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ABSTRACT

The research work presented in this thesis comprises a
theoretical study of the structural, electronic, and antioxidant
properties of the Avenanthramides derived from oats.
Avenanthramides are op@&hain ®mpounds containing two aromatic
rings of an anthranilic acid derivative and cinnamic acid derivative and
both these rings a r e-unsatarated eamides d
linkage. For this purpose, eight Avenanthramides of interest are
selected and the geetny-optimized structures of these compounds
are utilized for all the reactivity investigations using density functional
theory methods. The major aim of the work comprises the comparative
investigation of the radical scavenging activity of the selected
compound by its structural and electronic features. The potential
ability of these compounds to quench different radicals was studied
both by thermodynamic as well as kinetic aspects. For this purpose, the
work explored several pathways within the mecharpsoposed in the
literature. The possibilities of various radical stabilization pathways are
also studied using electronic parameters. Utilizing the thermodynamic
cycle of the radical quenching process we expanded the ability of these
compounds towards a @b of radical species. Moreover, the UV
absorbance and UV filtering activity of the selected compounds were
analyzed. The obtained UV filtering activity and radical quenching
ability of these compounds especially caffeic dwaged compounds
are found to xhibit excellent photoprotective ability.

Keywords: Avenanthramides; Antioxidant activity; Hydrogen atom
transfer mechanism; Free radical quenching.
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PREFACE

Opinions today on the cause of chminllnesses including
cancer, heart disease, and neurological diseases are still debatable.
Although there are many contributing factors, one of the most
important ones in the emergence of many chronic diseases is oxidative
stress, which is brought on lay imbalance between reactive species
(free radicals) and antioxidants. In fact, there is evidence from both
clinical and experimental studies that oxidative stress and a number of
chronic ilinesses are casually related. Therefore, a lot of research is
being done to see if lowering oxidative stress will help these chronic
illnesses. Based on clinical and epidemiological research, natural
products may be able to lower the morbidity and mortality linked to

chronic ilinesses by preventing oxidative stress.

Numerous naturally occurring substances have the potential to
function as antioxidants. They can guard against damage caused by
reactive oxygen species (ROS) or reactive nitrogen species (RNS) and
improve oxidative stresslated illnesses like cancer, hedisease,
neurological disorders, and inflammatory conditions. While plenty of
natural products have demonstrated potential preventive effects against
chronic diseases, many natural compounds’ bioactivities are still
unknown. Thus, a strong scientific bmsfor the use of natural
compounds for the prevention and treatment of diseases associated
with oxidative stress would come from comprehending and validating
the bioactivities of the compounds and the underlying molecular
pathways.



Avenanthramides are lownolecular weight phenolic amides
made up of an amide bond connecting an anthranilic acid to a
hydroxycinnamic acid. Oats contain a unique group of approximately
40 different types of Avenanthramides, which are present in both oat
grains and leaves. The essch work presented in the thesis entitled
w i t Theor@tical Studies on the Molecular Basis of Free Radical
Scavenging Mechanism and Photoprotective Potential of
Avenanthramides comprised of theoretical investigation of structural,
electronic, radical swenging activity, TDDFT studies of the

compounds called Avenanthramides isolated fforana sativa L.

Chapter 1 introduces the compound Avenanthramide and
detailed discussions of the structure, nomenclature, chemical stability,
etc. are discussed and aldbe maximum possible biological
applications of Avenanthramide cited so far in the literature have been
reviewed. The insights from this review will further advance the role
and need of Avenanthramides in the field of medicinal chemistry.
Chapter 2descrbes the various computational techniques used in this
thesis. Density functional methods, the choice of basis sets, functionals
and other details are described in detail. It also introduces the several
softwares used and the computer pow@hapter 3introduces the
Avenanthramide molecules studied in this thesis nar@el\2f, 2¢ 2s,
1p, 1f, 1c, and 1s Structures of these molecules are optimized and
geometric parameters were correlated with the experimental data and
3¢ NMR and'H NMR spectra are discuas. Also using QTAIM
theory the nofcovalent interaction in each molecules were analysed

and hydrogen bonds was quantified. Moreover the conceptual density



functional theory based chemical reactivity descriptor and Fukui
functions, frontier molecular oral analysis and molecular
electrostatic potential analysis also were examin€thapter 4
examines the theoretical background of the electronic transition in UV
Vis and ECD spectra of E and Z isomer2pfand also the physical
mechanism of the electronatrsfer process during light excitation is
more intuitively described along with twtimensional and three
dimensional visualization methodShapter 5explains theantioxidant
potentiality of the selected compound and importance of structural
parameters toards radical activity in thermodynamic point of view.
The UV filtering activities of all the studied compounds are also
included in the chapteChapter 6includes the extended mechanism
on the radical scavenging activity of the selected compounds. The
study also included the quenching of five reactive species of biological
importance by the eight compounds and the selectivity was identified.
Chapter 7 discusses the kinetic investigation of quenching of
hydroperoxyl radical by the eight Avenanthramide rooles using the
transition state theoryerom the entire chapters till now revealed the
higher reactivity potential of the series compound towards radical
guenching process. So in this regard as an exte@iapter 8studied

the quenching of the most widant and reactive Avenanthrami@e,

in a pool of selected radicals and the their reactivity compared. Also
the chapter enclosed the thermodynamic and kinetic aspects of
methanol induced oxidative degradation pathwaghapter 9
summarizes the results afivestigations done and suggests lists of

possible areas of future work.
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Introduction

1. Introduction

For thousands of years, the staple of the human diet has been
cerealbased foods, which account for around 50% of the daily
recommended consumption of fiber. The likelihood of developing
some dietaryelated diseases such as type delias, obesity, cancer,
and cardiovascular disease is adversely correlated with greater whole
grain consumptiol, 2]. Oats Avena Sativa L.)a functional cereal
grain that is extensively consumed around the world, have recently
attract&l more attention because of their many health advanfgidggs
These are cultivatethroughouttemperate zong, 7]. It is a versatile
crop that is regarded as having higher nutritional value than many
other unfortified cereal The consumption of foods made from oats
can lower serum cholesterol levels, decrease glucose uptake, and
diminish the plasma insulin response, according to numerous
laboratory and clinical reseaf@h 8]. Both the general public and
scientists are interested in the nutritional advantages of oats. As a
result, the food industry is using more oats as an ingredient in a variety
of meals, such as breadsiscuits, beverages, breakfast cereals, and
baby foods. It contains bioactive compounds such as proteins,
pepti des, a-ghicang) rexastamt dstarch, dietary fibers,
polyunsaturated fatty acids, vitamins, minerals, polyphenols,
Avenanthramides, at s aponi ns#osterol a% d 10] b
Avenanthramides (AVs) and steroidal saponins are two distinct classes
of phytochemicals that are only produceddats. According to recent
studies, AVs are crucial in mediating the health advantages ¢Bpats
11, 12]
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1.1 Avenanthramides(AVS)

AVs are a group of Montaining secondary metabolites that
have been found in oaté\{ena sativa. J.groats and hullsThey were
initially recognized as phytoalexins, which the plant produces in
reaction to diseases like fufij 13]. The commonly consumed whele
grain cereal,oats is the unique source &Vs. The first, who
characterized, detected, and named the AVs by CbH]nThese are
considered one of the important groups of molecules from the group of
phenolic alkaloids and display a variety of biological activities
antioxidant, antinflammatory, antitch, anttirritant, and

antiatherogenic activities @fVs [1, 3].

Fig. 1.1 Structure of AVs framework with atomic labelling.

From a biological perspective, it has been demonstrated that
phenolic compounds have a variety oblbgical activities, the most
significant of which is the antioxidant activity, which guards against
lipid peroxidation and cellular oxidative damage caused by dangerous
free radicals [4, 5]. Structwactivity relationship analyses have shown
that this poperty is related to the capacity of phenolic compounds to
donate hydrogen atoms or electrons, chelate metal cations, or scavenge
free radicals. These abilities are primarily determined by the number
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and position of the hydroxyl groups and the type of swit®ns on the
aromatic rings.

1.2 Structure and nomenclature

Structurally, AVs are operchain compounds osubstituted
cinnamic acid amides of anthranilic acids (Fig.1.Ihe framework
containing two phenyl rings is named A and B respectively for
anthranlic acid and cinnamic acid moieties. The general formula of
AVs is represented by (Fig 1). Collin demonstrated AMsnNng
alphabetic descriptors like A, B, C, D, etc., whidanberg assigned
upper case letters to the anthranilate derivate and lower cdbe to
accompanying phenydpfopawcaifod efiosrualc i e
ferulicpobacdiodpumari @ sacfidr, adH @i ¢ aci
Di mber gobs modi f i e[d4, 15 ¢he anthrpnilie sent at
derivatives were assignednumber and the accompanying cinnamate
derivatives were classified by a lett@ointedly, the letters, c, f, p,
and s were used forcinnamic acid, caffeic acid, ferulic acid; p
coumaric acid, and sinapic acid respectively, whereas, anthranilic acid
moiety with one anthranilic acid &s 5-hydroxy anthranilic acid a,
5- hydroxy-4-methoxy anthranilic acid & 4-hydroxy anthranilic acid
as 4, or 4,5dihydroxy anthranilic acid a®. According to IUPAC
naming systemAvenanthramide#\ (2p) (N-( 4hygjraxycinnamoyl}
5-hydroxy anthranilic acid)Avenanthramide® (N-( 4hi{jroxy-3-Nj
methoxycinnamoytp- hydroxy anthranilic acid) 2f), and
Avenanthramide€ (N-( AMNgijhydroxy  cinnamoyb5-hydroxy
anthranilic acid) Zc). Table 1.1 summarises the represengativ
examples of both notations.
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Table 1.1 The representative examples of structures and names of
common AVs (These are also presented in a recently published article

[3]) . Both Collinsdéds method and Di mber
met hod used al phabeti cal names for a
method, cinnamic acid units were represented by ledtexd, p, ands

(a for cinnamic acid,c for caffeic aid, f for ferulic acid,p for p-

coumaric acid, ands for sinapic acid) and anthranilic acid by a

number.

Di mbergds Col | i

Avenanthramides
system system

n=1 n=2 n=1 n=2

F
E\J‘”KQ\ 2p 2pd A O
AN —
i )L‘/‘\@ of 2fd B P

/ OH
£ HJ\MU 2c 2cd C Q

1.3Chemical stability

It has been reported that Avennathramide can exist either cis or
trans (Z or E). As per Collins's report AVs isomerize when exposed to
sunlight or ultraviolet radiation, whilafter being exposed to UV
radiation for 18 hours at a wavelength of 254 inmberg discovered
that the threéAVs (A, B, and C) remained in the trans conformation.
Kakegawaalso supports the ready isomerization of E form to z form
on photeirradiation as Collins's observatiofhe Zisomer of N(3,
4'-dimethoxy cinnamoyl)anthraic acid has been found to possess 10
times more antiallergic properties than thas@mer and the photo
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irradiated product of Esomer, the Asomer was found to inhibit
hyaluronidase more effectively tharigsomer[16].

1.4Physicochemical and Biological Properties

Numerous studies show that these natural products have potent
antioxidant activity in vitro and in vivo, as well as amtilammatory,
antritching, anti-irritant, antiatherogenic, and antiproliferative
properties (Fig.1.2). These properties may prevent or limit cellular
oxidative dysfunctions and the development of oxidative stedated
diseases, such as neurodegenerative and cardiovascular diseases
they may also offer additional defense against skin irritation, aging, a
variety of skin conditions, cancer, efd.7i 24]. Strong antioxidant,
antrinflammatory, and antiproliferative properties have been found in
natural, synthetic, and recombinant AVs. These properties may protect
aganst a variety of cellular dysfunctions and human pathologies,
including illnesses linked to aging.

Prevent oxidative

s e stress and lesions
Prevent oxidative

stress and lesions Anticancer and
. antiinflammatory

y !\ 4 ""‘%
Antioxidant and "W T, - %

anticancer

@3 R, "~ Regulate antioxidant
IR response
7 BT 9 -
inhibit necrosis, N~} - Ry J& “ "
antioxidant and H n B L]
anticancer ps

®@
Regulate antioxidant

response, antiirritant
and antiinflammatory

Regulate gene '
expression
Prevent CHD,
atherosclerosis,
inflammation and
oxidative stress

Fig. 1.2 The bioactivities of AVs and prospective health advantages.
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a) Anti-oxidant activity

The studies on the antioxidant activity of tA¥'s from oats
sources are not newhe evidence that oat flour might be employed as
a food preservative against oxidative degradation due to its ability to
delay the initial peroxide generation and rancidity initially showed the
antioxidant activity of oat componei2s, 26] (Fig.1.3). The
antioxidative capacity of N4'-hydroxy-3-methoxy(E)-cynnamoil}5-
hydroxyanthranilic acid and  K&'-hydroxy-3-methoxy(E)-
cynnamoil}5-hydroxy-4-methoxyanthranilic acid was first discovered
by Lingnert and colleagues in oxygen consumption experiments using
a linoleic acidbased systef7]. By tesing isolated components from
several oat cultivars, the antioxidant effects of oat extracts and their
constituents, including AVs, were eventually directly demonstf@ted
28]. For instance, three AVs isoforms (A, C, and K) were among the
most significant oat metabolites endowed with antioxidant activity
when Emmons and colleagues amaly oat milling fractions to
identify their potential as dietary antioxida28]. Hydrogen peroxide
H0,) and hydroxyl radicals (OHA)
reduced by the AVs analog Tranilast, suggesting potential clinical
applicationf29]. The three main oat AvenanthramidesB, and C
were then creat by Peterson and colleagues. They then tested their
antioxidant activities using two in vitro assays, including the inhibition
of betacarotene bleaching and the reaction with the free radical 2,2
diphenytl-picrylhydrazyl (DPPH), which revealed that
Avenanthramides -C has higher antioxidant activity than
AvenanthramidesB and AvenanthramidesA[30]. In vivo models
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were used to research AVs ' antioxidant abilities. For example, reactive
oxygen species (ROS) levels in the soleus muscle were effgctivel
decreased by adding Avenanthrami@edo the food of rats at a
concentration of 0.1 g/kg. In addition, compared to control rats,
animals administered Avenanthramide@shad increased superoxide
dismutase activity in the vastus lateralis muscle (DVL), rjivend
kidney, as well as higher glutathione peroxidase activity in the heart
and DVL. Avenanthramid€ supplementation also reduced the
elevated ROS generation in the soleus muscle and the heart's lipid

peroxidation that exercisaduced31].

common Berries

Whole Grain Wheat Cereal

Whole Grain Oat Cereal

100% Whole Grain Bread

Corn Cereal |

Rice Cereal

White Bread

Common Fruits,

Common Vegetables s

Melon s

0 500 1000 1500 2000 2500 3000 3500 4000

Trolox Equivalent/100g

Fig.1.3. Average atioxidant activity of different foods. Data were
drawn from analysis of 3 melons, 20vegitables, 12 fruits, 2 white
Breads,1 rice cereal,3 corn cereals, 2 whole grain breads,3 whole grain
oats cereals,3 whole wheat cereals, 2 whole grain with raising and
berrie$32].

The antioxidant capacity of AVs
that of other phenolic compounds in oatg;lsas caffeic acid, vanillin,
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and ferulic acid, as determined using the measuring system of linoleic
acid oxidatiofll]. Avenanthramidg 2c, 2f, and 2p demonstrated
anti oxi dant -carcdepeabteachirigarsd DBPH arfid ORAC
methods, with Avenanthramides 2c exhibiting the highest ad@yity
11]. The potential mechanism stating the strong antioxidant activity of
AVs might be related to the conjugation across amide bonds in AVs.
Furthermore, the positions and number of hydroxyl groups were also
important. For example, orthoydroxyl was a key group to

particularly improve the antioxidant activity of Avenanthramides 2c.
b) Anti-Inflammatory Activity

The antiinflammatory and aniitching qualities of oat extracts
were already mentioned in ancient literature. In reality, oatmeal has
been used as a topical treatment for several dermatological diseases in
Greek and Latin literature. Since 1945, numerous studies have
demonstrated the advages of colloidal oatmeal baths as a calming
remedy and a mild, cleansing recipe for itchy, irritated skin caused by
diverse xerotic dermatifis7, 23] Despite being used frequently to
treat skin irritation, the phytochemicals in oats #wa&t in charge of the
antrinflammatory effect weren't discovered until 2004. Liu and
colleagues first reported the potential anflammatory and
antiatherogenic properties of Avenanthramidasched extracts of
oats, which inhibited the HL b s t i neadothelia¢ @kl secretion of
proinflammatory cytokines (H6) and chemokines (1B and MCP1),
as well as expression of adhesion molecules (ICANCAM-1, and
E-selectin) and adhesion of monocytes to endothelial cell

monolayej23]. In addition, Sur and coworkers discovered that
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keratinocytes treated with AVs showed a considerable suppression of
TNF-induced NFB activity and a consequent redwcti in IL-8

production, indicating that oat AVs may have a potentialigtting

effec{17]. Furthermore, AVs supplementation was able to attenuate
exerciseinduced inflammation in postmenopausal women by reducing
neutrophil respiratory burst activity, plasma&ctive protein and H

1b |l evel-sB antdi W&t i on i n pearipher al
celld33, 34}

C) Antiproliferative activity

Clear eviédnce demonstrates that AVs inhibit the proliferation
of distinct cell lines, such as human colon and breast cancer cells, and
vascular smooth muscle cells (VSME), 35, 36] In particular, it was
found thatAvenanthramidesenriched oat extracts, Avenanthramides
C, and the methyéster dewnative of Avenanthramide§€ were more
effective on colon cancer cell lines, including CaZ;d1T29, LS174T,
and HCT116 cells than on prostate or breast cancer cell lines. This was
determined by testing the antiproliferative effect of AVs on various
cancercell lineg21]. Subsequent studies also showed that AVs could
inhibit cell proliferation and promote the apoptosis of Mb¥B-231
breast cancer cells, Ca2ocolon cancer cellsHepG2 liver cancer
cells, and A549 and H1299 lung cancer ¢&Rs35, 37, 38]
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d) Potential Therapeutics for Cerebral Cavernous Malformation
(CCM) Disease

Cerebral Cavernous Malformation Disease also known as
cavernous angioma or cavernoma, is a major cerebrovascular disease
characterized by clusters of abnormally dithtand leaky capillaries
occurring in the brain, spinal cord, and retina, with a prevalence of
0.3'0.5% in the general populatidj. These vascular anomalies, also
known as CCM lesions, can be single or multiple (up to hundreds), as
determined by magnetic resonance imaging, and they caase
severe clinical symptoms at any age, such as recurrent headaches, focal
neurological deficits, seizures, stroke, and intracerebral hemorrhage
(ICH). CCM disease has proven genetic origin (OMIM 116860), being
caused by losef-function mutations irthree genes, KRIT1 (CCM1),
CCM2, and PDCD10 (CCM3). there is emerging evidence that AVs
and Y AVs can emance cellular defenses against oxidative stress by
inhibiting the activity of prooxidant and proinflammatory proteins,
such as NADPH oxidase andNFb, and sti mul ati ng
of antioxidant molecules, such as GSH and S[3B240] Indeed,
treatment of KRIT1 knockout and KRIT4silenced cellular models
with YAvns was effective in reverting molecular phenotypes caused by
KRIT1 lossof-function, including the downregulation of FOXO1 and
SOD2 and the upgeilation of cyclin D]40].

e) Muscle Health

AVs, a kind of polyphenolic molecule, may be carried into

muscle tissue after intake and has potentiaflammatory properties.

1C

t

h
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According to a study, AVs are bioavailable through blowdutation,
enabling them to enter surrounding tissues and be absorbed by several
organs. After gavaged administration of three kinds of AVs in rats,
these AVs could be detected in skeletal muscle, which provided a
theoretical basis for the potential fuioct of AVs in regulating muscle
atrophy3, 41]

AVs may be natural functional elements that, when added to a
long-term diet, specifically protect muscle and have the potential to
have an impact on sustaining healthy muscle. Previous literature also
indicated that many inducers, such as the ubigpititeasome system,
induced protein degradation, cell apoptosis, cell éndgp, and even
MiRNA profile alterations and were all involved in regulating muscle
health. Reduced inflammatory responses have been the primary focus
of the mechanism through which AVs preserve muscle health up to

this point.
f) Obesity

AVs may help peopleoke weight because they are naturally active
ingredients. Mice given AVs containing fodder showed the phenomena
of weight loss in higHat-induced obese mice. AVs (100 or 300 mg/kg
per day for 8 weeks) consumption resulted in decreased weight gain,
decreasd glucose and insulin levels, and downregulated adipokine
gene expression in digtduced obese mice, suggesting that AVs may

promote body weight loss by reducing inflammaj#j.

11



Introduction

g) Atherosclerosis

The studiesound that poor NO generation, elevated expression of
adhesion molecules, and proliferation of vascular smooth muscle cells
(SMCs) occur often during the onset and progression of
atherosclerosj8]. In human aortic endothelial cells (HAECSs),
Avenanthramides treatment could significantly lowerllstimulated
expression of intracellular adhesion moleeul¢lICAM-1), vascular
cell adhesion moleculé (VCAM-1), ard E-selectin and the secretion
of proinflammatory 16, IL-8, and MCP1, which may prevent
atherosclerosj23]. Avenanthramide€ (120 e M) admini str
found to significantly reduce serduimduced SMC proliferation and
boost NO generation in SMCs and HAECs in a eisgendent way,
consequently reducing atherosclerosis, according to a subsequent

investigation39].
h) Osteoporosis

Reduced bone density and increased bone fragility are the
hallmarks of osteoporosis, a widespread systemic skeletal condition
that significantly raises the risk of fragility fract{48]. The main
cause of osteoporosis is calcium deficiency, and calcium
supplementation is one of the most significant waysavoid it.
Elevating the activity and survival of osteoblasts helps prevent and
treat osteoporosis. Additionally, the imbalance of osteoblasts (which
make new bone) and osteoclasts (which destroy it) is another important
reason for the development of®@st por osi s . AVs (1, 10,

administration may boost the expression of osteoprotegerin and lessen

12
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the etoposidénduced apoptosis of OB osteoblastic cells, according

to an in vitro investigatigd4]. AVs were found to suppress the
expression of the osteoclast differentiation factor RANKL (receptor
activator of nuclear facteB ligand) in MLOY4 osteocytic cells,
prevent osteoblast/osteocyte apoptosis, and promote osteoclast

apoptosis, according to further rese@Bth
1.5Role of antioxidants in living system

The release of fregadicals (A molecular species with an
unpaired electron in an atomic orbital that is capable of independent
existence)is crucial to our metabolic systerithe removal of free
radicals from the biological system is critical for the ldagn
viability of cdlular functioning due to their damaging effects. The free
radicals such as reactive oxygen species and reactive nitrogen species
(ROS/RNS)in increased concentration are very dangerous to the living
system leading to inflammation, metabolic disordersluleel aging,
reperfusion damage, atherosclerosis, carcinogenesis, etc. Radicals
originating from oxygen, or ROS, are the most significant free radicals
created during metabolic reactions. BOROS and RNS can be
classified as radicals and nosdicals[45] and the classification is
given in Fig.1.4The overproduction oROS/RNSderived from both
endogenous sources (mitochondria, peroxisomes, endoplasmic
reticulum, phagocytic cells, etc.) and exogenous sources (pollution,
alcohol, tobacco smoke, heavy metals, transition metals, industrial
solvents, and pesticides, certain drugs like halothane, paracetamol, and

radiation).

13
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Free radicals

Reactive oxygen species Reactive nitrogen species Reactive sulphur species

Radicals
# Thiyl
# Perthiyl

Radicals Non-radicals Radicals Non-radicals
# Superoxide Radical ~ #Hydrogen peroxide # Nitric oxide Radical ® Peroxynitrite
# Hydroxyl Radical  # singlet oxygen #® Nitrogen dioxide # Nitrosyl cation

# Alkoxyl Radical * 0zone # Nitroxyl anion # Sulfinyl
# Peroxyl Radical # Organic peroxide # Dinitrogen trioxide #_ Sulfonyl
# Hypochlorous acid # Dinitrogen tetraoxide *® Thiyl peroxyl
#® Nitrous acid % Sulfonyl peroxyl
#® Peroxynitrous acid # Disulfide }
# Nitryl chloride # Sulfur trioxide Radical anion
# Sulfur pentoxide
# Sulfide ------mmememee- Radical cation

Fig. 1.4. Classification of Fee radicals

Although these nomadical species are not free radicals, they
can easily cause free radical reactions in living orgaridshsFree
radicals are natural byproducts produced by normal metabolism and
they are involved in varioughysiological and pathological conditions
(i.e. Cell signaling, tissue homeostasis, redox regulation, immunity,
defense against infectious diseased4&{c48] An imbalance between
the antioxidants and free radicals and nonradicals leads to the
accumulation of vigorous damage of nucleic acids, proteins lipids, etc.,
and leads to oxidative streg®](Fig.1.5). The phenomenon of
oxidative stress is caused by an imbalance between the production and
accumulation of oxygereactive species (ROS) in cells and tissues and
the ability of a biological system to detoxify these reactive products.
The oxidatie stress caused by free radicals has been implicated in the
development of cataracts, rheumatoid arthritis, diabetes mellitus,
neurodegenerative disorders (Parkinson's disease, Alzheimer's disease,

and Multiple Sclerosis), cardiovascular diseases (atHerosts and

14
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hypertension), respiratory diseases (asthma), and various cancers
(colorectal, prostate, breast, lung, bladder can&®k)It is known
that living organisms (at all levels of complexity) evolved antioxidant

molecules and proteins to pe3u or repair oxidative damage.

