigrals in te rmange of —7.3 10
74 ppm for the carhene lignnds that hings at the presenee of o
pammagnetE spevies in solution, from which it has been possible
o isolote the Prim] complex 3. It should be pointed ow that
sddition of either 1; or MaBAr" alone to 2 was not productive,
reevwering unalered the reactanis, Only when the thiee neageenes
are mied together the fomuation of 3 s ochieedl Therefone,
varfation of the contenration of odide through procipieation as
Pl s ey fior e menction in proceed. Comples 3 & Eairly alr-sable

e 24, 50, LreS-1801
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D Supporting Infarmation

ABSTRACT: The reactivity toward H, of coordinatively A Comtined Reacthvily-WA-Compatations! Sy
umsatursied Peill) compleses, wishilieed by M-heterocyelic D Comm Bty

carbene (MHC) Bgands, is herein analyeed. The cationk o e
platinum complexes [PHNHC NNHC)]® (where WHC' = % = "

stasds fior & eyelometalited NHC ligand) react very faat with J‘-_*. o :",‘..' _H___.,_.?..‘_..
H; at room temperature, lesding to h: nalysis of the Pi— ( it -y |m | H I
CHj; bomd and concomstant formation of bydrde derivatives G e [

[MH{NHC )" or hydrido—dibydogen compleses [PrH{H;)- '
(NHC) ] The luter species release Hy when these o e e
compounds are subjected 1o vacuum. The Xeray structure of

m'qﬂ-:t[l"l'."lﬂl"'r]]|deanumM1Hmu}ﬁh‘lmT-ﬁ¢dm-ﬂmmbﬂnmhw
interactioms. Density functional theory caloulations indicate that the binding and reaction of H, in complexes
[PH{HH(NHC)]" & more Bvored for dervatives bearing aryl-substinated NHCs (IPr, 1,3-bis{ Lo-deopropyphenyl -
imidarol-2vlsdene and IMes = 1 3-dimesiiyl- 1, 3-ddyadeo-2H-insidarol-2-plidene ) thin for these contsining der-butyl groaips
{'Bu). This cutcome is rélated o the higher cose-ramge steric effects of the Il ligands. Accordmgly, H/TY exchange resctions
between hpdrides [PrH{NHC),]" anad D, take place condderably faster fioe IPr and [Mes® derivatives tham for Ia ones. The
reaction mechanisms for both Hy sddition and H/D exchange processes *mdmlhr“m-ﬂfﬂumwm

through oxidative sddition iranaition stabes in the case of Iy sad IMex* or by & o-complex me
case of 'Bu
W INTRODUCTION compleses known af presest,” very few age based on platicam,

. . i amd i all cases plosphines have been used as ancillary ligands.”
I catalyric dehydrogenation of wmdne—borenes, and it this al Hehete e e (NHCs) have

particularly ammonis—borane, has emerged a3 a2 powerfal . z
methad for the grseration of Awdrogen ‘wndér maild been extensively used as an alternative to traditional phosphine

