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ABSTRACT

Computational rational drug design is a useful tool, both in testing the efficiency of
already known molecules, and in designing new drugs. Typically, drugs act on
specific target compounds, such as proteins, DNA, or lipid bilayers. Based on the
functionality of the AutoDock program, the proteins of SARS - CoV - 2, also known
as the coronavirus, the virus that causes the respiratory disease COVID-19, which
is responsible for the pandemic that we are experiencing to this day, were
examined. During the molecular binding experiments, specific algorithms and
evaluation functions are used in order to study the strength of the binding score
with the receptor, as well as the type of interactions. AutoDock is a program that
uses a set of algorithms to solve specific problems. Such algorithms are the Monte
Carlo Simulated Annealing (SA), Genetic Algorithm (GA), and the hybrid local
search GA algorithm, also known as the Lamarckian Genetic Algorithm (LGA).
Molecular binding experiments in the protein receptors using sartans and their
analogues and derivatives of curcumin were performed using AutoDock, in order
to better understand their mechanism of action. This was followed by testing the
activity of known drugs, which have been used or are being studied against the
coronavirus. A total of 5 receptors were examined: a) the active site of the main
protease, b) the receptor binding site of the Spike protein, c) ACE2 after ligation
with the Spike protein, d) the B chain of the Spike protein, and e) the metallocenter
of the Spike protein. The aim was to understand whether the creation by nature of
hybrid composite forms lead in more favorable binding and the comparison

between them.

NHCs (N-heterocyclic carbenes) have become well-established ligands in
transition metal catalysis. Being 2 electron donor-ligands, like phosphines, along
with their tendency for strong o donation make NHCs a unique family of ligands.
Although the entry of NHCs into the modern organometallic and coordination
chemistry scene coincides with the introduction of the stable imidazol-2-ylidenes
by Arduengo, some of the first attempts to access complexes by trapping transient
or in situ generated NHCs started much earlier and many involved 3d base metals
including cobalt. Furthermore, NHCs are known to form strong bonds with
transition metals, thereby enhancing the stability of the complex and improving the

catalytic efficiency. The remarkable advances of N-heterocyclic carbene (NHC)
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transition metal complexes that followed their availability, have a major impact in
fundamental and applied chemistry, as documented in the rapidly increasing

number of books and review articles dedicated to these topics.

Pincer ligands are continually attracting attention owing to the unusual properties
they impart on metal centers and, therefore, on the complexes they are involved
in. These ligands and their metal complexes have assisted in the understanding of
a number of processes mediated by organometallic and non-organometallic
systems. In homogenous catalytic transformations, pincer ligands provide
improved chemical and thermal stability. These ligands also offer the ability to fine
tune the electronic and the steric properties of the metal center, thereby increasing
the scope of their applications. Non-innocent ligands sometimes play a role in
stabilizing such complexes, rendering the ‘observed oxidation-state’ of the metal
center ambiguous. Non-noble metal catalysts based on pincer type ligands are of
special interest for organometallic chemistry and organic synthesis. Next to iron
and manganese, currently cobalt—pincer type complexes are successfully applied

in a range of catalytic reactions.

Based on the above, in the present Research Thesis, two complexes of Co" with
Pincer ligands containing NHCs, were synthesized in order to study their catalytic
activity in the reduction reactions of ketones. In order to examine this reaction, two
different paths were followed depending on the Hydrogen source. In one case the
hydrogenation of ketones was carried out with the assistance of an autoclave,
which provided H. pressured gas. In the other case, i-PrOH, was used both as a
solvent and as a Hydrogen source in a transfer hydrogenation reaction. During the
development of the catalytic protocol, emphasis was placed on the efficient use of
low catalytic loading.

SUBJECT AREA: Molecular Docking, Drug Design, Organometallic
Chemistry, NHC Ligands

KEYWORDS: Molecular modeling, Drug design, SARS - CoV - 2, COVID - 19,
AutoDock, Proteins, Organometallic chemistry, Catalysis, N-heterocyclic
carbenes, Pincer ligands, Cobalt, Organometallic Synthesis,
Hydrogenation, Transfer Hydrogenation



NEPIAHYH

O uTroAoYyIGTIKOG 0OPBOAOYIKOG OXEDIATUOG OTTOTEAET £va XPAGIMO pyaAEio yia
TG00 OTOV £AEYXO ATTOBOTIKOTNTAG ABN YVWOTWYV Popiwv, 660 oTo oXedIAoUO
VEWV QOPUOKEUTIKWY OKEUAOUATWY. ZUVABWG, Ol POPHAKEUTIKEG OUTiEG OPOUV O€
OUYKEKPIPEVEG EVWTEIG-OTOXOUG, OTTWG YIa TTapddelypa Tpwreiveg, DNA
NmdIkéG dITTAOOTIRAdES. Me Bdan Tn AITOUpyIKOTNTA TOU TTIPOYPAUNATOG
AutoDock, e€etdatnkav ol TTpwTeiveg Tou SARS - CoV - 2, yVwoTOG Kal WG
KOPOVOIoG, gival 0 160G TTou TTPOKAAEl TNV avaTtrveuaTikh agBéveia COVID-19, trou
€uBUveTal yia TNV TTavOnuia, TTou BILOVOUUE WEXPI KOl ORPEPA. ZTn JIGPKEIA TWV
TTEIPAPATWY TNG HOPIOKAG TTPGCOECNG YIVETAI XPrON CUYKEKPINEVWY aAyopiBuwy
KOl GUVAPTACGEWY a&IoAdYNoNG TTPOKEIUEVOU va PeAETNOEI N 1I0XUG TNG
aANAeTTiOpaoNG Tou TTPOCOETN PE TOV UTTOB0XED, AAAG Kal TO €i00G TwV
aAAnAemdpdoewv. To AutoDock gival éva TTpoypauua To OTToio XpnOIUOTTOoIEN £va
gUvoAo aAyopiBuwv yia Tnv eTTIAUGN CUYKEKPIPEVWY TTPORANUGTWY. TETOI0I
aAyopiBuol gival o Monte Carlo Simulated Annealing (SA), Genetic Algorithm
(GA) kai o uBpIdikdg aAyopiBuog local search GA, yvwoTdg kal wg Lamarckian
Genetic Algorithm (LGA). Aie€AxOnoav TeipduaTa JopIakrg TTPOodeong HECW TOoU
AutoDock o€ TTpwTEiVIKOUG UTTOBOXEIG PE TN XPAON CAPTAVWV Kal TTApAywYwyY
TOUG, TTOPAYWYWV TNG KOUPKOUWIVNG, ME OKOTTO TNV TTANPECTEPN KATavOnon Tou
uNxaviopgou 3pdong Toug. YaTepa akoAoubnoe éAeyxog Tng OpaaTiKOTNTAG,
YVWOTWY OKEUATUATWY, TA OTTOI0 £XOUV XPNOIUOTIOINDEI f JEAETWVTAI yIa TNV
QVTIMETWITION TOU KOpovoioU. ZUVOAIKG eEeTdaTnkav 5 uttodoxeig: a) To evepyod
KEVTPO TNG KUpPIaG TTpwTedong, B) Tnv Treploxn déopeuong uttodoxéa (RBD) Tng
mpwreivng Spike, y) To ACE2 petd Tn oUPTTAEEN pe TNV TTpwrteivn Spike, 8) TV
aAucida B Tng mpwrteivng Spike kai €) To HETAAAIKG KEVTPO TNG TTPpwTEiVNG Spike.
>16X06 NTav va katavonBei v n dnuioupyia atd Tn eUon uBPIBIKWY CUVBETWY

Hop®WwV 0dnyei og popIa e euvoikr) TTPOGadean Kal n oUyKpIon YETAEU TOUG.

Ta NHC (N-e1epokukAIKG KapBEvia) £xouv Yivel KaAd £dpalwPévol UTTOKATAOTATEG
oTnVv KOTaAuon pe XprAon METAAwYV PeTATTTwoNnG. To yeyovog OTi givar dOTeG 2
NAEKTPOViWY, OTTWG O PWOPIVEG, 0 OUVOUATUS PE TNV TACN TOUG yIa I0XUpPr O
doTIKOTNTA, KaBIoToUV Ta NHCs pia povadiki oikoyévela uttokataoTatwy. MNapdAo
mou n €icodog Twv NHC otn olyxpovn opyavoueTaAAIKA XnUEia Kal xnueia

OUVTOVIOUOU CUUTTITITEI JE TNV EI0AYWYT TWV OTABEPWV IHIBAJOA-2-UNIBEVIWY aTTd



Tov Arduengo, PEPIKEG aTTO TIG TIPWTEG TTPOCTTABEIEG OUVOEONG CUUTTAOKWY PE TV
Trayideuon TTapodIKwV 1 £TTi TOTTOU TTapayouevwy NHCs ekivnoav TToAU vwpitepa
Kal TTOAANEG oupTtrepINdupBavay  3d  péTaAAa, ouptTEpIAAPBavVOUEVOU  Kal TOU
KoBaATtiou. EmmAéov, eival yvwotd 6T o NHC utrokaTtaoTtdreg oxnuati¢ouv
I0XUPOUG BEGUOUG PE Ta HETOAND PETOTTITWOEWG, EVIOXUOVTAG £T01 T OTOBEPOTNTA
TWV CUPTTAOKWY Kal BEATILWVOVTAG TRV KATOAUTIKN Toug atrodoaorn). H agloonueiwtn
TIPO0S0G TWV CUUTTIAOKWY HE PETAANG PETATTTWONG Kal N-£TEPOKUKAIKGA KapREévia
(NHC) tou akohouBnoav, oe cuvOuaoud pe Tn dIaBecIgdTNTA TOUG, £XOUV
ONUAVTIKO QVTIKTUTTO OTn BgPeAIdN KAl EQAPUOCUEVN XNUEID, OTTWG TEKUNPIWVETAI
aTov Taxéwg augavopevo apiBud BiIBAiwv kal apBpwv aQiEpwHEVWY O auTd Ta

B¢épara.

O1 utrokaTaoTaTEG TUTTOU Pincer TTpooeAKUOUV GUVEXWG TNV TTPOCOXT AGyw Twv
aouvABIGTWYV IBIOTATWY TTOU TTPOC0diIdoUV OTO PJETAAAIKO KEVTPO Kal, WG €K TOUTOU,
oTa CUPTTAOKO OTO OTTOIa EUTTAEKOVTAL. AUTOI Ol UTTOKOTOOTATEG KAl T AVTIOTOIXA
METAAAIKE TOuG oUPTTAOKa €xouv BonbrAcel OTnv Katavonon MIaG Oelpdg
O1adIKACIWV TTOU TTPOKAAOUVTAI ATTO OPYAVOMUETAAAIKA KAl U OPpYAvVOUETAAAIKG
OUCTAMATA. 2Z€ OMOIOYEVEIG KATAAUTIKOUG UETAOXNUOTIOPMOUG, Ol UTTOKOTOOTATEG
TOTToU Pincer mmapéxouv BeATIwpPEVN XNMUIKA Kol Bepuikr) oTaBepdTtnTa. AuToi ol
UTTOKATAOTATEG TTPOCQPEPOUV ETTIONG T duVATOTNTA PUBUICNG TWV NAEKTPOVIKWV
Kal TIG OTEPIKWYV OAANAETIOPACEWY TOU PETAAAIKOU KEVTPOU, augavovTtag £T01 TO
€UPOG TWV £Qappoywv Toug. O1 un abwol UTTOKATACTATEG PEPIKEG POPES TTAI(OUV
poAo oTn oTaBepOTTOINGN TETOIWV CUNTTAGKWY, KABIOTWVTAG TNV TTAPATNPEOUUEVN
0&eIOWTIKN KaTAoTaon Tou PETAAAIKOU KévTpou aca@r). O1 KATAAUTEG PE PN EUYEVR
METOAAQ KaI UTTOKOTAOTATEG TUTTOU Pincer mapouaidlouy 181aiTepo evalaQEPOV yia
TNV opyavoueTaAAIKr XNUEIa kal TNV opyavikr ouvBeon. EkTdg atré 1o aidnpo kai
TO payydavio, Ta oUPTTAOKa KoBaATiou - Pincer epapudfovrtal pe emiTuxia o€ pia

O€IPA KATAAUTIKWY QVTIOPACEWV.

Me Bdon Ta TTapatrdvw, oTnv TTapoUoa £pEUVNTIKA epyacia, dUo cuuTtAoka Co'' ue
utrokaTaoTaTteg Pincer mou trepiéxouv NHC, ouvTéBnkav TTpoKeIpEVoU va HEAETNOEI
N KataAuTIKr Toug dpdaon o€ avTIOPACEIG avaywyng KeTovwy. Na va eEeTaoTei auTh
n avtidpacon, akoAoubrBnkav dUo SIOPOPETIKEG TTOPEiEG avaAoya HE TNV TNy
Y&poydvou. ZTnVv TIPWTN  TTEPITTTWON N udpoydvwon Twv  KETOVWV
TTpaypatoTroinBnke Pe Tn Bor|Beia evOG AUTOKAEIOTOU, TO OTTOIO TTAPEiXE UTTO TTiEon

aéplo Ha. Ztnv GAAn TrepiTrTwaon, n i-PrOH, xpnaipotroifénke 1600 wg S1aAUTNG 660
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Kal wg TNynR udpoydvou O€ pia avTidpaon PETAPopdsg udpoyovou. Katd tnv
QvATITUEN TOU KATAAUTIKOU TTPWTOKOAAOU, BOBNKE €U@Acn OTNV ATTOTEAECUATIKN

XPnon XaunAoU KAaTaAuTIKoU QopTiou.

OEMATIKH NEPIOXH:: Mopiakn rp6odeon, ZXeS100HOG QAPUAKWY,
OpyavopuetaAAiki xnupeia, NHC utrokaraoTdreg

AEZEIZ -KAEIAIA: Mopiakn povrteAotroinon, Zxediaouog eapudkwy, SARS
- CoV - 2, COVID -19, AutoDock, NpwrTgiveg, OpyavoueTaAAiki Xnueia,
KardAuon, N -eTepokukAikoi kapBéveg, utTTokaTtaoTdTeg Pincer, KoBdATio,
OpyavoueTaAAik oUvleon, Yopoyovwaor, HETapopd udpoyovou
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EYXAPIZTIEZ

MNpwrtiotwe, Ba Bela va euXaPLOTAOW TOUG KABNYNTEG Mewpylo Bouyloukadkn, Owud
Maupopouotako Kat Avtpéa AavomouAo yla TV EULOTOCUVN TIOU HoU £8&L€av Kal ylo
TNV EUKALPLO VO EPYAOTW OTLC EPEUVNTIKEG TOUG OUASEC. Oa BEA VO TOUG EUXOPLOTHOW,
erumAéov, yla TN Bonbela Toug Kal TNV MOAUTLUN EMLOTNMOVIKA KaBodriynon Koatd tn

SLapkeLa eKMOVNONG TG MapoloaG SUTAWMUATIKAG EPYACLAG.

Baowd polo otnv ekmovnon Tng Topoloog SUTAWMATIKAC epyaciag €matfav ot
urnionolot Sdaktopeg ZaxapdmouAog Nikog, Zopund Aéavdpog, Xahkibng ZaBPag kat
JuplomoVAou AyyeAikr. Oa BN VA TOUG EUXAPLOTAOW YLl TN CUVEXN ETLOTNMOVLKN
BorBela toug, yla tnv adoyn cuvepyaacio pag oTo EpyacTpLo, KAl TAvw amd OAa yLa T

oTAPLEN TOUG.

Oa nbeha va euxopLoTHOoW Kal ta uTtoAouta péEAN Tou epyactnpiou yia To 6popdo KAlpa
KOl ylo TNV aplotn cuvepyaoio: Maptdvva Aavortoulou, Anurten MNavvomnoulo, taon
Twvn, Avttu Kamhavat, lwavva ZyouAéta, EAeava Mapwakn, @ain @povclou, Mapia

Apupwva, Mapia Man, Nwpyo Pwta kat KaAAonn Mooxofou.

TéNocg, Ba nBeAa va euxPLOTHOW TOUG TTOAU SIKOUG HOU avBpwItoug, TNV OLKOYEVELX LOU

KoL Toug dIAoug HoU, yLa TN CUVEXK UOOTAPLEN TOUG OAO AUTO To SlaoThua.
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Chapter 1: Computational study of SARS - CoV - 2
protein / ligand interactions with the aim of testing
already known molecules and designing new drugs

1.1 Introduction

1.1.1 Historical background - Genesis of Computational Chemistry

In 1928, theoretical scientists made an effort to solve the Schrédinger equation
using hand-cranked calculating machines. In the 1940s computer technology
started to develop rapidly and efficiently. With that advancement, the solutions
of elaborate wave equations for complex atomic systems began to seem more
achievable. As a result, theoretical chemists became extensive users of the
early digital computers. In the early 1950s, the first semi-empirical atomic orbital
calculations were performed. That can be considered the roots of
Computational chemistry. Later, in 1956 the first ab initio Hartree—Fock
method calculations on diatomic molecules were performed at MIT, using
a basis set of Slater orbitals followed by the first polyatomic calculations and
the first configuration interaction calculations in Cambridge computer in the late
1950s both using Gaussian orbitals. While there were several papers detailing
the use of computers in chemistry during the 1960s and 1970s, the first
companies organized to address the new areas of chemical databases and
molecular modeling were Molecular Design, Ltd. (1978) and Tripos Associates,
Inc. (1979) respectively. In the early 1970s, efficient ab initio computer
programs such as ATMOL, Gaussian, IBMOL, and POLYAYTOM, began to be
used to speed ab initio calculations of molecular orbitals as well as methods
of molecular mechanics (eg. MM2 force field). On October 5, 1981, Fortune
magazine published a cover article entitled the “Next Industrial Revolution:
Designing Drugs by Computer at Merck” (Van Drie, 2007). Some have credited
this as being the start of intense interest in the potential for computer-aided
drug design (CADD).15

The contribution of computational chemistry in several advancements (eg.
Development of drugs) has been huge throughout the decades. This resulted

not only in high impact publications but in several Nobel Prize awards as well.
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Most notably in 1998 Walter Kohn received the Nobel Prize, "for his
development of the density-functional theory”, and in 2013 John Pople, "for his
development of computational methods in quantum chemistry”. In 2013 Martin
Karplus, Michael Levitt and Arieh Warshel received the Nobel Prize in
Chemistry for "the development of multiscale models for complex chemical

systems".167

1.1.2. Fields in Computational Chemistry

Computational chemistry describes the use of computer modelling and
simulation, including ab initio approaches based on quantum chemistry, and
empirical approaches to assist scientists in solving chemical problems like
understanding the structures and properties of molecules. Examples of such
properties are structure (i.e. the expected positions of the constituent atoms),
absolute and relative (interaction) energies, electronic charge density
distributions, dipoles and higher multipole moments, vibrational frequencies,
reactivity, or other spectroscopic quantities, and cross sections for collision with
other particles. The calculations of computational chemistry can be used both
to predict the results of future experiments and to aid in the interpretation of
existing results. A useful tool in structural molecular biology and computer-
assisted drug design is molecular docking. Molecular docking has been applied
for more than three decades and thanks to its ability and its constant
development, a plethora of new drugs have been discovered and developed.
Drug discovery is all about finding small molecules that interact in a desired
way with larger molecules, namely proteins and other macromolecules in the
human body. It is the first frontier of rational design where molecular targets
have a known three-dimensional structure and is a very useful tool in drug
design. Indeed, is considered as a reference point in the rational design of
drugs as it is used to determine whether a compound can be used as an
inhibitor of a protein or not. Itis one of the most applied virtual screening
methods, especially, when the 3D structure of target protein is available. This
virtual screening can even be applied to compounds that have yet to be

synthesized, as opposed to "real" screening that requires cost- and labor-
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intensive laboratory testing with previously synthesized drug compounds. In
silico screening is becoming routine part of most modern lead-compounds
discovery programs. Molecular docking can predict both the binding affinity
between the ligand and the protein, but also the orientation of the protein-ligand

complex, which is useful information for drug optimization- 8-

1.1.3. Drug design

The first step in drug design is to understand the molecular basis of the disease
and identify the responsible macromolecule from which it is caused. Initially, the
evaluation of the biological target of the candidate drug is performed. Targeting
the drug to inhibit the action of an enzyme-protein is a crucial step. Of great
importance, is also locating and understanding the active center of the receptor
in order to make drug design more efficient. That way it is easier not only to test
the binding of already existing and well-known drugs or natural products, but
also to facilitate the synthesis of new effective substances. Knowing the tertiary
structure of the active center informs about the characteristics that a molecule
(potentially drug) must have to enter and bind to the active center (eg. lipophilia,
ionization capacity, aromatics, hydrophilicity). Achieving optimal binding energy
is the initial stage of in silico application of Molecular Binding in rational drug
design to design lead-molecules. From this process of simulations, some
molecules will be discarded as possible drugs, as they will not meet the
structural criteria to interact with the biological target. Next, the synthesis of
potential lead-compounds, as well as some of their analogues, begins, so that
their biochemical activity can be tested. In order to achieve that, various
software tools are used that simulate cellular conditions. It is therefore very
useful to utilize any computer tool that can give valid results in terms of
functionality and toxicity of a possible drug. Then, possible lead-compounds
that have passed the biochemical tests, are tested for their activity in in vitro
cell cultures and if proven successful, will then be used in in vivo experiments,

on animals and finally on humans.?-16

1.1.4. Molecular docking
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Rational design begins with the knowledge of the molecular basis of the disease
and its mechanism, as well as the receptor responsible for its manifestation.
This receptor (target) is a biomolecule that is associated with or contained in a
metabolic or biomarker pathway related to a specific disease. There are several
models that describe the relationship of a receptor to a ligand besides the lock-
key model. According to this model, which was proposed by Fischer, the
receptor is the lock, and the key is the ligand which fits into the active center of
the receptor like the key in the lock. In terms of molecular docking, the initial
methods were based on the lock-key model and the ligands were treated as
rigid structures. Later, the induced fit hypothesis proposed by Koshland
changed the data because it exorcised the lock key model. In this model it is
assumed that the binding of a ligand to the active site of an enzyme or protein
leads to a change in the modulation of the site of action or ligand or both. This
theory led to the conclusion that during molecular binding the ligand and
receptor should be treated as flexible structures and molecular docking is based
on that. Molecular modeling is an important tool in the development and design
of new drug molecules. The development of algorithms and software that
predict the molecular binding of small molecules to receptors is a strong
advantage of computer techniques. Molecular docking is a computational
method of prediction of the preferred orientation of a molecule when it binds to
another molecule, as well as the calculation of its binding affinity. Knowing the
preferred orientation of a molecule can be useful to predict the strength of the
binding between two molecules. The term molecular docking refers to the
algorithm used to predict whether a compound can bind to the active or
allosteric center of a protein as well as to determine the interactions of the
compound with the amino acids of the active or allosteric center. These
interactions are provided quantitatively by the software as a difference in the
free energy during the binding (scoring function). Through these in silico
experiments it is possible to visualize the interactions between molecules at the
atomic level, allowing the evaluation of the chemical behavior of the ligands at
the active site of a receptor as well as the elucidation of important biochemical
processes. On the other hand, when the location of the active site is not known,
either other programs can be used to determine it (eg. Grid, Pocket.), or a

molecular binding experiment takes place throughout the structure of the
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protein (blind docking). The search algorithm in molecular docking, as its name
implies, looks for various configurations and orientations of the ligand in the
active center resulting in different poses. Over time, different search algorithms
have been developed that meet the necessary criteria in order to predict the

configurations that a potential drug will have and are available to program
users_10,12,17—20

Substrate
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Figure 1: The induced Fit Hypothesis (top) compared to the Lock & Key Hypothesis
(bottom) %

Of course, it should be outlined that there are many experimental techniques
that give information on the binding of a substrate to the receptor. An example
is the Nuclear Magnetic Resonance Technique, “Saturation Transfer Diffusion”
(STD). These experimental techniques complement theoretical calculations

and sometimes guide them.

1.1.5. Autodock
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AutoDock is a "package" of molecular binding tools and was designed to
determine how three-dimensional small molecule structures bind to the active
site of a receptor. This software contains a variety of search algorithms, as well
as a scoring function based on an extended range of forces. Both AutoDock
and Vina are currently maintained by Scripps Research, specifically the Center
for Computational Structural Biology (CCSB) led by Dr. Arthur J. Olson and
were initially released in 1989. The objective of AutoDock is to perform fast and
accurate molecular docking. This software is especially effective for protein-
ligand docking: the prediction of the position and orientation of a small molecule
when it binds to a protein or enzyme. This method is particularly useful in
screening virtual libraries of molecules in order to obtain clues about which of
them are promising for further drug development. It also allows researchers to
determine a compound’s orientation when it binds to a target protein, and to
calculate its affinity and level of activity with this target protein. As a result
Autodock tools is an asset to drug discovery. 22-25

AutoDock is a free access software and its ease to use. It is designed to
determine how three-dimensional small-molecular structures bind to the active
center of a receptor and is especially effective for protein-ligand docking. This
software contains a variety of search algorithms, as well as a scoring function
based on an extended force field. Below is the extended force field scoring
function used by AutoDock software. For two atoms i and j, the energy in pairs
is calculated from the sum of the energy of the Van der Waals forces, the
hydrogen bonds, the Coulomb energy and the dissolution. The terms "W" of the

equation are weighted factors for calibrating the empirical free energy. 232
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Figure 2: Extended force scoring function used by AutoDock software 23 26

AutoDock uses the Lamarckian Genetic Algorithm as the primary search
algorithm. Initially, a population of experimental configurations is created and

then those with the lowest binding energy are selected. It also allows the
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incorporation of intramolecular energies into the intended free binding energy.
The Lamarckian is an additional feature in this search algorithm, which allows
individual configurations to search for their own configuration space, find the
local minimums and then transmit the information to the next generation.
AutoDockTools is the graphical interface of AutoDock. It facilitates the
formatting of registered files, using a set of methods that lead to protonation,
load calculations and the determination of the rotating bonds of the ligand and
receptor. The two main tools of AutoDockTools are Autogrid and Autodock. The
first computes the grids (the grid refers to the energy interaction space for
different types of atoms), using parameters based on the force field, which
describes the receptor or the active center of the receptor. In essence, the
program generates a file containing a set of maps, atomic type maps for each
receptor atom, a resolution map, an electrostatic map and a map for each type
of ligand atom. Autodock then performs the molecular binding of the ligand to
the grids that have been created and then a file that contains parts of the

intramolecular energy force field is generated.%27:28

1.1.6. COVID-19 and SARS-CoV-2

In December 2019, the World Health Organization (WHO) was informed about
an outbreak of pneumonia in Wuhan, Hubei Province, China, and the etiology
was not identified and now has spread worldwide and turned into a global
pandemic known as COVID-19. On January 30, 2020, WHO declared that
COVID-19 was discovered to be caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and on the same month, the Center for
Disease Control and Prevention (CDC) received a clinical specimen collected
from the first reported U.S. patient infected with SARS-CoV-2. CDC
immediately placed the specimen into cell culture to grow a sufficient amount
of virus for study. Then the SARS-CoV-2 genetic sequence data was shared
through the global database on sharing avian influenza data (GISAID), and by
19 March, the global pharmaceutical industry announced a major commitment
to address COVID-19. As of April 2021, 17 vaccines are authorized by at least

one national regulatory authority for public use: two RNA vaccines (Pfizer —
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BioNTech and Moderna), eight conventional inactivated vaccines (BBIBP-
CorV, CoronaVac, Covaxin, CoviVac, COVlIran Barakat, Minhai-Kangtai and
QazVac, WIBP-CorV), five viral vector vaccines (Sputnik Light, Sputnik V, O
AstraZeneca, Convidecia, and Johnson & Johnson), and two protein subunit
vaccines (EpiVacCorona and RBD-Dimer). In total, as of March 2021, 308
vaccine candidates are in various stages of development, with 73 in clinical
research, including 24 in Phase | trials, 33 in Phase | — Il trials, and 16 in Phase
Il development. Although the development of these vaccines is a huge
scientific achievement that happened in a short time, the discovery of useful
drugs that can prevent the virus from entering and growing in the human body

and spreading is an urgent need.?9-32

1.1.7. The coronavirus family

Bioinformatic analyses showed that SARS-CoV-2 had characteristics typical of
coronavirus family and specifically it belongs to the betacoronavirus 2B lineage.
Coronaviruses (CoVs) are a group of related viruses that can cause respiratory
tract infection in humans ranging from mild symptoms to lethal outcomes.
Features that are in common among these groups of coronaviruses are their
large RNA genomes (26-35 kb). In addition, they have a highly conserved
genomic organization with a large replicase, that precedes the structural and
accessory genes, expression of non-structural genes. This is achieved by
ribosomal frameshifting, unique enzymatic activities encoded within the
replicase polyprotein, and expression of downstream genes by synthesis of 3’
nested mMRNAs. Until now, there are seven genera of CoVs that are known to
infect humans. Coronaviruses are large, enveloped, positive-stranded RNA
viruses, responsible for infecting a wide variety of mammalian and avian
species. The genome of CoVs (27-32 kb) is a single-stranded positive-sense
RNA (+ssRNA) which is larger than any other RNA viruses. The nucleocapsid
protein (N) formed the capsid outside the genome and the genome is further
packed by an envelope which is associated with three structural proteins:
membrane protein (M), spike protein (S), and envelope protein (E). The S
protein consists of subunits S1 and S2, responsible for the attachment and

membrane fusion, respectively. These viruses contain spike-like projections of
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glycoproteins on their surface, which appear like a crown under the electron

microscope; hence, they are referred to as coronaviruses. 3334

Figure 3: Structural anatomy of SARS-CoV-2 *
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Figure 4: Structure of the SARS-CoV-2 S protein. a) Schematic representation of the
SARS-CoV-2 spike. b—c) Closed and opened status of the S protein RBD. d) The S
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protein binds to ACE2 with opened RBD in the S1 subunit. e) The six-helix structure
formed by HR1 and and HR2 of the S2 subunit. 333*

1.1.8. ACE2 mechanism

Angiotensin-converting enzyme 2 (ACEZ2) is not only an enzyme but also a
functional receptor on cell surfaces through which SARS-CoV-2 enters the host
cells. Angiotensin 2 is a component of a hormonal complex called the renin-
angiotensin-aldosterone complex (RAAS). Specifically, renin is an enzyme that
is secreted by the parasympathetic cells of the corresponding kidney function.
Once renin is released into the bloodstream, it breaks down a small
polypeptide, Angiotensin I, from a large plasma protein complex called
angiotensinogen, which is produced by the liver. Angiotensin | then undergoes
further degradation and the active agent of the system, Angiotensin II, is
formed. Angiotensin Il exerts many effects but the most important are the
secretion of aldosterone and the contraction of arteries. In addition to the direct
vasoactive effects that indirectly increase mean arterial Angiotensin Il increases
cardiac contractility, reduces renal plasma flow and thus increases sodium
reabsorption and the vasopressin agent in the kidneys and in the Central
Nervous System and stimulates the sensation of thirst. The main role of ACE2
is the degradation of Ang Il resulting in the formation of Angiotensin 1-7 (Ang
1-7) which opposes the actions of Ang Il. Not surprisingly, current therapeutic
strategies for ACE2 involve augmenting its expression using ACE2
adenoviruses, recombinant ACE2 or compounds in these diseases thereby
affording some organ protection. The ACE2 receptor has been targeted by
other viruses in the past. Results indicate the closest relationship of SARS-
CoV-2 with the bat SARS-like coronavirus strain BatCov RaTG13, with an
identity of 96%. These studies suggest that SARS-CoV-2 could be of bat origin,
and SARS-CoV-2 might be naturally evolved from bat coronavirus RaTG13.
SARS-CoV-2 shares genetic and physical characteristics with other recent
viruses including SARS-CoV and MERS-CoV making it the third zoonotic

human coronavirus of the century. 3%.36-38
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Figure 5: Renin — angiotensin — aldosterone system (RAAS): ACE / ACE2 balance,
pathophysiological mechanisms, and the impact of the RAAS blockers (ACEi and
ARBSs). ACEi, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor
blockers

1.1.9. Insertion of SARS-CoV-2 in cells

SARS-CoV-2 is the novel virus that causes the COVID-19 disease. It is
important to understand the receptor recognition mechanism of the SARS-CoV-
2, which determines the infectivity, host range, and pathogenesis of the virus.
The virus surface is covered with spike proteins, which mediate SARS-CoV-
2 entry into cells. In the native state, the CoV Spike (S) protein exists as an
inactive precursor. During viral infection, target cell proteases activate the S
protein by cleaving it into S1 and S2 subunits, which is necessary for activating
the membrane fusion domain after viral entry into target cells. To fulfill its
function, SARS-CoV-2 S protein binds to its receptor human ACE2 (hACE2)
through its receptor-binding domain (RBD) and is proteolytically activated by

human proteases. The ACE2 receptor exists in abundance on the surface of
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lung cells and is a target for SARS-CoV-2 virus. ACE2 proteins are important
to enzymatic functions, influencing blood flow to the organs such as lungs, heart
and kidneys. The combination of immune evasion and high infectivity may
contribute to the wide spread of SARS-CoV-2. SARS-CoV-2 causes ACE /
ACE2 balance disruption and RAAS activation, which leads ultimately to
COVID-19 progression, especially in patients with comorbidities, such as
hypertension, diabetes mellitus, and cardiovascular disease. The life cycle of
coronaviruses begins when the virion binds to the host cell receptor via its Spike
protein S1 subunit. The S protein, protruding from the virus, attacks ACE2
receptors to gain access to the interior of the human cell where they can
replicate. When the virus connects with the ACEZ2, it is speculated to reduce the
enzymatic functions of the ACE2. After receptor binding, the virus gains access
to the cytosol by acid-dependent proteolytic cleavage of the S protein into S1
and S2 subunits by a protease, followed by S2-assisted fusion of the viral and
cellular membranes. After release of the viral genome, the replicase is
translated from the genomic RNA and then viral RNA synthesis follows with the
assembly of viral replication-transcription complexes. The viral structural
proteins (S, E, and M) are translated from the RNA, insert into the endoplasmic
reticulum and move to the endoplasmic reticulum-Golgi intermediate
compartment (ERGIC). Multiple copies of the nucleocapsid protein (N) pack
genomic RNA into helical structures (riboncleoprotein complexes) in the
cytoplasm and interact with hydrophobic envelope protein (M protein) in the
ERGIC that serve to direct assembly of the virion. Virions budded from the
membranes of the ERGIC are then transported via the constitutive exocytic

pathway out of the cell. 31.36.38-40
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Figure 6: SARS-CoV-2 life cycle: from binding to ACE2 receptor to shedding +*

1.1.10. Remdesivir, Chloroquine / Hydroxychloroquine, Cholecalciferol
(Vitamin D) against COVID-19

Remdesivir is an antiviral agent, which was first used for the Ebola pandemic
in 2014 that broke out in Africa and is now used as a medicine against the
SARS-CoV-2 infection due to the new coronavirus. Its most popular adverse
effects are nausea, vomiting and transaminitis (sudden increase in liver
enzymes). This compound should only be used in hospitalized patients in need
of oxygen therapy and is inserted via intravenous (IV) injection or infusion. The
total duration of treatment should be at least 5 days and not more than ten days.
Based on in vitro experiments against SARS-CoV-2, as well as SARS-CoV and
MERS-CoV it seems that it is quite effective against coronaviruses, that's why
it is currently in use. It is worth noting that Remdesivir is co-administered with
Dexamethasone and has better results than monotherapy but there is reduced
antiviral activity  when co-administered with chloroquine or

hydroxychloroquine.*?-45
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As remdesivir invades the human cell it is converted to its active form GS-
441522. Its active form is a nucleotide analogue of adenosine without a
phosphate group (C-adenosine). This results in RNA-dependent RNA
polymerase (RDRP) incorporating the active form of remdesivir into the viral
RNA and inhibiting the viral replication process as the protein contacts the
corresponding strand of the viral RNA chain. In addition the viral RNA normally
produces 3’-5’ exoribonuclease (ExoN), which is a protein that detects and fixes

problems in the viral RNA strands, but remdesivir overcomes the ExoN activity.

