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Abstract 

Structure-based design and ligand-based design are one of the most common approaches 

used to develop new inhibitors against druggable protein targets in various human disorders. 

Mcl-1 is a protein belongs to Bcl-2 family which has a prime role in apoptosis and therefore 

its targeting improvises its mitogenic effect in a number of serious complications such as 

neurodegenerative disorders and cancers. However, various heterocyclic cores were used to 

developed Mcl-1 inhibitors in last few decades (mainly, polyphenols, thiazoles, thiazolo[3,2-

a]pyrimidinone, indoles, acenaphthylene-phenalenes, pyrroles, isoquinoline-quinolines, 

anthraquinone-quinazolines, naphthols, salicylic-anthranilic acids, benzylpiperazines, 

pyrazolo[1,5-a]pyridines, isoindolines, imidazolidine-2,4-dione, non-peptidomimetic 

macrocycles), and is compiled in objective 2.1 of chapter 2 of this thesis. Also, various 

naturally-derived compounds (such as gymnochrome-F, oxy-polyhalogenated diphenyl 

ethers, anacardic acids, endiandric acids, marinopyrroles cryptosphaerolide, meiogynins) 

were also discovered in the past and had shown low micromolar activity against Mcl-1. 

However, lack of their biophysical studies leads to objective 2.2 of chapter 2 where the 

concept of multiple-receptor conformation and multiple-ligand conformation was used 

initially to evaluate the employed methodology, used for finding the precise and accurate 

docking structures of these naturally derived Mcl-1 inhibitors. Finally, the resulted dock 

scores of respective naturally derived Mcl-1 inhibitors were compared with their Mcl-1 

binding affinities. The previous ligand design information clearly indicates simple structures 

such as diphenyl propenone structures could be beneficial in tight binding to P2-P3 or P3-P4 

pocket of Mcl-1 protein. Based on parent structure binding, further exploration of these 

structures were performed to enhance the scope of the structure-activity relationship (such 

as synthesis of pyrazolines, pyrazoles, O-phenyl alkyl bromides, N-substituted pyrazoles, 5-

amino-4-cyano-diphenyl pyridines, symmetrical and asymmetrical triphenyl pyridines, 

imidazoles and indoles). However, a novel synthetic method was also developed to improve 

the yield and scope of triphenyl pyridines. 

Chapter 3 involves the designing and synthesis of non-peptidomimetic secondary protein 

structures as alpha-helix or as beta-sheets where Objective 3.1 contains synthesis of Bis-

triphenyl pyridine core and Triphenyl pyridine-pyrazole core as BH3 alpha helix. This is the 

first time that a Bis-triphenyl core and triphenyl pyridine pyrazole core is reported. However, 

the second objective (objective 3.2) provides a computational study of macrocycle-

embedded carbohydrates for serotonin isoforms and ions channels (Negi et al., Eur J Med 



 

 

Chem, 2019, 176, 292-309). The highlights of this study were the construction of the 

homology models of NK2, 5HT1A, 5HT2A Site-2 of the sodium channel and retro screening 

of in-house compounds. 

In chapter 4, special focus was given on the biophysical studies of somatostatin isoforms 

and fucosidase enzyme (Zhou et al., 2019, Biorg Chem, 2019, 84, 418-433). Initially, 

homology models of somatostatin isoforms (Negi et al., Eur J Med Chem, 2019, 163, 148-

159) and fucosidase enzymes were constructed and later, successfully found in agreement 

with Ramachandran plot, Errat plot and ProSA. Also, various ligand metrics based on 

lipophilicity were also used. Also, the computational studies were correlated with the IC50/Ki 

data.  
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Chapter 1 

Introduction 

What are the Targets? 

The term, “target” represents a broad range of biological entities of the body where a drug can 

bind and is connected with the physiological state of any disease condition [1]. Targets mainly 

include receptors, such as G-protein coupled receptors (like somatostatin receptors, serotonin 

receptors, and cannabinoid receptors), Ion channels (like sodium channels, potassium channels), 

Enzyme-linked receptors (like kinase receptors), nuclear receptors (like estrogen and steroid 

receptors); accessory proteins or down signalling proteins and enzymes (fucosidase and other 

metabolic enzymes). However, it has been estimated that not even 25% of all known proteins are 

have had their 3D structure determined up to now [2], which limits the use of most conventional 

drug designing approaches such as structure-based drug design and fragment-based design and, 

therefore in such cases only ligand-based design approaches are applicable. However, recent 

development and incorporation of new physical/biophysical parameters in computational 

chemistry improve the overall accuracy of these tools in the construction of a hypothetical model 

of an unknown structure of protein, which also called as homology modeling. 

What is Homology modeling 

Homology modeling is a very useful computational tool, where a three-dimensional atomic model 

of an unknown structure protein (more commonly called as, “target protein”) is constructed from 

its primary amino acid sequence by using a template (which is usually a homologous protein of 

known structure). However, the concept of homology modeling mainly relies on the basis that the 

primary sequence of at least one or two proteins of known three-dimensional structures is likely to 

resemble with the query sequence.  However, it has been noticed that if a template protein doesn’t 

match with more than 25% identity with the target sequence then it could be assumed to have a 

very different protein structure then the target protein. Moreover, 35% is the minimum limit of 

identity required for a template protein for building a reliable homology model [3]. 

There are five steps involved in homology modeling [4, 5].  

a) Selection of template 

The target protein sequence is either retrieved from Uniprot or NCBI website. Later, a Blast 

search on target sequence on a protein structure database provides a number of protein 
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structures as a possible candidate in a role of template for constructing a homology model, 

based on their pairwise sequence alignment score with the target sequence.  

b) Geometry assignment of amino acids of the target sequence 

The geometry specification for amino acid residues of the target sequence is initially copied 

from similar regions of a template. If target sequence and template sequence share similar 

regions of conserved domains, then all coordinates of amino acid residues of target 

sequence directly copied, otherwise, backbone coordinates only copied (as amino acids 

share same backbones, except their side chains). While, if a proline residue of the target 

sequence is aligned to a non-proline amino acid residue of selected template and the φ 

dihedral angle at that position is positive, then no coordinates are copied, and position 

would be considered as an indel (explained below). 

c) Editing of missing gaps in the sequence 

After an initial geometry assignment for building a homology model from a template, there 

would be few residues usually left with no assigned backbone coordinates. These residues 

are usually either found in loops or outgaps or in deletions regions. In the latter case, it is 

unlikely that copied geometry in deletion regions would be correctly assigned therefore 

indels are usually used, which are modeled fragments from high-resolution chains retrieved 

from the protein data bank. 

d) Selection of appropriate loop modeling and side-chain packing 

After indels collections, a set of independent models for loops are created in a random 

fashion. For each loop, an energy function is used to analyze the list of possible candidates 

and then later selected based on ranking. After loop modeling, side chains are then 

modeled, which usually retrieved from an extensive rotamer library generated by systemic 

clustering of conformations and selected by a Unary Quadratic Optimisation and further 

optimized packing is performed. Later, missing hydrogens are added to complete the 

valency of atoms of the model and thereafter model undergoes a series of minimizations to 

resolve any steric clashes between the atoms of amino acid residues.  

e) Selection of model and refinement 

There are several parameters which provide information related to the quality of structure 

in order to select a final model, as enlisted below. 
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(i) RMSD of each intermediate model to the average positions of all the intermediate 

models 

(ii) Electrostatic Solvation energy: this uses a generalized born/volume integral (GB/VI) 

methodology to score the models [6] 

(iii) Residue packing quality function, which utilizes previous knowledge in which similar 

amino acid residues typically find themselves. Each residue is characterized based on 

solvent accessibility and its involvement in H-bond contacts and the ratio of polar vs non-

polar contact atoms in its microenvironment. 

(iv) An estimation of the effective atomic contact energy which determines effective energy 

difference if residue-solvent contacts replaced with residue-residue contacts and are then 

compared with observed contact frequencies in a database of high resolved protein 

structures 

Evaluation of Homology model 

The constructed homology model is then evaluated against a set of parameters, which are listed 

below, to access the quality of the structure. 

(a) Ramachandran Plot: The Ramachandran plot is one of the most important tools to evaluate 

the stereochemical quality of all the amino acids in a constructed homology model. It 

displays the ψ and φ backbone conformational angles (torsional angles) for each residue of 

homology model, which can be represented as, φ is the N (i-1), C (i), Cα(i), N (i) torsion 

angle while ψ is the C (i), Cα (i), N (i), C (i+1) torsion angle [7]. The plot is divided into 4 

main regions: most favored regions, additional favored regions, generously favored regions 

and disallowed regions (as shown in later of the thesis in case of somatostatin receptors, 

fucosidase enzyme, serotonin isoforms, NK2 and site-2 of sodium channel). In a 

Ramachandran plot, the main core (containing alpha and beta sheets) or allowed regions 

are the areas in the plot show the preferred regions for residues in a protein. If the homology 

model is reliable, most ψ/φ angle pairs would be in the favored regions of the plot and only 

a few would be in disallowed regions. This also helps in highlighting amino acids or 

regions of the homology model of unusual geometry. For running a Ramachandran plot, 

the easiest option is to use a web tool called “PROCHECK” which evaluates covalent 

geometry, planarity, dihedral angles (Ramachandran plot), chirality, non-bonded 

interactions, main-chain hydrogen bonds, disulfide bonds and stereochemical parameters 
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of homology model [8]. Those amino acids which were not in agreement with the 

consistent stereochemistry based on Ramachandran plot (called as “outliers”) are further 

energy minimized. 

(b) The ERRAT program analyses the statistics of non-bonded interactions between different 

atom types, to give the plot of the value of the error function versus position of a 9-residue 

sliding window (as shown in later in the thesis of somatostatin receptors, fucosidase, 

serotonin isoforms, NK2 and site-2 of sodium channel) [9]. By comparing with highly 

refined structures, the error values have been calibrated to give confidence limits [9]. In 

the plot, two lines are present on error axis to indicate the confidence with which the 

residues that exceed error value can be rejected. The overall quality factor is expressed as 

a percentage of protein for which the calculated error value falls below the 95% rejection 

limit. 

(c) ProSA examines a PDB file and generates a score based on the quality of the local structure 

surrounding each residue, based on the typical ranges of dihedral angles and side-chain 

contacts observed in real proteins [10]. This program generates a plot which gives a 

measure of structure error at each residue in the protein. It also calculates an overall score 

for structural quality (as shown in later of the thesis in case of somatostatin receptors, 

fucosidase enzyme, serotonin isoforms, NK2 and site-2 of sodium channel). The overall 

measure of quality is given at the top of the plot, and each bar in the histogram is shaded 

according to the significance of the local structural error (as shown in later chapter 

objectives).  

(d) In verify 3D, the accuracy of the 3D model is ascertained by comparing it with its own 

sequence using a 3D profile calculated using atomic coordinates of its structure. 3D profiles 

of correct protein structure have high S scores in contrast with poor structures with low S 

scores. The S score/3D-1D profile score is the sum over all residue positions of a 3D-1D 

score for amino acid sequence of the protein (as shown in later of the thesis in case of 

fucosidase enzyme of different origins) [11]. 

Molecular Docking 

Molecular docking is one of most extensively used computational tools nowadays to predict an 

orientation of one molecule with respect to another molecule to form a stable complex, which 

could be either “small molecule vs macromolecule” or “macromolecule vs macromolecule” (e.g. 
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protein-DNA, protein-protein). The biological relevance of docking could be seen from interacting 

partners as their complementary binding conformation with each other is of prime importance 

which alters any biochemical state of the cell. Such as, insulin and IGF-1 are two different 

endogenous peptide structures which bind to insulin receptor within a close range of affinities 

irrelevant of their structural differences providing sufficient evidence that both peptides somehow 

attained similar conformational during their binding, also presenting a prime example of the 

induced fit theory of protein/enzyme kinetics. However, binding of these peptides to insulin 

receptor brings a different overall cellular change as one (insulin peptide) does increase the cellular 

update of glucose in skeletal muscle while IGF-1 binding brings mitogenic alterations like cellular 

division and differentiation. In recent time, molecular docking is extensively used in structure-

based drug design approach as it helps in suggesting a putative binding conformation against a 

particular binding site of a target of interest which could further rationalize the concept of drug 

design in various medicinal chemistry projects. However, docking is broadly utilized two 

approaches: Shape matching method and simulated docking. 

Shape matching method 

This approach has been called with various names, depending on the concept/method used for 

docking: Shape matching method or geometric matching or shape complementary method. 

Generally, under this approach, a certain number of biophysical features are considered (or taken 

into account), based on the complementary structure of both target and ligand. These features 

include the solvent-accessible surface area of target vs ligand molecular surface area; 

complimentary geometric shape of target and ligand; hydrophobic/hydrophilic features of pockets 

in target with respect to hydrophobic/hydrophilic functional groups in ligand structures. However, 

this approach of docking is typically fast and ligand is with flexible feature can be additively added 

during docking but still lacks the elementary information required to study or accurately measure 

the dynamic changes in ligand-protein conformation. These approaches could be usually in ligand 

virtual screening, pharmacophore-based approaches, and peptide-protein docking. 

Simulated Docking 

The limitation of the shape matching method is overcome by using molecular dynamics assisted 

docking where docking of a ligand is simulated. In this approach a ligand is left in space, to interact 

with the active site of the target. The dynamic nature of ligand conformation is accounted for based 

on energy change with respect to change in amino acid backbone of binding site during its adoption 
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of any specific binding conformation. Each of these conformations induces a total energetic cost 

of the system and therefore can be precisely calculated. These approaches mainly involve grid-

based docking and induced fit docking. 

Issues with molecular docking 

Often, it is assumed that a low binding computational score proportionally associated with the 

binding affinity of molecules. However, docking can be divided into two parts: finding a correct 

positioning of a ligand-binding conformation in context of a particular binding site (i.e. binding 

pose or binding conformation) and its successful identification or attained highest rank by using a 

scoring function (scoring). However, these two points are still of huge concern and need to be 

addressed every time whenever docking is incorporated in any research projects {Erickson, 2004 

#441}. Although, the deficiency of docking in reproducing the results is mainly based on some of 

the enlisted key factors like (i) inadequate incorporation of factors over the ligand-protein 

interacting space, electrostatics, electronic polarization, aqueous desolvation and ionic effects, (ii) 

lack of knowledge about factors accounting for entropy changes during ligand binding to the target 

(iii) insufficient ligand conformer sampling (iv) inadequate sampling and weighting of protons 

(such as in case of tautomers, rotamers) and charges states of ligand and target (v) assumption of 

rigidity in target state (vi) lack in scoring functions to rank properly the final ligand binding 

conformations to the target [12].  

Protein-protein interactions 

Protein-protein interactions (PPIs) are highly specific physical contacts between two or more 

different proteins, which ultimately leads to altering of a biochemical event in a cell. These 

interactions are highly governed by electrostatic forces between amino acids of both protein 

partners, also called “hot spots”. Although, most of the human proteins have multi-partner proteins 

and, therefore serves as number of possible key combination in regulation/transduction of any 

signal to a function for maintaining a normal homeostasis (like cellular translation and 

transcription, multi-molecular assembly of protein subunits, regulation of immune response), but 

also found in malfunctioning and diseases (say e.g. Creutzfeldt–Jakob, Alzheimer's diseases) [13]. 

Although, in 1980’s when the resolution of protein structure improved it was seen that mainly that 

these surfaces are flat and larger than the comparative small-molecule druggability space. More 

details on protein-protein interactions have been provided in objective 4.1 and objective 4.2 of 

chapter 4. 
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Ligand designing 

There are a number of physicochemical factors involved, which affects the bioavailability of drug 

, however in this chapter only Lipinski’s rule of five and lipophilicity are discussed. 

The Lipinski’s rule of five was reported in 1997 [14], which were concerned with the drug-like 

character of small molecules and involves molecular and structural parameters like molecular size, 

shape, lipophilicity, hydrogen bonding and polarity. This rule of five was derived from a database 

of clinical candidates reaching either in Phase II clinical trials or which reached a consequent 

phase. This rule is useful to evaluate the oral route tolerance of relevantly small and moderately 

lipophilic molecules [14, 15]. However, a good agreement of a compound with Lipinski’s rule of 

five does not guarantee that a compound is pharmacologically active. In order to get in the 

agreement with this rule, an orally active drug or new chemical entity (NCE) should have no more 

than one violation of the following criteria: 

• No more than 5 hydrogen bond donors (the total number of nitrogen–hydrogen and oxygen-

hydrogen bonds: OH + NH count), this parameter is quite useful where the active site 

contains basic amino acid residues. 

• No more than 10 hydrogen bond acceptors (all nitrogen or oxygen atoms) this parameter 

is quite useful where the active site contains acidic amino acid residues. 

• A molecular mass less than 500 daltons (Da): lower molecular mass is an indicator of likely 

transport across the membrane. 

• Lipophilicity: this is a structure-dependent parameter calculated in terms of octanol-water 

partition coefficient [16] (log P) and Log P should not be greater than 5. 

The parameter which mostly influences bioavailability is lipophilicity, and altering lipophilicity is 

extensively exploited by drug discovery researchers in various forms of ligand metrics. It also 

depends on the solubility of the molecule or NCE. 

Lipophilicity and ligand metrics 

Lipophilicity has been extensively exploited and correlated with various characteristics of drugs, 

such as their solubility and permeability across the membranes [17-19]; their metabolism and 

pharmacokinetics [20]; their potency [21], selectivity, and promiscuity [22]; and also altering the 

pharmacodynamic and toxicological profile [23]. A trend has been observed that high lipophilicity 

(> 5) leads to rapid metabolic turnover [24], low solubility, and poor absorption [14] of drug-like 

compounds.  Molecules with too high lipophilicity had increased chances of in-vitro target 
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promiscuity [19, 21, 22, 25-28] and in-vivo cellular toxicity [23, 29, 30], along with poor solubility 

and metabolic clearance. On other hand, molecules with too low lipophilicity exhibited poor 

ADMET properties. However, average lipophilicity value of drugs has slightly changed since 1983 

for oral drugs (2.6) and a trend was found that lipophilicity increases as drug candidates progress 

through Phase I, II, and III. However, Lipinski stated that a log P value (lipophilicity range) less 

than 5 is a key for a NCE to reach Phase II clinical trials [14], but Gleeson specifically stated that 

a NCE (of mol. Wt less than 400)  with log P < 4 has better chance of success and having optimised 

ADMET parameters [20].  

Also, lipophilicity has been merged into other parameters. Ligand efficiency is one of them and, 

defined as the binding free energy for a ligand divided by its molecular size [31]. Ligand efficiency 

(LE) has become a significant tool in drug discovery as because of the incorporation of larger or 

bulkier hydrophobic ligands needed in certain types of drug discovery projects with NCEs.  These 

include CNS drug discovery projects, where drug needs to cross the blood-brain barrier, 

antiprotozoal drug discovery, where the drug has to cross increasingly lipophilic membranes of 

parasites and; protein-protein interactions, where the interfaces are flat, featureless and requires 

hydrophobic bulky groups in ligand structures for binding.  In recent time, LE gained significant 

level of usability in fragment-based design approaches, where it assesses the relative binding 

efficiencies of the fragments [32]. The fragment-based design utilizes the concept, that there is 

additivity from the different functional groups in a drug candidate structure, therefore now LE is 

in common practice to optimize different regions in a lead structure [32]. 

Leeson and Springthorpe introduced another lipophilicity derivatized parameter, lipophilic ligand 

efficiency (LLE or LiPE) which links the potency and lipophilicity in an order to estimate drug-

likeness. LLE is the difference between log P (or log D) and the negative logarithm of a potency 

measure (pKd, pKi). LLE also considered being optimal if found between 5 and 7 [23]. There are 

various examples of LE and LLE in optimization of drug-like compounds, such as identification 

of novel α-acyloxy carboxamides as caspase-3/7 activators [33]; indanone derivatives as MAO 

B/H3R dual-targeting ligands for treatment of Parkinson’s disease [34], inhibitors for dopamine 

(D3) and histamine (H4) receptor [35]; 2-hydroxynicotinamide derivatives as Mcl-1 inhibitors 

[36]; discovery of drug-like inhibitors of 15-lipoxygenase-1 [37]; N-substituted piperidin-4-yl-

methanamine as CXCR4 chemokine receptor antagonists [38]; Non-imidazoles as ligands for 

histamine H3 receptor [39]. 
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Chapter 2 

This chapter includes various studies related to the heterocyclic chemotypes as Mcl-1 inhibitors 

Therefore, based on studies the sections were divided into three objectives:  

Objective 2.1. Literature review of various heterocyclic scaffolds in Mcl-1 inhibitor 

development. 

Objective 2.2. Study of the binding mode of the diverse classes of naturally derived Mcl-1 

inhibitor  

Objective 2.3. Investigation of various heterocyclic scaffolds in Mcl-1 inhibitor development. 
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Objective 2.1 Literature review of various heterocyclic scaffold as Mcl-1 inhibitor development. 

The first section of this chapter is a review where I compiled structure-activity data for all the 

heterocycles investigated as inhibitors of Mcl-1, and compare them in terms of, “how heterocyclic 

core or scaffolds can be used and derivatized to alter Mcl-1 activity. As the aim of this chapter is 

to develop new inhibitors for target Mcl-1 dependent apoptosis in cancer, and therefore I 

commence this section providing an overview of cancer and apoptosis. 

2.1.1 Cancer and Apoptosis 

Any cancer is a serious and complex cellular disorder that leads to abnormal cell growth and 

proliferation. Hanahan and Weinberg described it by its 8 different hallmarks, as briefly 

summarized in Figure 1: (a) sustaining proliferative signaling, (b) inducing angiogenesis, (c) 

evading immune destruction, (d) activating invasion and metastasis, (e) evading growth 

suppressors, (f) enabling replicate immortality, (g) reprogramming of energy metabolism, (h) 

resisting cell death (i.e. apoptosis). Among all these 8 hallmarks, metastasis and apoptosis are 

considered as most threatening and therefore their targeting with new inhibitors sustainably 

improves the longevity and standard of living for a cancer patient. 

 
Figure 1 Eight major hallmarks of cancer  

Apoptosis is a necessary key function for normal cellular physiology. Its evasion in cancer is often 

found as a key attribute in precipitating the resistance against various anticancer chemotherapy 

[40]. Broadly, there are two pathways to induce apoptosis in a cell: extrinsic pathway and intrinsic 

pathway. In most cases, the extrinsic apoptosis pathway is activated by ligands of tumor necrosis 
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factor receptors (TNFR) superfamily or Fas and DR4/DR5 receptors [41]. While, the intrinsic 

pathway is regulated by Bcl-2 family proteins [42]. 

3.1.2 Role of Bcl-2 family proteins in apoptosis 

The intrinsic apoptosis pathway is initiated by exogenous and endogenous stimuli, such as DNA 

damage, ischemia, oxidative stress, chemotherapy or radiotherapy. The interplay between the B-

cell lymphoma 2 (Bcl-2) family proteins hold a key in the activation of the intrinsic pathway. The 

proteins of the Bcl-2 family are divided into 2 main subgroups based on their structural homology: 

(a) pro-apoptotic, which are single Bcl-2 homology 3 domain proteins (also known as, “BH3-only 

proteins”), such as Bid, Bim, Bad, Puma, Bmf, and Noxa; and (b) multiple BH domain containing 

proteins, which are further divided into two subcategories, one which includes pro-apoptotic 

proteins such as Bcl-2 associated X protein (Bax), Bcl-2 homologous antagonist/killer (Bak) and 

Bcl-2 family apoptosis regulator (Bok), while the other one includes anti-apoptotic proteins (such 

as Bcl-2, Bcl-xL, and Mcl-1). 

When stimulated by an apoptotic signal, BH3-only proteins activate the apoptotic effector proteins 

Bax and Bak by two ways, either by binding directly to Bax and Bak or by binding to free state 

anti-apoptotic proteins (such as Bcl-2, Bcl-xL, Mcl-1) to set free Bax and Bak. Further, 

oligomerization of Bax and Bak forms a pore on the mitochondrial membrane (also, called as 

“mitochondrial outer membrane permeabilization (MOMP)), through which cytochrome-c goes 

into the cytosol, leads to the formation of apoptosome and activation of the caspase cascade and 

finally results in apoptosis [43]. On the other hand, the antiapoptotic proteins tend to block the 

formation of oligomerization of Bax and Bak, which arrests cell death. Therefore, their relative 

ratios inside the mitochondria have a high significance in deciding the fate of cell either to die or 

to live, as shown in Figure 2. 
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Figure 2 Intrinsic pathway of apoptosis: The pro-apoptotic molecules cause permeabilization of the outer 

mitochondrial membrane, leading to efflux of cytochrome c, which binds the adaptor Apaf-1 and the initiator caspase-

9 in the cytosol to form the apoptosome complex. This stimulates caspase-9, which in turn activates the effector 

caspases. The anti-apoptotic proteins Bcl-2 and Bcl-xL inhibit cytochrome c release, whereas Bax, Bak, and Bid, all 

pro-apoptotic proteins, promote its release from mitochondria. Cytochrome c and deoxyadenosine triphosphate 

(dATP) bind to APAF-1 to form a multimeric complex that recruits and activates pro-caspase-9, that in turn activates 

the caspase cascade, resulting in cell apoptosis. During this process, caspase-2, caspase-8, caspase-9, and caspase-10 

are involved in the initiation of apoptosis. Caspase-3, caspase-6, and caspase-7 are involved in apoptosis. Caspase-3 

and caspase-7 regulate the inhibition of DNA repair and start DNA degradation which also further contribute in 

inducing cellular apoptosis. Synthetic molecules that block Bcl-2/Mcl-1/Bcl-xL interaction with BH3 helix of Bid, 

Bim, Bad, Puma, Bmf, and Noxa, which leads to increase the intracellular level of BAX/BAK and resulted in their 

oligomerization to form a pore, through which cytochrome-c release into the cytosol and activates the intrinsic 

pathway of apoptosis in tumour cells. 

3.1.3 Mcl-1 as a Cancer Target 

In cancer, the relative activity ratio is inclined more towards the antiapoptotic than apoptotic 

proteins, therefore, most of the antiapoptotic proteins serve as attractive targets in various cancers 

[44]. Various strategies were implemented to identify inhibitors of these in the last few decades, 

but only few molecules (small molecule inhibitor, SMI) have been a success clinically: (R-(-)-

Gossypol (AT-101) [45], GX15-070 (Obatoclax) [46], ABT-737, ABT-263 [46, 47]), ABT-199. 

A few compounds are also in preclinical development (see Figure 3). As an important member of 
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the Bcl-2 family, the anti-apoptotic nature of Mcl-1 is one of the most frequently observed in 

various cancers and in cases of resistance towards anticancer therapies. Also, its overexpression 

has been reported in human breast [48], non-small cell lung [49], melanoma [50, 51], leukemia 

[52], ovarian [53] and liver cancers [54, 55]. Even its high expression drives the resistance against 

ABT-199 and its analogous therefore limits their utility in other types of cancers [42]. Also, Mcl-

1 is responsible for resistance in various other conventional chemotherapies, like cisplatin-resistant 

ovarian carcinoma cells [51, 56], lapatinib resistance in HCT116 cells (human colon cancer cell 

line) [57], resistance to prednisone in MLL-rearranged infant acute lymphoblastic leukemia [58]. 

However, studies show that its downregulation or reducing its stability, improves either, the 

sensitivity or efficacy of other drugs in solid tumors and blood cancers [52, 59, 60], such as, it 

improves the chemosensitivity to gemcitabine in pancreatic carcinoma [61] and triggers apoptosis 

in case of taxol and vincristine based chemotherapies [62]. Therefore, number of research groups 

have been working to develop Mcl-1 inhibitors in recent years. 

 
Figure 3 Representation of small molecule inhibitors of anti-apoptotic Bcl-2 family. 

3.1.4 Structural insights into the Mcl-1 protein 

Structurally, the Mcl-1 gene forms two products through alternative splicing where one is a larger 

form (Mcl-1 protein) whereas another form is smaller (called as Mcl-1s or Mcl-2 and works as an 

apoptotic protein). The larger form (i.e. Mcl-1) protein has three BH domains, while the other anti-
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apoptotic proteins contain four BH domains. However, while Mcl-1 lacks one BH domain less 

than other members, it still is the largest member among these proteins, contains 350 amino acid 

residues [63]. In addition, it is also different from other anti-apoptotic proteins in its N-terminus. 

It has two weak (lower case) and two strong (upper case) PEST (proline/glutamic 

acid/serine/threonine) regions on the basis of pest score which is -45 to +50 (weak pest has -5 to 0 

while strong PEST has score >0) [64]. The PEST regions may be responsible for Mcl-1's short 

half-life (<1-4 hr) in that they are recognized for the rapid degradation of proteins [65]. 

Furthermore, Mcl-1's N-terminal region contains regulatory motifs that account for the expression 

of Mcl-1 protein to respond to intra/ extracellular stimuli [63]. Also, it has a transmembrane (TM) 

domain in C-terminal region which helps Mcl-1 mainly locate at the mitochondrial outer 

membrane [55] (as shown in Figure 3). Also, it contains 4 pockets (P1, P2, P3, P4) which could 

occupy 4 hydrophobic side chains (H1, H2, H3, H4) of α-helix of a BH3 peptide of pro-apoptotic 

member. Therefore, BH-3 helix is an α-helix which was used to develop small molecule-based 

ligands against Mcl-1. 

 
Figure 3 Sequence structure representation of Mcl-1 protein. The PEST regions [66],  are more enriched in proline 

(P), glutamate (E), serine (S) and threonine (T) residues, which are characteristic features of rapidly degraded proteins 

[67], contains two caspase cleavage sites (shown in Green color), ubiquitination sites (shown in blue) and 

phosphorylation sites (magenta). Differential phosphorylation at these specific sites results in different outcomes [68] 

3.1.5 Mcl-1 protein inhibitors 

Polyphenols and derivatives 

In 2002, Wang’s group at the University of Michigan showed R-(-)-gossypol (AT‐101) is a Bcl-2 

family inhibitor. AT-101 was also found to inhibit all anti-apoptotic of Bcl-2 family except Bfl-1 

[69]. Although, when the Wang group tried to derivatized the (-)-gossypol (Ki value from 

fluorescence polarization assay (FPA) method: Bcl-xl: 0.32 ± 0.02 µM; Bcl-2: 0.48 ± 0.04 µM; 

Mcl-1: 0.18 ± 0.01 µM) into a more preferential selective synthetic molecule (TW-127, Ki value 

(FPA method): Bcl-xl: 0.29 ± 0.06 µM; Bcl-2:  1.11 ± 0.4 µM; Mcl-1: 0.26 ± 0.01 µM), they 

achieved a dual inhibitor (Bcl-xL/Mcl-1) [70], as shown in Figure 5. Further, derivatization leads 
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to apogossypol (ApoG2), which showed ~ 20 fold more selectivity for Bcl-2/Mcl-1 as compared 

to Bcl-xL [71]. Later based on the AT-101 structure, the Pellecchia group (at Burnham Institute 

for Medical Research) utilized structure-based design to improve the affinity against the Bcl-2 

family members (2.1.1 & 2.1.2) [72]. They also tried to resolve the optical isomers and found (R, 

-, R) stereoisomer for 3.1.2 (BI-97C1) was most active [73]. Later derivatization of the ApoG2 

structure led to formation of pan-Bcl-2 inhibitors (BI97D6) [74], which were further optically 

purified to the (-) stereoisomer (-)-BI97D6 [75], as shown in Figure 6. While, the naturally 

occurring (−)‐epigallocatechin gallate (EGCG) showed a similar activity profile to AT-101, with 

inhibitory activity in the submicromolar range for Bcl‐2 (Ki = 490 nM) and Bcl‐xL (Ki = 335 nM) 

[76] while Reed & coworker, later found it as highly active to most of Bcl‐2 family members [69], 

as shown in Figure 6.  

 
Figure 5 Showing various AT-101 derivatives and EGCG and their IC50 values  
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Figure 6 Various derivatives of AT101 and ApoG2 and their affinities. 

In 2012, the Walensky group at the Dana-Faber Cancer Institute (Harvard Medical School, Boston) 

identified a selective small inhibitor of antiapoptotic Mcl-1 by screening stapled peptides. They 

initiated this work with a high-throughput screening (HTS) based on fluorescence polarization 

assay (FPA) on 71,296 compounds and attained MIM1 (IC50 of 4.7 µM as Mcl-1 inhibitor), which 

on further testing showed no activity for Bcl-xL/Bid complex ((IC50 > 50 µM). It was also seen 

that MIM1 induced apoptosis by blocking the Mcl-1-mediated suppression of Bax. The MIM1 

structure contains a thiazolyl core substituted with methyl, cyclohexylimino, and benzenetriol 

groups, as shown in Figure 7 [77]. Structure activity relationship (SAR) studies showed the 

significance of positioning of the methyl and cyclic groups at the thiazolyl core and all three -OH 

positioning on benzenetriol moiety important for Mcl-1 activity. MIM1 occupied that part of the 

BH3-binding site engaged by residues ETLRRV (amino acid 211–216) of Mcl-1 SAHBD. While, 

the cyclohexyl ring made complementary hydrophobic contacts with the region residues L213 and 

V216, the thiazolyl core and its methyl substituent were predicted to pointed directly into a deep 

crevice. Interestingly, the benzene-1,2,3-triol (or pyrogallol) moiety engaged in hydrophilic 

contacts with Asp256 and Arg263. 
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Figure 7 Chemical structure and binding affinity of MIM1. 

Thiazole derivatives 

Similar to indoles, thiazoles were also highly exploited for Mcl-1. In 2004, Yc137 was reported as 

a potent Bcl‐2 inhibitor [78]. Further testing showed that it was active against Bcl-2, Bcl-W, Bcl-

B and Mcl-1 (~ ≤ 5 µM) while for Bcl-xL and Bfl-1, it was not active (> 20 µM) [69], as shown 

in Figure 8.  

 
Figure 8 Molecular structure and affinity data of Yc137. 

From previous studies [79], it was already known that  BH3I-1 and Sanguinarine binding are in 

close proximity in Bcl-xL binding site, therefore Chai’s group at National University of Singapore 

utilized the structural features of  BH3I-1 and sanguinarine in a hybrid molecule [80], as shown in 

Figure 8.A.  

 

Figure 8.A Development of Chai’s compounds. 

Encouraged from WL-276, Fang’s group (at the School of Pharmacy, Shandong University, 

China) implemented the structure-based design to form the 2-thioxo-4-thiazolidinone heterocyclic 
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core derivatives, which were found to be pan-Bcl-2 inhibitors (2.1.3a-d) [81], as shown in Figure 

9. While the Fletcher group (School of Pharmacy, University of Maryland) revealed similar 

inhibitors based on a related heterocycle, as the thiazolidine-2,4-dione, where they found a 

moderate inhibitor (2.1.4a) which was later optimized to give the potent Mcl-1 inhibitor (2.1.4b) 

[82], as shown in Figure 9. 

 
Figure 9 Showing the derivative of 2-thioxo-4-thiazolidinone (from Fang’s group) and thiazolidine-2,4-dione 

Thiazolo[3,2-a]pyrimidinone 

In 2010, Feng et al discovered a thiazolo[3,2-a]pyrimidinone molecule (2.1.5) from a virtual 

database screening as a pan-Bcl-2 inhibitor [83], as shown in Figure 10. Although they tried 

derivatization of the A and B-rings of 2.1.5 which only diminished the Mcl-1 activity. 

 
Figure 10 Thiazolo[3,2-a]pyrimidinone (2.1.5) as pan Bcl-2 inhibitor 

Later, in 2011, the Wang & Yu group performed the FPA (fluorescence polarization assay) based 

screen on 95 in-house compounds, where they found a compound active against Bcl-2, Bcl-xl and 

Mcl-1 in low micromolar concentrations (2.1.6). This compound which also shares similar 
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structural features with a phosphatase inhibitor (CDC25B)[84], as shown in Figure 11. By 

molecular modeling based studies, they observed that the phenyl amide region has π-π-interactions 

with Tyr195, whereas N-benzyl substitution was found necessary as it utilizes a subpocket of the 

binding site [85]. In their next study (2015), they resolved the stereochemistry of the most active 

compounds by separating the R and S-isomers and this led to the identification of a more potent 

compound [86], see in Figure 11.  

 
Figure 11 The structure activity relationship (SAR) of thiazolo[3,2-a]pyrimidinone derivatives by Wang’s group at 

Shanghai Institute of Organic Chemistry, Shanghai (China). 

Indole derivatives 

Mcl-1 inhibitors based on indole have been explored more than any other heterocyclic system. 

Most of the contribution was from Fesik’s group at Vanderbilt University (USA).   

(a) Fesik indole compounds 

In 2013, Fesik's group from Vanderbilt University utilized fragment-based methods and structure-

based design to discover a series of potent and selective Mcl-1 inhibitors. Sequential optimization 

of the molecule in three different regions was performed: (a) fragment 1 (main heterocyclic core), 

where they selected indole over benzofuran, benzothiophene; (b) fragment-2, where they used 

various substituted and unsubstituted aryl groups; (c) linker region, where they used carbon 
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backbone of 1, 2 or 3 carbon atoms. After a number of subsequent optimization steps, they finally 

achieved a potent 2-indole carboxylic acid derivative (2.1.10a) (Figure 12), with a 16-fold 

selectivity for Mcl-1 over Bcl-2 and 270-fold over Bcl-xL. The interactions show that the 2-COOH 

functionality of indole ring has a H-bond acceptor interaction with Arg263 of the NWGR domain 

of Mcl-1. While, the presence of aromatic ring in fragment-2 seems essential for a π-π interaction 

with Ph270 (pdb id: 4HW2 & 4HW3) [87]. In another study, they transformed the indole ring into 

a tricyclic indole where they form a 6 membered cyclic linkage between N1/C7 of indole 2-

carboxylic acid ring (2.1.11) as shown in Figure 12.  The tricyclic indole-2-carboxylic acid 

(2.1.11) itself showed better affinity for Mcl-1 protein (Ki = 38 µM) when compared to the indole-

2-carboxylic acid 2.1.9 (Ki  >1000 µM)  [88]. 

Also, the derivatives of tricyclic indole (2.1.12-15) showed a high level of Mcl-1 preferential 

selectivity over Bcl-xL (2.1.14 showed a 1750-fold selectivity while 2.1.15 showed ~ 2000-fold 

selectivity, see in Figure 12) [88]. 

  
Figure 12 Chemical structures and binding affinities of indole and tricyclic indole derivatives. 
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In order to guide the design of analogues that could bind to the P3 and P4 pocket of Mcl-1, they 

performed a fragment-based screening of 13,824 molecules while saturating the P2 pocket of Mcl-

1 with compound 2.1.10a. Later, they utilized acylsulfonamide (compound 2.1.16 & 2.1.17) 

linkage so that it would provide them a synthetic handle for fragment linking and, also, at the same 

time retain the acidic group to interact with Arg263. Further, screening of various cyclic fragments 

with a carbon backbone linkage to sulfonamide of 2.1.18, yielded compounds (compound 2.1.19-

26) which showed submicromolar activity against Mcl-1. The crystal structure of 2.1.18a with 

Mcl-1(PDB id:5FDO), shows that the substituted phenyl group pointed towards the P4 pocket and 

sulfonamide linker retains a H-bond acceptor interaction with Arg263 of Mcl-1. In order to 

improve further binding affinity, they derivatized the indole ring at the C-7 position. Various 

heterocycles, such as pyridine & pyrazole derivatives, were tried and 2.1.27 was attained as one 

of the most potent analogs at this step of the optimization. Further, they replaced the sulfonamide 

linker attached phenyl ring (as seen in 2.1.27) with a furan carboxylic acid group and, performed 

a co-crystallization of 2.1.28 with Mcl-1 (PDB id: 5FDR). The 3D co-crystal structure showed that 

the newly incorporated dimethyl pyrazole group adopted a nearly orthogonal binding conformation 

to the indole core, and 6-Cl is in the P2 pocket of Mcl-1. While the free carboxylic acid of furan 

positioned in the groove within H-bonding distance to the amide NH of Asn260 explaining the 

sudden improvement in Mcl-1 affinity. Interestingly, the NH of the pyrazole points up from the 

binding pocket and therefore explained why methylation did not improve any Mcl-1 affinity. 

However, this kind of binding could be more useful if an additional group could be substituted to 

the NH of pyrazole to improve its drug-like characteristics or to transform the molecule into a 

probe for biochemical assays without affecting the affinity for Mcl-1 [89].  

 

https://www.rcsb.org/structure/5FDO
https://www.rcsb.org/structure/5FDR
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Figure 13 Utilization of indole heterocycle into improve Mcl-1 selective inhibitor. 
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In order to make 2.1.28 more drug-like while retaining its high on-target potency, its acidic 

sulfonamide linker was replaced with a neutral amide linker as shown in Figure 13. However, in 

this way, it lost the charge−charge interaction of its sulfonamide with Arg263, but attempts were 

made to improvise the terminal carboxylic acid of furan by using varying length of linker in order 

to compensate. Various pyridine/phenyl/furan derivatives were used as shown in Figure 13 

(2.1.30), where they co-crystallized 2.1.30a with Mcl-1 (PDB id: 5IEZ). The binding of 2.1.30a 

showed that the indole amide substructure is nearly coplanar and both two -NH- (indole and amide 

linker) could adopt a geometry to form a cyclic structure, which ultimately leads to the formation 

of a new scaffold (2.1.31). The compounds 2.1.32 and 2.1.33 were found most potent and selective 

[90]. Further in-vitro investigation on 2.1.33 exhibited reduced cell activity in the presence of 

serum. Unlike many other acidic lipophilic compounds that bind to drug site 1 or 2, they found 

that 2.1.33 predominantly binds to drug site-3 of Mcl-1, which is unusual but the X-ray structure 

of 2.1.33 bound to site-3 provides a basis to design drugs with hopefully reduced albumin binding 

[91]. 

(b)AbbVie compounds 

Through high throughput screening (HTS) AbbVie Inc. have reported an indole carboxylic acid 

derivative compound 2.1.34 similar to the Fesik compound 2.1.10. Initially, they formed 2.1.35 as 

generalized structure, which (2.1.35) on co-crystallization with Mcl-1, disclosed 2-COOH acid 

interaction with Arg263 and naphthyl functionality going deep into the cavity (packed tightly by 

hydrophobic side chains of Leu235, Leu246, Met250, Tyr270, and Ile294). Later, SAR (structure 

activity relationship) studies showed indole N-substitution with 2 carbon tethered morpholinyl 

group along with various O-tolyl substitution at C6 position on 2.1.35, improved Mcl-1 affinity 

even less than 10 nM. Afterward, the co-crystal structure showed that the 7′-O-tolylmethyl group 

was oriented toward the P3 and P4 pockets of the BH3 binding groove. Further derivatization, 

replaces the O-tolyl with pyrazole (as in case of 2.1.36, improved the activity to the picomolar 

range) and extended bicyclic sulphonamide group that ultimately lead to formation of A-1210477 

[92]. Further, cellular-based assays showed A-1210477 was effective against multiple cancer cell 

lines such as multiple myeloma and small cell lung cancer and is presently used as a clinical agent 

in various cell-based assays [93]. 

 

https://www.rcsb.org/structure/5IEZ
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Figure 14 The substructure is in blue color while A-1210477 has the full structure. 

(c) Liu & Zhou compounds 

Liu & Zhou co-workers (Shenyang Pharmaceutical University, Shenyang, China) performed a 

fluorescence polarization assay (FPA: Bid-BH3 peptide labeled fluorescein) on a small in-house 

compound library, where they discovered LSL-A6 as a hit (Ki = 7.78 ± 1.21 µM). Optimization 

by using various functionalities on molecule, such as: (a) substituted phenol derivative, (b) 

positioning of O-tethered carbon backbone between substituted phenol derivative/indole core and 

(c) positioning of 2-COOH-benzyl substituent. These optimizations led to a series of 

submicromolar Mcl-1 active compounds (2.1.37-43), where 2.1.37 (Ki value of 0.11 µM) was the 

most potent and 7-fold selective over Bcl-2, as shown in Figure 15.  Further, docking showed that 

these compounds bind to the pocket (P2) and interact with Arg263 [94]  

 
Figure 15 Liu & Zhou N-substituted indole derivatives.  
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(d) Fang group’s work 

Fang's group (School of Pharmacy, Shandong University, China) used structure-based design to 

form an inhibitor which contains three parts (a) indole ring as main heterocyclic core scaffold (b) 

aryl sulphonamide (c) substituted biphenyl functionality. They achieved a compound (2.1.45) with 

IC50 72 nM against Mcl-1 and also found 10-folds selective over Bcl-xL, as shown in Figure 16. 

However, cell line testing against (MDA-MB-231 (breast cancer cell), PC-3 (prostatic cancer cell), 

K562 (chronic myelogenous leukemia cells)) shows moderate inhibitory activity when compared 

to R-(-)-Gossypol, as shown in Figure 16 [95] 

 
Figure 16 Fang’s group disclosed indole-3-carboxylic acid-based skeleton of Bcl-2/Mcl-1 dual inhibitors.  Included 

are toxicity data against various cancer cell lines. 

Fang’s group improvised their above-mentioned synthetic chemistry to explore their scaffold 

further for Mcl-1 inhibitor development, where they increased the carbon linkage between 

sulfonamide functionality and indole core as shown in Figure 17 where they identified compounds 

as dual Bcl-2/Mcl-1 inhibitors (2.1.48-50). These compounds showed a better activity profile when 

compared to WL-276 [96], especially compound 2.1.50 in cell line testing. 
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Figure 17 Fang’s group improvised their previous core of indole-3-carboxylic acid-based skeleton into a 1-phenyl-

1H-indole against Bcl-2/Mcl-1  

(e) Zhang’s group work 

However, the Zhang group (at School of Chemistry, Dalian University of Technology, Dalian 

China) implemented the fragment-based design to synthesize 1-substituted-indole-2-carboxylic 

acids (2.1.51) as Mcl-1-selective inhibitors where their most potent compound (2.1.52) showed ~8 

fold preferential selectively over Bcl-2 protein, as shown in Figure 18. Further, they tested these 

compounds against 4 cell lines: Mcl-1 dependent NCI-H235 (IC50 = 2.2 µM), Bcl-2 dependent 

HL-60 (IC50 = 63.3 µM), both Mcl-1 and Bcl-2 dependent H22 (IC50 = 9.2 µM) and MCF-7 (IC50 

= 19.2 µM) [97]. 

 
Figure 18 Zhang group disclosed 1-substituted-indole-2-carboxylic acids as selective Mcl-1 inhibitors 

(f) Covalent Mcl-1 inhibitor  

AstraZeneca discovered a covalently binding Mcl-1 inhibitor which they achieved by 

incorporating boronic acid onto the molecules and found its proposed bonding interaction with 

amino group of Lys234 supported by site mutagenesis (K234A). Further, they performed time-

resolved fluorescence resonance energy transfer (TR-FRET) binding assay and caspase-3/7 

activation assay in MOLP- 8 cells, which showed compound 2.1.53 as the most potent one, while 
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the methylated version (2.1.56) of 2.1.53 showed a 6 fold increase in cellular potency as shown in 

Figure 19  [98]. While 2.1.57 was used to compare the effect of incorporation of boronic acid in 

these compounds (2.1.53-56). 

  
Figure 19 IC50 and EC50 values for covalent Mcl-1 inhibitors. 

Acenaphthylene & phenalene derivatives 

In 2009, Zhang's group at Dalian University of Technology, reported a small molecule S1 (2.1.58) 

(3-thiomorpholin-8-oxo-8H-acenaphtho[1,2-b]pyrrole-9-carbonitrile) as pan inhibitors with 

preferential selectivity (~6 fold) for Mcl-1 over Bcl-2 protein [99]. Later SAR studies showed that 

2.1.58 binds in the BH3 groove of Mcl-1 and Bcl-2, with the thiomorpholine extended into the P2 

binding pocket of Mcl-1 and Bcl-2 [100].  Also, they noted that Mcl-1 binding pocket is shorter 

and wider in comparison to Bcl-2 binding pocket. Based on these difference, they further probed 

the difference between the P2 pocket of Mcl-1 and Bcl-2 [101] by replacing thiomorpholine with 

phenol derivatives, where they found more potent Mcl-1 activity (.1.59) with ~7 fold improvement 

over Bcl-2.  

Further in their 2nd study, they tried fragment-based design where they used fragment-1 

(cynoacetamide, 2.1.60) and fragment-2 (2.1.61, 2, 2-[2-oxo-2H-acenaphthylen-1-ylidene]-

malononitrile) for further derivatization and found the compounds from fragment 1 (2.1.60) were 

much more potent (2.1.60a-d) [102]. In their third study, they derivatized the fragment-2 (2.1.61) 

into a series of hydroxy pyridine core-compounds (2.1.62), as shown in Figure 20. This hydroxy-

pyridine core was substituted with various thiophenol substituents (such as methyl, bromo, amino 

and t-amyl) but only p-isopropyl thiophenol derivative was able to show less than 1 µM activity. 
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The isopropyl derivative (2.1.62) was further derivatized at 2-position where -OH group was 

replaced with amide derivatives and attained 2.1.63 as the most potent compound [36]. In their 

another study they derivatized 2.1.58 structure at cyano and thiomorpholine functionality position 

and identified 2.1.64, which showed activity (IC50) at 10 nM for Mcl-1 and 2-fold less potent 

against Bcl-2 [103].  

 
Figure 20 Chemical structures and binding affinities of acenaphthylene derivatives. 

In order to study phenalene heterocyclic core candidature as Mcl-1 inhibitor, Zhang’s group 

published a report where they utilized the concept of the “binding of proapoptotic proteins also 

differentiate the fate of the anti-apoptotic proteins: NoxaBH3 binding biases the QRN motif toward 

a helical conformation, leading to an enhance ubiquitination of Mcl-1, while BimBH3 binding 

biases the QRN motif toward a nonhelical conformation, which does not lead to ubiquitination”. 

They improved the molecular structure (2.1.65) as it plays a role in binding to QRN motif (a Glu-

Arg-Asp peptide) and reported 2.1.66, as a dual function molecule by targeting the Bcl-2 homology 

3 domain (BH3) and facilitating Mcl-1 ubiquitination by forming hydrogen bond with His224 to 

drive a helical QRN conformation [104], as shown in Figure 21. 
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Figure 21 Chemical structures and binding affinities of phenalene derivatives. 

Pyrrole derivatives 

(a) Marinopyrrole analogs (maritoclax, it's cyclic and disulphide linker analog) 

Marinopyrrole A (maritoclax) was isolated from a marine Streptomyces and found active against 

methicillin-resistant Staphylococcus aureus (MRSA) [105]. Structurally, it contains 2 pyrrole 

rings. Later, Doi et al reported its preferential selective Mcl-1 activity compared to other family 

members of Bcl-2 family, and provided NMR based docking on the mMcl-1, where:  (a) one 

pyrrole moiety of maritoclax pointing its chlorine atom toward the deep cleft of Mcl-1, (b) phenol 

group (OH) to the same pyrrole moiety has H-bond with Gly308 (c) phenol group of another 

pyrrole group has H-bond with Thr247 of Mcl-1, (d) carbonyl group shows H-bond with Asn204 

[106]. Further, Li and Qin group worked on its derivatization where initially they tried sulfide 

spacers (2.1.67, 2.1.68, 2.1.69) and found submicromolar activity against both Mcl-1 and Bcl-xL, 

as shown in Figure 22. However, in another study, they derivatized the molecule by incorporating 

cyclic constraints which was principally based on a concept, “to restrict the conformations of 

flexible ligand and improves mostly the preferential selectivity for a given physiological target by 

minimizing the entropic loss associated with the ligand adopting a preferred conformation for 

binding” [107]. Therefore, they achieved slight improvement in preferential selectivity to Mcl-1 

over Bcl-xL (compound 2.1.70 and 2.1.71) [108].  

Later in 2015, they tried to incorporate various functional groups on both sides of these structures. 

They incorporated various polar as well as non-polar substituents at the para-position in both the 

pyrrole rings and found better hydrophobicity tolerance than hydrophilicity (2.1.74, 2.1.75 vs 

2.1.72, 2.1.73) as dual Mcl-1/Bcl-xL inhibitors, as shown in Figure 22. However, further extension 

by a triazole ring at the para-position of both phenyl rings on pyrrole and -NH- substitution of the 

triazole ring, clarified a key role of lipophilicity (trends 2.1.76→2.1.81) in attaining the potency 
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towards Mcl-1. Although, these molecules showed high potency against Mcl-1 as well as for Bxl-

xl (as shown in Figure 22), but failed to lower Mcl-1 expression and Caspase-3 activation at low 

micromolar concentration in further biological testing [92]. 

    

  
Figure 22 Chemical structures and binding affinities of pyrrole derivatives Marinopyrrole A  

(b) Fang group’s pyrrole derivatives 

In 2015, Fang’s group (at School of Pharmacy, Shandong University) reported a tetrahydropyrrole 

(pyrrolidine) derivative (2.1.82) by virtual screening (Figure 23) as a moderate Mcl-1 inhibitor 

(Ki = 8.4 µM) with reasonable aqueous solubility. Later, by optimization they identified 2.1.83 as 

the most potent Mcl-1 inhibitor and its binding mode predicted as similar like α-helix of BH3-only 

protein (Bim) by molecular modeling, such as (a) acyl-sulfonyl group formed two hydrogen bonds 

with Arg263 and one hydrogen bond with Asn260, (b) carbonyl of the pyrrolidine ring interacted 

with Thr266 through one hydrogen bond. While compound 2.1.84, was found better Mcl-1 

preferential selective inhibitor than 2.1.83, with 8.2-fold against Bcl-2 protein, and 15.5-fold 

against Bcl-xL protein. In further cell line testing, MDA-MB-231 (breast cancer cell), PC-3 

(prostatic cancer cell) and K562 (chronic myelogenous leukemia cell), were chosen to evaluate the 

antiproliferative activities of active compounds 2.1.83, 2.1.84, 2.1.85 and 2.1.86 by MTT assay 

[109]. As the interface between pro-apoptotic proteins and Mcl-1 is large and flexible therefore 
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Fang group further extended the aromatic amino acid region in their 2nd study in 2017, as shown 

in Figure 23. They substituted that region with various non-classical amino acids obtained from 

etherification and arylation on the aryl ring of L-4-Br phenylalanine and additionally evaluated the 

necessity of Boc protecting group on the pyrrolidine scaffold for activity as shown in Figure 23. 

The most potent compound 2.1.87 (Ki = 0.077 µM) was ~10-fold more potent than 2.1.83 and over 

2-fold potent than R- (-)-Gossypol (Ki = 0.18 µM) (Figure 13). Further molecular modelling 

predicted that: (a) a biphenyl group of compound (2.1.87) could mimic the α-helix of Bim protein, 

(b) an acyl-sulfonyl group could form three hydrogen bonds with Arg263 and Trp261 (c) a Boc 

protecting group on pyrrolidine ring formed one hydrogen bond with Thr266, which also explains 

why Boc presence on the structure is essential for binding affinities for Mcl-1 protein. Later cell-

based assays showed compound 2.1.87 had moderate activity against MDA-MB-231 and K562 

cells when compared to R- (-)-Gossypol while being equipotent with an IC50 of 10.2 and 7.54 µM 

in cytotoxicity assays with PC-3 cell line, respectively [110]. 

 
aThere was a binding affinity data mistake in EJMC 146 (2018)471-482 as when compared to original manuscript (Bioorg. Med. Chem. 25 (2017)138-152.  

Figure 23 Chemical structures and binding affinities of pyrrole derivatives. 
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Isoquinoline & Quinoline derivatives 

In 2008, Prakesch et al generated a tetrahydroaminoquinoline-based library in order to find a small 

molecule modulator for protein-protein interactions. Through, in-silico and 15N NMR studies, they 

filtered the molecules which showed their ability to bind to Bcl-xL and Mcl-1. The NMR study 

led to the identification of the tetrahydroaminoquinoline-based scaffold (2.1.92) as a weak 

inhibitor to both the proteins (Kd = 200 µM for Bcl-xL and Kd = 300 µM for Mcl-1). Later, 

fragment-based design was implemented to afford the compound (MIPRALDEN, 2.1.93) as their 

most potent inhibitor of Mcl-1 and Bcl-xL (Kd = 25 and 70 µM) [111], as shown in Figure 24. 