Endogenous source Exogenous source

MltOC!IOHdl" 1a Environmental toxins
Peroxisomes Ultra violet light
Cytochrome_ P450 Tonizing radiations
NADPH oxidase Chemotherapeutics
Lipoxygenases Inflammatory cytokines

Fig. 1.5.Generation of the different classes of ROS, viz. free radicals
and nonradicals, from endogenous and exogenous sources

The reactive species harming the biological system include
reactive oxygen and nitrogen speExi (ROS/RNS). Biologically
important ROS include radicals such as hydroxyl, hydroperoxyl,
peroxyl, alkoxyl, and radical anions like carbonate and superoxide,
whereas RNS includes radicals like nitrogen dioxide, nitric oxide,
azide, and many oth¢Bdi54]. Moreover, reactive sulfur species
include radicals like thiyl (Ry perthiyl (RS, sulfinyl (RSO),
sulfonyl  (RS(O)), thiyl peroxyl (RSOQ,sulfonyl peroxyl
(RS(0)00), and radical anions like disulfide (RSSRsulfur trioxide
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(SOs7), sulfur pentoxide (S€), and radical cation like uffide
(RSRM)[55].

Hydroxy radicals are the most reactive species among other
radicals since they volgeruosly react with DNAoteins, lipids, and
carbohydrates and cause severe damage to the cells. It reacts
immediately with the organic and inorganic molecules in its vicinity.
Moreover, the hydroperoxyl radical, generated by the protonation of
superoxide radical anion, and thergxyl radicals can cause lipid
peroxidation. Furthermore, protein oxidation can be appropriately
stimulated by alkoxyl and peroxyl radicals, both of which are capable
of oxidizing specific amino acids. This can result in the formation of
proteinprotein ®©nnections and, eventually, the loss of protein
activity[56, 57]

Nitric Oxide or Nitrogen Monoxide (Nb is a very low
reactive species among RNS. However the reaction of Superoxide
anion radicalwith NO*forms Peroxynitrite. The peroxynitrite is the
highly toxic nitrogercontaining reactive species that reacts directly
with CO, to form other highly reactive nitroso peroxo carboxylate
(ONOOCQ) or peroxynitrous acid (ONOOH). The formed
peroxynitral s acid upon hemol ysizsor pr oduce
sometimes rearranges to form NO The deprotonated OONO
oxidizes methionine and tyrosine residues in protdihg, presence of
nitrotyrosine residues is seen as a sign of cellular damage caused by

peroxynitite[57].
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Following that, reactive sulfur species (RSS) are molecules
with sulfur in a high oxidation stat&éhese are sulfucontaining redox
active compounds that can either oxidize or reduce biomolecules under
physiological conditions. Reactive sulfur species include various forms
of cysteine and methionine, as well asexal low molecular mass
compounds such as glutathione, trypanothione, and mycothi8l. a
completely reduced form of sulfur, is classified as an RSS because it
interacts with proteins in redox processes and changes their activities.
Thiols and disulfies oxidize rapidly to sulfur species with sulfur in
higher oxidation stateshiyl radicals, disulfides, sulfenic acids, and
disulfide-S-oxides are examples of such agents. They rapidly oxidize
and then block thigproteins and enzymes, thus they can besictered
a distinct class of oxidative stressors that provide new antioxidant

therapeutic targets.

Antioxidants are therefore needed to remove the surplus
reactive species that have been produced. Thus, the hunt for molecules
with strong antioxidant propeges and their mechanisms of action will
always be a fascinating field of study. To be a good antioxidant, the
species formed after the scavenging process must be more stable than
the prior one. Here the work intended to identify the mechanism of
action a pathways of radical scavenging mechanism along with other

properties of AVs molecule.
1.6.Scopeof the present study

Theaetical works on Avenanthramigere scarce compared to

other polyphenolic components. There are too many research papers
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on both theorécal and experimental research into the reactivity and
especially biological activities of phytochemicals found in fruits and
vegetables and are still underway. Nevertheless, cereals are largely
ignored as a key contributor to dietary antioxidants. Avémamides

as a unique component found in cereals, detailed investigation of the
reactivity, bioactivity, radical mechanism, and absorption
characteristics are important. Hence in the presented study, eight
Avenanthramides are selected. We have attemptbdaetical study

on the structure and many plausible applications of these molecules.
1.7.0bjectives of the present study

Oats, a grain of the Poaceae family, are one of the staple food
crops that human beings can consume directly. The cereals are rich in
poyphenols and Avenanthramides. Avenanthramides are the unique
component found exclusively in oats among cereals. Numerous
researches showed that Avenanthramides had antioxidant, anti
inflammatory, antitch, anttirritant, and antiatherogenic propertids
3, 12] Hence for the purpose eight Avenanthramides naigl\2f,
2¢, 2s 1p, 1f, 1c, and1lsare selected. The detailed structural features
of the compounds are included in Chapter 3.

Considering the success of the dgn&unctional theory (DFT)
method in elucidating the antioxidant property of phenolic compounds,
we aimed to perform a systematic DFT study to clarify the relationship
between the molecular/electronic structure and free radical scavenging

activity and thepossible mechanisms of Avenanthramides. Eight
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representative Avenanthramides with different substitution patterns in

both aromatic rings (A and B) were chosen for the investigation.

Our knowledge of the antioxidant property of Avenanthramides
has been sudantially enhanced by earlier investigations, but the
understanding of the structiieetivity link and the underlying
mechanisms is still lackif§8, 59] The possibilities of the
compoundés ability to scavenge radic
are also not investigated. To thest of our knowledge, theoretical
knowledge about these molecules is very limited in the literature. In

this context, we attempt:

1 Theoretical investigation of the structure and reactivity of
selected Avenanthramides

1 Optical signature of the E and Z isomme of the

Avenanthramides

1 Theoretical study of antioxidant potential and antioxidant

mechanism operating in these compounds

1 Investigations on the structueetivity relationship and the role
of the catechol, guaiacyl, and carboxyl groups in activity and

the mechanism were paid special attention.

1 Theoretical study of UV absorbance of all selected compounds

and their potential application as UV filters.

i To investigate the thermodynamic aspects of the radical

guenching process involved different radicals frdifferent
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sources involving reactive oxygen, nitrogen, sulfur, and carbon

species.

To investigate the kinetics and rate constant calculations of
radical quenching activity of the selected Avenanthramides

with peroxyl radical species.

To investigate the phtvays of methanehduced oxidative
degradation of reactive Avenanthramides among selected

compounds.
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adopted in this research work

V Details of various software, computational tools and computer power
used for this work







Computational Methodology

2. Computational techniques
2.1. General

The last chapter provided a quick overview of the
advancements made thus far in the biological uses of AVs. The
specific theoretical techniques used in this thesis to examine the
structural, electronic, and antidant characteristics of AVs isolated

from oats Avena Sativa [L.are described in depth in this chapter.
2.2.Density functional theory (DFT)

For the past 30 years density functional theory has been the
dominant method for the quantum mechanical simutatf periodic
systemfl]. This is justified based on the pragmatic observation that it
is less computationally intensive than other methods with similar
accuracy. The premise behind DFT is that theggnef a molecule can
be determined from the electron density instead of a wave fufiction
2].

2.2.1. Wave functions versus electron density

Density functional theory is based on electron density fumctio
rather than wave function. It i s de
electron density is expressed as a linear combination of basis functions.

A determinant is formed from these functions and is called as-Kohn
Sham orbitals and electron density obtdifieom the determinant is
used to calculate the energy. A density functional is used to calculate
energy from this electron density and here the functional (function of a
function) is the electron density.
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The relationship between wave function and electtensity is

given as:

r =B1|.ﬁ (2.1)

All properties are computed from the electron density, which
becomes more difficult for a mulélectron system. This electron
density} is the "density" in density f
foundation not only of DFT but of a complete array of methods for
considering and investigating atoms and molecules; unlike the wave
function, it is observable, for example, byrXy or electra diffraction.

The benefit of employing electron density is that it is only a function of
position and hence can be represented by three variables (x, y, z). The
wave function of a 'n' electron system, on the other hand, is a function
of 4n variables, thee spatial coordinates, and one spin coordinate.
Thus, as the complexity of the molecule grows, so does the complexity
of the wave function, although electron density remains a function of
three electrons. Thus, electron density is observable, intuitively
understandable, and mathematically tractable.

2.2.2. Current DFT Methods: The Kdifsham Approach
2.2.2.1. The Hohenbérgohn Theorems

Currently, DFT calculations on molecules are based on the
Kohn-Sham method, which was put in motion by two theorems
publisked by Hohenberg and Kohn in 198]}. The first Hohenberg

Kohn theorem indicates that the ground state electron density function
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Jo(X, Yy, z) determinesall properties of a molecule in a ground

electronic stafd].
ro(x,y,z) - Eo (22)

Any ground state attribute of a molecule is a functional of
ground state electron density, according to the first Hoherieing

theorem.

Eo=F(g) E(o) (2.3)

The second Hohenbérgohn theorem asserts thany trial
electron density function will produce an energy greater than or equal
to true ground state enefdy. It is given mathematically by

E.r] ol of (2.4)

Wh e ras ajtrial electronic density, andy[Eg] is the true

ground state energy, corresponding

The trial density must meet the requiremgitgr)dr =n, where n is

the number of electrons in the molecaled , () =ofor all values

of r.
2.2.2.2. The Kohi'Sham Energy and the KS Equations

The first KohaSham theorem states that it is worthwhile to
seek a method to calculate molecular characteristics from electron
density. The second theaneimplies that a variational approach may
offer a method for calculating energy and electron del$it)kohn
Sham's approach is based on the two Hohenl@rign theorems. The
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two fundamental concepts behind the KS method are 1) molecular
energy is expressed as a sum of terms in which a relatively small term
involves the unknown fuctional. Thus, moderately large errors in this
term will not introduce large errors in the total energy. 2) An initial
guess of the electron density in the KS equation is used to calculate the
initial guess of KS orbitals and energy leyg&]s The initial guess is
further used to calculate the KS orbitals and energy levels which are
used to calculate the electron density and further energy.

1) The Kohni Sham Energy

The ground state energy of a real moleaae be expressed as
a summation of electron kinetic energies, the nuesdestron
attraction potential energies, and the electlmttron repulsion

potential energig§]

E():a[o]r aN&'_P Vn—e]p
(2.5)

Incorporating theNucleuselectron potential energya,J §
), kinetic energy 5 & _3r ) (the deviation of electronic kinetic energy
from the reference system,pzr v Brga. T B L)
electronic potential energy{ &__ ) as a difference of realectron

electronrepulsion energy from the classical charge cloud repulsion

energy O¥J Jy ¥E R .

TS

drdr ), the KS

1
S
2 f) 60

r.1 2

eguation can be expressas
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£, =60 @dr T A 2o A Pargr, T g+ Dwg g (26)

b2

Or (for detailed conversion refg])

£ -a Zs P g & s ) 5 AR e Bt
(2.7)

The last two terms of Equation 2.6 are collectively called
exchangecorrelationenergy (kc), which is the deviation of kinetic
energyfrom a referencesystem and the deviation efectronrelectron
repulsion energy from thelassicalsystem. This exchangmrrelation

energy is a functional of the electron density function
Eclrol * Tal r VaL+LC (2.8)

Developing good exchangmrrelation functionals for
determining energy from electron density has become the primary
focus of DFT research. For this purpose, several methods are used,
such as the local density approxinoati(LDA), the local spin density
approximation (LSDA), the generalized gradient approximation
(GGA), the meta GGA (MGGA), the hybrid GGA, and so on.

2) The Kohn Sham Equations

Differentiating the energy about the KS molecular orbitals
yields the KS equationdMathematical representation of Kal®ham

Equations are given as below
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%Ea 'é. Z_A ﬁr'@drz x'cl'(lr) giKS(ly iKS iK—S(@
u

nucei A r1A 12

D> ('q\ (0%

(2.9)

wheree’® are the KohnSham energy levels and,.(1)the

exchangecorrelation potential, which is a functidnderivative of the

exchangecorrelation energExc(r (r)) The expression in brackets is

the Kohn Sham operator,"KS

The Kohri Sham energy Equation 2.9 is exact, only if we know the
density function ¢,(r)) and the fungonal for the exchange
correlation energExc(r (r)) then it gives exact energy solutions for

problems.
a) The local density approximation (LDA)

This method is based on the assumption that at every point in
the molecule, energy density hagadue equal to that dfomogeneous

electron gas of the same electron density at that[phint
b) The Local Spin Density Approximation (LSDA)

The fAspindo here means thaflt) el ectr
are placed in different Kofilsham orbitals ¥ zs andy bKS). The LSDA

approach extends the LDA method by :
spin to different spatial KS orbitals from which different electron

densityf unct Y aomdd folipw. All the electrons are securely

paired; the LSDA is equivalent to the LDA. LSDA has the advantage

of being able to handle systems with one or more unpaired electrons.
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The geometries, frequencies, and electimtribution properes tend

to be reasonably good under LSDA and poor for the dissociation
energies, including atomization energies. A popular LSDA functional
was the SVWN (Slater exchange plus Vosko, Wilk, Nug&ig).

C) GradientCorrected Functionals: The Generalized Gradient

Approximation (GGA)

Nowadays, most DFT computations use exchamgeelation
energy functionals EXC, which use both the electron density tand i
gradient, the first derivatixve of
will be the sum of exchange energy functional and correlation

energy functional asg, =g, + Both these values are negative,

|Ex| being greater than ¢ For exbange energy functionals, gradient
corrections are therefore more useful. One of the much better
functionals for exchange energy is the B88 functionals (Becke
1988)9]. The known gradientorrected correlation energy functionals
are the P86 (Perdewd&6) and the LYP (Le&angParr). All these
functionals are used in Gaussian functions to represent KS orbitals.

d) MetaGeneralized Gradient Approximation Functionals (meta
GGA, MGGA)

Functionals that use the second derivative of electron density
are calledmetagradient corrected whereas GGA functionals tee
first derivative of electron dens[ty0]. This is the Laplacian of the
electron density function. While functionals that rely on Laplacian

functions provide certain improvements, there are several issues with
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t hem. Some examples are UHCTH (Hampr
and B98 (Becke 1998).

e) Hybrid GGA (HGGA) Functionals: The Adiabatic Correction
Method (ACM)

HartreeFock exchange has been added to these functionals.
The adiabatic connection method (ACM) pdms a rationale for the
method and the exchangerrelation energy EXC(r) can be taken as a
weighted sum of the DFT exchangerrelation energy and HF
exchange enerf¥l]. The Hybrid functionals are functionals that
contain HF exchange, the correction energy to the classical coulomb
repulsion. B3LYP was the first hybrid method which is the Exchange
energy functional developed by Becke in 1983d includes LYP
correlation energy functional is one of the common functionals used in
DFT[12].

f) Hybrid MetaGGA (HMGGA) Functionals

These are the highelgvel functionals in routine use which
include the first derivative of electron density and its second
derivative, or the kinetic energy density, and HaitFeek

exchanggL3].
0) Fully Nonlocal Theory

Nortlocal functionals have been in research for many
year$13]. Fully nortlocal theories are those in which all properties are

considered notocally.
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2.3. Basis sets

The basis set is a collection of wavefunctions that characterize
the properties of atomic orbitals. Then moleculdnitafs are computed
using a theoretical model by linear combination of atomic orbitals
(LCAO). Although not all theoretical models require the specification
of a basis set, ab initio and density functional theory do. The level of
approximation employed ia particular computation is determined by
the type of the specified basis set. The choice of which also influences
the correctness of the outcome and the CPU executiofldmEd]

Mathematicalexpression for atomic orbitals is given by the

expression

yi =8 (2.10)

y Where are the™ molecular orbital,C; the coefficients of

linear combination, anﬂmn:,hthe atomicorbital.

Both Slatertype orbitals (STO$)6] and Gassiantype
orbitals (GTOs]17] are used to represent atomic orbitals. Even though
STOs describe the atomic orbital more accurately, GTOs are more
typically utilized because theyrea considerably easier and faster to
compute. It takes less time to compute a large number of GTOs and
combine them to represent an atomic orbital than it does to compute a
single STO. As a result, GTO combinations are used to define STOs,
which in turn claracterize atomic orbitalSemiempiricalcalculations

use Slater type orbitals and ab initio calculations use Gaussian type
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orbitals. The mathematical function used to represent Sigier
orbitals and Gaussiaype orbitals respectively are given inuggions
2.11 &2.12

V 14 f
Sin(ra, ) Wie TYT(, ¢ (2.11)
G’ (ra, D N e TYT(, 9 (2.12)

whereY," are the spherical harmonic functions where the

subscript indicates the orbital angular mentum and magnetic
guantum number dependence, N is the normalization constanthe

orbital exponent, and ry, and A represent t he
Herein, Gaussiatype functions differ from Slater functions in the
exponential part where the former involves the square of the radius
(r’) . STOs, represent oO6real 6 atomic
represat electron density in valence regions and beyond almost well
but are not good for core electron density. Single GTO gives a poor
representation of the approximation of the basis set, thereby providing
less accurate results. This issue is solved by compi®@TOs to
approximate an STO function. This combined function is referred to as
contracted GTOs (CGTOs), while the individual GTOs in the
combination are referred to as primitive GTOs (PGTOs). Such basis
sets are commonly referred to as SAG type basisets, where n is

the number of Gaussian primitives used to describe a certain STO.
Based on the size and complexity, basis sets can be classed as minimal
or extended basis sets. The simplest basis sets are minimal basis sets,

i.e. the minimum number of futions used to describe the electrons of
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a neutral atom determines the contents of the minimum basis set. The
same number of PGTOs are used for both core and valence orbitals
with a single basis function. In the extended basis set, a detailed
analysis of ach atomic orbitals can be obtained as they consist of
more than one basis function characterized by its coefficient, which
allows a better description of the electron distribution. The split
valence, polarized, diffuse, correlation consistent sets, etc.the
several types of extended basis sets.

A basic description of the many types of extended basis sets is
as follows;two basis functions per atomic orbital are applied for a
double zeta (DZ) basis sg@eta (z ) derived from the exponent of the
STO bais function). The double zeta basis includes twanstions
for hydrogen (1s and 1s') and four for helium (1s, 1s', 2s and 2s').
Triple Zeta (TZ) basis functions are the next improvement to DZ, in
which the basis set contains three basis functions toedah orbital
i.e., six sfunctions and three-d.1 functions for the first row elements.
Quadruple Zeta (QZ) and Quintuple zeta (5Z) are the further
extensions of the DZ and DunningHuzinaga (D95)p¥®Z, and ce
pVTZ are examples of such a basis setit Splence basis setlow
specifying the number of GTOs to be used to describe the core and
valence electrons separa{@l§]. These are either double Zeta or triple
Zeta These are represented a4 MG, where,K = number of sgype
inner shell GTOsL = number of inner valence and ptype GTOsM
= number of outer valence and ptype GTOs G = intates that
GTOs are used. For example2BG: 3 GTOs for inner shell, 2 GTOs

for inner valence, and 1 GTO for outer valenC¢her examples of
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split valence basis sets are36319] and 6311F20], which
correspond to the double and triplet zeta basis sets. The basis set can
be further improved by adding polarisation functions and diffuse
functions. In the case of molecules containing heavier atoms, the
presence of more atoms alters the environment around each atom,
causing an electronic cloud deformation known as polarization.
Because polarisation removes the spherical symmetry of the atomic
orbitals larger angular momentum functions are required to allow this.
With the addition of the polarisation function, molecular orbitals can
be more asymmetric about the nucleus, allowinggfeater flexibility

within the basis set. Polarisation can be induced by addiniacgon

to H. Similarly, adding a-dunction to a basis set containing/glence
orbitals and ffunctions for dvalence orbitals causes polarization. In

the 631G (p) or6-31G* basis set, the asterisk indicates polarization of
the nonhydrogen atoms introducinggrbital to the heavier atoms. For

a hydrogen atom with a-81G basis set, both p and d polarisation
functions can be added for more exact results, denoted bystensks

(**) and denoted as-81G(p d) or 831g**. When studying systems
involving heteroatoms, anions, lone pairs, and weak bonds where the
electrons are relatively loosely held, to simulate well the behavior of
these "expanded" electron clouds, difffanctions are used. They are
represented with a plus '+' sighsingle6 + 6 denotes diffuse
added on to atoms other than Hy d
functions added on to all atoms.

More recent surveys oriented toward the quality olaoular
properties from DFT especially in the field of natural products. DFT
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advancements have progressed to the point where they can be used to
supplement experimental results and, in some cases, anticipate
experimentally unknown terrain. DFT appear®#ohighly dependable

in terms of geometry and quite good in terms of predicting a variety of
molecular and spectroscopic propefi¢s Hence we used density
functional theory to explore reactivity oAVs. In the process of
computational investigation of AVs molecules attempted in this thesis,
we have adopted several methodologies. These methodologies and the
different software employed to carry out different works are briefly

outlined in the below s#ons.
2.4. Theoretical and methodological overview
2.4.1. Potential Energy Surface

The potential energy surface (PES) provides a relationship
between the energy of a molecule and its geometry. A PES can provide
a complete description of different confomse isomers, and
energetically accessible motions of a molecule. The minima on the
surface provide the optimized geometries and the loemstgy
minimum is called the global minimurithe local minima in the plot
correspond to thehigherenergy conformersor isomers of the
molecule. A saddle point on this surface represents the transition
structure between the reactants and products of a reaction. Computing
a complete PES for a molecule with N atoms requires computing
energies for geometries on a gridpaints in 3N6 dimensional space.
Gradientis a vector constituted by 38l first partial derivatives of

energy concerning the variables on which energy is dependent and
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stationary points are points on the PES where the gradient is zero. The
saddle point, dcal minima, and global minima are three types of

stationary points in the PES as discussed above.

The potential energy scan of a molecule starts waithnitial
structure at a given level of theory. Then, it proceeds through
structures created by alterinpe specified variables like dihedral
angle, bond length, etc. After the process, a plot of potential energy
versus variable was obtained. From the obtaineddw@nsional or
threedimensionalgraph,the structure corresponding to global minima

can be nminated for further geometrical optimizatifih 2].
2.4.2. Geometry optimization

Geometry optimization is the name of the procedure that
attempts to find the minimum energy configuration of a molecuié o
is the energy minimization of the systems by changing the gedtetry
2]. This is accomplished by characterizing a stationary point on a PES
which might be a minimum energy point, a transition state
occasionally, a highesrder saddle point. The energy minimization is
done by starting with the guess of the molecular geometry which is
close to the desired stationary point to the computer algorithm which
then systematically changes the geometry aithieve the best
minimized geometry by varying the positions of the atoms in such a
way that the energy decreaddd. Once the chosen statiary point
has been optimized, it is necessary to determine if the resulting
geometry is a minimum or a saddle point. This is accomplished by

computing the normal mode of vibrations, which are the most basic
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vibrations that a molecule can exhibit. All tife normal mode force

constants in a structure that is a real minimum should be positive. For a
transition state vibratiorforce constant will be negative and the
vibrational frequency (square root of forcenstant will be imaginary

and foram-thorders addl e point wi | have &6nbéo

or imaginary frequencies.
2.4.3. Nuclear magnetic resonance (NMR) spectra

The NMR spectroscopic techniques are outstanding tools for
the structural elucidation of organic molecules, and they arise when an
atomic nucleus in a magnetic field transitions from a-éwergy to a
high-energy state. The quantumechanical calculation of NMR
spectra has two aspects; calculation of shielding (chemical shifts) and
calculation of splitting (coupling constants) and stoof the
calculations focussed on shielding of a nucleus. The magnetic
shielding of the nuclei of the molecule is usually referenced with a
standard reference molecule, normally tetramethylsilane (TMS). These
shielding tensors are then converted to chamghifts using the

equation 2.13,
a= $Sus - & (213)

Theoretically, there are several methods to calculate the
chemical shift of magnetically active nuclei; IGLO (individual gauge
localized orbital), LORG(localized or Loacaorbital origif§1], and
GIAO (gauge independent or invariant or including atomic
orbital)[22]. The GIAO method was combined with DFT by Friedrich
et al[23] and DFT/GIAO is known to satisfactorily calculate the NMR
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spectra of organic molecu[@g]. Here both théHNMR and*CNMR
were recorded using DFT/GIAO formalism and recorded the chemical

shift values of each about TMS.
2.4.4. Timedependentdensity functional theory (TD-DFT)

DFT is useful for studying the ground state properties of the
electrons, while it is inadequate for excited state properties. TDDFT is
a modified version of DFT incorporating the tirdependent external
potentials and cahe used to study the excited states as the processes
describing phototelectron interactions atene-dependeri4, 25] As
the basic theory of DFT is the Hohenb&tgrn theorem, the
fundamental theory of TDDFT is the Run@eoss (RG) theorefR5].