ligarsds in tramwitson-metal complenes, their abifity o sabilioe
conditions.’ Several transitive-metal comploass are keown o
hh‘“‘"ﬂiwmﬂu.‘ mﬂ*"! wh‘_‘,w‘mﬁ th'rdl'uﬂm \-P“.tl has been l'.'anﬂr FMW The fil
lenw-ehectroe count Pe(1T) comples |Pa{IBu }(PBis) ] [BAF'] 1a WL'# compaiinds l!ﬂﬂll].rl.h&g bath dilydeogen and
{where TBu is 1,3-di-iert-bubylimidarol-Tylidene and Fha’ s~ THC ligends in the wme covedination sphere, [IMes) Ro
the tilated Lipaned) i able to debiyed te di lh.:|r| (Hr H POy ), (IMes = E_Lduuﬂ}!-l_!—d.l.l‘mil::-il-!-
—harane (DMAB) very efficiently at ronm bemperas imidarol-2oylidens; ¥ = 1, 2}, were reported in 2005 The
We have seen ibot 35 the end of the meaction the M h&mnfﬂrm:nt'lheﬂmhllmtmlhrﬁﬂthgmdm
&wﬁﬂwﬂwwm bﬂﬂﬁd’lhcﬂﬂjﬂ. hlﬂmmﬁ;hmmmﬂdh1hmﬂ
leading to platinam hydride [PRH{IBub, J[BAC] as the sole the reactivity with Hy of the Il':rw Frw-mufh.ﬁr rutheniiem
platinuen reaction produect. This result contrasts with the partid ~ [VHE hydrido coraplexes [RullPr;Me;}H]* (TPrMe; = 13-
Fvd jou of Pe=CH bonds of ehetron-Sificent cyclo- dilsopropyl-4,5-dimethylimidazol-2-ylidene ), |HRu-
metalated (11} species based on phosphine ligands®®  (EtMes 1" (IEtMe, = 1,3-dicthyl4,$-Simethylimicdzol.2-
Therefore, it s of paramoumt impostamce to snabyze the ylidene], and [Ru{IMe ) H]" (IMe, = 134 Saetramethyling.
reactivity of ddydrogen” toward coordinatively unsaturated
Me{ll] consplexes” and the affinity of Hy to bind this metal Riveivead:  March 26, 3014
center, In fiet, n spite of the lage sumber of dibndrogen Published: Aprl 9, J0I4
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ABSTRACT: The reaction of the N-heterocychic carbenes
(NHCs) IPr;Me, and IPr, with [PtMe,1], does not Jead to the . e
clean formation of complexer frams-[PIMel(NHC), ], ..L. AX .J', {  wce
previously found for bulkier NHCs. However, these species | " c-,'s,,,,-o,, (I ! ")_{' i
can be prepared in high yields by an sitemative procedure sing .",- 3
the dimethyl species [PtMe,(NHC),] and iodomethane. The
Mogmad trane-[PIMEl(NHC), ] have boen used
for the formation of the coordinatively
-mnnud () dervatives [PeMe(NHC), |[SHF,] wsing
AngF.nahbpnahmam.wbnuNaMr‘hMm

- ™

| x]\.f

...................

instead

encugh to completely remove the odide

ligansd,

to the dinsclear species [Pry(p-1)(Me),(NHC),J[BA ).

low-coordinate T- [l‘th(NllC),][W) < be

[PMe(I'Pe,Me,), )

heating, leading 10 the derivative [Pe(IPr,Me, )(1Pr,Me,)|[BA"] (where the prime denotes the cyclometalated
ligaand). This result & in contrast with the fast cyclometalation observed

substitated NHC (I'Ba). Different cyclometalation reaction mechanisms have been

) nhmmh&yhﬂﬁlyn&ummmm

Altermatively,
species [PMe;(NHC), ] with [u(oax),j[w | The
unsler mild heating,

indicate that the cydometalation |

CMMMMMMAMC-“MM& dy

imvodving isopropyl groupe.

B INTRODUCTION

h(ll):wnpkmmmammﬂmmdn&“d(. H
bm.laabvamrumomotbub d and uns
hydrocarbons.' Dwinglh(a«mdhl!ddnmlhamwyn
was disclosed that some P(ll) salts were able to exchange
hydrogen atoms in C— Ht«uﬁofotwmd«dnbyc -D
boads wing D,0 a¢ the desterimm source,” This impressive
achievement triggered the search for mew platsum based
systems for the catalytic vion of hydrocarbons, includs
the very methane, mvaM’
Since then, a great deal of information has been obtained
regarding the mechanism of C~H bond deavage at Pr(ll)
centers, and some of these reports suggest the possibiity of the
participation of -coordimate, N-dm!‘l(ll)mulsq
intermediates in these p 1Y Unail fairky Lately, very few
dlbutwmdmmmbhwkmlwhdadmdo-
graphically chasacterized, the dinatively uns d P(in)
tmmmwbymmo(bulky"‘“ or

;nvtomﬁondlbt&nﬂbﬂ
] undergoes 3 cydometalation process

for the related Pi(11) complex bearing tert-betyl.
computationally addressed. DFT calculations

d over those

ﬂ,l

hwohdm!hembbonoldnnh@dyd«tzqﬁd specns
using bulky N-beterocyclic carbene (NHC) ligandi” According
to DFT calculations, NMR spectroscopy, and X-ray diffractson
studies, same of thewe compounds are stabilized by agostic
interactions,” whercas others are not. ™" We have abo foend
that both the dectronic and steric environments of the NHCy'
are decisive to promote intermalacndir C~H bond activation
reactions of same aromatic compounds.™ Further wie of these
highly clectrophilic species by our groep inclades the catalytic
dehydrogenation of amine~boranes, for which a new
mechanism has been found”

We have previowsly repoeted that the Pr(IV) tetramser
[Mdluumcm&mmhhdemﬁamd
fnnu I'IMQI(NH(,) ] species (NHC = 1,3-bis(2,6-

