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1
Background and Methods

In this chapter the structure of water and its effect on catalytic reactions are briefly dis-
cussed. The reactions studied in this thesis are also introduced. The employed computa-
tional methods, density functional theory, molecular dynamics and rare event methods are
described. Finally a short overview of previous studies of chemical reactions in water is
given.
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4 Background and Methods

1-1 Chemistry in Aqueous Solution
The majority of chemical reactions in industry require solvation of the catalyst and the
reactants in either water or an organic solvent. Compared to the organic solvents, water is a
cheap, safe and more environmentally friendly alternative. In addition, it can often simplify
the separation of the catalyst and the product, which is a common industrial problem [1].
Unfortunately, it is difficult to predict how the unique properties of water will affect a
catalytic reaction. Since each water molecule can participate in up to four hydrogen bonds,
an extensive hydrogen bond network is present in aqueous solution, see Figure 1.1. The
typical length of a hydrogen bond in water is 2.0 Å, and the typical binding energy of a
water dimer is 5 kcal/mol [2]. Although this interaction is weaker than a covalent bond,
it is much stronger than a typical Van der Waals interaction. The hydrogen bond network
in water is the main reason for its relatively high boiling and melting points and its high
density. In addition, protons are well solvated and arrange in an extended hydrogen-bonded
solvation structure in water. They move easily along the hydrogen bonds giving rise to a
high proton mobility.

Water is an important solvent in a large range of chemical and biochemical processes.
The interactions with reacting species range from weaker (effective) physicochemical in-
teractions, that can be either attractive or repulsive, to stronger chemical bonding. The
solvation and mobility of aqueous protons also often play an important role in a reactive
process. In catalyzed chemical reactions that occur in an aqueous medium, water molecules
can coordinate to metal atoms [3], donate or subtract protons [4–6] and provide strong, sta-
bilizing hydrogen bonds [4–6]. The coordination to a catalyst can either inhibit the catalyst,
or enhance the catalytic reactivity [3; 7], while donation of protons or hydrogen bonds can
either lower [3–5; 7], or increase the reaction barrier [8]. Occasionally, interactions with
water can also lead to undesired side products [9]. Furthermore, recent research showed
that the solvation structure of water molecules around a substrate can be crucial for its re-
activity [6; 10]. Finally, the solubilities of the catalyst and the substrate are an important
factors to consider in aqueous reactions [1; 9]. Nevertheless, enzymatic reactions in nature
happen in aqueous environment. Some enzymes can take advantage of the surrounding wa-
ter molecules in order to decrease reaction barriers [11]. Also, enzyme based catalysts, that
offer very good reaction selectivity under mild reaction conditions, often operate in aque-
ous conditions [12]. Therefore, aqueous solution is essential for mimicking the efficient
biocatalytic mechanisms.

In this thesis we will focus on two chemical reactions in aqueous environment: The first
one is silica oligomerization and the second one is ruthenium catalyzed transfer hydrogena-
tion of ketones. Silica oligomerization leads to the formation of silica-gel or zeolites and
has been done in water for decades. Recently it was shown that water plays an active role
in the reaction mechanism by providing strong hydrogen bonding properties and a slightly
different reaction path [4; 5]. Due to this role of water solution, the reaction barrier is de-
creased, as described further in Chapter 2. Asymmetric transfer hydrogenation of ketones
using transition metals and TsDPEN ligands [13; 14] is described further in Chapters 3-5.
While initially done in organic solvents, it was shown in the last decade that the yield and
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Figure 1.1: A snapshot from a molecular dynamics simulation of water. Five of the water molecules
are enlarged, illustrating the structure of the hydrogen bond network in water. One molecule both
donates and accepts two hydrogen bonds.

the reaction rate can be significantly improved in aqueous solution [7; 15; 16] . Other im-
portant chemical reaction that can be done in water are hydroformylation of alkenes [1],
asymmetric Diels–Alder, Michael addition and Friedel–Crafts alkylation reactions [17], the
latter employs metal catalysts with DNA based ligands. In view of the immense benefits
from doing chemistry in water instead of organic solvents, it is of scientific and industrial
importance to study the role water in chemical reactions in further detail.

1-2 Silica Oligomerization and the Role of Sodium
Zeolites are crystalline, nanoporous materials that were discovered in 1756 by Cronsted.
They are formed from oligomerization of X(OH)4, (X=Al, Si) and their internal structure
consists of regular canals and larger cavities. Figure 1.2 shows an example of a zeolite and
its framework. There are over 200 known zeolite structures that differ in the shape and size
of the pores and channels, as well as in the Al to Si ratio. Due to this variety of internal
shapes, zeolites have many applications in chemical industry for separation, adsorption
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Figure 1.2: Left: A picture of synthesized ZSM-5 zeolite. Right: The internal network structure of
ZSM-5 zeolite.

and catalysis [18]. The majority of world’s gasoline is produced by catalytic cracking of
petroleum using zeolite catalysts.

Some zeolite types can be found in nature. Natural zeolites are formed when volcanic
rocks and ash react with water under basic conditions and their growth takes thousands of
years. While mining techniques can be used to obtain the natural zeolites, industrial synthe-
sis of zeolites can be done in a few days and offer a larger variety of structures. The shape of
the internal framework in a zeolite is controlled by reaction conditions, such as temperature,
concentrations, additives and pH. The main method for controlling the structure is by addi-
tion of organic or inorganic salts, referred to as structure directing agents, SDAs. Common
examples of SDAs are NaOH, LiOH, tris(2-pyridylmethyl)amine and tetraethylammonium.
In view of the numerous diverse applications of zeolites, many scientific studies have been
devoted to synthesizing new structures and to understanding their formation.

Oligomerization of silica monomers, Si(OH)4, studied here, is an essential step of ze-
olite formation. This reaction has been studied by experimental [19–30] and theoretical
methods [4; 5; 31–39] in both earlier and later stages of oligomerization. The general
mechanism of Si(OH)4 linking under basic conditions has been found and is shown in
Scheme 1.1. It consists of two steps, an attack by a negatively charged oxygen on a silica
atom of another monomer, resulting in the formation of a Si-O bond between two silica
chains, and a water removal step. A recent study of this reaction in explicit water solution
showed that water molecules significantly decrease the reaction barriers [4; 5]. In addition,
an alternative mechanism for the water removal step was discovered. In the new mechanism
a water molecule mediates the proton transfer part of the reaction, see Scheme 1.2a.

A more difficult question has been to explain how different reaction conditions result
in different zeolite structures. It is known that the formation of zeolites consists of several
stages. In the beginning, smaller silica chains; dimer, trimers, tetramers, 3-rings and so on
are produced. At a later point there is a nucleation stage during which small zeolite crystals
are formed [21; 27; 27; 30]. The zeolite then continues to grow from those crystals [23].
While the shape of the framework is visible first at the nucleation stage, experiments sug-
gest that the zeolites structure can be defined already before the nucleation. Specifically,
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Scheme 1.2: a. An alternative mechanism for silica oligomerization in water. A water molecule
mediates the proton transfer between the leaving OH− group and the silica chain. b. Observed
coordination of a cation to the attacking silica oxygen during the Si-O bond formation step. This
coordination makes the oxygen less nucleophilic and could be a reason for increased reaction barriers
in presence of cations.

experimental studies have shown that additives can affect the distribution of smaller silica
chains in the beginning of the synthesis [20; 21]. Furthermore, theoretical studies have
shown that SDAs can interact with silica during the reactions, thus affecting the reaction
barriers [36–39]. The nature of these interactions varies for different ions and for the dif-
ferent silica chains. Trinh et al. have studied the role of lithium and ammonium ions in
silica oligomerization while also incorporating explicit solution in the reaction model [39].
It was found that the cations tend to increase the reaction barriers, possibly due to their
coordination to the attacking oxygen during the Si-O bond formation, making the oxygen
less nucleophilic, as shown in Scheme 1.2b.

NaOH is a common additive in zeolite synthesis, and its concentration affects the rate of
silica oligomerization at the early stages of the reaction and the final outcome of the zeolite
structure [22; 27; 29]. However, the role of sodium in silica oligomerization has not been
studied theoretically in aqueous environment. Therefore, in Chapter 2, the role of sodium
in formation of smaller silica chains: dimer, trimer and 3-ring, was studied in explicit water
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solution and the role of sodium in the reaction was analyzed.

1-3 Ruthenium Catalyzed Transfer Hydrogenation of Ke-
tones in Water

Hydrogenation of carbonyl bonds is an important transformation in chemistry. Practically,
this reaction is done with a transition metal catalyst and there are two approaches. In cat-
alytic hydrogenation molecular hydrogen and the ketone are both activated by a catalyst,
that facilitates the reduction of the carbonyl bond. Due to the use of molecular hydro-
gen, these reactions operate under high pressure and high temperatures, which is undesir-
able. In a transfer hydrogenation, TH, reaction a hydrogen donor, HD, molecule is used
instead of hydrogen gas, as shown in Scheme 1.3a. Common HDs are 2-propanol, formic
acid/trietylamine azeotropic mixture, and formate. Asymmetric transfer hydrogenation,
ATH, is an attractive route to chiral alcohols, access to which is important for pharmaceuti-
cal and fine chemical industries.

Ru
N NH2

Ph Ph

H

Ts

O

C
H H

DH2

Catalyst C

OH

H

H

H

D
a b

Scheme 1.3: a. A general reaction scheme for transfer hydrogenation. D is the hydrogen donor. b.
The ruthenium based catalyst for efficient ATH of ketones with high ee, discovered by Noyori and
coworkers.

The first ATH reaction of ketones with significant selectivity was done by Evans in
1993 using samarium based catalysts [40]. The enantiomeric excess, ee, was over 92% for
several ketones, however, further efficiency was desirable. Noyori and his colleagues were
the first to develop several efficient ruthenium based catalysts for ATH with high ee, over
90 % [13; 14; 41; 42]. One of these catalysts is RuTsDPEN inScheme 1.3b, it gives up to
98 % ee. [13] and is studied in this thesis. Noyori received the Nobel prize in 2001 for his
contributions to the development of asymmetric catalysis.

Several experimental [3; 13; 43–47] and theoretical [3; 44; 48–51] studies have investi-
gated the mechanism of transfer hydrogenation with ruthenium based catalysts. It is gener-
ally accepted that the two hydrogens are transferred as a proton and a hydride and that the
hydride transfer part has a higher barrier than the proton transfer part. The reaction mecha-
nisms can be divided into three categories, see Scheme 1.4. In Meerwein-Ponndorf-Verley
mechanism [52] the reactant and the donor are both coordinated to the catalyst, and the
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hydride is transferred directly between them. In Migratory Insertion mechanism [53] the
donor first transfers a hydride to the catalyst. In a second step, the substrate coordinates to
the catalyst and the hydride is inserted into the carbonyl bond. In both Meerwein-Ponndorf-
Verley and Migratory Insertion mechanisms the proton is transferred at a later stage. In
Metal-Ligand Bifunctional mechanism, first suggested by Noyori [48], the proton and the
hydride are transferred at the same time. Note, TH via Migratory Insertion or Metal-Ligand
Bifunctional mechanisms works in a cycle, see Scheme 1.5, where the catalyst first trans-
fers two hydrogens to a ketone in a transfer hydrogenation step. The catalyst then needs
to regain these two hydrogens from the hydrogen donor for continued activity in a catalyst
regeneration step.

The hydrogen donor is usually also the solvent in ATH and the choice of the solvent
is important for the reaction rate, yield and enantioselectivity. Initially, the reaction with
RuTsDPEN was done in 2-propanol solvent resulting in fast reaction rates, however full
conversion was not achieved [13; 54]. Later, it was found that formic acid/trietylamine
azeotrope mixture is more energetically favorable for the conversion, resulting in improved
yield and enantioselectivity. However, the reaction rate was too slow to be practically fea-
sible [42; 54]. Recently, it was discovered by Xiao and coworkers that the efficiency of
RuTsDPEN, improves if formate is used as the hydrogen donor and water is used as the
solvent [7; 15; 16]. This reaction setup allows combining almost 100 % yield with a sig-
nificantly higher reaction rate, compared to the azeotrope solution. Experimental studies
suggested that water plays an active role in the reaction due to a secondary kinetic isotope
effect [3], while theoretical studies showed that a water molecule can lower the barrier of
the hydride transfer step [3].

Previous theoretical studies in gas phase have shown that ATH with the Ru(p-cymene)
TsDPEN operates using Metal-Ligand Bifunctional mechanism [44; 48–50]. However, that
does not explain the effect of the solvent on the reaction rate and the observed kinetic iso-
tope effects. Furthermore, a study of a slightly different ruthenium based ATH catalyst
in explicit methanol solution [51] obtained a significantly decreased reaction barrier and
showed that solvent molecules can mediate the proton transfer part of the reaction. There-
fore, the role of water in aqueous ruthenium catalyzed ATH using an explicit solvent model
was studied in Chapters 3 and 4.

When 2-propanol is used as HD, the regeneration step is the reverse of the transfer hy-

Meerwein-Ponndorf-Verley

ML

O

D

C

H
ML H

O C

Migratory Insertion

L

M H

H O

C

Metal-Ligand
 Bifunctional

Scheme 1.4: Three possible mechanisms for the hydride transfer in transfer hydrogenation reac-
tions. M is the transition metal, L is the catalyst ligand and D is the hydrogen donor.
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R1 R2
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R1 R2
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OH

Transfer Hydrogenation

DH2D
Catalyst Regeneration

Scheme 1.5: The catalytic cycle for transfer hydrogenation reactions that operate via Migratory
Insertion or Metal-Ligand Bifunctional mechanisms. Cat is the catalyst and D is the hydrogen
donor.

drogenation step. However, the mechanistic picture of this step can be different if formic
acid or formate is used, as suggested in a study by Koike et al. [45]. The reaction rate of
regeneration with formic acid is comparable to the transfer hydrogenation step in formic
acid/trietylamine mixture [46]. Since it has been shown that formic acid and formate can
have strong favorable interactions with water molecules[55; 56], aqueous solution could
shift the rate ratio of these two steps. Therefore, the relevant reactions between the ruthe-
nium catalyst from Scheme 1.3b and formate have been studied in water solution in Chapter
5.

1-4 Methods

The field of catalysis has grown immensely during the last century. Understanding of cat-
alytic mechanisms facilitates further improvement of already known reactions and the de-
velopment of new ones. While experimental methods can provide some information about
a reactive process, direct observations on time scales at which chemical reaction occur are
not possible today. Theoretical methods do not suffer from these limitations and a process
that occurs in a few ps can be studied in great detail. Furthermore, it is possible to investi-
gate situations that do not normally occur, for example, reactions without solvent, catalyst
or important additives. These theoretical approaches can reveal the role of the solvent, the
catalyst or the additive.
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1-4.1 Electronic Structure

1-4.1.1 Density Functional Theory

One important aspect of computational modeling in chemistry is the description of the
electronic structure and its changes during the reactive processes. Computational methods
that can address these changes are referred to as ab initio methods. Due to the quantum
nature of the electron, the Schrödinger equation, Eq. 1.1, is required to provide a proper
description of the system:

HΨ = EΨ (1.1)

Here, H is the Hamiltonian, describing the energy of the system under consideration, and
Ψ is the wavefunction representing the state of the electrons and the nuclei. Unfortunately,
it is impossible to obtain an exact solution for this equation for more than three particles
and several approximations are needed for calculations on larger systems [57].

For many processes the description can be simplified by imposing the Born-Oppenheimer
approximation. It is based on the assumption that since an electron is 2000 times lighter
than the lightest nuclei, they can almost instantly adjust to a change in the nuclei position.
Thus, the electrons can be viewed as moving in a field of static nuclei. The implication
for the wavefunction is that it can be written as the product of the electron wavefunction
and the nuclei wavefunction, as in Eq. 1.2. Therefore, only the electronic wavefunction
needs to be solved. This approximation is reasonable and is commonly used in quantum
chemistry [57].

Ψ = ΨelΨnuc (1.2)

Early electronic structure calculations were done employing the Hartree-Fock theory
that uses the exact Hamiltonian and an approximated expression for the electronic wave
function. The approach yields a non-linear equation that is solved iteratively taking ad-
vantage of the variation principle [57]. Unfortunately, due to the approximative nature of
the wavefunction, the accuracy of Hartree-Fock theory is not sufficient for studying cat-
alytic mechanisms. Improved accuracy can be reached with post Hartree-Fock wave func-
tion methods where improved wavefunction expressions are employed. However, those
approaches lead to unfavorable scaling with the number of electrons, that render its appli-
cation unfeasible for larger systems. Therefore, only small systems can be studied with post
Hartree-Fock wavefunction methods.

In the early 1960s, Hohenberg and Kohn postulated that there is a direct relation be-
tween the electron density and the electronic wavefunction [58]. Their postulate led to
development of density functional theory, DFT [59]. The central quantity in DFT is the
ground-state electron density distribution, ρ . All quantities of interest, including the total
energy, can be expressed in terms of this density distribution. In the implementation of
DFT proposed by Kohn and Sham [58], the electron density ρ is expressed in terms of
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one-electron wavefunctions, φi:

ρ(r) =
N

∑
i=1
|φi(r)|2 (1.3)

Here, N is the number of electrons and r represents the spatial coordinates. The total energy,
EDFT , is provided by the following expression.

EDFT [ρ] = Ekin[ρ]+Eel−nu[ρ]+Eel−el[ρ]+Exc[ρ] (1.4)

The terms represent the following contributions: the sum of the kinetic energy of the elec-
trons, Ekin; the electron-nuclei Coulomb energy, Eel−nu; the Coulomb energy of the elec-
trons, Eel−el; and finally the exchange and correlation energy, Exc, representing the remain-
ing part of the quantum mechanical ground-state energy. Note, Eel−ion and Eel−el only
account for the classical electrostatic interaction among the charges in the system, not tak-
ing into account the interaction between individual electrons due to quantum effects. Exc is
then added to compensate for this. Eel−nu and Eel−el are given by well-defined expressions,
see Eqs. 1.5 and 1.6. Ekin is reasonably well approximated by the expression of Eq. 1.7.

Eel−nu[ρ] = e
∫

Vnuc(r)ρ(r)dr (1.5)

Eel−el[ρ] =
e2

4πε0

∫ ∫
ρ(r)ρ(r′)
|r− r′|

drdr′ (1.6)

Ekin[ρ] =−
h̄2

2me

N

∑
i=1
〈φi(r)|∇2|φi(r)〉 (1.7)

h̄ =
h

2π
(1.8)

Here, e is the magnitude of the charge of an electron, 1.602 ∗ 10−19 C, Vnuc is the electro-
static potential due to the nuclei, ε0 is the electric constant that has a value of 8.854∗10−12

F m−1 and me is the electronic mass, 9.109 ∗ 10−31 kg. h̄ is related to Plank’s constant, h,
(see Eq. 1.8), the value of h is 6.626∗10−34 J s.

In the Kohn-Sham formulation of DFT, the orbitals φi that appear in Eqs. 1.3 - 1.7 are
determined by the Kohn-Sham equations:[

− h̄
2me

∇
2
i + eVnuc +

e2

4πε0

∫
ρ(r′)
|r− r′|

dr′+ eVxc

]
φi(r) = εiφi(r) (1.9)

The exchange-correlation potential, Vxc in Eq. 1.9, is related to the exchange-correlation
energy Exc, and is not known. Several ways to approximate the exchange and correlation
potential have been developed in the last 20 years. A starting point is provided by the local
density approximation, LDA, that calculates the exchange and correlation in terms of that
of the homogeneous electron gas. LDA is obviously a simplification, and is not suitable
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for accurate studies of chemical processes where an accuracy of better than 5 kcal/mol is
required. Various gradient-corrected functionals have been developed that provide signifi-
cant improvement over LDA, yielding acceptable accuracies for a large range of chemical
systems. In a gradient-corrected functional, the exchange-correlation energy is expressed in
terms of the local density and its gradient. In the present work the BLYP density functional
has been used. It is composed of an exchange term (abbreviated with B) that was suggested
by Becke [60] and a correlation term, LYP, proposed by Lee, Yang and Parr [61]. It has
been shown that the BLYP functional provides a sufficiently accurate description of prop-
erties of water and various chemical processes in aqueous systems, including those that are
the focus of the present thesis [38; 50; 62].

Since the DFT approach uses the electron density instead of the wavefunction, the scal-
ing of the required computational effort is the same as in Hartree Fock theory, while the
accuracy is significantly improved. Due to its acceptable accuracy and relatively low com-
putational costs DFT is presently the most used method for electronic structure calculations
in chemistry.

1-4.1.2 Basis Sets and Pseudopotentials

In the practical implementations of Kohn-Sham theory, the one-electron wavefunctions,
φi(r) from Eq. 1.3 are typically expanded in terms of linear combinations of a fixed set of
analytic basis functions, f j(r), referred to as the basis set:

φi(r) =
M

∑
j=1

ci j f j(r) (1.10)

Here, M is the number of basis-set functions. Solving the Kohn-Sham equations (Eq. 1.9)
involves determining the coefficients ci j in an iterative procedure.

