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Abstract

The present thesis comprises four related topics.

(1)

(2)

(3)

(4)

An ab-initio method for computing pK, values of organic molecules involving
quantum chemical and electrostatic energy computations is updated and
refined. The resulting proton solvation free energies of -255.1, -265.9, -266.3,
and -266.4 kcal/mol are determined by matching computed and measured
pKa values for a set of organic compounds in acetonitrile (MeCN), methanol
(MeOH), water, and dimethyl sulfoxide (MexSO), respectively. These energy
values are very accurate and suitable to update the ab-initio method to
predict the pK, values of organic molecules in the four solvents [1, 2].

The revised ab-initio method is applied to predict the pK, values of di-oxo-
manganese complexes inspired by the oxygen evolving complex (OEC) of
photosystem II. The obtained results have an accuracy that ranges between
1.19 and 3.69 pH units. These results justify the application of the ab-initio
method to titrate the -oxo oxygen atoms of the oxygen evolving complex in
photosystem II [3].

A purely electrostatic method to transform known pK, values from one
solvent to another is introduced and tested on 30 organic compounds
belonging to 10 different molecular families in MeCN, MeOH, water, and
MeoSO [4]. With this method, pKa values of small molecules in different
solvents can be computed with an accuracy of about 0.7 pH units, albeit it
requires only moderate computational effort.

An empirical method is parameterized that converts known pKj, values in
aqueous solution to the corresponding values in MeCN, MeOH, and Me,SO
with an accuracy of about 0.50 pH units. This method is very general and can
be applied to organic compounds that belong to 20 different molecular families.

In summary, the methods developed in this thesis represent novel and robust
approaches to compute the pK, values of titratable molecules in protic and aprotic
solvents with high accuracy.






Zusammenfassung

In der vorliegenden Doktorarbeit wurden vier verwandte Themen bearbeitet.

(1)

(2)

(3)

(4)

Die ab-initio Methode zur Berechnung von pKj-Werten wurde weiter-
entwickelt und verfeinert. Fiir eine Serie organischer Verbindungen wurden
durch den Abgleich berechneter und experimenteller pK-Werte sehr genaue
Werte fiir die Solvationsenergie von Protonen in Acetonitrile (MeCN),
Methanol (MeOH), Wasser und Dimethyl Sulfoxid (Me2SO) bestimmt. Diese
haben die Werte -255.1, -265.9, -266.3 und -266.4 kcal/mol [1, 2].

In Anlehnung an den Sauerstoff entwickelnden Komplex (OEC) in
Photosystem II wurde die weiterentwickelte ab-initio Methode angewandt,
um pKa-Werte von Di-oxo-mangan-Komplexen zu ermitteln. Mit einer
Genauigkeit zwischen 1,19 und 3,69 pH-Einheiten rechtfertigen diese
Ergebnisse die Verwendung der ab-initio Methode, um die Protonierung der
-oxo Sauerstoffatome des OEC in Photosystem II zu bestimmen [3].

Es wurde eine rein elektrostatische Methode entwickelt, um mithilfe
bekannter pKs-Werte in einem Loésungsmittel die jeweiligen Werte fiir andere
Losungen zu bestimmen. Die Methode wurde mithilfe von 30 organischen
Verbindungen aus zehn verschiedenen Molekiilfamilien getestet, fiir die
insgesamt 77 pKy — Werte fiir MeCN, MeOH, Wasser und Me,SO verfiighar
sind [3]. Dabei ergibt sich eine durchschnittliche Genauigkeit von 0,7
pH-Einheiten bei geringem Rechenaufwand.

Es wurde eine empirische Methode entwickelt, um auf Basis der pKs-Werte
organischer Verbindungen aus 20 verschiedenen Molekiilfamilien in Wasser
die entsprechenden pKa-Werte fiir die Losungen MeCN, MeOH und Me,SO
zu ermitteln. Die Genauigkeit der Methode liegt bei 0,50 pH-Einheiten [4].

Mithilfe der in dieser Arbeit entwickelten methodischen Ansétze konnen pK,-Werte
titrierbarer Molekiile sowohl fiir protische, als auch aprotische Losungen effizient
und mit hoher Genauigkeit bestimmt werden.
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Chapter 1

Theoretical background

The theoretical background related to the techniques applied in this thesis is here
presented. A punctual and rigorous introduction to the density functional theory
applied in this thesis can be found consulting [5]. Therefore, the quantum mechan-
ical background will be not discussed in this chapter. The issues tackled here are,
the Poisson and Poisson-Boltzmann equations, the continuum electrostatics, and
the determination of the atomic partial charges of molecules.

The environment of the considered molecular system plays a central role in chemistry
influencing the solubility, the structural stability, and the reactivity of molecules.
The solvation is accomplished generating into the bulk solvent a cavity hosting the
solute compound. Such a physical phenomenon is thermodynamically allowed if it
is energetically favorable. It may also be entropically favored if the solute-solvent
mixture is less ordered than its alternative pure phases. Moreover, also the equi-
librium constant of chemical reactions is affected by the molecular environment.
The solvent may stabilize the structure of reactants and products differently thus
pushing the equilibrium of reaction toward the more favorable substance. This is
due to the non-covalent interactions, which are hydrogen bonds and van der Waals
interactions between the solute and the solvent molecules. In addition to this, the
rate of a chemical reaction is influenced by the solvent either through stabilizing
the transition states or by friction, density and viscosity effects. For all these
reasons, it is clear that the molecular environment needs to be carefully described
to characterize the properties of a chemical compound in solution faithfully.

The process of solvation can be modeled by using two different approaches, the
discrete and the continuum solvation methods.

(1) The discrete solvation is based on explicit solvent molecules placed to sur-
round a compound of interest, modeling the specific solute-solvent interactions.
Such an atomistic approach describes very detailed the physics of a compound
in solution. On the other hand, an accurate discrete model of a solvated system
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requires a high number of explicit solvent molecules and averaging over many
relevant conformations. The description of such a system at high level of theory is
very demanding and may comport computational cost which are not affordable.
Therefore, a compromise about the applied level of theory needs to be accepted
in order to enable the fully atomistic strategy. The solution to this problem is
offered by multi-layered approaches that combine two different levels of theory to
depict the system of interest and model its environment. In this hybrid approach,
high level of theory is used to describe the solute while a lower one covers all the
solvent molecules. An example of such strategy is given by the so-called QM /MM
methodologies, where quantum and molecular mechanics theories are exploited as
high and low levels, respectively.

(2) The second type of solvation models describes the influence of the solvent on
the solute by continuum methods. These approaches are based on the atomistic
description of the solute compound only, whereas the environment is represented as
a dielectric medium. Although limited by the omission of all the possible explicit
solute-solvent interactions, such solvation models are extensively used by the com-
munity due to their low computational cost and efficiency. In this doctoral work the
effect of the solvent on organic and organometallic compounds is studied through
the application of a continuum electrostatic method. In order to properly present
such an approach, the theoretical background of this technique is introduced in the
following.

1.1 Poisson-Boltzmann equation

1.1.1 Derivation

The Poisson-Boltzmann equation (PBE) plays an important role in many different
fields of science, particularly in physical chemistry. The key equation of electrostat-
ics, the PBE is a very useful tool when describing processes of molecular solvation.
Moreover, it can be truncated to the simpler Poisson equation when the ionic
strength of the medium vanishes. The electrostatic potential at position r in a
homogeneous dielectric continuum with dielectric constant € generated by a point
charge ¢; at position r; is given by

1 q1
dmepe [r— 14

¢(r) = (1.1)

Here, the r and rq, shown also in Figure 1.1, are the two vectors that locate the
point P and the charge ¢, respectively.
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k origin J

Figure 1.1: Model representing a single point charge placed in the homogeneous
dielectric continuum with dielectric constant ¢.

The equation 1.1 can also be converted to atomic units, where the factor 1/4meg is
replaced by unity. For a set N point charges ¢; the electrostatic potential in r reads

o(r)=3 —2 (1.2)

= elr—r

To describe the complex scenario of molecular systems further steps of generalization
need to be taken. If the point charge is replaced by a charge distribution the
electrostatic potential will be defined by the charge density p as:

p (r;) d3r;
v elr—rj

¢(r) = (1.3)
Considering that the Green’s function for the three-dimensional Laplacian operator
V? corresponds to (—4m \r—ri])_l, its application to both the right and left sides of
equation 1.2 leads to the Poisson equation. This expression is an essential equation
of electrostatics and is defined as

47

€Qi5(r—ri) (1.4)

Vi) =3 -

where d(r) is the Dirac delta function. In order to obtain a more convenient form
of the Poisson equation the expression eq. 1.4 can be combined to equation 1.5

(1) =3 qib(r—rs) (L5)

iNgE
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Now, the Poisson equation can be re-written as

Amp(r)

Vi (r) =

(1.6)

Only the embedment of a set of point charges in a homogeneous dielectric has
been taken into consideration so far. Such case represents still a mere theoretical
assumption; in nature the molecule is in fact surrounded by an inhomogeneous
medium. For this reason, the environment € is not anymore constant but becomes
dependent on the position r as in Figure 1.2. The Poisson equation adopts now a
more general form

V(e (r) Vo (r)] = —4mp (r) (L.7)

K origin J

Figure 1.2: The electrostatic potential determined by a charge distribution in the
inhomogeneous dielectric continuum.

In order to meticulously describe the environment of a solution the concept of
implicit solvent model must be now introduced. As extension of the Deybe-Hiickel
theory [6] the implicit solvent model contains three regions. An internal region X,
populated by immobile point charges, is assumed to represent the solute. Such
region is surrounded by a second one Y, called “ion-exclusion layer”. Finally, the
model is completed by a third and more external region Z representing the actual
solvent as a dielectric continuum that may contain also ions. The electrostatic
potential in X ¢y is described by the charge density px(r) and the ey dielectric
constant through the Poisson equation. In Y and Z the electrostatic potential is
determined knowing the charge density of the ions and the dielectric constant ¢ (r)
of the medium.

According to the assumption of the Deybe-Hiickel theory, the solvated mobile ions
distribution follows the Boltzmann distribution law. For this reason, the ratio of

4
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the ion concentration near the solute molecule (¢%) to the one in the remote Z (c;)
is given by

= e KT (1.8)

here £k is the Boltzmann constant and T the absolute temperature. W;(r) is the work
required to move an ion from infinity where ¢(r)=0 to the position r. Such a model
considers only a 1:1 electrolyte solution populated by ions +¢, and -¢,. For this

reason, the W (r) and W_(r) will be equal to +/-gs¢z (r), respectively. Therefore,

.. . . . _ qS¢C(T)
the positive and negative ion concentrations at r are equal to ¢!, /o = Cs€ /+ ,

with ¢, the ion concentration at infinite distance from the region X where the
electrostatic potential vanish to zero.

The ionic charge density at r in the Z region is calculated as,

qds (T
zcsqs & (1.9)

with Ng the number of different ionic types. Therefore, according to the 1:1
electrolyte composition, the electrostatic potential of Z is given as

4
V26 (r) = _Ampz (r) _ (1.10)
€z
4 NS ds T
TS g ET = (8”qu8>smh (mz (r))
€7 41 Ez kT

When the ionic charge density is added to the Poisson equation, the Poisson-
Boltzmann equation (PBE) is obtained. The PBE governs the electrostatic potential
over the three considered regions X, Y, and Z.

V- [e(r) +47TZCS e = — dp(r) (1.11)

This equation is non-linear in the unknown ¢(r). Such non-linear equations are
difficult to solve. The PBE can be linearized for small ionic strength expanding
the exponential term
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1Ns

ch gee~ 5 ch 0 ch ¢ (1.12)

Due to the assumed electro-neutrality of the system the first summation term
vanishes, while by using the ionic strength definition I (r) = £ Y15, ¢,(r)¢?, the
second term can be written more sophisticated, yielding the final form of the
linearized Poisson-Boltzmann equation:

8T

V- [e@) Vo (r)] = 1 (r) ¢ (r) = —dmp(r) (1.13)

The ion-screening constant or Deybe-Hiickel term kp, is defined as

Anl Xy 8l 1

ot 1.14
kT = “% = k1 T B, (1.14)

K =
with Ip the Debye length. Therefore, considering that k = kp/e , the linearized
Poisson-Boltzmann becomes finally:

-2

V- [e(r) Vo (r)] =k~ (r) ¢ (r) = —dmp(r) (1.15)
An analytical solution of the Poisson-Boltzmann equation exists only for idealized
systems. For complex geometries and charge distributions the equation can only
be solved numerically. Several different methodologies are available to efficaciously
solve the Poisson-Boltzmann equation. Among these, frequently applied techniques
are versions of the finite difference method, FDM. The basic idea behind this
methodology is the discretization on grid elements of all the relevant physical
quantities such as dielectric constant, electrostatic potential, ionic strength, and
molecular charges. Such grid mapping strategy allows to replace the differential
operators by grid value differences. Alternative approaches often applied to solve
the Poisson-Boltzmann equation are boundary element BE and the finite element
FE methods. While the BE methods are for example used in the PCM approach
[7], the FE has been recently used also in our group to develop the software mFES
(molecular Finite Element Solver) introduced in [8, 9].
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1.1.2 Numerical solution: The finite difference method

As previously mentioned, a common way to numerically solve the Poisson-
Boltzmann equation is represented by the finite difference FD method. This
approach discretizes the solute geometry on a regular simple cubic grid with lattice
constant h. The linearized Boltzmann equation is integrated over the grid volume
yielding

][ vE@vomar - [[[ Ry o @ dr =~ [[[amp@)a  (116)

This form can be simplified converting the first term on the left hand side to a
surface integral by applying the Gauss theorem. Additionally, the second term can
be approximated to Eﬁgboh?’ where the kg are the modified Debye-Hiickel parameter,
whereas ¢ is the electrostatic potential at the grid point, respectively. The usual
Debye-Hutickel parameter k is defined by:

[12FT
k=4 — 1.17
eRT ( )

where F is the Faraday constant, I the ionic strength, and € the permittivity of the
medium. The modified parameter kq takes the values kg = \/@k in the solution
region and kg = 0 in the molecule region. It is therefore dielectric independent and
proportional to the ionic strength of the solution. The right hand side integral of
equation 1.16 is equal to 4mqy, where ¢ is the total charge of the volume element.
Consequently, the equation can be re-written as

/ / e (r) Vo (r) -dA — Fagoh® = —dnqp (1.18)

where dA is the surface normal vector of the cubic volume element. For each of
the six sides of the cubic volume, the surface integral can then be solved separately

[ e ) voda =§6;si (6 — do) (1.19)

here the ¢y and ¢; are the two electrostatic potential values of the central grid
point and the average over the four corner points of one of the six faces of the cube,

7
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respectively. The dielectric constant ¢; in eq. 1.19 and below refers to the midpoint
between the point 7 and the reference point 0. So that

6
Z & (¢z - ¢0) h — Ezgﬁohg = _477(]0 (120)
i=1

Such equation can be rearranged into equation 1.21 in order to calculate the ¢y,
yielding

6 47q,
o Ei:l €i¢i + h 0
= 5 —

i—=1€i +k h?

bo (1.21)

This is the final equation that is iteratively solved until the convergence criterion
Is met.

As introduced before, the electrostatic potential ¢ related to any central grid
point and to its six neighbors has to be estimated. An important limitation of
this technique concerns the calculation performed on points placed at the grid
boundary. Such points have less than six neighbors and it would be impossible to
determine all the ¢; values of equation 1.19. In order to solve this problem, the
electrostatic potentials could be estimated on a grid that is much larger than the
studied molecule. In this case the ¢ related to any edge point will then either be
set to zero or more rigorously calculated with the Deybe-Hiickel approximation

—krij

b; = Z%‘e

-~ (1.22)
where 7;; is the distance separating the grid point ¢ where the charge ¢; is localized
from the grid point j at the boundary. However, the computing time required to
properly describe simple cubic grids with a sufficiently small grid constant that are
large enough that at the boundary the Deybe-Hiickel approximation can be applied
represents a critical limitation. In order to overtake the problem, and finally be
able to compute the electrostatic potential, a multi-focusing approach is usually
applied. A first calculation on a large grid scheme at low resolution is performed
to minimize the computational time. This is then followed by a series of steps
where only smaller grid regions closer to the molecule are taken into consideration.
The electrostatic potential at the boundary of the small grids can therefore be

8
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taken from the interpolated values from the previous steps. While a many focusing
step approach can be used, a two-step process is adequate for the small molecules
considered in this thesis. Such process is shown in Figure 1.3.

C\> > 4

course calculation focussed calculation

Figure 1.3: A two-dimensional depiction of the procedure of focusing is shown.

1.2 Continuum electrostatics

1.2.1 Characteristics of the reaction field

In the classical electrostatics approach, the compound is solvated by a dielectric
polarizable medium. In this environment, the charges of the solute generate an
electric field, which moves the solvent molecules (or ions) to develop a non-zero
dipole moment. Consequently, such dipoles determine an induced external field
acting against the one of the solute. The induced field is called reaction field
and its strength is directly proportional to the magnitude of its induction. The
reaction field is generated by two mechanisms; the electronic and the orientational
polarizations. The first one is due to distortions of electronic wave function of
molecules that are generated by the inducing field. The latter, known also as
nuclear polarization, is relevant for all the molecules with a permanent dipole
moments and results from their tendency to orient along the electric field lines.
The electronic polarization alone would yield a dielectric constant of 1.5-2.5,
while the nuclear polarization can have a much larger effect on the value of the
dielectric constant, which for water at room temperature is as large as 80. A
minor additional contribution to the reaction field is generated by intramolecular
vibrations, since the atomic polarizability has a minimal influence on the dielectric
constant (between 0.05 and 0.30).



1.2. CONTINUUM ELECTROSTATICS

1.2.2 Electrostatic energy

The electrostatic potential is used to compute the electrostatic energy that, in the
trivial case of two point charges ¢; and g¢; is calculated as

G =19 _ g, (1.23)

5Tij

where r; = |r; - 7;] is the distance between the two point charges and ¢; is the
electrostatic potential at position r; generated by the charge ¢; at position r;.
This expression is valid only when describing a homogeneous dielectric medium
and cannot be applied for molecules embedded in a solvent. In the latter case two
regions are considered. The first one represents the solute and is characterized
by a low dielectric constant. This region is then surrounded by a second one,
characterized by a specific dielectric constant that represents the solvent. The
total electrostatic free energy GY of such a system is given by the summation
of different contributions: The Coulomb interactions between the charges in the
system GY, the reaction field energy caused by the interaction between charges
and the polarizable solvent G%, and the interaction between the charges and the
induced ion distribution in the solvent GY. The expression can be alternatively
summarized into the equation 1.24:

G’ =G+ Gy (1.24)
here, the total electrostatic energy is calculated as sum of Gioj, containing all the
pairwise interaction energies and G2 representing the self-interaction energies.
The first term includes the Coulomb interaction energy of two point charges
(7 and j7), and the interaction energies of the charge 7 with the reaction field and
the ionic distribution induced by j. The second term collects all the energy terms of
self-interaction and includes the Coulomb, the reaction field, and the ionic energy
contributions. The Coulomb self-interaction is the electrostatic energy of a classical
atomic point charge in its own electrostatic potential. This contribution, known as
self-energy, is infinite for point charges. In practical applications this singularity
results in a finite but large contribution when solving the IPBE on a finite grid
where the atomic point charges are smeared over cubic grid elements. This is the
so-called grid artifact whose contribution cancels in appropriately computed energy
differences. Namely, the energy terms are then computed for systems with the
same coordinates in both the vacuum and solvated phases. The second term of
eq. 1.24 includes also the interaction energy of the ¢ charge with its reaction field,
and with the ionic distribution, both induced by the same solvated charges.

10
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1.2.3 Solvation energy

The solvation energy is the free energy to transfer a molecule or an ion from the
gas-phase to the solvent. The electrostatic solvation energy is computed according
to equation 1.25

o

AG Go(gexﬁemol) _ Go(]-;Emol) (125)

sol —

where €.y is the dielectric constant of the solvent and =1 is the corresponding
gas-phase value. If the inter-atomic space in the solute €., is set to the value in
vacuum, then

AG;OI _ Gelect,(sext;l) _ G6190t7(1§1) (126)

However, the total solvation energy AG;’Oth " does not only depend on the electrostatic

contribution. Further factors contribute to the solvation energy. Hence, the total
solvation energy reads

AGH = AG., + AG, 4w + AG.,, (1.27)

sol

where AG., is the electrostatic solvation energy, and AG, 4y the energy of van der
Waals interactions between the molecules of the solvent and the solute. AG,, is
the energy term required to form a cavity and host the molecule within the solvent,
such positive energy term includes the change in entropy due to the reorganization
of the solvent around the solute. This term strictly depends on the number of
molecules populating the first shell of solvation and it is then proportional the
solvent accessible surface area (SASA) of the solute. Also AG,,y depends on
the number of solvent molecules present in the first shell of solvation, the vdW
interaction energy decreases indeed with the distance as 1/r®. For this reasons, also
the AG, 4w shows a proportionality to the SASA. Therefore, the definition of the
solvent accessible surface plays a critical role. The SASA is generated by rolling
a solvent probe sphere over the vdW volume of the molecule of interest [10], as
shown in Figure 1.4. Both contributions, AG, . and AG., follow the expression

AG, 4w+ AG.,, = a+ BSAS (1.28)

11
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where the constants « and [ can be taken from experiment and the SAS is the
solvent accessible surface area. The energy contribution related to these energy
terms is relevant particularly for neutral and non-polar solutes.

Figure 1.4: The solvent exluded surface SES (depicted as a bold line), solvent
accessible surface SASA (the dashed line), and ion exclusion layer IEL are generated
by rolling a solvent probe sphere over the vdW volume of the molecule.

1.3 Atomic partial charges derivation

The atomic partial charges of a molecule occur due to the negative charges of
electronic wave function and the positive charges of the atomic nuclei. They are
crucial parameters when computing electrostatic energies. The atomic partial
charges are not directly measurable. Nevertheless, they can be estimated by
quantum chemical computations or molecular properties related to the electron
density distribution. There are various methods to obtain the atomic partial charges
from measurements. They can be derived from spectroscopic data, population
analysis of wave functions, partitioning the electron density distribution, electron
density dependent properties and the most popular electrostatic potentials ESP.
The molecular electrostatic potential is a quantity, which can be determined from
the wave function of the molecule

¢ (I‘) = On (I‘) + ¢ (I‘) (129)
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where ¢, (r) and ¢, (r) are the nuclear and electronic electrostatic potential, re-
spectively. These contributions are calculated according to equations 1.30 and 1.31,
respectively.

Mo g
n () = AEZJI Ryl (1.30)
Pe (r) = — Cm (1.31)

where Z,4 is the nuclear charge, and p, (r) the electron density. A least-squares
fitting procedure is then applied to derive a set of partial charges that reproduce
the electrostatic potential in the neighborhood of the molecule. In such procedure,
the equation 1.32 is minimized

M
mode. 2
e (@A) = 3" (0 — gmode) +A\Z—Zqz~ (152
=1 i=0

where ¢? is the electrostatic potential at the i-th grid point, ¢™°d¢! the electrostatic
potential of the charge model, N is the number of grid points, and w; the statistical
weighting factor of the i-th grid point. Therefore, ¢"°%! at the i grid point and
due to all the g; charges is calculated as

gzSzmodel _ Z d; (133)

j=1 |ri—r;]

Although widely used to compute atomic partial charges, the normal ESP method-
ologies are not trivial. The generated charges are not simply transferable between
common functional groups. Moreover, they strictly depend on the geometry of
the molecular conformation. The reason for such a behavior is connected with the
nature of the fitting procedure, which can be quite insensitive to the charges of all
buried atoms.

A popular approach used to generate charges from the quantum chemically derived
electrostatic potentials is RESP, the Restrained ElectroStatic Potential method.
The RESP is based on the application of a penalty function to derive the charges.
Although helping to minimize the problems of the normal ESP methods such
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restrains implicate a price to pay. The technical limitation depends on a minor
fitting quality of the matched electrostatic potential compared the one which is
determined quantum chemically. In RESP the penalty function X?)en is introduced
as additional term to the x3¢p in the charge fitting procedure

X2 = X}ZESP + Xf)en (134)

Xf)en controls the absolute value of the charges not to become to large and has the
form

Xf,en = az ((qj2 + 1)2)% —b) (1.35)

where the scale factor a defines the asymptotic limit of the strength of the constraint
and b the narrowing of the hyperbola around the minimum. As smaller is b and
as larger is a as more are the charges controlled to be small. Within the RESP
approach is also possible to impose the symmetry of geometrically non-equivalent
atoms that are equal though rapid exchange (e.g. hydrogen atoms in methyl
groups). However, such constraints could lead to ESP reduction at the molecular
polar regions. In order to solve this additional problem, a two stage approach
has been suggested. The fitting procedure is first performed with weak restraints
and no symmetry and in a second stage the fitting will be carried out only for
the groups that need to be symmetrized. It has turned out that such a procedure
yields atomic charges which are most suitable for the computation of solvation and
conformational energies.
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Chapter 2

Introduction

2.1 Acidic dissociation constant

The acidity dissociation constant measures the strength of an acid in solution and is
usually reported as pKa value. The two reactions of protonation AH A4 pr
and B + H* L5 BH* have equilibrium constants expressed as

[A7][H7]
K="y 2
and
[B] [H]

The pKja value of an acid is defined as the negative decimal logarithm of the
equilibrium constant K 4. The determination of this dimensionless quantity for
chemical substances represents an important issue in chemistry and plays a relevant
role in drug discovery. The pK, value influences the solubility, the permeability, and
the clearance of a drug molecule. About two-thirds of all approved pharmaceutical
compounds contain ionizable groups, usually in the range of 2-12 pH units [11].
The states of protonation of the ionizable compounds are strictly associated to
their pK values. Charged compounds are generally more soluble in water, whereas
neutral molecules have a stronger lipophilic nature. In order to perform their
function in the cell environment, drugs must penetrate the lipid bilayer cytoplasmic
membrane. Such processes can be efficiently accomplished only by uncharged
molecules, which for titratable molecules depends on the acidity constant. The
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pKa value of a compound also regulates its passive renal tubular re-absorption.
Many drugs are either weak bases or acids. The urine pH can vary from 4.5 to 8.0.
Consequently, in an acidic environment weak acid drugs are reabsorbed while in
alkaline urine, weak bases tend to be re-internalized. Hence, the influence of the
pH variation on the process of tubular re-absorption of a molecule can be effectively
predicted by considering its pKa value. For all these reasons, fast and accurate
methodologies to compute the pK, value of a molecule in protic environment as
well as in apolar non-aqueous solvents can be very useful for the design of successful
drug lead compounds.

2.1.1 Prediction of pK, values in water

Many methodologies are available for computing or predicting the pK, value
of organic molecules solvated in water. These methods range from purely
empirical to essentially ab-initio approaches, including mixed semi-empirical
strategies. The empirical methodologies are usually based on machine learning in
combination with molecular descriptors. Such descriptors are either dependent
on structural information alone (e.g. QSAR/QSPR methods) [12, 13, 14], based
on a combination of structure and semi-empirical quantum chemistry [15, 16, 17,
18, 19, 20], or alternatively related to other quantities as group-philicities [21].
The correlation between pKa value and molecular properties is often restricted to
specific families of compounds. Therefore, the application of such empirical schemes
is practically limited to specific data sets of molecules. The ab-initio methods, on
the other hand, represent the most elegant approach to the pK, prediction as
they are usually based on a combination of quantum chemistry (QC), molecular
dynamics (MD), and electrostatics [7, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. In
this spirit, the computation can be performed by using QM /MM methods. Such
methods describe the region of the system in which the protonation process takes
place at quantum mechanical level, while the remainder is treated with a classical
molecular mechanics force field [32, 33, 34, 35, 36, 37]. Alternative pK, prediction
schemes based on discrete solvation models use only MD simulations and are
very often applied to protein systems [38, 39, 40, 41, 42, 43, 44, 45]. Although
explicit solvation enables a fully atomistic depiction of the system, many ab-inito
methodologies are based on the implicit representation of the solvent environment.
The influence of the solvent on the solute molecule can, for instance, be described
by Langevin dipoles as in [46, 47, 48, 49]. Nevertheless, the great majority of
implicit solvent models use a dielectric continuum to calculate the solvation
energies of organic compounds in water, solving the Poisson equation [50, 51, 52] or
using the generalized Born approximation and variations [53, 54, 55, 56, 57] . The
third class of methodologies, the so-called mixed approaches, are essentially based

16



2.1. ACIDIC DISSOCIATION CONSTANT

on semi-empirical schemes. In those predictive strategies, an approximate pKa
value is computed through a simplified ab-initio method and further adjusted via a
linear regression function [58, 59, 60, 61, 62, 63, 64, 65]. An example of a mixed
approach is given by the pK, prediction module implemented in the software
package Jaguar (Schrédinger, LLC)[66] and will be described in section 2.3.2.

2.1.2 Prediction of pK values in organic solvents

So far, the discussion has been focused only on the determination of pK, values of
organic compounds solvated in water. A different problem concerns the computation
of these values in non-aqueous solvents such as acetonitrile (MeCN), dimethyl-
sulfoxide (Me2SO), and methanol (MeOH).

Solvent molecules equipped with polar hydrogen atoms are called protic solvents;
water is the most important protic solvent. In contrast, solvent molecules that
carry only non-polar hydrogens, such as MeCN and Me,SO, are called aprotic
solvents. Other solvents are characterized by a hybrid nature, such as methanol
(CH30H). In this case, the solvent molecules carry not only the hydroxyl polar
group but also three non-polar hydrogens attached to the carbon. Therefore,
CH30OH has a mixed nature placed on the gradient between the protic and aprotic
extremes. As explained before, these non-aqueous solvents play a central role in
pharmacology. The ability to predict pK, values with high accuracy for both
protic and aprotic solvents is then crucial. Nevertheless, only a few methodologies
are currently able to predict the pK, of non-aqueous solvents [1, 18, 56, 59, 67,
68, 69, 70, 71]. Furthermore, such methods, which are often semi-empirical, have
been tested only to work on a limited set of molecular families. In 2002, Chipman
applied an ab-initio approach combined with a linear regression scheme to compute
pKa values of a series of alcohols, carboxylic acids, and ammonium ions in water,
acetonitrile, and dimethyl sulfoxide [59]. In 2004, Almerindo et alia performed an
ab-initio prediction of pK, values for a set of organic acids in dimethyl sulfoxide
using the PCM method. But, they obtained maximum deviations higher than
4 pH units from experiment [68]. In a very similar spirit, Li et al. in 2006 [70]
and Poliak in 2014 [72], respectively, performed ab-initio computations on amines
and phosphitines in acetonitrile, and on derivatives of anilinium and pyridinium in
seven different solvents obtaining overall accuracies within 1.1 pH units. In 2014,
also the SM8 and SMD models of solvation were tested on the pKa prediction of
carboxylic acids, phenols, and amines in ethanol by Miguel et al. [69]. However,
that approach gave results with a high level of accuracy only if finally a linear
fitting procedure was applied. The SM solvation models will be introduced in
section 2.3.1.3 . Moreover, Jover et al. applied a fully empirical approach QSPR

17



2.2. METHODOLOGICAL APPROACHES DEVELOPED IN THIS
THESIS

designed to predict the pK, values of a series of phenols in many different solvents
including water, methanol, and dimethyl sulfoxide [18]. Although several different
approaches have already been proposed, an ab-initio method widely applicable in
different non-aqueous solvents is nevertheless still needed.

