
Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

1 
 

 

 

 

 

Development of Small Molecule Splice-

Switchers as Inducers of Apoptosis 

Emma Campbell 

 

Thesis submitted for the degree of  

Doctor of Philosophy 

 

25 October 2021 

 

Academic Supervisor: Prof. Glenn A. Burley 

 

 

 

 

 

 

 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

2

 

Declaration of Authenticity 

This thesis is the result of the author’s original research.  It has been composed by the author 

and has not been previously submitted for examination which has led to the award of a degree. 

The copyright of this thesis belongs to the author under the terms of the United Kingdom 

Copyright Acts as qualified by University of Strathclyde Regulation 3.50.  Due 

acknowledgement must always be made of the use of any material contained in, or derived 

from, this thesis. 

 

Signed: (Emma Campbell) 

Date:    25 October 2021 

 

  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

3

Contents 

Acknowledgements ................................................................................................................................................ 7 
Abstract................................................................................................................................................................... 8 
Abbreviations ....................................................................................................................................................... 10 
Chapter 1 Introduction..................................................................................................................................... 14 

1.1 Overview of the Hallmarks of Cancer ................................................................................................. 15 

1.2 Central Dogma of Biology .................................................................................................................. 15 

1.3 Nucleic Acid Structure ........................................................................................................................ 16 

1.3.1 Secondary Structures in Nucleic Acids ................................................................................................ 17 

1.4 Small Molecule DNA G-Quadruplex Binders .................................................................................... 20 

1.4.1 Modulating the Telomerase Pathway................................................................................................... 20 

1.4.2 Small Molecules Influence G-quadruplex Regulation in Proto-oncogene Promoters ......................... 23 

1.5 Small Molecules that Bind RNA G-quadruplexes .............................................................................. 27 

1.5.1 Small Molecules which Bind to KRAS G-quadruplex mRNA ............................................................ 27 

1.5.2 Small Molecules which Bind to NRAS G-quadruplex mRNA ............................................................ 30 

1.5.3 Current Challenges of Targeting RNA G-quadruplexes ...................................................................... 34 

1.6 RNA Synthesis .................................................................................................................................... 34 

1.6.1 Transcription ........................................................................................................................................ 34 

1.7 RNA Splicing ...................................................................................................................................... 36 

1.7.1 The Spliceosome .................................................................................................................................. 38 

1.7.2 Splice-Site Selection and Role in RNA Splicing ................................................................................. 39 

1.7.3 Exonic Splicing Enhancers (ESEs) ...................................................................................................... 40 

1.7.4 Exonic Splicing Silencers (ESSs) ........................................................................................................ 40 

1.8 Alternative Splicing ............................................................................................................................ 41 

1.9 Aberrant Splicing Processes and Disease ............................................................................................ 43 

1.9.1 Antisense Oligonucleotide Therapy (ASOs) ....................................................................................... 43 

1.9.2 Splice-Switching Oligonucleotide Therapy (SSOs) - Spinal Muscular Atrophy ................................. 45 

1.9.3 Splice-Switching Small Molecules ...................................................................................................... 46 

1.10 Bcl-2 and Regulation of Apoptosis ..................................................................................................... 49 

1.11 Bcl-x and its Role in Apoptosis ........................................................................................................... 50 

1.12 Evidence for G-quadruplex Formation in Gene Promotor Regions in vivo ........................................ 51 

1.13 Investigating the Structure of Bcl-x-681 ............................................................................................. 51 

1.14 Ellipticine Analogues as Small Molecule G4 Stabilisers .................................................................... 54 

1.15 Challenges of Ellipticine Synthesis ..................................................................................................... 58 

Hypothesis to be Tested ........................................................................................................................................ 58 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

4

Thesis Aims .......................................................................................................................................................... 60 
Chapter 2 Establishing a Sequential Palladium-Catalysed Synthesis of 7H-Pydridocarbazoles ..................... 61 

2.1 Palladium-Catalysed Cross Coupling Chemistry ................................................................................ 62 

2.1.1 General Proposed Mechanism for Pd-catalysed Cross-couplings ........................................................ 62 

2.1.2 C-N Bond Formation – Buchwald-Hartwig Amination ....................................................................... 63 

2.1.2 Direct-arylation as a Route to Access Fused Aromatic Tricycles ........................................................ 66 

2.2 Current State-of-the-art in a Sequential Pd-catalysed Process to form Carbazoles ............................. 70 

2.2.1 One-pot Carbazole Synthesis: Bedford Method .................................................................................. 70 

2.2.2 One-pot Carbazole Synthesis: Ackermann Method ............................................................................. 71 

2.3 Chapter Aims ...................................................................................................................................... 73 

2.4 Results and Discussion ........................................................................................................................ 74 

2.4.1 Optimisation of the Buchwald Amination ........................................................................................... 74 

2.4.2 Establishing the Scope of the Buchwald-Hartwig Amination to Produce 2.41 ................................... 76 

2.4.3 Establishing the Scope of 5H-benzo[b]carbazole-6,11-diones and 7H-pyrido[3,4-c]carbazoles......... 79 

2.4.4 Re-optimisation of the Synthesis of the Pyrdiocarbazole Core............................................................ 81 

2.4.5 Establishing the Scope of Pyridocarbazole Synthesis .......................................................................... 82 

2.5 Targeted synthesis of natural products and their analogues through the newly developed one pot 

approach  ............................................................................................................................................................ 85 

2.5.1 Total Synthesis of Glycozoline, Harmane and Murrayafoline A ......................................................... 85 

2.5.2 Synthesis of Ditercalinium and Biologically Active Alkylated Pyridocarbazoles ............................... 87 

2.5.3 Towards the Synthesis of Deaza-ellipticine ......................................................................................... 88 

2.6 Conclusions and Future Work ............................................................................................................. 92 

Chapter 3 Mechanistic Insights into the Palladium-Catalysed Formation of Carbazoles by Direct C-Arylation 
  ........................................................................................................................................................ 94 

3.1 Direct-arylation: An Alternative to Traditional C-C Cross Couplings ................................................ 95 

3.1.1 Introduction ......................................................................................................................................... 95 

3.1.2 Scope of the Intramolecular Direct Arylation reaction ........................................................................ 95 

3.1.3 Carbazole and Pyridocarbazole Synthesis via C-C Direct Arylation ................................................. 100 

3.2 Chapter Aims .................................................................................................................................... 102 

3.3 Results and Discussion ...................................................................................................................... 102 

3.3.1 Buchwald-Hartwig Amination ........................................................................................................... 102 

3.3.2 Direct C-arylation Studies to form the Tetracyclic Carbazole Core .................................................. 102 

3.3.3 Density Functional Theory Analysis of Direct Arylation .................................................................. 107 

3.4 Conclusions and Future Work ........................................................................................................... 112 

Chapter 4 Towards the Total Synthesis of Natural Products Ellipticine and Calothrixin B .......................... 114 

4.1 Application and Total Synthesis of Ellipticine .................................................................................. 115 

4.1.1 Structural Studies of Ellipticine Showing DNA Intercalation ........................................................... 116 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

5

4.1.2 Topoisomerase II Inhibition by Ellipticine Analogues ...................................................................... 116 

4.1.3 Splice-switching of Bcl-x using Ellipticine and Quindoline Analogues ............................................ 118 

4.1.4 Late-stage Formation of the Ellipticine C-ring (Gribble method) ..................................................... 120 

4.1.5 Late-stage Formation of the Ellipticine D-ring (Cranwell-Saxton method) ...................................... 121 

4.2 Existing Studies Towards the Synthesis of Calothrixin A and B ...................................................... 122 

4.2.1 Anticancer Activity of Calothrixins ................................................................................................... 122 

4.3 Chapter Aims .................................................................................................................................... 123 

4.4 Results and Discussion ...................................................................................................................... 123 

4.4.1 Towards the Development of a Modular Synthesis of Calothrixin B ................................................ 123 

4.4.2 Towards the Synthesis of 6-Bromo-5,8-dimethylisoquinoline .......................................................... 127 

4.4.3 Synthesis of Ellipticine Analogues for in vitro Bcl-x Splicing Assays .............................................. 131 

4.4.4 UV-mediated Synthesis of Deaza-GQC-05 ....................................................................................... 134 

4.4.5 Biological Evaluation of Deaza-GQC-05 and Analogues in Bcl-x in vitro Splicing Assays............. 136 

4.4.6 In vitro Bcl-x-681 Splicing Assays of GQC-05 (1.31) and its Derivatives ....................................... 137 

4.5 Conclusions and Future Work ........................................................................................................... 139 

Chapter 5 Conclusions and Future Work ...................................................................................................... 140 
Chapter 6 Experimental ................................................................................................................................. 145 
6.1.1 General .............................................................................................................................................. 146 

6.1.2 Purification of Solvents ..................................................................................................................... 146 

6.1.3 Experimental Details ......................................................................................................................... 146 

6.1.4 Purification of Products ..................................................................................................................... 146 

6.1.5 Spectroscopic Analysis of Products ................................................................................................... 146 

6.2 General Experimental Procedures ..................................................................................................... 147 

6.2.1 General Experimental Procedure A: Microwave Assisted Buchwald-Hartwig Amination Optimisation 

  ........................................................................................................................................................... 147 

6.2.2 General Experimental Procedure B: Microwave Assisted One-Pot Buchwald-Hartwig Amination and 

Direct Arylation Optimisation ............................................................................................................................ 147 

6.2.3 General Experimental Procedure C:  Microwave Assisted Buchwald-Hartwig Amination .............. 147 

6.2.4 General Experimental Procedure D: Microwave Assisted One-Pot Buchwald-Hartwig Amination and 

Direct Arylation .................................................................................................................................................. 148 

6.2.5 General Experimental Procedure E: Microwave Assisted One-Pot Buchwald-Hartwig Amination and 

Direct Arylation .................................................................................................................................................. 148 

6.3 Microwave Assisted Buchwald-Hartwig Amination Optimisation ................................................... 149 

6.4 Microwave Assisted One-Pot Buchwald-Hartwig Amination/Direct Arylation Optimisation ......... 150 

6.5 Experimental Details ......................................................................................................................... 151 

6.5.1 Chapter 2: Compound Characterisation ............................................................................................. 151 

6.5.2 Chapter 3: Compound Characterisation ............................................................................................. 179 

6.5.3 Chapter 4: Compound Characterisation ............................................................................................. 183 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

6

6.6 DFT Experimental ............................................................................................................................. 196 

6.6.1 Compound 7a ..................................................................................................................................... 196 

6.6.2 Compound 16 .................................................................................................................................... 197 

6.7 Crystallographic Data........................................................................................................................ 199 

6.7.1 Compound 11 .................................................................................................................................... 199 

References .......................................................................................................................................................... 204 
Appendix ............................................................................................................................................................ 226 
 

 

  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

7

Acknowledgements 

First and foremost, I would like to thank Glenn Burley for not only giving me the opportunity to 

undertake a PhD, but for the continued support, guidance and instruction he provided throughout my 

four years in his group. I would also like to thank Olivia Rutherford for taking me under her wing in 

my first few months and for her initial guidance on the project. 

I would like to thank all the previous and current members of the Burley group in the University of 

Strathclyde for their day-to-day support. To Fergus and Imma for putting up with me in the laboratory 

every day, to Iain, Jack, Jamie and Charlotte for their friendship and always keeping me laughing. And 

to Andrea, the best friend and colleague I could have asked for, who supported me through every high 

and low; I would not be where I am without you.   

Through our collaboration with the University of Leicester, I would like to thank the Ian Eperon, and 

Cyril Dominguez groups for their input and continual insight into the project.  

For funding, I would like to extend my gratitude to the University of Strathclyde and GSK. 

I would like to thank all the post-docs past and present for all proofreading, answered questions and 

teaching they have supplied throughout the years. 

To my family Kenneth, Agnes and Diane Campbell for their unwavering love, support and belief in me. 

To Shaun, for his support and for always telling me I could do this. I could not have done this without 

you. 

Finally, I would like to dedicate this thesis to two formidable women, Christina Macarthur and Christina 

Campbell. Both of whom inspired and encouraged me from an early age to achieve my potential in 

academia. Their unlimited love and support is the reason I am a researcher today and I will forever 

strive to make them proud.  

  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

8

Abstract 

Alternative splicing is the primary source of protein diversity in eukaryotes. Alternative splicing allows 

the production of multiple isoforms from the same genetic blueprint (DNA). Over 95% of all eukaryotic 

genes undergo alternative splicing, and although this facilitates great protein diversity, it can instigate 

disease when the process goes wrong for example in cancer. 

The Bcl-2 protein family are essential gatekeeper regulators of apoptosis.1 One such protein, Bcl-x is 

of particular interest as a therapeutic target. It has two splicing isoforms; pro-apoptotic Bcl-xS and the 

anti-apoptotic Bcl-xL; the latter of which is upregulated in a variety of cancers. Thus, exogenous 

regulation of Bcl-x splicing, which biases the pathway towards the pro-apoptotic Bcl-xS isoform could 

provide a new a novel mechanism for cancer therapy (Figure 1).2  

In 2018, Eperon and co-workers found that the ellipticine analogue GQC-05 induces a splice-switch in 

Bcl-x towards the pro-apoptotic isoform Bcl-xS.3 This thesis will report the steps taken towards 

developing a structure activity relationship (SAR) of the interaction between GQC-05 and Bcl-x in an 

effort to elucidate the splice-switch mode of action.  

Chapter 1 discusses the biological importance of splicing and its effect on disease progression. In 

particular, the recent developments highlighting Bcl-x as a desirable target for novel cancer therapies. 

Chapter 2 describes a modular one-pot synthesis of 7H-pyridocarbazoles through sequential palladium 

catalysed Buchwald-Hartwig amination and direct arylation. This method was transferrable to the 

synthesis of carbazole natural products as well as providing a convergent step-efficient route to the 

known DNA intercalator, Ditercalinium.  

Chapter 3 explores the mechanism of the direct arylation step through designed control reactions and  

modelling reactivity through DFT calculations. 

Figure 1. Two antagonistic splicing isoforms of Bcl-x, the anti-apoptotic Bcl-xL and the pro-apoptotic Bcl-xS. 
Created with BioRender.com 
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Finally, Chapter 4 details the application of the methods developed in Chapter 2 to the synthesis of 

natural products Calothrixin B and Ellipticine. This chapter discusses the limitations of the one-pot 

synthesis on substrates that are more complex and presents a UV-light mediated synthesis as a solution. 

Finally, the ellipticine analogues synthesised in this thesis were tested in Bcl-x in vitro splicing assays 

to expand the SAR of the interaction to inform the design of a structural-biological probe (Figure 2).  

 

Figure 2. Proposed structural probe for determining mode of action of GQC-05. 
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1.1 Overview of the Hallmarks of Cancer 

Cancer research is an ever-evolving field, ranging from developing early detection methods to new 

modes of therapy.4 This research area is expanding just as the number of new cancer cases reported are 

each year. The World Health Organisation (WHO) reported that 1 in 6 deaths that occurred globally in 

2018 were a result of cancer.5 The number of new cases reported each year is only set to increase in the 

next decade, requiring more diverse and effective treatments. Traditional chemotherapies available 

exploit that cancer cells are fast replicating, and do so at a much higher rate than healthy cells.  

However, many small molecule cancer treatments are not fully selective for cancer cells, which results 

in an array of side effects ranging from damage to cells associated with the immune system to vital 

organ toxicity.6,7 It has become apparent that developing therapies that can target cancerous cells would 

be greatly advantageous in the ongoing fight against cancer.8 

 

Another major hallmark of cancer cells is their effective evasion of cell death. Cell death mechanisms, 

such as those under the control of the p53 pathway, are either absent or malfunctioning resulting in 

uncontrolled cell growth and eventual metastasis of abnormal cells throughout the body.9 A particular 

regulatory protein family of the cell death pathway, Bcl-2, has been shown to be instrumental in the 

control of cancer cell death.10 The motivation of the work described in this thesis is to develop strategies, 

which manipulate this pathway through alternative RNA splicing, to target cancer cells to programme 

their own cell death. 

1.2 Central Dogma of Biology 

In 1958, Francis Crick first introduced a concept what would later become the cornerstone of nucleic 

acid research.11 The central dogma of biology, as it was termed, detailed that the flow of genetic 

information was reversible until a protein was synthesised.11 Once a protein formed, the genetic 

information was ‘locked in’ and could not be transferred back to RNA, DNA or to even another protein. 

This flow of information refers to the sequential transfer of information from nucleic acid to nucleic 

acid, and eventually to protein. Lack of the abundant genetic research available today inevitably led to 

this initial discovery being an oversimplification. A point that was raised by Crick himself in a later 

article published in Nature in 1970,12 revealed that the model only accounts for the flow of information 

but does not encompass the machinery required for that transfer, the control mechanisms, or the errors 

associated with the transfer as it was assumed the accuracy was high. The initial model (Figure 3a) 

proposed tentatively by Crick in 1970 separated the transfers into three main classes: general (solid 

lines), special (dotted lines) and unknown transfers (not shown in Figure 3). 
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Figure 3. (a) Crick’s early interpretation of information flow from DNA to protein, general transfers (solid lines); special 
transfers (dotted lines). (b) Current ‘state of the art’ depiction of information flow.11,12 

General genetic transfer was those that were supported by some experimental evidence at the time and 

occurred in all cells. The working hypothesis was that the special transfers were largely due to viral 

studies showing evidence of RNA to RNA and RNA to DNA transfer.12 Finally, the unknown transfers 

(not shown in Figure 3a), relate to transformations that the central dogma deemed impossible; the 

transfer of information from protein in reverse to DNA, RNA or to another protein. Incredibly, the 

model has not changed significantly in the past 50 years. The discovery of reverse transcription 

confirmed the special transfer from RNA to DNA,13 and it was further confirmed that once a protein 

was synthesised, the flow of information was terminated (Figure 3b). 

1.3 Nucleic Acid Structure 

Deoxyribonucleic acid (DNA) is a molecule made up of two strands of nucleotide chains, which contain 

the genetic blueprint for the synthesis of proteins. DNA comprises four nitrogenous bases; Adenine (A), 

Guanine (G), Cytosine (C) and Thymine (T) attached to a deoxyribose sugar. These nucleoside subunits 

are linked together through phosphodiester bonds which form the backbone of the primary sequence of 

DNA and RNA (Figure 4).14 

 

Figure 4. Structure of DNA bases; Adenine (1.1), Guanine (1.2), Cytosine (1.3) and Thymine (1.4). The bases are attached 
to the ribose sugar at the 1ʹ-position (shown in box). 

Ribonucleic acid (RNA) is a polymer of nucleotides that is essential in coding and regulation of gene 

expression. RNA comprises four nitrogenous bases like DNA, however Thymine (1.4) is replaced by 
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the Uracil (1.5) base which are attached to a ribose sugar. These nucleoside subunits are linked together 

through phosphodiester bonds which form the backbone of the primary sequence of the RNA (Figure 

5).14  

 

Figure 5. Structure of RNA bases; Adenine (1.1), Guanine (1.2), Cytosine (1.3), Uracil (1.5). The bases are attached to the 
ribose sugar at the 1ʹ-position (shown in box). 

1.3.1 Secondary Structures in Nucleic Acids 

RNA is predominantly found as a single stranded species; therefore, its conformation is more flexible 

than the more rigid double stranded structures typically formed by DNA. This flexibility allows the 

formation of a variety of higher-order structures through folding and H-bond formation. Secondary 

structures of nucleic acids consist of stem loops and helices. The formation of these structures is a 

consequence of a combination of Watson-Crick base pairing, whereby the bases can be paired through 

Hydrogen bonding in A – U, and G – C patterns (Figure 6a) and Hoogsteen base-pairing (Figure 6b).15 
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Figure 6. (a) Watson-Crick H-bond interactions of Adenine (1.1) with Uracil (1.5) and Guanine (1.2) with Cytosine (1.3). The 
bases are attached to the ribose sugar at the 1ʹ-position (shown in box). (b) Hoogsteen-base pairing of Guanine (1.2) with 
Cytosine (1.3).15 
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1.3.1.1 G-Quadruplexes 

Beyond the secondary double helical structures and stem-loops, DNA and RNA have been found to 

form four-stranded non-canonical tertiary structures, evidence of which has been noted over 100 years 

ago when the Bang laboratory observed that guanylic acid formed gels at high concentrations.16 This 

unusual physical property was explained 50 years later when X-ray diffraction showed assembly of 

tetrameric units into helical structures that could account for the gel formation.17 These structures, now 

known as G-quadruplexes (G4s), are higher-order tetrads of RNA or DNA.18 Their structure arises from 

a pairing of one Watson-crick face of G to the Hoogsteen face of another (Figure 7) in sequences that 

are rich in repeated guanine residues (G-tracts). 

 

Figure 7. G-quadruplex structure: Four Guanine bases arrange in a tetrad to form the structural basis of G4s. The N7 of one 
Guanine H-bonding to the exocyclic amino group of another. Created with BioRender.com 

Metal cations coordinate to the O6 of the Guanine residues and assemble within the centre of the 

complex, improving stability. Different metal ions have different stabilizing effects, running in order of 

greatest stability with K+
 > NH4

+ > Na+ > Li+.19 The nucleotide loops in G4s are able to form external 

cavities that may facilitate ligand binding.20 The length of these loops are highly variable between 

different sequences and this variety results in different conformations. Studies carried out by the 

Balasubramanian laboratory observed that shorter loops of two nucleotides were restricted to parallel 

folded conformations whereas longer loops (five nucleotides) showed a mixture of parallel and 

antiparallel structures.21 There are three main classifications of G4 loops; diagonal, edgewise and 

propeller loops (Figure 8).22, 23 G4s are also able to form from on unimolecular, bimolecular, and 

tetramolecular structures. Further diversity in construction leads to varied topologies being observed, 

including altering directions of RNA strands to produce parallel, antiparallel and hybrid G4s (Figure 7). 
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Figure 8. Schematic of different loop formations in G4s. Loops shown in red. Created with BioRender.com 

The prevalence of DNA G4 forming sequences in promoter regions of genes that correspond directly 

to disease make them an attractive target for controlling the expression of disease.24 G4 sequences have 

been found in the promoter regions of vascular endothelial growth factor, and in the oncogenes bcl-2,25 

c-myc,26 k-ras27 and c-kit28 which are associated with many cancers, including, but not limited to; B-

cell lymphoma, Burkitt lymphoma and prostate cancer.29  

Whilst there have been extensive studies on the presence and significance of G4s in RNA and DNA. 

There is some doubt as to the longevity and functional significance of their structure in vivo. In 

particular, a study conducted in 2016 by Guo and Bartel highlighted global unfolding of RNA-G4s in 

vivo by helicases.30 Dimethyl sulfate (DMS) footprinting showed methylated residues of unwound G4s, 

however the experiments did not account for the dynamic nature of G4 formation and were not 

replicated as they were only carried out once. These initial findings further the debate on whether 

biological function alterations were due to the G4 itself being the target or due to other interactions such 

as protein binding (co-factors) being displaced. Unfortunately, finding evidence G4 motif in vitro is not 

confirmation of their formation in vivo. Although conclusive proof for their continued presence in vivo 

is in continual progress, there is accumulating evidence, through deep sequencing and in silico methods 

to suggest that G4 forming sequences are ubiquitous throughout the genome (700,000 potential G4 

forming regions are present in the human genome).31, 32 These sequences are found extensively within 

regions of regulation i.e. telomeric regions and gene-promoters, given that 40% of promoter regions in 

the human genome contain a putative G4 forming sequence.33 Additionally that stabilization of G4s has 

an effect on gene expression and that they have shown to have specific interactions with certain proteins 

e.g. helicases.34 

Due to their specific location in regions of regulation, G4s have been associated with the regulation of 

multiple processes including; chromosomal extension and degradation, apoptosis, modifications post 

translation and in cancer protein expression.35,36 This role in regulation has made them a target of 

research, with particular aims at developing small molecule drugs to treat cancer. 
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1.4 Small Molecule DNA G-Quadruplex Binders 

1.4.1 Modulating the Telomerase Pathway 

The telomere is a region of repetitive DNA nucleotides and associated proteins which is located at the 

ends of all chromosomes.37 It serves as a ‘cap’, protecting the end of the chromosome that acts as a 

buffer for truncation through DNA replication and prevents improper activation of DNA repair 

mechanisms. Enzymes, called telomerases, replenish this cap by elongating the sequence by adding the 

repetitive sequences to the ends of the DNA. This region consists of repeated nucleotide sequences 

(TTAGGG), rich in guanine residues, which make the likelihood of G4 forming sequences vastly 

increased. Protection from telomere shortening by elongation can be decreased by the presence of G4s 

through preventing exposure of the G-overhang to the telomerase, thus preventing replenishment of the 

cap.36 

Numerous areas of regulation contain G-rich sequences. If small molecule ligands could interact with 

these sequences, could they modify their effect on disease expression as well? Studies have indicated 

that since telomerase is over-expressed in over 80% of cancer cells,38 the unchecked proliferation seen 

in cancer cells could be a result of protecting the ends of the chromosomes with telomeric repeat 

sequences, facilitated by the enzyme. The hypothesis being, a G4-ligand could interact with and 

sequester the telomeric ends, making them unavailable for extension, thus stopping un-regulated cell 

division. This was shown to be the case in 1991 when Cech et al demonstrated that when sequestered 

into a G4, the telomeric overhang was protected from telomerase extension.39 More recently, studies 

have shown that this also inhibits the association of vital proteins with their telomeric targets.40, 41, 34  

In 2003, the first crystal structure of a parallel DNA quadruplex-drug complex was obtained of 

Daunomycin and telomeric DNA. The unit consists of four parallel d(TGGGGT) strands, that together 

with three Daunomycin molecules creates a intermolecular parallel G4 (Figure 9).42 Interestingly, no 

Daunomycin was shown to intercalate in between the guanine residues and was only seen to be stacking 

on top or at the bottom of the G4 (Figure 9a). Since this initial discovery, many more G4-ligands have 

been designed and as such, has led to certain characteristics being highlighted as advantageous to 

binding. Like Daunomycin, G4-ligands generally have a flat, electron rich aromatic core that can 

facilitate π-π stacking to the coordinated guanine residues. Additionally, G4-ligands have a basic or 

protonated moiety that can add additional stability through binding with the negatively charged 

phosphodiester backbone of the DNA. Finally, ligands that have additional bulk have been shown to be 

more effective due to preventing interaction with double stranded DNA. G4 ligands are sometimes 

categorised by their source of cationic nature i.e. protonation of a basic residue in situ, a quaternary 

methylated aromatic nitrogen functional group, the inclusion of a metal centre or non-cationic ligands.  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

21

O

O

NH2

OH

OH

OOH

OH

O

OO

Daunomycin

 

Figure 9. The first X-ray crystal structure of a parallel G4 with daunomycin trimer. (a) Side-on view, (b) Top-down view of 
Daunomycin (magenta) and K+ (orange). (PDB: 1O0K).42 

In 2008, Balasubramanian et al. developed a novel small compound, later called pyridostatin (1.6), 

which showed a stabilising effect on G4 sequences (Figure 10).43 Pyridostatin (1.6) is an example of a 

G4 ligand that utilises amine sidechains that are protonated in situ. This also increases the solubility of 

an otherwise poorly soluble aromatic core.   

 

Figure 10. Structure of Pyridostatin (1.6). 

FRET-melting experiments showed that pyridostatin (1.6) stabilised the telomeric G4 with a maximum 

ΔTm = 35 K in 60 mM K+ and 44 K in 100 mM Na+ at 0.18 and 0.35 μM of pyridostatin (1.6)  

respectively, in addition to showing high selectivity over duplex DNA.43 Furthermore, pyridostatin (1.6) 

uncapped the protein coding gene POT1 (protection from telomeres 1), which regulates the length of 

telomeres through cis-inhibition of telomerase, in a dose dependent manner (IC50 200 nM) in vitro. 

To confirm these results in vivo, the human cancer cell line HT1080 was modified with GFP-POT1 

fusion protein so that on uncapping of the POT1 the fluorescence would be lost. On incubation of 1 μM 

pyridostatin (1.6) for 72 h, the GFP signal was almost completely lost (Figure 11). These results were 
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in-line with the in vitro findings, and it was postulated that the compound was inducing folding of the 

G-overhang into the G4 resulting in the uncapping. 

 

Figure 11. HT1080GFP-POT1 cells treated with Pyridostatin (1.6), DAPI used as DNA stain. (a) GFP-POT1 (green), control 
(no ligand added). (b) Treatment with 1.6 (1 μM) for 72 h. (c) γH2AX foci (red) incubated with 1.6 (3 μM) for 24 h. (d) Arrows 
point to co-localisation of foci and GFP-POT1 in the telomeres. Reprinted with permission. Copyright 2021, American 
Chemical Society.43 

MMQ3 (1.7), that utilises amino side chains to affect protonation in situ, was developed by Mergny et 

al. (Figure 12). MMQ3 (1.7) was of note due to its extended π-system that would increase the π-π 

stacking interaction with the G-tetrad. 

 

Figure 12. Structure of MMQ3 (1.7) and MMQ1 (1.8). 

MMQ3 (1.7)  showed great promise with a stabilization of ΔTm = 20 °C and IC50 = 28 nM for telomerase 

inhibition.44 An NMR structure of MMQ1 (1.8) (side chains replaced by dipropylamino) elucidated the 

expected overlap of the aromatic core with the G-tetrad, but more interestingly showed the interaction 

of the protonated amino side chains with the negatively charged backbone (Figure 13).45  
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Figure 13. NMR structure of MMQ1 (magenta) complexed with G4 DNA (d[T2AG3T])4. (a) Side-on view, (b) Top-down 
view, PDB = 2JWQ.  

1.4.2 Small Molecules Influence G-quadruplex Regulation in Proto-oncogene Promoters 

A combination of deep sequencing and in silico predictions has shown that potential G4 forming 

sequences are over-represented in the promoter regions of many proto-oncogenes.33,46 There have been 

extensive studies into designing G4-ligands to exploit this ability to downregulate oncogene 

transcription e.g. MYC.47 MYC is of particular interest for targeting at the transcriptional level as its 

protein is considered undruggable.  MYC is over-expressed in many cancers including breast, ovarian 

and non-Hodgkin’s Lymphoma, making it an attractive target for cancer therapy.48 A prominent 

example of such ligands are the N-methylated porphyrin structures. 

N-methylated ligands are another core structure that fit the characteristics of G4 ligands. Of particular 

interest is the porphyrins family which was highlighted by Hurley et al.49,26 In particular, the porphyrin 

structure TMPyP4 (1.9) (Figure 14) was highlighted of interest when it was shown to stabilise G4 

formation resulting in telomerase inhibition.50 TMPyP4 (1.9) has all the characteristics of an effective 

G4-ligand. TMPyP4 (1.9) is aromatic and planar, allowing for effective π-π stacking with the G-tetrad. 

Furthermore, it has positively charged methylated amine residues to interact with the negatively charged 

phosphodiester backbone and finally, it is bulky, allowing stacking with G4 structures but limits binding 

to other DNA secondary structures.  
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Figure 14. Structure of TMPyP4 (1.9). 

To further scope its use as a potential therapeutic, a cDNA microarray carried out which showed 

downregulation of c-MYC as well as further downstream-regulated genes. The assay was incubated with 

100 μM TMPyP4 (1.9) over 12, 24, 36 and 48 h before analysis (Table 1).49  

Table 1. TMPyP4 (1.9) effects on gene expression.49 

Induced Genes Down-regulated Genes 

Apoptosis genes c-MYC- associated genes 

Caspase 1 c-MYC 

Cell signalling genes Ornithine decarboxylase 

TGF-β CDC25A 

CD47 Cell cycle genes 

CD9 CDK-4 

CO-29 CDK-6 

RAB-1A Cyclin B1 

RAB-9 Cell signalling oncogenes 

Proliferation association gene A c-FOS 

DNA repair genes c-MYC 

MLH1 JUN-B 

ERCC5 c-MYB 

 STAT1 

  

Of particular interest in this experiment are c-FOS and c-MYB. Both genes were downregulated in the 

presence of TMPyP4 (1.9). However, they are also proto-oncogenes that possess G-rich sequences that 

have the potential to form G4s.46 
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TMPyP4 (1.9) is a particularly effective telomerase inhibitor (IC50 = 6 μM) and showed high 

stabilisation for G4s (ΔTm = 17 °C). Further studies highlighted that its structural isomer TMPyP2 (1.10) 

(Figure 15) does not have the same effect and has limited to no effect on stabilisation, making it a useful 

control.49,51,52 It was thought that the restricted rotation induced by the altered structure was the cause 

of inactivity. TMPyP2 (1.10) was ineffective at preventing G4 unwinding due to yeast Sgs1p helicase 

when compared with its structural analogues.53 In this study, TMPyP3 (1.11) (Figure 15) induced the 

formation of a parallel G4 structures. Furthermore, when subjected to helicase unwinding assays 

TMPyP3 (1.11) showed the strongest inhibitory effect for parallel G4s over TMPyP4 (1.9). However 

the inverse was the case for antiparallel structures.53  Initially studies carried out by Hurley et al., 

demonstrated TMPyP4 (1.9) had a 20 fold selectivity for G4s over dsDNA,51,54 This degree of selectivity 

was particularly unusual given that duplex DNA is much more abundant that G4 DNA. The selectivity 

was biased due to the unobserved equilibria of the structure shifting between other structures, and the 

high K+ concentrations in addition to the drug being analysed bias the system towards the G4. The 

authors’ hypothesis was that once the strong binding of TMPyP4 (1.9) formed the G4, it would form a 

stable complex. Once the TMPyP4 (1.9) was released it would be kept in close proximity by 

surrounding unwound dsDNA residues thus allowing it to bind again. Supporting this mode of action 

is the ‘trapping’ of the sequence as a G4 by the tightly bound TMPyP4 (1.9), resulting in a biological 

response. However studies conducted by the Telaude-Fichou and Mergny laboratories indicated that in 

the presence of a dsDNA competitor, TMPyP4 (1.9) was poorly selective for G4s.55,56  This 

contradiction may suggest that the balance between selectivity of the ligand and target sequence is very 

complex and is sequence and assay dependent.  

 

Figure 15. Structures of TMPyP2 (1.10) and TMPyP3 (1.11). 

In recent years, the use of metals such as Manganese, Copper and Ruthenium has become more 

prevalent in the design of G4 binding ligands. The premise of having the metal centre is that it will align 

over the ion channel through the centre of the G4 further aiding increasing π-π interactions between the 

ligand and the DNA as well as their cationic centre interacting with the negatively charged backbone. 

The first examples included modifying the already established TMPyP4 (1.9) with a metal centre (1.9a). 
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Mn-TMPyP4 (1.9) gave approximately 10-fold selectivity to G4 over dsDNA with a decreased IC50 = 

26 μM for telomerase inhibition (in comparison to IC50 = 6 μM for native TMPyP4 (1.9)). Pt (1.12a)57 

and Cu  (1.12b) have shown promise also, however Mn(III) porphyrin showed a staggering 10,000 fold 

selectivity for G4 DNA over dsDNA (Figure 16).58 
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Figure 16. Structures of CuTMPyP4 (1.9a), Pt-MPQ (1.12a), and Mn (III) porphyrin (1.12b). 

The last group consist of non-cationic ligands, which do not have any specific mode of protonation pre- 

or post- in situ. The prime example of this type is a natural product called telomestatin that has been 

extracted from Streptomyces annulatus.55 Telomestatin (1.13) has been widely studied and has shown 

very good stabilisation of G4s (ΔTm = 24 °C, 1 μM) and has shown a greater than 70-fold selectivity 

for G4 over dsDNA (Figure 17).59,60 This high selectivity has been attributed to its neutrality, which 

destroys its affinity for dsDNA in addition to its circular shape which is more suited to align with a G4-

tetrad. In addition to this extensive selectivity it has also shown increased activity for telomerase 

inhibition (IC50 = 5 nM) even working well in salt deficient environments. Although extremely 

promising, the ligand is insoluble and difficult to obtain. Although a total synthesis has been published, 

at present the complexity of synthesising it does not lend to widespread use.61 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

27

N

O

N

O

O

N

S

N

N O

N
O

O
N

O N

H

Telomestatin
1.13  

Figure 17. Structure of Telomestatin (1.13). 

1.5 Small Molecules that Bind RNA G-quadruplexes 

In theory, RNA is the perfect template for a G4; its predominantly single stranded, so has no competing 

complimentary strand and its secondary structures have been shown to be more thermodynamically 

stable than their DNA counterparts particularly in a parallel G4 conformation.62,63,64 The stability of 

these secondary structures is dependent on the cation used. In the case of K+, the majority of RNA G4s 

studied by Hartig et al., were more stable than their equivalent DNA G4s.64  However, in comparison 

with DNA G4s the studies for RNA G4s are greatly outnumbered. There has been extensive work 

showing small molecule fluorophores interacting with RNA G4s as visualizers.65 Although it is 

estimated that there are around 3000 RNA G4 motifs in the human genome, particularly in the 5ʹ UTR, 

very few published small molecules have been shown to be effective for RNA G4s. 

1.5.1 Small Molecules which Bind to KRAS G-quadruplex mRNA 

KRAS has been shown to be mutated in over 90% of cases of patients with pancreatic ductal 

adenocarcinoma.66 KRAS is primarily responsible as the genetic blueprint of GTPases that regulate 

processed by alternating between being GTP-bound (active) or GDP-bound (inactive). When active the 

complex facilitates multiple biological processes e.g., differentiation, proliferation, and apoptosis. 

KRAS mRNA has a very G-rich 5ʹ UTR (77% GC) and as a result has the potential to form RNA G4s.  

In the first 80 nucleotides, there are three distinct domains that have the potential to form a G4 (utr-1, 

utr-z and utr-c) (Figure 18). It was thought that increasing the secondary structure abundance, especially 

in the 5ʹ UTR could regulate translation.67 
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Figure 18. (a) 5ʹ UTR of human KRAS. (b) Mfold predicted structure of s-8068 (c) Three distinct G4 forming domains in s-
80: utr-1 (red), utr-z (blue) and utr-c (green). Adapted with permission.67 Copyright 2021 American Chemical Society. 

First, a streptavidin-pull down assay determined the small molecule anthrafurandione (1.14) could 

effectively target KRAS mRNA (Figure 19). 

 

Figure 19. Structure of Anthrafurandione (1.14). 

Luciferase assays showed that not only was 1.14 an inhibitor of translation but it was suppressed in a 

dose-dependent manner (Figure 20). 
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Figure 20. Anthrafurandione (1.14) treated PANC1 cells show a dose dependent suppression of luciferase signal up to 0.33 
μM. Adapted with permission.67 Copyright 2021 American Chemical Society.  

Following this, a BG4 antibody EMSA was carried out. BG4 antibody has been determined to be 

specific for G4s and has since been used widely in the field as indication of G4 formation.69, 70 Figure 

21 shows binding of the antibody to the beginning 80 nt of the 5ʹ UTR (s-80). Whereas no complex was 

formed with the double stranded control, suggesting the presence of a G4 in the first section of the 5ʹ 

UTR. 

 

Figure 21. 5% polyacrylamide Electron Mobility Shift Assay (EMSA): s-80 (Lane 1-4) RNA hairpin (hair) 5′-
GGCCGCCGCAGUGGCGGCGG (lane 5 and 6) and ssRNA 5′-UGUAAACAUCCUACACUCAGCU (lane 7 and 8). BG4 
Dosage per lane: control (lane 1), 1 μg (lane 2), 2 μg, (lane 3), 1 μg in Li+-buffer (lane 4); hairpin control (lane 5), 1 μg (lane 
6), ssRNA control (lane 7), 1 μg (lane 8). All mixtures ran in K+ buffer except 4. Adapted with permission.67 Copyright 2021 
American Chemical Society. 

Quantitative RT-PCR highlighted that only 1.14 had an effect on mRNA percentage, decreasing it by 

around 50% in comparison to the control. However, all the compounds tested 1.14, 1.15, 1.16 and 1.17 

(Figure 22) were effective at decreasing the KRAS protein levels, with 1.14 (2a in Figure 23) and 1.15 

(2b in Figure 23) being standout suppressors reducing the protein level to just 10%.  
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Figure 22. Structures of Anthrafurandione (1.14), Anthrafurandione sulphur analogue (1.15) and guanidine analogues (1.16) 
and (1.17). 

It was concluded from these results that it was likely 1.14 and 1.15 are active to inhibit the translation 

of KRAS. Finally the activity of compounds 1.14 and 1.15 were analysed in Panc-1 cells by a reazurin 

assay showing IC50 = 0.26 μM and IC50 = 0.9 μM respectively, aligning with previous data showing 

1.14 to be a more effective inhibitor (Figure 23).67  

a) b)

 
Figure 23. (a) Quantitative RT-PCR of KRAS mRNA. Compounds 1.14 (2a in graph), 1.15 (2b in graph), 1.16 (1a in graph) 
and 1.17 (1b in graph) (1.6 μM) were incubated with Panc-1 cells for 6 and 24 h (b) Western blot analysis for Panc-1 cells 
treated with 1.14 (2a in graph), 1.15 (2b in graph), 1.16 (1a in graph) and 1.17 (1b in graph) (1.6 μM) over 48 h. Adapted with 
permission.67 Copyright 2021 American Chemical Society. 

1.5.2  Small Molecules which Bind to NRAS G-quadruplex mRNA 

In 2007, Balasubramanian et al. published the discovery of an mRNA G4 in the 5ʹ UTR of the NRAS 

proto-oncogene modulating translation.71 On the basis of this work, they published the first example of 

a small molecule interacting with the sequence to regulate translation, three years later.72 The 5ʹ UTR 
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of NRAS is now one of the more established endogenous RNA G4s which upon deletion results in an 

increase in translation, suggesting it has a vital role in its regulation.73   

To begin the investigation, a set of luciferase reporter assays was developed to determine the role of the 

G4 sequence that they had previously determined. The first construct (NRAS UTR(+)Q) included the 

G4 sequence, upstream of the luciferase coding sequence beginning +14 nt from the 5ʹ cap. The second 

construct has the G4 sequence removed to be used as a control to ensure any effects observed were due 

the G4 sequence (NRAS UTR(-)Q) (Figure 24).72 

 

Figure 24. Luciferase reporter assays (NRAS UTR(+)Q) and (NRAS UTR(-)Q). Reprinted with permission. 72 Copyright 
2021 Royal Society of Chemistry. 

The group carried out a screen of their in-house library of DNA G4 ligands and found pyridostatin (1.6) 

showed a level selective inhibition of NRAS translation through the luciferase assay. Interestingly the 

commonly used G4 stabiliser TMPyP4 (1.9) showed no activity for this assay. This phenomena could 

be down to the ligand unfolding the mRNA as has been previously observed by the Basu laboratory in 

MT3-MMP G4 mRNA.74 At low concentrations (1.25 μM), RR82 showed a decrease of just under 50% 

of translation in comparison to a retained 80% efficiency in the control. Incrementally increasing the 

dose to 10 μM showed a decrease in % translation in both (NRAS UTR(+)Q) and (NRAS UTR(-)Q) in 

a dose dependent manner. Even though the control was also effected as the concentration increased, 

this was still considered a promising result as at each concentration, (NRAS UTR(+)Q) was more 

effective at inhibiting translation, maintaining a level of selectivity over the control. 

Following on from this result, RR110 (1.18), an analogue of pyridostatin (1.6) was tested in the 

translation assay. Ligand 1.18 is structurally different from pyridostatin (1.6) due to the replacement of 

one alkyl-amine side chain with a Fluorine atom. This modification proved greatly beneficial for RNA 

G4 selectivity up to 10 μM, where translation was inhibited by 40% but had no effect on the control 

(Figure 25).  
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Figure 25. (a) Structure of Pyridostatin (1.6), (b) Effect of 1.6 on (NRAS UTR(+)Q) and (NRAS UTR(-)Q) n=3. Presented 
values are an average shown with standard error bars. (c) Structure of RR10 (analogue of 1.6). (d) Effect of 1.18 on (NRAS 
UTR(+)Q) and (NRAS UTR(-)Q) n=3. Presented values are an average shown with standard error bars. Adapted with 
permission. 72 Copyright 2021 Royal Society of Chemistry. 

To further confirm the selectivity seen in Figure 25 , an excess of DNA duplex or RNA hairpin was 

added as a competitor and showed neither were efficient at inhibiting the suppression effect of RR110 

(1.18). In contrast, when NRQ RNA G4 was used as a competitor, the % translation was comparable to 

the previous controls when no RR110 (1.18) was added at all, suggesting the addition of a G4 competitor 

was effective at suppressing the RR110 (1.18) activity, adding further evidence that the molecule is G4 

selective (Figure 26). 
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Figure 26. Translation efficiency: RR110 (1.18) added in the presence of dsDNA, hairpin RNA and NRQ RNA G4 
competitors. n=3. The values shown are an average with standard error bars. Adapted with permission. 72 Copyright 2021 
Royal Society of Chemistry. 

1H NMR titrations confirmed binding of the NRQ to RR110 as line broadening of was observed in the 

NRQ signals as RR110 was added (Figure 27).72 Furthermore, chemical shifts in the imino region for 

NRQ suggest a close proximity effect potentially due to π-π stacking of the NRQ and the ligand. As 

RR110 was added, a decrease in hydrogen-deuterium exchange kinetics was observed. This was either 

due to the ligand having increased interactions with the H-bond network, or due to induced sequestering 

of the imino protons on structural change on ligand addition, slowing the proton exchange (Figure 27). 

 

Figure 27. Interaction of RR10 (1.18) with RNA G4 NRQ. (a) Titration experiment: Peaks corresponding to RR10 (1.18) 
are indicated by circles. (b)Hydrogen-deuterium exchange kinetics experiment In the presence of ligand (black) in absence 
(red). Reprinted with permission. 72 Copyright 2021 Royal Society of Chemistry.  

Following on from this work, Uesugi et al. reported in 2016 a G4 ligand that showed selectivity for 

RNA G4s over DNA. Uesugi et al. carried out a chemical library screen of 8000 compounds, against 

the model G4 sequence TERRA to attempt to highlight alternative scaffolds to the already established 

porphyrins and pyridostatin analogues. This screen highlighted RGB-1 as the most promising ligand 

with a Kd = 8.8 μM and a ΔTm = ≥5°C.73 
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Figure 28. Structure of RGB-1 (1.19). 

