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Abstract 
G-quadruplex DNA is an attractive target for anti-cancer therapy as the occurrence of 

guanine rich (G-rich) sequences that can potentially form quadruplexes, within the human 

and other genomes, are over-represented in promoter regions of genes involved in 

replication, such as oncogenes, and at the 3′-end of telomeric DNA which is maintained in 

length in 90% of cancers by the reverse transcriptase enzyme, telomerase. Some small 

molecules that bind and stabilize the G-quadruplex structure have been shown to down-

regulate oncogene expression and induce telomere disruption. 2,4,6-Triarylpyridines with 

amidoalkylamino side-chains were envisaged to serve as promising in situ protonated G-

quadruplex DNA ligands as the pyridine functionality is present in some of the best small 

molecule G-quadruplex ligands. The triarylpyridine chromophore would be prone to π-

stacking interactions with the terminal G-quartet of the G-quadruplex and the in situ 

protonated side-chains may engage in electrostatic interactions with the loops and grooves 

of the G-quadruplex. 

 

The utility of PEG (polyethylene glycol) as a reaction medium for preparing key amino-

functionalised 2,4,6-triarylpyridines in 'one-pot' has been established. The process is 

tolerant of the unprotected amino groups, in contrast to the solventless procedure, which 

proceeds poorly with competing Schiff base formation. This base catalysed 'one pot' 

approach for making amino-substituted pyridines of this type is without precedent. The 

ensuing compounds have exciting possibilities in a wide range of applications from biology 

to materials science, where there is the ability to build a diverse array of compounds by 

using potentially three directionalities associated with the pyridine core. Moreover, the use 

of PEG to affect chemical transformations in a more simplified and benign way further 

highlights its potential as an alternative reaction medium, in both controlling chemical 

reactivity and avoiding the use of noxious volatile, and more flammable traditional organic 

solvents. This method also gave access to a series of chalcones that demonstrated the ability 

to down-regulate thrombin-mediated interleukin-6 and interleukin-8 release in the A549 

lung epithelial cell line.  

 

A synthesis route to access 4-(p-dimethylaminophenyl)-2,6-bis(4-aminophenyl)pyridine 

involving dynamic thin films has also been established. This overcomes a series of 
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competing reactions with effective control in chemical reactivity and selectivity. Such 

control offers an exciting approach in the selective synthesis of functionalized molecules, 

which are otherwise not possible using traditional batch methodology, where alternative 

strategies involving multiple step syntheses would be required. The new approach will 

allow a more direct access to the synthesis of therapeutic molecules where there are 

thermodynamic and kinetic constraints in chemical reactions using traditional batch-to-

batch methodology. 

 

Using these approaches a series of 2,4,6-triarylpyridines has been synthesized that show 

an unprecedented high stabilization affinity towards the parallel c-kit2 quadruplex, with 

affinities comparable to that reported for other benchmark quadruplex ligands. Remarkably, 

some of these 2,4,6-triarylpyridines exhibit high stabilization of the parallel c-kit2 

quadruplex, with no detectable stabilization of the anti-parallel basket-type HTelo 

quadruplex, making them attractive "oncogene-specific" G-quadruplex ligands, with 

promising applications in the treatment of gastrointestinal stromal tumors. Molecular 

dynamics simulations with HTelo G4-DNA demonstrate that the difference in stabilisation 

between compounds can arise for thermodynamic and kinetic reasons related to the specific 

chemical substituents of the side chains. Both of these factors will differ for parallel and 

anti-parallel G4-DNA due to the positions of the loops, and may explain the observed 

affinity of the compounds for the parallel c-kit2 quadruplex. 
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1 General Introduction 
 

1.1 Overview 
G-quadruplex DNA is an attractive target for anti-cancer therapy as the occurrence of G-

rich sequences that can potentially form quadruplexes, within the human and other 

genomes, have been mapped by bioinformatics surveys to be over-represented in promoter 

regions of genes involved in replication, such as oncogenes, and at the 3′-end of telomeric 

DNA which is maintained in length in 90% of cancers by the reverse transcriptase enzyme, 

telomerase. Some small molecules that bind and stabilize the G-quadruplex structure have 

been shown to down-regulate oncogene expression and induce telomere disruption. The 

discrimination between quadruplex DNA and duplex DNA has been reported for a number 

of small molecule ligands, but the discrimination between distinct quadruplexes by a small 

molecule is perceived to be a greater challenge. However, a few small molecule ligands 

such as the acridine-peptide conjugates, isoalloxazine derivatives, neomycin capped 

quinacridines and a geometrically constrained bis-indolecarboxamide derivative have 

exhibited the ability to discriminate between distinct quadruplexes. These observations 

support the potential for small molecules to discriminate between quadruplexes. It is 

envisaged that the observed quadruplex discrimination must, in some part, arise from the 

distinct loop topology and/or sequences exhibited for the quadruplexes under study.  

 

To this end the research has focused on using a triarylpyridine scaffold with 

amidoalklyamino side-chains to target two distinct G-quadruplex structures: (i) the anti-

parallel HTelo quadruplex and (ii) the parallel c-kit2 quadruplex. This will enable us to 

compare the interactions of the triarylpyridines with a anti-parallel fold vs a parallel fold. 

This is an important comparison to make as the majority of promoter G-quadruplexes adopt 

a parallel topology, while the anti-parallel topology is mainly observed for telomeric 

quadruplexes.  
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The HTelo quadruplex adopts a single anti-parallel conformation in Na+ solution, hence 

work with the Na+ conformations of the HTelo and c-kit2 quadruplexes was undertaken. 

Small molecule interactions with the c-kit2 quadruplex reported to date have focused on the 

K+ conformation of c-kit2. This is mainly due to: (1) The intra-celluar concentration of K+ 

is about 140mM, while that of Na+ is about 5-15mM; and (2) G-Quadruplexes exhibit 

greater thermostability in the presence of K+ than Na+ as measured by melting temperature 

Tm. However, studies report that the intracellular concentration of sodium is higher in 

transformed cells than in their normal counterparts, further highlighting the importance of 

the G-quadruplex conformations adopted in a Na+ environment. 

 

Despite the vast amount of literature available for the synthesis of 4′-arylterpyridine and 

2,4,6-triarylpyridine, there is no reported method for the ‘one-pot’ synthesis of amino-

functionalised 2,4,6-triarylpyridines, such as 4-aryl-2,6-bis(4-aminophenyl)pyridines. 

These compounds have been deemed important precursors for further elaboration en route 

to the synthesis of amidoalkylamino functionalised 2,4,6-triarlypyridines to target G-

quadruplex DNA. The aim is to develop a more versatile and scalable route to the synthesis 

of 4-aryl-2,6-bis(4-aminophenyl)pyridines in order to gain access to a library of novel 

amidoalkylamino functionalized 2,4,6-triarylpyridines to target G-quadruplex DNA.  

 

This chapter gives a general overview of some of the previous investigations pertinent to 

the current research that would be critically important to achieve the desired objectives.  

 

1.2 Biological significance of G-quadruplex DNA  
Nucleic acids are prone to structural polymorphism. In addition to the well-known double 

helix, a number of alternative structures may be formed.1-5 Among these oddities, a family 

of nucleic acid secondary structures known as G-quadruplexes has emerged as more than a 

novelty. These structures can be formed by certain guanine-rich (G-rich) sequences, 

containing four runs of G2-4 each separated by 1-7 intervening bases.6 The genomes and 

transcriptomes of many organisms, including those as diverse as E. Coli and humans, 

contain a number of G-rich sequences that, at least in vitro and perhaps in vivo, are capable 
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of forming G-quadruplexes.6-18 The evidence for G-quadruplex formation in vivo is clear in 

ciliates and is strong, but mainly indirect, in other organisms.14, 17, 19-37  

  

In the human genome, more than 370,000 distinct sites have been mapped by 

bioinformatics surveys to have quadruplex forming potential (QFP).38, 39 QFP regions have 

been identified within the promoters of several proto-oncogenes, including VEGF, HIF-1α, 

bcl-2, k-ras, Rb, c-MYC and two QFP regions in the c-KIT promoter (c-kit1 and c-kit2), 

Table 1.1.40-46 These G-rich motifs concentrate immediately upstream of transcription 

initiation sites. One working hypothesis couples G-quadruplex formation in promoters to 

transcription, suggesting an opportunity for chemical intervention of gene expression using 

small molecule G-quadruplex ligands, where stabilization of promoter oncogene 

quadruplex by a small molecule could down-regulate gene expression.47-49  
Table 1.1 Sequences in cancer-related genes that have been identified as forming quadruplex structures.6  

 
 

1.2.1 Significance of G-quadruplex DNA in c-kit promoter 
The proto-oncogene c-kit encodes for a 145-160 kDa tyrosine kinase receptor, which 

regulates key signal transduction cascades to control cell growth and proliferation.50 As the 

c-kit protein plays such a critical role in establishing normal cell growth, mutations in 

structurally important regions of the protein, or its over-expression, result in impaired 

function, which leads to oncogenic cellular transformations.51 Gain-of-function mutations 

are found in several highly malignant human cancers, this is considered the primary 

pathogenic event in Human gastrointestinal stromal tumors (GIST).52 The c-kit protein is 

currently the principle therapeutically important target in the treatment of GIST.53 The 

small molecule, Gleevec, was subsequently found to be an effective inhibitor in vitro and in 

vivo of c-kit kinase activity.53-56 It is now widely used as a therapy for GIST, where it has 
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made a major difference to survival rates. However, resistance to Gleevec occurs as a result 

of deactivating mutations in the active site, which diminish binding and clinical 

effectiveness of the drug.57, 58 A number of new c-kit kinase inhibitors are currently being 

developed and evaluated with the aim of circumventing this resistance.  

 

Recently two G-rich sequences have been identified in the promoter region of the human 

c-kit gene, c-kit1 and c-kit2 (more commonly referred to as c-kit21), and biophysical data, 

including NMR have established that these sequences can form G-quadruplex structures.40-

42, 46 Targeting these G-rich sequences in the c-kit promoter with ligands which facilitate 

the formation of, and stabilize the G-quadruplex, could offer an alternative approach to c-

kit inhibition involving selective gene regulation at the transcriptional level. It has been 

hypothesized that such compounds inhibit transcription via a mechanism involving the 

induction or stabilization of G-quadruplex structures with a consequential reduction in gene 

expression. 

 

1.2.2 Significance of G-quadruplex DNA at telomeres 
QFP regions also occur at the 3′ ends of most eukaryotic telomeres, which terminate in a 

G-rich single stranded 3′-overhang (G-overhang).6, 17 Indeed, telomere sequences from 

several organisms ranging from yeast to humans readily adopt G4-DNA conformations in 

vitro. The human telomeric DNA (HTelo) comprises a G-overhang containing tandem 

repeats of sequence d(TTAGGG)n.18, 59, 60
 This G-overhang has been demonstrated to fold 

into several different intramolecular G-quadruplex structures in vitro.61-67  

 

Quadruplex stabilization by G-quadruplex ligands at telomeres is considered as an 

indirect approach for inhibiting the enzyme telomerase, which is involved in the 

immortalization of cancer cells.60, 68-73 In human somatic cells, telomere length decreases 

with each cell division event, eventually leading to cell death. However, in 90% of cancers 

telomeres are maintained in length by telomerase which adds 5′-GGTTAG-3′ repeats to the 

ends of chromosomes, resulting in the immortalization of cancer cells. Stabilization of the 

quadruplex structure at telomeres by G-quadruplex ligands is thought to prevent telomerase 
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binding and activation by sequestering the G-overhang under its folded form, whereas 

telomerase requires a single stranded G-overhang for activation.  

 

Alternatively, G-quadruplex ligands targeting telomeres may also exert their biological 

effects by displacement of protective proteins normally associated with telomeres, thus 

disrupting telomere function that in turn sets off a DNA damage signal that may eventually 

result in cell death.18, 59  

 

1.3 General structure of G-quadruplex DNA 
G-quadruplexes are stabilized by stacked associations of G-quartets (or G-tetrads) which 

are planar assemblies of four Hoogsteen-bonded guanines, Figure 1.1 (i).74 G-quadruplex 

structures can arise through the interactions of guanines present on a single nucleic acid 

strand (intra-molecular) or multiple strands (inter-molecular), Figure 1.1 (ii)-(iv). Beyond 

hydrogen bonding among guanines and π-orbital interactions among stacked G-quartets, 

the stability of G-quadruplexes derives from coordination by G-quartets of centrally located 

cations (e.g. Na+ or K+). G-quadruplexes exhibit a remarkable dependency on alkali cations 

for their formations and stabilization. Both K+ and Na+ effectively bind to and stabilize 

many G-quadruplex structures. Since Na+ and K+ are the prevalent alkali ions in cells, and 

the intracellular concentration of K+ is about 140 mM, while that of Na+ is about 5-15 mM, 

physiological conditions are favorable for the formation of a G-quadruplex. Indeed, G-

quadruplexes are very stable under physiological salt and pH conditions in vitro, and some 

have higher melting temperatures than the duplex DNA that would be formed by providing 

the complementary strand.  
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Figure 1.1 Schematic representation of: (i) A G-quartet with a centrally located cation; (ii) an intermolecular 

G-quadruplex formed from four strands (tetramer); (iii) an intermolecular G-quadruplex formed from two 

strands (dimer) and (iv) an intramolecular G-quadruplex formed from a single strand.75  

 

A minimum of two adjacent G-quartets, but ideally three or more, is required for stable 

G-quadruplex formation. There is a high degree of polymorphism among different G-

quadruplex structures.6, 40-43, 46, 61-67, 76 In principle, 16 different G-quadruplex structures can 

form, which are distinguished by the patterns of glycosidic bond angles of the guanines, 

Figure 1.2. Furthermore, the number of stacked G-quartets, the number and polarity of the 

phosphodiester backbone strands from which the guanines extend, the type of coordinated 

cations, and the length, sequence and connectivity of intervening loops may vary.  

 
Figure 1.2 Representation of glycosidic bond angles of guanines: (i) anti configuration; and (ii) syn 

configuration.77  

(i) (ii) 

(i) 

(ii) (iii) (iv) 
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The structural heterogeneity of G-quadruplexes makes it difficult to obtain universal rules 

to predict their formation or probes to test for their presence. Most published studies on G-

quadruplexes have been carried out using synthetic oligomers, restriction fragments, or 

recombinant plasmids in a cell-free system.  

 

1.3.1 Hypothesized in vivo structure of HTelo G-quadruplex DNA 
Due to the average length of the human telomeric G-overhang, of ca. 150 nucleotides, it 

has been hypothesized that there may be an assembly of 5-6 four repeat, d(TTAGGG)4, 

intramolecular quadruplexes on this G-overhang in the cellular environment, Figure 1.3.75 

However, almost all considerations of the structural features of the HTelo G-quadruplex 

have focused on individual quadruplexes, especially the four repeat intramolecular 

quadruplexes, d(TTAGGG)4 (and variants on it, notably d[AG3(TTAGGG)3]),  rather than 

the structure and dynamics of quadruplex assemblies, which are hypothesized to be the 

more biologically relevant system.  

 

 

 
Figure 1.3 A schematic model of DNA secondary structure composed of compact-stacking multimers of the 

hybrid-type quadruplex structures in human telomeres.75  

 

1.3.2 In vitro Structure of HTelo G-quadruplex in Na+ environment 
NMR analysis of the human telomeric sequence d[A(GGGTTA)3GGG] in Na+ solution 

has shown that the sequence forms an antiparallel-stranded G-quadruplex structure, in 
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which the core is made up of three stacked G-tetrads adjoined by one diagonal and two 

lateral loops, giving it a basket-like appearance, with each loop comprising the TTA triad 

sequence, (PDB entry: 143D), Figure 1.4.62 The glycosidic conformations of guanines 

around each tetrad are syn•syn•anti•anti, with each strand constituting the core being 

parallel to one adjacent strand and antiparallel to the other adjacent strand. For this anti-

parallel basket-type conformation there is one narrow, one wide and two medium grooves. 

 

                                              
Figure 1.4 Schematic representation of intramolecular anti-parallel basket-type G-quadruplex observed for 

d[A(GGGTTA)3GGG] in Na+ solution: loops are coloured red; anti and syn guanines are coloured cyan and 

magenta respectively; strands constituting the core are shown in black; and arrows indicate the directionality 

of strands.66 

 

1.3.3 In vitro structure of HTelo G-quadruplex in K+ environment 
Subsequent crystallographic analyses of the human telomeric sequence 

d[A(GGGTTA)3GGG] sequence in K+ solution, showed that it assumes a parallel-stranded 

propeller-type G-quadruplex fold in the crystal lattice, where all four strands of the core are 

in parallel orientations; all guanines adopt anti glycosidic conformation, and the four 

grooves are of medium width, with the three TTA tracts forming three propeller loops, 

(PDB entry: 1KF1), Figure 1.5 (i).64 One key feature of the parallel fold in the crystal 

structure is the open nature of the terminal G-tetrad surfaces of individual quadruplexes, 

arising from the absence of lateral or diagonal loops. 
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Figure 1.5 Schematic representations of intramolecular G-quadruplexes observed for four repeat human 

telomeric sequences in K+ environment: (i) parallel propellar-type observed for d[A(GGGTTA)3GGG] in a K+ 

containing crystal; (ii) Hybrid (3+1) Form 1 observed for d[TA(GGGTTA)3GGG] in K+ solution; (iii) Hybrid 

(3+1) Form 2 observed for d[TA(GGGTTA)3GGGTT] in K+ solution; and (iv) anti-parallel basket Form 3 

observed for d[(GGGTTA)3GGGT] in K+ solution; W, M1, M2 and N represent wide, medium 1, medium 2 

and narrow grooves respectively. Loops are coloured red; anti and syn guanines are coloured cyan and 

magenta respectively; strands constituting the core are shown in black; and arrows indicate the directionality 

of strands.66  

  

The unexpected nature of the quadruplex fold in the K+ crystal structure has led to a 

number of biophysical studies aimed at identifying the nature of the species formed by 

d[AG3(TTAGGG)3] in solution. However, in solution containing K+, this sequence seems 

to be able to access a number of distinct folds, making structural elucidation difficult.67  

 

This conformational heterogeneity was overcome by altering the flanking nucleotides of 

the four-repeat human telomeric sequence and/or by substituting core guanine(s) with 

guanine analogues, such as 8-bromo-guanine, thus favouring only one predominant form. 

On the basis of this approach, two different human telomeric G-quadruplex structures with 

the (3 + 1) G-tetrad core topology (Hybrid-type) have been discovered, Figure 1.5 (ii)-

(iii).63, 65 The (3 + 1) core consists of three G-tracts oriented in one direction and the fourth 

in the opposite direction; one anti•syn•syn•syn and two syn•anti•anti•anti G-tetrads; one 

wide, one narrow and two medium grooves. Both structures have one propeller loop and 

two lateral loops, but they differ in the order of loop arrangements. For example, this fold 

has been reported in two separate NMR analyses.63, 65 Both have used sequences that have 

been slightly altered at the termini from telomeric regularity: d[TTG3(TTAG3)3A] and 

d[AAAG3(TTAG3)3AA], since NMR establish that the native d[AG3(TTAGGG)3] 

sequence, used in the crystal structure determination, forms a mixture of species in K+ 

solution, which is not amenable to structure analysis.67 The structure of the former has been 

(i) (ii) (iii) (iv) 
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reported in detail, and shows that the extra flanking residues are involved in Watson-Crick 

and reverse Watson-Crick base pairs that are stacked one on each end of the core of G-

tetrads, and help to stabilize this particular topology. This explains why the fold has not 

been observed to date with the native d[AG3(TTAGGG)3] sequence, which cannot form 

such base-pairs.  

 

Recently a new intramolecular G-quadruplex conformation formed by the four-repeat 

human telomeric sequence d[(GGGTTA)3GGGT] in K+ solution has been reported, Figure 

1.5 (iv).66 NMR analyses of this sequence suggested that the major form (about 60%) of 

d[(GGGTTA)3GGGT] was an anti-parallel basket-type G-quadruplex involving only two 

layers of G-tetrads. A single BrG-for-G substitution at position G7 of the sequence further 

increased the population of this G-quadruplex fold to about 90% in K+ solution. The 

hydrogen-bond directionalities of the two G-tetrads alternate clockwise and counter-

clockwise; the glycosidic conformations of guanines around the G-tetrad are 

syn•syn•anti•anti•; each strand constituting the core is parallel to one adjacent strand and 

antiparallel to the other adjacent strand; the loops are successively lateral-diagonal-lateral; 

there are one narrow, one wide and two medium grooves. The two-tetrad G-quadruplex 

core is protected at both ends by base triples. Base pairing and stacking in the loops, whose 

sequences are GTTA, GTTAG and TTA respectively, contribute to the stability of this 

conformation. This G-quadruplex is more stable than the three-G-tetrad counterparts 

reported previously for human telomeric sequences in K+ environment.63-66  

 

This conformation observed for the sequence d[(GGGTTA)3GGGT] in K+ solution can be 

directly compared with the basket-type G-quadruplex observed for the human telomeric 

d[AG3(TTAGGG)3] sequence in Na+ solution, Figure 1.4.62 Although the latter contains 

three G-tetrad layers, the cores of the two structures are quite similar, due to the same 

strand directionality. In both structures loop arrangements are lateral-diagonal-lateral. 

However, the sequences and sizes of these loops are quite different, so are the base pairing 

and stacking interactions in the loops. It has been suggested that these loops are dynamic 

and can be good targets for specific ligand recognitions. In the present structure, for the 

first time, different loop sequences, GTTA and GTTAG, have been observed in the context 
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of human telomeric G-quadruplexes.66 The concept of loop dynamics and targeting should 

be therefore extended to these loop sequence variants.  

 

1.3.4 In vitro structure of G-quadruplex DNA in Human C-Kit Promoter 
The two G-rich sequences that have been identified in the promoter region of the human 

c-kit gene, c-kit1 and c-kit2 (more commonly referred to as c-kit21), have high 

conservation across vertebrate species, suggestive that they have a functional role.40-42, 46 

The c-kit1 sequence, d(AGGGAGGGCGCTGGGAGGAGGG), 87 nucleotides upstream of 

the transcription start site of the human c-kit gene, has been shown to form a single G-

quadruplex species in solution containing K+ from NMR analysis, Figure 1.6.42, 46 The c-

kit1 fold with K+ involves three G-tetrads. The glycosidic conformations of all guanines are 

anti, which are consistent with the G-tetrad core containing all parallel G-tracts. There are 

four loops in the structure. The structure contains two single-residue propeller loops 

spanning three G-tetrad layers. The third loop connects two adjacent corners (G10 and 

G13) of the G-tetrad core. The five-residue segment A16-G17-G18-A19-G20 forms the 

fourth loop that allows the terminal G21-G22 stretch to be inserted back to the G-tetrad 

core.  

 

                                                  
Figure 1.6 Schematic of parallel c-kit1 topology observed with K+. Loops are coloured red; anti guanines are 

coloured cyan; strands constituting the core are shown in black; and arrows indicate the directionality of 

strands.42 

 

The second putative quadruplex-forming sequence, c-kit21, 

d(CGGGCGGGCGCGAGGGAGGGG), requires to be mutated in order to act as a single 

quadruplex species with K+.40 There are three features of c-kit21 that suggest it is likely to 

have biological function.40 First, the proximity of the sequence to the likely binding site of 

the transcription factor Sp1 and its requirement for core promoter activity suggest that it is 
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worthy of consideration as a potential drug target for the regulation of c-kit transcription.  

Figure 1.7 (A). Second, this putative quadruplex sequence is highly conserved in human, 

mouse, rat and chimpanzee, Figure 1.7 (B). The four tracts of 3G each are unchanged, with 

the main variations being present in the sequence of loop 2 (CGCGA for Human c-kit21). 

Third, the location of the putative quadruplex, relative to the transcription initiation site, is 

identical in human and chimpanzee (137 bases upstream) and close (98 bases upstream) in 

mouse and rat, Figure 1.7 (B). 

 

 
Figure 1.7 (A) Position of the c-kit21 sequence within the G-rich strand of the c-kit promoter; and (B) 

Conservation of the DNA sequence in Human, Chimpanzee, Mouse and Rat. Distance from transcription 

initiation site is show in brackets.40  

 

To address the apparent structural heterogeneity of quadruplexes formed by c-kit21, two 

mutated forms were studied in K+ containing solution.40 The mutated sequence c-kit21T, 

d(CGGGCGGGCGCGAGGGAGGGT), forms a single structure, as judged by NMR, and 

CD spectroscopy suggests a parallel-folded topology.40 The other mutated sequence, c-

kit18T, d(CGGGCGGGCGCGAGGGATGGG), gave an NMR spectrum consistent with 

fewer structures than c-kit21, with the associated CD spectrum of c-kit18T suggesting the 

presence of mainly parallel quadruplex with some antiparallel quadruplex.40 The 

heterogeneous population of quadruplexes observed for c-kit21 is likely to include the 

subpopulations observed for c-kit18T and c-kit21T and thus contain both parallel and anti-

parallel quadruplexes. 

 

Hsu et al. recently reported that in the presence of K+ ions, c-kit21 exists as an ensemble 

of structures that share the same parallel-stranded propeller-type conformations, Figure 

1.8.41 Subtle differences in structural dynamics have been identified using hydrogen-
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deuterium exchange experiments by NMR spectroscopy, suggesting the co-existence of at 

least two structurally similar but dynamically distinct substates, which undergo slow 

interconversion on the NMR time scale.   

 

                                                  
Figure 1.8 Schematic of the initial parallel topology obtained by c-kit21 in K+ solution with varied degrees of 

structural heterogeneities.41  

 

1.4 Ligands that target G-quadruplex DNA 
G-quadruplexes exhibit extensive structural polymorphism, making them particularly 

challenging to target in rational drug design. Nevertheless, since targeting them with 

specific ligands is emerging as a novel anti-cancer strategy, the past few years have seen 

considerable scientific efforts for designing and synthesizing novel and efficient G-

quadruplex ligands. In a seminal paper published in 1992 in Science, Mergny et al. 

demonstrated that structure-specific rather than sequence-specific recognition of DNA can 

be achieved.78 An impressive number of compounds with various architectures have been 

developed, many of them exhibiting high selectivity for quadruplex over duplex DNA.18, 48, 

60, 79, 80 Many of these ligands interact with the terminal G-quartets, making them perhaps 

relatively insensitive to particular loop structures of intramolecular quadruplexes, and are 

thus relatively universal quadruplex ligands.  

 

Nonetheless, there is evidence that some of these compounds can discriminate to some 

extent among distinct quadruplex folds.18, 48, 60, 79, 80 This type of selectivity is highly 

desirable, as it would be extremely useful to compare the biological effects of "telomere-

specific" vs "oncogene-specific" or "ubiquitous" quadruplex ligands. It is assumed that such 

an exquisite selectivity can only be achieved with multi-functional ligands that interact with 

a terminal quartet and the loops.  
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Globally, the numerous ligands synthesized to date can be categorized into four different 

categories on the basis of their cationic nature. These categories are: (i) In situ protonated 

G-quadruplex ligands; (ii) N-Methylated aromatic G-quadruplex ligands; (iii) Metallo-

organic G-quadruplex ligands and (iv) Neutral macrocycles. This review focuses on the 

best small molecule G-quadruplex ligands in these categories, with the exception of 

telomestatin and the cationic porphyrin, TMPyP4. Furthermore, the focus is on the 

structural design of ligands and on their molecular interactions with G-quadruplex DNA, 

although some biological data is mentioned, but is not discussed in detail.  

 

1.4.1 In situ protonated G-quadruplex Ligands 
 

1.4.1.1 Acridines 
The acridines are amongst the first generation in situ protonated G-quadruplex ligands. 

Key features of the acridines include (i) a large flat aromatic chromophore prone to π-

stacking with a terminal G-tetrad platform; (ii) short amidoalkylamino side-chains which 

are fully cationic at physiological pH and prone to engage in electrostatic interactions with 

the grooves of G-quadruplexes, Figure 1.9 (i).81-88 Molecular modeling (MD) studies of the 

3,6-disubstituted acridines with the anti-parallel basket-type HTelo quadruplex NMR 

solution structure (Section 1.3.2, Fig 1.4) show that the precise nature of the terminal amino 

groups influence quadruplex affinity and selectivity.89 Increasing the ring size of the 

terminal amino group from the five-membered pyrrolidine ring to six, seven and eigth-

membered rings has a negative influence on the affinity and energetics of the 3,6-

disubstituted acridines binding to the anti-parallel HTelo quadruplex, as increasing the 

steric bulk around the protonated nitrogen shields it from participating in effective 

electrostatic interactions.89 MD simulations of the 3,6-disubstituted acridine, BSU6039, 

showed that the protonated nitrogen centre of the acridine chromophore is confined over 

the centre of the G-quartet, where the oxygens on each of the four guanines create an area 

of partial negative charge, limiting the mobility of the acridine chromophore and hence the 

size of the end-groups that can be accommodated, Figure 1.9 (ii).89  
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Figure 1.9 3.6-Disubstituted acridine: (i) structure of BSU6039 and (ii) A view of BSU6039 projected onto 

the plane of the terminal G-quartet of the anti-parallel HTelo quadruplex.89  

 

The first G-quadruplex-ligand crystal structure was that of BSU6039 with a dimer 

quadruplex formed from the Oxytricha Nova telomeric DNA sequence, d[G4T4G4]2 (PDB 

entry: 1L1H), Figure 1.10.90 This structure confirmed an interaction dictated by 

hydrophobic-π-stacking between the flat aromatic core of the acridine and two guanine 

residues of the terminal G-tetrad and electrostatic interactions of the side-chains with the 

quadruplex grooves. However, BSU6039 exhibited a low quadruplex vs duplex selectivity 

of 0.9-fold.  

 

 
 

Figure 1.10 Crystal structure of BSU6039 with Oxytricha nova telomeric DNA: (A) Side view and (B) Top 

view.80  

 

With the aim of improving quadruplex vs duplex selectivity for the acridines, the 3,6,9-

trisubstituted acridine, BRACO-19, was designed with the assumption that the three 

(i) (ii) 



Chapter 1: General Introduction 

 

 16 

substituents would each occupy a groove in a quadruplex, Figure 1.11.81-88 BRACO-19 

exhibited 31-fold quadruplex vs duplex selectivity as determined by surface plasmon 

resonance (SPR) with HTelo in K+ buffer, and a high level of quadruplex stabilization, 

ΔTm= 27°C, as determined by fluorescence resonance energy transfer melting (FRET-

melting) with HTelo in K+ buffer.91-94 Structure-activity studies of BRACO-19 from SPR 

and FRET-melting biophysical assays (with HTelo in K+ buffer) showed that optimal side-

chain length for the 3,6-substiuents of BRACO-19 was amidopropylpyrrolidine.86 

Increasing the side-chain length of BRACO-19 to amidobutylpyrrolidine, 

amidopentylpyrrolidine and amidohexylpyrrolidine significantly reduce binding and the 

stabilization potential, ΔTm= 16.5°C, 6.8°C and 4.7°C respectively.86  

 

 
 

Figure 1.11 Structure of 3,6,9-trisubstituted acridine BRACO-19. 

 

Neidle et.al. reported a crystal structure of BRACO-19 with a dimer human telomeric G-

quadruplex, d(TAG3TTAG3T), with K+ (PDB entry: 3CE5), Figure 1.12.81 The biological 

unit contained two stacked parallel G-quadruplexes. BRACO19 fits into a site bounded on 

one side by the 3′-end G-quartet and on the other by a 5′end TATA tetrad face formed from 

adenine and thymine bases at the interface between the two stacked dimer quadruplexes, 

Figure 1.12 (i).81 There is π-π overlap between BRACO19 and two guanine bases of the G-

quartet, and the cation ring nitrogen atom is in line with the K+ ion-binding channel. On the 

other side the acridine chromophore is stacked onto a reverse Watson-Crick A•T base pair 

that forms part of the TATA quartet. The other thymine base is flipped into the binding site 

and interacts with BRACO-19 through direct H-bonding to a side-chain amide nitrogen 

atom and two water-mediated interactions, one with the carbonyl atom of the other side-

chain and the other to the central ring nitrogen atom of the acridine, Figure 1.12 (ii).81 The 
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amidoalkylamino side chains extend into two wide grooves located on opposite sides of the 

G-quartet face while the 9-anilino substituent fits into a narrow pocket.  

 

  
Figure 1.12 Crystal structure of BRACO-19 with a dimer human telomeric G-quadruplex: (i) A BRACO-19 

moleucle (mauve) is shown at the interface of two quadruplexes in the unit, stacked between a G-quartet (top) 

and a TATA tetrad (bottom) and (ii) View onto the face of the BRACO-19 molecule in an omit map, showing 

the hydrogen bonds to water molecules and the flipped-in thymine base T24.81  

 

Neidle et. al. further suggested that the decreased binding and stabilization observed with 

increased side-chain length of the 3,6-substitutents of BRACO-19 in previous studies could 

be due to loss of participation in a water H-bond network in the groove since the charged 

end group would extend too far out of the groove region.81  

  

BRACO-19 has antitumor activity as a single agent in human xenografts and has been 

shown to inhibit tumor growth in vitro and in vivo at concentrations under 1uM.84 Subtoxic 

concentrations of BRACO-19 trigger growth arrest in tumor cells after just 15 days of 

exposure, before any detectable telomere shortening. The observation that BRACO-19 

causes chromosome end-to-end fusion associated with the appearance of p16-associated 

senescence led to the proposal that G-quadruplex ligands primarily act to disrupt the 

telomere structure.32, 84, 95, 96 Such telomeric dysfunction was also observed in cell lines 

treated with other quadruplex ligands.18, 59 These studies suggest that the direct target of 

these ligands is the telomere rather than telomerase. Unfortunately, BRACO-19 has very 

poor cell permeability, however, this limitation seems to be on the way of being 

(ii) (i) 
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circumvented by modification of the 9-amino substituent from an aniline to a 

difluorobenzylamine group.88, 97  

 

The discrimination between quadruplex DNA and duplex DNA has been reported for a 

number of small molecule ligands, but the discrimination between distinct quadruplexes by 

a small molecule is perceived to be a greater challenge. Neidle et al. have recently shown 

that appending a tetrapeptide to the meta or para positions of the 9-anilino substituent of 

BRACO-19 results in the ability to discriminate between distinct quadruplexes, Figure 1.13 

(i).98 The best compounds in the series exhibit 10-fold selectivity towards the quadruplex 

derived from the human N-ras proto-oncogene over the human c-kit (c-kit1 and c-kit2) and 

HTelo quadruplexes (SPR in K+ buffer). These observations support the potential for small 

molecules to discriminate between quadruplexes. It is envisaged that the observed 

quadruplex discrimination must, in some part, arise from the distinct loop topology and/or 

sequences exhibited for the quadruplexes under study.  

 

Molecular modeling of the acridine peptide conjugates with the parallel HTelo 

quadruplex crystal structure (Section 1.3.3, Fig 1.5 (i)) showed that the most successful 

compounds permit the acridine core to simultaneously stack on a G-quartet and the peptide 

to make loop and groove contact, Figure 1.13 (ii).98  

 

  
 

Figure 1.13 Acridine-peptide conjugates: (i) General structure and (ii) Respresentative model of an acridine 

peptide-conjugate containing the tetrapeptide, NH2-Lys-Arg-Ser-Arg-COOH, in the para position of the 9-

(i) (ii) 
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anilino phenyl ring, docked to the parallel HTelo quadruplex. Showing the peptide side-chains making 

contacts with two adjacent grooves.98 

 

1.4.1.2 Pentacyclic quinacridines 
Another dimension of G-quadruplex ligand design is the pentacyclic crescent shaped 

quinacridine derivatives containing alkylamine side chains, which are protonated under 

physiological pH, Figure 1.14.71, 99, 100 The crescent shape was chosen to maximize the 

overlap with the guanines of the terminal G-quartet. MMQ3 was the leading compound of 

the quinacridine family, showing remarkable G-quadruplex stabilization, ΔTm=19.7°C 

(with HTelo in Na+ buffer), Figure 1.14.99  

 

 

               
 

Figure 1.14 Quinacridines: (i) MMQ1 and (ii) MMQ3. 