 
Figure 24 Discovery of tetrahydroaminoquinoline as Mcl-1 inhibitor 

The first report on polyquinoline derivatives was published by the Moreau group (from Clermont 

University, France) [112], where they found that poly-heterocyclic systems adopt similar 

conformations to the BH3 helix of Bak. Also, they used a symmetric tri-quinoline core, where C5 

of every quinoline core was substituted with a branched alkyl functionality (2.1.94). Later when 

they chemically modified this scaffold to compounds (such as 2.1.95 & 2.1.96) and tested them 

against a wide variety of Bcl-xL-apoptotic PPI, they found 2.1.94 comparatively superior to the 

derivatives. Therefore, it was further evaluated against antiapoptotic-Bax PPI [113], as shown in 

Figure 25. In their another study, they derivatize the core through C2 and C5 substitution into an 

asymmetric polyquinoline core. Surprisingly, their most promising compounds had an isopropyl 

substituent at C5 position of one quinoline ring along with C2 substitution of both quinolines either 

O/N-tethered heterocycles or alkyl groups (2.1.97, 2.1.98, 2.1.99, 2.1.100, 2.1.101) [114], as 

shown in Figure 25. However, 2.1.97 was found as the most potent Mcl-1 inhibitor but was also 

non-selective in nature [114]. 
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Figure 25 Mcl-1 inhibitors based on polyquinolines. 

In 2013, Richard et al performed a high throughput screening on 315,000 compounds (NIH 

Molecular Libraries Small Molecule Repository, MLSMR). There, they found 2141 compounds 

showing greater than 40% inhibition of Mcl-1 and filtered off the compounds based on the showing 

considerable Bcl-xL binding, which reduced the number of hits to 1720 compounds. Further, the 

categorization of compounds with Mcl-1 activity and deficient of Bcl-xL activity, reduced the 

number further to 179. Among them, only 52 compounds demonstrated IC50 ⩽ 10 μM against Mcl-

1, while only 24 of these found showed reduced Bcl-xL inhibitory activity (IC50 ⩾ 10 μM against 

Bcl-xL) [115]. Through these studies, the 7-hydroxyquinoline (2.1.102) was identified, and 

various substituents were investigated in the phenyl region of 2.1.102. Based on SAR studies, the 

quinoline nitrogen atom and the 8-hydroxyl group were found essential for Mcl-1 activity. Ortho- 

and meta-substituted compounds were found to be weaker Mcl-1 inhibitors (2.1.104 & 2.1.105), 
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whereas bis-substituted analog (2.1.106) was also found to be a moderate inhibitor. However, the 

para-substituted methoxy derivative (2.1.107) and compounds with five-membered heterocycles 

(furan 2.1.108) showed high potency. The presence of an electron-withdrawing group (such as -F) 

at the para-position (2.1.100), expected to enhance metabolic stability [116, 117] and found ~5-

fold more potent inhibitor than the precursor molecule (2.1.109), as shown in Figure 26. Further, 

they modified the scaffold to give 2.1.110 as a potent selective Mcl-1 inhibitor. Modeling of the 

R-isomer of 2.1.110 shows a H-bond between Asn260 and hydroxyquinoline group. The N-

ethylpiperazine group fits into one of the four hydrophobic pockets typically occupied by side 

chains of BH3-only peptides [115]. 

 
Figure 26 Hydroxyquinoline as Mcl-1 inhibitors. 

In 2016, Fletcher’s group disclosed a series of 3-carboxy-substituted 1,2,3,4- tetrahydroquinolines 

as Mcl-1 inhibitors. They used the structure-based design (SBD), where they considered two 

molecules (2.1.111 from AbbVie Inc and 2.1.10.b from Fesik group) and attained a series of 

compounds (e.g. ±2.1.112) including a potent inhibitor of Mcl-1 (±2.1.113) [118], as shown in 

Figure 27.  
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Figure 27 SBD of tetrahydroquinoline carboxylic acids as Mcl-1 inhibitors. 

Anthraquinone and quinazolone derivatives 

In 2012, the Zhang group at Dalian University of Technology utilized structure-based design 

which was based on the concept that, “two faces of the Bim BH3 α-helix are utilized in binding 

with Mcl-1 and Bcl-2” [7]. However, interestingly the other known inhibitors such as ABT-737 

and nonpeptide α-helix mimics, terphenyl scaffolds, only act on one face of the α-helix of Bim-

BH3, and therefore cannot mimic the opposite side of another α-helix face, which is conserved in 

all BH3 domains [119, 120]. Therefore, Zhang et al introduced anthraquinone based inhibitors 

(2.1.114) which can mimic two-faces of the Bim BH3 α-helix, where one side/face of core was 

substituted with hydroxyl groups (at C1, C2, and C3) while on other side either C6 or C7 position 

was substituted (with either bromo, isopropyl or thiophenols), as shown in Figure 28. They found 

better Mcl-1 activities when substitutions were performed on both faces/sides than one face/side 

of the anthraquinones, and 2.1.115 was their most potent Mcl-1 inhibitor [121]. Based on their 

anthraquinone study [121], they developed into a  quinazolones, where they found 2.1.116 as a 

dual inhibitor of Bcl-2/ Mcl-1 proteins, with Ki values of 179 nM and 123 nM, respectively, 

holding typical BH3 like two-faced binding characteristic [122]. 
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Figure 28 Anthraquinone and quinazolone derivatives as Mcl-1 inhibitors 

Naphthol derivatives 

In 2014, Nicolovska-Coleska et al performed a high throughput screening on a library of 53000 

SMIs to attain a UMI-59 as a validated hit. Later they synthesize UMI-77 and UMI-101 as 

analogous and tested them against Bcl-2 family proteins as shown in Figure 29. By NMR-based 

docking, they confirmed that bioactive UMI-77 is utilizing the h2 and h3 pockets similar to the 

BH3 helix (which utilize its four hydrophobic residues H1, H2, H3, H4) and mimic 2 conserved 

hydrophobic residues from mNoxa Leu78 and Ile81 respectively. They also observed that p-Br-

phenyl group occupies the h2 pocket and interacts through hydrophobic interactions with Met231, 

Met250, Val253, Leu267, and Phe270, which is further supported by 2D-NMR data. Whereas, 

UMI-101 was found inactive [123]. 

 
Figure 29 Structures (UMI-59, UMI-77 & YMI-101) displaying naphthol as basic heterocyclic core 

In 2016, Fletcher’s group, used similar structure-based design, as uses for tetrahydroquinolines 

[118] to design naphthol derivatives. They utilized an innovative approach called, “site-
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identification by ligand competitive saturation (SILCS)” to quantitatively predict the relative 

affinities of ligands bindings to Mcl-1 and Bcl-xl, and could be useful for differentiating the 

binding behaviors of compounds to Mcl-1/Bcl-xL in further designing of Mcl-1 selective inhibitor. 

The initial SAR study showed that mono-N-substitution of the sulfonamide improved Mcl-1 

activity (2.1.116a-h) and further substitution of sulfonamide helps in optimization of potent Mcl-

1 inhibitor (as N, N-, 2.1.117) [124], as shown in Figure 30. 

 
Figure 30 Structure-based design assisted the optimization of the naphthol heterocyclic containing structures. 

Salicylic and anthranilic acid 

AbbVie pharmaceuticals implemented a fragment-based design, where they identified fragment 

(2.1.118) as the most potent one, and this was derivatized in order to improve the potency for Mcl-

1 as shown in Figure 31. Later, a  co-crystal structure with 2.1.120 (PDB ID: 4OQ5), disclosed 

the mode of binding of this series of compounds: the COOH group in these ligands interacted with 

Arg 263, as for the amphipathic peptides from the pro-apoptotic proteins Bim and Noxa [125], 

while the naphthyl group occupies the leucine ‘hot spot’ in the Mcl-1 groove. The sulfonamide 

orient the bi-aryl ether along this groove [126]. 

 
Figure 31 Anthranilic acid-based heterocycle as Mcl-1 inhibitor. 

In 2016, the Fletcher group reported 2,6-di-substituted nicotinates, by simplifying the α-helix 

mimetic (JY-1-106), as disrupt one of the Mcl-1-BH3 PPI. They reported that the BH3 α‐helix 



 

43 
 

mimetic JY‐1‐106 is a dual Bcl‐xL/Mcl‐1 inhibitor [127]. They began with JY-106 and simplified 

it to identify a compound which was a very weak Mcl-1 inhibitor (2.1.122), but further 

derivatization led to a more improved Mcl-1 inhibitor (2.1.123), as shown in Figure 32 [128]. 

 
Figure 32 Salicylic acid derivative as Mcl-1 inhibitor. 

Benzylpiperazine derivatives 

In 2013, Ding et al evaluated four series of benzylpiperazine derivatives as inhibitors of Mcl-1. In 

order to achieve high preferential selectivity, they compared the binding site of the BH3 domain 

of Bcl-xL and Mcl-1. They divided these sites in both proteins into three subsites: (i) P-site 

(hydrophobic site: hydrophobic, mainly consisting of Leu108, Val126 and Phe97 residues in the 

case of Bcl-xL, and Met231, Leu235, Val249 residues in the case of Mcl-1), (ii) Q-site (a 

hybridized site, which mainly consists of Arg100, Asn136 and Tyr195 residues in the case of Bcl-

xL, and His224, Asn260, Phe319 residues in the case of Mcl-1); (iii) L-site (region between the P-

site and the Q-site: where a linker fragment is to be placed in order to connect the chemical 

fragments fitting to the P-site and Q-site) [129]. They applied a fragment-based design, where they 

found various fragments for every site. Ultimately, they synthesized four series (A→D) of 

benzylpiperazine derivatives (81 compounds). The most potent compounds were from A (2.1.124, 

Ki = 0.18 µM) and D-series (2.1.125, Ki = 0.32 µM), while compounds from B and C series showed 

less than 50% inhibition against these proteins at 50 µM concentration, as shown in Figure 33.  
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Figure 33 showing 4 different series (A-D) of benzylpiperazine as Mcl-1 inhibitors. 

Pyrazolo[1,5-a]pyridine 

Takeda Pharmaceuticals disclosed molecules, which were Bcl-xL/Mcl-1 dual inhibitors. They 

used a structure-based hybridization strategy where they fused two different scaffolds. Among the 

series, one is selective for Bcl-xl  (2.1.127) while another one was Mcl-1 selective (2.1.126) and 

they attained a much more potent inhibitor (2.1.128), which was a dual inhibitor than the 

corresponding parent molecule [130], as shown in Figure 34. 

 
Figure 34 Pyrazolo[1,5-a]pyridine as Mcl-2 inhibitors. 

Isoindolines 

Zhang’s group (at Dalian University of Technology China) used their previously identified 

scaffold (S1 (2.1.58) and developed submicromolar active isoindolines [131], as shown in Figure 

35. 
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Figure 35 Isoindolines as Mcl-1 inhibitors. 

 Imidazolidine-2,4-dione 

Fang’s group used SBD where they replace the 2-thioxo-4-thiazolidinone core (as already shown 

in the previous section of a series of compounds 2.1.3a-d) by imidazolidine-2,4-dione. The 

moderate activity of Mcl-1 was attained with compound 2.1.131d [132] as shown in Figure 36 

 
Figure 36 Imidazolidine-2,4-dione core as Mcl-1 inhibitor 

Oligomers 

BH3M6 

In 2002 Hamilton’s group developed a potent Bcl-xL antagonist based on α-helix mimicry [133]. 

Later, they developed a pan Bcl-2 antagonist, whose activity is associated with cytochrome c 

release from mitochondria, caspase-3 activation, and PARP cleavage. They also found that it 

induces Bax-dependent, but not Bak-dependent apoptosis [134], as shown in Figure 37.  

Pyridoclax 

A similar strategy based on α-helix mimicry was adopted by Gloaguen et al in 2015 [135], where 

they designed and synthesized oligopyridines to target the Mcl-1 hydrophobic pocket. They 

identified a compound (MR29072 or pyridoclax). Also, it had been seen that pyridoclax, when 

administered as a single agent, induces apoptosis in various cell lines (IGROV1, OAW42‐R, 
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SLOV3, A549 and MSTO‐211 H) and ABT‐737-chemoresistant ovarian cancer cells (IGROV1‐

R10 and SKOV3) at 25 μM, as shown in Figure 37 [136].   

 
Figure 37 Terphenyl and quaterpyridines as Mcl-1 inhibitors.  

Non-peptidomimetic Macrocycles 

AstraZeneca discovered a library of tripeptide DNA-linked compounds from affinity-mediated 

screen of DNA-encoded libraries, that bound to Mcl-1 and found an inhibitor with a Ki = 1.49 μM 

(2.1.132). The compound contains a tripeptide based dihydrobenzazepine heterocyclic basic core. 

On the contrary, most Mcl-1 inhibitors possess a free COOH group on their structures to interact 

with Arg263, but this inhibitor has a terminal primary amine. Also, SAR studies showed that any 

halogen atom removal diminishes the Mcl-1 activity, with most influence was found from para-

halogen. Also, for Mcl-1 activity, R, S, S stereochemistry is preferred. However the 

macrocyclization improved the potency of the molecule (2.1.133) [91], as shown in Figure 38. 

 
Figure 38 Molecular structures of tripeptide DNA-linked compound as Mcl-1 inhibitor. 

AstraZeneca discovered a rationally designed macrocyclic molecule (AZD5991) with high 

selectivity and affinity for Mcl-1. Their studies demonstrate, that AZD5991 inhibits to Mcl-1-Bak 

interactions which lead Bak-dependent apoptosis in myeloma and acute myeloid leukemia. SAR 
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studies showed that incorporation of two substituents (6-Cl & 1-N-Me) limits the rotation around 

the biaryl bond, which resulted in formation of atropisomers [137]. Also, N1-methylation pushed 

the -COOH group orthogonal to the indole, improving H-bond acceptor interaction with Arg263 

of Mcl-1, while 6-Cl is 3.2 Å from the peptide backbone of Ala227 (shows possibility of halogen–

carbonyl bond) [138]. They found 1H-NMR chemical shift for H3-pyrazole (Ra)-AZD5991 was 

unexpectedly upfield (δ 4.75 ppm vs 2-D predicted shift δ 5.83 ppm), which indicate the strong 

anisotropic shielding and led to suspect the adoption of rigid conformation of macrocyclic structure 

in solution. Further extensive NMR based investigation studies showed that (Ra)-7 adopted a free 

ligand conformation quite like the bound conformation observed in the Mcl-1 co-crystal structure 

(PDB id: 6FS0) [139], as shown in Figure 39.  

A direct binding screen of 100,000 sp3-rich molecules using DSF (differential scanning 

fluorimetry), which ultimately leads to the identification of single diastereomer of a macrolactam 

core that specifically binds to Mcl-1 at 4.5 µM [140], as shown in Figure 39.  

Antimycin A is a secondary metabolite produced by Streptomyces bacteria and also known for its 

antibiotic property, but Reed and co-workers shows its non-selective Bcl-2 antiapoptotic protein 

inhibition at low µM concentration except (Bfl-1 >10 µM), as shown in Figure 39. 

 
Figure 39 Non-peptidomimetic macrocyclic cores as Mcl-1 inhibitors 

Miscellaneous heterocyclic inhibitors 

In 2016, Walensky’s group reported a small-molecule covalent Mcl-1 inhibitor (2.1.135), which 

interacts at an allosteric site (with Cys286) from the BH3-binding groove. Later studies showed 

that it impairs the binding capacity of Mcl-1/BAX in-vitro and in mouse cells [141]. In order to 

find new scaffold for Bcl-2 family protein inhibitor development,  Yang et al, performed a virtual 
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screening on 56,000 compounds they selected 3-different types scaffolds (2.1.136, 2.1.137, 

2.1.138) [142], as shown in Figure 40.   

 
Figure 40 Heterocyclic  Mcl-1 inhibitor based on various heterocyclic cores. 

The Fletcher's group disclosed Kröhnke pyridines (2.1.140a-b & 2.1.141), as low-micromolar 

inhibitors of Mcl-1 wherein the 2,4,6-substituted compounds were predicted to mimic the i, i + 2 

and i + 7 side chains of the BH3 α-helix [143], as shown in Figure 41. 

 
Figure 41 Krohnke pyridines as Mcl-1 inhibitors 

Based on previous work by Fang’s group (Shandong University), they improvised the amino acid 

core with L-tyrosine (2.1.142), where further modification leads to the formation of 2.1.143 and 

2.1.144 [144] 
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Figure 42 Fang’s group improvised the heptacyclic core as Mcl-1 inhibitor 

Triazines 

The Nikolovska-Coleska group at Michigan University performed a HTS on 102,255 compounds 

using two different labeled BH3 peptides derived from the Noxa and Bid pro-apoptotic proteins 

and identified the difuryl-triazine (2.1.145) as an Mcl-1 inhibitor [145]. The compound was further 

studied as part of a structure-activity relationship by substituting various in the place of furan rings 

and the benzamide. However, they attained 2.1.146 as their most potent compound, as shown in 

Figure 43. 

 
Figure 43 Triazine heterocyclic core used as Mcl-1 inhibitor. 

Zhu & Zhou (School of Pharmacy, Second Military Medical University, Shanghai, China) 

identified a broad-spectrum inhibitor of Bcl-2 family proteins. They developed two different 

molecules (2.1.147 & 2.1.148) [146]. In their subsequent study they improved the selectivity for 

the P1 pockets in the anti-apoptotic Bcl-2 proteins and identified an Mcl-1 selective compound 

(2.1.149). 2.1.149 was ~ 70-fold more potent for Mcl-1 than Bcl-2 and nearly 330- fold more 

potent for Mcl-1 than Bcl-xL [147], as shown in Figure 44. 
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Figure 44 Zhu & Zhou co-worker utilized SBD to form Mcl-1 selective compounds 

Inhibitors based on natural products 

Meiogynins are the most studied class of natural products inspired Mcl-1 inhibitors. While 

Meiogynin A was not found cytotoxic, however its derivatized stereoisomer showed cytotoxicity 

and induced apoptosis as a dual inhibitor of Bcl-xL and Mcl-1 proteins (as seen in 2.1.150, 2.1.151 

& 2.1.152) [148]. Further derivatization, by incorporating aromatic side chain in the structure did 

not change its dual inhibition of Bcl-xl and Mcl-1 but improved it affinity towards both targets as 

could be seen for compounds 2.1.153 and 2.1.154 [149, 150]. Further derivatization showed the 

ambiguous nature of the inhibition of Bcl-2 proteins where most of the derivatives were dual 

inhibitors of Bcl-2 and Mcl-1 (2.1.155 to 2.1.157) [151], as shown in Figure 45. 
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Figure 45 Meiogynins and its derivatives as Mcl-1 inhibitors 

There has been various other natural product based Mcl-1 inhibitors, and these are shown in Figure 

46 and are discussed in the next part of this chapter. 
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Figure 46 Mcl-1 inhibitors based on natural products 

2.1.6 Conclusion 

There were various heterocyclic compounds evaluated against Mcl-1 protein, but as the protein 

shares similar active site structural features with other members of the Bcl-2 family, therefore it 

poses a challenge to attain any preferentially selectively against the protein. However, the majority 

of these reported heterocyclic compounds did show a selective targeting of Mcl-1 and bound to 

the same region as that of the BH3 helix of the apoptotic proteins in order to achieve this. Mainly 

these heterocycles contain rigid hydrophobic rings (like indole, tricyclic indole core, 

anthraquinone, isoquinoline) as the main basic scaffold with a carboxylic acid, or similar 

bioisostere, to interact with Arg263 of NWGR domain. Also, commonly they also have a 

hydrophobic group (such as 3,5-diMe-4-Cl-phenyl) that can insert into the P2 pocket of Mcl-1. In 

few cases, an additional group can be extended from the basic core to directed towards the P4 

pocket by using a suitable length linker to enhance the binding affinity for Mcl-1, as seen in Fesik 

and AbbVie pharmaceutical designed Mcl-1 inhibitors.  
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Objective 2.2. Recognition of binding mode of the diverse natural-derived Mcl-1 inhibitor  

2.2.1 Introduction: Structural specificity of naturally occurring Mcl-1 inhibitors 

Several reports have established a link between Mcl-1 up-regulation with the development of 

resistance to various anticancer chemotherapies [59, 152-155], as described in previous objective 

2.1. Also, its amplification is found as one of the most common genetic aberrations observed in 

human blood cancers and even, its RNA-mediated knockdown and gene silencing showed 

substantial inhibition of cancer cell growth and restored the sensitivity of chemo-resistant cells 

[52, 59, 60]. Functionally, Mcl-1 is endogenously inhibited by its proapoptotic partner proteins, 

which utilize their BH3-helix domain for binding to Mcl-1. The BH3-helix is an α-helix which 

was used in ligand-based design to develop inhibitors of Mcl-1, as shown in Figure 47. The key 

interactions between Mc-1/BH3-helix of proapoptotic proteins provide significant information that 

has been used by various researchers to generate BH3-helix mimetics. Researchers developed 

various BH3-helix based chemotypes, such as oligopeptides, stapled α-helixes, α-/β-peptide 

foldamers, reverse BH3 (rBH3) peptide and small molecules (as mentioned in objective 2.1) as 

Mcl-1 inhibitors but none of them have attained clinical application so far. Mcl-1 is an 

antiapoptotic protein, belonging to a large family of proteins, sharing structural homology in its 

binding site with other members of its family, especially with other antiapoptotic proteins, such as 

Bcl-2 and Bcl-xL. Therefore, structure-based Mcl-1 inhibitor design faces several challenges in 

attaining preferential selectivity. It is well known that Mcl-1 has the NWGR domain (asparagine-

tryptophan-glycine-arginine), which has an active role in binding of BH3 helix of pro-apoptotic 

proteins. However, in recent years, seven new natural compound classes were reported as low 

micromolar Mcl-1 selective inhibitors as shown in Table 5. As there were no studies performed 

regarding their binding behavior with Mcl-1 therefore under this objective, I included studies on 

the computed binding modes of these seven new classes of natural compounds as shown in Figure 

48, along with the validation of implemented computational methods with available experimental 

affinity data. 
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Figure 47 The co-crystal structure of Mcl-1 protein with α-helix peptides sheds insight into the binding cavity, 

showing 4 pockets (P1, P2, P3, P4) in the active site, where each hydrophobic amino acid side chain of BH3 helix (H1, 

H2, H3, H4) utilizes these pockets. 

 
Figure 48 (adopted from Figure 46) Structure of the natural product Mcl-1 Inhibitors: (I) Gymnochrome-F, a 

phenanthroperylenequinone containing core compound isolated from a deep water Crinoid, Halopus rangii [156]; (II) 

Oxy-polyhalogenated diphenyl ethers from a sponge Dysidea (Lamellodysidea) herbacea [157]; (III) Anacardic 

Acids from Knema hookeriana [158]; (IV) Endiandric Acid Analogues from Beilschmiedia ferruginea [159]; (V) 

Maritoclax and its synthetic analogue: maritoclax structure can be divided into ring-A (magenta) and ring-B (red) for 
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easy presentation; Mcl-1 inhibitor molecule 1 (MIM1), a high throughput screening compound, shares similar 

structural features like Gossypol. (VI) Cryptosphaerolide from a marine-derived ascomycete related to the genus 

Cryptosphaeria [160]; (VII) Meiogynin and its synthetic derivatives.  Mcl-1 inhibitor molecule 1 (MIM1), a high 

throughput screening compound and not a natural product, shares similar architectural features with naturally 

occurring Gossypol. 

2.2.2 Result and Discussion 

2.2.2.1 Rationalization of molecular modeling protocols 

Initially, I investigated the protein structure of the hMcl-1 protein available from the protein data 

bank (www.rcsb.org/). It is evident that in a few instances, that the protein crystal structures could 

contain some structural anomalies (e.g., missing atom coordinates, stereochemical/geometry 

issues in amino acids), therefore the selection of hMcl-1 crystal structures was focused on finding 

crystal structures of Mcl-1 protein with a low number of anomalies, so that further computational 

studies can be performed more accurately to identify the binding conformation of  naturally derived 

Mcl-1 inhibitors. Nineteen X-ray crystal structures for hMcl-1 protein were retrieved from the 

Protein Data Bank. Although these crystal structures belong to the same species (Homo sapiens), 

their crystal structure quality was different from one another. Therefore, I compared all these 

structures together, in order to select the highest quality hMcl-1 protein structure for the 

computational study, as shown in Table 1.  I found Mcl-1 crystal structures that contained co-

crystallized peptides as shown in Table 1 (table cells colored in grey), and these showed typical 

interactions with amino acids of the cavity (including pockets: P1, P2, P3, and P4). I did not proceed 

further with these structures as (a) they lacked molecular diversity in their structure (as most of 

them were BH3 helix peptide analogs) and therefore had interaction with similar amino acids of 

P1-P4 of Mcl-1; (b) Also, peptide backbone are prone to hydrolysis and devoid of ability to cross 

cell bilipid transmembrane, limits their futuristic usability as oral drugs; (c) On the other hand, 

small molecule inhibitors have been based on diverse scaffolds and diverse binding modes and 

therefore, provide guidelines to exploit the other regions of the active site of hMcl-1 protein in 

comparison to peptides and therefore could be useful in attaining better selectivity comparatively 

among other members of Bcl-2 Family. Therefore, I focused on analysis of co-crystal structures 

based on small molecule inhibitors (SMI) with hMcl-1 protein, rather than choosing the hMcl-1-

peptide co-crystal structures, for the molecular modeling studies.  The main initial objective was 

to choose one structure to commence docking experiments. 

 

 

 

http://www.rcsb.org/
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Table 1: Analysis of available co-crystal structures where hMcl-1 is bound to a small heterocyclic molecule.  X-ray 

structures and structural parameters (R-Value vs R-Observed, Clash score, etc) are summarized. 

PDB Res. Co-

crystallis

e ligand 

R-Val. 

(obs.) 

R-Fr. Clash 

Score 

Ramacha

ndran 

Outliers 

Side 

chain 

outliers 

RSRZ 

outliers 

(%) 

RMS

D 

Referen

ce 

4WMR 1.70 SMI 0.171 0.206 1 0 0 4.0  0.73 [161] 

4ZBF 2.20 SMI 0.184 0.233 6 0.2 4.5 2.0 0.75 [88] 

4ZBI 2.50 SMI 0.183 0.242 7 0.6 8 1.7 0.96 [88] 

4OQ5 2.86 SMI 0.200 0.235 9 2.1 11.3 8.1 0.81 [126] 

4OQ6 1.81 SMI 0.203 0.205 11 0 7.3 1.4 1.02 [126] 

3WIX 1.90 SMI 0.246 0.291 4 0 3.3 3.2 0.69 [130] 

3WIY 2.15 SMI 0.214 0.283 3 0.7 4.0 2.5 0.79 [130] 

4HW2 2.80 SMI 0.217 0.251 32 1.7 17.6 1.8 1.12 [87] 

4HW3 2.40 SMI 0.216 0.269 13 1 11.4 3.2 0.97 [87] 

4HW4 1.53 Pept. 0.140 0.182 2 0 0 2.1 NA [87] 

3TWU 1.80 Pept. 0.184 0.223 2 0 0 2.3 NA [162] 

3PK1 2.49 Pept. 0.213 0.245 3 0.9 8.1 0.9 NA [163] 

3MK8 2.32 Pept. 0.233 0.275 9 0.7 0 1.9 NA [164] 

3KZ0 2.35 Pept. 0.224 0.270 10 0 0 9.9 NA [165] 

3KJ0 1.70 Pept.* 0.187 0.223 8 0 0.6 4.4 NA [165] 

3KJ1 1.95 Pept.* 0.188 0.213 3 1.2 0.7 9.4 NA [166] 

3KJ2 2.35 Pept.* 0.210 0.233 2 0 1.3 6.7 NA [166] 

3IO9 2.40 Pept.* 0.211 0.269 7 0.6 4.9 4.1 NA [167] 

2PQK 2.00 Pept. 0.196 0.234 6 0 1.4 7 NA [167] 

PDB: id code that is in protein data bank; Res.: Resolution of protein crystal; R-Val: measure the quality of the atomic model obtained from the 

crystallographic data, whereas a perfect fit would have a value of 0 and, typical values are about 0.20; R-free: This is a less-biased biophysical 

parameter evaluated for crystal structure. To calculate R-free, 10% experimental observations were removed from the data set and then refinement 
is performed using 90% and lastly R-free calculated how well the model predicts that 10%, that was not used in refinement. Typically, R-free found 

slightly higher than R-value and with a value of close to 0.26; Clash Score: This score shows the number of pair of atoms in protein structure 

clashing sterically with each other and expressed such clashes per 1000 atoms; Ramachandran Outliers: This is stereochemical geometry evaluation 
of amino acid residues of protein structures where the combination of their φ and ψ torsion angles are assessed; Side chain Outliers: In general, 

sidechains of residues in protein usually adopted number of combinations of preferred torsion angle values (rotamers), which are usually evaluated 

from a set of torsion angles and the ones whose values found outside from these values, called as side chain outliers. The score is calculated as the 
percentage of unusual sidechain conformation residues with respect to the total number of amino acid residues; RSRZ outliers: an amino acid residue 

is said to be an RSRZ outlier if its RSRZ value is more than two. The RSRZ outlier score represents the percentage of the total number of RSRZ 

outliers in comparison to the total amino acid residues assessed [168]; RMSD: root mean square deviation, was attained from self-docking; SMI: 
small-molecule inhibitor; Pept: peptide structure. 

The study involved using various crystal structures of Mcl-1 with small molecule inhibitors (SMIs) 

bound and, therefore, I implemented the multiple receptor conformation approach (MRC) [169], 

which generates an ensemble of conformations of hMcl-1 from these crystal structures (as seen in 

Figure 49.a). The MRC approach involved the superimposition of the backbone of all Mcl-1 

structures over each other and then calculating their RMSD values, to estimate the differences 

between these crystal structures.  The Mcl-1 conformation was found to be reasonably conserved 

in all these structures based on RMSD between 0.61 to 1.79 Å, especially when considering the 

total number of amino acids in the backbone of these protein crystals (~ 157 amino acids). This 

MRC methodology helps in calculating the structural differences among these crystal structures in 
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the form of RMSD values (in Å), which can be useful in estimating the possible error in docking 

pose conformations when performed on these crystals, individually. These deviations/differences 

might originate from the crystal quality and biophysical techniques adopted during the 

characterization of these hMcl-1 crystals, as shown in Figure 49.a. This methodology resulted in 

the identification of a pdb (3WIX), which showed lowest RMSD values and found closest to the 

average structure of all those in Table 2, and which was then later chosen for molecular modeling. 

Next, I employed a multiple ligand conformation (MLC) approach, which was achieved by cross-

docking of all the individual co-crystallized ligands to the 3WIX pdb  This kind of cross-docking 

of co-crystal ligands from other pdbs to a particular pdb ( 3WIX) helps in comparing the relative 

deviation of conformations of docked poses from their original co-crystal binding poses in their 

pdbs, where lower deviations (≥ 1Å in terms of RMSD) further supports the extent of usefulness 

of the selected pdb. Through this MLC approach, I observed the details of computed ligand binding 

to hMcl-1. In that way, it helped in allocating the active and passive amino acids of the cavity 

(mapped as shown in Figure 49 (b)) which are either directly involved or help indirectly in the 

binding of ligand to adopt a conformation (docked conformations of all co-crystallise ligand 

binding to the 3WIX shown in Figure 49 (c)).  

 
Figure 49 (a) Superposition of crystal structures of Mcl-1; (b) H-donor/acceptor integrated cavity in Mcl-1 identified 

by the MLC approach; (c) Various docked binding orientations of ligands in the co-crystal structures 
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Table 2: MRC approach: Estimation of RMSD values (Å) of superpose individual PDBs over each other 

Proteins 4WMR 4ZBF 4ZBI 4OQ5 4OQ6 3WIX 3WIY 4HW2 4HW3 

Ligands 

4WMR 0.73 1.12 1.23 2.34 1.45 0.83 0.93 0.88 1.02 

4ZBF 1.05 0.75 1.02 1.02 1.02 0.92 1.02 1.02 1.02 

4ZBI 1.01 1.02 0.96 1.02 1.02 0.89 1.02 1.02 1.02 

4OQ5 1.89 1.02 1.02 0.81 1.02 0.79 1.02 1.02 1.02 

4OQ6 1.97 1.02 1.02 1.02 1.02 0.95 1.02 1.02 1.02 

3WIX 1.09 0.98 0.78 1.05 1.02 0.69 1.01 0.79 0.88 

3WIY 1.33 1.12 1.96 1.38 1.02 0.74 0.79 1.02 1.02 

4HW2 1.87 1.02 1.02 1.02 1.02 0.98 1.02 0.76 1.02 

4HW3 1.71 1.02 1.02 1.02 1.02 0.82 1.02 1.02 0.83 
Higher the RMSD value more will the deviation of PDB with each other 

2.2.2.2 Evaluating the precision and accuracy of docking methods  

 
Figure 50 Fesik group’s ligands which had been co-crystallized with Mcl-1. 

In order to evaluate the precision and accuracy of the docking methods, I compared the docking 

scores of a set of Mcl-1 inhibitors with their corresponding Ki values as shown in Figure 50 [170]. 

The reason for choosing these Mcl-1 inhibitors was: firstly, they were characterized by the same 

group (Fesik) and therefore the binding assay method conditions were uniform for all compounds.  

Secondly, they all have been co-crystallised with Mcl-1 and the crystal structures determined, 

which also provided their original native bound conformation for comparisons with docking. I 

employed three docking methods in order to see how they varied in their results, as shown in Table 

3. The results from all the three docking methods showed an identical pattern, where MOE [171] 

was found with the lowest RMSD values for its docked poses followed by AutoDock [172] and 

https://lab.vanderbilt.edu/fesik-lab/
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then VLifeDock [173] when compared with native bound ligand conformation in hMcl-1, as 

shown in Table 3. This may be expected as MOE docking utilized the knowledge of active binding 

site directly from the co-crystal ligand binding site of pdb, while Autodock accessed the binding 

site for docking through a grid box formation around a defined ligand binding site.  

Table 3. Comparison of docking scoring with hMcl-1 inhibitor Ki values (Fesik’s group): This methodology involves 

docking of co-crystal ligands to their own pdb files and then calculating the RMSD with respect to their crystal pose.  

pdbs Ki value 

(nM) 

MOE  AutoDock  VLifeDock Reference

s Score RMSD Score RMSD Score RMSD 

5FDO 361 -7.29 1.81 -8.30 1.94 -7.02 3.49 [89] 

5FDR 0.94 -8.59 2.82 -7.22 3.07 -7.48 3.14 [89] 

6BW2 21.0 -10.52 1.86 -9.94 2.30 -9.11 2.33 [90] 

6BW8 < 1.00 -10.34 0.54 -9.84 1.36 -9.17 1.45 [90] 

5IF4 < 1.00 -10.76 1.24 -10.14 1.36 -10.87 1.51 [174] 

4HW2 55 ± 18 -8.41 0.39 -7.99 0.67 -8.02 0.71 [87] 

4HW3 320 ± 10 -6.46 0.19 -6.47 0.63 -6.10 0.65 [87] 

Reproducibility of docking results is always a concern in drug design, which is defined as how 

precisely a particular docked conformation can be repeatedly observed in docking results. 

However, as reproducibility is an independent term and relates to the close prediction of docking 

predicted pose to that found in the co-crystal structure (i.e. accuracy of docking method).  

Therefore in order to assess the reproducibility or accuracy of the adopted docking methods, 

iterative self-docking was performed using the 3WIX pdb  [175] where the co-crystal ligand of 

pdb (3WIX) was self-docked five times into its own binding site and each time it was compared 

with the orientations of its own conformation in the co-crystal structure by measuring the RMSD. 

In this way, I compared and evaluated the adopted docking methods. As in most methods, the 

docking was usually initiated by calculating docking score of docked conformation of a flexible 

ligand which is in most cases commenced from a random conformation of the ligand, and therefore 

it severely affects the precision of reproducibility of particular docking method (precision is 

defined as repetition of the same pose) [176]. The measurement of reproducibility (NRMSE) was 

achieved using a mathematical expression, which determines the percentage of the closest RMSD 

of docked conformation of co-crystallise ligand of 3WIX attained during iterative self-docking 

(closest RMSD attained) with a factor (termed here as, “RMSE” which is a difference between the 

most deviated RMSD value and least deviated RMSD value of docked pose from original co-

crystallise conformation), as shown in the footnote of Table 4 and in Figure 51. As can been seen 

from Table 4, MOE (triangle matcher method) docking has shown 86% reproducibility (NRMSE) 
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compared to AutoDock (genetic algorithm, 56%) and VLifeDock (GRIP method-based docking: 

36%).  

I also observed comparatively fast, accurate bound conformation prediction from VLifeDock when 

compared with AutoDock.  However, AutoDock was more precise in predicting and reproducing 

docking poses [177] but less accurate in reproducing the co-crystal pose.  

Table 4: Reproducibility of computational docking poses 

Docking Phase Trials RMSD£ (Å) 

 MOE Autodock VLifeDock  

I 0.690 1.007 0.902 

II 0.681 0.989 0.884 

III 0.682 0.996 0.879 

IV 0.681 0.996 0.857 

V 0.681 0.994 0.871 

RMSE (Δ = Å) 0.008$ 0.018$ 0.025$ 

NRMSE& 86.12 % 55.94% 36.08% 
Note: $ Lower value for RMSE indicate more precision £ Less value indicate more accuracy; RMSE : root-mean-square deviation error = RMSD (maximum value) – RMSD 

(Minimum value) & Higher value indicates more reproducibility; Reproducibility was measure in terms of normalized root-mean-square deviation or error (NRMSD or NRMSE: 

This is fraction number which measures the degree of reproducibility) [178-180] 

     NRMSE = (Closest RMSD attained / RMSE) X 100 

 

 
Figure 51 Implementation of differential docking (differential docking represents the docking performed by more 

than 2 methods) along with similar-pose ensemble clustering [181] provided support to use these docking methods for 

further molecular modeling. (a) The left-hand side (LHS) figure shows the ionized solvent-exposed surface mapping 

of Mcl-1 where ligands were fitted to the binding site. (b) The right-hand side (RHS) shows the similar-pose ensemble 

clustering[12, 182].  Here the co-crystal bound conformation of the ligand (in blue), MOE based docking conformation 

(in brown), AutoDock based docking (in green) and GRIP-based docking (in yellow) were overlapped.  

2.2.2.3 Docking of naturally occurring Mcl-1 inhibitors 

After evaluating the docking methods, I performed screening of seven classes of naturally 

occurring Mcl-1 inhibitors which showed low micromolar inhibitory activity against Mcl-1.   
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Gymnochrome-F & oxy-polyhalogenated diphenyl ethers 

In the case of Gymnochrome-F, I employed docking using MOE, AutoDock, and VlifeDock to 

determine the docking pose. Later, similar-pose ensemble clustering confirmed the attained 

docking poses from these three different methods within RMSD ≤ 2 Å. This low RMSD value 

attained from these methods could reasonably be possible because of high rigidity possessed by 

the fused heteroaromatic rings in the ligand structure, which limits the number of binding 

conformations of Gymnochrome F.  

  
Figure 52 (a) The ionized solvent-exposed surface mapping of hMcl-1 along with the docked poses of 

Gymnochrome-F from MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity 

within 1.08 Å RMSD. (b) Similar-pose ensemble clustering of all three poses attained from three different docking 

methods. (c) Interactive mode of Gymnochrome-F with hMcl-1. 

The docking of Gymnochrome-F also shows its interaction with His224 (π-π interaction, 3.81 Å) 

and H-bond donor/acceptor interaction with Asn260 (2.14 & 2.23 Å), as shown in Figure 52. In 

case of the diphenyl ether derivatives (sponge-derived oxy-polyhalogenated diphenyl ethers), I 

observed various bound conformations with similar docking energies (with the difference ≤ 0.2 

kcal/mol). However, the similar docking energies and binding conformations are in contradiction 

with respect to their Mcl-1 binding affinity data (Ox-p-1 (2.4 µM), Ox-p-2 (8.9 µM) & Ox-p-4 

(7.3 µM), for 2D ChemDraw structures see figure 48). This is due to their smaller structure 

enabling them to adopt a wide number of potential bound conformations and orientations over a 

comparatively larger active site of hMcl-1, as shown in Figure 53.   
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Figure 53 (a) Interactive mode of diphenyl derivatives: Ox-p-1 (magenta), Ox-p-2 (Green) & Ox-p-4 (Blue); (b) 

docked poses of Ox-p-1 from MOE (in brown), AutoDock (in Green), VlifeDock (in yellow); (c) docked poses of 

Ox-p-2 from MOE (in brown), AutoDock (in Green), VlifeDock (in yellow); (d) docked poses of Ox-p-4 from MOE 

(in brown), AutoDock (in Green), VlifeDock (in yellow) 

Anacardic acid derivatives 

In case of anacardic acids, Ana-a-4 showed significantly close binding poses from all the three 

docking methods (1.17 Å RMSD). The docking showed a close interaction of polar phenolic head 

and carboxylic acid with Arg263 (2.36 & 2.21 Å) and intramolecular interaction (1.81 Å), as 

shown in Figure 54.   

 
Figure 54 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of Ana-a-4 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of Ana-a-

4 with Mcl-1. 
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Figure 55 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of Ana-a-4 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of Ana-a-

5. 

The extra length in the hydrocarbon chain of Ana-a-5 compared to Ana-a-4 hydrocarbon chain, 

projected the salicylic acid substructure of Ana-a-5 more towards the NWGR domain, where it 

interacted with Arg263 as a H-bond acceptor (2.0 & 2.14 Å), which also supports its improved 

Mcl-1 affinity (IC50 = 5.8 µM) than Ana-a-4 (IC50 = 17.7 µM), as shown in Figure 55. 

 
Figure 56 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of Ana-a-6 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of Ana-a-

6. 

In comparison to Ana-a-4/5, shortening of a hydrocarbon chain and incorporation of phenyl ring, 

as in Ana-a-6, further improved the affinity for hMcl-1 (0.6 µM) which could be understood with 

its additional π-π interaction with Phe270 which was missing in previously mentioned Anacardic 

acids, as shown in Figure 56. Clustering ensemble of docking conformations was found within 
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RMSD of 1.67 Å and showed π-π interaction with Phe270 (3.68 Å) along with Arg263 (2.14, 2.38 

& 2.82 Å).  
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Figure 57 Representation of modelling for (I) Ana-a-7; (II) Ana-a-8; & (III) Ana-a-9: (a) The ionised solvent-

exposed surface mapping of Mcl-1 along with the docked poses from MOE (in brown), AutoDock (in Green), 

VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose ensemble clustering of all three poses attained 

from three different docking methods. (c) Interactive mode of Ana-a-7/8/9. (IV) 2D interaction of Ana-a-7 (LHS), 

Ana-a-8 (Middle) & Ana-a-9 (RHS) 

The docking of Ana-a-7, Ana-a-8 and Ana-a-9 showed almost identical docking interactions with 

Arg263, as shown in Figure 57, which is supported by their similar docking energies (-8.34, -8.47 

and -8.22 kcal/mol respectively). These anacardic acids binding mode and binding energies are 

similar, which pointed out that the hydrocarbon chain length of (11-13 carbons) play a less 

significant role in influencing binding of these molecules to Mcl-1  

 
Figure 58 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of Ana-a-10 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of Ana-a-

10. 

In case of Ana-a-10 (IC50  = 1.2 µM) when compared to Ana-a-8 (IC50  = 0.2 µM) and Ana-a-9 

(IC50  = 0.2 µM), has longer  unsaturated hydrocarbon chain length, led to reduced affinity which 

is most likely to be due to its limited flexibility and steric effect (as shown in Figure 58) 
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Endiandric Acid Analogous 

 
Figure 59 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of End-a-2 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of End-a-

2. 

The docking showed Enda-a-2 and Ana-a-6 share similar binding modes, where their molecular 

structures have two different terminals/ends contain rings, which utilizes two different regions of 

Mcl-1 active site. However structurally (see Figure 48), Enda-a-2 has only a COOH group while 

Ana-a-6 has both a phenol and COOH groups in the same ring, where these polar functional groups 

interact with Arg263 of Mcl-1. Also, these rings in both molecules have structurally diverse from 

each other, where Ana-a-6 has salicylic acid and Enda-a-2 possess a highly constrained fused ring 

system. This constrained fused ring in Enda-a-2 might prevent its adoption of the optimal binding 

conformation for interaction with Arg263, and therefore could possibly be reasoning of observing 

of a weak H-bond interaction with Arg263 (3.51 Å) when compared to the  Ana-a-6 docking pose 

(has three H-bond acceptor interaction with Arg263: 2.14, 2.38 & 2.82 Å, see Figure 56). Also, 

docking of Enda-a-2 showed a π-π interaction with Phe270 (3.51 Å) of, as shown in Figure 59. 

Similar interactions were also seen with Enda-a-3 (Ki = 13 µM), where it displayed an improved 

geometry for H-bonding as evaluated by its closer proximity to Arg263 (3.02 Å) and π-π 

interaction with Phe270 (3.50 Å) as shown in Figure 60. The latter leads to marginal improvement 

in in-vitro Mcl-1 affinity and docked binding energy, as in Table 5. 
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Figure 60 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of End-a-3 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of End-a-

3. 

 
Figure 61 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of End a-4 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of End a-

4. 

Comparatively shorter analogue of endiandric acid class (Enda-A-4) have an additional phenolic 

polar head and therefore shows an additional new H-bond donor interaction with peptide backbone 

of Leu267 and also has close proximity with Phe270 ( π-π interaction, 3.85 Å) when compared to 

longer analogues (Enda-A-2 and Enda-A-3), as shown in Figure 61; therefore explains why 

Enda-A-4 achieved better in-vitro Mcl-1 affinity than later two, as shown in Table 5.  
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Figure 62 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of End-a-10 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of End-a-

10. 

Enda-A-10 has a different stereochemistry in its fused cyclic ring substructure with respect to the 

other analogues of this series, which leads to its COOH functionality being more inclined towards 

Arg263 (3.29 & 3.90 Å) as compared to a similar analog (like Enda-A-2), as shown in Figure 62, 

which might be the reason of its improved binding affinity (5.2 µM ) over Enda-a-2 (14.3 µM). 

Marinopyrrole analogues (maritoclax & it’s cyclic analogue) 

Doi et al disclosed NMR spectroscopic data that supported outcome of the docking of 

marinopyrrole-A (maritoclax) with mMcl-1 and its interaction:  (a) the chloro group in one of the 

pyrrole ring of maritoclax was facing inwards towards the active site of Mcl-1, (b) phenol group 

of the same pyrrole ring has a H-bond with Gly308, (c) while phenol group of another pyrrole 

group has a H-bond with Thr247, and (d) the carbonyl group has H-bond with Asn204. On the 

basis of NMR data provided by Doi et al, the corresponding amino acids of hMcl-1 with respect 

to mMcl-1 amino acids were enlisted see Table 4 [106]. This comparison led to some of the key 

differences in their active sites: (a) point mutation of G222-D241 and (b) V262-I281, and (c) 

slightly more hydrophobic character of cavity of mMcl-1 than hMcl-1 (16 out of 25 reported amino 

acids are hydrophobic) see Table 4.  

Table 4. Comparison between mMcl and hMcl-1 active sites: The enlisted amino acids of mMcl-1 were showing 

chemical shift perturbation (1H-15N HSQC spectrum) during the addition of Maritoclax. The amino acids in black 

color in table were only able to be detected through 1H-15N HSQC spectrum of 15N-labeled Mcl-1. However, the amino 
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acids shown in green were undetected due to large intensity change. The unbolded and bolded amino acids in black 

colour in table were shown at least 0.05 and 0.08 ppm chemical shift (δ) respectively [183].   

Corresponding amino acids 

mMcl-1 hMcl-1 mMcl-1 hMcl-1 mMcl-1 hMcl-1 

G150 - N241 N260 R229 R248 

I163 I182 G243 G262 F235 F254 

T172 T191 I245 I264 D237 D256 

G184 G203 S250 S269 R244 R263 

G200 G219 F251 F270 V246 V265 

Q202 Q221 V255 V274   

R203 R222 V262 I281   

N204 N223 V278 V297   

R214 R233 L279 L298   

L216 L235 F300 F319   

N220 N239 Q306    

G222 D241 G307    

S228 S247     

The maritoclax binding to hMcl-1, predicted by docking, was found similar to the bound 

conformation as reported in mMcl-1 but the binding conformation was found slightly different 

than the reported with mMcl-1. For a better understanding, mMcl-1 (PDB i.d. 2JM6) structure was 

superimposed over the hMcl-1 and an RMSD value of 6.91 Å was determined for this. This high 

deviation in terms of RMSD value, clearly provided the reasoning behind the differences observed 

in binding conformations among these proteins with maritoclax. Structurally, maritoclax is a 

dimer which contain two pyrroles: ring-A and ring-B (as shown in Figure 48). The docking studies 

of maritoclax with hMcl-1 showed that the phenyl group of ring-A displays a π-π interaction and 

its phenolic OH makes a H-bond donor interaction with Thr266, as shown in Figure 63. Whereas 

the ring B show π-CH hydrophobic interaction and carbonyl (C=O) showed two H-bond acceptor 

interaction with NH- functional group of guanidine moiety of Arg263. It has been observed that 

the maritoclax is structurally fitting in close proximity of some of amino acids Asp256, Met 231, 

Phe254, Leu 267, His224, Phe228 of the cavity, which were also reported by Doi et al [106].  
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Figure 63 (a) The ionized solvent-exposed surface mapping of Mcl-1 along with the docked poses of marinopyrrole 

from MOE (in blue), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods MOE (in brown), AutoDock (in 

Green), VlifeDock (in yellow). (c) Interactive mode of marinopyrrole. 

Later, Cheng et al. synthetically modified the maritoclax into cyclic derivatives, which were also 

evaluated for their physicochemical properties. These evaluations resulted an optimized structure 

(cyclic maritoclax) with improved drug-like properties and more potent Mcl-1 IC50 value (4.3 

µM) compared to the parent maritoclax (8.9 µM) [108]. This strategy of cyclization of maritoclax 

into cyclic maritoclax, is commonly used technique in drug design and the explanation often used 

is that the cyclization preorganises the conformations of a flexible ligand to improve the 

preferential selectivity for a given physiological target by minimizing the entropic loss associated 

with the ligand adopting a preferred conformation for binding [107]. However, docking from all 

the three methods failed to show any significant differences in binding energies between 

maritoclax and its cyclic derivative, which indicates that the docking algorithm used for 

calculating the binding energies might be underutilized the physicochemical parameters. 

 
Figure 64 (a) The ionised solvent exposed surface mapping of Mcl-1 along with the docked poses of cyclic 

marinopyrrole from MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. 
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(b) Similar-pose ensemble clustering of all three poses attained from three different docking methods. (c) Interactive 

mode of cyclic marinopyrrole. 

MIM1 (Mcl-1 Inhibitor Molecule 1) 

Similar to maritoclax, NMR-assisted docking was performed to identify the binding pose of 

MIM1 by Cohen et al (see in Figure 65) [77]. The ensemble clustering of docked poses from 

MOE, AutoDock and VlifeDock had RMSD values of 1.07 Å, 1.61 Å and 2.02 Å respectively (see 

in Figure 65). The attained docking pose in my study was compared with previous reported 

binding of MIM1. In previous report, it had been reported that the MIM1 had a cyclohexyl group 

hydrophobic interaction with Val216 and Leu213 [77], which was not seen in my case as both 

residues were away from cyclohexyl functionality (> 5.5 Å), which is too long even for a weak 

hydrophobic interaction. However, other interactions were found similar with the previous study: 

(a) imidazole ring of His224 with a CH-π interaction (4.19 Å) with the methylated thiazole, (b) H-

bond donor interaction (2.49 Å) with ortho-substituted –OH of pyrogallol functionality. On the 

other hand, the guanidine moiety of the side chain of Arg263 and alcoholic side chain (-OH) of 

Thr266 showed a H-bond acceptor interaction (2.47 and 2.06 Å) with para-substituted and ortho-

substituted –OH of pyrogallol functionality. I also observed that the Asp256 is in close vicinity 

with Arg263 (2.63 Å), and could be better suited to hold pyrogallol group via H-bonding [77]. 

 
Figure 65 (a) The surface mapping (displayed style used: solvent, mapping: ionizability); (b) Alignments of docked 

MIM1 of MOE (Blue), Autodock (green) Autodock Vina (yellow); (c) MIM1 interaction with Mcl-1. (a) The ionised 

solvent exposed surface mapping of Mcl-1 along with the docked poses of MIM1from MOE (in brown), AutoDock 

(in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose ensemble clustering of all three 

poses attained from three different docking methods. (c) Interactive mode of MIM1. 

Cryptosphaerolide 

Cryptosphaerolide (TR-FRET, Ki = 11.4 µM) contains 2 substructures: cyclic and acyclic. The 

absolute stereochemistry was reported for cyclic substructure but not for the acyclic substructure. 
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Therefore, I accounted all the possible conformers for cryptosphaerolide. As three stereochemical 

centers geometry were not assigned therefore I docked all the 8 possible stereoisomers. These 

stereoisomers were later ranked based on their docking scores. As shown in Figure 66, the 

cryptosphaerolide docking showed that the cyclic substructure of all eight stereoisomers (coded 

in different color in figure) does not fit into the cavity and is projected out from the binding cavity, 

that is why Fenical co-workers [160] did not observe any Mcl-1 inhibition activity for the cyclic 

substructure of cryptosphaerolide. 

 
Figure 66 There were three chiral centers of unknown stereochemistry in Cryptosphaerolide structure (see Figure 

48), therefore 8 isomers were docked. The cyclic substructures of all 8 conformers were not involved in binding (as 

seen in interactive mode in the figure (a: right hand side) and binding conformation of all 8 conformers (b: On left 

hand side) in the figure with hMcl-1. 

Meiogynin derived Mcl-1 inhibitors  

Meiogynin-A derived compounds have shown a wide range of activity against antiapoptotic 

proteins of the Bcl-2 family [148-151]. Docking predicted similar binding interactions for 

meiogynins except in case of their parent molecule meiogynin A (Ki = 5.2 µM), which showed 

H-acceptor interactions with the imidazole side chain of His224. Meiogynin derivatives showed 

π-π interactions with Phe270. Previous studies of Meiogynin A, which showed proximal binding 

with Arg100 and Tyr195, were also observed in my docking experiments (meiogynin A was found 

within 5 Å of these residues).  However, my docking generated distinctive poses compared to those 

previously disclosed [150, 184] for meiogynins as shown in Figure 67, 68, 69 and 70. 
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Figure 67 (a) The ionised solvent exposed surface mapping of Mcl-1 along with the docked poses of Meiogynin-A 

from MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of 

Meiogynin-A . 

 
Figure 68 (a) The ionised solvent exposed surface mapping of Mcl-1 along with the docked poses of 2.1.156 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of 2.1.156. 
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Figure 69 (a) The ionised solvent exposed surface mapping of Mcl-1 along with the docked poses of 2.1.157 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of 2.1.157. 

 
Figure 70 (a) The ionised solvent exposed surface mapping of Mcl-1 along with the docked poses of 2.1.158 from 

MOE (in brown), AutoDock (in Green), VlifeDock (in yellow) show their fitting to the cavity. (b) Similar-pose 

ensemble clustering of all three poses attained from three different docking methods. (c) Interactive mode of 2.1.158. 

Table 5. Comparison of the structures Ki’s with their respective cumulative docking energies of a particular mcl-1 

inhibitor.  

