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ABSTRACT 
 

In April 2014, the World Health Organisation (WHO) acknowledged the 

immediate threat of antibacterial resistance and the impact it will have on modern 

medicine.  The greatest concern noted was that the development of novel antibacterial 

compounds was occurring at a slower rate than the development of resistance.  One 

method identified to tackle this issue is to develop novel drugs that inhibit novel targets.  

Bacterial cell division, an essential process for the viability of a bacterium, is one such 

novel target.  The cell division protein FtsZ, which is a highly conserved, essential and 

druggable protein, could be utilised as a target in this fight against antibiotic resistance.   

 

This thesis aimed to develop a set of novel antibacterial compounds that inhibit the 

function of FtsZ.  The previous discovery of the compound 11 created an opportunity to 

expand upon an already known active molecule, with the goal of improving activity and 

biologically evaluating the compound's potential as a drug.  In Chapter 2 and Chapter 

3, a total of thirty-three derivatives of compound 11 were synthesised.  In Chapter 4, 

seventeen novel compounds were synthesised that contained a pyrazole substructure, a 

unique library independent from the previous two chapters.  Each molecule developed 

was screened against Gram-positive and Gram-negative pathogens, with three hits 

discovered (20, 48 and 96), all active against Staphylococcus aureus.  Compound 20 also 

showed activity against Mycobacterium tuberculosis.  This thesis also aimed to explore 

the mechanism of action (MOA), toxicity profile and resistance potential of 11.  It was 

found that 11 did not inhibit FtsZ; however, S. aureus could not develop resistance to the 

compound.  Although the goal of developing a FtsZ inhibitor was not accomplished, the 

inability for S. aureus to develop resistance to 11, and its high potency, meant this 

molecule could be explored as an antibacterial compound with an unknown MOA.  It was 

later found that 11 is cytotoxic to mammalian cells; however, the derivative 20 developed 

in Chapter 2, was found to be non-cytotoxic and had the same MIC as 11.  This indicated 

that the negative biological results of 11 could be overcome with minor structural 

modifications, indicating the viability of this work to be carried further for drug 

development. 
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CHAPTER 1: INTRODUCTION 
 

 

Figure 1.1.  An original advertisement for penicillin as a treatment for gonorrhoea.  The image 
was taken in the 1940’s in North Carolina, USA.   

 

 

Figure 1.2.  The structure of penicillin G, the antibiotic discovered by Alexander Fleming in 
1928. 
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1.1. Antibacterial resistance, a global issue 
 
In April 2014, the World Health Organisation (WHO) released for the first time a 

global surveillance report on antimicrobial resistance (AMR).  The report largely focused 

on the exponential increase in the rise of antibiotic resistant bacteria and the current lack 

of effort by the global community in addressing this issue [1].  The WHO discovered that 

this increase in antibacterial resistance threatens the achievements of modern medicine 

and that mortality due to minor infections would become common in both developed and 

developing countries.  Furthermore, it highlighted that resistance will be extremely 

detrimental to global public health and economic well-being.  While this report helped 

bring antibiotic resistance to the forefront of media attention, it is an issue that has been 

known since the discovery of the first antibiotic [2].  In 1932, the first commercially 

available sulfonamide called Prontosil, developed by Bayer Pharmaceuticals, showed 

inhibition against pathogenic strains of Streptococcus pneumoniae, Streptococcus 

pyogenes and Staphylococcus aureus and was successful in clearing systemic infections 

[3].  It was almost immediately after the introduction of Prontosil that sulfonamide-

resistant S. pyogenes arose due to the drug’s overuse within military hospitals during 

World War II [4].  The fast and effective rise of resistance to Prontosil is not unique to 

this class of antibiotic, as bacterial resistance has been observed to every class of novel 

antibiotic discovered since. 

   

Due to the high instances of antibiotic resistant infections globally, the British Prime 

Minister in 2014 ordered a review to be conducted that would assess the impact of this 

problem.  The review found that immediate action is required, as AMR is likely to be 

responsible for more deaths in 2050 then the current rate of deaths attributed to cancer 

(approximately 10 million per annum.) [5].  These statistics highlight the importance of 

this issue.  The review also highlighted that to combat this rise in resistance, contribution 

by the global community including governments, hospitals, doctors, scientists and the 

agricultural industry is required.  Antibiotic stewardship in hospitals and agriculture 

would have the greatest impact on this issue.  Reducing the exposure of antibiotics to the 

environment by removing them from the diet of livestock and ensuring the proper 

administration and disposal within hospitals will greatly reduce the chances of developing 

resistant isolates.  It is also essential for governments to raise awareness of this issue and 

appropriately fund the research to help overcome it.  As it stands, these long-term 
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practices will not address the current lack of effective antibiotics needed to combat the 

current resistant infection cases seen in hospitals globally.   

 

The current need for effective novel antibiotics has made this thesis possible.  This chapter 

will cover the current pathogens of concern, why antibiotics are no longer effective, and 

how the essential cell division protein FtsZ can be utilised as a novel antibacterial target 

to combat this issue.  Then using the current literature, the known natural and synthetic 

inhibitors will be discussed that will provide a scaffold for the design and development 

of novel antibacterial compounds. 

 
1.2. Pathogens of concern 
 

Many of the pathogens responsible for human infections have high pathogenicity, 

meaning they have a strong chance of causing disease with fatal consequences [6].  

Currently, the pathogens that account for the majority of the hospital-acquired infections 

have all shown resistance to first and second-line antibiotics, and in some instances, 

resistance to last-resort antibiotics like vancomycin. Reports of hospital-based 

surveillance studies as well as the Infectious Diseases Society of America refer to these 

high-risk nosocomial pathogens as the ESKAPE group [7, 8].  The ESKAPE group is an 

acronym for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumanii, Pseudomonas aeruginosa and Extended spectrum -lactamase 

Enterobacter species [9], [10].  Mycobacterium tuberculosis is also a significant public 

health concern in developing countries due to high mortality rates, with the WHO actively 

trying to combat this issue [11]. 

 
1.2.1. Enterococcus faecium 

 
Enterococci are a large genus of Gram-positive bacteria that constitute a major 

component of the human gut microbiota.  Enterococci species are also involved in the 

fermentation of major food products (e.g. cheese).  Enterococci infections account for a 

large number of nosocomial infections, including but not limited to; 7% of bloodstream 

infections, 11% of surgical site infections and 14% of urinary tract infections (UTI) in 

North America.  Enterococci faecium is considered the greatest concern of all the 

enterococci species.  E. faecium is an opportunistic pathogen that will cause infection in 

patients with a compromised immune system.  E. faecium has been shown to survive in 
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harsh environments including both basic and acidic conditions, as well as in both low and 

high temperatures (10 °C-45 °C) [12].  Furthermore, E. faecium can survive on hospital 

garments used by both doctors and nurses for a number of months [13].  These garments 

could then become vectors for the spread of E. faecium.  Awareness and prevention of 

enterococci infections have become ever more important since the discovery of 

vancomycin-resistant enterococci (VRE) in the late 1980’s [14].  Since the discovery of 

this first isolate, VRE is now responsible for 28% of enterococci infections within North 

American hospitals.  Infection with VRE results in a two- to three-fold increase in the 

chance of mortality and a two-fold increase in hospital stay time and costs when compared 

to that of vancomycin sensitive enterococci (VSE) [15].  In Australia, a 2010 resistance 

prevalence survey was conducted that found that Enterococcus faecalis (1,201 isolates) 

and E. faecium (170 isolates) made up 98.9% of the 1,386 enterococci isolates obtained 

from fifteen different hospitals. Ampicillin resistance was very common 

in E. faecium (85.3%) and absent in E. faecalis, while vancomycin resistance was found 

in 36.5% of E. faecium isolates and only 0.5% in E. faecalis isolates [16].  These figures 

indicate the significantly higher occurrence of resistance in E. faecium isolates when 

compared to other enterococci species [17].  The prevalence, high resistance rates and 

cost of treating infections caused by E. faecium is the reason this bacterium made the 

ESKAPE list and deemed a pathogen of concern. 

 

 
Figure 1.2.1. A scanning electron micrograph (SEM) image of Gram-positive E. faecium 
provided by the Centres for Disease Control and Prevention (ID No. 209) [18].  The characteristic 
diplococci (pairs) shape can be seen. 
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1.2.2. Staphylococcus aureus 
 
Staphylococcus aureus is a Gram-positive, opportunistic pathogen that currently 

accounts for two-thirds of all infections globally, making it a high priority for drug 

development.  It is commonly found on the skin and within the nasal passage of humans.  

S. aureus poses no significant health risk to the individual until a time that the immune 

system is compromised or the bacterium gains access to a wound (e.g. surgical wound, 

catheter insertions)  [19].  S. aureus is a constant burden on hospitals worldwide as it is 

the leading cause of all bloodstream infections [20].  Transmission to patients usually 

occurs via healthcare workers when using intravascular devices like catheters, especially 

when a patient has a weakened immune system (i.e. cancer patients).  Patients with 

chronic diseases like diabetes or those that have undergone surgery are also susceptible 

to infection [20].  In Australia, it is currently estimated that 2,000 patients a year contract 

an S. aureus infection within the hospital, while in America that number increases to 

500,000 patients a year.  This statistic is of concern since 40-50% of these infections are 

a result of antibiotic-resistant strains [21].  The increased use of antibiotics and the 

selective pressure placed on S. aureus by exposure to these compounds have led to the 

rise in the number of antibiotic resistant strains.  Methicillin-resistant S. aureus (MRSA) 

and vancomycin-resistant S. aureus (VRSA) are of the greatest concern as treatment is 

becoming ever more difficult and costly. MRSA is resistant to all penicillin derivatives 

and now accounts for 40-50% of all S. aureus infections within hospitals in the USA, and 

25-30% in Australia [20-22].  These statistics are of concern as mortality due to MRSA 

sits between 20-40% of all cases, although this is generally linked to other underlining 

illnesses [23].   Furthermore, Lamagni et al. concluded that an average of 20% of S. 

aureus-infected patients within a London-based hospital that had recently undergone 

surgery died within seven days [24]. This shows that S. aureus is a pathogen of concern 

and that the increasing rise in antibiotic resistance will pose a significant public health 

risk. 
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Figure 1.2.2.  SEM image of S. aureus taken from a VRSA culture (ID No. 11157) [18].  S. 
aureus is a round shaped bacterium that generally clusters in groups.  This feature is often referred 
to as “grape-like clusters.”  

 
1.2.3. Klebsiella pneumoniae 
 

Klebsiella pneumoniae is a Gram-negative, opportunistic pathogen that causes 

pneumonia in infected humans.   Generally hospital-acquired, K. pneumoniae not only 

causes pneumonia but can cause urinary tract infections (UTI), respiratory tract infections 

and septicaemia (blood poisoning) [25].  K. pneumoniae causes infection in patients with 

a compromised immune system including post-operation, diabetics and in patients 

undergoing chemotherapy.  K. pneumoniae is of great concern due to its ability to rapidly 

infect the lungs and cause the onset of pneumonia within only two days of hospitalisation.  

The bacterium is responsible for approximately 15% of Gram-negative infections in 

hospital intensive care units (ICU), and this has now become a more pressing issue due 

to the rise in antibiotic resistant strains [26]. The growing emergence of resistance to 

carbapenem antibiotics, the last resort β-lactams used in the treatment of Gram-negative 

infections, has left little treatment options for infected patients, increasing mortality to 

50% when infected by a resistant strain [26]. 
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Figure 1.2.3.  Digitally-colourised SEM image with a human white blood cell in blue interacting 
with two rod-shaped Klebsiella pneumoniae cells, coloured red (ID No. 18170) [27]. 

 
1.2.4. Acinetobacter baumannii 
 

Acinetobacter baumannii is a Gram-negative pathogen that is the third most 

common cause of nosocomial Gram-negative infection after Pseudomonas aeruginosa 

and Enterobacter.  Infection can lead to blood poisoning and pneumonia, and sometimes 

meningitis.  Outbreaks have occurred in Australia over the last 10 years due to the 

bacterium’s ability to survive in harsh conditions (high and low temperatures).  The 

bacterium can also spread quickly from patients to staff, with one study indicating that 

11% of Australia hospital workers tested positive for A. baumannii on their hands [28].  

These outbreaks are of growing concern due to the increase in multidrug resistant strains 

of A. baumannii.  A. baumannii has now shown resistance to all β-lactams such as 

gentamicin, cephalosporins, and ticarcillin as well as resistance to ciprofloxacin, a second 

generation fluoroquinolone [29].  Last resort carbapenem antibiotics have also been 

rendered useless by multi-drug resistant A. baumannii, which now has an associated 

mortality of 30% within hospitals.  The multi-drug resistant strains have seen a spike in 

prevalence since the return of soldiers from the Iraq war, which has resulted in A. 

baumannii to be named colloquially “Iraqibacter” [30]. 
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Figure 1.2.4.  A SEM image of aerobic Gram-negative A. baumannii bacteria clusters under a 
magnification of 6,182x (ID No. 9327) [31]. 

 
1.2.5. Pseudomonas aeruginosa 
 

P. aeruginosa is a Gram-negative opportunistic pathogen whose infection rates 

are generally limited within the hospital environment.  P. aeruginosa colonisation makes 

up roughly 1 to 2% of bacteria on the skin, 1 to 3.3% in nasal mucus and 1 to 6.6% along 

the lining of the throat in a healthy individual [32].  Whilst the composition of P. 

aeruginosa in human microbial flora is low, the bacterium is responsible for 16% of 

nosocomial pneumonia, 11% of urinary tract infections and is the fourth leading cause of 

surgical site wounds [33].  These high incidences of infection within a hospital are of 

concern when P. aeruginosa exhibits high rates of resistance to the majority of first-line 

antibiotics.  Isolates of  P. aeruginosa from intensive care unit (ICU) patients show high 

resistance to β-lactams and fluoroquinolones, with drug-resistant strains accounting for 

approximately 20-30% of all cases [34].  The Centers for Disease Control and Prevention 

(CDC) currently estimates that there are close to 51,000 P. aeruginosa infections a year 

in the United States, with approximately 400 deaths attributed to these infections.  

Furthermore, treatment of a P. aeruginosa infection in the hospital setting costs 

approximately US $6000, while a multidrug resistant P. aeruginosa infection can cost 

almost five times this, at approximately US $30, 000 [35].  P. aeruginosa also presents a 

serious therapeutic challenge as the pathogen can develop resistance rapidly to multiple 

classes of antibacterial agents, even during the course of treatment.  This is accomplished 
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as the pathogen can acquire resistant genes on mobile genetic elements (e.g. plasmids) or 

through mutational processes that alter the expression and function of chromosomally 

encoded mechanisms [34].  The high incidences of P. aeruginosa in hospitals, the costs 

associated with treatment and the pathogens intrinsic ability to develop resistant makes 

this pathogen a high concern to public health. 

 

   
Figure 1.2.5.  SEM image of P. aeruginosa bacteria (ID No. 233)[36].  The Gram-negative 
bacterium is rod-shaped. 

 
1.2.6. Extended Spectrum β-lactamase Enterobacter Species 

 
Enterobacter is a genus of Gram-negative bacteria.  The two important clinical 

strains of Enterobacter are Enterobacter aerogenes and Enterobacter cloacae, which are 

both opportunistic pathogen’s.  Infection is generally localised within hospitals and will 

affect those with a compromised immune system.  The emergence of extended spectrum 

β-lactamase Enterobacter strains is a growing concern as they have shown resistance to 

all current commercial antibiotics [37].  Currently, Enterobacter species are the second 

most common Gram-negative bacteria responsible for nosocomial infections behind P. 

aeruginosa.  This represents approximately 4.5% of ICU infections.  Whilst the incidence 

of infection is low, especially in Australian hospitals, the pathogen is still of great concern 

due to this species’ ability to efficiently acquire resistance.  
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Figure 1.2.6. SEM image of the rod-shaped Enterobacter cloacae [38]. 

 
1.2.7. Multidrug-resistant tuberculosis 

 
Mycobacterium tuberculosis is a human pathogen spread through the inhalation 

of air droplets originating from an infected person.  M. tuberculosis will remain in a latent 

state (non-dividing) within the lungs of the host organism for extended periods of time.  

Infection with M. tuberculosis can remain undetected until the moment the host becomes 

immunocompromised, at which point the latent infection becomes clinically active [9].  

The WHO estimates that one-third of the global population is infected with M. 

tuberculosis, with 5-10% of these individuals developing active Tuberculosis (TB) within 

their lifetime.  This likelihood of infection increases to 50% with patients co-infected with 

HIV/AIDs.  In 2013, the WHO found that there were 9 million active cases of TB reported 

globally, of which 1.5 million died as a result of the infection (360,000 co-infected with 

HIV) [1].  This makes TB the number one cause of death from an infectious disease.  

Unfortunately, M. tuberculosis is now showing increased multidrug resistance to all 

frontline antibiotics.  Multi-drug resistant M. tuberculosis (MDR-TB), characterised by 

its resistance to at least two of the most powerful first-line antibiotics (isoniazid and 

rifampin), currently accounts for 5-15% of all cases, meaning that mortality and 

reoccurring morbidity is likely to increase significantly [9]. 
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Figure 1.2.7.   SEM image of M. tuberculosis under 15549x magnification.  This bacterium 
ranges in length between 2 - 4 µm with a width between 0.2 - 0.5 µm (ID No. 9997) [18]. 

 
 
1.3. Traditional antibiotics and their targets 
 

An antibiotic is a term used to describe an antimicrobial medicine used to treat or 

prevent bacterial infections.  An antibiotic can also be defined as a commercialised 

antibacterial compound that inhibits the growth or destroys bacteria.  For an antibiotic to 

be effective, it must be active at a concentration that is non-toxic (no side effects) to the 

infected host and targets a biological component unique to bacteria.  Since the 

commercialisation of the first sulfonamide ‘Prontosil’ in the 1930’s, over one hundred 

different antibiotics have been discovered, with the majority coming from seven class 

types (penicillins, cephalosporins, macrolides, quinolones, sulfonamides, tetracyclines 

and aminoglycosides).  These antibiotic classes target a number of different biological 

targets.  Each family of antibiotic has undergone a wide range of synthetic alterations to 

help increase potency, reduce side-effects and to overcome resistance.  Unfortunately, 

resistance is not only inevitable but also extremely rapid, as shown in Table 1.3.1. 
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Table 1.3.1.  A table adapted from a Nature Reviews Drug Discovery publication, outlining the 
discovery, introduction, observed resistance, the mechanism of action (MOA) and the spectrum 
of activity in current antibiotic classes [39].   

Antibiotic Class 
(Example) 

Year of 
discovery 

Year of 
introduction 

Year 
Resistance 
observed 

MOA Spectrum of 
activity 

Sulfa drugs 
(Prontosil) 1932 1936 1942 

Inhibition of 
dihydropteroate 

synthetase 

Gram-positive 
bacteria 

β-lactams 
(Penicillin G) 1928 1938 1945 Inhibition of cell 

wall biosynthesis 
Broad-spectrum 

activity 

Aminoglycosides 
(Streptomycin) 1943 1946 1946 

Binding of 30S 
ribosomal 

subunit 

Broad-spectrum 
activity 

Chloramphenicols 
(Chloramphenicol) 1946 1948 1950 

Binding of 50S 
ribosomal 

subunit 

Broad-spectrum 
activity 

Macrolides 
(Erythromycin) 1948 1951 1955 

Binding of 50S 
ribosomal 

subunit 

Broad-spectrum 
activity 

Tetracyclines 
(Chlortetracycline) 1944 1952 1950 

Binding of 50S 
ribosomal 

subunit 

Broad-spectrum 
activity 

Rifamycins 
(Rifampicin) 1957 1958 1962 

Binding of RNA 
polymerase β-

subunit 

Gram-positive 
bacteria 

Glycopeptides 
(Vancomycin) 1953 1958 1960 Inhibition of cell 

wall biosynthesis 
Gram-positive 

bacteria 

Quinolones 
(Ciprofloxacin) 1961 1968 1968 Inhibition of 

DNA synthesis 
Broad-spectrum 

activity 

Streptogramins 
(Streptogramin B) 1963 1998 1964 

Binding of 50S 
ribosomal 

subunit 

Gram-positive 
bacteria 

Oxazolidinones 
(Linezolid) 1955 2000 2001 

Binding of 50S 
ribosomal 

subunit 

Gram-positive 
bacteria 

Lipopeptides 
(Daptomycin) 1986 2003 1987 Depolarization of 

cell membrane 
Gram-positive 

bacteria 

Diarylquinolines 
(Bedaquiline) 1997 2012 2006 Inhibition of 

F1 FO-ATPase 
(Mycobacterium 

tuberculosis) 

 

As it currently stands, the majority of modern antibiotics target five different cellular 

mechanisms.  These include cell wall synthesis, protein biosynthesis, DNA repair and 
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replication, RNA polymerase and bacterial cellular metabolism, such as folic acid 

metabolism, as shown in Figure 1.3.1 [40]. 

 

 

 
 

Figure 1.3.1.  A schematic diagram outlining the five traditional cellular pathways targeted by 
current commercial antibiotics.  Listed with each target are the current antibiotics available to 
inhibit the function of the target, taken from Lewis et al. “Platforms for Antibiotic Discovery,” 
Nature Reviews Drug Discovery [39]. 

 
1.3.1. Cell wall synthesis 
 

The bacterial cell wall was one of the first characterised targets for antibiotics.  

The cell wall is unique to the type of bacterium.  In Gram-negative species, there are three 

layers of the cell envelope.  The outer membrane is mostly made up of 
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lipopolysaccharides, which is stapled to a small underlying peptidoglycan layer.  These 

two layers protect the cytoplasmic membrane which is made up of phospholipids.  In 

contrast, Gram-positive species do not have an outer membrane; rather the cytoplasmic 

membrane is surrounded entirely by a very thick peptidoglycan layer, approximately 60% 

of the mass of the cell [41].  Lastly, mycobacteria such as M. tuberculosis have a unique 

cell wall.  The cell wall is capped with a mycolic acid (fatty acid) layer, connected to a 

small peptidoglycan layer by arabinogalactan, a highly branched polysaccharide [42].  

This unique cell wall found in M. tuberculosis is attributed to the bacterium’s hardiness 

and resistance to the major classes of antibiotics.  An important trend amongst these three 

types of bacteria is the presence of peptidoglycan; it is just the thickness and location that 

varies.  The bacterial enzyme DD-transpeptidase, conserved in all bacteria, is responsible 

for catalysing the crosslinking of peptidoglycan, an essential process.  Penicillin 

compounds (e.g. penicillin G, methicillin, aminopenicillin) bind strongly to and inhibit 

this enzyme, preventing the synthesis of the cell wall, resulting in the death of the 

pathogen [43].  Another cell wall target involved inhibiting the two essential genes, mraY 

and murG, which encode for enzymes that synthesise precursors for the biosynthesis of 

peptidoglycan in the development of the cell wall.  These two enzymes were successfully 

inhibited by glycopeptide antibiotics (e.g. vancomycin) as the antibiotic would bind to 

the lipid substrate and prevent the proteins from synthesising peptidoglycan [44].  The 

cell wall was an excellent target as the peptidoglycan layer is unique to prokaryotic cells. 

 
1.3.2. Protein biosynthesis and Bacterial cellular metabolism 

 
Translation, the process of protein biosynthesis directed by ribosomal ribonucleic 

acid (rRNA) within a bacterial cell is another traditional target for antibiotics.  rRNA in 

prokaryotic cells is significantly different from eukaryotic cells which makes it an 

excellent target.  Antibiotics such as aminoglycosides (e.g. streptomycin), tetracycline 

and macrolides (e.g. erythromycin) selectively bind to the small 30S or 50S subunit of the 

bacterial ribosome, which inhibits protein biosynthesis.  The antibiotic erythromycin 

works by binding to the 50S subunit of the 70S rRNA complex causing miscoding and 

the eventual termination of the rRNA function [45, 46].  Bacterial cellular metabolism, in 

particular, the synthesis of folic acid (which is essential for folate coenzyme biosynthetic 

pathway), is another target for antibiotics. The bacterial enzyme, dihydropteroate 

synthase (DHPS), catalyses the conversion of the 4-aminobenzoic acid 

to dihydropteroate, a key step in folate synthesis.  Sulfonamides (e.g. Prontosil) are 
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known to bind DHPS, therefore competing with 4-aminobenzoic acid and preventing the 

formation of dihydropteroate [47]. 

 
1.3.3. RNA polymerase and DNA repair 
 

RNA polymerase and DNA replication are the last two traditional antibiotic 

targets.  RNA polymerase refers to an enzyme responsible for copying a DNA sequence 

into an RNA sequence, a process known as transcription.  DNA replication, on the other 

hand, involves producing two identical replicas of DNA from one DNA molecule.  

Antibiotics, such as those from the rifampicin class (e.g. Rifampicin, Rifabutin), 

specifically target bacterial DNA-dependant RNA polymerase (RNAP) by binding to the 

-subunit.  This inhibition sterically blocks the growth of the RNA chain during the 

transcription process [48].  DNA repair can also be safely inhibited without affecting an 

eukaryotic host.  The DNA gyrase enzyme known as DNA topoisomerases II controls the 

topological state of DNA by relieving strain as DNA is unwound by helicase enzymes.  

Antibiotics such as fluoroquinolones (e.g. ciprofloxacin) successfully target DNA 

topoisomerase II without inhibiting eukaryotic topoisomerase by binding to the N-

terminal domain of the enzyme, preventing the DNA from binding, hence inhibiting the 

DNA replication [49]. 

 

The characteristic feature among all the antibiotic targets mentioned above is their 

exclusive nature to bacteria.  An antibiotic cannot be effective if the drug also targets a 

protein or enzyme found in eukaryotic cells as it may have adverse side effects to the 

patient undergoing treatment.  Contrary to this, some targets like RNA polymerase are 

present in humans; however, potential antibiotics can be designed to target bacterial 

specific regions of these proteins without inhibiting eukaryotic enzymes.  Current 

antibiotic drug discovery will need to focus on novel targets that are not found in 

eukaryotic cells or are significantly divergent to prevent potential cytotoxicity. 

 

1.4. Mechanisms of resistance 
 

Antibiotic resistance was first discovered almost immediately after the first use of 

penicillin and sulfonamides within hospitals [50].  The majority of commercial antibiotics 

discovered to date were identified analysing the metabolic pathways of microbes and the 

secondary metabolites they produced to kill invasive microorganisms [51].  For this 
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reason, bacteria have been exposed to the antibiotics discovered in the 20th century for 

over 2 billion years, as well as nearly all combinatorial chemistry there is to see in the 

world.  Spellberg et al. accurately points out that microbes have collectively created and 

defeated antibiotics for 20 million times longer than Homo sapiens have known that 

antibiotics existed [51].  Treatment of bacterial infections using antibiotics has greatly 

increased the human life expectancy, so this rapid increase of resistant bacteria is a cause 

for concern  [52].  Antibiotic resistance is due to numerous biological factors including 

mutation/modification of the drug target site (proteins), enzymatic inactivation or 

modification of the antibiotic, resistance through decreased permeability, acquisition of 

alternative metabolic pathways and finally the increase of efflux pump proteins in the cell 

wall (described in detail below) [53-55].  

 

 

 
 

Figure 1.4.1.  A schematic diagram that shows the five mechanisms of resistance.  The pentagon 
shape represents the antibiotic.  Resistance can arise via reduced permeability, preventing the 
compound from permeating the cell wall.  Alteration/mutation of the drug target is also possible; 
or rather, an enzyme may modify or degrade the antibiotic instead.  Efflux pumps play a large 
role in resistance, which recognises the foreign antibacterial compound and pumps it out of the 
cell.  Lastly, the bacterium can resist the antibiotic by using an alternative metabolic pathway to 
replace the function of the inhibited cellular process [53].   
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1.4.1. Drug target modification 
 

Mutation or modification of the target drug site has contributed greatly to 

antibiotic resistance.  Mutation is responsible for the resistance to aminoglycosides, -

lactams, quinolones, rifamycins, lipopeptides, tetracyclines and macrolides.  An example 

of a drug-resistant mutation is the methylation of an adenine residue in the 23S rRNA that 

prevents macrolides from binding to the 30S ribosomal subunit [53].  Target modification 

has also been linked to vancomycin resistance in Enterococci species.  Vancomycin is the 

last line antibiotic that targets the peptidoglycan layer of bacteria.  An example of target 

modification is the replacement of an amide link in an alanine residue within 

peptidoglycan to an ester group.  Biologically, we see a D-alanine residue converted to 

D-lactate to give rise to a D-ala-D-lac sequence instead of D-ala-D-ala.  This effectively 

eliminates the crucial hydrogen bond via the NH and instead introduces lone pair 

repulsion through the incorporation of oxygen [56].  By doing this, the affinity of 

vancomycin for peptidoglycan is reduced almost 1000-fold.  The oxidation of the D-ala-

D-ala amide bond is carried out by the ketoacid dehydrogenase vanH [57, 58].  

 

 
Figure 1.4.2.  The structure of vancomycin with the hydrogen bond interactions labelled via the 
dotted line.  The modification of the amide bond to an ester bond is responsible for the rise in 
resistance (coloured in red) [56]. 

 
1.4.2. Enzymatic degradation 

 
Enzymatic modification and degradation of an antibiotic is another cause of 

resistance that has limited the use of chloramphenicol, -lactams and streptogramins.  The 

increase in resistance against -lactams is due to the presence of -lactamases, enzymes 
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(e.g. penicillinase) which hydrolyses the amide bond of a -lactam ring, rendering 

penicillin derivatives inactive, as shown in Figure 1.4.3 [53, 59].   

 
 

 
Figure 1.4.3.  Showing the effect on the -lactam ring when hydrolysed by a -lactamase enzyme 
[60].  The enzyme effectively cleaves the amide group to yield a deprotonated carboxylic acid 
moiety, which can no longer undergo the SN2 reaction mechanism previously possible. 

 
A study conducted in 2010 by Karthikeyan et al. analysed a number of ESBL (Extended-

spectrum β-lactamase) isolates of Gram-negative Enterobacteriaceae such as E. coli and 

K. pneumoniae. The study found an increase in a novel gene dubbed New Delhi metallo-

β-lactamase 1 [61].  This gene encodes a β-lactamase enzyme that grants resistance to all 

β-lactams, fluoroquinolones and aminoglycosides.  The study concluded that the ability 

of bacteria to produce this novel β-lactamase enzyme would completely render these 

antibiotics obsolete, including any potential synthetic analogues [61].  This is of major 

concern, as these three families of antibiotics are the frontline treatment for Gram-

negative infections.  Lastly, trimethoprim derivatives are also becoming obsolete through 

the breaking down of the β-lactam core structure due to the presence of the dfrA1 

reductase enzyme, making trimethoprim compounds inactive [62].   

 
1.4.3. Efflux pumps 

 
Antibacterial resistance has arisen and increased due to the presence of transporter 

efflux proteins (TEPs) within the cell membrane.  These TEPs are a complex of proteins 

located across the cell membrane that bind to the active drug and expel it from the cell 

[63].  These proteins have evolved over time as a means of bacterial survival that was 

propagated by the extensive treatment of humans and the increase of antibiotic residues 

within the environment [64].  TEPs will only bind to the active drug in the phospholipid 

bilayer after it has successfully permeated the outer membrane.  Once the drug has 
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diffused through the cell wall, the TEPs bind to the hydrophilic drug, recognised due to 

the hydrophobic nature of the cell membrane.  The TEP bound drug is then expelled into 

the extracellular space where it becomes obsolete [63].  These TEPs have contributed to 

the resistance to -lactams, rifampicin, chloramphenicol, aminoglycosides, tetracycline, 

quinolones and glycopeptides as well as the derivatives of each drug [62, 63, 65].  An 

example of a multidrug efflux pump is the TolC-AcrAB complex found in E. coli (and 

numerous homologues found in other Gram-negative species) which is responsible for 

resistance to linezolid (oxazolidinone class).  This complex creates a tunnel across the 

cell membrane that allows antibiotics to be transported out into the extracellular space 

with the assistance of a number of other proteins.  The pump contains the outer membrane 

TolC channel, which is connected to the inner membrane transporter AcrB via the 

periplasmic AcrA.  This complex, assisted by a number of other proteins, is known as the 

resistome [54, 63].  

 
1.4.4. Membrane permeability and alternate metabolic pathways 

 
Resistance can also arise via two more processes; restriction of antibiotic 

penetration by reducing the permeability of the membrane and the acquisition of an 

alternative metabolic pathway.  Both mechanisms have rendered antibiotics like 

polymyxin and fluoroquinolones inactive.  The resistance to polymyxin and its 

derivatives (Gram-negative specific antibiotics) has been linked to the pathogens ability 

to alter a phospholipid domain known as lipid A (a 1,6-linked disaccharide of 

glucosamine) that holds the lipopolysaccharides (LPS) within the cell membrane.  

Modification of Lipid A is carried out by a transferase enzyme l-Ara4N that increases the 

hydrophobic nature of LPS, thus reducing the permeability of the membrane [66].  

Alternate metabolic pathways have also been studied which found that fluoroquinolone 

resistance arose because of the number of different topoisomerases genes that work 

independently to one another to carry out the same function, meaning the work required 

by one gene can be replaced by another if inhibited by an antibiotic.   General mutations 

in each gene have helped prevent these type of antibiotics from binding to the enzyme 

[54].   

 

The five mechanisms of resistance mentioned above all work in conjunction to help 

contribute to the exponential increase in resistance.  A recent study indicated that these 
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mechanisms are so efficient and robust that multidrug resistant bacteria have shown 

resistance to every novel compound currently in production, highlighting that this will 

always be an issue that would likely never be overcome [67].  The traditional antibiotic 

targets show ever-decreasing viability, so it is now paramount to identify new potential 

targets unique to bacteria that potentially show low rates of resistance. 

 
1.5. Cell division 
 

In the last fifteen to twenty years, proteins that are involved in the bacterial cell 

division have been identified as potential targets for novel antibiotics [68].  Cell division 

is essential for the propagation of all prokaryotic organisms.  Duplication of the cytoplasm 

and all genetic material allows for the distribution of new genomes over two daughter 

cells. For a bacterium to proliferate, it must divide and replicate its DNA [69].  Some of 

the proteins involved in cell division (collectively known as the divisome) have recently 

become novel targets for antibiotic research as many of these proteins are unique to 

bacteria and are well conserved amongst different species.  These targets have a high 

potential as they have not been previously targeted, a feature that may result in a slower 

rate of resistance, although this statement still needs to be proven [70]. 

 

 
Figure 1.5.1.  A schematic diagram of the cell division proteins in Bacillus subtilis, a Gram-
positive pathogen. The two-step mechanism shows (a) the early-assembling proteins recruited to 
the Z ring by FtsZ and (b) after a delay, the final divisome proteins are recruited to assist in cell 
division [71].  Not all the proteins involved in cell division are shown in this schematic diagram. 

 

(a)                                                       (b) 
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Figure 1.5.2.  Schematic diagram of the cell division proteins in E. coli [72].  E. coli has the most 
characterised divisome of a bacterial species.  The diagram shows the number of known proteins 
responsible for cell division, and which proteins interact with each other.   

 
FtsZ is the most highly conserved, essential protein involved in bacterial cell division.  

FtsZ polymerises with other FtsZ monomers to form a Z-ring on the inside of the 

cytoplasmic membrane at the division site. This ring subsequently constricts to bring the 

cell envelope layers together until it forms two daughter cells [70].  While FtsZ is the 

pivotal protein in the bacterial cell division machinery, it requires assistance from a 

number of other proteins for it to function effectively.  FtsA, for instance, is a protein that 

acts as an anchor and tethers FtsZ to the cell membrane [70].  ZipA is another membrane 

anchor protein that assists FtsA; however, it plays a more passive role.  Some other known 

proteins that assist in the cell division process include FtsX, FtsN, FtsE, FtsK, FtsL, ZapA, 

EnvC, and FtsW, to name a few [69, 70, 72, 73].  Each protein has diverse functions 

including the regulation of Z-ring placement to the midcell (e.g. MinC and MinD), 

promotion of Z-ring constriction (e.g. FtsN), and controlling the assembly of division 

proteins (e.g. FtsQ, FtsL and FtsB) [74-76].  Of these divisome proteins, none are found 
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in eukaryotic cells, a desirable feature for drug development.  Furthermore, it is important 

to identify which proteins are well conserved amongst all species of bacteria and essential 

for cell division as these features will make antibiotic commercialisation more attractive 

due to broad-spectrum activity.  Inhibiting an essential divisome protein would result in 

the reduced cell viability of the pathogen, which will ultimately lead to cell lysis.  It is 

important to note that while a number of divisome proteins have been identified, the role 

many of these proteins play within cell division is not fully understood [73]. 

 
1.6. FtsZ 
 

The Filamenting temperature-sensitive mutant Z (FtsZ) protein in recent years has 

become an ever more important focus for antibiotic research due to its potential as a novel 

target.  FtsZ is an essential cell division protein that is the most conserved division protein 

among the majority of bacterial species.  Importantly, FtsZ is essential for viability for 

the pathogens in the ESKAPE group and M. tuberculosis.  FtsZ is a known structural 

homologue of the eukaryotic tubulin, comprised of a C-terminal and catalytic N-terminal 

subdomain, separated by a central core H7 helix, shown in Figure 1.16 [77]. The two 

sub-domains are independently folded with the N-terminal containing a nucleotide-

binding site while the C-terminal accommodates the catalytic synergy loop (T7-loop) 

[78].  The nucleotide binding site binds to guanosine triphosphate (GTP) allowing FtsZ 

to undergo self-activated GTPase activity to yield a Z-ring, which will be discussed 

below.  An X-ray crystal structure of FtsZ also shows the presence of a calcium ion within 

the T7-loop.  The work conducted by Takashi et al. found that an asparagine residue 

within the T7-loop was most likely responsible for chelating the calcium ion and holding 

it in position  [79].  It was suggested that this chelation helped form the appropriate 

conformation for the T7-loop required to undergo GTPase activity.  This suggestion has 

value as calcium has previously been shown to promote the polymerisation of FtsZ [80]. 
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Figure 1.6.1.  Showing the structure of GDP-bound S. aureus FtsZ (curved form).  GDP binds in 
the nucleotide-binding pocket which is represented in the stick form [79]. The dark blue/purple 
C-terminus is connected to the red/orange N-terminus via the light blue H7-core helix.  At the 
bottom of the helix, the T7-loop can be seen. 

 

The head-to-tail polymerisation of FtsZ is catalysed by the hydrolysis of GTP to 

guanosine diphosphate (GDP) when the catalytic synergy T7-loop of one FtsZ subunit 

inserts into the nucleotide binding site of another FtsZ subunit [68, 79].  This process is 

repeated with multiple (more than twelve) FtsZ proteins until the ‘Z-ring’ has formed 

[81].  The binding of the T7-loop causes a conformational change in the shape of FtsZ 

protein, resulting in a curved structure.  This change in shape helps propagate the 

formation of a ring, rather than a linear polymer of FtsZ proteins [79].  Finally, the 

necessary division proteins are recruited to carry out the process of cell division, using 

the FtsZ Z-ring polymer as a scaffold to constrict along the midcell between the newly 

replicated chromosomes, forming the two daughter cells [82].  This process is a 

continuous process that each daughter cell will undergo, eventually resulting in the 

accumulation of bacterial cells. 
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Figure 1.6.2.  (a) An image of the polymerisation of FtsZ proteins bonded via the GTP molecule 
and the T7-loop.  This process is repeated until the Z-ring has formed [79]. (b) Localisation of 
FtsZ in E. coli at midcell [83].  The Z-rings are red, while the chromosome is DAPI stained, giving 
rise to the blue fluorescence.   (c) An immunofluorescence microscopic image of the Z-ring in S. 
aureus.  The fluorescent green Z-ring can be found in the centre of the bacterium [84]. 

 

Due to the essential nature of FtsZ in the cell division machinery, it would make an 

excellent target for drug discovery.  Its evolutionary divergence from tubulin and its 

absence in eukaryotic cells mean that a FtsZ specific inhibitor is expected to not interfere 

with eukaryotic cell division.  Its presence amongst the majority of bacterial species, 

especially those of the ESKAPE group and M. tuberculosis infers that an antibiotic drug 

could have the broad-spectrum potential [81]. The structure of FtsZ from a 

macromolecule perspective also indicates that this protein would be a ‘druggable’ target, 

as it contains two known protein clefts.  The inter-subdomain cleft alongside the H7 core 

helix provides an inhibitory binding pocket, which upon binding to an inhibitor, would 

prevent the curved conformation of the protein during GTPase hydrolysis.  The 

nucleotide-binding site that contains the GTP molecule may also be inhibited; however, 

this may have an increase in potential cytotoxicity due to inhibition of other GTPase 

proteins within the human biological system.  Currently, no approved commercial 

antibiotics inhibit cell division; however, literature does suggest that inhibitors of FtsZ 

                                          (b) 

                                          (c) 

    (a) 
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could be slower in developing resistance, further justifying cell division as a novel target 

[85, 86]. 

 
1.7. Natural product FtsZ inhibitors 
 

Natural products have always played an essential role in drug discovery.  

Identifying a natural product that can kill a pathogen could help kick-start a drug 

development project.  Scientists are continually screening plants, marine flora and other 

life forms such as fungi and soil microbes to identify potential antimicrobial compounds.  

Upon the identification of a potential antimicrobial, the compound can act as a guidepost 

for novel synthetic molecules, with a goal of increasing activity and selectivity.  This 

dependence on natural product lead structures remains the most fruitful approach to 

discovering clinically useful compounds [87].  In recent years, natural products have been 

identified and shown to inhibit the function of FtsZ in cell division. 

 

Naturally occurring quaternary alkaloids such as berberine and sanguinarine have 

garnered interest due to their antibacterial activity against both Gram-positive and Gram-

negative pathogens such as S. aureus, E. coli and P. aeruginosa [88, 89].  Berberine, in 

particular, has also been shown to inhibit MRSA and multidrug-resistant M. tuberculosis 

[90].  Domadia et al. observed the effect that berberine exerted on E. coli FtsZ (EcFtsZ) 

and found that GTP-initiated polymerisation was inhibited in a dose-dependent manner 

[88].  The study showed that GTP-hydrolysis during assembly was gradually reduced due 

to an increased concentration of berberine.  Electron microscopy was also used to 

visualise the effect of berberine on FtsZ protofilaments.  Berberine was observed to cause 

destabilisation in wild-type E. coli through a reduction in length and bundling of the Z-

ring in vitro [88].  The weak minimum inhibitory concentration (MIC) of 207 µM against 

S. aureus could be significantly improved through synthetic alterations while maintaining 

low toxicity towards mammalian cells.  Sanguinarine is the second quaternary alkaloid 

that shows high antibacterial properties with an MIC of 34.0–68.0 μM against S. aureus 

[91].  It was found that sanguinarine increases the cell length of both B. subtilis and E. 

coli cells without damaging the membrane structure.  This increase in cell length, known 

as filamentation, is a common feature seen when cell division is inhibited, as the 

chromosomes are still replicated successfully, just the cell never divides.  The same effect 

is seen in cocci shaped bacteria, however instead of getting long like rod-shaped bacteria, 
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they instead “balloon” where a significant increase in diameter is observed.  Microscopy 

after sanguinarine treatment also found that while Z-rings were visible, their frequency 

and occurrence had reduced, and the morphology of the ring had been perturbed.  This 

change in morphology prevented the cells with damaged Z-rings from completing 

cytokinesis [89].  While sanguinarine has a lower MIC than that of berberine, it has been 

shown in previous studies to be quite toxic to mammalian cells due to its ability to inhibit 

tubulin assembly [92]. 

 

Table 1.7.1.  The structure of known natural FtsZ inhibitors with their corresponding MIC values. 

Natural Product Structure MIC 

Berberine 

 

>207 µM (S. aureus) 
105 µM 

(M. tuberculosis) 

Sanguinarine 

 

34.0–68.0 μM 
(S. aureus) 

Dichamanetin 

 

1.7 µM 
(S. aureus and 

B. subtilis) 
3.4 µM 

(Mycobacterium 
smegmatis) 

Cinnamaldehyde 

 

7.6 µM (E. coli) 
3.8 µM (B. subtilis) 

1.9 µM (MRSA) 

Curcumin 

 

100 µM (B. subtilis) 
100 µM (E. coli) 
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Totarol 

 

2 µM (B. subtilis) 
55 µM 

(M. tuberculosis) 
 

Viriditoxin 

 

5.5-11.1 µM 
(S. aureus and 
E. Faecium) 

IC50 = 8.2 µg/mL 
(E. coli) 

 

Dichamanetin is a natural product isolated from the plant Uvaria chamae.  The compound 

has shown high antibacterial activity against Gram-positive bacteria and mycobacteria.  

The polyphenolic structure gave an MIC of 1.7 µM against S. aureus and B. subtilis as 

well as an MIC of 3.4 µM against M. smegmatis, an organism used routinely as a model 

for M. tuberculosis, indicating the potential for TB treatment [93].  The MIC results are 

significant as they are proportionate to clinically significant antibiotics such as 

vancomycin (MIC = 5.8 µM) [94].  The mechanism of action for dichamanetin is 

currently unknown as no further research has been published; however, the original work 

by Urgaonkar et al. demonstrated that dichamanetin inhibits FtsZ GTPase activity in E. 

coli, indicating that FtsZ is a potential target [93].  In 2004, Margalit et al. showed that a 

synthetic FtsZ inhibitor called Zantrin Z1 which possessed a polyphenolic structure 

analogous of dichamanetin could destabilise FtsZ, resulting in a diminished abundance 

and length of protofilaments [95].  While this knowledge would not directly correlate to 

the mechanism of dichamanetin, it indicates that this natural compound likely inhibits the 

function of FtsZ. 

 

Cinnamaldehyde is a naturally occurring product found in the bark of Cinnamomum 

verum.  The predominant trans-isomer has previously been shown to inhibit cytokinesis 

with an MIC of 1 mg/ml and 0.5 mg/mL in E. coli and B. subtilis , respectively [96].  A 

light-scattering assay adopted by Domadia et al. showed a decrease in the intensity of 

FtsZ assembly in the presence of cinnamaldehyde.  The inhibition of protofilaments was 

seen using electron microscopy and found that cinnamaldehyde inhibits in a dose-

dependent manner.  In silico molecular modelling was also conducted and determined the 
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binding of the aromatic ring to the aliphatic side chains P203, M206, N207 and V208 

within the T7-loop, while the carbonyl group was in proximity to the N263, R202 and 

S297 residues within the hydrophobic cleft [96].  Cinnamaldehyde showed in vitro 

activity but failed in vivo tests, as the unstable aldehyde would readily oxidise to cinnamic 

acid, a compound that shows no antibacterial properties.  For this reason, cinnamaldehyde 

would not be suitable for the treatment of an infection but could act as a scaffold for the 

lead structure design of more stable and potent antibacterial compounds.   

 

 
Figure 1.7.1.  Showing the docking model of cinnamaldehyde at the T7-loop and detailed 
interactions of cinnamaldehyde with amino-acid residues.  For simplicity, hydrogens of 
cinnamaldehyde were omitted [96].   

 
Curcumin, the principal polyphenolic compound in turmeric, has had known 

antimicrobial activity for a long time.  Its potential as an antibacterial drug is limited 

though as curcumin has poor bioavailability.  Previous work found that curcumin-induced 

filamentation in B. subtilis (cell elongation), a result of divisome inhibition [97].  

Curcumin increases the GTP hydrolysis rate resulting in a decrease in the stabilisation of 

FtsZ protofilaments, essentially inhibiting FtsZ assembly.  The MIC of curcumin was 

found to be 10 µg/mL against both S. aureus and E. coli showing the possible broad-

spectrum activity of the molecule.  Synthetic alterations to curcumin have been attempted 

to increase not only the activity but also the bioavailability [98].   

 

Another natural compound, totarol, a natural product obtained from the Podocarpus 

totara tree, is a terpenophenolic compound that has previously been shown to inhibit 

bacterial cytokinesis [99].  Totarol gave an MIC of 2 µM against B. subtilis and has since 

become the starting scaffold of novel synthetic compounds with a few molecules showing 
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10-fold higher activities than that of totarol [100, 101].  Jaiswal et al. found that totarol 

bound to purified M. tuberculosis FtsZ (MtbFtsZ) and inhibited GTPase activity and 

assembly of protofilaments in vitro.  This, in turn, disrupted Z-ring formation and 

functionality resulting in cell lysis [99].  Totarol also showed inhibition of FtsZ in a 

BsFtsZ polymerisation assay and induced filamentation in B. subtilis [99]. Interestingly, 

it was later confirmed that the inhibition of FtsZ was actually due to totarol aggregating. 

The addition of the detergent Triton X100 overcame the aggregation, and the compound 

was found to no longer inhibit FtsZ in a GTPase assay [101].  It was found though that 

totarol still induces filamentation in B. subtilis [99], indicating that the compound is 

having some effect on cell division; however, this may be an indirect effect.  

Unfortunately, the study did not identify the reason for the filamentous phenotype.   

 

Finally, the compound viriditoxin was discovered by using an in-house, high-throughput 

screening polymerisation assay that analysed over 100,000 microbial fermentation broths 

and plants.  Viriditoxin was eventually detected and extracted from an Aspergillus 

viridinutans species of mould (fungi).  With an MIC of approximately 5.5 µM against 

both S. aureus and E. faecium, viriditoxin has become a potential candidate for lead 

development [102].  Wang et al. found that viriditoxin not only causes cell filamentation 

but saw a decrease in activity when FtsZ is over-expressed in E. coli [102].  A decrease 

in activity would be expected when the protein target is overexpressed as a higher 

concentration of the inhibitor would be required to negate the effects of the excess protein. 

 

While this list of natural products is small, it provides potential starting scaffolds for the 

development of FtsZ inhibitors.  These “privileged” structures can be utilised to develop 

synthetic derivatives with higher potency and selectivity.   

 

1.8. Synthetic FtsZ inhibitors 
 

Natural products make up a small facet of FtsZ drug discovery.  Synthetic 

inhibitors of FtsZ have been thoroughly explored with a variety of compounds currently 

known.  The first group, the naphthalene derivatives, have recently been explored as 

potential FtsZ inhibitors.  Zhang et al. synthesised a variety of 1,6-diphenyl naphthalenes 

(compound 1) that inhibited FtsZ polymerisation, determined using a time-dependent 

light scattering assay (GTPase assay) with E. coli.  Further testing found that these 
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molecules did not interact with or inhibit mammalian tubulin polymerisation.  Compound 

1, depicted in Table 1.8.1, gave the lowest MIC of 0.5 µg/mL against Methicillin-

sensitive S. aureus (MSSA) and 1 µg/mL against MRSA, comparable to vancomycin (2 

µg/mL) [103].  It also inhibited E. faecium growth at 2 µg/mL.  At about the same time, 

the work published by Parhi et al. outlined a library of the quinoxaline and quinazoline 

derivatives that inhibited FtsZ polymerisation in a time-dependent light scattering assay.  

The library of molecules showed noticeable similarities to the naphthalene molecules, 

with the major variance being the introduction of two nitrogen atoms at the 1,4 or 1,3 

position of the aromatic ring.  MIC assays determined compound 2 to have the highest 

activity with a result of 0.5 µg/mL against MSSA and MRSA as well as 8.0 µg/mL against 

E. faecium. 

 

Berberine-derived inhibitors have also been explored in an attempt to increase the potency 

and broad-spectrum potential of this natural product.  With the aid of molecular modelling 

software, Sun et al. developed a library of 9-phenoxyalkyl berberine derivatives that 

would bind within the hydrophobic protein cleft within the H7-core helix of FtsZ.  From 

this, seven berberine derivatives were developed with compound 3 showing the highest 

activity against S. aureus with an MIC of 2 µg/mL.  A light scattering assay was utilised 

to confirm compound 3 inhibited SaFtsZ polymerisation in a dose-dependent manner.  

Compound 3 was also found to increase cell length significantly in B. subtilis when 

compared to untreated cells [104].  Parhi et al. also utilised the isoquinoline scaffold of 

berberine to develop a library of benzopyridines that showed an increased activity against 

MRSA and VRE.  The research yielded compound 4 which had an MIC of 2 µg/mL 

against MRSA and 4 µg/mL against VRE.  As with the previous compounds, a light 

scattering assay points to FtsZ polymerisation inhibition as the antibacterial mechanism 

[105]. 

 

As discussed previously, cinnamaldehyde has been shown to inhibit the growth of both 

Gram-positive and Gram-negative bacteria.  Li et al. utilised the α,β-unsaturated carbonyl 

functional group in cinnamaldehyde to develop a library of potential FtsZ inhibitors.  The 

library of molecules showed inhibition against S. aureus but failed against Gram-positive 

B. subtilis and Gram-negative E. coli and P. aeruginosa, indicating selectivity to one 

species.  Compound 5 gave an MIC of 4 µg/mL against S. aureus and showed significant 

inhibition of FtsZ polymerisation in a dose-dependent manner when using a light 
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scattering assay [106].  The cinnamaldehyde derivatives have shown to inhibit FtsZ 

polymerisation; however, the low activity and specificity to only S. aureus is the major 

drawback of this library.  Current knowledge of potential cinnamaldehyde derivatives is 

limited so further research is required to conclude whether the α,β-unsaturated carbonyl 

would be a viable scaffold to pursue for antibiotic development, as these derivatives are 

prone to toxicity [107]. 

 

Compounds with indazole and benzimidazole substructures, such as compound 6 (Table 

1.8.1) have shown to have potential antibacterial properties, in particular, anti-

tuberculosis potential.  Wany et al. synthesised a library of indazole derivatives that 

caused a change in cell morphology, yielding filamentous cells [108].  The library of 

compounds showed potential broad-spectrum activity; however, any inhibition was not 

significant with the most active compound giving an MIC of 16 µg/mL against S. aureus 

but 120 µg/mL against B. subtilis and E. coli.  This particular study was only undertaken 

in 2014, so there is potential for more indazole derivatives.  At the same time, Ojima et 

al. synthesised a library of molecules using the benzimidazole scaffold, an analogue of 

indazole [109].  This work resulted in 6 that gave an excellent MIC of 0.06 µg/mL against 

both sensitive and drug-resistant strains of M. tuberculosis.  Compound 6 was also 

determined to inhibit FtsZ polymerisation of M. tuberculosis in a dose-dependent manner.  

Visualisation using transmission electron microscopy found that 6 drastically reduced the 

formation of protofilaments and disrupted FtsZ protofilaments.   

 
Table 1.8.1.  The structure of current published synthetic FtsZ inhibitors with their corresponding 
MIC values. 

Compound Structure MIC 

1 

 

0.5 µg/mL (MSSA) 
1 µg/mL (MRSA) 

2 µg/mL (E. faecium) 
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2 

 

0.5 µg/mL 
(MSSA and MRSA) 

8.0 µg/mL  
(E. faecium) 

3 

 

4 µg/mL (B. subtilis) 
2 µg/mL (S. aureus) 

8 µg/mL (E. faecium) 

4 

 

2 µg/mL (MRSA) 
4 µg/mL (VRE) 

5 

 

4 µg/mL (S. aureus  
and S. epidermidis) 
128 µg/mL (E. coli) 

6 

 

0.06 µg/mL 
(drug-resistant 

M. tuberculosis) 

 

1.9. PC190723 and the benzamides 
 

In recent years, benzamide derivatives have become a major focus for 

antibacterial compounds targeting FtsZ.  3-Methoxybenzamide was discovered by Ohashi 

et al. in 1999 to cause filamentous morphology in B. subtilis, a key indicator of divisome 

inhibition, although it could not be concluded whether it directly inhibited FtsZ [110].  It 

was not until 2008 that Haydon et al. synthesised a potent and selective anti-

staphylococcal benzamide derivative named PC190723.  PC190723 was identified as a 

hit molecule when it gave an MIC result of 1 µg/mL against multidrug resistant strains of 

S. aureus and B. subtilis.  A green fluorescent protein (GFP) tagged FtsZ construct was 
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utilised in B. subtilis to observe distributed FtsZ foci throughout filamentous cells.  These 

results differ from previous FtsZ inhibitors that show dissipation of FtsZ assembly [111].  

The original work conducted by Haydon et al. also identified spontaneous resistance to 

PC190723 in S. aureus; it was found that a change in amino acid residues R191, G193, 

G196, V214, N263 and G266 would occur frequently and reduced the pathogen’s 

susceptibility to PC190723.  PC190723 was also used in the treatment of mice inoculated 

with a lethal dose of S. aureus (sepsis model) at a concentration of 30 mg/kg.  Upon 

treatment, the infection was completely eradicated, meaning PC190723 had become the 

first FtsZ-specific antibacterial to demonstrate in vivo efficacy.  Since the discovery of 

PC190723, Stokes et al. have developed a number of derivatives to increase potency and 

bioavailability as well as overcome any resistance already seen against PC190723.  These 

synthetic alterations included introducing oxazole rings and ester bonds to overcome the 

resistance to PC190723 that arose due to the methylation of the 196-glycine residue to 

196-alanine within the hydrophobic pocket of the H7-core helix of FtsZ [86, 112].  An 

example of one such oxazole derivative is compound 7 which not only gave an MIC of 

0.06 µg/mL against S. aureus but gave the same value for a S. aureus strain carrying the 

previously characterised G196 amino acid substitution in FtsZ, meaning the previously 

seen resistance had been overcome [112].  Compound 8, a second-generation derivative 

of PC190723, was developed and synthesised by Haydon et al. in 2010.  This molecule 

was rationally designed to improve on the drug-like properties of PC190723 while 

increasing the antibacterial activity.  By substituting the thiazolopyridine moiety with the 

benzothiazole, resistance was also reduced.  While the molecular modelling software was 

utilised to assist in the development of 8, it had a major bioavailability drawback.  It was 

found that the benzothiazole derivative increased plasma protein binding, resulting in 8 

binding stronger to plasma and hence less bioavailable in vivo than PC190723.  When 

tested in vivo in mice models, PC190723 cured all mice of a S. aureus sepsis infection 

within two days, while 8 was unsuccessful in treating the infection, resulting in a 100% 

mortality even though the in vitro MIC results were favourable [113].  Although the in 

vivo efficacy was lower for compound 8, the molecular scaffold may be a more desirable 

starting point for lead development as both activity and resistance were more desirable 

when compared to PC190723.  More recently, Kaul et al. developed compound 9, in 

which the chlorine atom of PC190723 was replaced with a trifluoro moiety with the aim 

of improving metabolic stability.  The prodrug of 9, named compound 10, was then 

developed to overcome the bioavailability issues [114].  Compound 10 has since proven 
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effective in a mouse model, and is currently being prepared for phase I clinical trials, 

indicating the potential of FtsZ as an antibacterial target. 

 
Table 1.9.1.  The structure of current published synthetic FtsZ inhibitors with their corresponding 
MIC values. 

Compound Structure MIC 

PC190723 

 

1 µg/mL (MSSA, 
MRSA 

and B. subtilis) 

7 

 

0.06 µg/mL (S. 
aureus) 

8 

 

0.25 µg/mL (S. 
aureus) 

9 

 

0.25 µg/mL 
(MRSA) 

10 

 

N/A 
(Pro-Drug) 
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While PC190723 and its derivative 10 show great promise; they have a few pitfalls that 

have ultimately prevented the commercialisation of these molecules.  Firstly, PC190723 

and 10 show insignificant inhibition of Gram-positive Enterococci and Streptococci 

species and no inhibition against Gram-negative species, meaning these molecules are 

specifically anti-staphylococcal.  While S. aureus infection makes up approximately 60% 

of the market; the inability to inhibit Enterococci and other ESKAPE species has made 

PC190723 and compound 10 pre-clinical development undesirable.  Secondly, in vivo 

mouse models using PC190723 demonstrated excellent efficacy against a systemic S. 

aureus infection; however, it proved ineffective in treating S. aureus in a localised thigh 

infection model [86].  Finally, the presence of resistant mutants to compound 10 in the 

initial stages of development has also limited the potential for commercialisation as it will 

limit the compound’s longevity as a viable drug [115].   