45,46
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Figure 7: The mechanistic pathway of remdesivir against SARS-CoV-2 4

Another frequently used combination of drugs is chloroquine /
hydroxychloroquine. They are 4-aminoquinolone derivatives and antimalarial
drugs, but also have immunomodulatory effects. In contradiction to remdesivir,
these drugs are administered orally, but in small amounts due to their increased
toxicity. Hydrochloroquine is an alternative to chloroquine for the prevention of
very large volume of distribution and is concentrated in erythrocytes, liver,
kidneys, lungs, melanin-containing tissues in leukocytes. They also enter the
CNS and penetrate the placenta, where they are dealkylated by certain
metabolic pathways of the liver. In terms of their side effects, the main ones are

gastrointestinal disorders, rashes, headaches, and vision problems. It should
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be noted and used with caution in patients with hepatic impairment, severe
gastrointestinal problems or neurological disorders and should not be used in
patients with psoriasis or porphyria. In Greece, this combination is no longer
administered to patients. However, regarding their mechanism in the treatment
of SARS-CoV-2 infection, these molecules inhibit the multiplication of the virus

in three potential ways:

1) Increasing the pH in the lysosome, because of their alkaline nature and
inhibition of the proton pump function (vVATPase) thus inhibiting the process of

endocytosis

2) Chloroquine has the ability to transfer zinc to the human cell which binds to
RNA-dependent RNA polymerase and inhibits the above enzyme which is

necessary for the transcription of viral genetic material.

3) They can bind to sialic acid and release it next to the ACE2 receptor. This
causes the viral protein to bind to the sialic acid and not to the ACE2 receptor,

a process that marks the onset of viral endocytosis. 42:43:48:49

Also, vitamin D3 has been shown to decrease risk of respiratory infections and
/ or the severity of respiratory infections. In addition, Vitamin D3 insufficiency is
associated with increased susceptibility to some infections. For example, that
phenomenon is prominent in the acute respiratory tract infections, that is why,
it is important to test vitamin D as a preventative measure. Vitamin D is a fat-
soluble vitamin, involved in calcium homeostasis and in immune system
modulation. Specifically, Vitamin D3, also known as cholecalciferol is the form

made naturally by the body in response to sunlight.%°

Vitamin D receptors are present in many immunological cells (i.e. in B-cells, T-
cells, macrophages and dendritic cells). By activating those receptors, Vitamin
D modulates innate and adaptive immune system function, by regulating the
immune system proteins. These proteins have antibacterial, antiviral and

antifungal properties.5!

That way, Vitamin D reduces the cytokine storm (cytokine release syndrome)

that can cause increasing morbidity and mortality in respiratory infections.
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Also, Vitamin D reduces T helper cell inflammatory cytokine production. 52

In addition, its supplementation modulates levels of interleukins. 52

An additional drug used to treat respiratory infections and complications
caused by the modern coronavirus is tocilizumab. Tocilizumab is the first
marketed interleukin-6 (IL-6) blocking antibody through targeting IL-6
receptors and has proved its safety and efficiency in therapy for rheumatoid
arthritis. The First Affiliated Hospital of University of Science and Technology
of China and Anhui Fuyang Second People’s Hospital were recruited and
given tocilizumab therapy. From the 21 patients, who were treated
tocilizumab, 20 patients have been recovered and discharged within 2 weeks
and the other patient was discharged a little later. In addition, no adverse
effects were reported during the treatment with tocilizumab. It is known that
when virus cells infect the respiratory system, the body's immune response
is activated by the defense cells. This results in the secretion of an
abundance of cytokines and the development of hyperinflammatory
syndrome. The products of inflammation settle on the cells of the pulmonary
parenchyma, resulting in the obstruction of gas exchange in the alveoli and
the formation of ARDS (acute respiratory distress syndrome). More
specifically, when the defense cells are activated, the T lymphocytes
produce the granulocyte macrophage colony stimulating factor (GM CSF)
and the interleukin-6 proteins necessary for the arrival of the rest of the cells.
Tocilizumab is a monoclonal antibody that binds to interleukin 6 receptors
thus blocking the hyperinflammatory syndrome caused by cytokine

hypersecretion and is responsible for ARDS and multiorgan failure.>455
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Figure 8: Tocilizumab calms the inflammatory storm through blocking IL-6 receptors
54

Lastly, in some patients of COVID-19, doctors use Dexamethasone. Cortisone
(Dexamethasone) is a pregnane (21-carbon) steroid hormone. It is a
naturally-occurring corticosteroid metabolite that is also used as a
pharmaceutical prodrug. Normally, it is used to reduce swelling and / or
inflammation caused by many different conditions such as allergic disorders.
It was tested in hospitalized patients with COVID-19 in the United Kingdom’s
national clinical trial RECOVERY and was found to have benefits for critically
ill patients. According to that survey, at 2104 patients were administered 6
mg of Dexamethasone. To the patients, who were in need of ventilator or
mechanical assistance, the mortality rate was decreased from 41% to 28%
(Figure 9). Also, Dexamethasone was shown to reduce mortality in
hospitalized patients with COVID-19 who required supplemental oxygen
from 25% to 20%. A percentage of the patients with COVID-19 can develop
a systemic inflammatory response that can lead to lung injury and multisystem
organ dysfunction known as ARDS. As a result, the levels of inflammatory
markers like CRP and ferritin d-dimer increase, due to the inflammation
caused by interleukin-6, which is a driver of inflammation in the body. Based

on the anti-inflammatory effects of corticosteroids, they might prevent or
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mitigate these deleterious effects. The timing is the most important aspect to
be considered. If Dexamethasone or other corticosteroids are administered
when the virus is highly replicating in the body, then the virus replication can
be increased and expedited. On the other hand, if the virus is at its peak,
then the patients could end up with severe ARDs. So, the administration
should be between those periods. Also, steroids should be avoided if the
patient has another infection simultaneously or high blood sugar. This drug’s
cost is relatively low, so it could be a potential cure for the symptoms in

developing countries as well. 56
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Figure 9: Mortality over 28 days for 1007 COVID-19 patients on mechanical
ventilation at time of randomization: 324 patients who received dexamethasone (red)
compared to 683 who received standard hospital care (black) 7
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1.2. Experimental section

1.2.1. Molecular Docking

In the present research work, the AutoDock software was used for the
molecular docking calculations and more specifically the Lamarkian-Genetic
algorithm. The process will be described in detail later in the chapter. The X-
ray crystal structures of Main protease (PDB ID: 6LU7) and spike protein (PDB
ID:6LZG) were downloaded to the AutoDock program for study from the RCSB
PDB (Protein Data Bank) database. The crystal 3D structure of the following
compounds was retrieved from PubChem database. “Auto-Dock Tools” were
used to prepare, run, and analyze the ligands under study using docking

simulations. Plip and PyMOL software were then used to visualize the results.

58,59

1.2.2. Preparation of ligands

Docking is a reference point for computational drug design as it is used mainly
to define if a compound could be an inhibitor to a certain protein or not. In fact,
docking is a successful approach for identifying potential effective molecules
with Drug likeliness. It is important to mention that docking can be restrictive
due to the fact that flexibility of both protein residues and docked ligand are
partially ignored, hence the ranking and ordering of the compounds only by their
corresponding docking scores may not potentially lead to the identification of
potential drugs. On the other hand, molecular docking studies give an initial
insight into protein-ligand interactions and as a result it is always helpful to test
the compounds beforehand using dynamical studies such as molecular
dynamics (MD) simulations before performing in vitro or in vivo experiments
Taking into consideration the cost and effort for drug design and production it
became necessary to also use computational chemistry techniques that will

reduce the probability of failure. 2:26:60

The potential COVID-19 inhibitors studied were designed in the ChemBioOffice

program suite. Initially, their two-dimensional structures were designed in
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ChembDraw, and then, using the Chem3D program, their three-dimensional
structures were identified. In addition, using the same program, their energy
was minimized. A MM2 forcefield was used to minimize energy. In some cases
the total energy of the potential ligands was minimized efficiently using Maestro
MacroModel 10.8, where all hydrogens were added and molecules were
subjected to complete structure minimization. For the minimization, water was
chosen as a solvent, OPLS3 force field and the algorithm Polak-Ribiere (PRCG,
convergence value 0.01 kcal mol™t A1) were used. Since the ligands that we
tested are not peptides, Gasteiger charge was assigned and then the non-polar
hydrogens were merged. AutoDock requires pre-calculated grid maps, one for
each atom type, present in the ligand being docked as it stores the potential
energy arising. This grid must surround the active site of the macromolecule for
the binding energy score to be as close to the reality as possible.26:27:61.62

1.2.3. Preparation of proteins

As mentioned earlier, two protein molecules, were studied using the AutoDock
program. In both cases, the molecules were used as provided by the
"ProteinDataBank-PDB" database. The spike-ACE2 complex was examined in
the metallocentre of the ACEZ2, in the active site of the ACE2, in the RBD
(Receptor-Binding Domain) and the general core of the spike protein. Their
crystallized structures were processed in AutoDock and the process is
described later in the chapter. The main protease (Mpro) molecule has PDB ID:
6LU7, while for the complex of the spike protein and the ACE2 has PDB ID:
6LZG. At first Kollman (or Gastgeiger which was used only for the metallocentre
of the spike protein) united atom charges, solvation parameters and polar
hydrogens were added to the receptors / proteins in order to prepare them for
the docking. Then all hydrogens were added before computing Kollman (or

Gastgeiger) charge and subsequently the non-polar hydrogens were merged.2®

1.2.4. Validation of target protein-ligand complex structures
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Autodock 4.0 methodology was validated with the respective co-crystallized
ligands of target proteins not only to ensure the virtual screening process but

also to compare the effectiveness of the compounds.

Main protease aka 3CLpro was tested with its co-crystalized inhibitor N3 (n-[(5-
methylisoxazol-3-yl)carbonyl]lalanyl-I-valyl-n~1~-((1R,2Z)-4-(benzyloxy)-4-oxo-
1-{[(3R)-20xopyrrolidin-3-ylJmethyl}but-2-enyl)-l leucinamide) which is a
Peptide-like / Inhibitor. In the case of the spike protein is co-crystalized with
non-standard biopolymers (4 molecules) that served as stabilizing agents.
Those molecules in detail are 2-acetamido-2-deoxy-beta-D-glucopyranoses in
both chain A and B. 3963

Every molecule except the protein is removed before each run. Each of these
compounds was docked to the 6LU7 and to the 6LZG structures, using
Autodock 4.0 with full ligand flexibility. For both structures, the docking was
applied initially in the whole protein using blind docking to determine where the
ligand is forming bonds with the protein and later repeated by focusing on the
part of the protein where the ligand is bound, using the flexible residues

method.26:27

1.2.5. Visualization of Results

After the end of the calculations, the Autodock, Plip and PyMOL programs were
used, in order to visualize the results, so that the connection between the
molecules (ligand / receptor) could be understood. The developed pictures do
not show the Autodock bonds. On PyMOL, the strong hydrogen bonds are
shown as yellow straight lines, and the various types of interactions shown
using Plip, follow the indication bellow (Figure 10). It is also important to note
that in these pictures the carbon atoms are green or cyan, the oxygen atoms
are red, the nitrogen atoms are blue, the phosphorus atoms orange and the

zinc and pseudo zinc atoms are dark grey.5465
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Figure 10: Depiction of the various protein-ligand interactions, according to Plip.

1.2.6. AutoDock - User Guide / Experimental Procedure

AutoDock was used via the AutoDock Tools (GUI: Graphica IUser Interface).
Both AutoDock and the other programs used in the study are installed on
Windows 10. AutoDock has many applications, but in this work, it was used to
study molecular docking in protein / ligand systems. All the molecular docking
experiments were performed three times for each ligand in each receptor and
the average values for the binding affinity and inhibition constant were
recorded. The deviation of each compound was around +0.5 both on the
binding energy as well as in the inhibition constant and the procedure followed
is described below step by step. In detail, we are going to describe the steps
for an accurate molecular docking for the 3CLpro (which are the same for the

spike protein). In this case the receptor is a protein with a known active site.
22,27

Molecular docking
Open ADT (AutoDockTools) by clicking the appropriate icon on the desktop.

o Define "work folder" (startupdirectory)

t File » Preferences? Set Y Make Default I
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At this point a specific folder is selected, where all the files generated by the
program (output files) are saved. The files to be imported into the program
should also be saved in this folder. In this folder also, the files that will be

inserted into the program (inputfiles) should be saved, beforehand.

The introduction of the three-dimensional receptor structure (Mpro) in the
program can be done in two ways but we only chose to import a saved 3D

structure to the computer.

File > Read Macromolecule

Preparation of the receptor

o Deletion of waters: before calculating the molecular docking, the waters

that have co-crystallized with the molecule are deleted.

t Edit } Delete Water I

e Deletion of molecules not useful for computation (heteroatoms): deletion

of the molecule that has co-crystallized with the protein in the event that
the protein molecule is downloaded to the program from the Protein Data

Bank, having another molecule bound to its active center.

e Addition of hydrogens in order to properly operate the program force

field.
! Edit Hvdrogens) Add Y OK I

¢ Addition of charges to the receptor molecule is an important step, as the

scoring function contains electrostatic contributions.

Edit > Charges) Compute Gasteiger
Compute Kollman
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e Selecting polar hydrogens and deleting the rest, polar hydrogens are the

ones that form hydrogen bonds between molecules and are therefore

t Edit > Hydrogens) Merge non Polar I

e Save the processed receptor structure to be used for molecular docking

! File D Save 2 Write “___.pdbqt” I

Insertion and preparation of the ligand in the program.

useful.

next.

¢ Insert the ligand by selecting the appropriate file, either as a .mol2 or a
.pdb file
e Save the ligand to another file format (.pdbqt), this file will be used by

the program to determine the ligand configurations

Ligand > Output) Saveas “___.pdbqt"

Preparation of the Grid Box

¢ In this step, the area (grid) where the co-crystallized molecule was or a
potential ligand will be located, is prepared. In this case the region was
defined based on the coordinates of the amino acid CYS 145, which
according to the literature is included in the active center of the protein.

e Select an atom belonging to the amino acid CYS 145 (for example O),
following the steps mentioned earlier.

e Open the CovalentGridParametersTab tab and select the
"UseselectionforAttachmentAtom" box. In this way, the x, y and z

coordinates show the values of the coordinates of the selected atom.

The GridBox tab sets the values for the GridBox dot number as follows:
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e Set the dot distance to 0.375 A (default)
e Define the center of the grid using the coordinates obtained from the

previous step:

X =-10.450
Y =11.928
Z =69.963

For the spike protein the size of the grid box was the same and the coordinates

for each case are the following:

Coordinates Protein / Receptor
Chain A Chain B RBD Metallocenter
X -25.56 -35.30 -39.34 -25
Y 0.39 21.725 29.11 12
z -39.03 26.612 9.25 -18

Table 1: The coordinates for each receptor/protein for the grid box

e Save the grid parameters before closing the tab.

t File > Close saving current I

Preparing the "AutoGrid Parameter file (.gpf)".

AutoDock does not use the receptor directly in the molecular docking
calculation process, but a set of maps generated by the program and stored in
the .gpf file. This set of maps includes a map for each type of atom and two

more, a resolution map and a map of electrostatic interactions. Therefore, the
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resulting map types depend on the ligand, and so AutoDock prepares an energy

grid for each atom in the ligand.

Macromolecule selection: in this step the molecule to be selected as a receptor

is saved as a .pdbqt file.

t Grid ) Macromolecule} Choose ) 1BNA ) Save I

Ligand selection: the selected structures of the desired ligand.
t Grid » Set Map Types 2 Choose Ligand I

Import "Parameter Filename Library" parameter library: the program will use

individual parameters contained in this file in order to optimize the accuracy of

the calculation.

"AD4.1_bound.dat" file: This file contains various force field parameters, such

as van der Waals parameters.

Save the AutoGrid (.gpf) file: this file contains information about the

intermolecular aspects of the force field.

t Grid @ Output > Save GPF 2 “name”.gpf ¥ Save I

Run AutoGrid4

e Select the "Run AutoGrid" key to run AutoGrid. Pressing Launch The

t Run 2 Run AutoGrid I

o Define the program pathname: select the file that the program needs to

program runs.

run.

43



Set Programm Pathname )} Browse ) The
Scripps Research Institute } AutoDock) 4.2.6)

autogridd

h 4

¢ Define the file that the program will use to run AutoGrid (.gpf).

Set Parameter Pathname )} Browse} Choose)
“_gpf” file

h 4

Pressing Launch the program runs.

e Prepare the configuration file for AutoDock4
e Macromolecule selection: the receptacle file saved earlier during the

preparation of the AutoGrid file is selected.

Docking ) Macromolecule)) Set Rigid ‘
Filename® “_.pdbqt” ‘

Ligand selection: sorting of the structures to be used in the calculation of the
molecular docking. At this point a window opens in which the parameters of the
ligand can be adjusted. At this point a window opens in which the parameters
of the ligand can be adjusted, in this experimental procedure they were set "by

default", (i.e. automatically).

Accept

Docking ¥ Ligand » Choose) Select Ligand » ‘

Search Algorithm: selection of the appropriate algorithm for the respective
calculation. As before, a window opens from which the algorithm parameters
can be configured. The genetic algorithm was chosen here. To obtain the most
accurate result, we increased the population size to 175 as well the maximum

number of evals to 5000000. By using a population of 175, as specified by the

44



'ga_pop_size' parameter, means that in every generation, there will be 175
energy evaluations to compute the fitness of all the members of the population.
AutoDock stops a docking if either the maximum number of evaluations or the
maximum number of generations is reached, whichever comes first. In this
case, the docking is terminated based on reaching the maximum number of
energy evaluations, namely 25 million evals, since there are fewer than 27000
generations in these runs. In order to avoid that and based on our increased
number of torsions to 5000000, it is helpful to increase the population to 175 as

well.

Number of evals=50000000 » Accept

Docking» Search Parameters ¥ GeneticAlgorithm > ‘

Molecular docking parameters: adjustable according to the experiment. Here

they were set automatically (by default).

Accept

} Docking » Docking Parameters»

Importing the parameter library: the program will use individual parameters
using the file AD4.1_bound.dat contained in this file in order to optimize the

accuracy of the calculation.

Docking » Other Options ¥ Click “yes” ¥ Write
“AD4.1_bound.dat” » Accept

Save the AutoDock file: this file contains part of the parameters of the force field
which are related to the intramolecular actions and must be saved after it will

be used during the execution of the program.

Docking » Output » Lamarckian GA » “name”.dpf »

Save

Run AutoDock
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At this point the "RunAutoDock" tab is opened in order to run the program.

t Run 2 Run AutoDock I

Analyze) Dockings» Open ) Choose “.dlg” file

Program path name: select the file that the program needs to run. Define the

file that the program needs to run AutoDock.

Set Programm Pathname » Browse » The

Scripps Research Institute » AutoDock?
4.2.6 » autodockd

Define the file that the program needs to run AutoDock.

Set Parameter Pathname? Browse 2 Choose

“.dpf"” file

e Launch starts the calculation.

Visualization of AutoDock results

e Import the results (".dIlg" file) after the end of the molecular docking
process (one of the ligand configurations will appear on the surface of
the program)

Analyze) Dockings®» Open » Choose “.dlg” file

Insertion of the macromolecule into the program surface (the .pdbqt file that
was saved during the preparation of the AutoGrid file)

Analyze » Macromolecule ) Open
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Check the ligand conformations in the active site of the receptor: this option
enables observation of ligand conformations by clicking on the arrows left and

right number of each configuration.

Analyze » Conformations » Play, ranked by

energy

Visualization of the interactions formed between receptor and ligand.

Analyze » Dockings) Show Interactions

1.2.7. AutoDock4Zn

It is a well-known fact that zinc is present in a wide variety of proteins. These
proteins are metalloenzymes and their metallocentre is important in the
metabolism of most organisms. In a lot of cases, drug molecules target these
proteins, in a way that creates interactions with the zinc ion. AutoDock4Zn is an
improved AutoDock Force Field for small-molecule docking to zinc
metalloenzymes and accurate prediction of the interaction of ligands with that.
This new force field was calibrated on a data set of 292 crystal complexes
containing zinc and improved the coordination geometry and the interaction
strength. The authors of AutoDock4Zn use a pseudo atom for the possible
location of the atom that has the coordination bond with Zn. There were
improvements in both free energy of binding estimation as well as in root-mean-
square deviation from the crystal structure pose. This method has limitations
since the number of complexes used at that time was relatively small, so it does
not always reproduce the experimental pose. The images developed by that
program show a superposition of the docking pose and the crystallographic
structure. In that case, the zinc atom (dark gray) has a coordination bond with
the nitrogen (blue) of the ligand. PyMOL represents this interaction as a bond

(stick) due to the bond distance at which the prediction is made (pseudo atom
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TZ). Before inserting a ligand in the spike protein, according to the in silico

models, Zn interacts with three amino acids (i.e. HIS A 374, HIS A 378 and

GLU A 402) in a square planar geometry. 66:67

Complex Amino acids

involved in metal

complexation and
distance (A°)

6LZG chain A/Zn | HIS 374 A: (2.09)

square planar
HIS 378 A: (2.10)
GLU 402 A: (2.76)

GLU 402 A: (2.00)

Table 2: Interactions of COVID-19 Angiotensin-converting enzyme 2 (6LZG chain A)
amino acid residues with the Zn" metallocentre.

HI

Figure 11: Depictions of interactions of Zn" metallocentre incorporated in a cavity of
Angiotensin-converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus

using crystallographic grid.
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1.2.8 AutoDock4Zn - User Guide / Experimental Procedure

e Step 1 — Preparation of the receptor and ligand (as in the standard
AutoDock protocol), addition of polar hydrogens, Gasteiger charges and

set atom types:

%MGLROOT%\python prepare_receptor4d.py -r protein.pdb -o protein.pdbqt
%MGLROOT%\python prepare_ligand4.py -l ligand.mol2 -o ligand.pdbqgt -A
hydrogens

e Step 2 — Addition of Tetrahedral Zinc Pseudo Atoms (TZ) to the receptor.
TZ atoms represent the preferred position for tetrahedral coordination by

the ligand.
$MGLROOT/bin/pythonsh zinc_pseudo.py -r protein.pdbqt -o protein_tz.pdbqt
e Step 3 - Use of the modified forcefield (AD4Zn.dat)

The AutoDock4zn forcefield is mostly defined by non-bonded pairwise
potentials which are written to the grid parameter file (*.gpf) in the form of
npb_r_eps keywords. The file AD4Zn.dat includes the definition of the TZ atom
type for the AutoDock forcefield. The keyword parameter_file in the .gpf
specifies AD4Zn.dat as the forcefield to be used, so AutoGrid requires a local
copy of it in the working directory. Alternatively, the keyword parameter_file in

the .gpf file can point to the full or relative path where AD4Zn.dat is located.
e Step 4 — Generation of the Grid Parameter File (.gpf)

The preparation script will be executed to generate the GPF to configure the

grid calculation:

%MGLROOT%\python prepare_gpf4zn.py -l ligand.pdbqt -r protein_tz.pdbqt \
-0 protein_tz.gpf -p npts = 60, 60, 60 -p gridcenter = -25, 12, -18 \ —p
parameter_file=AD4Zn.dat

The -p flag is used to set the box center (gridcenter) and size (npts) along with

the parameter_file specific for this case.

49



e Step 5 — Running of AutoGrid4

The code that supports user defined pairwise potentials (npb_r_eps keyword)
from the .gpf file was restored from an old version of the software and added to
the modified AutoGrid4 binary provided in this tutorial. These changes will be

included in next release of the standard AutoDock binaries.
autogrid4 -p protein_tz.gpf -o protein_tz.glg

At this stage, all forcefield information has been encoded in the maps (*.map),

and the remaining steps are the same as in the standard AutoDock protocol.
e Step 6 — Generation of the Docking Parameter File (.dpf)

The preparation script will be executed to generate the DPF to configure the

actual docking calculation:

%MGLROOT%\python prepare_dpf42.py -l ligand.pdb -r protein_tz.pdbgt \ -0
ligand_protein_tz.dpf

e Step 7 — Running of AutoDock autodock4 -p ligand_protein_tz.dpf -o
ligand_protein_tz.dlg

1.3. Results - Discussion

Hydrogen bond is defined by maximum distance and minimum angle cutoffs. If
the default cutoff values are different in different programs, the number of
hydrogen bonds reported by the programs may be different. The typical lengths
of H-bonds in proteins are: 2.2 - 2.5 A (strong), 2.5 - 3.2 A (moderate strength)
and 3.2 - 4.0 A (weak). Good hydrogen bonds (as determined by PyMOL) are
shown in yellow. PyMOL guesses bonding connectivity based on proximity,
based on the empirical observation that two atoms of a given radius will not be
generally closer than a certain distance unless they are bonded. PyMOL does
not have sufficient information to rigorously determine hydrogen bonds, since
typical PDB files are ambiguous with respect to charge states, bonds, bond

valences, and tautomers. As it stands, all those things are guessed
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heuristically. In the Plip case, the maximum distance between acceptor and
donor in hydrogen bonds is 4.1 &, so it shows weak interactions as well.

In a ligand-protein complex in each database, it will always have the same van
der Walls, electrostatic and other type of interactions, regardless the software.
Some tools show less or more contacts, based on their settings and setup of
the package. e.g some packages may not show you pi-pi and cation-pi bonds
but that does not mean that these contacts do not exist. In order for us to
understand the interface better, we use 2 or 3 tools and summarize the
interacting residues with the ligand. As a result, the bond energies calculated
by different tools may differ. Plip is the most analytical of the above-mentioned

tools and shows the most interactions.26:64.65

1.3.1. N3 inhibitor

In the previous chapters, reference was made to the experimental procedure
followed by molecular docking calculations. For this thesis, over 100 molecules
including already known drugs but also natural products, were tested, in order
to find effective ligands for hindering the development and transmission of the
SARS-CoV-2 virus. We run all the compounds using Autodock Vina 4.0 and
identified the lowest binding energy orientation of the ligand in the receptor.
This chapter presents the in silico results of these calculations as well as
images of the compounds complexes obtained using the PyMOL program and
the Plip program. Coronavirus main protease is also known as COVID-19
coronavirus 3CL hydrolase (Mpro). Initially, we tested the binding affinity of the
crystal structure of COVID-19 main protease (Mpro) in complex with its inhibitor
(N3 peptidomimetic inhibitor). Yang et. al. identified a mechanism-based
inhibitor, known as N-[(5-Methyl-1,2-oxazol-3-yl)carbonyl]-L-alanyl-L-valyl-N-
{(2S,3E)-5-(benzyloxy)-5-0x0-1-[(3S)-2-0x0-3-pyrrolidinyl]-3-penten-2-yl}-L -

leucinamide (Figure 12), by computer-aided drug design, and then determined
the crystal structure of Mpro of SARS-CoV-2 in complex with this compound. It
is important to run that molecule and confirm the literature results, in order to
accurately compare the new potential inhibitors. Mpro is a key enzyme of

coronaviruses and has a pivotal role in mediating viral replication and
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transcription, making it an attractive drug target for SARS-CoV-2. As a result, it
is of great importance to find efficient ligands to bind at this enzyme. The
molecular docking calculation for each potential ligand was repeated three
times according to the procedure analyzed in the previous chapter and the
docking scores are derived from the average of the values of the three

experiments.39.68

0._0O
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Figure 12: Structural depiction of the N3 inhibitor

Based on the binding at the active site of the protein, the N3 inhibitor forms one
hydrogen bond with HIS 41 and showed a binding energy of -8.05 kcal / mol as
well as an inhibition constant of 64.2 uM. After visualization on PyMOL there
were also nine potential hydrogen bonds, one with HIS 41, one with HIS 164,
two with GLU 166, four with GLN 189 and one with THR 190. Using Plip, it
forms six hydrogen bonds, two with TYR 54, two with GLU 166, one with GLN
189 and one with ALA 191, four hydrophobic bonds with ASN 142, MET 165,
GLU 166 and GLN 189. Lastly, it seems that a salt bridge with HIS 41 also
exists as it can be seen below (Figure 13).
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===« Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
sunn 77-Stacking (parallel)
=== T-Stacking (perpendicular)
== m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 13: N3 inhibitor incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.

1.3.2. Sartans

Initialy, we tested both in the Mpro and Spike protein several new ligands by
starting with sartans. AT1-receptor antagonists or sartans, are a group of

pharmaceuticals which modulate the renin-angiotensin-aldosterone system.
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Our focus was mostly the sartans containing a tetrazole group because it is a

group which forms usually strong hydrogen bonds.%70 (Figure 14).
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Eprosartan Losartan Candesartan

Figure 14: Structural depiction of Telmisartan, Valsartan, Olmesartan, Eprosartan,
Candesartan and Losartan

In the case of The Mpro, Losartan seems to bind the strongest with binding
energy of -10.41 kcal / mol. For losartan based on Autodock there are two
hydrogen bonds with GLU 166 and GLN 189 and on PyMOL there also two
hydrogen bonds with GLU 166 and PHE 140. After using Plip, losartan has
three hydrophobic interactions with GLU 166, GLN 189 and two hydrogen
bonds with GLU 166 and GLN 189 (Table 3 & Table 4).