# Compound Mcl-1 

Ki/ IC50 = µM 

Bcl-2 a/ Bcl-xL 
b Ki/ IC50 = µM 

Ref. Triangle 

Matcher 

(KJ/mol) 

AutoDock 

(KJ/mol) 

GRIP docking 

(KJ/mol) 

RMSD 

   (Å) 

1 Gymnochrome F 3.3d  NR [156] -7.36 -7.71 -6.17 1.08 

2 Ox-p-1 2.4 ± 0.1 NR [157] -8.33 -8.29 -8.76 0.81 

3 Ox-p-2 8.9  NR [157] -8.42 -8.22 -8.67 0.72 

4 Ox-p-4 7.3 NR [157] -8.27 -8.16 -8.64 1.04 

5 Ana-a-4 17.7 ± 3.1 d > 23 b, d [158] -7.14 -6.82 -7.17 1.22 

6 Ana-a-5 5.8 ± 0.3 d 3.2. ± 0.1 b, d [158] -7.83 -7.14 -7.67 2.09 

7 Ana-a-6 3.7 ± 2.0 d 16.3 ± 0.5 b, d [158] -7.98 -7.61 -8.13 1.58 

8 Ana-a-7 0.7 ± 0.1 d 1.2 ± 0.1 b, d [158] -8.34 -7.42 -8.91 2.18 

9 Ana-a-8 0.2 ± 0.1 d 0.3 ± 0.1 b, d [158] -8.47 -8.22 -9.09 1.97 

10 Ana-a-9 0.2 ± 0.1 d 0.2 ± 0.1 b, d [158] -8.22 -7.53 -8.76 2.05 

11 Ana-a-10 1.2 ± 0.9 d 5.7 ± 0.6 b, d [158] -8.00 -7.68 -8.27 2.31 

12 End-a-2a 14 ± 3.3 e 19.2 ± 1.6 b, e [159] -7.15 -6.71 -7.19 1.86 

13 End-a-3 13 ± 5.0 e 12.6 ± 0.2 b, e [159] -7.42 -6.32 -7.53 1.59 

14 End-a-4 5.2 ± 0.2 e  > 100 b, e [159] -8.02 -7.60 -8.11 0.88 

15 End-a-10 5.9 ± 0.5 e 19.4 ± 3.0 b, e [159] -7.89 -7.14 -8.02 1.03 

17 Maritoclax 8.9 ± 1.0 d 16.4 ± 3.3 b, d [108] -7.51 -6.67 -7.92 1.23 

18 Cyclic maritoclax form 4.3 ± 1.5 d  3.4 ± 0.9 b, d [108] -7.06 -6.39 -7.84 1.70 

19 MIM1 4.72 d NR [77] -8.77 -7.88 -8.90 2.13 

20 Cryptosphaerolide (R, R, R) NA c NR [160] -6.88 -5.29 -6.16 2.64 

21 Cryptosphaerolide (R, R, S) NA c NR [160] -7.17 -6.02 -6.31 2.37 

22 Cryptosphaerolide (R, S, S) NA c NR [160] -7.04 -5.89 -6.20 3.14 

23 Cryptosphaerolide (S, S, S) NA c NR [160] -7.22 -6.17 -6.47 1.76 

24 Cryptosphaerolide (S, R, R) NA c NR [160] -6.53 -5.56 -5.90 2.22 

25 Cryptosphaerolide (S, S, R) NA c NR [160] -6.70 -5.82 -6.13 2.90 

26 Cryptosphaerolide (R, S, R) NA c NR [160] -7.34 -6.31 -6.41 2.46 
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27 Cryptosphaerolide (S, R, S) NA c NR [160] -7.12 -6.12 -6.28 1.94 

29 Meiogynin-A 5.2 ± 1.2 e 1.46 ± 0.12 a, e / 

8.30 ±1.20 b, e 

[151] -6.66 -6.42 -6.24 1.48 

30 Meiogynin 2.1.156 0.46 ± 0.06 e 0.83 ± 0.16 a, e / 

2.19 ± 0.09 b, e 

[151] -7.22 -7.14 -6.94 1.14 

31 Meiogynin 2.1.157 5.92 ± 0.47 e > 23 a, e/ 8.48 ± 

0.40 b, e 

[151] -7.33 -7.25 -7.22 1.85 

32 Meiogynin 2.1.158 0.56 ± 0.04 e 1.54 ± 0.44 a, e / 

2.44 ± 0.02 b, e 

[151] -6.97 -6.89 -6.77 1.57 

a Bcl-2 protein inhibition; b Bcl-xL protein inhibition; NA c uncharacterised cryptosphaerolide was found to have a Ki of 11.4 µM so all the isomers 
were listed here: d IC50 values; e Ki values; NR not reported. 

2.2.3 Conclusion & Future Perspective 

In recent years, many efforts have been made in the development of Mcl-1 inhibitors. However, 

the development of the synthetic inhibitors have fallen short to attain any significant preferential 

Mcl-1 binding selectivity and therapeutic efficacy, which leads to adverse effects like drug-drug 

interactions (e.g. eicosanoid metabolism [185]) and drug-tissue toxicity (such as increases the 

progression of neurodegeneration of neurons in neurodegenerative disorders). On the other hand, 

various naturally-derived compounds have been isolated and shown low micromolar selectivity 

for Mcl-1 (Figure 48). It is quite evident, that naturally-derived compounds can be used to explore 

ligand-based drug design. My studies in this section mainly focuses on those natural Mcl-1 

inhibitors showing their potential for their future exploration in natural product-based Mcl-1 

inhibitor design. Seven natural product classes were studied and evaluated by various docking 

methods and biophysical parameters. The docking poses of individual molecules from various 

docking methods and associated docking scores were compared with the published Mcl-1 affinity 

data (in-vitro IC50) in order to validate or evaluate the reliability of the adopted computational 

docking methodologies. The methodology used in this section of thesis could be useful for natural 

product chemists or drug designers, who are interested in exploring natural products in medicinal 

chemistry. Various interactions like hydrogen bonding, electrostatic force, Van der Waal’s forces, 

etc. are commonly seen in binding of these natural products. This provides the much sought-after 

rationale and opportunity to design pharmacophores by congregating various steric and electronic 

features required for the interaction with Mcl-1, which would eventually be able to a trigger 

biological response effectively.  
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Objective 2.3 Synthesis of heterocyclic chemotypes as Mcl-1 inhibitors 

2.3.1 Rationale design  

From objective 2.1, which is a review of the literature of heterocyclic inhibitors of Mcl-1 protein, 

shows that most of the inhibitors utilize groups that bind into P2-P3 or P3-P4 pockets of the target.  

This is referred to as cavity-based design (see Figure 71 for more information about cavity-based 

design). Here, I employed a similar strategy and tried to target adjacent pairs of pockets in Mcl-1 

(P2 and P3), as shown in Figure 71. Diphenyl (or diaryl) derivatives (2.3.2-2.3.5 as shown in blue 

in Figure 71) were selected for synthesis, as it was observed that both of their hydrophobic phenyl 

rings (non-substituted or substituted) could go inside these cavity pockets for possible interactions. 

  
Figure 71 Prototype of cavity-based design: active site of Mcl-1 protein has 4 pockets (named as P1-P4). These pockets 

are used by the hydrophobic side chain of amino acids of BH3 helix proteins during their interaction with Mcl-1 

protein. As the length of BH3 helix is too big to replicate by any small-molecule therefore, researchers often tried to 

target adjacent pockets (in most cases either P2/P3 or P3/P4 of Mcl-1 protein). On the other side, simple molecules like 

diphenyl propanone as represented in the structures of sponge halogenated compounds were found low micromolar 

Mcl-1 activity, which could be further evident with their two phenyls as left and right, where they could go to either 

P2-P3 or P3-P4 pockets and can be only confirmed by X-ray co-crystal structure. 

2.3.2 Synthesis of desired heterocyclic compounds 

Synthesis of chalcones 

Trans-1,3-diphenyl propenones are commonly known as chalcones. These are α, β-unsaturated 

carbonyl containing compounds, where one part of the molecule is derived from an aromatic 

aldehyde and other part from an aromatic ketone. The reaction of these synthons are known as 

crossed-aldol condensation reactions (i.e. Claisen Schmidt condensation), where an aromatic 
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ketone gets enolized under either basic or acidic conditions into an enolate/enol form, which later 

undergoes nucleophilic attack on aromatic aldehyde followed by elimination of water molecule to 

form the chalcone as a product, as shown in Figure 72. In this study, chalcones were prepared by 

2 methods (method A & B). Method-A was based on the base promoted aldol reaction while 

method-B (as shown in Figure 73 and synthesized compounds in blue colour) utilized acid 

promoted aldol reaction for formation of hydroxy-substituted chalcones.   

 
Figure 72 Mechanism of Claisen Schmidt condensation 

 
Scheme 1 This scheme shows the scope of chalcone synthesis (14 analogues: 2.3.1, 2.3.10-2.3.22); those in blue were 

prepared under acidic conditions (Method B).  Subsequently, these chalcones were used for synthesis of pyrazolines 

and pyrazoles. Pyrazoline synthesis was achieved through Michael addition reaction using hydrazine, which later 

undergo oxidative dehydrogenation (oxidative aromatisation) to form pyrazoles. Pyrazole synthesis was also possible 

more directly as was reported by Zhang et al in 2016 [186]. 
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Figure 73 Numbering of representative compound of 1,3-diphenyl propenone derivative 

In order, to characterize the compounds of non-hydroxy chalcone series, 1-D and 2-D NMR of one 

of the compounds (2.3.10) is shown in Figure 73. I started characterizing the compound with 

detailed 13C NMR spectroscopic assignments rather than 1H NMR as it gave a better understanding 

of aromatic region in synthesized compound. Study of the 13C NMR and C-APT spectra as shown 

in Figure 74, provided evidence for the presence of 7 quaternary carbons in 2.3.10 (marked in red 

dots in Figure 73). Therefore, signals at 189.69, 153.13, 151.28, 149.25, 149.24, 131.57 and 

128.07 (highlighted in the Figure 74), where four signals were so downfield (region from 149 to 

153 ppm) indicate that these signals belong to the four methoxy in these two phenyl rings of 2.3.10, 

as shown in Figure 74. While, signal at 188.69 ppm clearly belongs to carbonyl functionality and 

signals (at 131.57 & 128.07 ppm) shows that these are either C-1` & C-1`` or vice-versa of the 

respective phenyl rings. The downfield signal at 144.15 ppm shows that it is β-carbon of enone 

functionality as shown in Figure 74. 

 
Figure 74 13C NMR (brown colour, bottom) and of C-APT/13C NMR (blue colour, top) spectra of chalcone compound 

(2.3.10). 
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Figure 75 1H NMR of representative chalcone compound (2.3.10). 

Table 6 gGCOSY coupling and HSQC correlation studies of compound (2.3.10). 

HSQC gCOSY 
13C 1H (ppm) 7.77 7.42 

109.96 6.94 7.69 6.94 

110.24 7.17 7.24 6.91 

110.90 7.63   

111.19 6.91   

119.71 7.39   

119.69 7.43   

122.88 7.24   

122.85 7.69   

144.08 7.75   

144.15 7.78   
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Figure 76 HMBC & HSQC (enclosed in black framed box) correlation of (2.3.10).  

From HMBC in Figure 76, the carbon signal at  144.15 ppm (i.e. β-carbon of enone functionality) 

was correlated with protons at  7.17 and 7.24 ppm. HMBC showed further correlation between 

the proton at  7.17 ppm with  149.25 and 151.28 ppm carbon signals while proton at  7.24 

showed correlations with signals at  151.28 ppm and  110.28 ppm.  Based on these the following 

assignment was made: the signal at  7.17 ppm is at H-1`` while  7.24 ppm at H-6``.  Also, 

gCOSY showed further coupling of proton at  7.24 ppm with  6.91 ppm therefore  6.91 is at C-

5``.  However, HMBC correlations between the signal at 188.69 ppm carbon  (i.e. carbonyl signal) 

with the protons at  7.77, 7.62 and 7.42 ppm and, also gCOSY showed correlations between 

protons at  7.77 and 7.42, with high J-value (15.5 Hz) as shown in Table 6, showing that these 

protons belongs to the unsaturated propenone functionality in its E-configuration as shown in 

Figure 75. The proton at  7.62 ppm also further correlates with carbons at  149.24 and 153.13 

ppm, which shows its position at H-2`. While, proton at  7.69 ppm correlates with carbons at 

 153.13 and 110.86 ppm shows that it is H-6``, as shown in Figure 77. The protons at  6.94 ppm 
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and 6.91 ppm are correlated with  131.57 and 128.07 ppm respectively, which shows that 

 131.07 is C-1` and 128.07 is C-1``. 

 
Figure 77 Signal characterisation of 2.3.10, where individual colors were provided to particular protons and arrows  

During the synthesis of 2.3.10, I also found the formation of a more polar compound (based on 

TLC analysis), which was later characterized as 3,4-dimethoxy benzoic acid (2.3.34).  This product 

was formed from a Cannizzaro reaction, which competes with the Claisen Schmidt aldol 

condensation during the formation of diphenyl propenone [187]. 

 
Figure 78 Mechanism of formation of 3,4-dimethoxy benzoic acid by competitive Cannizzaro reaction  

Similar NMR (1D/2D-NMR (13C/C-APT) based characterisation was also performed for the 

hydroxylated chalcones (e.g. for 2.3.15), as shown in Figure 79  
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Figure 79 Superpose of 13C/C-APT of 2.3.15, which leads to assignments of 13C signals of hydroxy chalcones 

Synthesis of Pyrazolines & Pyrazoles  

Pyrazolines are reduced forms of pyrazoles and can be synthesized in various ways.  A commonly 

used route involves the reaction of hydrazine derivatives with active methylene diesters or 1,3-

propenone derivatives as shown in Scheme 1B [188, 189]. The formation of pyrazolines, involves 

Michael addition of propenones followed by cyclization and there are a few reports that show that 

catalyst can be useful in improving the kinetics of these reactions, such as zinc triflate [190], TBD 

(1,5,7-triazabicyclo[4.4.0]dec-5-ene) [191], as shown in Scheme 1B. In my study, I used hydrazine 

in MeOH with previously the acquired chalcones to achieve the pyrazolines as shown in Scheme 

1, which readily precipitated upon cooling, giving orange/yellow coloured solids. 
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Scheme 1B Some of the known procedures involved for the formation of pyrazolines 

There are various synthetic routes available for synthesis of pyrazoles: (a) condensation of 

hydrazine derivatives with 1,3-dicarbonyl derivatives or their synthetic equivalents [192-194]; (b) 

condensation of α,β-unsaturated carbonyl compounds with hydrazines followed by oxidative 

dehydrogenation [195, 196]; (c) [3 + 2] cycloadditions of 1,3-dipoles to dipolarophiles like alkenes 

and alkynes [197]  (d) nucleophilic attack of hydrazines to flavones, chromones or isoxazoles [198, 

199]. However, these methods can be severely limited by their drawbacks. Condensation and 

dipolar cycloaddition methods usually lead to the formation of two regioisomers, whereas 

nucleophilic addition methods involve multistep sequences before attaining pyrazoles and 

reactions involving diazo substrates, which can be hazardous to health and potentially explosive. 

However, I utilised oxidative dehydrogenation of pyrazoline by using iodine in DMSO, along with 

a direct method reported by Zhang et al [186] where the chalcone can be converted to pyrazoles, 

as shown in Scheme 1. 

In order to characterize the pyrazoles, 1D/2D-NMR was used on a synthesized compounds (2.3.32 

used as an example for characterization), as shown in Figure 81, the coupling of H``-2 and H``-3 

(in magenta) and H`-2 to H`-3 and H`-3 to H`-4 (in blue) was found and 13C NMR values were 

found in agreement  with a previous report [200]. 
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Figure 81 1H NMR/gCOSY NMR of 2.3.32 

Synthesis of O-Phenyl alkyl Bromides & N-substituted pyrazoles 

As from objective 2.2, it was seen that some natural compounds have two phenyl rings which are 

separated with an alkyl tethered chain, and these show reasonably potent Mcl-1 activity (especially 

anacardic acid and endiandric acid derivatives). Taking inspiration from the structures of these 

nature class, and in interest in establishing a structure-activity relationship, N-substitution on these 

pyrazoles (especially 2.3.33) was investigated. In order to replicate similar di-phenyl system found 

in the natural compounds, then O-alkylation of phenols with dibromoalkanes was performed. 

Later, these phenoxyalkyl bromides (alkyl chain linker contains 2 to 4 carbon length backbone) 

were used in N1-alkylation of pyrazoles. Benzylation was also carried out, as shown in Scheme 2 
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Scheme 2 Synthesis of O-alkylation of phenols and N-substituted pyrazoles  

Similarly, one representative compound of these pyrazole derivatives (2.3.44) was characterized 

using 1D/2D-NMR studies. The 1H-NMR of 2.3.44 contains 10 regions of aromatic protons, which 

were overlapped therefore gCOSY spectra was used (as coupling of proton partners were shown 

in magenta color in Figure 81), showed that coupling of the protons at 7.84 (region contains 2 

protons) with 7.41 ppm region of protons (contains 2 protons) and further, protons at 7.41 ppm 

coupled with 7.32 protons (7.32 has only 1 protons) indicates that these two couplings particular 

belong to particular phenyl ring. While coupling of 6.92 ppm (which contains 2 protons) with 7.23 

(2 protons) and 6.81 (1 protons) shows that they belong to phenoxy ring with upfield 6.92 ppm for 

meta-protons while 7.23 is for ortho-position and 6.81 (para-position) as shown in Figure 82.  

However, HSQC (in Figure 83) data drew further correlation of these protons to their 
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corresponding carbons (shown in Figure) in the molecule, compiled data shown in Figure 82 & 

Table 7. 

The quaternary carbons were assigned based on HMBC, where correlations shown in red arrows 

(as shown in Figure 82): The protons at  7.84 ppm correlated with carbon on  151.24 ppm shows 

that it is C-2 of 3-phenyl ring. While, protons at 7.57 ppm correlated with 146.10 (pyrazole-C-5) 

and  6.82 protons correlated with 158.30 (-OPh-C-1), as shown in Figure 82.                       

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Figure 82 Featuring gCOSY, HMBC based quaternary carbon analysis and aromatic (-CH-) carbons of 2.3.44 

 
Figure 83 Assigned HMBC for 2.3.44 

Table 7 Compiled data retrieved from proton NMR, HSQC and gCOSY of 2.3.44  

Proton NMR HSQC gCOSY 

Regions (ppm) No. of 1H 13C 7.84 7.41-7.43 

4.45 2 48.70 7.56 7.47 

4.53 2 66.64 7.43 7.32 

6.60 1 103.5 7.22 6.82 

6.81 2 114.4 7.22 6.94 
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6.93 1 121.05   

7.23 2 129.46   

7.32 1 127.73   

7.41 2 128.63   

7.46 – 7.44 1    

7.50 – 7.47 2 128.68 (7.47)   

7.59 – 7.54 2 129.29 (7.56)    

7.81 2 125.67   

Synthesis of diphenyl pyridines 

Various conditions were reported for synthesizing diphenyl pyridines (summarized in Figure 84), 

however only few of these diphenyl pyridines have been studied to date for their medicinal activity; 

these activities are summarized in Figure 85. 

 
Figure 84Various Available methods for preparing the diphenyl pyridines (4,6-diaryl-2-(arylthio)nicotinonitriles).  
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Figure 85 Medicinal attributes of selected pyridines: antioxidant [201], orally active anti-inflammatory IKK-β 

inhibitors [202], anti-proliferative [203] 

In my study, I utilized ammonium acetate along with malononitrile in AcOH as solvent to 

synthesize the diphenyl pyridines, as shown in scheme 3   

 
Scheme 3 Synthesis of 2-amino-3-cyano-diphenyl-pyridines 

The mechanism of formation of diphenyl pyridines show that the reaction started with the addition 

of malononitrile to the chalcone, which later tautomerizes back into keto form. This keto group is 

attacked by in-situ produced ammonia, to form imine, which then rearranges into an enamine. The 

amino group of the enamine attacks an electron deficient methylene carbon to form 

dihydropyridine which latter undergo aromatic dehydrogenation to aromatise the ring into 

pyridine. The driving factor for the final step was the dehydrogenation to generate the aromatic 

ring (aromaticity) Figure 86  [204]. 
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Figure 86 Mechanism of diphenyl pyridine formation (2.3.56) 

 

The characterisation of the compound (2.3.56) was performed through 1D/2D NMR (as shown in 

Figure 87 & Figure 88) and compiled into Table 8 

 

Figure 87 13C NMR (brown colour) and superpose of C-APT/13C NMR of representative of diphenyl pyridine (2.3.56) 
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Figure 88 1H-NMR of 2-amino-3-cyano-diphenyl pyridine (2.3.56) 

Table 8 Assignment of signals of 2-amino-3-cyano-diphenyl pyridine (2.3.56) 

 
HSQC 

correlation 

from C-

APT/ 
13C 

Conclusion gCOSY 

Correlation 

Inferences 

1H 13C 
8.00 127.3 2 x -CH- either ortho or meta 8.00 7.47  (a) As no further gCOSY correlation has been 

seen for signals at 8.00 ppm & 7.64 ppm, 

therefore protons should at ortho position 

(b) Also, carbon signals at 127.3 and 128.1 

also at ortho position in either 4-phenyl or 6-

phenyl ring 

7.64 128.1 2 x -CH- either ortho or meta 7.64 7.52 

7.52 128.9 2 x -CH- either ortho or meta It is evident that 2 x -CH- (7.52 ppm & 7.47) are at meta-position while 

signals (at 7.52 & 7.47) are at Para-position in 4-Phenyl and 6-Phenyl 

rings 

7.52 129.86 1 x -CH- Para 

7.47 130.15 1 x -CH- Para 

7.47 128.8 2 x -CH- either Ortho or meta 

7.21 111.3 1 x -CH- H-5 of Pyridine  
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Triphenyl Pyridines: previous reports  

The trisubstituted pyridine core is very versatile heterocyclic scaffolds, which has been found in 

compounds showing promising biological activity against number of targets, as summarized in 

Figure 89. 

 
Figure 89 Topoisimerase II inhibitor [205, 206], DNA non-intercalative selective topoisomerase IIα [207], Topo IIa 

catalytic inhibitor [208] G-quadruplex DNA binder [209-211]. 

There are various methods available for the formation of triphenyl heterocycles.  Even researchers 

have also devised greener routes based on catalysts, such as using pentafluorophenylammonium 

triflate (PFPAT) [212], mesoporous nanocrystalline MgAl2O4 [213], nano-Fe3O4–supported, 

hydrogensulfate ionic liquid [214], PTSA [215], cerium (IV) carboxymethylcellulose (CMC−Ce 

(IV) [216], L-proline functionalized magnetic nanoparticles [217], activated fuller’s earth (10 

wt%) [218],  chitosan based vanadium oxo (ChVO) [219], as few of them listed in Figure 90.  

 
Figure 90 Some of key greener route for formation of triphenyl pyridine: (a) using catalytic amount of PEG1000-

based dicationic acidic ionic liquid under solvent-free conditions [220]; (b) Without catalyst and solvent [221]; (c) 

MgAl2O4 nanocrystals and microwave-assisted synthesis of 2,4,6-triarylpyridines [222]. 
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Triphenyl Pyridines: Reported Mechanisms for triphenyl pyridine formation 

The conventional mechanism was postulated by Kröhnke [223, 224], where he reported a 

condensation of α-pyridinium methyl ketone salts (2.3.68) with α, β-unsaturated carbonyl  

compound (2.3.1) via a Michael reaction in presence of ammonium acetate (NH4OAc) to give 

2,4,6-trisubstituted pyridines in high yields under mild reaction conditions [39] as shown in Figure 

91, which provide more functionalization over most exploited pyridine synthesis reaction 

(Hantzsch pyridine synthesis) [41]. 

 
Figure 91 Conventional route: Kröhnke reported mechanism for triphenyl pyridine formation. 

As the route utilizes pyridine as solvent, and its reaction with the alpha haloacetophenone can give 

acetophenone-pyridine salt and, as pyridine has a high boiling point then ruminants of pyridine 

resides in the residues from these reactions Therefore, various new methods were devised by 

researchers in order to avoid the use of α-pyridinium methyl ketone salts and therefore new routes 

for formation of triphenyl pyridines emerged, such as (a) one-pot synthesis of 2,4,6-

triarylpyridines from β-nitrostyrenes, substituted salicylic aldehydes and NH4OAc as shown in 

Figure 92 [225]; (b) Bi(OTf)3-catalysed solvent-free synthesis of 2,4,6-triaryl pyridines as shown 

in Figure 93 [226]; (c) chitosan supported vanadium oxo in the synthesis of 2,4,6-triarylpyridines 

via anomeric based oxidation  as Figure 94 [227]. 
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Figure 92 Mechanism of triphenyl pyridine formation fromsalicylaldehyde and β-nitrostyrene through intermolecular 

[4 + 2] cyclization  [225]. 

 

 
Figure 93 Shinde et al in 2012 reported a solvent free method where they utilized Bismuth triflate catalysis to form 

2,4,6-triaryl pyridines [226].  
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Figure 94 Mechanism of chitosan-based vanadium oxo (ChVO) catalyst formation of triphenyl pyridine [219, 228, 

229]. 
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Triphenyl Pyridines: Synthesis 

Initially I used the conventional Kröhnke route for formation of triphenyl pyridines, which involve 

the formation of various α-pyridinium methyl ketone salts via the -iodoacetophenone, as shown 

in Scheme 4.  Later these salts were reacted with chalcones (α, β-unsaturated carbonyl 

compounds), whereas the overall highest yield after subsequent reactions, i.e Claisen Schmidt 

condensation (for formation of chalcones) followed by Kröhnke triphenyl pyridine synthesis was 

only 46%.   

 
Scheme 4 Synthesis of α-pyridinium methyl ketone salts and triphenyl pyridine derivatives through conventional route 

 

Interestingly in two cases where reaction of trans-chalcone (2.3.1) with 3-nitro (2.3.74) and 3-

hydroxy (2.3.71) pyridinium methyl ketone salts were preformed, desired triphenyl pyridines 

(2.3.77 & 2.3.80) along with 13 % and 22 % of unsubstituted triphenyl pyridine (2.3.4) respectively 

was also found, which indicated the progression of intramolecular or self-condensation Kröhnke 
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pyridine synthesis along with intermolecular Kröhnke pyridine synthesis. There is only one report 

published on intramolecular Kröhnke pyridine synthesis by Adib et al, where they proposed a 

mechanism on how intramolecular Kröhnke pyridine progresses in the same reaction vessel [230] 

as shown in Figure 95.  

 
Figure 95 Mechanism of intermolecular (conventional route, as shown in Figure 91) and intramolecular Kröhnke 

pyridine synthesis. 

After study of the Kröhnke pyridine synthesis, shortcomings were identified: (a) in most cases, the 

overall yields were ~ ≤50 %; (b) The method is not very green as excess of pyridine and its 

derivatives were used; (c) observation of the undesired side reaction (i.e self-condensation) as well 

as difficulty in isolation as these triphenyl pyridines which share similar Rf values according to 

TLC analysis with various gradient solvent systems. In order to address these issues, researchers 

have already reported solvent-free multi-component one pot methods where they used 

acetophenone derivatives (2 equiv.) along with 1 equiv. of  benzylamine,  as shown in Scheme 5 

[231-234]. These methods utilizes the one pot concept and, therefore, the overall yield was higher 

than from the Kröhnke pyridine synthesis. However, as these reported methods involve use of 2 

equiv. of acetophenone with 1 equiv. of benzylamine, which leads to the formation of symmetrical 

triphenyl pyridine core and therefore limits these methods usability triphenyl pyridines when 

substitution is needed on one of the phenyl rings.  Also, during reactions, I found isolated yields 

were lower than reported in the earlier papers, even after column chromatography, see Table 9.A. 

Therefore, investigation of a new method was carried out, in order to achieve improved isolated 
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yields and provide a higher degree of functionalisation of the phenyl rings in these triphenyl 

pyridines. 

 
Scheme 5 One pot triphenyl pyridines from benzylamine and acetophenone derivatives : (a) Gopalaiah et al [231] 

solvent-free iron catalyzed (10 mol% FeBr3) (b) Xu et al solvent free iodine catalyzed (1.0 mol %)[232]; (c) Zhang et 

al HOTf-catalyzed [233], (d) Hunag et al air oxidised/copper triflate catalysed (0.1 mM)  [234]. 

Among, all these reported methods only Huang et al successfully showed synthesis of four non-

symmetric triphenyl pyridine compounds in moderate yields, as method shown in Scheme 6. 

Therefore, I initially replicate similar conditions, i.e. the solvent-free reaction between 4-methoxy 

acetophenone, acetophenone and benzylamine in presence of copper triflate under O2-atmosphere, 

as shown in Scheme 6. Although in their case, they reported 56% yield, whereas I  achieved 41 % 

isolated yield. 
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Scheme 6 Multicomponent one pot reaction between two different acetophenone derivative with benzylamine.  

They proposed two paths for the mechanism, shown in Figure 96. Path-A involves Cu (II)-

mediated single-electron oxidation [235] of benzylamine and aminolysis formed imine (2.3.82) 

[236] (96 %, isolated in their report) which undergo a reversible hydrolysis to produce 

benzaldehyde and benzylamine. Path-B runs subsequently and promoted by Lewis acidic Cu (II), 

the condensation [237] of ketone, benzylamine, and benzaldehyde yielded an intermediate 1,4-

dihydropyridine (2.3.83). Finally, this intermediate undergo oxidative hydrolysis (Cu/O2 catalytic 

system) to produce triphenyl pyridine (2.3.4) and benzaldehyde. The released benzaldehyde would 

participate in the next pyridine formation (Figure 93, Path-B). Also, they assumed that it could be 

either imine (2.3.82) replacing benzaldehyde or ammonia replacing benzylamine could serve as 

corresponding component in the condensation process. 

 
Figure 96 Huang et al disclosed Cu (II) catalysed reaction mechanism to form triphenyl pyridine from benzylamine 

(1 equiv.) and acetophenone (2 equiv.). 

Development of synthetic method for formation of non-symmetric triphenyl pyridines 

 (a) Copper (II) triflate catalyzed triphenyl pyridine synthesis  

 As reaction mentioned in the scheme 6 (Huang et al method [234]), synthetically yielded a 

symmetrical molecule (2.3.76), therefore a diverse set substituted phenyl containing reactants in 

their structures (4-nitro benzylamine, acetophenone and 3,4-dimethoxy acetophenones, as shown 

in Scheme 7) were tested in similar conditions. Multiple spots were seen on TLC where evidence 

for the desired compound (2.3.86, 16 % isolated) and side product of self-condensation product 

(2.3.95, 31% isolated) was found. 
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Scheme 7 Reaction used for investigation of synthesis of non-symmertical triphenyl pyridine 

(b) Changes to the copper triflate catalyzed method  

Most of higher molecular weight substituted benzylamines and acetophenones are solids, To 

achieve proper mixing, it was necessary to investigate a range of solvents for the reagents reported 

by Huang et al. During this study, the formation of the self-condensed product was also found. 

However, most of aprotic polar solvents showed better efficacy for these reactions, with the use of 

DMF providing the improved yields as compared to the other solvents (2.3.86, 30% isolated; 

2.3.95 41% isolated).  non-polar (toluene) and polar protic solvents (H2O and MeOH) showed mild 

progress of reaction and the TLC plate showed evidence for mixtures with trailing spots as well as 

unreacted reagents were also found. Also, while carrying out the test reactions, it was observed 

that formation of self-condensation product is somewhat dependent on prolonged heating at high 

temperature (Scheme 7). Also, the yields of symmetric compounds were found higher as compared 

to their desired non-symmetric triphenyl pyridine analogues. 

(c) Optimisation of order of addition of reactants to improve the synthesis of non-symmetrical 

triphenyl pyridines 

 In order to improve the non-symmetric triphenyl pyridine synthesis and reduce the formation of 

self-condensed products, the order for addition of these components was changed, as shown in 

Scheme 7. Thus, for example, 4-nitro-benzylamine was first added to a three necked 25 mL round 

bottom flask, which contained copper triflate (Cu(OTf)2) in DMF and the mixture was heated at 

reflux for 10 mins under an oxygen atmosphere, as shown in Scheme 7. This was followed by 

slow addition of acetophenone (drop by drop), over about 5 mins, and this was followed by 

addition of 3,4-dimethoxy acetophenone and the mixture was stirred for a couple of hours.  

Interestingly, the severity of multiple spotting on the TLC plate was found reduced compared to 

before, while the desired compound (2.3.86) was attained in 32% yield along with self-condensed 

product (2.3.95, 11% isolated).  While the yield was reduced, the selectivity for 2.3.86 was 
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improved for reaction.  However, the overall conversion and yield decreased which could be 

reasonably possible as the heteroaromatic nitrogen atom in these triphenyl pyridines usually comes 

from in-situ generated ammonia (from benzylamine self-condensation and ammonolysis), which 

could be lost during the sequential addition of the solid reactants through progress of reaction and 

this was considered in the improvement of the reaction. 

(d) Ammonification of reaction 

 In this case, similar addition of reactants to the reaction was done as outlined in the previous 

paragraph.  However, after 20 mins of heating at reflux, various sources of ammonia were tested 

at 1.1 equiv. (NH4Cl, NH4OH, NH3 in MeOH (also in 2.0 equiv), NH4OAc) and the conversion 

and yields in most of these reactions were found significantly improved with higher yields of both 

desired product (2.3.86), along with self-condensed product. The use of NH3 in MeOH (2 equiv.) 

showed the highest conversion rate (yielded 76% 2.3.86), and therefore this was selected as the 

ammonia source for further reactions.  

(e) Investigating of new catalyst for synthesis of non-symmetrical triphenyl pyridines 

As in all these reactions reported above, the symmetrical self-condensed product was found in 

ample amounts (~ 5-30%), therefore efforts were made to evaluate other possible catalysts. As, 

previous work shows that copper-oxygen catalytic system could be useful to oxidize a system 

containing benzylamine (1 equiv.) and acetophenone (2 equiv.) to form triphenyl pyridine.  

Therefore, I preferred to investigate salts of copper with oxygen as oxidant and, also in parallel I 

tried various solvents with two acetophenone derivatives (1 equiv. each) along with various 

benzylamines (1 equiv.): copper catalysts (CuI (10, 20, 40 mol %), CuCl2 (10-20 mol %),  CuBr2 

(20 mol%), Cu2O (10, 20 mol %), 20 mol % of Cu(OAc)2 , Fe(OAc)2, Ag(OAc)2) in aprotic polar 

solvents (DMSO, DMF, THF, MeCN) as shown in Table 9. Most of the catalysts behaved 

similarly to copper (II) triflate except copper bromide and copper iodide, where in the latter case 

the self-condensed product formation was highly supressed. Also, copper iodide has shown better 

results for non-symmetrical triphenyl pyridines synthesis (e.g. 2.3.86, 76%) as well as for 

symmetrical triphenyl pyridines (2.3.4, 91%). A list of compounds formed by the investigated 

route, shown in Figure 97. 
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Table 9.A Repeating the previous methods for symmetrical triphenyl pyridine synthesis. 
Catalyst  mol % Reflux time 

(hours) 

Oxidant Ammo

nia 

source 

Solve

nt 

Yield (%) 

I2 f 1.0 mol% 12  Air in-situ Neat 61a j (reported yield 93%)[232] 

HOTf e 5 mol% 10  Air in-situ Neat 38a j (reported yield 87%)[233] 

Cu(OTf)2
 f 10 mol% 20 (100 ºC)  Air in-situ Neat 68a j (reported yield 91%) [234] 

FeBr2
 f 10 mol% 10 (110 ºC)  Air in-situ Neat 47a j (Reported yield 93%)[231] 

Cu(OTf)2
m 10 mol% 14  O2-ballon in-situ Neat 41a, l [234] 

Table 9.B Investigation of new reaction conditions for non-symmetric triphenyl pyridine synthesis as shown in 

scheme 7  

Catalyst  mol % Reflux time 

(hours) 

Oxidant Ammonia 

source 

Solvent Yield (%) 

Cu(OTf)2 
k 10 mol% 14  O2-ballon in-situ Neat 16 a, 31 g 

Cu(OTf)2
 k 10 mol% 12 O2-ballon in-situ CH3CN 21 a, 38g 

Cu(OTf)2
 k 10 mol% 8  O2-ballon in-situ Toluene 11 a, 26g  

Cu(OTf)2
 k 10 mol% 8  O2-ballon in-situ DMF 30 a, 41g 

Cu(OTf)2
 k 10 mol% 6  O2-ballon in-situ H2O Unidentified mixtures 

Cu(OTf)2
 k 10 mol% 4  O2-ballon in-situ MeOH Trailing, Not separated 

Cu(OTf)2
 k 10 mol% 10  O2-ballon in-situ DMF 32 a, 11g 

Cu(OTf)2
 k 10 mol% 12  O2-ballon NH4Cl  DMF  45 a, 29g 

Cu(OTf)2
 k 10 mol% 10  O2-ballon NH4OH  DMF 32 a, 26g 

Cu(OTf)2
 k 10 mol% 6  O2-ballon NH3 (1.1 eq) DMF 31 a, b 

Cu(OTf)2
 k 10 mol% 6  O2-ballon NH4OAc DMF 22 a, b 

Cu(OTf)2
 k 10 mol% 10  O2-ballon NH3 (2 eq) DMF 49 a, 27 g 

CuO k 10 mol % 12  O2-ballon NH3 (2 eq) CH3CN 17 a, g 

CuO k 10 mol % 10  O2-ballon NH3 (2 eq) DMF 29 a, g 

CuO k 20 mol % 8 O2-ballon NH3 (2 eq) DMF 35 a, g 

CuO k 20 mol % 12 O2-ballon NH3 (2 eq) THF Mixture 

CuCl2
 k 10 mol % 6 O2-ballon NH3 (2 eq) CH3CN traces 

CuCl2
 k 20 mol % 10  O2-ballon NH3 (2 eq) DMF 41 a, 21g 

CuBr2
 k 20 mol % 8  O2-ballon NH3 (2 eq) DMF 32 a 22g 

CuBr2
 k 20 mol % 10  O2-ballon NH3 (2 eq) CH3CN 45a , b 

CuBr2
 k 20 mol % 12  O2-ballon NH3 (2 eq) THF 36a , b 

CuI k 10 mol % 12  O2-ballon NH3 (2 eq) CH3CN 41 a, b 

CuI k 20 mol % 10  O2-ballon NH3 (2 eq) CH3CN 54a, b 

CuI k 20 mol % 5  O2-ballon NH3 (2 eq) DMSO Mixtureb 

CuI k 20 mol % 6  O2-ballon NH3 (2 eq) DMF 76a 

CuI k 20 mol % 8  O2-ballon NH3 (2 eq) DMF 13 a, i 

CuI k 20 mol % 6  O2-ballon NH3 (1.1) DMF 62a 

CuI k 10 mol % 8  O2-ballon NH3 (2 eq) DMF 51a 

CuI k 20 mol % 12 d  O2-ballon NH3 (2 eq) DMF traces 

CuI k 40 mol % 6  O2-ballon NH3 (2 eq) DMF 67a 

CuI k 10 mol % 10  O2-ballon NH3 (2 eq) THF Traces 

Cu(OAc)2
 k 20 mol % 6  O2-ballon NH3 (2 eq) DMF 40 a, 20g 

Fe(OAc)2
 k 20 mol % 10  O2-ballon NH3 (2 eq) DMF 27a, 24g 
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AgOAc k 20 mol % 8  O2-ballon NH3 (2 eq) DMF 25 a, b 

 For symmetrical molecule 

CuI f 20 mol % 5  f O2-ballon NH3 (2 eq) DMF 91a j 

For Table 9.A & B: a Isolated yields; b visible on either on TLC or MS, but was not isolated; c oxygen ballon; d 

Sonification (no refluxing was performed); e acetophenone: benzylamine: 1: 0.75 ratio; f acetophenone (2 equiv.) with 

benzylamine (1 equiv.); g self-condensation product (2.3.95); h Ar-environment; i uncharacterised multi spots; j 

synthesis of 2.3.4; k acetophenone (1 equiv.), 4-Nitrobenzylaimine (1.1 equiv.) & 3,4-Dimethoxy acetophenone (1 

equiv.), yielded 2.3.86; l 2.3.76 was the product; m reactants used as from Scheme 7. 

 
Figure 97 Scope of new investigated copper iodide assisted method in synthesis of symmetrical as well as non-

symmetrical triphenyl pyridine. 



 

103 
 

The mechanism is likely to be similar to that proposed for FeBr3 catalysed triphenyl pyridine 

synthesis [231].  The first step is copper catalysed oxidative self-condensation of primary amine 

(Figure 98) [238]. Later, copper Iodide promoted enol formation led to nucleophile addition at the 

imine carbon, which then underwent further undergo oxidative dehydrogenation. A second 

molecule of acetophenone alters the conformation of molecule into a tetrahedral intermediate, 

which condenses with ammonia to form a dihydropyridine derivative which later aromatises to the 

triphenyl pyridine. 

 
Figure 98 Porposed mechanism of formation of triphenyl pyridine. 

Previous studies characterised triphenyl pyridines by 1H/13C NMR but as in most cases, they failed 

to assign the signals to individual carbons or protons and in few cases, either I found missing 

protons or carbons signals, especially quaternary carbon signals not reported earlier. In cases, 

where I found proper signal assignment for a triphenyl pyridine, then I cited that paper after doing 

the assignment myself and these are reported in the experimental section of this thesis. However, 

for other compounds 1D-2D NMR spectroscopy was used where carbon signals were assigned 

after recording 13C/C-APT, 1H and other NMR experiments. Special attention was given to the 

aromatic region carbon signals, as the proton NMR region was severely crowed with overlapping 

aromatic signals. The first representative compound selected for characterisation was 2.3.93. 
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Figure 99 13C spectra where C-APT showing the quaternary carbons (for 8 carbons) of compound 2.3.93 

 

 
Figure 100 (a) assigning pyridine numbering; (b) assigning quaternary carbons (c) assigning  aromatic (-CH-) signals 

of compound 2.3.93. 

Through 13C and C-APT NMR it could be easy to observe eight quaternary carbons (marked down 

in C-APT) and 11 (-CH-, down) aromatic signals, where there were four signals of higher intensity 

in the aromatic region belonging to 2 aromatic CH carbons.   
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Figure 101 1H and gCOSY spectra for of compound 2.3.93: Interpretation of spectra was found in the agreement with  

earlier reported data for this compound [206].  

The triphenyl pyridines synthesised contain various substituents which alter the electron density 

throughout the molecule.  Therefore, various representative molecules were selected for detailed 

NMR analysis.  The assignments for these are shown in Figure 102 for compound 2.3.86, Figure 

103 for compound 2.3.92 and Figure 104 and Figure 5 for compound 2.387. 
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Figure 102 1H and gCOSY NMR based assignment of proton on 2.3.86 

 
Figure 103 1H and gCOSY NMR based assignment of proton on 2.3.92 
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Figure 104 elucidating the information related to the chemical shift attained from 1H, gCOSY, 13C & HSQC-NMR 

studies of 2.3.87 

 

Figure 105 Figure 105  Assignment of 13C signals of 2.3.87 (quaternary as green, while aromatic as magenta) 

Synthesis of Imidazoles 

There are methods reported for synthesis of 5-amino-1-benzyl-1H-imidazole-4-carbonitrile 

(2.3.101), mainly by routes shown in Scheme 6: Method-A [239] or Method-B [240]. 
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Scheme 6 Synthetic routes for formation of 2.3.102 

The molecular architecture of a target compound (2.3.102) was characterised using 13C and C-

APT, where quaternary and aromatic carbons are shown in red colour and benzylic proton were 

coloured in blue in Figure 106. 

 
Figure 106 13C and C-APT NMR of 2.3.103 



 

109 
 

In order to enhance the SAR of these chemotypes, similar imidazole structures were prepared 

without benzyl substitution (Scheme 7), where a dicarboxylic system was chosen in order to 

improve the interaction with a positively charged arginine amino acid side chain in the binding 

site of Bcl-2 proteins (in MCl-1, it is located as Arg263).   

Although, sodium hydride was also reported for benzylation of imidazoles in literature but in my 

case, I was only able to achieve 48 % as isolated yield with this reagent.  I found use of K2CO3 to 

be superior, which gave over 76% yield in the formation of both 2.3.105 & 2.3.106. Later these 

compounds (2.3.105 & 2.3.106) were heated at reflux with 5N NaOH to yield (2.3.1078 & 2.3.108) 

[241]. During normal phase column the imidazole dicarboxylic acid could not be purified by 

column chromatography and crystallization was instead preferred using lukewarm EtOH. The 

purity of these compounds were evaluated using quantitative NMR [242] where it was found to be 

93.4% was achieved for compound (2.3.108). 

 
Scheme 7 Synthesis of N-benzylated imidazole dicarboxylic acids (2.3.107 & 2.3.108) 

Quantitative NMR (qNMR) to determine the purity of imidazole dicarboxylic acid 

To evaluate the purity of the imidazole dicarboxylic acid (t), a compound (the 4-methoxybenzyl 

derivative) was selected. Dimethyl sulfone (DMS) was used an internal standard (ic) as reference. 

The T1 relaxation times of the nuclei in the sample were not known, although they can be quickly 

estimated with an inversion recovery experiment [242].  

For calculation, I used the previous published method [242].   

Here DMS 4.54 mg ± 0.0228 was weighed out 

My compound was weighed out 3.15 mg ± 0.0405 



 

110 
 

The % purity was calculated using the following formula:  

% Purity = Nic x INTt x MWt x Mic   x Pic  

        Nt x INTic x MWic x Ms 

where 

Nic = Number of protons that give rise to Internal calibrate 

Nt       = Number of protons of target analyte 

INTt   = Area (integral) of the target analyte 

INTic = Area (integral) of the internal calibrant 

MWt = Molecular weight of the target analyte 

MWic = Molecular weight of the target analyte 

            Mic     = Weight of the internal calibrant 

Ms      = Weight of Sample  

Pic      = Purity of internal standard (99.96 %) 

% Purity =   6 x 17601.28 x 276.244 x4.54   x 99.96  

        2 x 236569.43 x 94.13 x 3.15 

% Purity = 93.4% 
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Figure 107 Inversion recovery NMR spectra for experiment to measure % purity of 2.3.108 

Synthesis of indole derivatives 

From objective 2.1, it was clear that indole is a highly exploited heterocyclic framework for 

targeting the Bcl-2 family proteins, to induce apoptosis in cancer cells. Also, indole-2-carboxylic 

acids have already shown promising results in inhibition of Mcl-1 dependent cancer cells [87]. 

Therefore, I have utilised Fischer indole synthesis (as shown in Figure 108) to form an indole 2-

carboxylate scaffold (2.3.110) which was later N-alkylated by using phenoxybutyl bromide to form 

2.3.111, as shown in Scheme 8. 
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Scheme 8 Synthesis of N-(1-phenoxybutyl)-indole 2-carboxylic acid, ethyl ester 

 
Figure 108 Mechanism of indole carboxylic acid, ethyl ester formation from phenyl hydrazone (Fischer indole 

synthesis). 

Unexpected formation of benzylated indole 

AbbVie pharmaceuticals reported that I-355 was an inhibitor of Mcl-1, with a Ki value of 100 nM 

for inhibition of Mcl-1 protein. Whereas, I proposed a simpler analogue of I-355, i.e. 2.3.113 as a 

target molecule. Firstly, I tried amide bond formation by using ethyl 1H-indole-2-carboxylate ester 

(2.3.110) with benzylamine derivative, which was based on a green method reported by Miller et 

al [243] for converting an unactivated esters to amides using lithium hydroxide as a catalyst, as 

shown in Scheme 9. 
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Scheme 9 Unexpected C-3 benzylation 

Surprisingly, I attained 2.3.114a, as a result of formal C-3 benzylation of indole with concomitant 

loss of the carboxyethyl group, rather than expected amide bond formation (which would give 

2.3.112). NMR spectroscopic study and MS data suggested the presence of a benzyl substituent, 

at either C-2 or C-3 on indole ring, which was further supported by analysis of the differences 

observed in chemical shifts around the C-2 and C-3 position of indole ring, as follows: 

 (a) The proximity of benzylic protons (-CH2-) in C-2 or C-3 to the NH- of the indole differs. The 

benzylic carbon may be expected to be more deshielded by the electronegative nitrogen atom if 

attached at C-2 rather than in C-3. Therefore, the benzylic carbon (-CH2-) would be more 

downfield, as can be seen in Table 10. 

(b) The chemical shift and coupling of the C-2 and C-3 signals in these benzylated products: In 

case of C-2 benzylation, C-2 signal will be quaternary and C-3 will be aromatic -CH-, while it will 

be opposite in case of C-3 benzylation, can be established from C-APT spectra as well as using 

HSQC and HMBC, as shown in Figure 109.  
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Figure 109 1D &2D-NMR of 2.3.114 

From NMR data, the assigned 13C NMR spectra was compared with previously indoles (2.3.114a 

& 2.3.114b) carbon NMR and tabulated in the Table 10.  The data obtained indicated the product 

was 2.3.114a 

Table 10 C-2/C-3 benzylation of indole  
Previous Reports of C-2/C-3 benzylation in Indole Found Inferences & outcomes 

C-2 Benzylation 

[244] 

 

C-3 Benzylation [245, 246] 

 
ppm 

158.6 158.2 157.8 157.84 Quaternary, Bn-C-4 

138.5 136.8 136.5 136.51 Quaternary, Indole C-8 

136.4 133.6 133.3 133.34 Quaternary, Bn-C-1 

130.7 129.9 (2 x 

C) 
129.6 129.61 

Aromatic, Bn C-2 & C-6 

130 (2 x C) 127.8 127.5 127.46 Quaternary, Indole C-9 

128.9 122.5 122.2 122.25 Aromatic -CH-, Indole-C-2 

121.4 122.4 122.0 122.03 Aromatic -CH-, Indole-C-6 
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120.1 119.7 119.3 119.34 Aromatic -CH-, Indole-C-5 

119.9 119.5 119.2 119.19 Aromatic -CH-, Indole-C-4 

114.3 (2 x C) 116.7 116.3 116.30 Quaternary, Indole C-3 

110.6 114.1 (2 x 

C) 
113.8 (2 x C) 113.78 

Aromatic, Bn C-3 & C-5 

101.0 111.4 111.1 111.09 Aromatic -CH-, Indole-C-7 

55.5 55.6 55.3 55.29 -OCH3 

34.0 31.0 30.7 30.72 -CH2-Bn 

 
Figure 110 Conclusion from the assigned NMR and form previously available data. 

To understand the unexpected benzylation, a few trials were attempted in order to rule out 

mechanistic possibilities. The first was to investigate whether N-benzylation occurs first of all and 

whether migration of the benzyl group could occur from 2.3.116, and decarboxylation from this 

potential precursor.  However, 2.3.116 could not be converted to the observed compound (Scheme 

10) but instead gave 2.3.117, which did not undergo decarboxylation under the conditions 

 
Scheme 10 Testing the Indole -NH- role in progression of unexpected C-3 benzylation. 
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2.3.3 Cytotoxicity of synthesized heterocycles 

The chalcones showed moderate cytotoxicity towards the Mcl-1 dependent cell line investigated 

(H929 cell line). However, hydroxy chalcones were found comparatively more potent than their 

non-hydroxy equivalents. Similar observations were also seen with triphenyl pyridines where only 

hydroxy versions were more active (2.3.77, 2.3.78, 2.3.90-2.3.93, 2.3.97) than non-hydroxylated 

versions.  However, hydroxylated non-symmetric triphenyl pyridines were found slightly more 

potent than the non-hydroxylated symmetric ones (2.3.90-2.3.93, 2.3.97 versus 2.3.77, 2.3.78), 

which shows that significance of having hydroxyl substituents in the phenyl rings in order to attain 

greater potency towards the H929 cell line.  Whereas, pyrazolines (2.3.29, 2.3.30, 2.3.31) were 

found more active when compared to their aromatic counterparts (2.3.32, 2.3.33), which showed 

that rigidity in pyrazole structure reduces the cytotoxicity in H929 cells (pyrazoline 2.3.31 IC50 = 

70.43 µM versus pyrazole 2.3.32 IC50 = not active). Surprisingly, N-substitution in pyrazoles 

improve their anticancer activity which improves as the length of carbon backbone increases, 

which could be translated as the length of carbon linker increases the accessibility of these phenyl 

rings to other adjacent hydrophobic pockets in the active site of the Bcl-2 family members (2.3.44 

(2-carbon length, 88.11 µM), 2.3.45 (3-carbon length, 75.39 µM), 2.3.46 (4-carbon length, 65.41 

µM). However, both diphenyl pyridine derivatives were found more potent than pyrazolines, 

pyrazoles and their derivatives, which shows that free -NH2 and -CN groups in 2.356 & 2.3.57 

could have improved their molecular interaction through H-bond donor/acceptor interaction along 

with their physicochemical properties. A similar trend was also observed in imidazole, where free 

CN containing molecules shown similar moderate activities (2.3.102, 2.3.105, 2.3.106). Imidazole 

dicarboxylic acids 2.3.107 & 2.3.108 were found most potent among all the molecule chemotypes 

which could probably due to their carboxylic acids propensity to interact with arginine amino acid 

of active site of Bcl-2 family members. Similar differences in potencies were observed in 2.3.117 

vs 2.3.116 which contain carboxylic acid and ester respectively in their structures as 26.07 µM vs 

86.91 µM. While, benzylated-version (2.3.114: 57.40 µM & 2.3.115: 46.32 µM) were found 

slightly more potent than similar benzylated compound (2.3.116: 86.91 µM) as indole-NH- seems 

to be contributing in H-bond donor interactions. All the IC50 are provide in the Table 11. 
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Table 11 Cytotoxicity of synthesized heterocyclic compounds  

BH3 α-helix based 

heterocycles 

Chemotype/Scaffold Cytotoxicity on Mcl-1 

dependent cells (IC50 = µM) 

2.3.10  

 

 

 

Non-hydroxy Chalcone 

 

78.51 

2.3.11 67.02 

2.3.12 51.19 

2.3.13 55.32 

2.3.14 74.22 

2.3.17 85.90 

2.3.18 80.13 

2.3.19 72.20 

2.3.20 67.29 

2.3.21 56.77 

2.3.15  

Hydroxy Chalcone 

26.01 

2.3.16 21.32 

2.3.22 39.02 

2.3.29  

Pyrazoline 

61.37 

2.3.30 54.63 

2.3.31 70.43 

2.3.32  

Pyrazole 

NA$, a 

2.3.33 94.39 

2.3.42  

N-substituted pyrazoline 

63.86 

2.3.43 71.12 

2.3.44 88.11 

2.3.45 75.39 

2.3.46 65.41 

2.3.56 Diphenyl pyridine 49.88 

2.3.57 62.14 

2.3.4  

 

 

 

 

Symmetrical Triphenyl pyridine 

NA$, b 

2.3.75 NA$, b 

2.3.76 NA$, b 

2.3.77 37.74 

2.3.78 23.20 

2.3.79 NA$, b 

2.3.80 NA$, b 

2.3.84 NA$, b 

2.3.94 NA$, b 

2.3.95 NA$, b 

2.3.85  

 

 

 

 

 

NA$, b 

2.3.86 NA$, b 

2.3.87 NA$, b 

2.3.88 NA$, b 

2.3.89 NA$, b 

2.3.90 12.44 
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2.3.91 Non-symmetrical triphenyl pyridine 23.87 

2.3.92 22.53 

2.3.93 21.58 

2.3.96 NA$, b 

2.3.97 NT 

2.3.98 NA$, b 

2.3.101 N-substituted imidazole NT 

2.3.102 79.92 

2.3.105 Imidazole dinitriles 87.11 

2.3.106 94.25 

2.3.107 Imidazole dicarboxylic acids 8.33 

2.3.108 12.52 

2.3.110  

 

Indole 

NT 

2.3.111 69.32 

2.3.114 57.40 

2.3.115 46.32 

2.3.116 86.91 

2.3.117 26.07 
$N.A: not active at 100 µM; Cell death observed at 100 µM:  a 23.06 %; b ≥ 15 % ; NT not tested 

2.3.4 Conclusion & Future perspective 

Various chemotypes were studied to target the hydrophobic pockets in the antiapoptotic Bcl-2 

family members which includes Pyrazoles, pyrazolines, pyridines, imidazoles and indoles. Special 

attention was given new method development of non-symmetrical triphenyl pyridine where it was 

successfully investigated. The biology testing on these chemotypes showed the compounds with 

polar functionality (especially phenolic or carboxylic group containing molecules) were more 

active to H929 cancer cell line (Mcl-1 protein dependent cell line) than their chemically non-polar 

equivalents, which can be useful to investigate their biophysical studies or their mode of action as 

a futuristic apoptosis inducing agents. 
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Chapter 3 

This chapter dedicated to de novo ligand design and mainly deals with non-peptidomimetic 

heterocyclic scaffolds which mimic the secondary structures of proteins, with a focus on the α-

helix of BH3 apoptotic proteins. This chapter further divided into two sections, each linked to an 

objective.  