However when it was subjected to stem loop RNA, dsRNA and DNA G4s it showed no discernible 

effect on melting temperature, suggesting RGB-1 is selective for RNA G4s. When incubated with the 

5ʹ UTR of NRAS in MCF-7 cells, RGB-1 caused a dose-dependent decrease of NRAS protein which 

could indicate stabilisation of a RNA G4.73 

1.5.3 Current Challenges of Targeting RNA G-quadruplexes 

Although work carried out by Balasubramanian has highlighted selectivity of RGB-1 for G4 RNA over 

dsDNA and DNA G4s, this is unfortunately a result currently in the minority.72 A major limitation of 

the field currently is the selectivity of the current ligands for not only RNA G4s over DNA G4s, but 

also between competing RNA G4s themselves. This is primarily due to the structural similarities seen 

between G4s throughout eukaryotes.75 Therefore, structural studies into pinpointing sites of interest for 

the desired biological response could pose a solution for advancing the field further towards therapeutic 

applications. 

1.6 RNA Synthesis 

As suggested by the central dogma of biology, RNA is synthesized from its parent structure DNA. DNA 

is comprised of repeating nucleotide sequences of Adenosine, Thymine, Cytosine, and Guanosine 

(Figure 3). Each of these nucleotides is comprised of a purine (A or G) or pyrimidine (C or U) base 

connected to a sugar at the 1′ position and one or more phosphate groups. With the assistance of a 

protein machine called RNA polymerase II (RNA Pol II), the RNA is synthesized in a process called 

transcription.  

1.6.1 Transcription 

Expression of a gene requires that the ‘blueprint’ DNA be converted into the functional protein that 

goes on to regulate processes in the body. The first step in this conversion is known as transcription and 

is the transfer of information from DNA to a messenger RNA (mRNA) molecule (Figure 29). Three 

polymerase enzymes facilitate the conversion to RNA. RNA polymerase I (Pol I) and Pol II transcribe 

precursor RNA to ribosomal RNA (rRNA) and non-coding RNA (ncRNAs) respectively. However, it 

is RNA Pol II that is responsible for the transfer of information from protein-coding genes to their 

corresponding mRNA sequences and subsequently to synthesize the required protein. Pol II is made up 

of 12 sub units and is a vital enzyme that is responsible for multiple biological processes including, but 
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not limited to; cell differentiation control, protein production and the cells response to environmental 

stress.76,77 

Only one strand of the DNA double helix is required as a template for transcription. The strand contains 

three distinct regions. The coding sequence, which contains the information to be transferred. A 

regulatory sequence upstream of the coding region called the 5ʹ-untranslated region (UTR) and another 

regulatory sequence downstream called the 3ʹ-untranslated region (UTR).78 

Transcription begins with the binding of promoter DNA by RNA Pol II and transcription factors. The 

action of binding causes a ‘bubble like’ shape to form as the DNA unwinds due to the breakage of the 

H-bonds holding the two strands together.76 Within this bubble, the RNA Pol II sequentially adds in 

RNA nucleotides that are corresponding pairs to the template DNA antisense-strand.76 This machinery 

moves from the 5ʹ to the 3ʹ end of the antisense strand. The enzyme adds nucleotides in sequentially, 

while the phosphodiester bonds that constitute the backbone of the mRNA form to complete the 

synthesis. The H-bonds holding the RNA and DNA in close proximity are broken and the free mRNA 

begins to be processed.  

 

Figure 29. Schematic of Transcription. RNA polymerase II transcribes the RNA from the DNA template strand in the 5ʹ to 3ʹ 
direction by sequential addition of complementary nucleotides. The process is completed through  5ʹ-capping, polyadenylation 
and splicing (not shown in diagram). Created with BioRender.com. 

To finalize processing, the RNA goes through polyadenylation, capping and splicing. Once the 

transcribing is complete, the sequence downstream of the 3ʹ UTR is cleaved and replaced by an extended 

sequence of repeated adenine subunits called the poly-A tail.79 This extended tail serves as a protection 

mechanism against RNA degradation as well as nuclear export. Stability of the 5ʹ end is facilitated by 

the 5ʹ cap which consists of a guanine nucleotide with a 5ʹ to 5ʹ triphosphate bond in place of the standard 
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5ʹ to 3ʹ making it more stable to 5ʹ degradation.80 Unlike polyadenylation and capping, splicing serves 

to increase protein diversity instead of modulating stability or transport through the cell. Splicing is the 

process that determines the coding sequences that are joined together and which are removed from the 

final RNA transcript. This ‘mix and matching’ of coding regions of the mRNA is the main source of 

protein diversity in the human body.81 

1.7 RNA Splicing 

RNA splicing is a rich source of genetic diversity within higher eukaryotes.82 Genes with sequences of 

coding and non-coding DNA are known as split genes. Split genes are transcribed into long pre-mRNA 

transcripts containing coding and non-coding regions called exons and introns, respectively.  

The pre-mRNA construct goes through the process of splicing, which excises the non-coding introns 

and joins the coding exons together (ligation). Splicing is a carried out by two sequential 

transesterification steps of SN2-like reactions (Figure 30). The first transesterification is nucleophilic 

attack of the 5' splice site (SS) phosphodiester bond by the 3' hydroxyl of the branch point Adenosine. 

This leaves the hydroxyl of the 5' exon free to attack the phosphodiester bond at the 3'SS. These two 

reactions effectively cleave out the intron, via the ‘Lariat structure’ formation, and ligate the 5'SS and 

3'SS to form the mature mRNA.  
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Figure 30. Transesterification splicing reactions: Branching:  2′-hydroxylgroup a conserved adenine residue in the branch point sequence (BPS) attacks a phosphate of the guanine at the 5′end 
of the intron. Exon ligation: The produced 3′-hydroxyl group at the 3′end of the 5′-exon attacks a phosphate at the 3′splice site (3′-SS) to ligate the exons and release the lariat intron.83 
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1.7.1 The Spliceosome 

The spliceosome is a molecular machine which facilitates the excising of introns from pre-mRNA 

transcripts.84 It is constructed of small nuclear RNAs (snRNAs) and ~ 80 proteins, in particular 

the small nuclear ribonucleoproteins (snRNPs) U1, U2 and U4-6 (denoted as U due to high uridine 

content). The spliceosome is constructed over a number of steps in sequence (Figure 31).84 

Formation is initiated by recruitment of snRNP U1 to the 5' GU sequence in the intron. This 

binding acts as a marker for the point of excision. Following this, snRNP U2 is recruited to bind 

to the branch point A completing the prespliceosome complex A and marking the boundaries of 

the sequence that is to be excised.85 Additional snRNPs U4/6 and U5 bind to complex A to form 

a catalytically inactive form of the spliceosome, complex B. Although complex B contains all the 

necessary components required to initiate the first transesterification, the complex undergoes 

conformational rearrangements to become the active complex B*. This rearrangement includes 

the dissociation of U4 and U1, which are recycled to form complex B in the next cycle. The first 

transesterification can then occur, instigating formation of the Lariat structure, to form complex 

C. The second transesterification reaction commences after further rearrangements, which excises 

the non-coding intron and produces the ligated exons as mRNP (mRNA bound by proteins).84 The 

remaining snRNPs U1, U5 and U6 are released back into the splicing cycle to aid in the next set 
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of transesterifications. Each of these steps has relatively weak binding interactions, and are 

stabilized by supporting proteins e.g. SR proteins, and are powered by ATP interactions.  

 

 

Figure 31. Formation and function of the spliceosome through the splicing cycle. Licensed under CC BY 4.0.86 

1.7.2  Splice-Site Selection and Role in RNA Splicing 

Splice-site (SS) selection primarily mediated by spliceosome recognition. Points of recognition 

along the pre-mRNA include the 5' SS and 3' SS positioned at the intron-exon boundaries, the 

branch site, and the polypyrimidine tract (PPT), which is upstream of the 3' SS.87  

SS selection is mediated by the control of snRNP binding at the 5' SS and 3' SS. Binding of snRNP 

U1 to the 5' SS and of U2 binding to the 3' SS can be either disturbed or promoted to augment 

selection of the splice site by the spliceosome. Regulation is further obtained by short sequences 

within the exons and introns that bind additional splicing facilitator proteins. These binding sites 
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are arranged into four categories, governed by their impact on splicing and the region on which 

they act: intronic splicing enhancers and silencers (ISEs and ISSs) and exonic splicing enhancers 

and silencers (ESEs and ESSs).88  

1.7.3  Exonic Splicing Enhancers (ESEs)  

ESEs are vital to the successful progression of pre-mRNA splicing. ESEs are RNA sequences 

contained within an exon that facilitate recognition of the correct splice site via interaction with 

specific proteins that are arginine and serine rich (SR proteins).89 Once SR proteins bind to ESEs; 

they initiate formation of the spliceosome by recruiting the snRNPs U1 and U2AF to the pre-

mRNA (Figure 32). Once bound, snRNPs U1 and U2 determine the sites due to be spliced - the 

3' SS and 5' SS respectively. In particular, ESEs are involved in the formation of the lariat structure 

by increasing the availability of U2 snRNPs. Additionally, SR proteins promote the binding of 

snRNPs U4-U6, to further spliceosome formation. 

1.7.4 Exonic Splicing Silencers (ESSs)  

Conversely, ESSs are sequences that silence regions for splicing and facilitate alternative splicing 

sites (Figure 32). They are typically 4 – 18 nucleotides long and recruit proteins that inhibit the 

progression of splicing.87 Unlike ESEs interacting with SR proteins, ESSs interact with 

heterogeneous ribonucleoprotein particles (hnRNPs) that are involved with the blocking or 

skipping of the correct splice sites.90 Protein recruitment by ESSs can interrupt the machinery of 

splicing by inhibiting snRNP (U1 and U2) binding and promoting the use of alternative splice 

sites.90 This is particularly important as atypical splicing, or alternative splicing, has the potential 

to instigate a number of genetic diseases.91 
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Figure 32. (a) pre-mRNA splicing transcript (b) binding of Uridine rich snRNPs at SSs, recruitment of U5 and U4/6 
to form spliceosome complex, and subsequent ligation of exons (c) Depiction and location of splicing facilitator 
structures including associated enhancer proteins and intron/exon sequences that enhance or silence splicing. Reprinted 
with permission.87 Copyright 2021 Springer Nature. 

1.8 Alternative Splicing 

Splicing is most commonly seen as cis-splicing, where the exons are spliced together in order of 

their sequence and all exons originate from the same pre-mRNA transcript (Figure 33-Protein 

A).92 However, within this splicing mechanism there can be great diversity from alternative 

splicing.  
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Figure 33. Potential splicing mechanisms of the same pre-mRNA transcript. Protein A has been transcribed by cis 
splicing, Proteins B and C have been alternatively spliced through exon skipping of exon 3 and exon 4 respectively.93 
Created with BioRender.com. 

Alternative splicing events are common with studies showing 90-95 % of multi exon human genes 

producing transcripts that have been synthesized via an alternative splice site.94 There are five 

main categories of alternative splicing processes (Figure 34). Exon skipping is the most common 

and results exon excision from the pre-mRNA transcript where it should be retained (Figure 

34a).87 Mutually exclusive exons are a variation of exon skipping where only one of two exons 

excised, but never both (Figure 34b). Furthermore, there are alternative 5' and 3' acceptor sites 

(also known as alternative 5' SS and 3' SS) (Figure 34c and d). These are both upstream of the 

native 5' SS and 3' SS of the pre-mRNA transcript and can be promoted by supplementary protein 

or ligand binding. The least common type of alternative splicing seen in mammals is intron 

retention and results in an intron, which typically is excised by the spliceosome, being retained in 

the final transcript (Figure 34e).  
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Figure 34. Five primary mechanisms for pre-mRNA alternative splicing. Created with BioRender.com87 

1.9 Aberrant Splicing Processes and Disease 

Alternative splicing is a great source of diversity within organisms. It is no surprise that there are 

many diseases that can arise from aberrant splicing e.g. cancer and genetic disease.81 As 

alternative splicing is so prevalent in disease formation, extensive studies have been carried out 

to attempt to understand the process and develop treatments.78,81 As a result, three main strategies 

have developed as therapies for these diseases: Antisense therapy, splice-switching 

oligonucleotide (SSO) therapy and small molecule therapy. 

1.9.1 Antisense Oligonucleotide Therapy (ASOs) 

Antisense oligonucleotide (ASO) therapy targets diseases where the gene responsible is known. 

When the mRNA from a gene is transcribed it is a single stranded construct; for the active protein 

to be translated it must remain single stranded.95 Antisense therapy uses antisense 

oligonucleotides, usually 8-50 base pairs in length, to bind the mRNA to inhibit its translation 

into the disease causing protein. This effectively inactivates the gene. Additionally, the ASO may 

be designed to bind to a specific splice site, which will then interfere with the abnormal splicing 

that results in disease by changing which exons are retained. There are three categories of ASO 
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therapy: affecting recruitment of RNaseH, splicing modification and targeting of microRNAs 

(miRNA) (Figure 35). 

 

Figure 35. ASO mechanism of action. Reprinted with permission. 95 Copyright 2021 Cell Press. 

Target mRNA degradation works by destroying the mRNA sequence that promotes disease 

formation. It is facilitated by the binding of the target mRNA sequence by a complementary ASO. 

The act of binding recruits an RNaseH enzyme which then cleaves the target mRNA, thereby 

treating the cause of potential disease.96 Another mechanism is via ASO binding of a sequence of 

miRNA that is required for successful translation. The final mechanism involves the 

complementary ASO binding to the pre-mRNA construct to promote/sequester alternative splice 

sites to promote exon inclusion or excision.97 

The specific mode of action governs the design of the ASO. Although this appears to be, an 

advantage with respect to specificity of binding as there is a level of control within design, ASO 

therapy has been plagued by toxicity and off-site effects regardless. Each ASO is designed for a 

specific disease/sequence and complications arise, as each system must then be considered 

separately as toxicity will be unique to each system. In particular, ASO systems that lower protein 

levels present unknown challenges and dangers that could arise from over suppression, resulting 

in on-target toxicity. Although ASOs are designed to be target specific, there will no doubt be 

some ‘overlap’ elsewhere in the genome, opening up the door to off-target toxicity. Finally, each 

ASO is regarded as a foreign body, which can lead to an inappropriate immune response. Despite 
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these challenges, development of these types of therapies is proving promising, particularly in the 

development of splicing modification. 

1.9.2  Splice-Switching Oligonucleotide Therapy (SSOs) - Spinal Muscular Atrophy  

Spinal muscular atrophy is a fatal muscle wasting disease that arises from a faulty gene, SMN1, 

which encodes the SMN protein that is responsible for the viability of motor neurons.98 It is the 

greatest cause of genetic infant mortality (1 in every 10,000 live births have the disease).99 SMA 

stems from a deficiency of a widespread protein, SMN, leading to body-wide muscle atrophy. 

SMN2 is another gene responsible for SMN protein production. Most people affected by SMA 

have a faulty SMN1 gene, leaving SMN2 as the sole provider of the protein. SMN2 is almost 

identical to SMN1 except for a  common mutation is present in exon 7 of the SMN2 gene (C6U) 

that changes an ESE into a silencer (Figure 36).98 This substitution results in exon 7 skipping 

when SMN2 is spliced resulting in the most predominant protein formed being the non-

functioning SMNΔ7, which leads to SMA. 

 

Figure 36. Expression of Spinal Muscular Atrophy: (a) SMN1 produces 90% functional protein but is damaged or 
missing in SMA patients, (b) Poorly functioning SMN2 (only 10% functional protein produced), Created with 
BioRender.com. 

Ultimately, the exon 7 skipping observed in SMA causes disruption to essential protein 

production. The disease varies from patient to patient and can be subcategorized into 5 main types 

(Type 0 – 4). Type 4 is this least severe and mild symptoms present themselves in early childhood, 

the life expectancy of a patient with type 4 is thought to be relatively unaffected by the disease. 

Type 3, is more severe and presents itself, before the patient is 18 months. Although the disease 

appears earlier, and the symptoms are more severe than type 3, patients can continue to walk and 

survive into adulthood. Type 2 also appears before 18 months, however is distinguished from type 
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3 by the patients inability to walk. Type 1 is the most severe case in living patients where 

respiratory support is needed and the life expectancy is only 2 years. Type 0, the most severe of 

all results in the patient’s death before birth.100 

A mechanism to combat this exon skipping could have promising therapeutic applications, as 

SMN 2 is present in all SMA patients. This hypothesis was confirmed with the discovery of  the 

ISS-N1, a 15 nt sequence which was shown to modulate the exon skipping.101 Splice-switching 

oligonucleotides (SSOs) were developed to regulated this inhibition in SMA patients. This was 

eventually developed to create the SSO Nusinersen (marketed as Spinraza) which acts by 

modulating alternative splicing, blocking the binding of hnRNP proteins to an ISS site (ISS-N1 

targeting SSO) (Figure 37).102 ISS site binding by hnRNP proteins promotes exon 7 skipping in 

SMA, and so blocking this action promotes inclusion of exon 7 and thus production of full length 

SMN RNA and subsequent protein production. In trials, injections of Nusinersen stopped the 

progression of SMA in 60 % of affected infants with SMN type 1. As of December 2016, the drug 

became the first FDA approved drug for the treatment of SMA.103 

 

Figure 37. Schematic of the process of SMA development from gene regulation. SSO Spinraza is a treatment that 
targets splicing mechanisms to enhance SMN protein production. Created with BioRender.com 

Although Spinraza was undoubtedly a significant breakthrough for not only SMA but for the 

wider splicing research community, it was not without its drawbacks. The large molecular weight 

of ASOs leads to poor distribution throughout the body meaning administration is an invasive 

injection through the spinal cord. Development of small molecule drugs became the next focus of 

investigation, to improve bioavailability and thus use less invasive administrative techniques. 

1.9.3  Splice-Switching Small Molecules 

There is currently an intense push to develop small molecules, which induce a splice-switch in 

SMA to enhance SMN protein production. The most prominent examples to date have been 

published by Novartis and PTC therapeutics, partnered with Hoffmann-La Roche.2,104 
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Novartis designed a small molecule called NVS-SM1 Branaplam, a pyridazine derivative, which 

is currently in phase II clinical trials for SMA type I (Figure 38). Branaplam was found to not 

only increase the SMN protein levels in mice but also extended their lifespan, and additionally 

protecting their neuro-muscular circuit.104 

 

Figure 38. Structure of Novartis compound Branaplam (1.20). 

Computational studies were carried out to determine the mode of action, and it was observed that 

the small molecule was able to stabilise the complex between the 5'SS and the U1 snRNP. This 

stabilisation was able to increase SMN protein levels by increasing the inclusion of the normally 

excised exon 7.105 Through computational modelling of this interaction by analysis of 2D NMR 

in comparison with the published crystal structure of U1 (Figure 39). It was found that 

stabilisation from the molecule was only effective once the complex was formed. 

 

Figure 39. Computational model of Novartis compound interacting with U1 crystal structure. Reprinted with 
permission.105 Copyright 2021 Springer Nature. 

Hoffman-La Roche and PTC Therapeutics have developed the most successful molecules. A 

HTP-Luciferase assay screen of small molecules highlighted three small compounds for further 

investigation for drugging splicing (SMN-C1-3) (Figure 40). SMN-C3 (1.23) proved to be the 

most promising showing increased target specificity on SMA fibroblasts (type 1).104  
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PTC-Roche then began the process of designing analogues of SMN-C3 (1.23) to develop a drug 

suitable for the clinic. The first drug put through clinical trials was RG7800. Unfortunately, the 

trial was terminated as the drug proved to cause permanent off-target damage to the retina in 

monkeys.106  

 

Figure 40. Structures of Roche/PTC therapeutics compounds SMN-C1 (1.21), SMN-C2 (1.22), SMN-C3 (1.23), 
RG7800 (1.24), Risdiplam (1.25). 

The next generation of drugs developed provided the RG7800 (1.24) analogue Risdiplam (1.25) 

which showed improved biological properties and was more selective in SMA fibroblasts than its 

predecessor RG7800 (1.24) (Figure 40).107 Risdiplam was successful through clinical trials and 

was approved by the FDA in August 2020. 

At present, the precise mode of action of Risdiplam (1.25) remains unclear. Studies carried on its 

predecessor SMN-C3 (1.23) suggest interaction with an AGGAAG sequence present in exon 7. 

Upon binding to this region, recruitment of splicing factors (FUBP1 and KHSRP) was increased, 

and was proposed to promote exon 7 inclusion.108 Another study carried out by Hoffman La Roche 

proposed that binding of this AG rich region inhibits the recruitment of hnRNP G, which has been 

previously shown to be important in exon 7 inclusion through interaction with ESE2.2 

In 2018, Schultz and Johnson investigated the splicing activity of SMN-C2 (1.22) and SMN-C3 

(1.23) with SMA RNA.108 Through the design of a diazirine-SMN-C2 biological probe, pull down 

experiments discovered a purine-rich binding sequence (AGGAAG) which was remarkably 

similar to ESE2.  
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The Allain lab through NMR-analysis investigated a fluorinated analogue (SMN-C5). These 

studies highlighted a binding interaction between SMN-C5 and 54A (Adenine) in a U1 snRNA: 

5ʹ SS complex. It was proposed that the stabilisation of this complex improved the interaction of 

a previously hindered U1-C zinc finger with the complex through the minor groove (Figure 41).109 

 

Figure 41. 20 NMR structures overlaid of the interaction of U1 SnRNA (grey), E7 5ʹSS (cornflower blue) and SMN-
C5 (magenta). Adenosines are highlighted in dark blue in E7 5ʹSS sequence.109 

Although significant steps have been made in determining the interaction of the SMN-C class 

drugs with SMN, limited investigation has been carried out with Risdiplam itself, and instead 

with analogues with a similar core.  

The question stands, if small molecules are effective in treating SMA by modulating splicing, can 

the same be achieved in other splicing-induced disease? 

1.10 Bcl-2 and Regulation of Apoptosis 

The B-cell lymphoma 2 (Bcl-2) family of proteins is responsible for the regulation of programmed 

cell death, or apoptosis, as part of a healthy cell cycle and are located on the outer-membrane of 

the mitochondria.110 They are produced from the transcription and translation of the Bcl-2 gene 

located on chromosome 18 in humans. Bcl-2 derives its name from being one of a number of 

protein families that have a substantial impact on the development of lymphoma.  
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Bcl-2 proteins are known regulators of apoptosis in the cell cycle by promoting the production of 

cytochrome c and reactive oxygen species (ROS), both vital signals within the cycle. Apoptosis 

is the body’s safeguard against cancer development as any pre-cancerous cells are signalled to 

enter the cell-death pathway. However, if the pathway is damaged and abnormal cells are allowed 

to propagate unchecked cancer can quickly develop. In particular, different isoforms of a Bcl-2 

protein, Bcl-x, have been seen to be upregulated in certain cancers, e.g. prostate cancer. 

1.11 Bcl-x and its Role in Apoptosis 

Bcl-x, a member of the Bcl-2 protein family, has been shown to be upregulated in some cancers, 

and it is present in two isoforms Bcl-xL and Bcl-xS. These isoforms arise from alternative splicing 

between two splice sites; 5' xS and 5' xL.
111 Splicing at the 5' xL splice site provides the pathway 

to Bcl-xL, the longer isoform containing all four BH domains. Bcl-xL codes for an anti-apoptotic 

response, promoting cell growth and proliferation. Conversely, splicing at the 5' xS splice site 

results in the shorter Bcl-xS which lacks the BH1 and BH2 domains seen in Bcl-xL. Bcl-xS codes 

for the pro-apoptotic response, which initiates a cascade to cell death (Figure 42). 

 

Figure 42. Possible splicing pathways of Bcl-x, towards two splicing isoforms: the pro-apoptotic Bcl-xS and the anti-
apoptic Bcl-xL. Created with BioRender.com. 

The Bcl-x pre-mRNA pathway is of interest because if it is possible to bias the ratio of Bcl-xS: 

Bcl-xL in favour of the pro-apoptotic pathway in cancer cells then this pathway can be utilised 

effectively as a novel cancer therapy. Certain families of drugs have already been discovered to 

influence this ratio. Ceramides, a family of lipid molecules, have been shown to bias the system 

towards Bcl-xS alternative splicing in adenocarcinoma cell lines.112 Alkaloids have also proven to 
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increase production of the Bcl-xS pre-mRNA; in particular, the analogues of a known DNA 

intercalator, Ellipticine (1.26) (Figure 43). 

 

Figure 43. Structure of Ellipticine and Ceramide (R = alkyl chain of fatty acid). 

1.12  Evidence for G-quadruplex Formation in Gene Promotor Regions in vivo 

Research into the formation of G4s is predominantly carried out in vitro. In vivo identification of 

G4s are more challenging as their formation is in competition with binding proteins in addition 

to an equilibrium bias towards less strained secondary structures. 30 Many Guanine-rich sequences 

also have the potential to form multiple G4 structures of different sizes and different nucleotide 

loop lengths. This ambiguity makes analysis of the G4 structures difficult, meaning certain 

constraints are required to identify them through a combination of techniques. NMR analysis has 

been used to identify the more stable DNA G4s, using circular dichroism and DNA footprinting 

to confirm their presence in vitro.20 However, these techniques prove more challenging in vivo as 

a result of conformational heterogeneity. Therefore, evidence for G4 presence in vivo must be 

deduced from less direct methods. If analysing the DNA sequence itself is not possible, 

investigating the presence of enzymes and proteins that have important interactions with the G4 

is used to provide evidence to their formation. Currently, there are a paucity of techniques 

available to confirm their formation in vivo, particularly in reference to RNA G4s. A working 

hypothesis is that the abundance of Guanine rich sequences, and thus potential G4 formation, 

found close to regulatory regions in the cell, e.g. RNA SS, suggests that G4 formation is important 

in cell signalling and regulation.  

1.13 Investigating the Structure of Bcl-x-681 

Difficulties in analysing pre-mRNA structures arises in part due to the extensive length of the 

construct and its propensity to form multiple structures in vivo. To circumvent this, Eperon et al. 

developed a novel technique: footprinting of long 7-deazaguanine-substitutued RNAs (FOLDeR). 

This method demonstrated that a modified sequence of Bcl-x, denoted as Bcl-x-681 (Figure 44), 

forms G4s under biological conditions. 
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Figure 44. RNA footprinting proposed construct of Bcl-x-681. 

Previous studies on the formation of G4s have focused their analysis on short sequences of RNA 

that have been picked from a longer pre-mRNA construct, or use ligands that target G4s. 

However, these methods fall short of biological conditions as G4 formation in the full pre-mRNA 

faces competition from other stable secondary structures. The binding of proteins or small 

molecule ligands may also bias the structure towards or away from the G4.  

The FOLDeR technique analyses an entire pre-mRNA construct by comparison of the native pre-

mRNA with its 7-deazaguanine counterpart. As seen in Figure 45, guanine N7 is required for the 

formation of the tetrad in G4s. As a result, the 7-deazaguanine structure can no longer form G4s; 

however, its ability to form other secondary structures remains unchanged (Figure 45). 
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Figure 45. (a) Guanosine phosphodiester backbone and the formation of a G4 tetrad through Hoogsteen base pairing, 
facilitated by N7 H-Bonding. (b) 7-Deazaguanosine cannot form a stable G4 tetrad as the removal of N7 disrupts the 
Hoogsteen base pairing. 

By comparing footprinting analyses, it is possible to determine areas where G4s may form. Bcl-

x was chosen as it contains a number of G-rich sequences close to its alternative splice sites and 

it is anti-apoptotic isoform Bcl-xL is upregulated in a number of cancers, e.g., prostate cancer.  
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Figure 46. Schematic of alterations carried out to downsize pre-mRNA Bcl-x to Bcl-x-681. 

Bcl-x-681 was made as a functional version of the native Bcl-x. The intron between exon 2 and 

3 is 55,000 nt, which makes the entire sequence too long to be studied effectively in vitro. To 
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circumvent this without losing integrity of the construct, the intron was shortened from 55,000 nt 

to 241 nt and exon 3 shortened to 99 nt (Figure 46). However, the sequence between the xL and 

xS SSs was conserved as these regions were seen as the point of interest. The entire sequence was 

shortened from 57,573 nt to 681 nt, and this new sequence showed a bias towards Bcl-xL when 

subjected to splicing assays, confirming that the functionality of the sequence remained the same 

after alteration.  

Initially, circular dichroism was carried to determine the presence of G4s. All of the potential G4 

forming sequences (Q1-Q6) showed a positive signal at 265 nm and a negative signal at 240 nm, 

consistent with what is seen in parallel G4s.3 However, this analysis does not give an accurate 

representation of their formation in the presence of competing interactions. 

Therefore, the structure of Bcl-x-681 was structurally mapped by RNA footprinting (Figure 44) 

which depicted four structurally different domains (xL, xS, the intron and 3' SS) all of which were 

transcribed independently and showed similar footprint patterns to the native RNA. The footprint 

patterns of the 7-deazaguanine transcripts were compared to the native Bcl-x-681 footprinting 

patterns by calculating an index factor for each nucleotide. Changes due to 7-deazaguanine 

substitution greater than two standard deviations from the mean were deemed to be significant. It 

was found that the Q2 and Q5 regions contained many nucleotides fitting this change in standard 

deviation, suggesting that G4s form in regions, which are in close proximity to the 3' SS and 5' 

SS. The advantage of FOLDeR over other techniques is it can be successfully carried out in 

nuclear extracts, as it does not require the addition of K+ or Na+ buffers. RNase H cleavage was 

carried out on both constructs, revealing sequestered regions in the both xS and xL compared to 

the 7-deazaguanine construct. 

1.14 Ellipticine Analogues as Small Molecule G4 Stabilisers 

Known stabilisers of G4s are typically planar in structure and it has been found that the inclusion 

of basic extended alkyl side chains increases activity.20 Alkaloids in particular, such as derivatives 

of quindoline, have been shown to have substantial anti-proliferative activity in the down-

regulation of MYC in cancer cell lines.113,114 If G4 formation at splice sites promotes apoptosis, 

stabilising that pathway could lead to an effective anti-proliferative response for cancer cells. 

In 2011, Hurley et al. demonstrated that quindoline and ellipticine analogues could down regulate 

MYC in non-Hodgkin’s lymphoma through interaction with a DNA G4 (Figure 47). The majority 

of initiation of MYC transcription (80 – 90 %) occurs in the upstream promoter region, which 

contains the nuclease hypersensitive element (NHE),2 III1, which is an upstream GC-rich promoter 
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region that binds transcriptional factors. As the region is GC rich it has been shown to fold into a 

G-quadraplex (G4) structure.113 This sequence of DNA is highly dynamic, which if stabilized by 

a small molecule could be used to address MYC overexpression in cancer cells through G4 

formation.48  

 

Figure 47. Structures of Quindoline i (1.28), NSC86374 (1.29), NSC176327 (1.30) and GQC-05 (1.31). 

Following on from this discovery, in 2017 Eperon et al. investigated a range of G4 ligands for 

their effect on alternative splicing in the pre-mRNA of Bcl-x, including the known MYC down 

regulator, GQC-05 (1.31).115 Splicing assays carried out showed that the known G4s stabilising 

scaffolds Pyridostatin (1.6),Quarfloxin (1.32), and TMPyP4 (1.9) (Figure 48), had no discernible 

effect on the selection of the splice site in Bcl-x (Figure 49).20,115 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

56

 

Figure 48. Structure of G4 binding ligands Pyridostatin (1.6), Quarfloxin (1.32) and TmPyP4 (1.9). 

However, a distinct splice-switch towards the Bcl-xS isoform was observed with GQC-05 (1.31) 

(Figure 49). Interestingly, at a 10 μM concentration, GQC-05 (1.31) showed increased splicing 

for Bcl-xS with no change to Bcl-xL, but when increased to 40 μM, not only did splicing for Bcl-

xS increase but splicing for Bcl-xL also decreased resulting in a 65 % increase of selection for the 

pro-apoptotic Bcl-xS 5' SS. This study highlighted ellipticine analogues as potential probes for 

anti-cancer candidates by manipulating the alternative splicing in Bcl-x. 
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Figure 49. (a) In vitro splicing of Bcl-x-681 in the presence of G4 ligands. All concentrations shown are in μM. (b) 
The proportion of mRNA spliced to the xS splice site. Licensed under CC BY 4.0.115 

The experiment was translated into HeLa cells which were incubated with GQC-05 (1.31) (10 

μM) for 4 h. The results shown in Figure 50 confirm those seen in vitro; on application of GQC-

05 (1.31) a decrease of Bcl-xL, the anti-apoptotic isoform, was observed with an increase in Bcl-

xS (the pro-apoptotic isoform). 

 

Figure 50. GQC-05 (1.31) affects Bcl-x splicing in HeLa cells: Cells were incubated with GQC-05 (1.31) (10 μM) 
for 4 h. Licensed under CC BY 4.0. 115 

Although the mode of action was unclear, the result proved very promising for further 

development. The natural product Ellipticine was deemed highly toxic, however, given that, it 

produces two antagonistic outcomes (both increased xL and decreased xS), it is a powerful ligand 

for further investigation. Development of a library of structural analogues and biotinylated or 

crosslinking probes utilizing GQC-05 (1.31), could further clarify the mode of action and 

thereafter can be designed and analogue to be more in-line with drug-like properties. 
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1.15 Challenges of Ellipticine Synthesis 

To access a library of ellipticine analogues, a convergent, step-efficient synthesis is desirable. The 

current ‘state of the art’ for ellipticine synthesis are covered by the Cranwell-Saxton method and 

the Gribble method in 4 and 5 steps respectively. Both synthetic pathways are linear and achieve 

the tetracyclic core through building up of the C and D-rings sequentially (Scheme 1). 

 

Scheme 1. Ellipticine synthesis: a) Current state of the art, Cranwell (D-ring synthesis) and Gribble methods (C-ring 
synthesis). b) Proposed synthesis through B-ring formation in one-pot. 

However, previous attempts in the group to replicate these two methods were unsuccessful.116 

Furthermore, due to the linearity, derivatisation for developing a large library of analogues was 

inaccessible. Therefore a more convergent route towards to the tetracyclic core would be 

advantageous.  

To access a broad palette of ellipticine analogues a convergent route through formation of the B-

ring was proposed. This could be achieved by a two-step sequential Buchwald-Hartwig amination 

and a Direct Arylation. This method would lead to easy derivatisation due to the broad-range of 

cheap and commercially available bromoisoquinolines. Additionally pre-functionalisation of the 

A-ring chloroaniline could be achieved prior to the final cross-coupling step.   

Hypothesis to be Tested 

Previous work carried out by Hurley et al. has shown the ellipticine analogue GQC-05 (1.31) 

(1.31) can modulate regulation of biological processes (down-regulation of c-MYC) through 

interaction with G-rich G4 forming sequences.48 Following on from this work Eperon et al. 
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showed the same compound (1.31) could be used to modulate splicing in Bcl-x, a regulator of 

apoptosis with G-rich sequences close the alternative splice sites in exon 2.115 These secondary 

structure of these regions were shown to rely on the presence of guanine (N7) which is also a 

requirement for Hoogsteen base pairing in G-quadruplexes (G4s).3 

The hypothesis for this research is that GQC-05 (1.31) can stabilise G4 formation close to regions 

of splicing regulation in Bcl-x. This stabilisation either exposes or sequesters the alternative 

splice-site resulting in bias of the splicing-isoforms back to the pro-apoptotic Bcl-xs. 

 

Figure 51. Proposed mode of action: GQC-05 (1.31) interacts with G-tracts upstream of the XL and XS splice sites 
through stabilisation of RNA G4s.  
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Thesis Aims 

The aims of this project are to expand the understanding of GQC-05 (1.31) acting as a Bcl-x 

splice-switching ligand, through the design and subsequent testing of a library of GQC-05 

analogues to establish a structure-activity relationship (SAR) profile. This will be achieved 

through: 

1) Development of a modular, convergent synthesis of the pyridocarbazole ellipticine core. 

N
H Buchwald-Hartwig

amination

Direct arylation

A B
C

D

R1 R1 A
NH2

Cl
N

Br
C D

Pd cat.

 

2) Synthesis and splicing assay biological testing of ellipticine analogies to establish an 

SAR profile. 

 

 

3) And finally, with the optimised SAR profile results, development of a biological probe 

for biotin pull down assays to determine site of action. 
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Chapter 2  Establishing a Sequential Palladium-Catalysed 

Synthesis of 7H-Pydridocarbazoles
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2.1 Palladium-Catalysed Cross Coupling Chemistry 

Metal-mediated cross-coupling reactions have been a staple of synthetic chemistry for the past 50 

years.117 Since their discovery in the 1970s, cross-coupling reactions have expanded the synthetic 

field through C-C and C-X (e.g., X=N,O,S) bond-forming reactions that, without metals, would 

previously have been challenging to prepare in a step efficient manner.118 Arguably, the most 

impactful area has been the discovery and expansion of cross-couplings using a catalytic Pd 

source. 

Pd-catalysed cross-coupling reactions classically consist of an organometallic nucleophile and a 

sp2-hybridised aryl halide electrophile (Scheme 2).  

 

Scheme 2. General schematic of Pd-catalysed cross-couplings. 

The hallmark of these reactions are categorised according to the nucleophile chosen to react with 

the corresponding aryl halide. The Suzuki-Miyaura reaction, for example, uses an organoborane 

nucleophile and since it’s discovery has become one of the most commonly used transformations 

in drug discovery.119 Along with Negishi120 and Heck couplings,121 these reactions have expanded 

the landscape of drug design allowing for a more convergent approach to synthesis that is 

achievable through late stage functionalisation (Scheme 3).122 

 

Scheme 3. A representative Suzuki-Miyaura cross-coupling used in Losartan total synthesis.122 

Their namesakes were recognised for their contributions to synthetic chemistry when they were 

awarded the Nobel Prize for Chemistry in 2010.123 

2.1.1 General Proposed Mechanism for Pd-catalysed Cross-couplings 

Although there are subtle mechanistic differences between Pd-catalysed cross-couplings 

depending on the reagents used, the general mechanism (Scheme 4) has been proposed for the 

Buchwald-Hartwig amination.124,125 The catalytic cycle commences by the formation of a Pd0 
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source typically formed via reduction of a PdII pre-catalyst. The catalyst then oxidatively adds 

into an aryl-halide bond of the electrophile resulting in the formation of an aryl PdII species.  The 

R group from the nucleophile is transferred to the active complex while a ligand is transferred 

out. The completion of the cycle is achieved through reductive elimination to form the desired 

chemical bond and reforming the Pd0 catalyst (Scheme 4). 

 

Scheme 4. General proposed mechanism of Pd-catalysed cross-coupling reactions. 

2.1.2 C-N Bond Formation – Buchwald-Hartwig Amination 

The Buchwald-Hartwig amination was established in the 1990s by both Stephen Buchwald and 

John Hartwig simultaneuously.126,127 It is a coupling of an aryl halide electrophile with an amine 

nucleophile to synthesise C-N bonds. Arylated amines are ubiquitous across synthetic chemistry 

and are a strong presence in natural products, drugs and materials.124 This universal presence has 

led to the continued development of the reaction, resulting in great strides in catalyst, ligand and 

scope development. Consequently, the Buchwald-Hartwig reaction has become a fundamental to 

the advancement of drug discovery. 

2.1.2.1 Development of Buchwald-Hartwig Pd catalysts  

A large area of development has been the design of air stable PdII pre-catalysts that are converted 

to the catalytically active Pd0 species in-situ. This allows for ease of synthesis and better atom 

economy as a separate phosphine ligand is not required. In 2008, Buchwald et al. published the 

first general scope of base-mediated cyclometalated pre-catalysts (Scheme 5).128 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

64

 

Scheme 5. Structure Pd palladacycle pre-catalysts. 

These pre-catalysts decrease the percentage of catalyst required as well as being equally efficient 

in milder reaction conditions i.e. lower temperatures, particularly when comparing to traditional 

Cu-catalysed cross couplings that require elevated temperatures circa 160 °C (Ullmann coupling).  

2.1.2.2 Development of Buchwald-Hartwig Ligands 

Palladium cross-coupling ligands generally fall into two categories: N-heterocyclic carbenes 

(NHCs) and phosphine ligands and both have been shown to have great advantages over classical 

catalysis methods.129,130,131 Since Herrmann and co-workers published that NHC ligands can 

effectively catalyse carbon-carbon cross coupling reactions (Scheme 6), they have become the 

main alternative to the extremely well established phosphine ligands.132 

 

Scheme 6. Heck cross-coupling using a Pd-NHC catalyst. 

NHC ligands have been greatly expanded from the simple traditional bicyclic systems and have 

now been developed to include palladocycles,133 π-allyl palladium complexes and pyridine 

containing NHCs (Scheme 7).134  

 

Scheme 7. Structures of Pd NHC ligands: Pd-palladacycle (2.11), pyridine NHC (2.12) and π-allyl Pd complex 
(2.13). 
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Phosphine ligands have undoubtedly dominated the field due to their efficiency and robustness.135 

Phosphine ligands are a trivalent compound that are used as σ-donors to aid stability and solubility 

to the complexes they form with metals through their available lone pair. Phosphine ligands have 

been extensively studied for their effect on reactivity and as a result, rules and trends have been 

illuminated on designing the best ligand for a specific system.  

 

Scheme 8. Various phosphine ligands arranged by structural characteristics. 

To maximise oxidative addition electron-rich phosphines, such as cyclohexyl functionalised 

ligands (2.22, 2.23, 2.24 and 2.25), can donate electron density to the metal centre increasing 

reactivity. Additionally, increasing the bulk surrounding the phosphorous increases the rate of 

reductive elimination. Bulky, electron dense ligands such as tri-tert-butyl phosphine (2.16) can 

greatly improve the efficiency of a reaction by enhancing the rates of both oxidative addition and 

reductive elimination (Scheme 8).  

The bulk of phosphine ligands can be measured by the angle created, in-space between the metal 

and the ligand. Monodentate angles are measured by the cone angle (θ) and bidentate by the bite 

angle (ω) (Figure 52). 
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Figure 52. Generalised depictions of the monodentate phosphine cone angle (θ) and bidentate phosphine bite angle 
(ω). Examples of ligands, in order of increasing angle are listed below each image. 

Wider cone/bite angles indicates increased bulk of the ligand, resulting in greater reductive 

elimination efficiency.136 

Dialkylbiarylphosphine ligands have also risen to the challenge of becoming some of the most 

universally used phosphine ligands in palladium cross couplings. Their increased diversity in 

structure allows for greater expansion of the current phosphine ligand scope (Figure 53).  

 

Figure 53. Summary of substituent effects on dialkylbiaryl phosphine ligands. 

The lower aryl ring adds stability by reducing oxidation by oxygen as well as promoting reductive 

elimination. In addition, varying R groups on the aryl rings can increase Pd0 formation and 

modulate stability of the active complex (Figure 53). 

2.1.2 Direct-arylation as a Route to Access Fused Aromatic Tricycles 

There are many established routes to synthesise an aryl-aryl bond. Suzuki-Miyaura, Negishi and 

Heck reactions have all established themselves as cornerstones of current synthetic methodology. 

These couplings are the result of bond formation between and aryl halide and, specifically 

activated aryl derivatives e.g. organoboranes. However, they are not without their drawbacks, at 

times requiring multi-step synthesis to make suitable starting materials due to the required 

functionality. These synthesises require stoichiometric transformations and often result in 

regioselectivity issues and the formation of harmful waste and side products. This problem scales 

poorly when transferred to an industry setting particularly when considering the extra cost to not 

only the company, but importantly the environment.137 Direct C-C bond formation between an 
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aryl halide and a C-H sp2 bond of a heteroaryl substrate would be far more attractive, further 

expanding the capabilities of metal mediated cross couplings, with a better, cleaner atom 

economy.138 

 

Scheme 9. General scheme of metal cross-couplings: (a) Aryl halide and Aryl Nucleophile – Suzuki-Miyaura reaction, 
(b) Aryl halide and C-H activation – Assisted Direct Arylation, (c) Double C-H activation – Oxidative Coupling. 

Taking all these considerations into account, the transformation that would be the most desirable 

would be the coupling of two C-H bonds together (Scheme 9c). This has been achieved through 

oxidative coupling. However, activating C-H bonds is challenging, leading to synthetic 

difficulties such as poor conversions due to the high-energy barrier. Furthermore, even when the 

reaction overcomes the significant energy barrier, there are multiple potential C-H bonds for 

activation in any aryl compound, compromising chemoselectivity. Therefore, the method most 

commonly exploited method is exchanging only one of the functionalities with the C-H substrate 

(Scheme 9b). However, the reaction still has one substrate with multiple aryl C-H bonds available 

for reaction. This was resolved by the application of directing groups (Scheme 10a), designed 

electronics (Scheme 10b), or by sterics (Scheme 10c). 

 

Scheme 10. Examples of modified direct Arylations. (a) Directing group functionality. (b) R-groups that direct 
electronics, and (c) Intramolecular substrate assists through restricted sterics. 
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2.1.2.1 Current Mechanistic Understanding of Direct Arylation 

Direct arylations that occur through C-H insertion have varied methods depending on the reaction 

conditions e.g. potential use of directing groups. However, there are currently four general 

proposed mechanisms of direct arylation (Scheme 11).  

 

Scheme 11. Four proposed mechanisms for C-H activation, direct arylation. 

All reaction pathways, with exception of oxidative addition of the C-H bond (Scheme 9), begin 

with the oxidative insertion of the metal into the aryl halide bond followed by a distinct C-C bond 

formation that takes via one of four routes. They are achieved through electrophilic aromatic 

substitution, an SE3 mechanism, a σ-bond metathesis transformation, or through insertion and β-

hydride elimination through a Heck-type reaction. 