 

An NMR structure of the pentacyclic quinacridine, MMQ1, with a tetramer human 

telomeric G-quadruplex, d[(T2AG3T)]4, shows the simultaneous overlap of the three 

guanines by the quinacridine unit and the role of the protonated sidearms, which actively 

participate in quadruplex recognition via interactions in the grooves (PDB entry: 2JWQ), 

Figure 1.15.99  

 
Figure 1.15 NMR structure of MMQ1 with a tetramer quadruplex: showing π-stacking interaction between 

the G-quartet and MMQ1.99  

(i) (ii) 
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Structure-activity studies of the quinacridines from the FRET-melting biophysical assay 

showed that decreasing the aromatic surface from the pentacyclic quinacridine, MMQ1, to 

tricyclic phenanthroline or acridine, leads to a near complete loss of quadruplex 

stabilization, ΔTm= 12.5°C, 1.5°C and 0°C respectively (with HTelo in Na+ buffer), Figure 

1.16.99 This indicates that for these compounds the π-stacking interactions are the dominant 

aspect in controlling the ligand-quadruplex association.  

 

         
Figure 1.16 Structure of (i) Tricyclic phenanthroline derivative and (ii) acridine derivative. 

 

To further maximize overlap with the guanines of the terminal G-quartet a cyclic 

macrocycle containing two quinacridine moieties bridged by polyammonium linkers, BOQ1 

was designed, Figure 1.17.101 BOQ1 revealed a significant stabilization of the HTelo 

quadruplex, ΔTm = 28°C (in Na+ buffer), with a better overall selectivity for quadruplex 

over duplex DNA than the monomeric quinacridines (~10-fold evaluated by SPR).101-103 

This selectivity is attributed to the enhancement of the aromatic surface and is also likely 

attributed to the cyclic frame-work, which disfavors intercalation into a DNA double helix. 

Recently, it was suggested that BOQ1 can adopt a semi-closed conformation that might 

result in a particular binding mode, probably based on specific interactions with loops.103  

 

(i) (ii) 
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Figure 1.17 Structure of  BOQ1. 

 

To enable discrimination between distinct quadruplexes, the neomycin capped 

quinacridine series was designed, to concomitantly target the G-quartet and the loop of a G-

quadruplex structure with the quinacridine moiety and the neomycin motif respectively, 

Figure 1.18.104 Indeed, this series of compounds showed preferential binding to loop-

containing quadruplexes as compared to non-loop containing quadruplexes. This result 

along with the good quadruplex stabilization ability of the series, ΔTm = 14°C (with HTelo 

in Na+ buffer) fully validates this ‘ditopic’ design.104 Decreasing the size of the aromatic 

moiety to acridine and phenanthroline derivatives reduces the stabilization potential with a 

ΔTm of 6.3°C and 6.0°C respectively.104  

 

 

 
Figure 1.18 Structure of a neomycin capped quinacridine.80  
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1.4.1.3 Quindolines 
A series quindoline derivatives containing electron donating amino substituents at the 11-

posiiton were designed to interact with G-quadruplex DNA, Figure 1.19.105 The electron 

donating substituted amino groups were placed to enhance the basicity of the pyridine 

nitrogen atom, which is protonated at physiological pH, to increase the electrostatic 

interaction between the quindoline derivatives and the negative electrostatic centre of the 

G-quadruplex.  

 

 
Figure 1.19 Structure of the quindoline derivative SYUIQ-5. 

 

These compounds were able to stabilize the HTelo quadruplex, with the quindoline 

derivative, SYUIQ-5, exhibiting high stabilization, ΔTm of 13°C (CD analysis in Na+ 

buffer).105 These compounds also induced the G-rich human telomeric sequence to fold into 

an anti-parallel quadruplex in K+ buffer. In K+ buffer this HTelo sequence adopts a mixture 

of parallel and antiparallel quadruplex conformations, however, in the presence of SYUIQ-

5, the CD spectra indicated a decrease in the parallel form of G-quadruplex DNA.105  

  

Recent studies show that these derivatives have the ability to induce and stabilize the G-

quadruplexes in c-myc, which leads to down regulation of c-myc in the HepG2 cell line.106 

Ou et al. have shown that SYUIQ-5 binds to the c-myc G-quadruplex and selectively 

inhibits c-myc expression in the Ramos cell line.106 These studies further highlight the 

importance of secondary DNA structures in controlling gene expression and their utility as 

a receptor for external control of gene expression by small molecules.  

 

1.4.1.4 Bis-quinolinium 
Recently Rodriguez et al. reported a bisquinolinium derivative which displays 

unprecendented stabilization of the HTelo quadruplex, leading to an alteration of shelterin 
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at the telomeres of human cancer cells by POT1 uncapping, resulting in a DNA-damage 

response, Figure 1.20.107  

 

 
Figure 1.20 Schematic of the six-protein complex shelterin bound to telomeric DNA with displacement of 

POT1 by the bisquinolinium molecules.107  

 

The design rationale for this bisquinolinium derivative focused on an electron-rich aromatic 

surface with the potential of adopting a flat conformation and an ability to participate in 

hydrogen bonding. This compound displayed an unprecedented stablization of the HTelo 

quadruplex, ΔTm= 35K (in K+ buffer) and 44K (in Na+ buffer).107 The ligand-induced 

stabilization of duplex DNA was negligible (ΔTm= 0.5K in K+ buffer).107  

 

1.4.1.5 Isoalloxazines 
Balasubramanian et al. have recently shown that a group of 3,8,10-trisubstituted 

isoalloxazines have selective binding to the c-kit2 quadruplex (SPR in K+ buffer), and 

inhibit c-kit expression in two human cancer cells lines, Figure 1.21.108  

 

The design of isoalloxazines as potential G-quadruplex ligands was inspired by the 

observation that oxidized riboflavin (7.8.-dimethyl-10-ribityl-isoalloxazine) binds to an 

intramolecular G-quadruplex with moderate binding affinity.108 In their design, 

Balasubramanian et al. maintained the planar isoalloxazine scaffold to enable interactions 

with the G-quartet. Amine side chains were introduced to provide potential for interactions 

with the quadruplex loops and grooves and the negatively charged sugar-phosphate 

backbone. 
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Figure 1.21 Structures of Isoalloxazine derivatives: (i) 1a and (ii) 1d 

 

 The interaction properties of the isoalloxazines were evaluated by SPR and FRET-

melting with the c-kit1, c-kit2 and HTelo quadruplex (in K+ buffer).108 All the ligands in 

their study showed a preference for binding to the c-kit2 quadruplex, with 3-fold selectivity 

for c-kit2 over c-kit1 for 1d with no detectable binding observed for HTelo, and 14-fold 

selectivity for c-kit2 over htelo for 1a, Figure 1.21.108  

 

On the basis of their selectivity for c-kit2, the effects of ligands 1a and 1d on c-kit 

expression were evaluated in two human cancer cell lines, namely the epithelial like breast 

cancer cell line, MCF-7, and the gastrointestinal stromal tumor cell line, HGC-27.108 MCF-

7 exhibited relatively low basal levels of c-kit expression. MCF-7 treatment with ligand 1a 

reduced expression of c-kit by 5.4-fold and 5-fold after 3 and 6 hours respectively. For 

ligand 1d, expression of c-kit was reduced by 2.1-fold and 31-fold (almost completely 

suppressed) after 3 hours and 6 hours respectively. 1d was further evaluated on HGC-27 

cells, which show higher basal levels (~16-fold) of ckit oncogene expression.108 C-kit gene 

expression was reduced by 1.8-fold, 1.9-fold and 2.4-fold after 2, 6 and 24 hours 

respectively. These studies further highlight the importance of secondary DNA structures in 

controlling gene expression and their utility as a receptor for external control of gene 

expression by small molecules.  

 

1.4.1.6 Bis-indolecarboxamides 
Balasubramanian et al. reported the design and synthesis of two bis-indole carboxamide 

derivatives as a novel class of small molecule scaffold to target G-quadruplex DNA, Figure 

1.22.109 They envisioned that these compounds would be suitable for cell biology as indole 

(i) (ii) 
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derivatives are known to be privileged scaffolds for medicinal chemistry. Their planar 

central core has comparable molecular size to the G-quartet and there are multiple H-

bonding sites. The 2,6-bis(2′-indolyl)pyridine core of ligand 2 may contain internally 

organized H-bonds between the NH of the indole ring and the pyridine lone pair electrons, 

whereas ligand 1 can adopt different conformations due to geometrical freedom, Figure 

1.22.  

 

  
Figure 1.22 Structures of bis-indole carboxamide derivatives: (i) geometrically flexible and (ii) geometrically 

constrained.  

 

The interaction of these two ligands with four different G-quadruplex forming 

oligonucleotides based on human genomic sequences: HTelo, c-kit1, c-kit2 and c-myc was 

evaluated using FRET-melting (in K+ buffer).109 The geometrically flexible ligand 1, 

exhibited a high stabilization potential for all four quadruplexes: HTelo (ΔTm = 21.5°C), c-

kit1 (ΔTm = 27.7°C), c-kit2 (ΔTm = 21.7°C) and c-myc (ΔTm = 16.5°C). In addition, ligand 1 

showed detectable duplex stabilization (ΔTm = 4.2°C).  

 

The geometrically constrained pyridyl derivative, ligand 2, showed diminished duplex 

stabilization (ΔTm = 0.5°C), reduced hTelo stabilization (ΔTm = 9.8°C), but maintained 

strong stabilization for c-kit1 (ΔTm = 22.1°C), c-kit2 (ΔTm = 16.0°C) and c-myc (ΔTm = 

10.5°C) suggestive that ligand 2 has a higher affinity towards the c-kit and c-myc promoter 

quadruplexes over the HTelo quadruplex.109 

 

In K+ buffer, the c-kit2 quadruplex exists as a predominantly parallel structure (positive 

peak at 260 nm in CD) with a small portion of anti-parallel conformation (positive peak at 

293 nm in CD).40 Upon titration with the geometrically constrained ligand 2, there was a 

ligand dependent increase in ellipticity at 260 nm (parallel conformaton), which was not 

accompanied by an associated increase in the peak at 293 nm (anti-parallel conformation), 

(i) (ii) 

1 2 
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suggestive of selective induction of a parallel G-quadruplex structure by ligand 2.109 When 

the titration experiments were carried out with geometrically flexible ligand 1, both peaks 

were increased, suggesting that ligand 1 does not show any preference to induce folding of 

a particular G-quadruplex structure.109 

  

1.4.2 N-Methylated aromatic G-quadruplex Ligands 
The success of the design of N-methylated ligands for targeting G-quadruplex DNA relies 

on the double advantage of:  (i) the N-methylated aza-aromatic moieties to afford water 

solubility without the need for cationic side-chains and (ii) increased π-stacking ability of 

the ligand due to the reduction of the electron density of the aromatic part. 

 

1.4.2.1 Pentacyclic acridine 
A pentacyclic acridine, RHPS4, was amongst the first generation of small molecule N-

methylated G-quadruplex ligands, Figure 1.23 (i).110-114 In cellulo investigations 

demonstrated the ability of this highly condensed aromatic ligand to decrease telomere 

length and to act in synergy with the classical anti-cancer drug Taxol.110-114 RHPS4 has also 

been reported as an efficient telomere uncapping agent, as well as a telomere binding 

proteins modulator.35, 110, 115  

 

              
Figure 1.23 (i) Structure of RHPS4; (ii) side view of NMR structure of RHPS4 with a tetramer quadruplex 

and (iii) top view of NMR structure of RHPS4 with a tetramer quadruplex (PDB entry: INZM).116  

 

The NMR solution structure of RHPS4 with a tetramolecular quadruplex showed that this 

cationic molecule stacks onto the two terminal G-quartets, Figure 1.23(ii) and (iii).116  

 

(i) (ii) (iii) 
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1.4.2.2 Triazines and bisquinoline derivatives 
A series of triazine compounds were established as promising G-quadruplex ligands 

based on their high stabilization potential of the HTelo quadruplex using FRET-melting (in 

Na+ buffer), Figure 1.24.117 Compound 115405 was the best ligand in the series followed 

by compound 12459 with a ΔTm of 20°C and 8°C respectively.117 The ligand-induced 

stabilization of the quadruplex was related to the inhibition of telomerase activity, telomere 

shortening, and the induction of apoptosis in human telomerase positive cells.118-120 Long-

term treatment of the human cancer cells with subtoxic doses of disubstituted triazines 

induces progressive telomere shortening which correlates with the induction of senescence. 

 

                 
Figure 1.24 Structures of triazine derivatives: (i) 12459 and (ii) 115405 

 

Nevertheless, triazines were rapidly superseded by the emergence of a structurally-related 

bisquinolinium series, with the two quinoline moieties connected through the 2,6-

pyridodicarboxamide unit, Figure 1.25.121 The two leading compounds in this series, 360A 

and 307A, exhibited a high degree of HTelo quadruplex stabilization (in Na+ buffer) with 

ΔTm of 21°C and >150-fold quadruplex over duplex selectivity.19, 22, 121, 122 The quadruplex 

over duplex selectivity observed for 307A and 360A is about 10-fold higher than observed 

for the triazine compound 115405, Figure 1.24. These ligands induced delayed growth 

arrest followed by massive apoptosis in three telomerase positive glioma cell lines, and had 

anti-proliferative effects on the osteosarcoma, SAOS-2 cell line.121  

 

    
Figure 1.25 Structures of bisquinoline derivatives: (i) 360A and (ii) 307A. 

 

(i) (ii) 

(i) (ii) 
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1.4.2.3 Cationic porphyrin TMPyP4  
Porphyrins are well established binding agents for duplex DNA, and there is evidence 

that they may have unusual intercalation interactions with certain double stranded DNA 

sequences.123-128 It is generally believed that the planar arrangement of the aromatic rings in 

porphyrin analogues can bind to G-quadruplex by stacking with the G-tetrads. Therefore, 

porphyrins are non-selective ligands that bind to all nucleic acids.123-128  

 

The tetracationic porphyrin, TMPyP4, was found to bind to and stabilize both parallel and 

antiparallel G-quadruplex structures, but with only two-fold greater affinity for quadruplex 

over duplex DNA, Figure 1.26 (i).129-134 A crystal structure of a dimer human telomeric 

quadruplex, with sequence d(TAG3T2AG3), complexed with TMPyP4 was reported in K+ 

(PDB entry: 2HRI), Figure 1.26 (ii).135 The porphyrin molecule stacks on the TTA 

nucleotides, either at part of the external loop structure, or at the 5′ region of the stacked 

quadruplex. The stacking interactions of TMPyP4 with the quadruplex involves the 

hydrogen-bonded base pairs that are not involved in the formation of G-tetrads, thus 

precluding direct ligand interactions with the G-tetrad. This is consistent with the lower 

selectivity of TMPyP4 for quadruplex over duplex DNA. 

 

 

                       
Figure 1.26 Cationic Porphyrin: (i) Structure of TMPyP4; and (ii) Schematic view of the biomolecular 

quadruplex-TMPyP4 structure, showing the parallel folding topology, the extended TTA loop geometry, and 

the two TMPyP4 molecules bound per asymmetric unit. Guanine bases are coloured green, adenines red, and 

thymines cyan.48  

 

TMPyP4 exhibited high stabilization of the HTelo quadruplex, with a ΔTm of 20.9°C (in 

Na+ buffer) and a ΔTm of 27.4°C (in K+ buffer).136 Therefore, stabilization by TMPyP4 

(i) (ii) 
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depends on the nature of the cation. However, in the presence of a large excess of double 

stranded DNA competitor, the stabilization of HTelo by TMPyP4, was completely lost in 

the presence of Na+, whereas in the presence of K+ the stabilization is attenuated.136  

 

Expression of c-myc can be suppressed with quadruplex-stabilizing molecules.44, 49, 129, 

137, 138 This is a proof of concept that expression of genes can be down regulated by the 

formation of quadruplexes in the promoter region of the gene, at least in a model system. 

Hurley et al. showed that TMPyP4 can specifically down regulate c-myc expression, as 

well as several genes downstream of c-myc in HeLa cells.44, 137 They also confirmed that 

TMPyP4 decreases c-myc expression at the RNA and protein levels in MIA PaCa-2 and 

HeLa S3 cells.44, 137 The biological significance of the intramolecular G-quadruplex 

structures formed in the c-myc NHE III1 (NHE = nuclease hypersensitivity element) has 

been evaluated for c-myc transcriptional inhibition by TMPyP4 in Ramos and CA46, being 

two Burkitt’s lymphoma cell lines.44 The Ramos cell line retains the c-myc NHE III1 during 

translocation, whereas the CA46 cell line loses this element, together with the P1 and P2 

promoters.44, 135 In the CA46 cell line, TMPyP4 had no effect on c-myc transcriptional 

activation, whereas in the Ramos cell line TMPyP4 lowered c-myc mRNA level. This 

result further confirms that TMPyP4 mediates its transcriptional inhibitory effect on c-myc 

by interaction with the G-quadruplex formed in the c-myc NHE III1. In addition, TMPyP4 

has also been shown to inhibit KRAS gene expression.139  

 

1.4.3 Neutral Macrocyclic G-quadruplex Ligand - Telomestatin 
Telomestatin, a macrocyclic natural product isolated from streptomyces anulatus is 

considered the paradigm of G-quadruplex recognition, with 70-fold selectivity for 

quadruplex over duplex DNA, Figure 1.27.127, 136, 138, 140-154  
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Figure 1.27 Structure of G-quadruplex ligand, Telomestatin. 

 

Telomestatin strongly binds in vitro and in vivo to the telomeric overhang and impairs its 

single-stranded conformation.138, 151 Telomestatin appears to interact preferentially with 

intramolecular G-quadruplexes rather than intermolecular quadruplexes.138, 143, 152 

Telomestatin has the ability to stabilize the HTelo quadruplex with a ΔTm of 23.6°C (in Na+ 

buffer) and a ΔTm of 22.8°C (in K+ buffer).136 Finally, challenging this stabilization with the 

addition of a large excess of a double stranded DNA competitor had a limited effect on the 

ΔTm obtained with telomestatin, showing that telomestatin has a low affinity for duplex 

DNA.136 This low affinity for duplex DNA is thought to be due to its neutral character 

combined with its cyclic shape. 

 

Telomestatin has antitumor activity against the leukemia U937 in a mouse xenograft 

model without any signs of toxicity.153 Telomestatin has been shown to be able to reduce 

cell growth both in vitro and in vivo in a number of human tumors, such as multiple 

myeloma, neuroblastomas and leukaemia.149, 153 Furthermore, the human telomere binding 

protein, protection of telomere 1 (POT1), which binds the single stranded telomere 

overhang, inhibits G4-DNA formation in vitro, while treatment of cells with the 

quadruplex-selective ligand, telomestatin, displaces POT1 and uncaps telomeres.142, 154 

Long-term treatment of the human cancer cells with subtoxic doses of telomestatin induces 

progressive telomere shortening which correlates with the induction of senescence. 

Telomestatin also binds to the plant telomeric repeat sequence and inhibits telomerase 

activity in suspension-cultured cells of Arabidopsis thaliana and Oryza sativa (rice) in a 

dose-dependent manner.155 The addition of telomestatin resulted in rapid shortening of 

telomere and the induction of cell death by an apoptosis-like mechanism in Arabidopsis 

cells. This telomere shortening could be the result of telomerase inhibition and/or telomere 
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replication inhibition. The effect of G-quadruplex ligands on the binding of POT1 to the 

telomeric G-overhang in vitro and in human cells has been investigated using a GFP-POT1 

fusion protein.142 Telomestatin inhibits the binding of POT1 to the telomeric G-overhang in 

vitro. In human cells (EcR293 and HT1080), G-overhang degradation correlates with a 

dramatic and rapid delocalization of GFP-POT1 from its telomere sites.142 Interestingly, 

telomestatin also displaces the telomere localization of telomeric repeat binding factor 2 

(TRF2) in tumor cell lines (including HT1080), but not in normal or immortalized cell lines 

(including EcR293).150 An extensive telomeric repeat fragment (TRF) decrease is also 

observed in telomestatin treated tumor cells, explaining the TRF2 decrease at telomeric 

ends.150 These results indicate that either telomere structure is different between these two 

cellular models and/or that different DNA damage processes are associated with the 

response to the ligand in normal and tumor cells.  

 

1.4.4 Metallo-organic G-quadruplex Ligands 
Bertrand et al. recently reported the design of a family of metal-terpyridine complexes for 

targeting G-quadruplex DNA, Figure 1.28.156, 157 The free terpyridines alone displayed 

displayed weak quadruplex affinity for HTelo (in Na+ buffer) with FRET-melting ΔTm 

values of < 8°C (however, the poor water solubility of the free terpyridines reduces the 

significance of these values).156, 157 The introduction of a metal cation was based on the 

assumption that: (i) the metallic cation may act as a “pseudo-potassium ion” lying above 

the central ion channel of the quadruplex, and (ii) the positioning of the aromatic surface 

around the metal could stabilize the quadruplex structure by stacking on the external G-

quartet.156, 157  
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Figure 1.28 Structures of  terpyridines: (i) tpy; (ii) ttpy and (iii) ctpy. 

 

High stabilization of HTelo (in Na+ buffer) was observed for Cu-ttpy, Cu-ctpy, Pt-ttpy 

and Pt-ctpy complexes with ΔTm values between 10 and 16°C.156, 157 While a stabilization 

of only ~1°C was obtained for Cu-tpy and Pt-tpy complexes.156, 157 These results imply that 

the extended terpyridines are more favourable to target quadruplex DNA than tpy.  

 

Furthermore, this study highlighted that the geometry of the metal centre is a key 

parameter for G-quadruplex recognition.  Zn-ttpy and Ru-ttpy complexes were poor HTelo 

quadruplex stabilizers with ΔTm < 4°C (in Na+ buffer).156, 157 Zn(II) and Ru(II) metals 

adopt a trigonal bipyramidal and octahedral geometry respectively, that lead to steric 

hindrance of both faces of the complex impeding π-π-stacking interactions with the 

external G-quartet. Whereas the Pt(II) and Cu(II) metals adopt a square planar and square 

pyramidal geometry, leaving two and one flat face respectively in the complex, favouring  

π-π-stacking interactions with the external G-quartet. The Cu-ttpy and Cu-ctpy complexes 

exhibited a 22-fold and 19-fold quadruplex over duplex selectivity, and the Pt-ttpy and Pt-

ctpy complexes exhibited a 10-fold and 5-fold quadruplex over duplex selectivity.156, 157 

The lower selectivity observed for the Pt-complexes is thought to be due to the presence of 

two flat faces allowing intercalation within a duplex DNA.     

 

Further studies on the Pt-tpy and Pt-ttpy complexes showed that they were able to 

platinate a single adenine nucleotide in the lateral or diagonal loop respectively of the anti-

parallel HTelo quadruplex, Figure 1.29.156 Pt-ttpy is thought to interact by stacking between 

the terminal G-quartet and the diagonal loop of the anti-parallel HTelo quadruplex, hence 
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platinating the diagonal loop adenine. This complex exhibited promising anti-proliferative 

activity on a panel of cancer cell lines.156 However, Pt-tpy was found to be a poor 

quadruplex binder but was able to efficiently platinate a lateral loop adenine without 

interaction with the G-quartet.156  

 

 
Figure 1.29 Schematic representation of the platination sites of Pt-tpy and Pt-ttpy on the anti-parallel HTelo 

quadruplex.156  

 

1.4.5 Challenges 
G-quadruplex DNA is an attractive target for anti-cancer therapy and some small 

molecules that bind and stabilize the G-quadruplex structure have been shown to 

downregulate oncogene expression and induce telomere disruption. The discrimination 

between quadruplex DNA and duplex DNA has been reported for a number of small 

molecule ligands, but the discrimination between distinct quadruplexes by a small molecule 

is perceived to be a greater challenge. However, few small molecule ligands such as the 

acridine-peptide conjugates, isoalloxazine derivatives, neomycin capped quinacridines and 

a geometrically constrained bis-indolecarboxamide derivative have exhibited the ability to 

discriminate between distinct quadruplexes. These observations support the potential for 

small molecules to discriminate between quadruplexes. It is envisaged that the observed 

quadruplex discrimination must, in some part, arise from the distinct loop topology and/or 

sequences exhibited for the quadruplexes under study.  

 

To this end a triarylpyridine scaffold with amidoalklyamino side-chains has been 

investigated in targeting two distinct G-quadruplex structures: (i) the anti-parallel HTelo 

quadruplex and (ii) the parallel c-kit2 quadruplex. This will enable us to compare the 

interactions of the triarylpyridines with a anti-parallel fold vs a parallel fold. This is an 
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important comparison to make as the majority of promoter G-quadruplexes adopt a parallel 

topology, while the anti-parallel topology is mainly observed for telomeric quadruplexes.  

 

The HTelo quadruplex adopts a single anti-parallel conformation in Na+ solution, hence 

we have chosen to work with the Na+ conformations of the HTelo and c-kit2 quadruplexes. 

Small molecule interactions with the c-kit2 quadruplex reported till date have focused on 

the K+ conformation of c-kit2. This is mainly due to: (1) The intra-celluar concentration of 

K+ is about 140mM, while that of Na+ is about 5-15mM; and (2) G-Quadruplexes exhibit 

greater thermostability in the presence of K+ than Na+ as measured by melting temperature 

Tm. However, studies report that the intracellular concentration of sodium is higher in 

transformed cells than in their normal counterparts, further highlighting the importance of 

the G-quadruplex conformations adopted in a Na+ environment. 

 

1.5 Structure and applications of trisubstituted pyridines 
Pyridine functionalities have been both widely studied, and widely used, but still generate 

much interest. Pyridines are of interest because of the occurrence of their saturated and 

partially saturated derivatives in biologically active compounds and natural products, such 

as NAD nucleotides, vitamin B6, and pyridine alkaloids.158 

 

Trisubstituted pyridines are prominent building blocks in both organic and inorganic 

supramolecular chemistry, with their π-stacking ability, directional H-bonding and 

coordination properties.159 There is also a growing interest in utilizing the excellent thermal 

stability of trisubstituted pyridines as monomeric building blocks in thin films, organic, 

inorganic and organometallic polymers.160-164  

 

The most widely studied trisubstituted pyridines are 4′-arylterpyridines, which consist of 

the terpyridine chromophore (known as tpy) with a 4′-aryl substituent, and 2,4,6-

triarylpyridines (also known as Kröhnke pyridines), which consist of a central pyridine 

nucleus with aryl substituents in the 2, 4 and 6 positions, Figure 1.30.  
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Figure 1.30 Representative structures of (i) 2,2′ :6′ ,2"-Terpyridine; (ii) 4′-Aryl-2,2′ :6′ ,2"-terpyridine; and 

(iii) 2,4,6-triarylpyridine. 

 

Since its discovery in 1932, the 2,2′;6′2"-terpyridine molecule has attracted interest in the 

chemical sciences due to its ability to form metal complexes in binding through the N-

centres. Potential applications of these complexes have been found in various fields such as 

supramolecular chemistry, asymmetric catalysis, photosensitization and molecular biology 

and potential pharmaceutical application.165-169 Its binding ability to DNA has also attracted 

interest in the biological and medical sciences, as a potential anti-cancer agent.170-172 Zhao 

et al. reported that terpyridine derivatives have a strong cytotoxicity against several human 

cell lines and considerable topoisomerase I inhibitory activities.173, 174 They also reported 

that terthiophene derivatives, which are bioisosteres of terpyridine, have considerable 

inhibitory activity on protein kinase C (PKC), and an antitumor cytotoxicity, against 

several human cell lines. In addition, for the development of new anticancer agents, Zhao et 

al. prepared a series of 2,4,6-triarylpyridine derivatives as bioisosteres of terpyridine and/or 

terthiophene, and evaluated their topoisomerase 1 inhibitory activity. Their results indicated 

that the 2-thienyl-4-furylpyridine skeleton is important for topoisomerase 1 inhibitory 

acitivity.175, 176  

 

2,4,6-triarylpyridines are of special interest because of their close structural resemblance 

with the recommended photodynamic cell-specific symmetrical triaryl-telluropyrylium, -

selenopyrylium and -thiopyrylium cancer therapeutic agents.177 Some examples are used as 

pharmaceuticals (as antimalarial, vasodilator, anesthetic, anticonvulsant and antiepileptic 

agents), dyes, additives (as an antioxidant), agrochemicals (as fungicidal, pesticidal and 

herbicidal agents), and veterinary (as anthelmintic, antibacterial, and antiparasitic agents), 

and also in qualitative and quantitative analysis.178-182 This provides the impetus for further 

studies in utilising this scaffold in new therapeutic classes. 
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1.6 Central ring assembly synthesis of trisubstituted pyridines 
The two basic synthetic approaches to trisubstituted pyridines are either by central ring 

assembly or coupling methodologies.183 Ring assembly is still the most prevalent strategy 

and will be discussed further in this introduction. However, it is important to note that 

because of their multiplicity and efficiency, modern Pd-catalyzed, cross-coupling 

procedures have recently become a serious competitor to the traditional ring-closure 

processes. 

 

1.6.1 Kröhnke condensation reaction for trisubstituted pyridine synthesis 
The well-known conventional method for the synthesis of trisubstituted pyridines is the 

Kröhnke condensation reaction, Scheme 1.1, which initially involved the synthesis of α-

pyridinium methyl ketone salts, I, then subsequent condensation with an enone, II, 

generating the 1,5-diketone compounds which undergoes ammonium acetate-promoted ring 

closure, to yield symmetrical (R1=R2≠R3) and unsymmetrical (R1≠R2≠R3), trisubstituted 

pyridines, and a pyridinium halide byproduct.184 An advantage of this reaction is that the 

substitution pattern of the two components can be varied widely ranging from simple alkyl 

groups to substituted aryl and heteroaryl groups. A downside to the Kröhnke condensation 

is an often time-consuming complicated purification of the end-product which can lead to 

low yields. In addition, the starting materials are not readily available and must first be 

synthesized.  

 

 
Scheme 1.1  Kröhnke condensation for synthesis of symmetrical and unsymmetrical trisubstituted pyridines. 

 

1.6.2 Modified Chichibabin reaction for triarylpyridine synthesis 
Another well-known and widely used method is the modified Chichibabin method, 

Scheme 1.2, which involves refluxing a (2:1) mixture of an aryl methyl ketone, III, with an 
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aryl aldehyde, IV, in glacial acetic acid with excess ammonium acetate to generate the 

symmetrical trisubstituted pyridines.185 The transformation involves initial acid-catalyzed 

aldol condensation of the enol form of the aryl methyl ketone (III) with the aryl aldehyde 

(IV), in a 1:1 molar ratio to form the enone (X), which subsequently undergoes a Michael 

addition reaction with another equivalent of the aryl methyl ketone (III) to generate the 1,5-

diketone (Y).185 The 1,5-diketone then condenses with ammonia to form a dihydropyridine 

(Z), which, in turn, is dehydrogenated to the trisubstituted pyridine and a saturated enone. 

The trisubstituted pyridine is usually isolated by recrystallization from ethanol. The 

dehydrogenation of the dihydropyridine occurs by transfer of hydrogen to the enone, hence, 

for each mole of trisubstituted pyridine formed, a mole of enone is reduced, thus limiting 

the yield of this reaction.185 Weiss reported yields ranging from 60-68% for a series of 

triarylpyridines using this procedure.185  

 

 
Scheme 1.2 Modified Chichibabin reaction for synthesis of symmetrical triarylpyridines. 

 

Another important pioneering method is the α-oxoketene dithioacetal methodology 

developed by Potts et al., however, this method usually yields tarry crude by-products that 

require special efforts to isolate and purify the desired trisubstituted pyridine.186  

 

1.6.3 Challenges of the Kröhnke, Chichibabin and Potts methodologies 
The Kröhnke and Potts et al. methodologies often display moderate to low yields, utilize 

large volumes of volatile organic solvents, have low atom efficiency and often require 

extensive purification. In addition, toxic and expensive organic solvents such as pyridine 

and halocarbons are used resulting in large volumes of halogenated waste. In contrast, the 

modified Chichibabin method uses readily available starting materials and eliminates the 

use of pyridine and halocarbons. However, the transfer of hydrogen from the 

dihydropyridine to the enone, to form the trisubstituted pyridine, may limit the yield of this 

reaction.  



Chapter 1: General Introduction 

 

 38 

 

1.6.4 Solventless grinding reaction for trisubstituted pyridine synthesis 
Raston et al. established that using solventless conditions for a base-catalyzed sequential 

aldol condensation (Claisen-Schmidt condensation) and Michael addition reaction, 

followed by ammonium-acetate mediated ring closure of the 1,5-diketone in glacial acetic 

acid, results in a dramatic improvement in yield, allowing access to a range of symmetrical 

XIV, and unsymmetrical X, 2,4,6-triarylpyridines and 4′-(aryl)-terpyridines, some of which 

are not accessible using conventional methods, or are accessible only in low yields, Scheme 

1.3.187-189  

 

The low vapour pressure of acetic acid allows the use of an air condenser during the 

reflux, and the acetic acid can be efficiently recycled and used as a batch process. Acetic 

acid is also a naturally renewable source in alignment with the principles of green 

chemistry.190 The significance of this approach relates to reducing the use of organic 

solvents as potentially hazardous and toxic materials, the use of readily available starting 

materials, as well as its simplicity and mild conditions, and inherent lower costs, with more 

likely downstream applications. Previously reported syntheses generate over 29 times more 

solid waste than this ‘greener’ route to gain access to the same compound.187-189 This novel 

method is also a cost effective alternative to commercially available products, and is 

estimated to be ca. 600% more cost effective than previously published procedures.187-189  

 

Raston et al. found, that by grinding the aryl methyl ketone (or pyridyl methyl ketone) 

and aryl aldehyde together in the presence of one equivalent of sodium hydroxide (NaOH), 

that the Claisen-Schmidt condensation and Michael addition proceeds as in eutectic melt, 

with the 1,5-diketone forming quantitatively (ca. 35-40 min).187-189 The 1,5-diketone is 

isolated and purified by washing with water-ethanol to remove the catalyst affording the 

pure product. To obtain unsymmetrical 1,5-diketones, the aryl methyl ketone (or pyridyl 

methyl ketone), V, is condensed with the aryl aldehyde, VI, molar ratio is 1:1 resulting in 

the enone, VII, which is then isolated and ground with one equivalent of a different aryl 

methyl ketone (or pyridyl methyl ketone), VIII, in the presence of NaOH, to form the 

unsymmetrical 1,5-diketone, IX, Scheme 1.3 (a).187-189 For symmetrical 1,5-diketones, 
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XIV, the molar ratio of XI: XII is 2:1, and this protocol eliminates an intermediate 

purification step of the enone and the need for further addition of NaOH, Scheme 1.3 

(b).187-189 The formation of the pyridine ring is achieved by reacting the 1,5-diketone with 

excess ammonium acetate in a minimum volume of refluxing glacial acetic acid (ca. 2 h), to 

give the dihydropyridine intermediate, which undergoes aerial oxidation to form the 

trisubstituted pyridine.187-189 The trisubstituted pyridine can then be precipitated from 

solution by the addition of water to the reaction mixture, which is then collected and 

washed with ethanol to get the pure product in high yield (ca. 64-92% yield).187-189  

 

 
Scheme 1.3 Solventless grinding procedure for the synthesis of trisubstituted pyridines: a) unsymmetrical 

triarylpyridine and b) symmetrical triarylpyridine. 

