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Abstract 
 
Bacterial drug resistance is a major concern to the World Health Organisation and the future of human 

health. Increasing resistance is consistently being observed to all commonly used antibiotic agents, and 

more recently to the last-line antibiotic agents used when all other drugs fail. This is of major concern in 

all bacterial species, but it is of special concern in deadly and infectious bacteria such as Mycobacterium 

tuberculosis. This projected aimed at synthesising chemical agents which would act as probes 

investigating their antibiotic activity via a new mechanism of action previously unseen in current 

antibiotic agents in use today. 

Target compounds were derived from a structure mimicking that of a natural product, aurachin RE, 

which shows some antibiotic activity in a new mechanism of action. This mechanism of action is based 

upon the inhibition of the bacterial production of menaquinone, as menaquinone is used to shuttle 

electrons within its electron transport chain. This structure shows inhibitory action at a particular 

enzyme step, MenA, in the biosynthetic pathway of menaquinone. 

These target compounds were derived from retrosynthetic analysis, whereby the final target structures 

were based on preserving the key structure activity relationships present in aurachin RE. These target 

compounds will serve as probes in future research to further the understanding of the structure activity 

relationships with respect to MenA inhibition to provide the groundwork for further generations of 

compounds with increased inhibition and bactericidal activity compared to that of aurachin RE. 
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1.0 Title 

 

An investigation toward the synthesis of quinolinone analogues as 1,4-Dihydroxy-2-Napthoate 

Prenyltransferase (MenA) inhibitors 

2.0 Lay Title 

 

Investigating new treatments to overcome the emergence of bacterial drug resistance 

 

 

3.0 Lay Description  

 

The enzyme MenA is essential in the production of menaquinone in many bacterial species. 

Menaquinone is used by these bacteria to help produce vital energy to maintain their life. This enzyme 

represents one step in the biological pathway that creates menaquinone for the bacteria. Mycobacterium 

tuberculosis, the bacteria that causes the disease tuberculosis (TB), as well as other bacteria species, 

depend on the presence of menaquinone to survive.  Each step in this biological pathway can be viewed 

as one link in a continuous chain. By stopping one step from happening, thus breaking the chain, the entire 

pathway ceases to be effective. The focus of this study is the particular step which the enzyme called 

MenA is involved in. Since breaking any link in this biological chain could potentially result in bacterial cell 

death, each link in this chain is a target for researchers to try to break. MenA and its function represents 

one link in this biological chain, and it is involved towards the end of the pathway when menaquinone is 

almost finished being created. There are already investigations underway to try to stop MenA from 
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functioning, with most of the research based around a chemical which occurs in the natural environment. 

This chemical, called Aurachin RE, is naturally created by some strains of bacteria, and has shown to have 

some ability to kill bacteria by itself. By using this chemical’s molecular structure as a blueprint, new 

chemicals can be created which can enhance its function. These new chemicals may be more effective in 

killing bacteria than the natural product, and by creating these chemicals new drugs may ultimately be 

created from them. Creating these new chemicals which serve as the starting point for the creation of 

new drugs is Xessential in both medical research and medical practice. Bacteria are becoming more and 

more resistant to the current antibiotics that are available to doctors and patients to treat infections in 

the community and hospital setting. This resistance will eventually cause the currently available drugs to 

become ineffective at treating bacterial infections, causing a minor infection today to become a life 

threatening illness in the future. This project will focus on the synthesis of chemicals based on the natural 

inhibitor Aurachin RE. These chemicals can be taken in the future and their effectiveness at killing bacteria 

can be compared to Aurachin RE and currently available antibitoics. This comparison will ultimately result 

in a deeper understanding of how these chemicals specifically inhibit the growth of bacteria like M. 

tuberculosis, and treat diseases that are difficult to manage due to the emergence of drug resistance in 

bacteria.  
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4.0 Significance  

 

M. tuberculosis, and to a wider extent bacterial drug resistance, is a major threat to world health. 

Although impossible to determine exactly how many people are infected with M. tuberculosis, estimates 

through modelling reveal that one third of the world’s population is expected to suffer from the disease, 

resulting in two million deaths annually.1, 2 It is the second most common cause of death from an infective 

organism after HIV/AIDS.3 To be effective, current treatments involve long, multi-drug regimens with 

therapy typically lasting 6-12 months, or even longer in the case of multi-drug resistant tuberculosis (MDR-

TB). Once treatment for the active disease has been successful, often the disease will enter a dormant or 

latent state, having a high chance of resurfacing and causing complications in the future, requiring further 

therapy and management.4 The difficulty with treating M. tuberculosis comes from the bacteria’s 

extremely resilient nature. Its unique waxy cell wall rich in mycolic acid greatly hinders penetration by 

most antibiotic substances. This combined with its extremely slow and asymmetric growth rate limits the 

effectiveness of current antibiotic therapy.5 Drugs currently used today in the treatment of TB are very 

old. The first drug used in treatment of TB was discovered in 1952, and the latest drug discovered was 

first used in 1971. Since then there has not been significant advancement in the production of new 

agents.6, 7 To circumvent the reliance on the growth rate of bacteria, a new therapeutic agent which 

utilizes a novel pharmacological mechanism of action must be proposed. This action should ideally be 

bactericidal with no reliance on the bacteria’s need to replicate in order to be effective.  

This project will work towards the discovery of a new inhibitor of MenA. This will inhibit the bacteria from 

producing menaquinone, which acts as a key electron acceptor between complex 1, 2 and 3 of the electron 

transport chain in bacteria.8 This would arrest the cells ability to produce ATP and lead to cell death. The 
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current state of the literature shows that there are no inhibitors based around variations on the structure 

of the natural substrate of this enzyme.  

Since menaquinone is used not only in M. tuberculosis, but all non-fermenting gram-positive, and 

anaerobic gram-negative bacteria, the production of an antibacterial agent targeting the bacterial 

synthesis of menaquinone would contribute greatly to the fight against bacterial multidrug resistance.9 
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5.0 Background and literature review  

5.1 Antibiotic Resistance 

 

Antibiotic resistance is stated by the world health organization as the biggest threat to future human 

health. It is estimated by the World Health Organisation that anywhere from 700,000 to  millions of deaths 

every year are a direct result of antibiotic resistance.10 Antibiotic resistance results in previously benign 

and easy to treat infections becoming life threatening illnesses.11 Although it is common to see bacteria 

evolving resistance to commonly used first line antibiotic agents, some bacterial strains are seen to be 

developing resistance to antibiotics of last resort. These antibiotics are reserved to only be used as a final 

last line option to treating infections in critically ill patients, and are heavily relied upon to succeed when 

all other agents failed. Once bacteria become resistant to these agents, patients who would previously be 

treated with these antibiotics will have extremely limited chances of surviving their infection. This has 

become such a concern to the World Health Organisation, that a list of priority pathogens has been 

published.12 This published list details bacterial species in which new and effective antibiotic agents are 

deemed a priority to develop. As in each listed bacterial species, resistance to multiple classes of 

antibiotics is seen, and in the species considered the highest priority even the last line antibiotics are 

ineffective. 

A bacterial cell’s ability to adapt to stressors in its environment creates yet another issue facing drug 

development.13 It was noticed early on in antibiotic research that bacteria which were once susceptible 

to a particular antibiotic, over time have managed to survive in the presence of that same antibiotic. In 

some cases, resistance to multiple classes of antibiotics is observed limiting the options available for 

treatment.  This has presented a major issue not only to the individual patient with an infection and the 

treating clinician, but is quickly becoming threatening to the greater population.14 This resistance renders 
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previously effective antibiotic therapies less and less effective, leading to poorer patient outcomes and a 

larger burden on the health system. This problem forces continual revisions of clinical practices and a 

continual search of new and improved antibiotic compounds, and is such a threat to public health that 

the WHO named antibiotic resistance in the top three public health threats of the 21st century. There are 

many mechanisms through which a bacterial species may become resistant to bacteria, and more than 

one mechanism may be seen concurrently in the same bacterial species.15, 16 

This acquisition of resistance stems from a natural process within the bacteria.17 As bacteria consistently 

have to compete for the same living space as other bacteria, they have evolved the process to secrete 

compounds which destroy their competition. Those competitive species which can overcome this and 

survive regardless have the evolutionary edge in survival.18, 19 The acquisition of resistance to manmade 

compounds, although they generally more potent in their action, stems from this same origin of 

evolutionary survival.15 The origin of the resistance is first achieved through two general methods of 

development. 

Mutational resistance is the first general method of resistance development.20 Here a number of bacteria 

within the colony develop spontaneous mutations which result in increased survival against the 

antibacterial agent. As the susceptible bacteria that did not develop these mutations that allow their 

survival, their numbers quickly decline and they die out. The newly resistant bacteria are free to grow and 

populate the surrounding area and soon make up the majority of the bacterial population in the 

environment. 

The mutations responsible for the gained resistance are effective through one of five ways. The first is 

that of modifying the cellular target of the antimicrobial agent. Since antimicrobial compounds can be 

very specific in their action, slight changes in the target proteins can preserve protein function, but make 

the drug unable to bind to them and inhibit their ability to operate.21 The second is a mutation that effects 

the drugs ability to enter into the cell.22  The third is an upregulation of efflux pumps. These pumps will 
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actively pump out the harmful compound from the cell, effectively cleansing the cells internal 

environment.23 The fourth mutational resistance method is the ability for the bacteria to have an 

alternative biological pathway to the one that is being targeted by the antimicrobial. This will create a 

contingency or ‘backup’ pathway for the bacteria to maintain a healthy state in the absence of the 

antimicrobial target pathway. The fifth way is an ability for the bacteria to directly break down the 

antibiotic chemical’s structure, rendering it ineffective.24 

As is outlined above, mutation is the first general method of bacteria acquiring resistance. The second 

general method by which bacteria gain resistance is through a process known as horizontal gene 

transfer.25 This reflects the bacteria’s ability to scavenge DNA material that originates from outside the 

cell (whether from another cell, or in the environment around the bacteria), and incorporate this into its 

own genetic material. This is achieved through three main stages, namely transformation, conjugation 

and transduction. 

Transformation is the first and simplest method of horizontal gene transfer. This reflects the bacteria’s 

ability to take ‘naked’ DNA, that is DNA direct from its extracellular environment, which contains the 

information to create resistance to an antimicrobial agent.26  Of course, this DNA does not spontaneously 

appear in the extracellular environment, but rather originates from a cell that has died or otherwise 

excreted its genetic material into the environment.27-30 

Conjugation is the second method by which living bacteria actively transfer genetic material to one 

another, sharing genetic information.31 This is achieved by two bacterial cells making physical contact with 

each other through the use of hair-like structures called pila. This allows the bacteria to ‘hold’ on to each 

other, facilitating the contact and transfer of information. This contact allows strands of DNA to pass 

between the two cells, sharing information and potentially transferring multiple genes from a resistant 

cell to a nonresistant cell. This allows colonies of bacteria of the same species to share their resistant 

mutations between each other, leading to greater survival of their species in their local environment.32-35 
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The third method is called transduction.36 This involves a viral organism transferring genetic material to a 

bacterium, which may coincidentally contain resistance factors. This differs from conjugation as it does 

not involve cell to cell contact by members of the same bacterial species. 37 

 By directly breaking down the offending antibacterial agent, bacteria are able to become resistant to its 

effects. Perhaps the most well-known example of this is shown through penicillin resistance.38 By 

acquiring the information to synthesis enzymes known as beta-lactamases, a bacterium is able to attack 

the core functional group responsible for penicillin’s (and by extension most of its derivatives) activity, 

rendering it ineffective.39 These beta lactamase enzymes are able to break down the amide bond within 

the beta-lactam ring of penicillins and cephalosporins, degrading their structure. This mechanism of 

resistance has been attempted to be circumvented by medical scientists since the 1950’s, mainly by 

changing the functional groups at other sites on the chemical structure.40 This allows the beta-lactam 

structure to become more chemically stable, and reduces its affinity to the beta-lactamase enzyme. At 

every stage of structural variation however, rapid resistance amongst certain bacterial species has been 

observed.41 

The multitude of ways in which bacteria can acquire these resistance factors highlights the need for new 

antibacterial agents with novel mechanisms of actions to be investigated and developed. By developing 

new antibacterial agents, effective treatment of bacterial infections can continue regardless of their 

ability to share resistance factors. 
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5.2  Current Mechanisms of antibiotics.  

These categories are based upon which system of the cell that they affect. Other members of the same 

category may be prescribed for use for completely different infections in patients, however their 

mechanism of action on the offending bacteria remains the same. A further subcategory can be applied 

to each antibacterial agent as to whether it is able to kill or destroy living cells, or if they only inhibit the 

bacteria growing, disallowing the infection to propagate and allowing the patient to slowly recover.  These 

antibacterial agents are called bactericidal, and bacteriostatic respectively.  

 

5.2.1 Cell wall synthesis inhibitors 

The first and most famous type of antibacterial mechanism classes. The first reported discovery of an 

antibiotic in 1929, penicillin, opened the door to an entirely new avenue of medical research. Penicillin, 

and all of its derivative compounds discovered in the 20th century (cephalosporins, carbapenems), 

operate under this mechanism of action.42 To better understand why these agents work, the bacterial 

cell wall must be explained. The bacterial cell wall gains its strength and durability from covalently 

bonded matrices composed of β-(1–4)-N-acetyl hexosamine, which themselves are components in a 

larger structure called the peptidoglycan (PG) layer.43 These β-(1–4)-N-acetyl hexosamine components 

are peptide linked and it is the cross-linking of each layer of PG via this structure that affords the 

durability and strength that is critical for the survival of the bacteria in its immediate environment and 

to withstand any osmotic pressures encountered.44 This cross linkage is facilitated by transpeptidase and 

transglycosylase enzymes.  

