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ABSTRACT 
 

Fluorine is the 13th most abundant element on earth. Fluorine 
applications have grown enormously in the last 80 years especially 
in pharmaceuticals, agrochemicals and materials science.1 This is 
a consequence of the special properties of fluorine and its 
compounds given the strong C-F bond. Because of these 
properties, chemists are interested in finding ways to form and to 
cleave, C-F bonds. Regarding the lack reactivity of the C-F bond, 
finding an economical reaction that could take place under mild 
conditions to carry out the C-F bond scission is a challenging task. 
As the same way, scientists are interested in aryl esters as a 
substituents of aryl halides to avoid fluorine waste and its high 
availability. As C-F, C-O has low reactivity and it is also 
challenging find the way for C-O cleavage. Organoboron 
compounds are also of high interest as intermediate compounds 
in synthesis, as functional materials, and as bio-agents, that link 
the C-F bond cleavage through a borylation reaction to obtain 
compounds with C-B bonds. Further functionalisation of C-B 
bonds opens a wide range of transformations.  

In 2015, Martin and Hosoya groups per separate, present a 
Nickel catalysed borylation on the aryl C-F bond. And later, 
Yorimitsu’s group present the borylation into a C-O bond of a 
benzofuran. Since that many scientist present different borylation 
into C-F or C-O bonds with multiple metal catalyst. This topic is 
far to be finished an it still awake interest into the scientist. 
Borylation of C-X bonds is therefore a topic of current interest that 
makes a computational study attractive. There are plenty of open 
questions regarding the mechanism, the role of the base, and the 
reaction conditions. 

For this reason, in this Thesis, we present the computational 
study of borylation of C-F and C-O bonds. Concretely, to the 
Martin’s, Hosoya’s and Yorimitsu’s reactions. The main objective 
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is to shed light into the mechanism of the three reactions and find 
common points for a general explanation.  

The first chapter contains the state-of-art of C-X borylations, 
since the reactions presented by Martin and Hosoya until current 
days. Additionally, the chapter contains the theory of cross-
coupling reactions and the main objectives of the Thesis.  

In Chapter 2, we explain the theory of the computational 
methods used in the thesis. We describe the DFT and how it is 
used in computational homogeneous catalysis. Moreover, we 
explain how we can run a kinetical analysis from a DFT study and 
the different factors that could affect to the rate reaction. 
Additionally, we explain which information can be taken from DFT 
and the kinetical analysis of a reaction. 

The Chapter 3 presents the results of the computational 
analysis of the C-F borylation reaction of Martin. The 
computational study indicates that the reaction follows a modified 
cross-coupling reaction. The participation of the salt is the key of 
the reaction, because activates the B-B bond of the diboron 
reagent and helps the transmetalation step. Moreover, the ligand 
catalyst, phosphine, due its lability triggers the presence of the 
mono-phosphine compounds, such that the isomerization is more 
effective in mono-phosphine compounds. 

In Chapter 4, we present the computational study of the 
reaction presented in the previous chapter. The kinetical study 
show that the diffusion and competitive reactions are a key for the 
kinetic analysis. Thanks, to the kinetic study we can see that the 
bi-phosphine compounds are present in the reaction although, the 
mono-phosphine compounds present less energetic barriers. 
Moreover, the study demonstrates that the initial concentration of 
phosphine modifies considerably the rate reaction because affects 
the catalyst formation reaction.  

Chapter 5 collects the results of the C-F borylation presented 
by Hosoya in 2015 where it is surprising the presence of the iodine 
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copper as a reactant. As in Martin reaction, uses the CsF salt that 
activates the diboron reagent, however it is not clear the role of the 
copper. The results show that this copper can break the B-B bond 
and after that it coordinates to the nickel intermediates for make 
it possible the transmetalation step. The transmetalation without 
the participation of CuI is not reachable. After that, in this Chapter 
we present another Hosoya’s reaction study, where the nickel is 
not present as a catalyst and the reaction works with only copper. 
The computational study refuses the hypothesis of Hosoya and 
confirms the formation of a CuIII specie after the B-B bond break. 
This compound with the aryl fluroine can realize a direct 
transmetalation for the boryl-fluorine exchange. 

The Chapter 6 presents computational study the most different 
reaction a first glance, the borylation into a C2-O bond of a 
benzofuran. However, the results demonstrate that the reaction 
follow the basic principal steps of the previous reactions. The 
participation of the carbonate salt also activates del B-B bond of 
the diboron reagent. Moreover, the oxidative addition is present in 
the reaction. However, the transmetalation and the reductive 
elimination steps change. In the cross-coupling reaction in the 
trasmetalation step there are a leaving group in that case would 
the oxygens, but in this reaction the oxygen remains. Additionally, 
the last step is not a reductive elimination, actually is a boron 
carbon nucleophilic attack, because the nickel remains with the 
same oxidation state. 

Finally, the last chapter collects the main conclusions of this 
Thesis: the need of a salt in the presence of diboron reagents in 
the borylation; the similarities between the C-F and the C-O 
bonds; and the possibility of use copper based catalyst instead of 
a nickel catalyst. 
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“In science, we must be 
interested in things, not in 

persons.” Marie Skłodowska-
Curie 

CHAPTER 1 

1. INTRODUCTION 

  THE IMPORTANCE OF C-F/C-O 

BONDS 
Fluorine is the 13th most abundant element on earth.1 Fluorine 

applications have grown enormously in the last 80 years especially 
in pharmaceuticals, agrochemicals and materials science.1 This is 
a consequence of the special properties of fluorine and its 
compounds given the strong C-F bond. The high availability of 
fluorine-containing molecules in nature make it attractive for use 
them as a starting point in organic synthesis. Because of these 
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features, chemists are interested in finding ways to form and to 
cleave C-F bonds. Regarding the lack of reactivity of the C-F bond, 
finding an economical reaction that could take place under mild 
conditions to carry out the C-F bond scission is a challenging task.  

On the same wise, in recent years, C-O electrophiles has arisen 
as an alternative to aryl halides in cross-coupling reactions.2–9 
Avoid the halogenated waste is one of the reasons for the 
increasing interest to use them instead of aryl halides. Activated 
aryl esters, carbamates and sulfonates are commonly used in 
cross-coupling reactions, however aryl esters are not used as 
usually as we expect. This is because the lack of reactivity of C-O 
bond. As C-F bonds, C-O bond cleavage has high activation 
energy, and consequently, they are not good leaving groups. For 
these reasons, it is challenging to find ways for the C-O bond 
scission. 

Here comes to play organoboron compounds that are also of 
high interest as intermediate compounds in synthesis, as 
functional materials, and as bio-agents.10 Due its pivotal role, 
organoboron compounds awake interest in both industrial and 
academic laboratory as a starting point for synthetic organic 
chemistry. For this reason, it would be interesting to find C-F bond 
and C-O bond cleavage reactions through borylation reactions to 
obtain compounds with C-B bonds. Further functionalisation of 
C-B bonds opens a wide range of transformations. Organoboron 
compounds allow to obtain new compounds as new drug 
candidates and molecular proves. The nickel catalysed borylation 
reactions of C-F and C-O bonds are an alternative to other 
borylations on other more reactive aryl-halide bonds.  

 BORYLATIONS OF C-F /C-O 

BONDS FROM ARYL 
The Suzuki-Miyaura reaction was the first borylation reaction 

of an organohalide with a palladium catalyst reported in the year 
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1979.11 Akira Suzuki shared the 2010 Nobel Prize in Chemistry 
with Richard F. Heck and Ei-ichi Negishi for their discovery and 
development of palladium-catalysed cross-coupling reaction in 
organic synthesis. The Suzuki-Miyaura reaction is catalysed by a 
Pd organometallic complex and the reactants are a boronic acid 
and an organic halide. Suzuki demonstrates that the reaction 
follows a Cross-Coupling mechanism. This mechanism consists in 
three steps: oxidative addition, transmetalation and reductive 
elimination. We will go into details in section 1.3.  

 

 

Figure 1-1. Suzuki-Miyaura Reaction.12 

 

The main limitation of the Suzuki-Miyaura reaction is the low 
availability and the high cost of Palladium,13 which challenged 
scientists to explore other metals in order to make the reaction 
more sustainable and cost-effective. Finding cheap metals as a 
catalyst is more challenging because the selectivity of this cheap 
metals is not as good as with palladium catalysts. Moreover, cheap 
metal catalysts are less tolerant to functional groups and 
reactants. Additionally, Palladium based catalysts work with a 
wide range of starting molecules. It was cost-effective found cheap 
metal catalyst that works for both borylation of C-F and of C-O 
bond in aryls.  
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Figure 1-2. Martin’s reaction. 

 

In this sense, on the same day in 2015, August 2nd, both 
Martin’s and Hosoya’s groups independently reported to the 
Journal of the American Chemical Society on a novel borylation 
reaction of aryl fluorides catalysed by a nickel/phosphine complex 
[Ni(PCy3)2]. Martin’s group used B2nep2 as the boron agent and the 
reaction was assisted by NaOPh salt in Tetrahydrofuran (THF) at 
110ºC14 (Figure 1-2). On the other hand, Hosoya’s group used 
B2pin2 as borylation agent, assisted by CsF and CuI salts, with 
toluene as solvent, and they achieved good yields at lower 
temperature 80ºC15 (Figure 1-3). A few months later, Radius and 
Marder’s group presented the borylation of aryl fluorides catalysed 
by a nickel catalyst also, but with a carbene (IMes) ligand instead 
of the phosphine, with B2pin2 as the diboron, assisted by CsF and 
NMe4F salts, in THF as solvent at 80ºC.16  

 

 

Figure 1-3. Hosoya’s reaction 
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It is worth highlighting that Martin’s group17 had previously 
reported that, under the same reaction conditions, aryl ethers 
could be borylated with B2nep2 via C-O bond cleavage. Indeed, 
Yorimitsu and coworkers18 found later that this chemistry could 
be also applied to obtain organoboron compounds by activating 
the C-O bond in benzofuran: the catalyst could break the 
heterocyclic C-O bond and insert one boron from B2pin2 by using 
a nickel/carbene(IMes) catalyst assisted by the base Cs2CO3 
(Figure 1-4).  

 

 

Figure 1-4. Yorimitsu’s reaction. 

 

At this stage, it is noteworthy that C-F and C-O bonds can 
undergo similar transformations regarding borylation reactions 
when they are exposed to that unique catalyst, diboron agent and 
base/salt combination. Note that the diboron agent, the ligand of 
the nickel catalyst, and the base allow for some variations, and are 
the key reactants for the C-F/C-O cleavage although no clear 
explanation as to why those combinations has been provided yet. 
For instance, the activity or inactivity of boron agents, and the role 
of the salt and of the solvent are aspects that are not yet fully 
understood. 

This chemistry is far from being fully explored and still awakens 
interest nowadays. Several research groups are currently trying to 
develop C-X (X= F, Cl, Br, I, O, S) borylation reactions by exploring 
different metals and different ligands, the scope of substrates, and 
different reactions conditions to obtain good yields in milder 
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conditions. Table 1 collects the latest new borylation reactions of 
aryl halides and aryl ethers that have been reported over the last 
years. 

 

Table 1 C-X borylation reactions catalysed by metal catalyst (ML) and 
assisted by a base or a salt from 2015 until now. 

 

 

Copper, firstly introduced by Niwa19 in the form of CuI with the 
nickel/phosphine/CsF system, was found to be active by itself. 
Hosoya’s group reported that the reaction with copper(I) assisted 
by CsF only needed lower temperature, and that it worked with 
both B2pin2 and B2nep2 diboron reagents, using KOAc in THF.20 
Cao and coworkers presented a C-F bond cleavage of alkene 
halides using a copper(I) catalyst with a Xantphos ligand, with 
B2pin2 as a diboron agent, and assisted by tert-butoxide salts at 
room temperature.21  

Few computational studies on related systems have been 
carried out.9,22–28 Mori’s group presented a combined experimental 
and computational study on the C-O bond cleavage borylation 
reaction of aryl-boronic ester, using a nickel catalyst assisted by 
CsF.29 A related case is the metal-free borylation of aryl and vinyl 
halides with 1,1-Bis[(pinacolato)boryl]alkanes.30 It must be said 
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that this C-I bond cleavage, which is the weakest of all aryl halide 
bonds, additionally required high temperatures (120ºC).  

Borylation reactions via C-F bond cleavage with a wide range of 
metals have been reported very recently. All these reactions 
require lower reaction temperatures than those indicated in Table 
1. Lee’s group showed that a cobalt catalyst with a β-diketiminate 
ligand can activate the HBpin boron agent.31 Cao’s group 
performed another C-F borylation that uses a two metal-catalyst 
system, palladium with dba ligand and iron tricloride, the boron 
agent was B2pin2, and assisted by LiHMDS in toluene at 80ºC. 
Another example is the photocatalic C-F scission described by 
Marder and Radius, in which they combined a nickel/carbene 
catalyst with rhodium for the borylation with B2pin2 and CsF at 
25ºC. Finally, Shi’s group used a similar procedure to Cao’s in 
2017 to cleave the C-F bond cleavage of alkene fluorides with a 
copper/Xantphos catalyst, B2pin2 and LiOMe as base, in THF at 
40ºC.  

C-Cl, C-Br and C-S bonds can also undergo borylation 
reactions under very similar procedures.32,33So far this year, we 
have found two contributions on this topic. In the first one, the C-
Cl bond is cleaved with a nickel catalyst, borylated with B2pin2 or 
B2neop2, and assisted by a NaOAc base in methylcyclohexane at 
100ºC.34 In the other case, the C-O bond borylation is carried out 
with a silver catalyst, B2pin2, and tert-butoxide salts in 1,4-
dioxane at 60ºC.35  

Borylation of C-X bonds is therefore a topic of current interest 
that makes a computational study attractive. There are plenty of 
open questions regarding the mechanism, the role of the base, and 
the reaction conditions. A good starting point for the study of this 
reactions is the cross-coupling mechanism explanation because 
as we explained before, borylation of C-X bonds are similar to 
Suzuki-Miyaura reaction. 11 We explain bellow extensively the 
cross-coupling reaction mechanism in detail. 
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  CROSS-COUPLING REACTIONS 
All the reactions for the Borylation of C-X bonds are 

homogeneous catalytic reactions. A homogeneous catalytic 
reaction is a chemistry process catalysed by a soluble catalyst. 
They are called homogeneous because catalyst and reactants are 
in the same phase, usually liquid phase. Due the Borylation of C-
X bonds are similar to Miyaura reaction,11 we would describe it as 
a cross-coupling reaction. The cross-coupling mechanism consists 
in the exchange of two fragments (X and Y in Figure 1-5) between 
two different reactants (R-X and R’-Y) assisted by a metal complex 
ML2 as catalyst. Figure 1-5 shows the scheme of the classical 
cross-coupling reaction mechanism that comprises three main 
steps. These steps are: oxidative addition, transmetalation and 
reductive elimination.  

 

 

Figure 1-5. Classical Cross-Coupling mechanism scheme. 

 

The first step, the oxidative addition, is the linkage between a 
molecule of one reactant R-X and the catalyst. At this step the 
catalyst is oxidized and the R-X bond in the reactant molecule is 
broken. The next step is the one where the second reactant R’-Y 
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reacts with the intermediate exchanging substituents. At this step 
we obtain a sub-product of the reaction, R’-X. Finally, the 
reductive elimination takes place, the catalyst is reduced and goes 
back to its initial configuration, and we obtain the desired product 
R-Y. 

The main participants in a cross-coupling reaction are three, 
the two reactants and the catalyst. However, the C-X borylations 
mentioned above, they have an additional participant, the base. 
This fact makes us suspect that these reactions are quite more 
sophisticated than classical cross-coupling reactions. For this 
reason, it is of interest the study of this reactions, to know how 
they works. 

The study of this reactions experimentally is quite difficult due 
to the practically impossible isolate each intermediate of each 
catalytic step. Here comes into play computational chemistry. In 
the recent years, computational chemistry has become a key tool 
for the study of homogenous catalysis reactions. The classical 
procedure for its computational study is via Density Functional 
Theory (DFT). DFT calculations allow us to determine the 
electronic structure of each reactant, product, intermediates and 
transition states (TS) and the corresponding energy. With the 
energy of each element in the catalytic cycle we can construct the 
potential energy surface and, evaluating it determine which is the 
most efficient mechanism for the reaction. Moreover, with DFT 
studies we can obtain different properties of the system: 
topological analysis, charge analysis, etc. More recently, some 
computational scientists demonstrates that a kinetic study of a 
reaction could give more information of the system.36 These topics 
will be further explained in the next Chapter. 

Borylation of C-X bonds is therefore a topic of current interest 
that makes a computational study attractive. There are plenty of 
open questions regarding the mechanism, the role of the base, and 
the reaction conditions. This Thesis aims at unravelling 
computationally the atomistic details that those reactions have in 
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common, and at finding general rules to understand this 
reactivity. Concretely, we will shed in light into the mechanism of 
the Martin14, Hosoya15 and Yorimitsu18 reactions. 

 AIMS AND OBJECTIVES 
The main goal of this Thesis is to investigate computationally 

the mechanistic pathways of C-B bond forming reactions. 
Concretely, in this Thesis we study the borylation of C-O and C-F 
bonds with Ni and Cu catalysts. Next, we will summarize the 
objectives of each chapter of the Thesis. 

In Chapter 3 we will study computationally the aryl C-F 
cleavage with a nickel catalyst assisted by sodium phenolate and 
a diboron. One of the goals of this Chapter is finding the role that 
the sodium phenolate plays and how it modifies the classical 
cross-coupling mechanism. The second objective is to investigate 
the relevance of the relative presence of mono-phosphine and bi-
phosphine compounds in the mechanism, how affects the 
thermochemistry and the kinetics of the reaction. 

In Chapter 4, we present a detailed kinetical analysis of the 
reaction presented in Chapter 3. The main goal in this Chapter is 
to go one step further the classical computational study and 
obtain more information about this reactive system by using 
kinetic modelling. We want to investigate how diffusion, 
competitive reactions and different initial concentrations affect the 
reaction rates. The objective of the kinetic study is also to 
investigate the need to include off-cycle reactions in the kinetic 
models, such are the mono-phosphine/bi-phosphine exchange 
processes, in order to get better agreement with experiments. 

Chapter 5 details the computational study of the C-F bond 
cleavage with a nickel catalyst assisted by a CsF and CuI, a very 
similar process to that studied in Chapter 3. As in the previous 
Chapter, the objective is finding the role of the additives in the 
catalytic process, in this case iodine copper and the caesium 
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fluorine. The objective is demonstrating that the caesium fluoride 
activates the diboron agent. Moreover, we aim at proving whether 
copper complexes may be the real catalyst.  

The last chapter, Chapter 6, we present the computational 
study of the borylation of benzofuran into C2-O bond assisted by 
Na2CO3. This is a different reaction, but similar to the C-F 
borylations also presented in this Thesis. The main objective in 
this chapter is demonstrating that C-O and C-F bonds present 
similar reactivity under particular reaction conditions. As Chapter 
3 and Chapter 5, the goal in this chapter is to determine the role 
of the salt Na2CO3, whether it can activate the diboron reagent 
modifying the classical cross-coupling reaction mechanism. This 
chapter has an additional objective, which is to demonstrate that, 
after the oxidative addition, the next steps are intramolecular 
reactions. As intramolecular reactions, there is not a leaving 
group, therefore there is no transmetalation step, and only a 
simple boryl transfer takes place. Moreover, the nature of the 
reductive elimination, the final step, is interesting to study since a 
priopi it seems more a nucleophilic attack than a reductive 
process, 
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“Don't spend time beating 
on a wall, hoping to transform 
it into a door.” Coco Chanel 

CHAPTER 2 

2. COMPUTATIONAL 

METHODS IN CATALYSIS 

 INTRODUCTION 
“Homogeneous catalysis, by definition, refers to a catalytic 

system in which the substrates for a reaction and the catalyst 
components are brought together in one phase, most often the liquid 
phase.”37  

In the past few years, computational chemistry has become a 
key tool for the study of many chemical processes. Catalysis is one 
of the fields where computational chemistry has improved its 
application, by obtaining relevant results. Computational 
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chemistry is a useful tool to unravel reaction mechanisms. Thanks 
to computational methods we are able to analyse each step of the 
mechanism and define with enough accuracy the reaction 
pathway. Moreover, these tools allow us to reproduce experimental 
results and understand the role that plays the catalyst in the 
reaction. In the long run, we are able to predict the experimental 
results and select the best/more suitable catalyst. 