2.2 Methodological approaches developed in this
thesis

This section introduces:

- The ab-initio methodology update with the derivation of the free energies of
proton solvation in different solvents.

- The application to the revised ab-initio method computing the pK, values of
a series of di-oxo-manganese clusters solvated in water and acetonitrile;

- The electrostatic transformation method applied for different protic and
aprotic solvents;

- The empirical conversion scheme applied to shift the pKa of organic molecules
from water to other solvents.

2.2.1 Ab-initio method: Update and applications

The general scheme of the ab-initio pK, computational methodology used in this
thesis is presented here. In the ab-initio method, the computation of the pKa
values is performed combining quantum mechanics and electrostatics in order to
exploit the thermodynamic cycle shown in Figure 2.1.

The pKja value of a molecule can be derived from the free energy of proton
dissociation, AA Ggepror. This energy cannot be directly computed in solution using
the rigid rotor-harmonic oscillator approximation. However, for larger organic
molecules the rigid rotor energy nearly cancels between the protonated and de-
protonated species of the considered molecule, such that the vibrational energy
remains to be evaluated. Hence, by taking advantage of the thermodynamic cycle,
one can derive AA Gyepror as

ADGaeprot = AGgus + DGy (A7) + AGua (H') = AGuy (AH)  (2.3)

where AG,,s and AG,,, are the gas-phase proton affinities and the solvation
energies of the two molecular species (and the proton), respectively. The AA G epror
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THESIS
Acgas
AH(g) > A +H()
AGSOJV(A H ) AGsolv(A_) AGSO’V(H N )
AH(solv) A(solv) + H*(solv)
AAGdeprot

Figure 2.1: The thermodynamic cycle connecting the gas-phase and solvent-phase
of proton dissociation is shown.

can be finally related to the macroscopic measurable pK, value by the following
thermodynamic relation:

AA CJdeprot

7(2.303RT) =+ log (n) (2.4)

pK4 =

Here, the free energy term quantifies the microscopic pKu value whereas the
parameters R and T are the ideal gas constant and the absolute temperature,
respectively. Equation 2.4 also takes into account of the number of multiple sites
of protonation; the additive logarithmic term logio(n) is added to cover the n
equivalent possibilities to protonate the A- molecular species, and subtracted if
there are n equivalent chances to deprotonate the species AH.

The next two sections illustrate the theoretical framework applied in order to com-
pute the gas-phase proton affinities and the solvation energies of the deprotonated
and protonated molecular states as well as of the proton.

2.2.1.1 Gas-phase proton affinities and solvation energies

The gas-phase free energy computation represents the lowest source of error in
pKa predictions. Reliable A G,y values within an accuracy of 1.1-1.6 kcal/mol
are produced by level of theory such as CBS-QB3[73, 74] and CBS-APNO|75].
Moreover, CCSD(T) calculations on small molecules can return gas-phase free
energies within the experimental accuracy[76]. Nevertheless, such computationally
expensive methodologies cannot be applied for a large number of molecules. A
combination of different methods, such as density functional theories (DFTs), model
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chemistry, and ab-initio theories with different basis sets, have been applied to
achieve high accuracy at low computational cost [77, 78, 79, 80].

In this thesis, the gas-phase reactivity is investigated through a quantum chemical
approach at a DFT level of theory [1]. The vacuum contribution to the energy of
proton dissociation is the so-called free energy of gas basicity, defined as

AGgus = Gias (AH) + Gos (H') = Gas (A7) (2.5)

Here, the terms G, (AH) and Gg,s (A7) are the free energies of the protonated
and the deprotonated molecular species under vacuum conditions, respectively.
These energy contributions are derived according to:

Ggas - EO + EZPVE + GE?S (26)

where EY is the ground state electronic energy, Ezpyg the zero-point vibrational
energy and GZ the thermal vibrational energy. The energy term G, (H™) is the
free energy spent to create a mono-atomic particle, for instance the proton in the
gas-phase. Assuming a mono-atomic ideal gas behavior of the proton, such free

energy is then computed at room temperature according to equation 2.7

Gas (H") = Egas (H") — ThosSeas (H") (2.7)

The free energy term Gy, (H') cannot be calculated using quantum mechanics
because the proton does not contain electrons. The problem can be elegantly
solved by combining the translational kinetic energy of the three degrees of freedom
(1.5RT) and the excess mechanical energy required to generate the additional free
proton from the acidic species (RT = pV). In this way the free enthalpy of a proton,
Egas (HT), is given as 5/2RT or 1.48 kcal/mol at room temperature. According to
the Sackur-Tetrode equation [81, 82, 83, 84] the entropy contribution of a free atom
in the gas-phase at room temperature is ThgSgas (H) = 7.76 kcal/mol. Finally,
the free energy to create a proton in the gas-phase is then equal to -6.28 kcal/mol.
As outlined before, the zero-point vibrational energy FEzpyvg, and the thermal
vibrational free energy G%P are summed to calculate the free energy of a molecule
under vacuum conditions. The zero-point vibrational energy Ezpyg is calculated
as in equation 2.8,

1
Ezpve = 3 > hev; = 1.429-107°> vy (2.8)

Here, h is Planck’s constant, ¢ the speed of light and v; denotes the frequency of
the i-th normal mode in units of cm™.
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The thermal vibrational energy in kcal/mol is calculated as

G5 = HZP — 208K S (2.9)

The HZ® and S%P are the thermal vibrational enthalpy and entropy, respectively,
at the absolute temperature T = 298K. The H2® term is computed as

v;

HZP =" hey; =2.857-1073 2.10
b Z exp(zg%k) 1 zi:exp(4.826-10*3-'ui)—1 (2.10)
where the vibrational temperature ©; of the i-th normal mode is:
hev;
0, = = 1.438777 - v; (2.11)
b

with k; the Boltzmann constant and v; the frequency of the i-th normal mode in
units of cm™.
The thermal vibrational entropy is computed according to

9.
i O.
SE¥=R- 298 — In[l — exp (—) = 2.12
4.826 - 1073 - v
1.986- 10733 ( -

— toxp (4.826-1073 - v;) — 1
In[1 — exp (—4.826- 107 - ;)])

Here, R is the molar gas constant equal to 1.986-107 kcal/(mol K) [85].

In order to compute the AAGgeprot, €q. 2.3, besides the vacuum contribution, the
free energies of solvation of both protonated and deprotonated molecular states,
as well as of the proton, are also required. The two energy terms AGy,y, (A7) and
AGg, (AH) are computed by applying an electrostatic continuum methodology.
The Restrained ElectroStatic Potential (RESP) procedure is applied to calculate
the atomic partial charges in the gas-phase and the Poisson equation is solved by
using the finite difference method as implemented in SOLVATE from the energy
program suite MEAD (macroscopic electrostatics with atomic detail) [86, 87] (See
sections 1.2.3 and 1.3 for theoretical background). On the other hand, the free
energy of proton solvation AGy., (H™) represents a constant parameter in the
thermodynamic cycle. Many investigations have proposed several different free
energy values of proton solvation for the solvents investigated in this thesis. Various
approaches are presented in the next section, including the strategy applied in this
work.
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2.2.1.2 Proton solvation energies in different solvents

One of the most relevant challenges in physical chemistry is the correct estimation
of the absolute free energy of proton solvation, AGy,, (H"). This task becomes
particularly complicated for a proton solvated in water. In fact, in aqueous
solution the particle is not attached to a single solvent molecule but dynamically
solvated by a water cluster. Even less is known about the solvation of protons in
non-aqueous solvents.

As mentioned in section 2.1.2, hydrogen atoms play a crucial role in solvation
and the solvents can be divided into different families depending to the types
of hydrogen atoms (polar and non-polar) that they carry. Usually solvents are
divided into two families: protic and aprotic.

Proton solvation energies are difficult to measure directly and their determination
is often based on the energetics of protonation reaction data combined with
theoretical assumptions [88, 89, 90, 91|. For many years, the value of the free
energy of proton solvation in water was rather uncertain, several different values
were published, ranging between -252.6 and -271.7 kcal/mol [89, 90, 91, 92]. The
major uncertainty in any determination of ion solvation free energies is that
ions are never isolated from the surroundings. The calculation of an anionic
solvation energy can be achieved only if the corresponding value for the cation
is known. Therefore, in practice, all ionic solvation energy values are referenced
against the one for the proton [27]. If the proton solvation free energy varies, the
value for all the other ions will change as well. In 1998, Tissandier et al. [93]
applied the cluster-pair approximation (CPA) to analyze the ion-pair solvation
in small water clusters, this approach yielded a free energy of solvation equal
to -264 kcal/mol. However, in 2005, a correction of -1.9 kcal/mol was applied to
adjust for appropriate standard conditions and since then the resulting free energy
of solvation of -265.9 kcal/mol has been accepted as the consensus value [94]. The
CPA approach employs ion-water cluster data and bulk conventional ion hydration
free energies (referenced to the proton) in order to deduce the proton hydration
enthalpy and free energy. More recently, two new studies based on the application
of the same CPA procedure resulted in the values of -266.1 (very close to the
consensus) and 263.4£1.9 kcal/mol [88, 94, 95]. Finally, in 2015 Seybold published
a slightly different energy equal to -265.6 kcal /mol [91].

The estimation of the free energy of proton solvation is required in order to match
computed and measured pK, values. As introduced in section 2.1.1, many of
the methods to compute pK, values are based on the application of quantum
chemistry combined with the solvation energies of proton and molecular species.
For this reason, the energy can also be derived from the computation of the
acidic dissociation constants. Generally, the solvation process requires an implicit
modeling of the solvent, using a dielectric continuum either alone or, alternatively,
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adding one to three explicit water molecules in the ionic state [71, 92, 96, 97]. In
2004 the pK 4 values for a selection of 26 organic compound were computed in water
by applying the ab-initio method also used in this thesis [92]. The corresponding
derived proton solvation energy was estimated to be -265.7 kcal/mol, which is very
close to the accepted consensus value. In a more specific approach, the proton
solvation energy has been directly computed solvating neutral and protonated water
molecules embedded in an Eigen water-cluster geometry surrounded by a dielectric
continuum [98]. This strategy yielded an extrapolated value of -262.4 kcal/mol [99].
The same approach yields -266.7 kcal/mol when more generally applied to up to
14 explicit water molecules [100]. Although the value -253.4 kcal/mol was more
recently obtained by using the same water cluster [101]. It is therefore clear that
even for water, the exact value of the proton solvation energy is subject to a high
degree of uncertainty.

Table 2.1: Experimental and theoretical proton solvation energies are listed in
kcal molt. The table is adapted from [1, 4]. a: [102, 103] b: [38] c: [71] d: [104] e:
[41] £: [105] g: [40] h: [106] i: [18] j: [43]

measured
MeCN Me,SO MeOH
-255.2, -270.5,, -268.6;, -263.8,
-260.2, -273.3; -263.5,
-254.24 -268.554 -261.94
computed

-252.3 ¢ -273.24,-267.0 , -263.4
-253.2;  -267.6 ,-261.1; -253.6;

Proton solvation in water has been investigated for many years. However, there
are only a few studies dedicated to other solvents. These investigations are sum-
marized here in Table 2.1. In 2000 Kalidas et al. used the tetraphenylarsonium
tetraphenylborate (TATB) assumption in order to obtain the transfer free energies
of proton solvation from water to acetonitrile, methanol and dimethyl sulfoxide
[102]. The TATB approach assumes the size of large and spherical ions such as
tetraphenylarsonium and tetraphenylborate to be equal. Consequently, these two
systems show very similar solute-solvent interactions and therefore practically
equal solvation free energies [105, 107]. The assumption is widely applied in the
formulation of absolute free energies of solvation of single-ions between different
solvents. A few years later, Kelly et al. applied the CPA approximation to derive
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the free energy of proton solvation for the same solvents, while Fawcett obtained the
energy values by the measurement of electrochemical potentials [104]. Finally, other
studies applied a combination of quantum chemical and electrostatic approaches to
compute pKy values and determine the solvation energies in the three solvents by
matching with experimental measurements [105, 108, 109, 110, 111, 112].

In this thesis, the free energies of proton solvation in water, acetonitrile, methanol
and dimethyl sulfoxide are determined by fitting measured and ab-initio computed
pKa values. The computational methodology used in this work is detailed in
section 3.1 and the related publication is presented in section 4.1.

2.2.2 Investigation of di-oxo-manganese complexes

Multinuclear organometallic complexes play a central role in chemistry and biology
[113] and their key feature is the ability to perform the electroneutral transition
between different oxidation states. This transition is achieved by decreasing the
free energy needed to reach high valence redox states through the coupling of
electron and proton transfer reactions [114, 115, 116, 117]. The experimental
characterization and theoretical description of these important processes remain
challenging. Such metal ion clusters have been recently discussed by Bruijnincx
and Sadler as anti-cancer agents, by Suh and Chei as artificial proteases, and by
Barnham and Bush for their involvement in Alzheimer’s and Parkinson’s diseases
[118, 119, 120, 121]. Organometallic compounds clearly have a relevant impact
in biotechnological applications. Therefore, theoretical models to describe the
redox and protonation patterns of such bio-inorganic complexes can be very useful
in understanding their physical-chemistry. The most eminent organometallic
compound in nature is the oxygen evolving complex (OEC) in photosystem
IT (PSII) of plants, algae, and cyanobacteria. The OEC, whose structure is
shown in Figure 2.2 | is composed of four manganese atoms connected by five
bridging oxygens and a calcium atom. Moreover, two pairs of water molecules are
coordinated to the calcium ion and to the so-called Mn4 atom, respectively.

The OEC catalyzes the splitting of water during the photosynthesis in which
electrons and protons are produced as an energy supply for the organism. In
the process, the excess oxygen atoms are released to the atmosphere in form of
molecular oxygen as a vast product. Many questions are still open and common to
both the isolated and protein-included redox active manganese clusters. Among
these issues, a very interesting one concerns the quantification of the pK, values of
the oxo-briges and terminal water relative to each other. However, an accurate
investigation of the protonation processes performed in such a complex system
is particularly difficult and requires a high level of quantum chemical theory.
Several problems including spin state, antiferromagnetic coupling of the manganese
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Figure 2.2: The OEC core (involving Ca, Mnl-Mn4, and O1-O5) is depicted,
including the four waters ligated to manganese (Mn4) and calcium (Ca). Oxygen,
and manganese atoms are denoted in red and blue, respectively. The single calcium
atom is denoted in violet and the carbon and hydrogen atoms in light gray. The
figure is adapted from [122].

atoms, the Jahn-Teller distortion of the oxygens bridging the manganese, and
the charge delocalization and transfer between the different groups need to be
taken into account. An additional challenge is represented by the ability of the
cluster to switch between a combination of possible oxidation states. The four
high-valent manganese ions can be found in the oxidation state III or IV. Taking
into account that the five oxygen bridges can be either pu-hydroxo or p-oxo, a total
of 16 X32 = 512 microstates are possible.

U-hyox
}D(2,4) =16 50 < } D(2,5) = 32

H-0X

Y

4Mn<
11

Figure 2.3: The combination of the OEC microstates are here depicted taking into
account the possible oxidation states of the manganese atoms and the protonation
of the p-oxo-oxygens.

Moreover, thousands of other potential microstates need to be considered when
introducing the deprotonation of the four terminal water molecules. For all these
reasons, the direct application of any predictive methodology to the full PSII
manganese cluster needs to be tested on model systems first.

The ab-initio methodology has been in this context applied in order to predict the
pKa values of a series of model compounds inspired by the OEC. The basic struc-
ture of these models is shown in Figure 2.4 . They belong to a series of compounds
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where the di-oxo-manganese core cluster is surrounded by an organic scaffold.
The investigated series is referenced to as SOZMUP, structurally organized as
[Mny(1-O)2((3,5-di(R) or 5-R)-N,N’-bis(salicylidene)-1,3-propanediamine),], where
R can be H, Cl, NOy, or OCH3.

Only di-oxo-manganese complexes (and their states) for which measured pK, values
are available were considered. The pK, values of the investigated molecules were
measured by Pecoraro, et al in acetonitrile (MeCN) by applying spectrophotometric
and electrochemical techniques [123, 124].

The models considered in this thesis are simpler than the OEC. Nevertheless, they
contain the main structural features to capture the transition between several dif-
ferent microstates. Consequently, the investigation of these compounds necessitates
the application of methodologies that can properly consider all the oxidation and
protonation states. The investigation performed in this thesis aims to predict the
pKa values of bridging oxygens in model compounds, and to test the ab-initio
methodology recently used to titrate the -oxo oxygen atoms of the oxygen evolving
complex in photosystem II [3].

Figure 2.4: Model manganese complexes. Oxygen, nitrogen, manganese atoms
are denoted in red, blue, violet, respectively. SOZMUP [Mny(p-O)2((3,5-di(R) or
5-R)-N,N’-bis(salicylidene)-1,3-propanediamine)s|, where R can be H, Cl, NOg, or
OCHs;.
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2.2.3 Electrostatic transformation method

The thermodynamic cycle of proton dissociation can be meticulously explored only
through an ab-initio methodology describing both the vacuum and the solvated
phases. As discussed in section 2.2.1, such an investigation is based on the
calculation of the free energy of proton dissociation, which can be converted
to the macroscopic pK, value of a molecule. As introduced in section 2.1.2 the
computation of pK, values of molecules in non-aqueous solvents represents an
important issue not yet fully understood. The ab-initio methodology has proven to
be robust and precise in predicting pK, values of organic compounds in different
solvents [1]. A related but computationally much less expensive methodology to
compute the pK, values of organic molecules is the electrostatic transformation
method [4]. According to this novel ab-initio approach, the pK, value of a titratable
residue is transformed from one solvent to another by computing the electrostatic
solvation energies (ESE) of the protonated and deprotonated molecular species.
The ESEs of organic molecules can be computed with a relatively high accuracy.
However, the proton solvation energies in the corresponding solvents must be
available in order to compute pK, values.

The key equation that relates a molecule’s pK, value in one solvent (i) to the
molecule’s pK value in a different solvent (j) is

[PE4 (i) = pEa ()] ksTIn(10) = AG™Y (i) + G (1) = AG™Y (j) = G (7) (2.13)

where kgT1In(10) converts the dimensionless pKa value to energies, the Gy are the
free energies of proton solvation, and the AG*Y (7) are the free energies of solvation
for the molecule in solvent i. The free energy terms can also be expressed as the
difference between the protonated (BH) and deprotonated molecular species (B)

AG®Y = G=V (BH) — G* (B") (2.14)

The application of equations 2.13 and 2.14 allows the transformation of any experi-

mentally measured or theoretically estimated reference pKa, pK fffk (7), of a specific

molecule £ in a solvent j to the value, ngjk(j — 1), of the same molecule in a
second solvent 7 according to

K% (= i) = pK (7) (2.15)
+kpTIn(10)] AGN (i) + Gy (i) — AG™Y (j) — G (4)]
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In this thesis the solvation energies are computed electrostatically for compounds
surrounded by a continuum dielectric medium. The electrostatic potential based
RESP approach and the FDM (finite difference method)-SOLVATE package from
MEAD (macroscopic electrostatics with atomic detail) [86, 87| are applied to
compute atomic partial charges and to solve the Poisson equation, respectively. As
introduced in section 1.2.2, a technical restriction limits the application of such
approach to molecules with the same structural conformation in both the gas- and
solvated phases. Moreover, the atomic partial charges are computed in vacuum,
assuming no medium influence on their determination. For this reason the strategy
applied in the electrostatic transformation method is valid only if the binding
energy of a proton to a solute does not depend on the environment of the molecule.
This assumption concerns a broad range of organic molecules belonging to diverse
molecular families. In fact, as shown by the typical pK, ab-initio method [1], the
environment can even be absent (e.g. in gas-phase), and the proton binding energy
to the solute is virtually the same as in a solvent [4]. On the other hand, the
van der Waals (vdW) interaction between the solvent and the solute in both the
protonation states is very similar because the two molecular species differ only by
one proton. For this reason, the only interactions that affects the pK, value of
a molecule in different solvents are the electrostatic interactions and the proton
solvation energies. Consequently, only the electrostatic solvation energies AG5Y
of a titratable molecule % in the two solvents ¢ and j are taken into consideration
in equation 2.15. To obtain absolute solvation energies for individual molecular
species vdW energies are necessary, however they are not needed for the pKu
computations.

The electrostatic transformation method presented in this doctoral thesis has been
used to predict the pK, values of 30 organic molecules solvated in water, methanol,
acetonitrile and dimethyl sulfoxide. The proton solvation free energies derived
in the study and introduced in section 4.1 are used here. The computational
methodology applied in this work and the results are presented in section 4.2
and [4], respectively.

2.2.4 Empirical conversion method

Empirical approaches gather many popular methods to compute the pK, values
of molecules [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 125] and they can be based on
many different schemes as introduced in section 2.1.1. Moreover, it has been shown
that combinations of parameters can be applied converting pK, values between
different solvents [126]. Usually, such a conversion is valid for a limited set of
similar compounds and based on the use of a combination of multiplicative and
additive parameters [126]. The key empirical function to convert a pK, value of a
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molecule from a reference solvent (ref) to a different one (X) is then

PEX (Yinot) = f [PK (Ymal) , A] (2.16)

where Y,,,, is the solute molecule that can be either in the protonated (YH) or
deprotonated (Y) form, and A is the set of adjusted parameters applied to the pKx
value of reference in order to obtain the as result of the conversion scheme.

In this thesis it is suggested that a pK, value of any molecule can be converted
between different solvents by using a single additive empirical parameter. The
empirical approach is then exploited to condense in a single parameter all the
energy contributions to shift the pK, value. Such parameters show a hybrid
dependency based on the solvents and the molecular families of interest. The
families of compounds considered here are selected according to the degree of
homogeneity between the chemical functional groups of their components and trace
the categorization scheme proposed in [58]. Any measured or computed pK, value
can then be converted from a reference solvent to any other one according to

PEX (Ynot) = pE (Yoat) + AN, (2.17)

where Ag/m ) Is the empirical conversion parameter applied to shift the pK% (Y01

ol

value of a molecule in the solvent of reference to the one in the new solvent
pK} (Ymol)-

In the present study the empirical conversion is performed from water to the
other three solvents acetonitrile (MeCN), dimetyl sulfoxide (MeySO), and methanol
(CH30H). The reference pK values taken into consideration to optimize the set
of parameters are computed in water by using the predictions of Friesner et al.
[58]. Alternatively, for the considered compounds not included in [58], the water
references are obtained by using the pK, prediction module as implemented in
Jaguar 8.0 [127]. In both the cases, the values are provided in water by applying a
semi-empirical scheme in which a set of empirical parameters adjust the so-called
“raw” pK, value obtained, thereby exploiting a version of the thermodynamic
cycle introduced in section 2.2.1. The set of parameters are then applied to take
into account any close range effect not adequately covered by both the solvation
method and the thermodynamic cycle description [58]. The set of additive shifting
parameters used in this project therefore strictly dependent on the predictive
scheme of [58]. However, they can be easily corrected to convert any measured or
differently computed water pKya of reference.

The additive parameters are optimized by fitting the empirical results to benchmark
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pKa values in the three solvents. The pK, values of many organic compounds are
available as measured in pure Me,SO [128]. In MeCN and CH30H, on the other
hand, the measurements are often performed in aqueous mixtures. In these cases,
the titratable atoms are often biased by polar water clusters, so the pKa value
in acetonitrile and methanol cannot be used as a benchmark. For this reason, in
order to enrich the database of benchmarks obtaining a representative set of pKa
values in the three solvents the electrostatic transformation method introduced in
section 2.2.3 is applied. The computational methodologies applied and the obtained
results are detailed in sections 3.4 and 5.2, respectively.

2.3 Alternative methods and investigations

2.3.1 Solvation models

In this paragraph alternative approaches to model the solvation are introduced,
although not explicitly used in this doctoral work. However, methodologies such
as the Polarizable Continuum Model, PCM, the conductor-like screening model,
COSMO, and the minnesota solvation model, SM6, are widely applied in the
electrostatic community and then worth to be mentioned here.

2.3.1.1 Polarizable continuum model

The PCM describes the electrostatic potential generated by a charge distribution
pum representing the solute located in a cavity and surrounded by a dielectric
medium with dielectric constant . The total electrostatic potential is defined as
the sum of two different contributions shown in equation 2.18

V(x):VM(x)Jrvg(x):/?’ onm(y) dy+/2

o(s)
oy = s (2.18)

|

Accordingly, the total electrostatic potential is the sum of the potential determined
by the solute charge distribution py; and by the cavity surface charge o representing
the reaction field. The first term is an integral over the volume of the solute, while
the second term is an integral running over the solute surface. The o(s) is the charge
density of polarization at the surface and is computed using the boundary element
method subdividing the cavity surface in small K tesserae tiles with constant o(s).
The solvent polarization is consequently described through point charges ¢, placed
on the surface of the cavity. The definition of the cavity is critical for a correct
description of the reaction field. In contrast to the method used in this thesis, in
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the PCM method the cavity is directly defined by the surfaces of the van der Waals
spheres of the atoms of the molecule.

2.3.1.2 Conductor-like screening model

The conductor-like screening model COSMO includes the solute in a cavity and
treats the solvent as a dielectric medium with dielectric constant €. The cavity,
approximated by segments, is here usually defined by the van der Waals spheres
of the solute atoms where the radii are increased by an empirical factor (up to
120%). The method derives the polarization charges of the continuum from a scaled-
conductor approximation. The charges of the solute are known from quantum
chemistry and the charges at the surface segments are calculated and reduced by
an empirical factor. The solute-solvent interaction energy is calculated from the
charge distribution of the molecule and the determined surface charges as in the
PCM model.

2.3.1.3 Minnesota solvation models

In the SMx semi-empirical solvation model series [129], the solvation energy G¥ is
computed as

AGS = AFEgec + AFE ey + AGL, .. + Gp + Geps (2.19)

where A Fge. is the change in the internal electronic energy of the solute in moving
from the gas-phase to the liquid phase at the same geometry, AFE,q.y is the change
in the internal energy of the solute due to the geometry relaxation accompanying
the solvation process, AG? . is the change in concentration between the standard
states of the two phases, Gp is the free energy of polarization associated with the
solvation process, and G¢pg accounts for all the contributions to the solvation free
energy related to the size of the first solvation shell of the solute. In this model,
AFEg.. + Gp is defined as AGgp. The same concentrations are used in both the
phases and all calculation are based on vacuum geometries, therefore AGY, . and
AFE,qax are equal to 0. The generalized Born approximation is applied to calculate
the polarization contribution to the total free energy and the AGgp is computed
in a self-consistent molecular orbital calculation [130]. In SM6, the Charge Model
4 (CM4) [129] is used to obtain the partial atomic charges. Moreover, the solvent
accessible surface (SASA) is used to compute the lacking Gcpg energy contribution
to the solvation energy. The SASA is here generated by rolling a solvent probe

31



2.3. ALTERNATIVE METHODS AND INVESTIGATIONS

sphere of 0.4A over the solute volume defined by a combination of Bondi and van
der Waals radii [129].

2.3.2 Jaguar pK, prediction module

The pKj prediction module implemented in the software package Jaguar
(Schrodinger, LLC) [66] is fully based on [58]. This semi-empirical method,
proposed by Friesner et al. in 2001, is based on a self-consistent reaction field
(SCRF) approach that is parameterized to match experimental data. The
optimization of empirical parameters is performed on a training set of 17 different
molecular families of small organic compounds [58]. The methodology is based on
equation 2.20 and the thermodynamic cycle already introduced in this thesis in
section 2.2.1.

pKa=A(PKM™)+ B (2.20)

Here, A and B are the molecular family dependent empirical parameters applied
on the preliminary pK%*" value obtained as follows. As for the ab-initio method
introduced in this thesis, the method applicability is limited to rigid compounds
geometrically optimized with DFT. The gas-phase free energy of deprotonation is

computed as

AG, = H,—TAS = B4~ + E4, + ;RT — AT pAL _PASHT (2.21)

where EAT and E4~ contributions are the ab-initio energies of protonated and
deprotonated molecules in vacuum, and EAl and B4 are their zero-point energies,
respectively. TASH* is the HT entropic term, and 2RT is the HT enthalpy term.
The entropic terms of protonated and deprotonated species are assumed to cancel
out. The gas-phase deprotonation energies are therefore computed with DFT and
the B3LYP[131, 132] functional and the cc-pVTZ basis set [133]. However, contrary
to the method introduced by this thesis, the zero point energies are not explicitly
included in the pKa computation but rather incorporated into the parameterization
of each molecular family. The solvation of the compounds is performed using the
SCRF-PBF method [134, 135] optimized for neutral molecules [58]. For the ionic
species, the dielectric radii are adjusted to fit experimental pK, values. Moreover,
additional empirical corrections are made to include first shell hydrogen bonding
corrections for the ionic groups [58]. The test of the methodology on 19 aromatic
nitrogen heterocycles resulted in a total deviation of 0.5 pH units as compared to
experimental data [58].
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2.3.3 Semi-empirical prediction of di-oxo-manganese pK
values

The pK, values of a group of mono and di-manganese model compounds, including
the compounds investigated in this thesis, were computed in 2013 by Amin, et al.
using a continuum electrostatics semi-empirical approach [136]. In this investigation,
the di-Mn complexes are modeled considering each metal ion, p-oxygens, as well
as each of the asymmetric organic ligands as individual fragments with integer
charges. The software MCCE [137] was used to perform Monte Carlo sampling and
obtain the Boltzmann distribution of the possible microstates as a function of either
the solution electron potential Ey, or the pH. In such an approach, the continuum
electrostatic interactions are computed by solving the Poisson-Boltzmann equation
using the software Delphi [138].