 

The current knowledge made available by this class of compounds can be utilised to aid 

in the design of novel FtsZ inhibitors.  Fortunately, Takashi et al. have previously 

published the X-ray structure of S. aureus FtsZ (SaFtsZ) co-crystallised with PC190723 

[79].  This information allows for computer-aided molecular modelling to identify the 

necessary molecular interactions between PC190273 and the amino acid residues 

responsible for binding.  This knowledge can guide the development of a novel molecule 

that mimics the pharmacophore of PC190723 (ligand to protein interactions).  It was 

found that PC190273 binds along the H7 core helix within the interdomain cleft of FtsZ.  

The hydrophobic thiazolopyridine moiety of the molecule binds to the SaFtsZ 

hydrophobic pocket which comprises the amino acid residues Gly196, Ile197 and Gly193 

(of the H7-helix) and Thr309, Ile228, and Ile311 (of the β-sheets).  The hydrophilic 

benzamide moiety of PC190273 binds to the amino acid residues Val207 and Asn263 in 

the T7 loop and chelates to the calcium ion held in position by an asparagine residue via 

the carbonyl group [79].  The ether linkage between the two core scaffolds of PC190723 

acts as a spacer to give length to the molecule and allow for preferential binding within 

the protein cleft. 
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Figure 1.9.1.  (a) The X-ray structure of GDP-form S. aureus FtsZ that shows compound 
PC190723 binds to the inter-subdomain cleft located between the H7 helix and the C-terminal 
subdomain in proximity to the T7 loop. (b) Dotted lines indicate binding detail of the PC-site, 
showing the amino acid residues interacting with PC190723. 

 
1.10. Rational drug design 

 
Historically, synthetic drug discovery has relied on natural product leads as a 

starting point for drug development [116].  Synthetic drugs follow a well-developed set 

of rules that help increase potential bioavailability and drug-likeliness of a molecule.  

These rules developed by Lipinski et al. stated that a drug-like molecule must [116, 117]:  

(a) contain no more than five hydrogen bond donors  

(b) have a total molecular weight of less than 500 gmol-1  

(c) have high lipophilicity (octanol-water partition coefficient) with a logP 

between -0.4 to +5.6 and  

(d) have the number of nitrogen and oxygen atoms combined not exceed ten.  

 

These rules originally developed by Lipinski have seen further refinement that now 

requires molecules to have a molar refractivity between 40 to 130, the total number of 

atoms should not exceed 70, and most importantly, the polar surface area should be no 

greater than 140 Ǻ2 [118].  To improve the ‘hit’ rate of drug discovery, it is necessary to 

understand the drug-target and the interactions of potential drugs with their targets.  

Rational drug design can be carried out by not only following the Lipinski rules but 

utilising molecular modelling software such as Discover Studio 4.5 (BIOVA).  This 

software can also help determine quantitative structure-activity relationships (QSAR) and 

(b) (a) 
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ADMET (absorption, distribution, metabolism, excretion, toxicity) descriptors.  

Furthermore, molecular modelling software can be utilised to predict the toxicity of a 

molecule by comparing its pharmacophores to that of known compounds.  Understanding 

these principles and utilising the powerful computational chemistry techniques will 

increase the chance of developing a ‘hit’ molecule.  A hit molecule is a compound that 

shows the desired activity upon retesting.  When defining a molecule as a hit, the activity 

threshold is arbitrary and can vary between disease targets.  For antibacterial drug 

discovery, an MIC value of 16-32 µg/ml is considered an acceptable threshold for a hit 

molecule [119].  The computational techniques can then be used to develop a hit molecule 

into the ‘lead’ optimisation phase to improve potency, selectivity, solubility and 

bioavailability while reducing any deficiencies and toxicity [120]. 

 
1.11. Summary and compound 11 
 

In summary, the need for effective novel antibacterial compounds to address the 

resistance crisis is paramount.  The derivatisation and development of current antibiotics 

are no longer viable due to the mechanisms of resistance found in bacteria.  Bacterial cell 

division offers a potential novel target for drug development that is yet to be utilised 

commercially.  The highly conserved and druggable cell division protein, FtsZ, is 

essential to all the pathogens of concern and M. tuberculosis, offering a novel target that 

will address this resistance crisis.  By distilling the knowledge of current natural and 

synthetic inhibitors, as well as determining the binding properties of PC190723 to 

SaFtsZ, a potential novel inhibitor could be designed and synthesised.  Prior to work 

conducted in this thesis, a novel tetrahydroisoquinoline derivative, named compound 11 

was developed that gave an MIC of 4 µg/mL against S. aureus.  The molecule was 

designed using Discovery studio 4.5 and the co-crystallised PC190723 and SaFtsZ crystal 

structure data published on the PDB by Takashi et al. [79].  Compound 11 will be 

discussed further in Chapter 2; however, the development of this molecule became the 

focus of this thesis, with the goal of increasing activity and determining the mechanism 

of action, resistance potential and cytotoxicity. 

 

 
Figure 1.11.1. Compound 11 synthesised during Honours year.  This tetrahydroisoquinoline 
derivative became the focus of this thesis. 
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1.12. Project significance 
 
 The lack of novel commercial antibiotics available is now a global concern.  The 

World Health Organisation has acknowledged the immediate threat of antibacterial 

resistance and the need for novel antibiotics that target novel biological processes.  The 

overuse and abuse of currently available antibiotics have given rise to antibiotic resistant 

pathogens such as methicillin-resistant S. aureus (MRSA), Vancomycin-resistant S. 

aureus (VRSA), vancomycin-resistant Enterococci (VRE), ESBL (Extended-spectrum β-

lactamase) species and multi-drug resistant Mycobacteria tuberculosis (MDR-TB), just 

to name a few.  As these new resistant strains develop, the pursuit of new antibacterial 

drug targets with slow, inevitable resistance is urgently needed.  Bacterial cell division 

proteins are such targets, in particular, FtsZ, which has been found to be the most highly 

conserved and essential protein within the cell division machinery [85].  Inhibition of this 

protein will lead to the inhibited growth of the bacterium, eventually resulting in cell lysis.  

To date, there are no clinically approved cell division-specific antibiotics; hence, the 

development of novel FtsZ inhibitors that can be used in the treatment of bacterial 

infections is the focus of this project. 

   
1.13. Project aims 
 

This work aimed to synthesise, characterise and biologically evaluate three 

libraries of molecules.  The underlining goal was to develop a novel inhibitor of FtsZ with 

the eventual goal of commercialisation.  The compounds in Chapter 2 and Chapter 3 

build upon the work conduct in the Honours year prior to the work of this thesis.  Chapter 

4 utilises a different chemical scaffold, but the overarching goals of this chapter still align 

with that of the thesis.  Lastly, Chapter 5 encompasses all the biological evaluation of 

the Hit molecules obtained.  A breakdown of the aims is given below: 

 

1. To continue the synthesis of a library of tetrahydroisoquinoline derivatives 

developed during honours year that yielded the ‘hit molecule’ 11 (Chapter 2). 

2. To synthesise derivatives of 11 while maintaining the tert-butyl moiety to explore 

the necessity of the tetrahydroisoquinoline core structure (Chapter 3). 

3. To design and synthesise a novel, patentable library of compounds containing a 

pyrazole scaffold that targets FtsZ (Chapter 4). 
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CHAPTER 2: DESIGN AND SYNTHESIS 
OF TETRAHYDROISOQUINOLINE 

DERIVATIVES CONTAINING A 
SUBSTITUTED 1,2,3-TRIAZOLE 
INSTALLED VIA A 1,3-DIPOLAR 

CYCLOADDITION 
 

 

 

Figure 2.1. The Berberis vulgaris plant that contains the natural product berberine (structure 
below).  Berberine has shown activity against MRSA, MDR-TB, E. coli and P. aeruginosa [88-
90].  Berberine also inhibits GTP-initiated polymerisation in E. coli FtsZ in a dose-dependent 
manner [88]. 
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2.1. Background 
 

Upon completion of Honours in 2014, a small library of five molecules was 

synthesised.  With inspiration from natural FtsZ inhibitors such as berberine, a molecule 

containing a tetrahydroisoquinoline moiety was proposed.  The idea was to use the 

nitrogen atom of a tetrahydroisoquinoline as a handle to attach an aromatic structure 

through a triazole linkage.  The goal was to develop a small library of molecules with a 

potent antibacterial activity that targets the cell division protein FtsZ.  The pharmacophore 

of PC190723 was utilised to increase the chances of developing an FtsZ inhibitor that 

binds to the H7-core protein cleft.  The molecular modelling gave a positive result, and 

the first molecule 12 was proposed (Figure 2.1.1).   

 

(a) (b) (c)  
Figure 2.1.1.  SaFtsZ-12 (in tube) docking simulation in LeadIT. (a) Structure of 12 bound in the 
inter-domain cleft (front view), PC190732 molecule (in ball-and-stick) was included as a 
reference. (b) 2D pose-view of 12 showing the detailed interactions. (c) Structure of 12 bound in 
the inter-domain cleft (side view). 

 

Using 12 as a starting point, four other derivatives were successfully synthesised via an 

azide in a copper(II)-catalysed azide-alkyne cycloaddition.  Of the five compounds, 11 

gave the best minimum inhibitory concentration (MIC) of 4 µg/mL against a non-

pathogenic strain of S. aureus.  To add further impact, 11 was found to be bactericidal, a 

feature traditionally desired by industry [121].  Due to the time constraints of the honours 

year, the development of this library was not taken further.  
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Figure 2.1.2. Chemical scaffold of compound 11 above with the other four derivatives 
synthesised during the Honours project. 

 

The activity of 11 and its bactericidal nature suggest that there is potential for drug 

development with these tetrahydroisoquinoline derivatives.  The ‘hit’ status of 11 has 

guided this project in the direction of hit-to-lead development with the goal of producing 

a more potent antibacterial agent.  This chapter focuses on the derivatisation of the 

aromatic region installed via an azide in a copper(II)-catalysed azide-alkyne 

cycloaddition. 

  

2.2. Synthesis of compound 11 analogues 
 
The synthesis of the tetrahydroisoquinoline analogues was strategically designed 

to utilise robust and scalable chemistry.  Method development was the focus of this library 

at each stage to give the highest yields possible.  The analogues synthesised would focus 

on altering the aromatic ring linked via the triazole ring.  Unique substituents that would 

alter the hydrophobic nature of the molecule as well as increasing the number of hydrogen 

donors and acceptors were used to help develop a comprehensive structural activity 

relationship (SAR).  Furthermore, these structural changes would also assess the 

importance of the tertiary butyl substituent on 11.  The triazole core installed via the ‘click 

chemistry’ technique developed by Karl Barry Sharpless in 1998, will be maintained for 

a number of reasons.  The triazole synthesis is clean and high yielding, with the five-

membered heterocycle obtained known to possess a strong dipole moment, increasing the 

hydrogen bond donor and acceptor properties [122].  The potential biological activities 
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of 1,2,3-triazoles have previously attracted plenty of interest, as the heterocycle mimics 

peptide bonds without the problem of hydrolytic cleavage [123].  The expansion of this 

library resulted in the successful synthesis and purification of twelve molecules, 

increasing the library to seventeen molecules when including the compounds in Figure 

2.1.2.  The multistage synthesis used to develop a compound that mimics the 

pharmacophores of PC190723 is detailed below. 

 
Scheme 2.2.1.  The retro-synthetic pathway hypothesised for the development of the 
tetrahydroisoquinoline derivatives. 

N-alkylation

Copper-catalyzed 
azide-alkyne cycloaddition

11

17 18

16

Copper(II)-catalyzed conversion 
of aryl/heteroaryl boronic acids

Pictet-Spengler
reaction
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2.3. Synthesis of 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline 
 
Scheme 2.3.1. The synthesis of 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (16).a 

a)

16  
aReagents and Conditions: a) PFA (1.2 eq.), HCO2H, 60 °C, 16 h, 92% 

 

The 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline core was designed to provide a 

hydrophobic, rigid aromatic ring with the potential to chelate to the Ca2+ ion within the 

T7-loop via the dimethoxy substituents.  The nitrogen atom contained in the 

tetrahydroisoquinoline ring would act as a hydrogen bond acceptor and donor (at 

physiological pH 7.4).  Compound 16 was synthesised through the Pictet-Spengler 

reaction of 2-(3,4-dimethoxyphenyl)ethylamine and formaldehyde, adapted from Wang 

et al. [124].  This method was chosen as the acid catalysed cyclisation can be carried out 

using formic acid as both a catalyst and a solvent.  Traditionally, tetrahydroisoquinolines 

were synthesised via a two-step reaction where the chosen aldehyde was condensed with 

an amine to give an imine intermediate, which was then cyclised with an acid catalyst 

(i.e. concentrated HCl) to give the final product.  The advantage of this alternative method 

is it circumvents the two-step process. 

 

This reaction was a very clean and high yielding reaction.  The initial method required 

the reaction to be stirred at 50 °C for 10 hours, which yielded a yellow oil containing a 

considerable amount of starting material, as indicated in the 1H NMR spectrum.  It was 

found though that increasing the temperature to 60 °C and leaving it for 16 hours would 

take the reaction to completion.  It should be noted that when the reaction temperature 

went above 60 °C, an Eschweiler–Clarke reaction would occur with the excess 

formaldehyde, yielding an N-methylated isoquinoline, a feature utilised in Chapter 3.  

Paraformaldehyde was also used instead of a formaldehyde solution as the polymer 

decomposes to formaldehyde in situ when heated.  The excess formaldehyde produced 

was then removed later with a water wash.  The advantage of using solid 

paraformaldehyde was the ease of handling and safety.  When maintained for 16 hours, 

the reaction gave a pure product with a high yield of 92%.  If necessary, purification was 

only possible by recrystallisation from dichloromethane (DCM) which provided a low 



 

~44~ 

yield of the product.  Column purification proved unsuccessful due to the extremely 

similar retention factor (Rƒ) of the primary amine starting material and the secondary 

amine product.  Importantly, the crude product was sufficiently pure and therefore 

suitable for use in the next step without purification. 

 
The mechanism for the formation of tetrahydroisoquinoline via the Pictet-Spengler 

reaction is described in Scheme 2.3.2. Formaldehyde is protonated in the presence of an 

acid catalyst, giving rise to a strong electrophile.  The nucleophilic nitrogen of the amine 

then attacks the aldehyde to give an alcohol derivative.  The alcohol is then further 

protonated again by the acid catalyst, which acts as a leaving group when the cyclisation 

is initiated.  The donating effect of the methoxy substituent is crucial in this mechanism, 

as the reaction will not proceed without the presence of these strong electron-donating 

groups. 

 
Scheme 2.3.2. The proposed mechanism for the Pictet-Spengler reaction.   
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The 1H NMR spectrum of the tetrahydroisoquinoline in Figure 2.3.1 indicates the product 

was successfully synthesised.  The resonance of the H-8 and H-5 protons on the aromatic 

ring appear as two singlets at δ 6.58 ppm and δ 6.50 ppm , respectively.  The H-1 proton 

resonance appears as a singlet at δ 3.94 ppm, the key indicator that the amine had been 

successfully cyclised.  The two methoxy substituents are denoted by the two singlets at δ 

3.85 ppm and δ 3.84 ppm.  Lastly, the H-3 and H-4 protons are observed as a triplet at δ 

3.12 ppm and δ 2.71 ppm , respectively.  The resonance of the deshielded H-3 proton, 

due to the adjacent N-H bond, appears further downfield. 

 

 

 
Figure 2.3.1. 1H NMR spectrum (500 MHz, CDCl3) proton of compound 16. 

 

2.4. Synthesis of 3-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinol 
-2-yl)-1-propyne 
 
Scheme 2.4.1. Synthesis of 3-(6,7-dimethoxy-1,2,3,4-tetrahydroisoquinol-2-yl)-1-propyne (17).a 

a)

1716  

aReagents and conditions: a) Propargyl bromide (1.2 eq.), K2CO3 (1.5 eq.), CH3CN, rt, 3 h 

 
The key intermediate 17 was prepared using the method reported by Takasu et al. 

[125].   Compound 16 was N-alkylated with propargyl bromide via an SN2 mechanism.  

The reaction gave a 76% yield of the desired product with a high purity that could be used 

1

3
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in the next step without purification.  Compound 17 was confirmed with the 1H NMR 

spectrum as the alkyne proton H-3’ gave rise to the resonance at δ 2.98 ppm as a triplet 

(t, J = 2.5 Hz) which couples to Ha-1 and Hb-1 protons, indicative of the terminal alkyne. 

The appearance of two resonances at δ 5.06 ppm (d, J = 2.5, 16.5 Hz) and 4.91 ppm (d, J 

= 2.5, 16.5 Hz) ppm also belong to non-equivalent germinal Ha-1’ and Hb-1’, respectively.  

This unique splitting is a strong indicator that Ha-1’ and Hb-1’ are in significantly different 

chemical environments. This is attributed to either the nitrogen inversion or the N-CH2 

bond rotation [126].  Assignment of Ha-1’ and Hb-1’ was further confirmed by the 2D-

HSQC experiment which showed that these resonances belong to the same C-1’ carbon. 

The integrals of Ha-1’, Hb-1’ and H-3’ are in the correct ratio as expected for the N-mono-

alkylated product.  High-resolution mass spectrometry (HRMS) revealed m/z 232.1326 

for the [M+H]+ ion matched the mass 232.1332 calculated for the molecular formula of 

C14H17NO2.  The data clearly indicate the correct identity of compound 17.  The 1H NMR 

spectrum of 17 is shown in Figure 2.4.1.  Integrals have been include in Figure 2.4.1 as 

a reference for Section 2.7 below. 

 

 

 
Figure 2.4.1. 1H NMR spectrum (500 MHz, CDCl3) of compound 17. 
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2.5. Synthesis of an aromatic azide 
 
Scheme 2.5.1. Synthesis of 1-azido-4-tert-butyl-benzene (18).  The tert-butyl substituent was 
subsequently replaced to give a diverse library of molecules, with electron withdrawing and 
donating substituents affecting reaction time.a 

a)

18  
aReagents and conditions: a) NaN3 (1.2 eq.), CuSO4 (0.1 eq.), MeOH, rt, 16-48 h 

 

In order to further develop the 11 scaffold, it was proposed that the hydrophobic 

tert-butyl benzene be replaced to expand on the current SAR.  The most feasible and 

effective method was to utilise a variety of boronic acids commercially available to 

evaluate the necessity of the tert-butyl moiety.  Boronic acid is an excellent leaving group 

that is readily substituted for an azide anion supplied by sodium azide.  This method 

adapted the research conducted by Tao et al. [127].  The aromatic azide was obtained by 

reacting the chosen boronic acid with sodium azide in the presence of a copper(II) sulfate 

or copper(II) acetate catalyst (either source of copper did not affect yield).  The reactants 

were dissolved in methanol and stirred at room temperature for 16 hours while exposing 

the reaction to air.  Oxygen was crucial for the reaction; however, exposure to the air was 

sufficient [128].  The reaction started as a dark brown solution and turned a bright green 

colour when the boronic acid had been consumed.  Et2O was the best solvent for 

extraction as it can be removed under reduced pressure at ambient (25 C) temperature.  

Azides are well-known explosophores that have an inherent explosive risk at elevated 

temperatures [129].  To ensure that the reaction was conducted safely, a crucial step was 

incorporated into the experimental procedure.  Before all the Et2O was removed, a known 

volume of i-PrOH was added to the crude product before being placed on a rotary 

evaporator to remove the remaining Et2O.  Keeping the azide in situ in i-PrOH was 

necessary for safety, with i-PrOH being a practical choice of solvent as it is used in the 

next reaction step.  The concentration of the azide solution was assumed 

stoichiometrically based on the number of moles of boronic acid used.  The 1H NMR 

spectrum shown in Figure 2.5.1 was acquired by reconstituting the azide in deuterated 

chloroform, to highlight the success of this reaction. 
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Figure 2.5.1. (a) 1H NMR spectrum (500 MHz, CDCl3) of (4-tert-butylphenyl)boronic acid. (b) 
1H NMR spectrum (500 MHz, CDCl3) of compound 18.   

 
The 1H NMR spectrum above is a representation of (4-tert-butylphenyl) boronic acid and 

18.  The spectrum is simple; the resonance of the H-2 and H-3 protons are indicative of 

the formation of the azide.  The H-2 proton of the azide appeared at δ 7.36 ppm, an upfield 

shift from δ 8.18 ppm found in corresponding H-2 of the boronic acid.  Similarly, H-3 

proton also appeared upfield at δ 6.95 ppm from δ 7.55 ppm in the boronic acid.  The 

same trend was seen with each azide analogue synthesised.   

 
2.6. Click chemistry 
 
Scheme 2.6.1. Synthesis of 11.a 

a)

17 11  
aReagents and conditions: a) 1-azido-4-tert-butyl-benzene (1.2 eq.), sodium ascorbate (0.5 eq.), 
CuSO4.5H2O (0.1 eq.), H2O:i-PrOH (1:1), rt, 24 h. 
 

Standard “click” chemistry refers to the copper catalysed 1,3-dipolar 

cycloaddition between an alkyne and an azide to yield the five-membered 1,2,3-triazole 

[130].  The thermal cycloaddition of an alkyne and an azide, in the absence of a Cu(I) 

catalyst, usually afforded both the 1,4- and 1,5-regioisomers A and B due to the close 

activation energies of the two forms. (Scheme 2.6.2) [122]. 
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Scheme 2.6.2. Production of 1,4- (A) and 1,5-regioisomers (B).  

80-120 oC

A B  
 

Under Cu(I)-catalysed reaction conditions, the reactivity and regioselectivity of these 

reactions using a terminal alkyne is expected to be selective towards the formation of the 

1,4-regioisomer exclusively.  The suggested mechanism for this “click” chemistry is 

explained in Scheme 2.6.3.  Initially, the Cu(I) atom is inserted into the terminal alkyne 

to give a Cu(I) acetylide intermediate (B), via the  complex (A). The σ-bound copper 

acetylide bearing a π-bound copper then coordinates the azide, as shown at (C).  The 

binding of the Cu atom to the N1 of the azide rather than at N3 is a favourable interaction 

as it avoids adverse steric interactions between R1 and R2.  This process then yields the 

unusual six-membered copper metallacycle (D) where the second copper atom acts as a 

stabilising donor ligand.  This complex is then contracted to the triazolyl-copper 

derivative (E), which is followed by protonolysis to deliver the triazole product as the 

1,4-regioisomer [131]. 

 
Scheme 2.6.3. The proposed mechanism for the “click away” reaction of the aromatic azide and 
a terminal alkyne [131]. 
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This click chemistry was utilised for the previous synthesis of 11, which was adapted and 

improved for the synthesis of the derivatives.  The method was also developed for the 

upscaled synthesis of 11 (gram-scale) for biological evaluation.  The method adopted for 

this reaction previously used methanol and water in a 1:1 ratio as a solvent; however, it 

was found that replacing the methanol with isopropanol improved the solubility and 

drastically increased the yield.  The temperature of the reaction was maintained at room 

temperature for 24 hours; however, if a highly electron withdrawing group was present, 

as in the case of the trifluoro, nitrile and nitro-substituted aromatic rings, it required 48 

hours to complete the reaction.  The copper(II) sulfate catalysis was used at a 0.1 molar 

equivalent with 0.5 molar equivalents of sodium ascorbate to ensure all the Cu2+ was 

reduced to Cu1+.  Under these reaction conditions, 11 was obtained in a high yield of 76%.  

Another twelve boronic acids were then utilised to synthesise the corresponding twelve 

novel triazoles using the same procedure.  The method was robust, allowing 11 to be 

synthesised at gram-scale with reproducible yields.  The 1H NMR spectrum in Figure 

2.6.1 represents a pure sample of 11.  The key proton resonance of the newly formed 

triazole ring H-5” can be seen at δ 9.22 ppm.  Two new doublets of doublet can be seen 

at δ 7.76 ppm and δ 7.58 ppm which corresponds to the H-2’’’ and H-3’’’ proton 

resonances , respectively.  As with compound 17, the H-2’ proton gives two resonances 

at δ 5.34 ppm and δ 4.97 ppm.  The two doublets have shifted downfield with respect to 

the starting material, as well as the H-1 proton resonance. 

 

 

 
Figure 2.6.1. 1H NMR spectrum (500 MHz, CDCl3) of 11. 
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The second triazole to be synthesised, 19, contained a nitrile substituent.  This synthesis 

was previously unsuccessful during the Honours year, due to time constraints that did not 

allow for a full understanding of how the electron withdrawing nature of the nitrile 

substituent influenced the “click’ chemistry.  After leaving the reaction for 48 hours 

instead of 24 hours, the product was successfully obtained.  High-resolution mass 

spectrometry (HRMS) confirmed from its ESIMS m/z 376.1756 for the [M+H]+ ion 

matched the mass 376.1768 calculated for the molecular formula of C21H21N5O2.  

Compound 19 was considerably more polar then 11, and thus NMR analysis required the 

use of d6-DMSO.  This altered the chemical shifts and some of the splitting of the 

resonances that were seen when CDCl3 was used.  The 1H NMR spectrum of 19 (Figure 

2.6.2) shows the unique H-2’ proton resonance of the triazole ring as a singlet at δ 9.34 

ppm, confirming the product was obtained.  The doublet of doublets seen next at δ 8.22 

ppm and δ 8.18 ppm belong to the H-3 and H-4 proton resonances, respectively, 

indicating the para-substituted aromatic ring was successfully installed.  The two 

aromatic singlets at δ 6.95 ppm and δ 6.79 ppm denote the H-8’’’ and H-5’’’ protons of 

the isoquinoline ring.  Interestingly, the doublet of doublet splitting generally seen in a 

CDCl3 spectrum was not seen in d6-DMSO for the H-1’’ germinal proton.  Rather, a 

singlet can be found at δ 4.80 ppm.  The H-1’’’ singlet is found at δ 4.63 ppm, and the 

two methoxy groups resonate at δ 3.78 ppm and δ 3.72 ppm.  The triplets expected for 

the H-3’’’ and the H-4’’’ are located beneath the methoxy peak and water peak, 

respectively, at δ 3.72 ppm and δ 3.35 ppm.   

 

 
Figure 2.6.2. 1H NMR spectrum (500 MHz, DMSO-d6) of 19. 
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Ten more triazoles (20-30) were successfully synthesised in varying yields.  For the 

spectra collected in CDCl3, the unique splitting pattern was seen for each compound.  The 

spectrum of another representative sample 20 (Figure 2.6.3.) shows the same splitting 

pattern seen in 11.  The H-1’ germinal proton gave rise to a doublet of doublets at δ 5.33 

ppm and δ 4.95 ppm with a J-coupling value of 13.5 Hz.  The triazole resonance can still 

be seen at δ 9.23 ppm, which further confirms the successful synthesis of this molecule.  

All eleven products gave similar spectra, with expected slight variances in the chemical 

shifts when an electron withdrawing or donating group was installed.  All products 

successfully synthesised are listed in Table 2.6.1. 

 

 

 

 

 
Figure 2.6.3. 1H NMR spectrum (500 MHz, CDCl3) of 20. 

 
Table 2.6.1. The compound 11 analogues synthesised with the chemical structure and yield. 

Compound Structure Yield 
(%) 

11 
 

76 

19 
 

33 

1

3
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11'''
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20 

 

83 

21 
 

78 

22 

 

59 

23 

 

82 

24 
 

72 

25 

 

14 

26 

 

16 

27 
 

54 

28 
 

86 

29 

 

13 

30 
 

14 
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2.7. Unequal integral distribution effect and peak broadening 
 

When conducting 1H NMR studies of 11 and its derivatives, an interesting 

phenomenon was identified.  It was found that the integrals for all the 11 analogues would 

not match the theoretically calculated values.  The integrals of the newly installed triazole 

moiety and attached aromatic ring are non-equivalent to that of the tetrahydroisoquinoline 

moiety’s resonances for all seventeen 11 derivatives. The 1H NMR integral of the triazole 

moiety of 11 appeared to be approximately double the number of protons of the 

tetrahydroisoquinoline moiety.  Figure 2.7.1 shows the scaffold of the 

tetrahydroisoquinoline compounds.  The structure on the left shows the expected integral 

values for each proton environment.  The structure on the right shows the integral value 

obtained for each proton environment in the 1H NMR experiment.  Highlighted in blue 

are the integral values for the protons (as expected) for the tetrahydroisoquinoline moiety.  

Interestingly, beyond the C-N bond (the moiety in red), the proton environments had 

integrals that were doubled. 

 

11

1 12 22 2

2 233

3 3

2 4 21 42 42

Expected integral 
value

Experimentally obtained
integral values

 

Figure 2.7.1. The chemical scaffold for the first compound library of this thesis.  The 
tetrahydroisoquinoline moiety is highlighted in blue with the predicted integral values next to 
each proton environment.  All experimental data matched this prediction.  The substituted triazole, 
highlighted in red, has the experimentally calculated integrals obtained for the analogues of 11.  
The observed integral values had doubled with respect to the tetrahydroisoquinoline moiety.   

 
The two compounds 23 and 29 are included below in Figure 2.7.2 and Figure 2.7.3 to 

represent the phenomenon seen in all the analogues. The increase in integral values is 

always seen after the C-N bond.  This unusual doubling of the integrals became a 

characteristic feature of each molecule, a tool that helped to identify if the molecules were 

successfully synthesised.  It is important to note that for each analogue of compound 11, 

the exact mass calculated using HRMS matched the calculated value, confirming that the 

NMR artefact did not lead to mischaracterisation of the molecule.  The key starting 

material (compound 17) of these compounds has also been definitively confirmed by full 

data analysis to be mono-substituted at the nitrogen.  This is important as the starting 
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material 17 did not exhibit this phenomenan, meaning that a N,N-dipropargylated product 

was not possible, negating this possiblity.  This means that any concern that the 

synthesised compounds are not N-mono-substituted is alleviated. 

 

 

 

 

 
Figure 2.7.2. 1H NMR spectrum (500 MHz, CDCl3) of 23 with the integrals included.  The region 
of the molecule that gives double the integral value is highlighted in red. 

 
Table 2.7.1. The calculated integrals for 23 compared to the experimentally obtained integrals.  
The protons that showed a doubling in the experimental NMR spectrum are highlighted in red. 

Proton number Expected integral value Experimental integral 

OCH3 6 6.16 
5’’’ 1 0.99 
8’’’ 1 1.00 
4’’’ 2 1.92 
3’’’ 2 1.91 
1’’’ 2 Overlap 
2’’a 1 1.79 
2’’b 1 Overlap 
5’ 1 1.80 
3 2 3.98 
2 2 3.78 

NCH3 6 13.10 
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Figure 2.7.3. 1H NMR spectrum of 29 with integrals included. The region of the molecule that 
gives double the integral value is highlighted in red. 

 
Table 2.7.2. The calculated integrals for 29 compared to the experimentally obtained integrals.  
The protons that showed a doubling in the experimental NMR spectrum are highlighted in red 

Proton number Expected integral value Experimental integral 

OCH3 6 6.72 
5 1 1.06 
8 1 1.06 
4 2 2.14 
3 2 1.98 
1 2 2.02 

2’a 1 1.98 
2’b 1 2.16 
5’’ 1 1.90 
6’’’ 1 2.00 
5’’’ 1 1.98 

 

The anomaly observed in the integral values could be explained via one of the following 

reasons.  Firstly, the inversion of the tetrahedron arrangement of the substituents at the 

asymmetric nitrogen and the bond rotation of the non-planar C-N bond forms four 

possible 3-dimensional arrangements; two pairs of enantiomers (A/C and B/D) and 

diastereomers, as shown in Figure 2.7.4 [132, 133].  Secondly, the possible slow 

inversion at the nitrogen combined with the slow rotation of the C-N bond would give 
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rise to two sets of resonances and their integrals [134].  Lastly, a combination of the 

nitrogen inversion and fast rotation of the C-N bond could be responsible for the integral 

artefact [135].  When the nitrogen inversion is slow, yet the C-N rotation is rapid, a single 

set of signals (beyond the C-N bond) would coalesce to form two identical spectra from 

each of the two sets of rotational isomers.  Unfortunately, all three explanations still do 

not adequately explain why the discrepancy in the integration values is only observed for 

half of the compound.  

N-CH2
Rotation

N-CH2
Rotation

Nitrogen
inversion

Nitrogen
inversion

..

..

..

..

 
Figure 2.7.4. The inversion and rotation of the C-N amine bond and the nitrogen’s lone pair of 
electrons.  The sterically hindered nature of the ring slows the rate of natural inversion/rotation. 

 

Rotation of the C-N bond was initially thought to be hindered, evident by the broadening 

of resonances in the 1H NMR spectra [134].  As seen in both spectra above for 23 and 29 

(Figure 2.7.2. and Figure 2.7.3.) the multiplicity of each resonance around the C-N bond 

is hard to elucidate, as the peaks are not well resolved.  This is generally characteristic of 

a molecule that contains a restricted rotation of an N-CH2 bond.  To eliminate the 

possibility that the integrals have fluctuated due to slow rotation of the C-N bond alone, 

the 1H NMR experiment was repeated at a higher temperature.  Figure 2.7.5 below is the 
1H NMR spectrum of 23 obtained at 50 ºC.  As expected, the experiment further improved 

the resolution of the spectrum evident by the improved splitting of each resonance, a 

parameter that would have successfully increased the C-N rotation speed [126].  

Importantly though, the integral anomaly was still observed.  Therefore, the combination 
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of the slow nitrogen inversion and the rapid C-N rotation is a more likely explanation for 

the unequal integral values.  As the rotation is too fast at room temperature, the 

experiment will require extremely low temperatures, so that the two isomers of rotation 

and inversion can be observed by dynamic NMR spectroscopy [136].  A study by Hackett 

et al. used N-tert-butyl-N,N-dialkylamines to study this phenomenon, and found 

temperatures as low as -172.3 ºC was required to distinguish the rotational 

isomers/enantiomers [137].  If the third hypothesis above is correct, the rotational isomers 

should be distinguishable in the spectrum, accounting for the variance in the integrals.  

Unfortunately, due to the time constraints and the lack of a cryogen probe required for 

the experiment, this hypothesis was not pursued in this project. 

 

 
Figure 2.7.5. 1H NMR spectrum (500 MHz, DMSO-d6) of 23 at 50 ºC.  The compound was 
dissolved in d6-DMSO due to the elevated temperatures, giving only one resonance for the H-2’’ 
germinal protons.  The splitting of each resonance is well resolved, with the two NCH3

 resonances 
beginning to overlap, indicating the increased temperature has affected the rotation speed of the 
compound’s rotatable bonds.  The integrals after the C-N bond are still double the expected value. 

 
The nitrogen inversion and/or the N-CH2 bond rotation may be responsible for the 

discrepancy of the integration values; however, further investigation was not attempted 

in this project.  Compound 31, a derivative of 11 whose synthesis will be discussed in 

Chapter 3, is a quaternary ammonium salt obtained by N-methylating 11.  Due to the 

absence of the unshared pair of electrons in 31, the nitrogen can no longer undergo 

inversion, meaning the integral doubling seen in the tertiary amine derivatives should no 

longer occur.  This hypothesis was confirmed correct by the 1H NMR spectrum of 31, 
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which shows no doubling of the integrals (Figure 2.7.6).  The 1H NMR spectrum of 31 

indicates that the discrepancy in the integration values had been eliminated, due to the 

lack of nitrogen inversion.  The complete mechanism behind this anomaly is still not fully 

understood and will require further experimentation; however, the nitrogen inversion is 

now a known key contributor to the phenomenon. 

 

Figure 2.7.6. The 1H NMR spectrum (500 MHz, DMSO-d6) of 31 in with the integral values 
included.  The loss of nitrogen inversion yielded the expected integral values. 

 

2.8. Physiochemical properties 
 

Molecular modelling, as previously discussed, is a robust method that aids in the 

pace and success rate of drug discovery.  DS 4.5 was utilised to aid in designing analogues 

of 11 with the aim to improve the activity and drug-like properties.  The software can also 

predict the potential toxicity of each molecule and the ADMET properties.  

Physicochemical properties of the synthesised compounds were determined to ensure 

drug-like properties.  Lipinski’s “rule of five” and other complementary features, required 

for good drug-like properties were considered in the design process as a rule of thumb 

[138].  Interestingly, antibiotics traditionally do not always follow Lipinski’s rule of five 

and tend to disobey the ideal drug like-properties.  Considering this knowledge, this 

project aims to develop a molecule that would be suitable for oral admission, and hence 

would more likely succeed as a drug candidate if it were to obey the drug-like rules.  The 

results below are all computationally calculated and are not experimentally confirmed.  

For that reason, the results may not be accurate; however, the data can help screen and 
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prioritise molecules for further lead development.  Below in Table 2.7.1 are the results 

of the molecular modelling predictions for each compound developed.  As tabulated, four 

of the molecules disobey Lipinski’s rule of five, due to the high predicted CLogP [138].   

 
Table 2.8.1. The physiochemical properties of the tetrahydroisoquinoline library predicted using 
Discovery Studio 4.5.  The parameters included determines if the molecules obey Lipinski’s rule 
of five, with only four molecules failing. 

Molecule MW (amu) CLogPa HBDb HBAc Lipinskid 

11 406.52 4.903 0 5 Yes 
19 375.42 3.382 0 6 Yes 
20 474.52 5.275 0 6 No 
21 426.51 5.021 0 5 No 
22 400.47 4.411 0 5 Yes 
23 421.49 2.917 0 6 Yes 
24 395.41 3.397 0 7 Yes 
25 486.41 5.387 0 5 No 
26 486.41 5.387 0 5 No 
27 340.37 2.607 0 5 Yes 
28 367.40 1.498 1 8 Yes 
29 420.29 4.099 0 6 Yes 
30 419.40 3.723 0 6 Yes 

a: Octanol/water partition coefficient 
b: Number of hydrogen-bond donors 
c: Number of hydrogen-bond acceptors 
d: Satisfy Lipinski’s rule 

 

Another set of rules frequently used in drug discovery are the Veber rules [139].  These 

independent set of rules also assesses drug candidates for good oral bioavailability.  These 

rules stipulate that a molecule must contain: a) no more than ten rotatable bonds, b) a 

polar surface area no greater than 140 Å² and finally c) no more than 12 hydrogen bond 

donors and acceptors (combined).  These rules were designed as the 500 molecular weight 

cut-off in the Lipinski rules is considered insignificant, as the number of rotatable bonds 

has been found to be a better discriminator for bioavailability estimations [139]. 
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Table 2.8.2. The physiochemical properties of the tetrahydroisoquinoline library predicted using 
Discovery Studio 4.5.  The parameters included are determining if the molecules obey the Veber 
rules.  The last column indicates if each molecule of this library are predicated as suitable for oral 
bioavailability. 

Molecule HBD + HBAa PSA (Å²)b Rotatable bondsc Veberd 

11 5 52.41 6 Yes 
19 6 76.2 5 Yes 
20 6 61.64 8 Yes 
21 5 52.41 6 Yes 
22 5 52.41 5 Yes 
23 6 72.72 6 Yes 
24 7 98.22 6 Yes 
25 5 52.41 7 Yes 
26 5 52.41 7 Yes 
27 5 65.55 5 Yes 
28 9 104.21 5 Yes 
29 6 65.3 5 Yes 
30 6 65.3 6 Yes 

a: The number of hydrogen bond donors and acceptors combined 
b: Polar surface area (in Å2) (N,O + attached hydrogen) 
c: The number of rotatable bonds in the molecule 
d: Satisfy Veber rules 
 

The results of the physicochemical properties are promising.  While only four molecules 

disobey the Lipinski’s rule of five, all of them obey the Veber rules.  The Veber rules are 

considered a better set of rules, as they are an extension/improvement on Lipinski’s.  The 

thirteen molecules indicate the potential for oral treatment, a desirable feature for the 

development of 11.  The favourable computational results for each molecule means that 

all of them will be assessed for bioactivity in Chapter 5.  Knowing the physical properties 

of each molecule will help contribute to the structural activity relationship (SAR) and 

indicate what features of these molecules are responsible for an increase or decrease in 

antibacterial activity. 

 

2.9. Summary 
 

In conclusion, twelve novel tetrahydroisoquinolines were successfully 

synthesised, bringing the final library to a total of seventeen molecules. The synthesis of 



 

~62~ 

the library was achieved using the copper(II)-catalysed azide-alkyne cycloaddition which 

introduced a triazole linker that joined the tetrahydroisoquinoline moiety to a 

hydrophobic, substituted aryl system.  The identity of each molecule was elucidated using 

a combination of spectroscopic techniques to confirm successful synthesis.  The 

physicochemical properties, predicated on using molecular modelling, shows that the 

library adheres to the Veber rules, meaning the likelihood of developing an orally 

bioavailable drug has increased. 

 
2.10. Synthesis of NADA 
 

The biological evaluation of compound 11, discussed in Chapter 5, required the 

use of a novel fluorescent dye.  This dye, called NADA, was developed by Kuru et al. 

and is not currently available commercially [140].  For this reason, NADA was 

synthesised by the author by adapting the work of Kuru et al.  This was achieved by 

attaching the fluorophore 4-chloro-7-nitrobenzofurazan to the amino acid 3-amino-D-

alanine, whose synthesis will be discussed below.  The synthesis used feasible, high 

yielding chemistry, with Scheme 2.10.1 showing the process undertaken.  The application 

of this dye for peptidoglycan labelling will be discussed in Chapter 5.   

 
Scheme 2.10.1.  The synthesis of NADA.a 

a) b)

c)

NADA  
aReagents and conditions: a) (Diacetoxyiodo)benzene (1.2 eq.), EtOAc:MeCN:H2O (2:2:1), rt, 4 
h.  b) 4-Chloro-7-nitrobenzofurazan (1.1 eq.), NaHCO3 (3.0 eq.), H2O, 60 ºC, 1 h. c) 4 M HCl in 
THF, rt, 3 h. 
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The first step in the synthesis involves carrying out a Hofmann rearrangement of N-Boc-

D-asparagine to yield the desired N-Boc-diaminopropionic acid, as the starting material.  

To a solution of N-Boc-D-asparagine in ethyl acetate, acetonitrile and water (2:2:1), 

iodobenzene diacetate was added to act as an oxidising agent.  The water was crucial in 

this reaction, as it would not proceed without it.  The Hofmann rearrangement usually 

requires a base catalyst to proceed, but the use of iodobenzene diacetate omits this step.  

The iodobenzene diacetate reagent reacts with N-Boc-D-asparagine, yielding the desired 

amine and some by-products.  This reaction was ideal as the amine product is readily 

purified using an acid-base extraction, omitting the need for column purification or 

recrystallisation.  As expected, the 1H NMR spectrum matched the literature, confirming 

that purification was not required [141].  This unique reaction has an unknown 

mechanism; however, Boutin et al. predicted that the rearrangement of the amide to give 

the desired amine proceeds via an isocyanate intermediate, which undergoes acid-

hydrolysis to yield the desired amine as an HCl salt, as shown in Scheme 2.10.2 [142]. 

 
Scheme 2.10.2. The proposed mechanism for the Hoffman rearrangement utilising iodobenzene 
diacetate.  An isocyanate intermediate is produced which then undergoes acid hydrolysis to give 
the final amine.   

PhI(OCOCH3)2 -CH3COOH

-PhI

H3O
+

 
With N-Boc-diaminopropionic acid in hand, the next synthetic step was immediately 

carried out.  This involved reacting N-Boc-diaminopropionic acid with 4-chloro-7-

nitrobenofurazan while using an excess of sodium bicarbonate to maintain a basic pH.  

This was a simple, high yielding reaction that was carried out in the absence of light, as 

the 4-chloro-7-nitrobenofurazan fluorophore is light sensitive.  After successfully 

extracting the N-Boc-NADA product, the tert-butyloxycarbonyl protection group was 

removed.  This was accomplished by resuspending the crude N-Boc-NADA product in 

4.0 M HCl in THF solution.  After stirring at room temperature for one hour, the solvent 

was removed in vacuo to give a bright yellow crude product.  The crude product was 

triturated with Et2O, a simple purification method that gave the final pure product as a 

bright orange HCl salt with a high yield of 72%.  The 1H NMR spectrum is shown in 
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Figure 2.10.1, which matched the literature [140].  The H-5’ and H-6’ protons of the 

aromatic ring appear as two doublets at δ 8.42 ppm and δ 6.40 ppm, respectively.  The H-

2 proton appears as a doublet of doublets at δ 4.20 ppm, and the two H-3 protons give a 

characteristic resonance at δ 4.05 ppm and δ 4.00 ppm.  This spectrum was obtained using 

D2O as a solvent, which would likely explain the absence of a broad NH resonance, due 

to hydrogen bonding with residual H2O. 

 

 
Figure 2.10.1. The 1H NMR spectrum (500 MHz, D2O) of NADA. 
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CHAPTER 3: DERIVATISATION OF THE 
TETRAHYDROISOQUINOLINE MOIETY 

OF COMPOUND 11 
 

   

 

Figure 3.1. The Sanguinaria canadensis (bloodroot) plant (left) and Chelidonium majus (greater 
celandine) plant (right).  Both plants are toxic to mammals due to the high concentration of 
isoquinoline alkaloids.  Both plants contain sanguinarine, a polycyclic ammonium ion that kills 
eukaryotic cells through its inhibition of the Na+/K+-ATPase transmembrane protein [143].  
Sanguinarine is considered highly toxic, with an LD50 of 18 mg per kg of body weight (in rats) 
[144]. 

 

 

 

 

Figure 3.2. The chemical scaffold for sanguinarine.  Sanguinarine is a known antibacterial 
compound, with an MIC of 34-68 μM against S. aureus [91].  Treatment of E. coli and B. subtilis 
with sanguinarine yields a filamentous phenotype, indicative of FtsZ inhibition. 
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3.1. Background 
 
The successful synthesis of compound 11 and its potent activity against S. aureus 

created an opportunity to shift this project to a lead optimisation focus.  Chapter 2 

involved structural diversification of the compound 11 library by replacing the 

hydrophobic tert-butyl moiety with a number of aromatic derivatives.  The work 

discussed in this chapter though involves maintaining the tert-butyl moiety of 11.  Minor 

modifications to the tetrahydroisoquinoline core were made with the goal of increasing 

potency against S. aureus, as well as introducing activity against Gram-negative E. coli. 

The results of the biological screening would also provide the information required for a 

comprehensive SAR to better understand this library of compounds. 

 

3.2. Synthesis of a 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-
g]isoquinoline derivative 
 
3.2.1. Synthesis of 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinoline 
 

The first structural modification of the tetrahydroisoquinoline core involved 

converting the two methoxy substituents into a methylenedioxy ring.  The structural 

modification would reduce the hydrophobicity of the molecule at the C-6 and C-7 

positions of the aromatic ring.  This will help determine how essential the two individual 

methoxy substituents are required for activity.  Furthermore, this would introduce some 

rigidity to the molecule by limiting the number of rotatable bonds. 

 

Scheme 3.2.1. The synthesis of 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinoline (35).a 

a) b)

c)

d)

16 32

35 34

33

 

aReagents and conditions: a) 48% HBr, reflux, 16 h. b) Boc2O (1.1 equiv.), Et3N (3.0 eq.), THF, 
r.t, 16 h. c) CH2I2 (1.5 eq.), Cs2CO3 (2.5 eq.), DMF, r.t, 16 h. d) 3.0 M HCl in MeOH, r.t, 1 h. 
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Due to the availability of the tetrahydroisoquinoline core, it was proposed that the 

synthesis of 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinoline would be readily 

obtained by firstly cleaving the methyl groups to provide the 6,7-dihydroxyl functionality 

of 32.  This allows for the installation of the CH2 group to give 33, as shown in Scheme 

3.2.1.  The cleavage of the methyl ether was readily achieved by refluxing 16 in 48% HBr 

for 16 hours.  The mechanism for the acidic cleavage of the ether substituents is 

demonstrated in Scheme 3.2.2. 

 
Scheme 3.2.2. The SN2 mechanism for the acidic cleavage of ether.  The second methoxy group 
attached to the tetrahydroisoquinoline core undergoes the same mechanism. 

.... ..

 

Removal of the methyl groups was achieved after heating under reflux for 16 h.  

Compound 32 was isolated from the reaction mixture via two different methods.  The first 

involved quenching the reaction mixture with i-PrOH at 0 ºC.  The high polarity of the 

organic bromide salt forced the product to precipitate out from i-PrOH.  This effective 

and safe method helped minimise the exposure to HBr gas that was dissolved in the i-

PrOH.  The drawback of this method is the low yield of the product (51%).  The second 

method involved the removal of the hydrobromic acid in vacuo to give a purple solid.  

The product was then triturated with Et2O to give the final pure compound in a 68% yield.  

It was important to ensure all the excess acid was removed either under vacuum or with 

the Et2O wash, as it would interfere with the subsequent reaction.  The 1H NMR spectrum 

in Figure 3.2.1 clearly shows that the two methoxy substituents were cleaved, as the two 

singlets that were at δ 3.85 ppm and δ 3.84 ppm are absent. 
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Figure 3.2.1. 1H NMR spectrum (500 MHz, D2O) of 32. 

 
With 32 successfully synthesised, the nitrogen atom of the six-membered ring was then 

protected prior to the installation of the methylenedioxy ring.  This was imperative as the 

nucleophilic nature of the nitrogen could readily interfere with the reaction of 6,7-

dihydroxy substituents with diiodomethane.  The nitrogen of the amine was protected as 

an N-Boc (di-tert-butyl) carbamate, under standard reaction conditions to give the N-Boc 

intermediate 33.  O-alkylation of 33 was then completed using diiodomethane to yield 34.  

As purification was not necessary, the cleavage of the carbamate protection group to yield 

35 was conducted immediately.  An overall yield of 74% was obtained for the three steps 

(33-35), with no purification step required due to an acid-base extraction in the workup 

of the final product 35.  The 1H NMR spectrum confirmed the product was obtained.  The 

two aromatic resonances were found at δ 6.65 ppm and δ 6.60 ppm as expected.  The CH2 

resonance of the newly installed methylenedioxy ring appeared at δ 5.84 ppm, confirming 

the new product had been obtained.  Figure 3.2.2 is the 1H NMR spectrum of the pure 

5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinoline 35 synthesised. 
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Figure 3.2.2. 1H NMR spectrum (500 MHz, D2O) of 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-
g]isoquinoline 35. 

 
3.2.2. Click chemistry 
 
Scheme 3.2.3. The synthesis of 37. 

a)

b)

35

37

36

 

aReagents and conditions: a) Propargyl bromide (1.2 eq.), K2CO3 (1.5 eq.), CH3CN, rt, 3 h. b) 1-
azido-tert-butylbenzene (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-PrOH (1:1), 
rt, 24 h. 

 

With compound 35 in hand, the N-alkylation and the subsequent copper catalysed 

1,3-dipolar [3+2] cycloaddition were carried out.  These reactions are shown in Scheme 

3.2.3 utilising the same conditions as those used for the synthesis of compound 11 in 

Chapter 2.  Firstly, the N-alkylation was attempted using propargyl bromide, which gave 

36 in a high yield of 72% after recrystallisation.  The terminal alkyne though was not 

fully characterised as it was immediately reacted with 1-azido-tert-butylbenzene 18 to 
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yield 37.  Compound 37 was synthesised using the previously optimised copper(II)-

catalysed azide-alkyne cycloaddition reaction conditions.  After stirring for 24 hours at 

room temperature, 37 was obtained with a good yield of 67%.  

 

Interestingly, each proton resonance for 37 in the 1H NMR spectrum appeared broad.  

Initially thought to be due to solubility, CD3OH, DMSO-d6 and (CD3)2CO were used as 

alternatives to CDCl3.  Despite these attempts, the resonance of each proton still appeared 

broad, and the multiplicity was difficult to characterise.  While still undetermined, this 

broadening of resonances may potentially be due to rotatable C-N bond, and the nitrogen 

inversion explained in Chapter 2.  Despite this, the expected resonances are still visible 

in DMSO-d6.  The H-5’’ triazole proton is represented by the resonance at δ 9.20 ppm.  

The newly installed aromatic ring is denoted by the two broad doublets at δ 7.76 pm and 

δ 7.57 ppm.  For the tetrahydroisoquinoline ring, the H-2 resonance was observed at δ 

5.98 ppm, and the H-4 and H-9 peaks were located at δ 6.72 ppm and δ 6.64 ppm, 

respectively.  The germinal proton resonance is observed as a singlet at δ 5.33 ppm.  The 

remaining proton resonances for H-5, H-7, H-8 and H-6’’’ were found at δ 4.95 ppm, δ 

4.01 ppm, δ 3.49 ppm and δ 1.38 ppm, respectively.  Finally, the 13C NMR spectrum was 

fully elucidated with the aid of a HSQC experiment, and HRMS calculated for 

C23H26N4O2 [M+H]+ 391.2129 found 391.2107, confirming the identity of compound 37. 

 

3.3. Synthesis of 2-[[1-(4-tert-butylphenyl)triazol-4-yl]methyl]-
6,7-dimethoxy-isoquinolin-2-ium bromide, a permanently 
charged isoquinolinium salt 
 
3.3.1. Pd/C catalysed aromatisation of tetrahydroisoquinoline 
 

The next structural modification to the tetrahydroisoquinoline core of 11 involved 

introducing aromaticity to the ring, resulting in the replacement of the tertiary amine 

group with a permanently changed quaternary salt.  This would increase the polarity of 

the molecule, potentially increasing the molecule’s permeability through the negatively 

charged lipopolysaccharide cell wall of Gram-negative bacteria [145].  This modification 

will provide structural diversity to 11.  Furthermore, this will help evaluate how essential 

the overall polar surface area of the compound is for activity. 
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Scheme 3.3.1. Synthesis of 6,7-dimethoxyisoquinoline (38).a 

a)

16 38  

aReagents and conditions: a) 10% Pd/C (10% wt), o-xylene, N2, reflux, 4 h. 

 

The aim here was to oxidise 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline into the fully 

aromatised 6,7-dimethoxyisoquinoline.  The aromatisation of the tetrahydroisoquinoline 

core was attempted by adapting the work of Mengozzi et al. [146].  A catalytic amount 

of 10% palladium on activated carbon was added to 16 dissolved in o-xylene under a N2 

atmosphere, which was heated at reflux for 3 hours to give 38 in a 73% yield.  This unique 

oxidative aromatisation can be explained using the work of Cossy et al.  It is hypothesised 

that the tetrahydroisoquinoline reacts with the catalytic Pd(0) to produce 6,7-dimethoxy-

3,4-dihydroisoquinoline and palladium dihydride (“PdH2”) [147].  Cossy et al. used 

nitrobenzene as a mild co-oxidant which would react with “PdH2” to regenerate the Pd(0) 

catalyst, therefore yielding aniline.  This synthesis of 38 though does not use 

nitrobenzene.  O-xylene; however, can regenerate the Pd/C catalyst in a similar manner 

as nitrobenzene.  Viniegra et al. found that Pd/C hydrogenates o-xylene to yield 1,2-

dimethylcyclohexane and/or 1,2-dimethylcyclohexene, a process that regenerates the 

Pd(0) catalyst [148].  The regenerated Pd(0) then reacts with the 6,7-dimethoxy-3,4-

dihydroisoquinoline intermediate to yield 6,7-dimethoxyisquinoline.  Scheme 3.3.2 

provides a visual of how this hypothesised mechanism works.  

 
Scheme 3.3.2.  The proposed mechanism for the Pd/C aromatisation of tetrahydroisoquinoline.  
The mechanism was adapted from the work of Cossy et al. [147]. 

Pd(0)

"PdH2"

Pd(0)

"PdH2"

6"PdH2" 6Pd(0)  
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The 1H NMR spectrum of 38 confirmed the reaction was successful, and that a 

purification step was not necessary.  The H-1 proton appeared as a singlet at δ 9.05 ppm, 

and the H-3 and H-4 protons appeared as doublets at δ 8.39 ppm and δ 7.51 ppm.  The H-

8 and H-5 protons appeared as singlets at δ 7.20 ppm and δ 7.07 ppm, a downfield shift 

when compared to the H-8 and H-5 protons of compound 16.  Finally, the resonance of 

the two-methoxy substituents overlapped at δ 4.04 ppm. 

 

 

 

Figure 3.3.1. 1H NMR spectrum (500 MHz, CDCl3) of 6,7-dimethoxyisoquinoline 38. 

 

3.3.2. Click chemistry 
 
Scheme 3.3.3.  Synthesis of 40.a 

a)

b)

38 39

40  

aReagents and conditions: a) Propargyl bromide (1.1 eq.), Dry THF, rt, 3 h. b) 1-azido-tert-
butylbenzene (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-PrOH (1:1), rt, 24 h. 
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With 6,7-dimethoxyisoquinoline in hand, the terminal alkyne 39 was synthesised 

in preparation for the copper catalysed 1,3-dipolar cycloaddition reaction.  The tertiary 

nature of 6,7-dimethoxyisoquinoline meant that N-alkylation with propargyl bromide 

would alkylate at the lone pair, omitting the need for a base.  Therefore, the reaction was 

conducted in dry THF, a suitable solvent for the desired ammonium product to precipitate 

out.  Filtration, followed by an Et2O wash gave 39 in a 39% yield.  In the 1H NMR 

spectrum, the identification of the H-1’ resonance at δ 5.40 ppm and the H-3’ resonance 

at δ 3.19 ppm confirmed the quaternary salt had been successfully obtained.  The 1H NMR 

spectrum indicated that the isolated crude product was pure and could be used in the 

subsequent step without purification. 

 

 

 

Figure 3.3.2. 1H NMR spectrum (500 MHz, D2O) of 39. 

 

The synthesis of the final triazole utilised the same method employed for compound 37, 

giving a yield of 60%.  The presence of 40 was confirmed by NMR, with the H-5’’ proton 

resonance of the triazole ring appearing at δ 8.69 ppm.  The resonance of the newly 

installed aromatic protons H-2’’’ and H-3’’’ is visible at δ 8.34 ppm and δ 7.79 ppm.  As 

with 37, the 13C NMR and HRMS experiments further confirmed that the product was 

obtained. 
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3.4. Synthesis of 2-[[1-(4-tert-butylphenyl)triazol-4-yl]methyl]-
6,7-dimethoxy-2-methyl-3,4-dihydro-1H-isoquinolin-2-ium 
bromide, a permanently charged isoquinolinium salt 
 
3.4.1. N-methylation of 11 
 
Scheme 3.4.1. Synthesis of 31.a 

11

a)

31
aReagents and conditions: a) iodomethane (1.5 eq.), Dry THF, rt, 16 h.  

 

The next structural modification involved introducing a methyl group onto the 

tertiary amine of 11.  The tertiary amine could be alkylated to yield the corresponding 

quaternary ammonium salt, which will increase polarity to the molecule without 

increasing rigidity like in 40 above.  To achieve this, 11 was to be directly alkylated using 

methyl iodide (CH3I), as shown in Scheme 3.4.1.  Methyl iodide was chosen as it is an 

extremely effective N-alkylating agent.  Initially, 11 was reacted with a 3.0 mole 

equivalent of CH3I in dry THF with stirring for 1 day.  Under these reaction conditions, 

only the starting material was recovered.  It appeared that the lone pair of electrons on the 

nitrogen atom were sterically hindered by the adjacent substituents, impeding on the N-

methylation.  In an attempt to encourage the reaction, 11 was dissolved in methyl iodide 

and heated under reflux for 24 hours.  Despite this attempt, the desired product was not 

obtained. This outcome further highlights the hindered nature of the nitrogen.  For the 

feasible synthesis of 31, it was proposed that the N-methylation should be performed at 

an earlier stage during the synthesis of tetrahydroisoquinoline.  This product could then 

be further reacted with propargyl bromide to give the corresponding quaternary salt, 

which can be used in the copper(II)-catalysed azide-alkyne cycloaddition reaction to form 

the target compound. 
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3.4.2. The Eschweiler–Clarke reaction 
 
Scheme 3.4.2. Synthesis of 6,7-dimethoxy-2-methyl-3,4-dihydro-1H-isoquinoline (11).a 

a)

41  
aReagents and conditions: a) PFA (2.5 eq.), HCO2H, 85 °C, 16 h. 