 

 

Figure 2-1. An example of Potential Energy Surface. Taken from Creative 
Commons.38 

 

The comprehension of reactivity requires exploring of the 
potential energy field that governs the evolution of the molecular 
geometry. Separation of the electronic and nuclear motions within 
the Born-Oppenheimer (BO) approximation leads to the natural 
appearance of the potential field. These surfaces are called 
Potential Energy Surfaces (PES). The PES is probably one of the 
major achievements of the BO approximation, because many 
chemical processes can be rationalized in terms of minima, 
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transitions states (TS) and products. These PES allows us to 
compare the different possible pathways for a catalytic cycle and 
decide which one is the most favoured. Figure 2-1 depicts a simple 
example of a PES, where it can be observed the mechanism of less 
energy and goes from the intermediate A to intermediate C through 
transition state B. In this surface, we can observe that there are 
other possible ways that the reaction can follow. These alternative 
paths have to be taken into account because they can affect the 
evolution of the catalytic cycle. These facts will be discussed below 
in section 2.3.2. 

 DENSITY FUNCTIONAL THEORY 
Homogeneous catalysis reactions are studied computationally 

by determining the substrates, the products, the intermediates 
and the transition states (TS) using electronic structure methods. 
Nowadays, the most popular way to achieve this is by using 
Density Functional Theory (DFT) based methods.39 DFT-based 
methods describe the system by its electron density as the 
Hohenberg & Kohn theorem40 states; the electron density 
determines all properties of the system.  

However, this theorem does not give the solution on how to 
construct the functional of the ground state energy. For this 
reason, Kohn & Sham formalism41 proposed a non-interacting 
reference system built by a set of orbitals which its kinetic energy 
can be calculated with accuracy, so the energy can be determined 
by an approximation of a functional with the Kohn & Sham 
equations. The accuracy of density functional approach depends 
of the chosen approximation for the exchange-correlation 
functional. It is where local density approximation (LDA) comes 
into play: where the functional depends only on the electron 
density. In general, LDA gives good results for structure 
properties, however, overestimates the binding energy. For this 
reason, the generalized gradient approximation (GGA) 
development changes the situation for the study of chemical 
reactions, because gives better results for the energy 
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determination compared to LDA. Examples of GGA functionals are 
the PBE and BP86. The hybrid-GGA functionals improve the 
results because combines the exchange-correlation terms from 
GGA with the Hartree-Fock exchange. An example of this type of 
functionals is the well-known B3LYP,42–44 which is the most 
popular hybrid-GGA. Newly, Truhlar and co-workers developed a 
family of meta-hybrid functionals called Minnesota functionals, 
which its use has been growing in the last years. Examples of 
Minnesota functionals are M06, M06-2X, M05, etc.  

2.2.1. EMPIRICAL DISPERSION CORRECTIONS 
An alternative for improving functionals is the use of empirical 

dispersion correction (DFT-D). Dispersion energy is a long-ranged 
electron correlation effect that contemplates the short-medium 
interatomic distances, London dispersion energies between the 
nearly non-bonded atoms in a molecule. It is crucial to compute 
the non-bonding interactions between atoms. On the one hand, 
there are functionals that not consider dispersion corrections. 
These corrections can be added with the dispersion correction 
developed by Grimme that is added as an additional term in the 
final energy. On the other hand, there are functionals with implicit 
dispersion corrections as the mentioned M06 or M06-2X, as well, 
wB97XD functional.45 

2.2.2. MODEL OF SOLVATION EFFECTS  
Homogeneous catalytic reactions occur in condensed phase, 

and solute-solvent interactions can have a dramatic effect in 
molecular properties. There are computational strategies to allow 
the use of electronic methods with models of solvation. In this 
work we have used a continuum model of solvation in conjunction 
with density functional based methods. 

Polarizable continuum model (PCM)46 is a commonly used 
method for considering solvation effects. The molecular free-
energy of solvation is computed with the Poisson-Boltzmann 
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equation as the sum of three terms: electrostatic, dispersion-
repulsion and cavitation. This method creates the solute cavity via 
a set of overlapping spheres. Another option for considering 
solvation effects is the Solvation Model based on Density (SMD)47 
which solves the Poisson-Boltzmann equation analogously to 
PCM, but does so using a set of specifically parametrised radii 
which construct the cavity. 

In this Thesis, we have used the hybrid-GGA B3LYP functional 
with Grimme’s dispersion correction (D3), the meta-hybrid M06-
2X and the long-range corrected hybrid functional  wB97XD. 
B3LYP, provably, is the most used functional. It was proposed by 
Becke for a parameterized hybrid approximation involving the 
Perdew correlation functional, which lately was substituted by the 
LYP correlation functional. B3LYP has not implicit dispersion 
correction, however, M06-2X and wB97XD have implicit 
dispersion corrections. M06-2X is one of the meta-hybrid-GGA 
functional developed by Truhlar, who, as we mentioned before, 
develop the called Minnesota functionals. These functionals are 
constructed by empirically fitting their parameters, while being 
constrained to a uniform electron gas. wB97XD is a long-range 
corrected functional that is a subgroup of hybrid functionals as 
B3LYP. This long-range functionals contemplates the HF short-
range contribution as hybrid functionals and include the HF long-
range contribution, concretely, G2 in wB97XD functional. 

Moreover, all the calculations presented in this thesis consider 
solvation effects using the SMD model.47 Along this Thesis we have 
compared the three functionals, in order to optimize which one 
describes more accurately each system under study. 

Until now, the energies obtained are calculated with DFT-based 
methods. However, different molecular properties can be 
determined from DFT electron density. In the following lines we 
will focus on the properties studied in this Thesis.  
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2.2.3. TOPOLOGICAL ANALYSIS WITH DFT 
From electron density we are able to construct the electron 

density map (r) of a molecule. This map gives information about 
the bond’s nature of the molecule. Thanks to the Laplacian of the 
electron density we can observe the bonding and non-bonding 
interaction between atoms. The Laplacian of the electron density 
is the scalar derivative of the gradient vector field of the charge 
density, the quantity Ñ2r, and indicates where the charge is 
concentrated, Ñ2r<0, and depleted, Ñ2r>0, the local charge 
concentrations providing a map of the electron pairs of Lewis 
model.  

Here is another way for the analysis of the structure introduced 
by Bader48 with its topological analysis of the electron density. In 
this analysis, the eigenvalues and eigenvectors of the Hessian of 
the electron density at the critical point permits its 
characterization. By this way, we found absolute maxima critical 
points CP (3,-3) for the atoms, the saddle point (3,-1) corresponds 
to a bond; the (3,+1) critical points correspond to rings in the 
molecule; and absolute minimum CP (3,+3) indicate the presence 
of a cage.  

In addition, the non-bonding interactions could be analysed 
thanks to noncovalent interactions (NCI) theory introduced by 
Yang and collaborators.49 The areas of NCI can be recognized by a 
low value of the electron density and a negative (or a small positive) 
value of the second eigenvalue of the Hessian of the electron 
density. The regions of significant hydrogen bonding are 
recognized by strictly negative, while in the regions of Van der 
Walls (VdW) interactions it may be slightly positive. 

2.2.4. CHARGE ANALYSIS 
With the DFT calculations we are able to do a charge analysis 

of a system. In this Thesis, we use the Mulliken population 
analysis50 and Natural Bond Orbitals (NBO) analysis51. While 
Mulliken population analysis provide a mean of estimating partial 
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atomic charges, NBO analysis concerns with the distribution of 
electrons into atomic and molecular orbitals, and thus with the 
derivation of atomic charges and molecular bonds. Two analysis 
derive from NBO method; the natural population analysis (NPA) is 
used for assignment of atomic charges. In Chapter 7 we have use 
NPA and Mulliken population analysis for analysis of the charge 
system. 

 MICROKINETIC ANALYSIS 
As mentioned in the introduction of this Chapter, in 

Computational Homogeneous Catalysis, the classical way of 
studying a reaction is through the calculation of the energy of 
reactants, products, all possible intermediates, and the 
corresponding TS for each single chemical transformation, so for 
each reaction step. The connections between species define the 
reaction mechanism, or in other words, the reaction map or the 
PES as we mentioned in the introduction. As it was exemplified by 
Besora et al.36 in a recent review, further kinetic modelling 
provides additional insight and understanding. After a reaction 
mechanism has been proposed, running a kinetic analysis could 
be considered as a stress-test for the mechanism. Those authors36 
showed that micro-kinetic modelling could be implemented from 
static DFT-based calculations and using the Eyring equation. 

The Eyring Equation permits to obtain the kinetic constant of 
each single reaction step, and it can be calculated easily with the 
activation energy of each reaction step from previously 
constructed reaction mechanism. 

!" =
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-.  Eq. 1 

In the Eyring Equation (Eq. 1), ki is the kinetic constant, κ	
corresponds to the transmission coefficient (usually set to 1), kB is 
the Boltzman’s constant, T refers to the temperature in K, and h 
is the Plank's constant. Additionally, ∆G‡ is the Gibbs activation 
energy, which is the difference in energy between an intermediate 
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and the next corresponding TS, and R is the ideal gas constant. 
Then, given that we obtained all the relative barriers (∆G‡) for our 
mechanism, we can solve the Eyring equation and obtain the rate 
constants for each of the steps of the reaction mechanism. This 
could be a good procedure for mechanisms, where we have all the 
TS barriers. However, sometimes there are other issues that could 
affect the reaction rate, as the diffusion and the presence of 
competitive reactions. 

2.3.1. DIFFUSION EFFECTS IN RATE REACTION 
It is important to mention that, in bimolecular reactions, 

diffusion may be a key component of the rate of a reaction, 
especially in very fast bimolecular reactions. As an example of 
diffusion-controlled reactions are the well-known SN2-type 
reaction mechanisms. Probably, the first person who observed this 
effect was Smoluchowski,52 in his experiments with colloidal 
aggregations, noted that, in fast reactions, the diffusion can limit 
the rate. Smoluchowski study is discussed below. For this reason, 
given that in our kinetic study the overall computed rate was much 
larger than the experimental value, we thought in applying 
corrections for diffusion in the barrier-less and fast bi-molecular 
elemental steps. A reaction is usually considered fast when its rate 
constant is larger than 108.53–56 

To include diffusion effects, we need to quantify the 
approximation rate for the two molecules involved. This is 
achieved by the encounter ion model, which introduces the 
following equation:  

1
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 Eq. 2 

 

where kapp,+ is the apparent rate constant, in which we add the 
diffusion effects kdiff and the rate constant k+, which was calculated 
with the Eyring equation (Eq. 1) above. kdiff constant can be 
calculated thanks to Smoluchowski’s equation, which was 
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obtained from its experimental observations that we mentioned 
before:  

k:;<< = 4πN@σD;,C Eq. 3 
  

Smoluchowski’s equation implies that the diffusion constant is 
directly proportional to the diffusion coefficient (Di,j), while σ is the	
encounter distance between the two atoms that are reacting in the 
Transition State (TS). The diffusion coefficient can be easily 
calculated from the self-diffusion coefficients of species i and j, by 
using the equation: 

D",E =
D",FGHIDE,FGHI
DFGHI,FGHI

 Eq. 4 

 

where Di,solv is the self-diffusion coefficient of the first reactant (i) 
in the solvent (solv), Dj,solv corresponds to the self-diffusion 
coefficient of the second reactant (j) in solvent (solv), and Dsolv,solv 
is the self-diffusion coefficient of the solvent (solv) itself. The self-
diffusion coefficient can be obtained by several means. The first 
one, and the most used, is from the slope of Mean Square 
Displacement (MSD) function versus time obtained in a molecular 
dynamics (MD) simulation.  

 

 

Figure 2-2. Mean Square Displacement versus time and the expression of 
the self-diffusion coefficient. 
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As showed in Figure 2-2, at short simulation times, the MSD 
graph refers to the time needed to achieve the thermal equilibrium, 
and that has nothing to do with diffusion. After that period, the 
MSD becomes linear with time, then, the graph describes the 
diffusion phenomena. So, the self-diffusion coefficient is the slope 
of the MSD function versus time at long simulation times.  

The other way for obtaining the self-diffusion coefficient of a 
molecular system is by solving the Stokes-Einstein equation: 

D"/FGHI =
!%&
6LMN Eq. 5 

where the kB is the Boltzmann's constant, T the temperature, R 
the so-called hydrodynamic radius of the molecule, and η is the 
viscosity constant of the solvent. With this equation, we can 
calculate the self-diffusion coefficient without the need to run any 
MD simulation, but we need the radius R of the molecule. 

2.3.2. COMPETITIVE REACTION EFFECTS IN 

KINETICS 
As mentioned above, diffusion could modify the reaction rate, 

however the competitive reaction could affect too. In a DFT study 
we found the most efficient mechanism, however other possible 
mechanisms could take part in the reaction as competitive 
reactions, thus modifying the global reaction rate. When we add 
new reactions in our system, the system becomes more 
sophisticated and checking how the species are interconnected 
could be tedious. A good way for visualizing the complication of 
the system and its species interconnection is the use of a Chemical 
Reaction Network (CRN), in which we can represent all species that 
participate in the system as well as the connections between them. 
This is not only a good way to see the reaction map, but also a 
good way for automatizing the kinetic simulations.  

Once we have calculated all the rate constants of the different 
elemental reactions of our system, is time to write a script to solve 
the corresponding differential equations. Luckily, there are many 
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available software packages that solve these differential equations. 
The advantages of using these packages is avoid the programming 
errors when we are constructing the script and save time 
computing. We have proven two of these packages, Tenua57 and 
Copasi58. The Tenua package is very easy to operate, however, it 
can get slow for sophisticated mechanisms, when we contemplate 
competitive reactions, as we mentioned above. Copasi is fast and 
offers different mathematical options for the solution of the system 
of equations. As weak points, the set-up may be rather slow for 
new users unlike Tenua. 

Current investigations aim to automatise the reaction networks 
because most of the reactions catalysed homogeneously have large 
reaction networks.59–62 The research in this topic is growing and it 
awakens interest nowadays.  

In 2015, Professor Martínez-Núñez design a software package59 
that automatically find the transition states (TSs) of a molecular 
system, with an IRC search the calculations and construct the 
CRN that can be used for the kinetic analysis. Later, Morokuma’s 
group develop the artificial force induces reaction (AFIR),60 which 
locates the local minima and the TSs of a reaction without the need 
of a scientist guess, therefore finds reactions that could guessed 
by scientist and other that are unexpected. In the same year, the 
Zimmerman group’s most recent reaction exploration tool, 
ZStruct261, combinatorically samples driving coordinates (DC), 
which are bond-addition or bond-breaking vectors that describe 
elementary reactions. More recently, Wheeler group presents An 
Automated Reaction Optimizer for New catalysts (AARON)62 that 
generates automatically initial TS structures based on a library of 
TS templates. It optimizes the corresponding TS and after that, 
find the corresponding local minima. 

It is clear, automated finding mechanism is a topic growing 
thanks to the improvements in computational sources and for this 
reason awakens interest in computational scientists. 
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“I don’t believe in 
collective guilt, but I do believe 
in collective responsibility.” 
Audrey Hepburn 

CHAPTER 3 

3. NI-CATALYSED ARYL 

BORYLATION 

 INTRODUCTION 
Aryl fluorides have the strongest C-heteroatom single bond in 

nature. The strength of the C-F bond arises from the small size 
and high electronegativity of the fluorine atom that makes 
fluorocarbons less reactive. This lack of reactivity63 is the most 
relevant and characteristic chemical property of fluorocarbons. 
Remarkably aryl fluorides show an extraordinary metabolic 
activity, and this makes them especially attractive in the 
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pharmaceutical industry.64 Replacement of hydrogen by fluorine 
in organic molecules can lead to useful pharmaceuticals and 
agricultural chemicals. The role of fluorine in medicinal chemistry 
has been reviewed recently,64 and shows a wide variety of new 
drugs containing aryl fluorine or –CF3 groups.  

All these facts encouraged chemists to design catalytic C-F 
bond forming, but also bond cleavage, protocols. Very recently, 
Martin’s14 and Hosoya’s groups reported an efficient C-F bond 
cleavage reaction via Ni-catalyst borylation, incited by the 
versatility and pivotal role of organoboron reagents (Figure 3-1). 
Posteriorly, other groups present different variations of borylations 
testing different salts, catalyst, ligand and different diboron 
agents.18–21,29–31,65 Borylation of C-X bonds is therefore a topic of 
current interest that makes a computational study attractive. 
There are plenty of open questions regarding the mechanism, the 
role of the base, and the reaction conditions. 

 

      

Figure 3-1. Scheme of the Martin (left) and Hosoya (right) reactions. 

 

It was proposed that Martin’s reaction follows a classical cross-
coupling mechanism, as rational explanation for the products 
obtained. Cross-coupling reactions are processes in which two 
reactants, usually holding an activating group, react together with 
the aid of a metal catalyst.37 This mechanism comprises three 
elementary steps: oxidative addition, in which one of the reactants 
react with the metal atom, which undergoes a formal 2-electrons 
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oxidation; transmetalation, where the second reactant exchanges 
with the activating group and adds itself to the catalyst; and finally 
in the reductive elimination the product is formed, and the catalyst 
recovered. 

However, what surprises the most in the reactions in Figure 1 
is the critical presence of a base, such is sodium phenolate, which 
a priory has any role in the mechanism. Thus, the participation of 
the diborane reagent and a base made us to think in the possibility 
of a more complex mechanism in which the base plays some role. 
Herein we present a detailed computational study aiming to shed 
light into the mechanism of this reaction. 

 COMPUTATIONAL DETAILS 
All the calculations in this chapter were carried out using the 

Gaussian0966 program package revision D.01. Several Density 
Functional Theory (DFT) based methods were used: the range 
separated functional wB97XD45 was used as primary method. All 
the geometry optimizations, harmonic vibrational frequencies and 
energies were calculated using the 6-311G** basis set67 for C, H, 
B, O, F and N atoms; for Ni and Cs atoms we used the LANL2DZ 
basis set67, which includes the corresponding effective core 
potentials. The SMD47 solvent model was chosen to include THF 
solvent effects implicitly. Thermal and entropic corrections were 
evaluated at 298K. Also, we used M06-2X68 and B3LYP43,44,69 
functional with Grimme’s empirical dispersion corrections D370  
(B3LYP-D3) to compare with wB97XD45 . In all the calculations we 
included entropy corrections as introduced by Martin.71 IRC 
calculations were carried out to verify the nature of all the TSs 
structures. A data set collection of computational results is 
available in the ioChem- BD repository 72 and can be accessed via 
http://dx.doi.org/10.19061/iochem-bd-1-35. 
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 RESULTS AND DISCUSSION 
The optimal geometries and relative energies of all possible 

intermediates and transition states (TS) were evaluated by means 
of DFT based methods. These energies were used for constructing 
the reaction energy map with all different possible reaction 
pathways. These results were used to carry out a kinetic study, in 
which we treated the different possible mechanisms separately in 
order to observe their kinetic significance. This study is presented 
in the next Chapter. 

As mentioned before, the borylation reaction via C-F bond 
cleavage was firstly described as following a classical cross-
coupling mechanism. The cross-coupling mechanism consists in 
the exchange of two fragments (X and Y in Figure 2) between two 
different reactants (R-X and R’-Y) assisted by a metal complex ML2 
as catalyst. Figure 3-2 shows the scheme of the classical cross-
coupling reaction mechanism that comprises three main steps. 
These steps are: oxidative addition, transmetalation and reductive 
elimination.  

 

 

Figure 3-2. Classical Cross-Coupling mechanism scheme. 
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The first step, the oxidative addition, is the linkage between a 
molecule of one reactant R-X and the catalyst. At this step the 
catalyst is oxidized and the R-X bond in the reactant molecule is 
broken. The next step is the transmetalation where the second 
reactant R’-Y reacts with the intermediate exchanging 
substituents. At this step we obtain a sub-product of the reaction, 
R’-X. Finally, the reductive elimination takes place, the catalyst is 
reduced and it goes back to its initial configuration, and we obtain 
the desired product R-Y. 

In the Martin’s reaction, the Ni(PCy3)2 complex plays the role of 
catalyst and the two reactants that exchange fragments are aryl 
fluoride and the diboron 5,5-dimethyl-1,3,2-dioxaborolane 
(B2nep2). Therefore, there is any reason preventing this reaction to 
follow a classical cross-coupling mechanism. Also, that the 
oxidative addition and the reductive elimination are the first and 
last steps seem to be well accepted. However, the recipe contains 
a fourth participant, the sodium phenolate, which its role is 
unraveled yet. In order to understand the basics of the reaction 
mechanism, we outlined three possible scenarios for the 
transmetalation step: (a) absence of base, (b) presence of the 
phenolate ion, (c) participation of both the phenolate ion together 
with its Na+ counter-ion. Also, considering the labile character of 
the metal-phosphine bonds, we plan to examine the reactivity of 
both mono- and bis-phosphine complexes in each reaction step. 