Iph idazod- 244id (1, a), 1L3bs{246
mnhyﬂm)i)&s‘hudlyhmhndzﬂdm (IMes*, b),

Bassbead

< bated pyridine ligands.* Very tly, we have been

-v.AcstbOﬂ‘i © 2014 Amwrin Ol Sty
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ABSTRALT: The -:mplﬂ [Cp* RuCI{PrPNHPY)] (1) rescts with L-alkynes HCmCR (R = COOMe, CHCF,) in
dichloramethine vinylidens complexes [ﬂr*ﬂu-CwLHH'hal’M-ﬂ'ﬂ]ﬂ (R = COOMe (2a-
n}.c.mcp,tmulj.uuraammdlmmmmumumw of HC=CR (R = COOMe,
CHCF,) yields the metastable g-alkyne complexes [Cp*Ru(r'- HC@CR)Pr PNHPY) | [B0h,] (R = COOMe {22-BPhy),
CHLCFy (3b-BPh, 1) The wrsnsiormation of la-BPh, S 3b-BPh, into their respectne visylidene momen in dichloremethase s
very slow and houms to its completion. Heowever, this process b scceleraied by addition of LIC] in methano] solution.
Reaction of 1 with HCE=CR (R = COOMe, CHCF,) in MeOH goes through the intermediacy of the =.alkyne complexes
[Cp*Rulr-HEsCR T PRHPY T (R = COOMe (3a-C1), C.H,CF, (3-01)), which resmange 1o vinglidenes in minuees,
Le., musch faster than thelr cousterparts containing the [BPh, ]~ snlon. The kinetics of these Bomertaations has been studied in
sodation by NME With the help of DFT sindies, these observations have been imterpreted in terms of chloride. and meihanal-
ssited hyndrogen migrations. Calculations suggest participation of a intermesliate in the process, in which the
hydogen atom can be transferred from the metal o the fearbos by means of species with weak hasic character acting 3 probon
shuitles

B INTRODUCTION

Tranistion-mnctal-medisted allyne 1o vinylidene bomenzation is
a well-knowe process whoch has anescned much smention Fom
sty til and th 'lemlnnfm"uﬁ
m;uhtmﬁujhmﬂlrﬁ*m:mhn_u.ﬁmm
formations of alkyses, ™ *' Detsiled theoretical studies
supposted by ex tal work have been performed an
seversl sysieme ™' "M Amang ibose, wstena nnn]a.hmE
rutheniem can be conudered particularly remmarkable W54
Twi mechantams have beem propesed to explain the allyne o
vinylidene monseeization provess [Schense 1): dieect bniea
molecular 1,2:hydrogen <hift in a malkyne comples {route A},

wllh}&u#nlhlﬁ&m;h}&hh—ﬂ}nﬂmphtmlt
B, £ i by ondikatin i ol the lalkyne o the

umsaturated mvetal center.

-'-JH.'_S Publications  © %10 e Dl oy

Variants of the two pathways shown before have been
described i detail. The 1,2-H shifi may ocour through il
istermediscy of s CH a-bonded complex of the type [M(g"-H=
CeCRIL™ "™ (route AI} or shematively through for-
mation of 2 y"-vinylidens complex [M{g"-C=CHRIL,] {route
All}. Theoretical stsdies suggess that the pathway invodvieg the
- H-C=CR comples i bower i enengy (Ad) and hemce more
feasible "™ Feom ihe ' H-C=CR intermediste, it
possible o acces the hyplsido=allomyl comples [MH(Css
CRIL,] in a straightformand manner. Ulterior 1,3-H shift leads
to the final vinylidene product (route B,

Mocetved; Ny 5 2013
Pulilisheds July & 2013
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Departameent de Quimica, Universitat Astdnoma de Barcelona, 05193 Cordanyols del Vallis, Beroeloma, Spain