 

The solventless grinding method also gave access to a series of 4′-(4-alkoxyphenyl)-

4,2′:6′,4"-terpyridines, which could not be synthesized using solvent based methods, for 

which the predominant product is a cyclohexanol derivative, which results from 

condensation of the enone and 1,5-diketone.187-189 Anderson et al. described the synthesis of 

4′-(phenyl)-4,2′:6′,4"-terpyridine under somewhat harsh conditions with a moderate 6% 

overall yield, compared with 84% using the grinding method.191  

 

Nevertheless, it is crucial to note that the use of the solventless grinding method is 

restricted where highly exothermic and runaway reactions prevail, which can lead to 
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competing reactions. Though this method gave access to 4′-(aryl)-terpyridines in high 

yields, it was not successful for the synthesis of 4′-(pyridyl)-terpyridines.192 The 1,5-

diketone intermediates en route to the synthesis of these 4′-(pyridyl)-terpyridines, were not 

accessible using the grinding method, resulting in the formation of a black, intractable tarry 

residue.192 This suggested the need for a reaction medium as a heat sink to control chemical 

reactivity. 

 

1.6.5 PEG as a reaction medium for terpyridine synthesis 
In order to alleviate these problems, and keeping with the theme of green chemistry, 

Raston et al. reported the use of poly(ethyleneglycol) with low molecular weight of 300 

(PEG300), as a versatile reaction medium in gaining access to symmetrical 4′-(pyridyl)-

terpyridines. PEG is a prominent benign alternative reaction medium in synthetic 

chemistry, and importantly it has a low vapour pressure.193 In addtion, PEG is non-toxic, 

being used in food products and cosmetics, is recyclable and is water-miscible which 

facilitates its removal from reaction products.193 In a typical reaction, a pyridyl methyl 

ketone, XV, is added to a cooled (0°C) suspension of crushed NaOH in PEG300 to form 

the enolate, XVI (ca. 10 min), then the pyridyl aldehyde, XVII, is added and the reaction 

mixture is allowed to stand for 2 hours, with occasional manual stirring (ca. every 15 

minutes), to give the 1,5-diketone, XVIII, via an enone intermediate, Scheme 1.4 (a).192 

The molar ratio of XV : XVII is 2:1, and thus the method generates symmetrical 1,5-

diketones, XVIII. The 1,5-diketone can be precipitated as a sticky material by addition of 

water to the reaction mixture, which solidifies on standing overnight at 5°C.192 The 

precipitate is washed with water and ethanol to give pure 1,5-diketone. However, isolation 

of the 1,5-diketone intermediate can be avoided with the 4′-(pyridyl)-terpyridine, XIX, 

accessible in ‘one-pot’ whereby excess ammonium acetate is added after the 2 hours for the 

above reaction, Scheme 1.4 (b).192 Following the addition of ammonium acetate, the 

mixture is heated at 100°C for 2 hours. After 2 hours, the mixture is cooled and water is 

added to remove PEG, affording a microcrystalline precipitate of the desired 4′-(pyridyl)-

terpyridine (ca. 44 to 55% yield).192 The yield is acceptable in the context of the short 

reaction times (4 hours compared to >24 hours for the traditional method) and the high 

purity of the final product, which avoids the use of expensive and volatile organic solvents 
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and the labour intensive nature of the purification procedures. Longer reaction times did not 

result in a significant increase in product yield.  

 

 
Scheme 1.4 PEG method for the synthesis of: (a) symmetrical 1,5-diketone and (b) symmetrical 4′-(pyridyl)-

terpyridine. 

 

It is crucial to note that the first 2 hour stage of the PEG method is carried out at 0°C, as 

at higher temperatures (50-70°C) cyclohexanol compounds prevail.192 The PEG method is 

also successful for the synthesis of a trisubstituted pyridine with a pyridyl substituent in the 

4- position and 2-thiophene substituents in the 2- and 6- position of the central pyridine 

core, in modest yield (ca. 32% yield), Fig 1.31 (i).192 However, this reaction was not 

successful at ambient temperature, with the major product a cyclohexanol compound 

resulting from further aldol condensation between the enone and the 1,5-diketone, Fig 1.31 

(ii).192  

 

 

 
Figure 1.31 Representative structures of (i) trisubstituted pyridine; and (ii) cyclohexanol product. 
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Winter et al. adopted the PEG method for the synthesis of 4′-(aryl)-2,2′:6′,2′′-

terpyridines, however, in order to reduce the excess of inorganic salts, they used aqueous 

ammonia instead of ammonium acetate for ring closure.194 Using this modified method, 

they obtained the 4′-(aryl)-2,2′:6′,2′′-terpyridines in 22-63% yield.194  

 

Adib et al. introduced a variation of the modified Chichibabin method for the synthesis of 

a range of 2,4,6-triarylpyridines in high yield (ca. 93-98% yield).195 Their method involved 

heating a mixture of aryl substituted enone and excess ammonium acetate in the presence of 

a catalytic amount of acetic acid at 100°C for 4 hours, under solvent free conditions. For 

this reaction the dihydropyridine intermediate undergoes oxidative aromatization to give 

the 2,4,6-triarylpyridine and benzylamine as a by-product. An advantage of this reaction is 

that it uses a catalytic amount of acetic acid. In addition to the benzylamine by-product, 

another drawback of this reaction is that it does not use readily available starting materials, 

requiring the synthesis of the enone beforehand.  

 

Heravi et al. reported the synthesis of 2,4,6-triarylpyridines using a Preyssler type 

heteropolyacid catalyst, involving a ‘one-pot’ condensation reaction of an aryl aldehyde, 

aryl methyl ketone and ammonium acetate in the presence of Preyssler type heteropolyacid 

catalyst at 120°C (ca, 3.5-7 hours) to give the products in 50-98% yield.196 The purification 

step in this method involved the addition of hot ethanol, filtration of the catalyst, and 

recrystallization from water-ethanol. They found that the reaction yield was dependent on 

the ammonia source used with the ammonia source as ammonium acetate, the reaction was 

completed in 3.5 hours in 98% yield (for reaction of benzaldehyde with acetophenone). In 

the presence of other ammonia sources the reaction was longer (5 hours), and unreacted 

starting materials remained (e.g. urea (30% yield), thiourea (33% yield) and acetamide 

(60% yield)). 

 

Nagarapu et al. have also shown the applicability of a novel recyclable heterogeneous 

solid-supported perchloric acid (HClO4-SiO2) catalyst for the synthesis of 2,4,6-

triarylpyridines.197 This involved the ‘one-pot’ reaction of an aryl aldehyde, aryl methyl 
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ketone and ammonium acetate at 120°C (ca. 4-6 hours) to give the products in 68-88% 

yields. The catalyst could also be reused in subsequent reactions without significant 

decrease in activity even after seven runs. However, the method involves a tedious catalyst 

preparation and column chromatography to obtain the pure products.  

 

Microwave (MW) assisted organic synthesis has attracted considerable attention in the 

past decade.198 MW irradiation often leads to remarkably decreased reaction time, increased 

yield and easier work-up. At about the same time as the PEG methodology was published, 

S. Tu et al. reported the ‘one-pot’ synthesis of 4′-(aryl)-2,2′:6′,2′′-terpyridines from 

available starting materials.199, 200 They investigated the ‘one-pot’ reaction of 2-

acetylpyridine, aromatic aldehydes and ammonium acetate in glycol under MW-irradiation 

(MWI).200 The one-pot reactions are over within 9 minutes and afford the products in 80-

91% yield. They also reported the synthesis of a series of 2,4,6-triarylpyridines using this 

same method, in 88-95% yield.200 Following this they also reported the ‘one-pot’ reaction 

of 2-acetylpyridine, aromatic aldehydes and ammonium acetate in water under MWI and 

conventional heating conditions.199 The MWI method gave the 4′-(aryl)-2,2′:6′,2′′-

terpyridines in 82-93% yield (ca. 16-28 min), 2,4,6-triarylpyridines in 90-96% yield (ca 6-

10 min).199 Whereas these compounds were obtained in 70-81% yield (ca 180-300 min) and 

76-85% yield (ca 150-240 min) respectively when conventional heating was used.199  

 

Borthakur et al. have described a BF3-OEt2-catalyzed and solventless one-pot synthesis of 

2,4,6-triarylpyridines from the reaction of ω-pyrrolidinoacetophenone with chalcone using 

urea as an environmentally benign source of ammonia under MWI (3-4 min, 85-95% 

yield).201 They found that the product yield was dependent on the ammonia source and 

choice of Lewis acid catalyst. The reaction failed when using thiourea in place of urea. 

They tried using various solid-phase Lewis acid catalysts (SmCl3, ZrCl4, TiCl4, InCl3 and 

AlCl3) and obtained 2,4,6-triarylpyridines in 33-51% yields.201 The reactions were found to 

be sluggish in the absence of a Lewis acid and the products were obtained in very low 

yields (<10%).201 In addition, when the reaction was carried out under thermal conditions 

the products were isolated in low yields. The BF3-Et2O catalyst presumably plays a key role 

by enhancing the electron deficiency on carbonyl carbon of ω-pyrrolidinoacetophenone, 
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facilitating Michael addition in the formation of pyrrolidine-1,5-diketone and elimination of 

pyrrolidine to give the 1,5-diketone.  

 

Ren et al. reported the synthesis of 2,4,6-triarylpyridines using molecular iodine as the 

catalyst.202 This involved adding 20 mol% iodine to a mixture of an arylmethyl ketone, aryl 

aldehyde and ammonium acetate at room temperature. This was then heated at 120°C for 6 

hours. Ethanol was the added to precipitate the product which was collected and 

recrystallized from ethanol, the products being obtained in 48-61% yield.202  

 

1.6.6 Challenges 
Despite the vast amount of literature available for the synthesis of 4′-arylterpyridine and 

2,4,6-triarylpyridine, there is no reported method for the ‘one-pot’ synthesis of amino-

functionalised 2,4,6-triarylpyridines, such as 4-aryl-2,6-bis(4-aminophenyl)pyridines, 

Figure 1.32. These compounds were deemed as important precursors for further elaboration 

en route to the synthesis of amidoalkylamino functionalised 2,4,6-triarylpyridines to target 

G-quadruplex DNA.  

 

                                
Figure 1.32 Representative structure of 4-aryl-2,6-bis(4-aminophenyl)pyridines. 

 

Reported methods for the synthesis of 4-aryl-2,6-bis(4-aminophenyl)pyridines involve 

synthesizing the nitro derivative, 4-aryl-2,6-bis(4-nitrophenyl)pyridine, and then reducing 

the nitro groups to obtain the desired 4-aryl-2,6-bis(4-aminophenyl)pyridine.160-164 Yeganeh 

et al. reported the synthesis of 4-aryl-2,6-bis(4-aminophenyl)pyridines using the modified 

Chichibabin method, Scheme 1.5.162 They first synthesized the nitro derivative by refluxing 

a mixture of p-nitroacetophenone, XX, and aryl aldehyde, XXI, in a 2:1 molar ratio 

respectively, with excess ammonium acetate in acetic acid (ca. 2 h), to obtain 4-aryl-2,6-

bis(4-nitrophenyl)pyridine, XXII, in 60-65% yield.162 The workup involved cooling the 
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reaction mixture to precipitate the product, which was then collected, washed with acetic 

acid and ethanol, and recrystallized from absolute ethanol. The nitro groups were then 

reduced by adding XXII to a suspension of palladium on carbon 5% in ethanol (200 ml) 

where the temperature was maintained at 50ºC, and hydrazine hydrate 80% (10 ml) in 

ethanol (20 ml) was added dropwise over a period of 1.5 hours.162 The reaction mixture was 

then refluxed (ca. 2 hours) and the mixture filtered while hot, and upon cooling, the 

compound precipitated from the filtrate, which was recrystallized from ethanol. The 4-aryl-

2,6-bis(4-aminophenyl)pyridines, XXIII, were obtained in 90 to 95% yield.162 In addition 

to the use of excessive amounts of volatile organic solvents, this method entails the use of 

hydrazine hydrate, which is a corrosive potential carcinogen.  

 

 
Scheme 1.5 Procedure for the synthesis of 4-aryl-2,6-bis(4-aminophenyl)pyridine: (a) synthesis of 4-aryl-2,6-

bis(4-nitrophenyl)pyridine and (b) reduction of nitro groups to yield 4-aryl-2,6-bis(4-aminophenyl)pyridine. 

 
This dissertation describes efforts to develop a more versatile route to the synthesis of a 

series of novel 4-aryl-2,6-bis(4-aminophenyl)pyridines, by applying the existing grinding 

and PEG methodology, and through the use of spinning disc processing (SDP) technology. 
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2 Introduction to Series of Papers 
From the literature review (Chapter 1: Introduction) we can conclude that G-quadruplex 

DNA is indeed an attractive target for cancer therapy, and small molecules that stabilise the 

G-quadruplex structure can lead to the arrest of proliferation of cancer cells by down-

regulation of oncogene expression and/or disruption of telomere function. In order to 

realize the medical potential of G-quadruplex ligands, the following issues need to be 

addressed: (i) A synthesis route that is scalable, reproducible and cost effective; (ii) Ability 

to distinguish between different quadruplex folds; and (iii) An understanding of the 

thermodynamics and kinetics of binding that may explain the differences in stabilization 

potentials. A novel series of 2,4,6-triarylpyridines, containing amidoalkylamino side 

chains, were designed and synthesized and their interactions with the anti-parallel HTelo 

quadruplex and parallel c-kit2 quadruplex (in Na+ solution) were investigated, in an attempt 

to pave the way for the development of novel anti-cancer agents.  

 

2.1 Development of a triarylpyridine scaffold to target G4-DNA 
2,4,6-Triarylpyridines with amidoalkylamino side-chains were envisaged to serve as 

promising in situ protonated G-quadruplex DNA ligands, Figure 2.1. The pyridine 

functionality is present in some of the best small molecule G-quadruplex ligands, these 

include; (i) The bisquinolinium derivative (Chapter 1, section 1.4.1.4), which has been 

reported to uncap telomeres and displayed an unprecedented stablization of the HTelo 

quadruplex, ΔTm= 35K (in K+ buffer) and 44K (in Na+ buffer); (ii) The geometrically 

constrained bis-indolecarboxamide derivative (Chapter 1, section 1.4.1.6), which displayed 

higher affinity towards the promoter quadruplexes (c-kit and c-myc) over the HTelo 

quadruplex (in K+ buffer); (iii) The bisquinolinium derivatives 360A and 307A (Chapter 1, 

section 1.4.2.2), which exhibited a high degree of HTelo quadruplex stabilization (in Na+ 

buffer) with ΔTm of 21°C and >150-fold quadruplex over duplex selectivity and (iv) The 

Pt-ttpy complex (Chapter 1, section 1.4.4) which displayed 10-fold quadruplex over duplex 

selectivity (with HTelo in Na+ buffer) and exhibited promising anti-proliferative activity on 

a panel of cancer cell lines. 
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     The triarylpyridine chromophore would be prone to π-stacking interactions with the 

terminal G-quartet of the G-quadruplex and the in situ protonated side-chains may engage 

in electrostatic interactions with the loops and grooves of the G-quadruplex. Hence the 

triarylpyrdines would fall into the in situ protonated G-quadruplex ligand category.  

 

Unlike the acridine series (Chapter 1, section 1.4.1.1), the triarylpyridine central ring 

nitrogen atom is not protonated at physiological pH, hence the additional mobility of the 

triarylpyridine chromophore in the intercalation site may allow the protonated side-chains 

to fully maximize electrostatic interactions with the HTelo and c-kit2 quadruplex loops and 

grooves. We limited the side-chain length to propyl and butyl as structure activity studies 

on the acridine series showed that increasing the chain length of the 3,6-substituents of 

BRACO-19 results in a significant loss of affinity for the HTelo quadruplex (in K+ buffer). 

Furthermore, the terminal amino groups used for our study are pyrrolidine and piperazine, 

as structure activity studies of the 3,6-disubstituted acridines showed that more bulky 

terminal amino groups such as piperidine, azepane and azocane result in loss of affinity for 

the anti-parallel HTelo quadruplex (in Na+ buffer). Amine substituents provide active sites 

for hydrogen bonding and electrostatic interactions with the sugar-phosphate backbone and 

the loops and grooves of G-quadruplex DNA, hence piperazine was chosen as one of the 

terminal amino groups in an attempt to compensate for the increase in ring size with the 

presence of an extra amino group which could engage in hydrogen bonding and 

electrostatic interactions to improve binding and stabilising properties.  

 

 

      
 

Figure 2.1 Representative structure of 2,4,6-triarylpyridines with (i) amidoalklypyrrolidine and (ii) 

amidoalkylpiperazine side-chains, where n = 2,3. 
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2.2 ‘One-pot’ synthesis of 4-aryl-2,6-bis(4-aminophenyl)pyridines 
 4-aryl-2,6-Bis(4-aminophenyl)pyridines were deemed as important precursors for the 

synthesis of the above mentioned 2,4,6-triarylpyridines, as the amino groups in these 

precursors allow for further functionalisation by acylation and aminolysis to obtain the 

desired side chains, Figure 2.2. Crystal structures of the 4-aryl-2,6-bis(4-

aminophenyl)pyridines showed that the three bonds connecting the aryl rings to the 

pyridine core deviate from planarity, Figure 2.2 (ii) and (iii). In sight of this finding, we 

further envisage that this additional geometric freedom may further enhance the ability of 

the side side-chains to maximize interactions with the quadruplex loops and grooves. 

Additionally, it is highly likely that in the vicinity of the planar and larger G-quartet the 

non-planar triarylpyridine core would still be able to engage in favourable π-stacking 

interactions. 

 

 

  
Figure 2.2 Representative structure of (i) 4-aryl-2,6-bis(4-aminophenyl)pyridine: (ii) Crystal structure of 4-

phenyl-2,6-bis(4-aminophenyl)pyridine and (iii) crystal structure of 4-(p-thiomethyl)-2,6-bis(4-

aminophenyl)pyridine. 

 

The exisiting method for the synthesis of 4-aryl-2,6-bis(4-aminophenyl)pyridines 

involves first synthesizing the nitro derivative, 4-aryl-2,6-bis(4-nitrophenyl)pyridines, via 

the modified Chichibabin method and then reducing the nitro groups in the presence of 

palladium on carbon 5% and hydrazine hydrate 80% to give the desired 4-aryl-2,6-bis(4-

aminophenyl)pyridines (Chapter 1, section 1.6.6). In addition to the use of excessive 

amounts of volatile organic solvents and the need for reduction of nitro groups, this method 

entails the use of hydrazine hydrate, which is a corrosive potential carcinogen, hence 

limiting the scalability of this procedure. Additionally, in the Chichibabin reaction, for each 
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mole of trisubstituted pyridine formed a mole of enone is reduced, thus limiting the yield of 

this reaction (Chapter 1, section 1.6.2).  

 

As discussed in the first paper (Chapter 3, Green Chem., 2007, 9, 1185-1190), initial 

attempts to prepare the 4-aryl-2,6-bis(4-aminophenyl)pyridines using the solventless 

grinding procedure had several limitations, with the formation of a mixture of the chalcone 

and chalcone-Schiff base compound, Figure 2.3. The 1,5-dione does not form and 

increasing the temperature during grinding was to no avail. 

 

 

 
Figure 2.3 Representative structures of (i) Chalcone; and (ii) Chalcone Schiff-base product. 

 

However, a more versatile route to the synthesis of a series of novel 4-aryl-2,6-bis(4-

aminophenyl)pyridines was developed by: (i) using PEG300 as an alternative reaction 

medium to organic solvents and (ii) eliminating the need for reduction of nitro groups, and 

hence the use of hydrazine hydrate, by obtaining the 4-aryl-2,6-bis(4-

aminophenyl)pyridines in ‘one-pot’ in 76-94% yield. This approach to the synthesis of 

these compounds is a greener methodology by eliminating the need for reduction of nitro 

groups and reducing the use of volatile organic solvents. These mild conditions and 

inherently lower costs are more suited in adopting the methodology in downstream 

applications, such as drug development.  
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This method is a modification of the previously reported PEG methodology for the 

synthesis of symmetrical 4′-(pyridyl)-terpyridines (Chapter 1 section 1.6.5). Whilst the 4′-

(pyridyl)-terpyridines required low temperatures (0°C, ca. 2 h) for the 1,5-diketone 

formation, attempts to prepare the 4-aryl-2,6-bis(4-aminophenyl)pyridines without heating 

were unsuccessful, with heat being required to form the 1,5-diketone. The 4-aryl-2,6-bis(4-

aminophenyl)pyridines required a much higher temperature and longer reaction time 

(110°C, ca. 3 h) for 1,5-diketone formation. At or below ambient temperature a mixture of 

chalcone and chalcone Schiff-base is obtained instead of the 1,5-diketone, preventing the 

formation of the 4-aryl-2,6-bis(4-aminophenyl)pyridine. This is likely due to the electron-

donating effects of the substituents on the aryl rings, resulting in a decrease in 

electrophilicity of the chalcone β-carbon, which is the site of nucleophilic attack for the 

enolate anion in the Michael addition reaction. 

 

However, this method was not successful for the synthesis of 4-(p-

dimethylaminophenyl)-2,6-bis(4-aminophenyl)pyridine, Figure 2.4. The major product for 

this reaction was the chalcone Schiff-base product with no 1,5-diketone formation, even 

after heating for 48 hours. Formation of the chalcone Schiff-base product is proposed to be 

favored over 1,5-diketone formation due to the strong electron donating properties of the p-

dimethylaminophenyl substituent. 

 

  

                  
Figure 2.4 Representative structures of  (i) 4-(p-dimethylaminophenyl)-2,6-bis(4-aminophenyl)pyridine and 

(ii) crystal structure of the protonated form under acidic conditions. 
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Results published in: Nicole M. Smith, Colin L. Raston, Christopher B. Smith and 

Alexandre N. Sobolev. ‘PEG mediated synthesis of amino-functionalised 2,4,6-

triarylpyridines.’ Green Chem., 2007, 9, 1185-1190. 

 

This PEG methodology also gave access to a series of chalcones which demonstrated the 

ability to down-regulate thrombin-mediated interleukin-6 and interleukin-8 release in the 

A549 lung epithelial cell line, as described in the fourth paper (Chapter 3, New J. Chem., 

2009, 33, 1869-1873). 

 

Results published in: Smith, N.M., Pengkai, S., Nithiananthan, A., Norret, M., Stewart, 

G.A., and Raston, C.L. ‘Immunomodulatory effects of functionalised chalcones on pro-

inflammatory cytokine release from lung epithelial cells.’ New J. Chem., 2009, 33, 1869-

1873. 

  

2.3 Dynamic thin-film guided synthesis of 1,5-Diketone 
It is evident from the above results that in order to obtain the dimethylamino-

functionalized triarylpyridine the chalcone Schiff-base formation must be shut down to 

obtain the 1,5-diketone, Figure 2.5. 

 

                                      
Figure 2.5 Representative structure of dimethylamino-functionalised 1,5-diketone. 

 

 Common routes to overcome this problem and prevent competing reactions include: (i) 

synthesizing the nitro derivative of the triarylpyridine and then reducing the nitro groups or 

(ii) the use of protecting groups to prevent reaction at the amino positions. However, this 

would be inefficient, waste generating and time consuming. 
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In general, two chemical principles govern selectivity in synthesis: kinetics and 

thermodynamics. In the present case, the kinetic selectivity for the formation of the 1,5-

diketone is driven by overcoming the thermodynamic free energy barrier. This is normally 

difficult due to the inability to access uniformly high temperatures in a flask. Process 

intensification, however, offers alternative routes, alleviating the obstacles of the relaxed 

fluid dynamic regime associated with conventional batch methodology in chemical 

synthesis.  

 

The spinning disc processor (SDP) is a prototype of an intensified module offering 

operating conditions with rapid heat and mass transfer under continuous flow with 

residence times reduced to seconds rather than minutes or hours, Figure 2.6. The key 

components of the SDP include a rotating disc with controllable heating and speed, and 

feed jets with controllable feed-rates located slightly off-centre from the disc. Thin highly 

sheared films (25-200 µm) are generated on the rapidly rotating disc surface contributing to 

many influential chemical processing characteristics, such as: high surface area to volume 

ratio between the film and the disc surface; very high heat and mass transfer rates between 

the film/disc; intense mixing environment and uniform heat transfer throughout the entire 

reaction mixture. This is in contrast to limited heat conduction and convection in a batch 

reactor. High heat transfer rates allow the use of higher operating temperatures resulting in 

faster reaction rates. The thickness of the film is considered to be so small, and mixing 

within the film so intense, that temperature variations across the height of the film are 

assumed to be negligible. Average shear rates, as high as 13000 s-1 can be achieved on the 

disc surface in comparison to 300 s-1 in a conventional batch reactor.  

 

Indeed, SDP has been successfully used for performing polymerization (both free radical, 

cationic and condensation) reactions, precipitation reaction with narrow particle size 

distribution and for performing reactions with intrinsically fast kinetics. These include a 

phase-transfer catalyzed Darzens’ reaction, and the rearrangement of α-pinene oxide to 

campholenic aldehyde.  

 

As described in the second paper (Chapter 3, Lab Chip. 2009, 9, 2021-2025) it is possible 

to control competing condensation reactions using SDP. The SDP was successfully utilized 
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with its rapid and uniform heating capabilities for the synthesis of the 1,5-diketone in >45% 

conversion, by optimizing parameters such as temperature, feed rate and disc speed. The 

1,5-diketone was then cyclized using our PEG methodology to obtain the dimethylamino-

functionalised triarylpyridine in 94% yield.  

 

 

 
Figure 2.6 Schematic representation of SDP. 

 

Molecular dynamics simulation of the dimethylamino-functionalised triarylpyridine with 

the Oxytricha Nova telomeric DNA crystal structure, d[G4T4G4]2 (PDB entry: 1L1H), 

showed that compound remained bound between the terminal G-quartet and the diagonal 

loop for during of our simulation, interacting with three guanines of the terminal G-quartet. 

This type of interaction was previously observed in the NMR structure of the pentacyclic 

quinacridine derivative, MMQ1, with a tetramer human telomeric G-quadruplex, 

d[(T2AG3T)]4, (PDB entry: 2JWQ). Both of these show the simultaneous overlap of the 

three guanines by the quinacridine unit. 
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The amidobutylpyrrolidine derivative of this compound was able to stabilize the parallel 

c-kit2 quadruplex, with a ΔTm of 7.2°C, with no detectable stabilization of the anti-parallel 

HTelo quadruplex (FRET-melting in Na+ buffer), Figure 2.7 (i). It is important to note that 

CD analysis of the c-kit2 quadruplex (in Na+ buffer), as described in the third paper 

(Chapter 3, Submitted to Angew. Chemie. 2009), indicated a parallel topology with no anti-

parallel conformation evident. This finding differs to that for c-kit2 in K+ buffer which has 

been reported to exist as a predominantly parallel structure with a small proportion of anti-

parallel conformations (Chapter 1, section 1.3.4). 

 

C-kit2 selective ligands reported till date, are the isollaxzines (Chapter 1, section 1.4.1.5), 

which exhibited up to 14-fold selectivity for c-kit2 over HTelo (SPR in K+ buffer), Figure 

2.7 (ii). The geometrically constrained bis-indolecarboxamide derivative (Chapter 1, 

section 1.4.1.6) was also reported to exhibit high affinity for the c-kit1, c-kit2 and c-myc 

promoter quadruplexes over the HTelo quadruplex (FRET-melting in K+ buffer), Figure 2.7 

(iii). When comparing the triarylpyridine chromophore to the geometrically constrained 

bis-indolecarboxamide it is evident that they both contain: (i) a central pyridine ring; and 

(ii) a triangular shaped chromophore, Figure 2.7. This triangular arrangement is also 

observed for the isoalloxazines, Figure 2.7. However, while a geometrically constrained 

planar conformation is required for the bis-indolecarboxamide derivative to enable 

discrimination between distinct quadruplexes, the non-planar triarylpyridine molecule 

exhibits the ability to discriminate between the distinct folds of the parallel c-kit2 

quadruplex and the anti-parallel HTelo quadruplex without the need for strict geometrical 

constraints.  

 

   
Figure 2.7 Representative structures of  (i) triarylpyridine; (ii) Isoalloxazine and (iii) bis-indolecarboxamide. 

Highlighting their triangular arrangement. 
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One must keep in mind however, that HTelo adopts a mixture of parallel, hybrid-type and 

anti-parallel conformations in K+ solution (Chapter 1, section 1.3.3). While in Na+ solution 

a single anti-parallel basket-type G-quadruplex conformation is observed for HTelo 

(Chapter 1, section 1.3.2). Additionally, the c-kit2 quadruplex exists as a predominantly 

parallel structure with a small proportion of anti-parallel conformations in K+ solution, 

while in our study we found that c-kit2 exists in a parallel conformation with no anti-

parallel character evident in Na+ solution. So the differences in affinity may not only be due 

to the difference in molecular structure between these three classes of compounds but also 

due to differences in the G-quadruplex conformations observed in a K+ and Na+ 

environment. Indeed, recently Balasubramanian et al. reported that a series of 

triarylpyridines and terpyridines displayed a 2-5 fold selectivity for HTelo over c-kit2 (SPR 

in K+ buffer), with one compound in their series exhibiting at least an order of magnitude 

preference for HTelo over c-kit2.  

 

Results published in: N. M. Smith, B. Corry, K. S. Iyer, M. Norret and C. L. Raston. ‘A 

microfluidic platform to synthesize a G-quadruplex binding ligand.’ Lab Chip. 2009, 9, 

2021-2025. 

 

2.4 Interaction of 2,4,6-triarylpyridines with G4-DNA 
The 4-aryl-2,6-bis(4-aminophenyl)pyridines synthesized by the ‘one-pot’ PEG 

methodology were further functionalized by acylation and aminolysis to obtain a novel 

series of 2,4,6-triarlypyridines with amidoalklyamino side-chains, as described in the third 

paper (Chapter 3, Submitted to Angew. Chemie. 2009). The majority of compounds in our 

study exhibited an unprecedented stabilization and high affinity for the parallel c-kit2 

quadruplex with little or no detectable stabilization of the anti-parallel HTelo quadruplex 

(FRET-melting in Na+ buffer). The observed stabilizations of the c-kit2 quadruplex by the 

best ligands in our study are significantly higher than the previously reported stabilization 

values for the c-kit2 quadruplex by the isoalloxazines, bis-indolecarboxamide and 

triarylpyridines/terpyridines series (in K+ buffer).  
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Amongst the 2,4,6-triarylpyridines, which did exhibit stabilization of the anti-parallel 

HTelo quadruplex, the best ligands contained the amidopropylpyrrolidine side-chain. 

Increasing the side chain length to amidobutylpyrrolidine and amidobutylpiperazine 

resulted in decreased stabilization of the HTelo quadruplex (FRET-melting in Na+ buffer). 

These results are in agreement with that reported for the 3,6,9-trisubstituted acridines, 

where a decrease in stabilization of HTelo (FRET-melting in K+ buffer) was observed with 

increasing chain length for the 3,6-substituents of BRACO-19. 

 

In contrast, the longer side-chains do not impede the ability of the 2,4,6-triarylpyridines 

to stabilise the c-kit2 quadruplex, with the compounds exhibiting the highest stabilization 

bearing the amidobutylpyrrolidine side-chains. Interestingly, some compounds having the 

same side-chains, differing only in the 4-aryl substituent, exhibited similar stabilization of 

the c-kit2 quadruplex, suggesting that the side-chains dominate the stabilization prowess of 

these ligands.  

 

Molecular dynamics simulations were conducted to further investigate the molecular 

basis of binding of these compounds to G-quadruplex DNA and the reasons for their 

different ability to stabilise the c-kit2 and HTelo quadruplexes. Due to the absence of an 

atomic resolution structure of the c-kit2 sequence used here, simulations focused on the 

interactions of the different compounds with the anti-parallel HTelo NMR solution 

structure (PDB entry: 143D). Chemical free energy perturbation techniques to study the 

thermodynamics of binding and metadynamics simulations to study kinetics demonstrated 

that the difference in stabilisation between compounds can arise for both thermodynamic 

and kinetic reasons related to the specific chemical substituents of the side chains. Both of 

these factors will differ for parallel and anti-parallel G4-DNA due to the positions of the 

loops, and may explain the observed affinity of the compounds for parallel c-kit2 G4-DNA. 

 

Results published in: N. M. Smith, B. Corry, H. B. See, M. Norret, K. D. G. Pfleger and 

C. L. Raston. ‘Tiarylpyridines display high affinity for a parallel G-quadruplex in the c-kit 

promoter.’ Submitted to Angew. Chemie. 2009. 
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The reaction of p-aminoacetophenone with aryl aldehydes in polyethylene glycol (PEG) in the

presence of base, followed by treatment with ammonium acetate, affords 2,4,6-triarylpyridines in

good yield as a ‘one pot’ procedure. The intermediate Claisen–Schmidt chalcone condensation

products or the Michael addition 1,5-diketone products can be prepared in high yield, depending

on the ratio of ketone to aldehyde, prior to treatment with ammonium acetate.

Introduction

2,4,6-Triarylpyridines are prominent synthons in supramole-

cular chemistry, with their p-stacking ability along with

directional H-bonding capacity. In particular, the attachment

of pyridyl rings at the 2- and 6-positions of the central pyridine

core generates terpyridines, whose coordination properties

have been greatly exploited for the development of nanoscale

metallosupramolecular architectures.1 In addition, the excel-

lent thermal stabilities of these pyridines have instigated a

growing interest for their use as monomeric building blocks in

thin films and organometallic polymers.2 Recent studies have

highlighted the biological activity of triarylpyridines, provid-

ing impetus for further studies in utilising this scaffold in new

therapeutic drug classes.3

Since Kröhnke’s original report on the synthesis of 2,4,6-

triarylpyridines,4 there has been a plethora of research

targeting their syntheses.5–13 Nevertheless there are no

reported simple ‘one-pot’ procedures for the synthesis of

amino functionalized compounds, for example, 49-aryl-2,6-
bis(4-aminophenyl)pyridines. We have deemed these com-

pounds as precursors for further elaboration en route to the

synthesis of DNA binding ligands, in particular targeting

G-quadruplex DNA which has recently received much

attention as a possible target in cancer therapy.14 Their

potentially planar aromatic chromophore is likely to promote

p-stacking interactions with the terminal G-tetrad, and

appending various groups to the amino groups may allow

for additional interactions with the loops and grooves of the

quadruplex DNA. Guanine-rich sequences that can potentially

form quadruplexes occur in the promoter region of certain

oncogenes and at the 39-terminus of telomeric DNA, hence

making the G-quadruplex a potentially attractive target for

selective anti-cancer therapy and drug development.15

Several classes of small molecules have been reported that

induce the guanine-rich single stranded overhang of telomeric

DNA to fold into four-stranded G-quadruplex structures.

However, the syntheses of such molecules are very time

consuming, involving the use of volatile organic solvents and

display only moderate to low yields with low atom efficiency.16

In this paper, we report on the efficient, ‘one-pot’ synthesis of

49-aryl-2,6-bis(4-aminophenyl)pyridines as precursors to a

series of potential G-quadruplex DNA binding agents.

Results and discussion

Recently, Tamami and Yeganeh reported the synthesis of

49-aryl-2,6-bis(4-aminophenyl)pyridines, 2, (Scheme 1B) from

49-aryl-2,6-bis(4-nitrophenyl)pyridine, 1 (Scheme 1A).10 They

synthesized 1 using the modified acid-catalysed Chichibabin

method (Scheme 1A),17 and after isolation and purification

they reduced the nitro groups with hydrazine hydrate to give 2.

In addition to the use of excessive amounts of volatile organic

solvents, this method entails the use of hydrazine hydrate,

which is a corrosive potential carcinogen.

We recently reported the efficient ‘one-pot’ synthesis of

49-(pyridyl)-terpyridines in polyethylene glycol (PEG),11 which

has since been extended to other terpyridines by Winter and

co-workers.12 Herein we report the straightforward ‘one-pot’

synthesis of 49-aryl-2,6-bis(4-aminophenyl)pyridines in PEG.

