
Modelling and benchmarking of potentially 

bioactive molecules from plants- design and 

implementation of two strategies 

 

A thesis submitted for the degree of  

Doctor of Philosophy 

 

Institute for Sustainable Industries & Liveable Cities 

College of Engineering & Science 

Victoria University 

 

by 

 

Kavitha Menon 
 

March 2020 

 



2 

 

Abstract 
 

Natural products and derivatives thereof have contributed significantly to drug 

discovery and development and have also been used in traditional medicine for the 

treatment of various disease states. Sometimes, the use of such traditional medicines 

may be based upon many hundreds, if not thousands, of years of human experience. An 

advantage of drugs derived from natural products compared to synthetic drugs is their 

availability and the likelihood of reduced side effects. Drugs and drug leads derived 

from natural products may also be less time consuming and expensive to develop and 

may be more accessible to developing countries. An exciting advance in this area is the 

application of computational chemistry to potentially bioactive molecules that can be 

identified in such natural products. Thus, the structural and physicochemical properties 

of such molecules can be reconciled with current theories on the molecular aspects of a 

given disease and/or be used to improve upon such theories or to develop new ones.  

Computed properties may also be benchmarked to experimental data for isolated 

molecules of interest that can lead to improved molecular design. In this context, two 

different strategies have been devised and implemented for the identification and 

development of potentially bioactive compounds from medicinal plant materials 

whereby reliable molecular structures and experimental data, that have been previously 

reported in the peer reviewed scientific literature, have been reconciled with carefully 

designed computational chemistry calculations and/or further experimentation - with a 

view to (I) developing improved antioxidants as potential anti-inflammatory drugs and 

(II) to identify small molecule potential metal chelators that may pass through the blood 

brain barrier and potentially ameliorate neurodegenerative diseases such as Alzheimer’s 

or Parkinson’s disease. Thus two bioactive products derived from medicinal plants, 

namely Ribes nigrum (Blackcurrant leaves) and Bacopa Monnieri (Brahmi tea), that are 

traditionally employed to treat rheumatic disease and neurodegenerative symptoms, 

respectively, have been chosen for investigation under these strategies. These plant 

materials have been extensively investigated in the scientific literature in terms of the 

identification of the structures of their potentially bioactive molecules and also with 

respect to experimental and biological investigations. For the former material, the 
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purported anti-inflammatory effects of the component poly phenolic molecules, in terms 

of their reported experimental radical scavenging propensities, have been reconciled 

with their computed antioxidant capacities. These have also been related to a range of 

computed qualitative and quantitative structural and physicochemical properties. This is 

with a view to optimizing their antioxidant potential and possibly designing anti-

inflammatory drug candidates. For the latter material, a screening of the reported 

molecular structures of potentially bioactive components has identified two smaller 

molecular fragments, namely the isomers jujubogenin and pseudojujubogenin, that may 

also be present in the plant extract and that are deemed capable of passing through the 

blood brain barrier and complexing transition elements within the brain, specifically 

copper and/or zinc, that are associated with stabilizing the amyloid plaque of 

Alzheimer’s disease, or iron, that may over-load the substantial nigra in  Parkinson’s 

disease. In this thesis, the metal complexes of these two molecules have been modelled 

utilizing semi-empirical quantum chemistry and density functional calculations and the 

characteristics of the copper, zinc and iron complexes have been described. These 

studies clearly show that the diaquo, square planar copper complex of jujubogenin is the 

preferred structure, revealing that jujubogenin is an excellent bidentate ligand for this 

particular transition metal. The corresponding zinc complex was also shown to be 

feasible, but less likely to form; whereas the iron complex was shown not to be 

accommodated at all. To complement these studies, the Brahmi tea material was 

extracted with a range of solvents, and fractions were systematically subjected to ESI-

MS. Scrutiny of the resultant spectra revealed the presence of the protonated 

jujubogenin moiety in one of the ethyl acetate fractions. Subsequent spiking of this 

fraction with copper, zinc and iron revealed the presence in the spectra of the diaquo 

copper complex of jujubogenin, exactly as predicted from the computer modelling. 

Notably, no zinc or iron complexes could be detected and competition experiments only 

revealed the presence of the copper complex - also consistent with the computer 

modelling. Subsequent MS/MS experiments on the copper complex yielded the free 

ligand. 

In summary, for possible anti-inflammatory agents, these investigations show that the 

computed homolytic bond dissociation energies of the component poly phenolics, by 

themselves, are not sufficient to explain enhanced antioxidant activity and suggest that 
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other properties such as molecular conformation, steric effects and, in particular, the 

magnitude and direction of the dipole moment also have important roles to play. In 

relation to possible drug leads for the treatment of neurological conditions, the 

discovery of the extraordinary copper specificity of the jujubogenin molecule, both 

computationally and experimentally, makes this molecule a candidate for a BBB 

penetrating chelating agent that could be active towards the amelioration of Alzheimer’s 

disease and possibly other conditions. This is an exciting discovery and warrants the 

isolation of jujubogenin and its derivatives in for further testing. Thus, the design and 

implementation of the key strategies devised and described within this thesis and their 

respective application to two selected traditional medicines relating to specific disease 

states, is demonstrably useful in the rational design of drug candidates and suggest new 

avenues for future research. 
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Conceptual Framework 
 

 

 

 

 

 

 

 

 

 

 

Plant natural products 

Bacopa Monnieri / Bhrahmi (Scrophulariaceae) Ribes nigrum / Blackcurrant (Grossulariaceae) 

Potential bioactive molecules 

(structures) 

Molecular modelling 

Computation of antioxidant capacities 
of Ribes nigrum molecules for which 

structural and experimental data is 
reported in the literature 

Experimental studies to identify 
potential small molecule, BBB - 
penetrating, metal chelators in 

Bacopa Monnieri extracts 

 

Through metal spiking, 
experimentally identify 

metal complexes of BBB 
permeable, small 

molecule candidates in 
the extracts 

Search for potential BBB penetrating 
metal-chelating small molecules 
from Bacopa Monnieri structural 
data as reported in the literature 

Reconcile modelling investigations with available and acquired experimental data 

Identify anti- neurodegenerative disease drug candidate(s) Rationalization of antioxidant efficacy with 
respect to molecular structure and physical 

properties of molecules 
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CHAPTER 1 

General introduction and background 

1.1 Traditional medicines and natural products 

Traditional medicines (TMs) derived from natural products has been given fruitful 

contributions in modern medicine (Yuan et al. 2016). One of the main advantage of 

TMs are the available data of known clinical experiences and biological activities. 

While developing synthetic drug(s) from or based on natural products, it will be 

useful to know the known chemical structure of the target molecule. The TMs have 

been practiced in some areas of the world are traditional Chinese medicine, 

traditional Indian medicine (Ayurveda), traditional Korean medicine1, and Unani2 etc.  

Though, the scientifically researched natural products/ plant materials are fewer and 

should be explored more, will be valuable for modern medicine. Based on TMs, 

numerous modern medicines/drugs were reported for anticancer, anti-

neurodegenerative, anti-migraine, anti-allergic, antibacterial, anti-diabetic, antiulcer, 

anti-inflammatory etc., (Joo 2014; Newman, Cragg & Snader 2003). In addition, 

natural product based TMs may contain huge amount of phytochemicals as its 

constituents (Chitwood 2002; Ehrman, Barlow & Hylands 2007). These 

phytochemical constituents (e.g. glycosides, triterpenoids, flavonoids, saponins, 

alkaloids etc.) either together or alone contributes the desired pharmacological 

effects.  

                                                             
1 Traditional Korean medicine includes herbal medicine, acupuncture, moxibustion, cupping therapy 
and “physical therapies” such as hot pack applications, massage, chiropractic manipulation and 
infrared irradiation. 
 
2 Unani medicine is a system of alternative medicine that originated in ancient Greece but is now 
practiced primarily in India. Involving the use of herbal remedies, dietary practices, and alternative 
therapies, Unani medicine addresses the prevention and treatment of disease. 
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1.2  Natural products as drugs 

Natural products have significant role in developing and discovering new drugs in 

modern medicine. Most of the biologically active natural products are found to be 

effective and desirable for treating many human diseases (Clark 1996; Shu 1998). Thus, 

natural products and/or naturally derived drug(s) lead an evolutionary transition in the 

development of synthetic drug(s) in modern medicine. For example, the first 

pharmacologically active drug derived from natural product was morphine from 

opium (Ellison & Lewis 1984; Jonsson et al. 1988; Joo 2014; Säwe et al. 1981) and 

furthermost, several clinically proven anticancer drugs are either natural products or its 

derivatives (Gordaliza 2007). The emerging need for developing new synthetic drug(s) 

for many human diseases lead to do research in natural products.  

1.3  Antioxidants from natural products 

The antioxidants are classified mainly as three categories (Carocho & Ferreira 2013). 

The classification of antioxidants are depicted in Figure 1.1. Various medicinal plants 

exhibits natural antioxidant characteristics. The antioxidants are widely distributed in 

certain foods such as vegetables, fruits, mushrooms etc. The antioxidants in human 

body can scavenge free radicals and reduce oxidative stress (Sen & Chakraborty 2011). 

Oxidative stress will be produced by the lack of cellular antioxidants and so natural 

antioxidants/antioxidant therapeutics have an emerging need in current research (Uttara 

et al. 2009). More than a few naturally derived antioxidants may contain polyphenolic 

molecules, which can acts as free radical chain breakers, free radical scavengers, 

reducing agents, and metal ion chelators and thus exhibits therapeutic benefits (El 

Gharras 2009).  For example, naturally derived phytochemicals are widely used for the 

treatment for Alzheimer’s (Lim, GP et al. 2001), Parkinson’s (Newman, Cragg & 

Snader 2003) and other neurodegenerative diseases (Chowdhuri et al. 2002). It was 

reported that biologically active molecules and phytochemicals of few natural products 

may delay Alzheimer’s Disease (AD) onset or inhibit beta amyloid aggregation in the 

brain (Newman, Cragg & Snader 2003). Most of the synthetic drugs in the market for 

AD and other neurodegenerative diseases are anti-oxidative, anti-inflammatory, in 

nature but have side effects (Orhan, Orhan & Sener 2006).  
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In general, Part A of this thesis was a search for  polyphenolic antioxidants and part B 

for potential, bioactive metal chelating molecules from natural products. 

 

Figure 1.1 Schematic representation of the classification of antioxidant molecules 
(Carocho & Ferreira 2013). 

1.4  Advantages of natural products as medicines 

Natural products and their derivatives contributed significantly in drug discovery and 

development today. Natural products have been used since prehistoric times for the 

treatment of various diseases.  Furthermore, drugs or drug leads derived from natural 

products are less time consuming and may be more accessible to developing countries. 

Numerous  naturally derived drugs have no side effects or mild level side effects when 

compared with that of synthetic drugs (Karimi, Majlesi & Rafieian-Kopaei 2015). The 

structure-based drug designing (known chemical structure of medicinal plants) and 

molecular modelling (of desired molecules) diminishes experimental efforts with less 

time and minimum outlay. Experimentally, trial and error methods were found to be the 

most effective method for the development and discovery of a new molecule/ drug 

lead(s). The advantage of natural products over synthetic drugs is to abolish the toxic 

side effects which are usually persuaded by synthetic drug molecules. Many naturally 
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derived traditional medicines, whose efficacy has been tested in clinical experiments, 

had proven therapeutic benefit at different levels on multiple targets and pathways. 

1.5  Neurological disorders 

Any disorder of a human body associated with nervous system, comes under the 

category of neurological disorder. The nervous system in human brain is a very 

complex communication network, in which the neurons can frequently send and accept 

messages. Impairment of one these neurons may cause brain dysfunction and thus 

results neurological disorders (Pfaender & Grabrucker 2014). Naturally derived 

phytochemicals have proven ability to eradicate few neurological disorders (Newman, 

Cragg & Snader 2003; Ng, Or & Ip 2015). The neurological diseases like Alzheimer’s 

and Parkinson's were considered to be the repercussions of damaged neurons inside the 

brain (Huang et al. 1999; Pfaender & Grabrucker 2014). Some of the reasons proposed 

for neurodegeneration  are 1) oxidative stress (Lim, GP et al. 2001; Lin & Beal 2006)  

2) accumulation of certain metals such as Cu2+, Fe2+, Zn2+ in the brain (Atwood et al. 

1998; Atwood et al. 2000; Barnham & Bush 2008; Pedersen, Østergaard, et al. 2011) 

and 3) the  beta amyloid  and or tau protein accumulation in the brain (Goedert 1993; 

Martin et al. 2013; Shankar et al. 2008; Zhou et al. 2007) etc. Currently there are limited 

number of effective treatment for these kind of neurological disorders. It was reported 

that some potential, bioactive, natural products/derivatives of medicinal plant extracts 

are effective against neurodegenerative diseases (Ng, Or & Ip 2015).  

1.6  Oxidative stress 

Oxidative stress is considered as one of the major reasons for most of the diseases 

including cancer (Valko et al. 2006; Willcox, Ash & Catignani 2004), cardiovascular 

diseases/atherosclerosis (Stephens et al. 1996; Street et al. 1994), (Hodis et al. 1995; 

Steinberg 1991) and several  neurodegenerative disorders like Alzheimer’s and 

Parkinson’s disease (Desagher, Glowinski & Premont 1996). In human body during 

cellular respiration, free radicals are generating continuously as a by-product (Lushchak 

2014; Pham-Huy, He & Pham-Huy 2008). These free radicals are highly reactive and 

less stable but can participate in high diversity of reactions (Lushchak 2014). Majority 

of these free radicals are generated from oxygen atoms by the reduction of molecular 



34 

 

oxygen through one and four electron transfer mechanism (Lushchak 2014). These 

highly reactive, less stable O2
.- , H2O2 and HO.  are collectively known as reactive 

oxygen species (ROS) (Lushchak 2014). Iron or copper ions acts as a catalyst during the 

generation or production of O2
.- , H2O2 (Halliwell 1992). At reasonable levels (ROS) are 

beneficial to human health, whereas the disparity of the amount of (ROS) and the 

amount of antioxidants lead to oxidative stress (Pham-Huy & He). This oxidative stress 

produces stress in the tissues and cells by damaging DNA, proteins and unsaturated 

fatty acids and thus lead to a numerous pathological conditions including cancer (Valko 

et al. 2006), neurodegenerative disorders (Pham-Huy & He).     

 

Figure 1.2 Schematic representation of diseases caused by oxidative stress 
(Förstermann 2008; Lin & Beal 2006). 
 

1.7  Metal ions and neurodegenerative diseases 

Numerous neurodegenerative diseases are associated with the poorly regulated metal 

ions in the human body and the central nervous system (Atwood et al. 1998; Barnham 

& Bush 2008; Benedet & Shibamoto 2008; Dexter et al. 1989). Many divalent metal 

ions were found to be capable enough to bind with proteins in vivo (Pfaender & 

Grabrucker 2014). The imbalance of these divalent metal ions may affect the brain 

homeostasis. For example, it was reported that the presence of elevated amount of total 

iron content in the substantial nigra of the Parkinson’s disease patient’s brain (Dexter et 
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al. 1989).  The disparity of (paucity or excess) one of the biometal can change the 

equilibrium of the other metals in vivo (Pfaender & Grabrucker 2014). In addition, 

recent studies indicate that the presence of elevated levels of Cu and Zn in the hair, nail 

and serum samples of other neurological disordered patients (Faber et al. 2009; 

Pfaender & Grabrucker 2014). 

1.8  Correlation between the presence of metal ions and beta amyloid 
or tau protein accumulation in the brain 
 

Alzheimer’s disease (AD) is a degenerative and fatal brain disease, in which cell to cell 

connections in the brain are lost (Hardy & Selkoe 2002). It has been reported that 

beta amyloid (Aβ) protein accumulation or Aβ plaques and neurofibrillary tangles in the 

brain are responsible for this disease (Shankar et al. 2008). Since Aβ and tau protein 

accumulation enhances the neuronal toxicity in the brain, it is significant to inhibit these 

protein assembly. Cu (II) has a significant effect in the accumulation of Aβ and tau 

protein as Cu (II) is capable enough to alter the conformation of the peptide associated 

with it (Kowalik-Jankowska et al. 2002; Zhou et al. 2007). Furthermore, it has been 

reported that the Cu/Zn metal chelators can selectively separate Aβ protein from the 

post-mortem brain tissues sample of the AD patients and transgenic mice brains 

(Gouras & Beal 2001; Kowalik-Jankowska et al. 2002). It was reported that Aβ protein 

can bind with copper and zinc (Cherny et al. 2001; Gouras & Beal 2001) and also, 

Cu/Zn chelators  solubilize Aβ from post-mortem brain samples of  AD patients. One of 

the reported metal chelator clioquinol (CQ), is found to be effective in liberating Aβ 

from post-mortem brain  samples of  AD patients (Gouras & Beal 2001). 

1.9  Blood-Brain Barrier (BBB) permeability of molecule(s)/ drug(s) 

The blood–brain barrier (BBB), is a stationary and inflexible wall among the central 

nervous system and the periphery (Oldendorf 1974). One of the key aspects for the 

treatment of neurological disorders, is to know the ability of a molecule(s) /drug(s) that 

can pass through the BBB. Lipophilic molecules may be able to diffuse through the cell 

membrane and thus can cross the BBB (Lohmann, Hüwel & Galla 2002).  The major 

obstacle in neurodegenerative drug discovery is to determine whether the drug/molecule 
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can cross the BBB and to attack the target site. Therefore, BBB permeability  have vital 

role in maintaining brain homeostasis. The permeability of a drug/molecule through this 

complex physiological barrier can be interpretable by molecular modelling studies 

(Caron, Vallaro & Ermondi 2018). Many techniques or computing methods has been 

used extensively in molecular modelling for interpreting the BBB permeability, 

including Log10P, polar surface area, linear regression techniques, and ionization 

potential. This research work was done by using quantum chemical methods (Semi-

empirical and Density Functional Theory) to compute the equilibrium geometries of the 

molecules of interest and calculated a range of relative physicochemical parameters and 

structural features that could contribute to their experimentally observed relative 

antioxidant activities and/or to interpret the BBB permeability.  

