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Abstract

The subject of this thesis is the study of the reduction-oxidation chem-
istry of ruthenium coordination compounds in the presence of reactive
oxygen species (ROS). KP1019 and NAMI-A, two ruthenium compounds
currently in clinical trials, were chosen as model systems to study chem-
ical reactions using a Density Functional Theory (DFT) method. The
objective of this thesis is to gain knowledge of the chemistry of these
compounds in the presence of hydrogen peroxide and potential follow-up
reactions. Thereby we want to help contributing to the elucidation of
possible reaction mechanisms of KP1019 and NAMI-A type compounds
with ROS. In the end, the goal is to draw conclusions concerning the pos-
sible reduction-oxidation chemistry of ruthenium anticancer coordination
compounds in vivo.
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1 Introduction

Transition metal compounds have been used to battle cancer for more than four
decades. Research groups from all over the world are currently searching for
new drug candidates containing a variety of different transition metals, focusing
also on their reduction-oxidation properties [1, 2].

In this introduction, first the Pt anticancer agents will be presented followed
by the Ru anticancer drug candidates. Then, the "activation by reduction" hy-
pothesis will be discussed briefly in section 1.3. Reactive oxygen species (ROS),
being the biochemical agents that could reoxidize transition metal compounds,
and their reactions will be presented in section 1.4. Wrapping up the introduc-
tion, the goals of this thesis will be stated concisely in section 1.5.

1.1 Platinum Compounds in Cancer Therapy

The success story of transition metal compounds in cancer therapy began with
the discoveries of Barnett Rosenberg and coworkers at Michigan state university
in the 1960s [3, 4]. Cisplatin was the first transition metal based anticancer drug
that passed clinical trials and has been approved by the FDA since 1978. The use
of Cisplatin has dramatically increased the cure rate of testicular cancer[5] and
today, the drug is approved for treatment of various tumor types.|[6] Its mode of
action involves most likely the formation of Cisplatin-DNA adducts by binding
to the N-7 sites of adjacent guanines from which apoptosis eventually follows [0].

The success of Cisplatin (see Figure 1.1) spawned a new field for research in
bioinorganic chemistry. The search for new compounds is ongoing but despite
undoubtedly huge efforts, only two other platinum based anticancer drugs have
gained worldwide approval, namely Oxaliplatin and Carboplatin (see Figure 1.1)
notwithstanding the fact that several other compounds have been approved lo-
cally [7, g].
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Figure 1.1: Pt'f based anticancer drugs

Pt(IT) drugs have, however, the disadvantage of being severely neuro- and
nephrotoxic [6]. This is the reason why development of anticancer agents based
on other transition metals, foremost ruthenium, has been initiated. As detailed
in section 1.2 below, in recent years, the interest in ruthenium compounds has
increased dramatically with several different kinds of Ru anticancer compounds
currently in development.



1.2 Ruthenium Compounds in Cancer Therapy

While ruthenium compounds are not yet of the same importance in cancer
therapy as platinum compounds, there is potential for a widespread use of such
molecules since some of them have been found to be either cytotoxic against
cancer cells selectively, or inhibitors to metastasis formation. Section 1.2.1 will
focus on two of the best described ruthenium compounds in the field of anti-
cancer drug development.

1.2.1 Ruthenium Compounds Successful in Clinical Trials: KP1019 and NAMI-A

Currently, two promising Ru drug candidates, namely NAMI-A (Imidazolium
trans-[tetrachlorido DMSO imidazole ruthenate(III)] and KP1019 (Indazolium
trans-[tetrachloridobis (1H-indazole) ruthenate(III)], the latter having been de-
veloped by the research group of Bernhard Keppler, are in clinical trials [9, 10].
The structural formulae of these compounds, are in Figure 1.2a and Figure 1.2b,
respectively.
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Figure 1.2: Structural formulae of KP1019 and NAMI-A

The modes of action of these two compounds have remained unknown. How-
ever, many experimental and theoretical studies have been published about cer-
tain elements of their chemistry which may help to explain their (selective)
potency against cancer cells. In the following, a selection of studies on KP1019
and NAMI-A will be presented.

1.2.1.1 KP1019 KP1019[11] is used against solid tumors. Cellular uptake of
KP1019 is assumed to take place mediated by transferrin [12] which helps ex-
plain the apparent tumor selectivity of KP1019. KP1019 is bioreducible and
a correlation has been found between its reduction potential and its in vitro



potency [13]. Therefore it has been suggested that KP1019 in its ruthenate(III)
form is in fact a pro-drug and its ruthenate(II) reduced form the active species,
corresponding well to the "activation by reduction" hypothesis which has been
further supported by a study finding increased activity of KP1019 at high con-
centrations of ascorbic acid [14]. It is, however, not clear in which way KP1019
or any metabolite thereof eventually induces apoptosis in cancer cells.

1.2.1.2 NAMI-A NAMI-A is primarily used against metastases|[15]. Accord-
ing to literature, it undergoes aquation (ligand exchange) reactions within min-
utes [16] and is more soluble in water than KP1019. There have also been
experiments confirming that NAMI-A is readily reducible by such bioreductant
molecules as ascorbic acid or glutathione (GSH) whose reactions by means of
outer sphere single electron transfer yield a reduced Ru?" complex [17, 18, 19].
Quite recently, a study on human ovarian cancer cells has shown significant cel-
lular uptake of NAMI-A with the drug also being found within the nucleus[20].
Summarizing recent literature, it can be concluded that NAMI-A’s mode of ac-
tion is quite possibly a combination of extra- and intracellular processes.

Additionally, a DFT study on the hydrolysis of NAMI-A has recently been
performed supporting claims that NAMI-A is easily reduced and hydrolyzed,
yielding mono- and diaquated species of its reduced version [21]. This article
by Vargiu et al. has amended a separate study by Chen et al. [22], which con-
sidered only the hydrolysis of NAMI-A as administered in its Ru®" form.

Chiorescu et al. [23] have investigated the hydrolysis reactions of Ru(III)
anticancer agents including KP1019 and NAMI-A using a DFT/Continuum Di-
electric Medium (CDM) approach. The calculations predict, as opposed to
former computational studies [22, 21|, that the hydrolysis of the Ru(III) species
follows an interchange mechanism with dissociative character, whereas the hy-
drolysis of the reduced Ru(II) analogues follows a limiting dissociative mecha-
nism via significantly lower activation barriers. [23] The same authors[23] have
also studied using DFT/CDM the reactions of the partially hydrolyzed species
with functional groups of biomolecules and analyzed the control of the reduc-
tion potentials of Ru anticancer agents by (i) the axial ligand, (ii) the binding
of biomolecules, and (iii) the environment.

These scientific findings on KP1019 and NAMI-A type compounds fit well
into a model that has become known as "activation by reduction" hypothesis.
This model will be introduced in the following section.

1.3 Activation by Reduction Hypothesis

"Activation by reduction" states that transition metal based drugs (or drug
candidates) are not given to the patient in their active form. Instead, a me-
tabolized, reduced form of the compound acts as the cytotoxin killing off the
cancer cells. For Ru compounds specifically, this hypothesis has been brought
into play as early as 1980 [24].



Reduction of e.g. Pt(IV) or Ru(IIl) compounds is probable because solid
tumors have been shown to be hypoxic (low O, partial pressure) by the use of
oxygen electrodes|25, 26]. Hypoxia regulates key biological pathways that may
aid malignant tumor progression such as angiogenesis [27].
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Figure 1.3: Illustration of the activation by reduction hypothesis. Note that
explicit aquation reactions and charges for Pt compounds have been omitted
for clarity.

Figure 1.3 is a (selective) summary of the processes that may be going on
with Pt(IV) and Ru(III) anticancercompounds in the body. Pt(IV) compounds
may be reduced extracellularly [28] or within a cancer cell. They may enter the
tumor cell by diffusion or, after extracellular reduction, by the CTR1 copper
transporter [6]. The main idea behind the development of Pt(IV) compounds is
that they are more inert [7] and thus less toxic and may be given orally. Subse-
quently, after reduction to Pt(II), they bind to DNA much like Pt(II) anticancer
drugs. The suggestions for metabolic processing of Pt based anticancer drugs
displayed in Figure 1.3 are taken from the literature [6, 12, 29, 2].

For Ru(III) compounds such as KP1019 and NAMI-A, the reduction may
also happen extracellularly or intracellulary by biochemical reducing agents, see
section 1.2.1 above. Ligand exchange (e.g. water for chloride) for Ru(II) is
faster than for Ru(III)[30, 24, 31]. The step following the cellular uptake of
compounds is, however, unclear.

Since ruthenium has stable oxidation states from II to IV, the possibility of
Fenton-like reactions for Ru(II) has been included in Figure 1.3. Even in hypoxic
environments, different reactive oxygen species (ROS) such as the superoxide
radical anion or hydrogen peroxide may exist in tumor cells, even in higher
concentrations than in normal cells. An introduction to these species is given



in the next section.

1.4 The Biological Relevance of reactive oxygen species (ROS)
1.4.1 Source of ROS in Biological Context

ROS are classified as reactive molecules in biological context that contain oxy-
gen. The most prominent examples are O,, H,0O,, the hydroxyl radical ‘OH
and the superoxide radical anion, Oj".

O, is the terminal electron acceptor in the mitochondrial electron transport
chain for aerobic organisms and thus the basis for aerobic life.

In aerobic organisms, superoxide is leaked from the electron transport chain
in the mitochondria. It is then converted by superoxide dismutase to O, (which
can be reintroduced into the electron transport chain) and HyO,.

The role of hydrogen peroxide in the cell is of course vastly important but
beyond the scope of this thesis. A review on the importance of H,O, in signal-
ing processes is given in reference [32]. For the implication of H,O, in cancer,
see section 1.4.5.

The origin of the hydroxyl radical in biological systems is most likely to be
the breakdown of H,O, by the Fenton and Fenton-like reactions which will be
discussed in the following section.

1.4.2 Fenton and Fenton-Like Reactions

Transition metals in the presence of H,O, may undergo a Fenton-like reaction
type. The Fenton reaction can be described as the breakdown of hydrogen per-
oxide by ferrous iron, yielding an oxidated iron species and fragments of H,O,.
Fenton made his original discovery of the oxidizing properties of ferrous iron
in combination with hydrogen peroxide in 1894 [33]. There are two competing
proposals for the mechanism of the Fenton reaction, regarding the nature of the
oxidizing species which arise from it:

Fe’t 4+ H,0, — Fe’* + OH™ + OH’ (1.1)

Fe’* 4+ H,0, — FeO** + H,0 (1.2)

Hydroxyl radicals as oxidants arising from the Fenton reaction (according
to reaction equation 1.1) were first proposed by Haber and Weiss in 1934 [31]
whereas the hypothesis of high valent ferryl iron oxo species with a formal oxi-
dation state of iron(IV) (as stated in reaction equation 1.2) was first formulated
by Bray and Gorin in 1932 [35].

The reaction given in equation 1.1 is a homolytic dissociation of H,O,, cat-
alyzed by iron whereas the equation 1.2 describes a heterolytic H,O, dissocia-
tion.



In principle, this type of reaction with hydrogen peroxide can be formulated
for any general transition metal ion M"":

M 4 H,0, — MO+ L OH™ 4 OH (1.3)

Mt + H,0, — MO"* + H,0 (1.4)

These reactions are called Fenton-like reactions. It has been theorized that
most hydroxyl radicals generated in wvivo result from Fenton or Fenton-like
reactions[36] with the most prevalent of the latter sort being the reaction of
Cu" with H,O, which has also been experimentally verified [37].

There seems to be no controversy that hydroxyl radicals will be formed in
context with Fenton or Fenton-like reactions, yet the question how and when
these radicals are formed has remained open to discussion.

In 2001, a DFT study of the intermediate of the Fenton reaction has been
carried out [38], suggesting that there are a number of active intermediates with
the most probable resulting oxidative species of ferryl iron. Buda et al. conclude
that free hydroxyl radicals cannot be directly produced by the Fenton reaction
[38]. This, of course, does not preclude that hydroxyl radicals will at some point
be produced by a subsequent reaction involving ferryl iron or any other oxidant
species resulting from a reaction with ferryl iron.

Whether Fenton-like reactions take place regarding any general transition
metal ion M™" with the right number of electrons depends on the chemistry
of that transition metal M. Trying to elucidate the mechanism of a reaction of
Ru?" coordination compound with H,O, will use a Fenton-like mechanism as
a starting point in this work.

1.4.3 Reactivity of the Hydroxyl Radical, Oxidative Damage to DNA

If a hydroxyl radical is generated via a Fenton or Fenton-like reaction close to
the DNA, a variety of processes may happen.

Firstly, the hydroxyl radical may attack the bases which upon forming an
adduct with the OH radical may undergo ring-opening reactions or other kinds
of decomposition reactions. For a review on oxidative damage to thymine and
guanine, see reference [39].

A second important target for the OH radical would be the sugar moieties
in the backbone of DNA. There, the hydroxyl radical may abstract a hydrogen
atom which may ultimately lead to strand breaks. A study on this subject can
be found in reference [40].

While there is no certainty yet on how the OH radical induces strand breaks
in DNA there is virtually no doubt that the reactions that do occur happen at
or near the diffusion limit due to the high reactivity of the OH radical.



1.4.4  Enzymatic Conversion of ROS
A number of well described enzymes contribute to the conversion/deactivation

of ROS in the cell.

The superoxide radical anion O, is converted by the metalloenzyme super-
oxide dismutase (SOD) to hydrogen peroxide (H,0,) and O,. The half reactions
pertaining to this disproportionation read

M"*—SOD + 05" — M =Y+ _SOD + O, and (1.5)
M"*—SOD 4 05" + 2H* — M®*+Y+_S0D + H,0,, (1.6)

where M may be Cu(I) or Mn(II). A description of the mechanism of copper /zinc
SOD based on experimental observation is found in reference [41].

H,0, and organic hydroperoxides are converted by the catalase and perox-
idase metalloenzymes to H,O and O,. This can also be written as a dispropor-
tionation of peroxides:

catalase/peroxidase

2H,0, 2H,0 + O, or (1.7)
2 ROOH 222M9%%, 9 ROH + 0,. (1.8)
While human catalase is heme-based (for a review, see reference [12]) there

is also a (microbial) variant with manganese in the active center. For a review
of manganese-dependent catalase, see ref.[43].