3.3.1. OXIDATIVE ADDITION  
As in the case of a classical cross-coupling, the reaction starts 

with the oxidative addition reaction. The nickel catalyst reacts with 
the aryl fluoride by breaking the C-F bond, so by inserting the 
metal between these two atoms. At this point, the nickel atom 
evolves from a linear coordination geometry to a square-planar 
coordination, and it is oxidised from Ni(0) to Ni(II). Taube and his 
group reported the high lability of Ni(II)/phosphine complexes,73 
what opens the possibility that both bis-phosphine complexes and 
mono-phosphine complexes could be present in the reaction 
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media. Consequently, we guessed that nickel bis-phosphine 
complexes could experience a sort of dephosphination process in 
some steps of the mechanism. 

3.3.1.1. OXIDATIVE ADDITION WITH NI(PME3)2 

As mentioned above the oxidative addition could occur either 
on the bis-phosphine complex or on the mono-phosphine one. We 
start describing the oxidative addition with the participation of bis-
phosphine compounds by considering first a model ligand, 
trimethyl-phosphine (PMe3), instead of bulkier tricyclohexyl-
phosphine (PCy3) used in the experiments. 

 

 

Figure 3-3. Relative Gibbs energies, molecular structures for the oxidative 
addition step for bis-phosphine complexes and selected geometrical 

parameters. All energies in kcal·mol-1. Bond distances in Å.  

 

We characterized the reactants, the transition state (TS) and the 
products of the bis-phosphine oxidative addition. In Figure 3-3 the 
molecular models and the corresponding bond distances of the 
reactants (A, B), transition state (TSA+B->E) and product (E) of this 
reaction step are presented. As it can be seen in Figure 3-3 the TS 
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consists in the nickel insertion into the C-F bond, so this bond 
elongates from 1.35Å in the reactant to 2.04Å in the TS. This 
insertion shapes a triangle C-Ni-F (TSA+B→E in Figure 3-3), where 
the shortest edge is C-Ni bond and the longest one is Ni-F with 
2.62Å. This TS evolves to the square-planar compound E, where 
the two phosphines lie in cis disposition. Herein, the C-F bond is 
completely broken (2.66 Å interatomic distance). Curiously, the 
distance C-Ni is a bit longer in the product than in the TS, 1.90Å 
vs 1.82 Å.  

Figure 3-3 collects also the relative Gibbs energies for the 
species involved in this reaction step, which show that the 
oxidative addition for Ni(PCH3)2 is exergonic by 28.5 kcal·mol-1, 
with an activation energy of 17.1 kcal·mol-1.  

3.3.1.2. OXIDATIVE ADDITION WITH NI(PME3) 

As introduced above, Ni(II)/phosphine compounds are labile, 
therefore, it is reasonable to anticipate the presence of mono-
phosphine compounds. Herein, we present the results of the 
oxidative addition step with the participation of mono-phosphine 
compounds. 

As for the bis-phosphine compound we characterized the 
reactants, transition state and product, whose molecular 
structures are shown in Figure 3-4 together with their most 
significant bond distances. As the reader can observe, the 
structure of the TS mono-phosphine differs with respect the TS 
bis-phosphine. The angle and the bond distances are quite 
different. Whereas in the TS bis-phosphine the C-F distance is 
quite long, in the mono-phosphine TS the distance is shorter, so 
the C-F bond cleavage is only slightly advanced with a bond 
distance of 1.51Å. However, the Ni-C distance for mono-phosphine 
TS is smaller than in the TS bis-phosphine. This TS gives rise to a 
T-shape product EM (Figure 3-4). Both the Ni-C and Ni-F bond 
distances of the mono-phosphine product are shorter than in the 
bis-phosphine product, but the angle C-Ni-F is wider because the 
absence of the second phosphine ligand. 
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Figure 3-4. Relative Gibbs energies and molecular structures for the 
oxidative addition reaction of mono-phosphine Ni complexes and selected 

geometrical parameters. Energies are in kcal·mol-1. Bond distances in black 
and in angstrom (Å). 

 

As for the bis-phosphine oxidative addition we constructed the 
reaction energy profile in order to compare the energies. Figure 3-4 
shows also the relative Gibbs energy of this TS and product. It can 
be observed that the energy barrier of this reaction is 30.3 
kcal·mol-1, higher than the bis-phosphine oxidative addition. The 
product obtained, EM, is less stable than the product of the bis-
phosphine oxidative addition. 

3.3.1.3. OXIDATIVE ADDITION WITH NI(PCY3)2 AND 

NI(PCY3) 

In computational sciences is it usual to start studies by 
considering a simple model of the real system, because this sort of 
strategy supposes saving computing time and resources. In our 
case, we simplified the real ligand, PCy3, by the smaller PMe3. 
Once the reaction in the model system is clarified, we computed 
the Gibbs energy profile for the real ligand. These results are 
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presented in Figure 3-5, where the molecular models of the 
reactants, TS and products are also shown. The main geometrical 
features of the new TSs, TSA+O→P and TSA+O→PM, are conserved, so 
almost no relevant changes were observed with respect to its 
analogous characterized with the model ligand, TSA+B→E and 
TSA+B→EM. The same happens with the molecular geometries of the 
intermediates obtained in this step. 

 

Figure 3-5. Oxidative addition Gibbs energy profile for tricyclohexyl-
phosphine Ni(0) complex. Dark blue line corresponds to bis-phosphine 

compounds and the coral line to the mono-phosphine ones.  

Regarding the energies of the TSs with the real ligand, we 
observed a significantly increase of about 10 kcal on both cases. 
Therefore, the oxidative addition reaction on the bis-phosphine 
complex is more favourable than on the mono-phosphine one.  
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3.3.2. ISOMERIZATION 
The next step in the mechanism is the isomerization of the 

intermediates, E and EM, obtained in the oxidative addition 
reaction step. Square-planar complex E could experiment a 
cis/trans isomerization process regarding the mutual disposition 
of the two phosphines.  We studied this step taking into account 
the lability of the Ni(II) complexes, as mentioned above in section 
3.3.1, thus considering bis- and mono-phosphine intermediates 
as well. 

 

 

Figure 3-6. Gibbs free energies and molecular models for the cis/trans 
isomerization step with the model ligand. Blue line is for the bis-phosphine 
and the orange line for the mono-phosphine compounds. All energies are in 

kcal·mol-1.  Angles in TSs are in purple and in degrees.  

Likewise, in previous section we have characterized the species 
that participate in this reaction step. Figure 3-6 collects molecular 
models of the reactants, first intermediates E and EM; the TSs, 
TSE→F for bis-phosphine intermediate and TSEM→FM for mono-
phosphine ones; and the products which are the corresponding 
trans isomer of the first intermediate, F and FM (M in a label 
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indicates mono-phosphine compounds). Whereas the TS of this 
kind of isomerization in tetra coordinated complexes has 
tetrahedral shape, a close look at the TSE→F shows that it presents 
a distorted geometry. That is because the TSE→F has one 
phosphine ligand lying perpendicular to the Ni-F bond, being the 
P-Ni-F angle 94.0°. Additionally, this phosphine ligand presents a 
quite long bond with nickel atom, longer than Ni-P bonds in other 
complexes. For these reasons, the angles are like TSEM→FM which 
has a trigonal shape. These TSs give as products the 
corresponding intermediates F and FM.  

Additionally, Figure 3-6 shows the energies for this cis/trans 
isomerization. Although the Gibbs energy of the reactants and 
products of this reaction are lower for bis-phosphine compounds, 
the energy barrier is lower for mono-phosphine TS. There, we 
could visualize the isomerization process occurring in a concerted 
manner with phosphine decoordination: the product bis-
phosphine of the oxidative addition (E) loses a phosphine and 
becomes a mono-phosphine cis intermediate (EM). Then, the 
isomerization takes place giving a mono-phosphine intermediate 
(FM), which can evolve to the bis-phosphine compound (F) easily. 

3.3.3. ISOMERIZATION WITH PCY3 LIGAND 
As for the oxidative addition, in this cis/trans isomerization step 

we also considered the real ligand used experimentally, and 
collected the results in Figure 3-7. It is important to remark that 
it was not possible to characterize the corresponding transition 
state for the isomerization in the bis-phosphine compound 
because the steric hindrance between the phosphine substituents. 
All the attempts failed and lead to discoordination of one of such 
voluminous phosphine ligands. Thus, Figure 3-7 displays the 
results for mono-phosphine compounds only. 

Although we could not determine the TS of the bis-phosphine 
isomerization, the study in the mono-phosphine it is of interest, 
since we can compare it with the results just obtained for the 
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model ligand. Analysing the molecular model of the TS for the 
isomerization (TSPM→QM) in Figure 3-7 , and comparing with its 
analogous in Figure 3-6 (TSEM→FM), we could not detect significant 
differences. Regarding the activation energy of this step, data in 
Figure 7 indicates that DG≠ is about 2 kcal·mol-1 higher than the 
value computed for the model ligand. 

 

 

Figure 3-7. Gibbs free energies and molecular models of the isomerization 
path with the real ligand.  

 

3.3.4. TRANSMETALATION 
After the oxidative addition reaction and isomerization steps, 

the next logical transformation is the transmetalation step. In the 
present case, the transmetalation consists in the reaction between 
the intermediate obtained after the isomerization (F or FM) and 
the diboron (C). In this step, both the Ni-F bond and the diboron 
B-B bond break, the boryl boron moiety will end up coordinated to 
the nickel atom whereas the other boron eliminates together with 
the fluorine ligand. This is what we call the classical 
transmetalation mechanism. However, as we mentioned above, 
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the participation of the sodium phenolate is not clear and could 
modify this step precisely. For this reason, we considered three 
possibilities: (i) the classical transmetalation; (ii) a non-classical 
transmetalation, with the participation of one molecule of the 
neutral base, NaOPh; and (iii) a non-classical transmetalation with 
the anionic phenoxide base, as Figure 3-8 schematically shows for 
both bis- and mono-phosphine complexes. 

Bis-phosphine complexes 

 

Mono-phoshine complexes 

 

Figure 3-8.  Schematic representation of possible transmetalation 
mechanisms.  
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3.3.5. PARTICIPATION OF NAOPH 
As just mentioned, the participation of the sodium phenolate 

make us suspect that the transmetalation step might not follow 
the classical way. Bo’s group demonstrated the metal-free 
activation of diboron compounds by means of a Lewis bases, that  
may interact with one boron atom and form a stable sp2-sp3 
diboron/base adduct74. This type of adducts have been reported 
by other groups75,76. Lewis acidic sp2 boron compounds can 
interact with a Lewis base to form a sp3 Lewis-acid/Lewis-base 
adduct. In the case of a diboron compound having a B-B single 
bond, coordination of a Lewis base would be expected to form sp2-
sp3 diboron compounds77. The recent report by Marder and co-
workers on the formation and X-ray characterization of such Lewis 
base/diboron adducts confirmed the structures predicted 
teoretically .78 Therefore, we guessed that the transmetalation step 
might follow a non-classical pathway, in which the base reveals 
itself as an essential player. We thus considered that sodium 
phenolate, (D), interacts directly with one boron atom of B2nep2 (C) 
giving an adduct (N), whose molecular structures are represented 
in Figure 3-9. 

 

 

Figure 3-9 Molecular models of the diboron C, sodium phenolate D and 
base/diboron adduct N. B-B bond distances in Å.  

 

The interaction of the diboron organocompound and the base 
affects only slightly the B-B bond distance, from 1.71 Å in C to 
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1.74 in the adduct (N), but it largely affects the B-B bond electronic 
character indeed. Whereas in C both boron atoms hold the same 
MPA charge (+0.30), the B-B bond appears strongly polarized in N 
(Bsp2:+0.11; Bsp3:+0.56). Therefore, the B-B bond of C is activated 
by the interaction with the phenolate (D). Another curiosity of this 
adduct (N) is the sodium cation, which remain coordinated to three 
oxygen atoms, two of the diboron and the one in the phenolate. 
The computed geometry is in very good agreement with the X-ray 
geometries characterized by Marder’s group.78 Additionally, the 
adduct N was found to be 30 kcal·mol-1 more stable than the 
separated diboron and sodium phenolate species. This fact 
indicates that the interaction between the phenolate and the 
diboron is rather strong, and given that the base is in excess in 
the experimental setup, all diboron persists in the adduct form. 
Actually, fully equivalent species were recently considered by Chen 
et al.79 in a computational study on the Ni-catalysed Miyaura 
borylation reaction. In that case, B2pin2 and the base K3PO4 
formed a pre-adduct, which also triggered the transmetalation 
step. 

3.3.5.1. TRANSMETALATION OPTIONS 

Since we characterized the transition states and their 
corresponding products for both the bis-phosphine (Figure 3-10) 
and mono-phosphine (Figure 3-11) reaction pathways, first we 
present the results corresponding to the bis-phosphine 
transmetalation scenario. Figure 3-10 shows the molecular 
models of the TSs that were found starting from the bis-phosphine 
intermediate F. Actually, our starting point for studying this step 
is not F, but its molecular complex with the diboron. We were 
forced to take this into consideration because the TSs would be 
more stable than the sum of F and the diboron. Therefore, in the 
classical transmetalation, the initial intermediate is S and it gives 
as product T (see Figure 3-10), while G and P correspond to 
supramolecular complexes with the diboron activated by NaOPh 
and OPh-, respectively. 
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The geometric features of the TS for the classical 
transmetalation (TSS→T in Figure 3-10) indicate that the two new 
bonds, B-F and B-Ni, are formed and the B-B bond is broken. T 
actually evolves to the products represented in Figure 3-8, namely 
I, ready to  undergo reductive elimination, and sub-product U, the 
boron ester fluoride FBnep. 

 

 

Figure 3-10. Relative Gibbs energies (in kcal·mol-1) and molecular models 
for species involved in the bis-phosphine transmetalation step. 

 

We collected in Figure 3-10 the Gibbs Energies of the 
corresponding bis-phosphine TSs and in Figure 3-11 the 
corresponding values of mono-phosphine TSs. As mentioned 
above, in the construction of these REPs we had to include the 
previous adducts G, P, S in Figure 3-10 and GM, PM, SM in Figure 
3-12, and later adducts H, Q, T in Figure 3-10 and HM, QM ,TM 
in Figure 3-11, because the potential energy of some TSs were 
found smaller than the sum of the previous intermediates. The 
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calculation of these adducts increase the energy activation of this 
step. The REP of the classic transmetalation step (blue line for bis-
phosphine TSs in Figure 3-10 and light purple of mono-phosphine 
TS in Figure 3-11 show that both transmetalation reactions are 
favourable. However, the activation energy of the classic 
transmetalation bis-phosphine TS (blue line in Figure 3-10) is 
smaller (17.5 kcal·mol-1) than for the mono-phosphine TS (light 
purple line in Figure 3-11) activation energy (19.7 kcal·mol-1). 
Additionally, the classic transmetalation of bis-phosphine 
compound give more stable products than in the mono-phosphine 
transmetalation step. The presence of the sodium phenolate thus 
open other options. 

 

 
 

Figure 3-11. Relative Gibbs energies (in kcal·mol-1) and molecular models 
for species involved in the mono-phosphine transmetalation step.  
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The formation of the diboron/NaOPh adduct can modify the 
energetics of the transmetalation step. That adduct might react 
with intermediates F and FM. For the study of this reaction we 
characterized the TSs and the corresponding products, in the 
same way as for the classic transmetalation. At this point, we 
considered two possibilities, either the sodium phenolate is 
dissociated or it is not. If the phenolate salt is dissociated (fully 
solvated) then the sodium cation does not participate in the 
reaction, but if it is not, the sodium ion is included in the model. 

All the three transition states TSS→T, TSP→Q and TSG→H in the 
bis-phosphine path, and also the three in the mono-phosphine 
path, present as common feature the fact that the imaginary 
vibrational frequency clearly corresponds to the breaking of the B-
B bond. The Ni-F bond is only slightly activated when the 
phenolate is present. Note that in TSG→H the sodium cation 
interacts with the fluorine and one phosphine ligand was 
decoordinated, probably because steric congestion. Since this was 
observed in a model ligand, much smaller than the real PCy3, we 
can guess that this path would be hardly reachable. The presence 
of the base clearly activates the B-B bond, since its bond distance 
in TSS→T and in TSSM→TM are the smallest, being the biggest the 
for B-B distance in TSG→H.  

In the case of bis-phosphine complexes, the two TSs TSP→Q and 
TSG→H presented quite high activation energies, therefore it 
seemed that based on this result, the participation of sodium 
phenolate salt would not benefit the reaction. However, the 
scenario for mono-phosphine complexes is different. The 
activation barrier for the classic transmetalation through TSSM→TM 
is the lowest, but the product is rather unstable. The presence of 
phenolate TSPM→QM does not largely modify the barrier but makes 
the product stable. The presence of the NaOPh salt, so counting 
with the additional stabilization of the Na cation, provides the most 
stable intermediate GM. Although, the barrier through TSGM→HM is 
the highest, this transition state is the lowest in energy.   
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All these results make to think us that after the isomerization 
path, the mono-phosphine trans intermediate (FM) reacts with the 
adduct G forming the pre-adduct GM which is more stable than 
the other pre-adducts (G, P, S, PM and SM). Then, the 
transmetalation goes through the TSGM→HM giving the HM post-
adduct. This HM post-adduct decomposes giving the third 
intermediate IM and a sub-product J. 

3.3.6. REDUCTIVE ELIMINATION 
Finally, we reach the last step of the mechanism. As for the 

cross-coupling mechanism, the last step is the reductive 
elimination reaction, in which the new C-B bond is formed and the 
catalyst recovered by the formal reduction of the metal atom. As 
in previous sections we studied this step for mono and bis-
phosphine compounds. 

 

Figure 3-12 Relative Gibbs energies for and reactants, TSs and products 
molecular models. Bis-phosphine compounds are indicated in blue and ono-
phosphine ones are in orange. 
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Figure 3-12 shows the molecular models for the reductive 
elimination TSs: TSI→L+B for bis-phosphine compounds and 
TSIM→L+B for mono-phosphine compounds. We found that the bis-
phosphine trans complex I can directly undergo the reductive 
elimination without the need of a prior cis/trans isomerization. 
The Nickel atom in TSI→L+B in Figure 3-12 present a tetrahedral 
coordination sphere, similar to an isomerization TS, but the B-C 
attraction makes that at this distance these two atoms can react. 
As regards TSIM→L+B, its geometry is similar to an hypothetic IM 
trans isomer. Figure 3-12 shows also the free energies of species 
involved in this step, indicating that the reductive elimination 
through mono-phosphine compounds is more favorable than 
thorough bis-phosphine species. 

 

Figure 3-13. Reaction free energy profiles of all the studied reaction 
pathways for the nickel catalysed aryl-F borylation reaction. Blue: with adduct 
N in bis-phosphine compounds; red: with adduct O (Figure 3-8) in bis-
phosphine compounds; green: classic cross-coupling mechanism for bis-
phosphine compounds; purple: with adduct N in mono-phosphine compounds; 
cyan: with adduct O (Figure 3-8) in mono-phosphine species; orange: classic 
cross-coupling in mono-phosphine compounds. 
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Once the thermodynamic study of all steps is completed, all 
species and possible reaction paths were plotted together in Figure 
3-13. It permits seeing the differences between the different 
reaction pathways in global manner.  

Figure 3-13 depicts the six free energy profiles, so six catalytic 
cycles for the Martin’s reaction. It can be clearly observed that the 
most effective oxidative addition is the one occurring on the bis-
phosphine complex. However, after that, the cis/trans 
isomerization is well-defined and is more favorable for mono-
phosphine compounds. In the transmetalation reaction pathway, 
the most stable pre-adducts are S and GM, and are the precursors 
of the transmetalation. The transmetalation path happens 
through TSGM→HM giving the post-adduct HM. Finally, the adduct 
decomposes to give IM and the reductive elimination reaction 
takes place easily through the mono-phosphine complex for 
obtaining the desired product L. 