1.10  Overview of in vitro experimental methods for antioxidant 

activity assays 

Antioxidants, especially Vitamin E, have a vital role in the human body as it provide 

protection against lipid per oxidation. Antioxidants derived from natural products also 

offer a potential ‘defence mechanism’ for the human body. Depending on their chemical 

structures and physicochemical properties, different antioxidants (e.g. from food, 

synthetic, natural products) show varying antioxidant potency. There are a number of 

established in vitro and in vivo assays for antioxidant efficacy. These are outlined 

below: 

1.10.1 In vitro experimental methods 

1.10.1.1 Metal chelating  activity method 

Colorimetric reaction of the radical with  ferrozine - Fe2+ complex, estimates decrease in 

red colour of the complex with the chelation as the metal ion coordinated with the 

phenolic antioxidants (Soler‐Rivas, Espín & Wichers 2000).  The metal chelating 

capacity of the ferrous ion can be calculated as follows      

% = [(A0-A1)/A0] x 100 
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Where A0 is the absorbance of the standard solution ( all reagents without polyphenols) 

and A1 is the absorbance of all reagents with polyphenols /standard (Soler‐Rivas, Espín 

& Wichers 2000). 

1.10.1.2 Beta carotene bleaching method/ beta carotene linoleic acid method 

/conjugated diene assay  

Colorimetric method estimating the rate of beta carotene bleaching and measured the 

absorbance at 470 nm using spectrophotometer. The reagents used for beta carotene 

oxidation reactions are beta carotene, chloroform, linoleic acid and emulsifier mixture 

(Kabouche et al. 2007).  

1.10.1.3 Cupric ion reducing antioxidant capacity method (CUPRAC)  

Colorimetric assay used for the estimation of total antioxidant potencies of polyphenols, 

vitamin C, vitamin E etc. This includes  the oxidation of polyphenolics which then 

converted to corresponding quinones by copper complex  and measured absorption at 

450 nm (Apak et al. 2008). Antioxidant potencies of antioxidants slightly varies with 

various assays - for example, CUPRAC methods gives greater antioxidant activity for 

catechin, quercetin, gallic acid etc. Furthermore, this assay is based on electron transfer 

mechanism and the polyphenols oxidized rapidly with copper complex (Apak et al. 

2008). 

1.10.1.4 N, N-dimethyl-p-phenylenediamine dihydrochloride (DMPD) method  

In this colorimetric method, the radical cations generated by the reagents are responsible 

for the reaction and colour.  Antioxidant activity in food and similar matrices can be 

measured, absorbance at 505 nm (Fogliano et al. 1999). The percentage of radical cation 

(uninhibited) can be evaluated by 

% = [(1-A1)/A0] x 100 

Where A0 is the absorbance of radical cation (uninhibited) and A1 is the absorbance 

measured after 10 min, of all the reagents with antioxidants. 

1.10.1.5 Thiobarbituric acid method  

Reagents used for this colorimetric method are trichloroacetic acid and thiobarbituric 

acid. The reaction mixture (reagents and antioxidant sample) placed  in water bath for 

10 minutes, centrifuged and measured the absorbance at 552 nm (Ottolenghi 1959). 
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1.10.1.6 Ferric thiocyanate (FTC) method  

Colorimetric method measured absorbance at 500 nm based on the preparation of stable 

emulsion by vigorously shaking the reagents (ethanol, linoleic acid, phosphate buffer, 

and distilled water) with antioxidant sample. Antioxidant potency can be evaluated by 

calculating the percentage of inhibition with respect to the control (Alam, Bristi & 

Rafiquzzaman 2013; Kikuzaki, Usuguchi & Nakatani 1991). 

1.10.1.7 Oxygen radical absorbance capacity (ORAC) method  

This is one of the widely used method for the estimation of total antioxidant capacity of 

the sample and also used for product development. This simple test tube analysis 

method developed in two different ways, lipophilic ORAC assay and hydrophilic 

ORAC assay. For the determination of lipophilic antioxidants in plasma and other 

biological samples, lipophilic ORAC assay is used. The reagent used for this assay is 2, 

2-azobis-2-amidopropanedihydrochloride (AAPH). Decrease in fluorescence is 

measured with the scavenging of free radicals (Prior et al. 2003).  

1.10.1.8 Phospho molybdenum complex method  

Spectrophotometric method used for the quantitative determination of total antioxidant 

potency of a sample via formation of phospho molybdenum complex. The reagents 

(sulphuric acid, sodium phosphate, and ammonium molybdate) mixed with the analyte 

and the absorbance can be measured at 695 nm against blank (Prieto, Pineda & Aguilar 

1999).  

1.10.1.9 HORAC (hydroxyl radical averting capacity) method  

Colorimetric assay involves the formation of metal-chelating cobalt complex with the 

antioxidants. The reagents used for the cobalt complex formation are hydrogen peroxide 

in distilled water, CoF2.4H2O, and picolinic  by using regression equation (Ou et al. 

2002). 
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1.10.1.10 Reducing power (RP) method  

Colorimetric method measured the capacity of antioxidant with reducing power of the 

reaction mixture. The antioxidant potency increases with the formation of ferric-ferrous 

blue complex. The reagents used for this assay are potassium ferricyanide, ferric 

chloride and trichloroacetic acid and measured the absorbance at 700 nm. The intensity 

of absorbance increases with antioxidant capacity (Jayaprakasha, Singh & Sakariah 

2001) acid. Metal-chelation/ protecting capacity against the formation of hydroxyl 

radical evaluated. 

1.10.1.11 Trolox equivalent antioxidant capacity (TEAC) method 

 Diode-array spectrophotometer used to measure the decrease in colour with antioxidant 

potency, measures the absorbance at 750 nm. In this reaction reduction occurs to the 

antioxidants with ABTS [2, 2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)] and 

decolorize it(Seeram et al. 2006). 

1.10.1.12 Hydrogen peroxide scavenging assay 

 Hydrogen peroxide is a weak oxidizing agent, oxidizes the essential thiol group (-SH) 

and deactivated certain enzymes. Hydrogen peroxide has the capacity to penetrate the 

cell membrane, reacts with Fe2+, Cu2+etc. and produces toxic hydroxyl radicals. 

Therefore, to control the amount of hydrogen peroxide in biological membrane is 

essential. Hydrogen peroxide can accept proton or electron and reduced to water. In this 

assay iron chelators donates electron or proton to hydrogen peroxide, which then 

reduced to water. Hydrogen peroxide prepared in phosphate buffer mixed with the 

sample and measured the absorbance at 230 nm (Ruch, Cheng & Klaunig 1989). The 

percentage of hydrogen peroxide scavenging capacity can be evaluated as follows 

% = [(A0-A1)/A0] x 100 

Where A0 is the absorbance of the standard solution (all reagents without polyphenols) 

and A1 is the absorbance of all reagents with polyphenols /standard 

The following two methods are relevant to this thesis.  
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1.10.1.13  Superoxide radical scavenging activity assay 

Superoxide (O2
 -), hydrogen peroxide (H2O2) and the hydroxyl radical (OH.) are referred 

to as reactive oxygen species (ROS) and are considered responsible for many age-

related diseases (Chun, Kim & Lee 2003). During cellular respiration, superoxide 

radicals are generated inside the human body as a by-product and are considered toxic 

in higher concentrations (Chun, Kim & Lee 2003). Elevated concentrations of 

superoxide (in vivo) damages DNA and deactivates enzymes (Fridovich 1978) that can 

lead to neurodegenerative disease, cancer etc. (Finkel & Holbrook 2000; Govindappa et 

al. 2013). Superoxide chemistry also has a vital role in lipid per oxidation reactions 

(Husain, Cillard & Cillard 1987). Thus, in vitro analysis of antioxidant activity and the 

mechanism of action of superoxide radical (scavenging) by antioxidants is of great 

importance. For example, superoxide radical inhibition with polyphenolic antioxidants/ 

flavonoids are reported to occur either by single electron transfer or hydrogen atom 

transfer mechanisms (Zhishen, Mengcheng & Jianming 1999).  

Superoxide radical scavenging activity can be performed by the nitro blue tetrazolium 

dye reduction method (NBT) with the absorbance measured at 560 nm (Govindappa et 

al. 2013).  The reagents used are nitro blue tetrazolium solution, EDTA, riboflavin and 

phosphate buffer (Govindappa et al. 2013). Reduction of O2
– occurs during the 

scavenging reaction by a single electron transfer mechanism.  

The experimental data accessed in this thesis (Sasaki et al. 2013b) was based on 

experimental antioxidant activity assays of isolated Ribes nigrum lignoid molecules.  

The assay used by these workers for superoxide anion scavenging activity was 

riboflavin-light-NBT system. The reagent was prepared by mixing phosphate buffer 

(0.5 mL), riboflavin (0.3 mL), phenazine methosulphate (0.25 mL) and 0.1 mL of nitro 

blue tetrazolium (NBT). The reaction mixture was incubated for 20 minutes and 

measured the absorbance at 560 nm. The standard solution used for the analysis was 

ascorbic acid. The antioxidant potential calculated by determining the percentage of 

superoxide radical scavenged. 

Percentage of superoxide radical scavenged = [(1- As)/Ac] x 100 

Where Ac is the absorbance of the control solution and As is the absorbance of the 

sample. 
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1.10.1.14  DPPH (1, 1-diphenyl-2- picryl hydrazyl) free radical scavenging assay 

In 1958, Blois developed a method for the evaluation of total antioxidant potential of 

certain antioxidant molecules. This method is popular for free radical scavenging 

assays, as it is simple, fast, reliable and stable. During the reaction, the antioxidant 

molecules either donates an electron or proton (H+) to DPPH free radical.  

The DPPH usually prepared in methanol solvent forms violet colour and it turn to 

colourless after the reaction. DPPH is a stable free radical and is considered as the 

suitable method to measure the free radical scavenging activity. The radical scavenging 

potency estimated using this method by measuring the discoloration of the solution after 

the reaction  and measures the absorbance at 517 nm (Molyneux 2004). 

The experimental data accessed in this thesis (Sasaki et al. 2013b) was based on 

experimental antioxidant activity by DPPH assay of isolated Ribes nigrum lignoid 

molecules.  The assay used by these workers for DPPH antioxidant activity (Saeed, 

Khan & Shabbir 2012) was based on the method by preparing the stock solution of 

DPPH. Dissolved 24 mg DPPH in 100mL methanol and kept at 20˚C as a stock 

solution. It was then diluted with methanol so as to accomplish the absorbance at 517 

nm using spectrophotometer. The diluted solution (3mL) mixed with 100 µl of the 

sample solution (isolated Ribes nigrum lignoid) at different concentrations. The 

incubated reaction mixture then placed at room temperature for 15 minutes and 

measured the absorbance at 517 nm. The control (standard) solution also prepared by 

employing the same method without sample solution. The scavenging activity can be 

determined by calculating the percentage of DPPH radical scavenged. 

DPPH radical scavenged (%) = [(Ac-As)/Ac] x 100 

Where Ac is the absorbance of the control solution and As is the absorbance of the 

sample. 
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Figure 1.3 Schematic representation of DPPH free radical scavenging activity (Ji, Tang 
& Zhang 2005). 

1.11 Computational methods and analysis for antioxidant molecules 

Computational analysis has a vital role in determining antioxidant properties as well as 

in the drug designing of a polyphenolic bioactive compound. In this research work 

computational analysis was accomplished with the modelled values of vitamin E as a 

benchmark.  

It was found that, the BDE of some hydroxyl groups attached to the aromatic ring could 

strongly influence or activate the antioxidant potency of other O-H groups present in the 

compound. In addition to that, steric hindrance/conformations, geometry and intra 

molecular hydrogen bonding strongly influences the BDE of each hydroxyl groups 

present in the compound. Free radical scavenging activity is allied with BDE of these 

bioactive molecules as the free radical scavenging occurs either by the donation of H-

atom or electron transfer (Sadasivam & Kumaresan 2011).  It was reported that the H-

atom transfer occurred from phenolic antioxidants and that assists reactive free radical 

termination in living organisms (Klein & Lukeš 2006). 
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Figure 1.4 Schematic representation of H-transfer mechanism/free radical 
neutralization reaction. 
 

1.12 Research aims 

The leaves of Ribes nigrum contains a number of structurally related phenolic 

compounds that exhibit a range of antioxidant and anti-inflammatory characteristics. 

One of the aims of this research is to utilize quantum chemical methods (Semi-empirical 

and Density Functional Theory) to compute the equilibrium geometries of the reported 

thirteen such potentially bioactive compounds and their bond dissociation energies 

(BDEs) of the phenolic groups, the dipole moments, polar surface areas (PSA), Log10P 

values and ionization potentials (IPs). Furthermore, to calculate a range of relative 

physicochemical parameters, their equilibrium structures, the extent of intra molecular 

hydrogen bonding and the structural features that could contribute to their 

experimentally observed relative antioxidant activities. These molecules were chosen 

since previous investigations by other researchers have reported their experimental 

antioxidant activities and this data can be reconciled with the computationally derived 

parameters and structures. The BDE, by itself, is not sufficient to explain enhanced 

antioxidant activity and so suggest to explore the molecular conformations, steric 

effects and, in particular, the magnitude and direction of the dipole moments etc. Apart 

from the overall shape and geometry of the individual molecules, such parameters 

include the relative O-H homolytic bond dissociation energies (BDE) (Woldu & Mai 

2012), the magnitude and direction of their dipole moments (Goto et al. 2001; 

Jayaprakasam, Padmanabhan & Nair), their relative ionization potentials (IP)  

(Wijtmans et al. 2003) and the presence and influence of intra molecular hydrogen 

bonding. Other parameters that have been calculated and discussed that could relate to 
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antioxidant activity include “secondary” O-H BDEs3 , as well as the spin potential 

energy distribution, frontier molecular orbitals, polar surface areas (PSAs) and Log10P 

values. 

Metal ions like Cu, Zn and Fe are enriched in Aβ deposits in AD (Atwood et al. 1998; 

Atwood et al. 2000; Barnham & Bush 2008; Lovell et al. 1998), that may be dissolve by 

selective metal chelators in vitro (Gouras & Beal 2001). It has been reported that 

chelation of Cu2+and Zn2+ ions in vivo may prevent Aβ deposition (Hardy & Selkoe 

2002). Based on the hypothesis the metal chelating molecules that can pass through the 

BBB and strip metals such as Cu2+ and Zn2+ from amyloid plaque could be a potential 

drug(s) for the treatment of AD (Atwood et al. 2000; Bush, Pettingell, Paradis, et al. 

1994; Bush, Pettingell, Multhaup, et al. 1994). Chemical constituents, from certain 

plant-extracts can act as metal chelators and may diminish the aggregation of Aβ, by 

dissolving Aβ deposits in brain. This research work aims to investigate the 

understanding of Aβ toxicity in AD and to know about the metal ion chelation of a 

bioactive, memory enhancing drug candidate at molecular level and thus how it could 

scavenge the aggregation of Aβ from the brain, to cure AD. Though the exact 

mechanism of action of BM is unknown till date, this research works highlights the 

hypothesis that, one of the identified, de-glycosylated and bioactive small molecules can 

pass through the blood brain barrier (BBB) and chelate with the free metal ions (Cu2+, 

Zn2+, and Fe2+) and thus inhibits Aβ production in vivo. Thus, the hypothesis of this 

research study is to find the potential metal chelators are capable enough to attract metal 

ions which were bound with Aβ.  Hence, selectively scavenge the excess intracellular 

Cu2+, Zn2+ and Fe3+ ions to a soluble nontoxic product, which could pass through blood 

brain barrier (BBB), or enhance Aβ clearance from the brain.  

 

 

 

 
                                                             
3 The lowest value O-H BDE is usually associated with the highest antioxidant activity. “Secondary” O-H 
BDEs are the BDEs of the remaining O-H groups in a polyphenolic after the lowest value O-H has lost its 
hydrogen atom. This gives an indication as to whether the remaining O-H groups are subsequently 
activated or deactivated with respect to antioxidant activity. 
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CHAPTER 2 

A computational study of potential antioxidants 
from the leaves of Ribes nigrum (“blackcurrant”) 

2.1 Research Strategy 

A research strategy was devised in order to apply computational chemistry methods to 

the rationalization of the antioxidant activities of some natural product molecules by 

benchmarking computed results to available structural and experimental data. The 

overall strategy is described in Scheme 1. 

Scheme 1 

 

 

 

 

 

 

 

 

 

 

 

 

Step 7 –Assess to what extent the computational calculations can rationalize or predict the antioxidant 
activity of these molecules. 

Step 1 - Identify and select, from an extensive search of the literature, structurally characterized 
molecules from natural products that have reported quantitative ‘experimental’ antioxidant activity 
data. 

Step 2 - From the above literature search, a study has been identified that reported thirteen 
structurally related polyphenolic lignoid molecules from the plant ‘Ribes nigrum’ that have been 
structurally characterized and experimentally (quantitatively) tested via two different free radical 
scavenging assays against superoxide and DPPH. 

Step 3-Based on the above study, a computational chemistry strategy was developed in order to relate 
these structures and their physicochemical properties to the available antioxidant experimental data. 

Step 4 -Standard quantum chemical methods are employed to model these polyphenolic lignoids in 
order to establish their equilibrium geometries and various  relevant parameters (that could relate to 
their antioxidant activities).   

Step 5-Computational chemistry data includes single point energies, homolytic bond dissociation 
energies, dipole moments (magnitudes and directions), spin potential maps, PSA/Log10P values and 
ionization potentials. Docking and alignment of the lignoids with superoxide and DPPH has also been 
carried out.  

Step 6 - Relate the calculated computational structures and parameters to the experimental antioxidant 
data. 
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2.2 Preamble 

Bioactive small molecules from natural products have an enduring and vital role in drug 

discovery, primarily due to the likelihood of reduced side effects compared to synthetic 

drugs (Harvey 2008). Thus the discovery of antioxidant lignoids (El Diwani, El Rafie & 

Hawash 2009; Granato, Katayama & Castro 2010) from leaves of the Ribes nigrum 

plant, colloquially referred to as “blackcurrant”,  has led to the identification and 

isolation of thirteen polyphenolic lignoid molecules, that have been structurally 

characterized and experimentally tested by these researchers for their scavenging 

activity against the superoxide anion and the DPPH free radical (Sasaki et al. 2013b). 