The mechanism of catalases/peroxidases is not entirely elucidated but will
not be the subject of this thesis. The difference between catalases and peroxi-
dases, i.e. the reason why catalase can only convert H,O, but not organic hy-
droperoxides but peroxidases can convert both, is the substrate channel whereby
the peroxide reaches the active center [44].

1.45 ROS and Cancer

The examples shown in this part are merely a selection of current literature on
the subject of ROS and cancer and serve as background information in order to
understand the motivation and the goals of this thesis.

Intracellular ROS levels seem to play a major role in signaling involved in
cell proliferation [45]. Additionally, several human tumor cell lines (among them
melanoma and colon cancer cell lines) have been found to produce high levels of
H,0, [29, 46]. Lopez has reviewed the possible implication of H,O, in cancer
and suggested that there is a critical H,O, concentration above which cancer
cells die [47].

H,0, has also been suggested to be implicated in tumor cell apoptosis after
treatment of HL-60 leukemia cell lines with etoposide and camptothecin (both
topoisomerase I inhibitors) lead to high intracellular peroxide levels and apop-
tosis which could be prevented by the activity of catalase [48].
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In addition, KP1019 has been found to induce elevated levels of hydrogen
peroxide in HT29 human colon carcinoma cells [49].

Concerning the superoxide radical anion and cancer, Zhou et al [50] have
found that 2-Methoxyestradiol (2-ME), an SOD inhibitor, induces high intra-
cellular O, levels in leukemia cells and subsequent apoptosis.

1.5 Goals of this Thesis

The proposed reactions to be investigated in this work are summarized in Figure
1.4.
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Figure 1.4: Summary of the proposed reactions to be treated

The goal of this thesis is to investigate the reduction-oxidation behavior of
Ru based anticancer compounds KP1019 and NAMI-A (and selected derivatives
thereof) in the presence of hydrogen peroxide. The method of choice will be
DFT. Physiological conditions will be approximated by a continuum dielectric
model (CDM), simulating aqueous solution.

The starting point will be a model for reoxidation of Ru'' compounds by
H,0, in a Fenton-like reaction. In addition, oxidative pathways starting from
Ru'™ compounds (in which oxidation state Ru anticancer drugs are adminis-
tered) will also be investigated.

Characterization of the resulting species from the oxidation reactions cal-
culated will include the discussion of optimized structures along the reactive
pathways described as well as thermodynamic data (reaction free energies, re-
duction potentials). We aim at an accurate prediction of activation barrier
heights and reaction free energies in aqueous solution in order to classify the
reactive pathways by their likelihood.

A prevalent reactive pathway is characterized by low activation barriers and
negative reaction free energies. The so predicted reaction product will be the

11



starting point to treat possible follow-up reactions, which may lead to a pro-
posal of a catalytic cycle in which Ru anticancer compounds may continually be
reduced and oxidized. Thus, even a very low concentration of these compounds
in a (tumor) cell could have a great effect on the entire biochemical system.

The obatined computational results should then provide orientation for ex-
perimentalists and suggest new experiments from which the predictive powers
of the methods used herein may be assessed. Ultimately, we hope to help to
elucidate the mode of action of ruthenium-based anticancer compounds in order
to provide guidelines for future efficient anticancer drug design.
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2 Theory

This section will present the theoretical background to the methods used in this
thesis. Firstly, the Schrédinger equation and the Hartree-Fock (HF') method will
be presented in order to establish the wave function, the Hamiltonian and the
SCF procedures as concepts which are needed in Kohn-Sham DFT. Secondly,
DFT itself will be treated both conceptually and with additions devised during
the last decades.

A glossary of abbreviations and symbols used heavily in this section will is
given in the appendix to this thesis.

2.1 The Schrédinger Equation

Quantum chemistry is the line of work that deals with solving the time inde-
pendent Schrédinger Equation (TISE):

HVU = EV. (2.1)

¥ is the wave function that describes the entire system and H the (total)
Hamiltonian which consists of five terms. In the following the greek indices «, 8
are running over the nuclei and the latin indices 4, j over the electrons. N, shall
be the total number of nuclei and n the total number of electrons.

H= T+ Ty + Viy + Voo + Vie , where (2.2)

. B ea vy oo,
T'n:—? e, e:—2mez i and

a=1 i=1

1Nt Yo e
_— w?B
SR DD Dl
a=1 f=a+1

where h = % is Planck’s constant h divided by 27, m, is the mass of an
electron, T}, is the kinetic energy operator of the nuclei, T, the kinetic energy
operator for the electrons, Vnn describes the nuclear repulsion |, Vee accounts
for the electron-electron repulsion and Vne stands for the attraction between
the positively charged nuclei and the negatively charged electrons. By using
the Born-Oppenheimer approximation [51] we separate the electronic from the
nuclear contributions. If one looks at the electronic problem only, all r,g and
;o values are rendered constant (we retain a fixed nuclear geometry). The elec-

tronic part of the Hamilton operator Hg) is constituted by:

13



Hoy=T. 4+ Vie + Ve (2.3)

Using the Born-Oppenheimer approximation, we can employ the following
computational strategy with a given geometry:

1. Solve the time-independent Schédinger equation for the electronic system,

~

HgVe = Eq V. (2.4)

2. Evaluate the nuclear repulsion energy FE, from Vnn.
3. Evaluate the total energy, Fiot = Fol + Fun-

For each geometry we thus obtain an energy value, having split the total
wave function ¥ into an electronic and a nuclear part. The representation for
the total energy depending on a fixed nuclear geometry is called potential energy
surface (PES) and is one of the key concepts in quantum and computational
chemistry.

2.2  The Hartree-Fock Approximation

This subsection follows in essence the book by Szabo and Ostlund[52] which
provides an excellent introduction to the field of quantum chemistry.

The first step towards a solution of the electronic TISE for (ground state)
molecular systems is to find a suitable ansatz for the electronic wave function
Uy (&#1...%,) which has to comply with Pauli’s principle. Thus, o (Z;...2Z,),
consisting of one-electron functions x1(#1)...xn(Zn) (where Z, are the spin co-
ordinates of the n'" electron) has to fulfill the following conditions:

1. ¥, must be antisymmetric, i.e. upon exchange of two electrons, its sign
must change.

2. U, must become zero if two electrons occupy the same space i.e. are
described by the same ;.

A Slater determinant |W) meets these criteria.

Xlg?}; nga:c’}; Xngﬂz":lg
|\U>:% X1:2 X2:2 Xn:2 ’ (2.5)
Xl(fn) Xn(fn)

1
where —— is the normalization factor.

Vn!

We introduce the notation y; for the i*! spin orbital. The spin orbitals form
an orthonormal, complete basis set.

The Hartree-Fock approximation leads to equations for single electrons mov-
ing in the mean field of all other electrons. A single Slater determinant is used

14



as the trial wave function which is then treated according to the variational
principle:
<wtriaI|H|wtrial> = Etrial Z EO, (26)

where Ej is the exact electronic ground state energy, defined as E\; before,
having dropped the "tot" subindex.

The one-electron Fock operator f (Z;) acts now on our spin orbitals x;. The
equations are as follows!:

f(@)x(F1) = ex(Z1)- (2.7)

We further simplify the notation by writing f(i) instead of f(Z;) where i is
the i electron in the mean field of all the other electrons. f(i) is the sum of
the i*"’s electron kinetic and potential energies:

£l L2 > Za ~HF
f(z):—ivi—Z——H}i . (2.8)

a=1

hi
h; is called the core Hamiltonian operator and ¢1F the effective potential also

known as Hartree-Fock potential. It consists of the sum of Coulomb operators
j and exchange operators k for the i electron.

o =" (i) — k(). (2.9)
b
The Coulomb and exchange operators are defined by their interaction with
spin orbital x,:

- - 1

) = | [ dEni 0@ w. (2.10)
~ . 1

ky(1)xa(1) = dv’Usz(Q)@Xa(Q) Xo(1). (2.11)

The expectation values of the Coulomb and exchange operators are often written

in a Bra-Ket notation:

N Ma) = [ [ d51d5 (106 (2) 7 xa(() = (ablat), (212)

<Xa(1)‘]%b(1)|Xa(l)>://d-fldszZ(l)XZ(Q)éXb(l)Xa(Q):<ab|ba>- (2.13)

The Hartree Fock (HF) equation is an eigenvalue equation that has to be
solved iteratively in an Self Consistent Field (SCF) procedure because the Fock
operator itself depends on the spin orbitals which are to be optimized to give
the lowest ground state energy.

'We conveniently switch now to atomic units.

15



f|Xa> = 5a|Xa>' (214)

The physical interpretation for £, (which in a mathematical sense is a La-
grange multiplier) is the orbital energy of x,. Koopmans’ theorem[53] equates
the € of the highest occupied molecular orbital (HOMO) to the negative first
ionization potential of that compound. Since g, is the expectation value of the
Fock operator we can write:

ea = (Xal fIxa) =(alhla) + ) (abl|ab) , (2.15)
b
with (ab||ab) ={ablab) — {(ab|ba),

where (a|h|a) is the expectation value of the core Hamiltonian acting on
the spin orbital x, and the expression (ab||ab) is the combination of Coulomb
and exchange integrals, thus the expectation value of 9"F. The total electronic
ground state energy obtained by using the HF method, Fyp is now:

Bup = » € — %Z Zb:<ab||ab>. (2.16)

The reason for the subtraction of half of all Coulomb and exchange terms is
the double-counting which occurs by evaluating electron 1 in the field of electron
2 and electron 2 in the field of electron 1. Thus, the HF energy is not the sum
of all spin orbital energies.

The HF method by itself will not be used in any of the calculations relevant
to this thesis. The reasons why it has been described are, that the HF procedure
is the foundation of all wave-function based correlation methods.Furthermore,
Kohn-Sham DFT uses the same SCF formalism as the HF method. We will see
this in a subsequent section of this work.

2.3 Density Functional Theory

This section gives an overview of the vastly popular DF'T method, from its be-
ginnings with the Thomas-Fermi model via the Hohenberg-Kohn theorems and
Kohn-Sham equations to hybrid functionals which include ab-initio and "pure"
DFT contributions. This section will follow, in essence, the book by Robert
Parr and Weitao Yang [54] which is considered a standard reference book on
this topic.

The basic idea of DFT is to write the energy of an n-electron system as a
functional of its density p(7) with the global constraint

/p(F)dF: n. (2.17)

This idea will be expanded on in the next few subsections.
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2.3.1 The Thomas-Fermi Model

The Thomas-Fermi model was the first attempt of calculating the total energy
of an electronic system as a functional of the density. It was developed for the
uniform electron gas which is a fair approximation for solid metals. In SI units,
the energy levels of an electron (€) in a three-dimensional box with quantum
numbers ng,ny,n, are:

h2

8m.1?

E(ng, ny,n,) = (n2 +n, +n?). (2.18)

2k
<with Planck’s constant h = 6.626 * 1034mg>
S

We now conveniently put a number of electrons n into a cubic cell of vol-
ume /3. Within this model, it can be shown that the density of states g(€)
is proportional to @z. As electrons are fermions, they follow the Fermi-Dirac
distribution

1

(3 FE—— (2.19)
14 exp[%]
where p denotes the chemical potential which at ©=0 K is equivalent to the
Fermi-energy €p and kg is the Boltzmann constant. At 0 K the Fermi-Dirac

distribution therefore becomes a step-function.

To arrive at the (total) energy of this free particle system, an integral over
all states with respect to their occupation and the density of states must be
evaluated:

¢ . 5

E=2 / Ef(€)g(€)de = 5 ¢7de = %ge; (2.20)
0

where g(€) is the density of states, s»=4w (2;1”—26)% I3 and is valid for the n
electrons in a 3 dimensional cubic box model. The factor 2 enters into the
equation because each level & is doubly occupied and every contribution from
an occupied level thus has to be counted twice (for 2 n electron systems).
Similarly, for n we find?:

Er N 2 %
n= 2/f(€)g(@3)d€ = %/0 CrdE = s €] (2.21)

Rearrangement yields:

wlo

2
3 3h? (3\% .| n
E e, — SNl | 2.22
5ner 10me<87r)l E (222)
~—
p

2n, is equal to an integration of the density of states g(€) over all d¢ elements, taking into

account the Fermi-Dirac distribution f(€&)
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We have arrived at the Thomas-Fermi functional for the kinetic energy of
electrons in a cubic box. Integration over all space yields the Thomas-Fermi
kinetic energy functional:

fﬁﬂd:C%/p%ﬁ (2.23)

where the Thomas-Fermi constant Cf is now 2.871 atomic units.

Unfortunately, since this model assumes a uniform electron gas, it fails for
molecules (or any covalent system) where the electrons are extremely localized.

2.3.2  The Hohenberg-Kohn Theorems

Formulated in 1964[55], the Hohenberg-Kohn theorems are the foundation of
modern density functional theory.

The first Hohenberg-Kohn theorem states that the density p(7) defines the
external potential (any external potential, not necessarily an electrostatic one,
but in the case of molecules we will inevitably deal with Coulomb potentials)
and thus the wave function for any system. The proof for this theorem is simple:
Assuming a non-degenerate ground state of some n-electron system, we show
that two different external potentials V() and V' (7)(differing by more than a
constant) cannot have the same p(7) . V' (7) defines ffél and |V'). If we take
now |\IJ/> as a wave function for the electronic Hamiltonian ﬁeh we arrive at

(W' B W) = (W B |0+ (V| B = B W) > By
:%+/MMW&—V®W§E@ (2.24)
Similarly, taking |W) for the H, ., problem, we arrive at
<\U ﬁ;l ‘U>—<W‘He1 W>+<\U‘ﬁ;1—f]€1 \Il> >E(/)

— B~ [ oWV -V (a7 > E, (2:25)

Adding equations 2.24 and 2.25 leads to the following contradiction

Ey+ Ey > Ey + E,. (2.26)

Mathematically, this is sufficient proof of the first Hohenberg-Kohn theorem
for non-degenerate systems.

