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ABSTRACT

MODELING THE DEGRADATION OF ORGANIC
POLLUTANTS AND THE SOLUBILITY OF DRUG-LIKE
MOLECULES

In this doctoral thesis, three different subjects were investigated with hybrid
computational methods. The first part dealing with environmental chemistry covers
the removal of pharmaceutical raw materials and personal care products (PPCPs) that
pollute freshwater. In this section, the formation of possible intermediates detected
during the removal processes of salicylic acid, methylparaben and caffeine by advanced
oxidation techniques is modeled by the density functional theory. It is important to
understand the removal mechanisms of these chemicals, as they have the potential
to destroy the entire aquatic ecosystems. The second part of the thesis focuses on
the determination of the potential of drug-like molecules to penetrate the cells by
determining the hydrophilic/hydrophobic properties of the organic molecules that make
up the drug raw material. In this section, inferences were made about the calculation
methods of the dissociation constants (pK,) of 11 protein kinase inhibitor molecules
with the potential to become drugs. In addition, in the continuation of the study, the
water/octanol dissociation constants (LogP) of 22 molecules were calculated and their
dissociation abilities in water and organic solvent were determined. In the third part of
the thesis, the method that can best reflect the dissociation constants of tiyazol-2-imin
derivatives dissolved in organic solvent was determined. These molecules have been

synthesized in the Chemistry Department of Bogazici University.
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OZET

ORGANIK KIRLETICILERIN BOZUNMASININ VE ILAC
BENZERI MOLEKULLERIN COZUNURLUGUNUN
MODELLENMESTI

Bu doktora tez ¢caligmasinda ti¢ farkli konu hibrid hesapsal yontemlerle caligilmis-
tir. Cevre kimyast ile ilgili olan ilk kisim tath sulari kirleten ilag ham maddeleri ve kisisel
bakim tiriinlerinin (PPCP’ler) giderilmesini kapsamaktadir. Bu boliimde salisilik asit,
metil paraben ve kafeinin ileri oksidasyon teknikleri ile giderilme stiregleri boyunca
tespit edilen olasi ara iirtinlerin olugmasi yogunluk teorisi yontemi ile modellenmigtir.
Bahsi gecen kimyasallarin sudaki tiim ekosistemleri oratadan kaldirma potansiyelleri
oldugu i¢in giderilme mekanizmalarinin anlagilmasi 6nem tagimaktadir. Ara tirtinlerin
olugma olasiliklar1 tirmandiklar1 Gibbs esik enerjileri saptanarak, bu yapilarin Gibbs
serbest aktivasyon enerjileri hesaplanarak degerlendirilmistir. Tezin iki sayisal olarak
saptanarak hiicrelere girme potansiyellerinin tespit edilmesine yoneliktir. Bu kisimda
11 adet ila¢ olma potansiyeli olan protein kinaz inhibitorii molekiiliin ayrigma sabit-
lerinin (pK,) hesaplama yontemleri hakkinda gikarimlarda bulunulmugtur. Bunun
yamsira ¢aligmanin devaminda 22 adet molekiiliin su/oktanol ayrigma sabitleri (LogP)
hesaplanarak suda ve organik ¢oziiciide ayrigma yetileri tespit edilmistir. Tezin iigiincii
boliimiinde, FEF-Kimya Boliimiinde sentezlenmis olan farmasotik ozelliklere sahip
olacag1 diisiiniilen organik ¢oziiclide eriyen tiyazol-2-imin tiirevlerinin ayrigma sabit-

lerini en iyi yansitabilecek yontem tespit edilmistir.
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1. INTRODUCTION

1.1. Pharmaceuticals and Personal Care Products

Personal care products (PCPs) are used primarily to enhance daily living, whereas
pharmaceuticals are described as prescription, over-the-counter, and veterinary thera-
peutic medications meant to prevent or treat human and animal disorders. The un-
intended presence of pharmaceuticals and personal care products (PPCPs) in various
aquatic environment (Figure 1.1) compartments (such as water, sediments, and biota)
at amounts capable of harming aquatic creatures has come to more people’s attention
in recent years [1]. Due to PPCPs’ extensive and growing usage in human and veteri-
nary medicine and the ongoing leakage of these substances into the environment, this

has grown to be a serious issue [2].

Freshwaters

Life cycle impacts

*  Granular activated carbon
¢ Nanofiltration

“ Solar photo-Fenton

+  Ozonation

Agricultural soil

Figure 1.1. Representation of PPCPs presence in the environment, fate, transport,

and accumulation in plants and animals [3].

Pharmaceuticals are substances used to treat medical conditions. Some exam-
ples of pharmaceuticals include antihyperlipidemic drugs, stimulants (caffeine), anal-

gesics (ibuprofen, diclofenac, paracetamol, ketoprofen, naproxen, salicylic acid), psy-



chiatric drugs (carbamazepine, primidone), antibiotics (sulfamethoxazole, chloram-
phenicol, trimothoprin, ciprofloxacin), lipid regulators (gemfibrozil, bezafibrate, pro-
pranolol, atenolol, metoprolol), and antipyretics. PCPs include synthetic fragrances
(nitropolycyclic musks), antimicrobial compounds (triclosan), UV blockers (methyl-
benzylidene camphor), antioxidants and preservatives (phenols and p-hydroxybenzoic
acid [parabens]), and insect repellents (N,N-diethyl-m-toluamide [DEET]). Hormones
(estrone E1, estradiol E2, ethynlestradiol EE2) are also frequently detected in the

environment [4-8].

1.2. Advanced Oxidation Processes

Advanced oxidation processes (AOPs) are mainly used for the degradation of
contaminants from the water systems. The processes are mainly based on the creation
of highly reactive radicalic species that can destroy the contaminants in water systems.
There are many different ways to generate radicalic species that are generally OH rad-
icals since they are very reactive and easy to generate. Hydroxyl radicals are produced
with the help of one or more primary oxidants (e.g. ozone, hydrogen peroxide, oxy-
gen) and/or energy sources (e.g. ultraviolet light) or catalysts (e.g. titanium dioxide).
Precise, pre-programmed dosages, sequences and combinations of these reagents are
applied in order to obtain a maximum OH yield. In general, when applied in properly
tuned conditions, AOPs can reduce the concentration of contaminants from several-
hundreds ppm to less than 5 ppb and therefore significantly bring the quantity of total
organic carbon (TOC) down [3]. AOPs are mainly based on three steps: formation of
highly reactive radicalic species (like OH radicals), attacking OH radicals to the target
molecules to breakdown to their fragments and subsequent attacking until the ultimate
mineralizations. The mechanism of OH radical generation depends on the way of AOP

technique that is used.

Ultraviolet irradiation (UV) and hydrogen peroxide (HyO5) can be used for gen-
eration of two OH radicals via homolytic bond cleavage O-O [10, 11]. Hypochlorous
acid (HOCI) and UV can also be used generating OH and Cl radicals [12]. Moreover,



there is ozone (O3) based AOPs (Eq. 1.1)
O3+ HO™ — HO, + O,
O3+ HOy — HO,. + O
O;.+H" — Os.
Os3. — .OH + O,.

(1.1)

Also, there are AOPs using Fenton reagent [13] and photocatalytic oxidation with
titaniumdioxide (TiO9) [14] (Eq. 1.2)
TiOy+ UV — e +h*
Ti(1V) + HyO = Ti(IV) — HyO (1.2)
Ti(IV)+ H,O+h™ 2 Ti(IV)— .HO + H*.

1.3. Octanol-Water Partition Coefficient (LogP)

The most popular method of quantifying a compound’s lipophilicity is through
its octanol-water partition ratio, which is the ratio of a solute’s concentration in an
octanolic phase that is water-saturated to that of the same solute in an aqueous phase
that is octanol-saturated (Figure 1.2). Lipophilicity is frequently considered as one
of the most crucial physicochemical characteristics to screen lead compounds in the
early stages of the drug development process. It is also widely employed in the sec-
tors of environmental risk assessment and agriculture. The octanol-water partition
ratio, among other things, is frequently used as a descriptor in quantitative structure-
activity /property interactions as a result of the association between lipophilicity and
biological activity. In fact, it can be found in thousands of equations that deal with

how biological systems behave [15].
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Figure 1.2. Schematic description of LogP [16].