For the Spike protein, we can observe the same pattern. On the lead is again
losartan with a binding energy of -10.36 kcal / mol. According to Autodock for
losartan, one hydrogen bond is formed with ASN 277 and on PyMOL there are
five hydrogen bonds with ASN 277, TYR 279, SER 280 and ASN 290. After
using Plip, it seems that there are three hydrophobic interactions, two with TYR
279 and one with VAL 283 (Table 4) (Figures 15 & 16).
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Ligands Binding affinity for proteins AG ( Kcal / mol)

Mpro Spike protein (chain A)
Candesartan -8.28 -6.00
Olmesartan -7.2 -5.25
Eprosartan -7.76 -5.77
Telmisartan -7.95 -7.42
Valsartan -8.68 -4.88
Losartan -10.41 -10.36

Table 3: The average values of binding affinity for the complexes of Telmisartan,
Valsartan, Olmesartan, Eprosartan, Candesartan and Losartan with COVID-19
receptors

Ligands Interactions of ligands with amino acids
Mpro Spike protein (chain A)
Candesartan Autodock Autodock
CYS 145, GLU 166 LYS 441
PyMOL PyMOL

HIS 41, GLN 189, CYS ALA 153, ASN 277, THR 276,
145, ASN 142, GLU 166 GLY 268, PHE 274, LYS 441

Plip Plip

GLY 143, CYS 145, GLU | ASN 154, ASP 269, THR 276
166 (2), ASN 277 (2)

MET 165, ASP 187, GLN ASP 269, PHE 274, THR 276
189

Olmesartan Autodock Autodock




THR 26, GLY 143, GLU
166

PyMOL

THR 26, LEU 141, GLY
143, GLU 166

Plip

THR 26, GLY 143, SER
144, CYS 145, GLU 166

THR 25, GLU 166, GLN

LYS 441

PyMOL

ASN 154, ASN 277, LYS 441

Plip

ASN 154, ASP 269, THR 276,
ASN 277 (2), LYS 441

LEU 248, LEU 266, TYR 279,

189 LEU 281
Eprosartan Autodock Autodock
CYS 145, HIS 41 LYS 441

PyMOL PYMOL

HIS 41, GLY 143, SER
144, CYS 145, HIS 164

Plip

GLY 143, SER 144 (2),
CYS 145, HIS 163

THR 26, PHE 140, MET
165, GLU 166

ALA 153, SER 155, ARG 161,
THR 276, LYS 441

Plip

ASN 277, SER 280

LEU 156, TYR 252, LEU 266,
ASN 277, LEU 278, TYR 279
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HIS 41

Telmisartan Autodock Autodock
GLY 143 LYS 441
PyMOL PyMOL
THR 26, LEU 141, GLY SER 155, LYS 441
143
Plip
Plip
THR 26, ASN 119, GLY LEU 156, LEU 248, LEU 266
143, SER 144 ’ ! ’
THR 276, LEU 278, TYR 279,
LEU 281
THR 25, THR 26, LEU 27,
TYR 118 (2), ASN 142,
GLU 166
Valsartan Autodock Autodock

HIS 41, CYS 145

PyMOL

HIS 41, SER 144, CYS
145, GLU 166, GLN 189

Plip

ASN 154, LYS 441

PyMOL

ASN 154, THR 276

Plip

ASN 154, TYR 279
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TYR 54, GLY 143, SER

144, CYS 145
ALA 153, LEU 156, TYR 279

THR 25, MET
165, GLU 166, GLN 189

Losartan Autodock Autodock
GLU 166, GLN 189 ASN 277
PyMOL PyMOL
GLU 166, PHE 140 ASN 277, SER 280, ASN 290,
TYR 279
Plip
Plip

GLU 166, GLN 189
TYR 279, SER 280 (2), ASN
290, LYS 441
GLU 166, GLN 189 (2)

TYR 279 (2), VAL 283

Table 4: Interactions of amino acid residues of COVID-19 receptors in Mpro and Spike
protein with Telmisartan, Valsartan, Olmesartan, Eprosartan, Candesartan and

Losartan. (H-Bonds, Hydrophobic bonds, m-Stackings, m-Cation interactions, Halogen
bonds and ).
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GLN-189

===« Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 15: Losartan incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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==« Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
== -Stacking (parallef)
sunn 7-Stacking (perpendicular)
== m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 16: Losartan incorporated in a cavity of the Spike protein’s Receptor binding
domain (6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

After testing the binding of sartans in the Mpro and Spike protein, we received
interesting results. The presence of tetrazoles allows strong binding with
amino acids like GLN 189. Also, presence of -COO- allows also the formation
of hydrogen bonds with GLU 166 and HIS 41. Sartans, also have a lot of
heteroatoms (N, S, O) in their molecular frame, allowing them to bind with
amino acids like GLY 143, SER 144 and CYS 145. HIS 41 also forms salt
bridges with the -COO" groups. In the case of the chain A of the Spike
protein, LYS 441 forms salt bridges with the -COO" groups. Also, there are a
lot of hydrogen bonds with ASN 154, THR 276, ASN 277 and LYS 441 due to
the tetrazoles existence.

1.3.3. BV6 and its derivatives, EXP-3174 and DIZE

Diminazene diaceturate (DIZE) is an N-acetylglycinate salt resulting from the

reaction of diminazene with 2 eq. of N-acetylglycine. It has a role as an
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antiparasitic agent and a trypanocidal drug. It is approved by the US Food and
Drug Administration and is used not only to treat human trypanosomiasis, but
it has been shown to have antifibrotic properties by enhancing ACE2 activity
too. This drug is also used to treat human trypanosomiasis and appears to have

no major toxicity.

Losartan carboxylic acid (EXP-3174), an active carboxylic acid metabolite of
Losartan, which is a non-peptide angiotensin Il receptor antagonist that
effectively blocks the angiotensin Il-induced responses in vascular smooth
muscle cells (VSMC). EXP-3174 elevates plasma renin activities and reduces
mean arterial pressure. EXP-3174 is more effective than losartan in blocking

the angiotensin ll-induced increase in Egr-1 mRNA.

BV6 is a symmetrically bis-substituted imidazole analogue bearing at N-1 and
N-3 two biphenyl moieties ortho-substituted either with tetrazole. It showed
superior antagonistic activity and receptor affinity to that of losartan. Based on

that Matsoukas et. al. provided BV6 derivatives for docking, as well (Figure 17).

71-80

Losartan carboxylic acid Diminazene aceturate
(EXP-3174) (DIZE)

Figure 17: Structural depiction of BV6 and its derivatives, EXP-3174 and DIZE.



All these compounds showed exceptionally promising results in almost all
cases. DIZE had the poorest results in most receptors. For Mpro, EXP-3174
has the highest score of -11.4 Kcal / mol followed by -11.06 Kcal / mol from the
BV6 docking and -9.53 Kcal / mol from BV6 derivative 1 docking. After running
Autodock, EXP-3174 forms three hydrogen bonds with MET 162, TYR 161,
ASN 142 and on PyMOL two with HIS 41 and GLY 143. On Plip, it forms three
hydrogen bonds with HIS 41, GLY 143 and CYS 145 and one hydrophobic bond
with MET 165. BV6 showed on Autodock two hydrogen bonds with MET 162,
GLN 189 but on PyMOL there are four different hydrogen bonds with CYS 145,
LEU 141, GLU 166 and HIS 163. On Plip, BV6 forms four hydrogen bonds with
SER 144 (2), CYS 145 and HIS 163, as well as seven hydrogen bonds with
LEU 27 (2), MET 165, GLU 166, PRO 168, GLN 189 and ALA 191. Lastly, BV6
derivative 1 forms on Autodock, two hydrogen bonds with ASN 119 and GLU
166 and on PyMOL two hydrogen bonds with GLU 166 and GLN 189. On Plip,
the hydrogen bonds are the same as on Autodock (i.e. ASN 119 and GLU 166),
but it also forms four hydrophobic bonds with THR 25, LEU 27, MET 165 and
GLN 189 and one Tr-stacking with HIS 41. (Table 5 & Table 6).

For the Spike protein (chain A), again EXP-3174 has a score of -11.2 Kcal /
mol, BV6 a score of -9.56 Kcal / mol. On Autodock, EXP-3174 forms no bonds
but on PyMOL, it forms two hydrogen bonds with ASN 154 and ASN 277. Also,
on Plip, EXP-3174 forms three hydrogen bonds with ALA 153, ASN 154 and
ASN 277 and four hydrophobic with LEU 156, LEU 278 and LEU 281 (2). In
addition, BV6 on Autodock forms one hydrogen bond with LEU 156 and on
PyMOL five hydrogen bonds with ASN 154, GLY 268, ASN 277 and PHE 274
(2). Lastly, on Plip, BV6 forms four hydrogen bonds with ASN 154, ASP 269,
THR 276 and ASN 277, but also five hydrophobic bonds with ASN 149, ALA
153, LEU 156, ASP 269 and ASN 277 (Table 5 & Table 6).

For the Spike protein (chain B), BV6 seems to be the most efficient molecule
with a score of -10.06 Kcal / mol, followed by BV6 derivative 1 with a score of -
9.45 Kcal / mol. In fact, BV6 on Autodock shows four hydrogen bonds with ARG
357, ASN 343, ASP 398 and ASN 450 and on PyMOL, it shows four hydrogen
bonds with ARG 346, ASN 450, ARG 357 and ARG 355. On Plip, BV6 shows
five hydrogen bonds with ARG 346 (2), LYS 356, ARG 357 and ASN 450, as
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well as four hydrophobic bonds with ALA 352, ASN 354 and ARG 355 (2). The
BV6 derivative 1 forms on Autodock, two hydrogen bonds with SER 349 and
ARG 357, but on PyMOL with SER 349 and PHE 347. Also, on Plip, the BV6
derivative 1 showed five hydrogen bonds with SER 349, LYS 356, ARG 357 (2)
and ASN 450 and four hydrophobic bonds with ALA 344, ALA 348, ALA 352
and LYS 356 (Table 5 & Table 6).

For the RBD the BV6 derivatives showed excellent scores, specifically BV6
derivative 1 had a score of -11.3 Kcal / mol, BV6 derivative 2 had a score of -
10.48 Kcal / mol and BV6 derivative 3 had a score of -9.96 Kcal / mol. After
running Autodock, BV6 derivative 1 forms one hydrogen bond with LYS 353 but
after running PyMOL, it forms one hydrogen bond with TYR 449. On Plip, BV6
derivative 1 forms four hydrogen bonds with four amino acids (i.e. LYS 353,
SER 494, GLY 496 and TYR 505), nine hydrophobic bonds with HIS 34, GLU
37 (2), ASP 38, TYR 449, LEU 452, PHE 490, GLN 493 and TYR 505 and a -
cation bond with LYS 353, too. For BV6 derivative 2, as well as BV6 derivative
3 on Autodock and on PyMOL they form the same bonds as BV6 derivative 1.
On Plip they also have the same Tr-cation bonds and almost the same hydrogen
bonds, except the lack of the bond with SER 494 for BV6 derivative 3. BV6
derivative 2 and BV6 derivative 3 have the same hydrogen bonds as BV6
derivative 1 with the exception of the absence of TYR 449 for BV6 derivative 3
and BV6 derivative 2 and BV6 derivative 3 have two additional bonds with LEU
452 and PHE 490 (Table 5 & Table 6).

For the Metallocenter, all the compounds had excellent scores. In detail, BV6,
BV6 derivative 1, BV6 derivative 2, BV6 derivative 3 and EXP-3174 had scores
of -11.42 Kcal / mol, -12.05 Kcal / mol, -11.79 Kcal / mol, -10.56 Kcal / mol and
-9.46 Kcal / mol respectively. The metal complexation interaction in the above
cases were with the tetrazole of each molecule and DIZE binds with the Zn"
with the azene (Table 5).

Except from the interactions with Zn'" there are also different types of bonds,
formed with the ligands and the amino acids. In the case of BV6, it forms on
PyMOL four hydrogen bonds with ASN 51, GLU 402, HIS 374 and PRO 346
and on Plip three hydrogen bonds with SER 47, ASN 51 and HIS 345, eleven
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hydrophobic bonds with ASN 51, VAL 343, HIS 345, THR 347, ALA 348, TRP
349, LEU 359, PHE 504 and TYR 510 (3) but also a m-stacking interaction with
HIS 378 (Table 6).

The BV6 derivative 1 forms on PyMOL two hydrogen bonds with PRO 346 and
GLU 402 and on Plip four hydrogen bonds with ALA 348, ASP 350 (2) and GLU
402, three hydrophobic bonds with ASP 350, GLU 402 and TYR 515 but also a
m-stacking interaction with HIS 374 and a salt bridge with ARG 514 (Table 6).

The BV6 derivative 2 forms on PyMOL four hydrogen bonds with GLU 406,
GLU 357, PRO 346 and GLU 402 and on Plip, two hydrogen bonds with GLU
402 and GLU 406, six hydrophobic bonds with PHE 274, HIS 378, THR 449,
PHE 504 and TYR 515 (2), three m-stacking interactions with PHE 274, HIS
401 and TYR 515 two Tr-cation interactions with ARG 273 and ARG 518, but
also a salt bridge with HIS 505 (Table 6).

The BV6 derivative 3 forms on PyMOL four hydrogen bonds with ARG 514,
ALA 348, ASP 350 and GLU 402 and on Plip, it forms four hydrogen bonds with
HIS 345, PRO 346, GLU 398, GLU 402 and ARG 518, six hydrophobic bonds
with PRO 346 (2), THR 371, HIS 401, GLU 402 and PHE 504 and two 1r-cation
interactions with HIS 505 (2) (Table 6).

Lastly, EXP-3174 doesn’'t form bonds on PyMOL, but on Plip, it forms five
hydrogen bonds with PRO 346, GLU 398, GLU 402 and ARG 514 (2), a
hydrophobic bond with THR 347 and a salt bridge with ARG 518 (Table 6)
(Figures 18-31).

Binding affinity for proteins AG (Kcal / mol)
Ligands Mpro Spike protein | Spike protein | Receptor | Metallocenter
(chain A) (chain B) binding
domain
BV6 -11.06 -9.56 -10.06 -6.71 -11.42
BV6 -9.53 -6.15 -9.45 -11.3 -12.05
derivative 1
BV6 -8.45 -7.8 -8.26 -10.48 -11.79
derivative 2
BV6 -8.1 -5.73 -8.53 -9.96 -10.56
derivative 3
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DIZE

-6.75

-7.05

-5.3

-7.67

-6.22

EXP-3174

-11.4

-11.2

-7.45

-4.47

-9.46

Table 5:The average values of binding affinity for the complexes of BV6 and its
derivatives, EXP-3174 and DIZE with COVID-19 receptors

Ligands Interactions of ligands with amino acids
Mpro Spike protein | Spike protein Receptor Metallocenter
(chain A) (chain B) binding
domain
BV6 Autodock Autodock Autodock Autodock PyMOL
MET 162, LEU 156 ARG 357, ASN PyMOL ASN 51, GLU
GLN 189 343, ASP 398, 402, HIS 374,
ASN 450 PRO 346
PyMOL ALA 397,
PyMOL SER 399
PyMOL Plip
ASN 154, GLY
CYS 145, 268, Plip
LEU 141, ASN 277 PHE ARG 346, ASN SER 47,
GLU 166 274 (’2) 450, ARG 357, ASN 51
HIS 163 ARG 355 ASN 354 (2),
HIS 345
SER 399 (2),
Plip .
Bli Plip ARG 466
ASN 51, VAL
ASN 154, ASP 343, HIS 345,
' ARG 346 (2),
SER 144 | 269, THR 276, @. | ALAB44 | e a7 ALA
(2), ASN 277 LYS 356, ALA 352, 348, TRP 349,
CYS 145, ARG 357, ASN | ARG 355, LEU 359, PHE
HIS 163 450 504,
ASN 149, ALA LYS 356
153, LEU 156, TYR 510 (3)
ASP 269, ASN
LEU 27 (2), 277 ALA 352, ASN
354, ARG 355 | ARG 466
MET 165, @) HIS 378
GLU 166,
PRO 168,
GLN 189,
ALA 191
BV6 Autodock Autodock Autodock Autodock PyMOL
derivative 1
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ASN 119, SER 280 SER 349, ARG LYS 353 PRO 346, GLU
GLU 166 357 402
PyMOL PyMOL
PyMOL PyMOL Plip
ASN 149, ASN TYR 449
GLU 166, 277 SER 349, PHE ALA 348,
GLN 189 347
. ASP 350 (2),
Plip
Plip GLU 402
Plip Plip
LYS 353,
ASN 149, SER 494 ASP 350, GLU
ASN 119, MET 270 SER 349, LYS ! 402,
’ 356, ARG 357 | GLY 496
GLU 166 ! TYR 515
TYR 279, (2), ASN 450
TYR 505
SER 280
THR 25, ALA 344, ALA HIS 374
LEU 27 348, ALA 352, HIS 34,
' ALA 153,
MET 165, LYS 356 GLU 37 (2),
LEU 156, ASP 38
LN 1 ’
G 89 ASP 269,
TYR 449,
TR 27L LEU 452
HIS 41 '
PHE 274 (2)
PHE 490,
GLN 493,
TYR 505
LYS 353
BV6 Autodock Autodock Autodock Autodock PyMOL
derivative 2
ASN 119 | ASP 269, ARG | LYS 356, SER LYS 353 GLU 406, GLU
273 399 357, PRO 346,
GLU 402
PyMOL PyMOL
PyMOL PYMOL
Plip
ASP 18, TYR 449
ASN 119, | THR 276, ASP | THR 353, ALA
269, 352, ASN 354, GLU 402,
TYR 54 .
Plip
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PHE 274 SER 399, VAL GLU 406
) 341
Plip LYS 353,
Plip SER 494, PHE 274,
Pli
TYR 54 (2), = GLY 496, HIS 378,
ASN 119, ARG 273, TYR 505 THR 449,
ALA 344, ARG
ASN 142 THR 276, | 355 | ys 356 PHE 504,
LYS 441 SER 399 HIS 34, TYR 515 (2)
THR 26, GLU 37 (2),
TYR 118, ASN 149, ALA 344, ALA | ASP 38, TYR PHE 274,
348, LYS 356, 449,
ASN 142, ALA 153, ILE 468 HIS 401,
LEU 452 (2),
MET 165, ASP 269, TYR 515
PHE 490 (2),
GLN 189 TRP 271, ARG 466 GLN 493,
PHE 504 TYR 505 ARG 273,
TRP 271 ARG 518
LYS 353
LYS 441
BV6 Autodock Autodock Autodock Autodock PyMOL
derivative 3
HIS 164, | ASN 277,LYS | ARG 357, SER LYS 353 ARG 514, ALA
ASN 119 441 399 348, ASP 350,
GLU 402
PyMOL
PyMOL PyMOL PyMOL
Plip
TYR 449
SER 46, LYS 441, ARG 346, SER
ASN 119, ASN 290 399, ASN 354, HIS 345, PRO
GLN 189, VAL 341, Plip 346, GLU 398,
GLU 402, ARG
GLY 143, Bli THR 353, ARG 518
HIS 164, =B 357
THR 26 LYS 353,
GLY 496,
PRO 346 (2),
ASN 277, P TYR 505 @)
Plip SER 280, THR 371,
HIS 401,
ASN 290 ARG 355 (2), HIS 34,
THR 24, GLU 402,
LYS 356, GLU 37 (2),
SER 46, PHE 504

67




ASN 119 ASN 149, ARG 357 (2), ASP 38,
2
) ALA 153, SER 399 LEU 452 (2), HIS 505 (2)
LEU 156 (2), PHE 490 (2),
THR 25,
LEU 27 TYR 279 | ALA 344, ALA | GLN 493,
; 348, ALA 352
TYR 118 ' : TYR 505
(2), ASN ASN 354, LYS
142 LYS 441 356, ILE 468
LYS 353
DIZE Autodock Autodock Autodock Autodock PyMOL
GLU 166 | SER 155, LEU | ASN 343, ASP | LYS 353, ARG 393, ASP
156 (2), 364, PHE 338, | GLU 35, GLY | 350, ALA 348,
THR 345 496, GLU 37, | GLU 375, GLU
ASN 277, GLU
PyYMOL 150. ALA 153 ARG 403, 402
' TYR 505
PYMOL
THR 25 Plip
' PyMOL
SER 46, AR PyMOL
GLU 166 GLU 340, LYS
' 336 ALA 348 (3),
ARG 188 LEU 156, GLU 35 ®)
TYR 252, GLU 37, ASP 350,
SER 155 Plip GLU 375,
Plip ASN 277 ' TYR 505,
' SER 494 TYR 385
ALA 153 '
PHE LY ARG 393,
HIS 41, 338, G
ove 4 339, GLU 340 Pli GLU 402
SER 46, Plip (2), TYR 365, =B
, LEU 368
GLU
166(2), GLU 35,
ARG(&% SER 155, LEU THR 347,
GLN 189, | 156, ARG 161, | PRO 337, PHE | GLU 37 (2), ASP 350
" | TYR 252, ASN | 338(2), LEU
THR 190
277 368 ASP 38 (2),
LYS 353,
MET 165,
GLN 189 | LEU 156 (2), gRL(’:’I igg'
ALA 251, TYR :
252 (2) SER 494 (3),
TYR 505
GLU 37,
ASP 38,
TYR 449,
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TYR 505
EXP-3174 Autodock Autodock Autodock Autodock PyMOL
MET 162, LYS 356, ARG PHE 464
TYR 161, o 357, ARG 346 i
ASN 142 PyMOL Plip
PyMOL
PyMOL
PYMOL ASN 154, PRO ggg GLU
ASN 277 PHE 464, '
ARG 355, ARG 466 GLU 402,
HIS 41,
GLY 143 Bl ARG 357, ARG 514 (2)
ILE 358 Plip
. THR 347
Plip ALA 153,
Pli ASN 354,
ASN 154, ASN =
HIS 41, 277 ARG 355,
GLY 143, ARG 355 (2), PHE 464,
CYS 145 ARG 357
LEU 156, LEU ARG 466
278,
MET 165 LEU 281 (2) ARG 357
ARG 355
ARG 355,
ARG 357
ARG 355,
ARG 466 (2)
ASN 354

Table 6: Interactions of amino acid residues of COVID-19 receptors in Mpro and
Spike protein with BV6 and its derivatives, EXP-3174 and DIZE. (H-Bonds,
Hydrophobic bonds, m-Stackings, m-Cation interactions, Halogen bonds and

).
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===« Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
=aun 7-Stacking (parallel)
sunn 7-Stacking (perpendicular)
==«= r-Cation Interaction
Halogen Bond
Salt Bridge

Figure 18: BV6 incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2 Coronavirus
using crystallographic grid.
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===« Hydrophobhic Interaction
- Hydrogen Bond
Water Bridge
sunn 7-Stacking (parallel)
=== T-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 19: EXP-3174 incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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===« Hydrophobic Interaction
- Hydrogen Bond

Water Bridge
sunn 7-Stacking (parallel)
snn 77-Stacking (perpendicular)
==«= r-Cation Interaction

Halogen Bond
Salt Bridge

Figure 20: EXP-3174 incorporated in a cavity of with Angiotensin-converting enzyme
2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.
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A

=us Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
=« = T-Stacking (parallel)
=«ux 7-Stacking (perpendicular)
=ax 7-Cation Interaction
Halogen Bond
Salt Bridge

Figure 21: BV6 incorporated in a cavity of with Angiotensin-converting enzyme 2
(chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.
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===« Hydrophobhic Interaction
- Hydrogen Bond
Water Bridge
sunn 7-Stacking (parallel)
==« = 7-Stacking (perpendicular)
==«= -Cation Interaction
Halogen Bond
Salt Bridge

Figure 22: BV6 derivative 1 incorporated in a cavity of with Spike glycoprotein (chain
B of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.
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===« Hydrophobic Inferaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 23: BV6 incorporated in a cavity of with Spike glycoprotein (chain B of 6LZG)
of SARS-CoV-2 Coronavirus using crystallographic grid.

=xu» Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 24: BV6 derivative 1 incorporated in a cavity of the Spike protein’s Receptor
binding domain (6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.
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===« Hydrophobic Inferaction
= Hydrogen Bond
Water Bridge
=« m-Stacking (parallef)
=« m-Stacking (perpendicular)
== r-Cation Interaction
Halogen Bond
Salt Bridge

Figure 25: BV6 derivative 2 incorporated in a cavity of the Spike protein’s Receptor
binding domain (6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

A W oo N
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===« Hydrophobic Inferaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
=« m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 26: BV6 derivative 3 incorporated in a cavity of the Spike protein’s Receptor
binding domain (6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

HIS-374

A<

i
GLU-375 b ’

—

ARG-514

i, i

=xu» Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 27: EXP-3174 incorporated in a cavity of the metallocenter of Angiotensin-
converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus using
crystallographic grid.
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LEU-359

===« Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 28: BV6 incorporated in a cavity of the metallocenter of Angiotensin-
converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus using
crystallographic grid.
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===« Hydrophobic Inferaction
— Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 29: BV6 derivative 1 incorporated in a cavity of the metallocenter of
Angiotensin-converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus
using crystallographic grid.
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==« Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
=== 7-Stacking (parallel)
sunn 7-Stacking (perpendicular)
==x= -Cation Interaction
Halogen Bond
Salt Bridge

Figure 30: BV6 derivative 2 incorporated in a cavity of the metallocenter of
Angiotensin-converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus
using crystallographic grid.

80



==xx Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
== 7-Sigcking (parallel)
«= m-Stacking (perpendicular)
=ax 7-Cation Interaction
Halogen Bond
Salt Bridge

Figure 31: BV6 derivative 3 incorporated in a cavity of the metallocenter of
Angiotensin-converting enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus
using crystallographic grid.

These molecules were assigned at the same binding receptors. DIZE
performed the poorest because, it had weak interactions, due to its size and
lack of charges and aromatic groups, compared to the other molecules. EXP-
3174 is in general very efficient, but that is logical because it is a derivative of
losartan, but with an extra negative charge. BV6 and its derivatives have almost
the same interactions and that is because of the central imidazole, as well as
the two tetrazoles. In the case of Mpro, most of them had hydrogen bonds with
HIS 41, ASN 119, GLU 166 and GLN 189, this is because of the presence of
tetrazoles. We can also observe hydrophobic interactions with MET 165, due
to the aliphatic groups. We also see hydrogen bonds with ASN 154, ASN 277
and THR 276 which were also observed in most of the sartans, in the chain A

of the spike protein, because of the tetrazole groups. That is also the case, in
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the chain B, where tetrazoles form strong hydrogen bonds with SER 349, ARG
357, LYS 356 and ASN 450. In RBD, due again to the tetrazoles, we observe
hydrogen bonds with LYS 353, TYR 449 and GLY 496. Also, the tetrazoles
allow the BV6 derivatives and EXP-3174 to bind effectively to the Zn" but
besides that they tend to bond to PRO 346, GLU 398 and GLU 402. Lastly,
thanks to the aromaticity, the tetrazoles and the extensive size of these
molecules, we observe a variation of interactions, besides hydrogen bonds and

hydrophobic interactions.

1.3.4. Compounds from natural sources

Another class of compounds tested was the natural products, isolated by plants
(i.e. fruits, vegetables, leaves, seeds, and grains). Quercetinis a
plant flavonol from the flavonoid group of polyphenols. It has antioxidant and
anti-inflammatory effects which might help reduce inflammation, kill cancer cells,
control blood sugar, and help prevent heart disease. Rosmarinic acid is
a polyphenol constituent of many culinary herbs, including rosemary. It is
a caffeic acid ester, with tyrosine providing another phenolic ring via
dihydroxyphenyl-lactic acid. Rosmarinic acid has a wide range of
pharmacological effects, including anti-oxidative, anti-apoptotic, anti-
tumorigenic, and anti-inflammatory effects. Its anti-inflammatory effects have
been also revealed through in vitro and in vivo studies of various inflammatory
diseases like arthritis, colitis, and atopic dermatitis. Caffeic acid is a polyphenol
that is classified as a hydroxycinnamic acid. It has
phenolic and acrylic functional groups and is found in all plants because it is an
intermediate in the biosynthesis of lignin, one of the principal components of
woody plant biomass and its residues. Caffeic acid is an antioxidant in
vitro and also in vivo and in addition, it shows immunomodulatory and anti-
inflammatory activity and antiviral abilities. It has also a variety of potential
pharmacological effects in in vitro studies and in animal models, and the
inhibitory effect of caffeic acid on cancer cell proliferation by an oxidative
mechanism in the human HT-1080 fibrosarcoma cell line has recently been

established. Salvianic acid is a 2-hydroxy monocarboxylic acid and a member
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of catechols. It derives from a rac-lactic acid. It is a conjugate acid of a 3-(3,4-
dihydroxyphenyl)lactate. It is used for antioxidation, anti-apoptosis, and anti-
inflammation in various diseases. It also has anti-inflammatory, antioxidant and
anti-acute myocardial ischemia effects and could protect against acute
myocardial ischemia by blocking the formation of six-helix bundle core of Spike
protein of SARS-CoV-2. Curcumin is a diarylheptanoid, belonging to the group
of curcuminoids, which are natural phenols. It aids in the management of
oxidative and inflammatory conditions, metabolic syndrome, arthritis, anxiety,
and hyperlipidemia. Curcumin blocks the formation of reactive-oxygen species,
possesses anti-inflammatory  properties because of inhibition of
cyclooxygenases (COX) and other enzymes involved in inflammation; and
disrupts cell signal transduction by various mechanisms including inhibition of
protein kinase C. These effects may play a role in the agent's observed
antineoplastic properties, which include inhibition of tumor cell proliferation and
suppression of chemically induced carcinogenesis and tumor growth in animal
models of cancer (Figure 32). 7181-92
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Figure 32: Structural depiction of Quercetin-Losartan complex, Quercetin, Rosmarinic
acid, Caffeic acid, Curcumin and Salvianic acid

For all the receptors, it seems that Rosmarinic acid binds the strongest of all
the studied compounds. Specifically, the scores are -13.97 kcal / mol for the
Mpro, -10.21 kcal / mol for the Spike protein (chain A) and -10.09 kcal / mol for
the Spike protein (chain B). After using Autodock, Rosmarinic acid seems to
form nine hydrogen bonds with Mpro and specifically with LEU 141 (2), HIS
172, GLU 166, SER 144, MET 162, HIS 164, TYR 161 and GLN 192. For
PyMOL there are six hydrogen bonds with GLN 192, GLN 189, GLU 166, HIS
163, SER 144 and CYS 145. Finally, in Plip there are eleven hydrogen bonds
with LEU 141 (2), GLY 143, SER 144, CYS 145, HIS 163, GLN 189, THR 190
(2) and GLN 192 (2), but also two hydrophobic bonds with GLU 166 and PRO
168 (Table 7 & Table 8).

In the case of the Spike protein (chain A), with Autodock, four hydrogen bonds
with ASN 277, SER 280, ASN 154 and LYS 441 exist and with PyMOL the
same bonds exist. An additional hydrogen bond is observed with THR 276.
After using Plip, Rosmarinic acid forms eight hydrogen bonds with ASN 154,
TYR 252 (2), THR 276, TYR 279, SER 280 (2) and LYS 441, but also three
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hydrophobic bonds with three different amino acids LEU 156, LEU 278 and LEU
281 (Table 8).

Lastly, we used Autodock with the Spike protein (chain B), and observed five
hydrogen bonds with SER 399, ASN 450 (2), ALA 348 and ASP 398. For
PyMOL, Rosmarinic acid bonds with SER 339, VAL 341, ALA 348, ARG 346
and THR 345 to form five hydrogen bonds. In addition, after using Plip, it seems
that Rosmarinic acid forms eight hydrogen bonds with four different amino acids
THR 345 (2), ARG 346 (2), ALA 348 and SER 399 (3), three hydrophobic bonds
with ALA 344, ARG 346 and ASN 354 and one salt bridge with ARG 346 (Table
8) (Figures 33-35).