The selection of the basis set is important for both the accuracy and the computational
cost of the calculation. While the accuracy increases with a larger basis set, the computa-
tional cost, unfortunately, increases cubic with the number of basis functions. Hence, the
choice of the basis set is a trade-off between accuracy and cost. In practice, this is done by
calculating at which basis-set size the relevant properties of the system, (e.g. the binding
energy of two chemical compounds), converge. Other important factors to consider are the
analytic form of basis set functions and the cost of the integral evaluations in Eq. 1.6 and in
the Vxc term. Since DFT calculations are already expensive, basis-set functions for which
these integrals can be calculated analytically are strongly preferred. Secondly, their analytic
form needs to be suited for the application. For example, plane-wave basis functions are
well suited for periodic systems. In the present thesis all topics studied involved bulk sys-
tems requiring periodic boundary conditions. Hence, a plane-wave basis set was employed.
If we denote G j as the vectors in the reciprocal space defined by the shape and size of the
periodic cell, the plane-wave basis set functions have the form:

f j(r) = LeiG jr (1.11)
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For a cubic periodic cell the length parameter L is related to the volume, V, by the expression

L =
1√
V

(1.12)

While a plane-wave basis set is a natural choice for a periodic systems that provides for
an efficient calculation of certain terms in the energy expression of Kohn-Sham theory, they
also have a drawback. The electronic density typically shows a sharply oscillating behavior
in the core region. Representing this accurately with plane-waves requires a very large basis
set. Therefore, all electron calculations with plane wave basis sets are computationally very
demanding. Fortunately, for many chemical reactions the electronic density near the core is
almost unaffected during the reaction. Therefore, the contribution of the core electrons to
the electronic density can be provided in a static manner. In the pseudopotential approach,
this is achieved by combining the interaction of the core electrons and nuclei with the
valence electrons in a fixed effective potential, leaving only the valence electrons to be
treated explicitly. Pseudopotentials are constructed such that they have a smooth shape near
the nuclei. This allows for a significantly reduced size of the plane-wave basis set, when
compared to an all-electron calculation. Norm-conserving pseudopotentials reproduce the
correct electronic potential and energies for the valence electrons outside a chosen cut off
radius, rc, as shown in Figure 1.3. In the present work we employed norm-conserving
Troullier-Martins pseudopotentials for all calculations [63; 64].

0
r

rc

Ψpseudo

Ψreal

Figure 1.3: A comparison between the real wavefunction, dashed line, and the pseudopotential
wavefunction, full line. Note, they have the same value after the cutoff radius rc.

1-4.2 Transition State Theory
The majority of theoretical studies of chemical reaction mechanisms employ transition state
theory [65], TST, that is based on two assumptions. First of all it assumes the existence of
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a transition state, TS, between the reactants and the products. Secondly, quasi equilibrium
between the reactants and the TS is assumed. The relation between the rate constant k and
the free energy difference between the reactants and the TS, ∆Ga, is shown in the Eyring
equation, Eq. 1.13. In that equation, kB is the Boltzman constant, 1.38∗10−23 m2 kg s−2,
R is the molar gas constant, 8.314 m2 kg s−2 K−1 mol−1 and T is the temperature.

k =
kBT

h
e−

∆Ga
RT (1.13)

The first applications of TST in chemistry used static energy minimization techniques [66].
In this approach, the energy as a function of the nuclei position is referred to as the potential
energy surface (PES), and energy minimization techniques are designed to find minimum
or saddle points on the PES. In order to calculate the reaction barrier, a reaction coordinate,
for example a bond length or an angle, is chosen and the energy profile along this coor-
dinate is calculated. The energies are obtained by finding the molecular geometries with
the minimal energy at the chosen values of the reaction coordinate. The structure with the
highest energy along the obtained energy profile is taken to be optimized as TS. The TS
is defined as a saddle point on the PES and the energy difference between the reactants
and the TS is the reaction barrier. The differences in the zero point vibration frequencies
and entropies in the harmonic oscillator approximation [67], and solvation energies from a
continuum solvent model [68] can be added to improve the accuracy of the reaction barrier.

While this approach is computationally efficient and has revealed numerous reaction
mechanisms, it also has a few drawbacks. First of all it assumes that there is only one tran-
sition state structure. Secondly, the effects of temperature and other entropic contributions
can only be calculated within the harmonic oscillator approximation. For a fully solvated
system several geometric configurations with similar energies are possible and entropy can
play an important role. Also, due to the many degrees of freedom, a converged energy
minimization of an explicitly solvated system is practically difficult. Therefore, a system
with an explicit solvent model can not be efficiently studied with static energy minimization
techniques. Instead, solvent effects are implemented by adding a few solvent molecules or
by representing solvent as a polarized continuum field. The continuum model can represent
the electrostatic effects of the solvent [68], and a few solvent molecules can provide the
needed hydrogen bonding, which can be sufficient for many reaction models. However,
when the solvent effect in a catalytic reaction is significant, solvent molecules can be di-
rectly involved in the reaction mechanism and an explicit solvent model may be needed to
fully understand the role of the solvent.

1-4.3 Molecular Dynamics
As explained previously, a study of a reaction in explicit solution requires a method that can
sample several geometric configurations with their statistical relevance, which is possible by
using molecular dynamics, MD. In this approach, the atoms of the studied system are given
initial velocities and are propagated in time by solving numerically Newton’s equations
of motion, generating different geometric configurations along the way. To illustrate this,
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Eq. 1.14 shows the Hamiltonian of a simple one-degree-of-freedom system composed of
one particle. U is the potential energy, p is the momentum and v is the velocity. Eq. 1.15
shows the differential equations that need to be solved. At time t, F is the force on the
particle, x is the particle position, m is the particle mass and U is the potential acting on the
particle.

H = Ekin +U =
p2

2m
+U =

1
2

mv2 +U (1.14)

F [x(t)] = m
d2x(t)

dt2 =−dU(x)
dx

(1.15)

Eqs. 1.16 and 1.17 show how the position and the velocity of the particle are updated if the
velocity Verlet algorithm is used for the numerical solution of Eq. 1.15, using the time step
∆t. The length of the time step is an important parameter, a too large time step can lead to
poor energy conservation, while a very small time step increases the simulation time [69].

x(t +∆t) = x(t)+ v(t)∆t +
F [x(t)]

2m
∆t2 (1.16)

v(t +∆t) = v(t)+
F [x(t)]+F [x(t +∆t)]

2m
∆t (1.17)

If a MD simulation is long enough, statistical sampling of representative and independent
geometric configurations of the system is possible.

MD simulations can be done in different ensembles that represent different thermody-
namic conditions. One specifies which properties of the system are conserved. In the direct
solution of Newton’s equations, the number of particles, the volume of the simulation box,
and the energy are conserved, this is referred to as the NVE ensemble. However, additional
techniques can be used to conserve other properties of the system instead. When studying
a chemical reaction in solution, a system with constant temperature is more representative
of the real system. In the canonical, NVT ensemble, the temperature is conserved instead
of the energy, which can be done by adding a thermostat to the system. In the Nosé-Hoover
thermostat [70; 71], used here, a heat bath is introduced as an extra degree of freedom in the
equations of motion. Practically, the Hamiltonian from Eq. 1.14 is modified by scaling time
with a variable s with associated momentum ps and mass Q. The new Hamiltonian is shown
in Eq. 1.18, where the kinetic and the potential energy of s are added as the last terms. N is
the number of degrees of freedom in the system, and T is the target temperature.

H =
p2

2ms2 +U +
p2

s
2Q

+(N +1)kBT ln(s) (1.18)

In the equation of motion s can be written out giving Eq. 1.19, while ps is calculated ac-
cording to Eq. 1.20 [71]. It can be shown that these equation of motion will sample the
canonical distribution [70; 71].

m
d2x(t)

dt2 =−dU(x)
dx

+
pps

Q
(1.19)
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d ps

dt
=

1
2mv2−NkBT

Q
(1.20)

1-4.3.1 Car-Parrinello Molecular Dynamics

While MD can be combined with DFT by calculating the electronic structure after every
MD step, this direct implementation is computationally expensive. In 1985, Parrinello
and Car proposed the Car-Parrinello Molecular Dynamics, CPMD, method for ab initio
MD [72], that was later implemented in the CPMD program package [73]. In this approach,
optimization of the electronic wave function every MD step is not required. Instead, the
electronic orbitals are given a fictitious mass µ and are propagated classically together
with the nuclei. The significant reduction in the simulation time with this method made ab
initio MD computationally feasible. The CPMD scheme is constructed from the Lagrangian
formulation of MD. The Lagrangian, Eq. 1.21, is defined as the difference between the
kinetic and the potential energy. The three dimensional coordinate, r = (x,y,z) is used here
instead of the one dimensional x coordinate. The Lagrangian equations of motion can be
derived as in Eq. 1.22 and are equivalent to the Newton’s equation of motion in Eq. 1.15.

L(r, ṙ) = Ekin(ṙ)−Epot(r) = 0 (1.21)

− d
dt

δL(r, ṙ)
δ ṙ

+
δL(r, ṙ)

δ r
= 0 (1.22)

Car and Parrinello suggested an extended Lagrangian for ab initio molecular dynamics,
shown in Eq. 1.23, where R j denote the nuclei coordinates. A term is added in the equation
for the fictitious movement of the electronic orbitals, that are given a fictitious mass µ and
the potential energy is calculated from DFT. Note, as the electronic orbitals are expressed
as in Eq. 1.10, the terms φ̇i(r, t) can be written as in Eq. 1.24, where f j(r) are the basis set
functions and ci j are the basis set coefficients from Eq. 1.10.

LCPMD({R j},{Ṙ j},{φi},{φ̇i}) = Ekin[{R j}]+
1
2

µ

N

∑
i=1

∫
d3r

∣∣φ̇i(r, t)
∣∣2−EDFT [{φi},{R j}]

(1.23)

The forces on the nuclei and the electrons in this extended Lagrangian are shown in Eqs. 1.25
and 1.26 where λi j is the Lagrange multiplier used to enforce the orthogonality constrain
for the molecular orbitals. These forces can be used in the MD scheme with for example
velocity Verlet integration algorithm.

φ̇i(r, t) =
M

∑
j=1

dci j

dt
f j(r) (1.24)

FRk =−∇RkEDFT [{φi},{R j}] (1.25)
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Fφi =−
δEDFT

δφ∗i (r, t)
+∑

j
λi jφi(r, t) (1.26)

1-4.4 Rare Event Methods

1-4.4.1 Constrained Molecular Dynamics

The CPMD method can study a complex system on the time scales of 100 ps, which is not
enough to observe chemical reactions by direct simulations. Several free energy methods
are available to tackle this problem. One of these methods, used here, is the constrained
molecular dynamics method [74]. In this method, the value of the chosen reaction coordi-
nate, Q, is constrained and the average force required to keep this constraint is measured.
The free energy profile of the reaction can be obtained by integrating the constrained force
profile as in Eq. 1.27 and TST can be employed for the reaction barriers.

∆A(Qi) =−
Qi∫

Q0

〈F(Q)〉dQ (1.27)

One way to implement a distance constraint in molecular dynamics is by using a Lagrange
multiplier. A variables σ is introduced, as in Eq. 1.28 where x1(t) and x2(t) are the two
coordinates involved in the distance constraint and c is the target distance between them.
The equations of motion in Eq. 1.15 are modified to account for the forces due to the
constraint. This results in Eq. 1.29 for each particle xi, where λ is the Lagrange multiplier,
Fo is the force acting on the unconstrained particle and Fc is the constrained force. Note,
the net work done by the constrained force is 0 as it acts equally but in opposite directions
on the two particles. Also, the last term in the equation is 0 for particles not involved in the
constraint and they are treated as in a regular MD scheme.

σ(t) = ||x1(t)− x2(t)||2− c2 = 0 (1.28)

mi
d2xi(t)

dt2 =−δU(xi)

δxi
−λ

δσ(t)
δxi

= Fo +Fc (1.29)

Double derivation on both sides gives that particle positions should be updated according to
Eq. 1.30 where x∗i is the unconstrained particle position. The constraint is fulfilled for the
next step by calculating the value of λ for which σ(t +∆t) is 0 and the constrained force
is given by the Eq. 1.31. Multiple constraints or other constraint types can be added to the
system in a similar fashion.

xi(t +∆t) = x∗i (t +∆t)+λ
δσ(t)

δxi

(∆t)2

mi
(1.30)
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Figure 1.4: The scheme for the practical implementation of the constrained MD method

Fc = 2λ ||x1− x2|| (1.31)

The method can be practically implemented as in Figure 1.4, where the system is first
slowly moved to the value of Qn, followed by a an equilibration time at this Q value. After
the equilibration run, two separate MD runs are started, one for sampling the constrained
force at Qn and one for moving the system to the value Qn+1. Figure 1.5 shows a theoretical
example of a constrained force profile and the resulting free energy profile in a dissociation
reaction. While being computationally efficient this approach requires a correct assumption
of the reaction coordinate. If the reaction coordinate deviates significantly from the real
one, calculating the force profile in the other reaction direction, starting from products to
the reactant, will give a significant difference in the two force profiles, a hysteresis effect.
Investigation of the hysteresis effect is important when using the constrained dynamics
method to ensure the accuracy of the results.

1-4.4.2 Transition Path Sampling

Transition path sampling (TPS) is a method that does statistical sampling of reactive MD
trajectories [75; 76]. TPS uses a markov chain monte carlo (MCMC) scheme [69] to gen-
erate new reactive trajectories with their statistical probability from an existing trajectory.
Eventually, the trajectories converge to the most probable ones and the obtained ensemble
of the reactive trajectories can be used to gain more information about the reaction mech-
anism. Before starting a TPS simulation a definition of the stable states A and B between
which the transition of interest occurs is required. It is important to define these regions
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Figure 1.5: An theoretical example of a constrained force profile and the resulting free energy
profile for a dissociation reaction, AB→A+B, with AB distance as the reaction coordinate. Initially,
the force with be negative since the two atoms want to stay together, however the force will switch
sign when a transition state is passed. The corresponding free energy profile will have a peak when
the constrained force switches signs.

such that A and B are indeed stable states that do not overlap. A reactive trajectory that
starts in A and ends in B is also needed.

A trajectory of k time steps, τ(x), can be discretized as in Eq. 1.32 where xi represent
both the coordinates and the momentum of the particles in the system at time i.

τ(x) = {x0,x1, ....,xi, .....,xk} (1.32)

Since we are only interested in reactive trajectories, terms hA[x0] and hB[xk] are introduced.
hA[x0] = 1 if x0 is in region A and zero otherwise, while hB[xk] = 1 if xk is in region B
and zero otherwise. Reactive path probability, PAB[τ(x)], is defined as in Eq. 1.33, where
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P[τ(x)]is the probability of the path τ(x).

PAB[τ(x)] = hA[x0]hB[xk]P[τ(x)] (1.33)

There are several approaches, "moves", to generate a new trajectory from the previous
one. If the new trajectory does not start in A or does not end in B, it is rejected and the old
trajectory is recounted in the ensemble average. Otherwise it is accepted with its statistic
probability, which is calculated from the detailed balance criteria in Eq. 1.34 from MCMC.
In this equation τo(x) refers to the old path and τn(x) refers to the new path, Pacc[(τ(x)] is the
acceptance probability of path τ(x) and Pgen[τ

o(x)→ τn(x)] is the probability to generate
τn(x) from τo(x) . The exact acceptance criteria depends on the move that is made. If the
new trajectory is accepted, it is added to the ensemble average and is used for the generation
of the next trajectory [75; 76].

pi
n

Attempt 1

Attempt 2

2

A B

pi
o

xi
o

Attempt 2

Starting 
path

Figure 1.6: An example of generating a new trajectory from the existing one with shooting moves.
A time point xo

i in the old trajectory is randomly chosen and the momentum of the particles at
this point, po

i , is modified slightly, resulting in a new momentum, pn
i . A new path is obtained by

integrating backward and forward using the new momentum. Attempt 1 is rejected since it does not
end in B, while attempt 2 is accepted with the acceptance ratio from Eq. 1.35.

Pacc[(τ
o(x)→ τn(x)]

Pacc[(τn(x)→ τo(x)]
=

PAB[τ
n(x)]Pgen[τ

n(x)→ τo(x)]
PAB[τo(x)]Pgen[τo(x)→ τn(x)]

(1.34)

In a shooting move in TPS a random time point xi from the trajectory is picked and
the momentum of all or some of the particles is changed slightly. A new trajectory is then
generated by integration both backward in time for i-1 steps and forward in time for k-i
steps, so that the new trajectory τn is of the same length as the previous one. In deterministic
dynamics Pgen[τ

o(x)→ τn(x)] is equal to the probability to generate xn
i from xo

i [75; 76].
Therefore, if the change of the momentum is symmetric, that is Pgen[xn→ xo] = Pgen[xo→
xn], the acceptance criteria for a shifting move is shown in Eq. 1.35 [75; 76], where ρ(xi)
is the probability of point xi.

Pacc[τ
n(x)] = min

[
1,hA[xn

0]hB[xn
k ]

ρ(xn
i )

ρ(xo
i )

]
(1.35)
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Figure 1.6 summarizes TPS using shooting moves. While TPS is more computationally
demanding and more difficult to implement than the constrained MD method, it doest not
require a reaction coordinate, only definition of the product state and the reactant state.
In addition, there is no "artificial" dynamics in this method and real kinetic pathways are
obtained. Due to these advantages, TPS can reveal mechanistic details not captured by
methods that require a reaction coordinate. In addition, reaction rates can be calculated
with the accuracy beyond that of TST. Unfortunately, a large amount of reactive trajectories
is needed for the calculations of reaction rates, which is not feasible for a large quantum
modeled system.

1-5 Previous Studies of Chemistry in Explicit Water So-
lution

Studies of chemical reactions in explicit solution require simulations of many atoms with
ab initio MD which is computationally expensive. Fortunately, the computing power of
high performance computers has grown immensely in the last decades and the first ab initio
studies of solution chemistry started around 15 years ago [77; 78]. The first challenge with
modeling solution chemistry is to correctly represent the properties of the solvent, particu-
larly in the case of water. The accuracy of liquid structure and dynamics can be investigated
by calculating the radial distribution functions, RDF and the diffusion coefficients, which
can be compared with the experiments. The accuracy tests of different density functionals
showed that both BLYP and PBE can describe the structure of water accurately [62; 79].
While ab initio MD simulations give a somewhat over-structured water, a way around that
is to do simulations at a slightly higher temperature [79]. The cell size effects are small for
unit cells with at least 32 water molecules [79]. If care is taken with the fictitious mass, the
CPMD method gives similar results to BO methods [80]. It has been shown that the ficti-
tious mass should be smaller than 720 a.u. and 360 a.u. for accurate structural descriptions
of heavy water, D2O, and light water, H2O, respectively [79]. Finally, heavy water was
compared to regular, light water and almost no structural differences were observed when
nuclear quantum effects were not included [79]. That is reasonable as the electronic struc-
ture is the same in heavy and light water and the observed differences between the two are
due to the zero point frequencies and tunneling effects. Indeed, including quantum effects
in the simulations does induce a difference between light and heavy water and improves the
accuracy [80].

When deciding the parameters for a simulation a trade off between accuracy and effi-
ciency is needed. In the simulations done here, BLYP functional was chosen in order to
obtain desired accuracy for both water and the studied reactions. The fictitious mass was
600 a.u., which is sufficiently low for an accurate description of heavy water. Between 52
and 64 water molecules in each unit cell were used, depending on the studied system. We
choose to use deuterium instead of hydrogen as we were not attempting to study the nu-
clear quantum effects. Therefore, this choice would significantly increase the efficiency of
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simulations by allowing a larger fictitious mass and consequently, a larger time step with a
minimal effect on the accuracy.

Many of the first studies of solution chemistry dealed with proton transfer reactions in
water solution, which is particularly difficult do model accurately with gas phase models. In
2001 Geissler et al. studied auto ionization of a water molecule in solution with CPMD and
TPS [81]. They discovered two important findings that were not observed before with less
complicated models. First, the cleavage of the OH-H bond was induced by the fluctuations
of the electric field in the solvent. Secondly, the transition state of the reaction was the
breaking of the hydrogen bond chain connecting the proton and the hydroxide. Later on, the

O

C
H2

H

H2C

OH

Scheme 1.6: The keto-enol tautomerization of a ketone, the keto form is on the left side and the
enol form is on the right side .

dissociations of two weak acids, histidine and acetic acid were studied in solution by Ivanov
et al. in 2002 [82] and Park et al. in 2006 [83], respectively. The study of the histidine
employed constrained dynamics, obtained an accurate barrier for the proton transfer and
showed that the process is stepwise. The latter study of acetic acid used metadynamics
and TPS simulations, and found two slightly reaction mechanisms. The proton transfer
to solution could start with rearrangement of water molecules around the reaction center,
followed by proton transfer to the solution, or the other way around. Both paths had a
similar representation in the TPS ensemble. A more complex proton transfer reaction, keto-
enol tautomerization, shown in Scheme 1.6, was studied by Cucinotta et al. in 2006 [84].
They employed metadynamics to study the free energy surface of the reaction and found
that deprotonation of one of the carbons is the limiting step and that the reaction barrier is
significantly reduced in water solution.