@ Supperting Informstion

ABSTRACT: The tetraphenylborate wilts of the cationic

complenes [Cp*Russ CasCHR('Pr, PNHPY)]* (R

= pCHCF, (laBPh) Ph (1B, pCHOH, (1o

lll’h'l. H-.H;I’rr (1d-BPh), B (1e-BPh ) H (18P,

uhim exoess of HIBFAOEL n

LD,LI.. mhing the ic carbyne  complexes

[Cp*RosCCH,RIPLINHPYIF (R = pCHCF, (a),

Ph (2], pCHCH, (2¢) pCHle (2d), "Ba (26), H
{21)), which were characterized

carbsan atomm of the former

in solution at low temperabare by NMR specrmaopy. The
chlivide salts 1a-C1L 1B-CL Itacl.mllirll:ll‘-nuwdanﬂnhupn
[Cp* R { Wb (1, C)-C M N-NHP P CH=1CHER) | [ BF, ] {3a=d). In these

mm alus forms & = bond with

corresponding rescihon of ihe

by, o alording the Bovel illeset
the entering proton i locsted ai the o
phosphanas atom of the 'PrPNHPy ligand

Toﬂmdlﬂm!hrumnmhnmﬂﬁ mmmmﬂhwﬂﬁumd protonation ses. The
fllywed by |

pesuilis

e 0 Tirisii

of chloeide 1o ruibensam leads 1o

ﬁmﬂm“mﬂm:F%mﬂurﬂthMmp&mﬁqud
[BPH,]" docs not allon the stabilication of the anssturated species coming from the Insertion siep, i preventing this

alemative patineay.

B INTRODUCTION

Pretoration of transitien-metal vinglidene complexes & an
wwmmhhmumﬂm
cartyme species.’ hmmihﬂmamﬂﬂm
vinyhideme Bigand s g carlyne
complexes ([Scheme 1), J]Mﬂnhﬂemlﬂltbrm
protonation wies i the comples leading 1o other deasible
resction products’

Schemse 1. Protonation of Transitbon-Metal Yieylidens

sprh::rﬂuﬂ{ul-nu
.*.L..,..._('#

Ru—cartbyme compleses are scasce.” An varlaece with this,
Ow—cartrynes sre well-known species’ ™ due to the n.'nuthl

t.ta"’

carbymes | RussCOH,{HNCTIMCy)5)]" (5 = B0, H,O,
IMhNMe, )" 1o an snalogous fashion, |[Re==C=CHPh-
(C1:(PPr,);] smd [RussCaCHPR(CECOONCH (MPr,),]
react with [H{OEL b [BAr ] (A = 5,5 bes{irilsensmetbyl -
CHACF,);) acids, yielding the comphenes
RusmCCH,Ph(CE), (PRI amd [RusnCCH,Ph(*(€,0)-
LI-..Ll'H.'?II{-I’J]EHl koIt respeciieely.” The peutral vieglidens
compleses |cp-nu-=c=-=|:}m-:| HPPEY] (R = "B, "B, Ph)
react with HBF,OEt; and Nafdr’, femidhing catsonic
devivatives ol the type |Cp®Russ CCHRICIH PP, " The
addition of electrophiles 10 the foarbon of 3 Ru—alleenlidens
complexs has a0 been observed. beading to dicationic
vimylearbyne derivatives such a0 [Cp*RumCCHe
CRRE[digpe} ™ (R = H, Py R = Phy dippe = 1.2
bis{ dilsopropyiphosphine lethame|” and |[Cp*Rus=CCH=
CRR(PELYT™ (R = H, Phy B = Ph)L"™ Despite the
that protosuiion weully takes place at the foarbon of the
winylidene of allemyladens ligand, there are reporis of apparent
odomatson at the or-carbon. This is the case for the reaction of

ference of {versus suth 1 e hlj‘hﬂ' il
states and formation of mew ineetal~ligand bonds.” Wermer and
co-worrhers ed the pretenition of [Hoss{Cs=CHPB(H)-

{CIMPCy ;] with acids HX having 3 nomscoordimating aniom
X in eocedimsting solvents 5 bo yaeld the sin-coosdssute Hu—

-' ACS Publicaticims & 5 deas Dl kacty

lhl mitroayl winglidene complex [ Ru=C=CHCH Me(C1)-

Regeiveds  Febraary 19, 2004
Pubslisharad: hloy 5, 2044
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Internal Alkyne Isomerization to Vinylidene versus Stable 7-Alkyne:
Theoretical and Experimental Study on the Divergence of Analogous
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[ B