Combining these direct arylations with the previous Pd-catalysed Buchwald-Hartwig amination 

could give access to extended fused ring structures such as carbazoles and ellipticines. 
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Scheme 12. Structure of  Glycozoline (2.26), Ellipticine (1.26) and  7H-pyrido[3,4-c]carbazole (2.27).139
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2.2 Current State-of-the-art in a Sequential Pd-catalysed Process to form 

Carbazoles  

2.2.1 One-pot Carbazole Synthesis: Bedford Method 

Tricyclic carbazoles have had strong presence in medicinal chemistry as drugs and 

pharmacophores for decades.140 As a result, there have been many synthetic routes developed for 

their production. An improved method reported by the Bedford group involved a two-step, one-

pot synthesis encompassing sequential Buchwald-Hartwig amination followed by direct arylation 

to thermally access a wide range of carbazole scaffolds in 2002 (Scheme 13).141 

 

Scheme 13. Bedford Method: 9H-protected carbazole synthesis.141 

This method improved on the previous literature in step-efficiency, diversity of products and laid 

the ground work for its utility to be expanded to carbazole multicycles.142,143 Bedford et al. 

discovered that when a secondary aniline was employed, the desired carbazole was obtained from 

a thermally activated one-pot system across a range of analogues. Unfortunately, when these 

conditions were applied to the synthesis of 9H-carbazoles, it proved initially problematic. Under 

thermal conditions, it was found that the reaction stalled at the Buchwald-Hartwig intermediate 

(2.30). However, upon optimization of the direct arylation, it was found that a change of solvent 

to 1,4-dioxane to facilitate elevated temperatures expedited the second step (2.31).144  
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Scheme 14. Total synthesis of Clausine P (2.31).144 

The same reaction was subjected to microwave irradiation, which resulted in both transformations 

occurring in one-step over 3 h (Scheme 14). 

This one-pot method was applied to the synthesis of various carbazoles and was found to be 

generally applicable across the board in good to excellent yield (Scheme 15). However, this 

synthesis required R3 substitution (Scheme 15) or the reaction would stall at the Buchwald-

Hartwig intermediate. 

 

Scheme 15. Bedford method: Generalised one pot synthesis of carbazoles (substitution required at R3)144. 

2.2.2 One-pot Carbazole Synthesis: Ackermann Method 

Further building on this work, Ackermann et al. developed a parallel method of carbazole 

synthesis via cross coupling anilines with commercially available 1,2-dihaloarenes.145 The 

optimization revealed that weak inorganic bases, such as K3PO4, in conjunction with polar-aprotic 

solvents i.e. NMP or DMAc, gave excellent yields. Non-polar aprotic solvents like toluene stalled 

at the aminated intermediate (2.34a), in line with results observed by Bedford in thermal 
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conditions (Table 2, entry 1). This method overcame the problems observed by Bedford of the 

ortho-aniline deactivating the chloride by moving the ortho-chloride moiety to the aryl-halide 

starting material. Ackermann et al. used this method to gain access to a wide range of carbazole 

compounds through a one-pot thermal process in excellent yield. Although this is an improvement 

on the two-step thermal method, Ackermann’s group unfortunately did not translate this method 

to microwave conditions, which Bedford et al. had previously shown to significantly reduce 

reaction time (18 h to 3 h) in a one-pot system. 

 

Entry[a] Solvent Base Temp. (°C) Yield (%)[b] 

1 Toluene (0.1 M) NaOtBu 105 -c 

2 DMAc (0.1 M) K2CO3 130 60 

3 DMAc (0.1 M) Cs2CO3 130 51 

4 DMAc (0.1 M) K3PO4 130 79 

5 NMP (0.1 M) K3PO4 130 81 

6 NMP (0.5 M) K3PO4 130 69 

Table 2. Optimisation of one-pot, two step cross coupling: [a]Conditions: aniline (1.2 equiv), bromide (1.0 

equiv), Pd(OAc2) (5 mol%), PCy3 (10 mol%), base (2.2 equiv), solvent, 18 h. [b]Yields of isolated products. 

[c]The aminated product (2.34a) was isolated in 94% yield.145 

With these publications in mind, it was postulated that the one-pot method demonstrated by 

Bedford et al. could be translated to tetracyclic scaffolds to access ellipticine analogues for testing 

in Bcl-x splicing assays.  
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2.3 Chapter Aims 

The overall objective of this chapter is to develop a novel, modular synthesis for tetracyclic 

carbazoles for expanding the library of available splice-switching scaffolds for testing. Although 

there are many established methods for their synthesis, these methods to not allow for easy 

derivatization due to their multistep nature.146–148 This chapter will outline the development of a 

two-step, one-pot synthesis via consecutive Buchwald-Hartwig amination and direct arylation 

from inexpensive, commercially available starting materials (Scheme 16). 

 

Scheme 16. Proposed two-step, one-pot synthesis of tetracyclic-carbazoles. 

This method will then be used to generate a comprehensive library of GQC-05 (1.31) analogues 

to be tested for activity in Bcl-x splicing assays.  
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2.4 Results and Discussion 

2.4.1 Optimisation of the Buchwald Amination 

Previous work in the group carried out by Dr. Olivia Rutherford, included a model synthesis that 

gave a 78% isolated yield when synthesising 2.37 using a one-pot synthesis similar to 

Ackermann’s synthesis (Scheme 17).116 

 

Scheme 17. Modified Ackermann method145: Pilot synthesis of 2.37. 

NMP was exchanged for 1,4-dioxane as the preferred solvent as it provides a similar heating range 

but is easier to remove on purification. Although these conditions worked well for this system, 

when transferred to the synthesis of a corresponding 7H-pyrido[3,4-c]carbazole (2.39), the yield 

was significantly lower (30%). The mass balance was lost to the Buchwald-Hartwig intermediate 

and to the dehalogenated degradation product that were not isolated, but observed by LC-MS (m/z 

250.11).  

 

Scheme 18. Modified Ackermann method145: Synthesis of pyridocarbazole 2.39. 

The synthesis previously reported by Bedford was then attempted.144 Upon analysis of the crude 

by LC-MS 2.39 was not observed however the major product observed had an m/z = 411.11 which 

aligns with the formation of 2.40.  
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Scheme 19. Bedford Method: Attempted synthesis of pyridocarbazole 2.39. 

In an attempt to both improve these yields, and minimise degradation of the Buchwald-Hartwig 

intermediate from the elevated reaction temperatures, it was decided to heat the reaction in two 

steps. The first step heated at a milder 120 °C to allow completion of the Buchwald-Hartwig 

amination before increasing the temperature to 160 °C for the direct arylation. 

To begin, conditions similar to Ackermann’s synthesis were used as a benchmark.145 The first 

reaction was heated to 120 °C for 30 mins with HPCy3BF4 as the ligand (Table 3, entry1). It was 

found that the reaction mixture only showed a 10% conversion to 2.41 after 30 mins. Although 

increasing the temperature to 160 °C had been shown previously in the group to give access to 

the final pyridocarbazole product (2.39). In an effort to improve the final conversion, the aim 

moving forward was to optimise the Buchwald-Hartwig first step in milder conditions to minimise 

degradation due to elevated temperatures. Therefore it was determined a more comprehensive 

optimisation was required where the ligand and base are varied (Table 3). 

  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

76

 

Entry Ligand Base Conversion (%) 

1 HPCy3BF4 K3PO4 10 

2 HPCy3BF4 Cs2CO3 10 

3 HPCy3BF4 NaOtBu 75 

4 DavePhos K3PO4 85 (87)[a] 

5 DavePhos Cs2CO3 74 

6 DavePhos NaOtBu 12 

7 HPtBu3BF4 K3PO4 65 

8 HPtBu3BF4 Cs2CO3 70 

9 HPtBu3BF4 NaOtBu 7 

10 XPhos K3PO4 77 

11 XPhos Cs2CO3 76 

12 XPhos NaOtBu 47 

Table 3. Optimisation of Buchwald-Hartwig Amination. All reactions carried out according to general procedure 
A.[a] Isolated yield shown in brackets. 

K3PO4 proved to be the most consistent base, in line with the carbazole scope carried out by 

Ackermann (Table 2).145 Interestingly it was the dialkylbiaryl ligands, DavePhos and Xphos that 

proved to be the most successful with conversions of 85% and 77%, respectively. The reaction 

conditions from Entry 4 (Table 2) were repeated, producing 87% of 2.41. With these optimised 

conditions in hand, a scope of the reaction was carried out to determine the limitations of the 

transformation.  

2.4.2 Establishing the Scope of the Buchwald-Hartwig Amination to Produce 2.41 

To begin the investigation, the functional group on the A-ring was varied: increasing in electron 

withdrawing character from a methoxy group (2.41a) to a nitro (2.41f) to determine the effect on 

the nucleophilic character of the aniline. This variation was well tolerated in the 4-position giving 

yields between 56% - 91%. However, strongly electron-withdrawing groups; nitro (2.41e) 

resulted in a reduction in the yield (56%) As aligned with literature precedent.124 However, 

slightly more moderate electron withdrawing groups such as CF3 (2.41d) are fairly well tolerated 

at 78%. 
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Scheme 20. Scope of A-ring variations in Buchwald-Hartwig Amination. Ligand = DavePhos. 

Next, the 6-bromoisoquinoline was substituted for different heterocycles. Reactions where the 

nitrogen positions in the D-ring were varied were well tolerated (2.42a and 2.42b). However, on 

reaction with 2-bromoquinoxaline, there was a significant loss in yield to only 27% (2.42c). The 

mass balance was being lost to the double aminated product (2.43) presumably due to the over-

activation of the aryl-bromide from the added electron deficiency created from the endocyclic 

nitrogen atoms in the C-ring. Whilst adding sp3
 character was tolerated in the D-ring (2.42d), yield 

was low (18%). 

.   

Scheme 21. Scope of C/D ring variations on Buchwald-Hartwig Amination. Ligand = DavePhos. 
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To further investigate the scope of this approach, 2-bromo-1,4-napthoquinone (2.36) was used as 

a coupling partner, replacing 6-bromoisoquinoline (2.38). The 2-bromo-1,4-napthoquinone 

provides potential access to the tetracyclic deaza core of ellipticine  (Scheme 22).149,150 

 

Scheme 22. Scope of A-ring variations in Buchwald-Hartwig amination. Ligand = DavePhos. 

Increasing electron deficiency in the A-ring and moving functionality to the 5-position was also 

well tolerated, as observed with the isoquinoline scope in Scheme 20. 
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2.4.3 Establishing the Scope of 5H-benzo[b]carbazole-6,11-diones and 7H-pyrido[3,4-

c]carbazoles. 

With these optimised conditions in hand, a range of tetracyclic analogues was synthesised, 

beginning first with 5H-benzo[b]carbazole-6,11-diones synthesis. 

 

Scheme 23. Scope of two-step, one-pot synthesis of 5H-benzo[b]carbazole-6,11-diones analogues. Ligand = 
DavePhos 

Electron-rich and neutral functional groups were well tolerated in the A-ring with yields of 59 – 

79% (2.45a – c) with a predicted fall in isolated yield to 35% with the electron withdrawing -CF3 

(2.45d). It should be noted that reaction of chloroaniline substrates with 2-bromo-1,4-

napthoquinone gave good yields of 58 – 79% (2.45a – 2.45f) on a 0.5 mmol scale upon heating 

under microwave conditions (Scheme 23). Scaling up the reaction to 1.0 mmol resulted in 

superheating and subsequent vial explosion due to excessive precipitation. This also provided 

very challenging purifications as the final products were poorly soluble in most solutions, with 

some solubility achieved with chlorinated solvents.  

Next, a scope of 7H-pyrido[3,4-c]carbazole was developed using the starting materials that 

showed promising results in the previous amination step. The reaction mixture was heated to 120 

°C by microwave irradiation followed by 8 h at 160 °C to complete the direct arylation (Scheme 

24). Even though the Buchwald-Hartwig intermediate formation had been optimised to give 87%, 

the initial one-pot, two step reaction carried out showed poor conversion to 2.39 (36%).  
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Scheme 24. Two-step, one-pot synthesis of 7H-pyrido[3,4-c]carbazole (2.39). Ligand = DavePhos 

Upon isolation of 2.39 it was realised that the reactivity of isoquinoline was directing selectivity 

of the C-H arylation closure to occur at the 5-position instead of the desired 7-position (Scheme 

25). Of particular interest was that the rest of the mass balance could be attributed to the 

Buchwald-Hartwig intermediate (2.41a), meaning the reaction is entirely regioselective for direct 

arylation at the 5-position. As a result, the regioisomer of direct arylation at the 7-position was 

not obtained. A result that has precedent in literature covering the reactivity of isoquinolines in 

electrophilic substitution reactions (Scheme 25).151 

 

Scheme 25. Electrophilic reactions with isoquinolines are regioselective. 

Menendez et al. reported that when Cu(OAc)2 (2 equiv) was added as an oxidant the reaction gave 

yields of 85 – 91 % for direct arylations in a similar system.152 Compound 2.41b showed the 

highest conversion in Scheme 20 so was used as a model substrate for the improvement of the 

direct arylation, The various conditions attempted are outlaid in Table 4. 
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Table 4. Conditions attempted for yield improvement by addition of oxidant 

 

 

 

           

 

The reaction was conducted without any additive as a baseline experiment to obtain 2.51 in 43% 

yield and the remaining mass balance as the Buchwald-Hartwig intermediate 2.41b in 55%. 

CuII(OAc)2 was added (2 equiv) to both the one pot system and to a reaction with the isolated 

Buchwald product 2.41b. Neither reaction showed conversion to 2.51. CuII(OAc)2 was then added 

(5 mol %) to the one pot reaction after 30 mins at 120 °C. From this reaction, 2.51 was isolated 

in 26 % yield. Instead of an expected increase in yield with the addition of an oxidant, a decrease 

of 17 % was observed. This suggests the low yield cannot be overcome by methods observed in 

Menendez’s research.152  

Initially, it was thought that the low yields from these reactions could be circumvented with the 

addition of an oxidant. However, experiments carried out with the addition of CuII(OAc)2 actually 

reduced the yield of 2.51.  

2.4.4 Re-optimisation of the Synthesis of the Pyrdiocarbazole Core 

Optimisation of pyridocarbazole formation was explored using the same substrates as that 

reported earlier in Table 2 (Table 5). 

Pd(OAc)2 Stage CuII(OAc)2 added Quantity  CuII(OAc)2 Yield 

5 mol% None added 0 mmol 43% 

5 mol% Stage 1 2 equiv 0% (By LC-MS) 

5 mol% Stage 2 2 equiv 0% (By LC-MS) 

5 mol% Stage 2 5 mol% 26% 
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Entry Ligand Base Conversion (%) 

1 DavePhos NaOtBu 10 

2 DavePhos Cs2CO3 28 

3 DavePhos K3PO4 36 

4 HPCy3BF4 NaOtBu 45 

5 HPCy3BF4 Cs2CO3 50 

6 HPCy3BF4 K3PO4 78 (80) 

7 HPtBu3BF4 NaOtBu 3 

8 HPtBu3BF4 Cs2CO3 25 

9 HPtBu3BF4 K3PO4 31 

10 XPhos NaOtBu 19 

11 XPhos Cs2CO3 18 

12 XPhos K3PO4 22 

Table 5. Optimisation of Buchwald-Hartwig Amination/Direct Arylation. All reactions carried out according to 
general procedure B. [a] Isolated yield shown in brackets. 

Using DavePhos as a ligand was first investigated and showed that the conditions used for the 

synthesis of 2.39 with K3PO4 as base gave the highest conversion of 36% (Table 5, entry 3). In-

line with observed results in the Buchwald-Hartwig optimisation, K3PO4 gave the highest 

conversions across all the ligands used (Table 5, entries 3, 6, 9 and 10), in comparison with 

NaOtBu and Cs2CO3. However, it was the HPCy3BF4 ligand that was overwhelmingly the most 

effective at 78% conversion (Table 5, entry 6). This was over twice the efficiency of the 

corresponding DavePhos set of conditions (Table 5, entry 3). A scope of the reaction was carried 

out using the conditions from Table 5, entry 6. 

2.4.5 Establishing the Scope of Pyridocarbazole Synthesis 

As seen in both the Buchwald-Hartwig amination and 5H-benzo[b]carbazole-6,11-dione substrate 

scopes, increasing the electron withdrawing effect in the A-ring decreased the efficiency of the 

reaction (2.39, 2.51, 2.52a-c).  
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Pd(OAc)2 (5 mol%),
HPCy3BF4 (10 mol%),
K3PO4 (3 equiv),
1,4-Dioxane,
(i) 120 °C, 30 mins,
(ii) 160 °C, 8 h.
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Scheme 26. Substrate scope of consecutive Buchwald-Hartwig amination and direct arylation reactions to form 2.39, 
2.51 and 2.52a-k. [a]Buchwald-Hartwig intermediate (2.41e) isolated in 79% yield. 

In-line with this trend, when 4-nitro-2-chloroaniline was subjected to these conditions, the 

reaction stalled at the Buchwald-Hartwig intermediate (2.41e) with only a trace of 2.52c observed 

by LC-MS analysis. Changes to the D-ring showed very little effect on reaction efficiency with 

yields ranging from the lower 65% (2.52f) observed with the quinolone analogue up to 94% 

(2.52j) with the 8-bromoisoquinoline substrate.  
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An unexpected result was observed when reacting aryl-bromides with a nitrogen ortho to the 

bromide. Instead of the direct arylation occurring as the second step, a second Buchwald-Hartwig 

amination occurred between the aryl-chloride of the A-ring and the activated N-H in the C-ring. 

2-bromoquinoline gave the product (2.52g) in 25% yield and 2-bromoquinoxaline gave 2.52h in 

14% yield. A similar transformation through a copper catalysed Chan-Lam reaction was reported 

by the Saini laboratory in 2020.153 

The majority of the mass balance was lost to the double aminated Buchwald-Hartwig 

intermediates 2.53 and 2.43 (52% and 62% respectively). Compound 2.43 had been previously 

shown to form even at the lower temperature of 120 °C (Scheme 21). No further direct arylation 

occurred on compound 2.53. Therefore it can be determined that once 2.53 or 2.54 have been 

formed they are not synthetically productive for further transformation. In particular, the nitrogen 

lone pair is now tied up and cannot activate the ortho-nitrogen in the C-ring for further reaction 

(Scheme 27Error! Reference source not found.). 

  

Scheme 27. Proposed mechanism for two consecutive Buchwald-Hartwig aminations to form 2.52g. 

Increasing the number of equivalents of the 4-methoxy-2-chloroaniline from 1.2 to 2.4 equiv was 

explored to see if stoichiometry had control over the formation of the product 2.52g. Just by 

increasing the aniline equivalents, an increase from 25% to 42% was observed. Further 

optimisation of this reaction could be achieved by carrying out temperature studies. Maximising 

the formation of the mono Buchwald-Hartwig intermediate over 2.53 with milder reaction 

conditions, before increasing the temperature for the second reaction. 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

85

2.5 Targeted synthesis of natural products and their analogues through the newly 

developed one pot approach  

2.5.1 Total Synthesis of Glycozoline, Harmane and Murrayafoline A  

Although this general type of cross coupling had been previously established on a focused set of 

substrates problems were encountered when translating the conditions to more complex natural 

products (Scheme 28).144 

Scheme 28. Bedford method: Total synthesis of Glycozolidine.144 

Glycozoline (2.26) was chosen as a model natural product target. Using the conditions established 

for the pyridocarbazoles (Scheme 26), the natural product was synthesised in 22% yield. A change 

in ligand to DavePhos resulted in an increase in the yield of 2.26 (36%). It was postulated, that 

the poor conversion was likely due to the deactivation of the catalyst. 

 

Scheme 29. Total synthesis of Glycozoline (2.26). 

To investigate, a second charge of Pd(OAc)2 and DavePhos was added to the reaction before 

increasing the temperature to 160 °C for 8 h. Surprisingly this modification actually decreased 

the yield to 25%.  

Previous work carried out by the Fagnou lab discovered pivalic acid can act as a ‘proton shuttle’ 

in direct arylations which could potentially increase the efficiency of the second step.154 Pivalic 

acid after the Buchwald-Hartwig step, resulted in an increase in yield to 56%. However, when 

added at the start of the one-pot process the isolated yield increased to 63%.  
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With these conditions in hand the natural products Harmane (2.63) and Murrayafoline A (2.64) 

were synthesised in moderate yields (40% and 43% respectively) in one-pot. Although the yields 

were modest, previous syntheses of the three carbazoles involve multi-step processes, that either 

have a comparable or lower overall yield to those shown in Scheme 30. 

 

Scheme 30. Total synthesis of Glycozoline (2.26), Harmane (2.63) and Murrayafoline A (2.64). Ligand = DavePhos, 
Additive = PivOH. 

In 2018, glycozoline (2.26) was synthesised in an overall 56% yield over a six step synthesis.155 

However this synthesis required harsh reaction conditions such as DDQ oxidation and Pd/C 

hydrogenation. Additionally the starting materials were substituted indoles that are not easy to 

diversify nor acquire commercially. The total synthesis of harmane (2.63) was reported in 65% 

over two steps from the starting material tryptamine. Although an improvement on the 40% in 

Scheme 30 it does require one additional step. Finally, Murrayafoline A has been synthesised 

recently through an Ullmann cross coupling reaction in an overall 49% yield over two steps.156 

This synthesis uses a similar direct-arylation strategy in the second step as shown in Scheme 30, 

however the reaction times are greater than 12 h and a comparable yield can be obtained in one-

step using the one-pot process.  
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Further expansion of this synthesis could allow access to carbazole containing drug molecules 

e.g. alectinim (2.65) (Figure 54). 

 

Figure 54. Structure of alectinim, an ALK inhibitor 

2.5.2 Synthesis of Ditercalinium and Biologically Active Alkylated Pyridocarbazoles 

Pyridocarbazole 2.52d is a precursor to the anticancer drug Ditercalinium. Previous literature 

published by Roques et al. in 1980, synthesised 2.52d in 32% yield over 6 steps. Methylation of 

2.52d yielded 2.69 in 73%, translating to an overall yield of 24%. Compound 2.70 was 

synthesised in 50% for an overall yield of 16%.157  

2.52d was synthesised in one-pot from commercially available starting materials in 83% yield 

(Scheme 26). Further functionalisation obtained 2.69 in 88% yield and 2.70 in 80% yield (73% 

and 67% overall yields respectively) (Scheme 31). 

 

Scheme 31. Synthesis of 2.52d and alkylated products 2.69 and 2.70. 

The bipiperidyl nitrogen mustard linker (2.68) was synthesised by alkylation of compound 2.66 

with bromoethanol to give 2.67 in 70% yield, followed by halogen exchange with thionyl chloride 

and used in the synthesis of Ditercalinium (2.71) without further purification (Scheme 32).  
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Scheme 32. Synthesis of 1,1ʹ-bis(2-chloroethyl)-4,4ʹ-bipiperidine (2.68). 

Ditercalinium (2.71) was isolated in 15% yield (Scheme 33). Whilst the conversion of this 

reaction was higher according to RP-HPLC, purification was challenging and required multiple 

re-crystallisations resulting in a much lower isolated yield than expected. Even with the 

difficulties in purification the resulting yield from the bis-alkylation was in-line with literature 

precedent.158 
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Scheme 33. Total synthesis of Ditercalinium (2.71). 

2.5.3 Towards the Synthesis of Deaza-ellipticine 

Given the optimization and scope of this synthesis established in Scheme 23, the tetracyclic diones 

(2.45a-f) could be utilised to access an analogue of GQC-05 (1.31), which had been previously 

shown to induce a splice-switch in Bcl-x, to upregulate the pro-apoptotic Bcl-xS.115 It was 
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proposed that methylation followed by reduction of the dione moiety in (2.45a) would give rise 

to 9-methoxydeazaellipticine.149 However, previous work by group member Dr Olivia Rutherford 

showed the monomethylated side product 2.73 was isolated in 70% yield in place of the 

dimethylated 2.72 (Scheme 34). 

 

Scheme 34. Attempted synthesis of 2.72 carried out by Dr Olivia Rutherford.116  

Characterisation determined the methylation was occurring only at the 5-position as a 

consequence of the vinylic amide nature of position 11. This is due to conjugation with the lone-

pair of the N-carbazole (Scheme 35).   

 

Scheme 35. Conjugation of N lone pair with ketone (2.37) stabilises the 11 position carbonyl to nucleophilic attack, 
increasing electron density at the point of attack. 

Initially, coupling with the benzyl protected aniline 2.73 was attempted to break the conjugation 

of the N-lone pair, thereby facilitating di-methylation. However, coupling of 2-

bromonaphthalene-1,4-dione with 2.73 afforded only a mixture of aniline 2.73 and the degraded 

de-chlorinated starting material. (Scheme 36).  

 

Scheme 36. Attempted synthesis of benzylated 2.74. 
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From this result, it was deduced that the reactivity of aniline 2.73 is diminished by the benzyl 

protecting group. To avoid this, the tosyl-protected aniline 2.76 was prepared. Tosyl-protected 

aniline 2.76 was isolated in 98% and used in the one-pot cross coupling (Scheme 37).  
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Scheme 37. Attempted synthesis of tosyl-protected 2.37. 

This reaction was unsuccessful with analysis by LC-MS showing a mixture of starting material 

2.76 and the de-tosylated coupled product 2.37, suggesting that the protected aniline 2.76 was not 

capable of the Buchwald amination step. It was decided at this point to abandon protection prior 

to the one-pot coupling and to attempt protection of 2.37. 

Compound 2.37 was unsuccessfully subjected to various protection conditions using inorganic 

bases. It was proposed that bases such as K2CO3 and Na2CO3 were not strong enough to 

deprotonate the indole nitrogen and facilitate the protection. Therefore, 2.37 was reacted with 

benzyl bromide in the presence of NaH for 2 h to afford the desired compound 2.77a in 83% 

yield. 
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Scheme 38. Towards the synthesis of 2-deaza-9-methoxyellipticine (2.72). PG = Protecting group 

(Bn/PMB). 

Compound 2.77a was dissolved in THF and cooled to −78 °C. MeLi was added dropwise over 10 

mins, allowed to warm to room temperature and then stirred for 3 h. The reaction was cooled and 

analysed by TLC showed full consumption of starting material. SnCl2/HCl in ether was added 

and the reaction stirred vigorously for 3 h, resulting in the formation of 2.78a in 40% yield.149 

Compound 2.78a was then subjected to hydrogenation at room temperature overnight, which 

resulted in recovery of starting material. The hydrogenation was repeated but this time at 50 °C 

overnight. Unfortunately, no conversion to 2.72 was observed. Aluminium chloride in acidic 

conditions has been shown to deprotect N-Bn functional groups,159 however this resulted in 

degradation of 2.78a.160 

Exchange of the benzyl group (2.77a) for PMB-group was carried out, in the hope that the 

additional stability from the para-methoxy moiety would facilitate an easier deprotection. The 

PMB analogue (2.77b) was synthesised in the same route as the benzyl 2.77a in comparable 

yields, and subjected to various deprotection methods. Reaction with AlCl3 showed no conversion 

to 2.72. However, reaction with TFA/H2SO4 did show some conversion to the deprotected 2.72 

although multiple side-products were observed by TLC. The major product was migration of the 

PMB group to the D-ring (2.79) as previously observed for the deprotection of tricyclic PMB-

protected carbazoles.161 
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Scheme 39. Proposed structure of PMB migration (2.79) in TFA. 

2.6 Conclusions and Future Work 

A convergent route to access 5H-benzo[b]carbazole-6,11-diones and 7H-pyridocarbazoles was 

achieved through a one-pot consecutive Buchwald-Hartwig amination and direct arylation 

reaction. It was found that choice of base and ligand was crucial for direct arylation efficiency 

particularly to access 7H-pyridocarbazoles analogues. Quaternization of pyridocarbazole 2.52d, 

gave access to known anti-tumour agents 2.69, 2.70, and Ditercalinium (2.71) in overall yields 

73%, 66% and 13% respectively.157 

With the addition of a proton-shuttle, pivalic acid, this one-pot method was translated to the total 

synthesis of three carbazole natural products; Glycozoline (2.26), Harmane (2.63) and 

Murrayafoline A (2.64) in one step.   

The synthesis of 2-deaza-9-methoxyellipticine (2.72) was attempted upon the isolation of 2.37 

(Scheme 40). It was thought that the methylation of the dione moiety would grant access to a 

convergent route to 2.72. However, the ‘amide-like’ electronics observed resulted in only mono-

methylation from occurring (Scheme 34). Protection of the carbazole nitrogen overcame this 

issue, however deprotection to obtain 2.72 has provided a significant synthetic challenge. 

Deprotection was successful in TFA (Scheme 39), however the PMB protecting group migrated 

to the D ring to produce 2.79. Next steps to be undertaken are the use of oxidising agents e.g. 

DDQ, in attempt to complete the synthesis. 
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Scheme 40. Overview of the attempted synthesis of 2-deaza-9-methoxyellipticine (2.72). PG = protecting group. 
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Chapter 3  Mechanistic Insights into the Palladium-Catalysed 

Formation of Carbazoles by Direct C-Arylation 
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3.1 Direct-arylation: An Alternative to Traditional C-C Cross Couplings 

3.1.1 Introduction 

Direct-arylation reactions have become a cornerstone of developmental chemistry and can be 

divided into two distinct categories: 1) coupling to aryl halides and 2) oxidative coupling (Scheme 

41).139 

 

Scheme 41. Schematic of palladium cataylysed direct arylations. (a) coupling to aryl halides, (b) oxidative coupling. 

Oxidative coupling between two aryl C-H bonds is advantageous as it requires little pre-

functionalisation using readily available starting materials. A pertinent example of this approach 

has been the preparation of bibenzofurans (e.g., 3.2) from a biaryl ether precursor, such as 3.1 

(Scheme 2).162  

 

Scheme 42. Palladium catalysed intramolecular oxidative direct arylation. Sites of potential arylation highlighted by 
red astericks.  

Although a highly economical route, oxidative C-arylation is not without its drawbacks. The lack 

of functionality makes selectivity of the transformation difficult with activation of two C-H bonds 

possible when substituted aromatics are used (Scheme 42).163  

An effective strategy to circumvent this chemoselectivity issue is to replace one of the C-H bonds 

with an aryl halide (Scheme 41a). Palladium cross coupling reactions with aryl-halides primarily 

proceed through an oxidative addition into the aryl-halide bond. This controls the site of C-

arylation of the nucleophile as the oxidative addition directs regioselectivity on the electrophile. 

3.1.2 Scope of the Intramolecular Direct Arylation reaction 

Metal-base mediated deprotonation is another method which is an effective strategy to control the 

site of the nucleophile (Scheme 43).164,165,166  
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Scheme 43. Early metal/base mediated deprotonation mechanism. 

The first studies directed at using this mechanism for the metalation of arenes were conducted by 

Davidson and coworkers in 1968.167 These studies highlighted that the choice of metal was 

essential for successful C-H activation. Pd(OAc)2 was found to be the most successful as the 

aceto-ligand carries out multiple roles through the reaction e.g. increased solvation (in comparison 

to PdCl2) and increased electrophilicity of the metal centre. 

In 2005, Fagnou and coworkers developed a palladium mediated C-H activation to form six 

membered biaryl rings (Scheme 44).168,123 

 

Scheme 44. Fagnou synthesis: palladium-catalysed direct arylation to form six-membered biaryl ethers.123 

Fagnou et al. demonstrated that the use of NHC ligands for direct C-arylation was sufficient for 

simple direct arylations. However efficiency was lost when more sterically bulky substrates were 

used.123,169 A re-optimisation through a more extensive scope of catalysts was carried out to find 

a more generally applicable system. A catalyst and ligand screen in dimethylacetamide (DMA) 

was explored and heated thermally to 130 °C.170 
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Scheme 45. Pd-Catalysed C-arylation to form benzofurans as reported by  Fagnou et al. Re-optimisation of ligand 
scope. Reactions heated until catalyst deactivation was complete.171 

The bi-aryl and tri-aryl phosphines gave poor conversion of benzofurans (3.6 – 3.13) overall, with 

the exception of 3.14 which gave over 50% conversion. The stand-out ligands were the 

trialkylphosphine ligands (3.16 – 3.18). In particular, HPCy3BF4 (3.18) gave close to quantitative 

conversion even with low catalytic loading of Pd (0.1 mol%) (Scheme 45). 

Varying the base, also showed to be influential on the reaction (Scheme 46), specifically on the 

rate of de-halogenation (3.19). K2CO3 showed the best results (Table 6, entry 2), however 

changing just the counter-ion had devastating effects on conversion: Na2CO3 (Table 6, entry 1) 

and Cs2CO3 (Table 6, entry 3). Hydroxide bases like KOtBu (Table 6, entry 4) showed extensive 

degradation of the starting material with a ratio of 2.3: 1.0 (3.4: 3.19). 
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Scheme 46. Pd-Catalysed C-arylation to form benzofurans as reported by  Fagnou et al. Scope of base used in direct 
arylation.171 

Table 6. Fagnou synthesis: Conversions and ratios of compounds 3.4 and 3.19 when varying the type of base used. 

Entry Base Conversion (%) Ratio 3.4: 3.19 

1 Na2CO3 11 20:1 

2 K2CO3 100 >99:1 

3 Cs2CO3 25 15:1 

4 KOtBu 84 2.3:1 

5 K3PO4 13 5:1 

6 KOAc 81 >99:1 

7 NaOAc 41 28:1 

8 Et3N 3 2:1 

9 DIPEA 2 1.8:1 

10 Cy2MeN 4 3:1 

The effect of the halide employed for the reaction was also studied and found that although aryl 

iodides are the most effective coupling partners in many C-arylations,172,173,168 they performed 

relatively poorly in the previously optimised conditions (64% conversion). It was postulated that 

an accumulation of iodide ions in solution was poisoning the catalyst. It was subsequently found 

that adding a AgOTf or Ag2CO3 overcame this issue effectively by sequestering the excess iodide. 

The regioselectivity of the transformation was then investigated through a scope of R-group 

substituents on the arene ring. 

 

Scheme 47. Pd-Catalysed C-arylation to form benzofurans as reported by  Fagnou et al. Substituent effects on 
regioselectivity of direct arylation.171 
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Table 7. Substituent effects on regioselectivity of direct arylation (3.4: 3.20). 

Entry Substituent Halide Ligand Ratio 3.4: 3.20 

1 OMe Br HPCy3BF4 10:1 

2 Me Br HPCy3BF4 15:1 

3 i-Pr Br HPCy3BF4 >30:1 

4 t-Bu Br HPCy3BF4 >30:1 

5 CF3 Br HPCy3BF4 >30:1 

6 NO2 Br HPCy3BF4 >30:1 

7 CO2Me Br HPCy3BF4 >30:1 

8 Cl Br HPCy3BF4 3.2:1 

9 F Br HPCy3BF4 1:4.3 

10 F Cl HPCy3BF4 1:8.3 

11 F Br HPtBu3BF4 1:1.3 

12 F Br HPtBu2MeBF4 1:6.9 

 

It was found that in general, the reaction proceeded via activation of the least sterically hindered 

C-H bond (Table 7, entries 1-7). Interestingly when replaced with halide substituents the 

selectivity was drastically decreased (Table 7, entries 8-12) to as low as 1:1.3 in favour of 3.20 

(Table 7, entry 11). 

Work carried out by the Echavarren and Fagnou groups concurrently identified that the nature of 

the reaction was governed by the choice of base, ligand and aryl halide.174,175,176 Furthermore, their 

work highlighted that for the substrates analysed that the selectivity of the C-H activation was not 

solely directed by electronically biased arene substrates (Scheme 48). 

 

Scheme 48. Fagnou and Echavarren work on selectivity of direct arylation. Ha (red) = least hindered direct arylation 
site. 

Isotopic studies obtained revealed a large KIE (3.5 – 6.7) value suggesting cleavage of the C-H 

bond and the Pd-C bond formation are happening simultaneously. These observations were in-

line with a CMD type transformation.174,175,  
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Although a C-H oxidation mechanism is not contradictory to the results observed by Fagnou and 

Echavarren, computational studies have shown that it is less favourable than a σ-bond metathesis 

or SE3 mechanism.177 
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Scheme 49. Two possible direct arylation mechanisms: σ-bond metathesis (blue) and SE3 (red).170 

Classically, electrophilic aromatic substitution reactions cannot be analysed by KIEs because the 

deprotonation step is too fast to observe in comparison to the formation of the σ –aryl complex. 

However, a primary KIE was measured for this transformation suggesting a route other than 

electrophilic aromatic substitution. Two potential routes can account for the high KIE observed 

(Scheme 49). A primary KIE indicates that the second step is kinetically significant. For this to 

be the case, the first step would have to be very fast and reversible in comparison to k2. This can 

be rationalised by either the σ-bond metathesis (deprotonation is facilitated by a palladium ligand) 

or by the SE3 mechanism (deprotonation is facilitated by an external base).  

3.1.3 Carbazole and Pyridocarbazole Synthesis via C-C Direct Arylation  

Building on the direct arylation work carried out by Fagnou168, Bedford144 and Ackermann145, a 

novel convergent route to access pyridocarbazoles was established in Chapter 2 (Scheme 50). 

 

Scheme 50. Consecutive Buchwald-Hartwig amination and direct arylation reactions to form 2.39. 

Development of the synthesis required optimisation of the literature precedent as the conditions 

proposed by Bedford for carbazole synthesis resulted in no conversion to 2.39. Interesting 
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observations through scope expansion, warranted further investigation. Firstly, reactions with 

electron withdrawing groups in the A-ring e.g. attempted synthesis of 2.52c, showed poor 

conversion for the direct arylation step. Interestingly, no de-halogenation was observed 

suggesting the barrier to the reaction being oxidative addition (Scheme 51a). Secondly, direct 

arylation was also prevented in reactions where the double-Buchwald-Hartwig aminated bi-

product was formed (Scheme 51b). And finally, the regiochemistry observed for pyridocarbazoles 

was entirely selective for the ring closure at the 5-position of the isoquinoline (Scheme 51c).  

 

Scheme 51. Direct arylation limitations from scope in Chapter 2. 
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3.2 Chapter Aims 

The overall objective of this chapter is to investigate the mechanism of the two-step, one-pot 

palladium catalysed synthesis developed in Chapter 2.  

This will be investigated through: 

1. Ligand and base investigation, 

2. Designed control reactions to determine essential functionality for the transformation, 

3. And through density functional theory (DFT) molecular orbital calculations. 

3.3 Results and Discussion 

3.3.1 Buchwald-Hartwig Amination 

The Buchwald-Hartwig amination is a well-established transformation and the optimisation and 

scope outlaid in (Scheme 20-Scheme 22) followed trends seen throughout literature.124 Electron-

rich anilines improves transmetallation over electron-poor substrates. Interestingly it was the 

dialkylbiaryl ligands in conjunction with K3PO4 that yielded the highest conversions over the 

alkyl cyclohexlphosphine or tri-tert-butylphosphine ligands. The biaryl systems are electron rich, 

improving oxidative addition, but the additional added bulk from the biaryl system will 

concomitantly improve reductive elimination.  

3.3.2 Direct C-arylation Studies to form the Tetracyclic Carbazole Core 

The mechanism of the second-step is of particular interest. As reported previously by Fagnou and 

co-workers, there is great evidence to suggest similar transformations occur through the concerted 

metalation pathway (Scheme 49).178 Investigation into the reaction mechanism began with the 

observation of poor yields when using DavePhos as a ligand for the formation of 2.39 (Scheme 

52). 

 

Scheme 52. Consecutive Buchwald-Hartwig amination and direct arylation to form 10-methoxy-7H-pyrido[3,4-
c]carbazole (2.39). 

Initially it was thought that the lower conversion could be due to poor catalyst turnover, 

potentially from interaction with chelation of the Pd species with either the anilinic or pyridinic 

nitrogens presentin the substrates. However, addition of CuIIOAc2 as an oxidant proved 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

103

detrimental to yield (43% to 26% conversion). Re-optimisation highlighted that HPCy3BF4 

resulted in a doubling of conversion to 78% when compared to DavePhos (36%). This could 

potentially be due to steric hindrance having more of a factor in the second step due to the limited 

space once the Buchwald-Hartwig intermediate has been formed.  

This is particularly interesting, as HPCy3BF4 showed only 10% conversion for the first Buchwald-

Hartwig step when reacted with K3PO4 at 120 °C for 30 mins. This suggested, that in these 

conditions, the first step required higher temperatures to react. This brought into question the 

reaction mechanism, particularly whether the Buchwald-Hartwig reaction was required to 

facilitate the direct arylation in a sequential manner when heated to 160 °C. 

 

Scheme 53. Consecutive Buchwald-Hartwig amination (2.41a) and direct arylation to form 10-methoxy-7H-
pyrido[3,4-c]carbazole (2.39). Ligand (see Table 8) 

Table 8. Ligand effects on conversion to 2.39. 

Entry Ligand 2.41a 

Conversion 

(%) 

2.39 

Conversion 

(%) 

1 DavePhos 85 36 

2 HPCy3BF4 10 78 

  

The importance of the palladium catalyst was then investigated to determine whether C-arylation 

was proceeding through a metal-catalysed pathway. To investigate this, 2.41a was heated with 

base at 160 °C for 8 h (Scheme 54). No conversion to 2.39 was observed by LC-MS, with only 

starting material present in the reaction mixture. This confirmed that the second step is indeed 

mediated through a palladium-catalysed pathway. 
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Scheme 54. Control experiment highlighting that direct C-arylation required a palladium catalyst  (0 mol%). 

To determine whether the transformation requires a sequential two-step process, the functionality 

required for the Buchwald-Hartwig amination was removed.  

 

Scheme 55. Control experiment: consecutive Buchwald-Hartwig amination and direct arylation to form 3.31. 

Compound 3.29 was reacted with isoquinoline (3.30) (Scheme 55). The hypothesis was that if the 

process was sequential, then the formation of the secondary amine 2.41a would be essential to 

enable the second C-arylation step. Upon reaction at 160 °C for 8 h, isoquinoline 3.30 was 

recovered in 96% yield with no conversion to 3.31. This suggests a pathway whereby the 

formation of the secondary aniline is essential for Pd-catalysed C-arylation. 

Next, the influence of the heteroaryl bromide was investigated. 2-Chloro-4-methoxyaniline (2.35) 

was reacted with isoquinoline (3.30) under the standard one-pot conditions (Scheme 56).  

 

Scheme 56. Consecutive Buchwald-Hartwig amination and direct arylation to form 3.32 and 3.33. 

Surprisingly, this resulted in the formation of the double aminated product 3.33 in 25% isolated 

yield. Given the lack of a bromide on the isoquinoline, a Buchwald-Hartwig amination is not 

feasible. Therefore, a potential Pd-catalyzed C-H activation at the 6-position could occur due to 

the elevated temperatures achieved in 1,4-dioxane. It is probable that this activation occurred in 
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the reaction highlighted in Scheme 55, however in this instance, a nucleophilic aniline is now 

present to complete transmetallation. Remarkably the C-H activation is regioselective for the 6-

position of the isoquinoline with no formation of 2.41a or 3.34. Previous reactions where the 

double aminated product was formed also showed this to be synthetically non-productive, 

preventing any direct arylation from occurring (Error! Reference source not found.). This 

further strengthens the hypothesis that the free lone pair on the secondary aniline is vital for the 

direct arylation to proceed.  

 

Figure 55. Structures of  N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a) and 7-(isoquinolin-6-yl)-10-
methoxy-7H-pyrido[3,4-c]carbazole (3.34). 

Although 3.33 was isolated, this was not the major product of the reaction. Phenazine (3.32) was 

isolated in 35% yield. This product is a result of two sequential Buchwald-Hartwig aminations 

between two molecules of 2-chloro-4-methoxyaniline (2.35). Compound 3.32 had not previously 

been isolated throughout the scope (Error! Reference source not found.) and appears to only 

have been formed as a result of poor reaction with the isoquinoline.  

Direct C-arylations are known to proceed through an oxidative mechanism where two aryl C-H 

bonds are activated to couple together (Scheme 42). The importance of the aryl chloride in this 

system was investigated by reacting 4-methoxyaniline (3.35) in the standard one-pot conditions.  

 

Scheme 57. Consecutive Buchwald-Hartwig amination and direct arylation to form 3.36. 

As expected from an oxidative addition reliant mechanism, 2.39 was not isolated and only the 

Buchwald Hartwig intermediate 3.36 was formed in 95% yield, suggesting the aryl chloride is 

essential for C-arylation.  



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

106

The selectivity of the direct C-arylation was then investigated. As shown in previous literature, 

selectivity of direct C-arylation reactions is poor unless there is a directing groups or the is 

sufficient difference in the electronics of the competing C-H bonds.139,124,178 In this case, it was 

hypothesised the electronics of the isoquinoline rings were directing the selectivity of the direct 

arylation. In classic electrophilic substitution with isoquinoline substrates, the 5ʹ and 8ʹ positions 

are activated as the electron density is most stable at these positions, with 5ʹ being the most 

nucleophilic.  

In this system, the working hypothesis is the C-ring in the isoquinoline is acting as the nucleophile 

through transmetallation. Given that the classical electrophilic substitution has very little electron 

density on the 7ʹ position, this provides strong evidence for the observed regiochemistry.  

To investigate the importance of the nitrogen lone-pair in the direct arylation, the secondary 

nitrogen was protected as an acetamide (3.37). It was thought that the unavailability of the lone 

pair would deactivate the C-ring and hinder the direct arylation efficiency.  

 

Scheme 58. Consecutive Buchwald-Hartwig amination and direct arylation to form 2.39 and 3.38. Sites of direct 
arylation are highlighted in red on 3.37. 

Acetylated 3.37 was subjected to the standard-one pot conditions optimised in Chapter 2 and an 

unexpected mixture of isomers was isolated. De-acetylated compounds 2.39 and 3.38 were 

isolated in a 1.2: 1.0 ratio, respectively in a total yield of 27%. Indeed, the efficiency of the direct 

arylation was compromised as a drop in yield from 80% to 27% was observed. However, 

acetylation of 3.37 gave access for the first time to the linear analogue of the ellipticine core 3.38. 

In all previous reactions, the regioselectivity was solely for 2.39. Interestingly, no acetylated 

products were isolated and it was surmised the acetyl group was deprotected due to the elevated 

temperatures in the presence of base. However, isolation of 3.38 suggests it is favoured when the 

acetyl group is present prior to C-C arylation. Presumably 2.39 is formed as a result of 3.37 being 

deprotected prior to C-C arylation, however further investigation is required to confirm. 
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To investigate this result further molecular orbital calculations were carried out to determine 

whether the change in regio-selectivity can be attributed to the change in electronics or through a 

directing-group effect of the carbonyl.  

3.3.3 Density Functional Theory Analysis of Direct Arylation 

The regioselectivity of the direct C-arylation was investigated by calculating the molecular orbital 

calculations on compound 2.41a. Compound 2.41a was first minimised then frequency 

calculations carried out using the B3LYP correlation functional (6-31+G(d,p)). 