Another reaction in which solvent is expected do be important is hydration of C=C, C=N
or C=O double bonds in water solution, see Scheme 1.7. The reaction mechanism consists
of three steps, protonation of the reactant, nucleophilic attack of a water molecule on the
carbon and deprotonation of that water molecule. It has been shown that the order of these
steps can vary, depending on the reactant. In 2000 Mohr et al. studied the hydration of the
ethylene cation radical in water solution [10]. They found that for the ethylene cation the
first step is the nucleophilic attack followed by deprotonation of the attacking water. This
deprotonation step could not be observed in gas phase simulations. Later, in 2004, Van Erp
et al. studied the hydration of neutral ethylene in water solution [6]. In the case of neutral
ethylene, protonation of a carbon was the first reaction step instead. A nucleophilic attack
on the other carbon by a water molecule and deprotonation of that water followed. Both
studies found that organization of the solvent molecules around the reactant was crucial for
observing the reaction.
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Scheme 1.7: The mechanism of the hydration reaction. It can start by either the protonation step or
the nucleophilic attack step displayed here.

Ensing et al. did several studies on the reactivity of the Fenton reagent, a mixture
of Fe2+ and H2O2, in water solution [85–88]. There has been a debate regarding if a
ferryl ion, [FeIVO]2+ or a hydroxyl radical, OH· is formed in the reaction. In their studies
they observed the formation of an FeIII−OH and OH·, followed by the formation of the
ferryl ion. They also found that the solvation environment is important for the preferred
mechanism [85; 86]. In a follow up study they showed that a ferryl ion can oxidize methane
to methanol, although the reaction barrier was substantially increased in water solution [88].

In 2007 Tateyama et al. studied the mechanism of water addition to aqueous RuO−4
coupled with an electron transfer, RuO−4 + e−+H2O→ [RuO3(OH)2]

2− [89]. They found
that the reduction of the ruthenium atom occurs before the addition of water and obtained a
reaction barrier that was in excellent agreement with experiments.

These examples show that incorporation of an explicit solvent model can be crucial for
understanding a catalytic reaction mechanism, especially in the case of water solution.
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1-6 The Scope of This Thesis

The aim of this thesis was to study catalytic reactions in presence of water, with the empha-
sis on the role of water molecules. Explicit solvent models that could accurately describe
the effects of solvation, hydrogen bonding and potential proton transfer reactions between
the solvent and the solute were used. DFT, required to study breaking and formation of
chemical bonds, was combined with MD, needed to study a system with many possible
configurations, by using the CPMD method. Furthermore, rare event methods, constrained
dynamics and TPS, were used to study the reactive transitions. The reactions that were
studied in water solution are silica oligomerization and transfer hydrogenation of ketones
with Ru(p-cymene)TsDPEN.

Chapter 2 deals with silica oligomerization in explicit water solution in the presence of
a sodium ion. It shows that the combined interactions of water and sodium with the reacting
silica decrease the reaction rate compared to the pure water case. Furthermore, correlation
between the position of the sodium ion and the hydrogen bond structure of water around
the reaction center is found and could explain sodium’s effect on the reaction kinetics.

In Chapter 3 the transfer hydrogenation step of TH with Ru(p-cymene)TsDPEN was
studied with constrained dynamics using simplified models of the catalyst and the substrate.
It was discovered that, contrary to the previous gas phase studies, the reaction mechanism is
stepwise, with the hydride transfer preceding the proton transfer. Surprisingly, the substrate
was protonated by a water molecule, while the catalyst retained its proton during all of the
simulations. In view of this, deprotonation of the catalyst was studied in water solution and
the obtained reaction barrier was marginally higher than previously calculated barriers for
water dissociation, explaining our observation.

In view of the findings in Chapter 3, the transfer hydrogenation system was studied with
TPS method in order to get more details on the reaction mechanism. It was discovered that
there are two possible pathways for the transfer hydrogenation step, one where the proton
transfer comes from the catalyst and one where it comes from a water molecule. Both
pathways are likely and the mechanism switched often during the simulations. Analysis
of the reaction coordinates suggested that hydride transfer is decorrelated from the proton
transfer. In addition, it is shown that rearrangement of the solvent after the hydride transfer
may be important for the proton transfer.

Chapter 5 describes the study of catalyst regeneration in TH with Ru(p-cymene)TsDPEN.
Specifically, hydride transfer to the protonated and the deprotonated ruthenium catalysts and
dissociation of the Ru-formate complex found by Koike et al. [45] are investigated. Water
solution increased the reaction barrier for direct hydride transfer to the ruthenium catalyst,
which could be explained by the analysis of hydrogen bonds. Hydrogen bonding of formate
with water molecules decreases dramatically as it transforms into carbon dioxide. In addi-
tion, the reaction barrier was lower for the protonated catalyst. Combined with the findings
of Chapter 3 it could explain the beneficial effect of water on the reaction rate. Furthermore,
the calculated dissociation barrier of the ruthenium formate complex is lower in water and
could be the second reason for the increased reaction rate.
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2
Silica Oligomerization in Presence of

Sodium

In this chapter, the silica oligomerization reaction in explicit water solution and in presence
of a sodium ion was simulated using ab initio molecular dynamics. The free energy profiles
were computed with constrained dynamics method and the behavior of sodium during the
reaction was analyzed. It was found that sodium increases the reaction barriers compared
to pure water solution, although this effect is smaller than in the case of lithium or ammo-
nium. Analysis of configurations showed that sodium could affect the solvation shell of a
reacting silica oxygen, which could result in increased reaction barriers.1

1 This chapter has been published as: "Clarifying the role of sodium in the silica oligomerization reaction."
A. Pavlova, T.T. Trinh, R.A. van Santen, and E.J. Meijer, Phys. Chem. Chem. Phys., 2013, 1123 - 1129,
DOI: 10.1039/C2CP42436C
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2-1 Introduction
Condensation of silicic acid is the elementary reaction step in sol-gel chemistry and zeolite
synthesis. Zeolites are crystalline, nanoporous materials with regular channels and cavities
that can vary in shape and size for different materials. Their structure can be controlled by
the choice of reaction conditions, mainly with adding organic or inorganic salts, commonly
referred to as structure directing agents, SDA’s. Examples of SDA’s are lithium or sodium
hydroxides or more complex compounds such as TPA+, TMA+ or TEA+. Due to the vari-
ety of different frameworks, zeolites are widely used in the chemical industry for catalysis,
absorption and separation. Therefore, it is of both scientific and technological interest to
understand the process of their formation.

One of the challenges is to explain how silica can oligomerize into different structures
depending on the reaction conditions and the nature of the present SDAs. Experimental
techniques have been used to investigate the structural changes of the species during zeolite
formation process[1–9]. It is known that this process consists of several parallel reactions
and that the final shape of the framework is determined at the early stages of the oligomer-
ization. In the initial stage, small oligomers such as dimers, trimers, tetramers, 3-rings, 4-
rings, or others are formed [3]. The distribution of the different structures depends strongly
on the reaction conditions such as pH, temperature, silica concentrations and the type of
SDAs. This distribution of small oligomers is correlated to the final structure [5–9].

To arrive at a better understanding of silica oligomerization, several theoretical and ex-
perimental studies have addressed the effect of the environment on the first stages of silica
condensation [1; 2; 4–11]. The evolution of different silica species under different reaction
conditions has been studied by Burkett et al. [6; 7] and Pelster et al. [11]. It has also been
shown that presence of cations can significantly affect the formation rate of the smaller
oligomers [2; 10]. However, due to the formation of several silica oligomers simulta-
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Scheme 2.1: The mechanism of the silica condensation reaction.
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neously, it is difficult to study the formation of a single silica oligomer accurately with
experimental techniques. In addition, it is difficult to disentangle the role of the individual
reaction condition variables.

Theoretical methods do not have those limitations. Various theoretical studies have
investigated the mechanism of Si-O-Si linking of silicic acid, concluding that an ionic two-
step mechanism, shown in Scheme 2.1, is most favorable [12; 13]. In this mechanism, a
negatively charged silica oxygen attacks the silicon of another monomer as the first step,
yielding a penta-coordinated intermediate. Then water is removed in the second step. Fur-
ther studies showed that energy barriers of formation and stability can differ significantly
for different silica oligomers, mainly due to the importance of intramolecular hydrogen
bonds. Tossell [14] and Pereira et al. [15; 16] have studied the effect of solvent on the
reaction using continuum models, concluding that a continuum solvent model significantly
changes the reaction barriers. Catlow et al. and Lewis et al. have studied the role of organic
cations and shown that they can play an important role by stabilizing the growing silica
oligomers and by directing their growth [17; 18]. Mora-Fonz et al. showed that presence of
a sodium ion can affect pKa values of silica oligomers [19].

Trinh et al. [20; 21] did ab initio molecular dynamics simulations of this reaction in
explicit water solution. The barriers obtained with the explicit solvent model differ signifi-
cantly from those obtained from studies in gas phase, complemented by a cosmo continuum
model [12–16]. In addition, in some cases, a different reaction mechanism for the second
step was observed. In the new mechanism, a water molecule would transfer the proton to
the leaving OH group instead of a Si-OH group. They also studied the effect of lithium and
ammonium ions on the formation of smaller silicic acid chains using the same method [22].
It was shown that cations increase the total reaction barrier and that the Si-O bond for-
mation step is more affected than the water removal step. For the silica dimer formation,
the cations were observed to directly coordinate to the reacting Si-O group during the first
reaction step, explaining the increased barriers in those cases. These studies show that in-
cluding explicit aqueous environment is important for accurate theoretical studies of the
silica condensation reaction.

Sodium is a commonly used additive in zeolite synthesis. It has been shown to decrease
the reaction rate of silica condensation at early stages [2], yet increase crystallization and
growth of zeolites at later stages [7]. Nevertheless, its effect on silica condensation has not
been studied theoretically in explicit solution. Based on the previous studies [2; 7; 10; 19],
it was reasonable to assume that sodium does have an effect on the early stages of silica
condensation reaction. In the present chapter we address the role of sodium, and report an
ab initio molecular dynamics study of silica condensation reaction in aqueous solution in
the presence of a sodium ion.

2-2 Methods
We have studied dimerization, trimerization and 3-ring closure reactions ( Scheme 2.2), in
explicit water solution in presence of a sodium ion. The solvent was represented by 64
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water molecules in a periodic cubic box, which provided two solvation shells. We did not
include the hydroxide ion, in order to obtain insight in the explicit effects of the sodium ion,
and to be able to make a direct comparison with previous computational studies that also
excluded the hydroxide ion.

The electronic structure was calculated using the Kohn-Sham formulation [23] of den-
sity functional theory [24], DFT. The BLYP density functional [25; 26] was used as it pro-
vides a sufficiently accurate description of water [27] and water-silica interactions [19]. The
Kohn-Sham orbitals were expanded in a plane-wave basis set that included plane-waves up
to an energy of 70 Ry. Norm-conserving Troullier-Martin pseudopotentials [28; 29] were
used to represent the non valence electrons. The pseudopotential cutoff radii for Si, Na, O
and H were 0.90, 0.98, 1.05 and 0.50 a.u. respectively for the s term. We used the same
cutoff for the p term as for the s term for O and Na, while for Si we used a cutoff of 1.1 a.u.
for the p term. The CPMD program package was used for all calculations [30].

The reactions were studied with Car-Parrinello molecular dynamics [31]. It is an ab
initio molecular dynamics technique where the plane-wave coefficients are given a fictitious
mass and are propagated dynamically such that the electronic state remains near the ground
state. We used a fictitious mass of 600 a.u., which is sufficiently small for an accuarate
description of water [32]. Deuterium was used instead of hydrogen in order to use a larger
time step, our settings allowed for a time step of 0.121 fs. The simulations where done in
the NVT ensemble. The volume of the simulation box corresponded to a density of 1 g/cm3

and the temperature was 350 K. Constant temperature was imposed using a Nosé-Hoover
thermostat [33; 34] with a frequency of 500 cm−1.

The time scales at which chemical reactions occur are not accessible with today’s ab
initio dynamics methods. Therefore, we used the constrained dynamics method to force
the reaction to happen [35] . The Si-O distance of the attacking oxygen was chosen as the
reaction coordinate for the first step of the reaction, while for the second step, the reaction
coordinate was the Si-O distance of the leaving OH− group, see Schemes 2.3a and 2.3b.

We performed constrained molecular dynamics simulations with chosen values of the
reaction coordinate. For each value a 2 ps equilibration run was followed by a 10 ps pro-
duction run. The average constrained force was calculated for the production runs. The
free energies of the reactions were obtained with thermodynamic integration, as in Eq. 2.1,

(HO)3Si
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Si(OH)3 (HO)3Si

O

Si
(OH)2
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Si(OH)3

O
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O O
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Scheme 2.2: The silica oligomers, formation of which was studied.
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Scheme 2.3: The reaction coordinates, RC, chosen to model the silica condensation reaction. a. RC
for the Si-O bond formation step. b. RC for the water removal step.

where F is the constrained force and r is the reaction coordinate.

∆G =−
r2∫

r1

〈F(r)〉dr (2.1)

2-3 Results and Discussion

2-3.1 Validation

In order to validate that our DFT setup properly describes the solvation of sodium we cal-
culated the hydration energies of sodium for one to four water molecules. The results are
in agreement with experimental energies [36] and previous DFT calculations [37], see Ta-
ble 2.1.

Table 2.1: Calculated hydration energies for Na+(H2O)n clusters in kcal/mol. An isolated box of
15 Å was used for all of the calculations. Experimental hydration energies [36] and previous DFT
calculations [37] are added for comparison

n Our Previous DFT Experimental
Results results [37] results [36]

1 23.9 23.4 23.4
2 20.8 20.1 19.2
3 16.6 17.1 15.2
4 13.2 13.3 13.2

We also investigated the solvation of sodium by calculating the Na-O radial distribution
function and coordination number for sodium in the case of the silica dimer, see Figure 2.1.
The graph was obtained from a 30 ps long unconstrained ab initio MD simulation. The first
peak is well defined, it shows that their is a clear structure for the first solvation shell of the
sodium ion. The first peak is located between 2.1 and 3.2 Å and the second peak between
3.2 and 5.4 Å. The coordination number in the first shell is 4.8 which is consistent with
previous theoretical and experimental studies [38–40].
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Figure 2.1: Radial distribution function for the Na+-O pair and the coordination number obtained
from it.

2-3.2 Free Energy Calculations

For all of the three reactions and for both reaction steps, the constrained force was sampled
for values between 3.8 to 1.85 Å, with intervals of 0.1-0.2 Å. The end points of the force
profiles were chosen such that the constrained force was sufficiently close to 0. The force
profiles for all of the three reactions, see Figure 2.2, look similar. The free energy profiles
obtained from the integration of the forces are shown in Figure 2.3. The energies for
the water removal step were obtained by integrating the constrained force and adding the
final energy of the Si-O bond formation step. The profiles for dimer and trimer are almost
indistinguishable, while 3-ring formation has a lower barrier for Si-O linking and a higher
barrier for the water removal step. Table 2.2 shows the exact values for each step and each
reaction.

The total free energy of the studied reactions is unfavorable and this is consistent with
studies in pure water by Trinh et al. [20]. They analyzed the internal energy changes of
the system and found that the reaction was exothermic, as in the experimental studies.
Therefore, the reaction free energies were unfavorable due to the significant decrease of the
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Figure 2.2: Calculated constrained force profiles along the reaction coordinates for the three reac-
tions. The statistical errors for the total forces are shown as in the 95 % confidence interval. The
average constrained force for the configurations where sodium is within 3.2 Å of a Si-OH group are
shown as red circles. Those averages where only calculated for samples where sodium is close by
for at least 3 ps and far away for at least 3 ps.

entropy. One water molecule is produced in the silica oligomerization reaction. According
to experimental [41] and theoretical studies [42], T∆S of water dimer formation is around
30 kJ/mol at 373 K. Therefore, the rearrangement of the hydrogen bond network of water
due to the formation of one more water molecule could be significant enough to make an
exothermic reaction unfavorable.

The accuracy of DFT for reaction barriers is estimated to be 5-10 kJ/mol. The differ-
ences in the total reaction barriers for the three studied reactions are within those errors.
However, the 3-ring formation has a lower barrier for Si-O bond formation and a higher
barrier for the water removal step. Thus, the total reaction barrier remains close to the
dimer and trimer cases. Figure 2.4 and Table 2.2 compare the total reaction barriers in pres-
ence of Na+ to previously calculated cases without any cation [20] and in the presence of
Li+ [22]. The difference between sodium and lithium is much larger than the error margin,
while the difference between pure water and sodium is larger than the error margin only for
dimer and trimer formations.
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Figure 1: a. Catalyst precursor R=Cl, the active catalyst, R=H. b. The concerted transfer
hydrogenation transition state, where the two hydrogens are transferred from the catalyst to the
ketone simultaneously
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Figure 2.4: Comparison of the calculated free energy barriers with sodium to those without any
cation [20; 21] and with lithium [22].

2-3.3 Analysis of Sodium’s Behavior
We studied the trajectories in order to investigate if the observed differences in the reaction
barriers are due to the direct coordination of sodium to the reactants or because of its effect



2-3 Results and Discussion 39

Table 2.2: Calculated free energies for dimer, trimer and 3-ring formation in presence of sodium.
The energies without any cation [20; 21] and in presence of Li+ [22] are added for comparison. All
energies are in kJ/mol.

Reaction no ion Na+ Li+

Dimerization
first step 44 58 70
second step 42 33 39
total 61 81 98
Trimerization
first step 43 61 78
second step 26 26 46
total 53 75 108
3-ring formation
first step 35 48 83
second step 48 44 44
total 72 80 111

on the hydrogen bond network of water. Table 2.2 shows that the differences for the Si-O
bond formation step are larger than the differences for the water removal step. Figure 2.5
shows representative snapshots for observed Na+ coordinations for the Si-O bond formation
step. Direct coordination to the negatively charged oxygen that is forming the Si-O bond,
see Figure 2.5a, is rare for all of the three reactions. This type of coordination is common
when Li+ is used [22] instead of Na+, and could explain the difference in the energy barriers
for the two ions. Coordination to non reacting Si-OH groups, see Figure 2.5b, is more
common than to the negatively charged oxygen. However, in the most common case, the
sodium ion is either far away from the reaction center, or in the second solvation shell of
the reacting oxygen. Figure 2.5c shows a snapshot where sodium is in the second solvation
shell of the reactive oxygen. Note, when sodium is close to the negatively charged oxygen,
this oxygen has only one hydrogen bond. When sodium is far away, this oxygen can have up
to three hydrogen bonds. This could explain why this coordination is rarely observed, two
hydrogen bonds could be more favorable than coordination to the sodium ion. Table 2.3
summarizes how often the sodium ion is close to any Si-O group for each of the three
reactions.

Table 2.3: Percent of snapshots during the whole reaction, for which Na+ is within 3.2 Å of any
Si-O group.