Ligands Binding affinity for proteins AG ( Kcal / mol )
Mpro Spike protein Spike protein
(chain A) (chain B)

Quercetin- -8.32 -5.55 -3.72
Losartan
complex

Quercetin -9.53 -8.82 -7.0

Rosmarinic acid -13.97 -10.21 -10.09

Caffeic acid -8.91 -9.17 -6.12

Curcumin -7.13 -4.91 -4.35

Salvianic acid -9.51 -8.58 -7.42

Table 7: The average values of binding affinity for the complexes of Quercetin-
Losartan complex, Quercetin, Rosmarinic acid, Caffeic acid, Curcumin and Salvianic
acid with COVID-19 receptors

Ligands Interactions of ligands with amino acids
Mpro Spike protein Spike protein
(chain A) (chain B)
Autodock Autodock Autodock
Quercetin-
Losartan
complex TYR 161, LEU 156, SER 280 | THR 345, ARG 346
GLN 192, HIS 164
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PyMOL

ASN 142, CYS 145,

HIS 164, GLU 166,
GLN 192, ARG 188

Plip

THR 25, THR 26, HIS
164, GLU 166,

LEU 167, GLN189,

THR 25, THR 26, LEU
27, GLU 166, GLN 189

PyMOL

ASN 149, ASN
277, TYR 279,
SER 280

Plip

ASN 154, SER
155,

TYR 252, ASN 277
(2), ASN 290

LEU 156 (2), ASN
277, TYR 279 (2)

PyMOL

TYR 351, ARG 346,
THR 345

Plip

THR 345, ARG 346
(2), TYR 351

ALA 344, ALA 352,
ILE 468 (2),

THR 470, LEU 492

TYR 351
Quercetin Autodock Autodock Autodock
LEU 141, HIS 164, ASN 154 ASP 398, ASP 364
SER 144, LEU 141, (2), GLY 339,
TYR 161
PUMOL LEU 335, ASP 442,
2yMOL TYR 451
PyMOL
ASN 154, ASN 277
’ PyMOL
ALA 153 S
HIS 163, HIS 164, SER
144, GLY 143,
Bl ASP 364, PHE 338,
CYS 145 =B CYS 336
. ASN 154 (2), TYR .
Pli Pli
=i 252 (3) =
LEU 141, GLY 143, LEU 156 ASN LEU 335, GLY 339,
* ASN 343, ASP 364
SER 144 (2), CYS 145, 277, 3)
HIS 163, GLU 166 (2), LEU 278

GLN 189 (2)

LEU 368
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GLU 166 PHE 338, LEU 368
Rosmarinic Autodock Autodock Autodock
acid
LEU 141 (2), ASN 277, SER SER 399, ASN 450
280, ASN 154, LYS | (2), ALA 348, ASP
HIS 172, GLU 166, 241 308
SER 144,
MET 162, HIS 164,
PyMOL PyMOL
TYR 161, GLN 192 DA DL
BYMOL ASN 154, ASN SER 339, VAL 341,
2yMOL 277, THR 276, ALA 348,
SER 280, LYS 441 | ARG 346, THR 345
GLN 192, GLN 189,
GLU 166
Pli Pli
HIS 163, SER 144, = =
CYS 145
ASN 154, TYR 252 THR 345 (2),
_ (2), THR 276,
Plip ARG 346 (2),
TYR 279, SER 280 ALA 348
(2), LYS 441 '
LEU 141 (2), GLY 143, SER 399 (3)
SER 144,
CYS 145, HIS 163 LEU 156, LEU 278,
' ' LEU 281 ALA 344,
GLN 189, THR 190 (2), ARG 346
GLN 192 (2) '
ASN 354,
GLU 166, PRO 168
Caffeic Autodock Autodock Autodock
acid
LEU 141, TYR 161 GLU 150, ASN 277 PHE 347 (2),
SER 144, GLN 189, ASN 450, GLY 339
HIS 164, MET 162, ’ '
ASP 398
GLU 166 PyMOL
PYMOL PyMOL
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HIS 163, HIS 41, GLU

TYR 252, SER
280, ASN 277

TYR 351, ARG 346,

143 LEU 278, ALA 153
ASN 450
CYS 145, SER 144
Pli
= Plip
Plip
ASN 154, TYR 252
(3), ASN 277, SER ARG 346,
LEU 141 (2), SER 144 280 PHE 347 (2
(2), CYS 145, HIS 163 @,
TYR 351,
LEU 156 ASN 450
ALA 352
Curcumin Autodock Autodock Autodock

MET 162, HIS 164,
GLN 192

PyMOL

GLN 192

Plip

THR 190, GLN 192

HIS 41, LEU 167, ASP

ALA 153, LEU 156,
GLU 150, LYS 441

PyMOL

SER 280, LYS 441,
ASN 277,

ASN 154, ALA 163

Plip

ALA 153, THR 276,

GLY 339, ASP 442,
THR 345, VAL 367

PyMOL

VAL 341, THR 345,
SER 399, ARG 346

Plip

THR 345 (2), LYS
356, SER 399

187, GLN 189, GLN ASN 277, TYR
' ’ 279, SER 280, LYS
192 441 GLU 340, ASN 354,
LYS 356
ASN 154, LEU
156, TYR 279
Salvianic Autodock Autodock Autodock
acid
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LEU 141, HIS 1683,
GLU 166, SER 144,
HIS 172

PyMOL

HIS 163, GLN 189
SER 144, CYS 145,
GLU 166

Plip

GLY 143, SER 144 (4),
CYS 145,

HIS 163, GLU 166 (2),
GLN 189

GLU 166

GLU 150, GLY 268

PyMOL

LEU 266, TYR 252,
LEU 281,

SER 280

Plip

TYR 252 (2), GLY

268, ASN 277(2),

SER 280 (2), LEU
281

LEU 156, LEU278

ARG 346,
ASN 450 (2),
ASN 150,
ASP 398

PyMOL

TYR 351, ARG 346,
ASN 450

Plip

ARG 346,

PHE 347 (2),

TYR 351 (2),
ASN 450

ALA 352

Table 8: Interactions of amino acid residues of COVID-19 receptors in Mpro and
Spike protein with Quercetin-Losartan complex, Quercetin, Rosmarinic acid, Caffeic
acid, Curcumin and Salvianic acid. (H-Bonds, Hydrophobic bonds, m-Stackings, -

Cation interactions, Halogen bonds and

).
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-L LEU-141

y-143

===« Hydrophobhic Inferaction
- Hydrogen Bond
Water Bridge
=== 7-Stacking (parallel)
sunn 7-Stacking (perpendicular)
==x= -Cation Interaction
Halogen Bond
Salt Bridge

Figure 33: Rosmarinic acid incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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==xx Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
= m-Stacking (paraliel)
= -Stacking (perpendicular)
sun -Cation Interaction
Halogen Bond
Salt Bridge

Figure 34: Rosmarinic acid incorporated in a cavity of with Angiotensin-converting
enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

==« Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
sunn 7-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 35: Rosmarinic acid incorporated in a cavity of with Spike glycoprotein (chain
B of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

These molecules were tested at the same binding pockets. We can observe the
same interactions with the exception of the Quercetin-Losartan complex, due
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to its size also interacts in the Mpro with THR 25, THR 26, LEU 27. In Mpro,
GLU 166 and GLN 189 are once again common amino acids that interact via
hydrogen bonds as well as SER 144 and CYS 145. CYS 145, SER 144 and
GLN 192, bind strongly due to the alcohols and GLN 189 interacts with the -
COO- group present in Rosmarinic acid, as well as the other molecules. For
the chain A of the Spike protein, ASN 154, ASN 277 and SER 280 hydrogen
bonds are mostly observed and rarer the LYS 441 hydrogen bonds, though they
still are observed, especially interacting with molecules who have alcohols. That
is also the case for ASN 154 and ASN 277 and SER 280 interacts strongly with
-COO:-. In the chain B of the Spike protein, the most common interactions are
with SER 399, ARG 346 and THR 345 due to the presence of the alcohol
groups, and ASP 398 and ASN 450 with the aromatic groups.

1.3.5. Curcumin derivatives

Based on the interesting and promising results of the natural products, we
collaborated with Professor Tzakos, who provided a range of curcumin
derivatives, to be tested in silico (Figure 36). After testing those molecules, we
observed that D-4 and B-37 have excellent scores for the Mpro and the Spike
protein (chain A) and good scores for the Spike protein (chain B). In detail, the
score for D-4 for the Mpro was -10.76 kcal / mol, for the Spike protein (chain A)
-10.61 kcal / mol and -7.66 kcal / mol for the Spike protein (chain B). Similarly,
for the B-37 the score for the Mpro was -10.61 kcal / mol, for the Spike protein
(chain A) -9.07 kcal / mol and -7.94 kcal / mol for the Spike protein (chain B)
(Table 9).

In the case of Mpro, based on Autodock, D-4 forms a hydrogen bond with TYR
161 and on PyMOL forms two hydrogen bonds with ASN 142 and GLN 189. On
Plip, the hydrogen bond exists with GLN 189, as well as six hydrophobic bonds
with PHE 140, MET 165, GLU 166, PRO 168, ASP 187 and GLN 189. For the
Spike protein (chain A) on Autodock, D-4 forms three hydrogen bonds with ASN
154, ALA 153, ASN 277 and on PyMOL there are the same bonds except for
ASN 277. Based on Plip, D-4 forms three hydrogen bonds with ASN 154, ASN
277, SER 280 and eight hydrophobic bonds with LEU 156 (2), LEU 248, TYR
252 (2), LEU 266, ASN 277 and LEU 278. (Table 10).

For the B-37 molecule, it seems that on Mpro, by using Autodock, that it forms
two hydrogen bonds with TYR 161 and HIS 163 and on PyMOL, two different
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hydrogen bonds with LEU 141 and HIS 164. On Plip, B-37 binds with four amino
acids (i.e. GLY 143, SER 144, HIS 163 and GLN 189), forming four hydrogen
bonds, with three amino acids (i.e. HIS 41, MET 165, PRO 168) forming three
hydrophobic bonds and with one amino acid (i.e. HIS 41) forming a T-stacking
bond. For the Spike protein (chain A) on Autodock, B-37 forms three hydrogen
bonds with TYR 252, LEU 156 and SER 280 but no hydrogen bonds were
formed using PyMOL. Finally, on Plip, there were three hydrogen bonds with
ASN 154, TYR 252, SER 280, six hydrophobic bonds with LEU 156, LEU 248,
TYR 252, LEU 266, ASN 277, LEU 278 and with one amino acid (i.e. LYS 441)
forming a mr-stacking bond (Table 10) (Figues 37-40).

o) O HO OH
0:‘\/\”/\”/\/‘: O/\‘o OW‘: O/I\OO
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\
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Figure 36: Structural depiction of I-1, I-2, D-4, B-49, B-37 and C-70

Ligands Binding affinity for proteins AG (Kcal / mol)
Mpro Spike protein | Spike protein
(chain A) (chain B)
I-1 -6.98 -6.62 5.1
-2 -8.35 -7.88 -6.35
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D-4 -10.76 -10.61 -7.66
B-49 -8.97 -7.9 -6.38
B-37 -10.61 -9.07 -7.94
C-70 -9.3 -8.89 -6.9

Table 9:The average values of binding affinity for the complexes of I-1, I-2, D-4, B-49,
B-37 and C-70 with COVID-19 receptors

Ligands Interactions of ligands with amino acids
Mpro Spike protein Spike protein
(chain A) (chain B)
-1 Autodock Autodock Autodock
TYR 161, HIS LEU 281 ARG 355, ASP
163, THR 26 398, ASN 450
PyMOL
BMOL LEU 278, PRO ByMOL
THR 26, ASN 263, VAL 244 ASN 354, ARG
142, LEU 141, Plip 346, ASN 450
HIS 163, GLN .
189 LEU 248, TYR Plip
) 252, LEU 281
Plip ARG 346 (2),
TYR 158, ALA 251, SER 349. ASN
THR 26. HIS TYR 255, ILE 256, 450
163 GLN 189 | LEU 262, LEU 278
THR 25, GLU ALA 344, ARG
166, LEU 167 346, ALA 348,
. ' ALA 352
GLN 189
-2 Autodock Autodock Autodock
TYR 161, HIS ASN 290, LEU SER 399, ARG
163, GLN 189 | 156, TYR 252, LYS 466
441, SER 280
PyMOL PyMOL
PyMOL
ARG 346, SER
399, VAL 341,
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GLU 166, THR ASN 290, LYS ARG 355, ARG
190, GLN 192 441, ALA 153, 466
. SER 280, LEU 266 )
Plip Plip
Pli
GLU 166, THR =e
90, GLN192(2) | a1 153 ASN ARG 346, ARG
MET 165, PRO | 154, ARG 161 (2), | 355 (3), LYS
168, GLN 189 GLY 268, ASN 356, SER 399,
277, SER 280, ARG 466 (2)
ASN 290, LYS 441
VAL 341 (2)
LEU 156 (2), LEU
266, TYR 279,
LEU 281 (2)
D-4 Autodock Autodock Autodock
TYR 161 ASN 154, ALA SER 399, ASP
153, ASN 277 264, ASP 398,
PyMOL ARG 355, ASN
PyMOL 354, THR 345,
ARG 346
ASN 11‘;% GLN | ASN 154, ALA 153
PyMOL
. Plip
He ASN 154, ASN ALA 348, SER
) 399, ASN 354
GLN 189 277, SER 280
Plip
'zg'SE c134|_% l\l/leEeT LEU 156 (2), LEU
PRO 168 Asp | 248, TYR 252 (2), | ALA 348 ASN
157 GL 180 LEU 266, ASN 354, SER 399
' 277, LEU 278 4)
ALA 344, ALA
348, ALA 352
B-49 Autodock Autodock Autodock
- ASN 154 ARG 346, TYR
351, ASP 442,
PyMOL PyMOL ASN 450
PyMOL
THR 190, GLU | ASN 277, LEU 156
166 )
_ Plip ASN 450, ARG
Plip 346, PHE 347,
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HIS 41, GLU ASN 154 ALA 352, ASN
166 (2), GLN 354, ARG 355
189 ASN 154, LEU 156
(2), LEU 266, LEU Plip
GLU 166, GLN 278, LEU 281 (2)
189 SER 349, ARG
355, ASN 450
ALA 348, ALA
352, ILE 468
B-37 Autodock Autodock Autodock
TYR 161, HIS TYR 252, LEU156, SER 399, ALA
163 SER 280 348, ARG 346,
ASP 442
PyMOL PyMOL
PyMOL
LEU 141, HIS -
164
ALA 348, ASN
Plip 450, SER 349,
Plip TYR 351, SER
ASN 154, TYR 399
GLY 143, SER 252, SER 280
144, HIS 163, Plip
GLN 189 LEU 156, LEU 248,
TYR 252, LEU ALA 348,
HIS 41, MET 266, ASN 277, SER349 (2),
165, PRO 168 LEU 278 TYR 351, SER
399, ASN 450
HIS 41 LYS 441
ALA 344, ALA
348, ALA 352
C-70 Autodock Autodock Autodock
TYR 161, HIS GLU 150, ASN 154 | ARG 355, ASP
163 398
PyMOL
PyMOL PyMOL
THR 190 SER 280, ALA ARG 346
251, ALA 153
Plip B Plip
TYR 252, ASN
HIS 41, GLU 277, SER 280 ASN 354, ALA
166 (2), 344
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GLN189, GLN [ ALA 251, TYR 252

192 (2) (2), LEU 266, ASN ALA 348
VIET 165, GLU 277, LEU 278, LEU
166 281 PHE 347

Table 10: Interactions of amino acid residues of COVID-19 receptors in Mpro and
Spike protein with I-1, 1-2, D-4, B-49, B-37 and C-70. (H-Bonds, Hydrophobic bonds,
m-Stackings, m-Cation interactions, Halogen bonds and ).

/
SER144

GLY.

==« Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
=== 7-Stacking (parallel)
sunn 7-Stacking (perpendicular)
==x= -Cation Interaction
Halogen Bond
Salt Bridge

Figure 37: B-37 incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2 Coronavirus
using crystallographic grid.
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===« Hydrophobhic Interaction
- Hydrogen Bond
Water Bridge
sunn 7-Stacking (parallel)
=== T-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 38: B-37 incorporated in a cavity of with Angiotensin-converting enzyme 2
(chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.
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=us Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
=« = T-Stacking (parallel)
=«ux 7-Stacking (perpendicular)
=ax 7-Cation Interaction
Halogen Bond
Salt Bridge

Figure 39: D-4 incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2 Coronavirus
using crystallographic grid.



==«= Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
s 7-Stacking (parallef)
== w-Stacking (perpendicular)
== m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 40: D-4 incorporated in a cavity of with Angiotensin-converting enzyme 2
(chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

Again, all these molecules were assigned to interact with the same receptors.
For Mpro, the most usual hydrogen bonds were with GLU 166, GLN 189 and
GLN 189, as well as HIS 41 and HIS 163, that are almost abundant due to
presence various heteroatoms. For the chain A of the Spike protein, we
observed hydrogen bonds with ASN 154 and heteroatoms, with SER 280, ASN
277 and -COO" and a lot of hydrophobic interactions due to the presence of
aliphatic groups, in these molecules. In the case of chain B of the Spike protein,
were observed mostly interactions with ARG 346 and other ARG groups, as
well as SER 399 and ASN 354. ARG groups seem to interact mostly with -CN
groups, but SER 399 and ASN 354, interact with -COO" groups.
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1.3.6. Pfizer drugs

In Greece, more than 95% of the vaccinated population, preferred the Pfizer
vaccine. According to the data of the European Organization for Special
Diseases (ECDC), a total of 4,653,520 doses of vaccine against Covid-19 have
been distributed in Greece and 3,109,127 have been administered. Of this
amount, 2,95 million doses have been distributed by BioNTech-Pfizer, 1.22
million by AstraZeneca, 442,800 by Moderna and 30,000 by Johnson &
Johnson. Based on the statistics, we found it necessary to test the new antiviral
drugs on clinical trials, created by Pfizer. Last year, Pfizer reported PF-
07304814, a small molecule inhibitor of SARS-CoV-2’'s main protease. Pfizer
chemists first discovered the active compound, PF-00835231, which was
designed to target the 3CL protease of SARS-CoV, during the 2002—-2003
outbreak of severe acute respiratory syndrome (SARS). The 3CL protease of
SARS-CoV is very similar to that of SARS-CoV-2, and the two proteases’ active
sites are identical, so Pfizer scientists and their collaborators decided to
examine how it fared in cellular tests against SARS-CoV-2. PF-07304814
contains a phosphate group that makes the compound soluble and gets
cleaved by alkaline phosphatase enzymes in tissue, releasing the active
antiviral PF-00835231.The precursor molecule can only be given intravenously.
Recently, Pfizer also came up with an oral SARS-CoV-2 inhibitor to avoid this
difficulty and to make a drug, that is more accessible and easier to use. This
antiviral candidate administered compound in the clinic that targets the 3CL
protease of SARS-CoV-2. By inhibiting the main protease, PF-07321332, just
like PF-00835231, prevents the virus from cleaving long protein chains into the
parts it needs to reproduce itself. It's a reversible covalent inhibitor that reacts

with one of the main protease’s cysteine residues (Figure 41).449394
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Figure 41: Structural depiction of PF-07321332, PF-07304814 and PF-00835231

From the molecules, developed by Pfizer, PF-00835231 is the most efficient
compound compared to the others in binding on Mpro and on Spike protein
(chain B) but for the Spike protein (chain A), the inactive form of it, PF-
07304814, had the best score. Specifically, PF-00835231 has a score of -8.07
Kcal / mol for the Mpro and -6.94 Kcal / mol for the Spike protein (chain B).
(Table 11).

From Autodock, we could observe that PF-00835231 forms a hydrogen bond
with CYS 145, from PyMOL there were two additional hydrogen bonds formed
with SER 144, HIS 164 and from Plip, were seven hydrogen bonds in total with
GLY 143, SER 144, CYS 145, HIS 163, HIS 164, GLU 166, GLN 189 and one
hydrophobic bond with GLN 189. For the Spike protein (chain A), PF-07304814
had a decent score of -6.00 Kcal / mol and forms one hydrogen bond, based
on PyMOL with ASN 154, and two additional hydrogen bonds, based on
Autodock with ALA 153 and ASN 277. Lastly, from Plip, we could observe
seven hydrogen bonds in total with ALA 153, ASN 154 (2), TYR 252, ASN 277,
SER 280 and LYS 441, in addition to four hydrophobic bonds with ASN 154,
LEU 156, LEU 266 and LEU 278 (Table 12) (Figures 42-44).

Ligands Binding affinity for proteins AG ( Kcal / mol)
Mpro Spike protein Spike protein
(chain A) (chain B)
PF-07321332 -7.26 -4.42 -6.22
PF-07304814 -6.08 -6.00 -6.04
PF-00835231 -8.07 -3.67 -6.94

Table 11:The average values of binding affinity for the complexes of PF-07321332,
PF-07304814 and PF-00835231 with COVID-19 receptors
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Ligands Interactions of ligands with amino acids
Mpro Spike protein Spike protein
(chain A) (chain B)
PF-07321332 Autodock Autodock Autodock
- ASN 154, ARG 346, ARG
357, ASN 354
LEU 156
PyMOL
PyMOL
PyMOL DS
LEU 141, GLU
166 ASN 277. PHE ASN 354, ARG
’ 346, ARG 355
274
Plip
Pli
Plip =B
PHE 140, SER
144, HIS 163, ASP 260. ARG ARG 346, ASN
GLU 166, GLN 273 THR’ 276 354 (2), ARG 355
189 : ' (2), ARG 357
THR 276, ASN
277, SER 280
VETISSOLN | asnign e | ALSHL2) A
153, PHE 274, ' )
THR 276
PF-07304814 Autodock Autodock Autodock
GLY 143 ALA 153, ASN ASN 354 (2), ARG
154, ASN 277 355 (2), ASP 398
2
PyMOL
PyMOL PyMOL
PRO 168, LEU
167, HIS 41, GLY ASN 154 ALA 348, ARG
143, GLN 189, 346, ASN 354
GLU 166
Plip
Plip
Plip
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ALA 153, ASN 154 | ARG 346, SER
N 142 G (2), TYR 252, ASN | 349, ASN 354 (3),
ASN 142, GLY 277, SER 280, SER 399 (2)
143, GLU 166 (2), VG 441
ARG 188, GLN
189
ALA 348, LYS 356
ASN 154, LEU
o o 156, LEU 266,
MET 165, GLU Vel 978
166
PF-00835231 Autodock Autodock Autodock
CYS 145 ASN 154 ASP 398
PyMOL PyMOL PyMOL
SER 144, CYS SER 280, ASN | ASN 345, ARG
145, HIS 164 277, ASN 154, 346, PHE 347
ALA 153
Plip Plip
Plip
GLY 143, SER ASN 343, THR
144, CYS 145, ASN 154, THR | 345 (2), ARG 346
HIS 163, HIS 164, | 276, ASN 277, ®)
SER 280 (4), LEU
GLU 166, GLN
281
189
GLU 340, ALA
344
GLN 189

Table 12: Interactions of amino acid residues of COVID-19 receptors in Mpro and
Spike protein with PF-07321332, PF-07304814 and PF-00835231. (H-Bonds,
Hydrophobic bonds, m-Stackings, m-Cation interactions, Halogen bonds and

).
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=us Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
=« = T-Stacking (parallel)
===« T-Stacking (perpendicular)
sun r-Cation Interaction
Halogen Bond
Salt Bridge

Figure 42: PF-00835231 incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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===« Hydrophobhic Interaction
- Hydrogen Bond
Water Bridge
sunn 7-Stacking (parallel)
=== T-Stacking (perpendicular)
==«= -Cation Interaction
Halogen Bond
Salt Bridge

Figure 43: PF-07304814 incorporated in a cavity of with Angiotensin-converting
enzyme 2 (chain A of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

106



==« Hydrophobic Interaction
- Hydrogen Bond
Water Bridge
== -Stacking (parallef)
m-Stacking (perpendicular)
== m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 44: PF-00835231 incorporated in a cavity of with Spike glycoprotein (chain B
of 6LZG) of SARS-CoV-2 Coronavirus using crystallographic grid.

After testing this series of molecules, we observed mostly in the case of Mpro,
hydrogen bonds with GLU 166 and GLN 189, due to the -NH groups of their
molecular frame. Also, there were hydrophobic interactions with MET 165 and
aliphatic groups. For the chain A of the spike protein, we can observe, hydrogen
bonds with SER 280 and the oxygen of the acetamide like group and hydrogen
bonds with the -NH groups and ASN 154 and ASN 277. Lastly, in the chain B
of the Spike protein, we observe hydrogen bonds with all the molecules and
ARG 346. This is because, it interacts with the heteroatoms of the molecular
framework. For the same reason there are also bonds here with other ARG but
also ASN amino acids.

1.3.7. Drugs against Covid-19

It is important to also include the in silico results on Mpro of already applied
components, which were used against SARS-CoV-2 or were planned to. Some
of them seem to bind strongly to the receptor but that doesn’t mean that these
molecules cannot cause side effects. Most of these molecules show good

results in in vitro studies, therefore it is important to test them in silico too.
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Utilization of programs established by the FDA to allow clinicians to gain access
to investigational therapies during the pandemic has been essential. As of
October 22, 2020, remdesivir, an antiviral agent, is the only drug fully approved
for treatment of COVID-19.
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Figure 45: Structural depiction of Cryptoquindoline, Clofazimine, Avatrombopar,
Blonanserin, Betacarotene, Cholecalciferol, Thioproperazine, Meclizine,
Doxecalciferol, Chloroquine, Hydroxychloroquine, Remdesivir, 11a-
Hydroxyprogesterone and 118-Hydroxyprogesterone
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From the above molecules (Figure 45), cryptoquindoline, clofazimine and 11a-
Hydroxyprogesterone had excellent scores, avatrombopar, blonanserin,
betacarotene, cholecalciferol, thioproperazine, meclizine and doxecalciferol
very good scores and chloroquine, hydrochloroquine, remdesivir and 11(-
Hydroxyprogesterone relatively good scores. Cryptoquindoline has a score of -
11.19 Kcal / mol and is the molecule with the lowest binding affinity, followed
by clofazimine with -10.61 Kcal / mol and 11a-Hydroxyprogesterone with -10.09
Kcal / mol. After running Autodock, cryptoquindoline seems to form one
hydrogen bond with GLU 166, but based on PyMOL, there is one with ARG
188. On Plip it appears one hydrogen bond with GLU 166 and three
hydrophobic bonds with HIS 41, GLU 166 and GLN 189. Clofazimine showed
on Autodock, one hydrogen bond with GLU 166, but none on PyMOL. In
addition, on Plip, it formed three hydrogen bonds with two amino acids (i.e. GLU
166, GLN 189 (2)), four hydrophobic bonds with MET 49, PHE 140, MET 165,
GLU 166 and two halogen bonds with THR 26 and GLN 192. Finally, 11a-
Hydroxyprogesterone, showed on Autodock, two hydrogen bonds with the
amino acid GLU 166 (2), on PyMOL three hydrogen bonds with GLU 166, GLN
189 and THR 190 and on Plip seven hydrogen bonds with GLU 166 (2), GLN
189, THR 190 (2) and GLN 192 (2), as well as five hydrophobic bonds with PHE
140, MET 165, GLU 166, ASP 187 and GLN 189 (Table 13 & Table 14) (Figures
46-48).

Ligands Binding affinity for proteins AG (
Kcal / mol)

Mpro
Cryptoquindoline -11.19
Clofazimine -10.61
Avatrombopar -9.11
Blonanserin -9.34
Betacarotene -9.52
Cholecalciferol -9.43
Thioproperazine -9.04
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Meclizine -9.4
Doxecalciferol -9.66
Chloroquine -6.59
Hydroxychloroquine -7.1
Remdesivir -6.56
1la-Hydroxyprogesterone -10.09
11B-Hydroxyprogesterone -7.72

Table 13: The average values of binding affinity for the complexes of
Cryptoquindoline, Clofazimine, Avatrombopar, Blonanserin, Betacarotene,
Cholecalciferol, Thioproperazine, Meclizine, Doxecalciferol, Chloroquine,
Hydroxychloroquine, Remdesivir, 11a-Hydroxyprogesterone and 113-

Hydroxyprogesterone with Mpro.

Ligands

Interactions of ligands with amino
acids

Mpro

Cryptoquindoline

Autodock

GLU 166

PyMOL

ARG 188

Plip

GLU 166

HIS 41, GLU 166, GLN 189

Clofazimine

Autodock

GLU 166
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GLU 166, GLN 189 (2)

MET 49, PHE 140, MET 165, GLU 166

THR 26, GLN 192

Avatrombopar

Autodock

THR 26

PyMOL

GLN 189, GLU 166, THR 26

Plip

THR 26

PRO 168, ALA 191

HIS 41

Blonanserin

Autodock

GLU 166
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PyMOL

GLU 166

Plip

MET 165, LEU 167, PRO 168, GLN 189
@)

GLU 166

Betacarotene

Autodock

PyMOL

Plip

GLN 107, PRO 108, PHE 134, VAL
202, GLU 240, ILE 249 (2), PRO 252,
PRO 293 (2), PHE 294

Cholecalciferol

Autodock

GLU 166

PyMOL

PHE 140

Plip

GLU 166

PHE 140, MET 165, GLU 166, LEU
167, GLN 189, GLN 192
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Thioproperazine

Autodock

HIS 163, GLU 166

PyMOL

GLU 166

Plip

HIS 163, GLU 166

HIS 41, MET 49, GLN 189

GLU 166

Meclizine

Autodock

THR 25, LEU 27, HIS 41, MET 49,
MET 165, ASP 187, GLN 189 (2)

HIS 41

Doxecalciferol

Autodock

SER 144, HIS 163, GLU 166

PyMOL

PHE 140, HIS 163, GLU 166
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Plip

LEU 141, HIS 163, GLU 166

PHE 140, MET 165, LEU 167, GLN

189, GLN 192

Chloroquine

Autodock

HIS 164

PyMOL

HIS 164

Plip

HIS 163, HIS 164

MET 165, GLU 166

HIS 41

THR 190

GLU 166

Hydroxychloroquine

Autodock

SER 144, HIS 163, HIS 164

PyMOL
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LEU 141, HIS 163, HIS 164

Plip

SER 144, HIS 163, HIS 164

HIS 41, MET 49, MET 165, GLU 166,
GLN 189

HIS 41

Remdesivir Autodock

GLN 189 (2)

PyMOL

GLU 166 (2), GLN 189 (2)

Plip

SER 46, ASN 142, GLU 166 (3), GLN
189 (2)

HIS 41

HIS 163

1la-Hydroxyprogesterone Autodock

GLU 166 (2)
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PyMOL

GLU 166, GLN 189, THR 190

Plip

GLU 166 (2), GLN 189, THR 190 (2),
GLN 192 (2)

PHE 140, MET 165, GLU 166, ASP
187, GLN 189

11B-Hydroxyprogesterone

Autodock

GLY 143, GLU 166

PyMOL

LEU 141, GLY 143, GLU 166

Plip

LEU 141, GLY 143, SER 144, CYS 145,
GLU 166

Table 14: Interactions of amino acid residues of COVID-19 receptors in Mpro with
Cryptoquindoline, Clofazimine, Avatrombopar, Blonanserin, Betacarotene,
Cholecalciferol, Thioproperazine, Meclizine, Doxecalciferol, Chloroquine,
Hydroxychloroquine, Remdesivir, 11a-Hydroxyprogesterone and 1183-
Hydroxyprogesterone. (H-Bonds, Hydrophobic bonds, m-Stackings, m-Cation

interactions, Halogen bonds and

)-
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*GLN-189

=xu» Hydrophobic Interaction
= Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 46: Cryptoquindoline incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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===« Hydrophobic Inferaction
- Hydrogen Bond
Water Bridge
= m-Stacking (parallel)
= m-Stacking (perpendicular)
= m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 47: Clofazimine incorporated in a cavity of Mpro (6LU7) of SARS-CoV-2
Coronavirus using crystallographic grid.
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===« Hydrophobhic Interaction
= Hydrogen Bond
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== -Stacking (parallef)
sunn 7-Stacking (perpendicular)
== m-Cation Interaction
Halogen Bond
Salt Bridge

Figure 48: 11a-Hydroxyprogesterone incorporated in a cavity of Mpro (6LU7) of
SARS-CoV-2 Coronavirus using crystallographic grid.

By testing, already known drugs, we gained interesting results for their
interaction with Mpro. It is logical for Betacarotene, to not show any bond other
than hydrophobic interaction, due to its lipidic nature and as a result, it binds
with an allosteric center. Meclizine binds with the correct receptor, but it only
forms strong hydrophobic interactions and one t-Cation interaction with HIS
41. All the other molecules bind to the receptor mostly again with hydrogen
bonds with GLU 166, GLN 189 and GLN 192.

1.4. Experimental conclusions and future goals

Evaluating the results of the molecular docking calculations of the potential

ligands in the various receptors, the following conclusions emerged:
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For Mpro, losartan, D-4, B-37, BV6, EXP-3174, Cryptoquindoline, Clofazimine,
11a-Hydroxyprogesterone and Rosmarinic acid showed excellent scores, from
which Rosmarinic acid has the lowest score (-13.97 kcal / mol). The most
common hydrogen bonds were observed with HIS 41, PHE 140, GLY 143, SER
144, CYS 145, GLU 166, GLN 189 and GLN 192.

For the RBD of the Spike protein, losartan, BV6 derivative 1, BV6 derivative 2,
BV6 derivative 3 have excellent scores, from which BV6 derivative 1 has the
lowest score (-11.3 kcal / mol). The most common hydrogen bonds were
observed with SER 349, LYS 356, ARG 357 and ASN 450.

For the chain A of the Spike protein, Rosmarinic acid, D-4 and EXP-3174 have
excellent scores, from which EXP-3174 has the lowest score (-11.2 kcal / mol).
The most common hydrogen bonds were observed with ASN 154, ASN 277,
SER 280 and LYS 441.

For the chain B of the Spike protein, Rosmarinic acid and BV6 have excellent
scores, from which Rosmarinic acid has the lowest score (-10.9 kcal / mol). The
most common hydrogen bonds were observed with THR 345, ARG 346, ASP
398 and SER 399.

Lastly, for the metallocenter of the Spike protein BV6 and its derivatives have
excellent scores, from which BV6 derivative 1 has the lowest score (-12,05 kcal
/ mol). The most common hydrogen bonds were observed with PRO 346, GLU
398 and GLU 402.

The next steps include doing Molecular dynamics calculations with the most
efficient ligands, and also run in vitro and animal testing with our partners in

Turkey and Australia.

It's an emergency, that scientists need to come up or develop new drugs
against SARS-CoV-2. The virus has increased its resistance in drugs in use
and some of these drugs have side effects, so it is important that new medicines
need to arrive at the market. Also, there should be development not only for a
cure against the virus, but also medicine to relieve symptoms, to prevent the
virus from entering the host or reproducing and with minimal side effects and

cost. This virus has the ability to mutate rapidly, and it seems that the newest
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mutation strains (i.e. mutation A and mutation Mu) are spreading ferociously

and are dangerous.

Chapter 2: Synthesis of Co' Complexes in
Environment of Pincer Ligands with NHC Donors and
Their Use in Ketone Hydrogenation Reactions

2.1. Introduction

2.1.1. 3d metals

Today, there is an ongoing quest to replace the platinum group metals (PGMs),
frequently used in catalytic reactions, which are precious metals with high price
volatility, with more Earth-abundant metals. In general, heavier metals were
initially of strong interest due to specific catalytic applications, like C-C and C-
heteroatom cross coupling (Pd), alkene metathesis (Ru), transfer
hydrogenation (Rh, Ir), and various carbonylations (Rh, Ir). Despite their
effectiveness, those metals can be harmful and are prohibitively expensive
when required in large quantities. The study of catalytic reactions with abundant
3d metals in the earth's solid crust is a modern direction of chemistry aimed at
the long-term viability of catalytic transformations and the synthetic processes
associated with them. Homogeneous catalysis with Earth-abundant, first-row
transition metals is receiving increasing attention as a potentially cost-effective
and sustainable methodology. Furthermore, first row transition metals provide
platforms to explore catalysis in a new chemical space. The kinetically and
thermodynamically accessible oxidation and spin states may enable new
mechanistic pathways, substrate scope and reactivity. Thus, there is a strong
interest on inexpensive and highly abundant first-row transition metals notably

nickel, iron, and cobalt. 95-101

Several cobalt complexes, not only well-defined but also in situ-formed, are
gaining considerable popularity. Importantly, the stability and reactivity of the

complexes have been based on multidentate ligands imposing steric and/or
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electronic influences. Consequently, non-noble metal catalysts based on pincer
type ligands are of special interest in organometallic chemistry and
homogeneous catalysis.