The microstate free energy (AG®) is computed relative to the free energy of the
isolated fragments in the dielectric medium of reference as

M
AGHC = Z 5:p,i [23mzka (PH - pKA,sol,i) + nzF(Eh - Em,sol,i)] (222)

i=1

M
FAAG i + > [AG]

j=it1

here, M is the total number of states of all the fragments, ¢, ; is equal to 1 or 0 if the
fragment-state is present in the microstate or not, respectively; T is the temperature
in K; n; is the number of gained electrons considering the most oxidized state as a
reference; and F is the Faraday constant. The pK 4 5o, and E,, s01,; are the reference
pKa and E, for the fragment I surrounded by a dielectric continuum. The AAG,,
is the energy required to move a fragment from the pure solvent into the complex
(e.g. SOZMUP) in the same solvent. The AGj; energy term collects the pairwise
electrostatic and Lennard-Jones interaction between the fragments i and j in the
microstate x of the cluster. In this semi-empirical approach, formal integer charges
are considered for each fragment and kept fixed during the computation. Thus,
depending on the oxidation state the Mn atoms carry formal charges of +2, 43,
or +4, while the charge of the bridging oxygens in the deprotonated state is -2.
In contrast, due to their interactions with the metal core, protonated p-hydroxo
groups are not assumed to carry the formal charge -1. The atomic charges are
therefore further empirically adjusted to reproduce the experimental shift of 8.7 pH
units between the two oxidation states MnIII-MnIIl and MnIV-MnlII measured in
water for a different series of manganese compounds [136]. These empirical charges
are then used for all the p-hydroxo ligands in MeCN. Moreover, the ligand charges

33



2.4. SPIN STATE OF TRANSITION METAL COMPLEXES

are assigned by a two-step DF'T computation based on the B3LYP functional in
combination with the LANL2DZ and 6-31G* basis sets. In the first step, the
ESP charges are computed for the geometrically optimized system including the
manganese atoms in the oxidation state MnlIV. The final partial charges of the
isolated organic ligand molecule are then obtained by setting an appropriate total
net charge and performing a second single point computation. The coordinated Mn
is represented by a frozen fractional ESP charge at the optimized position. The
resulting atomic partial charges are used to parameterize the actual ligands. In
this approach, the predictions are performed by shifting reference measured pKa
values using the free energy of a microstate computed according to equation 2.22.
The reference pK value of 6.5 was taken for the first protonation SOZMUP with
3,5-R = H. The results obtained by Amin, et al. are summarized in table 2.2.

Table 2.2: The calculated and experimental pK, values of the SOZMUP derived
complexes for the different oxidation states, MnIV-MnIV and MnlIII-MnIV are
shown.

SOZMUP exp theory dev

MnIV-MnlIV R=H 134 120 -14
MnlIII-MnIV R=H 245 213 -32
MnIV-MnlIV R=Cl 10.8 11.2 04
MnlIII-MnIV R=Cl 202 212 1.0
MnIV-MnIV R=NO, 5.0 2.1 -2.9
MnIII-MnIV R= NO, 13.3 12.7 -0.6

The results of Amin, et al. yield a pKx-RMSD of about 2 pH units. However,
such a method can be applied only when experimental pK, reference values are
available. Moreover, the quality of the reference pK, value used directly affects
the accuracy of all predictions. Finally, since the proton solvation free energy is
not included in equation 2.22, the shift of the pK, values from the reference pKu
value cannot be performed between different solvents.

2.4 Spin state of transition metal complexes

This section presents a brief introduction of ligand and crystal field theories. The
electronic structure of an isolated transition metal ion is organized in five degenerate
d-orbitals. The coordination of this ion to ligands results in a loss of degeneracy
that induces energy splitting. The nature and magnitude of such a splitting depends
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on several factors: (i) ligand strength, (ii) arrangement of the ligands around the
ion, (iii) coordination number, (iv) nature of the metal ion, and (v) oxidation state
of the ion.

Figure 2.5 shows the orbital splitting in the octahedral and tetrahedral ligand

octahedral geometry

isolated metal ion

tetrahedral geometry
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Figure 2.5: The energy splitting of the d-orbitals in transition metal complexes
with identical ligands in octahedral and tetrahedral geometry are depicted.

fields. In the octahedral geometry, the orbitals e, (ds?,? and d,?) are involved
directly in the repulsive interaction with the ligands and their energy increases. In
contrast, in tetrahedral geometries the coordination to ligands decreases the energy
and the orbitals to, (dxy, dx,, and dy,) are then shifted up with respect to the e,
orbitals. For the manganese ion in the oxidation states III and IV, the energy
splitting for both the low- and high-spin electronic ground states of the d-orbitals
are possible and shown in Figure 2.6.

In weak ligand fields, the ground state spin multiplicity is maximal and the
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Figure 2.6: The electronic configuration of MnIV and MnlII in (left) the low- and
(right) high-spin states are shown for the octahedral and tetrahedral geometries.
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transition metal assumes a high-spin state. On the other hand, a strong ligand field
stabilizes the transition metal in the low-spin state with a minimum multiplicity.
Alternative configurations are determined by ligand fields of intermediate strength,
where the lowest vibronic levels may be very close to each other. In such systems,
minor perturbations could result in a change of spin state called spin transition
(or spin-crossover), which can occur in both the solid and liquid states. The
spin-crossover effect is very important for transition metal complexes in biological
systems and can be induced by thermal energy, pressure, or light. Other relevant
effects are ferromagnetism and antiferromagnetism. In nature, ferromagnets have a
spontaneous magnetic moment determined by a regular arrangement of electron
spins and magnetic moments. A ferromagnet is generated by internal interactions
(called exchange field), which organize the magnetic moments parallel to each other.
Conversely, in antiferromagnets the spins are ordered in an antiparallel arrangement
as shown in Figure 2.7.

ferromagnetism antiferromagnetism

Figure 2.7: The spin ordering in ferromagnets and antiferromagnets.
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Chapter 3

Computational methods

The computational methodologies applied in the four related topics of this thesis
are presented here in four different sections. The first section details the standard
techniques applied for the ab-initio computation of the pK, values of organic
molecules. The investigation aims to determine the free energies of proton solva-
tion in water, methanol, acetonitrile, and dimethyl sulfoxide. The second section
details the application of the ab-initio methodology in predicting the pK, values
of di-oxo-manganese clusters. The third and fourth sections explain the computa-
tional methodologies behind the two new approaches to calculating pKa values:
electrostatic transformation and empirical conversion.

3.1 Ab-initio compiutation of pK values

The computation of pKa values can be performed through an ab-initio method
based on the combination of quantum mechanical and electrostatic approaches. As
introduced in section 2.2.1, the pK, value of a titratable group is proportional to
the free energy of proton dissociation computed by exploiting a thermodynamic
cycle and summing up the free energies of gas basicity and solvation. This approach
is valid for compounds with identical geometry and atomic partial charges in
vacuum and solvent environment. The solute-solvent van der Waals interactions
in both protonated and deprotonated molecular species differ by a negligible
amount, therefore these energy contributions cancel in the computation of the
energy AAGgepot in equation 2.3. Hence, as detailed in section 2.2.1, only the
electrostatic contribution to the solvation energy is required to translate the proton
affinity into the free energy of proton dissociation, except for the proton solvation
energy. Such a contribution can be indirectly estimated by comparing computed
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and measured pKa values. The solvation free energy of the proton (Gy) in water,
methanol, acetonitrile and dimethyl sulfoxide is determined here by obtaining the
best match between computed and measured pK, values for a reference set of 19
organic titratable compounds shown in figure 3.1

Ay 0 O A

1 benzoic acid 2 2-naphthol 3 phenol 4 putanoic acid
O
HO H o
o] o}
OH g H H o
5 propionic acid 6 succinic acid 7 glutaric acid 8 fumaric acid
o 0] o
OH HO OH
o o
9 adipic acid 10 azelaic acid
+ H
N +
HNZ HN | +
A | "
NH N N, H
- 2
11 imidazole 12 pyridine 13 pyrrolidine 14 piperidine 15 ammonia
+
HsN PN
L Hs
16 methylamine 17 1-butanethiol 18 thiophenol 19 benzyl mercaptane

Figure 3.1: The 19 titratable molecules considered for pK, computations are
displayed in the protonated state. The titratable oxygens, nitrogens, and sulfurs
are highlighted in red, blue and orange, respectively.

The selection of these compounds is based on four specific criteria: (1) their pKa
values are measured in more than two solvents; (2) they involve titratable oxygen,
nitrogen, and sulfur atoms (3) they are small and rigid; (4) they can be flexible but
with acidic groups on both chain ends to repel each other and then favor unique
stretched conformations in gas and solvent phases. The publication related to this
study is summarized in section 4.1
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3.1.1 Quantum chemical computations and proton affinity

The gas-phase free energy (AG,,s)) calculation, performed at the quantum chemical
(QC) level of theory, should provide only a relatively small error source in computing
pKa values. Many different computational schemes are available to calculate this
energy contribution. Among those, density functional theory (DFT) offers the best
cost-efficiency approach [139]. The B3LYP functional [131, 132] and its derivatives
are popular choices and their accuracy has been tested in numerous alternative
studies. In 2003, Fu et al. have shown that the B3LYP/6-311++G(2df,p) method
yielded gas-phase free energies within 2.3 kcal/mol of deviation from experimental
values of organic acids reported in the NIST online database [140]. A few years
later, Range et al. reported similar deviations applying the BSLYP functional to
organic compounds [141]. Nevertheless, Schmidt am Busch et al., in 2004, obtained
B3LYP average deviations in pKa values of only 1.52 kcal/mol for a set of basic
and acidic compounds, respectively [92]. Finally, in 2007 Bryantsev has published
a much smaller absolute error of 0.78 kcal/mol by using B3LYP/6-311++G** [142].
The B3LYP results are therefore assumed to be sufficiently accurate. Therefore,
this functional family has been used for all QC computations presented in this
thesis. For geometry optimizations and calculation of the vibrational energies, the
basis set 6-31G** of Jaguar 8.0 [127] was used. In contrast, the electronic ground
state energies were computed with the quadruple zeta [cc-pVQZ(-g)] basis set. The
electrostatic potentials (ESP) exploited to compute the atomic partial charges are
computed for vacuum conditions using the 6-31G basis set of Jaguar 7.7 [143].
The ESP computations are performed in gas-phase in order to avoid the so-called
electron leakage phenomenon that is observed when the electronic wave function is
evaluated in the presence of a dielectric medium. This effect is particularly relevant
for deprotonated states where the molecules carry excess negative charge. In
nature, there is no dielectric medium, but the electron density of solute molecules is
present that repels the solute electrons, resulting in an opposite effect. Hence, even
under vacuum conditions such artifacts can occur. They are stronger if the applied
basis-set is large. Therefore, in the present application the atomic partial charges
were derived applying a relatively small basis set with respect to the one used for
geometry optimizations. The accuracy of the quantum chemical computations was
tested by comparing the energy differences between protonated and deprotonated
molecular species in the gas-phase, as well as, the measured proton affinity values
(see [1] for details).
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3.1.2 Computing solvation energies

The computation of solvation energies of protonated and deprotonated molecular
states were performed using an electrostatic approach which requires atomic partial
charges. These are derived with the RESP (Restrained ElectroStatic Potential)
fitting procedure detailed in section 2.2.1.1. This approach uses the electrostatic
potential in the neighborhood of the considered molecule generated by the nuclear
charges and the electronic wave function. By least squares fitting and application
of restraints with a penalty function, the point charges at the nuclei are calculated
to reproduce the molecular electrostatic potential ESP.

The computation of the solvation energies AGg., (AH) and AGgoy (A7) is per-
formed solving the Poisson equation with a finite difference method implemented in
SOLVATE, from the energy program suite MEAD (macroscopic electrostatics with
atomic detail) [86, 87]. The solvent description is operated by using a dielectric
continuum with constants € equal to 32.75, 46.7, 34.5 and 80 for methanol (MeOH),
dimethyl sulfoxide (Me2SO), acetonitrile (MeCN), and water, respectively. Inside
the volume of the solute molecules, where a detailed quantum chemical description
is applied, the dielectric constant is set to unity. As outlined in section 2.2.1.1,
the Poisson equations are solved using a two-step focusing scheme. Due to the
size of the investigated molecule, cubic lattices of 189 points along the edge of the
grid are used. The first coarse-grained simple cubic grid with a lattice constant
of 0.4 A is used to adopt the proper asymptotic of the ESP. The second high
resolution grid with a lattice constant of 0.14 A is embedded in the coarse-grained
grid. Such a scheme has been tested to yield solvation energies within 0.1 pH units
of accuracy [1]. The boundary between the solute and the solvent environment is
defined by the solvent excluded molecular solute surface (SES). It is generated by
rolling a specific solvent probe sphere over the volume, represented by the joint
volumes of the atomic van der Waals spheres. The radii of the probe spheres used
to generate the solute surfaces are 1.4, 2.05, 2.23, and 2.41 A for water, MeOH,
Me2S0O, and MeCN, respectively. The solvent specific radii of the solute atoms
also account for differences in solute solvent interactions. The hydrogen atoms of
the solvent can approach the solute most closely. The electrostatic interactions of
the polar solvent hydrogens with the solute are therefore dominant, whereas apolar
hydrogens have a lower influence on the solvation energy. Such a difference is taken
into account by the atomic radii used, smaller for protic and larger for aprotic
solvents. Due to the nature of methanol, neither purely protic nor aprotic (see
section 2.1.2 for more information), the corresponding atomic solute radii adopt
values between the larger solute radii for Me,SO and MeCN and the smaller radii
for water. The hydrogen atoms are positively charged and are unlikely to come very
close to each other; for this reason hydrogen solute radii are not changed between
different solvents. In this thesis, a strategy of enhancement is used to enlarge the
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radii from the reference water to the other solvents. The same approach has been
used before, for instance in SM8 [144].

The values of the atomic radii used for water are close to the values used before to
compute pK, values [92], they are 1.4A for nitrogen and oxygen atoms and 1.0A
for all the hydrogens, although radii of 1.2A were applied in the previous study
for all the non-titratable hydrogen atoms. For all carbon atoms 1.5A is used. A
larger radius of 2.0A was used in [92] for aliphatic carbons, however its influence is
extremely small due to the screening with the non-polar hydrogens and therefore
not considered here. The radius of the sulfur atoms was optimized in the present
application and is equal to 2.0A. This value lies between the Coulomb radius of
sulfur used for electrostatic energy computations in Jaguar (1.9A) and the atomic
radius used in SM8 (2.12A). The radii of solute atoms used in the other solvents as
well as their optimization methodology are detailed in section 4.1 and [1].

3.2 Investigation of di-oxo-manganese clusters

In this thesis, the ab-initio method has been applied in order to compute the pKx
values of two series of organometallic molecules inspired by the oxygen evolving
complex of photosystem II. As introduced in section 2.2.2, these compounds are
characterized by a di-oxo-manganese core and are solvated in acetonitrile (MeCN).
The pK 4 values are predicted by using the standard ab-initio strategy. The initial
coordinates are defined according to the available 3,5-H-MnIV-MnIV-SOZMUP
crystal structure from the Cambridge Crystallographic Data Center (CCDC) [145].
The structure optimization and the computation of vibrational energies are per-
formed using the DFT with the BSLYP functional in combination with the Los
Alamos National Laboratory LACVP** basis set (Hay and Wadt 1985a, Hay and
Wadt 1985b) of Jaguar 8 [127]. The LACVP series of basis sets is a combination of
the double-zeta 6-31G basis set with the LANL2DZ effective core basis set. Specifi-
cally, the atoms H - Ar are modeled by the 6-31G (or 6-31G** in the specific case)
basis set while the heavier atoms are described using the LANL2DZ basis set. The
electronic ground state energies are computed with the BBLYP* functional [146] in
combination with 6-311G**++ and [cc-pVQZ(-g)], for the manganese ions and for
all the other atoms, respectively. The B3LYP* functional differs from the original
B3LYP regarding the weight of the exchange-correlation term, 0.15 for the first
and 0.20 for the second functional. The functional B3LYP* shows a better energy
quantification for atoms belonging to first row transition metals are present [146].
Moreover, the 6-311G**++ is the largest basis set available in Jaguar8.0 to describe
the manganese atoms. The comparison of the performance of B3LYP and B3LYP*
functionals applied here is shown in section 5.1. The electronic ground state energies
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3.3. ELECTROSTATIC TRANSFORMATION OF PK, VALUES

computations are performed at high-spin configurations for both the oxidation
states of the di manganese complexes. However, the low-spin configuration of the
atoms Mnl (3/2) - Mn2 (3/2) is also investigated and obtained by including the
effect of the antiferromagnetic coupling for the oxidized MnIV-MnIV complexes.
The atomic partial charges are derived by using the standard RESP procedure
(sections 1.3 and 3.1.2). However, these systems also include manganese (Mn)
and chloride (Cl) atoms for which the atomic radii were not optimized. The van
der Waals radius of manganese is equal to 1.48 A, the value used for electrostatic
energy computations in Jaguar. Because the manganese atoms are buried at the
core of the organic scaffold, the radius does not change between different solvents.
A radius equal to 1.50 A was applied for the chloride atoms of the compounds
solvated in MeCN; this value was optimized in [147]. In order to finally compute
the pK, values, also the free energy of proton solvation in MeCN are needed. In
this thesis, a set of proton solvation energy values is applied and the details are
shown in section 5.1 within the computational results.

3.3 Electrostatic transformation of pK, values

The electrostatic transformation method shifts the pK, value of a titratable residue
from one solvent to another by computing the electrostatic solvation energies ESEs
of the protonated and deprotonated molecular species. The effectiveness of this
procedure is demonstrated by converting the pK, values between different solvents
for 30 compounds belonging to 10 different molecular families, as shown in figure 3.2.
These compounds cover a wide range of organic molecules with oxygen, nitrogen,
and sulfur as titratable atoms. Four different solvents are considered here: water,
MeCN, Me250, and MeOH. However, the procedure can be applied to any other
solvent for which the proton solvation energy is known.

The theoretical framework of this method is introduced in section 2.2.3 and the re-
spective publication is summarized in section 4.2. All non-electrostatic contributions
to the solvation energy are assumed to cancel in the difference of solvation energies
of protonated and deprotonated species. For this reason, only the evaluation of
the electrostatic contributions to the solvation energy need to be performed. All
the molecular structures are optimized by energy minimization within the Jaguar
8.0 software using DF'T with the B3LYP functional combined with the double-Z
basis set 6-31G**. Atomic partial charges are required to evaluate the ESE and
are determined by using the RESP procedure as detailed in section 2.2.1.1. The
required electronic wave function is determined by QC computation in gas-phase
using the methodology introduced in sections 3.1.1 and 3.1.2. The proton solvation
energies that are essential to operate the transformation in the four considered

42



3.4. EMPIRICAL CONVERSION OF PK, VALUES

solvents correspond to the values obtained in the article [1] presented in section 4.2.
The electrostatic transformation approach is valid for relatively rigid or small
molecules. However, it can be generalized for flexible molecules if the appropriate
structures are known.

OH OH OH
/J\ O/ >7N/
o g\

carboxylic acids (4) phenols (1) hydroxamic acids (2)

+ + +
H NHa4 NH;- —NH:;
thiols (2)  primary amines (4) secondary amines (2)

N
+ 7 |N+H NH; o\\ L+H
NH -

RN N A\ ~

@)

tert. amines (2) heterocycles (4) anilines (4) sulfunamides (4)

Figure 3.2: The ten different molecular families considered for pK, computations
using the electrostatic transform method are shown. The families involve 30
different titratable molecules displayed in the protonated state. The number of
considered compounds is given in brackets behind the family name. Titratable
oxygens, nitrogens, and sulfurs are highlighted in red, blue, and yellow, respectively.

3.4 Empirical conversion of pK, values

In this section, the empirical conversion of pK, values from water to acetonitrile
(MeCN), dimetyl sulfoxide (MeySO), and methanol (MeOH) is presented. As
already introduced in section 2.2.4, the reference pK, values for water are either
taken from Friesner et al. [58] or alternatively, obtained by using the pK, prediction
module as implemented in Jaguar 8.0 [127]. The empirical conversion scheme is
applied to 82 organic compounds belonging to twenty different molecular families
shown in Figure 3.3.

The empirical parameters are optimized by fitting the predictions to benchmark
pKa values in the three solvents. The pK, values of many organic compounds
measured in pure Me,SO have been determined [128]. Unfortunately, this is not
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the case for non-dilute MeCN and MeOH. In these two solvents, the measurements
are often performed in aqueous mixtures. Due to the bias by polar water clusters
around the titratable atoms, the pK, values of such compounds measured in
acetonitrile and methanol cannot be used as a benchmark. For this reason, to
enrich the database of benchmarks obtaining a similar amount of pK, values in the
solvents, the electrostatic transformation method [4] is applied. The accuracy of the
electrostatic transformation method is sufficiently high and enables the application
of the same set of empirical parameters to convert the pK, values between the
solvents.

The parameterization is performed over 18, 38, and 26 measured values, and 36,
30, and 35 computed values in MeCN, Me;SO and MeOH, respectively. The
empirical parameters for the twenty considered molecular families are shown in
Table 3.1. For some families (alcohols, tetrazole, and indole and pyrroles) the
empirical parameterization was not possible in the solvents MeCN and MeOH due
to lack of measured data available for these solvents. As detailed in section 2.2.3,
these molecules cannot be properly investigated by the electrostatic transformation
approach due to technical limitations of the RESP procedure, so it is therefore not
applied. The results and the set of benchmark data used are shown in section 5.2
and appendix (A1-20), respectively.
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Figure 3.3: Twenty different molecular families involving a total of 82 different
titratable molecules are displayed in the protonated state. The number of molecules
of a specific family is given after the one-letter family name. Titratable oxygen,
nitrogen and sulfur are highlighted in red, blue and yellow respectively. Titratable
hydrogens are in green color and the corresponding total charge is highlighted with
a + and 0 symbols.
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Table 3.1: Average shifts of pK, values (ApK,) in MeCN, Me,SO and MeOH
relative to the values in water. The conversion is not applied for the alcohols,
tetrazoles, and indoles and pirroles molecular families.

family ApKj, relative to water
ApKa(MeCN)  ApKjx(MeySO)  ApKa(MeOH)
A alcohols 13.20
B phenols 16.30 7.90 4.20
C carboxylic acids 15.40 7.00 5.00
D thiols 12.70 3.70 2.70
E sulfonamides 13.10 4.90 4.00
F hydroxamic acids 15.00 6.60 5.00
G imides 14.60 5.70 4.20
H barbituric acids 15.50 6.50 4.70
I tetrazoles 6.40
J primary amines 7.80 -0.50 0.30
K  secondary amines 7.90 0.20 0.00
L tertiary amines 7.6 -0.4 0.00
M anilines 6.60 -0.70 0.50
N heterocycles 7.60 -1.00 0.10
O indoles and pyrroles 5.80
P amidines 9.60 1.40 1.00
Q guanidines 10.00 2.00 0.90
R benzodiazepines 7.30 -0.60 -0.30
S pyrroles (C-2 prot.) 6.60 -1.50 -0.30
T  indoles (C-3 prot.) 6.90 -0.90 -0.30
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Chapter 4

Summary of publications

The two first author articles published within this thesis are summarized here. In
the first section the article "Proton solvation in protic and aprotic solvents” [1], as
well as a short erratum [2], are introduced along with important remarks about the
van der Waals radii optimization performed in this study and used in all the other
investigations. The second section is devoted to the presentation of the article
"Computing pKa values in different solvents by electrostatic transformation”.

4.1 Proton solvation in protic and aprotic
solvents

Proton concentration and transfer play a central role in both chemical and biological
systems [148, 149, 150, 151, 152, 153]. To estimate the protonation equilibria in
solution, the specific free energy of proton solvation needs to be known. However,
the determination of this energy represents a challenging issue still debated in
physical chemistry [1]. In this investigation, proton affinities, electrostatic energy
of solvation, and pK, values of organic molecules are computed in protic and
aprotic solvents. Furthermore, the proton solvation energies in acetonitrile (MeCN),
methanol (MeOH), water, and dimethyl sulfoxide (MesSO) are derived by matching
computed to measured pK, values for a set of 19 compounds (see figure 3.1 in
section 3.1). The selection of these molecules is based on (i) the availability of
experimental pK, values in the different solvents, (ii) their structural rigidity, (iii)
the wide range of pK, values covered, and (iv) the involvement of titratable nitrogen,
oxygen or sulfur atoms. As detailed in section 3.1, the pK, values are computed
by combining quantum chemistry and electrostatics in the ab-initio method. The
computation of the proton affinity in vacuum is performed quantum chemically
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4.1. PROTON SOLVATION IN PROTIC AND APROTIC SOLVENTS

with DFT, while the electrostatic solvation energy contributions are calculated
by solving the Poisson equation. In this respect, the solute molecule is separated
from the surrounding dielectric medium representing the dielectric boundary by the
solute surface. As illustrated in section 1.2.3, this boundary surface is generated
by rolling a solvent specific probe sphere all over the van der Waals volume of the
solute. Except for sulfur, all the required atomic radii in water are taken from [92].
However, as these radii change in MeCN, MeOH, and Me,SO, they are optimized
to accurately predict the pK, values. The van der Waals radii in water are 1.00,
1.50 A, and 1.40 A for hydrogen, carbon, and oxygen/nitrogen atoms, respectively,
while the radius of sulfur optimized here is 2.0 A. These solute radii are adjusted to
non-aqueous conditions by multiplication with a solvent dependent enhancement
factor a(solvent). All the optimized atom radii in non-aqueous solvents are listed
in table 4.1 and are further applied in all the other investigations of this thesis. The
positively charged hydrogen atoms repel each other. Hence, the mutual electrostatic
interactions of those atoms do not contribute to the molecular solvation energy
and the enhancement is not applied. On the other hand, the titratable atoms are
particularly relevant and the magnitude of their multiplicative factors have a strong
influence on the solvation energy. The optimization of the van der Waals radii is
performed here by minimizing the pKa-RMSD (root mean square deviation) in
the different solvents. The enhancement factor used for the carbon, oxygen, and
nitrogen atoms are 1.28, 1.12, and 1.25 in MeCN, MeOH, and Me,SO, respectively.
The multiplicative factor used to enlarge the sulfur atoms in Me;SO is 1.09. Among
all the titratable atoms, the radius of sulfur in water is noticeably the larger value.
Consequently, its influence on the energy of solvation results is smaller than the
one of oxygen and nitrogen and requires therefore a weaker enhancement. The
van der Waals radius of sulfur was not optimized in MeCN, since no pKa value of
sulfur based compounds is computed in this solvent. A single sulfur titration is
performed in MeOH. Since an optimization is not possible for such a solvent the
value used in water was applied.

The dependencies of the RMSD in pK, values are plotted in Figure 4.1 as a

Table 4.1: Optimized van der Waals atomic radii of solute atoms for acetonitrile
(MeCN), methanol (MeOH), and dimethyl sulfoxide (Me,SO).

Atom MeCN MeOH Me,SO

H  1.00 100  1.00
C 192 168  1.87
O/N 179 157 175
S - (2.00)  2.18
a 128 112 125
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4.1. PROTON SOLVATION IN PROTIC AND APROTIC SOLVENTS

function of the enhancement factor o together with the resulting proton solvation
free energy, which was used as an optimization parameter as well. Interestingly,
the minimum in pK,-RMSD values is flat for all the three non-aqueous solvents,
whereas the proton solvation energies go through a plateau regime. Thus, it is
possible to conclude that the proton solvation free energy value is robust and
not sensitive to small variations of the enhancement factor. On the other hand,
the computation of the pK, values yields proton solvation energies with a high
accuracy. The RMS deviations between calculated and available pK, values are
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Figure 4.1: The pKA-RMSD values (o, left scale) and proton solvation energies
(o, right scale) for the solvents MeCN, MeOH, and Me,SO are plotted as a function
of the multiplicative enhancement factor a. The optimal factors o are 1.28, 1.12,
1.25 for MeCN, MeOH, and Me,SO, respectively. The corresponding pK,-RMSD
values are 0.67, 0.60, 0.76 for MeCN, MeOH, and MesSO, respectively.

0.67, 0.65, 0.47, and 0.75 for MeCN, MeOH, water, and Me,SO, considering 7, 11,
15, and 9 different titratable compounds, respectively, and excluding systematic
errors (see [1] for more details). The proton solvation free energies derived here are
-255.1, -265.9, -266.3, and -264.4 kcal /mol in MeCN, MeOH, water, and Me,SO,
respectively. The energy term in water is very close to the consensus value of
-265.9 kcal/mol [93]. Additionally, the measured pK, values of hydrated Me;SO-H,
hydronium ion, and MeOH-H are -1.04, -1.74, and -2.5 [154, 155, 156, respectively,
whereas the one of hydrated MeCN-H is about -10 [157]. These values correlate
qualitatively well with the proton solvation energies in the corresponding solvents.
Hence, the lower the pK, value of a solvent molecule in water, the easier it is to
solvate the proton in that specific solvent. Such a correlation implies that the
solvated proton is closely attached to a single solvent molecule. Consequently, the
extent of proton solvation in MeOH and Me,SO is similar, while in MeCN proton
solvation is less negative. The correlation is also valid for water, in which the
proton assumes an Eigen-cluster conformation [98]. In fact, the computation of
the proton solvation energy in water performed by solvation of the Eigen cluster
in a continuum dielectric medium yields -262.4 kcal/mol [99], a value close to
the consensus value of -265.9 kcal/mol. The pK, values computed in water for
protonated MesSO, MeOH, and MeCN are -2.33, -4.96, and -12.81, respectively, in
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good agreement with the measured values. Notably, the proton solvation energies
in Me,SO and water are similar. These two solvents have an opposite nature, the
first is aprotic and the second is protic. Consequently, a consistent difference in
solvation energies should be expected. However, such behavior is most probably
due the sulfur atom, which is more polarizable than oxygen and nitrogen, the polar
atoms of water and MeCN, respectively. As a result, sulfur can bind an excess
proton stronger than can nitrogen in MeCN and so shift the energy of proton
solvation toward the more negative value close to water.

The proton solvation energies computed here are suitable to improve the ab-
initio prediction of pKa values in different solvents. Moreover, these values are
fundamental parameters of the electrostatic transformation and the empirical
conversion methodologies designed in this thesis.

4.1.1 Erratum

In the original article a dielectric constant € equal to 36.7 was erroneously used
to represent the solvent Me,SO. Here, the proper constant of 46.7 is applied and
all the related computations are repeated [2]. Since relative energies are used to
compute the pK, value, the shift in dielectric constant Ae=10 does not influence
the calculated energy values. Although the total pKA-RMSD in MeySO decreases
here from 0.75 to 0.63 pH units, the large difference in dielectric environment does
not affect the proton solvation free energy value, which is confirmed to be equal to
-266.4 kcal/mol as in the original publication.

4.2 Computing pK, values in different solvents
by electrostatic transformation

The electrostatic transformation method requires moderate CPU power to titrate
small molecules in different solvents with an accuracy of 0.7 pH units [4]. Taken
optimized geometry, the electrostatic transformation requires only a few minutes
to perform the predictions using a single CPU. A pK, value known for a molecule
in one solvent is transformed to the value in any other solvent if the proton
solvation energy of both solvent environments is known. The electrostatic solvation
energies of protonated and deprotonated molecular species are computed in the two
environments of interest as detailed in section 3.3. Here, the methodology has been
used to titrate 30 organic molecules belonging to 10 different molecular families
in water, acetonitrile (MeCN), dimethyl sulfoxide (Me,SO), methanol (meOH). A
total of 77 pK, measured values are considered in the four different solvents. The
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methodology shows a high level of accuracy with pK,-RMSD values obtained by
matching measured with computed values are 0.64, 0.62, 0.66, and 0.58 in water,
MeCN, Me,SO, and MeOH, respectively. The methodology does not rely on any
empirical factor and it can be applied to any other pairs of solvents if the respective
proton solvation energies are known.
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Chapter 5

Unpublished results and
discussion

The unpublished results obtained in this thesis are presented in two sections. The
first section is focused on the application of the ab-initio methodology to predict
the pK, values of two series of di-oxo-manganese organic compounds solvated in
acetonitrile.