The first Hohenberg-Kohn theorem allows us to define the energy of an n-
electron system as a functional of its density p(7) . The terms are

Elp] = T[p] + Vaelp] + Veelp]
— Fuxlp) + [ p()VaelP)7
where Fuxk [p] = T'[p] + Veelp)- (2:27)
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The Hohenberg-Kohn functional Fuxk[p] is a universal functional and does
not depend on the external potential (the positions of the nuclei in a molecule).
It is, however, unknown and approximations to it will be described in later sub-
sections of this work.

The second Hohenberg-Kohn theorem is the variational principle for DFT.
The central expression is

Elpo) < Elpuial. (2.28)

The proof for the second Hohenberg-Kohn theorem builds on the first the-
orem. Since a trial density piia necessarily also defines a trial wave function
|Wiria1) which differs from the ground state wave function |W) by an external
potential V (7)¢yia1 it follows that any trial density must lead to a higher energy
than the true ground state density pyp.

2.3.3 The Kohn-Sham Method

The kinetic energy as a functional of the density p(7) is a formidable idea with
one substantial drawback: There is no simple analytical expression for it apart
from the one of the Thomas-Fermi model (vide supra), which is not a good
approximation for molecules. In order to circumvent this problem elegantly,
Kohn and Sham developed their approach which introduces one-electron func-
tions into the DFT formalism [56].

The kinetic Kohn-Sham energy is defined by

Tl = 3 (o

a

L o2
_§v

xa> . (2.29)

The Kohn-Sham spin orbitals denoted in this work as x,(7, o) (although
they are not the same as the HF spin orbitals also called x) depend on space
and spin and are related to the density p(7) by the following equation

p(F) = ZZ |Xa(F70)|27 (230)
where the spin index ¢ runs over 1 and | spins.

We rewrite now the universal Fuxk[p] as Fks[p]

Fispl = Tks[p] + J[p] + Exelp],
where Ey.[p] = T[p] — Tks[p] + Vee[p] — J]p]- (2.31)

Jp] is the coulomb term and FE,.[p] is called exchange-correlation energy
and contains the deviation of Tkg[p] from T'[p], assumed to be small, and the
non-classical part of the electron-electron interactionV.. Since this splitting
of terms implies that the particles do not interact, the Kohn-Sham effective
potential is defined as follows:
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6J[p] | 0Euc[p]
ép(r) — 6p(7)

= ne 7? / |_. d_‘ + ch('F) (232)

%H,KS(F) = Vne(F) +

The one-electron functions (spin orbitals) x, must now fulfill the equation

1
|:—2V2 + Veff,KS(f’)] Xa = €aXas (2'33)

fKS

and the density is built from equation 2.30. Since the effective potential
(and with it the Kohn-Sham Fock operator fX5) depends already on p(7) , the
system of equations must be solved iteratively and the computational procedure
is thus very similar to a HF calculation. The total energy in the Kohn-Sham
formalism is written as

Blp] = Tslp] + J1o] + Evelo] + / Vae (7))

1 2
_§v

_ Z <Xa > + J[p] + Buelp) +/Vne(F)p(F)dF (2.34)

‘Zs“"// 7;) T

where the first term is equal to

zajea :Z<Xa

a

dFdF + Eoolp] - / Vae(Pp(dr,  (2.35)

1
—§V2 + VeH,KS (7?)

xa> . (2.36)

Just as in Hartree-Fock theory, the total energy is not just the sum of all
eigenvalues €, of the one-electron functions. In the next section, we deal with

the usual approximation to describe the unknown exchange-correlation energy
E,..

2.3.4 The Local Spin Density (LSD) and Generalized Gradient (GGA) approxima-
tions
The exchange-correlation energy can be split into two terms, F, and E., with
pl and p* as 1 and | spin densities:
Eqclp', p*] = Exp", p*] + Ec[p", p*]. (2.37)

The Local Spin Density Approximation (LSD) states that for a small range in
space we may treat the spin density just like the homogeneous electron gas of the
Thomas Fermi model. Therefore, the exchange part F, in this approximation
(for derivation, see [54], chapter 6) is:
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Bl ) =250, [ (1) + (o) (2.38)

3/ 3\*3
ithC, =2 (=) .
with C, 2<47r>

In spin-polarized DFT the parameter £ which is a measure for spin-polarization
is introduced. If £ = 0 the system is entirely spin-compensated (paramagnetic)
while £ = 1 means a system is ferromagnetic, i.e. completely spin-polarized. &
can be thus defined as:

T b
pl—p
= 2.39
=t (239)
Under the consideration of &, ngSD then becomes
1 _,
BEPt gt =3Cn [0+ + (- oar (2.40)

The correlation part E.[p', p*] is not easily derived and cannot be written
in an analytical form as a one-particle equation. The work of Vosko, Wilk and
Nusair [57] regarding EX°P is included in many functionals today, often being

referred to as EY" which in this work from now on is used interchangeably
with ELSD.

A functional that adheres to the LSD method may therefore often feature
an exchange-correlation part of the following form:

E;ZP (0" pt) = BP0t o + BV [T, pt). (241)

In cases where the density is expected to vary even in a small area (such

as in molecules) the accuracy of the functional can be improved by taking into

account the gradient of the density as a correction. This is also often called the

gradient expansion or Generalized Gradient Approximation (GGA) Therefore,

EGGA includes the corrective Vp e.g. as given by Becke [35] for the exchange
part E,:

2
ESGAY o Vot pt] =ELSD — / o we dF, (2.42
GGALT, pr, V!, Vpt] =E- 7%: L TR (2.42)
Voo
with z, :| 4€3| ,where o denotes T or | spin.
Po

The empirical parameter v in this equation is 0.0042 and was obtained by
fitting to exchange energies of rare gas atoms.

An outstanding gradient correction for the E. part was provided by Lee,
Yang and Parr in 1988 [79] and is often referred to as EXYF in the literature.
The LYP gradient correction is an expansion of the Colle-Salvetti formula and
has four parameters, originally dubbed a,b,c and d which have been fitted using
only the HF Colle-Salvetti formula for the He atom [60]. For details and the
numerical values of the parameters mentioned, see the references cited.
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2.3.5  Hybrid Functionals

The approach of including the exchange integrals of HF theory as a part of the
exchange correlation functional has been very successful. The most prominent
example is the Becke three parameter functional B3LYP[(1], which incorporates
EF in the following way][62]:

EBSLYP _ qpHF 4 (1 —a)ELSD { ZEBSS | pLSD | o(ELYP _ gLSD),
(2.43)

with a =0.20 b = 0.72 and ¢ = 0.81,

where EXF is the Hartree-Fock exchange energy, sometimes called "exact
exchange" and EP%8 was presented as the second term in equation 2.42 above.

The parameters of B3LYP are semiempirical (obtained by a linear least
squares fit to atomization energies and ionization potentials[(1]) and have also
been used in the BPW91 hybrid functional [61]. B3LYP was first tested on
a set of small molecules and yields very accurate atomization energies, ioniza-
tion potentials and geometries [(1]. Combined with its relative computational
efficiency, this the principal reason why it has become the de facto standard
quantum chemical method for systems otherwise too expensive for correlated
wave function methods but small enough to be able to afford hybrid DFT. The
systems treated in this work are of this type.

2.3.6 Dispersion Correction

With hybrid functional methods such as B3LYP, dispersion interactions are not
accounted for. Since such interactions are very important in even simple organic
molecules (e.g. hydrocarbons with a chain length of Cg) dispersion corrected
functionals have found widespread application.

The dispersion-corrected energy is evaluated by adding a dispersion energy
to the Kohn-Sham total energy, given here as Egcp. The dispersion-corrected
energy is denoted Eppr.p.

Eprrp = Escr + Ep. (2.44)

The empirical dispersion potential is proportional to the distance between
two nuclei r;g. This describes the interaction of two induced dipoles with each
other. A function fg,, is used to damp the dispersion potential so that the long
range effects are not overestimated.

af
Ep=-s > > f%fdmp(raﬁ). (2.45)

o f=atl oB

In this approach, the scaling constant sg and the damping coefficient d = 20
of the damping function (employed to avoid artifacts by adding the dispersion at
too short or too great a distance, see eq. 2.46) are empirical. Another parameter
that goes into this method is the van der Waals radius which is usually computed
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at an ab initio level of theory (Grimme did this by taking the 0.01 a; 3 electron
density isocontour value for atoms in their ground state at the ROHF /TZV level
of theory[63]). The expression R, is the sum of the van der Waals radii in the
following equation:

1
1+ e d0rap/Re—1)°

Famp(ras) = (2.46)

The dispersion coefficients Cg P are computed by taking the geometric mean
of the atomic C§® values which have in turn been evaluated [63] from ionization
potential and polarizability calculations by Grimme, using the PBEO functional
[64] as:

CeP =\/CoaClP, (2.47)

C5™ =0.05QIS R, (2.48)

Here Q is the number of electrons in a full sphere (2, 10, 18, 36 and 54
respectively), Iy the ionization potential of atom « and P** the static po-
larizability of atom «. The constant 0.05 has been fitted and is thus the last
"hidden" parameter in this whole approach.

Even more recently, Goerigk and Grimme have devised a novel ED? disper-

sion correction that includes the orders 6 and 8 (instead of only 6) [65]. It is
defined as:
EDSZ—SEZ Zciﬁf (Tap) (2.49)
D a2 ra dmp,a\"ap)- .
a,0>Ba=6,8  af

For details on how the scaling factor s, and the damping function fump o (7as)
are to be treated for each order, see reference [65].

2.4  The Broken Symmetry DFT Ansatz

Another disadvantage of DFT methods described thus far is that open shell
systems (especially open shell singlets but also higher multiplicities) cannot be
treated with the typical one-determinantal Kohn-Sham DFT wave function.

Originally published by Noodleman in 1981 [66], the broken symmetry method
leads to a wavefunction that is a weighted average of several Slater determinants.
It can be taken to model e.g. antiferromagnetic coupling. The advantage of
a broken symmetry wave function is that it is able to describe biradicals or
polyradicals without using the much more expensive multiconfigurational self
consistent field (MCSCF) procedure. The broken-symmetry wave function can
also be reached with any kind of unrestricted SCF procedure, thus UHF or
UDFT.

One drawback of broken symmetry wave functions is that they are not eigen-

functions of the S2 operator, so (5‘2> diverges from the values 0 for a singlet,
0.75 for a doublet and so on. In other words, the resulting wave function is
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contaminated by a mixture of several spin states. For example, one obtains a
linear combination of singlet and triplet with coefficients 'C and 3C :

W) =10 Wpure) +2C 2 [ Wpure), (2.50)

where the subscript "pure" will be neglected from now on.

To correct for this spin contamination, Houk and coworkers proposed an
approximate method [67], examplified on biradical singlets which have a certain
triplet component mixed in. The unrestricted wave function of the triplet usu-
ally does not exhibit a large spin contamination. Therefore, the (S’2> value is
taken to be 2.0 and the pure singlet energy ' E is then corrected in the following
way: One factors in the ! <Sz>bs and the broken symmetry singlet /"pure" triplet
gap 'Ey, — 3E. This leads to the following expression for 'E:

'ExlEy, + 3A21<S—2>bf(1Ebs -3E). (2.51)
(57) =1{5%)s
N——

=2

Likewise, the approximation for polyradicaloids is:

LS/&2 _
LSEn ISRy ¢ O e m M) ns g msgy o (g59)
HS<SQ> _ LS<SZ>bs

where LS is low spin and HS is high spin and m(m + 1) is the exact (5?)
value.

2.5 Basis Sets

Since the DF'T methods used in this work all employ basis sets, it is necessary to
understand which basis sets there are and for which purpose they are used. This
subsection will focus on the basis sets used in this work in combination with
the quantum chemical methods described before. These are primarily the split-
valence (Gaussian type) basis sets developed by Pople and co-workers [68, 80],
The second part of this subsection will present the two types of effective core
potentials used in this work.

2.5.1 Pople Split Valence Basis Sets

Developed by Pople and co-workers [68], this class of split valence basis sets has
become a standard for many quantum chemical calculations spanning a large
section of the periodic table. The notation is X-YZG(*) (for double ¢ basis sets)
where X is the number of primitive functions to contract for the core electrons
and Y and Z are the numbers of primitive functions to contract for the valence
electrons. The * denotes an inclusion of additional polarization functions.

In order to arrive at the contraction scheme, one must first count the num-
ber of primitive functions given in the notation. 4-31G, for example amounts
to 4 + 3+ 1 = 8s type functions and 3 + 1 = 4p type functions (both exam-
ples are for second-row atoms). These are then contracted to 1 core function
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of s symmetry, two valence functions of s symmetry and 2 valence functions of
p symmetry (this actually means 6 cartesian basis functions because there are
Pz, Dy and p, orbitals!). This contraction scheme is most frequently written as

(8s4p)/[3s2p].

A very common basis set used today for geometry optimizations is denoted
6-31G*. Its contraction scheme can be written as (4s)/[2s] for hydrogen atoms
and (10s4pld)/[4s2pld] for second-row atoms.

In this work, the 6-31G** basis set is used for geometry optimizations. Its
contraction scheme is (4s1p)/[2s1p] for hydrogen atoms and (10s4pld)/[3s2pld]
for second-row atoms. The 6-31** adds 1 p function to the basis for H atoms.

While 6-31G** works well for H atoms, second and third row atoms, on
the transition metal Ru a different basis set is used, involving an effective core
potential (ECP). ECPs are discussed in the following subsection.

2.5.2 Effective Core Potentials (ECP)

There are two main reasons to introduce effective core potentials (ECPs) which
replace the basis functions of the core electrons: The first reason is the signif-
icant reduction of computational effort since the number of basis functions for
third-row elements and below in the periodic table becomes very large. The
second reason is the inclusion of relativistic effects by quasirelativistic ECPs.

ECPs have to be combined with customized optimized GTO (Gaussian Type
Orbital) basis sets for the valence electrons and usually the authors responsible
for an ECP have also optimized the corresponding GTO valence basis set.

An ECP is of the general (Gaussian) form:
ECP(r) = Z upr™ exp[—Cr?], (2.53)
k

where the coefficients u, and the exponents (i are characteristic for each
ECP and to be determined empirically.