These molecules and their associated structural and experimental data have been 

selected by the author of this thesis to form the basis of a computational chemistry 

enquiry that is aimed at identifying the structural and physico-chemical characteristics 

that, either individually or in concert, contribute to their relative antioxidant potencies. 

In this regard, computational methods have been applied to these molecules in order to 

evaluate their relative structural characteristics, including the importance of steric 

effects, the relevance of the structural alignment of the reactants (lignoids and radical 

species), their relative O-H homolytic bond dissociation energies (intrinsic antioxidant 

capacity) and their dipole moment magnitudes and directions. Such computed 

parameters have been benchmarked against the available experimental data for both 

individual molecules and for various groups of structurally related molecules within the 

set.  

2.3 The antioxidant and anti-inflammatory characteristics of Ribes 

nigrum 

Ribes nigrum (“blackcurrant”), is a small shrub belonging to the family Grossulariaceae 

(Schultheis & Donoghue 2004; Tabart et al. 2012) Figure.2.1. The leaves of Ribes 

nigrum contains a number of structurally related phenolic compounds that exhibit a 

range of antioxidant and anti-inflammatory characteristics. 
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Figure 2.1 Ribes nigrum (“blackcurrant”) 
 
 

The fruits of Ribes nigrum have been used for the treatment of cardiovascular disorders 

(Slimestad & Solheim 2002; Tabart et al. 2012) and the leaves are reputed to be useful 

for the treatment of rheumatic disease (Garbacki et al. 2004; Sasaki et al. 2013a; Tabart 

et al. 2012). In this regard, it is widely proposed that antioxidant, bioactive compounds 

of such natural products may act as radical scavengers that diminish oxidative stress 

(Sanz et al. 1994). It was reported that the polyphenolic extracts of blackcurrant leaves 

and fruits have beneficial effects by protecting the cell membrane against 

oxidation(Moyer et al. 2002). Furthermore, Ribes nigrum lignoids inthe fruits of 

blackberries have high amounts of phenolic compounds (Benvenuti et al. 2004; 

Häkkinen et al. 1999). Notably, although the antioxidant and anti-inflammatory 

(Garbacki et al. 2004; Tabart et al. 2012) properties of the constituents of Ribes nigrum 

have been extensively studied (Sasaki et al. 2013a), molecular modelling and 

‘theoretical’ investigations of these molecules is currently lacking. Such studies are 

desirable since the antioxidant potency of bioactive compounds in vitro and in vivo 



49 

 

depend on their physicochemical and structural properties. In this case, the 

identification and characterization of the active molecules in the leaves of Ribes nigrum 

and the experimental characterization of their experimental antioxidant properties by 

Sasaki et al. provides a potent platform for subsequent computational analysis. Thus, 

most of the potentially active compounds isolated from the leaves of Ribes nigrum are 

polyphenolics that show a range of free radical scavenging activities in relation to the 

superoxide anion and 2, 2-diphenyl-1-picrylhydrazyl (DPPH). Notably, a number of 

these isolates show no activity at all regardless of their being phenolic and despite their 

close structural similarity to other active components. Such differences could provide 

insights into the molecular features and properties that enable antioxidant potency. 

2.4 Reported structures and experimental antioxidant data for Ribes 

nigrum lignoids 

The molecular structures that have been characterized by Sasaki et al. have been divided 

into three structural sets shown in Figures 2.2, 2.3 and 2.4, respectively.  The molecules 

are all phenolics, either tri-, di- or mono-phenolic. The seven di-phenolic structures 

represented in Figure 2.2 are closely related, but with subtle differences. Similarly for 

the three tri-phenolic stuructures in Figure 2.3. The three structures in Figure 2.4 

represent mono- and quatro-phenolics and are structurally more diverse. The 

experimental radical scavenging data for these molecules is tabulated in Table 2.1 in 

terms of EC50 values. EC50 or the half maximal effective concentration of a drug, 

antibody or toxicant is used to measure the potency of a drug(s) at a definite exposure 

time. Usually, the EC50 evaluation process starts at the early stage of the drug discovery 

process as a means for determining the suitability and performance of a drug(s).  The 

experimental evaluation of antioxidant potency of a drug(s) can be determined using a 

range of different methods (Jiang & Kopp‐Schneider 2014). Such methods may involve 

the measurement of a maximal response concentration or half of a maximum response 

concentration (i.e. EC50) (Jiang & Kopp‐Schneider 2014; Sebaugh 2011). It was 

reported that the lowertheEC50 value, the lower the concentration of the drug that is 

required for a 50% of maximum response (Alexander et al. 1999). Thus, the lower the 

EC50 value, the higher the antioxidant potency. Experimentally, the EC50 values are 
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measured from a concentration-effect curve for the drug (Jiang & Kopp‐Schneider 

2014).  

Notably, in spite of the close structural similarities between the Molecules4 1 to 6  and 

Molecules 7 to 9 in Figures 2.2 and 2.3, respectively, the experimental scavenging 

abilities towards superoxide and DPPH are very different. For example,  for Molecules 

1 to 6 in Figure 2.25,  1 and 5 show no activity towards either superoxide or DPPH. 

Molecule 4 is the only molecule that shows activity towards both superoxide and 

DPPH. Molecules 2, 3 and 6 show activity towards superoxide, albeit to different 

extents, but show no activity towards DPPH.  

 

Figure 2.2 Set 1 - reported molecular structures (Sasaki et al. 2013a) of the phenolic 
compounds 1 to 6 and 15 from the leaves of Ribes nigrum. Note that the original 
numbering scheme for these molecules has been retained for ease of reference to Sasaki 
et al. 2013. 
 
 

For Molecules 7 to 9 in Figure 2.3, Molecule 9 shows activity towards superoxide but 

not towards DPPH. However, Molecules 7 and 8 show no activity towards superoxide 

or DPPH. 

                                                             

4 The chemical names of all the molecules is provided in appendix  
5 There is no reported experimental data for Molecule 15. 
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Figure 2.3 Set 2 - reported molecular structures (Sasaki et al. 2013a) of the phenolic 
compounds 7 to 9 from the leaves of Ribes nigrum. Note that the original numbering 
scheme for these molecules has been retained for ease of reference to Sasaki et al. 2013. 
 
 

For Molecules 10, 13 and 14 in Figure 2.4, Molecule 13 is the only one that shows 

activity towards DPPH whereas Molecules 10 and 13, but not Molecule 14, show 

activity towards superoxide. Overall, in terms of relative radical scavenging ability, the 

order is: 9 > 4 > 3 > 6 > 10 > 13 > 2 for superoxide and 13 > 4 for DPPH. This provides 

an opportunity to investigate the origin(s) of the extent of antioxidant activity from 

molecule to molecule.  

The reported antioxidant activities of the 70% ethanol extract, Table 2.1, where there is 

significant activity towards both superoxide and DPPH, is also of interest since it could 

provide an indicator of synergistic antioxidant effects. In the 70% extract, it is assumed 

that all of the molecules under study are present simultaneously. 

Similarly, the reported antioxidant activity of BHA (that is used as a positive control in 

the experiments) towards both superoxide and DPPH is also of interest given that the 

structure, Figure 2.5, and properties of BHA may be well characterized by our 

computational methods. 
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Figure 2.4 Set 3 - reported molecular structures (Sasaki et al. 2013a) of the phenolic 
compounds 10, 13 and 14 from the leaves of Ribes nigrum. Note that the original 
numbering scheme for these molecules has been retained for ease of reference to Sasaki 
et al. 2013. 
 

 

 
 

This thesis work is based on the experimentally determined antioxidant potencies of 

Ribes nigrum lignoid molecules via superoxide and DPPH free radical scavenging 

assays (Sasaki et al. 2013b). These values are given in Table 2.1.  

Selected, reported bioactive polyphenolic Ribes nigrum lignoids were modelled using 

semi-empirical quantum chemical calculations and density functional theory (DFT) 

utilizing Spartan ‘06 and ‘16 software (Tugcu et al. 2012). Thus, single point energy 

calculations were carried out for parent and radical species using the B3LYP/6-

31G*/PM3 method. This enabled different equilibrium geometries to be examined and 

compared and also allowed relative formation energies and homolytic bond dissociation 

energies to be calculated and compared. The equilibrium geometries (structures) of all 

Figure 2.5 Isomeric structures of Butylated hydroxy anisole (BHA). 
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of the investigated molecules, as determined by PM3 semi empirical quantum chemical 

calculations are depicted in Figures 2.6 to 2.11. Also see Figures 2.2 to 2.5, vide supra. 

These have been grouped into different structural categories, as discussed previously. 

2.5 Density Functional Theory (DFT) 

Electronic structure calculations of a large variety of systems, especially condensed-

matter systems, have been carried out based on density functional theory (DFT)(Parr 

1980). Experimentally, the electron density of a molecule can be measured by X-ray 

diffraction methods(Koch, Holthausen & Holthausen 2001). Computational chemistry 

applications of DFT was in progress by the late 1960’s using the ‘scattered-wave’ 

concept (Illas et al. 2000; Kohn, Becke & Parr 1996).More accurate, reliable 

computational strategies were developed for density functional computational chemistry 

by the 1980s(Kohn, Becke & Parr 1996). DFT explains the total electronic energy in 

terms of the interaction of electrons with positively charged nuclei (Columbic 

interaction of electrons), inter electronic interactions (Hann, Leach & Harper 2001) and 

the kinetic energy of electrons. B3LYP is one of the most effective hybrid density 

functional methods that has been used extensively in quantum chemical calculations, 

especially in transition metal chemistry, although it is limited in accounting for long 

range electron correlations (Koch, Holthausen & Holthausen 2001). 

DFT is now an established method for measuring a range of physicochemical 

parameters, including homolytic bond dissociation energies. Sufficient benchmarking of 

such calculations to experimental data have validated DFT as a highly effective research 

tool, hence its application in this research.   

2.6 Establishing equilibrium geometries 

The equilibrium geometry of a molecule is considered to be the starting point for 

calculating the energy of that particular molecule and for the calculation of other 

thermodynamic parameters (Schlegel 1982). It provides the most energetically 

favourable conformation (structure) of a molecule (Schlegel 1982);(Peng et al. 1996). 

The structure may be predictive of the properties of the molecule, although other factors 

also contribute. In this research work, we have established the equilibrium geometries 

of the parent and radical molecules of Ribes nigrum lignoids and used these as starting 
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points for subsequent relative energy calculations and for calculation of various 

physico-chemical parameters. 

Table 2.1 Experimental antioxidant data (superoxide anion and DPPH radical 
scavenging activities) of  reported, isolated compounds from the leaves of Ribes 

nigrum(Sasaki et al. 2013b). Note that >50 μM is inactive. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.7 (Homolytic) bond dissociation energies (BDEs) and “secondary” 

BDEs 

The homolytic bond dissociation energy (BDE) of a molecule is the minimum energy 

required to cleave a molecular bond so as to form new fragments of the corresponding 

radical species. In this thesis, attention is directed at the homolytic O-H BDE of the 

phenolic -O-H moiety to generate a “parent” radical, -O., and a hydrogen atom, H., the 

Compound(s) Superoxide 
EC50 in μM 
*in μg/mL 

DPPH 
EC50 in μM 
*in μg/mL 

70% EtOH extract 1.84* 34.07* 

1 NA NA 

2 6.09 NA 

3 2.05 NA 

4 1.24 32.33 

5 NA NA 

6 3.05 NA 

7 NA NA 

8 NA NA 

9 1.12 NA 

10 3.26 NA 

13 4.85 31.52 

14 NA NA 

Butylated hydroxy 
anisole (isomer 
mixture) – positive 
control. 

17.02 26.71 
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latter being considered to be a radical scavenger. The magnitude of the BDE is highly 

dependent upon the molecular environment of the –O-H moiety and is related to a 

molecule’s anti-oxidant efficacy. In polyphenolic compounds the –O-H BDEs are 

therefore not expected to be the same and it is likely that one moiety is the primary 

antioxidant site. However, it is worth asking the question as to whether or not the loss of 

this hydrogen atom activates or deactivated the antioxidant potential of the remaining –

O-H moieties. This can be determined using computational methods and has been 

investigated in this thesis.  

The O-H homolytic BDE for R–O-H can be computed as follows (Giacomelli et al. 

2004) : 

BDE = E (R-OH) – [E (H.) + E (RO.)] 

Where E (R-OH) is the (formation) energy calculated for the parent molecule, E (H.) is 

the energy calculated for the hydrogen free radical and E (RO.) is the energy calculated 

for the parent radical molecule. Such energies (absolute or relative) are usually 

computed using DFT and are considered to be highly reliable (Giacomelli et al. 2004). 

2.8 Single point energy calculations 

A single point energy  calculation in computational chemistry (Pedersen, Ostergaard, et 

al.)is the total formation energy of a system (at an established equilibrium geometry), 

with nuclei and electrons represented by the sum of all of the energies of nuclei-nuclei 

interaction, nuclei-electron interaction, electron-electron interaction, nuclear kinetic 

energy and electronic kinetic energy (Chuang, Corchado & Truhlar 1999).  

2.9 Dipole moment calculations 

The dipole moment of a molecule  is considered as a measure of its charge density or 

polarity (Jayaprakasam, Padmanabhan & Nair 2010). The dipole moment can be 

defined in terms of charge density i.e., two separated charges of opposite sign form an 

electric dipole in a molecule (Grimme et al. 2007; Sadasivam & Kumaresan 2011). 

Dipole moment is a vector quantity as the vectors determine the position of the two 

charges in space (Sadasivam & Kumaresan 2011). 
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A molecule with an increased level of intramolecular hydrogen bonding may decrease 

the DM by hydrogen-bonded ring closure (Goto et al. 2001). Thus intra molecular 

hydrogen-bonding may influence hydro phobicity via a change in the DM (Goto et al. 

2001; Terada, Muraoka & Fujita 1974). It should be noted here that the presence of 

intra-molecular hydrogen bonding has also been found in this thesis to affect the 

calculated BDEs. This has been described in more detail in section 2.12. 

In this thesis, both the presence of intra molecular hydrogen bonding and the magnitude 

and direction of the DM are considered to be highly relevant in the overall 

rationalization of antioxidant efficacy. Therefore, these have all been characterized 

computationally, especially in relation to the interaction of the lignoid molecules with 

the DPPH and superoxide anion radicals. Electrostatic potential energy maps and spin 

potential distributions have also been computed and assessed in this regard.  

2.10 Polar surface area (PSA) 

Polar surface area (PSA) is the total surface area that is allied to polar atoms. 

Calculation of the PSA has an important role in drug design as it gives an indication of 

the molecule’s bioavailability. Furthermore, it was reported that, increased PSA values 

of a drug candidate/molecule decreases its BBB permeability (Ertl, Rohde & Selzer 

2000).  

2.11 Log10P 

The lipophilicity of a molecule indicates the affinity of a drug(s) towards a lipophilic 

environment and is represented by the water/octanol partition coefficient P. This is 

measured by evaluating the ratio of the concentration of a solute in octanol and its 

concentration in water, at equilibrium. Log10P has a vital role in determining the 

efficacy of a drug(s) and its optimization. For example, depending on the structural 

properties of a drug(s) the preferred BBB permeable range for Log P is in between 1  

and 5.5 (Caron, Vallaro & Ermondi 2018).  
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2.12 Intra molecular hydrogen bonding (IMHB) 

Intra molecular hydrogen bonding involves the non covalent bonding between a 

hydrogen bond donor (HBD) (O-H, N-H etc.) and an adjacent electronegative hydrogen 

bond acceptor atom (HBA) with both HBD and HBA belonging to the same molecule 

(Caron, Kihlberg & Ermondi 2019). It is relevant in the biological activity of molecules 

and in drug design as it can influence the absorptivity, solubility and potency of drug(s) 

(Caron, Kihlberg & Ermondi 2019; Caron, Vallaro & Ermondi 2018). For example, 

IMHB can be crucial in drug design as it may lead to “polarity masking” and thus 

influences membrane permeability, solubility/bioavailability and a molecule’s 

antioxidant potency (Caron, Kihlberg & Ermondi 2019), especially when the IMHB 

involves phenolic moieties, as in this thesis. More specifically, IMHB may impact the 

Log10P value, whereby this parameter is effectively lowered by polarity masking 

(Caron, Vallaro & Ermondi 2018). This may result in an enhancement of Blood Brain 

Barrier (BBB) passage. The work presented here comprises three different categories of 

compounds designated with respect to their molecular weight, structural similarity and 

size. These categories are represented in Figures 2.6 – 2.9 where compounds 2, 4, 15, 9 

and 13 are capable of exhibiting IMHB giving rise to the possibility of polarity masking 

and of a variance in O-H BDEs depending upon where these IMHBs are “engaged” or 

“disengaged”.  

From Tables 2.2 - 2.4 it may be seen that all compounds with IMHB are active towards 

superoxide, with two such compounds active towards both superoxide and DPPH. 

Notably, all compounds that are inactive towards superoxide and DPPH lack 

intramolecular hydrogen bonding. This will be discussed later in Section 2.8.2. 
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Figure 2.6 Modelled structures of Ribes nigrum Molecules (1-4), Set 1. 
 

 

 

Figure 2.7 Modelled structures of Ribes nigrum Molecules (5, 6, and 15), Set 1 
continued. 
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Figure 2.8 Modelled structures of Ribes nigrum Molecules (7-9), Set 2. 
 

 

Figure 2.9 Modelled structures of Ribes nigrum Molecules (10, 13, and 14), Set 3. 
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Figure 2.10 Modelled structure of Vitamin E, control for computational analysis. 
 
 

 

Figure 2.11 Modelled structure of BHA, control for experimental data. 
 
