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1

Introduction

Metals and their ions play a key role in maintaining life. They frequently promote protein
folding, the stabilization of protein scaffolds, enzymatic activity, energy conversion, intraand intercellular signals etc. Several decades ago, metalloproteins were considered as a
rather small group of proteins. Nowadays, one-third of enzymes are estimated to contain
one or more metal ions, whose presence is crucial for their enzymatic functionality [1].
Metalloenzymes participate most often in the catalysis of difficult chemical reactions (e.g.
the hydroxylation of methane, decomposition of H2 into protons and electrons, N2 and O2
bond cleavage and many others), in oxidation-reduction and electron-transfer reactions,
and in the catalysis of spin-forbidden reactions, where relativistic effects (i.e. spin-orbit
coupling) are necessary.
Another important effect associated with metal ions in proteins concerns high local
electric fields that are estimated to amount up to 109 -1010 V/m (interestingly, the fields
in the nonenzymatic reactions are usually about four orders weaker) [2]. These strong
fields can vary dramatically the charge distribution, the ordering of electronic states (or
molecular orbitals) and modify other physical properties. Therefore, a forbidden process
under low-field conditions can turn into an allowed process.1
Besides main-group elements (e.g. Na, K, Mg, Ca, Zn), which occur only in one
oxidation state, 2 other evolutionary successful metals in proteins are among the first
row of transition metals Cu, Ni, Co, Fe, Mn, V (representative metalloenzymes for all
of the mentioned elements are listed in Table 1). The main reason may consist in their
availability on Earth. Moreover, the facts that 3d transition metals occur in several
oxidation states and that electronic (spin) structure of their complexes depends strongly
on the number and type of ligands and their coordination pattern around a reactive
metal center supports the hypothesis on their indispensability in the chemistry of life.
These properties are vital in the “currents of life” as H. Gray calls the processes driven
by electron transfer [3]. The photosynthetic and respiration chains are among the most
prominent examples.
Nowadays, the biochemical role of enzymes is well-known. They work as very effective and more or less substrate-specific biocatalysts of many reactions which are otherwise
kinetically forbidden. An excellent example of such a highly effective enzyme is the ni1

It is worth mentioning that electrostatic interactions in the proteins can be probed by measuring
the pKa shifts of titratable residues, shift in reduction potentials, NMR chemical shifts, electrochromic
band shifts resulting from the interaction between the chromophore probe and local electric field in the
protein. A particularly straightforward approach is provided by vibrational Stark spectroscopy, which
describes the effect of an electric field on vibrations (see [2]).
2
Main-group metals maintain structural stability, serve as second messengers or as redox-inactive
catalysts.
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trogenase - the molybdenum-containing enzyme catalyzing the conversion of atmospheric
N2 to NH3 (the triple bond in N2 is one of the strongest bonds in chemistry and its
dissociation costs 945 kJ/mol [4]).
Metal Enzyme

Catalyzed reaction

V

haloperoxidases

Mo

nitrogenase

H2 O2 + X– + H+ → H2 O + HOX (X = Cl, Br, I)

DMSO reductase
aldehyde oxidoreductase
nitrate reductase
Mn

arginase
superoxide dismutase
oxygen evolving complex

Fe

Co

RH + H2 O → ROH + 2e− + 2H+ (RH = aldehyde)

−
−
+
NO−
3 + 2e + 2H → NO2 + H2 O

arginine + H2 O → ornithine + urea

+
2O·–
2 + 2H → O2 + H2 O2

2H2 O → O2 + 4e− + 4H+

ROOR’ + 2H+ + 2e− → ROH + R’OH
(R = organic substrate)

catalase

2H2 O2 → O2 + 2H2 O

cytochrome P450

RH + O2 + 2H+ + 2e− → ROH + H2 O
(R = organic substrate)

lipoxygenases

RH + O2 → R-O-OH
(R = polyunsaturated fatty acids)

methane monoxygenase

CH4 + O2 + 2H+ +2e− → CH3 OH + H2 O

purple acid phosphatase
∆9 desaturase

2−
RCH2 OPO2−
3 + H2 O → RCH2 OH + HPO4
steatoyl-ACP + O2 + 2H+ + 2e− → oleyol-ACP
+ 2H2 O

thiocyanate hydrolase

SCN– + 2H2 O → COS + NH3 + OH–

urease
nickel-iron hydrogenase

Cu

(CH3 )2 SO + 2H+ + 2e− → (CH3 )2 S + H2 O

peroxidases

glutamate mutase
Ni

N2 + 6e− + 6H+ → 2NH3

(S)-glutamate → (2S,3S)-3-methylaspartate

urea + H2 O → CO2 + 2NH3
H2 → 2H+ + 2e−

superoxide dismutase

see Mn

catechol oxidase

catechol + 1/2O2 → H2 O + benzoquinone

ascorbate oxidase

L-ascorbate + 1/2O2 → H2 O + dehydroascorbate

Table 1: Selected transition metal-containing enzymes.
This enzyme works at very mild room conditions in contrast with the artificial massive production of NH3 from N2 , which is based on a catalysis by magnetite at very
extreme conditions (150-250 atm, 300-550 ◦ C). This striking difference in the effectivity of human- and nature-controlled processes is understandable if one realizes that the
5

functions of biomolecular structures have been optimized for millions of years. Hence, it
is very tempting to investigate processes occurring naturally in organisms and look for
their connections not only in order to understand the principles of life but also for the
very practical reason that we can benefit from the nature to make the chemical industry
more efficient. More specifically, Yandulov and Schrock succeeded in 2002 with the first
artificial synthesis of ammonia from dinitrogen, which is catalyzed by the molybdenumcontaining complex at room temperature and atmospheric pressure [5, 6]. In the preparation of this artificial catalyst they were inspired by the structure of the active site of
the nitrogenase. This example illustrates that the studies of (metallo)enzymatic catalysis
may allow the design of rational new biomimetic/bioinspired catalysts, which would in
addition be more robust in the laboratory or under industrial conditions.
On the other hand, small transition-metal complexes are often used to mimic the
active sites of metalloenzymes. Specifically, numerous quantum-chemical (QM) studies
of the small models have been reported (e.g. [7, 8, 9, 10]). However, these simplified
systems provide limited information on the properties of the enzymatic active-site pockets.
This is evident in the case of non-heme binuclear iron sites in enzymes such as methane
monooxygenase, ribonucleotide reductase and ∆9 desaturase. In these three proteins,
remarkably similar core ligands give rise to variations in the geometry of the resting state
which contribute to their differences in O2 reactivity [11]. As far as the computational
studies are concerned, the hybrid quantum mechanics/molecular mechanics (QM/MM)
methods are now frequently used to include the effect of the protein environment on the
structure and reactivity of the active site and to provide us with the atomistic details of
the reaction mechanisms [12, 13, 14]. In addition to this great theoretical effort, there has
also been a growing concern with the design of new artificial (de novo) metalloenzymes [15,
16, 17, 18]. These enzymatic models result from the introduction of a metal ion-complex
with catalytic activity into proteins or peptides, which control the second coordination
sphere and thus tune the selectivity of the reaction. The usage of such new bioinorganic
species can lead to deeper insight into the various second-sphere effects in enzymes as
well as the exploration of new synthetic routes.
Despite the availability of many experimental (i.e. spectroscopic, kinetic, thermochemical, electrochemical etc.) studies3 concerning the structure and function of metalloenzymes, which provide insight into biochemical processes at the atomistic and electronic level, many questions are difficult or impossible to explain without theoretical
simulations, interpretation and predictions. The advantage of theoretical chemistry can
be documented in two examples. First, computational methods may be rather easily used
3
See, for example, Ref. [19] for the list of spectroscopic techniques successfully applied in bioinorganic
chemistry.

6

to answer various evolutionary selections in chemistry as was demonstrated in the work
of Jensen et al. [20]. Therein, the authors discussed why nature has selected certain
combinations of metals, tetrapyrrole ring systems and axial ligands in different proteins.
Second, computational investigations of the reaction mechanism of manganese superoxide dismutases seem to be much easier than experimental studies because of the high
rate of the catalyzed disproportionation reaction of the superoxide radical-anion, which
complicates any direct measurements. For this enzyme, many experiments have been
performed with the substrate-like species (e.g. azide, nitric oxide), but the relevance of
these models remains uncertain. In conclusion, the theoretical and experimental data
must be obviously in good agreement wherever their comparison is available. Then, the
theoretical approaches become an excellent complement to the experiments.
In this thesis, the QM and QM/MM methods have been combined with experimental
measurements, which have been carried out mostly by our colleagues (the group of Prof.
Edward Solomon at Stanford University, the group of Dr. Sergey Shleev at Malmö University and the group of Dr. Michal Hocek at the IOCB AS CR), for studying the catalytic
and electronic properties of selected polynuclear metalloenzymes and transition-metal
complexes. The following text is divided into several main sections. In the section 2,
the computational methods, applied in our studies, are shortly discussed. The section
3.1 deals with the results and discussion on an elucidation of the reaction mechanisms
of three enzymes: manganese superoxide dismutase, stearoyl-ACP ∆9 desaturase and
multicopper oxidases (MCOs)4 . Next, in the section 3.2, the electronic properties (e.g.
the pseudo Jahn-Teller effect, solvatomagnetic and solvatochromic effects, spin-orbit effect on reduction potentials) of osmium- and ruthenium-containing complexes, which are
relevant in both biomolecular and material sciences, have been investigated.

4

A multicopper oxidase, CueO, has the highest resolution multicopper oxidase structure yet determined, providing a particularly clear view of the four coppers at the catalytic center, and thus CueO is
a suitable representative of MCOs for a QM/MM modeling of their catalytic properties.
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2

Methods

2.1

Density Functional Theory - DFT

2.1.1

Theoretical Background

Owing to the size and complexity of the bioinorganic species studied in this thesis, the delicate balance between the accuracy and computational demand of the method to be employed is necessary. In the majority of the problems, a reasonable compromise is obtained
using the DFT methods. In 1964, Hohenberg and Kohn published two theorems [21],
which became the theoretical cornerstones for the usage of the DFT. The first HohenbergKohn theorem shows that the electron density of an arbitrary molecular system (in an
electronically non-degenerate ground state) in the absence of external electromagnetic
fields determines unambiguously a static external potential, υext (r) =

Pnuclei
k=1

Zk |r−Rk |−1 ,

where Zk is the charge and Rk the position of the k -th nucleus, and therefore the Hamil-

tonian. Consequently, the total energy is represented as a functional of the density as
follows:
E[ρ] = Vne [ρ] + T [ρ] + Vee [ρ]
=

Z

ρ(r)v(r)dr + T [ρ] + Vee [ρ]

(1)

where Vne [ρ] represents the nucleus-electron attractions, T [ρ] the kinetic energy and Vee [ρ]
the electron-electron interaction energy which contains the Coulomb interaction J[ρ]:
J[ρ] =

1 Z Z ρ(r)ρ(r′ )
drdr′
2
|r − r′ |

(2)

The second Hohenberg-Kohn theorem proves that the correct ground-state electron density minimizes the energy functional E[ρ] (Equation 1).
In 1965, Kohn and Sham [22] introduced the idea of considering the determinantal
wavefunction of N non-interacting electrons in N orbitals χi , which became the most
common construction of the DFT applied in quantum chemistry (denoted as KS-DFT).
Note that the principle of the KS-DFT is discussed here in terms of the restricted (spinunpolarized) formalism - RKS (i.e. the orbitals χi are restricted to be the same for
electrons with opposite spins). The advantage of the KS-DFT construction is that kinetic
energy and electron density are exactly given by:
Ts [ρ] =
ρ =

N
X

1
hχi | − ∇2i |χi i
2
i=1

N
X

χ∗i χi =

N
X
i=1

i=1

8

|χi |2

(3)
(4)

Then, the energy of a real system (i.e. with interacting electrons) can read:
E[ρ] =
=
=

Z

Z

Z

ρ(r)v(r)dr + T [ρ] + Vee [ρ]

(5)

ρ(r)v(r)dr + Ts [ρ] + J[ρ] + (T [ρ] − Ts [ρ]) + (Vee [ρ] − J[ρ])

(6)

ρ(r)v(r)dr + Ts [ρ] + J[ρ] + Exc [ρ]

(7)

The first line is from Equation (1), the second line inserts and removes the non-interacting
kinetic energy and the Coulomb energy and the last line introduces the exchange-correlation
energy functional Exc , which includes the correction to the kinetic energy resulting from
interelectronic interactions and the correction to electron-electron repulsion energy. The
functional derivative of Exc is the exchange-correlation potential υxc (r) = δExc [ρ]/δρ(r).
The exact form of the exchange-correlation functional and its derivative is unknown but
it is usually fitted on the data obtained from experiments or ab initio calculations.
The big step forward achieved with this construction is that the second HohenbergKohn theorem can now be applied to yield through variation of the density the singleparticle (Kohn-Sham) equations:


1
− ∇2i + υef f (r) χi (r) = ǫi χi (r) i = 1, 2, .., N
2


(8)

where the “effective potential” seen by electrons is given by:
υef f (r) = υext (r) +

Z

ρ(r′ )|r − r′ |−1 dr′ + υxc (r)

(9)

Obviously, the KS equations closely resemble the Hartree-Fock equations. The only
difference is the replacement of the (nonlocal) exchange term by the (local) exchangecorrelation potential. The solution of the equations (8) provides information on the total
energy of the system and the proper electron density. Note that the eigenvalues ǫi have
no physical meaning; only the total sum is related to the energy of the entire system
through the equation:
E=

N
X
i=1

ǫi − J[ρ] + Exc [ρ] −

Z

υxc (r)ρ(r)dr

(10)

In practice, DFT implementations work in the framework of the linear combinations
of atomic orbitals (LCAO), i.e. the KS molecular orbitals are expanded in terms of a
set of pre-fixed basis functions, χi (r) =
equation (8) yields a matrix equation:

P

µ cµi ϕµ (r).

