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Abstract 

 

Antibacterial resistance has become a new global threat for public health, due to the 

lack of effective strategies to solve it. For example, methicillin-resistant S. aureus 

(MRSA) which is the most common resistant bacteria, can cause infections with a 

high rate of mortality. Therefore, there is an urgent need to develop some new types 

of antibiotics with new drug target and new mechanism of action. 

 

FtsZ protein is a bacterial cell division protein, which plays a very important role 

in the process of cell division. It has been approved to be an attractive drug target 

for antibiotic drug discovery. There have been many different types of FtsZ 

inhibitors from natural products to small molecules. However, most of these FtsZ 

inhibitors only have antibacterial activity against S. aureus, or they have little effect 

on resistant bacteria and Gram-negative bacteria. In this study, we investigated the 

synergistic effect of FtsZ inhibitor and beta-lactam antibiotics, and we also 

developed a series of compounds with broad antibacterial spectrum through 

structure modification and double warhead strategy.  

 

Firstly, we confirmed that the target of compound F332 was FtsZ protein by genetic 

study and docking study, although the compound F332 was considered as a 

potential FtsZ inhibitor in our previous study. Then we investigated the synergistic 

effect of F332 together with beta-lactam antibiotics. The MIC result showed that 

combination of drugs had synergistic effect and F332 could restore the efficacy of 

beta-lactam antibiotics in vitro. The highest synergy percentage was the 

combination of the compound F332 used together with methicillin, which was as 

high as more than 80% in vitro. These results indicated that the FtsZ inhibitor F332 

could restore the efficacy of beta-lactam antibiotics to treat MRSA in vitro. 
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In the next stage, we tried to develop broad spectrum FtsZ inhibitors through the 

structure modification of F332. We designed and synthesized a series of compounds, 

and the antibacterial activities of all compounds were evaluated by the MIC test. 

Some compounds had the antibacterial activity against both S. aureus and E. coli, 

and the antibacterial spectrum was broadened by adding a amidine group. 

Furthermore, when one fluorine was replaced by different phenol, the antibacterial 

activity would increase. The compound 32 and 38 exhibited stronger antibacterial 

activity against both of S. aureus and E. coli, and the MIC of their antibacterial 

activity against S. aureus was 4 µg/mL, which increased 8-fold comparing with 

compound 6, while the antibacterial activity against E. coli was 16 µg/mL and it 

also increased by 2-fold. These results indicated that the amidine group could be a 

start point for structure modification to develop more broad-spectrum FtsZ 

inhibitors with better antibacterial activity. 

 

In order to develop more antibiotics for Gram-negative bacterial strains, we tried to 

use the double warhead strategy to connect two scaffolds of F332 and triclosan by 

different linkers. The advantage of this method was that it could broaden the 

antibacterial spectrum of F332 and it could also reduce the toxicity of triclosan. We 

designed and synthesized a series of new compounds and the antibacterial activities 

of these compounds were evaluated by the MIC test. The MIC result of the 

compound 60 exhibited improved antibacterial activity against both S. aureus and 

E. coli with the MIC of less than 0.25 µg/mL. Furthermore, it also demonstrated 

excellent antibacterial activity against other Gram-negative bacterial strains with 

the MIC of less than 0.5 µg/mL, including K. pneumoniae, K. oxytoca and E. 

cloacae. These results indicated that the double warhead strategy of using the 

scaffold of FtsZ inhibitors provides a possible method for developing new 

antibiotics to treat Gram-negative bacterial strains. 
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Chapter 1. Introduction 

 

1.1. Antibiotics and antibiotic resistance 

 

There is a long history for the human to control and cure bacterial infections by 

various well-documented traditional methods, such as by using herbs, honey and 

plants.(Sengupta et al., 2013) There is also evidence that some modern antibiotics 

can be detected in ancient human, for example, tetracyclines can be found in the 

human skeleton in Nubia. (Bassett et al., 1980) Pyocyanase was the first antibiotic 

drug used in hospitals, but it is no longer used today. It was discovered in 

Pseudomonas aeruginosa in the 1890s, and it can inhibit the growth of other 

bacteria. (Gould, 2016)  

 

The modern age of using antimicrobial agent as a chemotherapy started with the 

development of antibacterial dyes. Paul Ehrlich was interested in the stain research 

and he found some stains were highly toxic to bacteria. (Schwartz, 2004) In 1909, 

he discovered Salvarsan, a chemical containing arsenic element. This agent 

performed well on the treatment of infections caused by syphilis. From then on, the 

door for human using modern antimicrobial agents to treat infections was opened. 

Ehrlich was also interested in immunology, and he worked together with other 

scientists to develop diphtheria antitoxin, which was very important in the history 

of antibacterial therapy. There was a method to treat endocarditis called anti-

streptococcal serum, which was reported by William Osler. (Pruitt, 1982) The 

bacteria should be isolated first from blood cultures, and then they were injected 

into the horse, and finally, the horse serum was used on patients. 

 

But the first time for the human to use real antibiotic is penicillin, which was 
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discovered by Alexander Fleming in the 1920s. (Piddock, 2012) This antibiotic 

saved so many soldiers’ lives during the Second World War. From then on, humans 

started to use modern antibiotics to control and treat bacterial infections. Nearly 

everyone knows this story about the discovery of penicillin by Alexander Fleming, 

but there may be someone earlier than him. The growth of bacteria can be inhibited 

in the culture fluid covered in mould, which was reported by Sir John Scott Burdon-

Sanderson in 1870. Then, Penicillium glaucium was found to have antimicrobial 

activity on human tissues, as reported by Joseph Lister. It was found that saddle 

sores were treated by using mould propagated on the saddles in Arab. Ernest 

Duchesne took this mould and identified it as Penicillium notatum in 1897, and then 

he successfully used it to treat pigs with typhoid.(Gould, 2016) According to the 

above results, Fleming knew that there was a potential benefit in penicillin, but he 

also knew that there was a big challenge to translate a drug substance from the 

laboratory to the market. In 1940, he published a paper on the penicillin purification. 

This useful technology facilitated the use of penicillin in humans for treating 

infections since 1945, although it had many problems, such as very poor 

bioavailability and short half-life.(Aminov, 2010) During the period of the 

development of penicillin, sulfanilamide was also produced in 1908, and it was used 

together with the antimicrobial dyes developed by Ehrlich. This drug was generated 

in 1931 and it was used to treat bacterial infections. It was popular because of its 

successful treatment of a boy with staphylococcal septicaemia in 1933. Two years 

later, it was found that this drug could be metabolized to sulphanilamide in the body, 

so the other component from the dye was not necessary for the effect of this drug. 

This is a milestone for coming into the sulphonamide age.(SHAMBAUGH, 1966) 

 

From then on, the golden age of antibiotic discovery started, and many new classes 

of antibiotics were discovered in the following decades. In the early stage, the 

source of antibiotic agents came from natural microorganisms, such as the 
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discovery of streptomycin from Streptomyces griseus in 1944. Eli Lilly was very 

smart to obtain help from Christian missionaries, who brought back soil samples 

from exotic temples. In 1952, vancomycin was extracted from a soil sample of 

Streptomyces orientalis and it became in clinical use in 1958.(Levine, 2006) 

 

In the beginning, these antibiotics were effective enough to help people reduce pain 

and even rescue their lives, but with the wide use of them, the resistance problem 

became a concern for people.(Spellberg and Gilbert, 2014) Although new classes 

of antibiotics were continuously approved by FDA, bacteria were evolving all the 

time to develop resistant ability. With the time flying, resistance problem became 

more and more apparent, and researchers engaged in new strategy to protect 

existing drugs to fight against this problem. Methicillin is a narrow-spectrum β-

lactam antibiotic of the penicillin class, which was developed by Beecham in 1959. 

It was first used as penicillinase-resistant β-lactam antibiotics in 1961, and the drug-

like properties were better than penicillin, such as broad antimicrobial spectrum and 

pharmacokinetics. 

 

In 1962, the most well-known resistant bacterial strain was emerged, methicillin-

resistant Staphylococcus aureus (MRSA), which was first found in the UK and then 

identified in the USA.(Sengupta et al., 2013) However, the antibiotic resistance not 

only occurred in methicillin, but also in nearly all antibiotics. Another penicillin-

type of beta-lactam antibiotics is cephalosporins, which was developed in 

1960s.(Russell, 1975)  

 

Nalidixic acid, licensed in 1967, was used to treat urinary tract infections 

(Emmerson and Jones, 2003) and Vancomycin is used to treat a number of bacterial 

infections since the 1970s, such as skin infections, bloodstream infections and bone 

and joint infections, and especially the infections caused by MRSA.(Liu et al., 2011) 
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Vancomycin is still being used today as the first-line agent to treat serious infections. 

At first, it was thought that it is hard to generate antibiotic resistance. However, the 

vancomycin resistant strains were found in coagulase-negative staphylococci in less 

than 10 years.(Sengupta et al., 2013)  

 

With more and more study on beta-lactamase, people started to develop beta-

lactamase inhibitors(Drawz and Bonomo, 2010) to improve the efficacy of beta-

lactam antibiotics. For example, clavulanic acid, which was used together with 

amoxicillin to form a combination drug. It was first discovered as a side-product in 

1976 from Streptomyces clavuligerus cultures. Ciprofloxacin is a representative of 

fluoroquinolones, and it was discovered in the 1980s. But there were still many new 

quinolones failed to go into the market, because of the antibacterial activity in 

clinical trials or serious adverse effects.   

 

Thienamycin, a precursor of the carbapenem antibiotic, was transferred to 

imipenem in order to obtain very good antibacterial activity in vitro and in vivo. 

However, it failed in human trials because of its short half-life. Further study 

showed that it could be rapidly metabolized by dehydropepidase, a newly identified 

enzyme in the kidney. In order to solve this problem, it was used together with 

cilastatin and its half-life increased obviously. This combination of drugs was 

approved in the United Kingdom by the end of 1980. Furthermore, another 

carbapenems named meropenem with a similar antimicrobial spectrum was 

approved in 1995, but it has fewer adverse effects on human.(Papp-Wallace et al., 

2011) 

 

Due to the good effect of the combination with beta-lactamase inhibitors, more and 

more beta-lactamase inhibitors, such as tazobactam and sulbactam, are used 

together with other agents to improve their activity against bacterial strains.(Drawz 



16 

 

and Bonomo, 2010) Tazobactam was used together with piperacillin to form a 

combination drug, which was approved by FDA in 1993. This combination of drugs 

has been used widely in the United Kingdom as an alternative strategy to replace 

the use of cephalosporins. 

 

Teicoplanin, a glycopeptide antibiotics, was discovered from Actinoplanes 

teichomyceticus. It was licensed in Europe in the 1990s,(Greenwood, 1988) but it 

just had low activity against staphylococci and was just used to treat glycopeptide-

resistant strains. However, due to its easier administration, it is still used today. 

Dalbavancin was used to do clinical trials in 2007, but failure was announced in 

2014. Another glycopeptide was approved for treating skin and soft tissue infections 

by FDA as a single use at the same time.  

 

Cycloserine was the first antibiotics of oxazolidinones, for treating plant diseases. 

Cycloserine was first used to treat Tuberculosis in 1956. Linezolid, another 

oxazolidinone antibiotics that was licensed in 2000, and was proved to be an 

alternative to glycopeptides. It has some advantages, such as good oral availability 

and activity against glycopeptide-resistant enterococci (GRE). But it also has some 

disadvantages, such as a range of adverse effects and drug interactions.(Gould, 2011) 

 

Daptomycin (Eisenstein et al., 2010) is a lipopeptide antibiotics used in the 

treatment of systemic and life-threatening infections caused by Gram-positive 

organisms. It was isolated from Streptomyces roseosporus, a soil organism found in 

Turkey. Although it has very serious adverse effects, it was approved by FDA in 

2003. Tigecycline(Greer, 2006) was a new broad-spectrum antibiotics which was 

approved in 2005, after moxifloxacin was approved in 2000. 

 

In the 2010s, there are some combination drugs of cephalosporin and beta-
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lactamase inhibitors were developed to fight against resistant Pseudomonas and 

Enterobacteriaceae. There is a challenge for the treatment of infections caused by 

resistant bacterial strains, even pan-resistant strains, such as Enterobacteriaceae 

and Pseudomonas. During the golden era of antibiotic discovery, pharmaceutical 

companies generated a lot of new classes of antibiotics to treat resistant bacteria. 

But since the 1980s, there are few new drugs approved by FDA.(Spellberg and 

Gilbert, 2014) This is why some old drugs, such as colistin and fosfomycin, were 

reconsidered that whether they can be used alone or as combination drugs.  

 

1.2. Causes of antibiotic resistance 

 

1.2.1. Overuse of antibiotics 

 

The overuse of antibiotics was warned by Fleming in as early as the 1940s, and he 

said to the public that as people demanded more and more antibiotics to treat 

infections, there would be a new age of antibiotics abuse.(Spellberg and Gilbert, 

2014) This means antibiotic resistance can be facilitated by antibiotics abuse. There 

is an evidence in epidemiological research, which reported that the use of antibiotics 

was related to the emergence and spread of antibiotic resistance.(2013) There is a 

special gene transfer way called horizontal gene transfer (HGT) in bacteria. This 

means that genes in bacteria can not only be transferred to the next generation, but 

also to the same generation by plasmids.(Read and Woods, 2014) This means that 

if bacterial strains obtain resistant gene, antibiotic resistance can be disseminated 

very fast and widely. Although bacteria cannot obtain the resistant gene from their 

previous generation or other species of the same generation, this strain can still 

obtain the resistant gene by mutation. The wild type strain is sensitive to antibiotics, 

while the mutant strain is resistant to antibiotics. Another cause of antibiotic 

resistance is natural selection. Every round use of an antibiotic, sensitive bacterial 
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strains are killed by the antibiotic, but the resistant strains are left. After several 

rounds use of the antibiotic, only resistant bacterial strains are left, and same 

antibiotics is no longer effective for this infection.(Read and Woods, 2014)  

 

Although awareness of the drawbacks of antibiotic abuse have increased, antibiotics 

are still overused worldwide, because of their convenient use.(2013) Data from the 

United States also indicate that antibiotics is overused and some actions should be 

taken to change this situation.(Gross, 2013) It was assessed in 2010, that there were 

22.0 standard units of antibiotics sold per person in the United States. This data is 

from the IMS Health Midas database, which contains information on the antibiotic 

consumption and sold from hospital pharmacies and retail stores.(Van Boeckel et 

al., 2014) The antibiotics consumptions are different from state and state, and the 

number is larger in the eastern regions than it in the western regions.(Gross, 2013) 

What is more, the number of prescriptions with antibiotics is larger than the number 

of population in some states, which is a very terrible situation and can lead to 

antibiotic resistance. 

 

1.2.2. Inappropriate antibiotics prescribing 

 

Another reason for the emergence of antibiotic resistance is the inappropriate 

prescription of antibiotics. There are 30%-50% inappropriate prescription cases in 

hospital, including improper choice of antibiotics, wrong treatment method 

indication and the short period of antibiotics use.(Luyt et al., 2014) Another analysis 

showed that only less than 10% of patients’ bacterial strains could be confirmed in 

the United States hospital, such as community-acquired pneumonia (CAP).(Bartlett 

et al., 2013) However, this pathogen has a higher identified rate in Sweden of as 

high as 89%, a study from Karolinska Institute,(Bartlett et al., 2013) where can 

improve the diagnostic technology by using polymerase chain reaction [PCR] and 
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semiquantitative PCR. Another improper prescription of antibiotics occurs in 

intensive care units (ICUs) in US, where 30%-60% of the prescription was 

inessential or incorrect.(Luyt et al., 2014) 

 

This inappropriate prescription of antibiotics would cause potential complications 

in patients.(Lushniak, 2014) Sometimes people use lower concentration of 

antibiotics to treat infections, which we called subtherapeutic concentration. This 

lower concentration can facilitate the emergence of antibiotic resistance because it 

is easy to drive gene expression to alter, causing mutagenesis and horizontal gene 

transfer.(Viswanathan, 2014) The lower concentration of antibiotics can cause 

bacterial species diversity. For example, a lower concentration of piperacillin can 

lead to the proteomic change in Bacteroides fragilis.(Viswanathan, 2014) In most 

cases, the change in gene expression can increase bacterial virulence and the rate of 

mutagenesis, while horizontal gene transfer can facilitate the emergence of 

antibiotic resistance and accelerate the spread of resistant strains.(Viswanathan, 

2014) 

 

1.2.3. Extensive use of antibiotics in agriculture 

 

Antibiotics are not only used in humans but also widely used in livestock. What is 

more, the consumption of antibiotics used in livestock to treat infections and 

facilitate their growth, is far more than the use in humans, which only accounts for 

20% of antibiotics sold in the United States.(Spellberg and Gilbert, 2014) Although 

the antibiotics left in livestock can be eaten by people, the farmers still consider that 

it benefits for their incomes, because the antibiotics can keep their livestock healthy, 

and generate good quality and higher yield products.(Michael et al., 2014) 

 

The resistant bacteria strains can be transferred to humans through human 
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consumption of the livestock. This problem first drew people’s attention several 

decades ago when antibiotic resistance was found from both animals and 

farmers.(Bartlett et al., 2013) In recent years, with the development of molecular 

detection technology, researchers have found that this transfer of resistant bacteria 

from livestock to humans is through human consumption of meat.(Bartlett et al., 

2013) There are a few possible ways for this transfer to happen. First, the antibiotics 

used in livestock kills the susceptible bacteria, but resistant bacteria strains are left 

and transferred to humans. Second, these resistant bacteria strains can transfer 

resistant genes to the original bacteria in humans through HGT. Third, some 

resistant bacteria strains can cause serious adverse effects on humans, but they are 

safe in livestock. 

 

The antibiotics used in livestock not only affect human health but also influence the 

microbiome in the environment. Because most of the antibiotics used in livestock 

are excreted through urine and stool, the figure of this part is up to 90%, so these 

antibiotics can be disseminated by fertilizer and groundwater.(Bartlett et al., 2013) 

Other methods of dissemination of antibiotics, such as through wind, should also 

be considered. For example, fruit trees should be sprayed with tetracyclines to 

prevent the plant from being damaged by bacteria in the agricultural regions in the 

United States, although this case is just account for a very minor part of the total 

use of antibiotics.(Golkar et al., 2014) The long-term use of antibiotics in this way 

can also change the ecology of local environment because it increases the number 

of resistant strains and reduces the number of susceptible strains.(Golkar et al., 2014) 

 

Some antibiotics that are used for disinfection can also lead to the spread of 

antibiotic resistance in the environment, although these antibiotics just used to clean 

the environment or protect the health of older people and children. These 

disinfectants can also reduce the ability of the immune system to fight against 
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virulent organisms, and lead to a high rate of morbidity and mortality.(Michael et 

al., 2014) 

 

1.2.4. Lack of new antibiotics 

 

Many good pharmaceutical companies have stopped their projects and research 

related to antibiotics due to different reasons, such as economic benefit and strict 

regulations in this field over the past decades, although these companies were good 

at this fields and developed some successful antibiotics in history.(Bartlett et al., 

2013) An analysis data showed that 15 out of the top 18 pharmaceutical companies 

have given up antibiotics development. Another reason is a lot of mergers between 

these companies, which led to the disappearance of research team diversity and the 

number of research teams dropped dramatically.(Piddock, 2012) This financial tight 

also occurred in the academic field, where the funding for antibiotic research project 

have been cut off and lead to fewer researchers applying the projects related to this 

field. 

 

The pharmaceutical industry is considered as time consuming and low benefit, 

which is not an economically wise investment for the capital venture or other 

financial groups. Due to some reasons, it is not worth to invest, for example, people 

think the antibiotics are often used with a short time, so the benefit for the drug 

companies is not continuous.(Piddock, 2012) A report by Office of Health 

Economics in the UK indicated that the net present value (NPV) of a new antibiotic 

is only approximately 50 million dollar in the world, while a new neuromuscular 

drug is about 1 billion dollar.(Piddock, 2012) This cost-benefit analysis showed that 

chronic drugs are more profitable, and that is why pharmaceutical companies like 

to invest on these fields.(Gould and Bal, 2013) 
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Another reason to lead to antibiotic pharmaceutical industry with low profit is that 

the price of a new antibiotic is very low, so fewer pharmaceutical companies are 

interested in this field. For example, the maximum price of a new antibiotic is 

approximately from 1000 dollars to 3000 dollars per course, while the price of a 

new drug for cancer chemotherapy will be far more than ten thousand 

dollars.(Gould and Bal, 2013, Wright, 2014, Bartlett et al., 2013) Antibiotics were 

considered that they only have low value, because they are used conveniently with 

low price, and the public perception also influences the consideration of 

pharmaceutical companies. 

 

when a new antibiotic was approved by FDA, microbiological scientists and experts 

always suggest that hold on this new antibiotic and continue to use old drugs to treat 

infections, because public have improved the awareness of drawbacks of antibiotics 

abuse, which can facilitate the emergence of antibiotic resistance.(Golkar et al., 

2014) A new antibiotic can only be used when the old drugs have lost their effect 

or to treat very serious infections. This is why new antibiotics always work as the 

last line for serious infections. This awareness leads to a drop in the use of 

antibiotics, which causes investment decrease by pharmaceutical 

companies.(Piddock, 2012) 

 

Once bacteria have developed resistance to antibiotics, the profits of these 

antibiotics would drop, although the huge amount of money has already been 

invested in the research and development for these antibiotics.(Gould and Bal, 2013) 

When there is economic crisis, such as the Great Recession, consumers of 

antibiotics also can be affected by their financial situation. Nowadays, many 

pharmaceutical companies produce antibiotics without protection of patent. This 

action helps antibiotics go into the market at a very low price and benefit the 

public.(Wright, 2014) 
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As a result of above reasons, most top antibiotic pharmaceutical companies are 

worry about the profit drop when they plan to invest a new antibiotic project, and 

this profit drop will lose millions of dollars. This will lead to fewer and fewer 

pharmaceutical companies invest in this field and fewer new antibiotics can be 

promoted into the clinic and market. A report by The Infectious Diseases Society of 

America in 2013 indicated that there were very few chemical compounds for 

treating infections in phase 2 or 3 clinical trials.(Lushniak, 2014) The more serious 

situation is that there is a lack of therapy of resistant bacteria of Gram-negative, 

such as Enterobacteriaceae , P. aeruginosa, and A. baumannii, while there is an 

urgent demand for effective antibiotics against these high threat bacterial 

species.(Lushniak, 2014) Compared with Gram-negative resistant bacteria, the 

antibiotics for treating resistant Gram-positive bacteria have drawn more attention 

from pharmaceutical companies, which have invested more research teams and 

money in developing drugs for treating serious pathogens, such as MRSA. The 

reason for the pharmaceutical companies having more interest in the MRSA may 

be that the MRSA is still a major global problem for public health, while the 

resistant Gram-negative bacteria are still a regional problem and the property of 

Gram-negative pathogens is that they do not acquire resistance easily.(Gould and 

Bal, 2013) 
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1.2.5. Regulation  

 

Although some pharmaceutical companies may have strong interest in discovering 

and developing new antibiotics, the process of application and other related 

regulations are often a barrier for these companies. From 1983 to 2007, the number 

of newly approved antibiotics dropped obviously.(Gould and Bal, 2013) There are 

some reasons why they are difficult to be approved according to the regulation. First, 

these applications must be approved by different bureaus. Second, the experimental 

data is not very clear to be approved. Third, the clinical trials should be conducted 

in different countries and should comply with the local regulation. (Piddock, 2012) 

 

Over the past two decades, the clinical trials standards changed a lot by FDA, 

causing challenges for new antibiotics to apply for clinical trials. The changes 

include many aspects, such as the new definition of the new disease and endpoint, 

a new method for endpoint assessing, the requirement of guidance on patients, the 

evidence for support and the new judgment for noninferiority margins through 

statistical data.(Itani and Shorr, 2014) 

 

The new rules said that it is not ethical to compare antibiotics with placebo, so new 

clinical trials should be planned to indicate that noninferiority of new antibiotics 

compares with existing drugs through a series of different statistical margin.(Wright, 

2014) This process will cost more money and need to find a huge number of 

population for participating, and this will decrease the net profit. The gap of 

investment in antibiotic research and development can be filled by small 

pharmaceutical companies. However, the problem is if their projects go well and 

come in phase 3 clinical trials, the high cost and complexity would exceed their 

financial ability. For example, a small pharmaceutical company name Cubist 

cooperated with Merck in 2014, which can facilitate the project and drive new 
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antibiotic drugs to be approved quickly in the future.(Piddock, 2012) 

 

The new regulatory methods should be adapted to the requirement of continued 

development and the antibiotic medication. A new limited-population antibiotic 

drug regulation was approved by The Infectious Diseases Society of America, and 

it obtained more people’s positive comments from FDA official report.(Bartlett et 

al., 2013) This regulation will make the clinical trials approved faster with small-

scale and lower cost, and it will let new antibiotics focus on high-risk 

patients.(Bartlett et al., 2013) 

 

1.3. Threat of antibiotic resistance 

 

1.3.1. Infections caused by antibiotic resistant bacteria 

 

Infections caused by bacteria have been a major heathy problem in the United States 

and all over the world, especially pan-resistant bacteria, which cannot be effectively 

treated by antibiotics. A national investigation conducted by The Infectious 

Diseases Society of America emerging infections network in 2011, reported that 

more than 60% of pathogens are pan-resistant bacterial species.(Spellberg and 

Gilbert, 2014) The problem become more and more serious, declared by different 

public health organizations, and they said that the appearance of resistant bacteria 

is the crisis for human.(Viswanathan, 2014) We are living in the post-antibiotic era, 

as declared by The Centers for Disease Control and Prevention in 2013. The WHO 

indicated in 2014 that antibiotic resistance is becoming a global threat,(Michael et 

al., 2014) and multidrug-resistant bacteria are a big threat to American people’s 

health, as declared by The Infectious Diseases Society of America, the Institute of 

Medicine and federal Interagency Task Force on Antimicrobial Resistance.(Golkar 

et al., 2014) 



26 

 

For the Gram-positive bacteria, the current biggest global threat was caused by pan-

resistant S. aureus and Enterococcus.(Rossolini et al., 2014) Every year, the number 

of American people killed by Methicillin-resistant Staphylococcus Aureus was 

larger than the number killed by several combined diseases, such as the combination 

of AIDS, Parkinson’s disease and emphysema.(Golkar et al., 2014) Recently, with 

the emergence of Vancomycin-resistant enterococci, more and more pathogens 

have developed resistance to so many antibiotics, and the more serious problem is 

that some respiratory bacteria, such as S. pneumoniae and M. tuberculosis have 

evolved resistance to drugs, these respiratory bacteria are easier epidemic and to 

spread than other pathogens.(Rossolini et al., 2014) 

 

The antibiotic resistance problem is more serious in Gram-negative pathogens than 

Gram-positive bacteria, because these Gram-negative bacteria are developing 

resistance to nearly all existing antibiotic drugs.(Rossolini et al., 2014) Infections 

commonly caused by Gram-negative pathogens from health care settings, such as 

K. pneumoniae, P. aeruginosa and Acinetobacter, are always more 

serious.(Rossolini et al., 2014) In the community, multidrug-resistant Gram-

negative bacteria are becoming more and more prevalent, including much species 

producing beta-lactamases, such as E. coli and N. gonorrhoeae.(Rossolini et al., 

2014) 

 

There was an analysis of antibiotic-resistant bacterial infections by The Centers for 

Disease Control and Prevention based on several aspects, such as economic impact, 

transmissibility, and difficulties to prevention. Levels of threat of bacteria are 

classified into three groups, urgent, serious and concerning, as shown in Table 1. 

 

This summary of threat levels can provide us with the information, about which 

bacteria need more action to control and prevent the situation from becoming more 
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serious, such as the bacteria in the urgent level, while the bacteria in the concerning 

level considered to need fewer actions. 

 

Table 1. Assessment of antibacterial resistance threats from CDC. 

 

 

Methicillin-Resistant Staphylococcus Aureus 

 

Methicillin-Resistant Staphylococcus Aureus (MRSA), which was identified in the 

1960s, is still a global public health problem.(Spellberg and Gilbert, 2014) MRSA 

infections can be found all over the world, in nearly all countries in Europe, Asia 

and America.(Rossolini et al., 2014) Infections caused by MRSA are the most 

dangerous threats, because these infections are always with a high rate of morbidity 

and mortality. There are more than ten thousands of deaths caused by MRSA every 

year in the United States.(Gross, 2013) 

 

Nowadays, MRSA is not only resistant to methicillin, but also to other penicillin-
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type beta-lactam antibiotics.(Sengupta et al., 2013) Fortunately, there are still some 

antibiotics, containing glycopeptides, daptomycin, and other new beta-lactam 

antibiotics, such as cephalosporins, that can be used to treat MRSA.(Rossolini et al., 

2014) Over past decades, MRSA has been proved that it is good at spreading and 

appearing in various regions and health care settings.(Rossolini et al., 2014) These 

properties of MRSA make MRSA infections complicated and they challenge to the 

old infection control system, which focuses on infections from health care settings. 