In circumstances of ort®-one correspondence of tirdependent
density n(r, t) and timelependent potentialey (r, t) for a given initial
state on a system of namteracting electrons, time-dependenKohn-
Sham scheme is created which obeyse-dependentSchrodinger
equation. Like DFT, the timdependent Hamiltonian includes the

kinetic and timedependent potential operators T M{d),

respectively. Timelependent Kohw$ham equations @ve constructed

to calculate the system's kinetic energy and electron density accurately.
Here the nofinteracting electrons occupy Kof8ham orbitale “Cand

the fictitious KohaSham system provided electron density equivalent

to that of ofantefactiegalecbons y st em

=4 Ferof (2.14)
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The electrons in the fictitious tirdependent system move in
an external KohwBham potential,n,(and it will be the sum of

external, theelectrostatic Hartree (Equation 2.16), and exchange

potentials (Equation2.17) as given in equations 2.15,
nKS(rl t) = e)l;(r7 t) I—TAR{I]EE(I’! t) XC({-’ tD- (2 15)

-n(r,t)

Muree( ) ST (2.16)

_0A,c
d(r’ ) n(r,t)

Ny (1)
(2.17)

The n,.is obtained by using the exchangarelation

component of t he action potenti al
functional must be used to approximata) whose value is unknown

Like the timeindependent KohfrSham equations.

2.4.4.1. Analysis of one electron excitation characteristics using
electronhole concepts

The electronic properties of the molecules including excitation
and deexcitation can be done theoretically through thB-DFT
method The process of singlelectron excitation can be described as
"an electron leaves a hole and goes to an electron”, it is a very
powerful and practical set of methods to explore the characteristics of
electron excitation. It describes the electron excitatssn"hole to
electron" so that it examines the distribution of "holes" as to where the

electron goes from and the distribution of "electrons" as to where the
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electron being excited go¢26, 27] If an excitation can be properly
described as a HOMO to LUMO transition, then the hole and electron
can be represented by HOMO and LUMO, respectively. This method
will be helpful in situatios where the absence of dominant MO pairs

is suitable to represent a transition even in NTOs.

The electron excitation can be local excitation (LE) a charge
transfer excitation (CT) or a Rydberg excitation (Rhe hole and
electron occupy similar spatialgiens in Local excitation (LE) and in
Chargetransfer excitation (CT), the spatial separation of hole and
electron is large, leading to the evident displacement of charge density.
Whereas, in Rydberg excitation, the electron mainly consists of very
diffuse MOs, therefore the overlap between electron and hole must be
small. In general Rydberg type of excitation does not lead to prominent
long-range displacement of charge density. In support of the program
Multiwfn, a detailed holeslectron analysis was cagd out in TDDFT
calculation. For this purpose, the distance between the centroid of the
hole and electron or charge transfer length (D), the overlapping extent
of hole and electron (Sr), the average degree of the spatial extension of
the hole and electrodistribution (H), separation degree of hole and
electron (t), and the coulomb attractive energy (Ecoul) are fetched
from hole electron analysis and included in the discussions electron

transfer processes.

The excited state wave function for JMFT calculaions is
[28],

Yexc :ai_ aVV|a ‘-_ﬁ _|a«avv'a ia (218)
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Where w and w' are the configuration coefficients for excitation

and de-excitation, respectively. The first term in equation 2.18 is for
excitation and the second term is for-aeitation. F?is the

configuration state wave function when moving an electron from

originally occupied MOi to virtual MO .a

The density distribution of hole and electron can be represented as

th'e(r): ((E':le(r) +cz£(l’) ai_a(wie)z ,(l'j) i(r)i a-a aviwjai(r)/j(r)

j,i-a

(2.19)

re= G0+ a, W) o) L) &, aw oy

i-b,a

(2.20)

Where denote MO wavefunction and loc and cross are the

contributions of local and cross terms to hole and electron distnibu
All functions of electron excitations are calculated based on equation
2.19 & 2.20.

Srindex is used to define the overlapping extent of hole and electron

S incex = fj/r"®(r) £ )or (2.21)

D index reveals the distancetiveen the centroid of the hole and the

electron or charge transfer length can be represented as

D, =|D| /(D) () (B)’ (2.22)
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Where X, Y, Z are coordinates and Dxg,. - X,,Jand for X

coordinate of the centroid, & U Kr))dr where x is the X

component of position vector r.

o =[St Sad (2.23)

index —
2

where S e x :\/ﬁx X,0d> FO(r)dr for X componentThe

|s.| arereferred to as,,, measures overall RMSD of the hole.

Same for electron representation.

The measure of separation of the degree of hole and electron in
the CT direction is called the t index. When t<0 the hole and electron
separation are not adequate.

t . =D

index —

H (2.24)

index

Coulomb attraction between hole and electron (exciton binding
energy)considers the electron as negative charge and the hole as a
positive charge, the attractive interaction between them is the coulomb
attractive emrgy between hole and electron and its negative values is
called exciton binding energy (positive). This can be calculated by
using the formulg9],

£ = ) )
n—mnm |I’1- r2|

drdr, (2.25)

C
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2.4.4.2. Transition density matrix and transition density T(r)

The Transition dengi matrix and transition density T(r) is a
real space function that provides underlying characteristics of electron
excitation. The transition density matrix between excited state and
ground state of an{glectron system in real space

T =T ) FX X X g X ¥ 7 KXo X e X, s, dX, dX, ... dX
(2.26)

where F? is the Slatedeterminant of the ground state wave
function, x is the sphspace coordinate, and stands for spin

coordinate. Equation 2.26 can be modified as equation 2.27 by

applyingy ®“and SlateiCondon rule

T(nr)=a aw’(r) £r) (2.27)

T(r;r) is changed t®(r), when diagonal terms of the

transition density matrix are considered. In a region with a large
magnitude of transition density T(fhe hole and electron must be
strongly coupled in this region; while if a region has a small
distribution of T(r), then overlap between hole and electron in this area
are irrelevant. The characteristics of T(r) are closely related to the Sr(r)
function. Hence the characteristics of one electron transitions of
relevant excited state were analyzed with the parameters of electron

hole concept and correlated with TDDFT studies.
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2.4.4.3. Transition electric/magnetic dipole moment density

The decomposition oflectromagnetic response in interaction
with light and the compound of the investigation was analyzed based
on chiral analysis theory by separating the electric and magnetic dipole
moments during the electromagnetic interactions. The ECD spectrum,
which repgesents the chiral of molecules, is the asymmetric response of
the transition magnetic and electric dipole mom@&dis Besides, the

strength of ECD can be expressed by a for{Badla

Gl e SVl ). (2.28)

wheree e i s the transition electric
transition magnetic dipole moment. In equation 2.28, the first term in
the absolute value is light absorption, and the second term
characterizes circular dichroism. The second largest elemenisin th
equation is the tensor product of the transition magnetic and electric

dipole moments.

The transition electric dipole moment density in X, Y, and Z
components can be represented as negative of the product of X, Y, and
Z coordinate variables and tranaiti density, respectively (Equation
2.29).

T(r)= XT(r) T, (= yT(r) T,(r)= ZT(1 (2.29)

The transition electric dipole moment density and transition

dipole moment D are related (Equation 2.30),
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D, = {f.(Ndr D, =, (Ndr D, = fj.(rdr (2.30)

z

The study of the contribution to the transition electric dipole
moment of various molecular regions will be possible by plotting the
transition electric dipolemoment density. The X component of

transition magnetic dipole moment density can be explicitly defined as

— . é I"y'a I‘ya g .. ; élnl b'
m(rN=q wWy,(nNeg r -z N §-aw j(r e—(n z—(r
() ia.a |/|()gy () N() Hj«ab. J./J() ye () yt)

(2.31)
2.4.5. Quantum Theory of Atoms in Molecules (QTAIM)

Bader s Quantum Theory of Atoms i
used tostudy the nature of bonding in molecular systems by exploiting
the charge density or electron densi
2.32)32]. This theory has been widely applied to unravel a&bom
interactions in covalent and n@ovalent interactions in molecules,
molecular clusters, small molecular crystals, prateiDNA base

pairing, and stacking.
r(c;X)=Npd t ¥x X) (% X (2.32)

where N is the no. of electrons, x is the electronic coordinates,
X is the nucl e anepreseats thedvblume elerentafn d d U

the system under congidation

In topology analysis language, the point where the first
der i vat i)wanish, i@fly @rf 0 is called the critical point

(CP). Wherevy () 1s given in Equation 2.33 anglis the critical point
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pr(r) 32 - F ket
KX M Z (2.33)
The CPs can be classified into f«¢

+1), and (3, +3)according to how many eigenvalues of the Hessian
matrix of real space function are negative. The first number in the
bracket of CP notation is designdteas the number of nexrero
eigenvalues (noZz er 0 C ur vcadttha GPs) ana the gedomd is
the algebraic sum of the signs of eigenvalues (signs of curvatures of
1 () at the CPs), i.e. first one rank and second is the signature of CP.
For (3;3), all three eigenvalues of the Hessian matrix of function are
negati ve, and el ectron deandthesey } i1 s
are called nuclear critical points (NCP). A hessian matrix is the nine
secondorder derivatives of electron density representethe form of
a real and symmetric matri x. For (
Hessian matrix of function are negative, namely the seooder
saddle point, and generally appear between attractive atomic pairs in
electron density analysis. This is ealla bond critical point (BCP) and
its value of real space functions at BCP have great significance. The
value ofr and the sign oft® at BCP is closely related to bonding
strength and bonding type. It is used to define the hydrogen bond
binding energiesin the case of (3, +1pnly one eigenvalue of the
Hessian matrix of function is negative. It is the fiostler saddle point
like transition state in the potential energy surface. It appears in the
center of the ring system and displays a steric effe¢he electron
density analysis. Hence it is called ring critical point (RCP). None of

the eigenvalues of the Hessian matrix of function are negative (local
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minima) in (3, +3), and appear in the center of the cage system, hence

the cage critical point (C).
2.4.5.1. Laplacian of electron density'()

It is very useful for the characterization of chemical bonding.
Then? ()< 0, the negative value of seceodler electron density
indicates the concentration of charge towards the interaction line leads
t o cont r g edrgeraiculartd thejinferaction line and lowers
the potential energy. An attractive interaction due to the lowering of
the potential energy is greater than the kinetic energy from the same
region by magnitude. The?} () 0, theinteraction is dominated by
the contraction of J(rc) towards weac
and t he c uy)avedarge,rard nai forceg ¢f repulsion act on

the nuclei.

The high value of the electron density at BCP of order 310
a.u. andnegative value oft?} ()rand critical for the covalent
interactions. The negative value of; () rimplies that there is a
concentration of electrical charge at the BCP, indicating that the bond

is covalent.

Herein, we used the QTAIM investigation to mdi¢y the
intramolecular hydrogen bond and other +omvalent interactions in
the molecules by analyzing electron densify) and its Laplacian
N2 (r) at the bond critical points (BCP). For this purpose, we utilized
the 6AI M Al Il p r 8.8 suig3dyd]. In additibrhtethemu | t i wf
} afd the Lagrangian kinetic electrc

electron density (v) were analyzed. From these, the total energy

51



Computational Methodology

density (H) was estimated as the sum of the kinetic electron density (g)
and potential energy dsity (v). The Cr) is the kinetic energy density

at the BCP (always positive), while v(r) is the potential energy density
at the BCP (always negative). The hydrogen bond energy (& half

of Vgcpas suggested by Espinosa §84). The Nature of hydrogen
bond were explored according to literature, i) values?fr) < 0, and
“@r)+v(r) > 0 are associated with strong hydrogen bond (ii) values of
% (r) > 0, and'@r)+v(r) < 0 signify intermediate type hydrogen bonds
(iii) values of 1" (r) > 0, and"@r)+v(r) > 0 are associated weak

hydrogen bond interactiof35].

The visual inspections of nesovalent interactions (NCI) were
carried out using the reduced density gradient (RDG) obtained from
the quanturrmechanical electron dendiBg]. The regions of van der
Waals interactions, hydrogen bonds, and steric clashes, segiere
identified.

2.4.6. Aromaticity index

The aromaticity of each benzene ring in the AVs was
calculated using three models; harmonic oscillator measure of
aromaticity (HOMA), Aromatic fluctuation index (FLU), and Para
delocalization index (PDI). The nmjpiece of the work deals with the
antiradical property of the molecules, hence analyzing the aromaticity,
especially for parsubstituted polyphenolic compounds produces
crucial information as also reported in the literature. The bridging of

the phenolicgroup in pargoosition due to better overlapping of the
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substituent orbital with the aromatic system can increase the reactivity

of phenol.

The harmonic oscillator measure of aromaticity (HOMA) is the
popular geometrpased index for the calculation obaraticity, which
was originally proposed byl.Kruszewski et.al[37] and tre
generalized representation was givyaen Tadeusz Marek Krygowski
[38]

. A
HOMA=1 -8 "2 (Ry  R,)’
i (2.34)
where N is the total number of the atoms considered, j is the
atom next to am i, anda (Equation 2.36) and & (Equation 2.35)

are precalculated constants for each type of atomic pair.

I%ef = ( I% -HN%) / (l "7')’ (235)
a= 2
(& - Ref)z '( F% 'I%f)2 (2.36)

where Rs and Rd, spectively are experimental bond lengths
of a single bond and double bond. The wkk where k and k are
force constants of single and double bonds, respectively. If the system
is fully aromatic then the value of HOMA is equal to 1 and

nonaromatic if iis zero.

The aromatic fluctuation index (FLU) calculates the
aromaticity index based on the delocalization ij@8kandit can be

used to study rings with any number of atoms. The FLU index was
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constructed by measuring divergences (DI differences for each single
pair bonded) from aromatic molecules chosen as a reference and it can

be represented as

_1RPQV(E) BAAB)- @(AB)

FLU =
ne(A B d.(aB

ALOR: Qo

(2.37)

Here the summation runs over all adjacent pairs of atoms
around the ring. The n is equal to the number of atoms in thednefg;
is the reference DI value (precalculated parameter). The paraanister
used to ensure the ratio of atomalences is greater than one. The first
factor in Equation 2.37 penalizes those with highly localized electrons,
while the second factor measures the relative divergence concerning a
typical aromatic system. The lower value of r FLU corresponds to the

strorger aromaticity of the ring.

The aromaticity of simembered rings is measured using the
Paradelocalization index (PDMO, 41] It is the averaged para
delocalization index (pafBl) in six-membered rings and can be

represented as

PDI = adl,4)+ 42,5) + @,6,
3 (2.38)

The underlying notin behind PDI is that Bader and colleagues
discovered that DI in benzene is higher for palated carbon atoms
than for metaelated carbon atoms. So, the larger the PDI, the larger
the delocalization, and the stronger the aromaticity. The major
limitations regarding the method are 1) it can only be used to study the
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aromaticity of sixmembered rings, and 2) inappropriate for the cases

when the ring plane has an qlane distortion.
2.4.7. Solvent effects

Significant scientific efforts have been committed recent
years to developing models for researching the solvation effects and it
can be incorporated in two different methods: explicit and implicit
model$42]. The explicit solvent model treats solvents explicitly where
the solute is surrounded by several discrete solvent molecules and it
considers the molecular details of each solvent molgeidg This
method can provide solusolvent interactions in great depth and
accuracy; however, it is computataly expensive. The easiest
technique to include solvent effects in chemical processes is to
explicitly enter all of the solvent molecules and then conduct
molecular dynamics or Monte Carlo calculations to obtain a-time
averaged ensemble average of thepprty of intere$#3]. Implicit
(continuum) solvation is a technique for representing a solvent as a
continuous mediunfsolvent molecules are replaced by a
homogeneously polarizable medium) rather than as separate "explicit"

solvent molecules.
24.7.1. Implicit Solvent Models

Several implicit or solvation models are already available to
incorporate the influence of solvents and this is the simplified solvent
mode[44]. The solvent is viewed as a structureless continuum with
certain dielectric and interfacial properties in the majority of implicit

sdvent model§42]. Continuum solvation places the solute molecule in
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a cavity in a continuous medium whi simulates the sea of solvent

mol ecul es with the cegsduetofemovedvi t at i
solvent solvent interactiorfd5]. Through both electrostatic and Ron

electrostatic interactions, the solute inside the cavity interacts with the

polarizable medium. The total solvatienergy can be taken as

I:x;'solvation = ®Elec GCQ G-klonQ (2.39)

DG., . is the electrostatic contribution which includes attractive

Elec

terms and the energetic cost of polarizing the solute and solvent,

DG is the norelectrostatic contribution to the solvation energy

Nonelec

like dispersion, andDG_is the cavitation energy. Among various

solvation modelsthe current study included the Integral equation
formalism polarizable contium model (IEFPCM).

2.4.8. Rate constant calculation

In the thermodynamic formulation of the Transition State
Theory (TST), the rate constants (k) were calculated with the following
equation (Equation 2.40) as implemented in the KiSThelP 2019

progranj46].

K(T)=5 2o
h ¢P° (2.40)

wher e Ug aeentde rdaction path degeneracy and
Boltzmannés constant respecti’vel vy, h

are the temperature (298.15 K) and pressure (1 atm) respectively. The
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DG (T)y speak for the standard Gibbs fregergy of activation for

the considered reaction and on =
or unimolecular reactions.Additionally, the intrinsic reaction
coordinate (IRC) computations were performed to verify the transition

state's relationship to tmght minima.
2.5. Softwares

2.5.1. Computational software

a) Gaussian 16

In the current study, the version of Gaussian software used is Gaussian
16/47]. The Gaussiarsoftware helps us to do electrosizucture
calculations and quantum chemical calculations. The spectra
calculations, thermodynamics, and kinetics of the free radical
scarenging mechanism and reactive species screening have been
carried out using the software. Also utilized to study the ground state
and excited state properties of the molecules.

b) Multiwfn - A Multifunctional Wavefunction Analyzer -

Version 3.8

Multiwfn is a multifunctional program for wave functidrased
analysi$33]. The analyses such as Electrostatic Potential, Fukui
functions, spin density, holkdectron analysis, aromaticity index
calculation, QTAIM investigations, conceptual density functional

theorybased reactivity parameters, Transition electric/magnetic dipole
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moment density, Transition density matrix and transition density, etc,

were finished by the software.
¢) KiSThelP- Kinetic and Statistical Thermodynamical Package

It is a crossplatform free opensource program used to
calculate the molecular thermodynamic properties and transition state

theory rate coefficiefd6].
d) Open Babel

Open Babel is an open software that helpsthvfile type
conversion, which allows one to search, analyze, or convert data for

researcf#8].
2.5.2. Visualization software
a) GaussView 6.1

GaussView is a graphical user interface designed to prepare
input structures for submission to Gaussian software and helped to
examine the results of Gaussian calculations using a variety of
graphical techniqud49]. The current work haslaeavydependence on
GaussView for preparing input files to analyze ousguictures.

b) Chemcraft

Chemcraft is a graphical program for working with quantum
chemistry computations and is a convenient tool for visualizing

computed results and preparing new jobs for calculg@inin the
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current work, the software is utilised for creating some publication

ready images of molecules in customieatisplay modes.

c¢) Visual Molecular Dynamics (VMD) Program-Version 1.9.1

VMD is a molecular visualization program for displaying,
animating, and analyzing molecular structures ushiy@aphic§s1].
In the work, the program was utilized to visualize the isosurface
diagrams of spin dengit Fukui functions, and transition dipole

moment density matrix.
d) Gnuplot-Version 5. 4

The gnuplot is a commanline and graphical user interface
program that can generate twand threedimensional plots of
functions, data, and data f&&]. The program was utilized to get the
colored 2D images othe reduced density gradient vesshe electron
density multiplied by the sign of the second Hessian eigenvalue of

studied compounds.
2.6. Computer Power

All the calculations included in this thesis are performed using
1) Lenovo Thinkstation with processor Intel®Xeon® CPUZE50 v3
@2.60 GHz and 32.0 GB RAM, 2)FUJITSU with processor
Intel®Xeon®CPU E&2640 v4 @2.40 GHz and 32.0 GB RAM.
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Chapter 3

Theoretical assessment of the conformational,

structural, electronic, and reactivity features of

selected Avenanthramides including QTAIM and
CDFT theories

V Conformatiah analysis and geometry optimization of selected eight
Avenanthramide molecules.

V Spectral Characterization, Aromaticity indices, and QTAIM &NCI analysis
to investigate the structural properties of the molecules.

V Reactivity studie8ESP, Fukui, CDFT basgiemical reactivity
descriptors, Frontier molecular orbital analysis

V Gagphase basicity (GPB) and acidity constant (pKa) determination in order
to understand the order of deprotonation of each hydroxyl group.







Chapter 3

3.1. Introduction

Avenanthramides (AVs) are secondary metabolites found in
oats Avena Sativa. . These metabolites consist of a phenylalkenoic
acid (PA) subunit linked to an anthranilic acid (AA) subunit via an
amide bond. The PA subunits generally belong to hydroxycirmami
acid derivatives of goumaric acidy), caffeic acid €), ferulic ), and
sinapic acid §. So collectively AVs are derivatives of different
cinnamoyl anthranilic acids and around 40 different derivatives of
hydroxyl and methoxygubstituted compoundseaisolated from oats.
The first characterized AVs from oats are described to exhibit
inhibition of fungal germination and to play a role in disease resistance
of oats. The early research indicates wide application in biological
activity including antioxilants, protection against the development of
chronic diseases such as cardiovascular diseases, cancers, and diabetes

etc.

The eight AVs (as per relevance and availability), derived from
anthranilic acid or $ydroxy anthranilic acids andgoumaric, ferult,
sinapic or caffeic @ds were selected and are(#- hydroxy-(E) -
cinnamoyl}5-hydroxyanthranilic acid 2p), N-(4' -hydroxy3' -
methoxy(E)-cinnamoyl}5-hydroxyanthranilic acid Zf), N-(3, 4 -
dihydroxy-(E)- cinnamoyl}5- hydroxyanthranilic acid Zc), N-(4' -
hydroxy-3,5 -dimethoxy(E)-cinnamoyl}5-hydroxyanthranilic acid
(29, N-(4' - hydroxy-(E)- cinnamoyl} anthranilic acid Ip), N-(3', 4 -
dihydroxy-(E)-cinnamoyl}anthranilic acid 1c), N-(4' -hydroxy-3' -
methoxy(E)-cinnamoyl}anthranilic acid If), and N(4' - hydroxy

3,5 -dimethoxy(E)-cinnamoyl}anthranilic acid 1s). The structures of
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the compounds are shown in Fig 3.1. The compounds are grouped into
1 and 2 categories where 1 stands for anthranilic acid derivative and 2
for 5-hydroxy anthrailic acid derivative. These are structurally
related, in which the2p is 5hydroxy-4' hydroxy Avanenthramide
wherea2f, 2c, and2sare the 3-O- methyl, 41 O- hydroxy, and 3 5
-di-O-methyl derivative of2p. Similarly, the 1p is 4' hydroxy
Avanenthranide whereas thif, 1c, and1sare the 3-O- methyl, 4'

O- hydroxy, and 3 5 -di-O-methyl derivative ofiLp.

O_OH 4' OH O CH OH
! NH"/\O NHH/\Q
o 1p

5 02
P O _OH OH
(\/@ NH“/\/@o/
o 1f
O._OH OH
J& “\V@ Saa

O/
" 2 O OH OH
/
NH A EE(NH N o
o 1s

Fig. 3.1. Structures of AVs selected for the study (Anthranilic acid
moiety containing aromatic systerRing A and Cinnamic acid mdie
containing aromatic systeRing B)

H

Structurally, the AV molecule contains two aromatic rings; the

acid-containing moiety is named as A ring and the other as B ring. The
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two rings are connected through U,
selected molecules are varied according to the sutistt pattern

among the two aromatic rings. The presence of several single bonds in

the compounds makes it a flexible molecule, and rotation about these

bonds can produce a variety of conformations.