 

Figure 56. Structure of N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a). 

The Mulliken charges displayed through the electron distribution not only showed that the 

electron density was focused on the carbon atoms at the 5ʹ (-0.658 au) and 8ʹ (-1.620 au) position 

of the isoquinoline, it also highlighted that the 7ʹ position was very electropositive in comparison 

(+0.914 au). This corroborates the reqioselectivity observed at the 5ʹ over the 7ʹ position as the 7ʹ 

position is not nucleophilic enough to affect transmetalation.   

 

Figure 57. DFT analysis: Mulliken charge distribution of 2.41a. Values shown are in a.u. Nitrogen atoms (blue), 
carbon atoms (grey), hydrogen atoms (white), oxygen atoms (red) and chlorine atoms (green).  

The HOMO orbital was then visualised in Gaussview. This again showed the concentration of 

electron density on the 5ʹ over the 7ʹ position. 
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Figure 58. Calculated HOMO molecular orbitals of 2.41a calculated by DFT (B3LYP correlation functional (6-
31+G(d,p)). 

Molecular orbital calculations were also carried out on amide (3.37).  
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Figure 59. DFT analysis: Mulliken charge distribution of 3.37. Values shown are in a.u. Nitrogen atoms (blue), 
carbon atoms (grey), hydrogen atoms (white), oxygen atoms (red) and chlorine atoms (green). Calculated by DFT 
B3LYP correlation functional (6-31+G(d,p)). 

The Mulliken charges calculated for the acetylated amide (Figure 59) were of great interest in 

comparison to Figure 57. The 5ʹ position had increased in electropositivity from – 0.658 au in 

2.41a to +0.083 au in 3.37. In contrast, the 7ʹ position had increased in electronegativity from 

+0.914 au 2.41a to +0.005 au in 3.37.  The two sites for direct arylation appear to have the electron 

density more equally distributed between the two carbons, with the 5ʹ position still slightly more 

electronegative. This re-distribution of electron density aligns with the mixture of regiosomers 

observed in Scheme 58 . In particular it could account for the slight bias towards 2.39 due to the 

bias in electronegativity of the 5ʹ carbon. 

Next, the HOMO of 3.37 was visualised and provided a surprising molecular orbital picture. 

Although the charge density distribution showed an increase in electronegativity at the 7ʹ position, 

this was not reflected in the HOMO calculations. Once visualised, the HOMO showed electron 

density to be almost entirely focused on the 5ʹ-position (Figure 60).  
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Figure 60. Calculated HOMO molecular orbitals of 2.41a calculated by DFT B3LYP correlation functional (6-
31+G(d,p)). 

This could suggest the change in regioselectivity for 3.38 may not be the result of electron re-

distribution but from steric control in space through coordination of the palladium catalyst 

complex to the carbonyl of amide 3.37. Extensive work carried out by the Yu laboratory has 

developed ‘internal ligands’ by installation of a directing group on the substrate to coordinate the 

metal catalyst to one specific C-H bond to achieve selectivity.179 In particular, installation of 

amides has been shown to direct cross-coupling selectivity via  co-ordination of the palladium, 

‘locking’ the direct-arylation to occur at the para position.180 

Finally, the poor yields observed with electron withdrawing functional groups in the A-ring was 

investigated. Upon optimisation of reaction conditions using HPCy3BF4 and K3PO4 no de-

halogenated degradation product was observed, even for the low yielding 7H-pyridocarbazoles. 

Of particular note is the sole isolation of 2.41e upon microwave irradiation for 8 h with no 

isolatable degraded by-products (Scheme 59). 
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Scheme 59. Failed consecutive Buchwald-Hartwig amination and direct arylation. Reaction stalled at Bichwald-
Hartwig intermediate (2.41e). 

This indicates that oxidative addition is likely the barrier causing poor efficiency for electron-

deficient aniline substrates. Molecular orbital calculations were carried out on compound 2.41a, 

2.41d and 2.41e and the aryl chloride bond investigated (Table 9). 

Table 9. DFT anaylsis: Substituent effects on Ar-halide bond length. Calculated by DFT B3LYP correlation functional 
(6-31+G(d,p)). 

Entry R-group Ar-Cl bond length (Å) 

2.41a -OMe 1.76244 

2.41d -CF3 1.74992 

2.41e -NO2 1.74789 

 

Interestingly, with increasing electron deficiency the aryl-chloride bond shortened in length. This 

indicates that the Buchwald-Hartwig amination intermediates with strong electron withdrawing 

groups e.g. -NO2, result in the shortening of the C-Cl bond increasing its stability. This extra 

stabilisation makes oxidative addition by the palladium more difficult resulting in poor reaction 

efficiency.  

To further confirm oxidative addition as the barrier to full conversion, 2-chloro-4-

(trifluoromethyl)aniline (3.40) and 6-bromoisoquinoline (2.38) were subjected to microwave 

irradiation at 160 °C for 8 h (Scheme 60). Compound 2.41d was chosen as it showed poor 

conversion, but showed the reaction could proceed, unlike its –nitro counterpart 2.41e. Pivalic 

acid was added to this reaction in an attempt to give optimal conditions for the direct C-arylation. 

Pivalic acid has been shown by Fagnou and co-workers to facilitate direct arylation in similar 

systems by acting as a proton shuttle aiding in the efficiency of transmetalation.154  

However, upon isolation, there was no increase in 2.52b yield (21%). This suggests the oxidative 

addition into the aryl chloride bond is the limiting factor when electron deficient functional groups 

were employed in the A-ring. 
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Scheme 60. Consecutive Buchwald-Hartwig amination and direct arylation with PivOH (30 mol%) additive. 

Based on these studies, a proposed mechanism for C-arylation proceeds is presented in Scheme 

19. Oxidative addition of the Pd0 catalyst into the aryl-chloride bond of 2.41a forms 3.41. De-

protonation of 3.41 by K3PO4 gives 3.42 followed by tautomerisation to form palladacycle 3.43. 

Finally, reductive elimination to form the desired product 2.39 (Scheme 61). 

 

Scheme 61. Proposed mechanism of C-arylation to form 7H-pyridocarbazoles. 

3.4 Conclusions and Future Work 

Key conclusions arising from this study are: (i) the reaction requires a palladium catalyst; (ii)the 

lone pair of the secondary aniline in the Buchwald-Hartwig intermediate is essential in order to 

effect the C-arylation step; (iii) the  use of an aryl bromide prevents dimerization of the primary 

aniline to phenazine (3.32); and (iv)  no C-arylation occurs without the aryl-chloride substituent 

present. 

Furthermore, reqgioselectivity of the direct arylation can be modulated by the inclusion of a 

acetyl-protecting group on the secondary amine, to access the previously unavailable 3.38. This 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

113

should be further investigated with a pivolyl group in an attempt to prevent de-protection in situ. 

This study would confirm if the acetyl-protecting group is selective for 3.38 production by 

preventing access to 2.41a to proceed to the traditional 2.39.  
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Chapter 4  Towards the Total Synthesis of Natural Products 

Ellipticine and Calothrixin B 
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4.1 Application and Total Synthesis of Ellipticine 

Ellipticine (1.26) is an alkaloid that was first extracted from the trees Ochrosia elliptica and 

shown great anti-tumour activity (Figure 61).181, 182 Due to its highly planar structure, ellipticine 

molecules are able to insert between the base pairs of DNA and perturb replication.  

 

Figure 61. Structures of Ellipticine (1.26), Celiptium (4.1) and  Datelliptium (4.2).  

Other mechanisms of anti-tumour activity of ellipticines include topoisomerase II inhibition, an 

enzyme essential for DNA replication.183 Although ellipticine is known to cause reduction in 

tumour growth it has disadvantages due to its lack of specificity and high toxicity resulting in a 

range of side effects including, but not limited to, nausea, vomiting and hypertension. 

Development of analogues of ellipticine have been explored increase specificity and decrease 

toxicity could become of interest in the clinic.183 

Initially, a study carried out by Dalton and coworkers in 1967 showed ellipticine (1.26) 

cytotoxicity in humans and mice.147 Drug development efforts were initially focused on treatment 

for acute myeloid leukeamia. Although originally promising, problems with solubility led to the 

abandonment of ellipticine and the development of its methylated analogue, celiptium (4.1) 

(Figure 61). Trials of celiptium showed promising results with 25 % of patients showing remission 

for 18 months; however, development of nephrotoxicity resulted in further trials of celiptium (4.1) 

being abandoned.184 Another derivative, datelliptium (4.2), was submitted to clinical trials for 

toxicity against breast cancer given in escalating doses over 24 h from 40 to 500 mg/m2. However, 

the majority of the phase I trial patients showed no response. One cervical cancer patient showed 

a minor response and a metastatic resistant rhabdomyosarcoma patient showed some stabilisation. 

However the patients experienced increased levels of hepatic toxicity at doses ≥330 mg/m2.182  

Although these alkaloids have not been shown to be successful in the clinic, using them as 

structural probes for elucidating new modes of action to be exploited, is an attractive avenue for 
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future drug development, particularly in their development as probes for the modulating the 

outcome of alternative RNA splicing. 

4.1.1 Structural Studies of Ellipticine Showing DNA Intercalation 

Ellipticine analogues have been studied at length as an anti-cancer treatment due to their anti-

tumor activity.185,186 Intercalation of DNA was presented as a mode of action after being observed  

in the crystal structure attained by Canals et al. in 2005.187 The structure showed the two ellipticine 

structures intercalating between two sets of G-C base pairs. Interestingly, the A-T base pairs were 

not intercalated by ellipticine (1.26), suggesting a bias towards associating with G-C base-pairing 

(Figure 62). 

 

Figure 62. Bis-intercalated asymmetric d(CGATCG)2 hexanucleotide and ellipticine unit. Ellipticine (1.26) (shown in 
magenta). PDB (IZ3F).187 

4.1.2 Topoisomerase II Inhibition by Ellipticine Analogues 

Ellipticine has been shown to act as an inhibitor of topoisomerase II.185 Topoisomerase II is an 

enzyme that is involved in regulation of DNA structure by cutting the DNA helices if they become 

entangled in knots. It has been reported that activation of the ellipticine by various peroxidases 

and cytochromes P450 (CYPs) promotes binding of topoisomerase II and that this binding occurs 

via crosslinking alkylations of the DNA (Scheme 62).185 CYPs are a family of enzymes that serve 

important functions in the synthesis and breakdown of hormones. Additionally they are 

responsible for the metabolism of toxic compounds, including drugs, primarily in the liver.  DNA 
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adducts formed from 13-hydroxyellipticine (4.7) and 12-hydroxyellipticine (4.8) have been 

shown to form in vitro and in vivo in mice models when dosed with ellipticine (1.26).188,189  

 

Scheme 62. Ellipticine activation via CYPs and peroxidases.  

Further studies showed ellipticine (1.26) was found to be cytotoxic across multiple human cancer 

cell lines in micromolar range (Table 10). 
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Table 10. Ellipticine (1.26) cytotoxicity studies in human cells lines. 

Cell line IC50 (μM) 

MCF-7 (breast adenocarcinoma) 1.25±0.13 

HL-60 (Leukemia) 0.67±0.06 

CCRF-CEM (Leukemia) 4.70±0.48 

IMR-32 (Neuroblastoma) 0.27±0.02 

UKF-NB-3 (Neuroblastoma) 0.44±0.03 

UKF-NB-4 (Neuroblastoma 0.49±0.04 

U87MG (Glioblastoma) 1.48±0.62 

 

The cells were dosed with increasing levels of ellipticine (0.1 – 10 μM) for 48 h and the DNA 

was isolated. Ellipticine:DNA adducts were found in all the cells treated in Table 10. 

Crosslinking of DNA is a well-established mode of action for cytotoxicity of many cancer drugs. 

However, whether this mechanism is related to the cytotoxity of ellipticines in this model is 

currently unclear. 

4.1.3 Splice-switching of Bcl-x using Ellipticine and Quindoline Analogues 

Ellipticine analogue, GQC-05 (1.31), showed success in biasing the splicing pathway of Bcl-x 

towards the pro-apoptotic isoform (Figure 63).115 

 

Figure 63. Structure of ellitpicine analogue GQC-05 (1.31). 

Previous collaborative work explored the biological activity of ellipticine analogues in splicing 

assays in vitro. 4.11 and 4.12 showed a decrease in pro-apoptotic Bcl-xS with no change to the 

anti-apoptotic Bcl-xL production (Figure 64).115 
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Figure 64. Structures of quindoline analogues (4.11) and (4.12) that showed a decrease of Bcl-xS with no change to 
Bcl-xL. 

Compounds 4.13 and 4.14 showed no observable change to the splicing ratio of Bcl-x, however 

compounds 4.15 – 4.18 showed a splice-switch towards the production of the pro-apoptotic Bcl-

xS and a decrease in the splicing towards Bcl-xL (Figure 65). 

 

Figure 65 Ellipticine analogues tested for increasing Bcl-xS production. The ratio of Bcl-xL to Bcl-xS was unaffected 
with compounds 4.13 and 4.14 (in red). Bcl-xS production was increased with compounds 4.14 – 4.18 (in green). 

These results were in-line with previous literature reports that the inclusion of a basic amino tail 

aids in the binding of G4 ligands.24 From this, it was inferred that modification of the A-ring has 

the potential for further derivatization without negatively impacting the ligand’s splice-switching 

functionality. However, substitution at the N-5 position would not maintain splice switch activity. 
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Although structures 4.15 – 4.18 showed splice-switching capability, GQC-05 (1.31) remained the 

most potent ligand for altering the splicing ratio at 40 µM (Figure 63). 

Current synthesis of ellipticine analogues does not allow access to a large library of compounds. 

This is because current ‘state of the art’ ellipticine synthetic routes are linear, low yielding and/or 

lack potential for modularity.148,190,191 Therefore, a modular, convergent route towards ellipticine 

compounds is required. 

4.1.4 Late-stage Formation of the Ellipticine C-ring (Gribble method) 

Previous work carried out, by Dr. Olivia Rutherford, in the Burley group explored a variety of 

syntheses to develop a modular route towards ellipticine analogues.116 The first method explored 

was reported in 1992 by Gribble et al.148 This route was initially chosen as substituted indoles are 

readily available, the synthesis gave a good overall yield of 9-methoxyellipticine (48% over six 

steps), and it had the potential to tolerate A-ring modification (Scheme 63).  

 

Scheme 63. Modified Gribble method by Dr. Olivia Rutherford; Attempted synthesis of 9-methoxyellipticine (4.25). 

Sulfonyl protection of the indole 4.19 proceeded in 85% yield, followed by the addition of 3,4-

pyridinedicarboxylic anhydride (4.21) to produce 4.22 (55% yield). However, difficulties arose 

when deprotection of the sulfonyl group was attempted, yielding only starting material (4.22) 

when heated with K2CO3 at reflux. The deprotection was successful when the base was changed 
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to NaOH, however this also led to degradation of the compound back to the starting indole (4.19) 

in 50% yield. Following these challenges, a new synthesis based on the Cranwell-Saxton Method 

was investigated. 

4.1.5 Late-stage Formation of the Ellipticine D-ring (Cranwell-Saxton method) 

Although the Cranwell-Saxton method of ellipticine synthesis was well-established,192 it was 

hoped this method would allow for facile functionalization of the A-ring just as the Gribble 

method, starting from the same indole  4.19 (Scheme 64). The condensation reaction of indole 

4.19 and 2,5-hexadione produced 4.26 in a moderate 52% yield.  

N
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O
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O

O
H

N
H

O
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4.19 4.26 4.27

N
H

O

NH
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p-TSA, EtOH,
2 h, .
52%

POCl3,
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33%

H2N
OEt

OEt
1.
toluene,
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2. NaBH4, MeOH,
r.t. 1h.

1. Benzenesulfonyl chloride.
pyridine, MeCN,
r.t. 6 h
2. 6M HCl:Dioxane (1:1),
3 h,

4.284.25  

Scheme 64. Modified Cranwell-Saxton method by Dr. Olivia Rutherford; Attempted synthesis of 9-methoxyellipticine 
(4.25). 

However, when the Vilsmeier-Hack formylation was attempted, 4.27 was isolated in only 33% 

yield. Poor conversion in this transformation had also previously been reported by the Mccarthy 

group.190 In 2010, Mccarthy and coworkers investigated the selectivity of Vilsmeier-Hack 

formylation on carbazole for the synthesis of ellipticine and found the reaction was not selective 

for 4.27.190 The desired 4.27 was isolated in only 22% yield in part due to the formation of 

carbazole biproducts 4.29 and 4.30.  

 

Scheme 65. Mccarthy synthesis; Selectivity studies on the Vilsmeier-Hack reaction for the synthesis of 4.27. 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

122

Further synthetic difficulties where encountered when the reductive amination to produce 4.28 

was attempted. The reaction profile showed multiple bi-products and NMR and LC-MS analysis 

could not deduce whether product 4.28 had been formed. Due to low yielding primary reactions 

and synthetic difficulties, this route was unfortunately abandoned.  

4.2 Existing Studies Towards the Synthesis of Calothrixin A and B 

Calothrixins are another class of alkaloids that have been extensively studied for both anti-

parasitic and anti-cancer activity.193 In 1999, Rickards and coworkers extracted Calothrixin A and 

B from Calothrix Cyanobacteria and have since explored their potential for biological activity in 

disease (Figure 66).  

 

Figure 66. Stuctures of Calothrixin A (4.31) and Calothrixin B (4.32). 

The calothrixin core consists of an indole, quinolone and a quinone, making them distinctive in 

the scope of natural products as these three moieties are prominent in active drug compounds.  

4.2.1 Anticancer Activity of Calothrixins 

After their discovery in 1999, Rickards and coworkers found calothrixins had activity in the 

micromolar range against HeLa cells with an IC50 of 40 and 350 nM for Calothrixin A and B 

respectively. (Table 11).193 

Table 11. Calothrixin A and B in vitro activity in P. falciparum and HeLa cells.193 

Compounds 

 

IC50 (nM) 

P. falciparum HeLa cells 

Calothrixin A 58 ± 8 40 ± 9 

Calothrixin B 180 ± 4 350 ± 82 

Chloroquine 83 ± 17 - 

 

Furthermore, Khan and co-workers, determined that calothrixin A and B were biologically active 

against leukemia cell lines on the micormolar level.194 Their studies revealed that Calothrixin B 
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induced G1 arrest in the cell cycle and at concentrations above 0.1 μM caused cell arrests in the 

G2/M phases aswell and indicated it’s potential as a topoisomerase I inhibitor. 

Table 12. Calothrixin A and B in vitro activity in CEM Leukemia cells.194 

Compounds 

 

IC50 (μM) 

CEM Leukemia cells 

Calothrixin A 0.20 ± 0.02 

Calothrixin B 1.05 ± 0.03 

N-Methylcalothrixin B 5.13 ± 0.72 

4.3 Chapter Aims 

The overall objective of this chapter is the application of the sequential one-pot synthesis 

developed in Chapter 2 to the synthesis of ellipticine, calothrixin B and their analogues. Once 

synthesised these analogues will be tested for their splice-switch activity in Bcl-x in vitro splicing 

assays to expand the SAR and thus highlight structurally significant chemical moieties in the 

interaction with Bcl-x. 

 

4.4 Results and Discussion 

4.4.1 Towards the Development of a Modular Synthesis of Calothrixin B 

The synthesis of Calothrixin B was attempted to expand the diversity of compounds accessible 

through the one-pot method described in Chapter 2. Xu et al. published a total synthesis of 

Calothrixin B via the methoxy derivative of 4.37 which was then subjected to 3 further steps to 

afford Calothrixin B.195 The palladium-catalysed convergent synthesis developed during this 

project would require only one further step. Initially Xu’s synthesis was replicated as it was 

thought the methoxy functional group of 4.37 could be replaced by a triflate.  
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Using Xu’s approach, the synthesis progressed in good to excellent yields to afford 4.37 in an 

overall yield of 58% over 4 steps, in concurrence with the reported results (Scheme 66).195 

 

Scheme 66. Modified Xu synthesis of Calothrixin B methoxy fragment (4.37) for the synthesis of 4.38.195 

However, attempts to demethylate 4.37 to obtain 4.38 were not successful. The only product 

observed by LC-MS showed an m/z [M-H] = 302 which corresponds to an analogue of 4.38 that 

is brominated (Figure 67). 

 

Figure 67. Proposed tentative structure of product from demethylation of 4.37. 

The synthesis shown in Scheme 66 was not continued, as an alternative route was concomitantly 

explored where installation of a bromide was incorporated into the starting material. A modified 

Xu et al. synthesis was carried out (Scheme 67). 
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Scheme 67. Synthesis of Calothrixin B bromide precursor 4.44.195 

First, a reductive amination to incorporate the iodoaniline moiety was carried out to produce 4.41 

in 89% yield. 4.42 was N-protected with acetic anhydride in 89 % yield. The next step was a 

cyclisation through C-H activation with Pd(OAc)2 and PPh3. This reaction was heated to reflux 

(160 ℃) in DMF and no formation of product 4.43 was observed after 6 h. Only the degraded de-

iodinated 4.42 was successfully isolated. The reaction was repeated at 100 ℃ and was monitored 

by LC-MS at 2-hour increments. Again, no conversion to 4.43 was observed with starting material 

4.42 recovered. The reaction was then repeated at 130 ℃ for 5 hours afforded 4.43 in 46% yield. 

There is precedent in literature that these reactions can be low yielding, however Bernini et al. 

showed the incorporation of a bulky protecting group dramatically increased yields and decreased 

reaction times.196 In this particular system, the incorporation of a bromide moiety in place of a 

methoxy group in Xu’s original synthesis will deactivate the ring as a nucleophile for the C-H 

activation by reducing its electron density.  

In literature this reaction is precedented, and has shown great success on a number of analogues 

with halide functionalities incorporated.196,197 However these analogues differ from 4.42 in that 

they possess and amide functionality (Scheme 68). It has been postulated that the Pd catalyst 

coordinates with this moiety to bring the aryl iodide into proximity with the reacting aryl ring.196 
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Scheme 68. Bernini’s synthesis; Pd catalysed C-H activation synthesis of 4.46. 

Furthermore, work carried out by Chai et al., successfully synthesized 4.48 in excellent yield by 

incorporating this amide functionality in 4.47 (Scheme 69).198 Chai’s synthesis used 4.48 in the 

total synthesis of Calothrixin B, however their route goes via a Suzuki coupling and a subsequent 

Cadogan reaction.198 Employing the one-pot synthesis developed in Chapter 2 would decrease 

this synthesis by two-steps. 

 

Scheme 69. Chai’s synthesis: Pd catalysed C-H activation synthesis of 4.48.198 

Compound 4.43 was oxidised with ceric ammonium nitrate (CAN) and 4.44 was obtained in 78% 

yield (overall 28% yield over 4 steps). Compound 4.44 was submitted to the one-pot cross 

coupling conditions developed in Chapter 2 in an attempt to obtain calothrixin B (Scheme 70). 

 

Scheme 70. Test reaction of consecutive Buchwald-Hartwig amination (4.49) and direct arylation to form 
Calothroxin B (4.32). 

Unfortunately, the reaction showed only conversion to the Buchwald-Hartwig intermediate 4.49 

after 30 mins at 120 °C. However, on further heating for 8 h at 160 °C only a trace of amount of 

4.32 could be observed by LC-MS. It should be noted that monitoring the reaction highlighted 

that both the Buchwald-Hartwig intermediate 4.49 and Calothrixin B 4.32 were poorly soluble in 

the reaction mixture. This was further exemplified on purification where the crude mixture was 

only soluble in chloroform and precipitated out of solution was the column progressed. The 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

127

Buchwald-Hartwig intermediate 4.49 was isolated in 22% yield and a small scale reaction ran 

where it was submitted for microwave irradiation at 160 °C for 8 h (Scheme 71).  

 

Scheme 71. Direct C-arylation to form Calothroxin B (4.32). 

Although too small a scale to isolate, this test reaction showed almost complete conversion to the 

final product Calothrixin B by LC-MS. Unfortunately, due to time constraints of the project and 

the poor conversion of the first Buchwald-Hartwig step, this synthesis was not completed. 

However, on optimisation of the poorly soluble Buchwald-Hartwig amination step, the small test 

reaction in Scheme 71 shows great promise for the total synthesis of Calothrixin B via this 

method.   

4.4.2 Towards the Synthesis of 6-Bromo-5,8-dimethylisoquinoline 

To access GQC-05 (1.31) via the one pot cross coupling, the synthesis of compound 4.53 was 

required. Compound 4.53 was previously isolated in the group by bromination of 5-

hydroxyisoquinoline which was then oxidised in HNO3/H2SO4.116 However, this reaction proved 

difficult to replicate. Therefore, an alternative route was proposed to prepare 4.53. (Scheme 72).  

 

Scheme 72. Modified Pomeranz-Fritsch isoquinoline synthesis; 6-Bromo-5,8-quinolinedione (4.53).195 

First, a reductive amination produced 4.50 in 74% yield. Protection of the secondary amine 4.50 

was achieved through reaction with benzenesulfonyl chloride yield 4.51 in 95% yield. Cyclisation 
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for isoquinoline (4.52) formation was initially attempted by heating 4.51 to reflux in a 4:1 mixture 

of 1,4-dioxane and 6M HCl. Reaction monitoring by TLC showed multiple intermediates formed 

after 7 h. Following the reaction by LC-MS showed no conversion to 4.52, instead two bi-products 

were obtained. The starting material (4.51) had degraded to 4.54 and the Pomeranz-Fritsch 

precursor 4.55 (Scheme 73). 

 

Scheme 73. Modified Pomeranz-Fritsch isoquinoline cyclisation of 4.51.  

The use of a nosyl protecting group  has been previously reported to form 4.57 in good yield when 

carried out on a similar analogue without the bromide moiety 4.56 (Scheme 74).199  

 

Scheme 74. Miranda and co-workers modified Pomeranz-Fritsch isoquinoline cyclisation of 4.56.199 

However, when this was attempted with 4.58 only the secondary amine and the Pomeranz-Fritsch 

intermediate 4.60 were isolated (Scheme 75).    

 

Scheme 75. Modified Pomeranz-Fritsch isoquinoline cyclisation of 4.58.  

From these reactions it can be concluded that the Pomeranz-Fritsch style cyclisation that is seen 

to be ubiquitous in isoquinoline synthesis is not viable with our tri-substituted aryl-bromide 4.58 

in these conditions. Admittedly, this variation of the cyclisation is not prominent in literature 

where there is not only tri-substitution but also a bromide between methoxy groups. Aldehyde 

4.60 is a known intermediate of the Pomeranz-Fritsch reaction, so its formation suggests the 

limiting step is the final step of the ring closure. As this seems to be non-problematic for the non-
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brominated analogue 4.56, the electron withdrawing nature of the aryl-bromide could be enough 

to destabilise the formation of the reactive anion to prevent electrophilic substitution (Scheme 

76).  

 

Scheme 76. Ring closure is proposed to be prevented through stabilised anion (in blue) of 4.60. 

The bromide withdraws electron density into the aryl ring and are additionally ortho/para directing 

which further deactivates the meta-position that needs to be electron rich under these conditions. 

The presence of water may also be directing the equilibria of the reaction, particularly if the 

nucleophilic position on the aryl-ring is less activated.  

The reaction was repeated with chlorosulfonic acid, an weaker acid than HCl in the hope that the 

cyclisation would occur without degradation (Scheme 77) and also minimising water content in 

the reaction. These conditions are also milder as the reaction occurs at room temperature instead 

of 160 ℃. 4.51 was dissolved in DCM and cooled to < -78 °C with liquid N2 and Hexane. 

Chlorosulfonic acid was also cooled to < -78 °C in DCM and added dropwise to the solution of 

4.51 in DCM. The reaction was allowed to warm to rt and stirred for 2 h.200 Upon isolation it was 

determined that 4.61 was obtained in 70 % yield, resulting from addition of chloride ions from 

solution. 

 

Scheme 77. Attempted isoquinoline synthesis: (i) HSO3Cl, DCM, - 78 ℃, 2 h, (ii) rt, 2 h. 

Formation via the imine may account for the apparent selectivity of halide addition (Scheme 78). 

Indeed, this chloride addition has been observed in previous literature.201 
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Scheme 78. Proposed mechanism of chloride addition in situ to form 4.61. 

Furthermore, an extensive study by Hertel and co-workers has previously shown successful 

cyclisation through a Pomeranz-Fritsch type cyclisation for the synthesis of isoquinolines 

(Scheme 79). However, these analogues all had substitution that would block the chloride addition 

observed in Scheme 77. 

 

Scheme 79. Hertel and co-workers modified Pomeranz-Fritsch cyclisation to produce 4.64. 

Concurrently a synthesis whereby two methyl groups are pre-installed in the starting material was 

also explored (Scheme 80). This route followed a classic Pomeranz-Fritsch reaction scheme, 

however when the cyclisation was attempted 4-nitrobenzenesulfonic acid was used in place of 

chlorosulfonic acid.  

 

Scheme 80. Modified Pomeranz-Fritsch cyclisation; synthesis of 4.67 

It was thought the bulkier anion from 4-nitrobenzene sulfonic acid would prevent unwanted 

addition into the desired isoquinoline 4.67. This reaction was first attempted in DCM at -78 °C, 

however no conversion was observed, primarily due to the insolubility of 4-nitrobenzenesulfonic 

acid in DCM. The solvent was exchanged for THF and the reaction heated to 50 °C for 4 h. Due 

to time constraints in the project compound 4.67 was not isolated, however a mass matching 4.67 

(m/z [M+H]+= 236) was observed as the sole product formed with the rest of the mass balance 

being attributed to the unreacted starting material (4.66). These reaction conditions, once 

optimised, could lead to a step efficient convergent route to ellipticine and subsequently allow 

quick and easy derivatisation for synthesising GQC-05 (1.31) analogues for biological activity.  
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4.4.3 Synthesis of Ellipticine Analogues for in vitro Bcl-x Splicing Assays 

Previous work by collaborators at the University of Leicester, Eperon and coworkers showed that 

variation of the A-ring tertiary amine tail was tolerated in the splicing assays, however blocking 

the carbazole N-H resulted in loss of activity.115 However, no information collected as to the 

importance of the nitrogen in the D-ring. It was envisaged, that the previous synthesis outlaid in 

Chapter 2 could be utilized for the synthesis of 2-deaza-GQC-05 (4.68) (Figure 68).  

 

Figure 68. Structure of 2-deaza-GQC-05 (4.68). 

However, this first required synthesis of the functionalized A-ring 4.71 (Scheme 81). First, a 

standard SN2 reaction of 4.70 with NaH in DMF was ran with 2-chloro-N,N-dimethylethylamine 

hydrochloride. This was carried out at room temperature overnight and showed no consumption 

of starting material. There was some literature precedent that desalting the hydrochloride salt 

before addition into the reaction would facilitate the transformation.202,203 The 2-chloro-N,N-

dimethylethylamine hydrochloride was desalted by the addition of NaOH (30 %w/v) and 

extracted into toluene. The toluene mix was then added directly into a reaction containing 4.70, 

K2CO3 and TBAB in EtOAc and heated to reflux for 2 h. 

HO Cl

NH2

HO Cl

N

O

O

O Cl

NH2

N
Phthalic anhydride,
AcOH,
120 °C, 19 h.
93%

N
Cl

TBAB (1.1 mol%),
K2CO3, EtOAc, Δ, 4 h.
2. H2NNH2.H2O
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1.

4.69 4.70 4.71  

Scheme 81. Synthesis of GQC-05 aniline (4.71). 

The solution was filtered, upon which deprotection with hydrazine monohydrate afforded aniline 

4.71 in 75% yield over two steps. The A-ring synthesis was optimized to a 70% overall yield on 

a 2 g scale. Firstly, aniline 4.71 was reacted with 2-bromonaphthalene-1,4-dione and 6-

bromoisoquinoline under the conditions optimised in Chapter 2 to synthesise 4.72 and 4.73 in 

63% and 28% yield, respectively.  
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Scheme 82. Consecutive Buchwald-Hartwig amination and direct arylation to form 4.72 and 4.73. 

Following on from the synthesis of 4.72 and 4.73, 4.75 was synthesised using the same reaction 

conditions in 30% yield. It was thought that compound 4.75 could be a useful control in splicing-

activity assays as it maintains the same shape and core as 4.72 but lacks the dimethylamino basic 

tail. Both the Buchwald-Hartwig intermediate and 4.75 were only partially insoluble in 1,4-

dioxane. This insolubility could account for the poor conversion due to precipitation of active 

reagents as the reaction proceeds. 

 

Scheme 83. Consecutive Buchwald-Hartwig amination and direct arylation to form 4.75. 

From the successful isolation of 4.72, 4.73 and 4.75, aniline 4.71 was then taken forward into 

cross coupling reactions with bromide 4.77 (Scheme 84) to synthesise 2-deaza-GQC-05 (4.68).  
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Scheme 84. Attempted synthesis of 4.68. 

Unfortunately, under the previously optimised cross coupling conditions, 4.68 was not observed 

by LC-MS in the crude reaction mixture. The trace showed a major peak corresponding to the 

Buchwald intermediate (4.78) and a minor peak observed corresponding to de-halogenated 

Buchwald intermediate (4.79) (Scheme 85).  

 

Scheme 85. Attempted consecutive Buchwald-Hartwig amination and direct arylation 4.68. Only Buchwald-Hartwig 
intermediate (4.78) and degradation product (4.79) were observed. 

It was thought that either the additional aromatic ring or the added steric bulk could be hindering 

the C-H activation step. Therefore, ligands of less steric bulk, different solvents and different 

bases were tested to obtain 4.68. 

Table 13. Conditions for optimising 2-deazaGQC05 (4.68) synthesis, [a]Observed by LC-MS; [b]isolated yield (impure 
by NMR); [c]Reaction was sampled after first time point, and re-subjected to heating for the second time point. 

Entry Ligand Base Solvent  Time Temperature %Yield (4.68) 

1 HPCy3BF4 K3PO4 1,4-Dioxane 18 h 160 °C 0[a] 

2 HPCy3BF4 K3PO4 NMP 18 h 160 °C 0[a] 

3 HPCy3BF4 K3PO4 1,4-Dioxane 4 h + 8 h[c] 140 °C trace[a] 

4 P(t-Bu)3 K3PO4 1,4-Dioxane 8 h 160 °C 0[a] 

5 HPCy3BF4 NaOtBu 1,4-Dioxane 4 h + 4 h[c] 160 °C 8%[b] 
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It was evident from entries 1-4 (Table 13), that utilising less bulky ligands had no positive effect 

on yield, suggesting the role of steric hindrance in preventing the transformation is minimal in 

this case. After reacting for 8 h in 1,4-dioxane, a ring of solid was observed above the solvent line 

of the microwave vial, which may suggest solubility problems. The solvent was changed to NMP 

(entry 2, Table 13) to see if increased solubility aided in the production of 4.68. Unfortunately no 

product was observed by LC-MS. Lowering the temperature (entry 3, Table 13) to minimise 

degradation of the Buchwald intermediate, showed very minimal conversion to 4.68 with the 

Buchwald intermediate 4.78 being the major peak followed by de-halogenated 4.79. This reaction 

was subjected to a further 8 h at 160 °C, in the hope that the Buchwald intermediate 4.78 would 

convert to the desired 4.68. However, further heating resulted in further degradation to the de-

halogenated 4.79. Changing the base (entry 5, Table 13) to NaOtBu showed a slightly greater 

conversion to 4.68 by LC-MS, although the product was isolated in only 8% yield, with the final 

compound being 10% impure by NMR. Unfortunately, although an improvement on (Table 13, 

entry 3), the major product from the reaction was seen to be the de-halogenated 4.79. This 

suggests that when NatOBu is used, although the conversion was greater, degradation was more 

pronounced, meaning no further conversion to 4.68 was obtained. This finding aligned with 

previous reports from Fagnou and Echavarren.204,171 It was determined that an alternative route to 

access GQC-05 analogues with methyl substituents in the C-ring was required. 

4.4.4 UV-mediated Synthesis of Deaza-GQC-05 

The penultimate step in the synthesis of 2-deaza-GQC-05 (4.78) proceeded in excellent yield 

when reacted in modified conditions from Chapter 2 (Scheme 86). 

 

Scheme 86. Buchwald-Hartwig amination to synthesise 4.78. 

Therefore, it was decided to focus synthetic development solely on the direct C-arylation portion 

of the one-pot reaction. In 2009, Rossi and co-workers published a UV-mediate C-C bond 

formation for the synthesis of 9H-carbazole structures.205 
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Scheme 87. Rossi UV-mediated direct arylation for the synthesis of 4.80. 

The reaction was irradiated at 350 nm maximum with two 400W lamps. These conditions were 

translated to the synthesis of 4.68, however a 9W lamp was initially used for the first test reaction. 

DMSO was used in place of ammonia as it had also shown comparable results and is less toxic 

than its amine counterpart. The reaction proceeded to 60% conversion to 4.68 by LC-MS over 24 

h. Given the reduced power of the lamp used in comparison to reported literature, this was a 

promising first result.  

 

Scheme 88. UV mediated C-C direct arylation, 9W lamp, batch conditions. Reaction carried out in quartz glass. 

The reaction was translated into a UV flood lamp oven (400W) that irradiates with a wavelength 

range of 320-400 nm. Full conversion, by analytical RP-HPLC, to 4.68 was observed after only 

1 h of irradiation in the more powerful setup. The reaction was scaled up for isolation and although 

full conversion was obtained previously, only 19% yield of 4.68 was isolated. This loss in yield 

can be attributed to the set-up of the UV flood lamp. Reactions cannot be stirred when irradiated 

so the reaction mixture was separated into six glass vials (5 mL) and the vials dispersed equally 

under the lamp. It was found that UV-light penetration was poorer the further from the centre of 

the oven the vials were located. As a result only two vials out of six reached full conversion after 

30 mins.  

However, an advantage of UV-light reactions is that they are easily translated into a flow-reactor 

system. Flow reactors increase the reaction surface area and thus will greatly increase UV light 

penetration. Indeed, this proved to be the case. Dr. Andrea Taladriz-Sender ran optimisation trials 

on the model carbazole system (Scheme 89). 
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Scheme 89. UV mediated C-C direct arylation, 9W lamp, flow conditions.  

Table 14. Reaction optimisation of UV mediated reaction in flow. Conversion by LC-MS. Isolated yield shown in 
bold. 

 Cycle number Residence time (h) Solvent Base Conversion  

1 1 0.75 THF - 20% 

 2 1.5 THF - 35% 

 3 3 THF - 60% 

2 1 1.5 THF tBuOK  70% 

3 2 1.5 DMSO - 85% (45%) 

 

THF was chosen as the solvent for these studies to attempt to move away from the high boiling 

point DMSO. It was found the base was not actually required when the reaction was passed 

through a flow system in comparison to batch and that a residence time of 3 h obtained 60% 

conversion to 4.82 (Table 14, entry 1). Adding the base back into the reaction increased the 

reaction rate with 70% conversion achieved after only 1.5 h (Table 14, entry 2). However, the 

best conversion was seen in DMSO, with 85% conversion after 1.5 h. This reaction required no 

base, however, isolation was particularly difficult, as GQC-05 analogues are difficult to extract 

from DMSO as a result of the dimethylamino basic tail. Therefore the compromise of addition of 

base with the lower boiling THF is an attractive alternative route. 

4.4.5 Biological Evaluation of Deaza-GQC-05 and Analogues in Bcl-x in vitro Splicing Assays 

With this small suite of GQC-05 analogues in hand, they were submitted for biological testing in 

splicing assays with collaborators in the University of Leicester (Figure 69). 
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Figure 69. Focussed suite of GQC-05 analogues for biological testing. 

4.4.6 In vitro Bcl-x-681 Splicing Assays of GQC-05 (1.31) and its Derivatives 

The analogues synthesised in Figure 69 were submitted for testing for splicing activity and the 

results laid out in Figure 70 and Figure 71. 

 

Figure 70. In vitro splicing assay on addition of ligands 4.72, 4.75, 4.73 and GQC-05 (1.31). Experiments ran by Dr. 
Sudipta Ghosh at the University of Leicester. 
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Compounds 4.72, 4.73 and 4.75 all showed to have no effect on splicing activity when compared 

to the 10 % DMSO control. By comparison, GQC-05 (1.31) was also tested as a positive control 

which showed an increase in intensity of the xS mRNA 251 band and a decrease in intensity of xL 

mRNA 440 band indicating an active splice switch towards the pro-apoptotic Bcl-xS. 

These results are notable in that they indicate the shape of the core structure and the methyl groups 

in the C-ring are desirable for biological activity in this system. In particular, although 4.73 is 

similar in structure to GQC-05 (1.31), it was surprisingly completely inactive. 

Next compounds 4.68 and 4.82 were tested and the results laid out in Figure 71. 

 

Figure 71. In vitro splicing assay on addition of ligands 4.68, 4.82, and GQC-05 (1.31). Experiments ran by Dr. Sudipta 
Ghosh at the University of Leicester. 

It was found that again, compounds 4.68 and 4.82 showed no splice-switch activity when 

compared to the DMSO control. This result was remarkable, as it showed that one single atom 

change could knock out the splice-switch altogether. GQC-05 without the D-ring (4.82) showed 

no activity but the single change of the D-ring nitrogen to a carbon abolished activity altogether 

indicating the pyrido-D-ring is essential for activity (Figure 72).  
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Figure 72. SAR-profile of GQC-05 (1.31) from analogue testing in Bcl-x splicing assays. 

4.5 Conclusions and Future Work 

The sequential Buchwald-Hartwig amination followed by direct arylation method developed in 

Chapter 2 proved to be unsuccessful in the preparation of GQC-05 analogues with methyl-

substitution in the C-ring. A novel UV-mediated arylation method has been developed to access 

a wide range of GQC-05 analogues. Deaza-GQC-05 was synthesised and showed no splice-

switching activity in Bcl-x in vitro splicing assays. This result highlights the importance of the 

pyridyl moiety in the D-ring of GQC-05 (1.31) for biological activity in this system suggesting it 

is essential for splice-switching.  

Future aims of this study could be to further expand the library of GQC-05 (1.31) analogues to 

further enrich the SAR study. In particular, synthesis of carbazole 4.83, could be enlightening to 

the study as the analogue retains the H-bond acceptor ability, but is a tricycle instead of a 

tetracycle. 

 

Figure 73. Future carbazole GQC-05 analogue for in vitro Bcl-x splicing assays. 

Further development of GQC-05 (1.31) could be explored. GQC-05 (1.31) is flat in shape due to 

its fused aromatic rings, this leads to GQC-05 (1.31) being a very effective intercalator of DNA. 

Disruption of this planarity could be explored for splice-switching activity in an attempt to 

improve selectivity by preventing intercalation through compound 4.84 and 4.85 (Figure 74). 

 

Figure 74. Expansion of SAR-profile through disruption of planarity with compounds 4.84 and 4.85. 
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Chapter 5   Conclusions and Future Work 
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The aims of this thesis were to develop a convergent synthesis of GQC-05 (1.31) and its analogues 

for assessing the mode of action of splice-switching in Bcl-x in vitro assays for the development 

of novel cancer therapies. 

Firstly, a modular one-pot synthesis via microwave irradiation was developed for the synthesis of 

5H-benzo[b]carbazole-6,11-diones and 7H-pyridocarbazoles. A range of analogues were 

synthesised and it was found that increasing electron deficiency in the A-ring suppressed the 

efficiency of the direct arylation. Interestingly, no de-halogenation was observed in these cases 

indicating that the barrier was insufficient oxidative addition. This method was then applied to 

the total synthesis of carbazole natural products Glycozoline (2.26), Harmane (2.63) and 

Murrayafoline A (2.64) in one step,  in addition to the synthesis of known antitumor agents 2.69, 

2.70, and Ditercalinium (2.71) in two steps.  

 

Figure 75. Structures of natural products Glycozoline (2.26), Harmane (2.63), Murrayafoline A (2.64) and alkylated 
pyridocarbazoles 2.69, 2.70 and Ditercalinium (2.71). 

The mechanism of the direct-arylation was investigated and it was found that the palladium 

catalyst was essential. Futhermore, the lone pair of the secondary aniline must be available to 

facilitate the C-C bond formation and finally no direct arylation occurs when the aryl-chloride 

substituent is absent. Acetylation of the secondary aniline, to protect the lone-pair, further 
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confirmed its requirement for conversion as the yield decreased from 83% to 27%. However, this 

reaction also surprisingly highlighted that the regioselectivity could be modulated towards the 

linear isomer 3.38. DFT calculations confirmed, through molecular orbital calculations, that the 

electron density was still centred on the 5-position suggesting that incorporation of an acetyl-

direct group can overcome the inherent electronic bias of the reaction and result in C-C bond 

formation to the 7-position instead.  

The Pd-catalysed method developed in Chapter 2 was applied to the synthesis of GQC-05 (1.31) 

analogues and was unsuccessful. Consequently, a novel UV-mediated method was established to 

synthesise deaza-GQC-05 and its carbazole equivalent. The GQC-05 (1.31) analogues generated 

were then tested for splice-switching activity and were found to be inactive in in vitro splicing 

assays. These results highlighted the significance of the nitrogen in the D-ring for biological 

activity. 

To expand on this work, the following future studies are proposed: 

(i) Confirm regioselectivity of acetylated 3.37. Initial studies carried out in this thesis 

have indicated that the change in regioselectivity observed is a result of a directing 

group effect from the carbonyl of the acetamide. However, the sequence of events 

remain currently unclear with respect to deacetylation in situ. It is proposed that the 

acetylated 3.37 starting material co-ordinates with the palladium complex to direct 

the site of arylation, however, it has been observed through developing the scope that 

the lone pair of the secondary aniline must be available for C-C arylation to proceed. 

To investigate this a more stable protecting group, e.g. pivolyl, could be used. This 

would be an interesting study to see if preventing deprotection, suppresses the direct 

arylation. Furthermore, preventing deprotection should theoretically prevent 

formation of pyridocarbazole (2.39), accessing selectivity for the linear isomer 

(3.38). 