Based on the available quantitative experimental data, Table 2.1, for the superoxide and 

DPPH scavenging activity of twelve of the molecules that are depicted in Figures 2.2 to 

2.4, these molecules may be divided into three broad “scavenging behaviour” groups: 

These groups have been colour coded in Figures 2.2 to 2.4, where the molecules are 

categorized into their sets based on their broad structural similarities. Given that all of 

these molecules are phenolic and have structural similarities, this research has attempted 

to rationalize the broad property characteristic of Groups 1 to 3 by a detailed 

consideration of various properties and structural features derived from computational 

chemistry calculations.  Such properties are summarized in Tables 2.2 to 2.4. 

 

Group 1:  Molecules that are inactive towards both superoxide and DPPH. These are 

molecules 1, 5, 7, 8 and 14 -Table 2.2.Colour Code: Orange 

Group 2: Molecules that are active towards superoxide but not towards DPPH. 

These are molecules 2, 3, 6, 9 and 10 Table 2.3. Colour Code: Blue 
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Table 2.2 Computed properties of molecules that are inactive towards both superoxide 
and DPPH, Group 1 – Colour Code Orange. 
 

Molecules 
inactive 

towards SO 
and DPPH 

BDEs 
(kcal/mol) 

PSA 
(Å) 

DM 
(Debye) 

 

IP Log10 P HBD HBA IMHB 

1 85.5 46.3 1.72 168.4 3.36 2 3 0 

5 84.4 45.7 0.85 163.8 3.85 2 3 0 

7 79.5 63.4 1.71 156.7 6.30 3 4 0 

8 82.6 64.6 3.05 158.2 6.30 3 4 0 

14 83.8 40.4 3.6 173.5 1.98 1 2 0 

 

 
Table 2.3 Computed properties of molecules that are active towards superoxide but not 
towards DPPH, Group 2 - Colour Code Blue. 
 

Molecules 
active towards 

SO and not 
towards DPPH 

BDEs 
(kcal/mol) 

PSA 
(Å) 

DM 
(Debye) 

 

IP Log10P HBD HBA IMHB 

2 79.8 59.5 1.98 157.2 3.11 2 5 1 

3 84.4 45.8 2.65 163.9 3.49 2 3 0 

6 85.8 46.2 2.25 166.5 3.85 2 3 0 

9 72.1 83.8 3.6 155.2 5.91 4 5 1 

10 83.6 92.5 4.19 163.1 5.98 4 6 0 

 

 
 
 
 
 
 

Group 3: Molecules that are active towards both superoxide and DPPH. These are 

molecules 4 and 13 Table 2.4. Colour Code: Green 
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Table 2.4 Computed properties of molecules that are active towards both superoxide 
and DPPH, Group 3 – Colour Code Green. 
 
Molecules active 

towards both 
SO and DPPH 

BDEs 
(kcal/mol) 

PSA 
(Å) 

DM 
(Debye) 

 

IP Log10P HBD HBA IMHB 

4 80.9 60.1 1.93 154.2 3.24 2 5 2 
13 81.6 95.9 3.45 153.8 0.32 4 6 1 

 

2.13 Computing the relative O-H bond dissociation energies of the 

polyphenolics 

Figures 2.12 to 2.14 show the computed homolytic bond dissociation energies (BDEs) 

for the molecules under investigation. Both “primary” and “secondary” BDEs have been 

computed for these molecules. A primary BDEs represents an individual BDE for a 

specific phenolic O-H moiety. For polyphenolics, where the O-H moieties may well 

have different molecular environments. These values are likely to be different and only 

one of the O-H moieties (that with the lowest value) is likely to be involved in 

significant radical scavenging. That is, it will react more rapidly with the target radical – 

this being under kinetic control. However, when this moiety loses its H radical, the 

question arises as to what effect this will subsequently have on the O-H BDEs of the 

remaining O-H moieties. Will they be “activated” (have their BDEs lowered) or 

“deactivated” (have their BDEs increased). For this reason, the remaining O-H BDE 

values of the parent radical species under consideration have also been calculated – 

these are termed the “secondary” BDEs. 

It is worth commenting further on how the BDEs are represented by referring to several 

examples in Figure 2.12. For example, Molecule 9 is a tetra-phenolic. Each O-H moiety 

can be seen to have a different BDE ranging from 72.1 to 84.8 kcal/mol. It is reasonably 

assumed that any radical scavenging activity will occur primarily via the O-H site with 

the lowest BDE of 72.1 kcal/mol. The red and green numbers are the calculated 

secondary BDEs for the parent radical of the 72.1 kcal/mol site. It may be noted that one 

such site is subsequently slightly activated, and two sites are subsequently deactivated 

(fairly strongly). 
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Figure 2.12 Chemical structures and the calculated bond dissociation energy values 
(BDEs in kcal/mol) of compounds 1-9 and compound 15. The “primary” BDEs are 
indicated in black type and the “secondary” BDEs of these molecules are indicated in 
green type (activated) or red type (deactivated). 
 

 
Figure 2.13 Chemical structures and the calculated bond dissociation energy values 
(BDEs in kcal/mol) of compounds 10, 13, and compound 14. The “primary” BDEs are 
indicated in black type and the “secondary” BDEs of these molecules are indicated in 
green type (activated) or red type (deactivated). 
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2.14 Computation of relevant physical properties (qualitative and 
quantitative) 
For the molecules under study, their experimentally determined antioxidant properties 

have been examined in the light of their various computed structural and physical 

properties. These are summarized in Table 2.5 and Table 2.6.  

 

 

 

 

 

 

 

 
 
 
 

Figure 2.14 Chemical structures and the calculated bond dissociation energy values 
(BDEs in kcal/mol) for compounds 1 and 2. Since these are mono-phenolics the values 
are necessarily primary BDEs. 
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Table 2.5 Relevant computed properties for all molecules included in this study. 
 

 
Molecules 

 
Molecular 

weight 

 
Lowest 

BDE 
(kcal/mol) 

 
Polar 

Surface 
Area (Å) 

 

 
Number of 
Hydrogen 

Bond 
Donors 
(HBD) 

 
Number of 
Hydrogen 

Bond 
Acceptors 

(HBA) 

 
Number of 

intra-
molecular 
hydrogen 

bond 
(IMHB) 

 
Log10P 

1 282.33 85.5 46.3 2 3 0 3.36 

2 342.39 79.8 59.5 2 5 1 3.11 

3 282.33 84.4 45.8 2 3 0 3.49 

4 342.39 80.9 60.1 2 5 2 3.24 

5 284.35 84.4 45.7 2 3 0 3.85 

6 284.35 84.8 46.2 2 3 0 3.85 

7 418.53 79.5 63.4 3 4 0 6.30 

8 418.53 82.6 64.6 3 4 0 6.30 

9 434.53 72.1 83.8 4 5 1 5.91 

10 560.64 83.6 92.5 4 6 0 5.98 

13 286.23 81.6 95.9 4 6 1 0.32 

14 178.18 83.8 40.4 1 2 0 1.98 

15 344.40 77.5 60.1 2 5 2 3.60 

BHA-1 180.24 80.8 23.64 1 2 0 3.20 

BHA-2 180.24 78.0 23.64 1 2 0 3.22 

Vitamin E 429.70 75.3 18.74 0 2 0 9.98 
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Table 2.6 Experimental and computational data of Ribes nigrum lignoid molecules. 
 

 

Molecules 

 

EC50
a 

Superoxide 

anion 

 

EC50
a 

DPPH 

 

IP 

 

DM 

(Debye) 

PARENT 

 

DM 

(Debye) 

RADICAL 

 

PSA (Å) 

PARENT 

 

PSA (Å) 

RADICAL 

 

BDE 

(kcal/

mol) 

 

IAPI 

1 NA NA 168.4 1.72 6.23 46.3 42.2 85.5 135.

3 

2 6.09 NA 157.2 1.98 2.47 59.5 53.8 79.8 61.1 

 

3 2.05 NA 163.9 2.65 5.31 45.8 41.2 84.4 121.

8 

4 1.24 32.33 154.2 1.93 2.54 60.1 52.8 80.9 74.8 

 

5 NA NA 163.8 0.85 4.99 45.7 41.1 84.4 122.

0 

6 3.05 NA 166.5 2.25 6.24 46.2 41.2 84.8 127.

5 

7 NA NA 156.7 1.71 4.37 63.4 82.3 79.5 56.8 

 

8 NA NA 158.2 3.05 3.75 64.6 59.7 82.6 96.7 

 

9 1.12 NA 155.2 3.6 5.71 83.8 77.7 72.1 -41.2 

 

10 3.26 NA 163.1 4.19 5.91 92.5 88.3 83.6 110.

5 

13 4.85 31.52 153.8 3.45 6.21 95.9 89.8 81.6 83.8 

 

14 NA NA 173.5 3.55 2.84 40.4 35.9 83.8 112.

9 

15   156.6 1.50 2.91 60.1 52.8 77.5 29.2 

 

BHA-1 17.02 26.71  2.47 5.23 23.8 19.1 80.8 72.6 

 

BHA-2 17.02 26.71  2.34 4.37 23.8 20.1 78.0 36.1 

 

Vitamin 

E 

  147.9 2.62 5.32 22.3 

 

19.3 75.3  
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2.15 Result and discussion 

1. Why are the Molecules of Group 2, namely molecules 2, 3, 6, 9and 10, Table 

2.3, only active towards superoxide and not towards DPPH? 

Molecules belonging to Group 2 (that are active towards superoxide but not towards 

DPPH) are the Molecules 2, 3, 6, 9 and 10, Table 2.3 - Colour Coded Blue. 

Experimentally, these molecules show activity only towards superoxide, but to different 

extents, in the order 2 < 10 < 6 < 3 <9 and no activity at all towards DPPH.  Molecules 

in this Group exhibit their lowest BDEs in the order 9 (72.1 kcal/mol) < 2 (79.8 

kcal/mol) < 10 (83.6 kcal/mol) < 3 (84.4 kcal/mol) < 6 (84.8 kcal/mol). The fact that 

these orders do not correspond with the experimental orders, Table 2.7, indicates that 

the BDE values alone are not sufficient to explain the antioxidant activities. 

Table 2.7 Minimum computed BDE values compared to experimental superoxide and 
DPPH radical scavenging values, where activity is towards superoxide only. 
 
 
Group 2 
Molecules 

Minimum 
computed BDE 

(kcal/mol) 

Experimental 
superoxide 

scavenging (EC50 
in μM) 

 

Experimental 
DPPH scavenging 

– not observed. 
Comments on 
reason(s) for 

inactivity. 
2 79.8 6.09 Steric hindrance 
3 84.4 2.05 Threshold exceeded 
6 84.8 3.05 Threshold exceeded 
9 72.1 1.12 Steric hindrance. 
10 83.6 3.26 Steric hindrance and 

threshold exceeded 
 

 

However, it is worth noting that the molecule that has the lowest BDE, i.e. Molecule 9, 

also has the highest superoxide scavenging activity. Here, the BDE of 72.1 kcal/mol is 

remarkably low (with reference to the Vitamin E computed benchmark value of 75.3 

kcal/mol), Table 2.6. Figure 2.15 (a) depicts the (space filling) electrostatic potential 

energy maps of Molecule 9 and superoxide and our modelling has explored how these 

molecules might approach one another (this figure is a “snapshot” of many possible 

approaches that have been examined). During the manual docking process, the influence 

of the relative directions of the dipole moments have also been considered. Thus, the O-
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H moiety with the lowest BDE of 72.1 kcal/mol is in an electrostatically favoured part 

of the molecule with respect to an approach by the superoxide anion and is also 

sterically accessible with respect to all of our tested docking trajectories. Hence its 

scavenging propensity towards superoxide is to be expected. Given the low DBE of this 

molecule, it is perhaps surprising that there is no activity at all toward the DPPH.  

Figure 2.15 (b) depicts the electrostatic energy maps of Molecule 9 and DPPH, 

representing a “snapshot” of how these molecules might approach one another. What 

becomes clear from these experiments is that the steric bulk of the DPPH significantly 

hinders its approach to the antioxidant region of Molecule 9. It is also worth noting that 

Molecule 9 is not flat - and this accentuates the bulk of this molecules as well. 

Therefore, we attribute the inactivity towards DPPH to steric factors between these two 

molecules that are manifestly sufficient to inhibit productive intermolecular interactions, 

in spite of the low BDE. 
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Figure 2.15 Representation of electrostatic energy maps of Molecule 9 with (a) 
superoxide and (b) DPPH. 
 
If we next turn our attention to the least active molecule towards superoxide that is also 

inactive towards DPPH, namely Molecule 2, this has a minimum BDE of 79.8 kcal/mol 

and, based on our other data, this value is considered unlikely to be above the threshold 

for activity for either superoxide or DPPH.  
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Figure 2.16 Representation of electrostatic potential maps of the Molecule 2 with (a) 
superoxide and (b) DPPH. In this diagram, the spin potential of the DPPH is also 
shown. 
 
Figure 2.16 (a) depicts the electrostatic potential energy maps of Molecule 2 and 

superoxide and represents a “snapshot” of how these molecules might approach one 

another. Note that the dipole vector is perpendicular to the plane of the molecule and 

this would tend to direct the superoxide anion towards the centre of the molecule rather 
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than towards the antioxidant regions at the ends. This, together with some steric 

influence of the methoxy groups, may well have some inhibitory effect on the reaction, 

hence making this molecule less potent towards superoxide, as observed. 

Figure 2.16 (b) depicts the electrostatic potential energy maps of Molecule 2 and DPPH 

approaching one another. It is noteworthy that both of these molecules are comparable 

in size and both have steric bulk (Molecule 2 via the methoxy moieties). Our docking 

experiments suggest that the resulting steric hindrance could be sufficient to prevent a 

productive interaction between these two molecules. 

The minimum BDE for Molecule 3 that is moderately active towards superoxide but 

inactive towards DPPH is 84.4 kcal/mol. Figure 2.17 (a) depicts the electrostatic energy 

maps of Molecule 3 and superoxide and represents a snapshot of their possible 

approach. Here, it may be seen that both the active O-H’s of Molecule 3 are accessible 

to superoxide and this approach is electrostatically favoured and not sterically restricted 

- and thus, as expected, it shows activity towards superoxide.  

Figure 2.17 (b) represents the electrostatic and spin potential maps of DPPH with 

Molecule 3 and considers the approach of both the molecules aligned with their dipole 

moments.  From these studies it can be shown that DPPH clearly has access to the OH 

moiety and suggests that the 84.4 kcal/mol is above the threshold for the DPPH and that 

this is the limiting factor. 
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Figure 2.17 Representation of electrostatic energy map of Molecule 3 with (a) 
superoxide anion and (b) DPPH. In this diagram, the spin potential of the DPPH is also 
shown to high light the accessibility of this region to the antioxidant region of Molecule 
3. 
 
 
Figure 2.18 (a) depicts the electrostatic energy maps of Molecule 6 and superoxide and 

represents a snapshot of their one of the possible approach trajectories. Both the active 

O-H’s of Molecule 6 (two equivalent minima BDEs of 84.8 kcal/mol) are accessible to 

superoxide, and this approach is also electrostatically favoured and not sterically 
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restricted. Since this molecule shows activity towards superoxide, this indicates that this 

BDE value is below the threshold for superoxide activity.  

Figure 2.18 (b) represents a snapshot of electrostatic energy maps of Molecule 6 and 

DPPH and considers how these molecules might approach one another. Although both 

the O-H’s are accessible to DPPH, both electrostatically and sterically, Molecule 6 

shows inactivity towards DPPH. Therefore, this is attributed to a threshold effect and 

suggests that 84.8 kcal/mol is above the threshold for DPPH. Thus DPPH has a higher 

BDE threshold than superoxide suggesting that the BDE threshold is actually species 

dependent. 

 

 

Figure 2.18 Representation of electrostatic energy maps of Molecule 6 with (a) 
Superoxide and (b) DPPH. 
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Figure 2.19 (a) depicts the electrostatic energy maps of Molecule 10 and superoxide and 

considers how these molecules might approach one another. All four O-H moieties of 

Molecule 10 are easily accessible to superoxide and all approaches are electrostatically 

favoured and not sterically restricted. The minimum BDE of 83.6 kcal/mol is below the 

threshold for superoxide and it is therefore not surprising that this molecule show 

activity towards this radical species.  It should also be noted from Figure 2.13 that the 

remaining three OH moieties are all activated upon the loss of an H atom from the 

minimum BDE moiety and these secondary BDEs are all below the superoxide 

threshold. 

 

Figure 2.19 Representation of electrostatic energy maps of Molecule 10 with (a) 
superoxide and (b) DPPH. 
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Figure 2.19 (b) depicts the electrostatic energy maps of Molecule 10 and DPPH and 

considers how these molecules might approach one another. All four O-H moieties of 

Molecule 10 are not accessible to DPPH as it is neither electrostatically nor sterically 

favoured. The BDE of 83.6 kcal/mol is above the threshold for DPPH and it is therefore 

not surprising that this molecule inactive towards this radical species.   

2. Molecules of Group 3, namely Molecules 4 and 13, Table 2.4, are active 

towards both superoxide and DPPH. Why? 

Molecules belonging to Group 3 (that are active towards both superoxide and DPPH) 

are the Molecules 4 and 13, Table 2.4 - Colour Coded Green. Experimentally, these 

molecules show activity towards both superoxide and DPPH. Figure 2.20 (a) depicts the 

electrostatic potential energy maps for Molecule 4 and superoxide considers how these 

molecules might approach one another. Figure 2.20 (b) depicts the electrostatic potential 

energy maps for Molecule 4 and DPPH and represents a snapshot of their possible 

interaction.  The minimum BDE of Molecule 4 is 80.9 kcal/mol and this is below 

threshold value for both superoxide and DPPH. For both species, the electrostatics and 

the steric requirements are favourable for interaction. It is worth noting that for the 

previously discussed Molecule 2, that is structurally very similar to Molecules 4, Figure, 

2.12, the electrostatic and steric factors are not considered favourable, the latter being 

influenced by the bulkier saturated carbon substituent. This is a testimony to the subtly 

of steric effects.  
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Figure 2.20 Representation of electrostatic energy maps of Molecule 4 with (a) 
superoxide and (b) DPPH. 
 