AVs can occur in two isomeric formscss if synperiplaar and
strans if antiperiplanar, depending on the spatial configuration of the
C=0 and C=C bonds about the intervening single bond. Among these,
the scis form (Fig.3.5) is more stable than th&ans form (Fig.3.5).
According to the chalcones confornmatal search the-as form is

more stable than thetsans fornjil].

However, AVs can have one more geometric isomer in which
bot h hydr ogdouble bood aretorhtiee saine bide, as seen in
Fig.3.5. The nosplanar structure anduls instability of this isomer can
be attributed to the steric contact between the carbonyl group and the

ring B.

Hence a detailed investigation of the stability of the conformers
and geometric isomers is carried out to analyse the lowest energy
structure ® the molecule. Electrostatic potential (ESP) maps and
conceptual density functional theory parameters were used to forecast
the various reactive sites. Furthermore, adepth examination of the
effect of pH on the deprotonation sites and correspondfiagvalues
was investigated. The vibrational and NMR spectra are then calculated.
Furthermore, a thorough surface analysis of molecules is used to

explore weak interactions within the molecule. Theoretical studies
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using computational methods constantly aglin understanding the
characteristics and reactivity of molecules, providing us with many

options for finetuning and utilizing their properties.
3.2. Computational Methodology

All calculations described in this work were performed with the
Gaussian 16 amputational programming packaf. The molecular
structures of AVs are downloadém the PubChem databakd in
SDF file format and converted to a GJF file using the OpenBabel
application [4]. Density functional theory (DFT) has been adopted for
calculation among variousomputational calculation tools because it is
a convenient method for predicting the physical and chemical
properties with great accuracyhe effect of different solvents was
evaluated using an implicit solvation modethe Polarizable
ContinuumModel (PCM) using the integral equation formalism
variant (EF-PCM) as the default SCRF method. The aromaticity
index, "Quantum Theory of Atoms in MoleculeQTAIM), Non
covalent interaction (NCI) analysidhas been carried out using
Multifunctional Wave functionAnalyzer, Multiwfn 3.3.8 suite[5]
using M062X/6i 31+G (d p) level of theoryTo visualize the obtained
isosurfaces of NCI analysis, the visual molecular dynamics (VMD)

molecular graphics prograf] was used.

3.3. Results and Discussion
3.3.1. Conformational Analysis

To elucidate the relationship between the molecular structure

and reactivity, ananalysis of the conformation and geometric
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characteristics of the compounds considered is significRath

molecule's conformational analysis was checked using a dihedral scan

at key locations, as this appears to be important in forward sddreh.

dihedial angles in 12 steps of 30° from O to 360° were carried out at

the B3LYP/321G level of theoryThe dihedral scan dpatn ( C6 '
c1l', cr7' , C8"'") a n d reweals (th@tfanss-cisC 8 ' , C9
conformers of the molecule are lowest in energy and the 3D plot of
potential energy scan is given Fig. 3.2. The-C3" double bond is in

trans and the C=C double bond is in cisnfoomation with the

carbonyl functional group. The lowest energy conformer thus obtained

i's subjected to a scan of di hedr al
energy conformer provides-N functionality in hydrogen bonding

with the carbonyl functionality of Aing and it is given in Fig. 3.2. So

the basis skeleton of all the selected compounds is similar, this
conformation is applied to all other forms too. Further, the dihedral
A(H, c4' O, c4' C3'") was selected toc
substituent ath followed the procedure from the lowest energy
conformer obtained earlier. Two orientations with very slight energy
differences are obtained. The one with the very lowest energy is
selected and the conformer is given in Fig. 3.2. After all these
conformatonal quests, the molecule was subjected to energy

minimization.
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0 50 100 150 200 250 00 350 00
Dihedral angle (Degree)

c)
Fig. 3.2. PES of2p on dihedrals)n ( C6', C1', C7', C8'
C8,C9,09)A (C9", N, c&2,(H3)C4'an,d C4"', C:

Except for the C3' carbon of aromatic ring B, #teuctures of
compound2f and 2c were remarkably similar. I12f, the C3' carbon
was occupied with an OMe substituent a&¢nvith an OH substituent.
The PES on di hedrgof2fan@dCa4' ( CB5',, CO5"
H) of 2c where performed and thlwest energy conformer thus
obtained are given in Fig. 3.3 & 3.3 respectively. This shows that the
OH and OMe groups were oriented in such a way that they formed an
intramolecular hydrogen bonding interaction with nearby OH
functionality. The resultant tcture was improved further using a

higher basis set to achieve the final structure.
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Fig.3.3. PES ofa) 2fon di

h

edr al

A (2 onC5' , 05"

di hedral a( C3 t)2<d dinerdl (C4'1€5',05',CHB)d
(C4',C3',03',CH3), & (C6,C5,05,H)

The compound®s has a very close structural relationship with

2f. Here next ortho position of OH was occupledone more OMe.

Hence step by step potential
(C4',C5',05',CH3), (C4',C3,03,CH3), &
conducted with 12 steps of interval 30°.

energy scanning on dihedral

(C6,C5,05,H) was
The lowest energy

conformation obtained (Fig. 3.3) was further moved into energy

minimization. The lowest conformer thus obtained preferred a less

sterically crowded environment in a bulky environment of t@d/le

functional groups. Then, the next set of molecdlpsl1c1f, and1s

shows a very close relationship in structure with 2c, 2f, and2s

except that C®OH. Thus, the structural framework obtained after
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energy minimization oRp, 2c, 2f, and2s was taken as the starting
geometry forlp, 1c, 1f, and1ls The lowest energy conformers thus
obtained are further subjected to geometptimization by higher
order level of theory namel83LYP/6-31G(d), B3LYP/631+G(d,p),
B3LYP/6-311+G(d,p), B3LYP/&11++G(d,p), MO&2X/6-
311+G(d,p), M0&2X/6-31+G(d,p), M062X/6-31++G(d,p), and M0O6
2X/6-31+G(2d,2p). The crystal structure data availabteTranilast (a
synthetic compound with aAV skeleton) was used to correlate with
the theoretical data involving the above basis sets and fung¢fipnal
(Table 3.1).The correlationcoefficient was calculated for structures
optimized with different basis sets. It could be seen that the correlation
coefficient (R) was around 0.97 for all the sets. Previous research has
documented that Functionals, M@X and M062X [22] functional
from the family of Minnesota Functionals, M@X [21] and seem to
give good results for main group thermochemistry, kinetics, and non
covalent interactions over B3LYP functional, the M&§ suite of
DFT are selected for the sty with 631 + G (d, p) basis set with
correlation coefficient (R) = 0.978 and R0.954
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Table 3.1.Bond lengths of Tranilast optimized in different basis sets
are compared to experimental bond lendth

—_ = = s —_ = =

6o 0T o3 ¢35 ¢5 ¢F ¢35 ¢y

8 a8 o3y 25 Xg XT X5 X&

Bond Bof7l =2 >% =¥ ~1 8P 89 37 35
MM md md omd 929 o4 9f oFf

m m™® oy o = =20 =25 =d

Ci1-C2 1412 1.428 1.429 1.427 1.427 1.418 1.420 1.420 1.418
C2-C3 1.399 1.409 1.410 1.407 1.407 1.404 1.406 1.406 1.403
C3-C4 1.381 1.390 1.391 1.387 1.387 1.385 1.388 1.388 1.385
C4-C5 1380 1.399 1.400 1.397 1.397 1.393 1.396 1.396 1.393
C5C6 1382 1.386 1.388 1.384 1.384 1.382 1.385 1.385 1.382
Ce6C1 1.397 1.407 1.409 1.406 1.406 1.400 1.403 1.403 1.400
Ci1-C7 1486 1.475 1.475 1.474 1.474 1.478 1.479 1.479 1.477
Ci1-Cc2 1404 1.406 1.408 1.404 1.404 1.397 1.401 1.400 1.397
C2-C3 1.371 1.392 1.394 1.391 1.394 1.389 1.392 1.392 1.389
C3-C4 1405 1.395 1.396 1.392 1.392 1.388 1.391 1.391 1.388
C4-C%' 1378 1.412 1.413 1.410 1.410 1.406 1.408 1.408 1.406
C5-Ce' 1.387 1.389 1390 1.387 1.387 1.384 1.386 1.386 1.384
ce-C1' 1383 1.408 1.409 1.406 1.406 1.401 1.403 1.403 1.401
ci1-cr 1456 1.461 1.463 1.461 1.461 1.465 1.466 1.466 1.464
C7-C8' 1.328 1.346 1.348 1.343 1.343 1.336 1.340 1.340 1.337
C8-C9’ 1468 1.484 1.484 1.484 1.484 1.488 1.488 1.488 1.487
C9'=0 1.242 1.228 1.230 1.222 1.222 1.214 1.221 1.221 1.215
C7=0 1.220 1.229 1.230 1.223 1.223 1.214 1.221 1.221 1.215
C7-0 1320 1.354 1.355 1.354 1.354 1.344 1.345 1.345 1.343
C4-0 1363 1.374 1.374 1372 1372 1366 1.368 1.368 1.366
C3-0 1370 1378 1.378 1376 1.376 1.369 1.371 1.371 1.367

C4'0OCH3 1436 1.434 1.438 1.437 1.437 1428 1.428 1.428 1.426
C3'G-CH3 1.430 1.433 1.437 1.436 1.376 1.428 1.428 1.428 1.369

C9-N 1.358 1.388 1.388 1.388 1.388 1.381 1.380 1.380 1.379
C2-N 1.403 1.392 1.393 1.392 1.392 1.392 1.392 1.392 1.389
Correlation
- 0.974 0.975 0.974 0.952 0.977 0.978 0.978 0.954
coefﬁcngnt R)

R 0.947 0.948 0.946 0.902 0.952 0.954 0.954 0.905

3.3.2. Geometry Optimization and Structuratgmeters

Optimized #ructures of eight A¥ are given in Fig. 3.4.
Vibrational frequency calculations were performed at the same level to
confirm the absence of imaginary frequencies. The structural

parameters of compounds are tabulated in Table 3.2.
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Table 3.2.The selected geometric parameters of shaliedAVs in
the gas phasat M06-2X/6-31+g(d,p)level of theory,Bond length(A),
Bond Angle {), and Dihedral Angle}.

Bond
Bond length(A)

2p 2f 2C 2s 1p 1f 1c 1s
1G7C 1.481 1.481 1.481 1.479 1.478 1.478 1.478 1.479
2C-N 1.396 1.395 1.396 1.395 1.392 1.392 1.392 1.392
N -9'C 1.376 1.377 1.376 1.378 1.381 1.381 1.381 1.380
9'C-8'C 1.486 1.486 1.487 1.487 1.486 1.486 1.487 1.486
8'C7'C 1.340 1.340 1.339 1.340 1.341 1.341 1.340 1.340
7C1C 1.463 1.464 1.466 1.465 1.464 1.464 1.466 1.464
5C-50 1.364 1.364 1.364 1.364 - - - -
7C-70OH 1.343 1.343 1.343 1.346 1.345 1.345 1.345 1.345
7C-70 1.219 1.219 1.219 1.219 1.221 1.221 1.221 1.220
9'C-9'0 1.223 1.223 1.222 1.223 1.221 1.222 1.221 1.222
4'C-40 1.359 1.353 1.368 1.355 1.359 1.353 1.369 1.355
3'C30 - 1.367 1.356 1.366 1.367 1.357 1.367
10'G3'0 - 1.415 - 1.416 - 1.415 - 1.416
5'C5'0 - - - 1.367 - - - 1.366
11'G5'0 - - -- 1.426 - - - 1.426
5-O-H 0.963 0.964 0.964 0.964 - - - -
4-0O-H 0.964 0.968 0.963 0.968 0.964 0.968 0.963 0.968
3-0O-H - 0.967 - - - 0.967 -

Bond Angle ()
H5-05-C5 11010 11012 11017 110.23 - - - -
H4-04-C4' 110.3@ 10844  110.9% 108.02 110.38 108.44 110.96 108.03
H3-03-C3' - - 108.9B - - - 108910 -
10C3'0C3 6 117.50 - 117.58 117.53 - 117.50
Dihedral Angle (%)
11'C5'0C5 6 - - - 114.76 - - - 114.72
(C4,C3,C2,N) 180.00  179.86.  179.8® 179.87 180.0® 179.971 180.0® 179.78
(c3,c2,Cc1,C7) 180®  179.62  180.00 179.6% 180.0® 179.72 180.0® 179.72
In final the molecules arefound to be in transs-cis

conformation throughout the analysis. An intramolecular hydrogen

bonding (IHB) between the carbonyl oxygen of carboxylic acid and the

NH group was seen in albptimized structures of AVs. These

intramolecular interactions will be detailed in the latter. The data of

di

hedr al

angl es

gi ven

i n
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C2', C1', C7"), it can be seen that the compo@pi&c, 1p, 1c, andlf
are conpletely planar an®f, 1s and2s are very slightly deviating
from planarity. The IHB may bthe reason for preferring coplanarity
between the Aring, bridging chain, and the B ring. The deviation of

planarity in some cases will be due to steric crowdiridpe Bring.

Fig. 3.4.0Optimized geometries of the AVs selected in the gas phase
3.3.3. Relative Gibbs energies of the different conformers

The detailed conformer searches of the compounds of the

selected AVs are discssd earlier and now the relative Gibbs energies
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of the conformers formed during-£Z rearrangements are involved.
The main concept of this study is to analyze how much the barrier
between different conformers especially the structures in Fig.3.5 For
this pupose the2p are considered. The conformational search on the
molecules revealed a total of 51 conformers. During the analysis, 31
conformers of the E form and 20 conformers of the Z form are
obtained. The geometry optimization of all the conformers ligech

out using the M0O&X/6-31+G (d,p) level of theory. The optimized
structures of the E and Z forms are given in Fig.A3.1 & Fig.A.3.2,
respectively. The relative Gibbs energies of all the conformers are also

calculated in the gas phase and tabulatddchlyie 3.3.

S 5

& % g@g

Fig. 3.5 (a) scis and (b) gransconformers of the E form, an@d) s

cis and ¢) strans ofZ form of 2p.

Among the E forms, E&16 and E2E27 are inplane

conformers of the molecule, whereas E17 is out afobyplane
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conformers. The E2&31 is the grans conformes. The conformers of
relatively slight differences in their relative Gibbs energies, it appears
that isolating these conformers will be challenging, and highergy
conforms are very difficult tborm. The Energy difference between s

cis and grans conformers is found to be 3.44 kcal/ mel, the scis
conformer is 3.44 kcal/mol lower in energy than theass conformer.

The relative Gibbs energies of Z isomer show that the lowest energy
corformer is 5.47 kcal/ mol higher in energy than the lowest energy E
conformer. Hence, none of the Z conformers exists in the gas phase at
room temperatureThe transs-cis conformer of2p was found to be
less energylemanding. Thef, 2c, 2s 1p, 1f, 1c, ard 1s structures
were also selected in the same geometZpas

Table 3.3Relative Gibbs energies of the conformers of the E form and
Z form of AVs in the gas phase. Gibbs energies in the gas phase are
relative to the gas phase Gibbs energy of the EO awmefofi.e. -
1047.851962 Ha in 1M standard state). The Gibbs energy of the Z0
conformer is1047.843245 Ha.

Relative Gibbs energ Relative Gibbs
Conformer

Conformer (kcal mol ) energ%/l(kcal
mol *)
E form Z form
EO 0.000 Z0 0.000
El 1.9%60 Z1 5.287
E2 1.958 z2 2.615
E3 1.959 Z3 2.614
E4 0.564 Z4 2.612
E5 0.004 Z5 7.445
E6 0.08 Z6 5.981
E7 0.00L z7 5.983
ES8 0.004 Z8 7.048
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E9

E10
E1ll
E12
E13
E1l4
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
E25
E26
E27
E28
E29
E30
E31

0.0@
0.003
0.04
1.958
0.04
0.028
0.0
0.041
7.9
7.908
8.17%
8.166
5.1%
5.1#
2.613
5.134
0.006
0.04
0.04
2.0
2.05
2.024
2.962

Z9
Z10
711
712
Z13
Z14
Z15
Z16
Z17
Z18
Z19
Z20

7.3%
0.288
0.267
0.497
0.49
0.499
0.4
0.269
0.20
0.267
0.0(8
0.501

3.3.4. Vibrational spectra

The vibrational assessment for the compounds is carried out by

using the MO&X/6-31+G(d,p) level of theory. The selected stretching

frequencies of the compounds are tabulated in Table 3.4. All the

vibrational wavenmbers are scaled by a factor of 0.952 to account for

anharmonicity and other factors.
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Table 3.4 Selected stretching frequenciésm®) of the selected
compound in the gas phase

Stretching 2p 2f 2c 2s 1p 1f 1c 1s
frequency

50OH 3712 3712 3712 3710 - - - -

46 OH 3705 3657 3719 3650 3706 3655 3719 3649
36 OH - - 3670 - - - 3670 -
OH(carboxylic) 3649 3653 3650 3652 3650 3653 3652 3552
NH 3383 3384 3384 3386 3370 3371 3372 3371

CH (aromatic) 3138, 3133, 3139, 3140, 3143, 3139, 3140, 3142,

3108, 3108, 3108, 3086, 3101, 3102, 3102, 3102,

3088, 3087, 3084, 3085, 3088, 3087, 3084, 3087,

3069, 3079, 3047, 3080, 3083, 3085, 3083, 3086,

3064 3073 3048 3079 3074, 3073, 3073, 3083,

3066 3064 3060 3063

CH 3047, 3053, 3053, 3054, 3053, 3054, 3053, 3055,

(B unsat 3035 3032 3038 3035 3035 3034 3037 3034

C=O(carboxylic) 1729 1728 1727 1729 1724 1724 1725 1725

C=O(carbonyl) 1711 1709 1712 1712 1717 1716 1718 1716

c=C -b( 1646 1645 1648 1647 1646 1646 1648 1646
unsaturated)

C=C (aromatic) 1626, 1627, 1627, 1622, 1612 1609 1618 1606

1614, 1590, 1618, 1604, 1605 1605 1606 1604

1591, 1609, 1602, 1599 1585 1596 1602 1599

1585 1596 1590 1592 1581 1581 1581 1581

C-N 1513 1515 1514 1519 1512 1513 1513 1513

The mostintense peak corresponds to the carbibrogen

asymmetric stretching vibration. The stretching vibrations of phenolic

O-H are observed to be higher than 3700evhich is higher than acid

OH and accounts for the lower bond strength and tendency to form it
carboxylate anion. Moreover, the stretching vibrations of phenolic OH

are observed to be higher than the fred¢d Gtretch in a vacuum,

indicating the strengthening of thei® bond in AVs. Likewise,
because of conjbhugans &mnu rweetpaiooft haen dU |

electrons from nitrogen, the carbonyl group stretches with a decreased
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frequency. Furthermore, on comparing th@H stretching vibrations

of 2c and 2f with 2p, it is observed that the OH (4") is decrease#fin
and increased ic. So in2f, theOH acts as a hydrogen atom donor in
the hydrogen bond while i&cit acts as an acceptor. Similar is also for
1c and 1f on comparing withlp. From Table 3.4, upon varying
substitution, appreciable changes in stretching frequencies of the

skeletal atoms arnot observed.

3.3.5. NMR spectra

The NMR spectra were calculated using the Gauge
independent atomic orbital (GIAO) method which provides a magnetic
shielding cos t an't (a) . The chemical shifts

scale relative to TMS using the equation 3.1,
U= TP-Gi (3.1)

where the value ai"™® for **CNMR in DMSO solvent 197.65,
was obtained at the same @ébwf theory. The calculated experimental
and theoretica™>CNMR values are given in Table 3.3 good
correlation between thealuesafdr'dCul at ed &
NMR was obtained, thereby confirming the strudi8ireLikewise, the
calculated’'HNMR spectra of AVs were also determined using the
same level of theory (Tab®6). The chemical shifts were obtained on
thescial e rel ativ&® = 31.7561MBd 347680
respectively using DMSO and acetone as solvents. BotfHN#&IR
and "*C-NMR values showed a close correlation, thereby confirming
the structures of AVES]. A Linear regression analysis t NMR and
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3¢ NMR spectraf the conpounds in comparison to the experimental

findings are involved in Fig.A.3.3.

Table 3.5Comparison of*C NMR chemical shift{ppm) of 2p, 2f,
1p, and1f with the experimental resulg&].

2p 2f 1p 1f

Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.
C1 118.5 125.2 118.6 125.7 116.6 123.9 116.6 124.2
Cc2 133.1 149.8 133.3 149.3 1415 157.0 141.3 156.4
C3 1225 133.5 122.8 133.7 120.4 131.6 120.4 132.2
C4 121.0 134.8 121.0 134.6 134.2 151.7 134.1 151.4
C5 152.6 161.2 152.8 161.4 122.7 1349 122.9 134.6
C6 116.6 129.7 116.8 130.1 131.4 146.5 131.2 146.9
C7 163.9 178.9 1641 179.8 164.5 179.6 164.5 179.9
cr 125.7 140.4 126.4 139.1 125.7 140.1 126.1 138.9
cz 129.9 149.0 111.5 127.3 130.2 149.6 1115 127.3
Cc3 115.8 125.5 149.1 156.5 116.0 127.2 149.1 156.4
c4 159.4 170.2 148.1 159.5 159.8 170.3 148.1 159.6
C5' 115.8 128.4 1159 127.3 116.0 127.0 115.8 127.3
ce' 129.9 140.6 122.8 130.7 130.2 140.5 122.7 131.0
cr 140.8 159.1 141.4 159.9 141.8 159.7 142.1 160.9
cs' 119.1 129.4 119.5 130.1 1189 129.4 1190 130.1
co 169.3 174.1 169.5 174.1 169.9 174.6 169.7 174.9
OCHS3 55.9 55.6 55.8 55.8
Correlation
coefficient (R) 0.98 0.99 0.98 0.99
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Table 3.6Comparison ofH NMR chemicalshifts (ppm) of 2p, 2f, 2¢,
1p, and 1f with the experimental resul{8]. For 2p acetone and the
remaining DMSO are used as solvents.

Proton

2p 2f 2c 1p 1f

Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

Correlation

H-2'
H-6'
H-3'
H-5'
H-7'
H-8'
H-3
H-4
H-5
H-6

3

coefficient

7.52(d) 859 7.29(d) 7.46 7.05d) 7.7 7.53(t) 82 7.33(d) 7.53
7.52(d) 7.9 7.10(dd) 8.45 6.96(dd) 8.26 7.53(dt) 8.81 7.13(dd) 8.49
6.85(d) 7.71 - - - - 6.82(dt) 7.88 - -
6.85(d) 8.22 6.81(d) 7.79 6.75(d) 7.56 682(dt) 7.53 6.81(d) 7.83
7.55(d) 857 7.50(d) 853 7.37(d) 852 757(d) 863 7.53(d) 8.6
6.56(d) 7.42 6.67(d) 7.29 6.46(d) 7.29 6.61(d) 7.33 6.70(d) 7.34
8.58(d) 9.83 8.40(d) 10.01 8.31(d) 10.08 8.67(dd) 10.19 8.63(dd) 10.08
7.07(dd) 7.68 7.04(dd) 7.63 6.99(dd) 7.71 7.56(ddd) 8.54 7.60(ddd) 8.47
- - - - - - 7.1(ddd) 7.92 7.15(ddd) 8.07
7.49(d) 861 7.41(d) 8.73 7.36(d) 8.68 8.01(dd) 9.25 8.00(dd) 9.23

0.91 0.90 0.97 0.98 0.92

3.3.6. Aromatity indices

The aromaticity of each benzene ring was calculated using
three methods to identify the reactivity of the molecules. The three
methods; harmonic aromatic oscillator model (HON®)) aromatic
fluctuation index (FLU]10], and paradelocalization index (PDI)
[9]are used and the result was compared. If the HOMA value is equal
to 1, tien the ring is fully aromatic. The higher the value of PDI, the
delocalization will be higher, and the stronger the aromaticity. Lower
FLU corresponds to stronger aromaticity. The aromatic indices of rings
A and B correspond to each AVs are given in Table Analyzing all

these aromatic indexes, it is found that rBigs more aromatic than
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ring A due to the more efficient overlap of the substituent orbitals
within the aromatic systenit is consistent with the report that the

parasubstituted polyphenatompounds were exciting candidates for
the evaluation of antioxidant potentidl%].