Reaction Dimer Trimer 3-ring
proximity in % 21 20 5

During the water removal step, the leaving OH− group receives a proton. For all of the
three reactions studied here, this proton comes from a water molecule and a hydroxide ion
is formed for a short time. At a later stage, a Si-OH group is deprotonated, neutralizing the
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Figure 2.5: Representative snapshots of different coordinations of sodium to silica during the Si-O
bond formation step for the dimer reaction. Selected distances are shown in Å and the negatively
charged oxygen is enlarged and colored differently. Water molecules that are hydrogen bonded to
the reactive oxygen are enlarged. a. Sodium is close to the reactive oxygen and this oxygen has only
one hydrogen bond. b. Sodium is coordinated to one of the non reacting silica oxygens. The reactive
oxygen has three hydrogen bonds. c. The sodium ion is in the second solvation shell of the reactive
oxygen and the reactive oxygen has three hydrogen bonds. One of the water molecules participating
in the hydrogen bonding is also coordinated to the sodium ion.
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Figure 2.6: Representative snapshots of the water removal step just after the proton transfer to the
leaving OH− group. The hydrogen bonds important for the proton transfers are shown and selected
distances are displayed in Å. For clarity the oxygens of the leaving OH− group and the hydroxide
are colored purple and green respectively. a. Dimer formation. b. Trimer formation. c. 3-ring
formation, the hydrogen bond network that deprotonates the silica structure is larger here.

hydroxide. Both of these proton transfers go back and forward a few times before they are
completed, suggesting that they are reversible. Figure 2.6 shows selected snapshots around
the transitions state for the three reactions. For dimer formation, deprotonation of a Si-OH
group occurs within 3 ps of the proton transfer to the leaving OH− group, while for the
trimer and 3-ring formation it happens within 5 ps. During the deprotonation of a Si-OH
group, the proton is immediately shuttled to the previously formed hydroxide group through
a hydrogen bond network, neutralizing it. In the case of dimer and trimer, one of the Si-OH
groups on the reacting silica atom is pointing towards the leaving group, resulting in a direct
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Figure 2.7: Top figures show the average number of hydrogen bonds for the reacting oxygen
during the first reaction step of dimer, trimer and 3-ring formation. They also show the average
number of hydrogen bonds with only silica and with only water molecules for this oxygen. Only
bonds shorter that 2.2 Å were counted. Bottom figures show frequency of sodium proximity to the
reacting oxygen, in fraction. Na-O distance shorter than 5.4 Å was counted as proximity.

proton transfer to the hydroxide, as shown in Figure 2.6a-b. In the case of 3-ring formation,
Figure 2.5c, all of the Si-OH groups of the reacting silicon atom are pointing away from
the leaving OH− group. Therefore, a Si-OH group from a non-reacting silicon atom is
deprotonated instead, resulting in a spatially more extended proton transfer network. Note
that the sodium is far away from the reaction center in all three cases.

If direct coordination of the sodium ion to the Si-O−/Si-OH groups is the dominant
reason for increased reaction barriers, it should be reflected in the value of the constrained
force for the configurations with direct coordination. To investigate if that was the case,
we calculated the averages of the constrained force for snapshots where Na+ was within
3.2 Å of a Si-O group. In order to get good statistics we only considered points along
the reaction coordinate where sodium spent at least 3 ps of time coordinated and at least
3 ps far away. The average of the constrained force when sodium is close to a Si-O group
were compared to the total average for those points. The differences in the forces, shown
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in Figure 2, are smaller than the statistical errors. This strongly suggests that this type of
coordination does not have a significant effect on the constrained force and consequently,
on the reaction barrier.

Although sodium does not have an increasing effect on the reaction barriers due to
direct coordination, it could still have an effect while being sufficiently close to affect the
hydrogen bond network around the reactants. In order to investigate if that is the case, we
analyzed the hydrogen bonding of the reacting oxygen in the Si-O bond formation step of
the reaction. The top part of Figure 2.7 shows the number of hydrogen bonds for this
oxygen totally, only with silica and only with water during the reaction. We only counted
the bonds that are shorter than 2.2 Å, this is slightly higher than the average hydrogen bond
length in water which is 1.97 Å. The bottom part of Figure 2.7 shows fraction of frames
where sodium is either in the first or the second shell of the reacting oxygen during the
corresponding run. Based on the Na-O RDF in Figure 1, we counted the configurations in
which the distance between sodium and the reactive oxygen is less than 5.4 Å. When the
reaction coordinate is between 3.7 and 3.1 Å, the total number of hydrogen bonds decreases
with decreasing reaction coordinate for dimer and trimer formation and fluctuates for 3-ring
formation. These changes do not appear to correlate with sodium proximity in this region.
However, when the reaction coordinate is between 3.1-2.2 Å, just before the transition
state, there is a correlation between the decrease in the total number of hydrogen bonds and
sodium proximity to the reacting oxygen. Figure 2.7 also shows that it is hydrogen bonding
with the water molecules and not the other silica that decreases when sodium is close. This
decrease in hydrogen bonding with water molecules could result in higher reaction barrier.
Furthermore, in the case of 3-ring formation, sodium proximity to the reactive oxygen is
less frequent than for dimer and trimer formation. Thus, the smaller effect on the 3-ring
formation barrier than on dimer and trimer formation barriers when sodium is presence
could be explained by less frequent sodium proximity to the reactive oxygen.

2-4 Conclusions
We have studied formation of silica dimer, trimer and ring closure in explicit water solution
with sodium counter ion using ab initio molecular dynamics. Our results show that sodium
increases the reaction barriers of smaller oligomers compared to the case with no counter
ion for all of the three reactions [20; 21] and that these effects are smaller than when a
lithium ion is used [22]. Just as in a previous theoretical study [22], the Si-O bond formation
step is significantly more affected by the presence of a cation than the water removal step.
The increase of reaction barriers for smaller oligomers when sodium is present is consistent
with an experimental study under basic condition [10]. While a study by Harrison [2]
reports that dimer and trimer formation is slightly slower with sodium than with lithium,
those experiments are done under neutral pH. This suggest that behavior of the cations in
silica oligomerization can be sensitive to pH variations. Furthermore, those experimental
condition also include catechol, which was not included in this theoretical study. Since
catechol has two OH groups, it could interact with cations and change their behavior during
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the reaction. The three obtained reaction barriers are very close, suggesting that all of the
three reactions are equally favored in the presence of sodium.

We also investigated possible reasons for increased reaction barriers. We found that
direct coordination to the negatively charged oxygen, observed for other ions [22], was rare
for sodium. A possible reason for this is that coordination to sodium leads to breaking of
two hydrogen bonds for the negatively charged oxygen, making the coordination unfavor-
able. Instead, sodium was often coordinated to non reacting Si-OH groups or present in
the second solvation shell. We found that coordination to the Si-OH groups did not af-
fect the constrained force and therefore could not be the reason for the increased barriers.
However, sodium was often in the second solvation shell of the reactive oxygen during the
Si-O bond formation step for dimer and trimer reaction. That was not the case for the ring
closure reaction, for which the increase in the reaction barrier was less dramatic. Hydrogen
bonding of the reactive oxygen during the Si-O bond formation was analyzed. We found
correlation between sodium’s presence in either first or second solvation shell of the oxygen
and decrease in hydrogen bonding for this oxygen, just before the transition state. There-
fore, sodium could influence the reaction barriers by inducing some rearrangement of the
hydrogen bond network of water solution around the reactants.

To summarize, our result show that sodium can play an important role in silica oligomer-
ization reaction by increasing the reaction barriers, although it does not directly coordinate
to the reaction center. Further studies are needed on the role of pH and on the interaction
of sodium with other present SDAs. In addition, improved insight in the dynamics of the
role of sodium and other SDAs could be gathered from modeling reactive pathways using
transition path sampling. To extend the scope in the context of zeolite synthesis the present
approach can be extended to include metal cations, such as aluminum or boron, that are
commonly present in zeolites.
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3
Ruthenium Catalyzed Transfer

Hydrogenation.

The transfer hydrogenation reaction between the RuTsDPEN model catalyst and formalde-
hyde was studied in explicit solution with ab initio molecular dynamics. The reaction bar-
riers were computed with constrained dynamics method and important structural changes
were analyzed. A study in gas phase, using static geometry optimizations was also done for
comparison with solution. It was shown that the reaction mechanism is stepwise and not
concerted, in contrast with previous gas phase studies. Also, while previous studies in gas
phase and methanol suggested that the NH2 moiety of the catalyst transferred a proton to
formaldehyde, here this was done by a water molecule. Further calculations showed that
the acid dissociation barrier for the catalyst in water solution is marginally higher than for
water. This could explain why the catalyst does not transfer the proton.1

1 This chapter is based on: “Understanding the role of water in ruthenium catalyzed transfer hydrogenation
of ketones.” A. Pavlova, E. J. Meijer, ChemPhysChem, 2012, 3492-3496, DOI: 10.1002/cphc.201200454

47
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3-1 Introduction
Asymmetric hydrogenation of C=O and C=N double bonds, creating stereoselective cen-
ters, is one of the most essential transformations in chemistry. Although stereoselective
transfer hydrogenation is of immense interest for pharmaceutical industry, the development
of efficient asymmetric catalysts for this reaction started less than two decades ago. The
pioneering research on this topic was done by Noyori and co-workers [1–4] who had de-
veloped several chiral ruthenium based catalysts. One of the most efficient catalysts uses
p-cymene and TsDPEN ligand [2; 5] and is shown in Scheme 3.1a. This catalyst efficiently
catalyzes asymmetric transfer hydrogenation of various aromatic ketones, using 2-propanol
as both solvent and hydrogen donor under mild conditions.

Ru
N NH2

Ph Ph

R

Ts

a

Ru

b

HN
Ts

H O
Ph

Ph

N

H

Ph

CH3

Scheme 3.1: a. The ruthenium catalyst for transfer hydrogenation studied here. Catalyst precursor
R=Cl, the active catalyst, R=H. b. The concerted transfer hydrogenation transition state, where the
two hydrogens are transferred from the catalyst to the ketone simultaneously.

Unfortunately, transfer hydrogenation with 2-propanol is reversible. Therefore, full
conversion of the reactant is not possible and the enantiopurity of the product will dete-
riorate with time [2; 5]. A mixture of formic acid and triethylamine as hydrogen donor
and solvent appears as an attractive alternative, not suffering from the contamination effect.
However, in practice, it is not yet a feasible alternative, as the reaction has been sluggish
with the original Noyori catalysts [3; 5]. Recently, Xiao and coworkers discovered that
using formate in water as hydrogen donor greatly enhances the reaction rate of the RuTsD-
PEN catalyst, without the loss of enantioselectivity [6–8]. A full molecular understanding
of this is lacking. In view of this it is of fundamental importance to further elucidate the
role of the solvent in improving the rate of ruthenium catalyzed transfer hydrogenation.
Here we focus on aqueous solvent conditions. Understanding the role of water as a solvent
in catalytic processes is also of generic importance as water is an environmentally friendly
and safe solvent and plays an essential role in mimicking biocatalytic mechanisms.

Theoretical calculations [9–14] and experiments [2; 11; 14–18] have already provided
some fundamental insight on the mechanism of transfer hydrogenation with ruthenium cat-
alysts. Various independent studies showed that in gas phase, the transfer hydrogenation
with a ruthenium catalysts proceeds through a concerted transition state, ( Scheme 3.1b) [9–
12]. Further studies revealed that protic solvents can play an important role in a transfer
hydrogenation reaction by mediating the proton transfer [13] or by stabilizing the ketone
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substrate with strong hydrogen bonds [14]. In the case of aqueous transfer hydrogena-
tion, a secondary kinetic isotope effect is observed [14], suggesting the involvement of
water molecules in the mechanism. Furthermore, theoretical calculations with one water
molecule give significantly reduced reaction barrier [14]. However, a proper understanding
of the role of the solvent requires a model that incorporates a full representation of the sol-
vent with explicit water molecules. We addressed this by performing an ab initio molecular
dynamics study of this reaction in explicit water solution using a model ruthenium catalyst
and substrate.

3-2 Methods
Inter-atomic interactions were modelled using the Kohn-Sham formulation [19] of density
functional theory (DFT) [20], employing the BLYP density functional [21; 22]. BLYP com-
bines a gradient-corrected term for the exchange energy as proposed by Becke with a cor-
relation energy term proposed by Lee, Yang, and Parr. This approach provides an accurate
description of ruthenium catalyzed transfer hydrogenation [12] and a realistic representa-
tion of liquid water [23; 24]. The Kohn-Sham orbitals were expanded in a plane-wave basis
set that included waves up to an energy of 70 Ry. Pseudopotentials were used to restrict the
number of electronic states to those of the valence electrons. The interaction with the core
electrons is taken into account using semi-local norm-conserving Martins-Troullier pseu-
dopotentials [25; 26]. The Ru pseudopotential was of the semi-core type and included the
highest s-, p- and d-shell electrons as valence electrons. The pseudo potential the cut-off
radii for s, p and d terms were 1.10, 1.20, 1.24 a.u. respectively for the ruthenium atom.
For S, C, N, O and H atoms the pseudopotential cut-off radii for the s term were 1.34, 1.23,
1.12, 1.10, and 0.50 a.u., respectively. The pseudopotentials for S, C, N and O also used
the same cutoff for the p term as for the s term. In addition, a d term with a cutoff of
1.34 a.u. was employed for the sulfur atom. The CPMD program package was used for all
calculations [27].

The catalyst model, as shown in Scheme 3.2, consisted of a ruthenium atom with a
benzene ring replacing the cymene ligand, and the 1,amino-2,methylsulfonamide-ethane
ligand was used instead of the TsDPEN ligand. Formaldehyde was chosen as the substrate
since it is the smallest compound with a C=O double bond. Simplified versions of the
catalyst and the substrate were used due to the high cost of DFT calculations. This model
keeps the essential characteristics of the catalyst and the reactant.

The aqueous solvent was represented by placing the model catalyst with 54 water
molecules in a body-centered-cubic (bcc) periodic box, providing two solvation shells. The
reaction in explicit water solution was studied with Car-Parrinello molecular dynamics [28].
Deuterium was used instead of hydrogen in order to use a larger time step. In our calcula-
tions we used a fictitious mass of 600 a.u., which has been shown to provide a sufficiently
accurate description of water, and allowed for time step of 0.12 fs [24]. The simulated
temperature was 350 K, which is 37 degrees higher than the experimental conditions, for a
more accurate description of water [24]. The temperature was imposed with Nosé-Hoover



50 Ruthenium Catalyzed Transfer Hydrogenation.

thermostat [29; 30]. A frequency of 500 cm−1 was used. The bcc cell volume was 2.0 nm3,
consistent with the experimental density data for the catalyst [15], water and formaldehyde.

Chemical reactions occur on a timescale that is out of range for today’s ab initio molec-
ular dynamics simulations. Therefore, the reaction was enforced by the constrained dy-
namics method [31]. The reaction coordinate, Q, was chosen as the asymmetric stretch
Ru-H-C. That is the distance between the transferred hydride and the ruthenium minus the
distance between the transferred hydride and the carbonyl carbon, see Scheme 3.2b. We
assumed that since the hydride transfer part of the reaction is more difficult than the proton
transfer part, this reaction coordinate should be close to the real one. This was confirmed
by calculations of the backward reaction that gave very small hysteresis in the average con-
strained force. The simulations consisted of 2 ps equilibration runs at chosen points along
the reaction coordinate, followed by 10 ps production runs. The averaged constrained force
of the production runs was integrated, yielding the free energy profile along the reaction
coordinate [31].

Ru
N NH2

H

S

a

Ru

b

HN

H

CH2

ON

H

O

O

H3C

X Y

Q= X-Y

S

O

O

H3C

Scheme 3.2: a. The catalyst model used in the simulations. b. The reaction coordinate Q used in
the simulations.

The basis set, pseudo potentials and the program package were the same in the gas-phase
study as in the aqueous study, in order to fully investigate the effect of implicit solvation.
In the gas phase study a single cubic cell with 8,0 nm3 volume was used and the reac-
tion was investigated by constrained geometry optimizations along the reaction coordinate.
The transition state was fully optimized at the point with the highest energy. Free energy
corrections were calculated and added as in the classical harmonic approximation [32].

3-3 Results and Discussion

3-3.1 Transfer Hydrogenation
Figure 3.1a shows the average constrained force along the chosen reaction coordinate, Q,

for the reaction in water solution. The force was sampled between Q values of -1.5 Å and
3.1Å. It was 0 at those values and 17 points were sampled in total. The constrained force is
initially negative and its sign changes around Q=0, indicating a transition state at this point.
It is also very close to 0 when Q=0.83, this suggests that a second transition could occur at
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Figure 3.1: a. Average constrained force for the transfer hydrogenation reaction with error bars.
The results for the backward reaction are added for comparison. The backward reaction with the
same reaction coordinate could only be simulated from the point just before the proton transfer. The
errors in the constrained force were estimated by dividing the 10 ps sampling interval into ten 1ps
long samples and calculating the 95 % confidence interval. b. The free energy profile of the reaction
in water, compared to the one in gas phase.

this point. Figure 3.1b shows the calculated free energy profile in water solution compared
to the one in gas phase. The barrier for hydrogenation of formaldehyde was 3.4 kcal/mol in
water, which is slightly lower than the gas phase barrier of 5.3 kcal/mol. Those barriers are
close to the values reported for another ruthenium catalyst in methanol solution [12] and
for gas phase in previous studies [9–12], respectively. The transition state occurs earlier
in water solution, around Q=0, which is likely due to the hydrogen bonding effect of water
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Figure 3.2: Selected snapshots from the simulations, distances shown in Å. The transferred hydride
is enlarged and has a darker color. Q=-0.13Å, Just before the transition state, the hydrogen bond
between the formaldehyde oxygen and the amino group of the catalyst is formed. Q=0.83 Å, the hy-
dride is transferred and the hydrogen bond between the substrate and the catalyst is broken, forming
a methoxide ion. Q=1.14 Å, a proton has been transferred to the substrate by a water molecule. The
formed hydroxide is enlarged, and has a different color.

molecules. These observations are in agreement with the kinetic isotope studies that suggest
involvement of water [14].

Snapshots of important stages along the reaction pathway are shown in Figure 3.2. At
Q=-0.13 Å, just before the transition state, the substrate has formed a hydrogen bond with
the NH2 group of the catalyst and two water molecules. Beyond the transition state, the
formaldehyde oxygen is still hydrogen bonded to the catalyst. At Q=0.83 Å the oxygen-
catalyst hydrogen bond is broken, and the formed methoxide ion is stabilized by up to three
hydrogen bonds with water. For Q=0.74 and larger, temporary proton transfers from a water
molecule to the formaldehyde oxygen can be observed; these protons return in a few fs. For
Q=0.94 these transfers are frequent. When Q=1.14 Å, a proton is permanently transferred
to the reactant by a water molecule. Note, the NH2 moiety of the catalyst still retains
its proton. We also performed four unconstrained simulations, starting from independent
configurations of the Q=0.07 trajectory after the transition state. All four trajectories end
in the formation of methanol and all of the reactive trajectories show proton transfer from a
water molecule, while the catalyst keeps its proton.

Important distance changes for both water and gas phase simulations are shown in Fig-
ure 3.3. Figure 3.3a shows the average NH2-O distance in water compared to gas phase.
This hydrogen bond is stronger and is formed earlier in gas phase than in water. In aqueous
solution, the substrate is able to form hydrogen bonds with water molecules, in addition
to the catalyst. Thus, the effect of the latter hydrogen bond is decreased. There is also a
difference in the Ru-NH2 bond between gas phase and solution, see Figure 3.3b. This bond
does not change significantly in water solution, while in gas phase it decreases due to the
loss of a proton. There are no significant differences for the changes in the C=O bond, as
shown in Figure 3.3c.

Electronic structure changes during the reactions were also analyzed with the method
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Figure 3.3: Illustration of the important distance changes during the reaction. Solid lines and filled
symbols show the average results in solution, dotted lines and empty symbols show the results from
static geometry optimizations in gas phase. a. The changes in the NH2-O bond. b. The changes in
the Ru-NH2 bond. c. The changes in the C=O bond.

of localized Wannier function centers, (WFC) [33]. This method transforms Kohn-Sham
orbitals into Wannier functions. The centers of these functions can be assigned with a
chemical meaning, such as being associated with a lone pairs or a bond, depending on
their location. The position of WFCs of the electron pair in the N-H bond relatively to the
nitrogen is shown in Figure 3.4b. For the solution case, there is no significant change, while
for the gas phase case there is a decrease of this distance after the transition state, due to the
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loss of the proton. The difference in the proton transfer mechanism between solution and
gas phase also affects the Ru-NH2 bond. In gas phase the electron pair in this bond moves
away from the nitrogen and closer to the ruthenium atom after the transition state, whereas
in solution there is no significant change in the WFC positions. Figure 3.4a shows changes
of WFC positions for the electron pairs in the carbonyl bond of formaldehyde. There is
a difference for the electron pair that eventually forms the alcohol bond. In solution, its
distance to the carbonyl oxygen starts to decrease after the transition state and goes back to
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normal after the proton transfer. This supports the existence of a methoxide intermediate,
and suggests that it is formed already after the transition state. There is no significant
change for the WFC distances to the carbonyl oxygen in gas phase.

1.83

2.03 1.33

1.74

1.83

2.03 1.33

1.74

Figure 3.5: Optimized methoxide intermediate in gas-phase, stabilized by three water molecules,
selected distances are show in Å.

A methoxide intermediate, stabilized by multiple hydrogen bonds, is observed in so-
lution. This methoxide intermediate does not appear in earlier gas phase calculations [9–
12; 14] as the model lacks hydrogen-bond donors. Therefore, we investigated if this inter-
mediate could be stabilized in the gas phase by introducing three hydrogen bonded water
molecules. We optimized a structure shown in Figure 3.5, which is a local minimum on the
potential energy surface according to the frequency analysis. Its energy is -12.6 kcal/mol
relatively to the separated molecules.