F(c)ci = ǫi Sci

Inserting LCAO ansatz into the KS

i = 1, 2, .., N

9

(11)

where ci is a vector with cµi elements, S is the overlap matrix with Sµν = hϕµ |ϕν i elements

and F is the Kohn-Sham matrix, whose Fµν elements can be written in a general form

that includes pure Kohn-Sham and Hartree-Fock theory as a special case:
xc
Fµν = hµν + 2Jµν (P ) − cHF Kµν (P ) + cDF Vµν
[ρ]

(12)

where cHF is the fraction of the Hartree-Fock exchange possibly included (if cDF = 0 and
cHF = 1, then the equation corresponds to Hartree-Fock theory). In Equation (12), h is
the one-electron Hamiltonian matrix, P the density matrix, J the Coulomb matrix, K
the exchange matrix and Vxc the exchange-correlation matrix with the elements:
nuclei
X
1
Zk rk− 1 |ϕν i
hµν = hϕµ | − ∇2 −
2
k=1

Jµν (P) =

X
κτ

Kµν (P) =

X
κτ

(13)

Pκτ hµκ|ντ i

(14)

Pκτ hµκ|τ νi

(15)

N/2

Pµν = 2

X

cµi cνi

(16)

i

xc
Vµν
=

Z

ϕµ (r)

δExc [ρ]
ϕν (r)dr
δρ(r)

(17)

As is evident from equations (14) and (15), the Coulomb and exchange terms are twoelectron integrals, which represent the bottleneck in the computational demands for the
DFT. For this reason, the four-center-two-electron Coulomb integrals are usually reduced
using a resolution-of-identity (RI-J or density-fitting, DF) approximation. The RI approximation means the expansion of the products of the virtual and occupied atomic
orbitals by means of so-called auxiliary functions:
ϕµ (r)ϕν (r) ≈

X

cPµν η(r)

(18)

P

The calculation and transformation of the four-center-two-electron Coulomb is thus replaced by that of three-center integrals, which accelerates the non-hybrid DFT calculations usually by more than one order of magnitude. The time reduction of the evaluation
of the exchange integrals is not so effective and was not used in our calculations.
An alternative formulation is the unrestricted KS-DFT method (UKS).The spatial
parts of the spin-orbitals for a closed-shell electron pair are no longer assumed to be
equal. As a consequence, the method is capable of describing the spin polarization in
radicals, transition-metal complexes etc. The serious drawback of the UKS is that the
wave function is no longer an eigenfunction of Ŝ 2 and thus some error may be introduced
into the calculation. This error is called spin contamination.
Concerning the DFT foundation and realization connected with the technical details,
I recommend the excellent review [23].
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2.1.2

Classes of the DFT Methods

As mentioned in the previous section, the exact form of the exchange-correlation (xc)
functional is unknown. As a consequence, during the last two decades, we have been
witnessing quick progress in the development of new approximate functionals, which hold
the key to the success or failure of the DFT. Without going into details, the exchangecorrelation potentials can be divided into several main categories:
I) Local density approximation (LDA). The LDA xc potentials are functionals
of electron density. Systems including spin polarization (e.g. open-shell systems) must
use the spin-polarized formalism, in which case the LDA is generalized to a local spindensity approximation (LSDA). Note that the LDA remains the most popular way to
conduct electronic-structure calculations in solid-state physics. Details are provided in
Refs. [24, 25].
II) Generalized gradient approximation (GGA). The GGA xc potentials are
functionals of electron density and its first spatial derivatives and can be understood as
gradient-corrected LDA functionals. Details are provided in Ref. [24].
III) Meta-GGA approximation is essentially an extension of GGA. The metaGGA xc potentials are functionals of electron density, its first and second spatial derivatives and kinetic energy density, τ =

1
2

P

i

|∇χi |2 . See, for example, Ref. [26].

IV) Hybrid exchange functionals. A portion of the exact exchange from the
HF theory is incorporated into the exchange-correlation potentials (see Equation (12)).
Usually, hybrid and GGA approaches are combined. The most popular hybrid-GGA
functional, denoted as B3LYP, has this general form [27]:
B3LY P
Exc
= ExLSDA + a(ExHF − ExLSDA ) + b∆ExB88 + EcV W N + c(∆EcLY P − EcV W N ) (19)

where a = 0.20, b = 0.72 and c = 0.81 stand for the empirical parameters, which are
specified by fitting the predictions to the experimental or accurately calculated thermochemical data. ∆ExB88 and ∆EcLY P refer to the gradient corrections to the LSDA exchange
and correlation term. See also Ref. [28].
V) Hybrid exchange and hybrid correlation (double-hybrid) functionals
are essentially an extension of the hybrid-GGA approximations, which use second-order
Møller-Plesset perturbation correction to replace part of the semi-local GGA correlation.
A detailed description can be found in Refs. [29, 30, 31].
In the thesis, the DFT method with a GGA-type Perdew-Burke-Ernzerhof (PBE)
xc potential in combination with the RI-J approximation and a small basis set (e.g.
6-31G*)5 has generally been used for the geometry optimization, whereas the hybrid5

see Appendix: Basis Sets in Quantum Chemistry (Section 5.1).
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GGA-type B3LYP approach combined with a larger basis set (e.g. TZVP)5 is suitable
for the calculation of the final single-point energies (i.e. final optimization of molecular
wave functions).
2.1.3

Limitations of DFT

Generally speaking, conventional DFT approaches suffer mainly from these drawbacks:
I) Lack of long-range correlation (dispersion). Because dispersive interactions
are not well described by standard DFT methods, two different improvements have been
developed: a) double-hybrid functionals that add non-local electron correlation effects to
a standard hybrid functional by second-order perturbation theory [29], b) an empirical
correction based on damped, atom-pairwise −C6 R−6 potentials is added to the DFT

energy (then referred to as DFT+D) [32].

II) Lack of static correlation energy. Typical DFT calculations fail to describe
degenerate or near-degenerate states, which is quite often the case in transition-metal
chemistry, the breaking of chemical bonds, and strongly correlated materials. These failures may be more comprehensive if one realizes that the chemical systems with strong
static correlation are treated in advanced ab initio quantum approaches using multideterminant wave functions (see the section 2.3). For larger systems with many degeneracies,
the number of determinants quickly becomes prohibitive. In contrast, KS-DFT is based
on a single determinant, and the above solution may not apply. As a consequence, DFT
may have serious problems in the description of low-spin states of open-shell systems (e.g.
the electronic structure of spin-coupled systems, transition metals, diradicals etc.), spinstate crossings (e.g. multi-state reactivity) or electron-transfer processes. Owing to the
developments of Noodleman et al., such cases are presently handled in the DFT framework by the broken-symmetry approach [33, 34].6 However, the use of broken-symmetry
(BS) solutions can be understood as only attempting to circumvent the static correlation
error of the functional by using high-spin state. Also, a more conventional unrestricted
approach of DFT is often applied to simulate the multideteminant character of low-spin
open-shell electronic structures, but it introduces an unphysical spin contamination into
the wave function (surprisingly, GGA functionals are quite robust in dealing with openshell systems where the HF and post-HF methods exhibit high spin contamination [35]).
III) Self-interaction error. This unphysical effect results from the non-exact approximations to the exchange terms in Equation (12), which is often interpreted as a
residual interaction of an electron with itself. While the diagonal exchange terms Kii
cancel exactly self-interaction Coulomb terms Jii in the HF theory, it is not true for the
6

see Appendix: Broken-Symmetry DFT (Section 5.2).
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DFT methods. The effort to remove this error has encountered a mixed success [36, 37, 38]
and actually it is often argued that the self-interaction error simulates to some extent
static correlation effects [39, 40]. It is worth noting that Sieghbahn et al. have recently
shown how much this error can influence the energetics of reactions [41].
IV) Lack of systematic improvability. All of the current functionals are approximate and there is no obvious way to determine a priori which functional may be optimal
for a particular case of interest. However, experience has shown that, across a surprisingly
wide variety of systems, the DFT tends to be quite robust.

2.2

Time-Dependent Density Functional Theory - TDDFT

Time-dependent DFT is the QM method aimed at the investigation of the properties
and dynamics of molecular systems in the presence of time-dependent potentials, such
as electric and magnetic fields. The effect of such fields on molecules and solids can be
studied with TDDFT to extract features like the excitation energies, frequency-dependent
response properties, and absorbtion spectra.
TDDFT is an extension of DFT, and therefore the conceptual and computational
foundations are analogous. The working Kohn-Sham equation is more involved for the
TDDFT than the DFT and examples are available in many articles (e.g. [42, 43, 44, 45]).
Here, I focus on a conclusion that the linear response theory is applied to the solution of
the time-dependent Kohn-Sham equation which brings a great advantage as, to first order,
the variation of the system will depend only on the ground-state wave function so that
we can simply use all of the properties of the DFT. In this respect, all of the theoretical
limitations mentioned in the DFT section are also valid for the TDDFT. In addition, the
conventional TDDFT has serious trouble with the description of long-range exchange,
which is crucial for the accurate calculations of charge-transfer excitation energies, and
fails in the description of double (and higher) excitations from the ground-state wave
function [46, 47].

2.3

Molecular-Orbital Theory: Multiconfiguration Methods

Having discussed the pitfalls of DFT methods, it is now evident that their applicability to metalloenzymes and transtion-metal complexes, which tend to exert strong static
correlations in electronic structure, must be often verified by using post-HF (correlated) QM methods or experimental results. The molecular-orbital post-HF methods
(e.g. configuration-interaction (CI) methods7 , Møller-Plesset (MP) perturbation theory,
coupled-cluster (CC) methods etc.) are usually referred to as advanced QM methods.
7

see Section 2.3.3.