The bioavailability of a medicine and its entry into the target are crucial factors in
a rational drug design. To have an impact, a medicine needs to cross a cell membrane
barrier. The pH of the environment can vary depending on where the target site is and
how the drug is administered; for example, the pH of the kidneys is 4.2, that of plasma
is 7.4, that of the stomach is 2.0, etc. To forecast a drug’s effects on a target molecule,
one must take into account the drug’s affinity and capacity to penetrate a lipophilic
environment at various pH levels [17]. A target-specific pharmacological treatment
requires a solid understanding of drug dispersion. While hydrophobic medications
with high LogP values are distributed to the hydrophobic portions of the body, such as
lipid bilayers of cells, hydrophilic drugs with low LogP values are typically concentrated
in the hydrophilic sections of the organism, such as blood serum. LogP coefficient is
utilized to properly estimate a drug’s pharmokinetic qualities for this same reason as

mentioned in details in Section 5.2.

1.4. Dissociation Constants of Drug-Like Molecules

The pharmaceutical and chemical industries have long been aware of the impact

of the acid-base dissociation constant, pK,, on the biopharmaceutical properties of



medicines and chemicals. Knowing the dissociation constant in each case assists in
understanding the ionic form a molecule will adopt over a variety of pH values because
the majority of medications are weak acids and/or bases. This is crucial in physio-
logical systems as the ionization state will impact how quickly a substance diffuses
through barriers and membranes like the blood-brain barrier (BBB). Lipophilicity, sol-
ubility, protein binding, and permeability are all directly impacted by a drug’s pK,,
and these factors in turn have an impact on pharmacokinetic (PK) properties like ab-
sorption, distribution, metabolism, and excretion (ADME)[18-21]. Since there is a
known relationship between pK, and PK, measuring pK, levels is necessary for reg-
ulatory compliance. The determination of the pK, benefits formulation processes for
maximizing drug distribution. Given the significance of this parameter to the phar-
maceutical industry [22], it stands to reason that being able to estimate or measure
[23] the pK, and understanding their distribution will be extremely beneficial. Given
the vast number of compounds that might be taken into account for screening pur-
poses, this is especially crucial (e.g. combinatorial libraries, third party compound
collections). In terms of the percentage of ionizables and the distribution of different
chemical classes, these groups of compounds should ideally be reflective of drug-like

substances as a whole.



2. OBJECTIVE AND SCOPE

In this doctoral thesis research, three different topics are evaluated using hybrid

computational methods.

The first part is related to environmental chemistry based on the pharmaceu-
tical materials and personal care products (PPCPs) that pollute freshwater systems.
In this section, the formation of possible intermediate products detected during the
decontamination process of salicylic acid, methylparaben, and caffeine by advanced
oxidation techniques are modeled by using hybrid computational methods. Since these
chemicals can remove entire ecosystems from water, it is important to understand the
removal mechanisms. The probability of formation of intermediates are assessed by
determining the activation barriers at which they slowed down and also by calculating

the Gibbs free energy.

The second part of the thesis aims to numerically determine the hydrophilic-
ity /hydrophobicity of the organic molecules that make up the drug substance and their
potential to enter cells. This section presents 11 protein kinase inhibitors with potential
drug potential. For this purpose, the water/octanol partition coefficient (LogP) of 22
molecules are calculated to determine the degradation capacities in water and organic

solvents.

In the third part of the thesis, the method that best reflects the dissociation
constants of thiazole-2-imine derivatives dissolved in an organic solvent, is presented.
These molecules have the potential of possessing pharmaceutical properties. For this
reason, experimentally determined pK, values of known molecules were found in the
literature. Next, a method determination using a variety of computational methods
was conducted, and a computational method was chosen. Using this computational ap-
proach, the pK, values of thiazole-2-imine derivatives, whose pK, values were unknown

from experiments, were computed.



3. HYDROXYL RADICAL-MEDIATED DEGRADATION
OF SALICYLIC ACID, METHYLPARABEN AND
CAFFEINE: A COMPUTATIONAL APPROACH TO
ASSESS THE REACTION MECHANISMS

This chapter is published as: Arslan, E., Hekimoglu, B. S., Cinar, S. A., Ince,
N., Aviyente, V., “Hydroxyl radical-mediated degradation of salicylic acid and methyl

paraben: a computational approach to assess the reaction mechanisms”, Environmental

Science and Pollution Research, Vol. 26 (32), 33125-33134, 2019.

3.1. Introduction

In this chapter, the degradation of some of chemicals in fresh water systems have

been investigated.

Pharmaceuticals and personal care products (PPCPs) are extensively used in
daily life via their presence in human and veterinary medicine, cosmetics, and nu-
merous food products. Inevitably, they are readily discharged to sewage treatment
facilities, which they usually bypass and find their way to the aquatic environment
with the effluent of the treatment system [24, 25]. The presence of PPCPs in water
is a global environmental concern due to their recognition with aquatic toxicity and
potential threat to human health [26]. Advanced oxidation processes (AOPs), which
are capable of in situ eOH generation, have lately received considerable attention in
water treatment, owing to the high reactivity and non-selectivity of the OH radical, and
the sludge-free character of the process [27]. The most common methods of AOPs are
UV/H50,, ozonation, electromagnetic radiation, TiOs-photocatalysis, 7-irradiation,
and ultrasonication [28]. In all AOPs, the attack of €OH to organic molecules is ini-
tiated either by H-abstraction or direct addition, both of which lead to the formation

of lower molecular weight and less toxic intermediates. Ultrasonic irradiation of wa-



ter leads to high-energy chemistry via the formation of extreme temperatures and
pressures upon the implosion of acoustic cavitation bubbles containing dissolved gases
and water vapor [29]. Temperatures and pressures during the implosion process are
as high as 5000 K and 2000 atm, at which water molecules and the entrapped gases
undergo thermal fragmentation to yield a variety of radical species. Under these con-
ditions, intense mechanical, chemical, and thermal effects are observed. Hence, the
use of ultrasound in AOPs is based on the formation of OH radicals upon pyrolytic
decomposition of water molecules during the collapse of cavity bubbles. It has been
established that if sonication is applied at low frequencies, mechanical effects of ul-
trasound dominate, whereas at high frequencies chemical effects are more important.
Although the full mechanism has not been so far elucidated, it is accepted that low
frequencies (20-80 kHz) preferentially lead to mechanical and physical effects, while
high frequencies (150-2000 kHz) favor the production of more HO radicals, leading to
more intense chemical effects [30]. The attractiveness of sonochemistry in AOPs arise
from the fact that no chemicals are required to produce radical species, and no waste
sludge is produced as a byproduct of the process. Nevertheless, the challenge remains,
as the energetic and financial competitiveness of the method to the existing processes

performed in silent conditions are still under investigation [31].

This chapter includes three PPCPs commonly found in fresh water systems: Sal-

icylic acid (SA)-methylparaben (MP)-caffeine (CAF).

Salicylic acid (SA) and its derivatives constitute a group of PPCPs that are
commonly used in analgesics and antipyretics, and are available in a wide variety of
formulations. Overdosing of the compound has been reported as toxic [32] leading
to symptoms such as headache and nausea [33]. SA is frequently detected in water
and wastewater systems at relatively high concentrations, indicating the necessity to
eliminate it before the water is reclaimed and transferred to distribution systems [34].
Published studies related to sonochemical degradation of SA have shown that the
compound is highly reactive with OH radicals to readily yield dihydroxybenzoic acid,

followed by the production of smaller aromatic compounds [35]. Note also that salicylic



acid is commonly used as a model compound to monitor the formation of hydroxyl

radicals in advanced oxidation or other chemical reactions [36].

Parabens are another group of PPCPs that are widely used in toothpaste, cos-
metics, textiles, foodstuff, and beverages, owing to their preservative and antibacterial
properties [24]. It has been reported that annually, 8000 tons of parabens are produced
and a large fraction of them are introduced into the aquatic system via excretion and
waste discharge [37]. Among all, methyl paraben (MP) is the most highly consumed
paraben and is classified under “emerging contaminants” not only because of its aquatic

toxicity, but also due to its potential contribution to the incidence of breast cancer [38].