Our approach to these compounds is a greener methodology

by eliminating the need for reduction of nitro groups and

reducing the use of volatile organic solvents. These mild

conditions and inherently lower costs are more suited in
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Biomolecular and Chemical Sciences, The University of Western
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{ CCDC reference number 634027. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b700893g

Scheme 1 Two-step synthesis of 49-aryl-2,6,-bis(4-aminophenyl)-

pyridines (2).10
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adopting the methodology in downstream applications, such

as drug development.18

Tu et al., recently reported the acid-catalyzed synthesis of

49-aryl-2,29:69,20-terpyridines and 2,4,6-triarylpyridines in

water using microwave irradiation and conventional heating.

However, while some functional groups were incorporated

into the aryl moieties, the applicability of their method for the

synthesis of 49-aryl-2,6-bis(4-aminophenyl)pyridines and 2,4,6-

triarylpyridines with strongly electron-donating substituents,

such as amino and dimethylamino groups, was not reported.19

Attempts at preparing 2 from p-aminoacetophenone and

arylaldehydes in ‘one-pot’ via the acid catalysed modified

Chichibabin method (using ammonium acetate and acetic

acid)17 afforded the compound in low yield (y20%). However,

base-catalysed condensation of p-aminoacetophenone with an

aryl aldehyde results in far higher yields of the pyridine, after

subsequent treatment of the preformed 1,5-diketone with

ammonium acetate, at least using PEG300 as the reaction

medium.

Initially, we attempted to prepare 2 using our previously

reported solventless approach,13 but it had several limitations,

with the formation of a mixture of the chalcone, 3, and

chalcone–Schiff base compound, 4, (Scheme 2). The 1,5-

diketone does not form and increasing the temperature during

grinding was to no avail. In a typical grinding procedure,

p-aminoacetophenone (8.25 mmol), the desired aryl aldehyde

(4.12 mmol) and crushed sodium hydroxide (NaOH)

(8.25 mmol) were combined and ground with a mortar and

pestle to obtain a eutectic melt. Continuous grinding for

10 minutes resulted in a free-flowing powder which was then

washed with water and filtered. 1H NMR analysis indicated

that a mixture of compounds 3 and 4 (Scheme 2) was present

with no evidence for the formation of the 1,5-diketone. This

suggested the need for a reaction medium to control chemical

reactivity. A likely explanation for the formation of a mixture

of 3 and 4 could be due to their rapid crystallisation shutting

down the Michael addition reaction, coupled with the reduced

electrophilicity of the b-carbon on the chalcone.

It is interesting to note that grinding p-aminoacetophenone

with p-dimethylaminobenzaldehyde in a 1 : 2 ratio with

crushed sodium hydroxide afforded the previously reported

chalcone–Schiff base compound, 5, in near-quantitative yield.

The 1H NMR spectrum of 5 is shown in Fig. 1.

As in our previous study on 49-(pyridyl)-terpyridines,11 we

successfully synthesized pyridines 2 in a ‘one-pot’ procedure in

PEG (Scheme 3). If need be, the 1,5-diketone, 6, can be

isolated from the reaction mixture for further chemical

elaboration (Scheme 3). In a typical procedure p-aminoaceto-

phenone (8.25 mmol) was added to a suspension of crushed

sodium hydroxide (8.25 mmol) in PEG300 at ambient

temperature to afford the enolate anion. The suspension was

heated to 80 uC to facilitate the dissolution of the base and

p-aminoacetophenone, which was followed by the addition of

the arylaldehyde (4.12 mmol). The reaction mixture was then

heated at 110 uC for 3 h. Thereafter, 6 precipitated on cooling

the reaction mixture to room temperature and adding water

(Scheme 3). After collection by filtration and stirring

the suspended solid in a solution of ethanol–water for 20–

30 minutes to remove occluded PEG and starting materials, 6

was obtained as a powder.

Compounds 7–13 were prepared in high yield using this

procedure (Table 1). To obtain the pyridines 14–20 (Table 2),

ammonium acetate was added after the 3 h heating period and

the reaction mixture was heated at 100 uC for a further 3 h

(Scheme 3, Table 2). However, compound 21 was not

obtained, and instead the major product generated was

compound 5, even after heating for 48 h (Table 2). Attempts

to prepare the pyridines without heating were unsuccessful,Scheme 2

Fig. 1 1H NMR spectrum showing the aromatic region in the

chalcone–Schiff base compound 5.

Scheme 3 (i) NaOH (1 equiv), PEG, 110 uC. (ii) ammonium acetate

(excess), 100 uC.
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with heat being required to form the 1,5-diketone 6 (Scheme 3).

This is likely due to the electron-donating effects of the

substituents on the aryl rings, resulting in a decrease in

electrophilicity of the chalcone b-carbon, which is the site of

nucleophilic attack for the enolate anion in the Michael

addition reaction.

As part of our investigations into the formation of these

pyridines, we crystallised compound 20 from ethanol solution

and obtained a single crystal X-ray structure determination

(Fig. 2). Interestingly, it crystallises as a water solvate, with the

pyridine molecules stacking in columns down the b axis

(centroid…centroid distance 5.56 Å). The four aromatic rings

are not coplanar, with the phenyl ring planes being distorted

from the plane of the central pyridine ring by angles of 25.94u,
30.61u and 37.68u. While the distortion from planarity is

marked in this structure, we believe that interaction with the

planar, and larger, G-tetrad will result in the formation of

p-stacking interactions with pyridines of this type. The water

molecules occupy voids between the pyridine columns,

although there are no hydrogen bonding interactions evident

between them and the pyridine molecules. Adjacent pyridine

stacks have closest amine N…N contacts of 3.15 and 4.26 Å

which are too long for conventional NH…N hydrogen

bonding interactions to occur. No other interactions are

apparent within the structure.

Conclusion

We have shown the utility of PEG as a reaction medium for

preparing key amino-functionalised triaryl pyridines in ‘one-

pot’. The process is tolerant of the unprotected amino groups,

in contrast to the solventless procedure which proceeds poorly

with competing Schiff base formation. The ‘one pot’ base

catalysed approach in making amino-substituted pyridines of

this type is without precedent, and these compounds have

exciting possibilities in a wide range of applications from

biology3,14 to materials science,1,2 and should prove useful

precursors to a wide range of three directional compounds

containing the pyridine core. Moreover, the use of PEG to

affect chemical transformations in a more simplified and

benign way further highlights its potential as an alternative

reaction medium for obtaining ligands as synthons in

metallosupramolecular chemistry.11,12 Condensing 49-aryl-
2,6-bis(4-aminophenyl)pyridines with n-pyridyl aldehydes to

form bis-pyridylimine Schiff–base compounds provides excit-

ing possibilities for the development of new ligands for

generating metallosupramolecular arrays20 and the coating of

metallic nanoparticles. We are currently investigating the

formation of Schiff bases from 2 in PEG in conjunction with

solventless conditions,21 with a view to building these

functionalities into new classes of nanoparticle surfactants.

Experimental

General

1H NMR (500 MHz) and 13C NMR (125 MHz) spectra were

recorded on a Bruker AV500 instrument in 5 mm NMR tubes.

Samples were recorded in DMSO-d6 solution in ppm (d) and
referenced to the internal residual partially-deuterated DMSO

septet at 2.49 ppm. Mass spectrometry measurements were

performed on a Waters Micromass Autospec Mass

Spectrometer.

1. General procedure for the synthesis of 1,5-diketones

p-Aminoacetophenone (8.25 mmol) was added to a suspension

of crushed sodium hydroxide (NaOH) (8.25 mmol) in PEG300

(7 cm3) at ambient temperature. The suspension was heated to

80 uC to facilitate the dissolution of NaOH and p-aminoace-

tophenone, followed by the addition of the aryl aldehyde

Table 1 Yields of 1,5-diones synthesized in PEG

Compound Ar Yield (%)

7 p-Chlorobenzaldehyde 91
8 p-Bromobenzaldehyde 87
9 2-Furaldehyde 93
10 2-Thiophenecarboxaldehyde 96
11 4-(Methylthio)-benzaldehyde 91
12 p-Methoxybenzaldehyde 89
13 Benzaldehyde 92

Table 2 Yields of 49-aryl-2,6-bis(4-aminophenyl)pyridines prepared
in PEG

Compound Ar Yield (%)

14 p-Chlorobenzaldehyde 76
15 p-Bromobenzaldehyde 78
16 2-Furaldehyde 89
17 2-Thiophenecarboxaldehyde 90
18 4-(Methylthio)-benzaldehyde 92
19 p-Methoxybenzaldehyde 81
20 Benzaldehyde 94
21 p-Dimethylaminobenzaldehyde a

a Reaction did not go to completion. The major product was the
chalcone- Schiff base, compound 5.

Fig. 2 The X-ray structure of 20?0.5H2O viewed down the crystal-

lographic b axis. The oxygen atoms of the water molecules are shown

in red, with the nitrogen atoms in blue.
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(4.12 mmol). The reaction mixture was then heated at 110 uC
for 3 h. After 3 h the mixture was cooled to room temperature

and water (70 cm3) was added to precipitate the 1,5-diketone.

The precipitate was collected by suction filtration and re-

suspended in a stirred solution of ethanol–water (10 cm3 : 100

cm3). After stirring for 20–30 min the 1,5-diketone was then

collected as a powder and recrystallised where appropriate.

7. dH (500 MHz, DMSO) 7.61 (d, J = 8.71 Hz, 4H, Ar), 7.25

(d, J = 8.48 Hz, 2H, Ar), 7.19 (d, J = 8.48 Hz, 2H, Ar), 6.52 (d,

J = 8.71 Hz, 4H, Ar), 5.96 (s, 4H, NH2), 3.78 (m, 1H, CH),

3.16 (m, 4H, CH2). dC (125 MHz, DMSO) 196.26, 153.99,

144.11, 131.07, 130.83, 129.98, 128.31, 125.00, 113.00, 43.71,

37.38. MS (EI+, 70 eV, 200 uC) for C23H21ClN2O2 ([M]+):

calcd: 392.1292; found: 392.1288 (100%), 392.9760 (87%),

394.1266 (31%).

8. dH (500 MHz, DMSO) 7.62 (d, J = 8.71 Hz, 4H, Ar), 7.33

(d, J = 8.25 Hz, 2H, Ar), 7.20 (d, J = 8.25 Hz, 2H, Ar), 6.52 (d,

J = 8.71 Hz, 4H, Ar), 5.98 (s, 4H, NH2), 3.76 (m, 1H, CH),

3.17 (m, 4H, CH2). dC (125 MHz, DMSO) 196.11, 154.02,

144.64, 131.22, 130.81, 130.42, 124.99, 119.31, 112.98, 43.67,

37.37. MS (EI+, 70 eV, 200 uC) for C23H21BrN2O2 ([M]+):

calcd: 436.0786; found: 438.0789 (100%), 436.0792 (95%).

9. dH (500 MHz, DMSO) 7.65 (d, J = 8.8 Hz, 4H, Ar), 7.40

(m, 1H, Ar), 6.53 (d, J = 8.8 Hz, 4H, Ar), 6.23 (dd, J = 3.3 Hz,

1.6 Hz, 1H, Ar), 6.01 (s, 4H, NH2), 5.98 (d, J = 3.3 Hz, 1H,

Ar), 3.91 (m, 1H, CH), 3.21 (dd, J = 16.50 Hz, 7.7 Hz, 2H,

CH2), 3.07 (dd, J = 16.5 Hz, 6.0 Hz, 2H, CH2). dC (125 MHz,

DMSO) 195.66, 157.97, 154.08, 141.44, 130.81, 124.90, 112.97,

110.59, 105.11, 41.53, 31.15. MS (EI+, 70 eV, 200 uC) for

C21H20N2O3 ([M]+): calcd: 348.1474; found: 348.1486 (100%).

10. dH (500 MHz, DMSO) 7.65 (d, J = 8.82 Hz, 4H, Ar),

7.18 (dd, J = 4.93 Hz, 1.26 Hz, 1H, Ar), 6.84 (m, 1H, Ar), 6.82

(dd, J = 4.93 Hz, 3.44Hz, 1H, Ar), 6.53 (d, J = 8.82 Hz, 4H,

Ar), 6.01 (s, 4H, NH2), 4.13 (m, 1H, CH), 3.21 (m, 4H, CH2).

dC (125 MHz, DMSO) 195.61, 154.09, 148.83, 130.82, 126.92,

124.98, 124.06, 123.52, 112.95, 44.70, 32.65. MS (EI+, 70 eV,

200 uC) for C21H20N2O2S ([M]+): calcd: 364.1245; found:

364.1248 (100%).

11. dH (500 MHz, DMSO) 7.63 (d, J = 8.59 Hz, 4H, Ar),

7.19 (d, J = 8.36 Hz, 2H, Ar), 7.07 (d, J = 8.36Hz, 2H, Ar),

6.52 (d, J = 8.59 Hz, 4H, Ar), 5.99 (s, 4H, NH2), 3.76 (m, 1H,

CH), 3.15 (m, 4H, CH2), 2.37 (s, 3H, CH3). dC (125 MHz,

DMSO) 196.12, 157.43, 154.71, 130.21, 129.56, 129.01, 127.43,

114.06, 112.87, 14.93, 45.36, 37.06. MS (EI+, 70 eV, 200 uC) for
C24H24N2O2S ([M]+): calcd: 404.1558; found: 404.1564 (100%),

402.9881 (71%).

12. dH (500 MHz, DMSO) 7.63 (d, J = 8.59 Hz, 4H, Ar),

7.15 (d, J = 8.71 Hz, 2H, Ar), 6.73 (d, J = 8.71 Hz, 2H, Ar),

6.52 (d, 8.59 Hz, 4H, Ar), 5.98 (s, 4H, NH2), 3.75 (m, 1H, CH),

3.65 (s, 3H, CH3), 3.12 (m, 4H, CH2). dC (125 MHz, DMSO)

196.27, 157.81, 153.96, 131.01, 130.79, 128.96, 125.18, 113.81,

112.94, 55.28, 44.16, 37.18. MS (EI+, 70 eV, 200 uC) for

C24H24N2O3 ([M]+): calcd: 388.1787; found: 388.1800 (100%).

13. dH (500 MHz, DMSO) 7.64 (d, J = 8.59 Hz, 4H,

Ar), 7.25 (m, 2H, Ar), 7.18 (t, J = 7.56 Hz, 2H, Ar), 7.07 (m,

1H, Ar), 6.52 (d, J = 8.59 Hz, 4H, Ar), 5.99 (s, 4H, NH2),

3.81 (m, 1H, CH), 3.17 (m, 4H, CH2). dC (125 MHz,

DMSO) 196.06, 153.99, 145.33, 130.78, 128.43, 128.06,

126.31, 125.12, 112.90, 43.93, 37.81. MS (FAB) for

C23H22N2O2 ([M]+): calcd: 358.1681; found: 358.1671

(100%), 359.1697 (31%).

2. General procedure for the synthesis of 4-aryl-2,6-bis(4-

aminophenyl)pyridines

p-Aminoacetophenone (8.25 mmol) was added to a suspension

of crushed NaOH (8.25 mmol) in PEG300 (7 cm3) at ambient

temperature. The suspension was heated to 80 uC to facilitate

the dissolution of NaOH and p-aminoacetophenone, followed

by the addition of the aryl aldehyde (4.12 mmol). The reaction

mixture was then heated at 110 uC for 3 h, after which

NH4OAc (5g, excess) was added and the temperature reduced

to 100 uC. The reaction mixture was then stirred at 100 uC for

3 h and on cooling to room temperature water (70 cm3)

was added affording a precipitate of the 49-aryl-2,6-bis(4-
aminophenyl)pyridine. This was collected by suction filtration

and re-suspended in a stirred solution of ethanol–water

(10 cm3 : 100 cm3). After stirring for 20–30 minutes, the

pyridine was then collected as a powder and recrystallised from

ethanol where appropriate.

14. dH (500 MHz, DMSO) 8.01 (d, J = 8.71 Hz, 4H, Ar),

7.99 (d, J = 8.59 Hz, 2H, Ar), 7.79 (s, 2H, Pyr), 7.58 (d, J =

8.59 Hz, 2H, Ar), 6.69 (d, J = 8.71 Hz, 4H, Ar), 5.41 (s, 4H,

NH2). dC (125 MHz, DMSO) 157.13, 150.37, 147.68, 137.75,

134.12, 130.76, 129.35, 128.22, 126.85, 114.07, 112.93. MS

(EI+, 70 eV, 200 uC) for C23H18ClN3 ([M]+): calcd: 371.1189;

found: 371.1181 (100%), 373.1155 (37%).

15. dH (500 MHz, DMSO) 7.99 (d, J = 8.71 Hz, 4H, Ar),

7.88 (d, J = 8.59 Hz, 2H, Ar), 7.77 (s, 2H, Pyr), 7.69 (d, J =

8.59 Hz, 2H, Ar), 6.68 (d, J = 8.71 Hz, 4H, Ar), 5.39 (s, 4H,

NH2). dC (125 MHz, DMSO) 157.16, 150.32, 147.80, 138.08,

132.30, 129.61, 128.22, 126.89, 122.82, 114.14, 112.90. MS

(EI+, 70 eV, 200 uC) for C23H18BrN3 ([M]+): calcd: 415.0684;

found: 415.0691 (100%), 417.0663 (96%).

16. dH (500 MHz, DMSO) 7.95 (d, J = 8.59 Hz, 4H, Ar),

7.86 (m, 1H, Ar), 7.77 (s, 2H, Pyr), 7.40 (m, 1H, Ar), 6.69 (m,

1H, Ar), 6.66 (d, J = 8.59 Hz, 4H, Ar), 5.42 (s, 4H, NH2). dC
(125 MHz, DMSO) 156.96, 152.12, 150.42, 144.59, 138.67,

128.03, 126.67, 114.07, 112.84, 109.67, 109.12. MS (EI+, 70 eV,

200 uC) for C21H17N3O ([M]+): calcd: 327.1372; found:

327.1373 (100%).

17. dH (500 MHz, DMSO) 7.96 (d, J = 8.48 Hz, 4H, Ar),

7.72 (s, 2H, Pyr), 7.70 (m, 2H, Ar), 7.22 (m, 1H, Ar), 6.67

(d, 8.48 Hz, 4H, Ar), 5.42 (s, 4H, NH2). dC (125 MHz,

DMSO) 157.15, 154.09, 150.43, 142.44, 130.82, 129.12, 128.12,

126.60, 114.11, 112.95, 111.30. MS (EI+, 70 eV, 200 uC)
for C21H17N3S ([M]+): calcd: 343.1143; found: 343.1160

(100%).
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18. dH (500 MHz, DMSO) 7.98 (d, J = 8.48 Hz, 4H, Ar),

7.89 (d, J = 8.25 Hz, 2H, Ar), 7.76 (s, 2H, Pyr), 7.38 (d, J =

8.25 Hz, 2H, Ar), 6.66 (d, J = 8.48 Hz, 4H, Ar), 5.39 (s, 4H,

NH2), 2.53 (s, CH3). dC (125 MHz, DMSO) 157.04, 150.29,

148.30, 139.82, 135.20, 128.18, 127.89, 126.99, 126.55, 114.08,

112.65, 14.96. MS (EI+, 70 eV, 200 uC) for C24H21N3S ([M]+):

calcd: 383.1456; found: 383.1458 (100%).

19. dH (500 MHz, DMSO) 7.98 (d, J = 8.71 Hz, 4H, Ar),

7.89 (d, J = 8.94 Hz, 2H, Ar), 7.74 (s, 2H, Pyr), 7.06 (d, J =

8.82 Hz, 2H, Ar), 6.66 (d, J = 8.71 Hz, 4H, Ar), 5.38 (s, 4H,

NH2), 3.82 (s, CH3). dC (125 MHz, DMSO) 160.43, 156.92,

150.23, 148.53, 131.10, 128.73, 128.15, 127.11, 114.79, 114.07,

112.58, 55.71. MS (EI+, 70 eV, 200 uC) for C24H21N3O ([M]+):

calcd: 367.1685; found: 367.1688 (100%).

20. dH (500 MHz, DMSO) 8.01 (d, J = 8.59 Hz, 4H, Ar),

7.93 (d, J = 7.56 Hz, 2H, Ar), 7.79 (s, 2H, Pyr), 7.53 (m, 2H,

Ar), 7.47 (m, 1H, Ar), 6.68 (d, J = 8.71 Hz, 4H, Ar), 5.40 (s,

4H, NH2). dC (125 MHz, DMSO) 156.99, 150.29, 149.1, 139.0,

129.39, 129.25, 128.17, 127.47, 126.93, 114.05, 113.11. MS

(EI+, 70 eV, 200 uC) for C23H19N3 ([M]+): calcd: 337.1579;

found: 337.1577 (100%).

Crystal data. Yellow needles of 20?0.5H2O were obtained

from ethanol. C23H20N3O0.5,M = 346.42, Monoclinic, C2, Z =

4, T = 100(2) K, a = 25.390(6), b = 5.557(2), c = 13.342(1) Å,

b = 93.826(14)u, V = 1878.3(8) Å3; Dc = 1.225 g cm23;

sinh/lmax = 0.6475; N(unique) = 2028 (merged from 5684,

Rint = 0.0736, Rsig = 0.1894), No (I . 2s(I)) = 1116; R =

0.0905, wR2 = 0.3019 (A,B = 0.1233, 0.0125), GOF = 1.004;

|Drmax| = 0.77(8) e Å23. The figures were prepared using

XSeed21 and POV-Ray.22
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An aromatic triarylpyridine chromophore promotes p-stacking interactions with the terminal G-tetrad

in quadruplex DNA, stabilizing the structure and presenting a pathway towards cancer treatment by

inhibition of telomerase. An interesting parent compound in this class is the dimethylamino

functionalised 40-aryl-2,6-bis(4-aminophenyl)pyridine. However, access to this compound using

traditional batch synthetic methodology is limited, due to thermodynamic and kinetic constraints. A

novel approach to the synthesis of this compound has been developed, involving dynamic thin films,

overcoming a series of competing reactions, effectively controlling chemical reactivity and selectivity.

Introduction

Anticancer agents that target DNA are some of the most effec-

tive agents in clinical use and have been reported to significantly

increase the survival of cancer patients when used in combination

with drugs that have different mechanisms of action.1 Conse-

quently, there has been much effort in identifying cancer-specific

molecular targets as new generation therapeutics. Guanine-rich

sequences that can potentially form quadruplexes occur in the

promoter region of certain oncogenes and at the 30-terminus of

telomeric DNA, hence making the G-quadruplex a potentially

attractive target for selective anti-cancer therapy and drug

development.2–10 G-quadruplex structures can be stabilized by

specific ligands in a new approach to cancer treatment, aimed at

inhibition of telomerase, an enzyme involved in telomere main-

tenance and cell immortality.11–18 Triarylpyridines are a class of

G-quadruplex binding ligands, which do not bind to duplex

DNA.19 The aromatic chromophore promotes p-stacking
interactions with the terminal G-tetrad thereby stabilizing the

quadruplex structure. The dimethylamino functionalised 40-aryl-

2,6-bis(4-aminophenyl)pyridine is an important parent com-

pound to access this class of compounds, however, the direct

synthesis of this target is not possible using traditional batch

methodology due to a series of competing reactions. Here we

show a synthesis route to access this compound involving

dynamic thin films, overcoming a series of competing reactions.

Furthermore, we demonstrate the high G-quadruplex binding

and stabilizing properties of the parent dimethylamino func-

tionalised 40-aryl-2,6-bis(4-aminophenyl)pyridine using molec-

ular dynamics simulation and the G-quadruplex stabilising

property of its derivative using Fluorescence Resonance Energy

Transfer (FRET).

Experimental

Materials and methods

All chemicals (p-aminoacetophenone, p-dimethylamino-benzal-

dehyde, NaOH, propan-1-ol, PEG300) were purchased from

Aldrich and were used without further purification. A Protensive

100 series spinning disc processor (SDP) (detailed below) was

used with integrated feed pumps to direct the reactants onto the

rotating disc. The solutions were delivered onto the disc surface

using feed jets integrated into continuous flow gear pumps

(MicroPumps). A grooved steel disc with 100 mm diameter was

used, which was manufactured from 316 stainless steel with the

grooved disc having 80 concentric engineered grooves equally

spaced at a depth of 0.6 mm. The disc rotation was varied from

300–2500 rpm. The samples were collected from the outlet for

analysis. 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra

were recorded on a Bruker AV500 instrument in 5 mm NMR

tubes. Samples were recorded in DMSO-d6 solution in ppm (d)

and referenced to the internal residual partially-deuterated

DMSO septet at 2.50 ppm (1H NMR) and 39.52 ppm

(13C NMR). Compound 4 was recorded in CDCl3 solution in

ppm (d) and referenced to the internal residual partially-deuter-

ated CDCl3 singlet at 7.26 ppm (1H NMR) and 77.16 ppm (13C

NMR). Compound 8 was recorded in MeOD solution in ppm (d)

and referenced to the internal residual partially-deuterated

multiplet at 3.31 ppm (1H NMR) and 49.00 ppm (13C NMR).

Detailed experimental procedures can be obtained from the

ESI section.†

Results and discussion

Molecular dynamics simulation

Amine substituents of triarylpyridine provide active sites for

hydrogen bonding and cation dipole interactions with the sugar-

phosphate backbone and the loops of the G-quadruplex, with

replacement of amine by oxygen centred moieties resulting in

a detectable loss of binding and stabilising properties.19 We

envisioned that an amino functionalised 2,4,6-triarylpyridine

with a dimethylamino group, with multiple polarising and

protonation sites, would provide enhanced binding and

aCentre for Strategic Nano-fabrication, School of Biomedical,
Biomolecular and Chemical Sciences, Crawley, WA-6009, Australia.
E-mail: colin.raston@uwa.edu.au
bSchool of Biomedical, Biomolecular and Chemical Sciences, The
University of Western Australia, Crawley, WA-6009, Australia
† Electronic supplementary information (ESI) available: SI1: Materials,
SI2: Experimental, SI3: Additional Results and SI4: Supplementary
Notes. See DOI: 10.1039/b902986a
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stabilising properties. To validate this we examined the interac-

tion of dimethylamino functionalised 40-aryl-2,6-bis(4-amino-

phenyl)pyridine with the Oxytrichia nova telomeric DNA

quadruplex d(GGGGTTTTGGGG) using molecular dynamics

simulations (Fig. 1A). The compound (Fig. 1A) was positioned

within the quadruplex structure following the crystal structure of

an acridine complex.20 As shown in Fig. 1C & 1D, the compound

is found to remain bound between the upper Guanine tetrad and

the connecting loop for the duration of the 10 ns simulation. In

this position there is a very large contact area between the

extended aromatic regions of the compound and the guanine

nucleotides. The strength of the attractive interaction between

the compound and the DNA is highlighted by a calculated 29

kcal/mol free energy change upon removing it to the surrounding

aqueous medium. The presence of the compound appears to have

a stabilizing effect on the quadruplex structure as a whole within

our simulations. To demonstrate this we heated a smaller version

of our quadruplex system over 12 ns of simulation. Without the

triarylpyridine present the quadruplex structure begins to melt at

around 320K, but it remains stable above 350K with the

compound bound (Fig. 1B). Indeed our calculations establish

the dimethylamino functionalised 40-aryl-2,6-bis(4-amino-

phenyl)pyridine, as an important parent compound en route to

a family of functionalised G-quadruplex binding ligands.

Protocol to access the parent dimethylamino functionalised

triarylpyridine

Recently we reported the ‘one-pot’ synthesis of triarylpyridines

in polyethylene glycol (PEG) in developing a more benign

approach towards molecular drug discovery.21 An important

intermediate in this reaction is a 1,5-diketone, which in the

presence of ammonium acetate undergoes cyclization and aerial

oxidation to form the triarylpyridine. Attempts to synthesize one

of the 1,5-diketone intermediates, notably, compound 5 (Scheme

1), involving sequential Claisen-Schmidt condensation and

Michael addition reactions, and hence the corresponding triaryl-

pyridine, 6 (Scheme 1), using a traditional batch methodology

approach was unsuccessful. The major product generated was

a Schiff base adduct of the Claisen Schmidt condensation

product, compound 4 (Scheme 1). Competing reactions are often

encountered in chemical synthesis, and the ability to control

chemical reactivity and selectivity is at the core of tackling

difficult synthetic problems.22,23 In the present case the synthesis

of 5, was unsuccessful in a batch process even at high tempera-

ture (140 !C) and in a microwave reactor (see supporting infor-

mation). The anisotropic thermal environment associated with

batch flask processing coupled with poor mass and heat transfer

favours the formation of 4, which precipitates from solution,

Fig. 1 (A): Structural formula of the dimethylamino functionalised 40-aryl-2,6-bis(4-aminophenyl)pyridine. (B): Stabilisation of the Oxytrichia nova

telemeric DNA sequence by the compound as indicated by the root mean square deviation of the guanine nucleotides plotted against temperature with

and without the compound present in molecular dynamics simulations. (C and D): Average location of compound binding between the upper Guanine

tetrad and the connecting loop as viewed from beside and above the plane of the Guanine tetrad.

2022 | Lab Chip, 2009, 9, 2021–2025 This journal is ª The Royal Society of Chemistry 2009



thereby limiting the formation of 5. It is therefore evident that in

order to access the 1,5-diketone intermediate, it is of paramount

importance to shut down the formation of the Schiff base adduct

of the Claisen Schmidt condensation product, compound 4. A

common route often used to overcome this problem is a series of

functional group protection and deprotection synthetic steps,

which is inefficient, waste generating and time consuming.

In general two chemical principles govern selectivity in

synthesis: kinetics and thermodynamics. In the present case, the

kinetic selectivity (increasing the reaction rate k2 \ k1) for the

formation of compound 5, is driven by overcoming the ther-

modynamic free energy barrier. This is normally difficult due to

the inability to access uniformly high temperatures in a flask.

Process intensification, however, alleviates the obstacles of the

relaxed fluid dynamic regime associated with conventional batch

methodology in chemical synthesis.24 The SDP is a prototype of

an intensified module offering operating conditions with rapid

heat and mass transfer under continuous flow conditions with

residence times reduced to seconds rather than minutes or

hours.24 Thin highly sheared films (25–200 mm) are generated on

the rapidly rotating disc surface contributing to many influential

chemical processing characteristics, such as: high surface area to

volume ratio between the film and the disc surface, very high heat

and mass transfer rates between the film/disc, intense mixing

environment and uniform heat transfer throughout the entire

reaction mixture, in contrast to limited heat conduction and

convection in a batch reactor. High heat transfer rates allow the

use of higher operating temperatures resulting in faster reaction

rates. The thickness of the film is considered to be so small, and

mixing within the film so intense, that temperature variations

across the height of the film are assumed to be negligible.

Average shear rates, as high as 13000 s"1 can be achieved on the

disc surface in comparison to 300 s"1 in a conventional batch

reactor.25–32 Indeed, SDP has been successfully used for per-

forming polymerisation (both free radical, cationic and

condensation) reactions,28,30 precipitation reactions with

a narrow particle size distribution32 and for performing reactions

with intrinsically fast kinetics. These include a phase-transfer-

catalysed Darzens’ reaction,26 and the re-arrangement of a-
pinene oxide to campholenic aldehyde.27

We believe that the active micromixing in the thin films over

a rapidly rotating spinning disc at elevated temperatures, will

overcome the associated kinetic and thermodynamic constraints

in the synthesis of 5 (Scheme 1).

A series of multiple pass experiments were performed on a 10

cm diameter spinning disc at various feed rates, disc speeds and

temperatures (see supporting information) with 5 forming on the

disc following optimization of the above mentioned parameters

to maximize conversion (>45%). It is indeed evident that

reducing the disc speed decreases the formation of the 1,5-dike-

tone, thereby selectively forming the Claisen Schmidt product, 3,

and increasing the disc speed maximises the formation of 5

(Fig. 2A & 2B). Furthermore the 1,5-diketone obtained can be

readily cyclised to give the triarylpyridine 6 (94% yield) (Scheme

1), as a high efficacy parent compound for G-quadruplex binding

and stabilisation (see supporting information).

G-quadruplex stabilization efficacy of the aminolysed derivative

The parent triarylpyridine, 6, is further modified by appending

side chains to provide distinct quadruplex interaction features. In

particlular long tail amine substituents have been reported to

provide hydrogen bonding and cation dipole interactions with

the sugar-phosphate backbone and loops. In order to validate

Scheme 1 Consecutive and concurrent reactions leading to the formation of the dimethylamino functionalised 40-aryl-2,6-bis(4-aminophenyl)pyridine,

6; k1 and k2 represent the rate constants for the formation of the Schiff base adduct of the Claisen Schmidt condensation product, 4, and the 1,5-

diketone, 5, respectively.
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the G-quadruplex stabilising efficiency in the present case, the

parent compound was further acylated (compound 7) and ami-

nolysed (compound 8), with the synthetic procedures described

in the ESI (Scheme 1). Guanine-rich sequences that can poten-

tially form quadruplexes occur in the promoter region of certain

oncogenes, such as c-myc, K-ras and c-kit, and at the 30-terminus

of telomeric DNA.2–10 Herein, the stabilisation potential (DTm)

of compound 8 was analysed using FRET with a dual-labeled c-

kit quadruplex, 50-FAM-d(GGG CGG GCG CGA GGG AGG

GG)-TAMRA-30. Indeed the compound exhibited a DTm of 7.2
!C, (FRET DTm # 1 !C). The stabilisation potential is herein

comparable to the triarylpyridines previously reported, and is

higher than the previously reported non-dimethylamino func-

tionalised analogue.19 These results validate our claim that the 40-

aryl-2,6-bis(4-aminophenyl)pyridine is an important parent

compound for the synthesis of potent G-quadruplex binding

ligands via further modifications.

Conclusions

In conclusion, we show a synthesis route to access the parent 40-

aryl-2,6-bis(4-aminophenyl)pyridine involving dynamic thin

films, overcoming a series of competing reactions, effectively

controlling chemical reactivity and selectivity. In addition, we

demonstrate using molecular dynamics simulation the high G-

quadruplex binding and stabilizing properties of the parent

dimethylamino functionalised 40-aryl-2,6-bis(4-amino-

phenyl)pyridine. This control in chemical reactivity and selec-

tivity offers an exciting approach in the selective synthesis of

functionalized molecules which are otherwise not possible using

traditional batch methodology, where alternative strategies

involving multiple step syntheses would be required. The new

approach will allow a more direct access to therapeutic molecules

where there are thermodynamic and kinetic constraints in

chemical reactions using traditional batch methodology.
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Triarylpyridines display high affinity for a parallel G-quadruplex in the c- 
kit promoter ** 
Nicole M. Smith, Ben Corry*, H. B. See, Marck Norret, Kevin D. G. Pfleger & Colin L. Raston* 

G-quadruplex DNA (G4-DNA) is a highly dynamic and 
polymorphic four stranded DNA structure that can form from 
certain guanine-rich (G-rich) sequences occurring at the 3′-terminus 
of human telomeric DNA and in the promoter region of certain 
oncogenes.[1-3] Small molecules which stabilise the G-quadruplex 
structure can lead to the arrest of proliferation of cancer cells by 
down-regulation of oncogene expression or disruption of telomere 
function, making the G-quadruplex an attractive target for selective 
anti-cancer therapy and drug development.[3-7] A number of 
compounds with a variety of architectures and functional groups 
exhibit high selectivity for quadruplex over duplex DNA,[8] but only 
a few can distinguish between different quadruplex folds,[9-12] noting 
that such selectivity is highly desirable as it would allow specific 
targeting of the telomere or certain oncogenes. Most quadruplex 
ligands interact with G4-DNA by π-stacking with the terminal G-
quartet making them insensitive to the specific loops and grooves 
that differ between quadruplex types, and in the cases where there is 
some degree of selectivity the reason for this is not well understood. 
We report that a series of 2,4,6-triarylpyridines have an 
unprecedented high affinity for the parallel c-kit2 oncogene 
promoter quadruplex, with little or no detectable stabilization of the 

anti-parallel HTelo human telomeric quadruplex, as established 
using Förster resonance energy transfer melting (FRET-melting) 
assays. Over-expression of c-kit plays a significant role in 
gastrointestinal stromal tumors and compounds which stabilize the 
c-kit quadruplex can down-regulate c-kit expression.[11] Utilising 
metadynamics simulations and experimental conditions in which the 
two sequences have unique folds allows the different stabilization 
ability of the 2,4,6-triarylpyridines towards parallel and anti-parallel 
G-quadruplexes to be attributed to both specific thermodynamic 
interactions of the side chains with the DNA, as well as differing 
kinetics of the binding process. 