 

The first step involved the synthesis of the N-methyl-tetrahydroisoquinoline.  As 

briefly alluded to in Chapter 2, the synthesis of 6,7-dimethoxy-1,2,3,4-

tetrahydroisoquinoline 16 produced a N-methylated by-product 41 when the reaction 

temperature was conducted higher than 65 ºC with an excess of paraformaldehyde.  While 

this was undesirable for the synthesis of the 11 analogues, this knowledge was utilised 

for this synthesis.  The temperature of the reaction was increased to 85 ºC, and a 2.5-mole 

equivalence of paraformaldehyde was used.  This gave 41 in an 87% yield with acceptable 

purity, omitting the need for purification.  Formation of 41 proceeds via an Eschweiler–

Clarke reaction that involves the reductive alkylation of 16. 

 

Scheme 3.4.3. The proposed mechanism for the Eschweiler–Clarke reaction. 
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As shown, the lone pair on the nitrogen in 16 attacks the protonated aldehyde to give the 

amino-alcohol intermediate.  The hydroxyl group is further protonated and eliminated as 

water, giving rise to an imine intermediate.  This imine intermediate is then subsequently 

reduced by the formate anion, giving rise to the tertiary amine.  The 1H NMR spectrum 

is shown in Figure 3.4.1 and confirms the synthesis of 41 was successful.  The spectrum 

of 41 is extremely similar to the spectrum of 16, except the singlet at δ 2.44 ppm, a result 

of the N-CH3 group. 

 

 

Figure 3.4.1. 1H NMR spectrum (500 MHz, D2O) of N-methyl-tetrahydroisoquinoline 41. 

 
3.4.3. Click chemistry 
 
Scheme 3.4.4. The synthesis of 6,7-dimethoxy-2-methyl-2-prop-2-ynyl-3,4-dihydro-1H-
isoquinolin-2-ium bromide and 31. 

b)

a)

41 42

31  

aReagents and conditions: a) Propargyl bromide (1.1 eq.), Dry THF, rt, 3 h. b) 1-azido-tert-
butylbenzne (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-PrOH (1:1), rt, 24 h. 
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Compound 12 was successfully obtained by treating 41 with propargyl bromide 

in dry THF, giving a 52% yield.  Using the 1H NMR spectrum, the newly introduced H-

3’ resonance at δ 3.05 ppm was observed.  Interestingly, the H-1’ proton appeared as a 

doublet at δ 4.21 ppm, likely due to potential coupling with the N-CH3 protons.  The H-

1 proton appears as a quartet at δ 4.46 ppm, another unique splitting pattern.  Interestingly, 

the H-3 and H-4 proton resonances appeared as a sextet and quintet, respectively.  The 

diastereotopic protons are likely affected by the two arrangements of the CH3 group.  The 

remaining proton resonance appeared similar to the starting material, with a shift 

downfield to account for the deshielded ammonium salt.  

 

 

Figure 3.4.2. 1H NMR spectrum (500 MHz, D2O) of 42. 

 

The subsequent copper catalysed 1,3-dipolar cycloaddition reaction utilised the same 

conditions as 37.  The product was successfully isolated with a 56% yield.  The H-5’’ 

proton appeared as a singlet at δ 9.07 ppm in the 1H NMR spectrum, indicating the triazole 

was synthesised.  The newly installed tert-butyl benzene was denoted by the two aromatic 

resonances at δ 7.85 ppm and δ 7.65 ppm, and the alkyl tert-butyl group shown at δ 1.32 

ppm.  The H-1, H-3 and H-4 proton resonances appeared broad, so multiplicity could not 

be determined.  The product was further confirmed by 13C NMR and HRMS. 
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Figure 3.4.3. 1H NMR spectrum (500 MHz, DMSO-d6) of 31. 

 
3.5. C-1 substituted tetrahydroisoquinoline derivatives 
 

Introduction of different substituents at the C-1 position of the 

tetrahydroisoquinoline 16 was conducted next. The synthesis of these derivatives was 

attempted by adapting the work of Taylor et al. [149].  Taylor et al. utilised the Bischler–

Napieralski reaction to synthesise tetrahydroisoquinoline by reacting β-arylethylamides 

with POCl3.  POCl3 acts as both an acid catalyst and a dehydrating agent that eliminates 

the water by-product.  This reaction yields an imine intermediate, which is isolated and 

then immediately reduced with NaBH4 to give the corresponding tetrahydroisoquinoline 

45, which was isolated as a HCl salt, as shown in Scheme 3.5.1.  The advantage of the 

Bischler–Napieralski reaction compared to the Pictet-Spengler method is that a variety of 

tetrahydroisoquinolines can be synthesised using the same reaction conditions for any 

aldehyde chosen. 

 
Scheme 3.5.1.  The synthesis of C-1 substituted tetrahydroisoquinolines.  The imine intermediate 
was immediately reduced to the tetrahydroisoquinoline, so spectroscopy elucidation was not 
conducted.a 

a) b)

43 4544  
aReagents and conditions: a) POCl3 (3.0 eq.), N2, toluene, reflux, 2 h. b) NaBH4 (7.0 eq.), MeOH, 
rt, 1 h. 
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For the Bischler–Napieralski reaction to proceed, a β-arylethylamide is required.  This 

was achieved by coupling 3,4-dimethoxyphenylethylamine with four different carboxylic 

acids.  4-Methoxyphenylacetic acid, propanoic acid, phenylacetic acid and trans-3,4-

dimethoxycinnamic acid were used in the amine to amide coupling reactions; however, 

only the 3-methoxyphenylacetic acid derivative will be referred to for the discussion 

below. 

 
3.5.1. Amine to amide coupling reaction 
 
Scheme 3.5.2. Amine to amide coupling reaction of 3,4-dimethoxyphenylethylamine and 3-
methoxyphenylacetic acid.a 

a)

43  
aReagents and conditions: a) 3-methoxyphenylacetic acid (1.0 eq.), EDCI (1.1 eq.), HOBt (1.1 
eq.), DMF, N2, rt, 18 h. 
 

The amine to amide coupling reaction was catalysed using EDCI and HOBt, 

which were used in 1.1 molar equivalence to 3-methoxyphenylacetic acid. The final 

products obtained were of high purity, with yields varying between 68-92% for the four 

derivatives.  The 1H NMR spectrum of 43 shows that the product was successfully 

obtained.  The H-5’, H-6’, H-4’ and H-2’ proton resonances appear at δ 7.22 ppm, δ 6.82 

ppm, δ 6.75 ppm and δ 6.72 ppm, respectively.  The H-5’’’ proton overlaps the H-2’ 

proton resonance, and the H-2’’’ and H-6’’’ aromatic resonances appear at δ 6.61 ppm 

and δ 6.54 ppm, respectively.  The benzylic H-2 proton resonance was located further 

downfield at δ 3.51 ppm due to the adjacent amide moiety.  The H-1’’ and H-2’’ proton 

resonances were found at δ 3.45 ppm and δ 2.67 ppm, respectively.  The H-1’’ proton 

appeared as a quartet, as the protons coupled with both the H-2’’ protons and the N-H 

proton.  Lastly, the three OCH3 substituents appear as singlets around δ 3.80 ppm. 
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Figure 3.5.1. The 1H NMR spectrum (500 MHz, CDCl3) of N-[2-(3,4-dimethoxyphenyl)ethyl]-
2-(3-methoxyphenyl) acetamide 43. 

 

3.5.2. Bischler–Napieralski reaction 
 

With 43 in hand, the desired tetrahydroisoquinoline could be synthesised.  The 

Bischler–Napieralski reaction was conducted by mixing 43 and POCl3 in dry toluene and 

heating at reflux for two hours.  Once complete, the imine intermediate 44 was isolated.  

Scheme 3.5.3 shows the formation of this imine intermediate via the Bischler–

Napieralski reaction.  As the mechanism shows, the POCl3 is attacked by the oxygen of 

the carbonyl group, which subsequently yields the phosphate ester.  One of the chlorine 

atoms in the phosphate ester then scavenges the proton from the newly formed quaternary 

imine, eliminating HCl and PO2Cl as by-products.  The methoxy substituent then donates 

a pair of electrons into the aromatic ring, which catalyses the cyclisation step, following 

the same mechanism as the Pictet-Spengler reaction.  The molecule then re-aromatises, 

giving the final C-1 substituted imine 44.   
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Scheme 3.5.3. The proposed mechanism for the Bischler–Napieralski reaction [150]. 
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44  

Compound 44 was then immediately reduced with NaBH4 to yield the free-base 

tetrahydroisoquinoline as a racemic mixture.  This two-step reaction gave a high overall 

yield of 82%.  An acid-base extraction and trituration with 2.0 M HCl in Et2O gave a pure 

HCl salt of 45 that did not require any purification.  The purity and identity of 45 was 

confirmed by 1H NMR spectrum.  The newly formed chiral centre, denoted as H-1, gives 

a resonance at δ 4.55 ppm.  The two protons on the C-3 and C-4 carbons have individual 

resonances with a ddd splitting pattern, an expected outcome for protons that are 

influenced by the chiral centre.  Figure 3.5.2 shows that the product was successfully 

obtained. 

 

Figure 3.5.2. The 1H NMR spectrum (500 MHz, D2O) of 6,7-dimethoxy-1-[(3-
methoxyphenyl)methyl]-1,2,3,4-tetrahydroisoquinolin-2-ium chloride 45. 
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3.5.3. Click chemistry 
 
Scheme 3.5.4. The two-step synthetic scheme undertaken to yield the final triazole derivatives.a   

a)

b)

45 46

47  

aReagents and conditions: a) Propargyl bromide (1.2 eq.), K2CO3 (1.5 eq.), CH3CN, rt, 3 h. b) 1-
azido-tert-butylbenzene (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-PrOH 
(1:1), rt, 24 h. 

 
The synthesis of 47 was achieved using the same conditions as the previously 

synthesised triazoles.  The terminal alkyne intermediate 46 was synthesised as shown in 

Scheme 3.5.4 and was used in the click reaction without purification. The triazole product 

that formed was easily isolated and purified by recrystallisation to give pure 47 in a 36% 

yield.  The new C-1 substitution did not have any effect on reaction time or yield.  It is 

important to note that the final product obtained is a racemate, and no attempt was made 

to separate the two enantiomers.  Furthermore, biological evaluation in Chapter 5 will 

be on the racemate 47.  The 1H NMR spectrum was used to confirm that the product was 

obtained.  The H-5’’’’ resonance at δ 9.68 ppm that denotes the triazole ring was 

observed, confirming the product was synthesised.  The two doublets at δ 7.86 ppm and 

7.57 ppm, and the singlet at δ 1.38 ppm represent the H-2’’’’’, H-3’’’’’ and H-6’’’’’ 

protons, respectively, further confirming that the tert-butylbenzene moiety was 

successfully installed.  Much like the starting material, the H-3, H-4 and the H-1’’’ 

protons all gave individual resonances, with Figure 3.5.3 showing this pattern.  A gCOSY 

experiment was utilised to help elucidate this compound.  After the successful synthesis 
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of 47, three more C-1 substituted derivatives (48-50) were synthesised by adapting the 

same method. 

 

Figure 3.5.3. 1H NMR spectrum (500 MHz, CDCl3) of 47.   

 
3.6. Synthesis of tetrahydroisoquinolines with varying 
substitution patterns on the aromatic ring. 
 

The next structural modification attempted involved alteration of the di-methoxy 

substitution pattern on the tetrahydroisoquinoline ring in 16.  In doing so, a 

comprehensive SAR can be established on the necessity of the two methoxy groups as 

well as their positions on the aromatic ring.  Three phenylethylamines were synthesised 

to allow for the synthesis of the target analogues.  The position of at least one of the 

methoxy groups would activate the ortho-carbon sufficiently for the intermolecular 

electrophilic substitution to yield the corresponding tetrahydroisoquinolines.  Due to the 

availability and abundance of uniquely substituted aldehydes, a Henry reaction was 

utilised to synthesise the desired phenylethylamines.  A Henry reaction involves the 

formation of a carbon-carbon bond, achieved via the reaction of a nitroalkane and an 

aldehyde/ketone.  The β-nitro alcohol obtained is then dehydrated in situ to give the 

desired nitroalkene [151].  The high yielding crude product was then reduced with a 

strong reducing agent like LiAlH4 to yield the desired phenylethylamine.  Formation of 

compound 51 from 3,4,5-trimethoxybenzaldehyde will be discussed as the representative 

outcome of the below reactions. 
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Scheme 3.6.1.  The Synthesis of 1,2,3-trimethoxy-5-[(E)-2-nitrovinyl]benzene.a 

a)

51  

aReagents and conditions: a) CH3NO2 (3.0 eq.), NH4CH3CO2 (1.0 eq.), CH3COOH, 90 ºC, 4 h.  

 
The Henry Reaction is useful as it uses readily available aldehydes and nitroalkanes to 

yield a new carbon-carbon bond.  Qian et al. utilised this reaction for the synthesis of 

phenylethylamines [152].  3,4,5-Trimethoxybenzaldehyde was dissolved in acetic acid, 

to which nitromethane and ammonium acetate was added.  The reaction was heated to 90 

ºC for four hours, after which it was quenched with cold water and filtered.  The solid 

obtained was recrystallised in EtOH, giving a high, pure yield of 86%.  The formation of 

51 is explained by a reaction mechanism similar to an Aldol condensation as shown in 

Scheme 3.6.2. 

 
Scheme 3.6.2. The proposed mechanism for the Henry Reaction. 
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The 1H NMR spectrum of 1,2,3-trimethoxy-5-[(E)-2-nitrovinyl]benzene 51 shows that 

the product was successfully isolated and purified.  The symmetrical H-4 proton appears 

as a singlet at δ 6.77 ppm.  The highly conjugated and electron withdrawing α,β-

unsaturated carbonyl system shifts the resonance of the H-1’ and H-2’ protons downfield.  

The β-proton (H-1’) appears at δ 7.95 ppm, and the α-proton (H-2’) appears at δ 7.54 

ppm.  The 3,4,5-trimethoxy resonances appear at δ 3.93 ppm and δ 3.92 ppm, as two of 

the resonances overlap due to symmetry. 

 
Figure 3.6.1. 1H NMR spectrum (500 MHz, CDCl3) of 1,2,3-trimethoxy-5-[(E)-2-
nitrovinyl]benzene 51. 

 
Scheme 3.6.3. The synthesis of 2-(3,4,5-trimethoxyphenyl)ethanamine 52.a 

a)

51 52  

aReagents and conditions: LiAlH4 (3.0 eq.), THF, reflux, 2 h. 

 
With 51 in hand, the compound was reduced with LiAlH4 under standard reaction 

conditions at reflux for 2 hours.  The crude product was purified by dissolving it in 2.0 M 

HCl in Et2O.  The HCl salt of 52 that formed precipitated out as a yellow solid, giving a 

yield of 71%.  The HCl salt was ideal as it is relatively more stable than that of the free 

base.  The 1H NMR spectrum of the free-base is shown below.  The expected H-2’ 

resonance appears as a singlet at δ 6.42 ppm due to the symmetry of the molecule.  The 

H-1 and H-2 resonances appear as triplets at δ 3.12 ppm and δ 2.66 ppm, respectively.  

4 1'

2'
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Only two peaks are seen for the 3,4,5-trimethoxy substitutions, again due to the symmetry 

of the molecule. 

 

 
Figure 3.6.2. 1H NMR spectrum (500 MHz, CDCl3) of 2-(3,4,5-trimethoxyphenyl)ethanamine 
52. 

 
The successful synthesis of 52 meant a variety of different phenylethylamines could be 

synthesised.  Using the same reaction conditions described above, 3,5-

dimethoxybenzaldehyde and 2,5-dimethoxybenzaldehyde were utilised to synthesise the 

corresponding phenylethylamines.  Each reaction was successful, with Table 3.6.1 

showing the overall yields.  The goal was to use each amine to synthesise a variety of 

tetrahydroisoquinoline derivatives to give a more robust and conclusive SAR.   

 
Table 3.6.1.  The phenylethylamine derivatives synthesised. 

Name Structure Yield (%) 

2-(3,4,5-trimethoxyphenyl)ethanamine (52) 
 

 

71 

2-(3,5-dimethoxyphenyl)ethanamine 

 

82 

2-(2,5-dimethoxyphenyl)ethanamine 
 

74 

 

The synthesis of the diverse structural tetrahydroisoquinolines was first attempted using 

the previously optimised Pictet-Spengler reaction.  The 1.5 molar ratio of 

2' 2

1
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paraformaldehyde and the 65 ºC reaction temperature were maintained to prevent the 

Eschweiler–Clarke reaction.  The reaction was attempted using all three of the synthesised 

phenylethylamines above in Table 3.6.1.  Unfortunately, the reaction failed to yield the 

tetrahydroisoquinoline for all three amines.  It appeared that the 3,4-disubstitution was 

crucial to the mechanism of the Pictet-Spengler.  The presence of a CH3O group ortho to 

the C-6 position has created steric hindrance that appeared to prevent the cyclisation from 

occurring.  Furthermore, a literature search for the synthesis of these structurally diverse 

tetrahydroisoquinolines was limited.  It appears that the cyclisation step requires 

particular electron donating groups to activate the cyclisation, as well as the ability to 

provide accessibility to the C-6 position.  As an alternative, the work of In et al. involved 

using a Banwell-modified Bischler–Napieralski reaction to synthesise an isoquinolin-1-

one [153, 154].  The idea involved synthesising the isoquinolin-1-one that could then be 

reduced using LiAlH4 to produce the desired tetrahydroisoquinoline. Scheme 3.6.4 shows 

the synthesis of an isoquinolin-1-one via the Banwell reaction using 18.  

 
Scheme 3.6.4.  The synthesis of 6,7,8-trimethoxy-3,4-dihydro-2H-isoquinolin-1-one (54).a 

a) b)

52 53 54  

aReagents and conditions: Boc2O (1.1 eq.), Et3N (2.0 eq.), DMAP (0.1 eq.), DCM, rt, 3 h. b) 
Tf2O (1.1 eq.), 2-chloropyridine (1.5 eq.), DCM, rt, 20 h. 

 

The above reaction involves using di-tert-butyl dicarbonate (Boc2O) to synthesise an N-

Boc-(arylethyl)-carbamate.  This was achieved by reacting 52 with Boc2O in the presence 

of excess Et3N and a catalytic amount of DMAP.  The carbamate 53 that formed was used 

in the next step without purification.  The following step involved the reaction of 53 with 

a 1.1 molar equivalent of triflic anhydride in the presence of 2-chloropyridine at -78 ºC 

for 30 minutes then followed by heating for 20 hours. The reaction yielded 54 as a yellow 

solid, with an overall yield of 68%.  The formation of 54 can be explained by the proposed 

mechanism as shown in Scheme 3.6.5.  In et al. identified that the reaction proceeds via 

an isocyanate intermediate.  This would likely indicate that the N-Boc-(arylethyl)-

carbamate would be converted to an isocyanate under the acidic reaction conditions, 
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which then undergoes a Friedel-Crafts type reaction to yield 54.  Scheme 3.6.5 shows this 

isocyanate intermediate. 

 
Scheme 3.6.5.  The production of the isocyanate intermediate, which undergoes a Friedel-Crafts 
type cyclisation, adapted from [153].   

Tf2O

2-chloropyridine

.. ..

..

 

 

The 1H NMR spectrum of 54 showed H-5 resonance of the aromatic ring at δ 6.51 ppm.  

The methoxy resonances can be seen at δ 3.95 ppm, δ 3.90 ppm and δ 3.87 ppm.  All 

three resonances are resolved and appear as singlets, as the symmetry of the starting 

material is lost after the cyclisation step.  Lastly, the H-3 and H-4 protons can be seen as 

triplets at δ 3.45 ppm and δ 2.88 ppm , respectively.  

 

 

Figure 3.6.3. The 1H NMR spectrum (500 MHz, CDCl3) of 6,7,8-trimethoxy-3,4-dihydro-2H-
isoquinolin-1-one 54. 
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After the successful synthesis of compound 54, the reaction was repeated using 3,4-

dimethoxyphenylethylamine and the two previously synthesised dimethoxy substituted 

phenylethylamines in Table 3.6.1.  Interestingly, after a few attempts using the same 

reaction conditions, only the 3,4-dimethoxyphenylethylamine derivative was successful, 

giving 55 in a 68% yield.  In the published work of In et al. the only isoquinolin-1-one 

derivatives synthesised were the 3,4-dimethoxy or 3,4,5-trimethoxy substituted 

derivatives.  No data was included that indicated an attempt to synthesis other derivatives, 

so it would appear that this reaction was also very dependent on the substitution patterns 

of the aromatic ring.  This means the reaction requires the ortho-carbon to be reasonably 

activated by at least two methoxy groups; para-(6-OCH3) and meta-directed (7-OCH3). 

Furthermore, literature search confirmed isoquinolin-1-one derivatives other than the two 

already synthesised did not exist.  Due to the lack of literature to help overcome this issue, 

the remaining phenylethylamine derivatives were abandoned, with the focus shifting to 

just the two obtained products. 

 
Scheme 3.6.6.  The synthesis of 6,7,8-trimethoxy-1,2,3,4-tetrahydroisoquinoline.a 

a)

54 56  

aReagents and conditions: LiAlH4 (3.0 eq.), THF, reflux, 16 h. 

 

The next step was to reduce the isoquinolin-1-one to yield compound 56.  This was 

attempted using LiAlH4 with the same conditions employed for the nitroalkene reduction.  

Upon completion and workup, it was found that the product was not obtained.  In a second 

attempt, the compound was refluxed for 16 hours instead of 2 hours.  Even with this 

alteration, 56 was not isolated.  LiAlH4 is a very strong reducing agent and is known to 

readily reduce the carbonyl of an amide, so this should be feasible.  As 56 could not be 

isolated, the synthesis was abandoned so that a more fruitful structural modification to 

compound 11 could be attempted.   
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3.7. Synthesis of amide derivatives 
 
3.7.1. Synthesis of isoquinolin-1-one derivatives 

 
As a result of the above work, 6,7,8-trimethoxy-3,4-dihydro-2H-isoquinolin-1-

one (54) and 6,7-dimethoxy-3,4-dihydro-2H-isoquinolin-1-one (55) were used to 

prepared two novel analogues of 11.  These analogues would retain the amide moiety, 

therefore making the basicity of the ring entirely different to that of 11.  This would help 

increase the polarity of the molecule, increase the rigidity in the ring, and eliminate the 

nucleophilic nature of the nitrogen atom.  Scheme 3.7.1 shows the synthesis of compound 

58, the first of the 11 amide derivatives. 

 
Scheme 3.7.1. The synthesis of 58.a 

a)

b)

55 57

58  

aReagents and conditions: a) Propargyl bromide (1.2 eq.), NaH (1.5 eq.), DMF, rt, 3 h. b) 1-
azido-tert-butylbenzne (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-PrOH (1:1), 
rt, 24 h. 

 
For this synthesis, the amide starting material meant that the original N-alkylation method 

using propargyl bromide was no longer viable.  In this case, the nitrogen of the amide was 

deprotonated using sodium hydride.  The anion that formed was allowed to react with 

propargyl bromide to give the terminal alkyne product 57.  Compound 57 was extracted 

and then immediately reacted with 1-azido-4-tert-butylbenzene to give the corresponding 

triazole product.  The overall reaction had given a yield of 8% for 58, and 12% for 59.  

The N-alkylation step was likely responsible for the low yield, and the column 

purification was difficult, with the impurities co-eluting with the product.  Regardless of 

the low yields, the final products were successfully obtained, with the 1H NMR spectrum 

below showing the successful formation of 58 and 59.  For 58, the H-5’’ triazole proton 
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gives a resonance at δ 8.06 ppm, indicating the click reaction was successful.  The H-2’’’, 

H-3’’’ protons resonate at δ 7.64 and δ 7.51 ppm as expected.  Interestingly, the H-8 

proton is significantly downfield at δ 7.60 ppm, when compared to the same proton in 11.  

The H-5 proton resonates at δ 6.63 ppm, and the H-1’’ proton gives a singlet at δ 4.89 

ppm.  Interesting, the H-1’’ germinal proton does not give the unique doublet of doublets 

that was seen in 11.  The two methoxy singlets are found at δ 3.93 ppm and δ 3.91 ppm, 

and the H-3 and H-4 protons appear as triplets at δ 3.76 ppm and δ 2.94 ppm.  The final 

tert-butyl resonance is found at δ 1.35 ppm as expected.  For 59, the downfield H-8 proton 

is missing, and an extra OCH3 resonance can be observed. 

 
 

 

 
Figure 3.7.1. 1H NMR spectrum (500 MHz, CDCl3) of 58. 

 

 

 

 
Figure 3.7.2. 1H NMR spectrum (500 MHz, CDCl3) of 59. 
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After the successful synthesis of 58 and 59, the third derivative 60 was synthesised.  

Compound 62 contained the scaffold of 58; however, the tert-butyl substitution was 

instead replaced with a trifluoromethyl substitution.  This was the only derivative in 

Chapter 3 that did not contain the tert-butyl moiety.  This molecule was synthesised for 

evaluation through the Eli Lilly Open Innovation Drug Discovery (OIDD) program for 

the treatment of multi-drug resistant cancer.  The OIDD program will not be discussed in 

this thesis as it is outside the scope of this PhD project.  While the reason for this 

compound’s synthesis is not relevant to this project directly, and falls outside of the SAR 

goals of this library, it will still be screened for antibacterial activity, hence its inclusion. 

 

3.7.2. Introduction of the carbonyl group on the germinal carbon of 
compound 11. 
 
Scheme 3.7.2. The synthesis of 62. 

a)

b)

16 61

62  

aReagents and conditions: a) propiolic acid (1.0 eq.), EDCI (1.5 eq.), DMAP (1.5 eq.), DCM, rt, 
16 h. b) 1-azido-tert-butylbenzene (1.2 eq.), sodium ascorbate (0.5 eq.), CuSO4 (0.1 eq.), H2O:i-
PrOH (1:1), rt, 24 h. 

 
The next derivative synthesised involved installing the carbonyl group at the C-1’ 

of compound 11.  Through this approach, the amide group has now shifted outside the 

ring system, allowing for an assessment of the importance of the rotatable C-N bond.  The 

synthesis was simple and involved the amide coupling reaction of 16 with propiolic acid.  

For this reaction, a 1.5 molar equivalent of both EDCI and DMAP was used, with DCM 

as a solvent.  The reaction was completed in 16 hours, and extracted using DCM.  The 

final crude product was immediately reacted with 1-azido-4-tert-butylbenzene to give 60 

with a 34% overall yield.  The 1H NMR spectrum indicated the product was successfully 
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obtained, with the H-5’’ triazole proton visible as a broad singlet at δ 8.57 ppm.  The 

remaining protons appeared as expected, with no unusual artefacts observed. 

 

 

 

 

 
Figure 3.7.3. 1H NMR spectrum (500 MHz, CDCl3) of 62. 

 
3.8. Replacement of the triazole moiety with an amide and 
ester functional group 
 
Scheme 3.8.1.  The synthesis of 65 and 66.a 

65, X= NH
66, X = O

a)

b)

1663, X= NH
64, X = O

 
aReagents and conditions: a) Bromoacetyl bromide (1.2 eq.), Et3N (2.5 eq.), DCM, 0 °C, 2 h. b) 
K2CO3 (4.0 eq.), THF, N2, rt, 20 h. 

 
The next two derivatives synthesised involved replacing the triazole of compound 

11.  Triazoles, as discussed in Chapter 2, are known to possess a strong dipole moment, 
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increasing the hydrogen bond donor and acceptor properties [122].  They also possess a 

wide range of biological activities as the heterocycle mimics peptide bonds [123].  It was 

decided then that replacing the triazole with an amide would help determine how crucial 

the properties of the triazole heterocycle are to the high activity of 11.  To achieve this, 

4-tert-butylaniline was reacted with bromoacetyl bromide to give the corresponding 

amide 63.  At the same time, 4-tert-butylphenol was reacted with bromo acetyl bromide 

to give the ester derivative 64.  The ester was synthesised due to its simplicity as it utilised 

the same reaction conditions as the amide synthesis.  Although esters are very labile 

organic molecules, this simple modification may provide more information for the final 

SAR.  The intermediates (2-bromo-N-(4-tert-butylphenyl)) acetamide 63 and (4-tert-

butylphenyl) 2-bromoacetate 64 were extracted and elucidated; however, they were 

reacted immediately due to stability concerns.  The following N-alkylation step using 16 

was then completed.  The final products were purified using column chromatography, 

giving a pure yield of 24% and 5% for the amide 65 and ester 66, respectively.  The low 

yield was due to the co-elution during column chromatography.  The 1H NMR spectrum 

of 65 (amide) is shown below in Figure 3.8.1.  The N-H resonance appears at δ 9.12 ppm.  

The two doublets at δ 7.49 ppm and δ 7.40 ppm belong to the H-2’’ and H-3’’ protons, 

respectively.  The H-5 and H-8 proton resonances appear at δ 6.65 ppm and δ 6.52 ppm, 

in a similar position as the corresponding protons of 11.  The H-2 proton resonance is 

observed at δ 3.73 ppm, indicating the C-N bond had successfully formed.  The H-1 

protons appear as a singlet at δ 3.31 ppm, and the final CH2 proton environments for H-3 

and H-4 overlap at δ 2.94-2.87 ppm.  As expected, the di-methoxy substituents resonate 

at δ 3.87 ppm and δ 3.84 ppm, and the tert-butyl substituent appears at δ 1.30 ppm. 

 
Figure 3.8.1. 1H NMR spectrum (500 MHz, CDCl3) of 65. 
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3.9. Synthesis of an indole derivative 
 

The last attempt at preparing analogues of 11 involved replacing the 

tetrahydroisoquinoline core with indole.  Indole is considered a privileged structure.  A 

privileged structure is known to bind to multiple receptors with high affinity, meaning 

exploration of these structures could increase the discovery of active molecules [155].  

Indoles, in particular, have been used in a broad range of pharmacologically active 

molecules, suggesting that they are the most important of all structural classes in drug 

discovery [156].  Furthermore, indole/triazole conjugates have been shown to inhibit the 

bacterial biofilm formation of pathogenic A. baumannii and MRSA [157].  With this in 

mind, the goal here was to maintain essential features of 11, while capitalising on the 

likely benefits of introducing an indole sub-structure.  To accomplish this, the 

tetrahydroisoquinoline ring would be replaced with indole, resulting in a reduction of size 

and molecular weight.  This will also introduce increased rigidity to the molecule.  5,6-

dimethoxyindole should be utilised so that the di-methoxy substitution pattern is 

maintained.  Due to the high cost and low availability of 5,6-dimethoxyindole, it was 

decided that synthesising the reagent from more affordable materials was preferred. 

 

Scheme 3.9.1. Synthesis of 5,6-dimethoxyindole.a 

b)a)
c)
d)

67 68  

aReagents and conditions: a) CH3NO2 (3.0 eq.), NH4CH3CO2 (1.0 eq.), CH3COOH, 90 °C, 4 h. b) 
Fe (30.0 eq.), SiO2 (1.0 eq.), CH3COOH, Benzene/cyclohexane (1:3), reflux, 1 h. c) NH4NO3 
(10.0 eq.), 10% Pd/C (5 wt%), HCO2H (11.0 eq.), MeOH, reflux, 2 h. d) FeCl3.6H2O (0.05 eq.), 
C (20.0 eq.), 65% N2H4.H2O (10 eq.), EtOH, reflux, 10 h.   

 
It was identified that the most fruitful attempt to synthesise this molecule was to start with 

3,4-dimethoxy-2-nitrobenzaldehyde and carry out a Henry reaction using nitromethane, 

as previously described.  The final nitroalkene obtained can then be cyclised and reduced 

in situ in a one-pot reaction [158].  The Henry reaction proceeded as expected, yielding 

1,2-dimethoxy-4-nitro-5-[(E)-2-nitrovinyl]benzene (67) with no issues.  Compound 67 

was then dissolved in cyclohexane and benzene (3:1) to which iron powder and silica 

powder was added.  This mixture was stirred vigorously and refluxed for 3 hours.  The 
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iron powder would reduce and cyclise the nitroalkene to yield 68.  Interestingly, the 

reaction needed to be completed in a non-polar solvent, with the combination of 

cyclohexane and benzene proving to be the best, according to the literature [158].  The 

silica powder acted as a surface catalyst, increasing the surface area in the reaction and 

aiding in reacting the starting material with iron, as the compound was insoluble in the 

non-polar system.  Unfortunately, this reaction was not successful, as only the starting 

material was isolated.  In a second attempt, ammonium nitrate, 10% Pd/C and formic acid 

were utilised by adapting the work of Sundberg et al. [159].  The in situ generation of 

ammonium formate aids in the cyclic reduction with Pd/C.  The Pd/C decomposed 

ammonium formate into H2, CO2 and NH3. The H2 generated in situ is then adsorbed onto 

the surface of the palladium.  Unfortunately, this reaction also only yielded the starting 

material.  In a final effort to synthesise 68, the work of Taydakov et al. was adapted [160].  

Taydakov et al. generate a FeCl2-C-N2H2.H2O catalyst in situ, which encourages the 

reductive cyclisation through the Leimgruber-Batcho mechanism.  This synthesis also 

failed to provide 68, and instead yielded a mixture of the starting material and 

uncharacterised reduced products.  It was decided then that the synthesis of this molecule 

was to be abandoned.  Fortunately, 5-benzoyloxyinodle was available, and hence it was 

decided to use this to synthesise indole-triazole derivatives.  The benzyl ether protection 

group could then be removed to yield the phenolic derivative, which could then be 

alkylated with iodomethane to yield the mono-substituted methoxy derivative.  While this 

derivative would be missing the 6-methoxy substitution, it may still provide a bioactive 

molecule worth investigating. 

 
Scheme 3.9.2.  The synthesis of 5-benzyloxy-1-prop-2-ynyl-indole.a 

a)

69  

aReagents and conditions: a) Propargyl bromide (1.2 eq.), NaH (1.5 eq.), DMF, rt, 3 h. 

 
The synthesis of the N-alkylated indole was similar to the synthesis of the amide 

derivatives above.  Sodium hydride was used to generate an anion at the nitrogen which 

underwent N-alkylation with propargyl bromide.  The reaction was fast, resulting in a 
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high, pure yield of 66% for 69.  The 1H NMR spectrum in Figure 3.8.1 is of a crude 

sample of 69.  As can be observed, the product is very pure.  The H-3’’ and H-4’’ proton 

resonances are found at δ 7.47 ppm and δ 7.38 pm.  The H-5’’ and H-7 proton resonances 

overlap at δ 7.33-7.30 ppm, and the H-4 and H-2 proton resonances also overlap at δ 7.17-

7.16 ppm, confirmed using the COSY spectrum.  Lastly, the two doublets of doublets at 

δ 6.99 ppm and δ 6.44 ppm, belonging to the H-6 and H-3 protons, respectively.  The H-

1’’ resonance of the benzyloxy protection group was found at δ 5.11 ppm, and the newly 

introduced H-1’’ proton resonances were confirmed at δ 4.84 ppm.  The terminal alkyne 

was confirmed with the H-3’ resonance at δ 2.39 ppm. 

 

 

Figure 3.9.1. The 1H NMR spectrum (500 MHz, CDCl3) of 5-benzyloxy-1-prop-2-ynyl-indole 
69. 

 
Scheme 3.9.3.  The synthesis of 70.a 

a)

69 70
 

aReagents and conditions: a) 1-azido-tert-butylbenzne (1.2 eq.), sodium ascorbate (0.5 eq.), 
CuSO4 (0.1 eq.), H2O:i-PrOH (1:1), rt, 24 h. 

 

The 1,3-dipolar cycloaddition reaction proceeded the same as each previous derivative.  

1-azido-tert-butylbenzene was again utilised to maintain the similarity to 11.  The reaction 

gave a yield of 62%.  The 1H NMR spectrum indicated the product was successfully 

obtained, denoted by the H-5’’ triazole proton is giving a resonance at δ 7.55 ppm.  This 

resonance was significantly more upfield than the 11 triazole proton resonance.  The loss 
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of the terminal alkyne peak further supports the formation of the triazole.  Furthermore, 

the H-2’’’, H-3’’’ and H-6’’’ proton resonances were located at δ 7.53 ppm, δ 7.49 ppm 

and δ 1.34 ppm, respectively, indicating the tert-butylbenzene moiety was successfully 

installed. 

 

 

 

 

Figure 3.9.2. 1H NMR spectrum (500 MHz, CDCl3) of 67. 

 
The next step involved removing the benzyl ether protection group. A standard method 

for deprotection involves using 10% Pd/C under a hydrogen atmosphere.  This was 

attempted numerous times; however, the benzyl ether could not be removed.  The reaction 

time and pressure were increased, and numerous solvents (EtOH, MeOH and i-PrOH) 

were alternated in an attempt to remove the protection group.  All attempts failed to 

remove the benzyl group.  As an alternative, strong acidic conditions were used.  The first 

attempt involved reacting 70 with trifluoroacetic acid (TFA) in MeOH with stirring at 

room temperature for 16 hours.  Unfortunately, this only yielded starting material, so a 

stronger acid was attempted.  The compound was refluxed in concentrated HBr for 16 

hours, in a similar manner to the synthesis of compound 32.  This reaction was not only 

unsuccessful in removing the very stable benzyl ether, but decomposed the starting 

material into an uncharacterizable residue.  Therefore, due to the difficult of cleaving the 
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benzyl ether, the synthesis of indole derivatives was ceased and will be left for another 

project.  Compound 70 will still be tested for any potential bioactivity. 

 

3.10. Second generation library 
 

In total, fourteen derivatives of compound 11 were successfully synthesised.  

Table 3.10.1 below is the full list of potential FtsZ inhibitors synthesised, with the 

corresponding yields displayed. 

 
Table 3.10.1.  The final list of every compound synthesised in Chapter 3. 

Compound Structure Yield (%) 

37 
 

67 

40 

 

60 

31 

 

56 

47 

 

36 

48 

 

43 

49 

 

32 
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50 

 

50 

58 

 

8 

59 

 

12 

60 

 

53 

62 

 

34 

65 

 

24 

66 

 

5 

70 

 

62 

 

3.11. Physicochemical properties 
 

As with Chapter 2, the physicochemical properties of each molecule were 

calculated using Discovery Studio 4.5. The aim here was to identify computationally the 

potential for each molecule to be used in treatment via oral administration.  The first table 



 

~101~ 

identifies whether the molecules obey Lipinski’s rule of five, whereas the second table 

focuses on the Veber rules.    

 
Table 3.11.1. The physiochemical properties of each compound synthesised predicted using 
Discovery Studio 4.5.  Six of the fourteen molecules disobey Lipinski’s rule of five. 

Molecule MW (amu) LogPa HBDb HBAc Lipinskid 

37 390.48 4.704 0 5 Yes 
40 403.50 5.268 0 4 No 
31 421.56 3.548 0 4 Yes 
47 526.67 6.820 0 6 No 
48 496.64 6.837 0 5 No 
49 434.57 5.804 0 5 No 
50 568.71 6.950 0 7 No 
58 420.50 4.244 0 5 Yes 
59 450.53 4.227 0 6 Yes 
60 432.40 3.785 0 5 Yes 
62 420.50 4.457 0 5 Yes 
65 382.50 3.982 1 4 Yes 
66 383.48 4.629 0 5 Yes 
70 436.55 6.854 0 3 No 

a: Octanol/water partition coefficient 
b: Number of hydrogen-bond donors 
c: Number of hydrogen-bond acceptors 
d: Satisfy Lipinski’s rule 
 
Table 3.11.2. The physiochemical properties of each compound synthesised predicted using 
Discovery Studio 4.5.  All fourteen molecules obey the Veber rules. 

Molecule HBD + HBAa PSA (Å²)b Rotatable bondsc Veberd 

37 5 49.08 4 Yes 
40 4 51.08 6 Yes 
31 4 45.73 6 Yes 
47 6 58.01 9 Yes 
48 5 49.08 8 Yes 
49 5 49.08 7 Yes 
50 7 66.94 10 Yes 
58 5 66.38 6 Yes 
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59 6 75.31 7 Yes 
60 5 66.38 6 Yes 
62 5 66.38 5 Yes 
65 5 51.32 6 Yes 
66 5 47.44 7 Yes 
70 3 42.15 7 Yes 

a: The number of hydrogen bond donors and acceptors combined 
b: Polar surface area (in Å2) (N,O + attached hydrogen) 
c: The number of rotatable bonds in the molecule 
d: Satisfy Veber rules 
 

The above results of the physicochemical properties are excellent.  Of the fourteen 

molecules, only six disobey Lipinski’s rule of five.  The calculated LogP values of 40, 

49, 48 and 70 were responsible for the failed result, indicating the molecules are quite 

hydrophobic.  This prediction indicates that the molecules would likely have a high 

affinity for a large number of proteins, increasing the likelihood of toxicity.  If the high 

activity is observed, a toxicity assay should be immediately conducted to quench any 

concerns.  Compound 47 and 50 failed due to the high molecular weight and the 

calculated LogP value.  These molecules are very large and hydrophobic, two traits that 

are undesirable if designing a drug that fits Lipinski’s description of a good drug 

candidate.  Fortunately, the Veber rule screen came back with a positive result for each 

molecule.  As previously discussed, commercial antibiotics frequently disobey Lipinski’s 

rule of five, meaning these rules are not the most suitable guidelines for antibiotic drug 

development.  The Veber rules; however, give insight into the likeliness of the compound 

to be administered orally.  As this is a desirable feature, the positive results for each 

molecule are promising.  Therefore, the alterations to 11 throughout Chapter 3 have not 

diminished the derivatives potential for oral treatment. 

 

3.12. Summary 
 

In summary, fourteen novel derivatives of 11 were successfully synthesised via a 

number of different chemical reactions.  This resulted in a number of unique, novel 

derivatives that will help expand the SAR of 11.  Each compound was successfully 

elucidated using a combination of spectroscopic techniques.  The physicochemical 

properties, predicated on using molecular modelling, shows that all fourteen compounds 
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obey the Veber rules, meaning the likelihood these compounds are orally bioavailable has 

increased. 
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CHAPTER 4: DESIGN AND SYNTHESIS 
OF PYRAZOLE DERIVATIVES VIA A 

ONE-POT OXIDATIVE CYCLISATION 
BETWEEN HYDRAZINE AND α,β-

UNSATURATED CARBONYLS 
 

                

Figure 4.1. Withania somnifera (left), commonly known as Indian ginseng or poison 
gooseberry, is a plant belonging to the nightshade family cultivated in India.  The pyrazole 
derivative (right), named Withasomnine, extracted from the ginseng plant acts as a depressant to 
both the central nervous system and circulatory system [161]. 

             
Figure 4.2. Pyrazofurin (left) is a C-nucleoside antibiotic containing a pyrazole core, isolated 
from a strain of Streptomyces candidus [162].  Celecoxib (right), is a non-steroidal anti-
inflammatory pyrazole derivative widely used for the treatment of pain, fever and inflammation.  
Celecoxib also exhibits anti-staphylococcal activity and inhibits multidrug efflux pumps in M. 
smegmatis and S. aureus [163]. 



 

~105~ 

4.1. Background and rationale 
 

In the past, numerous studies have identified the potential for molecules 

containing an α,β-unsaturated carbonyl moiety as potential FtsZ inhibitors.  The natural 

product cinnamaldehyde has shown inhibition of B. subtilis and E. coli at 500 µg/mL and 

1000 µg/mL, respectively [96].  A second natural product, curcumin, obtained from 

turmeric has been shown to inhibit B. subtilis at 100 uM and inhibit the growth of E. coli 

by 80% when exposed at a 100 uM concentration [97].  Both of these natural products 

contain this α,β-unsaturated carbonyl system.  As discussed in Chapter 1, in silico 

molecular modelling and STD NMR of cinnamaldehyde with SaFtsZ determined 

favourable binding of the aromatic ring to the aliphatic side chains within the T7-loop, 

while the carbonyl group binds along the H7-core helix within the hydrophobic cleft [96].  

Synthetic compounds containing the α,β-unsaturated carbonyl structure found in both 

cinnamaldehyde and curcumin, synthesised via a Claisen-Schmidt condensation reaction 

have also shown potential as antibacterial compounds [106].  Furthermore, work 

conducted in Honours year before this project yielded the compound 71 (Table 4.2.1), 

via the Claisen-Schmidt condensation reaction between vanillin and 4-

bromoacetophenone.  Compound 71 gave a promising MIC of 32 µg/ml; a concentration 

deemed significant for a hit [119].  While the results of the mentioned natural products 

and 71 have antibiotic potential, the α,β-unsaturated carbonyl derivatives are regularly 

associated with high toxicity [107].  The highly electrophilic nature of these compounds 

poses significant risks to DNA damage and overall mammalian cell viability.  For this 

reason, the reaction between the α,β-unsaturated carbonyl derivatives with hydrazine 

monohydrate to give a pyrazoline derivative has become popular [164, 165].  The 

pyrazoline can then be oxidised to yield an aromatic pyrazole [166, 167].  With this 

knowledge in mind, the aim was to synthesise a library of molecules with a pyrazoline or 

pyrazole substructure that would mimic the pharmacophore or PC190723.  A starting 

scaffold using 71 would also help guide the design, increasing the likelihood of 

developing a hit molecule that targets FtsZ.  Some key features of the molecule are 

required, identified using the pharmacophore of PC190723.  Firstly, the molecule must 

contain a hydrophilic moiety that could bind within the T7-loop, with selective 

substituents to chelate to the Ca2+ ion.  Secondly, the molecule must contain a large 

hydrophobic moiety that can bind to the amino acid residues along the H7-core helix.  

Lastly, these two moieties need to be connected via a viable chemical linkage.  Docking 
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studies using LibDock, a Discovery Studio 4.5 feature, indicated that the aromatic 

pyrazole is a more favourable linkage when compare to the pyrazoline equivalent.   

 

 
Figure 4.1.1. The proposed scaffold of the pyrazoline linker on the left, and the pyrazole linker 
on the right.  The hydrophilic region is coloured blue, whereas the hydrophobic moiety is coloured 
red.  

 
4.2. Molecular modelling studies 
 

The use of molecular modelling for the compound 11 analogues was replicated 

for the development of this third library.  The same FtsZ protein structure (PDB: 3VOB) 

and method were utilised, with all results being recorded as a docking score, obtained 

using LibDocker.  For comparative reasons, the docking score for PC190723, 11 and 71 

are provided below. 

 
Table 4.2.1. Docking scores obtained using LibDock for PC190723, 11 and 71 with the 
corresponding experimental MIC.    

Compound Structure LibDock 
score 

MIC 
(µg/mL) 

PC190723 

 

144.5 1 

11 
 

139.2 4 

71 

 

127.6 32 
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To begin, each molecule was designed using available in-house boronic acids.  Boronic 

acids were chosen as they provided the necessary moiety for the first stage of the synthetic 

strategy.  The R1 group in Figure 4.2.1 was the first group evaluated.  The same R1 group 

was then used for the pyrazoline and pyrazole derivatives to show a comparison between 

the potential activities of each molecule.  In doing this, a comparison between each 

derivative can help to justify whether this synthetic route will yield a potentially active 

inhibitor.   

 
Figure 4.2.1.  The vanillin moiety of 71 was maintained, and the R1 group highlighted in red was 
assessed.  A variety of aromatic functional groups were docked to aid in selecting the best 
candidates. 

 
As shown in Table 4.2.2 below, the pyrazoline derivatives reduced the affinity for FtsZ, 

indicated by the reduction in the docking score value.  The pyrazole derivatives then saw 

that docking score value increase, giving similar results as the α,β-unsaturated carbonyl.  

This shows that the five-membered aromatic heterocycle may maintain the same affinity 

for FtsZ when compared to the chalcone starting material.  The pyrazole and α,β-

unsaturated carbonyl derivatives tested also yielded docked scores very similar to 

PC190723, with the benzyl and chlorobenzene derivatives exceeding PC190723.  The 

very high LibDock score of 159.8 for the biphenyl-pyrazole tested made this molecule a 

priority for synthesis.  Furthermore, the high docking scores for the tert-butyl benzene 

and chlorobenzene derivatives meant that these derivatives would be included in the 

development of this library. 
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Table 4.2.2.  Docking scores of each molecule using the aldol, pyrazoline and pyrazole 
derivatives.  The vanillin moiety is maintained, with the aryl system altered according to the 
boronic acid available.  The R,S-configuration of the pyrazoline was not considered in the docking 
score.  

 

The vanillin moiety, highlighted in blue in Figure 4.2.1 above, was then assessed by 

including a number of different substitution patterns.  All the derivatives that were chosen 

contained methoxy or hydroxy substitutions, in varying positions on the aromatic ring.  

The vanillin moiety had already shown potential, evident with the activity of 71, so this 

R1 Group 
Docking score Used in synthesis 

(Yes/No) Aldol    Pyrazoline    Pyrazole 

-Br 127.6 112.8 135.1 No 

*
 

160.6 111.8 159.8 Yes 

*
 

127.7 121.4 140.8 No 

*

 
141.9 106.9 140.2 No 

*
 

144.9 Failed 143.5 Yes 

*
 

146.3 109.38 139.1 No 

*

 

146.2 102.0 139.7 No 

*
 

143.40 112.8 135.1 No 

*
 

144.1 94.9 146.6 Yes 
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was an attempt to understand how crucial this substitution pattern was for activity.  

Interestingly, any attempt to dock potential candidates that utilised an aldehyde other than 

vanillin resulted in a failed LibDock calculation.  As will be discussed in Chapter 5, the 

vanillin moiety proved crucial for bioactivity, which may reflect the inability to generate 

a docking value. 

 

4.3. Proposed retrosynthetic analysis 
 
Scheme 4.3.1. The proposed retrosynthetic analysis for the synthesis of pyrazole.  To achieve the 
final product, an aldehyde and ketone will undergo a Claisen-Schmidt condensation to give rise 
to an α,β-unsaturated carbonyl system.  Hydrazine monohydrate can then be utilised for a ring 
forming reaction to give the desired heterocyclic pyrazoline.  This can be further derivatised by 
oxidising/aromatising the ring to give rise to the aromatic pyrazole.    

Claisen Schmidt 
condensation

Cyclisation

Oxidation

 
 
4.4. Palladium catalysed Suzuki reaction 
 

To obtain the desired hydrophobic features of the proposed molecules above, a 

Palladium-Catalysed Cross-Coupling Suzuki reaction between an organoboronic acid 

and a halide was utilised.  4-Bromoacetophenone was coupled with a variety of aryl-

boronic acids to yield the corresponding bi-phenyl ketone derivatives.  This bi-phenyl 

product was a core starting material for the subsequent derivatives.  The molecular 

modelling docking scores previously presented influenced the boronic acids chosen; 

however, the overall hydrophobicity was considered when deciding.  The Palladium-

Catalysed Cross-Coupling Suzuki reaction proceeds via the oxidative addition of a 

palladium catalyst to the aryl halide.  The halide is then subsequently substituted by an 

OH- ion, facilitating the transmetallation step with the chosen aryl-boronic acid.  
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Following transmetallation, reductive elimination occurs, yielding the desired product 

and reducing the palladium catalyst to Pd(0) [168].  This reaction was chosen due to the 

high yields, ease of synthesis, and the low cost of starting reagents. 

 

Scheme 4.4.1. Synthesis of the bi-phenyl ketone derivatives (72-73).a 

72, R = C(CH3)3
73, R = H
74, R = Cl

a)

 
aReagents and conditions: PBP, 2 M Na2CO3, H2O, EtOH, reflux, 2 h. 

 

Tetrakis (triphenylphosphine) palladium polymer-bound (PBP) was utilised in this 

reaction as it provided a reliable source of Pd(0), and the catalyst could be collected and 

recycled upon completion of the reaction.  A 2 M solution of K2CO3 was used as a base 

to catalyse the reaction, and EtOH was used as a solvent as it readily dissolved all the 

reagents (excluding the PBP surface catalyst).  The advantage of this reaction was that 

water and oxygen did not interfere, meaning the solution of potassium carbonate and the 

open reflux system did not hinder the yield.  This experiment did not require any further 

optimisation.  The yields were significantly high, at around 89% and purification was not 

required for any of the derivatives.  The 1H NMR spectrum of compound 72 synthesised 

is shown in Figure 4.4.1.  The distinctive tert-butyl resonance appears as a singlet at δ 

1.37 ppm, and the methyl ketone resonances are visible as a singlet at δ 2.63 ppm.  Lastly, 

the resonance for the bi-aryl system can be found as four doublets located between δ 8.03 

and δ 7.49 ppm.  This spectrum was obtained from the crude product, indicating no 

purification was needed.  The product was suitable for the next reaction step. 
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Figure 4.4.1. 1H NMR spectrum (500 MHz, CDCl3) of 72. 

 

4.5. Claisen-Schmidt reaction 
 

The Claisen-Schmidt reaction involves the condensation of an aromatic ketone 

with an aromatic aldehyde in the presence of a strong base.  The reaction gives rise to the 

desired α,β-unsaturated carbonyl, often referenced as a chalcone, which can be utilised to 

synthesise the equivalent pyrazoline and pyrazole.  Numerous hydrophilic aldehydes 

were chosen to replace the vanillin moiety of 71 to give a more robust and significant 

SAR.  The theory is that the hydrophilic substituents can chelate to the Ca2+ ion within 

the T7-loop of FtsZ.  The Claisen-Schmidt reaction was carried out by firstly mixing the 

chosen aldehyde with the ketone previously synthesised using the Suzuki reaction.  The 

solids were dissolved in EtOH, after which a 40% w/v solution of NaOH was then added 

to catalyse the reaction.  Each aldol condensation reaction gave a high yielding product 

which was easily purified.  Using the aldehyde and ketone in exactly a 1:1 molar ratio 

limited the amount of impurities in the final product.  The reactions were quenched with 

water to give a brightly coloured solid for each derivative, a result of the highly 

conjugated nature of the α,β-unsaturated carbonyl system.  The ease of synthesis and the 

ability to filter the solid precipitate meant that the crude product did not require any 

further purification.  Interestingly, any attempt to synthesise a derivative that contained a 

hydroxyl group on the aldehyde was extremely low yielding or unsuccessful, which will 

be discussed later.   
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Scheme 4.5.1. Compound 75 was the first chalcone derivative synthesised.  The highly 
conjugated product appeared bright yellow and fluoresced in solution.a 

72 75

a)

 
aReagents and conditions: 40% w/v NaOH, EtOH, 25 °C, 18 h. 

 

Compound 75 was successfully synthesised through the condensation of 3,4-

dimethoxybenzaldehdye and 1-[4-(4-chlorophenyl)phenyl]ethanone with a yield of 65%.  

The 1H NMR spectrum of 75 is shown in Figure 4.5.1, with the subsequent derivatives 

giving similar spectra.  The doublet at δ 8.10 ppm that couples to the doublet at δ 6.87 

ppm belongs to the H-3’’ and H-2’’ protons, respectively.  The H-3’’ is strongly 

deshielded due to the adjacent phenyl ring in the C-4’’ position.  The doublet at δ 7.80 

ppm gave a coupling constant of 15.5 Hz, characteristic of the H-3 proton attached to the 

β-carbon.  This couples to the doublet at δ 7.43 ppm that belongs the H-2 proton, attached 

to the α-carbon.  This α-carbon proton resonance overlaps the doublet of the H-3’’’ 

proton.  These two unique resonances with a coupling constant of 15.5 Hz are 

characteristic of α,β-unsaturated carbonyls with a trans-configuration, indicating a 

successful reaction.  The COSY spectrum below confirms the coupling of these 

unsaturated protons, highlighted by the blue line.  The two doublets that couple to each 

another at δ 7.68 ppm and δ 7.45 ppm belong to the H-2’’’ and the H-3’’’ protons, 

respectively.  The H-5’ proton appears as a doublet of doublets at δ 7.26 ppm with the 

ortho and meta coupling constants of J = 8 Hz and 2 Hz.  The H-6’ proton resonance 

appears as a doublet (J = 8 Hz) at δ 6.91 ppm, and the H-2’ as a doublet at δ 7.17 ppm 

with the meta coupling constant (J = 2.0 Hz).  Lastly, the two methoxy substituents give 

a resonance at δ 3.97 ppm and δ 3.94 ppm, as expected. 
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Figure 4.5.1. 1H NMR spectrum (500 MHz, CDCl3) of 75.  The doublets at δ 7.80 ppm (d, J = 
15.5) and δ 7.43 ppm (d, J = 15.5 Hz) are indicative that the chalcone product was successfully 
synthesised. 

 

 

 
Figure 4.5.2. The COSY NMR spectrum (500 MHz, CDCl3) of 75. The dotted lines show which 
proton resonances couple to each other.  The blue dotted line shows the coupling of the two 
doublets, both with a large coupling constant of 15.5 Hz each.  The presence of these two 
resonances and the large coupling constant is indicative of an α,β-unsaturated carbonyl system. 
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While this method is robust and produced very high yields, the reaction would always fail 

when a hydroxyl group was present on the aromatic ring of the chosen aldehyde.  When 

the phenolic substituent was deprotonated by the strong base, it could behave as a 

nucleophile which competed for the aldehyde of the other molecule. This resulted in very 

low yields of the hydroxyl derivatives.  To circumvent this problem, the phenolic group 

should be protected prior to the reaction. This should work, as the methoxy derivatives 

used would react within an hour, giving close to a 95% clean yield.   

 

Scheme 4.5.2. The synthesis of 77.a 

a)

7476 77  
aReagents and conditions: Benzyl bromide (1.05 eq.), K2CO3 (1.5 eq.), DMF, 25 ºC, 16 h. 

 
The phenolic group of the aldehyde was first protected as a benzyl ether. This was 

achieved by the reaction of vanillin with benzyl bromide in the presence of K2CO3, to give 

4-benzyloxy-3-methoxy-benzaldehyde (76) in a 92% yield.  The Claisen-Schmidt aldol 

condensation between 76 and 74 was carried out using the general procedure, giving a 

59% yield. 

 
Figure 4.5.3. The 1H NMR spectrum (500 MHz, CDCl3) of 77.  The doublet, doublet, triplet 
resonance patterns seen between δ 7.46 ppm to δ 7.31 ppm are indicative of a benzyl ether.  
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4.6. Pyrazoline synthesis 
 
Scheme 4.6.1. The initial synthesis of racemate pyrazoline utilising the α,β-unsaturated carbonyl 
derivative previously synthesis during honours year.a 

a)

71 78  
aReagents and conditions: a) N2H4.H2O 64-65% (10 eq.), EtOH, reflux, 16 h. 

 

In order to synthesise a pyrazole product, the literature indicates that a pyrazoline 

intermediate should be synthesised first, which can be subsequently oxidised/aromatised 

to give the desired aromatic pyrazole.  The previously planned synthesis required the use 

of hydrazine monohydrate to react with the α,β-unsaturated carbonyl to yield the cyclised 

product.  Compound 71 that was synthesised in honours was used as a model study to 

determine the feasibility of the synthesis.  The racemate pyrazoline 78 was prepared by 

refluxing 71 and hydrazine monohydrate in EtOH overnight [164].  Compound 78 was 

obtained as a light brown solid with a 83% yield of reasonable purity, as indicated by the 
1H NMR spectrum shown in Figure 4.6.1. 