Over the past years, many varieties of AOPs (ozonation, photocatalysis, electro-
chemical oxidation UV-irradiation [28]) have been extensively used for the degradation
of MP, based on the power and non-selectivity of €OH in oxidizing organic molecules.
Many of these studies, however, have focused mainly on setting the optimum experi-
mental conditions, disregarding the reaction mechanism [39-41]. There are some stud-
ies reporting the attack of the eOH to both the benzene ring and the alkyl chain,
based on the identified intermediates. However, the specific degradation route for MP
is still unclear. In a study by Gao et al., all possible degradation pathways of MP were
elucidated by quantum chemical calculations and the toxicity of all intermediates was
estimated [40]. However, to the best of our knowledge, there are no computational
studies reporting the intermediates formed by bond rupture mechanisms. The litera-
ture on sonochemical decomposition of MP at high-frequency ultrasound is limited to
a few studies focusing on the optimization of the operational parameters and integra-
tion of the method with clay minerals [42] and investigation of the driving mechanisms
as hydroxylation and hydrolysis [43]. The latter research has also reported complete
mineralization of the compound as the evidence of the high efficiency of sonochem-
istry compared with all other AOPs. The purpose of this study was to investigate the
degradability of SA and MP by high-frequency ultrasound to elucidate the reaction
kinetics and to propose reaction mechanisms that support the experimental results.

Additionally, the study covers the prediction of the aquatic toxicity of the parent and
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oxidation byproducts at three test levels to test the environmental safety of the ultra-

sonic method as an AOP.

The reaction of SA and MP with the medium (eOH, HyO) was considered by
using the basic principles of organic chemistry such as eOH addition, H abstraction,
water elimination, bond rupture, and aromatization with a goal of rationalizing the

formation of the experimentally observed byproducts.

3.1.1. Methodology

The proposed mechanisms were modeled using the density functional theory
(DFT), the B3LYP functional and the 6-31 + G(d) basis sets [44-46]. A confor-
mational search around single bonds was performed for the structures corresponding
to local minima, the energetics discussed in the results are based on the global minima.
Transition state structures were characterized by a single imaginary frequency. All
the quantum chemical calculations were performed using Gaussian 09 software pack-
age [47]. The reactions were conducted in water (e = 78.36) environment using the
integral equation formalism polarizable continuum model (IEF-PCM) at 298K. The
intrinsic reaction coordinate (IRC) calculations were held to prove that each transi-
tion state is connected to the corresponding reactants (RC) and products (PC). The
acute toxicities of SA, MP, and their oxidation byproducts to green algae, daphnia,
and fish were estimated in terms of maximum effective (ECsy) and lethal (LCjg) con-
centration using the Ecological Structure Activity Relationships software (ECOSAR
2014). Utilizing computational Structure Activity Relationships (SARs), the program
calculates a chemical’s acute (short-term) and chronic (long-term or delayed) toxic-
ity to aquatic species, including fish, aquatic invertebrates, and aquatic plants. The
program’s features include forecasting the toxicity of novel or untested industrial chemi-
cals, grouping structurally comparable organic molecules with experimental effect levels
that are associated with physical and chemical attributes are combined, programming
of a categorization system to determine which class is best representative for novel or

unproven substances and updating aquatic toxicity continuously depending on experi-
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mental results provided or collected from both public and private sources. For caffeine
calculations, reactions were modeled using a quantum chemical computational method
(Density Functional Theory) incorporated in the Gaussian 16 software [48]. B3LYP
functional, and the 6-311G (d, p) basis sets were used for the conformational search
of each stationary point [45, 46], [49, 50]. The triple zeta basis set is used trace the
possible interactions of the proton with the nitrogen atom in the protonated caffeine

during the process.

Transition state structures were characterized by a single imaginary frequency,
and reactions were modeled in water (e = 78.36) at 298 K using the Integral Equa-
tion Formalism Polarizable Continuum Model [51]. The intrinsic reaction coordinates
(IRC) were calculated to verify the relation of each transition state with the corre-
sponding reactants and products. The oxidation reactions were modeled based on the
attack of the OH radical to the reactant, while those occurring in water without AOP’s
(as verified by the peaks depicted in LCMS chromatograms at t = 0) were modeled
assuming water as the attacking reactant. The energy barrier for the formation of
each byproduct was referred to as activation Gibbs free energy AG*, and found by
subtracting the Gibbs from free energy of the transition state from that of the corre-
sponding reactants for both homogenous and heterogenous processes. In heterogenous
processes, Quantum Espresso software was used to calculate the binding energies of the
by-products on a TiO, surface. Quantum Espresso is a set of tools for modeling mate-
rials and performing first-principles computations on molecules’ electronic structures.
It is based on plane wave basis sets, pseudo potentials, and density-functional theory
(both norm-conserving and ultra soft). The Quantum Espresso project has started in
2002, when three packages for DF'T simulations were merged. These packages were
PWscf (code for self-consistent field (SCF) solutions of Kohn—Sham equations), CP (a
code for MD simulations of the Car—Parrinello type), and FPMD (a code similar to
CP, but with a different and partially overlapping set of functionalities) [52]. It can
be used for structural optimization, transition states, minimum energy path, ground

state calculations, generation of pseudo potentials, surface calculations [53, 54].
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In this study, PBE functional was used for ground state calculations. Hubbard
U (1) (correction factor) was taken as 1.0. TiO, anatase surface with 001 facets was

used for calculations.

3.2. Results and Discussion

3.2.1. Experimental

Normalized concentrations of SA and MP during 30-min sonolysis at 572 kHz are
plotted in Figure 3.1. The fitted curves (R? = 0.98) show that the rate of reaction
in both cases was pseudo first order, with rate constants of 0.067 and 0.091 min~!
for SA and MP, respectively. The inset at the top of the figure shows the degree of
C-mineralization after 30-min sonolysis and that after a 24-h silent maintenance in
the dark. It was interesting to find that the mineralization process continued for a
long time after the ultrasonic generator was shut down, as the indication of “latent

cavitation”, i.e., the effect of stable reactive oxygen species (ROS) such as HoO2 that

form upon the violent collapse of acoustic cavitation bubbles.
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Figure 3.1. Normalized plots of concentration-time showing the rate of sonochemical
degradation of SA and MP (C° = 10 mg/L) at pH 3.0. The bar chart at the right

bottom shows the corresponding C-mineralization.

LC/MS/MS spectra of 10-min sonicated samples of SA and MP are presented in
Figure 3.2, respectively. For SA, four major peaks at molecular weights of 62, 108, 110,
and 154 g/mol with intensities of 2.44, 1.53, 1.36, and 1.83 were detected, respectively.
For MP, six major peaks at molecular weights of 85, 108, 110, 134, 138, and 150
g mol™ and intensities of 1.42, 0.30, 0.15, 0.50, 0.42, and 0.15 were also detected,
respectively. The results for SA are consistent with those of Scheck and Frimmel, who
identified benzoquinone (MW = 108) and dihydroxybenzoic acid (MW = 154) as the
byproducts of UV /peroxide/Oq process [55]. The latter was also reported by Chang
et al., together with catechol (MW = 110) as the byproducts of SA oxidation in a
Fenton process [56]. In another study by Guinea et al., using electrochemical oxidation
techniques, dihydroxybenzoic acid, maleic acid (MW = 116), fumaric acid (MW =
116), and malic acid (MW = 134) were identified as the byproducts of SA degradation
(Guinea et al. 2008). A photocatalytic study of MP by Lin et al. with TiO2 has shown
that the intermediate products were dihydroxybenzene (MW = 110), 4-hydroxybenzoic
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acid (MW = 138), tartaric acid (MW = 150), and benzoquinone (MW = 108), which

are consistent with our findings [57]. Another study done by Gmurek et al. focused on

the degradation of hazardous water contaminants: methyl-, ethyl-, propyl-, butyl-, and

benzylparaben using ultraviolet C lamps in the absence and presence of H202 [58].

From the byproduct analysis, it was concluded that the main degradation products

were p-hydroxybenzoic acid (MW = 138); 2,4 dihydroxybenzoic acid (MW = 154);
p-iy y ;4 Yy y

and 3,4 dihydroxybenzoic acid (MW = 154). These experimental results are consistent

with the computational results.
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Figure 3.2. LC/MS/MS spectra of 10-min sonicated samples of SA (a) and MP (b)

and structures of their identified byproducts.
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3.2.2. Salicylic Acid

The energetics for the degradation mechanism of SA can be monitored step by
step in Figure 3.3 and Figure 3.4. The transition state geometries are displayed in
Appendix Section A as Figure A.1.. One can also find the toxicity results in Table A.1.
and A.2.