Two types of ECP have been used in this thesis: One is the Stuttgart-
Dresden-Bonn pseudopotential [69], as implemented in Gaussian09[70]. The
second is the Los Alamos Type ECP [71], as implemented in Jaguar 7.6 [72]. The
references cited include all u; and (i values as well as the respective optimized
GTO basis sets. In the case of Ru, 28 core electrons(1522522p63523p63d'°) are
included in the respective ECP.

2.6 The Poisson-Boltzmann (PB) Implicit Solvation model

All methods discussed so far are applicable for the gas phase. Since the chem-
istry we aim at describing in this work takes place in solution, solvation effects
must be accounted for in some way. The final subsection of the theory part of
this thesis presents the solvation model used.
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The PB model is a CDM approach where the solvent is described by the
dielectric constant € and the solvation energy is evaluated solely by electrostatic
interactions between the solute, resting in a cavity, and the continuum. An
extensive review of this field within the context of quantum mechanical calcu-
lations has been provided by Tomasi and co-workers [73].

The Poisson-Boltzmann model rests on the Poisson equation:

V20(F) = —p(7). (2.54)

Here ¢ is the electrostatic potential and p the charge density. In principle,
e may of course also vary but for our intents and purposes (aqueous solutions)
we assume it to be constant. By distinguishing between the charge density
of the solute pg(7) and the charge density of the ions in solution which may
be described by a Boltzmann distribution we arrive at the non-linear Poisson-
Boltzmann equation:

V) = pstr) = S o | HET A e

In this equation, we sum up over all ions i with ¢® being the bulk concentra-

tion of ion i and A(F) characterizes the acessibility of a point in space 7 to ions.

Following a series expansion where only the linear term is taken, one obtains a

linear equation (2.56) . Of course, this only works when the potential is small
what can safely be assumed for dilute solutions.

V() = — ps(7) + k*@(F)A(P), (2.56)
0 2,2
ith k2 =i FC
with & e

In this equation, k?is closely related to the Debye screening constant & mak-
ing the Poisson-Boltzmann model to be linked to Debye-Hiickel theory[74].

For quantum mechanical continuum dielectric considerations, the Poisson-
Boltzmann model has been implemented as a numerical scheme by using finite
elements (e.g. denoted as "PBF" in Jaguar 7.6). The computational procedure
is a self-consistent one. First, the electrostatic potential of the solute in gas
phase is computed using the gas phase wave function. The potential is then
represented on a grid (on and near the surface of the solute). This potential
is subjected to the Poisson-Boltzmann equation, yielding an (external) density
which is in turn incorporated in the Hamiltonian in the potential energy part.

The Poisson-Boltzmann model was originally developed more than 100 years
ago by Gouy and Chapman independently from each other [75]. An overview
of the method, concerning especially its application in biomolecular implicit
solvation simulations is given in reference [76]. An additional pioneering study
on the subject of quantum chemical Poisson-Boltzmann calculations is provided
in reference [77]. Therein, the authors describe how the electrostatic potential,
fitted from quantum chemical calculations, is used to compute the reaction field.
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3 Computational Details

This section has two parts. The first, 3.1, will describe the methods for geometry
optimizations, single-point energies, free energy and solvation corrections used
for all systems. The second, 3.2, will present the SC-UB3LYP method for
systems with spin contamination.

3.1 Methods for all systems

Initial input geometries were generated using Avogadro 1.0.3 [78]. Molecules
were drawn using Avogadro’s standard drawing tools. These preliminary ge-
ometries were subjected to 500 steps of steepest descent molecular mechanics
pre-optimization, using Avogadro’s universal force field (UFF)[79]. The preop-
timized structures were then used as input geometries for subsequent quantum
chemical calculations.

Geometry optimizations, frequency calculations for the gas phase were done
by using the Gaussian 09 suite of programs [70]. The calculations were per-
formed with the B3LYP[(1, 62] functional as implemented therein. The basis
sets[08, 80, 81] were 6-31G(d,p) for hydrogen and 6-31G(d) for second and third
row elements for the optimization and frequency calculations. The Stuttgart-
Dresden-Bonn pseudopotential with an (8s7p6d)/[6s5p3d] basis set (Gaussian
keyword: MWB28) was used for the ruthenium center[69] in these calculations.
This combination of basis sets will be referred to as "B1".

For single point energy calculations a larger basis set[32] was chosen. For
hydrogen atoms, the 6-311G(d,p) basis was used. For second row elements the
6-311+G(d) basis and for third row elements (S and Cl) the 6-311+G(3d) basis
sets were chosen[83]. Moreover, three additional sets of functions (2f and 1g)
were used at the Ru center in combination with the same effective core potential
(ECP) as before, according to literature [34]. This combination of basis sets will
be referred to as "B2".

Zero-point-corrections and corrections for thermal energies were taken from
frequency calculations at the B3LYP/B1 level of theory since no optimization
took place at the B3LYP /B2 level of theory. Reaction energies were calculated
as follows:

ARE = Z Eproducts - Z Ereactants (31)

ARG = Z Gcorr, products — Z Gcorr, reactants (32)

where Georr denotes the Gibbs free energy of the molecule in question (calculated
by adding the corrections mentioned to the single point energy values attained
at the B3LYP/B2 level).

Minima and transition state geometries were verified by calculating the har-
monic frequencies at the B3LYP/B1 level of theory. A local minimum has only
normal modes with positive eigenvalues. A transition state represents a saddle
point on the potential energy surface of a molecule and has therefore exactly
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one imaginary frequency pointing along the reaction coordinate connecting two
local minima.

Jaguar 8.0 [72] was used to compute solvation free energies Gppr. Preop-
timized gas phase geometries were given as input structures. Solvation ener-
gies were obtained using the Poisson-Boltzmann solver (PBF) program within
Jaguar 7.6, for theory see section 2.6. The solvent was water; accordingly, the
continuum dielectric constant ex,o was set tp 80.370 (for 20°C). [35] The basis
set for computing the solvent correction was B1 without the ECP, which was
exchanged for a Los Alamos type [71] ECP (with corresponding valence basis
functions for Ru). The basis set is implemented in Jaguar as "LACVP**". This
protocol of obtaining the solvent correction was originally reported in reference
[36] and has shown to be one of the most accurate protocols tested for Ru an-
ticancer compounds.

The reaction free energy in solution, AgGs, was computed by adding the
PBF solvation corrections to the corrected gas phase free energies obtained
previously:

AFi’,Gsol = E (Gcorr, products + GPBF, products)_
E (Gcorr, reactants + GPBF, reactants)~ (33)

For every species reported with .S > 0 the expectation value for 52 was in-
spected. The method employed to calculate species with multiplicities different
from 1 is unrestricted BSLYP (UB3LYP). This was done in order to make sure
that the (52) value did not differ more than 10 % from m(m + 1) which has
been proposed as a rule of thumb [37], recall section 2.4.

Where dispersion-corrected DFT was used, the method will be referred to
as B3LYP-D [63]. The type of dispersion correction employed is the pairwise
post-SCF sixth order-only B3LYP-D [63] which is implemented in Gaussian09
[70]. For the B3LYP functional, the sg scaling factor is equal to 1.05 and the
damping coefficient is d = 20.The B3LYP-D method has been used in this thesis
to perform geometry optimization and frequency calculations using the B1 basis
set. Single-point energies are obtained at the BSLYP-D/B2//B1 level of the-
ory and the solvation correction is added again at the BLYP /LACVP** level,
taking the geometries optimized at B3LYP/B1 level of theory. Taking a solva-
tion correction without dispersion correction is possible because the dispersion
correction used does not depend on the density and the solvation correction is
only a relative energy added at the end.

All calculations with Gaussian09 were carried out on a Linux cluster with

the following specifications: 6 compute nodes with Intel®Xeon®CPU E5645 @
2.40 GHz double hexacore machines with 48 GB RAM each.
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3.2 Method for Systems with Spin Contamination

It is well-known that one-determinantal methods fail at describing dissociation
processes (e.g the homolytic dissociations of Hy [38]). One possible way to treat
this problem is using the Broken Symmetry ansatz, recall section 2.4. This
section provides justification for the broken symmetry and spin contamination
correction procedures used in this thesis. The example displayed here is the
homolytic dissociation of H,O,. H,O, is the perfect model system for this work
because the Fenton-like reactions treated in section 4.2 will adress exactly this
process.

In order to compare restricted and unrestricted/broken symmetry solutions
for a wave function the case study of H,O, dissociation is taken (a very similar
case study on the H, molecule has been done by Schlegel and co-workers[38]).
The procedure is the following: The geometry of H,O, was optimized at the
B3LYP/B1 level of theory (equilibrium distance 1.46 A). A rigid PES scan was
then carried out, keeping all internal coordinates frozen except the O—O bond
distance. This scan was performed at the B3LYP /6-311+G(d,p) level of theory.
with Gaussian09 for the following variants:

1. Restricted B3LYP - singlet (RB3LYP)
2. Unrestricted B3LYP (broken symmetry) - singlet (BS-UB3LYP)

3. Unrestricted B3LYP (broken symmetry) - singlet with spin contamination
correction [67] (SC-UB3LYP)

4. Unrestricted B3LYP - triplet (UB3LYP-triplet)

The results of this scan are given in Figure 3.1.
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Figure 3.1: (a) Relative energies scanned along the O-O distance in H,O,.The
reference is 2 OH radicals, calculated at infinite distance. (b) Expectation value
of the §2 operator (UB3LYP/6-311+G(d,p)) on the BS-UB3LYP wave function
along the O-O distance.

Clearly, the restricted singlet wave function gives the wrong asymptotic be-
havior and this is a well known failure of one-determinant methods, see Figure
3.1a. With the broken symmetry wave function, the trend at long distances is
correct and the energy of the broken symmetry singlet subtends the 0 line for a
large separation of the two OH monomers.

The curve given in Figure 3.1 (b) shows that the expectation value of 52 is

1 at the end of the scan which corresponds to a 50/50 singlet/triplet mixture.
It also pinpoints the O-O distance where the RB3LYP wave function becomes

unstable (1.80 A).

The bottom line of the considerations above is that in order to describe a ho-
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molytic peroxide bond cleavage, an unrestricted method (UB3LYP in this case)
has to be employed, which may yield a broken symmetry solution to the given
problem. Hydrogen peroxide will serve as a ligand in the following sections and
its homolytic dissociation may be facilitated by the Ru complex, see below.

Despite the unrealistic asymptotic behavior that SC-UB3LYP produced in
the H,O, scan above, the spin contamination correction procedure proposed by
Yamaguchi et al. [67] yields a good approximation to singlet-triplet gaps in two
model species. The data on this subject are given in Table 1.

Table 1: Broken Symmetry spin correction data: Singlet-triplet energy gaps
(UB3LYP/B2) for model systems. A positive sign denotes a triplet ground state.
All energies are given in kcal/mol. The best estimate refers to a calculated value.
The method used is given in the table.

system BS-UB3LYP <,§2>b SC-UB3LYP expt. best estimate
CH, 6.9 0.57 9.7 9.1 [39] 9.0 [90]
(CASSCF-S0CI)

NH, 20.5 0.75 32.7  30.1[91] 29.9[92]
(MRCTI)

Since SC-UB3LYP method performs well for the singlet-triplet splitting in
methylene (CH,) and amidogen (NHj ), its use is justified for transition state
(TS) species with an elongated OO bond distance of > 1.8 A, in order to arrive
at a spin contamination-corrected energy for said structures.
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4 Results and Discussion

In this section the main findings of this thesis will be presented. Section 4.1
will deal with the localization of local minima, with respect to torsions around
the Ru-N bond. The H,O, dissociation in the vicinity of Ru complexes will
be discussed together with the heterolytic H,O, cleavage in section 4.2. These
processes may be summarized under the term "Fenton-like reactions". Finally,
with the insights gained from the calculations presented in section 4.2, results
on possible follow-up reactions will be presented in sections 4.3 and 4.4.

4.1 Conformational Analysis Examplified by KP1019 Anion Rotamers

The B3LYP method used in this work yields geometries comparable to the ex-
perimental structures of KP1019, see Table Al in the appendix. This means
that the B3LYP method is a good tool to explore the PES of KP1019 and sim-
ilar molecules derived from KP1019.

Molecules with a large number of degrees of freedom often have many local
minima in their PES. Therefore, the first general consideration regarding ruthe-
nium compound KP1019 is the energy profile of the rotation around the Ru-N
bond in both oxidation states Ru'' and Ru', see Figures 4.1 and4.2a.

_ —_ S — 2-
NLL NH
7 \N/
Clu, | C Clu, | CI
“Ryll “n
ca” | N ca” | N
N N
i N iy N
K1 K2

Figure 4.1: The KP1019 anion in Ru™ (K1) and Ru'' (K2) forms

All of the following calculations were performed with the KP1019 anion in
its tmns—[RuIHC14(ind)Q]f(Kl) and tmns—[RuHCl4(ind)2]27(K2) stereoisomers.
Firstly, K1 and K2 were optimized with a dihedral angle of ¢ = 0°, at the
B3LYP/B1 level of theory. From this starting point, a rigid potential energy
surface scan was carried out, incrementally varying the torsion angle ¢, defined
as the dihedral angle between the two N-N bonds of K1 and K2 (see Figure
4.2a) in 18 steps by 10 °. The result is presented in Figure 4.2b. The other
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half-rotation must be identical for symmetry considerations. The energy was
set to zero arbitrarily at ¢ = 0° for both K1 and K2.

— —0© /20
3
=
= 1
NH <
\N/¢ \ﬁ,
cn,,:(j)‘\\\m 53
Ru=
a? ]\m E
N 2] 0
i N 2
=
2
717 | | | | | 1
L | —180 —-120 —-60 0 60 120 180

Dihedral Angle ¢ (°)
(a) (b)

Figure 4.2: Display of the torsional angle ¢ in the KP1019 anion (a); Rigid PES
scan (b): Relative energy in vacuo (B3LYP/B1) along torsion angle ¢ of trans-
[RuHICl4(ind)2]7(K1) (M) and tmns—[RuHCLl(ind)Q]% (K2) (e). The letters a,
b and c indicate estimates of local minima. The relaxed structures for K1 and
K2 can be found in Figures 4.3 and 4.4, respectively.