The precious metal catalysts technology has relied on the metal centre
supported by strong field ligands to enable highly predictable two-electron steps
redox chemistry that accompany the key bond breaking and forming steps
during turnover. Since 3d metals commonly feature stable oxidation states
differing by one electron, concepts encompassing metal ligand cooperation in
catalysis to accommodate the two electron changes necessary for the catalytic
steps have been devised and developed; they include e.g. the use of redox

active, non-innocent and/or proton responsive ligands. 96:99.100.102

2.1.2. Cobalt

The peculiarities of 3d metals (e.g. relative stabilities of oxidation states,
reduced strength of metal-heteroatom bonds, chemical (lability), electronic
configurations with open shells and paramagnetic character require the
optimization of existing ligands for catalytic functionality and / or the design and
synthesis of new types of ligands. Some relevant objectives of the research
endeavors in this area are: (i) stabilization of well-defined metal complex
substructures at the catalytic center, (ii) stabilization of functional oxidative
states of relevance to the catalytic cycle, (iii) occassional use of non-innocent
ligands, (iv) bi-functional architectures with dual, synchronous activation of the
substrate by the metal and ligand.®”

Cobalt (Co), has atomic number Z = 27 and atomic weight Ar = 58.93320. Its
electronic configuration is [Ar]3d74s? and the only natural isotope is %°Co.
Despite that, the man-made %°Co constitutes an important y-ray source, widely
used in cancer treatment, as a tracer, and for radiotherapy. Co is air-stable and
is not affected by water. It was isolated by N. - L. Vanquelin (France, 1780) and
its name is of German origin: "kobald" which means evil demon of mines. This
name was given by miners since its presence was associated with accidents in

the mines. Cobalt is a transition element and belongs to the 4th period and to
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group VIIIB (or 9). Of relevance to the previous discussion, the earth abundance
of Co is 0.0029% of mass in earth crust, so it is placed 33rd in order of
abundance and its average content in the Earth’s crust is approximately 25-30
ppm, albeit widely distributed. The current price is ca. 24,000 USD / ton and its
toxicity (LDso for CoClz2= 766 mg / kg) is low. The common oxidation states are:
0, +1, +2, +3, +4 with more stable +2 and +3 states. Co(l) and Co(0) are
stabilized as complexes with tr-acceptor ligands, while few Co(IV) complexes
have been documented. More specifically, the +2 state is -absence of
complexing factors- much more stable than that of +3, especially for simple
compounds. Co'"' (aq) is a powerful oxidant that it oxidizes water to oxygen
(Figure 49)

(1]
Co™(ag) + ¢~ — Co**(aq) El =182V

C02+(n‘ B ; o = r
y q) +2e — Co(s) EZ 0.28 V

Figure 49:Typical reduction potentials of cobalt. 103104

Co'" forms tetrahedral and octahedral complexes but there are also examples
of complexes with planar T-shaped, trigonal-planar, trigonal-pyramidal, square-
pyramidal, square-planar geometries as well as distorted and/or distorted
geometries. Co' centers are paramagnetic: the high-spin (d’, S = 3/2) and low
spin (d’, S = 1/2). Octahedral complexes and tetrahedral complexes are high
spin, while square planar complexes are low spin. Co"' appears to adopt mostly
octahedral and rarely tetrahedral or square-pyramidal coordination geometries,
almost invariably of low spin (i.e. diamagnetic). An interesting exception is the

high spin paramagnetic CoFe* (Figure 50).
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Figure 50:Electronic arrangement for d® Co" (right) and of d” Co" in weak field and in
strong fields (left).103.104

Our focus is Co'" complexes, and the strong and weak field cases are
differentiated from the spectrochemical series of the donors in the ligand. This
series orders the ligands on the basis of their field strength, i.e. the splitting
between the non-bonding and the antibonding orbitals in the complex that they
cause as shown in Figure 51. Ligands that have low field strength, promote high
spin electronic configurations, and are listed first in the series, followed by
ligands of higher field strength, that promote low spin configurations. Strong-
field ligands, such as CN™ and CO, increase the A splitting and are more
likely to result in low-spin complexes whereas weak-field ligands, such as

I~ and Br~ cause a smaller A splitting and are more likely to be high-spin.
(weak)1™ < Br~ < §%7 < SCN™ < ClI" <NQO;” < N3~ < F~ < OH™ < (0,2 = H,0 <

NCS™ < CH3CN < py < NH3 < en < bipy < phen < NO,™ < PPh; < CN™ = CO (strong)

Figure 51: The spectrochemical series of ligands

The thermodynamic stability of metal complexes depends on the properties of
the ligand and the metal ion and on the type of bonding. Metal-ligand
interaction can be viewed as Lewis acid—base interactions. Lewis bases (the

donors of the ligand) can be divided into two categories:
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« Hard, containing small, relatively nonpolarizable donor atoms (such as
N, O, and F), and

« soft containing larger, polarizable donor atoms (such as P, S, and ClI).

Metal ions with the highest affinities for hard bases are hard acids (also
classified along similar lines of size and polalizability), whereas metal ions with
the highest affinity for soft bases are soft acids.

Conversely, soft acids tend to be cations of less electropositive metals;
consequently, they have lower charge-to-radius ratios and are more
polarizable. Based on the principle that hard acids prefer to bind to hard bases,
and soft acids prefer to bind to soft bases, stable complexes are formed. Co'" is

soft and Co"' is hard due to their size and charge difference. 103-108

2.1.3. Carbenes

The term "carbene" is used when describing a molecule containing a neutral
carbon atom with six valence electrons, two of which are non-bonding. In
general, carbenes are neutral molecules with a divalent carbon atom and a
general formula :CR2. The geometry of carbenes can be either linear or bent
depending on the hybridization of carbon center. In the case of sp hybridization
linear geometry whereas in the sp? hybridization bent geometry is adopted;
carbenes frequently adopt bent geometry when the carbon substituents include
heteroatoms (N, O, S etc). The energy of one of the p1r orbitals does not change
during the transition of linear (sp) to bent (sp?) hybridization. The newly formed
sp? hybrid orbital denotes as sigma orbital which is energetically stabilized by
the partial s character from its sp2. Based on the orbital distribution of the non-
bonding electrons the carbene moieties are divided into two categories: The
singlet state singlet and the triplet state carbenes (Figure 52). In the former the
non-bonded electrons occupy the non-bonding sp? orbital with antiparallel
spins, forming a pair. In the latter, the non-bonded electrons occupy two

different orbitals and have parallel spins.109-112

125



empty p orbital

v

R
sp2 orbital *(ID N2
R,

CD \\\\\ R2

R,

Figure 52: Singlet (left) and Triplet (right) carbenes.

Carbene chemistry is constantly evolving and is now is a topical area of
chemistry. One major factor for the progress witnessed is the availability of

techniques and equipment to study reactive species. 113

Initially, the views of the scientific community on the validity of the existence of
carbenes were divided. That changed after the conduction of studies on
methylene and daxomethane derivatives in the early 20th century. Eduard
Buchner had first conducted cyclopropanation studies of ethyl diazoacetate
with toluene in 1903. In 1912 Hermann Staudinger also converted alkenes to
cyclopropanes with diazomethane and CHz as an intermediate and a few
decades later Doering in 1954 demonstrated with dichlorocarbene synthetic
utility by synthesizing Tropolone derivatives and adding dialogonemethylene to
olefins (cyclopropanation). Since then, the interest of the scientific community
in carbenes flourished, with several references to cyclopropane reactions,
methylene inserting and ring expanding promoted by an intermediate type: CXz

(Figure 53).109114-119

0 O OH
CH,N, KMnO, OH,
+
hv
R R
R R

CHBr3

O KOtBu ©><Br Na ©>
- Br

Figure 53: Methylene interfering and cyclopropanation reactions via intermediate
carbene 117119
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The first metal complex structure containing carbene ligand was mentioned in
the literature by Tschugaeff in 1925, when he synthesized a complex with
diamino ligand and from the starting material Potassium hexachloroplatinate.
This product which is also known as "Tschugajeff's salt" was initially described
structurally incorrectly. The accurate structure was finally depicted some

decades later in the 1970s.120.12

Significant contributors to the field of coordinated carbenes, but also to the
related organometallic chemistry, were Fisher and Schrock. The first fully
characterized carbene-metal complex was reported in the literature by Fischer
in 1964. That complex was a W° pentacarbonyl complex and had a carbene
ligand. A decade later, Schrock synthesized another type of carbene complex
using TaY, a high oxidation state metal. It is also important to add that in the
1970s Michael F. Lappert first showed the existence of transient monomeric in
solution acyclic carbene analogs that exist in equilibrium with dimeric electron
rich olefins. Although the synthesis and isolation of free carbenes had not yet
been achieved, the remarkable efforts by Fischer and Schrock showed that
carbenes could be effective on metal transitions to form stable complexes
(Figure 54). 122-124

Figure 54: the Fischer complex (left), the Schrock complex (middle) and the
Tschugajeff salt (right) 122-124

2.1.4. N-heterocyclic carbenes

N-heterocyclic carbenes, where the carbene carbon is integrated into a
heterocyclic ring (usually imidazol, Figure 55) are singlet state carbenes i.e. the
non-bonding electrons of the carbon occupy a a(sp?) orbital in the ground state.
Their unique stability can be attributed to a range of electronic and
stereochemical factors including: (i) the inductive attraction of electron density

from the carbenic centre to the more electronegative heteroatoms, which
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reduces the energy of the o(sp?) orbital; (ii) the supply of T-electron density
from the neighboring nitrogen to the empty p-orbital of the carbene carbon. The
formation of an aromatic ring (6 €, given that carbon has a double bond
between C4 and C5, offers additional stability to the system, although the

uptake of electrons from nitrogen into the carbene is negligible- 125:126

R1\N/\N’R2

Figure 55: General type N-heterocyclic carbene

Common N-heterocyclic carbenes or named sometime as Arduengo carbenes
and abbreviated as NHCs are heterocyclic compounds of great importance due
to their rich chemistry and their use as ligands in metal complexes, but also for
their applications in organometallic catalysis and material chemistry. They are

electron-rich nucleophilic species. 125127
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Figure 56: Attempt to synthesize N-heterocyclic carbenes from Wanzlick.?":12

Wanzlick and Ofele where the first to prove the transient existence of N-
heterocyclic carbenes based on the imidazolin-2-ylidenes. Sadly, the isolation
and characterization of this type of carbenes was relatively difficult and was
achieved many years later. In the early 1960s Wanzlick attempted to synthesize
a free carbene from an imidazolidine derivative by thermal abstraction of
chloroform (Figure 56). Instead, he isolated a colorless crystalline solid, an
electron rich olefin, which resulted from dimeriation of the carbene product. The
first N-heterocyclic carbene metal complexes were reported independently in
1968 by both Wanzlick and Ofele, who reported the synthesis of Hg' and Cr°
complexes, respectively, with in situ deprotonation of imidazole salts and

subsequent complexation (Figure 57).125127-130
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Figure 57: The first complexes of N-heterocyclic carbenes 12°:130

The first stable, in the absence of oxygen and moisture, free N-Heterocyclic
carbene was synthesized a few decades later in 1991 by Arduengo et al. Till
then N-heterocyclic carbene research remained fruitless until this discovery.
This N-heterocyclic carbene with adamantyl ligands, also known as IAd 1,3-
bis(adamantyl)imidazol-2-ylidene, was isolated as a colorless crystalline solid
by deprotonation of 1,3-di(adamantyl)imidazolium salt with sodium hydride in
the presence of catalytic amount of DMSO in THF. This work by Arduengo and
his collaborators was very important to the scientific community as it paved the
way for further research into this class of chemical compounds and eventually
to their increasing use in organic and organometallic materials chemistry
(Figure 58). 131-133

Ky g Ko
“DMSO \—/

Figure 58: The synthesis of the first N-heterocyclic carbene 3!
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Figure 59: Most commonly used imidazolium salts 13

NHCs form a group of versatile donor ligands with unique stereoelectronic

properties that assist in the stabilization of metal complexes, which display low

coordination numbers and/or unusual oxidation states endowed with unique

catalytic, physical or medicinal properties. Some of the most commonly

imidazolium salts are depicted at Figure 59. NHCs are spectator ligands that

are usually very strong sigma donors, often drawing comparisons to

phosphines. Since the metal-NHC bond is generally stronger than the metal-

phosphorus bond they impart high stability and enhanced activity to their

complexes with transition metals. Their steric properties are also very tuneable.
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Several attempts have been made to quantify these properties to determine a
reliable model of the stereochemical parameter corresponding to the electronic
parameter. Tolman suggested a way to evaluate the stereochemical demands
of a conical phosphine ligand from the angle of the cone with apex at the metal,
the P atom at 2.28 A from the metal and apex angle defined by tangents
encompassing the van der Waals radii of substituent atoms considered as
spheres. Tolman also proposed a method for evaluating the electronic
properties of the phosphines known as Tolman electronic parameter (TEP)
based on the positions of the IR absorption of [NiL(CO)s] complexes.
Analogously, the o-donation from a N-heterocyclic carbene to a metal center is
described by the vibrational frequency of a carbonyl ligands with IR
spectroscopy in complexes LNi(CO)s or RhL(CO)2ClI, IrL(CO)2Cl, where L =
NHC. This means that due to the increased back-bonding from the metal
orbitals to the carbonyl 1*-orbitals results in a reduction in the frequency of
vibration of the carbon-oxygen bond. In general, the better -donor the ligand
is, the more electronically rich the metal center becomes, reducing the bond

strength between carbon and oxygen to the carbonyl ligand.

N-heterocyclic carbenes do not have conical symmetry but have an umbrella
shape enclosing the metal center, raising the need for alternative models to
quantify ligand sterics. Some of these methods that have been developed are
(i) the "% buried volume" stereochemical parameter (% Vour), developed by
Nolan and Cavallo. This parameter is calculated based on the volume
percentage of a sphere centered on the metal with a diameter of 3 A that is
occupied by the ligand atoms. The distance between the metal and the ligand
is considered 2 A. A useful feature of % Vo is that it can also be applied to
phosphines, allowing them to be compared with N-heterocyclic carbenes using

the same parameter, 108:125.135-139

NHC carbenes form complexes with almost all transition metals. Due to their
use in catalysis and synthesis, as well as due to their special properties in the
field of organometallic chemistry they are being studied extensively by the
scientific community. They have also been used for the development of metal
catalysts, used in cycloaddition, hydroamination, hydroformylation,

polymerization of unsaturated substrates, cross coupling, and other reactions,

131



with very good results. Some of the most well-known complexes are the
ruthenium second-generation Grubbs catalysts and the Hoveyda-Grubbs
catalysts, which are widely used in olefin metathesis reactions (Figure 60).
Justified for their contribution to the field of organometallic chemistry Grubbs,

Schrock and Chauvin were awarded with the Nobel Prize in Chemistry in 2005.
133,140-146
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Figure 60: First and second generation of Grubbs olefin metathesis catalysts 12547

2.1.5. N-heterocyclic carbene complexes with Co"

The NHC chemistry of cobalt is somewhat comparable to that of iron. The
synthesis of cobalt NHC complexes is a challenging procedure. In general, the
synthetic strategies leading to these complexes can be categorized into three
methods depending on NHC providing entity employed. Firstly, the free
carbenes can be produced via the deprotonation of imidazolium salts using a
strong base and subsequent treatment with metal precursors. Secondly, a
direct metallation of an imidazolium salt with a metal containing basic amide
groups such as Co[N(SiMes)z]2 known as aminolysis. Lastly, a very popular
method of receiving cobalt NHC complexes is via transmetallation from silver

or even copper NHC complexes (Figure 61). 148149
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Figure 61: General synthetic methods for cobalt-NHC complexes. 14814

NHC-complexes with cobalt, are accessible in three oxidation states Co', Co"
and Co", with rarer examples of the highly oxidized complexes (formally Co'V
or CaV). In 2014, Deng’s group reported the synthesis of a Co' imido complex,
(depicted below Figure 62) by reaction of the Co® alkene complex with 2 eq. of
the bulky DiPPN3s azide. In the solid state the complex is trigonal-planar with an
overall C2y symmetry. It is stable in solution and in the solid state at room
temperature. After CV experiments took place, it was hypothesized, that the
CoV analogue can be isolated too. In fact, by performing chemical oxidation of
the Co"V with [FeCp2](BArF4)], resulted in the formation of CoY analogue, which
was isolated in 88% yield. The *H and 3C NMR spectra of this diamagnetic Co¥
complex suggest a C2y symmetric [Co(NDiPP)2(IMes)]* cation in solution. The
crystal structure of the CoV complex, revealed a trigonal-planar geometry

around the Co center, similar to one of the Co'V precursor complex. 103-108

133



N
Mes \ \S/ Mes DiPP Mes /DiPP—I BArF,
’ I
N\

/ / W
N , DiPPN; (2 eq.) N //N [FeCp,]BArF, N //N
[ »—Co 0O [ »—Co_ [ »—06
N < —Si -2 Ny, - dvtms N \N - FeCp, N \N
\ //_ I\ \ N N
Mes Mes DiPP Mes DiPP
co’ ColVv coV

Figure 62: Synthesis of the NHC-complexes Co" and CoV.107.108

Due to all these peculiarities, cobalt is particularly attractive for use in
metalocentered catalysis to achieve various chemical transformations. These
characteristics of cobalt are reflected in a multitude of applications, which have
been developed in both heterogeneous and homogeneous catalysis. Its use
has already been established in a multitude of diverse transformations (e.g.
cyclotrimerizations, Pauson-Khand reactions, carbonylations, hydrogenations,
water oxidation etc.) based on its great affinity towards carbon-carbon and
carbon-nitrogen n-bonds and the accessibility of reactive organometallics
(alkides, acyls, hydrides etc.) with closed- or open-shell electronic structures.
Historically, most important applications of cobalt in homogeneous catalysis are
in hydroformylation and hydrosilyation reactions. The Classical example of
cobalt catalyzed reactions, the synthesis of aldehydes from alkenes via an
addition process using HCo(CO)a. In 1960, dicobalt dicarbonyl was used as
catalyst in hydrosilyation reaction. Despite these studies, cobalt catalyzed

organic transformations are still way behind than platinum group metals.150-156

An early example with promising results was in the hydroformylation of 1-octene
using the hydrido cobalt complex [(IMes)Co(CO)zH] by Llewellyn et al. The
unusual high selectivity for the branched hydroformylation product versus linear
1-nonanal seems to indicate that the [(NHC)Co] complex catalyzes alkene
isomerization prior to hydroformylation. Also it is interesting to describe the only
example of a homoleptic Co" NHC complex of the type [Co(NHC)4]?*(A™)2. This
complex has been obtained in 52% yield by reaction of Me2IEt with [CoCl
(PPh3)s] and NaBF4, followed by one-electron oxidation with [FeCp2](BF4). The
solution magnetic moment of it, pert = 2.4 ys, is consistent with a low-spin four-
coordinate Co" center. A square-planar coordination geometry for the Co center
was established by X-ray crystallography, and the complex was further

characterized by EPR spectroscopy. This complex can engage in one-electron
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redox reactions, as evidenced by its reaction with aryl Grignard reagents (p-
tolylmagnesium bromide), which led to the reduction of the metal center. is a
privileged platform for one-electron redox reactions (Figure 63). 157:158

Me Me (A)
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EtEt”
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Figure 63:The only example of homoleptic Co" NHC Complex 157158

2.1.6. Pincer ligands

The term pincer ligands emerged in the late 1970s based on the studies of
Shaw and van Koten (Figure 64). They were the pioneers, who first described
organometallic complexes containing this type of ligands. Initially that term
referred to tridentate ligands with a central anionic carbon and two flanking
binding units that enforce a meridional coordination about the metal center. The
term pincer has greatly broadened since then, to include any chelating
agents that bind tightly to three adjacent coplanar sites. Ligands with 'pincer’
architecture are versatile and precise tools. Because of the steric and electronic
tunability of pincer ligands the stability and reactivity of the complexes can be
tuned and optimized. The donor groups are immobilized in mer stereochemistry
at desired positions of the spherical sphere, while the sub-structures of the
formed complexes in which the pincer is involved have increased stability
(chelating effect). Many pincer ligands contain phosphines but pincers which

contain carbenes are now studied at an accelerating pace.15%-164
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Figure 64: The pincer (NCN) complexes by van Koten et al 6*

The interest of the scientific community for the development of pincer ligands
was initially focused on organometallic complexation, wherein a terdentate
pincer ligand with rigid or semirigid conformation, was bound to the metal centre
via at least one metal-carbon o bond. Usually, the synthesis of a complex with
pincer ligands results in the formation of two five-membered metallocyclic rings
although, there are cases where six-membered metallocyclic rings are formed.
Pincer ligands are also distinguished by the ability to "tune" electronic
properties of the complexes formed, for example the enhancement of the
thermal stability of the metal complex systems and, in some cases, in the
stabilization of unusual and unstable oxidation states of the metal center in the

course of formation of chelate metal cycles and in general the chemical stability

136



avoiding dissociation of the metal. Some of the most commonly used pincer

ligands are depicted below (Figure 65) 159-161,165-169
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Figure 65: Examples of commonly used pincer ligands ***

Given the plethora of the pincer ligands synthesized in the recent years, it is of
great importance to discuss the various structural modifications of them. The
general abbreviation of a pincer ligand is {YXY} with Y as the neutral two-
electron donating groups (—N(R)z2, —P(R)2, —SR, —As(R)2, or —OR, R=alkyl,
aryl), which are located at the side arms and X as the central donor group. The
Y donor groups are connected by linker units (Z) , which are very usually alkyl
chains of various lengths. Pincer ligands can be characterized as symmetrical,
when L'=L2 or nonsymmetrical, when L#L2. For practical synthetic reasons

however, the symmetrical systems tend to be more popular. Additionally, the
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size of the donor ligands as well as the introduction of various functional groups
into the benzylic positions strongly affect the steric and electronic properties of
the formed pincer complex. Lastly, the OCO ligands (in which the oxygen-
containing group acts as L1, L?) and their complexes are rarer, and examples
of their application are nearly absent. General structures and model frameworks

of pincer NHC ligands are shown in Figure 66. 170-172

R M: metal
s n:0,1,2
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Figure 66. General structure of ‘pincer’ ligands

X represents the central part of the ligand and it can be a nonanionic or an
anionic group. Most frequently L is a 2,6-disubstituted phenylene ring or with
the anionic carbon atom in position 1. This carbon atom forms the C—M
covalent bond with the metal atom (M) in the complex. In addition, neutral
nitrogen-containing (pyridines) and some other organic fragments can also be
used as X. The nature of the central donor atom (typically C- or N) may also
have an important electronic impact, particularly through the variation of the
trans influence. It is possible that the electronic properties can be altered by
changing the substituents in the aromatic ring. Zero electron centers such as
trivalent boron may provide strikingly different ligand environments, particularly
when these centers are located in the central element of the pincer where their
coordination is enforced by the wingtip groups. These modifications are the
most common as well as variations of substituents on the ring (donor, acceptor

groups) or even the elimination of the ring. 160.173-176

Finally, the modifications of the bridging fragment between L and L, L? also
affects the properties of the produced complex thus controlling the accessibility
of the metal center for attack by certain substrates or for the formation of a chiral
cavity for asymmetric catalysis. The size of the linker arms determines the ring

size and therefore influences the bite angle, a factor that also affects the
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reactivity of the complex. When using flexible linkers the fac binding or even

fluxionality between the two forms take place.”7:178

The rigidity of the pincer ligands plays a big role in how efficient they are in
asymmetric catalysis. The lateral, mutually trans donors, known as pincer
'wingtips' cooperate with the bridgehead in the functionality of the 'pincer’
complexes with 3d metals. Rigidity is not only affected by bridging fragment but
also by the wingtips. If the wingtip groups are not very rotatable, they may
instead maintain a geometry in which suitable ligands project into the active site
area of the catalyst where they help enantio-differentiation of the relevant
transition states. The more rigid pincers can give exceptionally efficient ligands
for asymmetric catalysis by preventing the wingtip groups from rotating, thus
holding them in a geometry that directs ligands into the active site area of the

Cata|yst_ 134,178,179

Except from the numerous examples, where the usage of this type of ligands
gives efficient catalytic results, they also give a range of emissive complexes,
in which the pincer coordination is preferred over bidentate chelation. In a
pincer complex the metal ion is conformationally constrained, the number of
distortions that may provide pathways for non-radiative decay to the ground-
state are minimized, and this produces clear benefits on the efficiency of the

luminescent properties of the complex. 176:178

2.1.7. Pincer ligand complexes with Co"

The synthesis of Co- pincer complexes can be a crucial step because the
formation of a metal-C bond(s) can be difficult. In general, it is achievable via
the binding of two electron donor moieties. Four general methods exist for the
synthesis of the pincer Co complexes. Firstly, those complexes can be
produced via a direct metalation with a metal containing basic amide groups
such as Co[N(SiMes)2]2 known as aminolysis (already described in the
complexation of cobalt and NHC carbenes). Secondly the metal can be
introduced via oxidative addition which results in a different oxidation state.

Again, the transmetalation method can be applied here using metal transfer
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agents and lastly via transcyclometalation routes. Consequently, metalation of
these pincer ligands may occur via electrophilic aromatic substitution. All these
methods must involve a metalation reaction of the corresponding pincer ligands

creating a new metal-carbon o bond in the final step (Figure 67). 134.180-183

: |‘| [Co]: Cobalt
R S . _precursor
Fi Z]” ]W
Y w

Y Y—[Coj—Y

1st method W=H
2nd method W=CI, Br, | etc.
3rd method W=Li, SiR3, SnR3, etc.

Figure 67: Synthetic strategies for pincer complexes. 134180183

Since 2004 a variety of Co pincer complexes were created. Notably,
Danopoulos et al, reported the first air-sensitive Co" pincer complex based on
the 2,6- bis(arylimidazol-2ylidene) pyridine (CNHCNCNHC) ligand. It was obtained
by the aminolysis reaction of [Co{N(SiMes)2}2] with the pincer imidazolium salt
proligand (Figure 68). 184

N (Br-)z /l
| Sy
" |
N¢ _[Co{N(SiMes),}]
S | Y—Co—( |
(Y ety J
Dipp  Dipp Dipp Dipp

Figure 68: The first pentacoordinated Co" pincer complex 84
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2.2. Results - discussion

2.2.1 Paramagnetic NMR

It is well-known that chemical entities with unpaired electron(s) are
paramagnetic. Many transition metal complexes have unpaired electrons being
paramagnetic. In organometallic chemistry, these metal ions are complexed
with organic ligands resulting in complexes with interesting characteristics. The
NMR spectra of paramagnetic complexes can sometimes (but not always)
provide valuable information and aid the characterization of paramagnetic
complexes. Observable peaks are usually broad and shifted dramatically
downfield or upfield depending on the position of the proton nuclei responsible
for the resonance relative to the paramagnet (i.e. metal). Excessive broadening
(related to the rate of relaxation of electron spin momentum, coordination
geometry and dynamic processes) makes resonance lines unobsevable. In
favourable cases, information about the number and the type of the protons can
be extracted from the spectrum. Therefore, the width of the signal depends on
the electron relaxation There can be also some broad lines, which may lie in
the diamagnetic range that may be misinterpreted as baseline distortions or not
be identified at all. On the other hand, the routine signal ranges of diamagnetic
compounds, henceforth called diamagnetic shift ranges (e.g., 20 >6 >0 for
protons), were checked, while most often the relevant paramagnetic signals
appear far outside. Other issues related to paramagnetic NMRs is accurate
signal integration due to distorted baselines and overlapping peaks. The
stereochemical information of complexes can be retrieved, based on the fact
that coupling constants depend on the relative orientation of the interacting
partners. Of course, the proton position in the paramagnetic center plays an
important role. By integrating the peaks, we can tentatively assign them to
specific protons, but coupling patterns cannot be observed. Other magnetic
heteronuclei (e.g. 3'P, 13C etc.) in paramagnetic complexes are usually not

observable. 185-187
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In our case, the paramagnetic NMR spectra, did not provide sufficient
information. Thankfully, crystalline complexes that were tested via NMR, were

also analyzed with X-ray.

2.2.2. Aminolysis of Co[N(SiMes)2]2 as a methodology to prepare Co-NHC
complexes

In order to achieve the desired framework, we chose an aminolysis method to

synthesize the cobalt-NHC complexes.

[M{N(SiMe3),}]- 2 M{N(SiMe3)z}>

1§ /\‘F:‘u

N
e M- e M :
(Me3SipN" N(SiMes), *  HX ] — | (MegSi),N I)\rlH(SiMey,)z} <N j
N -
X K" X R
-NH(SiMes),

1 /\ i

X \ \

,‘M\<Nj ~— x * f'V'\<Nj
(Me3Si),N N (Me3Si)N N

R R

Figure 69: General aminolysis reaction

This method is based on the acidity of the C2-imidazolium proton and the
basicity of a bis-silylamide coordinated on certain metals (Fe", Co", Mn' etc.).
The aminolysis product is the volatile HN(SiMes)2 and the corresponding NHC
which is trapped and coordinates to the metal; finally, the counteranion of the
imidazolium (mainly halide) can also enter the metal coordination sphere. In the
case of cobalt the aminolysis reagent is Co[N(SiMes)z]2. The ligand precursors
(i.e. imidazolium salts) were dried prior use due to the air and moisture sensitive
nature of the aminolysis reagent Co[N(SiMes)2]2. In the recent years, a wide
range of Co" complexes with NHCs including chelating bis-NHCs have been
obtained by the aminolysis of Co[N(SiMes)2]2. The aminolysis of the Co
silylamide, by suitable imidazolium halides cleanly affords, as well as “pincer”

complexes and therefore we applied this methodology. Needless to say, that
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the controlled aminolysis of mono-imidazolium complexes with [Co[N(SiMes)z]2]
in a stoichiometry 1:1 should lead to selective reaction of one bis-silylamide

only.

It is possible that, if the free NHC ligands are not stable under the substitution
reaction conditions they can be introduced in the metal coordination sphere
since the isolation of the reactive/unstable NHC is not necessary, making this
method useful for the stabilization of reactive organometallics. However,
aminolysis with Co[N(SiMes)2]2 to some pincer ligands is sensitive to its exact
nature and the experimental conditions. The [Co{N(SiMes)2}2]> exists in a
monomer—dimer equilibrium in benzene solution. In the dimer [(MesSi)2NCo{u-
N(SiMes)2}2CoN(SiMes)z], the two three-coordinate Co' centers are bridged by
two —N(SiMes)z ligands, and are also bonded to a terminal —N(SiMes)2 amido
group. The dimer [Co{N(SiMes)2}2]2 (Col) was synthesized via the addition of
LiN(SiMes)2 to a suspension of CoClz in diethyl ether, which afforded a dark
olive-green solution. Removal of the solvent followed by extraction with
hexanes, filtration, concentration, and distillation of the residue afforded
[Co{N(SiMes)2}2]2 as an intensely colored dark green vapor, which solidified to
a red/brown solid. It is important to say that in the presence of a donor solvent,
the dimer can break.

In the present work, the aminolysis method was used to synthesize some of the
cobalt NHC complexes i.e. Co2-Co6, Co010, Coll and Col3 by reacting
Co[N(SiMes)2]2  with their corresponding imidazolium salts. Similarly,
Danopoulos and coworkers have reported a series of Co'' NHC complexes with
other bulky ligands such as N,N-diarylimidazolin-2-ylidene, N.N'-
diphosphanylimidazolin-2-ylidene (PCP), N-phosphanyl-N’-2,6-
diisopropylphenyl (PCC) and cyclic amino carbene analogues, so this method
is quite versatile. In conclusion, the methodology is particularly advantageous

in cases where the generation and/or stability of the NHCs are problematic.

100,149,184,188-196

143



2.2.3. Quaternization reactions for the preparation of imidazolium salts

In order to receive the imidazolium salts without linkers for the ligand synthesis,

we mainly used quaternization of N-substituted imidazoles.