13

The most conventional forms of these methods use molecular orbitals optimized by the
Hartree-Fock approximation, but these (especially virtual) orbitals are of a rather poor
quality. Consequently, the static correlation energy8 is not sufficiently included. This
fact led quantum chemists to the development of the multiconfiguration methods, whose
basic philosophy is briefly introduced in the three following sections. Note that some
of the studies presented in this thesis include spin-orbit coupling calculations, in which
multiconfiguration wave functions are used.9
2.3.1

Complete Active Space Self-Consistent Field - CASSCF

The multiconfiguration SCF method (MCSCF) can be understood as a generalized HF
method, but it surpasses the shortcomings arising from the single-configuration (i.e.
single-reference) feature of the HF method. The central idea of MCSCF is to construct
a multideterminantal wave function as a truncated CI expansion:
ΨM CSCF =

X

cI ΨI

(20)

I

whereas cI expansion coefficients as well as the orbitals contained in ΨI are optimized
in order to minimize the total energy. ΨI corresponds to the Slater determinants or
configuration state functions (CSF).10 For a closed-shell system, if only one determinant
is included in the expansion (20), the MCSCF and HF methods become identical. On
the other hand, ΨM CSCF is identical to the full CI wave function if all of the possible
configurations are taken into account.
Probably the most important MCSCF approach is the complete active space SCF
method (CASSCF), where ΨM CSCF includes all of the determinants arising from a number
of electrons in a number of (active) orbitals corresponding to the total spin. In the
state-averaged CASSCF (SA-CASSCF), the weighted average of electronic energies of
several selected states is minimized. Within SA-CASSCF, the CFSs of selected states are
expanded into a common set of orbitals, which reflects their averaging over these states.
According to Weyl’s formula:
NCSF

2S + 1
=
n+1



n+1
N/2 − S

8



n+1
N/2 + S + 1



(21)

Correlation energy is defined as the difference between the Hartree-Fock and full CI energy limit in
the complete (infinite) basis set. Although the decomposition of the correlation energy into static and
dynamical contributions is not well-defined, the first may be mostly attributed to the influence of other
configurations that are low-lying in energy and that mix strongly with the Hartree-Fock configuration,
−1
−1
the latter to the rij
term in the Hamiltonian operator in the HF method, which is singular as rij
→ 0,
and the post-HF methods improve this error more or less successfully.
9
see Appendix: Inclusion of Scalar and Non-Scalar Relativistic Effects in Calculations (Section 5.3).
10
CSF is a spatially and spin adapted linear combintation of the Slater determinants.
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which yields a number of configuration state functions (NCSF ) depending on the n active
orbitals, N active electrons and total spin S, the number of CSFs quickly increases with
the number of active orbitals for a given number of active electrons, resulting in a steep
increase of the computational cost. Hence, it may be desirable to use a smaller set of
CSFs. One way to conduct this selection is to restrict the number of electrons in certain
subspaces, which is done in the restricted active space SCF method (RASSCF). One can,
for instance, allow only single and double excitations from some strongly-occupied subset
of active orbitals, or restrict the number of electrons in another subset of active orbitals.
The state-averaged form is also applicable.
It is important to realize that MCSCF wave functions with small active spaces typically account for static correlation effects much more effectively than for dynamical
correlation effects, hence the post-MCSCF methods have been devised to improve this
drawback of the MCSCF method.
2.3.2

Complete Active Space Second-Order Perturbation Theory - CASPT2

The second-order Møller-Plesset perturbation theory (MP2), based on a single HF determinant, gives a simple expression for the total energy in the MP2 method:
1 X |hχa χb |χi χj i − hχa χb |χj χi i|2
EM P 2 = EHF +
4 ijab
ǫi + ǫj − ǫa − ǫb

(22)

where indexes i, j correspond to the occupied molecular orbitals while a, b to the virtual
molecular orbitals. The symbol ǫ represents the orbital energies. However, the generalization of the MP2 method from a single HF determinant to a multiconfigurational reference
wave function is not straightforward. A widely used approach that combines second-order
perturbation theory with CASSCF is the CASPT2 method. It has been developed by
Roos et al. [50] and has encountered considerable success in its application throughout
chemistry and spectroscopy. The technical details are beyond the scope of this work, but
they are available in the review article [51]. Looking at the expression (22), it is obvious
that the perturbation correction fails if the denominator is close to zero, which occurs in
the presence of quasi-degenerate states. In ordinary MP2, such states rarely occur, since
the MP2 is usually applied to molecules with a large energy gap between the occupied
and virtual molecular orbitals. However, in the CASPT2 method, this is not always the
case. A number of methods have been suggested to overcome this Achilles’ heel denoted
as the intruder state (e.g. imaginary level shift of virtual orbitals). A particularly powerful form of CASPT2 is the so-called multi-state CASPT2 (using the SA-CASSCF wave
function as a reference), in which coupling over several electronic states is considered and
which is hence capable of treating cases where strong mixing between the reference state
and one or more secondary-space states occurs.
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In a similar way as in the resolution-of-identity (density-fitting) approximation mentioned in Section 2.1.1, the repulsion (Coulomb) integrals within the CASSCF method
can be approximated by applying the Cholesky decomposition [52]:
hµν|λσi =

M
X

LJµν LJλσ

(23)

J

where the Greek indices denote AOs and LJµν is the J -th Cholesky vector obtained from
the matrix decomposition. Because of the near linear dependence in the product space
of the AOs, the number of vectors M needed to numerically represent the integrals to an
accuracy suited for quantum chemical calculations is significantly smaller than the full
dimension of the integral matrix, which results in a significant saving of computational
efforts.
2.3.3

Multireference Configuration Interaction - MRCI

The conventional CI method expands the wave function into linear combinations of the
Slater determinants, built from HF orbitals. If the number of the Slater determinants is
complete (i.e. ground-state and all of the possible excited configurations are considered),
it is called the full CI. The full CI method in the complete (infinite) basis set would yield
the exact non-relativistic wave function and energy of an arbitrary system.
A multireference configuration interaction method is a CI expansion, in which many
MCSCF electronic configurations (or just CSFs) are used as references instead of using
a single HF reference. If the CI expansion includes singly- and doubly-excited configurations, then the final expansion is a linear combination of all of the references and of the
configurations generated from single and double excitations out of the references to the
virtual (external) orbitals. In this case, the MRCI wavefunction can be written as:
ΨM RCI =

X
I

CI ΨI +

X

CSa ΨaS +

Sa

X

ab ab
CD
ΨD

(24)

Dab

where a, b denote external orbitals (not occupied in the reference configurations) and
S, D denote internal single- and double-electron hole states. Then, coefficients C with
which these CFSs enter into the MRCI wavefunction (equation (24)) are variationally
determined through the equation:
HC = EC

(25)

with matrix elements H = hΨJ |Ĥ|ΨK i. To reduce the computational demands of the
MRCI, a selection of the most important CSFs in the expansion (24) is often adopted.
In the ORCA package [48], which is used throughout the thesis, a CSF is included in the
variational space if:
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|hΨK |Ĥ|0i|2
≥ Tsel
|hΨK |Ĥ|ΨK i| − |h0|Ĥ|0i|

(26)

where Tsel is a user-defined threshold (usually 10−5 a.u.).
A brief introduction into the MRCI methods is provided for example in Ref. [49].

2.4

Hybrid Quantum and Molecular Mechanical Models

The main part of the thesis concerns the elucidation of enzymatic reaction mechanisms
based on realistic models such as a substrate-metalloprotein complex solvated in explicit
water molecules.11 These models typically comprise several tens of thousands of atoms;
it is hence impossible to treat them at the QM level. Fortunately, the reactions catalyzed
by the enzyme are usually limited to a relatively small active site, whereas the remainder
of the enzyme is important for maintaining its structure and providing a favorable environment (electrostatics, electron-transfer paths, substrate and product channels). This
fact allows the partition of the model into regions, which are treated at different theoretical levels. While the QM methods must be applied to the active site, where bonds
break and form and therefore electronic structure changes, the complexity of surrounding
region can be reduced to molecular-mechanical (MM)12 descriptions of the intra- and
intermolecular interactions. The coupling of the QM and MM approaches leads to hybrid
QM/MM techniques. If the boundary between the QM and MM regions passes across
one or more chemical bonds, which is the case with enzymes, then special action must
be taken (a junction). Because the clear definition of the junction between the regions is
missing, several variants of QM/MM methods have been recently developed (i.e. methods applying junctions between QM and MM by means of frozen orbitals [53, 54] or link
atoms [55, 56, 57]). In the following text, the QM/MM method implemented by Ulf Ryde
in the ComQum program [58, 59], which is used in this work, is described.
ComQum tipically combines the Turbomole program [60] for the QM part with the
Amber program [61] for the MM part. It divides the protein (including the solvent
molecules) into three subsystems (see Figure 1). The central system 1 is optimized by
a QM method. System 2 consists of all of the atoms in all of the amino acids (and
solvent molecules) within a radius r1 of any atom in System 1. It is optimized by the
MM method. System 3, which corresponds to the rest of the protein and a sphere of
water molecules, is considered in all of the QM/MM calculations presented here but is
kept fixed at the crystal geometry. In the QM calculations, System 1 is represented by
11

Small transition-metal complexes mimicking enzymatic active sites and surrounded by an implicit
solvent are taken as alternative but less realistic models in the calculations. For details, see Appendix:
Solvation Effect with COSMO (Section 5.4)
12
see Appendix: Molecular Mechanics (Section 5.5)
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a wave function, whereas all of the atoms from Systems 2 and 3 are represented by an
array of unpolarizable partial point charges, one for each atom, taken from the Amber
libraries. In the MM calculations, all of the atoms are represented by the Amber force
field.

Figure 1: The division of a large system into three subsystems.
When there is a junction between Systems 1 and 2, the quantum region is truncated by
hydrogen atoms, the positions of which are linearly related to the corresponding carbon
atoms in the full system (the hydrogen link-atom approach) as shown in Figure 1. In
order to avoid an overpolarization of the quantum region, point charges on the atoms in
the MM region bound to junction atoms are set to zero and the remaining charges of the
truncated amino acids are adjusted to keep the fragment neutral.
The total energy is calculated as:
Etot = EQM + EM M 123 − EM M 1

(27)

where EQM is the QM energy of System 1 truncated by the hydrogen atoms, which
includes the interaction of System 1 with the surrounding point charges (Systems 2 and
3) while excluding the self-interaction energy of the point charges; EM M 1 is the MM
energy of System 1, still truncated by hydrogen atoms, but without any electrostatic
interactions; finally, EM M 123 is the MM energy of all of the atoms with normal atoms at
the junctions and with the charges of System 1 set to zero (to avoid double-counting the
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electrostatic interactions). By using this approach, the errors caused by the truncation
of (quantum) System 1 should cancel one another out.
The calculated forces are the negative gradients of this energy:
−∇Etot (r1 , rHj , r2−3 ) = −∇EQM (r1 , rHj )
+ −∇EM M 123 (r1 , rCj , r2−3 ) + ∇EM M 1 (r1 , rHj )

(28)

but because of the junctions, they have to be corrected using the chain rule:
rCj = rXj + k(rHj − rXj )

(29)

where k = rCj Xj /rHj Xj . The symbols Cj , Xj and Hj correspond to atoms depicted in
Figure 1.
Finally, the program flow for QM/MM geometry optimization can be summarized as:
Evaluate QM wave function
Repeat
Evaluate the QM forces (from S1-S3 onto S1)
Evaluate the MM forces (from S1-S3 onto S1)
Add the forces
Relax the geometry of S1 using these forces
Change the coordinates of S1 in MM representation
If S2 is to be relaxed
Calculate the QM charges of S1
Insert them into the MM representation
Relax S2 by MM minimization with S1,S3 fixed
Change the coordinates of S2 in QM representation
Evaluate QM wave function (and energy) of S1
Evaluate MM potential energy (S2-S3)
Add the QM and MM energy
until convergence
Although the QM/MM methods represent very important tools for the investigation
of large systems, they exhibit certain limitations in their application. The conventional
QM/MM method is a suitable choice if the substrate is rather tightly bound to an active
site so that the contributions of more than one reaction pathway to the overall reaction
barrier are assumed to be small. It is also applicable if the conformational changes in
the whole system are not large. In this respect, the QM/MM study of a cooperative
mechanism between the monomeric subunits in an enzymatic complex for example seems
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very problematic. To describe such large changes, an extensive sampling of conformational space is usually performed by propagating molecular dynamics on the QM/MM
potential energy surfaces. Hence, in our cases, the applicability of QM/MM is confined
to the description of the structural changes localized in the QM part during the reaction. Consequently, it is possible to estimate the entropy and thermal enthalpic changes
by normal-mode frequency calculations of corresponding fully optimized gas-phase structures mimicking an active site:
∆Htherm − T ∆S = ∆EZP E − ∆RT · ln(qtrans qrot qvib )

(30)

where ZPE is the zero-point vibrational energy and qtrans qrot qvib is a product of the
translational, rotational and vibrational partition functions. Free energy changes are
then estimated according to the equation:
∆G = ∆EQM/M M + ∆EZP E − ∆RT · ln(qtrans qrot qvib ).