 
Figure 2.21 (a) and (b) depict the electrostatic potential energy maps for Molecule 13 

and superoxide and DPPH and represent snapshots of their possible interactions.  All 

the O-H moieties are easily accessible for both superoxide and DPPH, both 



77 

 

electrostatically and sterically. The minimum BDE of 81.6 kcal/mol is below the 

threshold value for both species.  

 

 

Figure 2.21 Representation of electrostatic energy maps of Molecule 13 with (a) 
superoxide and (b) DPPH. Not that the spin potential is also indicated in the DPPH 
molecule to highlight its accessibility to the active OH moiety. 



78 

 

2.16 Comparison of Molecules 

2.16.1 Molecules1-6 and Molecule 15 

For Molecule 15 there is no experimental data available although it is structurally 

similar to Molecules 1 to 6 (Set 1, Figure 2.22). Based on the previous analysis of 

Molecules 1 to 6, it is possible to predict the behaviour of Molecule 15 towards 

superoxide and DPPH. Molecules 1-6 and 15 are structurally similar but shows different 

antioxidant potency. Their antioxidant potency increasing order is 2 ˂ 6 ˂ 3 ˂ 4 and 

Molecules 1 and 5 neither show superoxide anion scavenging nor DPPH activity. 

Molecule 4 shows both EC50
a and DPPH activity, the presence of methoxy groups at 3 

and 3’ positions and the presence of carbon -carbon double bond is the reason for its 

unique character from rest of the Molecules. Due to the presence of methoxy moieties in 

Molecules 2, 4 and 15 the O-H homolytic bond cleavage occurs easily. The methoxy 

moieties are interconnected by intra molecular hydrogen bonding and thus 2, 4 and 15 

show least BDEs (79.8, 80.9, and 77.5 Kcal/mol) respectively.  

Furthermore, in Molecule 4, one of the methyl group was replaced by =CH2 group, 

decreased its steric hindrance, and thus improved its accessibility towards DPPH. The 

high DM and low BDE also lead Molecule 4 more attractive towards superoxide anion. 

The electron dense unpaired spin of DPPH is away from the active hydroxyl moiety of 

Molecules 2 emphasize the experimental results of DPPH activity. Whereas in 

Molecules 4 and 15 the unpaired spin of DPPH is overlapping the active hydroxyl 

moiety, compliments the experimental results. 

Some research questions based on the experimental data relating to the superoxide anion 

and DPPH free radical scavenging assays are as follows. 

2. 16.2 Set 1 (Molecules 1-6 and 15) 

Set 1 (Molecules 1, 2, 3, 4, 5, 6 and 15). Molecules 2, 4 and 15 have IMHB with 

relatively low BDEs. Molecules 1, 3, 5 and 6 lack IMHB and have relatively high 

BDEs. 

1.  Only Molecules 1 and 5 from Set 1are inactive towards both the superoxide anion 

and DPPH, why? 
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2. Molecule 4 is the only one from Set 1that shows activity towards both the superoxide 

anion and DPPH why? 

3. Molecules 2, 3 and 6 from Set 1show activity towards superoxide only - but to 

different extents 3 > 6 > 2, why? 

 

 

 

Figure 2.22 Representation of electrostatic energy map of Molecule 15 with (a) 
superoxide and (b) DPPH. 
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Set 1, that are grouped together based on structural similarities, contains Molecules 1-6 

and 15. The primary observation was about the inactivity of Molecules 1 and 5 towards 

both superoxide and DPPH. There are few observed structural differences for these 

Molecules. Whereas, the BDEs for these molecules are quite high (85.5 kcal/mol for 

Molecule 1 and 84.4 kcal/mol for Molecule 5) and poor structural accessibility for 

superoxide and DPPH free radical. Furthermore, bottom side of Molecule 1 the 

negatively charged superoxide facing repulsion and through the top side of the molecule 

superoxide was unable to approach because of steric hindrance by the two methyl 

groups. In addition, the lower DM of Molecule 1 reduces the polarity and thus 

decreased the attraction of superoxide towards Molecule 1. 

Molecules 1 and 5 exhibits relatively low DMs, indicating less polarity, together with 

relatively high BDEs. In addition, there is poor structural accessibility to the O-H 

moieties for both superoxide and DPPH free radicals, Figure 2.12. All these factors can 

be considered as being consistent with the observed inactivity. 

2.16.3 Set 2 (Molecules 7, 8 and 9) 

Set 2 (Molecules 7, 8 and 9). Molecules 7 and 8 lack IMHB and Molecule 9 has IMHB. 

Molecule 9 is active towards superoxide but not to DPPH: High activity of Molecule 9 

towards superoxide anion show high antioxidant potential towards superoxide anion 

Table 2.1 and have no activity towards DPPH. Figure 2.15 depicts the dipole vectors of 

the Molecule 9 with superoxide and DPPH. The lowest BDEs of Molecules 7 and 8 are 

(79.5, 82.6 kcal/mol) respectively and for Molecule 9 (72.1kcal/mol) indicates that the 

BDEs are below threshold. However, only Molecule 9 show activity towards 

superoxide. This could be because of its structural accessibility (the active hydroxyl 

moiety at position 3 of Molecule 9) whereas, for Molecules 7 and 8 the active O-H 

moiety is situated at the mid of the molecule, which prohibited its accessibility for 

superoxide and DPPH due to steric effect. Furthermore, Molecule 9 show relatively low 

IP than Molecules 7 and 8, Table 2.1 which also emphasize the better antioxidant 

potency of Molecule 9, as the IP is inversely proportional to antioxidant activity (K. 

Sadasivam et.al 2011).  
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2.16.4 Set 3 (Molecules 10, 13 and 14) 

All the molecules in Set 3 are neither structurally similar nor comparable molecular 

weight. Though, Molecules 10 and 14 lack IMHB, Molecule 10 show activity towards 

superoxide but not towards DPPH; whereas Molecule 14 is inactive towards both 

superoxide and DPPH. Molecule 13 exhibits IMHB and show activity towards both 

superoxide and DPPH. The presence of IMHB in Molecule 13 lowers its polarity by 

masking which is a qualitative physical property for representing the antioxidant 

activity of molecules with polar atoms. 

2.16.5 Molecules 7 and 8 inactive towards both. 

Molecules 7 and 8 are inactive towards both superoxide and DPPH. One of the observed 

differences of these molecules 7 and 8 from Molecule 9 is the “cage” like orientation of 

the aromatic rings. This orientation of these molecules 7 and 8, (unlike Molecule 9) 

restricts the accessibility for DPPH and superoxide. Furthermore, the BDEs of these 

molecules 7 and 8 are relatively higher than Molecule 9. The active O-H (O-H with 

lowest BDE) is situated at the mid of these molecules which are not easily accessible 

due to steric effect. The electrostatic energy maps of both molecules 7 and 8, Figures 

2.28 and 2.29 show similar orientations of the aromatic rings forming a ‘cage like’ 

structure. 

2.17 Effect of intra molecular hydrogen bonding on dipole moment 

As an index of polarity, DM could predict the physicochemical properties of drug(s) 

molecules. On scrutinize the effect of IMHB, it was observed that the DM decreased in 

molecules 2, 4, 9, 13 and 15 which possesses IMHB; computed IMHB values and 

dipole moment of parent and radical species of lignoid molecules are given in Table 2.8. 

The decrease in DM is due to the fact that, the hydrogen- bonded ring closure 

diminished the polarity and increased the lipophilicity/hydrophobicity (Goto et al. 

2001). 
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Figure 2.23 Representation of Molecule 2 with Intra Molecular Hydrogen Bonding. 
 

 
 

Figure 2.24 Representation of Molecule 4 with Intra Molecular Hydrogen Bonding. 
 

 
 
Figure 2.25 Representation of Molecule 9 with Intra Molecular Hydrogen Bonding. 
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Figure 2.26 Representation of Molecule 13 with Intra Molecular Hydrogen Bonding. 
 

 

 

Figure 2.27 Representation of Molecule 15 with Intra Molecular Hydrogen Bonding. 
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Figure 2. 28 Representation of electrostatic energy map of Molecule 7 

 
 
Figure 2. 29 Representation of electrostatic energy map of Molecule 8 
 

2.18 Effect of ionization potential over methoxy substituent 

The methoxy group attached compounds are 2, 4, and 15. The Molecules 1 and 2 are 

structurally differ by the presence of methoxy moieties at 3 and 3’ positions of the 

aromatic ring. On comparison of both molecules, Molecule 2 shows activity as a 

superoxide anion scavenger as the electron withdrawing -methoxy groups at positions 3 

and 3’ favours intra molecular hydrogen bonding and superoxide anion.  For example, 
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the conformational analysis of both compounds designates that the BDE of the former is 

quite high (85.5 kcal/mol) and the other is (79.8 kcal/mol). This difference in BDE is 

due to the presence of intra molecular hydrogen bonding that deteriorate the bonding. In 

addition, Molecule 2 shows least IP than Molecule 1. The greater the degree of 

dissociation, the more H+ ions will be produced in turn, the extent of dissociation 

depends on the IP of the corresponding molecule. 

Table 2.8 Computed values of lignoid molecules with the values of dipole moment of 
parent and radical species and the number of intra molecular hydrogen bonding. 
 

 

Molecules 

 
Number of 

intra-molecular 
hydrogen bond 

(IMHB) 

 

DM (Debye) 

PARENT 

 

DM (Debye) 

RADICAL 

1 0 1.72 6.23 

2 1 1.98 2.47 

3 0 2.65 5.31 

4 2 1.93 2.54 

5 0 0.85 4.99 

6 0 2.25 6.24 

7 0 1.71 4.37 

8 0 3.05 3.75 

9 1 3.6 5.71 

10 0 4.19 5.91 

13 1 3.45 6.21 

14 0 3.55 2.84 

15 2 1.50 2.91 

BHA-1 0 2.47 5.23 

BHA-2 0 2.34 4.37 

Vitamin E  2.62 5.32 
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2.19 Conclusions 

For molecules that are inactive towards both superoxide and DPPH (Group 1), the 

computed BDEs are relatively high (in the low to mid 80’s of kcal/mol) for Molecules 

1, 5, 8 and 14; the exception is Molecule 7 that has a BDE of 79.5 kcal/mol. For the 

former group of molecules, it is concluded that the inactivity is due to both the BDE 

threshold being exceeded for both radicals and to steric hindrance that may be observed 

upon the (docking) approach of both of the radicals to the ‘antioxidant region’ of the 

poly phenolic. For the latter molecule, i.e. Molecule 7, it is concluded that the inactivity 

is due to both steric hindrance and opposing dipole moments with respect to accessing 

the antioxidant region. 

For molecules that are active towards superoxide but not towards DPPH (Group 2), 

three of the molecules, Molecules 3, 6 and 10, have BDEs in the mid 80’s(of kcal/mol) 

and two, Molecules 2 and 9, have BDEs in the high and low 70’s. In particular, one of 

these latter molecules, Molecule 9, has a computed BDE value that is considered to be 

very low, at 72.1 kcal/mol (c.f. benchmarked to BDE of Vitamin E; 75.3kcal/mol, under 

the same method). For Molecules 3, 6 and 10, it is concluded that the BDE thresholds 

are exceeded for activity towards DPPH since the antioxidant part of these molecules 

are considered to be fully accessible, according to the modelling and docking 

experiments and given that adverse dipole-dipole interactions were not found to be a 

contributing factor. This suggests that the BDE threshold for DPPH is different from 

that of superoxide, all else being equal. This is, perhaps, not surprising. For Molecules 2 

and 9, steric hindrance with respect to DPPH is found to be explicitly present for both of 

the molecules and especially for Molecule 9 that has the very low BDE - that would 

otherwise be expected to be highly active. This emphasises the importance of steric 

hindrance. 

For the molecules that are active towards both superoxide and DPPH (Group 3), 

namely Molecules 4 and 13, the computed BDEs are in the low 80’s. The values of the 

BDEs are thus considered to be below the threshold for activity for both superoxide and 

DPPH and an examination of the molecular structures and their docking with the free 

radicals, show no steric hindrance with respect to their approach to the antioxidant 



87 

 

regions. It is also found that the dipoles are compatible for a favourable reaction 

orientation. 

The above outcomes show that although it is difficult to rationalize the observed 

experimental antioxidant activities based on the lowest BDE energies alone, this can be 

achieved to some extent when the structural characteristics of the molecules are 

considered in the light of steric hindrance and dipole - dipole compatibility. This clearly 

demonstrates that all such factors need to be taken into account in rationalizing the 

observed antioxidant activity and/or in the design of more effective antioxidant 

molecules. If such molecules are being designed as drugs, then other computed 

parameters, such as Log10P, should also be taken into account for considerations such as 

bioavailability. Computational Chemistry is a powerful tool for this approach. A 

particularly important realization is that the rationalization of the antioxidant activity is 

both qualitative and quantitative, with qualitative components (such as structure, steric 

effects, dipole direction and charge distribution) being just as important as quantitative 

parameters such as the BDE. For this reason, we have not approached this problem with 

multiple linear regression analysis in mind. 
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CHAPTER 3 

A strategy for the identification of a potential 
drug candidate from a traditional medicine 

3.1Preamble 

The general objective of this research is to select a well-known traditional medicine 

derived from a natural product, for which some information on its chemical composition 

is known within the scientific literature and for which a specific recalcitrant medical 

condition is identified as a target for such a medicine. Existing conventional scientific 

approaches to the design of potential drug candidates towards the aforementioned 

condition are employed to identify molecular species in the extract that represent 

naturally occurring potential drug candidates. Simultaneous computational chemistry 

experiments are then carried out that support (or otherwise) the existing theory (or 

theories) for the purported mode of action of the nominated molecular species. It is 

anticipated that this approach is applicable to a wide range of natural products and 

disease states. This general strategy is depicted in Scheme 1. 

Scheme1- General Strategy 

 

 
 

 

 

 

 

Select a specific traditional medicine based on Natural Products - e.g. Chinese, Indian 
(Ayurvedic Medicine) etc. 

Identify a natural product that is used to treat the symptoms of a specific disease state 
e.g. Arthritis, Alzheimer’s, Parkinson’s etc. 

Review the scientific research that has been 
conducted into this natural product and 

identify the molecules that are present in the 
extract. 

Review existing drug development 
strategies for the treatment of this 
disease state and associated mode 

of action theories. 

 

Identify one or more molecules or moieties in the natural product related to those 
under development as potential drug candidates. 

Wet chemistry on extract to identify 
and isolate molecules of interest. 

Computational chemistry on molecules 
of interest to investigate theory for mode 

of action. 

Obtain enough quantity of the isolated molecule(s) of interest for further 
characterization and biological/clinical testing. 
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For this thesis, the natural product chosen is derived from traditional Indian (Ayurvedic) 

medicine. The medicine is in the form of a drink that is referred to as “Brahmi tea” 

which is derived from the plant Bacopa monnieri (BM). This traditional medicine is 

considered to be a “brain tonic” and is used to treat persons who are suffering from the 

symptoms of various neurological conditions, particularly Alzheimer’s disease (AD). 

Considerable conventional scientific research has been conducted into Brahmi tea with 

respect to its molecular composition as well as animal studies relating to its memory 

enhancing properties (Bihaqi et al. 2009; Jyoti & Sharma 2006; Thomas et al. 2013; 

Vollala, V, Upadhya & Nayak 2011; Vollala, VR, Upadhya & Nayak 2010). In this 

context, one established approach to finding a drug to treat Alzheimer’s disease is based 

on identifying a small molecule that will pass through the blood brain barrier and 

chelate with various transition metals such as Cu2+, Zn2+, and Fe3+. These metals are 

known to bind to and consolidate the associated amyloid plaque in the brain of AD 

victims. The theory is (Atwood et al. 2000; Barnham & Bush 2008; Bin et al. 2013; 

Bush, Pettingell, Paradis, et al. 1994; Bush, Pettingell, Multhaup, et al. 1994; Hung, 

Bush & Cherny 2010; Kim, Nevitt & Thiele 2008; Rao et al. 2012; Tõugu et al. 2009; 

Willcox, Ash & Catignani 2004) that reducing the levels of these metals and stripping 

them away from the plaque will cause it either not to aggregate and/or to disaggregate 

and/or disperse with a concomitant reduction in disease symptoms and progression. 

Thus, from an examination of the known molecular composition of Brahmi tea, a small 

molecule candidate that is capable of passing through the blood barrier and forming 

complexes with various transition metals has been identified in this thesis as a 

degylcoslyated moiety of a previously identified (glycosylated) Bacoside or 

Bacosaponins (Deepak et al. 2005; Majumdar et al. 2013; Murthy et al. 2006; Russo & 

Borrelli 2005), Figure 3.3. More specifically, this molecule is identified as Jujubogenin 

(together with its isomer Pseudojujubogenin). The molecular structures of these two 

molecules are shown in Figure 3.4.  Consequently, using ESI-MS we have been able to 

identify both the Jujubogenin and/or Pseudojujubogenin molecules in the Brahmi tea 

extract as well as the copper complex of Jujubogenin (in a Cu-spiked tea extract). 

Computational chemistry investigations have confirmed the feasibility and structure of 

the copper complex and have allowed us to distinguish between the isomers.  The 

computational studies also explain why the Cu complex is formed preferentially to the 
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Zn complex. Therefore, Jujubogenin, Figure 3.4, has been identified as a possible drug 

lead for the treatment of AD. Notably, to date, the total synthesis of this molecule has 

not yet been reported. A schematic of this specific strategy is given in Scheme 2. 

Scheme 2 – Specific strategy 

 

 

 

 

 

 

 

 

 

 

 

 

 

This study suggests a novel strategy for the separation and identification of Jujubogenin and/or 
pseudojujubogenin from the Bacopa monnieri extract, via Cu2+ complexation. 

Traditional Ayurvedic Medicine 

“Brain tonic”- Brahmi tea derived from Bacopa monnieri 

Potential drug leads for the treatment and prevention of Alzheimer’s 
disease and other neurological disorders. 

From prior research studies 

Reputable experimental evidence for improved neurological performance in 
both humans and animals (Bhattacharya et al. 2000; Roodenrys et al. 2002). 

