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STRESZCZENIE

Niniejsza praca doktorska jest wynikiem badan nad mechanizmami wybranych
reakcji hydrosililowania 1 hydrogermylowania alkenow oraz hydroborowania
zwigzkoéw karbonylowych, katalizowanych lub inicjowanych przez proste zwiazki
chemiczne niezawierajagce metali przejsciowych. Mechanizmy te badane byty
metodami obliczeniowymi chemii kwantowej, przede wszystkim — cho¢ nie wytacznie
— metodami bazujagcymi na teorii funkcjonatu gestosci (DFT), w szczegolnoS$ci

hybrydowym funkcjonatlem M06-2X. Sktada si¢ ona z czterech artykutow.

W  pierwszym artykule przedstawiono wyniki badan DFT reakcji
hydrosililowania wigzan Cc=C katalizowanych trietyloborowodorkami.
Zaproponowano szczego6towy mechanizm i profil energetyczny dla reakcji styrenu z
fenylosilanem oraz opisano struktury geometryczne i elektroniczne punktow
stacjonarnych odpowiadajacych poszczegdlnym etapom reakcji. Zaproponowany
model zaaplikowano réwniez do szeregu innych alkendw i1 hydrosilandéw. Wyniki
obliczen kwantowochemicznych nie tylko dostarczajg spéjnego wyjasnienia wysokiej
regioselektywnosci katalizowanej przez NaHBEt3 reakcji hydrosililowania, ale takze
pozostaja w zgodnosci z eksperymentalnie otrzymanymi wydajnosciami w zalezno$ci
od uzytych substratoéw, co nie tylko dodatkowo wspiera przedstawiony mechanizm,
ale takze pozwala traktowaé zastosowang metodologi¢ jako narze¢dzie obliczeniowe

do przewidywania reaktywnosci w tego typu uktadach.

W drugim artykule badane byly reakcje winyloarenow z hydrodisiloksanami
w obecnos$ci trietyloborowodorku sodu. Nie wykryto oczekiwanych produktow
hydrosililowania, poniewaz trietyloborowodorku okazaty si¢ nie wykazywac
aktywnosci katalitycznej obserwowanej w poprzednich badaniach; zidentyfikowano
natomiast produkt formalnego sililowania dimetylosilanem, a trietyloborowodorku
zuzywane byly w ilosciach stechiometrycznych. W artykule szczegdélowo opisano
mechanizm reakcji z uwzglednieniem swobody konformacyjnej waznych produktow
posrednich oraz krzywizny dwuwymiarowych przekrojow hiperpowierzchni energii
potencjalnej. Zidentyfikowano prosty sposob przywrdcenia katalitycznego charakteru
przemiany 1 wyja$niono go w odniesieniu do jej mechanizmu. Przedstawiona reakcja

jest przyktadem zastosowania prostego zwigzku wolnego od metali przejsciowych w
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syntezie produktoéw sililowania, w ktorej latwopalne odczynniki gazowe zastapiono

wygodniejszym surogatem silanowym.

W trzecim artykule scharakteryzowano trialkiloborowodorki sodu jako
inicjatory selektywnego hydrogermylowania aromatycznych alkenow. Stwierdzono,
ze addycja fenylogermananu 1 difenylogermananu w obecnosci 10 mol% NaHB(sec-
Bu)s przebiega w sposob wysoce selektywny dajac — w przeciwienstwie do
analogicznego procesu hydrosililowania — produkty B-germylowania. Charakter tego
procesu zostal wyjasniony przy pomocy obliczen DFT; zaproponowano, ze
mechanizm przebiega poprzez trojpodstawiony anion germankowy, ktorego atak na

terminalny winylowy atom wegla jest przyczyng obserwowanej regioselektywnosci.

W ostatnim artykule przeanalizowano hydroborowanie zwigzkow
karbonylowych zarowno bez katalizatora, jak 1 z udzialem KF. Wyniki obliczen dla
kilku potencjalnych $ciezek reakcji zostaty zestawione z obliczeniami opartymi na
danych eksperymentalnych, co pozwolito ustali¢ wicloetapowe mechanizmy i profile
energetyczne dla reakcji pinakoloboranu z benzaldehydem i acetofenonem (w
obecnosci KF). Zastosowano pig¢ roznych poziomow teoretycznych w celu wybrania
najbardziej odpowiedniego i opracowania protokotu obliczeniowego do dalszych
badan. Po wybraniu najlepiej sprawdzajacych si¢ metod mozna bylo przystapi¢ do
badania ukladéw zlozonych z wigkszej liczby atoméw, co z kolei pozwolilo na
odkrycie wielu S$ciezek, tworzacych kilka nakladajacych si¢ na siebie cykli
katalitycznych. Mechanizm hydroborowania bez Kkatalizatora i rozpuszczalnika
roOwniez zostal przeanalizowany przez pryzmat opracowanej metodologii, co
doprowadzito do zupelnie nowego spojrzenia na Sciezki tej 1 podobnych reakcji, jako
ze wieloczgsteczkowa kaskada transferow wodorku jest bardziej energetycznie

preferowana niz czterocztonowy stan przejsciowy.
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ABSTRACT

The present PhD thesis is the result of research into the mechanisms of selected
hydrosilylation and hydrogermylation reactions of alkenes and hydroboration of
carbonyl compounds, catalysed or initiated by simple transition metal— free chemical
compounds. These mechanisms were investigated using quantum chemistry
computational methods, primarily — but not exclusively — methods based on density
functional theory (DFT), especially the hybrid M06-2X functional. It consists of four

articles.

The first article presents the results of a DFT study of triethylborohydride -
catalysed C=C bond hydrosilylation reactions. A detailed mechanism and energy
profile for the reaction of styrene with phenylsilane is proposed and geometric and
electronic structures of stationary points corresponding to each step are described. The
model proposed is also applied to a number of other alkenes and hydrosilanes. The
results of quantumchemical computations not only provide a consistent explanation
of the high regioselectivity of NaHBEts-catalysed hydrosilylation, but are also in good
agreement with the experimental yields depending on the substrates used, hence they
not only further support the mechanism presented, but also make a computational

toolkit for predicting reactivities.

In the second one, reactions of vinyl arenes with hydrodisiloxanes in the
presence of sodium triethylborohydride are studied. The expected hydrosilylation
products were not detected because triethylborohydrides did not exhibit catalytic
activity observed in previous studies; instead, the product of formal silylation with
dimethylsilane was identified, and triethylborohydride was consumed in
stoichiometric amounts. In the article, the mechanism of the reaction is described in
detail, with due consideration given to conformational freedom of important
intermediates and two-dimensional curvature of the potential energy hypersurface
cross sections. A simple way to reestablish the catalytic character of the
transformation was identified and explained with reference to its mechanism. The
reaction presented is an example of the application of a simple transition-metal-free
species in the synthesis of silylation products with flammable gaseous reagents

replaced by a more convenient silane surrogate.
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The third article presents sodium trialkylborohydrides as initiators of selective
hydrogermylation of aromatic alkenes. Addition of phenylgermane and
diphenylgermane in the presence of 10 mol% of NaHB(sec-Bu)s is found to proceed
in a highly selective manner to give — in contrast to the analogous hydrosilylation
process — B-germylated products. The nature of this process was explained with the
aid of DFT calculations and it was proposed that the mechanism proceeds via a
trisubstituted germanide anion whose attack on the terminal vinyl carbon is the source

of selectivity.