  

 
Figure 4.6.1. The 1H NMR spectrum (500 MHz, CDCl3) of 78.  
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The 1H NMR spectrum of the crude pyrazoline (Figure 4.6.1.) shows a characteristic 

feature of the pyrazoline heterocycle.  Firstly, the aromatic resonances are visible with a 

singlet at δ 6.93 ppm donating the H-3 proton resonance, while the H-5 and H-6 proton 

resonances can be seen as two doublets at δ 6.88 ppm and δ 6.82 ppm, respectively, with 

a coupling constant of J = 8.0 Hz.  The H-2’’ and the H-3’’ proton resonances of the 

second aromatic ring are visible as a multiplet at δ 7.51 ppm, confirming the presence of 

the para-substituted aromatic moiety.  Resonances of the H-5’ and H-4’ protons provide 

the characteristic identity of the pyrazoline ring.  H-5’ proton of the cyclic pyrazoline 

appeared as a triplet at δ 4.88 ppm, expected as it has two neighbour protons.  

Interestingly, the H-4’ protons gave two separate resonances of Ha-4 and Hb-4, appearing 

as quartets at δ 3.41 ppm and δ 2.98 ppm.  The last singlet at δ 3.88 ppm denotes the 

methoxy substituent.   

 

While the crude product was successfully obtained, the purification proved extremely 

difficult.  The molecule degraded on a silica column, and any attempt at recrystallisation 

led to the decomposition of the product.  Furthermore, the 13C NMR of the crude product 

was not be obtained as 78 would degrade in solution.  The stability of the solid was very 

low and keeping it at low temperatures in a freezer only prolonged the inevitable 

degradation.  While the 1H NMR spectrum could be obtained; it was clear the limited 

stability of the molecule was an issue.  For this reason, the oxidation of the pyrazoline 

product was attempted immediately after work-up in an attempt to synthesise the aromatic 

pyrazole.  This was attempted via a cation radical mediated oxidation using the cation 

radical tris(4-bromophenyl)-ammoniumyl (TBPA+) hexachloroantimonate [169].  This 

reaction was unsuccessful by the 1H NMR analysis, which did not show the presence of 

either the pyrazoline or the pyrazole, but rather a decomposed product with no 

characteristic resonances.  It is important to note that the work conducted by Su et al. 

using the TBPA+ catalyst was only carried out using N-substituted pyrazolines, 

potentially indicating that the unsubstituted molecules used in this work might be very 

labile.  Furthermore, there was limited literature that presented evidence of successfully 

obtaining unsubstituted pyrazolines.  To investigate this further, the previously 

synthesised compound 75 was reacted with hydrazine to give the corresponding 

pyrazoline, to assess whether this instability was a reoccurring pitfall. 
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Scheme 4.6.2.  The reaction of 75 with hydrazine monohydrate to yield the corresponding 
pyrazoline.a 

a)

7975  
aReagents and conditions: a) N2H4.H2O 64-65% (10 eq.), EtOH, reflux, 16 h. 

 

In this reaction, the crude extract did not contain any of the pyrazoline 79.  It appeared 

that this pyrazoline had either never formed, or degraded during the workup step.  It 

appears that compound 79 was more unstable than the previously synthesised 78.  The 

synthesis of the product was further attempted twice; the first attempt using acetic acid 

(0.1 eq.) as a catalyst [170], and the second by synthesising the pyrazoline via an epoxide 

intermediate, installed using hydrogen peroxide [166].  The acetic acid reaction again 

yielded no product, while the epoxide intermediate for the second reaction could not be 

obtained.  These unsuccessful attempts using 79, and the instability seen in the model 

study meant that the synthesis of a pyrazoline was no longer feasible.  Therefore, the 

development of a pyrazole library will circumvent the pyrazoline intermediate by utilising 

a one-pot synthesis method. 

 

4.7. Pyrazole synthesis 
 
Scheme 4.7.1.  The synthesis of 80. 

a)

75 80  
aReagents and conditions: a) N2H4.H2O 64-65% (10 eq.), O2, DMSO, 85 ºC, 48 h 

 

Due to the instability of the pyrazoline, the synthesis of a pyrazole was attempted 

by adapting the novel method developed by Huang et al. [167].  Using DMSO as a solvent 

while exposing the reaction to air, would facilitate the regioselective synthesis of a 

pyrazole over a 48-hour timeframe.  The regiospecific formation of a pyrazoline, shown 
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in Scheme 4.7.2, is the proposed mechanism that yields the final pyrazole.  This was 

developed by Huang et al. [167].  Two possible mechanistic pathways lead to the 

formation of the pyrazoline intermediate.  Pathway A hypothesises that the α,β-

unsaturated carbonyl undergoes Michael addition with hydrazine to give the Michael 

adduct. Then the cyclisation via the condensation of NH2 of hydrazine with the carbonyl 

centre to provide pyrazoline.  Pathway B is another alternative, where the condensation 

reaction of the carbonyl with hydrazine yields an imine intermediate, which then 

underwent cyclisation to give the pyrazoline.  Either pathway yields the same isomer, 

which was then oxidised to the corresponding pyrazole in situ.   

 
Scheme 4.7.2. The two possible mechanistic pathways for the regioselective synthesis of the 
unstable pyrazoline intermediate.  The scheme is adapted from Huang et al. [167]. 

Pathway A Pathway B

-H2O

-H2O

Pyrazoline

-

[O]

 
 
The reaction was attempted using compound 70 (Scheme 4.7.1) as a trial reaction, which 

yielded the first successful pyrazole 80.  With DMSO as the solvent, the hydrazine was 

added in a 10-mole equivalent excess, and the reaction was heated to 85 °C for 48 hours.  
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The final product was successfully obtained in a 65% yield.  The 1H NMR spectrum of 

80 is shown in Figure 4.7.1.  The characteristic singlet at δ 6.70 ppm denotes the H-4 

proton of the pyrazole ring.  Interestingly, the resonance of the pyrazole peak appears 

further upfield with respect to the other aromatic resonances.  The H-2’ singlet appears at 

7.22 ppm, and the two doublets for protons H-6’ and H-5’ at δ 6.72 ppm and δ 7.15 ppm, 

respectively coupled to each other with a coupling constant of J = 8.5 Hz.  The H-3’’’ 

proton appears as a doublet at δ 7.70 ppm, the H-3’’ appears at δ 7.35 ppm, while the H-

2’’ and H-2’’’ resonances overlap giving a multiplet at δ 7.42 ppm.  Finally, the 

resonances of the two methoxy groups appear at δ 3.81 ppm and δ 3.68 ppm as two 

singlets.    

 
Figure 4.7.1.  The 1H NMR spectrum (500 MHz, CDCl3) of 80.  The H-4 resonance at δ 6.70 
ppm is indicative of a pyrazole. 

 
This method was adopted for the synthesis of the remaining pyrazole library, yielding 

fourteen potential FtsZ inhibitors.  Of these, four pyrazoles contained a benzyl ether 

protection group.  The traditional method for benzyl ether deprotection involves 

hydrogenation over a 10% palladium on carbon catalyst.  Interestingly, this benzyl 

protection group was extremely stable under such reaction conditions and provided only 

the starting material.  For this reason, a NiCl2.6H2O and NaBH4 complex in methanol was 

proposed as an alternative reduction method [171].  Disappointedly, this also only gave 

starting material.  A novel method utilising MgI in a solvent-free reaction at high 

temperatures was also reported to cleave benzyl ethers [172].  This method though when 

adapted did not work for the pyrazole derivatives.  A last attempt to remove the protection 

group required reaction with trifluoroacetic acid (TFA) at room temperature for 16 hours.  
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This last attempt also proved unsuccessful.  The HBr reflux utilised in Chapter 3 was 

avoided as this had decomposed the product previously.  Due to the difficulty of removing 

the benzyl ether, another synthetic strategy needed to be implemented to synthesise the 

pyrazoles with a hydroxyl substituent. 

 
4.8. Acid catalysed Claisen-Schmidt reaction 
 

The inability to cleave the benzyl ether meant that the synthetic route required 

alteration if the de-protected phenolic group was to be obtained.  The reason the hydroxyl 

group was initially protected was that it interfered with the Claisen-Schmidt condensation 

reaction.  In theory, the phenolic group should not interfere in the pyrazole synthesis, 

meaning the ideal scenario involves synthesising the α,β-unsaturated carbonyl without a 

protection group.  The Claisen-Schmidt condensation reaction was done in basic 

conditions; however, it is possible to catalyse the reaction using a strong acid.  This is 

unfavoured compared to the base catalysed method as the yield is lower and requires a 

reflux setup.  In an acid catalysed Claisen-Schmidt condensation, the strong acid 

protonates the aldehyde, which is then attacked by the enol (a tautomer of the ketone also 

catalysed by the acid).  This yields the aldol product, which is dehydrated by the strong 

acid to give the final carbon-carbon double bond of the α,β-unsaturated carbonyl system. 

 
Scheme 4.8.1. The synthesis of 81 using the acid catalysed conditions.a  

a)

81  
aReagents and conditions: 15% H2SO4 in MeOH (10 mL), reflux, 16 h.  

 
The Claisen-Schmidt condensation reaction was attempted using vanillin (4-hydroxy-3-

methoxybenzaldehyde) and commercially available 4′-tert-butylacetophenone.  The 

reaction was successfully attempted to provide a 48% yield of the desired α,β-unsaturated 

carbonyl product 81.  The crude product was recrystallised using EtOH to give a brown 

solid.  The 1H NMR spectrum in Figure 4.8.1 represents 81.  The characteristic doublets 

at δ 7.77 ppm and 7.38 ppm correspond to the H-3 and H-2 protons, respectively.  These 
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two resonances are indicative that the acid-catalysed aldol condensation was successful 

in yielding the α,β-unsaturated carbonyl.   

 
Figure 4.8.1. 1H NMR spectrum (500 MHz, CDCl3) of 81. 

 
Scheme 4.8.2.  The synthesis of 82. 

a)

81 82  
aReagents and conditions: a) N2H4.H2O 64-65% (10 eq.), O2, DMSO, 85ºC, 48 h 
 
With compound 81 in hand, the synthesis of the pyrazole was carried out using the same 

reaction conditions previously applied.  The phenolic moiety of the molecule, in the end, 

did not affect the reaction outcome, with a purified yield of 81%.  For this molecule, the 

crude product was triturated in 2 M HCl in Et2O to give an orange HCl salt.  The 1H NMR 

spectrum (Figure 3.8.2) shows the product was successfully obtained, with the H-4’ 

proton located at δ 7.83 ppm.  This has significantly shifted downfield when compared to 

the compound 80 spectrum, likely because the compound was precipitated and collected 

as an HCl salt. 
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Figure 4.8.2. 1H NMR spectrum (500 MHz, CDCl3) of 82. 

 
4.9. Synthesised pyrazoles 
 

With the success of the acid catalysed Claisen-Schmidt condensation reaction and 

the subsequent synthesis and purification of the pyrazole, two more compounds were 

attempted containing a hydroxyl substituent.  Both were successful, bringing the total to 

seventeen pyrazoles in the final library.  Each compound has minor structural differences 

that allow for the development of an SAR.  Four of these molecules contained the benzyl 

ether protection group that could not be removed.  These molecules can still be screened 

though for any potential bioactivity in Chapter 5.  Table 4.9.1 below contains the codes, 

structures and yields for each molecule. 

 
Table 4.9.1.  The seventeen pyrazoles successfully synthesised.  The structure and yields are 
provided. 

Compound Structure Yield (%) 

80 
 

 

65 

82 

 

81 

3

56
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83 

 

15 

84 

 

47 

85 

 

18 

86 

 

61 

87 

 

52 

88 

 

56 

89 

 

75 

90 

 

16 
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91 

 

24 

92 

 

10 

93 

 

27 

94 

 

90 

95 

 

33 

96 

 

15 

97 

 

26 

 

4.10. Physicochemical properties 
 

The physicochemical properties of the pyrazole library were calculated in the 

same way as Chapter 2.  The Discovery Studio 4.5 was used to predict the molecular 

properties of each molecule, providing the information necessary to determine whether 

these molecules would be suitable for oral drug delivery.  The two tables below show 

whether the molecules obey Lipinski’s rule of five or Veber’s rules.    
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Table 4.10.1. The physiochemical properties of the pyrazole library predicted using Discovery 
Studio 4.5.  All seventeen molecules disobey Lipinski’s rule of five. 

Molecule MW (amu) LogPa HBDb HBAc Lipinskid 

80 390.862 6.180 1 3 No 
82 322.401 5.172 2 3 No 
83 390.862 6.180 1 3 No 
84 390.862 6.180 1 3 No 
85 360.836 6.197 1 2 No 
86 436.932 7.780 1 2 No 
87 436.932 7.780 1 2 No 
88 466.958 7.764 1 3 No 
89 382.497 6.933 1 2 No 
90 412.523 6.916 1 3 No 
91 412.523 6.916 1 3 No 
92 458.593 8.516 1 2 No 
93 326.391 5.532 1 2 No 
94 356.417 5.516 1 3 No 
95 356.417 5.516 1 3 No 
96 342.391 5.290 2 3 No 
97 312.365 5.307 2 2 No 

a: Octanol/water partition coefficient 
b: Number of hydrogen-bond donors 
c: Number of hydrogen-bond acceptors 
d: Satisfy Lipinski’s rule 

 
Table 4.10.2. The physiochemical properties of the pyrazole library predicted using Discovery 
Studio 4.5.  All seventeen molecule obey the Veber’s rules, meaning each molecule of this library 
should be suitable concerning oral bioavailability. 

Molecule HBD + HBAa PSA (Å²)b Rotatable bondsc Veberd 

80 4 47.14 5 Yes 
82 5 58.14 4 Yes 
83 4 47.14 5 Yes 
84 4 47.14 5 Yes 
85 3 37.90 4 Yes 
86 3 37.90 6 Yes 
87 3 37.90 6 Yes 
88 4 47.14 7 Yes 
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89 3 37.90 5 Yes 
90 4 47.14 6 Yes 
91 4 47.14 6 Yes 
92 3 37.90 7 Yes 
93 3 37.90 4 Yes 
94 4 47.14 5 Yes 
95 4 47.14 5 Yes 
96 5 58.14 4 Yes 
97 4 48.91 3 Yes 

a: The number of hydrogen bond donors and acceptors combined 
b: Polar surface area (in Å2) (N, O + attached hydrogen) 
c: The number of rotatable bonds in the molecule 
d: Satisfy Veber’s rules 
 

The above results of the physicochemical properties are desirable.  All of the pyrazole 

derivatives disobey the Lipinski’s rule of five; however, all of them obey Veber’s rules.  

As stated in Chapter 2, the Veber’s rules are considered a better guide for drug likeliness, 

as they are an improvement on Lipinski’s rule of five.  All seventeen molecules fit the 

criteria for oral treatment; a desirable goal which means the molecules will be screened 

for antibacterial activity.  As with Chapter 2, knowing these physicochemical properties 

for each molecule may give a stronger SAR in Chapter 5. 

 

4.11. Summary 
In summary, seventeen novel pyrazole derivatives were synthesised.  The acid or 

base catalysed Claisen-Schmidt condensation reaction was utilised to synthesise the 

seventeen α,β-unsaturated carbonyl derivatives.  The subsequent pyrazole was then 

synthesised using hydrazine monohydrate.  The regioselective synthesis required DMSO 

as a solvent, which also aids in the aromatisation of the pyrazole.  These reaction 

conditions were ideal as they circumvented the unstable pyrazoline intermediate.  As with 

the previous two libraries, each pyrazole was elucidated using a combination of 

spectroscopic techniques, and the physicochemical properties of each molecule were 

predicated using molecular modelling.  Each molecule adheres to Veber’s rules, 

indicating the potential for oral administration.  
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CHAPTER 5: BIOLOGICAL 
EVALUATION 

 

 

Figure 5.1. The Uvaria chamae plant, colloquially known as the bush banana is a small tree native 
to Central Africa.  U. chamae is a medicinal plant used to treat fevers and has been used for its 
antibacterial properties. 

   

 

Figure 5.2. Dichamanetin is a natural product isolated from U. chamae.  The compound has an 
MIC of 1.7 µM against S. aureus and B. subtilis as well as an MIC of 3.4 µM against M. 
smegmatis, indicating its potential treatment for tuberculosis [93].   
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5.1. Background 
 

A key aim of this thesis was to develop and synthesise a library of compounds 

with a potential antibacterial activity that targets the essential cell division protein FtsZ.  

The antibacterial activity of compound 11, discovered at the end of Honours year, made 

this compound a major focus of this thesis.  The broad-spectrum antibacterial potential, 

the mechanism of action (MOA), toxicity and the potential for resistance were identified 

as key properties assessed in this chapter, as these results are requirements for FDA 

approval [173].  Furthermore, the synthesised compounds that are described in Chapters 

2-4 were screened for antibacterial activity.  Any hit compound that was identified in the 

initial screen has been further developed as a cell division inhibitor.  Through the process 

of the lead development, SAR of the compounds was also assessed. As previously 

discussed in Chapter 1, a ‘hit’ compound tends to be arbitrary.  O’Neill suggests that an 

MIC value of 16-32 µg/ml could be considered a suitable minimum concentration 

threshold, therefore the 16 µg/ml cut-off will be used to guide the discussion of this 

chapter [119].   

 

5.2. Antibacterial activity 
 

The minimum inhibitory concentration (MIC) assay and minimum bactericidal 

concentration (MBC) assays were conducted using a broth microdilution method 

following the guidelines of the Clinical and Laboratory Standards Institute (CLSI).  These 

methods are considered the ‘gold standard’ for identifying antibacterial activity.  The 

results of the MIC assay are recorded as the concentration that prevented 90% of bacterial 

cell growth, as stipulated by the CLSI guidelines.  After establishing the MIC, the MBC 

is then determined to distinguish whether the compound is either bactericidal or 

bacteriostatic.  A bactericidal drug effectively kills the bacterium, a feature that is 

traditionally desired in the industry [121].  Bactericidal drugs were once widely believed 

to hinder the rise of resistance, as no cells will remain to transfer resistance genes to 

surrounding bacterial populations, a major contributor to their popularity.  They are also 

the preferred option for the treatment of osteomyelitis, endocarditis and meningitis, as the 

use of bacteriostatic agents were shown to dramatically worsen the conditions [121, 174].  

Bacteriostatic drugs, such as Prontosil, work by temporarily inhibiting the growth of 

bacteria so that the host immune system can kill the invading bacterium [174].  The 

discovery of a bacteriostatic drug will still be valuable, as commercial bacteriostatic 
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antibiotics such as clindamycin are preferred for the treatment of staphylococcal and 

streptococcal infections, as they prevent the toxic shock syndrome associated with 

bactericidal drugs [175].  Furthermore, increasing evidence indicates that the rates of 

resistance to bacteriostatic drugs are similar to that of bactericidal drugs [121].   

 

The tetrahydroisoquinoline derivatives synthesised in Chapter 2 were tested against S. 

aureus ATCC25923, B. subtilis 168 and E. coli MG1655.  S. aureus ATCC25923 is a 

Gram-positive clinical isolate with the designation ‘Seattle 1945’ that is routinely used 

for laboratory testing.  It is sensitive to a variety of commercial antibiotics, including 

methicillin.  The non-pathogenic E. coli MG1655, a K-12 derivative, was utilised as a 

model Gram-negative organism as it is extremely well characterised genetically.  The 

Gram-positive, non-pathogenic B. subtilis 168 was also used, as B. subtilis is a preferred 

model organism for cell morphology analysis to identify a potential mechanism of action.  

The B. subtilis 168 strain is also very well characterised genetically.  If an MIC within 

the ‘hit’ range was established against these organisms, the MBC was then tested to 

identify if the compound was bactericidal or bacteriostatic.  M. tuberculosis screening 

was outsourced to Eli Lilly, as a PC3 facility was not available for onsite testing.  The 

virulent M. tuberculosis H37Rv strain was used, a clinically relevant strain.  Tuberculosis 

is the leading cause of death from an infectious disease globally, increasing the potential 

impact of these compounds if they were found to be active against M. tuberculosis [11].  

Since compound 11 was a lead compound at the start of this project, it was further tested 

against Acinetobacter baumannii ATCC19606, Acinetobacter baylyi ADP1, 

Streptococcus pneumoniae ATCC33400 and Enterococcus faecium ATCC35667.  A. 

baumannii is a clinical isolate with designation 2208, and was chosen for its clinical 

relevance and ability to cause infection.  A. baylyi ADP1 is a routinely used Gram-

negative model organism that can be used for future studies if the activity is observed.  

The Gram-positive S. pneumoniae ATCC33400 with designation NCTC 7465 and E. 

faecium ATCC35667 with designation LRA 55 03 77 [API SA] are both clinical isolates.  

These two Gram-positive organisms will allow assessment of the broad-spectrum 

potential of compound 11, an important task, as PC190723 was not active against these 

two species. 

 

The compound 11 analogues and pyrazole derivatives in Chapter 3 and Chapter 4, 

respectively, were only screened against S. aureus and E. coli to determine the potential 
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for activity against a Gram-positive and Gram-negative species.  B. subtilis was omitted 

as it is not clinically relevant, and was only screened against highly active compounds for 

use in a cell morphology assay.  The M. tuberculosis screen was also omitted, as the 

compounds submitted to Eli Lilly were not analysed in time for this thesis.  The highest 

concentration tested for every compound was 128 µg/mL, as higher concentrations were 

insoluble and considered insignificant with a hit range of 16-32 µg/mL.  For simplicity, 

the compounds described in Chapter 2, Chapter 3 and Chapter 4 will be discussed 

separately 

 
5.2.1. Antibacterial activity of the tetrahydroisoquinoline derivatives 
 

For each synthesised compound in Chapter 2, a starting testing concentration of 

128 µg/mL was serially diluted in the 96-well plates to cover the likely activity of each 

compound.  This same procedure was conducted for each bacterium tested.  The 

biological results of the antibacterial assessment of synthesised compounds are shown in 

Table 5.2.1.  

 
Table 5.2.1.  MIC results obtained for the tetrahydroisoquinoline derivatives in Chapter 2 against 
three species of bacteria. 

 

Compound R1 
MIC (µg/mL) Bactericidal 

(Yes/No) S. aureus B. subtilis E. coli 

12a *
 

>128 - >128 - 

11a *
 

4 4 >128 Yes 

13a *
 

32 32 >128 Yes 

14a 
*  

32 32 >128 Yes 

15a *
 

32 32 >128 No 

19 *
 

>128 - >128 - 
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20 
*

 

4 4 >128 Yes 

21 *
 

32 - >128 Yes 

22 *

 

32 32 >128 No 

23 *

 

>128 - >128 - 

24 *
 

>128 - >128 - 

25 
*

 

32 32 >128 No 

26 *

 

8 >128 >128 Yes 

27 *
 

>128 - >128 - 

28 *
 

> 128 > 128 >128 - 

29 
*

 

> 128 > 128 >128 - 

30 *
 

> 128 - >128 - 

aCompounds synthesised during honours year; however, biological evaluation was completed during PhD  
candidature. 
 

Nine of the compounds showed activity against S. aureus, with 11 and 20 giving the 

lowest MIC values of 4 µg/mL.  All the compounds that showed inhibition against S. 

aureus showed the same activity against B. subtilis, with the exception of 26, which did 

not inhibit the growth of B. subtilis. The first major finding from this set of compounds 
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is the discovery of two hits compounds 11 and 20, with MIC values of 4 µg/mL. 

Furthermore, these compounds are bactericidal at the same concentration of 4 µg/mL. All 

the compounds showed no activity against Gram-negative E. coli.  This immediately 

indicates that the compounds developed are a narrow spectrum in their current form.  This 

could be for two reasons; firstly, the compounds do not target an essential process in 

Gram-negative species, or secondly, they are not reaching the target.  This inability to 

reach the target is likely due to their chemistry not allowing them to permeate the cells 

due to selective nature of their cell envelope or the presence of efflux pumps which 

actively expel toxic compounds.  Future chemistry would aim to improve permeability 

across the outer membrane.  Combinational treatments with an efflux pump inhibitor 

could also be attempted, as this has previously been accomplished for the FtsZ inhibitor 

TXA436, a derivative of PC190723.  TXA436 is only active against Gram-positive 

species; however, E. coli treated with the compound in combination with the efflux pump 

inhibitor, phenylalanine-arginine β-naphthylamide (PaβN), successfully inhibited the 

bacterium’s growth [176].  This means the 11 analogues may still have broad-spectrum 

potential when used synergistically and cannot be ruled out as inactive against Gram-

negative species. 

 

If these compounds do bind FtsZ, the structural modification to 26 has reduced the broad-

spectrum activity, likely due to the minor variations in the FtsZ protein structure between 

species.  Activity against S. aureus and B. subtilis increased when the aromatic derivatives 

introduced by the azide were hydrophobic.  As the LogP of the compound increased, the 

activity increased.  The tert-butyl moiety of 11 is therefore a desirable feature.  

Introducing the hydrophobic 4-trifluoro (13), 4-phenylethenyl (14), 4-chloro (15), 3-

fluoro-4-benzyloxy (20), 4-biaryl (21), naphthalene (22), 2,4-trifluoro (25) and the 3,5-

trifluoro (26) moieties yielded compounds with a lower or equivalent activity to 11, but 

nothing more active than 4 µg/ml.  Interestingly, 12 that contains an unsubstituted 

aromatic ring showed no activity, meaning the increase in polarity or even the compounds 

length/size had a negative impact on the inhibitory properties.  When a more hydrophilic 

moiety was installed, the activity of the tetrahydroisoquinoline scaffold was completely 

diminished.  The 4-cyano (19), 4-dimethylcarbamoyl (23) and 4-nitro (24) are more 

hydrophilic as well as containing electron withdrawing aromatic rings compared to 

previous derivatives.  They showed no activity when tested against S. aureus.  This 

indicates that although these substituents have similar steric effects, the hydrophilic 
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nature is detrimental to activity.  Compounds 19 and 24 both contain very strong electron-

withdrawing substituents which may have contributed to the lack of activity; however, 

this is not in agreement with the biological outcome found in the di-substituted trifluoro 

derivatives (25 and 26) which are active at the MIC of 32 µg/mL and 8 µg/mL, 

respectively.  Therefore, installing an electron-withdrawing group does not appear to be 

the main reason for the reduction in activity.  Furthermore, the electron-donating effect 

of the tert-butyl substituent likely has had little effect on overall activity, while the bulky 

hydrophobicity is playing a more significant role.  When comparing 13 to 25 and 26, the 

introduction of a second trifluoro group increased activity.  Compound 26 was more 

active than 25, with the 3,5-trifluoro substitution pattern introducing an element of 

symmetry.  It appears that the 3,5-disubstitution preferentially binds to the target over the 

2,4-disubstitution, a feature that will help guide future development.  Interestingly, the 

steric-bulk increase in 21, 20 and 22, when compared to 11, did not increase activity, 

which contradicts previous assumptions.  It appears that the alkyl substituent is 

preferential to the aryl system.  Potentially, the planarity nature of the aryl derivatives 

may be associated with the decrease in activity. 

 

For the tetrahydroisoquinoline derivatives synthesised in Chapter 2, compound 11 was 

the only molecule screened for broad-spectrum activity.  Table 5.2.2 below shows the 

results of this screen.   

 

Table 5.2.2.  Results for the broad screening of 11 against a variety of bacteria.  

Bacterium MIC of compound 11 (µg/mL) 

S. aureus 4 
B. subtilis 4 
E. faecium 8 

S. pneumoniae 8 
E. coli >256 

E. coli ∆tolC 64 
A. baylyi 128 

A. baumannii 128 
M. tuberculosisb 4 

bThe MIC of compound 11 against M. tuberculosis was determined by Eli Lilly through their OIDD 
program (discussed below). 
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Currently, the activity of 11 is limited to Gram-positive species and M. tuberculosis.  The 

activity in E. faecium and S. pneumoniae was lower compared to S. aureus; however, it 

was only a slight decrease in MIC from 4 µg/mL to 8 µg/mL.  Interestingly, no activity 

was seen in Gram-negative E. coli; however, 11 successfully inhibited Gram-negative A. 

baumanii and A. bayili at a high concentration of 128 µg/mL.  Although the activity was 

weak, this result suggests that inhibition of Gram-negative species is possible.  As 

previously discussed, the presence of efflux pumps in Gram-negative species is a main 

contributor to resistance to antibacterial compounds.  Therefore, removing the TolC 

multi-drug efflux pump in E. coli may restore activity to 11.  The ∆tolC E. coli mutant 

screened with 11 gave an MIC value of 64 µg/mL, an activity that was not seen in wild-

type E. coli, whose MIC was greater than 256 µg/mL.  This shows that the efflux pumps 

of Gram-negative species may be responsible for the reduced activity, and could be 

overcome with synergistic treatment with an efflux pump inhibitor.  Lastly, the high 

activity against M. tuberculosis has high impact due to its clinical relevance, and will be 

discussed below in Section 5.3. 

 

To conclude, the library of tetrahydroisoquinoline derivatives developed in Chapter 2 

have yielded seventeen active compounds, with 11 and 20 identified as hits against S. 

aureus.  Compound 11 was also active against M. tuberculosis at the same concentration 

of 4 µg/mL.  The activity of 11 appears to be associated with the hydrophobic, bulky 

nature introduced by the tert-butyl substitution.  The electron-donating effects likely do 

not play a strong role, evident with the highly electron withdrawing system of 26.  

Development of future 11 derivatives should be designed to contain sterically bulky, 

hydrophobic, alkyl groups.  Choosing derivatives that contain these properties could help 

assess whether electron-withdrawing and donating-properties do affect activity, as 

currently only minor conclusions can be drawn for the effects these properties. 

 

5.2.2. Compound 11 analogues that maintain the tert-butyl moiety 
 

The activity of the 11 analogues developed in Chapter 3 was determined using 

the same process for the library of tetrahydroisoquinoline derivatives.  The screen against 

B. subtilis was omitted as the organism is not clinically relevant.  B. subtilis was only 

used as a model organism for cell morphology analysis therefore it was unnecessary to 

screen against the bacterium unless a hit compound was identified.  Of the fourteen 
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compounds synthesised, only four showed activity against S. aureus at a concentration of 

less than 128 µg/mL.  None of the compounds showed activity against Gram-negative E. 

coli.   

 

The first compound synthesised, compound 37 increased the rigidity and flexibility of the 

tetrahydroisoquinoline by removing the dimethoxy substitution and installing a 

methylenedioxy ring.  This also saw an increase in the polar surface area of the molecule.  

The next two compounds, 31 and 40, two permanently charged isoquinoline derivatives, 

also saw a reduction in the ring flexibility as well as a reduction in the nucleophilicity of 

nitrogen.  Table 5.2.3 below shows the activities of these compounds.   

 
Table 5.2.3.  MIC results obtained for three of the compound 11 analogues.  The compounds of 
Chapter 3 were only screened against S. aureus and E. coli. 

Compound Structure 
MIC (µg/mL) 

S. aureus E. coli 

37 
 

> 128 > 128 

40 

 

> 128 > 128 

31 

 

> 128 > 128 

 

All three modifications made to the compound 11 scaffold had a detrimental effect on 

activity.  Compound 37 confirmed thus far that the dimethoxy substituents play a crucial 

role in the activity of 11.  The permanently charged quaternary salts 40 and 31 both 

resulted in the loss of activity.  Compound 40 saw an increase in the rigidity of 11, which 

may have also contributed to the reduction in activity.  The methyl group introduced in 

31 is interesting as it prevents the nitrogen inversion as well as removing the electron 

density around the nitrogen atom in 11.  This may suggest the contribution of the negative 

effect of the lone pair on the nitrogen on the activity.  Importantly though, the increase in 

polarity of 40 and 31 would likely have been responsible for the loss in activity.  The 

rationale highlighted in Chapter 3 that the permanent charge would increase the 
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compounds permeability through the lipopolysaccharide cell wall of Gram-negative 

bacteria proved unsuccessful [145]. 

 

The next structural modification involved introducing a variety of C-1 substitutions on 

11.  This yielded 47-50, which as shown below in Table 5.2.4, were the only analogues 

that provided an encouraging outcome against S. aureus.  Interestingly, the benzyl 

substitution in 48 has a lower MIC of 2 µg/mL compared to the 4 µg/mL of 11, although 

the intrinsic variability in the MIC method needs to be considered.  The introduction of 

the ethyl group reduced activity, as this may have affected the nitrogen inversion.  The 

cinnamic acid moiety also had a reduction in activity, although the steric bulk of this 

substitution may play a larger role.  The 3-methoxybenzyl substitution in 47 gave the 

same MIC as 11; however, the absence of the 3-methoxy substitution increased activity, 

likely indicating the reduction in polarity is desired; a common trend. 

 

Table 5.2.4.  MIC results obtained for the four C-1-substituted analogues of compound 11.   

 

Compound R1 
MIC (µg/mL) Bactericidal 

(Yes/No) S. aureus E. coli 

47 
*

 
4 > 128 Yes 

48 
*

 
2 > 128 Yes 

49 CH3 32 > 128 No 

50 *
 

32 > 128 No 

 
Future work would aim to separate the enantiomers of these racemates to determine their 

individual activity, as this may see an improvement on the MIC results.  Future 

derivatives should also include further structural modifications to the benzyl substitution 

to assess its importance to the activity of 48. 
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The next structural modification involved introducing a carbonyl group adjacent to the 

nitrogen atom of the tetrahydroisoquinoline ring.  Interestingly, the carbonyl substitutions 

in 58, 59, 60 and 62 all eliminated activity against S. aureus, as shown below in Table 

5.2.5.  The increase in polarity and the removal of the nucleophilic amine would likely be 

responsible.  The C-1 rotatable bond affected in 62 could also be responsible for the 

reduction in activity.  These compounds, as well as 40 and 31, show that replacing the 

free-base amine is detrimental to activity. 

 

Table 5.2.5. The MIC of the four compounds that contained modifications to the tertiary amine. 

 

Compound R1 R2 R3 R4 
MIC (µg/mL) 

S. aureus E. coli 

58 H =O H t-butyl > 128 > 128 
59 OCH3 =O H t-butyl > 128 > 128 
60 H =O H CF3 > 128 > 128 
62 H H =O t-butyl > 128 > 128 

 

The assessment of the triazole ring by replacement with an amide and ester linkage in 65 

and 66, respectively and the introduction of the indole moiety in 70 was determined next.  

As shown below in Table 5.2.6, all three modifications were detrimental to activity.  This 

so far indicates that the polar, aromatic triazole linker that has a strong dipole moment 

appears crucial to the activity of 11.  Future derivatives should aim to replace the triazole 

with other five-membered heterocycles, such as a thiazole or oxazole.  Unfortunately, the 

inactivity of the indole 70 cannot be assessed as the structural modifications were too 

variant, so and SAR cannot be established. 
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Table 5.2.6. Showing the structures of 65, 66 and 70 and their corresponding MIC values. 

Compound Structure 
MIC (µg/mL) 

S. aureus E. coli 

65 

 

> 128 > 128 

66 

 

> 128 > 128 

70 

 

> 128 > 128 

 

5.2.3. Pyrazole derivatives 
 

The activity of the pyrazole library developed in Chapter 4 was determined using 

the broth microdilution method as described above.  Of the seventeen compounds, only 

two showed activity higher than 128 µg/mL against S. aureus, although all were inactive 

against E. coli (Table 5.2.7).  The lack of activity observed makes developing an SAR 

difficult; however, a short conclusion can be made.  The 3-methoxy-4-hydroxy (vanillin) 

moiety was important for activity, as only 82 and 96 that contained this substructure 

inhibited S. aureus growth at 32 µg/mL and 8 µg/mL, respectively.  Compound 96 was 

more active than 82, meaning the bulky, planar aryl moiety was preferential to the tert-

butyl substituent.  Future development of this library is promising.  Development of a 

pyrazole library that maintains the vanillin moiety, but alters the bi-aryl component would 

yield an informative SAR.  Substituting the NH of the pyrazole ring should also be 

attempted.  The small change seen in 82 already indicates that the development of this 

SAR is possible.  Currently, the MIC value of 8 µg/mL for 96 deems it a hit compound, 

and it should be explored for development. 
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Table 5.2.7.  The MIC results of the pyrazole derivatives against S. aureus and E. coli. 

 

Compound R1 R2 R3 R4 R5 
MIC (µg/mL) 

S. aureus E. coli 

80 H OCH3 OCH3 H p-ClPh > 128 > 128 
82 H OH OCH3 H t-butyl 32 > 128 
83 H OCH3 H OCH3 p-ClPh > 128 > 128 
84 OCH3 H H OCH3 p-ClPh > 128 > 128 
85 H OCH3 H H p-ClPh > 128 > 128 
86 H OBn H H p-ClPh > 128 > 128 
87 H H OBn H p-ClPh > 128 > 128 
88 H OBn OCH3 H p-ClPh > 128 > 128 
89 H OCH3 H H p-C(CH3)3Ph > 128 > 128 
90 OCH3 H H OCH3 p-C(CH3)3Ph > 128 > 128 
91 H OCH3 OCH3 H p-C(CH3)3Ph > 128 > 128 
92 H OBn H H p-C(CH3)3Ph > 128 > 128 
93 H OCH3 H H Phenyl > 128 > 128 
94 OCH3 H H OCH3 Phenyl > 128 > 128 
95 H OCH3 OCH3 H Phenyl > 128 > 128 
96 H OH OCH3 H Phenyl 8 > 128 
97 H H OH H Phenyl > 128 > 128 

 

Table 5.2.8. The MIC of 82 and 96 against S. aureus and B. subtilis. 

Compound 
MIC (µg/mL) Bactericidal 

(Yes/No) S. aureus B. subtilis 

82 32 16 No 
96 8 8 No 
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5.3. M. tuberculosis screening through the Open Innovation 
Drug Discovery (OIDD) program 
 

The Lilly Open Innovation Drug Discovery (OIDD) program is an initiative run 

by Eli Lilly that focuses on collaborative efforts with researchers from all over the world.  

The program was developed for scientists to utilise Eli Lilly’s resources to screen novel 

molecules while still maintaining control of the intellectual property.  Each compound is 

firstly screened in silico to assess each molecule for novelty and drug-likeliness before it 

can be accepted for the screening against virulent M. tuberculosis H37Rv.  Ten 

compounds from Chapter 2 and one compound from Chapter 3 successfully passed the 

in silico assessment and were submitted for bioassay screening.  All eleven compounds 

were then screened against M. tuberculosis at a concentration of 20 µM.  If cell growth 

inhibition was higher than 90%, the compound moves to the next stage to quantify an 

MIC.  Furthermore, a cytotoxic screen using HeLa cells, which is a standard procedure in 

first-pass cytotoxicity assays, is completed if the compound yields an MIC.  The activities 

of the eleven compounds submitted for screening are shown in Table 5.3.1.  Compound 

11 was the only compound that achieved the 90% inhibition cut-off at 20 µM. 

 
Table 5.3.1. Inhibitory activities (% inhibition) of the tetrahydroisoquinoline derivatives against 
M. tuberculosis H37Rv cells. 

Compound % inhibition against 
M. tuberculosis @ 20µM 

12 0 
11 97 
13 69 
14 23 
15 56 
19 0 
20 57 
21 0 
23 0 
24 0 
37 7 
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As compound 11 was the only compound to inhibit M. tuberculosis greater than 95%, an 

MIC and cytotoxicity to HeLa cells was determined.  Figure 5.3.1 is the MIC curve 

obtained for 11 against M. tuberculosis H37Rv cells.  The MIC was found to be 10-11 

µM, equivalent to 4 µg/mL, the same MIC result for S. aureus.  This shows the potential 

of 11 being utilised in broad-spectrum treatment, a more commercially attractive feature 

as tuberculosis is the leading cause of death from an infectious disease, and the demand 

for novel drugs is increasing exponentially due to resistance [11]. 

 

 
Figure 5.3.1. The MIC curve of 11.  The MIC was found to be 10-11 µM as this concentration 
prevented 90% of M. tuberculosis cell growth with respect to the control (10% DSMO).  The 
assay was performed in duplicate, and the graph was supplied by Eli Lilly.  

 
Since an MIC was established for 11 as it surpassed the 20 µM cut-off, the possible 

cytotoxicity was tested.  Compound 11 was found to inhibit HeLa cell growth with an 

IC50 of 7.653 µM.  This is of concern as the IC50 falls within the therapeutic range of 11 

for the treatment of M. tuberculosis, with an MIC of 10-11 µM (4 µg/mL).  The toxicity 

of 11 will be explored further in Section 5.10 of this chapter; however, this result 

highlights a potential concern of 11 at its current stage.  Future work will require the 

development of a compound with reduced activity against eukaryotic cell lines while 

maintaining the potent antibacterial activity.  Due to this toxicity profile, Eli Lilly did not 

conduct any further assessment of 11, as the compound required further chemical 

development before Eli Lilly would consider it commercially viable.   
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inhibition of cell division results in a continued elongation of the cell, due to the synthesis 

of the new lateral cell wall, without associated division into new daughter cells, resulting 

in long ‘spaghetti-like’ cells known as filaments, which can be easily observed via light 

microscopy.  Filamentous cells typically have lengths more than 15 µm [177].    The work 

by Ruiz-Avila et al. showed filamentation in B. subtilis when treated with their synthetic 

FtsZ inhibitor UCM05, as shown in Figure 5.4.1.  When compared to untreated cells, the 

considerable increase in cell size can easily be observed [178].  Stokes et al., the team 

that developed PC190723, found that PC190723 and its derivatives also induced 

filamentation in B. subtilis. 

 

    
Figure 5.4.1. (a) Phase contrast microscopic image of wild-type B. subtilis 168 cells after 2 hours 
of culture at 37 ºC.  (b) Phase contrast image of the in vivo effects of UCM05 (50 µM) on B. 
subtilis 168 cells using the same conditions as wild-type.  Scale bars are 10 μm [178]. 

 
Since the possible inhibition of cell division can be observed easily using microscopy, 

investigating the phenotypic changes of B. subtilis 168 cells when treated with 11 or 92 

may help determine the MOA of each compound.  As compounds 11 and 92 were 

designed to inhibit FtsZ using molecular modelling, the phenotypic assay will confirm if 

this rational approach was successful if filamentation is observed.   

 

5.4.1. Does compound 11 cause filamentation in B. subtilis? 
 

To determine if 11 inhibits cell division, B. subtilis 168 cells were treated with 11 

in varying concentrations prior to visualisation under a microscope.  Initially, cultures 

were treated with 0.25 x MIC, 0.5 x MIC, 0.75 x MIC, 1 x MIC, 2 x MIC and 4 x MIC in 

(a) (b) 
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As Figure 5.4.2 shows, the filamentous phenotype could not be observed when B. subtilis 

168 cells are treated with 11 at 0.4 x MIC.  Many of the B. subtilis cells at 60 minutes 

were similar in length to wild-type, although the phase contrast showed that the majority 

of the cells had lysed.  The light grey cells observed, called ‘ghost cells’, indicate lysis, 

the most common phenotype (blue arrows in Figure 5.4.2).  Interestingly, in the 0.4 x 

MIC treatment after 120 minutes, the remaining healthy cells showed a significant 

reduction in cell length.  This was likely due to a lack of available nutrients, as the same 

phenotype was observed in compound-free treatment.  Cell length was quantified to 

conclusively confirm that filamentation did not occur after 11 treatment.  The cell length 

of 100 cells at 30 minutes, 60 minutes and 120 minutes was measured using the 

AxioVision LE64 software and compared to the negative control, to assess if any change 

in cell length had occurred.  Figure 5.4.3, Figure 5.4.4 and Figure 5.4.5 show the results 

of this experiment. 
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Figure 5.4.3. The cell length distribution of 100 B. subtilis 168 cells after treatment with 0.4 x 
MIC of 11 for 30 minutes.  In red is wild-type cell distribution, and 11 treatment is shown in blue.  
A two-sample assuming unequal variances t-test was conducted to compare treated cells to the 
untreated cells. There was a significant difference in cell size for the treated cells with p = 0.0031.  
A filamentous phenotype was not observed, with the largest cells measuring 8 µm in both the 
control and treated sample.   
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Figure 5.4.4.  The cell size distribution of 100 B. subtilis 168 cells after treatment with 0.4 x MIC 
of 11 for 60 minutes.  In red is wild-type cell distribution, and 11 treatment is shown in green.  A 
two-sample assuming unequal variances t-test was conducted to compare treated cells to the 
untreated cells. There was a significant difference in cell size for the treated cells with p = 0.0006.  
Treated cells had a larger cluster around 8 µm when compared to the control.  A filamentous 
phenotype was not observed.   
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Figure 5.4.5.  The cell size distribution of 100 B. subtilis 168 cells after treatment with 0.4 x MIC 
of 11 for 120 minutes.  In red is wild-type cell distribution, and 11 treatment is shown in purple.  
A two-sample assuming unequal variances t-test was conducted to compare treated cells to the 
untreated cells. There was a significant difference in cell size for the treated cells with p = 0.0004.  
Treated cells appeared longer on average when compared to the untreated cells.  No filamentous 
cells were observed.   
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Figure 5.4.3, Figure 5.4.4 and Figure 5.4.5 show that the average cell length clusters 

around 3.5-4.5 µm for both treated and untreated cells at each time interval.  When cell 

division is blocked, cell length will double with each generation time.  A growth curve 

was established in conjunction with this experiment, which determined the generation 

time to be around 25-35 minutes for B. subtilis 168 under these experimental conditions.  

This means that if cell division is blocked, the cells should measure 8 µm in length after 

a 60 minute treatment period, and greater than 16 µm after 120 minutes.  This significant 

increase in cell length was not observed in any of the samples investigated.  A statistical 

t-test (two-sample assuming unequal variances) was conducted to compare the drug 

exposure to the controls at each time interval to calculate if there was a significant change 

in cell length.  Cell length was determined to be significantly different at each time point 

with respect to the control.  Cell length changes is a typical generalised stress response 

due to a secondary effect from the drug treatment.  One such example is the activation of 

the SOS response system in B. subtilis when DNA synthesis is inhibited, resulting in 

longer cells [179, 180].  It is therefore likely that 11 treatment is exerting an effect on B. 

subtilis that has resulted in a change in cell size, albeit, not due to cell division inhibition.  

The major observation though is that size distribution is very heterogeneous, which is not 

typical of direct cell division inhibition.  Therefore, it can be concluded that the treatment 

of B. subtilis with 11 does not induce filamentation, indicating that FtsZ is not the target 

in vivo. 

 

5.4.2. Exploration of the in vivo MOA of compound 11 
 

While compound 11 is unlikely to inhibit cell division in vivo, the results of the 

phenotypic assay can provide information as to the biological pathway targeted by the 

compound.  A number of phenotypes were observed that could provide pieces of evidence 

to help conclude the MOA.  The first key observation made during this experiment was 

the onset of lysis at every concentration.  Even at the optimised concentration of 0.4 x 

MIC, the abundance of cell lysis was clearly observed.  Figure 5.4.6 is representative of 

the ghost cells observed, the typical phenotype indicative of cell lysis. 
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Figure 5.4.6. (a) Microscopic images of B. subtilis 168 after 1 hour of culture at 37 ºC.  (b), (c) 
and (d) phase contrast microscopic images of B. subtilis 168 cells after 1 hour of culture at 37 ºC 
in the presence 0.4 x MIC of 11.  The ‘ghost cells’ observed in high abundance are highlighted 
by the blue arrows.  Images are of three replicates using the same experimental conditions. 

 

A large number of ghost cells observed in the phase contrast images is the most 

pronounced phenotype.  Phase contrast relies on the difference in refractive index relative 

to density. Therefore the cellular components of the bacterium would typically appear 

phase dark due to the increase in cellular density.  Upon lysis, the cellular components 

are released from the cells, giving a phase light, or ‘ghost’ cell.  This lysis is generally 

due to disruption of the integrity of the cell membrane or cell wall.  The high frequency 

of these ghost cells would likely indicate that the MOA of 11 might be a cell 

wall/membrane target, or 11 is targeting a component required for the synthesis of the 

cellular envelope.   

 

(a) (b) 

(c) (d) 
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While cell lysis was the most abundant phenotype observed, two more phenotypes were 

identified in the 0.4 x MIC treatment after 60 minutes.  These phenotypes, characterised 

as ‘localised swelling’ and ‘bulging’ were quantified by counting 300 cells, with the 

frequency of each phenotype recorded as a percentage of the 300 cells counted.  Localised 

swelling refers to cells that appear larger at the septum or poles, while bulging cells 

appearing to have popped, with the cellular contents sitting on the outside of the cell.   

Figure 5.4.7 below is an example of the bulging and localise swelling phenotypes seen 

after B. subtilis is exposed to 0.4 x MIC of 11. 

 

  
Figure 5.4.7. (a) A phase-contrast microscopic image of B. subtilis 168 cells after 2 hours of 
culture at 37 ºC in the presence 0.4 x MIC of 11.  The localised swelling phenotype observed is 
highlighted by the blue arrow. (b) A phase-contrast microscopic image of B. subtilis 168 cells 
after 2 hours of culture at 37 ºC in the presence 0.4 x MIC of 11.  The budging phenotype observed 
is denoted by the blue arrow, and was obtained using the same conditions. 

 
Table 5.4.1. 300 B. subtilis 168 cells were counted at the 30 min, 60 min and 120 min time point 
after the treatment if 0.4 x MIC of 11.  The percentage of phenotype was then calculated.  The 
two phenotypes observed included localised swelling and bulging. 

 

 

 

Time 
(minutes) 

 Phenotype occurrence (%) 

Localised swelling Bulging 

30 0 0 
60 10 34 
120 13 5 

Localised 
swelling 

Bulging  

(a) (b) 
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Table 5.4.1 shows the percentage of each of these two phenotypes observed for the 300 

cells counted.  The two phenotypes only appeared after 60 minutes of treatment with 11 

and decreased by 120 minutes, likely due to lysis.  It was common for the cells that 

experience localised swelling to adopt a ‘bent’ shape, rather than the typical linear rod 

shape seen in the control, suggesting a change in cell wall integrity.  A review by Cushnie 

et al. that looked at the phenotypic effects of known antibiotics on rod-shaped bacteria 

concluded that this localised swelling could arise for a number of reasons [177].  Cells 

with swelling at the midcell may be indicative of the disruption of peptidoglycan 

synthesis; however, many of the cells in this experiment contained swelling at the poles, 

indicative of the disruption of protein synthesis.  The bulging observed in a number of the 

cells is predicted by Cushnie et al. to arise through the inhibition of peptidoglycan 

synthesis, inhibition of protein synthesis, or even the inhibition of folic acid synthesis.  

Since there are a number of cellular targets that could result in the observed phenotype, it 

is difficult to draw any conclusion on the target of 11 based solely on microscopy.  The 

common theme is that the phenotypes observed are generally linked to disruption of the 

cell envelope, further supporting that 11 is likely a cell wall/membrane inhibitor.  

 

A final attempt to understand the MOA of 11 was made by utilising a fluorescent dye to 

observe the possible inhibition of peptidoglycan (cell wall) at the septum.  This will help 

identify if any block to cell division is occurring.  This can be visualised using fluorescent 

derivatives of D-amino acids, which are preferentially incorporated into newly 

synthesised peptidoglycan [140].  In untreated cells, there would be a concentration of 

fluorescent labelling at the septum due to ongoing growth at the site of division; however, 

a block to division would result in either a dispersed or complete loss of fluorescent 

signal.  To perform this assay, the fluorescent D-amino acid needed to be synthesised. 

This was obtained by attaching the fluorophore 4-chloro-7-nitrobenzofurazan (excitation 

448 nm) to the amino acid 3-amino-D-alanine to create NADA [140].  NADA is then 

added to an exponentially growing culture of B. subtilis for 3 minutes, which allows the 

dye to be incorporated primarily into the newly formed peptidoglycan, a process that is 

concentrated at the cell septum.  Kuru et al. have shown that the incorporation of the small 

fluorophore into the cell wall does not affect the bacterium's growth [140].  The synthesis 

of NADA was adapted for this experiment from the work of Kuru et al.  As this is a novel, 

non-commercialised dye, the synthesis was completed by the author, and was previously 

discussed in Chapter 2. 
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Nascent peptidoglycan synthesis was observed using the 60 minute time interval with 0.4 

x MIC of 11, as previously optimised.  Figure 5.5.8 is representative of untreated B. 

subtilis cells after NADA staining.  The cells are stained all over due to the available 

incorporation sites; however, incorporation at the septum is significantly more 

concentrated as this is the site of newly synthesised peptidoglycan. 

 

  
Figure 5.4.8.  Microscopic images of untreated B. subtilis 168 cells (wild-type).  (a) The phase 
contrast image shows untreated cells, denoted by the high density under phase-contrast, indicating 
intact cells. (b) The fluorescent image shows the incorporation of the NADA stain.  The blue 
arrows highlight the increased concentration of the stain at mid-cell, indicative of untreated cell 
growth. 

 

  
Figure 5.4.9.  Microscopic images of B. subtilis 168 after treatment with 11 for 1 hour at 0.4 x 
MIC. (a) The phase contrast image shows ghost cells (blue arrows), the most abundant phenotype 
observed.  These cells were not visible in the fluorescent image. (b) The fluorescent image shows 
that the cells that had not undergone lysis (blue arrows).  The NADA stain was not localised at 
the mid-cell and would accumulate irregularly throughout the cell.  These images are 
representative of three biological repeats. 

(a) (b) 

(a) (b) 
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As Figure 5.4.9 shows, the NADA stain at the 60 minute time interval did not localise at 

the midcell, with the dye inconsistently distributed throughout the cells.  The NADA stain 

showed typical septum formation in wild-type B. subtilis; however, in the 11 treated cells, 

the septum would appear irregularly, with only a very small population showing healthy 

septum formation.  If cell division were blocked, the NADA stain would likely be evenly 

distributed along the cell membrane, as the newly synthesised peptidoglycan would no 

longer occur at the site of division.  The NADA stain in the 11 treated cells though showed 

no regular pattern, with the stain fluorescing with no consistency.  This phenotype 

supports previous conclusions that 11 is likely targeting a cell wall or membrane process. 

 

This experiment aimed to investigate whether 11 inhibits cell division, or more 

specifically, FtsZ in vivo.  As the results show, the expected filamentous phenotype was 

not observed.  A change in cell size deemed significant was observed; however, this is 

not due to cell division inhibition, but most likely a secondary effect due to a generalised 

stress response.  The high incidence of observed cell lysis indicates that the MOA of 11 

would likely be a cell membrane or cell wall target.  The NADA stain confirmed that cell 

division is not blocked, and that peptidoglycan synthesis is disrupted.  Interestingly, two 

other phenotypes, localised swelling and bludging, may indicate another cellular 

mechanism such as protein synthesis inhibition.  The numerous phenotypes and 

abundances of cell lysis at early time intervals may also indicate that 11 has a non-specific 

MOA, meaning cytotoxicity screening is a priority for biological evaluation. 

 

5.4.3. Study of the in vivo mechanism of compound 96 
 

Compound 96 gave an MIC against S. aureus and B. subtilis of 8 µg/ml, the most 

active compound of the pyrazole derivatives.  For this reason, it was the chosen candidate 

to explore the potential MOA of the pyrazole derivatives.  The phenotypic assay was 

prepared similarly to that used for 11.  During optimisation of the compound 

concentration and incubation time, it was found that higher concentrations of the 96 could 

be used, as the early onset of lysis seen in the 11 experiment was not observed.  At mid-

exponential growth, B. subtilis was treated with 96 at 2.5 x MIC, 2.75 x MIC, 3.0 x MIC, 

3.25 x MIC and 3.5 x MIC.  After one hour of treatment with various concentrations of 

96, no observable filamentation phenotype could be identified; however, ghost cells were 

visible, indicating cell lysis. 
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Figure 5.4.10.  Microscopic images of B. subtilis 168 after a 60 minutes incubation at 37 ºC.  (a) 
Wild-type B. subtilis 168. (b) B. subtilis after treatment with 96 at 2.5 x MIC.  The blue arrows 
point to the ghost cells observed. (c) B. subtilis 168 cells after treatment with 96 at 2.75 x MIC.  
Blue arrows show ghost cells. (d) B. subtilis 168 cell after treatment with 96 at 3.0 x MIC (e) B. 
subtilis 168 cells after treatment with 96 at 3.25 x MIC. (f) B. subtilis 168 cells after treatment 
with 96 at 3.5 x MIC.  Blue arrows show ghost cells. 

 
At the two-hour time point, the 96 treated B. subtilis cells yielded observable phenotypes 

distinct from the control.  Lysis was still visible, indicated by the appearance of ghost 

cells; however, large localised swelling at both the centre and poles of the cells was 

observed, as indicated by the blue arrows in Figure 5.4.11.  This phenotype was different 

from that observed in 11, with the swelling appearing larger and more frequently after 96 

treatment.   

 

(a) (b) (c) 

(d) (e) (f) 
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Figure 5.4.11.  Microscopic images of B. subtilis 168 after a 120 minutes incubation at 37 ºC.  
(a) Wild-type B. subtilis 168. (b) B. subtilis after treatment with 96 at 2.5 x MIC.  The blue arrows 
indicate the large bulbous distortions observed. (c) B. subtilis 168 cells after treatment with 96 at 
2.75 x MIC.  Blue arrows show the enlargement towards the pole of the cell. (d) B. subtilis 168 
cell after treatment with 96 at 3.0 x MIC.  Blue arrow shows large bulbous distortion towards cell 
septum. (e) B. subtilis 168 cells after treatment with 96 at 3.25 x MIC. Blue arrow shows the same 
phenotype seen in previous concentrations. (f) B. subtilis 168 cells after treatment with 96 at 3.5 
x MIC.  Blue arrows show a larger increase in cell size towards the pole. 

 

The experiment was continued for another 60 minutes to see if any variation would be 

observed.  At the three-hour time point, the 3.0 x MIC, 3.25 x MIC and 3.5 x MIC resulted 

in lysis, with the abundance of ghost cells greatly increasing.  These images are not shown 

as only lysis could be identified.  For the 2.5 x MIC and 2.75 x MIC treatments, the 

bulbous distortions were observed.  At this time point, the abundance of the distortions 

had increased greatly, with the majority of B. subtilis cell showing some element of 

disfiguration, as shown in Figure 5.4.12. 

 

(a) 

(d) (e) (f) 

(c) (b) 
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Figure 5.4.12.  Microscopic images of B. subtilis 168 after a 180 minutes incubation at 37 ºC.  (a 
and b) Wild-type B. subtilis 168. (c and d) Two images of B. subtilis 168 cells after treatment 
with 96 at 2.5 x MIC.  The blue arrows show large bulbous distortions at both the poles and mid-
cell. (e and f) Two images of B. subtilis 168 cells after treatment with 96 at 2.75 x MIC.  Blue 
arrows show the large distortions that diminish at the poles. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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From the microscopic images above, it is clear that filamentation was not observed.  At 

each time point, for each drug treatment, long-cells were not observed.  This means that 

the in vivo target of 96 is likely not cell division.  The 96 treatment did yield a unique 

phenotype that may help conclude the true MOA of the compound.  Cushnie et al. indicate 

that bulbous distortions to bacterial morphology are likely due to the disruption of 

peptidoglycan synthesis or inhibition of protein synthesis [177].  This was observed in 

rod-shaped Gram-negative E. coli and P. aeruginosa.  The protein synthesis inhibitor 

erythromycin, and the derivative roxithromycin causes similar swelling in Legionella 

pneumophila and Helicobacter pylori, two rod-shaped Gram-negative species [181, 182].  