A novel trend in G-quadruplex ligand design is emerging based 
on enhancing G-quadruplex recognition by the introduction of 
additional structural elements that target the loops and grooves of 
G4-DNA. These secondary interactions raise the possibility of 
selectively stabilizing a particular type of G4-DNA, given that 
quadruplexes found at the 3′ terminus of telomeric DNA and in the 
promoter regions of certain oncogenes such as c-myc, bcl-2, RET 
and c-kit each have different sequences and folds.[1] This basic 
principle was applied to the capped neomycin quinacridine series 
(NCQ), with the quinacridine core being able to π-stack with the 
terminal G-quartets and the neomycin allowing interaction with the 
loops of G4-DNA.[9] The NCQ series show preferential binding to 
loop-containing quadruplexes compared to non-loop-containing 
quadruplexes, and good quadruplex stabilization based on FRET-
melting assays (ΔTm = 14°C at 1 µM for HTelo in Na+ buffer). 
Appending amine side chains, such as alkylamine and peptides to 
the heteroaromatic core improves the ability of compounds to 
discriminate between quadruplexes, as these side chains can further 
interact with the loops and grooves of G4-DNA. Isoalloxazine 
scaffolds with amine side chains are c-kit2 selective quadruplex 
ligands, with one such compound exhibiting a 14-fold selectivity for 
c-kit2 over HTelo, based on surface plasmon resonance (SPR) 
analysis in K+ buffer.[11] In addition, two of the compounds with the 
highest selectivity reduce c-kit expression in two human cancer cells 
lines. Recently acridine-peptide conjugates were shown to display 
high selectivity towards the N-ras quadruplex, with the best ligands 
displaying a 10-fold discrimination for the N-ras quadruplex 
compared to the HTelo and c-kit quadruplexes (SPR analysis in K+ 
buffer).[10] Comparison of a geometrically flexible and geometrically 
constrained bis-indole carboxamide derivative showed that the 
former displayed high G-quadruplex stabilization for the HTelo, c-
kit and c-myc quadruplexes in K+ buffer, with ΔTm values of 
21.5°C (HTelo), 27.7°C (c-kit1), 21.7°C (c-kit2) and 16.5°C (c-
myc) at 1µM concentration.[12] In comparison, the geometrically 
constrained derivative exhibited diminished stabilization for the 
HTelo quadruplex but maintained high stabilization for the promoter 
quadruplexes with ΔTm values of 9.8°C (HTelo), 22.1°C (c-kit1), 
16.0°C (c-kit2) and 10.5°C (c-myc) at 1µM concentration. 
Triarylpyridines and terpyridines containing amine side chains have 
a high affinity for G4-DNA, with no detectable interaction with 
duplex DNA (by SPR and FRET-melting in K+ buffer).[13] A few of 
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the compounds in this series have a 2-5-fold preference for binding 
HTelo over c-kit2 (SPR in K+ buffer), with one compound 
exhibiting at least an order of magnitude preference for HTelo over 
c-kit2. Here we report on the unprecedented high affinity of a series 
of novel 2,4,6-triarylpyridines for the c-kit2 quadruplex in Na+  
buffer. The level of stabilization exhibited by these compounds 
compares favorably with the best reported G-quadruplex ligands 
such as telomestatin (ΔTm = 24°C at 1 µM with HTelo in Na+ 
buffer), which induces apoptosis of cancer cells through disruption 
of telomere function.[6, 14, 15] While the majority of studies have 
focused on the ability of small molecules to interact with the K+ 
forms of G4-DNA, we focus on the ability of the 2,4,6-
triarylpyridines to stabilise the c-kit2 and HTelo quadruplex in Na+ 
buffer, noting that intracellular concentration of sodium is higher in 
transformed cells than in their normal counterparts.[16-18] In addition, 
contrary to HTelo in K+ buffer, where several confirmations have 
been established,[19,20-22] in Na+ solution HTelo forms a single anti-
parallel basket-type conformation, and hence it is an ideal system to 
study with the FRET-melting biophysical assay.[23] The c-kit2 
sequence contains some anti-parallel quadruplex populations in 
addition to the major parallel quadruplex conformation in K+ 
buffer,[24, 25] whereas Circular Dichroism (CD) analysis of the c-kit2 
sequence in Na+ performed in the present study indicates a parallel 
topology, with no anti-parallel character. Not only does the use of 
Na+ buffer make this a simpler system to study, it allows a 
comparison of binding to parallel (c-kit2) and anti-parallel (HTelo) 
G4-DNA.  We also apply a new theoretical methodology to provide 
insight into possible binding pathways of the compounds, and the 
reasons for their different stabilization abilities. These findings may 
also be applicable to the HTelo quadruplex in K+ solution as Patel et. 
al. have recently reported a 2-tetrad anti-parallel basket-type 
conformation for HTelo in K+ solution, which exhibits greater 
thermo-stability than the previously reported conformations of 
HTelo in K+ solution.[22]  

A dimethylamino functionalized triarylpyridine stabilises the c-
kit2 quadruplex in Na+ solution with ΔTm of 7.2°C.[26] Molecular 
dynamics simulation of this compound with the bimolecular 
oxytricha nova telomeric DNA show that the compound remained 
bound between the upper G-quartet and the connecting loop for the 
duration of our simulation. Given the high stabilization exhibited by 
this compound, we pursued the synthesis of a series of 2,4,6-
triarylpyridines containing amidoalkylamino side chains to improve 
their interaction with the c-kit2 G4-DNA. 

A library of symmetrical 2,4,6-triarylpyridines, Table 1, was 
generated and the interaction of each compound with G4-DNA was 
investigated using a FRET-melting assay. The assay is based on the 
thermal denaturation of a fluorescently tagged quadruplex-forming 
oligonucleotide that mimics the human telomeric overhang, HTelo: 
5′-FAM-d(AGGGTTAGGGTTAGGGTTAGGGT)-TAMRA-3′ and 
a tagged quadruplex-forming oligonucleotide that mimics one of the 
quadruplex forming sequences within the c-kit promoter, c-kit2:  5′-
FAM-d(GGGCGGGCGCGAGGGAGGGG)-TAMRA-3′ (donor 
fluorophore FAM is 6-carboxy-fluorescein and acceptor fluorophore 
TAMRA is 6-carboxy-tetramethyl-rhodamine), in 60 mM Na+ 
buffer. The melting of HTelo and c-kit2 was followed by 
fluorescence spectroscopy, and the ability of each compound to 
increase the melting temperature, Tm, of the quadruplex was 
correlated to its affinity for the DNA target.  This was quantified by 
ΔTm values, defined as ΔTm = Tm(+ligand) - Tm(-ligand), Figure 
1(a).  Compounds 1, 2, 5 and 6 have significant stabilization of 
HTelo with ΔTm values of 5.8°C, 5.2°C, 8.5°C and 8.0°C 
respectively. Compounds 3 and 18 exhibited ΔTm values of 4.0°C 

and 0.5°C respectively, while compounds 4, 7-17 and 19-23 show 
no detectable stabilization of HTelo. The highest stabilising 
compounds for HTelo, compounds 5 and 6, incorporate the 
amidopropylpyrrolidine (C3) side chain. In contrast, the least 
stabilizing compounds incorporate the amidobutylpyrrolidine (C4) 
side chain, compounds 1 and 3, or amidobutylpiperazine (C4) side 
chain, compounds 2 and 18. The increase in chain length by one 
CH2 unit, which reduces the stabilization potential of these 
compounds for HTelo, is most likely due to the inability of the 
longer side-chain terminal amino groups to interact with the 
diagonal TTA loop of the anti-parallel basket-type quadruplex 
formed by HTelo in Na+ buffer. In addition, this diagonal loop 
across the external G-quartet may also impede stabilization by 
compounds containing bulky tails like the benzyl ether substituent, 
by making the G-quartet less sterically accessible, a point examined 
in more detail below.  

Table 1. 2,4,6-Triarylpyridine compounds synthesised and tested. 
They were readily prepared in three steps in 53 – 98% yield. The core 
platform 4′-aryl-2,6-bis(4-aminophenyl)pyridines are available in a 
‘one pot’ reaction of p-aminoacetophenone with aryl aldehydes in 
polyethylene glycol (PEG) as an effective alternative reaction media 
to classical organic solvents, in the presence of base, followed by 
treatment with ammonium acetate.[30] Acylation followed by aminolysis 
of the core platform affords the target compounds. 

 
Compounds 6, 9, 13, 15, 16 and 21 exhibit a high stabilization 

potential for c-kit2 with ΔTm values of 31.5°C, 23°C, 35°C, 24°C, 
35.5°C and 30.5°C respectively. These are significantly higher than 
the previously reported stabilization values for a series of 
triarylpyridines with the c-kit2 quadruplex in 60 mM K+ buffer.[13] 

Indeed, these values are comparable in magnitude to the data 
obtained for telomestatin (ΔTm = 24°C at 1 µM with HTelo in Na+ 

buffer), which is reported as one of the best quadruplex ligands.[15] 

Except for compound 6, the other compounds 9, 13, 15, 16 and 21 
show no detectable stabilization of HTelo, suggesting that they have 
a higher affinity for the c-kit2 quadruplex as opposed to the HTelo 
quadruplex. The C4 moiety does not appear to impede the ability of 
these compounds to stabilise the c-kit2 quadruplex, with the 
compounds having the highest ΔTm values, 13 and 16, bearing the 
amidobutylpyrrolidine side-chain. In this context, compounds 13, 15 
and 21 have the common benzyl ether substituent, with 13 and 21 
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bearing C4 spacers to the terminal amine groups 
(amidobutylpyrrolidine and amidobutylpiperazine respectively), and 
compound 15 bearing shorter C3 spacers (amidopropylpiperazine), 
with the longer C4 spacers resulting in a higher stabilization. 
Interestingly, compounds 9 and 15 have the same 
amidopropylpiperazine side-chain, differing only in R, with 9 
bearing p-thiomethylphenyl and 15 a benzyl ether, yet both 
compounds exhibit similar stabilization of the c-kit2 quadruplex, 
suggesting that the side-chains R′  dominate the stabilization 
prowess of the ligands.  This is also evident for compounds 13 and 
16, with the common amidobutylpyrrolidine side-chain, with R 
being benzyl ether, 13, or furan, 16, yet both exhibit similar 
stabilization of the c-kit2 quadruplex.  

 

Figure 1. (a) Change in quadruplex melting temperature in the 
presence of triarylpyridines at 1 µM concentration determined using a 
FRET assay, carried out with HTelo (0.4 µM) (red bars) and c-kit2 
(0.4 µM) (black bars), in 60 mM sodium cacodylate buffer (pH 7.4). 
ΔTm ± 1°C. (b) CD data for the interaction between triarylpyridines 5 
(blue), 6 (red) and 13 (green) at 10 µM concentration with HTelo (5 
µM) in 60 mM sodium cacodylate buffer (pH 7.4). DNA only (black) (c) 
CD data for the interaction between triarylpyridines 5 (blue), 6 (red) 
and 13 (green) at 10 µM concentration with c-kit2 (5 µM) in 60 mM 
Sodium cacodylate buffer (pH 7.4). DNA only (black). 

Compounds 10, 12, 14, 18 and 22 exhibit significant 
stabilization of c-kit2 with ΔTm values of 15.3°C, 12°C, 14.5°C, 
13.5°C and 12.5°C respectively. Compounds 12 and 22 have the C3 
spacer amidopropylpiperidine moieties but differ in R, furan and 
piperonal respectively, yet both compounds have similar 
stabilization energies, further supporting the dominance of the side-
chains predetermining the stabilization prowess. Recently Hsu et al. 
reported that c-kit2 exists predominantly in an all-parallel 
conformation with a long lateral CGCGA loop in K+ solution.[25] 

This conformation lacks the TTA diagonal loop and has a more 
accessible G-quartet, readily accommodating bulky substituents 

such as benzyl ether. Also, the CGCGA lateral loop may foster 
favourable interactions with the longer side-chains.  

CD is a very powerful technique for monitoring the influence of 
the binding of a ligand to a quadruplex structure. The CD spectra of 
HTelo in 60 mM Na+ buffer was identical to the CD spectra of the 
anti-parallel intramolecular basket-type G-quadruplex described in 
previous studies for the human telomeric overhang in Na+ buffer, 
with a major positive band observed around 295 nm, a negative 
band at 265 nm and a smaller positive band at 246 nm, Figure 
1(b).[27] The CD spectra of c-kit2 in 60 mM Na+ buffer support the 
presence of a parallel quadruplex conformation, as indicated by a 
positive band at around 260 nm, Figure 1(c). In contrast, the CD 
spectra of c-kit2 in K+ buffer is reported to have a strong signal peak 
at 263 nm with a weak peak at 295 nm, indicating a predominant 
parallel conformation, with a small proportion of anti-parallel 
structures.[24]  

CD spectroscopy was used to elucidate the effects of compounds 
5, 6 and 13 on the folded conformation of HTelo and c-kit2, Figure 
1(b) & (c). The choice of compound was on the basis of (i) 5 
stabilizing both HTelo and c-kit2, with ΔTm values of 8.5°C and 
6.3°C respectively, (ii) 6 having a much higher stabilization of c-
kit2 (ΔTm = 31.5°C) than HTelo (ΔTm = 8.0°C), and (iii) 13 
exhibiting high stabilization of c-kit2 (ΔTm  = 35°C), with no 
detectable stabilization of HTelo. A 5 µM solution of DNA (250 µl) 
was combined with 10 µM compound solution (250 µl) and left to 
equilibrate at RT overnight. The CD spectra were obtained the next 
day and indicated that HTelo and c-kit2 exhibited an anti-parallel 
and parallel conformation respectively, in the absence and presence 
of compounds, with no conformational switching or quadruplex 
disruption.  

Molecular dynamics simulations were conducted to further 
investigate the molecular basis of binding of these compounds to 
G4-DNA and the reasons for their different ability to stabilise the 
quadruplexes. Due to the absence of an atomic resolution structure 
of the c-kit2 sequence used here, simulations focused on the 
interactions of the different compounds with HTelo.[23] As for 
compounds with acridine based central scaffolds,[10, 28, 29] the 
compounds in the present study bind strongly between the upper G-
quartet and the connecting loop, with up to 2 additional adenine 
nucleotides stacking above them, Table 2 and Figure 2. In this 
position there is a very large contact area between the extended 
aromatic regions of the compounds and the guanine and adenine 
nucleotides that can be expected to assist in stabilising the 
quadruplex.  

The ability of the compounds to stabilise the quadruplex can be 
influenced by both how strongly they bind as well as how easily 
they can find this binding position, that is, by both thermodynamic 
and kinetic factors. The first of these can be studied by examining 
the binding energy of each compound. The differing interactions 
between the compounds and the DNA created by varying the 
chemical substituents can be examined both visually, Figure 2, and 
in a quantified manner, Table 2. The inclusion of charged side 
chains in 6 notably increases the electrostatic attraction of the 
compound to the DNA, with the side chains pointing either up or 
down to contact the negatively charged DNA backbone of either the 
loop (above) or strand (below). Each compound has multiple similar 
binding modes associated with rotation around the central axis of the 
G-quartets, one of which is shown for 6, Figure 2 c & d. Each of 
these possibilities has similar binding energies, Table 2.  Increasing 
the length of the side chains, as in 7, places the positive charges 
further from the backbone, reducing the electrostatic interaction and 
consequently the binding energy. This reduced binding energy may 
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partly explain the inability of 7 to stabilise HTelo compared to 6. 
The differing position of the loop in the parallel c-kit2 G4-DNA 
may allow for favourable electrostatic interactions with the 
backbone to be maintained with one of the longer charged ligand 
side chains, R′ . 

 

Table 2. Average interaction energies (kcal/mol) of each compound 
with HTelo DNA. Electrostatic (ES) and van der Waals (VdW) 
interactions are shown for each part of the compounds as well as the 
total interaction energy of the entire molecule. Compound 6 has an 
alternative rotational binding conformation, designated 6 rot. Binding 
free energies ΔG for compounds 6, 6 rot, 7 and 14 are -38.6, -36.8, -
33.6 and -46.2 kcal/mol respectively. 

 Core Tail  

(R group) 

 

Chain 1 (R′ ) 

(2 phenyl ring 
chain) 

 

Chain2 (R′) 

(6 phenyl ring 
chain) 

 

All 

 ES VdW ES VdW Total VdW ES VdW Total 

6 1.9 -48.9 -0.8 -11.1 -186.5 -11.3 -26.1 -4.7 -186.5 

6 
rot 

4.0 -46.1 -4.0 -13.9 -220.9 -5.2 -61.5 -10.2 -220.9 

7 3.9 -50.7 -1.4 -8.8 -167.7 -12.2 -42.6 -4.9 -167.7 

14 7.4 -41.6 -9.0 -14.9 -226.3 -10.7 -42.8 -3.9 -226.3 

14

7

6
rotated

6

a b

c d

e f

g h

 

Figure 2. Location of ligand binding between the upper G-quartet and 
the connecting loop, viewed at right angles and normal to the plane of 
the G-quartet for each binding conformation. Snapshots from 
molecular dynamics simulations are shown with guanine coloured 
orange, adenine green, the DNA backbone transparent and Na+ 

yellow. 

More interestingly, compound 14 has a very high binding 
energy, despite the fact that it shows no detectable stabilisation of 
the HTelo quadruplex compared to 6. As seen in Figure 2 g & h, the 
bulky R group does not appear to impede binding, the only 
difference being the lack of interactions with one of the adenine 
nucleotides. If the difference in stabilisation cannot be explained by 
the thermodynamics of binding, it must arise from the ability of the 
compounds to find the binding site. To examine the kinetics of 
binding, metadynamics simulations were conducted to allow the 
unbinding of 6 and 14 to be simulated, as well as to get an 
approximation of the energetics of this process. As can be seen in 
Figure 3(I), the unbinding of 6 takes place in a smooth fashion, with 
the compound sliding out of the quadruplex before binding on the 
outside of the molecule with only limited energy barriers on the way. 
A notable aspect of this process is that the small tail, R, on the 
compound is able to swing inside the DNA backbone such that it 
can occupy the same pocket of the DNA as one of the side chains. 
From this position, the compound can leave the DNA with little 
impediment. 

 

Figure 3. Free energy surface and transient structures for the 
unbinding of 6 and 14 from HTelo G4-DNA from metadynamics 
simulations with free energy plotted as a function of the position of the 
central pyridine of the compound relative to the distance from the axis 
passing through the G-quartets and the distance above the plane of 
the top G-quartet. Contour intervals of 1 kcal/mol are shown. Colours 
are as for Figure 2.  (I) Local minimum energy b, c and e and 
transition state d structures for 6 are shown along with their location 
on the free energy surface. (II) Local minimum energy b and d and 
transition state c structures for 14 are shown along with their location 
on the free energy surface. For 14, the high energy of the transition 
state structure c results from the upper G-quartet dissociating to allow 
the compound to exit the binding site. 

(I) 

(II) 



 5 

In contrast, Figure 3(II), shows that 14 has great difficulty in 
leaving the binding site and is expected to have a similar difficulty 
in entering. As a consequence much less of the free energy surface 
is sampled during the 35 ns simulation. As the central group R in 14 
is larger than in 6, it cannot swing past the DNA backbone, thus, the 
compound must leave by moving over one of the end strands. This 
requires the top G-quartet to break apart, which comes at a large 
energy cost as seen in the free energy surface. The simulations 
suggest that 14 can only enter the binding site by breaking the G-
quartet, and it is kinetically more favourable for this compound to 
bind on the outside of the DNA where it has only a limited 
stabilising influence on the quadruplex. In contrast, the absence of 
the diagonal TTA loop in the c-kit2 G4-DNA means that there 
would be no such kinetic barrier to the binding of compounds with 
bulky R groups. 

The metadynamics simulations also suggest possible binding 
pathways for 6 to HTelo G4-DNA, as highlighted in Figure 3(I).  
Initial binding is likely to occur on the outside of the quadruplex 
with the two side chains clamping over the top or side of the DNA 
(b). From here, one of the side chains can swing into the centre of 
the quadruplex above the top G-quartet (c). Finally, the rest of the 
molecule can follow the chain through the transition state (d) into 
the binding site and stack above the guanine nucleotides (e). 

In conclusion, we have identified high stabilization affinity of a 
series of 2,4,6-triarylpyridine compounds towards the c-kit2 
quadruplex. The affinities are comparable to that reported for other 
benchmark quadruplex ligands. Remarkably, some of these 2,4,6-
triarylpyridines exhibit high stabilization of the parallel c-kit2 
quadruplex, with no detectable stabilization of the anti-parallel 
basket-type HTelo quadruplex, making them attractive "oncogene-
specific" G-quadruplex ligands, with promising applications in the 
treatment of gastrointestinal stromal tumors. We further demonstrate 
using metadynamics simulations with HTelo G4-DNA that the 
difference in stabilisation between compounds can arise for 
thermodynamic and kinetic reasons related to the specific chemical 
substituents of the side chains. Both of these factors will differ for 
parallel and anti-parallel G4-DNA due to the positions of the loops, 
and may explain the observed affinity of the compounds for parallel 
c-kit2 G4-DNA. 

Experimental Section 

Experimental procedures and characterisation data are provided in 
the supporting information. 
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Chalcones, prepared in high yield in polyethylene glycol, Mw = 300 (PEG300), were screened for

inhibition of the thrombin-mediated release of pro-inflammatory interleukin-6 (IL-6) and

interleukin-8 (IL-8) from the A549 lung epithelial cell line. Several show significant

down-regulation of these pro-inflammatory mediators in a dose-dependant manner with one

exhibiting pro-inflammatory properties. Computational studies on selected chalcones revealed a

detailed understanding of the structure, electron density and biological activity relationship.

Introduction

Chalcone is a generic term given to organic compounds
bearing the 1,3-diphenylprop-2-en-1-one framework. Natural
and synthetic chalcones can have a wide range of biological
activities which relate to the preferential reactivity of the
a,b-unsaturated ketone moiety, as a soft electrophile, towards
soft nucleophiles such as thiols. Chalcones are not susceptible
to attack by strong nucleophiles, which include amino and
hydroxyl groups in nucleic acids. This property circumvents
problems associated with mutagenicity and carcinogenicity, in
contrast to the mode of action of alkylating agents in cancer
chemotherapy. The biological activity of chalcones encompasses
cytotoxicity, anti-tumour, anti-plasmodial, antioxidant and
anti-inflammatory properties.1 Chronic airway diseases such
as asthma and chronic obstructive pulmonary disease are
characterised by marked inflammatory responses including
pro-inflammatory cytokine release. An important tissue in this
regard is the respiratory epithelium which releases IL-6 and
IL-8 as well as other inflammatory mediators, all of which
contribute to the pathology associated with chronic respiratory
diseases. These mediators may be released from epithelial cells
by a variety of stimuli including proteases such as thrombin,
which often correlate with disease severity.2 Hence, therapeutic
strategies that target pro-inflammatory cytokine release and
protease production from respiratory epithelium are of
potential benefit in inflammatory lung diseases. Interestingly,
many chalcone compounds exhibit anti-inflammatory properties
through the inhibition of pro-inflammatory mediators such as

interleukin-5 (IL-5), vascular cell adhesion molecule-1
(VCAM-1), prostaglandin E2 (PGE2) and nitric oxide (NO).3

Herein, we evaluate a series of synthetic chalcone derivatives
towards inhibition of thrombin-mediated release of IL-6 and
IL-8 from the A549 respiratory epithelial cell line, establishing
a structure, electron density and activity relationship. The
choice of aromatic rings and substituents on the chalcone
rings A and B relates to variation in electron densities, with
variation on electronic properties of the a,b-unsaturated
ketone moiety having a dramatic influence on biological
activity. This is consistent with the computed electron density
distributions in chalcones using lowest unoccupied molecular
orbital (LUMO) and molecular electrostatic potential (MEP)
maps, where the carbonyl carbon and b-carbon atoms are the
most electron deficient.4 Electron withdrawing groups on the
A and B aromatic rings serve to enhance the electron
deficiency of the b-carbon, and thus its reactivity towards
nucleophiles. In addition, the reducibility of the carbonyl
group relates to its electron density, with a readily reducible
carbonyl group being electron deficient.

Results and discussion

Immunomodulatory e!ect of chalcones on thrombin-mediated
IL-6 and IL-8 production from A549 lung epithelial cells

Base catalysed Claisen–Schmidt condensation in PEG300 gave
access to chalcones in high yield (Table 1) while addressing
green chemistry metrics. Compounds 1–5 and 9–12 (Table 1)
were cytotoxic to the A549 lung epithelial cells between
200 and 300 mM, and accordingly the concentration range
that was used for further investigation was 1–100 mM
(see ESIw). Compound 8 was the only chalcone derivative to
exhibit pro-inflammatory IL-6 and IL-8 release at both 50 mM
and 100 mM (see ESIw). Compounds 6, 7, 9, 10 and 12 showed
significant down-regulation of thrombin-mediated IL-6 and
IL-8 release at both 50 mM and 100 mM, with compound 7
exhibiting a significant down-regulation of thrombin-mediated
IL-6 and IL-8 release at 10 mM (31% and 43%, respectively)
(Fig. 1). Compounds 7 and 10 show the greatest down-regulation
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of IL-6 (88% and 100% reduction, respectively, at 50 mM;
100% reduction at 100 mM) and IL-8 (88% and 71%
reduction, respectively, at 50 mM; 100% and 99% reduction,
respectively, at 100 mM), with no significant discrimination
between them. In contrast, compound 9 exhibited higher
down-regulation of IL-6 than IL-8 (54% and 20% reduction,
respectively, at 50 mM; 100% and 65% reduction, respectively,
at 100 mM). Compound 6 showed down-regulation of IL-6
(45% reduction at 50 mM; 78% reduction at 100 mM) and IL-8
(37% reduction at 50 mM; 81% reduction at 100 mM).
Compound 12 showed a 38% down-regulation of IL-8 at
50 mM and a 57% down-regulation at 100 mM. A non-specific
protease assay (Azocoll) showed that the chalcone compounds
did not inhibit the proteolytic activity of thrombin per se (see
ESIw), indicating that these chalcones exhibited inhibitory
e!ects further down the signalling pathway.

Computer-assisted conformational study of selected chalcones

Partially relaxed scan calculations reveal that the energies of
rotamers depend essentially on the torsion angles j and y,
with planar forms being highly preferred for the majority of
compounds studied (see Table 2 and ESIw). Compounds 1
and 7–10 containing a pyrrol ring have a minimum energy
conformation only when the nitrogen proton in the pyrrol
ring is hydrogen bonded with the carbonyl oxygen. At
RHF/6-31+G** level of theory, close to planar structures
are maintained for compounds 1 and 7–10, while a significant

Table 1 Synthesis of chalcones

Compound R R0 Yield (%)

1 A D 100
2 B D 100
3 C D 81
4 D D 76
5 D E 94
6 C F 100
7 A E 82
8 A G 88
9 A F 100
10 A H 78
11 D G 80
12 D F 81

Fig. 1 The inhibition of thrombin-mediated interleukin-6 (a, c, e, g, i) and interleukin-8 (b, d, f, h, j) released from A549 respiratory epithelial cells

pre-treated with compounds 6 (a, b), 7 (c, d), 9 (e, f), 10 (g, h) and 12 (i, j). Data presented are mean values " SEM, n = 3. * significantly di!erent

from thrombin control (* P o 0.008).
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deviation from planarity is observed for compounds 3 and 6
which lack a pyrrol ring. The presence of a pyrrol ring strongly
favours planar conformations, with the pyrrol nitrogen proton
engaging in hydrogen bonding with the carbonyl oxygen.
Previous studies by Lopez et al. demonstrated the importance

of planarity as a conformational requirement of chalcones for
their antifungal e!ects.4 Indeed, planarity of the chalcones
may be important in the current study.

LUMO and MEP maps of selected chalcones

LUMO and MEP maps delineate electron deficient areas
which could be critical to the possible mechanism of action
(Fig. 2). The MEP isosurfaces of compounds 1, 3 and 6–10
show that the most positive centres lie near to the b and
carbonyl carbons (Fig. 2(a)–(g)), rendering the b and carbonyl
carbons more susceptible to nucleophilic attack by enzymes or
receptors. LUMO maps for compounds 1, 3 and 6–10 show
that regions with the highest absolute values of LUMO occur
at the b and carbonyl carbons, which provide rich sites for
nucleophilic attack (Fig. 2(h)–(n)).

Conclusions

From the data reported here, we found that chalcones
possessing a planar conformation with electron withdrawing
substituents on the B ring, compounds 7 and 10, are most
active in down-regulating thrombin-mediated release of IL-6
and IL-8 in A549 cells, with the b and carbonyl carbons being
the most susceptible sites towards a possible nucleophilic
attack by enzymes or receptors. Though the planarity of
compound 8 is very similar to that of compounds 7 and 10,
it is thought that the presence of a bulky para-substituent,
residing out of plane on ring B, results in a total loss
of anti-inflammatory activity making compound 8 a
pro-inflammatory compound instead. Compound 9 di!ers
structurally from compounds 7 and 10 in the nature of ring
B which is associated with a slight distortion from planarity in
the torsion angle j and decreased activity. In addition,
this structural change dramatically reduces the ability of
this compound to down-regulate IL-8, displaying a greater
specificity of this compound for IL-6. Compound 6 di!ers
from compound 9 in its ring A composition, where the pyrrol
ring is replaced with a para-aminophenyl ring. The loss of
hydrogen bonding from the pyrrol nitrogen proton with
the carbonyl oxygen results in a significant deviation from

Table 2 Torsion angles obtained for compounds 1, 3, 6–10 using di!erent levels of theory

Compound

RHF/3-21G torsion angles/1 RHF/6-31+G** torsion angles/1

f y f y

1 #0.97 #0.03 3.57 0.07
3 #3.58 #0.81 #9.96 #14.51
6 #6.74 #1.00 #14.44 #14.10
7 #177.84 0.03 #178.49 0.04
8 #179.93 0.00 179.62 #0.02
9 #1.41 #0.03 #9.49 #0.20
10 #1.36 #0.02 #0.01 0.00

Fig. 2 MEP ((a)–(g)) and LUMO ((h)–(n)) maps for compounds 1

(a, h), 3 (b, i), 6 (c, j), 7 (d, k), 8 (e, l), 9 (f, m) and 10 (g, n) optimised at

6-31+G**.
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planarity as evident by the torsion angle y at the
RHF/6-31+G** level of theory. The distortion from planarity
in this compound is likely to be a contributor to its decreased
activity compared to compounds 7, 10 and 9.

Chalcones are an important class of biologically active
compounds, and the reported results represent a major
advance in establishing a detailed understanding of a
structure, electron density and biological activity relationship,
showing a significant down-regulation of selected pro-
inflammatory mediators in a dose-dependent manner.
However, further studies will be required to determine the
precise biological target involved in cytokine release within
the cell.

Experimental

General experimental

4-Bromobenzaldehyde (99% purity), 40-methoxyacetophenone
(99% purity) and 2-acetylthiophene (Z 98% purity) were
purchased from Aldrich and used without further purification.
Anisaldehyde (Z 99.5% purity), piperonal (Z 99% purity),
4-aminoacetophenone (99% purity) and PEG300 were
purchased from Fluka and used without further purification.
4-(Methylthio)benzaldehyde (97% purity) and 2-acetylpyrrole
(98% purity) were purchased from Alfa Aesar and used with-
out further purification. 1H NMR (500 MHz) and 13C NMR
(125 MHz) spectra were recorded on a Bruker AV500
instrument in 5 mm NMR tubes. Samples were recorded in
DMSO-d6 solution in ppm (d) and referenced to the internal
residual partially-deuterated DMSO septet at 2.50 ppm
(1H NMR) and 39.52 ppm (13C NMR). Mass spectrometry
measurements were performed on a Waters Micromass
Autospec Mass Spectrometer.

General route for the synthesis of chalcones

The chalcone compounds featured in the study were prepared
using a base catalysed Claisen–Schmidt condensation reaction
of an arylmethyl ketone and an aryl aldehyde using poly-
ethylene glycol (PEG300) as a benign reaction medium. PEG’s
low toxicity, low volatility and biodegradability represent
important environmentally benign characteristics, which are
particularly attractive when combined with its relatively low
cost as a bulk commodity chemical. The respective arylmethyl
ketone (4.12 mmol) was added to a stirred solution of PEG300
(5–6 ml) and crushed sodium hydroxide (NaOH) (4.12 mmol)
at ambient temperature. The respective aryl aldehyde
(4.12 mmol) was then added and the reaction mixture was left
stirring at room temperature for 2 h. Water (100 ml) was
added, the precipitate was collected by suction filtration and
dried on a high vacuum line.

Cytotoxicity studies of chalcones on A549 lung epithelial cells

The cytotoxicity of the chalcone derivatives on A549 lung
epithelial cells was determined using acid phosphatase and
lactate dehydrogenase assays. The A549 cells were seeded at
1.2 $ 105 per well in 24-well cell culture plates and allowed to
grow to confluence in humidified atmosphere in air at
37 1C, 5% (v/v) CO2. The culture medium was replaced with

serum-free medium and incubated for 24 h. The cells were then
exposed to the chalcone derivatives at 300 mM, 200 mM,
100 mM and 50 mM (DMSO o 1% [v/v]). After 24 h
incubation at 37 1C, 5% CO2, acid phosphatase (see ESIw)
and lactate dehydrogenase assays (see ESIw) were performed.

Pro-inflammatory e!ect of chalcones on A549 lung epithelial
cells

The chalcone derivatives were studied to determine if they had
pro-inflammatory e!ects on A549 lung epithelial cells. Briefly,
the A549 cells were seeded at 1.2 $ 105 per well in 24-well cell
culture plates and allowed to grow to confluence in humidified
atmosphere in air at 37 1C, 5% (v/v) CO2. The culture medium
was replaced with serum-free medium and cells incubated for
24 h. The cells were incubated in the presence of 100 mM,
50 mM, 10 mM and 1 mM of the chalcone derivatives for 24 h.
The cell supernatants were collected and assayed for IL-6 and
IL-8 using ELISA (see ESIw).

Immunomodulatory e!ect of chalcones on thrombin-mediated
IL-6 and IL-8 production of A549 lung epithelial cells

The chalcone derivatives were studied to determine if they had
any immunomodulatory e!ect on the thrombin-mediated
pro-inflammatory cytokines release from A549 cells. A549
cells were seeded at 1.2 $ 105 per well in 24-well cell
culture plates and allowed to grow confluent in humidified
atmosphere in air at 37 1C, 5% CO2. The culture medium was
replaced with serum-free medium and incubated for 24 h. The
A549 cells were then pre-incubated with chalcone derivatives
at 100 mM, 50 mM, 10 mM and 1 mM for 2 h and followed by
thrombin stimulation (2 units per mL) for 24 h. The cell
supernatants were collected and assayed for IL-6 and IL-8
using ELISA (see Fig. 1 and ESIw).