The last article examines both catalyst-free and KF-mediated hydroboration of
carbonyl compounds. The results of computations for several potential reaction
pathways are juxtaposed with experiment-based calculations, which leads to stepwise
mechanisms and energy profiles for the reactions of pinacolborane with benzaldehyde
and acetophenone (in the presence of KF). Five different levels of theory are employed
to select the most applicable theoretical approach and develop a computational
protocol for further research. Upon selection of the best-performing methods, larger
molecular systems are studied, which brings up multi-pathway, overlapping catalytic
cycles. The mechanism of solvent-free, catalyst-free hydroboration of aldehydes is
also revisited through the prism of the elaborated methodology, which leadsto a whole
new perspective on the pathways of this and similar reactions, with a multimolecular
cascade of hydride transfers being more energetically favoured than a four-membered

transition state.
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I. STATE OF THE ART

1.1. COMPUTATIONAL CHEMISTRY

Although the first calculations in the field of theoretical chemistry can be traced
back to 1926,1-4 computational chemistry in the strict sense, i.e. a branch of chemistry
that exploits the capabilities of computers to study a wide variety of chemical
questions, did not develop until the 1950s, following the advent and widespread use
of modern electronic computers. The systematic increase in computing power that has
continued since then has contributed to a steady improvement in the accuracy with
which a given system can be studied and in the size of the system that can be studied
at a given level of accuracy.®> Some of the many methods available to researchers today

are briefly discussed below.

1.1.1. Newtonian mechanics—based methods

Molecular dynamics allows the evolution of a system over time to be described
by integrating the equations of motion of individual atoms (or groups of atoms, or
even molecules as a whole) with a given kinetic energy, often taking into account not
only collisions but also other (e.g. electrostatic) interactions between them. It allows
the study of the largest systems, consisting of up to hundreds of thousands of atoms.
Monte Carlo simulations have a similar range of applications, although on a different

(mainly statistical) basis.>¢

Molecular mechanics is based on the application of a force field. It consists of
a relatively simple (compared to e.g. ab initio methods) algebraic expression for the
potential energy of the system and a set of parameters characterizing each atom (e.g.
atomic mass, atomic radius, partial charge depending on bonded atoms,
polarizability), pair (equilibrium bond length), triple (equilibrium valence angle) and
qguadruple (equilibrium torsion angle). Based on these parameters, the actual position
of the atoms in the system, and a number of approximations (including the harmonic
oscillator, the Morse oscillator, and the Lennard Jones potential), the force field
determines the energy of the system, essentially assigning an energy 'penalty’ for any
deviation from the equilibrium positions. An appropriate choice of force field allows,
for example, the modelling of biological macromolecules such as proteins and nucleic

acids.>6
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1.1.2. Quantum mechanics—based methods

Quantum mechanics was developed in the 1920s as a theory to explain
phenomena that Newtonian mechanics could not.> It postulates the existence of a wave
function that completely describes the state of a system at any given time; the solution
of the Schrdodinger equation makes it possible to calculate the exact energy of a system
described by a given wave function.” At the present state of science, the analytical
solution of the Schrdodinger equation is only possible for simple systems (e.g. an
isolated hydrogen atom); for the vast majority of scientific problems, the use of

simplifications is necessary to make calculations feasible.®

1.1.2.1. Ab initio methods

Ab initio (Latin for 'from the beginning’) methods do not use empirical data,
but only universal physical constants. The most common of these is the Hartree—Fock—
Roothaan method, also known as the SCF LCAO MO method.® It works by
approximating the wave function of a system as a Slater determinant® of the one-
electron functions (molecular spin orbitals — MOs),1% which describe the motion of
individual electrons in the averaged field generated by other electrons (mean-field
approximation) and at fixed positions of the nuclei (Born—Oppenheimer
approximation).t! Each of these MOs is a Linear Combination of Atomic Orbitals
(LCAO), which is usually a contraction of several Gaussian-type functions centered
on individual atoms; each atomic orbital is assigned a coefficient corresponding to its
contribution to the molecular orbital. The minimum energy of the system is found by
iteratively solving the Fock equations until successive iterations lead to a negligibly
small change in energy (Self Consistent Field (SCF) method). This method is based
on the variational principle, which states that the calculated energy is greater than or
equal to the actual energy of the system. In practice, the calculated energy is always
higher due to numerous approximations.® The SCF LCAO MO method neglects the
dynamic correlation of the electrons; many methods have been developed to take this
into account, such as the Configuration Interaction (ClI) method,'?2 the Multi-
Configurational Self-Consistent Field (MC SCF) method,!3 the Coupled Cluster (CC)
method,14 and the Moller-Plesset Perturbation Theory (MP).1> The price of their

higher accuracy is a significant computational cost — depending on the level of
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theory, these methods can be reasonably applied to systems of a few to a few hundred

electrons.

1.1.2.2.  Semiempirical methods

As an alternative, semi-empirical methods are based on similar theoretical
principles as ab initio methods, the main difference being the significant
simplification of part of the calculation (e.g. neglecting core electrons or two -electron
integrals) and the compensation of the resulting error with parameters based on
experimental data or more accurate calculations. These methods can be successfully
applied to the study of extended organic molecules, but care must be taken to ensure
that the parameterization range matches the calculated quantities and that the system

is as similar as possible to those used to develop the parameters.

1.1.2.3. DFT methods

A different approach is based on density functional theory (DFT) methods,
which are based on two Hohenberg—Kohn theorems.6 The first theorem states that
there is a certain functional which, when applied to the electron density, allows one
to obtain complete information about the state of the system (without using the wave
function); the second theorem states that the energy of the system for a given electron
density, calculated by means of an exact but as yet unknown functional, is always
higher than or equal to the exact energy. The practical implementation of the method
involves solving the Kohn—Sham equations,!’ the most sensitive point of which is the
consideration of the exchange—correlation potential (XC). Improvements in DFT
methods focus on the development of increasingly accurate approximations to the XC
functionals, the explicit form of which is not known®. Within these, hybrid functionals
can be distinguished, which to some extent take into account the exchange potential
calculated by the Hartree—Fock method (the expression for the exchange energy in the
HF method is known exactly).1® Computational experience shows that comparable and
often more accurate results can be obtained with DFT methods at a computational cost
comparable to ab initio methods, also for organic molecules;1%-22 however, the quality
of the results strongly depends on the choice of the specific functional for the problem

in question.23-26
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1.1.3. Basis sets

Most quantum chemistry calculations approximate the electron wave function
in terms of a molecular orbital, which is a linear combination of atomic orbitals that
form the basis set.> These orbitals are usually of two basic types: Slater-Type Orbitals
(STO),2” or Gaussian-Type Orbitals (GTQ).28 Slater-Type Orbitals are based on the
solution of the Schrédinger equation for a hydrogen-like atom and thus describe the
behavior of electrons near and far from the nucleus quite correctly. However, they are
computationally very expensive due to the need to solve the two-electron integrals
numerically and are therefore generally rarely used.> Results of similar quality can be
obtained by using basis functions which are linear combinations of several Gaussian
orbitals (primitive functions — Figure 1).2° The coefficients on the individual primitive
functions are defined by the author of the basis set and are not subject to optimization

in the course of the calculations.3°

Intensity

Distance from the atomic nucleus

wn S|ater e STO-1G = STQ-2G === STO-3G

Figure 1 A single Gaussian orbital (STO-1G) is a very poor approximation of the Staterian
orbital near the atomic nucleus. By constructing a linear combination of an increasing
number of Gaussian orbitals (STO-2G, STO-3G), an increasingly better approximation of
the Slater orbital is obtained.