By successfully interrupting or interfering with the cross linkage of the peptidoglycan, the integrity of the 

cell wall can be compromised.45 Initially this may cause changes in cell shape and size, and may 

ultimately result in structural failure and lysis of the cell. The process by which the first antibiotics 

(penicillins) and many of their derivatives gain their antibiotic activity is by direct inhibition of 
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transpetidase enzymes.46 This inhibition is made possible by the presence of a cyclic amide ring in their 

structure known as a β-lactam. This is an important structure activity relationship for all direct 

transpeptidase inhibitors, as this acts as a false substrate for the enzyme, covalently bonding within the 

active site of the enzyme permanently and irreversibly inhibiting its function.47-49 

Alternatively, the second major cell wall synthesis inhibitors target and bind to PG units, instead of the 

enzymes required to create the linkages.50 These are called glycopeptides, and upon binding directly 

with PG, act to sterically inhibit transpeptidase enzymes function as the enzyme can no longer access 

their substrate effectively. This results in the same decrease in PG cross linkage and a decrease in overall 

cell wall integrity.51 In all instances of cell wall lysis, the bacterial cell would die and so this mechanism of 

antibiotic function is bactericidal. This class of antibiotics are most effective against gram negative 

bacteria, as the peptidoglycan wall is not encapsulated by an outer cell membrane as seen in gram-

positive bacteria, and so permeability through this layer is not a factor.52 Although this outer membrane 

is present in gram positive bacteria, a fewer number of compounds from this class are able to permeate 

through this layer to reach the peptidoglycan wall, and as such have gram positive activity.53 

 

5.2.2 DNA synthesis inhibitors 

Through the process of DNA synthesis, topoisomerase enzymes catalyse the formation and breakage of 

strands of DNA to extract and copy biological information for the bacterial cells.54 The complexes formed 

between topoisomerase and its DNA substrate are the target of the quinolone class of antibiotics. These 

quinolone antibiotics specifically target topoisomerase II and IV, which are important in the final stage of 

complex disassembly. By preventing the DNA strand from being cleaved from the enzyme complex, long 

DNA strands cannot be built and DNA synthesis ceases to be effective.55 The binding to topoisomerase II 

and IV is a reversible process, and once reversed the DNA replication process functions normally. When 

DNA synthesis ceases, the cell immediately becomes bacteriostatic. No new information can be translated 
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from the DNA code to create new proteins, but the old proteins are still functional and operate 

uninhibited.  

 

5.2.3 RNA synthesis inhibitors 

Whilst DNA synthesis inhibitors work to inhibit the copying and creation of new DNA strands, RNA 

synthesis inhibitors work to inhibit the transcription of the DNA. This inhibition of transcription stops the 

message and information contained within the DNA strands being conferred in a useful way to allow 

cellular processes to continue.56 The class of drugs which operate under this mechanism of action are 

called rifamycins and were discovered in the 1950s. By binding with high affinity to a subunit of the RNA 

polymerase enzyme which forms in the channel of the polymerase-DNA complex, newly formed RNA 

synthesis strands cannot emerge from the complex.57 This results in no transcription of the DNA message. 

This class of drugs owes particular attention, as it was the first class to show efficient and potent 

bactericidal action in the bacterial species Mycobacteria. In a therapeutic context, these classes of drugs 

are often used in combination with a wide variety of other antibiotics. This is due to the rapid development 

of resistance that has been encountered through the history of this class’ usage. 

 

5.2.4 Protein synthesis inhibitors 

In order to complete the process of DNA message translation, mRNA is created to carry the information 

to ribunucleoprotein subunits for new protein synthesis. This interpretation, or translation, of the mRNA 

information occurs over three phases: initiation, elongation and termination. This class of antibiotics is 

concerned with the protein complex which is involved in the initiation phase of mRNA translation. This 

initiation complex is composed of two protein subunits, the 50S and the 30S subunit.  By targeting and 

inhibiting either of these subunits, protein synthesis cannot continue. Inhibiting this complex through 

either subunit is largely bacteriostatic in nature. 
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There are many subclasses of 50S subunit inhibitors. These include macrolides58, lincosamides59, 

streptogramins, amphenicols and oxazolidinones.60, 61 The two main mechanisms in which the 50S subunit 

is inhibited is either by sterically inhibiting the initiation of protein translation, or by blocking the 

peptidyltransferase reaction that elongates the new peptide chain.  

The 30S subunit is the target of the tetracycline and aminoglycoside subclass of antibiotics.62 These 

antibiotics block ribosomal access to aminoacyl-tRNA by altering the conformation of the complex. This 

promotes mismatching of tRNA and incorrect amino acid sequences within the protein. This leads to a 

dysfunctional protein.63 

 

Since the beginning of the age of antibiotics these are the mechanisms by which all antibiotics operate. 

At each stage resistance has been observed and impacted on clinical outcomes of patients. This highlights 

again the need for new antibiotics that operate via a different mechanism of action. By introducing such 

an agent, bacterial antibiotic resistance can be circumvented. One such biological target of interest is that 

of menaquinone. This target is present in not only all gram-positive and anaerobic gram-negative bacteria, 

but also in Mycobacterium tuberculosis. This bacterial species represents a growing threat to world health, 

and has frequently been listed by the WHO as a priority pathogen to develop new drugs to treat patients 

suffering from tuberculosis.   
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5.3 Mycobacterium Tuberculosis, Treatments and Identified Problems  

M. tuberculosis is an unusual, highly aerobic bacillus bacterium. It cannot be gram-stained due to its 

unique cell wall containing high levels of mycolic acid and so can only be categorised by a Ziehl-Neelsen 

(acid-fast) stain due to its waxy nature.64 The waxy nature of the cell wall makes it extremely hardy, making 

survival in the presence of disinfectants and weeks without moisture possible.65 M. tuberculosis has an 

extremely long generation time of 15-20 h 66, consequently decreasing the effectiveness of antibiotics 

relying on high cellular growth rates. 

Current antibiotic regimes for tuberculosis treatment are long and require simultaneous administration 

of a combination of drugs. The Australian Therapeutic Guidelines (TG) recommends two months of daily 

treatment with isoniazid, pyrazinamide, rifampicin and ethambutol. After this, ethambutol and 

pyrazinamide are ceased, whilst therapy continues with rifampicin and isoniazid daily for a further four 

months.67 Although this reflects the Australian guidelines for therapy, tuberculosis treatment around the 

world share a similar long treatment regime of at least six months.  

As a result of this long duration of therapy, medication adherence can suffer. Medication treatments can 

be difficult for patients to fit in their lives, frequently resulting in missed doses and reduced therapy 

effectiveness. As this can increase the chance of Mycobacterium tuberculosis’ gaining resistance to the 

antibiotics in this regimen, effective strategies must be devised to increase compliance and reduce the 

chance of further resistance to antibiotics appearing. One such strategy endorsed by the World Health 

Organisation is the Directly Observed Therapy program (DOT).68 

Preventing antibiotic resistance to these agents used to treat this disease is so important to the World 

Health Organisation, that such a strict program was devised. A patient undergoing DOT therapy will 

physically be observed taking their medicines at every point by another person.69 This second person 

would ensure that the correct dose has been taken, and that it has been taken within the correct time 

frames prescribed. This second person could be another family member in the home, or a community 
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health care worker. In the latter case, it would sometimes require the patient to report to a clinic or health 

center in order to have their dose observed. 

The effectiveness of DOT compared with self-administration of medicines for the treatment of 

tuberculosis has been evaluated in many studies, and the effectiveness of the program is a source of 

debate amongst some health professionals.68, 70-72 One study compared six clinical trials comparing the 

outcome of compliance in self-administered patients and DOT patients from around the world. These 

trials included patients from South Africa, Thailand, Taiwan, Pakistan and Australia and actually found the 

effectiveness of the DOT program to be lackluster. The cure rate of TB in self-administered patients was 

unsurprisingly low (anywhere from 41% to 67%), but what is surprising is that when these patients were 

compared with DOT patients in the same regions the outcome did not improve by a significant margin. 69 

Although this program has shown to not be significantly effective, the investment in time and manpower 

to carry out such demanding programs across the world only serve to highlight the importance, and at 

times desperation, that public health practitioners place on preventing the spread of antibiotic resistance.  

The length of therapy, combined with the nature of these antibiotic agents often mean that close 

monitoring of potential adverse effects is important. Adverse effects of drugs can be greatly reduced by 

the production of drugs that have highly specific mechanisms of action. A drug that is able to affect the 

cellular processes of a healthy eukaryotic cell will inevitably result in adverse effects to the human patient. 

Therefore, a need is identified to create new drugs to combat this disease utilising mechanisms of action 

only capable of affecting the pathogens, limiting adverse effects to the patient and increasing quality of 

life. By creating new antibiotic agents, avoidance of any bacterial antibiotic countermeasures may also be 

achieved. 

Bacterial drug resistance is the process by which a bacterium becomes immune to the effects of a 

particular antibiotic agent. In the case of M. tuberculosis, it is believed that drug resistance is exclusively 

mediated by chromosomal mutations.73 These additions of new genes can overcome antibacterial agents 
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through changes in enzymes that normally activate prodrugs, or changing the metabolic pathway affecting 

the drug target.  

It is becoming more prevalent amongst tuberculosis cases to observe bacterial drug resistance to the first 

line agents during therapy. Although a multidrug regime is utilized, when resistance to at least two of the 

first line agents is observed the bacteria is further classified as being Multi-drug-resistant tuberculosis 

(MDR-TB). To obtain this classification, the bacteria must exhibit resistance to both isoniazid and 

rifampicin.74 The risk of this occurring is heightened when inadequate or incorrect treatment is prescribed, 

such as using the wrong medicine, or failing to observe a multi drug treatment regime. 75 

Failure to identify and correctly alter treatment to the presence of MDR-TB in a patient lead to the disease 

quickly spreading amongst other patients in concurrent contact. Once MDR-TB is present, it can be directly 

transmitted to an uninfected person from an infected person. In this case this is known as primary MDR-

TB. Primary MDR-TB is responsible for up to 75% of all MDR-TB cases,76 and this statistic serves to highlight 

MDR-TB’s ability to rapidly and effectively spread to the wider community from patient zero. Aquired 

MDR-TB is the more uncommon form of MDT-TB, and is seen when a patient with tuberculosis is 

inadequately treated and as a result causes the development of antbiotic resistance in the M. tuberculosis 

bacteria infecting them. These cases of MDR-TB were the result of 250,000 deaths globally in 2015, and 

are rising at a rate of 480,000 new cases annually.77 

Once MDR-TB has been diagnosed, treatment requires the use of second line antibiotic agents.  These 

agents, usually used in combination with first line agents that are still effective, are used for a minimum 

of six months, with treatment possibly extending for as long as 18-24 months if needed. The susceptibility 

of the organism to the antibiotic agents is determined by laboratory testing, and until the results of these 

pathology lab tests are finalized treatment cannot be optimized. Based on the laboratory results, second 

line agents should be chosen according to the known sensitivities of the infective agent. A therapeutic 

guideline published by the world health organization outlines that five second line agents should be used 
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concurrently, and should be chosen in the order outlined in table 1 with respect to the known sensitivities 

of the MDR-TB bacteria. These drugs are not always accessible to remote communities, and may not be 

financially viable for these communities. If second line treatment fails, drastic measures such as surgical 

removal of the most infected portions of the lung can be undertaken. Even under ideal treatment 

conditions, the cure rate for MDR-TB is only roughly 70%.78 

The MDR-TB bacteria which develops further resistance to any antibiotic belonging to the quinolone 

family (such as moxifloxacin) as well as the injectable aminoglycosides is further classified as Extensively-

drug-resistant Tuberculosis (XDR-TB). With these high levels of resistance and the difficulty in treating 

patients in poverty stricken areas, mortality of XDR-TB can be expected to be as high as 80%.7 
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Table 1: Second line drugs recommended to be chosen, in descending priority, by the World Health 
Organization for the treatment of MDR-TB 

Drug to be chosen Mechanism of action 

An aminoglycoside Protein synthesis inhibition 

Pyrazinamide Enzyme inhibition, membrane disruption 

Ethambutol Cell wall synthesis inhibition 

Moxifloxacin DNA synthesis inhibition 

Rifabutin RNA synthesis inhibition 

Cycloserine Cell wall synthesis inhibition  

A Thioamide Protein synthesis inhibition 

Para-aminosalicylic acid DNA synthesis inhibition 

A Macrolide Protein synthesis inhibition 

Linezolid Protein synthesis inhibition 

High-dose INH Cell wall synthesis inhibition 

Interferon-g Not specifically known 

Thioridazine Not Specifically known 

Ampicillin Cell wall synthesis inhibition 

 

 

The ability of bacteria like M. tuberculosis to rapidly and effectively become resistant to multiple 

antibiotics with differing mechanisms of action forces medical scientists and clinicians to constantly strive 

to create new antibiotics. These new antibiotics must show the ability to be resilient to the bacteria’s 

countermeasures to cure patients of their infections. This can ideally be done by creating new classes of 
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antibiotics which work on biological pathways within the bacteria where no antibiotic countermeasures 

exist.  Mycobacterium tuberculosis represents a priority pathogen to develop new treatments for. Its 

ability to resist antibiotic treatments results in the death of thousands of patients every year. Developing 

a new antibacterial agent against this pathogen is desperately needed. 

 

5.4 Menaquinone and the electron transport chain  

The bacterial electron transport chain (Figure 1) is the mechanism by which bacteria create ATP in order 

to power their cellular processes.79 Menaquinone (MK, (2)) plays an important role in electron transport 

in bacterial cells. It is the primary form of electron transport between NADH Dehydrogenase II, succinate 

dehydrogenase, Cytochrome bc1 complex, as well as nitrate and fumarate reductase enzymes, which are 

present in the cell membrane. In these steps, menaquinone is reduced by two electrons to produce MKH2 

(3) and shuttles these electrons to an acceptor in the next step of the chain. This process happens through 

the actions of an enzyme.8 This substrate oxidation process provides the energy needed to maintain the 

proton gradient and potential energy used by the F0F1ATPase complex to convert ADP into ATP. This is 

done through a proton ion channel that allows the protons to flow down the gradient, which causes a 

rotational conformational change in the complex resulting in the movements that produce and release 

ATP.80 Without this shuttling of protons the gradient would collapse and ATP synthesis would cease. 

Menaquinone (2) is not used by humans in their electron transport chain, and although its role in us is not 

completely understood, it is hypothesised that menaquinone is utilised to produce clotting factors if 

phylloquinone (Vitamin K1) is unavailable. 81 
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Figure 1: Menaquinone and its role in the bacterial electron transport chain2  

 

 

5.5 Bacterial synthesis of menaquinone  

The synthesis of menaquinone by bacteria is a seven step process (Scheme 1) which starts with chorismate 

(3), a branch-point intermediate supplied by the shikimate pathway.82 Isochorismate Synthase (MenF) 

converts 3 into isochorimate (4), which is then able to be converted to the intermediate 2-succinyl-5-

enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate (SEPHCHC, 5) by MenD.83 This is then converted by 

MenC to 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC, 6). The carboxyl group is then 

activated by MenE through an ATP dependent process to produce OSB-CoA (7), which allows MenB to 

catalyze the cyclization of this product forming the naphthalenoid skeleton DHNA-CoA (8). This skeleton 

is then hydrolyzed through MenH creating DHNA (9), which is then decarboxylated and prenylated by 

MenA to produce DMKH2 (10).  

 

 

1 

2 
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Scheme 1: Synthesis of menaquninone in bacteria84 

 

The final step involves UbiE adding a methyl group to position 3 of the naphthalenoid ring of 10 creating 

MKH2 (2), the reduced form of menaquinone (1).  