Computer-assisted conformational study of selected chalcones

Computer-assisted conformational studies were performed on
selected chalcones (compounds 1, 3, and 6–10) using the
program GAUSSIAN03.5 In a first step the three-dimensional
models of the investigated compounds were assembled using
the atoms and structural fragments from GAUSSVIEW 3.0.
Geometry optimisation was then performed at RHF/3-21G
level of theory. After the structures were determined at
RHF/3-21G level of theory, partially relaxed scan calculations
were run for every 151 rotation of the torsional angles j and
y at RHF/3-21G level of theory. Energy profiles of compounds
1,3, and 6–10 were obtained at RHF/3-21G level of theory (see
ESIw). In order to obtain a better degree of accuracy, the
minima obtained for each compound from the relaxed scan
calculations were further optimised at RHF/6-31+G** level
of theory, as previous conformational studies on chalcones by
Lopez et al. showed that results obtained at the RHF/6-31G
level of theory were in agreement with experimental X-ray
results.4

LUMO and MEP maps of selected chalcones

In order to rationalise a possible site of action at the electronic
level for compounds 1, 3, and 6–10, we generated LUMO and
MEP maps. In a first step, the checkpoint files obtained from
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optimisation of these compounds at RHF/6-31+G** were
first converted into formatted checkpoint files. The total
electron density (density = SCF), electrostatic potential
(potential = SCF) and LUMO (MO = LUMO) cube files
were then generated from the formatted checkpoint files using
the Cubegen utility program in GAUSSIAN03. The number
of points per side in the cube was set to the default value of
80 points.3 MEP surfaces were visualised using GAUSSVIEW
3.0 by mapping the RHF/6-31+G** electrostatic potentials
onto the total electron density (isovalue = 0.001 e Å#1)
(Fig. 2(a)–(g)). LUMO surfaces were visualised by mapping
the RHF/6-31+G** LUMO’s onto the total electron density
(isovalue = 0.001 e Å#1) (Fig. 2(h)–(n)). For the MEP maps,
regions with attractive potential appear in red and those of
repulsive potential appear in blue. For the LUMO maps
regions with the highest absolute value of LUMO are
indicated in ‘blue’, while regions with the lowest values are
indicated in ‘red’.
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4 Conclusion and Future Work 
An unprecedented high stabilization affinity of a series of 2,4,6-triarylpyridine 

compounds towards the parallel c-kit2 quadruplex has been identified. The affinities are 

comparable to that reported for other benchmark quadruplex ligands. Remarkably, some of 

these 2,4,6-triarylpyridines exhibit high stabilization of the parallel c-kit2 quadruplex, with 

no detectable stabilization of the anti-parallel basket-type HTelo quadruplex, making them 

attractive "oncogene-specific" G-quadruplex ligands, with promising applications in the 

treatment of gastrointestinal stromal tumors. Metadynamics simulations with HTelo G4-

DNA further demonstrated that the difference in stabilisation between compounds can arise 

for thermodynamic and kinetic reasons related to the specific chemical substituents of the 

side chains. Both of these factors will differ for parallel and anti-parallel G4-DNA due to 

the positions of the loops, and may explain the observed affinity of the compounds for the 

parallel c-kit2 quadruplex. Further studies would involve: (i) determining the in celluo 

effects of these compounds in GIST cell lines, such as the HGC-27 cell line, to determine 

their ability to down-regulate c-kit expression; (ii) study the interaction of these compounds 

with other parallel promoter quadruplexes such as the c-myc and N-ras quadruplexes and 

(iii) conduct competitive FRET-melting analysis to determine quadruplex selectivity of 

these compounds for the different promoter quadruplexes. 

 

Furthermore, a synthesis route to access 4-(p-dimethylaminophenyl)-2,6-bis(4-

aminophenyl)pyridine involving dynamic thin films has been described, overcoming a 

series of competing reactions, effectively controlling chemical reactivity and selectivity. 

This control in chemical reactivity and selectivity offers an exciting approach in the 

selective synthesis of functionalized molecules, which are otherwise not possible using 

traditional batch methodology, where alternative strategies involving multiple step 

syntheses would be required. The new approach will allow a more direct access to 

therapeutic molecules where there are thermodynamic and kinetic constraints in chemical 

reactions using traditional batch methodology. The extremely short residence times of SDP 

required multiple passes to obtain the 1,5-diketone. In future, a Rotating Tube Processor 

(RTP), which is another form of process intensification, can be explored for synthesizing 
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the 1,5-diketone in maximum conversion, Figure 4.1. The parameters of the RTP are like 

the SDP, but more importantly the residence time can be controlled, eliminating the need 

for multiple pass experiments. While the centrifugal forces on the disc move the products 

off the disc quickly, the rotation of the RTP swirls the reactants inside the long axis of the 

tube, thereby affording longer residence times for the reactants. Furthermore, the ability to 

selectively introduce reagents along the axis of the reactor may enable access to the 

triarylpyridine in ‘one-pot’ using process intensification.  

 

 
Figure 4.1 Schematic representation of RTP structure. A, B and C are feed jets for controlling the processes 

using RTP. 

 

The utility of PEG as a reaction medium for preparing key amino-functionalised 

triarylpyridines in 'one-pot' has been demonstrated. The process is tolerant of the 

unprotected amino groups, in contrast to the solventless procedure which proceeds poorly 

with competing Schiff-base formation. The 'one pot' base catalysed approach in making 

amino-substituted pyridines of this type is without precedent, and these compounds have 

exciting possibilities in a wide range of applications from biology to materials science, and 

should prove useful precursors to a wide range of three directional compounds containing 

the pyridine core. Moreover, the use of PEG to affect chemical transformations in a more 

simplified and benign way further highlights its potential as an alternative reaction medium. 
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5 Appendices 
 

1. Online supporting information for Nicole M. Smith, Colin L. Raston, Christopher 

B. Smith and Alexandre N. Sobolev. PEG mediated synthesis of amino-

functionalised 2,4,6-triarylpyridines.  Green Chem., 2007, 9, 1185-1190. 

 

2. Online supporting information for N. M. Smith, B. Corry, K. S. Iyer, M. Norret and 

C. L. Raston. A microfluidic platform to synthesize a G-quadruplex binding ligand. 

Lab Chip. 2009, 9, 2021-2025. 

 

3. Supporting information for N. M. Smith, B. Corry, H. B. See, M. Norret, K. D. G. 

Pfleger and C. L. Raston. Triarylpyridines display high affinity for a parallel G-

quadruplex in the c-kit promoter. Submitted to Agnew. Chemie., 2009. 

 
4. Online supporting information for Smith, N.M., Pengkai, S., Nithiananthan, A., 

Norret, M., Stewart, G.A., and Raston, C.L. Immunomodulatory effects of 

functionalised chalcones on pro-inflammatory cytokine release from lung epithelial 

cells. New J. Chem., 2009, 33, 1869-1873. 
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_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group
O1W O 0.5000 1.343(7) 0.0000 0.150(13) Uiso 0.50 2 d SP . .
O2W O 0.5000 1.015(6) 0.0000 0.113(9) Uiso 0.50 2 d SP . .
C11 C 0.1245(3) 0.4239(12) 0.6113(6) 0.0226(18) Uani 1 1 d . . .
C12 C 0.0812(3) 0.2689(15) 0.6099(5) 0.0267(19) Uani 1 1 d . . .
H12 H 0.0691 0.1912 0.5492 0.032 Uiso 1 1 calc R . .
C13 C 0.0556(3) 0.2284(14) 0.6977(5) 0.0269(19) Uani 1 1 d . . .
C14 C 0.0744(3) 0.3457(15) 0.7844(6) 0.0298(19) Uani 1 1 d . . .
H14 H 0.0572 0.3246 0.8449 0.036 Uiso 1 1 calc R . .
C15 C 0.1185(3) 0.4945(15) 0.7831(5) 0.0267(18) Uani 1 1 d . . .
N16 N 0.1429(2) 0.5354(13) 0.6978(4) 0.0304(18) Uani 1 1 d . . .
C21 C 0.1544(3) 0.4747(15) 0.5243(5) 0.0242(18) Uani 1 1 d . . .
C22 C 0.1565(3) 0.3190(16) 0.4429(6) 0.030(2) Uani 1 1 d . . .
H22 H 0.1360 0.1760 0.4408 0.036 Uiso 1 1 calc R . .
C23 C 0.1880(3) 0.3697(17) 0.3654(5) 0.029(2) Uani 1 1 d . . .
H23 H 0.1898 0.2576 0.3120 0.035 Uiso 1 1 calc R . .
C24 C 0.2172(3) 0.5821(16) 0.3636(5) 0.027(2) Uani 1 1 d . . .
C25 C 0.2134(3) 0.7419(15) 0.4411(5) 0.0267(19) Uani 1 1 d . . .
H25 H 0.2324 0.8890 0.4403 0.032 Uiso 1 1 calc R . .
C26 C 0.1825(3) 0.6947(14) 0.5204(5) 0.0251(19) Uani 1 1 d . . .
H26 H 0.1801 0.8100 0.5725 0.030 Uiso 1 1 calc R . .
N27 N 0.2490(3) 0.6339(15) 0.2867(5) 0.040(2) Uani 1 1 d . . .
H27A H 0.2668 0.7697 0.2873 0.048 Uiso 1 1 calc R . .
H27B H 0.2514 0.5312 0.2370 0.048 Uiso 1 1 calc R . .
C31 C 0.0082(3) 0.0738(15) 0.6956(6) 0.030(2) Uani 1 1 d . . .
C32 C 0.0048(3) -0.1358(15) 0.6393(6) 0.036(2) Uani 1 1 d . . .
H32 H 0.0334 -0.1787 0.6004 0.043 Uiso 1 1 calc R . .
C33 C -0.0388(3) -0.2843(17) 0.6380(6) 0.040(2) Uani 1 1 d . . .
H33 H -0.0403 -0.4279 0.5992 0.048 Uiso 1 1 calc R . .
C34 C -0.0806(4) -0.2187(18) 0.6947(7) 0.048(3) Uani 1 1 d . . .
H34 H -0.1114 -0.3156 0.6925 0.057 Uiso 1 1 calc R . .
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C35 C -0.0779(3) -0.0146(17) 0.7543(6) 0.037(2) Uani 1 1 d . . .
H35 H -0.1060 0.0233 0.7952 0.044 Uiso 1 1 calc R . .
C36 C -0.0349(3) 0.1314(18) 0.7543(6) 0.038(2) Uani 1 1 d . . .
H36 H -0.0336 0.2736 0.7939 0.046 Uiso 1 1 calc R . .
C41 C 0.1396(3) 0.6269(15) 0.8735(6) 0.0264(19) Uani 1 1 d . . .
C42 C 0.1390(3) 0.5392(14) 0.9682(6) 0.0277(19) Uani 1 1 d . . .
H42 H 0.1218 0.3905 0.9788 0.033 Uiso 1 1 calc R . .
C43 C 0.1628(3) 0.6604(15) 1.0500(6) 0.033(2) Uani 1 1 d . . .
H43 H 0.1620 0.5943 1.1156 0.040 Uiso 1 1 calc R . .
C44 C 0.1880(3) 0.8795(14) 1.0358(6) 0.030(2) Uani 1 1 d . . .
C45 C 0.1889(3) 0.9735(15) 0.9403(6) 0.033(2) Uani 1 1 d . . .
H45 H 0.2062 1.1222 0.9298 0.039 Uiso 1 1 calc R . .
C46 C 0.1646(3) 0.8496(14) 0.8595(6) 0.0241(18) Uani 1 1 d . . .
H46 H 0.1647 0.9159 0.7939 0.029 Uiso 1 1 calc R . .
N47 N 0.2125(3) 1.0010(13) 1.1162(5) 0.0386(19) Uani 1 1 d . . .
H47A H 0.2287 1.1382 1.1064 0.046 Uiso 1 1 calc R . .
H47B H 0.2120 0.9413 1.1772 0.046 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label
_atom_site_aniso_U_11
_atom_site_aniso_U_22
_atom_site_aniso_U_33
_atom_site_aniso_U_23
_atom_site_aniso_U_13
_atom_site_aniso_U_12
C11 0.026(4) 0.010(4) 0.032(4) 0.002(3) 0.006(3) -0.006(3)
C12 0.020(4) 0.036(5) 0.023(4) -0.005(4) -0.007(3) 0.008(4)
C13 0.019(4) 0.032(5) 0.028(4) 0.002(4) -0.003(3) 0.007(4)
C14 0.023(4) 0.032(5) 0.034(4) 0.004(4) 0.002(3) -0.013(4)
C15 0.025(4) 0.025(4) 0.030(4) 0.004(4) -0.004(3) 0.001(4)
N16 0.016(3) 0.053(5) 0.021(3) 0.003(3) -0.004(3) 0.004(3)
C21 0.013(4) 0.030(4) 0.029(4) 0.001(4) -0.009(3) 0.000(4)
C22 0.020(4) 0.035(5) 0.035(5) -0.010(4) -0.001(3) 0.004(4)
C23 0.014(4) 0.055(6) 0.019(4) -0.014(4) -0.002(3) 0.002(4)
C24 0.011(4) 0.057(6) 0.012(4) 0.007(4) -0.004(3) -0.002(4)
C25 0.021(4) 0.031(5) 0.027(4) 0.006(4) -0.006(3) 0.000(4)
C26 0.015(4) 0.032(5) 0.029(4) -0.009(4) 0.006(3) 0.009(4)
N27 0.029(4) 0.059(5) 0.033(4) 0.000(4) 0.002(3) -0.009(4)
C31 0.017(4) 0.032(5) 0.042(5) 0.015(4) -0.007(3) -0.003(4)
C32 0.032(5) 0.040(5) 0.036(5) -0.008(4) 0.001(4) -0.013(5)
C33 0.033(5) 0.040(5) 0.046(5) 0.010(5) -0.017(4) -0.006(5)
C34 0.028(5) 0.060(7) 0.053(6) 0.027(6) -0.019(4) -0.014(5)
C35 0.021(4) 0.051(6) 0.037(5) 0.018(5) -0.006(4) 0.004(5)
C36 0.022(4) 0.055(6) 0.038(5) 0.007(5) -0.002(4) -0.009(5)
C41 0.016(4) 0.031(5) 0.032(4) -0.002(4) 0.006(3) 0.009(4)
C42 0.020(4) 0.026(5) 0.037(5) 0.004(4) 0.003(3) 0.000(4)
C43 0.038(5) 0.033(5) 0.029(4) 0.002(4) 0.005(4) 0.003(4)
C44 0.036(5) 0.027(5) 0.028(4) -0.014(4) 0.008(4) -0.001(4)
C45 0.029(5) 0.022(5) 0.050(5) 0.011(4) 0.015(4) -0.006(4)
C46 0.020(4) 0.029(4) 0.024(4) 0.000(4) 0.004(3) 0.008(4)
N47 0.051(5) 0.038(4) 0.027(4) 0.001(4) 0.006(3) -0.015(4)

_geom_special_details            
;
All esds (except the esd in the dihedral angle between two l.s. planes)
are estimated using the full covariance matrix. The cell esds are taken
into account individually in the estimation of esds in distances, angles
and torsion angles; correlations between esds in cell parameters are only
used when they are defined by crystal symmetry. An approximate (isotropic)
treatment of cell esds is used for estimating esds involving l.s. planes.
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;

loop_
_geom_bond_atom_site_label_1
_geom_bond_atom_site_label_2
_geom_bond_distance
_geom_bond_site_symmetry_2
_geom_bond_publ_flag
C11 N16 1.365(9) . ?
C11 C12 1.397(10) . ?
C11 C21 1.456(10) . ?
C12 C13 1.395(11) . ?
C13 C14 1.385(10) . ?
C13 C31 1.477(11) . ?
C14 C15 1.394(10) . ?
C15 N16 1.350(9) . ?
C15 C41 1.482(11) . ?
C21 C22 1.392(10) . ?
C21 C26 1.418(11) . ?
C22 C23 1.378(11) . ?
C23 C24 1.396(12) . ?
C24 C25 1.371(11) . ?
C24 N27 1.376(9) . ?
C25 C26 1.384(10) . ?
C31 C32 1.386(11) . ?
C31 C36 1.424(11) . ?
C32 C33 1.380(12) . ?
C33 C34 1.393(13) . ?
C34 C35 1.384(13) . ?
C35 C36 1.361(11) . ?
C41 C42 1.355(10) . ?
C41 C46 1.408(11) . ?
C42 C43 1.387(11) . ?
C43 C44 1.394(11) . ?
C44 C45 1.379(11) . ?
C44 N47 1.380(9) . ?
C45 C46 1.389(11) . ?

loop_
_geom_angle_atom_site_label_1
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_1
_geom_angle_site_symmetry_3
_geom_angle_publ_flag
N16 C11 C12 121.0(7) . . ?
N16 C11 C21 114.9(6) . . ?
C12 C11 C21 124.1(7) . . ?
C13 C12 C11 119.9(7) . . ?
C14 C13 C12 118.2(7) . . ?
C14 C13 C31 121.6(7) . . ?
C12 C13 C31 120.2(7) . . ?
C13 C14 C15 120.1(7) . . ?
N16 C15 C14 121.6(7) . . ?
N16 C15 C41 116.2(7) . . ?
C14 C15 C41 122.1(7) . . ?
C15 N16 C11 119.2(7) . . ?
C22 C21 C26 117.5(7) . . ?
C22 C21 C11 123.4(7) . . ?
C26 C21 C11 119.1(7) . . ?
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C23 C22 C21 120.8(8) . . ?
C22 C23 C24 121.5(8) . . ?
C25 C24 N27 120.1(8) . . ?
C25 C24 C23 118.0(7) . . ?
N27 C24 C23 121.9(8) . . ?
C24 C25 C26 121.8(8) . . ?
C25 C26 C21 120.2(7) . . ?
C32 C31 C36 117.7(8) . . ?
C32 C31 C13 121.3(7) . . ?
C36 C31 C13 120.9(8) . . ?
C33 C32 C31 122.0(8) . . ?
C32 C33 C34 118.4(9) . . ?
C35 C34 C33 121.1(9) . . ?
C36 C35 C34 119.8(9) . . ?
C35 C36 C31 120.8(9) . . ?
C42 C41 C46 118.2(7) . . ?
C42 C41 C15 123.7(8) . . ?
C46 C41 C15 118.0(7) . . ?
C41 C42 C43 121.9(8) . . ?
C42 C43 C44 119.8(8) . . ?
C45 C44 N47 119.9(8) . . ?
C45 C44 C43 119.5(7) . . ?
N47 C44 C43 120.6(7) . . ?
C44 C45 C46 119.7(8) . . ?
C45 C46 C41 120.9(7) . . ?

loop_
_geom_torsion_atom_site_label_1
_geom_torsion_atom_site_label_2
_geom_torsion_atom_site_label_3
_geom_torsion_atom_site_label_4
_geom_torsion
_geom_torsion_site_symmetry_1
_geom_torsion_site_symmetry_2
_geom_torsion_site_symmetry_3
_geom_torsion_site_symmetry_4
_geom_torsion_publ_flag
N16 C11 C12 C13 0.8(11) . . . . ?
C21 C11 C12 C13 178.9(7) . . . . ?
C11 C12 C13 C14 0.1(11) . . . . ?
C11 C12 C13 C31 177.1(7) . . . . ?
C12 C13 C14 C15 -1.6(11) . . . . ?
C31 C13 C14 C15 -178.6(7) . . . . ?
C13 C14 C15 N16 2.4(12) . . . . ?
C13 C14 C15 C41 178.9(8) . . . . ?
C14 C15 N16 C11 -1.5(11) . . . . ?
C41 C15 N16 C11 -178.3(7) . . . . ?
C12 C11 N16 C15 -0.1(11) . . . . ?
C21 C11 N16 C15 -178.4(7) . . . . ?
N16 C11 C21 C22 154.2(7) . . . . ?
C12 C11 C21 C22 -24.0(11) . . . . ?
N16 C11 C21 C26 -26.6(10) . . . . ?
C12 C11 C21 C26 155.1(7) . . . . ?
C26 C21 C22 C23 4.8(10) . . . . ?
C11 C21 C22 C23 -176.0(7) . . . . ?
C21 C22 C23 C24 -2.5(11) . . . . ?
C22 C23 C24 C25 -0.7(10) . . . . ?
C22 C23 C24 N27 179.7(7) . . . . ?
N27 C24 C25 C26 -179.1(7) . . . . ?
C23 C24 C25 C26 1.4(10) . . . . ?
C24 C25 C26 C21 1.1(11) . . . . ?
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C22 C21 C26 C25 -4.1(10) . . . . ?
C11 C21 C26 C25 176.7(7) . . . . ?
C14 C13 C31 C32 -143.1(8) . . . . ?
C12 C13 C31 C32 40.0(11) . . . . ?
C14 C13 C31 C36 34.8(11) . . . . ?
C12 C13 C31 C36 -142.1(8) . . . . ?
C36 C31 C32 C33 0.9(11) . . . . ?
C13 C31 C32 C33 178.9(7) . . . . ?
C31 C32 C33 C34 0.5(12) . . . . ?
C32 C33 C34 C35 -2.5(12) . . . . ?
C33 C34 C35 C36 3.1(12) . . . . ?
C34 C35 C36 C31 -1.7(12) . . . . ?
C32 C31 C36 C35 -0.3(11) . . . . ?
C13 C31 C36 C35 -178.3(7) . . . . ?
N16 C15 C41 C42 -148.3(7) . . . . ?
C14 C15 C41 C42 34.9(11) . . . . ?
N16 C15 C41 C46 27.5(10) . . . . ?
C14 C15 C41 C46 -149.2(7) . . . . ?
C46 C41 C42 C43 -1.0(11) . . . . ?
C15 C41 C42 C43 174.8(7) . . . . ?
C41 C42 C43 C44 0.4(12) . . . . ?
C42 C43 C44 C45 0.0(12) . . . . ?
C42 C43 C44 N47 -179.1(7) . . . . ?
N47 C44 C45 C46 179.5(7) . . . . ?
C43 C44 C45 C46 0.4(12) . . . . ?
C44 C45 C46 C41 -1.1(11) . . . . ?
C42 C41 C46 C45 1.3(11) . . . . ?
C15 C41 C46 C45 -174.7(7) . . . . ?

_diffrn_measured_fraction_theta_max 0.858
_diffrn_reflns_theta_full        27.40
_diffrn_measured_fraction_theta_full 0.858
_refine_diff_density_max         0.774
_refine_diff_density_min         -0.266
_refine_diff_density_rms         0.080
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Supplementary Figure 1:  Schematic of a Spinning Disc Processor (SDP). 
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SI.2. Experimental 
 
2.1. Molecular Dynamics Simulation 
 
To conduct molecular dynamics simulations, dimethylamino functionalized 4’-aryl-

2,6-bis(4-aminophenyl)pyridine was first parameterised using ab initio calculations. 

Partial charges were calculated using an electrostatic fitting method in the program 

GAUSSIAN03 after optimizing the structure with Hartree-Fock theory and a 6-

31+G* basis set.33-34 Force constants for bond stretching, angle bending, and dihedral 

torsions as well as Lennard-Jones parameters were taken from similar atoms in the 

CHARMM27 force field.  The initial position of the compound within the DNA 

quadruplex was determined by aligning the pyridine core with that of 3,6-bis-[3-

pyrrolidino-propionamide] acridine (BSU6039) in a crystal structure with it bound to 

the telomeric sequence of Oxytrichia nova d(GGGGTTTTGGGG).35 The compound-

DNA complex was solvated in a 55x55x55Å TIP3P water box neutralized with 

300mM KCl (Supplementary Figure 2). To equilibrate the structure, the DNA and 

dimethylamino functionalized 4’-aryl-2,6-bis(4-aminophenyl)pyridine were initially 

held fixed and the system minimized for 1000 steps and equilibrated for 25ps. Then 

harmonic constraints of 2kcal/mol/Å2 were placed on the compound and DNA which 

were slowly reduced over 75ps of simulation. Simulations were conducted at a 

pressure of 1 atm using a 1fs timestep using the program NAMD with the 

CHARMM27 force field for nucleic acids.36-38 Initial simulations were conducted at a 

temperature of 298K, however additional simulations were also run in which this was 

slowly increased at a rate of 5 K per ns. Given the well known stability of the 

Oxytrichia nova quadruplex arising from the presence of 4 guanine tetrads it is 

unlikely that we could witness the melting of this structure in the timescale of our 

simulations (indeed the quadruplex did not melt when heated to 373K over 15 ns). To 
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overcome this, in our simulations of quadruplex melting, we cropped the quadruplex 

structure such that it contained only 2 of the guanine tetrads and one of the connecting 

thyamine loops. Due to the short length of our simulations, caution should be applied 

in directly relating the melting temperatures seen here with experimental 

measurements. To calculate the free energy of binding of dimethylamino 

functionalized 4’-aryl-2,6-bis(4-aminophenyl)pyridine with the DNA quadruplex we 

conducted alchemical free energy perturbation simulations in which the compound 

bound to the DNA was slowly removed and an additional compound was slowly 

added to the aqueous medium over 2.6 ns.39 

                  
Supplementary Figure 2: The dimethylamino functionalised 4’-aryl-2,6-bis(4-
aminophenyl)pyridine -DNA complex solvated in a 55x55x55Å TIP3P water box 
neutralized with 300mM KCl. 
 
2.2.Batch processing in propan-1-ol: p-Aminoacetophenone (1.1 mmol, 149 mg) 

and sodium hydroxide (NaOH) (2.2 mmol, 88 mg) were added to propan-1-ol (10 

cm3) with stirring and the mixture heated to dissolve the base and ketone. p-
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Dimethylaminobenzaldehyde (0.55 mmol, 82.1 mg) was then added and the reaction 

mixture refluxed for 13 hours. An orange precipitate was evident in the reaction 

mixture and the reaction was cooled to room temperature. TLC of the reaction 

mixture was carried out in hexane:ethylacetate (1:2). The orange precipitate was 

collected by suction filtration and characterised by 1HNMR in CDCl3 (see SI.3 

section 3.1, Supplementary figure 3). The filtrate was quenched with 1 M HCl then 

basified with ammonia solution (28% w/w). The solvent was removed in vacuo 

affording a dark brown powder (561.2 mg) which was characterised by 1HNMR in 

DMSO. 

2.3.Batch processing in polyethyleneglycol (PEG300): p-Aminoacetophenone (1.1 

mmol, 149 mg) and NaOH (2.2 mmol, 88 mg) were added to PEG 300 (10 cm3) with 

stirring and the mixture was heated to dissolve the base and ketone. p-

Dimethylaminobenzaldehyde (0.55 mmol, 82.1 mg) was then added and the reaction 

mixture was heated at 140 ºC for 14 hours. On cooling to room temperature, water 

(100 cm3) was added affording an orange colour precipitate which was too fine to 

collect by filtration. TLC of the reaction mixture was carried out in 

hexane:ethylacetate (1:2). The solution was acidified with 1 M HCl and the product 

extracted into ethyl acetate (3 x 100 cm3). The solvent was removed in vacuo and the 

product dried under high vacuum affording a red/brown oil (736.6 mg) which was 

characterised by 1HNMR in DMSO. 

2.4. Batch processing in a microwave reactor:  

Attempts to synthesize compound 5 in microwave was not successful. The following 

two experiments were undertaken: A) Ketone (27 mg), Aldehyde (14.1 mg) with 

Mg/Al Hydrotalcite-Rh (50%wt, 13.5 mg, Mg/Al ratio of 2.5), 110degC, 300W, 8 

bar, 5-30 mins – to get schiff base plus starting materials.  B) Ketone (27 mg), 
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Aldehyde (14.1 mg), PEG300 (5ml) with with Mg/Al Hydrotalcite-Rh (100%wt, 27 

mg, Mg/Al ratio of 2.5), 110degC, 300W, 8 bar, 5- 30 mins – to get schiff base plus 

starting materials.  

2.5. SDP experiments:  

(a) General For each experiment a ketone solution containing p-aminoacetophenone 

(6.684 g, 0.0495 mol) and NaOH (3.96 g, 0.099 mol) in propan-1-ol (300 cm3) and an 

aldehyde solution containing p-dimethylaminobenzaldehyde (7.38 g, 0.0495 mol) in 

propan-1-ol (300 cm3) were prepared unless otherwise stated. Percent conversion was 

obtained from the 1HNMR of fractions collected. 

(b) Variable temperature studies Five different experiments were conducted with 

different disc temperatures of 90, 110, 120, 130 and 140 ºC. The disc rotational speed 

was fixed at 2500 rpm. For the first pass of each experiment one feed jet for the 

ketone solution was calibrated to 1 ml/s and the other jet feed for the aldehyde 

solution was calibrated to 0.5 ml/s. For all consecutive passes the solution was fed 

through one feed jet at 0.5 ml/s. Ten passes were conducted for all expect the 140 ºC 

experiment (only 7 passes) as precipitation in the feed jets clogged up the pipes 

during the 8th pass. Fractions were collected from each pass for analysis. The fractions 

were allowed to cool to room temperature, and TLC was carried out in 

hexane:ethylacetate (1:2). The orange precipitate from the 10th pass of the 110 °C 

experiment was collected by suction filtration and characterized by 1HNMR in 

CDCl3. All fractions were quenched with HCl (1 M) and basified with ammonia 

solution (28% w/w). The solvent was removed in vacuo and the crude material was 

analysed by 1HNMR in DMSO.  

(c) Varying the feed rate The disc speed and temperature were fixed at 2500 rpm and 

140 ºC respectively. For the first pass one feed jet for the ketone solution was 
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calibrated to 1 ml/s and the other for the aldehyde solution was calibrated to 0.5 ml/s. 

The resulting mixture was then passed through one feed jet at 1.5 ml/s for the 2nd to 

10th pass. Fractions were collected from each pass for analysis. The fractions were 

allowed to cool to room temperature. TLC of each fraction was carried out in 

hexane:ethylacetate (1:2). The fractions were quenched with HCl (1 M) and basified 

with ammonia solution (28% w/w). The solvent was removed in vacuo and the crude 

material was analysed by 1H NMR in DMSO. 

(d) Varying the disc speed The disc temperature and speed were fixed at 140 ºC and 

500 rpm respectively. For the first pass one jet feed the ketone solution was calibrated 

to 1 ml/s and the other for the aldehyde solution was calibrated to 0.5 ml/s. The 

resulting mixture was then passed through one feed jet at 0.5 ml/s for the 2nd to 10th 

pass. Fractions were collected from each pass for analysis. The fractions were allowed 

to cool to room temperature. TLC of each fraction was carried out in 

hexane:ethylacetate (1:2). The fractions were quenched with HCl (1 M) and basified 

with ammonia solution (28% w/w). The solvent was removed en vacuo and the crude 

was analysed by 1HNMR in DMSO.  

(e) Isolated yield experiment The disc speed and temperature were maintained at 

2500 rpm and 130ºC respectively. A 220ml solution containing p-

Aminoacetophenone (3.268g, 0.0242 mol), NaOH (1.94 g, 0.0484 mol) and p-

dimethylaminobenzaldehyde (1.804 g, 0.0121 mol) was fed into the SDP at 0.5 ml/s. 

The 7th pass was collected for analysis. The mixture was cooled to room temperature. 

TLC was carried out in hexane:ethylacetate (1:2). Water was added to aid 

precipitation. The crude precipitate was collected by filtration, dissolved in 

chloroform, filtered and the solvent was evaporated to give a brown solid (2.07 g). 

The brown solid was characterised by 1HNMR in DMSO (see SI.3 section 3.2 (d), 
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Supplementary figure 4). The solid was then purified by column chromatography 

over silica gel using hexane:ethyl acetate (1:2) as eluent to obtain pure 1,5-bis(4-

aminophenyl)-3-(4-(dimethylamino)phenyl)pentane-1,5-dione, 5, in 15% yield (see 

SI.3 section 3.2 (d), Supplementary figure 5)  and the chalcone, 3, in 35% yield (see 

SI.3 section 3.2 (d), Supplementary figure 6). 

2.6. Cyclisation of 5 in PEG300:  

A mixture of 1,5-bis(4-aminophenyl)-3-(4-(dimethylamino)phenyl)pentane-1,5-dione, 

5 (600 mg, 0.00149 mol), PEG300 (10 cm3) and ammonium acetate ( 2.30 g, excess) 

were heated at 100 °C for 3 h with stirring. The reaction was monitored by TLC in 

hexane: ethylacetate (1:2). After 3 h the mixture was cooled to RT and water (100 

cm3) was added to afford a brown precipitate of the triarylpyridine, 6. This was 

collected by suction filtration and resuspended in a stirred solution of ethanol/water 

(10 cm3 : 100 cm3) to remove any PEG300 still present. After stirring for 20 mins 

compound 6 was collected as a brown powder (535 mg, 94 % yield). The powder was 

characterised by 1HNMR in DMSO. 

2.7. Acylation of 6:  

4-Chlorobutyrlchloride (4 cm3, 0.0355 mol) was added to Compound 6 (1.634 g, 

0.00429 mol) with stirring and the mixture was heated at 60 °C overnight (~16 h). 

The reaction mixture was then cooled to room temperature. Diethyl ether (40 cm3) 

was added to aid precipitation. The resulting precipitate was collected by suction 

filtration as a red/brown solid. The solid was dissolved in methanol, filtered to remove 

any salt precipitate and the filtrate was then evaporated to give red/brown oil. Acetone 

was added to solidify the oil and the resulting brown precipitate was collected by 

suction filtration. The solid was re-dissolved in acetone/water (50 cm3: 1 cm3) and left 

to cool to room temperature. The solution was then filtered by suction filtration and 
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the filtrate was evaporated to give red/brown oil. Acetone was added to aid 

solidification of the oil and the resulting red/brown powder was collected by suction 

filtration (1.44 g, 57 % yield), compound 7. The powder was dried on a high vacuum 

line and characterised by 1HNMR in DMSO. 

 

2.8. Aminolysis of 7:  

Pyrrolidine (1 cm3, 0.0122 mol) was added to Compound 7 (55.4 mg, 0.094 mmol) 

with stirring and the mixture was left stirring at room temperature overnight (~ 17 h). 

Ice-cold saturated bicarbonate solution was added to get an orange/brown precipitate. 

The mixture was centrifuged and the solution was decanted, the orange/brown 

precipitate was washed with ice-cold saturated bicarbonate solution (x 3) to give a 

red/brown oily precipitate. The oil was dissolved in methanol and filtered to remove 

excess salt. The filtrate was evaporated to give compound 8 as orange/yellow oil (58 

mg, 94 % yield). HPLC (gradient: starting from Acetonitrile (0.2% TFA): Water 

(0.2% TFA) 30:70 to 70% Acetonitrile (0.2% TFA) over 20 min, hold for 5 min, 

Rt=23.44 min). 

 

2.9. Fluorescence Resonance Energy Transfer (FRET) 

The labelled oligonucleotide c-kit: 5’-FAM-d(GGG CGG GCG CGA GGG AGG 

GG)-TAMRA-3’ [donor fluorophore FAM is 6-carboxyfluorescein and acceptor 

fluorophore TAMRA is 6-carboxytetramethyl-rhodamine] was initially dissolved as a 

100 µM stock solution in purified water and stored in a freezer until required. A 1 

mM stock solution of compound 8 was made up in purified water and stored in a 

freezer until required. A 400 nM solution of c-kit was prepared by diluting the stock 

solution in a 60 mM sodium cacodylate buffer (pH 7.4). The solutions was then 
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heated at 90 °C for 2 min and allowed to cool to room temperature overnight. A 1 µM 

solution of compound 8 was prepared by diluting the stock solution in a 60 mM 

sodium cacodylate buffer (pH 7.4).  A 96-well plate was prepared by aliquoting: 100 

µl of 60 mM sodium cacodylate buffer into well A01, 50 µl of 60 mM sodium 

cacodylate & 50 µl of 400 nM c-kit solution into well C01 and 50 µl of 400 nM c-kit 

solution & 50 µl of 1 µM solution of compound 8 into well H01. Fluorescence 

melting curve was determined in a EnVision 2102 Multilabel Plate Reader. 