SA is primarily attacked by €OH at the ortho/para positions of the OH since these
are favorable positions for the ortho/para director OH group and the meta director
carbonyl group which are already present on the ring. The ortho and para positions
to eOH are attacked with very low barriers of 4.3 kcal/mol and 6.3 kcal/mol; the
reaction is exothermic by 6.0 kcal/mol (SA6) and 3.2 kcal/mol (SA1) respectively. It
is very likely that SA1 is attacked barrierless by another eOH to form the neutral
product SA2 with very high exothermicity AG* = -60.1 kcal/mol). At this stage,
water elimination (TS-(SA2-SA3)) is very costly (AG* = 41.8 kcal/mol) to yield the
stable product SA3 (AGyx = -95.9 kcal/mol), which is detected experimentally (MW =
154). SAS, the isomer of SA3 is formed via similar steps. We suggest the other isolated
intermediate SA5 (MW=110) to be formed in a stepwise manner, first a hydrogen shift
from position 6 to position 5 forming SA4 and then decarboxylation. The driving
force for this last reaction would be the high stability of the final product SA5 (AG,y,
= -110.5 kcal/mol). Overall, the stabilities of the intermediates SA3 (MW = 154)
and 1,4-benzenediol/hydroxyquinone (SA5, MW = 110) trigger their formation. Note
that SAS8 yields 1,2-benzenediol/ catechol (SA10, MW=110) similarly along exothermic
reactions. The formation of SA10 (MW=110) follows the same pattern as SA5.

The formation of 1,4-benzoquinone (MW=108) can be visualized in Figure 3.4
as a continuation of Figure 3.3. In this mechanism 1,4-benzenediol (SA5) gains easily
2 eOH groups sequentially to form the very stable species SA12 (-47.3 kcal/mol).
SA12 yields SA14, namely 1,4-benzoquinone (MW = 108) after two consecutive HyO
eliminations. Further reactions to form the intermediate with MW = 126 involves

bond rupture (T'S-(SA14-SA15)) which is highly energetic (79.9 kcal/mol) to yield the
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product SA15 (3.5 kcal/mol). SA15 undergoes another bond breakage with a barrier
of 78.6 kcal/mol to yield SA16 (-6.2 kcal/mol) that abstracts HoO to yield SA17 (MW
= 108), (4.6 kcal/mol). SA17 can undergoes bond rupture to form SA18 (MW = 60)
which was detected experimentally (-5.9 kcal/mol).

Overall, reaction profiles yielding the experimentally detected intermediates (SA18
(MW=60), SA14 (MW = 108), SA5 and SA10 (MW = 110), SA3 and SA8 (MW =
154)) have been suggested. Although Gibbs free energies of activation yielding the
desired intermediates are high, the products are stable, the reactions are thermody-

namically driven.
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3.2.3. Methyl Paraben

Figure 3.4 and Figure 3.5 show the proposed mechanisms in this work for the
degradation of MP. All the transition state geometries of MP are displayed in Figure
A.2. Moreover, one can see the toxicity results in Table A.1 and A.2. The energetics
have been calculated based on the stoichiometrically balanced reactions. In water,
MP (MW=150) may undergo hydrolysis yielding MP1 with a barrier 59.8 kcal/mol
and the reaction is endothermic by 2.0 kcal/mol. Note that the latter intermediate
MP1 (MW = 138) was also detected experimentally (Figure 3.2 (b)). The reaction is
followed by decarboxylation to obtain MP2 (-12.1 kcal/mol). Then, MP2 (MW = 94)
is attacked by ¢OH, with addition to the ortho and para positions yielding MP3 (MW
= 112) and MP6 (MW = 112) with low barriers and high exothermicities (AG*= 4.8
kcal/mol and 5.6 kcal/mol; AG,x,= -16.6 kcal/mol and -17.9 kcal/mol, respectively).
It is very probable that MP3 and MP6 are attacked barrierless by another ¢OH to
form the neutral species MP4 (MW = 128, -65.7 kcal/mol) and MP7 (MW = 128,
-69.2 kcal/mol). At this stage, elimination of water (T'S-(MP4-MP5) and TS-(MP7-
MP8)) is costly (34.2 kcal/mol and 40.8 kcal/mol, respectively) to yield exothermically
MP5 (MW=110) and MP8 (MW=110); the latter stable intermediates have also been
detected experimentally. Note that MP5 and MPS8 are identical to SA5 and SA10
respectively, thus the reactions that follow the degradation byproducts of MP5 and
MP8 will be similar to the ones of SA5 and SA10 and have already been discussed
in the previous section. The mechanism proposed above illustrates that eOH-addition
is the governing route in the degradation of MP, as also reported in the literature
[59] for shorter alkyl chain parabens. A study in the literature has investigated the
effect of alkyl chain length on the degradation mechanism of parabens and found that
eOH-addition was the more dominant route for the degradation of shorter parabens,
such as MP [60]. The same authors have also demonstrated the dominance of eOH-
addition over H-abstraction for the degradation of diclofenac [61]. As mentioned in
Section 3.1, the intermediate products of oxidation detected by Lin et al. [57] for the
degradation of MP are consistent with our results, i.e. dihydroxybenzene (MW = 110),
4-hydroxybenzoic acid (MW = 138), tartaric acid (MW = 150) and benzoquinone (MW



= 108) (Figure 3.5).
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3.2.4. Calffeine

This study is about the degradation of caffeine that is detected in large amounts
in fresh water systems. There are two parts in this study: homogeneous (no catalyst)

and hetereogeneous (with catalyst (TiOs)).

Caffeine is a common compound of PPCP’s and an ingredient of coffee, tea,
chocolate, cocoa and beverages; while it is widely used in the production of prescrip-
tion medicines and personal care products [62]. Upon consumption, the compound
and /or its metabolic byproducts are readily discharged (via wash water and excretion)
into sewage treatment facilities with low biodegradability. Hence, caffeine is not only
detected frequently in effluents of wastewater treatment operations, but also in soil,
groundwater and fresh water systems [63]. Lately, the presence of caffeine in the water
environment has been a serious environmental and public concern, due to its toxic
effects to aquatic organisms, and potential health threat to humans as hyperactivity
and cardiovascular diseases [64]. Consequently, a lot of research has lately focused on
finding effective processes that control the discharge and/or the presence of caffeine in
water supply systems. In this study, many AOPs were used as mentioned in Section

1.2.

3.2.4.1. Homogenous Degradation of Caffeine. Firstly, homogenous degradation (US/UV
and US/UV-H50,) of caffeine will be discussed in acidic medium (pH=4).

LCMS analyses of the reactor samples collected at t = 0, 30 and 60- min during
single and hybrid processes revealed numerous fragments and byproducts, most of
which were detected at retention times of 7.80 and 8.33 min [65]. Moreover, all samples
of time zero showed not only a major peak (m/z 194) corresponding to the mother
compound (caffeine), but also a variety of others (e.g. m/z 60, 83, 114, 123, 165, 187,
195, 210, 236), indicating fragmentation of the molecule at acidic pH, and/or reaction

with water molecules (Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9).
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The first mechanism (a) shows the reaction of protonated caffeine with water
leading to the rupture of C1-C14 bond to yield an intermediate P1 (MW=213) with
a high energy barrier (AG¥=42.4 kcal/mol, AG,,=16.6 kcal/mol). The reaction of
P1 with another molecule of water yields two intermediates with MWs of 98 and 117
(AGyxn=1.5 kcal/mol). The former is in protonated form (MW=99) and undergoes
demethylation to produce another P1 (AG#=38.2 kcal /mol, AG,,,=6.5 kcal/mol) with
a high energy barrier, as also reported by Dalmazio et al, for demethylation of caffeine in
protonated water [66] The second mechanism (b) shows the formation of P2 (MW=125)
via the reaction of caffeine with water to yield an intermediate (MW=140) through
bond rupture, followed by demethylation (AG* =54.5 kcal /mol, AG=32.9 kcal /mol).
In general, high energy barriers of bond rupture and demethylation reactions are well