The second section is devoted to the parameterization of the empirical conversion
methodology applied on 82 selected organic molecules belonging to 20 different
molecular families. The empirical conversion method is designed in collaboration
with the software company Schrodinger, LCC and aims to convert the pK, values
predicted by the Jaguar package in water [58] to the corresponding values in the
three considered solvents of pharmaceutical interest: acetonitrile (MeCN), dimethyl
sulfoxide (Me2SO), and methanol (MeOH).

5.1 Protonation equilibria of di-oxo-manganese
complexes

The ab-initio methodology is applied to investigate the protonation equilibria
of a series of organometallic complexes, named SOZMPU [145]. As introduced
in section 2.2.2 and shown in figure 5.1, such complexes are structurally char-
acterized by a di-oxo-manganese central core analogue to the oxygen evolving
complex (OEC) of Photosystem II. Here, the di-oxo-manganese cluster is coordi-
nated by two 3,5-di(R)/5-R-bis(salicylidene)-1,3-propanediamine (salpn) residues
with 3,5-R = H, Cl, or NOy and 5-R = Cl, or OCHj3. The ligand salpn has a net
formal charge of -2 carried by the two oxygens. The compounds are unsable in
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water and the measured pK, values are available only in pure MeCN [123, 124].
The ab-initio computation of pKj, values requires high level quantum chemical

Via

/S 5R

H, Cl, NO2 Cl, OCH,

Figure 5.1: The SUZMUP series of di-oxo-manganese model compounds. The
manganese, oxygen, and nitrogen atoms are colored in pale blue, red, and blue
respectively. In SOZMPU are considered five derived molecules: 3,5R=H, Cl, or
NOy and 5R=0CH3, or Cl.

and electrostatic methodologies as well as the free energy of proton solvation in the
corresponding solvent. In a preliminary investigation in this thesis the ab-initio
method [92] to perform computations for non-aqueous solvents was applied on the
SUZMUP complexes. The first protonation of the p-oxygen bridge was investigated
in both the MnIV-MnIV and MnIV-MnlII oxidation states of SOZMUP. As detailed
in section 2.2.1, the proton solvation free energy and the van der Waals radii of
the solute are important values used to compute the free energies of solvation and
pKa values. The values of proton solvation free energy used was equal to -260.2
[71]. The van der Waals radii of hydrogen, carbon, nitrogen, oxygen, and chloride
atoms [147] are listed in table 5.1, while the manganese ion radius is equal to
1.48 A [127, 143]. The results obtained for all the derived molecules in both the
oxidised and reduced states of SUZMUP are listed in tables 5.2. The obtained total
root-mean-square deviations between the computed pKa-values and the available
experimental data (pKx-RMSD) is 6.96 pH units.

In order to improve such poor results, the ab-initio method has been updated
by determining more precise values of proton solvation free energies and by op-
timizing the van der Waals atomic radii as detailed in section 4.1 and [1]. The
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Table 5.1: The van der Waals atomic radii of hydrogen, carbon, nitrogen, and
oxygen are listed for MeCN. The radii are taken from [147].

atom  vdW radii (A)

H 1.00
C 1.80
O/N 1.76
Cl 1.76

revised version of the ab-initio method has then been applied to the organometallic
model complexes of interest. This investigation represents the first ab-initio pKa
computation of bridging oxygens in di-oxo-mangese complexes solvated in MeCN.

5.1.1 Updated ab-initio method

This section presents the results obtained by applying the updated ab-initio method
on the SOZMUP complexes. Different strategies are tested here in order improve the
computation of the pK, values of such challenging systems. The B3LYP* functional
is used to compute the ground state electronic energies of all the protonated
and deprotonated di-oxo-manganese models. As explained in section 3.2, such
a functional usually performs well when describing transition metal complexes.
Nevertheless, the standard ab-initio method [1], based fully on DFT B3LYP, is also
tested although limited to 3,5H-SOZMUP. The results of this study are therefore
preliminary. In a further investigation, the B3LYP* and B3LYP performances
may be compared including the effect of antiferromagnetic coupling between the

Table 5.2: The calculated and experimental pK, values of the SOZMUP complex
are shown for the different oxidation states MnIV-MnIV and MnIII-MnlIV.

SOZMUP exp theory dev

MnIV-MnlV 3,5-R=H 13.40 11.00 2.40
MnlIIT-MnlV 3,5-R=H 24.50 24.69 -0.19
MnIV-MnlV 3,5-R=Cl 10.80  3.05 7.75
MnIII-MnlV 3,5-R=Cl 20.20 19.27  0.93
MnIV-MnlV 3,5-R=NO, 5.00 -6.62 11.62
MnlIII-MnIV 3,5-R=NO, 13.30 1.10 12.20
MnIV-MnIV 5-R=Cl 11.50  6.73  4.77
MnIV-MnIV 5-R=0CH; 14.10 10.22  3.88
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manganese ions as detailed in section 3.2. The influence of this effect on the pKx
computation is tested here, as detailed in section 3.2, on the first protonation
equilibria in 3,5H-SOZMUP only.

5.1.1.1 Application of B3LYP*

The results obtained by investigating the protonation equilibria in SOZMUP are
listed in table 5.3. Here, in contrast to the first preliminary investigation, the pKa
value is also computed for the second protonation of the 3,5-H-di-oxo-MnlV cluster.
Although the total pKx-RMSD between computed and measured pK, values has
significantly improved compared to the preceding preliminary computation, the
pKa-RMSD of 4.81 pH units is still very large. Nevertheless, such results can be
used as a starting point to improve the strategy of ab-initio pK, computations in
double-core organometallic model systems.

Table 5.3: The calculated and measured pK, values of the SOZMUP complexes are
shown for the oxidation states MnIV-MnlIV and MnlIII-MnIV. In the fourth column
the deviation between the measured and computed pK, values is given as dev =
exp - theory. *(s.p.) highlights the second protonation of the di-oxo-manganese
cluster in the 3,5-H compound. All the other computations are performed for the
first protonation of the oxo-bridges.

SOZMUP exp theory dev
MnIV-MnlV 3,5-R=H (s.p.)* 6.50 4.45  2.05
MnIV-MnlV 3,5-R=H 13.40 13.59 0.19
MnlIII-MnIV 3,5-R=H 24.50 28.01 -3.51
MnIV-MnlV 3,5-R=Cl 10.80  6.90  3.90
MnlIII-MnIV 3,5-R=Cl 20.20 23.63 -3.43
MnIV-MnlV 3,5-R=NO, 5.00 -3.49 8.49
MnlIII-MnIV 3,5-R=NO, 13.3 474  8.56
MnIV-MnlV 5-R=Cl 11.50  7.99  3.51
MnIV-MnIV 5-R=0CH; 11.47 14.10 -2.63

5.1.1.1.1 Charge modeling to improve the pK, prediction

Among the investigated compounds, the 3,5-NOy derived molecule shows the highest
deviations from experiment with a variation of 8.49 and 8.56 pH units. Interestingly,
the analysis of its atomic point charges in both protonation states highlights a
charge asymmetry between the two di-nitro groups carried by the salpn ligands.
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The nitrogen atoms placed on position 3 of the aromatic rings carry a partial
charge of +0.92, while the ones on position 5 display a lower value of +0.82. Such
a charge asymmetry between the groups may then affect the pK, computation.
This hypothesis is tested by applying a modeling strategy exploiting an isolated
ring of the ligand. The atomic partial charges of deprotonated 1,3-dinitrobenzene
are computed in gas-phase using the RESP procedure as detailed in section 2.2.1.1.
The comparison between SOZMUP and model charges carried by the di-nitro
groups, including their connecting atoms, is shown in figure 5.2. The atomic point

-0.46 -0.47 -0.44 -0.45

Figure 5.2: The comparison between the atomic partial charges of the 3,5-NO,
aromatic ring of salpn (left) and 1,3-dinitrobenzene (right) is shown.

charge pattern of 1,3-dinitrobenzene shows that both the nitro substituents should
carry the same charges. The partial charges of the nitro functional groups of 1,3-
dinitrobenzene, as well as the ones of their connecting carbon atoms, are therefore
employed to model the SOZMUP patterns. These charges are constant during
the RESP procedure and are applied on protonated and deprotonated compounds
in both their oxidation states, while all the other atomic charges can vary. The
computed pK, values are 0.55 and 6.96 for the oxidized and reduced molecular
species, respectively. The corresponding deviations from experimental values are
now 4.45 and 6.34 pH units in the two species. The modeled charges improve
the results of about 50% and 25% with respect to the results of the preceding
computations for the oxidized and reduced states, respectively. As a result, the
total pKA-RMSD for the SOZMUP series decreases from 4.81 to 3.69 pH units.
Such a strategy may be applied in the future also to the other complexes.

5.1.1.2 Test of BSLYP
The standard ab-initio methodology is based on the application of the classical

DFT/B3LYP approach. For this reason, the B3LYP functional is tested to compute
the pKy values of the first protonation for the two oxidation states of 3,5 H-SOZMUP.
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As a result the computed pKya values are shifted from the original (what is original
here is unclear) values of 13.59 and 28.01 to 14.42 and 29.26 for the oxidized and
reduced states, respectively. The pKA-RMSD of the two states rises from 2.48 for
B3LYP* to 3.44 pH units for BSLYP.

5.1.1.3 Inclusion of the antiferromagnetic coupling effect

As described in section 3.2, the inclusion of the antiferromagnetic coupling effect has
been tested on the system at B3LYP* and B3LYP levels of theory. Unfortunately,
the ground state electronic energy does not converge when the quadruple zeta
cc-pvqz(-g) basis set is used, as detailed in section 3.2. Therefore, the smaller
lave3p** 4+ basis set is applied to all the atoms to compute the energy contribution
of both protonated and deprotonated molecules. Such a Mnl (3/2) - Mn2 (3/2)
spin investigation is however limited to the first protonation equilibrium of 3,5H-
SOZMUP. While no convergence could be obtained using the B3LYP* functional,
the predicted B3LYP-pK, values are equal to 13.61 and 26.17 for the oxidized
and reduced states, respectively, with deviations 0.21 and 1.67 pH units from
the measured data. The pK,-RMSD of 3,5H-SOZMUP decreases here from 2.48
and 3.44 obtained with high spin (S=3) using BSLYP* and B3LYP, respectively,
compared to 1.19 pH units using B3LYP with low spin (S=0). In fact, these results
agree better with experiment then the pK, values obtained from the semi-empirical
approach [136], where the corresponding deviation is 2.6 pH units (see section 2.3.3
for details). The inclusion of the antiferromagnetic coupling effect in the electronic
ground state energy computation may considerably improve the accuracy of the
ab-initio method. In that respect, the present investigation is preliminary and this
issue should be addressed in more detail in future work.

5.1.2 Influence of the ligands on the pK values

An important question is how the pK, of the di-oxo-manganese cluster is affected
by its organic ligands. The salpn substituents of SOZMUP affect the pK, values
by influencing the electron density of the manganese ions [136]. Varying the
substituents at the ligands shift the oxo-bridge pK, value of the diMnIV-SOZMUP
by a different amounts: the substituent 5-OCHj, has a minor effect and decreases
the pK, value of the diMn-IV compound by only 1.93 units; 3,5-Cl shows a stronger
influence and decreases the value by 2.60 units; the substituent 3,5-NO, has the
strongest impact by shifting the pK value by 8.5 pH units. The 3,5-NO, substituent
represents also the most computationally challenging ligand to investigate, giving
rise to the highest deviation between experimental and ab-initio predicted pKx
values, which has been partially compensated by modeling in section 5.1.1.1.1.
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5.1.3 Structural analysis of the optimized complexes

As previously detailed in section 3.2, the crystallographic structures of fully deproto-
nated diMn-IV 3,5-R-SOZMUP [145] is used as a starting point for all the geometry
optimizations. Tables 5.4 lists the RMSD values of the two manganese and two
u-oxygens between the coordinates of the crystallographic and quantum chemically
optimized di-oxo-manganese structures. This analysis shows that complexes with
the same oxidation and protonation states show similar deviations from the crystal
structure, apart from the protonated 3,5-NOo-MnIII-MnIV compound. In fact, with
a RMSD of 0.2651A relative to the coordinates of the crystal structure, the core
atoms of the di-nitro substituted complex show atom displacements that are 50%
greater than the ones of the other molecules. This discrepancy in structural RMSD
may influence the computed pKya values. Figure 5.3 compares the crystallographic
and optimized deprotonated structures of SOZMUP in the di-MnlIV oxidation state.
The optimized structure does not show relevant deviations from the crystallographic
data and the two salpn ligands remain symmetric to each other, as expected.

Table 5.4: RMSD values are listed for geometry optimized di-oxo-manganese
structures of the SOZMUP complex in different protonation and redox states
relative to the corresponding crystal structure, which is deprotonated and in the
redox state MnIV-MnlIV. (d) refers to deprotonated, (p) to protonated, (ox) refers
to MnIV-MnIV and (red) to the MnIII-MnIV.

subst./state 3,5-R=H 3,5-R=Cl 3,5-R=NO, 5-R=Cl 5-R=0CH;

d - ox 0.0133 0.0081 0.0080 0.0086 0.0138
d - red 0.0406 0.0397 0.0392
p - 0x 0.0896 0.0859 0.0884 0.0879 0.0860
p - red 0.1721 0.1742 0.2651
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Figure 5.3: Crystallographic and optimized deprotonated MnIV-MnlV structure
of SOZMUP. The crystallographic structure is highlighted in yellow, while the
optimized structure is colored in gray. The manganese, oxygen, and nitrogen atoms
are colored in pale blue, red, and blue, respectively. Hydrogen atoms are highlighted
in white.

5.2 Empirical conversion method

In section 2.2.4, a fully empirical methodology is presented that converts macro-
scopic pK, values of organic molecules from water to the corresponding values in
MeCN, MesSO, and MeOH. The parameterization of the method is accomplished
by matching the predicted pK, values with the corresponding benchmark val-
ues for 82 different organic compounds involving titratable oxygen, nitrogen, or
sulfur atoms. These compounds are gathered in 20 different molecular families
of the solutes, which were previously defined in [58] and shown in figure 3.3 of
section 3.4. The pK, values in water are used as references and shifted to the
values in the other solvents by applying a single additive parameter that is solvent
and solute family dependent. The optimized parameters are shown in table 3.1
of section 3.4. Among the reference pK, values, 53 are taken from Friesner et
al. [58], while the remaining 31 values are calculated using the pK, prediction
module implemented in Jaguar 8.0 [127], which is theoretically based on [58]. The
reference pK, values are listed in tables A18-37 and their total root-mean-square
deviation with respect to experimental values (pK-RMSD) is equal to 0.53 pH
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units. The empirical parameterization is performed over 219 pK, values computed
and matched to the respective benchmark values in the three considered solvents.
As previously introduced in section 3.4, measured pK, values are not available
for all the considered compounds solved in the three non-aqueous solvents. For
this reason, in the case for which benchmark data are unavailable for a particular
solvent, the electrostatic transformation method [4] is applied on the measured pKx
value available for the other solvents. The empirical parameterization is performed
by matching the computed pK, values to 18, 38, and 26 measured benchmark
values, and 36, 30, and 35 electrostatically transformed values in MeCN, Me,SO
and MeOH, respectively (see figure 5.4, 5.5, 5.6, 5.7, 5.7 and tables A18-37 for
details).

The total pKA-RMSD between converted and benchmark values are, without three
outliers, equal to 0.53, 0.55, and 0.44 for MeCN, Me,SO, and MeOH, considering
55, 70, and 61 titratable compounds, respectively. Computed pK, values with a
deviation from experiment greater than 1.5 pH units are considered as outliers;
namely 4-nitrophenol and succinic acid in MeCN with deviations from experi-
ment equal to 2.30 and 1.90 pH units, respectively, and saccharin in MeCN and
MeOH with deviations equal to 1.53 and 2.50. Nevertheless, even including those
compounds, the pK,-RMSD values increases only modestly to 0.68 and 0.54 in
MeCN and MeOH, respectively. In this procedure, the outliers may be due to (i)
solute-solvent conformations not properly covered by the empirical parameters, (ii)
poor quality of the reference pK, values in water, (iii) or systematic errors in the
experimental titration of the selected benchmarks. A fourth reason could be related
to the electrostatic transformation method used to enrich the benchmark database.
The accuracy of this approach decreases when the atomic partial charges computed
for a system in gas-phase are not appropriate in solution [4]. However, among
the 101 benchmarks obtained by electrostatic transformation, only saccharin is
identified as an outlier. Its poor prediction can be explained by the large deviation
from experimental pK, value taken from [58], which differs by 1.20 pH units from
the measured value [158] (see table A22).

This method is optimized for the pK, prediction module implemented in Jaguar 8.0
[127]. However, it can be generalized to be applied to the latest software version [66]
as well as to directly convert measured pK, values. Moreover, since the same set of
parameters is valid to match the predictions to both experimentally measured and
electrostatically transformed benchmark values, the robustness of the electrostatic
transformation method [4] introduced by this thesis in section 2.2.3 is corroborated.
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Figure 5.4: Correlation diagrams of measured and computed pK, values are shown
for [A] alcohols, [B] phenols, [C] carboxylic acids, [D] thiols, [E] sulfonamides,
[F] hydroxamic acids, [G] barbituric acids. The matches with measured and
electrostatic transformed benchmarks are shown in black and green, respectively.
Deviations of more than 1.5 units between the computed and benchmark pKy
values are considered to be outliers and labeled in red or blue when the prediction
is matched to measured values or electrostatic transformations, saccharin in MeCN
and MeOH, respectively. The pKa-RMSD values including the outlier molecules
are given in brackets.
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Figure 5.5: Correlation diagrams of measured and computed pK, values are shown
for [H] imides,[I] tetrazoles, [J] primary amines, [K] secondary amines, and [L]
tertiary amines.

empirical pK,

20 T T T 25 T T
™MN O,P,Q
] ® o-mecn; RmsD =062 2 S e e
+ D[4] - Me:SO; RMSD = 0.17 | & i e Rmop = 0.5
g :[[;;:m:?:.':,:‘:g_'gff X P [2]- MeOH; RMSD = 0.59
154 ‘ i E + Q[3]- MeCN; RMSD = 0.30
K E[3] - Me:SO; RMSD = 0.56 ® Q[3] - Me:SO; RMSD = 0.36
& [3 - MeO; RMSD =0.10 204 ¥ Q[3]-MeOH; RMSD =021 A J
104 p
154 ° -
o
54 X o .,
0 T T T 10 T T
0 5 10 15 20 10 15 20 25

measured & computed pKa

measured & computed pKa

Figure 5.6: Correlation diagrams of the measured and computed pK, values are
shown for [M] anilines, [N] heterocycles, [O] indoles and pyrroles, [P] amidines, [Q]
guanidines.
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Figure 5.7: Correlation diagrams of the measured and computed pK, values
are shown for [R] benzodiazepines, [S] pyrroles C2-protonation, and [T] indoles
C3-protonation.
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MeCN are shown for [C] carboxylic acids, [F] hydroxamic acids, [G] barbituric
acids, [J] primary amines, [K] secondary amines, and [L] tertiary amines.
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Chapter 6

Conclusions

The core of this thesis is comprised of four related topics concerning the prediction
of pK values of organic and organometallic molecules solvated in different solvents.
Section 4.1 describes the revision of the ab-initio methodology to accurately predict
the pK, values of molecules in acetonitrile (MeCN), methanol (MeOH), water,
and dimethyl sulfoxide (MeySO) [1, 2]. Section 2.2.2 introduces the preliminary
application of the revised ab-initio method to investigate the protonation equilibria
of di-oxo-manganese model complexes solvated in MeCN. Section 4.2 introduces the
newly established pKu electrostatic transformation method [4] that can transform
known pK, values from one solvent to another regardless whether the involved
solvents are protic or aprotic. Section 2.2.4 presents a new empirical methodology
that converts known pK, values of organic compounds in water to the corresponding
values in acetonitrile (MeCN), methanol (MeOH), and dimethyl sulfoxide (MesSO).
The application is demonstrated using the pKa value predictor of Jaguar 8.0 [127].

6.1 Revision of the ab-initio method

In this thesis, the ab-initio method is updated to compute pK, values of molecules
in a series of protic and aprotic solvents. The experimental pK, values of 19
organic compounds are reproduced with high accuracy using the proton solvation
free energies of -255.1, -265.9, -266.3, and -266.4 kcal/mol in MeCN, MeOH, water,
and MeySO, respectively [1]. The total deviations between computed and measured
pKa values in the different solvents (pKx-RMSD) are equal to 0.67, 0.57, 0.47, and
0.63 in MeCN, MeOH, water, and MesSO, respectively.

The values of proton solvation energy obtained here agree semi-quantitatively with
the ones predicted by Kelly et al. using the CPB approximation [71] as listed in
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section 2.2.1.2. In contrast to previous works, the solute environment is modeled
here as a dielectric medium. The high accuracy of the method is achieved without
exploiting explicit solvent molecules that surround the solute. Such a purely
electrostatic approach avoids any dependency on solute-solvent conformations as
well as their averaging, an effect that is not trivial and solvent specific. On the
other hand, this model does not account for specific solute-solvent conformations,
which could be critical for the methodological accuracy. Some of the few resulting
outliers could therefore result from the solvation model used.

The proton solvation free energy derived in water is mainly a parameter to match
computed and measured pK, values. As the value of proton solvation obtained
in the present work is extremely close to the consensus value of -265.9 kcal/mol
[93], it can be concluded that the optimized atomic radii for the present work are
appropriate to compute electrostatic solvation energies. The radii of solute atoms
for water are enlarged for the other solvents by a common enhancement factors,
which are optimized by minimizing the pKA-RMSD as detailed in section 4.1.
The proton solvation energy computed in MeCN agrees very well with the value
of -255.2 keal/mol experimentally obtained with the TATB approximation [102].
In Me,SO, the value of the proton solvation free energy agrees with a measured
value of -268.55 kcal/mol also based on absolute electrode potentials [104]. In
comparison to the proton solvation energy obtained in other computational studies,
the value obtained for MeCN agrees with values from other works apart from the
one of [71] equal to -260.2 kcal/mol , whereas for Me,SO it is close to two of four
available values only. In MeOH, the proton solvation energy is very close to but
systematically more negative than the previous measured and computed values
(see section 2.2.1.2 for details).

The proton solvation free energies derived in this thesis correlate with the pKx
values of protonated MeCN, MeOH, and Me;SO measured in water. This suggests
that the proton solvated in MeCN, MeOH, and Me,SO is attached to a single
solvent molecule, while in water it assumes an Eigen-cluster conformation.

In this study, the atomic partial charges, as well as the vibrational and ground
state electronic energies, are computed in gas-phase conditions and used for all the
solvents. For this reason, the agreement between the experimental and computed
proton solvation energy in water corroborates the results obtained in the other
solvents as well. The free energies of proton solvation computed in this thesis are
very accurate and suitable to improve the pK, value prediction of molecules in
non-aqueous solvents.
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6.2 Application to di-oxo-manganese model
complexes

In this thesis, an ab-initio method is applied to investigate the protonation equilibria
of a series of di-oxo-manganese model complexes inspired by the oxygen evolving
complex (OEC) of photosystem II. The series, referenced as SOZMUP, collects
five different derived compounds in two oxidation states diMnlIV (oxidized) and
MnlII-MnIV (reduced) with substituents: 3,5-H, 3,5-Cl, 3,5-NO,, 5-Cl, and 5-
OCHj;. Different strategies are preliminarily explored to improve the accuracy
of the pK4 prediction scheme. The DFT functionals B3LYP and B3LYP* are
tested in combination with the cc-pvqz(-g) and lave3p**++ basis sets to compute
the ground state electronic energies. Such computations are performed with and
without the effect of antiferromagnetic coupling. Moreover, a strategy of charge
modeling improves the accuracy of the method in predicting the pK, values of
di-nitro derived compounds. The methodology provides predictions with a total
pKA-RMSD of 3.69 over a range of about 20 pH units using B3LYP*. The
DFT functional B3LYP, preliminarily tested on 3,5-H-SOZMUP;, yields a pKa-
RMSD of 3.44 pH units. Unfortunately, energy convergence is not achieved if the
effect of the antiferromagnetic coupling is included using the standard procedure
using quadruple zeta (see section 3.2 for details). Therefore, when including
antiferromagnetic coupling the triple zeta lave3p™*++ basis set is applied to all
the atoms of oxidized and reduced 3,5-H-SOZMUP. This improves the predictions
by a factor of about three, with a final pKA-RMSD of 1.19 units. Moreover, this
deviation is improved by a factor of two with respect to the pKA-RMSD of 2.47 pH
units obtained with a semi-empirical approach in [136]. These preliminary single
point energy calculations show poor convergence in the electronic ground state
energy, and future investigations are required to understand the origin of the failure
to converge. This study represents the first ab-initio investigation of the protonation
equilibria in di-oxo-manganese model complexes and the results obtained justify
the application of this method on the challenging OEC of photosystem II [3].

6.3 Electrostatic transformation method

In this thesis, the electrostatic transformation method has been introduced to
compute the pK, values of a large variety of titratable molecules in different
solvents. Given an optimized geometry, the process requires only a few minutes
to perform the predictions using a single CPU. However, the transformation can
be accomplished only if the pK, value is known in at least one of the investigated
solvents. Contrary to the ab-initio method introduced in section 2.2.1, the ex-

66



6.4. EMPIRICAL CONVERSION METHOD

pensive computations of vibrational and electronic ground state energies are not
required. However, the geometry optimization of the molecule of interest is needed
and performed using DFT in gas-phase conditions, as detailed in section 3.3. After
geometry optimization, the atomic partial charges of the molecule are generated
in gas-phase using the RESP procedure [159]. Only the electrostatic solvation
energy contributions are used in the pK, predictions, while all the non-electrostatic
solvation energies cancel between the two protonation states of a solute molecule.
A further energy contribution essential to transforming the pK, values between
two solvents are the proton solvation free energies in both solvents of interest. Here,
the proton solvation energy derived in [1] for water, acetonitrile (MeCN), methanol
(MeOH), and dimethyl sulfoxide (Me2SO) are used.

The electrostatic transformation method is very accurate and it has been tested
here for 30 different organic molecules by performing 77 predictions. The total
pKA-RMSD between computed and measured values is about 0.70 pH units in-
cluding the outliers. This method shows therefore an accuracy comparable to
alternative but computationally more expensive ab-initio approaches. The elec-
trostatic transformation method is free from empirical factors and represents a
robust and novel approach to compute pK, values of organic molecules in protic
and aprotic solvents.

6.4 Empirical conversion method

The third methodology introduced in this thesis is the empirical conversion method
developed in collaboration with the software company Schrodinger, LCC. The
method converts pKu values predicted in water for instance by Jaguar 8.0 [127]
to pKya values in acetonitrile (MeCN), methanol (MeOH), and dimethyl sulfoxide
(Me2SO). The conversion is based on the application of a single additive empirical
parameter, which depends on solvent and the molecular family of the solute. The
empirical parameters are optimized for the three solvents by matching the computed
pKa values to benchmark pKya values. The methodological optimization has then
been performed over a total of 20 different molecular families gathering 82 different
compounds. For cases in which the benchmark data are unavailable, these are
derived by applying the electrostatic transformation method. The total pK-RMSD
between converted and benchmark values, without the outliers, are equal to 0.53,
0.55, and 0.44 for MeCN, Me,SO, and MeOH, respectively.