Table 3.7Aromaticity Indices AVs studied

HOMA PDI FLU
20 Ring A 0.942 0.083 0.007
Ring B 0.973 0.087 0.004
of Ring A 0.942 0.0&4 0.007
Ring B 0.96% 0.081 0.006
2c Ring A 0.942 0.084 0.007
Ring B 0.977 0.083 0.006
s Ring A 0.934 0.08 0.007
Ring B 0.969 0.077 0.008
1p Ring A 0.9 0.086 0.005
Ring B 0.97% 0.088 0.004
1f Ring A 0.929 0.086 0.005
Ring B 0.965 0.081 0.006
1c Ring A 0.929 0.086 0.005
Ring B 0.977 0.08 0.006
Ring A 0.929 0.087 0.005
1s Ring B 0.969 0.077 0.008
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3.3.7. Quantum Theory of Atoms in Molecules (QTAIM) & Non
covalent interaction (NCRnalysis

The "Quantum Theory of Atoms in Molecules (QTAIM)"
proposed by Badefl2] discloses the covalent and nRoovalent
interactions between atoms in light of electron density and its

LaplaciarD?®r (r) at the bond critical points (BCP), a region between a

pair of nucleiwher&y (r ) =0 . From the BCP par ame
the QTAIM study, such as the Lagrangian kinetic electron density (Q)
and the potendil electron density (v), total energy density (H), the
existence of stabilizing interactions between nuclei can be studied,
which are quite significant in dealing with the radical scavenging
behavior of substances. The nature of stabilizing interactipe, of
bond, bond strength, and energy of hydrogen bopg. @fuation 3.2)

[13] between nuclei of interest can also be examined. Since the entire
work concerns the antiradical properties of polyphenol, AVs obtained
from oats, BCP parameter evaluation is critical. The Poifdapd
relationship of all critical points is evaluated and fdua be valid in

all topological analyses of AVs instances.

EHB:1/2(VBCP) (32)

Using quanturrmechanical electron density and its derivatives,
gualitative and quantitative analyses of smmvalent molecular
interadions in real space can be explored using the approach of
reduced gradient density (RD[@4]. It is a fundamental dimensionless
guantity used in DFT to define the deviation from the homogeneous
distribution of electrons and gives a rich description of van der Waals
interactions, hydrogen bonds, and steric rgjpalk in molecules. The
definition of the RDG function is shown in equation 3.3 below.
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1 [Br(r)
RD = 3.3
=0 2(3p%)" r(r)g >

To visualize the obtained isosurfaces of NCI analysis, the
visual molecular dynamics (VMD) molecular ghacs progranwas
used. Plots ofreduced density gradient (RDG) versus the electron
density multiplied by the sign of the second Hessian eigenvatua
Fig. 3.6, reveal the basic pattern of intramolecular interactions. In
threedimensional space, the ak interactions are the reduced density
gradient (RDG) at low densities appears as colored regions
(isosurfaces). These regions are defined as strong attractive
interactions, weak interactions, and strong repulsive interactions.

Table 3.8 BCP parametersfantermolecular hydrogen bonds: electron
density, Laplacian of the electron density, and hydrogen bond strength
(kcal/mol) (calculated from M0&X/6-31+G(d,p) wave function in the
gas phase) for AVs.

BCP parameters

"(n a(r) v(r) @+ & (1 Ess

(kcal/mol)
NH----CO
2p 0.03290 0.02840 -0.02830 0.00002 0.11353 -8.87926
2f 0.03310 0.02850 -0.02840 0.00001 0.11394 -8.91064
2c 0.03289 0.02829 -0.02827 0.00002 0.11328 -8.86985
1p 0.03363 0.02890 -0.02888 0.00002 0.11564 -9.06124
lc 0.03378 0.02903 -0.02901 0.00002 0.11618 -9.10203
1f 0.03388 0.02911 -0.02909 0.00002 0.11653 -9.12399
1s 0.03361 0.02887 -0.02885 0.00002 0.11556 -9.05183
2s 0.03267 0.02811 -0.02809 0.00002 0.11257 -8.81337
OH---
OCH3
2f 0.01976 0.02014 -0.01838 0.00176 0.08760 -5.76681
1f 0.01973 0.02013 -0.01836 0.00177 0.08759 -5.76054
1s 0.02014 0.02047 -0.01876 0.00171 0.08873 -5.89859
2s 0.02011 0.02045 -0.01873 0.00172 0.08865 -5.87977
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Table 3.8, clearly explains quantitatively the nature of
hydrogen bonihg interaction between the stabilizing groups, which
are essential for dealing with the antiradical properties of
polyphenols, using the parameters of QTAIM theory. The
parameters, electron density (1)), its second derivative or
Lapl acian of €l (erc)t)r,o nl adgernasngiyan( ak i n e
density (g(r)), potential electron density (v(r)), total energy density
(g(r) + v(r)), hydrogen bond energy & at BCP, were analyzed.
From Table 3.8,he nature of hydrogen bonding can be examined as
follows, 1) For strong hydrogen bond, the parameters should be
N (r) < 0, and'@r)+v(r) > 0, 2) for intermediate type of hydrogen
bond, it should bet® (r) > 0, and"(r)+v(r) < 0, and for weak
hydrogenbonds,n?’
of 12" (r) and"@r)+v(r), as per Table 3.8, indicate the existence of
weak interaction between NH-CO and OH-- OCH3. Moreover,
the negative value of g for all cases, indicates the formatiof

(r) > 0, and'@r)+v(r) > 0. The positive values

these weak hydrogen bonding interactions is thermodynamically
feasible. Because the magnitude of thg 5 about the strength of
the hydrogen bond, the NH- CO bonds are relatively stronger
than the OH-- OCH3.

The NCI isosurfaces of all the compuls are represented in
Fig. 3.6. Based on the second derivative of the hessian matrix a
continuous colecoding scheme is used, where strong attractive
interactions are represented in blue, weak interactions in green, and
strong repulsive interactions ned. Visual inspection of AVs clearly
illustrates the hydrogen bonding interaction between the C=0 of
carboxylic acid and the NH group in all cases. Here, isosurfaces
between the C=0 of carboxylic acid and NH are a mixture of blue and

88



Chapter 3

yellow The presencef critical points is still clearly marked by a
distinct blue region centered at the BCP corresponding to a moderate
hydrogen bond and a distinct yellow region centered at the ring critical
point.

However, because of the absence of a bond critical point
between the catechol moiety in tAeand1c compound, the hydrogen
bonding interaction cannot be quantified quantitatively. Since
experimental reports reveal the existence of hydrogen bonding
interactions between nuclei, the absence of BCP cannot be dedclu
as a lack of hydrogen bonding interactions which may be due to the
collapse of two critical points, BCP and RCP (ring critical point; a
secondorder saddle point found at the center of the ring) in
intramolecular bonding[15]. The absence of BCP doesn't mean
evidence against hydrogen bonding, but only the absence of a single
piece of evidence of hydrogen bonding using this th¢ti}y. Hence
the strength of hydrogen bonding was estimated by calculating the
difference in energy betwedhe optimum geometry andetgeanetry
with the O3H 3 ' é . bondl 'rotated 180° away from the optimum
position. The difference in energy obtained-%64634 kcal/mol and
4.4630 kcal/mol respectively foEc and 1c and is the hydrogen
bonding interaction strength.

Il n the RD@)Yscsaurge (&ig. 3.7),
are represented by the Ledensity, lowgradient spikes at negative
values (blue) and the lodensity, lowgradient spike at very near zero,
with slightly negative values, indicates the weak van der Waals
attraction(Light green).
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Fig.3.6. The colorfilled RDG map showing nerovalent interactions,

the hydrogen bonds are displayed in blue, van der Waals is presented
in light green, and steric repulsions are shown in red.
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p >0 sign(i,)p decrease p =0 sign(4,)pincrease p >0

i<0* A ~0 Y >0
\ J \ J \ J
' h'd h'd
Strong attraction: Van der Waals Strong repulsion:
H-bond, halogen-bond._. interaction Steric effect in ring
and cage. .

Fig.3.7. Plots of thereduced density gradient versus the electron
density multiplied by the sign of the second Hessian eigenvalp, of
2f, 2¢, 2s 1p, 1f, 1c, and1s. A labelled color bar igiven for easily
understanding theature ofNon-covalent interactions.

3.3.8. Frotier molecular orbital analysis

The energy and distribution of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are
also important parameters for explaining the radical scavenging
activity of the molecule. In aoctnparative study compounds with
higher value of HOMO and lower value of LUMO are the criterion for
a good radical scavenging molecule. Moreover, the distribution of
HOMO-LUMO orbitals and the energy
the reactivity of the molecule. Lowering the band gap esatlie
electron movement from HOMQUMO easier, hence higher the
reactivity. The region where HOMO orbital contributions are absent
and are found is an electrophilic center and electrons areoligene
at these sites. The HOMQUMO distribution and the reergies of
HOMO, LUMO, and band gap are respectively provided in Fig.3.8.

The HOMO distribution in all molecules are almost similar means, the
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electron distribution equally contributed in all atoms except carbonyl
carbon and hydroxyl group of the carbogyfunctional group. Also,
the LUMO distribution is throughout the molecule except at C3' and
C5' atoms and th@CH3 functional group.

For the molecules studied here, the calculated valuegdafoE
and Euwo in the gas phase areiduio (2p) =-7.11eV and Eymo (2p)
= -1.15,Enomo (2f) =-7.00eV and Eumo (2f) =-1.15€eV, Exomo (2€)
=-7.10eV BE.uwmo (2¢) =-1.16eV, Epomo(2s) =-7.02eV and Eumo
(2s) =-1.18eV, Epowmo (1p) =-7.32eV and E ymo (1p) =1.17 eV,
Erowmo (1f) =-7.10eV andE_ymo (1f) = -1.18 eV, Eqomo (1C) =-7.26
eV andE ywvo (1c) =1.19eV, andEponmo (1s) =-7.11eV andE ymo
(1s) =-1.18eV, respectively. These are comparable to theusand
ELumo values of quercetin;5.69 eV and-2.3 eV respectively. The
computed values of energyga a r e 2peBf, 2¢€ Bsrlp, 1f, 1c,
and 1srespectively are 5.96V, 5.85eV, 5.94eV, 5.84¢eV, 6.15¢V,
5.92eV, 6.06eV, and 5.94eV. The compound&s and 2f present the
highest HOMO energy and the lowest energy difference between
HOMO and LUMO, amag the studied AVs, while the lowest HOMO
energy and higher energy gap are foundlforindicating tha@s or 2f
would be the strongest electron donor dmwill be the weakest
electron donor. By comparison, the order of the eleatimmating
ability predicted by the HOMO energies follov2é = 2s> 1f > 2c> 2p
>1s>1c>1p.
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Fig.3.8. Energy diagram of the frontier molecular orbitals of the
compounds studied along with their energy gaps (eV) in gas

3.3.9. ESP

Electrostatic potential (ESP) is a popukay of visualizing the
electrostatic nature of molecules on thd@mensional surfaces. It is a
useful descriptor related tahemical reactivity, especially for
identifying thesites of electrophilic and nucleophilic attfb&]. The
molecular electrostatic potential V(r) in the space around a molecule is
given by the equation 3.4

Z, . r(r)

V(r):aARA- r -n(r' -r)dr

(3.4)

Where % is the chargefonucleus A, located atR )i the’
eledronic density function for the molecule, s the dummy
integration variable, and V(r) at any point gives the interaction

between the electric charge generated by the molecule and a proton
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kept at a distance The electrostatic potential on a van der alga
(vdW) surfaceof compounds is shown in Fig.3.9. The blue regions
indicate positive potential, i.e., the sites for nucleophilic attack, while
the red regions are prone to electrophilic attack. The interpretation of
ESP can be done by using the colorcspen, where, the red color
indicates the negative extreme and blue indicates the positive extreme.
These color spectrums containing red and blue regions represent the
electrostatic nature of the compoundige red color region indicates

the minimum electistatic potential site where electrons are loosely
bound or have excess electrons and acts as a site for electrophilic
attack. The blue region indicates maximum electrostatic potential and
acts as a site for the nucleophilic attack. That means, the eleitdro
attack at the site where the electrostatic potential is most negative, and
nucleophiles attack where it is most positive. The green regions are

neutral.

It can be seen that the blue regions in all the compounds are
located on thehydroxyl proton, wheeas the red regions lie at the
oxygen atoms. Apart from the surface color the diagrams also
represented the quantitative nature of surface local minima (small blue
spheres) and maxima (small orange spheres). The largest negative
value was found to be at9Q(carbonyl) in all the compounds and it lies
around 3537 kcal/mol, which corresponds to the global minimum on
the surface. The highest negative potential at ther€@@als the high
delocalizing nature of the carbonyl bond. Moreover2mandlc, the
highest positive potential or global maximum was found to be arising

from the 4 hydroxyl proton. This gives information regarding the
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intramolecular interactions which are likely to be displayed by the
molecule. For all the other compounds (excdpand 1c) the highest
global maximum lies on the hydroxyl proton of the carboxylic group.
For 2f and2p, the next highest positive potential was exhibited by the
proton of 5 hydroxyl proton. Also found that subdidn of the ortho
position of 40H decreaseshé positive potential value of upon
methoxy groupZsandls), whereas increases with the hydroxyl group
(2candio).
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Fig.3.9.ESPRmapped molecular vdW surface of the compound

studied All values are given in kcal/mol.
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3.3.10. Conceptual density functional theory (CDFReactivity site
analysis

The conceptual density functional theory (CDFT) originally
developed by Robert Parr is a theory framework aiming to unravel the
reactivity of the chemical system. CDFT canganumerous concepts
and quantities, some of them can be used to predict favorable reactive
sites and reactive character, and some of them can compare reactivity
among different chemical species. Here under conceptual density
functional theory the chemica descri ptors such as el
chemical hardness ), chemical softness (S), electrophilicity index
(r), and chemical potenti all[l7( ) , anoc
20].

3.3.10.1. Chemical descriptors

The conceptual density functional theory based chemical
react vity descriptors such as el ectror
(), chemical softness (S), el ectrop
potenti al (¢e) were defined to get
chemical reactivity of the compound. The reactivity dgsars are
tabulated in Table 3.9. The capability of the compound to accept
precisely one electron from a donor is measured by its electron affinity
(EA) and the measure of the compound to give away an electron is
given by its ionization potential (IP) (egtion3.53.12). The ionization
potential obtained is in the range of 7:5587 eV and electron affinity
is around 0.58).60 eV. These values are comparable to the values of
Quercetin which is a weknown antioxidant molecule, where IP and
EA respectivel, are 7.86 and 1.03 eV.
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Vertical ionization poterial ( NP)=E 0, -Enewa (3.5)
Vertical electron afinity (VEA =E . “Eanion (3.6)
Mulliken electronegativitfc) :%( VIP+ VEY (3.7)
Chemical potentiglm) = - ¢ (3.8)
Hardnes$7) =%( VIP- VE} (3.9)
1
Softnesg )s= — (3.10)
2h
Electrophilicity indeXw) = - (3.12)

NUCIeOphIIICIty Inde(( I>l/enanthramidg = E—iOMO Avenanthramjde_ E HOMO &eyanoethylene
(3.12)

The chemical hardness of the molecule is the rigidity of the
molecule, i.e., the resistance of a molecule to undergo polarization of
the atom according to the external environrfigjt It reveals the
overall charge cloud anche stability of the molecule. Chemical
softness is the reverse of hardness, i.e., it explains the easiness of the
electron cloud to undergo polarizati@8]. The chemical potential of
the molecule is generally the tendency of the electron to move from the
region of higher potential to Yeer potential until it becomes
equilibrated. In DFT, chemical potential measures the escaping

tendency of an electron from equilibrium and is the negative of
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electronegativitjzl]. Electronegativity is the tendency to attract
electrons towards it. The electrophilicity index is #teength of the
electrophilicity of the species which is an indication of chemical
reactivity and a useful tool in accessing chemical and toxicological
potentials of the molecul20]. The values of these descriptors are
comparable to the values of quercetin, then; these can be considered

potential antioxidant compounds.

Table 3.9 The chemical reactivity descriptors of the selected AVs
obtained at the MO&X/6-31+G (d, p) level of theory in the gas phase
(Unit eV and for softness &Y. All the descriptors are calculated for
Quercetin and taken as a reference for comparing results

2p 2f 2c 2s 1p 1f 1c 1s  Quer*

P 767 755 7.66 755 7.93 7.71 7.87 7.68 7.86
EA 054 055 055 059 059 058 059 060 1.03
Electronegativity 4.11 4.05 4.10 4.07 426 4.14 423 414 4.44
ggtzr:t'i‘;?' 411 -405 -410 -407 -426 -414 -423 -414 -4.44
Hardness 357 350 356 348 367 356 3.64 354 341
Softness 014 014 014 014 014 014 014 014 0.15

Electrophilicity

index

Nucleophilicity

index

1.18 117 118 119 124 121 123 121 289

204 216 206 214 182 205 190 203 -

* The nucleophilicity index was calculated about Tetracyanoethylene.

*Quer is Quercetin used as a reference to compare results
3.3.10.2. Fukui function and dual descriptor

The electron densitipased local reactivity descriptors, such as

the Fukui functionsgquation 3.13), were proposed in addition to the
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chemical descriptors to offer a deeper understanding of the chemical

selectivity or reactivity at a specific region of a chemical syR22m

f :é,W(r) g
o Nk (3.13)

where N is the number of electrons in the present system,
el ectronic density i s drreimtoetpatél by } ,
derivative is external potential. The reactive locations often have a
higher Fukui function value thandtother areas. With the aid of Fukui
indices, it is possible to pinpoint the atomic locations vulnerable to
nucl eophilic and electrophilic attac
additional tool for identifying reactive arda8]. To characterize the
reactive sites of a chemical, it is defined as the distinction between

nucleophilic and electrophilic Fukui functions (equation 3.14).
DE() #°0) ) (3.14)

The condensed version of the Fukui function and dual
descriptor are reported to be more appropriate for quantifying
electrophilic and nucleophilic sites. The condensed version of Fukui
functions abmic population number is used to represent the amount of
electron density distribution around an atom. The condensed Fukui

function and dual descriptor for atom A can be represented as

nucelophilic attack = Q-0

electrophilic attack =4, -0
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A A
radical attack = On-1 . On 4

DfA :fA+ fA_ (CF:I qﬁhfl) (qﬁ—_l qﬁl) _zqﬁl :q:llk qﬁll

With the aid of Fukui indices, it is possible to pinpoint the
atomic locations vulnerable to nucleophilic and electrophilic attack.
Table 3.10 lists the Fukui functions and dual descriptors for each of the
compound's t@mic sites. A pictorial representation of Fukui dual
descriptors is shown in Fig.3.10. The isovalue of 0.004 was used in
representations of Fukui functions and dual descriptors. The blue
regions correspond to negative regions prone to electrophilic attack
and the green regions are positive areas prone to nucleophilic attack.
The Fig.3.10 depicts the nucleophilic and electrophilic sites in each
compound. The central bridging atoms between two aromatic rings are
found to be incredibly contributing towards eefrophilic or
nucleophilic attack in each compound along with the oxygen atoms in
the hydroxyl group. The quantitative nature of reactive sites is
estimated by the condensed Fukui function utilizing the Hirshfeld
charge, which is one of the most recomnazhchethods for population

analyses.

For 2p, the electrophilic attack or atomic sites with nucleophilic
character are in the order 2N > 5(0)> 5(C ) >3(C ) >6(C )> 4'(0)>
4'(C )>2(C ) and the electrophilic character of atomic sites are in the
order of 7(C ) > 9'(0) > 7(C ) > 7(0O) of C=0 > 9'(C>4(C) as
respectively from f and f+ values given in the Table 3.10. As

discussed earlier thBf also provides a simultaneous description of
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both electrophilic and nucleophilic sites in the molecule®fit O,

then the site is favorable for a nucleophilic attack, or the atom acts as
an electrophile, whereas f < 0 then the site is favorable for an
electrophilic attack. The order &f (Df > 0) are in the order of 7(C )>
9'(C )>7'(C )>9'(0)>7(0) of C=04(C )>7(0) of OH>7'(H )>8'(H
)>7(H)>8'(C)>6'(C )>4(H )>6'(H )>1(C). The series from(C ) to

1(C ) are in the decreasing order of positive valuBforhat means it

is the order oDf > 0 or the atomic position according to nucleophilic
attack.7C is highly electrophilic, i.e. more positive can be revealed as
a more favorable site for nucleophilic atta¢k3]. Since the
electronegativity of the cadm, oxygen, and nitrogen atoms is greater
than the hydrogen atoms, the hydrogen atoms are eladfamient

and prone to nucleophilic attack. The ordeDbf(Df < 0) are in the
order of 3'(H )< 5'(H )< 4'(C )<2'(H )<2'(C )< 6(H )< 4'(H )<5'(C )<
3(Cxkx6(C)<3(H)<5H)<NMH)<4'(0O)<2(C)<1(C)<3(C)<
5(C ) <5(0) < 2N. The highest negative value of 2N revealed it as the
most nucleophilic position in the molecule or it is the most favorable
site for electrophilic attack. The electron riblgdrogen are in the
order of 3'(H )< 5'(H ) <2'(H)< 6(H )< 4'(H )< 3(H )< 5(H )< N(H ).
The high nucleophilic character of NH hydrogen was due to the
hydrogen bonding interaction with the carbonyl oxygen of the
carboxylic functional group. The hydrogennuling interaction and its
guantified results are published in our previous @tk Among
phenolic hydrogen atoms, the 5(H) are found to be elecicbnand

the results obtained are consistent with the ESP value given in Fig.3.9.

The higher electromich character of the 5(H) position is also
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consistent with the reactivity of the molecule towards radicals in the
studies of the antioxidant activiBAi 26].
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Fig.3.10. The contour graph of the dual descriptor of AVs studies in
the gas phase.

Table 3.10The Fukui descriptors @p in the gas phase

Atom q(N) q(N+1)  q(N-1) f £ 0 ef
5(0) -0.191 -0.217 -0.127 0.066 0.0%6 0.045 -0.0®
7(0)of OH  -0.159 -0.192 -0.141 0.018  0.033 0.0% 0.015
9'(0) -0.283  -0.340 -0.254 0.028  0.057 0.08 0.0
4'(0) -0.185 -0.213  -0.143 0.02 0.09 0.035 -0.013
7(0)of C=0 -0.265 -0.319  -0.240 0.025 0.0% 0.039  0.0®
2N -0.0® -0.083 -0.014 0.066 0.004 0.0%  -0.06L
2(C) 0.054  0.0315 0.02 0.08 0.03 0.030 -0.015
1(C) -0.033  -0.069  0.00L 0.033 0.03% 0.0% 0.0@
3(C) -0.056 -0.061 0.001 0.0%6 0.016 0.031  -0.030
6(C) -0.047  -0.084 -0.003L 0.04 0.037 0.040 -0.007
5(C) 0.066  0.034 0.128 0.062  0.032 0.047  -0.030
4(C) -0.056  -0.093 -0.016 0.029  0.048 0.0® 0.019
1'(C) -0.07 -0.05  0.006 0.0 0.008 0.06 -0.015
9(C) 0.165 0.115 0.17% 0.010 0.060 0.080 0.000
7(C) -0.011 -0.081 0.0% 0.037 0.0 0.0% 0.033
8'(C) -0.067 01066 -0.035 0.031 0.038 0.0% 0.007
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2'(C) -0.028  -0.04 -0.000 0.08 0.0% 0.0Z7 -0.001
6'(C) -0.0% -0.051  -0.006 0.020 0.0% 0.0 0.006
7'(C) 0.213 0.1% 0.2Z7 0.013 0.0% 0.0 0.042
3'(C) -0.066 -0.088  -0.039 0.0Z7 0.022 0.024 -0.004
5'(C) -0.052 -0.073 -0.027 0.05 0.02 0.03 -0.004
4'(C) 0.081 0.042 0.121 0.040 0.040 0.040 -0.001
3(H) 0.041 0.027 0.0&2 0.021 0.013  0.017 -0.008
6(H) 0.048 0.024 0.073 0.0% 0.04 0.05 -0.002
N(H) 0.094 0.087 0.113 0.019 0.007 0.013 -0.012
4(H) 0.047 0.017 0.072 0.025 0.030 0.08 0.005
7H) 0.044 0.017 0.061 0.017 0.0Z7 0.022 0.010
8'(H) 0.039 0.019 0.051 0.012 0.02 0.016 0.0®
2'H) 0.047 0.022 0.063 0.016 0.015 0.016 -0.00
6'(H) 0.04%6 0.033 0.056 0.01 0.013 0.017 0.002
3'(H) 0.042 0.02 0.061 0.020 0.020 0.020 -0.000
5'(H) 0.049 0.022 0.068 0.019 0.018 0.018 -0.001
5(H) 0.169 0.1%0 0.198 0.029 0.019 0.024 -0.010
7H) 0.183 0.157 0.201 0.019 0.0% 0.022 0.007
4'H) 0.171 0.153 0.19 0.020 0.017 0.0 -0.002

3.3.11. Gagphase basicity (GPB) and acidity constant (pKa)
determination

Next, the order of deprotonation tendencies of each hydroxyl
group in the selectedVs compounds was analysed. The phenolic
hydroxyl groups as well as the carboxylic functional group may
dissociate or get ionised depending on the pH of the medium. Hence,
the stepwise proton release in aqueous solution of compounds was
studied by calcdting the pKa values of each OH proton using the
thermodynamic cycle given in Fig.3.1The gasphase basicity (GPB)
of a base is the negative of the Gibbs energy change associated with its
protonation reaction in the gas phase. Equations 3.15 &3.16 depict
calculation of Gibbs energy change associated with the deprotonation
of neutral and carboxylate forms of seleckéds and equation 3.17 is

used to calculate pKa values of each deprotonation.
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AV(OH)a AV(OH)u1O + H*
(2) (2)

(2)

AG"is (AV(OH),) AGsow (AV(OH),10') AG, (HY)

AG deprot (2Q)

AVOH), AV(OH)HO‘)+ H*

) (aq (aq)

Fig.3.11. Thermodynamic cycle to calculate the GPB andt fpKa
values of the deprotonation sites present in AVs (AV (OH)n) (here AV
are represented as AV (OH)n for including OH groups).