Basis sets with one function (contraction) per occupied atomic orbital, called
minimal bases, give poor-quality results and are generally not used.3® N-zeta basis sets

use a larger number of functions: double-zeta with two base functions per occupied
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orbital, triple-zeta with three, and so on. This gives greater flexibility to the atomic
orbitals and allows them to be described more accurately according to their molecular
environment. However, since valence orbitals play a key role in the interactions
between atoms, in practice split valence bases are often used, providing additional
basis functions only for the highest shell orbitals.3! This is the optimal solution in

terms of the accuracy of results and computational time.

For a more accurate description of the bond, it is often necessary to further
extend the basis set with polarization functions.3? These correspond to higher
(unoccupied) shells and allow a greater asymmetry of the molecular orbitals around
the nuclei and thus a better characterization of the electron density shifts during bond
formation and bond breaking within and between molecules. A correct description of
interactions at longer distances (and thus mainly intermolecular), especially when
considering anions, often requires the additional consideration of diffusion
functions,3? which better characterize the wave function at a large distance from the
nucleus. Both polarization and diffusion functions can be added to all atoms or only
to some, especially heavy atoms (all except hydrogen), depending on the system under

consideration.6:30

Since each basis function allows only an approximate representation of the
molecular orbital to be obtained (the actual form of the molecular orbital is a linear
combination of an infinite number of basis functions), the number of basis functions
used and their quality, together with the method chosen for the calculation, are a key
factor in determining the quality of the results obtained (Figure 2). Although a larger
number of available basis functions generally leads to more accurate calculations, the
choice of basis set should always be made in conjunction with the method used; for
relatively simple methods, extending the basis set beyond a certain level leads to a
marginal improvement in the results with a significant increase in the time required
for the calculations. The same relationship is observed when using complex methods
in small basis sets.6:3934 |t should also be borne in mind that functional basis sets are
often optimized for a particular group of calculation methods, such as correlation-
consistent basis sets® for electron correlation calculations, and polarization-consistent

basis sets3¢ for HF and DFT calculations.

18



Figure 2 A symbolic representation of the impact of an increase in the size and quality of
the functional base on the accuracy of the results obtained, but also on the time-
consumption of the calculations.

.1.4. Challenges and perspectives

Despite the numerous approximations, simplifications, and omissions
implemented by the computational methods of quantum chemistry, the main problem
remains the rapid increase in the required computational time with increasing system
size. Most commonly used methods scale nominally in the range of N3 (most
implementations of DFT methods) to N’ (MP4 and CCSD(T) methods), which means
that each doubling of the number of bodies in the system increases the number of
computations required from 8 to 128 times.> There are ways to improve the scaling of
the method (i.e. to reduce its complexity), such as the choice of the optimal
representation3’ or the pre-selection of the integrals,38-4% which consists of a cursory
estimation of their values and the rejection of those whose value is close to zero. There
are great advantages in using the fast multipole moment method, which allows the
calculation of Coulomb interactions between distant elements of the system based on
the representation of the field generated by them in the form of a multipole
expansion.*! In recent years, there have been increasing number of reports in the
literature of the development of algorithms that allow linear scaling of computational
methods with relatively small error, offering the prospect of further reductions in the
time required for accurate calculations of very complex structures such as proteins,
nucleic acids or synthetic polymers.#2-51 Much hope is also being placed in the
development of quantum computers, which promise a level of computational power

unattainable by even the most powerful classical (bit-based) computers.52-55
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1.2. HYDROELEMENTATION

Every year, new examples of reactions with great potential for use in chemical
synthesis are being discovered by scientists in universities and research institutes
around the world. This catalogue is highly diverse, encompassing catalytic and non-
catalytic, solvent and solvent-free, equilibrium and nonequilibrium reactions, varying
in substrate tolerance and chemo-, regio- and enantioselectivity. Within this rich
assortment, a valuable tool in the hands of the synthetic chemist is the
hydroelementation reaction — the addition of an H-X bond to a multiple bond, most
commonly C=C, C=C, C=0, C=N and C=N. While some of these reactions, such as
hydrohalogenation®® or hydration,>” were known and well described in the 19th
century and are now part of the core high school curricula, others, such as
hydrostibination,%8 are still in their infancy, and some, such as hydrobismuthation,5°
are still awaiting the first fruitful attempts. Looking at the literature reports, both in
terms of their total number in the databases and their growth in recent years, itis clear
that hydrosilylation and hydroboration reactions — in this order — are of greatest

interest to researchers.

In principle, the addition of an H-X bond to a multiple bond can clearly exhibit
one of two basic regioselectivities, a fact already described by Markovnikov in his
notable research.®® In practice, the range of possible reaction products between two
compounds is wider and includes, for example, products of dehydrogenative
elementation (cross-dehydrogenative coupling),59-62 polyhydroelementation®3-65 or
even simple isomerisation6-68 of an unsaturated compound (Scheme 1). The
possibility of chiral product formation, either as a racemate or with some enantiomeric
excess, or in the case of addition to alkynes, geometric isomers, should also be
considered.®:7° The final outcome of the reaction is influenced by various factors such
as the substrates used and their stoichiometric ratio, the presence and type of catalyst,
co-catalyst, initiator or solvent used, temperature, pressure, reaction time, and many
others, but virtually all of these factors can be explained in terms of the reaction
mechanism on the ground of collision theory.”t.”2 Determining the mechanism by
experimental methods, especially for multi-step and newly described reactions, can
sometimes involve various technical, temporal, and financial difficulties.”7* As will
be shown in this dissertation, computational chemistry can be an invaluable aid to this
task.

20



[Sil—H + R'\: — H
[Si]
Rl
[Sil—H * e — —
[Si]
R
[sii-H + R\ _ —— S
[Si]
Rl
[Si—H . R'—\: - _\\NW
[Si]
[Si]I—H + R'—\: - . R'—\\W +  [Si]—H
R
H L]
s, + 2 R_ —— [si]
H
R

Scheme 1 Possible products of the reaction between a hydrosilane and an alkene.

1.2.1. Hydrosilylation

Hydrosilylation of alkenes is one of the most extensively used processes
employing homogeneous catalysis.”> Owing to its ultimate atom economy and
versatility, this reaction is now successfully used in the high-volume synthesis of
various industrially applicable chemicals: adhesives, coatings, surfactants, lubricants,
etc.”® It can also be a step in more sophisticated synthetic processes in organic
chemistry.””.7® In terms of regioselectivity, two basic possible hydrosilylation
products can be distinguished, with the vast majority of scientific reports dealing with
1,2-addition products, i.e. inconsistent with the Markovnikov rule. This is no surprise
if one considers the usefulness of the products of such a reaction in the manufacture
of formulations mentioned, but also the mechanism of action of most conventional
catalysts.” Much fewer 2,1-addition catalysts, and consequently products, have been
identified to date; however, the number was quite dynamically increasing in recent
decades.® Reactions involving the formal substitution of a hydrogen atom by a silyl
group, with or without a change in the position of the double bond,8!-84 or even alkene
isomerization alone,® should also be mentioned. Other unsaturated compounds of

interest for hydrosilylation include alkynes,86-90 imines,%1-9 nitriles,%397-9 aldehydes,
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and ketones.100-105 Of particular interest is the use of hydrosilylation as an
intermediate in multi-step organic syntheses where, in combination with subsequent
hydrolysis, it can yield a product of selective multiple bond reduction, often with the