Objective 1 Ligand-based design and synthesis of non-peptidomimetic BH3 α-helix based 

heterocyclic chemotypes 

Objective 2 Rational design of multi-targeting macrocyclic ligands based on embedded 

carbohydrates (MECs) as protein (peptide)-protein interaction inhibitors 
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Objective 3.1 Ligand-based design and synthesis of non-peptidomimetic BH3 alpha helix based 

heterocyclic chemotypes 

3.1.1 Introduction 

The formation of stable or dynamic protein-protein complexes are pivotal in biological processes. 

As a result, any dysregulation of these protein-protein interactions (PPI), could lead to fatal 

disorders such as cancer, diabetes, as well as various other cellular deformities. Modifying these 

interactions with small molecules can be tricky, as these PPIs mainly occur over a large and flat 

surface area of a protein. Although, there are small pockets in between these interfaces (which, are 

also called as hot spots) which can accommodate high-affinity binding for small functional groups, 

which could be the side chain of an amino acid, for example [247]. Also, it has been seen that 

almost 60% of PPI sites involve an α–helix conformation of a peptide at the hot-spots [2]. 

Therefore, it is no surprise that considerable amount of efforts has been laid down in recent years 

to develop molecules that are -helix mimetics, which can compete against the respective α–

helices for specific PPIs.  In this regard, various strategies have been used by researchers which 

have involved cyclic/stapled peptides, β-peptides, peptoids and terphenyl heterocyclic cores up 

until now. The development of stapled peptides recently attained much success, as this type of 

peptide inhibitor has been restrained conformationally into a helix and can lead to increase in 

potency/selectivity against a specific PPI and improves their resistance against metabolic 

hydrolysis as when compared to their unconstrained peptide parent molecules. One such example 

is ATSP-7041 which is a specific dual inhibitor of MDM2 and MDMX, as shown in Figure 1. 

The co-crystal structure of ATSP-7041 with MDMX showed that it utilizes three key residues: 

Phe19, Trp2 and Leu26, with additional interactions between Tyr22 and the ‘stapled’ moiety itself. 

Also, ATSP-7041 had improved cell membrane penetrability, which enhanced its on-target 

bioavailability compared to its parent peptide. 
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Figure 1 The chemical structure of ATSP-3900 & ATSP-7041, highlighting R8 (Blue) and S5 (red) amino acids in 

the stapled peptide (R8 and S5 is α-methylated and that the all hydrocarbon linker consists of 11 carbon atoms). Useful 

in MDM2-MDMX interface inhibitor (KiMDM2 = 0.9 nm & KiMDMX = 6.8 nM). 

3.1.2 Result and Discussion 

3.1.2.1 Ligand design and synthesis 

As reviewed in objectives 2.1 and 2.2, the BH3 helix of proapoptotic proteins interacts with anti-

apoptotic proteins. The α-helix of mNoxaB BH3 domain binds to Mcl-1’s four hydrophobic 

pockets, namely P1, P2, P3 and P4 through its E74, L78, I81, and V85 hydrophobic side chain, 

respectively [248]. Various strategies discussed in objective 2.1 indicated that most of designed 

heterocyclic inhibitors were targeting only one pocket, or 2 adjacent pockets of Mcl-1. On the 

other hand, inhibitors such as those based on terphenyl and anthraquinoline scaffolds (2.1.114-

2.1.116) were compounds mimicking the full α-helix of proapoptotic protein (BH3 helix) binding 

to Mcl-1 protein (see objective 2.1).  

Here, I undertook a study to design new ligands (ligand-based design) where I used the terphenyl 

scaffold as the prototype, as shown in Figure 2. 

 
Figure 2 Rationale of α-helix mimic of BH3 design: Structures of 3.1.9 & 3.1.16 were designed in order to mimic the 

BH3 binding pocket, where BH3 helix mainly utilizes its hydrophobic amino acid side chains to interact with active 

site    
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The formation of bis-chalcones utilizes the Claisen Schmidt condensation as shown in Scheme 

3.1. It is well known that Claisen Schmidt condensation reaction competes with the Cannizzaro 

reaction in solution (also discussed in objective 2.3) [187]. In this particular case, as Claisen 

Schmidt reaction is required twice, therefore, remnants of 1,4-diacetylbenzene were found in the 

product mixture in most cases. This led to reduced yields as when compared to mono-chalcone 

synthesis. However, use of the 1 M LiOH solution gave a better yield than 1M NaOH as 

summarized in Scheme 3.1. 

 
Scheme 3.1 Synthesis of bis-chalcones 
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Figure 3 Various bis chalcones prepared as α-helix mimetics. 

The formation of 3.1.3 was supported by NMR spectroscopy. It was concluded that signals for 1,4-

diacetyl benzene ring protons are found downfield at  8.11 ppm (all 4 protons are chemically 

equivalent and are a singlet), while peaks at  7.79 and  7.38 ppm, which were coupled with each 

other, with a 3J-value of 15.6 Hz as shown in Figure 4; this supported the adoption of the E-

configuration by the unsaturated propenone as shown in Figure 5.  However, the use of C-APT 

and 13C-NMR indicate the presence of 5 quaternary carbons (as 5 upward peaks in the C-APT 

spectrum, ppm values: 190.22, 151.76, 149.33, 141.47, 127.62) while the remaining downward 

pointing peaks either belong -CH- or -CH3, as shown in Figure 4.  Further, it was concluded that 

the presence of (-CH- peak) at 146.01 ppm is due to the β-carbon of propenone functional group, 

the latter which is linked to the α-carbon of propenone (123.45 ppm) while the 128.58 ppm peak 

is assigned to the 4 equivalent CH carbons of the 1,4-diacetyl benzene ring (Figure 4 & 5). 
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Figure 4 1H-NMR and 13C/C-APT-NMR of 3.1.3 

 
Figure 5 Assignment of selected protons and carbons NMR signals of 3.1.3 

In contrast to 3.1.3, 3.1.5 has a 1,3-dimethoxybenzene residue, which does not have equivalent 

protons, therefore gCOSY was used to assign coupling between the relevant protons. Coupling 

was found between the aromatic protons at  8.22 ppm and  7.66 ppm alongside with previously 

mentioned couplings as in case of 3.1.3 as shown in Figure 6 & 7. 
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Figure 6 gCOSY of 3.1.5 with selected couplings and assignments depicted on the right. 

 

 
Figure 7 1H-NMR spectrum for 3.1.5 

In the case of bis(diphenylpyridin-2-yl)benzene as shown in Scheme 3.2 (3.1.9) as it is not reported 

earlier and therefore 1-D and 2-D NMR experiments were performed to characterize the molecule. 

From 13C and C-APT spectrum, it was clear that 8 peaks were from quaternary carbons and 2 were 

from methyl carbons while remaining signals were aromatic -CH- carbons, as shown in Figure 8.  
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Scheme 3.2 Synthesis of bis(diphenylpyridin-2-yl)benzene (3.1.9) as BH3 alpha helix 

 

 
Figure 8 Recorded 13C (full spectrum in brown & zoom aromatic region in blue) and C-APT (grey in colour) spectra 

for 3.1.9 (bis-triphenyl pyridine). 

 

Furthermore, the 1H-NMR spectrum and the gCOSY shows the proton peaks and coupling as 

shown in Figure 9 & 10. The spectral data obtained are consistent with it being a symmetric 

molecule. From 1H-NMR spectrum and gCOSY, it was clearly concluded that protons at  8.23 

ppm were coupled with those at  7.54 ppm &  7.48 ppm, while protons at  7.37 ppm were 
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coupled with those at  7.04 ppm. Based on symmetry (axis of symmetry) and signal integration, 

the assignments made are shown in Figure 9.   

 
Figure 9 Observed coupling and selected assignment of 1H-NMR signals (, ppm).  

 
Figure 10 1H-NMR spectrum and gCOSY for 3.1.9.  Coupling is observed between protons at  8.23 ppm with 

those at δ 7.54 & 7.48 ppm.  Protons at  7.37 couple to those at  7.04ppm.  
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Heteronuclear correlation experiments (HSQC & HMBC) were also performed. Aromatic regions 

in this molecule have a range of carbons and protons and therefore more attention was given to 

these aromatic peaks. HSQC shows 1J(C, H) for corresponding protons and 13C-carbons as shown in 

Figure 11 and tabulated in a Table 1, while HMBC showed nJ(C, H) n = 2 or 3 for corresponding 

protons 13C-carbons as shown in Figure 12  and tabulated in Table 2.  

 
Figure 11 HSQC spectrum for 3.1.9 

 
Table 1 Correlations observed from HSQC of 3.1.9.  This showed 1J(C, H) for corresponding protons and 13C-carbons 

in aromatic region listed below  (see Figure 9 for further information related to the aromatic carbon assignment). 

 HSQC Assigned regions 

Proton signal Corresponding carbon signal  

7.05 111.62 4-Phenyl 

7.27 110.23 

7.37 119.86 

7.47 129.06 6-Phenyl 

7.54 128.73 

7.87 117.00 Pyridine 

7.93 116.89 

8.23 127.17 6-Phenyl 

8.37 127.41 2-Phenyl 
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Figure 12 HSQC spectrum for 3.1.9. 

Table 2 HMBC shows 3J(C, H) n ≤ 3 for corresponding protons and 13C-carbons in aromatic region.  Correlations 

observed are listed below. 

HMBC 

Proton peaks Corresponding carbon peaks 

7.05 131.85, 149.52 

7.27 119.87, 150.02 

7.37 110.24, 150.03 

7.47 127.17,  

7.54 127.17, 128.72, 139.66 

7.87 116.89, 131.84, 139.66, 157.60 

7.93 117.00, 131.84, 140.13, 156.90 

8.23 129.05, 127.16, 128.73 

8.37 127.40, 140.13, 156.96 

The HMBC correlation was used, in particular, for quaternary carbon assignment, as indicated by 

their correlations listed below: 

(a) the C1 of the 6-Phenyl ring (see Figure 9) is at  139.66 ppm: there is a 2J (C,H) correlation 

between H-2 of 6-phenyl (at  7.54 ppm) and quaternary (C1) of the 6-Phenyl ring; 3J(C,H) 
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correlation were observed between the H-5 of pyridine (at  7.87 ppm) and quaternary (C1) of 6-

Phenyl. 

(b) C1 of 4-Phenyl (see Figure 9) is at  131.84: 3J (C,H) correlation between H-5 of 4-phenyl (at 

7.05 ppm) and quaternary (C1) of 4-Phenyl; 3J(C,H) correlation between H-5 of pyridine (at 7.87 

ppm) and quaternary (C1) of 4-Phenyl; 3J(C,H) correlation between H-3 of pyridine (at 7.93 ppm) 

and quaternary (C1) of 2-Phenyl. 

(c) C1 of 2-Phenyl is at  140.13: 2J (C, H) correlation between H-2/H-6 of 2-phenyl (at 8.37 ppm) 

and quaternary (C1) of 2-Phenyl; 3J(C, H) correlation between H-3 of pyridine (at 7.93ppm) and 

quaternary (C1) of 6-Phenyl. 

(d) C2 of Pyridine is at   157.00: 3J (C, H) correlation between H-2/H-6 of 2-phenyl (at 8.37 ppm) 

and quaternary (C2) of Pyridine; 2J(C, H) correlation between H-3 of pyridine (at 7.93 ppm) and 

quaternary (C2) of Pyridine. 

(e) C6 of Pyridine is at  157.60: 2J (C, H) correlation between H-5 of pyridine (at 7.87 ppm) and 

quaternary (C6) of Pyridine. 

(f) C-4 of Pyridine is at  150.04: 3J (C, H) correlation between H-6 of 4-phenyl (at 7.37 ppm) and 

quaternary (C4) of pyridine; 3J (C, H) correlation between H-2 of 4-phenyl (at 7.27 ppm) and 

quaternary (C4) of pyridine. 

(g) C-4 of 4-phenyl is at  149.52: 2J (C, H) correlation between H-4 of pyridine (at 7.04 ppm) and 

quaternary (C4) of 4-Phenyl. 
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Figure 13 1-3J(C,H) correlations observed by HSQC and HMBC (top) and 1H & 13C signal assignments for 3.1.9  
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Scheme 3.3 Synthesis of acetylated chalcones (3.1.10-3.1.13), acetylated triphenyl pyridine (3.1.14 & 3.1.15) and 

(pyrazolyl)phenylpyridine (3.1.17). Determination of 1H coupling in acetylated triphenyl pyridines (3.1.14 & 3.1.15) 

through gCOSY coupling experiment.  

Later, the (pyrazol-3-yl)phenylpyridine derivative 3.1.16 was synthesized as shown in Scheme 

3.3.  As this is the first report of (pyrazolyl)phenylpyridine (3.1.17) therefore, 1-D and 2-D NMR 

spectral data was used to characterize the product and provide assignments as done for the 3.1.9.   

The assignment of the spectrum of the latter was helpful here, as it also contains a triarylpyridine 

assigned above. Through gCOSY experiment it was observed that 8.35 ppm coupled with 7.9 ppm; 

8.22 ppm coupled with 7.54 ppm; 7.72 ppm coupled with 7.03 ppm while 7.36 ppm coupled with 

7.04 ppm. However, when proton spectrum was attained, it was found that the signals at 7.03 ppm 

(1H) and 7.04 ppm (2H) were merged together.  
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Figure 14 1H-NMR spectrum with J-coupling for 3.1.16 

 
Figure 15 gCOSY based coupling observations (various color codes used) for 3.1.16 with 3J values provided. 
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Figure 16 13C-spectrum (in brown peaks) of 3.1.16, while peaks in blue showing aromatic region (except peak at 

185.15 ppm which belongs to -CHO). 

 

A proposal for the reaction mechanism utilized in the synthesis of 3.1.17 used double formylation 

on phenyl hydrazine derivative (3.1.16) as shown in Figure 17. 

 

 

 



 

135 
 

 

Figure 17 Mechanistic proposal for reaction promoted by the Vilsmeier Haack reagent. 

3.1.2.2 Cytotoxicity evaluation of the BH3 α-helix mimetics 

The MTT assay was performed to characterize the cytotoxicity of Bis-chalcones (3.1.3, 3.1.5, 3.1.7 

& 3.1.8), bis(diphenylpyridin-2-yl)benzene (3.1.9), mono-acetylated chalcones (3.1.10, 3.1.11, 

3.1.12, 3.1.13), mono-acetylated triphenyl pyridines (3.1.14 & 3.1.15) and pyrazole-triphenyl 

conjugate (3.1.17). The cytotoxicity of the compounds of bis-chalcones (3.1.3, 3.14, 3.1.7 & 3.1.8) 

towards the H929 cancer cell line was evaluated (see in Table 3). They showed moderate inhibition 

towards this Mcl-1 dependent cell line. The pattern of cytotoxicity towards the Mcl-1 dependent 

cell line clearly showed that 1,4-disubstituted compounds were better compared to those with a 

1,3-substitution pattern (3.1.3 vs 3.1.5; 3.1.7 vs 3.1.8). This observation in relative tolerance can 

be correlated with their structural flatness similar to the α-helixes during protein-protein 

interaction, where 1,4-linkage represent a more firm backbone than 1,3-linkages ones which are 

slightly tilted to one end. The influence of additional methoxy groups on these structures (two 

versus three) gave rise to consistent toxicity.  The 3,4,5 trimethoxy derivatives were more potent 

than 3,4 dimethoxy compounds (compare 3.1.3 vs 3.1.7 & 3.1.5 vs 3.1.8), which can be correlated 

with the concept of binding of alpha helix in protein-protein interface where its small side chain 
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functional group interact fits in the individual pockets of protein as can be seen in Mcl-1/BH3 

interactions (Figure 47 under objective 2.2 of Chapter 2, where four pockets (P1 to P4) were filled 

by small hydrophobic side chains of BH3 peptide). However, the proposed alpha-helix mimetic, 

bis(diphenylpyridin-2-yl)benzene (3.1.9) shows appreciable improvement in cytotoxicity 

compared to its predecessors (see Table 3) which demonstrated the utility of this kind of 

molecule/scaffold as in development of alpha-helix mimetics.  

The mono-acetylated chalcones were inactive as none of them showed 50% cytotoxicity towards 

Mcl-1 dependent cancer cell line, even at higher concentration (100 µM). I had expected some 

activity for these compounds, as they could fit in the binding pocket of Bcl-2 proteins (more 

specifically, Mcl-1) and might be expected to be more cell-permeable as they possess lower 

molecular sizes. Also, the acetylated triphenyl pyridines (3.1.14 & 3.1.15) derived from them did 

not show much activity when compared to their larger counterparts, specifically 3.1.9. A 

brominated acetyl-triphenyl pyridine (3.1.14) showed 50 % cytotoxicity towards these Mcl-1 

dependent cells at 82.19 ± 5.2 µM as compared to inactive 3.1.15. Further derivatization of 3.1.15 

to final molecule 3.1.17 (pyrazole-triphenyl pyridine conjugate) led to the most potent compound 

against this Mcl-1 dependent cell line. However, when compared to 3.1.9, 3.1.17 has a slightly 

twisted backbone which might be pushing the N-phenyl and phenyl group (6-phenyl of triphenyl 

pyridine substructure) of 3.1.17 into the hydrophobic pockets of Mcl-1 protein and therefore 

presented a more suitable candidate to be an alpha helix mimetic.   

Table 3 MTT cytotoxicity profile of compounds towards the Mcl-1 dependent H929 cancer cell line (B-lymphocyte 

cell type). 

BH3 α-helix 

based 

heterocycles 

Chemotypes Cytotoxicity 

(IC50 = µM) 

3.1.3 bis-chalcones as α-helix mimetics 65.71 

3.1.5 70.09 

3.1.7 49.88 

3.1.8 62.14 

3.1.9 bis(diphenylpyridin-2-yl)benzene as α-helix mimetic 39.08 

3.1.10 Mono-acetylated chalcones as a building block for α-helix (as a substructure) NA$ , a 

3.1.11 NA$ , b 

3.1.12 NA$ , c 

3.1.13 NA$ , d
 

3.1.14 Mono-acetylated triphenyl pyridine (similar like molecules which target 

either only one or two adjacent pockets) 

82.19 

3.1.15 NAe 

3.1.17 Pyrazole-triphenyl conjugate as non-peptidomimetic α-helix mimetic 33.14 
$N.A: not active at 100 µM; cell death observed at 100 µM:  a 19 %; b 8 %; c 41 % d 27 %; e 32 %. 
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3.1.3 Conclusions & future perspective 

This section of the thesis provides the first report of bis(diphenylpyridin-2-yl)benzene (3.1.9), 

acetylated triphenyl pyridines (3.1.14 & 3.1.15) and pyrazole-triphenyl pyridine conjugate (3.1.17) 

as putative α-helix mimetics.  Their synthesis can be concisely achieved from readily available 

precursors.  The products were analyzed in detail by NMR spectroscopy and the heterocyclic 

compounds showed improved potency compared to bis chalcone precursors when their 

cytotoxicities were measured against the Mcl-1 dependent cancer cell line.  It will be relevant to 

investigate their binding directly with Mcl-1 using appropriate biophysical assays as part of future 

work. The strategy described herein could be useful for generating new types of alpha-helix 

mimetics as summarized below in Scheme 3.5.   

 

Scheme 3.5 Future design of secondary structures for PPI (left) based building blocks, multivalent carbohydrate for 

carbohydrate binding domains and macrocyclization (right) as a strategy of functionalization of these molecules for 

target. 
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Objective 3.2 Rational design of multi-targeting macrocyclic ligands based on embedded 

carbohydrates (MECs) as protein (peptide)-protein interaction inhibitors 

3.2.1 Introduction 

The protein-protein interactome of humans is estimated to involve 150,000-500,000 binary 

interactions, [249, 250] and most of these remain unmapped. The targeting of protein-protein 

(peptide) interactions or protein-protein (peptide) interfaces (PPIs) has developed as a research 

area due to the potential to identify inhibitors with the main goal to eventually give new 

pharmaceuticals.  However, the objective of identifying good inhibitors is challenged by the large 

binding surfaces involved in PPIs (1200-4500 Å2) which can be fourfold larger than binding 

pockets (300-1000 Å2) typically targeted by many currently approved drugs. Developing inhibitors 

of PPIs is also considered difficult due to the relatively featureless and flat hydrophobic surfaces 

involved and highly dynamic processes at the interfaces [251]. These issues contribute to the 

challenge of identifying PPI inhibitors that would fit the Lipinski “rule-of-five”[252] criteria [253, 

254].  

Medium-sized cyclic peptides have been used to target PPIs [255, 256], but their peptide character 

means they are prone to metabolism and limits their bioavailability [257]. Nevertheless, studies 

with cyclic peptides can still be useful and give important information that can inform ligand-

based design strategies. Structure-activity relationship studies with such inhibitors lead to the 

identification of critical interactions, mediated, perhaps by a few side chains of amino acids or 

their bioisosteres, at the interface cavity [258-261]. Subsequent ligand-based design, once critical 

information on the pharmacophore is available, can involve the replacement of some or all of the 

cyclic peptide backbone with a smaller molecular framework or scaffold, such as a 

monosaccharide or heterocycle. The ligand-based design also can involve the synthesis of an 

oligomer of some type, such as stapled peptides constrained in helical conformations or the 

application of a larger scaffold or framework such as a macrocycle (see Figure 18) [262, 263].  

These approaches can lead to inhibitors that show improved selectivity, metabolic stability and/or 

enhance the systemic half-life of the molecules [264-266]. In my group, Dr. Ciaran O Reilly 

reported that macrocycles with an embedded carbohydrate (MEC) which enables at least three 

pharmacophoric groups to be grafted to the scaffold. Selectivity towards particular isoforms of 

target receptors can then be improved by the nature of the pharmacophoric groups.  This has been 
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rationalized by molecular modeling using newly generated homology models of the target 

receptors. 

 
Figure 18 PPI inhibitors: (a) heterocycle based Mdm2-p53 PPI inhibitor RG7112 [267], (b) macrocyclic inhibitor of 

BIR2-SMAC PPI [268], (c) Iminosugar based inhibitor of SSTR4-somatostatin PPI [269] (d) Stapled peptide inhibitor 

of Bcl2-BH3 PPI [270]; (e) cell-permeable inhibitor of peptidyl-prolyl isomerase Pin1 PPI [271] 

3.2.2 Results and Discussion 

3.2.2.1 Ligand design strategy 

Previous work from our group led to the identification of eannaphane-40 (Figure 22), 40 as a 

ligand for a number of serotonin receptor isoforms. This compound presents two amino acid side 

chains, or their bioisosteres, on a macrocyclic scaffold which has embedded carbohydrate (MEC) 

and triazole residues. Eannaphane-40 was found to induce apoptosis in leukemic cells, due to, at 

least, partial 5-HT2 antagonist activity [272]. 

To further investigate, retro screening (or reverse screening) of eannaphane-40 against 55 proteins 

was first carried out showed that eannaphane-40 inhibited various labeled ligands to bind to GPCR 

proteins and ion channels (Figure 19) at 10 mM concentration. It showed >50% inhibition for 

eighteen of these proteins with highest inhibition observed for the sodium channel and NK-2 

receptor and good affinities for a range of serotonin receptor isoforms/serotonin transporter. The 

Ki and IC50 values were therefore obtained for eannaphane-40 against these receptors. The dose-

response curves are shown in Figure 20 & Figure 21. Despite its promiscuity as a ligand in the 

screen, eannaphane-40 displayed low µM or sub µMolar Kd values against serotonin receptor 

isoforms, the serotonin transporter, the sodium channel, and the NK2 receptor (see Table 6). After 

this screening, a goal was defined to improve the ligand design which would serve to increase 



 

140 
 

selectivity towards specific protein receptors identified from the screen. This forms the main aim 

of the research work presented herein. 

Hence, the preliminary synthetic work was extended to prepare MECs incorporating 

glucopyranose residues as well as galactopyranose, thus introducing stereochemical diversity into 

the macrocycle scaffold as shown in Chart 1. Improved selectivity was investigated using a MEC 

which has two embedded carbohydrates, where an additional pharmacophoric group is 

incorporated (encoded in red color in Figure 22). The saccharides in the scaffold could be 

considered as some of the saccharides in glycans presented on glycoproteins or glycolipids at the 

cell membrane in that the latter also can be considered to have scaffolding roles [273-275]. 
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Figure 19 Inhibition (blue columns, % values provided) and stimulation of ligand binding (red bars, % values 

provided) by E40 (10 µM) in binding assays with 55 target proteins. 
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Figure 20 Dose-response curve (DRC) for eannaphane-40 against the NK2 receptor, the sodium channel, 5HT-

transporter and 5HT1A 

-9 .5 -9 .0 -8 .5 -8 .0 -7 .5 -7 .0 -6 .5 -6 .0 -5 .5 -5 .0 -4 .5 -4 .0 -3 .5

-1 0

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

1 1 0

1 2 0

L o g  D o s e

%
 o

f
 C

o
n

t
r

o
l 

S
p

e
c

if
ic

 B
in

d
in

g

5 H T 2 A

5 H T 2 B

5 H T 2 C

S S T 4

 
Figure 21 Dose-response curve for eannaphane-40 against 5HT2A, 5HT2B, 5HT2C and the somatostatin receptor-4 

(SST-4) 

 
Figure 22 Ligand design strategy. One approach in peptidomimetic research is to incorporate an additional 

pharmacophoric group (PG), into a peptide to improve affinity/selectivity.  Here an additional pharmacophoric group 

is incorporated onto a macrocyclic scaffold via an additional carbohydrate residue with a scaffolding role. 
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Chart 1. Structures of additional macrocycles synthesized 

3.2.2.2 Molecular modelling, biological evaluation and validation of the ligand design strategy 

Homology modelling 

The screening of eannaphane-40 against 55 receptor subtypes identified putative protein targets 

(Figure 19-21) for the synthesised MECs. Subsequently reverse docking [276-278] was performed 
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on the newly synthesized MECs against the selected targets of eannaphane-40 (serotonin receptors 

isoforms, serotonin transporter, Na Channel, NK2 receptor) in order to identify if any of the 

compounds had an improved selectivity profile [279].  However, the 3D structure of only a few of 

the protein targets were available at the time of the writing of this thesis, and therefore homology 

modeling was needed to derive 3D structures for NK2, 5HT1A [280], 5HT2A [281] and the sodium 

channel. For these four proteins, the sequences were retrieved from the national center for 

biotechnology information (NCBI) and a blast search was performed, in order to find a suitable 

template for the model building. This gave rise the following: for NK2, an X-ray structure of 

Drosophila dopamine transporter bound to D-amphetamine was used [282]; for 5HT1A, a crystal 

structure of the chimeric protein (H. sapiens/E. coli) of 5HT2B-BRIL in complex with ergotamine 

was used [283]; for 5HT2A, the crystal structure of the chimeric protein (H. sapiens/E. coli) of 

5HT2B-BRIL in complex with ergotamine was used [283]; finally for the Na+ Channel, the crystal 

structure of acid-sensing ion channel (G. gallus / M. tener) in complex with snake toxin and 

amiloride was used [284]. Later after the homology modeling, the structural consistency of the 

built homology models were assessed by examining a number of qualitative parameters, 

comparing the built model with their respective template structures as provided in Table 4. 

The active site finder tool of MOE was implemented to identify the active sites in the homology 

models as shown in Table 5. In case of 5HT2A and sodium channels, there are some reports 

disclosing the key information related to the active sites in these proteins. Kanagarajadurai et al 

reported the binding pocket of the ligand ketanserin [285] in their built homology model of 5HT2A. 

Also, for the Na+ channel, the structural homology model was divided into 4 divisions (I, II, III, 

IV) with each division containing 6 segments. The veratridine binding site was located in segment 

6 of division I (I-S6) and division IV (IV-S6) [286], shown in Figure 23. While, constructed Na+ 

channel model contains several outliers, most of them were distant from the veratridine binding 

segments, and these outliers were thus ignored. Attention was given instead to those amino acids 

which were in the proposed binding region of veratridine [286]. The binding region within 8 Å 

was truncated and further structural anomalies were analyzed by obtaining the Ramachandran plot 

and, the remaining outliers were minimized using the Amber 99 force-field. 
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Table 4. The parameters used for homology modelling and their qualitative analysis 

  NK2 5HT1A 5HT2A Na+ Channel 

(Site 2)δ* 

Template PDB_ChainNumber£  2KS9_A€ 4IAR_A 4IB4_A 4NTX 

 Resolution (Å) na 2.70 2.70 2.27  

 Identity (%) 54.44 41.00 55.05 55.35 

 Similarity (%) 46.00 41.60 45.00 47.0 

 Coverage (%) 85.00 91.00 69.00 83.00 

RMSD& (Å) 0.503 0.954 1.065  0.468 

Ramachandran 

plot 

Residues in most favoured regions 

(%)  

89.0 92.4           92.3 92 

Residues in additional allowed 

regions (%) 

9.7 7.0         7.0 7.4 

Residues in generously allowed 

regions (%) 

1 0.6         0.3 0.6 

Residues in disallowed regions (%) 0.3* 0 0.3* 0 

ProSA Homology model$ -4.33 -4.62 -4.05 -6.81 

Template$ -1.60 -4.52 -4.52 -7.43 

Errat Homology model 85.065 95.935 94.915 84.343 

 Template 54.903¥ 93.966 82.036 89.258 
£ PDB codes used from RCSB-PDB €NMR Solution structure; & Calculated RMSD of superposing the homology model and their respective 
templates; $ Z-Score; *0.3 indicate Asp278 (NK2) and Asn233 (5HT2A) in transmembrane loops (shown in supplementary information) and further 

minimization would be trivial; ¥NMR solution protein conformation; δ* only site 2 amino acid patch was evaluated against these parameters; 

Identity, tells how many amino acids are same in both the target sequence and template sequence; Similarity, tells how many similar type amino 
acids are in present both the target sequence and template sequence; Coverage, tells how much sequence of target is covered by template sequence. 

 

 
Figure 23 The surface defining the active site shown on the left is site 2 of the constructed homology model of the 

sodium channel with all atoms of protein shown. On the right, the extended active cavity of site 2 of sodium channel 

shows the key amino acid residues Ile433, Asn434 and Leu437 of the Division I segment 6 of the sodium channel.  It 

also shows the binding of veratidine. 
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Table 5 The active patches allocated by active site finder on the proteins. 

Protein Site Size PLB Hyd. Side Residues in the active patch 
5HT1A 1 251 4.04 89 131 Val31 Tyr35 Gln36 Thr39 Leu42 Leu43 Leu46 Ala93 

Tyr96 Gln97 Val98 Asn100 Phe112 Ile113 Asp116 

Val117 Cys120 Thr121 Ile124 Ile167 Cys187 Thr188 

Ile189 Ser190 Lys191 Tyr195 Thr196 Ser199 Thr200 

Ala203 Trp358 Phe361 Phe362 Val364 Ala365 Leu368 

Pro369 Ser374 Cys375 His376 Met377 Pro378 Thr379 

Leu380 Leu381 Gly382 Ala383 Ile384 Ile385 Asn386 

Trp387 Leu388 Tyr390 

5HT2A 1 211 3.44   72  109 Val130 Ser131 Leu133 Thr134 Ile135 Tyr137 Gly138 

Tyr139 Arg140 Trp141 Pro142 Trp151 Ile152 Asp155 

Val156 Ser159 Thr160 Ile163 Ile206 Ser226 Cys227 

Leu228 Leu229 Ala230 Asp231 Phe234 Val235 Gly238 

Ser239 Ser242 Trp336 Phe339 Phe340 Asn343 Ala346 

Glu355 Asp356 Ile358 Gly359 Leu362 Asn363 Val366 

Trp367 Tyr370 

5HT2B Ligand Binding Site  
5HT2C Not active 

NK2 1 140 3.78   40   65 Glu9 Ala10 Asn11 Pro16 Glu17 Ser18 Asn19 Thr173 

Met174 Asp175 Gln176 Gly177 Ala178 Trp185 Pro186 

Glu187 Asp278 Ile279 Tyr280 Lys283 Phe284 Ile285 

Gln286 Tyr289 Leu290 

Na+ 

channel 

3  155 3.79   55   92 Thr378 Gln379 Asp380 Tyr381 Trp382 Glu383 Ser409 

Phe410 Val413 Asn414 Leu417 Cys944 Gly945 Glu946 

Met971 Asn975 Leu976 Leu979 Asn980 Leu983 

Ala1420 Thr1421 Phe1422 Lys1423 Ser1462 Phe1463 

Leu1466 Asn1467 Ile1470 Thr1713 Ser1714 Ala1715 

Phe1764 Val1768 Asn1769 Tyr1771 Ile1772 

Serotonin 

Transport

er 

Ligand Binding Site  

Inverse docking 

All the MECs described herein were evaluated by inverse docking [279] against 6 proteins (4 

homology models and 2 crystal structures from protein data bank). This methodology involves 

docking of the MECs against a set of the pre-evaluated targets, which in my case were already 

verified from the screening of eannaphane-40 (Figure 19-21). Initially, binding energies for every 

MEC synthesized for these proteins were calculated. Then these binding energies were compared 

among these proteins especially for 5HT1A, NK2, and Na-channel as these receptors showed 

submicromolar affinities for eannaphane-40 compared to other proteins (see Table 6).  In order to 

evaluate their selectivity against 5HT1A, NK2 and the Na-Channel, a heuristic statistical approach 

was used, which involved generating a preferential selectivity indicator, defined as the ratio of an 

average mean of the binding energy of first 10 docking pose of individual MECs with a particular 

protein to the average mean of the binding energy of first 10 docking pose of same MECs with 

another protein. This methodology provided preferential selectivity indicators for particular MECs 
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among the targeted proteins of interest. Additionally, repetition of this methodology is repeated 

again by using another docking method (alpha triangle placement) [287]. Therefore for every 

protein vs protein comparison for a particular MEC, two different color codes were generated.  

Each corresponds to one of the docking methods, as shown in Figure 24. The line chart (Figure 

24) provides an indication of the predicted selectivity of the synthetic compounds to these targets. 

It was thus predicted that MECs such as MEC-B, MEC-J, MEC-M, MEC-Q and MEC-R could 

potentially display improved selectivity among these proteins.  Eannaphane-40 was chosen as a 

standard (control) during these docking experiments and the docking was found to predict the same 

pattern as, was found from the protein affinity screening (Na+ channel/5HT1A  >  Na+ channel/NK2  

> 5HT1A/NK2,  see Table 6).  According to the Lipinski rule of five, the polar surface area should 

be less than 140 Å2
 and compounds MEC-Q and MEC-R were not compatible with this. As 

observed, the line chart difference for compounds, MEC-B was found comparatively better than 

the remaining ones, therefore, used it for further biological evaluation, and the results are shown 

in Table 6, Figure 31 & Figure 32. 

  

Figure 24 Line chart diagram representing MECs (on x-axis) and preferential selectivity indicator or index (on Y-

axis). The preferential selectivity indicator (or index, PSI) is the ratio of calculated average binding energy for the 10 

lowest energy docking poses of a MEC to a defined protein (e.g the Na channel) divided by the average of 10 docking 

poses energies of the same MEC for another defined protein (e.g 5HT1A).  This was done using two different docking 

methods for every MEC and protein combinations.  The sodium channel:5HT1A PSI is shown with blue and orange 

dashed lines, that of Na-channel:NK2 as grey and yellow dashed lines; that of 5HT1A:NK2 as violet and green dashed 

lines. A ratio of “1 or close to 1” indicates that the two proteins have similar docking binding energies and therefore 

that particular MEC would not have any preferential selectivity for either protein. However, a PSI value of >1 or <1 

predicts selectivity. Also, any value less than 0.5 or greater than 1.5 shows higher preference for that particular protein. 

In order to validate the method, eannaphane-40 was used as a control for these experiments and it showed a similar 
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calculated binding energy trend as was attained from experimentally measured IC50 values trend for (i.e. Na-

Channel:5HT1A > Na-channel/NK2  > 5HT1A/NK2). 

The reverse docking experiment also generated the docking poses for these MECs with these 

proteins.  Known potent inhibitors and drugs were also used in the docking with these proteins. 

Docking of control inhibitors 

The docking commenced with the serotoninergic isoform 2A (5-HT2A) and 2B (5-HT2B). The 

coordinates for 5-HT2A were used from its homology model [288] and for 5-HT2B, a PDB was 

available on  RSCB-PDB (4NC3, resolution 2.80Å) [289]. The consistency of the constructed 

5HT2A homology model was validated by comparing, the ketanserin docking interactions with the 

previously reported data [285] wherein case, found ketanserin utilizes similar binding 

conformation shape with respect to active site of 5HT2A which contains Phe339, Phe340, Tyr370, 

and Val366 as hydrophobic residues and Asp155 as a hydrophilic residue. The ketanserin docking 

also showed parallel and T-shaped π-π interactions with Phe340 (3.88 Å) and Phe234 (4.20 Å) 

respectively. While the protonated nitrogen atom has a H-bond donor interaction with Asp155 

(2.01 & 2.15 Å). Furthermore, docking of eannaphane-40 and MEC-B showed similar orientations 

of binding poses as shown in Figure 25. 

 

Figure 25 Interactive poses of eannaphane-40 (brown), MEC-B (yellow), ketanserin (green) with the active binding 

site of 5-HT2A: eannaphane-40 showed π-π interaction with Phe340 (3.97 Å) and Phe339 (4.11 & 4.43 Å), while 

MEC-B showed π-π interaction with Phe339 (3.69 Å). Both showed intramolecular H-bonding between protonated 

nitrogen atom to the oxygen atom bonded to the isopentyl group. 

Similarly, in 5HT2B, key aromatic amino acids were identified in the cavity (Phe340 & Phe341) 

which assisted the ligands (mesulergine, eannaphane-40 and MEC-B) to adopt the binding 

conformations through π-π interactions. Additionally, mesulergine also showed a H-bond donor 

interaction with Asp135, as shown in Figure 26.  
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Figure 26 Binding interactions of eannaphane-40 (brown), MEC-B (yellow) and mesulergine (green) with active site 

of 5-HT2B. Eannaphane-40 showed π-π interactions with Phe340 (3.71 & 4.39 Å) and Phe341 (4.47 Å), while MEC-

B also shows π-π interactions with Phe340 (3.88 & 4.40). Also, mesulergine shows π-π interactions with Phe341 (3.64 

& 4.36 Å), Phe340 (4.49 Å) and has H-bond donor interaction with Asp135 (2.41 Å). 

In order, to see how 5-HT2A/2B/2C are interrelated structurally a multi-sequence alignment (MSA) 

study was conducted (as shown in Figure 27), where conserved amino acid patches and point 

mutations among these isoforms were identified.  From the MSA, the following conclusions were 

drawn: (i) 5HT2A has a sequence identity of 43% with 5HT2B and 54% with 5HT2C; This showed 

a close evolutionary link between 5HT2A with 5HT2C in comparison to 5HT2B; (ii) the amino acid 

sequence of 5HT2A, which ranges from 211 to 228 and 291-293 show disordered regions, 

indicating higher degree of flexibility in these loops; (iii) The missing complementary amino acid 

(X) in 59G51GX and 352SX340S of 5HT2 subtypes C and B respectively, are proximal to the active 

site and probably altering the overall structure and could be further used for selective targeting of 

these isoforms in the future. 
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Figure 27 Multiple sequence alignment (MSA) of 5HT2 isoforms, compared to the built homology models
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In the case of 5HT1A, the docking pose of 8-OH DPAT ligand along with eannaphane-40 and 

MEC-B is shown in Figure 28. The docking of Eannaphane-40 showed comparatively similar 

binding to 8-OH DPAT. Even, their interactive mode seems quite similar, as eannaphane-40 

shows π-π interactions with Tyr66 (4.11 Å), H-bond acceptor interactions with the backbone of 

Ile159 (2.07 & 2.46 Å), while, 8-OH DPAT ligand shows π-π interactions with Phe331 and H-

bond donor interactions with side chain of Asp85 (1.98 & 3.0 Å). However, MEC-B showed a 

distinctive binding in comparison to Eannaphane-40 and 8-OH DPAT and interacted via H-bond 

interactions with the guanidine of Lys161 (2.34 Å) and backbone (-NH-) of Ile159 (2.09 Å). Also, 

it showed an intramolecular interaction, which might possibly lead to its different binding 

orientation. 

 

Figure 28 Binding interactions of eannaphane-40 (brown), MEC-B (yellow) and 8-OH DPAT (green) with the active 

binding site of 5-HT1A.  

Similarly, in NK2, an intramolecular interaction in MEC-B have seen when compared to the 

binding pose of eannaphane-40 and therefore possible reasoning of showing a difference in its 

binding conformation orientation, which can be further seen in Figure 29 where both co-docked 

poses of eannaphane-40 and MEC-B are captured together.  
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Figure 29 Interactive poses of eannaphane-40 (brown) MEC-B (yellow) and co-docked poses (eannaphane-40 as in 

green & MEC-B is in red) with active binding site of NK2: Eannaphane-40 showed a π-π interaction with Phe284 

(4.16 & 4.47 Å) and Tyr289 (3.90 Å), while MEC-B has intramolecular H-bond interaction (1.99 Å).  

In sodium channel, binding interactions for MEC-B were different to those of eannaphane-40 

which has two π-π interactions with Phe1775 and Phe1442 via its triazole backbone (3.99 Å & 

4.47 Å). While, veratridine found multiple H-bond donor/acceptor interactions, as shown in 

Figure 30. However, presence of Ile433, Asn434 and Leu437 in all these ligand binding poses 

also indicate that these ligands share a common binding pocket which is located in segment 6 of 

division I (I-S6) and division IV (IV-S6) [286] of sodium channel, as shown in Figure 30.  

  
Figure 30 Interactive mode of eannaphane-40 (brown), MEC-B (yellow) and veratridine (green) with active binding 

site (site-2) of sodium channel. 

The bioassays for MEC-B were performed, and these showed preferential selectivity to the 5HT1A 

isoform as well as to the sodium channel over eannaphane-40 compared to the other receptors 

studied. The data in Table 6 shows that MEC-B retained the activity towards the serotonergic 

isoform 5HT1A (≤ 1.4 times that of eannaphane-40) while for the other receptors it was reduced in 

potency or affinity completely vanished as for the serotonin transporter.  
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Figure 31 Dose Respons Curve for MEC-B against serotonin isoforms (5HT1A, 5HT2A, 5HT2B) 
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Figure 32 Dose Response Curve for MEC-B against the sodium channel, serotonin transporter and NK2 receptor. 
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Table 6 Binding assay data 

Proteins 

Eannaphan

e-40 (Ki 

µM) 

MEC-B 

(Ki µM) 

Eannaphane-

40 (IC50 µM) 
MEC-B 

(IC50 µM) 

Affinity 

ratio$ (MEC-

B:E40) 

Affinity 

ratio£ to 

5HT1A 

Inhibitor used 

as reference 

control 

Reference 

Compounds 

Affinity IC50 

NK2 (h) (agonist 

radioligand) 
0.14 1.6 0.26 3.0 

11.43 3.81 [Nleu10]-

NKA (4-10) 

1.4nM 2.7nM 

5-HT1A (h) (agonist 

radioligand) 
0.31 0.42 0.49 0.68 

1.35 1.00 8-OH-DPAT 0.18nM 0.28nM 

5-HT2A (h) (antagonist 

radioligand) 
0.97 4.7 1.8 8.7 

4.85 11.19 Ketanserin 0.45nM 0.82nM 

5-HT2B (h) (antagonist) 0.87 8.2 1.6 15 9.43 11.52 Mesulergine 2.8nM 5.2nM 

5-HT2C (h) (antagonist 

radioligand) 
>100 - >100 - 

na na    

Na+ channel (site 2) 

(antagonist radioligand) 
0.1 0.41 0.12 0.46 

4.1 0.98 Veratridine 8.1µM 8.9µM 

5-HT 

transporter (h) (antagonist 

radioligand) 

3.4    > 100 7.4 > 100 

> 29.41 na Imipramine 1.9nm 4.1nM 

$ratio of Ki values.  Comparative data shows improvement in affinity than the previous molecular scaffold 
£5HT2A affinity improvement over other receptor isotopes 

 

3.2.3 Conclusion 

This work presented a systematic design of MECs suitable for multi-targeting of receptors.  The MECs contains 3 functional epitopes 

or pharmacophoric groups could be exploited further to modulate the target selectivity against a wide variety of GPCR and ion channels. 

Studies also found MEC-B as a new dual inhibitor of Na-channel and 5-HT1A when compared to NK2, 5-HT2A\2B and serotonin 

transporter. Also, it has been observed in docking to serotonin isoforms that the naphthalene pharmacophore, found in eannaphane-40 

and MEC-B, was involved in interacting with evolutionally conserved aromatic amino acids of these isoforms, as found for 5HT2A 

(Phe239 and Phe240), 5HT2B (Phe340 and Phe341) and 5HT1A (Phe361 and Phe362). Also, performed homology modeling for four 

receptors (NK2, 5-HT1A, 5-HT2A, site-2 of the sodium channel) which were complying with the previously reported models and evaluated 

them against qualitative structural tools, in order to warrant their correctness.  
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Chapter 4 

This chapter mainly belongs to the biophysical studies of various proteins. The main studies that 

were performed in this chapter were: 

1) Homology modeling and qualitative analysis of these models  

2) The implication of various docking strategies  

3) Studies of the various biophysical parameter in relation to their protein affinity (Kd values) 

The main objective of this chapter was to characterize the unknown structures of the proteins which 

were highly underestimated and understudied in time. As my group mainly focuses on the 

characterization of the carbohydrate-based scaffold molecule design against a wide variety of 

proteins, therefore I limited my studies to the somatostatin proteins and fucosidase enzymes. 

Thus, this chapter was divided into two parts, based on the objectives: 

Objective 4.1 To increase understanding of ligand-based design for somatostatin receptors 

Objective 4.2 To rationalize the targeting of D-fucose analogs with fucosidases of various origin 
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Objective 4.1 To develop a proper understanding of ligand design for somatostatin receptors 

4.1.1 Introduction 

The human somatostatin receptors (SSTRs) belong to the G-protein coupled receptors (GPCRs) 

and have 5 isoforms (SSTR-1 to 5), which closely resemble each other in structural homology and 

functional efficacy [290-293]. Their high structural resemblance is also linked to their 

synchronized roles in numerous cellular homeostasis and in several disorders, based on their 

tissue-specific isoform localization, as shown in Figure 1. 

 
Figure 1 Signalling through SSRTs is multifaceted [294]: Somatostatin receptor (SSTR) binding to their receptors 

leads to (a) inhibition of adenylyl cyclase, (b) activation K channels and/or inhibits Ca-channels, (c) modulating the 

Phosphotyrosine phosphatases and mitogen-activated protein kinase, (d) increase in apoptosis via p53.  

Additional interest has been placed in SSTR-4 and SSTR-5 in recent years. Agonism of SSTR-4 

is believed to be relevant in Alzheimer disease [295], influencing memory strategies in the human 

brain [296]. Targeting SSTR-4 selectively also represents a promise for non-opioid pain control, 

the latter successfully shown by clinically studied agent J2156, which is a potent selective inhibitor 

of this target [297-299]. SSTR-4 is also believed to have a role in the migration of hepatic oval 

cells [300]. On the other hand, SSTR-5 has found roles in proliferation in pancreatic cancer [301], 

neuroendocrine tumors [302] and glucose homeostasis [303]. Therefore, the identification of 

compounds which have preferential selectivity or differential binding for these receptors is 

important and is tied in with the identification of agonists or antagonists and there are a number of 
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implications [304-306]. These receptors have not been crystallized to date and this hinders 

structure-based drug design for them. However, ligand-based design strategies, have established 

some key important features that a ligand should possess, to recognize these receptors.  

Accordingly, studies on the binding of somatostatins (SRIFs), especially its tetradecapeptide form 

(SRIF-14, see Figure 2) and its N-terminally extended peptide form (SRIF-28) with SSTRs, have 

indicated that tryptophan-8 (trp8) and lysine-9 (lys9) residues in these structures are recognized 

by all isomeric forms of SSTR, while phenylalanine-6 (phe6) is highlighted as being specifically 

important for SSTR-4 activation [307-312].  

 
Figure 2 Structures of SST-14 and selected peptidomimetics with high binding affinities for SSTRs.  Important 

pharmacophoric groups are shown in blue, purple and red. 

To date, various non-peptide, and peptide analogs of somatostatin, with pharmacophoric groups 

have been synthesized and evaluated against SSTR-4 and SSTR-5, and their activity ranges from 

nM to mM; some of these molecules are shown in Figure 2. It is unclear why these molecules 

[313-319], have a varying degree of affinities. In this research, a set of peptidomimetics based on 

pyranose, iminosugar (multi-hydroxylated piperidine), macrocycle and peptidyl scaffolds were 

synthesized. To each scaffold was grafted pharmacophoric groups which are identical or 

bioisosteric to those found in amino acid sidechains (Figure 3 and Figure 4). Two of these 

molecules have shown preferential selectivity for SSTR-4 over SSTR5.  Docking to respective 

homology models of the proteins is included as part of this work. 
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4.1.2 Results and Discussion 

Compounds designed to target SSTRs 

Syntheses of some compounds used in this study has been reported earlier (see Figure 2) and these 

include the iminosugars [320-323], benzomacrolactones [324] and pyranoside 4.3 originally 

designed by Hirschmann and co-workers [325]. New compounds based on the pyranose ManNAc, 

the Eannaphane macrocycle, as well as acyclic/cyclic peptidyl scaffolds are shown in Figure 3. 

The basic design concept involved using the functional groups, inherent in the scaffolds, to graft 

pharmacophoric groups, and thus defining the points of attachment for amino acid side chains or 

their bioisosteres.  For the pyranoses or iminosugars and benzomacrolactones, like 4.9 and 4.10, 

these were inspired by natural product ring systems found in nature. Whereas 4.13 to 4.15 are not 

natural products, to the best of my knowledge, their core scaffolds can be considered to be ‘natural 

product-like’, in that they are chiral macrocycles and have functional groups found in natural 

products. The pharmacophoric groups were placed at distances from each other on the scaffolds 

approximating to those in SST-14. Thus, there are 3-5 bonds between atoms to where the 

pharmacophoric groups are attached. In addition, peptidyl mimetics 4.16 to 4.18 are included, 

which are similar in structure to octreotide. 

 
Figure 3 Structures of compounds previously synthesized in-house and Hirschman’s pyranoside 3. The color codes 

are used to display the relevant amino acid side chain or their bioisosteres corresponding to those found to be important 

in somatostatin ligands. 
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Figure 4 Structures of various new potential somatostatin mimetics included herein.  The color codes are used to 

display the relevant amino acid side chains or their bioisosteres corresponding to those found important in 

somatostatin ligands. 

Binding affinities, molecular modeling and structure-activity relationship 

The binding affinity assays were performed against two somatostatin receptor isoforms (SSTR-4 

and SSTR-5) and inhibitory constants (Ki) determined and these are shown in Table 1. Most of 

the molecules based on the different scaffolds displayed similar affinities, in most cases in the low 

micromolar range, for both isoforms with a limited number of exceptions where > fivefold 

selectivity differences were observed. The macrocycle 4.13 showed preferential selectivity for 

SSTR-5 over SSTR-4 while the iminosugar 4.8 had greater selective for SSTR-4 compared to 

SSTR-5.  The iminosugar 4.7 and the glycosylated peptide 4.18 were the only agents which showed 

moderate preferential selectivity for SSTR-5 (Table 1). Iminosugar 2.7 differs from analogs 2.5 

and 2.6, which have similar affinities for both isoforms, in that 2.7 contains free hydroxyl groups.  

Peptide 2.18 differs only from 2.17 due to the presence of the GlcNAc residue linked via the 

asparagine and 2.17 displayed similar activity for both isoforms.  
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Table 1 Binding affinities (Ki) of peptidomimetics for SSTRs: SSTR-4 [326]: Binding studies were performed 

with cell membranes from transiently transfected COS-1 cells as described [327]. 10 µg of membrane protein 

was incubated in 10 mM Hepes (pH 7.5), 5 mM. MgCl2, bacitracin (20 jig/ml), 0.5% bovine serum albumin, 

and 125I-labeled [Tyr11]-somatostatin-14 (30,000 cpm) with various concentrations of unlabeled somatostatin 

14 (1 µg) and compounds of interest for 2 hours at room temperature. Later, scintillation counting method was 

used for detection; SSTR-5 [328]: The SSTR-5 gene was cloned into pCMV6c expression vector [329] and 

transfected into COS1 cells. 20 µg of membrane protein preparation was incubated in 500 µL of Na+-free 

binding buffer (10 mM HEPES, 1% bovine serum albumi, 5mM MgCl2, 1mg/ml bacitracin, pH 7.45) containing 

approximately 10 pM of [125I-Tyr11]-somatostain-14 alone or with somatostatin-14 and compounds of interest 

at various concentrations for 2 hours at room temperature. Later, scintillation counting method was used for 

detection.  

Somatostatin 

mimetic 

 

Scaffold type    Ki, SSTR-4 (μM) Ki, SSTR-5 (μM) 

 

logP 

 

LLESSTR-4 

 

LLESSTR-5 

4.2 Pyranose >100        >100 -0.86 n. a n. a 

4.3 [325] Pyranose 1.1 not available 7.79 -1.83 n. a 

4.4 Iminosugar 4.4 ± 0.89 5.0 ± 0.66 7.58 -2.22 -2.27 

4.5 Iminosugar 1.9 ± 0.37  1.3 ± 0.08 8.67 -2.94 -2.78 

4.6 Iminosugar 5.4 ± 0.60 5.1 ± 0.91 2.89 2.38 2.40 

4.7 Iminosugar >100         23 ± 1.39 1.57 n. a 3.06 

4.8 Iminosugar 3.2 ±0.57        >100  0.48 5.01 n. a 

4.9  Macrocycle 0.58 ± 0.23 1.1 ± 0.25 4.30 1.94 1.65 

4.10 Macrocycle 1.9 ± 0.41 3.2 ± 0.71 4.48 1.24 1.01 

4.11 Pyranose 2.1 ± 0.26 3.9 ± 0.23 2.33 3.34 3.08 

4.12 Pyranose 6.8 ± 1.02         12 ± 1.35 2.38 2.79 2.54 

4.13 Macrocycle 21 ± 1.47        4.1 ± 0.88 2.05 n. a n. a 

4.14 Macrocycle >100        >100 2.50 n. a n. a 

4.15 Macrocycle >100        >100 3.73 0.94 1.66 

4.16 Peptide >100        >100 5.65 n. a n. a 

4.17 Peptide        7.2 ± 0.73         10 ± 1.12 2.58 2.56 2.42 

4.18 Peptide 20 ± 1.77         3.4 ± 0.52 5.87 -1.17 -0.40 
 Binding assays were carried out at CEREP (www.cerep.fr). LLE: Ligand Lipophilicity efficiency: linking potency and lipophilicity to estimate 

drug-likeness (LLE = pKi – logP).[22, 330] n.a : not active/not applied. 

In order, to hypothesize how the selectivities of these ligands might be influenced by scaffold and 

pharmacophoric groups, homology models of SSTR-4 and SSTR-5 were developed and utilized 

in docking. For the homology modeling, template-based modeling was implemented, which was 

based on accessed templates obtained from a BLASTp search as shown in Table 2 and Table 3.  

A selection was made based on complementarity with respect to the sequences of SSTR-4 (from 

Table 2) and SSTR-5 (from Table 3). A protein sequence of the human delta opioid 7-

transmembrane receptor (PDB: 4N6H [331], resolution = 1.80 Å, 48% sequence identity, 44.01% 

similarity, 72% coverage) was selected for SSTR-4 and a sequence of the nociceptin-orphanin FQ 

peptide receptor  (PDB: 5DHH [332], resolution 3.0 Å, 41.76% sequence identity, 40.08% seq. 

similarity,  70% coverage) was selected for SSTR-5. These were retrieved from the Research 

Collaboratory for Structural Bioinformatics - Protein Data Bank (RCSB-PDB).  