The calculations indicate three minima on the torsional potential energy sur-
face close to ¢ = 0°, ¢ = 90° and ¢ = 180° for K2 and similarly, for K1. Based
on this hypothesis, geometry optimizations and frequency calculations were car-
ried out for these values of ¢ for both K1 and K2. The minima are quite similar
in energy, as is shown in Table 2, and expected from Figure 4.2b. An approxi-
mation of the rotational barrier (1.3 kcal/mol for K1 and 2.5 kcal/mol for K2)
is given by the data presented in Figure 4.2b. Figures 4.3 and 4.4 show the
three rotamer minimum structures obtained for K1 and K2, respectively .
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Figure 4.3: Optimized structures (B3LYP/B1) of local minima of trans-
[Ru""'Cl, (ind),] (K1)

L
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Figure 4.4: Optimized structures (B3LYP/B1) of local minima of trans-
[Ru"'Cl, (ind),]* (K2)
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Table 2: Relative ground state energies (B3LYP/B2//B1) of optimized KP1019
rotamers given in kcal/mol. G values include the B3LYP/B1 free energy cor-
rection and G include the free energy and solvent corrections

¢ E G Gsol

Kla -21.4° 0.0 0.0 0.0
Kilb —-93.6° -1.6 -29 -138
Klc 159.1° -0.6 —-22 =20

K2a 0.2° 0.0 0.0 0.0
K2b —-96.3° -2.1 -13 403
K2c 179.8° -1.1 -1.8 -09

Table 2 shows that the global minimum in vacuo for K1 and K2 have a
dihedral angle ¢ of -93.6° and 179.8°, respectively. Adding all corrections as
described above, tmns-[RuHICLl(ind)ﬂ* is predicted to most likely occur at
¢ = 159.1° (K1c) in solution . This "twisted" conformation is consistent with
the crystal structure of the P(Ph), salt of trans—[RuIIICl4(ind)2] [93].

However since the difference between the local minima is only 2.0 kcal /mol,
the torsional minima are not experimentally distinguishable. The torsional bar-
rier height (estimated at 1.3 kcal/mol for K1 and 2.5 kcal/mol for K2) is so
low that the indazole rings may be considered to rotate freely around the Ru-N
bonds.

Nonetheless, since one has to choose one of the conformational isomers for the
further exploration of the reactive pathways of KP1019 derivative compounds,
the search for local minima (with regard to the torsion around the Ru-N bonds)
was carried out for KP1019 derivative structures (denoted always by the prefix
K and sequential numbering; for structures, see Figure 4.5). This was done in
order to identify the most probable reaction pathway. The local minimum with
the lowest absolute energy (F, because the optimization was with respect to E)
was then taken to be the reactant in every respective reaction.?

4.2 Fenton-like Reactions: Heterolytic vs. Homolytic Peroxide Bond
Cleavage

Fenton-like reactions discussed in section 1.4.2 were calculated for KP1019 and
NAMI-A derivatives, starting at both Ru'! and Ru'! oxidation states. A thor-
ough analysis on rotamers as discussed in section 4.1 was carried out on each
structure with two indazole ligands, with the structures shown in the figures
below being the ones with the lowest calculated energies. The ground state of
KP1019, NAMI-A and derivatives thereof is generally the low spin state (see
reference [04], section 9), thus S = 0 for d® (Ru'') systems and S = 1 for d°

(Ru') systems.

3In compounds with reduced symmetry the two torsions of the N-heterocyclic rings are not
equivalent and both torsions were considered in increments of 90° | respectively.
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Figure 4.5 displays all structures treated in this part of the thesis. The
K compounds are all KP1019 derivatives and the N compounds are NAMI-A
derivatives. For simplicity, in all the following reaction schemes (beginning with
Figure 4.6), the following labels for axial ligands are used: For K compounds
L,=L,=ind. For N compounds, L;=im and L,=S-dmso.

In the following next sections, 4.2.1, 4.2.2 and 4.2.3, we will go through the
reactions connecting the compounds shown in Figure 4.5 step by step. At the
end of section 4.2.3, the global summary will be provided in a table (Table 3)
contaning all relative E, G and G, values and a diagram , visualizing the data
(Figure 4.11).
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(a) All KP1019 derivative structures treated in section 4.2.
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(b) All NAMI-A derivative strucutres treated in section 4.2.

Figure 4.5: Global overview of KP1019 and NAMI-A derivative structures in
this section. From now on, the indazole ligands are denoted by "ind", the
imidazoles by "im" and S-coordinated DMSO by "S-dmso".
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4.2.1 Prelude: Aquation and Perhydrolysis of KP1019 and NAMI-A derivatives

20 ©

) ) ] )
Clungy, LGl +HpO Gl o oGl +H,0 ST
Ru'l /Ru -~ 2v2 Lm R o H
CI/ | ~ CF Cl | /O H W C|/ |U ./O_O\\\
Lo Le L, H
K2/N2 K3/N3 K4/N4

Figure 4.6: Aquation/perhydrolysis of KP1019 and NAMI-A derivatives.

KP1019 and NAMI-A are readily reducible and undergo equatorial ligand ex-
change in vitro (NAMI-A, [18]) and (a very recent discovery) in target tis-
sue (KP1019, [95]), yielding the monoaquated species (K3/N3). Our calcula-
tions show that it is thermodynamically plausible to exchange one water ligand
against H,O,, which gives the monohydroperoxide derivatives K4 /N4, see Fig-
ure 4.6.

In order to clarify whether the (Ru'') monoaqua (K3/N3) and monohy-
droperoxide (K4/N4) compounds have a similar Ru—O coordination, the Ru-
O distance has to be investigated. For K3/N3, this value is 2.22/2.24 A. For
K4/N4, it amounts to 2.15/2.20 A, respectively. Therefore, binding modes
of H,O and H,O, are similar, as they have the same donor atom, albeit in a
different oxidation state.

The calculated ArGy, values (B3LYP/B2//B1, including all corrections)
for K3+H,0,—K4+H,0 and N3+H,0, — N4+H,O are -0.6 and +0.7
kcal /mol, respectively. These results shows that perhydrolysis of K3/N3 com-
pounds (that have been characterized experimentally) is thermodynamically
possible. After perhydrolysis, the inner-sphere oxidation of Ru compounds by
H,0, is to be investigated.

Therefore, the Fenton-like reactions for mer,tmns—[RuHClg(ind)Q(OQHQ)r

(K4) and mer-[Ru’ Cl, (im) (O,H,)(S—dmso)|” (N4)*, have been treated com-
putationally and the results are shown section 4.2.2.

Additionally, since the same aquation/perhydrolysis process might happen
in the Ru'™ oxidation state as well, the oxidation of the monohydroperoxide
K7 /N7 compounds by H,O, has also been calculated and the findings are pre-
sented in section 4.2.3.

4For all N compounds, the mer- prefix refers to the three chlorido ligands. The other
ligands are given in alphabetical order according their donor atoms, with the imidazole and
the S-dmso ligand always being in trans- position to each other, like in the parent compound
NAMI-A.
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4.2.2 Oxidation of Ru?>t Compounds

As discussed in section 1.4.2, there are two proposals on the mechanism of the
Fenton reaction, equivalent to homolytic and heterolytic peroxide bond cleav-
ages. This work contains calculations on both suggested pathways, focussing at
first on the heterolytic pathway, then on the homolytic one. As each pathway
will be discussed step by step, there will be a figure containing the optimized ge-
ometries and the AGy, values (because the values for AGg are experimentally
accessible) for each pathway. The discussion of the geometries and the energies
will be in the text.

Figure 4.7 shows a heterolytic O—O bond cleavage model mechanism for
the oxidation of Ru'! to [Ru'"Y=0] ("ruthenyl") by H,O,. In this process, the
O-0 bond length of the reactant (K4/N4) is elongated and the proximal pro-
ton is abstracted in a concerted, two electron process via the transition state
(TS K4-K5 and TS N4-N5), yielding the ruthenyl species (K5/N5) and H,O.

The optimized geometries in Figure 4.7 illustrate that the O—O bond length
is slightly elongated already in the K4/N4 structure (1.48/1.47 A vs. 1.46
A |B3LYP/B1] equilibrium bond length in free H,O,) and that the Ru-O dis-
tance decreases along the reaction coordinate. Among the Ru—Cl and Ru-N
distances the Ru—Cl distance of the Cl ligand in trans-position to the prox-
imal O undergoes the greatest change. It is elongated from 2.45/2.44 A in
K4/N4 to 2.57/2.55 A in K5/N5. The calculated Ru-O bond distances in
the K5/N5 compounds of 1.78 A compare well to a recently reported ruthenyl
compound [96] where for a hexacoordinated Ru'Y =0 system with a first coor-
dination sphere of 5 N atoms and a chloride anion the authors have reported a
Ru-O distance of 1.77 A.

The heterolytic peroxide bond cleavage mechanism is both thermodynam-
ically and kinetically very favorable. However, there is a problem with the
relative energies for TS K4-K5 and TS N4-N5 which are almost zero or even
negative with respect to K4/N4.°> The only conclusion that can be drawn here
is that while the activation barrier is not quantifiable by the used method it must
nonetheless be very low. More importantly, thermodynamically, the reaction is
predicted to be very favorable with the equilibrium shifted overwhelmingly to
the right side at -64.3 (K5+H,0) and -58.4 (N5+H,0) kcal/mol respectively.
These energies are for the electronic ground states of compounds K5 /N5, which
are both triplet states.

The homolytic peroxide bond cleavage at the K4/N4 compounds may be
treated as a peroxide dissociation. Details on this mechanism are given in Figure
4.8.

5Negative TS energies point to a failure of the method. The geometries were optimized
on a different level (B3LYP/B1) than the single-point energy was taken (B3LYP/B2) and the
implicit assumption is that the PES does not change with the change in basis (Bl to B2).
However, exactly this appears to have happened for TS K4-K5 and TS N4-N5 (differential
correlation). A negative activation barrier is unphysical, and therefore the negative value for
TS K4-Kb5 has been set to 0.0 keal/mol.
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(a) Scheme of the mechanism. For K compounds L;=L,=ind. For N compounds,
L,=im and L,=S-dmso.

K4 TS K4-K5 K5
0.0 0.0* -64.3

(b) Optimized structures (B3LYP/B1) for KP1019 derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//Bl,
including all corrections) are given in kcal/mol. * -1.9 kcal/mol set to 0.0, see text.

N4 TS N4-N5 N5
0.0 0.7 -58.4

(c) Optimized structures (BSLYP/B1) for NAMI-A derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

Figure 4.7: Details on the heterolytic peroxide bond cleavage mechanism for

Ru'! compounds .
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(a) Scheme of the mechanism. For K compounds L,=L,=ind. For N compounds,
L;=im and L,=S-dmso.
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(b) Optimized structures (B3LYP/B1) for KP1019 derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

TS N4-N6
8.2 -20.6

(c) Optimized structures (BSLYP/B1) for NAMI-A derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

Figure 4.8: Details on the homolytic peroxide bond cleavage mechanism for Ru'!

compounds.

41



Like in the case of the heterolytic peroxide bond cleavage, the O—O distance
increases along the homolytic cleavage reaction coordinate. However, the O—O
distances in TS K4-K6 and TS N4-N6 are shorter than in TS K4-K5 and TS
N4-N5: 1.65/1.70 A for TS K4-K6/TS N4-N6. The Ru-O distances in the
K6/N6 (monohydroxido Ru™ compounds) are 2.02 and 2.09 A, respectively.

The TS energies presented in Figure 4.8 have been calculated by the SC-
UB3LYP method of section 3.2. First, the transition state for the homolytic
0-0 bond dissociation (TS K3/N3-K5/N5) was located on the triplet PES.
Then, the symmetry was broken at the attained geometry and the method de-
scribed in section 3.2 was employed. The spin contamination correction in this
case was minor because the (5?) value was close to 0 (1(S?) = 0). After the
approximation of the pure singlet energy, the free energy and solvent correc-
tions were added. These calculations show that the barrier for the homolytic
process is between 8.2 and 10.7 kcal/mol for the 2 sets of compounds treated,
with ArGse = —20.6 keal/mol for both cases.

Summarizing the findings presented in figures 4.7 and 4.8, the heterolytic,
concerted, two-electron reactive pathway is predicted to be the dominant one.
It is also thermodynamically favored for both sets of compounds tested, (per-
taining to derivatives of anticancer drugs KP1019 and NAMI-A). Therefore, the
rise of a ruthenyl species by H,O,-dependent oxidation of Ru'! compounds is
hereby proposed.

4.2.3 Oxidation of Ru** Compounds

It is possible that H,O, can also oxidize Ru'! compounds K7 and N7 see op-

timized geometries in Figures 4.9 and 4.10 below. Analogously to the previous
section the heterolytic path with a Ru" compound as the product will be inves-
tigated first, followed by the homolytic peroxide bond cleavage reactive pathway.
The products formed by the heterolytic pathway are the oxidation of Ru'!
compounds are K8 and N8 and water. The details are given in Figure 4.9.
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(b) Optimized structures (B3LYP/B1) for KP1019 derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.
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(c) Optimized structures (BSLYP/B1) for NAMI-A derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

Figure 4.9: Details on the heterolytic peroxide bond cleavage mechanism for
Ru'™ compounds.



The optimized geometries along the heterolytic O—O bond cleavage reaction
coordinate for Ru! compounds show an elongation of the O—O distance to 1.98
(TS K7-K8) and 2.00 (TS N7-N8) A similarly to the analogous reaction for
Ru'' compounds discussed above. The Ru-O bond distance in the Ru¥ K8/N8
compounds is shorter than in the Ru'Y compounds K5 /N5. While there has
been evidence of Ru¥ compounds presented in literature (see reference [97] for
an extensive overview), the calculated Ru-O bond length of 1.71 A cannot be
compared to any experimental structure (with similar ligands) to date. How-
ever, a shorter [Ru”=0] bond distance with a higher metal oxidation state in
comparison with [Ru'Y=0] is plausible for the K8 /N8 and K5/N5 species.
This is based on the experimental findings on Ru" oxo compounds reported in
reference [97].

The activation barriers for TS K7-K8 and TS N7-N8 are surprisingly very
high (AGi‘Ol> 20 kcal /mol), especially when compared to the heterolytic perox-
ide bond cleavage mechanism at Ru'' compounds discussed before. The K8 /N8
compounds with a formal oxidation state of +5 are, however, stable. Neverthe-
less, because of the extent of the activation barrier, the heterolytic H,O, bond
cleavage process is deemed unlikely for Ru'™ compounds because of the extent
of the activation barrier.

