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Abstract 

DNA sequences that are rich in the guanine nucleic base possess the ability to fold into higher order 

structures called G-quadruplexes. These higher level structures are formed as a result of two sets of four 

guanine bases hydrogen-bonding together in a planar arrangement called a guanine quartet. Guanine 

quartets subsequently stack upon each other to form quadruplexes. G-quadruplexes are mainly localized 

in telomeres as well as in oncogene promoters. One unique and promising therapeutic approach against 

cancer involves targeting and stabilizing G-quadruplexes with small molecules, generally in order to 

suppress oncogene expression and telomerase enzyme activity; the latter has been found to contribute to 

“out-of control” cell growth in ca. 80-85% of all cancer cells and primary tumours while being absent in 

normal somatic cells. 

In this work, we present efforts towards designing and synthesizing acridine-based macrocycles (Mh) and 

(Mb) with the purpose of providing potential G4 ligands that are suited for selective binding to G4 vs. 

duplex DNA, and stabilize G-quadruplex structures. 

Two ligands described in this study include an acridine core which provides an aromatic surface capable 

of π-π interactions with the surface of G-quadruplexes. The successful synthesis of 4,5-diaminoacridine is 

described in chapter 2, as an essential fragment of the macrocycles (Mh) and (Mb). 

In order to investigate the synthetic method for macrocyclization, model compounds composing almost 

half of the designed macrocycles were explored. As discussed in chapter 3, the synthesis of the model 

compound for (Mb) turned out to be challenging. However, as a step towards the synthesis of (Mh), the 

synthesis of the hydrogen-containing model compound, which is almost half of the desired macrocycle 

(Mh) was achieved in our group and proved to be promising.  
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Introduction 

1.1 B-DNA secondary structure 

Deoxyribonucleic acids (DNA), ribonucleic acids (RNA), proteins, carbohydrates and lipids are 

essential biomolecules for living cells. DNA and RNA play an important role in encoding, 

transmitting and expressing genetic information. The DNA structure was first discovered by 

Rosalind Franklin,1 Maurice Wilkins,2 James Watson and Francis Crick,3 in 1953, and 

undoubtedly, it has been one of the most important discoveries in the 20th century.  

Nucleic acids are polymers built with nucleotide monomers/subunits. Each nucleotide is 

composed of a pentose sugar (deoxyribose for DNA and ribose for RNA), a nitrogenous 

nucleobase and a phosphate group. Nucleobases fall into two classes: purines and pyrimidines. 

Pyrimidines are 6-membered rings (including cytosine (C) and thymine (T)) and purines are fused 

6-membered and 5-membered nitrogen containing rings (adenine (A) and guanine (G)).3 

However, in RNA, Uracil (U) replaces T. Figure 1.1 illustrates the structures of the nucleobases 

with their corresponding nucleotide.  
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In duplex DNA, nucleobases are capable of hydrogen-bonding via their hydrogen donors and 

acceptors to make base-pairs. According to Watson-Crick base pairing, adenine base-pairs with 

thymine and forms two hydrogen bonds. Guanine base-pairs with cytosine and forms three 

hydrogen bonds (Figure 1.2.a). Each nucleotide is connected to the adjacent nucleotide via a 

phosphodiester linker to make a single strand (pentose sugars in DNA and RNA differ by one OH 

 

Figure 1.1 a) General structure of purine and pyrimidine units shown on the left and specific 

structures of the nitrogenous bases shown on the right, and b) nucleotides related to each 

nucleobase. The hydrogen illustrated with a red rectangle is replaced with OH in RNA 

nucleotides. Note that in RNA thymine is replaced with uracil.3 



 

3 

 

sugar substituent). However, the main feature of DNA (B-DNA) is a double-stranded 

polynucleotide chain with complementary sequences which run in opposite directions and are 

twisted around each other forming a double helix. The sugar and phosphate groups of each 

nucleotide make up the backbone of DNA, and bases point inward and provide hydrogen bonding 

that plays an important role in the stability of the structure. Double-stranded DNA has a major 

groove and a minor groove which are distinct from each other, as a consequence of the geometry 

of the base pairs (Figure 1.2.b). 

The right-handed double helical structure of B-form DNA is shown in Fig. 1.3.a. This secondary 

structure of DNA is assumed by bulk DNA in vivo. However, a variety of alternative secondary 

structures including Z-DNA,6 cruciforms,7  triplexes8 and G-quadruplexes9 have been 

characterized in vitro using biophysical techniques, such as circular dichroism and X-ray.10 

Figure 1.3 represents a general structure of the abovementioned well-studied secondary structures 

of DNA. 

 

Figure 1.2 a) Base pairing between, G/C and A/T (adapted from reference4), b) Double helix 

DNA (adapted from reference5). 
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1.2 G4 nucleic acids 

1.2.1 History and basic structure of G quadruplexes 

In 1910, almost 40 years before the discovery of double helical DNA, it was observed that highly 

concentrated solutions of guanylic acid may form a gel.11 By X-ray diffraction, it was further 

characterized12 that four guanine bases can generate a planar structure through Hoogsteen 

hydrogen bonding (non-Watson-Crick hydrogen bond), specifically between between N1-H and 

O6, as well as between N2-H and N7,13 called a guanine tetrad (Figure 1.4). 

Two or more guanine tetrads can stack on top of each other through π-π interactions to form a G-

quadruplex.14   Nucleic acids (DNA or RNA) that contain guanine-rich sequences are able to fold 

into higher level structures and form G-quadruplexes. The presence of monovalent cations such 

 

 

Figure 1.3 A few DNA secondary structures: a) B-DNA at the left and Z-DNA at the right b) 

cruciform, c) triplex, and d) G-quadruplex (adapted from reference11). 

https://en.wikipedia.org/wiki/Cation
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as potassium and sodium stabilizes the quadruplex structure by coordinating eight carbonyl 

oxygen atoms present in the central channel between each pair of tetrads and lessening the 

electrostatic repulsion between guanine oxygens. The nature of the cation affects  the stability of 

the G4 structure (K+ > NH4
+ > Na+ > Li+).4  Divalent metal ions (Sr2+ > Ba2+ > Pb2+ > Ca2+ >> 

Mg2+) and trivalent metal ions have also been found to promote G-quadruplex formation.15, 16 

1.2.2 G4 topology and diversity  

Although G-quadruplexes are composed of similar blocks of guanine tetrads, their structures can 

be different both in terms of molecularity and strand orientation, as follows:  

 

Figure 1.4 Guanine (bottom left), G-tetrad4 with a metal ion in the middle (gray ball) (bottom 

right). G-rich DNA/RNA sequence (top left) that folds into a G-quadruplex (top-right) in the 

presence of cations such as K+ or Na+ (adapted from reference17). 

https://en.wikipedia.org/wiki/Potassium
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 G4 structures can vary in the number of G-tracts. Longer G-tracts result in more stable G-

quadruplex structures, as G4 usually refers to three or more G stacks; G4 structures with 

only two guanine stacks are less stable.11 

 Moreover, the number of strands involved may vary, from one (intramolecular G4) to 2-4 

(intermolecular G4).The orientation of each strand leads to various G4 topologies 

including parallel, antiparallel, and hybrids thereof (Figure 1.5).18 

 Aside from tetra-stranded G4 that may lack loops, G4 structures can differ in loop 

sequence and/or size (usually small and between 1 to 7 nucleotides). Smaller loops result 

in more stable G4s.19  

All of those differences result in different groove environments, lined with a negatively charged 

phosphate backbone. 

 

Figure 1.5 Different structural types of G-quadruplexes (reproduced from reference20). For 

simplification, the sugar-phosphate backbones are shown as arrows, and G4s’ metal ions are 

omitted. 
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1.2.3 Locations and roles of G4 in DNA and RNA 

1.2.3.1 DNA G4 

G4 structures are widespread throughout the genome of human cells, with over 375,000 potential 

sites based on computational studies.21 G4 motifs can be found in particular parts of the genome 

(both eukaryotic and prokaryotic) and they are not randomly located, which suggests possible 

functional roles in the cell.13 Many G-quadruplexes are located at the 3’ single-stranded overhang 

of the telomeric region (a repetitive sequence of nucleotides at the very end of chromosomes, that 

protects genes from degradation during cell division) of eukaryotic chromosomes.22 Those G4s 

inhibit the activity of the telomerase enzyme, a reverse transcriptase which is over-expressed in 

cancer cells. The telomeres will be described in detail in section 1.3. G4 structures have also been 

found in the promoter regions of some genes23 (upstream DNA segment involved in the control of 

gene transcription initiation) that tend to be very important in cell signaling (see section 1.4).  

Furthermore, two strands of duplex DNA become separated during many cellular activities such 

as replication,11 recombination,24 and transcription.11 In all of these, the single strand bearing a 

guanine-rich sequence will be able to temporarily fold into a G-quadruplex structure. As an 

example, during DNA replication (the biological process in which one DNA strands duplicate 

into two)25 two strands of DNA separate. One of the strands serves as a template for leading 

strand synthesis, and the other one for lagging strand synthesis. The lagging strand is able to form 

G4 since it is single stranded, especially when the replication process is slow. In addition to those 

temporary G4 structures, there are some other G4 structures which serve to regulate replication. 

Replication can only be completed when the strands are unfolded and the G4 motifs are 

resolved.11  
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1.2.3.2 RNA G4 

In addition to being associated with DNA, G-quadruplex structures are also widely present in 

RNA. Since RNA molecules are normally single stranded, they are more likely to fold into G4 

structure in vivo, and also, they show more stability than their DNA G4 counterparts.26 A brief 

summary of current knowledge about the role of RNA G4 is shown in Figure 1.7. 

 

Figure 1.6 Replication and the G4 that blocks the replication progression (adapted from 

reference11). 

 

Figure 1.7 Different roles of RNA G-quadruplexes (reproduced from reference27). 
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1.3 Telomeres, telomerase and cancer 

 
Telomeres are protein-DNA complexes located at the end of the chromosomes of eukaryotic 

cells. They protect the genes against deletion during cell division in somatic human cells. They 

typically do not code for proteins, but they do play regulatory roles. Telomeric DNA at the 

extreme 3’-terminus is single-stranded and it is composed of tandem 5’-GGTTAG-3’ repeat units 

and may range from 3 to 15 kilobases in size.28 There is a group of six proteins, including TRF1, 

TRF2, TIN2, TPP1, POT1 and Rap1, that protects telomere extremities and makes up a complex 

called shelterin29 or telosome.30 Shelterin appears to connect the 3’-G rich-strand overhang to 

duplex telomeric DNA and to fold it into a T-loop (Figure 1.8.b). 

 

Figure 1.8 Telomeric DNA with the associated proteins (TRF1, TRF2, TIN2, Rap1, TPP1 and 

POT1) of shelterin. a) open state of telomere and b) T-loop (adapted from reference28). 
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During DNA replication before each cell division, the telomere loses 25-200 nucleobases until it 

becomes critically short.31 Eventually, the loss of telomeric DNA reaches a critical point that 

activates the death signaling pathway, leading to senescence and then apoptosis of the cell (Figure 

1.9).32 

 

 

Figure 1.9 Cell division, decrease in the length of telomere and consequent cell death.33 

Telomerase is a specialized ribonucleoprotein enzyme than can prevent this shortening 

phenomenon and accordingly the death of the cell by acting as a reverse transcriptase and adding 

blocks of 5’-GGTTAG-3’ to the very end of the telomere. The RNA moiety associated with 

telomerase which is known as TERC or hTR34 serves as a template for coding the tandem repeat.  