3.3.7. COMPARISON OF DFT METHODS 
Once the mechanism is completely studied and the the most 

thermodynamically favorable mechanism is determined, it is 
interest evaluating the differences between few of the most popular 
DFT levels80: B3LYP, B3LYP-D3, M06-2X and the used in this 
chapter ωB97xD. This was achieved by using Clone-Report, a 
Python code developed during the course of this thesis.  This code 
uses Fireworks28 -a workflow manager- and ioChem-BD 
database,81 and is a tool to help recalculating any reaction energy 
profile report constructed within ioChem-BD. This code takes the 
geometries of all species, and their relationships, resubmits all 
calculations needed to reconstruct a new ioChem-BD report in the 
data base, and controls the correctness of all calculations. 
Basically, this program saves time constructing the new inputs, 
resubmitting jobs, and recollecting the results, so it avoids 
possible errors.  
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Figure 3-14. Reaction Free Energies for some species involved in one the 
studied reaction mechanisms. Black: ωB97XD. Blue: M06-2X; orange: B3LYP; 

green: B3LYP-D3. 

Figure 3-14 represents the REP of one of the possible 
mechanisms for the aryl borylation at the ωB97XD level (black 
line), and the differences between this method and some others 
(B3LYP, B3LYP-D3 and M06-2X) with colored bars. We could not 
see big differences between the different DFT methods. The 
method which differs more is B3LYP, for the reason that it does 
not include dispersion terms that contemplate the non-bonding 
interactions. In general, B3LYP-D3 and M06-2X gives relative 
energies lower than ωB97XD. Because the minimal differences 
between DFT methods, we present in Figure 15 an ωB97XD/M06-
2X/B3LYP-D3 averaged-profile, so the mean and the standard 
deviation for each reaction state. Note the including B3LYP 
increases the deviation in all the cases, and should not be taken 
to calculate such DFT averaged-profile. In any case, we think that 
by using this combination of tools (ioChem-BD, Fireworks, Python) 
it is now easier to elaborate the data in Figure 15, so to assess the 
goodness of the DFT methods in use.  
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Figure 3-15. Reaction Free-energy Profile with the mean of the three 
methods and the standard deviation with error bar. 

 

 CONCLUSIONS 
In this chapter was treated the study of the aryl borylation 

assisted by nickel catalyst studied experimentally by Martin. In a 
first glance, we thought that the reaction could follow a classic 
cross-coupling mechanism. However, the presence of the sodium 
phenolate changes the classic mechanism introducing a new 
participant. Additionally, the classical mechanism could be 
modified by the dephosphination considering the lability of the 
phosphine ligand. 

The mechanism of the borylation reaction of aryl fluoride 
assisted by a nickel catalyst and base was unraveled by means of 
DFT based methods. The presence of the sodium phenolate 
activates the diboron and modifies the classic cross-coupling 
mechanism. The reaction starts with the oxidative addition, where 
the metal catalyst breaks the C-F bond, followed by a cis/trans 
isomerization. This isomerization is more favourable for the mono-
phosphine nickel compounds because steric effects. Then the 
trans intermediate reacts with the adduct B2nep2/NaOPh forming 
an stable pre-transmetalation species, which evolves to the first 
product of this reaction and an intermediate. This last one 
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complex finally undergoes the reductive elimination, generating 
products and recovering the active catalytic species. 

As a summary, we the most favourable thermodynamic 
mechanism of this aryl borylation reaction is presented in Figure 
3-16 in the form of a catalytic cycle scheme, which is based on the 
most favourable thermodynamic mechanism. 

 

Figure 3-16 Thermodynamic mechanism scheme with the most relevant 
participating compounds. 
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"De nada valdría un 
movimiento femenino en un 
mundo sin justicia social." Evita 
Perón 

CHAPTER 4 

4. KINETIC STUDY OF THE 

NI-CATALYSED ARYL 

BORYLATION  

 INTRODUCTION 
The computational study of a catalytic homogenous reaction is 

made through the electronic structure calculation of the reactants, 
intermediates, transition states (TS) and products of the reaction. 
The Gibbs energy of each specie calculated from the outputs of the 
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DFT calculation is taken. Then, Reaction Energy Profile (REP) can 
be constructed and evaluated if the TS barriers are reachable (less 
than 20 kcal·mol-1)82 and make their conclusions. This is the 
traditional procedure for the computational study of a reaction. 

In recent years, computational chemistry went further in their 
study with the kinetical analysis of the system. Not long ago, 
Maseras and Besora release a review36 about different 
homogenous catalytic reactions studied kinetically. All the studies 
presented have in common the calculation of the rate constants 
from DFT previous studies. The principal reasons for the kinetic 
studies are the evaluation the effect of the use different initial 
concentration83–89 and the key species at low90–92 and high93 
concentrations.  

Since in the DFT study of the borylation of aryl halide catalysed 
by nickel (Chapter 3) we found multiple possible reaction 
pathways and parallel reactions, it could be of interest the 
microkinetical study of the reaction. Moreover, it is interesting see 
the effect that could have the different concentrations of the 
phenolate salt that, as seen in previous Chapter, is a key reactant. 
Moreover, kinetic study could demonstrate how the phosphine 
concentration could modify the mechanism due the multiple of 
dephosphination reaction takes place. All these facts only could be 
evaluated with a microkinetic analysis. In this chapter, we present 
the results of the microkinetic analysis of the borylation of aryl 
halide catalysed by nickel Martin’s reaction14. 

 COMPUTATIONAL DETAILS 
All the rate constants presented in this chapter were calculated 

using the Eyring equation. For calculating the rate constants, we 
need activation Gibbs energies values, which we actually 
computed in the DFT study presented in the previous chapter. The 
system of kinetic equations was solved by using the COPASI 
program.58 It is worth mentioning that at earlier stages of this 
study, the Tenua57 program was used too. Tenua works fine for 
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simple systems and allows plotting the reaction map. However, the 
program becomes slow and the solver fails when the system of 
equations becomes sophisticated. Although Tenua is as easy to 
use as to COPASI, this algorithm is significantly faster while giving 
the same results.  

Barrier-less reactions, such are those with no activation energy 
barrier, deserves particular attention. In homogeneous catalysis 
at low pressures, which is precisely our case, so in the liquid state, 
perfect mixture ensures the diffusion limit. One way to take 
diffusion phenomena into account is to rely in the Encounter Ion 
Theory and its equation 53–55. For solving it, we calculated the 
diffusion constants by making use of the Smoluchowski 
equation52, which requires the self-diffusion coefficient of each 
species. Those the self-diffusion coefficients were obtained from 
the Stokes-Einstein equation using hydrodynamic radius derived 
from DFT optimized geometries. 

 RESULTS AND DISCUSSION 
In Computational Homogeneous Catalysis, the classical way of 

studying a reaction is through the calculation of the energy of 
reactants, products, all possible intermediates, and the 
corresponding Transition States (TS) for each single chemical 
transformation, so for each reaction step. Connections between 
species define the reaction mechanism, or in other words, the 
reaction map. As it was exemplified by Besora et al.36 in a recent 
review, further kinetic modeling provides additional insight and 
understanding. After a reaction mechanism has been proposed, 
running a kinetic analysis could be considered as a stress-test for 
the mechanism. Those authors36 showed that microkinetic 
modeling could be implemented from static DFT calculations and 
using the Eyring equation and presented different examples of 
recent kinetic studies likewise.  

Herein, we present a kinetic analysis of the Martin’s reaction94 
relying on the results of the DFT based studies presented in the 
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previous chapter. This catalytic process comprises multiple 
reaction steps, ligand exchange processes involved in 
simultaneous equilibria, and particular reaction conditions that 
we would like to understand in connection with the microscopic 
understanding of the reaction mechanism. We aimed at 
unravelling different aspects that affect the reaction outcome, the 
yield at a given time or the effect of the concentrations of the 
reactants, thus properties that could not be studied from a 
classical static study.  

4.3.1. KINETIC MODELING OF CATALYTIC 

REACTION MECHANISMS 
As mention above, the Eyring Equation95 permits to obtain the 

kinetic constant of each single reaction step, and it can be 
calculated easily with the activation energy of each reaction step 
from previously constructed reaction mechanism. In Eyring 
Equation (Eq. 6), ki is the kinetic constant, κ	corresponds to the 
transmission coefficient (usually set to 1), kB the Boltzman’s 
constant, T refers to the temperature in K, and h is the Plank's 
constant. Additionally, ∆G‡ is the Gibbs activation energy, which 
is the difference in energy between an intermediate and the 
corresponding TS, and R is the ideal gas constant. Then, given that 
we obtained all “∆G‡’s” for our mechanism, we can apply the 
Eyring equation and obtain the rate constants for each of the steps 
in the reaction mechanism.  

!" =
$!%&
ℎ ()

∆+‡
-.  Eq. 6 

  
As a first attempt, we considered all the elemental reaction 

steps of the most favourable mechanism, this is nine reactions 
which we depicted in Figure 1. This includes nine transformations: 
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Figure 4-1. Elemental reactions of the most favourable thermodynamic 
mechanism. 

 

1. The initial form of the catalyst Ni(COD)2 evolves to Ni(PR3)2, 
the catalytically competent species. 

2. Oxidative Addition, where the catalyst reacts with the aryl 
fluorine. 

3. Dephosphination 
4. Isomerization of the mono-phosphine complex. 
5. Sodium phenolate activates the diboron compound forming an 

adduct. 
6. Formation of a supramolecular complex between the diboron 

adduct and the trans mono-phosphine complex. 
7. Transmetalation, where a boron takes the place of the fluorine 

ligand. 
8. In this step we obtain the first product, with a tetrahedral 

boron, and the second mono-phosphine intermediate. 
9. Reductive elimination step, where the desired product is 

obtained and the catalyst recovered. 

Initial concentrations of the species taken for the kinetical 
analysis were for substrate (A): 0.25mol·dm-3, for phosphine (Z): 
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0.05mol·dm-3, for pre-catalyst (Y): 0.0125mol·dm-3, for diborane 
(C): 0.75mol·dm-3 and for sodium phenolate (D): 0.75mol·dm-3 

Table 2. Activation Gibbs energies (kcal·mol-1) and rate constants for the 
nine most favorable steps. 

 

 

Figure 4-2 Concentration versus time graph of the favourable 
thermodynamic mechanism kinetic study. N: B2nep2: NaOPh adduct. L: 
fluoroborane; A: fluorobenzene; Z: phosphine; Y: Ni(COD)2. [A]0=0.25M; 
[Z]0=0.05M; [Y]0=0.0125M; [C]0=0.75; [D]0=0.75. 

 

According to the experimental reports, the reaction provided 
80% of the product after 12 hours.14 This is thus the target that 
we aim that our mechanism could fulfil. In Figure 4-2 we present 
the results of solving the system of kinetic equations described 
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above in Figure 4-1, so concentration versus time profiles for all 
the species under the nine kinetic equations regime. By analyzing 
this data, the total conversion time is as short as 8000 seconds. 
This result is by far to be close to the reaction time reported 
experimentally. This raises issues about the accuracy of our 
calculations but also about the simplicity of the nine-steps 
mechanism. In the previous chapter we found other species, which 
could actually play some role. Also, other factors that might 
influence the reaction rates are the diffusion of the fastest barrier-
less bi-molecular reactions, the co-existence of competitive 
reactions, or the solubility of reactants. All these factors will be 
treated in the following sections. Additionally, including or not 
entropy corrections could modify the rates, and last but not least, 
the DFT level used also matters. As we have seen in the previous 
chapter, the use of different DFT functionals affect differently the 
energy barriers. 

In the previous chapter, we found that the B3LYP method gives, 
in general, higher barriers than ωB97XD. This means that the 
rates calculated from B3LYP activation energies will be lower so 
the overall reaction will be slower indeed. Our analysis indicates 
that, using B3LYP results, the total conversion time increases till 
10000 seconds, instead of 8000 seconds. There is, therefore, no 
major difference between the use of B3LYP instead of ωB97XD, as 
mentioned in the previous chapter. For this reason, we will keep 
working at ωB97XD level for the rest of this chapter. 

4.3.2. TREATMENT OF BARRIER-LESS AND FASTER 

BI-MOLECULAR REACTIONS IN KINETIC STUDIES 
As mention above, considering diffusion could be crucial in the 

kinetic analysis of a reaction. It is important to mention that, in 
bimolecular reactions, diffusion may be a key component for the 
rate of a reaction, especially in very fast bimolecular reactions. 
Probably, the first person who observed this effect was, in 1917, 
Smoluchowski,52 in his experiments with colloidal aggregations, 
noted that, in fast reactions, the diffusion can limit the rate. For 
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this reason, given that in our kinetic study the overall computed 
rate was much larger than the experimental value, we thought in 
applying corrections for diffusion in the barrier-less and fast bi-
molecular elemental steps. A reaction is usually considered fast 
when its rate constant is larger than 108.53–56 

To include diffusion effects, we need to quantify the 
approximation rate for the two molecules involved. This is 
achieved by the encounter ion model, which introduces the 
following equation:  

1
!233,5

=
1
!5

+
1

!7"88
 Eq. 7 

  
where kapp,+ is the apparent rate constant, in which we add the 
diffusion effects kdiff and the rate constant k+, which were 
calculated with the Eyring equation (Eq. 6) above. kdiff constant 
can be calculated thanks to Smoluchowski’s equation, developed 
by the homonymous scientist as a result of its observation which 
we mentioned before:  

!7"88 = 4LOPQD",E Eq. 8 

 

Smoluchowski’s equation implies that the diffusion constant is 
directly proportional to the diffusion coefficient (Di,j), and σ is the	
encounter distance, that is the distance between the two atoms 
that are reacting in the Transition State (TS). The diffusion 
coefficient can be easily calculated from the self-diffusion 
coefficients of species i and j, by using the equation: 

D",E =
D",FGHIDE,FGHI
DFGHI,FGHI

 Eq. 9 
 

  
where Di,solv is the self-diffusion coefficient of the first reactant (i) 
in the solvent (solv), Dj,solv corresponds to the self-diffusion 
coefficient of the second reactant (j) in solvent (solv), and Dsolv,solv 
is the self-diffusion coefficient of the solvent (solv) itself. The self-
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diffusion coefficient can be obtained by several means. The first 
one, and the most used, is from the slope of Mean Square 
Displacement (MSD) function versus time obtained in a molecular 
dynamics (MD) simulation.  

 

 

Figure 4-3. Mean Square Displacement versus time and the expression of 
the self-diffusion coefficient. 

 

Figure 4-3 provides an example of MSD versus time graph. At 
short simulation times, the MSD graph refers to the time needed 
to achieve the thermal equilibrium, and that has nothing to do 
with diffusion. After that period, the MSD becomes linear with 
time, then, the graph describes the diffusion phenomena. So, the 
self-diffusion coefficient is the slope of the MSD function versus 
time at long simulation times.  

The other way for obtaining the self-diffusion coefficient of a 
molecular system is by solving the Stokes-Einstein equation: 

D"/FGHI =
!%&
6LMN Eq. 10 

  
where the kB is the Boltzmann's constant, T the temperature, R 
the so-called hydrodynamic radius of the molecule, and η is the 
viscosity constant of the solvent. With this equation, we can 
calculate the self-diffusion coefficient without the need to run any 
MD simulation, but we need the radius R. For this reason, using 
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the Stokes-Einstein equation could be a good and fast way for 
obtaining the self-diffusion coefficient.  

In order to check for the differences between the two procedures, 
we decided to compare self-diffusion coefficients calculated by 
these two methods. For this, we took the self-diffusion coefficients 
calculated by Desmet et al.56 using the MSD for a set of small 
molecules (THF, EA: Diethylamine, EAc: Ethyl Acrylate). Then, we 
proceeded to derive the corresponding radius R with the Stokes-
Einstein equation (Eq. 10). We then obtained DFT fully optimized 
geometries for those species in Desmet paper56, and take as a 
radius (R in equation Eq. 10) half of the farthest distance between 
any two atoms, plus 1% more to contemplate the electronic shell 
of the molecule. 

 

Table 3. From left to right: self-diffusion coefficients (Dij) obtained by Desmet 
56; hydrodynamic radius from Eq. 10; . d: dist two farthest atoms; r: radius of 
the molecule (r=d/2); r+10%; self-diffusion coefficient computed from r+10% 
and eq. 5.  THF: tetrahydrofuran; EA: Diethylamine; EAc: Ethyl Acrylate: 

 
(1) Calculated with Stokes-Einstein equation 
(2) Calculated using B3LYP functional and dispersion D3, and 6-311G** as a 

basis set. 
 

Table 3 collects the self-diffusion coefficients calculated by 
Desmet, the radii, and the coefficients calculated with the Stokes-
Einstein equation. The results in Table 3 indicate we can calculate 
the self-diffusion coefficient in an approximate way. For THF, our 
results match those from Desmet. However, for EA and EAc, the 
computed radii are larger than those extracted from Dij, and 
consequently, the diffusion coefficients are smaller. Nonetheless, 
the order of magnitude of the values computed in such a way is 
correct, thus we decided to use them. 
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Once we proved that the Stokes-Einstein equation could be 
used for obtaining the self-diffusion coefficients from DFT 
geometries, we will include such corrections in our microkinetic 
modeling. First of all, we needed to locate the fastest and barrier-
less bi-molecular reactions.  

In Table 2 it is easy to identify that these reactions are R5, R6, 
and R9 because they have a rate constant higher than 108. Note 
that R4 is excluded from this treatment since its unimolecular 
character. R5 and R6 both correspond to barrier-less processes in 
which adducts form, while R9 is the very low barrier reductive 
elimination reaction. Then, we can apply the procedure described 
above for calculating the diffusion rate constant. 

 

Table 4. Rate diffusion calculation for the faster bi-molecular reactions 
(kapp,+). R: radius of each molecule; Di/THF: Self-Diffusion coefficients; Dij: 
Diffusion Coefficient; s: distance between the two atoms that are reacting in 
the TS; kdiff: diffusion rate constant. DG‡: new activation energy. 

 

 

Table 4 gathers all the values, i.e., self-diffusion coefficients 
(Di/THF) calculated with Stokes-Einstein equation (Eq. 10), the 
diffusion coefficient obtained with the Smoluchowski equation (Eq. 
8), the diffusion rate (kdiff) and the new rate constants (kapp,+). Also, 
we can observe in Table 4 that the new energy barriers ∆G‡ are not 
as high, so these corrections do not change significantly our REP. 
However, the effect on the overall kinetics is not negligible. We 
carried out the kinetic simulation with these new rate constants, 
and Figure 4-4 shows the results of this kinetic analysis. Under 
this new scenario, the reaction achieves full conversion at 40000 
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seconds, this is about 11 hours. This result is more similar to the 
experimental outcome, but still the overall kinetics is too fast. 
These concentrations actually affect the overall kinetics, but there 
are many uncertainties in the evaluation of the diffusion rates. We 
noted that R9 is the reaction that is most affecting the rate since 
it involves mono-phosphine/bis-phosphine exchange, and as we 
will see bellow, taking into account these processes are essential.  

 

 

Figure 4-4. Concentration vs time profile of relevant species in the aryl 
borylation reaction considering diffusion effects [A]0=0.25M; [Z]0=0.05M; 
[Y]0=0.0125M; [C]0=0.75; [D]0=0.75. 

 

4.3.3.  KINETIC EFFECTS CONSIDERING 

COMPETITIVE REACTIONS 
In the previous chapter, we described several reaction pathways 

that the aryl borylation reaction can follow. We explored all 
possible intermediates involving bis-phosphine and also mono-
phosphine complexes, and also some neutral and ionic species. All 
those species could thus be present in the reaction media and 
exchange rapidly. In the kinetic modelling presented above in this 
chapter, we only considered the most favourable of the 
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mechanisms among all other pathways. However, those other 
alternative pathways actually involve equilibria with most of the 
species already included in the kinetic modeling above, so they 
must be viewed as competitive reactions. Inclusion of these 
competitive reactions might modify the concentration of the 
intermediate species and, consequently, affect the overall rate of 
the reaction. For these reasons, we decided to consider in the 
kinetic analysis those competitive reactions, and analyse how they 
influence the kinetics.  