3-3.2 Catalyst Deprotonation

In order to understand the different proton transfer mechanism in water solution, deproto-
nation of the NH2 group of the ruthenium catalyst without the hydride was studied in water.
The water molecule closest to one of the nitrogen protons was selected to receive a proton
and the reaction coordinate was the N-H-O asymmetric stretch. The sampling started from
the protonated catalyst and the constrained force was sampled between 0.92 Å and -1.08 Å
with 0.1 Å intervals.

Figures 3.6a and 3.6b show the constrained force and the free energy profile, respec-
tively. The reaction barrier for deprotonation is 18.6 kcal/mol while the reaction barrier for
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Figure 3.6: a. Average constrained force for the deprotonation of the ruthenium catalyst with error
bars. b. The corresponding free energy profile of the reaction. c. The average distances of the
important bonds during the reaction, the Ru-NH2 bond, and the distances of N and O atoms to the
proton.

protonation is 2.0 kcal/mol. The deprotonation barrier for the catalyst is marginally higher
than the dissociation barriers for water, calculated with the same density functional,17.5-
18.1 kcal/mol [34; 35]. This suggests that both water and the NH2 group of the catalyst are
equally capable to transfer a proton to the methoxide intermediate. Note, the mechanism
is sequential and the hydrogen bond between the catalyst and the reactant is broken after
the hydride transfer, but before the proton transfer. This could explain why proton transfer
from the catalyst is not observed in our simulations.

Figure 3.6c shows the changes of important distances during the reaction. The N-H



3-4 Conclusions 57

bond is increasing as the O-H bond and the Ru-N bond are gradually decreasing. The
changes in the Ru-NH2 bond are similar to the gas phase transfer hydrogenation, where
a proton is lost. This bond change could be a reason for the high deprotonation barrier,
resulting in proton transfer from a water molecule instead of the catalyst. In addition,
hydrogen bonding with water molecules stabilizes the NH+

2 group of the catalyst and could
contribute to the reaction barrier.

3-4 Conclusions
Our results suggest that ruthenium catalyzed transfer hydrogenation proceeds differently
from that in methanol solution [13] and indicate that previous gas phase studies [9–12; 14]
constituted an incomplete model. First of all, the hydrogen bonding between the solvent and
the substrate is more important than previously believed. As Figure 3.2 shows, the reactant
can have hydrogen bonds with up to three water molecules during the reaction, whereas
in methanol solution it remained hydrogen bonded to the catalyst. In contrast to what is
seen in gas phase models and in the study in methanol solution, the proton transfer to the
substrate proceeds from a water molecule, while the proton of the NH2 group remains on the
catalyst. Scheme 3.3 summarizes the mechanism observed in water solution. Calculation
of the deprotonation barrier for the catalyst after it transferred the hydride showed that this
barrier is marginally higher than the calculated dissociation barrier of water [34; 35]. This
could explain why a water molecule transfers the proton instead of the catalyst.

Another important observation is that the transfer hydrogenation is stepwise and not
concerted, just as in the theoretical study in methanol [13]. This is also supported by ki-
netic isotope effect studies [14]. Once the hydride is transferred, the carbonyl oxygen loses
its hydrogen bond with the catalyst without receiving a proton, yielding a methoxide in-
termediate. This intermediate does not appear in the gas phase model. The WFC analysis
suggests that methoxide is formed after the hydride transfer transition state, see Figure 3.4a.
Apparently, in aqueous solution a methoxide intermediate is sufficiently stable, due to the
formation of up to three hydrogen bonds. Hence, a proper model requires incorporating
sufficient number of hydrogen bonds. This is supported by the optimized gas phase inter-
mediate shown in Figure 3.5, where the substrate is stabilized by three water molecules.
The calculated barrier in aqueous solution, described above, was 3.4 kcal/mol, which is
similar to the barrier height of the study in methanol [13] solution, and lower than in gas
phase studies [9–12; 14]. Experimental evidence suggests that the barrier of the limiting
step is 19.5 kcal/mol at 330 K [14]. If the process studied here is the limiting step, the
discrepancy could be partly accounted for by the approximated nature of DFT employed in
our model. It is also possible that steric effects are not fully accounted for in our simplified
model of the catalyst and the substrate. Alternatively, the limiting step could be elsewhere
in the catalytic cycle. Future studies should focus on the catalyst regeneration reaction, in
order to determine the rate limiting step.

In summary, our ab initio molecular dynamics simulations show that solvent molecules
play an active role in a ruthenium catalyzed transfer hydrogenation reaction converting
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Scheme 3.3: The reaction mechanism observed in explicit aqueous solution. In the first step only
the hydride is transferred and a methoxide intermediate, stabilized by up to three water molecules is
formed. In the second step, a water molecule transfers a proton to the ketone while the NH2 moiety
of the catalyst is never deprotonated.

formaldehyde into methanol. In the present case we showed that the reaction in solution
may follow a different mechanism than suggested by gas phase calculations or studies in
methanol solution. The explicit role of solvent molecules also indicates that a proper under-
standing of reactions in hydrogen bonded solvents requires computational and experimental
studies that probe the reacting species and nearest solvating molecules with atomistic detail.
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4
Reactive Path Sampling of Transfer

Hydrogenation.

In this chapter, the transfer hydrogenation of ketones with RuTsDPEN in water was studied
with transition path sampling. Two different mechanisms for the proton transfer part of
the reaction were found. The proton could be transferred to the ketone by either a water
molecule or the catalyst. Furthermore, analysis of the reaction coordinates showed that two
structural changes occur between the hydride transfer and the proton transfer. The hydride
moves further away from the ruthenium and the carbonyl oxygen forms three strong hydro-
gen bonds with either water molecules or the catalyst. This could explain why the transfer
hydrogenation mechanism is sequential in aqueous solution in contrast to gas phase.

61
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4-1 Introduction

Hydrogenation of C=O double bonds is an important transformation in chemistry. In a
transfer hydrogenation reaction this is done by using a hydrogen donor and a catalyst that
facilitates the transfer of a hydride and a proton from the donor to the ketone. Efficient
asymmetric transfer hydrogenation, ATH, of ketones is an effective route to optically ac-
tive alcohols and is highly desirable in the pharmaceutical industry. The development of
catalysts with significant efficiency for the ATH reaction started two decades ago. Noyori
and coworkers have developed several ruthenium based catalysts [1–4]. Their RuTsDPEN
catalyst, displayed in Scheme 4.1a, has been shown to give high enantioselectivity, up to
98 % ee for a large range of substrates [2]. The choice of solvent and hydrogen donor is
important for the reaction rates and enantioselectivity in transfer hydrogenation with ruthe-
nium based catalysts [2–8]. In the initial reaction setup 2-propanol was used as both the
hydrogen donor and the solvent. It resulted in high reaction rates, however, as the reaction
is reversible, full conversion could not be achieved [2–5]. The yield and the enantioselec-
tivity are improved if formic acid/triethylamine mixture is used as both the solvent and the
hydrogen donor, however at the price of a slower reaction rate [3; 5]. This issue can be
solved if formate is used as the hydrogen donor in aqueous solution. As shown by Xiao
and coworkers [6–8], the efficiency and the reaction rate of the catalyst are significantly
improved, while the high enantioselectivity is maintained. Compared to organic solvents,
water is an environmentally friendly, cheap and safe option. Therefore, it is important to
understand how aqueous solvent accelerates asymmetric transfer hydrogenation of ketones.

Several experimental [2; 9–14] and theoretical [10; 12; 15–19] studies have investigated
the mechanistic aspects of transfer hydrogenation of ketones with RuTsDPEN and similar
catalysts. Experiments in organic solvents and gas phase studies concluded that the reaction
occurs via metal ligand bifunctional mechanism, see Scheme 4.1b [2; 9; 10; 12; 15–18].
In this mechanism, the catalyst first receives the two hydrogens from the donor and then
transfers both of those hydrogens to the ketone simultaneously, Scheme 4.2 shows the full
reaction cycle [2; 9; 10; 15–17]. The hydrogens are transferred to the ketone as a hydride

Ru
N NH2

Ph Ph

R

Ts

a

Ru

b

HN
Ts

H O
Ph

Ph

N

H

Ph

CH3

Scheme 4.1: a. The RuTsDPEN catalyst that catalyzes the ATH of ketones, in the catalytic precursor
R=Cl, in the active catalyst R=H. b. The metal ligand bifunctional mechanism observed in gas phase
studies, the two hydrogens are transferred from the catalyst to the ketone simultaneously.
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and a proton and the NH2 moiety of the catalyst is attributed a crucial role, since it transfers
the proton [2; 9; 10; 12; 15–18]. However, if solvent effects play an important role, theo-
retical gas phase studies may not always provide the full mechanistic details. Experiments
strongly suggest that water molecule participates in the rate limiting step due to secondary
kinetic isotope [12]. Also, previous theoretical studies in explicit methanol [18] and water
solutions [19] showed a more complex picture in which solvent molecules can directly par-
ticipate in the reaction. The study in water solution showed a two step mechanism, where
only the hydride is transferred in the first step, followed by a transient appearance of a
methoxide intermediate. In the second step, a water molecule transferred a proton to the
ketone instead of the catalyst [19], see Scheme 4.3. Note, in this mechanism the catalyst
remains protonated and only needs to receive a hydride from the hydrogen donor. Our study
of the hydride transfer between formate and RuTsDPEN, described in Chapter 5, showed
that the catalyst has to be protonated before the transfer can proceed. Thus, the elimination
of catalyst deprotonation and protonation could be the reason for increased reaction rate in
water.

In view of our previous results we decided to study ruthenium catalyzed transfer hy-
drogenation in water in more detail in order to further elucidate the role of the solution.
The previous study used constrained dynamics with the Ru-H-C asymmetric stretch as the
reaction coordinate to enforce the reaction [19]. Transition path sampling, TPS, used here,
is a method for studying reactive transitions that does not depend on a reaction coordinate.
In addition, no artificial dynamics are introduced and real kinetic pathways for transitions
between two states [20; 21] are obtained. Due to this, TPS can be used to calculated the
reaction rates with a higher accuracy than transition state theory. Unfortunately, a large
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Transfer Hydrogenation

Catalyst Regeneration

Scheme 4.2: The cycle of Ru-catalyzed ATH of ketones. D=Hydrogen Donor. a. Non aqueous
solvents, X=NH2, m=2. b. Aqueous solution X=NH+, m=1.
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Scheme 4.3: An alternative mechanism for ATH with RuTsDPEN observed in water solution. In
the first step only the hydride is transferred and a methoxide intermediate stabilized by up to three
water molecules is formed. In the second step, a water molecule transfers a proton to the ketone
while the NH2 moiety of the catalyst is never deprotonated.

amount of reactive trajectories is needed for calculations of reaction rates, therefore, it
is not feasible for the large quantum chemical modeled system, studied here. Neverthe-
less, previous ab initio TPS studies provided more details about the investigated reactions.
Many studies revealed different mechanisms, not seen with methods that require a reac-
tion coordinate [22–26]. Geissler et al. showed that autoionization of water is initiated by
electrostatic fluctuations and that the transition state for the reaction is the breaking of the
hydrogen bond network between the formed hydroxide and hydronium ions [22]. Parks et
al. studied deprotonation of acetic acid and found two slightly different reaction mecha-
nisms; the reaction could start with the proton transfer followed by rearrangement of the
solvent, or the other way around [24]. Ensing et al. studied the Fenton reagent reaction,
Fe2++H2O2→ [FeIVO]2++H2O and found two different mechanism for hydrogen shut-
tling to the formed hydroxyl radical intermediate, either directly from the iron ligand or
via the hydrogen bond network of water [23]. Finally, dehydrogenation and cracking of
propene in zeolites has been studied [25; 26]. In the former case it was found that en-
tropic contributions are important for the reaction barriers, while the latter study showed
two slightly different mechanisms for the C-C bond dissociation.

Transfer hydrogenation reactions have not been previously studied with TPS. Here we
present an ab initio transition path sampling study of a transfer hydrogenation of formalde-
hyde with a model RuTsDPEN catalyst in explicit aqueous solution.
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4-2 Methods
In view of the high computational costs of density functional theory, DFT, and in order
to be consistent with our previous study, we used simplified versions of the catalyst and
the reactant [19]. Formaldehyde was used as the reactant and the model catalyst is shown
in Scheme 4.4a. The cymene and the TsDPEN ligands of the catalyst were replaced with
benzene and 1,amino-2,methylsulfonamide-ethane, respectively. The electronic structure
around the ruthenium atom remained the same as in the original catalyst. The aqueous
solvent was represented by 54 water molecules in a periodic body centered cubic, bcc, cell.

RuN
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H3C H RuN
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H3C H CH2

O

CH3

O
H

a b c

R > 3.0 Å

H2O

Scheme 4.4: a. The model catalyst used in our simulations. b. The definition of state A, the
formaldehyde state. c. The definition of state B, methanol that is not hydrogen bonded to a hydrox-
ide.

The electronic structure was calculated using the Kohn-Sham formulation [27] of DFT
[28]. The BLYP density functional that employs the Becke [29] exchange term and the
LYP correlation term [30], was used because of its sufficiently accurate description of both
water [31; 32] and ruthenium catalyzed transfer hydrogenation [17]. We used a plane-wave
basis set that included waves up to 70 Ry to represent the Kohn-Sham orbitals. Troullier-
Martin pseudopotentials [33; 34] were used to account for interaction of the valence elec-
trons with the core electrons. The pseudopotential cut-off radii for the s term for S, C, N,
O and H atoms were 1.34, 1.23, 1.12, 1.10 and 0.5 a.u., respectively. For S, C, N and O
atoms the same cutoff was also used for the p term. For the sulfur atom an additional d
term with a cutoff of 1.34 a.u. was added. The ruthenium pseudopotential was of the semi-
core type and included the highest s-, p- and d-shell electrons as valence electrons. The
pseudopotential cut-off radii for s, p and d terms were 1.10, 1.20 and 1.24 a u., respectively.

The ab initio molecular dynamics simulations were done using the Car-Parrinello method
[35] and the CPMD program package [36]. In this method, the wavefunction coefficients
are given a fictitious mass and are propagated dynamically together with the nuclei. The
electronic structure remains close to the ground state, provided that the fictitious mass is
sufficiently small. Deuterium was used instead of hydrogen to allow for a larger time step.
The fictitious mass was 600 a.u., which allowed to use a time step of 0.12 fs. This simula-
tion setup provides a sufficiently accurate description of water [32]. The simulations were
done in the NVT ensemble. The temperature was kept at the target value of 350 K using a
Nosé-Hoover thermostat [37; 38] with a frequency of 500 cm−1. The periodic cell volume
was 2.0 nm3, based on the densities of the catalyst [9], water and formaldehyde.
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Figure 4.1: An example of generating new trajectories from an existing one with shooting moves. A
phase space point xo

i is randomly chosen from the path, and its momentum, po
i , is slightly modified

to new momentum, pn
i . The path is then integrated backward and forward in time, using the new

momentum. Attempt 1 is rejected since it does not end in B, while Attempt 2 is accepted since it
connects the two states.

The TPS method, employed here, generates reactive trajectories with a probability that
is proportional to their weight in the transition path ensemble [20; 21]. It uses a markov
chain monte carlo, MCMC, scheme [39] to generate a new trajectory from the existing one.
While TPS does not require a reaction coordinate, the correct definition of stable states A
and B, between which the transition occurs is needed [20; 21].

A trajectory of k steps, τ(x) can be is discretized as in Eq. 4.1, where xi represents
the phase-space point, (the coordinates and the momentum of all particles in the system),
at time i. Since we are only interested in reactive trajectories, terms hA[x0], hB[xk], and
reactive path probability, PAB[τ(x)], are introduced. hA[x0] = 1 if x0 is in region A and zero
otherwise, while hB[xk] = 1 if xk is in region B and zero otherwise. PAB[τ(x)] is defined as
in Eq. 4.2, where P[τ(x)]is the probability of the path τ(x).

τ(x) = {x0,x1, ....,xi, .....,xk} (4.1)

PAB[τ(x)] = hA[x0]hB[xk]P[τ(x)] (4.2)

There are several approaches, "moves", to generate a new trajectory from the old one.
If the new trajectory does not start in A or does not end in B, it is rejected and the old
trajectory is counted in the ensemble average. Otherwise, it is accepted with its statistic
probability and is used for the generation of the next pathway. The acceptance probability
is calculated from the detailed balance criteria in Eq. 4.3 from MCMC. τo(x) is the old
path, while τn(x) is the new path. Pacc[(τ(x)] is the acceptance probability of τ(x), P[τ(x)]
is the probability of τ(x) and Pgen[τ

n(x)→ τo(x)] is the probability to generate τo(x) from
τn(x) [20; 21]. The exact acceptance criteria can be derived depending on which move is
made.

Pacc[(τ
o(x)→ τn(x)]

Pacc[(τn(x)→ τo(x)]
=

PAB[τ
n(x)]Pgen[τ

n(x)→ τo(x)]
PAB[τo(x)]Pgen[τo(x)→ τn(x)]

(4.3)
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We only used shooting moves in our simulations. In a shooting move a random phase-
space point, xi, is picked from the trajectory and the momentum of all or some of the
particles is slightly changed. A new trajectory is generated by integration both backward
in time for i-1 steps and forward in time for k-i steps, so that the new trajectory is of the
same length as the previous one. Since Pgen[τ

o(x)→ τn(x)] is equal to the probability
to generate xn

i from xo
i in deterministic dynamics [20; 21], the acceptance criteria for a

symmetric shifting move is shown in Eq 4.4, where ρ(xi) is the probability of phase-space
point xi.

Pacc[τ
n(x)] = min

[
1,hA[xn

0]hB[xn
k ]

ρ(xn
i )

ρ(xo
i )

]
(4.4)

Correct definition of stable states A and B is important for an efficient and accurate
TPS simulation. Based on our constrained dynamics study, the formaldehyde state, A,
was defined as the phase-space region with configurations that have a Ru-H distance larger
than 3.0 Å. For these configurations the average constrained force was close to 0 [19]. In
addition, previous simulations in water showed quick proton transfers between solvent and
the reactant [19]. Therefore, our definition of the stable methanol state included proton
transfer to the carbonyl carbon and migration of the hydroxide from the first solvation shell
of the formed methanol. The two stable states are also shown in Scheme 4.4b and c.

Trajectories of constant length were generated using shooting moves in which the mo-
mentum of each atom was rotated by maximally 2 degrees around either x, y, or z axis. The
maximum displacement was chosen such that the acceptance rate would be at least 20 %,
while distinct pathways could still be obtained. The magnitude of the rotation was set inde-
pendently for each atom by generating a random number in the interval of [0,1] and scaling
the value with the maximum rotation angle. The axis for rotation was also decided by a
random number for each atom and the rotation was implemented using a rotation matrix. In
this setup, the total value of the momentum and the total energy were conserved and a path
was accepted if it started in state A and ended in state B. Storing wavefunction coefficients
at every molecular dynamics time step would take a prohibitive amount of storage. There-
fore, the full state of the configurations was saved every 625 steps, which corresponded to
7.6 fs intervals. In the TPS scheme, one of these configurations was randomly picked for a
shooting move. At a shooting point, the coordinates, the wave function, the fictitious elec-
tronic velocities and the thermostat parameters were restarted. The backward integration
was done using a negative timestep in the CPMD program. The reversibility of this setup
was tested by integrating one of the obtained trajectories forward and backward and calcu-
lating the displacement of the most important atoms, the hydride and the carbonyl oxygen.
Figure 4.2 shows that the forward and the backward trajectories are identical.
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Figure 4.2: Displacement of the two most important atoms in the reaction, the hydride and the
carbonyl oxygen in the forward and backward integration of path 1.2

4-3 Results and Discussion

4-3.1 Transition Path Sampling Simulations

The initial path was generated by taking configurations from the constrained dynamics
simulation close to the transition state, generating random velocities and integrating forward
and backward until a path passing the states A and B was found. Surprisingly, the catalyst
and not a water molecule transferred the proton to the formaldehyde in the initial path.
This has not been observed in the constrained molecular dynamics simulations. Several
shooting moves combined with manual shifting of the start and end points of the path,
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which improves sampling efficiency, were done from the initial path to generate two distinct
paths that would start in A and end in B. Based on the path lengths in those trials moves,
the path length was set to 3.1 ps in the sampling simulations. During this equilibration
phase, the proton transfer mechanism was observed to shift between proton transfer from a
water molecule, mechanism 1 and proton transfer from the catalyst, mechanism 2. In the
two paths chosen for sampling a water molecule was transferring the proton. The distance
between the carbonyl carbon and the hydride and the distance between the carbonyl oxygen
and the NH2 group of the catalyst were considered as the most important distances in the
reaction. Figure 4.3 shows the changes in those distances during the reaction for the initial
path and the paths used to start the TPS sampling. The two paths are referred to as path 1.0
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Figure 4.3: Distance between the hydride and the carbonyl carbon and the distance between the
carbonyl oxygen and the NH2 moiety of the catalyst for the initial paths.
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Figure 4.4: Fractional weight of the generated paths in the transition path ensemble.

and path 2.0, while the simulations are referred to as simulation 1 and simulation 2. Based
on the distance analysis, paths 1.0 and 2.0 differ significantly from the initial path and each
other.