(ii) Synthesis of 6-bromo-5,8-dimethylisoquinoline (4.67). As the D-ring nitrogen has 

been shown to be essential for splice-switching activity, synthesis of 6-bromo-5,7-

dimethylisoquinoline, will open up a convergent route to GQC-05 (1.31) and its 

analogues through the UV-mediated synthesis. It is proposed that a design of 

experiments (DoE) is carried out varying temperature, concentration, water content 

and acid source to obtain 4.67 for further expansion of the SAR. 
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N

Br

4.67  

Figure 76. Structure of 6-bromo-5,8-dimethylisoquinoline (4.67). 

(iii) Development of a High Through-Put (HTP) testing platform. Bcl-x splicing assays 

are not an accessible process, as they require radioactive 32P, and must be run 

individually. Development of a HTP Luciferase assay that is designed to be ‘light-

up’ when a splice-switch has occurred could give access to screening large libraries 

to find new hits for developing novel cancer therapies (Figure 77 and Figure 78). 

Luciferase assay screening platforms have been successfully utilised in the discovery 

of small molecule splice-switchers for the treatment of SMA.105 

 

Figure 77. Schematic of proposed Bclx-681-Luc assay. Inserted nucleotide position denoted by red asterix. Nucleotide 
insertion in exon 2.1 ensures the luciferase is out of frame in the pre-mRNA (Light off). On excision of exon 2.1, the 
in frame luciferase (light on) to indicate a splice-switch turning on apoptosis. 
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Figure 78. Potential plasmid design for Bcl-x-681-Luc reporter. 
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Chapter 6 Experimental 
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6.1.1 General 

All reagents and solvents were obtained from commercial suppliers and were used without further 

purification unless otherwise stated. Purification was carried out according to standard laboratory 

methods.206 

6.1.2 Purification of Solvents 

Dry solvents for reactions were purchased from Sigma-Aldrich and stored under nitrogen. 

Dichloromethane, chloroform, methanol, ethyl acetate, and petroleum ether (40 – 60 °C) for 

purification purposes were used as obtained from suppliers, without further purification. 

6.1.3 Experimental Details 

Reactions were carried out using conventional glassware for the preparation of starting materials. 

Microwave reactions were carried out in capped 2 - 5 mL microwave vials purchased from 

Biotage®. Microwave reactions were carried out at elevated temperatures using a Biotage® 

Initiator + equipped with a Robot Eight and Sixty microwave system. 

6.1.4 Purification of Products 

Thin layer chromatography was carried out using Merck silica plates coated with fluorescent 

indicator UV254 and were analysed under both 254 nm and 375 nm UV light or developed using 

potassium permanganate solution. Normal phase flash chromatography was carried out using 60A 

40-63 µm silica gel from Fluorochem. Semi-preparative reversed-phase HPLC purification was 

carried out using a DIONEX 3000 series HPLC system equipped with a VWD3400 variable 

wavelength detector. Purifications were performed method, 30 – 90% gradient B (solvent A: 0.1% 

TFA in water, solvent B: 0.1% TFA in acetonitrile). Flow rate 12.0 mL/min. The absorbance was 

detected at 254 nm. 

6.1.5 Spectroscopic Analysis of Products 

Fourier Transformed Infra-Red (FTIR) spectra were obtained on a Shimadzu IR Affinity-1 

machine. 1H NMR, 13C NMR and 19F NMR spectra were obtained on a Bruker AV 400 at 400 

MHz, 101 MHz and 376 MHz, respectively. Chemical shifts are reported in ppm and coupling 

constants are reported in Hz with DMSO-d6 referenced at 2.50 ppm (1H) and 39.52 ppm (13C) and 

MeOD-d4 referenced at 3.31 ppm (1H) and 49.0 ppm (13C)  . Assignment of 13C NMR signals is 

based on HSQC and HMBC experiments. High-resolution mass spectra were obtained through 

analysis at the SIRCAMs facility at the University of Edinburgh.  
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6.2 General Experimental Procedures 

6.2.1 General Experimental Procedure A: Microwave Assisted Buchwald-Hartwig Amination 

Optimisation 

Aryl bromide (0.50 mmol, 1.00 equiv), chloroaniline (0.60 mmol, 1.20 equiv), Pd(OAc)2 (5 

mol%), ligand (10 mol%) and base (1.50 mmol, 3.0 equiv) were added to a microwave vial (2 – 

5 mL). 1,4-Dioxane (5 mL, 0.01 M) was added and the vial was capped, evacuated and purged 

with argon 3 times. The reaction was heated at 120 °C for 30 mins under microwave irradiation 

in a Biotage® Microwave. The crude reaction mixture was analysed by Shimadzu analytical 

HPLC using a Hypersil Gold Luna Polar column. The crude reaction was sampled by taking 10 

μL into 990 μL of DMSO using a 12 minute method, 5 – 95% gradient B (solvent A: 0.1% TFA 

in water, solvent B: 0.1% TFA in acetonitrile). Flow rate 2.0 mL/min. Conversions to products 

were calculated by analytical HPLC against a calibration curve. All reactions were run in 

duplicate. 

6.2.2 General Experimental Procedure B: Microwave Assisted One-Pot Buchwald-Hartwig 

Amination and Direct Arylation Optimisation  

Aryl bromide (0.50 mmol, 1.00 equiv), chloroaniline (0.60 mmol, 1.20 equiv), Pd(OAc)2 (5 

mol%), ligand (10 mol%) and base (1.50 mmol, 3.0 equiv) were added to a microwave vial (2 – 

5 mL). 1,4-Dioxane (5 mL, 0.01 M) was added and the vial was capped, evacuated and purged 

with argon 3 times. The reaction was heated at 120 °C for 30 mins, followed by 160 °C for 8 

hours under microwave irradiation in a Biotage® Microwave. The crude reaction mixture was 

analysed by Shimadzu analytical HPLC using a Hypersil Gold Luna Polar column.  The crude 

reaction was sampled by taking 10 μL into 490 μL of DMSO using a 12 minute method, 5 – 95% 

gradient B (solvent A: 0.1% TFA in water, solvent B: 0.1% TFA in acetonitrile). Flow rate 2.0 

mL/min. Conversions to products were calculated by analytical HPLC against a calibration curve. 

All reactions were run in duplicate. 

6.2.3 General Experimental Procedure C:  Microwave Assisted Buchwald-Hartwig Amination 

Aryl bromide (0.50 mmol, 1.00 equiv), chloroaniline (0.60 mmol, 1.2 equiv), Pd(OAc)2 (5 mol%), 

DavePhos (10 mol%) and K3PO4 (1.50 mmol, 3 equiv) were added to a microwave vial (2 – 5 

mL). 1,4-Dioxane (5 mL, 0.1 M) was added and the vial was capped, evacuated and purged with 

argon 3 times, then heated at 120 °C for 30 minutes under microwave irradiation in a Biotage® 

Microwave. The reaction was allowed to cool to rt, diluted with ethyl acetate (50 mL) and paper 

filtered under vacuum. The organic phase was washed with water, brine, dried with Na2SO4, 
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filtered and the solvent was removed in vacuo. The crude compound was purified by silica column 

chromatography.  

6.2.4 General Experimental Procedure D: Microwave Assisted One-Pot Buchwald-Hartwig 

Amination and Direct Arylation  

Aryl bromide (0.50 mmol, 1 equiv), chloroaniline (0.60 mmol, 1.2 equiv), Pd(OAc)2 (5 mol%), 

DavePhos (10 mol%) and K3PO4 (1.50 mmol, 3 equiv) were added to a microwave vial (2 – 5 

mL). 1,4-Dioxane (5.0 mL, 0.1 M) was added and the vial was capped, evacuated and purged 

with argon 3 times and heated at 120 °C for 30 min followed by 160 °C for 8 hours under 

microwave irradiation in a Biotage® Microwave. The reaction was allowed to cool to rt and diluted 

with DCM (50 mL) and filtered under vacuum. The solvent was removed in vacuo and the crude 

sample dry-loaded onto silica gel without work up. The crude compound was purified by silica 

column chromatography. 

6.2.5 General Experimental Procedure E: Microwave Assisted One-Pot Buchwald-Hartwig 

Amination and Direct Arylation  

Aryl bromide (0.50 mmol, 1 equiv), chloroaniline (0.60 mmol, 1.2 equiv), Pd(OAc)2 (5 mol%), 

P(Cy3) .HBF4 (10 mol%) and K3PO4 (1.50 mmol, 3 equiv) were added to a microwave vial (2 – 5 

mL). 1,4-Dioxane (5.0 mL, 0.1 M) was added and the vial was capped, evacuated and purged 

with argon 3 times and heated at 120 °C for 30 min followed by 160 °C for 8 hours under 

microwave irradiation in a Biotage® Microwave. The reaction was allowed to cool to rt and diluted 

with DCM (50 mL). The solvent was removed in vacuo and the crude sample dry-loaded onto 

silica gel without work up. The crude compound was purified by silica column chromatography. 
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6.3 Microwave Assisted Buchwald-Hartwig Amination Optimisation 

 

Table 15. Optimisation of Buchwald-Hartwig Amination. All reactions carried out according to general procedure 
A.[a] Isolated yield shown in brackets. 

Ligand Base Conversion (%) 

DavePhos NaOtBu 12 

DavePhos Cs2CO3 74 

DavePhos K3PO4 85 (87)[a] 

HPCy3BF4 NaOtBu 75 

HPCy3BF4 Cs2CO3 10 

HPCy3BF4 K3PO4 10 

HPtBu3BF4 NaOtBu 7 

HPtBu3BF4 Cs2CO3 70 

HPtBu3BF4 K3PO4 65 

XPhos NaOtBu 47 

XPhos Cs2CO3 76 

XPhos K3PO4 77 
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6.4 Microwave Assisted One-Pot Buchwald-Hartwig Amination/Direct 

Arylation Optimisation 

 

Table 16. Optimisation of Buchwald-Hartwig Amination/Direct Arylation. All reactions carried out according to 
general procedure B. [a] Isolated yield shown in brackets. 

Ligand Base Conversion (%) 

DavePhos NaOtBu 10 

DavePhos Cs2CO3 28 

DavePhos K3PO4 36 

HPCy3BF4 NaOtBu 45 

HPCy3BF4 Cs2CO3 50 

HPCy3BF4 K3PO4 78 (80) 

HPtBu3BF4 NaOtBu 3 

HPtBu3BF4 Cs2CO3 25 

HPtBu3BF4 K3PO4 31 

XPhos NaOtBu 19 

XPhos Cs2CO3 18 

XPhos K3PO4 22 
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6.5 Experimental Details 

6.5.1 Chapter 2: Compound Characterisation 

2-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.37) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1 equiv), 2-chloro-

4-methoxyaniline (94 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, 

petroleum ether (40 – 60 °C): EtOAc: NEt3 (70: 30: 1) to obtain compound 2.37 in 78% yield (93 

mg, orange solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3195 (N-H stretch), 1673 (C=O stretch), 1644 (C=O stretch), 1592 (C=C stretch), 

1530 (C=O stretch), 1223 (C-O stretch), 1020 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 13.02 (s, 1H, -NH), 8.15 – 8.08 (m, 2H, H7,10), 7.86 (dd, J = 

7.5, 1.5 Hz, 1H, H9), 7.81 (dd, J = 7.4, 1.7 Hz, 1H, H8), 7.63 (d, J = 2.5 Hz, 1H, H1), 7.51 (d, J = 

9.1 Hz, 1H, H4), 7.10 (dd, J = 9.0, 2.6 Hz, 1H, H3), 3.86 (s, 3H, -OCH3).  

13C NMR (101 MHz, DMSO-d6)  180.2 (C11), 177.2 (C6), 157.0 (C2), 137.0 (C5a), 134.2 (2×C9, 

10a), 133.4 (C4a), 133.1 (C8), 132.7 (C6a), 126.0 (2×C7, 10), 124.8 (C11b), 118.4 (C3), 117.0 (C11a), 

115.0 (C4), 102.1 (C1), 55.4 (-OCH3).  

HRMS-ESI: m/z: [M+H]+ Calculated for C17H12O1N3; 278.0811, Found 278.0802. 

10-methoxy-7H-pyrido[3,4-c]carbazole (2.39) 

The reaction was carried out according general procedure E using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica gel column chromatography petroleum 

ether (40 – 60 °C): EtOAc (1: 1) to obtain compound 2.39 in 82% yield (102 

mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2830 (C-H stretch), 1616 (C=N stretch), 1458 (C=C stretch), 1229 (C-O stretch), 

1031 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.94 (s, 1H, -NH), 9.30 (s, 1H, H4), 8.63 (d, J = 5.8 Hz, 1H, 

H2), 8.58 (d, J = 5.8 Hz, 1H, H1), 8.05 – 7.99 (m, 2H, H5,11), 7.85 (d, J = 8.8 Hz, H6), 7.60 (d, J = 

8.8 Hz, H8), 7.13 (dd, J = 8.8, 2.4 Hz, H9), 3.96 (s, 3H, -OCH3).  
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13C NMR (101 MHz, DMSO-d6)  154.1 (C10), 152.0 (C4), 144.1 (C2), 140.0 (C6a), 133.6 (C7a), 

132.1 (C11c), 125.9 (C5), 123.6 (C11b), 123.0 (C11a), 116.4 (C1), 115.0 (C6), 114.3 (C9), 112.6 (C8), 

112.3 (C4a), 103.9 (C11), 55.8 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1021.  

N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a)  

The reaction was carried out according to general procedure C using 

6-bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 4-

methoxy-2-chloroaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column chromatography, petroleum ether 

(40 – 60 °C): EtOAc (7: 3) to obtain compound 2.41a in 87% yield (123 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3230 (N-H stretch), 1618 (C=N stretch), 1476 (C=C stretch), 1284 (C-N stretch), 

1212 (C-O stretch), 1039 (C-O stretch), 847 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.95 (s, 1H, H1), 8.29 (s, 1H, -NH), 8.20 (d, J = 4.6 Hz, 1H, 

H3), 7.87 (d, J = 7.1 Hz, 1H, H8), 7.41 – 7.38 (m, 2H, H6′,4), 7.24 (dd, J = 7.1, 1.7 Hz, 1H, H7), 

7.18 (d, J = 2.3 Hz, 1H, H3′), 7.00 (dd, J = 7.0, 2.3 Hz, 1H, H5′), 6.67 (d, J = 1.7 Hz, 1H, H5), 3.81 

(s, 3H, -OCH3).  

13C NMR (101 MHz, DMSO-d6)  157.1 (C4′), 151.0 (C1), 147.9 (C6), 143.1 (C3), 137.3 (C4a), 

130.6 (C2′), 130.3 (C1′), 128.8 (C8), 127.9 (C6′), 122.9 (C8a), 119.2 (C7), 118.6 (C4), 115.2 (C3′), 

114.3 (C5′), 103.0 (C5), 55.7 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H14O1N2Cl1; 285.0789, Found 285.0787. 

N-(2-chloro-4-methylphenyl)isoquinolin-6-amine (2.41b)  

The reaction was carried out according to general procedure C using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 4-methyl-2-

chloroaniline (85 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 °C): 

EtOAc (6: 4) to obtain compound 2.41b in 91% yield (122 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3234 (N-H stretch), 3031 (C-H stretch), 1608 (C=N stretch), 1474 (C=C stretch), 

821 (C-Cl stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 8.97 (s, 1H, H1), 8.35 (s, 1H, -NH), 8.23 (d, J = 5.8 Hz, 1H, 

H3), 7.89 (d, J = 8.9 Hz, 1H, H8), 7.45 (d, J = 5.8 Hz, 1H, H4), 7.40 (d, J = 1.4 Hz, 1H, H3′),  7.38 

(d, J = 8.1 Hz, 1H, H6′), 7.32 (dd, J = 8.9, 2.2 Hz, 1H, H7), 7.19 (dd, J = 8.1, 1.5 Hz, 1H, H5′), 6.90 

(d, J = 2.1 Hz, 1H, H5), 2.32 (s, 3H, -CH3). 

 13C NMR (101 MHz, DMSO-d6)  151.1 (C1), 146.8 (C6), 143.1 (C3), 137.1 (C4a), 135.3 (C2′), 

135.1 (C1′), 130.5 (C3′), 128.8 (C8), 128.7 (C5′), 127.5 (C4′), 124.9 (C6′), 123.2 (C8a), 119.8 (C7), 

118.8 (C4), 104.3 (C5), 20.1 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H14N2Cl1; 269.0840, Found 269.0859. 

N-(2-chlorophenyl)isoquinolin-6-amine (2.41c) 

The reaction was carried out according to general procedure C using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloroaniline 

(77 mg, 0.60 mmol, equiv) as starting materials. The crude residue was 

purified by silica-gel column chromatography, petroleum ether (40 – 60 °C): EtOAc (1: 1) to 

obtain compound 2.41c in 85% yield (108 mg, green solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3215 (N-H stretch), 3029 (C-H stretch), 1627 (C=N stretch), 1588 (C=C stretch), 

1471 (C=C stretch), 737 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.00 (s, 1H, H1), 8.43 (s, 1H, -NH), 8.26 (d, 1H, J = 5.8 Hz, 

H3), 7.93 (d, 1H, J = 8.9 Hz, H8), 7.55 (dd, J = 8.0, 1.4 Hz, 1H, H3′), 7.51 (dd, J = 8.0, 1.4 Hz, 1H, 

H7), 7.49 – 7.47 (m, 1H, H6′), 7.41 – 7.33 (m, 2H, H4,5′), 7.18 – 7.12 (m, 1H, H4′), 7.06 (d, J = 2.1 

Hz, 1H, H5). 

 13C NMR (101 MHz, DMSO-d6) 151.1 (C1), 146.1 (C6), 143.1 (C3), 138.2 (C1′), 137.0 (C4a), 

130.3 (C3′), 128.9 (C8), 128.1 (C5′), 126.7 (C2′), 124.8 (C4′), 123.7 (C7), 123.5 (C8a), 120.2 (C4), 

118.9 (C6′), 105.5 (C5).  

HRMS-ESI: m/z: [M+H]+ Calculated for C15H12N2Cl1; 255.0683, Found 255.0688. 

N-(2-chloro-4-(trifluoromethyl)phenyl)isoquinolin-6-amine (2.41d) 

  The reaction was carried out according to general procedure C using 

6-bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

(trifluoromethyl)aniline (117 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column chromatography, petroleum ether 
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(40 – 60 °C): EtOAc (6: 4) to obtain compound 2.41d in 78% yield (116 mg, yellow crystalline 

solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3220 (N-H stretch), 1612 (C=N stretch), 1487 (C=C stretch), 823 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.12 (s, 1H, H1), 8.71 (s, 1H, -NH), 8.35 (d, J = 5.7 Hz, 1H, 

H3), 8.03 (d, J = 8.9 Hz, 1H, H8), 7.88 (s, 1H, H5′), 7.64 – 7.61 (m, 3H, H4, 3′, 6′), 7.55 (dd, J = 8.8, 

2.2 Hz, 1H, H7), 7.49 (d, J = 2.0 Hz, 1H, H5). 

13C NMR (101 MHz, DMSO-d6) δ 151.4 (C1), 143.6 (C6), 143.3 (C3), 142.9 (C1′), 136.6 (C4a), 

129.0 (C8), 127.2 (q, J = 3.7 Hz, C5′), 125.2 (q, J = 3.7 Hz, C3′), 124.4 (C8a), 123.7 (q, J = 272.9 

Hz, -CF3), 123.6 (C2′), 122.4 (q, J = 33.2 Hz, C4′), 121.8 (C7), 119.4 (C4, 6′), 110.3 (C5). 

19F NMR (471 MHz, DMSO-d6) δ −60.20.  

HRMS-ESI: m/z: [M+H]+ Calculated for C16H11N2Cl1F3; 323.0557, Found 323.0542. 

N-(2-chloro-4-nitrophenyl)isoquinolin-6-amine (2.41e) 

The reaction was carried out following general procedure C using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv), and 4-nitro-2-

chloroaniline (104 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 

°C): EtOAc (1: 1) to obtain compound 2.41e in 56% yield (83 mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3221 (N-H stretch), 1584 (C=N bend), 1508 (N-O stretch), 1474 (C=C stretch), 

1333 (N-O stretch), 821 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6)  9.20 (s, 1H, H1), 9.07 (s, 1H, -NH), 8.42 (d, J = 5.8 Hz, 1H, 

H3), 8.34 (d, J = 2.7 Hz, 1H, H3′), 8.12 (d, J = 8.8 Hz, 1H, H8), 8.10 (dd, J = 9.2, 2.7 Hz, 1H, H5′), 

7.73 (d, J = 2.0 Hz, 1H, H5), 7.71 (d, J = 5.8 Hz, 1H, H4), 7.64 (dd, J = 8.8, 2.0 Hz, 1H, H7), 7.48 

(d, J = 9.2 Hz, 1H, H6′). 

13C NMR (101 MHz, DMSO-d6)  151.7 (C1), 146.3 (C4′), 143.4 (C3), 142.1 (C6), 139.5 (C1′), 

136.3 (C8a), 129.2 (C8), 125.9 (C3′), 125.2 (C4a), 124.3 (C5′), 123.2 (C7), 121.0 (C2′), 119.7 (C4), 

115.7 (C6′), 114.4 (C5).  

HRMS-ESI: m/z: [M+H]+ Calculated for C15H11O2N3Cl1; 300.0534, Found 300.0538. 
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N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f) 

The reaction was carried out according to general procedure C using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-5-

fluoroaniline (87 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 °C): 

EtOAc (6: 4) to obtain compound 2.41f in 74% yield (101 mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3221 (N-H stretch), 1592 (C=N stretch), 1474 (C=C stretch), 852 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.06 (s, 1H, H1), 8.51 (s, 1H, -NH), 8.31 (d, J = 5.8 Hz, 1H, 

H3), 7.98 (d, J = 8.9 Hz, 1H, H8), 7.58 (d, J = 5.8, 1H, H4), 7.57 (dd, J = 9.0, 6.0 Hz, 1H, H3′), 

7.47 (dd, J = 8.9, 2.2 Hz, 1H, H7), 7.33 – 7.27 (m, 2H, H5,6′), 6.95 (ddd, J = 8.8, 8.0, 3.0 Hz, 1H, 

H4′). 

13C NMR (101 MHz, DMSO-d6)  161.2 (d, J = 244.7 Hz, C5′), 151.3 (C1), 144.7 (C4a), 143.2 

(C3), 140.2 (d, J = 10.8 Hz, C1′) 136.9 (C8a), 131.5 (d, J = 10.0 Hz, C3′), 129.0 (C8), 124.0 (C6), 

120.8 (C7), 120.5 (d, J = 3.3 Hz, C2′), 119.2 (C4), 110.5 (d, J = 20.9 Hz, C4′), 108.5 (d, J = 26.0 

Hz, C6′), 107.7 (C5). 

19F NMR (376 MHz, DMSO-d6) δ −113.1. 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H11N2Cl1F1; 273.0589, Found 273.0594. 

N-(2-chloro-4-methoxyphenyl)quinoxalin-6-amine (2.42a)  

The reaction was carried out according to general procedure C using 

6-bromoquinoxaline (105 mg, 0.50 mmol, 1.0 equiv) and 4-methoxy-

2-chloroaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 

°C): EtOAc (7: 3) to obtain compound 2.42a in 87% yield (124 mg, yellow solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3301 (N-H stretch), 3068 (C-H stretch), 2837 (C-H stretch), 1618 (C=N stretch), 

1504 (C=C stretch), 1221 (C-O stretch), 1037 (C-O stretch), 852 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.66 (d, J = 2.0 Hz, 1H, H3), 8.55 (d, J = 2.0 Hz, 1H, H2), 8.42 

(s, 1H, -NH), 7.87 (d, J = 9.1 Hz, 1H, H8), 7.46 (dd, J = 9.1, 2.6 Hz, 1H, H7), 7.42 (d, J = 8.8 Hz, 

1H, H6′), 7.20 (d, J = 2.9 Hz, 1H, H3′), 7.01 (dd, J = 8.8, 2.9 Hz, 1H, H5′), 6.83 (d, J = 2.6 Hz, 1H, 

H5), 3.82 (s, 3H, -OCH3). 
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13C NMR (101 MHz, DMSO-d6) 157.2 (C4′), 147.7 (C6), 145.3 (C3), 144.4 (C4a), 141.0 (C2), 137.4 

(C8a), 130.5 (C1′), 130.2 (C8), 129.8 (C2′), 127.8 (C6′), 122.1 (C7), 115.3 (C3′), 114.3 (C5′), 105.3 

(C5), 55.7 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H13 O1N3Cl1; 286.0742, Found 286.0740. 

N-(2-chloro-4-methoxyphenyl)quinolin-6-amine (2.42b) 

 The reaction was carried out according to general procedure C using 

6- bromoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 4-methoxy-

2-chloroaniline (93 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel chromatography petroleum ether (40 – 60 °C): EtOAc 

(7: 3) to obtain compound 2.42b in 59% yield (84 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3215 (C-N stretch), 3016 (C-H stretch), 2846 (C-H stretch), 1631 (C=N stretch), 

1498 (C=C stretch), 1214 (C-O stretch), 1050 (C-O stretch), 839 (C-Cl stretch).  

1H NMR (400 MHz, DMSO-d6) δ 8.56 (dd, J = 4.2, 1.6 Hz, 1H, H2), 8.03 – 7.97 (m, 2H, -NH, 

H4), 7.82 (d, J = 9.1 Hz, 1H, H8), 7.40 (dd, J = 9.0, 2.6 Hz, 1H, H7), 7.38 (d, J = 8.8 Hz, 1H, H6′), 

7.31 (dd, J = 8.3, 4.2 Hz, 1H, H3), 7.16 (d, J = 2.8 Hz, 1H, H3′), 6.97 (dd, J = 8.8, 2.8 Hz, 1H, H5′), 

6.85 (d, J = 2.5 Hz, 1H, H5), 3.80 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  156.4 (C4′), 146.3 (C2), 144.1 (C6), 143.0 (C8a), 133.7 (C4), 

131.6 (C1), 129.8 (C4a), 129.3 (C8), 129.2 (C2′), 126.5 (C6′), 121.8 (C7), 121.5 (C3), 115.2 (C3′), 

114.2 (C5′), 105.6 (C5), 55.7 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H14O2N2Cl1; 285.0789, Found 285.0793. 

N-(2-chloro-4-methoxyphenyl)quinoxalin-2-amine (2.42c)  

The reaction was carried out according to general procedure C using 

2-bromoquinoxaline (105 mg, 0.50 mmol, 1.0 equiv) and 4-methoxy-

2-chloroaniline (95 mg, 0.60, 1.2 equiv) as starting materials.  The 

crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 °C): 

EtOAc (85: 15) to obtain compound 2.42c in 27% yield (38 mg, yellow solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3340 (N-H stretch), 2934 (C-H stretch), 1590 (C=N stretch), 1536 (C=N stretch), 

1502 (C=C stretch), 1214 (C-O stretch), 1040 (C-O stretch), 841 (C-Cl stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 9.20 (s, 1H, -NH), 8.64 (s, 1H, H3), 7.92 (d, J = 8.9 Hz, 1H, 

H6′), 7.84 (dd, J = 8.2, 1.2 Hz, 1H, H8), 7.62 – 7.53 (m, 2H, H5,6), 7.46 – 7.41 (m, 1H, H7), 7.15 

(d, J = 2.9 Hz, 1H, H3′), 7.00 (dd, J = 8.9, 2.9 Hz, 1H, H5′), 3.81 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  156.6 (C4′), 150.5 (C2), 140.8 (C3), 139.8 (C8a), 137.1 (C4a), 

129.9 (C5), 128.9 (C1′), 128.4 (C8), 128.0 (C2′), 126.9 (C6′), 126.2 (C6), 124.7 (C7), 114.6 (C3′), 

113.6 (C5′), 55.7 (-OCH3).  

HRMS-ESI: m/z: [M+H]+ Calculated for C15H13O1N3Cl1; 286.0742, Found 286.0745. 

N-(2-chloro-4-methoxyphenyl)-N-(quinoxalin-2-yl)quinoxalin-2-amine (2.43) 

Preparation 1: The reaction was carried out according to general 

procedure C using 2-bromoquinoxaline (105 mg, 0.50 mmol, 1.0 

equiv) and 4-methoxy-2-chloroaniline (95 mg, 0.60, 1.2 equiv) as 

starting materials.  The crude residue was purified by silica-gel 

column chromatography, petroleum ether (40 – 60 °C): EtOAc (85: 

15) to obtained compound 2.43 in 25 % yield (26 mg, yellow solid).  

Preparation 2: The reaction was carried out according to general procedure E using 2-

bromoquinoxaline (105 mg, 0.50 mmol, 1.0 equiv) and 4-methoxy-2-chloroaniline (95 mg, 0.60, 

1.2 equiv) as starting materials.  The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (85: 15) to obtain compound 8 in 61 % 

yield (63 mg, yellow solid).  

 IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 1606 (C=N stretch), 1558 (C=N stretch), 1498 (C=C stretch), 1420 (C=C 

stretch), 1229 (C-O stretch), 1022 (C-O stretch), 761 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.83 (s, 2H, H3), 8.06 – 8.00 (m, 2H, H5), 7.76 – 7.68 (m, 6H, 

H6-8), 7.58 (d, J = 8.8 Hz, 1H, H6′), 7.32 (d, J = 2.9 Hz, 1H, H3′), 7.12 (dd, J = 8.8, 2.9 Hz, 1H, 

H5′), 3.88 (s, 3H, -OCH3).  

13C NMR (101 MHz, DMSO-d6)  159.6 (C4′), 150.4 (C2), 141.5 (C3), 140.0 (C8a), 138.8 (C4a), 

133.1 (C2′), 132.3 (C6′), 130.9 (C1′), 130.6 (C6/7/8), 128.5 (C5), 128.0 (C6/7/8), 127.4 (C6/7/8), 115.9 

(C3′), 115.0 (C5′), 55.9 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C23H17O1N5Cl1; 414.1116, Found 414.1115. 
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N-(2-chloro-4-methoxyphenyl)-1,3-dihydroisobenzofuran-5-amine (2.42d) 

The reaction was carried out according to general procedure C using 

5-bromo-1,3-dihydroisobenzofuran (100 mg, 0.50 mmol, 1.0 equiv) 

and 4-methoxy-2-chloroaniline (95 mg, 0.60, 1.2 equiv) as starting 

materials.  The crude residue was purified by reverse-phase semi-preparative HPLC over a 5 – 

95% gradient B, (solvent A: 0.1% TFA in water, solvent B: 0.1% TFA in acetonitrile) to obtain 

compound 2.42d in 18% yield (35 mg, white solid) as the TFA salt. 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3319 (N-H stretch), 2854 (C-H stretch), 1621 (C=C stretch), 1497 (C=C stretch), 

1273 (C-O stretch), 1217 (C-O stretch), 1031 (C-O stretch), 821 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6)  7.49 (s, 1H, -NH), 7.22 (d, J = 8.9 Hz, 1H, H6′), 7.08 (d, J = 

2.8 Hz, 1H, H3′), 7.07 (d, J = 8.4 Hz, 1H, H7), 6.89 (dd, J = 8.9, 2.8 Hz, H5′), 6.71 (dd, J = 8.4, 2.0 

Hz, 1H, H6), 6.66 (d, J = 2.0 Hz, 1H, H4), 4.88 (s, 4H, 2 × -CH2), 3.75 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  155.4 (C4′), 144.9 (C4a), 140.0 (C3a), 132.8 (C1′), 128.9 (C7a), 

127.7 (C2′), 124.7 (C6′), 121.4 (C7), 115.0 (C3′), 114.8 (C6), 114.0 (C5′), 107.3 (C4), 72.5 (C1/3), 

72.3 (C1/3), 55.6 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H15O2N1Cl1; 276.0786, Found 276.0792. 

2-((2-chloro-4-methoxyphenyl)amino)naphthalene-1,4-dione (2.44a) 

The reaction was carried out according to general procedure C using 

2-bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 4-

methoxy-2-chloroaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column chromatography, petroleum ether 

(40 – 60 °C): EtOAc: NEt3 (100: 8: 1) to obtain compound 2.44a in 82% yield (129 mg, dark red 

solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3331 (N-H stretch), 3021 (C-H stretch), 1677 (C=O stretch), 1577 (C=C stretch), 

1489 (C=C stretch), 1216 (C-O stretch), 1031 (C-O stretch), 778 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.02 (s, 1H, -NH), 8.06 (dd, J = 7.5, 1.0 Hz, 1H, H5), 7.94 (dd, 

J = 8.8, 1.2 Hz. 1H, H8), 7.86 (ddd, J = 7.5, 7.5, 1.4, 1H, H6), 7.79 (ddd, J = 7.5, 7.5, 1.4 Hz, 1H, 

H7), 7.36 (d, J = 8.8 Hz, 1H, H6′), 7.22 (d, J = 2.8 Hz, 1H, H3′), 7.04 (dd, J = 8.8, 2.8 Hz, 1H, H5′), 

5.31 (s, 1H, H3), 3.82 (s, 3H, -OCH3). 
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13C NMR (101 MHz, DMSO-d6)  182.1 (C1), 181.3 (C4), 158.7 (C4′), 147.7 (C2), 135.0 (C6), 

132.6 (C7), 131.2 (C1′), 130.7 (C8a), 130.3 (C4a), 129.5 (C3′), 127.4 (C2′), 126.0 (C5), 125.4 (C8), 

115.1 (C6′), 114.4 (C5′), 102.3 (C3), 55.8 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H13O3N1Cl1; 314.0578, Found 314.0577. 

2-((2-chloro-4-methylphenyl)amino)naphthalene-1,4-dione (2.44b) 

The reaction was carried out according to general procedure C using 

2-bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 4-

methyl-2-chloroaniline (85 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc: NEt3 (90:10:1) to obtain compound 2.44b 

in 72% yield (107 mg, red solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3342 (N-H stretch), 2927 (C-H stretch), 1675 (C=O stretch), 1599 (C=O stretch), 

1526 (C=C stretch), 774 (C-Cl). 

1H NMR (400 MHz, DMSO-d6)  9.01 (s, 1H, -NH), 8.09 – 8.05 (m, 1H, H5), 7.96 – 7.92 (m, 

1H, H8), 7.89 – 7.84 (m, 1H, H6), 7.82 – 7.77 (m, 1H, H7), 7.47 (d, J = 1.1 Hz, 1H, H3′), 7.35 (d, 

J = 8.1 Hz, 1H, H6′), 7.27 (dd, J = 8.1, 1.3 Hz, H5′), 5.41 (s, 1H, H3), 2.35 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6)  182.3 (C4), 181.2 (C1), 147.0 (C2), 138.5 (C1′), 135.0 (C6), 

132.7 (C4a), 132.6 (C7), 132.1 (C2′), 130.5 (C8a), 130.3 (C3′), 129.6 (C4′), 129.0 (C5′), 127.9 (C6′), 

126.1 (C5), 125.4 (C8), 102.7 (C3), 20.3 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H13O2N1Cl1; 298.0629, Found 298.0633. 

2-((2-chlorophenyl)amino)naphthalene-1,4-dione (2.44c) 

The reaction was carried out according to general procedure C using 2-

bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 2-

chloroaniline (77 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, petroleum ether (40 – 60 °C): 

EtOAc (9: 1) to obtain compound 2.44c in 64% yield (90 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3310 (N-H stretch), 3068 (C-H stretch), 2854 (C-H stretch), 1675 (C=O stretch), 

1618 (C=O stretch), 1592 (C=C stretch), 1446 (C=C stretch), 741 (C-Cl stretch). 
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1H NMR (400 MHz, DMSO-d6)  9.08 (s, 1H, -NH), 8.08 (dd, J = 7.7, 0.9 Hz, 1H, H5), 7.95 (dd, 

J = 7.5, 1.1 Hz, 1H, H8), 7.87 (ddd, J = 7.4, 7.4, 1.4 Hz, 1H, H6), 7.80 (ddd, J = 8.0, 6.5, 2.7 Hz, 

1H, H7), 7.64 (dd, J = 7.5, 1.1 Hz, 1H, H3′), 7.51 – 7.44 (m, 2H, H4′,6′), 7.38 (ddd, J = 8.0, 6.5, 2.7 

Hz, 1H, H5′), 5.47 (s, 1H, H3).   

13C NMR (101 MHz, DMSO-d6)  182.3 (C4), 181.2 (C1), 146.7 (C2), 135.0 (C6), 134.2 (C1′) 

132.8 (C7), 132.5 (C4a), 130.3 (C3′), 129.7 (C8a), 128.4 (C2′), 128.3 (C5′), 128.0 (C4′, 6′), 126.1 (C5), 

125.4 (C8), 102.9 (C3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H11O2N1Cl1; 284.0473, Found 284.0480. 

2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d) 

The reaction was carried out according to general procedure C using 

2-bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 2-

chloro-4-(trifluoromethyl)aniline (117 mg, 0.60 mmol, 1.2 equiv) as 

starting materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (9: 1) to obtain compound 2.44d in 69% 

yield (122 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3338 (N-H stretch), 3055 (C-H stretch), 1677 (C=O stretch), 1642 (C=O stretch), 

1580 (C=C stretch), 782 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6)  9.10 (s, 1H, -NH), 8.08 (dd, J = 7.5, 1.1 Hz, 1H, H8), 8.06 (d, 

J = 1.6 Hz, 1H, H3′), 7.96 (dd, J = 7.6, 1.2 Hz, 1H, H5), 7.88 (ddd, J = 7.5, 7.5, 1.5 Hz, 1H, H6), 

7.85 – 7.78 (m, 2H, H5′, 7), 7.75 (d, J = 8.5 Hz, 1H, H6′), 5.77 (s, 1H, H3).  

13C NMR (101 MHz, DMSO-d6)  182.7 (C4), 181.0 (C1), 146.0 (C2), 138.9 (C1′), 135.1 (C6), 

133.0 (C7), 132.3 (C4a), 130.2 (C8a), 129.5 (C2′), 127.5 (q, J = 32.7 Hz, C4′), 127. 4 (q, J = 3.8 Hz, 

C3′), 127.2 (C6′) 126.2 (C8), 125.5 (C5), 125.4 (q, J = 3.8 Hz, C5′), 123.3 (q, J = 272.9 Hz, -CF3), 

104.6 (C3). 

19F NMR (376 MHz, DMSO-d6)  −60.85. 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H10O2N1Cl1F3; 352.0347, Found 352.0347. 

2-((2-chloro-5-methoxyphenyl)amino)naphthalene-1,4-dione (2.44e)  
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 The reaction was carried out according to general procedure C using 

2-bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 5-

methoxy-2-chloroaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (85: 15) to obtain compound 2.44e in 59% 

yield (92 mg, red solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3299 (N-H stretch), 2843 (C-H stretch), 1675 (C=O stretch), 1647 (C=O stretch), 

1579 (C=C stretch), 1541 (C=C stretch), 1219 (C-O stretch), 1067 (C-O stretch), 776 (C-Cl 

stretch). 

1H NMR (400 MHz, DMSO-d6)  9.05 (s, 1H, -NH), 8.07 (dd, J = 7.6, 1.2 Hz, 1H, H8), 7.95 (dd, 

J = 7.6, 1.2 Hz, 1H, H5), 7.90 – 7.84 (m, 1H, H6), 7.83 – 7.77 (m, 1H, H7), 7.52 (d, J = 8.9 Hz, 

1H, H3’), 7.03 (d, J = 3.0 Hz, 1H, H6′), 6.97 (dd, J = 8.9, 3.0 Hz, 1H, H4′), 5.48 (s, 1H, H3), 3.79 

(s, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  182.3 (C4), 181.2 (C1), 158.8 (C5′), 146.6 (C2), 135.8 (C1′), 

135.0 (C6), 132.8 (C7), 132.6 (C4a), 130.7 (C3′), 130.3 (C8a), 126.1 (C8), 125.4 (C5), 120.9 (C2′), 

114.0 (C4′), 113.3 (C6′), 103.3 (C3), 55.7 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H13O3N1Cl1; 314.0578, Found 314.0586. 

2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f)  

The reaction was carried out according to general procedure C using 2-

bromo-1,4-napthoquinone (119 mg, 0.50 mmol, 1.0 equiv) and 2-

chloro-5-fluoroaniline (87 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (9: 1) to obtain compound 2.44f in 80% 

yield (120 mg, orange solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3310 (N-H stretch), 3074 (C-H stretch), 2858 (C-H stretch), 1675 (C=O stretch), 

1647 (C=O stretch), 1599 (C=C stretch), 1541 (C=C stretch), 722 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6)  9.08 (s, 1H, -NH), 8.10 – 8.06 (m, 1H, H8), 7.98 – 7.94 (m, 

1H, H5), 7.91 – 7.85 (m, 1H, H6), 7.85 – 7.79 (m, 1H, H7), 7.68 (dd, J = 9.0, 5.7 Hz, 1H, H3′), 7.43 

(dd, J = 9.5, 3.0 Hz, 1H, H6′), 7.26 (ddd, J = 8.8, 8.1, 3.0 Hz, 1H, H4′), 5.60 (s, 1H, H3). 
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13C NMR (101 MHz, DMSO-d6)  182.6 (C4), 181.0 (C1), 160.9 (d, J = 246.8 Hz, C5′), 146.0 

(C2), 136.4 (d, J = 10.8 Hz, C1′), 135.1 (C6), 132.9 (C7), 132.4 (C4a), 131.6 (d, J = 9.6 Hz, C3′), 

130.2 (C8a), 126.2 (C8), 125.4 (C5), 125.1 (C2′), 115.2 (d, J = 22.8 Hz, C4′), 114.8 (d, J = 24.8 Hz, 

C6′), 103.9 (C3). 

19F NMR (376 MHz, DMSO-d6)  −112.74. 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H10O2N1Cl1F1; 302.0378, Found 302.0380. 

2-methyl-5H-benzo[b]carbazole-6,11-dione (2.45b) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1.0 equiv) and 4-

methyl-2-chloroaniline (85 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, CHCl3 (100%) to obtain compound 2.45b in 59% yield (77 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3174 (N-H stretch), 1670 (C=O stretch), 1642 (C=O stretch), 1595 (C=C stretch), 

1538 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.98 (s, 1H, -NH), 8.15 – 8.06 (m, 2H, H7,10), 8.01 (s (app), 

1H, H1), 7.89 – 7.84 (m, 1H, H9), 7.84 – 7.78 (m, 1H, H8), 7.50 (d, J = 8.5 Hz, 1H, H4), 7.29 (d 

(app), J = 8.5 Hz, 1H, H3), 2.46 (s, 3H, -CH3) 

13C NMR (101 MHz, DMSO-d6) δ 180.3 (C11), 177.5 (C6), 137.1 (C5a), 136.7 (C4a), 134.2 (C10a), 

134.1 (C9), 133.4 (C2), 133.2 (C8), 132.7 (C6a), 128.9 (C3), 126.1 (C10), 126.0 (C7), 124.2 (C11b), 

121.6 (C1), 116.9 (C11a), 113.5 (C4), 21.3 (-CH3).  

HRMS-ESI: m/z: [M+H]+ Calculated for C17H12O2N1; 262.0862, Found 262.0861. 

5H-benzo[b]carbazole-6,11-dione (2.45c) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1.0 equiv) and 2-

chloroaniline (77 mg, 0.60 mmol, 1.2 equiv) as starting materials. The crude 

residue was purified by silica-gel column chromatography, CHCl3 (100%) 

to obtain compound 2.45c in 73% yield (90 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3263 (N-H stretch), 1649 (C=O stretch), 1590 (C=C stretch), 1474 (C=C stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 13.08 (s, 1H, -NH), 8.22 (d, J = 8.0 Hz, 2H, H1), 8.12 (ddd, J 

= 7.4, 7.4, 1.5 Hz, 1H, H7, 10), 7.87 (ddd, J = 7.4, 7.4, 1.5 Hz, 1H, H9), 7.82 (ddd, J = 7.4, 7.4, 1.5 

Hz, 1H, H8), 7.61 (d, J = 8.3 Hz, 1H, H4), 7.46 (ddd, J = 8.3, 7.0, 1.2 Hz, 1H, H3), 7.33 – 7.41 (m, 

1H, H2). 

13C NMR (101 MHz, DMSO-d6) δ 180.4 (C11), 177.6 (C6), 138.2 (C4a), 137.2 (C5a), 134.3 (C9), 

134.1 (C10a), 133.2 (C8), 132.6 (C6a), 127.0 (C3), 126.1 (C10), 126.0 (C7), 124.0 (C11b), 123.9 (C2), 

122.4 (C1), 117.4 (C11a), 113.9 (C4). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H10O2N1; 248.0706, Found 248.0703. 

2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1.0 equiv) and 4-

trifluoromethyl-2-chloroaniline (117 mg, 0.60 mmol, 1.2 equiv) as 

starting materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc: NEt3 (100: 20: 4) to obtain compound 

2.45d in 35% yield (54 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3234 (N-H stretch), 1655 (C=O stretch), 1631 (C=O stretch), 1586 (C=C stretch), 

1541 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 13.44 (s, 1H, -NH), 8.49 – 8.45 (m, 1H, H1), 8.16 – 8.08 (m, 

2H, H7, 10), 7.91 – 7.81 (m, 2H, H8, 9), 7.80 – 7.71 (m, 2H, H3, 4). 

13C NMR (101 MHz, DMSO-d6)  180.3 (C11), 177.5 (C6), 139.5 (C4a), 139.0 (C5a), 134.5 (C8), 

133.8 (C9), 133.5 (C7a), 132.5 (C10a), 126.2 (C7, 10), 124.7 (q, J = 272.9 Hz, -CF3), 124.3 (q, J = 

31.8 Hz, C2), 123.1 (C11b), 123.0 (q, J = 3.4 Hz, C3), 119.6 (q, J = 4.3 Hz, C1), 117.6 (C11a), 115.1 

(C4). 

19F NMR (376 MHz, DMSO-d6)  −59.7. 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H8O2N1F3; 338.0397, Found 338.0394. 

3-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.45e) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.5 mmol, 1.0 equiv) and 2-

chloro-5-methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 
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chromatography, petroleum ether (40 – 60 °C): EtOAc (9: 1) to obtain compound 2.45e in 68% 

yield (94 mg, red solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3189 (N-H stretch), 2927 (C-H stretch), 1664 (C=O stretch), 1629 (C=O stretch), 

1532 (C=C stretch).  