The enzyme also consists of a protein component, called TERT (hTERT in human) which acts as 
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a catalytic subunit. TERRA is another non-coding RNA that plays an important role in telomere 

function and telomerase regulation.35 

The telomerase enzyme contributes to out-of-control cell growth in approximately 80-85% of all 

cancer cells and primary tumors, but not in normal somatic cells.28 Through the synthesis of 

GGTTAG repeats at the end of 3’ single-stranded overhang of telomere, the telomerase enzyme 

can induce immortalization of cancer cells. This fact raises the interest in targeting telomeres and 

using telomerase as therapeutic target.14 In the other 15% of tumors, instead of telomerase 

activity, telomere elongation occurs through an alternative lengthening of telomere (ALT 

mechanism), which involves recombination between telomeres.36 

DNA must be in linear form for telomerase to process it, meaning the T- loop must be lost 

exposing the linear 3’ end for telomerase extension (Figure 1.8.b). G-quadruplex ligands can 

prevent telomerase enzyme activity by changing the DNA conformation at the 3’ overhang and 

forming a G-quadruplex. In other words, the telomerase enzyme can be blocked by use of ligands 

which can induce and stabilize G4 structures at single-stranded telomeric DNA and accordingly 

induce cancer cell death (Figure 1.10). Along with telomeric DNA G4 structures that generally 

act as inhibitors of telomerase, RNA G4 structures also play a general inhibitory role in regulating 

telomerase activity.27 

  

 

Figure 1.10 Adding ligand to linear telomeric DNA (up) and inducing G4 structure (bottom).22 
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1.4 G4 in promoters of oncogene (regulation of transcription) 

G4 structures are predicted to be present in 40% of human gene promoters,23,37 especially over-

represented in the promoter region of oncogenes (Figure 1.11, highlighting the six hallmarks of 

cancer including, c-Myc, KRAS, pRb, Bcl-2, VEGF-A, hTERT and PDGF-A)37 and regulatory 

genes (e.g. transcription factors). They are less present in housekeeping and tumor suppressor 

genes. This fact highly supports their possible functional role in transcription regulation and their 

potential to regulate cancer cell growth.  

The presence of G4 can inhibit transcription whether by blocking the transcriptase on the 

template strand, or by binding to some proteins such as transcriptional repressors. Oppositely, it 

can enhance transcription either by binding to transcriptional enhancer proteins, or by forming on 

the non-template strand and allowing the template strand to remain in a single-strand 

conformation (Figure 1.12).11  

 

 

Figure 1.11 Six hallmarks of cancer and related DNA G-quadruplex structures 

(reproduced from reference37). 
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Figure 1.12 Putative functional roles of G4 in regulation of transcription; a) inhibition of 

transcription by blocking the transcriptase, b) facilitation of transcription, c) stimulation 

of transcription by binding to proteins (green) that stimulate transcriptase, d) inhibition of 

transcription by binding to G4-binding proteins (blue) which can directly or indirectly 

(red) repress transcription (adapted from reference11). 

 

In summary, although DNA G-quadruplexes mostly act as inhibitors of transcription,27 according 

to what has been mentioned above about the different influences of G4 on transcription, 

designing ligands that can interact and stabilize G4 motifs should be further investigated. 

1.5 G-quadruplex ligands 

1.5.1 Binding modes 

As discussed before in section 1.1, B-DNA is a duplex with antiparallel strands, base-pair 

hydrogen bonding, and a negatively-charged phosphate backbone. The minor and major grooves 

of the double helix DNA are distinct from each other.  These characteristics of double helix DNA 

allow binders to interact with DNA through groove-binding and electrostatic interactions with the 

negatively charged phosphate backbone, and interactions with the base-pairs.31 To date, several 

natural products have been reported to bind DNA (examples include rebeccamycin,38 

calicheamicin,39 prodigiosin,40 tambjamine,40 actinomycin,41 daunomycin,42 triostin,43 

echinomycin,44 and netropsin45). Similarly, molecules can interact with G4. Because of the unique 

structural features of G-quadruplexes and their possible cellular functions associated with 
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telomeres and telomerase, oncogenes, and their relationship with cancer, many researchers aim at 

designing small molecules which can selectively interact and stabilize G-quadruplexes, as 

therapeutic targets.17, 22, 46 

One of the main challenges associated with designing binders and targeting the G4 structure is 

that the G4 ligand can also bind duplex DNA, which is not desirable for therapeutic purposes. 

The lower abundance of G4 compared to canonical duplex-DNA, as well as the high 

polymorphism of G4 in nature make it even more challenging. An ideal G4 binder not only can 

selectively bind to G4 over B-DNA, but is also able to discriminate between various structures of 

G4s.46 Crystal structure data obtained for G4 structures reveal geometrical differences between 

G4 and duplex-DNA. As shown in Figure 1.13, dimensions of the square aromatic surface of G4 

are considerably larger than the Watson–Crick base pairs. Accordingly, an efficient G-quadruplex 

binder should have an extended planar aromatic surface that is prone to π-stack on or between G-

tetrad(s) as they are too large to allow for intercalation between base-pair of B-DNA. 
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Moreover, G4s may have different groove environments with a negatively-charged phosphate 

backbone on nucleotides. Hence, designing ligands with positive charges which can 

electrostatically interact with the different grooves can optimize G4 binding and selectivity. 

Another targetable region in G4 is the cationic channel through the center of tetrads.47 Every 

designed ligand may take advantage of any combination of those targetable capabilities. These 

various binding modes are illustrated in Figure 1.14.  

 

Figure 1.13 Comparison of structure and dimensions of a) Watson –Crick base pairs in duplex 

DNA, and b) G-quartet surface (reproduced from reference47). 
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Figure 1.14 Different binding modes for G4 ligands, a) external stacking, b) intercalation and c) 

groove binding (reproduced from reference47). 

To date, no ligand has been reported to intercalate between the tetrads (Figure 1.14.b), because 

this mode of binding is thermodynamically unfavorable. Instead, they all produce one of those 

modes shown in Figure1.14.a and c. Thus, we are able to categorize the binding ligands into two 

general groups based on their mode of interaction:  

1-π Stacking ligands: feature a planar aromatic area that makes aromatic-aromatic contact 

above/below of G4 

2- Groove binding ligands: positive charge allows them to offer electrostatic interaction with the 

negatively charge phosphate backbone of grooves and loops on G4. Hydrogen bonding may be 

another factor for location of a groove binder in the groove. 

1.5.2 Previously studied G4 ligands 

One of the main issues associated with extending the large aromatic area is water solubility. Both 

hydrophobic and hydrophilic (in order to be soluble in the cell) characteristics need to be 

associated with the ligand.46 One of the ways to keep this duality is to have protonable side-arms 

(e.g. amine groups), along with an aromatic part. For example, a 3,6-disubstituted acridine 

derivative was firstly made by Haider et al.48 by modification of several duplex binders such as 

(1.1) (Figure 1.15). The crystal structure of a G4-ligand/complex indicates that the flat aromatic 
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core interacts with the top of the G4 through hydrophobic-π-stacking interactions and the 

protonable side chains interact with the grooves and loops by establishing electrostatic 

interactions. This ligand was further optimized by adding a third side chain that is able to interact 

with the G4 grooves (BRACO-19, Figure 1.15). BRACO-19 shows elevated G4 stabilization and 

selectivity for G4 over duplex DNA (31 fold). It can efficiently inhibit cancer proliferation and 

down-regulates telomerase activity. The simple acridine unit turns out to be very valuable for G4 

recognition. 

 

Figure 1.15 The molecular structures of (1.1) (BSU6039) and (1.2) (BRACO-19), 3,6-

disubstituted acridine derivatives.4  The acridine core is highlighted with a red rectangle. 

In other attempts, Hurley’s group tried to expand the fused aromatic part by using a perylene 

diimide PIPER (moderate telomerase inhibitor; Figure 1.16). Subsequently, BOQ, a dimeric 

macrocyclic quinacridine showed better selectivity than the monomeric analogous (such as 

MMQ3, Figure 1.16). Along with a larger aromatic surface, the enhanced selectivity of this 

efficient telomerase inhibitor is due to the steric hindrance that results in poor ability to 

intercalate between the base-pairs of the DNA double-helix (Figure 1.16). 



 

18 

 

 

Figure 1.16 G4 ligands made of fused aromatic rings; PIPER , MMQ3, and BOQ (adapted from 

reference46). 

 

Although the synthesis of macrocycles is challenging, the following features of macrocycles 

make them really attractive: The planar large surface of macrocycles allows them to nicely adapt 

with the shape of the G4 surface. On the other hand, due to the steric hindrance they show poor 

affinity to intercalate between the base-pairs of the DNA double helix.17 Therefore, in addition to 

the fused aromatic molecules, several different macrocycles have been designed:  

Telomestatin (Figure 1.17) is one of the natural products which has been isolated from the 

bacteria Streptomyces anulatus in 2001 by Shinya’s group.49 This polyheteroaromatic 24-

membered ring selectively prefers to interact with quadruplex structures over duplex DNA 

structures due to its neutral character and cyclic shape.46 Also, it can greatly stabilize G4s due to 

the presence of several heterocycles in its structure which are able to make π-π stacking 

interactions and acts as a telomerase inhibitor.  

One of the major drawbacks associated with telomestatin is its tedious total synthesis, which is 

difficult to transpose to an industrial scale. However, several telomestatin-like macrocycles have 
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been synthesized. For example, HXDL, derived from telomestatin by adding amine side-chains, 

shows high affinity and selectivity for G4.17 

 

Figure 1.17 Telomestatin and HXDL (as an example of telomestatin analogue) (adapted from 

reference17). 

 

Cationic porphyrin-like macrocycles are another family of macrocycles which have been 

synthesized recently. Methylation of N-containing heterocycles results in better water solubility 

along with more π stacking as a result of the decrease in electron density of the aromatic center. 

TMPyP4 is one of the representatives of porphyrin-like ligands which shows a high affinity for 

G4. This ligand not only is able to efficiently inhibit telomerase activity, but also down-regulates 

the expression of oncogenes such as c-myc and k-ras.46 Although it is further recognized that this 

ligand shows poor selectivity for G4 over duplex DNA, this type of ligand is still of great interest. 

The inner cavity of porphyrin core is suitable for metal ion coordination. The porphyrin metal 

complexes, (such as Ni, Cu, Mn complexes) are the first examples of the metallo-organic G4 

ligands, among those Mn-TMPyP4 is particularly attractive as it shows a 10 fold selectivity for 

G4 vs. duplex DNA (Figure 1.18). Metallo-organic G-quadruplex ligands not only are 

synthetically easy to access, but also are able to interact with the negatively charged G-

quadruplex thanks to their central cationic nature and high polarizability. More interestingly, their 



 

20 

 

metal center can be positioned over the cationic channel of G4 which may lead to a better 

interaction with G tracts.46 

 

Figure 1.18 Porphyrin-like macrocycles; TMPyP4 and several metal complexes of porphyrin-

like ligands (adapted from reference46). 

G-quadruplex DNA is characterized by the presence of different groove environments with a 

negatively charged phosphate backbone on nucleotides.  Considering the conformational 

distinction between G4 and duplex DNA grooves, some ligands have been designed to increase 

selectivity by binding to G4 grooves. Distamycin A (Figure 1.19.a) is a well-known compound of 

this family which has been proven experimentally to bind parallel DNA quadruplex 

[d(TGGGGT)]4 . Two distamycin A dimers can simultaneously bind to the two opposite grooves 

of G4 which corresponds the stoichiometry of 4:1.50  
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Positively charged amidinium groups in distamycin A provide electrostatic interactions with the 

grooves. Also, the crescent shape of the dimers helps provide four hydrogen-bonds to the 

guanines of G4. Figure 1.19.b illustrates the NMR structure of a G4-distamycin A complex.  