(31)

Unfortunately, (analytical) second derivatives are not usually implemented within the
QM/MM framework, which is needed for transition-state (TS) optimization or normalmode frequency calculations (the evaluation of the analytical QM/MM Hessian is shown
in [62]). Thus, the estimations of transition states in large enzymatic systems discussed in
this thesis were carried out by means of one- or two-dimensional scans of the corresponding
potential energy surfaces. Alternatively in some cases, a TS optimization of the cluster
models of active sites, where some atoms are kept fixed at their QM/MM positions and
the partial Hessian approach is used, was found to be a useful tool (for this methodology
see [63]).
Further details concerning QM/MM are available in [64].
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3

Results and Discussion

3.1
3.1.1

Metalloenzymes
Reaction Mechanism of Manganese Superoxide Dismutase

Superoxide dismutases (SODs) are ubiquitous enzymes in prokaryotic and eukaryotic organisms. Their biological function is to dispose cells of superoxide radical-anion O·–
2,
which is formed as a byproduct of various metabolic pathways (e.g. respiration chain
in mitochondria and immune reaction).13 SODs catalyze the disproportionation (dismutation) of superoxide radical-anion O·–
2 into the less reactive dioxygen and hydrogen
peroxide14 :
+
2O·–
2 + 2H → O2 + H2 O2

(32)

This class of enzymes performing the same reaction comprises at least three structurally
unrelated families of SODs: the structurally homologous mononuclear iron and manganese SODs [65, 66], the binuclear copper-zinc SODs [67] and the mononuclear nickel
SOD [68]. The following discussion is focused on manganse superoxide dismutase (MnSOD) and the elucidation of its reaction mechanism.
MnSOD operates in prokaryotic cells and eukaryotic mitochondia. In prokaryotes,
MnSOD is most commonly found as a dimer, in which two monomers come together at
a highly conserved interface [69]. On the other hand, the eukaryotic MnSOD is usually
biologically active as a tetramer, formed from prokaryotic-like dimers [70]. Each subunit
in the oligomer has one metal-binding active site, found at the junction of the two domains
of which the monomer is composed. These sites consist of a manganese center kept in
the ligand field of three histidine residues (two equatorial and one axial), one equatorial
monodentately bound aspartate residue and an axial metal-bound hydroxide anion or
water molecule [71]. The ligands are arranged in a trigonal bipyramide. In this study, the
QM/MM models were prepared from the crystal structures (with an atomic resolution
of 0.9 Å) of prokaryotic MnSOD (produced in Escherichia coli with one mutagenesis
Tyr174Phe) [72]. It is also worth mentioning that the putative entrance/exit channel to
the active site is created at the interface of both subunits of the dimer. Moreover, this
channel is mostly flanked by positively charged amino acids, which attracts the superoxide
radical-anion to the neighborhood of the active sites.
13
The dangerousness of the superoxide radical consists especially in the fact that its reaction with the
water molecule gives rise to the more damaging OH· radical.
14
Hydrogen peroxide can be further converted into water molecules by peroxidase or into dioxygen
and a water molecule by catalase. On the other hand, myeloperoxidases use H2 O2 to produce the more
reactive hypochlorous molecule HOCl or tyrosyl radical as an immune response on xenobiotic compounds
or organisms. All of the mentioned enzymes contain a heme iron center.
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From the experimental point of view, the investigation of the MnSOD reaction mechanism is challenging mainly because of the reaction rate, which is one of the highest of all
of the known enzymatic reactions with kcat = 104 − 105 s−1 corresponding to the diffusion
rate limit [73] and therefore precludes most of the direct experiments. As a consequence,

the studies based on experiments with substrate analogues provide more or less indirect
support for different reaction mechanisms. For instance, an X-ray analysis of the crystal
structure of the complex of Mn3+ SOD (or Fe3+ SOD) with N–3 indicated that a catalytic
reaction can occur via the so-called associative mechanism (i.e. binding of substrate as
the sixth ligand) [74]. The associative mechanism was further supported by spectroscopic
studies of NO adduct to reduced Fe2+ SOD [75]. On the other hand, it was demonstrated
that fluoride and azide anions do not bind directly to the reduced metal center, which has
been interpreted in favor of a second-sphere binding of the substrate. The second-sphere
binding sites were attributed to the conserved Tyr34 and His30 residues. This can be
partially documented by the fact that the Tyr34Phe mutant loses 60% of its activity as
compared to the wild type. According to the kinetic studies, one catalytic turnover is
divided into two half-reactions. In the first half-reaction, O·–
2 is oxidized to O2 , whereas
the second half-reaction corresponds to the reduction of O·–
2 to H2 O2 .
For an elucidation of the various aspects of catalysis, theoretical approaches have also
been applied. The application of combined QM/MM and an X-ray refinement contributed
to the consensual belief that the hydroxide anion is bound to the Mn(III) center in
the initial structure of the first half-reaction while the water molecule is bound to the
Mn(II) center in the initial structure of the second half-reaction [71]. By applying DFT
methods on small models of active site, the various spin states possibly occuring in
MnSOD catalysis were analyzed [76]. All of this information provides the basis for our
QM/MM modeling of the reaction mechanism.
In the presented work, four possible substrate-binding sites that imply four possible
reaction mechanisms were investigated: (a) O·–
2 is bound to the manganese center between
two equatorial histidine residues as a sixth ligand (associative or ASS mechanism); (b) O·–
2
replaces the hydroxide anion or water molecule in the coordination sphere (dissociative
or DIS mechanism); (c) O·–
2 interacts with the Tyr34 residue (second-sphere 1 or SS1
mechanism); (d) O·–
2 interacts with the metal-bound hydroxide anion or water molecule
(second-sphere 2 or SS2 mechanism).
Based on one-dimensional QM(B3LYP/TZP//RI-PBE/SVP)/MM scans of the potential energy profiles, we found the associative mechanism to be the most energetically
2+
favorable for the first half reaction (Figure 2). The initial O·–
2 · · · MnOH − complex is most

stable in the quartet spin state, which corresponds to an antiferromagnetic coupling be-
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Figure 2: The substrate-binding sites in the active-site pocket imply four possible reaction mechanisms: associative, dissociative, second-sphere 1 and 2. As for the first half
reaction, the QM/MM potential-energy profiles corresponding to the release moiety from
the active site for an associative complex are shown. The numbers (x;y) in the graph
denote the spin densities at the manganese and O2 centers.
tween the superoxide radical-anion and the high-spin Mn(II) center having five singly
occupied d orbitals. Starting from this complex, the energy of the system in the quartet
spin state increases with the prolongation of O2 · · ·Mn distance. At a distance of 2.6-3.0

Å, the quartet-octet spin crossover occurs (the octet state becomes the ground state),
so that the energy of the system starts to decrease, leading to the product complex,
which corresponds to a dioxygen molecule in the triplet state ferromagnetically coupled
to the high-spin Mn(III) center with four singly occupied d orbitals. Hence, it turns out

that the barrier in this nonadiabatic two-state reaction profile is lower than 25 kJ/mol
(10 kJ/mol at the QM(B3LYP/TZP//RI-PBE/SVP)/MM level and 24 kJ/mol at the
QM(CASPT2(8-in-8)/ANO-S//RI-PBE/SVP)/MM level). In addition, the reaction is
exothermic. Interestingly, although the sextet spin state is only a low-lying excited state
along the reaction coordinate, it probably facilitates quartet-octet reactivity via spinorbit coupling15 and therefore its energetic proximity to the ground state is important for
the first half-reaction. It should be also noted that the initial complex corresponding to
the oxidation of O·–
2 via the SS1 mechanism is more stable than the initial complex described for the associative mechanism. However, the endothermicity of the redox process
15

According to the spin selection rule arising from the Wigner-Eckart theorem, two arbitrary spin states
do interact if their total spin angular momenta R and S observe this condition: |R − S| ≤ 1 ≤ |R + S|.
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along with the fact that the electron transfer in the SS1 mechanism is expected to be less
probable because of the larger manganese-superoxide separation seem to discriminate in
favor of SS1 against associative mechanism.16

Figure 3: The two-dimensional QM/MM potential-energy surface of the proton-coupled
electron transfer from the Mn-OH2 to the O2 in the SS2 mechanism. The interatomic
distances are in Å. The numbers (x;y) in the graph depict the spin densities at the
manganese and O2 centers.
2+
The key step of the second half-reaction, O·–
→ O2 H– + – HO· · ·Mn3+ ,
2 + H2 O· · ·Mn

seems to proceed via the SS2 mechanism following the quintet reaction profile (Figure 3).
The evolution of the spin densities on Mn and O2 species along the reaction coordinate correlates nicely with the anticipated charge transfer from the metal center to the substrate
and indicates a progressive mixing of the initial and final state, Ψ = cini Ψini + cf in Ψf in ,
with (cini → 1; cf in → 0) for the reactant and (cini → 0; cf in → 1) for the product. The

corresponding transition state of this proton-driven electron transfer lies about 62 kJ/mol
above the intial structure. According to Equation (31), the addition of the entropic and
enthalpic terms to this potential-energy barrier provides an estimate of the free-energy
barrier: 65 kJ/mol at the B3LYP level or 68 kJ/mol at the MS-CASPT2 level of theory.
Both results are in good agreement with the value determined from kcat .17 As far as the

other mechanisms are concerned, it appears that only the associative mechanism could
possibly compete with the preferred SS2 mechanism. In spite of the very low free-energy
16

The electronic coupling between the initial and final state, HDA , which is included in the Marcus
equation of the rate of an electron transfer, decays exponentially with the separation distance between
the donor and acceptor [77]. For more details, see Section 3.1.3.
−∆G6= /kT
17
,
∆G6= = 73.505−5.744·log(kcat ) (in kJ/mol) derived from the Eyring equation kcat = κ kT
h e
in which transmission coefficient, κ, equals 1; it means that tunneling and recrossing effects have been
omitted.

24

activation barrier of 21-25 kJ/mol (B3LYP and CASPT2 level), the lower stability of the
ASS reactant disfavors this mechanism by 7 kJ/mol.
In summary, the first part of the catalyzed reaction is proposed to proceed via the
associative mechanism following a two-state (quartet-octet) reaction profile with a barrier
of 10 kJ/mol, whereas the second part via the second-sphere mechanism (i.e. substrate is
bound to the metal-bound water molecule) following a quintet state profile with a barrier
of 65 kJ/mol.
More information is provided in ARTICLE I (Section 8).
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3.1.2

Reaction Mechanism of Stearoyl-ACP ∆9 Desaturase

Stearoyl-ACP ∆9 desaturase (∆9 D) is the non-heme iron-containing enzyme involved in
fatty-acid metabolism and its regulation in plants [78]. Namely, it catalyzes the conversion
of the saturated stearic-acid chain, which is attached to the small acyl-carrier protein
(ACP) via a phosphopanteteine linker, into the unsaturated oleic-acid chain. Formally,
the catalyzed reaction can be written as:
stearoyl-ACP + O2 + 2H+ + 2e− → oleoyl-ACP + 2H2 O

(33)

where two electrons in the equation come from ∆9 D. Consequently, after the completion
of the catalytic cycle, ∆9 D is regenerated by a two-electron reduction coming from photosystem I via ferredoxin during photosynthesis or coming from NADPH and ferredoxinNADP+ oxido-reductase via ferredoxin during darkness. ∆9 D is biologically active as a
homodimer. The active site is formed by a binuclear iron center (Figure 4) and is very
similar to the active sites of ribonucleotide reductase and methane monooxygenase [11].