80 attempts to generate new trajectories were made, 40 from each starting path. 15 new
trajectories were generated, 11 from path 1.0 and 4 from path 2.0, resulting in the accep-
tance rate of 28 % and 10%, respectively. The reaction consists of a sequential transfer of a
hydride and a proton and this two step mechanism could be a reason for the low acceptance
rate. The fractional probability of the paths in the transition path ensemble is shown in Fig-
ure 4.4. The decorrelation of the paths during the sampling is illustrated in Figure 4.5 that
displays the important distance changes in time for the first five paths from simulation 1. It
shows that decorrelation in the carbon hydride distance occurs slower than in the hydrogen
bond with the catalyst. Significant changes in the NH2-O bond can be obtained already in
the next accepted path, however it can take up to five new paths for the C-H distance to
decorrelate.

Although the proton was transferred via mechanism 1 in both of the initial paths, the
mechanism changed during the sampling for both simulations. Mechanism 1 was observed
for paths 1.1, 1.10, 1.11 and 2.1-2.3, while mechanism 2 occurred in paths 1.2-1.9 and 2.4.
The paths with mechanism 1 had more statistical weight in the transition path ensemble,
their fractional weight was 0.575. However, in view of the infrequent change of the mecha-
nism more simulation data is needed in order to determine which mechanism is more likely.
The average duration of the methoxide intermediate, calculated taking the path weight into
account, was 0.88 ps. There was a significant difference in duration for the two mecha-
nisms, 1.15 ps for the mechanism 1 and 0.52 ps for mechanism 2. Snapshots for the two
pathways with highest weight for each mechanism, paths 2.2 for mechanism 1 and 1.5 for
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Figure 4.5: Illustration of path decorrelation for simulation 1 by plotting the important distance
changes during the reaction, the distance between the hydride and the carbonyl carbon and the
distance between the carbonyl oxygen and the NH2 moiety of the catalyst.

mechanism 2 are shown in Figure 4.6 and Figure 4.7, respectively. The first snapshot
was taken when the Ru-H distance was equal to the H-C distance, as that was the transition
state according to our previous constrained molecular dynamics simulations. The second
snapshot is of the methoxide intermediate and the third snapshot is of the proton transfer
when the proton was exactly between the donor and the acceptor atoms. The two paths do
not show a significant mechanistic difference until the proton transfer. In both cases, during
the hydride transfer, the formaldehyde oxygen only has two hydrogen bonds. This differs
from the constrained dynamics case, where the reactant often had three hydrogen bonds at
this point. In the TPS simulations, the third bond is formed first after the hydride transfer,
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transferred by the catalyst, mechanism 2. Selected distances are shown in Å, the hydride is enlarged
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when the methoxide intermediate is formed. Eventually, a proton is transferred along one
of this hydrogen bonds, while the other two are remaining strong.

4-3.2 Analysis of the Reaction Coordinates

A detailed analysis of possible reaction coordinates was done in order to investigate the
differences between the two mechanisms. Five reaction coordinates were analyzed: 1, the
distance between the hydride and the carbonyl carbon, 2, the distance between the hydride
and the ruthenium atom, 3, the distance between the NH2 group and the carbonyl oxygen,
(referred to as O-NH2), 4, the distance of the nearest hydrogen from either a water molecule
or the NH2 group to the carbonyl oxygen, and finally 5, H-coordination of the carbonyl
oxygen. Six paths were picked to illustrate the changes in these coordinates in time, three
from each mechanism. In order to have maximally decorrelated paths with highest possible
weight, paths 1.1, 1.2, 1.5, 1.10, 2.2 and 2.4 were chosen.
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Figure 4.8: Changes of the investigated reaction coordinates 1-4 in time for the paths with proton
transfer from water, mechanism 1.

The results for the reaction coordinates 1-4 for the paths with mechanism 1, proton
transfer from water, 1.1, 1.10 and 2.2, are shown in Figure 4.8, while the results for the
paths with mechanism 2, proton transfer from the catalyst, 1.2 1.5 and 2.4, are shown in
Figure 4.9. As shown in the top graphs of those figures, the reaction is initiated by a sudden
decrease of C-H bond, while the Ru-H bond distance remains unchanged. When these two
bonds are equal and around 1.7 Å in distance, there is a slight increase in the Ru-H bond,
while the C-H bond decreases slightly further. After this event, there is a period during
which both the Ru-H and C-H distances fluctuate at values that are slightly larger than nor-
mal bond values, suggesting that these bonds are not completely broken and formed, yet.
This stage can last between 0.2 and 1 ps, and tends to be shorter in mechanism 2. Fol-
lowing this period, the hydride separates further from the Ru atom, while the C-H distance
decreases to the bond distance of around 1.1 Å. All sampled trajectories in this study show
this behavior. The proton transfer part of the reaction does not happen until the end of this
period, which could explain why the reaction mechanism is sequential. Full breaking of
the Ru-H bond may be needed before the proton can be transferred. Constrained dynamics
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Figure 4.9: Changes of the investigated reaction coordinates 1-4 in time for the paths with proton
transfer from the NH2 moiety of the catalyst, mechanism 2.

studies also showed that the C-H distance decreases significantly before any changes in the
Ru-H bond are observed. However, while it is an efficient method for obtaining free energy
barriers, constrained dynamics does not necessary capture all the dynamical features of a
reaction mechanism.

As shown in the bottom graphs of Figure 4.8 and Figure 4.9, a hydrogen bond between
the NH2 group of the catalyst and formaldehyde oxygen is formed before the hydride trans-
fer. The bond distance decreases when the hydride is transferred, suggesting that the NH2
moiety is important for the reaction, even when it does not transfer the proton. This hy-
drogen bond breaks after the hydride transfer for mechanism 1 trajectories, this can happen
before or after the proton transfer. The distance of the closest hydrogen to the carbonyl
oxygen is decreased after the hydride transfer. For some paths, a proton transfer that is
quickly reversed is seen, eventually a proton is transferred permanently. Note, until the pro-
ton transfer, the closest hydrogen is usually from a water molecule and not the NH2 group.
This holds for both mechanisms.

The solvation of the carbonyl oxygen was further investigated by also calculating the
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carbonyl oxygen. H1 is the closest hydrogen, H2 is the second closest and H3 is the third closest.
Top graphs show the results for mechanism 1, while bottom graphs show the results for mechanism
2.

distances of the second closest and third closest hydrogens, see Figure 4.10. Initially, this
oxygen has one hydrogen bond, just as in the constrained dynamics simulations, and after
the hydride transfer it gradually forms two more bonds. These bonds get shorter with time,
until a proton is eventually transferred. Exchange of water molecules that are hydrogen
bonded to the carbonyl oxygen is rarely observed before the proton transfer. In all paths,
except path 1.10, the carbonyl oxygen has three strong hydrogen bonds, with length less
than 1.8 Å, when a successful proton transfer occurs. In contrast, in most unsuccessful
proton transfer attempts this oxygen has only two strong hydrogen bonds. Therefore, a
three hydrogen bond configuration could be important for a successful proton transfer. In
that case, the reaction mechanism could be sequential because of the rearrangement of the
solvent around the carbonyl atom between the hydride and proton transfers. However, in the
constrained dynamics simulations a configuration with three strong hydrogen bonds around
the formaldehyde oxygen can be stable for a long time without a proton transfer, suggesting
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that other factors may also be important for this step.
According to the analysis of the reaction coordinates and the solvation of formaldehyde,

the two reaction mechanisms appear to be very similar. The only difference is that the du-
ration of the methoxide intermediate and the breaking time of the Ru-H bond is longer in
mechanism 1. Therefore, the path pairs for which the mechanism switched were investi-
gated in order to understand the differences between the two mechanisms. The switches in
the mechanism occurred for paths 1.1 and 1.2, 1.9 and 1.10, and 2.3 and 2.4. The reaction
coordinates 1-4 for the pairs of paths are plotted in Figure 4.11. For all of the path pairs,
there are almost no differences during the hydride transfer for these coordinates. Evidently,
two pathways with an almost identical hydride transfer step can have different mechanisms
for the proton transfer, which suggests that these two steps are not significantly correlated.
After the hydride transfer, a decorrelation in the O-NH2 distance is observed in two of
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mechanism is switched. Top graphs, black and blue lines show the R-H distance while red and green
lines show the C-H distance for the path pairs. Bottom graphs, black and blue lines show the O-NH2
distance while red and green lines show the distance of the nearest proton.
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the three cases, this distance becomes larger for mechanism 1 than for mechanism 2. For
the paths 1.9 and 1.10 no difference in this distance is seen until the proton transfer. The
nearest hydrogen distance does not differ for the three path pairs until the proton transfer,
suggesting that the solvation of the methoxide intermediate can be very similar for both
mechanisms. Based on these observations, both the NH2 group and water molecules could
be potential proton donors and random fluctuations may decide which of them actually
transfers the proton. This is supported by our study of catalyst deprotonation in Chapter 3,
where the deprotonation barrier for the catalyst was close to the barrier for autoionization
of water in solution. One difference between the mechanisms is that proton transfer through
mechanism 2 needs to happen before the hydrogen bond between the catalyst and methox-
ide is broken, while mechanism 1 does not have a time limitation. This could explain the
longer duration of the methoxide intermediate for mechanism 1.

4-4 Summary and Conclusions
The transfer hydrogenation of formaldehyde with RuTsDPEN model catalyst was studied
in explicit solution with reactive path sampling. It was confirmed that the mechanism is se-
quential with the hydride transfer preceding the proton transfer. New dynamical features of
the hydride transfer step, not directly observed in constrained molecular dynamics simula-
tions, were found. The hydride transfer started with a quick shortening of the C-H distance,
followed by a longer period of up to 1 ps during which the Ru-H and C-H bonds fluctuated
at a distance that is slightly larger than normal bond distance. The proton transfer did not
occur until the Ru-H bond was fully broken and the C-H bond fully formed. The hydrogen
bond between the NH2 group of the catalyst and the formaldehyde oxygen decreased during
the hydride transfer for all of the trajectories, suggesting that it plays an important role in
the mechanism, even if it does not transfer the proton. However, the strongest hydrogen
bond of the formaldehyde oxygen is usually with a water molecule and not the catalyst. In-
vestigation of the solvation shell around the oxygen of the methoxide intermediate showed
that prior to a successful proton transfer, it usually has three very strong hydrogen bonds.
Formation of those bonds can take up to 1 ps after the start of the hydride transfer. The
mechanism could be sequential because it takes time to fully break the Ru-H bond and to
form three strong bonds around the methoxide intermediate. Successful proton transfers
almost always happened after these structural changes.

Two slightly different mechanisms were found: the proton could be transferred by ei-
ther a water molecule or the NH2 moiety of the catalyst. While proton transfer from water
is more likely according to these simulations; further simulations are needed to confirm
this. Analysis of the reaction coordinates showed similar behavior for both mechanisms.
The only observed difference is that the breaking of the Ru-H bond and the duration of the
methoxide intermediate are longer on average for paths in which the proton is transferred by
water. Comparison of path pairs for which the mechanism switched, showed almost now
differences during the hydride transfer, suggesting that this step is decorrelated from the
proton transfer. Some path pairs show strong correlation all the way until the proton trans-
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fer. This suggest that both the NH2 group of the catalyst and water molecules are likely
proton donors, and which of them eventually transfers the proton is decided by chance. It is
possible that other reaction coordinates, not investigated here, play an important role. Com-
mittor analysis of the reaction coordinates is required to see if other variables are needed
in describing this reaction. Another topic for future studies is quantum effects that could
affect the proton transfer part of the mechanism. This study illustrates how including real
kinetics in a mechanistic study, for example via transition path sampling, can provide a
unique insight into a catalytic reaction and explain the observed mechanism.

4-5 References
[1] J. Takehara, S. Hashiguchi, A. Fujii, S.-i. Inoue, T. Ikariya, R. Noyori, Chem. Comm.

1996, 233–234.

[2] S. Hashiguchi, A. Fujii, J. Takehara, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1995,
117, 7562–7563.

[3] A. Fujii, S. Hashiguchi, N. Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1996,
118, 2521–2522.

[4] R. Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 97–102.

[5] T. Ikariya, A. J. Blacker, Acc. Chem. Res. 2007, 40, 1300–1308.

[6] X. Wu, X. Li, W. Hems, F. King, J. Xiao, Org. Biomol. Chem. 2004, 2, 1818–1821.

[7] X. Wu, D. Vinci, T. Ikariya, J. Xiao, Chem. Comm. 2005, 4447–4449.

[8] X. Wu, J. Xiao, Chem. Comm. 2007, 2449–2446.

[9] K.-J. Haack, S. Hashiguchi, A. Fujii, T. Ikariya, R. Noyori, Angew. Chem. Int. Ed.
1997, 36, 285–288.

[10] D. G. I. Petra, J. N. H. Reek, J.-W. Handgraaf, E. J. Meijer, P. Dierkes, P. C. J. Kamer,
J. Brussee, H. E. Schoemaker, P. W. N. M. van Leeuwen, Chem. Eur. J. 2000, 6,
2818–2829.

[11] T. Koike, T. Ikariya, Adv. Synth. Catal. 2004, 346, 37–41.

[12] X. Wu, J. Liu, D. Di Tommaso, J. Iggo, C. Catlow, J. Bacsa, J. Xiao, Chem. Eur. J.
2008, 14, 7699–7715.

[13] F. K. K. Cheung, A. J. Clarke, G. J. Clarkson, D. J. Fox, M. A. Graham, C. Lin, A. L.
Crivillé, M. Wills, Dalton Trans. 2010, 39, 1395–1402.

[14] X. Wu, X. Li, F. King, J. Xiao, Angew. Chem. 2005, 117, 3473–3477.



4-5 References 79

[15] M. Yamakawa, H. Ito, R. Noyori, J. Am. Chem. Soc. 2000, 122, 1466–1478.

[16] D. A. Alonso, P. Brandt, S. J. M. Nordin, P. G. Andersson, J. Am. Chem. Soc. 1999,
121, 9580–9588.

[17] J.-W. Handgraaf, J. N. H. Reek, E. J. Meijer, Organometallics 2003, 22, 3150–3157.

[18] J.-W. Handgraaf, E. J. Meijer, J. Am. Chem. Soc. 2007, 129, 3099–3103.

[19] A. Pavlova, E. J. Meijer, ChemPhysChem 2012, 13, 3492–3496.

[20] C. Dellago, P. G. Bolhuis, P. L. Geissler, Adv. Chem. Phys. 2003, 1–78.

[21] P. G. Bolhuis, D. Chandler, C. Dellago, P. L. Geissler, Ann. Rev. Phys. Chem. 2002,
53, 291–318.

[22] P. L. Geissler, C. Dellago, D. Chandler, J. Hutter, M. Parrinello, Science 2001, 291,
2121–2124.

[23] B. Ensing, E. J. Baerends, J. Phys. Chem. A 2002, 106, 7902–7910.

[24] J. M. Park, A. Laio, M. Iannuzzi, M. Parrinello, J. Am. Chem. Soc. 2006, 128, 11318–
11319.
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5
Regeneration of RuTsDPEN in Transfer

Hydrogenation

In this chapter reactions related to the regeneration part of RuTsDPEN-catalyzed trans-
fer hydrogenation cycle have been studied. Specifically, hydride transfer between formate
and a protonated and deprotonated catalyst and the dissociation of the ruthenium-formato
complex have been studied. It was shown that water solution has a significant effect on
the reaction barriers, increasing the hydride transfer barrier, while decreasing the complex
dissociation barrier. These effects could be attributed to several hydrogen bonds between
formate and water molecules, which favor the formate to be in solution. Furthermore, the
hydride transfer barrier was significantly higher for the deprotonated catalyst, suggesting
that the protonation state is important.1

1 This chapter is to be published as "Mechanistic Aspects of Transfer Hydrogenation with Formate in Aque-
ous Solution" A. Pavlova, E. Rösler, E. J. Meijer
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5-1 Introduction

Reduction of C=C, C=N or C=O bonds is an important transformation in chemistry. It is
often done in a transfer hydrogenation reaction using a molecular hydrogen donor. Asym-
metric transfer hydrogenation, ATH, of ketones is an easy route to chiral alcohols, and
therefore, has many potential applications in pharmaceutical and fine chemical industries.
One of well known catalyst for this reaction is the Noyori-Ikariya catalyst [1; 2] , that uses p-
cymene and TsDPEN (TsDPEN=N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine) lig-
ands around a ruthenium atom, see Scheme 5.1. This catalyst was originally developed to
be used with 2-propanol as the hydrogen donor and it can hydrogenate various prochiral
ketones to alcohols with up to 98 % ee [1].

The choice of the solvent and the hydrogen donor has a significant effect on the yield,
selectivity and the reaction rate of ATH. While using 2-propanol as the hydrogen donor
and the solvent gives good reaction rates, the reaction is also reversible [2; 3]. Due to
this, the conversion is not fully completed and the enantiopurity of the product deterio-
rates with time. The yield and the enantioselectivity improves significantly when formic
acid/trietylamine mixture is used as both the hydrogen donor and the solvent [3]. However,
the reaction rate is too slow to be feasible [3]. Recently, Xiao and coworkers discovered
that the rate and the yield of ATH with the Noyori-Ikariya catalyst increases significantly
in water solution with NaCOOH and water as hydrogen donors, with only a slight loss of
enantioselectivity [4–6] . They also measured a secondary kinetic isotope effect for water,
suggesting that it is involved in the limiting reaction step [7] . However, a full mechanis-
tic understanding of how water increases the reaction rate in this reaction is still lacking.
Since water is a green, cheap and safe solvent that is also essential for mimicking biocat-
alytic mechanisms, it is of general importance to understand catalytic processes in aqueous
solution. In addition, formic acid and its base, formate, are commonly used in chemical in-
dustry as hydrogen donors. Therefore, it is important to understand their role in the transfer
hydrogenation cycle and how their reactivity is influenced by solution.

Several experimental [1; 7–12] and theoretical [7; 9; 13–16] studies have investigated
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Scheme 5.1: The Noyori-Ikariya catalyst for ATH. 1. The 18 electron ruthenium complex that
hydrogenates the ketone. 2a. The resulting 16 electron ruthenium complex after the transfer hy-
drogenation step. 2b. The resulting 16 electron ruthenium complex theoretically observed in water
solution.
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the mechanism of ruthenium catalyzed ATH. It has been concluded that an 18-electron
ruthenium hydride complex, 1, displayed in Scheme 5.1 is formed and that this complex
transfers the hydride to the ketone. Therefore, the ATH reaction cycle must have at least
two steps. The transfer hydrogenation step, where the two hydrogens are transferred to
the substrate, and the regeneration step where the dehydrogenated 16-electron ruthenium
catalyst 2a or 2b, shown in Scheme 5.1, must regain its hydride in order to be active, see
Scheme 5.2.

The catalyst regeneration is the limiting step in ATH with 2-propanol [9; 13–16], while
in formic acid/trietylamine mixture the reaction rates of transfer hydrogenation and regen-
eration steps are close to each other [11]. In water solution, the reaction appears to be of
first order in the catalyst, formate and the ketone at low concentrations of the mentioned
substances. However, this behavior is not observed at higher concentrations of formate and
the ketone [4; 7; 12]. Therefore, it is still unclear what is the rate limiting step of this re-
action in water. Identifying the limiting step of aqueous ATH would facilitate its further
improvement.

The transfer hydrogenation step has been studied in gas phase [9; 13–15] and in explicit
methanol [16] and water solutions [17]. The studies in gas phase and methanol solution
showed that both of the hydrogens in the transfer hydrogenation step are provided by the
catalyst, resulting in the formation of 2a. This is also supported by the crystal structure stud-
ies of the catalyst in 2-propanol [8]. However, when significant solvent effects are present,
using an explicit solvent model can be important, as exemplified by several previous stud-
ies [16–27]. For example, a study of a similar ruthenium catalyst in explicit methanol
solution showed a decreased reaction barrier and a possible mediation of the proton transfer
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Scheme 5.2: The cycle of Ru-catalyzed ATH of ketones. D=Hydrogen Donor. a. Non aqueous
solvents, X=NH, m=2. b. Aqueous solution X=NH+

2 , m=1.
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from a solvent molecule [16]. Furthermore, our recent study of the transfer hydrogenation
step of ATH in explicit water solution [17] showed that a water molecule transfers a pro-
ton to the ketone instead of the catalyst. In this case, the catalyst, remains protonated and
2b is formed instead of 2a, see Scheme 5.2. Note, 2b only needs to receive a hydride for
continued activity. Scheme 5.2 illustrates the difference between ATH in water and other
solvents.