 

Chemical analysis of plant extracts has established the structures of various 
bacosides and glycosylated bacosides (Rastogi, Pal & Kulshreshtha 1994) 

Based on the hypothesis that metal chelating compounds that can pass through the BBB and strip metals 
such as Cu2+ and Zn2+ from amyloid plaque could be potential drugs for the treatment of AD (Atwood et 

al. 2000; Bush, Pettingell, Paradis, et al. 1994; Bush, Pettingell, Multhaup, et al. 1994)several drug 
candidate moieties were identified: i.e. Jujubogenin/Pseudojujubogenin. 

Identified moieties Jujubogenin /Pseudojujubogenin were modelled computationally for their Cu2+ and 
Zn2+ chelating abilities and relative energies. Cu-Jujubogenin was formed preferentially. Jujubogenin, 

rather than Pseudojujubogenin, was determined to be the preferred candidate. 

 

ESI-MS was performed on the plant extracts spiked with Cu2+ and Zn2+. Only Cu-Jujubogenin was 
subsequently identified. MS/MS also resulted in the appearance of the uncomplexed Jujubogenin moiety, 

Jujubogenin itself was also identified in the non-spiked extract. 

 

Jujubogenin was further examined computationally in terms of its physical and chemical properties and 
may be confidently suggested as a molecule that may pass through the BBB and complex with Cu2+ in 
the brain. Structural similarities to the compound lanosterol have been noted, although the protein de-

aggregation properties of this molecule are controversial. 
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3.2 Traditional Ayurvedic medicine – Brahmi (Bacopa monnieri) 

Bacopa monnieri(BM), an Ayurvedic medicinal herb (known as Brahmi), is from the 

family Scrophulariaceae and is reputed for its memory enhancing ability and 

improvement of brain function (Majumdar et al. 2013; Mathew & Subramanian 2014; 

Ramasamy et al. 2015; Roodenrys et al. 2002; Saini, Singh & Sandhir 2012; Stough et 

al. 2001; Tripathi et al. 1996; Uabundit et al. 2010; Vollala, V, Upadhya & Nayak 2011; 

Vollala, VR, Upadhya & Nayak 2010). In Ayurveda, Brahmi is primarily known as a 

“brain tonic’’ for lifting mood, clarity and memory. Indeed, Brahmi has been used in 

Ayurveda for thousands of years as a memory enhancer, sedative, anti-inflammatory, 

antipyretic, analgesic, and for treating stress-related mood swings (Mathew & 

Subramanian 2014; Murthy et al. 2006; Ramasamy et al. 2015; Russo & Borrelli 2005; 

Saini, Singh & Sandhir 2012; Stough et al. 2001; Thomas et al. 2013). It is also used for 

the treatment of Parkinson’s disease  and epilepsy (Mathew & Subramanian 2014; 

Tripathi et al. 1996). It has been proposed that BM can be used as an adjuvant for 

neurodegenerative disorders involving oxidative stress (Shinomol, Mythri & Bharath 

2012). 

The major chemical components found in Brahmi are referred to as “saponins” 

(Bhandari et al. 2009; Deepak et al. 2005; Ganzera et al. 2004; Kalachaveedu et al. 

2016; Murthy et al. 2006; Rastogi, Pal & Kulshreshtha 1994). Saponins (that are 

glycosides) are compounds found in plants which form a lather with water (hence the 

name) and upon hydrolysis yield sugar moieties (e.g. glucose, galactose etc.) and an 

aglycone moiety. The aglycone moiety may be a flavonoid, triterpene or another natural 

product. It was reported that, in Brahmi, the major chemical constituents of the 

saponins, namely; bacosides A1- A3, bacopasaponins A – G and bacopasides I-VIII, are 

responsible for memory enhancing activity both in humans and animals (Devendra et al. 

2018). Specifically, in Brahmi, the aglycone moiety is the steroid molecule Jujubogenin 

or its isomer Pseudojujubogenin, Figures 3.3 and 3.4. 

The detailed chemical composition of Brahmi has been investigated (Zehl et al. 2007) 

and the observed memory-enhancing effects of BM are proposed to be due to the 

presence of saponin glycosides (Kumar, Navneet et al. 2016). Depending on the 

positions of the side chains attached to the aglycones, saponin glycosides in BM may 
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exist as the steroids jujubogenin and psuedojujubogenin glycosides, Figure 3.4. In fact, 

there are more than 30 saponin glycosides that have been reported which differ only in 

the glycosides that are attached to the aglycone (Dowell, Davidson & Ghosh 2015).  

 

Figure 3.1 Bacopa monnieri (Brahmi) 

3.3 Drug leads for the treatment and prevention of Alzheimer’s disease 

(AD). 

Alzheimer's is a degenerative and a fatal brain disease, in which cell to cell connections 

in the brain are lost. Most of the drugs on the market for AD are purely symptomatic, 

with little or no effect on the disease progression. For example, at present the commonly 

used, approved drugs on the market for AD are galantamine, rivastigmine and donepezil 

(plant derived alkaloids) are purely symptomatic (Mathew & Subramanian 2014).  

The difficulty of certain potential drugs to cross the BBB has constrained their efficacy 

as anti-Alzheimer's drugs. Beta Amyloid (Aβ) protein accumulation in the brain is 

considered to be the primary reason for this disease. Thus prevention of Aβ 

accumulation is considered essential for an effective therapeutic intervention for AD. 

Prior research has found that Cu2+, Zn2+ and Fe3+ are enriched in Aβ deposits in AD 

patients (Bartzokis et al. 1994) and that such deposits may be dissolved in vitro by 
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selective metal chelators. For example, clioquinol (CQ) was found to be an effective 

metal chelator, (Hardy & Selkoe 2002; Kumar, N & Knopman 2005) in releasing Aβ 

from the post-mortem brain specimens of AD patients (Gouras & Beal 2001). Chemical 

constituents, from certain plant-extracts can act as naturally occurring 

metal chelators and may act to diminish the aggregation of Aβ by dissolving Aβ 

deposits in brain – provided they can cross the BBB. Current treatments for AD only 

delay the onset of AD or dismissing symptom rather than targeting the root cause. 

Several studies demonstrate that BM improves cognitive function, and enhances 

memory in humans and animals (Jyoti & Sharma 2006; Roodenrys et al. 2002; Stough 

et al. 2001; Vollala, V, Upadhya & Nayak 2011; Vollala, VR, Upadhya & Nayak 2010). 

These research studies indicate that BM could contain an effective drug lead(s) which 

could inhibit the production of Aβ and thus enhance the memory in vivo. Such a 

molecule(s) would be valuable for the understanding of Aβ toxicity in AD and it would 

be useful to know about the metal ion chelating properties of a bioactive, memory 

enhancing drug candidate at the molecular level and thus how it could affect the 

aggregation of Aβ in the brain, potentially to treat or even cure AD. 

3.4 Prior research studies of Bacopa monnieri (BM) 

Prior research studies of the effect of BM extracts have shown that there is reputable 

experimental evidence for improved neurological performance in both humans and 

animals (Jyoti & Sharma 2006; Roodenrys et al. 2002; Stough et al. 2001; Vollala, V, 

Upadhya & Nayak 2011; Vollala, VR, Upadhya & Nayak 2010). Thus the neuro-

protective potential of BM extract in rats with colchicines-induced dementia has been 

demonstrated (Calabrese et al. 2008; Saini, Singh & Sandhir 2012; Uabundit et al. 

2010). Bhattacharya et.al in 2000 studied the antioxidant effects of Brahmi in the 

hippocampus and other work supported the human memory enhancing ability of BM 

extract (Roodenrys et al. 2002). Natural products have been previously been used for 

the treatment of AD. For example, alkaloids such as galantamine and rivastigmine (a 

synthetic derivative of physostigmine) were approved by the FDA for the treatment of 

AD (Ng, Or & Ip 2015). It has been reported that the extracts of BM improve cognitive 

effects in animals (Uabundit et al. 2010; Vollala, V, Upadhya & Nayak 2011; Vollala, 

VR, Upadhya & Nayak 2010).Furthermore, the anti-stress effects of BM plant material 
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has been reported in a study of adult male Sprague Dawley rats by directing oral doses 

of 20-40 mg/kg(Chowdhuri et al. 2002).In addition, Singh et.al in 1998 studied the 

“nerve tonic activity” of BM extract in rats and found that bacosides A and B were 

effective (Singh et al. 1988). 

Seetha Ramasamy et al. in 2015 reported that the aglycones (Jujubogenin and 

Pseudojujubogenin) and their derivatives (ebelin lactone and bacogenin A1) exhibited 

good BBB diffusion (Ramasamy et al. 2015). Furthermore, it was reported that the 

aglycones (Jujubogenin and Pseudojujubogenin) exhibited good CNS drug properties 

with elevated lipophilicity and good BBB penetration compared to their parent 

bacosides (Ramasamy et al. 2015). 

Nevertheless, the mechanism of action of potential small molecules that may be 

responsible for memory enhancement has not been studied to date. Within this thesis we 

are proposing that we have identified a small molecule candidate in BM extract, namely 

Jujubogenin, that can pass through the blood brain barrier (BBB) and that can 

demonstrably chelate Cu2+, Zn2+, or Fe3+) and thus potentially inhibits or reverse Aβ 

production in vivo. 

3.5 Role of metal ions in Alzheimer’s disease (AD) 

Though metals like Cu, Fe and Zn are essential elements in cell metabolism, increased 

levels of these metals have been found in the brains of patients who were suffering 

neurodegenerative diseases (Cuajungco et al. 2000; Mounsey & Teismann 2012). 

Evidence from prior research specifies , the unusual elevation of Cu2+(Cuajungco et al. 

2000) and Zn2+(Bush, Pettingell, Multhaup, et al. 1994)leads to major Aβ toxicity in 

vivo. Furthermore, these metals play a key role in the demise of neurons resulted by 

oxidative stress (OS). Alzheimer’s disease (AD) is a degenerative and fatal brain 

disease, in which cell to cell connections in the brain are lost. It has been reported that 

Beta amyloid (Aβ) protein accumulation or Aβ plaques and neurofibrillary tangles in 

the brain are responsible for this disease (Shankar et al. 2008). Prevention/elimination 

of Aβ accumulation is considered to be an essential method for effective treatment of 

(AD). Metal ions like Cu2+, Zn2+ and Fe3+ were enriched in such Aβ deposits 

(Cuajungco et al. 2000) of AD patients. In the absence of sufficient antioxidants, these 
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metal ions acts as a catalyst for the production and aggregation of Aβ protein. In 

addition, the reduction of Cu2+, Zn2+and Fe3+, will leads to the production of toxic 

reactive oxygen species (ROS) that is accountable for the pathogenesis of Alzheimer's 

disease (Huang et al. 1999) or the interaction of these redox, active metal ions are 

responsible for oxidative stress in AD (Cuajungco et al. 2000), Figure 3.2.The role of 

Cu (Yoshiike et al.) against AD was studied and revealed that (Yoshiike et al.) Cu - 

curcumin complexes were effective than curcumin in scavenging free radicals (Shen, 

Zhang & Ji 2005) and thus inhibiting Aβ accumulation (Chandra et al. 1998; Lim, GP et 

al. 2001). Furthermore, a theoretical study on (Yoshiike et al.) Cu - curcumin complexes 

reported the metal chelating ability of Cu ion by redox mechanism and thus explained 

its ROS scavenging activity with DFT (Shen, Zhang & Ji 2005). 

 

 

 

 

 

 

 

3.5.1 Cu in biological systems 

Studying the role of copper in biological systems is of great importance as it is an 

essential element for most living systems and it acts as a catalytic cofactor in many 

biological pathways (Da Silva & Williams 2001). Cu plays a crucial role in oxygen 

transport and cellular metabolism and a deficiency (or excess) of this metal can lead to 

neurodegenerative disorders (Kim, Nevitt & Thiele 2008). 

3.5.2 Zn in biological systems 

Zinc is the second ample transition metal in the human body and it is an essential 

element for living organisms (Lim, NC, Freake & Brückner 2005). Zinc act as a 
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Figure 3.3 Schematic representation of Aβ mediated free radical generation and the peptide 
when it binds in the presents of catalytic amounts of Cu2+/ Fe3+/Zn2+ ions. 
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structural cofactor in metalloproteinase. Interestingly, the concentration of zinc is large 

in nerve tissues and the disorder of this metal is one of the reason for several 

neurological diseases like Parkinson’s disease, Alzheimer’s disease and epilepsy. 

3.5.3 Fe in biological systems 

Iron is an essential element for living systems. It has a vital role in biological systems 

and acts as a catalyst for the formation of reactive hydroxyl radical from hydrogen 

peroxide (Fenton reaction). Thus, subsequently favours chain reaction of lipid per 

oxidation (Benedet & Shibamoto 2008). Traces of this metal in biological systems, are 

high enough to catalyse free radical reactions (Chevion 1988). 

3.6 Metal chelators as potential drugs 

Previous research indicates that aggregates of Aβ that bind various metal ions can be 

“dissolved” by treatment with selective metal chelators that can be delivered to the 

brain.  For example, clioquinol is a good Cu2+ and Zn2+chelator that may be shown to 

reduce Aβ deposition in vivo (Cherny et al. 1999; Gouras & Beal 2001; Hardy & Selkoe 

2002). Such potential metal chelators are required to pass through the BBB and to 

effectively compete for the metal ions that are bound, or which may bind, to Aβ in the 

brain.  Thus, they may selectively scavenge Cu2+, Zn2+ and Fe3+ ions in the brain to 

form water soluble nontoxic products that can then be eliminated from the body.  In this 

regards, clinical trials of Aβ encumbered APP transgenic mice with clioquinol was 

found to lower Aβ deposition in vivo and this was attributed to the fact that clioquinol 

may pass through the BBB and is a good chelator of Cu2+, Zn2+ (Gouras & Beal 2001; 

Hardy & Selkoe 2002).  

As part of the specific strategy, the author of this thesis have searched for such potential 

metal chelators in BM extract which have the ability to pass through the BBB. Such 

molecules need to be below a certain size and displays an appropriate log10P value. The 

memory enhancing ability of BM that has been studied extensively in animal models, 

suggests that it contains one or more active molecules with the capability of passing 

through the BBB and this suggests that BM extract could contain one or more 

promising drug candidates for the treatment of AD. Indeed, using fluorescence imaging, 
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it has been shown that BM extract can prevent Aβ aggregation in the brain and to 

dissociate pre-formed fibrils in vitro(Mathew & Subramanian 2012).   

The main de-glycosylated constituents of BM are the Jujubogenin and 

Psuedojujubogenin molecules (Zehl et al. 2007). We have assessed their ability to 

complex copper, zinc or iron using molecular modelling. One de-glycosylated moiety in 

particular was found to be a potential candidate that was able considered capable of 

passing through the BBB and to strongly complex Cu2+, Zn2+ and Fe3+. Interestingly, 

this molecule is a steroid that also closely resembles a molecule that has recently been 

found to dissolve protein aggregates that are associated with cataracts (Zhao et al. 2015) 

and this could represent an alternative or synergistic mechanism for anti-plaque activity, 

Figure 3.5. These computational studies have been complemented by experimental 

studies whereby evidence of Cu2+, Zn2+ or Fe3+ chelation has been sought via chemical 

analyses of BM extracts. In this regard the Cu2+complex of Jujubogenin has been 

definitively identified via ESI-MS and MS/MS in BM extract. Thus we have established 

that Jujubogenin is an excellent candidate for passing through the BB barrier and 

complexing with copper in the brain.  

Several pathological effects of BM extract were reported such as memory enhancing, 

anti-lipid per oxidative (Tripathi et al. 1996), revitalization of sensory organs (Garai et 

al. 1996) antioxidant(Bhattacharya et al. 2000), superoxide inhibition, analgesic etc. 

whereas its potential role as a metal chelator has not been reported to date. Our work is 

novel in this regard. 

3.7 Structures of some saponins and bacosides of BM from chemical 

analysis 

Chemical analysis of BM extracts has established the presence of various Bacosides and 

Bacosaponins, Figure 3.3. Bacosides are dammarane type triterpenoid saponnins 

(Bhandari et al. 2009; Rastogi, Pal & Kulshreshtha 1994). The main constituents of 

these are the glycosylated moieties of Jujubogenin (Bacoside A, Bacopasaponin C, 

Bacopaside I and Bacopaside V) and Psuedojujubogenin (Bacosaponin B and 

Bacopaside N2). 
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One de-glycosylated moiety of these structures in particular (Jujubogenin) was found to 

be a potential drug candidate that is capable of passing through the BBB. The metal 

chelation capability of this potential drug candidate was studied in this thesis, both 

computationally and experimentally. 

3.8 Jujubogenin as a drug candidate 

This research works highlights, one of the identified, de-glycosylated and potentially 

bioactive small molecule(s) can pass through the blood brain barrier (BBB) and chelate 

with the free metal ions (Cu2+, Zn2+, and Fe3+) in vivo. Thus, Jujubogenin may be 

confidently suggested as a molecule that may pass through the BBB and complex with 

Cu2+ in the brain. Structural similarities to the compound Lanosterol have also been 

noted. 

3.8.1 The isomers Jujubogenin and Pseudojujubogenin 

Figure 3.4 shows the molecular structures of the naturally occurring steroids 

Jujubogenin (1) and  its isomer Pseudojujubogenin (2), both of which could be present 

in the BM extract as a result of the deglycosylation of the constituent Bacosides or 

Bacosaponins, Figure 3.3. It should be noted that (1) and/or (2) might be independently 

present in the BM extract in the deglycosylated form, although this has not yet been 

reported in the literature6.  

                                                             
6Note that the ESI/MS studies reported in this thesis have identified the presence of one or both of these 
isomers in the BM extract. However, it is not possible to determine from this data whether only one or 
both are present, since they both have the same signal. However, the computational chemistry studies 
reported herein have established that the detected copper complex is likely to be with Jujubogenin only, 
from a consideration of the likely kinetics of reaction.  
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Figure 3.3 Structures of some Bacosaponins and Bacosides of BM. 
 

 
 
 
Figure 3.4 The molecular structures of the isomers (1) Jujubogenin and (2) 
Pseudojujubogenin. 
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Figure 3.5 The molecular structure of Lanosterol. 
 