ABSTRACT: The activation of internal alkynes by Cp"Hu and
TpHa compleses wmﬂfﬂ-ﬁmrdwﬂd
vinylidene as stable species, even thoagh bath systems bear
iddentical pyridylphesphine ligends (" BN ‘PrXPy, X = KH,
CHjy, 51 The activation of the allynones FRC=CCOR (R =
Me, Ph) by [TpRuCI{'Pr,PXPy)] compleses allowed s to
iolate and characterise metastable i -O=C(RICSCI% ad-
ducts. These complexes

to vinyladens bath in solution and in the solid staze. Kinctic studies have been

me
carried out in sohstion by 'FI'HIHMNMMMWHIHWMMEMMM Ervfoey

species as well, bat without

vinylidene
MMIHM\H& the TpRu system, the activation of alkynones by [Cp*RuCH'ProPXPy)] always results in
stable Tallkyne species. Representatives of both Cp*Ru—T-allyne and TpRua—vinylidene compounds have been characterized by
X-ray diffraction. DFT calculstions have been carried cat with the actual experimentsl complexes, inchuding salvent effects, in order
to analyze the mechanism of the F-alkyne to vinylidene somenzation of internal allkynes and fo explain the divergent results

obtained for Tp and Cp*.

B INTRODUCTION

It is welllnown that the relutive sabiliy of alkyme and
venylidene tsomens i meversed upon coondinalion to 4 varety
u!'lrmuhmmmh‘t“lmprwm{HL‘-l.:R Wo=CHR] is the
niain synthetic rmrl:lmrlhknllpﬂlﬂ and i a by step for
several catabytic alkyme transformations.” The samplest role of the
e tal s bo stabilize the vinylidene lone pairof electrons by means
of a dative carbon—metal bond, a concerted 1.2-H
rearrangement. A stronger participation of the metal involves the
axidative sdditon of the allkyre to yield sllynyl —hydride inter-
maediates, followed by a formal 1.3-H migratson. The patuse anad
pathway of the migrating hydrogen have been the objecs of
nsmerous theoretical studien’ The concerted 1,2-H shift i
predominant in ruthensum chemistry, with the remarkshle ex-
ception of same electron-rich complezes sach as [CpHull)-
(PEr, ) [[BAC' ], for which the Rl sequence of intermediates
was iolated and charsctenized by Xoray diffraction (7-alikyne/
allcyrryl — brydride fvinylidene)."

The Twoordination of the alkyne to the metal & genenally
xa[ﬂdu&uﬁlﬂmdumuruep.huhu&thﬂmmrm
sheric faciors conteibute 1o favor the % TEAFTAn

T-ackepdar capalalty with reapect to the 7-allyne omer. As 2
general rube, the relative vinylidene stabslity will increase with the
electron density on the metal center, particuludy with the
presence of stronger { snd bullder ) donor ligands in the metal co-
ordimation sphere. This i the cse of the numenow examples of
stable vinylidene compleses of the type [Cp*Ru{=C=CHR]-
(PRsJ3 1" In comtrast, electron-poor dicarbonyl systems such a5
[CpFe(CON(=C=CRR')]" (R, B’ = Me, Ph) spontancously
endengo momerization o Talkyne comgleses, Intermciliate
stiations have bed 1o the olhervation of vanylidene/ 7-alkyse
equilibris™ and to mvenible alkyoe Mvinglidens Bomenization,
which s cssential for several catabytic meactions via vimplidene
interme diates.”

The conversion of internal alkymes o vinylidenes (RC=
CR —= :C=CRR') ks 2 quite uncomnson process that has just
emerged dwring ihe last few years as 2 new promising rowte for
the I:pml.&mnm of internal alkymes v winylidene inter.
mediates.” Earlier, mhpmuﬂh-nlnﬂlrhﬂrtpm:-lhl
wmﬁhﬂm-m substituted .:r-;.m namsely alloyrylsilanes,”
i acetyliden,” 1-boado-1-alkynes,™ and mercaptoscendene,” In

io the linear vieplidene chubn. The highee thermedyramic sta-
hiliay of the vinylidens ligand is manly explained by ns betier

iﬁ.ts PubliCations © 1y s Chusic ity
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Do Metal--Water Hydrogen Bonds Hold in Solution? Insight from Ab Initio