The results of the calculations on the homolytic O—O bond cleavage pro-
cess at the K7 /N7 compounds, are shown in figure 4.10. Along the homolytic
peroxide bond cleavage mechanism for the K7/N7 compounds, the O-O bond
distance is elongated from 1.45/1.47 A to 1.84 (TS K7-K9) and 1.91 (TS N7-
N9) A. In the resultant K9/N9 compounds, the Ru-O distance is shortened
to 1.92 (K9) and 1.90 (N9) A. The K9/N9 compounds are Ru"" compounds.

The doublet transition states (TS K7-K9 and TS N7-N9) attained with
the UB3LYP formalism show high spin contamination with the (52) values at
1.26 (TS K7-K9) and 1.35 (TS N7-N9). This means that the transition state
structure for the oxidation of Ru™ compounds has a dissociating OH radical
fragment. The computed Mulliken spin densities for the distal oxygen atoms
(B3LYP/B2) are -0.56 (TS K7-K9) and -0.65 (TS N7-N9), which points to
an antiferromagnetically coupled OH radical in the TS structures, see Figure
4.10. The barrier heights of 3.1 (TS K7-K9) and 6.5 (TS N7-N9) kcal /mol
are different for the K and N compounds, with the K7 compound being more
easily oxidized than the N7 compound. The products of the reaction (the hy-
droxyl radical and the hydroxo Ru!Y compound) have been calculated at their
respective triplet and a doublet (OH radical) ground states at infinite separa-
tion. The computed overall reaction free energy in solution is slightly negative
in both cases.

From these results it can be concluded that Ru'™! compounds can be oxidized
by Hy0O,, this time in a homolytic peroxide bond cleavage process, provided the
ligand exchange preceding the oxidation reactions is sufficiently fast, yielding a
hydroxo-Ru'Y species and a highly reactive hydroxyl radical, with compound
K7 exhibiting a lower barrier height and more favorable thermodynamics than
N7.
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(a) Scheme of the mechanism.
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(b) Optimized structures (B3LYP/B1) for KP1019 derivatives. Ru-O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

N7 TS N7-N9 N9
0.0 6.5 -3.3

(c) Optimized structures (BSLYP/B1) for NAMI-A derivatives. Ru—O and O-O dis-
tances are given in A. Relative free energies in aqueous solution (B3LYP/B2//B1,
including all corrections) are given in kcal/mol.

Figure 4.10: Details on the homolytic O-O bond cleavage mechanism for Ru''!

compounds.
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In conclusion, the oxidations of Ru'! and Ru'™ compounds are assumed to
compete with each other in a reductive environment and it depends on the dif-
ferent reaction rates which products are eventually formed. Figure 4.11 presents
the results on Fenton-like reactions globally, taking into account all pathways
described above. In order to link the results for Ru'"' compounds to Ru' com-
pounds, the reduction potential of glutathion (GSH) of -263 mV at pH=7.0 in
0.1 M phosphate buffer against the normal hydrogen electrode (NHE) [98] was
taken into account.This was then compared with the calculated reduction po-
tential of K7/N7 to K4/N4, using the AGg, values from our calculations,
and an externally determined NHE correction of 4.28 V [99]°. Setting the G
values of K4/N4 to 0.0 kcal/mol arbitrarily, we arrive at the scheme presented
in Figure 4.11 and the data presented in Table 3. The most likely reactive
pathway (i.e. the one with the minimum energy) is predicted to proceed from
the K4/N4 compounds to K5 /N5 which are both "ruthenyl" type compounds.

60.00 - homolytic O-O bond cleavage heterolytic O-O bond cleavage

40.00
K7IN7
20.00 1 K9/N9 + -OH
___ﬁ GsH
= /—=a .
5 go.oo ‘ /4 == 1/2 QSSG_:_‘H ‘
o = »° K4/N4 \
48 - N
$£0.00 - - N
~ | KeiNG+OH 3 K8/N8 + H,0
40.00 N
N
\\
-60.00 | t
K5/N5 + H,0
-80.00 -

Figure 4.11: Reaction profile for the Fenton-like reactions of K4 (- - -), K7

(—), N4 (- - -) and N7 (—) . GSH is gluthathion and GSSG is the oxidized
glutathion dimer

6The calculated reduction potentials against NHE for K7/N7 + ¢ — K4/N4 are
0.40/0.36 V. The overall reaction is K7/N7 + GSH — K4/N4 + % GSSG + HT.
GSH is glutathion and GSSG stands for the oxidized glutathion dimer.
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We compare these results to the calculations of Buda et al [38] who proposed
a two-step mechanism of the Fenton-reaction of [Fe(H2O)5(H2OQ)]Zv with an
initial barrier of 6 kcal/mol. While the computational method and the proposed
mechanistic model are different from ours, the essential conclusions read very
similar: The proposed product for the Fenton reaction is ferryl [FeIV:O] (in this
work [Ru'V'=0] is proposed), and the activation barriers are < 10 keal/mol. In
this work the activation barrier is negligible.

Accordingly, in the following sections the chemistry of [RuIV:O] compounds
will be further explored. Two different types of subsequent reactions involving
[Rusz] compounds have been treated. Firstly, the possibility of direct oxygen
transfer to dimethyl sulfide (DMS) was investigated. DMS serves as a simple
model for thioethers, a functional group found in the amino acid methionine
which may be of importance in possible protein targets of Ru anticancer com-
pounds. These results are shown in section 4.3. Secondly, the Hydrogen Atom
Transfer (HAT)-type mechanism was investigated for several substrates, includ-
ing simple alkanes, primary amines and methanethiol. These compounds all
serve as simple models for possible biochemical substrates which contain the
same functional groups. These results are presented in section 4.4.

48



4.3  Oxygen Atom Transfer (Singlet PES)

The possibility of oxygen transfer from singlet ruthenyl compounds to dimethyl
sulfide (DMS) in a catalytic cycle has been studied according to the scheme
shown in Figure 4.12. Starting from tmns-[RuHCl4(ind)z]zf(K2) and trans-
[Ru''Cl, (im) (S—dmso)]* (N2) the first half of the cycle follows the heterolytic

type Fenton-like reaction discussed in the previous section. Subsequently, 'K5 /N5

(the singlet states of the ruthenyl compounds) react with DMS wvia an oxygen
atom transfer type transition state (TS 'K5-K10 / TS 'N5-N10). This re-
action yields dimethyl sulfoxide (DMSO) as a ligand which can coordinate to
ruthenium via its oxygen or sulfur donor atoms (K10/N10 for O-DMSO and
K11/N11 for S-DMSO). The last step is a hydrolysis back to the aqua com-
pound (K3/N3). The net reaction of the cycle is therefore DMS + H,0, —
DMSO + H,O0.

L, 20
cl ,,,,Rl .l
u
cl” |
L2
K2/N2
-Cl- | +H,0
L1 © L1 © L1 ©
Cl.., I .Cl +H,0 Cl,, 1.0l +H0, Cl., | .Cl
crfingz oo R A
S -DMSO CI” | OH, -H,O0 CI7 | "O.H,
L2 § Lo Lo
K11/N11 K3/N3 K4/Na
-H,0
c. .l 7 . ol ;te g
o, 1 .Cl o g +DMS  Cl., | .CI
Ru .S — Ru.. .- < =T
clI’ | Yo7 asl o ae o
2 2 L2
K10/N10 TS 1K5-K10 'KS/INS
TS 'N5-N10

Figure 4.12: Catalytic cycle scheme for the oxygen transfer reaction

The 'K5/!IN5 compounds are structurally similar to their analogous K5
/ 3N5 compounds. The Ru-O distances of 1.77 A ('K5) and 1.78 (*N5) A
virtually do not differ from the triplet state geometries (1.78 A in 3K5/1.78 A
in 3N5).

The first step to investigate is the oxygen atom transfer step itself which
takes place via the transition states TS 'K5-K10 and TS 'N5-N10. The link-
age isomers K10/N10 and K11/N11 contain dimethyl sulfoxide (DMSO) as
a ligand after the oxygen transfer step. Optimized geometries of TS K5-K10 /
TS N5-N10, K10/N10 and K11/N11 are shown in Figures 4.13a and 4.13b.
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These structures show that the Ru—O distance increases along the oxygen atom
transfer reaction coordinate from 1.77/1.78 A in K5/N5 to 1.89/1.87 A in
the transition state structures TS K5-K10 / TS N5-N10. Finally, in the
K10/N10 compounds, the Ru-O distance is 2.21/2.19 A, similar to the Ru'!
compounds discussed before. For the K11/N11 linkage isomers, the Ru—S dis-
tance is 2.27 A (K11) and 2.30 A (N11). Interestingly, there is no difference
in the Ru—S distances in compound N11 for both S-DMSO ligands. Yet, both
Ru-S distances are widened from 2.19/2.24 A to 2.30 A each.

The K11/N11 compounds are thermodynamically stabilized in compari-
son with the K10/N10 compounds. The stabilization effect is sizeable (-9.3
kcal/mol for K10—K11 and -8.9 kcal/mol for N10—N11), revealing that S is
the thermodynamically preferred donor atom, which may be ascribed to back-
donation effects. This finding also corresponds to the empirical Hard and Soft
Acids and Bases (HSAB) concept [100], with Ru'* as a "soft" acid and the S
atom as a "soft" base.
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TS K5-K10 K10 K11
19.0 -5.1 -14.3

(a) Optimized structures for KP1019 derivatives.The Ru-O, Ru-S and O-S dis-
tances are given in A. The Ru-O-S angle is given in degrees. Free energies in so-

lution (B3LYP/B2//B1, including all corrections) are given in kcal/mol with respect
to' K5+DMS.

(118.7°)

TS N5-N10 N10 N11
18.3 -8.6 -17.5

(b) Optimized structures for NAMI-A derivatives. The Ru-O, Ru-S and O-S dis-
tances are given in A. The Ru—O-S angle is given in degrees. Free energies in solu-
tion (B3LYP/B2//B1, including all corrections) are given in kcal/mol with respect to
'N5+DMS.

Figure 4.13: Optimized geometries and energies of the oxygen atom transfer to
DMS.
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Figure 4.14: Calculated free energy profile (B3LYP/B2//B1, including all cor-
rections) for the species of the cycle depicted in Figure 4.12. The net reaction
H,0,+DMS — H,0+DMSO from 3 to 3’ (ArGsol =-49.8 kcal/mol) is implied.

The calculated free energy profile in Figure 4.14 reveals that the net reaction
free energy in solution (B3LYP/B2//B1, including all corrections, from 3 to 3”)
is -49.8 kcal/mol. The oxygen transfer step itself has a barrier of 19.0 kcal /mol
(TS K5-K10) and 18.3 kcal/mol (TS N5-N10). These values are higher than
the activation barrier (AGY,)) of oxidation of DMS by H,O, of 12.7 kcal/mol
at the MP4//B3LYP/6-31++G(d,p) level of theory [101]. However, since the
authors in reference [101] used a different model with explicit water molecules
and the obtained values of reference [101] and of this work differ strongly, it is
difficult to compare them. Instead, the activation barriers for O atom transfer
from Ru compounds K5/N5 to DMS calculated in this work are comparable to
an experimental value of 21.0 kcal/mol for the oxidation of thioxane by H,0,
in aqueous solution at 298 K [102]. As thioxane is quite similar to DMS with
regard to the chemical surroundings of the sulfur atom, the experimental study
[102] is considered appropriate and comparable in this case.

The electronic ground state of K5/N5 structures does not have a singlet
but a triplet character. Therefore, the effective activation barrier for the oxygen
atom transfer (from compound K5/N5 to TS K5-K10/TS N5-N10) is pre-
dicted to be augmented by the energy of the singlet-triplet gap (B3LYP/B2//B1,
including all corrections) of 21.1 (3K5-'K5) and 19.6 (3N5-'N5) kcal/mol.
This makes the K5/N5 compounds "thermodynamic traps" (compounds that
are too stable for the reaction to proceed along the reaction coordinate for oxy-
gen atom transfer because the TS K5-K10 / TS N5-N10 are both too high in

energy).
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Summarizing the findings in this section, the likelihood of 1[RuIV:O] com-
pounds reacting via the oxygen transfer mechanism route have been predicted to
be low. As the effective activation barriers are considerably lower for free H,O,
in aqueous solution, the O-transfer catalytic cycle presents a redundant path of
H,0, activation and one must therefore look to different types of mechanisms
such as HAT which will be discussed in the following section.
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4.4 Hydrogen Atom Transfer (HAT) to Ruthenyl Compounds

The reactive pathways of H-abstraction involve two reactant species: the [RuIV=O]
species and a substrate molecule which is called Y-H. The proposed catalytic
cycle involving a HAT-type mechanism is depicted in Figure 4.15. The pool of
substrates treated in this work is given in Figure 4.16 and comprises (i) simple
alkanes, (ii) primary amines and (iii) methyl thiol. These molecules serve as
computational models for (i) aliphatic side chain moieties of amino acids and
triglycerides (ii), the side chain of lysine, and (iii) the side chain of cysteine. The
chemistry is taking place at the functional group and the surroundings may have

a chemical effect but for e.g. primary amines (as shown below), this effect is
marginal.
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Figure 4.15: Proposed catalytic cycle for the HAT mechanism. The various
substrates (H-atom donors) are labeled Y-H and comprise alkanes, amines and
methyl thiol (see Figure 4.16).
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Figure 4.16: Substrates (Y-H). The H-atom to be abstracted is marked.

For this reaction, we focus on the KP1019 derivative compounds although
we expect similar results for NAMI-A derivatives. For the catalatytic cycle in
Figure 4.15, we start again with K2 via the aquated compound (K3) and the
Fenton-like reaction to the K5 compound which is a ruthenyl species and has
a triplet ground state (as discussed ion section 4.2). K5 may abstract a hy-
drogen atom from a substrate Y-H (TS 3K5-K12). The compound K12 is
an intermediate species where the substrate radical Y can be either set free
(vielding K6 and the free radical) or further react via TS K12-K13 to give
the hydroxylated substrate as a ligand (K13) which can then be replaced by an
aqua ligand, thereby returning to K3.