The resistance can be spread by bacteria mutation and resistance gene transfer by 

plasmids, and some reports indicated that MRSA has developed resistance to anti-

MRSA antibiotics, such as linezolid and glycopeptides, and become a public 

concern.(Rossolini et al., 2014)  

 

The good news is the morbidity of healthcare-associated infections seems to have 

dropped in recent years, because a lot of actions have been taken, such as hygiene 

measures to prevent bacterial infections in some European countries to control 

MRSA infections.(Rossolini et al., 2014) The numbere of invasive MRSA cases 

dramatically declined by 31% from 2005 to 2011, and among all invasive MRSA 

infections, healthcare-associated infections have the largest drop by about 54%. The 

result shows that infection control plays an important role in reducing the spread 

speed of MRSA.(Rossolini et al., 2014) The bad news is that the incidence of 

community-acquired MRSA (CA-MRSA) infections has increased dramatically in 

the public over the past decades. 

 

Vancomycin-Resistant Enterococci 

 

Vancomycin-Resistant Enterococci (VRE) infections are also a big threat for public 

health, because they can cause serious illness among patients, who are in hospitals 

and using healthcare settings.(Sengupta et al., 2013) Vancomycin-Resistant 
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Enterococci infections are frequently caused by E. faecium, which is less prevalent 

and has a lower epidemiological influence worldwide.(Rossolini et al., 2014) Every 

year, there are approximately more than sixty thousands healthcare-associated 

infections caused by Enterococci in the United States. Among hospital-acquired 

enterococcal infections, 30% are the vancomycin-resistant Enterococci infections, 

and they cause more than one thousand death cases every year. 

 

Vancomycin-resistant Enterococci infection is considered a big threat because there 

are few antibiotics that can effectively treat it. The antibiotics which can be used to 

treat VRE infections contain linezolid, daptomycin, and tigecycline, but the latter 

two antibiotics need more study to confirm their efficacy and adverse 

effects.(Rossolini et al., 2014) Fortunately, many pharmaceutical companies have 

made a lot of efforts on novel antibiotics research and development in order to 

develop effective drugs to fight against this infection, and oritavancin is a good 

example.(Rossolini et al., 2014) 

 

Drug-Resistant Streptococcus pneumoniae 

 

Streptococcus pneumoniae can also lead to a range of serious and life-threatening 

infections, such as bacterial pneumonia, meningitis and sinus infections.(Gross, 

2013) Resistant Streptococcus pneumoniae can cause more serious infections and 

lead to complication of treatment. Every year, there are more than 1 million people 

infected by Resistant S. pneumoniae and lead to seven thousand deaths. Among 

these infected people, those who are over 50 have the highest mortality, and those 

who over 65 have the highest morbidity. Resistant S. pneumoniae has evolved 

resistance to penicillin-type antibiotics, such as amoxicillin. It is also resistant to 

erythromycin-type antibiotics, such as azithromycin. What is more, among the most 

serious infections caused by S. pneumoniae, 30% of these cases are resistant to at 
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least one relevant antibiotic used in clinic. 

 

Fortunately, the incidence of resistant S. pneumoniae infections is dropping for 

several years, because a new version of vaccine named pneumococcal conjugate 

vaccine has been available to prevent the people from infections caused by most of 

resistant pneumococcus bacterial strains since 2010. This new vaccine (PCV13) 

expanded its spectrum of protection against 13 different pneumococcal strains, 

compared with the old version (PCV7) used between 2000 and 2009, which can 

only offer protection against 7 strains. The benefit of using this new version vaccine 

does not only help prevent people from infecting by pneumococcal strains, but also 

prevent the spread of antibiotic resistance by inhibiting the transmission of resistant 

S. pneumococcal bacterial strains. 

 

Drug-Resistant Mycobacterium Tuberculosis 

 

Infections caused by drug-resistant Mycobacterium Tuberculosis are also a big 

threat in the United States and worldwide.(Gross, 2013) The report from WHO said 

that there are more than one hundred thousand deaths caused by drug-resistant 

tuberculosis (TB) infections in 2012.(Gross, 2013) Another threat of M. 

tuberculosis for the public is that it can spread by air. The most common infections 

caused by M. tuberculosis are lung related diseases. The number of infections 

caused by antibiotic resistant M. tuberculosis account for about 10% of the total 

reported tuberculosis infections in 2011. 

 

Most tuberculosis infections can be treated by the first line antibiotic drugs 

containing isoniazid, but in some cases, the first line antibiotic drugs are not 

effective, because these infections are resistant to at least one first line antibiotics. 

Infections caused by these drug-resistant tuberculosis strains should be treated with 
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longer time, and these will lead to increase in cost and adverse effects. The most 

terrible situation is that the infections caused by Extensively drug-resistant TB 

(XDR-TB) bacterial strains, which have developed resistance to most first line 

tuberculosis drugs, containing rifampicin and fluoroquinolones, and second line 

drugs, such as amikacin and kanamycin. If people are infected by these XDR-TB 

strains, there is few antibiotics available, so it is hard to treat the patients. 

Fortunately, infections caused by XDR-TB and XDR-TB strains are not prevalent 

in the United States. This result shows that the actions taken by the U. S. 

government have a positive effect on controlling and preventing these infections. 

 

Carbapenem-Resistant Enterobacteriaceae (CRE) 

 

Carbapenem-resistant Enterobacteriaceae  (CRE) bacteria strains contain a group 

of bacteria, that have developed resistance to nearly all antibiotics, such as 

carbapenems, which is called the last resort to fight against drug-resistant 

bacteria.(Gross, 2013) There is an enzyme named New Delhi metallo-beta-

lactamase (NDM-1) expressed in some Gram-negative Enterobacteriaceae  

bacteria strains, such as E. coli and K. pneumoniae, which lets these bacteria 

resistant to nearly all beta-lactam antibiotics that containing 

carbapenems.(Sengupta et al., 2013) 

 

The infections caused by Carbapenem-resistant Enterobacteriaceae bacteria are 

difficult to treat, but the situation is becoming more and more serious because the 

number of these infections is increasing in the patient groups who accept health care 

in hospital. There are more than one hundred thousand infections caused by 

healthcare-associated Enterobacteriaceae in the United States every year, and more 

than nine thousandof these infections are caused by Carbapenem-resistant 

Enterobacteriaceae. The most prevalent strains of Carbapenem-resistant 

Enterobacteriaceae are carbapenem-resistant Klebsiella and carbapenem-resistant 
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E. coli, and the infections caused by these two strains lead to about 600 deaths every 

year. 

 

MDR Pseudomonas Aeruginosa 

 

Pseudomonas aeruginosa always leads to healthcare-associated infections, 

containing pneumonia and surgical-site infections. There are more than fifty 

thousand healthcare-associated infections caused by P. aeruginosa in the United 

States every year, and 13% of these P. aeruginosa infections are caused by MDR P. 

aeruginosa strains.(Rossolini et al., 2014) There are about 400 deaths caused by 

these infections every year, and some MDR P. aeruginosa strains have developed 

resistance to all drugs, such as aminoglycosides, cephalosporins, and carbapenems. 

 

MDR Acinetobacter 

 

Acinetobacter is a genus of Gram-negative bacteria belonging to the wider class of 

Gammaproteobacteria, and it can cause a range of infections, such as bacterial 

pneumonia and bloodstream infections. Some MDR Acinetobacter strains also have 

developed resistance to nearly all antibiotic drugs, such as carbapenems, the so-

called the last resort antibiotics. There are more than ten thousand healthcare-

associated infections caused by Acinetobacter in the United States every year, and 

63% of these infections are caused by MDR Acinetobacter strains, which are 

resistant to at least 3 different types of antibiotics, and these infections lead to 500 

deaths every year. 

 

ESBL-Producing Enterobacteriaceae  

 

The Enterobacteriaceae which carry a broad spectrum beta-lactamase enzyme is 
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called Extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae , 

the ESBL can make these strains resistant to nearly all beta-lactam antibiotics, such 

as penicillin types and cephalosporin types.(Gross, 2013) There are 26 kinds of  

healthcare-associated infections caused by ESBL-producing Enterobacteriaceae  

strains and more than one thousand deaths every year. Although these bacteria have 

broad-spectrum resistance, the major treating method is still by using carbapenems. 

Another problem is that if these antibiotics are used inappropriately, this will lead 

to development of resistance. 

 

Drug-resistant Neisseria gonorrhoeae 

 

Neisseria gonorrhoeae is the major cause of the sexual disease gonorrhea, and there 

has been Drug-resistant Neisseria gonorrhoeae in the United States 

recently.(Golkar et al., 2014) Gonorrhea-related diseases are diagnosed by the 

inflammation of cervix, pharynx and so on. These diseases can spread easily and 

lead to serious complications in the reproductive system.(Gross, 2013) It is the 

second most frequent infections in the United State and there are eight hundred 

thousand infections caused by Gonorrhea every year, reported by The Centers for 

Disease Control and Prevention. Drug-resistant N. gonorrhoeae has become 

widespread, and there are more than seventy thousand pelvic inflammation, fifteen 

thousand epididymitis, and more than two hundred HIV infections from 2005 to 

2015 in US.(Ventola, 2015) 

 

There are many different types of Drug-resistant N. gonorrhoeae strains, for 

example, cephalosporin-resistant N. gonorrhoeae strain. This resistant strain is not 

only resistant to cephalosporins, but also resistant to other classes of antibiotics, 

such as fluoroquinolones and penicillins.(Rossolini et al., 2014) In order to solve 

these problems, the treatment method has been changed by The Centers for Disease 
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Control and Prevention, and the guidelines suggest that the first line drugs are using 

ceftriaxone plus either azithromycin or doxycycline to treat gonorrhea.(Gross, 2013) 

 

1.3.2. The economic burden of antibiotic resistance 

 

The treatment for antibiotic resistant infections is a huge burden not only to the US 

health care system but also to individual.(Golkar et al., 2014) These huge economic 

burdens often happened in the hospitals because there are lots of patients, who 

always accept excess use of antibiotics and other treatment procedures.(Golkar et 

al., 2014) There are about 2 million healthcare-associated infections and about one 

hundred thousand deaths in the US every year, and the major cause of this situation 

is antibacterial-resistant bacteria. Among these healthcare-associated infections, 

sepsis and pneumonia are the two most common infections, which lead to about 

fifty thousand deaths in total in the US and cost at least 8 billion dollars from the 

health care system.(Golkar et al., 2014) 

 

The health care system has been overburdened, and the treatment for antibiotic-

resistant infections impose extra costs on the national health care system, which 

makes this system overload. When the first and second line antibiotics are not 

available for treatment of these infections, specialists have to use more expensive 

and even more toxic antibiotics to treat patients with higher frequency, leading to 

the economic pressure that is transferred to patients.(Lushniak, 2014) A report 

shows that the period of staying hospital for the patients with resistant bacterial 

infections was elongated from 6.4 to 12.7 days compared with other cases of 

infections.(Golkar et al., 2014) 

 

The cost for patients with resistant bacterial infections is about from eighteen 

thousand dollars to thirty thousand dollars.(Bartlett et al., 2013) These resistant 



35 

 

bacterial infections cost 20 billion US dollars on the health care and 35 billion US 

dollars of productivity lost every year.(Golkar et al., 2014) These resistant bacterial 

infections also bring more pressure to individuals, because they need more money 

for their health care and lose their incomes for their sick leave or lose their 

workforce.(Michael et al., 2014) 

 

The emergence of antibiotic-resistant bacteria has become a big threat for public 

health, and this threat has been spread worldwide over the past several decades. The 

major cause is the overuse of antibiotics and the lack of new classes of 

antibiotics.(Bartlett et al., 2013) Infections caused by antibiotic resistant bacteria 

also impose a huge economic burden on the national health care system and the 

individuals.(Golkar et al., 2014) Therefore, there is an urgent need for producing 

more new antibiotics to solve this problem.(Spellberg and Gilbert, 2014) 

 

1.4. Bacterial cell division protein: FtsZ 

 

1.4.1. Introduction of the new antibiotic target FtsZ 

 

FtsZ is an essential bacterial cell-division protein, which can polymerize and 

assemble into a ring to initiate cell division. It is encoded by fts genes and called 

Fts for filamentous temperature-sensitive. FtsZ is a member of Fts protein group, 

and it can form a ring, called Z-ring, during the period of cell division. It is also a 

guanosine triphosphatase and the homolog of mammalian β-tubulin, because FtsZ 

and β-tubulin have similar amino acid sequence. This protein is widely conserved 

in all bacteria and there are not any antibiotics in the market that target this protein, 

so this kind of proteins are regarded as unexploited and attractive targets for 

antibacterial drug discovery. In the past few decades, there were a large number of 

studies on this target, including the research of its structure and function. These 
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studies provide enough knowledge for us to develop inhibitors for this target. 

 

1.4.2. Visualizing the Z-ring 

 

In 1991, Lutkenhaus and co-workers first demonstrated that FtsZ had a precise 

localization in bacterial cells.(Bi and Lutkenhaus, 1991) Immuno-gold electron 

microscopy showed when a cell began to divide, a ring would be formed near the 

membrane. During the division process, the FtsZ ring constricted at the tip of the 

membrane and made it invaginate.  

 

In 1996, Addinall and co-workers suggested that Z-ring was localized in the middle 

of normal cells, except the smallest one. The term Z-ring was first used to describe 

this FtsZ ring structure.(Addinall and Lutkenhaus, 1996) In the same year, Levin 

and co-workers were the first to confirm the localization of FtsZ by 

immunofluorescence. They found Z-ring was in almost all B. subtilis and E. coli 

cells, and they also indicated that Z-ring was formed in early stage after the 

generation of a new cell.(Levin and Losick, 1996) In both B. subtilis and E. coli 

cells, the Z-ring appeared to disassemble during septation. Ma and Margolin 

showed the position of FtsZ in E. coli by using FtsZ-GFP chimera.(Ma et al., 1996)  

 

1.4.3. The homologue of tubulin  

 

In 1992, the possibility that FtsZ might be a homolog of tubulin was first suggested 

due to a short segment of its amino acid sequence, GGGTGTG, which is virtually 

identical to the tubulin signature motif, (G/A)GGTGSG, found in all three kinds of 

tubulins.(RayChaudhuri and Park, 1992, de Boer et al., 1992, Mukherjee et al., 

1993a) In 1994, Mukherjee and Lutkenhaus used sequence alignment to confirm 

some conserved residues and many of them with only conservative substitutions 
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between tubulins and FtsZ.(Mukherjee and Lutkenhaus, 1994) This result is a piece 

of strong evidence that FtsZ and tubulin are homologs. Other analysis of the 

sequences of FtsZ and tubulin, with a focus on predicting secondary structures and 

solvent accessibility, provide deep understanding for the structure of this protein 

family.(de Pereda et al., 1996) 

 

FtsZ is a homolog of tubulin, but do they have similar functions? At first, Z-rings 

were regarded as actin-myosin rings. However, recent studies indicated that FtsZ 

was a homolog of tubulin with the ability to hydrolyze GTP.(RayChaudhuri and 

Park, 1994, Mukherjee and Lutkenhaus, 1994, de Boer et al., 1992) Tubulin can 

form a cytoskeletal polymer, called the microtubule. FtsZ was first reported to have 

a similar cytoskeletal function in 1994.(Mukherjee and Lutkenhaus, 1994, Bramhill 

and Thompson, 1994) The evidence of this conclusion was from immunoelectron 

microscopy that showed FtsZ forming a ring and localizing the middle of E. coli 

cells in 1991.(Bi and Lutkenhaus, 1991) FtsZ and tubulin can form protofilaments, 

which their common function as a cytoskeletal filament. The following analysis of 

the FtsZ crystal structure showed that its structure was similar to the subunits of 

tubulin.(Löwe and Amos, 1998a)  

 

Like tubulin, GTP binds to the interface of FtsZ between two monomers, which can 

form the active site for the hydrolysis of GTP.(RayChaudhuri and Park, 1992, de 

Boer et al., 1992, Mukherjee et al., 1993a) But unlike tubulin, the GTPase activity 

of FtsZ in vitro appears independent of its assembly into rings. FtsZ has the highest 

GTPase activity with a rate of 2-5 molecules per minute.  

 

1.4.4. The phylogeny of FtsZ - archeabacteria and all prokaryotes 

 

FtsZ has been known to be present in bacteria for years. But recently, it was found 
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in other four species of archaebacteria.(Wang and Lutkenhaus, 1996, Margolin et 

al., 1996, Baumann and Jackson, 1996, Bult et al., 1996) There is no known 

prokaryote that lacks FtsZ, and it seems safe to conclude that this is a universal and 

essential protein in both eubacteria and archaebacteria. In the conserved core region 

used for this alignment, the sequence of the E. coli FtsZ shares 60-70% identity 

with other Gram-negative bacteria, nearly 50% identity with the Gram-positive 

bacteria, and 40-45% identity with archaebacteria.(Margolin et al., 1996, Baumann 

and Jackson, 1996) 

 

1.4.5. Models for FtsZ-dependent Cell Division 

 

When a cell starts to divide, FtsZ polymerizes to form a dynamic ring in the middle 

of the cell in the presence of GTP.(Adams and Errington, 2009) There are twelve 

extra cell-division proteins needed to form a cell-division complex called a 

divisome.(Errington et al., 2003) The divisome constricts to form a septum, which 

plays an important role during cell division process (Figure 1).(Osawa et al., 2008b, 

Ma and Ma, 2012) During this process, FtsZ works as an essential skeleton for the 

Z-ring and works as the motor for constriction.(Lock and Harry, 2008, Vollmer, 

2006) 

 

Figure 1. FtsZ assembly in the prokaryotic cell-division process. a) FtsZ 

polymerization into protofilaments; b) self-assembly of FtsZ at mid-cell into Zring; 

c) recruitment of other division proteins; d) constriction of Z-ring and septum 

formation; e) disassembly of Z-ring and cell division. 
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1.4.5.1. The dynamic behavior of FtsZ in the Z-ring 

 

Generally, there are about fifteen thousand FtsZ molecules in a E. coli cell, but only 

one-third of them participate in Z-ring formation at a certain time.(Stricker et al., 

2002) FtsZ proteins in the Z-ring exchange with those out of the Z-ring all the time 

and the interaction between overlapping protofilaments causes the formation of the 

dynamic Z-ring structure,(Erickson et al., 2010, Guck et al., 2005) while the overall 

morphology of the Z-ring seems to be static.(Weiss, 2004) In the beginning of the 

cell division process, GTP-FtsZ polymerizes into linear protofilaments.(Romberg 

et al., 2001, Caplan and Erickson, 2003, Guck et al., 2005) At this stage, the GTPase 

catalytic site is formed between two connected FtsZ monomers.(Lu et al., 2000) 

The GTP was hydrolyzed by GTPase, and then GDP-FtsZ polymers, which were 

unstable products, were formed with releasing phosphate. Finally, GDP that are 

bound to FtsZ exchanges with the free GTP in solution,(Mingorance et al., 2001, 

Mukherjee et al., 1993b) which may be caused by direct nucleotide exchange, or 

depolymerization.(Läppchen et al., 2005, Romberg and Mitchison, 2004) Generally, 

GTP binding facilitates FtsZ polymerization, whereas FtsZ depolymerization is 

caused by GTP hydrolysis proposed by Weiss.(Weiss, 2004) 

 

1.4.5.2. Mechanism of the precise location of Z-ring 

 

Levin and co-workers indicated Z-ring formation is regulated by a series of proteins 

to ensure that the dynamic ring forms at the precise time and position.(Romberg 

and Levin, 2003) There are two mechanisms: one is called “Min system”, which 

prevents the Z-ring from localizing near the cell poles by the inhibitory proteins 

MinC/MindD.(de Boer et al., 1989, Lan et al., 2009) The other is called “nucleoid 

occlusion”, which prevents the Z-ring formation close to the nucleoid by the DNA-

binding protein Noc in B. subtilis cell or SlmA in E. coli cell.(Bernhardt and De 

Boer, 2005, Wu and Errington, 2004)  
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1.4.5.3. The force of the Z-ring constriction 

 

Z ring is proposed to offer the force to cause membrane constriction during the 

process of cell division.(Li et al., 2013) Erickson imagined two possible 

mechanisms of constriction in 1997[19]. In my opinion, the possible one is that FtsZ 

is not only the scaffold but also the motor. The constriction is caused by changing 

the conformation from the straight protofilament attached to the membrane to a 

sharply curved mini-ring, and then achieve septation.[14]  

 

In fact, there are no motor proteins in bacteria, but it is sufficient for the membrane 

to offer a pinching force by FtsZ polymerization/depolymerization dynamics. It 

should be remembered that there are many other proteins required for Z-ring 

regulation and constriction in vivo such as FtsA, FtsE, FtsN, FtsX, Zap, and ZipA. 

FtsZ polymers attach to liposomes by the interaction with FtsA when GTP binds to 

FtsZ, and pinch liposome inward.(Osawa et al., 2008a, Osawa and Erickson, 2013) 

To generate an inward constriction force, the FtsZ protofilament rafts need to 

coordinate inputs from the septal wall synthesis machinery. The mechanism of this 

process has been proposed: FtsE and FtsX transmit signals from the cell wall 

machinery to FtsZ by attaching to GTP.(Yang et al., 2011) At the same time, FtsA 

receives signals from the cell wall machinery via FtsN.(Busiek et al., 2012, Busiek 

Kimberly and Margolin, 2014) These signals from the divisome would ensure that 

force generation by the Z-ring is precisely coordinated and to control the progress 

of septum synthesis.  

 

FtsZ GTPase activity occurs in FtsZ protofilaments which can form the binding site 

of GTP between adjacent FtsZ subunits. The GDP-containing linear protofilament 

is changed to curved GDP-FtsZ polymers by two subunits rotating, and the energy 

comes from hydrolysis of GTP, which is the rate-limiting step.(Erickson et al., 2010, 

Li et al., 2013) Moreover, subunits rapidly exchange within protofilaments, with a 
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timescale of fewer than ten seconds.(Anderson et al., 2004)  

 

1.2.6 The structure of FtsZ 

 

Jan and co-workers reported that the crystal structure of FtsZ consisted of residues 

23-256, 116 molecules of water, and 1 GDP molecule. Residues 1-22 was visible 

with weak density as an extension from helix H0.(Löwe and Amos, 1998b)  

 

FtsZ is a protein with relative a molecular mass 40K and contains two domains 

connected by helix H5 in a manner similar to tubulin.(Nogales et al., 1998) The N-

terminal portion of the FtsZ molecule, which contains residues 38-227, is called the 

GTPase domain where GTP can bind. It contains a six-stranded parallel β-sheet and 

two and three helices on both sides. The C-terminal domain spans residues 228-356 

and contains a parallel four-stranded central β-sheet with two helices on one side. 

The four-stranded β-sheet isntilted by 90o against the β-sheet of the GTPase 

domain.(Lowe and Amos, 1998) The three-dimensional structure of FtsZ is similar 

to the structure of α- and β-tubulin, which is consistent with the report that FtsZ is 

weak sequence homology to human tubulins.  

 

Therefore, if the function of FtsZ is inhibited, cell division will fail. To date, a large 

number of FtsZ inhibitors have been synthesized, but none of them can enter into 

clinical use. There is a big gap between target FtsZ and effective inhibitors, although 

so many inhibitors have been published by other research groups. 

 

1.5. FtsZ protein Inhibitors  
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1.5.1. Background of FtsZ inhibitors 

 

With the widespread of antibiotic-resistant bacteria, there is much demand for new 

drugs with new mechanisms of action. FtsZ is an attractive target for antibacterial 

drug discovery because it has been well studied and it is essential for bacterial cell 

division. If the protein is inhibited, the divisome will lose the function and cause 

cell death.(Addinall et al., 1996, Slayden et al., 2006) FtsZ proteins are highly 

conserved in prokaryotic and archaea species, which offers a chance to develop 

broad spectrum-antibiotics.(Rajagopalan et al., 2005, Margolin, 2000) Currently, 

there is no drug in the market that targets this protein, although many researchers 

have made great effort on studying inhibitors of FtsZ. 

                                                                                  

1.5.2. Natural products as FtsZ inhibitor 

 

Curcumin 

 

Curcumin has been shown to inhibit the function of tubulin (Figure 2).(Gupta et al., 

2006) Rai et al. reported that FtsZ can be inhibited by curcumin in a dose-dependent 

manner. GTPase assay indicated that FtsZ is inhibited by increasing the GTPase 

activity and then cause FtsZ polymers destabilization.(Rai et al., 2008) Kaur et al. 

reported possible binding sites by docking study in E. coli-FtsZ (Ec-FtsZ) and B. 

subtilis-FtsZ (Bs-FtsZ), which were confirmed by mutagenesis studies.(Kaur et al., 

2010) The possible binding site overlapped with the GTP binding site and several 

amino acid residues were common to both binding sites.(Gupta et al., 2006) But 

this kind of structure has been criticized due to its PAINS’s property.(Baell and 

Walters, 2014) 
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Figure 2. The structures of natural products. 

 

Coumarins 

 

Coumarins were reported by Duggirala to inhibit polymerization of Bs-FtsZ in a 

dose-dependent manner.(Duggirala et al., 2014) For example, its derivatives, 

Scopoletin and daphnetin can inhibit the GTPase activity. Docking proGram study 

showed that the binding site was located in T7 loop.  

 

Plumbagin 

 

Plumbagin was reported by Acharya to inhibit the activities of tubulin and 

FtsZ.(Acharya et al., 2008) Their results indicated that the FtsZ polymerization of 

B. subtilis 168 was inhibited in a dose-dependent manner. 10 µM of plumbagin 

reduced the assembly of the Bs-FtsZ by 45% and decreased FtsZ’s GTPase activity. 

Docking studying showed that the binding site was near the C-terminal, and it was 

different from the GTP binding site. Although plumbagin can inhibit the 

polymerization of Bs-FtsZ, it cannot inhibit the Ec-FtsZ. This suggests that there is 

a difference in the structure of FtsZ among different bacteria.(Bhattacharya et al., 

2013) In my opinion, this kind of structure is also very similar to the structure of 

PAINS.(Baell and Walters, 2014) 
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Resveratrol 

 

Hwang et al. found that resveratrol affected Z-ring formation in E. coli.(Hwang and 

Lim, 2015) To confirm this result, an RNA silencer PNA-FtsZ, which has 

synergistic antibacterial effect with resveratrol was used. Their data showed that 

cells were led to elongation, and the mechanism of action was the inhibition of Ec-

FtsZ gene expression. 

  

Chrysophaentins 

 

Chrysophaentins have the ability to fight against Gram-positive bacteria.(Plaza et 

al., 2010) Chrysophaentin A is a competitive inhibitor that can bind to Ec-

FtsZ.(Plaza et al., 2010) Since both chrysophaentin A and hemi-chrysophaentin 

cannot show any antimicrobial activity against Gram-negative bacteria, while Ec-

FtsZ can be inhibited in vitro, so researchers considered that these compounds 

cannot go into the membrane of Gram-negative bacteria. To test this hypothesis, the 

activities of these two compounds were tested against E. coli envA1, a strain with 

increased compound permeability, and found a good result, which proved this 

hypothesis. 

 

Berberine and its derivatives 

 

Berberine was reported to inhibit FtsZ assembly and GTPase activity in a dose-

dependent manner (Figure 3). Docking studies in Ec-FtsZ indicated that its binding 

site overlapped with the GTP binding site.(Domadia et al., 2008) 
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Figure 3. The structures of berberine and its analogues. 

 

Based on the crystal structure of S. aureus-FtsZ (Sa-FtsZ), Sun et al. designed and 

synthesized a series of 9-phenoxyalkylberberine derivatives. This series of 

compounds showed MIC values as good as 2 µg/mL against S. aureus, and 4 µg/mL 

against Enterococcus faecalis (E. faecalis). These berberine analogs also had the 

effect on Gram-negative bacteria with MIC values as good as 32 µg/mL. The most 

potent compound in this series was compound 1-1, which can inhibit Sa-FtsZ 

GTPase with IC50 38 µg/mL and inhibited FtsZ polymerization in a dose-dependent 

manner. It can significantly reduce the thickness and size of FtsZ polymers, as well 

as the bundling of FtsZ protofilaments, which can be observed by transmission 

electron microscopy (TEM).(Sun et al., 2014) 

 

Parhi et al. found another potential Compound 1-2 from other series of compounds, 

and compound 1-2 had good MIC value of 0.5 µg/mL against S. aureus and 2 µg/mL 

against E. faecalis. The mechanism of action behind compound 1-2 was promoting 

the FtsZ polymerization, which is similar to that of the compound PC190723.(Parhi 

et al., 2012) 
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Phenylpropanoids 

 

Eight phenylpropanoids were selected and their antibacterial activity targeting FtsZ 

were determined(Figure 4).(Puupponen-Pimiä et al., 2001) The results showed that 

Chlorogenic acid was the most potential one with IC50 of 69.55 ± 3.6 µM. Others 

had a low IC50 of more than 250 µM, but most of them would inhibit GTPase 

activity.(Hemaiswarya et al., 2011) 

 

 

Figure 4. The structures of phenylpropanoid analogs. 