Humans do not have any part of this biochemical pathway in their cellular processes (instead 

ubiquinone is used), as 2 is solely obtained through the diet.82 This provides a targeted drug therapy with 

the potential to have minimal unwanted effects in humans, creating a highly efficient treatment option. 

As such, all stages of this pathway provide highly desirable targets for drug therapy.85-94 

3 
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This pathway is extremely conserved in all gram positive and facultative anaerobic gram negative 

bacteria,95 so by achieving bactericidal action in S. aureus the chemical has good potential to show activity 

against a wide variety of bacteria, including our target bacteria M. tuberculosis.  

 

 

 

 

5.6 Menaquinone Pathway Inhibition: Advances so far 

5.6.1 MenD 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase 

MenD, the second enzyme in the synthesis pathway, is involved in the creation of 7 though a thiamin 

diphosphate-dependent decarboxylation. This is mechanistically described as a ping-pong reaction 

involving alpha-ketoglutarate.83, 96, 97  Initial investigations into inhibitors of this enzyme were done using 

acylphosphonate derivatives by Fang et al.96 in the hope to create a false substrate. Eleven compounds 

were successfully synthesized by Fang et al. of which two compounds showed inhibition at effective 

values. The first compound, methyl succinylphosphonate, showed enzyme inhibition (Ki) at 0.7 uM 

concentrations, whilst the second compound, ethyl succinophosphonate, showed inhibition at 16uM 

concentration. It was observed that small alkyl group addition to the phosphonate improved the enzyme 

binding significantly, however larger alkyl groups produced less inhibitory action. Similarly, it was shown 

that esterification of the carboxylate group rendered the inhibitor ineffective. During the investigations 

into alkyl group addition, a phenyl ester showed improved inhibitory action when compared to its alkyl 

ester counterparts. This was hypothesized to be due to potential π-stacking with amino acid residues in 

the active site corresponding to the aromatic groups position, however with a Ki value of 160 uM, this is 

much less effective than simply keeping the carboxylate group present.  
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Further to the progress of MenD inhibition, thiamin diphosphate analogues have been investigated by 

Xu98 which have shown activity in vitro. Of these analogues, four successfully showed moderate enzyme 

inhibition, but did not perform well when tested for growth inhibition. Only one analogue showed growth 

inhibition at concentrations <200 uM, with the others inhibiting growth at concentrations 3-10 times more 

than this. It is clear that these analogues must be investigated further in order to translate their moderate 

enzyme inhibition to growth inhibition. Specific structures of these thiamine diphosphate analogues are 

available in Xu’s publication.98  

 

5.6.2 MenE O-Succinylbenzoate synthase 

The fifth enzyme in the bacterial synthesis pathway, MenE is involved in the addition of CoA to OSB via an 

OSB-AMP intermediate.91, 93, 99-102 Various approaches to designing inhibitors for this enzyme have been 

undertaken, but the initial location and characterization of the MenE gene was achieved by Sharma.101 

The mechanism of the reaction was then proposed by Tian et al.99, where it was described as a Bi Uni Uni 

Bi ping-pong mechanism which takes place in the presence of ATP, via an acyl-AMP intermediate.99 This 

creates an OSB-AMP intermediate by ATP dependent adenylation, before ligation of CoA via 

thioesterification produces OSB-CoA.  

Efforts into creating an inhibitor for this enzyme have mostly been centred on creating variations on the 

OSB-AMP intermediate structure. The reasons why the intermediate structure has been the focus of 

research is likely due to the chemical instability of OSB. The use of this intermediate structure as an 

approach was initially pioneered by Lu et al.91. Three inhibitors were synthesised which showed ability to 

inhibit MenE and in these created compounds, linkages mimicking the phosphate AMP linkage were 

replaced by bioisosteres sulphamate, sulphamide and vinyl sulphonamide groups. 
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Of these three structure, the vinyl sulphonamide variation provided an IC50 of only 5.7 M.102 As outlined 

by Lu et al.102 the vinyl sulphonamide will trap the incoming CoA thiol nucleophile, stopping the reaction 

from proceeding, instead of just mimicking the intermediate structure for active site competition, which 

is particularly interesting.102 The mechanism of this nucleophile entrapment is explained in their paper. Lu 

et al.102  also performed kinetic analysis which also showed that these compounds are slow binding 

inhibitors, which suggests a change in conformation during substrate binding.102 It was also stated that 

the presence of the carbonyl on the OSB moiety is important, as the exo-methylene groups showed greatly 

reduced IC50 values. This was thought to be due to the carbonyl becoming involved in essential hydrogen 

bonding interactions within the active site of the enzyme.102 Similar efforts from Tian et al.99 involved 

using a OSB with a trifluromethylene substitution, linked to AMP via a sulphonamide linkage. Here it was 

reported that this substitution provided a potent mixed inhibitor of the enzyme at both the ATP and OSB 

binding sites. Although this was relatively effective, the trifluromethane substitution produced reduced 

inhibition compared to the compound which contained the original carboxylic acid moiety of OSB. The 

activity (X), however, was not translated in microbial growth studies. At the time this was postulated to 

be due to poor penetration into the cell. Further explanations into reasons why were not provided or 

investigated by Tian et al.99 Building on from this work, Lu et al.91 then investigated the efficacy of varying 

substitutions at the OSB carboxylate group. By introducing a methyl ester to OSB, authors found that 

although IC50 values were at best 14 µM, these were also not as potent as the original carboxylic acid 

moieties 91 which, as with all previous attempts at substituting this carboxylic acid, is in line with the 

findings of Tian et al.99 
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5.6.3 MenB 1,4-dihydroxy-2-naphthoyl-CoA synthase 

The 6th enzyme involved in the production of MK(1) in bacteria, 1,4-dihydroxy-2-napthoyl-CoA synthase 

catalyses the creation of DHNA-CoA from O-succinylbenzoate-CoA via a Claisen condensation103. Truglio 

et al104 were the first to characterize the structure of MenB in 2003 using X-ray diffraction from enzyme 

crystals using enzyme extracted from M. tuberculosis. By soaking the crystals in acetoacetyl-CoA before 

obtaining a diffraction pattern, this not only allowed structure determination of the quaternary structure, 

but also allowed the active site to be catagorised and a catalytic mechanism proposed. Since the natural 

substrate is too chemically unstable to exist for any significant length of time, crystals of natural substrate 

bound into the active sight was not able to be achieved. The instability of the substrate comes from its 

predisposition to reacting with itself to form spironolactone moieties. From the obtained enzymatic 

structures, it was determined that MenB is a member of a superfamily of enzymes called the crotonase 

superfamily.104, 105 

Li et al.106 conducted initial investigations into inhibtors of MenB, where they used coupled assays to 

screen over 105,000 drug-like molecules with large structural diversities. From this bank of molecules, 455 

molecules showed at least 30% enzyme inhibition relative to control. A benzoxazine pharmacophore 

scaffold was chosen to be investigated further, of which four compounds exhibited this characteristic. 

Using this scaffold structure as a theme, 13 compounds were synthesised to attempt to increase inhibitory 

action.  

These investigations revealed important structural activity relationships. It was observed that inhibition 

of growth was increased when substituting a halogen upon the benzene ring, while conversely a reduction 

in growth inhibition was seen when bulky alkyl groups were substituted upon the benzene ring structure, 

regardless of their electron withdrawing or donating nature. As a result Li et al106 hypothesized that steric 

interactions at this section of the molecule are important for bactericidal action. The investigations also 

showed that the size of the side chain was important for activity. When methyl ester was substituted with 
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a chlorophenone group, a bacterial growth was greatly reduced. It was observed, however, this reduction 

in bacterial growth did not come from direct inhibition of MenB, as enzymatic inhibition studies showed 

no direct inhibition of MenB. This suggested that these compounds might have multiple targets within the 

cell. Furthermore, Li et al. showed that when deviating from the benzoxazine core ring structure, instead 

using a quinoxaline or benzothiozine core, the ability to impede bacterial growth was substantially 

diminished.  

Further to these results from the same screening assay, Li et al.106 identified 7 compounds with a backbone 

similar to the natural substrate OSB, called 2-aminobutanoates. Although these compounds were initially 

theorised to inhibit either MenB or MenE, through enzymatic studies there was no reported inhibition of 

MenE. These compounds were also had difficulty in translating enzyme inhibition into bacterial growth 

inhibition. This was thought to be due to the substrate compound degenerating via a retro-Michael 

addition reaction. This was important in the results as the half-life of the created structures was found to 

be approximately 10 minutes, and the MIC assays take 24-48 hours to complete.  

 

5.6.4 MenA 1,4-dihydroxy-2-naphthoate prenyltransferase 

MenA is involved in the second-to-last step in the synthesis of 2. It has been proposed that this enzyme 

has structural and functional similarities in its catalytic mechanism to the UbiA enzyme, a member of a 

class and family very similar to the MenA enzyme. This similarity was deduced from amino acid sequence 

analysis.107, 108 By introducing key missense mutations in similar locations, active site activity of both 

enzymes was lost completely, showing that the active site of both enzymes are extremely similar. The 

proposed mechanism of action by Huang et al.108 shows a magnesium coordinated catalyst reaction where 

two magnesium atoms in the active site are coordinated on either wall by amino acids D198 and D202 on 

the right, and D106 and N102 on the left. A highly conserved tyrosine motif around the active site entrance 

(Y139) is important in coordination of substrates towards this active site to allow the reaction to occur.108 
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This tyrosine motif is suspected to interact with the isoprenyl side chain to draw the chain into the active 

site to allow the catalytic reaction to occur, and as such lipophilicity at this site for any potential inhibitor 

is important. Coordination of 9 into the active site is primarily achieved through the presence of the 

carbonyl group. This carbonyl also plays a part in the proposed reaction mechanism, providing an 

environment which promotes electron movement into the ring structure of 9. Figure 2 illustrates the 

proposed reaction mechanism by Huang et al.108  

 

 

 

Figure 2: Proposed mechanism of MenA catalysed prenylation of DHNA (10) 

Initial investigations into the inhibition of this enzyme have yielded positive results. Most of this work has 

been pioneered by Kurosu et al.9 and Debnath et al.2 who have based much of their efforts on the creation 

of structures with similar SARs to 1, a natural substrate that shows bactericidal activity through a proposed 

dual mechanism of MenA and respiratory chain inhibition.109 Debnath et al.2 have been able to synthesise 

over 400 molecules of interest with >95% purity which have been screened in bacterial grown inhibitory 

assays, with varying results. The compounds synthesised have been based around a benzophenone core 

structure, with a highly varied lipophilic tail. It has been discovered by Debnath et al.2 that the position of 

a nitrogen atom in this tail is important to its bactericidal activity, with the most antimycobacterial activity 
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achieved with a nitrogen 13 carbon spaces away from the carbonyl on the benzophenone structure, with 

the best molecules yielding MIC of 0.85mg/L. Many variations of these compounds are displayed in their 

results tables, of which all of them can be catagorised into four broad classes of agents (Table 2).79 Of 

these classes, Class A (compound 11, Table 2) showed to be the most effective, with the above mentioned 

MIC values coming from this species of compound. The classes of compounds categorised differ in their 

variation in the backbone of the side chain and substitution of functional groups. It is also stated that the 

presence of a halogen on the first benzene ring improves bactiricidal potential, however the mechanisms 

for this have not been explained clearly.  

These compounds were found to act via direct inhibition of the respiratory chain, as well as MenA 

inhibition. This was determined by Debnath et al.2 by running growth inhibitory assays under anaerobic 

conditions (determining MenA inhibition) and oxygen recovery assays against non-replicating M. 

tuberculosis (determining direct respiratory chain inhibition).79 Whilst the chirality of the variations on 12 

effected MIC values, chirality was not shown to have an effect on the activity of group B, C, D and E 

molecules (compounds 12,13,14,15, Table 2).  

It is worth noting the synthesis of all of these compounds involves costly catalysts and many steps. 

Although yields of each step have been acceptable (approx. 80% per step) and the products quite pure 

after workup, room for improvement can be made in reducing overall cost of manufacture of derivatives.  

Cytotoxicity was also investigated by Debnath et al.2 who found that initial effects on mammalian cell lines 

showed IC50 levels of 1-6.5 mg/L. Through the use of an O-methyl oxime substitution this was reduced to 

an IC50 of 25 mg/L. It is hypothesised that this substitution reduced the benzophenone electrophilicity 

allowing it to interfere less with the mammalian cell redox systems, although its specific mechanism is still 

largely unknown.79 Although this substitution reduced toxicity to mammalian cells, further decrease in 

toxicity is desired. 
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To date only work published from the laboratories of Debnath et al.2 has shown insight into the specific 

inhibition of MenA. It is also worth noting that extremely limited SAR studies have been characterised, as 

well as no literature showing the crystal structure of MenA is available. As a result, active site interactions 

with substrates for this enzyme are not known with any clarity.  
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Table 2: Comparison of the structures of Aurachin RE (1) and MenA Inhibitor Classes A-E 2 

Compound Structure 

Aurachin RE 

 (1) 

Class A MenA Inhibitor 

MIC (mg/L) = MABA: 2.31 

                   = LORA: 0.85 
                (11) 

Class B MenA Inhibitor 

MIC (mg/L) = MABA: 6.25 

                   = LORA: 1.43 

    (12) 

Class C MenA Inhibitor 

MIC (mg/L) = MABA: 12.5 

                   = LORA: 3.00 
 (13) 

Class D MenA Inhibitor 

MIC (mg/L) = MABA: 1.50 

                   = LORA: 1.40 
    (14) 

Class E MenA Inhibitor 

MIC (mg/L) = MABA: 12.5 

                   = LORA: 5.54 

 (15) 

These structures are proposed by Debnath et al.2 The R Groups present are highly varied and outlined in their paper. 

Compounds were tested in a low oxygen recovery assay (LORA) and microplate alamar blue assay (MABA) against 

M. tuberculosis. 
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5.6.5 Aurachin RE 

 
Aurachin RE is a relatively new quinoline antibiotic first discovered by Kitagawa from a culture broth of 

Rhodococcus erythropolis. Rhodococcus eryhtopolis is a member of the bacterial phylum Actinobacteria, 

of which many other species of bacteria belonging to this phylum have shown to produce potent 

antibiotics naturally, most notably those of Nocardia and Streptomyces families.  

This antibiotic isolated and characterized in 2008, and in its pure form exhibits a grey-brown appearance. 

This compound was reported to be poorly soluble in a large range of organic solvents, both protic and 

aprotic, and was only sparingly soluable in water. The antibacterial action of aurachin RE was shown to be 

impressive across a wide range of gram positive bacteria, as well as some species of gram negative 

bacteria.   It can be seen in Table 3 that the largest growth inhibiton zone was seen in Arthobacter, 

Corynebacterium and Nocardia families of bacteria. The success in inhibiting growth was also achieved 

with extremely small concentrations of aurachin RE.  