In the following, first the optimized geometries along the HAT reaction co-
ordinate for the various substrates are going to be presented and discussed.
Subsequently, the energetics of the HAT mechanism with Ru compounds will
be discussed and finally, the energy profile of the whole catalytic cycle will be
shown.

The results presented in this section have been produced using the B3LYP-D
as well as non-dispersion corrected methods. The reason for this is the pres-
ence of (short) alkyl side chains. Geometries involving these traits (such as
those involving isopropylamine as a substrate) are only efficiently optimized
by including dispersion interactions, as they help orientate the alkyl chains.
Dispersion-corrected energy values as well as non-dispersion corrected energies
are reported (for geometries optimized with non-dispersion corrected B3LYP,
where possible).

4.4.1 Structures of the HAT Mechanism

4.4.1.1 HAT with Simple Alkanes

Methane and ethane were chosen as substrates. The optimized geometries
involved in the HAT-type mechanism for methane (S1) and ethane (S2) are
found in figures 4.17a and 4.17b, respectively. The optimized geometries in
these figures illustrate that along the path from TS K5-K12 to K13 the Ru-O
distance steadily increases. In the intermediate species (K12) the methyl/ethyl
radical is weakly bound by dispersion interactions to the indazole rings of the
the monohydroxo complex with a typical O-H bond length in the K12 com-
pounds of 0.97 A. The K13 compounds show methanol /ethanol as ligands to
the Ru complex.
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2.26
0.97
1.96

TS K5-K12 (S1) K12 (81) TS K1 2-K13 (s1) K13 (S1)
34.2 30.5

(a) Optimized geometries (B3LYP-D/B1) of the HAT mechanism with CH, (S1). The
Ru-0, O-H, C-H and C-O distances are given in A. Relative free energies in solution
(B3LYP-D/B2//B1, including all corrections) are given in kcal/mol. The reference is
*K5+-S1.

g&
143 1.90
1.1l 0.97%1.96

TS K5-K12 (S2) K12 (s2) TS K12-K13 (S2) K13 (sz)
30.9 25.8 424 43

(b) Optimized geometries (B3LYP-D/B1) of the HAT mechanism with CH;CH,
(S2).The Ru-O, O-H, C-H and C-O distances are given in A. Relative free ener-
gies in solution (B3LYP-D/B2//B1, including all corrections) are given in kcal/mol.
The reference is 2K5-+S2.

Figure 4.17: Optimized geometries of the HAT mechanism with simple alkanes.
4.4.1.2 HAT with Primary Amines
Similarly to the choice of CH, as the first substrate in modeling alkyl H-

abstraction reaction mechanisms, methylamine (S3) was selected as the first
amine to treat. The second substrate was isopropyl amine (S4).

The optimized structures (B3LYP-D/B1) for the HAT-type mechanism with
S3 and S4 are found in figures 4.18a and 4.18b.
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TS K5-K12 (S3) K12 (S3) TS K12-K13 (S3) K13 (S3)
26.5 237 54.7 27.6

(a) Optimized geometries (B3LYP-D/B1) of the HAT mechanism with NHCH, (S3).
Ru-0O, O-H, H-N and O-N distances are given in A. Relative free energies in solution
(B3LYP-D/B2//B1, including all corrections) are given in kcal/mol. The reference is
*K5+S3

TS K5-K12 (S4) K12 (S4) TS K12-K13 (S4) K13 (S4)
26.2 25.2 63.1 26.0

(b) Optimized geometries (B3LYP-D/B1) of the HAT mechanism with (CH,),CHNH,
(S4). Ru-0O, O-H, H-N and O-N distances are given in A. Relative free energies in
solution (B3LYP-D/B2//B1, including all corrections) are given in kcal/mol. The
reference is *K5+S4

Figure 4.18: Optimized geometries of the HAT mechanism with primary amines.

For substrates S3 and S4, the Ru-O distance increases along the reaction
path from K5 to K13. The intermediate species K12 also has the amine radical
weakly bonded by dispersion interactions to the indazole rings. Remarkably,
there is hardly any structural difference between the compounds for S3 and S4.
This is also reflected in the energies discussed in section 4.4.2.

4.4.1.3 HAT with Methyl Thiol

Methyl thiol (CH,SH, S5) was chosen as a substrate because of its simplicity
and adequacy as a model compound for thiols. The optimized structures can
be found in Figure 4.19.
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TS K5-K12 (S5) K12 ($5) TS K12-K13 (S5) K13 (S5)
133 13.22 268 124
Figure 4.19: Optimized geometries (B3LYP-D/B1) of the HAT mechanism with
SHCH, (S5). The Ru-O, O-H, H-S and S-O are given in A. Relative free
energies in solution (B3LYP-D/B2//B1, including all corrections) are given in
kcal /mol. The reference is 3K5-+S5

In this case, the intermediate K12 exhibits a hydrogen bonded sulfur radical
with the O-H distance significantly elongated to 1.04 A. The TS K12-K13 ge-
ometry also features an elongated Ru-O distance of 2.33 A. Overall, the Ru-O
distance increases from 1.78 A (K5, see previous sections) to 2.18 A (K13) and
the sulfenic acid tautomer is bound coordinatively to the Ru complex in K13.

4.4.1.4 Discussion of the Optimized Geometries

Comparison of the geometries for the TS K5-K12 structures, depending on
the substrates (see Figure 4.21) suggests a m-type path for the hydrogen abstrac-
tion reaction, as recently described by Usharani et al. [103] in the context of
hydrogen-abstraction reactions of high oxidized iron compounds. To understand
the electronic structure and the reactivity of a ruthenyl compound, it is useful to
look at a molecular orbital (MO) diagram. The qualitative MO diagram for a d*
Ru=0 bond is found in Figure 4.20. The m-type path for the HAT mechanism
may be described qualitatively by the overlap of the 7* orbital at the [Ru'Y=0]
compound and the o orbital of the C—H, N-H or S—H bond respectively. The
angle Ru—-O-H is obtuse. The Ru—O and H-C (H-N, H-S) distances depend
of course on the nature of the substrate. The calculated structural data and a
scheme of the 7-type transition state are given in Figure 4.21.
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Figure 4.20: Qualitative MO diagram of a [RuIV:O] compound with electron
occupation indicated.
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Figure 4.21: Examplified qualitative H-abstraction schematic for TS K5-K12
and S1/S3/85. Calculated bond lengths (B3LYP-D/B1) in A and angles in
degrees. One negative charge has been omitted for clarity.

The intermediate (K12) involves the newly formed substrate radical (?Y).
This radical positions itself somewhere favorably close to the Ru complex. From
K12, the reaction may proceed along two paths: One is the dissociation of the
radical formed, yielding the free substrate radical Y and the mono-hydroxo
Ru!l! compound K6. This compound may be reduced by an outer sphere mech-
anism to the monoaquated species K3, thereby completing a catalytic cycle.
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This process depends on the stability of the substrate radical 2Y.

TS K12-K13 may be described as the "oxygen rebound" [104] transition
state where the oxygen is transferred in our case to the C, N or S atom. This
process yields the hydroxylated substrate Y-OH. The calculated structural data
for TS K12-K13 with substrates S1, S3 and S5 are presented in Figure 4.22.
The structural features of the TS K12-K13 geometries indicate that there is a
hydroxo complex species with a Ru—O distance of 2.1 to 2.3 A and the imag-
inary modes resulting from the frequency calculations point along the oxygen
transfer coordinate from the ruthenium center to the intermediate species re-

acting. The angle Ru-O-C (Ru-O-N, Ru-O-S) varies from 138° to 154°.

(1) (S3) (S5)
CH
1.994 /770 1 .801,/'\”J'CH3 1.875,-5CHs
HO' Y1540 HO" )13g° HO" 1460
2,008 D 2,178 D o 2381 D) o
Na~—_, — NA~—_ — | [0 g —
cl—14~=Ind cl— U™~Ing cl—V~ng
cl cl cl

Figure 4.22: Key geometrical features at the B3LYP-D/B1 level of theory for TS
K12-K13 ("oxygen rebound"), with substrates S1, S3 and S5. Bond lengths
are given in A and angles in degrees. One negative charge has been omitted for
clarity.

4.4.2 The Energetics of the HAT Mechanism

This part of the thesis sums up the results on the HAT-type mechanism for
ruthenyl compounds. The reaction profiles are presented and discussed, followed
by a comparison to computational studies on the chemistry of ferryl compounds.
At the end, the energy profile of the entire catalytic cycle in Figure 4.15 will be
shown and discussed.
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Table 4: Non-dispersion corrected AGs, values (B3LYP/B2//B1, including all
corrections, kcal/mol) for the HAT-type mechanism ordered by compounds and
substrates. For isopropylamine (S4) there exist no non dispersion-corrected
data. The last line shows the energy calculated for the net reaction of the
catalytic cycle.

Me-H Et-H MeNH, iprNH, Me-SH
(S1)  (S2)  (S3) (S4)  (S5)

SK5 + Y H 0.00 000  0.00 - 0.00

TS K5-K12 38.56 37.02 3524 - 18.00
K12 33.92 2976 28.73 - 17.34
K6-+Y 2743 2118  20.51 - 9.56

TS K12-K13 51.82  46.99  66.74 - 34.33
K13 9.39  3.00  35.16 - 18.03
Y-H + H,0,—Y-OH + H,0 -58.12 -63.96 -32.47 - -51.65

Table 5: Dispersion corrected AGso (B3LYP-D/B2//B1, including all correc-
tions, kcal/mol) for the HAT-type mechanism ordered by compounds and sub-
strates. The last line shows the energy calculated for the net reaction of the
catalytic cycle.

Me-H Et-H MeNH, iprNH, Me-SH
(S1) (S2) (S3) (S4) (S5)

SK5 + Y-H 0.00 0.00 0.00 0.00 0.00
TS K5-K12 34.17  30.90 26.46 26.17 13.28
K12 3048  25.82 23.71 25.19 13.22
K6+Y 26.01  20.35 19.37 20.07 8.46
TS K12-K13 46.59 4242 54.68 63.11 26.78
K13 1.78 -4.25 27.56 26.03 12.39

Y-H+H,0,—-Y-OH+H,O0 -57.41 -60.97 -31.00 -24.89 -50.04

The energies were all calculated in the electronic ground state of the re-
spective compounds. For compounds K2-K4 and K13, this is the singlet low
spin state, for compounds K5 (the ruthenyl compound), TS K5-K12, K12,
TS K12-K13, this is the triplet intermediate spin state and for K6, this is the
doublet low spin state. The B3LYP(-D) ground state predictions are low spin
for all Ru!! and Ru'™ compounds and the triplet state was reported to be the
ground state for a Ru'"Y=0 compound previously [96].

All calculated free energies in solution of the HAT-type mechanism (dispersion-
corrected and non dispersion-corrected) can be found in Tables 4 and 5. The
data in these tables start at the K5 compounds (setting the energies of K5 +
Y-H to 0.0 kcal/mol) and go until the K13 structures, after which the cycle is
completed by hydrolysis. The resulting energy profiles are visualized in Figure
4.23.
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Figure 4.23: Calculated reaction profiles (detail of the catalytic cycle in Figure
4.24) in solution (B3LYP-D/B2//Bl1, including all corrections) for the HAT
mechanism with all substrates. The K13 compounds are connected by dotted
lines because of different multiplicity.

By comparison of the B3LYP results to the B3LYP-D results, it can be seen
that the effect of the dispersion correction is lowering the energy of the TS
K5-K12, K12, TS K12-K13 and K13 compounds of 4.0 to 12.0 kcal/mol.
The K6+Y and net reaction free energies are affected to a lesser extent (1.0
to 3.0 kcal/mol). This effect may be explained by the lack of intermolecular
dispersion in the latter cases as the energies were taken at infinite separation of
the respective product species.

The discussion of the energetics is structured by the substrate classes (alka-
nes, primary amines and methyl thiol).

The alkanes (S1, S2) show a very high first barrier (TS K5-K12).The K12
species may also set free the alkyl radical, an overall endergonic process, yet the
energy of K6+Y is lower than the second activation barrier of TS (K12-K13).
The energies for K6+Y reflect the relative stability of the ethyl radical vs. the
methyl radical. The overall reaction free energy from K5 to K13 is only slightly
positive (S1) or even negative (S2). This finding leads to the conclusion that
[Rusz] compounds may indeed be able to hydroxylate alkanes with longer
aliphatic chains and in activated positions, e.g. allylic, benzylic. The more sta-
ble the alkyl radical becomes the lower is the barrier for TS K5-K12. Further
implications of this finding are discussed in the outlook.

For primary amines (S3, S4), the results are different. Although the first
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barrier (TS K5-K12) is somewhat lower than in the cases of S1, S2, the highest
relative energy along the way (TS K12-K13) is higher than for the alkanes and
importantly, the overall reaction free energy from K5 to K13 is clearly positive
(>25 kecal/mol in solution). For S3, S4 it is also energetically more favorable
to release the amine radical and form K6+Y than to form the TS K12-K13.

Finally, H-abstraction from methyl thiol (S5) has the lowest lying first tran-
sition state (TS K5-K12 at +13.3 kcal/mol in solution). However, the overall
reaction free energy from K5 to K13 is still positive (+12.4 kcal/mol reaction
free energy in solution), rendering the hydroxylation of thiols by [Rusz] com-
pounds unlikely. For methyl thiol, the release of the sulfur radical from the K12
is by far the most energetically favorable, at +8.5 kcal/mol in solution.

Comparing the computational results of the HAT mechanism with Ru com-
pounds, one can postulate a correlation between reaction free energies and acti-
vation barriers. The results presented above lead to the conclusions that (i) the
more favorable the overall catalysed reaction (Y—H + H,0, — Y—OH + H,0)
is, the more favorable are the energies of the HAT mechanism from species K5
to K13 (ii) the more stable a substrate radical 2Y is, the lower is the initial
activation energy (TS K5-K12).