desired stereoselectivity,106-108.77.109,110

Although the reaction itself has already been described in 1946,111-113 the two
milestones in the development of hydrosilylation were the discovery of a platinum(I'V)
catalyst, known as Speier catalyst!'* and the discovery of Karstedt catalyst, based on
a platinum(0) complex.11®> The use of the latter allowed a significant reduction in
catalyst loading, down to a few tens of parts per million, making it suitable for use in
industrial synthesis. Although very active, platinum-based catalysts still represent a
significant fraction of the price of the final product, mainly due to the limited supply
and hence the very high price of this precious metal and its non-recoverability.” This
fact, combined with the inexorable tendency to try and replace any platinum group
metal, is driving research towards non-precious metal'l6117 and even non-
metallicl8119 catalysts. The first group includes first-row d-block metals, primarily
iron,120-122 cohalt120.121.123 gnd nickel, 120121124 35 well as rare earth elements such as
scandium, yttrium, lanthanum, cerium, samarium, holmium, and lutetium.125-129
Several studies also describe hydrosilylation driven by s-block metals30-132 and
aluminum.133-136 Non-metallic catalysis was reported as early as the early 1960s,137
but only gained momentum in the 21st century and is associated with the use of Lewis-
acidic and/or Lewis-basic organic compounds containing phosphorus, nitrogen, or
boron.138-142 Only in recent years have there been reports of hydrosilylation reactions
catalyzed by simple trialkylborohydrides, including the reactions of hydrosilanes and
hydrodisiloxanes in the presence of sodium trialkylborohydride which partly inspired
the present work.143-145 There are also increasing indications that some compounds of
group 14 elements may, in the context of hydroelementation, exhibit catalytic

properties reminiscent of those exhibited by transition metals. 146147

1.2.2.  Hydrogermylation

The position of germanium in the periodic table — just below silicon (and
above tin) is reflected in the reactivity of organogermanium compounds, which is
characterized by numerous analogies to the behavior of organosilicon and organotin

compounds. As is the case with classical hydrosilylation catalysts, hydrogermylation
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is mostly based on the activation of the Ge—H bond by a platinum group metal
complex, such as rhodium and platinum.148 First-row d-block catalysts,14%-154 radical-
initiated reactions1®1%6 and, in recent years, catalysts containing only main group
elements#6.157 have also been described; interestingly, triethylborane (but not metal
triethylborohydrides) was already used in hydrogermylation at the turn of the
century.158-160 |t should be noted, however, that first reports of hydrogermylation are
almost a decade later than hydrosilylation;16! the former has been incomparably less
explored so far, and it appears that the potential of this process is much broader than
what has been described, and documented to date. As an aside, it is worth mentioning
another use of organogermanium compounds, which is cross-coupling reactions. The
properties exhibited by organogermanes allow their use in regio- and chemoselective

carbon-carbon bond formation to obtain larger organic compounds.162-165

1.2.3. Hydroboration

As far as hydroboration reactions are concerned, it is not surprising that
platinum group metal-based catalysts are also of exceptional performance and
industrial utility.166-169 However, it must be made clear that boron, as a group 13
element with a valence configuration 2s22p?, will exhibit a reactivity that is not present
in the two hydroelementation reactions previously discussed. We are mainly talking
about reactions that take place without the presence of a catalyst or initiator, or even
without the use of a solvent.170-175 As far as reactions catalyzed by main group
elements or first-row transition metals are concerned, these are relatively frequently
observed and appear in literature reports almost as early as hydroboration itself.176-180
On the other hand, the process has not yet found wider industrial application on a mass
scale and is mainly used to produce specific fine chemicals and as an intermediate in

complex syntheses.11?
1.3. MECHANISMS OF HYDROELEMENTATION

1.3.1. Hydrosilylation of alkenes

Despite the large catalogue of hydrosilylation catalysts described so far and
the correspondingly large number of substrates, in the vast majority of cases, they can
be classified, with some simplification, according to one of several basic mechanisms.

Since 1965, the Chalk—Harrod mechanism,®l originally proposed for alkene
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hydrosilylation reactions catalyzed by platinum complexes, has remained the
fundamental one (Scheme 2). In the idealized form of this mechanism, one can
distinguish 1) oxidative addition of the hydrosilane to the metal complex, which
proceeds through the formation of a o-complex between the Si—H bond and the metal
atom/cation, 2) formation of a m-complex between the alkene double bond and the
metal, 3) insertion of the alkene into the metal-hydrogen bond, 4) cleavage of the
metal—carbon and metal—silicon bonds and formation of the carbon—silicon bond, i.e.

reductive elimination of the resulting compound from the metal complex.

R

[Si]—H / [Si]—H

[Si] V M] \( [Si] V [M] \(

R [Si]

M1 ,[Si]

[3'1 [s|]
M1
“[si] = N—

Scheme 2 A schematic representation of the Chalk—Harrod mechanism (left) and the
modified Chalk Harrod mechanism (right).

In its alternative version, called the modified Chalk—Harrod mechanism,182-185
the alkene is inserted into the metal—silicon bond, while the carbon-hydrogen bond is

formed in the final step of the reaction (Scheme 2).

Sometimes the first reaction step is to produce the metal-silicon species
through o-bond metathesis, releasing a molecule with a newly created H-H, C—H or

C—C bond (depending on the ligand abstracted from the metal complex — Scheme
3).186.187
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Scheme 3 A schematic representation of the mechanism of metal silyl complex-catalyzed
hydrosilylation (left) and Glaser—Tilley mechanism (right).

Another notable mechanism has been described by Glaser and Tilley and
involves the metal-silylene complex; the migration of hydrides from the silicon atom
to the metal atom increases the electrophilicity of the former, facilitating the further

course of the reaction (Scheme 3).18-191

The Si—H bond can also be activated by the use of Lewis acid, for example in
the form of aluminum or boron compounds. This makes it possible to create an
electrophilic silicon species (either in the form of a cation or as a positively polarized

moiety in a larger complex), which is later reproduced in the catalytic cycle (Scheme

4).135,138,139,192
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Scheme 4 A schematic representation of the mechanism of Lewis acid-catalyzed
hydrosilylation (starting with Si—H bond activation).
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Special mention should certainly be made of systems called frustrated Lewis
pairs (Figure 3). These are pairs of compounds between which the donor—acceptor
bond, which would be desirable from the point of view of orbital energies, cannot be
formed due to steric constraints, and the interaction is limited to the formation of a
weak van der Waals complex. Such an interaction promotes the cleavage not only of
such weak and polar bonds as Si—H, but also, for example, of the bond in molecular

hydrogen, opening up catalytic possibilities far beyond hydrosilylation. 193
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Al
Figure 3 Frustrated Lewis pairs are unable to combine into a complex (left) but are able to
cooperatively induce bond cleavage in another molecule (right).

The catalytic cycle does not need to be opened by activating the Si—H bond;
there is no shortage of such proposed mechanisms in which the first step is to activate
a multiple bond in the olefin. In the case of metal hydrides (but also, for example,
borohydrides), this can be done by inserting the unsaturated compound into the M—H
bond,33.194 while in the case of Lewis acids, their role may be to form a complex that
facilitates the insertion of the olefin into the Si—H bond (similar to the Chalk—Harrod

mechanism, but without the formation of the M-Si bond — Scheme 5).134
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Scheme 5 A schematic representation of the mechanism of metal hydride—catalyzed (left)
and Lewis acid—catalyzed (right) hydrosilylation (starting with C=C activation).