They described the bulbous distortions as “enlargement of part of the bacterial cell” that 

appeared more significant towards the pole and thinned out in size as it approached the 

mid-cell.  This phenotype was also observed in rod shape Gram-positive species.  The 

localised swelling has been observed in B. subtilis, with Kawai et al. identifying a very 

similar phenotype in a B. subtilis ∆mreB mutant [183].  MreB is essential under normal 

growth conditions and is responsible for bacterial cell morphogenesis.  Importantly, 

deletion of the mreB gene in B. subtilis yields a bulging phenotype, as shown in Figure 

5.4.13.  As the phase-contrast images shows, the bulbous distortions are pronounced and 

appear throughout the cell or localised to the pole.  The cells in Figure 5.4.12 at both the 

2.75 x MIC and 2.5 x MIC treatments after 120 minutes show a phenotype similar to the 

B. subtilis ∆mreB mutant.  Further exploration would be required before this could be 

confirmed as a potential target, as this is currently speculative.  

 

 
Figure 5.4.13. Phase contrast image of ∆mreB B. subtilis cells taken by Kawai et al.  ∆merB B. 
subtilis were grown to exponential phase at 37 °C for 90 minutes.  Images show the large bulbous 
distortions that arise due to deletion of the mreB gene.  Scale bars represent 5 µm. 
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5.5.4. Summary of the phenotypic assay 
 

In summary, the lack of a filamentous phenotype meant that both 11 and 96 failed 

to inhibit cell division in vivo, a central aim of this thesis.  Importantly, the inability to 

induce filamentation in vivo does not remove the potential that the compounds could still 

bind pure FtsZ protein in vitro.  Compound 11 and 96 may still interact with the FtsZ 

protein; however, the compounds may have a higher binding affinity to another target 

within the bacterial cell in vivo.  Both compounds were designed to inhibit FtsZ in silico 

using molecular modelling software, and so it would be of high value to confirm if the 

computational predictors translate experimentally to pure protein binding.  At this stage, 

it was decided that only 11 would be evaluated further due to the higher activity of the 

compound and the more established SAR.  For this reason, any further biological 

evaluation conducted in this thesis only focuses on 11. 

 

5.5. STD NMR studies 
 

Saturation transfer difference nuclear magnetic resonance (STD NMR) has 

become a crucial tool in modern drug discovery.  The technique has emerged as a quick 

and straightforward method for identifying binding epitopes of small molecule ligands 

(e.g. organic compounds) while interacting with their target, such as a protein or nucleic 

acid [184].  This method has accumulated wide appeal due to its simple application and 

only requiring a relatively small amount of the target protein.  These results can then 

provide information about what features of a molecule are essential for target binding and 

assist in potential drug development [185].  STD NMR relies on the nuclear Overhauser 

effect (NOE) as it identifies the transfer of nuclear spin diffusion from the receptor to the 

ligand via cross-relaxation [186].  This NOE effect is necessary as it is the transfer of 

nuclear spin polarisation through space that needs to be detected, rather than through 

chemical bonds, as seen in the application of spin-spin coupling [187].  STD NMR works 

by selectively saturating the protons of the target protein in the presence of a ligand.  

When the ligand is successfully residing in the binding pocket of a protein, the saturation 

is transferred via intermolecular 1H-1H cross relaxation [188].  Essentially, the protons of 

the ligand that are in intimate contact with the protein receive a high level of saturation 

(within 5Å).  STD NMR then requires the spectrum of the selectively saturated protein 

(on-resonance) with signal intensity ISAT, to be subtracted from the spectrum of the 

protein without saturation (off-resonance) with signal intensity I0.  The difference 
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spectrum obtained (ISTD = I0 – ISAT), is only the signals that belong to the protons of the 

ligand that received saturation from the protein, as shown in Figure 5.5.1.  In the case 

where there is no binding, the ligand would never receive any saturation transfer, meaning 

the signals are of equal intensity, resulting in no difference spectrum [189].  This method 

can be utilised as a quick screen to determine the features of a molecule that interacts with 

the target protein, aiding in future drug derivatisation.   

 

 
Figure 5.5.1. A schematic representation of the STD-NMR experiment showing the principle of 
ligand mapping.  The ligand, represented as a red circle, will bind and dissociate from the protein 
in equilibrium.  The on resonance (bound ligand) and off resonance (unbound ligand) can be 
distinguished by the NMR.  The protein is selectively saturated, allowing the intermolecular 
transfer of magnetisation via NOE to the protons of the ligand within 5 Å.  The signals of the 
ligand and water (blue half circle) after saturation are subtracted from the signals of the ligand 
and water prior to saturation.  This gives a difference spectrum, or rather, the spectrum of the 
protons binding to the protein.  The larger the peak, the closer the proximity of the proton to the 
protein. 

 

As a positive control, the epitope map of berberine with S. aureus FtsZ (SaFtsZ) was 

determined.  Berberine is a known FtsZ inhibitor and has previously been used in STD 

NMR studies [88].  The SaFtsZ was over-expressed and purified previously by a 

colleague and Master’s student Tanya Badal.  Here, the author of this thesis 

acknowledges the work of Tanya in providing the pure and fully characterised SaFtsZ 

protein for this STD NMR experiment.  The author of this thesis prepared the NMR 

samples and acquired and processed the NMR data.  The NMR sample was prepared by 

dissolving the protein in a D2O phosphate buffer and berberine in DMSO-d6.  Using the 
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combined solutions, the epitope mapping, or the protons responsible for binding, can be 

determined.  Shown below is the final epitope results of berberine (Figure 5.5.2).  The 

results of Domadia et al. who conducted a STD NMR study of berberine using E. coli 

FtsZ (EcFtsZ) is provided for reference.   
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Figure 5.5.2.  The epitope mapping results of berberine with SaFtsZ (left).  The results of the 
experiment conducted by the author are compared to the results of Domadia et al. (right) who use 
EcFtsZ.  The percentage is determined by normalising to the proton with the largest difference 
peak.  The methylenedioxy protons of berberine are the closest in proximity to SaFtsZ. 

 

The epitope mapping is normalised to the proton that gave the strongest binding, which 

for SaFtsZ was the protons of the methylenedioxy ring.  The results of this experiment 

show similarities to that of Domadia et al. as the methylenedioxy and dimethoxy 

substitutions strongly bind the protein.  The H-8 proton binding relative to the 

methylenedioxy ring mimics the literature result.  The H-1, H-11 and H-12 protons also 

bind SaFtsZ, but was found to bind stronger to EcFtsZ.  It is important to note though that 

the FtsZ structure of E. coli and S. aureus are different.  The exposed N-terminus in E. 

coli has approximately 28 residues protruding from the GTPase domain, while SaFtsZ 

has approximately 33, indicating variations in the largest pocket of FtsZ [190].  Miguel 

et al. also discovered computationally that the PC190723 binding region of FtsZ is 

significantly different not only in E. coli and S. aureus, but between Gram-positive 

species like E. faecium and S. pneumoniae [191].  These variations in the binding sites of 

FtsZ between species would account for the differences in the STD NMR epitope results 

when compared to Domadia et al.  With the epitope map of berberine successfully 

determined, the experiment was repeated using the same parameters; however, the 
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berberine solution was replaced with a solution of compound 11 (in DMSO).  Shown in 

Figure 5.5.3 is the epitope mapping obtained for 11.  
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Figure 5.5.3.  The epitope mapping results of 11 with SaFtsZ (left).  The tert-butyl substitution 
was the closest in proximity to the protein, with each proton bound normalised to this resonance. 

 

Firstly the H-6’’’ protons on the tert-butyl substituent interacted the strongest with the 

protein.  The two methoxy substituents, H-6 and H-7, were the second most bound protons 

with respect to the tert-butyl substitution.  If FtsZ was the target, this favourable 

interaction with the dimethoxy moiety could explain why the activity of 37 was lost when 

compared to 11.  Lastly, the protons on both aromatic rings appear to have some 

involvement in binding, to the exclusion of the H-3’’’ protons.  This binding though is 

below 50% concerning the tert-butyl protons, so it is not deemed significant. 

 

The epitope mapping has the drawback that it does not determine how well a compound 

binds, or where on the protein it binds unless a competitive inhibitor is used.  There is an 

inherent false positive risk with this method if the KD is not determined as the molecule 

may be interacting with any surface of the protein, rather than residing within a protein 

cleft.  Furthermore, the location of binding is unknown, as a competitive inhibitor with 

known binding is required.  Berberine could not be used as it is not known where the 

compound binds to the FtsZ protein.  Regardless, this method was used as a positive 

screen to determine if any interaction between 11 and SaFtsZ could be identified.  Since 

an epitope was obtained, it was decided to test 11 further and determine where it binds to 

FtsZ, and to what affinity.  To do this, the 3D TROSY HSQC method described below 

was used.  If the experiment below confirms 11 binds FtsZ, the epitope mapping has 

shown which features of the compound are responsible for binding.  This means future 

lead development will maintain these features, while other regions of the compound are 

modified.  This is a valuable piece of information that may help improve the activity of 

future 11 derivatives. 
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5.6. TROSY-HSQC NMR studies 
 

The ability to obtain an epitope map indicates that 11 has interacted with the 

SaFtsZ protein.  The question as to how well the ligand binds the protein and where is 

still unanswered.  While the in vivo results obtained in the cell morphology experiment 

indicates that the MOA of 11 may not be via cell division inhibition (more specifically 

FtsZ), it would still be valuable to confirm whether the compound has any interaction 

with FtsZ in vitro, to aid future lead development.  One such technique was to use 15N 

labelled B. subtilis FtsZ (BsFtsZ) protein to perform a 3D Transverse relaxation optimised 

spectroscopy, heteronuclear single quantum coherence (TROSY-HSQC) experiment.  

This well-established experiment will yield an HSQC spectrum where the 1H proton 

resonances are correlated to the 15N labelled resonances of the protein.  By obtaining the 

spectrum before and after the addition of 11, signal shifts in the protein could pinpoint 

the binding sites of the compound (if binding occurs).   

 

Initial experimental attempts resulted in negative results as the SaFtsZ protein used was 

polymerising in the NMR sample, a normal expected function for a self-polymerising 

protein.  The TROSY HSQC NMR method was chosen as it is one of the most reliable 

and robust methods for the detection of low-affinity ligands.  The experiment can also 

observe the proton resonances of proteins up to a mass of 80 kDa [192].  The issue then 

is that the FtsZ monomer, which has a mass of approximately 40 kDa, far exceeds the 

NMR capabilities once polymerisation is initiated [193].  Therefore, for the protein 

resonances to be detected, polymerisation has to be prevented.  To overcome this issue, a 

B. subtilis FtsZ mutant was provided by Dr Fredy Gueiros at the University of São Paulo 

through collaboration.  This mutant allowed for the overexpression and purification of 

the FtsZ protein that contained an A182E residue mutation that prevented the protein from 

polymerising in the NMR.  The protein overexpression, purification and 15N labelling 

were performed by fellow PhD candidate Ken Kusuma onsite at UTS.  The 3D TROSY-

HSQC experiment was then acquired and processed by Professor Joel Mackay at the 

University of Sydney through a collaborative arrangement.  The author of this thesis 

acknowledges the work of the above three individuals in providing the mutant and 

conducting the experimental work for this data.  Interpretation of the results, however, is 

done entirely by the author, as the results provide significant information that will guide 

the future directions of this project, and the future development of 11. 
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Figure 5.6.1. TROSY HSQC spectrum of BsFtsZ alone (orange) overlapped with the spectrum 
of BsFtsZ in the presence of 2 mM of 11 (blue).  While small, a few significant chemical shifts 
were identified (blue box).  The mapping of the residues to the proton resonances was provided 
by Dr Fredy Gueiros (unpublished). 

 
Figure 5.6.2. Enlargement of one region of the TROSY HSQC spectrum of BsFtsZ alone (orange) 
overlapped with the spectrum of BsFtsZ with 11 (blue).  The G267 (Glycine 267) and G233 
(Glycine 233) residues had the largest chemical shift, indicated by the blue box. 
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Figure 5.6.3. Enlargement of the TROSY HSQC spectrum of BsFtsZ (orange) overlapped with 
the spectrum of BsFtsZ with 1% DMSO (magenta).  The chemical shift of the BsFtsZ proton 
resonances caused by 11 was the same for DMSO, indicated by the blue boxes. 

 

This experiment aimed to determine if 11 binds BsFtsZ, and where on the protein.  When 

the experiment was performed in the presence of the compound, only a few minor 

chemical shifts were identified, as shown in Figure 5.6.1 and Figure 5.6.2.  Immediately 

this shows that the ligand-protein binding is very limited.  Furthermore, a control 

experiment, which involved NMR analysis of the BsFtsZ protein in the presence of just 

1% DMSO, gave the same chemical shifts in the spectrum, as shown in Figure 5.6.3.  

This strongly suggests that the observed changes were caused by transient binding of 

DMSO to the FtsZ protein.  The TROSY HSQC could have been utilised to yield a KD 

value; however, the initial experiment was conducted using 5 mM of 11, indicating that 

11 did not bind BsFtsZ at very high concentrations.  Therefore, future investigation into 

the MOA of 11 can exclude FtsZ binding, and the goal to develop an FtsZ inhibitor had 

not been achieved.  As previously stated, the high activity of 11 and the anti-Gram-

positive and anti-mycobacterium potential are what initiated excitement for the 

development of this compound.  For this reason, 11 was evaluated further as a potential 

antibacterial compound with an unknown MOA. 
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5.7. Frequency of resistance (FOR) analysis 
 

One of the key facets of antibacterial drug development is to design and synthesise 

a molecule with a low tendency for resistance [194].  Unfortunately, it is nearly 

impossible to develop a molecule with this low resistance potential as bacteria have been 

exposed to nearly every type of combinatorial chemistry.  Antibiotics were discovered by 

humans in the early 20th century, meaning bacteria have experienced creating and 

defeating antibiotics for 20 million times longer than humans [51].  Knowing this, the 

discovery of an antibiotic with a low potential for resistance would be an excellent sign 

for a drug candidate as it has the potential to remain useful for an extended period.  The 

rate (or frequency) at which resistance is acquired can be determined in a number of ways, 

with each assay giving unique information to help conclude the potential for a molecule 

to be utilised as a drug for the treatment of infections.   

 

5.7.1. Mutant prevention concentration (MPC) assay 
 

The mutant prevention concentration (MPC) is defined as the concentration of 

drug required to kill all the cells in a high-density bacterial population (>109 CFU/mL).  

For comparison, an organism like S. aureus can reach a concentration of 109 CFU/mL in 

an infected individual [195].  This assay takes into account the probability that 

intrinsically resistant mutant subpopulations exist in high-density bacterial cultures and 

so is a more authentic representation of clinical infections (compared to the MIC) [196].  

This assay was utilised to identify whether spontaneous mutants resistant to 11 could be 

obtained by exposing an overnight culture of S. aureus (109 CFU/mL) to increasing 

concentrations of the compound.  Using the MPC concentration over the MIC 

concentration for drug development trials and testing may overcome or reduce the 

intrinsic resistance in a clinical setting.  Firstly, CAMHA plates were prepared containing 

11 at 2 x MIC, 4 x MIC, 8 x MIC, 16 x MIC, 32 x MIC and 64 x MIC.  An aliquot of an 

overnight culture of S. aureus was then spread onto each agar plate and incubated at 37 

°C for 48 hours.  The MPC was then determined to be the lowest concentration of 

compound required to prevent the formation of any colonies.  For compound 11, the 

mutant prevention concentration was found to be 96 μg/ml, or 32 x MIC, as no bacteria 

could grow at this concentration.  This result indicates that 11 would need to be 

administered in much higher concentrations in order to eliminate the intrinsically resistant 

subpopulation, a dosage that is unlikely feasible in a clinical setting.  With an MIC value 
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of 4 µg/mL for 11, lead development would be required to not only increase activity but 

to decrease the range between the MPC and MIC values, effectively eliminating potential 

spontaneous mutants at low concentrations.  The live colonies on the agar plate containing 

16 x MIC of 11 were deemed putative resistant mutants.  This plate could then be used to 

calculate the frequency of resistance (FOR), as described below. 

 

5.7.2. One-step frequency of resistance (FOR) assay 
 
The one-step FOR and the MPC are advantageous as the results can be obtained 

utilising the same assay.  While the MPC determines the minimum concentration of 

compound to prevent the rise of resistant mutants, the FOR will determine the frequency 

in which these mutants appear [197].  This provides insight into the likelihood that 

resistance will develop to the compound if treated at lower than 32 x MIC of 11 at the site 

of an infection.  The one-step FOR can be conducted by determining the CFU/mL of the 

overnight culture used for the MPC assay.  The overnight S. aureus culture for the MPC 

assay was determined to have a concentration of 5.50 x 109 CFU/mL.  Bacterial growth 

was observed on all the plates containing less than 16 x MIC of 11.  Of these plates, it 

was noted that the 16 x MIC plate was the only agar plate that had separated colonies that 

could be successfully counted, as the other plates had confluent growth, and appeared as 

a ‘smear’ of bacteria.  It was found that 320 CFU/mL of S. aureus was intrinsically 

resistant to 11 at 16 x MIC.  These putative resistant mutants were then patched onto agar 

containing the same concentration of compound (16 x MIC), and if the bacteria grew after 

48 hours, they were considered resistant to the compound.  In this case, all the colonies 

survived on the fresh 16 x MIC agar.  The one-step FOR could then be calculated by 

dividing the number of resistance colonies by the CFU/mL of the overnight inoculum.   

 
FOR =         No. of mutant colonies 

                    CFU/mL of overnight inoculum 
 

FOR =        320 
                    5.50 x 109 

 

FOR = 5.82 x 10-8 

Figure 5.7.1. The frequency of resistance calculation.  Compound 11 had a FOR of 5.82 x 10-8. 



 

~166~ 

The assay gave an FOR of 5.82 x 10-8, which is comparable to the FOR of PC190273 of 

2 x 10-8 at 8 x MIC [111].  This FOR result indicates significant levels of resistance as it 

falls between 10−6 and 10−9 [197].  This cut-off was identified as resistance to single-target 

antibiotics occurred rapidly via loss of protein function, because of deletion, insertion or 

base changes in the gene encoding that function [197].  Therefore, this high incidence of 

resistance may also point to a single target MOA, although this would need to be 

confirmed.  A FOR less than or equal to 10-10 is desired as organisms like S. aureus can 

reach 109 CFU/mL in an infected individual [195].   

 

As discussed above, the resistant mutants obtained overnight were patched onto fresh 11 

containing agar to determine if the isolates were truly resistant.  It was decided though 

that the final resistant colonies obtained should be isolated and tested against 11 using the 

original MIC broth microdilution method.  This was done to assess if the resistance 

observed on agar is retained in liquid broth, confirming a true genetic mutation had 

occurred.  Furthermore, bacteria can survive transient exposure to high concentrations of 

compound, whether inherited or not, without changing the MIC.  This is known as 

tolerance, which is generally achieved by slowing down essential bacterial processes 

[198].  If true resistance had occurred, an MIC higher than 4 µg/mL would be obtained 

when using the liquid broth method.  If the bacteria had merely become tolerant on the 

solid agar, no change in MIC would be observed. 

 

The MIC results for the new ‘mutants’ did not show a shift and remained at 4 µg/mL.  

This same method was repeated on three mutants, from three biological replicates, with 

11 having an MIC of 4 µg/mL against every suspected mutant.  This indicates that the 

FOR experiment failed to yield a truly resistant mutant.  It appears that S. aureus had 

survived the high concentrations of 11 on the solid agar medium.  This may have occurred 

for two reasons.  Firstly, the bacterium experiences less osmotic pressure on solid agar 

compared to the liquid broth, making the cells less susceptible to envelop disruption.  This 

means that the MIC on solid agar may also be different from that of liquid broth.  The 

second reason is that the bacterium was able to tolerate the high concentration of 

compound on the solid agar environment, but was unable to maintain this tolerance when 

transferred to the liquid broth.   
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In conclusion, the MPC/FOR methods failed to develop a stable S. aureus mutant resistant 

to 11.  It appears that the bacterium was able to survive the high exposure of 11, thereby 

negating the need for genetic mutations to occur.  The question then of whether S. aureus 

can develop resistance to 11 is unanswered.  To ratify this, a cell-passaging assay was 

utilised, as the consistent lengthy exposure to the antibacterial compound will overcome 

the observed tolerance. 

 

5.7.3 Cell passaging assay  
 
The inability to obtain a spontaneously resistant mutant of S. aureus to 11 meant 

that an alternative method to investigate resistance was attempted.  One such method is 

to use a cell-passaging technique where the S. aureus cells are passaged each day into 

fresh media containing increasing concentrations of 11.  This involves continually 

challenging S. aureus with sub-MIC concentrations of 11 over a long period.  These 

studies are useful for determining the probability of emergence of mutation-driven 

resistance, indicative of potential resistance rates.  This experiment though does not 

address other contributors to resistance, such as horizontal gene transfer, meaning this is 

still a preliminary indication of potential resistance [199]. 

 

To do this, S. aureus cells were exposed to varying concentrations of 11 and control 

antibiotics, starting at sub-MIC concentrations.  After a 24-hour incubation period, the 

culture that grew to at least 60% with respect to the control was passaged into fresh media 

containing 11/antibiotic in a 1:100 dilution.  The 60% cut-off was an arbitrary figure 

determined by the author as it was determined to not negatively affect cell growth in the 

compound free passage the following day, with respect to the negative control.  Four sub-

MIC concentrations were initially tested, but as S. aureus developed resistance, the 

concentrations were increased past the MIC, as represented in Figure 5.7.2.  As the 30 

days progressed, the four concentrations initially tested were increased to account for the 

development of resistance. 
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The passaging was continued for the 30 days, with the fold change in MIC being recorded.  

At each increase in MIC, the bacterium was spread onto fresh agar without compound or 

drug and preserved.  The MIC of the new resistant mutants was also tested using the liquid 

broth method to confirm resistance at each stage.  Figure 5.7.3 shows the results of this 

assay.  The results are plotted as time (days) against the fold change in MIC to show the 

gradual development of resistance.   
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Figure 5.7.3. Resistance acquisition of 11 in S. aureus.  Sub-MIC levels of antimicrobials were 
used to begin, with this increasing as resistance developed.  Each data point represents the 
concentration of compound or antibiotic used.  The y-axis is the fold change in MIC observed, 
and the same concentration in which passaging was continued.  The figure is representative of 
two independent experiments. 

 

The immediate observation is that S. aureus did not develop resistance to 11.  Initially, 

the bacterium would only grow at 0.25 x MIC, but that increased and stabilised at 0.5 x 

MIC for the remainder of the 30 day period.  The initial increase is not considered true 

resistance, as it occurred at sub-inhibitory concentrations.  This increase may be due to 

some level of tolerance to the antibacterial compound; however, it is likely due to the 

natural variance in the dilutions.  The experiment was successful in developing resistance 

against both the antibiotic controls, with ciprofloxacin becoming completely ineffective 

after 30 days.  The lack of resistance to 11 would account for the difficulty in obtaining a 
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spontaneous mutant in the FOR experiment.  The inability to obtain a true spontaneous 

resistant mutant is logical, as S. aureus could not develop resistance to 11 after 30 days 

of passaging, even at sub-inhibitory concentrations.  As this assay is a closer 

representation of resistance acquisition in both the clinical and environmental setting, the 

priority of 11 lead development was reinforced.  Furthermore, the inability to develop 

resistance may be indicative of a multi-targeted inhibitor, as supported by the cell-

morphology experiment that identified multiple phenotypes.  This lack of resistance may 

also mean 11 has a non-specific MOA, which is usually accompanied by a level of 

toxicity (to be addressed below) [201].  This inability to develop resistance may also 

suggest that the target is not a protein, as peptidoglycan inhibitors like vancomycin, which 

targets the two building blocks (N-acetylmuramic acid and N-acetylglucosamine) of 

peptidoglycan, preventing cross-linking of the peptidoglycan layer, are much slower to 

develop resistance.  In conclusion, the inability to obtain a S. aureus mutant resistant to 

11 strengthens the potential of this compound as an antibiotic agent.  The inability to 

develop resistance accounts for the tolerance observed in the FOR/MPC experiment and 

the inability to yield a spontaneous mutant.   

 

5.8. Time-kill assay 
 

The inability to develop a resistant mutant increases the impact of 11 as an 

antibacterial compound.  To explore this compound further, a time-kill assay was 

conducted.  A time kill assay is utilised to assess the compound’s in vitro activity in 

relation to time.  This technique is important for two reasons; firstly, the assay indicates 

how quickly the compound may clear an infection in vivo, and secondly, the method 

confirms if the compound is truly bactericidal [202].  In the time kill assay, the CFU/mL 

is calculated to determine cell viability, so it would be expected that a bactericidal drug 

would reduce this viability over time.  For a bacteriostatic drug, the CFU/mL will remain 

constant, until the antibiotic is removed.  It is important to note that while this in vitro 

assay is not a true representation of an in vivo infection, it does indicate how effectively 

the compound could eliminate the bacterium.  Furthermore, resistance acquisition is 

slower if the antibiotic can clear the infection quickly [197].  This assay was conducted 

by firstly diluting an overnight culture of S. aureus by 1:1000 into fresh CAMHB media.  

The culture was then incubated for zero hours (stationary growth phase), two hours (early 

exponential growth phase) and five hours (late exponential growth phase).  The bacterial 



 

~171~ 

growth rate in an in vivo infection will vary greatly depending on infection location, 

available nutrients and environmental factors.  Using the three different growth stages of 

S. aureus in the in vitro model will help mimic the variety of possible growth stages 

during an in vivo infection.  Once the appropriate growth phase was achieved, the S. 

aureus cultures were treated with 10 x MIC, as this is the desired concentration in vivo at 

the site of infection [201].  At each chosen time interval, a sample was taken, and the 

CFU/mL was calculated.  The CFU/mL was used as this would determine the number of 

viable cells that remain in the culture.  The limit of detection for the CFU/mL is 102, with 

Figure 5.8.1, Figure 5.8.2 and Figure 5.8.3 reflecting this in the results. 
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Figure 5.8.1. S. aureus was challenged with antibiotics and 11 at stationary phase.  The CFU/mL 
was determined at each time interval.  A 5% DMSO negative control was used to account for the 
DMSO used to dissolve 11.  Data are representative of two independent experiments. 
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Figure 5.8.2. S. aureus was challenged with antibiotics and 11 at early exponential growth phase.  
The CFU/mL was determined at each time interval.  A 5% DMSO negative control was used to 
account for the DMSO used to dissolve 11.  Data are representative of two independent 
experiments. 
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Figure 5.8.3. S. aureus was challenged with antibiotics and 11 at late exponential growth phase.  
The CFU/mL was determined at each time interval.  A 5% DMSO negative control was used to 
account for the DMSO used to dissolve 11.  Data are representative of two independent 
experiments. 
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The results of the time kill assays give insight into the drug-like potential of 11. The use 

of ciprofloxacin and oxacillin, two commercially available antibiotics, gives a good 

comparison of the time-kill profile of commercial antibiotics.  At each time interval 

tested, 11 eliminated the S. aureus cell population at a faster rate than both commercial 

drugs.  When the stationary phase cells were treated with 11, the cell population was 

eliminated by the 2-hour time point, with ciprofloxacin taking 12 hours, and oxacillin 

taking 24 hours.  The quick elimination of cell population was also observed for both the 

early and late exponential growth stage experiments.  Interestingly, the 11 treatment at 

late exponential phase did not eliminate the bacterium, as seen by the emergence of viable 

cells after 24 hours.  Oxacillin and ciprofloxacin never eradicated the bacterium in the 

late exponential experiment, but the cell populations did not increase after 24 hours like 

in the 11 treatment.    

 

The results of the time-kill assays confirm that 11 is indeed bactericidal and that the 

compound could eliminate an infection efficiently when compared to commercial 

antibiotics.  The fast time-kill profile of 11 explains why lysis was observed quickly in 

the cell morphology experiment, a feature that made identifying the phenotype difficult.  

In the late exponential growth phase; the reduction in cell viability below the detectable 

limit of 102 CFU/mL within 12 hours, and then a gradual increase in viability to 103 

CFU/mL after 24 hours would likely be a result of a small sub-population of the bacterium 

that survived the treatment.  An MIC was conducted on the surviving colonies, and the 4 

µg/mL concentration was maintained, meaning these were not resistant mutants.  

Therefore, it is likely that the antibacterial compound was metabolised by the 

concentrated S. aureus culture, with a small, tolerant subpopulation of the bacterium 

surviving the initial treatment.  In a clinical setting, this artefact could potentially be 

overcome with another treatment of 11.  Overall, the trend in time kill efficiency was 

consistent between the compounds at each time interval.  Compound 11 was effective and 

fast in killing S. aureus, outpacing both the controls at each time interval.  The bactericidal 

compound 11 has a rapid-kill profile at each growth stage in vitro; meaning its use for 

clearing persistent and chronic infections in vivo may have high potential. 
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5.9. Cell lysis assay 
 

The bactericidal nature confirmed in the time-kill assay, and the large amount of 

‘ghost cells’ or cellular debris in the cell phenotypic assay indicates that 11 is inducing 

cell lysis.  Once confirmed, this knowledge could help aid the direction of future MOA 

instigations for this compound.  Ling et al. utilised a simple method to determine whether 

their compound, teixobactin, induces cell lysis [201].  This was used as a preliminary 

screening test to investigate the MOA of teixobactin, which was later found to inhibit new 

peptidoglycan synthesis.  This simple, visual screen was adapted for the study of 11.  S. 

aureus was challenged with 10 x MIC of 11, oxacillin, ciprofloxacin, as done in the time-

kill assay.  Oxacillin, a β-lactam known to cause autolysis, and ciprofloxacin, a DNA 

gyrase inhibitor that inhibits cell growth but does not cause lysis, were included as 

positive and negative treatment controls, respectively.  After the appropriate incubation 

time, a sample of each culture was aliquoted into a test-tube and photographed, as shown 

in Figure 5.9.1.  If cell lysis were induced, the culture would appear clear, whilst a turbid 

sample had not undergone cell lysis.  Therefore, the oxacillin control should see a 

reduction in turbidity, while the ciprofloxacin control should remain turbid.  These results 

can then be compared to 11.  Figure 5.9.1 is a photograph of these results. 

 

 
Figure 5.9.1. Cell lysis test using S. aureus ATCC25923.  Each compound was added to a diluted 
overnight culture (OD600 = 1.0).  A (11) and C (oxacillin) saw a reduction in turbidity, indicating 
cell lysis.  The turbidity seen in B (Ciprofloxacin) did not change, and D (5% DMSO) acted as a 
negative control. The assay was performed in duplicate.  

 

A    B     C    D 
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From Figure 5.9.1 it can be seen that Oxacillin and 11 had reduced the turbidity of the 

culture, used as a measure of cellular biomass, compared to 5% DMSO control (D in 

Figure 5.9.1).  This immediately indicates that lysis had occurred and that the cellular 

mass of S. aureus had leaked through the cell wall and dissolved in the liquid broth.  

Ciprofloxacin showed a very mild reduction in turbidity with respect to the negative 

control, as cell growth is inhibited in the presence of 10 x MIC, preventing the culture 

from reaching maximum density.  With this result, the lysis of S. aureus caused by 11 

correlates with the lysis observed in the B. subtilis treatment during the cell phenotypic 

assay.  This suggests that the MOA is conserved in Gram-positive bacteria. This 

preliminary assay shows that future work to determine the MOA would focus on targets 

that result in cell lysis, such as cell membrane permeability and peptidoglycan structure.   

 

5.10. Toxicity analysis 
 

Thus far, compound 11 has shown to be an effective antibacterial agent.  It is 

effective against a variety of Gram-positive species and M. tuberculosis, is bactericidal, 

S. aureus could not develop resistance to the compound, and it has a fast time-kill profile.  

While it was found that compound 11 did not inhibit FtsZ, the discovery that it induces 

lysis will guide future MOA studies.  The last preliminary study that is perhaps the most 

important is to determine the cytotoxicity of 11 [194].  Antibiotics are treated at high 

concentrations as large doses of the drug is required at the site of infection.  Therefore, a 

potent molecule with low cytotoxicity is crucial to antibacterial drug development.  The 

cytotoxicity of 11 was determined at the Natural Centre for Genetic Engineering and 

Biotechnology (BIOTEC) in Thailand.  The compound was screened against a Vero cell 

line, which was established from a kidney sample of an African green monkey.  Vero 

cells are one of the most frequently used mammalian cell lines as they can be replicated 

through many division cycles without becoming senescent or tumorigenic [203].  

Furthermore, the Vero cell line is routinely used in pharmaceutical screens for the 

detection of toxicity.  Cytotoxicity was determined using a green fluorescent protein 

(GFP)-based assay, where GFP-expressing Vero cells are treated with 11 over four days, 

after which the fluorescence of day four is subtracted with that of day zero to determine 

cell growth inhibition.  Along with 11, 20, the 3-fluoro-4-benzyloxy derivative 

synthesised in Chapter 1 was also submitted for toxicity screening, as this was the second 

most potent compound.  Ellipticine, an antitumor agent that is cytotoxic to mammalian 
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cells was used as a positive control [204].  Table 5.10.1 shows the results of the 

cytotoxicity screen. 

 
Table 5.10.1. The results of the cytotoxicity screen of 11 and 20 against the mammalian Vero cell 
line.  The compounds were screened at a standard concentration of 50 µg/mL, with Ellipticine 
used as a positive control.   

Compound Concentration 
(µg/mL) 

% 
Cytotoxicity Activity IC50 

(µg/mL) 

DMSO 
(negative control) 0.5 % DMSO 0.00 - - 

Ellipticine 
(positive control) 

4.00 
2.00 
1.00 
0.50 
0.25 
0.13 

87.46 
69.23 
20.73 
-0.81 
-0.164 
1.73 

Cytotoxic 
Cytotoxic 

Non-cytotoxic 
Non-cytotoxic 
Non-cytotoxic 
Non-cytotoxic 

1.50 

11 50.00 89.06 Cytotoxic - 
20 50.00 3.34 Non-cytotoxic - 

 

As the results of the cytotoxic screen shows, 11 inhibited 89% of the Vero cell growth at 

50 µg/mL.  BIOTEC defines this compound as cytotoxic as this level of inhibition is high.  

These cytotoxicity results support the cytotoxic results seen in the Eli Lilly screen against 

HeLa cells, as shown in Section 5.3.  Compound 11 had an IC50 of 7.653 µM against 

HeLa cells, a potent concentration when the MIC of 4 µg/mL for the treatment of M. 

tuberculosis and the Gram-positive species is considered.  As previously discussed, 

antibiotics are required to reach the site of infection at 10 x MIC, after accounting for the 

clearance of the drug through the biological system.  Therefore, the therapeutic range of 

11 is not high enough to account for the cytotoxicity currently observed.  These results 

are important as toxicity is a crucial aspect of drug discovery and will need to be addressed 

prior to any other biological investigation.  If this toxicity threshold is not reduced, 11 

will not make it as a viable antibiotic.  Interestingly, 20 was found to be non-cytotoxic.  

This opens up potential future development, as the MIC of the two compounds are the 

same against S. aureus.  The low toxicity of 20 is promising at this stage and would make 

this the likely candidate to pursue further.   
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While the result of 20 is desirable, it is important to eliminate the potential that the non-

cytotoxic result may have been a false-positive due to the serum used in the cytotoxic 

screen.  The MIC of a drug is a good representation of predictive value for in vivo drug 

efficacy; however, the influence of biological fluids such as human serum (plasma) on 

antibiotic activity is known to increase the MIC values of drugs [205].  Ceftriaxone and 

cefonicid for the treatment of S. aureus and cefoperazone for P. aeruginosa are three 

commercial antibiotics that bind human plasma, reducing the drug’s efficacy in a 

biological system.  The cytotoxicity screen utilised by BIOTEC was conducted in the 

presence of 10% heat-inactivated foetal bovine serum (FBS).  The proteins in the serum 

may have the potential to bind the compound tested, reducing activity and yielding a non-

cytotoxic result.  To account for this potential false positive, the MIC of 20 can be 

repeated, but in the presence of the same concentration of serum.  If the compound does 

bind to the proteins in the FBS, the MIC will increase in value, meaning that the 

compound may still exhibit cytotoxic properties when used in vivo.  The results in Table 

5.10.2 show the results of the MIC of 20 in the presence of FBS.  Compound 11 was also 

included for comparison. 

 
Table 5.10.2. The MIC of 20 and 11 against S. aureus were tested in the presence or absence of 
10% FBS.  The compounds were also tested at 50 µg/mL with and without FBS to replicate the 
conditions used for cytotoxicity testing.  Data are representative of two independent experiments. 

Drug 

MIC (µg/mL) Cell growth inhibition at 50 µg/mL (%) 

With 10% 
FBS 

Without 10% 
FBS 

With 10% 
FBS 

Without 10% 
FBS 

11 8 4 >95 >95 

20 8 4 >95 >95 
 

The results of the MIC screen in the presence of 10% FBS gave a two-fold increase in the 

MIC of both 11 and 20.  Importantly, the MIC is determined via two-fold serial dilutions, 

so the intrinsic variability in the method means that there is likely no change in activity 

in the presence of 10% FBS [201].  Therefore, the 10% FBS used in the cytotoxicity assay 

for 20 did not affect its activity.  When screened at 50 µg/mL, 20 resulted in >95% cell 

growth inhibition both with and without FBS, further suggesting the serum did not affect 

the cytotoxicity results.  Currently, the non-cytotoxic result of 20 indicates that the 
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undesired cytotoxicity associated with 11 can be overcome with minor chemical 

modifications. 

 

Compound 20 has shown promise with the non-cytotoxic result, meaning 11 can be 

improved to eliminate the adverse side-effects.  Therefore, the undesired toxicity of 11 

has not eliminated this library of compounds for the development of an antibiotic agent.  

The low resistance rate, bactericidal nature and time-kill profile allude to the potential of 

developing a potent antibiotic with commercial longevity. 

 

5.11. Summary 
 
In summary, forty-eight potential FtsZ inhibitors were tested for their antibacterial 

activity.  The compounds from Chapter 2 and Chapter 3 were all derivatives of the 

inhibitor 11, providing an extensive SAR.  Compound 11 and 20 were the two most active 

compounds in Chapter 2, giving an MIC of 4 µg/mL for both compounds against S. 

aureus, of which 11 also inhibited M. tuberculosis at 4 µg/mL.  In Chapter 3, the 

racemate 48 was the most active with an MIC of 2 µg/mL. The compounds from Chapter 

4, which all contained a pyrazole core, yielded the hit compound 96 with an MIC of 8 

µg/mL. 

 

A phenotypic assay was utilised to identify the potential MOA of 11 and 96 in vivo, using 

B. subtilis as a model organism.  Compound 11 resulted in lysis and a bulging/swelling 

phenotype, indicative of peptidoglycan synthesis inhibition.  Compound 96 induced large 

bulbous distortions in B. subtilis, indicating protein synthesis inhibition, or potentially the 

inhibition of proteins involved in bacterial morphogenesis, such as MreB.  Importantly, 

neither compound induced filamentation, the expected phenotype when bacterial cell 

division is inhibited in a rod-shaped organism.  As compound 11 was the more active 

bactericidal compound, it was the chosen lead compound from Chapters 2-4.  Compound 

11 was then tested for direct protein binding to FtsZ in vitro using STD NMR and 3D 

TOSEY HSQC NMR.  The results of the NMR experiments showed that 11 does not bind 

FtsZ.  Therefore, the promising MIC and observed phenotypic changes meant 11 was to 

be explored as an antibacterial compound with an unknown MOA.  Interestingly, the 

development of S. aureus spontaneous resistant mutant appeared possible but was later 

found to be untrue, likely due to the bacterium’s tolerance to the compound on solid agar 
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medium.  Therefore, S. aureus resistance to 11 was tested using a 30-day sequential 

passaging method in liquid broth at sub-inhibitory concentrations.  This method failed to 

yield a resistant mutant, accomplishing a crucial aim of this thesis to develop an 

antibacterial compound with little to no resistance.  The time-kill assay confirmed that 11 

was bactericidal and that it could clear an S. aureus culture at a faster rate than two current 

commercial antibiotics.  As an initial screen to help characterise the MOA of 11, a lysis 

experiment was conducted.  Compound 11 was found to reduce the turbidity of a 

concentrated S. aureus culture, thereby indicating lysis, a result that supports the 

abundance of ghost cells seen in the cell phenotypic assay.  This was the extent of MOA 

investigations conducted; however, this assay will help guide future investigations.  The 

cytotoxicity of 11, a crucial property for antibacterial drug development, confirmed that 

the compound is toxic to mammalian cells.  The Eli Lilly screen against HeLa cells 

yielded a similar result.  Fortunately, the derivative 20 was non-cytotoxic, indicating that 

minor chemical modifications of 11 will overcome these toxic properties.  

 

The rise of antibacterial resistance is one of the largest threats to modern medicine.  The 

slow development of novel antibacterial compounds is outpaced by the development of 

resistance.  It is for this reason that this project exists.  The development of the potent 

antibacterial compound 11 that S. aureus could not develop resistance in vitro marks the 

beginning of a project that will help contribute to solving this global problem.  Although 

the compound did not inhibit the initial target FtsZ, the potency and low rate of resistance 

offer a desirable commercial opportunity.  Future development of the non-toxic 20 should 

become a priority.  Future work would aim to reduce the MIC of 20 and increase activity 

against M. tuberculosis.  The reduction in MIC is possible, as seen with C-1 modification 

in compound 48.  From here, the lead candidate should be tested for toxicity immediately, 

after which resistance and MOA studies can be conducted in a similar manner to that of 

11. 
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CHAPTER 6: CONCLUSION AND 
FUTURE WORK 

6.1. Conclusion 
 
The rise of antibiotic resistance is one of the most significant concerns of modern 

medicine and public health.  The development of novel antibiotics is crucial to ending 

this problem.  The thesis aimed to address this issue by synthesising three libraries of 

novel antibacterial compounds that inhibit the function of the essential cell division 

protein FtsZ.  Compound 11, a tetrahydroisoquinoline derivative developed in Honours 

year, was the focus of this work.   In Chapter 2, twelve novel derivatives of 11 were 

successfully synthesised.  Each molecule was synthesised using the copper(II)-catalysed 

azide-alkyne cycloaddition which introduced a triazole linker that joined the 

tetrahydroisoquinoline moiety to a hydrophobic, substituted aryl system.  The aim was to 

evaluate the essential nature of the tert-butylbenzene functionality of 11 for activity.  It 

was later found that the tert-butyl moiety was crucial, with 11 having the highest MIC 

value of 4 µg/mL.  The high activity of 11 was associated with the hydrophobic, bulky 

nature of the tert-butyl substitution, and electron-donating effects did not seem to play an 

influential role. 

 

In Chapter 3, the development of 11 derivatives, resulted in the synthesis of another 

fourteen molecules.  Among these molecules, the tert-butylbenzene moiety of 11 was 

maintained, while minor alterations to the tetrahydroisoquinoline and triazole 

substructures were made.  This was accomplished using a wide range of unique chemistry 

that further expanded on the SAR already developed.  The SAR revealed that the free-

base amine of 11 was crucial to activity.  The compound’s C-N rotatable bond and 

nitrogen inversion may also be critical to activity.  Introducing benzyl substitutions in the 

C-1 position of the tetrahydroisoquinoline scaffold also maintained or increased activity, 

with 48 having a more potent MIC of 2 µg/mL. 

 

In Chapter 4, seventeen novel pyrazole derivatives were synthesised.  The compounds 

synthesised were designed using Discovery Studio 4.5 similarly to 11, but are chemically 

divergent from the molecules developed in Chapters 2-3.  These inhibitors also expanded 

upon a previously identified antibacterial compound 71.  An acid/base catalysed Claisen-
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Schmidt condensation reaction was utilised to synthesise seventeen α,β-unsaturated 

carbonyl derivatives, which were then reacted with hydrazine monohydrate to yield the 

final desired pyrazoles.  This work yielded the hit molecule 96, whose activity was 

associated with the vanillin and bi-aryl moieties.  An SAR was difficult to develop though 

as only two of the seventeen molecules showed activity.  In total, forty-three molecules 

were synthesised in Chapter 2, Chapter 3 and Chapter 4 (plus five from honours year), 

which all obey the Veber rules, indicating the potential for each molecule to be orally 

administered during treatment, a favourable property. 

 

In Chapter 5, 11, 20, 48 and 96 were found to have the highest activities with MIC values 

of 4 µg/mL, 4 µg/mL, 2 µg/mL and 8 µg/mL, respectively.  11 was the only molecule 

that inhibited M. tuberculous greater than 20 µM, with an MIC value of 4 µg/mL.  The 

broad-spectrum activity of 11, and the most active pyrazole 96 were tested in vivo to 

determine a potential MOA.  Compound 48 was excluded as it was a racemate, and 20 

was excluded, as it was not as active as 11 against M. tuberculosis.  Both 11 and 96 failed 

to yield a filamentous phenotype in B. subtilis, likely indicating that FtsZ was not the 

target.  11 was then tested in vitro using STD NMR and TOESY HSQC NMR, with the 

results confirming that 11 does not bind FtsZ.  A thirty-day resistance assay proved that 

S. aureus could not develop resistance to 11 in vitro; however, this may be due to the 

compound’s high toxicity, which was identified after the resistance experiments.  

Interestingly, 20 that has the same MIC value as 11 was shown to be non-cytotoxic, 

indicating minor chemical modifications to 11 can reduce the cytotoxic side effects. 

   

In summary, the goal to develop an FtsZ inhibitor was not achieved.  Instead, an 

antibacterial compound with a high kill rate that S. aureus cannot develop resistance to 

was discovered.  While it was found to be cytotoxic, the derivative 20 was found to be 

therapeutically safe.  This creates the potential that derivatives of 11 that S. aureus could 

not develop resistance to in vitro may help combat the current lack of novel commercial 

antibiotics. 
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6.2. Future work 
 
6.2.1. Future development of compound 11 

 
The cytotoxicity results of 11 indicate that this molecule will need to be 

chemically modified before further biological evaluation.  The non-cytotoxic result of 20 

shows that the minor modifications to 11 can maintain activity while reducing toxicity.  

Therefore, future work should focus on the development of 20.  To begin, 20 should be 

tested using the cell-passaging experiment to determine if S. aureus can develop 

resistance to this molecule.  The cell morphology experiment should also be conducted, 

to help identify if the MOA is similar to 11.  If the biological results are promising, 

modifications to the molecule can then be made.  The overarching goal would be to 

increase activity and broad-spectrum potential.  Using 20 as a guide, alterations to the 

position of the fluoro substitution or replacement with other halogens may affect activity.  

Modifications to the benzyloxy aromatic ring could also be made, as well as replacement 

of the oxygen atom with another heteroatom.  Cleaving the benzyl group and replacing it 

with other alkyl and aryl substitutions is another option.  Ideally, the cytotoxicity assay 

should be repeated for any molecule that shows an increase in activity, so that the 

compound chosen as a ‘lead’ is deemed safe prior to any further biological investigation.  

 

X = F, Cl, Br, I
Y = O, C, S, NH  

Figure 6.2.1. Potential alterations to 20 on the 3-fluoro-4-benzyloxy moiety.  The halogen can be 
replaced and shifted around the aromatic ring.  The oxygen atom can also be replaced with another 
heteroatom.  The benzyl group attached to said heteroatom could then be cleaved and replaced 
with a variety of alkyl and aryl substituents (R1). 

 
The modifications made to 11 in Chapter 3 should be extended to 20 (assuming 20 is 

still the lead candidate).  The C-1 modifications seen with 48 shows that activity can be 

improved if this position is modified.  The synthesis of any racemic mixtures should be 

separated into the enantiomers using a chiral column, and biologically evaluated 

separately, as this may yield a more potent inhibitor.   
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Figure 6.2.2.  A potential example of a C-1 modification to attempt, as this improved activity 
when comparing 11 to 48. 

 

Any modifications to the tetrahydroisoquinoline ring, whether on the aromatic or 

saturated ring, should avoid increasing the rigidity of the ring and altering the free-base 

nature of the tertiary amine.  The SAR of Chapter 3 indicates the tertiary amine which is 

free to rotate at the C-N bond is important for activity.   

 

The C-6 and C-7 substitution of the tetrahydroisoquinoline ring can also be modified.  

The synthesis of a tetrahydroisoquinoline requires highly activated substituents in the C-

6 and C-7 position.  The natural tetrahydroisoquinolines discussed in Chapter 1 also 

show that the antibacterial activity of these compounds is dependent on the C-6 and C-7 

substitution pattern.  Therefore, alterations to the methoxy substituents will need to keep 

this in mind.  Modification by replacing the methyl ethers with ethyl ether, a hydroxy 

group or combinations of each will further develop an understanding of this region of the 

molecule.  Figure 6.2.3 shows just six potential modifications that could be attempted, 

with all of them synthetically feasible. 

 

 
Figure 6.2.3. Six potential modifications of the dimethoxy substituents.  All six modifications 
maintain the strong electron-donating properties on the C-6 and C-7 position.  
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While not fully explored in this thesis, modification to the triazole linker could also be 

attempted.  Replacing the aromatic triazole with a variety of five-membered heterocycles 

(e.g. oxazole, isoxazole, thiazole, pyrazole, etc.) may improve the activity, and further 

develop the SAR.  Compounds 65 and 66 showed that maintaining the aromatic properties 

of the linker may be crucial for activity.  

 

X = N, O, S, C
Y = N, O, S, C  

Figure 6.2.4.  Potential structural modifications to the triazole linker.  Nitrogen, oxygen, sulfur 
and carbon substitutions in different positions within the ring could yield numerous derivatives. 

 
Once an extensive SAR has been determined, the lead candidate (at this stage 20) would 

need to be assessed for resistance potential (if not already done) and toxicity immediately.  

If both assays yield a desirable result, the compounds MOA should be investigated.  Once 

these three key properties are determined, a mouse model should be conducted to 

determine the efficacy of the compound in vivo, as further drug development would not 

be viable if the drug proves ineffective for treatment in vivo. 

 
6.2.2. Future development of compound 96 

 
Compound 96 synthesised in Chapter 4 should be investigated further but should 

be considered an independent project from the tetrahydroisoquinolines previously 

discussed.  The distinct phenotype observed under the microscope should be explored 

further to determine the exact target.  This project aimed to inhibit FtsZ as it is an 

essential, highly conserved, a druggable protein unique to bacteria that is slow to develop 

resistance.  If the MOA of 96 fits these same criteria, then the molecule should be 

developed further.  Structural modifications to increase activity and broad-spectrum 

potential should take priority.  The compound was also bacteriostatic, so an improvement 

in both MIC and MBC would be desired.  Maintaining the 3-methoxy-4-hydroxy 

substitution pattern is important, with modifications to the bi-aryl system likely yielding 

a desirable result.  Once a more conclusive SAR is developed, modifications to the 

pyrazole should follow.  This would involve substituting the NH handle with a variety of 
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aryl and alkyl substituents, or replacing the pyrazole with other five-membered 

heterocycles.  If a more potent inhibitor is identified, the toxicity should be determined.  

If deemed non-toxic, the molecule can be explored further for future development, similar 

to the 11 analogues.   

X = N, O, S, C
Y = N, O, S, C
Z = N, O, S, C  

Figure 6.2.5.  The potential structural modifications to 96.  The vanillin moiety should be 
maintained, with small structural modifications being made to the bi-aryl and pyrazole systems. 
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CHAPTER 7: EXPERIMENTAL 
 

7.1. Chemistry 
 
General Synthetic Procedures 

 All chemical reagents used in this thesis were of commercial grade, obtained from 

businesses like Sigma-Aldrich, Cambridge Isotope Laboratories Inc and Merck Millipore.  

Anhydrous THF used for synthesis was purchased from Sigma-Aldrich in sure-sealed 

bottles.  Anhydrous toluene was dried over sodium.  All melting points were measured 

using a Gallenkamp Melting Point Apparatus, and all measurements are reported in 

degrees Celsius (ºC).  All TLC analyses were performed using Merck aluminium sheets 

pre-coated with either aluminium oxide 60 F254 or silica gel 60 F254 with UV detection at 

254 nm.  Column purification used neutral, activated aluminium oxide or Silica gel 60.  

In some cases, a Buchi Reveleris Prep LC apparatus was used for purification.  Gas-

chromatography data was carried out on an Agilent 6890GC fitted with a 5% 

polysilphenylene: 95% polydimethylsiloxane column.  The mass spectral data were 

obtained using the attached Agilent 5973n MS (EI) spectrometer.  High-resolution mass 

spectra were obtained using an Agilent 6510 Q-TOF Mass Spectrometer (ESI).  1H NMR 

and 13C NMR spectra were recorded on an Agilent 500 MHz spectrometer (500 MHz 1H, 

125 MHz 13C) in deuterated chloroform (CDCl3), deuterated dimethyl sulfoxide (DMSO-

d6) or deuterium oxide (D2O).  The same NMR spectrometer was used for the STD-NMR 

studies.  NMR signals were assigned with the following nomenclature; singlet (s), doublet 

(d), triplet (t), quartet (q), quintet (quin), sextet (sext), doublet of doublets (dd) or 

multiplet (m).  All chemical shifts (δ) are reported in parts per million (ppm) and coupling 

constants (J) are calculated in Hertz (Hz).  1H NMR assignments were achieved using 

gCOSY and gHSQC experiments.  13C NMR assignments were aided with DEPT and 

gHSQC experiments. 

 

6,7-Dimethoxy-1,2,3,4-tetrahydroisoquinoline (16) 

To a solution of 3,4-dimethoxyphenylethylamine (3.00 g, 16.5 

mmol) in formic acid (8.5 mL), was added paraformaldehyde 

(0.500 g, 16.5 mmol).  The mixture was heated to 55 ºC and stirred 

for 16 hours.  The excess formic acid was then removed in vacuo.  A 1.0 M NaOH solution 

was then added to the residue until the mixture reached pH 12, which was then extracted 
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with DCM (2 x 25 mL).  The combined organic extracts were dried over Na2SO4, and the 

solvent was removed in vacuo.  The crude product did not require purification, yielding 

16 as a pale yellow solid (2.73 mg, 14.2 mmol, 86%, Rƒ = 0.38 in 10% MeOH:DCM, 

m.p. 81 °C). HRMS (EI) Calcd for C11H15NO2 [M+H]+ 194.1176. Found 194.1174.  
1H NMR (500 MHz, CDCl3) δ 6.58 (s, 1H, H-8), 6.5 (s, 1H, H-5), 3.94 (s, 2H, H-1), 3.85 

(s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.12 (t, J = 6.0 Hz, 2H, H-3), 2.71 (t, J = 6.0 Hz, 2H, 

H-4).   

 

6,7-Dimethoxy-2-prop-2-ynyl-3,4-dihydro-1H-isoquinoline (17) 

To a solution of 16 (3.00 g, 5.18 mmol) in dry CH3CN (20 

mL), was added K2CO3 (1.07 g, 7.77 mmol).  In a separate 

flask, propargyl bromide (739 mg, 471 µl, 6.22 mmol) was 

dissolved in dry CH3CN (20 mL).  The propargyl bromide solution was then slowly added 

to the mixture of 16.  The final combined mixture was then stirred at room temperature 

for 3 hours.  The mixture was quenched with water (60 mL) and extracted with CHCl3 (3 

x 20 mL).  The combined organic extracts were dried over Na2CO3 and the solvent was 

removed in vacuo.  The crude product did not require purification to afford 17 as an 

orange solid (913 mg, 3.95 mmol, 76%, Rƒ = 0.35 in 10% MeOH:DCM, m.p. sublimed). 

HRMS (EI) Calcd for C14H17NO2 [M+H]+ 232.1332. Found 232.1326.  
1H NMR (500 MHz, CDCl3) δ 6.67 (s, 1H, H-8), 6.64 (s, 1H, H-5), 5.17 (s, 1H, H-1), 

5.08 (d, J = 2.5 Hz, 1H, Ha-1’), 4.93 (d, J = 2.5, 1H, Hb-1’), 4.18 (t, J = 6.5 Hz, 2H, H-4), 

3.88 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.18 (t, J = 6.5 Hz, 2H, H-3), 2.88 (t, J = 2.5 Hz, 

1H, H-3’).  
13C NMR (125 MHz, CDCl3) δ 152.5 (C-7), 151.8 (C-6), 122.8 (C-9), 119.7 (C-10), 113.6 

(CH-8), 112.5 (CH-5), 84.8 (C-2’), 73.5 (CH-3’), 61.1 (CH2-1), 58.7 (OCH3), 58.7 

(OCH3), 57.2 (CH2-4), 52.7 (CH2-1’), 26.0 (CH2-3). 

 

General procedure for the copper(II)-catalysed conversion of aryl boronic acids to 

aryl azides (18) 

To a solution of 4-tert-butylphenylboronic acid (2.00 g, 11.2 mmol) 

in methanol (10 mL), was added copper(II) sulfate (280 mg, 1.12 

mmol) and sodium azide (1.10 g, 16.9 mmol).  The mixture was 

stirred at room temperature for 24 hours whilst exposed to air.  The 

mixture was then quenched with water (25 mL) and extracted with DCM (2 x 15 mL).  
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The organic extracts were combined, washed with brine (20 mL) and dried over Na2SO4.  

The solvent was then removed in vacuo.  The crude did not require further purification, 

yielding 18 as a yellow solid, which was subsequently reconstituted in i-PrOH (5 mL) 

(1.91 g, 10.9 mmol, 97%).  
1H NMR (500 MHz, CDCl3) δ 7.35 (d, J = 8.5 Hz, 2H, H-3), 6.95 (d, J = 8.5 Hz, 2H, H-

2), 1.30 (s, 9H, H-6). 

 

2-[[1-(4-Tert-butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-3,4-dihydro-1H-

isoquinoline (11) 

To a solution of 18 (1.00 g, 5.71 mmol) in i-

PrOH (10 mL), was added 17 (1.10 g, 4.75 

mmol), copper(II) sulfate (119 mg, 0.475 

mmol), sodium ascorbate (471 mg, 2.38 mmol) and H2O (10 mL). The mixture was stirred 

at room temperature for 24 hours.  The mixture was then quenched with H2O (50 mL) 

and extracted with CHCl3 (3 x 25 mL).  The organic extracts were combined, dried over 

Na2SO4 and then the solvent was then removed in vacuo.  The crude product was purified 

by column chromatography using 10% MeOH:DCM as the eluent to yield 11 as a brown 

solid (1.47 g, 3.61 mmol, 76%, Rƒ = 0.43 in 10% MeOH:DCM, m.p. 149-152 °C). HRMS 

(EI) Calcd for C24H30N4O2 [M+H]+ 407.2442. Found 407.2457.  
1H NMR (500 MHz, CDCl3) δ 9.26 (s, 2H, H-5’’), 7.78 (d, J = 8.5 Hz, 4H, H-2’’’) 7.56 

(d, J = 8.5 Hz, 4H, H-3’’’), 6.72 (s, 1H, H-8), 6.71 (s, 1H, H-5) 5.31 (d, J = 10 Hz, 2H, 

Ha-2’), 5.02 (s, 2H, H-1), 4.98 (d, J = 10 Hz, 2H, Hb-2’), 4.02 (t, J = 6.0 Hz, 2H, H-4), 

3.89 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.53 (t, J = 6.0 Hz, 2H, H-3), 1.37 (s, 18H, H-

6’’’).  
13C NMR (125 MHz, CDCl3) δ 155.6 (C-4”’), 152.3 (C-7), 151.5 (C-6), 138.4 (C-1’”), 

136.5 (C-1’’), 129.8 (CH-5’’), 129.5 (2CH-2’’’), 123.5 (C-9), 123.0 (2CH-3’’’), 120.0 

(C-10), 113.6 (CH-8), 112.6 (CH-5), 62.1 (CH2-1), 58.8 (OCH3), 58.7 (OCH3), 58.4 

(CH2-3), 55.7 (CH2-2’), 37.5 (C-5”’), 31.2 (3CH3-6’’’), 26.4 (CH2-4). 