 

http://www.cerep.fr/
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Table 2 Available templates for building the SSTR-4 homology model 

Description Query 

cover 

E 

value 
Ident. PDB 

1.8 A Structure of the human delta opioid 7TM receptor  77% 4e-76 45% 4N6H 

Synchrotron structure of the human delta opioid receptor in complex with a 

bifunctional peptide  
73% 2e-75 47% 4RWA 

Crystal structure of active µ-opioid receptor bound to the agonist bu72 72% 5e-75 41% 5C1M 

Crystal structure of nociceptin/orphanin fq peptide receptor (nop) in complex 

with c-35  
72% 8e-70 44% 5DHG 

Structure of N/OFQ opioid receptor in complex with a peptide mimetic 72% 1e-69 44% 4EA3 

Structure of delta opioid receptor bound to naltrindole 74% 3e-57 47% 4EJ4 

Structure of the human kappa opioid receptor in complex with jdtic 75% 3e-56 44% 4DJH 

Crystal structure of µ -opioid receptor bound to a morphinan antagonist 70% 8e-53 43% 4DKL 

XFEL structure of human angiotensin receptor 72% 2e-43 31% 4YAY 

Crystal structure of human angiotensin receptor in complex with inverse agonist 

olmesartan  
71% 4e-43 31% 4ZUD 

Crystal structure of the human Cc chemokine receptor type 9 (CCR9) in 

complex with vercirnon 
69% 9e-36 30% 5LWE 

Table 3 Available templates for building the SSTR-5 homology model 

Description Query 

cover 

E 

value 
Ident. PDB 

Crystal structure of nociceptin/orphanin fq peptide receptor (nop) in complex 

with c-35  
75% 2e-65 44% 5DHH 

Structure of the N/OFQ opioid receptor in complex with a peptide mimetic 75% 3e-65 44% 4EA3 

Structure of the human delta opioid 7-TM receptor  85% 3e-59 41% 4N6H 

Synchrotron structure of human δ-opioid receptor in complex with a 

bifunctional peptide  
82% 3e-59 41% 4RWA 

Crystal structure of µ-opioid receptor bound to a morphinan antagonist 74% 6e-46 41% 4DKL 

Structure of δ-opioid receptor bound to naltrindole 81% 1e-44 41% 4EJ4 

Crystal structure of active µ-opioid receptor bound to the agonist Bu72 75% 8e-67 40% 5C1M 

Structure of human κ-opioid receptor in complex with JDTic  82% 1e-42 37% 4DJH 

XFEL structure of human Angiotensin Receptor 78% 3e-39 31% 4YAY 

Crystal structure of human angiotensin receptor in complex with inverse agonist 

olmesartan  
77% 1e-38 31% 4ZUD 

Structure of apelin receptor in complex with agonist peptide 81% 8e-35 28% 5VBL 

The built homology models were evaluated for structural consistency in a qualitative manner.  

Firstly, the RMSD value was compared between the homology model and the respective template.   

These were within acceptable limits (0.887 Å for SSTR-4 and 0.609 Å for SSTR-5, as shown in 

Figure 5). Next, Ramachandran plots were evaluated to investigate the geometry of amino acid 

residues in the homology models.  For SSTR-4 93.4% of the amino acids were in the most favored 

geometries and for SSTR-5 this was 96% as shown in Figure 6. The ERRAT plots, which are for 

the determination of errors in model building indicate a high degree of confidence (83.45% for 

SSTR4, 91.20% for SSTR-5) as shown in Figure 7 and Figure 8.  The z-score plots were obtained 

by the protein structure analysis tool (ProSA), as it evaluated the overall model quality; a score of 
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-3.87 was obtained for SSTR-4 as compared with -4.51 for the template PDB file used (4N6H) as 

shown in Figure 9.  A score of -3.08 was obtained for SSTR-5 as compared with a score of -3.23 

for the template PDB used (5DHH) [10] as shown in Figure 10.  These results provided assurance 

of a reasonable structural quality of the constructed homology models.  

 
Figure 5 (a) Superpose of a homology model of SSTR-4 (Orange) with its template (Grey). (b) Superpose of homology 

model of SSTR-5 (Green) with its template (Grey).  

 
Figure 6 The Ramachandran on the SSTR-4 (left) and SSTR-5 (right) 
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Figure 7 Errat plot for the SSTR-4 Homology model: Both the low confidence region 117-119 and 203-218 are 

localized in intracellular cytoplasmic domain and opposite to the orthosteric ligand site (surface plotted) 



 

164 
 

 
Figure 8 ERRAT plot for the SSTR-5 Homology model: The residues 179-184 is a part of loop and a tip of β-strand 

which is more than 4.5 Å away from the orthosteric binding cavity, while region 233-242 is a cytoplasmic domain 

positioning opposite to the orthosteric binding site and contains a loop region.  
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Figure 9 Comparative protein structure analysis (ProSA), calculates Z-score for (a) SSTR-4 homology model, (b) 

template (human delta opioid 7TM receptor, PDB- 4N6H). 

  
Figure 10 Comparative protein structure analysis (ProSA), calculates Z-score for (a) SSTR-5 homology model, (b) 

template (Nociceptin/orphanin Fq Peptide Receptor (nop), PDB- 5DHH). 
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Table 4 Comparative analysis of key residues within the active site domain of individual isoforms with the 

template amino acids. 

Template SSTR4 SSTR5 Template SSTR4 SSTR5 Template SSTR4 SSTR5 

Gln107 Val67 Leu96 Tyr131 Gly91 Gly120 Val279 Phe239 Phe264 

Asp110 Ser70 Gln99 Met134 Met94 Gln123 Gln280 Tyr240 Phe265 

Ile111 Ala71 Asn100 Phe135 Phe95 Phe124 Val283 Gln243 Asn268 

Trp116 Trp76 Trp105 Cys200 Cys162 Cys186 Leu301 Asn257 Tyr286 

Val126 Val86 Val115 Ile219 Thr179 Thr205 Arg302 His258 Phe287 

Ile127 Leu87 Met116 Ser223 Gly183 Gly209 Thr305 Leu261 Val290 

Asp130 Asp90 Asp119 Trp276 Trp236 Trp261 Tyr309 Tyr265 Tyr294 

Underlined amino acids are highly conserved through the GPCR family; Italics denote the key residues involved in 

antagonist/agonist binding interactions. 

To identify the active cavity on the surface of both proteins, the Molecular Operating Environment 

active site detection tool (MOE 2015.1001) was employed [333, 334]. Nehrung et al had 

performed mutation-based studies on Asp90 (SSTR-4) and Asp119 (SSTR-5) in transmembrane 

domain 3 (TM3) of both SSTR-4/5 isoforms, and this showed that an ionic interaction with the 

positively charged lysine amino group in the side chain is important for the binding of endogenous 

somatostatin (SRIF-14) [335, 336]. However, Kontoyianni et al. suggested two possible ligand 

binding modes, indicating one which makes a H-bond with Gln243 while the other mode involves 

interaction with Asp90 with the latter also indicating that heteroaryl moieties could engage in π-

stacking within the hydrophobic domain constituted by Phe175, Phe239, Trp171 and Tyr240 in 

the SSTR4 receptor [337]. Ozenberger and Hadcock reported a single site tyrosine substitution for 

Phe265 in the region of transmembrane domain 6 (TM6) of SSTR-5 and this resulted in altered 

ligand binding selectivity and loss of the binding preference of SSTR-5 for SRIF-28 over SRIF-

14 [338]. To the best of my knowledge, at the time of writing of this thesis, no more structural data 

information was available for these proteins and their interactions with their ligands. This led us 

to compare the active sites in the homology models with that of the template protein (human delta-

opioid receptor) used for generating the SSTR-4 homology model in the form where it was co-

crystallised with its ligand. The template is also a GPCR protein, which would help to evaluate 

whether amino acids in the active site could be important for the binding of somatostatins and their 

mimetics (see Table 4). The binding cavity was found to be relatively large, which is 
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commensurate with its requirement to bind SST-14. Smaller non-peptidic ligands could thus 

occupy different parts of this cavity. To explore these possibilities, docking was investigated. 

Firstly, a comparison of glucopyranoside 4.3 in SSTR-4 with peptidomimetics based on the 

iminosugar scaffold was made. The iminosugar derivative 4.4 retained potency to an extent, 

compared to 4.3, but had low isoform selectivity (Ki, SSTR-4/ SSTR-5 = 1.13, see Table 1). In the 

docking, the interaction of 4.4 with receptor site was found to be highly influenced by π-stacking 

interactions of its own aromatic rings (Figure 11) as well as with residues in the receptor. These 

were observed in both isoforms and may explain lack of selectivity observed.    

 

Figure 11 Compound 4.3 (green) exhibits a distinct binding mode, via interacting with Asp90 (2.21 Å) and aromatic 

π-π interaction with Tyr18. Iminosugar 4.4 (purple) lacks selectivity, displaying π-π interactions in SSTR-4 (3.52 Å) 

and in SSTR-5 (4.07 Å).  

A similar loss of preferential isoform selectivity was also observed (Ki, SSTR-4: SSTR-5 = 1.46, see 

Table 1) when comparing 4.4 with 4.5.  The similar π-stacking interactions of benzyl group 

aromatic rings for both isoforms are again believed to be the major influence in there being little 

selectivity (see, Figure 12), although there was a slight variation in the docked binding mode for 

4.5, when compared to 4.4. The acetylated analog 4.6, containing acetates rather than aromatic 

residues, showed low selectivity (Ki, SSTR-4: SSTR-5 = 1.05) to 4.4 and 4.5, which may be due to 

various interactions in the orthosteric binding sites of both these proteins [339-341].   

In contrast, the trihydroxylated 4.7 displayed selectivity towards SSTR-5 albeit with low potency 

(shown in Figure 12).  Molecular modeling of 4.7 showed that a H-bond donor interaction with 

one of the hydroxyl groups of the iminosugar core with the backbone of Asn268 of the receptor 

and there was an interaction of the naphthyl group with Phe201; these may explain the selectivity 

seen for 2.7 for SSTR-5. The modelled structure of 4.8 (more selective for SSTR-4) shows that its 

amino group has a shared interaction with the backbone of Asp90-Gly91 (2.82 Å) residues of 
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SSTR-4 while its indole ring engages in H-bond donor interactions with the amide group of the 

Gln243 (2.74 Å) side chain and π-π interactions with Phe239 (3.89 Å). These indicate that the 

presence of the indole group is helpful in stabilising/adopting the bound structure of 4.8 to SSTR-

4; these interactions are not possible for SSTR5 and could account for the selectivity shown for 

4.8.  

 

 

 
Figure 12 Iminosugars shown in a docked interactive mode. Tri-O-benzylated 4.5 (Cyan) with SSTR-4 (π-π 

interactions with His258 (3.67 Å) & H-bond donor interaction with Leu87 (2.29 Å)) and with SSTR-5 (H-bond donor 

interaction with Thr205 (2.95 Å)); Compound 4.6 (pink) with SSTR-4 (H-bond donor interactions with the backbone 

of Gly91(3.05 Å) and Leu87 (2.39 Å), π-π interaction with His258 (4.07 Å)) and with SSTR-5 (H-bonding donor-
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acceptor interactions with Ala188 (2.19 Å) & Gln123 (2.32 Å)); Interaction of compound 4.7 (blue) with SSTR-5 

(naphthyl functionality has π-π interaction with Phe201 (3.48 and 3.79 Å) and polar carbohydrate head has H-bond 

donor interaction with Asn268 (2.44 Å)); Compound 4.8 (yellow) with SSTR-4 (H-bond donor interactions with 

Asp90-Gly91 and Gln243).  

 

 
Figure 13 Docked mode of ManNAc derivatives: Compound 4.11 (green) with SSTR-4 (H-bond donor with Asp90 

(1.81 Å) & π-π interaction with Phe175 (4.21 Å)) and with SSTR-5 (H-bond donor interaction with Met170 (2.85 Å), 

Gln123 (2.27 & 2.57 Å); Compound 4.12 (pink) with SSTR4 (H-bond donor interaction with Leu87 (2.81 Å) and 

para-OMe-phenyl ring inserted into the hydrophobic cavity, constituted by the Tyr265, Trp236 and Phe239), and with 

SSTR-5 (π-π interaction with Trp190 (3.76 Å & 4.05 Å) and H-bond with Gln123 (2.65 Å) respectively). 

The binding modes of ManNAc derivatives, 4.11 and 4.12 (Figure 13) showed interactions with 

both receptors consistent with relatively low selectivity (Ki, SSTR-4: SSTR-5 ≈ 1.8, see Table 1).  The 

SSTR isoform’s active site cavities are large and this may contribute to poor selectivity observed 

for these pyranose derivatives [342].  

The benzomacrolactone based mimetics 4.9 and 4.10 (Figure 14) which although having improved 

affinities compared to iminosugar and pyranose-based scaffolds showed low selectivities for the 

SSTR isoforms and this was also consistent with interactions observed in both binding sites.  

Changing the structure of the macrocyclic scaffold to that found in 4.14 and 4.15 showed a 

complete loss of affinity to both isoforms of these receptors, despite these scaffolds presenting 
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naphthyl and alkyl amine groups found in 4.5-4.7. On the other hand, if the tryptophan side chain 

is incorporated onto this type of macrocycle, even without the apparently required lysine residue 

as in 4.13 then affinity is restored to a degree [343, 344]. Five-fold isoform selectivity was 

observed for 4.13 for SSTR-5 (see Figure 14) and this is proposed to arise due a π-π interaction 

with its Tyr-294. 

  

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
Figure 14 Interactive mode of macrocycles: (a) 4.9 (blue) with SSTR-4.  The phenol moiety has π-π interaction with 

Phe175 (3.60 Å), the butenylamine shows H-bond donation to the COOH group of Asp90 (3.19 Å) and the amide 

carbonyl of the indole side chain has a H-bond acceptor interaction with Asn246 (2.93 Å)).  For SSTR-5 the phenol 

moiety has a π-π interaction with Trp190 (1.96 Å), a H-bond acceptor interaction with the amide group of Asn268 

(1.91 Å), a π-π interaction of the benzyl and indole groups with Phe201 (2.58 Å) and Phe265 (2.35 Å & 2.34 Å) 

respectively, and there are additional H-bond donor interactions of the butenylamine with the COOH group of Asp119 

side chain (2.13 Å)). (b) 4.10 (orange) with SSTR4:  a benzene residue was parallel to Trp76 in a π-sacking manner 
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(3.46 Å) and a H-bond donor interaction was observed for the free hydroxyl group with Asp90.  This compound with 

SSTR-5 showed that the benzene residue has a T-shaped π-π interaction [345] with Trp105 (3.91 Å) whereas the indole 

displayed a sandwich-type π-π interaction [345] with Tyr286 (3.54 Å and 3.41 Å), whereas the phenolic (OH) and 

macrocycle oxygen atom  shows H-bond donor and acceptor interactions with Gln99 (2.11 Å) and phenol of Tyr286 

(2.17 Å) respectively); (c) 4.13 (brown) with SSTR-4 utilised H-bond donor/acceptor interactions with Asp90 (2.12 

Å) and Gln123 (3.09 Å) respectively, while it shows a H-bond donor interaction with Tyr294 (2.67 Å) and π-π 

interaction with Tyr286 (4.48 Å) of SSTR-5.  

Next, a comparison of the larger peptide ligands (4.16-4.18) by molecular modeling showed three 

features. Firstly 4.16 occupied a greater space in the receptor than the other ligands are shown so 

far [346]. Constraining the peptide into a cyclic structure giving 4.17 reduced the overall size of 

the cavity occupied by the peptide and also reduced conformational flexibility leading to improved 

binding [347]. The presence of the GlcNAc residue in 4.18 led to an increase in selectivity for 

SSTR-5 [348]. Interestingly, the GlcNAc unit of 4.18 showed intramolecular H-bond interactions 

in both the binding poses to both SSTR-4 and SSTR-5 isoforms, which led 4.18 to adopt a different 

conformation to 4.17. For SSTR-5, the indole of 4.18 was proximal to Phe201 (shown in Figure 

15) and this interaction was not observed for the various non-peptide-based structures described 

above. This indicates the potential utilization of an alternative site which could be explored in drug 

design (Figure 15). 

   
Figure 15 Peptides 4.17 (cyan) and 4.18 (orange) are docked to SSTR-4 (left) and SSTR-5 (right).  In both cases, a 

number of peptide backbone intermolecular H-bond interactions were found. The amino acid functional epitopes (Lys, 

Trp, Phe) along with the glycosylated amino acid (ball and stick representation in the first structure on left, SSTR-4) 

behavior with proteins, was primarily considered. As observed for SSTR-4, 4.18 and 4.17 spanned the wide binding 

cavities and adopted unrelated binding modes. The 4.17 peptide backbone had H-bond acceptor/donor interactions 

with Asp90 (2.22 Å & 2.40 Å), Thr179 (2.75 Å), Gln243 (2.29 Å) and its Trp indole group displayed a H-bond donor 

interaction with the backbone of Cys162 (2.80 Å). In the case of 4.18, the peptide backbone also showed H-bond 

acceptor/donor interactions with Asp90 (3.02 Å) as well as with Cys162 (2.65 Å), Asn246 (2.54 Å), His258 (2.18 Å).  

The Lys sidechain of SMS3 had H-bond acceptor interactions with the backbone of Asp253 (2.47 Å).  However, in 

case of SSTR-5, there was a similar binding pattern for both 4.17/4.18, as their peptide backbone interacted with the 

same amino acids of the cavity. The 4.17 peptide backbone interacts through H-bond acceptor/donor interactions with 
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Ala188 (2.16 Å), Asn187 (2.99 Å), Tyr286 (2.80 Å), Gln99 (2.34 Å) & Met116 (2.72 Å). On the other hand, the 4.18 

peptide backbone interacts through H-bond acceptor/donor interactions with Gln123 (2.54 Å), Ala188(2.76 Å), Tyr286 

(2.31 Å). The indole ring of 4.18 had π-stacking interactions with Phe201 (3.82 Å and 4.14 Å) while the GlcNAc 

residue had H-bond acceptor interactions with Asn187 (2.80 Å). 

4.1.3 Conclusions and Future Perspective 

Various scaffold or scaffold-based ligand design for somatostatin receptors, including 

iminosugars, ManNAc, (glyco)peptides and macrocycles inspired by natural products have been 

explored as ligands for somatostatin receptors. Their binding affinities for somatostatin receptors 

were determined and hypotheses for their modes of interaction with these receptors generated 

using molecular modeling. This has included construction of homology models for SSTR-4 and 

SSTR-5, which disclosed some key interactions with certain amino acid residues which from the 

docking was ligand-dependent. The study showed that various functional groups could interact 

with these key amino acid residues in a wide-ranging manner and this was due to the large active 

site cavity enabling it to interact with the ligands.  Many of these key amino acids are evolutionarily 

conserved and only a few have been found to be mutated, and these are comprehensively listed in 

Table 4. Because of the size of this cavity, smaller sized ligands could adopt various different 

binding poses [349]. Some observations were also made in the case of the larger docked peptidyl 

somatostatin mimetics. The peptide backbone of 4.17 bonded to SSTR-4 more often through H-

bond donor interactions which was very different to its proposed binding to SSTR-5.  Study of the 

glycosylated 4.18 binding (shown in Table 5), indicated the possibility of two binding modes to 

SSTR-4 (indicated in Table 5) [337].  

Moreover, it has been postulated that the interaction of ligands with His258 of SSTR-4 could lead 

to agonist activity. This interaction was seen in the docking of the iminosugars 4.5 and 4.6, and 

glycosylated 4.18 [337]. In general, favorable interactions are predicted when the hydroxyl groups 

on various scaffolds were not protected allowing these hydrophilic groups interact with polar 

surface areas of the receptors. This was seen computationally in case of compounds 4.7, 4.8, 4.11-

4.13 and 4.18 although have not received bioassay support as of yet for this for these compounds 

[350, 351]. This could be explored in future work or form the basis for the design of agonists.  

This study has contributed to the identification of new inhibitors and provides a basis for the design 

and synthesis of ligands for SSTR-4 and SSTR-5 as well for generating hypotheses regarding their 

modes of binding. The homology models provided can be useful for performing any further 

structure-based ligand design for these receptors in lieu of crystal structures. More generally, 
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ligand-based design has potential to identify new pharmacophoric groups together with new 

scaffolds that can identify new chemical entities that target large active sites in proteins. 

Table 5 Summary of predicted interactions of ligands with the SSTR-4 and SSTR-5 from docking 

Compound SSTR-4 SSTR-5 

4.3 H→Asp90, Bni-π-π-Tyr18 n. a 

4.4 H→Ser70, Bni-π-π-Phe239, Bni-π-π-Bni H→Gln99, Bni-Trp190, Bni-π-π-Bni 

4.5 H→Leu87, Bni-π-π-His258, Bni-π-π-Bni H→Thr205, Bni-π-π-Bni 

4.6 H→Leu87, H→Gly91, Napi-π-π-His258  H→Gln123, H←Ala188 

4.7 n. a H→Asn268, Napi-π-π-Phe201 

4.8 H→Gly91, H→Gln123, Indi-π-π-Phe239 n. a 

4.9 H→Asp90, H←Asn293, PhOi-π-π-Phe175 H→Asp119, H→Asn268, Bni-π-π-Phe201, 

Indi-π-π-Phe210, Indi-π-π-Phe265, Phei-π-π-

Trp190  

4.10 Bni-π-π-Trp76, H→Asp90 H→Gln99, H→Tyr286, Bni-π-π-Trp105, 

Indi-π-π-Tyr286, Indi-π-π-Tyr286 

4.11 H→Asp90, S-Toli-π-π-Phe175, Hi↔[HO∙∙∙HO] H→Gln123, H-Met170, H→Phe265, 

Hi↔[HO∙∙∙HO] 

4.12 H→Leu87 H→Gln123, S-Toli-π-π-Trp90, Indi-π-π-

Trp90, Intra H↔[HO∙∙∙HO] 

4.13 H→Asp90, H→Gln243  H→Tyr294, Indi-π-π-Phe286 

4.17 H→Asp90, H→Cys162, H→Thr179, 

H←Gln243,  

H→Met116, H←Gln99, H←Tyr286, 

H←Asn187, H←Ala188 

4.18 H→Asp90, H←Cys162, H←His258, 

H←Asn246, H→Asp253  

H←Gln123, H←Tyr286, H←Asn187, 

H←Ala188, Indi-π-π-Phe201 

H→: Hydrogen bond donor; H←: Hydrogen bond acceptor; Bni: Benzyl functionality of the molecule; Indi: indole 

functionality of the molecule, S-Toli: S-toluene functionality of the molecule; Phei: Phenyl functionality of the 

molecule; PhOi: Phenoxy functionality of the molecule; Hi↔ intramolecular H-bonding of the molecule.  
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Objective 4.2 To rationalize the targeting of L-fucose analogs with fucosidases of various origin 

4.2.1 Introduction 

Iminosugars and their derivatives are inhibitors of enzymes of medicinal interest. These include 

glycosidases, glycosyltransferases [352, 353], glycogen phosphorylases [354], nucleoside-

processing enzymes [355], a sugar nucleotide mutase [356, 357], metalloproteinases [358] and 

others [359]. Iminosugars inhibit glycosidases, due to their ability to bind at the active sites of 

these enzymes [360-362]. The range of enzymes inhibited by iminosugars indicates they have 

promise as new medicines for diseases such as diabetes, viral infections or lysosomal storage 

disorders [363]  α-Fucosidase is involved in the removal of non-reducing terminal L-fucose 

residues that are connected to oligosaccharides via α-1,2; α-1,3; α-1,4 or α-1,6-linkages. L-Fucose 

(4.19) is found on glycans that participate in cell-cell interactions and cell migration.  These events 

are connected to physiological and pathological processes such as fertilization, embryogenesis, 

lymphocyte trafficking, immune responses, and cancer metastasis [364-366]. A variety of 

physiological and pathological events are associated with fucose containing glycoconjugates.  For 

instance, aberrant distribution of α-fucosidase has been reported as being relevant to inflammation 

[367], cancer [368], and cystic fibrosis [369]. These enzymes have been recognized as diagnostic 

markers for the early detection of colorectal [370] and hepatocellular cancers, and this is due to 

the presence of α-fucosidase inpatient serums. α-Fucosidase inhibitors may be used to study their 

functions and could form the basis of developing therapeutic agents [371].  Fuconojirimycins 4.21, 

4.22 and the 1-deoxy analog 4.20 (DFJ) are key inhibitors of α-L-fucosidases. Other compounds 

assessed for their fucosidase inhibitory properties are also shown in Figure 16 with their reported 

Ki values. 

 
Figure 16  Various fucosidase inhibitors: L-fuconojirimycin 4.21 & 4.22 [372]; natural or semi-synthetic inhibitors 

contains 1-deoxyfuconojirimycin (DFJ), β-hydroxymethyl 1-deoxyfuconojirimycin (β-HFJ), 1-

deoxymannojirimycin (DMJ), mannojirimycin (α-HMJ) [373, 374]. 
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In recent years, N-alkylated iminosugars have shown improved in vivo and in vitro activities, 

mainly due to their improved lipophilicity, which may facilitate their crossing of the plasma 

membrane into cells [375-377]. In some cases, the appended alkyl groups are involved in 

hydrophobic interactions in the hydrophobic pocket of the target proteins. N-Butyl-1-

deoxynojirimycin (zavesca®) has been approved for Gaucher disease and N-hydroxyethyl-DNJ 

(glyset®) is used for type-II diabetes-associated complications [378]. Also, N-alkyl DNJs [379, 

380] such as zavesca®, N-nonyl-DNJ and 4.23a-c [381] (shown in Figure 17) act as highly potent 

pharmacological chaperones for the potential treatment of Gaucher [382] and Pompe [383] 

diseases by ‘rescuing’ mutant enzymes. Kelly et al [384] and Overkleeft et al [385] have shown 

that additional attachment of a large lipophilic substituent (such as the adamantyl group) (see 

4.23d-e in Figure 17) increases the interaction with the glucocerebrosidase involved in lysosomal 

glycosphingolipid processing. 

 
Figure 17 Bioactive N-alkylated iminosugars. 

A number of N-alkyl DFJ derivatives have been synthesized previously. This includes an N-

(aminopropyl) derivative prepared by Hung’s group which had an IC50 of 70 nM as an inhibitor of 

the fucosidase from T. maritima [386]. Some N-alkyl DFJ derivatives have been evaluated against 

fucosyl transferases [387]. N-Methylated-DFJ showed weak anti-HIV activity and no cytotoxicity 

in a study where various glycosidase inhibitors were screened [388]. Conformationally constrained 

N-alkyl DFJ derivatives were inhibitors of bovine epididymis α-L-fucosidase [389]. An analog of 

castanospermine with the L-fuco configuration and its fucosidase activity was described by 

Paulsen and co-workers [390]. 

Herein, the synthesis of new N-alkylated-1-deoxyfuconojirimycins and their testing against α-

fucosidases and cancer cell lines has been carried out. Molecular modeling has been used to 

generate hypotheses about their modes of binding. N-Decyl-1-deoxyfuconojirimycin (N-decyl-

DFJ) was found to be toxic against various cancer cell lines. 
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4.2.2 Results and Discussion 

 

Figure 18 In-house synthesized compounds  

4.2.2.1 Inhibition of fucosidases and structure-activity relationship 

The N-alkyl DFJs were tested as inhibitors of the fucosidase from T. maritima (bacterial origin) 

and B. taurus (bovine origin), and the IC50 values obtained are summarized in Table 6.  The T. 

maritima enzyme shares 38% identity with its human counterpart and is speculated to have a role 

in the modification of hemicelluloses [48].  The bovine-derived fucosidase has been widely used 

in N-glycan, blood group oligosaccharide, and glycolipid analysis. Only DFJ (4.20) showed 

moderate inhibition (IC50, 8 µM) of the fucosidase from T. maritima. The active site of the 

fucosidase from T. maritima did not tolerate the presence of a butyl or hydroxybutyl group on the 

piperidine.  Examination of the binding pose of L-fucose with the α-fucosidase of T. maritima in 

a co-crystal structure [391] indicated that the L-fucose is tightly enveloped by residues in the 

enzyme.  These residues (see in Figure 19) could prevent binding of N-substituted iminosugars 

assuming the fucopyranose mimetic 4.20 binds in a similar manner to L-fucopyranose. 

 

Figure 19 The interactions between α-fucosidase from T. maritima and α-L-fucopyranose. H-bonds are shown as 

dashed lines and van der Waals contacts are shown as bold dotted lines. 

The N-butyl derivative 4.26 did not inhibit, at concentrations up to 100 µM, the fucosidase B. 

taurus from bovine kidney (Table 2), whereas the butanol derivative 4.29 had an IC50 of 30 µM.  
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Also, determined an IC50 of 0.3 µM for 4.20 which agreed with a reported IC50 for 4.20 (0.4 µM) 

for the fucosidase from B. taurus [392]. However, lengthening the alkyl chain led to improved 

activity for as seen for N-decyl derivative 4.24 (IC50 = 2.5 µM). By comparing the aliphatic side 

chains of 4.24-4.26, it can be concluded that having a longer alkyl group gives rise to improved 

inhibitory activity. Compound 4.28 which had an adamantyl group on the N-side chain was less 

potent with an IC50 of 90 µM. The N-ethanol derivative 4.27 showed IC50 value of 27 µM, similar 

to that of the N-butanol derivative. The altronojirimycin derivative 4.23 (Table 6) did not show 

any inhibition towards the tested α-fucosidases. In addition to the IC50 determination, some 

physicochemical parameters (LogP, LipE and logD) were calculated. In terms of oral 

administration, LogP values should be less than 5 according to Lipinski’s rules of five, which most 

of the N-alkylated derivatives show [252]. LogP values between 2 and 3 are often considered 

optimal to achieve a compromise between permeability and first-pass clearance, which is quite 

comprehensively shown by compound 4.24. LipE is another parameter which links the potency 

(IC50) and lipophilicity (logD) in an attempt to estimate drug-likeness of a particular structure.  A 

satisfactory LipE value would indicate selectivity for the target of interest versus a generic 

hydrophobic environment [393]. A LipE measurement of 6 represents one-million-fold selectivity 

for the target versus a generic hydrophobic environment while a LipE of zero indicates no 

selectivity. Compounds 2.20 and 2.27 had values higher than 6. 

Table 6. IC50 values (µM) and other parameters 

Compound IC50  (fucosidase 

from B. taurus) 

IC50
 (fucosidase 

from T. maritima) 

LogPd LogD For fucosidase from 

B. taurus 

pIC50 LipEe 

4.20 (DFJ) 0.3 (0.4)[392] 8 -1.71 -2.23 6.52 8.75 

4.25 25 N. D.b 1.723 1.02 4.60 3.57 

4.24 2.5 N. D. 2.60 2.04 5.60 3.55 

4.26 >100 >100 -0.04 -1.02 <4 N. A. 

4.27 27 N. D. -2.13 -1.83 4.56 6.40 

4.29 30 >100 -0.07 1.05 4.52 3.47 

4.28 90 N. D. -1.25 -1.81 4.04 5.86 

4.23 >100 >100 -1.71 -2.23 <4 N. A. 
b N. D. = not determined; d based on Labute et al method calculated by CCG MOE2018.01; e LipE = pIC50 - log D [393];  

4.2.2.2 Molecular modeling 

Molecular modeling was used in order to hypothesize how the fuconojirimycin derivatives may 

interact with the fucosidases and to provide a basis for the development of more potent inhibitors.  

The 3D-coordinates for the fucosidase from T. maritima (PDB code: 2ZXD) were retrieved from 

Royal Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB-PDB) [394]. The 
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fucosidase of bovine origin was modeled using the α-L-fucosidase of T. maritima as a template.  

The sequence for the bovine fucosidase B. taurus was obtained from NCBI (National Center for 

Biotechnology Information).  A BlastP search was then conducted which showed a number of 

possible templates for constructing the homology model (results from the BlastP search are 

provided in Table 8). Five templates were found with >35% of residues matching, and the length 

of each template was ≥ 85% of that of the B. taurus input sequence and therefore homology models 

were built for each of these. These homology models were then evaluated based on their qualitative 

structural uniformity by (a) superimposition of the homology models over their templates (see in 

Figure 21), (b) Comparing ProSA Z-score of homology models with their templates (see in 

Figures 22-26), (c) Errat plots of models (see Figure 27-31) and Ramachandran plots (see in 

Figure 32-34).  Model-4 (Table 7) developed based on the template of a fucosyl hydrolase from 

a strain of T. maritima was selected based on the data presented in Table 3 for further molecular 

modeling studies. Three residues were found to be outliers in this model, and they were later were 

energy minimized. The plots obtained before and after minimization are provided in Figure 34. 

Comparing the pairwise sequence alignment of fucosidase of B. taurus with that from T. maritima 

showed the similarity of their structures (Figure 20). 

Table 7 Evaluation of the constructed homology models prepared from five available PDBs with identity ≥ 35% in 

their amino acid sequence. Qualitative structural measurements are provided in the form of Ramachandran plot, 

ERRAT plot, Verify-3D, ProA, Z-Score and superpose of homology model with their templates. 

(a residues in Ramachandran plot are calculated as ~0.3 = 1)   

 

Models Ramachandran Plota ERRA

T Plot 

Verif

y 3D 

Superpose 

RMSD (Å) 

ProSa Z-Score 

 % 

residue 

in 

favoured 

region 

% residue 

in 

additional 

allowed 

region 

% residue 

in 

generously 

allowed 

region 

% residue 

in 

disallowed 

region 

  Template  Homolog

y model 

Templ

ate 

ΔZ-

score  

1 85.1 7.3 0.6 

 

0.9 

 

84.57 80.65 1HL9_B 

(0.739) 

-7.26 -9.87 

0.26 

2 84.5 13 1.5 

 

0.9 86.74 89.25 2ZWY_A 

(1.174) 

-7.47 -10.29 

0.27 

3 88.2 9.3 1.5  0.9 82.20 80.11 1HL9_A 

(1.050) 

-6.96 -9.33 

0.25 

4 85.1 12.1 1.9 0.9 86.04 87.37 2WSP_A 

(0.926) 

-7.69 -10.27 

0.25 

5 69.7 25.7 3.1 1.5 79.73 86.24 1ODU_A 

(1.89) 

-6.75 -9.81 

0.31 
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Figure 20 The sequence alignment of model 4 with its template 2wsp_A showing evolutionary conserved residues.  

Table 8 BlastP search generating possible template candidates for the B. Taurus fucosidase 

Protein Names Coverage E-Value Identity PDB 

Chain A, crystal structure of Thermotoga maritima alpha-fucosidase 

in complex with fucose 
87% 4e-66 36% 1ODU_A 

Chain A, alpha-l-fucosidase 87% 5e-66 35% 2ZWY_A 

Chain A, crystal structure of thermotoga maritima alpha-fucosidase 87% 1e-65 35% 1HL9_A 

Chain B, crystal structure of thermotoga maritima alpha-fucosidase 87% 1e-65 35% 1HL9_B 

Chain A, Thermotoga Maritima alpha-l-fucosynthase, Tmd224g, in 

complex with Alpha-L-Fuc-(1-2)-Beta-L-Fuc-N3 
87% 4e-65 35% 2WSP_A 

Chain A, crystal structure of a bacterial fucosidase with 

Iminocyclitol (2s,3s, 4r,5s)-3,4-dihydroxy-2-ethynyl-5-

methylpyrrolidine 

84% 5e-37 26% 4PCT_A 

Chain A, crystal structure of a bacterial fucosidase with inhibitor 1-

phenyl-4- [(2s,3s,4r,5s)-3,4-dihydroxy-5-methylpyrrolidin-2-

yl]triazole 

84% 7e-37 26% 4PEE_A 

Chain A, crystal structure of an alpha-l-fucosidase gh29 from 

Bacteroides thetaiotaomicron 
84% 8e-37 26% 2WVV_A 

Chain B, crystal structure of an alpha-l-fucosidase Gh29 From 

Bacteroides thetaiotaomicron 
84% 8e-37 26% 2WVV_B 

Chain A, crystal structure of a bacterial fucosidase with 

Iminocyclitol (2s,3s, 4r,5s)-3,4-dihydroxy-2-ethynyl-5-

methylpyrrolidine 

84% 8e-37 26% 5I5R_A 

Chain A, crystal structure of an alpha-l-fucosidase Gh29 from 

Bacteroides thetaiotaomicron in complex with 

Deoxyfuconojirimycin 

84% 8e-37 26% 2XIB_A 
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Figure 21 (A) Superpose of model 1 (green) with template (1HL9.B, Brown); (B) Superpose of model 2 (magenta) 

with template (2ZWY.A, Brown); (C) Superpose of model 3 (Blue) with template (1HL9.A, Brown); (D) Superpose 

of model 4 (Green) with template (2WSP.A, Brown); (E) Superpose of model 5 (cyan) with template (1ODU.A, 

Brown) 

  
Figure 22 Comparative protein structure analysis (ProSA) calculates Z-score for (a) homology model 1 (left), (b) 

template (1HL9.B) (right). 
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Figure 23 Comparative protein structure analysis (ProSA) calculates Z-score for (a) homology model 2 (left), (b) 

template (2ZWY.A) (right). 

 

 
Figure 24 Comparative protein structure analysis (ProSA) calculates Z-score for (a) homology model 3 (left), (b) 

template (1HL9.A) (right). 
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Figure 25 Comparative protein structure analysis (ProSA) calculates Z-score for (a) homology model 4 (left), (b) 

template (2WSP.A) (right). 

 

 
Figure 26 Comparative protein structure analysis (ProSA) calculates Z-score for (a) homology model 5 (left), (b) 

template (1ODU.A) (right). 
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Figure 27 ERRAT plot of Model 1.  

 
Figure 28 The ERRAT plot of Model 2.  
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Figure 29 ERRAT plot of Model 3.  

 
Figure 30 ERRAT plot of Model 4.  
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Figure 31 ERRAT plot of Model 5.  

 
Figure 32 Ramachandran plot for Model 1 (left) and model 2 (right) 
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Figure 33 Ramachandran plot for Model 3 (left) and model 5 (right) 

 
Figure 34 Ramachandran plot for Model 4 (left) and its energy minimized model (right)  
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The docking of 4.20 with the crystal structure for the fucosidase from T. maritima was carried out 

and it suggested a H-bond acceptor/donor network, where hydroxyl groups of the iminosugar 

interacted with the side chain of Glu66 (1.97 Å), Trp67 (2.33 Å) and Asp224 (2.04 Å), as shown 

in Figure 35A. The protonated nitrogen of the iminosugar had a H-bond donor interaction with 

the carboxyl group in the side chain of Asp224 (2.05 Å).  The docking showed how closely the 

calculated binding mode of 4.20 resembles the already reported binding of iso-6FNJ in the crystal 

structure bound to the fucosidase from T. maritima (see Figure 35B). Furthermore, the docking of 

4.20 with the homology model of the B. taurus fucosidase indicated similar binding interactions 

to those seen for T. maritima.  The hydroxyl groups of 4.20 had H-bond acceptor/donor interactions 

with Val77 (2.25 Å) and Asn282 (2.31 Å), while the protonated nitrogen was predicted to have H-

bond donor interactions with Cys240 (2.45 Å), see in Figure 35C. Also, a similar trend was noted 

after docking of 4.24 as its C-4 hydroxyl group was involved in a H-bond donor interaction with 

Cys240 (1.94 Å), while the protonated nitrogen had a H-bond donor interaction with Cys240 (1.92 

Å). The nonane chain of 4.24 was placed by docking into a hydrophobic cavity constituted by 

aromatic residues (His82, Tyr126, Trp172) on one side while residues 281-283 and Trp248 were 

found on the other side of the domain.  These are shown in Fig. 35D. 
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Figure 35 (A) The docking pose of 4.20 (orange) with the fucosidase of T. maritima; (B) superpose of binding pose 

of 2.20 (orange) with co-crystallised ligand (brown) of 2WSP_A (model 4, Table 3); (C) docking pose of 4.20 with 

fucosidase of B. taurus; (D) docking pose of 4.24 (blue) with fucosidase of B. taurus.  

In order, to gain confidence regarding the reliability of the docked poses for 4.20 and 4.24, they 

were selected for 100 ps molecular dynamics simulations (MD). The complex of 4.20 with the 

fucosidase of T. maritima showed stability after 10 picoseconds (ps) of the simulation (RMSD was 

consistently ~1.9 Å, Figure 36A). The same protocol was applied on the docked complex of 4.20 

with the fucosidase of B. taurus; the ligand-protein complex showed fluctuation in first 10 ps and 

then the RMSD maintained a stable value ~ 2.8 Å (Figure 36B). The complex of 4.24 to fucosidase 

of B. taurus complex showed stability after 20 ps with an RMSD value of ~3.2 Å (Figure 36C). 

The MD simulation demonstrated the docked ligand-protein complexes were stable and generated 

confidence that they form the basis of a reasonable hypothesis as to the nature of inhibitor binding 

[395]. 
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Figure 36 MD run over 100ps, (A) compound 4.20 (with fucosidase of T. maritima) with RMSD 1.88 Å; (A) 

Compound 4.20 with B. taurus fucosidase has RMSD 2.76 Å (C) Compound 4.24 with B. taurus fucosidase had an 

RMSD of 3.20 Å. 

To further evaluate molecules against human fucosidase, a reverse docking strategy was performed 

[276]. The consistency and suitability of docking placement methods (in MOE 2018.01) with 

respect to the activities of compounds were evaluated.  Hence the 3D structure of human alpha 

fucosidase was next modeled using the same template which was used for fucosidase of B. taurus 

origin (2WSP_A). The quality of the human homology model generated (Figure 40A) was 

evaluated using Ramachandran plot (residues in most favored regions (86.9%), residues in 

additional allowed regions (10.5%), residues in generously allowed regions (1.4%) residues in 
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disallowed regions (1.1%,), see in Figure 37) and ProSA Z-score (see in Figure 38), Errat plot 

(88.86) in Figure 39 and Verify 3D score (88.81%). The residues Lys52, Phe184, His396 and 

Asp432 were found as outliers and are not in the active site (Figure 40B)  

 
Figure 37 Ramachandran plot for human fucosidase homology model  
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Figure 38 Comparative protein structure analysis (ProSA) calculates Z-score for (a) Human fucosidase homology 

model (left), (b) template (2WSP.A) (right). 

 
Figure 39 ERRAT plot of human fucosidase homology model 
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Figure 40 (A) The RMSD value between the template (2WSP, yellow) and the human fucosidase homology model 

(green), which are superposed, was 0.71. The black rectangle outlines the active site. (B) The binding site is shown in 

grey. The red spheres are atoms with potential to interact with hydrophobic groups, whereas the grey spheres 

correspond to atoms that have potential as H-bonding donors/acceptors.    

The IC50/KD values (Table 9) for inhibitors (Figure 41) of the human fucosidase (HuF) from the 

work of Ho et al [396] were used to generate scatter plots (see Figure 42).  Trend lines were 

generated and R2 values were determined; these showed an association between the docking 

placement method with respect to the inhibitory properties.  The docking scores are shown in 

Table 9.   
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Figure 41 The compounds of Ho et al [386] used in the docking study. 

Table 9 Comparison of scores attained from docking placement methods against the IC50/KD values for the 

compounds against human fucosidase (HuF) and T. maritima fucosidase. 
Compds Ki/IC50 for 

HuF (µM) 

Ki/IC50 for 

TM (µM) 

Alpha Triangle 

Method  

Triangle Matcher 

Method 

Alpha PMI  

Method 

HuFa TMb HuFa TMb HuFa TMb 

4.30 0.0056c 0.000105c -12.037 -12.114 -11.887 -12.199 -13.011 -12.357 

4.31 0.0097c 0.000259c -11.451 -11.78 -11.764 -12.002 -12.882 -12.41 

4.32 0.0117c 0.00119c -11.393 -11.491 -11.119 -11.833 -12.50 -12.042 

4.33 0.018c 0.00101c -11.108 -11.542 -10.810 -11.809 -12.619 -11.945 

4.34 0.018d 0.052d -10.920 -11.304 -10.991 -10.892 -12.451 -11.807 

4.35 0.035d 0.064d -10.543 -10.928 -10.605 -10.712 -11.521 -11.065 

4.36 0.092d 0.070d -10.008 -10.637 -9.332 -10.288 -11.402 -10.42 

4.37 0.106d 0.267d -10.219 -10.419 -9.290 -9.074 -11.477 -10.317 
a Human fucosidase homology model; b fucosidase of T. maritima c Ki values in µM; d IC50 values in µM. 

For this study, three different docking placement methods, available in MOE 2018.01, were 

investigated.  Of the docking methods, the triangle matcher placement method performed better 

than the alpha triangle and alpha PMI placement methods. With this method, there were 

coefficients of determination of 0.908 and 0.8731, which were higher than those of the other two 

methods (see Figure 42 and Figure 43).   
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Figure 42 Plots of docking E-score (y-axis) and Ki/IC50 values (nM) for human fucosidase (x-axis) for three docking 

placement methods (See Table 4 for data used).   

 

 
Figure 43 Plots of E-score (y-axis) and Ki/IC50 values (x-axis) for inhibitors of the T. maritima fucosidase for three 

docking placement methods (See Table 4 for data used). 

   

The available enzyme inhibitory data from Ho et al [386] for the two different enzymes were used 

to generate the plot in Figure 44.  These gave a trendline with an R2 value of 0.7169. The R2 values 

observed are sufficiently high to imply that the enzyme inhibitory properties for compounds are 

associated with binding to the specified active site cavity in the fucosidases [397].  
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Figure 44 Plots of IC50/KD values for inhibitors of human fucosidase (x-axis) versus those of T. maritima fucosidase 

(y-axis, see Table 4 for the data used). 

The three docking methods all predicted that the N-propyl amine derivative 4.36 could have a 

different binding location within the active site (E-Score = -10.288) compared to other DFJ 

derivatives (Figure 45).   

 

Figure 45 (A) The black contour line outlines the active binding site in fucosidase of T. maritima. Here 4.36 (29) was 

predicted to differ in binding position with respect to DFJ 4.20; (B) The docked conformations of 4.36, corresponding 

to the three docking methods, are shown overlayed in blue (triangle matcher), magenta (alpha triangle), orange (alpha 

PMI).  

In the docking of 4.26 (E-score = -5.613) and 4.29 (E-Score = -6.175) high E-scores were found, 

which are consistent with the lack of inhibition of the enzymes observed experimentally.   
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On the other hand, the N-butyl alcohol derivative 4.29 did show inhibitory activity (IC50 = 30 µM) 

towards the fucosidase of B. taurus and docking indicated this could be reasonably supported by 

the OH group of the butyl chain being involved in a hydrogen bonding interaction with the peptide 

backbone of Lys74 (2.97 Å) of this fucosidase.   

 
Figure 46 (A) The binding of 4.26 (yellow color) and 4.29 (cyan color) in fucosidase of T. maritima. This showed 

4.26 and 4.29 outside the binding regions predicted to be occupied by 4.36 and DFJ.  (B) The docking pose of 4.29 

with respect to the fucosidase of B. taurus shown with predicted H-bonding interaction (green line) of Lys74. 

The docking was also performed on human fucosidase (HuF) where binding of both the N-

propylamine derivative 4.36 (E-score = -9.322) and N-decyl derivative 4.24 (E-score = -8.724) is 

predicted to occur (Figure 46A). The difference between the docking score of 4.24 (E-score = -

8.724) to HuF and to the fucosidase of T. maritima (E-score = -6.901) indicates it may be of interest 

to evaluate 4.24 for its inhibition of human fucosidase in due course. 
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Figure 47 (A) The predicted binding of 4.36 (purple) and 4.24 (green) in the fucosidase of human origin, along with 

the clustered conformations. The predicted 2-D interaction of 4.36 (B) and 4.24 (C) with human fucosidase.   

4.2.2.3 Cytotoxicity against BT-474, MCF-7 and DU-145 cell lines using the MTT assay 

This study is completed assisted by Dr. Styliana Mirallai at NUI Galway, under the supervision 

of Michael Carty. The BT-474 (breast cancer), MCF-7 (breast cancer) and DU-145 (prostate 

cancer) cell lines, available at the National University of Ireland Galway (NUI Galway), were 

used to independently determine whether compounds 4.23, 4.24, 4.26, 4.28 and 4.29 were 

cytotoxic using the MTT assay. Compound 4.24 was found to be the most toxic against all cell 

lines exhibiting a greater potency towards prostate cancer cell line (DU-145). Toxicity of 

pleurotin, a positive control, is also given in Table 10 [64, 65] 
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Table 10 Cytotoxicity evaluation using the MTT colorimetric assay. IC50 values were obtained after the 

incubation of cells with the test compounds in DMSO for 72 h.  

Compounds IC50 BT-474 (μΜ) IC50 MCF-7 (μΜ) IC50 DU-145 (μΜ) 

Pleurotin (control) 1.94 ± 0.49* 0.28 ± 0.03* 0.43 ± 0.06* 

4.23 >100 >100 >100 

4.24 57.39 ± 3.38 30 ± 0.04  13.54 ± 0.75 

4.26 >100 77 ± 1.53 60.99 ± 3.15  

4.28 >100 >100 >100 

4.29 >100 >100 >100 

4.2.2.4 Inhibition of proliferation of human head and neck carcinoma cell lines 

This testing was performed in laboratory of Christel Herold-Mende by Rolf Warta. The compound 

4.24 was further tested for its inhibition of proliferation of human head and neck carcinoma cells 

(HNO41, HNO97, HNO210), as well that of patient-derived glioblastoma-initiating cells 

(NCH644 IDH1-wt GBM) using the CellTiter-Glo assay. Compound 4.24 inhibited the 

proliferation of all these cell lines with IC50 values ranging from 12 µM to 17.6 µM (Table 6).   

The inhibition by pleurotin, a positive control, is also reported for these various cell types.  

Table 11 Inhibition of proliferation of cancer cell lines by 4.24 

Cell line IC50 of 2.24 [µM] IC50 of puromycin [µM] 

NCH644 17.6 0.27 

HNO210 17.4 0.16 

HNO97 12.0 0.24 

HNO41 13.8 0.24 

4.2.3 Conclusions 

A series of N-alkylated fuconojirimycin analogues have been prepared and evaluated as inhibitors 

of fucosidases of bacterial and bovine origin.  The best inhibitory activity for the new compounds, 

was observed for N-decyl-DFJ against the bovine fucosidase (IC50 = 2.5 µM). The pairwise 

sequence alignment for the two enzymes showed their close resemblance, sharing evolutionary 

conserved domains.  Homology models of the fucosidases from human and bovine origin were 

thus both constructed and used in docking and molecular dynamics.  N-Decyl-DFJ was shown to 

inhibit growth of various cell lines, including IDH wild type glioblastoma cells [398] and could 

form the basis for development of more potent inhibitors of tumour cell growth. 
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Chapter 5 Experimental Section 

Experimental section for Objective 2.2 
Ligand structures and minimizations 

The ligands were collected from various reports (see in Figure 48 of objective 2.2). The molecules 

which have demonstrated preferential selectivity for Mcl-1 protein were carefully built with their 

assigned stereochemistry in MOE builder tool. These structures were later minimized by 

MMFF94x forcefield with steepest gradient (0.00001) and protonated at pH 7.4. Further these 

structures were individually saved pdb files and used in this format for docking. 

Selection of Protein structure  

A search for Mcl-1 protein structure on Protein Data Bank gave 34 Mcl-1 crystal structures with 

resolution ranging from 1.60 to 2.82 Å, which were further filtered based on species and the 

biophysical method adopted for these structures. The filtered structures were scrutinized against 

various crystallographic and protein stereochemistry parameters, see Table 1 of objective 2.2. 

Only crystals with co-crystallized molecules were selected as that was required for assigning the 

binding site Later these were superimposed on each other and the deviation in their backbone with 

respect to each other was evaluated by comparing their RMSD values. However, various 

approaches such as MRC, MLC and self-docking in relation to the RMSD evaluation were 

implemented to validate the adopted methodology for these studies. Based on these computational 

approaches, a pdb (3WIX) was selected for Mcl-1, which has a high resolution 1.8 Å crystal 

structure, along with very low crystallographic errors (as shown in Table 1) and also it fits all the 

reported co-crystallized inhibitors used in the study within a RMSD range of 0.69-1.09 Å (these 

results were only obtained from MOE docking). 

Preparation of Protein Structure and Triangle matcher-based docking using MOE 

In MOE 2018.01, the protein was prepared by, (a) removing of the water molecules from their 

crystal structures; (b) optimizing the missing atoms of amino acid residues, especially in the loops; 

and (c) protonation (required for the correction in the ionization and tautomeric state of amino acid 

residues) of the structure. Next, for docking the triangle matcher and GB/VI was selected as 

placement method and scoring algorithm respectively. Triangle matcher usually generates the 

ligand-protein poses by aligning the ligand atoms triplet on triplets of alpha spheres in a more 

systematic way (total number of returned poses was set 100,000, with time out 3000 s). The 

docking gradient (0.001) and 10,000 iteration cycles were selected as termination criterion. 
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However, pharmacophore restraint was left as such on default values. The cluster of conformations 

was chosen from the first 500 energy minimized poses within ≤ 2 Å. 

Genetic algorithm-based grid docking using AutoDock 

The Mcl-1 protein crystal and ligand structures were saved in pdbqt format to ensure the software 

compatibility in AutoDock 1.5.6. The AutoGrid was mapped around the co-crystallised ligand as 

60 x 60 x 60 A° (x, y, and z) with 0.400 Å spacing. The dock parameters were set up as follows: 

(a) maximum of 25 conformers were considered for each compound, (b) population size was set 

to 250 with the individual conformers were initialized randomly, (c) maximum numbers of 

generations were taken to be 27000, (d) maximum number of evaluations was set as 2500000. 

GRIP docking by VlifeDock 

This docking was performed on VlifeDock by using inhouse placement method and scoring was 

calculated by GRIP scoring function. This method generally generates a wide population of initial 

poses which ultimately evolve into the optimal binding mode. 

Post docking analysis 

Post docking analysis and interactions/ measurements with done in Accelrys discovery studio 

visualizer. 

Experimental section for Objective 2.3 
General Experimental conditions 

Compounds prepared herein, that are already known in the literature already have been cited 

herein. Unless otherwise stated, their analytical data (1H NMR and/or 13C NMR spectral data), 

obtained during this work was found to be in agreement with previously published data. NMR 

spectra were recorded with a 500 MHz Varian spectrometer. Chemical shifts are reported relative 

to CDCl3 (δ 7.26) or CD3OD (δ 3.31) or DMSO-d6 (δ 2.50) for 1H spectra and CDCl3 (δ 77.16) or 

CD3OD (δ 49.00) or DMSO-d6 (δ 39.52) for 13C spectra. NMR spectra were processed and 

analysed using MestReNova software. 1H NMR signals for representative compounds were 

assigned with the help of gCOSY, while 13C NMR signals were assigned with the help of C-APT, 

gHSQCAD and/or gHMBCAD. Coupling constants are reported in Hertz, with all J values 

reported uncorrected. High resolution mass spectra were measured on a Waters LCT Premier XE 

spectrometer, measuring in both positive and/or negative mode. Thin layer chromatography (TLC) 

was performed on aluminum sheets precoated with silica gel 60 (HF254, E. Merck) and spots 

visualized by UV and heating with cerium molybdate. The solvents (such as cyclohexane, EtOAc, 

CH2Cl2 and MeOH) used for normal phase column chromatography were obtained from suppliers 

(Fisher Scientific and Sigma-Aldrich). All the laboratory chemicals were purchased from Sigma 
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Aldrich or TCI or Acros. Anhydrous solvents were obtained from a Pure SolvTM Solvent 

Purification System.  

General procedure for synthesis of non-hydroxylated-chalcone 

To the aryl ketone (1 equiv, reaction was performed on 100 mg-5 g scale), 1 M NaOH solution (5 

- 50 mL) was added as well as a few drops of MeOH. After 30-45 mins, benzaldehyde derivative 

(1 equiv.) was added and left the reaction for 28-72 hours, while simultaneously reaction was 

monitored by TLC. After complete consumption of benzaldehyde, distilled water (5- 50 mL, 

depending on scale of reaction) was added and the mixture extracted with EtOAc (2 x 10-20 mL). 