To see clearly which reaction influences the most the reaction 
rate, we proceeded by adding, one-by-one, additional equilibria to 
the kinetic simulation. We started with the bis-phosphine/mono-
phosphine exchange, and then we added the other reactions with 
the different possible transmetalation steps. The additional 
reactions are listed in Figure 4-5. Reaction R10 is the cis/trans 
isomerization of the oxidative addition bis-phoshine product; 
reactions R11-R12 correspond to phosphine decoordination; 
reaction R13 is the reductive elimination in the bis-phosphine 
complex; reaction R14 oxidative is the addition coupled with 
phosphine decoordination; reaction R15 is an adduct formation; 
R16 is boryl transfer with Na+; R17 describes the decoordination 
of the by product to bis-phosphine; reaction R18 forms first 
adduct without Na+; reaction R19 forms the second adduct 
without Na+ in mono-phosphine complex; reaction R20 is a boryl 
transfer without transmetalation in mono-phosphine complex; 
reaction R21 is by product formation; reaction R22 forms the 
second adduct without Na+ coupled with phosphine dissociation; 
reaction R23 boryl transfer without Na+ coupled in bis-phosphine; 
R24 describes another formation of the product to bis-phosphine; 
reactions R25, R26 and R27 corresponds to the first diboron 
adduct formation, boryl transfer and reductive elimination in 
mono-phosphine complexes, respectively; and reaction R28, R29 
and R30 are equivalent reactions to the latest but in the presence 
of phosphine.  
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Figure 4-5. Additional elemental reactions included in the kinetic modeling. 
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Then, the kinetic modeling was carried out by including 
successively all the reactions ordered by groups. Firstly, reactions 
R10-R13, which describe the main exchange between mono- and 
bis-phosphine complexes. These strongly influenced the computed 
total conversion time. In fact, when we considered the bis-
phosphine/mono-phosphine exchange, the computed total 
conversion time increases from 8000s (2.2 h) till 64000s (17.8 h). 
That could be explained since first cis/trans isomerization barrier 
is higher in the bis-phosphine than in the mono-phosphine 
complex because the bis-phosphine compounds are more stable 
than the mono-phosphine species. 

Additionally, phosphine is in high concentration, in excess 
actually, in the reaction media thus favouring the formation of bis-
phosphine compounds. Consequently, the reaction becomes 
slower because dephosphination has a high barrier to go from a 
stable species to a less stable one. 

Table 5. Time of total conversion of the kinetic analysis adding possible 
competitive reactions.  

 

 

Adding R14 to the kinetic modelling, this the oxidative addition 
reaction to the mono-phosphine complex, just increase the total 
conversion time 1000s more. Contrarily, the additional 
competitive reactions R15-R17, R18-R24 and R25-R30 does not 
alter the kinetics. These results show that the only competitive 
reactions that affects the overall reaction rate is the bis-



Results and Discussion 

 84 

phosphine/mono-phosphine exchange. This is so because those 
other additional reactions have high energy barriers so they do not 
take place in a significant extend actually.  

 

Figure 4-6. Concentration vs time profile of relevant species in the aryl 
borylation reaction considering reactions R1-R13. [A]0=0.25M; [Z]0=0.05M; 
[Y]0=0.0125M; [C]0=0.75; [D]0=0.75. 

Figure 4-6 plots the concentration versus time graph of the aryl 
borylation reaction considering the bis-phosphine mono-
phosphine exchange reactions reactions R1-R13. It is important 
to note that after 12h (43200s) the product yield reaches 80%, a 
value very close to that reported in literature.14 These results are 
much closer to the experimental data than the results obtained 
considering the diffusion effects. 

As mentioned above, and as we have seen in Figure 4-5, the 
kinetic modeling of such a system becomes more and more 
complex as the connections among species increases. A good way 
for visualizing the complexity of the system and its species 
interconnection is the use of a Chemical Reaction Network (CRN), 
in which we can represent all species that participate in the system 
as well as the connections between them. Figure 4-7 is an example 
of a CRN of our system when we contemplate the 30 reactions in 
the system (Figure 4-5). In Figure 4-7 the species are represented 
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with circles and the reactions with squares. Also, a CRN indicates 
if the species participate in the reaction as reactants or as 
products. If the species is a reactant the line that connects it with 
the square is a dashed line. If, on the other hand, the species is a 
product, the line connecting to the square is a solid line. This is 
not only a good way to see a map of the reaction, but also a good 
way for automatizing the kinetic simulations.  

 

 

Figure 4-7. Chemical Reaction Network constructed using CoNtroL tool.96 
Circles represent the species that participate in the reaction. Squares indicate 
reactions, which connect reactants (dash lines) with products (solid lines). 

 

Given that the bis-phosphine/mono-phosphine exchange 
affected significantly the overall reaction rate, it is interesting to 
study how the initial concentrations of phosphine, and of the base, 
push the reaction and force the displacement of the chemical 
equilibria. This effect will be studied in the next section along.  
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4.3.4.  EFFECT OF THE CONCENTRATION OF 

LIGAND AND REACTANTS  
As we just mentioned, changes in the initial phosphine 

concentration are expected to modify the overall reaction rate. We 
can study these effects by implementing different initial 
concentrations in the kinetic modelling. In particular, we think 
that is even more interesting to see how the rate is affected by 
changes in concentrations of those reactants in excess. Clearly, 
modifying the concentration of limiting reagents will affect the 
rate. However, it is not obvious how the initial concentration of 
reagents in excess will affect the rate. Besides phosphine 
concentration, in this reaction it also matters the concentration of 
the sodium phenolate. 

For investigating how concentrations affect the rate, we took the 
model of the favourable mechanism without diffusion effects but 
taking into a count the bis-mono-phosphine exchange, so 
reactions R1-R13, as reported in the previous section (4.3.3) and 
we change the concentration of the specie of interest. Initial 
concentrations of the species were for substrate A: 0.25mol·dm-3, 
for phosphine Z: variable from 0.1mol·dm-3 to 0.01mol·dm-3, see 
more details at Table 6, for pre-catalyst Y: 0.0125mol·dm-3, for 
diboron C: 0.75mol·dm-3, and, finally for sodium phenolate D: 
0.75mol·dm-3. 

Table 6. Total conversion time for different initial concentrations of 
phosphine (Z), concentration of B at different reaction times (t=54s and at total 
conversion), and concentration of F at t=54s. 
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Total conversion times considering different initial 
concentrations of phosphine were computed and results collected 
in Table 6. Initial phosphine concentration shows a big effect on 
the kinetics of this reaction. From the initial value 0.05 mol·dm-3, 
by increasing phosphine concentration the reaction rate increase 
too since the total conversion arrives earlier. On the other hand, if 
we decrease the initial phosphine concentration the reaction 
becomes slower. This not clear how to rationalize this since 
phosphine excess shifts the mono-phosphine/bis-phosphine 
exchange to bis-phosphine compounds, which are more stable, 
but some have higher barriers. We analyzed the concentrations of 
relevant species at different reaction times and found that the 
concentration of B, the catalyst resting state Ni(PR3)2, follows the 
same trend as the phosphine concentration (Table 5). The 
concentration of B at t=54s is low and it is higher for high 
phosphine concentration. Same happens with F, the bis-
phosphine intermediate prior the reductive elimination, whose 
concentration is higher than B and also decreases when the 
phosphine concentration decreases. Therefore, the overall rate 
increases when the phosphine concentration increases because 
the concentration of the Ni/phosphine relevant catalytic species 
also increases. Phosphine excess thus provide a larger amount of 
Ni species available for catalysis.  

In the experimental study14 and during the course of the 
reaction conditions optimization, it was reported that when half of 
the phosphine was used (0.025M), the reaction reached 54% yield 
after 12h. In our study, when the initial concentration of 
phosphine 0.025M was used (Table 6), we evaluated that the 54% 
yield would be obtained at 42600s (11.8h), that is very similar to 
the experimental results. 

In light of this, we decided to evaluate whether the relative 
stability of mono-phosphine and bis-phosphine compounds has 
kinetic relevance. These experiments consist in “modifying” the 
relative energies by first, changing the energy of the bis-phosphine 
intermediates at the same energy than the mono-phosphine, and 
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second, upside down, considering de mono-phosphine 
intermediates as stables than bis-phosohine intermediates. Then, 
compare how change the reaction rate. When we changed the 
energy of the bis-phosphine compounds making them less stable, 
we found that the velocity increases. Otherwise, when we changed 
the energy of the mono-phosphine compounds and make them 
more stable, the velocity is unaltered. That allows us to think that 
the reaction always there is the participation of the bis-phosphine 
compounds. Additionally, these results confirm our hypothesis of 
the participation of competitive reaction in the mechanism 
explained in section 4.3.3. 

We observed that from the results in Table 6, this is from the 
relation between the initial concentration of phosphine and the 
reaction rate, a kind of reaction order can be extracted.  If we plot 
the initial concentration of phosphine vs the time at 100% 
conversion, which is a measure of the inverse of the reaction rate, 
an exponential negative trend should be observed, being the value 
of the exponent the negative reaction order, as Figure 4-8 shows. 

 

 

Figure 4-8. Initial concentration of phosphine (Z) vs total conversion time 
plot with the corresponding potential regression with an R2=0.9992. 

 

In Figure 4-8 we can see that the relation between the initial 
phosphine (Z) concentration and the time of total conversion fits 
perfectly the equation, so it would indicate that the order of the 
reaction with respect the phosphine is 0.667. This value would 
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indicate a complex reaction mechanism, but the way we just 
evaluated it is rather approximate. The way of measuring the 
reaction rate from the total conversion time is questionable, and it 
is improvable. With this example we wanted to demonstrate how 
to obtain kinetic data directly comparable with experiments from 
computational mechanistic studies. 

Table 7. Total conversion time for different initial concentrations of sodium 
phenolate (D). 

 

We also studied the variation of the kinetics by varying the 
sodium phenolate initial concentration (see Table 6). From the 
initial value of 0.75 mol·dm-3, we observed that the kinetics does 
not change when we decrease the concentration until the 
concentration is lower than the limiting reactant, and then the 
reaction becomes slower. These results indicate that it is really not 
necessary to have sodium phenolate in excess, since the reaction 
rate would keep high unless sub-stoichiometric concentrations are 
used. Therefore, according to our kinetic modelling, sodium 
phenolate is used in excess because its low solubility in THF. 

 CONCLUSIONS 
In this chapter, we presented the microkinetic study of the 

borylation of aryl halides reaction, for which we determined its 
mechanism in the previous chapter. 

We started the study taking the results of the most favourable 
mechanism of the DFT study of Martin reaction14. The results 
obtained suggested that some crucial aspects, affecting directly 
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the reaction rate, had probably not been taken into account in our 
model. 

In order to improve results, we considered diffusion effects for 
the fastest and barrier-less bi-molecular reactions. The results 
obtained considering the diffusion effects are better than the ones 
without, but not fully satisfactory. We considered, also, 
competitive reactions that occurs in parallel to the most favourable 
mechanism. By analysing separately, the different alternative 
processes, we found that the process that change the reaction rate 
the most is the cis/trans isomerization of the intermediates.  

Moreover, we explored how the phosphine and sodium 
phenolate initial concentrations affect to the rate reaction. We 
have seen that if we increase the phosphine initial concentration, 
the rate reaction increases. This change of concentration affects 
directly to the catalyst formation elemental step, as higher amount 
of phosphine more catalyst is formed. However, when we make the 
same study for the sodium phenolate initial concentration the 
results showed no modifications in the rate concentration until 
lower the limitan reactant concentrations. We thought that the 
reason that the phenolate is in excess is to avoid the low solubility 
in the solvent. 
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“Imagination is the 
Discovering Faculty, pre-
eminently. It is that which 
penetrates into the unseen 
worlds around us, the worlds of 
Science.” Ada Lovelace 

CHAPTER 5 

5. NI/CU-CATALYSED ARYL 

BORYLATION 

 INTRODUCTION 
The large presence of fluorocarbons in nature and its great 

stability encourage science community to found new methods to 
break the C-F bond of this compounds, because it could be used 
as a starting reactant in organic synthesis. The stability of aryl 
fluorides is given because its C-F bond is the strongest single bond 
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in the nature. That is its principal characteristic and the reason of 
it lack of reactivity.63 For this reason, it is challenging for scientists 
found the manner for C-F cleavage. Remarkably aryl fluorides 
show an extraordinary metabolic activity, and this makes them 
especially attractive in the pharmaceutical industry.64 

As mentioned in previous chapters, Hosoya’s15 and Martin’s14 
groups reported an efficient C-F bond cleavage reaction via Ni-
catalyst borylation, incited by the versatility and pivotal role of 
organoboron reagents (Figure 3-1). Later, other groups presented 
different variations of this borylation reaction testing different 
salts, catalysts, ligands and diboron agents.18–21,29–31,65 Borylation 
of C-X bonds is therefore a topic of current interest that makes a 
computational study attractive. There are plenty of open questions 
regarding the mechanism, about the role of the base, and the 
reaction conditions. 

 

 

Figure 5-1. Scheme of the reaction proposed by Hosoya group15. 

 

In this chapter we present the computational study of Hosoya’s 
reaction (Figure 5-1).15 In a first glance, this reaction looks very 
similar to Martin’s reaction. However, the participation of a copper 
salt, such is CuI, suggests that the mechanism is more comlpex. 
Therefore, we attempted to unveil the role that copper plays in this 
reaction, and to that, we contemplated several possibilities, 
namely, CuI as co-catalyst, or as a catalyst instead of nickel. Also, 
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we were interested whether the CsF salt behaves similarly to 
NaOPh in Martin’s reaction.  

 COMPUTATIONAL DETAILS 
All the calculations in this work were carried out using 

Gaussian 0966 software. B3LYP43,44,69 DFT level is used with the 
density functional dispersion correction D370 that takes into 
account non-covalent interactions. All the geometric structure 
optimizations, vibrational frequencies, and energies were 
calculated using the 6-311G** basis set67 for atoms C, H, B, O, F 
and P; for Ni, Cu and Cs we have used the LANL2DZ basis set67, 
which includes the effective core potential ECP. We included the 
SMD47 solvent model for the solvent Toluene. Thermal corrections 
were evaluated at 298K. As well, we have used M06-2X68 and 
wB97XD45 DFT methods to compare with B3LYP-D343,44,69,70 at the 
same conditions. All TS structures were additionally characterized 
by the corresponding IRC calculation. A data set collection of 
computational results is available in the ioChem-BD repository81 
and can be accessed via https:// doi.org/10.19061/iochem-bd-1-
134. 

 RESULTS AND DISCUSSION 
The goal of the present study is to elucidate the mechanism of 

the borylation reaction of aryl fluorides catalysed by nickel 
complexes introduced by Hosoya's group.15 This is very similar to 
Martin’s reaction14, but instead of NaPhO, this new reaction is 
assisted by CsF and CuI salts. As we have seen in other chapters, 
we might guess that CsF will act as a base, interacting with the 
diboron agent and form a stable adduct. However, in the Hosoya 
reaction, we found a new participant, CuI. The role of this iodine 
copper complex is unclear, and leads us to think that the reaction 
mechanism could be more sophisticated than the studied in 
previous chapters. We have two hypotheses for this new reactant. 
Our first hypothesis is that CuI could help in the transmetalation 



Results and Discussion 

 94 

step. Another possibility is that copper is the real catalyst and the 
nickel complex is a mere spectator. For this reason, we have 
carried out electronic structure calculations at the DFT level to 
explore the role of CuI in this reaction. 

5.3.1. C-F OXIDATIVE ADDITION 
The catalytic cycle starts with the C-F oxidative addition. In this 

step, the metal atom of the catalyst moves into the C-F bond of the 
substrates. This action oxidases the Ni(0) to Ni(II) and breaks the 
aryl’s C-F bond. Given that the catalyst and the aryl are the same 
as in Martin’s reaction14 (Chapter 3), we expect similar results 
since the only difference between the two reactions is the solvent, 
THF in Martin’s reaction and toluene in Hosoya’s reaction.  

 

We have carried out full geometry optimization of the reactants, 
the transition state (TS) and the products for this oxidative 
addition. Figure 5-2 shows the molecular model of the reactants 
(A and B), TS (TS1AB) and product (AB1). TS1AB represents the 
TS of this oxidative addition where the three-center C-Ni-F 

Figure 5-2. Free energies for the oxidative addition step. Light blue: 
Hosoya's reaction in toluene. Dark blue: Martin's reaction in THF. 
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arrangement is clearly identified. This TS gives the AB1 product 
where the Ni(II) displays a square planar shape. Figure 5-2 depicts 
also the free energies of the oxidative addition of Hosoya’s reaction 
(light blue). This data shows that the reaction is feasible with a 
barrier of 17.2 kcal·mol-1, and that reaction is exergonic because 
the product obtained is more stable than the reactants. Moreover, 
comparing these results for the Hosoya's reaction with those for 
the Martin's reaction, there not are significant differences between 
the two solvents (17.2 kcal·mol-1 vs 17.8 kcal·mol-1). The lower 
polarity of toluene affected the product in a larger extend than the 
TS. Since the dipole moment of AB1 (9.99D) is larger than that of 
TS1AB (6.25D), the more polar THF solvent stabilizes more the 
product than the TS. 

5.3.2. CIS/TRANS ISOMERISATION 
The reaction step following the oxidative addition is an 

isomerisation. The isomerisation consists in the pass from a 
structure where the two phosphine ligands are in cis disposition 
to a structure with the phosphines in trans. The molecular model 
of the isomer cis, isomer trans and the isomerisation TS are 
presented in Figure 5-3. In Figure 5-3 we can observe that the 
shape of the bis-phosphine TS is similar to a mono-phosphine TS 
(TSAB1M) because one of the phosphine ligands are completely 
unlinked. Both molecular models, TSAB1 and TSAB1M in Figure 
5-3, have a trigonal planar shape. Moreover, both structures have 
similar angles. 

The diboron agents in the presence of Lewis base forms a 
B(sp2)-B(sp3) adduct, as previous studies in our group indicates.74 
In this adduct, the B-B bond is longer than the isolated diboron 
species. Additionally, in the adduct the boron linked to the base 
directly becomes positively charged, therefore, the other boron 
turns into the negatively charged atom. Consequently, the Lewis 
base activates the diboron agent and a boryl unit could be 
transferred to unsaturated substrates via metal-free reaction.74 
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Figure 5-3. REP of mono-phosphine (orange) and bis-phosphine (blue) 
isomerisation of Hosoya’s reaction. The angles of the TSs are represented in 
purple. 

 

The B(sp2)-B(sp3) adducts had not been characterised by X-
Ray until 2015 when Marder and co-workers reported the 
structures for this type of adducts. They characterised the adduct 
formed by the B2pin2 diboron and KOtBu salt,78 and also the 
B2pin2/NMe4F adduct78. This latter is very close to the adduct that 
will probably be formed between B2pin2 and CsF under Hosoya's 
reaction conditions. In the X-Ray structures, it was seen that the 
boron linked directly to the Lewis base gets a tetrahedral shape, 
whereas the other boron is still being a trigonal-planar shape. 
Moreover, they found that the counterion is coordinated to the 
other oxygen atoms of the diboron agent. 
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After these shreds of evidence, in Hosoya’s reaction the next 
logical step would be the B-B activation with CsF, and as we will 
see below, this is indeed the case. However, the main question is 
whether CuI plays any role or not. For this reason, we made efforts 
to understand how CsF and CuI salts could work together trigering 
the boron transmetalation. 

Actually, in the chemistry of copper is known that CuCl, in the 
presence of CsF, forms [CuX2]- type complexes in water stabilising 
the Cu(I) oxidation state97 Therefore, a kind of [CuFI]- compound 
could activate the B-B bond by forming the adduct diboron/[CuFI]. 
Moreover, the presence of Cu in this adduct could also help 
breaking the B-B bond. To explore this, we have carried out a DFT 
study on this sort of processes. 

 

 

Figure 5-4. B-B activation with [CuFI]- and B-B bond break REP . 

 

We found that the formation of Cs[CuFI] (D) is highly favoured 
by 50 kcal·mol-1, being this species much more stable than the 



Results and Discussion 

 98 

reactants CuI and the CsF. That would confirm the stability of this 
adduct Cs[CuFI] when the CuI is in the presence of CsF. After that, 
it follows the formation of the diboron/Cs[CuFI] adduct, and then 
the breaking of the B-B bond.  Figure 5-4 illustrates the energy 
profile of the species characterized computationally. The formation 
of the diboron/Cs[CuFI]  adduct (CD in Figure 5-4) is a 
spontaneous reaction with a product more stable than the 
reactants by 13.4 kcal·mol-1. Although the fluoride anion is bonded 
to Cu(I) in D, in the adduct CD it is not. The geometry of CD looks 
more similar to an adduct diboron/CsF/CuI than to a direct 
complex C/D. Extensive conformational exploration lead to that 
result.  

Then, CD adduct can indeed easily progress with the B-B bond 
breaking through an intramolecular rearrangement. The B-B 
scission happens through TSCD, having an activation energy of 
11.6 kcal·mol-1 as we can see in Figure 5-4. This reaction gives 
two products (E and F in Figure 5-4). E corresponds to the product 
where the boron negatively charged (boryl) is bonded to the CuI 
and the caesium cation is coordinated with the oxygen of the boryl 
and the iodine. On the other side, F corresponds to the byproduct, 
that is the second boron atom ended bonded to the fluorine, 
consequently with its formal positive charge. Therefore, these 
results suggest that CuI can effectively perform the B-B bond 
activation by breaking the B-B and generating a potentially 
catalytically active Cs[Cu(I)IBpin] species. 