The regeneration step has been less studied than the transfer hydrogenation step for
formic acid or formate as hydrogen donors. Koike et al. studied this reaction in THF sol-
vent [10] and proposed the mechanism shown in Scheme 5.3 based on the detection of
ruthenium-formato complex, 3, that eventually forms 1. There are two possible pathways
from 3 to 1, decoordination of formic acid, followed by a direct hydride transfer, or mi-
gration insertion mechanism [10] see paths A and B, respectively, in Scheme 5.4. Note
that path B in the case of this catalyst would require decoordination of the aromatic lig-
and [9; 13–15], making it highly unfavorable.

Here we investigate how our previous fundings for the transfer hydrogenation step [17]
affect the regeneration of the Noyori-Ikaria catalyst. Furthermore, since formic acid and
formate can have strong favorable interactions with water molecules [28–30], we also stud-
ied how water solution influences the reactivity of formate in transfer hydrogenation. Based
on previous gas phase studies, that show high barriers for migration insertion mechanism
in the case of RuTsDPEN, we only considered path A in our study. We report an ab initio
molecular dynamics study of direct hydride transfer from formic acid to the ruthenium cat-
alysts 2a and 2b and the dissociation of ruthenium-formato complex, 3, in explicit aqueous
solution.

5-2 Methods
Due to the high costs of density functional theory, DFT, a simplified model of the catalyst,
shown in Scheme 5.5a, was used. We replaced the cymene ligand with a benzene ligand,
and the TsDPEN ligand with a 1,amino-2,methylsulfonamide-ethane ligand. In this model
the electronic structure around the ruthenium atom remains the same as in the original
catalyst. The system consisted of the model catalyst and formate dissolved in a periodic,
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Scheme 5.3: The catalyst regeneration path proposed by Koike et al. [10]
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Scheme 5.4: Possible paths A and B for transfer of hydride to the ruthenium atom in the ruthenium-
formato complex.

body centered cubic, bcc, box with 54 water molecules. The same models of the catalyst
and the solvent were used in our previous study.

We used the Kohn-Sham formulation [31] of DFT [32] to describe the electronic struc-
ture. We chose the BLYP density functional [33; 34], that uses the exchange term proposed
by Becke [33] and the correlation term proposed by Yang, Lee and Par [34]. It describes
with an acceptable accuracy the properties of water [35; 36] and ruthenium catalyzed trans-
fer hydrogenation [15] . A plane-wave basis set that included waves up to 70 Ry was used to
expand the Kohn-Sham orbitals. The non-valence electrons were described with Troullier-
Martin pseudopotentials [37; 38]. The ruthenium pseudopotential was of the semi-core type
including the highest s-, p- and d-shell electrons as valence electrons. The pseudopotential
cut-off radii for s, p and d terms were 1.10, 1.20, 1.24 a.u., respectively. The pseudopoten-
tial cut-off radii for S, C, N, O and H were 1.34, 1.23, 1.12, 1.10, and 0.50 a.u., respectively,
for the s terms. The pseudopotentials for S, C, N and O also used the same cutoff for the p
term as for the s term. An additional d term with a cutoff of 1.34 was added for the sulfur
atom. We used the CPMD program package for all of the calculations described here [39].

The reaction in water was studied with Car-Parrinello molecular dynamics [40]. In this
ab initio molecular dynamics method the coefficients of the plane wave basis set are given
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a fictitious mass and are propagated dynamically. The electronic structure remains near the
ground state, provided that the fictitious mass is sufficiently small. The fictitious mass was
600 a.u. and the time step was 0.12 fs in our simulations. We assigned a deuterium mass
to the hydrogen atoms in order to use a larger time step. This simulation setup provides
a sufficiently accurate description of water [36]. The molecular dynamics were done at
a constant volume and temperature. We used a Nosé-Hoover thermostat [41; 42] with a
frequency of 500 cm−1 to keep the temperature at a target value of 350 K. The cell volume
was 2.0 nm3 based on the crystal volume of the catalyst [8] and the densities of water and
formic acid.
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Scheme 5.5: X=NH for the deprotonated catalyst, 2a, and X=NH+
2 for the protonated catalyst,

2b. a. The catalyst model used in our simulations. b. The reaction coordinate for simulating the
dissociation of ruthenium-formato complex, 3. c. The reaction coordinate for the hydride transfer
from formate to the ruthenium catalyst.

∆G =−
r2∫

r1

〈F(r)〉dr (5.1)

Since chemical reactions occur on a time scale that is presently not accessible by ab
initio molecular dynamics simulations, we used the constrained dynamics method [43] to
simulate the reactions and obtain the free energy profiles. In this method, a reaction coordi-
nate, Q, is chosen and the molecular dynamics simulations are done at several fixed values
of this coordinate. The average constrained force that is needed to keep the constraint at the
given value is measured and can be used to calculate the free energy profile according to
Eq 5.1. In this equation, F is the average constrained force and r is the value of the reaction
coordinate. For each measured constraint value we performed a 2 ps equilibration simula-
tion, followed by a 10 ps sampling simulation, the latter was used to calculate the average
constrained force. In order to investigate the hysteresis effect we did this procedure starting
from both the reactant and the product state. For the dissociation of the ruthenium-formato
complex, we used the Ru-O distance as the reaction coordinate, see Scheme 5.5b. For the
hydride transfer reaction we used the asymmetric stretch Ru-H-C, that is the difference
between the Ru-H distance and the C-H distance, as shown in Scheme 5.5c.

For the studies in gas phase, we used the same density functional, basis set, pseudopo-
tentials and program package as for the studies in solution. An isolated cubic cell with a
volume of 8.0 nm3 was used. The energy profiles were obtained by constrained geome-
try optimizations along the same reaction coordinates as in solution. Zero points energies



5-3 Results and Discussion 87

were not added, as the energy profiles in gas phase were only used to clarify the differences
between gas phase and solution.

5-3 Results and Discussion

5-3.1 Dissociation of the Ruthenium-Formato Complex

The average constrained force was sampled between Q values of 2.19 and 3.05 Å and was
close to 0 at those points. The force profiles in solution are displayed in Figure 5.1a, while
the free energy profiles of the reaction in solution are compared to gas phase energies in
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Figure 5.1: a. Constrained force profiles for backward and forward reactions in the intermediate dis-
sociation. The statistical errors are calculated as in 95 % confidence interval. b. The corresponding
free energies, gas phase energies are added for comparison.
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Figure 5.2: a. Comparison of the average distance between the closest formate oxygen and the NH2
group of catalyst in water to gas phase geometries. b. The average number of hydrogen bonds for
the two formate oxygens during the reaction. O1 is the oxygen in the Ru-O bond and O2 is the
oxygen that is initially bound to the NH2 moiety of the catalyst. Only the hydrogen bonds shorter
than 2.2 Å were counted. The statistical errors are less than 0.4.

Figure 5.1b. There is no barrier for the formation of this complex, which is consistent with
experimental studies[10; 11], that showed very fast formation rate. There is some hysteresis
in the constrained force, however it results in very small differences for the free energy
barriers. The reaction barrier was 7.2 kcal/mol in water solution, while in gas phase it was
substantially higher, 13.0 kcal/mol. These energy barriers discrepancies could be attributed
to the water molecules that stabilize the negative charge of the formate with hydrogen bonds
during and after the dissociation. In gas phase, formate can only form a hydrogen with the
NH2 moiety of the ruthenium catalyst, while in solution it can form several hydrogen bonds
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Figure 5.3: Selected snapshots from the formation of the ruthenium-formato complex, important
bond distances are shown in Å. The formate oxygens are enlarged and colored purple for clarity.
Q=2.19 Å. The stable ruthenium-formato complex. The formate oxygen bound to the ruthenium
atom does not have any hydrogen bonds, the other formate oxygen has a bond with water and a bond
with the NH2 group of the catalyst. Q=2.65 Å. At this point in the dissociation process the formate-
catalyst hydrogen bond is seen to break and reform, it is broken in this snapshot. The hydrogen
bonding between formate and water is increased compared to the stables complex. Q=2.95 Å. The
ruthenium oxygen bond is broken and this oxygen is hydrogen bonded to the amino group of the
catalyst instead. Formate has four hydrogen bonds in total now, three with water molecules and one
of with the catalyst.

with mater molecules. Figure 5.2b shows the average number of hydrogen bonds for both of
the formate’s oxygens in solution. The formate oxygen that is not bonded to the ruthenium
atom, O2, has more than one hydrogen bond on average, and this number increases during
the dissociation. The reacting formate oxygen, O1, also gains a hydrogen bond at the end of
the reaction. One water molecule can stabilize a formate ion by 20.1 kcal/mol, according to
gas phase studies [28]. While the stabilization is expected to be less in a solution, it clearly
still affects the reactivity of formate.

Another interesting difference between gas phase and solution is the change in the hy-
drogen bond between the non-reactive oxygen of formate, O1, and the NH2 moiety of the
catalyst, displayed in Figure 5.2a. In gas phase, this bond is becoming shorter during the
dissociation, while in solution it is starting to break at Q=2.95 Å and is broken completely
when Q=3.05 Å. This suggest that the NH2 moiety of the ruthenium catalyst plays a less
important role in this reaction in solution, where solvent molecules can also provide hydro-
gen bonds. Figure 5.3 shows selective snapshots during the reaction, where the changes in
the hydrogen bonding mentioned above are illustrated.

The backward barrier in solution was 6.7 kcal/mol, considering that DFT gives an error
of 1-2 kcal/mol, this is not significantly different from the forward barrier. There are some
differences in the hydrogen bonding of formate for forward and backward reactions. In
the backward reaction, there is less difference in the hydrogen bonding of the two formate
oxygens. In addition, the hydrogen bond between the formate and the NH2 moiety of the
catalyst is longer and more stable than in the forward case. These structural differences
could explain the small hysteresis.
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Figure 5.4: a. The constrained force profiles for the backward and forward reaction for hydride
transfer between formate and the protonated catalyst. The statistical errors are calculated as in 95 %
confidence interval. b. The corresponding free energies in solution.

Note, that in aqueous ATH, the formation of this complex is not needed for the regen-
eration of the catalyst and therefore it is not necessary an intermediate. Instead, due to no
barrier of formation and a significant barrier for dissociation for complex 3, formate could
also act as an inhibitor of the catalyst. That could explain the non linear reaction kinetics at
different concentrations of formate [4; 7; 12]. The reduction of the dissociation barrier for
this complex could be one of the reasons for the increased reaction speed of the whole ATH
cycle in water.
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5-3.2 Hydride Transfer to the Protonated Catalyst

The reaction coordinate Q was sampled between values of -1.44 and 2.36 Å. The average
constrained forces are shown in Figure 5.4a, and the free energy profiles in solution in Fig-
ure 5.4b. The reaction appears to be barrier-less in gas phase. In fact, an unconstrained
geometry optimization of the reactants ends up in the product state. This could be due to
the charge separation in the reactants that evens out during the reaction. Similar energetic
results were obtained by Matsubara [44], when studying the reverse reaction with another
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Figure 5.5: a. Comparison of the average distance between the closest formate oxygen and the NH2
group of catalyst in water to gas phase geometries. b. The average number of hydrogen bonds for
the two formate oxygens during the reaction, O1 is the oxygen that is forming the NH2 bond. Only
the hydrogen bonds shorter than 2.2 Å were counted. The statistical errors are less than 0.4.
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ruthenium complex. Surprisingly, we obtained a significant barrier for this reaction in water
solution. Due to the small hysteresis in the force profiles, there is also a small difference
between forward and backward reaction barriers. The forward barrier was 9.1 kcal/mol,
whereas the backward barrier was 10.3 kcal/mol, this difference is within the errors ex-
pected from DFT.

Evidently, aqueous solvent significantly decreases the reaction rate of hydride trans-
fer from formate to the ruthenium catalyst. Again, this effect can be attributed to waters
remarkable ability to form hydrogen bonds. Before the reaction, both of the formate’s oxy-
gens have several hydrogen bonds with water molecules or the catalyst, as displayed in
Figure 5.5b. However, the product, carbon dioxide, has a limited ability for form hydrogen
bonds. As Figure 5.5b shows, the number of hydrogens bonds for the reactants oxygens
is decreasing during the reaction until it becomes almost 0 at the transition state, where the
constrained force changes sign. The cost of breaking those hydrogen bonds could be the
reason for the significantly increased reaction barrier. Figure 5.6 shows selected snapshots
from the reaction, illustrating the dramatic changes in hydrogen bonding of the substrate.
The hydrogen bond between the NH2 moiety of the catalyst and formate is around 2.0 Å
long in the beginning and is slowly broken during the reaction, see Figure 5.5a. There are
significant fluctuations in this distance in solution, which is not observed in the complex
dissociation. These fluctuations could explain the small hysteresis in the force between the
forward and the backward reaction. Another possible reason for the hysteresis is the slower
formation of the first hydrogen bonds between water and formate in the backward reaction,
compared to the abrupt breaking of these bonds in the forward reaction, see Figure 5.5b.
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Figure 5.6: Selected snapshots from the hydride transfer reaction to the protonated ruthenium cata-
lyst, important bond distances are displayed in Å. The formate oxygens and the transferred hydride
are enlarged and darker colored for clarity. Q=1.96. The hydride is far away from the ruthenium
atom and the formate has several strong hydrogen bonds with water. There is no hydrogen bond be-
tween formate and the catalyst. Q=0.75, as the distance between the hydride ruthenium decreases, a
hydrogen bond is formed between one of the formate oxygens and the catalyst. In addition, the num-
ber of the hydrogen bonds and their strength is starting to decrease. Q=0.25. Around the transition
state, the substrate has almost no hydrogen bonds anymore.
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5-3.3 Hydride Transfer to the Deprotonated Catalyst

We investigated the difference between the protonated and the deprotonated catalyst in the
hydride transfer reaction. The constrained force was measured for Q values between -1.23
and 2.36 Å. Figure 5.7a and Figure 5.7b show the force and the free energy profiles,
respectively. The reaction barrier is significantly increased in both gas phase and solution
compared to the protonated catalyst. In gas phase, instead of a barrier-less reaction, we
see a barrier of 9.4 kcal/mol, while in solution the barrier is increased from 9.1 kcal/mol to
22.0 kcal/mol. In addition, a water molecule protonates the catalyst in solution at Q=0.38

-10

-5

0

5

10

15

F
or

ce
 (

 N
*1

0-1
0  )

forward
backward

-2 -1 0 1 2 3
Reaction Coordinate (Å)

0

5

10

15

20

25

30

∆ 
G

 (
kc

al
/m

ol
)

gas phase
water forward
water backward

carbon dioxide                                formate  

a

b

Figure 5.7: a. The constrained force profiles for the backward and forward reaction for hydride
transfer between formate and the deprotonated catalyst. The statistical errors are calculated as in
95 % confidence interval. b. The corresponding free energies, gas phase energies are added for
comparison.
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Figure 5.8: The average number of hydrogen bonds for the two formate oxygens during the hydride
transfer from formate to the deprotonated catalyst, O1 is the oxygen that is closest to the NH group.
The statistical errors are less than 0.4.

Å, just before the transition state. Due to this event, the hysteresis effect could only be
investigated from Q=0.38Å. There are some differences in the constrained forces close to
this point because of frequent proton transfers between a water molecule and the catalyst.
Eventually, at Q=0.97, these transfers stops, the constrained forces become very close for
the two profiles and the resulting free energy curves are very close as well.
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Figure 5.9: Selected snapshots from the hydride transfer reaction to the deprotonated ruthenium
catalyst. The formate oxygens and the transferred hydride and proton are enlarged and colored
differently for clarity.The formate oxygens are purple, while the hydride and the proton are dark gray.
Q=1.96. The beginning of the reaction, the solvation of formate is very similar to the protonated
case. Q=0.35. A proton is transferred to the NH to group of the catalyst at this stage, resulting
in a hydrogen bond between formate and the catalyst. The total hydrogen bonding of formate is
significantly decreased, just as in the protonated case. Q=0.14. Around the transition state, just as
in the protonated case, formate has almost no hydrogen bonds anymore.
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The difference in the reaction barriers between the two catalysts suggest that the proto-
nation of the NH moiety of the catalyst is an important step in ATH that needs to happen
before the hydride transfer. Therefore, the slightly different pathway for the transfer hydro-
genation in water [17], where the catalyst remains protonated, could increase the reaction
rate of the whole ATH cycle. The hydrogen bonding of the formate oxygens, shown in
Figure 5.8 looks almost the same as in the protonated case. Consequently, the difference
in the reaction barriers between aqueous solution and gas phase could again be attributed
to the breaking of hydrogen bonds between formate and water during the reaction. The
NH group is less prone to hydrogen bonding than the NH2 group. Due to this, hydrogen
bonding between the catalyst and formate is not observed until the NH group is protonated,
as shown in the selected snapshots in Figure 5.9.

5-4 Discussion and Conclusions
We have studied reactions relevant to the regeneration of the 16 electron RuTsDPEN com-
plex in aqueous solution, using an explicit solvent model. Specifically, we studied the
dissociation of the ruthenium-formato complex, first discovered by Koike et al.[10] and the
hydride transfer from formate to the ruthenium catalyst. The latter reaction was studied for
both the protonated and the deprotonated catalyst, in order to investigate the effect of the
proton.

For the dissociation of the ruthenium-formato complex it was found that water decreases
the barrier of dissociation by 6 kcal/mol. This could be attributed to several hydrogen bonds
between formate and water molecules during the reaction, that stabilize the formate. In
both gas phase and solution studies there was no barrier for the formation of this complex,
which is consistent with experimental studies[10; 11]. Due to the low formation barrier
and the high dissociation barrier, the formation of this observed complex could inhibit the
ruthenium catalyst. Since water solution increases the dissociation rate of the ruthenium-
formato complex, it could be one of the reasons for the increased reaction rate in aqueous
ATH.

For the hydride transfer from formate to the ruthenium catalyst, we found that aqueous
solvent increases the reaction barrier for both protonated and deprotonated catalysts. Again,
this could be caused by several hydrogen bonds between formate and solvent molecules
that make formate more stable in water solution. This energetic stabilization of the reactant
could increase the energy barrier for the hydride transfer since the product, carbon dioxide,
does not form hydrogen bonds. Both in gas phase and in solution, the reaction barrier
was significantly increased for the deprotonated catalyst. In addition, a water molecule
protonated the deprotonated catalyst in solution before the transition state. Based on our
results, protonation the NH moiety of the catalyst is an important step that needs to happen
before the hydride transfer from formic acid.

A summarized energy diagram is shown in Figure 5.10. The total barrier of going
from the ruthenium-formato complex, to ruthenium 18 electron complex, 1, and carbon
dioxide is 13.1 kcal/mol in gas phase, and 16.3 kcal/mol in water. Our simulations suggest
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Figure 5.10: A comparison of the energy changes during the two reaction steps between water
solution and gas phase.

that water increases the reaction barrier for the regeneration step in transfer hydrogenation
with RuTsDPEN. On the other hand, the formation of the ruthenium-formato complex is
not necessary in aqueous solution, and could inhibit the catalyst. Therefore, the lowering
of the dissociation barrier for this complex could compensate for the increased barrier of
the hydride transfer. Thus, the total effect of water on this reaction step could still be
beneficial. Further kinetic and theoretical studies are needed in order to clarify the role of
the ruthenium-formato complex in aqueous ATH.

Our result illustrate the complexity of solvent effects on a reaction cycle with several
steps and the need of incorporating solvent effects when investigating aqueous chemistry.
Furthermore, this study illustrates the different reactivity of formate in water compared to
an environment without hydrogen bonds.
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Summary

Motivation

Water is a unique solvent due its structure and reactivity. The ability of a water molecule
to form hydrogen bonds is its most important characteristic. In liquid water, each molecule
typically donates and accepts two hydrogen bonds. This structure significantly enhances
water’s ability to accept or donate protons. In addition, the lone pair electrons of the water
oxygen can be involved in stronger bonds, for example when a water molecule acts as a
ligand in a metal catalyst. Water is one of the most important solvents in (bio)chemistry.
Due to its properties, solvent effects in aqueous chemical reactions are often significant.
Both beneficial and negative effects of water in chemical reactions are well documented.
Compared to the organic alternatives, water is an environmentally friendly, cheap and safe
solvent. To date, the role of the solvent in aqueous chemical reactions is only partially
understood. A full understanding on a detailed molecular level is often completely absent.
This issue is the central theme of the present thesis where we report molecular simulation
studies of two prototype aqueous chemical reactions. These reactions are not only of fun-
damental interest, but have also a significant importance in technological applications. In
our study we employed molecular simulation of an accurate atomistic model, yielding a de-
tailed picture of the structure and dynamics on the molecular level. The outcome provides
important insights that are complementary to those that can be obtained by experimental
studies.