) N-aryl X
/—\ N-arylation /=—\  quaternization R
T —_— -
HN N Ar-N N Ar=NN-ar
| one-pot synthesis J‘

Figure 70: N-arylation, N-aryl quaternization and one pot synthesis of imidazolium
salts

In this case we used DiPP- or Mes-imidazoles combined with an electrophile
(i.e. 2,6-dibromo-3,5-lutidine, 2,6-dibromopyridine, etc.), stirring for a few days
at room or elevated temperatures in the presence or absence of solvent (in the
latter case in the melt). However, quaternization can be troublesome because
it needs durable glassware in high temperatures, (in some cases >150 °C). Itis
also possible, despite the precise amounts of the reagents and the correct
conditions to obtain the di-quaternized, that only the monoquaternized product
can be obtained. Finally, there are also cases where the received product is not
completely clean due to the creation of thermal decomposition products. When
we wanted to receive the imidazolium salts with linkers for the ligand synthesis,
we had no problem using the nucleophilic substitution reaction. In fact, the
benzylic primary halides that we used to obtain those salts (i.e. 2,6-
bis(bromomethyl)pyridine) react with imidazolium salts at room temperatures in
polar solvents. The work up of the reaction mixture consisted of solvent removal
(if solvent was used), and the product residue was washed with diethyl ether,
then dried under vacuum; the products were pure enough to use in the complex

formation steps. 178:183.197,198

The ligands L12a, L12b, L13 and L17 were synthesized via quaternization and
L6a and L6b were synthesized via SN2.

2.2.4. Syntheses of Substituted Imidazoles
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Of great importance in order to build the pincer ligand framework is obtaining
imidazoles starting material which after quaternization and deprotonation of the
resulting imidazolium salts acted as NHC sources. There are several ways, with

which the substituted imidazoles are obtainable.

The first synthesis is a direct 1-pot alkylation of the imidazol with electrophilic

alkyl halides. The method works well for aliphatic ligands. (Figure 70)

Alternatively, the imidazol heterocycle is built from suitable precursors. This
method also works well with alkyl substituted imidazoles, however, there are
examples, where it can also be applied to a limited number of aromatic amines
(i.e. 2,6-dichloroaniline). This method involves except of the amines, glyoxal,
NHa4Cl, H2CO, H20, pH=2, heated in 90 °C for 3-6 hours.

Another one-step route to the synthesis of N-imidazoles is the N-Arylation. That
approach works well for unhindered aromatic amines, but problems arise, when
scaling-up because 1 eq. of 1,10-phenanthroline is used. This basic heterocycle
can be difficult to separate from the imidazole product. As a result, to receive
the product free from impurities, a column is required. This method involves
except of the ArBr and the 1H-imidazole, CuOTf, Cs2COs, dba, 1,10-

phenanthroline, xylene, heated in 125 °C for 36 hours.

A different one-step approach for the synthesis of 1-arylimidazoles is via
nucleophilic displacement of labile aromatic halogen, by imidazole using
Na2COs and DMF. Although this method is relatively simple, it has low yields,
tedious isolation procedure and failure when there are no electron-withdrawing

groups on the aromatic ring.

The last route that was used involves multiple steps and is only applicable
mostly to hindered aromatic amines. This approach works well for scale-up
purposes, as the obtainable product is clean, so it doesn’t require
chromatographic separations. This is a four-step Marckwald synthesis which is
a ring closure-oxidation-reduction sequence furnishing reaction. The
isothiocyanates can be prepared by the reaction of thiophosgene with the
corresponding anilines and the intermediate aryldiethoxyethylthioureas are
usually cyclized without purification to the crystaline 1-aryl-2-

mercaptoimidazoles using hot 10% HCI. The mercapto group is readily oxidized
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with hot 20% HNOs and the overall yields of 1-arylimidazoles are usually <50%.
It is important to say that the Mes-imidazole can be obtained also by the 1-pot
condensation because Mes-aniline in not as hindered as DiPP-aniline. To
prepare the ligands, we used this method, and we obtained the products clean

and in a good yield based on the literature.

With this methodology, addition of an aromatic group can be achieved on the
nitrogen of the imidazole. If we wanted to add an alkyl group, we should proceed
via an electrophilic attack.

0
1) RNH, + HHH NH,CL H,CO1, [\ |\
5 H,0, pH=2 g
90°C, 3-6h
=\ Na,CO; =\
2) N N-H+ ArX — = g Noar

¢
¢

CuOTH, Cs,COs3,

3) /\ ArX dba, 1-10-phen /—\
_ r- -
N N-H+ xylene, 125 °C, 36h N N7AT
OEt

S
H2N OEt )LNH

4) ANH; + CsCl, ————= AINCS ———» ArNH
H,0, 30 min. EtOH, 78 °C Etow)

OEt
10% HCl N _N  20%HNO, =\
[ .\ \f N N—Ar
100 °C, 30 min. " 100 °C, 5 min. X

Figure 71: Syntheses of 1-Arylimidazoles

L5a and L5b were synthesized with the last synthesis, giving good vyields,
based on the literature. 199-203
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2.2.5. Ligand syntheses
=

o

N

Br Br
L1

L1 was obtained according to the known protocol by bromination of the
commercially available 2,6-dihydroxymethylpyridine 1 with PBrz at 0 °C,
affording 2,6-dibromomethylpyridine L1 in the same yield as the literature (89%
compared to 95%).

The absolute absence of water is necessary in order to avoid the side reaction:
PBrs + 3H20 — H3sPO4 + 3HBr

In this procedure, we have witnessed problems with the stirring, so maybe it is

better to use more DMF. 204
Molecular Weight: 264.95
Yield: 89%

Mp: 82 °C

Colour: white

Chemical formula: C7H7Br2N

L5a

L5a was synthesized according to the already published protocol and gave
similar yields to the literature (75% compared to 80%). During the final step of
the addition of HNOs, large amounts of gases are evolved, and as e result, it is
advised, to lower the scale. Because imidazole supports only a monocationic
charge but the reaction under acidic conditions consumes two cations,
imidazole formation liberates protons to the reaction medium and thus the pH

changes. The side reactions of the imidazole synthesis are suppressed in an
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acidic environment; thus, the possible by-products are formed mainly during the
first stages of the process. Hence, a pH =1 should be close to optimum for
imidazole synthesis. We repeated the procedure with 10 g, 15 g, 20 g, 25 g of
mercaptane. We realized that it is more efficient, after the addition of NH3 to
remove the excess of HNOg, to cool down the solution using running water at
the exterior. Then we filter the precipitate, and we reduce the volume by 50%.
Later, we put it in the fridge to receive more precipitate. The recrystallization
occurred with n-hexane trituration. Then we dry solids in rotavapor and we use

the vacuum line, to be sure that the product is free of solvent. 199-203
Molecular Weight: 228.33

Yield: 75%

Mp: 124°C

Colour: beige

Chemical formula: C1sH20N2

X

bz

N

N, N
E?mm%]

Mes I\I/Ies
L6b
L6b was originally synthesized according to the protocol developed in the
Danopoulos laboratory and gave similar yields (79% compared to 80%). To
increase the efficiency of this reaction we add a slight excess of imidazole (2.2
eg. instead of 2 eq.). After we tested the progress of the reaction in aliquots
using NMR, we saw that there was part of the starting salt remaining. In an
effort to clean the product, we used various solvents and we let it precipitate,
overnight. In order to remove the starting material salt, we add ether and let it
precipitate overnight. After precipitation in the fridge, we received the product
as brown oil. We thought that there is moisture and maybe some staring

material. Therefore, we removed the solvent mixture with the help of a pipette
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and then dried it in rotavapor followed by azeotropic drying. Toluene was used
as a solvent due to its high boiling point. The final product was obtained after
removing the moisture and the solvent under reduced pressure and washed

with pentane. 198.205

Molecular Weight: 637.45

Yield: 79%

Mp: 250 °C

Colour: beige

Chemical formula: Cs1HssNs*2Br
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L7 was generated effectively from an Ullmann-type coupling reaction in
relatively good yield (76% compared to 96%). We tried three different synthetic
routes to access L7. In the first procedure, we used 1H-imidazole, K2.COs, Cul,
2,6-dibromopyridine and L-proline. The mixture was heated at 90 °C and after
12h, the reaction was cooled and participated between 250 mL water and 250
mL CH2Cl2. Because of the low yield we used a different procedure, using 1H-
imidazole, K2COs, Cul and 2,6-dibromopyridine in dry DMF. The mixture was
heated at 130 °C for 24h. Then CH2Cl2 was added and washed with H20, by
solvent extraction procedure and was recrystallized. Lastly, in a third procedure
50 mL round bottom flask, provided with a condenser, we added 1H-imidazole,
KOH and TBAB were stirred at r.t. for 15 min, then 2,6-dibromopyridine was
added and the mixture was stirred for 2 h at 80 °C. The residue was extracted

with EtOH but it was not clean. 206-208
Molecular Weight: 210.23

Yield: 76%

Mp: 135°C

Colour: white

Chemical formula: C12H10N4

L8 was synthesized following the protocol with a relatively good yield, 73%. The
RPNCNHC free carbene was synthesized by the selective deprotonation of the
imidazolium, phosphonium salt precursor using 2 equiv of KN(SiMes)2. This
reaction can be tricky, in order to stop the deprotonation at that stage and not

proceed any further in dearomatization of the pyridine or formation of the

150



complex, directly obtained by transmetalation (K(®YP*NaCNH€) ). Using dry ice
is an essential step in order to kinetically control the reaction as well as to make

sure we receive the correct product. The goal is that with the replacement of
one P-donor arm of the standard RPNRP by an NHC donor, we could obtain the

nonsymmetrical ligand RPNCNHC 100.209
Molecular Weight: 515.71

Yield: 73%

Colour: beige

Chemical formula: C3sHasNsP
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Figure 73: 'H-NMR spectrum of L8 in CeDs
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Figure 74: 3P-NMR spectrum of L8 in CsDs

L12a, L12b

R=DiPP, X=H, L12a

R=DiPP, X= CHs, L12b
L12b was synthesized according to an adaptation of the literature route to
ligand 2-(DiPP-imidazolium)-6-bromo-3,5-pyridine (L12a), with yield close to
the literature (73% compared to 77%). The first step is halogen exchange of
2,6-dibromo-3,5-dimethylpyridine, which is extremely important in order to
replace the external anions Br- with I". Unexpectedly, double deprotonation of
the iodide salt afforded poor yields of the ligand. However, exchange of the

iodides for bromides, gave good yields. When quaternisation of compound L10
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with 2 equivalents of DiPP-imidazole (L5a) was attempted, after 7 days at 140
°C a mixture of mono- and di-quaternised products was identified in the *H NMR
spectrum of the reaction product. The presence of two imidazolium peaks at
10.83 and 10.45 ppm in a 1:2 ratio indicated that more forcing conditions were
required to drive the reaction to completion. Increasing the amount of DiPP-
imidazole to 3 molar equivalents and also increasing the reaction temperature
to 190 °C resulted in clean conversion to the di-quaternised product L12b after

7 days. 210211

Molecular Weight: 721.61
Yield: 89%

Colour: cream

Chemical formula: Ca7Ha7Ns*2Br

L13

L13was synthesized following the lab protocol in the same yield as the literature
(82%). Quaternisation of 6-bromo-2,2-bipyridine and with the 1-(2,6-
diisopropylphenyl)imidazole proceeds smoothly in the melt at 160 °C, giving
moderate yields of the desired imidazolium bromide after purification and

azeotropic drying. 1%8
Molecular Weight: 463.41
Yield: 89%

Mp: 160 °C

Colour: beige

Chemical formula: C2sH27N4*Br
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L14 was synthesized based on the literature, affording the product at the same
yield (65%). The n-BuLi in hexanes solution was added dropwise because it
reacts violently with di-bromopyridine and that is the reason why the solution
was cooled using dry ice, in advance. This reaction is a mono-lithiation of 2,6-
dibromo- pyridine, which was followed by DMF quenching afforded known
aldehyde L14. The yield was improved when the procedure was repeated using

a slight excess (5% mol) of DMF solution. 212213
Molecular Weight: 186.01

Yield: 89%

Mp: 80 °C

Colour: beige

Chemical formula: CsHsNOBr
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Figure 75: *H-NMR spectrum of L14 in CDCls
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L15a, L15b were synthesized as described in the literature, with slight
variations. The aldimine synthesis took place in EtOH with typically one drop of
formic acid as catalyst. The yields were 89% and 72% respectively, compared
to the literature 78% and 98%. The product was dissolved in hexane, with the
help of heat gun. The solution was then transferred in a new spherical flask and
put in the freezer for several hours. The formation of yellow crystals was
observed, and the solution was orange. We filter it through Buchner and reduce
the volume with the help of rotavapor. We repeat the crystallization process
until we stop receiving crystals. The NMR showed once, excess of the desired
product, but there was also a part of the Z product, which probably will not react
in the next step with ZnCl2. However, we also noticed traces of hydrolysis when
checking the NMR, especially when using "old" wet CDCls. What made us think
it could come from the solvent was that amount of aldehyde in the *H NMR
spectrum (easily seen from the -C(O)H signal) is the same as the amount of
ArNHz2. When we started using dry and degassed CDCls, stored in a Schlenk
over 3A, we didn't have this issue anymore. In order to be sure that the
hydrolysis came from the solvent, we used more pushing conditions like Dean-
Stark conditions, using toluene or benzene. When we tried the Dean-Stark
procedure the temperature in toluene was set to 140 °C and in benzene in 110
°C. The Dean-Stark run firstly overnight because there was still
monohaldehyde and during that we added more catalyst and aniline. Using this
procedure, we could reach full conversion and separate the product from the
catalyst by extracting with Et2O and filtering off the white powder formed. The
imine is soluble but the ArNHs*/p-tol-SOs™ salt formed is not. Other ways that
we tried to reduce that problem was column chromatography, but the silica

affected our mixture or adding more catalyst p-tol-SOsH (around 3 drops), but
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the Dean-Stark conditions, worked the best. We also checked by IR the
presence of water in the desired products, and there was none. It seems that
the problem was indeed the quality of the CDCls. Now the NMR spectrums
seem clearer after using CDCls with sieves. 197

L15a
Molecular Weight: 345.28
Yield: 89%
Mp: 105 °C
Colour: yellow
Chemical formula: CisH21BrN2
L15b

Molecular Weight: 303.20
Yield: 72%
Colour: yellow-orange

Chemical formula: C1sH1sBrN2
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Figure 76: *H-NMR spectrum of L15b in CDCl;
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Figure 77: *H-NMR spectrum of L15a in CDCls
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L16 was synthesized, according to the literature and with the same yield 90%.
Molecular Weight: 481.55

Yield: 90%

Colour: yellow

Chemical formula: CisH21BrCl2N2Zn

L17 was received in situ and was not tested via NMR.

Molecular Weight: 559.09

Colour: yellow
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Chemical Formula: C3zH42N4Zn
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~
NN
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N Br \\N
DiPP DiPP
L18

L18 was synthesized, when a mixture of L16 (1eq.) and imidazole L5a (2.5eq.)
was heated in a sealed flask at 150-160 °C for 4d. The yield was 69% compared
to 76% of the literature. We tried three different imidazoles namely, 1-methyl-
1H-imidazole, 1-(4-(tert-butyl)-2,6-dimethylphenyl)-1H-imidazole and 1-(2,6-
diisopropylphenyl)-1H-imidazole. The first two trials based on the NMRs were
not successful, especially in the second case. Our hypothesis is that the use of
DMAC in that reaction harmed the final product, and as a result we could not
observe it on the spectrum. In all the cases, it is important to retrieve the excess
of the imidazole, in the form of crude. We have repeated the process by adding
more excess of the imidazole and by mixing the two starting materials with
mortar and pestle, inside the glove box, in order to be equally distributed, inside
the flask. After receiving the product, we check its purity via NMR, but the
product seems impure. Then we tried trituration with hot toluene, but the quality
of the product didn't seem to change. We have also washed the solid with
copious amounts of Et20, but no improvement has been observed. Later we
tried to clean it with column chromatography (97.5% CH2Clz2 and 2.5% MeOH).
We repeated column chromatography with the addition of EtsN. Although, after
that, the TLC plates have only one spot, the NMR is not better. The cause of
that might be the heating in such temperatures. We have repeated the same
procedure with lower temperatures and/ or fewer days, but we witness the same
problem. The product seems soluble in acetone and acetonitrile, so we tried
took NMR in acetonitrile, but we still don’t have a clear image. Another problem
is that we can not see the peak at 11.58 ppm, so we maybe we have not
received the desired product or can not see it because we used MeCN as the
solvent and therefore observe fast dynamic processes. To check it clarity, we
also tested the product with ESI-MS and it seems that maybe we have received

some product, but it is not clean. 197
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Molecular Weight: 572.60
Yield: 69%

Colour: beige

Chemical formula: Br*CssHaiNa

MS (ESI) m/z: 493,52 (IM+H]*
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Figure 78: *H-NMR spectrum of L18 in MeCN

2.2.6. Complex syntheses

[Co{N(SiMe3)2}ol,
Co1

Co1 was synthesized according to the literature, in the same yield 75%. It was

used in the rest complex formations as a staring material. 1%
Molecular Weight of the monomer: 379.70

Yield: 75%
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Melting point: 90°C

Chemical formula: C12H3sC0ON2Sis

X
L
N
| N
| Co: g]
N Br’ Br
Mes/ \Mes
Co2

Co2 was synthesized with 1eq. Col into a solution of leq. L6b in 15 mL of
precooled THF, inside the glove box. When the THF is added at r.t. the solution
turns green but precooled at -30 °C, the solution is purple. The solution was
filtrated, then the volatiles were removed and the solid was dissolved in THF
and layered with Et20. Pink crystals were formed, but they are not of good

quality.

Molecular Weight: 696.38
Yield: 95%

Colour: Pink

Chemical formula: C31HzsBr2CoNs

Co3 was synthesized with 1eq. Col into a solution of 1eq. L6a in 15 mL
precooled THF, inside the glove box. The next day we discovered that the
mother liquid is dark red, and the precipitate is blue. We removed manually
some liquid and place it in a new glassware with a smaller diameter and tried
to crystallize by layering THF / ether. After having no luck, we used the slow
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vapour diffusion techniques of THF into pentane. Finally, we received dark
purple crystals which were analyzed by X-ray diffraction and the crystal
structure was determined. After many efforts, we also tried to recrystallize the
blue precipitate but with no success. We removed the solid from the glove box
and we dissolved it in CH2Cl2. The solution was not completely transparent, so
we used a frit-canula covered in filter paper and Teflon tape, with no success.
Then we used a frit Schlenk glassware, but the problem remained. We then
reduced the volume, layered it with Et2O and store it in the fridge. In the next
days, we received crystal nuclei, but not of satisfactory quality for X-ray
crystallography. As a result, we decided to redissolve the crystals but again the
result is not better. As a last resort, we attempted anion exchange by adding 2
eqg. of sodium tetrakis[3,5-bis(trifluoromethyl)phenyllborate (NaBARF) to
establish whether the low solubility/porr crystallinity could be attributed to the
presence of salt (complex cation and bromide anion) with size mismatch
between cation and anion. Anion exchange would alleviate this problem. After
the addition, the complex was destroyed. In next synthetic procedures, where
the blue precipitate was again received, we tried to dissolve it in MeOH, H20, i-
PrOH without success. We also tried MeCN or DMF as a solvents, which
dissolved the complex but the next day, it turned green, presumably
decomposed. After repeating the same synthesis, we received the blue
precipitate in the form of small crystals, that may be have a chance to be used

successfully for structural determination.
Molecular Weight: 780.54

Yield: 95%

Colour: Purple

Chemical formula: Cz7H47Br2CoNs
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Co4

Co4 was synthesized with 1eq. Co1l into a solution of 2eq. L13 in 10 mL THF.
One of our goals was to also synthesize the 1:1 complex, which means that
only one ligand L13, would attach to the metal. By decreasing the temperature
to -30 °C, we could still only get the 2:1 complex. In order to receive a 1:1
analogue complex, we could try using a more sterically hindered ligand or
another starting material instead of [Co{N(SiMes)2}2]2. We obtained crystals of
the 2:1 complex (Co4), by applying the solvent layering method outside the
glove box, using CH2Cl2 and pentane. This method was applied after adding
added 2 eq. of sodium tetrakis[3,5-bis(trifluoromethyl)phenyllborate (NaBARF)
for the reasons outlined above. The crystals were of excellent quality, therefore
the crystal structure, was obtained. Interestingly, sometimes we observed the
formation of yellow crystals instead of the black cube like crystals, we normally
get. We believe that based on their color there may be a Co'' complex, is also
formed. The yellow crystals were obtained again with CH2Cl2 and pentane

solvent system by they were not of sufficient quality to give us a structural data.
Molecular Weight: 1128.9
Colour: reddish black

Chemical formula: CsiHs7CoNsP2F12
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DiPP DiPP
Co5
Co5 was synthesized with 1 eq. Col into a solution of 1 eq. of the
bis(imidazolium) salt (CH-N-CH)Brz, (L12a) in THF gave quantitative yields of
Co5 as a red-purple, microcrystalline, moderately air-sensitive solid. The
reaction has been successfully scaled up (10-15 g of imidazolium salt). This
complex was already characterized in 2003 by Danopoulos lab but X-ray
diffraction studies need to be repeated. However, after we resynthesized this
complex, we decided to test it as a precatalyst for hydrogenation and transfer

hydrogenation of ketones. The yield was the same as reported (95%). 184
Molecular Weight: 752.49.

Yield: 95%

Colour: red

Chemical Formula: C3sH43Br2CoNs

HXL
[ fo

N B Br N
D|PP D|PP

Co6
Co6 was synthesized with the same protocol as Co5. 1leq. Col into a solution
of 1 eq. of the corresponding bis(imidazolium) salt, (L12b) in THF gave
guantitative yields of Co6 as a dark red, microcrystalline, moderately air-
sensitive solid. This complex has not been characterized via X-ray diffraction
studies, because crystals of satisfactory quality, were not formed. This
procedure will be repeated. This complex was used as a precatalyst for

hydrogenation and transfer hydrogenation of ketones as described in this work.
184

Molecular Weight: 780.54
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Yield:
Colour: dark red

Chemical Formula: C37H47BrCoNs

N ’\|l N
EAL

DiPP p1gCN MeCN

Co7

Co7 was synthesized with 1eq. Co6 and 2 eq. KPFs, dissolved in MeCN and
stirred overnight, giving a red solution. Crystallisation attempts did not produce

crystals of X-ray quality. These attempts will be repeated in the future.
Molecular Weight: 992.766
Colour: red

Chemical Formula: Ca1HssCoN7P2F12

Co8 was obtained by the reaction of 1eq. Co6 and leq. bipyridine, which were
dissolved in 10 mL THF. 2eq. of KPFes were dissolved in MeCN and the solution
was added to the reaction mixture shortly after and the orange mixture was
stirred overnight. After evaporating the solvent, the brown residue was washed

with ether in order to remove any unreacted excess bipyridine. Co8 dissolves
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in CH2Clz may be with partial decomposition as inferred by the formation of a
white powder. This complex is characterized via X-ray diffraction studies
because crystals of satisfactory quality, were formed but instead of two PFs we
only received one and one Br- in the exterior layer of the crystal structure. This

procedure will be repeated with layering MeCN / Et20.
Molecular Weight: 1001.78
Colour: orange

Chemical formula: C47HssCoN7BrPFe

X

P

N
N\ N
[/l\?: Brﬁ%}@

DiPP DiPP

Co9

We tried to synthesize Co9 using 1eq. Co6, which was dissolved in 10 mL THF.
In the first case, we used 2-3 drops of Brz (2 — 3 eq.) and in the second trial, we
used 1 eq. of NBS. In both cases, the solution does not change colour, thus we
assume that the reaction did not occur. The NBS procedure, seems more

promising, but it is necessary to repeat it, in the future.
Molecular Weight: 860.45
Colour: red

Chemical formula: C37H47BrsCoNs
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Co10 was synthesized using 1 eq. Co1l, and 1 eq. L6b and 1 eq. bipyridine in
15 mL of THF at r.t. 2 eq. KPFe were also dissolved in MeCN, then added to
the THF solution and was let to stir overnight, receiving a brown solution. Then
the volatiles were removed and was washed with Et20, in order to remove the
excess amount of bipyridine. This complex will be characterized via X-ray
diffraction studies because crystals of satisfactory quality, were formed, using
layering with MeCN / Et20.

Molecular Weight: 982.68
Colour: brown

Chemical formula: C41H43CoN7P2F12

+2
N j (PFg)2
7l/
N

N

Dipp/w DiPP
N NS

Coll was synthesized, with the same procedure as Coll. Coll was

b4

synthesized using 1 eq. Col, and 1 eq. L6a and 1 eq. bipyridine in 15 mL of
THF at r.t.. 2 eq. KPFs were also dissolved in MeCN, then added to the THF
solution and was let to stir overnight, receiving a brown solution. Then the

volatiles were removed and was washed with Et2O, in order to remove the
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excess amount of bipyridine. This complex was not characterized via X-ray
diffraction studies because crystals of satisfactory quality, were not received

despite layering with MeCN / Et20.
Molecular Weight: 1066.84
Colour: brown
Chemical Formula: C47HssCoN7P2F12
+2
~ | (PFe)
P
N '\\J N
[ )2
AN
DiPP N N DiPP
z -~ l
s
Co12

Co12 was synthesized, with the same procedure as Co8. Co12 was received
after the reaction of 1eq. Co5 and leq. bipyridine, which were dissolved in 10
mL THF. 2eq. of KPFe were dissolved in MeCN was added shortly after and let
stir overnight. It is important to wash the brown solid before the layering, in order
to remove the excess bipyridine. Col2 seems to dissolve in CH2Clz, but
because of a presence of a white powder there, it is possible that destroys the
complex. This complex will be characterized via X-ray diffraction studies

because crystals of satisfactory quality were received via layering MeCN / Et20.
Molecular Weight: 1198.56
Colour: brown- orange

Chemical formula: CssHs1CoN7P2F12

X
—
=z AN
O
~~Co \
i DiPP
Br
Co13
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Co13 was synthesized, with 1 eq. L9 in THF precooled at - 78 °C, which was

added dropwise to a cold solution of 1 eq. Col. After extraction with toluene,

filtration and evaporation of the toluene solution afforded we received Co13 as

a dark purple solid. This procedure was repeated in the past, therefore, no

characterization is needed, and this complex will be tested as a catalyst, in

comparison with Co5 and Co6.

Molecular Weight: 655.56

Colour: purple

Chemical formula: C21H30BrCoNsP

2.2.7. Crystallography

The structure of Co3 revealed a 5-coordinated square pyramidal geometry at

the Co. (Figure 79)

Figure 79: ORTEP representation of the structure of Co3 showing 50% probability

-

2 YN
.

ellipsoids with hydrogen atoms and solvents omitted for clarity.

Atom 1 Atom 2 Bond lengths (A”)
Col Brl 2.441
Col N1 2.105
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Col C17 1.930
N2 C17 1.359
N2 c2 1.465
N3 C17 1.381

Table 15: Selected bond lengths (A°) of Co3 structure.
Atom 1 Atom 2 Atom 3 angles (°)
C17 Col c17 178.29
C17 Co N1 88.07
Brl Co Br1’ 150.30
Table 16: Selected angles (°) of Co3 structure

The structure of the Co4 revealed a distorted 6-coordinated octahedral

geometry at the Co. (Figure 80)

Figure 80: ORTEP representation of the structure of Co4 showing 50% probability
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ellipsoids with hydrogen atoms, solvents and PFs omitted for clarity.

Atom 1 Atom 2 Bond lengths (A°)
Co01 N00Q 2.092
Co01 NOOL 1.925
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Table 17:

Co01 Co0os 2.008
C0o0s NOO1 1.315
C00s NOOE 1.363
Co01 NOOM 2.069
Co01 NOOL 1.923
Co01 CooX 2.009
C00X NOOH 1.338
CO0X NOOC 1.371

Selected bond lengths (A° ) of Co4 structure.

Atom 1 Atom 2 Atom 3 angles (°)
NOOK Co01 NOOL 173.5(2)
NOOK Co01 NOOM 82.1(2)
NOOK Co01 N0OQ 92.4(2)
NOOK Co01 C00Ss 110.1(2)
NOOK Co01 C00X 76.3(2)
NOOL Co01 NOOM 94.3(2)
NOOL Co01 N0OQ 81.9(2)
NOOL Co01 C00Ss 75.3(2)
NOOL Co01 CO00X 107.2(2)
NOOM Co01 N00Q 85.8(2)
NOOM Co01 C00Ss 92.8(2)
NOOM Co01 C00X 158.4(2)
NO0Q Co01 C00s 157.0(2)
NO0Q Co01 C00X 94.1(2)
C00Ss Co01 C00X 95.4(2)
coow NOOC C00X 113.8(4)
coow NOOC C015 130.0(4)
C00X NOOC C015 116.2(4)
NOOK Co01 NOOM 82.1(2)
NOOK Co01 NOOQ 92.4(2)
NOOK Co01 C00Ss 110.1(2)
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NOOK Co01 CO00X 76.3(2)
NOOL Co01 NOOM 94.3(2)
NOOL Co01 NOOQ 81.9(2)
NOOL Co01 C00S 75.3(2)

Table 18: Selected angles () of Co4 structure

2.2.8. Hydrogenation of ketones

Homogeneous catalytic hydrogenation of carbonyl compounds is a pivotal
organic transformation for the synthesis of alcohols in synthetic chemistry.
Hydrogenation in general is one of the fundamental transformations in organic
synthesis, and its industrial applications extend from the synthesis of pure
chemicals to the pharmaceutical composition. To improve sustainability, more
ecofriendly, inexpensive, and earth-abundant base metals should be employed
to replace the precious metals that currently dominate the development of
hydrogenation catalysts. As a result, cobalt, the 3d metal congener
of rhodium and iridium, has attracted increasing interest in the development of
hydrogenation catalysts. In fact, regarding the hydrogenation
of ketones and aldehydes, the groups of Hanson, Kempe and Li have each
reported well-defined pincer cobalt catalyst (Figure 81). However, the above-
mentioned catalysts include amino-phosphine ligands. In the recent years,
efforts have been made, in order to replace that type of ligands with more
inexpensive NHC ligands. Liu on the other hand focused on the hydrogenation
of ketones and aldehydes, using mostly catalysts formed in situ. The
disadvantages with that method are that is not as predictable as using well
defined complexes nor it is always easy to understand, which is the complex
that catalyzes the reaction. We hope that our cobalt based catalysts will enable

efficient and stereoselective hydrogenation of C=0 bonds. 214-21°
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Selected Examples of Hydrogenation of Ketones using Cobalt pincer Complexes
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Figure 81: Cobalt-catalyzed hydrogenation/transfer hydrogenation of ketones. 214-220

In our laboratory, we synthesized two well defined Co" pincer complexes, that
we believe may act as good catalyst for the hydrogenation of ketones. They

were synthesized according to the literature and are described further in the

experimental section. (Figure 82) 184

| |
DiPP DiPP DiPP DiPP
Co5 Co6

Figure 82: Co" pincer complexes synthesized by Danopoulos group. 184
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2.2.8.1. General hydrogenation procedure

The reactions took place in 8 mL tubes, equipped with a magnetic stir bar. In
an argon filled glove box, the cobalt catalysts Co5 and Co6 were inserted in the
tubes with a specific catalytic load and in the cases of NaO(CFz3)2, NaO(CHs3)2,
they were also added inside the glove box. Outside the glove box,
acetophenone was used as the initial substrate (0.5 mmol, 59 pl). Initially, the
catalyst was added, followed by the substrate and the base and 2 mL of solvent.
The solvents that we used were previously distilled and degassed and the
bases were freshly prepared. The reactions firstly took place in a vacuum line,
with an argon atmosphere before inserting the tubes in the autoclave. The
tubes were placed into a Parr Instruments autoclave, purged with argon which
was then sealed, and purged with hydrogen gas. During the purging, the
autoclave was cooled with the assistance of ice and salt, in order to avoid
solvent leaks, with the sudden pressure that the Hz2 atmosphere creates. The
autoclave was heated then to 75 °C, with the assistance of an oil bath. After 16
hours, the autoclave was again cooled down to O °C before releasing the
hydrogen gas. After removal of the volatiles, Et2O was added and the solution
was filtrated, through celite, in order to remove the catalyst and the access
amount of base. The yield of the product compared to the starting material was
determined by NMR.

2.2.8.2. Catalytic experiment design of hydrogenation

For the selection of the optimal reaction conditions, acetophenone was selected
as the starting substrate. For the initial study time of the reaction, 16 h were
selected, according to the literature. 214-21° The initial solvent that we tried was
dry THF. The catalytic system was first examined, in the absence of a catalyst
and a base, to see if atmosphere of 30 bar Hz, would cause partial
hydrogenation. No change was observed via control in NMR, so we tried the
same system, but different bases were added, but again no change was
observed. (Table 19)
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0 H, (30 bar) OH

20 mol % Base
THF, 75°C, 16 h

Entry Catalyst Solvent Base Time Temperature (%)2
(h) (°C) NMR yield

1 - THF KsPOa4 16 75 n.p.

2 - THF KOH 16 75 n.p.

3 - THF NaOMe 16 75 n.p.

4 - THF NaO(CHs)> 16 75 n.p.

5 - THF tBuOK 16 75 n.p.

Table 19: Hydrogenation experiments without catalytic loading, reaction conditions:
0.5 mmol acetophenone, 20 mol % base, 2 mL of THF under 30 bar H, at 75 °C for
16 h. n.p., no product

a: The (%) NMR yield was calculated by comparing the integrals of the substrate with
the product.