It was postulated by Kitagawa et al that, although already an impressive display of antibacterial action, 

that this compound is largely hindered by its lack of solubility. This lack of solubility in water presents a 

major issue in penetration within the bacterial cell, as well as presenting an issue in delivery to the 

infection site if it was to be used as a therapeutic agent. It is suggested by Kitagawa et al that 

improvements to increase the overall polarity of this compound to increase its water solubility may 

improve its inhibition results futher, as well as improve its usefulness as a potential therapeutic agent. 

The structure of this natural product is the inspiration for the target compounds proposed in this project. 

Many of the SAR will be emulated in a way that has not been previously reported. 
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Table 3: Effectiveness of Aurachin RE antibacterial action as measured by growth inhibition zones and 
minimum inhibitory concentrations of a selection of bacterial species 

Test Organism MIC (µg/mL) Inhibition zone (mm) 

Sphingomonas paucimobilis 0.4 trace 

Deinococcus grandis 0.2 35 

Bacillus subtilis 3.1 20 

Arthrobacter atrocyaneus 0.01 38 

Corynebacterium glutamicum 0.01 29 

Nocardia pseudosporangifera 0.01 35 

Streptomyces griseus 0.1 30 

Rhodococcus erythropolis 0.1 28 

 

 

5.6.6  MenG Demethylmenaquinone methyltransferase 

MenG (also known as UbiE) is the final step in the bacterial production of MK(1) and catalyses the addition 

of a methyl group onto the aromatic ring of 10. Although MenG exhibits structural significance to 

ubiquinone methyltransferases, there is no equivalence in function. Work involving the discovery of 

therapeutic agents which inhibit MenG have been investigated by Benkovic et al.110 inhibitory action was 

seen in compounds which are borinic acid derivatives, which were then screened against known 
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methyltransferase inhibitors sinefungin and S-adenosylhomocystine (SAH). Whilst many derivatives were 

tested against B. subtilis’ MenG methyltransferase, only one borinic ester was found to have activity.  

This ester, was the meta-chloro derivative of the species of compounds. This showed activity comparable 

to the natural inhibitor already known as sinefungin. The results of their assays showed that 40% of 

enzyme activity remained when treated with 100 µM concentration of this compound. When the chloro 

group was moved to a different position on the aromatic ring the activity was greatly limited, or lost 

completely in the case of removal. It is worth noting that even with the chloro group present this structure 

was not as effective as SAH in inhibiting MenG, as inhibition with SAH resulted in <10% of enzyme activity 

remaining. Even though SAH and sinefungin are effectrive inhibitors already well known and 

characterized, they are not appropriate for therapeutic use due to their levels of toxicity to eukaryotic 

cells. Although the other borinic esters did not return as promising results with specific regards to MenG 

inhibition, a complete list of structures investigated can be found in their supplementary material, of 

which most had respectable MIC values against a range of bacterial species.110 

In a unique approach, a direct MK(1) binding agent, lysocin E, was discovered by Hamamoto et al.111 

Lysocin E is a cyclic peptide, that shows potent bactericidal activity against a variety of gram-positive 

bacteria. This bactericidal activity results from bacterial membrane disruption, as menaquinone is present 

in small amounts in the bacterial cell membrane. Cytotoxicity studies were also conducted using mice 

models, and lysocin E was found to have low toxicity, with an acute toxic dose of >400 mg/kg. Although 

this shows potential for therapeutic use, spontaneous mutants showing resistance to lysocin E were 

observed in a laboratory setting.83, 94, 111 
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6.0 Aims and Objectives 

 

The goal of this project was to synthesise a variety of potential inhibitors of the enzyme 1,4-

dihydroxy-2-napthoate prenyltransferase (MenA) to investigate if the derived compounds show 

antibacterial activity against gram-positive and anaerobic gram-negative bacteria. These compounds will 

be based on Aurachin RE, a natural inhibitor of MenA. The synthesis of these variants will be achieved 

firstly by creating a core pharmacophore structure to serve as the scaffold for the creation of variants 

through substitution of key functional groups. The variations to this core structure will involve changes to 

the terminal primary amine of the lipophilic side chain with various functional groups aimed at changing 

the chemical and lipophilic environment here. This side chain is located ortho to the quinolinone structure. 

   

The aims of this project are summarised below as: 

- Aim 1: Synthesis of novel quinolinone analogues as MenA Inhibitors 

The synthesis of novel quinolinone analogues as MenA inhibitors was undertaken using a chemical total 

synthesis method. This method was divided into a series of synthesis steps with specific objectives which 

impacted the next step in the synthesis scheme. In each case, the created product was purified and/or 

prepared to be used as the reactant in the next stage of synthesis. These stages worked towards the final 

goal of creating the core quinolinone pharmacophore structure, to which variations at key functional 

groups was achieved. This structure closely resembles the natural inhibitor of MenA, Aurachin RE. 

Achieving similar Structural activity relationships to Aurachin RE was desired, as the result of these 

analogues were to improve on inhibition activity that Aurachin RE naturally possesses.   

- Objective 1: Synthesis of quinolinone core structure 
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Before analogues could be created, synthesis of the core pharmacophore structure was achieved. This 

pharmacophore structure would serve as the basis for chemical derivatives to be synthesized and 

screened for antibacterial activity. Synthesis of this quinolinone core structure involved a series of 

synthetic steps, with each step as a specific objective of this project.   

- Objective 1a: Oxidation of 2-aminobenzylalcohol to 2-aminobenzaldehyde 

- Objective 1b: Chemical protection of 2-aminobenzaldehyde 

- Objective 1c: Synthesis of Ethy-hydroxycrotonate via borane reduction 

- Objective 1d: Completion of Asymmetric Stetter reaction 

- Objective 1e: Successful amide coupling of lipophilic side chain 

 

- Objective 2: Functional group substitutions at terminal amine 

Once the core pharmacophore structure had been created, variations at the terminal amine could begin. 

These variations were in the form of fluorinated benzaldehydes which afforded varying levels of steric 

hindrance, lipophilicity and a varied chemical environment.  In addition to this, methylation at this would 

also be achieved.  

 - Objective 2a: Coupling of fluorobenzaldehyde moieties to primary amine 

 - Objective 2b: Methylation of primary amine 
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7.0 Results and Discussion 

To date the most promising MenA inhibitors have stemmed from empirical structure activity 

relationship (SAR) evidence found by Debnath et al and Kurosu et al.2 These inhibitors are based around 

the SARs established from the natural inhibitor Aurachin RE, but do not contain a quinolinone core 

structure. For this reason, our approach involved creating inhibitors that also incorporate much of this 

SAR evidence from these studies, but instead also incorporate variations around a core quinolinone 

structure. This structure more closely resembles Aurachin RE, where the quinolinone core structure is 

present, whilst further developing the trends seen in initial SAR studies. The target compounds 

incorporated an octane side chain coupled via an amide linkage in order to seek mycobacterium 

specificity as previously reported, whilst allowing for terminal chain variation to explore the effects of 

different chemical environments. This chain provided the lipophilic characteristics reported to be 

important. The idea of instilling an amide bond into the lipophilic side chain is to provide a linkage 

stronger than could be provided by other alternatives, such as an ester. This linkage would also provide 

an electronegative carbonyl. This is important as this slight electronegativity is hypothesised to interact 

with the entrance to the active sight of the enzyme and may assist in achieving a stronger binding of the 

inhibitor to the enzyme. The structure also allows variation at the secondary amine site of the core 

structure. Although this is thought to not play a significant part in docking into the active site of MenA, 

variations here can be explored to determine if added lipophilicity enhanced or detracts from activity.  

The project was designed to undertake synthesis of core structures and variations via a method of total 

synthesis.  
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Figure 3: Quinolinone core structure, amide linkage, and location of terminal primary amine variation 
(R2) 

 

7.1 Retrosynthetic Analysis 

 

In any synthetic scheme, the first and most important step is deciding which reagents to use within the 

scheme. A large part of this project was designing the correct synthetic scheme to achieve the desired 

product. The most accurate method of deducing the most realistic starting material is via a process of 

retrosynthesis. By working backwards from our desired product, the reagents of the step before can be 

deduced. This was the method employed in this project, as retrosynthetic analysis is a powerful tool to 

determine the most efficient and possible routes of synthesis. This involves initially determining the 

chemically active intermediate compounds, called synthons, which are required to create the desired 

compound structurally. As these synthons may only be present as an intermediate in the reaction, they 

may not be stable enough to obtain commercially, or be synthesized and stored in the laboratory. To 

this extent, chemical structures which are chemically equivalent in synthesis are deduced and it is these 

structures which are obtained and used as reagents in the reaction. In most instances, these chemically 

equivalent reagents may form the exact synthon structure as an intermediate in the reaction, ultimately 

affording the desired product as an outcome to the reaction.  

16 



37 
 

Retrosynthetic analysis is a process of working backwards from our desired product. In Scheme 2, the 

desired product 16  is evaluated to determine at which locations chemical bonds are most likely to form. 

Here it can be determined that the amide bond is the most likely source of bond formation, and upon 

cleavage of this bond the precursor synthon can be seen. As expected, this is not stable and so must be 

substituted by chemically equivalent synthetic reagents. Three different reagents were found to be able 

to be used to form an amide bond. From this analysis, the most reactive of the components is the acyl 

chloride 17. This is due to the halogen acting as a leaving group, which would afford our synthon in the 

most efficient method.  

 

 

Scheme 2: Synthon and chemically equivalent reagents to be used to create the desired core structure. 
Note that one of the chemically equivalent agents (17) can be created from 18 

 

17 18 
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This acyl chloride 17 can also be created from the carboxylic acid 18. To this extent, it was concluded 

that 18 would be the most useful synthetic reagent, as this can be used to create 17 as an alternative if 

the coupling step does not proceed as planned.  

Since 18 cannot be sourced commercially it must be synthesized. In order to create this structure, 

literature precedent reported a two part ‘asymmetric stetter reaction’ involving two reagents. This 

reaction firstly involves an alkyl addition to the protected amine 19 in a similar mechanism to a Michael 

addition, before ring closure to form 20. This can be seen in Scheme 3. 

 

 

 

 

Scheme 3: Reported asymmetric Stetter Reaction to produce 20. 

 

 

When considering scheme 3, the two starting reagents are difficult to source. 19 is commercially 

available, however is unrealistically expensive, whilst 21 is unable to be obtained commercially. To this 

end, both of these reagents would have to be synthesized before being used in this reaction.  

19 20 21 
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By retrosynthetic analysis, the synthons and chemical equivalent agents to be used as reagents to 

synthesise 21 can be determined (Scheme 4). Initially it is obvious that a primary alcohol must be 

created before acetylation can be achieved. To create this alcohol, two standard methods can be 

employed. The first method involves the use of a halogen as a leaving group, as seen in 22. This can be 

easily oxidized to the primary alcohol through a variety of methods. The second theorized method to 

obtain the primary alcohol involves reduction from a carboxylic acid, as seen in 23. This is also a well-

documented procedure. Both of these reagents are available commercially, with both methods having 

large literature precedent for success, and as a result the most fiscally conservative option was chosen. 

This involves using 23 to be reduced to the primary alcohol before protection via acetylation. 

 

 

Scheme 4: Reagent determination via retrosynthesis of 21 

22 23 
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It was decided that 19 would be synthesized. Although 19 is commercially available and a variety of 

variations of amine protecting groups can be chosen, all options are extremely expensive. A protected 

amine is also available for purchase; however, this is also very expensive, likely due to the storage and 

shipping requirements as 23 is quite unstable. Through retrosynthetic analysis it was determined the 

synthesis of these desired reagents was realistic and can be done at only a fraction of the cost of 

commercial purchases. 

As selective amine protection can be achieved via well documented amine protecting group chemistry, 

the process of obtaining the aldehyde was crucial to the success of creating this intermediate. Luckily, 

oxidation of a primary alcohol to aldehydes have large literature precedent with multiple options 

available. Commerically available 24 was also able to be obtained.  

 

 

 

Scheme 5: Retrosynthetic analysis of 19. 

23 

19 

24 
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After retrosynthetic analysis, the desired scheme to achieve the desired quinolinone core structure 20 

can be determined. The synthesis of the core pharmacophore quinolinone core structure 20 is an 

essential step in creating the final desired product. To synthesis this core intermediate pharmacophore, 

two different products from two different synthetic schemes (Scheme 4 and 5) needed to be combined. 

These synthetic schemes and reagents used were determined via the retrosynthetic analysis, and the 

closest available chemical equivalents to the derived synthons were sourced commercially.   

 

 

 

 

Scheme 6: Synthetic pathway of the desired pharmacophore 20 highlighted in the box 
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7.2 Synthesis of the selectively protected 2-amino-benzaldehyde derivative 

 

 

 

 

Scheme 7: Oxidation and amide protection of 19 

To achieve the synthesis of 19 and fulfillment of objective 1a, starting with 24, multiple different 

oxidation methods were attempted. As the first step it was decided to convert 2-aminobenzalcohol to 

the aminobenzaldehyde. This was initially attempted via a process called the Swern oxidation of the 

starting material 24, utilizing the chloro-acid, oxalyl chloride, dimethyl sulphoxide and a small amount of 

Triethylamine. This oxidation method was initially chosen as a Swern oxidation is known for its relatively 

mild conditions and wide tolerances of the presence of other functional groups, whilst being effective at 

oxidizing primary alcohols to aldehydes. The mechanism of this reaction can be seen in Scheme 8. 

Upon addition of the oxalyl chloride into the reaction flask, large volumes of gas were evolved, as 

expected. This showed to us that the intermediate chloro(dimethyl)sulphonium chloride was being 

produced which would then create the complex with our alcohol. After the activity in the flask had 

ceased, a small amount of TEA was added to the reaction contents. This would react with chloride ion of 

the chloro(dimethyl)sulphonium chloride, allowing the aldehyde to form and production of Me2S as a 

side product (Scheme 8). This side product was instantly recognized as being present, as Me2S has a 

pungent and repulsive odor.  

19 23 24 
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Scheme 8: Swern Mechanism Showing the formation of aldehyde and Me2S 

 

Unfortunately, the reaction resulted in a complex mixture, as seen on TLC, that was difficult to separate. 