 

Figure 1.19 a) Chemical structure of distamycin A; b) side-view of the NMR structure of 

distamycin A (yellow) with its G4 target (purple) (adapted from reference50). 

 

Based on a study from Pagano et al. describing the interaction of G4 with varying numbers of 

pyrrole groups in distamycin A, the binding affinity of ligand was increased when one extra 

pyrrole unit was added, while the interaction was completely lost by adding two or more pyrrole 

units to the ligand.51 These observations illustrate the significance of the ligand’s crescent shape. 

The discovery of distamycin A has inspired researchers to design more selective ligands. 
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1.6 Research objectives 

1.6.1 Previous work from Dr. Petitjean laboratory  

Weiwen Zhao, a master’s student in Dr. Anne Petitjean’s group, previously synthesized several 

macrocycles which are formamidoxime-based crown ether analogues. Formamidoximes are a 

subgroup in the amidine family; their structure is illustrated illustrated in Figure 1.20.  
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Figure 1.20 Amidine, formamidine, amidoxime and formamidoxime general structures. 

 

Macrocyclization is always challenging in organic chemistry; however, Weiwen Zhao efficiently 

synthesized several macrocycles which are formamidoxime-based crown ether analogues by 

taking advantage of the hydrogen bonding patterns in formamidoxime building blocks. Those 

macrocycles are illustrated in Figure 1.21, among those M2 is the most relevant to my work due 

to its relatively planar structure.52  

 

Figure 1.21 Molecular composition of different macrocycles; flexible, not planar M1; less 

flexible, mostly planar M2; rigid, planar M3 (the figure is reproduced from reference52). 

Formamidoxime building blocks and hydrogen bonding patterns, responsible for the 

macrocyclization, are highlighted in red.  
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By removing the two weakly acidic amide-like protons, these macrocycles become good cation-

binding ligands, provided the appropriate cations are present (e.g., calcium) (Figure 1.22). 

As illustrated in Figure 1.23, macrocycle M2 becomes more planar when it binds to tightest 

fitting metal ions.53 

 

Figure 1.22 a) Macrocycle M2, b) deprotonated form of macrocycle M2 and c) 18-C-6 crown 

ether coordinating to a potassium (purple circle).The figure reproduced from reference52. 

 

Figure 1.23 DFT structures for complexes of M2 with a) Mg2+, and b) Ca2+. The cations are 

shown as yellow balls. M2 becomes more planar in the presence of calcium (distances in Å) 

(reproduced from reference53). 
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1.6.2 Design of a new G-quadruplex ligand 

Our goal is to prepare new macrocyclic ligands capable of recognizing and binding to G-

quadruplexes. Expanding the aromatic components of Weiwen’s macrocycles mentioned in 

section 1.6.1 may lead to macrocycles with some aromatic overlap with G4s. Based on what has 

been already mentioned, acridine is very valuable in terms of designing selective macrocycles. 

Hence, we will expand the scope of our research to investigate acridine-containing macrocycles.   

The challenge of macrocyclization can be approached by taking advantage of hydrogen bonding 

in formamidoxime units. Deprotonation and binding to metal ions can be useful either for more 

electrostatic interaction with the central ion channel of G4 and accordingly to increase the 

selectivity, or to increase water solubility. Metal ion binding may have further positive effects on 

selectivity of the ligand by flattening the structure of the designed G4 ligand, as it observed in the 

previous model macrocycles shown in Figure 1.23. 

Also, functionalizing the formamidoxime segment may provide additional interaction points 

which can enhance the selectivity between the macrocycle and quadruplex DNA. Replacing the 

hydrogen on the formamidoxime site with bromine can be advantageous for the following 

reasons:  

 The high electronegativity of bromine should lead to stronger hydrogen bonds in the core 

of the macrocycle precursor that can further favour macrocyclization.  

 The presence of bromine can facilitate mass spectroscopy characterization of the 

synthesized molecules. 

 The polarisability of bromine may provide stronger intermolecular interactions between 

the G4 ligand and G4 structure.54 

 In some cases, substitution of a hydrogen with a bromine on a G4 ligand has been 

observed to alter its selectivity.55 Using bromine can be a rational design for improving a 

G4 ligand. 
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1.6.3 Retrosynthesis of the designed macrocycles (potential G4 ligands) 

Scheme 1.1 illustrates the general retrosynthetic scheme of the designed acridine-based 

macrocycles, one with bromine on the amidoxime unit (Mb) and the other with hydrogen at the 

same position (Mh).  
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Scheme 1.1 Retrosynthesis of the desired macrocycles (Mb) and (Mh). 
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1.7 Conclusion and organization of the thesis 

Targeting of G4 represents a growing body of research that can bring tools to cure cancer, 

especially for G4s appearing in telomere and oncogenes. G4 targeting is highly challenging based 

on the high polymorphism and low abundancy of G4 structures in comparison to bulk duplex 

DNA. The rational design of two potential G4 ligands is discussed in this work. The objective of 

the thesis is to synthesize two acridine-based macrocycles (Mb) and (Mh). As 4,5-

diaminoacridine is the essential core element for both macrocycles (Mb) and (Mh),  its synthesis 

will be discussed in chapter 2. The detailed experimental section for the synthesis of macrocycle 

(Mb) that carries bromine on its formamidine site, followed by a detailed experimental section is 

presented in chapter 3. Finally, Chapter 4 provides concluding remarks and some other 

suggestions for future work, including the synthesis of macrocycle (Mh) based on the successful 

test reactions that were performed by Brandon Becher Nienhaus, 4th year undergrad student, and 

previous works from Dr. Petitjean’s group.53   
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Functionalizing the acridine unit 

2.1 Introduction 

This chapter focuses on obtaining 4,5-diaminoacridine (2.6) that is the essential core element for 

both designed macrocycles (Mh) and (Mb). Acridines are attractive units for their medicinal1 and 

photophysical2 properties. As a result, methods have been devised to selectively functionalize the 

acridine platform. A first approach is to construct the acridine 3-ring fused system from the 

individual 'lateral' phenyl ring ('classical way', section 2.1.1). A second, more recent, approach is 

to functionalize a pre-formed acridine platform through C-H activation (section 2.1.2). Both 

methods will be described below. Experimentally, this work only explores the more recent C-H 

activation route.  

2.1.1 Full synthesis of acridine unit (classical way): 

Scheme 1 shows the synthesis of 4,5-diaminoacridine that Klein and Lahey described in 1947.3 

The first step of the synthesis, which is the most inefficient step, with a yield of 32%, proceeds 

through the Ulman condensation between aryl bromide (2.1) and O-nitroaniline (2.2) that results 

in dinitrodiphenylamine carboxylic acid (2.3). The temperature has to be controlled to remain 

between 190-200 ºC since the reaction does not occur at lower temperatures, and by-products are 

formed at higher temperatures (T above 200 ºC). In the second step, dinitroacridone (2.4) was 

obtained through intramolecular acid-catalyzed acylation of (2.3). Nitro groups of compound 

(2.4) are then reduced in the next step with tin(II) chloride. In the final step, the carbonyl group 

on position 9 of the resulted diaminoacridone (2.5) is reduced using a sodium mercury amalgam 

to produce the desired diaminoacridine.4 
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Scheme 2.1 Full Synthesis of 4,5-diaminoacridine (2.6) in 4 steps with an overall yield of 

approximately 10%.4 

 

Although the efficiency and reliability of the protocol above have been proven, there are several 

drawbacks to this method. The synthesis has been completed in 4 steps with an overall yield of 

approximately 10%. Considering the need to prepare aryl halides prior to the amination, the 

overall reaction requires many more than four steps. Also, the generation of metal halide waste at 

the end represents another drawback to this synthetic method.  

Therefore, direct C-H amination of acridine at positions 4 and 5, to access 4,5-diaminoacridine 

(as shown in Scheme 2.2) provides an alternative method to synthesize 4,5-diaminoacridine.  

 

 

 

N N

NH2 NH2

catalytic aromatic 
C-H amination

1
2
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45 10

98
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Scheme 2.2 General scheme for producing 4,5-diaminoacridine (2.6) starting from the acridine 

core via CH activation. The numbering of the acridine core is given on the left and was used for 

all of the related molecules.  
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2.1.2 C-H activation and selective C-H amination of acridine at positions 4 and 5 

Except for acidic C-H bonds, C-H bonds are not generally reactive and are not used as 

“functional handles” in synthesis. Therefore, selective activation of a specific C-H bond 

especially in presence of several other nearly identical C-H bonds is a challenge. One way to 

overcome this is to use heteroatoms as “directing groups” in order to assist metal ion chelation in 

metal-catalyzed reactions to regioselectively promote the activation of the desired C-H bond(s).  

This method of direct C-H amination can be utilized for a broad spectrum of heterocyclic 

substrates.5 Figure 2.1 illustrates a general cartoon mechanism for such C-H activation to provide 

a better understanding of the method that was used in this work.   

  

 

Figure 2.1 General mechanism of catalytic aromatic C-H bond activation; the “directing group” 

(blue rectangle) on the aromatic core (orange) assists the metal catalyst (purple circle) to 

regioselectively activate the hydrogen (red circle) and replace it with an amidating reagent (green 

circle) (R1 and R2 may represent hydrogen atoms). 
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2.2 Synthetic route to 4,5-diaminoacridine through C-H amination 

A rhodium-catalyzed regioselective C-H bond functionalization at positions 4 and 5 of acridine 

has been recently developed by Gwon et al.6 Given the importance of diaminoacridine in 

biochemistry and chemistry, this method can be a practical route to 4,5-diaminoacridine with high 

selectivity on activated CH groups, under mild-condition. The general conditions of the reaction 

are shown in Scheme 2.3. Acridine-N-oxide can be used with the N-oxide unit as a directing 

group for achieving the regioselectivity and remote CH activation on positions 4 and 5 of the 

acridine. Also, a facile installation and deprotection can be achieved by use of N-

chlorocarbamates as amidating reagents. Herein, all synthetic concerns therefore focus on 

obtaining the components of the reactions in Scheme 2.3.  

N

N

NH HN

O

O

O

O

O

O
2.7 (1 equiv.)

O NH

O

Cl

2.8 (2.1 equiv.)
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AgNTf2  (32 mol%)

[Cp*RhCl2]2 (8 mol%)

AgOAc (2.1 equiv.)

50 ºC, 12 h
Methanol

2.9

+ N

NH2 NH2

1) deoxygenation

2) deprotection

2.6

 

Scheme 2.3 General formation of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10)6, 

followed by deoxygenation and Cbz deprotection to get 4,5-diaminoacridine (2.6). 

2.2.1 Acridine-N-oxide (2.7) and its preparation 

As mentioned previously, acridine-N-oxide needs to be made in order to further use N-oxide as a 

directing group for achieving regioselectivity and remote CH activation at positions 4 and 5 of the 

acridine. Acridine can be oxidized in the presence of an oxidizing agent such as hydrogen 

peroxide and/or m-chloroperoxybenzoic acid.7 In this work, the oxidation occurred efficiently by 

adding 2 equivalents of hydrogen peroxide 30% w/w, in the presence of 3 mol% of MeReO3 as a 

catalyst into a solution of acridine (1 equiv.) in dichloromethane.6 By stirring overnight at room 
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temperature under atmospheric condition, the desired product was formed. The progress of the 

reaction was monitored by TLC and because considerable amount of the starting material was 

unreacted, 0.2 equiv. more H2O2 was added to the solution to give acridine-N-oxide in 76% yield 

(in the next attempts, 2.2 equiv. of hydrogen peroxide 30% w/w were added from the beginning). 