It is also not uncommon to see reactions in which the hydride anion is
transferred from the initiator to the multiple bond, the resulting anion removes
hydrogen from the hydrosilane to form a hydrogenated by-product, and only the

silicon species thus formed enters the catalytic cycle (Scheme 6).19°
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Scheme 6 A schematic representation of the mechanism of metal hydride-initiated, metal
silyl complex—catalyzed (left) and radical-initiated (right) hydrosilylation.
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A separate group consists of reactions that proceed by a radical mechanism,
where the initiator usually removes hydrogen from the hydrosilane, forming a radical
on the silicon atom (Scheme 6).111
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1.3.2. Hydrosilylation of carbonyls

Mutatis mutandis, the known mechanisms for the hydrosilylation of carbonyl
compounds are not very different from those for the hydrosilylation of olefins. The
classical counterpart to the Chalk—Harrod mechanism, derived from reactions
catalyzed by transition metal complexes, is the Ojima mechanism (Scheme 7).1% The
important difference, of course, is the significant polarization of the C=0 bond, so
that it is the negatively polarized, lone pair—possessing oxygen atom that forms a bond

with the metal catalyst and then, after insertion into the M—Si bond, with the silicon

atom.
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Scheme 7 A schematic representation of the Ojima mechanism (top-left) and its
modifications: with insertion of carbonyl into Si—H bond (top-right) and with hydrogen
transfer from metal to carbonyl carbon: via Si—O complex (bottom-left) and via metal
silylene (bottom-right).
In modified variants, the carbonyl oxygen may attack the silicon atom directly,

either with subsequent insertion of the carbonyl into the Si—H bond®%7 (only in di- and
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trihydrosilanes) or with hydrogen transfer to the carbonyl carbon®® (in the latter case,
the oxygen attack on the silicon may be preceded by the formation of silylene)199200;

in either case, the cycle ends with reductive elimination (Scheme 7).

Reactions are also known in which there is no oxidative addition of the
hydrosilane to the central metal atom, but only the formation of a o-complex, which
allows the activation of the Si—H bond and its addition to the carbonyl compound

(Scheme 8).201-203
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Scheme 8 A schematic representation of the mechanism of carbonyl hydrosilylation starting
with Si—H bond weakening via c-complex (left) and via axial polarization (right).

Another possibility is the already described weakening of the Si—H bond by its
polarization,204205 especially by borane species,206-208 which increases the

electrophilicity of silicon and facilitates the attack of carbonyl oxygen on it (Scheme
8).

For some catalysts, hydrosilane can attach to the complex without the
formation of an M-Si bond, but with the bonding of silicon to the heteroatom
containing the free electron pair. This is possible, for example, with oxo ligands

(Scheme 9).209.210
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Scheme 9 A schematic representation of the mechanism of carbonyl hydrosilylation via Si—
H addition across M=0 bond (left) and via carbonyl insertion into M—H bond (right).

Again, we will find reactions where the unsaturated compound reacts first with
the catalyst and only such a complex breaks the Si—H bond of the hydrosilane. This
will be seen particularly in the case of metal hydrides, where the carbonyl group will
insert itself into the M—H bond; still, the hydride itself can be generated from a

precursor via o-bond metathesis with a hydrosilane (Scheme 9).211-215

1.3.3. Hydrogermylation

Much less research has been undertaken on the mechanisms of
hydrogermylation reactions. Not surprisingly, it is often carried out as an extension of
analogous studies on organosilicon compounds, which are more attractive from an
industrial point of view, more available, and cheaper. As this is not a detailed review,
but only a context for the studies carried out, we could limit ourselves to saying that
the hydrogermylation reactions generally fall within the mechanisms discussed

above;154.216-220 however, some nuances are worth noting.

Organic compounds of germanium, which is below silicon in the periodic table and
therefore larger and with a higher nuclear charge, react relatively easily, under mild
conditions, via radical mechanism, while offering better possibilities for reaction
control than organotin compounds.?21-223 |n addition, reactions catalyzed by Lewis
acids generally have a wider substrate tolerance than is the case with

hydrosilylation.?2* Non-catalytic reactions involving digermenes (Scheme 10) or
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germanium(l1) hydrides (Scheme 11) are also abundant (relative to the overall science

of hydrogermylation).225-228
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Scheme 10 A simplified representation of alkene hydrogermylation with digermenes.
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Scheme 11 A simplified representation of alkene hydrogermylation with germanium(lI)
hydrides.

1.3.4. Hydroboration

As indicated a few pages before, the hydroboration reactions differ
significantly from the others due to the presence of a vacant p orbital in many of the
available and used boron compounds. These differences will inevitably be reflected
in the mechanisms of these reactions, the discussion of which should be given some
space. First, however, it should be noted that reactions following the classical
mechanisms already discussed are not at all uncommon, and many transition metal—
based catalysts can also be used for hydroboration.195.229-239 |nstead, we will

concentrate on discussing the differences.

The first ever literature report of an alkene hydroboration reaction shows what
is still unthinkable for hydrosilylation today: two simple compounds (a few-carbon
alkene and a diborane) react in ether with great efficiency within minutes at room
temperature without the addition of any catalyst.24¢ While the following decades saw
the rapid development of hydroboration and a Nobel Prize for Herbert C. Brown, the
mechanism of these reactions aroused lively debate in the scientific community. It
was debated whether the hydroborane dimer (or the hydroborane complex with a

Lewis base, such as a solvent) reacts directly with the unsaturated compound or
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undergoes a prior dissociation; whether a n-complex is formed and, if so, whether it
transforms into a o-complex; which step determines the rate of the reaction; and,
finally, whether the transition state is three- or four-membered.241-245 As further
studies have shown, the actual mechanism depends on the substrates, but also, for
instance, on the solvent;246.247 nevertheless, for most non-catalytic reactions of
hydroboranes with unsaturated compounds, a four-membered transition state with

borane monomer is assumed (Scheme 12).248.249
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Scheme 12 Some of the proposed intermediates and transition states in the reaction of
borane with simple alkenes (the predominant transition state shown in bold box).

For compounds with low hydride donor capacity, such as pinacolborane or
even more so catecholborane, it is necessary to increase the hydridic character of the
hydrogen atom so that it can reduce the unsaturated bond.29 This can be done by
attaching a simple nucleophile, such as an alkoxy group or even a halide, to the boron
atom,251.252 or by heterolytic cleavage of the dimer;253 of course, such an entity will
not form a cyclic quaternary transition state, but will be able to reduce, for example,
a carbonyl carbon. Compounds providing these ligands may act as catalysts sensu
stricto (Scheme 13),254255 put they often prove to barely mediate the reaction, either
by initiating a ,,living” process, for example, through an alkoxide species (Scheme
14),251 or by reducing borane to an active form like BH3 (Scheme 15);256-258 care must
be taken to perform the necessary control experiments to determine the actual role of

the species used.
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Scheme 13 A simplified representation of nucleophile-catalyzed hydroboration of alkenes.
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Scheme 14 A simplified representation of nucleophile-initiated ,,living” hydroboration of
alkenes.
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Scheme 15 Mechanism of BH3 generation from 1,3,2-dioxaborolanes and metal hydrides.

In recent years there have also been reports of reactions of such poorly hydridic
hydroboranes with unsaturated compounds without a catalyst, for which a four-
membered transition state is postulated, preceded — in case of carbonyl groups — by
the formation of a B—O complex to increase the hydride donor ability of the substrate.
A similar mechanism was proposed for catalyst- and solvent-free reactions (Scheme
16).170.171
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Scheme 16 Suggested mechanism of catalyst-free hydroboration of carbonyl compounds
with 1,3,2-dioxaborolanes.