Molecular Dynamics Simulations

Pietro Vidossich,* Manuel A. Ortufio, Gregori Ujaque, and Agusti Liedés*™

In recent years the scope of hydrogen bonds”' has considera-
bly expanded.™ and the involvement of metal centers is one
of these new fields'™ Very recently, the neutron diffeaction
structure of trans-|PICIINH JN-giycine)}H,0 revealed two noa-
classical intermolecular hydrogen bonds involving Pr. one with
the NH, ligand of a neighboring complex and one with a
water molecule.® This structure constituted the first experi-
mental evidence for a hydrogen-bonding like interaction be-
tween a water malecule and a d* metal lon and prompted the
authors to propose that similar interactions should exist in so-
lution too.* However, as pointed out by Falvello in his related
commentary,” the water molecule is held fixed on top of Pt by
two further H-bonds 10 and from the glycine catboxylic groups
of adjacent complexes. Thus, the question adises 10 which
extent the result provides Indications of the hydration of Pt'
complexes In aqueous solution, an information which so far
d to be ¢ sial by experimental techniques™ Yo
support the conclusion that the extrapolation is appeopriate,
the authors supplemented the experimental finding with theo-
retical calculatiors showing that the H-bond interaction be-
tween Pt oand a water molecule is indeed favorable by
-4 kealmal ' interestingly, we note that the P1-HOH inter-
action is of similar strength as the H.bonding between water
molecules and we wonder how the Pt solvation shell would
adapt 10 account for it. Semulations In explicit solvent may pro-
vide valuable insight in this respect as they are capable of pro-
viding a detalled atomistic dewcription of solute-solvent inter-
actions.™ Previous ab initio moleculae dynamics (AMD) simula-
tions on Pt' compounds showed a clear pattern of hydration
in the anal region of the complex. Interestingly. both andonic
(P1-HOH) and cationic configurations (P1-OH,, see Scheme 1)
were observed.” "' Furthermore, it turned out that the nature
of the igands strongly influences the hydation shell structure
and the number of water molecules in the axkal region"" it
thus appears that the adal hydration pattem cannot be gener-
alized and should be investigated for each complex of interest.
Herein, we present results from AIMD simulations of trans-
[PLCLINH )N-glycine]} in order to peovide a picture of the com-
plex in solution and thus allow for the comparison with the in-

[a] Or. 1 VidossieA, AL A Ortutia, O G Lpogue. Mrof A, Lindss

Depertanent de Quineca

Universitat Automoma de Sorcelono

793 Cerdanyols def Volts [Spaw
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Indormanion for ths article is avallatie on the WWW under
hitpdedoiong/10.1002/cphc. 201 100234
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Schema 1, &) Anionic and cationic modes of ntecaction of 3 water molecule
with the Pr* corter of & square planar comples. bl Definition of the axisl
reghon wied in the analysi. For eadh frame along the AMD tajectony. the
mean plane of the comples was computed. A atoms Sor which the angle
Betaren the vector datance from Pt and the normal vector of the plane
wirs < 30 were included in the analysis. The angle win chanen in order 1o
eosd counting water molecules Interacting with the Bgands.

teractions observed In the neutron diffraction determination,
Simulations included - 100 explicit water molecules and were
performed within periodic boundary conditions according to
the Bom-Oppenheimer approach using the CP2K program
package’'” (see the Supporting Information for computational
details). We based the simulations on two interaction poten-
tials, the BLYP'" exchange-correlation functional and the same
functional supplemented by an empirical dispersion correction
(BLYP-D3)." In fact, according to previous cakulations, the
anionic arrangement Is favored by dispersion interactions.*
Test calculations indicated that the BLYP functional provides a
fair description of the energetics of the anionic arangement
compared to MP2 calculations, whereas for the cationic confoe-
mation BLYP-D3 provides a better agreement with MP2 results
(see Figure S1 in the Supporting Information). We thus decided
10 explore how the explict incdusion of dispersion forces
would impact the outcome of the simulation.

Following the analysis proposed by Beret et 2™ we restrict-
ed our attention to the adal region (see Scheme 1 for its defl-
nition) and computed the radial dstribution function (rdf)
taking into account only the water molecules entering this
region. For the BLYP functional, the Pt-0 rdf shows two peaks
separated by ~1 A (Figure | and Table 1), Each peak accounts
for the presence of ~1 oxygen atom. On the contrary, in the
Pt-0 rdf from the BLYP-D3 simulation only one peak is pres-
ent. Its position neardy coincides with the fiest peak of the BLYP
Pt-O rdf although it is higher, The peak accounts for two oxy-
gens atoms, The data indicate that for both simudations two
water molecules are in the axial reglon within 5 A from the
metal center, one on each side of the plane of the complex.
For comparison, in Section | of the Supporting Information we
report the statistics of the Pt-0 distances from a survey of ex-
perimentally determined crystal structures of square planss Py’
complexes featuring water molecules in the axial region. As for
the P1-H rdf, both functionals give rise 10 two peaks, although
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