Measurements were made in duplicate at each wavelength with excitation at 480 nm 

and detection at 590 nm and 515 nm. Final analysis of the data was carried out using 

Origin 7.5.  

SI.3. Additional Results 

3.1. Batch processing in propan-1-ol and PEG300: No 1,5-diketone was evident by 

1HNMR and TLC analysis. The major product, which precipitated out of solution as 

an orange precipitate in propan-1-ol was the Schiff-base adduct of the Claisen-

Schmidt condensation product, compound 4 (Supplementary Figure 3). As the 

orange precipitate in the PEG300 reaction was too fine to collect by filtration 1HNMR 

of the crude product after acidification and basifying with HCl (1 M) and Ammonia 

solution (28% w/w) respectively was identical to the 1HNMR of pure compound 4 

after acidification and basifying with HCl (1 M) and Ammonia solution (28% w/w) 

respectively. For both methods, 90% of the crude product was Compound 4, with the 

other 10% consisting of a mixture of ketone, aldehyde and chalcone. 



 15

 

 

 

3.2. SDP experiments 

(a) Variable temperature studies 

No 1,5-diketone formation was observed at 90 and 110 °C. The major product 

obtained at these temperatures was compound 4.  The orange precipitate obtained 

from the 10th pass of the 110 °C experiment was identified as compound 4 by 1HNMR 

analysis.  From the above graph it is evident that 1,5-diketone conversion increased 

with an increase in temperature, with maximum conversion (>45%) achieved at 140 

°C.  Compound 4 was not evident by TLC and 1HNMR analysis at 130 °C and above, 

suggesting that Schiff-base formation has been shut down. 

Supplementary Figure 3: 1HNMR in CDCl3 of orange  
precipitate from Batch processing in propan-1-ol. 
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(b) Varying the feed rate 
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(c) Varying the disc speed 
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(d) Isolated yield experiment 

 

 

 

Supplementary Figure 4: 1HNMR in DMSO of crude solid 
from isolated yield experiment.  
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3.3 NMR Characterization of Products 

3: !H (500 MHz, DMSO) 7.89 (d, J = 8.82 Hz, 2H), 7.64 (d, J = 8.82 Hz, 2H), 7.57 (d, 

J = 2.63 Hz, 2H), 6.72 (d, J = 8.94 Hz, 2H), 6.62 (d, J = 8.82 Hz, 2H), 6.03 (s, 2H), 

2.98 (s, 6H). !C (125 MHz, DMSO) 185.85, 153.36, 151.53, 142.47, 130.68, 130.14, 

Supplementary Figure 5: 1HNMR of Compound 5 from 
isolated yield experiment.  

Supplementary Figure 6: 1HNMR in DMSO of Compound 3 
from isolated yield experiment.  
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125.97, 122.55, 116.62, 112.68, 111.79, 39.74. MS (EI+, 70 eV, 200 °C) for 

C17H18N2O ([M]+): calcd: 266.1419; found: 266.1418 (100 %). 

4: !H (500 MHz, CDCl3) 8.33 (s, 1H), 8.06 (d, J = 8.48 Hz, 2H), 7.81 (d, J = 15.24 

Hz, 1H), 7.78 (s, 2H), 7.56 (d, J = 8.94, 2H), 7.39 (d, J = 15.46, 1H), 7.25 (d, J = 8.48 

Hz, 2H), 6.74 (d, J = 8.82 Hz, 2H), 6.70 (d, J = 8.94 Hz, 2H), 3.06 (s, 6H), 3.04 (s, 

6H). !C (125 MHz, CDCl3) 189.52, 161.22, 156.74, 152.87, 152.04, 145.28, 135.62, 

130.93, 130.44, 129.80, 124.11, 122.92, 121.07, 116.92, 113.98, 111.93, 111.62, 

40.22. MS (EI+, 70 eV, 200 °C) for C26H27N3O ([M]+): calcd: 397.2154; found: 

397.2155 (100 %). 

5: !H (500 MHz, DMSO) 7.65 (d, J = 8.71 Hz, 4H), 7.06 (d, J = 8.71 Hz, 2H), 6.56 (d, 

8.82 Hz, 2H), 6.53 (d, J = 8.71 Hz, 4H), 5.99 (s, 4H), 3.71 (m, 1H), 3.10 (m, 4H), 

2.79 (s, 6H). !C (125 MHz, DMSO) 195.91, 153.49, 148.82, 132.46, 130.35, 127.96, 

124.79, 112.47, 112.37, 43.89, 40.30, 36.67. MS (EI+, 70 eV, 200 °C) for C25H27N3O2 

([M]+): calcd: 401.2103: found: 401.2102 (100 %). 

6: !H (500 MHz, DMSO) 7.97 (d, J = 8.71 Hz, 4H), 7.81 (d, J = 8.82 Hz, 2H), 7.71 (s, 

2H), 6.83 (d, J = 8.82 Hz, 2H), 6.67 (d, J = 8.48 Hz, 4H), 5.36 (s, 4H), 2.98 (s, 6H).  

!C (125 MHz, DMSO) 156.42, 150.87, 149.72, 148.52, 127.71, 127.61, 127.04, 

125.36, 113.75, 112.34, 111.49, 39.94. MS (EI+, 70 eV, 200 °C) for C25H24N4 ([M]+): 

calcd: 380.2001: found: 381.2001 (100%). 

7: !H (500 MHz, DMSO) 10.47 (s, NH(C=O)), 8.23 (d, J = 8.25 Hz, 4H), 8.16 (s, 2H), 

8.08 (d, J = 8.82 Hz, 2H), 7.35 (d, J = 8.25 Hz, 4H), 7.11 (d, J = 8.82 Hz, 2H), 4.25 (t, 

J = 6.87 Hz, 4H), 3.06 (s, N(CH3)2), 2.41 (t, J = 7.22 Hz, 4H), 2.13 (tt, J = 6.87 Hz, 

4H). !C (125 MHz, DMSO) 170.66, 153.63, 141.41, 134.61, 130.59, 130.04, 129.51, 
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129.22, 128.99, 128.78, 118.87, 115.98, 45.02, 39.94, 33.49, 27.86. MS (EI+, 70 eV, 

200 °C) for : C33H34Cl2N4O2 ([M]+): calcd: 588.2059: found: 588.2053 (100%). 

8: !H (500 MHz, MeOD) 8.11 (d, J = 8.59 Hz, 4H), 7.85 (s, 2H), 7.72 (d, J = 8.82 Hz, 

2H), 7.70 (d, J = 8.59 Hz, 4H), 6.85 (d, J = 8.82 Hz, 2H), 3.00 (s, N(CH3)2), 2.57 (m, 

8H), 2.54 (m, 4H), 2.43 (t, J = 7.22 Hz, 4H), 1.93 (tt, J = 7.45 Hz, 4H), 1.81 (m, 8H). 

!C (125 MHz, MeOD) 173.97, 158.11, 152.83, 151.55, 140.77, 136.69, 128.79, 

128.67, 126.78, 120.97, 116.06, 113.73, 56.88, 54.97, 40.52, 35.99, 25.74, 24.19. MS 

(EI+, 70 eV, 200 °C) for C41H50N6O2 ([M]+): calcd: 658.3995: found: 659.3995 

(100%). 
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SUPPORTING INFORMATION 

 
 
SI.1. Experimental 
 
1.1. General procedure for the synthesis of 4′-aryl-2,6-bis(4-aminophenyl)pyridines  
 
p-Aminoacetophenone, I (82.5 mmol) was added to a suspension of crushed NaOH 

(82.5 mmol) in PEG300 (70 cm3) at ambient temperature, Supplementary Scheme 1. 

The suspension was heated to 80°C to facilitate the dissolution of NaOH and p-

aminoacetophenone, followed by the addition of the aryl aldehyde, II (41.2 mmol). 

The reaction mixture was then heated at 110°C for 3 h, after which NH4OAc (618 

mmol) was added and the temperature reduced to 100°C. The reaction mixture was 

then stirred at 100°C for 3 h and on cooling to room temperature water (700 cm3) was 

added affording a precipitate of the 4′-aryl-2,6-bis(4-aminophenyl)pyridine, III. This 
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was collected by suction filtration and re-suspended in a stirred solution of 

ethanol/water (100 cm3:1000 cm3). After stirring for 20-30 minutes, III was collected 

by suction filtration as a powder and dried on the high vacuum line overnight. 

 

 

Supplementary Scheme 1:  Synthesis of 4′-aryl-2,6-bis(4-aminophenyl)pyridines 
 

 

IIIa: Golden brown powder, 86%. δH (500 MHz, DMSO) 7.99 (d, J = 8.59 Hz, 4H), 

7.91 (d, J = 8.71 Hz, 2H), 7.75 (s, 2H), 7.49 (d, J = 7.68 Hz, 2H), 7.41 (dd, J = 7.90 

Hz, 7.56 Hz, 2H), 7.35 (d, J = 7.56 Hz, 1H), 7.15 (d, J = 8.59 Hz, 2H), 6.67 (d, J = 

8.71 Hz, 4H), 5.40 (s, 4H), 5.20 (s, 2H). δC (125 MHz, DMSO) 159.1, 156.5, 149.8, 

148.1, 137.0, 130.9, 130.3, 128.5, 128.4, 128.3, 127.9, 127.8, 127.7, 127.6, 113.7, 

69.8. MS (EI+, 70 eV, 200°C) for C30H25N3O ([M]+): calcd: 443.1998; found: 

443.1995 (100%). 

IIIb: Brown powder, 98%. δH (500 MHz, DMSO) 8.00 (d, J = 8.59 Hz, 4H), 7.73 (s, 

2H), 7.59 (d, J = 1.83 Hz, 1H), 7.47 (dd, J = 8.13 Hz, 1.83 Hz, 1H), 7.05 (d, J = 8.13 

Hz, 1H), 6.66 (d, J = 8.59 Hz, 4H), 6.10 (s, 2H), 5.40 (s, 4H). δC (125 MHz, DMSO) 

156.5, 149.8, 148.1, 148.1, 147.9, 132.6, 127.7, 126.6, 121.00, 113.6, 112.4, 108.6, 

107.4, 101.3. MS (EI+, 70 eV, 200°C) for C24H19N3O2 ([M]+): calcd: 381.1477; 

found: 381.1469 (100%). 
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1.2. General procedure for the acylation of 4′-aryl-2,6-bis(4-aminophenyl)pyridines  
 

4-Chlorobutyrlchloride or 3-Chloropropionylchloride (30 equiv. to III) was added to 

III (240 mg-1.7097 g) with stirring and the mixture was heated at 60°C overnight 

(~16 h), Supplementary Scheme 2. The reaction mixture was then cooled to room 

temperature and placed in an ice-bath. Diethyl ether (40 cm3) was added to aid 

precipitation. The resulting precipitate was collected by suction filtration. The 

precipitate was dissolved in methanol to precipitate any excess salt, and the solution 

was then centrifuged, decanted and evaporated to give the acylated 4′-aryl-2,6-bis(4-

aminophenyl)pyridine, IV or V as oil. Acetone was added to solidify the oil and the 

resulting powder was collected by suction filtration and dried on a high vacuum line 

overnight. 

 

Supplementary Scheme 2:  Acylation of 4′-aryl-2,6-bis(4-aminophenyl)pyridines 
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Va: Brown powder, 93%. δH (500 MHz, DMSO) 10.20 (s, 2H), 8.28 (d, J = 8.59 Hz, 

4H), 8.12 (s, 2H), 8.01 (d, J = 8.25 Hz, 2H), 7.77 (d, J = 8.59 Hz, 4H), 7.75 (d, J = 

7.79 Hz, 2H), 3.72 (t, J = 6.53 Hz, 4H), 2.53 (t, J = 7.33 Hz, 4H), 2.06 (m, 4H). δC 

(125 MHz, DMSO) 170.6, 155.4, 140.8, 136.4, 132.0, 129.6, 129.6, 128.4, 128.0, 

123.4, 119.0, 116.1, 45.1, 33.5, 27.9. MS (FAB) for: C31H28BrCl2N3O2 ([M]+): calcd: 

623.0742: found: 626.0800 (100%), 624.0784 (56%), 625.0810 (47%), 627.0769 

(35%).  

IVb: Golden brown powder, 83%. δH (500 MHz, DMSO) 10.37, 8.28 (d, J = 8.82 

Hz, 4H), 8.14 (s, 2H), 8.02 (d, J = 8.36 Hz, 2H), 7.80 (d, J = 8.82 Hz, 4H), 7.43 (d, J 

= 8.36 Hz, 2H), 3.91 (t, J = 6.30 Hz, 4H), 2.88 (t, J = 6.30 Hz, 4H), 2.56 (s, SCH3). 

δC (125 MHz, DMSO) 167.7, 154.4, 149.4, 147.7, 140.3, 139.9, 132.5, 127.5, 127.4, 

125.5, 118.4, 115.5, 40.4, 38.8, 14.2. MS (FAB) for: C30H27Cl2N3O2S ([M]+): calcd: 

563.1201: found: 564.1257 (100%), 566.1237 (71%). 

Vb: Golden brown powder, 96%. δH (500 MHz, DMSO) 10.21 (s, 2H), 8.27 (d, J = 

8.8 Hz, 4H), 8.11 (s, 2H), 8.01 (d, J = 8.2 Hz, 2H), 7.78 (d, J = 8.8 Hz, 4H), 7.43 (d, J 

= 8.2 Hz, 2H), 3.72 (t, J = 6.6 Hz, 4H), 2.56 (s, SCH3), 2.54 (t, J = 7.1 Hz, 4H), 2.06 

(m, 4H). δC (125 MHz, DMSO) 170.6, 154.6, 151.2, 141.5, 141.2, 132.7, 130.5, 

128.4, 128.1, 126.0, 118.9, 116.5, 45.0, 33.5, 27.9, 14.4. MS (FAB) for: 

C32H31Cl2N3O2S ([M]+): calcd: 591.1514: found: 592.1622 (100%), 594.1619 (49%). 

IVc: Golden brown powder, 88%. δH (500 MHz, DMSO) 10.35 (s, 2H), 8.26 (d, J = 

8.59 Hz, 4H), 8.09 (d, J = 3.67 Hz, 1H), 8.05 (s, 2H), 7.80 (d, J = 8.36 Hz, 4H), 7.81 

(m, 1H), 7.28 (m, 1H), 3.91 (t, J = 6.30 Hz, 4H), 2.88 (t, J = 6.30 Hz, 4H). δC (125 

MHz, DMSO) 168.3, 155.1, 144.3, 140.7, 140.1, 131.3, 129.6, 129.0, 128.2, 128.1, 

119.0, 114.7, 40.7, 39.3. MS (FAB) for: C27H23Cl2N3O2S ([M]+): calcd: 523.0888: 

found: 524.0959 (100%), 526.0947 (73%). 
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Vc: Brown powder, 88%. δH (500 MHz, DMSO) 10.22 (s, 2H), 8.24 (d, J = 8.71 Hz, 

4H), 8.08 (d, J = 3.67 Hz, 1H), 8.03 (s, 2H), 7.79 (d, J = 3.67 Hz, 1H), 7.78 (d, J = 

8.71 Hz, 4H), 7.28 (dd, J = 5.04 Hz, 3.78 Hz, 1H), 3.72 (t, J = 6.53 Hz, 4H), 2.54 (t, J 

= 7.33 Hz, 4H), 2.06 (m, 4H). δC (125 MHz, DMSO) 170.6, 155.1, 144.6, 141.1, 

140.1, 130.8, 129.8, 129.1, 128.4, 128.2, 119.0, 114.8, 45.1, 33.5, 27.9. MS (FAB) 

for: C29H27Cl2N3O2S ([M]+): calcd: 551.1201: found: 552.1288 (100%), 554.1299 

(73%).  

IVd: Brown powder, 85%. δH (500 MHz, DMSO) 10.33 (s, 2H), 8.25 (d, J = 8.82 Hz, 

4H), 8.09 (s, 2H), 7.95 (d, J = 1.72 Hz, 1H), 7.80 (d, J = 8.82 Hz, 4H), 7.55 (d, J = 

3.55 Hz, 1H), 6.75 (dd, J = 3.44 Hz, 1.72 Hz, 1H), 3.91 (t, J = 6.30 Hz, 4H), 2.88 (t, J 

= 6.19 Hz, 4H). δC (125 MHz, DMSO) 168.4, 155.0, 150.5, 145.7, 140.8, 140.3, 

131.2, 130.7, 128.1, 119.0, 113.0, 112.7, 40.8, 39.3. MS (FAB) for: C27H23Cl2N3O3 

([M]+): calcd: 507.1116: found: 508.1207 (100%), 510.1188 (71%).  

Vd: Brown powder, 72%. δH (500 MHz, DMSO) 10.21 (s, 2H), 8.23 (d, J = 8.82 Hz, 

4H), 8.07 (s, 2H), 7.94 (d, J = 1.72 Hz, 1H), 7.77 (d, J = 8.71 Hz, 4H), 7.53 (d, J = 

3.44 Hz, 1H), 6.75 (dd, J = 3.44 Hz, 1.72 Hz, 1H), 3.72 (t, J = 6.53 Hz, 4H), 2.53 (t, J 

= 7.22 Hz, 4H), 2.06 (m, 4H). δC (125 MHz, DMSO) 170.6, 155.1, 150.6, 145.0, 

142.1, 141.0, 130.7, 128.4, 127.9, 119.0, 112.9, 110.5, 45.0, 33.5, 27.9. MS (FAB) 

for: C29H27Cl2N3O3 ([M]+): calcd: 535.1429: found: 536.1483 (100%), 538.1467 

(81%).  

IVe: Crystalline brown powder, 64%. δH (500 MHz, DMSO) 10.33 (s, 2H), 8.29 (d, J 

= 8.48 Hz, 4H), 8.10 (s, 2H), 8.02 (d, J = 8.48 Hz, 2H), 7.79 (d, J = 8.48 Hz, 4H), 

7.49 (d, J = 7.22 Hz, 2H), 7.41 (m, 2H), 7.35 (d, J = 7.22 Hz, 1H), 7.19 (d, J = 8.48 

Hz, 2H), 5.22 (s, 2H), 3.91 (t, J = 6.30 Hz, 4H), 2.88 (t, J = 5.96 Hz, 4H). δC (125 

MHz, DMSO) 168.1, 159.7, 154.6, 140.4, 136.6, 129.0, 128.9, 128.7, 128.3, 128.2, 
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128.0, 127.8, 127.5, 127.4, 118.8, 115.3, 69.6, 40.6, 37.0. MS (FAB) for: 

C36H31Cl2N3O3 ([M]+): calcd: 623.1742: found: 624.1814 (100%), 626.1819 (74%). 

Ve: Brown powder, 83%. δH (500 MHz, DMSO) 10.28 (s, 2H), 8.25 (d, J = 8.48 Hz, 

4H), 8.11 (s, 2H), 8.04 (d, J = 8.36 Hz, 2H), 7.79 (d, J = 8.48 Hz, 4H), 7.49 (d, J = 

7.45 Hz, 2H), 7.41 (m, 2H), 7.35 (d, J = 7.56 Hz, 1H), 7.19 (d, J = 8.59 Hz, 2H), 5.22 

(s, 2H), 3.72 (t, J = 6.64 Hz, 4H), 2.54 (t, J = 7.33 Hz, 4H), 2.06 (m, 4H). δC (125 

MHz, DMSO) 170.6, 155.0, 141.0, 137.1, 136.9, 129.4, 129.2, 128.9, 128.5, 128.4, 

128.3, 127.9, 127.7, 122.8, 118.9, 115.4, 69.8, 45.0, 33.5, 27.9. MS (FAB) for: 

C38H35Cl2N3O3 ([M]+): calcd: 651.2055: found: 652.2152 (100%), 654.2143 (77%).  

IVf: Brown powder, 74%. δH (500 MHz, DMSO) 10.34 (s, 2H), 8.29 (d, J = 8.82 Hz, 

4H), 8.09 (s, 2H), 7.79 (d, J = 8.71 Hz, 4H), 7.72 (d, J = 1.83 Hz, 1H), 7.61 (dd, J = 

8.25, 1.83 Hz, 1H), 7.11 (d, J = 8.25 Hz, 1H), 6.13 (s, 2H), 3.91 (t, J = 6.30 Hz, 4H), 

2.88 (t, J = 6.42 Hz, 4H). δC (125 MHz, DMSO) 168.5, 154.3, 149.3, 148.4, 143.4, 

141.0, 130.4, 129.2, 128.6, 122.5, 119.0, 118.4, 117.0, 108.8, 101.8, 40.7, 37.2. MS 

(FAB) for: C30H25Cl2N3O4 ([M]+): calcd: 561.1222: found: 562.1303 (100%), 

564.1236 (46%). 

Vf: Brown powder, 78%. δH (500 MHz, DMSO) 10.24 (s, 2H), 8.25 (d, J = 8.82 Hz, 

4H), 8.09 (s, 2H), 7.78 (d, J = 8.71 Hz, 4H), 7.72 (d, J = 1.72 Hz, 1H), 7.61 (dd, J = 

8.25 Hz, 1.72 Hz, 1H), 7.10 (d, J = 8.25 Hz, 1H), 6.13 (s, 2H), 3.72 (t, J = 6.64 Hz, 

4H), 2.54 (t, J = 7.33 Hz, 4H), 2.06 (m, 4H). δC (125 MHz, DMSO) 170.5, 154.7, 

148.7, 148.3, 140.7, 128.7, 127.9, 121.9, 118.9, 118.3, 116.6, 116.2, 108.8, 107.7, 

101.6, 27.9, 33.5, 45.0. MS (FAB) for: C32H29Cl2N3O4 ([M]+): calcd: 589.1535: 

found: 590.1643 (100%), 592.1629 (73%). 
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1.3. General procedure for the aminolysis of acylated triarylpyridines 
 

1.3.1. Aminolysis with Pyrrolidine  

Pyrrolidine (130 equiv. to IV or V) was added to Compound IV or V (54.2 mg -58.8 

mg) with stirring and the mixture was left stirring at room temperature overnight (~ 

16 h), Supplementary Scheme 3. The reaction mixture was placed in an ice-bath and 

ice-cold saturated bicarbonate solution was added to get a brown precipitate. The 

mixture was centrifuged and the solution was decanted, the brown precipitate was 

washed with ice-cold saturated bicarbonate solution (x 3). The precipitate was 

dissolved in methanol to precipitate excess salt, centrifuged and the methanol solution 

was decanted and evaporated to give compound VI or VII, which was then purified 

by HPLC as oil and freeze dried for 48 h. HPLC (gradient: starting from Acetonitrile 

(0.2% TFA): Water (0.2% TFA) 30:70 to 70% Acetonitrile (0.2% TFA) over 20 min), 

3.00 ml/min flow rate, with varying run times.          

 

Supplementary Scheme 3:  Aminolysis of acylated triarylpyridines with pyrrolidine 
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VIIa: Yellow oil, 83%. HPLC run time 20 min, Rt=12.057 min. δH (500 MHz, 

MeOD) 8.21 (d, J = 8.71 Hz, 4H), 7.99 (s, 2H), 7.81 (d, J = 8.59 Hz, 2H), 7.75 (d, J = 

8.71 Hz, 4H), 7.71 (d, J = 8.59 Hz, 2H), 3.71 (m, 4H, pyr), 3.30 (m, 4H), 3.12 (m, 4H. 

pyr), 2.62 (t, J = 6.64 Hz, 4H), 2.18 (m, 4H, pyr), 2.11 (m, 4H), 2.04 (m, 4H, pyr). δC 

(125 MHz, MeOD) 174.0, 161.4, 158.3, 146.7, 141.0, 136.1, 133.3, 130.1, 128.7, 

124.3, 121.00, 116.8, 56.9, 55.0, 36.0, 25.7, 24.2. MS (FAB) for C39H44N5O2Br 

([M]+): calcd: 693.2678: found: 696.2766 (100%), 694.2731 (98%). 

VIb: Yellow oil, 79%. HPLC run time 15 min, Rt=10.162 min. δH (500 MHz, MeOD) 

8.12 (d, J = 8.82 Hz, 4H), 8.10 (s, 2H), 7.90 (d, J = 8.59 Hz, 2H), 7.83 (d, J = 8.82 

Hz, 4H), 7.44 (d, J = 8.59 Hz, 2H), 3.72 (m, 4H, pyr), 3.58 (t, J = 6.64 Hz, 4H), 3.16 

(m, 4H, pyr), 2.97 (t, J = 6.64 Hz, 4H), 2.55 (s, 3H, SCH3), 2.18 (m, 4H, pyr), 2.06 

(m, 4H, pyr). δC (125 MHz, MeOD) 172.6, 158.1, 150.7, 141.8, 140.8, 136.3, 136.1, 

128.7, 128.5, 127.5, 120.9, 116.7, 54.8, 52.9, 36.9, 24.3, 15.3. MS (FAB) for 

C38H43N5O2S ([M]+): calcd: 633.3137: found: 634.3171 (100%). 

VIIb: Yellow oil, 56%. HPLC run time 20 min, Rt=10.406 min. δH (500 MHz, 

MeOD) 8.15 (d, J = 8.71 Hz, 4H), 8.05 (s, 2H), 7.87 (d, J = 8.48 Hz, 2H), 7.79 (d, J = 

8.71 Hz, 4H), 7.44 (d, J = 8.48 Hz, 2H), 3.71 (m, 4H, pyr), 3.30 (m, 4H), 3.12 (m, 4H, 

pyr), 2.62 (t, J = 6.87 Hz, 4H), 2.56 (s, 3H, SCH3), 2.18 (m, 4H, pyr), 2.11 (m, 4H), 

2.05 (m, 4H, pyr). δC (125 MHz, MeOD) 173.9, 161.4, 158.0, 150.6, 140.9, 136.2, 

129.2, 128.6, 128.5, 127.5, 120.9, 116.6, 56.9, 54.9, 36.0, 25.7, 24.2, 15.3. MS (FAB) 

for C40H47N5O2S ([M]+): calcd: 661.345: found: 662.3536 (100%). 

VIc: Yellow oil, 88%. HPLC run time 15 min, Rt=8.191 min. δH (500 MHz, MeOD) 

8.14 (d, J = 8.82 Hz, 4H), 8.03 (s, 2H), 7.93 (dd, J = 3.67 Hz, 1.03 Hz, 1H), 7.82 (d, J 

= 8.82 Hz, 4H), 7.68 (dd, J = 5.04 Hz, 1.03 Hz, 1H), 7.25 (dd, J = 5.04 Hz, 3.67 Hz, 

1H), 3.73 (m, 4H, pyr), 3.58 (t, J = 6.53 Hz, 4H), 3.18 (m, 4H, pyr), 2.96 (t, J = 6.53 
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Hz, 4H), 2.19 (m, 4H, pyr), 2.06 (m, 4H, pyr). δC (125 MHz, MeOD) 172.7, 161.5, 

158.4, 142.8, 141.0, 136.1, 129.6, 128.6, 128.3, 127.1, 121.0, 115.4, 54.8, 52.9, 36.9, 

24.3. MS (FAB) for C35H39N5O2S ([M]+): calcd: 593.2824: found: 594.2919 (100%). 

VIIc: Yellow oil, 83%. HPLC run time 15 min, Rt=8.301 min. δH (500 MHz, MeOD) 

8.13 (d, J = 8.82 Hz, 4H), 8.02 (s, 2H), 7.92 (dd, J = 3.67 Hz, 1.03 Hz, 1H), 7.79 (d, J 

= 8.71 Hz, 4H), 7.68 (dd, J = 5.15 Hz, 1.03 Hz, 1H), 7.25 (dd, J = 5.15 Hz, 3.67 Hz, 

1H), 3.71 (m, 4H, pyr), 3.30 (m, 4H), 3.12 (m, 4H, pyr), 2.62 (t, J = 6.87 Hz, 4H), 

2.18 (m, 4H, pyr), 2.11 (m, 4H), 2.04 (m, 4H, pyr). δC (125 MHz, MeOD) 174.0, 

161.7, 158.5, 142.7, 141.0, 135.5, 129.6, 128.6, 128.3, 127.1, 121.0, 115.4, 56.9, 

55.00, 36.00, 25.7, 24.2. MS (FAB) for C37H43N5O2S ([M]+): calcd: 621.3137: found: 

622.3189 (100%). 

VId: Yellow oil, 80%. HPLC run time 15 min, Rt=7.102 min.  δH (500 MHz, MeOD) 

8.14 (s, 2H), 8.08 (d, J = 8.82 Hz, 4H), 7.85 (d, J = 8.71 Hz, 4H), 7.86 (m, 1H, furan), 

7.51 (dd, J = 3.67 Hz, 0.46 Hz, 1H), 6.73 (dd, J = 3.55 Hz, 1.72 Hz, 1H), 3.73 (m, 4H, 

pyr), 3.58 (t, J = 6.53 Hz, 4H), 3.17 (m, 4H, pyr), 2.97 (t, J = 6.64 Hz, 4H), 2.18 (m, 

4H, pyr), 2.06 (m, 4H, pyr). δC (125 MHz, MeOD) 170.1, 161.8, 156.5, 151.7, 147.5, 

142.1, 132.3, 129.7, 121.0, 116.5, 115.4, 114.2, 55.5, 52.2, 33.0, 24.0. MS (FAB) for 

C35H39N5O3 ([M]+): calcd: 577.3053: found: 578.3129 (100%). 

VIId: Yellow oil, 95%. HPLC run time 15 min, Rt=7.707 min. δH (500 MHz, MeOD) 

8.18 (s, 2H), 8.07 (d, J = 8.82 Hz, 4H), 7.89 (d, J = 1.37 Hz, 1H), 7.85 (d, J = 8.82 

Hz, 4H), 7.56 (d, J = 3.44 Hz, 1H), 6.76 (dd, J = 3.44 Hz, 1.72 Hz, 1H), 3.71 (m, 4H, 

pyr), 3.30 (m, 4H), 3.12 (m, 4H, pyr), 2.62 (t, J = 6.87 Hz, 4H), 2.19 (m, 4H, pyr), 

2.11 (m, 4H), 2.04 (m, 4H, pyr). δC (125 MHz, MeOD) 174.0, 161.5, 158.2, 153.1, 

145.3, 141.0, 136.1, 128.6, 121.0, 116.2, 113.2, 110.3, 56.9, 55.0, 36.0, 25.7, 24.2. 

MS (FAB) for C37H43N5O3 ([M]+): calcd: 605.3366: found: 606.3432 (100%). 
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VIe: Yellow oil, 81%. HPLC run time 26 min, Rt=12.962 min.  δH (500 MHz, MeOD) 

8.17 (d, J = 8.71 Hz, 4H), 7.99 (s, 2H), 7.86 (d, J = 8.82 Hz, 2H), 7.79 (d, J = 8.59 

Hz, 4H), 7.47 (d, J = 7.22 Hz, 2H), 7.39 (t, J = 7.22 Hz, 2H), 7.33 (d, J = 7.56 Hz, 

1H), 7.18 (d, J = 8.82 Hz, 2H), 5.19 (s, 2H), 3.72 (m, 4H, pyr), 3.58 (t, J = 6.42 Hz, 

4H), 3.18 (m, 4H, pyr), 2.96 (t, J = 6.42 Hz, 4H), 2.19 (m, 4H, pyr), 2.06 (m, 4H, 

pyr). δC (125 MHz, MeOD) 172.6, 161.1, 158.0, 151.00, 140.8, 138.5, 136.4, 130.4, 

129.6, 129.4, 128.9, 128.7, 128.6, 120.9, 116.7, 115.9, 71.0, 54.8, 52.9, 36.9, 24.3. 

MS (FAB) for C44H47N5O3 ([M]+): calcd: 693.3679: found: 694.3781 (100%). 

VIIe: Yellow oil, 68%. HPLC run time 26 min, Rt=12.989 min. δH (500 MHz, 

MeOD) 8.16 (d, J = 8.71 Hz, 4H), 8.00 (s, 2H), 7.88 (d, J = 8.59 Hz, 2H), 7.77 (d, J = 

8.71 Hz, 4H), 7.47 (d, J = 7.22 Hz, 2H), 7.39 (t, J = 7.56 Hz, 2H), 7.33 (d, J = 7.56 

Hz, 1H), 7.19 (d, J = 8.82 Hz, 2H), 5.19 (s, 2H), 3.71 (m, 4H, pyr), 3.30 (m, 4H), 3.12 

(m, 4H, pyr), 2.62 (t, J = 6.76 Hz, 4H), 2.18 (m, 4H, pyr), 2.11 (m, 4H), 2.05 (m, 4H, 

pyr). δC (125 MHz, MeOD) 173.9, 161.4, 157.7, 150.4, 138.4, 136.3, 131.9, 130.3, 

129.5, 129.4, 128.9, 128.7, 128.6, 120.9, 116.5, 115.9, 71.0, 56.8, 54.9, 36.0, 25.7, 

24.2. MS (FAB) for C46H51N5O3 ([M]+): calcd: 721.3992: found: 722.4105 (100%). 

VIf: Yellow oil, 84%. HPLC run time 15 min, Rt=9.018 min. δH (500 MHz, MeOD) 

8.19 (d, J = 8.71 Hz, 4H), 7.92 (s, 2H), 7.77 (d, J = 8.71 Hz, 4H), 7.39 (m, 2H), 6.99 

(d, J = 8.59 Hz, 1H), 6.05 (s, 2H), 3.72 (m, 4H, pyr), 3.58 (t, J = 6.64 Hz, 4H), 3.20 

(m, 4H, pyr), 2.95 (t, J = 6.53 Hz, 4H), 2.18 (m, 4H, pyr), 2.07 (m, 4H, pyr). δC (125 

MHz, MeOD) 172.5, 161.4, 157.8, 150.9, 149.8, 140.8, 136.2, 133.8, 128.6, 122.2, 

120.9, 116.7, 109.7, 108.3, 102.8, 54.8, 52.8, 36.9, 24.3. MS (FAB) for C38H41N5O4 

([M]+): calcd: 631.3159: found: 632.3228 (100%). 

VIIf: Yellow oil, 83%. HPLC run time 18 min, Rt=8.999 min.  δH (500 MHz, MeOD) 

8.19 (s, 2H), 8.06 (d, J = 8.71 Hz, 4H), 7.88 (d, J = 8.71 Hz, 4H), 7.63 (dd, J = 8.13 
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Hz, 2.06 Hz, 1H), 7.59 (d, J = 1.37 Hz, 1H), 7.07 (d, J = 8.25 Hz, 1H), 6.11 (s, 2H), 

3.70 (m, 4H, pyr), 3.30 (m, 4H), 3.23 (m, 4H, pyr), 2.62 (t, J = 6.76 Hz, 4H), 2.18 (m, 

4H, pyr), 2.11 (m, 4H), 2.05 (m, 4H, pyr). δC (125 MHz, MeOD) 173.8, 161.4, 157.9, 

151.0, 149.9, 140.9, 136.1, 133.8, 128.6, 122.3, 120.9, 116.7, 109.7, 108.3, 102.8, 

56.8, 54.9, 35.9, 25.6, 24.2. MS (FAB) for C40H45N5O4 ([M]+): calcd: 659.3472: 

found: 660.3549 (100%). 