 

4-[4-[(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)methyl]triazol-1-

yl]benzonitrile (19) 

To a solution of 4-azidobenzonitrile (468 

mg, 3.25 mmol) in i-PrOH (5 mL), was 

added 17 (626 mg, 2.71 mmol), copper(II) 
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sulfate (67.7 mg, 0.271 mmol), sodium ascorbate (268 mg, 1.35 mmol) and water (5 mL). 

The mixture was stirred at 60 C for 48 hours.  The mixture was then quenched with H2O 

(25 mL) and extracted with CHCl3 (3 x 20 mL).  The organic extracts were combined, 

dried over Na2CO3, and then the solvent was removed in vacuo.  The crude product was 

purified by column chromatography using 10% MeOH:DCM as the eluent to yield 19 as 

a white solid (126 mg, 0.336 mmol, 33%, Rƒ = 0.50 in 10% MeOH:DCM, m.p. 234.5-

235 °C). HRMS (EI) Calcd for C21H21N5O2 [M+H]+ 376.1768. Found 376.1756.  
1H NMR (500 MHz, DMSO-d6) δ 9.33 (s, 2H, H-5’), 8.23 (d, J = 8.5 Hz, 4H, H-2), 8.18 

(d, J = 8.5 Hz, 4H, H-3), 6.95 (s, 1H, H-8’’’), 6.79 (s, 1H, H-5’’’), 4.80 (s, 4H, H-1’’), 

4.63 (s, 2H, H-1’’’), 3.78 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.72 (s, 2H, H-3’’’), 3.35 

(s, 2H, H-4’’’).  
13C NMR (125 MHz, DMSO-d6) δ 149.4 (C-7’’’), 148.5 (C-6’’’), 140.6 (C-4), 139.7 (C-

1), 136.5 (C-4’), 134.8 (2CH-3), 128.1 (CH-5’), 122.3 (C-9’’’), 121.6 (2CH-2), 118.5 

(CN), 112.1 (m, C-10’’’, CH-8’’’), 110.6 (CH-5’’’), 59.1 (CH2-1’’’), 56.2 (m, OCH3, 

OCH3), 54.9 (CH2-3’’’), 53.5 (CH2-1’’) 23.4 (CH2-4’’’). 

 

2-[[1-(4-Benzyloxy-3-fluoro-phenyl)triazol-4-yl]methyl]-6,7-dimethoxy-3,4-

dihydro-1H-isoquinoline (20) 

The title compound was prepared 

from 17 (300 mg, 1.30 mmol) and 

4-azido-1-benzyloxy-2-fluoro-

benzene (379 mg, 1.56 mmol) in i-

PrOH (5 mL), using a similar method to that described above for the synthesis of 11.  The 

crude product was purified by column chromatography using 10% MeOH:DCM as the 

eluent to yield 20 as a light brown solid (242 mg, 0.510 mmol, 83%, Rƒ = 0.50 in 10% 

MeOH:DCM, m.p. 232-233 °C). HRMS (EI) Calcd for C27H27FN4O3 [M+H]+ 475.2140. 

Found 475.2169.  
1H NMR (500 MHz, CDCl3) δ 9.23 (s, 2H, H-5’’), 7.71 (d, J = 8.5 Hz, 2H, H-2’’’), 7.53 

(d, J = 8.5 Hz, 2H, H-6’’’), 7.46 (d, J = 7.5 Hz, 4H, H-9’’’), 7.41 (t, J = 7.0 Hz, 4H, H-

10’’’), 7.35 (t, J = 7.0 Hz, 2H, H-11’’’), 7.14 (t, J = 8.5 Hz, 2H, H-5’’’), 6.72 (s, 1H, H-

8), 6.67 (s, 1H, H-5), 5.33 (d, J = 14 Hz, 2H, Ha-1’), 5.22 (s, 4H, H-7’’’), 5.01 (s, 2H, H-

1), 4.95 (d, J = 14 Hz, 2H, Hb-1’), 3.98 (t, J = 6.0 Hz, 2H, H-3), 3.89 (s, 3H, OCH3), 3.84 

(s, 3H, OCH3), 3.52 (t, J = 6.0 Hz, 2H, H-4).  
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13C NMR (125 MHz, CDCl3) δ 156.5 (C-3’’’), 152.4 (C-4’’’), 151.6 (C-6), 150.3 (C-7), 

138.7 (C-1’”), 138.3 (C-4’’), 132.4 (C-8’’’), 131.4 (2CH-10’’’), 131.1 (CH-5’’’), 130.2 

(2CH-9’’’), 130.0 (CH-5’’), 123.5 (C-9), 120.0 (C-10), 119.05 (CH-6’’’), 118.7 (CH-

11’’’), 113.6 (CH-8), 112.6 (CH-5), 112.4 (CH-2’’’), 71.6 (CH2-7’’’), 59.5 (CH2-1), 56.1 

(OCH3), 56.1 (OCH3), 55.7 (CH2-4), 53.2 (CH2-2), 23.8 (CH2-3). 

 

6,7-Dimethoxy-2-[[1-(4-phenylphenyl)triazol-4-yl]methyl]-3,4-dihydro-1H-

isoquinoline (21) 

The title compound was prepared from 

17 (300 mg, 1.30 mmol) and 1-azido-4-

phenyl-benzene (304 mg, 1.56 mmol) in 

i-PrOH (5 mL), using a similar method to that described above for the synthesis of 11.  

The crude product was purified by column chromatography using 10% MeOH:DCM as 

the eluent to yield 21 as a pale brown solid (184 mg, 0.431 mmol, 78%, Rƒ = 0.39 in 10% 

MeOH:DCM, m.p. 241-242 °C). HRMS (EI) Calcd for C26H26N4O2 [M+H]+ 427.2129. 

Found 427.2123. 
1H NMR (500 MHz, CDCl3) δ 9.32 (s, 2H, H-5’’), 7.95 (d, J = 8.0 Hz, 4H, H-2’’’), 7.79 

(d, J = 8.0 Hz, 4H, H-3’’’), 7.64 (d, J = 7.5 Hz, 4H, H-6’’’), 7.49 (t, J = 7.5 Hz, 4H, H-

7’’’), 7.42 (t, J = 7.5 Hz, 2H, H-8’’’), 6.75 (s, 1H, H-8), 6.69 (s, 1H, H-5), 5.40 (d, J = 

12.5 Hz, 2H, Ha-1’), 5.06 (s, 2H, H-1), 5.03  (d, J = 12.5 Hz, 2H, Hb-1), 4.06 (t, J = 6.0 

Hz, 2H, H-4), 3.90 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 3.56 (t, J = 6.0 Hz, 2H, H-3).  
13C NMR (125 MHz, CDCl3) δ 149.8 (C-7), 149.0 (C-6), 142.6 (C-1’”), 139.4 (C-1’’), 

136.1 (C-4’’’), 135.31 (C-5’’’), 129.1 (2CH-7’’’), 128.6 (2CH-3’’’), 128.2 (CH-8’’’), 

127.1 (2CH-6’’’), 127.0 (CH-5’’) 120.9 (2CH-2’’’), 120.8 (C-9), 117.3 (C-10), 111.0 

(CH-8), 109.9 (CH-5), 59.54 (CH2-1), 56.15 (OCH3), 56.10 (OCH3), 55.82 (CH2-3), 

53.15 (CH2-1’), 23.82 (CH2-4). 

 

6,7-Dimethoxy-2-[[1-(2-naphthyl)triazol-4-yl]methyl]-3,4-dihydro-1H-isoquinoline 

(22) 

The title compound was prepared from 17 

(200 mg, 0.865 mmol) and 2-

azidonaphthalene (175 mg, 1.04 mmol) in i-

PrOH (5 mL), using a similar method to that 

described above for the synthesis of 11.  The crude product was purified by column 
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chromatography using 10% MeOH:DCM as the eluent to yield 22 as a brown solid (81.6 

mg, 0.204 mmol, 59%, Rƒ = 0.53 in 10% MeOH:DCM, m.p. 242-243 °C). HRMS (EI) 

Calcd for C24H24N4O2 [M+H]+ 401.1972. Found 401.1950. 
1H NMR (500 MHz, CDCl3) δ 9.38 (s, 2H, H-5’’), 8.32 (s, 2H, H-1’’’), 8.05 (d, J = 9.0 

Hz, 2H, H-3’’’), 8.01-7.97 (m, 4H, H-9’’’, H-6’’’), 7.94 (d, J = 9.0Hz, 2H, H-4’’’), 7.63-

7.59 (m, 4H, H-7’’’, H-8’’’), 6.75 (s, 1H, H-8), 6.67 (s, 1H, H-5), 5.46 (d, J = 13.0 Hz, 

2H, Ha-1’), 5.09 (s, 2H, H-1), 5.07 (d, J = 13.0 Hz, 2H, Hb-1’), 4.08 (t, J = 4.0 Hz, 2H, H-

3), 3.91 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.57 (t, J = 4.0 Hz, 2H, H-4).  
13C NMR (125 MHz, CDCl3) δ 149.7 (C-7), 148.9 (C-6), 136.1 (C-2’’’), 133.6 (C-1’’), 

133.2 (C-10’’’), 133.1 (C-5’’’), 130.3 (CH-9’’’), 128.5 (CH-6’’’), 128.0 (CH-4’’’), 127.7 

(CH-8’’’), 127.4 (CH-7’’’), 127.3 (CH-5’’), 120.9 (C-9), 118.9 (CH-1’’’), 118.6 (CH-

3’’’), 117.4 (C-10), 111.0 (CH-8), 109.9 (CH-5), 59.6 (CH2-1), 56.1 (OCH3), 56.0 

(OCH3), 55.8 (CH2-3), 53.1 (CH2-1’), 23.8 (CH2-4). 

 

4-[4-[(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)methyl]triazol-1-yl]-N,N-

dimethyl-benzamide (23) 

The title compound was prepared from 17 

(400 mg, 1.73 mmol) and 4-azido-N,N-

dimethyl-benzamide (395 mg, 2.08 mmol) 

in i-PrOH (5 mL),  using a similar method to that described above for the synthesis of 11.  

The crude product was purified by column chromatography using 10% MeOH:DCM as 

the eluent to yield 23 as a light yellow solid (251 mg, 0.596 mmol, 82%, Rƒ = 0.32 in 

10% MeOH:DCM, m.p. 162-163 °C). HRMS (EI) Calcd for C23H27N5O3 [M+H]+ 

422.2187. Found 422.2186.  
1H NMR (500 MHz, CDCl3) δ 9.36 (s, 2H, H-5’), 7.94 (d, J = 8.0 Hz, 4H, H-2), 7.65 (d, 

J = 8.0 Hz, 4H, H-3), 6.74 (s, 1H, H-8’’’), 6.68 (s, 1H, H-5’’’), 5.37 (d, J = 13.5 Hz, 2H, 

Ha-1’’), 5.04 (s, 2H, H-1’’’), 5.00  (d, J = 12.5 Hz, 2H, Hb-1”), 4.02 (t, J = 6.0 Hz, 2H, H-

3’’’), 3.90 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.54 (t, J = 6.0 Hz, 2H, H-4’’’), 3.15 (s, 

3H, NCH3), 3.02 (s, 3H, NCH3).  
13C NMR (125 MHz, CDCl3) δ 169.9 (CO), 149.7 (C-7’’’), 148.9 (C-6’”), 137.4 (C-4), 

136.9 (C-1’), 136.1 (C-1), 128.9 (2CH-2), 127.3 (CH-5’), 120.8 (C-9’’’), 120.5 (2CH-3), 

117.3 (C-10), 110.9 (CH-8’’’), 109.9 (CH-5’’’), 59.6 (C-1’’’), 56.6 (OCH3), 56.2 (OCH3), 

55.8 (CH2-1’’), 53.2 (CH2-3’’’), 39.5 (NCH3), 35.8 (NCH3) 23.7 (CH2-4’’’).  
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6,7-Dimethoxy-2-[[1-(4-nitrophenyl)triazol-4-yl]methyl]-3,4-dihydro-1H-

isoquinoline (24) 

The title compound was prepared from 17 

(300 mg 1.30 mmol) and 1-azido-4-nitro-

benzene (256 mg, 1.56 mmol) in i-PrOH (5 

mL), using a similar method to that described above for the synthesis of 19.  The crude 

product was purified by column chromatography using 10% MeOH:DCM as the eluent 

to yield 24 as a red-brown solid (146 mg, 0.369 mmol, 72%, Rƒ = 0.49 in 10% 

MeOH:DCM, m.p. 247-249 °C). HRMS (EI) Calcd for C20H21N5O4 [M+H]+ 396.1666. 

Found: 396.1654.  
1H NMR (500 MHz, DMSO-d6) δ 9.47 (s, 2H, H-5’’), 8.53 (d, J = 8.5 Hz, 4H, H-3’’’), 

8.32 (d, J = 8.5 Hz, 4H, H-2’’’), 6.96 (s, 1H, H-8), 6.82 (s, 1H, H-5), 4.85 (s, 4H, H-1’), 

4.68 (s, 2H, H-1), 3.78 (s, 3H, OCH3), 3.73 (m, 5H, OCH3, H-3), 3.37 (s, 2H, H-4).  
13C NMR (125 MHz, DMSO-d6) δ 149.3 (C-7), 148.5 (C-6), 147.6 (C-4’’’), 141.1 (C-

1’’’), 136.7 (C-1’’), 128.4 (CH-5’’), 126.1 (2CH-2’’’), 122.3 (C-9), 121.7 (2CH-3’’’), 

118.9 (C-10), 112.1 (CH-8), 110.6 (C-5), 59.1 (CH2-1), 56.1 (OCH3), 56.1 (OCH3), 54.9 

(CH2-3), 53.2 (CH2-1’), 23.5 (CH2-4). 

 

2-[[1-[2,4-Bis(trifluoromethyl)phenyl]triazol-4-yl]methyl]-6,7-dimethoxy-3,4-

dihydro-1H-isoquinoline (25) 

The title compound was prepared from 17 

(300 mg, 1.30 mmol) and 1-azido-2,4-

bis(trifluoromethyl)benzene (397 mg, 1.56 

mmol) in i-PrOH (5 mL), using a similar 

method to that describe above for the synthesis of 19.  The crude product was purified by 

column chromatography using 10% MeOH:DCM as the eluent to yield 25 as a white solid 

(43.5 mg, 0.0894 mmol, 14%, Rƒ = 0.46 in 10% MeOH:DCM, m.p. 192-193 °C). HRMS 

(EI) Calcd for C22H20F6N4O2 [M+H]+ 487.1563. Found: 487.1549. 
1H NMR (500 MHz, DMSO-d6) δ 9.09 (s, 2H, H-5’’), 8.48 (d, J = 8.5 Hz, 2H, H-5’’’), 

8.43 (s, 2H, H-3’’’), 8.20 (d, J = 8.5 Hz, 2H, H-6’’’), 6.97 (s, 1H, H-8), 6.82 (s, 1H, H-

5), 4.86 (s, 4H, H-1’), 4.67 (s, 2H, H-1), 3.78 (s, 3H, OCH3), 3.75 (m, 5H, OCH3, H-3), 

3.37 (t, J = 6.5 Hz, 2H, H-4). 
13C NMR (125 MHz, DMSO-d6) δ 152.0 (C-7), 151.2 (C-6), 140.2 (C-1’’’), 138.3 (C-

1’’), 134.7 (CH-5’’), 134.4 (CH-5’’’), 134.2 (CH-6’’’), 133.0 (C-4’’’), 128.2 (C-9), 127.1 
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(C-10), 125.0 (CH-3’’’), 124.0 (CF3), 121.6 (CF3), 116.8 (C-2’’’), 114.8 (CH-8), 113.2 

(C-5), 61.9 (CH2-1), 58.8 (OCH3), 58.7 (OCH3), 57.7 (CH2-3), 55.7 (CH2-1’), 26.1 (CH2-

4). 

 

2-[[1-[3,5-Bis(trifluoromethyl)phenyl]triazol-4-yl]methyl]-6,7-dimethoxy-3,4-

dihydro-1H-isoquinoline (26) 

The title compound was prepared from 17 (300 

mg, 1.30 mmol) and 1-azido-3,5-

bis(trifluoromethyl)benzene (397 mg, 1.56 

mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the synthesis of 19.  The crude product was purified 

by column chromatography using 10% MeOH:DCM as the eluent to yield 26 as a brown 

solid (49.8 mg, 0.102 mmol, 16%, Rƒ = 0.72 in 10% MeOH:DCM, m.p. 158-159 °C). 

HRMS (EI) Calcd for C22H20F6N4O2 [M+H]+ 487.1563. Found 487.1583.  
1H NMR (500 MHz, CDCl3) δ 9.68 (s, 2H, H-5’’), 8.50 (s, 4H, H-2’’’), 7.98 (s, 2H, H-

4’’’), 6.78 (s, 1H, H-8), 6.71 (s, 1H, H-5), 5.39 (d, J = 13.5 Hz, 2H, Ha-1’), 5.12 (d, J = 

13.5 Hz, 2H, Hb-1’), 5.05 (s, 2H, H-1), 4.00 (t, J = 6.0 Hz, 2H, H-3), 3.88 (s, 3H, OCH3), 

3.83 (s, 3H, OCH3), 3.51 (t, J = 6.0 Hz, 2H, H-4). 
13C NMR (125 MHz, CDCl3) δ 152.5 (C-7), 151.7 (C-6), 140.0 (C-1’’’), 139.5 (C-1’’), 

136.5 (C-3’’’), 130.5 (CH-5’’), 126.2 (CH-4’’’), 124.0 (C-9), 123.5 (2CH-2’’’), 123.3 (C-

10), 119.8 (CF3), 113.5 (CH-5), 112.6 (C-8), 62.3 (CH2-1), 58.8 (OCH3), 58.7 (OCH3), 

58.5 (CH2-3), 56.0 (CH2-1’), 26.4 (CH2-4). 

 

2-[[1-(3-Furyl)triazol-4-yl]methyl]-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-

ium chloride (27) 

The title compound was prepared from 17 (100 

mg, 0.432 mmol) and 3-azidofuran (56.5 mg, 

0.518 mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the synthesis of 

11. A 2.0 M hydrogen chloride in Et2O solution (10 mL) was added to the crude extract 

and the resulting solid was filtered.  The solid was washed with Et2O (2 x 10 mL) to yield 

27 as a pale brown solid (87 mg, 0.231 mmol, 54%, Rƒ = 0.26 in 10% MeOH:DCM, m.p. 

160-162 °C). HRMS (EI) Calcd for C18H21N4O3 [M+H]+ 341.1608. Found 341.1590.  
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1H NMR (500 MHz, CDCl3) δ 9.08 (s, 2H, H-5’’), 8.09 (s, 2H, H-4’’’), 7.55 (s, 2H, H-

5’’’), 6.94 (s, 2H, H-2’’’), 6.73 (s, 1H, H-8), 6.63 (s, 1H, H-5), 5.31 (d, J = 12.5, 2H, Ha-

1’), 4.97-4.93 (m, 3H, H-1, Hb-1’), 3.96 (t, J = 6.0 Hz, 2H, H-3), 3.89 (s, 3H, OCH3), 3.85 

(s, 3H, OCH3), 3.52 (t, J = 6.0 Hz, 2H, H-4).  
13C NMR (125 MHz, CDCl3) δ 149.7 (C-6), 148.9 (C-7), 144.2 (CH-5’’’), 135.5 (C-1’’’), 

134.1 (CH-4’’’), 127.9 (CH-5’’), 125.7 (C-1’’), 120.9 (C-9), 117.3 (C-10) 110.9 (CH-8), 

109.9 (CH-5), 105.0 (C-2’’’), 59.4 (CH2-1), 56.1 (OCH3), 56.0 (OCH3), 55.6 (CH2-3), 

53.1 (CH2-1’), 23.7 (CH2-4). 

 

5-[4-[(6,7-Dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)methyl]triazol-1-

yl]pyrimidin-2-amine (28) 

The title compound was prepared from 17 

(250 mg, 1.08 mmol) and 5-azidopyrimidin-

2-amine (176 mg, 1.30 mmol) in i-PrOH (5 

mL), using a similar method to that described above for the synthesis of 11.  The crude 

product was purified by column chromatography using 10% MeOH:DCM as the eluent 

to yield 28 as a yellow solid (125 mg, 0.340 mmol, 86%, Rƒ = 0.67 in 10% MeOH:DCM, 

m.p. 234-235 °C). HRMS (EI) Calcd for C18H21N7O2 [M+H]+ 368.1829. Found 368.1835. 
1H NMR (500 MHz, CDCl3) δ 8.64 (s, 4H, H-4), 7.88 (s, 2H, H-5’), 6.60 (s, 1H, H-8’’’), 

6.51 (s, 1H, H-5’’’), 5.32 (b, 2H, NH2), 3.93 (s, 2H, H-1’’’), 3.86 (s, 3H, OCH3), 3.82 (s, 

3H, OCH3), 3.67 (s, 4H, H-1’’), 2.85 (s, 4H, H-3’’’, H-4’’’).  
13C NMR (125 MHz, CDCl3) δ 162.6 (C-2), 151.4 (2CH-4), 149.3 (C-6’’’), 147.6 (C-

7’’’), 147.3 (C-5), 146.3 (C-4’), 126.2 (C-9’’’), 125.8 (C-10’’’), 121.2 (CH-5’), 111.4 

(CH-8’’’), 109.4 (CH-5’’’), 65.8 (CH2-1’’’), 55.9 (OCH3) 55.5 (OCH3), 53.1 (CH2-1’’), 

51.0 (CH2-3’’’), 28.7 (CH2-4’’’).  

 

2-[[1-(2,6-Dichloro-3-pyridyl)triazol-4-yl]methyl]-6,7-Dimethoxy-3,4-dihydro-1H-

isoquinoline (29) 

The title compound was prepared from 17 

(250 mg, 1.08 mmol) and 3-azido-2,6-

dichloro-pyridine (245 mg, 1.30 mmol) in i-

PrOH (5 mL), using a similar method to that 

described above for the synthesis of 19.  The crude product was purified by column 

chromatography using 10% MeOH:DCM as the eluent to yield 29 as a pale brown solid 
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(25.3 mg, 0.0602 mmol, 13%, Rƒ = 0.23 in 10% MeOH:DCM, m.p. 158-159 °C). HRMS 

(EI) Calcd for C19H19Cl2N5O2 [M+H]+ 420.0989. Found 420.0960.  
1H NMR (500 MHz, DMSO-d6) δ 9.08 (s, 2H, H-5’’), 8.35 (d, J = 8.5 Hz, 2H, H-5’’’), 

7.95 (d, J = 8.5 Hz, 2H, H-6’’’), 6.96 (s, 1H, H-8), 6.80 (s, 1H, H-5), 4.82 (s, 4H, H-1’), 

(s, 2H, H-1), 3.86 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.72 (t, J = 5.5 Hz, 2H, H-3), 3.33 

(t, J = 5.5 Hz, 2H, H-4).  
13C NMR (125 MHz, DMSO-d6) δ 150.6 (C-4’’’), 149.4 (C-7), 148.6 (C-6), 144.9 (C-

2’’’), 141.6 (C-1’’’), 140.8 (CH-6’’’), 135.7 (C-1’’), 131.7 (C-9), 131.4 (C-5’’), 125.3 

(CH-5’’’), 122.3 (C-10), 113.5 (CH-8), 110.7 (C-5), 71.2 (CH2-1), 56.1 (OCH3), 56.1 

(OCH3), 53.1 (CH2-3), 50.4 (CH2-1’), 21.2 (CH2-4). 

 

6,7-Dimethoxy-2-[[1-[6-(trifluoromethyl)-3-pyridyl]triazol-4-yl]methyl]-3,4-

dihydro-1H-isoquinoline (30) 

The title compound was prepared from 17 

(100 mg, 1.08 mmol) and 5-azido-2-

(trifluoromethyl)pyridine (244 mg, 1.30 

mmol) in i-PrOH (5 mL), using a similar method to that described above for the synthesis 

of 19.  The crude product was purified by column chromatography using 10% 

MeOH:DCM as the eluent to yield 30 as a pale yellow solid (25.3 mg, 0.169 mmol, 14%, 

Rƒ = 0.30 in 10% MeOH:DCM, m.p. 222-224 °C). HRMS (EI) Calcd for C20H20F3N5O2 

[M+H]+ 420.1642. Found 420.1628.  
1H NMR (500 MHz, CDCl3) δ 9.42-9.40 (m, 4H, H-5’’, H-2’’’), 8.55 (d, J = 8.0 Hz, 2H, 

H-4’’’), 7.85 (d, J = 8.0 Hz, 2H, H-5’’’), 6.74 (s, 1H, H-8), 6.69 (s, 1H, H-5), 5.15 (d, J = 

8.5 Hz, 2H, Ha-1’), 5.03 (d, J = 8.5 Hz, 2H, Hb-1’), 4.89 (s, 2H, H-1), 3.95 (t, J = 6.0 Hz, 

2H, H-4), 3.86 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.51 (t, J = 6.0 Hz, 2H, H-3), 
13C NMR (125 MHz, CDCl3) δ 149.8 (C-6’’’), 148.9 (C-7), 148.4 (C-6), 141.9 (C-3’’’), 

136.4 (C-1’’), 134.8 (CH-2’’’), 129.1 (CH-5’’),  128.0 (CH-5’’’), 122.0 (C-9), 121.6 

(CF3), 120.7 (C-10), 119.8 (CH-4’’’), 117.0 (CH-8), 110.9 (CH-5), 62.3 (CH2-1), 59.8 

(CH2-4), 56.1 (OCH3), 56.0 (OCH3), 53.6 (CH2-1’’), 23.6 CH2-3).   

 

1,2,3,4-Tetrahydroisoquinolin-2-ium-6,7-diol bromide (32) 

To a solution of 16 (100 mg, 0.517 mmol) in concentrated 

hydrobromic acid (1 mL) was heated under reflux for 16 hours 

while stirring.  The solvent was then removed in vacuo.  The 
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residue was triturated with Et2O to give 32 as a purple solid (86.9 mg, 0.4497 mmol, 

68%). HRMS (EI) Calcd for C9H11NO2 [M+H]+ 166.0862. Found 166.0861.  
1H NMR (500 Hz, D2O) δ 6.59 (s, 1H, H-8), 6.54 (s, 1H, H-5), 4.07 (s, 2H, H-1), 3.32 (t, 

J = 6.5 Hz, 2H, H-3), 2.82 (t, J = 6.5 Hz, 2H, H-4). 
13C NMR (125 MHz, D2O) δ 146.4 (C-7), 145.5 (C-6), 126.2 (C-9), 122.2 (C-10), 118.3 

(CH-8), 116.3 (CH-5), 46.63 (CH2-1), 44.34 (CH2-3), 26.42 (CH2-4). 

 

tert-Butyl 6,7-dihydroxy-3,4-dihydro-1H-isoquinoline-2-carboxylate (33) 

To a solution of 32 (100 mg, 0.377 mmol) in THF (0.5 mL) 

was added triethylamine (87.0 mg, 120 µL, 0.860 mmol) 

and stirred until all solids had dissolved.  In a small beaker, 

di-tert-butyl dicarbonate (95 mg) was dissolved in THF (1 

mL).  The di-tert-butyl dicarbonate solution was then added dropwise to the round bottom 

flask and stirred for 16 hours at room temperature.  The solvent was then removed in 

vacuo, and the residue was re-dissolved in ethyl acetate (5 mL).  The ethyl acetate solution 

was washed with H2O (3 x 10 mL) and then dried over Na2SO4.  The solvent was removed 

in vacuo to yield 33 as a yellow solid.  No further purification was required (98.9 mg, 

0.372 mmol, 92%).  
1H NMR (500 MHz, CDCl3) δ 6.65 (s, 2H, H-8, H-5), 4.43 (s, 2H, H-1), 3.60 (t, J = 6.0 

Hz, 2H, H-4), 1.49 (s, 9H, H-2’). 

 

tert-Butyl 7,8-dihydro-5H-[1,3]dioxolo[4,5-g]isoquinoline-6-carboxylate (34) 

To a solution of 33 (100 mg, 0.377 mmol) in DMF (1 mL), 

was added Cs2CO3 (300 mg, 0.902 mmol). Diiodomethane 

(30.7 µL, 102 mg, 0.377 mmol) was then slowly added to 

the round bottom flask while stirring in an ice bath.  The mixture was then heated at 110 

°C for 2 hours.  Once complete, the mixture was cooled and quenched with water (3 mL).  

The compound was extracted using DCM (3 x 10 mL) and the combined organic extracts 

were dried over Na2CO3.  The solvent was removed in vacuo to yield 34 as a yellow solid.  

No further purification was required (88.8 mg, 0.320 mmol, 85%).  
1H NMR (500 MHz, CDCl3) δ 6.59 (s, 1H, H-8), 6.57 (s, 1H, H-5), 5.90 (s, 2H, H-2”), 

4.45 (s, 2H, H-1), 3.59 (t, J = 3.0 Hz, 2H, H-3), 2.72 (t, J = 3.0 Hz, 2H, H-4) 1.48 (s, 9H, 

H-2’). 
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5,6,7,8-Tetrahydro-[1,3]dioxolo[4,5-g]isoquinoline (35) 
Compound 34 (100 mg, 0.360 mmol) was dissolved in a 3.0 M 

HCl methanol solution (1 mL).  The mixture was left to stir at room 

temperature for 1 hour.  The methanol was removed in vacuo, after 

which the residue was basified using 2.0 M NaOH (pH >13).  The compound was then 

extracted with DCM (3 x 10 mL) and dried over Na2CO3.  The solvent was removed in 

vacuo to give 35 as a yellow wax. No further purification was required (60.2 mg, 0.339 

mmol, 94%).  
1H NMR (500 MHz, CDCl3) δ 6.65 (s, 1H, H-3), 6.60 (s, 1H, H-11), 5.84 (s, 2H, H-2’), 

4.12 (s, 2H, H-5), 3.50 (t, J = 6.0 Hz, 2H, H-7), 2.89 (t, J = 6.0 Hz, 2H, H-8). 

 

6-[[1-(4-Tert-butylphenyl)triazol-4-yl]methyl]-7,8-dihydro-5H-[1,3]dioxolo[4,5-

g]isoquinoline (37) 

To a solution of 35 (100 mg, 0.564 mmol) in 

dry CH3CN (10 mL), was added K2CO3 (117 

mg, 0.846 mmol).  In a separate flask, 

propargyl bromide (73.8 mg, 47.0 µl, 0.620 mmol) was dissolved in dry CH3CN (5 mL).  

The propargyl bromide solution was then slowly added to the 5,6,7,8-tetrahydro-

[1,3]dioxolo[4,5-g]isoquinoline mixture.  The final mixture was then stirred at room 

temperature for 3 hours.  The solvent was removed in vacuo, and the residue was 

dissolved in i-PrOH (5 mL).  To this solution, 1-azido-4-tert-butyl-benzene (108 mg, 

0.620 mmol) in isopropanol (5 mL) was pipetted, followed by the addition of copper(II) 

sulfate (14.1 mg, 0.056 mmol), sodium ascorbate (55.9 mg, 0.282 mmol) and water (10 

mL). The mixture was stirred at room temperature for 24 hours.  The mixture was then 

quenched with water (15 mL) and extracted with CHCl3 (3 x 10 mL).  The organic extracts 

were combined, dried over Na2SO4 and then the solvent was then removed in vacuo.  The 

crude product was purified by column chromatography using 10% MeOH:DCM as the 

eluent to yield 37 as a brown solid (148 mg, 0.379 mmol, 67%, Rƒ = 0.68 in 10% 

MeOH:DCM, m.p. 187-189 °C). HRMS (EI) Calcd for C23H26N4O2 [M+H]+ 391.2129. 

Found 391.2107.  
1H NMR (500 MHz, CDCl3) δ 9.20 (s, 1H, H-5’’), 7.76 (b, 2H, H-2’’’), 7.57 (b, 2H, H-

3’’’), 6.72 (s, 1H, H-4), 6.64 (s, 1H, H-9), 5.98 (s, 2H, H-2), 5.33 (s, 2H, H-1’), 4.95 (s, 

2H, H-5), 4.01 (b, 2H, H-3), 3.49 (b, 2H, H-4), 1.38 (s, 9H, H-6’’’).  
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13C NMR (125 MHz, CDCl3) δ 156.4 (C-4”’), 155.7 (C-3), 154.6 (C-10), 138.5 (C-1’”), 

136.5 (C-1’’), 129.8 (CH-5’’), 129.5 (CH2-2’’’), 125.1 (C-11), 122.9 (CH2-3’’’), 122.8 

(C-12), 108.7 (CH-4), 104.9 (CH-9), 96.3 (CH2-2), 62.1 (CH2-5), 58.4 (CH2-7), 55.7 

(CH2-1’), 37.5 (C-5”), 31.2 (3CH3-6’’’), 26.4 (CH2-8). 

 

6,7-Dimethoxyisoquinoline (38) 

10% Pd/C (10% wt, 393 mg, 3.69 mmol) was added to o-xylene (4 

mL).  The reaction flask was purged and flushed with N2.  The 

mixture was refluxed with stirring for 1 hour and then cooled to room 

temperature.  6,7-Dimethoxy-1,2,3,4-tetrahydroisoquinoline 16 (2.75 mmol, 532 mg) was 

then added, and the mixture was refluxed for a further 3 hours.  The mixture was cooled 

to room temperature, diluted with CH2Cl2 (10 mL) and filtered through Celite®.  The 

Celite® was washed with DCM (10 mL), and the organic filtrate was dried over Na2SO4.  

The solvent was then removed in vacuo.  Compound 38 was obtained without further 

purification as an yellow semi-solid (380 mg, 2.01 mmol, 73%, Rƒ = 0.85 in 10% 

MeOH:DCM). HRMS (EI) Calcd for C11H11NO2 [M+H]+ 190.0790. Found 190.0789.  
1H NMR (500 MHz, CDCl3) δ 9.05 (s, 1H, H-1), 8.39 (d, J = 4.5 Hz, 1H, H-3) 7.51 (d, J 

= 4.5 Hz, 1H, H-4), 7.20 (s, 1H, H-8), 7.07 (s, 1H, H-5) 4.04 (s, 6H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 153.0 (C-6), 150.3 (C-7), 149.9 (CH-1), 142.0 (CH-3), 

132.5 (C-10), 125.7 (C-9), 119.2 (CH-4), 105.3 (CH-8), 104.5 (CH-5), 56.0 (OCH3), 55.9 

(OCH3). 

 

6,7-Dimethoxy-2-prop-2-ynyl-isoquinolin-2-ium bromide (39) 

To a solution of 6,7-dimethoxyisoquinoiline 38 (300 mg, 

1.59 mmol) in dry THF (3 mL), was added propargyl 

bromide (227 mg, 0.144 mL, 1.91 mmol).  The mixture was 

stirred at room temperature for 3 hours.  The mixture was then quenched with Et2O (10 

mL) and filtered.  The solid was washed with Et2O (2 x 10 mL) and vacuum dried for 10 

minutes.  Compound 39 was collected without further purification as a pale brown solid 

(193 mg, 0.626 mmol, 39%, Rƒ = 0.07 in 10% MeOH:DCM, m.p. sublimed). HRMS (EI) 

Calcd for C14H14NO2 [M+] 228.1025. Found 228.1031.  
1H NMR (500 MHz, D2O) δ 9.29 (s, 1H, H-1), 8.29 (d, J = 7.0 Hz, 1H, H-3) 8.03 (d, J = 

7.0 Hz, 1H, H-4), 7.52 (s, 1H, H-8), 7.42 (s, 1H, H-5) 5.40 (s, 2H, H-1’), 3.97 (s, 3H, 

OCH3), 3.92 (s, 3H, OCH3), 3.19 (s, 1H, H-3’). 
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13C NMR (125 MHz, D2O) δ 157.7 (C-6), 152.3 (C-7), 143.9 (CH-1), 136.1 (C-10), 132.3 

(CH-3), 124.1 (C-9), 123.7 (CH-4), 107.0 (CH-8), 105.6 (CH-5), 56.7 (OCH3), 56.3 

(OCH3), 49.3 (CH2-1’). 

 

2-[[1-(4-tert-Butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-isoquinolin-2-ium 

bromide (40) 

The title compound was prepared from 39 

(150 mg, 0.486 mmol) with 1-azido-4-tert-

butyl-benzene (102 mg, 0.583 mmol) in i-

PrOH (5 mL), using a similar method to that 

described above for the synthesis of 11.  The crude product was triturated with H2O, 

followed by further trituration using Et2O.  The final product 40 was obtained as a pale 

brown solid (142 mg, 0.293 mmol, 60%, Rƒ = 0.18 in 10% MeOH:DCM, m.p. 111-113 

°C). HRMS (EI) Calcd for C25H33N4O2 [M+] 403.2123. Found 403.2106. 
1H NMR (500 MHz, DMSO-d6) δ 9.68 (s, 1H, H-1), 8.69 (s, 1H, H-5’’), 8.58 (d, J = 6.5 

Hz, 1H, H-3) 8.34 (d, J = 7.0 Hz, 2H, H-2’’’), 7.93 (s, 1H, H-8), 7.79-7.78 (m, 3H, H-

3’’’, H-5), 7.62 (d, J = 6.5 Hz, 1H, H-4), 5.66 (s, 2H, H-1’), 4.07 (s, 3H, OCH3), 4.00 (s, 

3H, OCH3), 1.32 (s, 9H, H-6’’’). 
13C NMR (125 MHz, DMSO-d6) δ 153.1 (C-6), 152.3 (C-7), 145.7 (C-4’’’), 145.0 (CH-

1), 141.8 (CH-3), 136.1 (C-1’’’), 134.2 (C-1’’), 133.6 (C-10), 127.2 (C-9), 127.1 (2CH-

2’’’), 124.3 (CH-5’’), 124.0 (2CH-3’’’), 120.5 (CH-4), 108.0 (CH-5), 105.9 (CH-5), 62.5 

(CH2-1’), 57.4 (OCH3), 56.9 (OCH3), 35.0 (C-5’’’), 31.5 (3CH3-6’’’). 

 

6,7-Dimethoxy-2-methyl-3,4-dihydro-1H-isoquinoline (41) 

To a solution of 3,4-dimethoxyphenylethylamine (3.00 g, 16.5 

mmol) in formic acid (8.5 mL), was added paraformaldehyde (1.24 

g, 41.3 mmol).  The mixture was heated to 85 °C and stirred for 16 

hours.  The excess formic acid was then removed in vacuo.  A 2.0 M NaOH solution was 

added to the residue until the mixture reached pH 12, and then extracted with DCM (2 x 

25 mL).  The combined organic extracts were dried over Na2SO4 and the solvent was 

removed in vacuo.  The crude product did not require purification, yielding 41 as a brown 

solid (2.98 g, 14.3 mmol, 87%, Rƒ = 0.27 in 10% MeOH:DCM, m.p. 82-83 °C). HRMS 

(EI) Calcd for C12H17NO2 [M+H]+ 208.1259. Found 208.1254. 
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1H NMR (500 MHz, CDCl3) δ 6.59 (s, 1H, H-8), 6.51 (s, 1H, H-5), 3.84 (s, 3H, OCH3), 

3.83 (s, 3H, OCH3), 3.50 (s, 2H, H-1), 2.84 (t, J = 6.5 Hz, 2H, H-3), 2.66 (t, J = 6.5 Hz, 

2H, H-4), 2.44 (s, 3H, NCH3). 
13C NMR (125 MHz, CDCl3) δ 147.4 (C-7), 147.1 (C-6), 126.5 (C-9), 125.7 (C-10), 111.3 

(CH-8), 109.3 (CH-5), 57.6 (OCH3), 55.9 (OCH3), 52.9 (NCH3), 46.2 (CH2-4), 28.8 

(CH2-3). 

 

6,7-Dimethoxy-2-methyl-2-prop-2-ynyl-3,4-dihydro-1H-isoquinolin-2-ium Bromide 

(42) 

The title compound was prepared from 41 (500 mg, 2.41 

mmol) using a similar method to that described above for the 

synthesis of 39.  Compound 42 was collected without further 

purification as a pale brown solid (309 mg, 1.25 mmol, 52%, Rƒ = 0.17 in 10% 

MeOH:DCM, m.p. sublimed). HRMS (EI) Calcd for C14H14NO2 [M+] 246.1483. Found 

246.1492.  
1H NMR (500 MHz, D2O) δ 6.78 (s, 1H, H-8), 6.66 (s, 1H, H-5) 4.46 (q, J = 15.5 Hz, 2H, 

H-1), 4.21 (d, J = 6.5 Hz, 2H, H-1’), 3.71 (sext, J = 6.0 Hz, 2H, H-3) 3.70 (s, 3H, OCH3), 

3.68 (s, 3H, OCH3), 3.63 (quin, J = 6.0 Hz, 2H, H-4), 3.15 (s, 3H, NCH3), 3.05 (t, J = 5.5 

Hz, 1H, H-3’).  
13C NMR (125 MHz, D2O) δ 157.7 (C-6), 152.3 (C-7), 143.9 (CH-1), 136.1 (C-10), 132.3 

(CH-3), 124.1 (C-9), 123.7 (CH-4), 107.0 (CH-8), 105.6 (CH-5), 56.7 (OCH3), 56.3 

(OCH3), 49.3 (CH2-1’). 

 

2-[[1-(4-Tert-butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-2-methyl-3,4-

dihydro-1H-isoquinolin-2-ium bromide (31) 

The title compound was prepared from 42 

(250 mg, 1.02 mmol) and 18 (215 mg, 1.22 

mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the 

synthesis of 11.  The crude product was triturated with H2O, followed by further 

trituration using Et2O.  The final product 31 was obtained as a pale brown solid (242 mg, 

0.574 mmol, 56%, Rƒ = 0.11 in 10% MeOH:DCM, m.p. 148-149 °C). HRMS (EI) Calcd 

for C25H33N4O2 [M+] 421.2604. Found 421.2610.  
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1H NMR (500 MHz, CDCl3) δ 9.07 (s, 1H, H-5’’), 7.85 (d, J = 8.0 Hz, 2H, H-2’’) 7.65 

(d, J = 8.0 Hz, 2H, H-3’’), 6.91 (s, 1H, H-8), 6.78 (s, 1H, H-5) 4.80 (b, 2H, H-1), 4.65 (d, 

J = 12 Hz, 1H, Ha-1’), 4.44 (d, J = 12 Hz, 1H, Hb-1’), 3.76 (s, 3H, OCH3), 3.73 (s, 3H, 

OCH3), 4.02 (b, 2H, H-3), 3.06 (b, 3H, H-4, NCH3), 1.32 (s, 9H, H-6’’).  
13C NMR (125 MHz, CDCl3) δ 152.3 (C-4”’), 149.2 (C-6), 148.4 (C-7), 136.2 (C-1’”), 

134.5 (C-1’’), 127.2 (CH-5’’), 127.1 (2CH-2’’’), 122.1 (C-9), 120.7 (2CH-3’’’), 118.9 

(C-10), 112.1 (CH-8), 110.5 (CH-5), 60.9 (CH2-1), 57.4 (CH2-1’), 57.1 (CH2-3), 56.1 

(OCH3), 56.0 (OCH3), 47.0 (NCH3), 35.0 (C-5”), 31.5 (3CH3-6”), 23.4 (CH2-4). 

 

N-[2-(3,4-Dimethoxyphenyl)ethyl]-2-(3-methoxyphenyl)acetamide (43) 
To a solution of 3,4-

dimethoxyphenylethylamine (4.90 g, 4.57 mL, 

27.1 mmol) in dry DMF (20.0 mL) was added 

HOBt (1.52 g, 9.91 mmol) and EDCI (1.80 g, 9.91 mmol).  The mixture was stirred at 

room temperature for 10 minutes, after which 2-(3-methoxyphenyl)acetic acid (1.50 g, 

9.03 mmol) was added.  The reaction was stirred under N2 at room temperature for 18 

hours.  The mixture was then diluted with H2O (50 mL), and extracted with DCM (2 x 25 

mL).  The organic extracts were combined, and washed with 1.0 M HCl (3 x 50 mL), 

brine (30 mL) and dried over Na2SO4. The solvent was then removed in vacuo.  The crude 

product did not require any further purification, yielding 43 as a white solid (2.28 g, 6.92 

mmol, 77%, Rƒ = 0.69 in 10% MeOH:DCM, m.p. 111-113 °C). HRMS (EI) Calcd for 

C19H23NO4 [M+H]+ 330.1700. Found 330.1703.  
1H NMR (500 MHz, CDCl3) δ 7.22 (t, J = 7.5 Hz, 1H, H-5’), 6.82 (dd, J = 2.0 Hz, 5.0 Hz, 

1H, H-6’) 6.75 (d, J = 7.5 Hz, 1H, H-4’), 6.73-6.71 (m, 2H, H-5’’, H-2’), 6.61 (d, J = 2.0 

Hz, 1H. H-2’’), 6.54 (dd, J = 2.0 Hz, 6.0 Hz, 1H, H-6’’), 5.43 (b, 1H, NH), 3.86 (s, 3H, 

OCH3), 3.82 (s, 3H, OCH3), 3.78 (s, 3H, OCH3) 3.51 (s, 2H, H-2), 3.45 (q, J = 7.0 Hz, 

2H, H-1’), 2.67 (t, J = 7.0 Hz, 2H, H-2’).  
13C NMR (125 MHz, CDCl3) δ 170.7 (C-1), 160.0 (C-3’), 149.0 (C-4’’), 147.6 (C-3’’), 

136.2 (C-1’), 131.1 (C-1’’), 130.0 (CH-5’), 121.7 (CH-6’), 120.6 (CH-6’’), 114.9 (CH-

4’), 112.9 (CH-2’’’), 111.8 (CH-5’’’), 111.3 (CH-2’), 55.9 (OCH3), 55.8 (OCH3), 55.2 

(OCH3), 44.0 (CH2-2), 40.8 (CH2-1’), 35.0 (CH2-2’). 
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(R, S)-6,7-Dimethoxy-1-[(3-methoxyphenyl)methyl]-1,2,3,4-tetrahydroisoquinolin-

2-ium chloride (45) 

To a solution of 43 (1.00 g, 3.04 mmol) in dry toluene (20 mL) 

was cooled to 0 ºC, after which phosphorus oxychloride (1.40 

g, 850 µL, 9.12 mmol) was slowly added.  The mixture was 

refluxed under N2 for 2 hours.  The reaction was cooled to 

room temperature and diluted with DCM (30 mL).  The 

organic mixture was washed with saturated NaHCO3 (2 x 30 mL), dried with Na2CO3 and 

then the solvent was removed in vacuo.  The resulting imine was immediately dissolved 

in dry MeOH (20 mL) and cooled to 0 ºC.  To the mixture, NaBH4 (805 mg, 21.3 mmol) 

was added.  The mixture was slowly warmed to room temperature and stirred for 1 hour.  

The solvent was then removed in vacuo, and the residue was dissolved in DCM.  The 

organic mixture was washed with H2O (20 mL), saturated NaHCO3 (20 mL) and dried 

over Na2CO3.  The solvent was then removed in vacuo.  The final crude product was then 

triturated with 2.0 M HCl in Et2O, to give 45 as a yellow solid (903 mg, 2.58 mmol, 85%, 

Rƒ = 0.21 in 10% MeOH:DCM, m.p. 225-227 °C). HRMS (EI) Calcd for C19H23NO3 

[M+H]+ 314.1750. Found 314.1755. 
1H NMR (500 MHz, D2O) δ 7.25 (t, J = 7.5 Hz, 1H, H-5’’), 6.85 (d, 7.5 Hz, 1H, H-6’’), 

6.82 (d, 7.5 Hz, 1H, H-4’’), 6.78 (s, 1H, H-2’’), 6.70 (s, 1H, H-5), 6.40 (s, 1H, H-8), 4.55 

(t, J = 7.0 Hz, 1H, H-1), 3.72 (s, 3H, OCH3), 3.67 (s, 6H, OCH3), 3.54 (s, 3H, OCH3), 

3.40-3.33 (m, 1H, Ha-3), 3.25 (dd, J = 6.5 Hz, 7.0 Hz, 1H, Hb-3), 3.18 (quint, J = 6.0 Hz, 

6.5 Hz, 6.5 Hz, 6.0 Hz, 1H, Ha-4), 3.04 (dd, J = 8.0 Hz, 6.0 Hz, 1H, Hb-4), 2.90-2.86 (m, 

2H, H-1’).   
13C NMR (125, MHz, D2O) δ 159.1 (C-3’’), 147.7 (C-6), 146.4 (C-7), 137.6 (C-1’’), 

130.3 (2CH-5’’), 124.9 (C-9), 122.5 (C-10), 115.2 (2CH-6’’), 113.1 (CH-4’’), 111.8 (CH-

5), 110.1 (CH-8), 65.9 (CH-1), 55.7 (OCH3), 55.5 (OCH3), 55.3 (OCH3), 39.7 (CH2-1’), 

38.7 (CH2-3), 24.8 (CH3-4). 
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(R, S)-2-[[1-(4-Tert-butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-1-[(3-

methoxyphenyl)methyl]-3,4-dihydro-1H-isoquinoline (47) 

The title compound was prepared from 45 

(500 mg, 1.43 mmol) and 18 (301 mg, 1.72 

mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the 

synthesis of 37.  The crude product was 

purified by triturating with 2.0 M HCl in Et2O, followed by further trituration using pure 

dry Et2O.  The final product 47 was obtained as a red solid (273 mg, 0.518 mmol, 36%, 

Rƒ = 0.46 in 10% MeOH:DCM, m.p. 155-156 °C). HRMS (EI) Calcd for C32H38N4O3 

[M+H]+ 527.3017. Found 527.3012. 
1H NMR (500 MHz, CDCl3) δ 9.68 (s, 1H, H-5’’’), 7.86 (d, J = 8.5 Hz, 2H, H-2’’’’’), 

7.57 (d, J = 8.5 Hz, 2H, H-3’’’’’), 7.10 (t, J = 8.0 Hz, 1H, H-5’’), 6.80 (s, 1H, H-5), 6.74 

(d, J = 8.0 Hz, 1H, H-6’’), 6.50 (s, 1H, H-2’’), 6.46 (d, J = 8.0 Hz, 1H, H-4’’), 5.71-5.67 

(m, 2H, Ha-1’’’, H-8), 5.02 (d, J = 15 Hz, 1H, Hb-1’’’), 4.69 (d, J = 9.5 Hz, 1H, H-1), 4.54 

(d, J = 12.0 Hz, 1H, Ha-1’), 4.40 (q, J = 8.0 Hz, 1H, Ha-3) 3.98 (t, J = 8.0 Hz, 1H, Hb-3), 

3.89-3.80 (m, 4H, OCH3, Ha-4), 3.63 (s, 3H, OCH3), 3.49 (dd, J = 5.5 Hz, 13.0 Hz, 1H. 

Hb-4), 3.34 (s, 3H, OCH3), 3.13 (t, J = 12.0 Hz, 1H, Hb-1’), 1.38 (s, 9H, H-6’’’’’).   
13C NMR (125, MHz, CDCl3) δ 159.9 (C-3’’), 152.8 (C-4’’’’’), 149.6 (C-6), 147.1 (C-7), 

136.8 (C-1’’’’’), 135.6 (C-1’’’’), 133.9 (C-1’’), 129.7 (CH-5’’), 129.0 (C-9), 128.2 (C-

10), 127.5 (CH-5’’’’), 126.8 (2CH-3’’’’’), 122.2 (CH-2’’), 120.4 (2CH-2’’’’’), 115.3 

(CH-4’’), 113.1 (CH-6’’), 111.5 (CH-8), 111.1 (CH-5), 70.7 (CH-1), 56.0 (OCH3), 55.5 

(OCH3), 55.2 (OCH3), 52.9 (CH2-1’’’), 52.6 (CH2-3), 38.6 (CH2-1’), 34.9 (C-5’’’’’), 31.2 

(3CH3-6’’’’’), 23.8 (CH2-4). 

 

N-[2-(3,4-Dimethoxyphenyl)ethyl]-2-phenyl-acetamide (98) 

The title compound was prepared from 3,4-

dimethoxyphenylethylamine (5.98 g, 5.57 mL, 33.0 

mmol) and 2-phenylacetic acid (1.50 g, 11.0 mmol) 

using a similar method to that described above for the synthesis of 43.  The crude product 

did not require any purification, yielding 98 as a white solid (2.11 g, 7.05 mmol, 64%, Rƒ 

= 0.70 in 10% MeOH:DCM, m.p. 109-111 °C). HRMS (EI) Calcd for C18H21NO3 [M+H]+ 

300.1594. Found 300.1594.  
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1H NMR (500 MHz, CDCl3) δ 7.33-7.27 (m, 3H, H-5, H-6), 7.17 (d, J = 6.5 Hz, 2H, H-

4) 6.72 (d, J = 8.0 Hz, 1H, H-5’’), 6.60 (d, J = 2.0 Hz, 1H, H-2’’), 6.55 (dd, J = 2.0 Hz, 

6.0 Hz, 1H, H-6’’), 5.45 (b, 1H, NH), 3.85 (s, 3H, OCH3), 3.81 (s, 3H, OCH3) 3.52 (s, 

2H, H-2), 3.45 (q, J = 7.0 Hz, 2H, H-1’), 2.68 (t, J = 7.0 Hz, 2H, H-2’).  
13C NMR (125 MHz, CDCl3) δ 170.9 (C-1), 149.0 (C-4’’), 147.6 (C-3’’), 134.8 (C-3), 

131.1 (C-1’’), 129.4 (2CH-4), 128.9 (2CH-5), 127.3 (CH-6), 120.6 (CH-6’’), 111.8 (CH-

2’’), 111.3 (CH-5’’), 55.9 (OCH3), 55.9 (OCH3), 43.9 (CH2-2), 40.8 (CH2-1’), 35.0 (CH2-

2’). 

 

(R, S)-1-Benzyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-ium chloride (99) 

The title compound was prepared from 98 (1.00 g, 3.34 mmol) 

using a similar method to that described above for the 

synthesis of 45.  The crude product did not require any 

purification, yielding 99 as a yellow solid (833 mg, 2.61 

mmol, 78%, Rƒ = 0.26 in 10% MeOH:DCM, m.p. 227-228 

°C). HRMS (EI) Calcd for C18H21NO2 [M+H]+ 248.1645. Found 248.1648. 
1H NMR (500 MHz, D2O) δ 7.31 (t, J = 7.0 Hz, 2H, H-4’), 7.27 (t, J = 7.0 Hz, 1H, H-5’), 

7.18 (d, J = 7.0 Hz, 2H, H-3’), 6.79 (s, 1H, H-5), 6.46 (s, 1H, H-8), 4.61 (t, J = 7.5 Hz, 

1H, H-1), 3.71 (s, 3H, OCH3), 3.55 (s, 6H, OCH3), 3.45-3.40 (m, 1H, Ha-3), 3.33 (dd, J = 

6.5 Hz, 7.5 Hz, 1H, Hb-3), 3.25-3.19 (m, 1H, Ha-4), 3.05 (q, J = 8 Hz, 6 Hz, 1H, Hb-4), 

2.96-2.88 (m, 2H, H-1’).   
13C NMR (125, MHz, D2O) δ 147.8 (C-6), 146.5 (C-7), 135.4 (C-2’), 129.6 (2CH-3’), 

129.1 (2CH-4’), 127.7  (CH-5’), 124.4 (C-9), 123.8 (C-10), 111.8 (C-5), 110.0 (C-8), 56.0 

(CH-1), 55.6 (OCH3), 55.6 (OCH3), 39.4 (CH2-1’), 38.7 (CH2-3), 24.4 (CH3-4). 

 

(R, S)-1-Benzyl-2-[[1-(4-tert-butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-3,4-

dihydro-1H-isoquinoline (48) 

The title compound was prepared from 99 

(500 mg, 1.56 mmol) and 18 (328 mg, 1.87 

mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the 

synthesis of 37.  The crude product was 

purified by triturating with 2.0 M HCl in Et2O, followed by further trituration using pure 

dry Et2O.  The final product 48 was obtained as a red solid (334 mg, 0.672 mmol, 43%, 
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Rƒ = 0.50 in 10% MeOH:DCM, m.p. 148-149 °C). HRMS (EI) Calcd for C31H36N4O2 

[M+H]+ 497.2911. Found 497.2899. 
1H NMR (500 MHz, CDCl3) δ 9.13 (s, 1H, H-5’’’), 7.86 (d, J = 8.5 Hz, 2H, H-2’’’’), 7.58 

(d, J = 8.5 Hz, 2H, H-3’’’’), 7.25 (d, J = 7.0 Hz, 2H, H-4’), 7.23 (t, J = 7.5 Hz, 1H, H-5’), 

7.16 (d, J = 7.0 Hz, 2H, H-3’), 6.89 (s, 1H, H-8), 6.80 (s, 1H, H-5), 5.04 (b, 1H, Ha-1’’), 

4.89 (b, 1H, Hb-1’’), 4.69 (t, J = 6.5 Hz, 1H, H-1), 3.89 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 

3.50 (d, J = 7.5 Hz, 2H, H-1’), 3.38 (b, 2H, H-3), 3.15 (b, 2H, H-4), 1.38 (s, 9H, H-6’’’’).   
13C NMR (125, MHz, CDCl3) δ 152.8 (C-4””), 149.6 (C-6), 147.1 (C-7), 136.3 (C-1’’’’), 

135.6 (C-1’’’), 135.3 (C-2’’), 133.9 (C-1’’’’), 130.1 (2CH-3’), 129.0 (C-9), 128.7 (2CH-

4’), 128.2 (C-10), 127.3 (CH-5’), 126.9 (CH-5’’’), 126.8 (2CH-3’’’’), 120.4 (CH-2’’’’), 

111.5 (CH-8), 111.1 (CH-5), 70.7 (CH-1), 56.0 (OCH3), 55.4 (OCH3), 52.8 (CH2-1’’), 

52.5 (CH2-3), 38.5 (CH2-1’), 34.8 (C-5’’’’), 31.2 (3CH3-6’’’’), 23.9 (CH2-4). 

 

N-[2-(3,4-Dimethoxyphenyl)ethyl]propanamide (100) 

To a solution of 3,4-dimethoxyphenylethylamine (3.00 g, 

2.79 mL, 16.5 mmol) in DCM (30.0 mL) was added Et3N 

(5.01 g, 6.90 mL, 49.5 mmol).  The mixture was cooled to 

0 ºC, then propionyl chloride (3.05 g, 2.88 mL, 33.0 mmol) was slowly added dropwise.  