The empirical conversion has been optimized for the pK, prediction module
implemented in Jaguar 8.0. However, it can be alternatively parameterized to be
applied to the latest software version [66] as well as to directly convert measured
pKa values from water to other solvents. Interestingly, in contrast to other previous
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investigations [126], the empirical conversion method does not use multiplicative
empirical factors to modify the slope of predicted values. Moreover, since the same
set of empirical parameters is applied to match both measured and transformed
benchmark pKa values, it implicitly confirms the robustness of the electrostatic
transformation methodology.
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Chapter 7

Appendix

7.1 Protonation equilibria of di-oxo-manganese
complexes

Table Al: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-H-SOZMUP in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.5030074647  1.1934046532  8.0726547811  1.481296
02 -2.7847988751  2.5221178971  7.5359586407 -0.733946
03 -1.5776881965  0.4983696744  6.3085090832 -0.645222
04 -2.7457135433  0.0842444680  8.7369514696 -0.802544
N5 -1.3664559141  2.2302773790  9.8162911510 -0.060594
N6 0.1255291794  2.3912034163  7.4775059484 -0.368141
c7 -3.7682624939  2.9271317733  8.2959089701  0.676724
C8 -4.9917448067  3.3236177626  7.7007438863 -0.358458
C9 -6.0448143446  3.7749056674  8.4758761021 -0.018483
C10 -5.9301966343  3.8810053285  9.8757093991 -0.241575
Cl11 -4.7355901042  3.5337882335 10.4776835323 -0.027158
C12 -3.6487226594  3.0484708270  9.7176057052 -0.277560
C13 -2.3832191556  2.8201025541 10.3558044274  0.040378
Cl14 -0.0526595248  2.2588562474 10.4519669248 -0.032859
C15 0.8909180680  3.2411935180  9.7062546929 -0.054543
C16 0.4470347102  3.5754916776  8.2710355754  0.165006
C17 0.8695799670  2.0960255875  6.4655557584  0.151598
C18 0.6360971128  1.0489428949  5.5073245713 -0.174359

Continued on next page
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A1 — continued from previous page

Atom name X Y Z charge

C19 1.6228206661  0.8141301278  4.5250498778 -0.105165
C20 1.4255854357 -0.0911382658  3.4993733577 -0.175846
C21 0.1921481801 -0.7622593651  3.4208986562 -0.090405
C22 -0.7993788197  0.5494878899  4.3627884201 -0.224183
€23 -0.6039559170  0.3390446917  5.4532793528  0.500183
H24 -5.0732892831  3.2428655047  6.6213169023  0.161877
H25 -6.9783279823  4.0535034126  7.9922232651 0.110124
H26 -6.7659484761  4.2375937524 10.4694450149  0.129084
H27 -4.6190325752  3.6217540360 11.5558354836  0.104950
H28 -2.2616423480  3.2202972714 11.3681843751  0.105839
H29 -0.1526951005  2.5557248100 11.5030867712  0.050810
H30 0.3385600510  1.2425832730 10.4099196941  0.085525
H31 0.9525305526  4.1922396095 10.2487924572  0.015673
H32 1.8999689071  2.8161018795  9.6891645323  0.039563
H33 1.2334771513  4.1631457535  7.7778060511  0.007919
H34 -0.4568931521  4.1929152236  8.2995578790  0.005453
H35 1.75293556856  2.7191021657  6.2755329130  0.099153
H36 2.5561042202  1.3705398105  4.5872613456  0.111750
H37 2.1988509220 -0.2667981213  2.7584373936  0.121280
H38 0.0089671604 -1.4573329713  2.6045597862  0.116395
H39 -1.7602429029 -1.0490810731  4.2906968669  0.111976
Mn40 -1.5881218039 -1.1942142408  9.3352192600  1.471047
041 -0.3455934539  -0.0844002406  8.6725770797 -0.801596
042 -0.3034324055 -2.5225524682  9.8684441440 -0.733117
043 -1.5148655163 -0.5006284623 11.1002087681 -0.641374
N44 -1.7258801935 -2.2294399236  7.5912177954 -0.059742
N45 -3.2142243873  -2.3959560331  9.9313719787 -0.362651
C46 0.6794948098 -2.9243827207  9.1060456936  0.677147
C47 -2.4893495975  -0.3420559736  11.9549589091  0.495523
48 -0.7091871413 -2.8166190539  7.0486606612  0.041386
C49 -3.0415614397 -2.2607938091  6.9595195366 -0.032975
C50 -3.5310364321 -3.5826693411  9.1393234075 0.161274
Ch1 -3.9583210254 -2.1034303229 10.9440811181  0.148718
Ch2 1.9048911709 -3.3194839873  9.6981649519 -0.358398
Ch3 0.5578056364 -3.0435946009  7.6842844991 -0.277937
Ch4 -3.7275414238  -1.0552155439 11.9017582642 -0.170552
Ch5 -2.2966131803  0.5490291743 13.0438743852 -0.222497

Continued on next page

92



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A1 — continued from previous page

Atom name X Y Z charge

H56 -0.8320413703  -3.2154378252  6.0358805316  0.105655
Ch7 -3.9767787200 -3.2527731298  7.7034677974 -0.053791
H58 -2.9437910525 -2.5508100703  5.9060415908  0.050559
H59 -3.4379795721  -1.2465554682  7.0092053284  0.085504
H60 -4.3144795762  -4.1734782006  9.6336226617  0.008606
H61 -2.6241388060 -4.1958158804  9.1112437162  0.006438
H62 -4.8392067692 -2.7297041454 11.1351578406  0.099285
C63 29574878047 -3.7672322227  8.9202906680 -0.018515
H64 1.9883478757 -3.2403815288 10.7775600481  0.161776
C65 1.6442407899 -3.5254739878  6.9213770339 -0.027033
C66 -4.7146982873  -0.8222159734 12.8840441126 -0.106150
ce67 -3.2886279542  0.7602244510 13.9855628959 -0.090816
H68 -1.3375446141  1.0521603496 13.1148306427  0.111268
H69 -4.0279151837 -4.2048985583  7.1607936982  0.015672
H70 -4.9905845232 -2.8376439296  7.7185727654  0.039363
C71 2.8406660512 -3.8713109528  7.5204724181 -0.241684
H72 3.8924132862 -4.0446831930  9.4018648187  0.110093
H73 1.5257739442 -3.6116323287  5.8432950230  0.104840
C74 -4.5198799777  0.0850199441 13.9084458888 -0.175652
HT75 -5.6463361788 -1.3814590959 12.8227497568 0.111894
H76 -3.1075908842  1.4573298919 14.8006762615  0.116497
H77 3.6760709969 -4.2252229477  6.9246667809  0.129124
H78 -5.2934288776  0.2593653375 14.6493721478  0.121301
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A2: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-H-SOZMPU in the oxidation state MnIV-MnlIII

Atom name X Y Z charge

Mn1 -1.3321630982  1.0648162316  7.9943337187  1.019831
02 -2.6180622116  2.3680423055  7.1789735588 -0.637530
03 -1.2674384531  0.2218204485  6.2572425224 -0.455141
04 -2.6193733517  0.0348907696  8.6111973217 -0.682803
N5 -1.3601490221  2.2557308570  9.6435050200 -0.140211
N6 0.2626464810  2.3796997912  7.3672069680 -0.266640
c7 -3.6172325306  2.8831305014  7.8173992647  0.579791
C8 -4.7896842486  3.2807954753  7.1090107143 -0.324080
C9 -5.8694117713  3.8471317178  7.7591530679 -0.047528
C10 -5.8486729676  4.0833505955  9.1491641686 -0.245171
C11 -4.7123266463  3.7406696015  9.8591532790 -0.072603
C12 -3.5995502477  3.1378945098  9.2324498368 -0.196076
C13 -2.4080565926  2.9189768726  10.0053477352  0.048331
C14 -0.1745685826  2.2601091944  10.5059237350  0.148192
C15 1.1219522380  2.4726281024  9.6898107635 -0.107980
C16 0.8975298791  3.2323180757  8.3742294769  0.161868
C17 0.6809420434  2.4555928813  6.1525084196  0.102462
C18 0.1987208521  1.7051073136  5.0201514581 -0.132954
C19 0.7220455868  2.0354327269  3.7500837532 -0.123591
C20 0.3433044763  1.3685929041  2.5996644574 -0.196428
C21 -0.5864572687  0.3165849672  2.7148381502 -0.093168
€22 -1.1109887152 -0.0427680070  3.9405755757 -0.246738
C23 -0.7481104249  0.6330597845  5.1444340476  0.432703
H24 -4.8047675579  3.0995229968  6.0381260029  0.133750
H25 -6.7536936707  4.1166514011  7.1836528312  0.095042
H26 -6.7039746798  4.5288982780  9.6485540227  (0.112284
H27 -4.6628901193  3.9260185424 10.9311931654  0.104323
H28 -2.3823423772  3.4033810899  10.9891279799  0.093730
H29 -0.2901363886  3.0662274291 11.2456909848 -0.013302
H30 -0.1491303136  1.3030589407 11.0326873028  0.046560
H31 1.8371973031  3.0347803816 10.3036234317  0.004091
H32 1.5594113785  1.5003319671  9.4539218080  0.074208
H33 1.8551991270  3.6150728710  7.9904921977 -0.000968
H34 0.2455091447  4.1001534820  8.5503208243 -0.008115
H35 1.4935758758  3.1620341897  5.9248136588  0.071796
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A2 — continued from previous page

Atom name

X

Y

Z

charge

H36
H37
H38
H39

Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63
H64
C65
C66
c67
H68
H69
H70
Cr1
H72

1.4443511377

0.7532384248
-0.8990281982
-1.8258676877
-1.5083911965
-0.1996184903
-0.2165672247
-1.6584566408
-1.5465108133
-3.2934021033

0.7698578039
-2.5604316130
-0.5025617846
-2.7149584227
-3.8360201411
-3.9867205050

1.9836699322

0.7024235569
-3.7252453866
-2.4528851770
-0.4896373416
-4.0108367922
-2.6951908009
-2.6779659225
-4.8069239522
-3.1519190794
-4.9193445899

3.0600301716

2.0302823503

1.8128113258
-4.6770832597
-3.4057904389
-1.5754554078
-4.7899801937
-4.3584027099

2.9894965218

3.9741133143

2.8489990202

1.6460169472
-0.2261920859
-0.8551449147
-1.1911336019
-0.0462024909
-2.4714196359
-0.3629263482
-2.6755746716
-2.3373013492
-3.0322544702
-0.4373353296
-3.3385355014
-2.6654763118
-3.2940494969
-2.1520638342
-3.2873053198
-3.4682698588
-1.2887065864

0.3476473001
-3.8826786492
-2.6707396516
-3.5275252972
-1.7462310006
-3.6710068825
-4.1507763577
-2.7300633732
-3.9070020747
-2.9611877852
-4.1090366921
-1.3005367770

0.3045678474

0.9832412694
-3.2245748518
-1.6426262836
-4.3263775342
-4.0698373886

3.6914126627
1.6331223236
1.8243985817
4.0289797130
9.5018367804
8.7773822143
10.1969151356
11.4792046295
7.7289447206
10.0850092502
9.5600112020
12.3819892160
7.3934248299
6.8660575844
9.1135029284
11.1615754656
10.2579009836
8.1921373105
12.2840448176
13.5804393098
6.4331814318
7.7144380528
6.1769695126
6.2728689065
9.4714588377
9.0570885357
11.2627436159
9.6479794504
11.2930734224
7.6091053012
13.3304828942
14.5763698821
13.6694965519
7.1748084972
7.8463690737
8.3081696783
10.2169313546

0.098831
0.104299
0.102486
0.117100
1.280598
-0.733248
-0.742300
-0.609597
-0.370134
-0.390585
0.682250
0.522615
0.211491
0.160823
0.198970
0.147253
-0.343377
-0.311696
-0.193872
-0.287534
0.041200
-0.066050
-0.020310
0.024574
-0.022271
0.000250
0.063982
-0.062617
0.138708
-0.048869
-0.100866
-0.078883
0.100746
-0.014345
0.062223
-0.246078
0.095301
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A2 — continued from previous page

Atom name

X

Y

Z

charge

H73
C74
H75
H76
HT77
H78

1.7307531364
-4.5424'744636
-5.5452586397
-3.2767550330

3.8372162984
-5.2896286634

-4.4340550146
-0.5249363833
-1.9512931345

0.9228324580
-4.8112164689
-0.5531515036

6.5722352105
14.4668893822
13.2231237840
15.4641143772

7.8319517415
15.2548558957

0.087155
-0.231167
0.089201
0.095303
0.106905
0.103605
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A3: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-H-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.2423627533  1.0812452501  8.1106806134  1.257564
02 -2.4636323407  2.2182496045  7.3622006389 -0.597074
03 -1.0093466169  0.1554167133  6.5111530436 -0.576044
04 -2.4868488801 -0.0251016550  8.7859848260 -0.708325
N5 -1.2559264908  2.1902250459  9.8007871329 -0.248732
N6 0.3159938181  2.3682902744  7.5181283352 -0.301236
c7 -3.5395190420  2.6683897207  7.9945753063  0.525985
C8 -4.7056201628  2.9246523683  7.2504764285 -0.264973
C9 -5.8265928587  3.4560936829  7.8720357507 -0.045401
C10 -5.8207537275  3.7606087502  9.2439494298 -0.168634
C11 -4.6734107457  3.5334603484  9.9836908320 -0.070681
C12 -3.5237202053  2.9758597031  9.3843763629 -0.191336
C13 -2.3198492365  2.8338453128 10.1596442906  0.138379
C14 -0.0525480959  2.2287113771 10.6463610982  0.051969
C15 1.2303557053  2.4826959633  9.8234756008 -0.072690
C16 0.9731928797  3.2320424686  8.5144472031  0.065882
C17 0.6194896571  2.5429439262  6.2730111074  0.114394
C18 0.0722798629  1.8290559653  5.1504856089 -0.131915
C19 0.3884660663  2.2716121374  3.8478768656 -0.090303
C20 -0.0963251845  1.6140354309  2.7311296727 -0.163479
C21 -0.9032941726  0.4782225961  2.9047908038 -0.040657
22 -1.2178958465  0.0113643973  4.1728870908 -0.248264
C23 -0.7397160458  0.6727067112  5.3214201754  0.425537
H24 -4.6969115666  2.6993415593  6.1892021909  0.158896
H25 -6.7211399941  3.6423836826  7.2841242569  0.132889
H26 -6.7041894910  4.1788126023  9.7148553329  0.139309
H27 -4.6479091998  3.7765374833 11.0430925252  0.120071
H28 -2.3048055725  3.3433667945 11.1278201803  0.106036
H29 -0.1860311077  3.0204697058 11.3937183444  0.055746
H30 0.0210737305  1.2671989457 11.1598948589  0.061488
H31 1.9256400129  3.0679993933 10.4339681781  0.050995
H32 1.7182551773  1.5316608665  9.5962184888  0.053060
H33 1.9183547802  3.6075979623  8.1048814683  0.056216
H34 0.3251873630 4.1002301804  8.6946089331  0.051707
H35 1.3600138032  3.3126465310  6.0274572421  0.117956

Continued on next page
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
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Table A3 — continued from previous page

Atom name

X

Y

Z

charge

H36
H37
H38
H39

Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63
H64
C65
C66
c67
H68
H69
H70
Cr1
H72

1.0180595421

0.1439472273
-1.2898462206
-1.8402784929
-1.5388801084
-0.0353751838
-0.3750073668
-1.5311753942
-1.5514868361
-3.2214733207

0.6568276561
-2.5658378832
-0.5255674673
-2.8099804283
-3.5377843219
-4.0563615797

1.7851691210

0.6657405006
-3.8548993501
-2.3882719752
-0.5817355655
-3.8496750515
-2.6384106291
-3.1551014368
-4.3897123089
-2.6724467527
-4.9994062570

2.8810748461

1.7636954463

1.7930655177
-4.9195345710
-3.4541558516
-1.3954808529
-3.8922143258
-4.8419366113

2.8978756634

3.7444844884

3.1507425759

1.9698248712
-0.0452428069
-0.8667558699
-1.3791696313
-0.2396161696
-2.7277930130
-0.6198718689
-2.4082309107
-2.3633503548
-3.2125554896
-0.2870346835
-3.0635692166
-2.3868390942
-3.5812606617
-1.9417406745
-3.6631036332
-3.3421018107
-0.8710310002

0.6318662480
-3.4713652690
-3.3061966510
-2.7135479867
-1.3530598111
-4.0887382622
-4.2439135608
-2.4877373527
-4.1835956945
-3.5763116030
-3.9014616768
-0.4940994776

0.9878586445

1.0348411415
-4.2793844906
-2.8528188040
-4.3025511946
-4.5088783269

3.7324665893
1.7349851528
2.0345394582
4.3090389677
9.5399211045
8.9925768196
10.1748510873
11.2382351938
77876167478
9.9770724517
9.5197743181
11.9777263926
7.3442356897
7.0431639263
9.2167431604
10.8763653157
10.2407107835
8.0939221883
11.8028358620
13.0373991515
6.3296268025
7.7365979447
6.0112423527
7.0328648480
9.6832668301
9.3068917121
10.9740499678
9.5740238715
11.3219717253
7.4457712581
12.6542387245
13.8481047529
13.2065888632
7.2346467378
7.6428345319
8.1698358986
10.1479691757

0.125162
0.138795
0.128974
0.129102
1.079171
-0.682552
-0.652789
-0.523082
0.025088
-0.199759
0.581072
0.508552
-0.058142
-0.083193
0.026113
0.085203
-0.322641
-0.120896
-0.137263
-0.269218
0.142105
-0.018460
0.071561
0.104250
0.057277
0.054998
0.140126
-0.029054
0.176452
-0.122196
-0.109371
-0.053166
0.141091
0.040185
0.040211
-0.173534
0.133912

Continued on next page

98



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A3 — continued from previous page

Atom name X Y Z charge

H73 1.7761130689 -4.0105596746  6.3638608395  0.136341
C74 -4.7353299731  0.4386207237 13.6555852843 -0.159009
H75 -5.8925856839 -0.9576977303 12.5110179526  0.131528
H76 -3.2916768906  1.6988796254 14.6540042696  0.131227
H77 3.7650351470 -4.7175572242  7.6673085411  0.142829
H78 -5.5587011791  0.7270608227 14.3001261422  0.139524
H79 0.5302629308 -0.6607437091  8.3273637577  0.339146
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A4: list of the optimized coordinates and atomic partial charges of the double

protonated 3,5-H-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.2687884809  1.2621526190  7.8704814969  0.895526
02 -2.3568803234  2.3985482107  6.9748707049 -0.500416
03 -0.9844493713  0.2329653757  6.3783103440 -0.449469
04 -2.7633956021  0.1222611807  8.4511166481 -0.608458
N5 -1.4281179958  2.4102312863  9.5278443035 -0.138753
N6 0.3400072758  2.3539322350  7.4153609206 -0.152614
c7 -3.4618740632  2.9644831964  7.4640007479  0.424447
C8 -4.5155377195  3.2540881416  6.5828932634 -0.241083
C9 -5.6559288831  3.8927067742  7.0552998495 -0.038466
C10 -5.7748258223  4.2677274153  8.4044589973 -0.116135
Cl11 -4.7346963031  4.0050716567  9.2788035992 -0.143343
C12 -3.5703617708  3.3378562529  8.8348589050 -0.042831
C13 -2.4695586503  3.1529711348  9.7414164395  0.020073
C14 -0.3193159901  2.4093343477 10.5004601114 -0.062594
C15 1.0560413642  2.5009812475  9.8059715627 -0.000154
C16 0.9964441058  3.1933514446  8.4462728940 -0.032218
C17 0.7073433368  2.5135394135  6.1764535304  0.052361
C18 0.1883937257  1.8334480976  5.0310522856 -0.076624
C19 0.5782655051  2.2539478219  3.7391190364 -0.095561
C20 0.1214858550  1.5902333073  2.6149359995 -0.123227
C21 -0.7155437115  0.4715739019  2.7666897278 -0.039112
22 -1.0966707512  0.0220071769  4.0250920539 -0.207711
C23 -0.6594373516  0.6995683707  5.1742862414  0.363138
H24 -4.4105280450  2.9779393111  5.5392444937  0.170195
H25 -6.4662725241  4.1084855244  6.3651667797  0.151555
H26 -6.6706419099  4.7694431663  8.7540497544  0.154171
H27 -4.8057463732  4.3071128230 10.3204946409  0.152411
H28 -2.5180485788  3.7060671609 10.6840239583  0.146532
H29 -0.4607925344  3.2588770341 11.1781592737  0.094687
H30 -0.3870895588  1.4835601300 11.0745844672  0.093382
H31 1.7364165845  3.0656810037 10.4506911295  0.065643
H32 1.4832164173  1.5030499322  9.6826266543  0.031615
H33 2.0094721982  3.4267314608  8.1035755343  0.089976
H34 0.4422914262  4.1380026347  8.5171589722  0.087372
H35 1.4975951724  3.2442780036  5.9840941428  0.153223
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A4 — continued from previous page

Atom name X Y Z charge

H36 1.2340913586  3.1145997135  3.6381921194  (.144982
H37 0.4094463714  1.9256034175  1.6245930853  0.152858
H38 -1.0723598021 -0.0541149884  1.8856886062  (0.148495
H39 -1.7356362364 -0.8469283682  4.1380009073  0.134151
Mn40 -1.8268694656 -1.2597074301  9.5376578704  0.887347
041 -0.3317820683 -0.1193057540  8.9567778998 -0.606972
042 -0.7396975622 -2.3991753757 10.4301137461 -0.499141
043 -2.1075840318  -0.2312139308 11.0304739003 -0.446722
N44 -1.6699978420 -2.4055400768  7.8785488250 -0.133298
N45 -3.4361142004 -2.3483446085  9.9941907185 -0.151595
C46 0.3658198702 -2.9626063498  9.9392291977  0.424150
C47 -2.4354996203 -0.6950284784  12.2346772584  0.364111
48 -0.6272262803 -3.1455715122  7.6618726221  0.017961
C49 -2.7796035089  -2.4038969000  6.9069868223 -0.061727
C50 -4.0928192894  -3.1884433217  8.9637736078 -0.030469
Ch1 -3.8035598539  -2.5078046802 11.2330741168  0.052119
Ch2 1.4193783708 -3.2546422921 10.8195910163 -0.240928
Ch3 0.4744914068 -3.3313685323  8.5671890103 -0.042375
Ch4 -3.2850007522  -1.8276436375 12.3783088798 -0.077427
Ch5 -1.9991436940 -0.0162044497 13.3835221520 -0.208805
H56 -0.5787862316 -3.6964022980  6.7179492401  0.146577
Ch7 -4.1541407485  -2.4982530604  7.6029356789 -0.001623
H58 -2.6378738159 -3.2521554216  6.2278758226  0.094192
H59 -2.7135751016  -1.4771202034  6.3342553733  0.093277
H60 -5.1058590977 -3.4212301757  9.3069372845  0.089538
H61 -3.5388752802 -4.1332320348  8.8936484838  (0.086565
H62 -4.5941538982  -3.2381907252 11.4251569552  0.153281
C63 2.5600202078 -3.8913244662 10.3452958711 -0.038420
H64 1.3140585446 -2.9819974453 11.8641140437  0.170241
C65 1.6390918670 -3.9967915542  8.1212933062 -0.142972
C66 -3.6778798489  -2.2453490746  13.6702232832 -0.094987
ce67 -2.3828330316  -0.4634319601 14.6420320070 -0.038765
H68 -1.3582070789  0.8512588495 13.2704294098  0.134548
H69 -4.8336723724  -3.0660706777  6.9599319178  0.065806
H70 -4.5841613824 -1.5013408029  7.7246383332  0.031948
C71 2.6791635501 -4.2619521243  8.9949606507 -0.116422
HT72 3.3703076678 -4.1091924141 11.0348225698  0.151574

Continued on next page

101
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Table A4 — continued from previous page

Atom name X Y Z charge

H73 1.7103231762 -4.2956036026  7.0786802025  0.152382
C74 -3.2219749902  -1.5804500668 14.7940765643 -0.123506
H75 -4.3353477324  -3.1046866146 13.7715078027  0.144941
H76 -2.0263906389  0.0628349482 15.5228582291  (0.148522
H77 3.5751038697 -4.7623999113  8.6438765865  0.154217
H78 -3.5123568264 -1.9136082508 15.7844610178  0.152884
H79 0.3374049725 -0.5853311549  8.4324685221  0.340665
H80 -3.4342230692  0.5897221439  8.9719231107  0.341283
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table Ab5: list of the optimized coordinates and atomic partial charges of the

protonated 3,5-H-SOZMPU in the oxidation state MnIV-MnIII

Atom name X Y Z charge

Mn1 -1.2253478206  1.1945257704  7.8966854501  1.289582
02 -2.4783540914  2.3306537124  7.0651032167 -0.636084
03 -0.9060480515  0.2582889116  6.2770746924 -0.565024
04 -2.4644287127  0.1076207464  8.4826642063 -0.695592
N5 -1.3500329180  2.3330834263  9.5539308570 -0.216183
N6 0.2843066940  2.6073568049  7.3107144229 -0.304911
c7 -3.5765923386  2.7383466955  7.6580173593  0.535598
C8 -4.7292152879  2.9959728106  6.8811556297 -0.282452
C9 -5.8903862843  3.4657645833  7.4718303287 -0.059530
C10 -5.9538345445  3.7212530335  8.8536601647 -0.187888
C11 -4.8281926363  3.5053566924  9.6273978471 -0.090197
C12 -3.6364198567  3.0059399245  9.0599881232 -0.169677
C13 -2.4593650655  2.9078252336  9.8806929587  0.082237
C14 -0.1797625079  2.4340179317 10.4316988856  0.088725
C15 1.0974531244  2.8289477688  9.6486182347 -0.073247
C16 0.8129681933  3.5357168480  8.3168286539  0.098648
C17 0.6631739562  2.7455328949  6.0875009747  0.117407
C18 0.2366718075  1.9469104082  4.9636047854 -0.162722
C19 0.6381118948  2.3562120930  3.6736101748 -0.093926
C20 0.2893317185  1.6403944575  2.5426042963 -0.183221
C21 -0.4697212061  0.4678065097  2.6931923847 -0.071715
22 -0.8678995583  0.0319889108  3.9457432732 -0.240621
C23 -0.5340217690  0.7542435960  5.1168967731  0.446581
H24 -4.6721887523  2.8036443775  5.8145027923  0.147862
H25 -6.7671215443  3.6414433487  6.8531070004  0.116130
H26 -6.8701281835  4.0904180012  9.3031285499  0.122803
H27 -4.8501123301  3.7133272746 10.6950317921  0.117953
H28 -2.5066414684  3.4042496837 10.8556352041  0.110813
H29 -0.3972580071  3.1808084367 11.2067010139  0.028882
H30 -0.0473271170  1.4626884167 10.9124457774  0.050303
H31 1.7013018698  3.4971827163 10.2731845312  0.027313
H32 1.6882206797  1.9330791179  9.4471229257  0.044632
H33 1.7299510567  4.0098205747  7.9411184406  0.029232
H34 0.0708717491  4.3320642812  8.4666370840  0.029639
H35 1.3762470705  3.5460908890  5.8484865856  0.094847
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Table A5 — continued from previous page

Atom name

X

Y

Z

charge

H36
H37
H38
H39

Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63
H64
C65
C66
c67
H68
H69
H70
Cr1
H72

1.2310620545

0.5978403004
-0.7513419444
-1.4513887379
-1.6233793215

0.0805445473
-0.4467175341
-1.8441948949
-1.6267447575
-3.5489761883

0.5084453384
-2.5034015501
-0.6626181894
-2.7577450701
-4.1871600443
-4.0902706073

1.6226326810

0.4767400088
-3.5977340881
-2.1449442909
-0.7070807178
-4.1357311584
-2.7020940230
-2.6347759410
-9.2305449859
-3.6546653968
-5.0195286691

2.6527876272

1.6376950061

1.5352711397
-4.2704226256
-2.8207516990
-1.3102359079
-4.8713447520
-4.4271803260

2.6230250287

3.4998290238

3.2641154765

1.9766279224
-0.1087204233
-0.8753268959
-1.2093580140

0.1112031888
-2.4358616971
-0.2444917675
-2.4717545040
-2.3047682772
-3.1316359367
-0.5333643758
-3.2950101529
-2.3944714071
-3.1092837517
-2.2245554529
-3.5265065657
-3.5565821338
-1.4584042247

0.1497229592
-3.8731763183
-2.3680181115
-3.2533792448
-1.4755513465
-3.3365315769
-4.0683804114
-2.7829043831
-4.2705211233
-3.2111490919
-4.3367156086
-1.6310624931
-0.0556986590

0.8420534872
-2.8098625199
-1.3292659589
-4.6829693190
-4.5425741212

3.5805876212
1.5578997975
1.8153024897
4.0655218104
9.5241916098
8.7620889425
10.3951768949
11.1575269794
7.8784265161
10.0346464851
9.8373995874
12.2508595506
7.6285169162
6.9443101813
8.9963012654
11.1973783664
10.6213349268
8.4699664652
12.3261551109
13.4426925772
6.6969071658
7.6501672172
6.2602038256
6.3648677466
9.2628864032
8.9192176929
11.3926719042
10.0755945623
11.6599359638
7.9514084948
13.5553133101
14.6326941469
13.3841711982
6.9674938378
7.8256143737
8.7293472760
10.7009565900

0.109669
0.122751
0.118760
0.119619
1.021869
-0.735537
-0.648283
-0.511101
-0.239095
-0.298100
0.535216
0.459581
0.083453
0.008177
0.101022
0.126503
-0.291287
-0.135245
-0.157396
-0.283589
0.097012
-0.006904
0.039970
0.081043
0.014161
0.029751
0.075679
-0.068911
0.150635
-0.138590
-0.104620
-0.061634
0.124575
0.004211
0.052187
-0.179679
0.117352
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Table A5 — continued from previous page

Atom name X Y Z charge

H73 1.4820586045 -4.6591300598  6.9130636995  0.119610
C74 -3.8992782747 -0.9525917738 14.7026291621 -0.195965
H75 -5.1048802717 -2.3295201808 13.5882644156  0.106246
H76 -2.5096558009  0.4869052961 15.5226754539  0.109967
H77 3.4366113737 -5.2692122985  8.3140874183  0.120621
H78 -4.4300673879  -1.1104992473  15.6362433444  0.118749
H79 0.5851471539 -0.3285489041  8.0634425326  0.341352
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A6: list of the optimized coordinates and atomic partial charges of the

deprotonated 3,5-CI-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.4715757873  1.1793254342  8.0396570148  1.505377
02 -2.7629113310  2.5103092353  7.5066457104 -0.702481
03 -1.5242497113  0.4830505963  6.2495059336 -0.663992
04 -2.7365843568  0.1048536560  8.7355185774 -0.788791
N5 -1.3085930299  2.2307108455  9.7577304237 -0.133437
N6 0.1464822978  2.3806910580  7.4286246474 -0.392630
c7 -3.7335305715  2.9043864097  8.2765696984  0.688747
C8 -4.9856488024  3.3000045820  7.7224484421 -0.110819
C9 -6.0318317666  3.7407867918  8.5129661645 -0.053956
C10 -5.8663228502  3.8348664961  9.9040246936  0.009871
C11 -4.6642608915  3.5022274359  10.4925923201 -0.020037
C12 -3.6006100588  3.0294591760  9.6962833609 -0.412687
C13 -2.3154637245  2.8210946087 10.3103235218  0.163130
C14 0.0287145930  2.3059033628 10.3502579915  0.006074
C15 0.8849925728  3.3602869287  9.6076511355 -0.040528
C16 0.4288131046  3.6160082047  8.1625903619  0.097337
C17 0.9302455505  2.0487610151  6.4614747589  0.249049
C18 0.7181455039  0.9909803599  5.5078248981 -0.314221
C19 1.7490135921  0.7550326338  4.5751293976 -0.081353
C20 1.5423010885 -0.0906394033  3.5063598384  0.038584
C21 0.2797451237 -0.6633963354  3.3017449618 -0.070304
22 -0.7398175726  -0.4282400573  4.2078303318 -0.078528
C23 -0.5559569296  0.3474125593  5.3950832811  0.588689
Cl24 -5.1987493640  3.2047680754  5.9914399134 -0.096501
H25 -6.9757442246  4.0140735000  8.0554774140  0.143723
Cl126 -7.2089094853  4.3997213874  10.8866777965 -0.134831
H27 -4.5345782473  3.5967811764 11.5660704881  0.126063
H28 -2.1712247071  3.2444082503  11.3095546987  0.092592
H29 -0.0492687405  2.5540601977 11.4111498194  0.058388
H30 0.4680684298  1.3126784964 10.2590418210  0.070957
H31 0.8471001680  4.3213971528 10.1344400601  0.018689
H32 1.9296183972  3.0302917862  9.6170573780  0.043429
H33 1.1874102533  4.2074192166  7.6341063098  0.029569
H34 -0.4991820655  4.1963138300  8.1614918092  0.035315
H35 1.8206186412  2.6633589037  6.2839322928  0.096716

Continued on next page

106



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
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Table A6 — continued from previous page

Atom name

X

Y

H36

Cl137

H38

Cl139
Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63

Cle64

C65
C66
c67

Cl68

H69
H70
C71
H72

2.7049613148

2.8328969999

0.0922383890
-2.3278367334
-1.6174466340
-0.3517435687
-0.3277981473
-1.5649134527
-1.7809632842
-3.2365414658

0.6431618877
-2.5348517577
-0.7749395436
-3.1182678702
-3.5188986122
-4.0218218200

1.8949949725

0.5101828209
-3.8101495971
-2.3520438550
-0.9197885005
-3.9746750495
-3.0404646811
-3.5574200676
-4.2781610089
-2.5912386429
-4.9130446491

2.9407058587

2.1081911705

1.5732445301
-4.8429150133
-3.3734330991
-0.7632991224
-3.9366524214
-5.0193291318

2.7749857738

3.8843668475

1.2544967682
-0.4169235278
-1.2775122519
-1.0759410385
-1.1809039147
-0.1060312164
-2.5130192985
-0.4847751199
-2.2320301343
-2.3799689110
-2.9073376991
-0.3456766735
-2.8238140259
-2.3069109536
-3.6157586146
-2.0457821813
-3.3037862204
-3.0326808932
-0.9865794304