A black/brown sludge had been produced, and there were in excess of 8 spots on the TLC plate, evenly 

spread amongst all Rf values. Numerous attempts were made to isolate the desired product, however, 

no benzaldehyde was ever isolated as seen by NMR analysis. Therefore, alternative methods were 

investigated for this transformation. There are many reasons why this could not have worked as 

intended. The most likely reason is that the Swern oxidation relies heavily on dry reaction conditions. If 

water is present, it can act as a nucleophile and interrupt the reaction process. The most likely source of 

water would have come from the DMSO, due to its extremely hygroscopic nature and the humid 

environment in which it is stored. This would result in water acting as a nucleophile and attacking the 

oxalyl chloride instead of the DMSO, stopping the chloro(dimethyl)sulphonium chloride from being 

produced and stalling the reaction. Since a black brown sludge was produced however, this may be due 
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to the rapid formation of unintended side products and degradation of reagents in the reaction 

conditions. Since separation and purification of products was not possible, a 1H NMR of the crude 

reaction mixture was performed in order to see if there were any key peaks present which would 

suggest the formation of an aldehyde. Formation of aldehydes correspond to a quintessential large 

singlet around δ: 9ppm. This peak was absent in all NMR spectra obtained, and the previously clean 

aromatic region was instead unresolved and poorly defined.  

Due to the problems encountered in the Swern oxidation, it was decided that the regents may be too 

unstable in these reaction conditions, and a milder method of oxidation was pursued.   

Our second method of oxidation involved using activated manganese dioxide (MnO2) as a solid oxidizing 

agent. This was a much simpler method of oxidation, as all that was required was to add an excess of 

MnO2 powder in a solution of starting material stirred in DCM over 48 hours. After filtration of the crude 

mixture, initially no reaction was seen and no products were formed. The start material was recovered, 

however, and it was hypothesized that the lack of reaction was due to MnO2 not being sufficiently 

‘activated’ in order for it to act as an oxidizing agent. Attempts were made to further activate the MnO2 

through washing with 5N nitric acid. The reaction was repeated, however less than 2mg of product was 

returned with all of the starting material recovered. This was shown to be product via 1H NMR with a 

characteristic aldehyde peak seen at around δ 10ppm, integrating to 1 proton.  The 2-

aminobenzaldehyde obtained exhibited a strong marzipan scent, which was not present in the first 

reaction attempt. 

From here, commercially available ‘activated’ MnO2 was obtained, and the reaction was repeated under 

the same conditions. This produced quantitative results, with essentially pure bright orange crystals of 

2-aminobenzaldehyde produced. As seen in the NMR, a new large peak at δ 9.8ppm integrating to a 

single proton corresponds to the newly formed aldehyde (figure 4).  
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Figure 4: 1H NMR of 23 in CDCl3 showing the newly formed amino-benzaldehyde 

 

Although this product was kept at -4 degrees, after only 48 hours degradation was seen via TLC. 23 can 

be extremely unstable, with a hypothesized tendency for polymerization via nuclephilic attack from the 

amine to the carbonyl of another 23 molecule, forming an amide bond. As a result, protection of the 

amine was carried out either before the oxidation step, or immediately after isolation of the oxidized 

product.   
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7.3 Protection of the ortho-amine 

 

 

 

 The protection of the ortho-amine in the newly formed benzaldehyde was essential to avoid unwanted 

reactions at the amine before our intended Stetter reaction and ring closure. This protection step was 

carried out investigating multiple different types of protecting groups sequentially. The goal was to be 

able to assess what effects different protecting groups had on the efficacy of the multicomponent 

Stetter reaction, comparing characteristics like their electric environment and steric hindrance. 

Protections were carried out on 24, before oxidation, and 23 post oxidation. 

The first attempt at protecting the aromatic amine came from the use of a methane sulphonyl (Mesyl, 

Ms) protecting group on 24. This returned negligible yields, however start material was recovered. This 

was somewhat surprising, as the mesyl group is not strictly amine selective, and so had the option to 

react with the primary alcohol and form products there as well. Secondly, a tert-butylcarbonyl (Boc) 

protecting group was attempted on 24 under green chemistry conditions using water as a solvent. As an 

amine selective protecting group, it was no surprise when this worked very well. As confirmed by NMR, 

compound X was created in a 92% yield as the mono-boc protected amine. Referring to the NMR spectra 

(figure 5) a new singlet could be seen at δ: 1.5ppm integrating to 9 protons, indicative of the tert-butyl 

methyl groups which are all equivalent. This strongly suggested that the Boc protecting group had been 

added successfully.  

23 19 
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Figure 5: 1H NMR of Boc-protected amine in CDCl3.  

 

Though the end result was a success, this reaction was very slow to proceed, as the reaction was carried 

out over 48 hours at 35˚C. However, with >90% yields, this time frame is acceptable.  Interestingly, 

whilst a more traditional Boc protection method was used using DMAP and acetonitrile as a solvent, the 

results were poor and no significant amount of product could be recovered from the reaction.  
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Protecting the amine on 2-aminobenzaldehyde proved to be much more difficult. Using a Boc protecting 

group no reaction was seen when operating under the green chemistry conditions. As a result, a more 

traditional approach was attempted, using DMAP catalyst as well as DCM as a solvent. This returned 

very poor yields, but product was able to be purified and characterized. It was suspected at this time 

that the Boc reagent had degraded, therefore other protecting groups were used.  

Further attempts at protection were carried out using Toluenesulphonate (Tosyl) protecting group. This 

was achieved using tosyl chloride in a polar aprotic solvent under basic conditions. After an aqueous 

wash of the crude reaction product, a flash silica column in hexane:EtOAc (1:1) was able to be 

performed. Upon NMR analysis of the product key peaks in the spectra can be identified. A large singlet 

at δ: 2.4 ppm with an integration of 3 protons corresponded to the methyl group in the newly 

introduced toluenesulfonyl group. In addition, a further five protons were seen in the aromatic region 

centered around δ: 6.8ppm.  

By achieving successful protection and oxidation, this provided the first essential building block to be 

used in the Stetter reaction. Before this Stetter reaction could be performed, however, the reduction of 

mono-ethyl fumarate and subsequence acetylation of the product had to be achieved to provide the 

second reagent used in the Stetter Scheme.  
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7.4 Reduction of mono-ethyl fumarate  

  

 

 

 

In order to prepare for the Stetter reaction which will produce the vital core intermediate 

pharmacophore, mono-ethyl fumarate (23)  was reduced via a borane mechanism to Ethyl 

hydroxycrotonate (25). This was chosen as literature precedence had reported reasonable success in 

working with similar molecules. This reaction was a necessity to perform as 25 is not available as a 

commercial source.  

The reduction method that showed the largest literature precedence was that involving borane as the 

reducing agent in complex with THF. This reaction required very strict environment controls in order for 

it to be successful. In this reaction, temperature control is paramount, as this reaction is extremely 

exothermic, and with THF being highly flammable safety was a concern. In addition to this, strict 

anhydrous techniques must also be employed, as the presence of water will degrade the borane 

complex and stall the reaction. As a result, special preparation of the THF solvent was required. Prior to 

each attempt, freshly distilled THF was collected and immediately used in the reaction. This distillation 

process is done in the presence of elemental sodium and a benzophenone indicator. If water is present 

in the THF, the solution will be a golden yellow colour. Upon addition of elemental sodium, water that is 

present in solution with the THF will react and ultimately be entirely consumed by the sodium metal. At 

this stage the benzophenone indicator will cause the contents of the still to turn a deep blue. It was at 

23 
25 
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this stage that THF was collected and was guaranteed to be as dry as possible. In the case of the BH3-THF 

complex, this was shipped from the manufacturer under anhydrous conditions in 25 mL bottles.  

Since the anhydrous conditions of these bottles could not be guaranteed upon piercing the protective 

seal by a syringe, it was deemed prudent to use the entire contents of one bottle in each reaction. This 

would ensure the driest conditions possible in the reaction flask. As a result, large amounts of starting 

material were required to be used in each attempt to ensure the correct equivalents of reducing agent 

were present. This is not ideal, as normally reactions would be conducted on a smaller scale to ensure 

their efficacy before scaling up to avoid wastage. Since plenty of start material was available, and 

procurement of more start material was possible for minimal cost, this was deemed an acceptable 

compromise.  The Mechanism of this reaction can be seen in Scheme 9. 

 

 

Scheme 9: Borane Reduction Mechanism 

In each attempt of borane reduction, a general method was used. Starting material was dissolved in a 

quantity of freshly distilled anhydrous THF and cooled to -5˚C in a brine ice bath. To this cooled solution 
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was added the BH3-THF complex in a dropwise manner over many hours through a pressure equalizing 

drop funnel. Each attempt is summarised in Table 4. 

 

Table 4: Summary of borane reduction attempts showing the scale and experimental equivalents used. Work up 
method and results summary is also shown 

Attempt Scale of X Complex used, 
equivalents 

Solvent 
(THF) 
Volume 

Reaction time/ 
Workup 

Result 

1 3.6 g BH3-THF, 1 eq 11 mL 18 h, Acidic workup NPR 

2 3.6 g BH3-THF, 1 eq 11 mL 6 h, acidic workup NPR 

3 1.8 g BH3-THF, 1 eq 11 mL 18 h, acidic workup NPR 

4 1.8 g BH3-THF, 1 eq 6.5 mL 18 h, acidic workup NPR 

5 3.6 g BH3-THF, 1eq 11 mL 18 h, MeOH workup NPR 

6 1.8 g BH3-THF, 2 eq 11 mL 18 h, MeOH workup NPR 

7 1.8 g BH3-THF, 0.5 eq 11 mL 18 h, MeOH workup NPR 

8 3.6 g BH3-THF, 1 eq 11 mL 6 h, MeOH workup NPR 

9 1.8 g BH3-THF, 1 eq 11 mL 18 h, MeOH workup NPR 

10 1.8 g BH3-THF, 1 eq 6.5 mL 18 h, MeOH workup NPR 

11 3.6 g Me2S-THF, 1 eq 11 mL 18 h, Acidic workup 70 mg white 
powder 

12 1.8 g Me2S-THF, 2 eq 6.5 mL 18 h, MeOH workup 300 mg white 
powder 

NPR: No Product Returned 

 

Upon each drop of borane complex that was added, vigorous gas evolution and a spike in temperature 

was observed. When the complete quantity of borane complex was added, the ice bath was removed 

and the reaction was left to slowly warm to room temperature and stir overnight.  This would allow the 

borane to complex with the carboxylic acid as much as possible. Upon dropwise addition of aqueous 
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acid, this would break the complex, resulting in reduction of the carboxylic acid on 23 to the primary 

alcohol.  

In the first reaction attempt, 1 eq of borane complex was added dropwise to 3.6 grams of starting 

material. The reaction was left to stir at room temperature overnight under an inert atmosphere. The 

workup procedure was followed as per literature precedent, which involved the addition of acetic acid 

and water into the reaction mixture to quench any excess BH3-THF complex and complete the reduction 

to the primary alcohol.  

After work up, a white powder was produced. Initially it was found that the borane was unexpectedly 

reducing the double bond. This can be observed in NMR analysis where the proton split at δ: 6.0 ppm 

and δ: 7.0 ppm is not present. If this alkyl chain was now saturated however, we would expect to see a 

busy alkyl region with distinct peaks and integrations representing the appearance of the new 

methylene groups, but these were not present. It was at this stage through further reading it was found 

that this borane complex is able to reduce unsaturated alkyl chains, however it should prefer to complex 

with the carboxylic acid and preferentially reduce this first. Since the presence of the extra protons in a 

saturated molecule cannot be visualized it is possible that the complex has not been sufficiently broken 

across the alkyl region, leading to complex NMR readings complicated by the presence of the borane. 

Avoidance of the double bond reduction was first attempted by reducing the amount of borane in the 

reaction. Originally, 1.4 molar equivalents of borane to start material was used. This was reduced to a 

1:1 equivalent in an attempt to force reduction at the acid site, as well as changing the workup 

procedure. Normally in workup, the addition of an acid and water into the reaction would break down 

the borane complex as well as neutralizing any residual borane left in the reaction mixture. But if a 

complex existed using the double bond in the unsaturated alkyl chain, breakdown using an acid would 
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result in saturation of the alkyl chain. Upon encountering this issue, many steps were taken in order to 

optimize this reaction (Table 4) 

The workup procedure was changed to use a methanol and water wash instead of aqueous acid. While 

the water would break down the borane complex to create the desired primary alcohol, the methanol 

would neutralize any residual borane in the reaction flask reacting with borane to produce trimethyl 

borate and hydrogen gas. These would then be able to be removed under reduced pressure, as 

trimethyl borate and methanol have relatively similar boiling points. It was anticipated that this workup 

combined with the reduced equivalents of borane would produce the desired result, however the 

double bond was still shown to be reduced. This proved to us that in our case the borane is complexing 

preferentially with the unsaturated alkyl chain. Experimentation with the above parameters was the 

subject of the largest portion of project time.   

As an alternative, a different borane complex, BH3-Me2S, was attempted and the resultant reaction 

produced a white powder. Using the same 1:1 equivalent, and the revised work up using methanol, the 

acid was shown to be reduced and the double bond was preserved. This was determined by NMR as the 

presence of singlets at δ 6ppm and δ 7ppm showed the presence of the double bond, whilst the 

disappearance of a singlet at δ: 13ppm indicated the reduction of the carboxylic acid had occured  

It should be noted that our product of the reaction was not pure, as the NMR showed evidence of 

contaminants. Analysis of the exact purity of our desired compound was extremely difficult. Due to the 

compounds nature, it could not be visualized on any staining solution that was used. Vanillin, sulfuric 

acid and iodine returned no visible spots. This is particularly interesting, as the presence of the double 

bond should have produced a visible brown spot using iodine stain. In the literature it was advised that 

this compound could be purified via Kugelrohr distillation, however this apparatus was not available to 

us as an option. As the primary alcohol proton would not necessarily be visible in our NMR, it was 
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decided that acetylation of the primary alcohol would make analysis easier and purity of our compound 

easier to determine. The acetylated product is also required in the next step of synthesis. This 

acetylation was performed on our crude product from the reduction reaction.   

The resulting brown oil from the acetylation reaction contained many different compounds too difficult 

to separate by column chromatography. This was not surprising as the starting material was also not 

pure. On crude NMR analysis, it can be seen that our desired compound was present. This was 

determined by the presence of a new peak that corresponds to the acetate protecting group (δ 2.0 

ppm). Although not ideal, a lack of purification options meant that this crude product was pushed 

through into the Stetter reaction in the first instance.  

This acetylation procedure was repeated on the products obtained from a second attempt (reaction 

#12, table 4) under the same conditions. In this attempt, similar results were obtained. Upon analysis of 

the reaction products, the products obtained were deemed too difficult to separate via column 

chromatography, as in excess of 9 products were determined to be present on TLC analysis. NMR 

analysis on this crude reaction product showed the corresponding presence of the acetate peak at δ 2.0 

ppm, however due to the presence of the impurities it was not possible to determine if this was the 

major product of the reaction.  

 As an alternative to this method, a small quantity of 22 was converted directly to 21 using potassium 

acetate. This was investigated as halogens are great leaving groups, which would hopefully result in a 

direct SN2 reaction. In this process, an excess of KOAc was added to ethyl bromocrotonate in DMF. This 

was then heated to 80˚C and left overnight. This returned an 89% yield of 4-ethyl-acetylcrotonate. 