The mixture was stirred at 0 ºC for 30 minutes, then heated to room temperature and 

stirred for 16 hours.  The mixture was then cooled to 0 ºC, quenched with 2.0 M HCl (50 

mL) and extracted with DCM (2 x 25 mL).  The organic extracts were combined, washed 

with saturated Na2CO3 (50 mL), brine (50 mL) and dried over anhydrous Na2CO3. The 

solvent was then removed in vacuo.  The crude product did not require any further 

purification, yielding 100 as a dark yellow solid (3.61 mg, 15.2 mmol, 92%, Rƒ = 0.66 in 

10% MeOH:DCM, m.p. 100-101 °C). HRMS (EI) Calcd for C13H19NO3 [M+H]+ 

238.1438. Found 238.1431.  
1H NMR (500 MHz, CDCl3) δ 6.81 (d, J = 8.5 Hz, 1H, H-5’’), 6.73-6.72 (m, 2H, H-6’’, 

H-2’’) 5.60 (b, 1H, NH), 3.87 (s, 3H, OCH3), 3.86 (s, 3H, OCH3) 3.49 (q, J = 7.0 Hz, 2H, 

H-1’), 2.76 (t, J = 7.0 Hz, 2H, H-2’), 2.17 (q, J = 7.5 Hz, 2H, H-2), 1.13 (t, J = 7.5 Hz, 

3H, H-3).  
13C NMR (125 MHz, CDCl3) δ 173.8 (C-1), 149.0 (C-4’’), 147.6 (C-3’’), 131.4 (C-1’’), 

120.6 (CH-6’’), 111.9 (CH-2’’), 111.3 (CH-5’’), 55.9 (OCH3), 55.9 (OCH3), 40.6 (CH2-

1’), 35.3 (CH2-2’), 29.7 (CH2-2), 9.9 (CH3-3). 
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(R, S)-1-Ethyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-2-ium chloride (101) 

The title compound was prepared from 100 (1.00 g, 4.21 

mmol) using a similar method to that described above for the 

synthesis of 45.  The crude product did not require any 

purification, yielding 101 as a yellow solid (889 mg, 3.45 

mmol, 82%, Rƒ = 0.21 in 10% MeOH:DCM, m.p. 214-215 °C). HRMS (EI) Calcd for 

C13H19NO2 [M+H]+ 222.1489. Found 222.1487. 
1H NMR (500 MHz, DMSO-d6) δ 6.81 (s, 1H, H-8), 6.77 (s, 1H, H-5), 4.27 (b, 1H, H-1), 

3.73 (s, 6H, OCH3), 3.37 (t, J = 6.5 Hz, 1H, Ha-3), 3.16 (q, J = 6.5 Hz, 1H, Hb-3), 2.99 (t, 

J = 6.0 Hz, 1H, Ha-4), 2.87 (t, J = 6.0 Hz, 1H, Hb-4), 2.04 (dd, J = 3.0 Hz, 4.5 Hz, 1H, Ha-

1’), 1.94 (q, J = 7.5 Hz, 1H, Hb-1’), 1.03 (t, J = 7.5 Hz, 3H, H-2’). 
13C NMR (125, MHz, DMSO-d6) δ 148.5 (C-6), 148.0 (C-7), 124.9 (C-9), 124.7 (C-10), 

112.2 (C-5), 110.4 (C-8), 56.2 (CH-1), 56.0 (OCH3), 55.7 (OCH3), 39.2 (CH2-3), 26.8 

(CH2-4), 25.1 (CH3-1’), 10.5 (CH3-2’). 

 

(R, S)-2-[[1-(4-tert-Butylphenyl)triazol-4-yl]methyl]-1-ethyl-6,7-dimethoxy-3,4-

dihydro-1H-isoquinoline (49) 

 The title compound was prepared from 101 

(180 mg, 0.739 mmol) and 18 (155 mg, 

0.887 mmol) in i-PrOH (5 mL), using a 

similar method to that described above for 

the synthesis of 37.  The crude product was purified by triturating with 2 M HCl in Et2O, 

followed by further trituration using dry Et2O.  The final product 49 was obtained as a red 

solid (101 mg, 0.232 mmol, 32%, Rƒ = 0.58 in 10% MeOH:DCM, m.p. 92-93 °C). HRMS 

(EI) Calcd for C26H34N4O2 [M+H]+ 435.2755. Found 435.2772. 
1H NMR (500 MHz, CDCl3) δ 9.13 (s, 1H, H-5’’’), 7.71 (d, J = 8.5 Hz, 2H, H-2’’’’), 7.53 

(d, J = 8.5 Hz, 2H, H-3’’’’), 6.73 (s, 1H, H-5), 6.57 (s, 1H, H-2’’), 4.48 (d, J = 13.5 Hz, 

1H, Ha-1’’), 4.39 (d, J = 13.5 Hz, 1H, Hb-1’’), 4.17 (q, J = 4.0 Hz, 1H, H-1), 3.91 (s, 6H, 

OCH3), 3.67 (b, 2H. H-3), 2.56 (b, 2H, H-4), 2.18 (dd, J = 2.5 Hz, 4.0 Hz, 1H, Ha-1’), 

1.71 (q, J = 5.0 Hz, 1H, Hb-1’), 1.36 (s, 9H, H-6’’’’’), 1.10 (t, J = 8.0 Hz, 3H, H-2’).   
13C NMR (125 MHz, CDCl3) δ 152.6 (C-4’’’’), 149.5 (C-7), 148.2 (C-6), 137.3 (C-1’’’’), 

134.1 (C-1’’’), 126.8 (CH-5’’’), 126.6 (2CH-2’’’’), 126.2 (C-9), 120.4 (2CH-3’’’’), 118.6 

(C-10), 111.6 (CH-8), 110.9 (CH-5), 63.8 (CH-1), 56.1 (OCH3), 56.0 (OCH3), 55.9 (CH2-
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1’’), 47.4 (CH2-3), 34.8 (C-5””), 31.2 (3CH3-6””), 29.0 (CH2-4), 22.6 (CH2-1’), 11.3 

(CH3-2’). 

 

(E)-3-(3,4-Dimethoxyphenyl)-N-[2-(3,4-dimethoxyphenyl)ethyl]prop-2-enamide 

(102) 

The title compound was prepared from 3,4-

dimethoxyphenylethylamine (3.91 g, 3.64 

mL, 21.6 mmol) and (E)-3-(3,4-

dimethoxyphenyl)prop-2-enoic acid (1.50 g, 

7.20 mmol) using a similar method to that described above for the synthesis of 43.  The 

crude product did not require any purification, yielding 102 as a white solid (2.19 mg, 

5.90 mmol, 82%, Rƒ = 0.67 in 10% MeOH:DCM, m.p. 105-107 ºC). HRMS (EI) Calcd 

for C21H25NO5 [M+H]+ 372.1805. Found 372.1803.  
1H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 16.0 Hz, 1H, H-3), 7.06 (dd, J = 2.0 Hz, 6.5 

Hz, 1H, H-6’’’) 6.99 (d, J = 1.5 Hz, 1H, H-2’’’), 6.85-6.81 (m, 2H, H-5’’, H-5’’’), 6.77-

6.74 (m, 2H, H-6’’, H-2’’), 6.22 (d, J = 16.0 Hz, 1H, H-2), 5.71 (b, 1H, NH), 3.89 (s, 3H, 

OCH3), 3.88 (s, 3H, OCH3), 3.86 (m, 6H, OCH3, OCH3) 3.64 (q, J = 6.5 Hz, 2H, H-1’), 

2.84 (t, J = 6.5 Hz, 2H, H-2’).   
13C NMR (125 MHz, CDCl3) δ 166.1 (C-1), 150.6 (C-3’’’), 149.1 (C-4’’’), 149.0 (C-4’’), 

147.7 (C-3’’), 140.9 (CH-3), 131.4 (C-1’’), 127.7 (C-1’’’), 121.9 (CH-6’’’), 120.7 (C-

6’’), 118.4 (CH-2), 112.0 (CH-2’’), 111.4 (CH-5’’), 111.1 (CH-5’’’), 109.6 (CH-2’’’), 

55.9 (OCH3), 55.9 (OCH3), 55.9 (OCH3), 55.9 (OCH3), 40.9 (CH2-1’), 35.2 (CH2-2’). 

 
 (R, S)-1-[(E)-2-(3,4-Dimethoxyphenyl)vinyl]-6,7-dimethoxy-1,2,3,4-

tetrahydroisoquinolin-2-ium chloride (103) 

The title compound was prepared from 102 using a similar 

method to that described above for the synthesis of 45.  The 

crude product did not require any purification, yielding 103 as 

a yellow solid (728 mg, 1.85 mmol, 69%, Rƒ = 0.36 in 10% 

MeOH:DCM, m.p. 202 °C). HRMS (EI) Calcd for C21H25NO4 

[M+H]+ 356.1856. Found 356.1853. 
1H NMR (500 MHz, D2O) δ 6.95 (s, 1H, H-2’’), 6.92 (d J = 

8.5 Hz, 1H, H-6’’), 6.80 (d, J = 8.5 Hz, 1H, H-5’’), 6.78 (s, 1H, H-5), 6.61 (d, J = 16 Hz, 

1H, H-2’), 6.54 (s, 1H, H-8), 6.12 (dd, J = 8.0 Hz, 7.5 Hz, 1H, H-1’), 5.00 (d, J = 8.5 Hz, 
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1H, H-1), 3.71 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 3.56 (s, 3H, 

OCH3), 3.35 (b, 2H, H-3), 2.95 (b, 2H, H-4).  
13C NMR (125, MHz, D2O) δ 149.3 (C-3’’), 148.9 (C-4’’), 148.2 (C-6), 147.1 (C-7), 

138.2 (CH-2’), 128.4 (C-1’’), 124.9 (C-9), 122.5 (C-10), 121.2 (CH-1’), 120.8 (CH-6’’), 

111.7 (CH-5’’), 111.6 (CH-8), 110.2 (CH-5), 109.5 (CH-2’’), 57.2 (CH-1), 55.7 (OCH3), 

55.6 (OCH3), 55.5 (OCH3), 55.4 (OCH3), 38.9 (CH2-3), 24.1 (CH3-4). 

 
(R, S)-2-[[1-(4-tert-Butylphenyl)triazol-4-yl]methyl]-1-[(E)-2-(3,4-

dimethoxyphenyl)vinyl]-6,7-dimethoxy-3,4-dihydro-1H-isoquinoline (50) 

The title compound was prepared from 103 

(500 mg, 1.28 mmol) and 18 (269 mg, 1.54 

mmol) in i-PrOH (5 mL), using a similar 

method to that described above for the 

synthesis of 37.  The crude product was 

purified by triturating with 2.0 M HCl in 

Et2O, followed by further trituration using 

pure dry Et2O.  The final product 50 was obtained as a brown solid (362 mg, 0.637 mmol, 

50%, Rƒ = 0.54 in 10% MeOH:DCM, m.p. 153-154 °C). HRMS (EI) Calcd for 

C34H40N4O4 [M+H]+ 569.3122. Found 569.3127. 
1H NMR (500 MHz, CDCl3) δ 9.13 (s, 1H, H-5’’’’), 7.74 (d, J = 8.0 Hz, 2H, H-2’’’’’), 

7.52 (d, J = 8.0 Hz, 2H, H-3’’’’’), 7.50 (d, J = 9.0 Hz, 1H, H-6’’), 7.37 (d, J = 10.0 Hz, 

1H, H-2’’), 6.81 (d, J = 9.0 Hz, 1H, H-5’’), 6.76 (s, 1H, H-5), 6.69 (s, 1H, H-8), 5.96 (d, 

J = 9.0 Hz, 1H, H-2’), 5.41 (d, J = 9.0 Hz, 1H, H-1’), 5.11 (d, J = 14.0 Hz, 1H, Ha-1’’’), 

4.96 (d, J = 14.0 Hz, 1H, Hb-1’’’), 4.50 (q, J = 6.5 Hz, 1H, H-1), 3.98 (s, 3H, OCH3), 3.91 

(s, 3H, OCH3), 3.87 (s, 3H, OCH3), 3.3.82 (s, 3H, OCH3) 3.87 (s, 3H, OCH3), 3.28 (b, 

2H, H-3) 3.02 (b, 2H, H-4), 1.35 (s, 9H, H-6’’’’’). 
13C NMR (125, MHz, CDCl3) δ 152.8 (C-4’’’’’), 150.3 (C-3’’), 149.8 (C-2’’), 149.4 (C-

6), 148.8 (C-7), 141.4 (C-1’’’’’), 136.5 (C-1’’’’), 136.3 (CH-2’), 134.1 (CH-1’), 133.9 

(C-1’’), 127.7 (C-9), 127.0 (C-10), 126.7 (2CH-3’’’’’), 126.6 (CH-5’’’’), 120.2 (2CH-

2’’’’’), 118.6 (CH-6’), 111.1 (CH-5’), 110.9 (CH-5), 110.8 (CH-8), 109.7 (CH-2’), 73.2 

(CH-1), 57.1 (CH2-1’’’), 56.3 (OCH3), 56.2 (OCH3), 56.1 (OCH3), 55.9 (OCH3)  55.8 

(CH2-3), 34.8 (C-5””’), 31.2 (3CH3-6””’), 29.0 (CH2-4). 
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1,2,3-Trimethoxy-5-[(E)-2-nitrovinyl]benzene (51) 

 To a solution of 3,4,5-trimethoxybenzaldehdye (2.00 g, 10.2 

mmol) in glacial acetic acid (7 mL) was added CH3NO2 (1.87 g, 

1.64 µL, 30.6 mmol) and ammonium acetate (786 mg, 

10.2 mmol).  The mixture was heated to 90 °C for 4 h, after 

which ice cold H2O (200 mL) was added.  The solid precipitate was filtered, washed with 

H2O and collected.  The crude product was purified by recrystallisation with EtOH, to 

give 51 as a green/yellow solid (2.10 g, 8.77 mmol, 86%). 
1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 13.5 Hz, 1H, H-1’), 7.54 (d, J = 13.5 Hz, 1H, 

H-2’), 6.77 (s, 2H, H-4), 3.93 (s, 3H, OCH3), 3.92 (s, 6H, 2OCH3). 

  

2-(3,4,5-Trimethoxyphenyl)ethanamine hydrochloride (52) 

A suspension of LiAlH4 (857 mg, 22.6 mmol) in dry THF 

(50 mL) cooled to 0ºC, was added 51 (1.80 g, 7.52 mmol) 

slowly in portions.  The reaction was stirred at 0 °C for 30 

minutes, then heated to reflux and stirred for 2 hours.  

Once complete, the mixture was cooled to 0 °C and H2O (10 mL) was slowly added to 

decompose the excess LiAlH4.  The mixture was diluted with THF (50 mL) and filtered 

through Celite®.  The organic filtrate was dried over Na2SO4, and the solvent was 

removed in vacuo to yield a yellow oil.  The oil was then dissolved in 2.0 M HCl in Et2O, 

and the precipitate was filtered, yielding 52 as a fine yellow solid (1.32 g, 5.34 mmol, 

71%).  
1H NMR (500 MHz, CDCl3) δ 6.42 (s, 1H, H-2’), 3.88 (s, 3H, OCH3), 3.85 (s, 6H, 

2OCH3) 3.12 (t, J = 6.0 Hz, 2H, H-1), 2.66 (t, J = 6.0 Hz, 2H, H-2).  

 

6,7-Dimethoxy-3,4-dihydro-2H-isoquinolin-1-one (55) 

To a solution of 3,4-dimethoxyphenylethylamine (1.00 g, 930 µL, 

5.5 mmol) in DCM (10 mL), was added Et3N (1.11 g, 1.53 mL, 11.0 

mmol), DMAP (67.3 mg, 0.55 mmol), and di-tert-butyl dicarbonate 

(1.32 g, 6.07 mmol) 0 °C.  The mixture was allowed to heat to room 

temperature, where it was then stirred for 3 hours.  The reaction was quenched with brine 

(30 mL) at 0 °C. The mixture was then extracted with DCM (2 x 20 mL).  The combined 

organic layers were washed with a saturated NH4Cl (25 mL), brine (25 mL), and dried 

over MgSO4.  The solvent was then removed in vacuo, to yield intermediate tert-butyl 
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N-[2-(3,4-dimethoxyphenyl)ethyl]carbamate as a yellow residue.  The product was 

immediately dissolved in DCM (10 mL), after which 2-chloropyridine (937 mg, 780 µL, 

8.27 mmol) was added.  The mixture was cooled to -78 ºC, and then triflic anhydride 

(1.71 g, 1.02 mL, 6.07 mmol) was slowly added dropwise to the stirred solution.  The 

reaction was maintained at -78 ºC for 30 minutes and then heated to room temperature 

for 20 hours.  Once complete, the mixture was cooled to 0 ºC, and quenched with saturated 

NaHCO3 (20 mL), and then diluted with DCM (20 mL).  The organic layer was separated, 

washed with brine (20 mL) and dried over MgSO4.  The solvent was removed in vacuo, 

yielding 55 as a yellow solid, which did not require further purification (777 mg, 3.73 

mmol,  68%). HRMS (EI) Calcd for C11H13NO3 [M+H]+ 208.0968. Found 208.0980. 
1H NMR (500 MHz, CDCl3) δ 7.57 (s, 1H, H-8), 6.68 (s, 1H, H-5) 5.95 (b, 1H, NH), 4.20 

(t, J = 6.0 Hz, 2H, H-3), 3.96 (OCH3), 3.93 (OCH3), 3.11 (t, J = 6.0 Hz, 2H, H-4).   

 

6,7,8-Trimethoxy-3,4-dihydro-2H-isoquinolin-1-one (54) 

The title compound was prepared from 3,4,5-

trimethoxyphenylethylamine (1.00 g, 4.73 mmol) using a similar 

method to that described above for the synthesis of 55.  The crude 

product did not require any purification, yielding 54 as a yellow 

solid (819 mg, 3.46 mmol, 73%). 
1H NMR (500 MHz, CDCl3) δ 6.51 (s, 1H, H-5), 6.41 (b, 1H, NH), 3.95 (OCH3), 3.90 

(OCH3), 3.87 (OCH3), 3.45 (t, J = 6.0 Hz, 2H, H-3), 2.88 (t, J = 6.0 Hz, 2H, H-4).   

 

2-[[1-(4-tert-Butylphenyl)triazol-4-yl]methyl]-6,7-dimethoxy-3,4-

dihydroisoquinolin-1-one (58) 

To a solution of 55 (500 mg, 2.41  mmol) in 

dry DMF (6.0 mL) cooled to 0 °C, was 

added sodium hydride (289  mg, 12.05 

mmol).  The mixture was stirred for 30 

minutes, and then propargyl bromide (344 mg, 219 µL, 2.89 mmol) was added slowly 

dropwise.  The mixture was warmed to room temperature and stirred vigorously for 3 

hours.  The mixture was then quenched with deionised water (50 mL) and extracted with 

CHCl3 (3 x 20 mL).  The combined organic extracts were washed with water (3 x 150 

mL), brine (60 mL) and dried over Na2SO4.  The solvent was then removed in vacuo.  The 

residue was then dissolved in i-PrOH (10 mL), after which 18 (634 mg, 3.62 mmol), 
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copper(II) sulfate (60.1 mg, 0.241 mmol), sodium ascorbate (240 mg, 1.21 mmol) and 

H2O (10 mL) was added.  The mixture was stirred at room temperature for 24 hours.  H2O 

(20 mL) was then added, and the mixture was extracted with CHCl3 (2 x 25 mL).  The 

combined organic extracts were washed with brine (20 mL), and dried over Na2SO4.  The 

solvent was removed in vacuo, and purified by column chromatography using 10% 

MeOH:DCM as the eluent to yield 58 as a brown solid (84 mg, 0.200 mmol, 8%, Rƒ = 

0.63 in 10% MeOH:DCM, m.p. sublimed). HRMS (EI) Calcd for C24H28N4O3 [M+H]+ 

421.2161. Found 421.2146. 
1H NMR (500 MHz, CDCl3) δ 8.06 (s, 1H, H-5’’), 7.64 (d, J = 8.0 Hz, 2H, H-2’’’), 7.60 

(s, 1H, H-8), 7.51 (d, J = 8.0 Hz, 2H, H-3’’’), 6.63 (s, 1H, H-5), 4.89 (s, 2H, H-1’’), 3.93 

(s, 3H, OCH3), 3.91 (s, 3H, OCH3), 3.76 (t, J = 6.5 Hz, 2H, H-3), 2.94 (t, J = 6.5 Hz, 2H, 

H-4), 1.35 (s, 9H, H-6’’’). 
13C NMR (125 MHz, CDCl3) δ 165.3 (C-1), 155.2 (C-4’’’), 152.8 (C-6), 152.1 (C-7), 

143.7 (C-1’’), 139.4 (C-1’’’), 132.0 (CH-5’’), 126.7 (C-10), 126.6 (2CH-3’’), 121.6 (C-

9), 120.2 (2CH-2’’’), 110.4 (CH-8), 109.4 (CH-5), 56.1 (OCH3), 56.0 (OCH3), 54.3 (CH2-

1’’), 49.8 (CH2-3), 34.8 (C-5’’’), 31.2 (3CH3-6”’), 29.7 (CH2-4). 

 

2-[[1-(4-Tert-butylphenyl)triazol-4-yl]methyl]-6,7,8-trimethoxy-3,4-

dihydroisoquinolin-1-one (59) 

 The title compound was prepared from 54 

(500 mg, 2.11 mmol) using a similar 

method to that described above for the 

synthesis of 58.  The crude product was 

purified by column chromatography using 10% MeOH:DCM as the eluent to yield 59 as 

a brown solid (114 mg, 0.253 mmol, 12%, Rƒ = 0.61 in 10% MeOH:DCM, 121-122 ºC). 

HRMS (EI) Calcd for C25H30N4O4 [M+H]+ 451.2340. Found 451.2336. 
1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H, H-5’’), 7.63 (d, J = 8.5 Hz, 2H, H-2’’’), 7.51 

(s, 2H, H-3’’’), 6.45 (s, 1H, H-5), 4.86 (s, 2H, H-1’’), 3.98 (s, 3H, OCH3), 3.90 (s, 3H, 

OCH3), 3.85 (s, 3H, OCH3), 3.72 (t, J = 6.5 Hz, 2H, H-3), 2.84 (t, J = 6.5 Hz, 2H, H-4), 

1.35 (s, 9H, H-6’’’). 
13C NMR (125 MHz, CDCl3) δ 166.7 (C-1), 155.8 (C-4’’’), 155.1 (C-6), 150.1 (C-8), 

145.6 (C-7), 139.9 (C-1’’), 137.4  (C-1’’’), 126.6 (2CH-3’’’), 121.3 (CH-5’’), 120.1 

(2CH-2’’’), 116.2 (C-10), 110.6 (C-9), 108.3 (CH-5), 61.8 (OCH3), 61.0 (OCH3), 55.9 

(OCH3), 54.0 (CH2-1’’), 46.2 (CH2-3), 34.8 (C-5’’’), 31.3 (3CH3-6”’), 2.77 (CH2-4). 
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6,7-Dimethoxy-2-[[1-[4-(trifluoromethyl)phenyl]triazol-4-yl]methyl]-3,4-

dihydroisoquinolin-1-one (60) 

The title compound was prepared from 55 

(500 mg, 2.41 mmol) and 1-azido-4-

(trifluoromethyl)benzene (676 mg, 3.62 

mmol) using a similar method to that 

described above for the synthesis of 58.  The crude product was purified by column 

chromatography using 10% MeOH:DCM as the eluent to yield 60 as a brown solid (552 

mg, 1.28 mmol, 53%, Rƒ = 0.83 in 10% MeOH:DCM, 195-195 ºC). HRMS (EI) Calcd 

for C21H19F3N4O3 [M+H]+ 433.1482. Found 433.1472. 
1H NMR (500 MHz, CDCl3) δ 8.20 (s, 1H, H-5’’), 7.90 (d, J = 8.0 Hz, 2H, H-3’’’), 7.79 

(d, J = 8.0 Hz, 2H, H-2’’’), 7.48 (s, 1H, H-8), 6.63 (s, 1H, H-5), 4.89 (s, 2H, H-1’’), 3.92 

(s, 3H, OCH3), 3.91 (s, 3H, OCH3), 3.78 (t, J = 7.0 Hz, 2H, H-3), 2.96 (t, J = 7.0 Hz, 2H, 

H-4). 
13C NMR (125 MHz, CDCl3) δ 164.8 (C-1), 152.1 (C-6), 148.0 (C-7), 139.4 (C-1’’’), 

134.0 (C-1’’), 132.0 (C-4’’’), 127.2 (CH-5’’), 127.1 (2CH-3’’’), 121.4 (C-10), 120.7 (C-

9), 120.5 (CF3), 120.4 (2CH-2’’’), 110.3 (CH-8), 109.4 (CH-5), 56.1 (CH2-1’’), 56.1 

(OCH3), 56.1 (OCH3), 47.0 (CH2-3), 27.4 (CH2-4). 

 

[1-(4-tert-Butylphenyl)triazol-4-yl]-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-

yl)methanone (62) 

To a solution of 16 (1.00 g, 5.17 mmol) in 

dry DCM (10 mL), was added DMAP (948 

mg 7.76 mmol) and EDCI (1.49 g, 7.76 

mmol).  The mixture was stirred for 10 

minutes at room temperature.  Propiolic acid (362 mg, 318 µL, 5.17 mmol) was then 

slowly added dropwise, and the reaction was stirred at room temperature for 16 hours.  

Once complete, the mixture was quenched with H2O (20 mL, and diluted further with 

DCM (10 mL).  The organic extract was separated, washed with water (20 mL) and brine 

(20 mL) and then dried over Na2CO3.  The solvent was removed in vacuo, and the residue 

was immediately resuspended in 10 mL of i-PrOH.  To the mixture, was added 18 (1.09 

g, 6.20 mmol), Cu2SO4 (130 mg, 0.517 mmol), sodium ascorbate (513 mg, 2.59 mmol) 

and water (10 mL).  The mixture was stirred at room temperature for 24 hours.  H2O (20 

mL) was then added, and the mixture was extracted with CHCl3 (2 x 25 mL).  The 
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combined organic extracts were washed with brine (20 mL), and dried over Na2SO4.  The 

solvent was removed in vacuo, and purified by column chromatography using 10% 

MeOH:DCM as the eluent to yield 62 as a brown solid (729 mg, 1.73 mmol, 34%, Rƒ = 

0.78 in 10% MeOH:DCM, m.p. 108-109 ºC).  HRMS (EI) Calcd for C24H28N4O3 [M+H]+ 

421.2234. Found 421.2246. 
1H NMR (500 MHz, CDCl3) δ 8.57 (s, 1H, H-5’’), 7.70 (d, J = 8.5 Hz, 2H, H-2’’’), 7.57 

(d, J = 8.5 Hz, 2H, H-3’’’), 6.69 (s, 1H, H-8), 6.67 (s, 1H, H-5), 4.87 (s, 2H, H-1’), 4.49 

(t, J = 5.5 Hz, 2H, H-3’), 3.88 (s, 3H, OCH3),  3.87 (s, 3H, OCH3), 3.01 (t, J = 5.5 Hz, 

2H, H-4’). 
13C NMR (125 MHz, CDCl3) δ 157.7 (C-1), 152.7 (C-4’’’), 147.8 (C-6), 147.7 (C-6), 

134.2 (C-1’’’), 126.8 (2CH-2’’’), 126.7 (C-1’’), 126.3 (C-9), 125.2 (CH-5’’), 124.7 (C-

10), 120.4 (2CH-3’’’), 111.4 (CH-8), 109.4 (CH-5), 56.2 (CH2-1’), 56.0 (OCH3), 55.9 

(OCH3), 48.5 (CH2-3’), 34.9 (C-5’’’), 31.2 (3CH3-6”’), 27.4 (CH2-4’). 

 

2-Bromo-N-(4-tert-butylphenyl)acetamide (63) 

To a solution of 4-tert-butylaniline (700mg, 4.69 mmol) was 

dissolved in DCM (7mL), after which triethylamine (1.19 g, 

1.63 mL, 11.72 mmol) was added and the reaction was cooled 

to 0 ºC. Bromoacetyl bromide (1.04 g, 449 µL, 5.16 mmol) was 

added dropwise slowly to the flask, and the mixture was stirred at 0oC for 2 hours. The 

mix was quenched with H2O and extracted with DCM, followed by washing with 2M 

HCl, concentrated NaHCO3 and brine. The combined organic layers were dried over 

Na2SO4 and the solvent was removed in vacuo, yielding 63 as an orange solid. 

Purification was not necessary (836 mg, 3.10 mmol, 66%).  

1H NMR (500 MHz, CDCl3) δ 8.07 (s, 1H, N-H), 7.44 (d, J = 9 Hz, 2H, H-2’), 7.37 (d, J 

= 9 Hz, 2H, H-3’), 4.02 (s, 2H, H-2), 1.32 (s, 9H, H-6’). 

 

(4-tert-Butylphenyl) 2-bromoacetate (64) 

To a solution of 4-tert-butylphenol (590 mg, 3.93 mmol) and 

pyridine (466 mg, 475 µL, 5.90 mmol) in dry DCM (10 mL) 

was cooled to 0 ºC.  Bromoacetyl bromide (873 mg, 377 µL, 

4.32 mmol) was added dropwise to the mixture, maintaining the temperature at 0 °C.  

After addition, the reaction was stirred for 10 minutes, then heated to room temperature 

and stirred for 30 minutes.  The mixture was quenched with H2O (25 mL) and extracted 
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with DCM (2 x 15 mL).  The combined organic extracts were dried over Na2SO4 and the 

solvent was removed in vacuo. (4-tert-butylphenyl) 2-bromoacetate 64 was collected 

without further purification as a clear colourless liquid (991 mg, 3.65 mmol, 93%).  
1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 8.5 Hz, 2H, H-2’), 7.04 (d, J = 8.5 Hz, 2H, H-

3’), 4.05 (s, 2H, H-2), 1.32 (s, 9H, H-6’). 

 

N-(4-tert-Butylphenyl)-2-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-

yl)acetamide (65) 

To a solution of 63 (350 mg, 1.30 mmol) in dry 

THF (10 mL), was added K2CO3 (717 mg, 5.20 

mmol) and 16 (250 mg, 1.30 mmol).  The 

reaction was stirred under nitrogen for 20 hours 

at room temperature.  The solvent was then removed in vacuo, redissolved in DCM (20 

mL) and then washed with H2O (2 x 25 mL) and brine (25 mL). The combined organic 

layers were dried over Na2SO4, and the solvent was removed in vacuo.  The crude product 

was purified using column chromatography using 70% hexane:EtOAc to yield 65 as a 

yellow solid (119 mg, 0.311 mmol, 24%, Rf = 0.59 in 50% hexane:EtOAc, m.p. 119.0 
oC). HRMS (EI) Calcd for C23H30N2O3 [M+H]+ 383.2329. Found 383.2336.  
1H NMR (500 MHz, CDCl3) δ 9.12 (s, 1H, NH), 7.49 (d, J = 9 Hz, 2H, H-3’’), 7.40 (d, 

2H, J = 9 Hz, H-2’’), 6.65 (s, 1H, H-5), 6.52 (s, 1H, H-8), 3.87 (s, 3H, OCH3), 3.84 (s, 

3H, OCH3), 3.73 (s, 2H, H-2), 3.31 (s, 2H, H-1’), 2.94-2.87 (m, 4H, H-3 & H-4), 1.30 (s, 

9H, H-6’’).  
13C NMR (125 MHz, CDCl3) δ 168.9 (C-1), 148.4 (C-4’’), 148.1 (C-6), 147.8 (C-7), 135.5 

(C-1’’), 126.4 (2CH-3’’), 126.3 (C-9), 125.9 (C-10), 119.8 (2CH-2’’), 112.0 (CH-5), 

109.9 (CH-8), 62.4 (CH2-1’), 56.39 (2OCH3), 56.7 (CH2-2), 52.1 (CH2-3), 34.9 (C-5’’), 

31.9 (3CH3-6’’), 29.4 (CH2-4). 

 

(4-tert-Butylphenyl)-2-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-yl)acetate (66) 

The title compound was prepared from 64 (516 

mg, 2.67 mmol), using a similar method to that 

described above for the synthesis of 65.  The 

crude product was purified by column 

chromatography using 90% DCM:MeOH, followed by 60% hexane:EtOAc, to yield 66  
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as a white solid (50 mg, 0.130 mmol, 5%, Rf = 0.66 in 50% hexane:EtOAc, m.p. 102-103 

ºC). HRMS (EI) Calcd for C23H29NO4 [M+H]+ 384.2169. Found 384.2159.  
1H NMR (500 MHz, CDCl3) δ 7.39 (d, J = 8.5 Hz, 2H, H-3’’), 7.04 (d, 2H, J = 8.5 Hz, 

H-2’’), 6.61 (s, 1H, H-5), 6.52 (s, 1H, H-8), 3.85 (s, 3H, O-CH3), 3.85-3.84 (m, 5H, O-

CH3 & H-2), 3.69 (s, 2H, H-1’), 2.98 (t, 2H, J = 6 Hz, H-3), 2.88 (t, 2H, J = 6 Hz, H-4), 

1.32 (s, 9H, H-6’’).  
13C NMR (125, MHz, CDCl3) δ 171.8 (C-1), 151.4 (C-1’’), 150.7 (C-6), 150.2 (C-7), 

149.9 (C-4’’), 129.0 (2CH-2’’), 128.6 (C-9), 128.4 (C-10), 123.4 (2CH-3’’), 114.1(CH-

5), 112.0 (CH-8), 61.45 (CH2-1’), 58.51 (OCH3), 57.4 (CH2-2), 53.3 (CH2-3), 37.1 (C-

5’’), 34.1 (CH3-6’’), 31.1 (CH2-4). 

 
5-Benzyloxy-1-prop-2-ynyl-indole (69) 

To a solution of 5-(benzyloxy)indole (1.00 g, 4.48 

mmol) in dry DMF (6.0 mL) cooled to 0 °C, was added 

sodium hydride (162  mg, 6.72 mmol).  The mixture was 

stirred for 15 minutes, and then propargyl bromide (639 

mg, 407 µL, 5.37 mmol) was added slowly dropwise.  

The mixture was warmed to room temperature and stirred vigorously for 3 hours.  The 

mixture was then quenched with water (50 mL) and extracted with CHCl3 (3 x 20 mL).  

The combined organic extracts were washed with water (3 x 150 mL), brine (60 mL) and 

dried over Na2SO4.  The solvent was then removed in vacuo.  The crude product was 

recrystallised from n-hexane to yield 69 as a brown solid (666 mg, 2.96 mmol, 66%, Rƒ 

= 0.92 in 100% DCM, m.p. sublimed). HRMS (EI) Calcd for C15H15NO [M+H]+ 

262.1154. Found 262.1138. 
1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 7.5 Hz, 2H, H-3’’), 7.38 (t, J = 7.5 Hz, 2H, H-

4’’), 7.33-7.30 (m, 2H, H-7, H-5’’), 7.17-7.16 (m, 2H, H-7, H-2), 6.99 (dd, J = 2.5, 6.5 

Hz, 1H, H-6), 6.44 (dd, J = 0.5, 2.5 Hz, 1H, H-3),  5.11 (s, 2H, H-1’’), 4.84 (d, J = 2.5 

Hz, 2H, H-1’), 2.39 (t, J = 2.5 Hz, 1H, H-3’).  
13C NMR (125 MHz, CDCl3) δ 153.5 (C-5), 137.7 (C-2’’), 131.3 (C-8), 129.3 (C-9), 128.5 

(2CH-4’’), 127.9 (CH-4), 127.8 (CH-5’’), 127.5 (2CH-3’’), 112.9 (CH-6), 110.0 (CH-7), 

104.5 (CH-2), 101.7 (CH-3), 77.8 (C-2’), 73.5 (CH-3’), 70.9 (CH2-1’’), 36.0 CH2-1’). 
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5-Benzyloxy-1-[[1-(4-tert-butylphenyl)triazol-4-yl]methyl]indole (70) 

The title compound was prepared 

from 69 (500 mg, 2.22 mmol) using 

a similar method to that described 

above for the synthesis of 11.  The 

crude product was purified by column chromatography using 10% MeOH:DCM as the 

eluent to yield 70 as a brown solid (602 mg, 0.622 mmol, 62%, Rƒ = 0.72 in 100% DCM, 

m.p. 72-73 °C). HRMS (EI) Calcd for C28H28N4O [M+H]+ 437.2335 Found 437.2351. 
1H NMR (500 MHz, CDCl3) δ 7.55 (s, 1H, H-5’’), 7.53 (d, J = 8.0 Hz, 2H, H-2’’’), 7.49-

7.46 (m, 4H, H-12, H-3’’’), 7.39 (t, J = 7.0 Hz, 2H, H-13), 7.34-7.27 (m, 2H, H-14, H-7), 

7.21 (d, J =  3.5 Hz, 1H, H-2), 7.20 (d, J = 2.5 Hz, 1H, H-4), 6.97 (dd, J = 2.5 Hz, 6.5 Hz, 

1H, H-6), 6.48 (dd, J = 0.5 Hz, 2.5 Hz, 1H, H-3), 5.51 (s, 2H, H-1’), 5.11 (s, 2H, H-10), 

1.34 (s, 9H, H-6”’). 
13C NMR (125 MHz, CDCl3) δ 153.5 (C-5), 152.2 (C-4’’’), 145.4 (C-1’’’), 137.6 (C-1’’), 

134.4 (C-11), 131.4 (C-8), 129.2 (C-9), 128.5 (CH-13), 128.4 (CH-4), 127.8 (CH-14), 

127.5 (CH-12), 126.5 (CH-3’’’), 120.2 (CH-2’’’), 119.8 (CH-5’’), 113.0 (CH-6), 110.2 

(CH-7), 104.4 (CH-4), 101.8 (CH-3), 70.9 (CH2-10), 42.4 (CH2-1’), 34.8 (C-5”’), 31.2 

(3CH3-6”’). 

 

1-[4-(4-tert-Butylphenyl)phenyl]ethenone (72) 

To a solution of 4-bromoacetophenone (1.00 g, 5.024 mmol) 

in EtOH (20 mL), was added (4-tert-butylphenyl)boronic 

acid (894 mg, 5.024 mmol).  The mixture was stirred for 15 

minutes until all solids had dissolved.  Polymer-bound 

palladium (60 mg), 2M sodium carbonate (5.0 mL, 10.0 

mmol) and deionized water (2.0 mL) was then added to the reaction mix, which was then 

set to reflux for 2 hours.  The mixture was then quenched with deionised water (20 mL) 

and ethyl acetate (20 mL), and the insoluble palladium catalyst was removed by filtration.  

The organic extract was then separated and washed with water (2 x 30 mL) and brine (30 

mL).  The organic extract was then dried over Na2SO4, and the solvent was removed in 

vacuo.  The crude product was recrystallised from n-hexane to yield 72 as a white solid 

(1.13 g, 4.478 mmol, 89%, m.p. 127 °C). HRMS (EI) Calcd for C18H20O [M+H]+ 

253.1587. Found 253.1576.  

2
3

4

6 7

10
1213

14 1' 5''

2''' 3''' 6'''

2

3''
2''

3'
2'



 

~217~ 

1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 8.5 Hz, 2H, H-3’), 7.65 (d, J = 8.5 Hz, 2H, H-

2’), 7.57 (d, J= 8.5 Hz, 2H, H-2’’), 7.50 (d, J = 8.5 Hz, 2H, H-3’’), 2.63 (s, 3H, H-2), 1.37 

(s, 9H, 3CH3-6’’). 

 

1-(4-Phenylphenyl)ethenone (73) 

The title compound was prepared from 4-bromoacetophenone 

(1.00 g, 5.024 mmol) and phenylboronic acid (612 mg, 5.024 

mmol) in a similar method to that described above for the synthesis 

of  72.  The crude product was recrystallised from n-hexane to 

yield 73 as a white solid (910 mg, 4.637 mmol, 92%, m.p. 116 °C). HRMS (EI) Calcd for 

C14H12O [M+H]+ 197.0961. Found 197.0967.  
1H NMR (500 MHz, CDCl3) δ 8.03 (d, J = 8.0 Hz, 2H, H-3’), 7.68 (d, J = 8.0 Hz, 2H, H-

2’), 7.62 (d, J = 7.5 Hz, 2H, H-6’), 7.47 (t, J = 7.5 Hz, 2H, H-7’), 7.40 (t, J = 7.5 Hz, 1H, 

H-8’), 2.63 (s, 3H, H-2). 

 

1-[4-(4-Chlorophenyl)phenyl]ethenone (74) 

The title compound was prepared from 4-bromoacetophenone 

(1.00 g, 5.024 mmol) and (4-chlorophenyl)boronic acid (785 

mg, 5.024 mmol) in a similar method to that described above 

for the synthesis of  72.  The crude product was recrystallised 

from n-hexane to yield 74 as a white solid (967 mg, 4.190 

mmol, 83%, m.p. 120 °C). HRMS (EI) Calcd for C14H11ClO [M+H]+ 231.0571. Found 

231.0576. 
1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.5 Hz, 2H, H-3’), 7.68 (d, J = 8.5 Hz, 2H, H-

2’), 7.56 (d, J= 8.5 Hz, 2H, H-2’’), 7.44 (d, J = 8.5 Hz, 2H, H-3’’), 2.64 (s, 3H, H-2). 

 

(E)-1-[4-(4-Chlorophenyl)phenyl]-3-(3,4-dimethoxyphenyl)prop-2-en-1-one (75) 

To a solution of 74 (400 mg, 1.73 mmol) EtOH 

(6.0 mL) was stirred at room temperature for 10 

minutes.  3,4-Dimethoxybenzaldehyde (287 mg, 

1.73 mmol) was added and the mixture was 

stirred again for 5 minutes.  A 40% w/v solution 

of NaOH (3.6 mL) was slowly added to the mixture dropwise.  The mixture was 

maintained at room temperature for 18 hours.  Upon completion, the reaction mixture was 
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poured into ice cold H2O (50 mL) and the precipitate was collected by filtration.  The 

final crude solid was recrystallised from EtOH to yield 75 as a yellow solid (452 mg, 1.19 

mmol, 69%, Rƒ = 0.72 in 10% MeOH:DCM, m.p. 150-151 °C). HRMS (EI) Calcd for 

C23H19ClO3 [M+H] 379.1095. Found 379.1078.  
1H NMR (500 MHz, CDCl3) δ 8.10 (d, 2H, H-3’’), 7.80 (d, J = 15.5 Hz, 1H, H-3), 7.69 

(d, 2H, H-2’’), 7.58 (d, J = 8.5 Hz, 2H, 2’’’), 7.45 (d, J = 8.5 Hz, 2H, H-3’’’), 7.43 (d, J = 

15.5 Hz, 1H, H-2), 7.26 (dd, J = 2.0 Hz, 6.5 Hz, 1H, H-6’), 7.18 (d, J = 2.0 Hz, 1H, H-

2’), 6.91 (d, J = 8.5 Hz, 1H, H-5’), 3.97 (s, 3H, OCH3), 3.94 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 189.9 (C-1), 151.5 (C-3’), 149.3 (C-4’), 145.2 (C-3), 144.0 

(CH-4’’), 138.4 (C-1’’’), 137.5 (C-1’’), 134.4 (C-4’’’), 129.2 (2CH-3’’), 129.0 (2CH-

3’’’), 128.5 (2CH-2’’’), 127.9 (CH-1’), 127.1 (2CH-2’’), 123.3 (CH-6’), 119.9 (C-2), 

111.2 (CH-5’), 110.2 (CH-2’), 56.3 (OCH3), 56.1 (OCH3). 

 

(E)-3-(4-Benzyloxy-3-methoxy-phenyl)-1-[4-(4-chlorophenyl)phenyl]prop-2-en-1-

one (77) 

The title compound was prepared 

from 4-benzyloxy-3-methoxy-

benzaldehyde (330 mg, 2.17 mmol) 

and 74 (500 mg, 2.17 mmol) using a 

similar method to that described above 

for the synthesis of 75.  The crude product was purified by recrystallisation from EtOH 

to yield 77 as a yellow solid (579 mg, 1.27 mmol, 59%, Rƒ = 0.85 in 10% MeOH:DCM, 

m.p. 128-128 °C). HRMS (EI) Calcd for C29H23ClO3 [M+H] 455.1408. Found: 455.1402. 
1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 8.5 Hz, 2H, H-3’), 7.78 (d, J = 15.5 Hz, 1H, 

H-3), 7.69 (d, J = 8.5, 2H, H-2’), 7.58 (d, J = 8.5 Hz, 2H, 2’’), 7.45 (m, 4H, H-3’’, H-

9’’’), 7.38 (m, 3H, H-2, H-10’’’), 7.32 (t, J = 7.5 Hz, 1H, H-11’’’), 7.19 (m, 2H, H-5’’’, 

H-6’’’), 6.92 (d, J = 9.0 Hz, 1H, H-2’’’), 5.22 (s, 2H, H-7’’’), 3.97 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 189.9 (CO), 151.5 (C-4’’’), 149.3 (C-3’’’), 145.2 (CH-3), 

144.0 (CH-4’), 140.0 (C-1’’), 138.7 (C-1’), 138.4 (C-4’’), 137.5 (C-8’’’), 137.0 (C-1’’’), 

129.2 (2CH-3’’), 129.0 (CH-11’’’), 128.5 (2CH-10’’’), 127.9 (2CH-2’’), 127.1 (2CH-

9’’’), 126.9 (2CH-2’), 126.3 (2CH-3’), 123.3 (CH-2), 119.9 (CH-6’’’), 111.2 (CH-5’’’), 

110.2 (CH-2’’’), 74.5 (CH2-7’’’), 56.1 (OCH3). 
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(E)-1-(4-tert-Butylphenyl)-3-(4-hydroxy-3-methoxy-phenyl)prop-2-en-1-one (81) 

To a solution of 4-tert-butylacetophenone (500 mg, 

2.84 mmol) in MeOH (25 mL), was added vanillin 

(432 mg, 2.84 mmol) and concentrated H2SO4 (2 

mL).  The reaction was stirred for 30 minutes, and 

then refluxed for 16 hours.  The mixture was then quenched with ice cold H2O (100 mL) 

and the resulting precipitate was filtered.  The crude product was recrystallised from 

EtOH, yielding 81 as a brown solid (423 mg, 1.36 mmol, 48%, Rƒ = 0.54 in 10% 

MeOH:DCM, m.p. 72-73 °C).  HRMS (EI) Calcd for C20H22O3 [M+H]+ 311.1569. Found 

311.1546.   
1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.5 Hz, 2H, H-2’’), 7.75 (d, J = 16 Hz, 1H, H-

3), 7.51 (d, J = 8.5 Hz, 2H, H-3’’), 7.38 (d, J = 16 Hz, 1H, H-2), 7.22 (d, J = 7 Hz, 1H, H-

5’), 7.13 (s, 1H, H-2’), 6.95 (d, J = 7 Hz, 1H, H-6’), 5.99 (b, 1H, OH), 3.96 (s, 3H, OCH3), 

1.36 (s, 9H, H-6’’). 
13C NMR (125 MHz, CDCl3) δ 192.9 (CO), 159.0 (C-4’’), 150.9 (C-3’), 149.5 (C-4’), 

147.4 (CH-3), 138.5 (C-1’’), 131.1 (2CH-2’’), 130.3 (C-1’), 128.2 (2CH-3’’), 125.9 (CH-

5’), 122.6 (CH-2), 117.5 (CH-6’), 112.7 (C-2’), 58.7 (OCH3), 37.8 (C-5’’), 33.8 (3CH3-

6’’). 

 

(E)-1-[4-(4-Chlorophenyl)phenyl]-3-(2,4-dimethoxyphenyl)prop-2-en-1-one (104) 

The title compound was prepared from 74 (500 

mg, 2.17 mmol) and 2,4-

dimethoxybenzaldehyde (360 mg, 2.17 mmol) 

in a similar method to that described above for 

the synthesis of 75.  The crude product was 

recrystallised from EtOH to yield 104 as a bright yellow solid (611 mg, 1.62 mmol, 75%, 

Rƒ = 0.85 in 10% MeOH:DCM, m.p. 125-126 °C). HRMS (EI) Calcd C23H19ClO3 [M+H]+ 

379.1095. Found 379.1105.  
1H NMR (500 MHz, CDCl3) δ 8.10-8.07 (m, 3H, H-3’’, H-3), 7.67 (d, J = 8.5 Hz, 2H, H-

2’’), 7.60-7.56 (m, 4H, H-2’’’, H-2, H-6’), 7.44 (d, J = 9.0 Hz, 2H, H-3’’’), 6.55 (dd, J = 

2.5 Hz, 6.0 Hz, 1H, 5’), 6.49 (d, J = 2.5 Hz, 1H, 3’), 3.91 (s, 3H, OCH3), 3.87 (s, 3H, 

OCH3).  
13C NMR (125 MHz, CDCl3) δ 188.4 (CO), 161.0 (C-4’), 158.4 (C-2’), 141.6 (C-4’’), 

138.6 (CH-3), 136.5 (C-1’’’), 135.7 (C-1’’), 132.2 (C-4’’’), 129.0 (CH-6’), 127.1 (CH-
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3’’), 127.0 (2CH-2’’), 126.4 (2CH-2’’’), 124.9 (2CH-3’’’), 118.2 (CH-2), 115.1 (C-1’), 

103.4 (CH-5’), 96.4 (CH-3’), 53.5 (OCH3), 53.4 (OCH3). 

 

(E)-1-[4-(4-Chlorophenyl)phenyl]-3-(2,5-dimethoxyphenyl)prop-2-en-1-one (105) 

The title compound was prepared from 74 (500 

mg, 2.17 mmol) and 2,5-

dimethoxybenzaldehyde (360 mg, 2.17 mmol) 

in a similar method to that described above for 

the synthesis of 75.  The crude product was 

recrystallised from EtOH to yield 105 as a bright yellow solid (478 mg, 1.26 mmol, 58%, 

Rƒ = 0.85 in 10% MeOH:DCM, m.p. 104-105 °C). HRMS (EI) Calcd for C23H19ClO3 

[M+H]+ 379.1095. Found: 379.1081. 
1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 16 Hz, 1H, H-3), 8.09 (d, J = 8.5 Hz, 2H, H-

3’’), 7.68 (d, J = 8.5 Hz, 2H, H-2’’), 7.62 (d, J = 16 Hz, 1H, H-2), 7.58 (d, J = 9.0 Hz, 2H, 

2’’’), 7.44 (d, J = 9.0 Hz, 2H, 3’’’), 7.19 (d, J = 3.0 Hz, 1H, H-4’), 6.95 (dd, J = 3.0 Hz, 

5.5 Hz, 1H, H-3’), 6.89 (d, J = 9.0 Hz, 1H, H-6’), 3.88 (s, 3H, OCH3), 3.83 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 190.4 (CO), 153.5 (C-5’), 153.4 (C-2’), 144.0 (C-4’’), 

140.3 (CH-3), 138.5 (C-1’’’), 137.5 (C-1’’), 134.4 (C-4’’’), 129.3 (2CH-3’’), 129.1 

(2CH-3’’’), 128.5 (2CH-2’’’), 127.1 (2CH-2’’), 124.5 (CH-1’), 123.0 (CH-2), 117.3 (CH-

3’), 113.9 (CH-4’), 112.5 (CH-6’), 56.2 (OCH3), 55.9 (OCH3). 

 

(E)-1-[4-(4-Chlorophenyl)phenyl]-3-(4-methoxyphenyl)prop-2-en-1-one (106) 

The title compound was prepared from 74 (400 

mg, 1.733 mmol) and 4-methoxybenzaldehyde 

(236.1 mg, 210.2 µl, 1.733 mmol) in a similar 

method to that described above for the 

synthesis of 75.  The crude product was 

recrystallised from EtOH to yield 106 as a pale orange solid (537.6 mg, 1.541 mmol, 

88.9%, Rƒ = 0.87 in 10% MeOH, m.p. 179-180 °C). HRMS (EI) Calcd for C22H17ClO2 

[M+H]+ 349.0990. Found 349.0981.  
1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 7.5 Hz, 2H, H-2’), 7.82 (d, J = 16.0 Hz, 1H, 

H-3), 7.68 (d, J = 7.5 Hz, 2H, H-3’), 7.63 (d, J = 9.0 Hz, 2H, H-3’’’), 7.58 (d, J = 8.5 Hz, 

2H, H-2’’), 7.45 (m, 3H, H-2, H-3’’), 6.95 (d, J = 9.0 Hz, 2H, H-2’’’), 3.87 (s, 3H, OCH3).  
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13C NMR (125 MHz, CDCl3) δ 187.8 (CO), 159.7 (C-4’), 142.7 (CH-3), 141.9 (C-4’’), 

136.4 (C-1’’’), 135.4 (C-1’’), 132.3 (C-4’’’), 128.2 (2CH-3’’’), 127.1 (2CH-2’), 127.0 

(2CH-3’’), 126.4 (2CH-2’’), 125.5 (C-1’), 125.0 (2CH-3’), 117.5 (CH-2), 112.4 (2CH-

2’’’), 53.4 (OCH3). 

 

(E)-3-(4-Benzyloxyphenyl)-1-[4-(4-chlorophenyl)phenyl]prop-2-en-1-one (107) 

The title compound was prepared 

from 4-(benzyloxy)benzaldehyde 

(460 mg, 2.17 mmol) and 74 (500 mg, 

2.17 mmol) using a similar method to 

that described above for the synthesis 

of 75.  The crude product was purified by recrystallisation from EtOH to yield 107 as a 

pale yellow solid (825 mg, 1.95 mmol, 90%, Rƒ = 0.92 in 10% MeOH:DCM, m.p. 145-

146 °C).  HRMS (EI) Calcd for C28H21ClO2 [M+H]+ 425.1303. Found 425.1320.   
1H NMR (500 MHz, CDCl3) δ 8.09 (d, J =  8.5 Hz, 2H, H-3’), 7.82 (d, J = 15.5 Hz, 1H, 

H-3), 7.68 (d, J = 8.5 Hz, 2H, H-2’), 7.62 (d, J = 9.0 Hz, 2H, H-2’’’), 7.57 (d, J = 8.5 Hz, 

2H, 2’’), 7.46-7.45 (m, 5H, H-2, H-3’’, H-8’’’), 7.40 (t, J = 7.0 Hz, 2H, H-9’’’), 7.35 (t, J 

= 7.0 Hz, 1H, H-10’’’), 7.02 (d, J = 9.0 Hz, 2H, H-3’’’), 5.12 (s, 2H, H-6’’’).  
13C NMR (125 MHz, CDCl3) δ 192.5 (CO), 163.6 (C-4’’’), 147.4 (CH-3), 146.7 (C-4’), 

141.1 (C-1’’), 140.1 (C-1’), 139.1 (C-7’’’), 137.0  (C-4’’), 133.0 (2CH-2’’’), 131.8 (2CH-

8’’’), 131.7 (2CH-3’), 131.4 (2CH-2’’), 131.2 (2CH-9’’’), 130.9 (CH-10’’’), 130.5 (C-

1’’’), 130.2 (2CH-3’’), 129.7 (2CH-2’), 122.4 (CH-2), 118.0 (2CH-3’’’), 72.8 (CH2-6’’’). 

 

(E)-3-(3-Benzyloxyphenyl)-1-[4-(4-chlorophenyl)phenyl]prop-2-en-1-one (108) 

The title compound was prepared 

from 3-(benzyloxy)benzaldehyde 

(460 mg, 2.17 mmol)  and 74 (500 mg, 

2.17 mmol) using a similar method to 

that described above for the synthesis 

of 75.  The crude product was purified by recrystallisation from EtOH to yield 108 as a 

yellow solid (756 mg, 1.78 mmol, 82%, Rƒ = 0.92 in 10% MeOH:DCM, m.p. 158-159 

°C).  HRMS (EI) Calcd for C28H21ClO2 [M+H]+ 425.1303. Found 425.1319. 

1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 8.5 Hz, 2H, H-3’), 7.80 (d, J = 15.5 Hz, 1H, 

H-3), 7.69 (d, J = 8.5 Hz, 2H, H-2’), 7.58 (d, J = 8.5 Hz, 2H, H-2’’), 7.56 (d, J = 15.5 Hz, 
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1H, 2), 7.47-7.44 (m, 4H, H-3’’, H-9’’’), 7.41 (t, J = 7.5 Hz, 2H, H-10’’’), 7.37-7.33 (m, 

2H, H-11’’’, H-2’’’), 7.28-7.26 (m, 2H, H-5’’’, H-6’’’), 7.05 (dd, J = 2.0 Hz, 5.5 Hz, 1H, 

H-4’’’), 5.13 (s, 2H, H-7’’’).  
13C NMR (125 MHz, CDCl3) δ 192.3 (CO), 161.8 (C-3’’’), 147.4 (CH-3), 146.9 (C-4’), 

141.0 (C-1’’), 139.8 (C-1’), 139.3 (C-4’’), 139.0 (C-8’’’), 137.1 (C-1’’’), 132.7 (CH-

2’’’), 131.9 (2CH-3’), 131.8 (2CH-9’’’), 131.4 (2CH-10’’’), 131.2 (2CH-2’’), 130.8 (CH-

11’’’), 130.2 (2CH-3’’), 129.8 (2CH-2’), 124.9 (CH-2), 124.1 (CH-5’’’), 119.8 (CH-4’’’), 

117.2 (CH-6’’’), 72.9 (CH2-7’’’). 

 

(E)-1-[4-(4-tert-Butylphenyl)phenyl]-3-(4-methoxyphenyl)prop-2-en-1-one (109) 

The title compound was prepared from 4-

methoxybenzaldehyde (270 mg, 241 μL, 1.98 

mmol) and 72 (500 mg, 1.98 mmol) using a 

similar method to that described above for the 

synthesis of 75.  The crude product was 

purified by recrystallisation from EtOH to yield 109 as a pale yellow solid (483 mg, 1.31 

mmol, 66%, Rƒ = 0.92 in 10% MeOH:DCM, m.p. 170-171 °C).  HRMS (EI) Calcd for 

C23H20O3 [M+H]+ 371.2006. Found 371.1995. 
1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 8.0 Hz, 2H, H-3’’), 7.82 (d, J = 15.5 Hz, 1H, 

H-3), 7.72 (d, J = 8.0 Hz, 2H, H-2’’), 7.63 (d, J = 8.5 Hz, 2H, H-2’), 7.61 (d, J = 8.0 Hz, 

2H, H-2’’’), 7.51 (d, J = 8.0 Hz, 2H, H-3’’’), 7.47 (d, J = 15.5 Hz, 1H H-2), 6.95 (d, J = 

8.5 Hz, 2H, H-3’), 3.87 (s, 3H, OCH3), 1.37 (s, 9H, H-6’’’).  
13C NMR (125 MHz, CDCl3) δ 192.6 (CO), 164.3 (C-4’), 154.0 (C-4’’’), 147.8 (C-4’’), 

147.2 (CH-3), 139.7 (C-1’’’), 139.6 (C-1’’), 132.9 (2CH-2’), 131.7 (2CH-3’’), 130.4 (C-

1’), 129.7 (2CH-2’’), 129.6 (2CH-2’’’), 128.6 (CH-3’’’), 122.4 (CH-2), 117.1 (2CH-3’), 

58.1 (OCH3), 37.3 (C-5’’’), 33.9 (3CH3-6’’’). 

 
(E)-1-[4-(4-tert-Butylphenyl)phenyl]-3-(2,5-dimethoxyphenyl)prop-2-en-1-one (110) 

The title compound was prepared from 2,5-

dimethoxybenzaldehyde (329 mg, 1.98 

mmol) and 72 (500 mg, 1.98 mmol) using a 

similar method to that described above for the 

synthesis of 75.  The crude product was 

purified by recrystallisation from EtOH to yield 110 as a bright yellow solid (381 mg, 
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0.950 mmol, 48%, Rƒ = 0.90 in 10% MeOH:DCM, m.p. 111-112 °C).  HRMS (EI) Calcd 

for C27H28O3 [M+H]+ 401.2038. Found 401.2059.   
1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 16 Hz, 1H, H-3), 8.09 (d, J = 8 Hz, 2H, H-3’’), 

7.72 (d, J = 8.5 Hz, 2H, H-2’’), 7.64 (d, J = 16 Hz, 1H, H-2), 7.61 (d, J = 8.5 Hz, 2H, H-

2’’’), 7.51 (d, J = 8.5 Hz, 2H, H-3’’’), 7.19 (d, J = 3 Hz, 1H, H-3’), 6.95 (dd, J = 6, 3 Hz, 

1H, H-6’), 6.89 (d, J = 9 Hz, 1H, H-4’), 3.88 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 1.38 (s, 

9H, C(CH3)3).   
13C NMR (125 MHz, CDCl3) 𝛿  190.5 (CO), 153.6 (C-5’), 153.3 (C-2’), 151.4 (C-4’’’), 

145.2 (C-1’’), 140.0 (CH-3), 137.1 (C-1’’’), 136.9 (C-4’’), 129.2 (2CH-3’’), 127.0 (2CH-

2’’), 126.9 (2CH-2’’’), 125.9 (2CH-3’’’), 124.6 (C-1’), 123.1 (CH-2), 117.2 (CH-6’), 

113.8 (CH-3’), 112.5 (CH-4’), 56.2 (OCH3), 55.8 (OCH3), 34.7 (C-5’’’), 31.3 (3CH-6’’’). 