known and reported in the literature [67].
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The most probable reaction mechanisms for the degradation of caffeine in neu-
tral medium by eOH-mediated oxidation are presented in Figure 3.7. The first one (a)
shows the formation of P3 (MW=221) and P4 (MW=228), which were both the ex-
perimentally byproducts.Accordingly, caffeine is first attacked by an OH radical at the
bridge-side, leading to the formation of P3 (AG*=3.1 kcal/mol, AG ,=-3.3 kcal/mol),
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which most likely reacts spontaneously with another ¢OH via electron-coupling to yield
exothermically the product P4 (AG,x,=-51.7 kcal/mol). On the other hand, ¢OH may
also attack the relatively positive carbonyl group of caffeine at C1 to produce P32 with
a relatively low barrier (AG*=23.7 kcal/mol, AG x,=7.5 kcal/mol), which reacts read-
ily with a very low barrier (2.1 kcal/mol) to produce an intermediate with the same
MW as P3, referred in the scheme as P33. The compound is also very reactive and
is attacked spontaneously by an eOH via electron coupling (AG,,,=-95.7 kcal/mol)
to yield the enolic structure P45, which is readily converted to P43 via keto-enol tau-
tomerism (AG#=23.4 kcal/mol, AG x,=-7.3 kcal/mol). The reaction of P43 with ¢OH
gives an intermediate with MW 245, which undergoes bond rupture through a highly
exothermic reaction (AG,x,=-36.4 kcal/mol) to produce two intermediates with MWs
of 120 and 126. The latter is a radical, and reacts barrierlessly with «OH to produce
exothermically two intermediates with MWs of 119 and 143 (AG,y,=-41.7 kcal/mol).
The former (MW 119) is demethylated via reaction with a water molecule, leading
to the formation of P5 (MW=105), which was one of the most commonly detected
byproducts, as it was found in all process efluents. Finally, P5 undergoes reductive
decomposition and is converted to P6 (MW=86), which was also detected experimen-
tally. Reductive cleavage is a likely reaction in all sample solutions, due to the presence

of excess air bubbles and nitrogen species, as NOx.

In general, the reaction mechanisms proposed in Figure 3.6 are in good agreement
with the corresponding LCMS analyses of the samples. The intermediate product P1
was found to form with a reasonable barrier by the reaction of caffeine with water.
Nevertheless, it was detected in all process samples at high intensity, indicating the
resistance of the compound to oxidation, most likely due to the unique cyclic structure.
The formation of P3 and P4 via reaction with ¢OH was much easier, as they proceeded
with lower energy barriers. Moreover, these products were detected in all samples
except those at t=0, and at lower intensities than that of P1, signifying their ease
of reaction with eOH. More significantly, the intensity of both was reduced in hybrid
operations, by which the abundance of OH radicals was increased via additional routes

and/or sources of generation.
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Homogenous degradation of caffeine has been discussed in neutral medium (Fig-
ure 3.7). Firstly, OH radical attacks to the caffeine giving a radical (MW=211) and
this radical captures H radical from the medium barrierlessly. Therefore, formation of
212 molecule is easy. However, it can return the 194 by elimination of a water molecule.
It is consistent with the experimental data since there is no 212 molecule in 30 minutes
reaction but it was formed in high concentration in 60 minutes reaction. Moreover,
byproduct with MW=183 increased from 30 minutes to 60 minutes in heterogenous
part and it was consistent with heterogeneous process (Figure 3.8. 2. Pathway re-
action) since caffeine molecule can release -CHj from three different places and the
activation barrier is not very high (34.4 kcal/mol). Then, the intermediate (MW=183)
turned into 165 by giving another -CHj group with reactiin barrier 33.2 kcal/mol and
then 165 molecule was converted to 149 again the same procedure (-CHjz breakage).
Actually, 149 molecule should appear in LC/MS analyses because generating 170 from
149 has high activation barriers (Figure 3.8, path 4). It is inconsistent with our pro-
posed mechanism but this reaction pathway is proposed pathway. There can be many
plausible reaction pathways. Therefore, there may be some conflicts about the data.
After generating 170, 59 and 83 molecules were formed that were also experimentally

detected compounds.
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Figure 3.7. #OH-mediated homogeneous reaction pathways and Gibbs free energies
(kcal/mol) for the oxidative degradation of caffeine at neutral medium to produce P3,

P4 (a), P3,, P35, P4y, P5 and P6 (b) (B3LYP/6-311G(d,p)/SMD /water).
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Figure 3.8. HyO-mediated degradation pathway of caffeine in neutral homogenous

medium (B3LYP/6-311G(d,p)/SMD /water).

3.2.4.2. Heterogeneous Degradation of Caffeine on TiO, surface..

The study described
herein has shown that the emerging water contaminant caffeine is easily decomposed by
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singly applied ultrasonic irradiation (577 kHz) and UV-H505 photolysis at optimized
conditions, but with insufficient mineralization. The efficiency of the degradation re-
actions was significantly improved via hybrid applications, particularly when operated
at a heterogeneous mode using commercial TiOy (P25) as the catalyst. It was found
that under equivalent conditions, the percentage of TOC decay increased from 21.7
by single photolysis (UV-H30,) to 35.4 by US-assisted photolysis. The result was
attributed to the formation of excess eOH and HyO, (via cavitation collapse), and
enhanced mixing of the solution, that facilitated the transmission of UV-light. Simi-
larly, mineralization increased from 60% by TiO,-photocatalysis to 66% by US-assisted
photocatalysis, owing mostly to the mechanical actions of ultrasound for cleaning and
disintegrating of solid particles, thus increasing the number of fresh adsorption sites.
Assessment of all hybrid processes for their synergy in TOC decay showed that the
best was UV-H305/TiOs with a synergy index of 65 (as opposed to an index of 0.25
in US/UV hybrid). It was also found that further hybridization by adding ultrasound
to the above process drastically reduced the synergy to 2.8, due to the presence of
excess HoOy that scavenged OH radicals, and the formation of cavity clouds and high
density particle layers that inhibited the transmission of UV light to solution. The re-
action mechanisms proposed using the computational technique described in the text
were consistent with the experimental data, as many of the byproducts predicted were

detected by LCMS analysis of the samples.



29

Table 3.1. Experimental results of degradation of caffeine (Binding energies

(kcal/mol) are calculated by using Quantum Espresso) Retention times: 8.3-7.9.

MW of Reaction time- Reaction time- | Binding
byproducts Homogeneous Heterogeneous energies
30 min | 60 min | 30 min | 60 min
Intensities (x10%)

210 — 25-60 — 60-80 -279.8
194 (CAF) 130 — — — -245.8
183/187 130-170 | 210-220 | 40-60 70-80 -222.8
165 40-48 — 20 20-30 -204.9
100 70-78 | 90-100 | 100-110 | 110-120 | -184.2

83 220-148 | 200-125 | 295-130 | 180-180 | -183.2

59 240-330 | 240-390 | 310-480 | 330-410 | -108.7

In Figure 3.9, binding of by-products are shown to the TiO, surface. The distance
between atoms of byproducts and surface in consistent with the binding energies (Table
3.1). As the moleculer weight of product increases, the distance decreases meaning that

molecule binds to the surface stronger and degrade easier.
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Figure 3.9. 3D images of experimentally identified by-products of caffeine binding to
the surface (TiOy).

As a conclusion, caffeine is one of mostly detected contaminant in fresh water
systems. Therefore, it is very important to decontaminate it from the environment
since it can cause hearth attack, anxiety or arrhythmia and thousands of tons of caffeine
interfere seas, lakes and finally full ecosystems affected. According to some researches
[68], caffeine is generally first detected compound in wastewater, surface water, ground
water, drinking water, sediment, soil, sludge, plant and animals. Therefore, incomplete

mineralization of caffeine can affect all the systems totally.
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4. STATISTICAL ASSESSMENT OF THE MODELING OF
PROTEINS AND LIGANDS BLIND CHALLENGES

This chapter is published as:

e Arslan, E., Findik, B.K., Aviyente, V., Journal of Computer Aided Molecular
Design, 34, 463-470, 2020. (SAMPL6)

e Findik, B.K., Haslak, Z.P., Arslan, E., Aviyente, V., Journal of Computer Aided
Molecular Design, 35, 841-851, 2021. (SAMPLT).