Confirmation of this desired product can be seen via the 1H NMR. The presence of the ethyl 

carboxylate’s existence can be determined by the presence of a triplet at δ 1.2 ppm and a quartet at δ 

4.2 ppm. The newly created acetate is reflected in a large singlet at δ 2.1 ppm, which is indicative of the 
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acetate methyl group. The presence of the double bond can be seen (figure 6) by a multitude of signals. 

Due to the double bond, complex signals will be present due to proton coupling across the pi orbitals, as 

well as long range W-coupling being present. It can be first seen that the doublet of doublets appearing 

at δ 4.3 ppm actually corresponds to the methylene group alpha to the double bond (figure 6). This 

doublet of doublet split is typical across unsaturated alkyl regions. Furthermore, a complex pair of 

doublets seen at δ 6.9 ppm and δ 6.0 ppm. Through the presence of these key peaks, as well as the 

presence of the acetate peak at δ 2.1 ppm, this was enough evidence to convince us that our product 

was present as the major product.  
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Figure 6: 1H NMR analysis showing the key peaks corresponding to proton coupling across the 

unsaturated alkyl double bond. 

 

With the acquisition of this product, both starting materials had been produced to be used in the Stetter 

reaction.  
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7.5 Stetter Reaction  

 

 

 

Scheme 10: Stetter reaction 

 

The Stetter reaction was first described by H. stetter and M. Schrekenberg, and was used as a 

mechanism of adding aromatic aldehydes together with α,β-unsaturated nitriles or ketones to create 

the corresponding γ-oxonitriles and γ-diketones respectively.112-114 Initially using NaCN as a catalyst, this 

method was investigated and expanded to include the use of thiazolium salts and base as the catalyst. It 

was found that by using these salts as catalysts, aliphatic aldehydes were able to be added across 

aliphatic double bonds as long as the presence of this nucleophilic catalyst was included. In this instance, 

the thiazolium salts actually act as a pre-catalyst, as the base deprotonates the acid C-H bonds in the 

thiazolium salt creating an ylide structure in situ, which behaves the same way chemically as cyanide 

ions would. This reaction showed particular efficiency when the use of α,β-unsatruated ketones or 

aldehydes. This aliphatic addition became known as the stetter reaction.  It is important to note that 

when using a cyanide catalyst aprotic solvents must be used. The discovery and use of the thiazolium 

salts as a catalyst eliminates this restriction, and both aprotic and protic solvents can be used. 

21 19 20 
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Using the product obtained from the acetylation, work began on production of the critical core 

pharmacophore produced via a variation on an asymmetric Stetter reaction. The protocol that was 

followed was that of a one-pot synthetic scheme, in which two major steps are concurrently achieved.  

In the followed protocol, firstly Pd-OAc catalyzed alkyl amination of the protected primary amine of 19 

occurs before the thiazolium salt catalyses the ring closure via the double bond. This was reported to be 

successful even when both Pd-OAC and thoazolium salt catalysts are present from the start of the 

reaction.  

First attempts using the acetylated product 21 following this one pot synthesis protocol were 

attempted. The primary amine on 23 was protected with an amine specific tosyl protecting group. It was 

here that initial problems were encountered. Upon work up using a water wash, only a very small 

amount of brown solid was returned from the reaction. This solid was a mixture of multiple compounds 

that proved too difficult to separate and purified completely, but some purity was gained after a 

successful flash column using a heavily lipophilic solvent system. After successful collection of these 

slightly purified fractions, the reaction product was submitted for a 1H NMR, and the results were 

surprising. In the NMR, certain peaks of interest were present. One of the most critical peaks that was 

sought was a multiplet around δ 1.5-2.0ppm. This would correspond to the proton present on the newly 

created chiral centre coupling to the alkyl methylene groups in its immediate environment. This chiral 

proton coupling was impossible to determine, as our NMR showed the presence of an acetate peak 

corresponding to the acetate on the starting material 21. Alternatively a promising peak was seen at δ 

2.5ppm and δ 2.8 ppm. These peaks are both doublet of doublets, and their slight differences in 

chemical shifts correspond to the methylene groups which couple to the chiral centre proton. This 

coupling is consistent with the literature, exhibiting a J coupling value of 7.6 Hz. The aromatic region 

seen was not consistent with the presence of a tosyl protecting group. This protecting group is aromatic 

and therefore the corresponding peaks should be seen in the aromatic region. It is not uncommon with 



59 
 

so much aromaticity and complexity in this region to be unable to determine specific couplings of 

protons. The aromatic region corresponded to the presence of benzaldehyde however, and so it was 

deduced that the amide protecting group was somehow lost under the reaction conditions. This was 

unexpected, as a Tosyl protecting group is expected to be stable under mild basic conditions, and is 

instead removed in the presence of a weak acid under conditions not present in this reaction.  Since the 

reaction mixture could not be purified completely, it cannot be said with any certainty what the yield of 

this reaction was, however it can be determined that desired product is present. With a weight of 

impure reaction product totaling 2mg, it can be said with certainty that this reaction attempt was not 

efficient.  

After successfully obtaining more of 21 through the borane reduction procedure and subsequent 

acetylation, this reaction was then repeated.  After similar workup procedures, this product was purified 

to the same extent as the first attempt. After subsequent NMR analysis, similar peaks can be interpreted 

from the spectrum. Immediately it was noticed that the large acetate peak corresponding to 21 is not as 

prevalent, and it can be seen that a small multiplet is present at δ 1.6ppm. This corresponds to the 

coupling of the chiral proton to adjacent methelene protons present on 20. This indicates that our 

product could be present in this crude reaction mixture. Larger peaks at δ 2.5 and δ 2.8 ppm can also be 

seen, however these were singlets and are not as well defined as in the previous attempt.  The presence 

of these peaks, although singlets, were determined to be methylene protons coupling to the chiral 

centre proton, as their chemical shifts are consistent with the literature. Their appearance as a singlet is 

most likely due to the resolution of the spectra unable to appropriately separate their triplet peaks. It is 

also noted in this attempt the busy aromatic region. This is consistent with the presence of the expected 

tosyl protecting group.   

In this Stetter reaction as utilized here, there are two major points which can be limiting factors in 

producing the desired compound. The first step which must take place is the alkyl addition to the 
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protected amine. The subsequent step is the ring closure via the α,β-unsaturated alkyl chain. Since the 

protocol followed was a one-step reaction, with both catalysts added at the beginning, it was impossible 

to monitor this reaction in order to ensure that each critical step occurred. By monitoring the formation 

of the key intermediates, identification of the issue in mechanism of the reaction can be undertaken. 

Since this was not possible, speculation as to which stage was the limiting factor is impossible. It is 

noted, however, that the reagents used in both attempts of these reactions were not completely pure. 

Although it is not sure how this can specifically effect our reaction under the conditions present it was 

concluded that these impurities are the most likely source of our reactions ineffectiveness. Purification 

of these compounds was attempted in previous synthetic steps, however proved to be too difficult to 

achieve. These products were used in the reaction anyway as it was hoped that the impurities would 

play no major part in the reaction and simply spectate.   

The final attempt of this reaction involved 21 which was produced from the oxidation of an alkyl halide 

22 to the primary alcohol 25, which was subsequently acetylated for use in this reaction. This oxidation 

procedure produced a much cleaner starting material, which was hoped to be more successful in the 

Stetter reaction. Under the same reaction conditions using the same tosyl-protected amino-

benzaldehyde, three different products were isolated after column chromatography. Upon 1H NMR 

analysis of all three unknown products, it was seen that the key coupling peaks expected to be 

consistent with our desired product are not present. There are no convincing peaks present at δ 2.5 ppm 

to δ 2.8 ppm which would correspond to the chiral proton and suggest its formation. The aromatic 

region of the 1H NMR is consistent with that of the starting material 19, and the tosyl protecting group is 

further confirmed to be present by the large singlet present at δ 2.2 ppm. This corresponds to the sole 

methyl group present upon the tosyl protecting group. In addition, a large singlet can also be seen at δ 

1.5 ppm. This is definitive of an acetate peak. This shows that both starting material products were 

recovered with no desired product returned from this reaction.  
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Since this core structure is critical to the creation of the desired final compound, a pharmacophore (26) 

with similar SAR and chemical environments must be sourced commercially to allow the synthesis to 

continue. In order to determine which structure is most similar to our initially desired pharmacophore 

20, a second retrosynthetic analysis was conducted. 

 

 

 

7.6 Retrosynthetic determination of an alternate pharmacophore 

The resultant synthetic scheme (Scheme 11) deduced by this retrosynthesis shares many similarities to 

Scheme 2. The initial amide coupling can be achieved through the same process as in scheme 2. This 

required similar precursor structures as the method of coupling is similar. Both the carboxylic acid 27 

and the acyl chloride 28 were used to investigate the efficacy of each reagent in the amide coupling 

step. Creation of 28 can be achieved through the same mechanism as intended in scheme 2. Compound 

26 has an unprotected secondary amine, however, and must be protected in order to avoid any 

polymerization that may potentially occur during amide coupling with acyl chlorides or activated 

carboxylic acid moieties. The protection of this amide group was intended to be removed at a later date 

to investigate alkyl variations at this nitrogen. It was decided that insertion of an alkyl variation at this 

point will ensure protection and stability of this amine in future reactions. 
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Scheme 11: Retrosynthetic analysis resulting in the determination of pharmacophore 26 to be sourced 
commercially. 

 

 The easiest and most robust method of akylation at this point is via a process of methylation. This 

methylation can only be achieved via an unselective method using Iodomethane, and as a result the 

methyl ester 29 will be created concurrently. This undesired carboxylate ester can be cleaved in the 

presence of base, preserving the newly created tertiary amine and creating the carboxylic acid for either 

conversion to the acyl chloride or to be used directly in an amide coupling step. This cleavage of the 

carboxylate ester was necessary as our amide coupling method requires a free carboxylic acid to be 

activated to allow formation of the amide bond (Scheme 11).  

 

26 

27 
28 

29 
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Scheme 12: Protection and amide coupling of the commercially sourced 26. 

 

This pharmacophore 27 was successfully coupled to the diaminooctane to create the core structure of 

the target molecule. This allows the introduction of functional variations at the terminal amine in future 

reactions.  

 

 

 

 

 

 

 

 

27 26 29 
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Scheme 13: Protection of 4-Oxo-1H-quinoline-3-carboxylic acid 

 

After the difficulties encountered during the Stetter reaction, it was decided a commercial supply of 4-

Oxo-1H-quinoline-3-carboxylic acid (26), a similar quinolone structure, would be used to proceed 

forward. Although our initial target compound structure could no longer be achieved, creating a 

compound as close in functionality to our original target was desired. This new compound structure 

bears similar common structure activity relationships as our original target compound does to Aurachin 

RE. By maintaining the electronegative environment para to the secondary amine as well as into the side 

chain, docking into the enzyme is hypothesised to be preserved. The impact of changing the side chain 

length, however, could result in less specificity to M. tuberculosis, although activity against all other 

relevant bacteria to this project should be maintained.   

It was first observed that protection of the secondary amine in 26 would be prudent. This was done as 

although our amide coupling agents used in future reactions should preference reactions with primary 

amines, protecting the secondary amine at this stage would reduce the chance of side product 

formation. This had another positive effect, as previous literature had not investigated the effects of this 

secondary amine. As stated previously, the literature dismisses this amine as having little to no part in 

enzyme interaction, and most other functional groups investigated here have been large and bulky.  
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Aurachin RE exhibits the secondary amine, so investigating if a smaller alkyl group has any role to play in 

enzyme inhibition will be interesting.  

Unfortunately, methylation cannot be achieved selectively at the secondary amine in 26, and will 

concurrently create the methyl ester alongside the tertiary amine. This was not perceived to be an issue, 

as cleavage of the ester can be achieved at a later step. By dissolving 26 in DMF to which iodomethane 

and an excess of potassium carbonate were added, the reaction proceeded surprisingly well. After 4 

hours the reaction contents were diluted with an equal volume of water. This caused the crude reaction 

mixture to warm slightly as DMF and water became homogenous, and all reaction contents became 

soluble. As the mixture slowly cooled, crystal shards of 29 rapidly precipitated, leaving all other reaction 

contents in solution. These crystals were easily filtered off, and the filtrate washed with water to ensure 

all traces of iodomethane and potassium carbonate were removed. No further purification of this 

product was required as purity was confirmed via NMR analysis. This pure product was taken for 

demethylation of the ester in the next synthesis step.  

The presence of the new methyl groups can be clearly seen via NMR analysis in figure 7. A large singlet 

can be seen at δ 3.9ppm which integrates to three protons. This corresponds to the new methyl ester 

group. A new large singlet integrating to three protons is also seen at δ 3.7ppm. This corresponds to the 

methyl group upon the newly formed tertiary amine, and is further up field due to the lack 

electronegativity of the nitrogen (Figure 7).  
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Figure 7: 1H NMR showing the appearance of the two methyl peaks corresponding to successful 
protection of 26. Solvent DMSO-d6 
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Scheme 14: Deprotection of N-methyl-4-oxo-1H-quinoline-3-carboxylate 

Since our amide  coupling reagents rely on activation of a carboxylic acid functional group, cleavage of 

the methyl ester is necessary (Scheme 14). Since our compound is base stable, it was dissolved in 

methanol to which aqueous NaOH was added until the pH reached 13. Here it was left overnight. Upon 

TLC the next day the reaction had proceeded to completion. When it was decided to scale up this 

reaction however, the reaction would not proceed to completion. Even after it was left for over 48 

hours, it was only approximately 50% complete. The scale up reaction was then repeated but the 

solution was heated to reflux. The reaction still only proceeded to about 50% completion, and although 

methyl esters are the most stable of the alkyl esters, its stability under these environments was 

presumably due to delocalisation of the of electrons pairs through the numerous resonance structures 

available to this conjugated molecule.  

Upon NMR analysis of the pure product, one key change in the spectra was sought; that being there is 

only one three proton singlet at δ 4.1 ppm. This shows the presence of the methyl group upon the 

tertiary amine, whilst confirming the disappearance of the methyl ester peak.  

Purification of the product from the start material in the incomplete scale up reactions was difficult to 

achieve, since the desired product is not soluble enough in anything that can be put through a normal 

silica column. It is not soluble in water, methanol or any of the common organic solvents.  

29 27 
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Via TLC in solvent systems run as rich as 30% MeOH in EtOAc no movement was seen from the baseline. 