 

(E)-1-[4-(4-tert-Butylphenyl)phenyl]-3-(3,4-dimethoxyphenyl)prop-2-en-1-one (111) 

The title compound was prepared from 3,4-

dimethoxybenzaldehyde (329 mg, 1.98 

mmol) and 72 (500 mg, 1.98 mmol) using a 

similar method to that described above for 

the synthesis of 75.  The crude product was 

purified by recrystallisation from EtOH to yield 111 as an yellow solid (626 mg, 1.56 

mmol, 79%, Rƒ = 0.70 in 10% MeOH:DCM, m.p. 150-151 °C).  HRMS (EI) Calcd for 

C27H28O3 [M+H]+ 401.2038. Found 401.2048.   
1H NMR (500 MHz, CDCl3) δ 8.09 (d, J = 8.5 Hz, 2H, H-3’’), 7.80 (d, J = 15.5 Hz, 1H, 

H-3), 7.73 (d, J = 8.5 Hz, 2H, H-2’’), 7.60 (d, J = 8.5 Hz, 2H, 2’’’), 7.51 (d, J = 8.5 Hz, 

2H, H-3’’’), 7.44 (d, J = 15.5 Hz, 1H, H-2), 7.26 (dd, J = 1.5 Hz, 7.0 Hz, 1H, H-6’), 7.19 

(d, J = 2.0 Hz, 1H, H-2’), 6.91 (d, J = 8.5 Hz, 1H, H-5’), 3.97 (s, 3H, OCH3), 3.94 (s, 3H, 

OCH3), 1.38 (s, 9H, H-6’’’).  
13C NMR (125 MHz, CDCl3) δ 190.0 (CO), 151.4 (C-4’’’), 151.4 (C-3’), 149.3 (C-4’), 

145.2 (C-4’’), 144.8 (CH-3), 137.0 (C-1’’), 136.9 (C-1’’’), 129.0 (2CH-3’’), 128.0 (C-

1’), 127.0 (2CH-2’’), 126.9 (2CH-2’’’), 125.9 (2CH-3’’’), 123.2 (CH-6’), 120.0 (C-2), 

111.2 (CH-5’), 110.1 (CH-2’), 56.0 (OCH3), 56.0 (OCH3), 34.6 (C-5’’’), 31.3 (3CH3-

6’’’). 
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(E)-3-(4-Benzyloxyphenyl)-1-[4-(4-tert-butylphenyl)phenyl]prop-2-en-1-one (112) 

The title compound was prepared 

from 4-(benzyloxy)benzaldehyde 

(420 mg, 1.98 mmol) and 72 (500 

mg, 1.98 mmol) using a similar 

method to that described above for 

the synthesis of 75.  The crude product was purified by recrystallisation from EtOH to 

yield 112 as an yellow solid (699 mg, 1.56 mmol, 79%, Rƒ = 0.93 in 10% MeOH:DCM, 

m.p. 147-148 °C).  HRMS (EI) Calcd for C32H30O2 [M+H]+ 447.2319. Found 447.2329. 
1H NMR (500 MHz, CDCl3) δ 8.01 (d, J = 8.5 Hz, 2H, H-3’), 7.82 (d, J = 15.5 Hz, 1H, 

H-3), 7.68 (d, J = 8.5 Hz, 2H, H-2’), 7.61-7.56 (m, 4H, H-2’’’, H-7’’’), 7.51-7.48 (m, 3H, 

H-2, H-8’’’), 7.45-7.39 (m, 5H, H-2’’, H-3’’, H-9’’’), 7.02 (d, J = 9.0 Hz, 2H, H-3’’’), 

5.12 (s, 2H, H-5’’’), 1.37 (s, 9H, H-6’’).   
13C NMR (125 MHz, CDCl3) δ 190.8 (CO), 160.8 (C-4’’’), 151.5 (C-4’’), 145.6 (C-4’), 

145.2 (C-1’’), 144.4 (CH-3), 137.0 (C-1’), 136.9 (C-6’’’), 132.0 (CH-2’), 130.2 (CH-

2’’’), 129.0 (2CH-9’’’), 128.9 (2CH-8’’’), 128.7 (CH-7’’’), 127.9 (C-1’’’), 127.5 (2CH-

3’), 126.9 (2CH-2’’’), 125.9 (2CH-3’’), 119.9 (C-2), 115.1 (2CH-3’’’), 70.1 (CH2-5’’’), 

34.6 (C-5’’), 31.3 (3CH3-6’’). 

 

(E)-3-(4-Methoxyphenyl)-1-(4-phenylphenyl)prop-2-en-1-one (113) 

The title compound was prepared from 4-

methoxybenzaldehyde (347 mg, 310 μL, 2.55 

mmol) and 73 (500 mg, 2.55 mmol) using a 

similar method to that described above for the 

synthesis of 75.  The crude product was purified 

by recrystallisation from EtOH to yield 113 as a yellow solid (665 mg, 2.12 mmol, 83%, 

Rƒ = 0.87 in 10% MeOH:DCM, m.p. 142-143 °C).  HRMS (EI) Calcd for C22H18O2 

[M+H]+ 315.1379. Found 315.1397.   
1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.5 Hz, 2H, H-3’), 7.83 (d, J = 16.0 Hz, 1H, 

H-3), 7.73 (d, J = 8.5 Hz, 2H, H-2’), 7.66-7.62 (m, 4H, H-2’’, H-6’), 7.50-7.45 (m, 3H, 

H-2, H-7’), 7.41 (t, J= 7.5 Hz, 1H, H-8’), 6.95 (d, J= 9.0 Hz, 2H, H-3’’), 3.87 (s, 3H, 

OCH3).  
13C NMR (125 MHz, CDCl3) δ 192.6 (CO), 164.4 (C-4’’), 148.0 (C-4’), 147.3 (CH-3), 

124.7 (C-5’), 139.9 (C-1’), 132.9 (CH-2’’), 131.7 (CH-7’), 131.6 (CH-3’), 130.8 (CH-
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8’), 130.3 (C-1’’), 129.9 (CH-6’), 129.9 (CH-2’), 122.4 (CH-2), 117.1 (CH-3’’), 58.1 

(OCH3). 

 

(E)-3-(2,5-Dimethoxyphenyl)-1-(4-phenylphenyl)prop-2-en-1-one (114) 

The title compound was prepared from 2,5-

dimethoxybenzaldehyde (423 mg, 2.55 mmol) and 

73 (500 mg, 2.55 mmol) using a similar method to 

that described above for the synthesis of 75.  The 

crude product was purified by recrystallisation 

from EtOH to yield 114 as a yellow solid (616 mg, 1.79 mmol, 70%, Rƒ = 0.84 in 10% 

MeOH:DCM, m.p. 95-97 °C).  HRMS (EI) Calcd for C23H20O3 [M+H]+ 345.1485. Found 

345.1465. 
1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 16 Hz, 1H, H-3), 8.10 (d, J = 8.5 Hz, 2H, H-

3’), 7.73 (d, J = 8.5 Hz, 2H, H-2’), 7.66 (d, J = 7.5 Hz, 2H, H-6’), 7.63 (d, J = 16 Hz, 1H, 

H-2), 7.48 (t, J= 7.5 Hz, 2H, H-7’), 7.41 (t, J = 7.5 Hz, 1H, H-8’), 7.19 (d, J= 3.5 Hz, 1H, 

H-6’’), 6.95 (dd, J = 6, 3 Hz, 1H, H-4’), 6.89 (d, J = 9 Hz, 1H, H-3’’), 3.88 (s, 3H, OCH3), 

3.83 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 190.5 (CO), 153.5 (C-5’’), 153.4 (C-2’’), 145.3 (C-4’), 

140.1 (CH-3), 140.1 (C-5’), 137.2 (C-1’), 129.2 (2CH-2’), 129.0 (2CH-7’), 128.2 (C-8’), 

127.3 (2CH-3’), 127.2 (2CH-6’), 124.6 (C-1’’), 123.1 (CH-2), 117.2 (CH-4’’), 113.8 

(CH-3’’), 112.5 (CH-6’’), 56.2 (OCH3), 55.9 (OCH3). 

 
(E)-3-(3,4-Dimethoxyphenyl)-1-(4-phenylphenyl)prop-2-en-1-one (115) 

The title compound was prepared from 3,4-

dimethoxybenzaldehyde (423 mg, 2.55 mmol) and 

73 (500 mg, 2.55 mmol) using a similar method to 

that described above for the synthesis of 75.  The 

crude product was purified by recrystallisation from EtOH to yield 115 as a yellow solid 

(509 mg, 1.48 mmol, 58%, Rƒ = 0.67 in 10% MeOH:DCM, m.p. 112-113 °C).  HRMS 

(EI) Calcd for C23H20O3 [M+H]+ 345.1485. Found 345.1464.  
1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.0 Hz, 2H, H-3’), 7.80 (d, J = 15.5 Hz, 1H, 

H-3), 7.73 (d, J = 8.0 Hz, 2H, H-2’), 7.65 (d, J = 7.5 Hz, 2H, 6’), 7.48 (t, J = 7.5 Hz, 2H, 

H-H-7’), 7.45 (d, J = 15.5 Hz, 1H, H-2), 7.41 (t, J = 7.5 Hz, 1H, H-8’), 7.26 (dd, J = 2.0 
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Hz, 6.5 Hz, 1H, H-6’), 7.18 (d, J = 2.0 Hz, 1H, H-2’), 6.91 (d, J = 8.0 Hz, 1H, H-5’), 3.96 

(s, 3H, OCH3), 3.94 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 190.0 (CO), 151.5 (C-4’), 149.2 (C-3’), 145.3 (C-4’), 

145.0 (CH-3), 140.0 (C-5’), 137.2  (C-1’), 129.1 (2CH-2’), 129.0 (2CH-7’), 128.2 (CH-

8’), 127.9 (C-1’’), 127.3 (2CH-3’), 127.3 (2CH-6’), 123.2 (CH-6’’), 120.0 (C-2), 111.2 

(CH-5’’), 110.2 (CH-2’’), 56.0 (2OCH3). 

 

(E)-3-(4-Hydroxy-3-methoxy-phenyl)-1-(4-phenylphenyl)prop-2-en-1-one (116) 

The title compound was prepared from 73 (500 mg, 

2.55 mmol) and vanillin (288 mg, 2.55 mmol) using 

a similar method to that described above for the 

synthesis of 81.  The crude product was purified by 

recrystallisation from EtOH to yield 116 as a green solid (658 mg, 1.99 mmol, 78%, Rƒ 

= 0.52 in 10% MeOH:DCM, m.p. 146-147 °C).  HRMS (EI) Calcd for C22H18O3 [M+H]+ 

331.1329. Found 331.1308.   
1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.5 Hz, 2H, H-3’), 7.79 (d, J = 15.5 Hz, 1H, 

H-3), 7.73 (d, J = 8.5 Hz, 2H, H-2’), 7.65 (d, J = 7.5 Hz, 2H, H-6’), 7.48 (t, J = 7.5 Hz, 

2H, H-7’), 7.43 (d, J = 15.5 Hz, 1H, H-2), 7.41 (t, J = 7.5 Hz, 1H, H-8’),  7.24 (dd, J = 

2.0 Hz, 6.0 Hz, 1H, H-6’’), 7.15 (d, J = 1.5 Hz, 1H, H-2’’), 6.96 (d, J = 8.5 Hz, 1H, H-

5’’), 5.97 (b, 1H, OH), 3.97 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 190.1 (CO), 148.3 (C-3’’), 146.8 (C-4’’), 145.3 (C-4’), 

145.1 (CH-3), 140.0 (C-5’), 137.2 (C-1’), 129.1 (2CH-7’), 129.0 (2CH-3’), 128.2 (C-8’), 

127.5 (C-1’’), 127.3 (2CH-2’), 127.2 (2CH-6’), 123.4 (CH-6’’), 119.7 (CH-2), 114.9 

(CH-5’’), 110.1 (CH-2’’), 56.0 (OCH3). 

 
(E)-3-(3-Hydroxyphenyl)-1-(4-phenylphenyl)prop-2-en-1-one (117) 

The title compound was prepared from 73 (500 mg, 

2.55 mmol) and 3-hydroxybenzaldehyde (311 mg, 

2.55 mmol) using a similar method to that described 

above for the synthesis of 81.  The crude product was 

purified by recrystallisation from EtOH to yield 117 as 

a purple solid (345 mg, 1.15 mmol, 45%, Rƒ = 0.19 in 10% MeOH:DCM, m.p. 211-212 

°C).  HRMS (EI) Calcd for C21H16O2 [M+H]+ 301.1223. Found 301.1241. 
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1H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 8.5 Hz, 2H, H-3’), 7.78 (d, J = 16.0 Hz, 1H, 

H-3), 7.73 (d, J = 8.5 Hz, 2H, H-2’), 7.65 (d, J = 16.0 Hz, 1H, H-2), 7.55 (d, J = 8.0 Hz, 

2H, H-6’), 7.49 (t, J = 8.0 Hz, 2H, H-7’), 7.41 (t, J = 8.0 Hz, 1H, H-8’), 7.29 (s, 1H, H-

2’’), 7.24 (d, J = 7.5 Hz, 1H, H-6’’), 7.15 (t, J = 2.0 Hz, 1H, H-5’’), 6.91 (dd, J = 2.0 Hz, 

6.0 Hz, 1H, H-4’’). 
13C NMR (125 MHz, CDCl3) δ 190.0 (CO), 156.2 (C-3’’), 145.8 (C-4’), 144.5 (CH-3), 

139.9 (C-5’), 136.5 (C-1’), 130.2 (C-1’’), 129.1 (CH-5’’), 128.9 (2CH-2’), 128.8 (CH-

8’), 128.2 (2CH-7’), 127.3 (2CH-6’), 127.2 (2CH-3’), 122.3 (CH-2), 121.2 (CH-6’’), 

117.7 (CH-4’’), 114.8 (CH-2’’). 

 

3-[4-(4-Chlorophenyl)phenyl]-5-(3,4-dimethoxyphenyl)-1H-pyrazole (80) 

To a solution of 75 (200 mg, 0.528 mmol) in 

DMSO (5 mL), was added 65% hydrazine 

monohydrate (406 mg, 394 μL, 5.28 mmol).  

The mixture was heated to 85 °C with 

exposure to air and stirred for 48 hours.  The mixture was then quenched with H2O (25 

mL) and extracted with ethyl acetate (2 x 25 mL).  The combined organic extracts were 

washed with water (2 x 50 mL), brine (25 mL), dried over Na2SO4 and then the solvent 

was removed in vacuo.  The crude product was purified by column chromatography using 

75% EtOAc:hexane as the eluent to yield 80 as a yellow solid (134 mg, 0.344 mmol, 65%, 

Rƒ = 0.82 in 10% MeOH:DCM, m.p. 202-203 ºC). HRMS (EI) Calcd for C23H19ClN2O2 

[M+H]+ 391.1135. Found 391.1121.  
1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.5 Hz, 2H, H-3’’), 7.439-7.425 (m, 4H, H-

2’’, H-2’’’), 7.36 (d, J = 8.5 Hz, 2H, H-3’’’), 7.22 (s, 1H, H-2’), 7.15 (dd, J = 1.5 Hz, 6.5 

Hz, 1H, H-6’), 6.73 (d, J = 8.5 Hz, 1H, H-5’), 6.70 (s, 1H, H-4), 3.81 (s, 3H, OCH3), 3.68 

(s, 3H, OCH3).   
13C NMR (125 MHz, CDCl3) δ 151.8 (C-3’), 151.7 (C-4’), 148.5 (C-3’), 142.0 (C-4’’), 

141.4 (C-1’’’), 140.7 (C-5), 136.2 (C-4’’’), 132.2 (C-1’’), 131.91.5 (C-1’), 131.6 (2CH-

3’’’), 130.7 (2CH-2’’’), 129.8 (2CH-2’’), 128.6 (2CH-3’’), 120.8 (CH-6’), 113.8 (CH-

5’), 111.3 (CH-2’), 102.0 (CH-4), 58.5 (OCH3), 58.3 (OCH3). 
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4-[3-(4-tert-Butylphenyl)-1H-pyrazol-5-yl]-2-methoxy-phenol (82) 

The title compound was prepared from 81 (250 mg, 

0.806 mmol) and 65% hydrazine monohydrate (466 

mg, 451 µL, 8.06 mmol) in a similar method to that 

described above for the synthesis of 80.  The crude 

product was purified by trituration with 2.0M HCl 

in Et2O to give 82 as a red-brown solid (211 mg, 0.654 mmol, 81%, Rƒ = 0.35 in 10% 

MeOH:DCM, m.p. 121-122 ºC). HRMS (EI) Calcd for C20H22N2O2 [M+H]+ 323.1681. 

Found 323.1663.  
1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 7.5 Hz, 2H, H-2’’), 7.84 (s, 1H, H-3), 7.52 (d, 

J = 7.5 Hz, 2H, H-3’’), 7.37 (d, J = 8.0 Hz, 1H, H-5), 7.00 (d, J = 8.0 Hz, 1H, H-6), 6.88 

(s, 1H, H-4’), 4.03 (s, 3H, OCH3), 1.34 (s, 9H, H-6’’).  
13C NMR (125 MHz, CDCl3) δ 157.2 (C-4’’), 151.0 (C-3’), 150.5 (C-1), 150.2 (C-2), 

149.9 (C-5’), 129.6 (2CH-2’’),   129.0 (2CH-3’’), 125.6 (C-1’), 123.6 (CH-5), 120.5 (C-

4), 117.7 (CH-6), 112.8 (CH-3) 102.4 (CH-4’), 59.4 (OCH3), 37.6 (C-5’’), 33.7 (3CH3-

6’’). 

 

3-[4-(4-Chlorophenyl)phenyl]-5-(2,4-dimethoxyphenyl)-1H-pyrazole (83) 

The title compound was prepared from 104 

(200 mg, 0.528 mmol) and 65% hydrazine 

monohydrate (406 mg, 394 μL, 5.28 mmol) 

using a similar method to that described above 

for the synthesis of 80.  The crude product was purified by column chromatography using 

75% EtOAc:hexane as the eluent to yield 83 as a yellow solid (30.8 mg, 0.0790 mmol, 

15%, Rƒ = 0.61 in 10% MeOH:DCM, m.p. sublimed). HRMS (EI) Calcd for 

C23H19ClN2O2 [M+H]+ 391.1135. Found 391.1112.  
1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.0 Hz, 2H, H-3’’), 7.65 (d, J = 8.5 Hz, 1H, 

H-6’), 7.61 (d, J = 8.0 Hz, 2H, H-2’’), 7.56 (d, J = 8.5 Hz, H-2’’’), 7.41 (d, J = 8.5 Hz, 

2H, H-3’’’), 6.86 (s, 1H, H-4), 6.61 (dd, J = 2.5 Hz, 6.0 Hz, 1H, H-5’), 6.58 (d, J = 2.5 

Hz, 1H, H-3’), 3.97 (s, 3H, OCH3), 3.86 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 163.5 (C-4’), 159.8 (C-2’), 153.5 (C-3), 144.8 (C-5), 142.0 

(C-4’’), 141.7 (C-1’’’), 136.0 (C-4’’’), 135.6 (C-1’’), 131.6 (2CH-3’’’), 131.5 (CH-6’), 

130.9 (2CH-2’’’), 129.8 (2CH-2’’), 128.8 (2CH-3’’), 113.5 (C-1’), 108.4, (CH-5’), 101.7 

(CH-3’), 101.6 (CH-4), 58.2 (OCH3), 58.5 (OCH3).  
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3-[4-(4-Chlorophenyl)phenyl]-5-(2,5-dimethoxyphenyl)-1H-pyrazole (84) 

The title compound was prepared from 105 

(200 mg, 0.528 mmol) and 65% hydrazine 

monohydrate (406 mg, 394 μL, 5.28 mmol) 

using a similar method to that described above 

for the synthesis of 80.  The crude product was purified by column chromatography using 

75% EtOAc:hexane as the eluent to yield 84 as a yellow solid (97.7 mg, 0.251 mmol, 

47%, Rƒ = 0.81 in 10% MeOH:DCM, m.p. 183-184 ºC). HRMS (EI) Calcd for 

C23H19ClN2O2 [M+H]+ 391.1135. Found 391.1123.  
1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.0 Hz, 2H, H-3’’), 7.63 (d, J = 8.0 Hz, 2H, 

H-2’’), 7.57 (d, J = 8.5 Hz, 2H, H-2’’’), 7.42 (d, J = 8.5 Hz, 2H, H-3’’’), 7.29 (d, J = 3.0 

Hz, 1H, H-6’), 6.97 (d, J = 9.0 Hz, 1H, H-3’), 6.96 (s, 1H, H-4), 6.88 (dd, J = 3.0 Hz, 6.0 

Hz, 1H, H-4’), 3.98 (s, 3H, OCH3), 3.85 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 156.7 (C-5’), 153.4 (C-2’), 153.0 (C-3), 144.7 (C-4’’), 

141.9 (C-1’’’), 141.9 (C-5), 136.0 (C-4’’’), 135.3 (C-1’’), 131.6 (2CH-3’’), 130.9 (2CH-

2’’), 129.9 (2CH-2’’’), 128.8 (2CH-3’’’), 120.8 (C-1’), 117.0 (CH-4’), 116.0 (CH-6’), 

115.5 (CH-3’), 102.7 (CH-4), 59.0 (OCH3), 58.5 (OCH3).    

 

3-[4-(4-Chlorophenyl)phenyl]-5-(4-methoxyphenyl)-1H-pyrazole (85) 

The title compound was prepared from 106 

(200 mg, 0.573 mmol) and 65% hydrazine 

monohydrate (441 mg, 427 μL, 5.73 mmol) 

using a similar method to that described above 

for the synthesis of 80.  The crude product was purified by column chromatography using 

75% EtOAc:hexane as the eluent to yield 85 as a pale yellow solid (38.1 mg, 0.106 mmol, 

18%, Rƒ = 0.51 in 10% MeOH:DCM, m.p. 149-150 ºC). HRMS (EI) Calcd for 

C22H17ClN2O [M+H]+ 361.1029. Found 361.1012. 
1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.0 Hz, 2H, H-3’’), 7.66-7.62 (m, 4H, H-2’, 

H-2’’), 7.56 (d, J = 8.5 Hz, 2H, H-2’’’), 7.43 (d, J = 8.5 Hz, 2H, H-3’’’), 6.99 (d, J = 9.0 

Hz, 2H, H-3’), 6.83 (s, 1H, H-4), 3.86 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 162.5 (C-4’), 145.2 (C-3), 142.3 (C-4’’), 141.6 (C-1’’’), 

136.2 (C-5), 133.6 (C-4’’’), 133.2 (C-1’), 131.8 (C-1’’), 131.6 (CH-3’’’), 130.9 (CH-

2’’’), 130.0 (CH-2’), 129.6 (CH-2’’), 128.7 (CH-3’’), 117.1 (CH-3’), 116.3 (CH-4), 58.03 

(OCH3). 
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5-(4-Benzyloxyphenyl)-3-[4-(4-chlorophenyl)phenyl]-1H-pyrazole (86) 

The title compound was prepared 

from 107 (200 mg, 0.471 mmol) 

and 65% hydrazine monohydrate 

(363 mg, 352 μL, 4.71 mmol) 

using a similar method to that described above for the synthesis of 80.  The crude product 

was purified by column chromatography using 75% EtOAc:hexane as the eluent to yield 

86 as a yellow solid (125 mg, 0.286 mmol, 61%, Rƒ = 0.73 in 10% MeOH:DCM, m.p. 

207-208 ºC). C28H21ClN2O [M+H]+ 437.1342. Found 437.1335. 
1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 8.0 Hz, 2H, H-3’), 7.63 (d, J= 8.0 Hz, 2H, H-

2’), 7.56 (d, J = 8.0 Hz, 2H, H-2’’), 7.47 (d, J = 7.5 Hz, 2H, H-7’’’), 7.43 (d, J = 7.5 Hz, 

2H, H-8’’) 7.40 (d, J = 8.0 Hz, 2H, H-3’’),  7.36 (d, J = 7.5 Hz, 2H, H-2’’’), 7.33 (t, J = 

7.5 Hz, 1H, H-9’’’), 6.99 (dd, J = 1.5 Hz, 6.5 Hz, 2H, H-3’’’), 6.88 (s, 1H, H-4), 5.14 (s, 

2H, H-5’’’).  
13C NMR (125 MHz, CDCl3) δ 162.0 (C-4’’’), 148.5 (C-3), 142.5 (C-4’), 141.6 (C-1’’’), 

139.5 (C-1’’), 137.5 (C-5), 136.3 (C-6’’), 132.8 C-4’’), 131.7 (2CH-2’’), 131.3 (2CH-

3’’), 130.9 (2CH-8’’’), 130.7 (C-1’), 130.2 (2CH-7’’’), 130.1 (2CH-2’), 128.7 (2CH-3’), 

121.0 (CH-9’’’), 117.6 (2CH-3’’’), 114.8 (2CH-2’’’), 103.1 (CH-4), 72.8 (CH2-5’’’). 

 

5-(3-Benzyloxyphenyl)-3-[4-(4-chlorophenyl)phenyl]-1H-pyrazole (87) 

The title compound was prepared from 

108 (200 mg, 0.471 mmol) and 65% 

hydrazine monohydrate (363 mg, 352 

μL, 4.71 mmol) using a similar method 

to that described above for the 

synthesis of 80.  The crude product was purified by column chromatography using 75% 

EtOAc:hexane as the eluent to yield 87 as a pale brown solid (107 mg, 0.245 mmol, 52%, 

Rƒ = 0.75 in 10% MeOH:DCM, m.p. 233-234 ºC). C28H21ClN2O [M+H]+ 437.1342. 

Found 437.1312. 
1H NMR (500 MHz, CDCl3) δ 8.83 (d, J = 8.0 Hz, 2H, H-3’), 7.66-7.63 (m, 4H, H-2’, H-

9’’’), 7.57 (d, J = 8.5 Hz, 2H, H-2’’), 7.47-7.40 (m, 6H, H-10’’’, H-2’’’, H-4’’’, H-5’’’, 

H-6’’’), 7.36 (t, J= 8.0 Hz, 1H, H-11’’’), 7.07 (d, J = 8.5 Hz, 2H, H-3’’), 6.82 (s, 1H, H-

4), 5.13 (s, 2H, H-7’’’). 
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13C NMR (125 MHz, CDCl3) δ 158.7 (C-3’’’), 144.7 (C-3), 142.3 (C-4’), 140.9 (C-1’’), 

140.7 (C-5), 136.2 (C-8’’’), 135.7 (C-4’’), 132.2 (C-1’), 131.7 (C-1’’’), 131.3 (2CH-3’’), 

130.9 (2CH-2’’), 130.7 (CH-11’’’), 130.1 (2CH-10’’’), 130.0 (2CH-9’’’), 129.6 (2CH-

2’), 128.7 (CH2-3’), 127.8 (CH-5’’’), 126.7 (CH-6’’’), 118.0 (CH-4’’’), 111.0 (CH-2’’’), 

102.4 (CH-4), 72.8 (CH2-7’’’). 

 

5-(4-Benzyloxy-3-methoxy-phenyl)-3-[4-(4-chlorophenyl)phenyl]-1H-pyrazole (88) 

The title compound was prepared 

from 88 (200 mg, 0.440 mmol) and 

65% hydrazine monohydrate (339 

mg, 328 μL, 4.40 mmol) using a 

similar method to that described 

above for the synthesis of 80.  The crude product was purified by column chromatography 

using 75% EtOAc:hexane as the eluent to yield 88 as an orange solid (115 mg, 0.246 

mmol, 56%, Rƒ = 0.69 in 10% MeOH:DCM, m.p. 185-186 ºC). C29H23ClN2O2 [M+H]+ 

467.1448. Found 467.1439.  
1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.0 Hz, 2H, H-3’), 7.48-7.45 (m, 4H, H-2’, H-

2’’), 7.39 (d, J = 7.5 Hz, 2H, H-9’’’), 7.37-7.34 (m, 4H, H-10’’’, H-3’’), 7.29 (t, J = 7.5 

Hz, 1H, H-11’’’), 7.26 (s, 1H, H-2’’’), 7.12 (dd, J = 2.0 Hz, 6.5 Hz, 1H, H-6’’’), 6.80 (d, 

J = 8.5 Hz, 1H, H-5’’’), 6.71 (s, 1H, H-4), 5.08 (s, 2H, H-7’’), 3.72 (s, 3H, OCH3).   
13C NMR (125 MHz, CDCl3) δ 152.5 (C-4’’’), 151.0 (C-3’’’), 148.5 (C-3), 142.1 (C-4’), 

141.5 (C-1’’), 139.6 (C-5), 136.2 (C-8’’’), 135.7 (C-4’’), 132.2 (C-1’), 131.9 (C-1’’’), 

131.6 (2CH2-3’’), 131.2 (CH-11’’’), 130.8 (2CH-10’’’), 130.6 (2CH-2’’), 129.9 (2CH-

9’’’), 129.9 (2CH-2’), 128.6 (2CH-3’), 120.8 (CH-6’’’), 116.6 (CH-5’’’), 111.8 (CH-

2’’’), 102.2 (CH-4), 73.6 (CH2-7’’’), 58.5 (OCH3). 

 

3-[4-(4-tert-Butylphenyl)phenyl]-5-(4-methoxyphenyl)-1H-pyrazole (89) 

The title compound was prepared from 109 

(300 mg, 0.871 mmol) and 65% hydrazine 

monohydrate (671 mg, 650 μL, 8.71 mmol) 

using a similar method to that described 

above for the synthesis of 80.  The crude product was purified by column chromatography 

using 75% EtOAc:hexane as the eluent to yield 89 as a yellow solid (250 mg, 0.654 mmol, 
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75%, Rƒ = 0.84 in 10% MeOH:DCM, m.p. 227-228 ºC).  C26H26N2O [M+H]+ 383.2045. 

Found 383.2026. 
1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.5 Hz, 2H, H-2’’), 7.65 (d, J = 8.5 Hz, 2H, 

H-3’’), 7.63 (d, J = 8.0 Hz, 2H, H-2’’’), 7.55 (d, J = 8.5 Hz, 2H, H-2’), 7.47 (d, J = 8.5 

Hz, 2H, H-3’), 6.93 (d, J = 8.0 Hz, 2H, H-3’’’), 6.78 (s, 1H, H-4), 3.82 (s, 3H, OCH3), 

1.37 (s, 9H, H-6’’’). 
13C NMR (125 MHz, CDCl3) δ 162.4 (C-4’’’), 153.2 (C-4’), 148.4 (C-3), 143.4 (C-4’), 

142.7 (C-1’’), 142.2 (C-1’’’), 140.3 (C-5), 132.7 (C-1’’), 130.0 (2CH-2’’’), 129.6 (2CH-

3’’), 129.3 (2CH-2’), 128.6 (2CH-2’), 128.5 (2CH-3’’), 117.0 (2CH-3’’’), 102.2 (CH-4), 

58.0 (OCH3), 37.2 (C-5’’’), 34.0 (3CH3-6’’’). 

 

3-[4-(4-tert-Butylphenyl)phenyl]-5-(2,5-dimethoxyphenyl)-1H-pyrazole (90)  

The title compound was prepared from 110 

(200 mg, 0.499 mmol) and 65% hydrazine 

monohydrate (384 mg, 372 μL, 4.99 mmol) 

using a similar method to that described 

above for the synthesis of 80.  The crude product was purified via recrystallization in 

chloroform/hexane to yield 90 as a yellow solid (34.2 mg, 0.0799 mmol, 16 %, Rƒ = 0.86 

in 10% MeOH:DCM, m.p. 182-183 ºC).  C27H28N2O2 [M+H]+ 413.2150. Found 

413.2134.  
1H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 8.0 Hz, 2H, H-3’’), 7.71 (d, J = 8.0 Hz, 2H, 

H-2’’), 7.55 (d, J = 8.0 Hz, 2H, H-2’’’), 7.52 (s, 1H, H-6’), 7.48 (d, J = 8.0 Hz, 2H, H-

3’’’), 7.17 (s, 1H, H-4), 7.01 (dd, J = 2.5, 6.5 Hz, 1H, H-3’), 6.96 (d, J = 9.0 Hz, 1H, H-

4’), 3.98 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 1.37 (s, 9H, H-6’’’).  
13C NMR (125 MHz, CDCl3) δ 153.8 (C-2’), 151.4 (C-5’), 151.2 (C-4’’’), 146.7 (C-3), 

144.0, (C-4’’), 143.4 (C-1’’’), 136.9 (C-5), 127.7 (2CH-2’’’), 127.6 (2Ch-3’’’), 126.8 

(2CH-2’’), 125.9 (2CH-3’’), 124.7 (C-1’’), 118.5 (CH-3’), 114.7 (C-1’), 113.7 (CH-6’), 

113.0 (CH-4’), 102.9 (C-4), 56.3 (OCH3), 56.3 (OCH3), 34.6 (C-5’’’), 31.3 (3CH3-6’”). 

 

3-[4-(4-tert-Butylphenyl)phenyl]-5-(3,4-dimethoxyphenyl)-1H-pyrazole (91) 

The title compound was prepared from 111 

(200 mg, 0.499 mmol) and 65% hydrazine 

monohydrate (384 mg, 372 μL, 4.99 mmol) 

using a similar method to that described 
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above for the synthesis of 80.  The crude product was purified via recrystallization in 

chloroform/hexane to yield 91 as an orange solid (51.3 mg, 0.120 mmol, 24%, Rƒ = 0.81 

in 10% MeOH:DCM, m.p. 224-225 ºC).  C27H28N2O2 [M+H]+ 413.2150. Found 

413.2130.  
1H NMR (500 MHz, CDCl3) δ 7.75 (d, J = 8.5 Hz, 2H, H-3’’), 7.60 (d, J = 8.5 Hz, 2H, 

H-2’’), 7.55 (d, J = 8.5, 2H, H-2’’’), 7.47 (d, J = 8.5 Hz, 2H, H-3’’’), 7.29 (s, 1H, H-4), 

7.24 (dd, J = 8, 2 Hz, 1H, H-6’), 6.85 (d, J = 8.5 Hz, 1H, H-5’), 6.77 (s, 1H, H-2’), 3.88 

(s, 3H, OCH3), 3.85 (s, 3H, OCH3), 1.37 (s, 9H, H-6’’’).  
13C NMR (125 MHz, CDCl3) 𝛿 150.6 (C-4’’’), 149.2 (C-3’), 149.2 (C-4’), 148.3 (C-3), 

142.7 (C-4’’), 140.8 (C-1’’’), 140.7 (C-5), 137.5 (C-1’’), 131.9 (C-1’), 127.4 (2CH-3’’), 

126.6 (2CH-2’’’), 125.9 (2CH-2’’), 125.8 (2CH-3’’’), 118.2 (CH-6’), 111.3 (CH-5’), 

108.8 (CH-2’), 99.6 (CH-4), 55.9 (OCH3), 55.8 (OCH3), 34.6 (C-5’’’), 31.4 (3CH3-6”’). 

 

5-(4-Benzyloxyphenyl)-3-[4-(4-tert-butylphenyl)phenyl]-1H-pyrazole (92) 

The title compound was prepared 

from 112 (200 mg, 0.448 mmol) 

and 65% hydrazine monohydrate 

(345 mg, 334 μL, 4.48 mmol) 

using a similar method to that described above for the synthesis of 80.  The crude product 

was purified by column chromatography using 75% EtOAc:hexane as the eluent to yield 

92 as a brown solid (21 mg, 0.0458 mmol, 10%, Rƒ = 0.82 in 10% MeOH:DCM, m.p. 

222-233 °C). HRMS (EI) Calcd for C32H30N2O [M+H]+ 459.2358. Found 459.2333.  
1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H, H-2’), 7.68-7.65 (m, 4H, H-3’, H-

2’’’), 7.58 (d, J = 8.5 Hz, 2H, H-2’’), 7.48 (d, J = 8.5 Hz, 2H, H-3’’), 7.45 (d, J = 7.5 Hz, 

2H, H-7’’’), 7.40 (t, J = 7.5 Hz, 2H, H-8’’’), 7.34 (t, J = 7.5 Hz, 1H, H-9’’’), 7.04 (d, J = 

9.0 Hz, 2H, H-3’’’), 6.81 (s, 1H, H-4), 5.11 (s, 2H, H-5’’’), 1.37 (s, 9H, H-10’). 
13C NMR (125 MHz, CDCl3) δ 158.9 (C-4’’’), 157.7 (C-3), 150.7 (C-4’), 150.6 (C-1’’’), 

142.2 (C-1’’), 140.8 (C-5), 137.6 (C-6’’), 137.1 (C-6’’’), 136.8 (C-1’), 128.6 (2CH-2’’), 

128.0 (2CH-3’’), 127.4 (2CH-8’’’), 127.0 (2CH-7’’’), 126.9 (2CH-2’), 126.7 (2CH-3’), 

126.6 (CH-9’’’), 125.8 (2CH-3’’’), 115.2 (2CH-2’’’), 99.6 (C-4), 76.1 (CH2-5’’’), 34.6 

(C-5’’), 31.4 (3CH3-6’’). 
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5-(4-Methoxyphenyl)-3-(4-phenylphenyl)-1H-pyrazole (93) 

The title compound was prepared from 113 (200 

mg, 0.636 mmol) and 65% hydrazine 

monohydrate (490 mg, 475 μL, 6.36 mmol) using 

a similar method to that described above for the 

synthesis of 80.  The crude product was purified by column chromatography using 75% 

EtOAc:hexane as the eluent to yield 93 as an orange solid (56 mg, 0.172 mmol, 27%, Rƒ 

= 0.60 in 10% MeOH:DCM, m.p. 234-235 ºC).  C22H18N2O [M+H]+ 327.1419. Found 

327.1409.  
1H NMR (500 MHz, DMSO-d6) δ 8.00 (d, J = 8.5 Hz, 2H, H-2’), 7.84 (d, J = 9.0 Hz, 2H, 

H-2’’), 7.77 (d, J = 8.5 Hz, 2H, H-2’), 7.73 (d, J = 7.5 Hz, 2H, H-6’), 7.51 (t, J = 7.5 Hz, 

2H, H-7’), 7.40 (t, J = 7.5 Hz, 2H, H-8’), 7.09 (s, 1H, H-4), 7.05 (d, J = 9.0 Hz, 2H, H-

3’’), 3.87 (s, 3H, OCH3).  
13C NMR (125 MHz, DMSO-d6) δ 162.3 (C-4’’), 142.9 (C-3), 142.8 (C-5), 135.9 (C-4’), 

131.8 (C-5’), 131.6 (C-1’), 130.2 (2CH-7’), 129.8 (CH-8’), 129.7 (C-1’’), 129.5 (2CH-

2’’), 129.4 (2CH-2’), 129.3 (2CH-6’), 128.6 (2CH-3’), 116.9 (2CH-3’’), 101.6 (C-4), 

57.5 (OCH3). 

 

5-(2,5-Dimethoxyphenyl)-3-(4-phenylphenyl)-1H-pyrazole (94) 

The title compound was prepared from 114 (300 

mg, 0.871 mol) and 65% hydrazine monohydrate 

(671 mg, 650 μL, 8.71 mmol) using a similar 

method to that described above for the synthesis of 

80.  The crude product was purified by column chromatography using 75% 

EtOAc:hexane as the eluent to yield 94 as a yellow solid (278 mg, 0.780 mmol, 90%, Rƒ 

= 0.83 in 10% MeOH:DCM, m.p. 92-93 ºC). HRMS (EI) Calcd for C23H20N2O2 [M+H]+ 

357.1524. Found 357.1524.  
1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.5 Hz, 2H, H-3’), 7.69-7.65 (m, 4H, H-2’, H-

6’), 7.46 (t, J = 7.5 Hz, 2H, H-7’), 7.36 (t, J = 7.5 Hz, 1H, H-8’), 7.29 (d, J = 2.5 Hz, H-

6’’), 6.98 (d, J = 9.0 Hz, 1H, H-3’’), 6.97 (s, 1H, H-4), 6.89 (dd, J = 6.0 Hz, 3.0 Hz, 1H, 

H-4’’), 3.98 (s, 3H, OCH3), 3.86 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 154.1 (C-5’’), 150.4 (C-2’’), 148.5 (C-3), 142.4 (C-4’), 

140.9 (C-5), 140.5 (C-5’), 132.2 (C-1’), 128.8 (2CH-7’), 127.4 (2CH-2’), 127.3 (CH-8’), 
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127.0 (2CH-6’), 126.0 (2CH-3’), 114.3 (CH-6’’), 113.3 (CH-4’’), 112.9 (CH-3’’), 99.9 

(CH-4), 56.4 (OCH3), 55.9 (OCH3). 

 

5-(3,4-Dimethoxyphenyl)-3-(4-phenylphenyl)-1H-pyrazole (95) 

The title compound was prepared from 115 (300 

mg, 0.871 mmol) and 65% hydrazine 

monohydrate (671 mg, 650 μL, 8.71 mmol) 

using a similar method to that described above 

for the synthesis of 80.  The crude product was purified by purified via recrystallization 

in chloroform/hexane to yield 95 as a yellow solid (102 mg, 0.287 mmol, 33 %, Rƒ = 0.38 

in 10% MeOH:DCM, m.p. 189-190 °C). C23H20N2O2 [M+H]+ 357.1524. Found 357.1514.  
1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 8.5 Hz, 2H, H-3’’), 7.60-7.59 (m, 4H, H-2’’, 

H-2’’’), 7.44 (t, J = 7.5, 2H, H-3’’’), 7.35 (t, J = 7.5 Hz, 1H, H-4’’’), 7.28 (s, 1H, H-2’), 

7.24 (dd, J  = 1.5 Hz, 6.5 Hz, 1H, H-6’), 6.85 (d, J = 8.5, 1H, H-5’), 6.78 (s, 1H, H-4), 

3.87 (s, 3H, OCH3), 3.85 (s, 3H, OCH3).  
13C NMR (125 MHz, CDCl3) δ 149.2 (C-3’), 149.2 (C-4’), 148.5 (C-3), 141.0 (C-4’’), 

140.4 (C-5), 140.3 (C-1’’’), 132.2 (C-1’’), 131.9 (C-1’), 128.8 (CH-4’’’), 127.5 (2CH-

3’’’), 127.4 (2CH-2’’’), 127.0 (2CH-2’’), 125.9 (2CH-3’’), 118.3 (CH-6), 111.3 (CH-5), 

108.8 (CH-2), 99.6 (CH-4), 55.9 (OCH3), 55.8 (OCH3).  

 

2-Methoxy-4-[3-(4-phenylphenyl)-1H-pyrazol-5-yl]phenol (96) 

The title compound was prepared from 116 (200 

mg, 0.605 mmol) and 65% hydrazine 

monohydrate (466 mg, 451 µL, 6.05 mmol) 

using a similar method to that described above 

for the synthesis of 80.  The crude product was 

purified by column chromatography using 75% EtOAc:hexane as the eluent to yield 96 

as a brown solid (30.2 mg, 0.0882 mmol, 15%, Rƒ = 0.32 in 10% MeOH:DCM, m.p. 196-

197 °C).  C22H18N2O2 [M+H]+ 343.1368. Found 343.1359.  
1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H, H-3’’), 7.65 (d, J = 8.0 Hz, 2H, 

H-2’’), 7.62 (d, J = 7.5 Hz, 2H, H-6’’), 7.46 (t, J = 7.5 Hz, 2H, H-7’’), 7.38 (t, J = 7.5 Hz, 

1H, H-8’’), 7.36 (s, 1H, H-3), 7.26 (dd, J = 2.0 Hz, 6.5  Hz, 1H, H-5), 6.99 (d, J = 8.0 Hz, 

1H, H-6), 6.83 (s, 1H, H-4’), 3.98 (s, 3H, OCH3).  
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13C NMR (125 MHz, CDCl3) δ 159.2 (C-1), 149.6 (C-2), 149.1 (C-3’), 144.5 (C-4’’), 

139.0 (C-5’), 134.3 (C-5’’), 131.6 (C-1’’), 131.5 (2CH-7’’), 130.2 (CH-8’’), 129.9 (2CH-

6’’), 129.6 (2CH-2’’), 129.1 (C-4), 128.8 (2CH-3’’), 122.0 (C-5), 117.4 (C-6), 111.2 (C-

3), 102.5 (C-4’), 58.8 (OCH3). 

 
3-[3-(4-Phenylphenyl)-1H-pyrazol-5-yl]phenol (97) 

The title compound was prepared from 117 (200 mg, 

0.666 mmol) and 65% hydrazine monohydrate (513 

mg, µL, mg, 6.66 mmol) using a similar method to 

that described above for the synthesis of 80.  The 

crude product was purified by column chromatography using 10% MeOH:DCM as the 

eluent to yield 97 as a brown solid (55.4 mg, 0.177 mmol, 26%, Rƒ = 0.29 in 10% 

MeOH:DCM, m.p. 88-89 °C). HRMS (EI) Calcd for C21H16N2O [M+H]+ 313.1262. 

Found 313.1249. 
1H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 8.5 Hz, 2H, H-3’’), 7.74 (d, J = 8.5 Hz, 2H, 

H-2’’), 7.63 (d, J = 7.0 Hz, 2H, H-6’’), 7.49-7.38 (m, 5H, H-7’’, H-8’’, H-4, H-2), 7.32 

(t, J = 8.0 Hz, H-5), 7.07 (s, 1H, H-4’), 7.00 (dd, J = 2.0 Hz, 6.5 Hz, 1H, H-6). 
13C NMR (125 MHz, CDCl3) δ 158.0 (C-1), 147.5 (C-4’’), 146.9 (C-5’), 143.2 (C-5’’), 

139.5 (C-3), 130.3 (CH-5), 128.9 (2CH-7’’), 127.9 (CH-8’’), 127.7 (2CH-2’’), 127.4 

(2CH-3’’), 127.0 (C-1’’), 126.9 (2CH-6’’), 125.0 (C-3’), 118.4 (CH-6), 117.8 (CH-2), 

113.8 (CH-4), 101.0 (CH-4’). 

 

Synthesis of (2R)-2-amino-3-[(4-nitro-2,1,3-benzoxadiazol-7-yl)amino]propanoic 

acid (NADA) 

Boc-L-asparagine (5.0 g, 21.5 mmol) in ethyl acetate (24 mL), 

acetonitrile (24 mL) and water (12 mL), was added iodosobenzene 

diacetate (8.32 g, 25.8 mmol) at approximately 16 °C.  The mixture 

was stirred for 30 min. The temperature was raised to room 

temperature and allowed to stir for 4 hours.  Once complete, the 

mixture was cooled to 0 °C and filtered.  The filter cake was washed 

with ethyl acetate and dried in vacuo to yield (2R)-3-amino-2-(tert-

butoxycarbonylamino)propanoic acid as a white solid.  (2R)-3-Amino-2-(tert-

butoxycarbonylamino)propanoic acid (100 mg, 0.490 mmol) and NaHCO3 (123 mg, 1.47 

mmol) were then dissolved in water (1.8 mL) and heated to 55 ºC. To a solution of 4-
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chloro-7-nitrobenzofurazan (108mg, 0.539 mmol) in methanol (8.5 mL) was added 

dropwise over 10 minutes.  The reaction was conducted in the absence of light.  The 

mixture was stirred at 55 ºC for 1 hour. The solvent was then removed in vacuo and 

acidified with 1 M HCl. The aqueous mixture was extracted with dichloromethane (50 

mL x 3), and the organic extracts were washed with brine (50 mL), dried over Na2SO4, 

filtered, and then the solvent was removed in vacuo. Without further purification, the 

crude product was treated with 4 M HCl/dioxane (10 mL) for 1 hour at room temperature.  

Once completed, the solvent was removed in vacuo. The product was purified via 

trituration with Et2O to yield NADA as a bright orange solid (94.3 mg, 0.353 mmol, 72%). 
1H NMR (500 MHz, D2O): δ 8.42 (d, J = 8.0 Hz, 1H, H-3’’), 6.40 (d, J = 8.0 Hz, 1H, H-

2’’), 4.20 (dd, J = 4.5 Hz, 2.5 Hz, 1H, H-2), 4.05 (d, J = 7.5 Hz, 1H, Ha-1’), 4.00 (d, J = 

7.5 Hz, 1H, Hb-1’). 

 

7.2. Biological assays 
 

CFU calculation 

In a 96 well plate, 20 µL of an overnight culture of S. aureus ATCC25923, B. 

subtilis 168, E. coli MG1655, E. coli ∆tolc, P. aeruginosa PA14, A. baumanii 

ATCC19606, A baylyi ADP1, S. pneumonia ATCC35667 or E. faecium ATCC33400 was 

diluted in 180 µL of PBS.  From the first well, 20 µL was pipetted into the next well 

containing a further 180 µL of PBS.  This serial dilution was continued for a further six 

dilutions to create ten-fold dilutions.  From each dilution, 20 µL was pipetted onto fresh 

CAMHA plates and allowed to dry at room temperature before incubation for 24 hours at 

37 ºC.  The dilution with optimum countable colonies (6-60 colonies) was measured and 

used to determine CFU/mL.  Using E. coli MG1655 as an example, nine colonies were 

counted at a dilution of 10-7, meaning the CFU was determined to be 9 x 107 CFU/20 µL.  

When adjusted to CFU/mL, the concentration of the original overnight culture was 

determined to be 4.5 x 109 CFU/mL.  Experiments were performed with technical 

triplicates and biological duplicates. 

 

Minimum inhibitory concentration (MIC) 

MIC was determined by broth microdilution according to CLSI guidelines. The 

test medium was cation-adjusted Mueller-Hinton broth (CAMHB); and brain-heart 

infusion (BHI) was used when testing E. faecium strains to allow optimum growth 
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conditions.  Two-fold serially diluted drug concentrations were tested using a 96 well 

plate, which was inoculated with a bacterium cell concentration of approximately 

5 × 105 CFU.  After 20 h of incubation at 37 °C statically, the 96 well plate was measured 

for absorbance at a wavelength of 595 nm using a Tecan plate reader.  The MIC was 

defined as the lowest concentration of compound that showed 90% cell growth inhibition 

when compared to a negative control (no drug exposure).  Experiments were performed 

in biological triplicates. 

 

Minimum bactericidal concentration (MBC) 

100 µL of bacterial culture was taken from the wells from an MIC microbroth 

plate at 1 x MIC, 2 x MIC, 4 x MIC and 8 x MIC.  The culture was pipetted onto CAMHA 

and spread until dry.  The colonies were enumerated after incubating for 48 hours at 37 

°C.  The MBC is defined as the first drug dilution which resulted in no bacterial cell 

growth.  The compound was determined to be bactericidal if no cell growth was seen at 

1 x MIC or 2 x MIC.  Experiments were performed with biological duplicates. 

 

Cell division phenotype assay 

Overnight cultures of B. subtilis 168 and S. aureus ATCC25923 grown in LB 

medium were diluted to A600 nm of 0.06.  Each culture was grown to early-exponential 

phase (A600 ~ 0.3), after which antibiotic/compound at increasing concentrations was 

added (0.25 x MIC, 0.5 x MIC, 0.75 x MIC, 1 x MIC, 1.5 x MIC and 2 x MIC, 4 x MIC).  

The cells were incubated further, with samples taken at 30 min, 60 min, 120 min and 240 

min for microscopic observation.  Each aliquot was resuspended in PBS, and then 65 µL 

was transferred to 2% (w/v) agarose slides for microscopy. Cell morphology was assessed 

by phase-contrast light.  A Zeiss microscope at 100x magnification equipped with an 

AxioCam MRm camera was utilised, and the images were analysed using AxioVision 

LE64. Cell length and diameter measurements were determined, and any characteristic 

phenotypes were quantified. 

 

NADA fluorescence microscopy 

A 20 mM stock solution of NADA in DMSO was prepared.  The NADA solution 

was then added to the bacterial culture to a final concentration of 1 mM at each time point 

to be tested.  The culture was incubated for 3 minutes at 37 °C with agitation at 225 r.p.m 

to allow incorporation of the dye.  The cultures were then washed and resuspended in 
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PBS.  This was repeated three times.  65 µL of culture was then transferred to 2 % (w/v) 

agarose slides for microscopy. A Zeiss microscope at 100x magnification equipped with 

an AxioCam MRm camera was utilised, and the images were analysed using AxioVision 

LE64.  The cells were excited with a wavelength of 448 nm to induce green fluorescence. 

 

STD NMR experiment 

The concentration of previously purified SaFtsZ was determined to be 0.0975 mM 

using a nano-drop and an extinction coefficient of 16300 Lmol-1cm-1. 256 μL of the 

protein was added to 244 μL of D20 buffer. The D2O buffer was prepared by dissolving 

NaH2PO4.H2O (19.47 mg, 0.1411 mmol), Na2HPO4.5H2O (163.2 mg, 0.7033 mmol) and 

NaCl (87.66 mg, 1.500 mmol) in 10 mL of D2O.  The ligand (compound 11) solution was 

prepared by dissolving 2.03 mg of 11 in 1 mL of DMSO-d6, to give a 5.0 mM solution. 

200 μL of the protein solution, 200 μL of the ligand solution and 100 μL of the phosphate 

buffer were mixed and added to a clean NMR tube. The sample was tested on an Agilent 

500 MHz NMR spectrometer using the Varian 4.0 BIOPACK software. Selective 

saturation (off resonance) was achieved by a series of Gaussian-shaped pulses 50 ms each 

at 16000 Hz, around 40 ppm for 2 s. The on-resonance spectra were obtained at -2449.3 

Hz, 0 ppm.  The data were collected with 16 k complex points for 1.33 s with a relaxation 

delay of 3 s between each FID. 512 scans were collected for the 11 sample.  Experiments 

were run in duplicate, with berberine used as a positive control. 

 

3D HSQC experiment 

Protein purification, 15N protein labelling and NMR experiments were conducted 

by fellow PhD candidate Ken Kusuma and collaborator Professor Joel Mackay.  This 

experimental work was not completed by the author of this thesis; however, interpretation 

and discussion of the results are relevant to the project and was solely conducted by the 

author. 

 

The frequency of resistance assay 

This method was adapted from Haydon et al. [111].  The frequency of resistance 

(FOR) to 11 was determined using CAMHA containing 11 in two-fold increasing 

concentrations ranging from 2 x MIC to 64 x MIC.  A 100 µL volume of an inoculum 

approximately 5 × 1010 CFU/mL of S. aureus ATCC25923 was spread onto each plate.  

The colony count of the original inoculum was verified using the above CFU method on 
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antibiotic-free CAMHA.  Plates were incubated at 37 °C for 48 hours and colonies were 

enumerated.  Any putative resistant mutants were patched on to fresh CAMHA containing 

the same concentration of the compound.  Mutational frequency was calculated from the 

ratio of the number of colonies observed on the selective plates to the total number of 

plated bacteria. 

 

Mutant Prevention Concentration assay 

This method was adapted from Blondeau et al. [196].  Using a similar method 

above for the FOR assay, the mutant prevention concentration (MPC) was determined 

using CAMHA containing 11 at concentrations ranging from 2 x MIC to 64 x MIC.  A 

100 µL volume of a large inoculum approximately 5 x 1010 CFU/mL of S. 

aureus ATCC25923 was spread onto each plate.  Plates were incubated at 37 °C for 48 

hours and the MPC was defined as the lowest concentration that showed no observed cell 

growth.  This experiment was performed with biological triplicates. 

 
Resistance cell passaging studies 

This method was adapted from Ling et al. [201].  Sequential culturing of S. aureus 

ATCC25923 was undertaken in the presence of sub-inhibitory levels of antibiotic.  An 

overnight culture was diluted to an OD600 of 1.0 (A600 nm) 1 mL of CAMHB containing 

11, oxacillin, ciprofloxacin and 5% DMSO at 0.25 x MIC, 0.5 x MIC, 1 x MIC and 2 x 

MIC.  The cultures were incubated at 37 °C and 150 r.p.m for 24 hours.  After 24 hours, 

the cultures were checked for cell growth using a Tecan plate reader (at a 595 nm 

wavelength). Cultures with the second highest concentration that allowed 60% cell 

growth with respect to the control were diluted 1:100 into fresh media containing 

increasing concentrations of the antibiotic.  This serial passaging was repeated daily for 

30 days. Any cultures that grew at concentrations higher than the original MIC were 

plated on drug-free CAMHA.  Three colonies were then cultured and tested for an MIC 

using the broth microdilution method describe above (CLSI guidelines).  This experiment 

was performed with biological triplicates. 

 

Time-dependent killing 

This method was adapted from the work of Ling et al. [201].  An overnight culture 

of S. aureus ATCC25923 was diluted 1:1000 in CAMHB and incubated at 37 °C with 



 

~241~ 

aeration at 225 r.p.m. for 0 hours (stationary growth phase), 2 hours (early exponential 

growth phase) or 5 hours (late exponential growth phase). Bacteria were then challenged 

with antibiotic at 10 × MIC (a desirable concentration at the site of infection), 11 (40 

µg/mL), oxacillin (2.5 µg/ml), ciprofloxacin (2.5 µg/ml) and 5% DMSO (negative 

control) in culture tubes at 37 °C and 225 r.p.m. At various time intervals, 100 µl aliquots 

were removed, centrifuged at 13,000g for 2 min and resuspended in 100 µl of sterile 

phosphate buffered saline (PBS). Eight-fold serially diluted suspensions were plated on 

CAMHA plates and incubated at 37 °C overnight. Colonies were counted and the 

CFU/mL was calculated. Experiments were performed with biological duplicates. 

 

Analysis of lysis  

This method was adapted from Ling et al. [201].  For lysis analysis, a 12.5 mL 

culture of S. aureus ATCC25923 was diluted to an OD600 of 1.0 (A600 nm) and treated 

with 10 x MIC of 11, oxacillin and ciprofloxacin for 24 h.  A 5% DMSO sample was used 

as a negative control.  2 ml of each culture was then added to a glass test tube and 

photographed. Experiments were performed with biological duplicates. 

 

Cytotoxicity against Vero cell line 

The method was supplied by BIOTEC, who adapted the work of Hunt et al. [206].  

GFP-expressing Vero cell line was maintained in minimal essential medium and 

supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 2.2 

g/L NaHCO3 and 0.8 mg/mL geneticin and incubated at 37ºC with 5% CO2.  Test wells 

of a 384-well plate were filled with 5 µL of sample, followed by the addition of 45 µL of 

cell suspension.  Plates were incubated for 4 days at 37ºC with 5% CO2.  Fluorescence 

was measured with excitation and emission wavelengths of 485 and 535 nm, respectively.  

The fluorescent signal of day 4 was subtracted with the fluorescent signal of day 0.  If % 

cytotoxicity was ≥ 50%, the activity was reported as “Cytotoxic”.  Ellipticine was used 

as a positive control, and 0.5% DMSO was used as a negative control.  Experiments were 

performed with biological duplicates. 
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