1H NMR (400 MHz, DMSO-d6) δ 12.89 (s, 1H, -NH), 8.11 – 8.03 (m, 3H, H1, 7, 10), 7.87 – 7.76 

(m, 2H, H8, 9), 7.00 (dd, J = 8.8, 2.0 Hz, 1H, H2), 6.98 (d, J = 2.0 Hz, 1H, H4), 3.85 (s, 3H, -OCH3).  

13C NMR (101 MHz, DMSO-d6)  180.5 (C11), 176.8 (C6), 159.4 (C3), 139.8 (C4a), 136.4 (C5a), 

134.0 (C6a), 133.9 (C8), 133.2 (C9), 132.7 (C10a), 126.0 (C7/10), 125.9 (C7/10), 123.2 (C1), 118.0 

(C11a/11b), 117.9 (C11a/11b), 115.5 (C2), 95.1 (C4), 55.4 (-OCH3).  

HRMS-ESI: m/z: [M+H]+ Calculated for C17H12O3N1; 278.0812, Found 278.0809. 

3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f) 

The reaction was carried out according to general procedure D using 2-

bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1.0 equiv) and 5-

fluoro-2-chloroaniline (87 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, 

petroleum ether (40 – 60 °C): EtOAc: NEt3 (100: 20: 4) to obtain compound 2.45f in 58% yield 

(76 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3230 (N-H stretch), 2928 (C-H stretch), 1647 (C=O stretch), 1588 (C=C stretch), 

1472 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 13.12 (s, 1H, -NH), 8.19 (dd, J = 8.8, 5.5 Hz, 1H, H1), 8.11 – 

8.05 (m, 2H, H7, 10), 7.87 (m, 2H, H8, 9), 7.29 (dd, J = 9.4, 2.2 Hz, 1H, H4), 7.27 – 7.20 (m, 1H, 

H2). 

13C NMR (101 MHz, DMSO-d6)  180.3 (C11), 177.1 (C6), 161.5 (d, J = 243.5 Hz, C3), 138.6 (d, 

J = 13.2 Hz, C4a), 138.0 (C5a), 134.2 (C8), 133.8 (C6a), 133.3 (C9), 132.5 (C10a), 126.0 (C7, 10), 

124.1 (d, J = 10.5 Hz, C1), 120.6 (C11a/11b), 117.4 (C11a/11b), 113.1 (d, J = 25.2 Hz, C2), 99.6 (d, J 

= 26.1 Hz, C4).  

HRMS-ESI: m/z: [M+H]+ Calculated for C16H9O2N1F1; 266.0612, Found 266.0609. 

19F NMR (376 MHz, DMSO-d6)  -113.2. 

10-methyl-7H-pyrido[3,4-c]carbazole (2.51) 
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The reaction was carried out according to general procedure E using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methylaniline (85 mg, 0.60 mmol, 1.2 equiv) as starting materials. The crude 

residue was purified by silica-gel column chromatography, petroleum ether 

(40 – 60 °C): EtOAc (1: 1) to obtain compound 2.51 in 54% yield (63 mg, 

brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2917 (C-H stretch), 1616 (C=N stretch), 1474 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.97 (s, 1H, -NH), 9.31 (s, 1H, H4), 8.63 (d, J = 5.7 Hz, 1H, 

H2), 8.58 (d, J = 5.7 Hz, 1H, H1), 8.41 (s, 1H, H11), 8.04 (d, J = 8.8 Hz, 1H, H5), 7.86 (d, J = 8.8 

Hz, 1H, H6), 7.58 (d, J = 8.3 Hz, 1H, H8), 7.30 (dd, J = 8.3, 1.2 Hz, 1H, H9), 2.58 (s, 3H, -CH3).   

13C NMR (101 MHz, DMSO-d6)  152.0 (C4), 143.9 (C2), 139.7 (C6a), 137.0 (C7a), 132.0 (C11c), 

129.0 (C10), 126.1 (C9), 125.8 (C5), 123.7 (C4a), 122.9 (C11a), 121.3 (C11), 116.4 (C1), 114.9 (C6), 

112.2 (C11b), 111.6 (C8), 21.3 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13N2; 233.1073, Found 233.1068. 

7H-pyrido[4,3-c]carbazole (2.52a) 

 The reaction was carried out according to general procedure E using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloroaniline (76 

mg, 0.60 mmol, 1.2 equiv) as starting materials. The crude residue was purified 

by silica-gel column chromatography, hexane: EtOAc (1: 1) to obtain 

compound 2.52a in 50% yield (54 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2921 (C-H stretch), 1612 (C=N stretch), 1458 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.10 (s, 1H, -NH), 9.33 (s, 1H, H4), 8.64 (d, J = 5.8 Hz, 1H, 

H2), 8.60 (d, J = 8.0 Hz, 1H, H11), 8.58 (d, J = 5.8 Hz, 1H, H1), 8.07 (d, J = 8.8 Hz, 1H, H5), 7.89 

(d, J = 8.9 Hz, 1H, H6), 7.69 (d, J = 8.0 Hz, 1H, H8), 7.48 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, H9), 7.36 

(ddd, J = 8.9, 7.0, 1.1 Hz, 1H, H10).  

13C NMR (101 MHz, DMSO-d6)  152.2 (C4), 144.1 (C2), 139.6 (C6a), 138.7 (C7a), 132.0 (C11c), 

126.1 (C5). 124.7 (C9), 123.8 (C4a), 122.7 (C11a), 121.6 (C11), 120.1 (C10), 116.4 (C1), 114.9 (C6), 

112.5 (C8), 111.9 (C11b). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H11N2; 219.0917, Found 219.0922. 
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10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b) 

The reaction was carried out according to general procedure E using 6-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

(trifluoromethyl)aniline (117 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (7: 2) to obtain 

compound 2.52b in 25% yield (35 mg, yellow solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 1638 (C=N stretch), 1618 (C=N stretch), 1463 (C=C stretch), 1420 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.53 (s, 1H, -NH), 9.38 (s, 1H, H4), 8.90 (s, 1H, H11), 8.74 – 

8.63 (m, 2H, H1, 2), 8.17 (d, J = 8.8 Hz, H5), 7.95 (d, J = 8.8 Hz, 1H, H6), 7.88 (d, J = 8.6 Hz, 1H, 

H8), 7.78 (d, J = 8.6 Hz, 1H, H9). 

13C NMR (101 MHz, DMSO-d6) δ 152.3 (C4), 144.6 (C2), 140.8 (C7a), 140.5 (C6a), 131.8 (C11c), 

127.5 (C5), 125.4 (q, J = 272.6 Hz, -CF3), 124.0 (C4a), 122.2 (C11a), 121.2 (q, J = 4.0 Hz, C9), 

120.8 (q, J = 30.8 Hz, C10), 118.8 (q, J = 4.0 Hz, C11), 116.6 (C1), 115.0 (C6), 112.6 (C8), 112.4 

(C11b). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H10N2F3; 287.0791, Found 287.0805. 

19F NMR (376 MHz, DMSO-d6)  −58.1. 

10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d) 

The reaction was carried out according to general procedure E using 7-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica gel column chromatography petroleum 

ether (40 – 60 °C): EtOAc (1: 1) to obtain compound 2.52d in 83% yield (103 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2932 (C-H stretch), 1588 (C=N stretch), 1210 (C-O stretch), 1063 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.89 (s, 1H, -NH), 10.14 (s, 1H, H1), 8.53 (d, J = 5.5 Hz, 1H, 

H3), 8.07 (d, J = 2.4 Hz, 1H, H11), 7.99 (d, J = 8.8 Hz, 1H, H6), 7.96 (d, J = 5.5 Hz, 1H, H4), 7.91 

(d, J = 8.8 Hz, 1H, H5), 7.61 (d, J = 8.8 Hz, 1H, H8), 7.14 (dd, J = 8.8, 2.4 Hz, H9), 3.98 (s, 3H, -

OCH3). 
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13C NMR (101 MHz, DMSO-d6)  154.0 (C10), 146.7 (C1), 140.5 (C3), 138.3 (C6a), 133.8 (C7a), 

131.0 (C11b), 124.7 (C5, 11c), 122.1 (C11a), 121.6 (C4), 118.3 (C6), 115.0 (C9), 113.0 (C4a), 112.7 

(C8), 104.2 (C11), 55.8 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1028. 

10-methoxy-7H-pyrazino[2,3-c]carbazole (2.52e) 

The reaction was carried out according to general procedure E using 6-

bromoquinoxaline (105 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, 

petroleum ether (40 – 60 °C): EtOAc (7: 2) to obtain compound 2.52e in 75% yield (93 mg, yellow 

solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3338 (N-H stretch), 2837 (C-H stretch), 1601 (C=N stretch), 1523 (C=C stretch), 

1495 (C=C stretch), 1214 (C-O stretch), 1029 (C-O stretch).  

1H NMR (400 MHz, DMSO-d6) δ 11.96 (s, 1H, -NH), 9.04 (d, J = 2.0 Hz, 1H, H2), 8.86 (d, J = 

2.0 Hz, 1H, H3), 8.29 (d, J = 2.6 Hz, 1H, H11), 8.05 (d, J = 9.1 Hz, 1H, H6), 7.98 (d, J = 9.1 Hz, 

1H, H5), 7.61 (d, J = 8.8 Hz, 1H, H8), 7.13 (dd, J = 8.8, 2.6 Hz, 1H, H9), 3.91 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  154.1 (C10), 144.2 (C2), 141.2 (C3), 140.3 (C11c), 139.5 (C6a), 

138.7 (C4a), 133.8 (C7a), 126.5 (C5), 123.3 (C11a), 118.0 (C6), 115.0 (C9), 114.5 (C11b), 112.7 (C8), 

104.4 (C11), 55.5 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H12O1N3; 250.0975, Found 250.0970. 

10-methoxy-7H-pyrido[2,3-c]carbazole (2.52f) 

The reaction was carried out according to general procedure E using 6-

bromoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica gel column chromatography petroleum 

ether (40 – 60 °C): EtOAc (1: 1) to obtain compound 2.52f in 65% yield (80 mg, off-white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3146 (N-H stretch), 2997 (C-H stretch), 1571 (C=N stretch), 1534 (C=C stretch), 

1493 (C=C stretch), 1227 (C-O stretch), 1035 (C-O stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 11.77 (s, 1H, -NH), 9.17 (d, J = 8.3 Hz, 1H, H1), 8.82 (dd, J = 

4.2, 1.4 Hz, 1H, H3), 8.02 (d, J = 2.3 Hz, 1H, H11), 7.99 – 7.92 (m, 2H, H5,6), 7.67 (dd, J = 8.3, 

4.2 Hz, 1H, H2), 7.58 (d, J = 8.8 Hz, H8), 7.11 (dd, J = 8.8, 2.3 Hz, H9), 3.95 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  153.8 (C10), 146.1 (C3), 144.2 (C4a), 137.4 (C6a), 133.9 (C7a), 

130.8 (C1), 127.4 (C5), 124.4 (C11c), 123.1 (C11a), 121.5 (C2), 116.9 (C6), 114.2 (C9), 113.3 (C11b), 

112.6 (C8), 103.9 (C11), 55.8 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1026. 

10-methoxybenzo[4,5]imidazo[1,2-a]quinolone (2.52g) 

The reaction was carried out according to general procedure E using 2-

bromoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, hexane: 

EtOAc (3: 7) to obtain compound 2.52g in 25% yield (31 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 1636 (C=N stretch), 1608 (C=N stretch), 1487 (C=C stretch), 1448 (C=C stretch), 

1219 (C-O stretch), 1026 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.78 (d, J = 8.5 Hz, 1H, H1), 8.08 (d, J = 2.3 Hz, 1H, H11), 8.03 

(dd, J = 7.8, 1.5 Hz, 1H, H4), 7.88 – 7.82 (m, 3H, H2,5,8), 7.59 (d, J = 9.5 Hz, 1H, H6), 7.59 – 7.54 

(m, 1H, H3), 7.21 (dd, J = 8.9, 2.3 Hz, 1H, H9), 4.00 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 156.0 (C10), 147.1 (C6a), 138.8 (C7a), 134.8 (C12a), 130.7 (C11a), 

130.4 (C5), 130.0 (C2), 129.5 (C4), 124.4 (C3), 123.0 (C4a), 120.3 (C8), 117.5 (C6), 115.6 (C1), 

113.8 (C9), 98.3 (C11), 56.1 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1036. 

N-(2-chloro-4-methoxyphenyl)-N-(quinolin-2-yl)quinolin-2-amine (2.53) 

The reaction was carried out according to general procedure E using 

2-bromoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, 

hexane: EtOAc (3: 7) to obtain compound 2.53 in 26% yield (54 mg, 

brown solid). 
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IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 1597 (C=N stretch), 1575 (C=N stretch), 1502 (C=C stretch), 1428 (C=C stretch), 

1230 (C-O stretch), 1040 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.22 (d, J = 9.0 Hz, 2H, H4), 7.88 (d, J = 8.0 Hz, 2H, H5), 7.66 

– 7.59 (m, 4H, H7,8), 7.45 (ddd, J = 8.1, 5.5, 2.8 Hz, 2H, H6), 7.38 (d, J = 8.8 Hz, 1H, H6′), 7.28 

(d, J = 8.9 Hz, 2H, H3), 7.24 (d, J = 2.9 Hz, 1H, H3′), 7.07 (dd, J = 8.8, 2.9 Hz, 1H, H5′), 3.87 (s, 

3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 158.9 (C4′), 155.3 (2×C2), 146.4 (2×C8a), 137.3 (2×C4), 133.5 

(C1′, 2′), 132.6 (C6′), 129.7 (2×C7), 127.6 (2×C5), 127.2 (2×C8), 125.2 (2×C4a), 124.7 (2×C6), 

116.6 (2×C3), 115.5 (C3′), 114.6 (C5′), 55.8 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C25H19O1N3Cl1; 412.1211, Found 412.1230. 

10-methoxybenzo[4,5]imidazo[1,2-a]quinoxaline (2.52h) 

The reaction was carried out according to general procedure E using 2-

bromoquinoxaline (105 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, hexane: 

EtOAc (3: 7) to obtain compound 2.52h in 14% yield (17 mg, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2843 (C-H stretch), 1580 (C=N stretch), 1590 (C=N stretch), 1463 (C=C stretch), 

1225 (C-O stretch), 1026 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.23 (s, 1H, H6), 8.81 (d, J = 8.3 Hz, 1H, H1), 8.14 (dd, J = 9.0, 

1.4 Hz, 1H, H4), 8.10 (d, J = 2.3 Hz, 1H, H11), 8.00 (d, J = 9.0 Hz, 1H, H8), 7.87 (ddd, J = 8.3, 

7.6, 1.4 Hz, 1H, H2), 7.69 (ddd, J = 8.0, 7.6, 1.0 Hz, 1H, H3), 7.33 (dd, J = 9.0, 2.3 Hz, 1H, H9), 

4.04 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  157.6 (C10), 146.1 (C6), 140.5 (C6a), 138.5 (C7a), 135.2 (C4a), 

130.2 (C4), 130.0 (2×C2, 11a), 129.1 (C12a), 125.7 (C3), 122.1 (C8), 116.3 (C9), 115.9 (C1), 97.4 

(C11), 56.2 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H12O1N3; 250.0975, Found 250.0982. 

8-methoxy-11H-pyrido[4,3-a]carbazole (2.52i) 

The reaction was carried out according to general procedure E using 5-bromoisoquinoline (104 

mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as 
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starting materials. The crude residue was purified by silica-gel column 

chromatography, hexane: EtOAc (3: 7) to obtain compound 2.52i in 

90% yield (111 mg, grey solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3149 (N-H stretch), 1619 (C=N stretch), 1480 (C=C stretch), 1439 (C=C stretch), 

1215 (C-O stretch), 1027 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.30 (s, 1H, -NH), 9.36 (s, 1H, H4), 8.62 (d, J = 5.7 Hz, 1H, 

H2), 8.38 (d, J = 8.5 Hz, 1H, H6), 8.32 (d, J = 5.7 Hz, 1H, H1), 7.81 (d, J = 2.3 Hz, 1H, H7), 7.75 

(d, J = 8.5 Hz, 1H, H5), 7.60 (d, J = 8.8 Hz, 1H, H10), 7.13 (dd, J = 8.8, 2.3, 1H, H9), 3.89 (s, 3H, 

-OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 153.7 (C8), 152.0 (C4), 142.8 (C2), 134.1 (C10a), 133.7 (C4a), 

126.6 (C11a), 124.1 (C11b), 123.0 (C6b), 121.2 (C6), 120.3 (C6a), 117.4 (C5), 115.7 (C9), 114.9 (C1), 

112.5 (C10), 102.3 (C7), 55.6 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1020. 

8-methoxy-11H-pyrido[3,4-a]carbazole (2.52j) 

The reaction was carried out according to general procedure E using 8-

bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4- 

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, hexane: EtOAc (3: 7) to obtain 

2.52j in 94% yield (104 mg, grey solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3074 (N-H stretch), 2962 (C-H stretch), 1627 (C=N stretch), 1474 (C=C stretch), 

1437 (C=C stretch), 1217 (C-O stretch), 1027 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.39 (s, 1H, -NH), 9.86 (s, 1H, H1), 8.55 (d, J = 5.6 Hz, 1H, 

H3), 8.48 (d, J = 8.5 Hz, 1H, H6), 7.91 (d, J = 5.6 Hz, 1H, H4), 7.79 (d, J = 2.5 Hz, 1H, H7), 7.61 

(d, J = 8.5 Hz, 1H, H5), 7.59 (d, J = 8.8 Hz, 1H, H10), 7.10 (dd, J = 8.8, 2.5, 1H, H9), 3.89 (s, 3H, 

-OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 153.8 (C8), 146.4 (C1), 142.6 (C3), 134.7 (C4a), 134.4 (C11a), 

133.7 (C10a), 124.6 (C6), 123.2 (C6b), 121.1 (C4), 118.8 (C6a), 116.8 (C11b), 116.6 (C5), 114.9 (C9), 

112.3 (C10), 102.2 (C7), 55.6 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H13O1N2; 249.1022, Found 249.1032. 

9-methoxy-3,6-dihydro-1H-furo[3,4-c]carbazole (2.52k) 
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The reaction was carried out according to general procedure D using 5-

bromo-1,3-dihydroisobenzofuran (99 mg, 0.50 mmol, 1.0 equiv) and 2-

chloro-4-methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by reverse-phase semi-preparative 

HPLC over a 5 – 95% gradient B, (solvent A: 0.1% TFA in water, solvent 

B: 0.1% TFA in acetonitrile) to obtain compound 2.52k in 10% yield (35 mg, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3246 (N-H stretch), 2867 (C-H stretch), 1478 (C=C stretch), 1439 (C=C stretch), 

1214 (C-O stretch), 1014 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H, -NH), 7.41 (d, J = 8.8 Hz, 1H, H7), 7.38 (d, J = 

8.3 Hz, 1H, H5), 7.30 (d, J = 2.6 Hz, 1H, H10), 7.29 (d, J = 8.3 Hz, 1H, H4), 7.06 (dd, J = 8.8, 2.6 

Hz, 1H, H8), 5.52 (t, J = 2.2 Hz, 2H, H1), 5.14 (t, J = 2.2 Hz, 2H, H3), 3.84 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 153.1 (C9), 140.0 (C5a), 134.8 (C6a), 131.5 (C10c), 128.2 (C3a), 

121.6 (C10a), 118.0 (C4), 116.0 (C10b), 114.6 (C8), 111.6 (C7), 110.0 (C5), 104.2 (C10), 72.8 (C3), 

72.4 (C1), 55.7 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C15H14O2N1; 240.1019, Found 240.1030. 

Glycozoline (2.26)207 

Preparation 1: The reaction was carried out according to general 

procedure D using 4-bromotoluene (85 mg mg, 0.50 mmol, 1.0 equiv) and 

2-chloro-4-methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting 

materials. The crude residue was purified by silica-gel column chromatography, petroleum ether 

(40 – 60 °C): EtOAc (100: 6) to obtain compound 2.26 in 36% yield (38 mg, brown crystalline 

solid). 

Preparation 2: The reaction was carried out according to general procedure D using 4-

bromotoluene (85 mg mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-methoxyaniline (95 mg, 0.60 

mmol, 1.2 equiv) as starting materials with the addition of PivOH (15.3 mg, 0.15 mmol, 0.3 

equiv). The crude residue was purified by silica-gel column chromatography, petroleum ether (40 

– 60 °C): EtOAc (100: 6) to obtain compound 2.26 in 63% yield (66 mg, brown crystalline solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3401 (N-H stretch), 3003 (C-H stretch), 2835 (C-H stretch), 1474 (C=C stretch), 

1458 (C=C stretch), 1212 (C-O stretch), 1037 (C-O stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 10.85 (s, 1H, -NH), 7.87 (d, J = 1.0 Hz, 1H, H5), 7.61 (d, J = 

2.5 Hz, 1H, H4), 7.34 (d, J = 8.8 Hz, 1H, H1), 7.32 (d, J = 8.3 Hz, 1H, H8), 7.16 (dd, J = 8.3, 1.0 

Hz, 1H, H7), 6.98 (dd, J = 8.8, 2.5 Hz, 1H, H2), 3.83 (s, 3H, -OCH3), 2.45 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 152.8 (C3), 138.6 (C8a), 134.8 (C9a), 126.7 (C6, 7), 126.5 (C4a), 

122.5 (C4b), 119.9 (C5), 114.5 (C2), 111.5 (C1), 110.6 (C8), 102.8 (C4), 55.5 (-OCH3), 21.0 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C14H14O1N1; 212.1070, Found 212.1079. 

Harmane (2.63) 

The reaction was carried out according to general procedure D using 3-bromo-

2-methylpyridine (86 mg, 0.50 mmol, 1.0 equiv) and 2-chloroaniline (77 mg, 

0.60 mmol, 1.2 equiv) as starting materials. The crude residue was purified by 

silica-gel column chromatography, EtOAc (100%) to obtain compound 2.63 in 44% yield (40 mg, 

purple solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3062 (N-H stretch), 2954 (C-H stretch), 1627 (C=N stretch), 1571 (C=C stretch), 

1506 (C=C stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.53 (s, 1H –NH), 8.20 (d, J = 5.3 Hz, 1H, H3), 8.18 (d, J = 

8.0 Hz, 1H, H5), 7.92 (d, J = 5.3 Hz, 1H, H4), 7.61 – 7.57 (m, 1H, H8), 7.52 (ddd, J = 8.3, 7.0, 1.2 

Hz, 1H, H7), 7.22 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H, H6), 2.76 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 142.1 (C1), 140.3 (C8a), 137.5 (C3), 134.4 (C9a), 127.7 (C7), 

126.8 (C4a), 121.7 (C5), 121.0 (C4b), 119.1 (C6), 112.6 (C4), 111.9 (C8), 20.4 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C12H11N2; 183.0917, Found 183.0927. 

Murrayafoline A (2.64) 

The reaction was carried out according to general procedure D using 2-

bromo-5-methylanisole (101 mg, 0.50 mmol, 1.0 equiv) and 2-chloroaniline 

(77 mg, 0.60 mmol, 1.2 equiv) as starting materials with the addition of 

PivOH (15.3 mg, 0.15 mmol, 0.3 equiv). The crude residue was purified by silica-gel column 

chromatography, hexane: EtOAc (7: 3) to obtain compound 2.64 in 43% yield (45 mg, brown 

crystalline solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3418 (N-H stretch), 2921 (C-H stretch), 1590 (C=C stretch), 1454 (C=C stretch), 

1232 (C-O stretch), 1040 (C-O stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 11.12 (s, 1H, -NH), 8.00 (d, J = 8.0 Hz, 1H, H5), 7.49 – 7.46 

(m, 1H, H4), 7.45 – 7.41 (m, 1H, H8), 7.32 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H, H7), 7.09 (ddd, J = 8.0, 

7.1, 1.1 Hz, 1H, H6), 6.82 (d, J = 1.1 Hz, 1H, H2), 3.96 (s, 3H, -OCH3), 2.46 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6)  145.3 (C1), 139.7 (C8a), 128.0 (C9a), 127.8 (C3), 125.0 (C7), 

123.4 (C4a/4b), 122.4 (C4a/4b), 120.0 (C5), 118.2 (C6), 112.2 (C4), 111.2 (C8), 107.7 (C2), 55.2 (-

OCH3), 21.5 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C14H14O1N1; 212.1070, Found 212.1082. 

10-methoxy-2-methyl-7H-pyrido[4,3-c]carbazol-2-ium (2.69) 

To a solution of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d) (80 mg, 

0.32 mmol, 1.0 equiv) in DMF (1.3 mL) was added MeI (230 mg, 1.61 

mmol, 5.3 equiv). The reaction was stirred for 19 h at 50 °C. The resulting 

yellow precipitate was filtered and washed with cold Et2O. The resulting 

solid was recrystallized from hot EtOH twice to yield compound 2.69 in 

88% yield (111 mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3129 (N-H stretch), 1631 (C=N stretch), 1562 (C=C stretch), 1497 (C=C stretch), 

1029 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6)  12.50 (s, 1H, -NH), 10.28 (s, 1H, H1), 8.71 (dd, J = 6.7, 1.2 

Hz, 1H, H3), 8.67 (d, J = 6.7 Hz, 1H, H4), 8.44 (d, J = 8.8 Hz, 1H, H6), 8.30 (d, J = 2.3 Hz, 1H, 

H11), 8.24 (d, J = 8.8 Hz, 1H, H5), 7.75 (d, J = 8.9 Hz, 1H, H8), 7.32 (dd, J = 8.9, 2.4 Hz, 1H, H9), 

4.67 (s, 3H, -NCH3), 4.00 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6)  154.7 (C10), 143.3 (C1), 139.4 (C6a), 134.4 (C7a), 133.5 (C3), 

133.1 (C4a), 126.0 (C4), 124.3 (C5), 124.2 (C6), 123.4 (C11c), 121.3 (C11a), 116.1 (C9), 113.7 (C11b), 

113.4 (C8), 105.5 (C11), 56.3 (-OCH3), 48.0 (-NCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C17H15O1N2; 263.1179, Found 263.1198. 

10-methoxy-2-(2-(piperidin-1-yl)ethyl)-7H-pyrido[4,3-c]carbazol-2-ium (2.70) 
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To a solution of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d) (60 

mg, 0.24 mmol, 1.0 equiv) in DMF (0.5 mL) was added a solution of 1-

(2-Chloroethyl)piperidine hydrochloride (178 mg, 1.0 mmol, 4.0 equiv) 

in a 1:1 mixture of DMF:water (1 mL). The reaction was stirred for 19 

h at 80 °C. The resulting yellow precipitate was filtered and washed with 

cold Et2O. The resulting solid was recrystallized from hot EtOH three 

times to yield compound 2.70 in 80% yield (77 mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3390 (N-H stretch), 2958 (C-H stretch), 1634 (C=N stretch), 1219 (C-O stretch), 

1029 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6)  12.61 (s, 1H, -NH), 11.00 (s, 1H, -NH), 10.46 (s, 1H, H1) 8.86 

(d, J = 6.7 Hz, 1H, H3), 8.76 (d, J = 6.7 Hz, 1H, H4), 8.50 (d, J = 8.9 Hz, 1H, H6), 8.41 – 8.34 (m, 

1H, H11), 8.26 (d, J = 8.9 Hz, 1H, H5), 7.76 (d, J = 8.9 Hz, 1H, H8), 7.34 (dd, J = 8.9 Hz, 1.9 Hz, 

1H, H9), 5.56 – 5.42 (m, 2H, 2×H1′′), 4.04 (s, 3H, -OCH3), 3.95 – 3.82 (m, 2H, 2×H2′′), 3.67 – 

3.54 (m, 2H, 2×H2′,6′), 3.11 – 2.94 (m, 2H, 2×H2′,6′), 1.90 – 1.77 (m, 4H, H3′,5′), 1.76 – 1.70 (m, 

1H, H4′), 1.49 – 1.40 (m, 1H, H4′). 

13C NMR (101 MHz, DMSO-d6)  154.7 (C10), 143.8 (C1), 139.4 (C6a), 134.5 (C7a), 133.7 (C4a), 

132.5 (C3), 126.4 (C4), 124.8 (C6), 124.3 (C5), 123.6 (C11c), 121.3 (C11a), 116.1 (C9), 114.1 (C11b), 

113.5 (C8), 105.9 (C11), 56.4 (-OCH3), 55.0 (C5), 54.2 (C2′′), 52.6 (2×C2′,6′), 22.2 (2×C3′,5′), 21.2 

(2×C4′). 

HRMS-ESI: m/z: [M+H]+ Calculated for C23H26O1N3; 360.2070, Found 360.2081. 

2,2'-([4,4'-bipiperidine]-1,1'-diyl)bis(ethan-1-ol) (2.67) 

4,4′-Bipiperidine (300 mg, 1.24 mmol, 1.0 equiv) and K2CO3 (1.03 g, 

7.47 mmol, 6.0 equiv) was charged to a 10 – 20 mL microwave vial 

before being sealed, evacuated and purged with Ar (g) three times.  

DMF (10 mL) was added followed by bromoethanol (528 mg, 4.23 

mmol, 3.4 equiv) before being heated for 4 h at 100 °C in a Biotage 

microwave. The crude residue was purified by silica column chromatography, MeOH: NH4OH 

(100: 5) to obtain 2,2'-([4,4'-bipiperidine]-1,1'-diyl)bis(ethan-1-ol) in 70% yield (223 mg, white 

solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3345 (O-H stretch), 2936 (C-H stretch), 1266 (C-N stretch), 1052 (C-O stretch). 
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1H NMR (400 MHz, MeOD-d4)  3.80 (t, J = 5.6 Hz, 4H, H1), 3.40 – 3.33 (m, 4H, H2′,6′), 2.90 (t, 

J = 5.6 Hz, 4H, H2), 2.56 (t, J = 11.8 Hz, 4H, H2′,6′), 1.90 (d, J = 13.4 Hz, 4H, H3′,5′), 1.54 – 1.41 

(m, 4H, H3′,5′), 1.39 (m, 2H, H4′). 

13C NMR (101 MHz, MeOD-d4)  60.5 (C2), 58.1 (C1), 54.7 (C2′,6′), 40.2 (C4′), 28.6 (C3′,5′). 

LRMS-ESI: m/z: [M+H]+ Calculated for C14H29N2O2; 257.2, Found 257.3. 

1,1'-bis(2-chloroethyl)-4,4'-bipiperidine (2.68) 

2,2'-([4,4'-bipiperidine]-1,1'-diyl)bis(ethan-1-ol) (2.67) (163 mg, 

0.64 mmol, 1.0 equiv) was dissolved in CHCl3 (20 mL) before being 

evacuated and purged with Ar (g) three times. The reaction was 

heated to 40 °C and stirred for 30 mins to affect dissolution. SOCl2 

(303 mg, 2.54 mmol, 4.0 equiv) was added dropwise and the reaction 

heated to 70 °C for 8 h. The reaction was cooled to rt and the precipitate isolated through filtration 

to obtain crude 1,1'-bis(2-chloroethyl)-4,4'-bipiperidine (2.68) in 93% yield (216 mg, white solid) 

to be used directly in the next step without purification. 

Ditercalinium (2.71) 

10-methoxy-7H-pyrido[4,3-c]carbazole (100 

mg, 0.40 mmol, 1.0 equiv) and 1,1'-bis(2-

chloroethyl)-4,4'-bipiperidine (89 mg, 0.24 

mmol, 0.6 equiv) were charged to a 2 – 5 mL 

microwave vial which was evacuated and 

purged with Ar (g) twice. DMF (4 mL) was 

added and the vial heated to 80 °C for 22 h. H2O (0.1 mL) was added to further solubilize the 

starting materials and the reaction heated for a further 24 h at 80 °C. DMF (1 mL) was added to 

re-dissolve the formation of a yellow precipitate and the reaction heated to 120 °C for a further 

24 h. The reaction was cooled and the precipitate isolated by filtration. The precipitate was washed 

with cold Et2O and then recrystallized from hot EtOH 5 times to isolate 2.71 in 16% yield (52 

mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3342 (N-H stretch), 2927 (C-H stretch), 1616 (C=N stretch), 1472 (C=C stretch), 

1402 (C=C stretch), 1214 (C-O stretch), 1031 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6)  12.69 (s, 2H, -NH), 11.63 (s, 2H, -NH), 10.51 (s (br), 2H, H1), 

9.00 – 8.78 (s (br), 2H, H3), 8.77 – 8.67 (d, J = 5.8 Hz, 2H, H4), 8.49 (d, J = 8.8 Hz, 2H, H6), 8.45 
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– 8.29 (s (br), 2H, H11), 8.25 (d, J = 8.9 Hz, 2H, H5), 7.75 (d, J = 8.9 Hz, 2H, H8), 7.31 (dd, J  = 

9.0, 2.2 Hz, 2H, H9), 5.71 – 5.26 (m, 4H, H1′′), 4.03, 4.00 – 3.77 (m, 4H, H2′′), 3.73 – 3.50 (m, 4H, 

H2′,6′), 3.11 – 2.91 (m, 4H, H2′,6′), 2.06 – 1.51 (m, 8H, H3′,5′), 1.48 – 1.29 (m, 2H, H4′).  

13C NMR (101 MHz, DMSO-d6)  154.7 (C10), 143.7 (C1), 139.4 (C6a), 134.4 (C7a), 133.6 (C4a), 

132.6 (C3), 126.4 (C4), 124.8 (C6), 124.3 (C5), 123.6 (C11c), 121.3 (C11a), 116.3 (C9), 114.1 (C11b), 

113.4 (C8), 105.7 (C11), 56.4 (-OCH3), 55.3 (C5), 54.3 (C2′′), 52.6 (2×C2′,6′), 37.3 (2×C4′), 25.8 

(2×C3′,5′). 

HRMS-ESI: m/z: [M+H]+ Calculated for C46H50O2N6; 359.1992, Found 359.1991. 

N-(2-chloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (2.74) 

2-Chloro-4-methoxyaniline (0.50 g, 3.22 mmol) was stirred in 

pyridine (16 mL) for 10 mins and then cooled to 0 °C. p-

Toluenesulfonyl chloride (0.67 g, 3.51 mmol) was added and the 

reaction stirred for 2 h. The reaction mixture was concentrated in vacuo and extracted with DCM. 

The combined organic layers were washed with water, brine and dried over Na2SO4. The filtrate 

was concentrated in vacuo to obtain 2.74 in 98% yield without further purification (0.98 g, purple 

solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3262 (C-N stretch), 2935 (C-H stretch), 2849 (C-H stretch), 1496 (C-H bend).  

1H NMR (400 MHz, DMSO-d6) δ 9.65 (s, 1H, -NH), 7.57 – 7.50 (m, 2H, H2′,6′), 7.37 – 7.31 (m, 

1H, H3′,5′), 7.07 (d, J = 8.9 Hz, 1H, H6), 6.97 (d, J = 2.9 Hz, 1H, H3), 6.85 (dd, J = 8.9, 2.9 Hz, 

1H, H5), 3.73 (s, 3H, -OCH3), 2.37 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 158.2 (C4), 143.0 (C4′), 137.6 (C1′), 131.3 (C2), 129.7 (C6), 

129.5 (2×C3′,5′), 126.7 (2×C2′,5′), 126.0 (C1), 114.7 (C3), 113.6 (C5), 55.8 (-OCH3), 20.9 (-CH3),  

HRMS-ESI Exact mass calculated for [M + H]+ (C14H14ClNO3S) requires m/z 312.0456, found 

[M + H]+ m/z 312.0460. 

Data corresponds to literature values208 

5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (2.75a) 
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2-Methoxy-5H-benzo[b]-carbazole-6,11-dione (74 mg, 0.27 mmol) 

was stirred in anhydrous DMF (8 mL) and cooled to 0 °C. NaH (16 mg, 

0.66 mmol) was added and stirred for 1 h. Benzyl bromide (0.078 mL, 

0.66 mmol) was added and the reaction stirred for 2 h. The reaction 

mixture was diluted in EtOAc, washed with 5% w/v LiCl (aq) solution, 

water, brine, and dried over Na2SO4. The filtrate was concentrated in vacuo and purified by silica 

gel flash-column chromatography petroleum ether (40 – 60 °C): EtOAc (10:1) to afford the 

desired 2.75a in 83% yield (81 mg, orange solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2926 (C-H stretch), 1647 (C=O stretch), 1489 (C-H bend), 1234 (C-O stretch). 

1H NMR (500 MHz, DMSO-d6) δ 8.13 (dd, J = 7.5, 1.1 Hz, 1H, H7/10), 8.10 (dd, J = 7.5, 1.2 Hz, 

1H, H7/10), 7.90 – 7.85 (m, 1H, H9), 7.85 – 7.80 (m, 1H, H8), 7.75 (d, J = 2.5 Hz, 1H, H1), 7.71 (d, 

J = 9.2 Hz, 1H, H4), 7.33 – 7.28 (m, 2H, 2 × H2ʹ), 7.27 – 7.20 (m, 3H, 3 × H3ʹ,4ʹ), 7.15 (dd, J = 

9.2, 2.6 Hz, 1H, H3), 6.04 (s, 2H, -CH2), 3.88 (s, 3H, -OCH3).  

13C NMR (101 MHz, DMSO-d6) δ 180.3 (C11), 177.9 (C6), 157.5 (C2), 137.0 (C1ʹ), 134.6 (C4a), 

134.4 (C5a), 134.2 (C9), 133.5 (C8), 133.3 (C10a), 133.2 (C6a), 128.6 (2×C2ʹ), 127.5 (C4ʹ), 126.6 

(2×C3ʹ), 126.3 (C7/10), 125.7 (C7/10), 124.2 (C11b), 118.8 (C3), 117.7 (C11a), 113.8 (C4), 102.4 (C1), 

55.5 (-OCH3), 47.8 (-CH2). 

HRMS-ESI Exact mass calculated for [M + H]+ (C24H17NO3) requires m/z 368.1281, found [M 

+ H]+ m/z 368.1284. 

5-Benzyl-2-methoxy-6,11-methyl-5H-benzo[b]-carbazole (2.76a) 

5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (71 mg, 0.19 

mmol) was dissolved in anhydrous THF (7 mL) and MeLi (0.55 mL, 

0.87 mmol, 1.6 M) was added dropwise over 5 mins. After 3 h, the 

reaction was quenched with water, and extracted with CHCl3. The 

combined organic phases were washed with water, brine, dried over 

Na2SO4 and concentrated in vacuo. The isolated crude solid was dissolved in THF (5 mL) and 

added to a solution of SnCl2 (0.37 g, 1.94 mmol) in a mixture of conc. HCl (4.8 mL)/Et2O (4.8 

mL). The reaction mixture was stirred vigorously for 5 h and extracted with CHCl3. The combined 

organic phases were washed with water, brine, dried over Na2SO4, and the filtrate concentrated 

in vacuo. The crude was purified by silica gel flash-column chromatography, petroleum ether (40 

– 60 °C): EtOAc (7:3) to afford the desired 2.76a in 40% yield (28 mg, cream solid). 
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IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2922 (C-H stretch), 1599 (C=C stretch), 1437 (C-H bend), 1204 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.36 (dd, J = 8.8, 0.8 Hz, 1H, H10), 8.15 (dd, J = 8.9, 0.8 Hz, 

1H, H7), 7.92 (d, J = 2.5 Hz, 1H, H1), 7.55 – 7.48 (m, 1H, H8), 7.48 – 7.42 (m, 1H, H9), 7.39 (d, J 

= 8.8 Hz, 1H, H4), 7.29 (m, 2H, 2 × H3ʹ), 7.22 (m, 1H, H4ʹ), 7.15 (dd, J = 8.8, 2.5 Hz, 1H, H3), 

7.08 (m, 2H, 2 × H2ʹ), 5.83 (s, 2H, -CH2), 3.90 (s, 3H, -OCH3), 3.20 (s, 3H, C11-CH3), 2.84 (s, 3H, 

C6-CH3).  

13C NMR (101 MHz, DMSO-d6) δ 153.4 (C2), 139.5 (C4a), 139.2 (C5a), 139.1 (C1ʹ), 131.8 (C6a), 

128.7 (C3ʹ), 126.9 (2×C4ʹ,11a), 126.7 (C11), 125.6 (C2ʹ), 124.8 (C8), 124.5 (C10), 123.7 (C10a), 123.4 

(C11b), 123.3 (C7), 122.2 (C9), 114.4 (C3), 109.8 (C4), 109.6 (C6), 108.2 (C1), 55.8 (-OCH3), 49.0 

(-CH2), 15.2 (C11-CH3), 13.6 (C6-CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C26H23NO) requires m/z 366.1852, found [M + 

H]+ m/z 366.1854. 

2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione (2.75b) 

2-methoxy-5H-benzo[b]carbazole-6, 11-dione (318 mg, 1.15 mmol, 1.0 

equiv), was heated in anhydrous DMF (16 mL) to 30 °C to affect 

dissolution over 15 min. The reaction was cooled to room temperature 

and NaH (83 mg, 3.41 mmol, 3.0 equiv) added and stirred for 5 mins. 

p-methoxybenzyl chloride (0.93 mL, 6.0 equiv) was added dropwise 

and the reaction stirred for 19 h at room temperature. The reaction was 

quenched with water (20 mL) and extracted with EtOAc (70 mL) thrice. The combined organic 

layers were swirled gently with water (100 mL) thrice to remove the DMF, washed with brine (70 

mL), dried over Na2SO4 and then concentrated in vacuo. The crude residue was purified by silica-

gel column chromatography, DCM: acetone (100: 2) to obtain compound 2.75b in 85% yield (388 

mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2940 (C-H stretch), 1649 (C=O stretch), 1616 (C=C stretch), 1037 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.09 (dd, J = 7.4, 1.4 Hz, 2H, H7, 10), 7.86 (ddd, J = 7.4, 7.4, 

1.6 Hz, 1H, H9), 7.81 (ddd, J = 7.4, 7.4, 1.4 Hz, 1H, H8), 7.72 (d, J = 9.2 Hz, 1H, H4), 7.70 (d, J 

= 2.7 Hz, 1H, H1), 7.23 – 7.17 (m, 2H, H2′, 6′), 7.13 (dd, J = 9.2 Hz, 2.6 Hz, 1H, H3), 6.87 – 6.81 

(m, 2H, H3′, 5′), 5.93 (s, 2H, -CH2), 3.86 (s, 3H, Ar-OCH3), 3.68 (s, 3H, Bn-OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 180.2 (C11), 177.9 (C6), 158.6 (C4′), 157.4 (C2), 134.5 (C4a), 

134.2 (C5a), 134.1 (C9), 133.5 (C6a), 133.3 (C10a), 133.3 (C8), 128.9 (C1′), 128.3 (2×C2′, 6′), 126.3 
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(C10), 125.7 (C7), 124.2 (C11b), 118.7 (C3), 117.6 (C11a), 114.0 (2×C3′, 5′), 113.9 (C4), 102.3 (C1), 

55.5 (C2-OCH3), 55.0 (C4ʹ-OCH3) , 47.2 (-CH2). 

HRMS-ESI: m/z: [M+H]+ Calculated for C25H20O4N1; 398.1387, Found 398.1375. 

2-methoxy-5-(4-methoxybenzyl)-6,11-dimethyl-5H-benzo[b]carbazole (2.76b) 

2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione 

(80 mg, 0.20 mmol, 1.0 equiv) was dissolved in anhydrous THF (5 mL) 

and the reaction was sealed and purged three times with nitrogen (g). 

The reaction was cooled to -80 °C and MeLi (0.6 mL, 1.6 M) was added 

dropwise over 5 mins. The reaction was stirred at -80 °C for 3 h before 

a solution of SnCl2:HCl (37%): Et2O (381 mg: 5 mL: 5mL) was added 

dropwise and the reaction stirred for a further 30 mins at -80 °C. The reaction was warmed to rt 

and stirred for 3 h before being quenched with water and extracted with CHCl3 until the aqueous 

layer was colourless. The combined organic layers were washed with water, brine and dried over 

Na2SO4 before being concentrated in vacuo. The crude residue was purified by silica column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (10:1) to obtain compound 2.76b in 30% 

yield (23 mg, yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2930 (C-H stretch), 2837 (C-H stretch), 1491 (C-H stretch), 1206 (C-O stretch), 

1035 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6)  8.36 (dd, J = 8.7, 0.9 Hz, 1H, H10), 8.15 (dd, J = 8.7, 0.9 Hz, 

1H, H7), 7.91 (d, J = 2.5 Hz, 1H, H1), 7.52 (ddd, J = 8.6, 6.6, 1.2 Hz, 1H, H8), 7.45 (ddd, J = 8.6, 

6.6, 1.2 Hz, 1H, H9), 7.39 (d, J = 9.0 Hz, 1H, H4), 7.15 (dd, J = 9.0, 2.5 Hz, 1H, H3), 7.02 – 6.96 

(m, 2H, H3′, 5′), 6.87 – 6.81 (m, 2H, H2′, 6′), 5.75 (s, 2H, -CH2), 3.90 (s, 3H, Ar-OCH3), 3.67 (s, 3H, 

Bn-OCH3) , 3.19 (s, 3H, C11-CH3), 2.86 (s, 3H, C6-CH3). 

13C NMR (101 MHz, DMSO-d6)  158.2 (C4′), 153.3 (C2), 139.6 (C4a), 139.1 (C5a), 131.7 (C6a), 

130.9 (C1′), 126.9 (C11a), 126.7 (2×C2′, 6′), 126.6 (C11), 124.8 (C8), 124.4 (C10), 123.7 (C10a), 123.5 

(C11b), 123.3 (C7), 122.2 (C9), 114.4 (C3), 114.1 (2×C3′, 5′), 109.9 (C6), 109.6 (C4), 108.2 (C1), 55.8 

(Ar-OCH3), 54.9 (Bn-OCH3), 48.5 (Bn-CH2), 15.2 (C10-CH3), 13.6 (C6-CH3).  

HRMS-ESI: m/z: [M+H]+ Calculated for C27H25O2N1; 395.1880, Found 395.1872. 

6.5.2 Chapter 3: Compound Characterisation 

2,7-dimethoxyphenazine (3.32) 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

180

The reaction was carried out according to general procedure E using 

isoquinoline (65 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. The 

crude residue was purified by silica-gel column chromatography, hexane: EtOAc (3: 7) to obtain 

compound 3.32 in 20% yield (25 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2975 (C-H stretch), 1633 (C=N stretch), 1491 (C=C stretch), 1437 (C=C stretch), 

1217 (C-O stretch).  