The first studied reaction is silica, Si(OH)4 oligomerization, which is the basic step in
zeolite synthesis. Zeolites are widely used in chemical industry due to the variety of dif-
ferent internal structures. Therefore, it is important to understand the earlier stages of their
synthesis and how it is affected by different reaction conditions. The second studied reac-
tion is ruthenium catalyzed transfer hydrogenation of ketones. In a transfer hydrogenation
reaction, a double bond is reduced by a hydrogen donor, a catalyst usually facilitates the
transfer of the hydrogens. The RuTsDPEN catalyst, developed by Noyori and coworkers,
can catalyze this reaction with high enantioselectivity, up to 98% ee for several prochiral
aromatic ketones. The efficiency of this catalyst is significantly improved in water solution,
compared to organic solvents. Asymmetric transfer hydrogenation provides an effective
route to chiral alcohols and is very useful for the pharmaceutical industry. Therefore, it is
important to study the reactive process in more detail and understand how its efficiency is
improved in presence of water.
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Methodology

Density functional theory, (DFT) was used to accurately describe bond breaking and for-
mation during the reactions. The reactions in gas phase were studied by optimizing molec-
ular geometries along the chosen reaction coordinates. For the reactions in solution, DFT
was combined with molecular dynamics using Car-Parrinello molecular dynamics method.
With this setup the thermal effects, due to numerous possible molecular configurations in
solution were added. Rare event methods were used to enforce the reactive transitions in
solution. For most of the studies the constrained dynamics method was used. In addition,
transition path sampling, (TPS), method was used for the transfer hydrogenation reaction.
The energy barriers were obtained employing transition state theory. For gas phase studies,
the energies from static geometry optimizations were used for obtaining the energy barriers.
For the studies in water solution, thermodynamic integration of the calculated constrained
force along the reaction coordinate provided the free energy profiles.

Silica Oligomerization

In Chapter 2 the formation of silica dimers, trimers and 3-rings was studied in explicit
water solution and in presence of a sodium ion. It was found that sodium increased the
reaction barriers for all three cases, compared to the case with no ions present. However,
the increase in reaction barriers was smaller than for lithium and ammonium ions, investi-
gated in previous studies. Analysis of sodium’s behavior showed that unlike the other ions,
sodium was rarely in the first solvation shell of the reactive atoms. Instead, it was often
in the second solvation shell, further away from the reacting atom, or coordinated to non
reacting silica OH groups. Sodium is often seen to coordinate and decoordinate from OH
groups of silica during the runs. However, these changes in coordination do not result in
significant changes in the constrained force. Therefore, it was concluded that coordination
to silica OH groups is not a likely reason for the increased reaction barriers. Correlation
between sodium’s distance to the reactive oxygen atoms in the first step of the reaction and
the solvation of that atom was found. When sodium was in the first or second solvation shell
of the oxygen, the average number of hydrogen bonds of that oxygen in water decreased.
These observations illustrate how sodium could affect the hydrogen bond network of water,
increasing the reaction barriers.

Ruthenium Catalyzed Transfer Hydrogenation

Ruthenium catalyzed transfer hydrogenation of ketones is a cycle with two steps. The first
step is transfer hydrogenation of the ketone by the catalyst. The second step is the regener-
ation of the catalyst by regaining the lost hydrogens from the donor substance. In Chapter
3, the transfer hydrogenation step was studied in water solution and compared to gas phase.
Previous studies in gas phase showed that the two hydrogens were transferred simulta-
neously by the catalyst as a hydride and a proton. Specifically, the hydride was donated
by the ruthenium atom, while the proton was donated by the NH2 moiety of the catalyst.
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However, simulations in explicit water solution showed two differences. First of all, the
reaction mechanism was sequential, with the hydride transfer preceding the proton trans-
fer. Due to this, a methoxide intermediate stabilized by up to three hydrogen bonds from
water molecules was observed. Secondly, the proton was transferred by a water molecule
instead of the catalyst. This path in water had a lower reaction barrier than the simultaneous
transfer of both hydrogens in gas phase, 3.5 kcal/mol and 5.7 kcal/mol, respectively. Since
the catalyst remained protonated in water solution, its subsequent deprotonation was also
studied. We found a deprotonation barrier of 18.6 kcal/mol in solution, which is marginally
higher than previously calculated barriers for dissociation of water. This data could explain
why a water molecule transferred the proton instead of the catalyst.
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Figure 1: a. Catalyst precursor R=Cl, the active catalyst, R=H. b. The concerted transfer
hydrogenation transition state, where the two hydrogens are transferred from the catalyst to the
ketone simultaneously

1

Figure 1: Comparison of reaction barriers between water and solution for the studied steps in
the reaction cycle of ruthenium catalyzed transfer hydrogenation of ketones. TH is the transfer
hydrogenation step, Reg. 1 is regeneration of the protonated catalyst, Reg. 2 is regeneration of the
deprotonated catalyst, Dis is dissociation of the ruthenium-formato complex.

In Chapter 4 the transfer hydrogenation step was studied in further detail with the TPS
method. We confirmed that the reaction mechanism is sequential and showed that the
methoxide intermediate could exist for over 1 ps. In addition, it was discovered that two
mechanisms for the proton transfer are possible, both the catalyst and a water molecule
could donate the proton. This is consistent with the deprotonation barriers for water and the
catalyst being very close. Scheme 1 illustrates the difference between the mechanism in gas
phase and the two different mechanisms in water. Analysis of selected reaction coordinates
showed that two pathways with different proton transfer mechanisms can be very similar
until this event. The simulations suggests that the proton transfer is decorrelated from the
hydride transfer, and that random fluctuations decide if the methoxide receives the proton
from water or the catalyst. In addition, the kinetic aspects of the reaction, not observed in
constrained molecular dynamics simulations were revealed. In the hydride transfer step, the
Ru-H bond was broken after the C-H bond was formed and the breaking could take up to 1
ps. The proton transfer was not observed before full breaking of this bond. Another impor-
tant factor for the proton transfer was the formation of three strong hydrogen bonds, which
occurred only after the hydride transfer. These structural changes could be the reasons for
the sequential mechanism in solution.

The regeneration of the RuTsDPEN catalyst was studied n Chapter 5. The studied reac-
tions were hydride transfer between the hydrogen donor, formate, and the catalyst with and
without a proton. In this reaction the catalyst regains the hydride while formate is converted
to carbondioxide. Also the dissociation of the ruthenium-formato complex, observed exper-
imentally in THF solvent, was studied. The reactions were simulated in both water solution
and gas phase in order to understand the role of water. It was found that water increased the
barrier for hydride transfer, but decreases the barrier for complex dissociation. These effects
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could be explained by the strong hydrogen bonding between formate and water molecules.
This hydrogen bonding disappears when formate is converted to carbondioxide during the
hydride transfer but increases when formate is dissociated from RuTsDPEN. Enthalpy con-
tributions from those bonds could cause the differences in the reaction barriers between
water and gas phase. Furthermore, the hydride transfer barrier was significantly higher for
the deprotonated catalyst, and the catalyst was protonated by a water molecule in the pro-
cess. Our simulations suggests this protonation is an important step in the cycle. In the
reaction pathway observed in Chapter 3, the catalyst retains its proton and the protonation
of the catalyst can be skipped. This could enhance the reaction rate of the whole transfer
hydrogenation cycle.

This study of various reactions in the cycle of ruthenium catalyzed transfer hydrogena-
tion of ketones illustrates how water can influence the separate parts of the cycle differently.
The barriers for transfer hydrogenation and dissociation of ruthenium-formato complex are
decreased, while the barrier for hydride transfer between the hydrogen donor and the cat-
alyst is increased. In addition, aqueous solution provides a different mechanism in which
a water molecule donates its proton to the ketone directly, instead of going through the
catalyst’s NH2 group. This pathway decreases the barrier for the regeneration of the cat-
alyst. Figure 1 compares the studied reaction barriers between water and gas phase. The
sum of all the influences of water solution is beneficial for the reaction, as confirmed by
experiments.
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Samenvatting

Motivering

Water ontleent zijn unieke karakter als oplosmiddel aan de structuur en reactiviteit.
De belangrijkste eigenschap van een water molecuul is de mogelijkheid om waterstof-

bruggen te vormen.
In de vloeibare fase vormen water moleculen typisch 4 waterstofbruggen, waarvan er

twee worden gedoneerd en twee geaccepteerd.
Deze structuur leidt ertoe dat de watermoleculen zeer goed in staat zijn om protonen

te accepteren of doneren. De vrije elektronenparen van het zuurstofatoom van een water-
molecuul kunnen ook participeren in sterkere bindingen, zoals die van een watermolecuul
gebonden als een ligand aan een metaal katalysator.

Water is één van de belangrijkste oplosmiddelen in de chemie en biochemie. Ten ge-
volge van de eigenschappen van water zijn de oplosmiddeleffecten voor chemische reacties
in een waterige oplossing substantieel. Zowel de voordelige als nadelige effecten van de
rol van water in chemische reacties zijn goed gedocumenteerd. Vergeleken met organische
oplosmiddelen is water een milieuvriendelijker, goedkoper en veiliger oplosmiddel.

Momenteel is de rol van het oplosmiddel in waterige chemische reacties slechts gedeel-
telijk begrepen. Een grondig begrip op een gedetailleerde moleculaire schaal ontbreekt vaak
volledig. Dit is het centrale thema van dit proefschrift waarin een beschrijving wordt ge-
geven van moleculaire simulatie studies van twee prototype reacties in waterige oplossing.
Het onderzoek naar deze reacties heeft naast het fundamentele belang ook een belangrijke
technologische waarde.

In ons onderzoek hebben we gebruik gemaakt van een accuraat atomair model, zodat
we een gedetailleerd beeld konden krijgen van de structuur en dynamica op een moleculaire
schaal. De verkregen resultaten bieden belangrijke nieuwe inzichten die complementair
zijn aan de kennis die met experimentele observaties verkregen kunnen worden.

Het eerste onderwerp betreft oligomerisatie van silica, Si(OH)4, eenheden. Deze reactie
is de eerste stap in de vorming van zeolieten. Zeolieten vinden brede toepassing in de
chemische industrie vanwege de grote variëteit aan interne structuren. Het is daarom van
groot belang te begrijpen hoe de initiële stappen in de synthese verlopen en hoe deze worden
beïnvloed door de reactiecondities.

Het tweede onderwerp betreft de transfer hydrogenatie van ketonen gekatalyseerd door
ruthenium complexen. In deze transfer hydrogenatiereactie, waarbij een dubbele binding
wordt gereduceerd door een waterstofdonor, wordt de waterstofoverdracht vergemakkelijkt
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door een katalysator. De RuTsDPEN katalysator, ontwikkeld in de groep van Noyori, kata-
lyseert deze reactie met een hoge enatioselectiviteit, tot een ee van 98% voor verschillende
pro-chirale aromatische ketonen.

Door een organische oplosmiddel te vervangen door water wordt de efficiëntie van deze
katalysator wordt aanzienlijk verhoogd.

Asymmetrische transfer hydrogenatie is een efficiënte route om chirale alcoholen te
produceren en daarom zeer nuttig voor de farmaceutische industrie. Het is daarom van
belang om deze reacties in meer detail te bestuderen en te begrijpen hoe de efficiëntie wordt
verhoogd door de aanwezigheid van water.

Methoden

Dichtheidsfunctionaaltheorie (DFT) is gebruikt om op nauwkeurige wijze het breken
en vormen van chemische bindingen tijdens chemische reacties te beschrijven. De reac-
ties in de gasfase werden bestudeerd door de moleculaire structuren langs het reactiepad te
optimaliseren. Voor de reacties in oplossing hebben we DFT gekombineerd met molecu-
lair dynamica door gebruik te maken van de Car-Parrinello moleculaire dynamica methode.
Op deze wijze worden de temperatuureffecten, die leiden tot een groot aantal verschillende
moleculaire configuraties van het oplosmiddel, beschreven. Numerieke methoden om zeld-
zame processen te simuleren werden toegepast om de reactiepaden te bepalen. In de meeste
studies werden dynamica methoden met een vastgelegde reactiecoordinaat gebruikt. In de
studie van de transfer hydrogenatie reactie werd ook ”transition path sampling” (TPS) ge-
bruikt. De energie barri‘eres werden bepaald met behulp van ”transition state theory”. Voor
de berekening van gasfase complexen werden de energie barri‘eres bepaald met statische
geometrieoptimalisaties. Voor de studies in een waterige oplossing werden de vrije energie
profielen bepaald via thermodynamische integratie van de berekende kracht op de vastge-
legde reactiecoordinaat.

Silica Oligomerisatie

In hoofdstuk 2 werd de vorming van silica dimeren, trimeren en 3-ringen bestudeerd
in een expliciete wateroplossing en in aanwezigheid van natriumionen. Het bleek dat de
verhoogde natriumconcentratie reactie-belemmeringen veroorzaakte voor alle drie gevallen
vergeleken met het geval zonder ionen aanwezig. Echter, de toename in reactie belemme-
ringen was kleiner bij lithium en ammonium ionen, vergeleken met eerdere studies. Uit
analyse van het gedrag van natrium is gebleken dat in tegenstelling tot de andere ionen, na-
trium zelden aanwezig was in de eerste was in de solvatatie schil van de reactieve atomen.
In plaats daarvan kwam natrium vaak voor in de tweede solvatie shell, verder van de reage-
rende atoom of gecoördineerd met niet-reagerende silica OH-groepen. Natrium coördineert
en decoördineert vaak met OH groepen van silica. Echter, deze veranderingen in coördina-
tie leiden niet tot significante veranderingen in het vrije energie profiel van het reactiepad.
Daarom werd geconcludeerd dat de coördinatie aan silica OH-groepen geen waarschijnlijke
reden is voor de verhoogde reactie barrières. Correlatie tussen de afstand van natrium tot
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de reactieve zuurstofatomen in de eerste stap van de reactie en de solvatatie van dat atoom
lijkt significant te zijn. Wanneer natrium in de eerste of tweede solvatie schil van het reac-
tieve zuurstofatoom aanwezig was nam het gemiddelde aantal waterstofbindingen van dat
zuurstof in water af. Deze observaties illustreren hoe natrium de waterstofbruggen netwerk
van water kunnen beïnvloeden, waarbij zij de reactiebarrières verhogen.

Ruthenium Gekatalyseerde Transfer Hydrogenatie

Ruthenium gekatalyseerde transfer hydrogenering van ketonen is een cyclus met twee
stappen. De eerste stap is transfer hydrogenering van het keton door de katalysator. De
tweede stap is de regeneratie van de katalysator door de verloren waterstofatomen van de
waterstofdonor terug te winnen. In hoofdstuk 3 werd de transfer hydrogenering stap onder-
zocht in een wateroplossing en vergeleken met de gasfase. Eerdere studies van dit proces
met een gasfase model toonden aan dat de twee waterstofatomen gelijktijdig werden over-
gebracht door de katalysator als een hydride en een proton. Specifiek werd het hydride
atoom overgedragen vanuit het ruthenium atoom, terwijl het proton werd gedoneerd door
de NH2 groep van de katalysator. Echter, simulaties van expliciete wateroplossing lie-
ten twee belangrijke verschillen zien. Allereerst was het reactiemechanisme stapsgewijs,
waarbij de hydride overdracht plaats vond vóór de proton overdracht. Hierdoor werd een
gestabiliseerd methoxide intermediair waargenomen, met maximaal drie waterstofbruggen
van water moleculen. Ten tweede werd het proton overgedragen door een water molecuul
in plaats van door de katalysator. Dit reactiepad had in de waterfase een lagere reactie bar-
rière dan de simultane overdracht van beide waterstofatomen in de gasfase, respectievelijk
3,5 kcal/mol en 5,7 kcal/mol. Omdat de katalysator geprotoneerd bleef in de wateroplos-
sing, werd de daaropvolgende deprotonatie ook onderzocht. We vonden een deprotonering
barrière van 18,6 kcal/mol in water oplossing, welke iets hoger is dan eerder berekende
barrières voor dissociatie van water. Deze resultaten kunnen verklaren waarom een proton
wordt overgedragen door een water molecuul in plaats van door de katalysator.

In hoofdstuk 4 werd de overdrachtshydrogenatie stap in meer detail onderzocht met de
TPS- methode. Deze simulaties bevestigden het stapsgewijze reactiemechanisme en toon-
den aan dat het methoxide intermediair meer dan 1 ps kan bestaan. Verder werd ontdekt dat
twee mechanismen mogelijk zijn voor de proton overdracht; zowel de katalysator als een
water molecuul kan het proton doneren. Dit is in overeenstemming met de deprotonering
barrières voor water en de katalysator, welke zeer dicht bij elkaar liggen. Scheme 1 toont
het verschil tussen het mechanisme in de gasfase en de twee verschillende mechanismen
in water. Analyse van geselecteerde reactie coördinaten toonde aan dat de twee trajecten
met verschillende proton overdrachtsmechanismen zeer vergelijkbaar kunnen zijn, afgezien
van de proton overdracht. Uit de simulaties blijkt dat de proton overdracht los staat van
de hydride overdracht en dat willekeurige fluctuaties bepalen of de methoxide het proton
ontvangt van een water molecuul of van de katalysator. Bovendien werden de kinetische
aspecten van de reactie bekeken, welke niet te zien waren in geforceerde moleculaire dy-
namica simulaties. In de transfer hydrogenatie stap werd de Ru-H binding pas verbroken
nadat de C-H binding gevormd was. Het breken van de Ru-H binding kan tot 1 ps duren.
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Scheme 1: a. Het transfer hydrogenatie mechanisme in de gasfase. b. Twee mechanismen voor de
transfer hydrogenering in waterige oplossing.

De proton overdracht werd pas waargenomen na de volledige verbreking van deze binding.
Een andere belangrijke factor voor de proton overdracht was de vorming van drie sterke wa-
terstofbindingen, welke alleen voorkwamen na de hydride overdracht. Deze veranderingen
in de structuur kunnen de redenen zijn voor het stapsgewijze mechanisme in oplossing.

De regeneratie van de RuTsDPEN katalysator is bestudeerd in hoofdstuk 5. Met name
de hydride transfer reacties tussen de waterstofbrugdonor (formiaat) en de katalysator (met
en zonder het proton) zijn bestudeerd. In deze reactie herwint de katalysator de hydride,
terwijl het formiaat wordt omgezet naar koolstofdioxide. De dissociatie van het ruthenium-
formiaat complex, experimenteel geobserveerd in THF oplossing is ook bestudeerd. De
reacties zijn gedaan in waterige oplossing alsmede in de gas fase om de rol van het water
te begrijpen. Uit de resultaten blijkt dat water de barrière voor hydride transfer verhoogt,
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Figuur 1: Overzicht van de verschillen in reactie barrières tussen de gasfase en de water oplossing
voor de bestudeerde stappen in de reactie cyclus van ruthenium gekatalyseerde overdrachtshydro-
genering van ketonen. TH is de overdrachtshydrogenatie stap, Reg. 1 is regeneratie van de gepro-
toneerde katalysator, Reg 2 is regeneratie van de gedeprotoneerde katalysator, Dis is dissociatie van
het ruthenium-formato complex.

maar de barrière voor dissociatie verlaagt. Dit effect zou verklaard kunnen worden door de
sterke waterstofbrug tussen formiaat en water. Deze waterstofbrug verdwijnt wanneer for-
miaat wordt omgezet naar koolstofdioxide gedurende de hydride transfer, maar wordt juist
sterker als formiaat dissocieert van het metaalcomplex. De enthalpie van deze bindingen
kunnen daarom de oorzaak zijn van de verschillen in reactiebarrières tussen de waterfase en
gasfase. De barrière voor de hydride-transfer was significant hoger voor de gedeprotoneerde
katalysator. Nu wordt de katalysator geprotoneerd door een water molecuul gedurende de
reactie. Onze simulaties suggereren dus dat protonatie een belangrijke stap is in de reac-
tie. In het reactiepad bestudeerd in hoofdstuk 3, behoudt de katalysator het proton en kan
dus de protonatiestap worden overgeslagen. Dit kan een verhogend effect hebben op de
reactiesnelheid van de hele hydrogenatie cyclus.

De studie van deze verschillende reacties in de cyclus van ruthenium-gekatalyseerde
hydrogenatiereactie van ketons illustreert hoe water invloed kan hebben op de verschillende
stappen van de reactie. De barrières van de hydrogenatie en dissociatie van het ruthenium-
formiaat complex zijn verlaagt, terwijl de barrière van de hydride-transfer tussen donor en
katalysator wordt verhoogd. Daarnaast, verandert een waterige oplossing het mechanisme
aangezien een water molecuul het proton nu direct afgeeft aan het keton, in plaats van via de
NH2 groep. Dit reactiepad verlaagt de barrière voor regeneratie van de katalysator. Figuur
1 vergelijkt de reactiebarrières wanneer de reactie gedaan wordt in wateroplossing of in de
gasfase. De som van alle invloeden van water is gunstig voor de reactiesnelheid zoals is
bewezen door experimenten.
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