3.9 Computational analysis of potential Cu2+ and Zn2+ complexes of 
Jujubogenin and Psuedojujubogenin, as bidentate ligands 

3.9.1 Preamble 

Based on the hypothesis that metal chelating compounds, that can pass through the BBB 

and sequester metals such as Cu2+ and Zn2+ from amyloid plaque7, could be potential 

drugs for the treatment of AD (Atwood et al. 2000; Bush, Pettingell, Paradis, et al. 

1994; Bush, Pettingell, Multhaup, et al. 1994), two de-glycosylated moieties 

(aglycones) from the bacoside molecules identified in BM extract (Nuengchamnong, 

Sookying & Ingkaninan 2016; Ramasamy et al. 2015) have been postulated in this 

thesis as small molecule candidates for passage through the BBB and as potential 

bidentate coordinators of Cu2+ or Zn2+. These candidate molecules are Jujubogenin (JJ) 

and its isomer Pseudojujubogenin (PJJ), the structures of which are shown in Figure 3.4 

and, in more detail, in Figure 3.5.These molecules were subsequently modelled 

(utilizing semi-empirical quantum chemical and density functional computations) in 

order to establish their equilibrium geometries and with respect to their potential 

coordinating abilities towards Cu2+ and Zn2+. Various other characteristics of these 

molecules and their complexes were computed including relevant bond lengths and 

angles, relative energies and various other properties such as Log10P, PSA, electrostatic 

potential energies, dipole moments and intramolecular hydrogen bonding. 

                                                             
7Fe3+ was also considered since this has also been implicated in a number of neurological conditions. This 
will be discussed later. 
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Figure 3. 6 Schematic representations of (a) Jujubogenin; (b) Pseudojujubogenin; (c) 
Cu2+- Jujubogenin complex; (d) Cu2+-Pseudojujubogenin complex; (e) Zn2+-
Jujubogenin complex and (f) Zn2+-Pseudojujubogenin complex. Also shown are the 
atom numbering schemes(Ramasamy et al. 2015), the IMHBs and favoured bidentate 
metal co-ordination sites (note that the metals are also assumed to be coordinated to two 
water molecules but these have been omitted for clarity). The relevant bond lengths and 
computed energies of the IMHB are given in Table 3.1. 

3.9.2 Computational method 

JJ and PJJ and their Cu2+ and Zn2+ complexes were modelled using semi-empirical 

quantum chemical calculations (PM3) and density functional theory (DFT), ((Tugcu et 

al. 2012) utilizing Spartan ‘06 and ‘16 software (wave function, Inc. 18401 Von 
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Karman Avenue, suite 370, Irvine, CA 92612 USA). The JJ and PJJ ligands themselves 

refined successfully according to the B3LYP/6-31G*/PM3 method (equilibrium 

geometry) with acceptable bond lengths and angles and also revealed a significant 

intramolecular hydrogen bond that is present in both JJ and PJJ, Table 3.1. Feasible 

bidentate structures for both Cu2+ and Zn2+, involving bidentate co-ordination via the O 

atoms, as indicated in Figure 3.6 (c, d, e, and f), were built and also refined according to 

the B3LYP/6-31G*/PM3 method (equilibrium geometry). It was found that the 

favourable coordination geometries were four (square planar) and four (tetrahedral) for 

Cu2+ and Zn2+, respectively. The bond lengths and angles associated with the Cu and Zn 

coordination geometries are given in Table3.2,and are consistent with the values 

reported in the literature from X-ray analyses (Sletten & Fløgstad 1976; Sletten & 

Thorstensen 1974). Higher coordination geometries could not be accommodated in the 

modelling due to steric interactions and such refinements were not successful. It is 

noted that both square planar Cu2+ (d9) is a doublet, and tetrahedral Zn2+ (d10) is a 

singlet, for both high spin and low spin - a fortunate coincidence that removes the 

necessity of a close examination of the crystal field(s) and/or excessive computations. 

The relevant splitting patterns are shown in Figure 3.7, (An introduction to transition-

metal chemistry ligand- field theory, Leslie. E. Orgel).  

 

Figure 3.7 Representations of energy level schemes for (a) square planar coordination 
splitting pattern and (b) tetrahedral coordination splitting pattern. 
 
Our attempts to form Fe3+ complexes with a variety of coordination geometries were 

unsuccessful and it is assumed that these ligands cannot accommodate this metal. 
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3.9.3 MW,  Log10P and BBB penetration 

For BBB penetration there is a restriction on the size of the molecule in terms of its 

MW. This is considered to be less than approximately 500 Da (Caron, Vallaro & 

Ermondi 2018). The lipophilicity of a molecule indicates the affinity of a drug(s) 

towards a lipophilic environment and is represented by the water/octanol partition 

coefficient P. This is measured experimentally by evaluating the ratio of the 

concentration of a solute in octanol and its concentration in water, at equilibrium.  This 

value may also be determined computationally, as has been done in this thesis. Log10P 

has a vital role in determining the efficacy of a drug(s) and its optimization. Depending 

on the structural properties of a drug, the preferred range for Log10Pforeffective BBB 

permeability is from 1 to 6 (Caron, Vallaro & Ermondi 2018). The computed Log10P 

values for the JJ and PJJ molecules are given in Table 3.2 and these values indicate that 

JJ and PJJ are acceptable candidates for molecules that can permeate the BBB.  

3.9.4 Intra molecular hydrogen bonding (IMHB) 

Intra molecular hydrogen bonding involves the non covalent bonding between a 

hydrogen bond donor (HBD) (O-H, N-H etc.) and an adjacent electronegative hydrogen 

bond acceptor atom (HBA) with both HBD and HBA belonging to the same molecule 

(Caron, Kihlberg & Ermondi 2019). It is relevant in the biological activity of molecules 

and in drug design as it can influence the absorptivity, solubility and potency of drug(s) 

(Caron, Kihlberg & Ermondi 2019; Caron, Vallaro & Ermondi 2018). The IMHBs in JJ 

and PJJ are depicted in Figures 3.9 and 3.10 and span the postulated bi-dentate binding 

sites. The computed bond lengths and angles for the IMHBs in JJ and PJJ and their 

computed bond strengths are given in Table 3.1. These values indicate that they are 

quite strong(Caron, Kihlberg & Ermondi 2019), with the IMHB of PJJ being 

considerably stronger than that of JJ. For example, IMHB can be crucial in drug design 

as it may lead to “polarity masking”(Caron, Vallaro & Ermondi 2018)and thus influence 

membrane permeability, solubility/bioavailability and, when relevant, a molecule’s 

antioxidant potency (Caron, Kihlberg & Ermondi 2019). This is especially significant 

when the IMHB involves phenolic moieties, as in Part A of thesis. More specifically, 

IMHB may directly impact the Log10P value, whereby this parameter may be effectively 

lowered by polarity masking (Caron, Vallaro & Ermondi 2018). This may result in an 
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enhancement of blood brain barrier (BBB) passage. The presence of a strong IMHB 

across the bidentate binding site in JJ and PJJ would not only be likely to enhance its 

BBB penetrating capability due to polarity masking, but could also mitigate against the 

excessive coordination of metals prior to the ligand crossing the BBB. This would be 

expected to be more pronounced for PJJ where this IMHB is considerably stronger. On 

this regard, the Log10P value for PJJ is actually lower than that for JJ. It may well be 

that the presence of an IMHB across a metal coordination site might help to optimize 

the passage of a free ligand through the BBB by providing some level of metal 

coordination mitigation prior to passage. In this regard, it is interesting to note that an 

IMHB across the bidentate coordination site also exists for CQ and related molecules, 

Figure.3.8, that are prime candidates for therapeutics of this kind.  

 

Figure 3.8 Schematic representation of IMHB across the bidentate coordination site in 
CQ. 

3.9.5 Polar surface area (PSA) 

Polar surface area (PSA) is the total surface area that is allied to polar atoms. 

Calculation of the PSA has an important role in drug design as it gives an indication of 

the molecule’s bioavailability. Furthermore, it was reported that, increased PSA values 

of a drug candidate/molecule decreases its BBB permeability (Ertl, Rohde & Selzer 

2000).  



110 

 

Computed values of PSA of Jujubogenin, pseudojujubogenin, and its Cu2+and 

Zn2+complexes are shown in Table.3.2. Indicates that it is favourable for feasible BBB 

permeability. 

3.10 Computed structures of JJ, PJJ and their Cu2+ and Zn2+ 

complexes 

3.10.1 The refined JJ and PJJ structures 

The refined structures for the JJ and PJJ molecules are shown in Figures 3.9 and 3.10.  

All bond lengths and angles within these molecules are as expected. Note that there is a 

strong intra molecular hydrogen bond across the potential coordination site, as indicated 

by the dotted line. The distances, angles and energies associated with these IMHBs are 

given in Table 3.1.  The potential role of this IMHB will be discussed later (also re 

HQ/CQ).From an examination of the JJ and PJJ structures shown in Figures 3.9 and 

3.10, a potential bidentate metal coordination site was identified for both molecules. 

Namely, the two oxygen atoms that are involved in the aforementioned IMHB.

 

Figure 3.9 Jujubogenin with intramolecular hydrogen bonding (dotted line). Red 
indicates oxygen, white hydrogen and grey carbon. Note that a potential bidentate metal 
coordination site can be identified as involving the two oxygen atoms of the IMHB. 
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Figure 3.10 Pseudojujubogenin with intra molecular hydrogen bonding (dotted 
line).Red indicates oxygen, white hydrogen and grey carbon. Note that a potential 
bidentate metal coordination site can be identified as involving the two oxygen atoms of 
the IMHB. 
 
Table 3.1 Intra molecular hydrogen bonding characteristics in JJ and PJJ, compared to 
CQ. 
 

 

Bond lengths 

 

 

JJ 

 

PJJ 

 

CQ 

 

References  (typical 
ranges for IMHB) 

O(O) - - - - O(N) 

 

2.892 Å 2.858 Å 2.654 Å  - 

O-H - - - - O 2.207 Å 2.164 Å 2.037 Å 2.30 – 2.35 Å (Caron, 
Kihlberg & Ermondi 

2019) 

Bond angles JJ PJJ   

O – H - - - - O 126.48˚ 127.09˚ 118.68˚ 70 - 180˚ (Caron, 
Kihlberg & Ermondi 

2019) 

H – bond energy8 
kcal/mol 

2.903 3.346 6.712  

 

                                                             
8
 For JJ and PJJ the intramolecular hydrogen bond energies were calculated, via the DFT method 

B3LYP/6.31G*, by subtracting the energy of the respective JJ and PJJ molecules with H-bonds engaged 

from the energy of the respective JJ and PJJ molecules with disengaged H-bonds. 
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3.10.2 The refined Cu2+ and Zn2+ stuctures of JJ and PJJ 

The refined structures for the diaquo, bidentate, Cu2+complexes of the JJ and PJJ 

molecules are shown in Figures 3.11 and 3.12, along with the coordination sphere bond 

angles, these and the corresponding coordination sphere bond lengths are given in Table 

3.2. The refined structures for the Zn2+ complexes of JJ and PJJ molecules are shown in 

Figures 3.13 and 3.14along with the coordination sphere bond angles, these and the 

corresponding coordination sphere bond lengths are given in Table 3.2. 

 

Figure 3.11 Cu2+ - JJ square planar complex, showing the bond angles of the square 
planar coordination sphere, Table 3.2. Red indicates oxygen, white hydrogen and grey 
carbon. 
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Figure 3.12 Cu2+ - PJJ square planar complex, showing the bond angles of the square 
planar coordination sphere. Red indicates oxygen, white hydrogen and grey carbon. 
 

 

Figure 3.13 Zn2+ - JJ tetrahedral complex showing the bond angles of the tetrahedral 
coordination sphere. Red indicates oxygen, white hydrogen and grey carbon. 
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Figure 3.14 Zn2+ - PJJ tetrahedral complex showing the bond angles of the tetrahedral 
coordination sphere. Red indicates oxygen, white hydrogen and grey carbon. 
 

Table 3.2 Computed values of Log10P, PSA, and IMHB of Jujubogenin, 
Pseudojujubogenin, and its Cu2+and Zn2+complexes. 
 

Compounds Log10P MW PSA (Å2) IMHB 

JJ 5.65 472 47.04 1 

PJJ 5.53 472 48.14 1 

Cu2+ - JJ NA 571 97.35 0 

Cu2+ - PJJ NA 571 103.78 0 

Zn2+ - JJ NA 572 104.77 0 

Zn2+ - PJJ NA 572 106.66 0 
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Table 3.3 Coordination sphere bond lengths and bond angles for the refined structure of 
the Cu2+ and Zn2+ diaquo complexes of JJ and PJJ;  (w) = water. 
 

Complexes M – O bond 
lengths (Å) 

O – M – O 
bond angles 

(˚) 

Literature 
M – O 
bond 

lengths (Å) 

Literature 
O – M – O 

bond 
angles(˚) 

 
 

References 

Cu2+ - JJ 
Square planar 

geometry 

1.817 
2.025  
1.978 (w) 
1.992 (w) 
 

92.25 
88.41 
89.32 
90.04 
269.04 
(Cross-over 
angle) 

 

2.001 
2.551 
2.355 
1.995 (w) 

90.63 
87.74 
83.25 
96.69 

(Sletten & 
Fløgstad 
1976; 
Sletten & 
Thorstensen 
1974) 

Cu2+ - PJJ 
 Square 
planar 

geometry 

1.984 
1.814 
1.998 (w) 
2.022 (w)  
 

82.89 
89.32 
90.42  
97.36  
 

  (Sletten & 
Fløgstad 
1976; 
Sletten & 
Thorstensen 
1974) 

Zn2+ – JJ 
Tetrahedral 

geometry 

1.823 
2.041 (w) 
2.039 (w)  
2.072  

91.34 
126.29 
92.76   
97.62 
 

1.953 
1.982 
2.020 (w) 
2.049 (w) 

95.00 
125.00 
92.00 
96.69 

(Dudev & 
Lim 2000; 
Linder, 
Baker & 
Rodgers 
2018) 

Zn2+ - PJJ  
Tetrahedral 

geometry 

1.821 
2.051 
2.057 (w)  
2.048 (w) 
 

96.51 
102.64 
88.47  
119.89 
 

1.960 
1.993 
2.035 
2.100 

 (Dudev & 
Lim 2000; 
Linder, 
Baker & 
Rodgers 
2018) 
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3.10.3 Discussion of the Cu and Zn complexation with JJ and PJJ 

Both Cu2+ and Zn2+ ions exhibits octahedral geometry in solution and can access a 

number of lower coordination geometries, (Dudev & Lim 2000; Sletten & Fløgstad 

1976; Sletten & Thorstensen 1974). Thus Cu2+octahedral complexes will be in 

equilibrium with square planar complexes and Zn2+ octahedral complexes will be in 

equilibrium with tetrahedral complexes in solution, Figure 3.15.  

 

 

 

Figure 3.15 Schematic representation of Cu2+octahedral complexes in equilibrium with   
square planar complexes and Zn2+ octahedral complexes in equilibrium with tetrahedral 
complexes. 
 

Due to the lability of the axial positions in octahedral Cu2+ (the Jahn-Teller Effect) 

(Comba & Zimmer 1994) , it is not unreasonable to assume that the hexa-aquo complex 

can access lower coordination geometries, such as tetra-aquo square planar, with less 

energy expenditure than octahedral Zn2+.  

3.10.4 Strain energy during molecular modelling 

Cu2+and Zn2+forms nice complexes with JJ/PJJ that were much more 

thermodynamically stable than the isolated ligand. Furthermore, it is very apparent that 

Cu prefers square planar and Zn prefers tetrahedral geometry. Coordination sphere bond 

lengths and bond angles for the refined structure of the Cu2+ and Zn2+ diaquo complexes 

of JJ and PJJ are given in Table 3.3. 
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Note that Cu2+ - JJ is much less strained than the others which suggests that it would be 

formed faster than any of the other possibilities.  The strain energies of Cu2+ and Zn2+ 

complexes of Jujubogenin and Pseudojujubogenin during molecular modelling are 

given in Table 3.4. The strain energy of Cu2+ - JJ (1355 kJ/mol) is much less than the 

strain energy of Zn2+ - JJ (1600kJ/mol) indicates that Cu2+ - JJ formed preferentially 

than Zn2+ - JJ as the strain energy during molecular modelling is the increase in 

activation energy involved in the formation of a complex.  In addition, Zn2+ - JJ bond 

angle (126.29˚) Table 3.3, indicates that it is a distorted tetrahedron than Zn2+ - PJJ 

complex validates the strain energies of Zn2+ - JJ and Zn2+ - PJJ. 
This makes sense since the plane can effectively “slide in” whereas the tetrahedral is 

potentially more spherical and bulkier. However, also note that the Zn complexes are 

more thermodynamically stable. However, to conclude, the Cu2+ - JJ is formed 

preferentially since the reaction product is under kinetic control. Thus, “our peak”, 

when only the Cu is present, is likely to be Cu2+ - JJ rather than Cu2+ - PJJ, since the 

Cu2+ - JJ is kinetically favoured and is also slightly more thermodynamically stable. If 

just Zn was present then the Zn2+ - PJJ would be favoured kinetically, even though it is 

less thermodynamically stable. For a mixture of Cu and Zn, theCu2+ - JJ would win out 

for kinetic reasons. 

Table 3.4 Strain energies of Cu2+ and Zn2+ complexes of Jujubogenin and 
Pseudojujubogenin during molecular modelling. 
. 

Complexes Strain energy (kJ/mol) Formation energy 
(kcal/mol) 

Cu2+-JJ 1355 -2049018 
Zn2+-JJ 1600 -2136144 

Cu2+- PJJ 1472 -2049016 
Zn2+- PJJ 1450 -2136130 

 

Having identified a viable ligand system that can complex with Cu and Zn etc. 