0.4313302357
-3.2479368237
-3.3609267194
-2.5551992027
-1.3135884435
-4.2062908834
-4.1965959141
-2.6592852198
-3.7459736854
-3.2088253944
-3.5065202366
-0.7468102512

0.6699595812

1.0757334137
-4.3223977342
-3.0309886668
-3.8403414128
-4.0201276935

Z charge
4.6981713751  0.131127
2.3622416673 -0.130598
2.4283646802  0.137255

3.8466465024 -0.104076

9.3694281495  1.501875
8.6725720806 -0.789743
9.9014364436 -0.701662
11.1589596406 -0.664381
7.6502840712  -0.135406
9.9789930069 -0.391733
9.1317190957  0.689951
12.0110010078  0.590386
7.0981199459  0.163329
7.0579508974  0.007909
9.2459390050  0.098887
10.9440736071  0.248847
9.6859816172 -0.111731
7.7120845263 -0.411896
11.8960622949 -0.316021

13.1977087397 -0.079275

6.0993571563  0.092679
7.8007994348 -0.039965
5.9971557534  0.058108
7.1489653669  0.070537
9.7744414718  0.029074
9.2479046296  0.034726
11.1210517747  0.096940

8.8953678364 -0.054526
11.4171093102 -0.096358
6.9157285784 -0.020851

12.8256973940 -0.079687
14.1008599788  -0.069689
13.5619323209 -0.103887
7.2746553925  0.018472
7.7910013546  0.042908
7.5043357374  0.010501
9.3528356489  0.144014
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Table A6 — continued from previous page

Atom name X Y Z charge

H73 1.4433712418 -3.6010606485  5.8422685337  0.126295
C74 -4.6368679947  0.0998825347 13.8937437952  0.037617
H75 -5.7995876654 -1.2445430320 12.7012508743  0.130886
H76 -3.1866545492  1.2846306684 14.9739844163  0.137208
clrr 4.1167455741  -4.4070510793  6.5216354400 -0.134858
Cl178 -5.9299751826  0.4312452833 15.0336441249 -0.130394
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table AT7: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-CI-SOZMPU in the oxidation state MnIV-MnlIII

Atom name X Y Z charge

Mnl -1.6740718840  1.4331757648  7.7595194488  1.417606
02 -3.0283922321  2.7183480842  7.1628274502 -0.735952
03 -1.3787175313  0.5880820403  5.7690201391 -0.656522
04 -2.9873863980  0.3437027313  8.5303972377 -0.761641
N5 -1.6142664522  2.8895054548  9.5349428255 -0.408360
N6 0.0512700960  2.6451785254  7.1809941176 -0.477550
c7 -4.0354411189  3.1002707272  7.8864332365  0.705327
C8 -5.3243660180  3.2736025372  7.2943692957 -0.093617
C9 -6.4363530756  3.7001336481  8.0022893415 -0.116080
C10 -6.3085195254  3.9936463425  9.3630985026  0.044874
Cl11 -5.0857725300  3.8662564297  9.9964094014 -0.071859
C12 -3.9557081457  3.4241825519  9.2869485825 -0.419890
C13 -2.6916984719  3.3808856134 10.0131233988  0.306656
C14 -0.3499316246  2.9451255363 10.2358885775  0.157411
C15 0.6774078705  3.7352277613  9.3808241201 -0.028275
C16 0.2858746298  3.9002961495  7.9005507434  0.215140
C17 0.9403198367  2.3020687196  6.3098322000  0.292331
C18 0.9101179653  1.2029530008  5.3765846360 -0.324491
C19 2.0909804345  0.9887233350  4.6343614214 -0.125427
C20 2.1444667148  0.0259580655  3.6503342996  0.089046
C21 1.0058577099 -0.7366102132  3.3486247521 -0.170957
22 -0.1597370090 -0.5244717348  4.0550212290  0.009048
C23 -0.2894236068  0.4308254714  5.1315400975  0.537416
Cl24 -5.5071643388  2.9159719407  5.5847205053 -0.143648
H25 -7.3924003474  3.8010082705  7.5017151237  0.141170
Cl126 -7.7285788669  4.5380616092 10.2668027094 -0.191388
H27 -4.9906557004  4.1057302082 11.0515823829  0.128801
H28 -2.7004847169  3.8259802066 11.0208425966  0.023721
H29 -0.4488447013  3.3948283316  11.2344130604  0.015654
H30 -0.0201664455  1.9102324327 10.3590227663  0.039596
H31 0.7926297825  4.7511504983  9.7818135347 -0.014203
H32 1.6591765331  3.2526871350  9.4504522835 0.015706
H33 1.0741637263  4.4795343540  7.3965650012 -0.029111
H34 -0.6412279773  4.4785137644  7.8368099515  0.015158
H35 1.8364029416  2.9339170771  6.2210814625  0.060794
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Table A7 — continued from previous page

Atom name

X

Y

H36

Cl137

H38

Cl139
Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63

Cle64

C65
C66
c67

Cl68

H69
H70
C71
H72

2.9675299285

3.6343046160

1.0367939601
-1.5771627735
-1.8807615686
-0.5757115672
-0.6596284444
-1.8393062434
-1.9826308323
-3.5290277220

0.2588048965
-2.2645968684
-1.0118119818
-3.1939206561
-4.2803237070
-3.8858499553

1.4146919795

0.1820548622
-3.2727557903
-1.7590843344
-1.1108702858
-4.4805245132
-3.1506855786
-3.1690924491
-9.2528390266
-3.7178047513
-4.7372545727

2.4138362402

1.5578245598

1.1971436398
-3.7362922331
-2.2096329336
-0.4945888469
-9.2468892590
-4.8441581165

2.2995873157

3.2781753106

1.5943797895
-0.2491606098
-1.4811957222
-1.4738063947
-0.8205789060

0.1605696589
-2.2002738638
-0.0087502538
-1.9937331301
-2.0519473997
-2.8140334795
-0.4851469666
-2.7534959261
-1.9129417728
-2.8271603452
-2.1467168854
-3.3395479555
-3.0767305501
-1.5004555694

0.0288161621
-3.2419408861
-2.0359517430
-2.7194685770
-0.9597588520
-3.1244121481
-3.7493085952
-2.7960862180
-4.0211616736
-3.0881896776
-3.7909124819
-1.9116085686
-0.3927357053

1.2426367905
-2.5388154545
-1.0387285616
-4.2408862133
-4.3852271177

Z charge
4.8470923382  0.123207
2.7386869281 -0.192801
2.5610687571  0.145067
3.6112506612 -0.177590
9.2657078802  1.166174
8.6080202330 -0.725488

10.0422606403 -0.599100

11.0378544117 -0.494350

7.6195688688 -0.204336
9.9263932032 -0.363368
9.3866303116  0.555489
12.1578868695  0.458898
7.2371351023  0.183387
6.7896148960  0.187828
8.9328751504  0.198237
11.1562988186  0.250130

10.0505081224 -0.053505

7.9772702123 -0.315648
12.2941222836 -0.273156
13.3996755366 -0.000860

6.2623750609  0.067003

7.6358556577 -0.202206

6.0469772606  0.015042
6.2591839998  0.044286
9.3504939805  0.009409
8.7272978972 -0.013850
11.4040978049  0.056965
9.3838744639 -0.106871
11.7793907560 -0.137125
7.3078077119 -0.089536
13.5603342635 -0.130195
14.6365165841 -0.122778
13.3588193745 -0.149603
7.0334832341  0.032269
7.8897083042  0.103929
8.0021831530  0.050849
9.9275050703  0.137781
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Table A7 — continued from previous page

Atom name X Y Z charge

H73 1.1063840679 -3.9796879819  6.2424781291  0.138779
Cr4 -3.2110221451 -1.3683888138 14.7121499023  0.078446
H75 -4.5097667688 -2.6714916983 13.6212509489  0.129418
H76 -1.7843276107  0.0314536631 15.5386731718  0.137047
Clr7 3.5814252320 -5.1237338694  7.1676412452 -0.180187
Cl178 -3.7891479516  -1.8956358178  16.2952432244 -0.183572
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A8: list of the optimized coordinates and atomic partial charges of the
protonated 3,5-CI-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.0607257633  0.9362429415  8.0780705063  1.255356
02 -2.2248328495  2.1356518068  7.3364110778 -0.555397
03 -0.8730379575  0.0691023576  6.4197903116 -0.532536
04 -2.3483537033 -0.1261378751  8.7665305011 -0.696026
N5 -1.0335520231  2.0579873103  9.7674971502 -0.281519
N6 0.5466640161  2.1869330490  7.5041025004 -0.366800
c7 -3.2853356573  2.6145317174  7.9573937695  0.545755
C8 -4.4519516259  2.9117881637  7.2157589098 -0.086182
C9 -5.5656377654  3.4699037094  7.8265538364 -0.030653
C10 -5.5358444115  3.7603950117  9.1992318918  0.016873
Cl11 -4.4016638551  3.5097130892  9.9523774716 -0.033442
C12 -3.2742963644  2.9249802259  9.3439837889 -0.302777
C13 -2.0666117813  2.7499322807 10.1186682129  (0.185329
C14 0.1730289182  2.0564284722 10.6169419123  0.254572
C15 1.4745629096  2.2119353474  9.8066978773 -0.145353
C16 1.2864425783  2.9823135376  8.5039166098  0.095205
C17 0.8016147771  2.4214669995  6.2615633391  0.244813
C18 0.1445046169  1.8281491302  5.1239272955 -0.261717
C19 0.3804736024  2.4211527238  3.8692088369 -0.054191
C20 -0.2448434408  1.9259623997  2.7391138365  0.013072
C21 -1.0998015032  0.8239150583  2.8433036749 -0.012197
22 -1.3173779501  0.2227978275  4.0756230322 -0.011368
C23 -0.7047864891  0.6929588853  5.2649579330  0.400074
Cl24 -4.4635413859  2.5711400145  5.5071787224 -0.062857
H25 -6.4536569924  3.6830771750  7.2424233588  (0.149083
Cl126 -6.9490928524  4.4580258593  9.9523036175 -0.084129
H27 -4.3834934187  3.7570809553 11.0088654496  0.126102
H28 -2.0263504717  3.2781669116 11.0759226177  0.112394
H29 0.0758812732  2.8728430078 11.3411138703 -0.000364
H30 0.1867646500  1.1136340984 11.1643027046  0.008829
H31 2.2039135867  2.7416833975 10.4277469208  0.066902
H32 1.8947468825  1.2285992597  9.5830459112  0.062828
H33 2.2593751901  3.2704356056  8.0897366451  0.060133
H34 0.7200272441  3.9056976672  8.6856122318  0.043499
H35 1.5693534884  3.1656179994  6.0238444424  0.102678
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Table A8 — continued from previous page

Atom name

X

Y

H36

Cl137

H38

Cl139
Mn40

041
042
043
N44
N45
C46
C47
€48
C49
C50
C51
C52
Ch3
Ch4
Ch5
H56
C57
H58
H59
H60
H61
H62
C63

Cle64

C65
C66
c67

Cl68

H69
H70
C71
H72

1.0408286823

0.0210135222
-1.5975605577
-2.3981472867
-1.4613336334

0.0747676338
-0.3058114047
-1.5267542520
-1.4480276625
-3.1493167182

0.7335612812
-2.5754013517
-0.4172696147
-2.7110031174
-3.4140247876
-4.0404463353

1.8725068707

0.7727863961
-3.8807918564
-2.4543146159
-0.4663245257
-3.6958937712
-2.5208787000
-3.1065110369
-4.2569804390
-2.5296556032
-4.9920187754

2.9822802049

1.8603265532

1.9012160104
-5.0013091171
-3.5604394003
-0.8731035973
-3.6398523809
-4.7158846412

2.9959331058

3.8429463444

3.2791101512

2.6677741960

0.4339213706
-1.1462975100
-1.4704045186
-0.3995717435
-2.7985854025
-0.6709305109
-2.5721547988
-2.4431578283
-3.2985907796
-0.3532354293
-3.2435646963
-2.6271503084
-3.7330181392
-1.9627601024
-3.7254762578
-3.4818846970
-0.8646777574

0.4665064731
-3.7049293512
-3.5863943821
-2.9575958260
-1.6124988045
-4.2263765669
-4.3536770011
-2.4972883851
-4.2592544284
-3.5507067109
-4.0513265950
-0.4726065173

0.8553239988

0.9639541511
-4.5878326180
-3.2213938837
-4.4148040691
-4.5588806996

Z charge
3.7935739051  0.136031
1.1824519839 -0.079962
1.9628788441  0.140831
4.1272887216 -0.114890
9.6037208046  1.185204

9.0044042307 -0.688671
10.3158621558 -0.640593
11.3093784799 -0.551105

7.9098978087 -0.281777

10.0390634691 -0.233340
9.6993286733  0.617614
12.0226467903  0.568796
7.5076042601  0.173283
7.1686125648 -0.002436
9.3790348011  0.004358
10.8486486793  0.168400
10.4374932337 -0.124051
8.2810163953 -0.254602
11.7526037925 -0.266118

13.1821432097 -0.119655

6.5168890367  0.107227
7.8778295630  0.036669
6.1453420216  0.105311
7.1356232883  0.078926
9.8743470509  0.058854
9.5465522012  0.080523
10.9152485315  0.143121
9.8044166325 -0.027216
12.1673950139 -0.049980

7.6493801347 -0.099950

12.5181959651 -0.073565
13.9198826153 -0.020033
13.7331752276 -0.061339
7.4368822831  0.027059
7.7186374475  0.027664
8.4063943101  0.019099
10.3916780765  0.152504
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Table A8 — continued from previous page

Atom name X Y Z charge

H73 1.9039429050 -4.1995727974  6.5741923876  0.150207
C74 -4.8443986204  0.4085989001 13.5665880583  0.020920
H75 -5.9808140164 -0.8785592664 12.2870355607  0.139158
H76 -3.4273658870  1.4935050767 14.7863755945  0.141175
Clr7 44130366393 -5.0889122867  7.6397127498 -0.082442
Cl178 -6.2216223900  0.9345835098 14.5017206092 -0.081415
H79 0.6676207817 -0.8678384551  8.3971968385  0.344214
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A9: list of the optimized coordinates and atomic partial charges of the
protonated 3,5-CI-SOZMPU in the oxidation state MnIV-MnlIII

Atom name X Y Z charge

Mn1 -1.0210533537  1.0097379190  8.0045957802  1.426086
02 -2.2452754453  2.2477379052  7.2848009594 -0.622146
03 -0.8533206880  0.1590683863  6.2981732932 -0.595604
04 -2.2987237265 -0.0128753160  8.6544676213 -0.747800
N5 -0.9732620981  2.0989730679  9.6945317831 -0.334379
N6 0.5368477464  2.3616787357  7.3837870423 -0.374932
c7 -3.2807295709  2.6818532072  7.9525581828  (0.558448
C8 -4 4878387766  2.9993566306  7.2758255782 -0.053219
C9 -5.5885038805  3.5066036098  7.9461412997 -0.083292
C10 -5.5171538590  3.7339432699  9.3285204159  0.053208
C11 -4.3582347586  3.4632542810 10.0293587372 -0.069727
C12 -3.2418291829  2.9273198515  9.3572938715 -0.343478
C13 -2.0147123659  2.7470532870 10.0963412052  0.277787
C14 0.2536536938  2.1007045440 10.5067396887  0.209270
C15 1.5143896265  2.4011827523  9.6653117642 -0.198162
C16 1.2209112405  3.1904376951  8.3876497389  0.135531
C17 0.8139135585  2.5685643474  6.1452198080  0.244487
C18 0.2250121106  1.8990454533  5.0075473349 -0.289716
C19 0.5252084447  2.4327485148  3.7384265139 -0.082533
C20 0.0083435214  1.8550409053  2.5958873263  0.043148
C21 -0.8070121187  0.7221469060  2.6915667525 -0.074224
22 -1.0936375758  0.1844541549  3.9368633781 -0.004561
C23 -0.5974674191  0.7392772842  5.1518888411  (0.461833
Cl24 -4.5714126497  2.7239485543  5.5525407667 -0.096398
H25 -6.4996071026  3.7263455154  7.4016947566  0.144062
Cl126 -6.9215473535  4.3797648426 10.1608336355 -0.132961
H27 -4.3073405296  3.6511412425 11.0970216939  0.135025
H28 -1.9642503844  3.2300015817 11.0762588963  0.068105
H29 0.1334336556  2.8519477726 11.2946452789  0.034892
H30 0.3356118381  1.1219879299 10.9823597884  0.032075
H31 2.2121294916  2.9802319903 10.2802066175  0.057592
H32 2.0058013454  1.4645921812  9.3955316896  0.082324
H33 2.1530092267  3.5883849638  7.9662194906  0.040045
H34 0.5724450265  4.0478739024  8.6145777562  0.020801
H35 1.5577127376  3.3362134853  5.8973777253  0.080077

Continued on next page

115



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A9 — continued from previous page

Atom name X Y Z charge

H36 1.1601882902  3.3101740996  3.6641538301  0.131986
ClI37 0.3690517379  2.5305004754  1.0166778189 -0.131338
H38 -1.2177367843  0.2632346758  1.7999366735  0.144545
CI139 -2.1155021355  -1.2334054600  3.9990425093 -0.139524
Mn40 -1.5076406903 -1.3868812854  9.6372063891  1.292383
041 0.2366508790 -0.1782395790  8.7666933590 -0.805312
042 -0.2822986165 -2.6647019987 10.3917905177 -0.703711
043 -1.7588721402 -0.5162200994 11.3499727889 -0.599659
N44 -1.5430991866 -2.6104115993  7.9622898624 -0.335228
N45 -3.4247254496  -2.5184629417 10.1061227799 -0.375125
C46 0.7063890156 -3.2128831207  9.7483425686  0.634937
C47 -2.7957493448  -0.3627822206 12.1189629806  0.510353
48 -0.5338812743 -3.3135153218  7.5793147470  0.240995
C49 -2.7871969960 -2.5993191454  7.1920302070 -0.056452
C50 -3.7156224408 -3.7321903015  9.3523641185  0.156921
Ch1 -4.2319609311  -2.1590294099 11.0369731930  0.209076
Ch2 1.8989322982 -3.5796775236 10.4410939861 -0.094330
Ch3 0.6731586600 -3.5197702160  8.3481525594 -0.315324
Ch4 -4.0368249446 -1.0752283928 11.9832743401 -0.270867
Ch5 -2.7383303973  0.5365065773 13.2301814480 -0.035376
H56 -0.5878512886 -3.8231358562  6.6102284393  0.069354
Ch7 -3.8785583881 -3.4900604631  7.8422592184  0.055311
H58 -2.5941460499 -2.9329475721  6.1677775966  0.117678
H59 -3.1146630422 -1.5595801868  7.1539011382  0.079965
H60 -4.6163199271 -4.2338263984  9.7367784707 -0.010542
H61 -2.8700476623 -4.4114571846  9.5157257727  0.029370
H62 -5.1570623725  -2.7340899409 11.1899187439  0.087950
C63 29777712428  -4.1622517582  9.7999815275 -0.081773
Cle64 1.9952200030 -3.2554946949 12.1546201685 -0.095743
C65 1.7703976961 -4.1345620164  7.7081124829 -0.108338
C66 -5.1161782556  -0.8290529509 12.8557102591 -0.107433
ce67 -3.8067948354  0.7742026672 14.0782600502 -0.105529
Cl68 -1.2301946993  1.3711305636 13.5710677349 -0.134585
H69 -3.8898925309 -4.4761505245  7.3620811106 -0.009892
H70 -4.8531840546 -3.0302676053  7.6442356420  0.014925
C71 2.9097036459 -4.4340638714  8.4248828774  0.041738
HT72 3.8719673377 -4.4061200790 10.3619996652  0.147795
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Atom name X Y Z charge

H73 1.7136779419 -4.3662808525  6.6488954974  0.140253
C74 -5.0123184004  0.0954509782 13.8753160617  0.056175
H75 -6.0390981375  -1.3856258559  12.7242177863  0.129767
H76 -3.6997343483  1.4746993572  14.8983975324  0.142954
Clr7 42915587334 -5.1715473865  7.6271745213 -0.139403
Cl178 -6.3727512622  0.4052376102 14.9438907179 -0.140805
H79 0.7038136556 -0.6251892933  8.0470696698  0.360191
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A10: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-NOy-SOZMPU in the oxidation state MnIV-MnIV before the
charge modeling

Atom name X Y Z charge

Mnl -1.4052465826  1.1837077984  8.0620037532  1.416976
02 -2.6491666599  2.5523042869  7.5020551793 -0.622787
03 -1.4612234424  0.4478003482  6.2809408665 -0.598327
04 -2.7282653690  0.1394121275  8.7060811400 -0.803109
N5 -1.2444969682  2.2319356376  9.7736892228 -0.085949
N6 0.1951521462  2.3986908191  7.4187812432 -0.337573
c7 -3.6241492480  2.9701339027  8.2333413047  0.606768
C8 -4.8660674144  3.3825125049  7.6603518951 -0.275808
C9 -5.9418800317  3.7756320044  8.4291580134 -0.078829
C10 -5.7971210098  3.8558959473  9.8163944120 -0.091858
Cl11 -4.5994826262  3.5306328597 10.4341659640 -0.072782
C12 -3.5232025447  3.0685138395  9.6676158667 -0.183347
C13 -2.2491485907  2.8425051078 10.3084885906 -0.001616
Cl4 0.0927686123  2.2912358325 10.3802375355  0.065936
C15 0.9819770124  3.3046266007  9.6145638251 -0.095061
C16 0.4972119323  3.6098628357  8.1914744341  0.080306
C17 0.8985779930  2.1643500904  6.3670150949  0.156593
C18 0.6753264349  1.1228600974  5.3938512490 -0.147084
C19 1.6429685358  0.9514014934  4.3974644223 -0.116160
C20 1.4568413878  0.0223827282  3.3864978661 -0.053485
C21 0.2835555230 -0.7288606882  3.3158661589 -0.117082
22 -0.6996007766 -0.5191017977  4.2620274322 -0.213902
€23 -0.5484891329  0.3695460444  5.3770769384  0.518874
H24 -6.8853762657  4.0265536587  7.9603526162  0.177494
H25 -4.5146693300  3.6356453794 11.5106055313  0.138738
H26 -2.1168765800  3.2605923221 11.3113340814  0.162964
H27 0.0146036445  2.5850120722 11.4294150872  0.019357
H28 0.5082432492  1.2857416228 10.3258937221  0.090876
H29 1.0136414132  4.2582108467 10.1535504927  0.058672
H30 2.0063984429  2.9192809040  9.5849443446  0.056698
H31 1.2488670397  4.2123567795  7.6671665909  0.047181
H32 -0.4265751231  4.1960856603  8.2232262715  0.045311
H33 1.7354608746  2.8346623759  6.1429492290  0.129333
H34 2.5543560054  1.5398406787  4.4034143522  0.150526
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Atom name X Y Z charge

H35 0.1429193054 -1.4523431656  2.5216686039  0.181595
Mn36 -1.6785285336  -1.1890454040  9.3478972346  1.421788
037 -0.3553260680 -0.1445761473  8.7044942795 -0.802904
038 -0.4382467048 -2.5598699310  9.9104534640 -0.624608
039 -1.6269321225 -0.4534297308 11.1294072079 -0.598688
N40 -1.8351521222 -2.2363182684  7.6356837840 -0.086229
N41 -3.2830276888  -2.4000395059  9.9861260654 -0.338219
C42 0.5383541526 -2.9793094877  9.1822868722  0.606349
C43 -2.5464224265 -0.3667784319 12.0254955735  0.518360
C44 -0.8277882728 -2.8436522610  7.1022434990 -0.002672
C45 -3.1709073993  -2.2976396230  7.0261093621  0.068219
C46 -3.5818053755  -3.6132537719  9.2155942779  0.079923
C47 -3.9932648696 -2.1595642832 11.0317839120  0.159038
48 1.7757509519  -3.4002122460  9.7594155808 -0.275146
C49 0.4443150224 -3.0700057709  7.7469088478 -0.181844
C50 -3.7737023842  -1.1141291495 12.0017259049 -0.147896
Ch1 -2.3999626160  0.5263607013 13.1375136018 -0.212748
H52 -0.9562865016 -3.2593521743  6.0978834664  0.162586
Ch3 -4.0608588475 -3.3116284940  7.7897765022 -0.095504
H54 -3.0898995035 -2.5920094916  5.9773725799  0.018540
H55 -3.5879508963 -1.2927230594  7.0787099844  0.090330
H56 -4.3355784061 -4.2144390145  9.7383183299  0.047510
H57 -2.6577322311  -4.1992688549  9.1891943373  0.045235
H58 -4.8335484872  -2.8265896481 11.2528096904  0.128554
Ch9 2.8552190867 -3.7889213467  8.9934589842 -0.079120
C60 1.5243546085 -3.5277221415  6.9828623654 -0.073377
C61 -4.7491269606 -0.9326808171 12.9884724589 -0.116610
C62 -3.3902886832  0.7456533120 14.0740891305 -0.118109
H63 -4.0881945594  -4.2661989857  7.2523124831  0.058872
H64 -5.0861795066 -2.9283278884  7.8141682764  0.056532
C65 2.7185497467 -3.8576468845  7.6047386908 -0.091590
H66 3.7955300353 -4.0452992551  9.4657003729  0.177522
H67 1.4449366487 -3.6259182710  5.9053617333  0.139039
C68 -4.5669816869  0.0005443531 13.9964363192 -0.053612
H69 -5.6635335911  -1.5163022792 12.9772925496  0.150969
H70 -3.2527074992  1.4721627326 14.8660256817  0.181801
N71 2.4900507718 -0.1597411986  2.3679379352  0.825333
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A10 — continued from previous page

Atom name X Y Z charge

072 2.2756245220 -0.9909751535  1.4870189892 -0.449650
073 3.5039830972  0.5322455116  2.4615167020 -0.457272
N74 3.8554538114 -4.3048772755  6.8007425802  0.829474
075 3.7059326285 -4.3401799616  5.5790170256 -0.458526
076 4.8853412208 -4.6152889299  7.3977267150 -0.452700
N7 -6.9294126986  4.3090898465 10.6233210563  0.829517
078 -6.7738806164  4.3515194809 11.8440410006 -0.458306
079 -7.9620010323  4.6171240296 10.0297863818 -0.452802
N80 -5.6084633647  0.1936973034 15.0045026377  0.825996
081 -5.3975882158  1.0284606135 15.8829241583 -0.449626
082 -6.6252480318  -0.4932751327 14.9052010246 -0.457520
N83 1.9494758593 -3.4042707216 11.2188648153  0.922736
084 3.0684115864 -3.1157539491 11.6442792188 -0.472546
085 0.9845673294 -3.7242970027 11.9048388355 -0.466018
N86 -1.9366584425 -1.2837961724  4.1206871509  0.877626
087 -2.9997082456  -0.6950013452  4.2660821561 -0.424049
088 -1.8238457325 -2.4929627336  3.8700458240 -0.485494
N8&9 -5.0485491657  3.3724259296  6.2020788433  0.923502
090 -6.1677825556  3.0709094718  5.7864900202 -0.472708
091 -4.0903570371  3.6943276396  5.5076460497 -0.466243
N92 -1.1605023298  1.2861483054 13.2851282355  0.877745
093 -1.2698484380  2.4961100636 13.5338141853 -0.485968
094 -0.0989631362  0.6931416036 13.1461889951 -0.424229
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A1l: list of the optimized coordinates and atomic partial charges of the
deprotonated 3,5-NO,-SOZMPU in the oxidation state MnIV-MnlIII before the

charge modeling

Atom name X Y Z charge

Mnl -1.2001252466  0.9183583345  8.2526524173  1.286237
02 -2.4078193684  2.3006446765  7.4569972244  -0.572206
03 -1.2571600548  0.0938651721  6.4937579122 -0.578124
04 -2.5174724400 -0.0645992145  8.8922682731 -0.762133
N5 -1.1565074349  2.0801099537  9.8918859314 -0.149675
N6 0.4263360897  2.1436055506  7.5755799216 -0.332837
c7 -3.3910716220  2.8215151529  8.0760594060  0.527157
C8 -4.5750837820  3.2731300315  7.3943511891 -0.240152
C9 -5.6773832159  3.7607146078  8.0642260235 -0.102344
C10 -5.6264238757  3.9145225056  9.4517447093 -0.097642
Cl11 -4.4844189379  3.5686766253 10.1677311563 -0.079870
C12 -3.3861803877  3.0114011572  9.5119189857 -0.142107
C13 -2.1794194953  2.7673816048 10.2749569573  0.006357
Cl4 0.0588972420  2.0502074552 10.7230664896  0.103798
C15 1.3354595859  2.2670245188  9.8774693915 -0.096211
C16 1.0886799248  3.0099230758  8.5587831212  (.128489
C17 0.8690918648  2.1481863720  6.3706093135  0.126995
C18 0.3511272326  1.3914229241  5.2491896362 -0.110368
C19 0.9540084312  1.6020825146  4.0074587559 -0.122512
C20 0.5314764081  0.9111292561  2.8783629883 -0.077092
C21 -0.5257455788  -0.0012788373  2.9553834876 -0.144451
C22 -1.1512605108 -0.1883417297  4.1667575419 -0.180559
C23 -0.7269127539  0.4424517279  5.3874399600 0.510656
H24 -6.5693103634  4.0336223015  7.5150771848  0.166649
H25 -4.4650130437  3.7334670259 11.2399679952  0.138049
H26 -2.1347002691  3.2390425145 11.2619159498  0.148348
H27 -0.0323098649  2.8239967023 11.4936030689  0.016763
H28 0.0960597707  1.0774614794 11.2148409163  0.083165
H29 2.0521471497  2.8428352289 10.4733429682  0.034713
H30 1.7900533997  1.3004141492  9.6491076497  0.073874
H31 2.0385210510  3.3782867419  8.1483859100  0.025126
H32 0.4421310663  3.8817175512  8.7264275363  0.024159
H33 1.7251923281  2.7907698768  6.1285174114  0.106434
H34 1.7710884401  2.3081994723  3.9059058935  0.140504
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A11 — continued from previous page