The compound had a distinct shiny yellow color that made it visually more convenient for any 

further purification, such as column chromatography. 

 

N N

MeReO3 (3 mol%)

H2O2 (2.2 equiv.)

in CH2Cl2

rt, 16 h
O

 

Scheme 2.4 Full Synthesis of acridine-N-oxide (2.7). 

2.2.2 N-Chlorobenzylcarbamate (2.8) and its preparation 

In this method N-chlorobenzylcarbamate was used as an amidating reagent with excellent 

reactivity. It is easily installable on the aromatic group, and eventually the carbamate group 

(Cbz), a very common protecting group for amines, can be removed leaving behind the amino 

group on the acridine core. This compound demonstrates high stability to heat, air, and silica gel 

exposure.6 Additionally, it is easy to make in large scale with different methods using different 

chlorinating agents such as trichloroisocyanuric acid and/or sodium hypochlorite that result in the 

production of cyanuric acid and/or NaCl respectively as non-toxic by-products.  Herein (Scheme 

2.4), 1 equivalent of trichloroisocyanuric acid or TCCA (as a chlorinating agent) was added to the 

solution of 3 equivalents of benzyl carbamate in methanol. After stirring one hour at room 

temperature, the white solid (cyanuric acid as a by-product of this reaction) was filtered through 

celite. The organic layer was evaporated to give N-chlorobenzylcarbamate as a colourless oil. 

According to the literature, N-chlorobezylcarbamate is a white solid. However, in our hands, the 

product was obtained as a colourless oil, and it stayed oily even after co-evaporation with various 
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solvents, including toluene, diethylether, benzene and DCM, to name a few. NMR analysis of the 

crude also indicated the presence of N,N-bischlorobenzylcarbamate and left-over starting material 

both in small portions and they could be easily removed by column chromatography on silica 

with hexanes: ethylacetate (2: 0.3). Scheme 2.5 shows the general scheme for the reaction and the 

proportions of the three isolated molecules (non-chlorinated benzylcarbamate, mono-chlorinated 

benzylcarbamate, and bis-chlorinated benzylcarbamate) according to 1H NMR analysis of the 

resulting crude. This method showed to be efficient as it mostly gives the N-monochlorinated 

carbamate as the desired product.  

2.2.3 Synthesis of the rhodium complex [Cp*RhCl2]2 (2.9) 

The catalytic system of [Cp*RhCl2]2 is highly effective for regioselective activation of CH bonds 

and synthesis of 4,5-bis-substituted acridine.6 Here the [Cp*RhCl2]2 (2.9) was used in order to 

achieve the C-H activation by regioselectively interacting with acridine-N-oxide. The complex 

(2.9) with a melting point above 230°C, is extremely stable to heat and air, and can be stored 

under normal atmospheric condition for an extended period of time without decomposing.8 

As shown in Scheme 2.6, the complex (2.9) can be easily made by reacting of rhodium(III) 

chloride with Cp* (1,2,3,4,5-pentamethylcyclopentadiene). Herein, the same reactions was 

carried out in two different sets of conditions to give [Cp*RhCl2]2. These two methods are 

discussed below: 

In Method A, the reaction was performed under an inert atmosphere and microwave irradiation, 

according to the literature protocol.9 Cp* (2.1 equiv.) was added to a solution of rhodium 

O NH2

O

O NH2

O

O NH

O

O NCl

O

Cl Cl
+ +

TCCA (1/3 equiv.)

MeOH, 1 h, rt

2.8 (83%) (2%)(15%)(1 equiv)
 

Scheme 2.5 General scheme for chlorination of benzylcarbamate and the proportions of the 

components of the resulting crude. 
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chloride3 H2O in dry methanol and sealed under argon. By stirring at 100 ºC for 5 minutes and 

isolating the brown precipitate after cooling at -20 ºC for 24 hours, pure product was obtained in 

the yield of 33% (lit.9 value: 88%). Herein, a very smaller scale was used in comparison to the 

literature which may explain a lower yield.  

In method B, the same reaction as method A was performed under an inert atmosphere but under 

reflux condition. Cp* (2.1 equiv.) was added to a solution of rhodium chloride3H2O in dry 

methanol in a round bottom flask and flushed with argon. This method takes longer as it needs to 

reflux for 48 hours. It has been observed that the complex starts forming even after several hours 

at room temperature; however it needed to reflux for 48 hours to give a product of great enough 

purity to be used for the next step without any further purification.8 The product was isolated by 

filtration after cooling for 3 days at -20 ºC (freezer) and the brown precipitate was washed with 

hexanes (yield 41%).8, 9 

 

1H NMR and 13C NMR analyses indicate that both methods gave the same final result. However, 

performing the reaction under microwave conditions (method A) seemed to be more efficient due 

to the shorter reaction time.  

 

 

 

 

Scheme 2.6 General scheme for the synthesis of [Cp*RhCl2]2 using two different methods. 
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2.2.4 Synthesis of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10) 

In the literature protocol,6 the reaction was performed in a screw capped vial with a triangular 

shaped stirbar, and the solution of acridine-N-oxide (1 equiv.), benzylchlorocarbamate (2.1 

equiv.), silver bis(trifluoromethanesulfonyl)imide (32 mol%), 1,2,3,4,5-

pentamethylcyclopentadiene (8 mol%), and silver acetate (2.1 equiv.) in methanol was stirred for 

12 hours at 50°C. In this work, almost the same reaction was performed in a small scale, but in a 

round-bottom flask with dry methanol and heating up to 50°C under argon for 12 hours. As the 

concentration of the reaction mixture could be an important factor, the same amount of solvent as 

the literature was added. However, it resulted in the reaction mixture drying out. Accordingly, for 

the next attempt more solvent was added and the reaction was scaled up a bit more in order to 

have reasonable amounts of product that would allow for further purification (e.g. 

recrystallization). The reaction solution was heated up to 50°C for 24 hours. However, 1H NMR 

analysis indicated the presence of a considerable amount of mono-substituted acridine-N-oxide 

(Figure 2.2).   

Fortunately, the two major components of the crude had different colours (red and yellow) and 

they showed different solubilities. Therefore, solubility was tested on the crude of the reaction to 

find the best solvent that could dissolve one of the components, while the other compound would 

not. It was observed that hexanes can dissolve the yellow compound and the red solid stays 

behind. Therefore, the crude was washed with hexanes and both hexanes-soluble and hexanes-

insoluble portions were further analyzed by 1H NMR, as illustrated in Figure 2.2.   
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Although the two components of the crude showed different solubility in hexanes, their 

separation by washing with hexanes alone was not very efficient because it had to be done several 

times and the mono-functionalized by-product (2.11) would constantly contaminate the 

precipitate. Hence, recrystallization with DCM and hexanes was tested. In this method, by adding 

hexanes to the solution, bis-substituted acridine-N-oxide (2.10) crashed out of the solution and a 

shiny orange solid was obtained as pure 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide 

(2.10) This molecule was further fully characterized with melting point and NMR analyses (1H 

NMR, COSY, HSQC, HMBC, NOESY). Its 1H NMR spectrum is shown in Figure 2.3. 

 

Figure 2.2 Stacked 1H NMR spectra of a) the crude, b) the precipitate after washing with hexanes 

(the intensity of some of the peaks decreased after washing with hexanes; these peaks are labelled 

with red arrows), and c) the filtrate that includes the hexanes-soluble compound (the peaks 

correspond to monosubstituted acridine-N-oxide (2.11)). NMR assignment of each molecule is 

shown in appendix and experimental section (2.4).  
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In a final attempt, in order to further optimize the reaction and obtain a higher bis-substituted 

acridine to mono-substituted ratio, 0.2 equivalent less of acridine-N-oxide was added to the 

reaction mixture, while keeping the same ratio for the other reagents. In other words, acridine-N-

oxide (2.7) (1 equiv.), benzylchlorocarbamate (2.8) (2.3 equiv.), AgNTf2 (35 mol%), [Cp*RhCl2]2 

(2.9) (9 mol%), and AgOAc (2.3 equiv.) in methanol were stirred for 24 hours at 50 °C to obtain 

the desired product (2.10). 1H NMR analysis illustrates an improved reaction, as the ratio of 

mono- to bis- substituted acridine-N-oxide decreased (75% to 25%) and the desired product 

(2.10) was obtained with a 42% yield after recrystallization from dichloromethane/hexanes. 

  

 

Figure 2.3 1H NMR spectrum and assignment of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-

10-oxide (2.10).  
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2.2.5 Deprotection of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10): 

The deprotection of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide is the last step to get 

the 4,5-diaminoacridine, and has not been reported in the literature. Carbamates are widely used 

as amine protecting groups and they readily deprotect through catalytic hydrogenation, or in the 

presence of acid or base.10 

Deprotection of the bis-substituted acridine-N-oxide (2.10) was not reported in the article 

describing the C-H activation of acridine-N-oxide.6 Accordingly, all of the strategies utilized in 

this work to deprotect the Cbz and to deoxygenate (2.10) are discussed here briefly. 

In the literature protocol, the deprotection method towards 8-(Cbz-amino)quinoline was 

optimized, as the unwanted reduction of the quinoline unit was observed as a side-reaction 

(Figure 2.4). Since the reduction of acridine ring might be a potential problem, the first attempt 

toward deprotection was performed using the optimized conditions for the deprotection of 8-

aminoquinoline which is almost half of the acridine molecule in terms of structure.  

 

Figure 2.4 Simultaneous deoxygenation and deprotection of Cbz group from 8-aminoquinoline. 

The optimized conditions are shown in the equation above (adapted from reference 6). 
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Accordingly, in the first attempt, ammonium formate (10 equiv.) was used as hydrogen donor in 

the presence of the palladium on carbon catalyst (0.02 equiv.) which is twice the amount used for 

8-aminoquinoline. The reaction mixture was stirred for 12 hours at room temperature in 

methanol. However, no reaction occurred, which may stem from the insolubility of the acridine-

based reagent in methanol (Figure 2.5.a). 

 

In the second attempt, since (2.10) has a very high solubility in DCM and chloroform, it was 

dissolved in DCM, and cyclohexene (5 equiv.) (as a hydrogen donor) and Pd/C 5% catalyst (0.02 
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Figure 2.5 General strategies for catalytic hydrogenation of (2.10) to deprotect Cbz and 

deoxygenate. Methods “a”, “b”, and “c” failed. Method “d” resulted in deoxygenation, but it 

failed to deprotect the Cbz groups from (2.10). Deoxygenated compound (2.12) was isolated and 

its NMR assignment is shown in Figure 2.6.b. 
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equiv.) were added to the reaction mixture. After stirring overnight at room temperature, the 

reaction solution was filtered through a pad of celite and the organic filtrate was evaporated. 

However, 1H NMR spectroscopy showed no difference between the crude and the starting 

material, indicating that no reaction had occurred (Figure 2.5.b). 