Figure 4: The active site of the reduced ∆9 D consists of two iron centers surrounded by
four equatorial glutamate and two axial histdine residues (Picture A). The structure of
the P intermediate of ∆9 D including the second-shell residues along with the substrate
is represented by Picture B.
Despite many experimental studies concerning the catalytic properites of ∆9 D, the
reaction mechanism remains unknown. This work attempts to remedy such a situation
by applying the QM/MM method. The QM/MM model was prepared from the X-ray
structure of ∆9 desaturase taken from seeds of Ricinus communis (PDB code 1AFR
[79]). Unfortunately, an X-ray structure of the complex of ∆9 D with its substrate is still
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missing; the complex was thus prepared by docking the substrate into ∆9 D so that the C9
and C10 carbons of the stearic chain were located in the vicinity of the diiron center. In
the model, the ACP was replaced by a methyl group (see Figure 4). The computational
details can be found in the attached article.
According to the spectroscopic study of the active site in the absence of the dioxygen
molecule [80], the substrate binding strongly perturbs the structure of the active site, i.e.
one of the iron centers becomes four-coordinate. In the presence of a dioxygen molecule,
such a perturbation was suggested to promote electron transfer from the biferrous center
to the dioxygen molecule, resulting in the formation of the blue 1,2-µ-peroxobifferic-∆9 D
complex denoted as the P intermediate (displayed in Figure 4). In this study, the P
complex is considered to be the initial structure in the catalysis. It appears that P
is very stable and therefore an activation factor should be taken into account. Some
experiments suggested that the presence of reduced ferredoxin in the reaction mixture
with the P complex is crucial for the promotion of the catalytic reaction [81]. Since the
magnetic-circular-dichroism (MCD) technique does not show any structural influence of
the oxidized ferredoxin on the structure of the active site of the reduced ∆9 D or reduced
∆9 D+stearoyl-ACP systems (unpublished results provided by Prof. E. I. Solomon), it is
assumed that only a one-electron reduction of P coming from ferredoxin is responsible
for the further activation in this part of the catalytic cycle. To verify the assumption,
several reaction pathways corresponding to possible activations of the P intermediate in
different oxidation and protonation states were investigated using QM/MM. Therein, two
observations are worth mentioning. First, the fully reduced P undergoes a spontaneous
dissociation of the O-O bond of the peroxo bridge. This process could be the initial step
in the so-called oxidase chemistry of ∆9 D, for which the conversion of the P intermediate
into the resting state O (i.e. µ-oxobiferric-∆9 D complex) without any desaturation of the
substrate is observed. Second, the extremely low activation barrier associated with the
reaction step, during which the coordination bond of the protonated peroxo bridge to one
of the irons is disconnected (see the second step in Figure 5), was found to amount to 10
kJ/mol as calculated at the QM(B3LYP/TZP)/MM level. We proposed this step to be
the initial one in the desaturation process. The subsequent step in Figure 5 corresponds
to the hydrogen-atom abstraction from the C10 atom with an activation barrier of 86
kJ/mol (and an activation free energy of 71 kJ/mol).18 These theoretical values are in
18

The QM(CASSCF(13-in-12)/CASPT2/ANO-S)/MM method was used instead of the
QM(B3LYP/TZP)/MM, because the wave function in the transition state turns out to have a
multiconfiguration character as deduced from the CI vector. It is noteworthy that the singlet is ground
spin state at the beginning of the process, whereas decet (S =9/2) becomes ground state in the transition
state structure. However, it should be stressed that the difference in the energies among the various
states, ranging from singlet to decet, are within the error bar of the method (10 kJ/mol).

27

Figure 5: The proposed reaction mechanism. The formal oxidation states of the two
iron centers are displayed.
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very good agreement with a value of 62 kJ/mol experimentally inferred from kcat = 95
s−1 [81]. Moreover, qualitative support for this proposed step can be also found in Refs.
[82, 83], which indicate that the H-atom abstraction is initiated at the C10 position.
Since the kinetic isotope effect (kH /kD ) for the C-H bond cleavage in membrane-bound
stearoyl-CoA ∆9 D was determined to amount to 6.6 [84, 85] and it is estimated to be
approximately 10 [81] in soluble stearoyl-ACP ∆9 D, we have found the calculated value
of 8.2 to be another supporting argument for our proposed reaction mechanism.
By following the pathway, an intermediate with a ferryl unit (i.e. FeIV =O) is formed.
This reactive unit, which was well-characterized in other iron-containing enzymes (e.g.
cytochrome P450 [14], cytochrome aa3 [86], αKG-dependent oxygenases [87] etc.), is most
likely responsible for the second H-atom abstraction in stearoyl-ACP-∆9 D complex. In
this case, the activation barrier amounts to 50 kJ/mol.19 This value is close to that
calculated for P450 (49 kJ/mol [88]). According to the proposed mechanism depicted in
Figure 5, the H-atom abstraction from the C9 site should be followed by a proton and
electron transfer connected with the release of the water molecule and the formation of
the µ-(hydr)oxobiferric complex (resting state O). However, several issues remain unclear
in this part of catalytic cycle. First, the fate of the electron which reduced the P intermediate, since the final spectroscopically characterized resting state O lacks this exogenous
electron. Second, the oxo bridge was unambiguously determined to originate exclusively
from the water molecule [82]. In our proposal, it suggests that the iron-bound water
molecule should donate a proton to the nearby iron-bound hydroxide anion, but this step
turns out to be enthalpically neutral. Despite these uncertainties, we believe the work
presents an attractive scheme of the reaction mechanism respecting many experimental
observations.
More information is provided in ARTICLE II (Section 8).

19

The QM(CASSCF(13-in-12)/CASPT2/ANO-S)/MM method was used. Interestingly, the usually
successful QM(B3LYP/TZP)/MM method does not predict any reaction barrier in this case. It is likely
caused by a self-interaction error of B3LYP as reported in [41].
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3.1.3

Kinetics of Internal Electron Transfer in Multicopper Oxidases

Multicopper oxidases (MCOs) are an important class of oxidases converting dioxygen
in a four-electron reduction into water with a concomitant one-electron oxidation of a
substrate [91, 96]. Most MCOs exhibit broad specificity towards organic reductants [97].
Multicopper oxidases are for example important for lignin formation in plants (plant
laccases) [98]; pigment formation, lignin degradation and detoxification processes in fungi
(fungal laccases) [98]; iron metabolism in yeast (Fet3p) [99, 100] and mammals (hCp
and hephaestin) [102, 101]; copper homeostasis in bacteria (CueO) [103] and manganese
oxidation by bacterial spores (MnxG) [104]. Therefore, the physiological substrates of the
MCOs vary from organic compounds to metal ions like Fe2+ , Cu2+ and Mn2+ . As shown
in Figure 6, the active site of MCOs is unique in that it consists of at least four copper
centers organized into three spectral classifications of copper sites in biology: Type 1 (CuT1 site), and Type 2 and a binuclear Type 3, which form a trinuclear Cu cluster (Cu-T23
site). The reduction of O2 occurs in the Cu-T23 site while the concomitant oxidation

Figure 6: The structure of the MCO active site with arrows marking the flow of the
substrates, electrons and O2 .
of substrates takes place in the Cu-T1 site. Cu-T1 is coordinated to one cysteine (Cys)
and two histidine (His) residues. In most MCO structures, it also binds to a fourth weak
axial ligand, typically methionine. It exhibits a strong absorption band around 600 nm
arising from a SCys → Cu(II) charge-transfer excitation, which gives rise to the intense
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blue color of MCOs. The trinuclear copper cluster in the resting state is surrounded by
eight His ligands and two hydroxide anions - one bound to the Cu-T2 and the second
bridging the binuclear (Cu-T3) center. Many experimental and computational studies
focused on the elucidation of the reaction mechanism of MCOs have been carried out.
Namely, the conversion of dioxygen into water in the Cu-T23 site has been intensively
studied (e.g. [92, 94, 93]. Since two reaction centers are separated by 13 Å, the highly
conserved Cys-2His chain mediating the long-distance internal electron transfer (IET)
between them is the integral part of the MCO reactivity. Owing to the Marcus theory, it
is possible to calculate the rate constants of electron-transfer reactions (kET ) and analyze
how they depend on several physical parameters (see below). The central formula of the
theory reads:

(λ + ∆G0 )2
2π
|HAB |2 exp −
kET = √
(34)
4λkT
h̄ 4πλkT
where crucial terms are explained in Figure 7, and T and k stand for the temperature and
!

Boltzmann constant, respectively. The analytic form of the function kET (T, ∆G0 , λ, HAB )
as provided in Equation (34) is derived from the simplified assumption that both the
initial and final free-energy profiles behave parabolically (Figure 7).

Figure 7: The parameters contributing to the rate of electron-transfer reaction are
described. HAD is the electronic coupling between the initial and final states, λ is the
reorganization energy, and ∆G0 is the total Gibbs free energy change of the electrontransfer reaction.
In this work, a new mechanistic aspect of the function of bilirubin oxidase (BO) was
investigated. BO is a multicopper oxidase which catalyzes the oxidation of bilirubin to
biliverdin. Using QM/MM calculations and electrochemical experiments, the kinetics of
the internal electron-transfer were analyzed, suggesting that IET is the rate-limiting step
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in the catalytic turnover in the heteregenous reaction, where the Cu-T1 site is reduced
by an electrode instead of using the substrate - bilirubin. As for the QM/MM model,
the X-ray structure of the CueO protein (PDB code 1KV7 [95]) was used, because it
had the best resolution among the published MCO structures at the start of this study
(the X-ray structure of BO has not been determined yet). Additionally, based on the
similarity between BO and other MCOs in their main biochemical, spectral, and kinetic
properties [96, 106], as well as in their primary structures, it is assumed that the catalytic
site of BO has the same structural pattern as CueO.
In order to determine the rate-limiting step in the reaction mechanim of BO, three
processes were considered: 1) Electron donation from the reduced substrate or from a
negatively polarized electrode to the catalytic Cu-T1 site20 ; 2) The IET from the CuT1 site to the Cu-T23 cluster; 3) An O2 reduction by the Cu-T23 cluster.20 Although
the overall catalytic rate constant is strongly correlated with the reduction-potential
difference between the substrates and the T1 copper, the reduction potential of the T23
active site is more challenging to ascertain. By analyzing the experimental results of
Process 3 obtained from the literature [107, 108, 109, 110, 111, 112], the theoretical rate
of the O2 reduction by the Cu-T23 cluster of BO can be as high as 2.6.103 s−1 under airsaturated conditions. Finally, the main part of this study is focused on IET (Process 2).
By means of voltammetric studies, the reduction potentials of the two enzymatic redox
centers were estimated: ECu−T 1 is about 670 mV vs. standard hydrogen electrode (SHE)
[113] and one of the ECu−T 23 values of MCOs in general [114, 115], and BO in particular
[113], is close to 400 mV. Such a difference in the reduction potentials suggests that the
internal electron transfer is an endergonic process (∆G0 ≈ +0.27 eV). As shown in Ref.

[116], the IET rate can be calculated from the empirical expression, which incorporates
an exponential decay of the tunneling rate with the edge-to-edge distance (R) and a

parabolic dependence of the logarithmic function of the IET rate constant on ∆G0 and
λ:
log(kIET ) = 150.6R − 3.1[(∆G0 + λ)2 /λ]

(35)

Therefore, to obtain an estimate of kIET , the reorganization energy, λ, which is associated
with a transition from an inital state to a final state, i.e. with the formal reaction
T1red T23ox → T1ox T23red , remains to be determined. For this purpose, QM(DFT)/MM
calculations were performed, which was my contribution to this study. Unfortunately,
the reorganization energy cannot be evaluated directly in QM(DFT)/MM calculations,
because the DFT methods are not capable of describing two distinct electronic states in
20

It includes also substrate binding and product release.
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a given geometry. For this reason, the following plausible approximation was used:
λ ≈ λ1 + λ2

(36)

λ = E(T1ox T23red //T1red T23ox ) − E(T1ox T23red //T1ox T23red )

(37)

with

λ1 = E(T1ox //T1red ) − E(T1ox //T1ox )

(38)

λ2 = E(T23red //T23ox ) − E(T23red //T23red )

(39)

where E(A//B) denotes the QM/MM energy of oxidation state A in the geometry optimized for oxidation state B. When calculating for example λ1 , the T23 may be important
even though it does not appear explicitly in Equation (36). In all of the calculations,
native intermediate (NI) was taken as a representative form of the T23 center, because
it turns out to be the catalytically relevant fully oxidized form of the enzyme (see Ref.
[117]).
State (QM/MM)
T23ox,red′ /T1red
T1red,ox′ /T23ox
T23ox,red′ /T1ox
T1red,ox′ /T23red

λ1

λ2

′

λ1

0.54
0.49

′

λ2
0.90

0.44
0.47

0.45

0.97
0.42

′

λ

λ

1.03

1.34

0.92

1.39

Table 2: The calculated values of the reorganization energies. λ1 and λ2 stand for
the reorganization energies corresponding to the Cu-T1 site and the Cu-T23 cluster,
′
respectively (see Equations (38) and (39)). λ and λ are a reorganization for the direct
(T1 → T23) and the reverse (T23 → T1) processes. All of the values are in eV. Concerning
nomenclature, T1red,ox′ /T23ox refers to the transition T11+ → T12+ using an optimized
structure for T235+ , for example.
The calculated reorganization energies associated with an electron transfer from CuT1 to Cu-T23 and vice versa are listed in Table 2. Several encouraging points are observed. First, λ1 and λ2 do not vary significantly with the change of the total charge
(and structure) of the T23 and T1 site, respectively, which goes well with the assumption formulated by Equation (36). Second, the reorganization energy of the reverse (T23
→ T1) electron transfer is about 0.3-0.5 eV higher than biologically relevant IET. The

insertion of the estimated λ and ∆G0 (λ ≈ 1.0 eV and ∆G0 ≈ 0.27 eV) into Equation

(35) provides the approximate value of kIET , which amounts to 200 s−1 . This value is

close to the maximal experimentally measured turnover rate of 380 s−1 (i.e. measured
during the reduction of BO by K4 [Fe(CN)6 ]). It strongly supports our conclusion that
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internal electron transfer is endergonic and moreover rate-determining in a heterogeneous
reaction.
More information is provided in ARTICLE III (Section 8).