Cinnamaldehyde and its derivatives 

 

Cinnamaldehyde showed a very good the MIC values of 0.1-0.5 µg/mL against E. 

coli, B. subtilis and MRSA. (Figure 5).(Ali et al., 2005) It can inhibit the GTPase 

activity and inhibit the FtsZ protofilaments assembly.(Domadia et al., 2007)  

 

A series of cinnamaldehyde analogs were synthesized by Li et al. (Figure 5) and 

determined for their antibacterial activity against a variety of bacteria in vitro.(Li, 

2015) Several compounds showed as good as MIC values of 0.25 µg/mL against S. 

aureus ATCC25923. Compounds 1-3 and 1-4 exhibited the best activity among 

these compounds. 

 

Figure 5. The structures of Cinnamaldehyde and its analogs. 
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1.5.3. Synthetic small molecules 

 

Benzamides 

 

The antibacterial activity of 3-methoxybenzamide (3-MBA) was tested on both B. 

subtilis and FtsZ mutant strains by Ohashi et al. The result showed that it could 

inhibit the growth of B. subtilis with the concentration is more than 5 mM, whereas 

the growth of mutant FtsZ strain was not inhibited even at 35 mM of 3-MBA. This 

indicates that FtsZ was a possible target of 3-MBA.(Ohashi et al., 1999) 3-MBA 

showed poor anti-bacterial activity,(Czaplewski et al., 2009) PC190723 had better 

potency than 3-MBA,(Haydon et al., 2008) and it showed antibacterial activity as 

good as 0.5 µg/mL and the good efficacy in vivo on staphylococcal infection.  

 

Andreu et al. reported that PC190723 could reduce GTPase activity in Bs-FtsZ, 

which led to straight bundles and ribbons formation.(Andreu et al., 2010) Elsen et 

al. suggested that PC190723 could make the FtsZ polymer more stable than the 

monomer.(Elsen et al., 2012)  

 

Figure 6. The structures of PC190723 and its analogs. 
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Stokes et al. synthesized a lot of PC190723 analogs by using a phenyloxazole group 

instead of a thiazolopyridine. Compound 1-5 has the best potency against the wild 

type S. aureus with the MIC of 0.03 µg/mL. To address the pharmacokinetic 

problems, the pseudo benzylic position was introduced some polar groups, which 

can improve solubility and metabolic stability. Two enantiomers of compound 1-6 

were isolated and their antibacterial activities were examined, which revealed that 

(R)-(+)-enantiomer is 128 times more potent than the other one. To improve the 

solubility of compound 1-6, they produced a prodrug 1-7 with better solubility than 

compound 1-6. 

 

To enhance the pharmacological properties of PC190723, TXY541, a prodrug of 

PC190723 was generated by Kaul et al..(Kaul et al., 2013) TXY541 has better 

solubility than PC190723 in an aqueous acidic vehicle and good efficacy in vivo 

experiment on mouse peritonitis model of systemic infection with S. aureus.(Kaul 

et al., 2013) TXA707 and its prodrug TXA709 were generated, which can address 

the problem that TXY541 is easily mediated by CYP.(Kaul et al., 2015) The 

introduction of a trifluoromethyl group can help improve metabolic stability of 

TXY541.  

 

2-Nitro-vanillin-aniline Schiff bases 

 

Vanillin derivatives were synthesized by Sun et al. and these compounds were tested 

for their antibacterial activities against Gram-negative and Gram-positive 

bacteria.(Sun et al., 2013) The SAR study showed that the aniline part with electron-

donating groups helped increase the antibacterial potency, while electron-

withdrawing groups led to weaked potency. Among these compounds, compound 

1-8 showed the most potent activity against E. coli with a MIC of 0.28 µg/mL, 

which is even better than that of the kanamycin.  
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Figure 7. The structures of 2-nitro-vanillin-aniline Schiff bases, arene-diol 

digallates and a rhodanine derivative. 

 

Arene-diol digallates 

 

A docking study of Bs-FtsZ protein with over 4 million compounds by Andreu and 

collaborators screened out some hit compounds, such as UCM05, UCM44, and 

UCM53. But the drawback of these hit compounds was that they did not have 

antibacterial effect on E. coli. Then a series of analogs of UCM05 and UCM44 were 

designed and synthesized, and the biological data showed that the most potent 

compound was compound 1-9 with strong binding (Kd 0.5 µM) and MIC of 7 µM.  

 

Rhodanine derivatives 

 

A library of 151 rhodanine compounds were screened by Singh et al. and the 

antibiotic activity data showed that the target of these compounds was FtsZ.(Singh 

et al., 2012) Among these compounds, CCR11 bound to FtsZ with Kd 1.5 µM and 

could inhibit both FtsZ assembly and GTPase activity in vitro. Its MIC value for B. 

subtilis cells is 3 µM, and the Z-ring formation was inhibited.  
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Benzo[g]quinazolines, quinazolines, quinoxalines and 1,5-naphthyridines 

 

Several zantrin Z3(1) (ZZ3(1)) derivatives were synthesized by Nepomuceno et 

al..(Nepomuceno et al., 2015) Among these compounds, compound ZZ3(2) was 

more potent than ZZ3(1) with an IC50 of 12 µM. The SAR study showed that 

benzo[g]quinazoline could be replaced by quinazoline, which is smaller in size, to 

produce the most active compound 1-10 with an IC50 of 9 µM. It was essential that 

4-chlorostyryl should be kept in the structure for good activity. 

 

A series of new compounds were synthesized by Parhi et al. and their antibacterial 

activities were tested on various bacteria strains. Among these compounds, 

compounds 1-11, 1-11a and compound 1-12 significantly increased the antibacterial 

activity, and compounds 1-13, 1-13A, 1-14 and 1-15 showed as good MIC values 

as 4 µg/mL for S. aureus.(Parhi et al., 2013) 

 

Figure 8. The structures of Quinoline, quinoxalines, quinazolines and 1,5-

naphthyridine derivatives. 

 

Pyrimidine-quinuclidine derivatives 

 

The docking study of the crystal structure of Methanococcus jannaschii-FtsZ (Mj-

FtsZ) helped Chan et al. to screen out some hit compounds from over 20,000 
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compounds, which interacted with FtsZ by binding to GTP binding site.(Chan et al., 

2013) They tested 10 compounds with the best docking score for their GTPase 

inhibitory activity in vitro and MIC against bacteria. Among these compound 

libraries, compound 1-16 showed some extent GTPase inhibitory activity with IC50 

of 317 µM and MIC for E. coli and S. aureus were 449 µM and 897 µM, respectively. 

Thus, compound 1-16 was considered as the lead compound for further studies, 

such as optimization in silico, library synthesis and SAR study. Compound 1-17 

was the most potent compound with GTPase inhibitory activity of IC50 37.5 µM 

and antibacterial activity against S. aureus of MIC 24.6 µM of and E. coli of MIC 

49.6 µM.  

 

Figure 9. The structures of Pyrimidine-quinuclidine and pyridopyrazine analogs. 

 

Pyridopyrazine and pyrimidothiazine analogs 

 

Based on compounds 1-18 and 1-19 that were reported to inhibit Mtb-FtsZ, a series 

of pyridopyrazine and pyrimidothiazine analogs were synthesized by Mathew et al. 

and their biological activities were tested.(Mathew et al., 2011) The data showed 

that compounds 1-18 and 1-19 could inhibit Mtb-FtsZ, and compounds 1-18 and 1-

20 showed good antibacterial activity against M. tuberculosis H37Rv with an IC90 

of less than 0.19 µM, and a moderate inhibitory activity with IC50 ~34 µM for Mtb-

FtsZ polymerization. Both compounds 1-18 and 1-20 were tested in vivo for their 

efficacy in mice.  
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Taxanes 

 

Paclitaxel is a very important drug in cancer chemotherapy and it shows antibiotic 

activity against M. tuberculosis with MIC of 40 µM.(Huang et al., 2006) Due to the 

similar function of tubulin and FtsZ, it was suggested that taxanes could be the 

starting point for discovery of FtsZ inhibitors.  

 

 

Figure 10. The structure of Paclitaxel. 

 

Singh et al. reported that SB-RA-2001 (TRA) could inhibit the growth of B. subtilis 

and Mycobacterium smegmatis (M. smegmatis) cells, and its target was FtsZ.(Singh 

et al., 2014) It could increase the cell length of bacteria, inhibit the GTPase, and 

promote Bs-FtsZ protofilaments. Docking analysis showed that the binding site was 

similar to that of PC190723. 

 

SB-RA-2001 also showed good antitubercular activity against M. tuberculosis 

H37Rv and M. tuberculosis IMCJ946.K2, but it had a high cytotoxic value, while 

antiangiogenic C-seco-taxane IDN5390 had a less cytotoxic value than 

paclitaxel.(Appendino et al., 1997, Taraboletti et al., 2002) Thus, C-seco-baccatin 

analogs of SB-RA-2001 were synthesized and evaluated, and the result showed that 

SB-RA-5001 and analogs had good antitubercular activity with MIC99 of 1.25-5 

µM, and the cytotoxic value of IC50 was more than 80 µM.(Huang et al., 2007) SB-
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RA-5001 could stabilize Mtb-FtsZ polymers, which was confirmed by Transition 

electron microscopy (TEM) analysis.(Ojima et al., 2014) 

 

 

Figure 11. The structures of a lead taxane and C-seco-taxanes. 

 

Benzimidazoles 

 

Sarcina et al. proved that FtsZ was the target of albendazole and 

thiabendazole.(Sarcina and Mullineaux, 2000) Then Slayden et al. showed that the 

septation of M. tuberculosis cells could be inhibited by this kind of compounds and 

finally led to cell death.(Slayden et al., 2006) 

 

204 hit compounds were screened from about 1,100 compounds and their 

antibacterial activities against M. tuberculosis H37Rv were as low as 5 

µg/mL.(Awasthi et al., 2013, Kumar et al., 2011, Ojima et al., 2014) Then, 56 

compounds from these hit compounds were tested for MIC and showed a range 

from 0.06 to 6.1 µg/mL.(Awasthi et al., 2013, Kumar et al., 2011, Ojima et al., 2014) 

SB-P17G-C2 was the most potent compound with MIC of 0.06 µg/mL.(Awasthi et 

al., 2013) It inhibited the Mtb-FtsZ polymerization in a dose-dependent manner and 

could increase the GTPase activity and decrease the stability of FtsZ polymers. 

Some lead compounds were tested for their biological activity against clinical 

strains of M. tuberculosis.(Knudson et al., 2014)  
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SB-P17G-A33, SB-P17G-A38 and SB-P17G-A42 with additional fluorine atoms 

were synthesized, and they could improve the metabolic stability.(Knudson et al., 

2015) The most potent compound inhibited M. tuberculosis with MIC values as 

good as 0.18 µg/mL. SB-P17G-A38 and SB-P17G-A42 had efficacy equivalent to 

that of isoniazid (INH), and these two compounds could inhibit INH-resistant 

patient-derived M. tuberculosis strains. Thus, they are promising candidates for 

treating tuberculosis. 

 

Kumar et al. screened out 23 hits that could inhibit more than 90% growth of 

Francisella tularensis (F. tularensis) LVS strain at a concentration of 10 

µg/mL.(Kumar et al., 2013) The most potent one was Compound 1-21 with MIC90 

of 0.35 µg/mL. The result of other compounds 1-22e, 1-22g and 1-22h showed that 

they could reduce CFU by 2-3 log units at 10-50 µg/mL. 

 

 

Figure 12. Trisubstituted benzimidazoles active against F. tularensis. 

 

Ray et al. reported BT-benzo-29 could inhibit B. subtilis proliferation and M. 

smegmatis cells with IC50 of 1 and 1.6 µM, respectively.(Ray et al., 2015) It was 

proposed that the C-terminal domain of FtsZ near the T7 loop was its binding site. 
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Figure 13. The structure of BT-benzo-29. 

 

1.5.4. Polypeptides and Nucleic acids 

 

Apart from natural products and synthesized small molecules, there are some other 

types of FtsZ inhibitors. 

 

Cathelin-related antimicrobial peptide was reported to have some antibiotic 

activity.(Bergman et al., 2006) Recent studies showed CRAMP could inhibit FtsZ 

polymerization in a dose-dependent manner.(Ray et al., 2014) This peptide could 

decrease the GTPase activity of FtsZ, and make B. subtilis elongate and inhibit Z-

ring formation. A docking study showed that there was a possible binding site near 

the T7 loop crevice.  

 

Peptide nucleic acids (PNAs) are oligonucleotide analogs with a polypeptide-like 

backbone replaced by a ribose-phosphate backbone.(Paulasova and Pellestor, 2004, 

Nielsen and Egholm, 1999) PNAs can silence genes and prevent them from 

expression. Recently, cell viability assays showed that some of them were 

bactericidal.(Liang et al., 2014)  

 

Locked nucleic acids (LNA) are nucleic acid analogues with the ribose 

ring.(Gruegelsiepe et al., 2006) Gene silencing with LNA can kill E. coli cells by 
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targeting RNase P expression. Recently, a peptide-LNA hybrid was synthesized and 

showed activity against MRSA-FtsZ.(Meng et al., 2015)  

 

1.6. Objectives of this study 

 

The rise of antibiotic resistance becomes a big concern for public health and 

unfortunately, most new antibiotics that have come into the market lack variety in 

their structure and target, as compared to older products. That means that bacteria 

can easily acquire resistance to these old drugs. Since the 1980s, there are only three 

new classes of antibacterial agents approved for clinical use: an oxazolidinone 

(linezolid/Zyvox) in 2000, a cyclic lipopeptide (daptomycin/Cubicin) in 2003, and 

more recently, a pleuromutilin derivative (retapamulin) in 2007. However, with the 

rapid spread of bacteria with antibiotic resistance, together with the emerging of 

novel high virulent pathogens, there is an urgent demand for generating new 

antibacterial agents with a novel mode of action and broad antibacterial spectrum.  

 

From the literature review, we found that the bacterial cell division protein FtsZ 

plays an essential role during the cell division process and is an attractive drug target. 

However, there is no drug target this protein yet, so in this project, FtsZ was selected 

to be the target of our synthetic small molecular inhibitors. There have been a large 

number of FtsZ inhibitors discovered and synthesized by other researchers, but 

most of them only have antibacterial activity against Gram-positive bacteria, and 

do not have good antibacterial activity against Gram-negative bacteria. 

 

To address the drawback of these FtsZ inhibitors, we planned to use FtsZ inhibitors 

F332 together with beta-lactam antibiotics to form combination drugs, which was 

proposed to have a synergistic effect. The synergy effect can restore the efficacy of 

beta-lactam antibiotics to treat resistant bacteria. We also planned to develop broad 
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antibacterial spectrum FtsZ inhibitors through structural modification of the lead 

compound F332. The antibacterial spectrum can also be broadened by employing a 

double warhead strategy, which is using a linker to connect two scaffolds interacting 

with two different targets. We would connect the scaffolds of F332 and triclosan by 

different linkers, and these new types of compounds are proposed to broaden the 

antibacterial spectrum of F332 and to reduce the toxicity of triclosan. 

 

The biological activities of all these novel compounds will be evaluated and the 

purpose of this project is to develop some small molecules as FtsZ inhibitors with 

broad-spectrum antibacterial activity. 
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Chapter 2. Restore the efficacy of beta-lactam 

antibiotics by a FtsZ inhibitor 

 

2.1. Introduction 

 

Due to the strong antibiotic resistance of MRSA, most beta-lactam antibiotics have 

lost their ability to treat MRSA. How to restore their efficacy that have become a 

hot topic for research workers. 

 

Antibiotic adjuvants, are compounds with little antibiotic activity themselves but 

can work together with antibiotics to enhance antibiotic action.(Wright, 2016) For 

example, clavulanic acid, a beta-lactam inhibitor, is used together with beta-lactam 

antibiotics to form a combination drug, which can restore the efficacy of beta-

lactam antibiotics to treat resistant bacterial strains. Therefore, the use of antibiotic 

adjuvants can be an alternative strategy to help existing drugs treat resistant 

bacterial infections. Tan and co-workers have reported that FtsZ inhibitor can 

restore the antibacterial activity of beta-lactam antibiotics for treating MRSA.(Tan 

et al., 2012) 

 

Figure 14. The structure of compound F332. 

 

Compound F332 (Figure 14) as a potential FtsZ inhibitor has already been proven 

by our previous study.(Lui et al., 2019) In this chapter, we planned to use FtsZ 

inhibitor F332 as antibiotic adjuvant together with beta-lactam antibiotics, to try to 

restore the efficacy of beta-lactam antibiotics to treat MRSA infections. The 

synthesis method and biological activity of compound F332 were reported in our 
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previous study.(Lui et al., 2019) 

2.2. Experimental section 

 

2.2.1. Materials and bacterial strains 

 

2.2.1.1. Materials 

 

Nutrient agar was obtained from Oxoid Ltd. (Nepean, Ontario, Canada). Luria-

Bertani (LB) medium was purchased from USB Corporation and used for 

preparation and transformation of competent cells for E. coli, S. aureus and other 

bacterial strains. Müller-Hinton broth (MHB) and Müller-Hinton agar and 

trypticase soy broth (TSB) for Minimum Inhibitory Concentration (MIC) 

determination were purchased from Becton, Dickinson, and Company (New Jersey, 

USA). 

 

2.2.1.2. Bacterial strains 

 

The bacterial strains used in minimum inhibitory concentration (MIC) 

determination such as S. aureus ATCC 29213, E. coli ATCC 25922 and other 

bacterial strains, including clinical bacteria, were obtained from Prof. Chen Sheng’ 

s research group. 

 

2.2.2. Antibacterial susceptibility test 

 

The minimum inhibitory concentrations (MICs) of the test compounds were 

determined using a broth microdilution method according to the Clinical and 

Laboratory Standards Institute (CLSI) guidelines. Briefly, compounds were 

dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution at a 

concentration of 16 mg/mL. The compound stock solution was then treated with a 



60 

 

series of 2-fold dilutions in Müller-Hinton broth (MHB) to prepare compound-

containing media at concentrations ranging from 0.25 to 256 µg/mL in 150 µL 

solution. Four to five single colonies of the tested bacterial strain on a TSB agar 

plate were inoculated in 5 mL of MH broths. The cells were incubated at 37 oC until 

the OD600 (absorbance of 600 nm) of the growing cells reached 1.0. The cells were 

then diluted to a final concentration of approximately OD600 of 0.08 to 0.1, in MH 

broth containing two-fold dilutions of the test compounds in a 96-well microtiter 

plate. After 18 h of incubation at 37 oC, the OD600 values were measured to calculate 

the percentage inhibition of bacterial growth with respect to the control. The MIC 

value is defined as the lowest concentration of tested compounds that causes ≥ 90% 

inhibition of bacterial growth. 

 

2.2.3. Cytotoxicity (IC50) testing 

 

Standard MTS assay was employed to determine the cytotoxicity of the compound 

towards the L929 cells as previously described. Briefly, 10,000 cells were mixed 

with compounds at different concentrations in a final volume of 100 μL in each well 

of a 96-well plate, followed by incubation at 37 °C for 3 days. DMSO at 1% was 

used as a solvent control. The half-maximal inhibition of the compounds was 

determined using a CellTiter 96 Aqueous assay (Promega). An aliquot of the freshly 

prepared MTS/phenazine methosulfate mixture at a ratio of 20:1 was added into 

each well, followed by incubation at 37 °C for 2 h. Optical absorbance at 490 nm 

was measured with a microplate reader. The IC50 values were determined from the 

dose-response curves of the MTS assay (Prism 4.0). 

 

2.2.4. Isolation of F332R mutants 

 

Cells of Staphylococcus Aureus ATCC 29213 were cultured in lysogeny broth (LB) 
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with constant shaking at 250 rpm at 37°C. We transferred bacteria by inoculating 

50 μL of stationary-phase culture into 3 mL of LB. Cells were initially grown in 

medium without F332. At the second transfer, 50 μL of cell suspension was added 

to 3 ml of nutrient broth, with or without F332 at a final concentration of half the 

MIC (MIC= 2μg/mL), for 20 h with shaking at 250 rpm, to obtain 2 transfers, T(0) 

and T(1). The regrown bacteria in T(1) were thereafter transferred to a broth 

containing a double concentration of F332 compared with previous transfers and 

cultured using the above method. If the growth in T(1) is very weak, bacteria in T(0) 

should be transferred in another T(1) culture and this step should be repeated until 

the bacteria can grow well in T(1). The experiment was conducted several times 

with escalating concentration levels of F332 and need to collect the strain with the 

concentration of F332 at 32 μg/mL (T(32)), 64 μg/mL (T(64)) and 128 μg/mL 

(T(128)), repectively. The MIC value of F332 for each induced bacterial was 

determined and all MIC >32 μg/mL. 

 

2.2.5. Whole-genome sequencing and bioinformatics analysis 

 

Total DNA was extracted from an overnight culture (3 ml) by using Genomic DNA 

Mini Kit according to the protocol provided by the manufacturer. Following 

extraction, DNA was quantified by quality ratios of DNA (A260/280) determined 

via Nanodrop (ThermoFisher Scientific). Genomic DNA libraries were prepared for 

whole-genome sequencing using the TruePrep Index Kit V3 and TruePrepTM DNA 

Library Prep Kit V2 as described by the manufacturer. Paired-end sequencing was 

performed using the Illumina NextSeq platform (NextSeq 500/550 Kits v2; 2 × 151 

cycles). Raw reads were de novo-assembled into contigs using SPAdes (3.11.0) with 

pre-defined kmers set. Then analysis was conducted by using the assembled contigs. 

Reference FtsZ gene sequence was downloaded from NCBI GenBank. The genome 

was BLAST against the FtsZ gene using CLC workbench. Relative sequences were 
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extracted from the genome sequences. The extracted sequences were then aligned 

against reference FtsZ sequence to view the identity. 

 

2.2.6. Docking study 

 

CLC Drug Discovery Workbench (Version 2.5, QIAGEN) software was used for 

docking study. The 2D structure of compound F332 was generated from SIMLES 

and imported into the docking study software. The X-ray crystal structure of S. 

aureus FtsZ (PDB ID: 4DXD) was downloaded from Protein Data Bank 

(https://www.rcsb.org/) and used directly for our docking without any changes. The 

software function of “Find Binding Pockets” was used to find the potential binding 

pocket. The identification of ligand binding modes was done iteratively by 

evaluating 10,000 ligand conformations and estimating the binding energy of their 

interactions with these binding pockets. The binding poses with the top 5% of 

highest scores were returned for further visual inspection. The highest scores that 

positioned compound F332 into the binding site with potential binding pose was 

shown in the following result part. 

 

2.3. Results and discussion 

 

2.3.1. Evaluation of antibacterial and cytotoxic activities 

 

The antibacterial activity of compound F332 against S. aureus and E. coli, and the 

cytotoxicity of compound F332 were evaluated and results were shown in Table 2. 

The IC50 of L929 was larger than 100 µM, indicating that this compound had very 

low cytotoxicity in normal cells. 
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Table 2. The MIC and cytotoxicity results of compound F332. 

 

IC

50

 (µM)

 S. aureus  29213 E. coli  25922 L929

F332 1 >64 >100

Compound

MIC (µg/mL)

 

 

The MIC result showed that the compound F332 had a pretty good antibacterial 

activity against S. aureus with the MIC of 1 µg/mL, but it had no effect on E. coli. 

A possible reason may be that it cannot enter the Gram-negative bacterial cell 

because the membrane of Gram-negative bacteria is hard to pass than the Gram-

positive bacteria, or there are efflux pumps in the Gram-negative bacteria, which 

pump out the compound F332.  

 

Collectively, compound F332 had a good antibacterial activity against S. aureus 

and low cytotoxicity in normal cells. This result demonstrated that it was a good 

choice for us to further study its biological activity. 

 

2.3.2. Validation of FtsZ protein as a drug target of compound F332 

 

Our previous study has indicated that the FtsZ protein is a potential drug target of 

compound F332.(Lui et al., 2019) This hypothesis is supported by many experiment 

results, such as the effect of compound F332 on FtsZ protein polymerization, 

microscopic study of bacterial cell morphology and localization of the Z-ring of S. 

aureus cell. 

 

In this study, a genetic study was carried out to compare the ftsz gene sequence of 

the wild type S. aureus strain with the ftsz gene sequence of the mutant S. aureus 

strain, and computational docking study was used to explain the resistant 

mechanism of the mutant S. aureus strain. 
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2.3.3. Genetic study 

 

We used compound F332 to generate three F332-resistant S. aureus strains, 

mutant32, mutant64 and mutant128. The MIC of all three strains are larger than 32 

µg/mL (Table 3), which means that these three strains are resistant to F332. 

 

Table 3. Summary of MIC, nucleotide changes and amino acid substitutions of 

F332-resistant mutants. 

Strains 

MIC of F332    

(µg/mL) 

Nucleotide at 

position 786 

Amino acid at 

position 262 

S. aureus 29213 1 G Met 

Mutant32 >32 A Ile 

Mutant64 >64 A Ile 

Mutant128 >128 A Ile 

 

Then the sequence of its ftsz gene of this resistant strain was tested (Figure 15), and 

we compared the ftsz gene sequence of mutant strain with the wild type strain. The 

result showed that there was a single mutant nucleotide on the position 786, which 

was changed from G to A. at the same time, the amino acid on the position 262 was 

changed from M (methionine) to I (isoleucine). This mutant protein FtsZ was 

caused by compound F332, which indicated that FtsZ is a drug target of compound 

F332. 

 

Figure 15. The gene sequence of ftsz in mutants and wild type S. aureus. 
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2.3.4. Docking study 

 

Docking study showed that the mutant amino acid position is just on the surface of 

the binding pocket, we can see from Figure 16, the blue bond is compound F332, 

the cleft space is the binding pocket, the amino acid position 262 is just on the 

surface of amino acid. This means that if the binding pocket surface amino acid is 

mutant to another amino acid, it will change the structure of binding pocket, so that 

compound F332 cannot bind to the binding pocket again. This is that why the F332 

lost their activity against mutant S. aureus strains. This result is also a piece of 

evidence to support that FtsZ protein is the target of F332.  

 

 

Figure 16. Docking model of compound F332 with S. aureus FtsZ protein. 

 

Collectively, F332 is a FtsZ inhibitor and it can also be a lead compound for us to 

design out broad spectrum FtsZ inhibitors. This will be demonstrated in Chapter 3. 

 

2.3.5. Beta-lactam antibiotics combination studies 

 

FtsZ inhibitor F332 was used as an antibiotic adjuvant together with beta-lactam 

antibiotics to restore the efficacy of beta-lactam antibiotics to treat MRSA 

infections. The property of antibiotic adjuvant is that this compound has little or no 

antibiotic activity. In order to prove that F332 is suitable to work as antibiotic 
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adjuvants, its antibiotic activities against MRSA strains were evaluated and the MIC 

result was shown in Table 4. 

 

Table 4. The MIC result of F332 for clinical MRSA strains. 

 

 

There were 28 clinical MRSA strains for testing the antibacterial activity of 

compound F332 and the MIC result showed that it only had little or no effect on 

most of these clinical MRSA strains. This result indicates that compound F332 was 

suitable to work as an antibiotic adjuvant. 

 

Then, we planned to use compound F332 and beta-lactam antibiotics to form 

combination drugs, and the synergistic effect of these combination drugs was 

evaluated through the MIC of 28 clinical MRSA strains. The MIC results and FIC 

values were shown in Table 5 and Table 6. 

 

Combination drugs contain compound F332 and different types of beta-lactam 

antibiotics, including ME, Methicillin; CL, cloxacillin; CX, cefuroxime; AM, 

amoxicillin. The MIC results showed that most of the combination drugs had better 

antibacterial activity against MRSA strains than the beta-lactam antibiotics used 

alone. Most combination drugs have synergistic effect and they were highlighted 

with blue color in Table 5.  

 

When AM was used alone, 85% of strains had MIC of more than 64 µg/mL, but 

MRSA

Strain No.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

F332 32 512 1024 32 8 1024 32 1024 128 16 512 128 16 16

MRSA

Strain No.

15 16 17 18 19 20 21 22 23 24 25 26 27 28

F332 8 16 16 16 1024 16 128 16 1024 2 2 4 2 4

MIC (µg/mL)
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when the strains were treated with a combination drug of compound F332 and AM, 

nearly all strains had MIC of less than 16 µg/mL, except strain No. 10, which had 

MIC of 64 µg/mL. For ME, the MIs for all strains was larger than 8 µg/mL when 

ME was used alone but a combination drug could improve the antibacterial 

dactivity and led to the MIC reduction to less than 4 µg/mL for all strains. For CL, 

the MIC was larger than 2 µg/mL for 75% of strains when CL was used alone but 

when a combination drug was used, the MIC dropped to less than 1 µg/mL for 68% 

of strains. For CX, the MIC was more than 8 µg/mL in 25 out of 28 strains when 

CX was used alone, but when a combination drug was used, the MIC was less than 

4 µg/mL for all strains.  
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Table 5. The MIC of antibiotic alone and their combination with F332 (ME, 

Methicillin; CL, Cloxacillin; CX, Cefuroxime; AM, Amoxicillin). 