The third attempt was performed using hydrogen gas. This seemed to be the best hydrogen donor 

candidate based on solubility. Therefore, the starting material was fully dissolved in a mixture of 

ethanol and chloroform (1:3), and the reaction mixture stirred overnight at room temperature in 

the presence of hydrogen gas and Pd/C 10%. However, no reaction occurred (Figure 2.5.c). The 

next attempt was performed using hydrogen gas and Pd/C 10% in a mixture of ethanol and 

chloroform (1:3). The reaction mixture refluxed overnight. It was then filtered through a pad of 

celite and the organic filtrate was evaporated under reduced pressure to give an orange-brownish 

crude. 1H NMR analysis of the isolated crude indicates that this methods failed to deprotect the 

Cbz groups, but it managed to deoxygenate the N-oxide unit (Figure 2.5.d). The observations 

prove that in this case deoxygenation happens before deprotection of Cbz. The structure and 1H 

NMR spectrum of the deoxygenated product (2.12) are shown in Figure 2.6.b. 
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Several other changes were applied to the conditions of reaction; however, the reaction could not 

be pushed any further neither with adding more catalyst nor by switching the solvent to 

ethanol/chloroform or ethylacetate in another one. Even refluxing the reaction at 100° C, with the 

abovementioned conditions failed to deprotect the Cbz.   

The reported crystal structure of (2.10) shows internal hydrogen bonding (Figure 2.7) which may 

stabilize the Cbz structure and make the deprotection harder. Another possible reason may be 

poisoning of the catalyst with the lone pairs of the free nitrogen on the acridine, after 

deoxygenation.10 As a result, deprotection was attempted directly with acid or base, without the 

involvement of a Pd-based catalyst. 

 

Figure 2.6 Stacked 1H NMR spectra of a) 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-

oxide (2.10), b) deoxygenated compound (2.12), c) the crude after acid deprotection of Cbz from 

(2.12) (remaining starting material (2.12) is shown with arrows) and d) pure 4,5-diaminoacridine 

(2.6) resulting from CBz deprotection of the deoxygenated compound (2.12) under basic 

conditions.  
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Firstly, 6 N HCl was added to the isolated deoxygenated compound (2.12), and the mixture 

refluxed for 48 hours. Afterwards, the solution was neutralized with KOH solution and extracted 

with DCM. 1H NMR of the obtained crude indicated that the acid deprotection was successful; 

however, some unreacted (2.12) was still present which could be due to the low solubility of 

(2.12) in the aqueous environment of the reaction (Figure 2.6.c). 

In order to further optimize the deprotection reaction and take advantage of a better solubility of 

the reagent in an organic solvent, the next attempt was performed by refluxing (2.10) in saturated 

potassium hydroxide in ethanol, at 100 ºC. After 24 hours, the reaction solution was neutralized 

with concentrated aqueous hydrochloric acid and extracted with DCM. 1H NMR analysis of the 

crude showed that the reagent was fully deprotected (Figure 2.6.d). The crude was further 

purified by silica column chromatography with DCM: methanol (2: 0.1) to give dark brown 4,5-

diaminoacridine (2.6) with a 82% yield.  

2.3 Conclusion and perspectives  

Direct activation and functionalization of C-H bond is of great importance, as it provides more 

efficient and waste-free method for fuctionalizing heterocycles under mild conditions. The goal 

of this chapter was to describe the synthesis of 4,5-diaminoacridine (2.6), the essential core 

element for both designed macrocycles (Mb) and (Mh), through direct C-H amidation rather than 

 

Figure 2.7 Structure and hydrogen bonds for (2.10) (adapted from reference6). 
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using a multi-step classical synthetic route. In this method, by following the literature protocol, 

4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10) was synthesized. Deprotection of 

the Cbz groups and deoxygenation of the acridine core had not been reported in the literature. 

Accordingly, several deprotection methods were tested, as deprotection was more challenging 

than expected. Eventually, 4,5-diaminoacridine was obtained in two steps, with the 

deoxygenation taking place first, and the deprotection of the Cbz groups occurring in a second, 

separate reaction. 

After successfully synthesising of 4,5-diaminoacridine (2.6), the essential building block of the 

designed macrocycles (Mh) and (Mb), the detailed experimental section for the synthesis of 

macrocycle (Mb) is presented in chapter 3. Finally, Chapter 4 provides concluding remarks and 

some other suggestions for the synthesis of macrocycle (Mh) based on the successful test 

reactions that were performed in Dr. Petitjean’s laboratory.  

2.4 Experimental section 

2.4.1 General methods 

All commercially available reagents were purchased from Alfa Aesar, Sigma Aldrich, and VWR 

and were used without further purification.  

Anhydrous methanol was purchased from EMD and used as received. Except for deuterated 

chloroform that was sometimes neutralized by passing through a pad of basic alumina (such 

treated CDCl3 will be signaled below by an asterisk, i.e. ‘CDCl3*’), all other deuterated solvents 

(Cambridge Isotopes) were used as they received.  

NMR spectra were obtained using 300 MHz, 400 MHz, 500 MHz, and 600 MHz Bruker NMR 

spectrometers. The units of the NMR spectra peaks are ppm and referenced against the residual 

solvent peak. Multiplicity of peaks recorded in the abbreviated form. 

The microwave assisted synthesis of the rhodium complex was performed on a Biotage initiator 

2.0 microwave synthesizer (400 MHz), in Dr. Sniekus research group.  
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Melting point analysis was performed on a MEL-TEMP (Laboratory Devices, USA) apparatus.  

Thin Layer Chromatography (TLC) was performed on Fluka silica gel with a pore diameter of 60 

Angstroms. Column chromatography was performed on silica with a particle size of 4-63 µm and 

pore diameter of 60 Angstroms. 

2.4.2 Preparation of acridine-N-oxide (2.7) 

Acridine (717 mg, 4.00 mmol) was dissolved in 4 mL of DCM. While stirring at room 

temperature, methyltrioxorhenium(VII) (MeReO3, 30 mg, 0.03 mmol, 3 mol%) and hydrogen 

peroxide 30% w/w (998 mg, 8.8 mmol, 2.2 equiv.) were added successively to the resulting 

solution, and the reaction mixture stirred overnight at room temperature. The excess amount of 

H2O2 was quenched with MnO2 and the reaction mixture stirred for 15 more minutes. The 

reaction mixture was diluted in water and DCM, the DCM layer separated, and the water layer 

further extracted with DCM. The organic layer was dried over Na2SO4, filtered and evaporated 

under reduced pressure. The resulting crude (750 mg, yield 96%) was purified by silica column 

chromatography using DCM: ethyacetate as eluent (starting from 1: 0.2 DCM: EtOAc, and 

increasing the polarity of eluent to 1:1 DCM: EtOAc after isolating the remaining starting 

materials). This afforded the desired product as a yellow solid (590 mg, yield 76%).  

Rf values for acridine-N-oxide and acridine (1:1 DCM: EtOAc) are 0.22 and 0.65 respectively. 

m.p.167-169 ˚C [ref. 7 171-172 ˚C]  

 1H NMR (400 MHz, CDCl3*):  8.86 (d, J = 8.7 Hz, 2 H, H4), 8.23 (s, 1 

H, H9), 7.95 (d, J = 8.0 Hz, 2 H, H1), 7.75 (dd, J = 9.0, 6.6 Hz, 2 H, H3), 

7.54 (t, J = 7.5 Hz, 2 H, H2)  

13C NMR (400 MHz, CDCl3*): 139.75 (C11), 130.9 (C3), 128.73 (C1), 127.80 (C12), 127.32 

(C2), 124.15 (C9), 119.92 (C4).  

[Ref. 1H NMR (400 MHz, CD3OD)  8.71 (d, J = 8.5 Hz, 2 H), 8.64 (s, 1 H), 8.09 (d, J = 8.0 Hz, 

2 H), 7.89 (dd, J = 8.5, 7.7 Hz, 2 H), 7.63 (dd, J = 8.0, 7.7 Hz, 2 H); 

N

1
2

3

98

6

7

O
45

11

12



 

48 

 

13C NMR (100 MHz, CD3OD): 140.4, 133.8, 130.3, 129.9, 128.7, 128.5, 119.5 ]11 

2.4.3 Preparation of N-chlorobenzylcarbamate (2.8) 

To a solution of benzylcarbamate (907 mg, 6.0 mmol) in methanol (15 mL) was added 

trichloroisosyanoric acid (TCCA, 465 mg, 2.0 mmol) as a solid portion-wise. The reaction 

suspension was stirred for 1 hour at room temperature under atmospheric conditions. A white 

precipitate was removed by filtration through celite and the solvent removed under reduced 

pressure. The crude colourless oil (1.05 g) was purified by column chromatography on silica 

(2:0.3 hexanes/ethylacetate) to yield (2.8) as a colourless oil (780 mg, 74%). 

1H NMR (600 MHz, CDCl3*): 7.35 (s, 5 H, Ph), 6.20 (s, 1 H, NH), 5.19 (s, 2 H, Ha); 

13C NMR (600 MHz, CDCl3*): 156.7 (CO), 135.2 (Ph), 128.7 (Ph), 128.4 (Ph), 69.2 

(Ca) 

[Ref.6 1H NMR (600 MHz, CDCl3): 7.36 (s, 5 H), 5.92 (s, 1 H), 5.20 (s, 2 H);  

13C NMR (150 MHz, CDCl3): 156.5, 135.0, 128.6, 128.3, 69.1] 

2.4.4 Preparation of [Cp*RhCl2]2 (2.9) 

Method A (under microwave conditions): In a 5 mL microwave vial, rhodium(III) chloride 

hydrate (51 mg, 0.24 mmol, 1 equiv.) was dissolved in 1.2 mL dry methanol, and 1,2,3,4,5-

pentamethylcyclopentadiene (Cp*, 0.08 mL, 0.51 mmol, 2.1 equiv.) was added to the solution. 

The cap of the microwave vial was closed and the solution was degassed by bubbling argon for 3 

min. The sealed vial was then placed in the microwave instrument and heated to 100 ºC while 

stirring for 5 minutes. Afterwards, the vial was placed in a -20 ºC freezer for 24 hours to complete 

precipitation. The brown precipitate was isolated by vacuum filtration and washed with hexanes 

to give [Cp*RhCl2]2 (51 mg, yield 34%). 

Method B (under reflux conditions): In a two neck round bottom flask equipped with a stirbar, 

rhodium(III) chloride (203 mg, 0.968 mmol) was dissolved in 1.2 mL dry methanol, and 

1,2,3,4,5-pentamethylcyclopentadiene (Cp*, 0.32 mL, 2.03 mmol) added to the solution. The 
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solution was degassed under argon for 5 min. The reaction solution was first stirred under argon 

for 5 min., and then refluxed under argon for 48 hours (temperature set to 75 ºC). Afterwards, the 

reaction solution was placed in a -20 ºC freezer for 48 hours to complete precipitation. The brown 

precipitate was isolated by vacuum filtration and washed with hexanes to give [Cp*RhCl2]2 (245 

mg, yield 41%).  

1H NMR (400 MHz, CDCl3*): 1.61 (s, 30 H, C5Me5) 

13C NMR (400 MHz, CDCl3*): 94.3 (d, JRhC = 9 Hz, C5Me5), 

9.53 (s, C5Me5) 

[Ref.9 1H NMR (300 MHz, CDCl3): 1.62 (s, 30 H, C5Me5) 

13C NMR (150 MHz, CDCl3): 94.27 (d, JRhC = 9 Hz, C5Me5), 9.55 (s, C5Me5)] 

2.4.5 Preparation of 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10) 

To a round bottom flask were added acridine-10-oxide (2.7) (107 mg, 0.55 mmol, 1 equiv.), 

benzylchlorocarbamate (2.8) (234 mg, 1.3 mmol, 2.3 equiv.), AgOAc (211 mg, 1.3 mmol, 2.3 

equiv.), AgNTf2 (75 mg, 0.2 mmol, 35 mol%) [Cp*RhCl2]2 (2.9) (30 mg, 0.48 mmol, 9 mol%) 

and dry methanol (3.6 mL). The reaction mixture was stirred at 50 ºC for 24 hours under argon. 