34

3.1.4

Reductive Cleavage of the O-O Bond in Multicopper Oxidases

The structural and catalytic properties of multicopper oxidases (MCOs) were briefly
introduced in the previous section. However, for the sake of clearness, it should be
mentioned again that the catalyzed reaction in MCOs consists of three coupled processes:
the one-electron oxidation of a substrate in the mononuclear copper active site (Process
1) is coupled via an internal electron-transfer 13-Å pathway (Process 2) with a trinuclear
copper active site, in which the dioxygen molecule is reduced to two water molecules
(Process 3). Concerning Process 3, the current consensus on the reaction mechanism is
summarized in Figure 8.

Figure 8: The current consensus on the O2 → H2 O reaction mechanism in MCOs (taken
with permission from [92]).
In this section, our attention will focus on a single step in the O2 + 4H+ + 4e− →

2H2 O reaction (i.e. a single step in Process 3). Namely, we studied the reductive cleavage
of the O-O bond of the peroxide species bound to the trinuclear Cu4+
cluster in the
3
so-called activated peroxy intermediate (NI’), resulting in the formation of the native
intermediate (NI) with a fully oxidized Cu6+
center and two oxo bridges between the
3
Cu-T3 and Cu-T3’ copper ions (see Figure 8). The assumption of the existence of the
NI’ intermediate is based on quantum-chemical studies. The experimental evidence of
NI’ is missing because of its very fast conversion to the spectoscopically well-established
NI intermediate, which implies a low activation barrier of the reaction step. Yoon and
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Solomon were the first to study the reactivity of the NI’ intermediate [118]. In the DFT
study, they provided an activation barrier of 23 kJ/mol and a reaction energy of -213
kJ/mol for the NI’ → NI process. To demonstrate the accuracy of their results, they

compared the calculated activation barrier with the value of 12-21 kJ/mol deduced from

the experimental rate of the overall MCO catalysis (kcat > 350 s−1 ) by applying the
phenomenological Arrhenius equation kcat = Ae−∆E

6= /RT

, in which the pre-exponential

factor A was adjusted to 105 − 106 .

Figure 9: The activated peroxy intermediate (NI’) of the trinuclear copper (Cu-T23)
active site modeled within the QM/MM and QM scheme (Pictures A and B, respectively).
Since the structure of the NI’ intermediate cannot be experimentally determined, we
decided to revisit this reaction step in the catalytic cycle by taking into account six possible states of NI’, one of which is depicted in Figure 9. In other alternative systems, the
central peroxide ligand is protonated and/or one liganding position of the Cu-T2 center
is occupied by a water molecule or a hydroxide anion or remains unoccupied. In contrast
to the work of Yoon and Solomon, we calculated the energetics of the six pathways with
the QM(DFT)/MM scheme in an attempt to involve electrostatic, steric and vdW effects
of the protein and solvent water molecules on the reaction. The results summarized in
Table 3 provide two salient findings. First, the QM/MM activation barriers amount to
60-80 kJ/mol (the estimated Gibbs free activation energies are within the same range
of values). These values are much higher in energy than those obtained for the small
QM models used in this study (see Picture B in Figure 9 for an example of the QM
model) as well as the QM models in reference [118]. The QM/MM barriers are close
to 55 kJ/mol, which is a value inferred from a rate constant of 350 s−1 by applying the
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Eyring equation kcat =

6=

kT − ∆G
e kT
h

.21 Second, the extreme exothermicity of the reaction

predicted for the gas-phase QM models is significantly reduced using QM/MM calculations. Some pathways are even endothermic as shown in Table 3. Hence, it is evident
that the protein environment must buffer a considerable part of the energy produced
in the reaction. Therefore, one may conclude that inclusion of the rest of the protein
and solvent molecules is necessary for a reduction of the product and transition state
overstabilization as observed for the small QM models.
Cu-T2
ligand

Central
ligand

H2 O
OH−
−
H2 O
OH−
−

O2 H−
O2 H−
O2 H−
O2−
2
O2−
2
O2−
2

6=
∆EQM/M
M

∆G6=
QM/M M

∆EQM/M M

∆GQM/M M

69.3
59.0
80.6
71.1
68.1
73.9

66.8
79.4
72.4
67.0
78.4

-58.8
-101.4
-26.4
49.0
-107.2
36.6

-43.4
-88.1
-8.0
51.9
-78.9
52.4

6=
Table 3: The activation energies (∆EQM/M
M ) and the estimates of activation Gibbs free
6=
energies (∆GQM/M M ), reaction energies (∆EQM/M M ) and reaction Gibbs free energies
(∆GQM/M M ) for the reductive O-O bond cleavage. All of the values are in kJ/mol.

As for the reaction mechanism, the preliminary calculations of the pKa change of
the peroxide species from 0 to 11 upon reducing the peroxy intermediate indicate that
protonation of the central peroxide species precedes the NI’ → NI reaction step. The

proton is likely taken from one of the two carboxylate moities neighboring with the
trinuclear copper site. This observation (glutamate near the T3 copper as the proton
donor) has been recently inferred from experiments on the Fet3p MCO [120]. It is in
accordance with the energy comparison of the two NI’ states (i.e. with and without the
transferred proton) as can be easily inferred from Table 3. Therefore, one may conclude
that the most plausible mechanism is expected to follow the pathway characterized by
the free energy barrier of ∆G6= ≈ 60 kJ/mol and that the reaction is exergonic by -88
kJ/mol.

More information is provided in ARTICLE IV (Section 8).
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We are aware of the discrepancy between Yoon’s and our value of the activation energy barrier
deduced from the same catalytic rate constant. The reason why Yoon choses 105 -106 for the preexponential factor in the Arrhenius equation is not provided in [118], although its magnitude is critical
for the calculated barrier. We believe that the Eyring equation represents a good approach for the
estimation of the activation barriers although the recrossing and tunneling effects are not included. We
assume that the tunneling effect is small because of the large masses of the oxygen atoms involved in the
reaction. In the non-recrossing assumption, every trajectory entering a transition state must always end
up in the product state. It is true only if the transition mode is separable [119], which is more or less
the case of our QM models as tested by an isotopic 18 O2 probe.
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3.2
3.2.1

Transition-Metal Complexes
Relativistic Effects on the Reduction Potentials of Ruthenium and Osmium Complexes

Oxidation-reduction (redox) reactions are closely connected with organometallic and metalloenzymatic chemistry. The thermodynamics of this type of reactions can be studied
in terms of the reduction potential (E o ), which provides information on the tendency
of a chemical species to accept electrons. These potentials are related to a reference
value.22 Consequently, the comparison of the reduction potentials of two arbitrary chemical species provides information on which of them can be oxidized (with a lower reduction potential) or reduced (with a higher reduction potential) and quantifies the reaction
free energy of the redox process ox1 + red2 → ox2 + red1 according to the expression

o
o
∆Gor = −ne F (Eox
− Eox
), where ne is the number of electrons involved and F
1 /red1
2 /red2

is the Faraday’s constant. In some cases, the reduction potentials of reaction intermediates can be very important for the discussion of the reaction mechanism but not always
easily determined because of structural instability, low concentration etc. From this perspective, the theoretically predicted data have invaluable importance (and not only) in
(bio-)inorganic chemistry. Here, the discussion concerns the calculated reduction potentials of ruthenium- and osmium-containing complexes, which may be model compounds
for electrochemical DNA labeling [123, 124].
The quantum-chemical calculations of the reduction potentials of transition-metal
complexes require accurate predictions of both the enthalpic and entropic terms in the
free energy difference between the oxidized and reduced forms [125]. Taking advantage
of the thermodynamic cycle, this free energy difference ∆Gox = Gox − Gred is calcu-

lated according to the thermodynamic cycle described in Figure 10. In this Figure,
∆µ = ∆EZP E − ∆RT ln(qtrans qrot qvib ) includes the zero-point energies (∆EZP E ) and the

entropic as well as thermal-enthalpic contributions expressed by means of molecular partition functions (qtrans qrot qvib ) derived from statistical thermodynamics for non-interacting
particles (ideal-gas approximation, denoted as g in the cycle). The solvation energies
(∆Gsolv ) were calculated using the conductor-like screening model (COSMO) method
[126, 127] with a dielectric constant (e.g. implicit solvation model of water with ǫ = 80).
Finally, the reduction potential (in V, versus SHE) is calculated as E o = 27.21∆Gox −4.34.

The reduction potential is a quantity very sensitive to the accuracy of the calculated

22

The potential of the standard hydrogen electrode (SHE) forms the basis for the thermodynamic scale
of the reduction potentials and is arbitrarily assigned a value of 0 V. Several definitions of the absolute
reduction potential of the SHE have been proposed: The H+ /H2 half-cell potential can be defined versus
a free electron at rest in vacuum, or a solvated electron or finally to an electron in a metal electrode ([121]
and citations therein). Here, we have used the SHE defined versus an electron solvated in an aqueous
solution at T = 298 K and p = 1 atm: 4.34 eV [122].
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Figure 10: The thermodynamic cycle used for the calculation of ∆Gox , with the Gibbs
free energy corresponding to the oxidation of the [M(X)6 ]2+ complex.
energy, i.e. uncertainty of 100 mV corresponds to 9.6 kJ/mol. In this respect, the accurate
calculations of E o are still very challenging owing to the many effects involved, which are
more or less approximated in the calculations. For instance, it was demonstrated on
the [Ru(H2 O)6 ]2+/3+ complex that the inclusion of explicit water molecules in the second
solvation shell is necessary to obtain a reduction potential of 0.2 V, in agreement with the
experiment [128]. This is also in agreement with a conclusion of this study: the implicit
solvation models yield reasonably accurate solvation energies only for larger ligands, where
the cavity boundary is relatively far from a redox center, so it is not necessary to include
the explicit second solvation shell into the calculation for such systems (see also Table 4).