 

 

All these results showed that the FtsZ inhibitor compound F332 could work as an 

antibiotic adjuvant and could be used together with beta-lactam antibiotics to form 

combination drugs, which could restore the efficacy of beta-lactam antibiotics to 

treat MRSA strains in vitro.  

 

The FIC index is calculated by using FIC index = FIC (compound) + FIC (drug), 

where FIC (compound) is the (MIC of compound in combination with drug)/(MIC 

of compound alone), while FIC (drug) is the (MIC of compound in combination 

with drug)/(MIC of drug alone). Theoretically, the combination is considered as 

synergistic if the FIC Index ≤0.5. 

 

MRSA No. F332 ME ME+F CX CX+F CL CL+F AM AM+F

1 32 1024 2 1024 2 64 2 512 8

2 512 256 2 16 2 2 0.5 512 16

3 1024 16 2 8 2 8 2 512 64

4 32 16 2 1024 2 2 1 256 8

5 8 1024 4 1024 4 64 2 256 4

6 1024 128 4 256 2 8 1 256 16

7 32 64 4 512 2 16 2 64 8

8 1024 64 4 256 2 4 1 8 2

9 128 64 4 32 2 8 1 8 2

10 16 32 4 16 2 4 1 1024 8

11 512 16 4 1024 2 2 1 512 8

12 128 16 4 8 4 16 1 512 8

13 16 1024 4 1024 4 32 2 128 8

14 16 256 4 256 4 16 1 128 16

15 8 256 4 512 2 32 2 128 8

16 16 128 4 512 2 8 2 64 8

17 16 64 4 512 2 8 2 512 16

18 16 64 4 64 4 8 2 256 16

19 1024 8 4 8 2 0.5 0.5 256 8

20 16 1024 4 32 2 2 1 128 8

21 128 32 4 16 2 1 1 512 8

22 16 16 2 2 2 1 1 256 4

23 1024 16 4 2 2 1 1 512 8

24 2 128 2 1024 2 32 1 256 4

25 2 32 2 16 2 0.5 0.5 64 2

26 4 32 2 16 2 2 1 256 4

27 2 16 2 16 2 0.5 1 32 2

28 4 8 2 2 2 1 0.5 2 0.5

MIC (µg/mL)
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Table 6. The FIC index of combination drugs. 

 

 

The synergistic effect was evaluated by calculating the FIC index according to the 

FIC index formulation and the results were shown in Table 6. According to the 

theoretic synergistic effect, if the FIC is not larger than 0.5, it is considered to have 

the synergistic effect. The FIC index showed that most of the combination drugs 

had synergistic effect, because their value was not larger than 0.5. Combination 

drugs with synergistic effect were highlighted in blue color. We summarized the 

synergy percentage of each combination drug in Figure 17. 

 

MRSA No. ME+F332 CX+F332 CL+F32 AM+F332

1 0.1 0.1 0.1 0.3

2 0.0 0.1 0.3 0.1

3 0.1 0.3 0.3 0.2

4 0.2 0.1 0.5 0.3

5 0.5 0.5 0.3 0.5

6 0.0 0.0 0.1 0.1

7 0.2 0.1 0.2 0.4

8 0.1 0.0 0.3 0.3

9 0.1 0.1 0.1 0.3

10 0.4 0.3 0.3 0.5

11 0.3 0.0 0.5 0.0

12 0.3 0.5 0.1 0.1

13 0.3 0.3 0.2 0.6

14 0.3 0.3 0.1 1.1

15 0.5 0.3 0.3 1.1

16 0.3 0.1 0.4 0.6

17 0.3 0.1 0.4 1.0

18 0.3 0.3 0.4 1.1

19 0.5 0.3 1.0 0.0

20 0.3 0.2 0.6 0.6

21 0.2 0.1 1.0 0.1

22 0.3 1.1 1.1 0.3

23 0.3 1.0 1.0 0.0

24 1.0 1.0 0.5 2.0

25 1.1 1.1 1.3 1.0

26 0.6 0.6 0.8 1.0

27 1.1 1.1 2.5 1.1

28 0.8 1.5 0.6 0.4

FIC Index
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Figure 17. Percentage of number of strains with synergistic effect (FIC index ≤ 

0.5). FIC index = FIC (compound) + FIC (drug). FIC = (MIC in 

combination)/(MIC alone). 

 

Figure 17 showed that the combination of compound F332 and ME had the highest 

percentage of the synergistic effect, with as high as 82%. This result indicated that 

compound F332 could well restore the efficacy of ME to treat MRSA in vitro. The 

combination drugs of compound F332 with other beta-lactam antibiotics, such as 

CX, CL and AM also showed high percentage of the synergistic effect, with more 

than 60%. This result indicated that compound F332 could also restore the efficacy 

of other types of beta-lactam antibiotics to treat MRSA in vitro.  

 

Overall, compound F332 could restore the efficacy of beta-lactam antibiotics, to 

effectively treat MRSA in vitro.  
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2.4. Concluding remarks 

 

In this chapter, a FtsZ inhibitor was used as antibiotic adjuvant to restore the 

efficacy of beta-lactam antibiotics to treat MRSA infections. F332 was chosen as 

the antibiotic adjuvant and it had been considered as a selective FtsZ inhibitor 

because it had good antibacterial activity against S. aureus and no effect on E. 

coli.(Lui et al., 2019) FtsZ protein as a drug target of compound F332 was further 

confirmed by genetic study and docking study in this study, and its antibacterial 

activity against MRSA strains was also evaluated. The MIC result showed that F332 

only had little or no antibacterial activity against these clinical MRSA strains, which 

suggested that compound F332 was suitable to be an antibiotic adjuvant. 

 

Then compound F332 was used together with different types of beta-lactam 

antibiotics, including methicillin, cloxacillin, cefuroxime, and amoxicillin, to form 

combination drugs, in order to restore the efficacy of these beta-lactam antibiotics 

to treat MRSA infections. The MIC result of combination drugs showed that most 

of these combination drugs had better antibacterial activity against these MRSA 

strains than antibiotics used alone. The FIC index also indicated that most of these 

combination drugs had synergistic effect for treating MRSA strains in vitro, 

especially for methicillin, which had the highest percentage of synergistic effect 

among these beta-lactam antibiotics. These data suggested that compound F332 

could work as an antibiotic adjuvant to restore the efficacy of beta-lactam 

antibiotics to treat MRSA in vitro. 

 

Collectively, combination drugs by using FtsZ inhibitors as antibiotic adjuvant can 

restore the efficacy of beta-lactam antibiotics in vitro, and this strategy can be an 

alternative method to treat the MRSA infections. 
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Chapter 3. Synthesis of a new class of FtsZ 

inhibitors with broad antimicrobial spectrum 

 

3.1. Introduction 

 

The threat from antibacterial resistance is more and more serious. However, there 

is a lack of effective strategies to solve this problem. There is nearly no method to 

treat the infections caused by resistant Gram-negative bacteria. Hence, there is an 

urgent need to develop some new types of antibiotics to treat Gram-negative 

bacterial strains. 

 

Although many different classes of FtsZ inhibitors have been developed, most of 

them only have antibacterial activity against S. aureus or some Gram-positive 

bacterial strains, or they have weak antibacterial activity against Gram-negative 

bacterial strains, such as E. coli. In this study, we tried to develop some broad 

antibacterial spectrum FtsZ inhibitors through structural modification of F332, 

which has been approved as a FtsZ inhibitor.  

 

3.2. Experimental section 

 

3.2.1. Chemical synthesis 

 

3.2.1.1. Materials 

 

All the starting materials and chemical reagents for compound synthesis were 

purchased from commercial chemical companies, such as Aldrich and International 

Laboratory. All organic solvents were purchased from Oriental Chemicals. Thin-

layer chromatography (TLC) analysis was performed on Merck silica gel plates, 

and the version is TLC silica gel 60 F254 (0.25 mm thickness) purchased from E. 
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Merck. Compounds were visualized under short and long UV light (254 and 365 

nm) and/or immersed in a 10% phosphomolybdic acid solution in ethanol followed 

by gentle heating with a heat gun and/or stained with silica gel powder combined 

with I2. Flash column chromatography for the compound purification was 

performed on silica gel and chromatography silica gel is MN silica gel 60 (230-400 

mesh). All the chemicals and organic solvents mentioned above were reagent grade 

and they were directly used without any further purification unless otherwise stated. 

 

3.2.1.2. Instrumentation 

 

All compounds synthesized in our lab were confirmed by 1H-NMR, 13C-NMR and 

ESI-MS spectra. All NMR spectra were recorded at room temperature on a Bruker 

Advance-III spectrometer at 400.13 MHz for 1H-NMR and 100.62 MHz for 13C-

NMR. All chemical shifts were reported as parts per million (ppm) in the unit 

relative to the resonance of CDCl3, Methanol-d6, DMSO-d6. Low-resolution 

(LRMS) mass spectra were obtained on mass spectrometer by electron spray 

ionization (ESI) mode. High-resolution mass spectra (HRMS) were also obtained 

by ESI mode, a Micromass Q-TOF-2 mass spectrometer located in the The 

University Research Facility in Life Sciences (ULS) in Hong Kong Polytechnic 

University. 

 

3.2.1.3. Synthesis and characterization 

 

All compounds were synthesized according to the synthetic pathways as shown in 

Scheme 1-3. In Scheme 1, the starting material was 2,6-difluoro-3-nitrobenzonitrile, 

which could be purchased from the commercial chemical company at a very low 

price. The first step was the catalytic reduction reaction. The nitro group of the 

starting material was reduced to amine group through the hydrogenation by using 

palladium catalyst on the carbon and hydrogen gas with a high yield and it is easy 

for purification. The mixture was reacted in methanol at room temperature 
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overnight. The second step was the alkylation of amine group, using 1-

bromononane to alkylate with the amine group to generate compound 3 with nine 

carbon-chain. Interestingly, no double alkylated product was obtained, in the 

presence of potassium iodide and potassium carbonate. The mixture was dissolved 

in dimethylformamide and stirred at 110 oC overnight with a good yield. The next 

step was using hydroxylamine hydrochloride to react with the cyano group. Then 

compound 4 with an amidoxime group was obtained. This reaction was conducted 

in methanol containing triethylamine at 80 oC overnight. The fourth step was the 

acetylation, acetic anhydride in acetic acid was used to react with amidoxime, and 

to acetylate with the hydroxyl group. In this reaction, the starting material could be 

completely consumed just by 5 min at room temperature. The final step was also a 

reduction, still using palladium on the carbon and hydrogen gas to react with 

compound 5 in methanol at room temperature overnight to obtain the final target 

compound. 

 

Scheme 1. Synthesis of compound 6 and its intermediates 
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Reagents and conditions: a) H2, Pd/C, MeOH, room temperature (RT), overnight; b) 1-bromononane,

KI, K2CO3, DMF, 110oC, overnight; c) NH2OH.HCl, Et3N, MeOH, 80oC, overnight; d) Ac2O, HOAc,

RT, 5 min; e) H2, Pd/C, MeOH, RT, overnight.

a b

d e

 



75 

 

For the synthesis of a derivative of compound 6 in Scheme 2, the starting material 

was compound 3, which was synthesized according to the synthesis pathway shown 

in Scheme 1. The first step was also alkylation, iodomethane and potassium 

carbonate were stirred in the DMF at room temperature for 24 hours. The second 

step was the same method mentioned in Scheme 1, in which hydroxylamine 

hydrochloride was used to react with cyano group in the presence of triethylamine, 

and the mixture was stirred at 80 oC overnight to change cyano group to amidoxime. 

The next step was also the acetylation reaction, and acetic anhydride was used to 

react with amidoxime in acetic acid, to acetylate with a hydroxyl group. The final 

step is also a reduction reaction, and compound 10 was generated from compound 

5. 

 

Scheme 2. Synthesis of compound 10 and its intermediates 

 

 

For the synthesis of derivatives of compounds with amidines, according to the 

general synthesis pathway shown in Scheme 3, the starting material was compound 

3 with a cyano group. The first step was using compound 3 with fluorine to react 
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with different phenol groups to form different ethers. The reaction was conducted 

in the presence of strong base potassium hydroxide in DMF and the mixture was 

stirred at room temperature for 10 hours. For this reaction, there were two fluorine 

atoms on the aromatic ring (Figure 18), and the 13C-NMR spectrum showed that the 

F on the C5 was replaced. 

 

C-F coupling constant is affected by the distance of C-F, and they are 1JCF = 245 

Hz, 2JCF = 21, 3JCF = 8 and 4JCF = 3. Firstly, we analyzed the upper spectrum in 

Figure 18C and the compound in Figure 18A. Figure 18C showed that the coupling 

constant of peak 1 and 5 was about 245, so they were the C1 and C5 connected with 

F directly. C6 was coupled with two F and both two C-F coupling constant are about 

21. The chemical shift of C4 connected with amine should be 136 ppm, which was 

consistent with the peak at 134 showed in Figure 18A. The C-F coupling constant 

of peak 2 was 19.2 Hz and 4.0 Hz, which indicated that this carbon was ortho to the 

F, so the peak 2 matched with C2. The C-F coupling constant of peak 3 is 8 Hz and 

6 Hz, which was consistent with 3JCF = 8. Therefore, the peak 3 matched with C3. 

Then, we analyzed the lower spectrum in Figure 18C and the compound with one 

fluorine in Figure 18B. The C-F coupling constant of C4 was 3 Hz, indicating that 

the ortho fluorine was replaced. Because if the para fluorine was replaced, the C-F 

coupling constant of C4 should be 10 Hz. The other evidence was that the C-F 

coupling constant of C2 was 20 Hz, which indicated that C2 was ortho to fluorine. 

Therefore, the fluorine on C5 was replaced. 
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Figure 18. The 13C NMR of (a) compound 3 and (b) the fluorine replaced of 

compound 3, c) the merge of aromatic part of two compounds.  
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The next step was the same method mentioned in previous Scheme. hydroxylamine 

hydrochloride was used to react with cyano group in the presence of triethylamine, 

and the mixture was stirred at 80 oC overnight to change cyano group to amidoxime. 

The following step is also the acetylation reaction, which is the same with the 

method for generating compound 9. The final step is also the same with the method 

for generating compound 10. 

 

Scheme 3. Synthesis of compounds with amidine group and their intermediates 

 

 

Procedure for synthesis  

 

3-amino-2,6-difluorobenzonitrile (2) 

 

The mixture of compound 1 (0.50 g, 2.7 mmol) in MeOH (5 mL) was added Pd/C 

(10% Pd, 55% H2O) (0.10 g) and stirred at room temperature with H2 overnight. 

TLC showed that the starting material was consumed completely. The mixture was 

filtered, and the filtrate was concentrated in vacuum and purified by flash 
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chromatography on silica gel with gradient elution (hexane/ethyl acetate from 10:1 

to 4:1) to obtain the product as dark yellow solid 0.38 g, yield in 91%. 

1H NMR (400 MHz, DMSO-d6)  7.09 - 7.12 (m, 2H), 5.58 (s, 2H);  

13C NMR (101 MHz, DMSO-d6)  153.0 (dd, J = 247.5, 4.0 Hz), 149.3 (dd, J = 

253.5, 5.1 Hz), 134.4 (dd, J = 11.1, 3.0 Hz), 121.9 (t, J = 8.1 Hz), 112.6 (dd, J = 

20.2, 4.0 Hz), 110.8, 90.7 (d, J = 16.2 Hz);  

MS (ESI+) m/z: 155.40 (Calcd for [M+H]+: 155.11); 

HRMS (ESI+) m/z: 155.0417 (Calcd for [M+H]+: 155.0415). 

 

2,6-difluoro-3-(nonylamino)benzonitrile (3) 

 

The mixture of compound 2 (1.00 g, 6.4 mmol), 1-bromononane (1.61 g, 7.7 mmol), 

K2CO3 (1.35 g, 9.7 mmol) and KI (1.08 g, 6.4 mmol) in DMF (10 mL) was stirred 

at 110 °C overnight. Then cooled the mixture and water was added. The mixture 

was extracted with ethyl acetate for 3 times and combined the organic layer was 

washed by brine and dried over Na2SO4. The organic layer was concentrated in 

vacuum and purified by flash chromatography on silica gel with gradient elution 

(hexane/ethyl acetate from 200:1 to 50:1) to obtain starting material 0.73 g and 

product as pale yellow oil 0.39 g, yield in 79%.  

1H NMR (400 MHz, DMSO-d6)  7.13 - 7.18 (m, 1H), 7.01 - 7.07 (m, 1H), 5.86 (t, 

J = 4.89 Hz, 1H), 3.06 (q, J = 6.85 Hz, 2H), 1.53 (quin, J = 7.09 Hz, 2H), 1.24 - 

1.28 (m, 12H), 0.85 (t, J = 6.36 Hz, 3H); 

13C NMR (101 MHz, DMSO-d6)  152.1 (dd, J = 245.4, 4.0 Hz), 150.0 (dd, J = 

254.5, 4.0 Hz), 134.8 (dd, J = 10.1, 3.0 Hz), 117.3 (dd, J = 8.1, 6.1 Hz), 112.5 (dd, 

J = 19.2, 4.0 Hz), 110.7 (d, J = 2.0 Hz), 90.7 (dd, J = 20.2, 17.2 Hz), 43.1, 31.8, 

29.4, 29.3, 29.1, 28.7, 26.9, 22.6, 14.4;  

MS (ESI+) m/z: 281.05 (Calcd for [M+H]+: 281.36); 

HRMS (ESI+) m/z: 281.1833 (Calcd for [M+H]+: 281.1824). 
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2,6-difluoro-N'-hydroxy-3-(nonylamino)benzimidamide (4) 

 

The mixture of compound 3 (0.42 g, 1.5 mmol) and Et3N (0.76 g, 7.5 mmol) in 

MeOH (4 mL) was added hydroxylamine hydrochloride (0.42 g, 6.0 mmol) and 

stirred at 80 °C overnight. TLC showed that the starting material was consumed 

completely. The mixture was cooled and solvent was removed in vacuum. Then 

water was added into the mixture and extracted with ethyl acetate for 3 times, the 

combined organic layer was washed with brine and dried over Na2SO4. The organic 

layer was concentrated in vacuum and purified by flash chromatography on silica 

gel with gradient elution (DCM/MeOH from 100:1 to 10:1) to obtain product as 

pale yellow oil 0.24 g, yield in 51%. 

1H NMR (400 MHz, CHLOROFORM)  6.81 (t, J = 9.29 Hz, 1H), 6.61 - 6.69 (m, 

1H), 4.97 (br. s., 1H), 1.60 - 1.67 (m, 2H), 1.51 - 1.58 (m, 2H), 1.28 (br. s., 12H), 

0.88 - 0.91 (m, 3H);  

13C NMR (101 MHz, CHLOROFORM)  163.45, 151.6 (dd, J = 241.4, 5.1 Hz), 

148.5 (dd, J = 246.4, 8.1 Hz), 144.5 (d, J = 10.1 Hz), 133.9 (dd, J = 12.1, 3.0Hz), 

112.3 (dd, J = 9.1, 5.1 Hz), 111.0 (dd, J = 23.2, 4.0 Hz), 62.9, 44.0, 32.7, 31.9, 31.8, 

27.1, 25.7, 22.6, 14.1;  

MS (ESI+) m/z: 314.40 (Calcd for [M+H]+: 314.39); 

HRMS (ESI+) m/z: 314.2045 (Calcd for [M+H]+: 314.2038). 

 

N'-acetoxy-2,6-difluoro-3-(nonylamino)benzimidamide (5) 

 

The mixture of compound 4 (0.12 g, 0.3 mmol) and Ac2O (0.04 g, 0.3 mmol) in 

HOAc (1 mL) was stirred at RT for 5 minutes. TLC showed the starting material 

was consumed completely. Then water was added into the mixture and extracted 

with ethyl acetate for 3 times, the combined organic layer was washed with brine 

and dried over Na2SO4. The organic layer was concentrated in vacuum and purified 
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by flash chromatography on silica gel with gradient elution (Hexane/ethyl acetate 

from 5:1 to 1:1) to obtain product as pale yellow oil 0.11 g, yield in 81%. The 

obtained product was proceeded to next step without further characterization. 

 

2,6-difluoro-3-(nonylamino)benzimidamide (6) 

 

The mixture of compound 5 (0.12 g, 0.3 mmol) and Pd/C (10% Pd, 55% H2O) (0.02 

g) in MeOH (2 mL) and stirred under H2 atmosphere for overnight. The mixture 

was filtered and the organic layer was concentrated in vacuum to obtain a crude 

product. Then the product was purified by flash chromatography on silica gel with 

gradient elution (DCM/MeOH from 100:1 to 10:1) to obtain the product as a pale 

yellow oil 0.08 g, yield in 80%. 

1H NMR (400 MHz, DMSO-d6)  6.90 (t, J = 8.0 Hz, 1H), 6.70 - 6.64 (m, 1H), 5.36 

(s, 1H), 3.01 - 3.06 (m, 2H), 1.52 - 1.55 (m, 2H), 1.26 (br. s., 12H), 0.86 (t, J = 8.0 

Hz, 3H); 

13C NMR (101 MHz, DMSO-d6)  156.82, 149.2 (dd, J = 236.3, 6.1 Hz), 146.7 (dd, 

J = 244.4, 7.1 Hz), 134.3 (dd, J = 13.1, 3.0 Hz), 115.1 (dd, J = 23.2, 19.2 Hz), 111.5 

(dd, J = 9.1, 6.1 Hz), 111.2 (dd, J = 22.2, 3.0 Hz), 43.31, 31.8, 29.5, 29.4, 29.2, 28.9, 

27.0, 22.6, 14.4; 

MS (ESI+) m/z: 298.67 (Calcd for [M+H]+: 298.39); 

HRMS (ESI+) m/z: 314.2045 (Calcd for [M+H]+: 314.2038). 

 

2,6-difluoro-3-(methyl(nonyl)amino)benzonitrile (7) 

  

The mixture of compound 3 (0.59 g, 2.1 mmol) and K2CO3 (0.59 g, 4.2 mmol) in 

DMF (5 mL) was added MeI (1.20 g, 8.4 mmol) and stirred in a seal tube at 60 °C 

for 24 h. TLC showed the starting material was consumed completely. Water was 

added into the mixture and extracted with ethyl acetate for 3 times, the combined 

organic layer was washed by brine and dried over Na2SO4. The organic layer was 
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concentrated in vacuum and purified flash chromatography on by silica gel with 

gradient elution (hexane/ethyl acetate from 200:1 to 100:1) to obtain the product as 

a brown oil 0.34 g, yield in 54%. 

1H NMR (400 MHz, DMSO-d6)  7.35 (dt, J = 5.87, 9.78 Hz, 1H), 7.23 - 7.28 (m, 

1H), 3.08 (t, J = 7.34 Hz, 2H), 2.78 (s, 3H), 1.45 - 1.49 (m, 2H), 1.22 (br. s., 12H), 

0.83 - 0.86 (m, 3H);  

13C NMR (101 MHz, DMSO-d6)  155.5 (dd, J = 251.5, 4.0 Hz), 153.8 (dd, J = 

258.6, 4.0 Hz), 137.4 (dd, J = 7.1, 3.0 Hz), 125.4 (dd, J = 9.1, 6.1 Hz), 112.5 (dd, J 

= 19.2, 4.0 Hz), 110.4 (d, J = 2.0 Hz), 92.0 (dd, J = 21.2, 19.2 Hz), 54.7, 54.7, 31.7, 

29.4, 29.2, 29.1, 26.9, 26.7, 22.5, 14.3;  

MS (ESI+) m/z: 295.67 (Calcd for [M+H]+: 295.38); 

HRMS (ESI+) m/z: 295.1985 (Calcd for [M+H]+: 295.1980). 

 

2,6-difluoro-N'-hydroxy-3-(methyl(nonyl)amino)benzimidamide (8) 

  

The mixture of compound 7 (0.28 g, 0.9 mmol) and Et3N (0.48 g, 4.7 mmol) in 

MeOH (4 mL) was added hydroxylamine hydrochloride (0.26 g, 3.8 mmol) and 

stirred at 80 °C overnight. The solvent was removed in vacuum. Then water was 

added into the mixture and extracted with ethyl acetate for 3 times, the combined 

organic layer was washed with brine and dried over Na2SO4. The organic layer was 

concentrated in vacuum and purified by flash chromatography on silica gel with 

gradient elution (hexane/ethyl acetate from 20:1 to 5:1) to obtain the product as a 

pale yellow oil 0.24 g, yield in 77%. 

1H NMR (400 MHz, DMSO-d6)  9.51 (s, 1H), 6.95 - 7.06 (m, 2H), 5.91 (s, 1H), 

2.97 - 3.02 (m, 2H), 2.71 (s, 3H), 1.47 (br. s., 2H), 1.25 (br. s., 12H), 0.86 (t, J = 

6.85 Hz, 3H); 

13C NMR (101 MHz, DMSO-d6)  162.4, 154.7 (dd, J = 242.4, 6.1 Hz), 153.1 (dd, 

J = 250.5, 6.1 Hz), 137.2 (dd, J = 9.1, 2.0 Hz), 120.3 (dd, J = 10.1, 5.1 Hz), 113.1 
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(dd, J = 22.2, 20.2 Hz), 110.9 (dd, J = 22.2, 4.0 Hz), 55.3, 55.2, 31.7, 29.5, 29.4, 

29.1, 27.1, 27.0, 22.6, 14.4;  

MS (ESI+) m/z: 328.27 (Calcd for [M+H]+: 328.41); 

HRMS (ESI+) m/z: 328.2201 (Calcd for [M+H]+: 328.2195). 

 

N'-acetoxy-2,6-difluoro-3-(methyl(nonyl)amino)benzimidamide (9) 

 

The mixture of compound 8 (0.10 g, 0.3 mmol) and Ac2O (0.03 g, 0.3 mmol) in 

HOAc (1 mL) was stirred at RT for 5 minutes. TLC showed the starting material 

was consumed completely. Then water was added into the mixture and extracted 

with ethyl acetate for 3 times, the combined organic layer was washed with brine 

and dried over Na2SO4. The organic layer was concentrated in vacuum and purified 

by silica gel with gradient elution (Hexane/ethyl acetate from 5:1 to 1:1) to obtain 

product as pale yellow oil 0.08 g, yield in 74%. 

 

2,6-difluoro-3-(methyl(nonyl)amino)benzimidamide (10) 

  

The mixture of compound 9 (0.10 g, 0.3 mmol) and Pd/C (10% Pd, 55% H2O) (0.02 

g) in MeOH (2 mL) was stirred with H2 overnight. Then the mixture was filtered 

and the filtrate was concentrated in vacuum and the crude product was purified by 

silica gel with gradient elution (DCM/MeOH from 100:1 to 15:1) to obtain the final 

product as the pale yellow oil 0.18 g, yield in 19%. 

1H NMR (400 MHz, DMSO-d6)  9.69 (br. s., 3H), 7.17 - 7.27 (m, 2H), 3.03 - 3.06 

(m, 2H), 2.76 (s, 3H), 1.49 (br. s., 2H), 1.25 (br. s., 12H), 0.84 - 0.87 (m, 3H); 

13C NMR (101 MHz, DMSO-d6)  158.49, 152.2 (dd, J = 245.4, 4.0 Hz), 150.7 (dd, 

J = 252.5, 6.1 Hz), 137.5 (dd, J = 8.1, 2.0 Hz), 122.8 (dd, J = 9.1, 6.1 Hz), 111.9 

(dd, J = 21.2, 4.0 Hz), 109.6 (t, J = 19.1 Hz), 55.1, 55.0, 31.7, 29.5, 29.4, 29.1, 27.1, 

26.9, 22.6, 14.4;  
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MS (ESI+) m/z: 312.33 (Calcd for [M+H]+: 312.41); 

HRMS (ESI+) m/z: 312.2251 (Calcd for [M+H]+: 312.2246). 

 

2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (11) 

 

The mixture of compound 3 (0.88 g, 3.1 mmol), KOH (0.70 g, 12.6 mmol) and 

phenol (1.63 g, 9.4 mmol) in DMF (6 mL) was stirred at room temperature for 10 

h. TLC showed the starting material was consumed completely. Then water was 

added into the mixture and extracted with ethyl acetate for 3 times, the combined 

organic layer was washed with brine and dried over Na2SO4. The organic layer was 

concentrated in vacuum and purified by silica gel with Hexane/ethyl acetate 100:1 

to obtain product as pale yellow oil 1.10 g, yield in 79%. 