The organic layer was dried over anhydrous sodium sulphate and EtOAc later was evaporated on 

rotaray evaporator. Then silica gel column chromatography was used to purify and obtain the 

desired compound (gradient elution, 4% to 8% EtOAc-cyclohexane). 

General procedure for synthesis of hydroxylated-chalcone  

To the aryl ketone (1 equiv., the reaction was performed on 500 mg-2 g scale), 1 M H2SO4 solution 

(10 - 20 mL) was added. After 15-45 mins, benzaldehyde derivative (1 equiv.) was added and the 

reaction left to stir for 48-72 hours, while at same time, the completion of the reaction was 

monitored by TLC. After reaction completion, crushed ice was added which led to precipitation of 

the organic components of the reactions, which were recovered by filtration using a vacuum. Later 

extraction with EtOAc was performed until no product remained in the aqueous layer. The organic 

layer was dried over anhydrous sodium sulphate and the solvent was removed under reduced 

pressure. Later, silica gel column chromatography was used to give chalcone (gradient elution, 

15%-20% EtOAc-cyclohexane). 

(E)-1,3-Bis(3,4-dimethoxyphenyl)prop-2-en-1-one (2.3.10)  

 
Yield = 67%; yellow solid [399, 400]; m. p = 117-119 °C; 1H NMR (500 MHz, CDCl3) δ 7.77 (d, 

J = 15.5 Hz, 1H: β-H), 7.69 (d, J = 8.4, 1H: H-6`), 7.63 (d, J = 2.0 Hz, 1H: H-2`), 7.42 (d, J = 15.5 

Hz, 1H: α-H),  7.24 (d, J = 1.9 Hz, 1H: H-6``), 7.17 (d, J = 1.9 Hz, 1H: H-2``), 6.94 (d, J = 8.4 Hz, 

1H: H-2`), 6.91 (d, J = 8.3 Hz, 1H: H-2``), 3.98 (s, 6H: 2 x -OMe), 3.96 (s, 3H: -OMe), 3.94 (s, 

3H: -OMe). 13C NMR (126 MHz, CDCl3) δ 188.69 (-C=O), 153.13 (quaternary, C-4`), 151.28 

(quaternary, C-4``), 149.25 (C-3``), 149.24 (C-3`) 144.15 (C-β), 131.57 (C-1`), 128.07 (C-1``), 
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122.88 (C-6``), 122.85 (C-6`), 119.69 (C-α), 111.15 (C-2``), 110.86 (C-2``), 110.23 (C-5``), 

109.92 (C-5`), 56.09 (-OCH3), 56.08 (-OCH3), 56.00 (-OCH3), 55.99 (-OCH3). HRMS-ESI: m/z 

calc for C19H21O5: 329.1383, found: 329.1384 [M + H]+ (within 0.3 ppm difference). 

(E)-1-(4-chlorophenyl)-3-(3, 4-dimethoxyphenyl)-prop-2- en-1-one (2.3.11)  

 
Yield = 52%; light brown solid [401]; m. p = 121-124 °C; 1H NMR (500 MHz, CDCl3) δ 7.98 – 

7.95 (m, 2H: H2` & H6`), 7.77 (d, J = 15.6 Hz, Hβ), 7.48 (d, J = 8.6 Hz, 2H, H3` & H5`), 7.34 (d, J 

= 15.6 Hz, Hα), 7.24 (dd, J = 8.3, 2.1 Hz, 1H, H6``), 7.16 (d, J = 2.0 Hz, 1H, H2``), 6.91 (d, J = 8.3 

Hz, 1H, H5``), 3.95 (6H, 2 x O-CH3). 
13C NMR (126 MHz, CDCl3) δ 189.26 (C=O), 151.63 (C3``), 

149.29 (C4``), 145.54 (Cβ), 138.96(C4`), 136.78(C1`), 129.84(C2` & C6`), 128.87(C3` & C5`), 

127.67(C1``), 123.31(C6``), 119.47(Cα), 111.15(C5``), 110.13(C2``), 56.03 (-O-CH3), 55.99 (O-CH3). 

This compound’s 13C spectra was in agreement with the previous published report by Raghavan et 

al [402]. HRMS-ESI: m/z calc for C17H16ClO3: 303.0782, found: 303.0780 [M + H]+ (within 0.6 

ppm difference)  

(E)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)-prop-2-en-1-one (2.3.12)  

  
Yield = 58%; yellow solid [403]; m. p = 105-108 ℃; 1H NMR (500 MHz, CDCl3) δ 7.98 – 7.94 

(m, 2H: H-2` & H-6` ), 7.79 (d, J = 15.6 Hz, 1H: β-H), 7.64 – 7.58 (m, 2H: H-2`` & H-6``), 7.50 

– 7.45 (m, 2H: H-3` & H-5` ), 7.38 (d, J = 15.7 Hz, 1H: α-H), 6.97 – 6.92 (m, 2H: H-3` & H-5`), 

3.86 (s, OCH3). 
13C NMR (126 MHz, CDCl3) δ 189.21 (-C=O), 161.86 (C-4``), 145.22 (C-β), 

138.95 (C-4`), 136.83 (C-1`), 130.34 (C-2`` & C-6``), 129.84 (C-2` & C-6`), 128.88 (C-3` & C-

5`), 127.45 (C-1``), 119.19 (C-α), 114.48 (C-3`` & C-5``), 55.44 (-OMe). HRMS-ESI: m/z calc for 

C16H14ClO2: 273.0677, found: 273.0683 [M + H]+ (within 2.1 ppm difference)  

 (E)-1-(4-Chlorophenyl)-3-(3-methoxyphenyl)-2-propen-1-one (2.3.13)  
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Yield = 51%; off-white color solid [403]; m. p = 98-102 ℃; 1H NMR (500 MHz, CDCl3) δ 7.97 

– 7.93 (m, 2H: H-2` & H-6`), 7.76 (d, J = 15.7 Hz, 1H: β-H), 7.48 – 7.43 (m, 3H: H-3` & H-5`; α-

H), 7.33 (d, J = 7.9 Hz, 1H ), 7.24 – 7.21 (m, 1H), 7.14 (t, J = 2.0 Hz, 1H), 6.97 (ddd, J = 8.2, 2.6, 

1.0 Hz, 1H), 3.85 (3H, O-CH3). 
13C NMR (126 MHz, CDCl3) δ 189.10 (C=O), 159.92 (C3’’), 

145.20 (C-β), 139.18 (C4’), 136.42(C1’), 136.02(C1’’), 129.95, 129.87 (C2’ &C6’), 128.90 (C3’ 

& C5’), 121.75 (Cα), 121.10 (C6’’), 116.42 (C4’’), 113.50(C2’’), 55.32 (O-CH3). HRMS-ESI: 

m/z calc for C16H14ClO2: 273.0677, found: 273.0669 [M + H]+ (within 2.9 ppm difference). 

(E)-3-(3,4-dimethoxyphenyl)-1-(4-methoxy-3-nitrophenyl)-prop-2-en-1-one (2.3.14)  

 
Yield = 63%; Light yellow solid [404]; m. p = 158-161 °C; 1H NMR (500 MHz, CDCl3) δ 8.54 (s, 

1H: H-2`), 8.28 (d, J = 8.8 Hz, 1H: H-5`), 7.83 (d, J = 15.6 Hz, 1H: β-H), 7.35 (d, J = 15.6 Hz, 

1H: α-H), 7.28 (d, J = 8.8 Hz, 1H: H-6`), 7.21 (d, J = 8.3 Hz, 1H: H-5``), 7.17 (s, 1H: H-2``), 6.92 

(d, J = 8.3 Hz, 1H: H-6``), 4.06 (s, 3H: -OCH3), 3.98 (s, 3H: -OCH3), 3.95 (s, 3H: -OCH3). 
13C 

NMR (126 MHz, CDCl3) δ 186.73 (Quaternary, -C=O), 155.97 (Quaternary, C-4`), 151.83 

(Quaternary, C3``), 149.35 (Quaternary, C4``), 146.07 (trans-β-C), 139.27 (Quaternary, C3`), 

134.39(Aromatic -CH-), 130.82 (Quaternary, C1`), 127.50 (Quaternary, C1``), 126.11(Aromatic -

CH-), 123.59 (Aromatic -CH-), 118.22 (trans-α-C), 113.42 (Aromatic -CH-), 111.16 (Aromatic -

CH-), 110.21(Aromatic -CH-), 56.90 (-OCH3), 56.06 , (-OCH3) 56.04 (-OCH3). HRMS-ESI: m/z 

calc for C18H18NO6: 344.1129, found: 344.1141 [M + H]+ (within 3.5 ppm difference). 

(E)-1-(3-Hydroxyphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (2.3.15)  

 
Yield = 72%; yellow solid [405]; m. p = 168-170 °C; 13C NMR (126 MHz, CDCl3) δ 190.35 (C=O, 

carbonyl), 156.17 (Quaternary, C-3), 153.51 (Quaternary, C-3` & C-5`), 145.38 (CH, C-β), 140.57 

(Quaternary, C-1)139.78 (Quaternary, C-4`), 130.29 (Quaternary, C-1`), 129.92 (Aromatic CH, C-

5), 121.32 (Aromatic CH, C-6 ), 121.03 (CH, C-α), 120.1 1(Aromatic CH, C-4), 115.10 (Aromatic 

CH, C-2), 105.76 (Aromatic CH, C-2` & C-6`),  61.04 (C-4`-OCH3), 56.27 (C-3` & C-5` -OCH3). 

The melting point and 13C chemical shifts were with agreement Holt and co-worker study [406]. 
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HRMS-ESI: m/z calc for C18H19O5, 315.1227, found: 315.1230 [M + H]+ (within 1.0 ppm 

difference).  

(E)-1-(3-hydroxyphenyl)-3-phenylprop-2-en-1-one (2.3.16)  

 
Yield = 63 %; light yellow solid [405]; m. p = 134–137 °C; 1H NMR (500 MHz, CDCl3) δ 7.82 

(d, J = 15.7 Hz, 1H: β-H), 7.65 (dd, J = 6.4, 2.9 Hz, 2H: H-2`` & H-6``), 7.59 (d, J = 7.7 Hz, 1H: 

H-6` ), 7.55 – 7.53 (m, 1H: H-2`), 7.51 (d, J = 15.7 Hz, 1H: α-H), 7.45 – 7.36 (overlapping signals, 

4H: H-3``, H-4``, H-5`` & H-5`), 7.12 – 7.07 (overlapping signals, 1H, H-4`), 5.51 (s, 1H: -OH). 

13C NMR (126 MHz, CDCl3) δ 190.33 (Quaternary C, -C=O), 156.13 (Quaternary, C-3), 145.18 

(-CH-, C-β), 139.72 (C-1`), 134.82 (C-1), 130.66 (C-5), 129.94 (C-6), 128.99 (C-3` & C-5`), 

128.52 (C-2` & C-6`), 121.99 (C-4), 121.09 (-CH-, C-α), 120.16 (C-4`), 115.06 (C-2). HRMS-

ESI: m/z calc for C15H13O2: 225.0910, found: 225.0904 [M + H]+ (within 2.7 ppm difference) 

(E)-1-(3-methoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (2.3.17) 

 
Yield = 42 %; white solid; m. p = 101-103 °C; 1H NMR (500 MHz, CD3OD) δ 7.72 (d, J = 15.6 

Hz, 1H: β-H), 7.67 – 7.60 (m, 3H: H-5`, H-2`` & H-6`` ), 7.55 – 7.49 (m, 2H: α-H, H-5`), 7.41 (d, 

J = 7.9 Hz, 1H:  H-3`), 7.17 – 7.13 (m, 1H: H-4`), 6.97 – 6.91 (m, 2H: C-3`` & C-5``). The 1H 

NMR was in good agreement with report published by Shadakshari et al [407]. 13C NMR (126 

MHz, CD3OD) δ 190.69 (-C=O), 162.06 (C-3`), 160.02 (C-4`), 144.98 (C-β), 139.54 (C-1`), 

130.26 (C-2`` & C-6``), 129.41(C-3`), 127.40 (C-1``), 120.67 (C-2`), 119.08 (C-α), 118.66 (C-4`), 

114.10 (C-3`` & C-5``), 112.66 (C-2`), 54.49 ( 2 x -OCH3). HRMS-ESI: m/z calc for C17H17O3: 

269.1172, found: 269.1178 [M + H]+ (within 2.3 ppm difference). 

 (E)-1,3-bis(4-methoxyphenyl)prop-2-en-1-one (2.3.18)  

 
Yield = 55 %; white solid [408]; m. p = 105-106 °C; 1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 

8.1 Hz, 2H: H-2` & H-6`), 7.78 (d, J = 15.6 Hz, 1H: H-β), 7.60 (d, J = 8.1 Hz, 2H: H-2`` &H-6``), 
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7.43 (d, J = 15.6 Hz, 1H: H-α), 6.98 (d, J = 8.1 Hz, 2H: H-3` & H-5`), 6.94 (d, J = 8.1 Hz, 2H: H-

3`` & H-5``), 3.93 – 3.78 (s, 6H: 2 x -OMe). 13C NMR (126 MHz, CDCl3) δ 188.78 (-C=O), 163.27 

(C-4`), 161.52 (C-4``), 143.81 (C-β), 131.38 (C-1`), 130.71 (C-2` & C-6`), 130.11 (C-2`` & C-

6``), 127.84 (C-1``), 119.59 (C-α), 114.39 (C-3` & C-5`), 113.79 (C-3`` & C-5``), 55.49 (-OCH3), 

55.41 (-OCH3). 
1H and 13C NMR data was found in good agreement to that reported by Schmink 

et al [408]. HRMS-ESI: m/z calc for C17H17O3: 269.1172, found: 269.1169 [M + H]+ (within 1.1 

ppm difference). 

(E)-chalcone (2.3.1)  

 
Yield = 78 %; yellow crystals [407, 408]; m. p = 58-60 °C; 1H NMR (500 MHz, CDCl3) δ 8.02 (d, 

J = 8.6 Hz, 2H: H-2` & H-6`), 7.77 (d, J = 15.5 Hz, 1H: H-β), 7.58-7.39 (m, 9H). 13C NMR (126 

MHz, CDCl3) δ 189.01 (-C=O), 145.12 (C-β), 138.02 (C-1`), 135.106 (C-1``), 132.04 (Aromatic -

CH-), 130.19 (Aromatic -CH-), 128.97 (Aromatic 2 x -CH-), 128.71 (Aromatic 2 x -CH-), 128.52 

(Aromatic 2 x -CH-), 128.22(Aromatic 2 x -CH-), 121.9 (C-α). 1H and 13C NMR data was found 

in good agreement to that reported by Schmink et al. [408]. HRMS-ESI: m/z calc for C15H13O: 

209.0961, found: 209.0968 [M + H]+ (within 3.3 ppm difference) 

 (E)-3-(4-nitrophenyl)-1-phenylprop-2-en-1-one (2.3.20)  

 
Yield = 36 %; light orange solid [409]; m. p = 119-120 °C; 1H NMR (500 MHz, CDCl3) 8.31 (d, 

J = 8.7 Hz, 2H), 8.02 (d, J = 7.4 Hz, 2H), 7.83 (m, 3H), 7.68 (m, 2H), 7.52 (t, J = 7.6 Hz, 2H). 13C 

NMR (126 MHz, CDCl3) δ 189.12 (-C=O), 148.03 (C-4``), 144.91 (β-H), 141.02 (C-1``), 137.21 

(C-1`), 133.22 (C-1``), 128.83, 128.70, 128.43, 125.22, 122.11 (C-α). 1H and 13C NMR data was 

found in good agreement to that reported by Solin et al [409]. HRMS-ESI: m/z calc for: 

C15H12NO3: 254.0812, found: 254.0818 [M + H]+ (within 2.4 ppm difference). 

(E)-3-(4-chlorophenyl)-1-phenylprop-2-en-1-one (2.3.19)  
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Yield = 63 %; white solid [408]; m. p = 101-103 °C; 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 

8.2 Hz, 2H: H-2` & H-6`), 7.79 (d, J = 15.5 Hz, 1H: H-β), 7.58-7.39 (m, 7H), 7.37 (m, 2H: H-α, 

aromatic-H). 13C NMR (126 MHz, CDCl3) δ 190.0 (-C=O), 144.21 (C-β), 138.07 (C-1`), 136.02 

(C-4``), 133.24  (C-1``), 132.51 (Aromatic -CH-, C-4`), 129.21 (Aromatic 2 x -CH-), 129.02 

(Aromatic 2 x -CH-), 128.56 (Aromatic 2 x -CH-), 128.23 (Aromatic 2 x -CH-),  122.12 (C-α). 1H 

and 13C NMR data was found in good agreement to that reported by Schmink et al. [408]. HRMS-

ESI: m/z calc for C15H12ClO: 243.0571, found: 243.0575 [M + H]+ (within 1.6 ppm difference). 

(E)-1-(3,4-dimethoxyphenyl)-3-(3-nitrophenyl)-prop-2-en-1-one (2.3.22)  

 
Yield = 48 %; light yellow solid [410]; m. p = 165-169 °C; 1H NMR (500 MHz, CDCl3) δ 8.52 (s, 

1H: H2``), 8.28 – 8.19 (m, 1H: H4``), 7.92 (d, J = 7.9 Hz, 1H: H2``), 7.83 (d, J = 15.6 Hz, 1H: β-

H), 7.72 (dt, J = 8.4, 1.5 Hz, 1H: H6`), 7.67 (d, J = 15.6 Hz, 1H: α-H), 7.65 – 7.59 (m, 2H: H2` & 

H3``), 6.96 (d, J = 8.4 Hz, 1H: H3`), 3.99 (s, 6H: 2 x OMe). 13C NMR (126 MHz, CDCl3) δ 187.71 

(Quaternary, -C=O), 153.77 (Quaternary, C4`), 149.49 (Quaternary, C3`), 148.76 (Quaternary, 

C3``), 140.83 (trans-β-H), 136.90 (Quaternary, C1``), 134.38 (Aromatic -CH-), 130.78 

(Quaternary, C1`), 130.02 (Aromatic -CH-), 124.49 (Aromatic -CH-), 124.32 (Aromatic -CH-), 

123.36 (Aromatic -CH-), 122.19 (trans-α-H), 110.74 (Aromatic -CH-), 110.04 (Aromatic -CH-),  

56.18 (-OMe), 56.13 (-OMe). HRMS-ESI: m/z calc for C17H16NO5: 314.1023, found: 314.1024 

[M + H]+ (within 0.3 ppm difference) 

 (E)-3-(3,5-dimethoxyphenyl)-1-(3-hydroxyphenyl)prop-2-en-1-one (2.3.21)  

 
Yield = 56 %; light brown solid [411]; m. p = 177-180 °C; 1H NMR (500 MHz, CDCl3) δ 7.72 (d, 

J = 15.6 Hz, 1H: H-β), 7.58 (d, J = 7.8 Hz, 1H: H6`), 7.52 (s, 1H, H-2), 7.44 (d, J = 15.6 Hz, 1H: 

H-α), 7.39 (t, J = 7.8 Hz, 1H: H`4), 7.09 (dd, J = 7.8, 2.2 Hz, 1H: H5`), 6.78 (s, 2H: H2`` & H6`` 

), 6.54 (s, 1H: H4``), 5.53 (Br s, 1H: -OH), 3.84 (s, 6H: 2 x OMe). 13C NMR (126 MHz, CDCl3) δ 

190.30 (Quaternary, -C=O), 161.09 (Quaternary, C-3`` & C-5``), 156.10 (Quaternary, C-3`), 

145.17 (β-CH-), 139.67 (Quaternary, C-1``), 136.70 (Quaternary, C-1`), 129.94 (Aromatic -CH-), 

122.50 (Aromatic -CH-), 121.11 (Aromatic -CH-), 120.17 (α-CH-), 115.07 (Aromatic -CH-), 
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106.40 (Aromatic -CH-C-2`` & C-6``), 102.92,  55.51 (2 x OCH3). HRMS-ESI: m/z calc for 

C17H17O4 285.1121, found: 285.1123 [M + H]+ (within 0.7 ppm difference)  

Synthesis of Pyrazolines and Pyrazoles 

Pyrazolines from chalcones 

Reaction of chalcones (1 equiv.) with hydrazine hydrate (1.5 equiv.) in methanol was performed 

in a sonicator for 2-2.5 hours. After completion of reaction, the mixture was cooled down and the 

pyrazoline products precipitated. These were later filtered off under vacuum.  Silica gel column 

chromatography (gradient elution, EtOAc-cyclohexane, 8-15%) was used to improve the purity of 

the compounds. 

Pyrazoles from Pyrazolines 

To a solution of the appropriate pyrazoline in DMSO, was added a catalytic amount of molecular 

iodine (10 mol  %) and the reaction mixture was heated to reflux at 140–145 °C for 8 h. After the 

completion of the reaction (TLC), the crushed ice was poured on to the reaction mixture and it was 

stirred for 2 minutes. Later, aq. sodium thiosulfate and brine was added and the mixture extracted 

with EtOAc. The EtOAc layer was later dried over Na2S2O3 and the solvent was then removed 

under reduced pressure and the product obtained after gradient column chromatography (EtOAc- 

cyclohexane, 6-12%). 

Direct method for pyrazole formation from chalcones 

To a stirred solution of the chalcone (1 equiv.) and TsNHNH2 (1.2 equiv.) in EtOH was added 

molecular iodine (2 mol %) in an oven-dried flask, and then the reaction was heated at reflux for 

10 min, and this was followed by the addition of K2CO3 immediately. The reaction proceeded for 

1.5-2.0 hours until complete consumption of starting material had occurred as monitored by TLC. 

The reaction mixture was removed under reduced pressure and chromatography of the concentrate 

gradient elution, EtOAc-cyclohexane, 6-12% gave the pyrazole.  

3,5-Bis(3,4-dimethoxyphenyl)-4,5-dihydro-1H-pyrazole (2.3.29) 

 
Yield = 69 %; orange solid; m. p = 187-188 °C; 1H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 1.9 Hz, 

1H: Aromatic -H-), 7.04 (dd, J = 8.3, 1.9 Hz, 1H: Aromatic -H-), 6.96 (d, J = 1.9 Hz, 1H: Aromatic 

-H-), 6.90 (dd, J = 8.3, 1.9 Hz, 1H: Aromatic -H-), 6.84 (dd, J = 10.0, 8.3 Hz, 2H: Aromatic 2 x -

H-), 4.87 (t, J = 10.0 Hz, 1H: Pyrazoline-H-5), 3.93 (s, 3H), 3.91 (s, 3H), 3.87 (s, 6H), 3.44 (dd, J 
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= 16.3, 10.5 Hz, 1H: Pyrazoline-Hb), 3.01 (dd, J = 16.3, 9.4 Hz, 1H: pyrazoline-Ha). 13C NMR 

(126 MHz, CDCl3) δ 151.63 (Pyrazoline C-3), 149.94 (3-Ph C-4), 149.24 (3-Ph C-3), 149.10 (5-

Ph C-3), 148.59 (5-Ph C-4), 135.22 (5-Ph C-1), 125.86 (3-Ph C-1), 119.37 (2-Phenyl C-2), 118.62 

(5-Phenyl C-2), 111.19 (2-Phenyl C-2), 110.54 (5-Phenyl C-2), 109.31 (5-Phenyl C-5), 108.17 (2-

Phenyl C-5), 64.21 (pyrazoline C-5), 55.95 (-OMe), 55.91 (-OMe), 55.90 (-OMe), 55.87 (-OMe), 

41.68 (Pyrazoline C-4). HRMS-ESI: m/z calc for C19H23N2O4: 343.1652, found: 343.1658 [M + 

H]+ (within 1.7 ppm difference) 

5-(4-Nitrophenyl)-3-phenyl-4,5-dihydro-1H-pyrazole (2.3.30)  

   
Yield = 62 %; light brown solid [412]; m. p = 177-180 °C; 1H NMR (500 MHz, CDCl3) δ 8.22 (d, 

J = 8.7 Hz, 1H: 3-Ph-H-4), 7.66 (dt, J = 8.3, 2.0 Hz, 3H: 4-NO2-Ph-H-3 &H-5; 1H-NH), 7.59 (d, 

J = 8.7 Hz, 2H: 3-Ph-H-3 &H-5), 7.42 – 7.32 (m, 4H: 4-NO2-Ph-H-2 &H-6; 3-Ph-H-2 &H-6 ), 

5.05 (t, J = 10.2 Hz, 1H: pyrazoline-H-5), 3.58 (dd, J = 16.3, 10.8 Hz, 1H: Pyrazoline-Hb), 3.01 

(dd, J = 16.3, 9.7 Hz, 1H: Pyrazoline-Ha). 13C NMR (126 MHz, CDCl3) δ 151.22 (Quaternary, 

Pyrazoline-C-3), 149.96 (Quaternary, 4-NO2-Ph-C-1), 147.51 (Quaternary, 4-NO2-Ph-C-4), 

132.24 (Quaternary, 3-Ph-C-1), 129.18 (Aromatic -CH-, 3-Ph-C-4), 128.63 (Aromatic -CH-, 3-

Ph-C-3 & C-5), 127.40 (Aromatic -CH-, 3-Ph-C-2 & C-6), 126.03 (Aromatic -CH-, 4-NO2-Ph-C-

3 & C-5), 124.10 (Aromatic -CH-, 4-NO2-Ph-C-2 & C-6), 63.66 (Pyrazoline-C-5), 41.73 

(Pyrazoline-C-4). HRMS-ESI: m/z calc for C15H14N3O2: 268.1081, found: 268.1084 [M + H]+ 

(within 1.1 ppm difference). 

5-(4-Chlorophenyl)-3-phenyl-4,5-dihydro-1H-pyrazole (2.3.31) 

 
Yield = 76 %; orange solid; m. p = 148-151 °C; 1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.4 Hz, 

2H), 7.66 (d, J = 7.9 Hz, 2H), 7.41 – 7.36 (m, 5H), 6.83 (Br, s, 1H: NH), 4.92 (t, J = 9.8 Hz, 1H: 

Pyrazoline-H-5), 3.49 (dd, J = 16.3, 10.7 Hz, 1H: Pyrazoline-Hb), 3.00 (dd, J = 16.3, 9.0 Hz, 1H: 

Pyrazoline-Ha) [413]. The melting point and 1H NMR data was found in good agreement to that 

reported by Mishra et al [412]. HRMS-ESI: m/z calc for C15H14ClN2: 257.0840, found: 257.0849 

[M + H]+ (within 3.5 ppm difference). 
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5-(4-Chlorophenyl)-3-phenyl-1H-pyrazole (2.3.32) 

 
Yield = 42 %; white solid; m. p = 213-214 °C; 1H NMR (600 MHz, CD3OD) δ 7.79 (m, 4H: 3-Ph-

H-2 & H-6; 4-Cl-Ph-H-3 & H-5), 7.44 (m, 4H: : 3-Ph-H-3 & H-5; 4-Cl-Ph-H-2 & H-6), 7.36 (dd, 

J = 7.4 Hz, 1H), 7.01 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 152.73 (Quaternary, Pyrazole-C-3), 

145.08 (Quaternary, Pyrazole-C-5), 140.87 (4-Cl-Ph-C-1), 135.75 (3-Ph-C-1), 134.02 (4-Ph-C-1), 

129.05 (Aromatic -CH-, 4-Cl-Ph-C-3 & C-5), 129.03 (Aromatic -CH-, 3-Ph-C-3 & C-5), 128.61 

(Aromatic -CH-, 3-Ph-C-4), 126.87 (Aromatic -CH-, 3-Ph-C-2 & C-6), 125.53 (Aromatic -CH-, 

4-Cl-Ph-C-2 & C-6), 100.27 (-CH-, Pyrazole-C-4). The melting point, 1H and 13C NMR data was 

found in good agreement to that reported by Zhang et al [414]. HRMS-ESI: m/z calc for 

C15H12ClN2: 255.0684, found: 255.0684 [M + H]+ (within 1.6 ppm difference). 

3,5-Diphenyl-1H-pyrazole (2.3.2)  

 
Yield = 53 %; Off white solid [415]; m. p = 203-205 °C; 1H NMR (500 MHz, CDCl3) δ 7.96 – 

7.92 (m, 2H: 2-Ph-H-2 & H-6), 7.83 – 7.79 (m, 2H: 2-Ph-H-2 & H-6), 7.53 (d, J = 7.7 Hz, 2H: 2-

Ph-H-3 & H-5 ), 7.48 (dd, J = 8.3, 6.4 Hz, 1H: 2-Ph-H-4), 7.39 (d, J = 7.7 Hz, 2H: 5-Ph-H-3 & H-

5), 7.31 (d, J = 7.7 Hz, 1H: 5-Ph-H-4), 6.65 (d, J = 2.2 Hz, 1H), 6.26 (Br, s, 1H: -NH-). 13C NMR 

(126 MHz, CDCl3) δ 151.65 (Quaternary, Pyrazole-C-3), 146.63 (Quaternary, Pyrazole-C-5), 

133.13 (Quaternary, 5-Ph-C-1), 130.19 (Quaternary, 3-Ph-C-1), 129.76 (Aromatic -CH-, 3-Ph-C-

2 & C-6), 128.89(Aromatic -CH-, 5-Ph-C-3 & C-5), 128.70 (Aromatic -CH-, 5-Ph-C-2 & C-6), 

128.55(Aromatic -CH-, 5-Ph-C-3 & C-5), 127.90 (Aromatic -CH-, 5-Ph-C-4), 125.67 (Aromatic -

CH-, 5-Ph-C-3 & C-5), 103.90 (-CH-, Pyrazole-C-4). HRMS-ESI: m/z calc for C15H13N2: 

221.1079, found: 221.1073 [M + H]+ (within 2.7 ppm difference). 

Synthesis of bromoalkoxybenzenes 

To the appropriate phenol derivative (1 equiv.) in acetonitrile, K2CO3 (1.2 equiv.) was added and 

left for stirring for 5 mins. Later 1,4-dibromobutane (1 equiv.) was added. The reaction was heated 

60-65 °C for 12 hours. The mixture was extracted with EtOAc and the organic layer was then dried 

over sodium sulphate and later, the solvent was removed under reduced pressure. Column 
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chromatography gave the desired bromoalkoxybenzenes (gradient elution, EtOAc-cyclohexane, 

2.5-7 %) 

(4-Bromobutoxy)-benzene (2.3.37) 

 

1H NMR (500 MHz, CDCl3) δ 7.28 (t, J = 8.0 Hz, 2H: Ph-H3 & H-5), 6.94 (t, J = 8.0 Hz, 1H: Ph-

H4), 6.89 (d, J = 8.0 Hz, 2H: Ph-H-2 & H-6), 3.99 (t, J = 6.0 Hz, 2H: PhO-CH2-CH2), 3.48 (t, J = 

6.6 Hz, 2H: CH2-CH2-Br), 2.06 (p, 2H: CH2-CH2-Br), 1.94 (p, 2H: PhO-CH2-CH2) [416]. 13C 

NMR (126 MHz, CDCl3) δ 158.82 (Ph-C-1), 129.45 (Ph C-2 & C-6), 120.71 (Ph C-4), 114.44 (Ph 

C-3 & C-5), 66.68 (PhO-CH2-), 33.49 (Br-CH2-CH2-), 29.51 (Br-CH2-CH2-), 27.93 (PhO-CH2-

CH2-). HRMS-ESI: m/z calc for C10H14BrO: 229.0223, found: 229.0231 [M + H]+ (within 3.5 ppm 

difference). 

5-(4-Bromobutoxy)-2-chloro-1,3-dimethylbenzene (2.3.38) 

 

1H NMR (500 MHz, CDCl3) δ 6.62 (s, 2H: Ph C-2 & C-6), 3.94 (t, J = 6.1 Hz, 2H: PhO-CH2-

CH2), 3.48 (t, J = 6.7 Hz, 2H: CH2-CH2-Br ), 2.34 (s, 6H: 2 x OMe), 2.05 (p, J = 14.3, 6.7 Hz, 

2H: CH2-CH2-Br), 1.92 (p, 2H: PhO-CH2-CH2). 
13C NMR (126 MHz, CDCl3) δ 156.65 (Ph C-

1), 137.09 (Quaternary, Ph C-3 & C-5), 126.25 (Quaternary, Ph C-4), 114.45 (Aromatic -CH-, 

Ph C-2 & C-6), 66.93 (PhO-CH2-), 33.40 (Br-CH2-CH2-), 29.43 (Br-CH2-CH2-), 27.87 (PhO-

CH2-CH2-), 20.93 (Ph-4-CH3). HRMS-ESI: m/z calc for C12H17BrClO: 291.0146, found: 

291.0148 [M + H]+ (within 0.7 ppm difference). 

1-(4-Bromobutoxy)-4-methoxybenzene (2.3.39) 

 

1H NMR (500 MHz, CDCl3) δ 6.83 (s, 4H: Phe H-2, H-3, H-5 & H-6), 3.95 (t, J = 6.1 Hz, 2H: 

PhO-CH2-CH2), 3.77 (s, 3H: -OMe), 3.49 (t, J = 6.7 Hz, 2H: CH2-CH2-Br), 2.06 (p, J = 8.5, 6.5 

Hz, 2H: CH2-CH2-Br), 1.92 (p, J = 6.1 Hz, 2H: PhO-CH2-CH2). 
13C NMR (126 MHz, CDCl3) δ 

153.86 (Ph C-4), 153.02 (Ph C-1), 115.42 (Ph C-2 & C-6), 114.67 (Ph C-3 & C-5), 67.48 (PhO-

CH2-), 55.75 (-OMe), 33.52 (-CH2-Br), 29.51 (CH2-CH2-Br), 28.02 (PhO-CH2-CH2-). HRMS-

ESI: m/z calc for C11H16BrO2: 259.0328, found: 259.0338 [M + H]+ (within 3.9 ppm difference). 
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1-(4-Bromobutoxy)naphthalene (2.3.40) 

 
1H NMR (500 MHz, CDCl3) δ 8.28 – 8.24 (m, 1H), 7.81 – 7.77 (m, 1H), 7.47 (tt, J = 6.8, 5.1 Hz, 

2H), 7.42 (dt, J = 8.2, 1.0 Hz, 1H), 7.36 (dd, J = 8.3, 7.5 Hz, 1H), 6.79 (dd, J = 7.6, 1.0 Hz, 1H), 

4.18 (t, J = 5.9 Hz, 2H: PhO-CH2-CH2), 3.55 (t, J = 6.5 Hz, 2H: CH2-CH2-Br), 2.22 – 2.15 (m, 

2H: CH2-CH2-Br), 2.13 – 2.06 (m, 2H: PhO-CH2-CH2). 
13C NMR (126 MHz, CDCl3) δ 154.58 

(Naphthyl C-1), 134.50 (Naphthyl C-10), 127.48 (Aromatic -CH-), 126.40 (Aromatic -CH-), 

125.85 (Naphthyl C-9), 125.63 (Aromatic -CH-), 125.19 (Aromatic -CH-), 121.93 (Aromatic -CH-

), 120.26 (Aromatic -CH-), 104.52 (Aromatic -CH- Naphthyl C-2),  66.99 (PhO-CH2-), 33.55 (-

CH2-Br), 29.72 (CH2-CH2-Br) , 27.92 (PhO-CH2-CH2-). HRMS-ESI: m/z calc for C14H16BrO: 

279.0379, found: 279.0371 [M + H]+ (within 2.9 ppm difference). 

2-(4-Bromobutoxy)naphthalene (2.3.41) 

 

1H NMR (500 MHz, CDCl3) δ 7.77 – 7.70 (m, 3H), 7.43 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 7.33 (ddd, 

J = 8.1, 6.9, 1.2 Hz, 1H), 7.14 – 7.11 (m, 2H), 4.10 (t, J = 6.0 Hz, 2H), 3.51 (t, J = 6.6 Hz, 2H), 

2.14 – 2.07 (m, 2H), 2.04 – 1.97 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 156.81 (Naphthyl C-2), 

134.54 (quaternary), 129.40 (Aromatic -CH-), 128.97 (quaternary), 127.64 (Aromatic -CH-), 

126.70 (Aromatic -CH-), 126.37 (Aromatic -CH-), 123.61 (Aromatic -CH-), 118.86 (Aromatic -

CH-), 106.57 (Aromatic -CH-), 66.82 (PhO-CH2-),, 33.47(-CH2-Br),, 29.53 (CH2-CH2-Br), 27.87 

(PhO-CH2-CH2-), -0.00. HRMS-ESI: m/z calc for C14H16BrO: 279.0379, found: 279.0382 [M + 

H]+ (within 0.3 ppm difference). 

Synthesis of N-substituted pyrazoles 

To the stirring solution of diphenyl pyrazole (1 equiv.), K2CO3 (1.1 equiv.) in DMF was added 

stirred for 10 mins at room temperature. Later, the required 4-bromoalkoxybenzene (phenoxyalkyl 

bromide) (1.0 equiv.) or benzyl halide (1.0 equiv.) was added and heated at reflux for 6-8 hours. 

The reaction was monitored by TLC and after completion an ice water was added. To clear the 

emulsion that formed during attempted separation of organic layer from aqueous layer, brine was 

added. The organic layer was collected, dried over sodium sulphate and the solvent was removed 
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under reduced pressure. Later gradient column chromatography afforded final compounds 

(gradient elution, DCM-cyclohexane, 30-65 %). 

1-(4-Methoxybenzyl)-3,5-diphenyl-1H-pyrazole (2.3.42) 

 
Yield = 81 %; buff color solid; m. p = 228-232 °C; 1H NMR (500 MHz, CDCl3) δ  7.89 – 7.85 (m, 

2H: 3-Ph-H-2 & H-6), 7.42 – 7.29 (m, 8H: 3-Ph-H-3, H-4 & H-5; 5-Ph-H-3, H-4 & H-5 ), 7.05 (d, 

J = 8.7 Hz, 2H: Benzylic H-2 & H-6), 6.82 – 6.79 (m, 2H: Benzylic H-3 & H-5), 6.64 (d, J = 2.3 

Hz, 1H: Pyrazole-H-4), 5.32 (s, 2H: Benzylic protons -CH2_), 3.77 (s, 3H: -OCH3). 13C NMR 

(126 MHz, CDCl3) δ 158.91 (Quaternary, N-Bn-C-4), 150.86 (Quaternary, Pyrazole-C-3), 145.26 

(Quaternary, Pyrazole-C-5), 133.51 (Quaternary, 5-Phenyl-C-1), 130.74 (Quaternary, 3-Phenyl-

C-1), 129.77 (Quaternary, N-Bn-C-1), 128.92 (Aromatic -CH2-, 3-Ph-C-3 & C-5), 128.62 

(Aromatic -CH2-, 5-Ph-C-3 & C-5), 128.58 (Aromatic -CH2-, 3-Ph-C-2 & C-6), 128.14 (Aromatic 

-CH2-, 5-Ph-C-2 & C-6), 127.62 (Aromatic -CH2-, 3-Ph-C-4; 5-Ph-C-4)), 125.66 (Aromatic -CH2-

, N-Bn-C-3 & C-5), 113.94 (Aromatic -CH2-, N-Bn-C-2 & C-6), 103.70 (Aromatic -CH2-, 

Pyrazole-C-4), 55.23 (N-Bn-OCH3), 52.80 (N-Bn-CH2-). HRMS-ESI: m/z calc for C23H21N2O: 

341.1648, found: 341.1655 [M + H]+ (within 2.1 ppm difference). 

1-Benzyl-3,5-diphenyl-1H-pyrazole (2.3.43) 

 
Yield = 68 %, Off-white color solid, M. p = 223-225 °C;1H NMR (500 MHz, CDCl3) δ 7.91 – 

7.83 (m, 2H: 3-Ph-H-2 & H-6), 7.45 – 7.20 (m, 11H: 3-Ph-H-3, H-4 & H-5; 5-Ph-H-3, H-4 & H-

5; Benzylic-H-2, H-4 & H-6), 7.10 (d, J = 7.5 Hz, 2H: Benzylic H-3 & H-5), 6.65 (d, J = 2.2 Hz, 

1H), 5.39 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 151.01 (Quaternary, Pyrazole-C-3), 145.50 

(Quaternary, Pyrazole-C-5), 137.74 (Quaternary, N-Bn-C-1), 133.50 (Quaternary, 5-Phenyl-C-1), 

130.66 (Quaternary, 3-Phenyl-C-1), 128.87(Aromatic -CH2-, 3-Ph-C-3 & C-5), 128.66 (Aromatic 
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-CH2-, 5-Ph-C-3 & C-5), 128.62 (Aromatic -CH2-, 3-Ph-C-2 & C-6), 128.60 (Aromatic -CH2-, 5-

Ph-C-2 & C-6), 127.69 (Aromatic -CH2-, 3-Ph-C-4), 127.41 (Aromatic -CH2-, 5-Ph-C-4), 126.74 

(Aromatic -CH2-, N-Bn-C-3 & C-5), 125.70 (Aromatic -CH2-, N-Bn-C-2 & C-6), 103.72 

(Aromatic -CH2-, Pyrazole-C-4), 53.30 (N-Bn-CH2-). The 13C NMR spectroscopic data was in 

good agreement with data reported by Tang et al reported data [417]. HRMS-ESI: m/z calc for 

C22H19N2+: 311.1543, found: 311.1547 [M + H]+ (within 1.3 ppm difference). 

1-(2-Phenoxyethyl)-3,5-diphenyl-1H-pyrazole (2.3.44) 

 

Yield = 74 %; white color solid; m. p = 239-242 °C; 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 

7.8 Hz, 2H: 3-Ph-H-2 & H-6), 7.59 – 7.54 (m, 2H: 5-Ph-H-2 & H-6), 7.50 – 7.47 (m, 2H: 5-Ph-H-

3 & H-5 ), 7.46 – 7.44 (m, 1H: 5-Ph-H-4), 7.41 (t, J = 7.6 Hz, 2H: 3-Ph-H-3 & H-5), 7.32 (t, J = 

7.2 Hz, 1H: 3-Ph-H-4 ), 7.23 (d, J = 8.3 Hz, 2H: -OPh-H-3 & H-5), 6.93 (t, J = 7.3 Hz, 1H: -OPh-

H-4), 6.81 (d, J = 7.9 Hz, 2H: -OPh-H-2 & H-6), 6.60 (d, J = 1.5 Hz, 1H: Pyrazole-H-4), 4.53 (t, 

J = 5.6 Hz, 2H: -N-CH2-CH2-OPh)), 4.45 (t, J = 5.6 Hz, 2H: (-N-CH2-CH2-OPh). 13C NMR (126 

MHz, CDCl3) δ 158.30 (-OPh-C-1), 151.24 (Pyrazole-C-3), 146.10 (Pyrazole-C-5), 133.44 

(Quaternary, 5-Phenyl-C-1), 130.66 (Quaternary, 3-Phenyl-C-1), 129.45 (-OPh-C-3 & C-5), 

129.29 (Aromatic -CH- 5-Ph-C-2 & C-6), 128.68 (Aromatic -CH- 5-Ph-C-3 & C-5), 128.67 

(Aromatic -CH- 5-Ph-C-4), 128.62 (Aromatic -CH- 3-Ph-C-3 & C-5), 127.72 (Aromatic -CH- 3-

Ph-C-4), 125.68 (Aromatic -CH- 3-Ph-C-2 & C-6), 121.05 (-OPh-C-4), 114.47 (-OPh-C-2 & C-

6), 103.58 (Aromatic -CH-, Pyrazole-C-4), 66.64 (-N-CH2-CH2-OPh), 48.70 (-N-CH2-CH2-OPh). 

HRMS-ESI: m/z calc for C23H21N2O+: 341.1648, found: 341.1643 [M + H]+ (within 1.5 ppm 

difference). 

1-(3-Phenoxypropyl)-3,5-diphenyl-1H-pyrazole (2.3.45) 
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Yield = 82 %; white color solid; m. p = 251-254 °C; 1H NMR (500 MHz, CDCl3) δ 7.88 (dt, J = 

7.9, 4.3 Hz, 2H: 3-Ph-H-2 & H-6), 7.49 – 7.21 (m, 10H: 3-Ph-H-3, H-4, H-5; 5-Ph-H-2, H-3 , H-

4, H-5, H-6; -OPh-H-3 & H-5 ), 6.97 – 6.91 (m, 1H: -OPh-H-4), 6.85 – 6.73 (m, 2H: -OPh-H-2 & 

H-6), 6.60 (dd, J = 5.7, 1.7 Hz, 1H: Pyrazole-H-4), 4.46 – 4.36 (m, 2H: -N-CH2-Ch2-CH2-OPh), 

3.96 – 3.87 (m, 2H: : -N-CH2-CH2-CH2-OPh), 2.41 (q, J = 6.0 Hz, 2H: : -N-CH2-CH2-CH2-OPh). 

13C NMR (126 MHz, CDCl3) δ 158.58 (Quaternary, -OPh-C-1), 150.84 (Pyrazole-C-3), 145.53 

(Pyrazole-C-5), 133.67 (Quaternary, 5-Phenyl-C-1), 130.67 (Quaternary, 3-Phenyl-C-1), 129.38 

(-OPh-C-3 & C-5), 128.95 (Aromatic -CH- 5-Ph-C-2 & C-6), 128.67 (Aromatic -CH- 5-Ph-C-3 & 

C-5), 128.65 (Aromatic -CH- 5-Ph-C-4), 128.55 (Aromatic -CH- 3-Ph-C-3 & C-5), 127.65 

(Aromatic -CH- 3-Ph-C-4), 125.62 (Aromatic -CH- 3-Ph-C-2 & C-6), 120.71 (-OPh-C-4), 114.41 

(-OPh-C-2 & C-6), 103.32 (Aromatic -CH-, Pyrazole-C-4), 64.25(-N-CH2-CH2-CH2-OPh), 46.19 

(-N-CH2—CH2-CH2-OPh), 30.07 (-N-CH2-CH2-CH2-OPh). HRMS-ESI: m/z calc for C24H23N2O: 

355.1805, found: 355.1809 [M + H]+ (within 1.1 ppm difference). 

1-(4-Phenoxybutyl)-3,5-diphenyl-1H-pyrazole (2.3.46) 

 
Yield = 87 %; white color solid; m. p = 256-259 °C; 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 

8.2 Hz, 2H: 3-Ph-H-2 & H-6 ), 7.46 – 7.36 (m, 7H: 3-Ph-H-3 & H-5; 5-Ph-H-2, H-3 , H-4, H-5, 

H-6 ), 7.33 – 7.27 (m, 1H: 3-Ph-H-4), 7.27 – 7.20 (m, 2H: -OPh-H-3 & H-5), 6.91 (t, J = 7.3 Hz, 

1H: -OPh-H-4 ), 6.80 (d, J = 7.9 Hz, 2H: -OPh-H-2 & H-6 ), 6.57 (d, J = 3.2 Hz, 1H: : Pyrazole-

H-4), 4.23 (t, J = 7.2 Hz, 2H: -N-CH2-CH2-CH2-CH2-OPh), 3.85 (t, J = 6.2 Hz, 2H: -N-CH2-CH2-

CH2-CH2-OPh), 2.11 – 2.02 (m, 2H: -N-CH2-CH2-CH2-CH2-OPh), 1.72 (p, J = 6.4 Hz, 2H: -N-

CH2-CH2-CH2-CH2-OPh). 13C NMR (126 MHz, CDCl3) δ 158.83 (Quaternary, -OPh-C-1), 150.60 

(Pyrazole-C-3), 144.96 (Pyrazole-C-5), 133.59 (Quaternary, 5-Phenyl-C-1), 130.90 (Quaternary, 

3-Phenyl-C-1), 129.38 (-OPh-C-3 & C-5), 128.91 (Aromatic -CH- 5-Ph-C-2 & C-6), 128.75 

(Aromatic -CH- 5-Ph-C-3 & C-5), 128.60 (Aromatic -CH- 5-Ph-C-4), 128.56 (Aromatic -CH- 3-

Ph-C-3 & C-5), 127.57 (Aromatic -CH- 3-Ph-C-4), 125.60 (Aromatic -CH- 3-Ph-C-2 & C-6), 

120.59 (-OPh-C-4), 114.44 (-OPh-C-2 & C-6), 103.38 (Aromatic -CH-, Pyrazole-C-4), 64.25(-N-
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CH2-CH2-CH2-CH2-OPh), 46.19 (-N-CH2-CH2-CH2-CH2-OPh), 27.19 (-N-CH2-CH2-CH2-CH2-

OPh), 26.27 (-N-CH2-CH2-CH2-CH2-OPh). HRMS-ESI: m/z calc for C25H25N2O: 369.1961, 

found: 369.1960 [M + H]+ (within 0.3 ppm difference). 

General procedure for synthesis of diphenyl pyridines 

The relevant chalcone (1 equiv.) was stirred in the presence of malononitrile (1.1 equiv.), NH4OAc 

(2.5 equiv.) in AcOH for 8 hours. After completion of the reaction, ice water was added, and the 

compound precipitated and was later recovered by filtration using a buchner funnel. The recovered 

solid was washed with distilled water (2 x 5 mL and dissolved in dichloromethane and the organic 

layer was washed with water. The DCM layer was dried over sodium sulphate, the solvent was 

removed under reduced pressure and gradient column chromatography gave the product (EtOAc-

cyclohexane: 12-18 %).  

2-Amino-4,6-diphenylnicotinonitrile (2.3.56) 

 
Yield = 58 %; white buff color; m. p = 191-192 °C; (reported is 186-187°C [418]); 1H NMR (500 

MHz, CDCl3) δ 8.03 – 7.97 (m, 2H), 7.64 (dd, J = 7.7, 1.7 Hz, 2H), 7.55 – 7.43 (m, 6H: H-3: 4-

Phenyl-H-3, H-4, H-5 & 6-Phenyl- H-3, H-4, H-5), 7.22 (s, 1H: Pyridine H-5 ), 5.36 (br, s, 2H: 

NH2). These protons signals are parallel to the earlier reported data [418]. 13C NMR (126 MHz, 

CDCl3) δ 160.23 (Quaternary, Pyridine C-2), 159.85 (Quaternary, Pyridine C-6), 155.15 

(Quaternary, Pyridine C-4), 137.96 (Quaternary, 4-Phenyl C-1), 136.95 (Quaternary, 6-Phenyl C-

1), 130.21 (Aromatic -CH-,  4-Phenyl C-4), 129.84 (Aromatic -CH-, 6-Phenyl C-4), 128.95 

(Aromatic -CH-, 4-Phenyl C-3 & C-5), 128.82 (Aromatic -CH-, 6-Phenyl C-3 & C-5), 128.18 

(Aromatic -CH-, 6-Phenyl C-2 & C-6), 127.34 (Aromatic -CH-, 4-Phenyl C-2 & C-6), 117.14 

(Aromatic -CH-, Pyridine C-5), 111.31 (Quaternary, CN), 88.32 (Aromatic -CH-, Pyridine C-). 

HRMS-ESI: m/z calc for C18H14N3: 272.1188, found: 272.1192 [M + H]+ (1.5 ppm difference). 
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2-Amino-6-(4-chlorophenyl)-4-phenylnicotinonitrile (2.3.57) 

 

Yield = 66 %; off-white color; m. p = 239-240 °C (reported was 233-235 °C [418]); 1H NMR (500 

MHz, CDCl3) δ 7.99 (dd, J = 6.5, 2.9 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.51 – 7.47 (m, 5H), 7.17 

(s, 1H: Pyridine H-5), 5.37 (Br, s, 2H: NH2). 
13C NMR (126 MHz, CDCl3) δ 160.26 (Quaternary, 

pyridine- C-2), 160.07 (Quaternary, pyridine- C-6), 153.83 (Quaternary, pyridine C-4), 137.75 

(Quaternary, 4-Phenyl C-1), 136.13 (Quaternary, 6-Phenyl C-1), 135.30 (Quaternary, 6-Phenyl C-

4), 130.34 (Aromatic -CH-, 4-Phenyl C-4), 129.52 (Aromatic -CH-, 6-Phenyl C-3 & C-5), 129.24 

(Aromatic -CH-, 6-Phenyl C-2 & C-6), 128.84 (Aromatic -CH-, 4-Phenyl C-3 & C-5), 127.34 

(Aromatic -CH-, 4-Phenyl C-2 & C-6), 116.92 (Aromatic -CH-, Pyrdine C-5), 110.98 (Quaternary, 

CN), 88.00 (Aromatic -CH-, pyridine, C-3). HRMS-ESI: m/z calc for C18H13ClN3: 306.0793, 

found: 306.0799 [M + H]+ (within 2.0 ppm difference). 

Synthesis of triphenyl pyridines by conventional route 

General procedure for synthesis of α-pyridinium methyl ketone salts  

The α-pyridinium methyl ketone salts (2.3.68 to 2.3.74) were freshly prepared by treating the 

respective acetophenone (1 equiv.) with pyridine (5 mL) and I2 (1 equiv.). After heating at reflux 

for over 4-5 hours, the excess pyridine was decanted into a solvent waste container and 2 x 2 mL 

of fresh pyridine was used for rinsing excess of iodine unreacted in the reaction. Later, most of the 

unreacted pyridine was removed under diminished pressure on a rotary evaporator which the 

residue removed using a high vacuum pump for 1 hour. The resulting residue, which could be 

obtained as a power by trituration using a spatula, was used directly in the next step without 

purification. 

General procedure for synthesis of triphenyl pyridine using methyl ketone pyridinium salt 

Either of chalcone (2.3.1 or 2.3.19 (100 mg)) in 10 mL of AcOH, NH4OAc (2.5 equiv.), the α-

pyridinium acetophenone salt (2.3.68 to 2.3.74, 1.5 equiv.) was subsequently added. The reaction 

was refluxed for 6-8 hours. The mixture was separated between EtOAc and water and the EtOAc 

layer was dried over sodium sulphate. Column chromatography gave the product (gradient elution, 

5-10% EtOAc-cyclohexane). 
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Evaluation of previously reported methods for symmetrical triphenyl pyridines 

(a) Iodine catalyzed triphenyl pyridine synthesis 

A mixture of acetophenone (2.0 mmol), benzylamine (1.0 mmol), and molecular I2 (2.5 mg, 0.01 

mmol) was stirred at 140 °C for 10 h in a 25 mL sealed pressure tube, followed by further 1 h 

stirring in open air [232]. After completion, the reaction mixture was directly subjected to a normal 

phase column chromatography using (EtOAc: Cyclohexane, 4-10 %) as the eluent. 

(b) Triflic acid assisted synthesis of triphenyl pyridine synthesis 

Acetophenone (1.0 mmol, 1.0 equiv.), amine (0.75 mmol, 1.5 equiv.), and the HOTf (0.025 mmol) 

were added in 10 mL in pressure tube. The mixture was stirred at 120 °C for 12 hours, the mixture 

was quenched by sat. aq. NaHCO3 and diluted with 20 mL of dichloromethane and washed with 

10 mL of H2O. The aqueous layer was extracted twice with dichloromethane (10 mL) and the 

combined organic phase was dried over Na2SO4 [233]. After evaporation of the solvents, the 

residue was purified by gradient normal phase chromatography (EtOAc-cyclohexane, 4-10 %). 

(c) Copper triflate catalyzed Triphenyl pyridine synthesis  

To a 10 mL pressure tube, a mixture of acetophenone (2 mmol), benzylamine (1.2 mmol), and 

Cu(OTf)2 (36 mg, 0.1 mmol) was added, successively. Subsequently, the tube was flushed with 

argon and later filled with oxygen and sealed with stopper. The mixture was stirred at 100 °C for 

20 h [234]. Upon completion, the crude product was cooled to room temperature and saturated 

NH4Cl solution was added and left for 5 mins on stirring, later DCM was also added and separated. 

The DCM layer was washed with saturated NH4Cl. Later washed DCM layer was dried over 

magnesium sulphate and subsequent gradient column chromatography (EtOAc: Cylcoheaxane, 4-

10 %) was used to collect the pure compound. 