According to our strategy, vide supra, we proceeded to search for such species in the 

BM extract as follows: 
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3.11 Experimental methods for BM extraction 

3.11.1 Materials and reagents 

Ethyl acetate, methanol, ethanol, n-butanol, octanol Cu(NO3)2.3H2O, Zn(NO3)2.6H2O, 

and Fe(NO3)3.9H2O (were purchased from Sigma Aldrich, Melbourne), Milli-Q water, 

0.45µm disposable membrane filter and syringe filter. All reagents used were analytical 

grade. 

3.11.2 Instrumentation 

The instrument used was a Shimadzu LCMS 8045 and the chromatographic 

experiments were accomplished by using electro spray ionization coupled to mass 

spectrometer (ESI-MS), which also performs tandem MS, suitable for structural 

elucidation. 

3.11.3 BM extract preparation 

3.11.3.1 Different solvents 

Systematic extractions were carried out on dried, ground plant material using different 

solvents including water, methanol, ethanol, n-butanol, ethyl acetate (Meepagala et al. 

2013) and octanol and the extract fractions were collected via column chromatography. 

The collected fractions from each extract were subjected to ESI-MS experiments both in 

positive and negative ion mode. The fraction from ethyl acetate extraction revealed the 

presence of Jujubogenin or Pseudojujubogenin after ESI-MS analysis. Peaks consistent 

with protonated Jujubogenin (or Pseudojujubogenin) and dehydrated Jujubogenin (or 

dehydrated Pseudojujubogenin) were detected at m/z 473 and m/z 455 respectively, 

Figure 3.16. 

3.11.3.2 Ethyl acetate extraction 

Sun-dried plant material of BM (100g), was kept in an oven for 5h at 50 ºC and then 

crushed in a grinder to a fine powder. This was transferred into a conical flask and 500 

mL of ethyl acetate was added. The mixture was stirred vigorously for 6h at 45ºC. The 

ethyl acetate extract was filtered (Whatman quantitative filter Paper #1). This process 
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was repeated 4 to 5 times. The combined extracts were concentrated to dryness at 40ºC 

using a rotary evaporator. A green powder was obtained. This powder (approx. 1 g) was 

then completely dissolved in 100mL of pure methanol which was used as a stock 

solution for subsequent column chromatography. 

3.11.4 Phytochemical screening of different plant extracts 

The following tests were carried out for the phytochemical screening of different plant 

extracts according to the procedure of (Kumar, A et al. 2009). As with the ethyl acetate 

extraction, methanol, octanol and water extracts were concentrated to dryness at 40 ºC 

using a rotary evaporator. Thus, obtained powder/crude extract (approx. 1 g) of each 

was then completely dissolved in 100 mL of pure methanol which was used as a stock 

solution for phytochemical screening(Kumar, A et al. 2009).  

3.11.4.1 Test for triterpenoids 

5 mL of each stock solution was added 2 mL of chloroform, 1mL acetic anhydride and 

1mL conc. H2SO4.  A reddish violet colour will indicate the presence of triterpenoids. 

3.11.4.2 Test for flavonoids 

To 1 mL of each stock solution, a few drops of dilute sodium hydroxide was added. For 

a positive test an intense yellow coloured solution will be obtained, which then becomes 

colourless on the addition of a few drops of dilute hydrochloric acid. 

3.11.4.3 Test for saponins 

1 mL of each stock solution was diluted with 10 mL Milli-Q water and agitated in a 

graduated cylinder for 10-15 minutes. A foam (usually approx. a 1 cm layer) indicates 

the presence of saponins. 

3.11.4.4 Test for steroids 

To 1 mL of the stock solution, 10mL of chloroform was added and then 10mL of conc. 

H2SO4was added as a film along the inside wall of the test tube. The presence of 

steroids is indicated by the upper layer of the solution turning red. 
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3.11.4.5 Test for tannins 

To 5 mL of each stock solution, a few drops of 1% w/v lead acetate solution was added. 

The formation of yellow precipitate indicates the presence of tannins. 

3.11.4.6 Test for glycosides 

Each stock solution was hydrolysed with hydrochloric acid for 2 hours on a water bath. 

1 mL pyridine and 5 drops of sodium nitroprusside were added to the hydrolysate and 

then to that sodium hydroxide was added. Presence of glycosides is indicated by the 

appearance of pink coloured solution turning red. 

Table 3.5 summarizes the outcomes of the above tests for each of the BM extracts. 

Table 3. 5Experimental analysis of phytochemicals in the extracts of methanol, octanol, 
ethyl acetate and water (+ = presence and - = absence of phytochemicals)9. 
 

Phytochemicals Methanol Octanol Ethyl acetate Water 

Triterpenoids + + + + 

Flavonoids + + + + 

Saponins + + _ + 

Steroids + + + + 

Tannins _ _ _ _ 

Glycosides + _ _ + 

 

Experiments were carried out to detect the phytochemicals present in all the extracts 

(methanol, octanol, ethyl acetate and water) and observed the presence of triterpenoids, 

flavonoids and steroids in all the extracts whereas the presence of saponin was not 

observed in ethyl acetate extract. Tannins were absent in all the extracts. The absence of 

glycosides in both octanol and ethyl acetate extract indicates the presence of de-

glycosylated moieties (jujubogenin/pseudojujubogenin). 

                                                             
9The screening of the ethanol and n-butanol extracts could not be carried out due to insufficient remaining 
stock solution. 
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3.11.5 Column chromatography 

The column used was silica gel 60-120 mesh with acid washed sand and glass wool. 10 

mL of the above BM ethyl acetate extract stock solution was subjected to column 

chromatography using 7:3 ethyl acetate: water as eluent and 24 fractions were collected. 

Each of these 24 fractions were then subjected to ESI-MS screening and tandem mass 

experiments10. 

3.11.6 Preparation of metal solutions and spiking experiments 

0.01g of Cu (NO3)2.3H2O, was dissolved in 10mL of 7:3 methanol-water solution and 

filtered using a 0.45µm disposable syringe filter. Similarly, metal solutions were 

prepared using Zn (NO3)2.6H2O, and Fe (NO3)3.9H2O. These solutions were used as 

stock solutions for the spiking experiments. 

3.11.6.1 Spiking experiment with copper 

To 1 mL of fraction 5, where Jujubogenin and/or Pseudojujubogenin were detected by 

the ESI-MS experiments, Figure 3.16, 1 mL of the copper stock solution was added 

with stirring. The resultant solution was filtered and then, again, subjected to ESI-MS 

experiment. From this experiment, the copper complex of Jujubogenin or 

Pseudojujubogenin was also detected, Figure 3.18. 

3.11.6.2 Spiking experiment with Zinc and Iron 

The above copper spiking experiment was repeated for zinc and Iron but no 

corresponding zinc or Iron complex could be found. 

3.11.7 ESI-MS and MS/MS experiments 

All fractions were subjected to ESI-MS analysis and this data is included in the 

Appendix and the pH of each fraction was noted11. For tandem MS, three collision 

energies (CEs) were trailed namely, 15V, 20V, 30V, 35V and 40V.The instrument was 

a triple quad offering high accuracy, especially for MS/MS. Both positive and negative-

                                                             
10Fraction 5 revealed the compounds of interest. 
11The pH of Fraction 5 was 5.1. The pH of all the fractions ranged from 3.4 to 5.5. 
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ion modes were used for screening and characterization. The solvent used was 7:3 

methanol: water for all the experiments. 

3.12 Results and discussion 

3.12.1 ESI-MS studies of Bacopa monnieri extracts 

There are a number of research studies reported for the identification of the molecular 

components of BM (Bhandari et al. 2009). Recently, liquid chromatography/ 

electrospray ionization/ quadrupole time-of-flight/ mass spectrometry (LC-ESI-QTOF-

MS) studies assigned peaks  to JJ/PJJ at m/z 473 and dehydrated jujubogenin at m/z 455 

(Nuengchamnong, Sookying & Ingkaninan 2016). Research studies of BM extract were 

also carried out using electrospray ionization ion trap ESI-IT and atmospheric pressure-

matrix-assisted laser desorption/ionization ion trap (AP-MALDI-)-IT analysis. These 

workers reported a peak at m/z 473 supporting the presence of JJ/PJJ (Nuengchamnong, 

Sookying & Ingkaninan 2016). 

The objective of the research reported in this thesis was to systematically extract the 

saponins and their breakdown products (especially the aglycones) from the dried, 

ground BM plant material using a range of solvents including water, methanol, ethanol, 

n-butanol, ethyl acetate and octanol. These extracts were subjected to fractionation via 

column chromatography. For each solvent, the dried BM extract was dissolved in 

methanol and subjected to column chromatography, using 7:3 ethyl acetate: water as the 

eluent and 24 fractions were collected for each extraction. These fractions (6 x 24 = 

144) were then subjected to ESI-MS screening both in positive and negative ion mode. 

A fraction from the ethyl acetate extract revealed a peak at m/z 473 that was assigned to 

protonated JJ/PJJ, Figure.3.16; and a peak at m/z 455 was assigned to dehydrated JJ/PJJ 

-consistent with the literature results that are reported above12.These molecules could 

not be detected in the other extracts. These results are consistent with the chemical 

screen tests reported in Table 3.5, vide supra. 

Subsequent MS/MS on the peak at m/z 473, at different Collision Energies (CEs), 

confirmed the structural identity of the aglycone isomers, JJ and PJJ, Figure 3.17. Thus 

                                                             
12Note that the m/z range searched was restricted to 250 to 550 as only the JJ and PJJ were targeted. Due 
to time constraints, other entities such as the glycosylated species were not targeted in our search. 
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fragments of JJ and or PJJ, (m/z 473) ions were identified at m/z 39, m/z 173, m/z 305, 

m/z 391, m/z 441, at CE-25V; m/z 63, m/z 209, m/z 383, m/z 317, m/z 173, m/z 39, m/z 

403 at CE-35V; m/z 39, m/z 131, m/z 213, m/z 265, m/z 309, m/z 400, at CE-30V and 

m/z 129, m/z 169 at CE-40. There was no fragments at CE-20V for m/z 473. 

 

 

Figure 3.16 The ESI-MS spectra of [C30H48O4]
+ in positive ion mode m/z 473; loss of 

H2O from [C30H48O4]
+ in positive ion mode m/z 455. No attempt has been made to 

assign the other peaks in this spectrum. 
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Figure 3.17(a) MS/MS of m/z 473, polarity: positive, Collision Energy (CE) –25 V; (b, 
d) MS/MS of m/z 473, polarity: positive, CE-35 V; (c) MS/MS of m/z 473, polarity: 
positive, CE-30 V; (e) MS/MS of m/z 473, polarity: positive, CE-40 V. 
 

3.12.2 Chelating potential of JJ/PJJ 

Having identified the presence of JJ and/or PJJ in fraction 5 of the ethyl acetate extract - 

and having established the potential for these molecules to act as bidentate ligands 

towards Cu2+, Zn2+ and Fe3+ ions in our parallel computational chemistry investigations 

as described above in the computational chemistry Section 3.9, we conducted the 

following metal spiking experiments followed by ESI/MS in order to identify any such 

metal complexes in solution. 

3.12.2.1 Spiking with Cu2+, Zn2+ and Fe3+ 

Fraction 5 from the ethyl acetate extract contained was concentrated and divided into 3 

equal portions. Aliquots of each metal ion solution (in 7:3 methanol: water) was added 

to each of the extract portions as described previously and each reaction mixture was 

d 

e 
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filtered using a 0.45µM syringe filter and subjected to ESI-MS and MS/MS, in both 

positive and negative ion mode. 

3.12.2.2 ESI-MS and MS/MS of potential metal complexes 

We were able to definitively identify the presence of the Cu-JJ (or Cu-PJJ) complex, 

[C30H48O4Cu (H2O)2]
+, from the characteristic isotopic profile of copper, Figure 3.18. 

The corresponding Zn and Fe complexes could not be found. This complex was 

subsequently successfully modelled using semi-empirical quantum chemical and 

density functional methods, as described in Section 3.9 above. 

3.12.2.3 Triple quad experiment with copper complex 

In order to further establish the presence of Cu-JJ/PJJ complex, MS/MS tandem mass 

spectrometry was used on the Cu-JJ/PJJ peak of 571 and the experiment was carried out 

at increasing collision energies of 15V, 20V, 25V, 30V, 35V and 40V as the resultant 

fragments are different in different CEs. The resulting fragmentation gave a peak for the 

JJ/PJJ free protonated ligand [C30H48O4]
+at m/z +473, Figure.3.19. This represents 

further compelling evidence for the formation of the Cu-JJ/PJJ complex [C30H48O4Cu 

(H2O)2]
+ in solution. 

3.12.2.4 Preference of Cu complexation over Zn or Fe 

Our inability to observe any complexation with Zn or Fe indicated an interesting 

specificity of JJ or PJJ for Cu. In this regard, several competition experiments were 

carried out, involving Cu/Zn Figure 3.20 and Cu/Fe. In these experiments, we were 

unable to find any evidence for Zn or Fe chelation. However, both of these complexes 

are considered feasible based on our computer modelling studies, Section 3.9, and these 

studies are suggestive of the reasons for the Cu selectivity. 
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Figure 3.18 ESI-MS spectra of [C30H48O4Cu(H2O)2]
+ (positive ion mode), compared to 

the theoretical isotopic profile of [C30H48O4]Cu (H2O)2]
+. 

 

 

Figure 3.19 Triple quad mass spectra of +571 ion, [C30H48O4 Cu (H2O)2]
+ fractionate as 

+473 m/z of jujubogenin [C30H48O4]
+CE(25V). 
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Figure 3.20 ESI-MS spectra of competition experiment with Cu, Fe and Zn in positive 
ion mode; Insets (a) theoretical isotopic profile of [C30H48O4Cu(H2O)2]

+; (b) theoretical 
isotopic profile of [C30H48O4Zn(H2O)2.]

+; (c) theoretical isotopic profile of 
[C30H48O4Fe(H2O)2]

2+
.Note that only the copper complex is present. A similar 

experiment with Zn and Fe failed to detect either. 
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3.13 Conclusions and recommendation for future research 

The designed strategy was implemented for an Indian (Ayurvedic) traditional medicinal 

plant (Brahmi) used as a tea for the treatment of neurological disease symptoms. This 

strategy was found to be highly successful for the identification and characterization of 

a potential, BBB-penetrating, molecule in the extract of Brahmi tea (a purported “brain 

tonic”), that is a good candidate for sequestering copper ions in the brain of Alzheimer’s 

disease victims. Under the employed strategy, the theory employed is the suggestion 

that removal of metal ions from amyloid plaque in the brain by a BBB-penetrating 

chelator molecule would constitute an effective treatment for Alzheimer’s disease. It is 

anticipated that such a natural product candidate would convey numerous advantages 

over synthetic molecules, such as chloroquine (CQ). 

Both computer modelling, systematic extraction and ESI-MS and MS/MS have 

identified the above candidate molecule to be Jujubogenin. Both the Jujubogenin 

molecule (protonated) and its bidentate diaquo Cu2+complex have been characterized 

computationally and experimentally. These studies suggest that the Jujubogenin 

molecule has a unique specificity for Cu2+ and could also be developed as a copper 

specific reagent - with possible implications for the recovery of copper from waste 

water. 

The isomer Pseudojujubogenin has also been investigated and has very similar 

properties to Jujubogenin with respect to transition metal coordination. However, 

Jujubogenin has been shown to coordinate Cu2+ preferentially. However, both of these 

isomers warrant further investigation with respect to their respective binding to a range 

of transition elements, including Zn2+, Ni2+ and Mn2+.  

Since Jujubogenin has not been successfully synthesized, our research provides a means 

for obtaining quantitative amounts, either as the protonated ligand or as the copper 

complex – possibly by preparative cation exchange chromatography of the extract or by 

solid phase extraction (SPE). This is a priority area of further research for conducting 

clinical trials. It is possible that modified or truncated structures derived from 

Jujubogenin could be proposed and be more readily synthesized- and which retain 

BBB-penetrating capability and Cu2+ specificity. Such possibilities could be readily 

explored via computational chemistry and is also an exciting area for future research. 
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Appendices 
 

PART A 

Molecule 1 - ribesin A - (7R,7'R)-8(8')-ene-4,4'-dihydroxy-7,7'-epoxylignan 

Molecule 2 - ribesin B - (7R,7'R)-8(8')-ene-4,4'-dihydroxy-3,3'-dimethoxy-7,7'-
epoxylignan 

Molecule 3 - ribesin C - (7S,7'S,8R)-8'(9')-ene-4,4'-dihydroxy-7,7'- epoxylignan 

Molecule 4 - ribesin D - (7S,7'S,8R)-8'(9')-ene-4,4'-dihydroxy-3,3'-dimethoxy-7,7'-    
epoxylignan 

Molecule 5 - (7S,7'S,8R,8'S)-4,4'dihydroxy-7,7'-epoxylignan 

Molecule 7 - ribesin E - rel-(7R,8S,7'S,8'R)-4,4'-dihydroxy-3'-[1-methyl-2-(4-
hydroxyphenyl)]ethyl-7,7'-epoxylignan 

Molecule 8 -  ribesin F - rel-(7R,8R,7'S,8'S)-4,4'-dihydroxy-3'-[1-methyl-2-(4-
hydroxyphenyl)]ethyl-7,7'-epoxylignan. 

Molecule 9 - ribesin G - rel-(7R,8R,7'S,8'R)-3,4,4'-trihydroxy-3'-[1-methyl-2-(4-
hydroxyphenyl)]ethyl-7,7'-epoxylignan. 

Molecule 10 - ribesin H - rel-(2R,3S,5S,1'S,3'R)-2,5,1',3'-tetra(4hydroxyphenyl)-4-
methylene-4,5,3',4',6',7'-hexahydro-1'H,2Hspiro[furan-3,5'-isobenzofuran] 

Molecule 15 - (7S,70S,8R,80S)-4,40-dihydroxy-3,30-dimethoxy-7,70-epoxylignan 

 

Scatter Plots  
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Superoxide scavenging activity is inversely proportional to BDE, the molecules with 

least BDE show better superoxide scavenging activity. The cluster is observed in the 

scatter plot of BDE vs.DM indicates the effect of DM influences BDEs. 
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PART B 
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ESI-MS (both positive and negative ion mode) of all the fractions of 
Ethyl acetate extract 
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