1.3.5. General

In recent decades, a number of mechanisms have been proposed that represent
some modification of those described above, the full enumeration and characterisation
of which is far beyond the scope of this introduction. The interested reader will find

much more extensive reviews on the subject in the available literature .”576:179,259-266

While the first mentions of the mechanism of hydrosilylation reaction were
merely intuitive attempts to explain a posteriori the observed chemo- and

regioselectivity of the reaction, over time there have been more and more detailed
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studies of the exact course of the catalytic cycles by computational methods (often in
combination with instrumental methods), either as work that accompanies
experiments or even precedes and guides them.267.268 |t turns out that these pathways
often intertwine, turn around, branch off and lead either by different routes to a single
point or to completely different reactions, such as dehydrogenative silylation or cis—
trans isomerisation.210.229.262,269-271 Eyen an accurate determination of the energy
profiles of individual pathways at a high level of theory may not be sufficient to
categorically identify one pathway and exclude others, but on the other hand, they can
indicate ways to control reaction outcome.267.268
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Il. OBJECTIVE OF THIS WORK

The main objective of the present work was to thoroughly investigate the
mechanisms of selected hydrosilylation, hydrogermylation, and hydroboration
reactions catalyzed by simple transition metal-free inorganic compounds. In the case
of hydrosilylation and hydrogermylation, it was sodium triethylborohydride
NaHBEts, and in the case of hydroboration, it was potassium fluoride KF. To achieve
this goal, quantum chemistry methods based on density functional theory were used,
in particular the M06-2X functional. With such an approach, it was possible to
determine the geometric and electronic structure of the stationary points on the
potential energy hypersurface corresponding to substrates, products, intermediates
and transition states, and to calculate the relative energies of these chemical entities,
so that, as a result, it was possible to determine the energy profiles and propose the
mechanisms of these reactions and explain the experimentally observed significant
differences in the reactivity of substrates and regioselectivity of seemingly analogous

reactions.

This dissertation is a collection of published and thematically related scientific

articles:

1. Nowicki, M.; Zaranek, M.; Pawlu¢, P.; Hoffmann, M. DFT Study of
Trialkylborohydride-Catalysed Hydrosilylation of Alkenes — the Mechanism
and Its Implications. Catal. Sci. Technol. 2020, 10 (4), 1066-1072.
https://doi.org/10.1039/C9CY02261A. (Appendix Al)

2. Nowicki, M.; Zaranek, M.; Grzelak, M.; Pawlu¢, P.; Hoffmann, M. Mechanism
of Silylation of Vinyl Arenes by Hydrodisiloxanes Driven by Stoichiometric
Amounts of Sodium Triethylborohydride —a Combined DFT and Experimental
Study. Int. J. Mol. Sci. 2023, 24, 4924,
https://doi.org/10.3390/10.3390/ijms24054924. (Appendix A2)

3. Zaranek, M.; Nowicki, M.; Andruszak, P.; Hoffmann, M.; Pawlu¢, P.
Hydrogermylation Initiated by Trialkylborohydrides: A Living Anionic
Mechanism.  Chem. Commun. 2022, 58 (100), 13979-13982.
https://doi.org/10.1039/D2CC05567H. (Appendix A3)

4. Nowicki, M.; Kucinski, K.; Hreczycho, G.; Hoffmann, M. Catalytic and Non-
Catalytic Hydroboration of Carbonyls: Quantum-Chemical Studies. Org.
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Biomol. Chem. 2021, 19 (13), 3004-3015.
https://doi.org/10.1039/D10B00037C. (Appendix A4)

The aim of the Al and A3 papers was to determine the mechanisms of the
hydrosilylation (A1) and hydrogermylation (A3) reactions of selected alkenes with
hydrosilanes in the presence of sodium trialkylborohydrides in order to explain the

opposite regioselectivity of these reactions (Scheme 17).

E 10 mol% i

Scheme 17 Hydrosilylation and hydrogermylation of styrene in the presence of sodium
triethylborohydride.

In the case of paper Al, an attempt was also made to clarify the reactivity of

the substrates depending on the substituents at the C=C bond and on the silicon atom.

In the A2 publication, the determination of the mechanism of the reaction of
certain vinylarenes with hydrodisiloxanes in the presence of sodium
triethylborohydride served to explain the observed result of this reaction, where
instead of the expected hydrosilylation product (a more substituted disiloxane), a
product of formal hydrosilylation with a dihydrosilane was observed in the reaction

mixture (Scheme 18).

~. O~ ~_..0__.~ X | H
S S i i Nas-
_Si |LH H’S|I S|I\H + ©/\ Si
-~ —_—
1 10 mol% NaHBEt; !
toluene, 100°C, 20h

Scheme 18 Expected (left) vs. observed (right) product of the reaction of styrene with
1,1,3,3-tetramethyldisiloxane.
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Finally, the aim of the study described in A4 was to thoroughly investigate
possible reaction pathways for the hydroboration of acetophenone and benzaldehyde
with pinacolborane in the presence of potassium fluoride, as well as, based on
experimental observations and conclusions from these reactions, to compare the
performance of different theoretical methods and to present a contribution to the study
of the mechanism of a solvent-free reaction of aldehyde with pinacolborane (Scheme
19).

60°C, 1-2h

#_P :/- N _c_z;t_a-lil_s_t-f_ré; N \: (o)
o | solvent-free | é
I+ 950 | )

Scheme 19 Hydroboration of carbonyl compounds with pinacolborane in the presence of
sodium fluoride (top) and catalyst-free (bottom).

38



I1l. RESULTS AND DISCUSSION

I11.1. HYDROSILYLATION CATALYZED BY NaHBEt3

The catalytic action of the trialkylborohydride was found to follow a stepwise
mechanism at M06-2X/6-31++G(d,p)//M06-2X/6-31+G(d) level of theory (Scheme
20). The first step identified is the activation of the substrates by the transfer of a
hydride anion from HBMes™ to the styrene double bond. This step yields a carbanion,
which is in a very shallow van der Waals potential minimum and is rapidly stabilized
by the coordination of a BMes molecule released in the previous step. This leads to a
deep energy minimum, about -28 kcal/mol lower than the substrates, without any
additional energy input. The next step involved B—C electron migration towards the
silicon atom and Si—C bond formation; this can be considered as the rate- and
turnover-determining step of the reaction. The pentacoordinate silicon anion formed
ismuch less stable than the tetraalkylborane, as the latter allows a much more effective
charge delocalization; the interactions between the silicon species and BMe3, oriented
to prevent further reaction, are responsible for the apparent stability of this structure.
However, with a suitable geometric arrangement, a hydride anion can be abstracted
by the trialkylborane molecule, leading to catalyst regeneration and the final product,
with an overall Gibbs free energy gain of -29 kcal/mol. Closer inspection revealed a
transient complex which was formed after Si—H bond cleavage, but both Si—H bond
cleavage and dissociation of the resulting B—H-Si complex proceeded without energy
barrier. An attempt to optimize a direct addition of the B—H bond through a cyclic
transition state was also made, as well as a six-membered transition state (one-step
mechanism), both unsuccessful because the calculations were not convergent, but
indicated the presence of a much higher activation barrier of at least 40 kcal/mol. In
the case of the anti-Markovnikov hydrosilylation according to the determined
mechanism, all minima and transition states are significantly higher in energy, which
was not surprising given the experimental regioselectivity of the reaction. This was
mainly attributed to the fact that the anti-Markovnikov carbanion cannot be stabilized
by resonance and is therefore not favored, nor is the transition state leading to its

formation.
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Scheme 20 Proposed mechanism of sodium triethylborohydride—catalyzed hydrosilylation of
styrene with phenylsilane.