 The next step is thus the transmetalation, i.e., the exchange of 
the fluorine ligand in the Ni(II) intermediate AB2 or (AB2M) with 
the boryl group in the Cu(I) complex E. Then, the transmetalation 
step is the reaction between AB2 or (AB2M) and E.  

The transmetalation starts with the interaction of the copper 
atom in E with the fluorine atom in AB2. Figure 5-5 depicts the 
molecular models of the species that participate in the 
transmetalation. E plus AB2 form compound G, which through 
TSG giving G1. 
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Figure 5-5. Transmetalation species molecular model with their bond 
distances in black.  

 

Figure 5-5 also illustrates the bond distances between the 
atoms that react. If we observe the different metal-F and metal-B 
bond distances in the transmetalation we can observe the 
exchange fluorine/boron, as the fluorine moves from the nickel to 
copper while the boryl transfers from the copper to nickel. On one 
hand, we can observe that the Cu-F bond distance decrease from 
G (2.13 Å) to G1 (1.97 Å) and consequently, the Ni-F distance 
increase from G (1.92 Å) to G1 (3.44 Å). On the other hand, the Ni-
B distance decrease along the reaction, from G (3.39 Å) to G1 (2.16 
Å), however, this effect does not happen with the Cu-B distance 
that becomes smaller in G1 (2.42 Å) than in G (2.80 Å).  

The structures presented in Figure 5-5, in particular G1, are 
rather special, since it might feature a Ni-Cu metal-metal bond. 
For this reason, we analysed the electronic structure of G, TSG 
and G1 under the framework of the topological analysis of the 
electronic charge density (r), the Laplacian of the electron density 
map (Ñ2r), and non-covalent interactions (NCI). Figure 5-6 shows 
electron density maps (r), which basically show that almost all 
atoms involved in the reaction (Ni, B, F, Cu, and I) lie in the same 
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plane, the plane of the maps. It is worth noting that this 
coplanarity is kept from G to TSG and to G1.  

 

 

Figure 5-6. Electron Density map (ρ) of transmetalation participating 
species. The phosphine ligands (perpendicular to the plane) not plotted to 
facilitate the visualization. 

 

In the topological analysis of the electron density introduced by 
Bader48 the eigenvalues and eigenvectors of the Hessian of the 
electron density at the critical point permits its characterization. 
By this way, we found absolute maxima critical points CP (3,-3) 
for the atoms, the saddle point (3,-1) corresponds to a bond; the 
(3,+1) critical points correspond to rings in the molecule; and 
absolute minimum CP (3,+3) indicate the presence of a cage. 
Figure 5-7 shows the electron density topology (critical points and 
bond-paths) of the intermediates G and G1, and TSG. Figure 5-7 
confirms the bonds between atoms suggested by the electron 
density maps above. Clearly only in TSG a (3,-1) Ni-Cu bond 
critical point could be characterized. Moreover, in Figure 5-7 we 
can observe a number of non-covalent bonds diboron/C-Hligand 
and Caryl/C-Hligand highly curved, as banana bonds. This fact 
indicates a intricate web of non-bonding interactions between the 
ligand and the substrate, which could explain the critical choice 
of the diboron in some cases.  
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Figure 5-7. Electron density topology of the transmetalation intermediates 
and TS. Grey points: atoms (3,-3); red: bonds (3,-1); green: rings (3,+1); blue: 
cages (3,+3). 

The Laplacian of the electron charge density is the scalar 
derivative of the gradient vector field of the electron density, the 
quantity Ñ2r, and indicates where the charge is concentrated, 
Ñ2r<0, and depleted, Ñ2r>0. The local charge concentrations in the 
Laplacian provides a mapping with the number and position of 
electron lone-pairs according to the Lewis model. Figure 5-8 shows 
the Laplacian of the electron density of the transmetalation 
intermediates and TS. We can observe in Figure 5-8 the s electrons 
of the aromatic ring, for instance, and the boryl lone-pair (yellow 
lines). The boryl group interacts with the cooper atom in G, and is 
easy to observe how from TSG to G1, the boryl lone-pair reorients 
to interact with copper and with nickel. Additionally, we can 
observe in Figure 5-8 that the fluorine in G1 becomes less charged 
because is bonded to the caesium.  

 

Figure 5-8. The Laplacian of the Electron Density map of the transmetalation 
participants. Negative values are represented in orange (Ñ2r<0) and positive 
ones in blue (Ñ2r>0). The phosphine ligands are obviated to facilitate the 
visualization. 
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The stabilising non-covalent interactions between different 
fragments in the transmetalation intermediates and TS were 
analysed in terms of noncovalent interactions (NCI) theory, as 
introduced by Yang and collaborators49 In Figure 5-9 several 
stabilising interactions between the ligand and the aryl, within the 
ion pairs, and between the two metals, are clearly visible as 
coloured isosurfaces. Areas in green/yellow indicate attractive 
interactions, while areas in orange/red indicate strong non-
bonded overlap. C-H/C-H interactions between the ligand and the 
aryl appear as localised spots in orange. However, the interaction 
between the ligand and the oxygens from the boryl (C-H/O) are 
yellow discs showing more attractive interactions than the C-H/C-
H ones. The same yellow dishes are observed between Cs/O of 
boryl in G and TSG, and Cs/F in G1. It is of interest the green ring 
marked with a green arrow in Figure 5-9 representing the 
attractive interactions between the Cu/I.  

 

 

Figure 5-9. Noncovalent Interactions (NCI). Reduced density gradient 
isosurfaces (s=0.5) coloured according to the value of the second eigenvalue of 
the Hessian of the electron density for G, TSG, and G1 adducts. The colour 
scale indicates lamda2 values from 0.013 (red) to 0.05 (blue). The phosphine 
ligands are not shown to facilitate the visualization. 
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Once the interactions within these special set of species were 
analyzed, it lacks evaluating the energetics of the transmetalation 
step. As collected in Figure 5-5, the relative Gibbs energy of 
intermediates G (-46.4kcal·mol-1) and G1 (-44.9kcal·mol-1), and the 
TS TSG (-33.8 kcal·mol-1) indicates that this transmetalation step 
presents an activation energy of 12.6 kcal·mol-1. This indicates 
that is a very favourable process, so the copper makes possible 
this mechanism for the transmetalation step. In the following 
section, we will study the reaction without the participation of the 
copper to see better this effect.  

5.3.2.1. DIBORON/CSF ADDUCT FORMATION 

WITHOUT CU PARTICIPATION 

After having obtained strong proofs supporting the idea that the 
role that CuI could play in the transmetalation is not minor, it is 
still necessary to prove that the use of CuI improves the reaction 
rate. Then the diboron agent have to be activated by CsF only. We 
characterised the diboron/CsF adduct depicted in Figure 5-10 
labelled J1. Figure 5-10 shows that the adduct J1 molecular 
model closely ressembles that of Marder’s results, in particular 
regarding the tetrahedral shape of the boron linked to the fluorine 
and the trigonal-planar coordination sphere of the second boron 
atom. Moreover, X-Ray data for the B-B distance (1.736 Å)78 of a 
[nBu4N][B2pin2] matches perfectly our results. The B-F distance 
(1.478 Å) also matches with our results. The X-Ray Cs-F and Cs-
O bond distances are not available because the X-Ray data adduct 
has different counter ion, nBu4N F distance is 4.47Å. The 
formation of this adduct is favourable in the free energy surface by 
-33.2 kcal·mol-1. 
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Figure 5-10. Molecular model of the diboron and the diboron/CsF adduct 
and its corresponding bond distances in black. 

 

Despite intensive computational efforts, it was not possible to 
accommodate J1 species nearby AB2 in a reacting manner 
without observing spontaneous dissociation of one phosphine 
ligand. Consequently, the mono-phosphine AB2M complex was 
chosen instead, and it was found that AB2M interacted favourably 
with J1 forming JAB1 in Figure 5-11. The JAB1 molecular model 
clearly the coordination of between cesium to both two fluorine 
atoms. Also, a Ni-O interaction in this adduct fixes the initial 
orientation of the diboron. All these interactions give high stability 
to this species, as much as -38 kcal·mol-1 in relative Gibbs energy. 
Also in Figure 5-11, TSJAB1 molecular model shows clearly that 
the B-B bond is being broken and the new B-Ni bond is being 
formed. Analysis of TSJAB1 molecular geometric parameters 
indicates that, in the TS, the caesium cation is interacting also 
with both fluorine atoms, one fluorine that coming from the 
diboron/CsF adduct, and the other one from AB2M intermediate, 
helping in the transmetalation.  

From the relative free energies of JAB1 and TSJAB1, this gives 
a barrier of 24 kcal·mol-1. This value is higher than the one 
obtained for the Cu mediated transmelation, so at this point, we 
would conclude that copper contributes in the mechanism in an 
essential manner. In any case, the transmetalation has to end with 
decoordination of the byproduct and recovering of the phosphine, 
so to obtain the square-planar H, correspondent to AB2 but with 
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the boryl ligand instead of fluorine. Then the reductive elimination 
proceeds from H.  

 

 

Figure 5-11. Adduct-Intermediate-Coordination and Transmetalation 
molecular models. 

 

5.3.3. C-B REDUCTIVE ELIMINATION 
As mention above the step after the transmetalation is the 

reductive elimination. As in Martin’s reaction, the reductive 
elimination occurs from the trans intermediate H has an 
intramolecular reaction and we obtain the desired product and we 
recover the catalyst. There is not a trans/cis isomerization. 

 

 

Figure 5-12. Molecular models of the reactant, TS and products of the 
reductive elimination step.  
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Figure 5-12 shows the molecular model of the reductive 
elimination step participants and their corresponding free energy. 
We can observe that the reductive elimination barrier is quite large 
(26 kcal·mol-1). In previous studies (Chapter 3) we also found that 
the reductive elimination for bis-phosphine compounds showed a 
high barrier too.  

5.3.4. CU DIRECT TRANSMETALATION 
In 2017, so in the course of the realization of this work,  

Hosoya's group reported on the fact that the reaction works as well 
without nickel, only with a copper salt as metal catalyst and 
phosphine ligand19. Several copper salts, such as CuCl, CuBr, 
CuF2, CuCl2, CuBr2, Cu(OAc)2, and Cu(OTf)2, efficiently catalysed 
the defluoroborylation, as they named the reaction. In contrast, 
using CsF as the base was crucial. Nonpolar solvents, such as 
toluene, benzene, and cyclopentyl methyl ether, were preferred. 
Similar to the bimetallic Ni/Cu system, bis(neopentyl 
glycolato)diboron (Bnep)2 was unsuitable as the boron source.  

 Summarizing, the reaction proceeds with (Bpin)2, the copper 
salt, phosphine ligand, or base. Under these experimental 
conditions, this borylation with copper only is very efficient, air-
stable, scalable till decagramme-scale, and also applicable to di- 
and triborylation reactions. 

 Figure 5-13 depicts Hosoya's proposed mechanistic scheme to 
account for the role of the copper in the reaction. Note that, as the 
catalytically active species is supposed to be LCuCl (L=PCy3), that 
in the presence of CsF forms the complex LCuF K in Figure 5-13, 
the oxidative addition of the fluoroarene seems unfeasible. As we 
demonstrated and discussed above, CuI/CsF can activate the 
diboron and carry out a transmetalation transformation giving 
ICu-Bpin.  

It was proposed that K reacts with the diboron agent C and 
produces the heterolytic B-B bond breaking to give L and F. This 
reaction is similar to the transmetalation studied above, but here 



Chapter 5: Ni/Cu-Catalysed Aryl Borylation 

 107 

a phosphine ligand stabilized the Cu(I) complex instead of iodine. 
After that, it was proposed that the substrate A is activated 
through a single electron transfer (SET) redox process by LCu(I)-
Bpin L. In this way, the copper becomes CuII (O) and the 
fluoroarene acquires radical character and is negatively charged 
(M). Then, another molecule of L (not oxidized by the substrate) 
transmetalates with M obtaining the product negatively charged N 
and recovering K. Finally, another molecule of substrate A take 
the electron from the product N and the desired product I is finally 
obtained together with an activated molecule of substrate N.  

 

Figure 5-13. Mechanism scheme of Hosoya's hypothesis. 

Figure 5-13 shows also the computed relative Gibbs energies 
for some steps of the proposed mechanism. We took as origin of 
energies the corresponding reactants of each step. At first glance 
all the reactions seem favourable. However, when we take a look 
to the SET process we can observe that its product is 30.5kcal·mol-
1 less stable than the reactants, that means that the transition 
state should lie even at higher energy, so, the reaction is far to be 
reachable. Due to these results we decide to explore an alternative 
mechanism. We decided to study the transmetalation path without 
the SET process, a neutral transmetalation. Moreover, we thought 
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that the adduct J1 studied above, could be a good starting point 
for the alternative mechanism given its stability. 

Figure 5-14 illustrates the REP of the different possibilities that 
we have contemplated to explain the C-F boryltation without 
nickel participation. All the possibilities start in the same way, this 
is with the reaction between K and the adduct J1. Thanks to the 
presence of copper, the B-B bond could be broken very easily, with 
a TS of 6.5 kcal·mol-1. This reaction gives product P, which have 
boron with tetrahedral shape, and L with a stability of                           
-14.9 kcal·mol-1. The barrier for the B-B breaking is lower than in 
the hypothetical mechanism suggested. Moreover, the products 
obtained are more stable than L and F and CsF in Figure 5-13. In 
yellow line is represented the mechanism proposed by Hosoya 
explained above, the formation of a less stable products (O and M) 
at +24.4 kcal·mol-1. Since the transmetalation with negatively 
charged fluoroarene is not reachable, we contemplated the 
possibility of a transmetallation with A and L as reactants, a 
neutral transmetalation (blue line in Figure 5-14). However, the 
barrier of this neutral transmetalation is 40.3 kcal·mol-1, too high 
to be reachable.  

Ribas group in 2013 reviewed the importance of CuIII 
compounds in homogeneous catalysis.98 At some point during our 
research, that paper suggested that CuIII compounds might play 
some role in this reaction. Firstly, we thought that a sort of CuIII 
species, such is [Cu(PR3)FArBpin] R could form and lead to a kind 
of transmetallation TS. However, such structure R is a TS actually, 
as the magenta line in Figure 5-14 shows. However, the barrier for 
this transformation is also far to be reachable, with an energy of 
44.1 kcal·mol-1. Finally, we considered that since the products of 
the first step are a CuI compound (Q) (Figure 5-15) and F-Bpin (F) 
instead of CuI compound (L), the transmetalation path follow this 
CuI compound (Q). The transmetallation from compound Q can 
take place indeed through a CuI TS (S in Figure 5-14). This new 
barrier is about 26.8 kcal·mol-1, lower than other values calculated 
until now. Figure 5-15 depicts de molecular structure of the 
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complex Q and TS S, and it is clear that the two are CuI complexes. 
This mechanism REP is represented in a purple line in Figure 
5-14.  

 

 

Figure 5-14. REP of the proposed mechanism for a neutral transmetalation. 

 

Hosoya in its 2017 paper demonstrates that the aryl halide 
borylation works with copper only, so without nickel. However, on 
the basis of the present study, the mechanism that they proposed 
would hardly happen because the formation of the aryl halide 
radical through the formation of CuII would give products with an 
energy as high as 30 kcal·mol-1. Note the barrier for such SET 
process would be even higher. Therefore, the mechanism we found 
is more favourable through a direct transmetalation with a CuI 

species, being Q the reactant formed in the previous reaction 
where the copper breaks the B-B bond. After that, Q reacts with 
the subtract A, and through the transmetalation TS S, the desired 
product I can be obtained. This process is more favourable than 
the mechanism proposed by Hosoya with a barrier of 26.8 
kcal·mol-1. All these results lead us to think that the reaction 
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reported by Hosoya in 2015 works fine without nickel via the 
mechanism proposed in Figure 5-14. 

 

 

Figure 5-15. Molecular model of CuI compound (Q) and CuI TS (S), product 
of the B-B break. 

 

 CONCLUSIONS  
In this chapter, we have carried out a computational study of 

the Hosoya’s reaction,15 which consist of the borylation of an aryl 
fluoride with Nickel/Copper catalyst. The computational analysis 
shows that this reaction happens as a modified cross-coupling 
mechanism with five steps. The reaction starts as a classical cross-
coupling reaction, with the oxidative addition. In this step, the 
catalyst reacts with the aryl breaking the C-F bond. This step has 
similarities with the oxidative addition of Martin's reaction14 
(Chapter 3), for this reason, we have compared the two reactions 
given that the solvent is the only difference in order to see how the 
solvent could affect. We have not observed evident differences 
between the use of toluene or THF in the oxidative addition. 

The following step that we have studied is the isomerization, 
where the plane-square product from the Oxidative addition 
passes from cis conformation to trans. We made the same 
comparison than in the previous step. At this point, we have found 
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a difference between the use of toluene instead of THF. With THF 
solvent the isomerization step is more favourable for the mono-
phosphine compounds, however, under toluene solvent, the 
isomerization for mono-phosphine and bis-phosphine have the 
same cost. The next step is the key step in the reaction because it 
shows the role that plays copper iodine in the reaction. Copper 
iodide in the presence of CsF forms the salt Cs[CuIF] and this salt 
reacts with the diborane compound forming the corresponding 
adduct, which then reacts with copper and breaks the B-B bond, 
and we obtain the products E and F. E takes us to the next step 
in the reaction forming a second adduct (G) reacting with the 
product of the isomerization (AB2). The intramolecular reaction of 
this adduct we achieve the transmetalation with the exchange of 
the fluorine from AB2 with the boron from E, though the TS TSG 
that gives G1. We have characterized the intermediates G and G1 
and the TS TSG because they are new compounds in this 
chemistry and wanyed to know more about its bond connections. 
Finally, the last step is the reductive elimination, when the G1 
decompose to give the plane-square compound H. At this step we 
obtain the desired product I and we recover the catalyst.  

In this chapter, we also evaluated a second Hosoya's reaction 
reported in 2017, where they could make the reaction work 
without any nickel catalyst, only copper. As an explanation of this, 
they proposed a mechanism involving a SET. We proved this 
computationally and found that this mechanism is not possible. 
Instead, we found that the reaction begins as Hosoya’s hypothesis, 
however the products after de B-B break is a CuI compound, which 
may react with the aryl halide obtaining the desired product.  
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“Science and everyday life 
cannot and should not be 
separated. Science, for me, gives 
a partial explanation of life." 
Rosalind Franklin 

CHAPTER 6 

6. NI-CATALYSED 

BORYLATION INTO 

BENZOFURAN C2-O BOND 

 INTRODUCTION 
Yorimitsu and coworkers18 presented a boron insertion reaction 

into the C-O bond of benzofuran (Figure 6-1) and obtained a 
boroncycle, which is of interest for the pharmaceutical industry 
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because it can be used as a synthetic intermediate. Borocycles are 
very similar to molecules that can be used as antifungals or 
antibacterials.99 This reaction (Figure 6-1) differs from Martin’s 
and Mori’s reactions in the fact that the O atom does not act as a 
leaving group. The boron unit is inserted into the C-O bond, so the 
oxygen atom is present in the product. Figure 6-1 shows a scheme 
of the Yorimitsu reaction, where it can be seen that the reaction is 
catalysed in the presence of Cs2CO3 by a Ni(0) complex bearing a 
NHC ligand. We are interested in the study of this reaction because 
the classical transmetalation mechanism does not explain how the 
reaction occurs, since the oxygen atom is not acting as a leaving 
group. Additionally, in the classical cross-coupling reaction the 
salt Cs2CO3 does not participate. Then, neither the role of the 
base/salt in the reaction, nor the sequence of the reaction steps is 
clear.  

 

 

Figure 6-1. Yorimitsu’s reaction scheme. 

 

 COMPUTATIONAL DETAILS 
All the calculations in this chapter were carried out using the 

Gaussian 0966 software package. Several Density Functional 
Theory (DFT) based methods were used. The hybrid functional 
B3LYP43,44,69 with Grimme’s empirical dispersion corrections D370 
(B3LYP-D3) was used as primary method. Also, we considered 
M06-2X68 and wB97XD45 functionals for the sake of comparison 
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with B3LYP-D3. All the structure optimisations, frequencies and 
energies were calculated using the 6-311G** basis set67 for atoms 
C,H,B,O,F and N; we used the LANL2DZ basis set67 for Ni and Cs 
atoms which includes the corresponding effective core potentials. 
Solvent effects were included explicitly using the SMD47 standard 
parameters for THF. Thermal corrections at 298K were included 
in the standard manner. IRC calculations were realized for each 
TS structure. A data set collection of computational results is 
available in the ioChem-BD repository81 and can be accessed via 
https:// doi.org/10.19061/iochem-bd-1-56. 