Figure 11: A schematic representation of the SOC effect on the reduction potentials of
the Ru2+/3+ and Os2+/3+ octahedral complexes.
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Nevertheless, we focused our attention on the accurracy of the electronic-structure
calculations (i.e. ∆EQM = ∆Eel,nonrel + ∆ESOC in Figure (10)). Namely, we attempted
to demonstrate how the inclusion of spin-orbit coupling (SOC) affects the accuracy of the
predicted reduction potentials of several octahedral ruthenium(II/III) and osmium(II/III)
complexes. To the best of our knowledge, this is the first work to deal with the SOCcorrected reduction potentials of second- and third-row transition-metal complexes. The
impulse for the study came from the striking deviation of +427 mV between the calculated
and experimental reduction potential of an osmium-containing complex as shown in the
article [129]. It led us to the hypothesis that the discrepancy was caused by the neglecting
of spin-dependent relativistic effects dominated by spin-orbit coupling.23 This hypothesis
complex
[Ru(H2 O)6 ]2+/3+
[Ru(H2 O)6 ]2+/3+ · (H2 O)12
[Ru(NH3 )6 ]2+/3+
[Ru(NH3 )6 ]2+/3+ · (H2 O)14
[RuCl6 ]4−/3−
[Ru(en)3 ]2+/3+
[Ru(bipy)3 ]2+/3+
[Ru(bipy)3 ]2+/3+ · (H2 O)27
[Ru(CN)6 ]4−/3−
[Os(H2 O)6 ]2+/3+
[Os(NH3 )6 ]2+/3+
[OsCl6 ]4−/3−
[Os(en)3 ]2+/3+
[Os(bipy)3 ]2+/3+
[Os(bipy)2 BnAbipy]2+/3+
[Os(CN)6 ]4−/3−

◦
∆Enonrel

1231
466
470
-88
-863
456
1282
1219
342
460
-132
-1550
-3
1005
1424
190

◦
∆ESOC

◦
∆Eexp

1213
230
230
376
100
100
-979
400
210
1240 1302 (1240)
- 1302 (1240)
250
860
309
-494
-1937
-283
755
800
997
-143
-

Table 4: The reduction potentials (in mV) of several octahedral rutheniumand osmium-containing complexes obtained from: a) nonrelativistic B3LYP/def2◦
TZVP//RI-PBE/def2-SVP calculations (∆Enonrel
); b) scalar and SOC-including relativistic CASSCF(5-in-3)/CASPT2/CASSI/ANO-RCC//RI-PBE/def2-SVP calculations
◦
◦
of the zero-order models as described in the text (∆ESOC
); c) experiments (∆Eexp
).
is strongly supported by the qualitative analysis of different stabilization effects on the
ground states of Os2+ (Ru2+ ) and Os3+ (Ru3+ ) because of SOC as depicted in Figure 11.
23

The two main spin-dependent (non-scalar) relativistic effects are spin-orbit and spin-spin couplings.
The SOC effect increases with increasing atomic number, whereas the SSC effect decreases. Such a
reciprocal dependence of SSC is caused by the fact that only unpaired (and therefore valent) electrons
contribute to electronic spin-spin interactions, but these interactions are less important with more diffuse
space and hence with increasing atomic number. As a consequnce, SOC dominates the spin-dependent
relativistic effect for molecules containing heavier atoms (i.e. starting approximately in the third row of
the Periodic Table).
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Since SOC splits three near-degenerate doublets24 of the Os3+ complex and the 1 A (1 A1g
in Oh ) ground state of the Os2+ complex is not affected at all in the zero-order model
by neglecting all but the near-degenerate states, the extra stabilization of the oxidized
form when compared to the reduced form should give rise to a negative shift of the reduction potential. For this zero-order model, the minimum active space in the CASSCF
optimization was chosen to include five or six valence electrons in the three molecular orbitals dominated by metal d orbitals. The CASSCF(5-in-3)/CASPT2/RASSI/ANO-RCC
results25 concerning shifts in the reduction pontentials due to SOC effect are summarized
in Table 4. The presented values led to a conclusion that the average of the SOC-driven
shifts are -70 mV and -300 mV for the distorted octahedral ruthenium- and osmiumcontaining complexes, respectively. For ideal octahedral complexes, [M(Cl− )6 ]4−/3− and
[M(CN− )6 ]4−/3− , these shifts are even larger: -120 mV and -390 mV. Additionally, a contribution of higher excited states to the stabilization of the singlet and doublet ground
states owing to the SOC effect was studied. Without going into the details which are provided in the attached article, it is possible to state two observations: (i) the stabilization
of the ground doublet by the 22 A and 32 A states is usually the dominant contribution
to the overall stabilization and (ii) neglecting the effects of the higher excited states on
the ground-state 1 A and 12 A stabilizations introduce errors of only 10% of SOC into the
values of the reduction potentials for the studied ruthenium(II/II) and osmium(II/II)
complexes.
More information is provided in ARTICLE V (Section 8).

24

i.e. 12 A, 22 A and 32 A states in a C1 symmetry or 2 T2g ground state in an ideal octahedral (Oh )
symmetry are split).
25
This ANO-RCC basis set is contracted to [8s7p5d3f2g] for Os, [7s6p4d2f1g] for Ru, [3s2p1d] for C,
N and O and [2s1p] for H. Hence, it is essentially a triple-ζ and double-ζ polarized basis set (TZP and
DZP) for metals and other elements, respectively.
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3.2.2

Are Octahedral Ruthenium(II/III) Complexes Always Low-Spin?

It is common textbook knowledge in inorganic chemistry that the d6 octahedral transitionmetal complexes in 4d and 5d series are diamagnetic (i.e. they have a closed-shell singlet
electronic structure) [130]. Despite this experimental experience, both DFT and MRCI
methods predict a quintet spin state of the gas-phase structure of the [RuCl6 ]4− complex to be the ground state, which should behave paramagnetically in the presence of
an externally applied magnetic field. This unexpected finding drew our interest to the
electronic properties of the octahedral Ru2+ and Os2+ complexes and their changes in
various solvent-like environments (using a polarized continuum model (PCM) - COSMO
briefly described in Section 5.4).
First of all, the selected excitation energies of the six model systems (i.e. [M(H2 O)6 ]2+/3+ ,
[MCl6 ]4−/3− , [M(en)3 ]2+/3+ , [M(CN)6 ]4−/3− , [M(NH3 )6 ]2+/3+ and [M(bipy)3 ]2+/3+ ; M =
Ru, Os) calculated using TDDFT and MRCI methods were investigated and their dependence on the ligand-field strength discussed. Although the TDDFT has several limitations
(see Section 2.2), it still captures the trends and main characteristics of the spectrum of
these complexes as can be demonstrated by the good agreement of the calculated value
of the most intensive metal-to-ligand charge-transfer (MLCT) peak in the [M(bipy)3 ]2+
complex of 434 nm with the experimental value in an aqueous solution (452 nm) [131].
Furthermore, the TDDFT results indicate that the density of the excited states correlates
with the ligand-field strength (i.e. density decreases with ligand-field strength increasing
in the spectrochemical series Cl− < H2 O < NH3 < en < bipy < CN− ). The weakest ligand field in this series is created by a chloride anion, so that its complexes, [RuCl6 ]4−/3−
and [OsCl6 ]4−/3− , have the smallest energy gaps between the lowest electronic states of
different multiplicities. An extreme case seems to be that of [RuCl6 ]4− , in which the
singlet-triplet and singlet-quintet splittings are of 1839 cm−1 and -870 cm−1 , respectively
(calculated at the B3LYP/def2-TZVP level). In this case, the splitting of the t2g and e∗g
metal orbitals is then small enough to bring the electronic structure close to the isolated
ion, namely the high-spin (i.e. quintet) ground state. It is necessary to add that all of
the other studied complexes have closed-shell singlet electronic structures.
In the water-like environment, the Ru-Cl bonds are shortened by about 0.2 Å and the
singlet state becomes the ground state. Such a finding implies potential solvatochromatic
and solvatomagnetic properties of the [RuCl6 ]4− complex. Figure 12 shows that a singletquintet spin crossover could occur for a geometry affected by an electrostatic solvation
effect represented by the polarized continuum model with a permittivity of ǫ ≈ 60. As

a result, the system could switch from diamagnetic to paramagnetic behavior upon the
application of a magnetic field. However, when discussing the small energy differences
42

Figure 12: The energies of the lowest electronic states of each multiplicity with respect
to the change in the geometry (M-L distances) of the [RuCl6 ]4− complex. Two extreme
equilibrium structures (obtained from the in vacuo and implicit solvent optimizations)
with their bond distances (in Å) are depicted. Moreover, all of the d orbitals included in
the active space in the CAS(6-in-5)/MRCI/ANO-RCC calculations are shown.
between the states of various multiplicities, one has to be aware of two limitations inherent
in the calculations. First, a fair judgment would be that neither (SOC-perturbed) MRCI
nor DFT can yield results of sufficient accuracy to assign the nature of the ground state
clearly if the energy differences between the states with different multiplicities fall below
800 cm−1 , i.e. when they are comparable with the error bar of the methods [52]. Second,
it has been shown that for the smaller Ru2+ and Os2+ complexes, the PCM-like models
can suffer from certain limitations, usually manifested in the incorrect description of the
system energetics [128], [132]. Nevertheless, for the purpose of establishing the effect of
a solvent on molecular geometry, we consider the PCM-like models to be a sufficiently
accurate approximation.
The [RuCl6 ]4− complex is remarkable also for another reason. In the gas phase, the
octahedral structure in the ground quintet state is unstable and decays to the tetrahedral
[RuCl4 ]2− , whereas the structure entering the electronically excited singlet state maintain
its octahedral arrangement. In fact, it is a description of a photochemically attractive
system - exciplex. Some exciplexes generated by excited transition metal complexes (one
with a ruthenium(II) complex) are characterized in [133].
Finally, the complexity of the electronic structures of the octahedral Ru2+/3+ and
Os2+/3+ systems can be documented by the fact that these systems are usually distorted
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from the highest symmetries because of the Jahn-Teller (JT) and pseudo Jahn-Teller
(PJT) effects.26 We observed the most pronounced (PJT-induced) geometrical distortion
for the closed-shell [Ru(H2 O)6 ]2+ complex. In its highest Th symmetry, the ground state
1

Ag mixes with the excited state 1 Tg via the tg reaction mode, which leads to the formation

of a stabilized low-symmetry (Ci ) structure. Note that several equivalent Ci conformers
exist, which are separated by very low barriers (about 100 cm−1 ), and therefore a very
dynamical behavior of the [Ru(H2 O)6 ]2+ complex is expected.
It may be concluded that a dependence of the electronic structure of the [RuCl6 ]4−
complex on the geometry was described, which revealed a very appealing property of
this complex, namely that the high-spin (quintet) state may become the ground state in
solvents with lower permittivity (ǫ ≤ 60). To the best of our knowledge, it could be the

first example of the high spin d6 ruthenium-containing complex. In addition, we tried
to illustrate two other phenomena connected with these systems: the exciplex formation
and distortion of the complexes induced by the (pseudo) Jahn-Teller effect.
More information is provided in ARTICLE VI (Section 8).

26

The JT effect describes the geometrical distortion of non-linear molecules owing to the vibronic
coupling of degenerate electronic states, which removes the degeneracy because of a lowering of system
energy (e.g. d5 configuration of Ru3+ and Os3+ ), whereas the PJT effect describes the geometrical
distortion owing to the vibronic coupling between the non-degenerate ground state and the low-lying
excited states (e.g. d6 configuration of Ru2+ and Os2+ ). The selection rules for such interactions are
as follows: ΓQ must be totally symmetric (JT), ΓQ ∈ ΓGS ⊗ ΓExS (PJT), where Γ is an irreducible
representation of the Q (reaction mode), GS (ground state) and ExS (excited state). See for example
[134], [135].
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4

Concluding Remarks

The aim of the presented thesis was to extend our understanding of the catalytic and electronic properties of selected redox-active metalloenzymes and transition-metal complexes.
Despite significant progress in spectroscopic techniques and theoretical methodology, the
complicated electronic structure (and the complex protein environment) of these bioinorganic systems make accurate theoretical modeling of their physicochemical properties a
challenging task.
In the first part of the thesis, we used mostly the QM(DFT)/MM methods for an
investigation of various aspects of metalloenzymatic reactivity. In the first two sections,
concerning manganese superoxide dismutase (MnSOD) and stearoyl-ACP ∆9 desaturase
(∆9 D), we attempted to address the relevance of several reaction pathways proposed
on the basis of the known experimental data. Although the density functional theory
represents the approach of the first choice for describing the reactivity of these enzymes, it
was demonstrated that the energies of the open-shell spin-coupled electronic structures of
some intermediates and transition states are accurately predicted only by using advanced
multireference calculations. In the two following sections, the investigation of two different
catalytic aspects of multicopper oxidases (MCOs) was presented. These enzymes are
unique in that they consist of mononuclear and trinuclear copper sites connected via
a long-distance internal electron-transfer channel (in the mononuclear copper site, the
substrate undergoes oxidation, whereas O2 is concomitantly reduced to a water molecule
in the trinuclear copper site). First, we complemented an electrochemical study of our
collaborators by estimating the reorganization energies of MCOs based on our QM/MM
model in an attempt to elucidate the kinetics of the internal electron transfer in these
redox-active enzymes. Second, we studied the key step in the conversion of O2 to H2 O
in MCOs - the cleavage of the O-O bond in O2 . We demonstrated the significant effect
of the protein environment on the predicted barriers and reaction energies. In all of the
above-mentioned studies, we found the QM/MM calculations to provide useful insight
(at both the electronic and atomistic level) into the experimental data obtained for the
biochemically relevant systems.
In the second part of the thesis, we focused our attention on the prediction of the
physicochemical properties of redox-active octahedral ruthenium- and osmium-containing
complexes as representatives of medicinally interesting systems. The first section dealt
with the influence of the inclusion of the explicit spin-orbit coupling (SOC) on the accuracy of the electronic-structure calculations and the prediction of reduction potentials.
The importance of this prominent relativistic effect is amplified in the Ru(II/III) and
Os(II/III) hexacoordinate complexes since the oxidized forms possess unpaired d elec45

trons and a degenerate electronic ground state (large intra-orbit SOC), whereas the electronic structures of the reduced forms are closed-shell (small SOC). Consequently, this
fact manifests itself in lowering the reduction potentials by several hundreds of mV for
Os(II/III) complexes. In the second section, we demonstrated how the solvation effects
represented by the polarized continuum model influence the electronic structures of octahedral ruthenium-containing complexes, especially [RuCl6 ]4− . Based on the results, new
solvatomagnetic and solvatochromic properties of this complex were predicted.
The final aim of the presented thesis was to show that the realm of (theoretical)
bioinorganic chemistry is the exciting sub-branch of chemistry. Owing to the remarkable catalytic and electronic properties of bioinorganic complexes, the author of this
thesis believes in the continuously growing wave of interest in their physical and chemical
principles, which would eventually lead to the progress in theoretical modeling and new
bioinspired technologies.
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5
5.1