(d) Ferrous bromide catalysed Triphenyl pyridine synthesis  

To a mixture of benzylamines (1.2 mmol) and acetophenone (2.0 mmol), FeBr2 (10 mol%) was 

added into a pressure tube (10 mL) with an oxygen balloon. The tube was stirrer and heated at 

110°C with constant magnetic stirring [231]. After completion of the reaction, the mixture was 

cooled to room temperature, diluted with DCM and dried over silica gel. The dried-up products 

were purified by gradient normal phase column chromatography using cyclohexane/EtOAc as 

eluents (EtOAc: Cyclohexane, 4-10 %). 
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Development of synthetic method for formation of Non-symmetrical Triphenyl pyridine 

(1) Copper triflate catalyzed non-symmetrical Triphenyl pyridine synthesis 

To a 10 mL pressure tube, a mixture of 4-methoxyacetophenone (1 equiv.), acetophenone (1 

equiv.), benzylamine (1 equiv.), and Cu(OTf)2 (36 mg, 0.1 mmol) were added. Subsequently, the 

tube was flushed with Argon and later filled with oxygen and sealed with stopper. The mixture 

was stirred at 100 °C for 20 h [234]. Upon completion, the crude product was cooled to room 

temperature and saturated ammonium chloride solution was added and left for 10 mins on stirring, 

later DCM was also added and separated. The DCM layer was washed with saturated ammonium 

chloride. Later washed DCM layer was dried over magnesium sulphate and subsequent gradient 

column chromatography was used to collect the pure compound (2.3.76, 41 %).  

(2) Under similar reaction conditions [234], the reaction between 3, 4-dimethoxy-acetophenone (1 

equiv.), acetophenone (1 equiv.) and 4-nitrobenzylamine (1 equiv.) was also performed and 

compound 2.3.76 was attained in 16 % yield. 

(3) Improvement in method: Addition of acetophenone and benzylamine derivatives were 

performed in sequential order in a three necked 25 mL round bottom flask, where first 4-nitro-

benzylamine was added with copper triflate/ other catalysts (10-40 mol %) and refluxed 10 mins 

under oxygen atmosphere, followed by slow addition of acetophenone (drop by drop) (~ nearly in 

a passage of 5 mins) was done,  followed by addition of 3,4-dimethoxy acetophenone and addition 

of ammonia source after 20 mins of refluxing. The reaction was monitored by TLC. After 

completion of reactions, cold water was added, and DCM extraction was performed. The DCM 

layer was dried over sodium sulphate, evaporated on rotavap and purified by gradient column 

(EtOAc: Cyclohexane, 4-8%). 

2,4,6-Triphenylpyridine (2.3.4) 

 
Yield = 91%; white color solid; m. p = 143–145 °C (previously reported m. p = 134-135 [230], 

136–137 °C [232], 130–132 °C [231]); 1H NMR (500 MHz, CD3OD) δ 8.34 (d, J = 7.5 Hz, 4H: 2-

Phenyl H-2 & H-6; 6-Phenyl H-2 & H-6 ), 8.20 (s, 2H: pyridine H-3 & H-5), 8.05 (d, J = 7.3 Hz, 

2H: 4-Phenyl H-2 & H-6), 7.61 – 7.46 (m, 9H: 2-Phenyl H-3, H-4 & H-5; 4-Phenyl H-3, H-4 & 
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H-5; 6-Phenyl H-3, H-4 & H-5). 13C NMR (126 MHz, CD3OD) δ 156.42 (Quaternary, Pyridine, 

C-2 & C-6), 149.49 (Quaternary, Pyridine C-4), 138.71 (Quaternary, 2-Phenyl C-1; 6-Phenyl C-

1), 137.63 (Quaternary, 4-Phenyl C-1), 129.20 (Aromatic -CH-, 4-Phenyl C-4), 129.13 (Aromatic 

-CH-, 4-Phenyl C-3 & C-5), 128.99 (Aromatic -CH-, 4-Phenyl C-2 & C-6), 128.64 (Aromatic -

CH-, 2-Phenyl C-3 & C-5; 6-Phenyl C-3 & C-5), 127.27 (Aromatic -CH-, 2-Phenyl C-4; 6-Phenyl 

C-4), 126.86 (Aromatic -CH-, 2-Phenyl C-2 & C-6; 6-Phenyl C-2 & C-6), 116.49 (Aromatic -CH-

, Pyridine C-3 & C-5). The 1H and 13C NMR data was found in good agreement to that reported 

by Huang et al [206, 234]. HRMS-ESI: m/z calc for C23H18N: 308.1439, found: 308.1451 [M + 

H]+ (within 3.9 ppm difference). 

4-(4-Chlorophenyl)-2-(3-methoxyphenyl)-6-phenylpyridine (2.3.75) 

 
Yield = 37 %; off white solid; m. p = 129–132 °C; 1H NMR (500 MHz, CDCl3) δ 8.19 (d, J = 8.2 

Hz, 2H: 6-Phenyl H-2 & H-6), 7.84 (s, 1H: Pyridine H-3), 7.82 (s, 1H: Pyridine H-5), 7.79 (s, 1H: 

2-Phenyl H-2), 7.73 (d, J = 7.6 Hz, 1H: 2-Phenyl H-6), 7.69 – 7.65 (m, 2H: 4-Phenyl H-2 & H-6 

), 7.54 – 7.40 (m, 6H: 6-Phenyl C-3, C-4 & C-5; 4-Phenyl H-3 & H-5; 2-Phenyl H-5), 7.02 – 6.99 

(m, 1H : 2-Phenyl H-4), 3.93 – 3.92 (s, 3H: OMe). 13C NMR (126 MHz, CDCl3) δ 160.08 (2-

Phneyl C-3), 157.62 (Pyridine C-6), 157.43 (Pyrdiine C-2), 148.94 (Pyriidne C-4), 140.92 (2-

Phenyl C-1), 139.35 (6-Phenyl C-1), 137.46 (4-Pheyl C-1), 135.22 (4-Phenyl C-4), 129.73 (6-

Phenyl C-4), 129.34 (6-Phenyl C-3 & C-5), 129.18 (2-Phenyl C-3), 128.74(4-Phenyl C-3 & C-5), 

128.46 (4-Phenyl C-2 & C-6), 127.13 (6-Phenyl C-2 & C-6), 119.52 (2-Phneyl C-6), 116.96 

(Pyridine C-3), 116.95 (Pyridine C-5), 114.73 (2-Phnyl C-2), 112.80 (2-Phneyl C-4), 55.44 (-

OMe). HRMS-ESI: m/z calc for C24H19NOCl: 372.1155, found: 372.1151 [M + H]+ (within 1.1 

ppm difference). 
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2-(4-Methoxyphenyl)-4,6-diphenylpyridine (2.3.76) 

 
Yield = 37%; white color solid; m. p = 117-119 °C (previously reported compound, yellow solid 

m. p = 87–89°C [419], white solid m. p = 107−108°C [420]; 1H NMR (500 MHz, CDCl3) δ 8.18 

(dd, J = 12.8, 8.3 Hz, 4H: 6-Phenyl H-2 & H-6; 2-Phenyl H-2 & H-6), 7.83 (s, 1H: Pyridine  H-5 

), 7.82 (s, 1H: Pyridine  H-3 ), 7.73 (d, J = 8.0 Hz, 2H: 4-Phenyl  H-2 & H-6), 7.54 – 7.41 (m, 6H: 

4-Phenyl H-3, H-4 & H-5; 6-Phenyl H-3, H-4 & H-5 ), 7.03 (d, J = 8.3 Hz, 2H: 2-phenyl H-3, H-

5), 3.87 (s, 3H, -OCH3). 
13C NMR (126 MHz, CDCl3) δ 160.55 (2-Phenyl C-4), 157.33 (Pyridine 

C-6), 157.12 (Pyridine C-2), 150.08 (Pyridine C-4), 139.71(4-Phenyl C-1), 139.22(6-Phenyl C-1), 

132.23 (2-Phenyl C-1), 129.08 (2-Phenyl C-2 & C-6), 128.96 (4-Phenyl C-4), 128.89 (6-Phenyl 

C-4), 128.67 (2-Phenyl C-3 & C-5), 128.39 (4-Phenyl C-3 & C-5), 127.17(2-Phenyl C-2 & C-6), 

127.11 (4-Phenyl C-3 & C-5), 116.46 (pyridine C-3), 116.32 (pyridine C-5), 114.06 (2-Phenyl C-

3 & C-5), 55.37 (-OMe). The 13C NMR data was found in good agreement to that reported by 

Huang et al [234] and Ren et al [421]. HRMS-ESI: m/z calc for C24H20NO: 338.1545, found: 

338.1535 [M + H]+ (within 3 ppm difference). 

3-(4,6-Diphenylpyridin-2-yl)phenol (2.3.77) 

 
Yield = 80%; white color solid; m. p = 171–173 °C; (previous reported m. p = 180.0–180.7 °C 

[422]); 1H NMR (500 MHz, CD3OD) δ 8.16 (d, J = 7.4 Hz, 2H: 6-phenyl H-2 & H-6), 7.93 (s, 1H: 

Pyridine H-5), 7.89 (s, 1H: Pyridine C-3), 7.79 (d, J = 7.5 Hz, 2H: 4-Phenyl H-2 & H-6), 7.67 (s, 

1H: 2-Phenyl H-2), 7.60 (d, J = 7.9 Hz, 1H: 2-Phenyl C-6), 7.54 – 7.39 (m, 6H: 6-Phenyl H-3, H-

4 & H-5; 4-phenyl H-3, H-4 & H-5), 7.32 (d, J = 7.9 Hz, 1H: 2-Phenyl C-4), 6.88 (dd, J = 7.9, 2.3 

Hz, 1H: 2-Phenyl C-5), 4.86 (Br, s, 1H) [422]. 13C NMR (126 MHz, CD3OD) δ 157.56 
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(Quaternary, 2-Phenyl C-3), 157.53 (Quaternary, Pyridine C-6), 157.47 (Quaternary, Pyridine C-

2), 150.41 (Quaternary, Pyridine C-4), 140.80 (Quaternary,  2-Phenyl C-1), 139.37 (Quaternary, 

4-Phenyl C-1), 138.53 (Quaternary, 6-Phenyl C-1), 129.37 (Aromatic -CH-, 2-Phenyl C-5), 128.82 

(Aromatic -CH-, 4-Phenyl C-3 & C-5), 128.76 (Aromatic -CH-, 2-Phenyl C-4), 128.72 (Aromatic 

-CH-, 4-Phenyl C-4), 128.31 (Aromatic -CH-, 2-Phenyl C-3 & C-5), 126.83 (Aromatic -CH-, 4-

Phenyl C-2 & C-6; 6-Phenyl C-2 & C-6), 118.05 (Aromatic -CH-, 2-Phenyl C-6), 116.70 

(Aromatic -CH-, 2-Phenyl C-2), 115.75 (Aromatic -CH-, Pyridine C-3 & C-5), 113.66 (Aromatic 

-CH-, 2-Phenyl C-4). HRMS-ESI: m/z calc for C23H18NO: 324.1388, found: 324.1386 [M + H]+ 

(within 0.6 ppm difference). 

1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 8.1 Hz, 2H: 6-Phenyl H-2 & H-6), 7.88 (s, 1H: Pyridine 

H-5), 7.85 (s, 1H: Pyridine H-3), 7.73 (d, J = 8.2 Hz, 3H: 2-Phenyl H-2, 4-Phenyl H-2 & H-6), 

7.69 (d, J = 7.7 Hz, 1H: 2-Phenyl H-6), 7.56 – 7.39 (m, 6H: 6-phenyl H-3, H-4, H-5, 4-phenyl H-

3, H-4, H-5), 7.35 (t, J = 7.9 Hz, 1H: 2- phenyl H-5), 6.90 (dd, J = 8.0, 2.3 Hz, 1H: 2-Phenyl H-

4), 4.56 (s, 1H: 3-OH). 13C NMR (126 MHz, CDCl3) δ 157.57 (2-Phenyl C-3), 157.04 (Pyridine 

C-6), 156.17 (Pyridine C-2), 150.24 (Pyridine C-4), 141.16 (2-Phenyl C-1), 139.51 (4-Phenyl C-

1), 138.94 (6-Phenyl C-1), 129.92 (2- phenyl C-5), 129.13 (2 x Aromatic -CH-: Phenyl C-3 & C-

5), 129.08 (Aromatic -CH-: Phenyl C-4), 129.03 (Aromatic -CH-: Phenyl C-4), 128.71 (2 x 

Aromatic -CH-: Phenyl C-3 & C-5), 127.18 (4-Phenyl C-2 & C-6; 6- Phenyl C-2 & C-6), 119.40 

(2-Phenyl C-6), 117.43 (Pyridine C-5), 117.28 (Pyridine C-3), 116.18 (2-Phenyl C-4), 114.19 (2-

Phenyl C-2). The 1H and 13C NMR data was found in good agreement to that reported by Karki et 

al [422].HRMS-ESI: m/z calc for C23H18NO: 324.1388, found: 324.1382 [M + H]+ (within 3.5 

ppm difference). 

4-(4,6-Diphenylpyridin-2-yl)phenol (2.3.78) 

 
Yield = 73%; white solid; m. p = 178-180 °C (previously reported m. p = 194.5–195.5 °C [422]), 

R.f = 0.33 (EtOAc-Cyclohexane 1:3); 1H NMR (500 MHz, CDCl3) δ 8.19 (d, J = 8.1 Hz, 2H: 6-

Phenyl H-2 & H-6), 8.13 (d, J = 8.3 Hz, 2H: 2-Phenyl H-2 & H-6), 7.84 (s, 1H: Pyridine  H-5), 



 

222 
 

7.82 (s, 1H: Pyridine  H-3), 7.74 (d, J = 8.0 Hz, 2H: 4-Phenyl  H-2 & H-6), 7.56 – 7.46 (m, 6H: 4-

Phenyl H-3, H-4 & H-5; 6-Phenyl H-3, H-4 & H-5), 6.97 (d, J = 8.3 Hz, 2H: 2-phenyl H-3, H-5), 

4.90 (br, s, 1H: br, 1H, 2-phenyl 4-OH). 13C NMR (126 MHz, CDCl3) δ 157.38 (2-Phenyl C-4), 

157.04 (Pyridine C-6), 156.54 (Pyridine C-2), 150.16 ((Pyridine C-4)), 139.68 ((4-Phenyl C-1)), 

139.19(6-Phenyl C-1), 132.53 (2-Phenyl C-1), 129.10 (2-Phenyl C-2 & C-6), 129.00 (4-Phenyl C-

4), 128.93 (6-Phenyl C-4), 128.69 (2-Phenyl C-3 & C-5), 128.68 (4-Phenyl C-3 & C-5), 127.18 

(2-Phenyl C-2 & C-6), 127.12 (4-Phenyl C-3 & C-5), 116.58 (pyridine C-3), 116.36 (pyridine C-

5), 115.57 (2-Phenyl C-3 & C-5). The 1H and 13C NMR data was found in good agreement to that 

reported by Karki et al [422]. HRMS-ESI: m/z calc for C23H16NO: 322.1232, found: 322.1223 [M 

+ H]+ (within 2.8 ppm difference). 

2-(3,4-Dimethoxyphenyl)-4,6-diphenylpyridine (2.3.79) 

 
Yield = 86%; white color solid; m. p = 135–138 °C; 1H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 

7.5 Hz, 2H: 6-Phenyl H-2 & H-6), 7.86 – 7.83 (m, 3H: Pyrdine H-3 & H-5; 2-Phneyl H-2), 7.77 – 

7.70 (m, 3H: 4-Phenyl H-2 & H-6; 2-Phenyl H-6), 7.43-7.54 (m, 6H: 4-Phenyl H-3, H-4 & H-5; 

6-Phenyl H-3, H-4 & H-5), 7.00 (d, J = 8.4 Hz, 1H: 2-Phenyl H-5), 4.04 (s, 3H: -OMe), 3.96 (s, 

3H: -OMe). 13C NMR (126 MHz, CDCl3) δ 157.34 (Pyridine C-6), 157.15(Pyridine C-2), 150.15 

(Pyridine C-4), 150.11 (2-Phenyl C-4), 149.24 (2-Phenyl C-3), 139.67 (4-Phenyl C-1), 139.19 (6-

Phenyl C-1 ), 132.61 (2-Phenyl C-1), 129.10 (4-Phenyl C-3 & C-5), 129.01(4-Phenyl C-4), 128.94 

(6-Phenyl C-4), 128.71 (6-Phenyl C-3 & C-5), 127.19 (6-Phneyl C-2 & C-6), 127.11 (4-Phneyl C-

2 & C-6 ), 119.69 (2-Phenyl C-6), 116.69 (Pyridne C-3), 116.56 (Pyrdine C-6), 111.10 (2-Phenyl 

C-5), 110.32 (2-Phneyl C-2), 56.05 (-OCH3), 56.00 (-OCH3). HRMS-ESI: m/z calc for C25H22NO2: 

368.1651, found: 368.1648 [M + H]+ (within 0.8 ppm difference). 
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2-(3-Nitrophenyl)-4,6-diphenylpyridine (2.3.80) 

 
Yield = 76%;  light yellow color solid; m. p = 147-149 °C (previously reported m. p = 140–142°C 

[423]); 1H NMR (500 MHz, CDCl3) δ 9.04 (s, 1H: 4-Phenyl H-2), 8.58 (d, J = 7.8 Hz, 1H: 4-

Phenyl H-4), 8.30 (d, J = 8.1 Hz, 1H: 4-Phenyl H-6), 8.20 (d, J = 7.9 Hz, 2H: 2-phenyl H2 & H-

6), 7.97 (s, 1H: Pyridine H-3), 7.94 (s, 1H: Pyridine H-5), 7.76 (d, J = 7.7 Hz, 2H: 6-Phenyl H-2 

& H-6), 7.69 (t, J = 8.0 Hz, 1H: 4-Phenyl H-5), 7.58 – 7.47 (m, 6H: 2-Phenyl H-3, H-4 & H-5; 6-

Phenyl H-3, H-4 & H-5). 13C NMR (126 MHz, CDCl3) δ 158.00 (pyridine C-6), 154.87 (Pyridine 

C-2), 150.84 (Pyridine C-4), 148.84 (2-Phnyl C-3), 141.28 (2-Pyridine C-1), 139.02 (4-Phenyl C-

1), 138.53 (6-Phenyl C-1), 133.03 (2-phenyl C-6), 129.69 (4-Phenyl C-5), 129.44 (6-Phenyl C-4), 

129.34 (2-Phenyl C-4), 129.26 (6-Phenyl C-3 & C-5), 128.87 (4-Phenyl C-3 & C-5), 127.22 (4-

Phenyl C-2 & C-6), 127.15 (6-Phenyl C-2 & C-6), 123.68 (2-Phenyl C-4), 121.95 (2-Phenyl C-2), 

118.24 (Pyridine C-5), 117.20 (Pyridine C-3). The 1H and 13C NMR data was found in good 

agreement to that reported by Tan et al [423]. HRMS-ESI: m/z calc for C23H17N2O2: 353.1290, 

found: 353.1283 [M + H]+ (within 2.0 ppm difference). 

2,6-Bis(3-nitrophenyl)-4-phenylpyridine (2.3.84) 

 
Yield = 72%; buff color solid; m. p = 148–150 °C; 1H NMR (500 MHz, CDCl3) δ 9.05 (s, 1H: 2-

Phenyl H-2), 8.61 (m, 2H: 2-Phenyl C-4 & 4-Phenyl C-4), 8.35 (dd, J = 21.5, 6.2 Hz, 2H: 2-Phenyl 

C-6 & 4-Phenyl C-6), 8.25 – 8.16 (m, 3H: 4-Phenyl C-2; 6-Phenyl H-2 & H-6), 8.12 – 8.05 (m, 

2H), 7.98 (s, 1H: Pyridine H-5 ), 7.96 (s, 1H: Pyridine H-3), 7.80 – 7.69 (m, 2H: 2-Phenyl C-5 & 

4-Phenyl C-5), 7.52-7.56 (m, 3H: 6-Phenyl H-3, H-4, H-5). 13C NMR (126 MHz, CDCl3) δ 158.51 

(Quaternary, Pyridine C-6), 155.37 (Quaternary, Pyridine C-2), 148.92 (Quaternary, 4-Phenyl C-
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3), 148.66 (Quaternary, Pyridine C-4), 148.33 (Quaternary, 2-Phenyl C-3), 140.72 (Quaternary, 4-

Phenyl C-1), 140.28 (Quaternary, 2-Phenyl C-1), 138.44 (Quaternary, 6-Phenyl C-1), 133.13 

(Aromatic -CH-, 2-Phenyl C-6), 132.99 (Aromatic -CH-, 4-Phenyl C-6), 130.37 (Aromatic -CH-, 

6-Phenyl C-4), 129.81 (Aromatic -CH-, 2-Phenyl C-5 & 4-Phenyl C-5), 128.96 (Aromatic -CH-, 

6-Phenyl C-3 & C-5), 127.15 (Aromatic -CH-, 6-Phenyl C-2 & C-6), 123.98 (Aromatic -CH-, 2-

Phenyl C-4 & 4-Phenyl C-4), 122.17 (Aromatic -CH-, 4-Phenyl C-2), 121.98 (Aromatic -CH-, 2-

Phenyl C-2), 117.97 (Aromatic -CH-, Pyridine C-3), 116.90 (Aromatic -CH-, Pyridine C-5). 

HRMS-ESI: m/z calc for C23H16N3O4: 398.1141, found: 398.1151 [M + H]+ (within 2.5 ppm 

difference). 

4-(3-Nitrophenyl)-2-(4-nitrophenyl)-6-phenylpyridine (2.3.85) 

 
Yield = 65%; light yellow solid; m. p = 154–156 °C; 1H NMR (500 MHz, CDCl3) δ 8.62 (s, 1H: 

4-Phenyl H-2), 8.39 (m, 5H: 2-Phenyl H-2, H-3  H-5 & H-6; 4-Phenyl H-4), 8.21 (d, J = 8.0 Hz, 

2H: 6-Phenyl H-2 & H-6), 8.09 (d, J = 7.6 Hz, 1H: 4-Phenyl H-6), 7.99 (d, J = 14.3 Hz, 2H), 7.76 

(t, J = 7.9 Hz, 1H: 4-Phenyl H-5), 7.54 (m, 3H: 6-Phenyl H-3, H-4 & H-5 ). 13C NMR (126 MHz, 

CDCl3) δ 158.61 (Pyridine C-6), 155.47 (Pyridine C-2), 148.93 (Pyridine C-4), 148.42 (4-Phenyl 

C-3), 148.27 (2-Phenyl C-4), 144.87 (2-Phenyl C-1), 140.25 (4-Phenyl C-1), 138.45 (6-Phenyl C-

1), 133.08 (4-Phenyl C-6 ), 130.38 (6-Phenyl C-4) , 129.83 (4-Phenyl C-5), 128.97 (6-Phenyl C-3 

& C-5), 127.95 (2-Phenyl C-2 & C-6), 127.15 (6-Phenyl c-2 & C-6), 124.06 (2-Phenyl C-3 & C-

5), 123.99 (4-Phenyl C-4), 122.17 (4-Phenyl C-2), 118.20 (Pyridine C-3), 117.50 (Pyridine C-5). 

HRMS-ESI: m/z calc for C23H16N3O4: 398.1141, found: 398.1133 [M + H]+ (within 2.0 ppm 

difference). 
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2-(3,4-Dimethoxyphenyl)-4-(4-nitrophenyl)-6-phenylpyridine (2.3.86) 

 
Yield = 76%; light yellow color solid; m. p = 167–170 °C; 1H NMR (500 MHz, CDCl3) δ 8.39 (d, 

J = 8.4 Hz, 2H: 4-Phenyl H-3 & H-5), 8.19 (d, J = 7.9 Hz, 2H; : 6-Phenyl C-2 & C-6), 7.90 (d, J 

= 8.5 Hz, 2H: 4-Phenyl H-2 & H-6), 7.87 (s, 1H: 2-Phenyl H-2), 7.82 (d, J = 4.3 Hz, 2H: Pyridine 

H-3 & H-5), 7.72 (d, J = 8.3 Hz, 1H: 2-Phenyl H-6), 7.53 (d, J = 7.4 Hz, 2H: 6-Phenyl H-3 & H-

5), 7.49 (d, J = 7.3 Hz, 1H: 6_Phenyl H-4), 7.01 (d, J = 8.4 Hz, 1H: 2-Phenyl H-5), 4.04 (s, 3H: -

OMe), 3.97 (s, 3H: -OMe). 13C NMR (126 MHz, CDCl3) δ 157.84 (Pyridine C-2), 157.62 (Pyridine 

C-6), 150.45 (pyridine C-4), 149.36 (2-Phenyl C-4), 148.15 (2-Phenyl C-3), 147.82 (4-Phenycl C-

1), 145.62 (4-Phenyl C-4), 139.13 (6-Phenyl C-1) , 132.01 (2-Phenyl C-1), 129.41(6-Phenyl C-4), 

128.84 (6-phenyl C-3 & C-5), 128.20 (4-phenyl C-2 & C-6)), 127.11(6-phenyl C-2 & C-6), 124.37 

((4-phenyl C-3 & C-5)), 119.78 (2-Phenyl C-2), 116.49 (Pyridine C-5), 116.38 (Pyrdine C-3), 

111.14 (2-Phenyl C-5). HRMS-ESI: m/z calc for C25H21N2O4: 413.1501, found: 413.1506 [M + 

H]+ (within 1.2 ppm difference). 

4-(4-Chlorophenyl)-2-(4-nitrophenyl)-6-phenylpyridine (2.3.87) 

 
Yield = 43%; off white color solid; m. p = 127–129 °C; 1H NMR (500 MHz, CDCl3) δ 8.38 (s, 

4H: 2-phenyl H-2, H-3, H-5, H-6), 8.20 – 8.14 (m, 2H: 6-Phenyl H-2 & H-6), 7.94 (s, 1H, Pyridine 

H-3), 7.91 (s, 1H: Pyridine H-5), 7.69 (d, J = 8.4 Hz, 2H: 4-Phenyl H-2 & H-6), 7.58 – 7.45 (m, 

5H: 6-phenyl H-3, H-4, H-5; 4-Phenyl H-3 & H-5). 13C NMR (126 MHz, CDCl3) δ 158.28 

(Pyridine C-6), 155.13 (Pyridine C-2), 149.54 (Pyridine C-4), 148.30 (2-Phenyl C-4), 145.29 (2-

Phenyl C-1), 138.83 (6-Phenyl C-1), 136.92 ((4-Phenyl C-1)), 135.66 (4-Phenyl C-4), 129.60 (6-
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Phenyl C-4), 129.52 (4-Phenyl C-2 & C-6), 128.91 (6-Phenyl C-3 & C-5), 128.47 (4-Phenyl C-3 

& C-5), 127.90 (2-Phenyl C-2 & C-6), 127.14 (6-Phenyl C-2 & C-5), 124.03 (2-Phenyl C-3 & C-

5), 118.18 (Pyridine C-5), 117.52 (Pyridine C-3). HRMS-ESI: m/z calc for C23H16N2O2Cl: 

387.0900, found: 387.0898 [M + H]+ (within 0.5 ppm difference). 

4-(4-Chlorophenyl)-2-(3,4-dimethoxyphenyl)-6-phenylpyridine (2.3.88) 

 
Yield = 68%; buff color solid; m. p = 173–175 °C; 1H NMR (500 MHz, CDCl3) δ 8.18 (d, J = 7.6 

Hz, 2H: 6-Phenyl H-2 & H-6), 7.85 (s, 1H: 2-Phenyl H-2), 7.79 (d, J = 5.7 Hz, 2H: Pyridine H-3 

& H-5), 7.71 (d, J = 9.6 Hz, 1H: 2-Phenyl H-6), 7.68 (d, J = 8.3 Hz, 2H: 4-Phenyl H-2 & H-6 ), 

7.54 – 7.48 (m, 4H: 4-Phenyl H-3 & H-5; 6-Phenyl H-3 & H-5), 7.46 (d, J = 7.2 Hz, 1H: 6-Phenyl 

H-4), 6.99 (d, J = 8.4 Hz, 1H: 2-phenyl H-3), 4.03 (s, 3H: -OCH3), 3.96 (s, 3H: -OCH3). 13C NMR 

(126 MHz, CDCl3) δ 157.51 (Pyridine C-6), 157.30 (Pyridine C-2), 150.20 (2-Phenyl C-3), 149.26 

(2-Phenyl C-4), 148.90 (Pyridine C-4), 139.48 (6-Phenyl C-1), 137.60 (4-Phenyl C-1), 135.14 (4-

Phenyl C-4), 132.40 (2-Phenyl C-1), 129.31 (4-Phenyl C-3 & C-5), 129.12 (6-Phenyl C-4), 128.73 

(6-phenyl C-3 & C-5), 128.45(6-phenyl C-2 & C-6), 127.08 (4-phenyl C-2 & C-6), 119.69 (2-

Phenyl C-6), 116.36 (Pyridine C-3), 116.24 (Pyridine C-5), 111.08 (2-phenyl C-5), 110.30 (2-

Phenyl C-2),  56.06 (-OCH3), 56.00 (-OCH3). HRMS-ESI: m/z calc for C25H21NO2Cl: 402.1261, 

found: 402.1245 [M + H]+ (within 4.0 ppm difference). 

4-(4-Chlorophenyl)-2-(3-nitrophenyl)-6-phenylpyridine (2.3.89) 

  
Yield = 61%; off-white color solid; m. p = 179-181 °C (previously reported m. p = 168-170 [424]); 

1H NMR (500 MHz, CDCl3) δ 9.02 (s, 1H: 4-Phenyl H-2), 8.58 (d, J = 7.6 Hz, 1H: 4-Phenyl H-
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4), 8.31 (d, J = 7.8 Hz, 1H: 4-Phenyl H-6), 8.19 (d, J = 7.4 Hz, 2H: 2-Phenyl H-2 & H-6), 7.93 (s, 

1H: Pyridine H-3), 7.90 (s, 1H: Pyridine H-5), 7.70 (m, 3H: 6-phenyl H-2 & H-6 ), 7.52 (m, 5H: 

2-Phenyl H-3 & H-5; 6-Phenyl H-3, H-4 & H-5). 13C NMR (126 MHz, CDCl3) δ 158.15 (Pyridine 

C-6), 155.02 (Pyridine C-2), 149.55 (Pyridine C-4 ), 148.82 (4-Phenyl C-3), 141.07 (2-Phenyl C-

1), 138.81 (6-Phenyl C-1), 136.91 (2-Phenyl C-1), 135.60 (Quaternary -C-, 2-Phenyl C-4), 133.00 

(Aromatic -CH-, 4-Phenyl C-6), 129.71 (6-Phenyl C-4 ), 129.54 (Aromatic -CH-, 4-Phenyl C-5), 

129.47 (6-Phenyl C-3 & C-5), 128.88 (2-Phenyl C-3 & C-5), 128.46 (6-Phenyl C-3 & C-5), 127.12 

(2-Phenyl C-3 & C-5), 123.77 (Aromatic -CH-, 4-Phenyl C-4), 121.92 (Aromatic -CH-, 4-Phenyl 

C-2), 117.92 (pyridine C-5), 116.86 (pyridine C-3). The 1H and 13C NMR data was found in good 

agreement to that reported by Yan et al [206, 424]. HRMS-ESI: m/z calc for C23H16N2O2Cl: 

387.0900, found: 387.0906 [M + H]+ (within 2.0 ppm difference). 

4-(4-(4-Chlorophenyl)-6-phenylpyridin-2-yl)phenol (2.3.90) 

 
Yield = 57%: light yellow color solid; m. p = 163-166 °C (previously reported m. p  = 159.0–159.6 

°C); 1H NMR (500 MHz, CD3OD) δ 8.21 – 8.17 (m, 2H: 6-Phenyl H-2 & H-6 ), 8.08 (d, J = 8.7 

Hz, 2H: 2-Phenyl C-2 & C-5), 7.92 (s, 2H: Pyridine H-3 & H-5), 7.86 (d, J = 8.5 Hz, 2H: 4-Phenyl 

C-2 & C-4), 7.57 – 7.49 (m, 4H: 4-Phenyl C-3 & C-5; 6-Phenyl C-3 & C-5), 7.45 (d, J = 7.3 Hz, 

1H: 6-Phenyl C-3 & C-5 ), 6.94 (d, J = 8.7 Hz, 2H: 2-Phenyl C-3 & C-5). 13C NMR (126 MHz, 

CD3OD) δ 158.64 (2-Phenyl C-4), 157.80 (Pyridine C-6), 157.52 (Pyrdine C-2), 148.99 (Pyridine 

C-4), 139.44 (6-Phenyl C-1), 137.38 (4-Phenyl C-1), 134.80 (4-Phenyl C-4), 130.61 (2-Phenyl C-

1), 128.89 (2-Phenyl C-2 & C-6), 128.71 (6-Phenyl C-4 ), 128.42 (6-Phenyl C-3 & C-5), 128.31 

(4-Phneyl C-2 & C6), 128.26 (4-Phenyl C-3 & C-5), 126.81 (6-Phenyl C-2 & C-6), 115.56 

(Pyridine C-3 & C-5), 115.08 (2-Phenyl C-3 & C-5). The 1H and 13C NMR data was found in good 

agreement to that reported by Thapa et al [206]. HRMS-ESI: m/z calc for C23H17NOcL: 358.0999, 

found: 358.0990 [M + H]+ (within 2.5 ppm difference). 
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4-(4-(4-Nitrophenyl)-6-phenylpyridin-2-yl)phenol (2.3.91) 

 
Yield = 67%; light brown color solid; m. p = 173–176 °C; 1H NMR (500 MHz, CD3OD) δ 8.40 

(d, J = 8.6 Hz, 2H: 4-Phenyl C-3 & C-5), 8.22 (d, J = 7.8 Hz, 2H: 6-Phenyl H-2 & H-6), 8.15 – 

8.06 (m, 4H:; 2-Phenyl C-2 & C-5; 4-Phenyl C-2 & C-6), 8.00 (s, 2H: Pyridine H-3 & H-5 ), 7.53 

(t, J = 7.6 Hz, 2H: 6-Phenyl H-3 & H-5), 7.46 (d, J = 7.1 Hz, 1H: 6-Phenyl H-4), 6.94 (d, J = 8.5 

Hz, 2H: 2-Phneyl C-3 & C-5). 13C NMR (126 MHz, CD3OD) δ 158.80 (2-Phenyl C-4), 157.94 

(Pyridine C-6), 157.66 (Pyridine C-2), 148.19 (Pyridine C-4), 147.97 (4-Phenyl C-4), 145.11 (4-

Phenyl C-1), 139.20 (6-Phenyl C-1), 130.35 (2-Phenyl C-1), 128.87 (6-Phenyl C-4), 128.35 (2-

Phenyl C-2 & C-6), 128.29 (6-Phenyl C-3 & C-5), 128.15 (6-Phenyl C-2 & C-6), 126.81(6-Phenyl 

C-2 & C-6), 123.80 (4-Phenyl C-3 & C-5), 115.81 (Pyrdine C-3), 115.77 (Pyrdine C-5), 115.13 

(2-Phenyl C-3 & C-5). HRMS-ESI: m/z calc for C23H17NOcL: 369.1239, found: 369.1249 [M + 

H]+ (within 2.7 ppm difference). 

3-(4-(4-Nitrophenyl)-6-phenylpyridin-2-yl)phenol (2.3.92) 

 
Yield = 62%; off white color solid; m. p = 162–165 °C; 1H NMR (500 MHz, CDCl3) δ 8.39 (d, J 

= 8.7 Hz, 2H: 4-Phenyl C-3 & C-5), 8.19 (d, J = 7.3 Hz, 2H: 6-Phenyl H-2 & H-6), 7.92 – 7.84 

(m, 4H: 4-Phenyl C-2 & C-6; Pyridine H-3 & H-5 ), 7.77 (s, 1H: 2-Phenyl H-2), 7.72 (d, J = 7.8 

Hz, 1H: 2-Phenyl H-6), 7.53 (t, J = 7.4 Hz, 2H: 6-Phenyl H-3 & H-5), 7.50 – 7.45 (m, 1H: 6-

Phenyl H-4), 7.40 (t, J = 7.9 Hz, 1H; 2-Phenyl H-5), 6.98 – 6.92 (m, 1H: 2-Phenyl H-4), 5.15 (s, 

1H: 3-OH). 13C NMR (126 MHz, CDCl3) δ 158.00 (2-Phenyl C-3), 157.39 (Pyridine C-6), 156.14 

(Pyridine C-3), 148.21 (Pyridine C-4), 147.90 (4-Phenyl C-4), 145.39(4-Phenyl C-1), 140.70 (2-

Phenyl C-1), 138.97 (6-Phenyl C-1), 130.09 (2-Phenyl C-5), 129.49 (6-Phenyl C-4), 128.85 (4-
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Phenyl C-2 & C-6), 128.19 (6-Phenyl C-3 & C-5), 127.15 (6-Phenyl C-2 & C-6), 124.40 (4-Phenyl 

C-3 & C-5), 119.50 (2-Phenyl C-6), 117.22 (Pyridine C-3), 117.04 (Pyridine C-5), 116.47 (2-

Phenyl C-2), 114.11 (2-Phenyl C-4). HRMS-ESI: m/z calc for C23H17N2O3: 369.1239, found: 

369.1248 [M + H]+ (within 2.4 ppm difference). 

3-(4-(4-Chlorophenyl)-6-phenylpyridin-2-yl)phenol (2.3.93) 

 

Yield = 59%; white color solid; m. p = 153–155 °C (previously reported m. p = 151.5-152.1 [206]); 

Rf = 0.61 (EtOAc-cyclohexane, 3:7); 1H NMR (500 MHz, CDCl3) δ 8.21 – 8.14 (m, 2H: 6-Phenyl 

H-2 & H-6), 7.83 (s, 1H: Pyridine H-3), 7.81 (s, 1H: Pyridine H-5), 7.76 – 7.73 (m, 1H: 2-Phenyl 

H-2), 7.68 (m, 3H: 4-Phenyl H-2 & H-6; 2-Phenyl H-6), 7.54 – 7.43 (m, 5H: 6-Phenyl C-3, C-4 & 

C-5; 4-Phenyl H-3 & H-5), 7.37 (t, J = 7.9 Hz, 1H: 2-Phenyl H-5 ), 6.96 – 6.90 (m, 1H: 2-Phenyl 

H-4), 5.42 (broad, S, 1H: 3-OH). 13C NMR (126 MHz, CDCl3) δ 157.67 (Quaternary, 2-Phenyl C-

3), 157.09 (Quaternary, Pyridine C-6), 156.12 (Quaternary, Pyridine C-2), 148.96 (Quaternary, 

Pyridine C-4), 141.02 (Quaternary, 2-Phenyl C-1), 139.33 (Quaternary, 6-Phenyl C-1), 137.38 

(Quaternary, 4-Phenyl C-1), 135.24 (Quaternary, 4-Phenyl C-4), 129.96 (Aromatic -CH-, 6-Phenyl 

C-4), 129.34 (Aromatic -CH-, 4-Phenyl C-3 & C-5), 129.19 (Aromatic -CH-, 2-Phenyl C-3), 

128.73 (Aromatic -CH-, 6-Phenyl C-3 & C-5), 128.43 (Aromatic -CH-, 4-Phenyl C-2 & C-6), 

127.13 (Aromatic -CH-, 6-Phenyl C-2 & C-6), 119.42 (Aromatic -CH-, 2-Phenyl C-6), 117.05 

(Aromatic -CH-, Pyridine C-3), 116.88 (Aromatic -CH-, Pyridine C-5), 116.21 (Aromatic -CH-, 

2-Phenyl C-2), 114.09 (Aromatic -CH-, 2-Phenyl C-4). The 1H and 13C NMR data was found in 

good agreement to that reported by Thapa et al [206]. HRMS-ESI: m/z calc for C23H17NOCl: 

358.0994, found: 358.0995 [M + H]+ (within 1.4 ppm difference). 
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4-(4-Chlorophenyl)-2,6-diphenylpyridine (2.3.94) 

 
Yield = 68% ; white color solid; m. p = 128-129 °C (previously reported m. p = 127-130 [425], 

121−122 °C [420], 111–112°C [231]); 1H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 7.9 Hz, 4H: 6-

Phenyl H-2 & H-6; 2-Phenyl H-2 & H-6), 7.84 (s, 2H: Pyridine H-3 & H-5), 7.68 (d, J = 8.3 Hz, 

2H: 4-Phenyl H-2 & H-6), 7.55 – 7.43 (m, 8H: 2-Phenyl H-3, H-4 & H-5; 6-Phenyl H-3, H-4 & 

H-5; 4-Phenyl C-3 & C-5). 13C NMR (126 MHz, CDCl3) δ 157.68 (Pyridine C-2 & C-6), 148.94 

(Pyridine C-4), 139.40 (2-phenyl C-1 & 6-Phenyl C-1), 137.49 (4-Phenyl C-1), 135.19 (4-Phenyl 

C-4), 129.33 (4-Phenyl C-3 & C-5), 129.16 (4-Phenyl C-2 & C-6), 128.73 (2-Phenyl C-3 & C-5; 

6-Phenyl C-3 & C-5 ), 128.45 (2-Phenyl C-4; 6-Phenyl C-4), 127.11 (2-Phenyl C-2 & C-6; 6-

Phenyl C-2 & C-6), 116.80 (Pyridine C-3 & C-5). The 1H and 13C NMR data was found in good 

agreement to that reported by previous studies  [231] [420, 425].  HRMS-ESI: m/z calc for 

C23H17NCl: 342.1050, found: 342.1062 [M + H]+ (within 3.5 ppm difference). 

4-(4-Nitrophenyl)-2,6-diphenylpyridine (2.3.95) 

  
Yield = 71 %; buff color solid; m. p = 187-189 °C (previously reported m. p = 195–197°C [226], 

194–195 °C [426], 196–198 °C [427]; 1H NMR (500 MHz, DMSO-d6) δ 8.39 – 8.31 (m, 8H: 2-

Phenyl H-2 & H-6; 6-Phenyl H-2 & H-6; 4-Phenyl H-3 & H-5 ), 8.28 (s, 2H: Pyridine H-3 & H-

5), 7.55 (t, J = 7.5 Hz, 4H: 2-Phenyl H-3 & 5; 6-Phenyl H-3 & H-5 ), 7.49 (t, J = 7.2 Hz, 2H: 2-

Phenyl H-4 & 6-Phenyl H-4). 13C NMR (126 MHz, DMSO-d6) δ 156.68 (Pyridine C-2 & C-6) , 

147.78 (Pyridine C-4), 147.23 (4-Phenyl C-1), 144.02 (4-Phenyl C-4), 138.40 (2-phenyl C-1 & 6-

Phenyl C-1), 129.34 (2-phenyl C-1 & 6-Phenyl C-1), 128.78 (4-Phenyl C-2 & C-6), 128.68 (2-

Phenyl C-3 & C-5; 6-Phenyl C-3 & C-5 ), 126.92 (2-Phenyl C-2 & C-6; 6-Phenyl C-2 & C-6), 

123.91 (4-Phenyl C-3 & C-5), 116.88 (Pyridine C-3 & C-5). The 13C NMR data was found in good 
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agreement to that reported by Ren et al [421]. HRMS-ESI: m/z calc for C23H17N2O2: 353.1290, 

found: 353.1289 [M + H]+ (within 3.5 ppm difference) 

2-(3-Methoxyphenyl)-4-(4-nitrophenyl)-6-phenylpyridine (2.3.96) 

 
Yield = 64%; light yellow color solid; m. p = 142–144 °C; 1H NMR (500 MHz, CDCl3) δ 8.39 (d, 

J = 7.3 Hz, 2H: 4-Phenyl H-3 & H-5), 8.20 (d, J = 6.2 Hz, 2H: 6-Phenyl H-2 & H-6), 7.95 – 7.69 

(m, 6H: Pyridine H-3& H-5; 2-Phenyl H-4 & H-6; 4-Phenyl H-2 & H-6), 7.59 – 7.41 (m, 4H: 6-

Phenyl H-3, H-4 & H-5; 2-Phenyl H-5), 7.03 (d, J = 6.6 Hz, 1H: 2-Phenyl H-4), 3.94 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 160.15 (2-Phenyl C-3), 157.92 (Pyridine C-6), 157.73 (Pyridine C-2), 

148.18 (pyridine C-4), 147.84 (4-Phenyl C-4), 145.43 (4-Phenyl C-1), 140.53 (2-Phenyl C-1), 

138.98 (6-Phenyl C-1), 129.83 (6-Phenyl C-4), 129.46 (2-Phenyl C-5), 128.84 (4-Phenyl C-2 & 

C-6), 128.18 (6-Phenyl C-3 & C-5), 127.14 (6-Phenyl C-2 & C-6), 124.38 (4-Phenyl C-3 & C-5), 

119.50 (2-Phenyl C-6), 117.10 (Pyridine C-3), 117.09 (Pyridine C-5), 114.89 (2-Phenyl C-1), 

112.91 (2-Phenyl C-2), 55.46 (3-OMe). HRMS-ESI: m/z calc for C24H19N2O3: 383.1396, found: 

383.1389 [M + H]+ (within 1.8 ppm difference). 

4-(4-Chlorophenyl)-2-(4-methoxyphenyl)-6-phenylpyridine (2.3.97) 

 
Yield = 70 %; off white color solid; m. p = 136–140 °C; 1H NMR (500 MHz, CDCl3) δ 8.17 (m, 

4H: 2-Phenyl H-2 & H-6; 6-Phenyl H-2 & H-6), 7.78 (s, 1H: Pyrdine H-3), 7.77 (s, 1H: Pyrdine 

H-5), 7.67 (d, J = 8.4 Hz, 1H: 4-Phenyl H-2 & H-6), 7.54 – 7.42 (m, 5H: 4-Phenyl H-3 & H-5; 2-

Phenyl H-3, H-4 & H-5), 7.04 (d, J = 8.7 Hz, 2H: 2-Phenyl H-3 & H-5), 3.89 (s, 3H: OMe). 13C 

NMR (126 MHz, CDCl3) δ 160.66 (2-Phenyl C-4), 157.53 (Pyridine C-6), 157.30 (Pyridine C-2), 

148.85 (Pyridine C-4), 139.53 (6-Phenyl C-1), 137.66 (4-Phenyl C-1), 135.11 (4-Phenyl C-4), 
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132.04 (2-Phenyl C-1), 129.30 (4-Phenyl C-3 & C-5), 129.09 (6-Phenyl C-4), 128.71 (4-Phenyl 

C-2 & C-6), 128.45 (6-Phenyl C-3 & C-5), 128.41 (2-Phenyl C-2 & C-6), 127.11 (6-Phenyl C-2 

& C-6), 116.16 (Pyridine C-5), 116.03 (Pyridine C-3), 114.11 (2-Phenyl C-3 & C-5), 55.01 (4-

OMe). HRMS-ESI: m/z calc for C24H19NOCl: 372.1155, found: 372.1151 [M + H]+ (within 1.1 

ppm difference). 

2-(4-Methoxyphenyl)-4-(4-nitrophenyl)-6-phenylpyridine (2.3.98) 

 
Yield = 57%; off white color solid; m. p = 154–157 °C; 1H NMR (500 MHz, CDCl3) δ 8.37 (d, J 

= 8.5 Hz, 2H: 4-Phenyl H-3 & H-5), 8.18 (dd, J = 10.7, 8.3 Hz, 4H: 2-Phenyl H-2 & H-6), 7.87 

(d, J = 8.5 Hz, 2H: 4-Phenyl H-2 & H-6), 7.80 (s, 2H: Pyridine H-3 & H-5), 7.53 (t, J = 7.5 Hz, 

2H), 7.47 (t, J = 7.2 Hz, 1H), 7.04 (dd, J = 8.9, 2.7 Hz, 2H), 3.89 (s, 3H: -OCH3). 
13C NMR (126 

MHz, CDCl3) δ 160.86 (2-Phenyl C-4), 157.79 (Pyridine C-6), 157.56 (Pyridine C-2), 148.11 

(Pyridine C-4), 147.72 (4-Phenyl C-1), 145.61 (4-Phenyl C-4), 139.14 (6-Phenyl C-1), 131.61 (2-

Phenyl C-1), 129.36 (6-Phenyl C-4), 128.80 (6-Phenyl C-3 & C-5), 128.44 (4-Phenyl C-2 & C-6), 

128.14 (2-Phenyl C-2 & C-6), 127.10 (4-Phenyl C-3 & C-5), 124.33 (6-Phenyl C-2 & C-6), 116.23 

(Pyridine C-3), 116.12 (Pyrdine C-5), 114.18 (2-Phenyl C-3 & C-5), 55.41 (-OCH3). HRMS-ESI: 

m/z calc for C24H19N2O3: 383.1396, found: 383.1397 [M + H]+ (within 0.3 ppm difference). 

Synthesis of imidazole 

5-Amino-1-benzyl-1H-imidazole-4-carbonitrile (2.3.101) 

 
The diaminonitrile (1gm) treated with Triethyl orthoformate in dioxane solvent and refluxed for 9 

hours. After monitoring by TLC shows complete consumption of diaminonitrile during reaction, 

dioxane was evaporated on rotavap, which left a brown colour residue. The residue was dissolved 

into diethyl ether (2 x 10 mL) and filtered under vacuum and mother liquor was collected and left 
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overnight. Later the subsequent seeds of crystals (long needle-shaped brown crystals) were 

collected and treated with benzylamine and freshly prepared anilinium chloride (10 mol %) in 

EtOH under dark at room stirring for 8 hours. Later EtOH was removed by rotavap and dried 

residue was treated with 1 M NaOH solution to afford 2.3.101. The compound stick arounds the 

magnet bead and NaOH solution was easily decanted. After decanting, triturated with the help of 

spatulate was done in slight hexane and EtOAc (~1:1) and compound get precipitated which was 

later filtered off.  

Yield = 88%;  light green color solid; m. p = 192-194 °C (previously reported m. p = 196-198 °C 

[428]); 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.33 (m, 4H: Bn-H-2, H-3, H-5 & H-6), 7.25 (s, 1H: 

Imidazole H-2), 7.20 (s, 1H: Bn-H-4), 5.04 (s, 2H: Bn-CH2-), 4.24 (br, s, 2H: NH2) [428]. 13C 

NMR (126 MHz, CDCl3) δ 156.33 (Quaternary, Imidazole-C-5), 137.29 (Aromatic -CH-, 

Imidazole C-2), 134.18 (Quaternary, Bn-C-1), 129.21 (Aromatic -CH-, Bn-C3 & C5), 128.89 

(Aromatic -CH-, Bn-C4), 127.83 (Aromatic -CH-, Bn-C2 & C6), 112.55 (Quaternary, -CN), 96.92 

(Quaternary, Imidazole-C-4), 50.60 (Bn-CH2-). HRMS-ESI: m/z calc for C19H21O5: 199.0978, 

found: 199.0979 [M + H]+ (within 0.5 ppm difference). 

1-Benzyl-5-(benzylamino)-1H-imidazole-4-carbonitrile (2.3.102) 

 

The 2.3.101 (1 equiv.) was treated with K2CO3 (1.2 equiv.) and benzyl chloride (1 equiv.) in DMF 

for 12 hours (heated at 40-43 °C) to afford compound. Later, aqueous work up was performed and 

EtOAc layer was collected, dried over sodium sulphate and, removed under reduced pressure, 

which was purified through column chromatography (EtOAc: Cyclohexane, 35-50 %). 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.24 (m, 6H), 7.23 – 7.15 (m,3H), 7.02 (d, J = 1.4 Hz, 1H), 

6.81 – 6.59 (m, 2H), 4.62 (s, 2H), 4.24 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 147.87 (Quaternary, 

Imidazole-C-5), 136.45 (Quaternary, N1-Bn-C-1), 135.32 (Aromatic -CH-, Imidazole-C-2), 

134.83 (Quaternary, NH-Bn-C1), 129.24 (Aromatic -CH-, N1-Bn-C3 & C-5), 129.07(Aromatic -

CH-, NH-Bn-C3 & C-5), 128.69 (Aromatic -CH-, N1-Bn-C2 & C-6), 128.41 (Aromatic -CH-, 

NH-Bn-C2 & C-6), 128.00 (Aromatic -CH-, NH-Bn-C-4), 127.33 (Aromatic -CH-, N1-Bn-C4), 
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115.51 (-CN), 107.40(Imidazole 4-CN) , 58.52 (-OCH3) (Imidazole-N-Bn -CH2-), 47.28 

(Imidazole-NH-Bn -CH2-). HRMS-ESI: m/z calc for C18H17N4: 289.1448, found: 289.1450 [M + 

H]+ (within 0.7 ppm difference). 

General procedure for synthesis of N-benzyl-1H-imidazole-4,5-dicarbonitrile 

The 4,5-dicyanoimidazole was dissolved in DMF along with K2CO3 (1.2 equiv.), benzyl chloride 

derivatives (1 equiv.) and left for stirring 10 hours at room temperature. The aqueous work up was 

performed where the EtOAc layer was dried over sodium sulphate and removed under reduced 

pressure and later gradient column chromatography was (EtOAc: Cyclohexane, 40-50 %) 

performed. 

General procedure for N-benzyl-imidazole-4,5-dicarboxylic acid  

Either of the compounds (2.3.105 or 2.3.106) in 25 mL RBF were refluxed with 5N NaOH to yield 

(dicarboxylic acids: 2.3.107 & 2.3.108) [241]. Later after monitoring the reaction completion on 

TLC, the acid base extraction was performed, and purity of these compounds were estimated with 

qNMR. 

Quantification of NMR (qNMR) 

The sensitive of weighing balance is essential to get accurate results therefore a microbalance was 

used for weighing. Initially the balance was calibrated, which includes centering of bubble and 

weighing of pre-calibrated weights (in this case I used 10 mg) and I found an error of +0.031 mg. 

The weighing was done on plastic caps in order to avoid butter paper. After completing the 

weighing of internal standard and my compound of interest, I also weight again the empty cap, 

looking for any residual left there, so that I can consider it further during calculations. I added all 

Internal std + compound directly to the NMR tube followed by addition of 600 µL of DMSO-d6, 

taken from fresh vial by using micropipette. This whole procedure is followed from J med chem 

author guidelines of purity [242]. To obtain quantitative data, the 1H NMR spectra, with a 

relaxation delay set from 15 s up to 30 s, 30° and 45°C pulse angle, 2.0447 s acquisition time, and 

spectral widths of 16 ppm (-2 ppm- 14 ppm). In all the spectra the baseline was automatically 

corrected with Whittaker Smoother method. 

With the aim to have precise quantitative analysis the longest T1 value of molecule was used to 

set up the proper relaxation delay. The integration was performed manually. In my calculation I 

used benzyl protons. Here, the internal standard (DMS) used 4.54 mg +-0.0228 and  

my compound weight is 3.15 mg ± 0.0405. 
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1-Benzyl-1H-imidazole-4,5-dicarboxylic acid (2.3.107) 

 
Yield = 97%; off-white color solid; m. p = 207-210 °C; 13C NMR (126 MHz, DMSO-d6) δ 159.44 

(Quaternary, 5-COOH), 158.72 (Quaternary, 4-COOH), 138.42 (Aromatic -CH-, Imidazole C-2), 

135.79 (Quaternary Bn-C-1), 131.04 (Quaternary, Imidazole C-5), 128.51 (Aromatic -CH-, Bn-C-

3 & Bn-C-5), 127.89 (Aromatic -CH-, Bn-C-4), 127.40, 126.51(Quaternary, Imidazole C-5), 50.70 

(Ph-CH2-). The 13C NMR data was found in good agreement to that reported by Delest et al [241]. 

HRMS-ESI: m/z calc for C12H11N2O4+: 247.0713, found: 247.0718 [M + H]+ (within 2.0 ppm 

difference). 