Afterwards, the organic solvent was removed under reduced pressure, and 10 mL DCM were 

added. The mixture was then filtered through a pad of silica and washed with 4 × 30 mL DCM. 

The organic layer was concentrated under vacuum and the crude (235 mg, yield 87%) 

recrystallized with dichloromethane and hexanes to give the pure orange-reddish product (2.10) 

(113 mg, yield 42%).  

Melting point: 200-203 ºC [ref.6 202-203 ºC]. Also, on TLC plate 

(hexanes:EtOAc 1:0.6) Rf value is 0.42. 

1H NMR (400 MHz, CDCl3*): δ 12.84 (s, 2 H, NH), 8.63 (dd, J = 6.6, 

2.6 Hz, 2 H, H3), 8.19 (s, 1 H, H9), 7.45 (m, 1 H, H1), 7.43 – 7.44 (m, 2 

N

N
H

O

O

N
H

O

O

1
2

3

98

6

7

a

b

c

d

11

12

O



 

50 

 

H, H2), 7.40 – 7.42 (m, 2 H, Hb), 7.27 – 7.35 (m, 6 H, Hc,d), 5.20 (s, 4 H, Ha) 

13C NMR (400 MHz, CDCl3*): δ 154.0 (CO), 136.5 (Q-Ph), 133.2 (C4), 131.4 (C11), 130.8 

(C12), 128.1 (Cb), 128.3 (Cc,d), 127.8 (C2),121,4 (C1), 118.5 (C3), 66.9 (Ca) 

[Ref.6 1H NMR (400 MHz, CDCl3): δ 12.81 (s, 2 H), 8.60 (dd, J = 6.3, 2.9 Hz, 2 H), 8.15 (s, 1 H), 

7.45 – 7.37 (m, 8 H), 7.34 – 7.33 (m, 1 H), 7.32 – 7.31 (m, 2 H), 7.31 – 7.29 (m, 1 H), 7.29 – 7.28 

(m, 1 H), 7.28 – 7.26 (m, 1 H), 5.20 (s, 4 H)  

13C NMR (100 MHz, CDCl3) δ 153.6, 136.4, 133.3, 131.5, 129.2, 128.7, 128.5, 128.3, 128.2, 

128.0, 121.6, 118.5, 66.9] 

4-[(Benzyloxy)carbonyl]amino}acridine-10-oxide (2.11): 

1H NMR (600 MHz, CDCl3*): 13.90 (s, 1 H, NH), 8.73 (d, J = 9.1 Hz, 2 H, 

H5), 8.63 (d, J = 7.8 Hz, 1 H, H3), 8.23 (s, 1 H, H9), 7.89 (d, J = 8.4 Hz, 1 H, 

H6), 7.74 (t, J = 8.3 Hz, 1 H, H6), 7.56 (t, J = 7.5 Hz, 1 H, H7), 7.51 (d, J = 

8.3 Hz, 1 H, H1), 7.44 – 7.47 (m, 3 H, H2,b), 7.31 – 7.39 (m, 6 H, Hc,d) 

13C NMR (600 MHz, CDCl3*): 153.7 (CO), 139.9 (C14), 133.5 (C11), 131.5 

(C6), 130.7 (C4), 128.2 (Cc), 128.1 (Cd), 127.9 (C8), 127.8 (Cb), 127.3 (C7), 126.5 (C9), 121.7 

(C2), 121.4 (C1), 118.8 (C5), 117.1 (C3), 66.4 (Ca) 

 

2.4.6 Preparation of 4,5-diaminoacridine (2.6) 

Step #1 (Deoxygenation): 

In a round bottom flask, 4,5-bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.4) (110 mg, 

0.23 mmol, 1 equiv.) was dissolved in chloroform/ ethanol (10 mL/ 4 mL), and Pd/C 10% w/w 

(15 mg, 0.014 mmol, 6 mol%) was added to the reaction solution. The reaction solution was 

stirred at 80 ºC for 12 hours under an atmosphere of hydrogen gas. The solution was cooled to 

room temperature and filtered through celite. The organic filtrate was concentrated under vacuum 
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and the crude recrystallized with dichloromethane and hexanes to give orange-brownish 

deoxygenated, 4,5-bis{[(benzyloxy)carbonyl]amino}acridine (2.12). (108.6 mg yield 98%). 

1H NMR (500 MHz, CDCl3*): δ 9.1 (s, 1 H, NH), 8.7 (s, 1 H, H9), 8.50 (d, J = 7.4 Hz, 2 H, H3), 

7.66 (d, J = 8.4 Hz, 2 H, H1), 7.53 (t, J = 8.0 Hz, 2 H, H2), 7.46 (m, 2 H, Hb), 7.36 (m, 6 H, Hc,d) 

Step #2 (Deprotection of Cbz): 

Deoxygenated compound (2.12) was used without any purification for 

further deprotection of Cbz groups. In this step, 4,5-

bis{[(benzyloxy)carbonyl]amino}acridine (2.12) was desolved in 300 mL of 

a saturated solution of KOH in ethanol and the solution stirred for 24 hours 

at 100 ºC. After cooling to room temperature, the basic solution neutralized with aqueous 

concentrated HCl and extracted with 5 × 25 mL of DCM. A dark brown crude was obtained (100 

mg). The crude was further purified by silica column chromatography with DCM: methanol (2: 

0.1) to give 4,5-diaminoacridine (2.6) as a dark brown powder (39 mg, 82% yield).   

1H NMR (400 MHz, CDCl3*): δ 8.58 (s, 1 H, H9), 7.33 – 7.35 (m, 2 H, 

H2), 7.32 – 7.34 (m, 2 H, H1), 6.92 (dd, J = 5.9, 2.5 Hz, 2 H, H3) 

 13C NMR (400 MHz, CDCl3*): δ 143.41 (C11), 138.61 (C12), 135.56 

(C9), 127.54 (C4), 126.71 (C2), 116.67 (C1), 108.51 (C3) 

[ref.4 1H NMR (300 MHz, D2O/DCl): δ (d, 2 H, J=7.2 Hz, aromatic), 7.62 (d, 2 H, J = 9.0 Hz, 

aromatic), 8.47 (s, 1 H, aromatic); 13C NMR (300 MHz, D2O/DCl): δ 142.99, 144.06, 144.06, 

145.02, 145.66, 147.31, 156.53, and 159.29] 
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Attempts towards a brominated macrocycle 

3.1 Synthetic route to brominated macrocycle (Mb) 

In this chapter a series of tests were carried out to synthesize the macrocycle whose structure is 

depicted in Scheme 3.1. The target macrocycle can be synthesized through the condensation of a 

nucleophilic bis-amidoxime unit (3.a) and an electrophilic dibromomethylpyridine (3.b).  

 

According to current literature, such a molecule has yet to be synthesized. Before attempting the 

full synthesis of the designed macrocycle, a synthetic scheme for a model compound (3.7) which 

represents half of the desired macrocycle has been developed (Scheme 3.2).  

Finding the proper synthetic protocols would be easier with a smaller model and can then be 

applied to a macrocycle. We will eventually apply what we learn from the synthesis of the model 

compound towards the complete synthesis of the acridine-based macrocycle (Mb). Note that 

similar reaction as the last macrocyclization step (Scheme 3.1) has been accomplished before by 

Weiwen Zhao and the feasibility of this reaction has been confirmed.1 Accordingly, the main 

challenge would be the synthesis of compound (3.5). One of the possible ways to synthesize 

compound (3.5) is a condensation reaction between commercially available 8-aminoquinoline 

(3.4) and dibromoformaldoxime (3.3). Since the OH group of (3.3) may interfere with the 
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Scheme 3.1 Synthetic scheme of designed macrocycle (Mb). 
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condensation reaction, a second possible route for the synthesis of the model molecule is 

illustrated in Scheme 3.2.  In this case a protecting group for the OH group is used which is 

shown in compound (3.4’). 

3.1.1 Preparation of aldoximes (3.2) and (3.2’) 

Following the literature protocol,2 glyoxilic acid aldoxime (3.2) was prepared by treating the 

solution of hydroxylamine 50% w/w (1 equiv.) with aqueous solution of glyoxilic acid 50% w/w 

(1.06 equiv.) and stirring overnight at room temperature. The crude was obtained by extraction of 

the aqueous layer with diethyl ether and drying. The method was carried out with a yield of 72%.  

The general scheme for the reaction is shown in Scheme 3.3.  

 

In order to prepare compound (3.2’) carrying a protecting group on the hydroxyl group, a nearly 

similar protocol as for compound (3.2) was modified from literature3 (Scheme 3.3). In this case, 

glyoxylic acid 50% w/w solution (2.02 equiv.) was added in one portion to a solution of O-

hydroxybenzylamine hydrochloride (1 equiv.) in water. The reaction gave compound (3.2’) as a 
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Scheme 3.2 Synthetic scheme of model test. 
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white solid, with a yield of 97% after stirring overnight at room temperature. Accordingly, the 

first step of the second route was carried out in a good yield (97%) for (3.2’). The benzyl 

protecting group seems to facilitate the transformation. The high efficiency of the reaction may 

come from the solubility of the product. The product of the reaction (3.2’) was sparingly soluble 

in water at room temperature and this causes the reaction to be pushed towards completion based 

on Le Chatelier's principle. 
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Scheme 3.3 General scheme for the preparation of aldoximes. 

3.1.2 Bromination of oximes 

In the literature protocol,2 a solution of glyoxylic acid aldoxime (3.2) (1 equiv.) was treated with 

bromine (1.38 equiv.) to give dibromoaldoxime (3.3). In this work, a larger amount of bromine 

was used in order to push the reaction towards completion. Accordingly, to a solution of 

glyoxylic acid aldoxime (1 equiv.) was added bromine (2 equiv.) slowly and under vigorous 

stirring. After an extraction with diethyl ether, the excess bromine was washed with a saturated 

solution of sodium thiosulfate in water. Scheme 3.4 shows the general reaction for the 

bromination of glyoxilic acid aldoxime. 
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Scheme 3.4 Optimized reaction for the preparation of dibromoformaldoxime (3.3). 
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A possible mechanism for the bromination of glyoxylic acid aldoxime (with and/or without 

protecting group represented with R) is proposed in Scheme 3.5. According to the mechanism, 

the bromination occurs in two general steps illustrated as “i” and “ii”.   
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Scheme 3.5 Mechanism for bromination of aldoxime. “R” represents hydrogen or a protecting 

group (benzyl group in this case).  

Although compound (3.2’) has been synthesized in good yield (as discussed in section 3.1.1), its 

bromination has not been reported in the literature. Since bromination of compound (3.2) was 

carried out successfully, the same general protocol using Br2 was applied to prepare the O-benzyl 

dibromoformaldoxime (3.3’, Scheme 3.2, 2nd step from route 2). 

 

In a large vial, 0.34 mL of water was added to 35 mg of (3.2’) and cooled to 4 ˚C in an ice bath. 