Ixodeprot(a'q) :GPB + @w( A\( OH Rl O) -%op |_D @E}Ic DQ\V OH)

(3.15)
II3()(ieyjrot(a‘q) :GPB +@I\( A\( OH R2 Q) gop H) %)I( DQ\V OHr{]_ Q
(3.16)
pKa — I:E'((i)eprot(acl)
RTIn10 (3.17)

The computed gas and aqueous solution basicities for the
ionization of each hydroxyl group present in the compounds, along
with their sequential pKa values, are given in Table 3.11. The lower
pKa value of the carboxylic hydroxyl grpuof all the selected
compounds revealed the predominance of carboxylates of AVs in
physiological pH. The second deprotonation sites in all the compounds
are found to be favored from 4'OH. It refers to the enhanced charge
delocalization of anionic speciggenerated from the paphenolic
group via extended conjugation. On comparing, the pKa for second
deprotonation, the lower was found to be for caffiec acid derivatives,
2c and 1c. The lower value of pKa ofc and 1c will be due to
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stabilization by intramlecular hydrogen bonding from the nearest
hydroxyl group in addition to the charge delocalization. The methoxy
substitution (electron donating) ortho toGH decreases the tendency

of proton transfer due to the formation increased charge cloud near the

anionic species. Fa2candlc,t he pka

range of (1618) meant for the higher basicity. The bulkiness and type

v al

ue 5o0h

and

of the substituents are two significant elements that influence the

deprotonation sequence. Furthermore, the Igtalnf the resultant

anionic species is important in defining the subsequent deprotonation

and pKa values of the phenolic groups.

Table 3.11Calculated gas and aqueous solution basicities (kcal/mol)

and pKa values of AVs.

Compound Bond GPB PG pKal pKa2
deprot(aq)
2p COOH 317.33 3.36 2.473 -
50H 332.25 18.08 13.31 17.17
4'OH 323.02 15.97 11.75 12.75
2f COOH 317.27 4.22 3.10 -
50H 330.21 18.32 13.48 17.76
4'OH 327.81 18.23 13.42 15.63
2c COOH 316.16 4.18 3.08 -
50OH 331.55 18.30 13.47 17.70
4'OH 316.18 11.70 8.61 9.92
3'OH 335.98 20.08 14.78 17.16
2s COOH 316.30 6.34 4.66 -
4'OH 325.09 17.04 12.54 13.90
50H 330.72 18.29 13.46 17.21
1p COOH 317.20 5.82 4.28 -
4'OH 322.31 15.61 11.49 12.67
1f COOH 317.55 551 4.06 -
4'OH 327.16 17.60 12.95 14.37
1c COOH 316.77 4.54 3.34 -
4'OH 316.09 12.23 9.00 8.73
3'OH 335.87 21.05 15.49 16.08
1s COOH 318.19 5.57 4.10 -
4' OH 325.19 16.67 12.27 13.24

10¢€

3



Chapter 3

3.3.12. Influence of pH on the ionization of AVs

The pKa values show that tlkempounds exist as their meno
deprotonated forms carboxylate form at physiological pH. With the
increase in pH, at nexteprotonation occurs from theOH phenolic
hydroxyl group of the compounds, which results in the formation of
dianion of AVs. The pHange at which each compound forms its
dianion changes according to the structure. The comptamahd 2c
aroundpH87Aand 9. 92 respectively,- forms
O-monoaniorcarboxylates.

-
6 A 0 o o
L] 5o L
%o 9
>0 - 2 o
e ) “ "
3‘1 [, 2n) P
\1" 8 >
> »>e ’
e "0 0
° > s’ e
e 4 9 o .. 54 2
5 ' 9 () > s B
[ BY [ BY ~ 2
[ B
T T T T T 1
2 4 6 8 10 12 14

Fig. 3.12 Effect of pH on the ionization dic

The pKavalues of otherAVs 2p, 2f, 2s 1p, 1f, and 1s
respectively for the formation of its dianionic form are 12.75, 15.63,
13.9, 12.67, 14.37, and 13.24. Itane that these compounds for@4'
anion from the carboxylate forms of its correspondig at an
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increased pH value. The Fig.3.12 represents the effect of pH on the

ionization of2c.
3.4. Conclusions

In this work, the computational investigation of conformation,
and structural properties of eight AVs nam2jpy 2f, 2c, 2s, 1p, 1f, 1c
and 1s were investigted. Structures were carefully optimized
following conformational analysis and optimal basis set selection. The
density functional theory with MG&X/6-31+G (d, p) was used to
explore computational investigations. The computed molecular
structural paramets, and'HNMR and **CNMR exhibit satisfactory
correlation with the experimental results using the same level of
theory. The noftovalent interactions were studied using the QTAIM
method and quantified the intramolecular hydrogen bonding
interactions in dlthe studied compounds. Aromatic index values point
out that ring B is more aromatic than ring Ahe nucleophilic and
electrophilic attack regions in the molecules are characterized using
electrostatic potential map and fukui indices. Using the conakptu
density functional theory the chemical and global reactive indices are
carried out. Using the pKa calculation, the different deprotonating sites
were analysed and the anionic forms according to different pH ranges

were identified.
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Appendix 3

d structures of E forms fromiE31

imise

Fig.A.3.10pt

d structures of Z forms from -Z20

imise

Fig.A.3.20pt
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Calculated3C NMR
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Calculated3C NMR
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Calculated 1FNMR
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Fig.A.3.3.Linear regression analysis 4 NMR and'*C NMR spectra







Chapte#d

Visualization of UV and ECD spectra of
E&Z isomers of-M-Hydroxy
cinnanoyl)}5- hydroxyathranilic acid

V The theoretical background of the electronic transiti@aanduV
ECD spectra of E and Z isomers of Avenaspraxaicéned

V The physical mechanism of the electron transfer process during light
excitation is more intuitidelcribed along with-dimzensional and
threedimensional visualization methods.







Chapter 4

4 1Introduction

The AVs; N(4-Hydroxy-cinnamoyl}5- hydroxyanthranilic
acid @p) is the nitrogercontaining polyphenolic compounds found
application in radicakcavenging @d antioxidant activity, ami
inflammatory activity, antiproliferative activity, potential therapeutics
for cerebral cavernous malformation disease, -agitig, and
anticancer activities, etc[1i 8] and all are discussed in earlier. Here
the transition characteristics cinabsorbance of the selected AV
molecules are involvedBecause of absence literatures especially
theoretical investigations on the optical properties of the AVs, the

discussions are somewhat indispensible.

As mentioned earlier AVs are cinnamayithranilic acids, as
due t o-double®ondithef can form twsomers, E & Z isomers.
The formation of both these isomers is evidenced in the article
proposed by F. William Collif8]. AVs undergoes E&Z isomerisation
in day light or UV light and E &Z forms of different AVs compounds
are identified  [97 11]. The Zisomer of N(3',4-
dimethoxycinnamoyl)anthranilic acid has found to possess 10 times
antiallergic property than the-iBomer and the photo irradiated product
of E-isomer, the Asomer was found to inhibit hyaluronidase more
effectively than Esomer[11]. Therefore, a thorough excitation study
of the compounds is of utmost importance when taking into account

both isomers.

The E & Z isomers of AVs calleN-(4-Hydroxycinnamoyh5-
hydroxyanthranilic acid 2p) are selected for the study (Fig. 4.1.).




Chapter 4

Here in webve begun with defining t|
electronic transition in UWis and ECD spectra. Then the physical

mechanism of the electmotransfer process during light excitation is

more intuitively described along with twtimensional and three

dimensional visualization methods.

Ty

H| 7 1somer
Fig.4.1.The molecular structure of E and Z isomers

E 1somer

4.2 Computational details

Gaussian 16 software is used foagtum calculatiori22]. The
geometric optimization was carried out with th86+G (d, p) basis set
and M062X functional [13]Jwhich were chosen for the higjuality
theoretical approach. The optimized structures of the compounds are
shown in Fig. 4.2. The calculations of excited states and UV and ECD
were obtained by performing the JDFT calculation method; using
PCM (Polarizable Qatinuum Model) as the solvent mod@Pl]. The
Gaussian broadening function and the FWHMIl width at half
maximum) value of 0.66667 eWas used to plot UV andCD spectra.

The frontier molecular orbitals (FMO) were plotted and the energy gap
was calculated. The Natural transition orbital (NTOE)5],

el ect r oinandl\si$lé], the &ransition dipole moment density

12C
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matrix, the transition electric dipole moment, and the transition
magnetic dipole moment density are performed by the Multiwfn 3.8
progranil7]. The wave function files for the compounds were
obtained from the Gaussian 16 W, which serves asngh# file for
Multiwfn 3.8, a wave function analyzer software program. The
isosurface for the distribution of electrbiole coherence, NTOs,
transition electric dipole moment density, and transition magnetic
dipole moment density maps in thréenensional(3D) space was
rendered by using VMD softwdde].

4.3. Results and discussion
4.3.2. Electronic properties
4.3.1.1. UV spectral analysis

The two isomers were optimized with M&BX/6-31+G (d, p)
using Gaussian 16 program. The optimized structure 2y &nd Z2p
are given in Fig. 4.ZThe potentia energy surface scannird Z-2p is
detaled in Fig.A.4.1A Time-dependent DFT approach was carried
out on the compounds to study the solvent effect on the compound in
the aqueous phase. The solvent model IEFPCM (Integral Equation
Formalism Polarizable @tinuum Model) was applied to study the
solution phase and SMD solvent model also checked and no major
deviation in absorption intensities are observed. The UV spectra of the
compounds are given in Fig.4.3. The excited state calculations and UV
absorptionanalysis of these compounds are carried out using the
vertical transition methadrhe molecular orbitals involved in the main

transition with the largest oscillator strength have been considered and
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shown in Fig. 4..4.enemhegap( cpkdscillatbrat ed o
strength (f), and the corresponding assignments are tabulated in Table
4.1.

In an electronic transition, the smallest energy gap exists
between its HOMO (H) and LUMO (L) energy levels. This is the
maximum wavelength at which absorption takes place in a molecule.

The energy gap of near 4 eV reveals the absorption idVhesgion of

the electromagnetic spectrufd, 19, 20] For E2p, t he pE for
transitionsH to L, and H to L+1are around 4 eV, and similarly tié¢

to L+1 of Z2p. Hence both these transitions span the UV region of the

electromagnetic spectrum.

UV radiations can be UVA, UVB, and UVC where tlong-
wavelength UV A (328400 nm), medium wavelength UV B (290
320nm), andshortwavelength UV C (20290 nm). Exposure to both
UV A and UV B rays may sometimes lead to sunburn, Hi@mm skin
damage such as wrinkles, skin cancer, such as melanoma, aging of the
skin, et¢19, 21] The absorption maxima of these compounds lie in the
region of UVB (' 320 nm) with an appreciable oscillatory strength.
Since these can be a good candidate for UV absorption study more into
toxicity analysis, penetration power, the efficiency of absorption, etc.
We already reported the antioxidant activity of the Anvs aond
photoprotection of these compounds is another area to explore and it

will discuss in coming chapters.
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E isomer Z isomer J’

Fig.4.2.0ptimized structure of E and Z isomers2pf

The curve of the UWis spectrum together with the
contributions from the transitions whosesalute value of strength is
larger than 0.01 is plotted for both2p and Z2p in both the gas phase
and aqueous medium and is shown in Fig.4.3. The black curve is the
underlying character of the total WVis spectrum of compounds. So
the total spectrum emains only two peaks not correspond to any
transitions individually. From Fig. ¢
and SO Y S2 transition completely r
intense peak between2802 0 nm. Similarly, the SO
S14 transitionsnerged and formed the shoulder band around 200 nm.
So for further UV analysis the tran:t
S12, and SO Y S14-2minthe gasophasd. Ther ed f o
transitions SO0 Y S1, S0 Y s2, SO0 Y
respectively theransition between orbitals HOMO to LUMO, HOMO
to LUMO+1, HOMO2 to LUMO, and HOMO to LUMO+7. In water
(Fig.4.3.b), SO Y S1, SO Y S2 transi

the intense peak between 2320 nm, and a shoulder peak

12¢
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corresponds toS0SOY YS1S31 0t, r aannsdi t i on s .
transitions in water corresponding t
and SO Y S13 are HOMO to LUMD, HOMO
to LUMO, and HOMO to LUMO+4. Ep in water forms an

additional peak on the shoulder peak out of the rdkge with non

negligible oscillator strength corre
an aqueous medi um, the intensity of
than that of SO Y S2 (f= 0.62). But
reversed in the gas phaseher e f = 0.52 for SO Y SI
SO Y S2. Hence in water, the electr

filled molecular orbitals (HOMO) to vacant molecular orbitals
(LUMO) corresponds to intense peaks, whereas HOMO to LUMO+1

in the gas phase.
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b)

Oscilator strength
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d)
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Fig. 4.3.UVi Vis spectrum of the £p a) in vacuum b) in water, and
Z- 2p c) in vacuum d) in water

The UV curve of Z 2p was quite different from E2p
(Fig.4.3.c & d). The transitions in Z isomer span in UVC region while
that of E isomer njarly in UVB region of electromagnetic spectra.
Exposure to all UV rays (UVA, UVB, and UVC) leads to sunburn and
skin damage, fortunately, UVC radiations are completely absorbed by
mol ecul ar oxygen and ozone in the e
radiatiors do not come in contact with skin. So, a wide application of
Z- 2p, especially in the cosmetic industry as UV filters or UV blockers
can be excluded, since it absorbs only in the UVC region.

For Z isomer in gas phase main tr
SOY S11, and SO Y S15 respectively
LUMO+1, HOMO-1 to LUMO+1, HOMO to LUMO+3, and HOMO

12¢
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3 to LUMO transitions. Wher eas, in W
S10, and SO Y S12 respectiv-#toy the H
LUMO+1, HOMO-2 to LUMO, and HOMG2 to LUMO+1. Table 4.1
represents detailed UV data of both the E & Z isomeB&pof
Table 4.1Theoretical absorption wavelength maximum (nm), energies
( pE) , % mol ecul ar orbital contributi
E-2p & Z-2p both ina vacuum and aqueous phaseHBMO and L-
LUMO)
PE Omax f % Transition pE max f % Transition
(eV) (nm) (eV) (nm)
Absorption energies
E-2p -1047.925263 A.U. Z-2p -1048.06419090 A.U.
3.90 31754 052 76.88 HtoL 448 276.92 0.13 46.08 Htol+l
(%3]
8 440 28207 072 5202 Htol+l 5.14 240.89 0.26 62.36 H-1tolL+1
5.92 20929 028 3872 H-2tolL 586 211.63 0.14 57.97 HtolL+3
6.04 20525 0.35 4418 HtolL+7 6.12 20273 0.18 4433 H-3toL
E-2p 1047.948302 A.U. Z-2p -1048.0862430A.U.
_ 387 32066 0.80 81.97 HtoL 444 27920 025 6050 HtolL+l
g 429 288582 0.62 5258 Htol+l 5.08 243.84 031 5465 H-1tolL+l
5.80 21363 027 4584 H-2tolL 581 21325 0.27 50.34 H-2tolL
597 207.70 0.38 5177 Htol+4 592 209.24 0.46 33.84 H-2toL+1l

In the gas phase,-Fp shows an intense absorption band at

317.54 nm with 0.52 oscillating strength, which is from the highest

molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) (" 77%). In the HOMO, the electron is deloeall through
the whole molecule except the hydroxyl group of carboxylic moiety

and the delocalization of electrons in LUMO orbitals is throughout the

molecule as well. The second dominant transition is at 282.07 nm with
a 4.40 eV energy gap. This transitisnbetween HOMO to LUMO+1
( * 52%), wherein LUMO+1 orbital, the electrons are delocalized

throughout the molecule except the phenolic OH at the@mithaining
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aromatic ring. Here, the significant transition among this set of
compounds is due to HOMOG LUMO for intense transition and
HOMO - LUMO+1 for second dominant transition. So this means that
for an increase in the band intensity or oscillator strength there should
be a good overlap between the orbitals involved in the electronic
transition. Apart from these two transitions, drewt transition with
nontnegligible oscillator strength is observed corresponding to
HOMO-2 to LUMO and HOMO to LUMO+7. The absorption at
209.29 nm corresponds to HOM®Dto LUMO whereas HOMO to
LUMO+7 at 205.25nm. These transitions possess a high energyégap
eV), and low oscillator strength (f=0.28 for HOM®Dto LUMO and
f=0.35 for HOMO to LUMO+7).

a), Q° ‘ g0 D
Woad Hoocr Jogdy iy

®.umo LUMO+1 ° .LUMO

,“ssk\ ,“sso 2&9 Xy .“.,0

HOMO HOMO HOM -2 HOMO

b 4&
Y

“LUMO+] QLUMO+] LUMO+3 # LUMO

'hﬁm‘h >,

» M
HOMO  ®®oMO-1 *PHOMO 2 HOMO-3

Fig.4.4. Topology of orbitals having maximum contribution towards
the intense band and shoulder bands of-ap Bnd b) Z2p in the gas
phase
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Compare to e E isomer, the absorption intensities of
transitions of the Z isomer possess low oscillator strength. The four
transitions of prominent oscillator strength are given in Table 4.1. The
major absorption at 240.89 nm (f= 0.26) corresponds to HAMO
LUMO+1 transition. The peaks at 202.73 nm (f=0.18), 211.63 nm
(f=0.14), and 276.92 (f=0.13) are respectively due to transitions
HOMO-3 to LUMO, HOMO to LUMO+3, and HOMO to LUMO+1.

The absorption characteristics of these compounds are studied
in solvent water to. It is observed that the absorption maxima are red
shifted for both the intense and shoulder bands when the solution
changes to a more polar one. Fe2fi; major peaks are continues to be
HOMO-LUMO and HOMOLUMO+1. The main absorption band is
observed a820 nm with oscillator strength of 0.80, which is due to the
HOMO to LUMO transition. The second major transition at 288 nm of
oscillator strength 0.62 occurs between HOMO to LUMO+1. {2pZ
the intense band was shifted to 209.24 nm due to H&MO
LUMO+1 transition (f= 0.46) and next higher absorption at 243.84 nm
due to HOMQL1 to LUMO+1 (f=0.31). The absorption characteristics
of the E2p were studied in methanol solvent because of the
availability of the experimental UV in this solvent. The absorption
peak obtained can be comparable with the experimental absorption
band at 339 nm and 298 n®¥I. The details of transition in methanol
are not included in this work other than in Table 4.2. The correlation
between experimental and theoretical absorption reflects the reliability

of the level theory selected for computational asialy




Chapter 4

Table 4.2 Comparison of experimental (References are given) and
computational UVVis of E isomer

Compound UV- Vi spectra (nm)

Experimenta[9]* Theoretical*
298 288.75
E-AVA 339 320.65

*In solvent methanol

The observed bathochromic shift in polar media of two isomers
was due to the increalsgxtitesdtatepi | i zat
more compared to °~ orbitals (ground
that as the solvent becomes polar, the oscillator strengths are found to
increase and it could be due to better orbital overlap. This increase in
overlap is found to & evident only in main peak absorption and found
to be a decrease for shoulder peaks. That means the HOMO to LUMO
transition intensity increases as the solvent polarity increases and
HOMO to LUMO+1 transition intensity decreases. In water, the
oscillator strengths of values of HOMO to LUMO transition have
changed to f= 0.7984 from gabase values of f= 0.5243. Thus, with
an increase in polarity of the medium, the oscillator strength is found
to increase.

4.3.2.1.1. Natural transition orbital (NTO) analysis

NTO analwis is found to be essential in this case because the
MO of many transitions has no dominant contributions. Clearly, in the
excitation of SO Y S2, the | argest
merely 52.02 % (Table 4.1). Hence it is found difficultcmnclude
transition by viewing only one MO pair. So, two NTO pairs (occupied
and virtual pairs) faithfully reveal the real character of electron
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excitation. The NTO pairs of each transition Rk are given in

Fig.4.5.The eigenvalue of each NTO pairgwen in Table 4.3Forthe

S 0 Y Stransition, the occupied NTO with an index of 78 and the

virtual NTO with an index of 79 constitute the NTO pair with an
eigenvalue of 0.924810. Hen&®&-S1 excitationcan be regarded as a
transition freAmi ngorthoi ttahles "o*f otrhbi t a
ring including a carboxylic functional group aft least 92.48 %

confidence. ForS0-S2, NTO78Y NTO79 transition pairs with a

contribution of 75.63 % (eigenvalue of 0.756267) in which the
transition odaudrss offr oBn r'i ngr btio t he
orbitals of atoms (C9', C8', C7', C1'). For the same the NTO pair;

NTO77 Y NTOS80 also has a small contribution (22.26 %) to the
excitation. For the S0YS12 transit.i
bet ween NTO78(59. 8Z®yY9 and NTO77 Y
(31.57%). Both the occupied NTO in this transition occupied in

aromatic ring. Similarly, the $814 transition occurs within the A

aromatic system. ThdlTO78 Y NTO79 (49.15%) and
NTO80 (33.85%) are the NTO pair of magmntributions.

Table 4.3 points out the NTO details of four transitions of Z
isomer too. The isosurface map of NTO pairs of each transition is also
given in Fig. 4.6. For the SB2 transition, the contribution of NTO78
Y NTO79 was f ound ndingto M@'s cérfribitionor r e s p-
of 46.08%. For that, the 96 transi tion occurs fr
NTO79 with 85.24% and S811with 83.46 %. For S815 transition
occurs from NTO78 Y NTO79 (69%) and
non-negligible contribution (18%).
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Table 4.3 Occupied NTO, Virtual NTO, Eigen value, and %
contribution of transitions of 2p and Z 2p

E-2p
Transition Occupied NTO Virtual NTO Eigen value % contribution
S0YS1 78 79 0.924810 92.48
S0YS2 78 79 0.756267 75.63
77 80 0.222633 22.26
S0OYs12 78 79 0.593451 59.35
77 80 0.315703 31.57
S0YS14 78 79 0.491561 49.16
77 80 0.338553 33.86
Z-2p
S0YS2 78 79 0.789764 78.98
77 80 0.156980 15.70
S0YS6 78 79 0.852463 85.25
sSoYs11 78 79 0.834554 83.46
S0OYS15 78 79 0.690639 69.06
77 80 0.178642 1786
NT%Z%‘ NTO 79&-
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NTO 78

NTO 77

S0-S12

NTO 79

S0-S14
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Fig.4.5. Natural transition orbitanalysis of E2p in each transition
states

S0-S2
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S0-S6

S0S11

S0-S15

Fig.4.6. Natural transition orbitabnalysis of Z2p in each transition
states
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4.3.2.1.2. Charge difference density (CDD) via electionle

The electrorhole analysis is a very powerful and practical set
of methods to explore the characteristics of electron excifaiip@2]
It describes the electron excitation as "hole to electron” so that it
examines the distribution of "holes" as to where the electron goes from
and the distribution of "electrons" as to where the sdectbeing
excited goes. The electron excitation is a local excitation (LE) or a
charge transfer excitation (CT) or a Rydberg excitatiorf1(R)23]
The type of transition involved during electroansfer can be easily
analyzed by the concept of electdoole coherence. The hole and
electron share the same spatial range in a LE excitation whereas the
separation between hole and electron will be larger in CT so that the
movement of charge density p@ssible from one place to another. In
support of the program Multiwfn, a detailed hellectron analysis was
carried out in TDDFT calculation and only those transitions of our
interest are reported here. The distance between the centroid of hole
and eletron or charge transfer length (D), overlapping extent of hole
and electron (Sr), the average degree of the spatial extension of the
hole and electron distribution (H), separation degree of hole and
electron (t), and the coulomb attractive energy(E[17, 23 25] are
fetched from hole electron analysis and included in the discussions
electron transfer processes.