1-(4-Methoxybenzyl)-1H-imidazole-4,5-dicarbonitrile (2.3.106) 

 
Yield = 88%; white color solid; 1H NMR (500 MHz, CDCl3) δ 7.66 – 7.61 (m, 1H, imidazole H-

2), 7.24 (dd, J = 8.3, 1.2 Hz, 2H, Bn-H2 & H6), 6.97 – 6.92 (m, 2H, Bn-H3 & H5 ), 5.20 (s, 2H, 

Bn -CH-), 3.83 (S, 3H; -OCH3). These values are parallel to reported [429]. 13C NMR (126 MHz, 

CDCl3) δ 160.65 (Quaternary, Bn-C-4), 140.74 (Aromatic -CH-, Imidazole-C-2), 129.88 

(Aromatic -CH-, Bn C-2 & C-6), 124.07 (Quaternary, Imidazole C-5), 123.39 (Quaternary, 

Imidazole C-4), 115.01 (Aromatic -CH-, Bn C-3 & C-5), 111.45 (Imidazole 5-CN), 107.92 

(Imidazole 4-CN), 55.42 (-OCH3), 51.44 (Bn -CH2-). The 1H and 13C NMR data was found in 

good agreement to that reported by Xie et al [430]. HRMS-ESI: m/z calc for C13H11N4O: 239.0927, 

found: 239.0932 [M + H]+ (within 2.1 ppm difference) 

1-(4-Methoxybenzyl)-1H-imidazole-4,5-dicarboxylic acid (2.3.108) 
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1H NMR (500 MHz, DMSO-d6) δ 9.27 (s, 1H: Imidazole-H-2), 7.46 – 7.18 (m, 2H: Bn-H-2 & H-

6), 7.10 – 6.75 (m, 2H: Bn-H-3 & H-5 ), 5.72 (s, 2H: Bn-CH2-), 3.73 (s, 3H: -OCH3). 
13C NMR 

(126 MHz, DMSO-d6) δ 159.84 (Quaternary, 5-COOH), 159.61 (Quaternary, Bn-C-4), 159.29 

(Quaternary, 4-COOH), 138.54 (Aromatic -CH-, Imidazole C-2), 131.42 (Quaternary, Bn-C-4), 

130.02 (Aromatic -CH-, Bn C-2 & C-6), 128.06 (Quaternary, Imidazole C-5), 126.95 (Quaternary, 

Imidazole C-4), 114.48 (Aromatic -CH-, Bn C-3 & C-5), 55.58 (-OCH3), 50.88 (Bn -CH2-). 

HRMS-ESI: m/z calc for C13H13N2O5: 277.0819, found: 277.0811 [M + H]+ (within 2.9 ppm 

difference) 

Synthesis of indole derivatives 

Ethyl 1-(4-phenoxybutyl)-1H-indole-2-carboxylate (2.3.111) 

 
To 1 equiv. of phenyl hydrazine, 1 equiv. of pyruvate ester was added in presence of 0.2 mL of 

AcOH and MeOH as solvent and the mixture was heated at reflux for 4.5 hours. The yellowish-

orange precipitate was collected by filtration and also further washed with cold water  to give ethyl 

(Z)-2-(2-phenylhydrazono)propanoate, 2.3.109, HRMS-ESI: m/z calc for C11H15N2O2: 207.1128, 

found: 207.1131 [M + H]+ (within 1.5 ppm difference)). This precipitate was placed on a Schlenk 

line to remove traces of water and polyphosphoric acid was added then (5 mL) and reflux for 6 

hours. Later, water was directly added drop by drop (note: highly exothermic reaction) and heated 

at reflux for a further 2 hours. Later, DCM was added and the organic layer was separated from 

the aqueous layer, collected, dried over sodium sulphate, evaporated on a rotary evaporator to give 

ethyl 1H-indole-2-carboxylate, 2.3.110; HRMS-ESI: m/z calc for C11H12NO2: 190.0863, found: 

190.0867 [M + H]+ (within 2.1 ppm difference)). Later, similar reaction conditions were used to 

give 2.3.111. 

1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 8.0 Hz, 1H: Indole H-4), 7.41 (d, J = 8.5 Hz, 1H: indole 

H-7), 7.36 – 7.29 (m, 2H: Indole H-6 & H-3), 7.28 – 7.19 (m, 2H: OPh H-3 & H-5), 7.14 (t, J = 

7.4 Hz, 1H: H-5), 6.92 (t, J = 7.3 Hz, 1H: OPh H-4), 6.87 (d, J = 8.2 Hz, 2H: OPh H-2 & H-6), 
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4.65 (t, J = 7.4 Hz, 2H: PhO-CH2-CH2-CH2-CH2-indole), 4.37 (q, J = 7.1 Hz, 2H: Ester -CH2-), 

3.96 (t, J = 6.3 Hz, 2H: PhO-CH2-CH2-CH2-CH2-indole), 2.06 – 1.94 (m, 2H: PhO-CH2-CH2-

CH2-CH2-indole), 1.88 – 1.80 (m, 2H: PhO-CH2-CH2-CH2-CH2-indole), 1.40 (t, J = 7.1 Hz, 3H: 

ester -CH3). 13C NMR (126 MHz, CDCl3) δ 162.03 (-C=O), 158.93 (OPh C-1), 139.03 (Indole C-

8), 129.40 (OPh C-3 & C-5), 127.44 (Indole C-2), 125.98 (Indole C-9), 124.92 (indole CH), 122.65 

(indole CH), 120.61 (indole CH), 120.51 (indole CH), 114.50 (OPh C-2 & C-6), 110.58 (indole 

C-3), 110.45 (indole C-7),  67.43 (PhO-CH2-CH2-CH2-CH2-indole), 60.52 (Ester -CH2-), 44.36 

(PhO-CH2-CH2-CH2-CH2-indole), 27.38 (PhO-CH2-CH2-CH2-CH2-indole), 26.68 (PhO-CH2-

CH2-CH2-CH2-indole), 14.37 (Ester-CH3). HRMS-ESI: m/z calc for C21H24NO3: 338.1751, found: 

338.1754 [M + H]+ (within 0.9 ppm difference). 

General procedure for 3-Methoxybenzyl-1H-indoles 

To a 10 mL glass microwave tube, respective ethyl indole-2-carboxylate derivatives (1 equiv.) 

with 4-methoxybenzylamine (1 equiv.), and lithium hydroxide (7.5 mol %) were added along with 

stirring bead. The tube was sealed with a septum and placed inside the microwave. The reaction 

mixture was heated to 200 °C using an initial microwave power of 200 Watts for 30 min. Later 

gradient column chromatography was (EtOAc: Cyclohexane, 30-40 %) performed. 

3-(4-methoxybenzyl)-1H-indole (2.3.114a) 

 
Yield = 66%; light yellow color [431]; m. p = 97-99°C; 1H NMR (500 MHz, CDCl3) δ 7.92 (br, s, 

1H, -NH-), 7.56 (d, J = 7.9 Hz, 1H: Indole H-4), 7.37 (d, J = 8.1 Hz, 1H, indole H-7), 7.27 – 7.18 

(m, 3H: Bn H-2 & H-6; indole H-6), 7.12 (t, J = 7.5 Hz, 1H: Indole H-5), 6.90 (s, 1H: indole H-

2), 6.86 (d, J = 8.6 Hz, 2H: Bn H-3 & H-5), 4.10 (s, 2H: Bn-CH2-), 3.81 (s, 3H, OMe). 13C NMR 

(126 MHz, CDCl3) δ 157.84 (Quaternary, Bn C-4), 136.51 (Quaternary, Indole C-8), 133.34 

(Quaternary, Bn C-1), 129.61 (Aromatic -CH- Bn C-2 & C-6), 127.46 (Quatarny indole C-9), 

122.25 (Aromatic -CH- indole H-2), 122.03 (Aromatic -CH- indole H-6), 119.34 (Aromatic -CH- 

indole H-5), 119.19 (Aromatic -CH- indole H-4), 116.30 (Quaternary indole C-3), 113.78, 111.09 

(Aromatic -CH- indole H-7),  55.29 (-OMe), 30.73 (benzylic -CH2-). The 1H and 13C NMR data 
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was found in good agreement to that reported by Jiang et al [245] and Seck et al [246]. HRMS-

ESI: m/z calc for C16H16NO: 238.1226, found: 238.1229 [M + H]+ (within 1.3 ppm difference). 

5-Chloro-3-(4-methoxybenzyl)-1H-indole (2.3.115) 

 
1H NMR (500 MHz, CDCl3) δ 7.96 (br, s, 1H, -NH-), 7.46 (s, 1H: Indole H-4), 7.24 (d, J = 8.4 

Hz, 1H: indole H-7), 7.17 (d, J = 8.1 Hz, 2H: Bn H-2 & H-6), 7.12 (d, J = 8.6 Hz, 1H: indole H-

6), 6.91 (s, 1H: indole H-2), 6.83 (d, J = 8.3 Hz, 2H: Bn H-3 & H-5), 4.00 (s, 2H: benzylic protons), 

3.78 (s, 3H: -OME). 13C NMR (126 MHz, CDCl3) δ 157.92 (Bn C-4), 134.81 (indole C-8), 132.77 

(Bn C-1), 129.49 (Bn C-2 & C-6), 128.53 (indole C-9), 125.07 (indole C-5), 123.59 ( indole C-2), 

122.33 (indole C-6), 118.65 (Indole C-4), 116.13 (indole C-3), 113.84 (Bn C-3 & C-5), 112.04 

(indole C-7), 55.27 (-OMe), 30.51 (Bn -CH2-). HRMS-ESI: m/z calc for C16H15ClNO: 272.0837, 

found: 272.0831 [M + H]+ (within 2.2 ppm difference) 

Ethyl 1-(4-methoxybenzyl)-1H-indole-2-carboxylate (2.3.116) 

 
To ethyl indole-2-carboxylate (2.1.110) (100 mg, 0.52 mM, 1 equiv.), K2CO3

 (88 mg, 0.63 mM, 

1.2 equiv.) was stirred in DMF. After 10 mins, 4-methoxybenzyl chloride (81 mg, 0.52 m<, 1 

equiv.) was added. After, stirring at room temperature for overnight, aqueous work up was 

performed where the DCM layer was dried over sodium sulphate and removed under reduced 

pressure and later gradient column chromatography was (EtOAc: Cyclohexane, 10-20 %) 

performed, obtained pale yellow colored oil; 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 7.9 Hz, 

1H: Indole H-4), 7.37 (m, 2H: indole H-3 & H-7), 7.30 (s, 1H: Indole H-6)), 7.14 (t, J = 7.4 Hz, 

1H: Indole H-5), 7.01 (d, J = 8.6 Hz, 2H: Bn H-2 & H-6), 6.77 (d, J = 8.7 Hz, 2H: Bn H-3 & H-5 

), 5.77 (s, 2H: Benzylic protons), 4.33 (d, J = 7.1 Hz, 2H: Ester -CH2- ), 3.73 (s, 3H: OMe), 1.36 

(t, J = 7.1 Hz, 3H: ester CH3). 13C NMR (126 MHz, CDCl3) δ 161.99 (Carbonyl -C=O), 158.67 
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(Bn C-4), 139.45 (Indole C-8), 130.41 (Bn C-1), 127.66 (Indole C-2), 127.64 (Bn C-2 & C-6), 

126.12 (Indole C-9), 125.16 (Indole C-6), 122.62 (Indole C-4), 120.74 (Indole C-5), 113.92 (Bn 

C-3 & C-5), 110.93 (indole C-7), 110.86 (indole C-3), 60.57 (ester -CH2-), 55.20 (-OMe), 47.30 

(Benzylic -CH2-), 14.32 (ester -CH3-). The 1H and 13C NMR data was found in good agreement 

to that reported by Higuchi et al [432] and Ching et al [433]. HRMS-ESI: m/z calc for 

C19H20NO3+: 310.1438, found: 310.1432 [M + H]+ (within 1.9 ppm difference). 

1-(4-Methoxybenzyl)-1H-indole-2-carboxylic acid (2.3.117) 

 
To 2.3.116 (61 mg, 0.19 mM, 1 equiv.), different concentrations of LiOH (0.1, 0.5, 3.5 equiv.) 

were tried in microwave sealed tube and heated to 200 °C for 30 mins to form same compound 

(2.3.117) as white color solid; 1H NMR (500 MHz, D2O) δ 7.75 (d, J = 8.0 Hz, 1H: Indole H-4), 

7.45 (d, J = 8.4 Hz, 1H: indole H-7), 7.28 (t, J = 7.2 Hz, 1H: indole H-6), 7.17 (t, J = 7.4 Hz, 1H: 

Indole H-5), 7.14 – 7.11 (s, 1H: indole H-3), 7.02 (d, J = 8.7 Hz, 2H: Bn H-2 & H-6), 6.83 (d, J = 

8.6 Hz, 2H: Bn H-3 & H-5), 5.76 (s, 2H: benzylic protons), 3.73 (s, 3H: OMe). 13C NMR (126 

MHz, D2O) δ 169.74 (Carbonyl -C=O), 157.65 (Bn C-4), 137.94 (Indole C-8), 135.69 (Indole C-

2), 131.55 (Bn C-1), 127.73 (Bn C-2 & C-6), 126.31 (Indole C-9), 123.68(Indole C-6), 121.84 

(Indole C-4), 120.30 (Indole C-5), 113.91(Bn C-3 & C-5), 111.13 (indole C-7), 106.99 (indole C-

3), 55.21(-OMe), 46.43 (Benzylic -CH2-). The 1H and 13C NMR data was found in good agreement 

to that reported by Ching et al [433] HRMS-ESI: m/z calc for C17H16NO3: 282.1125, found: 

282.1129 [M + H]+ (within 1.4 ppm difference). 

Cytotoxicity evaluation of synthesized compounds 

This work has been done with the help of collaborator (Dr. Eva Szegdi, Apoptosis Research Centre, 

NUI Galway). Based on my protein of interest, H929 cell line was selected as it one of the Mcl-1 

dependent cell line [93].  

Cell culture 

There is growing interest of evlauting the cytotoxicity of anticancer molecules as a preliminary 

screening in anticancer drug discovery projetcs. Here, I selected the H929 cancer cell line as it is 

found a Mcl-1 dependent cell lines. H929 (ATCC® CRL-9068™) is B-lymphocyte type cells, 
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lymphobast in morphology, retrieve from bone marrow. These cells are different than the 

conventional adherent cell lines, also called as supspension cell line. This is categorised in 

biosafety 1 (according to U.S. Public Health Service Guidelines). They cultured in a modified 

RPMI-1640 Medium which contains 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 

4500 mg/L glucose, and 1500 mg/L sodium bicarbonate, for use in incubators using 5% CO2 in 

air. Additional sodium bicarbonate may be required for use in incubators containing higher 

percentages of CO2. This reduced level of sodium bicarbonate (NaHCO3, 1.5 g/L) is intended for 

use in 5% CO2 in air. Additional sodium bicarbonate may be required for use in incubators 

containing higher percentages of CO2 [434] 

Cell counting and cell number determination 

For the cytotoxicity studies, cells were grown in petri dish and doubled their population in 48 hours 

which is further diluted with media to maintain to population to 500,00 cells /mL. The cell counting 

was preferred over with a dye staining technique (trypan blue dye) using hemocytometer was 

determine the number of cells in a petridish. Viable cells do not feed trypan blue dye while dead 

ones do, which allows the differentiation of viable from the dead cells using an optical microscope 

and, later counting was performed. The hemocytometer is a device used to count cells which 

consist nine squares with an area of 1 mm2 each and all of them constituting a volume chamber 

with a depth of 0.1 mm, in which cells are mounted for counting after sealing it with a glass cover 

slip. The viable cells were visually counted in each one of the nine squares. Each square of the 

grid contains a volume of: 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝐴𝑟𝑒𝑎 ∗ 𝑑𝑒𝑝𝑡ℎ = 1 𝑚𝑚2 ∗ 0.1 𝑚𝑚 = 0.1 𝑚𝑚3 = 0.0001 𝑚. 

The more squares counted the better would be the precision in cell number approximation, as cells 

do not tend to perfectly spread in the chamber. 

MTT cell proliferation assay 

MTT is a pale yellow tetrazolium dye that gets reduced only by metabolically active cells, turning 

it into an insoluble, purple formazan dye. MTT reduction is specifically carried out by 

oxidoreductase enzymes in the mitochondria. As intensty of reduction of yellow tetrazolium dye 

is dependent on the number of viable cells, therefore it helps to estimate metabolic live cells which 

is proportional to the optical density (OD) of the purple formazan product produced by the cells. 

Therefore, if cell viability is affected by the any drug molecule or substance, it will affect dye 

reduction  and hence an alteration would be seen in optical density , which can be measured 

through multiplate reader. 
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MTT assay protocol 

The testing was performed in 96 well plate where 100 µL of cells suspesnion was added (500,000 

cells/ mL ). Later, seeding was performed where cells were left in this 96 well plate for 24 hours 

in incubation. Next day, treatmnet was performed with various concenction of the synthetics in 

triplicate.  After 48 hours, the MTT solution was added and 3 hours later MTT stop solution was 

addded. The reading was then note after 24 hours. 

Experimental Section of Objective 3.1 
Preparation of bis-chalcones 

Impurity and TLC profiles from reactions described herein 

This study involved mainly the formation of mono/bis α, β-unsaturated carbonyl compounds (bis-

chalcones) where impurities were not reported in detail previously.  What I observed that most of 

times that there is another reaction (Cannizzaro reaction) which is competing with the Claisen 

Schmidt condensation. In all cases, the TLC analysis of the product mixture shows multiple spots 

after the reaction is completed. The fastest moving (first) and second spot belong to the respective 

acetophenone and benzaldehyde reactants, while the third and fourth component were products 

from the Claisen-Schmidt condensation (either the mono-acetylated α, β-unsaturated carbonyl 

compound or the bis-α, β-unsaturated carbonyl compound). The slowest moving components were 

from the Cannizzaro reaction. This TLC analysis is helpful to differentiate the products and 

therefore, assist in the successful separation of products formed during these reactions.  

(2E, 2'E)-1,1'-(1,4-Phenylene)-bis(3-(3,4-dimethoxyphenyl)-prop-2-en-1-one) (3.1.3)  

 
1,4-Diacetyl benzene (3.1.1) (200 mg, 1.23 mM, 1 equivalent) was stirred 10-15 mins in a 25 mL 

round bottom flask (RBF) in 1M LiOH (10 ml), along with ~2 ml of MeOH in order to dissolve 

the ketone. 3,4-Dimethoxy benzaldehyde (3.1.2, 410 mg, 2.46 mM, 2.0 equivalent) was then added 

to the reaction mixture. After 48 hours, TLC analysis indicated the complete consumption of 3.1.2 

and the presence of multiple components using EtOAc-cyclohexane (1:3) as eluant. The MeOH 
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was removed under reduced pressure and the product extracted into dichloromethane (DCM).  The 

organic layer was washed twice with distilled water and then dried over sodium sulphate (Na2SO4) 

and the solvent was removed under reduced pressure. Gradient column chromatography (EtOAc-

cyclohexane 14% to 22%) gave the title compound (Yield = 329 mg, 58%; Yellow solid; m. p. = 

213-214 °C, Rf = 0.52 (EtOAc-cyclohexane, 1:3)) as well as 3,4-dimethoxy benzoic acid, which 

is a more polar by-product; 1H NMR (500 MHz, CDCl3) δ (ppm): 8.11 (s, 4H: H-2`, H-3`, H-4`, 

H-5`), 7.79 (d, J = 15.6 Hz, 2H: 2 x β-C of propenone), 7.38 (d, J = 15.6 Hz, 2H: 2 x α-CH of 

propenone), 7.26 (d, J = 3.4 Hz, 4H: 2 x C-2`` & 2 x C-5``), 7.17 (d, J = 1.9 Hz, 2H: 2 x C-6``), 

3.96 (d, J = 9.3 Hz, 12H: 2 x 3-OCH3 & 2 x 4-OCH3); 
13C NMR (126 MHz, CDCl3) δ (ppm): 

190.22 (C=O), 151.76 (quaternary, C-3``), 149.33 (quaternary, C-4``), 146.01 (C-β), 141.47 (C-1` 

& C-4`), 128.58 (C-2`, C-3`, C-5`, C-6`), 127.62 (C-1``), 123.45 (C-α), 119.91 (C-6``), 111.17 (C-

2``), 110.17(C``-5),  56.04 (3-OCH3), 56.01 (4-OCH3). HRMS-ESI: m/z calc for C28H26O6: 

459.1808, found: 459.1791 [M + H]+ (3.7 ppm difference) 

(2E,2'E)-1,1'-(1,3-phenylene)-bis(3-(3,4-dimethoxyphenyl)-prop-2-en-1-one) (3.1.5)  

 
To 1,3-diacetyl benzene (3.1.4) (400 mg, 2.47 mM, 1 equiv.) and 1M LiOH solution (15ml), along 

with ~2 mL MeOH was stirred in 25 mL round bottom flask (RBF) for 10-15 mins at room 

temperature. Later, 3,4-dimethoxy benzaldehyde (3.1.2) (820 mg, 4.95 mM, 2.0 equiv.) was added 

to the reaction mixture. Like the reaction of 3.1.3, TLC analysis after the complete consumption 

of 3.1.2 (36 hours) showed formation of 5 spots (EtOAc-Cyclohexane, 1:3), while 3.1.2 was still 

present. Therefore, to push the reaction to completion 40 mg (~ 5 % of the original weight of 3.1.2) 

was added. After leaving overnight, the TLC profile did not change much so the reaction was 

worked up as for 3.1.3. The MeOH was removed under reduced pressure and the product extracted 

into DCM.  The organic layer was washed twice with distilled H2O and then dried over Na2SO4) 

and the solvent removed under reduced pressure. Gradient column chromatography (EtOAc-
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Cyclohexane, 19:81) gave the title compound (yield = 586 mg, 52%; dark-yellow solid; m. p. = 

224-226 °C; Rf = 0.54 (EtOAc-Cyclohexane, 1:3); 1H NMR (500 MHz, CDCl3) δ (ppm): 8.63 (s, 

1H: H-2`), 8.22 (d, J = 7.7 Hz, 2H: H-4` & H-6`), 7.82 (d, J = 15.6 Hz, 2H: 2 x β-H of propenone), 

7.66 (t, J = 7.7 Hz, 1H: H-5`), 7.44 (d, J = 15.6 Hz, 2H: 2 x α-H of propenone ), 7.27 (d, J = 6.9 

Hz, 2H: H-5``), 7.19 (s, 2H: H-2``), 6.92 (d, J = 8.3 Hz, 2H: H-6``), 3.96 (d, J = 11.0 Hz, 12H: 2 

x 3-OCH3 & 2 x 4-OCH3). 
13C NMR (126 MHz, CDCl3) δ (ppm): 189.95 (C = O), 151.75 

(quaternary, C-3``), 149.35 (quaternary, C-4``), 145.93(C-β), 138.92 (C-1` & C-3`), 132.23 (C-4` 

& C-6`), 128.98 (C-2`), 128.19 (C-5`), 12``7.67 (C-1``), 123.57 (C-α), 119.57 (C-6``), 111.16 (C-

2``), 110.18 (C-5``),  56.05 (3-OCH3 & 4-OCH3). HRMS-ESI: m/z calc for C28H27O6: 459.1801, 

found: 459.1799 [M + H]+;  C56H52O12: 939.3356, found: 939.3341 [2M + Na]+ (1.6 ppm 

difference). 

(2E,2'E)-1,1'-(1,4-Phenylene)-bis(3-(3,4,5-trimethoxyphenyl)-prop-2-en-1-one) (3.1.7) 

 
To 1,4 diacetyl benzene (3.1.1) (400 mg, 2.47 mM, 1 equiv.) and LiOH (1M, 15 ml), along with 

~2 mL MeOH was stirred in 50 mL round bottom flask (RBF) for 15 mins at room temperature. 

Later, 3,4,5-trimethoxy benzaldehyde (3.1.6) (969 mg, 4.94 mM, 2 equiv.) was added to the 

reaction mixture where the reaction turns yellowish orange initially, which on prolong stirring 

further turns to a dark orange color. After TLC confirmation of reaction completion, MeOH was 

removed under reduced pressure and the product extracted into DCM. The organic layer was 

washed twice with distilled H2O and then dried over Na2SO4 and the solvent removed under 

reduced pressure. column chromatography (EtOAc-Cyclohexane, 17:83) gave the title compound 

(yield = 818 mg, 64%; Yellowish-orange solid; m. p. 235-236 ºC; Rf = 0.55 (EtOAc-Cyclohexane, 

1:3).  1H NMR (500 MHz, CDCl3-d) δ 8.12 (s, 4H: H-2`, H-3`, H-4`, H-5`), 7.75 (d, J = 15.7 Hz, 

2H: 2 x β-C of propenone), 7.40 (d, J = 15.6 Hz, 2H: 2 x α-CH of propenone), 6.88 (s, 4H: 2 x H-

2`` & H-6``), 3.94 (s, 12H), 3.92 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 190.20 (C=O), 153.57 
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(C-3`` & C-5``), 146.11 (C-β), 141.39 (C-1` & C-4`), 140.84 (C-4``), 130.06 (C-1``), 128.69 (c-

2`, C-3`, C-5` & C-6`), 121.28(C-α), 105.88 (C-2`` & C-6``),  61.06 (4-OCH3), 56.29 (3-OCH3 & 

5-OCH3); (HRMS-ESI: m/z calc for C30H31O8: 519.2019, found: 519.2021 [M + H]+, 0.2 ppm 

difference) 

(2E,2'E)-1,1'-(1,3-Phenylene)-bis(3-(3,4,5-trimethoxyphenyl)-prop-2-en-1-one) (3.1.8) 

 

To 1,3-diacetyl benzene (3.1.4) (2 g, 12.33 mM, 1 equiv.) and LiOH (1M, 50 ml) along with ~ 5 

ml of MeOH was stirred in 100 mL round bottom flask (RBF) for 35-40 mins. Later, 3,4,5-

trimethoxy benzaldehyde (3.1.6) (5.080 g, 25.89 mM, 2.1 equiv.) was added to the reaction 

mixture. After completion of the reaction, the MeOH was removed under reduced pressure and the 

product extracted into DCM.  The organic layer was washed twice with distilled H2O and brine 

was added for better separation of interface, then dried over Na2SO4 and the organic solvent was 

removed under reduced pressure. Successive column chromatography (EtOAc-Cyclohexane, 

16:84) gave the title compound (Yield = 2.171 gms + 692 mg + 109 mg =  2.972 gms, 47 %; 

Yellow solid; m. p 241-244 ºC); 1H NMR (500 MHz, CDCl3) δ (ppm) 8.63 (s, 1H: H-2`), 8.23 (d, 

J = 7.7 Hz, 2H: H-4` & H-6` ), 7.78 (d, J = 15.6 Hz, 2H: 2 x β-H of propenone), 7.67 (t, J = 7.7 

Hz, 1H: H-5`), 7.45 (d, J = 15.6 Hz, 2H: 2 x α-H of propenone), 6.89 (s, 4H: 2 x H-2``, H-6`` ), 

3.93 (s, 12H: 2 x 3- OCH3 & 5-OCH3), 3.91 (s, 6H: 2 x 4-OCH3); 
13C NMR (126 MHz, CDCl3) δ 

189.88 (C=O), 153.56 (C-3`` & C-5``), 146.01 (C-β), 140.81(quaternary, C-4``), 138.78 (C-1` & 

C-3`), 132.40 (C-4` & C-6`), 130.09 (C-2`), 129.07 (C-5`), 128.27 (C-1``), 120.90 (C-α), 105.94 

(C-2`` & C-6``), 61.05 (4-OCH3), 56.32 (3-OCH3 & 5-OCH3); HRMS-ESI: m/z calc for C30H31O8: 

519.2019, found: 519.2011 [M + H]+ (1.5 ppm difference); m/z calc for C30H30O8Na+: 541.1838, 

found: 541.1838 [M + Na]+ (0.0 ppm difference) 
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Preparation of bis triphenyl pyridine 3.1.9 

 
Bis-Triphenyl Pyridine [1,4-bis(4-(3,4-dimethoxyphenyl)-6-phenylpyridin-2-yl)-benzene] (3.1.9) 

Initially, fresh α-pyridinium methyl ketone salt, was prepared from treatment of acetophenone 

(1.00 g ~ 1 mL, 8.57 mM, 1.03 g/cm3) with pyridine (10 mL) and I2  (1.26g, 8.32 mM), after 

refluxing over 12 hours, the excess of pyridine was decanted into a solvent waste container and 2 

x 2 mL of fresh pyridine for rinsing the any excess of Iodine. Later, most of pyridine was removed 

under reduced pressure and high vacc was also used for 3 hours to remove any remaining residues 

of pyridine. The salt was scratched from the RBF surface, which was collected as lumps was pestle 

with help of mortar and pestle which then turned into a free-flowing powder.  

To compound 3.1.3 (100 mg, 0218 mM) in 10 mL of acetic acid, NH4OAc (42 mg, 0.545 mM, 2.5 

equiv.), α-pyridinium acetophenone salt (free flow powder, 129 mg, 0.654, 3 equiv.) were 

subsequently added. The reaction was heated at reflux for 12 hours until reactant was completely 

consumed. The reaction was later worked up with water (2 x 15 mL) in 50 mL separating funnel 

and ethyl acetate layer (10 mL + 5 mL) was taken, dried over sodium sulphate. Later 

chromatography (EtOAc-cyclohexane, 1:9), yielded the title compound (Yield = 91 mg, 64%) as 

a buff coloured solid; m.p 267-269 °C; 1H NMR (500 MHz, CDCl3) δ (ppm) 8.37 (s, 4H: 2 x (2-

Phenyl H-2, H-3, H-5 & H-6)), 8.23 (d, J = 7.8 Hz, 4H: 2 x (6-Phenyl H-2 & H-6)), 7.94 (s, 2H: 2 

x 6-Phenyl-H-4), 7.88 (s, 2H), 7.54 (t, J = 7.5 Hz, 4H: 2 x (6-Phenyl H-3 & H-5)), 7.47 (t, J = 7.2 

Hz, 2H: 2 x 6-Phenyl H-4), 7.37 (d, J = 8.4 Hz, 2H: 2 x 4-Phenyl H-6), 7.27 (s, 2H: : 2 x 4-Phenyl 

H-2), 7.04 (d, J = 8.3 Hz, 2H: : 2 x 4-Phenyl H-5: overlapping signals), 4.02 (s, 6H: 2 x 4-OMe), 

3.98 (s, 6H: 2 x 3-OMe); 13C NMR (126 MHz, CDCl3) δ (ppm) 157.60 (Pyridine C-6), 157.00 

(Pyridine C-2), 150.08 (4-Phenyl C-3), 150.04 (Pyridine C-4), 149.54 (4-Phenyl C-4), 140.16(2-
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Phenyl C-1), 139.69(6-Phenyl C-1), 131.87(4-Phenyl C-1), 129.09 (6-Phenyl C-4), 128.75(6-

Phenyl C-2 & C-6), 127.44 (2-Phenyl C-2 & C-6), 127.19 (6-Phenyl C-3 & C-5), 119.88 (4-Phenyl 

C-6), 117.03 (Pyridine C-4), 116.92 (Pyridine C-3), 111.64 (4-Phenyl C-5), 110.26 (4-Phenyl C-

2), 56.18 (-OCH3), 56.09 (-OCH3); HRMS-ESI: m/z calc for C44H36N2O4: 657.2753, found: 

657.2758 [M + H]+ (within 0.8 ppm difference) 

General method for preparation of acetylated chalcones                                                      

Experience from bis-chalcones synthesis, indicated it was clear that the spot next to the respective 

acetophenone and benzaldehyde spots observed, was the mono-acetylated chalcones, therefore the 

focus was put on isolation of that component during chromatographic separation. In order to 

prepare these mono-acetylated chalcones, the required acetophenone (3.1.1: 1,4-diacetylated or 

3.1.4: 1,3 -deacetylated benzene version) (200 mg, 1.23 mM, 1 equiv.) with LiOH (1M) in a 

mixture of solvents (MeOH-H2O, 1:9) was stirred for 20-25 mins at room temperature. Later, either 

3,4-dimethoxy benzaldehyde (205 mg, 1.23 mM) or 3,4,5 trimethoxy benzaldehyde (243 mg, 1.23 

mM) was added to the reaction. After 48 hours, the MeOH was evaporated and left solid residue 

was dissolved in DCM (~ 20 mL) and washed with water (2 washing of ~ 10 mL). The DCM layer 

was later, dried over sodium sulphate. The column chromatography was used to separate the 

compounds (EtOAc-Cyclohexane, 12:88). 

(E)-1-(4-Acetylphenyl)-3-(3,4-dimethoxyphenyl)prop-2-en-1-one (3.1.10) 

 
Yield = 271 mg, 71%; Yellow solid; m. p. = 164-167 °C; Rf = 0.58 (EtOAc-cyclohexane, 1:3); 1H 

NMR (500 MHz, CDCl3) δ (ppm) 8.07 (s, 4H: H-2, H-3, H-5 & H-6), 7.77 (d, J = 15.6 Hz, 1H: β-

H), 7.36 (d, J = 15.6 Hz, 1H: α-H), 7.24 (s, 1H: C-5`), 7.17 (s, 1H: C-2`), 6.92 (d, J = 8.3 Hz, 

1H:C-6`), 3.95 (d, J = 8.2 Hz, 6H: 3-OCH3 & 4-OCH3), 2.67 (s, 3H: CH3 of acetyl); 13C NMR 

(126 MHz, CDCl3) δ (ppm) 197.55 (C=O of acetyl), 190.13(C=O of propenone), 151.78 (C-3`), 

149.33 (C-3`), 146.08 (β-C), 141.99 (C-1), 139.69 (C-4), 128.58 (C-3 & C-5), 128.48 (C-2 & C-

6), 127.57 (C-1`), 123.48 (C-α), 119.81 (C-6`), 111.16 (C-2`), 110.15 (C-5`),  56.03 (3-OCH3), 
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56.00 (4-OCH3), 26.89 (-CH3); HRMS-ESI: m/z calc for C19H18O4: 311.1283, found: 311.1279 

[M + H]+ (0.4 ppm difference). 

(E)-1-(3-acetylphenyl)-3-(3,4-dimethoxyphenyl)-prop-2-en-1-one (3.1.11) 

 

Yield = 244 mg, 64%; Yellow solid; m. p. = 171-174 °C; Rf = 0.56 (EtOAc-Cyclohexane, 1:3); 1H 

NMR (500 MHz, CDCl3) δ (ppm) 8.58 (s, 1H: H-2), 8.19 (dd, J = 24.1, 7.7 Hz, 2H: H-4 & H-6), 

7.81 (d, J = 15.6 Hz, 1H: β-H), 7.62 (t, J = 7.8 Hz, 1H: : H-5), 7.41 (d, J = 15.6 Hz, 1H: α-H), 7.27 

(d, J = 7.4 Hz, 1H: H-5`), 7.18 (s, 1H: H-2`), 6.92 (d, J = 8.3 Hz, 1H: : H-6`), 3.96 (s, 6H: 3-OCH3 

& 4-OCH3 ), 2.69 (3H: methyl protons of acetyl); 13C NMR (126 MHz, CDCl3) δ (ppm) 197.54 (-

C=O of acetyl), 189.69 (-C=O of unsaturated carbonyl), 151.73 (quaternary, C-3`), 149.32 

(quaternary, C-4`), 145.94 (C-β), 138.90 (C-3), 137.39 (C-1), 132.74 (C-6), 132.04 (C-4), 

129.00(C-2), 128.06(C-5), 127.61(C-1`), 123.50(C-α), 119.37(C-6`), 111.14(C-2`), 110.22(C-5`), 

56.04 (4-OCH3), 56.02 (3-OCH3), 26.79 (-CH3); HRMS-ESI: m/z calc for C19H18O4: 311.1283, 

found: 311.1268 [M + H]+ (4.8 ppm difference). 

(E)-1-(4-acetylphenyl)-3-(3,4,5-trimethoxyphenyl)-prop-2-en-1-one (3.1.11) 

 
Yield = 327 mg, 78%; Yellowish-orange solid; m. p 183-184 ºC; Rf = 0.58 (EtOAc-Cyclohexane, 

1:3); 1H NMR (500 MHz, CDCl3) δ (ppm) 8.16 – 8.01 (m, 4H: H-2, H-3, H-5 & H-6: overlapping 
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signal), 7.73 (d, J = 15.6 Hz, 1H: β-H), 7.37 (d, J = 15.6 Hz, 1H: α-H), 6.87 (s, 2H: H-2` & H-6`), 

3.93 (s, 6H: 3-OCH3 & 4-OCH3), 2.67 (s, 3H: 5-OCH3); 
13C NMR (126 MHz, CDCl3) δ (ppm) 

197.51(-C=O of acetyl), 190.08 (-C=O of unsaturated carbonyl), 153.53 (C-3` (-OCH3) & C-5 (-

OCH3)), 146.06 (C-β), 141.74 (C-1), 140.80 (C-4), 139.80 (C`-4 (-OCH3)), 130.01 (C-1`), 128.63 

(C-3 & C-5), 128.50 (C-2 & C-6), 121.19 (C-α), 105.85 (C-2` & C-6`), 61.02 (4-OCH3), 56.25 (3-

OCH3 & 5-OCH3), 26.88 (-CH3); HRMS-ESI: m/z calc for C20H20O5: 341.1389, found: 341.1386 

[M + H]+ (0.9 ppm difference). 

(E)-1-(3-acetylphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one (3.1.13) 

 
Yield = 268 mg, 64%; Yellow solid; m. p = 188-189 ºC; 1H NMR (500 MHz, CDCl3) δ (ppm) 8.58 

(s, 1H: H-2), 8.20 (dd, J = 20.9, 7.8 Hz, 2H: H-4 & H-6), 7.77 (d, J = 15.6 Hz, 1H: α-H ), 7.63 (t, 

J = 7.7 Hz, 1H: H-5), 7.43 (d, J = 15.6 Hz, 1H: : α-H), 6.89 (s, 2H: H-2` & H-6`), 3.94 (s, 6H: 3-

OCH3 & 4-OCH3), 2.69 (s, 3H: methyl protons of acetyl); 13C NMR (126 MHz, CDCl3) δ (ppm) 

197.51 ((-C=O of acetyl), 189.66(-C=O of unsaturated carbonyl), 153.53(quaternary, C-3` & C-

5`), 145.95(C-β), 138.72(C-3), 137.43 (C-1), 132.77(C-6), 132.21(C-4), 130.07 (C-2), 129.05(C-

5), 128.07 (C-1`), 120.76 (C-α), 105.91 (C-2` & C-6`), 61.02 (4-OCH3), 56.29 (3-OCH3 & 5-

OCH3), 26.80 (-CH3); HRMS-ESI: m/z calc for C20H20O5: 341.1389, found: 341.1375 [M + H]+ 

(within 1.4 ppm difference). 
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Preparation of acetylated triphenyl pyridines 

1-(4-(6-(4-bromophenyl)-4-(3,4-dimethoxyphenyl)-pyridin-2-yl)-phenyl)-ethan-1-one (3.1.14) 

 
The fresh α-pyridinium 4-bromo acetophenone salt, was prepared by treatment of 4-bromo-

acetophenone (100 mg, 0.505 mM) with pyridine (5 mL, was used as a solvent) and I2 (63 mg, 

0.505 mM), after refluxing over 4 hours, the remaining pyridine was decanted off and 2 x 1 mL of 

fresh pyridine was used for rinsing off any excess Iodine. Later, most of the pyridine was removed 

under reduced pressure followed by high vacuum for 1 hour. Scratching of the residue gave a solid 

which was used without purification in the next reaction.  

To compound 3.1.10 (100 mg, 0.32 mM) in 10 mL of acetic acid  NH4OAc (25 mg, 0.327 mM, 

1.5 equiv.), α-pyridinium 4-bromo acetophenone salt (free flow powder, 90 mg, 0.327, 1.5 equiv.) 

were subsequently added. The reaction was heated at reflux for 6-7 hours until the reactant was 

completely consumed as judged by TLC analysis.  The reaction mixture was later worked up with 

EtOAc and H2O (2 X 10 mL) in 50 mL separating funnel. The ethyl acetate layer was dried over 

sodium sulphate. Later flash column chromatography was done at (EtOAc-Cyclohexane, 8:92), 

yielded as light brown color solid. Yield = 105 mg, 67%; m.p 227-230 °C; 1H NMR (500 MHz, 

CDCl3) δ (ppm) 8.28 (d, J = 8.4 Hz, 2H: 2-Phenyl H-2 & H-6), 8.11 (d, J = 8.3 Hz, 2H: 2-Phenyl 

H-3 & H-5 ), 8.08 (d, J = 8.5 Hz, 2H: 6-Phenyl H-2 & H-6), 7.90 (d, J = 1.2 Hz, 1H: Pyridine H-

3), 7.86 (d, J = 1.2 Hz, 1H: Pyridine H-5), 7.66 (d, J = 8.5 Hz, 2H: 6-Phenyl H-3 & H-5), 7.33 (dd, 

J = 8.3, 2.1 Hz, 1H: 4-Phenyl C-6), 7.22 (d, J = 2.0 Hz, 1H: 4-Phenyl C-2), 7.03 (d, J = 8.3 Hz, 

1H: 4-Phenyl C-5), 4.01 (s, 3H: 4-OMe), 3.97 (s, 3H: 3-OMe), 2.68 (s, 3H: methyl of acetyl); 13C 

NMR (126 MHz, CDCl3) δ (ppm) 197.84 (C=O of acetyl f), 156.59 (Pyridine C-2), 156.27 

(Pyridine C-2), 150.48 (4-Phenyl-C3), 150.25 (pyridine C-4), 149.59 (4-Phenyl-C-4), 143.68 (2-

Phenyl C-1), 138.23 (6-Phenyl C-1), 137.30 (2-Phenyl C-4), 131.91 (6-Phenyl C-3 & C-5), 131.29 

(4-Phenyl C-1), 128.80 (2-Phenyl C-3 & C-5), 128.69 (6-Phenyl C-2 & C-6), 127.24 (2-Phenyl C-

2 & C-6), 123.71 (6-Phenyl C-4), 119.92 (4-Phenyl C-6), 117.60 (Pyridine C-5), 117.30 (Pyridine 
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C-3), 111.64 (4-Phenyl C-5), 110.17 (4-Phenyl C-2), 56.20 (4-OMe), 56.08 (3-OMe), 26.78 

(methyl of acetyl); HRMS-ESI: m/z calc for C27H23NO3Br: 590.0841, found: 590.0834 [M + H]+, 

1.4 ppm difference. 

1-(4-(4-(3,4-dimethoxyphenyl)-6-phenylpyridin-2-yl)phenyl)ethan-1-one (3.1.15) 

 
The fresh α-pyridinium 4-bromo acetophenone salt, was prepared by treatment of acetophenone 

(100 mg, 0.832) with pyridine (5 mL) and I2 (126 mg, 0.833), after refluxing over 3.5-4 hours, the 

remaining pyridine was decanted off and 2 x 1 mL of fresh pyridine was used for rinsing off any 

excess Iodine. . Later, most of the pyridine was removed under reduced pressure followed by high 

vacuum for 1 hour. Scratching of the residue gave a solid which was used without purification in 

the next reaction. 

To compound 3.1.10 (100 mg, 0.32 mM) in 10 mL of acetic acid, NH4OAc (42 mg, 0.545 mM, 

2.5 equiv.), α-pyridinium acetophenone salt (64 mg, 0.327, 1.5 equiv.) were subsequently added. 

The reaction was refluxed for 5 hours until reactant gets completely consumed. The reaction was 

later worked up with EtOAc/water in 25 mL separating funnel, while ethyl acetate layer later dried 

over sodium sulphate. Column chromatography was 8% (EtOAc: Cyclohexane), yielded as off-

white color solid. Yield = 96 mg, 73%; m.p 219-221 °C; 1H NMR (500 MHz, CDCl3) δ (ppm) 

8.30 (d, J = 7.5 Hz, 2H: 2-Phenyl C-2 and C-6), 8.20 (d, J = 7.9 Hz, 2H: 6-Phenyl C-2 and C-6), 

8.10 (d, J = 7.5 Hz, 2H: 2-Phenyl C-3 and C-5), 7.89 (s, 2H: Pyridine C-3 & C-5), 7.54 (t, J = 7.5 

Hz, 2H: 6-Phenyl C-3 and C-5), 7.47 (t, J = 7.3 Hz, 1H: 6-Phenyl C-4), 7.34 (d, J = 8.3 Hz, 1H: 4-

Phenyl C-6), 7.24 (s, 1H: 4-Phenyl C-2), 7.03 (d, J = 8.3 Hz, 1H: 4-Phenyl C-5), 4.01 (s, 3H: 4-

OMe), 3.97 (s, 3H: 3-OMe), 2.67 (s, 3H: methyl of acetyl); 13C NMR (126 MHz, CDCl3) δ (ppm) 

197.87 (C=O of acetyl), 157.79 (Pyridine C-6), 156.11 (Pyridine C-2), 150.25 (4-Phenyl-C3), 

150.15 (pyridine C-4), 149.55 (4-Phenyl-C4), 143.91 (2-Phenyl C-1), 139.38 (6-Phenyl C-1), 

137.20 (2-Phenyl C-4), 131.49 (4-Phenyl C-1), 129.22 (6-Phenyl C-4), 128.77 (2-Phenyl C-3 & 

C-4 : 6-Phenyl C-2 & C-6), 127.25 (6-Phenyl C-3 and C-5), 127.14 (2-Phenyl C-2 & C-6), 119.88 

(4-Phenyl C-6), 117.60 (Pyridine C-5), 117.29 (Pyridine C-3), 111.62 (4-Phenyl C-5), 110.19 (4-
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Phenyl C-2), 56.17 (4-OMe), 56.07 (3-OMe), 26.77 (methyl of acetyl); HRMS-ESI: m/z calc for 

C27H23NO3: 410.1756, found: 410.1750 [M + H]+ (within 1.5 ppm difference). 

Preparation of Pyrazole-pyridine conjugate 

 [3-(4-(4-(3,4-dimethoxyphenyl)-6-phenylpyridin-2-yl)phenyl)-1-(4-methoxyphenyl)-1H-

pyrazole-4-carbaldehyde] (3.1.17) 

 
Scheme 3.4 Synthesis of phenyl hydrazone (3.1.16) & Pyrazole-Triphenyl Pyridine conjugate (3.1.17) 

To compound (64.0 mg, 0.157 mM, 1 equiv.) in 50 mL RBF, (4-Methoxyphenyl)hydrazine 

hydrochloride (28 mg, 0.159, 1.01 equiv.) was added and refluxed for 8 hours where the reaction 

turned from yellow to brown red in color. The brown red was compound was characterized by 

mass and TLC (HRMS-ESI: m/z calc for C34H32N3O3: 530.2444, found: 530.2452 [M + H]+, 1.5 

ppm difference). Further, the MeOH was evaporated under reduced pressure and left on high vacc 

for 2 hours in order to dry the intermediate for the Vilsmeier Meyer Hack (VMH) reaction, which 

usually requires anhydrous conditions, as shown in Scheme 3.4.  

Phosphorous oxychloride (POCl3) (0.036 mL, 0.398 mM, 2.5 equiv.) was added to 20 mL of dry 

DMF over an ice-bath and left stirred for 2 hours where the ice was replenished regularly to 

maintain the temperature close to 0 ºC throughout. Note:  this reaction can be performed with 5 

mL of DMF if the reaction is carried out at less than 100 mg scale, but the ratio of 1:500 between 

the Vilsmeier reagent: DMF solvent (formed insitu, as shown in Scheme 3.3) was maintained as a 

precaution in order to avoid the intermolecular cross reactive intermediate formation.  
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After 2 hours, this solution was transferred to the RBF containing the phenyl hydrazone derivative 

(3.1.16) by using dry glass syringe. The reaction was left to heat at reflux overnight. After, 

consumption of phenyl hydrazone derivative (3.1.16), the distilled water was added gradually as 

to avoid any exothermic reaction between unreacted POCl3/ Vilsmeier reagent. The reaction was 

again left for refluxing for 30 mins. After 30 mins, DCM (10mL x 2 times) was added and brine 

solution was added. The DCM layer was dried over sodium sulphate and chromatography was 

performed (EtOAc-cyclohexane, 1:5).  

Yield = 38 mg, 42%; Yellow solid; m. p 247-249 ºC; 1H NMR (500 MHz, CDCl3) δ (ppm) 10.11 

(s, 1H, CHO), 8.48 (s, 1H: Pyrazole H-5), 8.35 (d, J = 8.4 Hz, 2H: 2-Phenyl H-2 & H-6 ), 8.22 (d, 

J = 7.2 Hz, 2H: 6-Phenyl H-2 & H-6), 7.99 (d, J = 8.4 Hz, 2H: 2-Phenyl H-3 & H-5 ), 7.92 (s, 1H), 

7.88 (s, 1H), 7.73 (d, J = 9.0 Hz, 2H: N-Phenyl H-2 & H-6), 7.54 (t, J = 7.5 Hz, 2H: 6-Phenyl H-

3 & H-5), 7.47 (t, J = 7.3 Hz, 1H: 6-Phenyl H-4), 7.36 (d, J = 8.3 Hz, 1H: 4-Phenyl H-6), 7.26 (s, 

1H: 4-Phenyl H-2 ), 7.04 (d, J = 9.0 Hz, 3H: 4-Phenyl H-5,  N-Phenyl H3 & H5), 4.02 (s, 3H: 4-

OMe), 3.98 (s, 3H: 3-OMe ), 3.88 (s, 3H: N-Phenyl OCH3); 
13C NMR (126 MHz, CDCl3) δ (ppm) 

185.15 (-CHO), 159.39 (N-Phenyl C-4, quaternary carbon), 157.67 (Pyridine C-6, quaternary 

carbon ), 156.74 (Pyridine C-2, quaternary carbon), 154.17 (Pyrazole C-1 quaternary carbon), 

150.14 (pyridine C-4 quaternary carbon), 150.07 (4-Phenyl C-3 quaternary carbon), 149.54 (4-

Phenyl C-4 quaternary carbon), 140.37 (2-Phenyl C-1), 139.61 (6-Phenyl C-1), 132.63 (N-Phenyl 

C-1, quaternary), 132.00 (2-Phenyl C-4, quaternary carbon), 131.76 (4-Phenyl C-1, quaternary 

carbon), 131.05 (N-Phenyl C-3, -CH-), 129.28 (2-Phenyl C-2 & C-6, -CH-), 129.13 (6-Phenyl C-

4, -CH-), 128.76 (6-Phenyl C-3 & C-5, -CH-), 127.46 (2-Phenyl C-3 & C-5, -CH-), 127.18 (6-

Phenyl C-2 & C-6, -CH-), 122.48 (Pyrazole C-2, quaternary carbon), 121.46 (N-Phenyl C-2 & C-

6, -CH-), 119.89(4-Phenyl C-6), 117.18 (Pyridine C-5), 116.94 (Pyridine C-6), 114.79 (N-Phenyl 

C-3 & C-5, -CH-), 111.63 (4-Phenyl C-5), 110.24 (4-Phenyl C-2), 56.19(4-Phenyl 3-O-CH3), 

56.09 (4-Phenyl 3-O-CH3), 55.66 (N-Phenyl 4-OCH3); (HRMS-ESI: m/z calc for C36H30N3O4: 

568.2236, found: 568.2230 [M + H]+, within 1.1 ppm difference) 

Cytotoxicty evaluation of synthesized heterocyclic compounds as BH3 mimetics 

The Mcl-1 dependent H929 cell line was used. The testing was performed in 96 well plate RPMI 

medium 1640 supplemented with 10% fetal bovine serum, HEPES (10 mM), sodium bicarbonate 

(24 mM), sodium pyruvate (1 mM), 2-mercaptoethanol (0.05 mM), penicillin (60 mg/mL) and 

streptomycin (100 mg/mL). Cell culture was kept in a humidified incubator with 5% CO2 at 37 
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°C. Cell seeding: Every well was pipette in with 100 µl of solution (cell concentration 500,000 / 

mL). After 48 hours, for first preliminary testing, three concentrations were selected 1µM, 10 µM 

and 100 µM for every compound. Those compounds which showed more than 50 % cell death 

were further tested with their serial concentration (0, 20, 40, 60, 100 µM). The cell viability vs 

dose plot calculations were performed in excel. 

Experimental section of Objective 4.1 
Homology Modelling & refinement 

The 3D structures for SSTR-4 and SSTR-5 were unavailable at Protein Data Bank. Therefore, 3D 

homology models for these isoforms were developed. The protein sequences were retrieved from 

NCBI (National Center for Biotechnology Information) with sequence accession code NP_001043 

and NP_001044 for SSRT4 and SSRT5 respectively. Further, BLAST-P search with Blosum62 

substitution matrix, found the available templates for building the SSTR-4 and SSTR-5 homology 

models. Based on alignment score, sequence identity and query cover with these somatostatin 

isoform proteins, the closest templates were imported to MOE 2015.1001 and subsequently 

homology modelling was performed. Later, 500 Homology models were generated by using 

GB/VI energy function, with a gradient of 0.001 KJ-mol-1Å-1. The final models for both the 

isoforms were evaluated for their structural quality through various available in-silico tools: 

Ramachandran plot (accessed by the PROCHECK, see Ramachandran graph plot for SSTR-4 and 

SSTR-5), ERRAT plot , ProSA (Comparative Z-score values between the homology models versus 

their corresponding templates, for SSTR-4  and for SSTR-5).  

Molecular Docking 

The chemical structures of somatostatinergics with defined stereochemistry were drawn in 

MOE2015.1001 builder. Further addition of partial charges and energy minimization was carried 

out using the lowest gradient (0.001) to get a steepest energy minimized structure of the ligands.  

Later, MOE site finder tool helped to identify active amino acids patch for docking. The purpose 

of Site Finder is to calculate possible active cavity in a receptor from the 3D atomic coordinates 

of the receptor. These calculations helped in determining potential sites involved in ligand binding. 

In this way, it accommodated the interaction energies between the receptor and different probes in 

an attempt to locate energetically favorable sites. These coordinates were characterized as alpha 

sphere which were represented as dummy atoms for further docking. The docking was initiated 

thereafter using triangular matcher placement algorithm and London dG scoring methodology 

which was set to produce 1,000,000 conformations and later retained only the first 1000 minimum 
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free energy docking poses for every ligand. The final energy of binding pose was calculated using 

the Generalized Born solvation model (GB/VI).  Further, clustering of the docking pose assisted 

to filtered out the most favoured conformation with the isoform receptors. The hydrogen bond 

acceptor-donor measurements were accounted based on the information provided by Jeffrey. 

Experimental section of Objective 4.2 

Molecular modelling 

The PDB for fucosidase of T. maritima was available from the RCSB-PDB, while for the 

fucosidase of B. taurus, a homology model was constructed. The sequence for the B. taurus 

fucosidase (Accession: AAI12589.1 GI: 86827599) was obtained from NCBI (National Center for 

Biotechnology Information). Next a BlastP search along with the BLOSSUM62 substitution 

matrix, generated putative template PDBs with the minimum identity of 35% and 87% sequence 

coverage. Later, homology modelling on templates having more than 35 % identity and at least 

85% of coverage of the query sequence was conducted.  The software programme MOE 2018.01 

implementing the Amber 99 forcefield was used [435]. After generated homology models were 

assessed. Initially, the generated homology model and the template were superimposed giving an 

RMSD difference, which was less than 1 Å .  The Z-score for the templates and homology models, 

was assessed using ProSA, a protein structure analysis tool, respectively ([436].  Next, the 

Ramachandran plot was generated.  In the Ramachandran plot, the core or the allowed regions are 

those satisfying the 𝜓/𝜑 angle pairs for residues in a protein [8, 437]. For those amino acids which 

did not comply with the requirements of the Ramachandran plot, further energy minimization was 

done. ERRAT plots, which are for the determination of errors in model building were performed 

[438]. Verify 3D was used to determine the compatibility of the constructed homology model (3D) 

with its own amino acid sequence (1D) by assigning a structural class based on its location and 

environment (alpha, beta, loop, polar, nonpolar etc); a score of >80% was considered acceptable 

[439]. The active site for docking was identified with the active site finder tool of MOE and later, 

the docked pose of the largest ensembled cluster within a RMSD of 2 Å, was selected [272]. The 

triangle matcher placement method and GBVI/WSA dG scoring was used for the docking. 

Molecular dynamics (MD) was performed on the selected docked poses of compounds, 2 and 16 

[395]. This analysis was carried out also using MOE 2018. 01 software [435]. Partial charges were 

calculated, and energy minimizations were done. MD was carried for a duration of 100 ps. The 

adopted docking procedure was validated using the co-crystallized structure of iso-6FNJ binding 
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to fucosidase was obtained from the PDB (2ZXD).  After docking iso-6FNJ to the fucosidase, an 

RMSD value of 0.391 Å between the co-crystallized structure and the docked structure indicated 

that the adopted docking procedure was reliable. 
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