Compound (3.2’) was only soluble in hot water, so bromine (0.02 mL, 0.4 mmol) was added 

under continuous stirring to the abovementioned suspension. Afterwards, the ice bath was 

removed and the suspension was stirred for 3 hours, then extracted with diethyl ether and 21 mg 

of solid was obtained. However, it was concluded from 1H NMR and 13C NMR in CDCl3 that 

only the reagent (3.2') remained, and no reaction had occurred (Scheme 3.6.a).  
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Scheme 3.6 General strategies for the bromination of (3.2). 

 

Since the solubility of the reagent might be the problem, in the next attempt, the same reaction 

was carried out in dichloromethane rather water, and stirred vigorously for 72 hours (rather than 3 

h) at room temperature. 1H NMR analysis of the reaction crude in DMSO-d6 indicates the 

presence of the peak at 7.62 ppm corresponding to the aldehyde hydrogen (Figure 3.1). However, 

the peak corresponding to the carboxylic acid at 13.3 ppm was not present in the final product. 

There are two possibilities: 

1- The hydrogen on the carboxylic acid group is not visible in the NMR spectra because of proton 

exchange with water, meaning that the reagent did not react with bromine and no reaction 

occurred. 

2- According to the mechanism shown in Scheme 3.5, only the first bromination step took place, 

with decarboxylation happening first, and it didn’t proceed any further towards the second 

bromination (Scheme 3.6.b).  

In both cases (either the reaction didn’t occur, or the mono-brominated compound was formed), 

the reaction failed to produce the desired di-brominated compound, so the route 2 (scheme 3.2) 

cannot be continued. Synthesis of compound (3.5) may be only achieved through the route 1 in 

scheme 3.2 (see below).  
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Figure 3.1 Stacked 1H NMR spectra of the product of the reaction illustrated in Scheme 3.6.b. a) 

1H NMR spectra of (3.2’) with its structure illustrated above and b) 1H NMR spectrum of the 

crude after bromination that may be unreacted or mono-brominated (3.2’). The aldehyde proton is 

shown with red star, carboxylic hydrogen with a blue circle, and CH2 hydrogens with an orange 

diamond. 

3.1.3 Preparation of (3.5) through a condensation reaction between (3.3) and (3.4) 

Nucleophilic substitution reactions between an amine nucleophile and an acyl halide electrophile 

are always accompanied by the release of an acid: hydrogen halide. This acid, if produced in 

significant amounts, will eventually protonate the amine nucleophile which will result in blocking 

the reactivity/nucleophilicity of the named amine. Hence, it is necessary to add a second, non-

nucleophilic base (such as triethylamine) to “mop up” the produced excess acid to maintain the 

occurrence of the reaction. In the present case, the electrophile and the nucleophile are 

dibromoformaldoxime (3.3) and 8-aminoquinoline (3.4), respectively. 
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The literature4 documents an almost similar reaction whereby the nuclophile 8-aminoquinoline 

was added in presence of triethylamine to the solution of electrophile compound (3.8) that shows 

a fair similarity to our desired compound (2.4). The general reaction is shown in Scheme 3.7.  

 

H
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HO

Cl

N
OH

+ N

NH2

H

N
HO

HN

N
OH

N

-15 ºC

EtOH, Et3N

(3.8) (3.4) (3.9)56%

 

Scheme 3.7 General reaction scheme reported in a literature protocol and has some similarities 

with our desired reaction.4 

Based on the abovementioned protocol, several test reactions were carried out in order to produce 

compound (3.5). The general reaction scheme is shown in Scheme 3.8. Firstly, a test reaction was 

performed in an NMR tube in order to monitor the reaction with by NMR. In a separate vial, a 

solution of 8-aminoquinoline (14.4 mg, 0.1 mmol) in 100 µL CD3OD was treated with 

triethylamine (8 μL, 0.1 mmol). This solution was then added drop-wise to an NMR tube 

containing a magnetic stir bar and a cooled solution (-13 ˚C by using a salt-ice bath) of 

dibromoformaldoxime (20.3 mg, 0.1 mmol) in 300 µL CD3OD. The solution was stirred for 5 

hours at -13 ˚C. A dark brown-black solution was obtained. Afterwards, 1H NMR spectra were 

recorded in order to monitor the progress of the reaction. The spectra of the crude were not clear 

enough to assign. However, they showed that all of the starting materials reacted. By comparing 

the NMR spectra obtained from the crude and starting material (8-aminoquinoline), it was 

observed that no 8-aminoquinoline was left and all of the species had reacted, as the peaks 

corresponding to the 8-aminoquinoline ring (starting material) were no longer observed (Figure 

3.2).  TLC analysis further proved the presence of several species (at least 3 species) in the 

reaction solution. 
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Accordingly, another test reaction on a larger scale that allows for separation of the species was 

the next step (Scheme 3.8). The same reaction was performed on a scale five times greater than 

the first test reaction. The reaction was carried out in a round bottom flask and ethanol used as the 

Br

N
HO

Br
+ N

NH2

-13 ºC

Solvent, Et3N

(3.3) (1 equiv.) (3.4) (1 equiv.)

(3.5)

N

N
H

Br

N
OH

 

Scheme 3.8 General reaction scheme for preparation of (3.5). The solvent was CD3OD in the first 

attempt, and ethanol in the second attempt. 

 

 

Figure 3.2 The aromatic region of 1H NMR (400 MHz in methanol-d4), a) crude of the 

condensation reaction of 8-aminoquinoline (3.4) and dibromoformaldoxime (3.3), b) 8-

aminoquinoline (3.4).   
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solvent. After 5 hours of stirring at -13 ˚C, the solution was evaporated under reduced pressure. 

The crude was obtained as a dark brown/black solid. 1H NMR of the crude in CD3OD showed the 

same complicated spectrum (Figure 3.3)  

The crude had the best solubility in methanol and ethanol. Therefore, the crude was dissolved in 

ethanol and any insoluble black solid separated by centrifugation. The supernatant was further 

evaporated and the resulting solid purified on silica column chromatography with 

dichloromethane/ hexanes (1: 0.1). In the same TLC condition, the three spots A, B, C had Rf 

values of 0.4, 0.28, and 0.2 respectively. The separation of the components on column was 

successful, but gave low yields (out of 114 mg of crude, 4.9 mg, 1.8 mg and 0.8 mg were 

obtained for the A, B and C fractions respectively). Stacked 1H NMR spectra of the crude and all 

of the separated compounds are shown in Figure 3.3.  
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Figure 3.3 Stacked 1H NMR spectra of the starting material (8-aminoquinoline (3.4)), crude, 

fraction A, fraction B, and fraction C respectively from bottom to up. Only the aromatic part of 

the spectra is shown. The general structure of the compounds have been drawn in the center of 

each spectrum, and the peaks have been assigned according to the numbering of the related 

structure. X and Y represent possible substitution on each molecule. 

 

Based on further NMR analysis (COSY, HMBC, HSQC, and NOESY), it was realized that 

fractions A and B may have substitution on position number 7 of the quinoline ring which was 

not expected. Also, they started to decompose over time. As an example, fraction B decomposed 

after 12 days in solution, as shown in Figure 3.4. 
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Fraction C was the one which had no extra substitution on the quinoline ring and was the most 

promising. Also, it was stable as the spectra didn’t show any change after even several months. 

However, NMR analysis gave no indication to identify the nature of the substitution on the amino 

group. Moreover, the amount of compound C recovered from the column was very small (0.8 mg 

of compound C, out of 114 mg of loaded crude). In other words, even if compound C were the 

desired product (3.5), such a small yield (0.7%) showed that the synthetic protocol was not very 

successful and would need further optimization.  

3.2 Conclusion and future remarks 

Cyclization and chemical reactivity have always been major challenges in organic chemistry; 

however, in supramolecular chemistry, macrocyclic molecules can be accessed efficiently by 

relying on templates. In our study, the desired macrocycle takes advantage of the use of a discrete 

number of assembled molecular subunits pre-organized for the desired cyclization. As a step 

 

Figure 3.4 Stacked 1H NMR spectra of fraction B (bottom) that shows decomposition after 12 

days (top). 
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toward the complete acridine-based brominated macrocycle (M1), the synthesis of a brominated 

model was attempted and proved to be challenging. Two pathways were proposed in order to 

make the half model (3.7) using the aldoxime with a benzyl protecting group (route 2), or without 

it (route 1). The first reaction of the second route was done successfully, but the second reaction 

failed to give the desired compound (3.3’). The compounds of the first route were synthesized 

successfully. However, the reaction of 8-aminoquinoline (3.4) with dibromoformaldoxime (3.3) 

did not seem to be a simple condensation reaction and needs further optimization. 

If successful, the model compound may act as a G4-binder itself, so applying some modification 

on the formamidoxime site or the aromatic site of the model compound could be investigated in 

the future. After the successful synthesis of the model compound, we will move on to 

synthesizing the complete acridine-based macrocycle with bromine on the amidoxime sites in 

order to reach a potential G4 binder. Chapter 4 discusses the synthesis of macrocycle (Mh) based 

on the successful test reactions that were performed in Dr. Petitjean’s group, and provides some 

other suggestions for the future work.  

3.3 Experimental section 

3.3.1 General methods 

All commercially available reagents were purchased from Alfa Aesar and Sigma Aldrich, and 

were used without further purification. All deuterated solvents (Cambridge Isotopes) were used as 

received. NMR spectra were obtained using 300 MHz, 400 MHz, and 600 MHz Bruker NMR 

spectrometers. The units of the NMR spectra peaks are ppm and referenced against the residual 

solvent peak. Multiplicity of peaks are reported in abbreviated form. Melting point analysis were 

performed on a MEL-TEMP (Laboratory Devices, USA) apparatus. Thin Layer Chromatography 

(TLC) was performed on Fluka silica gel with a pore diameter of 60 Angstroms. Column 

chromatography were performed on silica with a particle size of 4-63 µm and pore diameter of 60 

Angstroms. 
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3.3.2 Preparation of glyoxylic acid aldoxime (3.2) 2 

An aqueous solution of glyoxylic acid 50% w/w (5.93 g, 80.1 mmol) was added dropwise to a 

stirred solution of hydroxylamine 50% w/w (2.6 mL, 44 mmol) in a way that the temperature 

stayed stable at room temperature. The solution was stirred for 16 hours. The magnetic bar was 

removed and the solution was extracted with 10 × 10 mL of diethyl ether. The combined organic 

layers were dried over sodium sulfate, filtered and evaporated. A white solid was obtained (3.5 g, 

72% yield) and then was purified by recrystallization from acetonitrile/ toluene (yield 68%). m.p. 

134-136 ˚C [ref. 3 134-136 ˚C] 

1H NMR (300 MHz, DMSO-d6): δ 7.44 (s, 1 H, Hb), 12.34 (s, 1 H, Ha), 12.96 

(broad s, 1 H, Hd) 

1H NMR (400 MHz, acetonitrile-d3): δ 7.46 (s,1 H, Hb), 9.68 (broad s, 2 H , Hd 

& Ha) 

13C NMR (400 MHz, acetonitrile-d3): δ 142.63 (Cb), 163.89 (Cc) 

HSQC (400 MHz, acetonitrile-d3) shows the correlation between the carbon at 142.63 ppm and 

the hydrogen at 7.46 ppm.  