1H NMR (400 MHz, CHLOROFORM)  7.29 - 7.18 (m, 1H), 7.10 - 7.03 (m, 2H), 

6.86 (t, J = 8.0 Hz, 1H), 6.82 - 6.78 (m, 1H), 6.72 - 6.68 (m, 1H), 4.79 (br. s., 1H), 

3.09 (t, J = 8.0 Hz, 2H), 1.65 (t, J = 8.0 Hz, 2H), 1.30 (br. s., 12H), 0.90 (t, J = 8.0 

Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  156.8, 155.1 (d, J = 249.5 Hz), 153.9, 

142.4, 140.9, 130.7, 123.6, 118.9, 114.3, 114.2 (d, J = 8.1 Hz), 112.3 (d, J = 21.2 

Hz), 110.6 (d, J = 20.2 Hz), 97.9, 43.9, 31.9, 29.5, 29.4, 29.3, 29.3, 27.1, 22.7, 14.1; 

MS (ESI+) m/z: 433.45 MS (Calcd for [M+H]+: 433.35); 

HRMS (ESI+) m/z: 433.1282 (Calcd for [M+H]+: 433.1285). 

 

2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzonitrile (12) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (0.85 g, 3.0 mmol), 3-ethylphenol (1.13 g, 

9.1 mmol) and KOH (0.68 g, 12.1 mmol) as a starting material, the product was 

obtained as pale yellow oil 0.42 g, yield in 36%. 
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1H NMR (400 MHz, CHLOROFORM):  7.23 (t, J = 8.0 Hz, 1H), 7.01 - 6.95 (m, 

2H), 6.90 - 6.88 (m, 1H), 6.80 (br. s., 1H), 6.71 - 6.69 (m, 1H), 3.98 (t, J = 4.0 Hz, 

1H), 3.12 - 3.07 (m, 2H), 2.68 - 2.62 (m, 2H), 1.54 (t, J = 4.0 Hz, 2H), 1.26 (br. s., 

12H), 0.92 - 0.89 (m, 3H); 

13C NMR (101 MHz, CHLOROFORM)  156.8, 154.8 (d, J = 249.5 Hz), 146.6, 

142.3 (d, J = 3.0 Hz), 139.0 (d, J = 2.0 Hz), 129.7, 123.1, 115.6 (d, J = 8.1 Hz), 

115.2, 112.8 (d, J = 20.2 Hz), 112.53, 111.26, 97.3 (d, J = 17.2 Hz), 43.6, 42.5, 31.9, 

29.5, 29.3, 29.2, 29.1, 26.9, 22.7, 15.3, 14.1 

MS (ESI+) m/z: 382.47 MS (Calcd for [M+H]+: 382.51); 

HRMS (ESI+) m/z: 383.2490 (Calcd for [M+H]+: 383.2493). 

 

6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzonitrile (13) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (1.00 g, 3.6 mmol), 4-methoxyphenol (1.33 

g, 10.7 mmol) and KOH (0.80 g, 14.2 mmol) as a starting material, the product was 

obtained as pale yellow oil 0.70 g, yield in 51%. 

1H NMR (400 MHz, CHLOROFORM) : 6.98 - 6.94 (m, 1H), 6.89 - 6.84 (m, 5H), 

4.05 (br. s., 1H), 3.78 (s, 3H), 3.09 (t, J = 4.0 Hz, 2H), 1.55 (t, J = 4.0 Hz, 2H), 1.27 

(s, 12H), 0.91 (t, J = 4.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  155.7, 154.3 (d, J = 249.5 Hz), 150.7, 

143.0 (d, J = 2.0 Hz), 139.0 (d, J = 2.0 Hz), 116.7, 115.6 (d, J = 8.1 Hz), 115.0, 

112.6 (d, J = 19.2 Hz), 111.3, 97.0 (d, J = 18.2 Hz), 55.6, 43.6, 31.9, 29.5, 29.3, 

29.2, 29.1, 26.9, 22.7, 14.1; 

MS (ESI+) m/z: 384.55 MS (Calcd for [M+H]+: 384.49); 

HRMS (ESI+) m/z: 385.2282 (Calcd for [M+H]+: 385.2286). 
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6-fluoro-3-(nonylamino)-2-(4-propylphenoxy)benzonitrile (14) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (0.95 g, 3.4 mmol), 4-propylphenol (1.38 g, 

10.2 mmol) and KOH (0.76 g, 13.6 mmol) as a starting material, the product was 

obtained as pale yellow oil 0.80 g, yield in 59%. 

1H NMR (400 MHz, CHLOROFORM) : 7.13 (d, J = 8.0 Hz, 2H), 7.00 - 6.95 (m, 

1H), 6.89 - 6.86 (m, 1H), 6.84 (d, J = 8.0 Hz, 2H), 4.01 - 3.98 (m, 1H), 3.09 (d, J = 

8.0 Hz, 2H), 2.57 (t, J = 8.0 Hz, 2H), 1.64 (q, J = 8.0 Hz, 2H), 1.54 (t, J = 8.0 Hz, 

2H), 1.26 (br. s., 12H), 0.96 (t, J = 8.0 Hz, 3H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  154.8, 154.4 (d, J = 249.5 Hz), 142.7 (d, 

J = 3.0 Hz), 139.0, 137.8, 129.8, 115.5 (d, J = 8.1 Hz), 115.4, 112.7, 111.2, 97.4 (d, 

J = 18.2 Hz), 43.6, 37.2, 31.8, 29.5, 29.3, 29.2, 29.1, 26.8, 24.6, 22.6, 14.1, 13.7. 

MS (ESI+) m/z: 396.54 MS (Calcd for [M+H]+: 396.54); 

HRMS (ESI+) m/z: 397.2653 (Calcd for [M+H]+: 397.265). 

 

2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzonitrile (15) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (0.90 g, 3.2 mmol), 3,5-dimethylphenol 

(1.18 g, 9.6 mmol) and KOH (0.72 g, 12.8 mmol) as a starting material, the product 

was obtained as pale yellow oil 0.80 g, yield in 65%. 

1H NMR (400 MHz, CHLOROFORM) : 7.01 - 6.96 (m, 1H), 6.89 - 6.85 (m, 1H), 

6.75 (s, 1H), 6.52 (s, 2H), 3.96 (s, 1H), 3.09 (q, J = 8.0 Hz, 2H), 2.29 (s, 6H), 1.53 

(t, J = 8.0 Hz, 2H), 1.26 (br. s., 12H), 0.91 (t, J = 3.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  156.7, 154.4 (d, J = 249.5 Hz), 142.4 (d, 

J = 3.0 Hz), 139.8, 139.0 (d, J = 2.0 Hz), 125.3, 115.5 (d, J = 9.0 Hz), 113.1, 112.7 
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(d, J = 20.2 Hz), 111.3, 97.5 (d, J = 3.0 Hz), 43.6, 31.8, 29.5, 29.3, 29.2, 29.1, 26.8, 

22.6, 21.4, 14.1. 

MS (ESI+) m/z: 382.55 MS (Calcd for [M+H]+: 382.51); 

HRMS (ESI+) m/z: 383.2493 (Calcd for [M+H]+: 383.2493). 

 

2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (16) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (0.90 g, 3.2 mmol), 4-bromophenol (1.67 g, 

9.6 mmol) and KOH (0.72 g, 12.8 mmol) as a starting material, the product was 

obtained as pale yellow oil 1.00 g, yield in 71%. 

1H NMR (400 MHz, CHLOROFORM) : 7.44 (d, J = 8.0 Hz, 2H), 7.03 - 6.99 (m, 

1H), 6.91 - 6.88 (m, 1H), 6.82 (d, J = 12.0 Hz, 2H), 3.93 (s, 1H), 3.09 (t, J = 8.0 Hz, 

2H), 1.55 (t, J = 8.0 Hz, 2H), 1.26 (br. s., 12H), 0.90 (t, J = 3.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  155.8, 154.4 (d, J = 250.5 Hz), 142.4 (d, 

J = 3.0 Hz), 141.6 (d, J = 3.0 Hz), 138.9, 132.9, 117.3, 115.9 (d, J = 8.1 Hz), 112.2 

(d, J = 21.2 Hz), 111.0, 97.3 (d, J = 18.2 Hz), 43.6, 31.8, 29.5, 29.3, 29.2, 29.1, 26.9, 

22.7, 14.1. 

MS (ESI+) m/z: 433.35 MS (Calcd for [M+H]+: 433.36); 

HRMS (ESI+) m/z: 433.1286 (Calcd for [M+H]+: 433.1285). 

 

2-(4-aminophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (17) 

 

Following the experimental procedure for the preparation of compound 11 

described above, but with compound 3 (1.10 g, 3.9 mmol), 4-aminophenol (1.28 g, 

11.8 mmol) and KOH (0.88 g, 15.7 mmol) as a starting material, the product was 

obtained as pale yellow oil 0.75 g, yield in 51%. 
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1H NMR (400 MHz, CHLOROFORM) : 6.95 - 6.91 (m, 1H), 6.85 - 6.82 (m, 1H), 

6.76 (d, J = 8.0 Hz, 2H), 6.63 (d, J = 8.0 Hz, 2H), 4.05 (s, 1H), 3.55 (s, 2H), 3.08 

(t, J = 8.0 Hz, 2H), 1.55 (t, J = 8.0 Hz, 2H), 1.27 (br. s., 12H), 0.90 (t, J = 8.0 Hz, 

3H); 

13C NMR (101 MHz, CHLOROFORM)  154.4 (d, J = 125.2 Hz), 149.6, 143.5 (d, 

J = 3.0 Hz), 142.6, 139.0 (d, J = 2.0 Hz), 116.9, 116.3, 115.3 (d, J = 8.1 Hz), 112.2 

(d, J = 10.1 Hz), 111.4, 96.9 (d, J = 17.2 Hz), 43.7, 31.9, 29.5, 29.3, 29.2, 29.1, 26.9, 

22.7, 14.1. 

MS (ESI+) m/z: 369.44 MS (Calcd for [M+H]+: 369.48); 

HRMS (ESI+) m/z: 370.2292 (Calcd for [M+H]+: 370.2289). 

 

6-fluoro-N-hydroxy-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide 

(18) 

 

The mixture of compound 13 (0.70 g, 1.8 mmol), Et3N (1.47 g, 14.6 mmol) and 

Hydroxylamine hydrochloride (0.51 g, 7.3 mmol) in MeOH (7 mL) was stirred at 

reflux for 10 h. TLC showed the starting material was consumed completely. Then 

cool down the mixture and water was added into the mixture. It was extracted with 

ethyl acetate for 3 times, and the combined organic layer was washed with brine 

and dried over Na2SO4. The organic layer was concentrated in vacuum and purified 

by silica gel (Hexane/ethyl acetate from 100:1 to 2:1) to obtain product as pale 

yellow oil 0.65 g, yield in 85%. 

1H NMR (400 MHz, CHLOROFORM) : 6.93 - 6.88 (m, 1H), 6.84 - 6.76 (m, 4H), 

6.72 - 6.67 (m, 1H), 3.86 (s, 1H), 3.74 (s, 3H), 3.05 (t, J = 8.0 Hz, 2H), 1.50 (t, J = 

8.0 Hz, 2H), 1.24 (br. s., 12H), 0.89 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  155.0, 154.3 (d, J = 168.7 Hz), 151.5, 

145.6 (d, J = 1.0 Hz), 139.0 (d, J = 5.1 Hz), 138.8 (d, J = 3.0 Hz), 116.3, 115.9 (d, 

J = 18.2 Hz), 114.7, 112.7 (d, J = 23.2 Hz), 112.2, (d, J = 9.1 Hz), 55.6, 43.9, 31.9, 
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29.5, 29.3, 29.2, 29.2, 26.9, 22.7, 14.1. 

MS (ESI+) m/z: 403.50 MS (Calcd for [M+H]+: 403.49); 

HRMS (ESI+) m/z: 418.2499 (Calcd for [M+H]+: 418.25). 

 

2-(4-aminophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (19) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 17 (0.75 g, 2.0 mmol), Et3N (1.64 g, 16.2 

mmol) and Hydroxylamine hydrochloride (0.56 g, 8.1 mmol) as starting material to 

obtain product as pale yellow oil 0.65 g, yield in 79%. 

1H NMR (400 MHz, CHLOROFORM) : 6.90 - 6.86 (m, 1H), 6.67 - 6.65 (m, 3H), 

6.50 (d, J = 8.0 Hz, 2H), 4.72 (s, 2H), 3.90 (s, 1H), 3.04 (t, J = 8.0 Hz, 2H), 1.51 (s, 

2H), 1.26 (br. s., 12H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  152.3 (d, J = 241.4 Hz), 150.5, 145.6, 

141.5, 140.2 (d, J = 5.1 Hz), 138.9 (d, J = 2.0 Hz), 116.6, 116.3, 116.0 (d, J = 18.2 

Hz), 112.5 (d, J = 23.2 Hz), 112.1 (d, J = 9.1 Hz), 44.0, 31.9, 29.5, 29.4, 29.3, 29.2, 

27.0, 22.7, 14.1. 

MS (ESI+) m/z: 402.50 MS (Calcd for [M+H]+: 402.51); 

HRMS (ESI+) m/z: 403.2505 (Calcd for [M+H]+: 403.2504). 

 

2-(4-bromophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (20) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 16 (0.50 g, 1.2 mmol), Et3N (0.93 g, 0.9 mmol) 

and Hydroxylamine hydrochloride (0.32 g, 4.6 mmol) as starting material to obtain 

product as pale yellow oil 0.20 g, yield in 36%. 

1H NMR (400 MHz, CHLOROFORM) : 7.36 (d, J = 12.0 Hz, 2H), 6.98 - 6.94 (m, 

1H), 6.77 (d, J = 8.0 Hz, 2H), 6.74 - 6.70 (m, 1H), 4.71 (s, 2H), 3.77 (s, 1H), 3.07 
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(t, J = 8.0 Hz, 2H), 1.52 (t, J = 8.0 Hz, 2H), 1.25 (br. s., 12H), 0.90 (t, J = 8.0 Hz, 

3H); 

13C NMR (101 MHz, CHLOROFORM)  156.6, 152.2 (d, J = 242.4 Hz), 145.3, 

138.8 (d, J = 5.1 Hz), 138.6 (d, J = 2.0 Hz), 132.5, 117.2, 115.8 (d, J = 18.2 Hz), 

114.9, (d, J = 23.2 Hz), 113.35, 112.5 (d, J = 9.1 Hz), 43.8, 31.9, 29.5, 29.3, 29.2, 

29.2, 26.9, 22.7, 14.1. 

MS (ESI+) m/z: 466.40 MS (Calcd for [M+H]+: 466.39); 

HRMS (ESI+) m/z: 466.1500 (Calcd for [M+H]+: 466.1500). 

 

6-fluoro-N-hydroxy-3-(nonylamino)-2-(4-propylphenoxy)benzimidamide (21) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 14 (0.80 g, 2.0 mmol), Et3N (1.63 g, 16.1 

mmol) and Hydroxylamine hydrochloride (0.56 g, 8.1 mmol) as starting material to 

obtain product as pale yellow oil 0.55 g, yield in 63%. 

1H NMR (400 MHz, CHLOROFORM) : 7.06 (d, J = 8.0 Hz, 2H), 6.96 - 6.91 (m, 

1H), 6.80 (d, J = 8.0 Hz, 2H), 6.72 - 6.69 (m, 1H), 4.72 (s, 2H), 3.83 (s, 1H), 3.06 - 

3.05 (m, 2H), 2.53 (t, J = 8.0 Hz, 2H), 1.62 (t, J = 8.0 Hz, 2H), 1.50 (s, 2H), 1.24 

(br. s., 12H), 0.95 - 0.89 (m, 6H); 

13C NMR (101 MHz, CHLOROFORM)  155.5, 152.3 (d, J = 241.4 Hz), 145.6, 

139.5 (d, J = 4.0 Hz), 138.8 (d, J = 2.0 Hz), 136.8, 129.5, 115.9 (d, J = 17.2 Hz), 

115.11, 112.9, (d, J = 22.2 Hz), 112.2 (d, J = 8.1 Hz), 43.9, 37.2, 31.9, 29.5, 29.3, 

29.2, 29.2, 26.9, 24.6, 22.7, 14.1, 13.8. 

MS (ESI+) m/z: 429.54 (Calcd for [M+H]+: 429.57); 

HRMS (ESI+) m/z: 430.2866 (Calcd for [M+H]+: 430.2864). 
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2-(3,5-dimethylphenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide 

(22) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 15 (0.80 g, 2.1 mmol), Et3N (1.69 g, 16.7 

mmol) and Hydroxylamine hydrochloride (0.58 g, 8.4 mmol) as starting material to 

obtain product as pale yellow oil 0.37 g, yield in 42%. 

1H NMR (400 MHz, CHLOROFORM) : 6.96 - 6.92 (m, 1H), 6.73 - 6.69 (m, 1H), 

6.67 (s, 1H), 6.52 (m, 2H), 4.75 (s, 2H), 3.82 (s, 1H), 3.08 (t, J = 8.0 Hz, 2H), 2.26 

(s, 6H), 1.51 (t, J = 8.0 Hz, 2H), 1.26 (br. s., 12H), 0.92 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  157.3, 152.3 (d, J = 241.4 Hz), 145.5, 

139.5, 139.3 (d, J = 5.1 Hz), 138.7 (d, J = 2.0 Hz), 124.5, 116.0 (d, J = 18.2 Hz), 

112.9, 112.9, (d, J = 23.2 Hz), 112.3 (d, J = 9.1 Hz), 43.9, 31.9, 29.5, 29.4, 29.3, 

29.2, 26.9, 22.7, 21.3, 14.1. 

MS (ESI+) m/z: 415.55 (Calcd for [M+H]+: 415.54); 

HRMS (ESI+) m/z: 416.2710 (Calcd for [M+H]+: 416.2708). 

 

2-(3-bromophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (23) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 11 (0.20 g, 0.4 mmol), Et3N (0.37 g, 3.7 mmol) 

and Hydroxylamine hydrochloride (0.13 g, 1.9 mmol) as starting material to obtain 

product as pale yellow oil 0.07 g, yield in 32%. 

1H NMR (400 MHz, CHLOROFORM) : 7.18 - 7.11 (m, 2H), 7.06 - 7.05 (m, 1H), 

7.00 - 6.95 (m, 1H), 6.83 - 6.81 (m, 1H), 6.75 - 6.71 (m, 1H), 4.71 (s, 1H), 3.76 (t, 

J = 4.0 Hz, 2H), 3.08 (t, J = 8.0 Hz, 2H), 1.52 (t, J = 8.0 Hz, 2H), 1.25 (br. s., 12H), 

0.90 (t, J = 8.0 Hz, 3H); 
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13C NMR (101 MHz, CHLOROFORM)  158.1, 152.2 (d, J = 241.4 Hz), 145.5, 

138.5, 138.5 (d, J = 5.1 Hz), 130.8, 125.8, 122.9, 118.9, 115.8 (d, J = 18.2 Hz), 

114.2, 113.5, 112.5 (d, J = 9.1 Hz), 43.8, 31.9, 29.5, 29.3, 29.2, 29.2, 26.9, 22.7, 

14.1. 

MS (ESI+) m/z: 466.34 (Calcd for [M+H]+: 466.39); 

HRMS (ESI+) m/z: 466.1497 (Calcd for [M+H]+: 466.15). 

 

2-(3-ethylphenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (24) 

 

Following the experimental procedure for the preparation of compound 18 

described above, but with compound 12 (0.10 g, 0.3 mmol), Et3N (0.21 g, 2.1 mmol) 

and Hydroxylamine hydrochloride (0.07 g, 1.1 mmol) as starting material to obtain 

product as pale yellow oil 0.05 g, yield in 46%. 

1H NMR (400 MHz, CHLOROFORM) : 7.18 - 7.14 (m, 1H), 6.96 - 6.91 (m, 1H), 

6.87 (d, J = 8.0 Hz, 1H), 6.77 (s, 1H), 6.73 - 6.66 (m, 2H), 4.72 (s, 2H), 3.82 (s, 

1H), 3.06 (t, J = 8.0 Hz, 2H), 2.60 (q, J = 8.0 Hz, 2H), 1.50 (t, J = 8.0 Hz, 2H), 1.24 

(br. s., 12H), 1.21 (t, J = 8.0 Hz, 3H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  157.5, 152.2 (d, J = 242.4 Hz), 146.3, 

145.6 (d, J = 2.0 Hz), 139.3 (d, J = 5.1 Hz), 138.7 (d, J = 2.0 Hz), 129.5, 122.2, 

115.9  (d, J = 18.2 Hz), 115.0, 112.9 (d, J = 23.2 Hz), 112.41, 112.3 (d, J = 9.1 

Hz), 43.9, 31.9, 29.5, 29.3, 29.2, 29.2, 28.8, 26.9, 22.7, 15.4 

MS (ESI+) m/z: 415.55 (Calcd for [M+H]+: 415.54); 

HRMS (ESI+) m/z: 416.2707 (Calcd for [M+H]+: 416.2708). 

 

N-acetoxy-6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide (25) 

 

The mixture of compound 18 (0.35 g, 0.8 mmol) and acetic anhydride (0.13 g, 1.3 

mmol) in Acetic acid (2 mL) was stirred at RT for 5 minutes. TLC showed the 
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starting material was consumed completely. Then water was added into the mixture 

and extracted with ethyl acetate for 3 times, and the combined organic layer was 

washed with sodium carbonate solution and dried over Na2SO4. The organic layer 

was concentrated in vacuum and purified by silica gel with Dichloromethane to 

obtain product as pale yellow oil 0.15 g, yield in 38%. 

1H NMR (400 MHz, CHLOROFORM) : 6.96 - 6.91 (m, 1H), 6.85 (d, J = 8.0 Hz, 

2H), 6.80 (d, J = 8.0 Hz, 2H), 6.75 - 6.71 (m, 1H), 4.92 (s, 2H), 3.85 (s, 1H), 3.77 

(s, 3H), 3.06 (t, J = 8.0 Hz, 2H), 2.09 (s, 3H), 1.50 (t, J = 8.0 Hz, 2H), 1.24 (br. s., 

12H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  169.2, 155.1, 152.1 (d, J = 241.4 Hz), 

151.5, 149.4, 139.8 (d, J = 4.0 Hz), 138.8 (d, J = 2.0 Hz), 116.4, 114.7, 114.5, 113.0 

(d, J = 8.1 Hz), 112.8 (d, J = 21.2 Hz), 55.6, 43.8, 31.8, 29.5, 29.3, 29.2, 29.2, 26.9, 

22.6, 19.8, 14.1. 

MS (ESI+) m/z: 431.51 (Calcd for [M+H]+: 431.50); 

HRMS (ESI+) m/z: 460.2605 (Calcd for [M+H]+: 460.2606). 

 

N-acetoxy-2-fluoro-5-(nonylamino)-6-(4-propylphenoxy)cyclohexa-2,4-

dienecarboximidamide (26) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 21 (0.55 g, 1.3 mmol) and acetic anhydride 

(0.14 g, 1.4 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.36 g, yield in 58%. 

1H NMR (400 MHz, CHLOROFORM) : 7.04 (d, J = 8.0 Hz, 2H), 6.94 - 6.89 (m, 

1H), 6.80 (d, J = 8.0 Hz, 2H), 6.73 - 6.70 (m, 1H), 4.98 (s, 2H), 3.81 (s, 1H), 3.03 

(t, J = 8.0 Hz, 2H), 2.51 (t, J = 8.0 Hz, 2H), 2.01 (s, 3H), 1.58 (q, J = 8.0 Hz, 2H), 

1.47 (t, J = 8.0 Hz, 2H), 1.22 (br. s., 12H), 0.93 - 0.86 (m, 6H); 
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13C NMR (101 MHz, CHLOROFORM)  169.5, 155.5, 152.0 (d, J = 242.4 Hz), 

149.5, 139.4 (d, J = 4.0 Hz), 138.7 (d, J = 2.0 Hz), 137.0, 129.5, 115.2, 114.7 (d, J 

= 18.2 Hz), 113.0 (d, J = 4.0 Hz), 112.8 (d, J = 18.2 Hz), 43.8, 37.1, 31.8, 29.5, 

29.3, 29.2, 29.1, 26.8, 24.6, 22.6, 19.7, 14.1, 13.7. 

MS (ESI+) m/z: 473.60 (Calcd for [M+H]+: 473.62); 

HRMS (ESI+) m/z: 472.2969 (Calcd for [M+H]+: 472.297). 

 

N-acetoxy-2-(4-aminophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (27) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 19 (0.65 g, 1.6 mmol) and acetic anhydride 

(0.16 g, 1.6 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.34 g, yield in 46%. 

1H NMR (400 MHz, CHLOROFORM) : 6.94 - 6.90 (m, 1H), 6.75 - 6.70 (m, 3H), 

6.59 (d, J = 8.0 Hz, 2H), 4.91 (s, 2H), 3.87 (s, 1H), 3.05 (t, J = 8.0 Hz, 2H), 2.11 (s, 

3H), 1.50 (t, J = 8.0 Hz, 2H), 1.26 (br. s., 12H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  169.3, 152.1 (d, J = 241.4 Hz), 150.5, 

149.6, 141.7, 140.1 (d, J = 4.0 Hz), 138.9 (d, J = 3.0 Hz), 116.5, 116.3, 114.6 (d, J 

= 17.2 Hz), 112.9 (d, J = 9.1 Hz), 112.6 (d, J = 22.2 Hz), 43.9, 31.9, 29.5, 29.3, 

29.2, 29.2, 26.9, 22.7, 19.8, 14.1. 

MS (ESI+) m/z: 445.52 (Calcd for [M+H]+: 445.54); 

HRMS (ESI+) m/z: 445.2609 (Calcd for [M+H]+: 445.2609). 

 

N-acetoxy-2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide 

(28) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 22 (0.37 g, 0.9 mmol) and acetic anhydride 
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(0.09 g, 0.9 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.22 g, yield in 54%. 

1H NMR (400 MHz, CHLOROFORM) : 6.95 - 6.90 (m, 1H), 6.74 - 6.70 (m, 1H), 

6.65 (s, 1H), 6.51 (s, 2H), 4.99 (s, 2H), 3.82 (s, 1H), 3.04 (t, J = 8.0 Hz, 2H), 2.24 

(s, 6H), 2.04 (s, 3H), 1.47 (t, J = 8.0 Hz, 2H), 1.22 (br. s., 12H), 0.89 (t, J = 8.0 Hz, 

3H); 

13C NMR (101 MHz, CHLOROFORM)  169.5, 157.4, 152.0 (d, J = 242.4 Hz), 

149.5, 139.6, 139.2 (d, J = 4.0 Hz), 138.7 (d, J = 3.0 Hz), 124.5, 114.7 (d, J = 18.2 

Hz), 113.0, 113.0, 112.9 (d, J = 18.2 Hz), 43.8, 31.9, 29.5, 29.3, 29.2, 29.1, 26.8, 

22.6, 21.3, 19.7, 14.1. 

MS (ESI+) m/z: 458.51 (Calcd for [M+H]+: 458.58); 

HRMS (ESI+) m/z: 458.2813 (Calcd for [M+H]+: 458.2813). 

 

N-acetoxy-2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (29) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 20 (0.10 g, 0.2 mmol) and acetic anhydride 

(0.02 g, 0.2 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.06 g, yield in 54%. 

1H NMR (400 MHz, CHLOROFORM) : 7.36 (d, J = 8.0 Hz, 2H), 6.99 - 6.95 (m, 

1H), 6.80 (d, J = 8.0 Hz, 2H), 6.77 - 6.73 (m, 1H), 4.94 (s, 2H), 3.77 (s, 1H), 3.06 

(t, J = 8.0 Hz, 2H), 2.08 (s, 3H), 1.50 (t, J = 8.0 Hz, 2H), 1.24 (br. s., 12H), 0.90 (t, 

J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  169.1, 156.6, 152.0 (d, J = 242.4 Hz), 

149.1, 140.4, 138.7 (d, J = 5.1 Hz), 138.6 (d, J = 3.0 Hz), 132.5, 117.3, 115.1, 113.4 

(d, J = 22.2 Hz), 113.2 (d, J = 9.1 Hz), 43.7, 31.8, 29.5, 29.3, 29.2, 29.1, 26.9, 22.7, 

19.7, 14.1 

MS (ESI+) m/z: 508.40 (Calcd for [M+H]+: 508.42); 
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HRMS (ESI+) m/z: 508.1607 (Calcd for [M+H]+: 508.1606). 

 

N-acetoxy-2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (30) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 23 (0.07 g, 0.2 mmol) and acetic anhydride 

(0.02 g, 0.2 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.04 g, yield in 52%. 

1H NMR (400 MHz, CHLOROFORM) : 7.19 - 7.12 (m, 1H), 7.09 (s, 1H), 7.01 - 

6.96 (m, 1H), 6.85 - 6.84 (m, 1H), 6.78 - 6.75 (m, 1H), 4.93 (s, 2H), 3.83 (s, 1H), 

3.08 (t, J = 8.0 Hz, 2H), 2.09 (s, 3H), 1.52 (t, J = 8.0 Hz, 2H), 1.26 (br. s., 12H), 

0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  169.2, 158.1, 152.0 (d, J = 242.4 Hz), 

148.9, 138.6 (d, J = 2.0 Hz), 133.9, 130.8, 127.7, 125.9, 122.8, 119.1, 114.3, 113.5 

(d, J = 22.2 Hz), 113.2 (d, J = 9.1 Hz), 43.7, 31.9, 29.5, 29.3, 29.2, 29.1, 26.9, 22.7, 

19.7, 14.1. 