Atom name X Y Z charge

H35 -0.8535463228 -0.5385920921  2.0742887989  (0.184312
Mn36 -1.4386208520 -1.3986026144  9.6389717023  1.308340
037 -0.1066088460 -0.2684684315  8.9610090760 -0.776657
038 -0.1026655524 -2.7569901789 10.1378312706 -0.666924
039 -1.6054930788  -0.6043805566 11.6577661022 -0.578623
N40 -1.6225526408 -2.7820732735  7.8373089741 -0.127136
N41 -3.1595376341 -2.5855194454  10.2852771525 -0.396310
C42 0.8474503933 -3.1745648014  9.3850388724  0.643980
C43 -2.6527094297 -0.3877709104 12.3244309316  0.484649
C44 -0.5897485325 -3.2982989364  7.2917662629  0.012909
C45 -2.9327222925 -2.8030634600  7.2149412889  0.032457
C46 -3.4405666404 -3.8298782929  9.5569968830  0.173825
C47 -3.9769148752 -2.2614189310 11.2263001148  0.180909
C48 2.1521289972 -3.4486994471  9.9231927277 -0.291323
C49 0.7063734349 -3.4054349021  7.9587060878 -0.222283
C50 -3.8842082848  -1.1447453012 12.1477431697 -0.143581
Ch1 -2.7406482940  0.6682422806 13.3173307561 -0.189476
H52 -0.6447221443  -3.7195116937  6.2765936330  0.123359
Ch3 -3.8994391509 -3.6365920228  8.0987223056 -0.068141
H54 -2.9027138859 -3.2012334642  6.1914231521  0.022834
H55 -3.2714728387 -1.7656592378  7.1680062483  0.087413
H56 -4.2074528071  -4.4096377533  10.0900247357 -0.002204
H57 -2.5152245847 -4.4137784765  9.5720394301  0.018971
H58 -4.8607290086 -2.8949937614 11.3836788383  0.093173
Ch9 3.2323660647 -3.8131093925  9.1445840863 -0.092528
C60 1.7915317270 -3.8294107062  7.1974222116 -0.059878
C61 -5.0151791269 -0.8650728712 12.9116455484 -0.127592
C62 -3.8916056475  0.9792385652 14.0077544354 -0.140325
H63 -4.0085453182 -4.6450227826  7.6798661658  0.025634
H64 -4.8934034594 -3.1760587004  8.0806426040  0.038688
C65 3.0459913762 -4.0131334481  7.7772138197 -0.124811
H66 42073801055 -3.9493004822  9.5942130763  0.164802
H67 1.6753022256 -4.0202532775  6.1356731853  0.130990
C68 -5.0288367512  0.1885379538 13.8235893670 -0.079541
H69 -5.9165294427 -1.4588575841 12.7983491707  0.138487
H70 -3.9130034833  1.8104241164 14.7017125444  0.173878
N71 1.1888711688  1.1387093434  1.6041487733  0.838677
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Table A11 — continued from previous page

Atom name X Y Z charge

072 0.7901537816  0.4974224638  0.6278667567 -0.481547
073 2.1115512154  1.9595486757  1.5690560785 -0.487277
N74 4.1666868068 -4.4331018785  6.9566531917  0.841673
075 3.9643143610 -4.6155165484  5.7511868443 -0.490821
076 5.2621787307 -4.5864212949  7.5064007191 -0.486471
N7 -6.7740898058  4.4778645543 10.1437881985  0.827496
078 -6.6941174761  4.6230266633 11.3664699599 -0.473603
079 -7.7613138001  4.7837074307  9.4687715925 -0.478014
N80 -6.2211893423  0.4626180524 14.5978579270  0.834336
081 -6.1837725628  1.3934359824  15.4093642796 -0.485231
082 -7.2108825208 -0.2537656387 14.4082897735 -0.491391
N83 2.3961238200 -3.3201446971 11.3629952552  0.928991
084 3.4985989034 -2.8817921500 11.7086631920 -0.502325
085 1.5146125887 -3.6890536501 12.1323462079 -0.475581
N86 -2.3038821721 -1.0907810006  4.1996943673  0.860157
087 -3.3039529144  -0.7217476783  4.8055607371 -0.431721
088 -2.1999698149  -2.1630021298  3.5940102631 -0.494972
N&9 -4.6634721854  3.2097146408  5.9326439266  0.913030
090 -5.7829220942  3.0320699806  5.4437866783 -0.487312
091 -3.6334730384  3.3762021886  5.2849752897 -0.487072
N92 -1.5697948203  1.4918631049 13.5867405729  0.857018
093 -1.7428559796  2.7197277921 13.6765915472 -0.508470
094 -0.4827381097  0.9376493978 13.7121614541 -0.451041
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A12: list of the optimized coordinates and atomic partial charges of the
protonated 3,5-NOy-SOZMPU in the oxidation state MnIV-MnIV before the charge
modeling

Atom name X Y Z charge

Mnl -1.3556240163  1.2830176288  8.0697658602  1.377900
02 -2.5901311747  2.5212184393  7.5196371643 -0.561532
03 -1.3063867072  0.4537597126  6.3662396998 -0.617843
04 -2.6039735905  0.1647595919  8.7403983685 -0.774834
N5 -1.2210080996  2.3016897341  9.7897237779 -0.165618
N6 0.2073714338  2.5350256981  7.4302792905 -0.365404
c7 -3.6217603042  2.8876833258  8.2398663686  0.536539
C8 -4.8645765510  3.1853637482  7.6277019267 -0.217597
C9 -5.9700409055  3.5633246466  8.3668373118 -0.091932
C10 -5.8403136962  3.7145427551  9.7478634077 -0.041333
Cl11 -4.6409561747  3.4781019071 10.3969970282 -0.100685
C12 -3.5308877777  3.0393634944  9.6594237594 -0.138721
C13 -2.2517660495  2.8815797557 10.3124121098  0.040036
Cl4 0.1182528544  2.4304483732 10.3936718483  0.097489
C15 0.9542184831  3.4875484185  9.6300059127 -0.103244
C16 0.4573251927  3.7623748802  8.2069414134  0.027940
C17 0.8891508174  2.3684822743  6.3459901966  0.174777
C18 0.6884605847  1.3501256360  5.3471837815 -0.130193
C19 1.6029704959  1.2769901253  4.2830028819 -0.133101
C20 1.4057861907  0.3713028110  3.2578955109 -0.031568
C21 0.2760948563 -0.4484911579  3.2246524236 -0.081197
22 -0.6499962472  -0.3351955279  4.2425140396 -0.284600
€23 -0.4672179776  0.5108793066  5.3740118280  0.526331
H24 -6.9212686410  3.7427343569  7.8792012449  0.192250
H25 -4.5813350150  3.6323544496 11.4691583620  0.145946
H26 -2.1391193651  3.3213321387 11.3078318885  0.174764
H27 0.0190898063  2.7193100810 11.4425331742  0.033038
H28 0.5845285514  1.4476497185 10.3472722880  0.056064
H29 0.9324279386  4.4418405833 10.1668909326  0.079900
H30 1.9980220027  3.1586755950  9.6084160473  0.071011
H31 1.1796626728  4.3949291179  7.6794571816  0.077306
H32 -0.4908625020  4.3088599787  8.2323460412  0.078094
H33 1.6782797120  3.0918002060  6.1185680901  0.143257
H34 24759328527  1.9208490258  4.2510888218  0.162333
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Table A12 — continued from previous page

Atom name

X

Y

Z

charge

H35

Mn36

037
038
039
N40
N41
C42
C43
C44
C45
C46
c47
€48
C49
C50
C51
Hb52
Ch3
H54
H55
H56
Hb57
H58
ChH9
C60
C61
C62
H63
H64
C65
H66
H67
68
H69
H70
NT71

0.1301544876
-1.6844405491
-0.1774968997
-0.5116404139
-1.5806096894
-1.8251195310
-3.2985244666

0.4608655740
-2.4973612317
-0.8405921164
-3.1533475522
-3.6358136526
-4.0192727246

1.6445163729

0.3987218361
-3.7647236081
-2.2881566395
-0.9665534122
-4.0850400923
-3.0650401327
-3.5318084214
-4.4192047112
-2.7397284565
-4.8999205322

2.7181008169

1.4729642593
-4.7338893291
-3.2634884405
-4.1219187686
-5.1010579984

2.6164401832

3.6275419618

1.4244754797
-4.4836381918
-2.6865325561
-3.0862920131

2.3963267923

-1.1455189927
-1.2536285141
-0.1244049058
-2.6410855564
-0.5217339092
-2.2344731896
-2.3100107857
-3.1332453158
-0.3537040124
-2.8962542187
-2.2300597425
-3.5235837745
-2.0249995587
-3.6297552691
-3.2032538471
-1.0152140451

0.5256349157
-3.2829362921
-3.2195266045
-2.5133531736
-1.2106023652
-4.0761696962
-4.1504856554
-2.6466813255
-4.0883464543
-3.7293223972
-0.7854096775

0.7944104471
-4.1755288918
-2.8129600180
-4.1385861126
-4.4070790891
-3.8177036370

0.1209442745
-1.3047033829

1.5065103421

0.2742916481

2.4069556821
9.3971515295
8.8153579162
9.9402480926
11.1243822978
7.6448692505
9.9573988287
9.2336269772
12.0238389985
7.1263959770
7.0101985540
9.1856227060
10.9941403240
9.8489991481
7.7988054110
11.9799386285
13.1254106923
6.1106552603
7.7527930075
5.9595075408
7.0698275866
9.7141108750
9.1897619283
11.1744161363
9.1119184288
7.0600566239
12.9703992022
14.0664962202
7.2196891367
7.7531402949
7.7180077612
9.6085731515
5.9796269533
13.9830079142
12.9555057487
14.8648053392
2.1742890824

0.191586
1.188120
-0.693156
-0.575584
-0.557871
-0.036845
-0.215901
0.497046
0.544232
-0.128193
0.065473
-0.044792
0.123117
-0.224278
-0.020830
-0.130858
-0.243721
0.215691
-0.045063
0.015495
0.085617
0.090760
0.087955
0.161178
-0.097499
-0.153575
-0.124370
-0.091878
0.074129
0.053428
-0.038420
0.195406
0.154539
-0.039129
0.167272
0.191305
0.812297

Continued on next page

125



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A12 — continued from previous page

Atom name

X

Y

Z

charge

o072
073
N74
075
076
N7
o78
079
N80
081
082
N83
084
085
N86
o87
088
N89
090
091
N92
093
094
H95

2.1764746302
3.3685366259
3.7540660065
3.6311669325
4.7376568376
-7.0132998270
-6.8672995116
-8.0439987306
-2.5174050831
-5.2481519727
-6.5687102436
1.7664637580
2.8814488835
0.7575664715
-1.8635465711
-2.9374259915
-1.7139213887
-5.0200498497
-6.1127727437
-4.0625402782
-1.0070947184
-1.0590017146
0.0179495551
0.4294707718

-0.5499056830
1.0215800274
-4.6460340417
-4.6452247134
-5.0250761174
4.1402555348
4.2237345181
4.3732886465
0.3779058738
1.1980054500
-0.2470800050
-3.6360500702
-3.3993744421
-3.8991330677
-1.1506212127
-0.5894213244
-2.3618257309
3.0764705281
2.6871860574
3.4007876154
1.2238895355
2.4365111858
0.5825755155
-0.5370637511

1.2923076343
2.2411154154
6.9343169676
5.7118675017
7.5601802793
10.5307038231
11.7475353239
9.9090788048
14.9984170373
15.8701748406
14.8903378861
11.3182612734
11.7747523261
11.9622605804
4.1709479316
4.3350812268
3.9670093820
6.1657265107
2.7633589234
5.4727800549
13.2402178626
13.4860982482
13.0599743267
8.1832511784

-0.425831
-0.430149
0.816980
-0.434885
-0.422865
0.812460
-0.433274
-0.419819
0.818467
-0.424643
-0.432276
0.905507
-0.447697
-0.445194
0.929153
-0.414101
-0.485967
0.902432
-0.445867
-0.446051
0.895218
-0.476223
-0.413407
0.309774
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A13: list of the optimized coordinates and atomic partial charges of the
protonated 3,5-NOy-SOZMPU in the oxidation state MnIV-MnlII before the charge

modeling

Atom name X Y Z charge

Mn1 -0.8962713272  0.9533549308  8.1163744625  1.533677
02 -2.1064358869  2.1943477620  7.3400652949 -0.578666
03 -0.6775599412  0.0647621009  6.4202201695 -0.689605
04 -2.2262190139 -0.0353699228  8.7128691210 -0.830293
N5 -0.8532792623  2.0675094892  9.7696117174 -0.196090
N6 0.6333070676  2.3083175328  7.4688700959 -0.360933
c7 -3.1169567836  2.7087123884  7.9601438115  0.456366
C8 -4.3191154343  3.0622820191  7.2765551679 -0.162807
C9 -5.4114881567  3.5981529823  7.9338972829 -0.123720
C10 -5.3238739169  3.8615295547  9.3003864034 -0.062920
C11 -4.1706787143  3.5756280275 10.0155433002 -0.083728
C12 -3.0800821381  2.9832402222  9.3710003211 -0.129402
C13 -1.8694136362  2.7746487447 10.1329683055  0.021585
Cl14 0.3737213585  2.0563687693 10.5891979338  0.084873
C15 1.6345714840  2.3544290328  9.7442826937 -0.069441
C16 1.3467535465  3.1353048801  8.4606477343  0.056471
C17 0.8074756032  2.5743031073  6.2226946650  0.155435
C18 0.1917293775  1.8891389027  5.1049841542 -0.208242
C19 0.3275822726  2.4655078868  3.8368211923 -0.040000
C20 -0.2051897762  1.8423284542  2.7184756246 -0.068956
C21 -0.8340857589  0.6024316059  2.8235209466 -0.089895
22 -0.9122111346  0.0006840312  4.0644017123 -0.245682
€23 -0.4746339265  0.6294638838  5.2707701935  0.573030
H24 -6.3218412222  3.8147299784  7.3887549328  (0.188637
H25 -4.1319846240  3.8103161880 11.0740828330  0.136496
H26 -1.8174710654  3.2789430060 11.1015256718  0.181899
H27 0.2520150816  2.7969101673 11.3862988409  0.027827
H28 0.4542223976  1.0721102754 11.0513750231  0.076588
H29 2.3304704725  2.9373075150 10.3563813337  0.056106
H30 21309529021  1.4173460574  9.4839696832  0.050992
H31 2.2836333865  3.5024415295  8.0249020027  0.058496
H32 0.7220015861  4.0116169320  8.6803696582  0.056077
H33 1.4857193090  3.3908261958  5.9483800829  0.123883
H34 0.8402818319  3.4131210894  3.7105236772  0.135708
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A13 — continued from previous page

Atom name X Y Z charge

H35 -1.2378532427  0.1132264386  1.9453316434  0.176783
Mn36 -1.5205304862 -1.4850988830  9.6439230705  1.268590
037 0.3024734489 -0.2590226651  8.8871822770 -0.829435
038 -0.3346349206 -2.8146987516 10.3737470175 -0.645480
039 -1.7530995670 -0.6143648417 11.3628902264 -0.586343
N40 -1.6085461481 -2.6494152989  7.9673851320 -0.131514
N41 -3.4474242996 -2.5913301080 10.1390186045 -0.351655
C42 0.6309642644 -3.3765319239  9.7291755155  0.509749
C43 -2.7855642132 -0.4033765303 12.1019939586  0.502510
C44 -0.6266743390 -3.3725002588  7.5547726661 -0.015592
C45 -2.8778881273  -2.6050254488  7.2315592143  0.080186
C46 -3.7498828134 -3.8018210955  9.3793892778  0.126794
C47 -4.2301036703 -2.2456118766 11.0929784019  0.143391
48 1.8275068662 -3.7886560161 10.3954511901 -0.233742
C49 0.5882516964 -3.6178900676  8.3068251063 -0.059391
C50 -4.0300234736  -1.1277878083 12.0031805570 -0.136303
Ch1 -2.7621159768  0.6285375269 13.1004641068 -0.221726
H52 -0.7081105618 -3.8603378391  6.5806162986  0.169785
Ch3 -3.9367197965 -3.5384136039  7.8742724189 -0.103961
H54 -2.7112133728  -2.8798699526  6.1862142875  0.030573
H55 -3.2145036048 -1.5674013810  7.2674085600  0.064820
H56 -4.6422676144  -4.3068774837  9.7753754271  0.026790
H57 -2.9002213785 -4.4792296287  9.5253301915  0.036033
H58 -5.1417647126  -2.8292071489 11.2819728420  0.111485
Ch9 2.9169156702 -4.3026554486  9.7218835817 -0.107456
C60 1.6748769345 -4.1981763980  7.6437037743 -0.174081
C61 -5.1036432048 -0.8119911089 12.8390031867 -0.116138
C62 -3.8508232053  0.9730716941 13.8790500832 -0.115657
H63 -3.9254726791 -4.5141238353  7.3748525427  0.045750
H64 -4.9248991641 -3.1017106566  7.6931352468  0.059123
C65 2.8298021824 -4.5119480224  8.3436064645 -0.070406
H66 3.8263781368 -4.5432442171 10.2585464225  0.181153
H67 1.6329939122 -4.3972937707  6.5781677656  0.180367
C68 -5.0220449874  0.2299157758 13.7523295887 -0.069204
H69 -6.0292295580 -1.3748291243 12.7800126913  0.145856
H70 -3.7930151841  1.7926844683 14.5850942689  0.182970
N71 -0.0811689059  2.4761394053  1.4063402439  0.816744
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Table A13 — continued from previous page

Atom name X Y Z charge

072 -0.5491440929  1.8748279859  0.4408837217 -0.445758
073 0.4865555068  3.5675987583  1.3567507350 -0.457581
N74 3.9734846580 -5.0762717913  7.6306973100  0.839959
075 3.8590117196 -5.2431948053  6.4155781269 -0.471699
076 4.9776835699 -5.3451486219  8.2885453094 -0.458756
N7 -6.4675613328  4.4632664009  9.9883863057  0.821157
078 -6.3518827286  4.6763886875 11.1947551494 -0.448757
079 -7.4647349251  4.7156664565  9.3150785254 -0.449582
N80 -6.1734570517  0.5445256552  14.5927636263  0.832770
081 -6.0561864287  1.4722996606 15.3925040750 -0.458541
082 -7.1875015164  -0.1396470618 14.4460349536 -0.463841
N83 1.9491858185 -3.6382314752 11.8530318300  0.914052
084 3.0591679558 -3.3246087541 12.2862156621 -0.478883
085 0.9546900615 -3.8644173568 12.5326074669 -0.452892
N86 -1.4768870774  -1.3462227504  4.1172551706  0.910689
087 -2.4821455985  -1.5800496193  3.4528212677 -0.445295
088 -0.8778819715 -2.1749512826  4.8077692953 -0.493593
N&9 -4.4531616706  2.8344265929  5.8305253845  0.849230
090 -5.5878918526  2.6135699291  5.4076187888 -0.457150
091 -3.4390885669  2.8971822017  5.1402538429 -0.442251
N92 -1.5367272158  1.4009648561 13.2963642165  0.884348
093 -1.6524937472  2.6347590538 13.3678504705 -0.502170
094 -0.4746032624  0.7966898382 13.3784991280 -0.432665
H95 0.8081853363 -0.6769341973  8.1749165658  0.382074
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table Al14: list of the optimized coordinates and atomic partial charges of the

deprotonated 5-CI-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.4778542865  1.1897924232  8.0291044499  1.315010
02 -2.7789454945  2.5158976914  7.5009395270 -0.634137
03 -1.5292959191  0.4936166547  6.2361464888 -0.580022
04 -2.7363193276  0.1055970439  8.7214746510 -0.695032
N5 -1.3243381637  2.2392537675  9.7475720616 -0.119509
N6 0.1387492758  2.3876167160  7.4169679238 -0.337424
c7 -3.7539601428  2.9040278509  8.2689710388  0.659402
C8 -5.0045486312  3.3000924964  7.7140612408 -0.159662
C9 -6.0528245910  3.7317606300  8.5080611326  0.007356
C10 -5.9090634053  3.8230488996  9.9034698438 -0.252411
Cl11 -4.6981018916  3.4871753493 10.4796324018 -0.017294
C12 -3.6241108366  3.0228044531  9.6910219385 -0.338075
C13 -2.3388917595  2.8165617044 10.3025741556  0.111097
C14 0.0084658516  2.3127281632 10.3483053676  0.034812
C15 0.8805824134  3.3522921343  9.6018442497 -0.058650
C16 0.4268710080  3.6164133649  8.1576220444  0.123050
C17 0.9224599421  2.0532719615  6.4491001096  0.170781
C18 0.7108015581  1.0011025111  5.4914228068 -0.229632
C19 1.7353073561  0.7586379989  4.5524928110 -0.081835
C20 1.5400963194 -0.0835071937  3.4753441628 -0.202087
C21 0.2695640299 -0.6470305675  3.2845529757 -0.039379
€22 -0.7522076840 -0.4130692319  4.1885052018 -0.089979
C23 -0.5653581435  0.3589880662  5.3773020717  0.522834
Cl24 -5.2092412814  3.2171242927  5.9770474372 -0.090814
H25 -6.9909049466  4.0025980954  8.0336045762  0.105567
H26 -6.7401830904  4.1650930414 10.5111649482  (0.138588
H27 -4.5589320230  3.5702240123 11.5547879022  0.110531
H28 -2.1986353983  3.2286368765 11.3072731999  0.088349
H29 -0.0762996803  2.5728087594 11.4059045938  0.045883
H30 0.4421601901  1.3157255421 10.2725589084  0.062395
H31 0.8606794071  4.3144233230 10.1282657939  0.017639
H32 1.9198179224  3.0050723703  9.6080667267  0.038500
H33 1.1906179185  4.2061935362  7.6337808212  0.014722
H34 -0.4971558764  4.2033255445  8.1593971186  0.015625
H35 1.8172198951  2.6640066645  6.2774596479  0.097537

Continued on next page

130



7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE

COMPLEXES
Table A14 — continued from previous page
Atom name X Y Z charge
H36 2.6897392502  1.2625940298  4.6861157273  0.112281
H37 23357873552 -0.2787592978  2.7642215324  0.133435
H38 0.0656840399 -1.2625944951  2.4139814179  0.106068
CI139 -2.3466957318  -1.0546471280  3.8259816816 -0.101060
Mn40 -1.6085999482 -1.1701478610  9.3604811134  1.311698
041 -0.3496819630 -0.0891154552  8.6656561911 -0.698646
042 -0.3202399064 -2.4983186468  9.9101157363 -0.628948
043 -1.5560823664 -0.4686384202 11.1512708085 -0.582569
N44 -1.7556914110 -2.2273536466  7.6467130064 -0.135516
N45 -3.2286683305  -2.3629390938  9.9715455107 -0.336891
C46 0.6506808772 -2.9189816691  9.1555472483  0.653359
C47 -2.5130561232  -0.3450377144 12.0192698380  0.529148
48 -0.7442143062 -2.8252945094  7.1075652344  0.112202
C49 -3.0831446436 -2.2911383285  7.0327118824  (0.049083
C50 -3.5254341598  -3.5862292571  9.2245317130  0.128586
Ch1 -4.0058810280 -2.0352224760 10.9466814021  0.166944
Ch2 1.8857722152 -3.3385755176  9.7281000535 -0.158694
Ch3 0.5300370276 -3.0514784071  7.7340228319 -0.328239
Ch4 -3.7872830931 -0.9919371199 11.9121257597 -0.230176
Ch5 -2.3193373199  0.4206677386 13.2111821311 -0.092467
H56 -0.8804689051 -3.2428813508  6.1044647498  (0.088342
Ch7 -3.9737090065 -3.3146522654  7.7802240806 -0.058619
H58 -2.9899218311 -2.5627152831  5.9786734822  (0.042570
H59 -3.5069668268 -1.2891443692  7.0941923667  0.059026
H60 -4.2954985574  -4.1714855883  9.7442032907  0.012924
H61 -2.6068130449 -4.1816680361  9.2227639462  0.013974
H62 -4.9007185418 -2.6458231754 11.1182076256  0.098668
C63 2.9295968568 -3.8066584895  8.9499321177  0.006873
Cle4 2.0748266367 -3.2392708071 11.4658044575 -0.090796
C65 1.5995810861 -3.5522962531  6.9618659452 -0.022671
C66 -4.8038342366 -0.7618144434 12.8626357590 -0.080841
ce67 -3.3332902750  0.6419623181 14.1270467045 -0.037972
Cl68 -0.7253392852  1.0702881598 13.5612045503 -0.101204
H69 -3.9695847967 -4.2775735059  7.2547939781  0.017036
H70 -5.0069871890 -2.9503776168  7.7733827090  0.037389
C71 27950326127 -3.9116765948  7.5547278422 -0.251411
HT72 3.8563443790 -4.0959174849  9.4355983667  0.105819
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Table A14 — continued from previous page

Atom name X Y Z charge

H73 1.4691853597 -3.6464574744  5.8865035670 0.111765
C74 -4.6024669395  0.0724914110 13.9446433947 -0.205079
H75 -5.7569827733  -1.2694386742 12.7339139096  0.112208
H76 -3.1241059554  1.2521713317 15.0000971345  0.106138
H77 3.6227049712 -4.2828711011  6.9592430009  0.138298
H78 -5.3920260124  0.2572382699 14.6653503021  0.134232
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A15: list of the optimized coordinates and atomic partial charges of the
protonated 5-ClI-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mnl -1.0996256329  0.9723031449  8.0995048052  1.027232
02 -2.2436493537  2.1001272154  7.2309655297 -0.479552
03 -0.7876502872  0.0609648538  6.4774349868 -0.493926
04 -2.3930618153 -0.0767066653  8.7960136406 -0.592444
N5 -1.2127971082  2.1518361574  9.7362148655 -0.246740
N6 0.4986740231  2.2555214296  7.5911940654 -0.280945
c7 -3.3413656494  2.6088670406  7.7529061387  0.517222
C8 -4.4461096862  2.8737744238  6.9125000703 -0.126778
C9 -5.5961985803  3.4643704168  7.4170813602 -0.001487
C10 -5.6765529312  3.8216272663  8.7718530698 -0.186608
C11 -4.5983125144  3.5943586081  9.6110062373 -0.065218
C12 -3.4280451093  2.9786964716  9.1231594595 -0.213650
C13 -2.2802814813  2.8367940023  9.9869421620  0.110021
C14 -0.0714625718  2.1928766878 10.6667381775  0.233890
C15 1.2792191849  2.3622023671  9.9429323042 -0.069782
C16 1.1579617592  3.0944524973  8.6106712865 0.020738
C17 0.8000201670  2.4805004797  6.3567712519  0.172562
C18 0.2342376183  1.8359287823  5.2013934763 -0.179686
C19 0.5093331453 24077716526  3.9439611801 -0.075262
C20 -0.0072964230  1.8586810032  2.7846291853 -0.200216
C21 -0.7871984208  0.7016776445  2.8741430736  0.011361
€22 -1.0454100859  0.1109571091  4.1037120473 -0.018238
C23 -0.5596402219  0.6566700438  5.3177369520  0.366276
Cl24 -4.3197172170  2.4476415719  5.2241987230 -0.051611
H25 -6.4310276753  3.6506772315  6.7492501668  0.123694
H26 -6.5808099524  4.2853169605  9.1513624983  0.149305
H27 -4.6466609255  3.8865021032 10.6566765081  0.124235
H28 -2.3164669485  3.3917931913  10.9294394802  0.125103
H29 -0.2360597519  3.0184871067 11.3687834221 -0.008829
H30 -0.0711557491  1.2587861907 11.2275128802 -0.008402
H31 1.9532191750  2.9242543396 10.5972054000 0.053162
H32 1.7337787802  1.3832551068  9.7724363814  0.041807
H33 2.1489003703  3.3920801342  8.2488890291  0.065500
H34 0.5640710407  4.0105435046  8.7330067802  0.052648
H35 1.5452913104  3.2544593514  6.1424889326  0.100801
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Table A15 — continued from previous page

Atom name X Y Z charge

H36 1.1248036163  3.3023614629  3.8987062908  0.129940
H37 0.1871333884  2.3106133765  1.8182529957  0.153700
H38 -1.2006328270  0.2471463041  1.9798440773  0.120485
CI139 -2.0053126694 -1.3509099988  4.1184924065 -0.129779
Mn40 -1.5085451295 -1.4286760472  9.6320394640  0.942369
041 0.0252210585 -0.3400830344  9.0600077021 -0.567472
042 -0.3499495598  -2.7891596295 10.2677338234 -0.566573
043 -1.4757715943  -0.6495082894  11.3476325627 -0.457770
N44 -1.5868127340 -2.4910172902  7.9207541674  0.009700
N45 -3.1886377329 -2.3847188975 10.1378534666 -0.158289
C46 0.6595890299 -3.2859630405  9.5985798706  0.547736
C47 -2.4408399369 -0.4158339581 12.1959514664  0.504884
48 -0.5749082554 -3.1518719915  7.4562009179  0.045010
C49 -2.8720481088 -2.4921524652  7.2159221228 -0.280332
C50 -3.5319312373  -3.6275375042  9.4265012222  0.030276
Ch1 -4.0020103848  -1.9529429944  11.0530365309  0.079278
Ch2 1.8170160069 -3.7464984488 10.2819416419 -0.149975
Ch3 0.6398797976 -3.4282178348  8.1738294648 -0.165115
Ch4 -3.7612762497 -0.9311787407 12.0221679638 -0.174256
Ch5 -2.2009790497  0.3134238948 13.3960710264 -0.144669
H56 -0.6630265693 -3.5692984989  6.4491795878  0.101738
Ch7 -3.8861218054 -3.3996900225  7.9532230044  0.029329
H58 -2.7243835354  -2.8383730039  6.1921559579  0.197846
H59 -3.2213980609 -1.4606764494  7.1850893881  (0.123818
H60 -4.3662986627 -4.1177122707  9.9397760718  0.045396
H61 -2.6636856188 -4.2867088348  9.5149634682  0.052579
H62 -4.9531680738 -2.4827676847 11.1566667220  0.141244
C63 2.8926416748 -4.2781993461  9.5887466408  0.005044
Cle64 1.8690551893 -3.6181937477 12.0182458155 -0.041857
C65 1.7402395750 -3.9961260970  7.4919203064 -0.104099
C66 -4.7915473290 -0.6176528121 12.9384323083 -0.092588
ce67 -3.2279048803  0.6169659216 14.2751038365 -0.002285
Cl68 -0.5699112028  0.7953766944  13.8096447521 -0.045037
H69 -3.9336260932 -4.3850674637  7.4762965322  0.029214
H70 -4.8832384155 -2.9547561245  7.8706719799  0.040870
C71 2.8617797045 -4.4013953708  8.1885745600 -0.195197
HT72 3.7650742643 -4.6030108560 10.1465053618  0.125186
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Table A15 — continued from previous page

Atom name X Y Z charge

H73 1.6902690045 -4.1087096606  6.4120359479  0.138286
C74 -4.5403283913  0.1763504306 14.0377715397 -0.175368
H75 -5.7836679970 -1.0288886855 12.7722928733  0.130002
H76 -2.9961717318  1.1889701388 15.1679611092  0.120292
H77 3.7138259391 -4.8244547099  7.6676826509  0.153423
H78 -5.3291568413  0.4249603354  14.7390969688  0.147924
H79 0.6313501067 -0.7971464549  8.4565508577  0.308904
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7.1. PROTONATION EQUILIBRIA OF DI-OXO-MANGANESE
COMPLEXES