 RESULTS AND DISCUSSION 
The goal of this study is to shed light on the mechanism of the 

boron insertion reaction into the C-O bond of benzofuran. A first 
glance at the reaction suggests that it follows a classical cross-
coupling mechanism.37 This mechanism consists in three main 
steps: oxidative addition, transmetalation and reductive 
elimination and has four participants: the catalyst, the base, and 
two reactants. General understanding suggests that the catalyst 
reacts with one substrate via oxidative addition first. Then two 
reactants exchange fragments, like in the transmetalation step. 
Finally, the fragments get coupled in the reductive elimination and 
the product separates from the catalyst.  

However, when we look carefully at the Yorimitsu reaction we 
find first an additional participant that we do not observe in the 
classical cross-coupling mechanism, the Cs2CO3 salt, and second 
there is actually any leaving group in the reactant. These facts lead 
us to suspect that the reaction mechanism could be more 
sophisticated than the classical cross-coupling reaction pathway. 
The new mechanism that we suggest here consists of the following 
steps: i) substrate pre-coordination, ii) oxidative addition, iii) boryl 
transfer, iv) reductive insertion, v) ring-contraction nucleophilic 
attack and vi) product release. 

 



Results and Discussion 

 116 

6.3.1. SUBSTRATE PRE-COORDINATION 
The catalytic cycle starts with the C-O bond oxidative addition 

reaction. But prior to this, the substrate coordinates to the 
catalyst. This pre-coordination can take place because of the 
favourable interaction between the metal catalyst and the π 
system of the five-member ring of the substrate, actually the C2-
C3 double bond. We studied this interaction in some cases, 
considering a model ligand (1,3-di(isopropyl)-2,3-dihydro-1H-
imidazole-2-ylidene) and the real one (1,3-bis(2,6-
diisopropylphenyl)-imidazol-2-ylidene), as well as two substrates, 
namely benzofuran and benzopyrrole (indole). Moreover, as 
catalyst, both [Ni(NHC)PR3] as well as [Ni(NHC)] Ni(0) complexes 
were considered. The reason behind studying such complexes 
relies in the fact that we observed, during the oxidative addition, 
phosphine ligand decoordination when the real carbene ligand was 
used. 

Figure 6-2 shows the optimised molecular structures of these 
adducts; A corresponds to the combination of [Ni(NHC)] and 
benzofuran; A’ is the adduct between [Ni(NHC)PR3] and 
benzofuran; B is the adduct formed by the real carbene Ni complex 
and benzofuran; and C is the adduct of the real carbene Ni 
complex and benzopyrrole; D is the adduct between [Ni(NHC)] and 
indole; D’ is the adduct [Ni(NHC)PR3] and indole. 

In all adducts A, A’, B, C, D and D’ in Figure 6-2 the interaction 
between the metal atom and the substrate takes place through the 
C-C double bond of the five-member ring. Analysis of the fragment 
molecular orbitals (FMO) concluded that the Ni(0)/substrate 
bonding is built up through classical π back-bonding mechanism, 
i.e. by mixing a filled d metal orbital with the empty π antibonding 
in the substrate. It is worth mentioning that several other 
coordination modes were found. For example, the heteroatom O or 
N can directly interact with the metal in different ways. Although 
such species were characterised as true minima in the potential 
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energy surface, they were found to be less stable than those in 
Figure 6-2. 

 

Figure 6-2. Molecular models and interaction Gibbs energies with respect to 
[Ni(NHC)PR3]. A is [Ni(NHC)] and benzofuran. A’ [Ni(NHC)PR3] and benzofuran. 
B is the adduct formed by [Ni(NHCreal)] and benzofuran. C is the adduct formed 
by [Ni(NHCreal)] and indole. D is the adduct formed by [Ni(NHC)] and indole. D’ 
is the adduct formed by [Ni(NHC)PR3] and indole. 

 

Figure 6-2 depicts the relative Gibbs energies for the adducts 
with respect to [Ni(NHC)PR3] plus the substrate. The stabilisation 
for forming these bis-ligand catalyst adducts is large, more than 7 
kcal·mol-1 in both cases, and it slightly depends on the nature of 
the reactant, less stable for indole. However, the mono-ligand 
adducts seem not stable because the origin of energies now 
includes Ni(NHC)-PR3 bond. Actually the value for A, taking the 
zero with respect Ni(NHC) plus substrate, is as large as -25.8, -
29.8 for B and -27.7 kcal·mol-1 for C, which are practically as large 
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as the interaction energy between Ni(NHC) and the phosphine. It 
is worth to note that, for real carbene catalyst, we could not find 
the bis-ligand adducts because the phosphine decoordinates since 
steric crashings.  

Stabilising interactions between the ligand and the substrate in 
the adducts were analysed in terms of noncovalent interactions 
(NCI) theory as introduced by Yang and collaborators.49 In Figure 
6-3 several stabilising interactions between the ligand and the 
substrate, and within the ligand itself, are clearly visible as 
coloured isosurfaces. Areas in green/yellow indicate attractive 
interactions, while areas in orange/red indicate strong non-
bonded overlap. C-H/C-H interactions within the ligand appear as 
localised spots in green. There is a large overlap area between the 
substrate and the catalyst, shown as an orange area in Figure 6-3 
A, and indicating C-H/O interaction. This is because the hydrogen 
atoms of the isopropyl moieties in the ligand lie close to the 
aromatic ring in the substrate, thus creating a favourable C-H-π 
interaction. The increased interaction from A to B is made evident 
in Figure 6-3. Besides, the large red area indicates strong 
interaction of the oxygen atom in benzofuran with the ligand. In 
the case of benzopyrrole, C in Figure 6-3, the interaction is only 
slightly weaker, -27.7 kcal·mol-1.  

 

Figure 6-3. Noncovalent Interactions (NCI). Reduced density gradient 
isosurfaces (s=0.5) coloured according to the value of the second eigenvalue of 
the Hessian of the electron density for B and C adducts. The colour scale 
indicates lamda2 values from -0.05 (red) to 0.2 (blue). 
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Since all adducts that we studied presented very high 
stabilisation energies, we also wondered whether some sort of 
overstabilisation could be caused by the basis set superposition 
error (BSSE). The BSSE were computed following the counterpoise 
method for species A and B in Figure 6-2. For both A and B 
adducts, the BSSEs are 6.1 and 6.2 kcal·mol-1, respectively. It is 
worth pointing out that the BSSE correction is significant, and it 
affects both systems almost equally. 

6.3.2. C-O OXIDATIVE ADDITION  
The next step in the mechanism is the oxidative addition 

reaction. As we mentioned before, the oxidative addition consists 
in the insertion of the Ni(0) catalyst into the C-O bond of the 
substrate benzofuran. The metal atom is formally oxidised to Ni(II) 
in the process. As in the previous section, we considered two 
ligands: a model of the experimental ligand and the real ligand 
used in the experiments by Yorimitsu and co-workers. Besides, we 
likewise considered two substrates, namely benzofuran and 
indole. Note that the oxidative addition reaction could yield two 
possible products: one having the oxygen atom of the substrate 
trans to the ligand, and the other one having the carbon atom of 
the substrate trans to the ligand, which is 15 kcal.mol-1 less stable 
than the former. Therefore, we evaluated the reaction path towards 
the most stable product. 

All the transition state structures (TSs) for the oxidative 
addition reaction were successfully characterised. TS1A 
corresponds to the transition state of the reaction between the 
mono-model ligand catalyst and benzofuran; TS1A’ corresponds 
to the transition state of the reaction between the bis-model ligand 
catalyst and benzofuran; TS1B is the TS of the oxidative addition 
of the real ligand catalyst and benzofuran; and TS1C corresponds 
to the TS of real ligand catalyst and indole; TS1D corresponds to 
the transition state of the reaction between the mono-model ligand 
catalyst and indole; TS1D’ corresponds to the transition state of 
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the reaction between the bis-model ligand catalyst and 
benzofuran.  

 

 

Figure 6-4. Geometries of TSs and products for the oxidative addition step. 
A is [Ni(NHC)] and benzofuran. A’ [Ni(NHC)PR3] and benzofuran. B is the adduct 
formed by [Ni(NHCreal)] and benzofuran. C is the adduct formed by [Ni(NHCreal)] 
and indole. D is the adduct formed by [Ni(NHC)] and indole. D’ is the adduct 
formed by [Ni(NHC)PR3] and indole. Bond angles in orange, dihedral angles in 
purple and bond distances in black, and in Å. 
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Some geometrical parameters are collected in Figure 6-4. For each 
structure in Figure 6-4, the C-Ni-O angle and the length of the C-
O breaking-bond are indicated in each case. In this section we only 
centred in TS1A, TS1B and TS1C because the corresponding 
structures to TS1A’ and TS1D’ with the real ligand would not form 
because steric reasons. 

The geometries of the three transition states look very similar. 
All four structures form a three-centre C-Ni-X ring (X=O for TS1A, 
TS1B, and X=N for TS1C). The C-Ni-X angle of this triangle shows 
few changes when compared to the four geometries and the C-Ni-
O angles in TS1A and TS1B are almost the same. TS1C shows 
some wider angles, so the kind of the substrate affects the 
geometry of the oxidative addition TS. The C-O bond distances for 
TS1A, TS1B, and the C-N bond distance for TS1C are represented 
in Figure 6-4, in which we clearly see that the C-O and C-N 
distances increase as the angle C-Ni-X increases. 

We also characterised the products of the oxidative addition 
reaction. Figure 6-4 shows the geometry of these products. A1 
represents the product obtained from the model ligand catalyst 
and benzofuran oxidative addition; B1 is the product of the 
reaction of real ligand catalyst and the benzofuran; and C1 
corresponds to the product of the oxidative addition of real ligand 
catalyst and indole. These products are the result of the insertion 
of the Ni atom into the C-X bond (X=Oxygen for A and B; 
X=Nitrogen for C). Therefore, the 5-membered ring of benzofuran 
and indole evolves to a six-membered ring, where the new member 
is the nickel atom. 

The Ni-C and Ni-O/Ni-N bond distances of the products are 
represented in Figure 6-4. The Ni-C bond distance has roughly the 
same value for products A1, B1 and C1. Regarding the Ni-O bond 
distance, products A1 and B1 products have the same bond 
distance. 

We have likewise described the N-C-Ni-C dihedral angle of 
products A1, B1 and C1. These dihedral angles allow us to 
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visualise the relative position of the catalyst with respect to the 
substrate. This angle measures the angle between the N-
heterocyclic carbene ring and the metallacycle just formed. The 
dihedral angle of A1 is 74.4º, which indicates that the ligand in 
the catalyst adopts an almost perpendicular orientation with 
respect to the substrate. The dihedral angle is smaller for the B1 
products, which indicates that the catalyst tends to be on the same 
plane as the substrate. For this B1 substrate, the interaction 
between the heterocyclic oxygen atom and the p system of a phenyl 
in the ligand catalyst favours the structure. Finally, this dihedral 
angle is practically zero for the C1 product, which means that the 
carbene moiety in the catalyst is almost on the same plane than 
the substrate. Here, the H/p interaction between the N-H bond 
and C-H bonds from the benzofuran and the p systems of the 
phenyls of the catalyst gives C1 its characteristic structure, Figure 
6-4.  

 

 

Figure 6-5. Relative Gibbs energies of Previous Coordination and Oxidative 
addition for different ligand catalysts and different substrates. Dark purple: 
model ligand catalyst and benzofuran; light purple: real ligand catalyst and 
benzofuran; green olive: real ligand catalyst and indole. All values are in 
kcal·mol-1. 
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With these characterised TSs and products energies, we 
constructed the reaction energy profile (REP) in Figure 6-5,  which 
shows that the activation barriers for the oxidative addition, taking 
as zero the catalyst [Ni(NHC)PR3] plus the substrate,  are 23.0 
kcal·mol-1 for A, 24.2 for B and 32.3 for C. The products of this 
oxidative addition reaction are very stable. The oxidative addition 
of benzofuran, both in the model and in the real catalyst, gives 
products with an energy of about 10 kcal·mol-1 below the reactants 
(light and dark purple lines in Figure 6-5) and are much more 
stable than the corresponding adducts. However, it is worth 
stressing that the product for indole oxidative addition is less 
stable than its corresponding adduct (green olive line in          
Figure 6-5). Regarding the adducts [Ni(NHC)PR3] (A’ and D’), we 
can observe in Figure 6-5 that the oxidative addition barrier for 
this species is higher than that for the adducts with [Ni(NHC)], 
with barriers of 33.2 kcal·mol-1 for A’ and 33.1kcal·mol-1 for D’, 
respectively. Although the free energy of TS1A’ is the lowest of all 
the TSs found (19.9 kcal·mol-1), the barrier from the corresponding 
adducts is the highest. These results suggest that the oxidative 
addition is easier if it takes place from adducts [Ni(NHC)] rather 
than from adducts [Ni(NHC)PR3]. 

 

Figure 6-6. Gibbs energy reaction energy profile of the oxidative addition of 
benzofuran to the model ligand Ni(0) complex with different DFT methods: 
B3LYP-D3 in blue, M06-2X in yellow and ωB97XD in magenta. All values are 
in kcal·mol-1. 
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At this point, we wanted to check the accuracy of some DFT 
functionals when describing the geometries and energies of these 
systems. We chose a meta-hybrid functional such as M06-2X and 
the range-separated ωB97XD. In Figure 6-6 we collect the results 
at the M06-2X and ωB97XD80 levels, together with the results 
obtained at the B3LYP-D3 level for the model ligand and 
benzofuran system. Whereas the M06-2X and wB97XD methods 
almost match the value, B3LYP-D3 over stabilises the adduct. This 
is due to the different treatment of the empirical dispersion 
corrections in the Grimme’s D3 method, which seems that 
exaggerates the strength of the non-bonding stabilising 
interactions, thus giving lower energies for the pre-adduct. 
However, for the TS and the product of the oxidative addition, the 
three DFT methods provide a fully equivalent response. For this 
reason, we decided to continue using the B3LYP-D3 DFT method 
to study the subsequent steps. Also, the tinny differences between 
the model ligand and the real one justified choosing the smallest 
system to study the next steps. 

6.3.3. BORYL TRANSFER 
In the classical cross-coupling reaction mechanism, the 

transmetalation normally occurs after the oxidative addition step. 
However, in the present case, such transformation was not 
possible because there is no actual leaving group in the substrate. 
The two components of the C-O bond, which is broken during the 
oxidative addition, will be present in the product, therefore they 
do not need to be removed from the coordination sphere. We thus 
considered the possibility that the boryl moiety, assisted by 
Cs2CO3, could be directly added to the nickel(II) complex. 

As mentioned in the above, the need for Cs2CO3, CsF or other 
bases as crucial additives in the reaction (Figure 6-1) suggests that 
this salt could somehow participate in the reaction mechanism 
and could even play a key role in the reaction, probably modifying 
the classical cross-coupling reaction mechanism.  
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In previous studies by our group, we found that Lewis bases 
can activate the B-B bond in diboranes by forming a Lewis base-
diboron adduct.74 This adduct is best described as a B(sp2)-B(sp3) 
species the B-B bond of which is longer than in the isolated 
diboron species. The boron directly linked to the Lewis base atom 
becomes positively charged while the second boron atom becomes 
negatively charged, thus acquiring boryl character. This activation 
enables the direct transfer of the boryl unit to unsaturated 
substrates in a metal-free manner.74 

Moreover, Marder and coworkers have made the X-ray 
characterisation of such sort of adducts possible only very 
recently.78 They characterised the adduct formation by the 
reaction of B2(pin)2 and the KOtBu salt. Marder and his team found 
that K[B2pin2OtBu] forms a solid of infinite chains in parallel. 
Moreover, they found out that the potassium atoms interact with 
all the five oxygens in the [B2pin2OtBu]- adduct in the solid state. 
The X-ray geometry for the [B2pin2OtBu]- adduct anion shows that 
the B(sp3) atom is tetrahedral, whereas the B(sp2) keeps its planar 
coordination geometry. It is worth noting that these geometrical 
features fit perfectly with the DFT structures computed previously 
by our group.74 Marder studied likewise the adduct formed by the 
interaction between B2(pin)2 and Me4NF. The anion of this fluoride 
adduct ([B2(pin)2F]-) presents similar geometrical features to the 
alkoxy adduct ([B2(pin)2OtBu]-) indeed. 

All this suggests that caesium carbonate, Cs2CO3, could 
somehow participate in the reaction probably by activating the 
diborane and forming an adduct similar to those just mentioned. 
Actually, we could characterise such adduct, which is shown in 
Figure 6-7 together with the diboron compound and some 
geometrical parameters.  

In the isolated diboron compound, the B-B bond distance is 
1.70 Å, whereas this distance becomes larger (1.74 Å) after the 
adduct is formed. The two boron atoms have a pseudo-tetrahedral 
shape because each boron atom is bonded to an oxygen of the 
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carbonate. The dihedral angle O-B-B-O becomes bigger after the 
adduct formation. Whereas, this dihedral is -39.0º for B2(pin)2, it 
decreases to -0.2º in the adduct. Likewise, Marder reported some 
alkoxy adducts,78 the geometry of the adduct in Figure 7 shows 
caesium atoms coordinated to four oxygens, one on each side of 
the adduct. 

 

 

Figure 6-7.  Diboron (B2(pin)2) and two views of the Cs2[B2(pin)2CO3] adduct. 
B-B bond distances are in Å and in black. O-B-B-O dihedral angles are in 
degrees and in purple. 

 

The Gibbs energy for the formation of the adduct, just 
computed without any additional entropic correction, is rather 
large, as much as -44.7 kcal·mol-1. Although the negative value 
indicates that the adduct is much more stable than the salt and 
the diboron, the value is too large so we suspect that it is 
overestimated.100 Note that the formation of this kind of adduct 
could help overcoming the low solubility of the caesium carbonate 
or CsF base. We will consider the diboron/base adduct as an 
initial reactant. 

Then, the diboron/base reacts with the oxidative addition 
product just described. A boryl moiety from the diboron-carbonate 
adduct is transferred to the nickel atom (Figure 6-8). We have 
characterised the transition state and the products obtained when 
we considered both caesium cations in the molecular structures 
explicitly. It is worth mentioning that the two cations present in 
the adduct provide additional stability to the transition state for 
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this boryl group transfer, which could not be characterised 
otherwise. Moreover, when Mori et al.11 studied the nickel-
catalysed cross-coupling of methoxyarenes with arylboronic esters 
via C−O bond cleavage, both Cs+ and F- ions were included 
explicitly. 

 

 

Figure 6-8. Scheme and two views of the TS molecular model of the boryl 
transfer path, its relative Gibbs energy. Bond distances shown in black and in 
Å. 

 

The transition state for this boryl transfer consists in the 
breaking of the B-B bond and the formation of the new Ni-B bond. 
Two views of the molecular model of this transition state are 
represented in Figure 6-8. This model shows that one of the 
caesium cations is bonded to the oxygen of the product A1 with a 
bond distance of 3.22Å. Besides, one oxygen atom of the boryl 
moiety presents bonding interaction with the nickel atom at 2.09Å. 
That gives stability to this transition state. The B-B distance in 
this TS is 2.66Å. 
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Figure 6-9. Selected geometrical parameters (in Å) and Gibbs energy of the 
two isomers of the transmetalation product A2 and A4, a subproduct A3. 

 

Figure 6-9 shows the molecular models of the two products that 
this reaction step produces. In the principal product A2 in Figure 
6-9, the boron is bonded to the nickel atom at 2.00Å bond 
distance. The caesium keeps interacting with the oxygen atom of 
benzofuran, as in the transition state TS2A with a bond distance 
similar to TS2A, and with the oxygen atom of the substrate. The 
subproduct formed during this step is the caesium boron-
carbonate A3 (Figure 6-9), in which the non-transferred boron 
unit is best described as a boronium unit, which plays the role of 
the second counter-ion neutralising the carbonate –2 charge. 

Without taking into account any further correction the 
activation energy of this step is 27.1 kcal·mol-1, which indicates 
that the transmetalation/boryl transfer step is rate determining. 
The products of this step are as stable as the sum of reactants A1 
and the carbonate/base adduct with an energy of -13.3kcal·mol-1. 