 

N'-acetoxy-2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (31) 

 

Following the experimental procedure for the preparation of compound 25 

described above, but with compound 24 (0.05 g, 0.1 mmol) and acetic anhydride 

(0.01 g, 0.1 mmol) in Acetic acid (2 mL) as starting material to obtain product as 

pale yellow oil 0.03 g, yield in 45%. 

1H NMR (400 MHz, CHLOROFORM) : 7.17 (t, J = 8.0 Hz, 1H), 6.98 - 6.94 (m, 

1H), 6.88 (d, J = 8.0 Hz, 1H), 6.78 (s, 1H), 6.76 - 6.73 (m, 1H), 6.70 - 6.67 (m, 1H), 

4.92 (s, 2H), 3.82 (s, 1H), 3.06 (t, J = 8.0 Hz, 2H), 2.64 - 2.58 (m, 2H), 2.06 (s, 3H), 

1.49 (t, J = 8.0 Hz, 2H), 1.23 (br. s., 12H), 1.21 (t, J = 8.0 Hz, 3H), 0.90 (t, J = 8.0 

Hz, 3H); 
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13C NMR (101 MHz, CHLOROFORM)  169.4, 157.6, 152.0 (d, J = 242.4 Hz), 

149.4, 146.4, 138.8 (d, J = 2.0 Hz), 138.6, 129.5, 122.3, 115.2, 115.1, 113.1, 112.9 

(d, J = 11.1 Hz), 112.5, 43.8, 31.9, 29.5, 29.3, 29.2, 29.1, 28.8, 26.9, 22.6, 19.7, 

15.5, 14.1. 

MS (ESI+) m/z: 458.54 (Calcd for [M+H]+: 458.58); 

HRMS (ESI+) m/z: 458.2812 (Calcd for [M+H]+: 458.2813). 

 

6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide (32) 

 

The mixture of compound 25 (0.05 g) and Pd/C (10% Pd, 55% H2O) (0.01 g) in 

MeOH (2 mL) was stirred with H2 at room temperature overnight. TLC showed the 

starting material was consumed completely. Then the solvent was concentrated in 

vacuum and purified by silica gel (Dichloromethane/MeOH from 100:1 to 10:1) to 

obtain product as pale yellow oil 0.02 g, yield in 54%. 

1H NMR (400 MHz, CHLOROFORM) : 7.29 (s, 2H), 7.10 - 7.05 (m, 1H), 6.92 - 

6.88 (m, 1H), 6.85 - 6.78 (m, 4H), 3.96 (s, 1H), 3.78 (s, 3H), 3.06 (t, J = 8.0 Hz, 

2H), 1.50 (t, J = 4.0 Hz, 2H), 1.23 (br. s., 12H), 0.89 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  160.8, 156.0, 150.9 (d, J = 246.4 Hz), 

149.7, 139.6, 138.1 (d, J = 3.0 Hz), 116.0 (d, J = 9.1 Hz), 115.7, 115.5, 114.3 (d, J 

= 23.2 Hz), 110.9 (d, J = 14.1 Hz), 55.7, 43.5, 31.8, 29.4, 29.2, 29.2, 29.0, 26.8, 

22.6, 14.1. 

MS (ESI+) m/z: 402.51 (Calcd for [M+H]+: 402.52); 

HRMS (ESI+) m/z: 402.2558 (Calcd for [M+H]+: 402.2551). 

 

6-fluoro-3-(nonylamino)-2-(4-propylphenoxy)benzimidamide (33) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with compound 26 (0.09 g, 0.2 mmol) and and Pd/C (10% Pd, 
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55% H2O) (0.02 g) in MeOH (2 mL) as starting material to obtain product as pale 

yellow oil 0.06 g, yield in 75%. 

1H NMR (400 MHz, CHLOROFORM) : 8.02 (s, 3H), 7.04 (d, J = 8.0 Hz, 2H), 

6.96 - 6.91 (m, 1H), 6.78 - 6.74 (m, 1H), 6.72 (d, J = 8.0 Hz, 2H), 3.85 (s, 1H), 2.98 

(d, J = 8.0 Hz, 2H), 2.48 (d, J = 8.0 Hz, 2H), 1.56 (q, J = 8.0 Hz, 2H), 1.41 (t, J = 

8.0 Hz, 2H), 1.20 (br. s., 12H), 0.90 - 0.83 (m, 6H); 

13C NMR (101 MHz, CHLOROFORM)  160.5, 154.4, 150.6 (d, J = 245.4 Hz), 

139.0 (d, J = 3.0 Hz), 137.8, 137.8 (d, J = 4.0 Hz), 129.9, 114.8, 114.7, 113.6 (d, J 

= 23.2 Hz), 113.2 (d, J = 15.2 Hz), 43.5, 37.1, 31.8, 29.4, 29.2, 29.2, 29.0, 26.8, 

24.5, 22.6, 14.1, 13.7. 

MS (ESI+) m/z: 414.53 (Calcd for [M+H]+: 414.57); 

HRMS (ESI+) m/z: 414.2924 (Calcd for [M+H]+: 414.2915). 

 

2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (34) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with compound 28 (0.11 g, 0.2 mmol) and and Pd/C (10% Pd, 

55% H2O) (0.02 g) in MeOH (2 mL) as starting material to obtain product as pale 

yellow oil 0.06 g, yield in 57%. 

1H NMR (400 MHz, CHLOROFORM) : 8.81 (s, 2H), 6.99 - 6.95 (m, 1H), 6.80 - 

6.77 (m, 1H), 6.67 (s, 1H), 6.42 (s, 2H), 3.85 (s, 1H), 3.03 (s, 2H), 2.22 (s, 6H), 

1.45 (t, J = 8.0 Hz, 2H), 1.20 (br. s., 12H), 0.88 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  160.5, 156.4, 150.6 (d, J = 245.4 Hz), 

140.1, 139.1 (d, J = 2.0 Hz), 137.6 (d, J = 4.0 Hz), 125.3, 114.4 (d, J = 9.1 Hz), 

113.8 (d, J = 15.2 Hz), 113.6 (d, J = 23.2 Hz), 112.5, 43.5, 31.8, 29.5, 29.3, 29.2, 

29.0, 26.8, 22.6, 21.3, 14.1. 

MS (ESI+) m/z: 400.55 (Calcd for [M+H]+: 400.54); 

HRMS (ESI+) m/z: 400.2765 (Calcd for [M+H]+: 400.2759). 
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2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (35) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with compound 29 (0.03 g, 0.1 mmol) and and Pd/C (10% Pd, 

55% H2O) (0.01 g) in MeOH (2 mL) as starting material to obtain product as pale 

yellow oil 0.02 g, yield in 56%. 

1H NMR (400 MHz, CHLOROFORM) : 7.34 - 7.29 (m, 2H), 7.12 - 7.06 (m, 2H), 

6.88 (d, J = 8.0 Hz, 2H), 3.89 (s, 1H), 3.05 (t, J = 8.0 Hz, 2H), 1.47 (t, J = 8.0 Hz, 

2H), 1.21 (br. s., 12H), 0.89 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  160.6, 156.0, 150.7 (d, J = 245.4 Hz), 

139.4, 137.3 (d, J = 3.0 Hz), 130.4, 124.0, 115.9 (d, J = 9.1 Hz), 114.9, 114.5, 114.2, 

43.5, 31.8, 29.4, 29.2, 29.2, 29.0, 26.8, 22.6, 14.1. 

 

2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (36) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with compound 30 (0.04 g, 0.1 mmol) and and Pd/C (10% Pd, 

55% H2O) (0.01 g) in MeOH (2 mL) as starting material to obtain product as pale 

yellow oil 0.02 g, yield in 66%. 

1H NMR (400 MHz, CHLOROFORM) : 7.58 (s, 2H), 7.33 (s, 1H), 7.14 - 7.08 (m, 

2H), 6.94 - 6.90 (m, 1H), 6.86 (d, J = 8.0 Hz, 2H), 3.92 (s, 1H), 3.07 (t, J = 8.0 Hz, 

2H), 1.49 (t, J = 8.0 Hz, 2H), 1.22 (br. s., 12H), 0.90 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  160.7, 155.7, 150.9 (d, J = 246.4 Hz), 

139.6, 137.4 (d, J = 3.0 Hz), 133.9, 130.5, 129.5, 127.7, 124.2, 116.2 (d, J = 10.1 

Hz), 114.8, 114.6 (d, J = 23.2 Hz), 43.4, 31.8, 29.4, 29.2, 29.2, 29.0, 26.8, 22.6, 

14.1 
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2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (37) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with compound 31 (0.03 g, 0.1 mmol) and and Pd/C (10% Pd, 

55% H2O) (0.01 g) in MeOH (2 mL) as starting material to obtain product as pale 

yellow oil 0.01 g, yield in 54%. 

1H NMR (METHANOL-d4) : 7.18 - 7.14 (m, 1H), 7.05 - 7.00 (m, 1H), 6.87 (d, J 

= 8.0 Hz, 2H), 6.75 (s, 1H), 6.66 (d, J = 8.0 Hz, 1H), 3.34 (s, 1H), 3.08 (t, J = 8.0 

Hz, 2H), 2.57 (t, J = 8.0 Hz, 2H), 1.88 (s, 3H), 1.46 (t, J = 8.0 Hz, 2H), 1.20 (br. s., 

12H), 0.88 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, METHANOL-d4)  160.4, 157.2, 150.2 (d, J = 246.4 Hz), 

146.3, 139.1 (d, J = 2.0 Hz), 137.4 (d, J = 5.1 Hz), 129.3, 122.1, 114.8, 114.5, 113.5 

(d, J = 8.1 Hz), 112.7 (d, J = 22.2 Hz), 112.1, 42.9, 31.6, 29.3, 29.1, 28.9, 28.7, 26.5, 

22.8, 22.3, 14.6, 13.0. 

MS (ESI+) m/z: 400.55 (Calcd for [M+H]+: 400.54); 

HRMS (ESI+) m/z: 400.2764 (Calcd for [M+H]+: 400.2759). 

 

6-fluoro-3-(nonylamino)-2-phenoxybenzimidamide (38) 

 

Following the experimental procedure for the preparation of compound 32 

described above, but with N'-acetoxy-6-fluoro-3-(nonylamino)-2-

phenoxybenzimidamide (0.09 g, 0.2 mmol) and and Pd/C (10% Pd, 55% H2O) (0.02 

g) in MeOH (2 mL) as starting material to obtain product as pale yellow oil 0.06 g, 

yield in 75%. 

1H NMR (400 MHz, CHLOROFORM) : 7.88 (s, 3H), 7.29 (t, J = 8.0 Hz, 2H), 

7.07 - 7.01 (m, 2H), 6.89 - 6.83 (m, 3H), 3.88 (s, 1H), 3.02 (t, J = 8.0 Hz, 2H), 1.46 

(t, J = 8.0 Hz, 2H), 1.20 (br. s., 12H), 0.88 (t, J = 8.0 Hz, 3H); 
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13C NMR (101 MHz, CHLOROFORM)  160.5, 156.1, 150.7 (d, J = 246.4 Hz), 

139.2 (d, J = 2.0 Hz), 137.4 (d, J = 3.0 Hz), 130.3, 123.7, 115.7 (d, J = 9.1 Hz), 

115.0, 114.2 (d, J = 23.2 Hz), 111.6 (d, J = 16.2 Hz), 43.5, 31.8, 29.4, 29.2, 29.2, 

29.0, 26.8, 22.6, 14.1. 

MS (ESI+) m/z: 372.44 (Calcd for [M+H]+: 372.49); 

HRMS (ESI+) m/z: 372.2453 (Calcd for [M+H]+: 372.2446). 

 

2,6-difluoro-3-(methylamino)benzonitrile (52) 

 

The mixture of 3-amino-2,6-difluorobenzonitrile (0.50 g, 3.2 mmol) and K2CO3 

(0.89 g, 6.4 mmol) in DMF (5 mL) was added MeI (0.69, 4.8 mmol) and stirred in 

a seal tube at room temperature for 24 h. TLC showed the starting material was 

consumed completely. Water was added into the mixture and extracted with ethyl 

acetate for 3 times, the combined organic layer was washed by brine and dried over 

Na2SO4. The organic layer was concentrated in vacuum and purified by silica gel 

with gradient elution (hexane/ethyl acetate from 50:1 to 20:1) to obtain product as 

brown oil 0.04 g, yield in 7%. 

1H NMR (400 MHz, CHLOROFORM)  6.96 - 6.91 (m, 1H), 6.87 - 6.81 (m, 1H), 

4.00 (br. s., 1H), 2.91 (d, J = 4.0 Hz, 3H);  

13C NMR (101 MHz, CHLOROFORM)  153.5 (dd, J = 250.5, 3.0 Hz), 150.7 (dd, 

J = 255.5, 4.0 Hz), 134.7 (dd, J = 11.1, 3.0 Hz), 115.5 (dd, J = 9.1, 7.1 Hz), 111.5 

(dd, J = 20.2, 5.1 Hz), 109.9 (d, J = 1.0 Hz), 91.5 (d, J = 38.4 Hz), 30.3; 

 

N'-(3-cyano-2,4-difluorophenyl)-N,N-dimethylformimidamide (53) 

 

The procedure was the same with preparation of compound 3, and obtain product 

as with solid 0.14 g, yield in 14% 

1H NMR (400 MHz, DMSO-d6)  7.84 (s, 1H), 7.47 - 7.41 (m, 1H), 7.27 - 7.22 (m, 
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1H), 3.04 (s, 3H), 2.95 (s, 3H);  

13C NMR (101 MHz, DMSO-d6)  156.8 (dd, J = 252.5, 4.0 Hz), 152.2 (dd, J = 

258.6, 5.1 Hz), 156.2, 138.2 (dd, J = 8.1, 3.0 Hz), 128.3 (dd, J = 14.1, 5.1 Hz), 112.6 

(dd, J = 20.2, 5.1 Hz), 110.7 (d, J = 1.0 Hz), 91.3 (d, dd, J = 19.2, 18.2 Hz), 34.4; 

 

2,4-difluoro-3-(1H-tetrazol-5-yl)aniline (54) 

 

The mixture of 3-amino-2,6-difluorobenzonitrile (0.20 g, 1.3 mmol) and NaN3 

(0.19 g, 2.8 mmol), ZnCl2 (0.21, 1.5 mmol) in DMF (2 mL) and water (2 mL) and 

stirred at reflux overnight. TLC showed the starting material was consumed 

completely. Water was added into the mixture and adjusted pH=2 and extracted with 

ethyl acetate for 3 times, the combined organic layer was washed by brine and dried 

over Na2SO4. The organic layer was concentrated in vacuum and purified by silica 

gel with ethyl acetate to obtain product as brown oil 0.10 g, yield in 40%. 

1H NMR (400 MHz, DMSO-d6)  7.10 - 6.98 (m, 3H), 5.50 (br. s., 2H);  

13C NMR (101 MHz, DMSO-d6)  149.6 (dd, J = 240.4, 5.1 Hz), 148.0 (dd, J = 

248.5, 5.1 Hz), 134.8 (dd, J = 11.1, 2.0 Hz), 134.21, 114.2 (dd, J = 9.1, 7.1 Hz), 

112.0 (dd, J = 21.2, 4.0 Hz), 102.7; 

MS (ESI+) m/z: 198.16 (Calcd for [M+H]+: 198.14); 

HRMS (ESI+) m/z: 198.0589 (Calcd for [M+H]+: 198.0586). 

 

2,4-difluoro-N-nonyl-3-(1H-tetrazol-5-yl)aniline (55) 

 

The mixture of 2,6-difluoro-3-(nonylamino)benzonitrile (0.18 g, 0.6 mmol) and 

NaN3 (0.10 g, 1.6 mmol), ZnCl2 (0.11, 0.7 mmol) in DMF (2 mL) and water (2 mL) 

and stirred at reflux overnight. TLC showed the starting material was consumed 

completely. Water was added into the mixture and adjusted pH=2 and extracted with 

ethyl acetate for 3 times, the combined organic layer was washed by brine and dried 
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over Na2SO4. The organic layer was concentrated in vacuum and purified by silica 

gel with ethyl acetate to obtain product as brown oil 0.11 g, yield in 53%. 

1H NMR (400 MHz, DMSO-d6)  7.17 - 7.12 (m, 1H), 6.96 - 6.90 (m, 1H), 5.66 

(br. s., 1H), 3.10 (t, J = 4.0 Hz, 2H), 1.56 (q, J = 8.0 Hz, 2H), 1.25 (s, 12H), 0.86 (t, 

J = 4.0 Hz, 3H);  

13C NMR (101 MHz, DMSO-d6)  149.8 (dd, J = 240.4, 5.1 Hz), 147.4 (dd, J = 

248.5, 5.1 Hz), 134.8 (dd, J = 11.1, 2.0 Hz), 114.3 (dd, J = 9.1, 7.1 Hz), 112.0 (dd, 

J = 21.2, 4.0 Hz), 43.2, 31.8, 29.5, 29.3, 29.1, 28.8, 27.0, 22.6, 14.4; 

MS (ESI+) m/z: 324.35 (Calcd for [M+H]+: 324.38); 

HRMS (ESI+) m/z: 324.2006 (Calcd for [M+H]+: 324.1994). 

 

3.2.2. Biological assays 

 

3.2.2.1. Materials 

 

Nutrient agar was obtained from Oxoid Ltd. (Nepean, Ontario, Canada). Luria-

Bertani (LB) medium was purchased from USB Corporation and used for 

preparation and transformation of competent cells for E. coli, S. aureus and other 

bacterial strains. Müller-Hinton broth (MHB), Müller-Hinton agar and trypticase 

soy broth (TSB) for Minimum Inhibitory Concentration (MIC) determination were 

purchased from Becton, Dickinson and Company (New Jersey, USA). 

 

3.2.2.2. Bacterial strains 

 

The bacterial strains used in minimum inhibitory concentration (MIC) 

determination such as S. aureus ATCC 29213, E. coli ATCC 25922 and other 

bacterial strains, including clinical bacteria, were from Prof. Chen Sheng’ s research 

group.  
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3.2.3. Antibacterial susceptibility test 

 

The minimum inhibitory concentrations (MICs) of compounds were determined 

using a broth microdilution method according to the Clinical and Laboratory 

Standards Institute (CLSI) guidelines. Briefly, compounds were dissolved in 

dimethyl sulfoxide (DMSO) to prepare a stock solution at a concentration of 16 

mg/mL. Stock solution of compounds was then treated with a series of 2-fold 

dilutions in Müller-Hinton broth (MHB) to prepare compound-containing media at 

concentrations ranging from 0.25 to 256 µg/mL in 150 µL solution. Four to five 

single colonies of the testing bacterial strain on a TSB agar plate were inoculated in 

5 mL of MH broths. The cells were incubated at 37 oC until the OD600 (absorbance 

of 600 nm) of the growing cells reached 1.0. The cells were then diluted to a final 

concentration of approximately OD600 of 0.08 to 0.1, in MH broth containing two-

fold dilutions of the test compounds in a 96-well microtiter plate. After 18 h of 

incubation at 37 oC, the OD600 values were measured to calculate the percentage 

inhibition of bacterial growth with respect to the control. The MIC value is defined 

as the lowest concentration of tested compounds that causes ≥ 90% inhibition of 

bacterial growth. 

 

3.2.4. Isolation of F332R mutants 

 

Cells of Staphylococcus Aureus ATCC 29213 were cultured in lysogeny broth (LB) 

with constant shaking at 250 rpm at 37°C. Bacteria were transferred by inoculating 

50 μL of stationary-phase culture into 3 ml of LB. Cells were initially grown in a 

medium without F332. At transfer 2, 50 μL of cell suspension was added to 3 ml of 

nutrient broth, with or without F332 at a final concentration of half the MIC (MIC= 

2 μg/mL), for 20 h with shaking at 250 rpm to obtain 2 transfers, T(0) and T(1). The 

regrown bacteria in T(1) were thereafter transferred to a broth containing a double 
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concentration of F332 compared with previous transfers and cultured as above 

method. If the growth in T(1) was very weak, bacteria in T(0) should be transferred 

in another T(1) culture and repeat this step until the bacteria could grow well in 

T(1). The experiment was conducted several times with escalating concentration 

levels of F332 and need to retain the strain in the concentration of F332 is 32 μg/mL 

(T(32)), 64 μg/mL (T(64)) and 128 μg/mL (T(128)). The MIC value of F332 for 

each induced bacteria was determined and all MIC >32 μg/mL. 

 

3.2.5. Whole-genome sequencing and bioinformatics analysis 

 

Total DNA was extracted from an overnight culture (3 ml) by using Genomic DNA 

Mini Kit according to the protocol provided by the manufacturer. Then, DNA was 

quantified by quality ratios of DNA (A260/280) determined via Nanodrop 

(ThermoFisher Scientific). Genomic DNA libraries were prepared for whole-

genome sequencing using the TruePrep Index Kit V3 and TruePrepTM DNA 

Library Prep Kit V2, as described by the manufacturer. Paired end sequencing was 

performed using the Illumina NextSeq platform (NextSeq 500/550 Kits v2; 2 × 151 

cycles). Raw reads were de novo-assembled into contigs using SPAdes (3.11.0) with 

pre-defined kmers set. Then analysis was carried out by using the assembled contigs. 

Reference FtsZ gene sequence was downloaded from NCBI GenBank. The genome 

was BLAST against the FtsZ gene using CLC workbench. Relative sequences were 

extracted from the genome sequences. The extracted sequences were then aligned 

against reference FtsZ sequence to check the identity. 

 

3.3. Results and discussion 

 

3.3.1. F332 with selective activity against S. aureus 
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In 2008, David and co-workers reported a selective small molecule FtsZ inhibitor 

called PC190723 (Figure 19), which was published in Science.(Haydon et al., 2008) 

 

 

Figure 19. The structure of FtsZ inhibitor PC190723 

 

The data from Table 7 suggested that this small molecule just exhibited potent 

antibacterial activity against Gram-positive bacteria, but they had no effect on 

Gram-negative bacteria.  

 

Table 7. Microbiological profile of PC190723.(Haydon et al., 2008) 

Organism and genotype MIC (µg/mL)

B. subtilis 1

S. aureus 1

S. aureus (MRSA) 1

S. aureus (MDRSA) 1

S. epidermidis 1

S. haemolyticus 0.5

S. hominis 1

S. lugdunensis 1

S. saprophyticus 1

S. warneri 1

Enterococcus faecalis >64

Escherichia coli >64

Haemophilus influenzae >64

Pseudomonas aeruginosa >64

Streptococcus pneumoniae >64

Saccharomyces cerevisiae >64  

 

In order to address this problem, we optimized the structure of PC190723 and 

synthesized a series of compounds with different substituents on the benzyl moiety 

(Figure 20).(Lui et al., 2019) We looked for some small molecules as inhibitors for 
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broad-spectrum bacteria.  

 

 

Figure 20. Optimization of the structure of PC190723. 

 

Among the first series of compounds, the most potential compound was compound 

F332, which have a very similar antibacterial activity to PC190723 (Table 8).  

 

Table 8. The MIC of compound F332 and PC190723. 

MIC (µg/mL) 

Compound Structure 

 S. aureus 

29213 

 E. coli   

25922 

PC190723 

 

1 >64 

F332 

 

1 >64 

 

The result shows that F332 was a selective antibiotic small molecule that could only 

inhibit the growth of S. aureus, but had no effect on E. coli. Then, we looked for 

more active compounds with broad spectrum through structure modification of 

compound F332. 
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3.3.2. The compounds design and their antimicrobial activity 

 

The next step was to design more active compounds based on the structure of F332. 

The data obtained in Chapter 1 clearly showed that compound F332 could inhibit 

the function of protein FtsZ in S. aureus, but it had no effect on E. coli. A possible 

reason was that this compound was unable to go through the membrane of Gram-

negative bacteria. In order to address this problem, we needed to increase the 

number of the nitrogen atoms, which showed positive charge and could help 

improve the permeability of the membrane, due to Gram-negative membrane with 

negative charge.(Richter et al., 2017) 

 

At this stage, F332 could be regarded as a lead compound and we tried to optimize 

the structure of F332 in order to achieve broad-spectrum antibacterial activity. We 

designed several new compounds and tried to use amidine group and tetrazole 

group, which had more nitrogen atoms, to replace the amide group on the benzyl 

moiety. The MIC result of this series of compounds showed in Table 9. 

 

The data shown in Table 9 indicated that compounds 4, 6, 8, 10 and 55 had some 

extent antibacterial activity against S. aureus with MIC ranging from 4 to 32 µg/mL. 

Moreover, both compounds 6 and 10 had moderate antibacterial activity against E. 

coli with MIC of 16 µg/mL. 
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Table 9. The MIC of F332 analogs and intermediates. 

 

 

These preliminary data indicated that the amidine group was a good functional 

group for antibacterial activity against E. coli. In the next step of structure 

optimization, the amidine group would be kept in the scaffold, and a new class of 

compounds was designed and synthesized. Their antibacterial activity was 

evaluated, and the MIC results are shown in Table 10. 

Compound Structure

 S. aureus

29213

 E. coli

25922

F332 1 >256

2 64 >256

3 >256 >256

4 16 >256

6 32 32

7 >256 >256

8 4 >256

10 16 32

52 256 >256

53 >256 >256

54 >256 >256

55 16 >256

MIC (µg/mL)
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Table 10. The MIC of amidine compounds and their intermediates. 

 

 

The phenoxy group was used to replace the fluorine because the structure of target 

compounds is similar to the structure of triclosan, which has excellent antibacterial 

activity against both Gram-positive and Gram-negative bacteria. 

Compound Structure
 S. aureus 

29213

 E. coli 

25922
Compound Structure

 S. aureus 

29213

 E. coli 

25922

11 >256 >256 25 32 >256

12 >256 >256 26 >256 >256

13 >256 >256 27 16 >256

14 >256 >256 28 >256 >256

15 >256 >256 29 >256 >256

16 >256 >256 30 >256 >256

17 >256 >256 31 4 >256

18 4 >256 32 4 16

19 16 >256 33 4 64

20 4 >256 34 4 64

21 >256 >256 35 8 64

22 4 >256 36 8 64

23 16 >256 37 4 64

24 8 >256 38 4 16

MIC (µg/mL)

F

O

NC
H
N

F

O
H
N

Br

HOHN

NH
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Table 10 shows that compounds with cyano group did not have any antibacterial 

activity against either S. aureus or E. coli, but when the cyano group was changed 

to amidoxime group or acetyl amidoxime group, most compounds exhibited good 

antibacterial activity against S. aureus with MIC value ranging from 4 µg/mL to 32 

µg/mL, while they did not have any effect on E. coli. Finally, when these functional 

groups were changed to amidine group, the antibacterial activity against S. aureus 

was improved with MIC value ranging from 4 µg/mL to 8 µg/mL, At the same time, 

these amidine compounds showed moderate antibacterial activity against E. coli 

with MIC value ranging from 16 µg/mL to 64 µg/mL. This meant that this kind of 

compounds could not only inhibit the growth of S. aureus (Gram-positive), but also 

had some extent antibacterial activity against E. coli (Gram-negative). 

 

3.3.3. Structure-activity relationship of novel compounds 

 

The MIC results shows that this series of compounds have better activity against S. 

aureus than against E. coli. For the beginning of compound design, if amide group 

of F332 was change to cyano group, compounds lost their activity at all, such as 

compounds 3 and 7, which have no effect on either S. aureus or E. coli. This means 

that cyano group was the worst choice for this series of compounds. But if the nine 

carbon-chain of F332 was removed and only amine group was left, like compound 

2, they exhibited some extent activity against S. aureus with MIC of 64 µg/mL, 

indicating that the advantage of amine group could offset the disadvantage of the 

cyano group.  

 

When one hydrogen atom on the amine group of compound 2 was replaced by other 

alkyl group, such as compounds 52 and 53, they also lost their activity completely. 

This result also indicated that the amine group was a good choice for this series of 

compound to fight against S. aureus.  
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If the amide group of F332 was changed to other groups containing more nitrogen 

atoms, such as amidoxime, amidine and tetrazole (compounds 4, 6, 8, 10, 55) These 

compounds had some extent activity against S. aureus with MIC value ranging from 

4 µg/mL to 32 µg/mL, especially for amidine group, such as compounds 6 and 10, 

which had the same activity against E. coli with the MIC of 32 µg/mL. This was a 

very good clue for us to do further structure modification. Compound 54 had both 

tetrazole group and amine group, but it lost its activity at all, maybe because it had 

strong ability of interacting with other proteins in bacterial cells.  

 

Structure-activity relationship showed that the nine-carbon chain on the amine 

group and using functional group (such as amidoxime and amidine groups) instead 

of amide group are essential for this series of compounds keeping activity. In 

particularly, amide group of F332 should not be replaced by cyano group, because 

this would lead to lost activity at all. Therefore, we designed compounds with nine-

carbon chain and change the amide group to other groups in the next stage. 

 

 

Figure 21. The structure of the designed compound. 