In the examination, hole and electron are decomposed to orbital
pair contributions as well as fragment contributions and then
guantitatively investigated thelectron transfer distance, the degree of
separation between holes and electrons, the contribution of each
fragment to electron excitation, and the coulomb attractive energy.
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Then for visual inspection, a heat map and isosurface representations
of the excied state were also plotted.

The twodimensional map of the transition density matrix
(TDM) was also included to know electrbiole coherence in deep
[261 33]. The nature of transition with help of TDM can be identified
by the diagonal and ctfiagonal terms. If the diagonal terms have a
large magnitude implies that the corresponding atom adarge
contribution to both hole and electron. So therefore the electron
excitation should result in evident charge reorganization within the
atom. If the offdiagonal terms have a large magnitude one atom has a
large contribution to either hole/electravhile meantime other atom
has a large contribution to electron/hole, implying that electron
excitation leads to CT from one to another. The indices of the TDM
plot correspond to the atom index and th@xs corresponds to hole
position and the Yaxis forelectron position. In the present instance,
because all matrix elements far from the diagonal are very close to O
(shown as dark blue), hence the lemagge coupling between atoms
does not contribute substantially to electronic transition as shown by
TDM (Fig.4.7 & 4.8).

The fragmenbased analysis of electron & hole contribution
during the transition is analyzed to get a deeper insight into the
involvement of fragments and atoms. For that, seven fragments are
assigned namely, fragment 1(1), fragment 28(910), fragment 3 (2,
3,4,5,6,7), fragment 4 (11, 12, 13), fragment 5 (14, 15), fragment 6
(16, 17, 18, 19, 20, 21), and fragment 7 (22). The number given to the
fragments is atom number and the fragments selected are pictorially
represented in Fig.49.a & Fig.4.10.a.
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Table 4.4 summarizes the D, Sr, H, t, angBf two isomers.
For SO0YS1 e xAV/A it @ah beoseen thdt theED index is
very small (0.66 A) and its value is very much less than half the length
of a typical CC bond (.54 angstrmgq34]). The Sr index value
(0.72349 a.u.) is very much greater since ttieoretical upper limit is
1.0, which implies that almost more than half part of the hole and
electron are perfectly matched and hence can conclude that these
transitions are purely a local excitation. The t index also supports this
observation. Since éht index value of this transition i9.663 A and
which is much less than 0, meaning that there is no significant
separation of hole and electron distributions.

Table 4.4Charge transfer length, overlap integral, t index, H index of
E & Z isomers oRp.

E-AVA

D(A) Sr(a.u) HA)  t(A) Ecoul

(eVv)

SOYS1 066 0.72 343  -0.66 4.78
S0YS2 0.62 0.80 4.12 -3.25 4.43
S0OYS1:0097 085 393 -261 4.40
S0YS1.042 0.87 4.37 -3.33 4.11
SOYS1 049 073 381 -0.79 4.55
SOYS2 0.88 0.79 423  -3.06 4.31

Gas
phase

£ sS0VYS11156 0.84 335 -1.40 4.74
= S0YS1:078 0.87 4.09 -2.87 4.27
Z-2p
S0YS2 061 0.74 3.08 -1.50 4.81
© SOYS6 117 077 3.10 -0.87 4.63
T8 SO0YS1:382 053 279 184 3.72
Oa spysi1!1.25 075 312 -0.84 4.54
S0YS2 059 077 321 -1.33 4.64
= S0VYS6 102 075 3.15 -1.04 4.63
2 S0VYS11087 074 334 -152 4.42
= sS0vYs1:071 081 322 -091 4.57
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Under Table 4.4for E-AVA, the D index was found to be less
than one, and t values were also negative for all the excited states.
Also, the oveiapping extend (Sr) between hole and electron are found
to be increasing for SO0OYS1, SO0YS2, S
selected excited state revealing the transfer of electron by simple

excitation.

For Z-2p, besides the SO0YS2 steransiti
lengths of all transitions are greater than one. The charge transfer
l engths of SOYS11 are founamongo be ex
other transitions from the SO state. For the same, the t index is very
much positive (1.84 A indicating that he separation of hole and
el ectron is obvious, so it is more r
CT excitation. The low value of Srindex (0.53 a.u) and H index values
support the CT behavior of this transition. The other excitations
possess strong coherenoetween hole and electron revealing these as
LE excitations. The coefficients of electron coherence are found to be
low for E-2p compared to 2p can effectively correlate with the
oscillator strength. The oscillator strength of transitions of E isosner i
found to be larger than Z isomer. More the electrole coherence,

the greater the oscillator strength of the corresponding transition.

The holeelectron Coulomb attractive energy given in Table 4.4
is closely related to the electron excitation chareties. The larger
the D index is, the farther the distance between the main distribution
region of hole and electron, and thus the weaker the coulomb attractive
energy. From the data, it is indeed found that the Coulomb attraction
ener gy of & ¥Bekdtatign)ishtiee smallest one of that
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of all-electron excitations of E & Z isomers. While for the other
excitations, since their D indices are very small and very narrow H
index, it can easily imagine that the corresponding Coulomb attraction
shauld be very strong.

The change in oscillator strength given by the UV spectrum in
an aqueous medium is recreated by the concept of eldubien
coherence anal ysi s. The oscillator
increases from 0.52 to 0.80 in an aqueousdiom, whereas for
S0YS2 oscillator strength decreased
4.4, the D index of SO0YS1 changes fr
the D value indicates the greater overlap of orbitals in the agueous
medium, hence greater oscillawrt r engt h. Simi |l arly f ot
value increased from 0.62 to 0.88, Aecreased the overlapping

between orbital, and hence decreased the oscillator strength.

The indices given in Table 4.4 together with the isosurface
diagrams (Fig.4.7 & 4.8) can exglvely reveal the transition
properties in detail. From Fig.4.7 & 4.8, the picture given on the left is
the isosurface representation of electhahe coherence or isosurface
of charge difference density (CDD) and on the right is the TDM. In
the isosurfae diagram, green represents the electron distribution, blue
represents the hole distribution, and the isovalue has been set to be
0.002.
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Fig.4.7. The isosurface of CDD (Ieft) and tran5|t|on densﬂy matrix,
TDM (right) of excited states S1 &b), S2 (c & d), S12 (e &), and
S14 (g & h) of E2p.
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For the transition SO0YS1, both t
(Fig.4.7.a & b) shows that the excitation concentrated on the A ring.
Similarly for S0YS14, the hole and e
alsoonthe Aring (Fig.4.7.9g & h). For t h
S0YS12, as shown by the CDD and TDI
maximum coherence occurs on theilig (Fig.4.7. ¢ & d and Fig.4.7.

e & f respectively). In the TDM map of the present instance, the

elemants represented by green or red color speculate the left side and it

can be seen that the transition fro
| ocalized excitation within the atom
S0YS12 localized excitat s élenceitnvol ves
can also be said that SOWYSILE and SOY
excitation occurring on the A ring

transitions arg-p* LE excitation occurring on the B ring.

The pictorial representation of fragmdvdsed analysis of
eledron-hole contribution in each excited state eRx is given in Fig.
4. 9. The % of hole and electron are
transition (Fig.4. 9.b), the contribution of hole and electron emerges
from fragment 3, which is the aromatic systef the A ring. The sum
of contributions of the hole from carbons 2, 3, 4, 5, 6, and 7 is 55.55%
and the sum of electron contribution of 52.62% reveals an overlap of
hole and electron in these carbon atoms. The contribution of hole and
electron respectivey f or IAY%6 &hd 2661 % emerge from
carbon atoms of Bing (fragment 6) and also for this transition
fragment 3 and fragment 5 have a fayligible contribution. But the

overlapping extend of electron and hole containing orbital predominate
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for fragment 6. The heat map given in Fig.4.9.c diagrammatically
represents the data given in Table 45. 6@ YS12 uni quely tF
ring containing carbon atoms contributes with the hol€&55%&

electron 0f45.28 % (Fig.4.9.d). Similarly foS 0 Y S 1 4 tatiens, c i

fragment 3 (Aring carbon atoms) principally donate hok0.38%)

and electron (43.28%) (Fig.4.9.e). The advantage is that what is
established in TDM and the isosurface of CDD are quantitatively
metamorphosed using fragment analysis.

Fig.4.8 constutes the isosurface diagram of electiwle
coherence of 2p. The charge transfer characteristics®0D Y S 1 1
excitation are well given in Fig.4.8.c. It is worth noting that the hole
density lies on the Aing as well as the amide moiety whereas the
eledron density position lies absolutely on the B aromatic ring. Hence
the respective transition occurs as the charge transfer excitation is also
evident from TDM. This reflects large D index values as well as small
Sr and H index values given in Table 4.4ls& Table 4.6
guantitatively explained the transition as hole density from fragments 3
and 4 b62.4% and22.81 %)to fragment 60f electron density of
65.34%. Fig. 4.10.d is the heat map of th&¢ 11 exci t at i on.
it can be CT excitation qf-p * type from A-ring and the amide moiety
to B aromatic ring. In the S815, the electrehole coherence occurs
atAring atoms (Fig.4.8. g& h). For th
aromatic ring with grater electrorhole coherence and hence these
transitions belong to localized excited state involvipgp* of B
aromatic ring.Fig. 4.8.b & d represents the corresponding isosurface

diagram and Fig. 4.10.c & e communicates it as a heat map.
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Fig.4.8. The isosurface of CDD (left) and transition density matrix,

TDM (right) of excited states S2 (a & b), S6 (¢ & d), S11 (e & f), and
S15 (g & h) of Z2p.
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0111 Qverlap 0.078
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S2 Fragments
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0.302
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0.000
0.000 1 2 3 4 5 6 7
S14 Fragments

Fig.4.9. Fragment contributions ((a) the selected fragments) of- hole
electron coherence iertims of heat map for excited state S1 (b), S2 (c),
S12 (d), and S14 (e) of-Bp. The numbers in the vertical axis are
fragment numbers and each fragment is constituted by the atoms. The
seven fragments selected are fragment 1(1), fragment 2 (9, 8, 10),
fragment 3 (2, 3, 4, 5, 6, 7), fragment 4 (11, 12, 13), fragment 5 (14,
15), fragment 6 (16, 17, 18, 19, 20, 21), and fragment 7 (22). The
numbers in the bracket are atoms number corresponds to each
fragments.
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b) g 0.359 C) Hole

Hole 0.287
0.216 o
lectron:

0.144

0.072
0.000

0.653
0523
0392 Electron
0.261
0.131
0.000

Fig.4.10.Fragment contributions ((a) treelected fragments) of hele
electron coherence in terms of heat map for excited state S2 (b), S6 (c),
S11 (d), and S15 (e) of-Zp. The numbers in the vertical axis are
fragment numbers and each fragment is constituted by the atoms. The
seven fragments keted are fragment 1(1), fragment 2 (9, 8, 10),
fragment 3 (2, 3, 4, 5, 6, 7), fragment 4 (11, 12, 13), fragment 5 (14,
15), fragment 6 (16, 17, 18, 19, 20, 21), and fragment 7 (22). The
numbers in the bracket are atoms number corresponds to each
fragmens.
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Table 4.5Contribution of fragments to hole and electron 2

E-2p
S1 (%) S2 (%)
Fragments Hole Electron Overlap Hole Electron Overlap
1 6.94 0.22 124 298 0.22 0.81
2 1.41 24.71 591 0.73 564 2.03
3 55.54 52.62 54.06 2251 23.49 23
4 2051 8.47 13.18 8.95 1195 10.34
5 6.55 8.27 7.36 20.61 30.73 25.17
6 7.91 5.23 6.43 39.19 26.61 32.29
7 0.89 0.25 047 481 1.03 2.22
S12 (%) S14 (%)
1 0.95 0.24 047 398 0.73 1.7
2 0.64 4.03 161 211 1243 5.13
3 14.81 14.46 14.63 50.38 43.28 46.7
4 3.96 9.40 6.1 12.33 5.83 8.48
5 8.59 25.12 1469 5.13 13.82 8.42
6 68.55 4528 55.71 24.09 2282 23.45
7 2.25 1.11 1.58 1.74 0.79 1.17

Table 4.6Contribution of fragments to hole and electron R

Z-2p
S2 (%) S6 (%)
Fragments Hole Electron Overlap Hole Electron Overlap
1 2.94 0.52 1.23 2.65 0.35 0.96
2 1.53 4.3 2.56 4.54 3.4 3.93
3 21.32 17.25 19.18 18.38 7.34 11.61
4 35.93 26.77 31.02 1598 18.18 17.04
5 1259 2452 17.57 10.84 28.06 17.44
6 18.35 16.11 1719 3756 30.04 33.59
7 2.33 1.06 1.57 5.18 1.96 3.18
S11 (%) S15 (%)
1 7.18 0.1 0.83 1.69 0.46 0.89
2 3.1 4.12 3.58 2.32 15.88 6.06
3 52.4 5.42 16.85 15.34 24.23 19.28
4 22.81 3.26 8.62 5.87 10.62 7.9
5 0.96 3.98 1.96 2.65 13.02 5.87
6 9.11 65.34 24.4 64.52 23.15 38.65
7 0.17 1.04 0.43 15 0.82 1.11
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4.3.2.2ECD

Fig. 4.11 depicts the ECD spectra of both isomers. The E
isomer's in gas phase and water medium spectra are depicted
respectively in Fig. 4.11. a & b, while the Z isomer's gas phase and
water medium spectra are shown in.Fdll. c & d. The main peaks
are labelled in their respective position in the spectra. The ECD spectra
of the two isomers are different and it is observed that the rotator
strength of the E isomer is very low and whereas that of Z isomers is
very high.Also, the ECD intensity of the Z isomer is stronger than the
E isomer.

The E isomer provides five peaks in the spectral signature
(Fig.4.11.a)). The excited states S1 and S12 are characterized by
relatively large peaks, strong oscillator strength, and sifgo
directions. The positive peak at 3
transition, whereas the negative peak at 216 nm is mainly due to the
transition SO YS12. S17 is the stro
absorption peak of 193.9 nm in the absorption spet Hence the
excited states S1, S12, and S17 are selected for the detailed analysis. In
the aqueous phase (Fig.4.11.b)), the excited states S1, S3, S6, and S12
are the same as the gas phase, and an additional negative peak due to
excited state S28 issal formed. The peak at 318.2762 nm and 221.552
nm respectively corresponds to S1 and S12 excited states. Compared to
the gas phase the molar absorption coefficients of S1 &S12 excited
state were enhanced in a solvent phase whereas the oscillator strength
of the transition is very low compared to the gas phase. The absorption
of S1 doesn't shift more but is very slightly bklgfted, whereas the
S12 excited state was rstlifted. The direction of absorption peak of




Chapter 4

the excited state, S6, changes directiath Whe medium, gas or water.
The absorption peak direction of the S6 excited state is above the
coordinate axis in the gas phase whereas below in the aqueous phase.

Fig.4.11. ¢ & d depicts the ECD spectra of the Z isomer.
Compare with the E isomer, the BGignature of the Z isomer are
hightintensity peaks with strong rotator strength and opposite
directions indicating the conformational flexibility of theigbmer.

The positive peak at 303.0 nm is due to the S1 excited state. The peak

at 247.9 nm in theegative direction characterizes supremely due to

the SO YS3 transition. The positive
contributed by SO YS19 and SO YS23
(negative) at 181.7 nm is due to the
210 nmis also a nomegligible peak due to the excited state of S11.

The excited states S1, S11, and S26 are the relativelyirtmgisity

peak of strong rotator strength and opposite directions and hence these
excited states are analyzed in detail. In the agsghase, the molar
absorption coefficient of peaks corresponding to S1 and S26 is
increased. The absorption corresponding to the S1 excited state is red
shifted to 310.9 nm from the gas phase (303.0 nm), whereas blue
shifted slightly corresponding to 180nm from 181.7 nm of the gas

phase. The common excitation to reveal excited state properties
between gas phase and water medium are S1 and S19 excited states.
Hence the S1, S11, and S26 excited states were selected for further
discussion. Since the stgth of ECD spectra can reveal more in the

sense of electrimagnetic interactions within the molecy27i 30],

when it is excited by light, the electnmagnetic dipole moment

density analysis has been carried out in relevant transitions for both
isomers.
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agueous phase, and2p c) in gas phase d) aqueous phase.

15C



Chapter 4

4.3.2.2.1. The electriemagnetic interaction of 2p

The interactions within molecules alter when they are
stimulated by photons of various wavelengths. The excited siates
S1, S12, and S17 are chosen to analyze the contribution of électric
magnetic component interaction in the ECD signature. Accordingly,
S1 (positive peak) and S12 (negative peak) are the strongest intensity
absorption and are characterized by relativielgge peaks, strong
oscillator strength, and opposite directions. The S17 is the strongest
excited state in the maximum absorption spectrum and it corresponds
to the positive peak. Since the ECD spectrum, the rotator strength
theoretically will bg[35, 36]

|G JE A AL )

Where ¢ is the trasition electric dipole moment and,pis the
transition magnetic dipole moment. The first term and the second term
respectively characterize light absorption and circular dichroism. The
physical mechanism of the ECD by the electric and magnetic

interactionscan be visualized in ter(y11.| m j< Vol @s of, which
is the tensor product of electrig(j | ab -J>) and magnetic components
(Gl @ J)The (| ar ) X | @ j can be calculad with a
generalized Kronecker product (also called tensor produoﬂ)géf e
where @ is £8,6,, 6 TEand W iSEM,, M, M TE in threedimensional

real spaces. The tensor product has nine components, andtthe ma

composed of these nine components is not symmetric. The square of
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the magnitude of the tensor product of the transition electric dipole

moment and the transition magnetic dipole moment (

K/ o p b /7}‘2) let out directly to the peak intengiin the

ECD spectrum.

A matrix diagram of the atomic basis function contribution fill
of the transition electric dipole moment density and the transition
magnetic dipole moment density are given in Fig. 4.1%). (b the
isosurface (isovalue 0.01) repemtation of transition electric dipole
moment densities, the positive and negative parts are correspondingly
represented by green and mauve colors, while the purple and cyan in
the isosurface in the transition magnetic dipole moment densities
respectivelygive the positive and negative parts. Table 4.7 shows the
interactions of transition electric and magnetic coupling foAYA in
ECD. From the ECD spectra of the E isomer, it could be
understandable that its oscillator strength of it is very low comgared
the Z isomer and which can be very clearly depicted in Table 4.7 and

Table 4.8. The magnitude of the interaction between electric and

magnetic componer«;&j| TN /7}‘2 is very low compared

with that of the Z isomer. Hence it can be said tha product can

explain the ECD spectra of the isomers
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Table 4.7The interactions of transition electric and magnetic coupling

for E- 2pin ECD

e
g8
&
S Uila p Gala  UlaVaa [a e
n
Gas phase
X 2.231284 -0.000274
S1 Y 0.717609 -0.000199 0.000660 4.31163x10”
Z -0.000065 -1.491510
X -1.349450 0.000150
S12 Y -0.286479 0.000481 -0.776283 0.602616
Z -0.000372 -2.710924
Aqueous phase
X 2825781 0.000016
S1 Y 0.672036 -0.000574 0.00012 1.5293x10®
Z -0.000139 -1.560225
X 0.031318 0.046446
S12 Y -0.046076 -0.232296 -0.012985 0.000169
Z 0.029005 0.028499

The peak corresponding to the S1 lies above the coordinate axis

in the ECD spectra representing it as a positive peak. Accordingly, to
Table 4.7, the major contribution from this transition is owned by the
electric components of dipole moment density,)Xu in the X
component. The positive value of which is consisigith the peak.

The transition corresponding to the S12 is a negative peak and the
major contribution of it comes from the magnetic component in the Z
direction, (4)z, and it is the most intense peak in ECD. The peak is
also explained by the electric anéggmetic interaction with one to one
relationship. The strongest excited state is the S12 and the next highest
S1 is harmonious with the ECD spectra. The matrix representation

given in Fig. 4.12 a & b respectively is the electric and magnetic dipole

15¢
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momentdensities interaction in of S1 excited state in ECD of XYZ
component. Fig.4.12 a & b also replicate Table 4.7, where the
contribution of the electric component in X direction during the
excitation of S1 in ECD is depicted. The major contribution of S1
transition occurs from the Aromatic system including hydroxyl and
carboxylic functional group and a relatively noagligible
contribution is also provided by the-@omatic ring in ECD spectra.
For S12 excitation, the major contribution occurs from the Z
component of transition magnetic moment density and which is
contributed by the Baromatic ring including the hydroxyl group (Fig.
4.12. ¢ & d). Hence Fig.4.12 is the mimeograph of Table 4.7. The
positive peak at 193.9 nm is mainly contributed by the &idited
state and the transition-@omponent of transition magnetic dipole
moment contributes and is influenced by the @omatic ring and

hydroxyl group.

In the aqueous phase, the transition intensity of S1 and S12 are
very low compared to the gas pha3&e ECD curve in Fig.4.11.b
depicts the low intensity of S1 excitation compared with the gas phase.
The intensity of the S12 excited state is higher than S1 as observed in
ECD also reveals Table 4.7. For S1 excitation as gas phase excitation,
the major catribution of concentrated in the X component of electric
dipole moment and the X component of magnetic dipole moment
contribution is lower than the same in the gas phase. Tdwrponent
of magnetic dipole moment is greater than the gas phase in thatsolve
medium. For the case of the S12 excited state, the components are very
lower than the gas phase for both electric and magnetic components.
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The major contribution obtained in magnetic dipole moment was in Z
component in the gas phase and the Y companehe solvent phase.

The tensor products given in Table 4.7 are in consistent with
ECD spectral signature in both the media. According to ECD spectra
S1 is a positive peak because it lies above the coordinate axis and the
transition corresponding to S12 & negative peak because it is below

the coordinate axis.
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Fig 4.12. Transition electric dipole moment densities and transition
magnetic dipole moment densities for excited state of S1 (a & b
respectively), S12 (c & d respectively), anti7’Se & f respectively).

The electric dipole moment densities are represented by the green and
mauve colours (positive and negative respectively) and transition
magnetic dipole moment density by the purple and cyan (positive and
negative respectively) ansovalues is set to be 0.01.

4.3.2.2.2. The electriemagnetic interaction of-2p

The transition electric/magnetic dipole moment density
diagrams for Z 2p in the X, Y, and Z directions in cartesian
components by two and threlanensional diagrams (isovalue 0.02),
are provided in Fig.4.13. Table 4.8 lay out the interactions of transition
electric and magnetic coupling for- 2p in ECD. In line with the
absolute value of the tensor product given in Table 4.5 was found to be
consistent with the peak strength of ECD. eTtigher the magnitude,

|</ j| g|7 js( ,-|/' m| r]}r the greater the peak strength. By comparing

the value sizd(/ ;| g J* {1/ ol rf}rgiven in Table 4.8, we can also

get the same conclusion as the ECD spectra. The mentioned quantity
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reveals that S26 hagreater intensity followed by S1 and S11 are
roughly equal to the ECD signature.

It is found that the transition magnetic dipole moment density
of excited states S1 and S26 is greater than that of transition electric
dipole moment density (Table 4.8) artetmagnetic dipole moment
density lies in the Zcomponent of Cartesian coordinatesy)@. For
S11 excited states, the transition electric dipole moment density has a
greater contribution towards the X component)XuThe maximum
peak intensity found f0S26 (Table 4.8) was consistent with the ECD
spectra and the next highest intense transition occurs in S1 excitation.
The ECD corresponds to the S11 excited state as antewsity
transition and the peak intensity was consistent with the tensor product

of transition electric and magnetic components (Table 4.8).