Even in the most polar conditions we could create, 20% isopropyl alcohol in EtOAc and 0.5% water, still 

no movement was observed. Due to this lack of movement, and since there was no presence of any side 

products, it was decided that the incomplete reaction would be pushed through to the amide coupling 

without purification. This was not foreseen to cause any issues in the next reaction, as our amide 

coupling reagent should only react with the free carboxylic acid 27 and not the ester 29.  
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7.7 Side chain amide coupling 

 

 

 

Scheme 15: Side chain amide coupling 

 

Many different options were available to us when choosing which chemical method to employ in order 

to add the long alkyl side chain to 27. When starting with a carboxylic acid functional group, the most 

obvious method to introduce an alkyl chain is to simply create an ester bond, similar to what was 

achieved in creating 29 via methylation. The problem with this method is chemical stability of the 

product in context with its use. Ideally, as the goal is to ultimately design therapeutic agents, this 

product would need to stable under a variety of chemical and biochemical conditions. Long chain alkyl 

esters are highly susceptible to nucleophilic attack and cleavage. Such an attack would render the 

carefully considered structure activity relationships useless. As a result, an ester bond here was not 

deemed to be acceptable.  

The alternate function group that could be used to link alkyl chains is that of an amide bond. This was 

deemed a much more desirable group for a variety of reasons. Firstly, amide bonds are extremely 

stable, and are only able to be cleaved under specific chemical circumstances. This would prove to be 

extremely stable in a biological environment. The stability of this bond can be demonstrated in the 

numerous peptide bonds which link amino acids together to form proteins within biological systems. 

27 30 

0 



70 
 

Secondly, it may be possible to introduce functional groups to this nitrogen in future generations of 

compounds in order to explore structure variability at this site.  

Once it was decided that introducing an amide bond at this site would be most appropriate, the specific 

method of this introduction must be chosen (Scheme 15). These methods are summarised in Table 5. All 

of these methods use diaminooctane as the amine containing agent. This allows maximum reactivity 

with a primary amine, as well as achieving the desired alkyl chain addition. By choosing an octane alkyl 

chain, this would also conveniently place the nitrogen sufficient distance away from the quinolone 

carbonyl to theoretically preserve M. tuberculosis specificity. The disadvantage of this approach is that 

both amines are equally as reactive as the other in the amide coupling stage. This will allow for the 

formation of a potential symmetrical dimer between 27 and the diaminooctane. Although the monomer 

is desired, the dimer also presents an interesting question for biological activity, and if found would be 

collected and purified for testing. To ensure that the monomer is the major product of the reactions, an 

excess of amine was always used. This gave the carboxylic acid functional group on 27 the greatest 

chance of bonding with a new diaminooctane molecule, and not one which has already amide coupled. 

Many methods of amide coupling were explored in order to optimize the reaction conditions.  
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Table 5: Summary of amide coupling attempts showing coupling reagents used, solvent, 
catalyst and the result of the attempt 

Attempt Coupling Agent Coupling Agent Solvent, 

Temp 

(celcius) 

Catalyst Result 

1 HOBt, 2 eq. EDC-HCl 2 eq. DMF (4 mL) - No Reaction 

2 HOBt, 2 eq. EDC-HCl 2 eq. DMF (4 mL), 

80 

- No Reaction 

3 HOBt, 1 eq. HBTU, 2 eq. DMF (5 mL), 

80 

- No Reaction 

4 HOBt, 1 eq. HBTU, 2 eq. DMF (20 mL) i-Pr2NEt Unsuccessful 

5 PyBOP, 1.1 eq - DMF (3 mL), Triethylamine Traces of 

desired product  

6 Thonyl Cl, 2 eq. - DCM (15 mL), 

85 

NEt3 Traces of 

desired product 

7 - - Thionyl Cl (2.5 

mL), 85, DCM 

(<0.5 mL) 

NEt3 No Desired 

Product 

8 CDI, 1.2 eq. - DMF (15 mL) DBU Product present 
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The first method attempted was that using hydroxybenzotriazole (HOBt) and the hydrochloride salt of 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC-HCl).  In this mechanism the carboxylic acid must 

first be ‘activated’ in order to bond with the amine to form the amide bond. Activation is necessary as a 

hydrogen is not a very effective leaving group unless under specific conditions. In this approach, EDC is 

used to ‘activate’ the acid. Once EDC is bound to the carboxylic acid functional group, it acts as a much 

more favorable leaving group, exposing the carbonyl to nucleophilic attack from the amine forming the 

amide bond. This mechanism is summarized in Scheme 16.  

 

 

Scheme 16: : Mechanism of HOBt and EDC amide coupling 

 

https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
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Initial solubility issues were encountered with 27. This reaction is carried out using dimethylformamide 

as the solvent, and even in a potent aprotic solvent such as this both 27 and 1,8-diaminooctane showed 

little solubility. This meant that our reaction was proceeding under conditions not encountered in the 

literature using these methods, as all reported attempts at these reactions are either in solution phase 

chemistry or solid support chemistry. The attempt by us was made regardless. To circumvent the 

solubility issues of 1,8-diaminooctane the reaction was heated to above its melting point of 52˚C, where 

it was able to make a homogenous solution with DMF. Although this did not improve the solubility of 

the acid, it was thought that since these reactions are routinely carried out in the solid phase, a 

suspension of solid particles within our reaction mixture may still produce some result. This proved to be 

incorrect as after reaction work up, no reaction was seen to have taken place. This was confirmed via 

TLC, as a major polarity shift in the compound was expected when replacing a carboxylate group with a 

long alkyl chain and no new spots were observed. This issue of reactivity was assumed to most likely due 

to the lack of solubility of the reactants.  

In subsequent attempts, efforts to achieve solubility of the reactants was further investigated. A 

relatively large volume of solvent was added to give the reactants the largest chance of forming a 

solution. This approach ran the risk of creating a reaction mixture that was too dilute to react 

effectively, even if a minimal amount of reactants managed to solubilize. It was rationalized that since 

previous attempts had not been successful, this was worth investigating in the chance that some desired 

product was formed. This reaction attempt was unsuccessful as no desired product was seen in NMR.  
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As a result, and due to the plethora of amide coupling options available to us, an alternative method 

was investigated. The second attempt involved using a different coupling reagent, PyBOP, as the 

activating agent for the acid. Although this was also run in DMF, it involves the addition of 

trimethylamine as a base catalyst. The increase in pH allowed solubility of 27 to improve. It was 

observed that after the addition of DMF to a reaction flask containing PyBOP, 27 and trimethylamine, a 

solution slowly began to form over a period of 15 min. Once a clear yellow solution was achieved, the 

amine was added to allow coupling to begin. This solution instantly turned white and cloudy, and stayed 

this way for the 16 hours of reaction time with no change.  

 

Upon further investigation of 27, subtle features of this compound were noticed that may play a part in 

reactivity of the carboxylic acid functional group. It can be seen in figure 8 that this acid, once 

deprotonation occurs, has multiple resonance structures. This will potentially decrease the reactivity of 

the carboxylic acid, as the deprotonated structure exists in a state of resonance stabilization.  

 

 

 

Figure 8: Reasonance structures and electron movement to produce a stabilized carboxylate functional 
group. This stabilization can potentially make the carboxylate functional group less chemically attractive 
to activation and amide coupling. 
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Another method attempted was to first convert the acid to the acylchloride 28 using thionyl chloride 

(Scheme 17). This method is routinely used in acid couplings in many areas of chemistry. As a halogen 

atom acts as a much greater leaving group than hydrogen, the reactivity of this acid is increase 

dramatically upon conversion to the acylchloride. Although routinely used in industry and research, this 

was not the preferred method of coupling for a variety of reasons. Firstly, thionyl chloride is difficult to 

obtain, as it is a restricted chemical belonging to Schedule 3 of the chemical weapons convention. 

Secondly, this reaction is not as robust as coupling reactions using different coupling reagents. This is 

due to the reactivity of thionyl chloride, as well as the resultant acyl chloride, with water. The 

nucleophilic attack of the carbonyl by water will regenerate the carboxylic acid starting material, and so 

extreme care must be taken to maintain strict anhydrous conditions for the reaction. Since thionyl 

chloride itself is extremely reactive with water, strict storage requirements must be considered to not 

only preserve its activity but ensure a safe environment.   

 

 

Scheme 17: Creation of acylchloride using thionyl chloride and subsequent nucleophilic attack by amine 
to result in coupling 
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In the first attempt using the thionyl chloride method, 100 mg of acid was suspended in 15 mL of DCM. 

To this was added 2 equivalents of thionyl chloride and the reaction mixture was heated to reflux at 

85˚C. These reflux conditions were maintained overnight, and an excess of amine was added at room 

temperature the next morning. Upon addition of the NEt3 as catalyst, vigorous reaction occurred, 

producing large volumes of gas and heat. This resulted in the solution turning to a consistency of black 

sticky tar. Upon crude 1H NMR of the reaction product, it was determined that no desired peaks were 

present, and these reaction products were deemed to have undergone degradation. 

In order to attempt to control the vigorous reaction that occurs upon addition of the base after creation 

of the acylchloride, a more cautious approach was undertaken. After treatment overnight with thionyl 

chloride, the resultant solution was diluted with a further volume of DCM. This solution was then cooled 

to -5˚C in a brine ice bath before the amine and base was added. This did not result in as violent a 

reaction as before, however a black tar was also produced. A TLC of the crude reaction product showed 

a complex mixture of reaction products, which turned out to be too difficult to separate and purify. The 

large number of products formed in the reaction was thought to be due to violent and rapid side 

product formation when the excess thionyl chloride comes into contact with the basic amine and NEt3. 

This was not reported to be a concern in the literature, and other attempts have been successful in 

similar one pot procedures with the same reactants. 

In order to overcome this issue, a more cautious approach was employed. In a revised approach to 

attempt #6 in Table 5, excess solvent and thionyl chloride was removed under vacuum before the 

addition of amine and NEt3 catalyst. Upon removal of the solvent a white solid was present, which was 

suspended in DCM and cooled to -5˚C. This resulted in a much calmer environment upon the addition of 

amine and NEt3, however upon NMR analysis no product was deemed to have formed. It was thought 
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that this was due to water contaminating the reaction vessel, reacting with the acyl chloride to reform 

the carboxylic acid. However, as formation of the acyl chloride was assumed before the amine was 

added, it was not possible to determine if this happened before or after the amine addition. The 

subsequent attempt amended this issue. 

 

Attempt #7 was undertaken using thionyl chloride as the majority solvent, with only a small amount of 

DCM present. This was left at reflux for 48 h, to which a clear yellow solution was created. This solution 

was not seen at any attempt previously, and the presence of the acyl chloride was verified.  Since the 

acyl chloride cannot be visualized on a TLC plate due to its reactivity, a small aliquot of crude reaction 

mixture was removed and placed into a vial, where it was carefully diluted with methanol. This would 

allow the acyl chloride to react with the methanol to produce a methyl ester, which is stable and can be 

visualized (Figure 9).  

 

 

Figure 9: TLC plate showing the formation of the acyl chloride intermediate and the 

disappearance of the carboxylic acid start material over time 
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Since the acid starting material (27) and its corresponding charged carboxylate are extremely polar, it 

will not move off the baseline of the polar TLC plate. This is the case even in a very polar solvent, such as 

1:4 MeOH Chloroform. After the crude reaction mixture is diluted with methanol, the resultant methyl 

ester has sufficient polarity difference to move and can be visualized under UV light. Using this method, 

the conversion of 27 to the acyl chloride 28 can be monitored until it is complete. In this case, after 48 

hours at reflux this process was completed and excess thionyl chloride was removed. This produced a 

white/green solid, which was not soluble in DCM, and as such a suspension was formed upon the 

addition of more solvent. An excess of amine and 5 eq. of NEt3 was added. It is important that many 

equivalents of base are added due to the formation of HCl during the amide coupling process. This can 

be seen within the reaction mechanism shown in Scheme 17.  Upon LCMS analysis of the product of this 

reaction, no mass peaks corresponding to the desired product were seen. This identifies the issue is not 

with the conversion of the acid to the acyl-chloride, but rather the production of the amide functional 

group. This is surprising as the acyl-chloride should routinely form an amide bond in the presence of an 

amine. As a result, the investigation of a different method of amide coupling was pursued, and resulted 

in much more success. 

Upon encountering problems using the amide coupling procedure involving thionyl chloride, attempt #8 

involved using CDI coupling reagent with DBU. In this reaction attempt a larger amount of solvent was 

used in comparison to the other attempts to overcome solubility issues. To this reaction mixture was 

added the coupling agent CDI and a small amount of the  non-nucleophillic base DBU. This was left to 

stir for a period of 3 h, before an excess of the amine was added. This was then left overnight at room 

temperature. During this time no increase in solubility was observed, and the reaction mixture stayed as 

a white suspension. 
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This reaction will form imidazole salts as a product of CDI activating the carboxylic acid for coupling, and 

so an aqueous wash was performed to remove these salts. Upon 1H NMR analysis of the results 

particular peaks were present that were of interest. 

Due to the addition of a large alkyl chain, the region of δ 1-2.0 ppm is very ill-defined. However 

particular peaks of interest are present which gave us confidence that our product may have formed. 

Although the large alkyl chain will result in a busy and ill-defined alkyl region, differences in polarity 

between the middle of the long alkyl chain and the amine terminals will product different chemical 

shifts. In Figure 10, four large peaks are critical to the presence of the amide chain. It can be seen that a 

large peak at δ 1.1 ppm most likely corresponds to the bulk of the alkyl chain, whilst the smaller peaks at 

δ 1.27 and δ 1.3 ppm correspond to the methylenes alpha to the terminal amine, and the amide bond 

respectively. This is more clearly demonstrated in Figure 10. 
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Figure 10: 1H NMR of coupling attempt #8 showing key peaks corresponding to the presence of a large 
alkyl group and the chemical shifts associated with their proximity to the nitrogen atoms 

 

As a result of these key peaks being present, LCMS analysis was run on the crude reaction product to 

determine if the mass of our compound was present. It was seen that a compound with a mass of 329.0, 

directly correlating to that of the desired compound, eluted off an acetonitrile water column after 6 

minutes. This attempt was the most definitive success achieved by the amide coupling reaction in our 

attempts.  

 

To this extent, the result of our investigations of the amide coupling had surprising conclusions. The 

inability for the acyl-chloride to form an amide bond with the primary amine of 1,8-diaminooctane was 
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the most surprising. The difficulties in this scheme was perceived to be the activation of the carboxylic 

acid, but this was shown to be proceeding without hindrance through TLC analysis after dilution and 

reaction with methanol.  
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8.0 Conclusions and Future Directions 

  

This project achieved many of the objectives it set out to accomplish, but it was not without its 

limitations. The first major problems encountered in synthesis were those of the borane reduction to 4-

ethyl-hydroxycrotonate. Through many attempts at optimizing the reaction conditions no useful amount 

of product was purified from this scheme. Although product was deemed to be present in the crude 

reaction mixture, it is thought that the inability to purify this compound lead to further. This reaction 

requires a large investment of time and resources in each attempt, and as a result a large amount of 

effort was invested into this scheme. After the problems encountered and no viable solution could be 

obtained, it was decided that an alternate route of synthesis would be required in order to reach the 

overall project aim. This alternate route required the revision of the target molecules, and the 

purchasing of commercially available quinoline for synthesis to continue. This would ultimately afford a 

target molecule that was a compromise between what was initially envisioned, and what was 

synthetically possible within this project’s constraint. Based on literature precedent however, this was 

still a worthwhile target molecule to synthesis and may be of biological interest. 