4.1. Introduction

In this chapter, some important properties of drug-like molecules such as pK, and
LogP have been evaluated. The Statistical Assessment of the Modeling of Proteins and
Ligands (SAMPL) challenges are widely known, the blind challenges are intended to
advance the computational tools in rational drug design [69-72]. Over the last decade,
the challenges have became attractive for computer-aided drug design (CADD) around
the world since they have been basically based on the calculations of several molecular
properties of drug-like small molecules. Up to now, many SAMPL challenges were orga-
nized in order to calculate some important chemical properties of drug-like molecules.
In SAMPLO challenge, two different methods of solvent-free energy estimation were
performed in the prospective test: an implicit solvent approach based on the Poisson-
Boltzmann equation and an explicit solvent approach based on alchemical-free energy
calculations. The next challenge was SAMPLI challenge. The purpose of this challenge
was to predict the solvation-free energies of 63 different molecules that couldn’t be cal-
culated accurately with the current methods. SAMPL2 challenge represented the third
annual blind prediction of transfer energies and was included in the challenge for the

first time in the tautomer ratios. More than 60 sets of predictions were submitted and
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each participant also tried to estimate the error in their predictions. SAMPL3 chal-
lenge was related with the binding affinities of host-guest systems. Second-generation
mining minima method (M2) was used to compute the binding affinities of target host-
guest systems. The predictions weren’t close to the experimental values. Therefore,
the force-field was changed and finally concluded that the binding energies were highly
sensitive to the force-field used. Another challenge, SAMPL4, was about the binding
energies of host-guest systems, HIV integrase inhibitors and hydration free energies
of small molecules. In SAMPL5 challenge, participants tried to predict distribution
coefficients and host-guest interactions of target molecules [69-75]. The SAMPLG that
consists of two parts [76]. The purpose of part I was the blind prediction of pK, and
part II was the prediction of LogP coefficients of drug-like molecules. The participa-
tion to the SAMPLT7 challenge is based on the estimation of LogP coefficients and pK,

values of small drug-like sulfonamide derivatives.

4.2. LogP Calculations

In physical sciences, the ratio of a neutral solute in a mixture of two immis-
cible systems at equilibrium is known as the partition coefficient (P) [77, 78]. The
hydrophobicity (lipophilicity) and hydrophilicity features of a drug are described as
l-octanol /water partition coefficient. Therefore this physicochemical property is a
simple measure that has been used as a lipophilicity indicator for many years [79].
Partition coefficients for drugs are present in the biochemical and pharmaceutical liter-
ature in the course of structure-activity studies conducted over the past decade. Many
other values have come to light from the references in the paper of Hansch and Leo
[77]; these values were fed into a computer-based ”keyed-retrieval” database. This pi-
oneering work carried out by Hansch and Leo in 1971 has contributed to the usage of
LogP, also refered as log Kow, as a general description of cell permeability in the quan-
titative structure-activity relationship (QSAR) methods. In pharmaceutical science,
both phases usually are solvents, one is water and the other is hydrophobic, such as 1-
octanol [80]. Therefore, the LogP coefficient indicates the hydrophobic (water-fearing)

or hydrophilic (water-loving) nature of a molecule.
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In a rational drug design, bioavailability of a drug and its entrance to the target
are very important issues. The drug must pass through a cell membrane barrier in order
to show its effects. Depending on the location of the target site and the way of the
administration of the drug, the pH of the environment may change; the pH of kidneys
is 4.2, the one of plasma is 7.4 that of stomach is 2.0 etc. Therefore, the affinity of a
drug molecule and its ability to enter in a lipophilic environment under different pH’s
has to be considered to predict its effects on the target molecule. A good knowledge
of the drug distribution is necessary to have a target-specific drug treatment. The
hydrophilic drugs, having low LogP values, are generally localized in the hydrophilic
parts of the organism such as blood serum, whereas hydrophobic drugs with high LogP
values are distributed to the hydrophobic part of the organism such as lipid bilayers of
cells. For the very reason, LogP coefficient is used to predict pharmokinetic properties

of a drug accurately.

A Gsolv,water - A Gsolv,octanol )

(
LogP =
°J RT(In10) ’

(4.1)

The absolute Gibbs energies of solvation calculated in diffferent phases is useful
to estimate the partition coefficient. Since the LogP coefficient is proportional to the
transfer of free energy between two phases (water and n-octanol) it can be related to
solvation free energies [81], as shown in Eq. 4.1 where AG values are the Gibbs free

energies of the solvated molecules in the relevant solvent.

There are a variety of experimental tools to predict LogP partition coefficient
in pharmaceutical industry, such as the shake-flask [81], slow stir, reverse phase high
performance liquid chromatography [82, 83] and voltammetry. However, these meth-
ods are expensive and time consuming , because they all require the actual chemical
compounds and their synthesis take a long time. Accordingly, computational methods

are very useful to accelerate the prediction process in drug discovery industry.
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4.2.1. SAMPL6

In this study, we have considered the SAMPL6 part II challenge including the
forecasting of the LogP of 11 protein kinase inhibitor-like small molecules shown in
Figure 4.1. In line with this purpose, we have used quantum-chemical calculations to

evaluate the LogP values of these 11 molecules.

SO NGOG RN GE

NH HN HN
F——F é
F
Cl
SMo02 SM04 SMo7
NH>
O
LN/ N/
SM11

SM12 SM13 SM14

OH AN

C[:) cl \éd

SM15 SM16

Figure 4.1. The molecules of the SAMPLG6 challenge.
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4.2.1.1. Methods. All the quantum chemical calculations were performed using the

Gaussian 09 software package [84]. Basically, the initial compounds declared for the
challenge are modeled to predict the partition coefficient by using quantum mechanical
approaches taking into account the solvent environment both implicitly and explicitly.
Density functional theory (DFT) is used by employing three hybrid density functionals
in conjunction with two basis sets (6-31G(d) [85-88]and 6-311+G(d,p) [89, 90] in order
to unravel the most appropriate methodology to reach the optimal estimation. Three
functionals were chosen based on the Jacob’s ladder of DFT [91], since the energy cal-
culations become more accurate while the functional forms get more complex. For this
reason, a hybrid functional (B3LYP [92, 93]), a hybrid meta-GGA (meta-generalized
gradient approximation) functional (M06-2X [94]) and a range separated hybrid func-
tional (wB97x-D [50]) have been chosen. To the best of our knowledge, the previous
studies based on the solvation free energy calculations include hybrid DFT function-
als however, a specific functional or a class of functionals to calculate accurately the

solvation free energy, has not been asserted yet [95-98].

A conformational search around single bonds was performed by using the semi-
empirical PM3 method for the structures corresponding to local minima. The geome-
tries corresponding to the local minima were separately optimized in each environment
(gas phase, n-octanol and water), so that their effects on geometry were included. The
most stable molecular geometry in each environment is relocated and the energetics
reported are mainly based on the global minima. The Solvation Model based on the
Density (SMD) at 298K [99] was used to take into account the n-octanol and water
environments. The Ggopution and Ggas energies are the Gibbs energies calculated for
the global minima in the relevant solvents and in gas phase, respectively. The “fine”

integration grid, default integration grid of Gaussian 09, was used for all calculations.

LogP values were calculated according to Eq. 4.1, where the partition coefficient
was calculated from the difference in the transfer free energies in n-octanol and in
water. Therefore, Gsolv,octanol/water was obtained from the standard reaction free

energies, by the difference of the Gibbs free energies in gas and in the relevant solvent.
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For AGgolv,octanol /water Calculation, Eq. 4.2 was used to evaluate the AGg,, for different

media.

AGsolv = Gsoln - Ggasa (42)

A charge distribution analysis was performed in order to determine the most
suitable heteroatom to be attacked by water by using Charge Method 5, an extention
of Hirshfeld population analysis [100], this method is chosen because of its less sus-
ceptibility to the basis set size. An explicit water molecule was placed in the vicinity
of the heteroatoms where it was stabilized via hydrogen bonding. All the negatively
charges heteroatoms have been considered for hydrogen bonding and the candidate
structures have been re-optimized by using the B3LYP/6-3114+G** methodology, in
implicit water environment and gas. Structures corresponding to global minima (hav-
ing positive vibrational frequencies) were used to calculate the solvation free energies
in water. Eq. 4.3 and Eq. 4.4 were utilized for evaluating AGy.,,water energies of

drug-like molecules, the subscript w indicates the implicit solvation water phase.