For S1 and S11 excited states, the sign of the component of
maximum contribution is in correlation with the direction peak in ECD
spectra. For the S1 excite state the maximum contribution wasdowne
by the Z component of the magnetic dipole moment and its positive
values were found to be consistent with the positive peak
corresponding to the S1 transition. Like that, for S11 transition, the
electric component of transition dipole moment in x dimtthas
maximum contribution with negative charge also consistent with the
negative peak in ECD. But S26 transition the Z component of
transition magnetic dipole moment density has a maximum
contribution and its value is positive, but the Y component di b
electric and magnetic dipole moments are competently negative and

coupling of these Y components will the reason for the negative
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transition corresponding to S26 excited state. To explain the positive
and negative values of ECD, the tensor produdranisition electric
dipole moment and transition magnetic dipole moment is given in
Table 4.8 and which gives aitei one correspondence with the ECD
signature. In ECD it can be seen that the S1 excitation occurs in the
upper part of the coordinate axisevhas the S11 and S26 in the lower
part. The tensor product of S1 is positive and S11 and S26 as negative
peaks.

The 2D matrix and 3D density map are given in Fig.4.13 for Z
2p. The highest peak intensity owned by S26 has a greater contribution
from magndat dipole moment density, f)z, itself has a greater
contribution towards excitation. The isosurface and the 2D plot given
in Fig.4.13 (e&f) disclose the observation. During excitation, for the
S26 excited state, the {lz components concentrate on the®matic
ring including hydroxyl functional group, alkene moiety, and carbonyl
oxygen. The Y components of the transition electric and transition
magnetic moments, {y and (4)y, has competing benefaction
with(um)z and here the redistribution of electr@and hole density
ensureenormouslyfrom the alkene carbon and the carbonyl oxygen.
Likely, for the S1 transition, the {fiz components concentrate mainly
on the Aaromatic ring including the hydroxyl functional group. Hence
during excitation and the redribution of electron and hole density
ensuresenormouslyfrom the A aromatic ring (Fig.4.13. a&b). The
electric dipole moment of the X component for the excited state S11
(Fig.4.13. c&d) has a greater contribution during excitation and the A

and Bring containing aromatic carbon atoms particularly has a great
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influence on the redistribution of electron and hole density after light

excitation.

Table 4.8The interactions of transition electric and magnetic coupling
for Z- 2pin ECD

]
Q 2
Q% Sl ar Kl mt o Gila gl lalm K/J"J’}%Wm‘”}‘
W o
Gas phase

X 0.325550 0.112740
S1 Y 0.684404 0.055663 0.45151 0.203861

Z -0.302266 1.741211

X -0.960964 -0.262869
S11 Y 0.049463 0.066044 -0.292199 0.0853®

Z -0.173070 -0.209883

X 0519804 0.4664801
S26 Y -0.737272 -0.594030 -0.601753 0.362107

Z -0.048821 1.611741

Aqueous medium

X 0.468291 0.142778
S1 Y 0.682528 -0.000985 0.56858 0.323288

Z -0.334975 1.894988

The electric and magnetic components of transition dipole
moment density in the aqueous phase were given in Table 4.8, where
the common transition S1 was analyzed. In this case, in the solvent
phase or the polar medium, the transition intendithe S1 transition
was increased as obtained in ECD spectra. As that of the gas phase, the
Z component of transition magnetic dipole moment has a greater
contribution during the excitation. The X, Y, and Z component of
transition electric dipole moment &ty also provides nenegligible

contribution during excitation.
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Fig 4.13. Transition electric dipole moment densities and transition
magnetic dipole moment densities for excited state S1 (a & b
respectively), S11 (c & d respectivel@gnd S26 (e & f respectively).

The electric dipole moment densities are represented by the green and
mauve colours (positive and negative respectively) and transition
magnetic dipole moment density by the purple and cyan (positive and
negative respective)yand isovalues is set to be 0.01
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4.4. Conclusiors

Using 2D and 3D visualization methods, we analyzed the
physical mechanism of interaction between light and matter e¥/igVvV
and ECD processes in two isomers of AVs2iE and Z2p. These
cinnamoyl anthranilic@d derivatives are secondary metabolites found
in oats (Avena Sativa. L). AVs are a good option for skin protection
due to theirhigh potential antioxidant activity and absorbance of
compounds in the UV regiorror a highquality theoretical approach,
the M06-2X /6-31+G (d, p) level of theory was used. The calculations
of excited states and UV and ECD were obtained by performing the
TD-DFT calculation method by using IBFCM as the solvent models.
A well-defined UV with highintensity peaks was obtainedr f&- 2p
and whereas ECD for-Zp. Also found that E2p can & a good UVB
absorber. Since-2p absorbs only in the UVC regiowjde application
of these molecules especially in the cosmetic industry as UV filters or
UV blockers can be excluded. The traisitproperties of both the
molecules are well characterized with help of the hole electron concept
of electron excitation. The entire prominent transitions exhibit
localized orbitals except for the §11 of Z2p. The SBS11 of Z2p
possesses charge tragrstransition. The TDM and CDD plot exactly
communicates the transition type diagrammatically. The increase in the
oscillator strength as the increase in the polarity of solvent is also well
recreated by the hole electron concept. The hole and electron are
decomposed to orbital pair contributions as well as fragment
contributions and then quantitatively investigated the electron transfer

distances. Moreover, absence of dominant transitions in MO orbitals,

16¢
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the NTO orbital analysis was also carried out inheransition and
made it more explainable. The higitensity peaks with strong rotator
strength and opposite directions of the excited states of Z isomers
indicate the conformational flexibility of -Bomer. Also, the
interaction mechanism in ECD is quidatively revealed by the
transition electric dipole moment, transition magnetic dipole moment,
and their tensor product. It can be found that these values are-io-one

one correspondence with the ECD spectra.
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Appendix 4
Al. Conformational analysis of Zisomer of 2p

A detailed investigation of the E isomer of Bpdiscussed in
the chapter 3The conformational analysi®f Z-isomer of 2p was
checked usig a dihedral scan at key locations, as this appears to be
important in forward searciihe dihedral angles in 12 steps of 30°
from O to 360° vas carried out at the B3LYP/31G level of theory.
The dihedralsn 0@, C9', C7, C8§, A, @5,06, H5), andn  CE,
C1', C7, C8 are included irFFig.A.4.1.The Z isomer of the compound
first formed from the E isomer and lowest energy conformer of the
compound investigated by the mentioned dihedral scanning procees.
The lowest energy conformer thus obtained subjected to geometry
optimisation using MO2X/6-31+G (d,p) level of theory.
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Quantum chemical investigation on
Avenanthramides as antioxidants
and UV filters

V The antioxidant activity of selected Avenanthramides was explored
using three primary mecHAASNSE-PT, and SPLET

V The chapter devoted particular attention to how the catechol, guaiacyl,
and carboxyl groups affected the activity and the mechanism.

V The UV filtering capacity are discussed as an application of the studied
molecules
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5.2Introduction

Oxidation reactions, which are often begun by radicals, are key
processes in biological systefils Radical reactions are thought to be
the start of many pathological disorders, and lipid oxidation is one of
the main reasons for the deterioratiomamerous materials, including
food. Any molecule that, when present in small amounts compared to
an oxidizable substrate's concentrations, greatly slows down or stops
that substrate from oxidizing is referred to as an antioXiganto
scavenge free radicals, phenolic antioxidants work primarily by giving
a hydrogen atom to a radif3|l. The effectiveness is determined by the
guantity of hydrogendonating hydroxyl groups present as well as
structural factors that stabilise the radical produced, such as resonance
and hyperconjugation. This can be attained via an extended double
bond system and functional group arrangement, suttfegeesence of
electrondonating groups in the aromatic rings ortho and/or para to the

hydroxyl function.

The biological benefits of the AVs are detailed in Chapter 1
and activities of these compounds against various disease conditions
are also discussedlany of these disease conditions are due to the
involvement of free radicals. One probable explanation of biological
benefits is that AVs protect by acting as antioxidants. The antioxidant
activities of oat grains are first suggested independently by h@ivel
(1937), and Peters and Musher (19B3H) About 50 years later, Collin
identified around 40 AVs (hydroxy or methoxy) derivatives that are
responsible for the antioxidant activity of oat gr@hsand the

complete structural analyses of the 10 AVs were successfully
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identified spectrometricallip]. Literature mainly focused o&Vs, 2p,

2c¢, and2f in discussions of the antioxidant activity of oats phenolics.
In vitro, antioxidant studies using different assays; NORAC, SORAC,
ORAC, DAC, and HORAC respectively for peroxynitrite, superoxide
anion, peroxy radicals, singlet oxygen, and hydroxyl radicals reported
that activity2c was 1.5 fold tha@p and2f [67 10].

Although earlier studies have greatly increased our knowledge
of the antioxidant capabilities ofAVs, the knowledge about the
structureactivity connection and the underlying mechanisms remains
limited. Given the success of the density functional theory (DFT)
method in elucidating the antioxidant property of phenolic compounds,
since both are based on electron density, we set out to conduct a
systematic DFT study to clarify the relationship between
molecular/electronic structure and free radical scavenging activity, as
well as the possible mechanisms of selected molectles.clapter
devoted particular attention to how the catechol, guaiacyl, and
carboxyl groups affected the activity and the mechanism.

5.3Computational method

All calculations described in this work were performed with the
Gaussian 16W computational programming pgekdll]. The
geometry optimization of neutral molecules, their radicals, catan,
anions are optimized using M&X/6-31+G (d, p) level of theory to
obtain the descriptors like BDE (Bond Dissociation Enthalpy), IP
(lonization Potential), PDE (Proton Dissociation Enthalpy), PA
(Proton affinity), and ETE (Electron Transfer Enthalpyeded for
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radical scavenging activity in the ground state in the gas phase and
solvent media (aqueous and ethanol). Moreover, the spin density
computations of AVs have been carried out using Multifunctional
Wave function Analyzer, Multiwfn 3.3.8 suifé2] using M062X/6i

31+G (d, p) level of theory. Solvent etits were included by the
integral equation formalism of polarized continuum model {IEF
PCM)[13].

Radical scavenging activity of phenolic antioxidants
theoretically expressed pmarily by three possible mechanisms,
namely, Hydrogen atom transfer (HAT) mechani@guation 5.1)
Singleelectron transfer followed by proton transfer (SET)
mechanism (equation 5.2.1 & 5.2.2)Jand Sequential proton loss
electron transfer (SPLET) mecham (equation 5.3.1 & 5.3.2)[14i
19] and were calculated under standard conditions of 1 atm. and
298.15 K.A schemat representation of the three primary mechanisms
on the2pis given in Fig 5.1The final outputs of all three mechanisms
are radicals of antioxidant molecules. Ranking of bond dissociation
enthalpy (BDE), adiabatic ionization potential (AIP), proton
dissociation enthalpy (PDE), proton affinity (PA), and electron transfer
enthalpy (ETE) for the several hydroxyl groups in the polyphenol's
structure (to distinguish between HAT, SET, and SPLET processes)
offers important knowledge regarding the preferred 8tep in these

compounds' interactions with free radicals.
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HO. o] OH
T NH\N/\/Q/
HO

© RO

- ‘) \RR(" SET-PT
_SPLET _ +

WNO
ﬁ e
e

Fig.5.1 Schematic representation of the radical scavenging activity of

2p

AV(OH), - AV OH,, O+ H (5.1)
AV(OH), - [AA OH ]" + & (5.21)
[AV(OH),]*- A\ OH,, O+ H' (5.2.2)
AV(OH),- AV OH,, O+ H' (5.3.1)

AV(OH), ,O - A OH,, O+ € (5.3.2)

The Hatom is transferred directly from the antioxidant (A
to the free radical via a hatytic bond breakage in the HAT
mechanism. The descriptor BDE determines the capacity of the

process (equation 5.4).
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BDE=H(AV(OH), , O) +H H) H A\ OH,) (5.4)

The SETFPT mechanism is a twstep process that involves
electron transfer in the first stegnd deprotonation in the second,
which are governed by the parameters IP and PDE, respectively
(equation 5.5 & 5.6).

IP=H(AV(OH),]") +He) H A( OH) (5.5)

PDE=H(AV(OH),, O) +H H) H AW OH,]) (5.6)

The SPLET mechanism has two phases as well, althihayh
are performed in a different format compared to the&8©T-PT. The
first and second steps are respectively controlled by the descriptors PA
and ETE (equation 5.7 & 5.8).

PA= H(AV(OH), , 0) +H H) +H A\ OH,) (5.7)

ETE= HAMOH,, O +H®& -H AYOl, Q (58
5.4Results and discussion
5.4.1. Optimized structures of Avenanthramides

The lowest energy structures of thel Avenanthramides are
taken for conducting the detailed radical scavenging activity of the
compounds. The carbonyl oxygen of the carboxylic acdl the NH
group were found to form an intramolecular hydrogen bond (IHB) in
the optimal structure of AVs with a length @1.85 A, which is

beneficial for their stability. Therefore, it is predicted that these IHBs
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would prefer coplanarity between the Ang, bridging chain, and the

B ring. Furthermore, the IHB may form between the OH group and the
adjacent OH or OMe group in the- Ar B-ring. Detailed studies of
IHB were given in Chapter 3. From the data of dihedral angles
discussed in the previous chap®p, 2c, 1p, 1c, andlf are completely
planar, and2f, 1s and2s are very slightly deviating from planarity.
The radicals (AV(OH),OE ) , cat i dbfmaslicals, [ard\adddg
(AV(OH) n10) have also been optimized using the same method,
starting with the optimized structure of neutral AVs by removing
hydrogen atoms from successive positions. By comparison, ho major
geometrical shiftwas observed when moving from neutral to the
corresponding radical, cation radical, and anionic forms except for NH.
When radical/anion is formed from the NH group of molecules some
degree of distortion from planarity to the ring A has been observed due
to the disappearance of IHB between NH and C=0O group dret ot
part of ring B has been found to keep its planarity with the G € O

= Cb bond. In Table 5.1, the dihedr
(C3, C2', C1', C7") of the anion and radical of each reactive site are

given and support the above observation.
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Table 5.1 Dihedral angles of radicals and anions in the optimized
structures of AVs in the gas phase

Di hedral®%angl Di hedral®%ang
~ .
= © z ©
3 3 S o
" : . : .
s 8 O 2 3 O
- - o S - &
z & ¢ 8 g g 8
2p N E -17746 -179.73 N E -175.55 -179.8L
cCoOoO -179.99 179.99 cCoOO 179.99 179.99
4" 179.99 179.99 4" -180.00 179.99
5 O -179.99 179.99 5 O -179.99 -179.99
2f N E -177.2 179.94 N E -175.89 -179.0
5 O -179.8% -179.85 5 O 179.87 -179.@
cooO -179.94 -179.72 cCOooO -179.91 -179.86
4" -179.98 -179.80 4" -179.@ -179.67
2C N E 177.2 179.77 N E 175.65 17960
50E -180.00 -179.99 50E 179.99 180.00
cCoOoO -180.00 -179.99 COO -179.99 -180.00
4" -180.00 180.00 4" 180.00 180.00
5'0 180.00 180.00 56 180.00 180.00
2s N E -177.3L -179.@ N E -174.59 179.4
coOO -179.@ -179.81 cCoOO 179.97 179.@
5 O 179.9 -17980 5 O -179.96 179.L
4" 179.94 179.8 4" -179.8 179.8
1p N E -173.92 179.82 N E 17540 179.95
coOoO 179.99 179.99 COCE 179.99 179.99
4' QO 179.99 179.99 4' O -179.99 179.99
1f N E -176.84 -179.89 N E -175.41 179.99
cooO 179.9 -179.% cCoOoO -179.99 -180.00
4" 179.% -179.92 4" 179.93 -179.8%
1c N E 179.99 180.00 NE 179.99 180.00
cCoOoO 179.99 -179.99 CcCOO 179.99 179.99
5' -180.00 180.00 5 180.00 180.00
4" -180.00 -180.00 4" 180.00 180.00
1s N E -177.04 -179.96 N E 175.4 -179.12
coOoO 179.&% 179.90 cCoOO 179.95 -179.15
4" -179.99 -179.35 4" 179.8 -17970
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5.3.2. Radical scavenging mectism The First H/€ Reactions
(HAT, SET-PT, and SPLET)

5.3.2.1. HAT mechanism

The calculated BDE values of selected AVs in both the gas
phase and solvents are given in Table 5.2. The enthalpy of bond
dissociation is the best parameter to explain a outgés radical
scavenging activity because hydrogen bond strength dictates the
efficacy of hydrogen abstraction. Here, the free radicals are deactivated
by the transfer of a hydrogen atom from the molecule. In a compound
with more than one phenolic hydrdxyroup, the one with the lowest
BDE accounts for the radical scavenging action. The optimized
structure of radical species and their spin density distributions for each
of the AV after radical formation are analyzed (Fig.5.2). The highest
BDE for carboxyic-OH functionality (greater than 110) in the gas
phase is found in all studied cases of AV, so this is the least reactive
site for radical formation reaction. As discussed above, the phenolic
NH groups in all AV form intramolecular interaction (IHB) withe
adjacent carbonyl oxygen of carboxylic functionality. Hence the
abstraction of the H atom from this® implies the breaking of IHB.
This will cause a higher BDE of the-N group. The BDE value of NH
in all cases is around 108 kcal /mol. Since th&DE values of
COOH and NH are above 100 kcal/mol and hence, H atom donation

reactions may be overlooked for these two functional groups.

The spin density distribution (SP30]and delocalization index
(DI) [21] given in Table 5.3 and the SD distribution isosurface
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diagram in Fig.5.2, also support these observatioWhen the H
abstraction takes place from the COOH functional group and forms the
COQO radical, the formed electron density at the O radical delocalizes
only at the functional group itself not to the ring, hence lowering the
stability of these radicals. €hgreater SD value of 0.153 indicates that
the electron density concentrates on that region itself. DI values of a
radical quantitatively explain the extent of the delocalization of that
radical[21, 22] The lower the SD, the higher the DI implies that the
oneelectron formed at a site is more delocalized and hence stable.
Hence,the DI of the COO radical is quite higher not mean it is a
contradictory result, but it is due to continuous delocalization within
the COO radical. The higher SD and lower DI values of nitrogen
radical when compared to other radical, except COO radical als
supports the lower stability of radical formed. Hence due to two
reasons; the IHB and the low delocalization of radical formed; the
involvement of these two functional groups can be neglected from

radical scavenging activity.

For the compound2p, among he two phenolic hydroxyl
groups, the lowest BDE value is obtained 500OH (84.81 kcal/mol)
than the4' OH (108.11 kcal/mol), hence the activity2y is through 5
OH. The SD and DI values also suggest the stability of radicals formed
from the 5 OH. In bdt the solvents, the same trend in BDE is obtained
for 5 OH (85.10 kcal/mol) and 4' OH (87.07 kcal/mol). But the change
is lowest for 4' OH may be due to the stabilization of the radical

formed by the solvent.
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The compoun@f also contains two hydroxyl grps on both A
and B rings and 5 OH (84.75 kcal/mol) of the A ring exhibits lower
energy for bond dissociation than the 4' OH (86.23 kcal/mol) of the B
ring. However, in a methoxy group in the ortho of donor hydroxy
group, considerable enhancement in agtiigt observed. Ir2c, when
ortho of a donor hydroxyl group, 4'° OH substituted with another
hydroxyl group resulted in an enhanced activity than methoxy
substituted molecule with BDE of 77.87 kcal/mol. The other hydroxyl
groups present in the B ring and iAg respectively are 89.19 kcal/mol
(3'OH) and 84.87 kcal/mol (5 OH). From these s, more than
one conclusion can be made according to their bond dissociation
enthalpy values. Firstly, the hydroxyl group present on ther is
more active than thé\-ring, secondly, 4' OH will be the donor
hydroxyl group due to extended delocalization of radicals formed
through the molecule and is supported by SD and DI values given in
Table 5.3, and thirdly hydroxyl group in the ortho position of donor
hydroxyl graip can enhance the activity by stabilizing the radical
formed more than the methoxy group, and finally, the substitution on
B-ring doesn't effect on the hydroxyl group of A ring. All these
computationally obtained observations are correlating well with

previous experimental conclusiofi, 23].
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Table 5.2 Calaulated BDEs of the Studied AMa the gas phase and
solvents(In kcal/mol)

BDE (kcal/mol) BDE (kcal/mol)

2. _ 2 _ _

3 o %) 2 ) 3 o %) 2 @

o 5 @© ] T Q 5 @© © 5]

s & ° & = 5 & ° & =

) )

2p N-H 104.27 101.13 100.88 1p N-H 108.32 105.78 105.55
COOH 113.97 9549 95.15 COOH 113.86 109.25 108.22
4'0OH 108.11 87.07 87.08 4'0H 86.51 87.12 87.13
50H 84.81 8510 8511 1c N-H 110.45 105.89 105.77

2f  N-H 104.59 101.01 100.78 COOH 113.85 106.72 106.07
COOH 113.98 94.93 94.55 4'0H 78.02 79.71 79.77
4'0OH 86.23 83.53 83.37 3'OH 89.27 86.70 86.48
50H 84.75 8459 8459 1f N-H 108.42 105.41 105.22

2c  N-H 104.24 101.10 100.87 COOH 113.89 104.37 103.16
COOH 113.93 95.67 95.34 4'0OH 86.34 83.60 83.45
4'0H 77.87 7947 7957 1s N-H 108.26 105.48 105.30
50H 84.87 85.26 85.27 COOH 113.88 105.16 91.62
3'0OH 89.19 85.97 85.99 4'0H 8229 81.93 81.49

2s  N-H 104.40 100.68 100.77 - - - -

COOH 114.16 94.82 94.52 - - - -
4'0H 82.27 8172 8161 - - - -
SOH 84.78 84.62 84.65 - - -

The BDE values of the donor hydroxyl group (#1)®f 1p, 1c,
1f, 1s and2s respectively are 86.51 kcal/mol, 78.02 kcal/mol, 86.34
kcal/mol, 82.29 kcal/mol, and 82.27 kcal/mol. Compartiogls and
2s stabilization of radicals formed in the donor hydroxy group
happens more in the presence of a hydrgroup at the nearest
position than a dimethoxy group. Howevéf,changed tdls and 2s,
and enhanced activity was observed due to two methoxy groups on
either side of the radical formed. The SD and DI values in Table 5.3

and the isosurface plots (F3g2) also support this HAT mechanism in
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all studied samples. According to the HAT mechanism, the order of
radical scavenging activity among the studied compounds is in the
order of2c > 1c > 2s > 1s > 2f > 2p > 1f > Hxactly follows the order
caffeic actd>sinapic acid >ferulic acid>poumaric acid suggested by

the experimental observatiofs 23].

Table 5.3.The spin density values for ther@dical and delocalization
index of the GO bond computed for AVs using M&&X /6-31+G(d,p)
level of theory in the gas pba

Bond
AVs Parameter NE COOI 5O0E A0E 30E
2p SD 0.120 0.153 0.087 0.115 -
DI 1.532 1.898 1.859 1.676 -
of SD 0.121 0.153 0.086 0.068 -
DI 1.532 1.899 1.859 1.913 -
26 SD 0.120 0.153 0.087 0.071 0.084
DI 1.532 1.896 1.859 1.872 1.872
1p SD 0.131 0.153 - 0.076 -
DI 1.494 1.892 - 1.899 -
1c SD 0.107 0.153 - 0.071 0.084
DI 1.512 1.891 - 1.872 1.872
1f SD 0.138 0.153 - 0.068 -
DI 1.496 1.894 - 1.914 -
SD 0.139 0.153 - 0.075 -
1s DI 1.496 1.892 - 1.880 -
SD 0.120 0.152 0.087 0.075 -
2s DI 1.534 1.894 1.859 1.879 -

In the solution phasepot much change in BDRvas not
observed. It follows the same trend as the gas phase of each molecule
under consideration. Fdp and 2f, in the ageous phase, the BDE
value of 40OH is found to b lower than the gas phase due to greater
stabilization of the radical formeé&or 2c and1c, in agueous solution,

BDE of the 40H slightly increased. The slight reluctance of the bond
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in solution will be due stabilization of radicals formed with hydrogen
from the solution, which is less feasible than stabiliratibrough
delocalization. For 30H and 50H the bond becomes more reactive

in the aqueous phase due to their lower BDE than gas phase due to the

stabilization of radicals formed through the soliveage.

The lowest BDE value of the compounds in theedes is
lower or comparable to those of DPPHH estimated (78.24 kcal/mol) at
the same level of theory, indicating the viability of the reaction
between the compounds and DPPH through the HAT mechanis
Since the lowest BDEs dp, 2f, 2s 1p, 1f, and1s are a little bit
higher than those of DPPHH, the reac

occur through the HAT mechanism than it is for ¢kseries.
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Fig.5.2.Spin density contour diagrams 2yb, 2f, 2c, 2s, 1p, 1c, 18nd
1s showing the distribution of electron density when a radical is
formed in respective positions (isovalue = 0.004)
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