Appendix
Basis Sets in Quantum Chemistry

Molecular orbitals (MO), χi , as one-electron wave functions included in the Slater determinants, are expanded in the linear combination of atomic orbitals (AO):
χi (r) =

X

cµi ϕµ (r)

(40)

µ

In this respect, AOs create a basis set27 , in which the many-electron wave function is
expanded. AOs are always of the form:
ϕ(r) = R(r)Ylm (θ, φ)

(41)

where the radial function R(r) can be solved exactly for hydrogen-like (one-electron)
atoms. In these systems, atomic orbitals decay exponentially with increasing distance
from the nucleus (e−ζr ). Since it is impossible to obtain analytic solutions in systems with
two or more electrons, the exponential behavior of the AOs was postulated. Therefore,
atomic orbitals as basis functions with exponential asymptotic (long-distance) behavior
- Slater-type orbitals (STOs) - were hence the first to be used. They are characterized
by an exponential factor in the radial part:
ϕST O (r) = P (r)e−ζr Ylm (θ, φ)

(42)

where P (r) is a polynomial in the radial coordinate which can have several forms. Gaussian basis functions (GTOs) were originally introduce to remedy the difficulties associated
with evaluating the multi-center integrals with STOs. They can be written in a rather
similar form:
2

ϕGT O (r) = P (r)e−αr Ylm (θ, φ)

(43)

GTOs can be also viewed as a product of Cartesian components:
ϕGT O (r) = (x − Ax )k (y − Ay )l (z − Az )m e−α(r−A)

2

(44)

Despite the fact that GTOs have qualitatively wrong behavior both at the nuclei and
in the asymptotic limit, it is possible to correct these drawbacks successfully by using
linear combinations of several GTOs. These combinations are called contracted basis
functions and the individual GTOs in these expansions are primitives. Today, there are
hundreds of basis sets composed of GTOs. The smallest of these are called minimal basis
sets and they describe each core or valence AO by one (contracted) function. Minimal
27

The ideal basis set is complete and hence infinite. In practice, all basis sets are incomplete, otherwise
it would be impossible to deal with them in finite time!
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basis sets are not appropriate for accurate calculations. For this reason, an addition of
other functions gives rise to more practical basis sets, which can be roughly classified
as follows: First, n-tuple-ζ (double-ζ, triple-ζ, quadruple-ζ etc.) basis sets consisting
of two (three, four etc.) basis functions per AO; these basis sets are usually denoted
as DZ, TZ, QZ etc. Second, to improve n-tuple-ζ basis sets, polarization functions (i.e.
functions of higher angular momentum than any occupied atomic orbital) are added; they
are referred to as basis sets of DZP, TZP or QZP quality. Third, an extension of the basis
by diffuse functions (i.e. functions with a small exponent, hence a large radial extent)
can be important for calculations of certain non-bonding interactions, dipole moments,
polarizabilities etc.
In this context, the basis sets mostly used in the thesis can be characterized as:
6-31G∗ : A split-valence double-ζ polarized basis set, in which each core AO is represented by one function formed by a combination of six primitives, and each valence AO
consists of two basis functions - the first one formed by three primitives and the other by
one primitive. An asterisk in the acronym denotes the presence of polarization functions
(e.g. Ref. [136]).
def2-SVP: The quality of this split-valence double-ζ basis set is slightly better than
the 6-31G∗ [137].
def2-TZVP: A split-valence triple-ζ polarized basis set used for “accurate” calculations [137].
ANO-RCC: A basis set formed by atomic natural orbitals (ANOs). In this case,
general contracted GTOs are chosen as the natural orbitals resulting from atomic CI
calculations (note: in a general contraction, all primitives enter all contracted functions).
RCC denotes that scalar relativistic effects were taken into account in the optimization
of the basis set (e.g. [138, 139, 140, 141]).

48

5.2

Broken-Symmetry DFT

The ground state of the ∆9 D diferrous center was spectrocopically determined to be
|S, MS i = |4, 0i, which is a singlet state resulting from an antiferromagnetic (spin-up-

spin-down) interaction of two high-spin (S=2) ferrous sites. The description of such a

case within the DFT approach is very problematic. In the framework of unrestricted
formalism, these exchange interactions can be treated reasonably well by employing the
broken symmetry (BS) approach [33, 34]. The BS approach consists in the localization
of the opposite spins on different parts of the molecule to give a one-determinant representation of the spin exchange interactions within the molecule. In order to localize the
spins on different centers, the space and spin wave functions are relaxed by reducing their
symmetry. In this context, the BS wave function can be considered as a low spin wave
function affected by a large spin contamination. In spite of this restriction, Noodleman
[33, 34] showed that the BS state is a weighted average of the pure spin wave functions
(which are eigenstates of S 2 ) and that correspondingly the BS state energy is a weighted
average of the pure spin state energies. The BS state energy can then be correlated to the
spin state energies derived from the phenomenological Heisenberg Hamiltonian, which for
two spin centers takes the form:
H = −2J(SA · SB )

(45)

with SA and SB being spin operators on centers A and B, respectively, and J being the
exchange coupling constant, which represents the strength of the exchange interaction
between the two spin centers. The approximation to J provided by Yamaguchu et al.
and cowokers [142] reads:
2
2
J = −(EHS − EBS )/(hSHS
i − hSBS
i)

(46)

Here the expectation values of the spin-squared operator for the HS and BS determinants
appear in the denominator. One very attractive feature of the BS approach is that it
yields a quasi-valence bond-like description with semi-localized magnetic orbitals of the
subsystems (A and B). For a complicated many-electron molecule, the magnetic orbitals
can be extracted from the results of a spin-unrestricted calculation by a corresponding
orbital transformation ([9, 143]).
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5.3

Inclusion of Scalar and Non-Scalar Relativistic Effects into
Calculations

A four-component one-particle Dirac equation is a crucial equation in relativistic quantum
chemistry. For N -electron systems, it is usually generalized by an addition of a nonrelativistic electron-electron repulsion term to the one-electron Dirac term resulting in
an N -electron Dirac-Coulomb operator. Since four-component methods are expensive in
terms of computational resources, the one-determinant Dirac-Kohn-Sham method, which
is the relativistic extension of the DFT, is mostly applied.
Despite the fact that full four component calculations can nowadays be done to high
precision including all (spin-free alias scalar, and spin-dependent alias non-scalar) of the
contributions for small molecules, further approximations for larger molecules are usually
used. In the thesis, the Douglas-Kroll-Hess (DKH) approach for the inclusion of spinfree relativistic contributions was used in quasi-relativistic calculations. The formalism
of the DKH approach is rather involved but is based on the idea of decoupling large
and small components of the four-component equation through some approximate expansion procedure. In addition, the spin-free and spin-dependent terms in the expansion
can be identified. If the non-scalar terms are neglected, then the expansion is reduced
into a one-component form, which has the advantage that most of the computational
machinery developed for the non-relativistic case can then be used with minor modifications. The DKH is usually expanded to the second order (called DKH2), which is
readily implementable at least if the transformation of the electron-electron interaction
terms is omitted. Provided that non-scalar terms, of which the spin-orbit coupling (SOC)
term is dominating, are needed in the calculations, the SOC can be included a posteriori
by quasidegenerate perturbation theory (QDPT). In this approach, matrix elements of
Hamiltonian, Ĥ nonrel+scalar + Ĥ SOC , form an interaction matrix, whose diagonalization
provides eigenvalues, i.e. the energies of all of the SOC-perturbed states taken into account. In the thesis, the QDPT was performed by the CASSI module of the MOLCAS
program [144].
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5.4

Solvation Effects with COSMO

The general philosophy of the continuum (implicit) solvent methods is to represent the
different solute-solvent interactions by suitable operators to be added to the solute Hamiltonian. These solvent-induced perturbations usually correspond to the electrostatic, repulsion, dispersion and charge-transfer effects, from which the electrostatic term is the
most important in polar solvents. The nonelectrostatic terms are very often omitted.
A very common approach to the estimation of the electrostatic component of the
solvation free energies is called the Conductor-like Screening Model (COSMO). In this
solvation model, a solute molecule forms a cavity within the dielectric continuum of the
permittivity ǫ that represents the solvent. The charge density of the solute polarizes
the dielectric medium and the response of the medium is described by the generation of
screening charges on the cavity surface. COSMO imposes a simple boundary condition of
vanishing electrostatic potential for a medium, which represents an electrostatically ideal
solvent with ǫ = ∞. Such a situation considerably simplifies the necessary electrostatic

equation. To take into account the finite permittivity of real solvents, the screening
charges q are scaled by a factor of 2(ǫ − 1)/(2ǫ + 1). As a result, the interaction of these
scaled screening charges with the electrostatic potential of the solute approximates the

solvation free energies. Within the self-consistent field procedure, the screening charges
are calculated in every cycle and the potential generated by these charges is included in
the Hamiltonian. This ensures a variational optimization of both the molecular orbitals
and the screening charges.
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5.5

Molecular Mechanics

In molecular mechanics (MM), the molecules are regarded as being composed of atoms
represented by spheres and bonds between atoms are modeled as springs. Such a classical
approximation allows the expression of the potential energy of the molecule by simple
analytical formulae depending only on the position of the atomic spheres. Consequently,
the forces can be calculated easily. The potential energy is written as a sum of the terms
representing the common types of motions - bond stretching, angle bending and torsional
(dihedral) rotations - and noncovalent interactions. The noncovalent interactions comprise the electrostatic and van der Waals terms. The equation for the potential energy
together with a set of parameters then constitute a force field. The minimalistic form of
a force-field equation reads:
U =

X

bonds

+

Kb (b − b0 )2 +

X

angles

Kθ (θ − θ0 )2

X X qi qj
Vn
Aij
Bij
(1 + cos(nτ − γ) +
(
+ 12 − 6 )
Rij
Rij
i j<i ǫRij
dihedrals 2
X

(47)

The first term represents bond stretching, the second term angle bending, the third term
torsions and the fourth term noncovalent interactions. The fourth term is divided into
three fractions standing for the electrostatic, van der Waals repulsive and van der Waals
attractive components, respectively.
In the equation, b0 and θ0 are the reference values of the bond lengths and angles.
Vn , n and γ are parameters in the torsinal term. All of them are fitted on the ab initio
or experimental data of small molecules. The electrostatic term between the pairs of
atoms i and j is computed from the Coulomb law as the interaction between the atomcentered point charges (partial charges) q separated by the distance R in a dielectric of
permittivity ǫ. Partial charges are obtained by fitting quantum electrostatic potential
to atoms. The van der Waals interaction of the two atoms, i and j, is calculated using
the so-called Lennard-Jones potential, where the repulsive and attractive parts depend
on the interatomic distance R as R−12 and R−6 , respectively. A and B are parameters
dependent on the type of interacting atoms. Noncovalent contributions are summed over
pairs of atoms within a specified cutoff distance. All of the parameters needed for the
force-field calculations are listed in the force-field parameter set.
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10. Ončák M.; Srnec M.; Zahradnı́k R.: “Quantum Chemical Study of Hydroxylation of Alkanes by Hypoflorous Acid” Polish J. Chem. 2008, 82, 649-659. (contribution to an issue dedicated to Prof. R. Grabowski)
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