We initially prepared two types of pincer NHC complexes on the basis of
pyridene- and lutidine-derived pincer motifs that involve metal-ligand
cooperation functionality (Co5, Co6). So, then we tried to add 5% catalytic
loading of Co5, in the absence of bases, which have an activating role. A NMR
yield of 3% product is observed. Co5 was then studied for their catalytic activity
at a low catalytic loading of 4%, in 2 mL of dry THF, with various bases. It seems
that the optimal base is the strong base KOH. Then we compared the catalytic
activity of Co5 and Co6. It seems that Co6 is better because in 20 mol % KOH,
the NMR yield (%) was 32% compared to 28% of the Co5. (Table 20)

H, (30 bar)
o) 4 mol% Co5 & Co6, OH
20 mol% Base
16 h
Entry | Catalyst | mol% | Solvent Base Time | Temperature NMR
(h) (°C) yield
(%)2
1 Co5 4 THF - 16 75 n.p.
2 Co5 4 THF KsPO4 16 75 n.p.
3 Co5 4 THF K2COs3 16 75 n.p.
4 Co5 4 THF KOAC 16 75 n.p.
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5 Co5 4 THF tBuOK 16 75 6%
6 Co5 4 THF NaO(CFs)2 16 75 2%
7 Co5 4 THF NaO(CHs)2 16 75 13%
8 Co5 4 THF NaOMe 16 75 23%
9 Co5 4 THF KOH 16 75 28%
10 Co6 4 THF KOH 16 75 32%

Table 20: Hydrogenation experiments with a variety of bases, reaction conditions:
0.5 mmol acetophenone, 4 mol % catalytic loading, 20 mol % base, 2 mL
of THF under 30 bar H, at 75 °C for 16 h. n.p., no product

a: The (%) NMR vyield was calculated by comparing the integrals of the substrate with

the product.

In order to increase the efficiency and with the shortest possible reaction times,

we increased the catalytic loading. The reactions were then carried out in the

presence of 7.5 mol % cobalt catalyst under 30 bar H2 and 75 °C. We also tried

to change the solvents, in order to check if THF, was indeed the optimal solvent.

The lutidine-pincer complex Co6 performed the best with a 70% NMR ratio, in

THF confirming that it is indeed the best solvent. (Table 21)

H, (30 bar)
7.5 mol% Co6,
0 20 mol% KOH OH
solvent, 75 °C
16h
Entry Catalyst mol% Solvent Base | Time | Temperature NMR
(h) (°C) yield
(%)2
1 Co6 7.5 toluene KOH 16 75 15%
2 Co6 7.5 tert-butyl KOH 16 75 35%
methyl
ether
3 Cob6 7.5 2-methyl- KOH 16 75 50%
THF
4 Co6 7.5 THF KOH 16 75 70%
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Table 21:Hydrogenation experiments with a variety of solvents, reaction conditions:
0.5 mmol acetophenone, 7.5 mol % catalyst, 20 mol % KOH, 2 mL of solvent under
30 bar H; at 75 °C for 16 h.

a: The (%) NMR vyield was calculated by comparing the integrals of the substrate with
the product.

More experiments need to take place in order to optimize the reaction. In
addition to that type of hydrogenation, we also prepared some experiments for
transfer hydrogenation. Direct hydrogenation with pressurized Hz gas and
atomic transfer hydrogenation are the two applicable hydrogenation
techniques. Transfer hydrogenation refers to the technique of adding hydrogen
to a molecule from a source other than the Hz gas and is a powerful and
convenient technique for producing various hydrogenated compounds. It is an
attractive alternative to direct hydrogenation and has recently become the focus
of research as far as hydrogenation is concerned. The main reasons for this
are: a) hydrogen transport does not require potentially hazardous H:
compressed gas hazardous experimental devices b) atomic hydrogen donors
are readily available, inexpensive and easy and safe to use. In fact, transfer
hydrogenation of ketones and aldehydes, has been achieved by the groups of
Hanson and Yang using well-defined pincer cobalt catalysts and i-PrOH as the

hydrogen source (Figure 81). 102211,214,217,219-221

2.2.8.3. General transfer hydrogenation procedure

In an argon filled glove box, the cobalt catalyst (Co5) was inserted inside two-
neck round bottom flasks, along with a stirring bar. Co5 was inserted with 3%
catalytic loading and in the cases of NaO(CF3z)2, NaO(CHs3)2, they were also
added inside the glove box. After removing the flask from the glove box,
acetophenone was used as the initial substrate (0.5 mmol, 59 pl). Initially, the
catalyst was added, followed by the substrate and the base and 5 mL of i-PrOH.
The isopropanol used was previously distilled and degassed and the bases

were freshly prepared. The reactions firstly took place in a vacuum line, with an
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argon atmosphere. The flasks were heated then to 75 °C, with the assistance
of an oil bath. After 24 hours, the flask was let to cool down to r.t.. After removal
of the volatiles, Et2O was added and the solution was filtrated through celite, in
order to remove the catalyst and the access amount of base. The yield of the

product compared to the starting material was determined by NMR.

2.2.8.4. Catalytic experiment design of transfer hydrogenation

For the selection of the optimal reaction conditions, acetophenone was
selected again as the starting substrate. For the initial study time of the reaction,
24h were selected, according to the literature. The solvent and the source of
hydrogen that we tried was dry i-PrOH. The catalytic system was first examined,
in the absence of a catalyst and a base, to see if i-PrOH alone, would cause
partial hydrogenation. No change was observed via control in NMR, so we tried
the same system, but different bases were added, but again no change was
observed. (Table 22)

Q 10 mol % Base OH
Ej)k i-PrOH, 75 °C (j/K
24 h

Entry | Catalyst Solvent Base Time | Temperature | NMR
(h) (°C) yield
%2
1 - i-PrOH K3sPOa4 24 75 n.p.
2 - i-PrOH KOAC 24 75 n.p.
3 - i-PrOH KOH 24 75 n.p.
4 - i-ProH NaO(CFs), | 24 75 n.p.
5 - i-PrOH NaO(CHs)2 24 75 n.p.
6 - i-PrOH NaOMe 24 75 n.p.

Table 22: Transfer hydrogenation experiments without catalytic loading, reaction
conditions: 0.5 mmol acetophenone, 10 mol % base, 5 mL of i-PrOH at 75 °C for 24
h. n.p., no product

a: The (%) NMR vyield was calculated by comparing the integrals of the substrate with

the product.
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Then we tried to add 3% catalytic loading of Co5, in the absence of bases,
which again is assumed that they create in situ the active catalyst, but no
product was observed. Co5 was then studied for its catalytic activity at a low
catalytic loading of 3%, in 5 mL of dry i-PrOH, with various bases. It seems that
the optimal base is the strong base NaOMe. Most of the bases didn’t give any
product or only traces of it, with the exception of NaO(CHs). that gave 25%
NMR yield and NaOMe, which gave the very promising result of 85% NMR
yield. More experiments need to be done in order to understand the nature of

our catalyst as well as its mechanism. (Table 23)

O OH
3 mol% Co5, 10 mol% Base
(j)k i-PrOH, 75 °C ©)\
24 h
Entry | Catalyst mol% Solvent Base Time | Temperature | NMR
(h) (°C) yield
%2
1 Co5 5 i-PrOH - 24 75 n.p.
1 Co5 3 i-PrOH K3PO4 24 75 n.p.
2 Co5 3 i-PrOH K2COs 24 75 n.p.
3 Co5 3 i-ProH KOAC 24 75 n.p.
4 Co5 3 i-PrOH | NaO(CFs), | 24 75 4%
5 Co5 3 i-PrOH tBuOK 24 75 5%
6 Co5 3 i-PrOH KOH 24 75 6%
7 Co5 3 i-PrOH | NaO(CHs), | 24 75 25%
8 Co5 3 i-PrOH NaOMe 24 75 85%

Table 23: Transfer hydrogenation experiments with a variety of bases, reaction
conditions: 0.5 mmol acetophenone, 3 mol % catalyst, 10 mol % base, 5 mL of i-
PrOH at 75 °C for 24 h. n.p., no product

a: The (%) NMR yield was calculated by comparing the integrals of the substrate with
the product.

In summary, we synthesized two phosphine-free Co-NHC pincer complexes
Co5 and Co6, which showed promising results in both hydrogenation and

transfer hydrogenation of ketones. A broad set of ketones including aromatic,
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aliphatic, and heterocyclic ones need to be tested in order to have a full

picture.

2.2.8.5. Proposed mechanism

Step 11
(0]
Co5, R=H — -
Co6, R=CHj R_AR
}\ )l\/:(
Step | N
R R ep R R
X X
| 30barH2/Base | E>>—_CO—_<SJ
|sopropano| D'Pp \ D|pp
[) o j N [)Ho«j 0
Br 'Br
Dlpp D|pp -NaBr or -KBr D|pp D|pp
Step Il
OH
)\(j R N R
TX
N N
(%7
30 bar H ’}l H\ !
2 Dipp H\ Dipp
(0]
Step IV

Figure 83: Proposed Inner sphere mechanism of homogenous catalyzed
hydrogenations using Co5 and Co6 as precatalysts. 215217.222

The figure shows a proposed catalytic cycle for the catalytic system developed
in the context of this work, based on previous literature on hydrogenation. In
step I, the Co'" complex is the activated by replacing one or both of its two
halides with hydrides, with the assistance of Bases. In hydrogenation, the
source of hydrogen is Hz gas and in the transfer hydrogenation, it is i-PrOH. In
step Il, the oxygen of the carbonyl forms a bond with the Co" complex, forming
in situ a Co" intermediate complex. In step I, eventually one of the Co-H bonds

breaks and the Hydride allows the substrate to reduce its carbonyl group. In
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step 1V, the Co" complex, which is considered to be the active catalyst, is
regenerated, in the presence of a continuous source of hydrogen, due to the
outputs of the substrate in the form of antistatic hydrogenated alcohol. Due to
the lack of mechanistic experiments, our hypothesis is that those complexes,
with the assistance of bases, replace their -Br groups to form in situ the active
catalyst, that is maybe the corresponding hydride, based on the experiments

by the Kempe group (Figure 83).215.222

2.3. Perspectives

In conclusion, a series of cobalt-based complexes were synthesized bearing
pincer type ligands, which are of synthetic, magnetic, and catalytic interest. The
study of catalytic reactions with abundant 3d metals in the earth's solid crust is
a modern direction of chemistry aimed at the long-term viability of catalytic
transformations and the synthetic processes associated with them. In recent
years there has been an increase in the use of 3d first-row metals for catalytic
processes. A large part of these reactions involves the hydrogenation of
alkenes or alkynes and rarer ketones, aldehydes, nitriles, esters and imines. In
the complexes that we synthesized, it is assumed that an amount of base, helps
to activate the catalyst by creating the corresponding hydride in situ. Our
catalysts gave promising results, both towards hydrogenation using Hz gas, as
well as in transfer hydrogenation, but optimization in both cases is needed, as
well as calculation of the isolated yield of the products. The development of new
catalytic protocols is necessary for the recognition of the possibilities, but also
the limitations of these reactions. We also plan to use other complexes that we
synthesized in the above catalytic reactions. In addition, the utilization of these
complexes in hydrogenation opens the way for further research with the aim of
developing its enantioselective version, possibly with the use of asymmetric
complexes. ]For example, the use of Col3 which has both a NHC and a
phosphine, could be interesting in these types of reactions. One of our future
goals is to test how effective they are with the hydrogenation of other ketones,
as well as testing different, more challenging substrates, like esters.

Comparative study of different 3d metal catalytic complexes (i.e. Fe, Mn) in an
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environment of pincer type ligands with NHC donors needs also to take place.
Except from the hydrogenation reactions, according to the recent literature (i.e.
Chirik, Thomas and Hout group) there are similarities of our complexes with
catalysts that were used in hydrosilylation, hydroborylation, borylation, C-H
activation, as well as C-C coupling. In addition, three of our synthesized
complexes (Co4, Co6, Co8) are being studied via electrochemistry in order to
confirm their potential electrocatalytic efficiency. It is also a possibility that these
molecules have biological activity. Lastly, the synthesized complexes need to
be crystallized, in order to have the full picture of their structures, thus their

properties.

2.4. Experimental Section General Considerations

2.4.1. General experimental part

General information on reactions and solvents
All of the reagents and solvents used were recently purchased from Sigma-
Aldrich, Fluka, Merck, Fluorochem and Alfa Aesar. All metal salts used were

anhydrous and their purity was equal to or higher than 98%.

Unless otherwise stated, all reactions and subsequent manipulations were
performed under inert atmosphere (dinitrogen) atmosphere using standard
Schlenk line or glovebox techniques. Solvents were obtained water- and
oxygen-free stored over molecular sieves 3 A under nitrogen atmosphere.
Concentrations of the solvents were made under reduced pressure in a rotary

concentrator.

NMR spectra were recorded on a Bruker Avance 200 (*H-NMR, 199.9 MHz,
13C-NMR, 50.3 MHz), Bruker Avance DPX 400 (*H-NMR, 400.13 MHz; 13C-
NMR, 100.53 MHz; 3P-NMR, 162 MHz) in 298K and chemical shifts are
reported relative to the residual signal of the deuterated solvent. The chemical
displacements of the NMR spectra are expressed in ppm, while the order of

presentation of the chemical displacement data in the H-NMR spectra is as

181



follows: chemical displacement, multiplicity (s, simple, d, double, t, triple, q,
quadruple, g, quadruple multiple), coupling constants in Hertz (Hz), and number
of protons. Data from published literature were used to identify the peaks in the
1H-NMR spectra, comparisons were made with precursors, and calculations
were made using NMR spectrum prediction programs. Particularly in the 'H-
NMR spectra, peaks were identified for which this was possible, while the
remaining peaks could not be correctly identified without the presence of
additional spectroscopic data. An important observation is that, especially in the
1H-NMR spectra, peaks occurring at 0.86 and 1.25 ppm in some H-NMR
spectra are attributed to grease protons, and / or petroleum ether residues,
which are difficult to remove due to oily and increased viscosity of some
compounds.’®3C-NMR spectra are broad-band proton-decoupled (*3C{*H})
Assignment of the 2C-NMR data was supported by *3C,!H correlation
experiments. Chemical shifts are listed in parts per million (ppm) and were
determined relative to internal CeDsH (*H, & = 7.16; CeDes) and natural-

abundance carbon resonances CsDs (*3C, & = 128.1; CsDs).

For High Resolution Mass spectrometry (HRMS), the samples were taken on a
QTOF maxis Impact spectrometer (Bruker), in which the ionization of the
compounds was done by electrospray ionization (ESI). GC / MS spectra were
obtained on a Shimadzu R GCMS-QP2010 Plus Gas Chromatograph Mass
Spectrometer using a MEGA R column (MEGA-5, FT: 0.25mm, ID: 0.25mm, L:
30m, T max: 3500C, Column ID # 11475).

2.4.2. Thin layer chromatography

The control of the progress of the various reactions, as well as the investigation
of the elution sequence of the substances during the column chromatography,
was carried out with Thin Layer Chromatography (TLC), for which aluminum
sheets with 60 mm silicon and 0.2 mm silica gel were used, bearing fluorescent
indicator F254 (Merck, Art.5714). The thin layer chromatography technique was
additionally used to confirm the purity of various products (in combination with
1H, 13C-NMR, GC / MS and HRMS assays). UV lamps (A = 254 nm and 365

182



nm) and / or aqueous potassium permanganate solution were used to display

the chromatograms.

2.4.3. Column chromatography

The prepared products were purified by column chromatography. For effective
elution of the compounds, air column pressure (flash column chromatography)
was applied. Merck silica gel 60 (230-400 mesh) was used as a filler in the
chromatographic columns. For the chromatographic separation of the various

products, gradient column chromatography was performed.

244 FT-IR

Infrared (FT-IR) spectra were recorded as a function of the wavelength on an
IRAffinity-1 spectrophotometer, SHIMADZU, in the range 4000 — 400 cm! using

Nujol oil.

2.4.5. X-ray crystallography

The X-ray crystallography method is a basic tool for the identification and
determination of both inorganic metal complexes and large biomolecules,
organic or pharmaceutical solid compounds. It is an analytical technique that
uses X-rays to determine the position of atoms in a crystalline solid with
precision and consequently the overall structure of the system to be studied.

A monocrystal being studied consists of a number of atoms, among which there
is a finite number of them, which is repeated and can be a molecule or a part
of an extended structure. The basic structural element is the unit cell which is
characteristic and different for each structure. The unit cell is a geometric "box"
in which atoms are in specific positions. Repetition of the unit cell in space,
without rotation and gaps, results in the creation of a perfect single crystal which
is also desirable for measurement for X-ray diffraction. The shape that the unit
cell of the crystalline solid can have can be as follows in order of decreasing

symmetry: cubic, square, orthorombic, triangular, hexagonal, single and triple.
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Diffraction is the phenomenon in which an elastic scattering takes place, which
means that the energy of the incident radiation is the same as the energy of the
diffused radiation. From 1912 it became known by the physicist Laue that
monocrystals diffuse X-rays. X-ray radiation is an electromagnetic radiation
with a wavelength ranging between 100-0.01 nm and thus is suitable for
investigating atomic information. This wavelength corresponds to frequencies
1015 - 1019 Hz or photon energies 10 - 100 KeV. Wave-shaped radiation is an
electric field oscillator, causing oscillation in charged particles located in the
environment that radiates. Thus, in turn, the electrons behave as oscillators of
the incoming radiation, thus acting as a source of radiation, scattering a part of
it. According to electromagnetic theory, a pulsating dipole acts as a source of
electromagnetic waves. Therefore, each electron in the crystal acts as a source
of radiation with the scattered beams being recorded by the film or detector as
visible spots, thus defining a point diffraction pattern as the crystal gradually
rotates. Thus, the radiation that strikes at a certain angle at the positions of the
atoms of the crystal, is diffracted by the electron density of the atoms in different
directions and is recorded. The amplitude of the diffused radiation is
proportional to the number of electrons in the cloud of their electron density.
The final result of an experimental measurement by the method of
crystallography is not a real picture of the atoms, but a map of the distribution

of electronic density in the space corresponding to each atom.

Figure 84: Reflection of Bragg's law. The diffracted X-rays will exhibit an amplifying
contribution when the distance between the waves has a phase difference an integer
multiple of the wavelength.

When the phase difference of the electron oscillation is an integer multiple of
the wavelength then we say that we have a constructive interference. If the

phase difference is 180° then we have a destructive interference. The
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contribution between the waves increases and decreases depending on the
scattering angle.

Due to the periodicity between the atoms, only the reflections that are in the
same phase with each other will appear. These are displayed at specific angles
for a given relative arrangement of crystal and incident radiation. Based on the
above characteristics, the law of crystallography, known as Bragg's law, was
formulated as follows:

nA =2 xd x sind

In general, for each lattice family of levels (each having a unique distance d
between adjacent planes) corresponds to a Bragg reflection, thus collecting
different values of the Bragg reflection from different scattering angles 28 of the
single crystal. Then it is said that the reflection is indexed. The indexing gives
the parameters of the unit cell, its lengths and angles, as well as the space
group it belongs to. The solution of the structure will require data from many
reflections at different angles. The data is ultimately captured as an image

through a mathematical analysis called the Fourier transform,223-225

The data were collected on a X-Ray single crystal diffractometer by Associate

Professor Bethanis at the Agricultural University of Athens.

2.4.6. Syntheses of salts

Synthesis of sodium isopropoxide

+

OH o-\?
NaH
AN Et,O/THF A\
0°C
In a suspension of NaH (0.288 g, 0.012 mol) in Et2O (5 mL) in 0 °C, dry
isopropanol was added dropwise (1 mL). After gas evolution stops, THF was
added till the suspension becomes clear. The volatiles were removed under

reduced pressure, and the white solid was washed with copious amounts of
pentane. (Yield: 0.613 g, 61%)
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Synthesis of sodium 1,1,1,3,3,3-hexafluoropropan-2-olate

N +
OH o
NaH

In a suspension of NaH (0.553 g, 5.26 mmol) in Et2O (5 mL) in 0 °C, dry sodium
1,1,1,3,3,3-hexafluoropropan-2-ole was added dropwise (0.55 mL, 5.26 mmol).
After gas evolution stops the solution becomes clear. The volatiles were
removed under reduced pressure, and the oily residue was triturated with

pentane to become a white solid. (Yield: 0.690 g, 69%)

2.4.7. Syntheses of organic ligands

Synthesis of 2,6-bis(bromomethyl)pyridine (L1)

|\ PBr, = |
N7 DMF, 0 °C SN
OH OH Br L1 Br

To a solution of 2,6-dihydroxymethylpyridine (2.80 g, 2.01 mmol) in DMF (15
mL) was added dropwise at 0 °C, PBrs3 (4.35 mL, 46.3 mmol). The mixture was
stirred at room temperature overnight and then water was added (20 mL). After
extraction with Et20 (3 x 100 mL), the organic layer was dried with MgSO4 and
the solvent was removed under reduced pressure. 2,6-dibromomethylpyridine
L1 was obtained as a pure white solid (Yield: 4.73 g, 89%).204

L1: H-NMR (400 MHz, CDCls): 8= 7.64 (t, J = 7.7 Hz, 1H), 7.31 (d, J = 7.7 Hz,
2H), 4.47 (s, 4H) ppm. 3C-NMR (CDCls, 100.63 MHz): & = 156.73,138.11,
122.79, 33.45 ppm.

Synthesis of 2,6-diisopropylphenylimidazole (L5a)
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R
\[( + NHZ o ‘N=C=S
L2a, L2b

e o3
0__0 \/w/\NJ\R

R, L N
N=C=S8 _— o H
HoN ethanol, reflux I/
L2a,L2b ° 1h
L3a, L3b
10% HCl(aq.)
100 °C,
30 min
R: DiPP R o N’R
L2a, L3a, L4a, L5a (/\N 20% HNOj(aq.) /;\
N/J 100 °C N SH
R: Mes
L2b, L3b, L4b, L5b L5a, L5b L4a, L4b

In a two-liter, two neck, round bottom flask, 2,6 diisopropylamine (18.8 mL, 0.1
mmol) was slowly added over a period of 30 minutes into a mixture of
thiophosgene (9.2 mL, 0.11 mmol) and water at room temperature with rigorous
mechanical stirring. After the completion of addition, the stirring continued for
30 minutes. The resulting solution was extracted with CHCIs (3 x 30 mL) and
the solvent was removed under reduced pressure to get a crude isothiocyanate
(L2a, L2b). The crude isothiocyanate was used for the next step without further
purification.

The formed crude isothiocyanate (L2a, L2b) was slowly added into a solution
of aminoacetaldehyde diethyl acetal (14.5 mL, 0.1 mmol) and ethanol (100 mL)
was added dropwise over the period of 30 min. The reaction mixtures were
heated up to reflux until the isocyanate disappeared (approximately 1h,
monitored by TLC). After that we let the solution to cool to room temperature.
The solvent was evaporated to obtain the crude aryl diethoxyethylthioureas
(L3a, L3b). Then the oily product was mixed with HCI (1 N, 30 mL) solution.
The reaction mixture warmed to 100 °C and stirred for 30min and let to reflux.
The formed precipitate was collected from filtration, inserted in a one-liter round
bottom flask and then treated with 20% of HNOs solution at 100 °C for 10 mins.
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The reaction mixture was cooled down to room temperature till the production
of brown gas stops. Then it is treated with an aqueous solution of NHs until it
reaches to pH 10. A fraction of each imidazole product precipitated at this stage
and was collected by filtration. The filtrates were extracted with CH2Cl2 (3 x 50
mL), dried over MgSOs to obtain the rest of the material. The combined solid
portions were purified by recrystallization of ethyl acetate and/or hexanes.
(Yield: 17 mg, 75%). 199.200

L5a: H-NMR (400 MHz, CDCls): & = 7.49-7.36 (m, 2 H), 7.28-7.14 (m, 3 H),
3.44 (s, 1 H), 2.45-2.32 (m, 2 H), 1.11 (d, J = 6.9 Hz, 12 H) ppm.

BC-NMR (100.63 MHz, CDCls): & 146.5, 138.4, 129.8, 129.3, 123.7, 121.5,
28.1, 24.3.

Synthesis of a,a’-bis-[3-(mesityl)imidazolium]lutidine dibromide (L6b)

| X
X .
| AT NONR = Nig
N N4 MeOH, r.t. N N
Br Br [ \> (Br‘)2</ ]
L1 L5a, L5b N N
i |
R L6a, L6bR
2
R: ¢ g
DiPP Mes

L5a, L6a L5b, L6b

In a 2-neck flask were weighed 2,6-bis(bromomethyl)pyridine (L1) (0.485 g, 1.8
mmol) and 1-mesityl-1H-imidazole (0.750 g, 4 mmol) in 20 mL of MeOH at room
temperature. 2,6-bis(bromomethyl)pyridine was neutralized with an aqueous
solution of sodium carbonate, the neutralized solution was extracted using
diethyl ether (3 x 50 mL) at 0 °C, dried with magnesium sulfate and filtered. The
filtrate was added slowly into the solution of 1-mesitylimidazole (3.5 g, 17.5
mmol) in methanol (100 mL) at 0 °C. In order to remove the starting material

salt, we add ether and let it precipitate overnight. After precipitation in the fridge,
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we received the product as brown oil. We thought as we mentioned before that
there is moisture and maybe some staring material. Therefore, we removed the
solvent mixture with the help of a pipette and then dry it in rotavapor and
followed by azeotropic drying due to the presence of moisture. Toluene was
used as a solvent due to its high boiling point. The final product was obtained
after removing the moisture and the solvent under reduced pressure and wash
with pentane. (Yield: 0.9 g, 79%)198.205

L6b: IH-NMR (400 MHz, CDCls): & = 10.57 (s,1H, 2-imidazolium H), 8.58 (s,
1H, 4-imidazolium H), 7.69 (s, 2H, 4-imidazol-2-ylidene H), 7.65 and 7.86 (d,
2H, and t, 1H, pyridine ring protons), 7.18 (s, 2H, 5-imidazol-2-ylidene H), 6.97
(s, 4H, CsHzMes), 6.07 (s, 2H, CH2), 2.15 (s, 3H, p-CHs), and 2.03 (s, 6H, o-
CHs) ppm.

13C-NMR (100.63 MHz, CDCls): 8 153.1, 141.2, 138.98, 137.83, 133.9, 130.5,
129.75, 124.6, 123.8, 123.19, 53.40, 20.98, and 17.55 ppm.

Synthesis of 2.6-di(1H-imidazol-1-yl)pyridine (L7)

cul | ~

N
[)+/@M. )\/:L
’\Il ~
H

Br” "N Br 130°C,24h ['} " N
r r
’ 2 L7 j
N N
R
KBr

A mixture of Cul (100 mg, 0.52 mmol), K2COs (1153 mg, 8.34 mmol), imidazole
(431 mg, 6.33 mmol) and 2.6-dibromopyridine (500 mg, 2.1 mmol) in dry DMF
5 mL was stirred at r.t. for 30 min, in a two-neck 100 mL bottom flask and
allowed to be stirred at 130 °C for 24 h. After completion, it was let to cool to r.t.
Later CH2Cl2 (40 mL) added and washed with water (2 x 20 mL) by solvent
extraction procedure. The organic layer was collected and concentrated under
reduced pressure. In the resulting solution we add a non-polar solvent and we
let it in fridge overnight. The next morning, the white solid was collected. (Yield:
337 mg, 76%) 206207
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L7: 'H-NMR (400 MHz, CDCls,) & = 41 (s, 2H), 8.00 (t, J =8.0 Hz, 1H), 7.70 (s,
2H), 7.32 (d, J = 8.0 Hz, 2H), 7.26 (s, 2H) ppm.

13C-NMR (100.63 MHz, CDCls) &: 148.2, 142.0, 134.9, 131.0, 116.0, 109.5
ppm.

Deprotonation of ligand (YPNC™)Br-HBr (L8 & L9)

X X

| |
NP, 2 8a KN(SIMes), 7 N%

RH K\ EO,-78°C R N
O f (Br)z ‘DiPP O % ‘DiPP

L8

NEt,
-[HNEt,]Br

P .
O f Br ‘DiPP

To a suspension of (YPNC™Br-HBr (200 mg, 0.30 mmol) in Et20 precooled at
-78 °C, using dry ice, was added a solution of 2 eq. KN(SIMes)2 (119.7 mg, 0.60
mmol) in Et20. The resulting suspension was allowed to reach r.t. and was
stirred for several hours, giving a yellow solution. Removal of volatiles under
reduced pressure, extraction of the resulting solid with toluene filtration and
evaporation of the solvent gave a yellow solid. Total conversion was confirmed
by 3!P and the product was obtained. (Yield: 113.2 mg, 73%) 190.20°

L8: 'H-NMR (400.13 MHz, CeDs): 5 =8.61 (d, J = 8.1 Hz, 1H, CHpyr.), 8.49 (d,
J=1.3 Hz, 1H, CHimid.), 7.27 (t, J = 7.7 Hz, 1H, CHoiep), 7.17-7.10 (M, 3H, CHpyr.
+ CHoirp), 6.91 (d, J = 7.6 Hz, 1H, CHpyr.), 6.65 (d, J = 1.3 Hz, 1H, CHimid.), 2.98
(s, 2H, CH2P), 2.90 (sept, 2H, CH(CHz)2), 1.89-1.78 (m, 4H, Cy), 1.74-1.55 (m,
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8H, Cy), 1.39-1.10 (m, 10H, Cy), 1.19 (d, J = 6.9 Hz, 6H, CH(CHa)2), 1.08 (d, J
= 6.9 Hz, 6H, CH(CHz)2) ppm.

13C-NMR (100.62 MHz, CsDs): &= 219.8 (Cnic), 160.0 (d, Carom.), 153.6 (Carom.),
146.3 (Carom.), 138.8 (Carom.), 138.5 (CHarom.), 129.2 (CHarom.), 123.8 (CHarom.),
122.8 (CHarom.), 121.1 (d, CHarom.), 116.4 (CHarom.), 111.5 (CHarom.), 34.1 (d, CH
Cy), 32.3 (d, CH2P), 30.3 (d, CH2 Cy), 29.6 (d, CH2 Cy), 28.6 (CH(CHa)2), 27.7
(d, CH2Cy), 27.6 (d, CH2Cy), 26.9 (CH2Cy), 24.4 (CH(CHa)2), 24.1 (CH(CHa)2).

31p-NMR (161.98 MHz, CsDs): & 3.3 ppm

L9:'H-NMR (400 MHz, CDClz): 8= 11.28 (t, 1H, CHimid.), 9.16 (t, 1H, CHimid.),
8.95 (d, 1H, CHpyr.), 7.98 (t, 1H, CHpyr.), 7.63 (t, 1H, p-CHoirp), 7.45 (d, 1H,
CHpyr.), 7.41 (t, 1H, CHimid.), 7.40 (d , 2H, m-CHpirp), 3.05 (d, 2H, CH2P), 2.44
(sept, 2H, CH(CHas)2), 1.84-1.72 (m, 8H, Cy), 1.71-1.58 (m, 4H, Cy), 1.33-1.06
(m, 10H, Cy),1.28 (d ,6H, CH(CHs3)2),1.20 (d, 6H, CH(CH3)2), J =6.8 Hz).

13C-NMR (CDCls, 100.63 MHz): 8= 162.4 (d, Carom.), 145.63 (Carom.), 145.58
(Carom.), 141.0 (CHarom.), 136.2 (CHarom.), 132.4 (CHarom.),130.5 (Carom.), 125.8
(d ,CHarom.), 125.4 (CHarom.), 125.1 (CHarom.), 120.8 (CHarom.), 112.9 (d,
CHarom.), 34.0 (d, CH Cy), 32.0 (d, CH2P), 30.3 (d, CH2 Cy), 29.6 (d, CHz Cy),
29.2 (CH(CHa)2), 27.64 (d, CH2 Cy), 27.56 (d, CHz Cy), 26.9 (d, CH2 Cy), 24.4
(CH(CHz)2), 24.3 (CH(CHa)2).

31p-NMR (161.98 MHz, CD2Cl): & 6.4 (s).

Synthesis of L12a and L12b
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X X Cat.Cul X X

| = Nal, DMEDA_ | =
~ —
Br” "N~ Br ONTY
L10
X x X X ' & X X
N AR o () | _ Ler Bk
| + N°N . ANTONTNA ANTONT S NA
| N/ | \__/ 190 °C, 7d R_N\J N—-R R_N\J
L10 L5a L11 L12a, L12b
R = DiPP
X=H, L12a,
X= CHj, L12b

In a Schlenk flask we add Nal, DMEDA in the presence of catalytic amount of
Cul in order to achieve halogen exchange of 2,6-dibrobo-3,5-dimethylpyridine
(1 g, 3.77 mmol) (L10) (Yield: 1,13 g, 83%). Quaternisation of compound L10
with 3 molar equivalents of DiPP-imidazole (L5a) (2.15 g, 9.39 mmol) resulted
in clean conversion to the di-quaternised product L11 after 7 days at 190 °C.
Compound L11 was isolated as a hygroscopic pale grey powder by
precipitation with Et20 from a DCM solution of the reaction product. Then after
addition of LiBr, product L12b was received as a beige powder. (Yield: 1.6 g,
73%)210

L12b: *H-NMR (400 MHz, CDCls) & = 10.95 (2H, s, imidazolium CH), 9.14 (s,
2H), 7.24 (br s, 4H, Ar), 2.62 (s, 6H, py-Me), 2.33 (septet, 4H, Ar), 7.97 (s, 1H,
Ar), 7.47 (t, 2H, J = 6.0 Hz, Ar), 7.33 (2H, s, Pr CH), 1.18 and 1.12 (d, each
12H, J = 6.5 Hz, iPr CHz ) ppm.