Energy profiles for Markovnikov reactions of several other alkenes and
hydrosilanes were calculated to verify the relevance of the mechanism determined. In
the case of the hydrosilylation of 1,1-diphenylethene with phenylsilane, the relative
energy barriers were even slightly lower than for styrene, due to the additional
resonance stabilization by another aromatic ring; on the other hand, the flat, shallow
minimum corresponding to the pentacoordinate silicon species (which decays back
easily) and the final product, which has a slightly higher Gibbs free energy than 12,
deteriorate the yield of the reaction. For propene, potential energy surface scans
revealed a cyclic geometry of the C=C bond activation transition state, with an

activation energy of almost 60 kcal/mol, which is unlikely to proceed even at elevated
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temperatures. Both results are in agreement with experimental observations, with 1,1-
diphenylethene giving a lower yield (78%) and hex-1-ene being completely

unreactive.

For the reactions of dimethylphenylsilane and trimethylsilane with styrene, the
reactions appeared to be stuck at the tetraalkylborane stage. In fact, detailed scans of
Si—C distances did not show any extremes that could correspond to pentacoordinate
silicon species. Nevertheless, it is noteworthy that a favorable collision energy and
geometry would result in the abstracted BMez molecule orbiting the silicon anion and
reaching a favorable position for abstraction of a hydride anion; equilibrium
dissociation of the tetraalkylborane to leave a bare carbanion and BMes should also
not be excluded (although strongly disfavored). This is particularly plausible for
dimethylphenylsilane, for which an almost flat shoulder is observed on the cross
section of the potential energy hypersurface as silicon displaces boron. These
observations are also in remarkable agreement with the yields of the hydrosilylation
products reported in the experimental research, namely 0 % for Me3SiH and 30 % GC
yield for Me>PhSiH.

I11.1.1. Hydrosilylation with a hydrosilane surrogate catalyzed by NaHBEts

The initial steps of this reaction, including the formation of the pentacoordinate
silicanion, were found to be identical to those described above (Scheme 21). Again,
the further course of the reaction depended on the repositioning of the trialkylborane
in such a way that it could detach a negatively charged fragment to form a neutral
molecule. The attack can come from either the hydrogen atom (with Si—H cleavage
leading to a more substituted disiloxane) or the oxygen atom (with Si—O cleavage
leading to a disiloxane). Indeed, for the reaction of styrene with TMDSO, abstraction
of the —OSiMe>H moiety leads to a product that is approximately 14 kcal/mol lower
in Gibbs free energy than the substrates, but slightly higher than the product formed
after Si—H bond cleavage. However, the reaction leads to dimethyl(1-

phenylethyl)silane due to lower transition states and intermediates.
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Scheme 21 Proposed mechanism of the reaction of styrene with 1,1,3,3-tetramethyldisiloxane
in the presence of sodium triethylborohydride. The dashed arrow indicates catalytic character
of this transformation in the presence of sodium hydride.

The silicanion can exist as three stable rotamers generated by rotation around
the C-Si bond, with corresponding three different structures of subsequent transition
states, intermediates and final products. Although the Gibbs free energy differences
between them do not exceed 6 kcal/mol, they prove to be of great importance. All

three rotamers can undergo Si—O bond cleavage without a free energy barrier, as was
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the case for Si—H cleavage in phenylsilane. On the other hand, only the least favored
rotamer (with the highest energy) can remove a hydride anion without an additional
transition state. For the lowest energy conformer, this additional free energy barrier is
almost 7 kcal/mol, which is not without significance for already high energy
pentacoordinate silicon intermediates. Similar relationships are evident for PMDSO
when it binds to the carbanion with a less substituted silicon atom. However, when it
binds to a more substituted atom, or when HMDSO is used, the corresponding
structures have energies 4-14 kcal/mol higher than those for TMDSO. Again, this
agrees well with experimental results where PMDSO gave almost identical results to
TMDSO but HMDSO was unreactive.

Given the spatial proximity of the key O and H atoms, to confirm our findings
we performed a potential energy hypersurface scan, controlling both B—O and B-H
interatomic distances simultaneously, to obtain a more illustrative three-dimensional
graph for the conformer that most readily leads to both products. Even a brief analysis
of the resulting graph shows well why the system evolves more easily from the upper
right corner towards hydrosilane (lower left purple part) rather than disiloxane (right

purple part) — the smooth, wide path is preferred to a steep, narrow one.

The established mechanism explained well the stoichiometric consumption of
NaHBEt3 during the reaction, but it remained to be clarified how the addition of
superstoichiometric amounts of sodium hydride allows the reaction to proceed with
good efficiency (albeit slowly) in the presence of catalytic amounts of NaHBEts (or,
more precisely, BEts — NaHBEts is generated in situ). We looked more closely at the
interaction of the latter with the borasiloxyl salt produced in the main reaction. Our
results suggest that the reaction proceeds according to the Sn2 mechanism,
regenerating sodium trialkylborohydride and producing sodium dimethylsilanolate as
the final product, with a Gibbs free energy barrier of 28.6 kcal/mol and a total change
of -11.2 kcal/mol.

I11.2.  HYDROGERMYLATION INITIATED BY NaHB(s-Bu)3

While a slight modification of the original mechanism was sufficient to explain
the course of the reaction with disiloxanes, the result of an analogous reaction with
hydrogermanes, in which the main product showed opposite regioselectivity, seemed

at first sight to contradict previous findings, especially after initial calculations
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confirmed that the reaction was again initiated by a nucleophilic attack of a
borohydride anion on the terminal carbon atom of styrene. Further studies led to a
pathway similar to hydrosilylation; however, despite its coherence, this mechanism
could not be applied to hydrogermylation because it would lead to the formation of

Markovnikov products.

Instead, the likely reaction pathway we have devised proceeds with the
formation of a dihydro(phenyl)germanide, a species described in the literature in a
different context, as the product of hydrogermane deprotonation with e.g.
benzylpotassium (Scheme 22). Next, the germanide attacks a styrene molecule at its
terminal carbon, forming a carbanion. This is a resonance -stabilized benzylic one, but
this time the germanium atom is in the beta position. After the carbanion abstracts a
hydrogen cation from phenylgermane, leading to the regeneration of sodium
dihydro(phenyl)germanide and the start of a new cycle, the final anti-Markovnikov
product is released. Importantly, the formation of NaPhGeH. was calculated to
proceed with a low barrier of 13.6 kcal/mol, with a reverse reaction being essentially
irreversible (31 kcal/mol barrier). The cycle itself contains two transition states: a
relative 16.7 kcal/mol one of styrene activation and a 12.7 kcal/mol one of NaPhGeH>
regeneration; both are significantly lower than the activation of styrene by NaHBMes.
The Gibbs free energy profiles show similar features for diphenylgermane. It is
important to note that similar calculations were carried out for phenylsilane, but in
this case all the transition states — both for the initial silanide formation and for the
catalytic cycle — were found to be 6 to 13 kcal/mol higher than for phenylgermane,
as were almost all the intermediates. This is extremely important because it shows that

the new mechanism does not falsify previous findings in any way.
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Scheme 22 Proposed mechanism of sodium triethylborohydride—initiated hydrosilylation of
styrene with phenylsilane.