The energy profile in solution for the entire catalytic cycle proposed in Fig-
ure 4.15 is found in Figure 4.24. Therein, it becomes clear that the liberation
of the substrate radical ?Y is energetically favorable to the intermediate species
K12 with the given radical. The liberation of 2Y is indicated by the dashed
lines. The "oxygen rebound" cycle continues via the K12 species. Additionally,
the correlation between high barrier heights and less favorable thermodynam-
ics becomes clear, concerning the amines and simple alkane substrates. Methyl
thiol plays a somewhat different role with the lowest energy barriers. This may
be attributed to the postulated correlation between thermodynamics and acti-
vation energies, see calculated free energies in solution on methyl thiol oxidation
by H,0, in the Tables 4 and 5.
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Figure 4.24: Energy profile of the HAT catalytic cycle in solution (B3LYP-
D/B2//B1, including all corrections) for the HAT mechanism with all sub-
strates.

The treatment of HAT-mechanisms with [Ru'” =O] invites the comparison
with the chemistry of high-oxidized iron-oxo species that occur in the active
centers of various oxidase enzymes such as members of the cytochrome P 450
class of enzymes.[105]

The CH, molecule has previously served in the evaluation of ferryl chem-
istry, following the Fenton reaction [106]. Ensing et al. have found a "rebound"
type mechanism by which the ferryl species can oxidize methane to methanol
with relatively low activation barriers considerably lower than 10 kcal/mol [106].

We compare our findings on the amine-substrates to the DFT results of
Olsen and co-workers [107, 108] and a very recent study by Ji and Schiilirmann
[109] who have both concluded that the hydroxylation of primary amines by
[Fe'Y=0] compounds in cytochrome P450 enzymes is likely to proceed via the
HAT-mechanism. Contrary to [Fe'” =0] compounds, the [Ru'* =0] compounds
treated in this study are not predicted to be able to hydroxylate primary amines
because of (i) high activation barriers (ii) an overall positive reaction free energy.

Summing up the comparisons, we have found that the reactivity of ferryl
compounds (references cited above) is substantially higher than that of ruthenyl
compounds concerning HAT (and subsequent hydroxylation) reactions with sim-
ple organic substrates. The [Ru'Y =0] compounds examined in this work exhibit
high activation barriers for the same type of reactions and even positive com-
puted reaction free energies for amines and thiols.
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5 Conclusion and Outlook

The high presence of hydrogen peroxide in certain human cancer cell lines
[29, 46, 49] has prompted us to investigate the redox behavior of selected deriva-
tives of anticancer complexes KP1019 and NAMI-A in the presence of H,O,
using DFT methods.

The two assumptions that (i) KP1019 and NAMI-A are reduced in vitro
and in vivo and that (ii) at least one ligand is exchanged are supported by
experimental evidence [18, 19, 95]. In this work, the optimized structures of
hydroperoxide derivatives of NAMI-A and KP1019 show that H,O, can coordi-
nate Ru complexes just like H,O does.

A visualization of the reactive pathways treated in this thesis, highlighting
its main focus areas, is given in Figure 5.1, examplified for the KP1019 deriva-
tive structures (the K compounds). As shown in Figure 5.1, our first finding
has been that both Ru'' and Ru™ compounds can be oxidized by hydrogen
peroxide after H,O, coordination. Both Ru'' KP1019 and NAMI-A derivatives
are predicted to react with H,O, in a heterolytic, concerted, two electron pro-
cess with virtually no activation barrier to give ruthenyl compounds. These
[Ru'Y=0] (ruthenyl) compounds are predicted to have a triplet ground state.
The heterolytic process is favored energetically over the homolytic peroxide bond
cleavage mechanism by a lower activation energy and more favorable thermo-
dynamics. On the other hand, for mer, tmns—[RuIHCl3(ind)Q(OQHQ)] and
mer-[Ru'™ Cl (im) (O,H,)(S—dmso)| the homolytic peroxide bond cleavage pro-
cess is preferred, yielding a hydroxo-Ru'" species and a highly reactive hydroxyl
radical. For Ru™™ compounds, the homolytic peroxide bond cleavage process is
favored over the heterolytic one.
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Figure 5.1: Reactive pathways of KP1019 derivatives treated in this thesis. The
thick arrows show reactive pathways with a high probability based on very recent
experimental work [95] and this work. The green parts represent the main focus
areas of this thesis, namely the heterolytic H,O, bond cleavage at Ru'! and
the possible follow-up reactions. The dotted arrows show alternative reactive
pathways also treated herein. All pathways above except the Hydrogen Atom
Transfer have also been investigated for NAMI-A derivatives and are reported
herein.

This study then focusses on two possible reactive pathways of [RuIV:O]
compounds, namely oxygen atom transfer and hydrogen atom transfer (HAT).

For oxygen atom transfer the substrate dimethyl sulfide (DMS) was chosen
as a model for sulfur compounds such as the side chain of methionine. Our
findings on oxygen atom transfer are as follows: There is a reaction pathway for
mer,tmns-[RuIVClg(ind)QO]fand mer-[Ru'Y Cl, (im)O(S—dmso)]| in their singlet
states to oxidize DMS so as to yield DMSO. However, the singlet states of
mer,trans—[RuIVCI3(ind)QO]fand mer—[RuIVCl3(im)O(S—dmso)r are not the
electronic ground states but the first excited states. Taking the additional bar-
rier of the triplet-singlet gap into account, the activation energies for oxygen
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transfer are higher than the ones both calculated[101] and measured [102] for
oxygen transfer from free hydrogen peroxide. Therefore, the oxygen transfer
pathway for [RuIV:O] compounds is predicted to be an unlikely one.

We have investigazed the HAT-type mechanism. We have found on a [Rusz]
compound with a variety of substrates that the activation energies are high.
Hydrogen atom transfer to ruthenyl compounds may therefore only occur for
certain substrates in activated positions. The reaction is predicted to be ther-
modynamically favorable for most alkanes, but not for primary amines or thi-
ols. Juxtaposing the calculations on HAT-type mechanisms for [Ruw:O] com-
pounds and [Fe'V=0] compounds[107, 109] reveals that [Ru'”=0] compounds
are predicted to be less reactive towards the substrates tested.

The outlook regarding the HAT-type mechanism is to provide results for
the NAMI-A derivatives and expand the library of substrates. Cumene is a
good testing agent for the oxidative power of Ru!Y complexes (see reference
[96]). Future calculations could predict whether a Ru'Y compound is able to
hydroxylate these compounds, which would put an entirely different, novel use
to the ruthenium compounds KP1019 and NAMI-A or certain analogues thereof.

Also, the possible formation of certain stabilized radicals (such as the methyl
thiol radical) that could be released after the first step of the HAT-type mech-
anism is still to be scrutinized.

Experimental cooperation has been initiated on Fenton-like reaction of ruthe-
nium anticancer compounds within the working group of Prof. V. Arion at the
institute of Inorganic Chemistry at the University of Vienna. With the appropri-
ate experimental methods the predicted rise of a ruthenyl intermediate species
when Ru anticancer compounds are exposed to significant levels of H,O, may
be detected. In addition, the possibility of an oxidative catalytic activity of Ru
anticancer compounds in the presence of H,O, may be assessed using various
substrates, such as cyclohexane or cumene.

If theoretical and experimental results correspond well, the implication of
an oxidative ruthenyl species is suggested thereby in the mode of action of Ru
anticancer compounds KP1019 and NAMI-A. The Ru'Y compound could be
involved in a catalytic cycle where one molecule may be involved in oxidative
damage to a large number of biological targets such as DNA or proteins, which
may ultimately lead to tumor cell apoptosis. Involvement of Ru' compounds
remains to be investigated in the future.
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7 Glossary

In order to increase readability, a glossary of abbreviations and symbols is given
herein.

Acronyms:
ASC... Apparent Surface Charge
B3LYP...Becke 3 Parameter Lee-Yang-Parr hybrid functional
BS...Broken Symmetry
CASSCEF...Complete Active Space Self Consistent Field
CASSCF-SOCI...Complete Active Space Self Consistent Field - Spin Orbit Con-
figuration Interaction
DFT...Density Functional Theory
HAT...Hydrogen Atom Transfer
HSAB...Hard and Soft Acids and Bases
HF...Hartree-Fock
KS...Kohn-Sham
MCSCEF...Multiconfigurational Self Consistent Field
MRCI...Multireference Configuration Interaction
PBF...Poisson-Boltzmann Finite Elements
PES...Potential Energy Surface
ROS...Reactive Oxygen Species
SCF...Self Consistent Field
SC-UB3LYP...Spin Corrected Unrestricted B3LYP (see reference [67])
SOD...Superoxide Dismutase
TISE...Time-Independent Schrédinger Equation

Abbreviations for organic molecules and ligands:
DMS...dimethyl sulfide
Im...Imidazole
Ind...Indazole
O-dmso...O-coordinated dimethyl sulfoxide
S-dmso...S-coordinated dimethyl sulfoxide

Me-H...methane
Et-H...ethane
MeNH,...methylamine
IprNH,...isopropylamine
Me—SH...methyl thiol

Symbols

...Hamilton Operator (Hamiltonian)

..Wave Function of the total system

...energy

...Kinetic energy operator

...Potential energy operator

..Planck’s constant

%...Planck’s constant divided by 27 = 1 in atomic units

e

> <

69



N,...total number of nuclei. Nuclei have greek indices
N

>~ ...Sum running over all nuclei «
a=1
2 2 2 . .
V2 = 3806& + 597(% + %...Laplace Operator (for Cartesian coordinates «).

Me...mass of nucleus o
Mme...mass of an electron = 1 in atomic units
n

> ...Sum running over all electrons i

;1..1.total number of electrons

€0...vacuum permittivity

Zo...charge number of nucleus o«

e...elementary charge = 1 in atomic units
7...general spatial coordinate

7;...vector giving the position i

T...vector giving the position of nucleus «

rij = |F; — 7;|...distance between positions i and j
Tio = |Ti — Tal...distance between positions i and «
Tag = |Ta — 7'|...distance between positions a and 3

H,...electronic Hamiltonian

W,1...electronic wave function

FE...electronic energy

Z;...vector giving the spin coordinates of electron i
|W)...Slater Determinant

Xa()...spin orbital a for electron i

FEjy...ground state energy

f...Fock operator

e...one-electron energy

OHF . Hartree-Fock potential

...core Hamiltonian

...Coulomb operator

k...exchange operator

Fyr...Hartree-Fock energy

p...density

n...total number of electrons in the free electron system
€... energy levels of the free particle

Ng, Ny, N...quantum numbers in x, y and z directions
l...]length

f...Fermi-Dirac distribution

u...chemical potential

kg...Boltzmann constant

©...absolute temperature

g(€)...density of states

¢p...Fermi energy

»..."condensed" constants
Trr|p]...Thomas-Fermi kinetic energy functional
CF... Thomas-Fermi constant

V...general (external) Potential

E[p]...energy as a functional of the density
T|p]...kinetic energy functional

XS0 o
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Vaelp]---potential energy functional between the nuclei and the electrons
Vee|p]...potential energy functional between the electrons
Fuk|p]...Hohenberg-Kohn functional

Tks[p]..-Kohn-Sham kinetic energy functional

o...general spin coordinate

T...up spin

J...down spin

>...sum over the spin coordinates

[ed

Fxslp]... Kohn-Sham functional
J[p]...coulomb functional
E..[p]...exchange-correlation functional
Vegr ks...effective Kohn-Sham potential
Vc...exchange-correlation potential
fKS.. . Kohn-Sham Fock operator

p'...up spin density

p*...down spin density

E,....exchange energy

E....correlation energy

£...spin polarization

6...gradient

Escr...self consistent field energy, depending on method and basis set
Sq...a'" order scaling coefficient

CB...a" order dispersion coefficient between atoms a and 3
famp-..damping function

ag...Bohr radius = 1 in atomic units
1I,...ionization potential

3...static polarizability

m...multiplicity

™). . Slater determinant for given m
C'...generalized constant

(52)...expectation value of the $2 operator
e...base of the natural logarithm (Euler Number)
e...dielectric constant

©...electrostatic potential

ps...solute charge density

c;°...bulk concentration of ion i
A...accessibility

AFE...energy difference

AG.. free energy difference
ARGyo1...reaction free energy in solution

71



Appendix A

In this appendix the calculated (B3LYP/B1) and the experimental structures of
K1 are compared. The X-ray data of K1 are from reference [93]. In reference
[93], the PPhy salt of K1 was measured.

Table Al: Selected experimental and calculated (optimized at the B3LYP/B1
level of theory) structural features of the K1 compound, the KP1019 anion (one
negative charge). Distances are given in A. Angles are given in degrees.

Geometry (BBLYP/B1) Feature calculated  experimental [93]
Ru-Cl1 2.44 2.37
Ru-Cl2 2.39 2.36
Ru-Cl13 2.44 2.36
Ru-Cl4 2.39 2.36
Ru-N1 2.09 2.05
Ru-N2 2.09 2.07
N1-Ru-N2 178.33 179.86
N1-Ru-Cl1 90.59 90.33
N1-Ru-CI2 90.07 89.63
Cl1-Ru-Cl12 90.36 89.85
Cl1-Ru-CI3 179.28 177.78
Cl2-Ru-Cl4 180.00 177.44

As Table Al shows, the experimental and computational geometries agree
reasonably . Only some of the Ru-Cl bond lengths differ by more than 0.04 A.
This is remarkable when one considers that the BSLYP/B1 method is for the
gas phase and the experimental data are from X-ray crystallography.
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Appendix B: Zusammenfassung der Arbeit in deutscher Sprache

Diese Masterarbeit behandelt die Reduktions-Oxidationschemie von Rutheni-
umkomplexen in der Gegenwart von reaktiven Sauerstoffspezies (ROS). KP1019
und NAMI-A, zwei Rutheniumverbindungen, die sich zur Zeit in klinischen Stu-
dien befinden, wurden als Modellssysteme zur Untersuchung chemischer Reak-
tionen mittels einer Dichtefunktionaltheorie (DFT)- Methode verwendet. Der
Zweck dieser Arbeit ist es, Wissen iiber die Chemie dieser Verbindungen in
der Gegenwart von Wasserstoffperoxid zu erlangen und eventuelle Folgereaktio-
nen zu studieren. Damit wollen wir dazu beitragen, die Reaktionsmechanismen
von KP1019 und NAMI-A mit ROS aufzukliren. Letztenendes ist das Ziel,
Schlussfolgerungen iiber die méglichen redoxchemischen Wirkmechanismen von
Rutheniumantikrebsverbindungen in vivo zu ziehen.
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