After this compound was purchased, successful chemical activation in situ of this compound in 

preparation for the side chain amide coupling was performed. However, initial attempts at successfully 

achieving side chain coupling via an amide linkage proved to be problematic, and much effort was 

invested in optimizing this process. As a result, many different amide coupling procedures were 

investigated and evaluated. Through these investigations it was determined that limited success was 

obtained as LCMS mass data showed a compound of the correct mass was present in this reaction, 

however purification was once again problematic. 

As a result, functional group variation at the terminal amine of 30 could not be achieved. This represents 

the inability to achieve objective 2 of this project. Optimisation and purification of Scheme 15 is a focus 
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for future direction, and this project has provided the ground work necessary to continue investigation 

in this area. 

After optimisation of this scheme is achieved, future work involving functional variations to produce 

compounds which are able to be screened for their antibacterial action will be undertaken. This will 

provide the data necessary to lead optimise the next generation of compounds to achieve more 

efficiency in their action. This will ultimately result in a greater understanding of the role of quinolinones 

and their function in menaquinone biosynthesis in bacteria. The inability for this project to reach this 

stage of investigation is regarded as a major limitation.  

Through the synthetic investigations undertaken, this project produced groundwork contributing to the 

synthesis of quinolinone compounds and will continue to be of assistance to researchers wishing to 

refine and optimize these synthetic schemes.  
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9.0 Experimental 

 

General Procedures 

1H and 13C NMR were obtained using a Bruker 400 MHz spectrometer at 400 and 100 MHz respectively. 

Signals are reported in terms of their chemical shift (δ in ppm) relative to CDCl3 (1H, d 7.28 ppm and 13C, 

d 77.0 ppm), MeOD4 (1H, δ 3.30 ppm and 13C, δ 49.0 ppm). D2O (1H, d 4.78). For 1H spectra, multiplicity, 

integration intensity, coupling constants and assignment values are reported. Two dimensional COSY, 

HSQC and HMBC spectra were used to aid assignment. 1H coupling constants are reported in their 

entirety for each peak seen within a spectrum. Monitoring of reactions was performed by thin layer 

chromatography using Merck precoated aluminium silica plates. Plates were observed under UV light at 

245 nm and after charring with vanillin unless otherwise stated. Column chromatography using flash 

silica gel was performed routinely in order to purify products, unless otherwise stated. All reagents 

purchased from Sigma-Aldrich unless otherwise stated.  

2-aminobenzaldehyde (23) 

2-aminobenzalcohol (1.3 g, 11 mmol) was dissolved in 45 mL of DCM. Activated MnO2 (3.5g, 2.5 eq) was 

added to the flask, and the reaction mixture was stirred overnight before the solid MnO2 was filtered. 

Excess solvent was removed under vacuum to produce a yellow solid to give the essentially pure desired 

product (1.175 g, >95%).  1H NMR (400 MHz, CDCl3): δ = 6.1 (s, 2H), δ = 6.6 (d, J = 8 Hz, 1H), δ = 6.7 (t, J = 

7.4 Hz, 14.6 Hz, 1H), δ = 7.3 (t, J = 7.1 Hz, 15.5 Hz, 1H), δ = 7.4 (d, J = 7.6 Hz, 1H), δ = 9.8 (s, 1H) 115 
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N-(p-tolylsulfonyl)-2-aminobenzaldehyde (19a) 

Unprotected amine 23 was dissolved in DCM (1mL per mmol) and cooled under ice for 30 minutes. To 

this solution was added 1.2eq of toluenesulphonyl chloride and 1.2 eq of pyridine. Reaction was left for 

12 h, after which it was then washed with EtOAc and water (3x). The organic layers were collected and 

dried under Na2SO4 and the excess solvent removed under reduced pressure to afford a yellow oil. This 

was then purified by column chromatography in 1:1 hexane EtOAc to afford 155mg of yellow solid. 1H 

NMR (400 MHz, CDCl3): δ = 2.3 (s, 3H), δ = 7.1 (td, J = 1 Hz, 7.5 Hz, 8.4 Hz, 14 Hz, 15 Hz, 16 Hz, 1H), δ = 

7.2 (s, 1H), δ = 7.25 (s, 1H), δ = 7.5 (td, J = 1.6 Hz, 7.6 Hz, 8.6 Hz, 14.3 Hz, 15.8 Hz, 17.3 Hz, 1H), δ = 7.6 

(dd, J = 1.5 Hz, 6.1 Hz, 9.2 Hz, 1H), δ = 7.7 (d, J = 8.3 Hz, 1H), δ = 7.8 (d, J = 8.5 Hz, 2H), δ = 9.8 (s, 1H), δ = 

10.7 (s, 1H) 

 

N-tert-butyloxycarbonyl-2-aminobenzaldehyde (19b) 

To a solution of unprotected amine 23 in acetonitrile (5 mL per mmol) was added 1.5 eq of di-tert-butyl 

dicarbonate and 1 eq of DMAP. Reaction was left to stir overnight. Solvent was removed from crude 

reaction mixture under reduced pressure to afford a yellow solid. Product purified via column 

chromatography in 1:1 hexane EtOAc to afford an 86.7% yield.  1H NMR (400 MHz, CDCl3): δ = 2.0 (s, 9H) 

δ = 6.1 (s, 2H), δ = 6.6 (d, J = 8 Hz, 1H), δ = 6.7 (t, J = 7.4 Hz, 14.6 Hz, 1H), δ = 7.3 (t, J = 7.1 Hz, 15.5 Hz, 

1H), δ = 7.4 (d, J = 7.6 Hz, 1H), δ = 9.8 (s, 1H) 
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4-ethyl-hydroxycrotonate (25) using BH3-THF  

To a flask containing 3.6 g of mono-ethyl fumarate (25 mmol) under argon was added freshly distilled 

THF (11 mL). Solution was cooled to -10˚C using a brine ice bath. Using a pressure equalizing drop 

funnel, 25 mL of BH3-THF (1 eq) complex was added dropwise over 5 hours, affording vigorous gas and 

heat evolution. Once Borane complex was added, reaction was left to stir for 16 hours under argon. 

Reaction was then quenched with methanol (35 mL) until no more gas evolution occurred. Solvent was 

then removed under reduced pressure to afford a white powder (70 mg). 1H NMR (400 MHz, CDCl3): δ = 

1.2 (t, J = 7.1 Hz, 3H), δ = 2.9 (s, 1H), δ = 4.2 (q, J = 7.0 Hz, 7.1 Hz, 2H), δ = 4.2 (dd, J = 2.0 Hz, 1.8 Hz, 2H), 

δ = 6.0 (dt, 2.2 Hz, 15.7 Hz, 1H), δ = 6.9 (dt, J = 4.0 Hz, 15.3 Hz, 1H) 116 

 

4-ethyl-hydroxycrotonate (25) using BH3-Me2S 

To a flask containing 3.6 g of mono-ethyl fumarate (25 mmol) under argon was added freshly distilled 

THF (11 mL). Solution was cooled to -10˚C using a brine ice bath. Using a pressure equalizing drop 

funnel, 25 mmol of BH3- Me2S complex was added dropwise over 5 hours, affording vigorous gas and 

heat evolution. Once Borane complex was added, reaction was left to stir for 16 hours under argon. 

Reaction was then quenched with methanol (35 mL) until no more gas evolution occurred. Solvent was 

then removed under reduced pressure to afford a white powder (1.5 g). 1H NMR (400 MHz, CDCl3): δ = 

1.2 (t, J = 7.1 Hz, 3H), δ = 2.9 (s, 1H), δ = 4.2 (q, J = 7.0 Hz, 7.1 Hz, 2H), δ = 4.2 (dd, J = 2.0 Hz, 1.8 Hz, 2H), 

δ = 6.0 (dt, 2.2 Hz, 15.7 Hz, 1H), δ = 6.9 (dt, J = 4.0 Hz, 15.3 Hz, 1H) 117 
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4-ethyl-acetlycrotonate (21) 

To a solution of crude reaction mixture (150 mg) containing 25 dissolved in 2 mL of pyridine was added 1 

mL of acetic anhydride under anhydrous conditions. Reaction was left to stir overnight and returned a 

brown solution. This solution was then washed with 1N HCl and water, before being washed (3x) using 

EtOAc and water. The organic layer was collected and dried over Na2SO4 before solvent was removed 

under reduced pressure to yield a brown oil (155 mg). 1H NMR (400 MHz, CDCl3): δ = 1.2 (t, J = 7.1 Hz, 

3H), δ  = 2.1 (s, 3H) δ = 4.2 (q, J = 7.0 Hz, 7.1 Hz, 2H), δ = 4.2 (dd, J = 2.0 Hz, 1.8 Hz, 2H), δ = 6.0 (dt, 2.2 

Hz, 15.7 Hz, 1H), δ = 6.9 (dt, J = 4.0 Hz, 15.3 Hz, 1H) 

 

 

Alternatively: 

To a solution of 4-ethyl-bromocrotonate in 6mL of DMF was added 15 eq of KOAc (750 mg). This was 

heated to 80˚C and left to react overnight. Reaction mixture was then washed with EtOAc and water 

(3x). The organic layers were collected and dried under Na2SO4 and excess solvent was removed under 

reduced pressure to afford 78 mg of 4-ethyl-acetylcrotonate. 1H NMR (400 MHz, CDCl3): δ = 1.2 (t, J = 7.1 

Hz, 3H), δ  = 2.1 (s, 3H) δ = 4.2 (q, J = 7.0 Hz, 7.1 Hz, 2H), δ = 4.2 (dd, J = 2.0 Hz, 1.8 Hz, 2H), δ = 6.0 (dt, 

2.2 Hz, 15.7 Hz, 1H), δ = 6.9 (dt, J = 4.0 Hz, 15.3 Hz, 1H) 
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Ethyl [4-oxo-1-(p-tolylsulfonyl)-2,3-dihydro-1H-quinol-3-yl]acetate (20)  

 
330mg of 19 was dissolved in 10 mL of t-BuOH. To this solution was added 11 mg of Pd(OAc)2  and 38 mg 

of PPh3. To this was added 155 mg of 21. After 3 h, 65 mg of thaizolium salt catalyst and 1 mL of i-Pr2NEt 

was added and solution was left to stir overnight at Rt. Resultant crude reaction mixture was washing 

with EtOAc and water. Organic layers were collected and excess solvent was removed under reduced 

pressure. 2 mg of crude product was obtained.  1H NMR (400 MHz, CDCl3): δ = 0.9 (t, J = 7.7 Hz, 3H), δ = 

1.2 (d, J = 1.8 Hz, 2H), δ = 1.6 (m, 5H), δ = 1.9 (s, 3H), δ = 4.0 (q, J = 7.0 Hz, 7.3 Hz, 2H), δ = 6.9 (m, 1H), δ 

= 7.2 (d, J = 8.2 Hz, 2H), δ = 7.3 (m, 1H), δ = 7.6 (m, 1H), δ = 7.7 (d, J = 7.8 Hz, 2H), δ = 7.8 (dd, J = 1.6 Hz, 

17.7 Hz, 1H) 

 

Methyl 1-methyl-4-oxo-1H-quinoline-3-carboxylate (29) 

 
 To a solution of 27 (200 mg, 1 mmol) in DMF (3 mL) was added potassium carbonate (414 mg, 3 mmol) 

and Iodomethane (155 µL, 2.5 mmol). Reaction mixture was stirred at 40˚c  and after 4 hours was 

diluted with water. White crystals were formed, which were then filtered. The solid crystal cake was 

washed 3x with water and dried to yield 213 mg of 28 (1 mmol, 99% ).   

1H NMR (400 MHz, DMSO-d6): δ = 3.7 (s, 3H), δ = 3.9 (s, 3H), δ = 7.5 (dd, J = 1.1 Hz, 6.0 Hz, 1H), δ = 7.7 (d, 

J = 8.3 Hz, 1H), δ = 7.8 (dd, J = 1.5 Hz, 5.5 Hz, 1H), δ = 8.2 (dd, J = 1.5 Hz, 6.5 Hz, 1H), δ = 8.7 (s, 1H)118 
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1-Methyl-4-oxo-1H-quinoline-3-carboxylic acid (27) 

 
 To a solution of 28 (213 mg, 1 mmol) in 15 mL of methanol was added 5M NaOH until pH reached >13. 

This solution was stirred at 70˚c overnight. Amberlite acidic resin was then added until pH <3 was 

reached, at which point a solid precipitate formed. The solution was diluted with more methanol and 

the white crystals carefully decanted, leaving the acid resin behind. Excess methanol was removed 

under vacuum where products are produced in quantitative yields.  1H NMR (400 MHz, DMSO-d6): δ = 

3.9 (s, 3H), δ = 7.5 (dd, J = 1.1 Hz, 6.0 Hz, 1H), δ = 7.7 (d, J = 8.3 Hz, 1H), δ = 7.8 (dd, J = 1.5 Hz, 5.5 Hz, 

1H), δ = 8.2 (dd, J = 1.5 Hz, 6.5 Hz, 1H), δ = 8.7 (s, 1H) 

 

 

Amide coupling of 1-Methyl-4-oxo-1H-quinoline-3-carboxylic acid (30) 
 

To a suspension of 200 mg of 1-Methyl-4-oxo-1H-quinoline-3-carboxylic acid  in 25 mL of DMF was 

added 200 mg of carbonyldiimidazole and the reaction contents was left to stir at room temperature 

overnight. The next morning the reaction contents were dried under reduced pressure before being 

resuspended in DMF. To this new suspension was added 185 mg of 1,8-diaminooctane and 0.2 mL of 

DBU. This reaction was left for a further 12 h. Reaction contents were washed in EtOAc and water and 

the organic layers collected and excess solvent removed under vacuum. This yielded a complex mixture 

which could not be separated and purified.  
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APPENDIX 1 
 

A SELECTION OF 1H NMR SPECTRA 
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 2-aminobenzaldehyde 
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N-(p-tolylsulfonyl)-2-aminobenzaldehyde 
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N-tert-butyloxycarbonyl-2-aminobenzaldehyde 
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4-ethyl-hydroxycrotonate 
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4-ethyl-acetlycrotonate 
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Methyl 1-methyl-4-oxo-1H-quinoline-3-carboxylate  
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1-Methyl-4-oxo-1H-quinoline-3-carboxylic acid  
 

 