1H NMR (400 MHz, DMSO-d6) δ 8.06 (d, J = 9.4 Hz, 2H, H4,9), 7.60 (dd, J = 9.4, 2.8 Hz, 2H, 

H3,8), 7.50 (d, J = 2.8 Hz, H1,6), 4.00 (s, 6H, 2×-OCH3).  

13C NMR (101 MHz, DMSO-d6) δ 159.8 (C2, 7), 142.9 (C10a, 5a), 139.8 (C4a ,9a), 129.8 (C4, 9), 125.9 

(C3, 8), 105.1 (C1, 6), 55.9 (2×-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C14H13O2N2; 241.0972, Found 241.0976. 

N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)isoquinolin-6-amine (3.33) 

The reaction was carried out according to general procedure E using 

isoquinoline (65 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-

methoxyaniline (95 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, 

hexane: EtOAc (2: 8) to obtain compound 3.33 in 30% yield (60 mg, 

brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2975 (C-H stretch), 1633 (C=N stretch), 1491 (C=C stretch), 1437 (C=C stretch), 

1217 (C-O stretch), 1016 (C-O stretch), 810 (C-Cl stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.16 (s, 2H, H1), 8.36 (d, J = 5.8 Hz, 2H, H3), 8.04 (d, J = 8.9 

Hz, 2H, H8), 7.64 (d, J = 5.8 Hz, 2H, H4), 7.43 (d, J = 8.8 Hz, 1H, H6′), 7.37 (dd, J = 8.9, 2.2 Hz, 

2H, H7), 7.32 (d, J = 2.2 Hz, 2H, H5′), 7.28 (d, J = 2.9 Hz, 1H, H3), 7.09 (dd, J = 8.8, 2.9 Hz, 1H, 

H5′), 3.86 (s, 3H, -OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 159.0 (C4′), 151.5 (2×C1), 147.3 (2×C6), 143.4 (2×C3), 136.6 

(2×C4a), 134.6 (C1′), 133.3 (C2′), 132.4 (C6′), 129.2 (2×C8), 124.8 (2×C8a), 123.1 (2×C7), 119.6 

(2×C4), 116.1 (C3′), 115.4 (C5′), 114.0 (2×C5), 55.9 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C25H19O1N3Cl1; 412.1211, Found 412.1222. 

N-(4-methoxyphenyl)isoquinolin-6-amine (3.36) 
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The reaction was carried out according to general procedure E using 

6-bromoisoquinoline (104 mg, 0.50 mmol, 1.0 equiv) and 4-

methoxyaniline (74 mg, 0.60 mmol, 1.2 equiv) as starting materials. 

The crude residue was purified by silica-gel column chromatography, hexane: EtOAc (3: 7) to 

obtain compound 3.36 in 95% yield (119 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3263 (N-H stretch), 3040 (C-H stretch), 2833 (C-H stretch), 1618 (C=N stretch), 

1510 (C=C stretch), 1498 (C=C stretch), 1238 (C-O stretch), 1035 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H, H1), 8.51 (s, 1H, -NH), 8.21 (d, J = 5.8 Hz, 1H, 

H3), 7.86 (d, J = 8.9 Hz, 1H, H8), 7.43 (d, J = 5.8 Hz, 1H, H4), 7.24 (dd, J = 8.9, 2.3 Hz, 1H, H7), 

7.23 – 7.18 (m, 2H, H2′,6′), 7.08 (d, J = 2.1 Hz, 1H, H5), 6.99 – 6.94 (m, 2H, H3′,5′), 3.76 (s, 3H, -

OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 155.2 (C4′), 150.9 (C1), 147.3 (C6), 143.1 (C3), 137.5 (C4a), 

134.1 (C1′), 128.9 (C8), 122.9 (C8a), 122.7 (2×C2′ ,6′), 119.7 (C7), 118.7 (C4), 114.7 (C3′, 5′), 102.4 

(C5), 55.2 (-OCH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C16H15O1N2; 251.1179, Found 251.1193. 

N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)acetamide (3.37) 

N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (100 mg, 0.35 

mmol, 1.0 equiv) was dissolved in acetic anhydride (0.5 mL) and 

DMAP (4 mg, 0.04 mmol, 10 mol%) was dissolved in acetic 

anhydride (0.5 mL) before being added to the reaction mixture. The 

reaction was stirred at r.t. for 19 h before being quenched with H2O and extracted with EtOAc 

three times. The combined organic layer was washed with NaHCO3 solution (sat.) four times, 

washed with brine and then dried over Na2SO4. The crude was concentrated in vacuo and dry 

loaded onto silica-gel for purification. The crude residue was purified by silica-gel column 

chromatography, hexane: EtOAc (3: 7) to obtain compound 3.37 in 28% yield 32 mg, brown oil). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2932 (C-H stretch), 2851 (C-H stretch), 1687 (C=O stretch), 1631 (C=N stretch), 

1603 (C=C stretch), 1497 (C=C stretch), 1214 (C-O stretch), 1039 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 9.26 (s, 1H, H1), 8.46 (d, J = 5.4 Hz, 1H, H3), 8.10 (d, J = 8.8 

Hz, 1H, H8),  7.82 – 7.73 overlapping with 7.77 (m (br), 1H, H5), 7.77 (d, J = 5.4 Hz, 1H, H4), 

7.69 – 7.58 overlapping with 7.66 (m (br), 1H, H6′), 7.66 (dd, J = 8.8, 2.1 Hz, 1H, H7), 7.25 (d, J 

= 1.5 Hz, 1H, H3′), 7.06 (dd, J = 8.5, 1.5 Hz, 1H, H5′), 3.82 (s, 3H, -OCH3), 1.98 (s, 3H, -CH3). 
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13C NMR (101 MHz, DMSO-d6) δ 169.8 (C1′′), 159.7 (C4′), 151.8 (C1), 143.4 (C3), 143.3 (C6), 

135.4 (C4a), 133.1 (C1′), 132.1 (C6′), 128.2 (C8), 126.2 (C7), 126.1 (C2′), 121.4 (C8a), 120.2 (C4,5), 

115.4 (C3′), 114.7 (C5′), 55.9 (-OCH3), 23.2 (-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C18H16O2N2Cl1; 327.0895, Found 327.0912. 
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6.5.3 Chapter 4: Compound Characterisation 

2-iodo-N-(2,4,5-trimethoxybenzyl)aniline (4.34) 

To a solution of o-iodoaniline (2.00 g, 10.20 mmol) in MeOH (30 mL) was 

added 2,4,5-trimethoxybenzaldehyde (2.23 g, 10.20 mmol), followed by a 

solution of AcOH (0.9 mL) in MeOH  (5.8 mL) and the reaction stirred at 

r.t. for 45 mins. Formation of a white precipitate required further addition 

of MeOH (30 mL). The reaction mixture was cooled to 0 ℃ and NaCNBH3 (0.90 g, 14.28 mmol) 

was added and stirred for 30 mins after which the precipitate returned to solution. The reaction 

was quenched with sat. NaHCO3 (aq) and the organic solvent removed in vacuo. The residue was 

filtered and washed with water to obtain 4.34 in 84% yield without further purification (3.44 g, 

84 %, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3398 (N-H stretch), 2938 (C-H stretch), 2835 (C-H stretch), 1590 (C=C stretch). 

1204 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 7.60 (dd, J = 7.8, 1.4 Hz, 1H, H2ʹ), 7.15 – 7.11 (m, 1H, H5ʹ), 

6.90 (s, 1H, H6), 6.70 (s, 1H, H3), 6.59 (dd, J = 8.2, 1.2 Hz, 1H, H6ʹ), 6.39 – 6.35 (m, 1H, H4ʹ), 

5.14 (t, J = 6.0 Hz, 1H, -NH), 4.25 (d, J = 6.1 Hz, 2H, -CH2), 3.84 (s, 3H, C2-OCH3), 3.78 (s, 3H, 

C4-OCH3), 3.62 (s, 3H, C5-OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 151.4 (C2), 148.7 (C4), 147.3 (C1ʹ), 142.4 (C5), 138.6 (C3ʹ), 

129.2 (C5ʹ), 118.3 (C4ʹ), 117.7 (C1), 114.1 (C6), 111.1 (C6ʹ), 98.3 (C3), 85.1 (C2ʹ), 56.5 (C5-OCH3), 

56.2 (C2-OCH3), 55.8 (C4-OCH3), 42.0 (-CH2). 

LRMS-ESI: m/z: [M+H]+ Calculated for C16H18INO2; 399.0, Found 399.0. 

All values correspond to literature values195 

N-(2-iodophenyl)-N-(2,4,5-trimethoxybenzyl)acetamide (4.35) 

To a solution of 4.34 (3.00 g, 7.52 mmol), in acetic anhydride (17 mL) 

was added DMAP (92 mg, 0.75 mmol) and the reaction stirred at r.t. for 

19 h under Ar atmosphere. The reaction mixture was diluted with EtOAc 

and washed with water, brine, dried over Na2SO4 and concentrated in 

vacuo to obtain 4.35 in 96% yield without further purification. (3.19 g, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2936 (C-H stretch), 1655 (C=O stretch), 1614 (C=C stretch), 1521 (C=C stretch), 

1210 (C-O stretch), 1031 (C-O stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 7.95 (d, J = 7.9, 1H, H3ʹ), 7.34 – 7.30 (m, 1H, H5ʹ), 7.10 – 7.06 

(m, 1H, H3ʹ), 6.92 (d, J = 7.80, 1H, H6ʹ), 6.79 (s, 1H, H6), 6.55 (s, 1H, H3), 5.10 (d, J = 14.2 Hz, 

1H,  -CH2), 4.23 (d, J = 14.2 Hz, 1H,  -CH2), 3.74 (s, 3H, C4-OCH3), 3.64 (s, 3H, C5-OCH3), 3.46 

(s, 3H, C2-OCH3), 1.68 (s, 3H,-CH3). 

13C NMR (101 MHz, DMSO-d6) δ 168.7 (C1ʹʹ), 151.8 (C2), 149.2 (C4), 144.2 (C1ʹ), 142.3 (C5), 

139.4 (C3ʹ), 130.4 (C6ʹ), 129.8 (C4ʹ), 129.2 (C5ʹ), 115.5 (C1), 115.2 (C6), 101.1 (C2ʹ), 97.9 (C3), 56.3 

(C5-OCH3), 56.0 (C2-OCH3), 55.7 (C4-OCH3), 44.4 (-CH2), 22.7 (-CH3). 

LRMS-ESI: m/z: [M+H]+ Calculated for C18H20INO4; 442.0, Found 442.0. 

All values correspond to literature values195 

1-(7,9,10-Trimethoxy-5(6H)-phenanthridinyl)-ethanone (4.36) 

N-(2-iodophenyl)-N-(2,4,5-trimethoxybenzyl)acetamide (2.50 g, 5.67 

mmol) was stirred in anhydrous DMF (40 mL). Pd(OAc)2 (114 mg, 0.51 

mmol), K2CO3 (1.14 g, 8.28 mmol) and PPh3 (445 mg,  1.70 mmol) were 

added to the reaction mixture and heated to 160 ℃ for 8 h. The reaction 

mixture was filtered over Celite© and the cake washed with EtOAc. The combined organic 

extracts were washed with water, brine, dried over Na2SO4.. The filtrate was concentrated in 

vacuo. And the crude product purified by silica-gel column chromatography, hexane: EtOAc (7: 

3) to obtain compound 4.36 in 80% yield (1.43 g, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2938 (C-H stretch), 1653 (C=O stretch), 1595 (C=C stretch), 1340 (C-N stretch), 

1202 (C-O stretch), 1029 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.30 (dd, J = 7.7, 1.6 Hz, 1H, H1), 7.49 (s (br), 1H, H4), 7.43 – 

7.23 (m, 2H, 2 × H2,3), 6.78 (s, 1H, H8), 5.04 – 4.25 (s (br), 2H, -CH2), 3.88 (s, 3H, C9-OCH3), 

3.86 (s, 3H, C7-OCH3), 3.62 (s, 3H, C10-OCH3), 2.08 (s (br), 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 168.1 (C1ʹ), 152.7 (C9), 150.8 (C7), 140.0 (C10), 138.5 (C4a), 

127.9 (2×C1,2/3), 127.4 (C2/3), 125.8 (C10a/10b), 125.0 (C4), 124.7 (C10a/10b), 116.6 (C6a), 97.8 (C8),  

60.0 (C10-OCH3), 56.1 (C7/9-OCH3), 56.2 (C7/9-OCH3), 38.4 (-CH2), 22.0 (C1ʹ). 

LRMS-ESI: m/z: [M+H]+ Calculated for C18H20NO4; 314.1, Found 314.1. 

All values correspond to literature values195 
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9-Methoxy-7,10-Phenanthridinedione (4.37)  

1-(7,9,10-Trimethoxy-5(6H)-phenanthridinyl)-ethanone (0.70 g, 2.24 

mmol) was  dissolved in a mixture of CH3CN (172 mL) and CHCl3 (9 mL). 

A solution of CAN (4.79 g, 8.74 mmol) in H2O (172 mL) was added to the 

reaction mixture and heated to reflux for 7 h. The reaction mixture was 

filtered over and bed of Celite© and the cake washed with EtOAc. The combined organic extracts 

were washed with water, brine, dried over Na2SO4. The filtrate was concentrated in vacuo to 

obtain 4.37 in 90% yield without further purification (481 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2953 (C-H stretch), 1690 (C=O stretch), 1647 (C=O stretch), 1619 (C=C stretch), 

1338 (C=N stretch). 1016 (C-O stretch). 

1H NMR (500 MHz, DMSO-d6) δ 9.48 (s, 1H, H6), 9.29 (d, J = 8.9 Hz, 1H, H1), 8.18 (d, J = 8.3 

Hz, 1H, H4), 7.99 – 7.95 (m, 1H, H3), 7.91 – 7.88 (m, 1H, H2), 6.41 (s, 1H, H8), 3.93 (s, 3H, -

OCH3). 

13C NMR (126 MHz, DMSO-d6) δ 184.8 (C7), 182.1 (C10), 161.0 (C9), 150.8 (C4a), 147.0 (C6), 

131.8 (C3), 131.4 (C10a), 130.5 (C2), 129.9 (C4), 126.9 (C1), 122.5 (C6a), 121.6 (C10b), 107.4 (C8), 

56.9 (-OCH3) 

LRMS-ESI: m/z: [M+H]+ Calculated for C14H10NO3; 240.1, Found 240.2. 

All values correspond to literature values195 

N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (4.41) 

 To a solution of o-iodoaniline (1.35 g, 6.15 mmol) in MeOH (18 mL), 4-

bromo-2,5-dimethoxybenzaldehyde (1.50 g, 6.15 mmol) and AcOH (0.53 

mL) in MeOH (4 mL) were added, and the reaction stirred at r.t. for 30 mins. 

The reaction mixture was cooled to 0 °C and NaCNBH3 (0.54 g, 8.61 mmol) 

was added and the reaction stirred at 0 °C for 30 mins. The reaction was warmed to r.t. and stirred 

for 1 h before being quenched with sat. NaHCO3 (aq). The solvent was removed in vacuo and the 

solution filtered. The precipitate was washed with water and pulled dry under vacuum to to obtain 

4.41 in 89% yield (2.44 g, white solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3402 (N-H stretch), 2997 (C-H stretch), 2840 (C-H stretch), 1591 (C=C stretch), 

1492 (C=C stretch), 1217 (C-O stretch), 1038 (C-O stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 7.62 (dd, J = 9.7, 1.5 Hz, 1H, H6ʹ), 7.22 (s, 1H, H3), 7.14 – 7.10 

(m, 1H, H4ʹ), 7.03 (s, 1H, H6), 6.54 (dd, J = 8.2, 1.3 Hz, 1H, H3ʹ), 6.40 – 6.36 (m, 1H, H5ʹ), 5.33 

(t, J = 6.2 Hz, 1H, -NH,), 4.31 (d, J = 6.3 Hz, 2H, -CH2), 3.83 (s, 3H, C2-OCH3), 3.68 (s, 3H, C5-

OCH3).  

13C NMR (101 MHz, DMSO-d6) δ 151.9 (C2), 149.9 (C5), 147.6 (C1ʹ), 139.3 (C6ʹ), 129.7 (C4ʹ), 

128.0 (C1), 119.0 (C5ʹ), 116.3 (C3), 113.7 (C6), 111.7 (C3ʹ), 109.3 (C4), 57.1 (C5-OCH3), 56.8 (C2-

OCH3), 42.6 (-CH2) 

HRMS-ESI Exact mass calculated for [M + H]+ (C15H15BrINO2) requires m/z 447.9404, found 

447.9400. 

N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (4.42) 

N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (2.08 g, 4.64 mmol) was 

stirred in a solution of  acetic anhydride (10 mL) and DMAP (55 mg, 10 

mol %) at r.t. for 19 h. The reaction was diluted with water and extracted 

with DCM. The combined organic phases were washed with water, brine 

and dried over Na2SO4. The filtrate was concentrated in vacuo to obtain 4.42 in 87% yield (1.98 

g, white solid).  

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2925 (C-H stretch), 2826 (C-H stretch), 1649 (C=O stretch), 1510 (C=C stretch), 

1469 (C=C stretch), 1047 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 7.96 (dd, J = 7.9, 1.3 Hz, 1H, H3ʹ), 7.38 – 7.33 (m, 1H, H5ʹ), 

7.12 – 7.08 (m, 2H, 2 × H3ʹ,3), 7.04 (dd, J = 7.8, 1.5 Hz, 1H, H6ʹ), 6.96 (s, 1H, H6), 5.10 (d, J = 

14.5 Hz, 1H, -CH2), 4.28 (d, J = 14.5 Hz, 1H, -CH2), 3.74 (s, 3H, C5-OCH3), 3.49 (s, 3H, C2-

OCH3), 1.71 (s, 3H, -CH3).  

13C NMR (101 MHz, DMSO-d6) δ 169.0 (C1ʹʹ), 151.6 (C2), 149.2 (C5), 144.2 (C1ʹ), 139.6 (C3ʹ), 

130.4 (C6ʹ), 129.9 (C4ʹ), 129.3 (C5ʹ), 124.9 (C1), 115.9 (C3), 114.9 (C6), 109.8 (C4), 101.0 (C2ʹ), 

56.6 (C5-OCH3), 56.0 (C2-OCH3), 45.1 (-CH2), 22.6 (C1ʹʹ-CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C17H17BrlNO3) requires m/z 489.9509, found 

489.9502. 
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1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (4.43) 

 N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (488 mg, 

1.00 mmol) was dissolved in dry DMF (10 mL) in a 10 – 20 mL microwave 

vial. Pd(OAc)2 (22 mg, 0.10 mmol), K2CO3 (276 mg, 2.00 mmol), and PPh3 

(78 mg, 0.30 mmol) were charged and the vial was capped, evacuated and 

purged with argon 3 times and heated at 160 °C for 1 h under microwave irradiation in a Biotage® 

Microwave. The crude mixture was diluted with EtOAc and washed with LiCl (5% w/v, aq), brine 

and dried over Na2SO4. The filtrate was concentrated in vacuo and the crude residue was purified 

by silica-gel column chromatography, petroleum ether (40 – 60 °C): EtOAc (85: 15) to obtain 

compound 4.43 in 46% yield (170 mg, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 2932 (C-H stretch), 2846 (C-H stretch), 1659 (C=O stretch), 1450 (C=C stretch), 

1243 (C-O stretch), 1033 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 8.34 (dd, J = 7.9, 1.5 Hz, 1H, H1), 7.55 (d, J = 5.4 Hz, 1H, H4), 

7.46 – 7.32 (m, 2H, H2,3), 7.29 (s, 1H, H8), 5.18 – 4.33 (s (br), 2H, -CH2), 3.85 (s, 3H, C7-OCH3), 

3.53 (s, 3H, C10-OCH3), 2.09 (s, 3H, -CH3). 

13C NMR (101 MHz, DMSO-d6) δ 168.4 (C1ʹʹ), 151.4 (C7), 147.6 (C10), 138.4 (C4a), 128.8 (C2/3), 

127.4 (C1), 126.7 (C6a), 126.3 (C2/3), 126.2 (C10a/10b), 126.0 (C10a/10b), 125.2 (C4), 116.9 (C9), 114.8 

(C8), 60.3 (C10-OCH3), 56.4 (C7-OCH3), 38.4 (-CH2), 22.0 (C1ʹ). 

HRMS-ESI Exact mass calculated for [M + H]+ (C17H17O3NBr) requires m/z 362.0386, found 

362.0392. 

9-bromophenanthridine-7,10-dione (4.44) 

1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (400 mg, 

1.11 mmol) was dissolved in CH3CN (11 mL) and CHCl3 (2 mL) and heated 

to 50 °C. A solution of CAN (4.86 g, 8.86 mmol), in H2O (84 mL) was added 

and he reaction heated to reflux for 14 h. The reaction was cooled and 

extracted with CHCl3 before being washed with water, brine and dried over Na2SO4. The filtrate 

was concentrated in vacuo and the crude residue was purified by silica-gel column 

chromatography, petroleum ether (40 – 60 °C): EtOAc (90: 10) to obtain compound 4.44 in 78% 

yield (248 mg, orange solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2923 (C-H stretch), 1675 (C=O stretch), 1655 (C=O stretch), 1601 (C=N stretch). 
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1H NMR (400 MHz, DMSO-d6) δ 9.45 (s, 1H, H6), 9.28 (d, J = 8.7 Hz, 1H, H1), 8.20 (d, J = 8.5 

Hz, 1H, H4), 8.03 – 7.97 (m, 1H, H3), 7.95 – 7.88 (m, 1H, H2), 7.80 (s, 1H, H8). 

13C NMR (101 MHz, DMSO-d6) δ 183.0 (C10), 180.1 (C7), 150.9 (C4a), 147.0 (C6), 140.4 (C9), 

137.7 (C8), 132.2 (C10a), 132.0 (C4), 130.6 (C2), 130.0 (C4), 127.1 (C1), 122.8 (C6a), 121.8 (C10b).  

HRMS-ESI Exact mass calculated for [M + H]+ (C13H7O2NBr) requires m/z 287.9655, found 

287.9670. 

N-(4-bromo-2,5-dimethoxybenzyl)-2,2-dimethoxyethan-1-amine (4.50) 

To a solution of aminoacetaldehyde dimethyl acetal (0.67 mL, 6.15 mmol) 

in MeOH (18 mL), 4-bromo-2,5-dimethoxybenzaldehyde (1.50 g, 6.15 

mmol) and AcOH (0.53 mL) in MeOH (4 mL) were added, and the reaction 

stirred at rt for 30 mins. The reaction mixture was cooled to 0 °C and 

NaCNBH3 (0.54 g, 8.61 mmol) was added and the reaction stirred at 0 °C for 30 mins. The 

reaction was warmed to r.t. and stirred for 1 h before being quenched with sat. NaHCO3 (aq). The 

solvent was removed in vacuo and the solution filtered. The filtrate was washed with water, brine, 

dried over Na2SO4 and concentrated in vacuo to obtain 4.50 in 74% yield without further 

purification (1.51 g, yellow oil). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2943 (C-H stretch), 2840 (C-H stretch), 1496 (C=C stretch), 1460 (C=C stretch), 

1213 (C-O stretch), 1038 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 7.15 (s, 1H, H3), 7.13 (s, 1H, H6), 4.39 (t, J = 5.4 Hz, 1H, H2ʹ), 

3.79 (s, 3H, C5-OCH3), 3.75 (s, 3H, C2-OCH3), 3.64 (s, 2H, H1ʹʹ), 3.24 (s, 6H, 2 ×C2ʹʹ-OCH3), 2.57 

(d, J = 5.4 Hz, 2H, H1ʹʹ).  

13C NMR (101 MHz, DMSO-d6) δ 151.4 (C2), 149.3 (C5), 129.2 (C1), 115.5 (C3), 113.7 (C6), 

108.2 (C4), 103.5 (C2ʹ), 56.5 (C5-OCH3), 56.1 (C2-OCH3), 53.1 (2 ×-OCH3), 50.0 (C1ʹ), 47.2 (C1ʹʹ). 

HRMS-ESI Exact mass calculated for [M + H]+ (C13H20BrNO4) requires m/z 334.0648, found 

[M + H]+ m/z 334.0654. 

N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)benzenesulfonamide (4.51) 

To a solution of compound 4.50 (1.00 g, 3.00 mmol) dissolved in THF 

(30 mL) was added 2.5 % Na2CO3 (16 mL) and benzenesulfonyl 

chloride (0.39 mL, 3.0 mmol) and the reaction was stirred at r.t. for 19 

h. The reaction mixture was extracted with DCM and washed with 
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water, brine and dried over Na2SO4. The filtrate was concentrated in vacuo and purified by silica 

gel flash-column chromatography, petroleum ether (40 – 60 °C): EtOAc (85: 15) to obtain 

compound 4.51 in 95% yield (1.35 g, colourless oil). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2943 (C-H stretch), 2826 (C=H stretch), 1451 (C=C stretch), 1343 (S=O stretch), 

1217 (S=O stretch), 1047 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 7.82 – 7.78 (m, 2H, 2 × H2ʹ,6ʹ), 7.70 – 7.65 (m, 1H, H4ʹ), 7.62 

– 7.57 (m, 2H, 2 ×H3ʹ,5ʹ), 7.14 (s, 1H, H3), 6.93 (s, 1H, H6), 4.34 (s, 2H, H1ʹʹ), 4.33 (t, J = 5.6 Hz, 

1H, H2ʹʹ), 3.69 (s, 3H, C2/5-OCH3), 3.68 (s, 3H, C2/5-OCH3), 3.26 (d, J = 4.3 Hz, 2H, H2ʹʹ), 3.16 (s, 

6H, 2 × -OCH3). 

13C NMR (101 MHz, DMSO-d6) δ 151.1 (C2), 149.2 (C5), 139.4 (C1ʹ), 132.8 (2×C5ʹ,3ʹ), 129.3 

(C4ʹ), 126.9 (2×C2ʹ,6ʹ), 124.9 (C1), 115.6 (C3), 113.6 (C6), 109.5 (C4), 102.7 (C2ʹʹ), 56.5 (C2/5-

OCH3), 56.1 (C2/5-OCH3), 53.7 (2×C2ʹʹ-OCH3), 49.8 (C1ʹʹ), 47.2 (C1ʹʹʹ). 

HRMS-ESI Exact mass calculated for [M + H]+ (C19H25BrNO6S) requires m/z 474.0580, found 

[M + H]+ m/z 474.0570. 

N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)-2-nitrobenzenesulfonamide (4.58) 

 4.50 (0.50 g, 1.50 mmol) was dissolved in anhydrous DCM (12 mL). 

10 % Na2CO3 (aq) (8 mL) was added and the solution stirred for 1 h. 2-

Nitrophenylsulfonyl chloride (0.22 g, 1.27 mmol) was added dropwise 

and the reaction stirred for a further 19 h at r.t. The reaction mixture 

was washed with water, brine, dried over Na2SO4 and the filtrate 

concentrated in vacuo. The crude residue was purified by silica gel flash-column chromatography, 

petroleum ether (40 – 60 °C): EtOAc (80: 20) to obtain compound 4.58 in 75% yield (0.58 g, 

yellow solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2934 (C-H stretch), 1537 (C-N stretch), 1501 (C=C stretch), 1447 (C=C stretch), 

1213 (C-O stretch), 1060 (C-O stretch). 

1H NMR (500 MHz, DMSO-d6) δ 7.98 – 7.95 (m, 2H, 2 × H3ʹ,6ʹ), 7.89 – 7.83 (m, 1H, H4ʹ), 7.79 

– 7.75 (m, 1H, H5ʹ), 7.16 (s, 1H, H6), 6.82 (s, 1H, H3), 4.52 (s, 2H, H1ʹʹ), 4.40 (t, J = 5.3 Hz, 1H, 

H2ʹʹ), 3.69 (s, 3H, C2-OCH3), 3.64 (s, 3H, C5-OCH3), 3.37 (d, J = 5.3 Hz, 2H, H1ʹʹ), 3.20 (s, 6H, 

2 × C2ʹʹ-OCH3). 
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13C NMR (126 MHz, DMSO-d6) δ 151.7 (C2), 149.7 (C5), 134.9 (C1ʹ), 132.8 (C5ʹ), 132.7 (C4ʹ), 

130.4 (C6ʹ), 124.7 (C1), 124.3 (C3ʹ), 116.3 (C6), 113.8 (C3), 110.3 (C4), 103.2 (C2ʹʹ), 56.8 (C2/5-

OCH3), 56.6 (C2/5-OCH3), 54.6 (2 × C2ʹʹ-OCH3), 49.8 (C1ʹʹ), 47.3 (C1ʹʹʹ). 

LRMS-ESI: m/z: [M+H]+ Calculated for C19H23N2BrO8S; 519.0, Found 519.0 

6-Bromo-3-chloro-5,8-dimethoxy-2-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline (4.61) 

To a cooled solution (– 78 ℃) of 4.51 (0.11 g, 0.23 mmol) in anhydrous 

DCM (2 mL) was slowly added a cooled solution (– 78 ℃) of 

chlorosulfonic acid (0.12 mL) in DCM (0.52 mL). The reaction was 

stirred at – 78 ℃ under Ar for 1 h and allowed to warm to r.t. of 2 h. 

The reaction was quenched with water, washed with sat. NaHCO3 (aq), 

brine, dried over Na2SO4 and the filtrate concentrated in vacuo. The crude residue was purified 

by silica gel flash-column chromatography, petroleum ether (40 – 60 °C): EtOAc (70: 30) to 

obtain compound 4.61 in 70% yield (72 mg, cream solid). 

1H NMR (400 MHz, DMSO-d6) δ 7.87 – 7.82 (m, 2H, 2 × H2ʹ,6ʹ), 7.76 – 7.71 (m, 1H, H4ʹ), 7.70 

– 7.64 (m, 2H, 2 × H3ʹ,5ʹ), 7.26 (s, 1H, H7), 5.53 – 5.51 (m, 1H, H3), 4.50 (d, J = 17.2 Hz, 1H, H1), 

4.10 (d, J = 12.4 Hz, 1H, H4), 3.84 (s, 3H, C5-OCH3), 3.81 (s, 3H, C8-OCH3), 3.51 (d, J = 16.4 

Hz, 1H, H1), 3.11 (dd, J = 13.4, 2.2 Hz, 1H, H4). 

13C NMR (126 MHz, DMSO-d6) δ 151.8 (C8), 148.1 (C5), 135.8 (C1ʹ), 133.5 (C4ʹ), 129.7 (2×C3ʹ,5ʹ), 

129.5 (C4a), 127.4 (2×C2ʹ,6ʹ), 120.7 (C8a), 115.3 (C7), 114.7 (C6), 61.5 (C5-OCH3), 56.3 (C8-OCH3), 

50.6 (C3), 50.0 (C4), 42.4 (C1). 

HRMS-ESI Exact mass calculated for [M + H]+ (C17H18BrClNO4S) requires m/z 445.9823, found 

445.9781. 

N-(4-bromo-2,5-dimethylbenzyl)-2,2-diethoxyethan-1-amine (4.66)209 

Aminoacetaldehyde diethyl acetal (1.78 mL, 12.25 mmol), 4-bromo-

2,5-dimethylbenzaldehyde (0.52 g, 2.45 mmol) and NaCNBH3 (0.20 g, 

3.19 mmol) were charged to a 2 – 5 mL microwave vial and EtOH (5 

mL) added. The vial was sealed and heated in a Biotage© Microwave 

to 130 °C for 10 mins. The solvent was removed in vacuo and the crude residue purified by silica 

gel flash-column chromatography, petroleum ether (40 – 60 °C): EtOAc (80: 20) to obtain 

compound 4.66 in 60% yield (0.49 g, colourless oil). 
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IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2979 (C-H stretch), 1491 (C=C stretch), 1376 (C-H bend), 1117 (C-O stretch), 

1061 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 7.34 (s, 1H, H3), 7.25 (s, 1H, H6), 4.52 (t, J = 5.6 Hz, 1H, H2ʹ), 

3.61 (s, 2H, H1ʹ), 3.57 (q, J = 7.1 Hz, 2H, H1ʹʹ), 3.46 (q, J = 7.1 Hz, 2H, H1ʹʹ), 2.58 (d, J = 5.6 Hz, 

2H, H1ʹ), 2.28 (s, 3H, C5-CH3), 2.22 (s, 3H, C2-CH3), 1.10 (t, J = 7.1 Hz, 6H, H2ʹʹ). 

13C NMR (101 MHz, DMSO-d6) δ 138.4 (C2), 136.1 (C1), 133.9 (C5), 133.0 (C3), 131.0 (C6), 

121.8 (C4), 101.8 (C2ʹ), 61.6 (C1ʹʹ), 51.3 (C1ʹ), 50.0 (C1ʹʹ), 22.0 (C5-CH3), 17.7 (C2-CH3), 15.4 

(2×C2ʹʹ). 

LRMS-ESI m/z: [M+H]+ Calculated for (C15H25BrNO2); 330.1, Found 330.2. 

2-(2-chloro-4-hydroxyphenyl)isoindoline-1,3-dione (4.70)  

4-Amino-3-chlorophenol (10.0 g, 69.65 mmol) and 1, 2-

benzenedicarboxylic anhydride (13.4 g, 90.55 mmol) were heated in 

acetic acid (400 mL) to 120 °C for 19 h. The reaction mixture was 

quenched with water and the precipitate isolated by filtration to obtain 

4.70 in 93% yield (17.8 g, purple solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3505 (O-H stretch), 2889 (C-H stretch), 2777 (C-H stretch), 1721 (C=O stretch), 

1694 (C=O stretch), 1384 (C-H bend), 1096 (C-O stretch). 

1H NMR (500 MHz, MeOD-d4) δ 10.33 (s, 1H, -OH), 7.99 – 7.90 (m, 4H, 4 × H5-7) 7.25 (d, J = 

8.7, 1H, H6ʹ) 7.03 (d, J = 2.6 Hz, 1H, H3ʹ), 6.88 (dd, J = 8.7, 2.7 Hz, 1H, H5ʹ). 

13C NMR (125 MHz, MeOD-d4) δ 168.7 (C1,3), 160.7 (C4ʹ), 135.9 (C3a,7a), 134.8 (C2ʹ), 133.2 (C1ʹ), 

132.7 (2×C5,6), 124.7 (2×C4,7), 122.0 (C6ʹ), 117.5 (C3ʹ), 115.9 (C5ʹ). 

HRMS-ESI Exact mass calculated for [M + H]+ (C14H8ClNO3) requires m/z 274.0265 , found [M 

+ H]+ m/z 274.0269. 

2-Chloro-4-[2-(dimethylamino)ethoxy]aniline (4.71) 

2-Chloro-N,N-dimethylethylamine hydrochloride (10.0 g, 69.43 mmol) 

was stirred vigorously in a mixture of water (43 mL), toluene (15 mL) 

and NaOH aq (30% w/v, 8 mL) for 1 h. The organic layer was extracted 

for use in the next step. To a solution of compound 4.70 (2.00g, 7.31 mmol), K2CO3 (3.03 g, 21.92 

mmol) and TBAB (25 mg, 0.08 mmol) in EtOAc (30 mL), 2-Chloro-N,N-dimethylethylamine in 
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toluene (8 mL) was added and the reaction heated to 80 °C for 4 h. The reaction mixture was 

concentrated in vacuo and passed through a silica plug to obtain the alkylated intermediate 

without further purification. A portion of the crude residue (1.2 g, 3.48 mmol) obtained was re-

dissolved in a solution of EtOH (20 mL) and DCM (4 mL) before hydrazine monohydrate (0.33 

mL) was added. The reaction was stirred at r.t. for 2 h and the reaction was filtered. The filtrate 

was concentrated in vacuo to obtain 4.71 in 75% overall yield (0.71 g, yellow oil). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3334 (N-H stretch), 3198 (N-H stretch), 2947 (C-H stretch), 2778 (C-H stretch), 

1605 (N-H stretch), 1504 (N-H stretch), 1212 (C-O stretch), 1039 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 6.83 (d, J = 2.8 Hz, 1H, H3), 6.74 (d, J = 8.5 Hz, 1H, H6), 6.69 

(dd, J = 8.5, 2.6 Hz, 1H, H5), 4.83 (s, 2H, -NH2), 3.91 (t, J = 5.9 Hz, 2H, H1ʹ), 2.55 (t, J = 5.9 Hz, 

2H, H2ʹ), 2.33 (s, 6H, 2 × -CH3).  

13C NMR (125 MHz, MeOD-d4) δ 153.0 (C4), 139.1 (C1), 120.8 (C2), 118.3 (C6), 116.5 (C5), 

116.0 (C3), 67.5 (C1ʹ), 59.2 (C2ʹʹ), 44.4 (2 × -CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C10H15ClN2O) requires m/z 215.0946, found 

[M + H]+  m/z 215.0947. 

2-(2-(dimethylamino)ethoxy)-5H-benzo[b]carbazole-6,11-dione (4.72) 

The reaction was carried out according to general procedure D 

using 2-bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1 

equiv) and 2-chloro-4-[2-(dimethylamino)ethoxy]aniline (0.124 

g, 0.60 mmol) as starting materials. The crude residue was 

purified by silica-gel column chromatography, DCM: MeOH (100: 8) to obtain compound 4.72 

in 63% yield (108 mg, orange solid).   

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3541 (N-H stretch), 2928 (C-H stretch), 2876 (C-H stretch), 1712 (C=O stretch), 

1643 (C=O stretch), 1596 (C=C stretch), 1223 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 13.1 (s, 1H, -NH), 8.14 – 8.08 (m, 2H, 2 × H7,10), 7.91 – 7.85 

(m, 1H, H9), 7.85 – 7.82 (m, 1H, H8), 7.72  (d, J = 2.4 Hz, 1H, H1), 7.56 (d, J = 9.0 Hz, 1H, H4), 

7.18 (dd, J = 9.0, 2.5 Hz, 1H, H3), 4.42 (t, J = 5.0 Hz, 2H, H1ʹ), 2.74 (t, J = 5.0 Hz, 2H, H2ʹ), 2.29 

(s, 6H, 2 × -CH3).  
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13C NMR (101 MHz, DMSO-d6) δ 180.2 (C11), 177.4 (C6), 155.2 (C2), 137.5 (C5a), 134.4 (C9) 

134.2 (C10a), 133.8 (C8), 133,4 (C4a), 132.8 (C6a), 126.2 (2×C7,10), 124.7 (C11b), 118.4 (C3), 117.1 

(C11a), 115.2 (C4), 104.0 (C1), 62.7 (C1ʹ), 57.7 (C2ʹ), 45.6 (2 × -CH3) .  

HRMS-ESI Exact mass calculated for [M + H]+ (C20H18N2O3) requires m/z 335.1390, found [M 

+ H]+ m/z 335.1394. 

2-((7H-pyrido[3,4-c]carbazol-10-yl)oxy)-N,N-dimethylethan-1-amine (4.73) 

The reaction was carried out according to general procedure D using 

6-bromoisoquinoline (104 mg, 0.50 mmol), and 2-chloro-4-[2-

(dimethylamino)ethoxy]aniline (124 mg, 0.60 mmol) as starting 

materials. The crude residue was purified by silica-gel column 

chromatography, DCM: MeOH (85: 15) to obtain compound 4.73 in 

28% yield (108 mg, cream solid).   

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 2921 (C-H stretch), 1616 (C=N stretch), 1459 (C=C stretch), 1031 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 12.00 (s, 1H, -NH), 9.30 (s, 1H, H4), 8.67 – 8.55 (m, 2H, H1,2), 

8.05 (d, J = 2.1 Hz, 1H, H11), 8.03 (d, J = 9.0 Hz, 1H, H5), 7.85 (d, J = 9.0 Hz, 1H, H6), 7.60 (d, 

J = 8.8 Hz, 1H, H8), 7.13 (dd, J = 8.8, 2.1 Hz, 1H, H9), 4.30 (t, J = 5.7 Hz, 1H, H2ʹ), 2.83 (t, J = 

5.7 Hz, 1H, H1ʹ), 2.37 (s, 6H, 2×-CH3). 

13C NMR (101 MHz, DMSO-d6) δ 153.2 (C10), 152.1 (C4), 144.2 (C1), 140.1 (C6a), 133.7 (C7a), 

132.2 (C11c), 126.0 (C5), 123.7 (C11b), 123.1 (C11a), 116.6 (C2), 115.1 (C6), 114.9 (C9), 112.7 (C8), 

112.3 (C4a), 104.9 (C11), 66.2 (C2ʹ), 57.8 (C1ʹ), 45.4 (2×-CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C19H20O1N3) requires m/z 306.1601, Found 

306.1608. 

2-(2-hydroxyethoxy)-5H-benzo[b]carbazole-6,11-dione (4.75) 

The reaction was carried out according to general procedure D 

using 2-bromonaphthalene-1,4-dione (119 mg, 0.50 mmol, 1 

equiv) and 2-(4-amino-3-chlorophenoxy)ethan-1-ol (0.112 g, 0.60 

mmol) as starting materials. The crude residue was purified by 

silica-gel column chromatography, DCM: MeOH (100: 1) to obtain compound 4.75 in 30% yield 

(46 mg, red solid).   
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IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3461 (O-H stretch), 3230 (N-H stretch), 2938 (C-H stretch), 1640 (C=O stretch), 

1588 (C=O stretch), 1242 (C-O stretch), 1018 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 13.04 (s, 1H, -NH), 8.14 – 8.07 (m, 2H, H7,10), 7.90 – 8.84 (m, 

1H, H9), 7.84 – 7.78 (m, 1H, H8), 7.62 (d, J = 2.5 Hz, 1H, H1), 7.50 (d, J = 9.0 Hz, 1H, H4), 7.11 

(dd, J = 9.0, 2.5 Hz, 1H, H3), 4.94 (t, J = 5.6 Hz, 1H, -OH), 4.07 (t, J = 5.6 Hz, 1H, H1ʹ), 3.82 – 

3.73 (m, 2H, H2ʹ). 

13C NMR (101 MHz, DMSO-d6) δ 180.4 (C11), 177.3 (C6), 156.4 (C2), 137.1 (C5a), 134.3 

(2×C9,10a), 133.5 (C8), 133,4 (C4a), 132.8 (C6a), 126.2 (2×C7,10), 124.9 (C11b), 118.4 (C3), 117.1 

(C11a), 115.2 (C4), 104.0 (C1), 70.0 (C2ʹ), 59.6 (C1ʹ). 

HRMS-ESI Exact mass calculated for [M + H]+ (C18H14O4N) requires m/z 308.0917, Found 

308.0916. 

N-(2-chloro-4-(2-(dimethylamino)ethoxy)phenyl)-1,4-dimethylnaphthalen-2-amine (4.78) 

2-bromo-1,4-dimethylnaphthalene (255 mg, 1.09 mmol), 2-

chloro-4-[2-(dimethylamino)ethoxy]aniline (280 mg, 1.30 

mmol), Pd(OAc)2
 (12 mg, 0.05 mmol), HPtBu3BF4 (32 mg, 0.11 

mmol), and NaOtBu (208 mg, 2.17 mmol), were charged to a 10 – 20 mL microwave vial and 1,4-

dioxane (11 mL) added. The vial was sealed, purged with Ar (g) three times and heated to 120 °C 

for 1 h. The reaction was concentrated in vacuo and the crude residue purified by silica-gel column 

chromatography, DCM: MeOH (100: 8) to obtain compound 4.78 in 85% yield (340 mg, brown 

oil).  

1H NMR (400 MHz, DMSO-d6) δ 7.97 (d, J = 8.4 Hz, 1H, H5), 7.92 (d, J = 8.2 Hz, 1H, H8), 7.54 

– 7.47 (m, 1H, H7), 7.44 – 7.37 (m, 1H, H6), 7.08 (d, J = 2.8 Hz, 1H, H3ʹ), 7.03 (s, 1H, -NH), 6.94 

(s, 1H, H3), 6.80 (dd, J = 8.9, 2.8 Hz, 1H, H5ʹ), 6.67 (d, J = 8.9, 2.8 Hz, 1H, H6ʹ), 4.00 (t, J = 5.8 

Hz, 2H, H1ʹʹ), 2.59 (t, J = 5.8 Hz, 1H, H2ʹʹ), 2.53 (s, 3H, C4-CH3), 2.40 (s, 3H, C1-CH3), 2.20 (s, 

6H, 2×-CH3). 

13C NMR (101 MHz, DMSO-d6) δ 153.0 (C4ʹ), 138.6 (C2), 135.4 (C1ʹ), 133.6 (C8a), 132.4 (C1), 

128.9 (C4a), 126.0 (C7), 124.5 (C8), 124.1 (C2ʹ), 124.0 (C5), 123.5 (C6), 122.5 (C3), 120.7 (C6ʹ), 

120.0 (C4), 115.6 (C3ʹ), 114.6 (C5ʹ), 66.4 (C1ʹʹ), 57.7 (C2ʹʹ), 45.6 (2×-NCH3), 19.1 (C4-CH3), 12.8 

(C1-CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C22H26ON2Cl) requires m/z 369.1728, Found 

369.1728. 
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2-((6,11-dimethyl-5H-benzo[b]carbazol-2-yl)oxy)-N,N-dimethylethan-1-amine (4.68) 

Compound 4.78 (180 mg, 0.49 mmol), was dissolved in DMSO 

(30 mL) and NaOtBu (94 mg, 0.98 mmol) was added. The mixture 

was separated into six vials (5 mL) and submitted to UV-

irradiation (400 W UV-A flood lamp, 320 nm – 400 nm) for 1 h. 

The vials were combined and the reaction mixture passed through a RP-silica plug to obtain 4.68 

in 19% yield without further purification (30 mg, white solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1) 3422 (N-H stretch), 2949 (C-H stretch), 2828 (C-H stretch), 1629 (C-N stretch), 

1478 (C=C stretch) 1563 (C=C stretch), 1227 (C-O stretch), 1029 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 10.87 (s, -NH), 8.32 (d, J = 8.5 Hz, 1H, H10), 8.10 (d, J = 8.6 

Hz, 1H, H7),  7.86 (d, J = 2.3 Hz, 1H, H1), 7.54 – 7.48 (m, 1H, H8), 7.43 – 7.37 (m, 1H, H9), 7.42 

(d, J = 8.6 Hz, 1H, H4), 7.15 (dd, J = 8.6, 2.3 Hz), 4.17 (t, J = 5.9 Hz, 2H, H2′), 3.16 (s, 3H, C11-

CH3), 2.80 (s, 3H, C6-CH3), 2.67 (t, J = 5.9 Hz, 2H, H1ʹ), 2.26 (s, 6H, 2×-NCH3). 