13C-NMR (100.63 MHz, CDCls,): 147.51 (CH, Ar), 144.79, 141.82 (C, Ar),
138.24, 131.83 (CH, Ar), 130.97, 129.53, 128.71, 127.91 (C, Ar), 124.90,
124.46, 124.01 (CH, Ar), 28.56 (CH, iPr), 24.22, 23.82 (CH3, iPr), 18.06 (CH3,

py-Me) ppm.

Synthesis of 3-([2,2'-bipyridin]-6-yl)-1-(2,6-diisopropylphenyl)-1H-
imidazol-3-ium bromide (L13)
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150 °C,6d

6-Bromo-2,2-bipyridine (2.40 g, 5.95 mmol) and 1-(2,6-
diisopropylphenyl)imidazole (1.46 g, 6.38 mmol) were placed in a glass
ampoule which was sealed under vacuum. This was completely immersed in
an oil bath at 150 °C for 6 d. After cooling to r.t, the ampoule was opened, and
the brown residue was dissolved in dichloromethane. After evaporation of the
solvent, the product was stirred with diethyl ether at 0 °C for several hours, the
solvent removed by filtration and the solid dried in vacuo. This gave the product
(L13) as a brown solid (Yield: 2.27 g, 82%).1%

L13: *H-NMR (300 MHz, CeDs): d = 8.66 (d, J = 8.2 Hz, 1 H, aromatic CH),
8.48-8.56 (m, 3 H, aromatic CH), 8.28 (d, J =1.7 Hz, 1 H, imidazole backbone
CH), 7.19-7.32 (m, 5 H, aromatic CH), 6.74 (ddd, J = 1.1, 4.7, 7.4 Hz, 1 H,
aromatic CH), 6.66 (d, J = 1.6 Hz, 1 H, imidazole backbone CH), 2.94 [sept, J
= 6.9 Hz, 2H, CH(CHs3)2], 1.22 (d, J = 6.8 Hz, 6 H, Me), 1.13(d, J=6.9 Hz, 6
H, Me), ppm.

13C-NMR (75.45 MHz, CeDs): & = 22.82 (Me), 23.17 (Me), 27.36 [CH(CH3)z],
113.80 (aromatic CH), 115.13 (aromatic CH), 117.63 (aromatic CH), 119.61
(aromatic CH), 121.56 (aromatic CH), 122.55 (aromatic CH), 127.07 (aromatic
CH), 127.98 (aromatic CH), 135.19 (aromatic CH), 138.07 (aromatic CH),
145.01 (aromatic C), 148.27 (aromatic CH), 152.34 (aromatic C), 153.46
(aromatic C), 154.98 (aromatic C) ppm.
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1.0 eq ZnCl,

| \ _ nBuli 1,1 eq RNH,, HCOOH (5,0 mol%) | N ! .
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~
N NN
|
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Synthesis of 6-bromopyridine-2-carbaldehyde

To a solution of 2,6-dibromopyridine (5 g, 21.1 mmol) in Et20 (100 mL), cooled
at -78 °C, was added dropwise a solution of n-BuLi in hexane (21.1 mmol, 8.45
mL of 2.5 M solution) over 15 min. After a period of 10 minutes, a solution of
DMF (25.8 mmol, 2.00 mL in 10 mL of Et20) was slowly added. The resulting
mixture was stirred at =78 °C for 20 min, allowed to warm up to -10 °C and
guenched by the addition of 10% aqueous HCI until the mixture became acidic.
The resulting solution was made alkaline by the addition of aqueous saturated
K2COs solution. The crude product partitioned between CHCIs and water. The
aqueous layer was separated and washed with CHCIz (3 x 20 mL). The
combined organic layers were washed with brine and dried over MgSOa.
Removal of the volatiles under reduced pressure gave the crude product as an
oil. Recrystallization from warm hexane afforded the L14 as colourless prisms
by letting the flask in the freezer, overnight. (Yield: 2.5 g, 64%).

L14: 'H-NMR (400 MHz, CDCls): 8 =9.98 (d, J = 0.7 Hz, 1H, CHO), 7.91 (dd,
J =1.8 Hz, 1H, CHpyr), 7.78-7.68 (M, 2H, CHpyr.) ppm.
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13C-NMR (CDC'S, 100.63 MHZ): o= 191.7 (CHO), 153.6 (prr), 142.7 (prr.),
139.5 (CHpyr.), 132.8 (CHpyr.), 120.5 (CHpyr.) ppm.212:213

Synthesis of 1-(6-bromopyridin-2-yl)-N-mesitylmethanimine (L15b)

A mixture of L14 (1.65 g, 8.87 mmol), 2,4,6-trimethylaniline (1.37 mL, 9.75
mmol) and formic acid (17 pL, 0.444 mmol, 5.0 mol%) in ethanol was heated to
reflux for 2-3 h. All volatiles were evaporated under reduced pressure to
dryness and the resulting solid was recrystallized from hexane to afford L15b as
yellow prisms. Yield: 1.95 g, 72%.2%

1H-NMR (400.13 MHz, CDCls): 8= 8.27 (s, 1H, NCH), 8.25 (dd, 1H, CHpyr.), 7.69
(t, lH, Cprr.), 7.59 (dd, 1H, Cprr.), 6.90 (S, 2H, CHmes.), 2.29 (S, 3H, p-CH3
mes.), 2.13 (s, 6H, 0-CH3 mes.) ppm.

13C-NMR (100.63 MHz, CDClg): & =162.0 (CHN), 155.9 (Carom.), 147.5 (Carom.),
141.9 (Carom.), 139.1 (CHarom.), 133.9 (Carom.), 129.8 (CHarom.), 129.0 (CHarom.),
126.9 (Carom.), 119.9 (CHarom.), 20.9 (p-CH3 mes.), 18.4 (0-CH3 mes.) ppm.

Synthesis of 1-(6-bromopyridin-2-yl)-N-(2,6-diisopropyl-
phenyl)methanimine (L15a)

A mixture of L14 (1.065 g, 5.72 mmol), 2,6-diisopropylaniline (1.2 mL, 6.29
mmol) and formic acid (11 pL, 0.29 mmol, 5.0 mol%) in ethanol was heated to
reflux for 2—3 h. All volatiles were evaporated to dryness and the resulting solid
was recrystallized from hexane to afford L15a as yellow-green prisms. (Yield:
1.763 g, 89%)226

L15a:'H-NMR (400.13 MHz, CDCl3): & = 8.26 (dd, 1H, CHpyr.), 8.25 (d, J = 0.6
Hz, 1H, NCH), 7.71 (m, 1H, CHpyr.), 7.61 (dd, 1H, CHpy), 7.20-7.13 (m, 3H,
CHoirp), 2.92 (sept, 2H, CH(CHs)2), 1.17 (d, J =6.9 Hz, 12H, CH(CHzs)2) ppm.

I3C-NMR (100.62 MHz, CDClz): 6 161.6 (CHN), 155.6 (Carom.), 148.0 (Carom.),
142.0 (Carom.), 139.1 (Carom.), 137.2 (Carom), 130.0 (CHarom.), 124.8 (CHarom.),
123.2 (CHarom.), 120.0 (CHarom.), 28.1 (CH(CH3)2), 23.6 (CH(CHS)Z).
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Synthesis of [{1-(6-bromopyridin-2-yl)-N-(2,6-diisopropyl-
phenyl)methanimine}ZnClz] (L16)

To a solution of L15a (1.5 g, 4.33 mmol) in dry THF (20 mL) was added
anhydrous ZnClz (0.59 g, 4.33 mmol). The mixture was heated for 1 h to 60 °C,
during which time a yellow precipitate appeared from the light brown solution.
After cooling down to rt, Et2O (20 mL) was added and the formed precipitate
was collected by filtration, washed with Et2O and driedin vacuo,
affording L16-THF as a yellow powder (THF adduct based on the NMR data).
Heating the THF adduct at 100 °C under vacuum for several hours
afforded L16 as a yellow powder. Single crystals suitable for X-ray diffraction
analysis were obtained by slow diffusion of pentane in a dilute solution of the
complex. Yield: 2.15 g, 90%. 226

1H-NMR (400.13 MHz, CDCl3): &= 8.22 (d, J = 7.7 Hz, 1H, CHpyr.), 8.21 (s, 1H,
NCH), 7.95 (t, 1H, CHpy.), 7.85 (d, J = 7.8 Hz, 1H, CHpyr.), 7.17 (2 overlapping
d, J = 84, 6.4 Hz, 2H, m-CHoiep), 7.11 (dd, 1H, p-CHoirr), 2.84 (sept, 2H,
CH(CHa)2), 1.11 (d, J = 6.9 Hz, 12H, CH(CH3)2) ppm.

13C-NMR (400.13 MHz, CDCl3): 5= 161.6 (CHN), 154.6 (Carom.), 147.7 (Carom.),
141.4 (Carom.), 140.6 (CHarom.), 136.4 (Carom.), 130.4 (CHarom.), 124.6 (CHarom.),
122.9 (CHarom.), 120.6 (CHarom.), 27.5 (CH(CHa)2), 23.2 (CH(CHs)2) ppm.

Synthesis of L18

A mixture of L17 (0.87 g, 1.8 mmol)) and L5a (3 equiv.) was heated in a sealed
flask at 150-160 °C for 4 d. After cooling to r.t., decoordination of Zn" of was
carried out using a slightly modified literature procedure. To a CH2Clz solution
(50 mL) of the crude zinc complex in a separating funnel was added a solution
of potassium oxalate monohydrate (ca. 3 equiv.) in water. After shaking the
mixture for 5-10 min, the aqueous phase, containing a white suspension of

Zn(C204), was separated and the organic phase was washed twice with water
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(2 x 25 mL). To avoid a possible mixture of counteranions in the imidazolium
salt product, saturated aqueous NaBr solution was added to the organic phase
and the resulting biphasic mixture was vigorously stirred for 30 min. The organic
phase was separated, dried over anhydrous MgSO4 and evaporated under
reduced pressure. The solid residue was triturated with hot hexane (4 x 20 mL),
filtered and dried under vacuum to afford L18 as a yellow solid. (Yield: 0.64 g,
699%)226

1H-NMR (400 MHz, MeCN,): 8= 11.58 (t, J = 1.5 Hz, 1H, CHimid.), 9.46 (dd, 1H,
CHpyr.), 9.21 (t, 1H, CHimid.), 8.46 (dd, 1H, CHpyr.), 8.31 (br t, 1H, CHpyr.), 8.30
(s, 1H, NCH), 7.64 (t, 1H, p-CHoirp), 7.43 (t, 1H, CHimia.), 7.41 (d, J = 7.8 Hz,
2H, m-CHpirp), 7.19 (2 overlapping d, J = 8.6, 6.6 Hz, 2H, m-CHpirp), 7.14 (dd,
J = 8.6, 6.6 Hz, 1H, p-CHpirp), 2.95 (sept, 2H, CH(CHa)2), 2.46 (sept, 2H,
CH(CHs)2), 1.30 (d, J = 6.8 Hz, 6H, CH(CHs)2), 1.20 (d, J = 6.8 Hz, 6H,
CH(CH3)2), 1.18 (d, J = 6.8 Hz, 12H, CH (CHs)2) ppm.

13C-NMR (100.62 MHz, MeCN,): = 161.4 (NCH), 153.9 (Carom.), 148.5 (Carom.),
146.4 (Carom.), 145.6 (Carom.), 141.9 (CHarom.), 137.5 (Carom.), 136.9 (CHarom.),
132.5 (CHaom.), 130.4 (Caom.), 125.5 (CHarom.), 125.21 (CHarom.), 125.17
(CHarom.), 123.5 (CHarom.), 123.0 (CHarom.), 120.9 (CHarom.), 118.4 (CHarom.),
29.3 (CH(CHa)2), 28.4 (CH(CHs)2), 24.43 (CH(CHa)2), 24.37 (CH(CHa)2), 23.6
(CH(CHs)2) ppm.

2.4.8. Syntheses of complexes

Synthesis of [Co{N(SiMe3)2}2]2 (Co1l)

CoCl
HN(SiMeg), + n-Buli —— = LiN-(SiMes)y —— > s [Co{N(SiMes)lsls
40 °C ot

A diethyl ether suspension of LiN-(SiMes)2 was synthesized in situ by adding
through a syringe n-BuLi (18 mL, 2.5 M solution in hexanes, 0.044 mol)
dropwise to HN(SiMes)2 (8.4 mL, 0.040 mol) in diethyl ether (40 mL), cooled in

an ice bath. The solution was allowed to come to room temperature and stirring
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was continued overnight. The resulting opaque suspension was added
dropwise via cannula to a diethyl ether (40 mL) slurry of CoCl2 (2.86 g, 22.0
mmol) chilled in an ice bath. An immediate color change of the slurry from blue
to dark green was observed. When the addition was complete, the suspension
was warmed to ca. 35 °C and stirred for 12 h. The ether was removed under
reduced pressure and the resulting dark green solids were extracted with
hexanes (40 mL), which resulted in a dark green solution with a gray precipitate.
The solution was then filtered through a Celite padded filter-stick to afford a
clear dark-green solution. The hexanes were removed under reduced pressure
to give a dark green oil. Upon cooling, a brown-dark red solid. The solid was
dissolved in hexanes (ca. 30 mL) at 65 °C, which afforded an olive-green
solution. Cooling slowly to 0 °C gave Col, in the form of red-olive dichroic
crystals. (Yield: 5.70 g, 75%).

IH-NMR (CsDs, 400 MHz): 8.97 (br s, —SiMes, [Co{N(SiMez3)z2}2)], 0.51 (s,
-SiMes (terminal), [Co{N-(SiMes)2}2]2), —-4.22 (br s, —-SiMes (bridging),
[Co{N(SiMe3)2}2]2) ppm.

Synthesis of Co2

® »
N7 +  Co[N(SiMe3),], T’ N
N N Co1 r
] 16 h
[ Y (B¢ ] )*C" Sj
\ ITI N Br’" Br
Mes
Mes | g, Mes Co2

In a Schlenck flask, were weighed solid Co[N(SiMes)z]2 (37.8 mg, 0.1 mmol)
slowly was added into a solution of L6b (63.8 mg, 0.1 mmol) in 15 mL of THF
at room temperature. The THF was inserted in the fridge (-30 °C) beforehand.
As the time passes the color changes to brown, then dark green. After letting it
stir overnight the mother liquid appears to be purple with dark precipitate. After
filtration, it was recrystallized from THF / ether to yield light pink colored

crystals. The product is paramagnetic.
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Synthesis of Co3

B B
N“ +  ColN(SiMey)l, ——— = T/
’\T } ’\T Co1 THF, r.t. N N
[N B} ¢ 16 h | c
[N> <N] [l?l); O‘E?r<g]
DiPP DiPP

| |
DiPP DiPP
L6a Co3

In a Schlenck flask, were weighed solid Co[N(SiMes)2]z (Co1) (37.8 mg, 0.1
mmol) slowly was added into a solution of L6a (63.8 mg, 0.1 mmol) in 15 mL of
THF at room temperature. The THF was inserted in the fridge (-30 °C)
beforehand. As the time passes the color changes to green, then blue-gray.
After letting it stir overnight the mother liquid appears to be purple with blue
precipitate. After filtration, it was recrystallized from THF/ether to yield light pink

colored crystals. The product is paramagnetic.

Synthesis of Co4

KPFg

N7 Co[N(SiMe —
Q + [N( 3)2l2 THF. 1.
N Co1

1\
DiPP

In a Schlenk flask we dissolve 6-(3-(2,6-diisopropylphenyl)-2,3-dihydro-1H-
imidazol-1-yl)-2,2'-bipyridine (122 mg, 0.54 mmol) in THF. Then we add
Co{N(SiMe3)2}2 (Co1l) (50 mg, 0.27 mmol) also dissolved in THF, in the solution.
We let brown-red mixture stir for 2 h and add KPFes (122 mg, 0.54 mmol). The
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solution becomes lighter, and we let it stir overnight. The next day we remove

the volatiles using the vacuum line. The product is paramagnetic.

Synthesis of Co5

X X
» L
N
+ Co[N(SiMe
[ \> (Br) </j IN(SiMes)ly ———— [)>——Co gj
Co1 Br Br
DiPP DiPP DiPP DiPP
L12a Co5

Co[(N(SiMe3)2]2 (Co1l) (5.0 g, 13.2 mmol) and the bis(imidazolium) salt (9.2 g,
13.2 mmol) (L12a), were mixed in a Schlenk tube equipped with a heavy stir
bar. This was placed in a dry ice-acetone bath and THF (100 mL) was added
slowly via syringe. The suspension was allowed to warm up slowly becoming
gradually red-orange and finally at room temperature gave rise to a red-purple
solution. The reaction mixture was stirred at room temperature for 8 hr; during
which time some red precipitate started to form. Removal of the volatiles under
vacuum left a red residue, which was washed with ether and dried under

vacuum. The product is paramagnetic.

Synthesis of Co6

A X

~
N™ S\ * ColN(SiMeg)l, ——— =

[\> Br)2</j Co1 THF, rt [) Co (j

NBr BrN

DIPP DiPP DiPP DiPP
L12b Co6

In a Shlenck flask, were weighed solid Co[N(SiMes)2]2 (507 mg, 1.33 mmol) was
added into a solution of L12b (1 g, 1.33 mmol) in 15 mL of THF at room
temperature. The solution turns red, and we let it stir overnight. The next day

the volatiles are removed. The solid is washed with pentane and dried under

vacuo. The product is paramagnetic.
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Synthesis of Co7

+2
~ “ ] (PFe),
N7 _ KPFe | N/
[’\?>~BrCo—<§j MeCN, r.t. [>>——Co—<(j
DIPP DiPP DiPP Mec/N MeCN DiPP
Cob Co7
+
KBr

Co6 (20 mg, 0.026 mmol) and KPFs (19 mg, 0.052 mmol) were dissolved in
MeCN and let stir overnight. The next day we transfer the solution in a clean
Schlenk with a fritz canula to remove the precipitate (KBr). Then the solid was

dried under vacuo. The product is paramagnetic.

Synthesis of Co8

+2

.
~ | B

X 7
| N

N = KPFg MeCN
[> N @——@ ﬁ’ [»-C‘)\{(j
Co— j T
N>_|;F vg / DIPF N _NDiPP
DPP  DiPP m
Co6 S ~
Co8

+
KBr

/

Reaction of Co6 (50 mg, 0.065 mmol) and bipyridine (10 mg, 0.065 mmol) were
dissolved in 10 mL THF. KPFs (24 mg, 0.13 mmol) dissolved in MeCN was
added shortly after and let stir overnight. The next day we transfer the solution
in a clean Schlenk with a fritz canula to remove the precipitate (KBr). Then, the
volatiles are removed and the solid is washed with ether and dried under vacuo.

The product is paramagnetic.
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Synthesis of Co9

R X
| IN/
N 0.5 eq. Br.
NV S =28 F N N
[ D—Cox(] THF.rL [)ﬁqo{gj
N B BryN N BrgBrN:
DiPP  DiPP DiPP DiPP
Co6 Co9

Co6 (60 mg, 0.078 mmol) was dissolved in 10 mL THF. 2-3 drops of Brz (20 -
30mg) are then added to the solution. The resulting solution was stirred at r.t.
for 5min and then the volatiles were removed under reduced pressure. The
solid was then washed with pentane and the solution was removed with a
canula in order to avoid the excess amount of Brz. Then the solid was dried

under vacuo. The product is paramagnetic.

Alternative synthesis of Co9

N X

| | -

N

tuld e st
N Br <g THF, r.t. BrBr
DiPP DiPP DiPP DiPP

Co5 Co9

Co6 (60 mg, 0.078 mmol) and NBS (14 mg, 0.078 mmol) were dissolved in 10
mL THF. The resulting solution was stirred at r.t. until we see a color change
and then the volatiles were removed under reduced pressure. The solid was
then washed with ether and the solution was removed with a canula in order to
avoid the excess amount of NBS. Then the solid was dried under vacuo. The

product is paramagnetic.
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Synthesis of Col0

B |\j

— XX X ~
N" )+ ColNsiMesyl, * [ ] | ) KEFe MeCR !

[,:T\> (Br-)2</N jl Cot NN et r S%CO{F b
| ) /

Mes Mes -
L6b N

In a Shlenck flask, were weighed the solids Co[N(SiMes)z]2 (63 mg, 0.166
mmol) L6b (126 mg, 0.166 mmol) and bipyridine (26 mg, 0.166 mmol) in 15 mL
of THF at room temperature. KPFes (61 mg, 0.33 mmol) were dissolved in
MeCN, then added to the THF solution and was let to stir overnight. As the
time passes the color changes from red to brown. The next day, the volatiles
are removed and the solid was with ether and dried under vacuo. The product

is paramagnetic.

Synthesis of Coll

—

® B
N + Co[N(SiMe3)al, + || o ‘ Xy KPFg MeCN N
~ 7

,{ ) /,\T Cor N N THF, r.t. [
[N> (Br) <N] ; gyc°\<§]

! |
DiPP DiPP DiPP//N \ - ‘Dipp
L6a = X

In a Shlenck flask, were weighed the solids Co[N(SiMez)2]2 (63 mg, 0.166
mmol) L6a (126 mg, 0.166 mmol) and bipyridine (26 mg, 0.166 mmol) in 15 mL
of THF at room temperature. KPFs (61 mg, 0.33 mmol) were dissolved in
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MeCN, then added to the THF solution and was let to stir overnight. As the
time passes the color changes from red to brown. The next day, the volatiles
are removed and the solid was with ether and dried under vacuo. The crude

product was recrystallized from CH2Clz. The product is paramagnetic.

Synthesis of Co12

+2
N —I (PFg)2
Q »
D KPFe, MeCN " "
[>>~Co——<< N THF r.t. [)>-Co—<(]
N B’ Br N N \N\
DIiPP DiPP DIPP N _NDiPP
Co5 ~ l l
N NS
Co12

In a Shlenck flask, were weighed the solids Co5 (38 mg, 0.05 mmol) and
bipyridine (8 mg, 0.05 mmol) in 5 mL of THF at room temperature. KPFs (30
mg, 0.25 mmol) were dissolved in MeCN, then added to the THF solution and
was let to stir overnight. As the time passes the color changes from red to
brown-orange. The next day, the volatiles are removed and the solid was with
ether and dried under vacuo. The crude product was recrystallized from CH2Clz

. The product is paramagnetic.

Synthesis of Col3

B S
N7 N+ 2eq {CONSIMes)), ————> ((Nj\ N
- A

_ THF, r.t. \
+
Oﬁp Br “oip Cot QP% ¢
Br
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To a suspension of (YPNC™)Br (106 mg, 0.181 mmol) in THF precooled at -
78°C was added dropwise a cold solution of [Co{N(SiMe3)2}2] (Col) (70 mg,
0.181 mmol) in THF. The resulting dark-red solution was allowed to reach room
temperature, stirred for 2 h and briefly heated to reflux. All the volatiles were
evaporated under reduced pressure and the resulting brown-red solid was
extracted with toluene. Filtration and evaporation of the toluene solution

afforded Co13 as a dark purple solid. The product is paramagnetic.
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Appendix of Chapter 1

6LU7
Compound Binding
score
(kcal / mol)
Ibuprofen -5.59
Warfarin -7.62
Denopamine -6.77
Naminterol -7.79
Rotigaptide -4.72
Bometelol -8.04
Benzquercin -8.59
Gastgeiger -6.72
Rotigaptide -6.07
5,7,3',4'-Tetrahydroxy-2'-(3,3-dimethylallyl)isoflavone -8.48
Favipiravir -4.49
20x01Hpyrazine3carboxamide -4.43
6amino3oxo03_4dihydropyrazine2carboxamide -4.58
3aminomethyl5fluoropyrazin2_1H one -5.45
6fluoro2oxol1Hpyrazine3carboxamide -4.59
Nmethyl3ox03_4dihydropyrazine2carboxamide -4.65
(-)-Catechin -7.87
(-)-Catechin_gallate -6.24
(-)-epicatechin -6.45
epicatechin(2p-0O-7, 4B-8)-epicatechin -4.53
epicatechin-(43-8)-epicatechin -7.96
Chloroquine -6.59
Hydroxychloroguine -7.01
Darunavir -7.16
Arbidol -7.2
Azithromycin -4.22
Lopinavir -5.54
Sofosubir -5.91
Remdesivir -6.56
Ribavirin -5.75
Ritonavir -2.91
Remdesivirtriphosphate -1.99
Oxycodone -7.56
Cinnamic acid -5.11
Paracetamol -5.16
Proparacetamol -5.82
Ascorbic acid -3.93
Retinol -7.84
betacarotene -9.52
Cholecalciferol -9.43
Riboflavin -6.44
Biotin -5.0
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Vitamink -7.15
VitaminB1 -8.2
VitaminE -7.7
glucosiduronate -8.83
Nicotinicacid -4.39
Folicacid -5.37
Pyridoxalphosphate -4.48
Pyridoxine -4.66
Pantothenicacid -4.61
Nicotinamide -4.56
Tigecycline -7.07
Fenoterol -6.9
Montelukast -7.21
reproterol -6.32
oxytetracycline -6.63
cefpiramide -6.1
Demeclocycline -5.64
doxycycline -8.75
lymecycline -3.9
Pheneticillin -7.1
Saquinavir -7.34
Thymidine -6.05
Sulfasalazine -7.52
Valganciclovir -5.91
dieckol -6.13
Indinavir -5.73
Tipranavir -7.9
Faldaprevir -6.24
10-Hydroxyusambarensine -10.56
6-oxoisoiguesterin -8.99
Cryptoquindoline -11.19
Eszopiclone -8.2
22-Hydroxyhopan-3-one -8.32
Simeprevir -6.49
Avatrombopag -9.11
220xacalcitriol -8.34
Blonanserin -9.34
Bromocriptine -9.73
Buclizine -9.03
Canagliflozin -8.09
Dalfopristin -6.71
Clofazimine -10.61
Conivaptan -9.42
Dihydrotachysterol -8.86
Doxazosin -8.67
Doxercalciferol -9.59
Empagliflozin -8.09
Ergoloidmesylate -8.18
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Ergotamine -8.02
Meclizine -9.4

Nilotinib -9.27
Terfenadine -8.37
Thioproperazine -9.04
Tolvaptan -8.98
Zafirlukast -8.01

6LZG

Zafirlukast -8.08
Warfarin -7.24
Denopamine -6.46
Naminterol -5.68
Rotigaptide -5.56
Bometelol -5.0

Benzqguercin -8.75
5,7,3",4'-Tetrahydroxy-2'-(3,3-dimethylallyl)isoflavone -7.78
Favipiravir -4.84
2o0x01Hpyrazine3carboxamide -4.83
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Figure 85: *H-NMR spectrum of L6b in CDCl3
T TN W i T
n
1‘50 1‘40 1‘30 1‘20 l‘lU lbU 9‘0 6‘0 5‘0 4‘0 3‘0 2‘0 l‘U b

T
80 70
f1 (ppm)

Figure 86: 3C-NMR spectrum of L6b in CDCl3
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Figure 87: *H-NMR spectrum of L14 in CDCl;
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Figure 89: *H-NMR spectrum of L15b in CDCl;
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Figure 90: *H-NMR spectrum of L15a in CDCl;
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Figure 91: *H-NMR spectrum of L18 in CDCl;
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Figure 93: *H-NMR spectrum of L8 in CeDs
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Figure 95: Best *H-NMR yield of 85% in transfer hydrogenation, using Co5 in CDCls.
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Figure 97: Paramagnetic *H-NMR of Co4 in CD.Cl,
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Figure 99: Paramagnetic *H-NMR of Co8 in MeCN.
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Figure 102: ESI-MS spectrum of L18
Abbreviations
9% Vur percent buried volume
acac acetylacetonate
ACE2 Angiotensin-converting enzyme 2
ARBs Angiotensin Il receptor blockers
ARDS Acute respiratory distress syndrome
Ang Il Angiotensin 11
BAr", tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
bipy bipyridine
Bn benzyl
cAAC cyclic (Alkyl)(Amino)Carbene
CADD computer-aided drug design
CCSB Center for Computational Structural Biology
CDC Center for Disease Control and Prevention
COD cyclooctadiene
CoVs Coronaviruses
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COX cyclooxygenases

Cp cyclopentadienyl

CRP C-reactive protein

CNS central nervous system

CcVv cyclic voltammetry

Cy cyclohexyl

ScAAC 1-(2,6-diisopropylphenyl)-3-cyclohexyl-5,5-dimethylpyrrolidin-2-ylidene
DFT density functional theory

DHepP 2,6-di(heptan-4-yl)phenyl

Dba Dibenzylideneacetone

DiPP 2,6-diisopropylphenyl

DME 1,2-dimethoxyethane

DMF dimethylformamide

dmfu dimethylfumarate

DMSO dimethyl sulfoxide

E envelope protein

e electron

eg/equiv. equivalent

ERGIC reticulum-Golgi intermediate compartment

ESR electron spin resonance

ET electron-transfer

Et ethyl

ExoN 3'-5’ exoribonuclease

G Gauss

GISAID Global initiative on sharing all influenza data

GM CSF granulocyte macrophage colony stimulating factor
GUI Graphica IUser Interface

hACE2 human ACE2

Hal halide

HOMO highest occupied molecular orbital

HS high-spin

1Ad 1,3-diadamantylimidazol-2-ylidene

Bu isobutyl

1/Pr 1,3-diisopropylimidazol-2-ylidene

IL-6 Interleukin-6

Im imidazol

IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
Pr isopropyl

|Py OMme 1,3-bis(2,6-dibenzhydryl-4-methoxy-phenyl)imidazol-2-ylidene
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1P
IPr* OMe
IPre@Np)
PP+
[Py Me

1PrPh

Me2cAAC

Me2|Et
Me2| pr
Me2|Me
MeleeSMe
Me2] Bu
Melm
Mes
Mpro
N

n.p.,
mBu
NHC
NMR
o-tolyl
OoTf
p-tolyl
PCET
PDB
PE

Ph
phen
Plip
py
QM/MM

1,3-bis(2,6-dibenzhydryl-4-methylphenyl)imidazol-2-ylidene
[1,3N,N'-bis(2,6-bis(diphenylmethyl)-4-methoxyphenyl)imidazol-2-ylidene]
1,3-bis(2,6-bis(di(naphthalen-2-yl)methyl)-4-methylphenyl)imidazol-2-ylidene
1,3-bis(2,6-bis(bis(4-(fertbutyl)phenyl)methyl)-4-methylphenyl)imidazol-2-ylidene
[1,3N,N'-bis(2,6-bis(diphenylmethyl)-4- methylphenyl)imidazol-2-ylidene]
1,3-bis(2,6- diisopropylphenyl)-2-phenyl-imidazol-4-ylidene

infrared

1,3-di-tert-butylimidazol-2-ylidene

intravenous drip, line

lithium diisopropylamide

low spin

lowest unoccupied molecular orbital

membrane protein

molecular dynamics

methyl
3,3,5,5-tetramethyl-1-(2',6'-diisopropylphenyl)-pyrrolidin-2-ylidene

1,3-diethyl-4,5-dimethylimidazol-2-ylidene
1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene
1,3,4,5-tetramethylimidazol-2-ylidene
1,3-bis(2,4,6-trimethylphenyl)-4,5-dimethyl imidazol-2-ylidene
1,3-di- fert-butyl-4,5-dimethylimidazol-2-ylidene
1-methylimidazole

mesityl

main protease

Nucleocapsid protein

no product

n-butyl

N-heterocyclic carbene

nuclear magnetic resonance

2-methylphenyl

triflate, = trifluoromethanesulfonate
4-methylphenyl

proton-coupled electron transfer

Protein Data Bank

polyethylene

phenyl

phenanthroline

protein ligand interaction profiler

pyridine

quantum mechanics/molecular mechanics
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RAAS
RBD
RDRP
RE-NHC
RNA
r.t.

S

S
SARS-CoV-2
SIAd
SICy
SIM
SIMe
SIMes
SIPr
SIpr OMe
SIBu
SMM
SOMO
SSRNA
STD
Bu
TEP
TLC
T™MS
Tos

trip

TZ
UV-vis
WHO

Renin-Angiotensin-Aldosterone System

receptor binding domain

RNA-dependent RNA polymerase

ring expanded NHC

Ribonucleic acid

room temperature

spike

Spin

severe acute respiratory syndrome coronavirus 2
1,3-diadamantylimidazolidin-2-ylidene

1,3- dicyclohexylimidazolidin-2-ylidene
single-ion magnet
1,3- dimethylimidazolidin-2-ylidene
1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene
1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene
1,3-bis(2,6-dibenzhydryl-4-methoxy-phenyl)imidazolin-2-ylidene
1,3-di-fert-butylimidazolin-2-ylidene
single-molecule magnet

singly occupied molecular orbital

single stranded RNA

Saturation Transfer Diffusion

fert-butyl

Tolman electronic parameter

Thin Layer Chromatography

Tetramethylsilane

tosyl = toluenesulfonyl

2,4,6-triisopropylphenyl

Tetrahedral Zinc Pseudo Atoms
ultraviolet-visible

World Health Organization

chemical shifts

frequency

Bohr magneton

effective magnetic moment
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