To our delight, an experiment confirmed the unexpected germanide
intermediate, as benzylsodium was indeed able to initiate hydrogermylation. The
mode of initial germanide formation was further supported by an experiment showing

that increasing the amount of trialkylborohydride resulted in a proportional increase
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in the amount of alkene hydration product. The position of the deuterium in this
product when deuterogermanes were used finally supported the computationally

derived mechanism.
111.3. HYDROBORATION MEDIATED BY KF

Investigation of the role of KF led to two complete and coherent pathways, one
of which (which required fluoride to attack the carbonyl carbon atom) was widely
disfavored and quickly discarded. The accepted mechanism (Scheme 23) involved the
formation of a weak complex between the oxygen in pinacolborane and potassium,
followed by coordination of the fluorine atom to the hypovalent boron atom. This
increases the hydridic character of the boron-bonded hydrogen, which is reflected in
geometric and electronic parameters. Next, this species forms a weakly interacting
complex with a carbonyl compound and subsequently hydride transfer is observed,
resulting in a transient alkoxide anion. This structure is not stable and the lone electron
pair on the oxygen immediately attacks the boron atom, forming a thermodynamically
stable intermediate; removal of potassium fluoride from this structure yields the

boronate ester, completing the catalytic cycle.
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Scheme 23 Proposed mechanism of potassium fluoride—mediated hydroboration of
benzaldehyde with pinacolborane (see Appendix A4 for other possible reaction pathways).

With these results in hand, but also with a basic knowledge of reaction Kinetics
under experimental conditions, we were able to see to what extent the energy
differences calculated using different theoretical approaches could be reconciled with
laboratory observations. The method was essentially very simple: the activation
energy was calculated from the time taken for the reaction to complete, assuming that
it occurred in a single step. A number of additional simplifications were chosen so
that the calculated energy (21 kcal/mol) was certainly not an underestimate, and most
likely a significant overestimate. Thus, all theoretical protocols leading to a rate-
determining step barrier in the previously determined mechanism significantly higher
than this value could be rejected. Thus, it was found that the M06-2X and «B97X-D
functionals with 6-311++G(2d,p) basis sets best reproduced the actual reaction energy

profiles among the methods tested.
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Having proposed the most appropriate level of theory for the reaction studied,
we used it to investigate other mechanistic concepts and possible catalytic cycles,
based on the previous literature, in particular the reports of various meanderings and
pitfalls in the study of the mechanisms of hydroboration reactions involving
pinacolborane and catecholborane.72%8 Several offshoots of the original catalytic
cycle and even a separate autocatalytic cycle have been identified. The first of these
is the release of the product not by dissociation of the KF unit, but by a direct transfer
of the fluoride to the next pinacolborane molecule. Another possibility, this time
significantly different from the original cycle, is the attack of the reactive alkoxy anion
not on the boron atom that was the hydride donor, but on the next pinacolborane
molecule. The intermediate thus formed can also be a hydride donor; if the molecule
attacked is fluoropinacolborane, the original catalyst is restored, but if it is a carbonyl
compound, we have a 'living' process in which fluoride no longer plays a role.
Interestingly, although the full picture of possible pathways rather points to a fluoride-
catalyzed mechanism, the energy profiles of the individual cycles do not allow the
unambiguous identification of the only correct reaction path. This is especially true
when one considers that the actual course of the reaction is determined not only by
energy differences between the individual stationary states, but also by dynamic and
even purely statistical considerations (there are more substrate molecules in the
mixture than catalyst molecules). The only possibility that was considered, and which
was in fact completely ruled out, was the opening of the 1,3,2-dioxaborolane ring,

leading to the release of BHs.
111.4. CATALYST- AND SOLVENT-FREE HYDROBORATION

The last part of the study, which was to look at the reaction occurring without
a catalyst and without a solvent, required the adoption of a number of sharp
simplifications, resulting, for example, from the inability to adequately account for
the effects exerted by neighboring molecules on those that happen to be reacting with
each other (this environment constantly changes dramatically as the reaction
progresses). With all awareness of the limitations of the calculations carried out,
results have been obtained that justify the view that the mechanism of such a reaction
is much more complex than the single step postulated so far proceeding through a

four-molecule cyclic transition state (Scheme 24).170.171 Already in a four-molecule
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system (two aldehyde molecules and two pinacolborane molecules), the calculated
activation barrier (taking into account, of course, the error of base superposition) was
lower by about 20%, leading through an eight-molecule transition state (although this
is not a concerted reaction, but rather a cascade). If one takes into account the fact that
there are not four, but many substrate molecules in close proximity in the reaction
mixture, then even with the awareness of the constantly changing physicochemical
properties of the mixture, it seems completely reasonable that the reaction mechanism
is much more complex than independent addition of individual B—H bonds to
individual carbonyl moieties, possibly involving multiple cascades of hydride
transfers.

Scheme 24 Literature-based four-membered (left) vs. more favorable eight-membered
(right) transition state in catalyst- and solvent-free reaction between benzaldehyde and
pinacolborane.
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IVV. CONCLUSIONS

Using quantum chemistry methods based on density functional theory, it has
been possible to determine the mechanisms of a number of C=C and C=0 bond

hydrosilylation, hydrogermylation, and hydroboration reactions.

Article Al established a detailed mechanism for the reaction of phenylsilane
with styrene, explaining the uncommon Markovnikov regioselectivity, which was
then successfully applied to several other hydrosilanes and alkenes, each time
achieving decent agreement of the results with experimental work. The key factors
determining the efficiency of the reaction turned out to be the influence of groups
close to the C=C bond (the absence of aromatic groups, stabilizing the negative
charge on the benzylic carbon atom by resonance, prevented the activation of
styrene and the reaction from taking place) and substituents on the silicon atom
(the presence of electron-donating groups hinders the formation of the C—Si bond,

and steric reasons may hinder the reconstitution of the B—H bond).

Article A2 elucidates why, although the hydrosilylation reaction would lead
to thermodynamically more stable products, the actual reaction produces a
borasiloxyl salt and a hydrosilane. The energy differences between different
rotamers of key intermediates, and transition states correspond to the steric
hindrance of the hydridic hydrogen atom; even an apparent exposure of hydrogen
in a rotamer gives way to the proximity of the oxygen atom, with two lone electron
pairs and a much higher electron density, which prevents the formation of the B—
H bond. This observation should be widely taken into account by scientists
studying reaction mechanisms computationally — seemingly insignificant energy
discrepancies between individual conformers can have a decisive effect on chemo-
, regio- and enantioselectivity, in line with the Curtin—Hammett principle. It is also
noteworthy that, although much more time-consuming and resource-intensive than
a one-dimensional scan, two-variable hypersurface PE scan provides a much more
complete picture of the interactions and mechanism, especially when the reaction
path splits smoothly into two, each leading to completely different products, on a

very flat part of the PES.
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In Article 3, an entirely new mechanism was proposed to find an explanation
for the regioselectivity of the hydrogermylation of styrene in the presence of
trialkyl borohydride, opposite to that of hydrosilylation. The compound that
initially appeared to be the catalyst was found to be only the activator of this
reaction, while the germanide anion was identified as the active agent that
maintains the "living" hydrogermylation. It is worth noting that in this work it was
the computational modelling that acted as the main driving force, guiding the
experimentalists towards appropriate control experiments that could help verify the

identified mechanism.

In Article 4, a number of plausible reaction pathways were identified, leading
to a comprehensive, well-founded, multi-pathway mechanism for fluorine-
mediated hydroboration of aldehydes and ketones. It was shown how the reductive
power of the boron-bonded hydrogen atom is enhanced by a fluoride bond to boron,
and why the catalytic cycle involving this tetracoordinate boron species is favored.
An autocatalytic cycle, although not supported by our results, was also identified
and discussed in the light of previous research. With significant but sensible
simplifications, it was possible to use relatively simple mathematics to juxtapose
experimental data on reaction kinetics with computational results to indicate the
most appropriate level of theory for the system under investigation. An important
result of the research carried out was to challenge the two-molecule, one-step
reaction mechanism for the catalyst- and solvent-free hydroboration of carbonyl
compounds, although it must be stressed that the results obtained are certainly not
conclusive and that the mechanism of this type of reaction still requires numerous

studies, both computational and experimental.
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