13C NMR (101 MHz, DMSO-d6) δ 151.9 (C2), 138.9 (C5a), 137.5 (C4a), 130.7 (C6a), 126.4 (C10a), 

125.9 (C11), 124.6 (C10), 124.4 (C8), 123.8 (C11b), 123.4 (C7), 122.8 (C11a), 121.6 (C9), 115.3 (C3), 

110.8 (C4), 108.9 (C1), 108.7 (C6), 66.8 (C2ʹ), 58.1 (C1ʹ), 45.7 (2×-NCH3), 15.1 (C11-CH3), 12.7 

(C6-CH3). 

HRMS-ESI Exact mass calculated for [M + H]+ (C22H25ON2) requires m/z 333.1961, Found 

333.1966. 

2-((5,8-dimethyl-9H-carbazol-3-yl)oxy)-N,N-dimethylethan-1-amine (4.82) 

The reaction was carried out according to general procedure D using 

2-bromo-p-xylene (93 mg, 0.50 mmol, 1.0 equiv) and 2-chloro-4-(2-

(dimethylamino)ethoxy)aniline (128 mg, 0.60 mmol, 1.2 equiv) as 

starting materials and HPtBu3BF4 (14.5 mg, 10 mol%). The crude 

residue was purified by silica-gel column chromatography, DCM: MeOH (100:3) to obtain 

compound 4.82 in 22% yield (31 mg, brown solid). 

IR 𝒗ഥ𝒎𝒂𝒙 (cm-1): 3857 (N-H stretch), 2925 (C-H stretch), 1523 (C=C stretch), 1465 (C-H stretch), 

1057 (C-O stretch). 

1H NMR (400 MHz, DMSO-d6) δ 11.04 (s, -NH), 7.67 (d, J = 2.4 Hz, 1H, H4), 7.46 (d, J = 8.7 

Hz, 1H, H1), 7.12 (dd, J = 8.7, 2.4 Hz), 7.06 (d, J = 7.2 Hz, 1H, H7), 6.82 (d, J = 7.2 Hz, 1H, H6), 
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4.40 (t, J = 5.1 Hz, 2H, H2′), 3.44 (t, J = 5.1 Hz, 2H, H1′), 2.82 (s, 6H, -N(CH3)2), 2.77 (s, 3H, C5-

CH3), 2.50 (s, 3H, C8-CH3). 

 13C NMR (101 MHz, DMSO-d6) δ 151.1 (C3), 139.8 (C8a), 135.2 (C9a), 129.6 (C5), 125.8 (C7), 

123.6 (C4a), 120.3 (C4b), 119.6 (C6), 117.5 (C8), 114.1 (C2), 111.4 (C1), 107.0 (C4) 63.7 (C2′), 56.0 

(C1′), 41.2 ((-NCH3)2), 20.2 (C5-CH3), 16.7 (C8-CH3). 

HRMS-ESI: m/z: [M+H]+ Calculated for C18H23O1N2; 283.1805, Found 283.1812. 

6.6 DFT Experimental 

All the calculations are carried out with Gaussian 09 program and visualized in Gaussview v05. 

All calculations were carried out with the DFT B3LYP method with the 6-31G+G(d,p) basis set 

and optimized to a minimum.  

6.6.1 Compound 7a 

E = -1262.49949229 a.u. 

HOMO = -0.20496 eV  LUMO = -0.05912 eV   

Row Symbol X Y Z 

1 C 1.670868 -0.93267 0.486367 

2 C 1.416851 0.408982 0.166901 

3 C 2.53866 1.206679 -0.14782 

4 C 3.829314 0.697554 -0.15984 

5 C 4.048663 -0.65599 0.128385 

6 C 2.959309 -1.47128 0.454537 

7 H 0.843682 -1.56767 0.782962 

8 H 4.67236 1.33442 -0.40047 

9 H 3.09454 -2.51611 0.705869 

10 N 0.136562 0.972618 0.204509 

11 H 0.097455 1.952115 0.44821 

12 C -1.09291 0.342981 0.013535 

13 C -2.23548 0.891807 0.58484 

14 C -1.21284 -0.81598 -0.81541 

15 C -3.50986 0.319757 0.359823 

16 H -2.1528 1.770184 1.220596 
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17 C -2.44105 -1.39222 -1.03314 

18 H -0.33014 -1.22011 -1.29722 

19 C -4.71634 0.828073 0.914101 

20 C -3.61906 -0.85058 -0.45315 

21 H -2.52128 -2.2665 -1.67426 

22 C -5.90672 0.187833 0.649345 

23 H -4.69806 1.71403 1.542787 

24 C -4.90858 -1.41073 -0.64906 

25 H -6.83818 0.562711 1.066209 

26 H -5.00794 -2.30142 -1.27037 

27 N -6.02066 -0.92661 -0.12781 

28 Cl 2.309373 2.916655 -0.50783 

29 O 5.350167 -1.06979 0.069698 

30 C 5.639431 -2.4328 0.35648 

31 H 5.132655 -3.10519 -0.34726 

32 H 6.71892 -2.53714 0.242766 

33 H 5.355122 -2.69474 1.383425 

Table S17. DFT atom list compound 9a. 

6.6.2 Compound 16 

E= -1415.15310016 a.u. 

HOMO = -0.23190 eV  LUMO = -0.07160 eV  

 

 

Atom 

 

X 

 

Y 

 

Z 

1 C 2.087934 -0.02024 1.335721 

2 C 1.381352 0.504475 0.252491 

3 C 1.835685 0.189781 -1.03967 

4 C 2.932943 -0.6387 -1.23894 

5 C 3.622557 -1.1594 -0.13503 

6 C 3.200476 -0.84403 1.163213 

7 H 1.764458 0.239047 2.338704 

8 H 3.274739 -0.87691 -2.23908 

N

N

O

ClO
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9 H 3.721309 -1.2224 2.03382 

10 N 0.237845 1.345086 0.472083 

11 C -1.06133 0.796111 0.212024 

12 C -1.97166 1.493718 -0.63163 

13 C -1.4128 -0.4319 0.740856 

14 C -3.21741 0.973492 -0.89475 

15 H -1.66028 2.427875 -1.08475 

16 C -2.68546 -0.99733 0.469597 

17 H -0.71151 -0.97399 1.36725 

18 C -3.60638 -0.27903 -0.35196 

19 H -3.90663 1.508523 -1.54266 

20 C 0.465027 2.624827 0.991 

21 O 4.688404 -1.95407 -0.43322 

22 C 5.462273 -2.4879 0.636923 

23 H 4.860341 -3.14762 1.273818 

24 H 6.257337 -3.06643 0.165838 

25 H 5.903171 -1.68917 1.245462 

26 N -5.2628 -2.03273 -0.11125 

27 C -3.11625 -2.24944 0.983824 

28 H -2.45556 -2.83745 1.614615 

29 C -4.37717 -2.70888 0.674703 

30 H -4.72747 -3.66374 1.057803 

31 C -4.87726 -0.86925 -0.59684 

32 H -5.5935 -0.33939 -1.22516 

33 O 1.603665 3.055943 1.110761 

34 Cl 1.033825 0.856597 -2.44926 

35 C -0.73275 3.445815 1.436573 

36 H -1.07757 4.084886 0.617479 

37 H -1.57606 2.842863 1.778266 

38 H -0.38843 4.097469 2.241273 

Table S18. DFT atom list compound 16. 
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6.7 Crystallographic Data 

6.7.1 Compound 11 

 

Identification code  burley_wee_org 
 

Empirical formula  C14 H12 N2 O2 
 

Formula weight  240.26 
 

Temperature  100(2) K 
 

Wavelength  1.54184 Å 
 

Crystal system  Monoclinic 
 

Space group  P 21/n 
 

Unit cell dimensions a = 3.82700(10) Å α= 90°. 

 
b = 18.3658(7) Å β= 98.847(3)°. 

 
c = 7.9201(3) Å γ= 90°. 

Volume 550.05(3) Å3 
 

Z 2 
 

Density (calculated) 1.451 Mg/m3 
 

Absorption coefficient 0.807 mm-1 
 

F(000) 252 
 

Crystal size 0.30 x 0.04 x 0.02 mm3 
 

Theta range for data collection 4.816 to 71.339°. 
 

Index ranges 
-4<=h<=3, -22<=k<=22, -
9<=l<=9 

 
Reflections collected 5007 

 
Independent reflections [R(int) = 0.0510] 

 
Completeness to theta = 70.000° 100.00% 
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Absorption correction 
Semi-empirical from 
equivalents 

 
Max. and min. transmission 1.00000 and 0.29887 

 

Refinement method 
Full-matrix least-squares on 
F2 

 
Data / restraints / parameters 1067 / 0 / 83 

 
Goodness-of-fit on F2 1.049 

 
Final R indices [I>2sigma(I)] R1 = 0.0446, wR2 = 0.1256 

 
R indices (all data) R1 = 0.0507, wR2 = 0.1307 

 
Extinction coefficient n/a 

 
Largest diff. peak and hole 0.194 and -0.296 e.Å-3 

 
Table S19. General Crystallographic information for compound 11. 

 

 
x y z U(eq) 

O(1) 1875(2) 7708(1) 6928(1) 23(1) 

N(1) -911(3) 9433(1) 11082(1) 20(1) 

C(1) 205(3) 9286(1) 9584(2) 19(1) 

C(2) 444(4) 8547(1) 9077(2) 20(1) 

C(3) 1551(3) 8392(1) 7556(2) 20(1) 

C(4) 2479(4) 8960(1) 6474(2) 22(1) 

C(5) 2293(3) 9669(1) 6936(2) 21(1) 

C(6) 1119(3) 9861(1) 8508(2) 20(1) 

C(7) 846(4) 7118(1) 7936(2) 24(1) 

Table S20. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 

for burley_wee_org_auto.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
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O(1)-C(3)  1.3643(16) 

O(1)-C(7)  1.4354(16) 

N(1)-C(6)#1  1.3417(17) 

N(1)-C(1)  1.3488(18) 

C(1)-C(2)  1.4221(19) 

C(1)-C(6)  1.4340(19) 

C(2)-C(3)  1.367(2) 

C(2)-H(2)  0.95 

C(3)-C(4)  1.430(2) 

C(4)-C(5)  1.3559(18) 

C(4)-H(4)  0.95 

C(5)-C(6)  1.4312(19) 

C(5)-H(5)  0.95 

C(7)-H(7A)  0.98 

C(7)-H(7B)  0.98 

C(7)-H(7C)  0.98 

 
 

C(3)-O(1)-C(7) 116.34(10) 

C(6)#1-N(1)-C(1) 116.40(12) 

N(1)-C(1)-C(2) 118.79(13) 

N(1)-C(1)-C(6) 121.00(13) 

C(2)-C(1)-C(6) 120.20(12) 

C(3)-C(2)-C(1) 119.36(13) 

C(3)-C(2)-H(2) 120.3 

C(1)-C(2)-H(2) 120.3 

O(1)-C(3)-C(2) 124.88(12) 

O(1)-C(3)-C(4) 114.16(12) 

C(2)-C(3)-C(4) 120.95(13) 

C(5)-C(4)-C(3) 120.73(13) 

C(5)-C(4)-H(4) 119.6 

C(3)-C(4)-H(4) 119.6 
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C(4)-C(5)-C(6) 120.54(13) 

C(4)-C(5)-H(5) 119.7 

C(6)-C(5)-H(5) 119.7 

N(1)#1-C(6)-C(5) 119.19(13) 

N(1)#1-C(6)-C(1) 122.59(13) 

C(5)-C(6)-C(1) 118.21(13) 

O(1)-C(7)-H(7A) 109.5 

O(1)-C(7)-H(7B) 109.5 

H(7A)-C(7)-H(7B) 109.5 

O(1)-C(7)-H(7C) 109.5 

H(7A)-C(7)-H(7C) 109.5 

H(7B)-C(7)-H(7C) 109.5 

Table S21. Bond lengths [Å] and angles [°] for burley_wee_org_auto. 

Symmetry transformations used to generate equivalent atoms:  

#1 -x,-y+2,-z+2  

 
U11 U22 U33 U23 U13 U12 

O(1) 26(1)  16(1) 27(1)  -1(1) 7(1)  1(1) 

N(1) 18(1)  19(1) 24(1)  0(1) 3(1)  0(1) 

C(1) 15(1)  19(1) 23(1)  0(1) 2(1)  0(1) 

C(2) 19(1)  16(1) 25(1)  2(1) 2(1)  -1(1) 

C(3) 16(1)  18(1) 26(1)  -2(1) 0(1)  1(1) 

C(4) 20(1)  23(1) 22(1)  0(1) 5(1)  1(1) 

C(5) 20(1)  21(1) 23(1)  1(1) 4(1)  -1(1) 

C(6) 16(1)  17(1) 24(1)  0(1) 2(1)  0(1) 

C(7) 25(1)  18(1) 29(1)  1(1) 6(1)  0(1) 

       
Table S22. Anisotropic displacement parameters (Å2x 103)for burley_wee_org_auto.  The anisotropic 

displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
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x  y  z  U(eq) 

H(2) -160 8166 9788 24 

H(4) 3234 8841 5420 26 

H(5) 2946 10040 6210 26 

H(7A) 2257 7133 9078 36 

H(7B) 1246 6654 7385 36 

H(7C) -1666 7165 8032 36 

Table S23. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 

for 
burley_wee_org_auto.C(6)#1-
N(1)-C(1)-C(2) 

-179.41(11) 

C(6)#1-N(1)-C(1)-C(6) 0.2(2) 

N(1)-C(1)-C(2)-C(3) 179.62(11) 

C(6)-C(1)-C(2)-C(3) 0.0(2) 

C(7)-O(1)-C(3)-C(2) 2.20(19) 

C(7)-O(1)-C(3)-C(4) -177.69(11) 

C(1)-C(2)-C(3)-O(1) -179.72(11) 

C(1)-C(2)-C(3)-C(4) 0.2(2) 

O(1)-C(3)-C(4)-C(5) -179.86(11) 

C(2)-C(3)-C(4)-C(5) 0.2(2) 

C(3)-C(4)-C(5)-C(6) -0.8(2) 

C(4)-C(5)-C(6)-N(1)#1 -178.99(12) 

C(4)-C(5)-C(6)-C(1) 0.9(2) 

N(1)-C(1)-C(6)-N(1)#1 -0.2(2) 

C(2)-C(1)-C(6)-N(1)#1 179.39(11) 

N(1)-C(1)-C(6)-C(5) 179.85(11) 

C(2)-C(1)-C(6)-C(5) -0.53(19) 

Table S24. Torsion angles [°] for burley_wee_org_auto. 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+2,-z+2 
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Appendix 

 

Figure 79. 13C NMR spectra of 2-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.37). 
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Figure 80. 1H NMR spectra of 2-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.37). 

 

Figure 81. FT-IR spectra of 2-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.37). 
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Figure 82. HRMS spectra of 2-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.37). 

 

Figure 83. 13C NMR spectra of 10-methoxy-7H-pyrido[3,4-c]carbazole (2.39). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

229

 

Figure 84. 1H NMR spectra of 10-methoxy-7H-pyrido[3,4-c]carbazole (2.39). 

 

Figure 85. FT-IR spectra of 10-methoxy-7H-pyrido[3,4-c]carbazole (2.39). 
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Figure 86. HRMS spectra of 10-methoxy-7H-pyrido[3,4-c]carbazole (2.39). 

 

Figure 87. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a). 
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Figure 88. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a). 

 

Figure 89. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a). 
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Figure 90. HRMS spectra of N-(2-chloro-4-methoxyphenyl)isoquinolin-6-amine (2.41a). 
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Figure 91. 13C NMR spectra of N-(2-chloro-4-methylphenyl)isoquinolin-6-amine (2.41b).

 

Figure 92. 1H NMR spectra of N-(2-chloro-4-methylphenyl)isoquinolin-6-amine (2.41b) 
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Figure 93. FT-IR spectra of N-(2-chloro-4-methylphenyl)isoquinolin-6-amine (2.41b).
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Figure 94. HRMS spectra of N-(2-chloro-4-methylphenyl)isoquinolin-6-amine (2.41b). 

 

Figure 95. 13C NMR spectra of N-(2-chlorophenyl)isoquinolin-6-amine (2.41c).

 

Figure 96. 1H NMR spectra of N-(2-chlorophenyl)isoquinolin-6-amine (2.41c). 
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Figure 97. FT-IR spectra of N-(2-chlorophenyl)isoquinolin-6-amine (2.41c).

 

Figure 98. HRMS spectra of N-(2-chlorophenyl)isoquinolin-6-amine (2.41c). 
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Figure 99. 13C NMR spectra of N-(2-chloro-4-(trifluoromethyl)phenyl)isoquinolin-6-amine (2.41d).

 

Figure 100. 1H NMR spectra of N-(2-chloro-4-(trifluoromethyl)phenyl)isoquinolin-6-amine (2.41d). 
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Figure 101. FT-IR spectra of N-(2-chloro-4-(trifluoromethyl)phenyl)isoquinolin-6-amine (2.41d).

 

Figure 102. HRMS spectra of N-(2-chloro-4-(trifluoromethyl)phenyl)isoquinolin-6-amine (2.41d). 
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Figure 103. 13C NMR spectra of N-(2-chloro-4-nitrophenyl)isoquinolin-6-amine (2.41e).

 

Figure 104. 1H NMR spectra of N-(2-chloro-4-nitrophenyl)isoquinolin-6-amine (2.41e). 
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Figure 105. FT-IR spectra of N-(2-chloro-4-nitrophenyl)isoquinolin-6-amine (2.41e).

 

Figure 106. HRMS spectra of N-(2-chloro-4-nitrophenyl)isoquinolin-6-amine (2.41e). 
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Figure 107. 13C NMR spectra of N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f).

 

Figure 108. 19F NMR spectra of N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f). 
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Figure 109. 1H NMR spectra of N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f).

 

Figure 110. FT-IR spectra of N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f). 
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Figure 111. HRMS spectra of N-(2-chloro-5-fluorophenyl)isoquinolin-6-amine (2.41f).

 

Figure 112. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-6-amine (2.42a). 
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Figure 113. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-6-amine (2.42a).

 

Figure 114. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-6-amine (2.42a). 
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Figure 115. HRMS spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-6-amine (2.42a).

 

Figure 116. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)quinolin-6-amine (2.42b). 
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Figure 117. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)quinolin-6-amine (2.42b).

 

Figure 118. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)quinolin-6-amine (2.42b). 
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Figure 119. HRMS spectra of N-(2-chloro-4-methoxyphenyl)quinolin-6-amine (2.42b).

 

Figure 120. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-2-amine (2.42c). 
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Figure 121. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-2-amine (2.42c) .

 

Figure 122. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-2-amine (2.42c). 
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Figure 123. HRMS spectra of N-(2-chloro-4-methoxyphenyl)quinoxalin-2-amine (2.42c).

 

Figure 124. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-1,3-dihydroisobenzofuran-5-amine (2.42d). 
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Figure 125. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-1,3-dihydroisobenzofuran-5-amine (2.42d).

 

Figure 126. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-1,3-dihydroisobenzofuran-5-amine (2.42d). 
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Figure 127. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-1,3-dihydroisobenzofuran-5-amine (2.42d).

 

Figure 128. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinoxalin-2-yl)quinoxalin-2-amine (2.43). 
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Figure 129. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinoxalin-2-yl)quinoxalin-2-amine (2.43).

 

Figure 130. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinoxalin-2-yl)quinoxalin-2-amine (2.43). 
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Figure 131. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinoxalin-2-yl)quinoxalin-2-amine (2.43).

 

Figure 132. 13C NMR spectra of 2-((2-chloro-4-methoxyphenyl)amino)naphthalene-1,4-dione (2.44a). 
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Figure 133. 1H NMR spectra of 2-((2-chloro-4-methoxyphenyl)amino)naphthalene-1,4-dione (2.44a).

 

Figure 134. FT-IR spectra of 2-((2-chloro-4-methoxyphenyl)amino)naphthalene-1,4-dione (2.44a). 
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Figure 135. HRMS spectra of 2-((2-chloro-4-methoxyphenyl)amino)naphthalene-1,4-dione (2.44a). 

 

Figure 136. 13C NMR spectra of 2-((2-chloro-4-methylphenyl)amino)naphthalene-1,4-dione (2.44b). 
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Figure 137. 1H NMR spectra of 2-((2-chloro-4-methylphenyl)amino)naphthalene-1,4-dione (2.44b). 

 

Figure 138. FT-IR spectra of 2-((2-chloro-4-methylphenyl)amino)naphthalene-1,4-dione (2.44b). 
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Figure 139. HRMS spectra of 2-((2-chloro-4-methylphenyl)amino)naphthalene-1,4-dione (2.44b).

 

Figure 140. 13C NMR spectra of 2-((2-chlorophenyl)amino)naphthalene-1,4-dione (2.44c). 
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Figure 141. 1H NMR spectra of2-((2-chlorophenyl)amino)naphthalene-1,4-dione (2.44c).

 

Figure 142. FT-IR spectra of 2-((2-chlorophenyl)amino)naphthalene-1,4-dione (2.44c). 
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Figure 143. HRMS spectra of 2-((2-chlorophenyl)amino)naphthalene-1,4-dione (2.44c).

 

Figure 144. 13C NMR spectra of 2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d). 
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Figure 145. 19F NMR spectra of 2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d).

 

Figure 146. 1H NMR spectra of 2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d). 
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Figure 147. FT-IR spectra of 2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d).

 

Figure 148. HRMS spectra of 2-((2-chloro-4-(trifluoromethyl)phenyl)amino)naphthalene-1,4-dione (2.44d). 
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Figure 149. 13C NMR spectra of 2-((2-chloro-5-methoxyphenyl)amino)naphthalene-1,4-dione (2.44e).

 

Figure 150. 1H NMR spectra of 2-((2-chloro-5-methoxyphenyl)amino)naphthalene-1,4-dione (2.44e). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

263

 

Figure 151. FT-IR spectra of 2-((2-chloro-5-methoxyphenyl)amino)naphthalene-1,4-dione (2.44e) 

 

Figure 152. HRMS spectra of 2-((2-chloro-5-methoxyphenyl)amino)naphthalene-1,4-dione (2.44e). 
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Figure 153. 13C NMR spectra of 2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f).

 

Figure 154. 19F NMR spectra of 2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f). 
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Figure 155. 1H NMR spectra of 2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f). 

 

Figure 156. FT-IR spectra of 2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f). 
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Figure 157. HRMS spectra of 2-((2-chloro-5-fluorophenyl)amino)naphthalene-1,4-dione (2.44f).

 

Figure 158. 13C NMR spectra of 2-methyl-5H-benzo[b]carbazole-6,11-dione (2.45b). 
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Figure 159. 1H NMR spectra of 2-methyl-5H-benzo[b]carbazole-6,11-dione (2.45b).

 

Figure 160. FT-IR spectra of 2-methyl-5H-benzo[b]carbazole-6,11-dione (2.45b). 
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Figure 161. HRMS spectra of 2-methyl-5H-benzo[b]carbazole-6,11-dione (2.45b).

 

Figure 162. 13C NMR spectra of 5H-benzo[b]carbazole-6,11-dione (2.45c). 
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Figure 163. 1H NMR spectra of 5H-benzo[b]carbazole-6,11-dione (2.45c).

 

Figure 164. FT-IR spectra of 5H-benzo[b]carbazole-6,11-dione (2.45c). 
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Figure 165. HRMS spectra of 5H-benzo[b]carbazole-6,11-dione (2.45c). 

 

Figure 166. 13C NMR spectra of 2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d). 
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Figure 167. 19F NMR spectra of 2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d).

 

Figure 168. 1H NMR spectra of 2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d). 
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Figure 169. FT-IR spectra of 2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d). 

 

Figure 170. HRMS spectra of 2-(trifluoromethyl)-5H-benzo[b]carbazole-6, 11-dione (2.45d). 
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Figure 171. 13C NMR spectra of 3-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.45e).

 

Figure 172. 1H NMR spectra of 3-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.45e). 
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Figure 173. FT-IR spectra of 3-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.45e).

 

Figure 174. HRMS spectra of 3-methoxy-5H-benzo[b]carbazole-6, 11-dione (2.45e). 
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Figure 175. 13C NMR spectra of 3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f). 

 

Figure 176. 19F NMR spectra of 3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f). 
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Figure 177. 1H NMR spectra of 3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f). 

 

Figure 178. FT-IR spectra of 3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f). 
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Figure 179. HRMS spectra of 3-fluoro-5H-benzo[b]carbazole-6, 11-dione (2.45f).

 

Figure 180. 13C NMR spectra of 10-methyl-7H-pyrido[3,4-c]carbazole (2.51). 
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Figure 181. 1H NMR spectra of 10-methyl-7H-pyrido[3,4-c]carbazole (2.51). 

 

Figure 182. FT-IR spectra of 10-methyl-7H-pyrido[3,4-c]carbazole (2.51). 
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Figure 183. HRMS spectra of 10-methyl-7H-pyrido[3,4-c]carbazole (2.51).

 

Figure 184. 13C NMR spectra of 7H-pyrido[4,3-c]carbazole (2.52a). 
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Figure 185. 1H NMR spectra of 7H-pyrido[4,3-c]carbazole (2.52a).

 

Figure 186. FT-IR spectra of 7H-pyrido[4,3-c]carbazole (2.52a). 
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Figure 187. HRMS spectra of 7H-pyrido[4,3-c]carbazole (2.52a).

 

Figure 188. 13C NMR spectra of 10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b). 
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Figure 189. 19F NMR spectra of 10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b).

 

Figure 190. 1H NMR spectra of 10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

283

 

Figure 191. FT-IR spectra of 10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b). 

 

Figure 192. HRMS spectra of 10-(trifluoromethyl)-7H-pyrido[3,4-c]carbazole (2.52b). 
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Figure 193. 13C NMR spectra of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d).

 

Figure 194. 1H NMR spectra of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d). 
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Figure 195. FT-IR spectra of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d).

 

Figure 196. HRMS spectra of 10-methoxy-7H-pyrido[4,3-c]carbazole (2.52d). 
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Figure 197. 13C NMR spectra of 10-methoxy-7H-pyrazino[2,3-c]carbazole (2.52e). 

 

Figure 198. 1H NMR spectra of 10-methoxy-7H-pyrazino[2,3-c]carbazole (2.52e). 
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Figure 199. FT-IR spectra of 10-methoxy-7H-pyrazino[2,3-c]carbazole (2.52e).

 

Figure 200. HRMS spectra of 10-methoxy-7H-pyrazino[2,3-c]carbazole (2.52e). 
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Figure 201. 13C NMR spectra of 10-methoxy-7H-pyrido[2,3-c]carbazole (2.52f).

 

Figure 202. 1H NMR spectra of 10-methoxy-7H-pyrido[2,3-c]carbazole (2.52f). 
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Figure 203. FT-IR spectra of 10-methoxy-7H-pyrido[2,3-c]carbazole (2.52f).

 

Figure 204. HRMS spectra of 10-methoxy-7H-pyrido[2,3-c]carbazole (2.52f). 
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Figure 205. 13C NMR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinolone (2.52g).

 

Figure 206. 1H NMR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinolone (2.52g). 
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Figure 207. FT-IR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinolone (2.52g).

 

Figure 208. HRMS spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinolone (2.52g). 
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Figure 209. 13C NMR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinoxaline (2.52h).

 

Figure 210. 1H NMR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinoxaline (2.52h). 
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Figure 211. FT-IR spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinoxaline (2.52h). 

 

Figure 212. HRMS spectra of 10-methoxybenzo[4,5]imidazo[1,2-a]quinoxaline (2.52h). 
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Figure 213. 13C NMR spectra of 8-methoxy-11H-pyrido[4,3-a]carbazole (2.52i).

 

Figure 214. 1H NMR spectra of 8-methoxy-11H-pyrido[4,3-a]carbazole (2.52i). 
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Figure 215. FT-IR spectra of 8-methoxy-11H-pyrido[4,3-a]carbazole (2.52i).

 

Figure 216. HRMS spectra of 8-methoxy-11H-pyrido[4,3-a]carbazole (2.52i). 
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Figure 217. 13C NMR spectra of 8-methoxy-11H-pyrido[3,4-a]carbazole (2.52j).

 

Figure 218. 1H NMR spectra of 8-methoxy-11H-pyrido[3,4-a]carbazole (2.52j). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

297

 

Figure 219. FT-IR spectra of 8-methoxy-11H-pyrido[3,4-a]carbazole (2.52j). 

 

Figure 220. HRMS spectra of 8-methoxy-11H-pyrido[3,4-a]carbazole (2.52j). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

298

 

Figure 221. 13C NMR spectra of 9-methoxy-3,6-dihydro-1H-furo[3,4-c]carbazole (2.52k).

 

Figure 222. 1H NMR spectra of 9-methoxy-3,6-dihydro-1H-furo[3,4-c]carbazole (2.52k). 
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Figure 223. FT-IR spectra of 9-methoxy-3,6-dihydro-1H-furo[3,4-c]carbazole (2.52k).

 

Figure 224. HRMS spectra of 9-methoxy-3,6-dihydro-1H-furo[3,4-c]carbazole (2.52k). 
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Figure 225. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinolin-2-yl)quinolin-2-amine (2.53).

 

Figure 226. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinolin-2-yl)quinolin-2-amine (2.53). 
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Figure 227. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinolin-2-yl)quinolin-2-amine (2.53). 

 

Figure 228. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-N-(quinolin-2-yl)quinolin-2-amine (2.53). 
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Figure 229. 13C NMR spectra of Glycozoline (2.26).

 

Figure 230. 1H NMR spectra of Glycozoline (2.26). 
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Figure 231. FT-IR spectra of Glycozoline (2.26). 

 

Figure 232. HRMS spectra of Glycozoline (2.26). 
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Figure 233. 13C NMR spectra of Harmane (2.63). 

 

Figure 234. 1H NMR spectra of Harmane (2.63). 
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Figure 235. FT-IR spectra of Harmane (2.63). 

 

Figure 236. HRMS spectra of Harmane (2.63). 
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Figure 237. 13C NMR spectra of Murrayafoline A (2.64).

 

Figure 238. 1H NMR spectra of Murrayafoline A (2.64). 
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Figure 239. FT-IR spectra of Murrayafoline A (2.64). 

 

Figure 240. HRMS spectra of Murrayafoline A (2.64). 
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Figure 241. 13C NMR spectra of 10-methoxy-2-methyl-7H-pyrido[4,3-c]carbazol-2-ium (2.69). 

 

Figure 242. 1H NMR spectra of 10-methoxy-2-methyl-7H-pyrido[4,3-c]carbazol-2-ium (2.69). 
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Figure 243. FT-IR spectra of 10-methoxy-2-methyl-7H-pyrido[4,3-c]carbazol-2-ium (2.69). 

 

Figure 244. HRMS spectra of 10-methoxy-2-methyl-7H-pyrido[4,3-c]carbazol-2-ium (2.69). 
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Figure 245. 13C NMR spectra of 10-methoxy-2-(2-(piperidin-1-yl)ethyl)-7H-pyrido[4,3-c]carbazol-2-ium (2.70). 

 

Figure 246. 1H NMR spectra of 10-methoxy-2-(2-(piperidin-1-yl)ethyl)-7H-pyrido[4,3-c]carbazol-2-ium (2.70). 
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Figure 247. FT-IR spectra of 10-methoxy-2-(2-(piperidin-1-yl)ethyl)-7H-pyrido[4,3-c]carbazol-2-ium (2.70). 

 

Figure 248. HRMS spectra of 10-methoxy-2-(2-(piperidin-1-yl)ethyl)-7H-pyrido[4,3-c]carbazol-2-ium (2.70). 
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Figure 249. 13C NMR spectra of 2,2'-([4,4'-bipiperidine]-1,1'-diyl)bis(ethan-1-ol) (2.67). 

 

Figure 250. 1H NMR spectra of 2,2'-([4,4'-bipiperidine]-1,1'-diyl)bis(ethan-1-ol) (2.67). 
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Figure 251. 13C NMR spectra of Ditercalinium (2.71). 

 

Figure 252. 1H NMR spectra of Ditercalinium (2.71). 
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Figure 253. FT-IR spectra of Ditercalinium (2.71).

 

Figure 254. HRMS spectra of Ditercalinium (2.71). 
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Figure 255. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (2.74).

 

Figure 256. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (2.74). 
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Figure 257. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (2.74). 

 

Figure 258. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (2.74). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

317

 

Figure 259. 13C NMR spectra of 5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (2.75a).

 

Figure 260. 1H NMR spectra of 5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (2.75a). 
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Figure 261. FT-IR spectra of 5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (2.75a). 

 

Figure 262. HRMS spectra of 5-Benzyl-2-methoxy-5H-benzo[b]-carbazole-6,11-dione (2.75a). 
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Figure 263. 13C NMR spectra of 2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione (2.75b).

 

Figure 264. 1H NMR spectra of 2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione (2.75b). 
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Figure 265. FT-IR spectra of 2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione (2.75b). 

 

Figure 266. HRMS spectra of 2-methoxy-5-(4-methoxybenzyl)-5H-benzo[b]carbazole-6, 11-dione (2.75b). 
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Figure 267. 13C NMR spectra of 5-Benzyl-2-methoxy-6,11-methyl-5H-benzo[b]-carbazole (2.76a).

 

Figure 268. 1H NMR spectra of 5-Benzyl-2-methoxy-6,11-methyl-5H-benzo[b]-carbazole (2.76a). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

322

 

Figure 269. FT-IR spectra of 5-Benzyl-2-methoxy-6,11-methyl-5H-benzo[b]-carbazole (2.76a). 

 

Figure 270. HRMS spectra of 5-Benzyl-2-methoxy-6,11-methyl-5H-benzo[b]-carbazole (2.76a). 
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Figure 271. 13C NMR spectra of 2-methoxy-5-(4-methoxybenzyl)-6,11-dimethyl-5H-benzo[b]carbazole (2.76b).

 

Figure 272. 1H NMR spectra of 2-methoxy-5-(4-methoxybenzyl)-6,11-dimethyl-5H-benzo[b]carbazole (2.76b). 
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Figure 273. FT-IR spectra of 2-methoxy-5-(4-methoxybenzyl)-6,11-dimethyl-5H-benzo[b]carbazole (2.76b).

 

Figure 274. HRMS spectra of 2-methoxy-5-(4-methoxybenzyl)-6,11-dimethyl-5H-benzo[b]carbazole (2.76b). 
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Figure 275. 13C NMR spectra of 2,7-dimethoxyphenazine (3.32).

 

Figure 276. 1H NMR spectra of 2,7-dimethoxyphenazine (3.32). 
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Figure 277. FT-IR spectra of 2,7-dimethoxyphenazine (3.32). 

 

Figure 278. HRMS spectra of 2,7-dimethoxyphenazine (3.32). 
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Figure 279. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)isoquinolin-6-amine (3.33).

 

Figure 280. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)isoquinolin-6-amine (3.33). 
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Figure 281. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)isoquinolin-6-amine (3.33). 

 

Figure 282. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)isoquinolin-6-amine (3.33). 
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Figure 283. 13C NMR spectra of N-(4-methoxyphenyl)isoquinolin-6-amine (3.36).

 

Figure 284. 1H NMR spectra of N-(4-methoxyphenyl)isoquinolin-6-amine (3.36). 
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Figure 285. FT-IR spectra of N-(4-methoxyphenyl)isoquinolin-6-amine (3.36). 

 

Figure 286. HRMS spectra of N-(4-methoxyphenyl)isoquinolin-6-amine (3.36). 
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Figure 287. 13C NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)acetamide (3.37).

 

Figure 288. 1H NMR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)acetamide (3.37). 
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Figure 289. FT-IR spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)acetamide (3.37).

 

Figure 290. HRMS spectra of N-(2-chloro-4-methoxyphenyl)-N-(isoquinolin-6-yl)acetamide (3.37). 
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Figure 291. 13C NMR spectra of 2-iodo-N-(2,4,5-trimethoxybenzyl)aniline (4.34).

 

Figure 292. 1H NMR spectra of  2-iodo-N-(2,4,5-trimethoxybenzyl)aniline (4.34). 
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Figure 293. FT-IR spectra of 2-iodo-N-(2,4,5-trimethoxybenzyl)aniline (4.34)

 

Figure 294. 13C NMR spectra of N-(2-iodophenyl)-N-(2,4,5-trimethoxybenzyl)acetamide (4.35). 
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Figure 295. 1H NMR spectra of N-(2-iodophenyl)-N-(2,4,5-trimethoxybenzyl)acetamide (4.35).

 

Figure 296. FT-IR spectra of N-(2-iodophenyl)-N-(2,4,5-trimethoxybenzyl)acetamide (4.35). 
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Figure 297. 13C NMR spectra of 1-(7,9,10-Trimethoxy-5(6H)-phenanthridinyl)-ethanone (4.36).

 

Figure 298. 1H NMR spectra of 1-(7,9,10-Trimethoxy-5(6H)-phenanthridinyl)-ethanone (4.36). 
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Figure 299. FT-IR spectra of 1-(7,9,10-Trimethoxy-5(6H)-phenanthridinyl)-ethanone (4.36).

 

Figure 300. 13C NMR spectra of 9-Methoxy-7,10-Phenanthridinedione (4.37). 
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Figure 301. 1H NMR spectra of 9-Methoxy-7,10-Phenanthridinedione (4.37). 

 

Figure 302. FT-IR spectra of 9-Methoxy-7,10-Phenanthridinedione (4.37). 
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Figure 303. 13C NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (4.41).

 

Figure 304. 1H NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (4.41). 
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Figure 305. FT-IR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (4.41). 

 

Figure 306. HRMS spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2-iodoaniline (4.41). 
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Figure 307. 13C NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (4.42).

 

Figure 308. 1H NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (4.42). 
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Figure 309. FT-IR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (4.42). 

 

Figure 310. HRMS spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2-iodophenyl)acetamide (4.42). 
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Figure 311. 13C NMR spectra of 1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (4.43).

 

Figure 312. 1H NMR spectra of 1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (4.43). 
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Figure 313. FT-IR spectra of 1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (4.43). 

 

Figure 314. HRMS spectra of 1-(9-bromo-7,10-dimethoxyphenanthridin-5(6H)-yl)ethan-1-one (4.43). 
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Figure 315. 13C NMR spectra of 9-bromophenanthridine-7,10-dione (4.44).

 

Figure 316. 1H NMR spectra of 9-bromophenanthridine-7,10-dione (4.44). 
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Figure 317. FT-IR spectra of 9-bromophenanthridine-7,10-dione (4.44).

 

Figure 318. HRMS spectra of 9-bromophenanthridine-7,10-dione (4.44). 
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Figure 319. 13C NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2,2-dimethoxyethan-1-amine (4.50).

 

Figure 320. 1H NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2,2-dimethoxyethan-1-amine (4.50). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

348

 

Figure 321. FT-IR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2,2-dimethoxyethan-1-amine (4.50). 

 

Figure 322. HRMS spectra of N-(4-bromo-2,5-dimethoxybenzyl)-2,2-dimethoxyethan-1-amine (4.50). 
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Figure 323. 13C NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)benzenesulfonamide 
(4.51). 

 

Figure 324. 1H NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)benzenesulfonamide 
(4.51). 
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Figure 325. FT-IR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)benzenesulfonamide (4.51). 

 

 

Figure 326. HRMS spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)benzenesulfonamide 
(4.51). 
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Figure 327. 13C NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)-2-
nitrobenzenesulfonamide (4.58).

 

Figure 328. 1H NMR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)-2-
nitrobenzenesulfonamide (4.58). 
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Figure 329. FT-IR spectra of N-(4-bromo-2,5-dimethoxybenzyl)-N-(2,2-dimethoxyethyl)-2-nitrobenzenesulfonamide 
(4.58). 

 

Figure 330. 13C NMR spectra of 6-Bromo-3-chloro-5,8-dimethoxy-2-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline 
(4.61). 
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Figure 331. 1H NMR spectra of 6-Bromo-3-chloro-5,8-dimethoxy-2-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline 
(4.61). 

 

 

Figure 332. HRMS spectra of 6-Bromo-3-chloro-5,8-dimethoxy-2-(phenylsulfonyl)-1,2,3,4-tetrahydroisoquinoline 
(4.61). 
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Figure 333. 13C NMR spectra of N-(4-bromo-2,5-dimethylbenzyl)-2,2-diethoxyethan-1-amine (4.66).

 

Figure 334. 1H NMR spectra of N-(4-bromo-2,5-dimethylbenzyl)-2,2-diethoxyethan-1-amine (4.66). 
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Figure 335. FT-IR spectra of N-(4-bromo-2,5-dimethylbenzyl)-2,2-diethoxyethan-1-amine (4.66).

 

Figure 336. 13C NMR spectra of 2-((6,11-dimethyl-5H-benzo[b]carbazol-2-yl)oxy)-N,N-dimethylethan-1-amine 
(4.68). 



Development of Small Molecule Splice-Switchers as Inducers of Apoptosis 

Emma Campbell 

 

 
 

356

 

Figure 337. 1H NMR spectra of 2-((6,11-dimethyl-5H-benzo[b]carbazol-2-yl)oxy)-N,N-dimethylethan-1-amine 
(4.68). 

 

Figure 338. FT-IR spectra of 2-((6,11-dimethyl-5H-benzo[b]carbazol-2-yl)oxy)-N,N-dimethylethan-1-amine (4.68). 
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Figure 339. HRMS spectra of 2-((6,11-dimethyl-5H-benzo[b]carbazol-2-yl)oxy)-N,N-dimethylethan-1-amine (4.68). 

 

Figure 340. 13C NMR spectra of 2-(2-chloro-4-hydroxyphenyl)isoindoline-1,3-dione (4.70). 
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Figure 341. 1H NMR spectra of 2-(2-chloro-4-hydroxyphenyl)isoindoline-1,3-dione (4.70). 

 

Figure 342. FT-IR spectra of 2-(2-chloro-4-hydroxyphenyl)isoindoline-1,3-dione (4.70). 
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Figure 343. HRMS spectra of 2-(2-chloro-4-hydroxyphenyl)isoindoline-1,3-dione (4.70). 

 

Figure 344. 13C NMR spectra of 2-Chloro-4-[2-(dimethylamino)ethoxy]aniline (4.71). 
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Figure 345. 1H NMR spectra of 2-Chloro-4-[2-(dimethylamino)ethoxy]aniline (4.71).

 

Figure 346. FT-IR spectra of 2-Chloro-4-[2-(dimethylamino)ethoxy]aniline (4.71). 
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Figure 347. HRMS spectra of 2-Chloro-4-[2-(dimethylamino)ethoxy]aniline (4.71). 

 

Figure 348. 13C NMR spectra of 2-(2-(dimethylamino)ethoxy)-5H-benzo[b]carbazole-6,11-dione (4.72). 
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Figure 349. 1H NMR spectra of 2-(2-(dimethylamino)ethoxy)-5H-benzo[b]carbazole-6,11-dione (4.72). 

 

Figure 350. FT-IR spectra of 2-(2-(dimethylamino)ethoxy)-5H-benzo[b]carbazole-6,11-dione (4.72). 
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Figure 351. HRMS spectra of 2-(2-(dimethylamino)ethoxy)-5H-benzo[b]carbazole-6,11-dione (4.72). 

 

Figure 352. 13C NMR spectra of 2-((7H-pyrido[3,4-c]carbazol-10-yl)oxy)-N,N-dimethylethan-1-amine (4.73). 
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Figure 353. 1H NMR spectra of 2-((7H-pyrido[3,4-c]carbazol-10-yl)oxy)-N,N-dimethylethan-1-amine (4.73). 

 

Figure 354. FT-IR spectra of 2-((7H-pyrido[3,4-c]carbazol-10-yl)oxy)-N,N-dimethylethan-1-amine (4.73). 
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Figure 355. HRMS spectra of 2-((7H-pyrido[3,4-c]carbazol-10-yl)oxy)-N,N-dimethylethan-1-amine (4.73). 

 

Figure 356. 13C NMR spectra of 2-(2-hydroxyethoxy)-5H-benzo[b]carbazole-6,11-dione (4.75). 
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Figure 357. 1H NMR spectra of 2-(2-hydroxyethoxy)-5H-benzo[b]carbazole-6,11-dione (4.75).

 

Figure 358. FT-IR spectra of 2-(2-hydroxyethoxy)-5H-benzo[b]carbazole-6,11-dione (4.75). 
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Figure 359. HRMS spectra of 2-(2-hydroxyethoxy)-5H-benzo[b]carbazole-6,11-dione (4.75).

 

Figure 360. 13C NMR spectra of N-(2-chloro-4-(2-(dimethylamino)ethoxy)phenyl)-1,4-dimethylnaphthalen-2-amine 
(4.78). 
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Figure 361. 1H NMR spectra of N-(2-chloro-4-(2-(dimethylamino)ethoxy)phenyl)-1,4-dimethylnaphthalen-2-amine 
(4.78). 

 

Figure 362. HRMS spectra of N-(2-chloro-4-(2-(dimethylamino)ethoxy)phenyl)-1,4-dimethylnaphthalen-2-amine 
(4.78). 
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Figure 363. 13C NMR spectra of 2-((5,8-dimethyl-9H-carbazol-3-yl)oxy)-N,N-dimethylethan-1-amine (4.82). 

 

Figure 364. 1H NMR spectra of 2-((5,8-dimethyl-9H-carbazol-3-yl)oxy)-N,N-dimethylethan-1-amine (4.82). 
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Figure 365. FT-IR spectra of 2-((5,8-dimethyl-9H-carbazol-3-yl)oxy)-N,N-dimethylethan-1-amine (4.82).

 

Figure 366. HRMS spectra of 2-((5,8-dimethyl-9H-carbazol-3-yl)oxy)-N,N-dimethylethan-1-amine (4.82). 