The second round MIC results shows that this series of compounds had a nine-

carbon chain connected to the amine group. The fluorine on R2 position was 

replaced by different phenol groups (Figure 21), which showed that this fluorine 

was not important for the activity of compounds. When the R1 group was cyano 

group, like compounds 11-17, these compounds lost their activity at all with MIC 

value of more than 256 µg/mL. This result was consistent with the result of the first-

round analysis of SAR, which proving that cyano group was a bad choice for this 

series of compounds.  
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When the R1 position was replaced by amidoxime, nearly all compounds 

(compounds 18-24) restored their activity against S. aureus with the MIC ranging 

from 4 µg/mL to 16 µg/mL, except for compound 21, which exhibited the MIC of 

more than 256 µg/mL. The reason of compound 21 lost its activity might be due to 

the bulky volume of the molecule that lead to its failing to bind to the binding pocket. 

 

But when the hydroxyl group on the amidoxime was acetylated by acetic anhydrate, 

only compound 31 increased its activity against S. aureus, from 8 µg/mL to 4 µg/mL. 

For other compounds, such as compounds 25 and 27, their antibacterial activity 

against S. aureus were not better than that of compounds 18 and 19. Even more, the 

rest compounds, such as compound 26 and compounds 28-30, lost their activity 

completely. At the same time, they were not effective in inhibiting the growth of E. 

coli. This result shows that the acetyl amidoxime is worse than amidoxime itself for 

compounds against S. aureus. 

 

The next couple of compounds had amidine group, and the MIC result showed that 

comparied with the compound with amidoxime group, the antibacterial activity of 

nearly all compounds against S. aureus was improved, especially for compound 33, 

whose MIC changed from more than 256 µg/mL to 4 µg/mL. This result indicated 

that the amidine group are a better group for binding to the target, perhaps because 

it had more nitrogen, which can form hydrogen bond with protein. The more 

exciting discovery was that all these compounds had extent antibacterial activity 

against E. coli with the MIC ranging from 16 µg/mL to 64 µg/mL. These 

compounds had activity against E. coli might because amidine group had more 

positive charges, which enabled compounds to enter into the membrane of Gram-

negative bacteria, like E. coli. This result indicated that the amidine group was a 

good start point for structure modification to develop broad spectrum FtsZ 
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inhibitors. 

 

3.4. Concluding remarks 

 

In this chapter, a series of compounds were synthesized and their antibacterial 

activities against S. aureus and E. coli were evaluated. Compounds were designed 

from the structure modification of the lead compound F332. From the SAR, we 

found that nine-carbon chain was essential for this series of compounds keeping 

antibacterial activity, while the cyano group was a bad choice. Among these 

compounds, most of them exhibited some extent antibacterial activity against S. 

aureus, especially for the compounds with amidoxime group and amidine group 

with MIC as good as ranging from 4 µg/mL to 32 µg/mL.  

 

In the other hand, it was not easy to find some compounds with antibacterial activity 

against E. coli, and most of our compounds had no effect on E. coli. Fortunately, 

our compounds with amidine group had some extent antibacterial activity against 

E. coli with MIC between 16 µg/mL and 64 µg/mL. Collectively, compounds 6 and 

10 exhibited moderate broad antibacterial activity against S. aureus and E. coli. 

Furthermore, compounds 32 and 38 exhibited stronger antibacterial activity against 

both S. aureus and E. coli. Their antibacterial activity against S. aureus increased 

8-fold, compared with compound 6, while the antibacterial activity against E. coli 

increased 2-fold. 
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Chapter 4. Double warhead with FtsZ inhibitors to 

fight against Gram-negative bacteria 

 

4.1. Introduction 

 

The global health problem caused by resistant bacteria, which have been defeated 

once, calls for rethinking of the principle of antibiotic drug discovery.(Brown, 2015) 

FDA also encourages adopting alternative strategy that uses current drugs rather 

than developing entirely new drugs to solve the antibiotic resistance 

problem.(Woodford et al., 2013) The double warhead strategy connects two drugs 

or scaffolds, which can interact with two different drug targets. This strategy can 

better utilize current drugs, and their antibacterial activity could be improved by 

their synergistic effect. Furthermore, resistance often emerges when a single 

antibiotic is used for therapy.(Prabhudesai et al., 2011) Schweizer and co-worker 

have reported that this strategy can successfully treat resistant bacteria.(Lyu et al., 

2017) 

 

FtsZ inhibitors are hard to inhibit the growth of Gram-negative bacteria strains. For 

example, the compound F332 had strong antibacterial activity against S. aureus, 

but no effect on E. coli. Hence, we proposed that double warhead small molecules 

with the scaffold of FtsZ inhibitors can interact with two targets at the time, and 

these inhibitors may lead to broaden the antibacterial spectrum. 

 

Triclosan is a broad-spectrum antibacterial agent that inhibits bacterial fatty acid 

synthesis (FAS) at the enoyl-acyl carrier protein reductase (FabI) step, which is a 

key enzyme of the type II FAS system, but the risk of triclosan is antimicrobial 

resistance, and its possible role in disrupting hormonal development remains 

controversial. To address these drawbacks of triclosan, we proposed combining 
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triclosan and the functional group of FtsZ inhibitor to broaden the antibacterial 

activity of compound F332 and reduce the cytotoxicity of triclosan. 

 

4.2. Experimental section 

 

4.2.1. Chemical synthesis 

 

4.2.1.1. Materials 

 

All the starting materials and chemical reagents for compound synthesis were 

purchased from commercial chemical companies, such as Aldrich and International 

Laboratory. All the organic solvents were purchased from Oriental Chemicals. All 

the chemicals and organic solvents mentioned above were of reagent grade and used 

directly without any further purification unless otherwise stated. Thin-layer 

chromatography (TLC) analysis was performed on Merck silica gel plates, and the 

version was TLC silica gel 60 F254 (0.25 mm thickness) purchased from E. Merck. 

Compounds were visualized under short and long UV light (254 and 365 nm) and/or 

immersed in 10% phosphomolybdic acid solution in ethanol followed by gentle 

heating with a heat gun and/or staining with silica gel powder combined with I2. 

Flash column chromatography for purification of compounds was performed on 

silica gel, and the chromatography silica gel was MN silica gel 60 (230-400 mesh).  

 

4.2.1.2. Instruments 

 

The structure of compounds was confirmed by 1H-NMR and 13C-NMR spectrum, 

and the molecular weight of compounds was confirmed by ESI-MS spectrum. All 

NMR spectra were recorded at room temperature on a Bruker Advance-III 

spectrometer at 400.13 MHz for 1H-NMR and 100.60 MHz for 13C-NMR. All 

chemical shifts were reported as parts per million (ppm) in the unit relative to the 

resonance of CDCl3, Methanol-d4, DMSO-d6. Low-resolution mass spectra (LRMS) 
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were obtained on a mass spectrometer in electron spray ionization (ESI) mode. 

High-resolution mass spectra (HRMS) were also obtained in an ESI mode 

Micromass Q-TOF-2 mass spectrometer located in the The University Research 

Facility in Life Sciences (ULS) at The Hong Kong Polytechnic University. 

 

4.2.1.3. Synthesis and characterization 

 

The general procedure of synthesis of double warhead compounds with both 

scaffolds of the FtsZ inhibitor F332 and FabI inhibitor triclosan was according to 

the synthesis pathway with only three steps shown in Scheme 4.  

 

The starting material triclosan was purchased from a commercial chemical 

company at a very low price. The first step was alkylation reaction, and the hydroxyl 

group was alkylated with dibromo alkane with different carbons in acetone at room 

temperature overnight to generate the bromide compounds 40-43 with a high yield. 

Products produced in this step didn’t need purification and could be used in the next 

step directly. The second step was also alkylation reaction, which used bromide 

compounds to alkylate with aniline. This reaction was conducted in the presence of 

potassium iodide and potassium carbonate, and the mixture was dissolved in 

dimethylformamide and stirred at 120 oC overnight to produce compounds 44-47. 

Finally, the compounds obtained in the last step were alkylated with iodomethane 

in the presence of potassium carbonate, and the mixture was dissolved in 

dimethylformamide and stirred at room temperature overnight. The final compound 

was purified by flash chromatography for the further biological activity test. 
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Scheme 4. Synthesis of compounds of double warhead inhibitors 

 

 

Procedure for synthesis   

 

2-(2-bromoethoxy)-4-chloro-1-(2,4-dichlorophenoxy)benzene (40) 

 

The mixture of triclosan (0.50 g, 1.7 mmol), K2CO3 (0.36 g, 1.6 mmol) and 1,2-

dibromoethane (0.31 g, 1.6 mmol) in acetone (10 mL) was stirred at room 

temperature overnight. TLC showed the starting material was consumed completely. 

Then filter the solid and remove the solvent in vacuum to obtain crude product as 

pale yellow oil, without any purification for next step use. 

 

2-(4-bromobutoxy)-4-chloro-1-(2,4-dichlorophenoxy)benzene (41) 

 

Following the experimental procedure for the preparation of compound 40 

described above, but with triclosan (1.00 g, 3.5 mmol), K2CO3 (0.60 g, 4.5 mmol) 

and 1,4-dibromobutane (0.75 g, 3.5 mmol) as a starting material to obtain crude 

product as pale yellow oil, without any purification for next step use. 
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2-((6-bromohexyl)oxy)-4-chloro-1-(2,4-dichlorophenoxy)benzene (42) 

 

Following the experimental procedure for the preparation of compound 40 

described above, but with triclosan (1.00 g, 3.5 mmol), K2CO3 (0.57 g, 4.2 mmol) 

and 1,6-dibromohexane (1.69 g, 6.9 mmol) as a starting material to obtain crude 

product as pale yellow oil, without any purification for next step use. 

 

2-((7-bromoheptyl)oxy)-4-chloro-1-(2,4-dichlorophenoxy)benzene (43) 

 

Following the experimental procedure for the preparation of compound 40 

described above, but with triclosan (0.80 g, 2.8 mmol), K2CO3 (0.46 g, 3.3 mmol) 

and 1,7-dibromoheptane (0.64 g, 2.5 mmol) as a starting material to obtain crude 

product as pale yellow oil, without any purification for next step use. 

 

3-((2-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)ethyl)amino)-2,6-

difluorobenzamide (44)  

 

The mixture of compound 40 (0.52 g, 1.3 mmol), 2-(2-bromoethoxy)-4-chloro-1-

(2,4-dichlorobenzyl)benzene (0.15 g, 0.9 mmol), K2CO3 (0.18 g, 1.3 mmol) and 

KI (0.29 g, 1.7 mmol) in ACN (2 mL) was stirred at 120 oC overnight. TLC showed 

the starting material was consumed completely. Then water was added into the 

mixture and extracted with ethyl acetate for 3 times, and the combined organic layer 

was washed with brine and dried over Na2SO4. Then the solvent was removed in 

vacuum and purified by silica gel (Hexane/ethyl acetate from 10:1 to 2:1) to obtain 

the product as pale yellow oil 0.10 g, yield in 23%. 

1H NMR (400 MHz, CHLOROFORM)  7.47 - 7.43 (m, 1H), 7.14 - 7.12 (m, 1H), 

7.00 - 6.96 (m, 3H), 6.82 - 6.77 (m, 1H), 6.71 - 6.69 (m, 2H), 5.98 (br. s., 1H), 5.85 

(br. s., 1H), 4.18 - 4.14 (m, 2H), 4.08 (br. s., 1H), 3.47 - 3.43 (m, 2H); 
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13C NMR (101 MHz, CHLOROFORM)  162.7, 152.3, 151.8 (dd, J = 243.4, 6.1 

Hz), 150.6, 150.3, 148.1 (dd, J = 247.5, 6.1 Hz), 143.5, 133.1 (dd, J = 12.1, 3.0 Hz), 

130.8, 130.3, 128.3, 127.8, 124.7, 122.1, 121.9, 118.3, 115.5, 113.6 (dd, J = 9.1, 5.1 

Hz), 112.8 (dd, J = 20.2, 17.2 Hz), 111.6 (dd, J = 24.2, 4.0 Hz), 68.3, 43.1.  

MS (ESI+) m/z: 487.76 (Calcd for [M+H]+: 487.71); 

HRMS (ESI+) m/z: 487.0191 (Calcd for [M+H]+: 487.0189). 

 

3-((4-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)butyl)amino)-2,6-

difluorobenzamide (45) 

 

Following the experimental procedure for the preparation of compound 44 

described above, but with compound 41 (0.52 g, 1.2 mmol), 2-(2-bromoethoxy)-

4-chloro-1-(2,4-dichlorobenzyl)benzene (0.14 g, 0.8 mmol), K2CO3 (0.17 g, 1.2 

mmol) and KI (0.11 g, 0.7 mmol) in ACN (2 mL) as a starting material to obtain the 

product as pale yellow oil 0.08 g, yield in 42%. 

1H NMR (400 MHz, CHLOROFORM)  7.42 (d, J = 4.0 Hz, 1H), 7.11 - 7.09 (m, 

1H), 7.00 - 6.94 (m, 3H), 6.85 - 6.81 (m, 1H), 6.67 - 6.61 (m, 2H), 6.08 (s, 1H), 

6.04 (s, 1H), 3.99 (t, J = 8.0 Hz, 2H), 3.78 (br. s., 1H), 3.12 - 3.07 (m, 2H), 1.81 - 

1.74 (m, 2H), 1.62 - 1.55 (m, 2H); 

13C NMR (101 MHz, CHLOROFORM)  162.7, 152.5, 150.8 (dd, J = 242.4, 6.1 

Hz), 150.8, 147.9 (dd, J = 248.5, 7.1 Hz), 143.0, 133.8 (dd, J = 12.1, 2.0 Hz), 130.7, 

130.1, 127.9, 127.6, 124.3, 122.2, 121.2, 117.8, 114.9, 113.0 (dd, J = 9.1, 5.1 Hz), 

112.5 (dd, J = 21.2, 16.2 Hz), 111.4 (dd, J = 23.2, 4.0 Hz), 68.7, 43.3, 26.5, 25.8. 

MS (ESI+) m/z: 515.75 (Calcd for [M+H]+: 515.76); 

HRMS (ESI+) m/z: 515.0496 (Calcd for [M+H]+: 515.0502). 
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3-((6-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)hexyl)amino)-2,6-

difluorobenzamide6(46) 

 

Following the experimental procedure for the preparation of compound 44 

described above, but with compound 42 (0.32 g, 0.7 mmol), 2-(2-bromoethoxy)-

4-chloro-1-(2,4-dichlorobenzyl)benzene (0.06 g, 0.3 mmol), K2CO3 (0.07 g, 0.5 

mmol) and KI (0.12 g, 0.7 mmol) in ACN (2 mL) as a starting material to obtain 

the product as pale yellow oil 0.04 g, yield in 21%. 

1H NMR (400 MHz, CHLOROFORM)  7.42 (d, J = 4.0 Hz, 1H), 7.10 - 7.07 (m, 

1H), 7.01 - 6.93 (m, 3H), 6.84 (t, J = 8.0 Hz, 1H), 6.70 - 6.63 (m, 2H), 6.30 (s, 1H), 

6.08 (s, 1H), 3.93 (t, J = 8.0 Hz, 2H), 3.81 (br. s., 1H), 3.09 (br. s., 2H), 1.68 - 1.62 

(m, 2H), 1.61 - 1.53 (m, 2H), 1.38 - 1.31 (m, 2H), 1.27 - 1.21 (m, 2H); 

13C NMR (101 MHz, CHLOROFORM)  162.9, 152.7, 151.0 150.7 (dd, J = 241.4, 

8.1 Hz), 147.9 (dd, J = 248.5, 7.1 Hz), 142.8, 134.0 (dd, J = 11.1, 2.0 Hz), 130.7, 

130.1, 127.6, 127.5, 124.2, 122.3, 120.9, 117.6, 114.7, 113.0 (dd, J = 10.1, 6.1 Hz), 

112.5 (dd, J = 21.2, 16.2 Hz), 111.6 (dd, J = 22.2, 3.0 Hz), 68.8, 43.7, 29.2, 28.9, 

26.6, 25.6. 

MS (ESI+) m/z: 543.84 (Calcd for [M+H]+: 543.82); 

HRMS (ESI+) m/z: 543.081 (Calcd for [M+H]+: 543.0815). 

 

3-((7-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)heptyl)amino)-2,6-

difluorobenzamide (47) 

 

Following the experimental procedure for the preparation of compound 44 

described above, but with compound 43 (0.24 g, 0.5 mmol), 2-(2-bromoethoxy)-

4-chloro-1-(2,4-dichlorobenzyl)benzene (0.06 g, 0.3 mmol), K2CO3 (0.06 g, 0.4 

mmol) and KI (0.06 g, 0.3 mmol) in ACN (2 mL) as a starting material to obtain 

the product as pale yellow oil 0.07 g, yield in 36%. 



122 

 

1H NMR (400 MHz, CHLOROFORM)  7.43 (d, J = 4.0 Hz, 1H), 7.11 - 7.08 (m, 

1H), 7.01 - 6.93 (m, 3H), 6.87 - 6.83 (m, 1H), 6.72 - 6.63 (m, 1H), 6.04 (s, 2H), 

3.92 (t, J = 8.0 Hz, 2H), 3.82 (br. s., 1H), 3.12 (t, J = 8.0 Hz, 2H), 1.65 - 1.61 (m, 

4H), 1.34 - 1.23 (m, 6H); 

13C NMR (101 MHz, CHLOROFORM)  160.7, 150.8, 149.2, 148.9 (dd, J = 241.4, 

5.1 Hz), 146.1 (dd, J = 244.4, 5.1 Hz), 141.1, 132.3 (dd, J = 11.1, 1.0 Hz), 128.8, 

128.2, 125.7, 125.6, 122.4, 120.4, 119.0, 115.8, 113.0, 111.2 (dd, J = 9.1, 5.1 Hz), 

109.4 (dd, J = 22.2, 2.0 Hz), 67.2, 42.0, 27.3, 27.0, 27.0, 24.9, 23.7. 

MS (ESI+) m/z: 557.87 (Calcd for [M+H]+: 557.84); 

HRMS (ESI+) m/z: 557.0974 (Calcd for [M+H]+: 557.0972). 

 

3-((2-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)ethyl)(methyl)amino)-2,6-

difluorobenzamide (48) 

 

The mixture of compound 44 (0.05 g, 0.1 mmol), MeI (0.02 g, 0.2 mmol) and 

K2CO3 (0.02 g, 0.2 mmol) in DMF (2 mL) was stirred at room temperature 

overnight. TLC showed the starting material was consumed completely. Then water 

was added into the mixture and extracted with ethyl acetate for 3 times, and the 

combined organic layer was washed with brine and dried over Na2SO4. Then the 

solvent was removed in vacuum and purified by silica gel (Hexane/ethyl acetate 

from 10:1 to 3:1) to obtain the product as pale yellow oil 0.02 g, yield in 34%. 

1H NMR (400 MHz, CHLOROFORM)  7.45 (d, J = 4.0 Hz, 1H), 7.13 - 7.10 (m, 

1H), 6.97 - 6.94 (m, 3H), 6.90 - 6.80 (m, 2H), 6.62 (d, J = 8.0 Hz, 1H), 6.02 (s, 1H), 

5.97 (s, 1H), 4.12 (t, J = 4.0 Hz, 2H), 3.45 (t, J = 4.0 Hz, 2H), 2.79 (s, 3H); 

13C NMR (101 MHz, CHLOROFORM)  162.5, 152.3, 150.7, 142.7, 136.5, 130.8, 

130.2, 127.8, 127.7, 124.2, 122.2, 121.5, 120.8 (dd, J = 10.1, 6.1 Hz), 117.5, 114.9, 

111.5 (dd, J = 23.2, 4.0 Hz), 68.3, 54.1, 40.8. 

MS (ESI+) m/z: 501.77 (Calcd for [M+H]+: 501.74); 
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HRMS (ESI+) m/z: 501.0351 (Calcd for [M+H]+: 501.0346). 

 

3-((4-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)butyl)(methyl)amino)-2,6-

difluorobenzamide (49) 

 

Following the experimental procedure for the preparation of compound 48 

described above, but with compound 45 (0.04 g, 0.1 mmol), MeI (0.04 g, 0.3 mmol) 

and K2CO3 (0.02 g, 0.2 mmol) in DMF (2 mL) as a starting material to obtain the 

product as pale yellow oil 0.02 g, yield in 51%. 

1H NMR (400 MHz, CHLOROFORM)  7.42 (d, J = 4.0 Hz, 1H), 7.11 - 7.08 (m, 

1H), 7.00 - 6.84 (m, 5H), 6.63 (d, J = 8.0 Hz, 1H), 5.99 (s, 2H), 3.95 (t, J = 8.0 Hz, 

2H), 3.01 (t, J = 8.0 Hz, 2H), 3.20 (s, 3H), 1.72 - 1.65 (m, 2H), 1.54 - 1.47 (m, 2H); 

13C NMR (101 MHz, CHLOROFORM)  162.6, 152.6, 151.0, 142.8, 137.4 (dd, J 

= 10.1, 3.0 Hz), 130.8, 130.1, 127.6, 127.6, 124.1, 122.3, 121.3 (dd, J = 10.1, 5.1 

Hz), 121.2, 121.0, 117.6, 114.8, 111.2 (dd, J = 22.2, 3.0 Hz), 68.9, 54.8, 39.7, 30.9, 

26.4. 

MS (ESI+) m/z: 529.75 (Calcd for [M+H]+: 529.79); 

HRMS (ESI+) m/z: 529.0660 (Calcd for [M+H]+: 529.0659). 

 

3-((6-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)hexyl)(methyl)amino)-2,6-

difluorobenzamide (50) 

 

Following the experimental procedure for the preparation of compound 48 

described above, but with compound 46 (0.04 g, 0.1 mmol), MeI (0.04 g, 0.3 mmol) 

and K2CO3 (0.02 g, 0.2 mmol) in DMF (2 mL) as a starting material to obtain the 

product as pale yellow oil 0.02 g, yield in 41%. 

1H NMR (400 MHz, CHLOROFORM)  ppm 7.41 (s, 1H), 7.10 - 7.07 (m, 1H), 

7.00 - 6.85 (m, 5H), 6.64 (d, J = 8.0 Hz, 1H), 6.04 (s, 1H), 6.00 (s, 1H), 3.91 (t, J = 
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8.0 Hz, 2H), 3.03 (t, J = 8.0 Hz, 2H), 2.80 (s, 3H), 1.64 - 1.61 (m, 4H), 1.35 - 1.28 

(m, 4H); 

13C NMR (101 MHz, CHLOROFORM)  162.7, 153.7 (dd, J = 246.4, 6.1 Hz), 

152.7, 152.3 (dd, J = 263.6, 6.1 Hz), 151.0, 142.9, 137.5 (dd, J = 5.1, 1.0 Hz), 130.7, 

130.0, 127.6, 127.5, 124.2, 122.3, 121.2 (dd, J = 9.1, 5.1 Hz), 120.9, 117.7, 114.7, 

111.2 (dd, J = 22.2, 4.0 Hz), 68.9, 55.4, 40.0, 29.7, 28.9, 26.5, 25.6. 

MS (ESI+) m/z: 557.85 (Calcd for [M+H]+: 557.84); 

HRMS (ESI+) m/z: 557.0976 (Calcd for [M+H]+: 557.0972). 

 

3-((7-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)heptyl)(methyl)amino)-2,6-

difluorobenzamide (51) 

 

Following the experimental procedure for the preparation of compound 48 

described above, but with compound 47 (0.03 g, 0.1 mmol), MeI (0.08 g, 0.5 mmol) 

and K2CO3 (0.01 g, 0.1 mmol) in DMF (2 mL) as a starting material to obtain the 

product as pale yellow oil 0.01 g, yield in 39%. 

1H NMR (400 MHz, CHLOROFORM)  7.43 (d, J = 4.0 Hz, 1H), 7.10 - 7.07 (m, 

1H), 7.00 - 6.92 (m, 4H), 6.89 - 6.85 (m, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.12 (s, 1H), 

6.01 (s, 1H), 3.91 (t, J = 8.0 Hz, 2H), 3.05 (t, J = 8.0 Hz, 2H), 2.80 (s, 3H), 1.65 - 

1.58 (m, 2H), 1.53 - 1.49 (m, 2H), 1.23 - 1.18 (m, 6H); 

13C NMR (101 MHz, CHLOROFORM)  162.8, 152.7, 151.1, 142.9, 137.5 (dd, J 

= 10.1, 3.0 Hz), 130.7, 130.1, 127.6, 127.5, 124.2, 122.3, 121.2 (dd, J = 10.1, 6.1 

Hz), 120.8, 117.7, 114.7, 111.1 (dd, J = 22.2, 4.0 Hz), 69.0, 55.5, 40.1, 29.1, 28.8, 

27.1, 26.8, 25.7. 

MS (ESI+) m/z: 571.85 (Calcd for [M+H]+: 571.87); 

HRMS (ESI+) m/z: 571.1130 (Calcd for [M+H]+: 571.1128). 
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tert-butyl 2-((3-carbamoyl-2,4-difluorophenyl)amino)acetate (56) 

 

Following the experimental procedure for the preparation of compound 44 

described above, but with compound 3-amino-2,6-difluorobenzamide (0.50 g, 2.9 

mmol), tert-butyl 2-bromoacetate (0.85 g, 4.3 mmol), K2CO3 (0.80 g, 5.8 mmol) 

and KI (0.39 g, 2.3 mmol) in DMF (5 mL) as a starting material to obtain the product 

as pale yellow oil 0.45 g, yield in 54%. 

1H NMR (400 MHz, CHLOROFORM)  6.87 - 6.82 (m, 1H), 6.62 - 6.56 (m, 1H), 

6.20 (br. s., 1H), 6.09 (br. s., 1H), 4.49 (br. s., 1H), 3.83 (d, J = 4.0 Hz, 1H), 1.50 

(s, 9H); 

13C NMR (101 MHz, CHLOROFORM)  169.4, 162.6, 151.5 (dd, J = 243.4, 6.1 

Hz), 148.2 (dd, J = 249.5, 7.1 Hz), 132.9 (dd, J = 12.1, 2.0 Hz), 113.4 (dd, J = 10.1, 

6.1 Hz), 112.8 (dd, J = 21.2, 16.2 Hz), 111.4 (dd, J = 24.2, 4.0 Hz), 82.5, 46.3, 28.1 

MS (ESI+) m/z: 286.29 (Calcd for [M+H]+: 287.27); 

HRMS (ESI+) m/z: 309.1023 (Calcd for [M+Na]+: 309.1021). 

 

2-((3-carbamoyl-2,4-difluorophenyl)amino)acetic acid (57) 

 

The mixture of compound 56 (0.45 g, 1.6 mmol) was dissolved in DCM (5 mL), 

and TFA (2 mL) was added in the mixture at 0 oC and stirred overnight. TLC showed 

that the starting material was consumed completely. Water was added into the 

mixture and the mixture was extracted with DCM 3 times. Then combined the 

organic layers and the organic layer was dried over Na2SO4.  The organic layer was 

concentrated in vacuum and purified by silica gel with ethyl acetate to obtain the 

product as dark yellow oil 0.18 g, yield in 47%. 

1H NMR (400 MHz, METHANOL-d4)  6.90 - 6.85 (m, 1H), 6.74 - 6.68 (m, 1H), 

3.97 (s, 2H);  

13C NMR (101 MHz, METHANOL-d4)  173.3, 164.7, 150.6 (dd, J = 241.4, 7.1 
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Hz), 147.2 (dd, J = 246.4, 7.1 Hz), 133.2 (dd, J = 11.1, 2.0 Hz), 114.0 (dd, J = 23.2, 

19.2 Hz), 112.8 (dd, J = 9.1, 4.0 Hz), 110.6 (dd, J = 22.2, 4.0 Hz), 44.6;  

MS (ESI+) m/z: 231.15 (Calcd for [M+H]+: 231.17); 

HRMS (ESI+) m/z: 231.0577 (Calcd for [M+H]+: 231.0576). 

 

tert-butyl 2-((3-carbamoyl-2,4-difluorophenyl)(nonyl)amino)acetate (58) 

 

Following the experimental procedure for the preparation of compound 44 

described above, but with compound F332 (0.15 g, 0.5 mmol), tert-butyl 2-

bromoacetate (1.47 g, 0.8 mmol), K2CO3 (0.14 g, 1.0 mmol) and KI (0.67 g, 0.4 

mmol) in DMF (5 mL) as a starting material to obtain the product as pale yellow 

oil 0.03 g, yield in 14%. 

1H NMR (400 MHz, CHLOROFORM)  7.09 - 7.04 (m, 1H), 6.88 - 6.84 (m, 1H), 

6.25 (br. s., 1H), 6.06 (br. s., 1H), 3.86 (s, 1H), 3.24 - 3.21 (m, 1H), 1.52 - 1.48 (m, 

2H), 1.43 (s, 9H), 1.27 (br. s., 12H), 0.89 (t, J = 8.0 Hz, 3H); 

13C NMR (101 MHz, CHLOROFORM)  170.2, 162.8, 153.8 (dd, J = 247.5, 7.1 

Hz), 152.2 (dd, J = 252.5, 6.1 Hz), 135.0 (dd, J = 9.1, 3.0 Hz), 123.0 (dd, J = 9.1, 

5.1 Hz), 111.1 (dd, J = 22.2, 4.0 Hz), 81.5, 54.8, 52.6, 31.8, 29.5, 29.4, 29.2, 28.1, 

27.6, 26.9, 22.6, 14.1. 