AC:solv,water = G(M—l—water),w - GM,w - Gwater,w> (43)

AGSOI’U,U)atET' = G(M+water),w - GMe:rp,w - GWexp,w- (44)

In Eq. 4.3, G”(M+water),w” represents the total Gibbs free energy of the drug-
like molecule interacting with one explicit water, GM,w is the Gibbs free energy of the

molecule, Gyater is the Gibbs free energy of one single water molecule.

On the other hand, the Eq. 4.4 calculates the AGgoly, water, by using a different
approach. In this equation, Gyexpw is the Gibbs free energy of the drug-like molecule
evaluated by using single point calculations on the drug in the geometry of the opti-
mized complex, Gwexp,w represents the Gibbs free energy of water evaluated by using
single point calculations on water in the geometry of the optimized complex; calcula-

tions for Eq. 4.3 and Eq. 4.4 are carried out in an implicit water environment.

ACTVgas = G(M+water) - GMemp - GWexp (45)
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Similarly, AGg,s value is evaluated by means of Eq. 4.5, where Gyiywater 1S the
Gibbs free energy of the drug-like molecule interacting with one explicit water, in gas.
Gaexp 18 the single-point Gibbs free energy of the drug molecule in the geometry of the
complex. Gexp Tepresents the single point calculated Gibbs free energy of the water

molecule in the geometry of the complex, calculations for Eq. 4.5 are carried out gas.

4.2.1.2. Results. Our study has been carried out in two parts: the first part includes

the estimation of LogP values by taking into account the solvent implicitly. In the
second part we report the results with one explicit water molecule. Implicit solvation
(sometimes called continuum solvation) is a technique for describing the solvent as a
continuous medium, The approach is often used to estimate the free energy of solvent-
solute interactions in structural and chemical processes, such as folding or conformation
of proteins, DNA, RNA, and polysaccharides, combining biological macromolecules
with ligands, or transporting drugs through biological membranes [101]. The molecules
of interest in this challenge possess generally a quinazoline structure, the latter is a
water-soluble molecule having low LogP value such as 1.00 [102]. However, due to the
presence of different side groups the molecules considered have different LogP values
(generally higher than 1.00). These molecules have hydrophobic parts such as benzene

rings that increase the LogP values.

The SMD solvation model was applied to 11 different molecules with B3LYP,
MO06-2X and wB97x-D as functionals and the 6-31G*, 6-311+G** as basis sets in order
to test the methodology used for further calculations. Geometry optimizations and
systematic conformer searches were carried out for all molecules in the gas phase, in
water and in octanol (Figure B1-B3, Table B1-B5). Solvation free energies obtained
in water and n-octanol and then LogP values were calculated and reported in Table
4.1. Figure 4.2 displays linear correlations of the experimental and calculated LogP
values by using three different functionals with the 6-31G* and the 6-311+G** basis
set. According to the R? values, the BSLYP /6-311+G** methodology was chosen for
further calculations based on the highest R? value. Table 4.2 shows the error analysis of

the calculated LogP values with six different methodologies. Root mean square errors
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(RMSE), mean absolute errors (MAE) and mean signed errors (MSE) were analyzed to
choose the methodology for further calculations. The MAE and MSE errors calculated
with B3LYP/6-311+G** (RMSE = 1.29, MAE = 1.17, MSE = -1.17) were the smallest
among the MAE and MSE calculated with the other methodologies: these findings have
confirmed the usage of B3LYP/6-311+G** for further calculations.

Table 4.1. LogP values of molecules of interest with different functionals and basis

sets.

B3LYP MO06-2X wB97X-D
Molecules | 6-31G* | 6-311 | 6-31G* | 6-311 | 6-31G* | 6-311 | Exp.
4 G** HG** +G** | [23]
SMO02 7.86 3.12 2.73 2.19 3.04 2.97 4.09
SM04 7.43 3.25 2.52 2.48 2.44 2.33 3.98
SMO7 6.07 2.52 1.92 2.69 2.69 2.60 3.21
SMO08 6.03 1.38 1.54 2.14 1.43 1.36 3.10
SMO09 7.37 0.69 4.04 0.69 4.44 0.73 3.03
SM11 -7.31 0.45 3.26 0.45 3.24 0.38 2.10
SM12 7.06 2.58 7.09 2.58 7.08 2.32 3.83
SM13 5.12 1.65 6.30 1.65 4.80 1.20 2.92
SM14 5.24 1.76 5.08 1.46 4.97 1.98 1.95
SM15 5.33 2.05 1.70 1.70 1.58 1.73 3.07
SM16 5.39 1.61 0.85 0.97 1.87 1.83 2.62
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Figure 4.2. Linear correlations of experimental and calculated LogP values by using

the B3LYP (red), M06-2X (green) and wB97x-D (blue) with 6-311+G(d,p) basis set

with SMD solvation model.

Table 4.2. Error analysis (Root Mean Square Error (RMSE), Mean Average Error

(MAE) and Mean Signed Error (MSE) for the calculated LogP values with six

different methodologies.

Method RMSE | MAE | MSE
B3LYP/6-31G* 4.18 1.66 1.97
M06-2X/6-31G* 1.15 1.89 | 0.28
wB97x-D/6-31G* 1.80 1.61 0.33

B3LYP/6-3114+G** 1.29 1.17 | -1.17
M06-2X/6-311+G** 1.45 1.36 | -14.90
wB97x-D/6-311+G** | 1.46 1.34 | -14.47

It is well known that hydrogen bond donors are less polar than hydrogen bond

acceptors, the identification of the hydrogen bond type can be of interest in determining

the affinity of the drug molecule [103]. The most stable molecular geometries of the

system including the drug and water molecules are illustrated in Figure 4.3. In most



40

of the cases, the nitrogen atoms on the bridge between quinazoline and benzene rings
are found to be the most negative and H-bond with water is expected to stabilize the
molecule while water is in this location. However, the water molecule tends to bind to
the nitrogen atom of the quinazoline ring itself probably to avoid steric encumbrance.
The water molecule in most cases lies in the same plane as the quinazoline ring, allowing
favorable interactions between the oxygen of water and the H on the quinazoline ring as
well. Note that the halogen atoms have small negative charges except for SM12,where
the charge of chlorine atom is calculated as -0.83 au. However the water doesn’t tend

to bind to Cl, this may be due to the size of chlorine as opposed to nitrogen.

A s I\kr'_‘(!\ ;‘: A’(m A1

0 XN
Ir X X Y N
S'l\-‘l' 1A SMO09 SMI11

" 4 (
‘\.1.?5 181 a t : i 182

. ¢
R g Ry

SMI2 “sM13 SMi4

Figure 4.3. Explicitly solvated systems includingone water molecule.
(B3LYP/6-311+G**/SMD /water) (Dashed lines represent hydrogen bonding
distances in Angstroms.) (Color Key: N:Blue, O:Red, Cl: Green, F:Green, C:Gray).
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Figure 4.4. Correlation between experimental and calculated LogP values by using

B3LYP/6-311+G**/SMD /water.

We have calculated the solvation free energies by substracting Eq. 4.5 from Eq.
4.3, and in Figure 4.4, we have established a correlation between calculated LogP
values (R?= 0.90). However, the AGg,, values for SM14 and SM15 which possess an
imizadole ring were not obtained by using Eq. 4.3, another approach was proposed
and their solvation energies were calculated by substracting Eq. 4.5 from Eq. 4.4.
Note that, Eq. 4.3 takes into account single point calculated Gibbs free energies of
the molecule and the water, while Eq. 4.3 directly uses the Gibbs free energies of the

optimized species.

In this study, we were able to predict the exact location of a single water molecule
for species having amino quinazoline structures (SM02, SM04, SM07, SM09, SM12 and
SM13). Even though for these molecules the charges on nitrogens are more or less
similar (Table B1-B5, Figure B1-B3). Water sticks preferentially on the quinazoline

ring nitrogen, far away from the bridge. Structures with a water molecule in the vicinity
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of the other nitrogens have been considered, it turned out that the ring nitrogen away
from the bridge is better stabilized than the others. SM11 is unique in that it has a
1-H-pyrazolo [3,4-d] pyrimidine backbone. The water still interacts with the nitrogen
located on the pyrimidine ring away from the substituent. SMO08 and SM16 have
amidic functional groups, even though the carbonyl oxygen and the amidic nitrogen
have comparable charges, the carbonyl oxygen is richer in free electrons and keeps the
water molecule. SM14 and SM15 have imidazole rings where water binds preferentially

to the available ring nitrogen (sp2) where delocalization of electrons is favored.