6.3.4. REDUCTIVE INSERTION 
After the boryl transfer step, the next transformation towards 

the desired product is the migration or insertion of the boron unit, 
which can take place either into the Ni-O bond or into the Ni-C 
bond. We will discuss below why this step is named reductive 
insertion. Firstly, note that the geometry of A2 in Figure 6-9 , in 
which the boron and oxygen moieties lie in cis disposition, has the 
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right conformation for the boron insertion into the Ni-O bond to 
take place. According to such disposition, the boron cannot 
migrate into the Ni-C bond since B and C atoms lie in trans 
disposition. However, A2 could experience an isomerisation 
process, so by exchanging the positions of the boryl and the 
carbene ligand, for instance, the B and C atoms would adopt the 
cis disposition thus enabling the boron migration into the Ni-C 
bond. As well as A2 we characterised its isomer A4 and are both 
shown in Figure 6-9. 

The Ni-B distance in A2 (2.00Å) the isomer obtained after the 
boryl transfer, is longer than that in its isomer A4 (1.89Å). The 
opposite occurs for the Ni-O bond distance. The strong sigma-
donor character of the boryl ligand101 lengthens the metal-ligand 
bond distance of the ligand trans to the boryl. The Ni-C bond 
distance in A2 (1.95Å), where the boryl ligand is in trans, is larger 
than the Ni-C bond in A4 (1.91Å), where the carbene ligand is in 
trans position. The same happens with Ni-O bond distances, 
which are shorter in A2 (1.92Å) than in A4 (1.99Å), because in A2 
the Ni-O bond has the carbene ligand in trans, whereas in A4 the 
boryl is in trans position with respect to the O-Ni bond. 

Another difference between the two isomers is the coordination 
of the Cs+ counterion. Whereas in A2 the counter-ion interacts 
with the oxygen atom of benzofuran and an oxygen of the boron 
ester, in A4 the caesium interacts with the p-system of the 
benzofuran double bond and its oxygen.  

The relative Gibbs energy of the two isomers indicates that A4 
is slightly more stable by 5 kcal·mol-1. This larger stability is not 
caused by different interactions with the caesium ion. In an earlier 
stage of this study, by considering a simpler model for the boron 
unit and without including in the model the caesium cation, the 
equivalent isomer A4 was found to be 7 kcal·mol-1 more stable than 
the corresponding A2. Also, using such simpler model, a pseudo-
tetrahedral structure was revealed as the transition state 
connecting both isomers. The barrier for this isomerisation is 23 
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kcal·mol-1. However, taking into account the real ligand and boron 
species, we could not locate such transition state for the A2-A4 
isomerisation process. Note that A4 could be formed in the case 
that the oxidative addition step had not produced A1 but its 
isomer, in which the C atom of the substrate would lie trans to the 
ligand. As we mentioned above, such alternative oxidative addition 
product is 15 kcal.mol-1 less stable than A1. 

In this step the boron unit migrates into the Ni-O bond starting 
from A2, whereas the isomer A4 drives the migration towards Ni-
C bond. Although the pathway through A4 seems not reachable, 
the two possible transition states and the corresponding products 
of this step were fully characterised and are shown in Figure 10. 
Both two TSs present a triangular arrangement of the three atoms 
involved, namely Ni, B and O or C. In TS3A2, the triangular 
structure defines the formation of the new B-O bond, whereas 
TS3A4 promotes the B-C bond formation. 

 

 

Figure 6-10. Molecular models for the B-O (left) and B-C (right) bond 
formation TSs and products, and selected interatomic distances in Å. 

 

Figure 6-10 shows the two TSs and the two products and some 
relevant bond distances. A2-1 is the product obtained after the B-
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O reaction through TS3A2, whereas A4-1 is the product of the B-
C bond formation by the way of TS3A4. There are big differences 
regarding the geometry of these two products. A2-1 forms a 7-
member ring, which brings the B and C atoms in close distance, 
and ready to follow up the next and final step, the B-C bond 
formation. Note also that the caesium atom keeps interacting with 
both oxygen atoms of the substrate and the borane unit. However, 
in A4-1 the ring is open and the expected Ni-B bond could not be 
formed. The geometry of this intermediate shows the borane unit 
in a coplanar arrangement with the C-C double bond, which in 
fact is acting as the ligand to nickel. The caesium cation keeps still 
interacting with the two oxygens (O in the substrate and one O 
atom in the borane unit), but displaces the O and B atoms very far 
away in such a way that it prevents the reaction to continue.  

 

Table 8. NPA (Natural Population Analysis) and MPA (Mulliken Population 
Analysis) atomic charges for Ni, B, O and C atoms, and NCE (Natural Electron 
Configuration) for Ni in some intermediates. 

 

The free energies of these intermediates and TSs reveal that the 
boron insertion into the cycle could proceed with low barriers, 13.8 
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kcal·mol-1 to form the B-O bond (TS3A2) and 9.6 kcal·mol-1 to form 
the B-C bond (TS3A4). Although the reaction path through the A4 
isomer has a lower barrier and the product A4-1 is also quite 
stable (-27.1 kcal·mol-1), this reaction path does not drive the 
reaction any further. 

As we mentioned above, we refer to this reaction step as 
reductive insertion upon the analysis of the evolution of the 
electron distribution. Table 8 collects the NPA and MPA atomic 
charges for the main Ni, B, C and O atoms. The oxidative addition 
step (Reactants to A1) brings electron density from the Ni(0) atom 
to both the C and O atoms of the substrate. NBO analysis (see 
Supporting Information) indicates that the nickel atom in A1 lost 
one lone pair, that the oxygen holds three lone pairs, and that the 
Ni-C bond is occupied by1.89e and slightly polarized towards the 
C atom (40%Ni/60%C). In the boryl transfer step (A1 to A2), a new 
Ni-B bond is formed with 1.77e in the NBO bonding orbital and 
0.44 in the anti-bonding, slightly polarized towards B (40%Ni / 
60%B). This addition strongly affects the Ni-C bond trans to the 
new Ni-B bond, being the C atom the one that increases its 
negative charge the most. The Ni-C NBO bond is actually broken 
and its place we found a lone pair on C 1.56e. The negative charge 
on the boryl fragment is thus strongly delocalized through the Ni 
to the C atom. It is precisely during the present step (A2 to A2-1) 
when the boryl unit loses out an important amount of electron 
density, by evolving to a boronium species which is tetrahedrically 
bonded to three O atoms and to nickel. Electron density is 
transferred to Ni, and the Ni-B bond (1.79e bonding, 0.22 
antibonding 69%Ni / 31% C) has opposite polarization than in A2. 
Importantly, the Ni-C bond is now more polarized towards the C 
atom, with an important anti-bonding population, which triggers 
the next transformation. Although the number of NBO lone pairs 
on the Ni atom is still 4, the electron density on the Ni has clearly 
increased, therefore we named this step reductive insertion. Note 
in Table 1 the natural electron configuration (NEC) of the Ni atom, 
which suggests the reduction of Ni(II) to N(0) in two steps. 
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6.3.5. RING-CONTRACTING NUCLEOPHILIC 

ATTACK 
Once the reductive insertion of the boron unit is completed, the 

last step in a classical mechanism would be the reductive 
elimination to form the C-B bond. Instead we refer to this 
transformation as a ring-contracting nucleophilic attack of the C 
atom over the B center. Taking into account that the nickel atom 
is already partly reduced, that the B atom is positively charged 
and the C atom is negatively charged, we consider that this 
transformation is better understood as a nucleophilic attack of the 
C atom over the B center rather than a classical reductive 
elimination. The reaction between the boron and the carbon atoms 
will close the cycle to form the final 6-member ring. We 
characterised both the TS and the product of this step. Figure 6-11 
illustrates the molecular structures of the B-C transition state 
(TS4A2) and the product A5. Actually, A5 is not the final product 
of the global reaction, but the product plus the catalyst, in which 
the p-system of the C-C double bond in the product remains 
coordinated with the nickel catalyst. 

 

 

Figure 6-11. Molecular models for TS4-A2 and A5 product 
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Figure 6-12. Reaction Gibbs energy profile for the whole transformation. All 
values in kcal·mol-1. 

 

Finally, Figure 6-12 shows the Gibbs energy profile for the 
whole transformation. The barrier to reach the last transition state 
TS4A2 from A2-1 is very low, and the product is more stable than 
the initial reactants by 16.9 kcal·mol-1. The last step of the reaction 
is thus the decoordination of the product for recovering the 
catalyst which is an barrierless process with a product 35 
kcal·mol-1 more stable than the reactants. 

 CONCLUSIONS 
We have carried out a computational study on the mechanism 

of the boron insertion reaction into the C-O bond of benzofuran.18 
The results obtained have led us to propose that this reaction 
follows a modified cross-coupling reaction mechanism which 
consists of finally six steps. The first step is the formation a 
catalyst/substrate adduct, in which a number of C-H/p 
interactions between methyl groups in the catalyst and the 
substrate aromatic ring develop in addition to the metal-alkene 
bonding. Non-bonded interactions were characterised by means of 
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NCI maps. The Lewis base Cs2CO3 plays the role of B-B bond 
activator by forming a very stable diboron-carbonate adduct, 
where the two boron atoms present a pseudo-tetrahedral shape 

Once the two initial adducts have been characterised, the next 
step is the oxidative addition. This path works with the insertion 
of the nickel catalyst into the C-O bond. The activation energy of 
this step is about 23 kcal·mol-1. The performance of different DFT 
methods, namely, B3LYP-D3, M06-2X and ωB97XD functionals, 
in describing this reaction step has been investigated. We found 
that the M06-2X and ωB97XD functionals give less stable pre-
adducts. However, for the rest of the species studied, for both 
intermediates and transition states, the three methods gave very 
similar energies. 

In the classical cross-coupling reaction, transmetalation is the 
next step after the oxidative addition step. However, in the present 
case, there is no actual leaving group available. Therefore, we 
propose that a simple boryl transfer occurs. This addition consists 
in the reaction between the boron-carbonate adduct and the 
product of the oxidative addition. This step produces two products: 
the Ni-benzofuran with a boryl ligand on the nickel and the 
subproduct CsBpinCO3. In the next step, the boron group 
migrates into the cycle after the boryl transfer via partial Ni(II) 
reduction. Our study shows that the formation of the B-C bond is 
slightly more favourable than the B-O bond. However, the path for 
migrating boron into the B-C bond would be not operative since, 
firstly, the stereochemistry of the intermediate that is formed 
directly after the oxidative addition is not correct, and secondly, if 
the B-C bond forms first, then the nucleophilic attack of C to B 
centre is unlikely to take place. Therefore, the boron gets inserted 
into the Ni-O bond, and the subsequent nucleophilic attack occurs 
with a low barrier that drives the reaction to the final product. 

Regarding other substrates with C-N bonds, for instance indole, 
we have studied the oxidative addition step only. Indole would be 
more difficult to activate than benzofuran since the computed 
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energy barrier is larger, but still viable. The product of the 
oxidative addition, featuring such C-Ni-N metallacycle motif, is 
more stable than the corresponding isolated reactants, and is 
almost isoenergetic with the catalyst-substrate adduct at the 
present level of theory. Taking into account that the substrate is 
not directly involved in the boryl transfer step, and that the 
barriers for the boron insertion and reductive elimination steps are 
relatively low, the present study suggests that the borylation of 
indole via C-N bond cleavage should be possible. 
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“I am among those who think 
that science has great beauty.” 
Marie Skłodowska-Curie 

CHAPTER 7 

7. CONCLUSIONS 
This Thesis talk about the computational study of aryl halide 

borylations with nickel catalysts. In the recent, years scientists 
have been studied how break the C-F, C-O bonds and similar for 
the substitution by a boryl that is better leaving group than F or 
O. For this reason, we decide to realize a computational study to 
shedding light theses process and if they have some key steps in 
common. 

Below we summarize the most relevant conclusions for each 
chapter of this Thesis. A more detailed description can be found 
in the last section of each chapter. 
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 CHAPTER 4: NI ARYL HALIDE 
BORYLATION 

At the Chapter 4 we have treated the study of the aryl borylation 
assisted by nickel catalyst studied experimentally by Ruben 
Martin94. In a first glance, we thought, as Martin group, that the 
reaction could follow a classic cross-coupling mechanism. 
However, the presence of the sodium phenolate changes the 
classic mechanism introducing a new participant. Additionally, 
the classical mechanism could be modified by the 
dephosphination considering the lability of the phosphine ligand. 

The Martin reaction follows a Cross-coupling mechanism 
except for the formation of Bsp3-Bsp2 adduct and the presence of 
mono-phosphines intermediates that modify the transmetallation 
step that is more reachable than if it happens as a classical way. 
In this reaction, the participation of the sodium phenolate is 
essential for the activation of the diboron agent forming the 
mentioned Bsp3-Bsp2 adduct. The reaction starts with the 
oxidative addition path with the bis-phosphine catalyst. The next 
favourable step is the isomerization of the mono-phosphine 
compounds. Then, there is a dephosphination and then the 
isomerization. The following favourable step is the formation of the 
transmetalation pre-adduct formed by the interaction of the mono-
isomerization product and the phenolate-diboron adduct. Then, 
the transmetalation step happens with the reaction between the 
diboron-phenolate adduct and the mono-phosphine intermediate. 
At this time, we obtain the first product of this reaction and the 
second intermediate composed by the boryl instead of the fluoride. 
As in the Cross-coupling mechanism the follow step is the 
reductive elimination but without previous isomerization. The 
reductive elimination takes place from the trans-intermediate 
giving the desired product and recovering the catalyst as in any 
catalytic cycle. 

The participation of the salt sodium phenolate is key for the 
activation of the B-B bond of the diboron agent. Likewise, the role 
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of the catalyst is activate de C-F bond, that is the strongest single 
bond in the nature as we mentioned at the Introduction. 

 

 CHAPTER 5: KINETIC STUDY NI 

ARYL BORYLATION 
In the Chapter 5, we presented the microkinetic study of the 

borylation of aryl halides reaction which we determined its 
mechanism in the Chapter 4.  

We started the study taking the results of the most favourable 
mechanism of the DFT study of Martin reaction14. The results 
obtained were not satisfactory and allow us to consider some 
aspects that affect directly to the reaction rate. We contemplated 
to consider the diffusion effects for the faster or barrierless bi-
molecular reactions. The results obtained considering the 
diffusion effects are satisfactory. However, we consider other 
options that can affect at the system rate. We studied, also, the 
competitive reactions that occurs in parallel to the most favourable 
mechanism.  

We thought that the other possible mechanisms could be 
competitive reaction. We considered separately the different 
alternative process, and we found that the process that change the 
rate reaction is the cis/trans isomerization of the intermediates. 
Considering these reactions, the results are in agree with Martin 
reaction results.  

Moreover, we explored how the phosphine and sodium 
phenolate initial concentrations affect to the rate reaction. We 
obtained interesting results, because we have seen that if we 
decrease the phosphine initial concentration linearly, the rate 
reaction increases potentially. This change of concentration affects 
directly to the catalyst formation elemental step, as higher amount 
of phosphine more catalyst is formed. However, when we make the 
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same study for the sodium phenolate initial concentration the 
results showed no modifications in the rate concentration if we 
decrease the initial amount of sodium phenolate until its amount 
is lower than the limitant reactant. We thought that the reason 
that the phenolate is in excess is to avoid the low solubility in the 
solvent. 

This kinetic study allowed us to understand better how can 
affect the different factors to the Martin reaction94. Kinetic analysis 
cannot substitute the DFT study because we need it for the rate 
constant calculation. However, microkinetic analysis affords 
additional information of the system. 

 

 CHAPTER 6: NI/CU ARYL 

BORYLATION 
At Chapter 6, we have carried out the computational study of 

the Hosoya’s reaction15 which consist, as Martin’s reaction14, of 
the borylation of an aryl fluoride with Nickel catalyst. The 
computational study will shed in light on this reaction that, unlike 
Martin’s reaction, have the presence of CsF that have the role of 
sodium phenolate in Chapter 4 and the presence of CuI, which we 
do not know haw role will play.  

The computational analysis shows that this reaction happens 
as a modifies Cross-coupling mechanism with five steps. As in 
Chapter 4, the reaction starts as a classical Cross-coupling 
reaction, with the oxidative addition. At this step, the catalyst 
reacts with the aryl breaking the C-F bond. The only difference 
with Martin’s reaction is the solvent, we have not observed evident 
differences between the use of toluene or THF in the oxidative 
addition. The following step that we have studied is the 
isomerization, where the plane-square product from the Oxidative 
Addition passes from cis conformation to trans.  
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The next step is the key step in the reaction because show the 
role that plays the copper iodine in the reaction. The copper in the 
presence of CsF forms the salt Cs[CuIF] and this salt reacts with 
the diborane compound forming the corresponding Bsp3-Bsp2 
adduct. This adduct makes an intramolecular reaction and breaks 
the B-B bond and we obtain a product that have the copper linked 
to a boryl, and FBpin. The Cu-Bpin with the product of the 
isomerization forms the pre-adduct for the transmetalation step. 
The intramolecular reaction of this adduct we achieve the 
transmetalation with the exchange of the fluorine the boryl giving 
a stable post-adduct. We have characterized the pre-adduct, post-
adduct and the TS because they are new compounds in the 
organometallic chemistry and know more about its bond 
connections. Finally, the last step is the reductive elimination, 
where we obtain the desired product and we recover the catalyst. 

Moreover, at this chapter, we evaluate a second Hosoya's 
reaction of 2017, where they reproduce the reaction without nickel 
catalyst. As an explanation of this, they propose a mechanism with 
a SET. We prove this computational and we found that this 
mechanism is far to be possible. After the computational analysis, 
we found that the reaction could happen by the formation of a CuI 
compound after the break of B-B bond. This compound reacts with 
the aryl halide and gives the desired product.  

Chapter 7 reaffirms the need of a salt for the activation of B-B 
bond. Moreover, the participation of copper could act as a co-
catalyst with nickel making the reaction reachable. Additionally, 
we have demonstrated that with the participation of copper the 
nickel is not needed. 
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 CHAPTER 7: C-O BENZOFURAN 
BORON INSERTION  

At Chapter 7, we have carried out a computational study on the 
mechanism of the boron insertion reaction into the C-O bond of 
benzofuran, a reaction that was introduced by Yorimitsu and 
coworkers.18 The results obtained have led us to propose that this 
reaction follows a modified cross-coupling reaction mechanism 
which consists of seven steps. The first step is the formation of a 
diboron/carbonate adduct. The Lewis base plays the role of B-B 
bond activator by forming a very stable diboron-carbonate adduct, 
where the two boron atoms present a pseudo-tetrahedral shape. 
Before the oxidative addition step takes place, the catalyst and the 
substrate form an especially stable species, in which a number of 
C-H-π interactions between methyl groups in the catalyst and the 
substrate aromatic ring develop in addition to the metal-alkene 
bonding. Non-bonded interactions were characterised by means of 
NCI maps. 

Once the two initial adducts have been characterised, the next 
step is the oxidative addition. This path works with the insertion 
of the nickel catalyst into the C-O bond. The activation energy of 
this step is about 23 kcal·mol-1. The performance of different DFT 
methods, namely, B3LYP-D3, M06-2X and ωB97XD functionals, 
in describing this reaction state has been investigated. We found 
that the M06-2X and ωB97XD functionals give less stable pre-
adducts. However, for the rest of the species studied, for both 
intermediates and transition states, the three methods gave very 
similar energies. 

In the classical cross-coupling reaction, transmetalation is the 
next step after the oxidative addition step. However, in the present 
case, there is no leaving group available. Therefore, we propose 
that a direct boryl addition occurs. This addition consists in the 
reaction between the borane-carbonate adduct and the product of 
the oxidative addition. This step produces two products: the Ni-
benzofuran with a boryl ligand on the nickel and the subproduct 
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CsBpinCO3. In the next step, the boron atom is inserted into the 
cycle after the boryl addition. Our study shows that the formation 
of the B-C bond is slightly more favourable than the B-O bond. 
However, the path for inserting boron into the B-C bond would be 
not operative since, firstly, the stereochemistry of the intermediate 
that is formed directly after the oxidative addition is not correct, 
and secondly, if the B-C bond forms first, then the reductive 
elimination does not take place. Therefore, the boron gets inserted 
into the B-O bond, and the subsequent reactive elimination occurs 
with a low barrier that drives the reaction to the final product. 

Regarding other substrates with C-N bonds, for instance 
benzopirrole, we have studied the reactive addition step only. 
Benzopirrole would be more difficult to activate than benzofurane 
since the computed energy barrier is larger, but still viable. The 
product of the oxidative addition, featuring such C-Ni-N 
metalacycle motif, is more stable than the corresponding isolated 
reactants, and is almost isoenergetic with the catalyst-substrate 
adduct at the present level of theory. Taking into account that the 
substrate is not directly involved in the boryl addition step, and 
that the barriers for the boron insertion and reductive elimination 
steps are relatively low, the present study suggests that the 
borylation of benzopyrrole via C-N bond cleavage should be 
possible. 
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