 

1.3.2. Aminolysis with Piperazine 

Piperazine (130 equiv. to IV or V) was added to Compound IV or V (46 mg-59.2 

mg), the solids were then heated with a heat gun until melted and left stirring at 

110°C overnight (~ 16 h), Supplementary Scheme 4. The reaction mixture was cooled 

to room temperature and placed in an ice-bath.  Ice-cold saturated bicarbonate 

solution was added to get a brown precipitate. The mixture was centrifuged and the 

solution was decanted, the brown precipitate was washed with ice-cold saturated 

bicarbonate solution (x 3). The precipitate was dissolved in methanol to precipitate 

excess salt, centrifuged and the methanol solution was decanted and evaporated to 

give compound VIII or IX, which was then purified by HPLC as oil and freeze dried 

for 48 h. HPLC (gradient: starting from Acetonitrile (0.2% TFA): Water (0.2% TFA) 

30:70 to 70% Acetonitrile (0.2% TFA) over 20 min), 3.00 ml/min flow rate, with 

varying run times.  
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Supplementary Scheme 4:  Aminolysis of acylated triarylpyridines with piperazine 
 

IXa: Yellow oil, 69%. HPLC run time 30 min, Rt=7.913 min. δH (500 MHz, MeOD) 

8.19 (d, J = 8.82 Hz, 4H), 8.03 (s, 2H), 7.83 (d, J = 8.59 Hz, 2H), 7.78 (d, J = 8.82 

Hz, 4H), 7.72 (d, J = 8.59 Hz, 2H), 3.43 (m, 8H, pip), 3.26 (m, 8H, pip), 3.04 (t, J = 

7.22 Hz, 4H), 2.60 (t, J = 6.76 Hz, 4H), 2.07 (m, 4H). δC (125 MHz, MeOD) 174.1, 

161.4, 158.2, 150.4, 141.0, 136.0, 133.3, 130.1, 128.7, 124.3, 120.9, 116.8, 59.5, 54.8, 

46.1, 35.9, 23.3. MS (FAB) for C39H46BrN7O2 ([M]+): calcd: 723.2896: found: 

724.2982 (100%). 

VIIIb: Yellow oil, 53%. HPLC run time 15 min, Rt=7.015 min. δH (500 MHz, 

MeOD) 8.14 (d, J = 8.82 Hz, 4H), 8.10 (s, 2H), 7.90 (d, J = 8.48 Hz, 2H), 7.81 (d, J = 

8.71 Hz, 4H), 7.45 (d, J = 8.48 Hz, 2H), 3.37 (m, 8H, pip), 3.13 (t, J = 6.76 Hz, 4H), 

3.08 (m, 8H, pip), 2.78 (t, J = 6.76 Hz, 4H), 2.56 (s, 3H, SCH3). δC (125 MHz, 

MeOD) 172.8, 164.2, 163.2, 161.4, 158.1, 140.9, 136.2, 128.7, 128.5, 127.5, 120.9, 

116.6, 55.6, 52.8, 47.6, 34.7, 15.3. MS (FAB) for C38H45N7O2S ([M]+): calcd: 

663.3355: found: 664.3449 (100%). 
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IXb: Yellow oil, 61%. HPLC run time 20 min, Rt=7.066 min.  δH (500 MHz, MeOD) 

8.17 (d, J = 8.71 Hz, 4H), 8.05 (s, 2H), 7.87 (d, J = 8.48 Hz, 2H), 7.80 (d, J = 8.71 

Hz, 4H), 7.45 (d, J = 8.36 Hz, 2H), 3.35 (m, 8H, pip), 3.11 (m, 8H, pip), 2.90 (t, J = 

6.87 Hz, 4H), 2.57 (t, J = 6.87 Hz, 4H), 2.56 (s, 3H, SCH3), 2.03 (m, 4H). δC (125 

MHz, MeOD) 174.1, 161.4, 158.1, 150.5, 141.0, 136.2, 131.8, 128.7, 128.5, 127.5, 

120.9, 116.6, 59.4, 54.4, 46.4, 35.9, 23.3, 15.3. MS (FAB) for C40H49N7O2S ([M]+): 

calcd: 691.3668: found: 692.3745 (100%). 

VIIIc: Yellow oil, 62%. HPLC run time 15 min, Rt=5.736 min. δH (500 MHz, MeOD) 

8.10 (d, J = 8.82 Hz, 4H), 8.08 (s, 2H), 8.01 (dd, J = 3.78 Hz, 1.03 Hz, 1H), 7.83 (d, J 

= 8.71 Hz, 4H), 7.75 (dd, J = 5.04 Hz, 1.03 Hz, 1H), 7.28 (dd, J = 5.04 Hz, 3.67 Hz, 

1H), 3.46 (m, 8H, pip), 2.88 (t, J = 6.64 Hz, 4H). δC (125 MHz, MeOD) 172.9, 161.4, 

158.3, 142.7, 141.0, 136.0, 129.7, 128.6, 128.3, 127.1, 120.9, 115.3, 55.6, 54.5, 46.3, 

34.7. MS (FAB) for C35H41N7O2S ([M]+): calcd: 623.3042: found: 624.3128 (100%). 

IXc: Yellow oil, 66%. HPLC run time 15 min, Rt=5.677 min. δH (500 MHz, MeOD) 

8.11 (d, J = 8.71 Hz, 4H), 8.07 (s, 2H), 8.00 (d, J = 3.78 Hz, 1H), 7.82 (d, J = 8.71 

Hz, 4H), 7.74 (d, J = 4.70 Hz, 1H), 7.28 (dd, J = 4.93 Hz, 3.78 Hz, 1H), 3.51 (m, 8H, 

pip), 3.44 (m, 8H, pip), 3.18 (t, J = 7.33 Hz, 4H), 2.63 (t, J = 6.64 Hz, 4H), 2.11 (m, 

4H). δC (125 MHz, MeOD) 174.1, 161.4, 158.3, 142.7, 141.1, 135.9, 129.6, 128.6, 

128.3, 127.1, 121.0, 115.2, 59.5, 54.7, 46.1, 35.9, 23.3. MS (FAB) for C37H45N7O2S 

([M]+): calcd: 651.3355: found: 652.3454 (100%). 

VIIId: Yellow oil, 79%. HPLC run time 15 min, Rt=5.758 min. δH (500 MHz, 

MeOD) 8.12 (s, 2H), 8.10 (d, J = 8.71 Hz, 4H), 7.84 (m, 1H), 7.82 (d, J = 8.71 Hz, 

4H), 7.47 (d, J = 3.55 Hz, 1H), 6.72 (dd, J = 3.55 Hz, 1.83 Hz, 1H), 3.42 (m, 8H, pip), 

3.23 (t, J = 6.64 Hz, 4H), 3.20 (m, 8H, pip), 2.83 (t, J = 6.64 Hz, 4H). δC (125 MHz, 

MeOD) 172.9, 161.4, 158.1, 153.0, 145.3, 141.0, 136.1, 128.6, 121.0, 116.0, 113.1, 
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110.3, 55.6, 54.2, 46.4, 34.7. MS (FAB) for C35H41N7O3 ([M]+): calcd: 607.3271: 

found: 608.3355 (100%). 

IXd: Yellow oil, 90%. HPLC run time 15 min, Rt=6.109 min. δH (500 MHz, MeOD) 

8.13 (d, J = 8.71 Hz, 4H), 8.09 (s, 2H), 7.81 (m, 1H), 7.80 (d, J = 8.71 Hz, 4H), 7.40 

(d, J = 3.55 Hz, 1H), 6.70 (dd, J = 3.55 Hz, 1.83 Hz, 1H), 3.41 (m, 8H, pip), 3.23 (m, 

8H, pip), 2.95 (t, J = 6.64 Hz, 4H), 2.59 (t, J = 6.76 Hz, 4H), 2.04 (m, 4H). δC (125 

MHz, MeOD) 174.1, 161.4, 158.2, 153.1, 145.3, 141.1, 136.0, 128.6, 120.9, 116.0, 

113.1, 110.3, 59.4, 54.5, 46.0, 35.9, 23.3. MS (FAB) for C37H45N7O3 ([M]+): calcd: 

635.3584: found: 636.3686 (100%). 

VIIIe: Yellow oil, 87.83% yield. HPLC run time 16 min, Rt=9.309 min. δH (500 

MHz, MeOD) 8.15 (d, J = 8.59 Hz, 4H), 8.03 (s, 2H), 7.89 (d, J = 8.59 Hz, 2H), 7.78 

(d, J = 8.59 Hz, 4H), 7.47 (d, J = 7.56 Hz, 2H), 7.39 (t, J = 7.79 Hz, 2H), 7.33 (d, J = 

7.45 Hz, 1H), 7.19 (d, J = 8.82 Hz, 2H), 5.20 (s, 2H), 3.25 (m, 8H, pip), 2.95 (t, J = 

6.87 Hz, 4H), 2.88 (m, 8H, pip), 2.68 (t, J = 6.87 Hz, 4H). δC (125 MHz, MeOD) 

172.9, 161.2, 158.2, 151.4, 138.5, 136.4, 133.0, 131.9, 129.6, 129.5, 129.0, 128.7, 

128.6, 121.0, 116.6, 116.0, 71.1, 55.6, 54.5, 47.6, 34.7. MS (EI+, 70 eV, 200°C) for 

C44H49N7O3 ([M]+): calcd: 723.3897: found: 724.3930 (100%). 

IXe: Yellow oil, 69% yield. HPLC run time 27 min, Rt=9.675 min.  δH (500 MHz, 

MeOD) 8.08 (d, J = 8.80 Hz, 4H), 7.89 (d, J = 8.80 Hz, 2H), 7.79 (s, 2H), 7.67 (d, J = 

8.80 Hz, 4H), 7.41 (d, J = 7.10 Hz, 2H), 7.35 (t, J = 7.70 Hz, 2H), 7.28 (d, J = 7.10 

Hz, 1H), 6.84 (d, J = 8.80 Hz, 2H), 5.06 (s, 2H), 3.32 (m, 8H, pip), 3.30 (m, 4H), 2.81 

(m, 4H), 2.40 (m, 8H, pip), 1.88 (m, 4H). δC (125 MHz, MeOD) 174.0, 161.4, 158.1, 

150.8, 138.9, 138.4, 131.9, 130.3, 129.5, 129.4, 128.9, 128.6, 128.5, 120.9, 116.5, 

115.9, 71.0, 59.5, 54.7, 46.1, 35.9, 23.3. MS (EI+, 70 eV, 200°C) for C46H53N7O3 

([M]+): calcd: 751.4210: found: 752.4293 (100%). 
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VIIIf: Yellow oil, 98% yield. HPLC run time 12 min, Rt=6.123 min. δH (500 MHz, 

MeOD) 8.15 (d, J = 8.71 Hz, 4H), 8.01 (s, 2H), 7.81 (m, 1H), 7.79 (d, J = 8.48 Hz, 

4H), 7.46 (s, 1H), 7.02 (d, J = 8.48 Hz, 1H), 6.07 (s, 2H), 3.25 (m, 8H, pip), 2.98 (m, 

4H), 2.90 (m, 8H, pip), 2.70 (m, 4H). δC (125 MHz, MeOD) 172.9, 161.4, 158.1, 

151.3, 150.0, 140.8, 136.3, 134.0, 128.7, 122.3, 121.0, 116.9, 109.8, 108.4, 102.9, 

55.6, 54.3, 46.6, 34.7. MS (FAB) for C38H43N7O4 ([M]+): calcd: 661.3377: found: 

662.3467 (100%). 

IXf: Yellow oil, 95% yield. HPLC run time 16 min, Rt=5.924 min. δH (500 MHz, 

MeOD) 8.14 (d, J = 8.94 Hz, 4H), 8.11 (d, J = 8.71 Hz, 2H), 7.95 (d, J = 8.82 Hz, 

2H), 7.85 (s, 2H), 7.72 (d, J = 8.71 Hz, 4H), 7.33 (m, 1H), 6.94 (m, 1H), 6.81 (m, 

1H), 6.02 (s, 2H), 3.40 (m, 8H, pip), 2.82 (m, 8H, pip), 1.91 (m, 4H), 2.43 (m, 4H), 

2.73 (m, 4H). δC (125 MHz, MeOD) 174.1, 161.5, 158.2, 151.1, 150.0, 141.0, 136.3, 

134.0, 128.7, 122.2, 121.0, 116.9, 109.8, 108.4, 102.9, 59.5, 54.8, 46.1, 36.0, 23.4. 

MS (FAB) for C40H47N7O4 ([M]+): calcd: 689.3690: found: 690.3782 (100%). 

 
2.1. Förster Resonance Energy Transfer (FRET) 

The labelled oligonucleotides c-kit2: 5′-FAM-d(GGGCGGGCGCGAGGGAGGGG)-

TAMRA-3′ (F20T) and HTelo 5′-FAM-d(AGGGTTAGGGTTAGGGTTAGGGT)-

TAMRA-3′ (F23T)  [donor fluorophore FAM is 6-carboxyfluorescein and acceptor 

fluorophore TAMRA is 6-carboxytetramethyl-rhodamine] were initially dissolved as 

a 100 µM stock solution in purified water. 0.4 µM solutions of F20T and F23T were 

prepared by diluting the stock solutions in a 60 mM sodium cacodylate buffer (pH 

7.4). The solutions were then heated to 90°C (1°C/min) and held at 90°C for 2 min to 

melt the DNA. The solutions were then cooled back to RT (1°C/min) and left at room 

temperature overnight to anneal the DNA. A 1 mM stock solution of the compounds 

were initially made up in purified water. 1 µM solutions of compounds were prepared 
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by diluting the stock solutions in a 60 mM sodium cacodylate buffer (pH 7.4). 50 µl 

of 0.4 µM solutions of DNA was combined with 50 µl of 1 µM compound solution, 

and left to equilibrate at RT overnight. A 96-well plate was prepared for each DNA 

by aliquoting the 100 µl DNA/compound solutions into each well, with a reference 

well containing 50 µl of 0.4 µM DNA and 50 µl of 60 mM sodium cacodylate buffer. 

The fluorescence melting curve was determined in a EnVision 2102 Multilabel Plate 

Reader. Measurements were made in duplicate at each wavelength with excitation at 

480 nm and detection at 590 nm and 515 nm. Temperature range was from RT to 

95°C (1°C/min). The solutions were held at the set temperature for 1 minute to 

equilibrate before each reading. Final analysis of the data was carried out using 

OriginPro 8 SR2 (8.0891).  

 
2.2. Circular Dichroism (CD) 

CD spectra were recorded on a JASCO J-810 Spectropolarimeter using a 10 mm path 

length quartz cuvette. Scans were preformed at controlled temperature (20°C) over a 

wavelength range of 220-320 nm with a response time of 1 sec, 1 nm pitch and 1 nm 

bandwidth. Blank spectra from a sample containing 500 µl of 60 mM sodium 

cacodylate buffer were subtracted from collected data.   The CD spectra represent an 

average of 5 scans. 5 µM solutions of F20T and F23T were prepared by diluting the 

stock solutions in a 60 mM sodium cacodylate buffer (pH 7.4). The solutions were 

then heated to 90°C (1°C/min) and held at 90°C for 2 min to melt the DNA. The 

solutions were then cooled back to RT (1°C/min) and left at room temperature 

overnight to anneal the DNA. 10 µM solutions of compounds 5, 6 and 13 were 

prepared by diluting the stock solutions in a 60 mM sodium cacodylate buffer (pH 

7.4). 250 µl of 5 µM solutions of DNA were combined with 250 µl of 10 µM 

compound solutions, and left to equilibrate at RT overnight. 250 µl of 5 µM solutions 
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of DNA were also combined with 250 µl of 60 mM sodium cacodylate buffer, and left 

to equilibrate at RT overnight.  

 

2.3. Molecular dynamics simulations 

Before conducting molecular dynamics simulations, each compound to be studied was  

parameterised using ab initio calculations. Partial charges were calculated using an 

electrostatic fitting method in the program GAUSSIAN0331 after optimizing the 

structure with Hartree-Fock theory and a 6-31+G* basis set. Force constants for bond 

stretching, angle bending, and dihedral torsions as well as Lennard-Jones parameters 

were taken from similar atoms in the CHARMM27 force field.  The solution structure 

of the human telomeric repeat (Htelo)32 was used as a starting conformation of the 

DNA and the compounds were initially positioned within it based upon the position of 

3,6-bis-[3-pyrrolidino-propionamide] acridine (BSU6039) in a crystal structure bound 

to the telomeric sequence of Oxytrichia nova d(GGGGTTTTGGGG).33 To do this the 

Htelo DNA was first aligned to the Oxytrichia nova structure and then the pyridine 

core of the compounds were given their best alignment to the acridine. The 

compound-DNA complexes were solvated in a 57x57x57Å TIP3P water box and 

neutralized with NaCl (Supplementary Figure 1). Simulations were conducted at a 

pressure of 1 atm and temperature of 300K using a 1fs timestep using the program 

NAMD with the CHARMM27 force field for nucleic acids.34-36 Equilibrium 

simulations lasting 15ns were conducted for each compound with data extracted only 

from the last 5ns. Binding free energies of each complex with the DNA quadruplex 

were determined by conducting alchemical free energy perturbation simulations37-39 in 

which the compound bound to the DNA slowly disappeared and was replaced by a 

copy appearing in the aqueous medium in 33 steps totaling 9.9 ns for each compound. 
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Repeat simulations on two of the compounds showed agreement for the binding free 

energy to be within 1kcal/mol. 

 

 The pathway and energetics of unbinding of compounds 6 and 14 were studied using 

metadynamics simulations, a method for speeding up rare events and obtaining free 

energies.40, 41 In this, a history dependent biasing potential is added to the system 

constructed as a sum of Gaussians centred along the trajectory of the simulation 

described by a set of collective variables. In this case, the collective variables were 

chosen to be the distance of the pyridine core of the compound from the axis running 

through the centre of the guanine tetrad and the distance of the compound above the 

plane of the top tetrad. This potential, in time, fills the minima in the free energy 

surface forcing the system to adopt new configurations and allowing an estimate of 

the free energy surface. It should be noted that due to the complexity of the 

conformational space, and the difficulties in the compound moving many times 

between the bound and unbound states, the energies should only be taken as a rough 

estimate. Each metadynamics simulation lasted 35 ns. In total more than 215 ns of 

simulations were conducted for this study. 
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Supplementary Figure 1: Simulation system used in moleculr dynamics simulations. 
The compound (coloured by atom type) is inserted into the Htelo quadruplex DNA 
(orange) and solvated in water with Na+ (yellow) and Cl- (grey).  
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1.0 General Experimental 

4-Bromobenzaldehyde (99% purity), 4’-methoxyacetophenone (99% purity) and 2-

acetylthiophene (!98% purity) were purchased from Aldrich and used without further 

purification. Anisaldehyde (!99.5% purity), piperonal (!99% purity), 4-

aminoacetophenone (99% purity) and PEG300 were purchased from Fluka and used 

without further purification. 4-(methylthio)benzaldehyde (97% purity) and 2-

acetylpyrrole (98% purity) were purchased from Alfa Aesar and used without further 

purification. 
1
H NMR (500 MHz) and 

13
C NMR (125 MHz) spectra were recorded on 

a Bruker AV500 instrument in 5 mm NMR tubes. Samples were recorded in DMSO-

d6 solution in ppm (!) and referenced to the internal residual partially-deuterated 

DMSO septet at 2.50 ppm (
1
H NMR) and 39.52 ppm (

13
C NMR). Mass spectrometry 

measurements were performed on a Waters Micromass Autospec Mass Spectrometer. 

 
2.0 Synthesis 

2.1 General route for the synthesis of chalcones 

The respective aryl-methyl ketone (4.12 mmol) was added to a stirred solution of 

PEG300 (5-6 ml) and crushed sodium hydroxide (NaOH) (4.12 mmol) at ambient 

temperature. The respective aryl-aldehyde (4.12 mmol) was then added and the 

reaction mixture was left stirring at room temperature for 2 h. Water (100 ml) was 

added, the precipitate was collected by suction filtration and dried on a high vacuum 

line. 

 

2.2 Characterisation of chalcones 

 

1: !H (500 MHz, DMSO) 11.95 (s, 1H, NH), 7.79 (d, 2H, 8.82 Hz), 7.62 (d, 1H, 15.81 

Hz), 7.54 (d, 1H, 15.58 Hz), 7.32 (dd, 1H, 3.78 Hz, 1.37 Hz), 7.13 (dd, 1H, 2.18 Hz, 

1.49 Hz), 7.00 (d, 2H, 8.82 Hz), 6.25 (dd, 1H, 3.67 Hz, 2.18 Hz), 3.81 (s, OCH3). !C 

(125 MHz, DMSO) 177.93, 160.92, 140.57, 133.15, 130.27, 127.53, 126.00, 120.63, 

116.91, 114.34, 110.04, 55.31. MS (EI
+
, 70 eV, 200 °C) for C14H13NO2 ([M

+
]): calcd: 

227.0946; found: 227.0944 (100%).  

 

2: !H (500 MHz, DMSO) 8.30 (dd, 1H, 3.78 Hz, 1.15 Hz), 8.03 (dd, 1H, 4.93 Hz, 

1.15 Hz), 7.85 (d, 2H, 8.94 Hz), 7.75 (d, 1H, 15.46 Hz), 7.70 (d, 1H, 15.69 Hz), 7.30 

(dd, 1H, 4.81 Hz, 3.67 Hz), 7.02 (d, 2H, 8.82 Hz), 3.82 (s, OCH3). !C (125 MHz, 

DMSO) 181.53, 161.40, 145.77, 143.10, 135.13, 133.21, 130.81, 128.81, 127.13, 

119.37, 114.41, 54.86. MS (EI
+
, 70 eV, 200 °C) for C14H12O2S ([M

+
]): calcd: 

244.0558; found: 244.0554 (100%), 243.0485 (58%).  

  

3: !H (500 MHz, DMSO) 7.91 (d, 2H, 8.71 Hz), 7.78 (d, 2H, 9.05 Hz), 7.72 (d, 1H, 

15.46 Hz), 7.58 (d, 1H, 15.81 Hz), 6.98 (d, 2H, 8.71 Hz), 6.62 (d, 2H, 8.71 Hz), 6.10 

(s, NH2), 3.80 (s, OCH3). !C (125 MHz, DMSO) 185.90, 160.83, 153.69, 141.34, 

130.96, 130.24, 127.79, 125.58, 119.92, 114.31, 112.72, 55.29. MS (EI
+
, 70 eV, 200 

°C) for C16H15NO2 ([M
+
]): calcd: 253.1103; found: 253.1094 (100%).  
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4: !H (500 MHz, DMSO) 8.15 (d, 2H, 9.28 Hz), 7.83 (d, 2H, 9.05 Hz), 7.80 (d, 1H, 

15.46 Hz), 7.68 (d, 1H, 15.46 Hz), 7.07 (d, 2H, 9.05 Hz), 7.01 (d, 2H, 8.71 Hz), 3.86 

(s, OCH3), 3.81 (s, OCH3). !C (125 MHz, DMSO) 187.26, 163.03, 161.21, 143.12, 

130.77, 130.68, 130.64, 127.46, 119.49, 114.37, 113.95, 55.51, 55.33. MS (EI
+
, 70 

eV, 200 °C) for C17H16O3 ([M
+
]): calcd: 268.1099; found: 268.1105 (100%).  

 

5: !H (500 MHz, DMSO) 8.16 (d, 2H, 9.05 Hz), 7.81 (d, 1H, 15.46 Hz), 7.65 (s, 1H), 

7.63 (d, 1H, 14.89 Hz), 7.31 (dd, 1H, 8.25 Hz, 1.49 Hz), 7.07 (d, 2H, 8.82 Hz), 6.98 

(d, 1H, 7.90 Hz), 6.10 (s, 2H), 3.86 (s, OCH3). !C (125 MHz, DMSO) 187.18, 163.10, 

149.38, 148.07, 143.15, 130.81, 130.63, 129.36, 125.71, 119.95, 113.93, 108.48, 

106.91, 101.60, 55.53. MS (EI
+
, 70 eV, 200 °C) for C17H14O4 ([M

+
]): calcd: 

282.0892; found: 282.0893 (100%).  

 

6: !H (500 MHz, DMSO) 7.91 (d, 2H, 8.71 Hz), 7.81 (d, 1H, 15.58 Hz), 7.77 (d, 2H, 

8.36 Hz), 7.57 (d, 1H, 15.69 Hz), 7.29 (d, 2H, 8.48 Hz), 6.63 (d, 2H, 8.71 Hz), 2.5 (s, 

SCH3). !C (125 MHz, DMSO) 185.85, 158.43, 158.13, 153.45, 141.03, 131.60, 

131.04, 129.00, 125.62, 121.32, 112.94, 14.25. MS (EI
+
, 70 eV, 200 °C) for 

C16H15NOS ([M
+
]): calcd: 269.0874; found: 269.0872 (100%).  

 

7: !H (500 MHz, DMSO) 11.92 (s, NH), 7.58 (d, 1H, 1.65 Hz), 7.56 (d, 2H, 1.78 Hz), 

7.35 (dd, 1H, 3.57 Hz, 1.37 Hz), 7.27 (dd, 1H, 7.96 Hz, 1.78 Hz), 7.13 (m, 1H), 6.97 

(d, 1H, 7.96 Hz), 6.25 (dd, 1H, 3.70 Hz, 2.33 Hz), 6.09 (s, 2H). !C (125 MHz, 

DMSO) 177.87, 149.08, 148.05, 140.62, 133.17, 129.43, 126.08, 125.13, 121.17, 

117.11, 110.05, 108.49, 106.77, 101.54. MS (EI
+
, 70 eV, 200 °C) for C14H11NO3 

([M
+
]): calcd: 241.0739; found: 241.0738 (100%).  

 

8: !H (500 MHz, DMSO) 11.92 (s, NH), 7.79 (d, 2H, 8.92 Hz), 7.61 (d, 1H, 15.51 

Hz), 7.55 (d, 1H, 15.64 Hz), 7.47 (m, 2H), 7.40 (m, 2H), 7.34 (m, 1H), 7.32 (m, 1H), 

7.13 (m, 1H), 7.08 (d, 2H, 8.92 Hz), 6.25 (m, 1H), 5.18 (s, 2H). !C (125 MHz, 

DMSO) 177.88, 159.96, 140.46, 136.76, 133.12, 130.26, 128.45, 127.92, 127.76, 

127.72, 125.99, 120.75, 116.91, 115.16, 110.02, 69.35. MS (EI
+
, 70 eV, 200 °C) for 

C20H17NO2 ([M
+
]): calcd: 303.1259; found: 303.1259 (100%).  

 

9: !H (500 MHz, DMSO) 11.95 (s, NH), 7.77 (d, 2H, 8.48 Hz), 7.65 (d, 1H, 15.58 

Hz), 7.60 (d, 1H, 15.69 Hz), 7.34 (dd, 1H, 3.78 Hz, 1.37 Hz), 7.30 (d, 2H, 8.48 Hz), 

7.15 (dd, 1H, 2.52 Hz, 1.26 Hz), 6.26 (dd, 1H, 3.78 Hz, 2.41 Hz), 2.51 (s, SCH3). !C 

(125 MHz, DMSO) 177.76, 141.16, 140.23, 133.11, 131.31, 128.98, 126.24, 125.60, 

122.00, 117.20, 110.12, 14.24. MS (EI
+
, 70 eV, 200 °C) for C14H13NOS ([M

+
]): calcd: 

243.0718; found: 243.0720 (100%).  

 

10: !H (500 MHz, DMSO) 12.00 (s, NH), 7.80 (d, 2H, 8.59 Hz), 7.73 (d, 1H, 15.69 

Hz), 7.64 (d, 2H, 8.48 Hz), 7.61 (d, 1H, 15.69 Hz), 7.38 (dd, 1H, 3.89 Hz, 1.49 Hz), 

7.17 (dd, 1H, 2.41 Hz, 1.37 Hz), 6.27 (dd, 1H, 3.78 Hz, 2.41 Hz). !C (125 MHz, 

DMSO) 177.56, 139.31, 134.21, 133.02, 131.80, 130.43, 126.59, 123.90, 123.33, 

117.63, 110.23. MS (EI
+
, 70 eV, 200 °C) for C13H10NOBr ([M

+
]): calcd: 274.9946; 

found: 274.9941 (100%), 276.9920 (97%). 

 

11: !H (500 MHz, DMSO) 8.14 (d, 2H, 8.94 Hz), 7.84 (d, 2H, 8.94 Hz), 7.80 (d, 1H, 

15.35 Hz), 7.67 (d, 1H, 15.58 Hz), 7.46 (d, 2H, 7.45 Hz), 7.40 (dd, 2H, 7.79 Hz, 7.45 
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Hz), 7.34 (dd, 1H, 8.25 Hz, 7.45 Hz), 7.08 (t, 4H, 8.36 Hz, 8.71 Hz), 5.18 (s, 2H), 

3.86 (s, OCH3). !C (125 MHz, DMSO) 187.27, 163.09, 160.28, 143.06, 136.73, 

130.79, 130.67, 130.66, 128.48, 127.95, 127.79, 127.66, 119.63, 115.22, 113.98, 

69.39, 55.56. MS (EI
+
, 70 eV, 200 °C) for C23H20O3 ([M

+
]): calcd: 344.1412; found: 

344.1425 (100%).  

 

12: !H (500 MHz, DMSO) 8.16 (d, 2H, 9.05 Hz), 7.89 (d, 1H, 15.46 Hz), 7.81 (d, 2H, 

8.48 Hz), 7.67 (d, 1H, 15.58 Hz), 7.31 (d, 2H, 8.48 Hz), 7.08 (d, 2H, 8.94 Hz), 3.86 

(s, OCH3), 2.52 (s, SCH3). !C (125 MHz, DMSO) 187.25, 163.15, 142.73, 141.69, 

131.19, 130.84, 130.54, 129.25, 125.54, 120.85, 113.98, 55.54, 14.17. MS (EI
+
, 70 

eV, 200 °C) for C17H16SO2 ([M
+
]): calcd: 284.0871; found: 284.0874 (100%).  

 

 
3.0 Testing 

Compound names ns135A2, ns135A3, ns135A4, ns135A5 and ns135C5 correspond 

to compounds 1, 2, 3, 4 and 5 respectively. Compound names ns136A3, ns136B1, 

ns136B2, ns136B3, ns136B4, ns136D2 and ns136D3 correspond to compounds 6, 7, 

8, 9, 10, 11 and 12 respectively. 

 

3.1 Cytotoxicity studies 

 

The cytotoxicity of the chalcone derivatives on A549 lung epithelial cells was 

determined using acid phosphatase and lactate dehydrogenase assays. The A549 cells 

were seeded at 1.2 X 10
5
 per well in 24 well cell culture plates and allowed to grow 

confluent in humidified atmosphere in air at 37°C, 5% CO2. The culture medium 

were replaced with serum-free medium and incubated for 24 h. The A549 cells were 

then exposed to the chalcone derivatives at 300 µM, 200 µM, 100 µM and 50 µM 

(DMSO < 1% [v/v]). After 24 hours incubation at 37°C, 5% CO2, acid phosphatase 

(Fig. S1) and lactate dehydrogenase assays (Fig. S2) were performed. The 

concentration range that was used for further investigation was 100 µM, 50 µM, 10 

µM and 1 µM. 
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Fig. S1 The level of acid phosphatase of A549 lung epithelial cells after 

24 h treatment with chalcone derivatives. Data presented are means ± SD 

,n=1. * significantly different from unstimulated control (*P<0.01). 
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Fig. S2 The activity of lactate dehydrogenase (LDH) released from A549 lung 

epithelial cells after 24 h treatment with chalcone derivatives. Data presented 

are means ± SD ,n=1. * significantly different from unstimulated control 

(*P<0.01). 
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3.2 Effect of chalcones on A549 cells 

The chalcone derivatives were studied to determine if they had any pro-

inflammatory effect on A549 lung epithelial cells. Briefly, the A549 cells were 

seeded at 1.2 X 105 per well in 24 well cell culture plates and allowed to grow 

confluent in humidified atmosphere in air at 37°C, 5% CO2. The culture 

medium were replaced with serum-free medium and incubated for 24 h.  The 

A549 cells were incubated in the presence of 100 µM, 50 µM, 10 µM and 1 

µM of the chalcone derivatives for 24 h. The cell supernatants were collected 

and assayed for IL-6 and IL-8 using ELISA (Fig. S3 and Fig. S4). 

 

 

 

Fig. S3. The level of interleukin-6 of A549 lung epithelial cells after 24 h 

treatment with chalcones. Data presented are means ± SD ,n=1. * significantly 

different from unstimulated control (*P<0.01). 
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Fig. S4. The level of interleukin-8 of A549 lung epithelial cells after 24 h 

treatment with chalcones. Data presented are means ± SD ,n=1. * significantly 

different from unstimulated control (*P<0.01). 
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3.3 Effect of chalcones on thrombin mediated IL-6 and IL-8 

production of A549 lung epithelial cells 

The chalcone derivatives were studied to determine if they had any 

immunomodulatory effect on the protease mediated pro-inflammatory 

cytokines release from A549 cells. A549 cells were seeded at 1.2 X 105 per 

well in 24 well cell culture plates and allowed to grow confluent in humidified 

atmosphere in air at 37°C, 5% CO2. The culture medium were replaced with 

serum-free medium and incubated for 24 h. The A549 cells were then pre-

incubated with chalcone derivatives at 100 µM, 50 µM, 10 µM and 1 µM for 2 

hours and followed by thrombin stimulation (2 unit/mL) for 24 hours. The cell 

supernatants were collected and assayed for IL-6 and IL-8 using ELISA (Fig. 

S5). 
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Fig. S5 The level of interleukin-6 and interleukin-8 of A549 lung epithelial 

cells after 2 h pre-incubation with chalcone derivatives and followed by 24 h 

co-incubation with thrombin. Data presented are means ± SD ,n=1. * 

significantly different from thrombin control (*P<0.008). 
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3.4 Effect of chalcones on protease activity 

Azocoll assay was performed to determine if the chalcone derivatives 

inhibited the proteolytic activity of the proteases. The azocoll collagen 

substrates (4 mg/mL) were co- incubated with 2 unit/mL of Thrombin and 100 

µg/mL of Trypsin respectively in the presence of 100 µM of chalcone 

derivatives at 37°C for 45 mins. The supernatants were then collected and the 

absorbance was monitored at 520nm (Fig. S6).  

 

 

 

4.0 Computational analysis  

A computer-assisted conformational study was made on some selected chalcones 

(compounds 1, 3, and 6-10) using the program GAUSSIAN03. In a first step the 

three-dimensional models of the investigated compounds were assembled using the 

atoms and structural fragments from GAUSSVIEW 3.0. Geometry optimisation was 

then performed at RHF/3-21G level of theory. After the structures were determined at 

RHF/3-21G level of theory, partially relaxed scan calculations were run for every 15° 

rotation of the torsional angles " and " at RHF/3-21G level of theory. Energy profiles 

of compounds 1,3, and 6-10 at RHF/3-21G level of theory are given in Fig. S7. In 

order to obtain a better degree of accuracy, the minima obtained for each compound 

from the relaxed scan calculations were further optimised at RHF/6-31+G** level of 

theory. 

Fig. S6 Proteolytic activity of thrombin co-incubated with 

chalcone derivatives. Data presented are means ± SD ,n=1. * 

significantly different from thrombin control (*P<0.008). 
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Fig. S7 Energy profiles from partially relaxed scans for 

compounds 1, 3 and 6-10 at RHF/3-21G level of theory. 
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In order to rationalize a possible site of action at the electronic level for 
compounds 1, 3, and 6-10, we generated LUMO and MEP maps. In a first step, 
the checkpoint files obtained from optimisation of these compounds at RHF/6-
31+G** were first converted into formatted checkpoint files. The total electron 
density (density=SCF), Electrostatic Potential (potential=SCF) and LUMO 
(MO=LUMO) cube files were then generated from the formatted checkpoint 
files using the Cubegen utility program in GAUSSIAN03. Number of points per 
side in the cube was set to the default value of 803 points. MEP surfaces were 
visualised using GaussView 3.0 by mapping the RHF/6-31+G** electrostatic 
potentials onto the total electron density (isovalue = 0.001 e/Å). LUMO 
surfaces were visualised by mapping the RHF/6-31+G** LUMO’s onto the 
total electron density (isovalue = 0.001 e/Å). For the MEP maps, regions with 
attractive potential appear in red and those of repulsive potential appear in 
blue. For the LUMO maps regions with the highest absolute value of LUMO 
are indicated in ‘blue’, while regions with the lowest values are indicated in 
‘red’ 
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