Overall, quinazoline having species (SM02, SM 04, SM07, SM09, SM12 and
SM13) and SM11 have the water next to the core ring N away from the substituents,
in imidazole containing molecules (SM14, SM15) the water is next to the available core
ring N, in compounds with amidic groups (SM08, SM16) the water molcule lies next

to carbonyl oxygen. The calculated interaction distances are similar, they are around

1.80 A.

4.2.1.3. Conclusions. This study utilizes quantum chemical methods for the predic-

tion of the octanol/water partition coefficient for a variety of drug-like molecules as
a part of SAMPLG6 challenge. Gibbs free energies have been calculated implicitly and
explicitly with one water molecule. In the first part, three hybrid functionals (B3LYP,
MO06-2X and wB97x-D) have been examined with two different basis sets (6-31G* and
6-311+G**) The results have demonstrated that the B3LYP/6-3114+G** methodology
reproduces better the experimental results. Then, the interaction of the drug molecule
with a single water molecule was examined, this methodology -with some exceptions-
yields LogP values closer to the experimental ones. This study besides drawing atten-
tion to the importance of the inclusion of hydrogen-bonding effects, it correlates nicely
experimental and computational LogP values. Drug-like molecules bearing functional
groups similar to the ones utilized in this study —quinazoline ring- can be subjected to

this relatively simple methodology to have a priori logical LogP values.
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4.2.2. SAMPL7

In SAMPL7, there were also pK, calculations of small drug-like molecules. SAMPL7
includes two parts: LogP calculations and pK, calculations. LogP calculations were
mentioned in SAMPLG6 challenge. For pK, calculations there are many methods that
can be used by using quantum chemical tools. The physicochemical features of a drug
molecule, such as solubility, partition coefficient, hydrogen bonding ability, degree of
ionization, and protein binding affinity, are directly related to its therapeutic action.
Among these properties, ionization degree (pK,) plays a significant role for the design
of smart drug delivery systems. High degree of ionization of a drug ligand is a pre-
requisite for good water solubility, therefore high hydrophilicity, which is required for
drug-receptor interactions. Whereas, the non-ionized form of the ligand improves the
lipophilicity of a drug, and therefore, it helps the drug molecule to cross the cell mem-
brane. Thus, the penetration of a drug ligand through the cell membranes is mainly
governed by the pK, of the drug molecule and the membrane environment. On the
other hand, since the reactivity and stability of a molecule are highly dependent on
its pK,, the strength of acidity or basicity of a molecule in any solvent determines the
mechanisms of chemical reactions involving synthesis, catalysis, oxidation-reduction
and decomposition. There are many ways to calculate pK,; direct method (Eq. 4.6,
Eq. 4.7, Eq. 4.8, Eq. 4.9), thermodynamic cycles (TC1(Figure 4.10), TC2 (Figure
4.11), isodesmic calculations (Figure 4.12). In Equation 4.6, the general monoprotic
acid (HA) dissociation equilibrium reaction and the deprotonation products (H+, A-)
are shown. The pK, of the given equilibrium is the negative logarithm of the equilib-
rium constant (K,), as shown in Eq. 4.7. The standard free energy difference between
the reactants and products of the dissociation reaction given in Eq. 4.6 is related to

K, and pK, as shown in Eq. 4.8 and Eq. 4.9.

HAS H"+ A, (4.6)
_ HAT]

K, = (HA] (4.7)

AGoy = —RTInK,, (4.8)

pK, = & (4.9)

RTIn10
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Accurate and fast pK, predictions by computational methods are crucial for more
efficient drug-design. Quantum chemical approaches have been extensively used for the
prediction of pK,’s of the ligands [104-115]. Most of the methods differ in the calcula-
tion of the dissociation free energies (AG,,) of a given deprotonation reaction (Eq. 4.8).
The most straightforward theoretical approach is based on the direct calculation of the
Gibbs free energies of the equilibrium reaction of the acid in solution (Eq. 4.6). This
method, so called direct method, faces many errors about determining free energies
of these three chemical species in solution. significant errors arising from calculation
of the free energy of H. AGg,,(H') values used in the direct method vary between
—265.9 and —270.3 kcal /mol and this brings large uncertainties to the predicted values
[116]. In the thermodynamic cycle approaches, TC1 (Figure 4.5) and TC2 (Figure 4.6),
the free energy of solvation, desolvation and deprotonation of the acid species HA is

considered, where AG,, values can be calculated by:

AGog = AGyas + AAG o, (4.10)

AGgas and (AAGy) terms are calculated by ab into or Density Functional The-
ory (DFT) methods by adapting the expressions to the thermodynamic cycle con-
structed. According to the TC1 (Figure 4.5), the most commonly implemented ther-

modynamic cycle, these terms are:

AGgas - Ggas(H+> + Ggas - (A_)Ggas(HA)u (411)
ANGory = (HY) 4+ DG (A7) = ANGyoro(HA). (4.12)

The large uncertainties coming from the AGg,,HT) values in TC1 can be pre-
vented by substituting the proton Ht by HyO/H30™ pair in TC2 (Figure 3.9), in which
the AGg,s and AAG, are calculated as given in Eq. 4.13 and Eq. 4.14:

AGyas = Goas(H30T) + Gas (A7) = Ggas(HA) = Gyas(H0), (4.13)

ANGory = NGory(H30) + AG o1 (A7) — AGore(HA) — NGy (H20).  (4.14)
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HAGg _ 209 Hgy + Alg

AG, (HA) AG, . (H)  [AG, . (A)

HAg) — Hy + Al

Figure 4.5. Thermodynamic cycle 1 (TC1) where the acid HA is dissociated in its
conjugate base A” and a proton H+. AGgnand AGg,s are the free energies of
deprotonation in solution and gas phase, whereas AGy,, is the free energy of

solvation.

ﬂl'{‘-‘:I-Sljl
HAqg + HaOpug I

>H30 ) + A'qag)

ﬁGsoh'l:HA) &Gsulx'{HIO) A Gsa E\'(H 30+} A Gs.-oh'(ﬁv}

M
gas e - - " -
HAg + HyO = H;0 (o) + Ay

Figure 4.6. Thermodynamic cycle 2 (TC2) where the acid HA donates its proton H
to the water molecule to yield its conjugate base A~ and hydronium cation HsO™.
AGgom and AGyg,s are the free energies of deprotonation in solution and gas phase,

whereas AGgq)y is the free energy of solvation.

Note that in these reactions the H,O is the base and signifies a water cluster,

whereas H* (,q) and H3O™ () represent the hydrated proton product [117]. Even though
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the former is claimed to be simpler and truer than the latter, both models are widely
used for pK, calculations. The isodesmic reaction scheme for pK, calculations, is based
on a reaction between an acid (HA) and the conjugate base of a reference molecule
(B) with an experimentally known pK, as shown in Figure 3.10, whose equilibrium
constant is described in Eq. 4.10. In the isodesmic reactions the types of bonds that
are made to form the products are the same as those which are broken in the reactant.
The pK, of acid HA relative to pK, of reference molecule HB is calculated by Eq. 4.11.
Since in the isodesmic method, only the free energies of the reactants and products
in solution are calculated, the errors due the gas phase calculations are cancelled and
as a result more accurate pK,’s are obtained. The protonation/deprotonation process

occurs in similar environments in molecules A and B

_ A8
Keq = mm)
pK,(HA) = £Ssan 4 [ (HDB),

(4.15)
AGsoln = Gsoln(HB> + Gsoln<A_) - Gsoln<HA>Gsoln(B_)7

HA(aq) + B;q AGSOZ” A;q + HB(aq).

In SAMPL7, six data set groups have been proposed based on their backbone
structures: N-acylsulfonamides in Group I, oxetane, thiethane, S+0O- and SO,derivatives
of sulfonamides in Group II and heterocyclic sulfonamides in Groups III and IV as

shown in Figure 4.8.
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