Table A16: list of the optimized coordinates and atomic partial charges of the
deprotonated 5-OCH3-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.4150279237  1.1606072436  8.0416326959  1.450285
02 -2.6270619034  2.5307401970  7.4462934011 -0.598524
03 -1.5054518045  0.4335066028  6.2736287130 -0.562263
04 -2.7072851246  0.1011623006  8.6861777245 -0.837128
N5 -1.2854651078  2.2121913236  9.7611764914 -0.024769
N6 0.2230520842  2.3358142024  7.4341734044 -0.411171
c7 -3.6297359656  2.9574659125  8.1727217741  0.382701
C8 -4.8375336096  3.3627201413  7.5205152188  0.256219
C9 -5.8964182317  3.8835134995  8.2637866715 -0.200026
C10 -5.7391703874  4.0103545200  9.6362585301 -0.075991
C11 -4.6223654201  3.6581118379 10.3331892268 -0.143149
C12 -3.5425440991  3.1033460741  9.5913178394 -0.178153
C13 -2.2962322486  2.8453799906 10.2597573927 -0.013336
C14 0.0094736617  2.2008713900 10.4416391947 -0.065143
C15 1.0372830198  3.0834416069  9.6811783378  0.000251
C16 0.6044293684  3.4795677224  8.2622991792  0.117835
C17 0.8936706374  2.1131266016  6.3550916453  0.199684
C18 0.5980660964  1.1523245051  5.3275663419 -0.136413
C19 1.5174658825  1.0645439770  4.2390659189 -0.208822
C20 1.1745693395  0.2718047310  3.1925216333 -0.028413
C21 -0.0186152042 -0.4329577385  3.0789080233 -0.309842
€22 -0.9261162516 -0.3478549571  4.1312598643  0.381835
C23 -0.6226221662  0.4190971739  5.3149780587  0.263421
H25 -6.8038459368  4.1729096039  7.7410994158  0.159803
H27 -4.5344401254  3.7811058039 11.4099034017  0.133889
H28 -2.1842799847  3.2597671855 11.2669746635  0.136315
H29 -0.1182008437  2.5484747467 11.4699555451  0.065965
H30 0.3374273147  1.1629391479 10.4711784666  0.081641
H31 1.2114352726  4.0170767238 10.2303774058 -0.000662
H32 1.9961989533  2.5558078050  9.6351461164  0.036601
H33 1.4160495823  4.0412926888  7.7797851494  0.017016
H34 -0.2678041002  4.1405817519  8.3122025187  0.022837
H35 1.7646113129  2.7490836912  6.1532865429  0.093307
H36 24432405838  1.6336373965  4.2699787832  0.143460
H38 -0.2378841550 -1.0244750556  2.1963838195  0.165818
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Table A16 — continued from previous page

Atom name X Y Z charge

Mn40 -1.6021172129 -1.1856709610  9.3718630456  1.683326
041 -0.3120769279 -0.1266342883  8.7131576828 -0.809372
042 -0.3653354622 -2.5198055025  9.9995641726 -0.709717
043 -1.6010569440 -0.4365259896 11.1214786553 -0.678892
N44 -1.6742463884  -2.2479305361  7.6551948978 -0.072221
N45 -3.2333673220 -2.3925530390  9.9314538589 -0.379356
C46 0.6469963804 -2.9405890268  9.2915104627  0.377144
C47 -2.5482799654 -0.3782981350 12.0132576954  0.352640
48 -0.6350748880 -2.8492778642  7.1762753316  0.010331
C49 -2.9590719565 -2.2849076493  6.9604611974 -0.076948
C50 -3.5338712487 -3.5790572831  9.1301481901  0.099967
Ch1 -3.9670937181 -2.1481326865 10.9643960261  0.171475
ChH2 1.8478987320 -3.3416227463  9.9748602672  0.355535
Ch3 0.5994355153 -3.0778682927  7.8741250333 -0.162696
Ch4 -3.7534928150 -1.1365310427 11.9618550050 -0.165773
Ch5 -2.3374586262  0.4596275802 13.1685441498  0.335397
H56 -0.7115454309 -3.2648887416  6.1655720269  0.121151
Ch7 -3.9346301747 -3.2514360691  7.6828713301 -0.029315
H58 -2.8072763368 -2.5852868108  5.9197754740  0.097322
H59 -3.3454270800 -1.2666663924  6.9665671154  0.057366
H60 -4.3335975915  -4.1644069266  9.6041285586  0.016216
H61 -2.6301629528 -4.1980155406  9.1301347673  0.040014
H62 -4.8293156318 -2.8018135252 11.1461713428  0.102009
C63 29427740507 -3.8174305264  9.2559149641 -0.307450
C65 1.7186026999 -3.5861488493  7.1489215786 -0.195259
C66 -4.7386567350 -1.0183411483 12.9879955723 -0.194999
ce7 -3.3085232006  0.5727309021 14.1595802024 -0.301056
H69 -3.9901680000 -4.2062262637  7.1450082210  0.004129
H70 -4.9404782678 -2.8171992570  7.6684034577  0.046781
C71 2.8204870709 -3.9114812739  7.8724735195 -0.042118
H72 3.8611239993 -4.1041465978  9.7569328197  0.168071
H73 1.6649185080 -3.6898026441  6.0681638380  0.148623
Cr4 -4.4761436495 -0.1679074435 14.0120666927 -0.034877
H75 -5.6495269408 -1.6090837228 12.9295258967  0.141290
H77 -3.1572190800  1.21455568653 15.0207343712  0.166475
078 -4.9690016603  3.3137855349  6.1611150441 -0.469058
C79 -4.8246841842  2.0271426850  5.5386520530  0.201335
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Atom name X Y Z charge

H80 -5.5779487835  1.3301897521  5.9289227764  0.012681
H81 -5.0106977899  2.1941816183  4.4748146558  0.029679
H&2 -3.8252175438  1.6140828634  5.6848714803  0.039533
083 -1.1352464784  1.1065214078 13.2010758330 -0.350750
C84 -0.7782733519  1.7762803130 14.3984163138  0.034239
HS85 0.2426232175  2.1345243158 14.2522582371  0.078194
HS86 -1.4342297327  2.6343656460 14.6012673880  0.041560
H87 -0.8042728785  1.0977000948 15.2610061062  0.058623
088 1.8073918345 -3.2027737736 11.3264422816 -0.374420
C89 2.9604778963 -3.5654212892 12.0636509782  0.090914
H90 2.7190570994 -3.3802541005 13.1117088031  0.072534
H91 3.2099235285 -4.6274405639 11.9318831604  0.029815
H92 3.8308954280 -2.9576765902 11.7801423653  0.038604
093 -2.1489595190 -0.9574663024  4.1353056536 -0.411987
C94 -2.5784101660 -1.5774644603  2.9346239057  0.061617
H95 -2.5798307345 -0.8701277077  2.0949616133  0.054539
H96 -1.9508799383 -2.4403938721  2.6712248296  0.042404
H97 -3.5983664753 -1.9208244510  3.1179947050  0.069652
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Table A17: list of the optimized coordinates and atomic partial charges of the
protonated 5-OCHj3-SOZMPU in the oxidation state MnIV-MnIV

Atom name X Y Z charge

Mn1 -1.1996031393  1.0731700518  8.0412889424  1.282226
02 -2.4046688857  2.2594313844  7.3335363846 -0.513673
03 -1.0281966211  0.1943996427  6.3972181226 -0.556083
04 -2.4398127995 -0.0319889085  8.7147499219 -0.728532
N5 -1.1289029255  2.1694111228  9.7474608791 -0.204941
N6 0.3893601834  2.3369065458  7.4413511230 -0.346610
c7 -3.4396562028  2.7572423097  7.9966133553  0.285820
C8 -4.6212528892  3.0778653710  7.2713834193  0.317053
C9 -5.6955026154  3.6889130231  7.9243962055 -0.204982
C10 -5.5656089251  3.9641071789  9.2732708504 -0.021300
Cl11 -4.4637326548  3.6961280733 10.0319773271 -0.152430
C12 -3.3695224557  3.0653209102  9.3828113731 -0.134697
C13 -2.1505510845  2.8646599944  10.1244725100  0.079860
C14 0.0947400586  2.1694295047 10.5693594067  0.195702
C15 1.3686064302  2.3723720418  9.7235804361 -0.144205
C16 1.1196827211  3.1492258258  8.4310123240  0.051326
C17 0.6497769476  2.5398391138  6.1938234052  0.165760
C18 0.0043905242  1.9129666267  5.0674137319 -0.082914
C19 0.2481707194 24675103312  3.7818840019 -0.198449
C20 -0.3979140896  1.8872702913  2.7336201808  0.003295
C21 -1.2593765968  0.8071640149  2.8099244737 -0.241465
€22 -1.4916005184  0.2479626582  4.0706848880  0.317497
C23 -0.8482978649  0.7908701921  5.2273230035  0.214764
H25 -6.5854079919  3.9326845967  7.3511064056  0.183084
H27 -4.4048622381  3.9415469223 11.0892330890  0.149941
H28 -2.0872646581  3.3810832017 11.0870879593  0.128209
H29 0.0015390986  2.9745084195 11.3077693682  0.020044
H30 0.1352237691  1.2203578906 11.1054379190 -0.007326
H31 2.1007794210  2.9199893507 10.3264666791  0.061221
H32 1.8099608650  1.4038386842  9.4772332614  0.069652
H33 2.0707689017  3.4829302582  7.9992736986  0.067759
H34 0.5206813908  4.0464674888  8.6381373138  0.052255
H35 1.4149292681  3.2821154013  5.9398137362  0.109788
H36 0.9048978340  3.3258870761  3.6698161448  0.161360
H38 -1.7398047662  0.4121201812  1.9216619229  0.170790
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Atom name

X

Y

Z

charge

Mn40

041
042
043
N44
N45
C46
c47
€48
C49
C50
C51
G52
Ch3
Ch4
G55
H56
C57
H58
H59
H60
H61
H62
C63
C65
C66
c67
H69
H70
C71
H72
H73
C74
HT75
H77
078
C79

-1.4834627828

0.0114348904
-0.3083253989
-1.5466196529
-1.4220929396
-3.1462278970

0.7447711485
-2.6054863678
-0.3769799112
-2.6635542886
-3.4056871872
-4.0213645671

1.8676901804

0.8017361686
-3.8777008451
-2.4536958252
-0.4011945349
-3.6764677365
-2.4521783256
-3.0456298580
-4.2558846090
-2.5245073448
-4.9546832625

3.0008133248

1.9566850155
-4.9951582535
-3.5553345679
-3.6480539432
-4.6874967765

2.9818280855

3.8694416298

1.9895925848
-4.7751758316
-5.9599105567
-3.4612587309
-4.7002741576
-4.8130336326

-1.3738472239
-0.2454600726
-2.6842352192
-0.5972651633
-2.4252614725
-2.3967122508
-3.1637676984
-0.3028074502
-3.0786752474
-2.4517234040
-3.6424265636
-1.9804815923
-3.5789790999
-3.3260951250
-0.9015124161

0.5897810747
-3.5127220224
-3.4137755030
-2.7525600100
-1.4324604543
-4.1629735515
-4.2761226088
-2.5462775048
-4.1017404434
-3.8865389908
-0.5715438132

0.9133030214
-4.3970479343
-3.0161456490
-4.2238855534
-4.4019118734
-4.0258442287

0.3251621315
-1.0404544882

1.5969996692

2.8731233729

1.5070820890

9.4961940042
8.9153198983
10.1829019002
11.1883559469
7.7657027198
9.8949181817
9.5692236195
11.9039168987
7.3677393780
6.9920489057
9.1577702091
10.7569745375
10.3652295357
8.1526298126
11.6840109598
13.0196676738
6.3633133017
7.6619830969
5.9624765373
6.9746388744
9.6126583150
9.2917550001
10.8309807474
9.7405999302
7.5300466451
12.5072655697
13.8111231413
7.1782636308
7.5222053978
8.3559762028
10.3165972251
6.4528397613
13.5019114370
12.3342168896
14.6479806215
5.9254676112
5.5055159846

1.249179
-0.676388
-0.640196
-0.542898
-0.056821
-0.210111

0.302039

0.347044

0.019908
-0.123991
-0.044421

0.108032

0.365548
-0.057343
-0.115321

0.230128

0.131643

0.012952

0.107683

0.091310

0.066358

0.090374

0.139466
-0.300801
-0.263927
-0.200268
-0.234910

0.031112

0.043395

0.022250

0.185104

0.178729

0.000147

0.161286

0.170963
-0.460517

0.115378
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Atom name X Y Z charge

HS80 -5.7220923672  1.0523624333  5.9201337662  0.038696
H81 -4.8907367973  1.5355344815  4.4170196349  0.080026
H&2 -3.9367988241  0.9223501110  5.7969455252  0.057931
083 -1.1970943599  1.0664705039 13.2179888036 -0.281423
C84 -0.9408640267  1.7932244945 14.4169180783 -0.081316
H85 0.1307802312  1.9947329376 14.4222791225 0.112074
HS86 -1.4885472987  2.7442017849 14.4391518371  0.083710
H&7 -1.2054218322  1.2033947614 15.3023177268  0.104709
088 1.7186432810 -3.4022631094 11.6951791978 -0.374975
C89 27878773236  -3.7950417779 12.5499708513  0.047958
H90 2.4519042904 -3.5788002211 13.5642277514  0.096635
H91 3.0006876428 -4.8669659444 12.4566691584  0.064734
H92 3.6991934875 -3.2220371236 12.3377565788  0.057387
093 -2.3172339813  -0.8107509298  4.2953373361 -0.366531
C94 -3.0358205064 -1.3390315779  3.1837717096 -0.039602
H95 -3.6802459935 -0.5788313979  2.7258462782  (0.080004
H96 -2.3587083804  -1.7456654444  2.4228594958  0.092940
H97 -3.6560349789  -2.1439416244  3.5808844961  0.098885
H98 0.5786470714 -0.6827310854  8.2623577709  0.336250
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7.2. EMPIRICAL CONVERSION METHOD

7.2 Empirical conversion method

Table A18: Comparison of experimental (exp) and predicted (pred) pK, values for
the family of alcohol in water, acetonitrile (MeCN), dimethyl - sulfoxide (MeySO)
and methanol (MeOH)[58, 128]. The predicted pK, values for water were obtained
with the prediction scheme of Friesner et al. [58] as implemented in the Jaguar
pKa prediction module [66]. The predicted pKa values for the other solvents were
obtained by applying the empirical transform to the pK, values in water predicted
with Friesner’s scheme [58]. The pKa values calculated using the Jaguar pKy
prediction module are highlighted in blue. The pK, values calculated using the
electrostatic transformation are highlighted in green.

family pKa in water pKa in MeCN pKa in MeySO pK4 in MeOH
No alcohol exp pred dev exp pred dev exp pred dev exp pred dev
1A methanol 15.50 16.40 -0.90 29.00 29.60 0.60
2A  ethanol 16.40 16.00 -0.10 29.80 29.20 -0.60
3A  methanol 17.10 17.10 0.00 30.30 30.30 0.00

pKA-RMSD 0.52 0.49

Table A19: Comparison of experimental (exp) and predicted (pred) pK, values for
the family of phenol in water, acetonitrile (MeCN), dimethyl - sulfoxide (Me2SO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKya in MeCN pKa in MesSO pKa in MeOH
No  phenol (p) exp pred dev  exp  pred dev exp pred dev exp pred dev
1B phenol 10.00 19.80 0.20 26.60 26.10 0.50 18.00 17.70 0.30 14.33 14.00 0.33

2B 4-amino-p 1046 9.30 1.16 25.60 17.20 13.50

3B 4-chloro-p 990 9.60 0.30 2544 2590 -0.46 16.70 17.50 -0.80 13.80

4B 4-fluoro-p  10.20 10.40 -0.20 26.70 18.00 18.30 -0.30 14.60

5B  4-methoxy-p 10.40 10.30 0.100 26.60 19.10 18.20 0.90 14.50

6B 4-methyl-p 10.50 10.60 -0.10 21.45 26.90 0.55 1890 1850 0.40 14.55 14.80 -0.25

7B 4-nitro-p 720 730 -0.10 21.30 23.60 —2.30 15.20 11.20 11.50 -0.30

8B 4-formyl-p 7.60 7.60 0.00 24.30 15.50 11.80

9B 2-nitro-p 717 8.00 -0.83 24.80 15.90 11.53 1220 0.67
pKa-RMSD 0.50 1.23 0.60 0.42
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Table A20: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of carboxylic acids in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MeySO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No carbox ac exp pred dev exp pred dev exp pred dev exp pred dev
1C  benzoicac 4.22 390 0.32 20.10 19.30 0.80 11.00 10.90 0.10 9.40 890 0.50
2C 3,4-Mey-benz 444 3.70 0.74 19.44 19.10 0.34 1140 10.70 0.70 9.09 8.70 0.39

3C  3-OH-benz 4.08 3.50 0.58 18.90 11.10 10.50 0.60 8.50
4C 4-Br-benz  3.96 3.50 046 19.20 19.70 -0.50 10.90 11.30 -0.40 9.30
5C 4-Cl-benz 4.00 3.40 0.60 18.80 10.10 10.40 -0.30 8.40
6C  glutaricac 432 4.30 0.02 19.20 19.70 -0.50 10.90 11.30 -0.40 9.30
7C  fumarticac 3.03 3.00 0.03 18.60 18.40 0.20 10.00 8.00 8.00 0.00
8C proprionic ac 4.85 4.80 0.05 20.20 11.80 9.70 9.80 -0.10
9C adipic ac 441 440 0.01 20.30 19.80 0.50 11.90 11.40 0.50 9.40
10C succinic ac 420 4.10 0.10 17.60 19.50 -1.90 10.10 9.14 9.10 0.04
11C malic ac 3.50 2.70 0.80 18.10 9.70 835 T7.70 0.65
12C  malonicac  2.90 3.40 -0.50 18.80 10.40 7.66 840 -0.74
pKa-RMSD 0.45 0.90 0.44 0.44

Table A21: Comparison of experimental (exp) and predicted (pred) pKa values for
the family of thiols in water, acetonitrile (MeCN), dimethyl - sulfoxide (MeySO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No thiols (t) exp pred dev exp pred dev exp pred dev exp pred dev
1D thiophenol 6.62 6.60 0.02 19.33 19.30 0.03 10.28 10.30 -0.02 895 9.30 -0.35
2D 4-Mes-t 6.82 6.70 0.12 19.32 19.40 -0.08 10.82 10.40 0.42 896 9.40 -0.44
3D 3-Mejs-t 6.66 6.50 0.16 19.51 19.20 0.31 10.55 10.20 0.35 9.60 9.20 0.40

4D M-toluidine 6.78 6.60 0.18 18.10 11.19 10.30 -0.40 8.95 9.30 -0.35

5D 4-Cl-benz  5.90 5.50 0.40 17.00 855 9.20 -0.30 8.00

6D  glutaricac  6.89 6.80 0.09 18.30 11.35 10.50 -0.40 9.30

7D fumarticac 6.99 6.50 0.49 18.00 10.70 10.20  0.50 9.00

8D proprionic ac 6.02 6.20 -0.18 17.70 898 9.90 -0.92 8.70
pKa-RMSD 0.12 0.19 0.65 0.39
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Table A22: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of sulfonamides in water, acetonitrile (MeCN), dimethyl - sulfox-
ide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pKa in MeCN pKa in Me,SO pKa in MeOH
No sulfonamides (SA) exp pred dev exp  pred dev  exp pred dev exp pred dev
1E saccharin 1.80 3.00 -1.20 14.57 16.10 —-1.53 643 790 -1.47 500 7.50 —2.50
2E Piloty’s acid 9.29 9.80 -0.51 23.75 2290 -0.85 1540 14.70 0.70 13.25 13.80 -0.55
3E phenil-SA 10.10 10.20 -0.10 24.72 23.30 1.42 16.10 15.10 1.00 15.12 14.20 0.92
4E methyl-SA 10.87 12.00 -1.13 25.76 25.10 0.66 17.50 16.90 0.60 15.00 16.00  -1.00

pKa-RMSD 0.86 1.17 1.00 1.45

Table A23: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of hydroxylic acids in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MeySO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pK, in MeCN pKa in MeySO pK, in MeOH
No hyd-ac exp pred dev exp pred dev exp pred dev exp pred dev
1F  benz-hyd-ac 880 850 0.30 2234 2350 -1.16 13.70 15.10 -1.40 13.25 13.50 -0.25
2F methyl-hyd-ac 850 &8.10 0.40 24.57 23.10 1.17 16.00 14.70 1.30 13.41 13.10 0.31
3F  capryl-hyd-ac 9.00 850 0.50 24.55 23.50 1.05 15.58 15.10 048 13.48 13.50 -0.02

pKa-RMSD 0.41 1.13 1.14 0.23

Table A24: Comparison of experimental (exp) and predicted (pred) pKa values for
the family of imides in water, acetonitrile (MeCN), dimethyl - sulfoxide (MesSO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in MesSO pKa in MeOH
No imides exp pred dev exp pred dev exp pred dev exp pred dev
1G  succinimide 9.60 8.70 0.90 23.46 23.30 0.16 14.70 14.40 0.30 13.13 1290 0.23
2G dimethadione 7.60 6.10 1.50 20.67 20.70 0.03 11.67 11.80 -0.13 10.09 10.30 -0.21
3G phenytoin 8.30 8.00 0.10 2238 22,60 -0.22 13.42 13.70 -0.28 12.08 12.20 -0.12

pKa-RMSD 1.02 0.16 0.25 0.19

Table A25: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of barbituric acids in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MexSO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKy in water pKa in MeCN pKya in MeySO pKy, in MeOH
No bar-ac exp pred dev exp pred dev exp pred dev exp pred dev
1H 5,5-dimeth-bar-ac 8.00 8.10 -0.10 23.74 23.60 0.14 14.79 14.60 0.19 12.71 12.80 -0.09
2H 5,5-meth-phen-bar-ac  7.40 7.50 -0.10 22.58 23.00 -0.42 13.70 14.00 -0.30 11.77 12.20 -0.43
3H hexobarbital 820 820 0.00 23.90 23.70 0.20 14.97 14.70 0.27 13.21 12.90 0.31

pKA-RMSD 0.08 0.28 0.26 0.31
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Table A26: Comparison of experimental (exp) and predicted (pred) pKa values for
the family of tetrazoles in water, acetonitrile (MeCN), dimethyl - sulfoxide (Me;SO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in MesSO pKa in MeOH

No tetrazoles exp pred dev exp pred dev exp pred dev exp pred dev
1I  tetrazole  4.90 4.80 0.10 8.20 820 0.00
pKA-RMSD 0.10 0.00

Table A27: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of primary amines in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MeySO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pK, in MeCN pKy in Me,SO pKa in MeOH
No prim-am exp pred dev exp pred dev exp pred dev exp pred dev
1J  methylamin 10.62 10.50 0.12 18.37 18.30 0.07 9.87 10.00 -0.13 11.00 10.80 0.20
2J  ethylamin 10.70 11.00 -0.30 18.40 18.80 -0.40 10.24 10.50 -0.26 11.00 11.30 -0.30
3J  butylamin 10.80 10.70 0.10 18.80 1850 0.30 10.47 10.20 0.27 11.12 11.00 0.12

pKa-RMSD 0.20 0.29 0.23 0.22

Table A28: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of secondary amines in water, acetonitrile (MeCN), dimethyl -
sulfoxide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pKa in MeCN pKa in MesSO pKa in MeOH
No seco-am exp pred dev exp pred dev exp pred dev exp pred dev
1K dimethamin 10.64 10.90 -0.26 1850 18.80 -0.30 10.22 11.10 -0.88 11.00 10.80 0.20
2K diethamin  11.10 11.10 0.00 18.75 19.00 -0.25 12.15 11.30 0.85 11.04 11.10 -0.06
3K dipropylamin 11.00 10.60 0.40 1881 1850 0.31 10.73 10.80 -0.07 11.08 10.60 0.48
4K ethylpropyl. 10.80 10.40 -0.20 18.30 18.30 0.00 10.24 10.60 -0.36 10.72 1040 0.32

pKa-RMSD 0.36 0.25 0.64 0.33

Table A29: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of tertiary amines in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MeySO) and methanol (MeOH)[58, 128]. The same style of A18 is used

here.

family pKa in water pKa in MeCN pKa in Me,SO pKa in MeOH
No tert-am exp pred dev exp pred dev exp pred dev exp pred dev
1L trimethylamin ~ 9.80 10.10 0.30 16.69 17.10 -041 8.89 9.70 -0.81 9.32 10.10 -0.78
2L triethylamin  10.78 10.60 0.18 18.08 1820 -0.12 9.88 10.20 -0.32 10.15 10.60 -0.45
3L tripropylamin 10.70  9.20 1.50 17.96 16.80 1.16 9.46 880 0.84 10.60 9.20 0.86

pKa-RMSD 0.89 0.89 0.70 0.72
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Table A30: Comparison of experimental (exp) and predicted (pred) pKa values for
the family of anilines in water, acetonitrile (MeCN), dimethyl - sulfoxide (MeySO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in Me,SO pKa in MeOH
No anilines exp pred dev exp pred dev exp pred dev exp pred dev
1M aniline 4.60 4.70 -0.10 10.56 11.30 -0.74 3.82 4.00 -0.18 4.15 520 -1.05
2M  2-chloro-a 2.66 2.60 0.06 9.66 9.20 0.46 194 190 0.04 3.71 3.10 0.61
3M  M-toluidine 4.69 4.60 0.09 11.20 3.90 595 5.10 0.85
4M  4-chloro-a  4.00 4.00 0.00 10.60 3.30 495 450 045
5M  3-chloro-a 3.52 3.70 -0.18 10.67 10.30 0.37 2.90 3.00 -0.10 3.61 4.20 -0.59
6M  4-methyl-a 3.52 490 -0.32 1229 11.50 0.79 4.48 420 0.28 4.87 5.40 -0.53

pKa-RMSD 0.17 0.62 0.17 0.66

Table A31: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of heterocycles in water, acetonitrile (MeCN), dimethyl - sulfox-
ide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No hetero exp pred dev exp pred dev exp pred dev exp pred dev
IN  imidazole 7.05 6.80 145 14.72 14.40 032 640 580 0.60 7.02 6.90 0.12
2N piperidine 11.10 11.10 0.00 18.76 18.70 0.06 10.42 10.10 0.32 10.94 11.20 -0.26

3N quinoline 4.80 5.00 -0.20 12.60 4.00 5.16  5.10 0.06
4N pyridine 530 520 0.25 1260 12.80 -0.20 3.50 4.20 -0.70 544 530 0.14
pKA-RMSD 0.82 0.22 0.56 0.10

Table A32: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of indoles and pyrroles in water, acetonitrile (MeCN), dimethyl -
sulfoxide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used

here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No ind and pyrr exp pred dev exp pred dev exp pred dev exp pred dev
10 indole 16.10 15.50 0.60 21.00 21.30 -0.30
20 pyrrole 17.50 16.80 0.70 23.00 22.60 0.40

pKA-RMSD 0.65 0.35

146



7.2. EMPIRICAL CONVERSION METHOD

Table A33: Comparison of experimental (exp) and predicted (pred) pKa values for
the family of amidines in water, acetonitrile (MeCN), dimethyl - sulfoxide (Me;SO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in Me,SO pKa in MeOH
No amidines exp pred dev exp pred dev exp pred dev exp pred dev
1P benzamidine 11.53 11.40 0.13 21.81 21.00 0.81 13.59 1280 0.79 12.98 1240 0.58
2P  acetamidine 10.25 10.60 -0.35 19.01 19.85 -0.84 11.14 12.00 -0.86 11.00 11.60 -0.60

pKa-RMSD 0.26 0.83 0.83 0.70

Table A34: Comparison of experimental (exp) and predicted (pred) pK, values for
the family of guanidines in water, acetonitrile (MeCN), dimethyl - sulfoxide (Me;SO)
and methanol (MeOH)[58, 128]. The same style of A18 is used here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No guanidine (g) exp pred dev exp pred dev exp pred dev exp pred dev
1Q guanidine 13.80 1250 1.30 2291 2250 041 14.85 1450 0.35 13.67 13.40 0.27
2Q methylg-g 13.40 13.40 0.00 23.43 2340 0.03 1578 1540 0.38 14.18 14.30 -0.12
3Q debrisoquine 13.00 11.90 1.10 21.59 21.90 -0.31 13.56 13.90 -0.34 13.00 12.80 0.20

pKA-RMSD 0.98

0.30 0.36 0.21
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Table A35: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of benzodiazepines in water, acetonitrile (MeCN), dimethyl - sul-
foxide (MeySO) and methanol (MeOH)[58, 128]. The same style of A18 is used
here.

family pKa in water pKa in MeCN pKa in MeySO pKa in MeOH
No benzodiaz (g) exp pred dev exp pred dev exp pred dev exp pred dev
1,3-dihydro-1-
1R methyl-5-phenyl- 3.30 3.80 -0.50 10.83 11.10 -0.27 295 320 -0.25 3.29 350 -0.21
1-4-bzodiaz-2-one
1,3-dihydro-3-
2R bzodiaz-2-one 1.70 190 -0.20 941 920 021 1.54 130 024 194 1.60 0.34
1-3-dihydro-
5-phenyl-1,4- - o« Qe
3R . 3,50 4.00 -0.50 11.07 11.30 -0.23 3.20 340 -0.20 3.52 3.70 -0.18
bzodiaz-2-one
pKa-RMSD 0.42 0.24 0.23 0.25

Table A36: Comparison of experimental (exp) and predicted (pred) pK, values for
the family of pyrroles (C-2 protonation) in water, acetonitrile (MeCN), dimethyl -
sulfoxide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used

here.

family pKy4 in water pKa in MeCN pKa in MeySO pKa in MeOH
No pyrroles (C-2p.) exp pred dev exp pred dev exp pred dev exp pred dev
1S pyrrole -3.80 -4.10 0.30 2.71 250 0.24 -523 -560 037 -4.16 -4.40 0.24
2S5 l-methylpyrrole -2.90 -2.30 0.60 3.81 4.30 -0.49 -421 -3.80 -041 -3.36 -2.60 -0.76
3S  3-methylpyrrole -1.00 -0.90 -0.10 6.05 5.70 0.35 -2.02 -240 -0.38 -1.28 -1.20 -0.08

pKA-RMSD 0.39 0.37 0.39 0.46

Table A37: Comparison of experimental (exp) and predicted (pred) pKa values
for the family of indoles C-3 protonation in water, acetonitrile (MeCN), dimethyl -
sulfoxide (Me2SO) and methanol (MeOH)[58, 128]. The same style of A18 is used

here.

family pKa in water pKya in MeCN pKa in MeySO pKya in MeOH
No indoles (C-3p.) exp pred dev exp pred dev exp pred dev exp pred dev
1S indole -3.60 -3.70 0.10 3.42 320 0.22 -442 -4.60 -0.18 -3.89 -4.00 0.11
2S  l-methylindole -2.30 -2.00 -0.30 4.80 4.90 -0.10 -3.05 -2.90 -0.15 -2.58 -2.30 -0.28
3S  3-methylindole -4.60 -4.60 0.00 2.42 230 0.12 -544 -5,50 -0.06 -4.96 -5.20 -0.24

pKa-RMSD 0.18 0.16 0.14 0.22
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