[Ref.3 1H NMR (400 MHz, acetone-d6): δ 7.48 (s, 1 H, Hb), 13C NMR (150 MHz, acetone-d6): 

164 (Cd), 143.0 (Ca)] 

3.3.3 Preparation of dibromoformaldoxime (3.3)2 

A stirred solution of glyoxalic acid aldoxime (3.3 g, 36.4 mmol) dissolved in 65 mL of water, was 

cooled to 4 ˚C in an ice bath and then bromine (3.8 mL, 73 mmol) was added in small portions in 

order to prevent an uncontrolled reaction. After the addition of bromine was complete, the ice 

bath was removed and the solution stirred for 3 hours at room temperature. After extraction with 

3 × (5 × 25 mL) of diethyl ether, the combined organic layers were washed with 10 mL of a 

saturated solution of sodium thiosulfate in water, dried over sodium sulfate, filtered and 

evaporated. The dibromoformaldoxime crude was obtained as a white solid (4.28 g, 58% yield). 

N

H

O

OH

HO

db

c

a



 

66 

 

Purification was carried out by hot filtration and single solvent recrystallization with n-hexane 

(45% yield).  

 m.p. 69-70 ˚C [ref.5 65-66 ˚C] 

1H NMR (400 MHz, DMSO-d6): δ 12.74 (s, 1 H, Ha) 

13C NMR (400 MHz, DMSO-d6): δ 95. 21  

 [Ref.5 1H NMR (DMSO-d6): δ 12.6 (s, 1 H, Ha), 13C NMR (DMSO-d6): δ 94.5] 

3.3.4 Preparation of [(phenylmethoxy)imino]acetic acid (3.2’)3 

To a solution of O-hydroxybenzylamine hydrochloride (572 mg, 3.6 mmol) in 8.2 mL of water, 

was added glyoxylic acid 50% w/w solution (0.4 mL, 7.2 mmol) in one portion. The colorless 

solution turned into a white suspension. The suspension was stirred at ambient temperature 

overnight. Afterwards, 12 mL of dichloromethane were added to the suspension and the aqueous 

layer extracted with 6 x 10 mL of dichloromethane. The combined organic layers were dried over 

sodium sulfate, filtered and evaporated. A white solid (629 mg, 97% yield) was obtained. The 

crude was recrystallized with two solvents, chloroform and n-hexane. A white shiny solid (523 

mg, 84% yield) was obtained. m.p: 84-86 ˚C   

1H NMR (400 MHz,CDCl3): δ 9.81 (broad s, 1 H, Ha), 7.55 (s, 1 H, Hc), 

7.38 (m, 5 H, Ph), 5.33 (s, 2 H, Hd) 

13C NMR (400 MHz,CDCl3): δ 166.14 (Cb), 140.2 (Cc), 135.6 (Ph), 128.6 

(Ph), 78.5 (Cd)  

[Ref.3 1H NMR (400 MHz, CDCl3): δ 10.9 (s, 1 H), 7.53 (s, 1 H), 7.37-7.33 (m, 5 H), 5.30 (s, 2 

H); 13C NMR (100 MHz, CDCl3): δ 166.3, 140.2, 135.6, 128.6, 78.5] 
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Conclusions and perspectives 

4.1 Summary and conclusion  

Given the important functional roles for G-quadruplexes, designing and synthesizing ligands 

which selectively bind and stabilize G4s may ultimately provide a tool to control cancer.1 

Targeting the G4 is a challenging task because of its associated polymorphism and minimal 

abundance compared to duplex DNA in the genome. Unfortunately, binding to the more abundant 

duplex DNA is not desirable for therapeutic purposes in our line of work.  

Due to the unique structural features of G-quadruplexes, we proposed designing potential 

therapeutics which can specifically target G-quadruplexes and enhance their stability.2 Our 

platforms of choice (acridine-based macrocycles (Mb) and (Mh)) mimic natural guanine quartets 

and should therefore stack with G4s in a similar fashion. The main objective of the thesis is to 

synthesize macrocycles (Mb) and (Mh). 

The first part of the project involves synthesizing the essential aromatic section, 4,5-

diaminoacridine (2.6), of the designed macrocycles (Mb) and (Mh), as described in chapter 2. 

Rather than utilizing the multi-step classical synthetic method, 4,5-diaminoacridine (2.6) was 

instead directly synthesized from plain acridine through rhodium-catalyzed C-H activation of 

positions 4 and 5 of the acridine unit, resulting in the intermediate compound (2.10).3 The 

following two steps, i.e. deoxygenation of compound (2.10), first, and deprotection of the amine 

protecting groups (Cbz), second, result in the successful production of 4,5-diaminoacridine (2.6). 

In our work, the synthesis of all of the reagents and catalysts were carried out successfully. It is of 

importance to note that the deprotection and deoxygenation two-step process was not reported in 

the related reference article.3  
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Chapter 3 discusses the steps towards the synthesis of the bromine-containing macrocycle (Mb). 

Since macrocyclization is generally challenging, we tried synthesizing a model compound, (3.7), 

which is almost half of the desired macrocycle in order to determine the proper synthetic 

conditions. Precursors (3.2) and (3.3) were produced in good yields. However, using (3.3) to 

continue the step-wise optimized synthesis to (3.7) was not completed due time constraints.   

4.2 Future direction 

As discussed in chapter 3, the synthesis of the model compound (3.7) requires further 

optimizations, in either solvent, synthesis time or reagent manipulation. The synthesis and 

characterization of the model compound (3.7) and consequently the potential G4 binders (Mb) 

will be carried out.  

For the same reason as for (Mb), the synthesis of macrocycle (Mh) was approached through its 

half model (4.1, Figure 4.1). There are two possible pathways (acidic and basic conditions) for 

synthesizing compound (4.1).4  
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Figure 4.1 Macrocycle (Mh) (right) and hydrogen-containing half model compound (4.1) (left). 

The formamidoxime synthesis methods were optimized by Brandon Becher Nienhaus 

(Biochemistry honours project, 2014-2015) and the feasibility of the protocols has been 

confirmed.4 Accordingly, the synthesis of macrocycle (Mh) will be completed following the 

synthetic scheme outlined below (Scheme 4.1). 
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Scheme 4.1 Proposed synthetic scheme for macrocycle (Mh). 

Following the synthesis of macrocycles (Mh) and (Mb), the coordination of various metal ions 

will be examined in order to further optimize the shape and binding ability of the metal-

macrocycle complexes. The affinity of completed models and macrocycles (Mh) and (Mb) 

towards G4s will be further investigated in the context of human TTAGGG repeats and/or other 

G4 sequences by various spectroscopic methods (UV/Vis, Fluorescence, Nuclear Magnetic 

Resonance). The promising model candidates will be studied with human cells. 
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Appendix A 

NMR spectra 

Acridine-N-oxide (2.7)  

 

1H NMR (CDCl3*, 400 MHz, 25 ˚C) 
 

13C NMR (CDCl3*, 400 MHz, 25 ˚C) 
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NOTE: For reasons that are unclear to me, the 13C scale seems to be off on the HSQC spectrum. 

The HSQC information was therefore only used to assign H-C correlations, but not considered in 

the determination of absolute 13C NMR chemical shifts. 

1H-1H COSY (CDCl3*, 400 MHz, 25 ˚C) 

 

1H- 13C HSQC (CDCl3*, 400 MHz, 25 ˚C) 
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N-Chlorobenzylcarbamate (2.8) 

 

1H-13C HMBC (CDCl3*, 400 MHz, 25 ˚C) 

 

1H NMR (CDCl3*, 600 MHz, 25 ˚C) 
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13C NMR (CDCl3*, 600 MHz, 25 ˚C) 

 

1H-13C HSQC (CDCl3*, 600 MHz, 25 ˚C) 
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1H-13C HMBC (CDCl3*, 600 MHz, 25 ˚C) 
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Pentamethylcyclopentadienylrhodium(III) chloride dimer ([Cp*RhCl2]2) (2.9) 

 

 

1H NMR (CDCl3*, 400 MHz, 25 ˚C) 
 

13C NMR (CDCl3*, 400 MHz, 25 ˚C) 
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4,5-Bis{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.10) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1H NMR (CDCl3*, 400 MHz, 25 ˚C) 
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1H-1H COSY (CDCl3*, 600 MHz, 25 ˚C) 

 

1H-13C HSQC (CDCl3*, 600 MHz, 25 ˚C) 
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1H-13C HMBC (CDCl3*, 600 MHz, 25 ˚C) 

 

1H-1H  NOESY (CDCl3*, 600 MHz, 25 ˚C) 
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4-Mono{[(benzyloxy)carbonyl]amino}acridine-10-oxide (2.11)  

 

    

1H NMR (CDCl3*, 400 MHz, 25 ˚C) 

 

1H-1H COSY (CDCl3*, 400 MHz, 25 ˚C) 
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1H-13C HSQC (CDCl3*, 400 MHz, 25 ˚C) 

 

1H-13C HMBC (CDCl3*, 400 MHz, 25 ˚C) 
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1H-1H  NOESY (CDCl3*, 400 MHz, 25 ˚C) 
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4,5-Bis{[(benzyloxy)carbonyl]amino}acridine (2.12) 

 

 

1H NMR (CDCl3*, 500 MHz, 25 ˚C) 

 

1H-1H COSY (CDCl3*, 500 MHz, 25 ˚C) 
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4,5-Diaminoacridine (2.6) 

 

 

1H NMR (CDCl3*, 400 MHz, 25 ˚C) 

 

13C NMR (CDCl3*, 400 MHz, 25 ˚C) 
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1H-1H COSY (CDCl3*, 400 MHz, 25 ˚C) 

 

1H-13C HSQC (CDCl3*, 400 MHz, 25 ˚C) 
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Glyoxylic acid aldoxime (3.2) 

 

1H-13C HMBC (CDCl3*, 400 MHz, 25 ˚C) 

 

1H NMR (acetonitrile-d3, 400 MHz, 25 ˚C) 
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13C NMR (acetonitrile-d3, 400 MHz, 25 ˚C) 

 

1H-13C HSQC ( acetonitrile-d3, 400 MHz, 25 ˚C) 
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Dibromoformaldoxime (3.3) 

 

 

 

1H NMR (DMSO-d6, 400 MHz, 25 ˚C) 

 

13C NMR (DMSO-d6, 400 MHz, 25 ˚C) 
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[(Phenylmethoxy)imino]acetic acid (3.2’) 

 

 

1H NMR (CDCl3, 400 MHz, 25 ˚C) 

 

13C NMR (CDCl3, 400 MHz, 25 ˚C) 
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Fractions A, B and C, isolated by column chromatography (shown in Figure 3.3) 

Fraction A  

 

 

1H-13C HSQC (CDCl3, 400 MHz, 25 ˚C) 

 

1H NMR (CD3OD, 600 MHz, 25 ˚C) 
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1H-1H COSY (CD3OD, 600 MHz, 25 ˚C) 

 

1H-13C HSQC (CD3OD, 600 MHz, 25 ˚C) 
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1H-13C HMBC (CD3OD, 600 MHz, 25 ˚C) 

 

1H-1H NOESY (CD3OD, 600 MHz, 25 ˚C) 
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Fraction B 

 

 

1H NMR (CD3OD, 600 MHz, 25 ˚C) 

 

1H-1H COSY (CD3OD, 600 MHz, 25 ˚C) 
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Fraction C 

 

 

1H NMR (CD3OD, 600 MHz, 25 ˚C) 

 

1H-1H COSY (CD3OD, 600 MHz, 25 ˚C) 
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1H-13C HSQC (CD3OD, 600 MHz, 25 ˚C) 

 

1H-13C HMBC (CD3OD, 600 MHz, 25 ˚C) 
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1H-1H NOESY (CD3OD, 600 MHz, 25 ˚C) 

 