MS (ESI+) m/z: 413.54 (Calcd for [M+H]+: 413.51); 

HRMS (ESI+) m/z: 413.2609 (Calcd for [M+H]+: 413.261). 

 

2-((3-carbamoyl-2,4-difluorophenyl)(nonyl)amino)acetic acid (59) 

 

The mixture of compound 58 (0.03 g, 0.1 mmol) was dissolved in DCM (2 mL), 

and TFA (2 mL) was added in the mixture at 0 oC and stirred overnight. TLC showed 

that the starting material was consumed completely. Water was added into the 

mixture and the mixture was extracted with DCM 3 times. Then combined the 

organic layers and the organic layer was dried over Na2SO4. The organic layer was 
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concentrated in vacuum and purified by silica gel with ethyl acetate to obtain the 

product as pale yellow oil 13 mg, yield in 50%. 

1H NMR (400 MHz, METHANOL-d4)  7.19 - 7.13 (m, 1H), 6.95 - 6.91 (m, 1H), 

3.98 (s, 1H), 3.30 - 3.26 (m, 2H), 1.57 - 1.52 (m, 2H), 1.31 (s, 12H), 0.91 (t, J = 8.0 

Hz, 3H);  

13C NMR (101 MHz, METHANOL-d4)  173.1, 164.6, 153.2 (dd, J = 251.4, 7.1 

Hz), 151.5 (dd, J = 250.5, 7.1 Hz), 134.6 (dd, J = 10.1, 4.0 Hz), 122.3 (dd, J = 9.1, 

5.1 Hz), 115.2 (dd, J = 23.2, 22.2 Hz), 110.5 (dd, J = 23.2, 4.0 Hz), 53.5, 52.4, 31.6, 

29.3, 29.1, 29.0, 27.2, 26.6, 22.3, 13.0;  

 

5-chloro-2-(2,4-dichlorophenoxy)phenyl 2-((3-carbamoyl-2,4-difluorophenyl)- 

amino)acetate (60) 

 

The mixture of compound 57 (0.30 g, 1.3 mmol) and triclosan (0.38 g, 1.3 mmol) 

was dissolved in DMF (10 mL), and DCC (0.30 g, 1.4 mmol) was added in the 

mixture at 0 oC. The mixture was stirred overnight at room temperature and then 

the TLC showed that the starting material was consumed completely. Water was 

added into the mixture and the mixture was extracted with DCM 3 times. Then 

combined the organic layers and the organic layer was dried over Na2SO4. The 

organic layer was concentrated in vacuum and purified by silica gel with gradient 

elution (hexane/ethyl acetate from 10:1 to 1:1) to obtain the product as yellow solid 

0.13 g, yield in 19%. 

1H NMR (400 MHz, CHLOROFORM)  7.49 (d, J = 4.0 Hz, 1H), 7.22 - 7.19 (m, 

3H), 6.88 (d, J = 8.0 Hz, 1H), 6.81 - 6.72 (m, 2H), 6.65 - 6. 59 (m, 1H), 6.04 (s, 

2H), 4.50 (s, 1H), 4.21 (t, J = 8.0 Hz, 2H);  

13C NMR (101 MHz, CHLOROFORM)  168.3, 162.3, 151.8 (dd, J = 244.4, 6.1 

Hz), 150.5, 148.3 (dd, J = 249.5, 6.1 Hz), 146.7, 141.0, 130.5, 130.1, 129.2, 128.4, 

127.5, 126.2, 124.0, 121.0, 119.6, 113.5 (dd, J = 9.1, 5.1 Hz), 111.4 (dd, J = 23.2, 

4.0 Hz), 45.3;  
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MS (ESI+) m/z: 500.71 (Calcd for [M+H]+: 500.70); 

HRMS (ESI+) m/z: 500.9981 (Calcd for [M+H]+: 500.9982). 

 

4.2.2. Biological assays 

 

4.2.2.1. Materials 

 

Nutrient agar was obtained from Oxoid Ltd. (Nepean, Ontario, Canada). Luria-

Bertani (LB) medium was purchased from USB Corporation and used for 

preparation and transformation of competent cells for E. coli, S. aureus and other 

bacterial strains. Müller-Hinton broth (MHB) and Müller-Hinton agar and 

trypticase soy broth (TSB) for Minimum Inhibitory Concentration (MIC) 

determination were purchased from Becton, Dickinson and Company (New Jersey, 

USA). 

 

4.2.2.2. Bacterial strains 

 

The bacterial strains used in minimum inhibitory concentration (MIC) 

determination such as S. aureus ATCC 29213, E. coli ATCC 25922 and other 

bacterial strains, including clinical bacteria, were from Prof. Chen Sheng’ s research 

group. 

 

4.2.2.3. Antibacterial susceptibility test 

 

The minimum inhibitory concentrations (MICs) of the test compounds were 

determined using a broth microdilution method according to the Clinical and 

Laboratory Standards Institute (CLSI) guidelines. Briefly, compounds were 

dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution at a 

concentration of 16 mg/mL. The compound stock solution was then treated with a 

series of 2-fold dilutions in Müller-Hinton broth (MHB) to prepare compound-
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containing media at concentrations ranging from 0.25 to 256 µg/mL in 150 µL 

solution. Four to five single colonies of the testing bacterial strain on a TSB agar 

plate were inoculated in 5 mL of MH broths. The cells were incubated at 37 oC until 

the OD600 (absorbance of 600 nm) of the growing cells reached 1.0. The cells were 

then diluted to a final concentration of approximately OD600 of 0.08 to 0.1, in MH 

broth containing two-fold dilutions of the test compound in a 96-well microtiter 

plate. After 18 h of incubation at 37 oC, the OD600 values were measured to calculate 

the percentage inhibition of bacterial growth with respect to the control. The MIC 

value was defined as the lowest concentration of tested compounds that caused ≥ 

90% inhibition of bacterial growth. 

 

4.3. Results and discussion 

 

4.3.1. The design of compounds and their antimicrobial activity 

 

Our previous study showed that compound F332 has the best antibacterial activity 

against S. aureus with MIC values of 2 µg/mL. The drawback is that it has no effect 

on E. coli. On the other hand, triclosan is a fatty acid synthesis pathway inhibitor, 

and it is a very good antibacterial agent against both S. aureus and E. coli. However, 

there is concern over its toxicity, which would be harmful to the environment and 

people’s health. In order to overcome these disadvantages, we combined the 

scaffolds of F332 and triclosan, in the hope that the triclosan could help the 

combination molecule improve the antibacterial spectrum, while the scaffold of 

F332 connected with triclosan by a linker could help reduce the toxicity of triclosan. 

We used carbon chain as a linker to connect the 3-aminobenzamide with triclosan 

by the ether bond to generate a series of new double warhead molecules and the 

MIC results of these compounds are shown in Table 11. 

 

The MIC results showed that most compounds had no antibacterial activity and 
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their MIC values were all more than 64 µg/mL, except for compound 44 which had 

some extent antibacterial activity against S. aureus with MIC values of 64 µg/mL. 

The length of linker with different carbons was from 2 carbons to 7 carbons, and 

the amino and triclosan were connected by these carbon chains. In the next stage, 

we would use linker with no longer than two carbons and do further structure 

modification. 

 

Table 11. The MIC values of double warhead compounds with ether bond. 

 

 

We planned to use the linker with two carbons to connect the 3-aminobenzamide 

moiety and triclosan by ester bond, then generate compound 60. At the same time, 

Compound Structure  S. aureus  29213  E. coli  25922

44 64 >64

45 >64 >64

46 >64 >64

47 >64 >64

48 >64 >64

49 >64 >64

50 >64 >64

51 >64 >64

MIC (µg/mL)
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some intermediates were generated during the synthesizing process of compound 

60. The antibacterial activity of these compounds was evaluated and MIC values 

were shown in Table 12. 

 

Table 12. The MIC values of double warhead compounds with ester bond. 

 

 

The MIC result shows that the nine-carbon chain could apparently improve the 

antibacterial activity against S. aureus. The antibacterial activity of compound 58 

against S. aureus was improved 4-fold, from 128 µg/mL (compound 57) to 32 

µg/mL, while the antibacterial activity of compound 59 increased substantially, 

from more than 256 µg/mL (compound 56) to 4 µg/mL. This result indicated the 

important role of nine-carbon chain for this series of compounds. However, the 

problem of this series of compounds was that they were not effective for E. coli or 

other Gram-negative bacteria. which is the reason why we needed to connect the 

Compound Structure  S. aureus  29213  E. coli  25922

56 >256 >256

57 128 >256

58 32 >256

59 4 >256

60 <0.03 <0.25

Ttriclosan <0.03 <0.03

MIC (µg/mL)
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scaffold of F332 with triclosan for the active compounds with broad antibacterial 

spectrum.  

 

For this purpose, we synthesized compound 60 with 3-aminobenzamide and 

triclosan and connected by a linker with two carbons. The reason for using two 

carbons chain as linker was that according to a previous study shown in Table 12, 

the two carbons chain linker was better that longer chain linkers. The MIC result of 

compound 60 showed that the antibacterial activity was substantially improved 

from 64 µg/mL (compound 44) to less than 0.03 µg/mL for S. aureus, and more 

than 64 µg/mL (compound 44) to 0.25 µg/mL for E. coli. The reason may be that 

the linker of compound 60 was ester bond, which was easier hydrolyzed in vivo 

than ether bond used in the linker of compound 44. This led to these two scaffolds 

work on their targets respectively and exhibit extremely good antibacterial activity 

against S. aureus and E. coli. 

 

The purpose of this double warhead strategy was to fight against Gram-negative 

bacterial strains, which was more difficult to treat than Gram-positive bacterial 

strains. In the next stage, the antibacterial activity of compound 60 against Gram-

negative bacterial strains was further evaluated, and the MIC result was shown in 

Table 13. 

 

Table 13. The MIC values of compound 60 on Gram-negative clinical isolates. 

 

IPM, imipenem; MEM, meropenem; CAZ, ceftazidime; CTX, cefotaxime; ATM, 

aztreonam; TZP, piperacillin-tazobactam; CPS, cefoperazone/sulbactam; AMC, 

Triclosan 60 IPM MEM AMC CAZ CTX ATM TZP SCF 

KP-04 <0.125 0.5 8 16 128 >256 >256 >256 >256 >256

EC-33 <0.125 0.125 4 4 64 >256 >256 >256 >256 >256

KO-03 <0.125 0.5 8 16 128 >256 >256 >256 >256 >256

ECL-18 <0.125 0.25 4 32 256 256 >256 256 256 >256

KP-14 <0.125 0.125 16 16 128 256 >256 >256 >256 >256

Strains

MICs (μg/mL)
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amoxicillin-clavulanic acid;KP, K. pneumoniae; EC, E. coli; KO, K. oxytoca; ECL, 

E. cloacae. 

 

There were five Gram-negative bacterial strains, which are resistant to different 

types of antibiotics, including meropenem.(Wang et al., 2015) However, compound 

60 exhibited very good antibacterial activity against these resistant strains. This 

result indicated that this double warhead strategy could an alternative strategy for 

treating Gram-negative bacterial strains. 

 

4.3.2. Structure-activity relationship of novel compounds 

 

The nine-carbon chain was essential for this series of compounds keeping good 

activity, which is consistent with our previous study in Chapter 3. If the nine-carbon 

chain was replaced by tert-butyl ester (compound 56), the compound lost their 

activity completely, and if the nine-carbon chain was replaced by carboxyl acid 

(compound 57), the compound just had weak antibacterial activity against S. aureus 

with the MIC of 128 µg/mL. Then compounds 58 and 59 were synthesized, and 

both compounds were with nine-carbon chain. The MIC result showed that the nine-

carbon chain could apparently improve the antibacterial activity against S. aureus.  

 

The linker with 2 carbons enabled compounds to have some extent of antibacterial 

activity, such as compound 44 with MIC values of 64 µg/mL against S. aureus. 

However, the length of the linker should not be longer than 2 carbons, otherwise 

the compound would lose its activity. Compound 60 was connected by a linker with 

two carbons, and it exhibited excellent antibacterial activity against S. aureus and 

E. coli. 

 

It also exhibited very good antibacterial activity against other Gram-negative strains, 
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including K. pneumoniae, K. oxytoca and E. cloacae, and their MIC values were as 

good as less than 0.5 µg/mL. This result indicated that the linker type was also 

important for the compounds to maintain their antibacterial activity, and the ester 

bond is better than the ether bond. 

 

4.4. Concluding remarks 

 

In this chapter, we tried to use double warhead strategy to fight against Gram-

negative bacteria, which are more difficult than Gram-positive bacterial strains to 

treat. We used the scaffold of FtsZ inhibitor F332 to connect with triclosan by 

different linkers. On the one hand, double warhead molecule could broaden the 

antibacterial spectrum of F332. On the other hand, this double warhead molecule 

could reduce the cytotoxicity of triclosan. Considering these advantages of double 

warhead compounds, a series of double warhead molecules with different length 

linkers were synthesized.  

 

The MIC result showed that if the linker was too long, the compound would lose 

their activity, and only compounds with a linker of two carbons had some 

antibacterial activity against S. aureus, such as compound 44 with MIC values of 

64 µg/mL. Next, we designed compound 60 the same length of linker, but a linker 

with different bond types, from ether bond to ester bond.  

 

The intermediates of compound 60 also exhibited weak antibacterial activity 

against S. aureus, for example, compound 57 with MIC values of 128 µg/mL. When 

the nine-carbon chain was added on the amino group, the antibacterial activity 

against S. aureus was substantially improved. For example, the antibacterial activity 

of compound 58 against S. aureus was increased by 4-fold, from 128 µg/mL to 32 

µg/mL, while the antibacterial activity of compound 59 against S. aureus was 
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improved substantially, from more 256 µg/mL to 4 µg/mL. This result was 

consistent with the results obtained in chapter 3, indicating that nine-carbon chain 

was essential for this series of compounds to maintain good antibacterial activity. 

 

Compound 60 exhibited extremely good antibacterial activity with an MIC value 

of less than 0.03 µg/mL for S. aureus and an MIC value of less than 0.25 µg/mL for 

E. coli. The bond type of the linker played a very important role in improving the 

antibacterial activity of the compound. For example, when the bond type of the 

linker was changed from ether bond to ester bond, the antibacterial activity against 

S. aureus was increased substantially from 64 µg/mL to less than 0.03 µg/mL, an 

increase of more than 2000-fold. Furthermore, the antibacterial activity against E. 

coli was as good as its antibacterial activity against S. aureus. 

 

Due to the very good antibacterial activity against E. coli of compound 60, it was 

further evaluated for its antibacterial activity against other Gram-negative bacterial 

strains. The MIC result showed that it could inhibit most of these strains with MIC 

values of as low as less than 0.5 µg/mL. This result indicated that compound 60 

could not only fight against S. aureus, but also have good antibacterial activity 

against Gram-negative bacterial strains, including E. coli. 

 

Collectively, the double warhead strategy provides a possible method for antibiotics 

development for treating infections caused by Gram-negative bacterial strains. 
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Chapter 5. Conclusion 

 

Antibiotic resistance is still a global threat for public heath, because there is lacking 

of effective approaches to tackle with bacterial resistance. From the discovery of 

the first modern antibiotic penicillin in the 1930s, the development of the antibiotic 

drug had undergone a gold era for about 40 years. During this period, many different 

new classes of antibiotics were discovered and used in clinic, such as beta-lactams, 

sulfonamides, aminoglycosides, tetracyclines, macrolides, quinolones. 

Unfortunately, after 1980, only 3 three new types of antibiotic drugs have been 

brought to the market. Today we are still using very old drugs in clinics to treat the 

bacterial infections, to which bacteria may have already developed resistance. 

 

Methicillin-Resistant Staphylococcus Aureus (MRSA) is the most frequently 

concerned bacterial for public, because infections caused by MRSA are always with 

high rates of morbidity and mortality. What is worse, nowadays MRSA is not only 

resistant to methicillin, but also resistant to other types of beta-lactam antibiotics, 

such as cephalosporins. It means existing antibiotic drugs are no longer effective to 

treat these infections caused by resistant bacteria. Fortunately, the use of antibiotic 

adjuvant together with antibiotics to form a combination drug can restore the 

efficacy of these antibiotic drugs, providing an alternative strategy to treat 

infections caused by MRSA, and helping protect the exiting antibiotic drugs. In this 

study, FtsZ inhibitor F332 was used as antibiotic adjuvant together with different 

types of beta-lactam antibiotics to form combination drugs, in order to restore the 

efficacy of these beta-lactam antibiotics to treat the infections caused by MRSA. 

 

The potential of F332 as FtsZ inhibitor has been confirmed through different 

biological tests in our previous study. The MIC result of F332 suggested that it is 

suitable to work as an antibiotic adjuvant due to its weak antibacterial activity 
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against MRSA. The efficacy of the combination drugs treating 28 clinical MRSA 

strains was evaluated, and the MIC results showed that most of combination drugs 

had better antibacterial activity against MRSA strains than the beta-lactam 

antibiotics used alone.  

 

Furthermore, most of these combination drugs had synergistic effect, which was 

calculated by FIC index less than 0.5. The combination drug of compound F332 

and methicillin had the highest percentage (82%) of synergistic effect among all 

these combination drugs. This result indicated that compound F332 could restore 

the efficacy of methicillin to treat MRSA in vitro. The other combination drugs of 

compound F332 and different types of beta-lactam antibiotics also had high 

percentage of synergy, which was more than 60% for cefuroxime, cloxacillin and 

amoxicillin. All these results indicated that the FtsZ inhibitor F332 could be used 

as antibiotic adjuvant together with beta-lactam antibiotics to form a combination 

drug, which can restore the efficacy of beta-lactam antibiotics to treat MRSA strains 

in vitro. 

 

The lack of new classes of antibiotics in recent years is one reason of causes of 

antibiotic resistance. Therefore, there is an urgent demand to develop new types of 

antibiotic drugs to fight against infections caused by bacteria. FtsZ has been 

considered as a new drug target for antibiotic drug discovery and so many FtsZ 

inhibitors discovered by other research groups. However, the problem is that most 

of these FtsZ inhibitors have no antibacterial activity against Gram-negative 

bacterial strains, such as E. coli. A new class of FtsZ inhibitors has been developed 

in this study, which not only has antibacterial activity against S. aureus, but also has 

antibacterial activity against E. coli. 

 

We designed and synthesized a series of compounds and their antibacterial activity 
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were evaluated. The design of compounds was based on the structure of compound 

F332, and a compound library was synthesized by structure modification. The MIC 

results showed that most of these compounds exhibited good antibacterial activity 

against S. aureus with MIC values of 4 µg/mL, such as compound 8, some of 

compounds with amidoxime and most of compounds with amidine. Furthermore, 

compounds 32-38 were found to have antibacterial activity against both S. aureus 

and E. coli, especially for compounds 32 and 38, of which the antibacterial activity 

against S. aureus and E. coli with MIC values of 4 µg/mL and 16 µg/mL, 

respectively. 

 

The SAR analysis suggested that maintain the nine-carbon chain on amino group 

was essential for this series of compounds to keep good antibacterial activity. For 

the R1 group of F332, the amide group could be replaced by amidoxime and 

amidine, with which the compound still had good antibacterial activity against S. 

aureus. Moreover, when the amidoxime of compounds was acetylated by acetic 

anhydride, some of these compounds still had some extent antibacterial activity 

against S. aureus, such as compounds 25, 27 and 31. Excitedly, when the amide 

group of compounds was replaced by the amidine group, the antibacterial spectrum 

of these compounds was broadened.  

 

Overall, we broadened the antibacterial spectrum of FtsZ inhibitors through 

structure modification of compound F332, and the broad-spectrum FtsZ inhibitors 

with amidine group were synthesized. This result indicated that the structure of 

compound F332 was a potential scaffold to develop a new type of broad-spectrum 

antibiotic drugs. 

 

We also tried to use double warhead strategy to fight against Gram-negative bacteria, 

which are harder to treat than Gram-positive bacteria. The scaffold of compound 
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F332 was chosen to be part of double warhead molecules. Another part of the 

double warhead molecule was triclosan, which is a FabI inhibitor. It can inhibit fatty 

acid synthesis and has a broad antibacterial spectrum, including S. aureus and E. 

coli. Its drawback is its health and environmental concerns due to its relative high 

toxicity and disposed problem. The double warhead molecule was hypothesized 

that such a strategy could not only broaden the antibacterial spectrum of FtsZ 

inhibitors, but also reduce the toxicity of triclosan. 

 

We synthesized a series of double warhead compounds by using a linker to connect 

two scaffolds, and the antibacterial activity of these compounds and intermediates 

was evaluated by MIC test. We found that compound 60 had excellent antibacterial 

activity against both S. aureus and E. coli, with MIC values of less than 0.03 µg/mL. 

Furthermore, its antibacterial activity against other Gram-negative bacterial strains 

was also evaluated, and the result showed that MIC values of most Gram-negative 

bacterial strains was less than 0.5 µg/mL.  

 

The SAR analysis showed that the length of the linker should not be more than two 

carbons, otherwise these compounds would lose their antibacterial activity. Overall, 

compound 60 not only exhibited excellent antibacterial activity against S. aureus, 

but also performed pretty good antibacterial activity against Gram-negative 

bacterial strains. This result indicated that the double warhead strategy with the 

scaffold of FtsZ inhibitor could be a potential method for discovering new types of 

antibacterial drugs to fight against Gram-negative bacterial strains. 

 

Although the findings reported in this thesis are encouraging, the further structure 

modification of compound F332 is required in order to find more new types of 

compounds with better broad-spectrum antibacterial activity. The amidine group 

was confirmed as a good starting point for the structure modification, because the 
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compounds with amidine exhibited very good antibacterial activity against both S. 

aureus and E. coli. In the next stage, we should keep this functional group on the 

structure and modified other position on the phenyl ring. The role of other position 

whether is also important should be studied in future work. Moreover, the effect of 

the number of fluorine atom on the antibacterial activity should be investigated, 

because the previous study showed that two fluorine atoms were essential for the 

compound to maintain antibacterial activity. 

 

For the double warhead strategy, the compound 60 should be further investigated 

the mechanism of the effective action, whether the double warhead molecule can 

interact with two targets or it can interact with a completely new target. Furthermore, 

although it exhibited excellent antibacterial activity against S. aureus and many 

Gram-negative bacterial strains, its cytotoxicity is unknown. Its cytotoxicity should 

be evaluated on human cells to determine whether it is too high for normal cell. 

Another problem is whether this double warhead molecule has the good 

antibacterial activity against Gram-negative bacterial strains in vivo. The animal 

study should be conducted to confirm its efficacy in vivo, because we hope this 

double warhead strategy can provide an effective approach to treat infections 

caused by Gram-negative bacterial strains. 

 

The lead compound F332 has been confirmed as a good selective FtsZ inhibitor 

with very good antibacterial activity against S. aureus. It has been approved to work 

as antibiotic adjuvant to restore the efficacy of beta-lactam antibiotics to treat 

MRSA in vitro. We propose that it can also be used with other types of antibiotics 

to treat infections caused by resistant bacterial strains. The synergistic effect of 

compound F332 used together with other antibiotics should be investigated widely. 

We hope this compound can be a good antibiotic adjuvant and can protect many 

types of existing antibiotic drugs, which can reduce the spread and emergence of 
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antibiotic resistance. 

 

Collectively, bacterial cell division FtsZ protein as a new drug target has been well 

studied previously and its inhibitors play an important role in antibiotic drug 

discovery. Hopefully, these new hypothesis and proposal can be conducted in near 

future. 
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2,6-difluoro-3-(nonylamino)benzonitrile (3) 
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2,6-difluoro-N'-hydroxy-3-(nonylamino)benzimidamide (4) 
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2,6-difluoro-3-(nonylamino)benzimidamide (6) 
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2,6-difluoro-3-(methyl(nonyl)amino)benzonitrile (7) 
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2,6-difluoro-N'-hydroxy-3-(methyl(nonyl)amino)benzimidamide (8) 
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2,6-difluoro-3-(methyl(nonyl)amino)benzimidamide (10) 
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2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (11) 
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2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzonitrile (12) 
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6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzonitrile (13) 
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6-fluoro-3-(nonylamino)-2-(4-propylphenoxy)benzonitrile (14) 
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2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzonitrile (15) 
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2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (16) 
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2-(4-aminophenoxy)-6-fluoro-3-(nonylamino)benzonitrile (17) 

 

189-c.001.esp

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical Shift (ppm)

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

N
o
rm

a
liz

e
d
 I

n
te

n
s
it
y

3.1612.842.152.241.841.012.001.921.091.05

F

O

CN NH

NH
2

189-cc.001.esp

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Chemical Shift (ppm)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

N
o
rm

a
liz

e
d
 I

n
te

n
s
it
y

1
5
5
.6

2
1
5
3
.1

5

1
4
9
.6

2

1
4
3
.4

9
1
4
2
.5

5

1
3
9
.0

1
1
3
8
.9

9

1
1
6
.8

9
1
1
6
.2

7
1
1
5
.2

9
1
1
2
.2

7
1
1
2
.0

7
1
1
1
.3

9

9
6
.9

8 9
6
.8

1

4
3
.6

6

3
1
.8

5
2
9
.4

8
2
9
.3

1
2
9
.2

2
2
9
.1

0
2
6
.9

0
2
2
.6

6

1
4
.1

1

 

  



156 

 

6-fluoro-N-hydroxy-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide 

(18) 
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2-(4-aminophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (19) 
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2-(4-bromophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (20) 
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6-fluoro-N-hydroxy-3-(nonylamino)-2-(4-propylphenoxy)benzimidamide (21) 
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2-(3,5-dimethylphenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide 

(22) 
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2-(3-bromophenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (23) 
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2-(3-ethylphenoxy)-6-fluoro-N-hydroxy-3-(nonylamino)benzimidamide (24) 
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N-acetoxy-6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide (25) 
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N-acetoxy-2-fluoro-5-(nonylamino)-6-(4-propylphenoxy)cyclohexa-2,4-

dienecarboximidamide (26) 
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N-acetoxy-2-(4-aminophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (27) 
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N-acetoxy-2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide 

(28) 
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N-acetoxy-2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (29) 
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N-acetoxy-2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (30) 
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N-acetoxy-2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (31) 

 

204-c.001.esp
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6-fluoro-2-(4-methoxyphenoxy)-3-(nonylamino)benzimidamide (32) 
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6-fluoro-3-(nonylamino)-2-(4-propylphenoxy)benzimidamide (33) 
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2-(3,5-dimethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (34) 
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2-(4-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (35) 
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2-(3-bromophenoxy)-6-fluoro-3-(nonylamino)benzimidamide (36) 
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2-(3-ethylphenoxy)-6-fluoro-3-(nonylamino)benzimidamide (37) 
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6-fluoro-3-(nonylamino)-2-phenoxybenzimidamide (38) 
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2,6-difluoro-3-(methylamino)benzonitrile (52) 
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(E)-N'-(3-cyano-2,4-difluorophenyl)-N,N-dimethylformimidamide (53) 
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2,4-difluoro-3-(1H-tetrazol-5-yl)aniline (54) 
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2,4-difluoro-N-nonyl-3-(1H-tetrazol-5-yl)aniline (55) 
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3-((2-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)ethyl)amino)-2,6-

difluorobenzamide (44)  

 

155-B1.001.esp
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3-((4-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)butyl)amino)-2,6-

difluorobenzamide (45)  

 

136-b.001.esp
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3-((6-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)hexyl)amino)-2,6-

difluorobenzamide6(46) 

 

145-b.001.esp
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3-((7-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)heptyl)amino)-2,6-

difluorobenzamide (47) 
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3-((2-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)ethyl)(methyl)amino)-2,6-

difluorobenzamide (48) 
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3-((4-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)butyl)(methyl)amino)-2,6-

difluorobenzamide (49) 
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3-((6-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)hexyl)(methyl)amino)-2,6-

difluorobenzamide (50) 

 

147-b.001.esp
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3-((7-(5-chloro-2-(2,4-dichlorophenoxy)phenoxy)heptyl)(methyl)amino)-2,6-

difluorobenzamide (51) 

 

150-b.001.esp
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tert-butyl 2-((3-carbamoyl-2,4-difluorophenyl)amino)acetate (56) 
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2-((3-carbamoyl-2,4-difluorophenyl)amino)acetic acid (57) 

 

124-b.001.esp
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tert-butyl 2-((3-carbamoyl-2,4-difluorophenyl)(nonyl)amino)acetate (58) 

 

127-b.001.esp
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2-((3-carbamoyl-2,4-difluorophenyl)(nonyl)amino)acetic acid (59) 

 

128-b.001.esp
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5-chloro-2-(2,4-dichlorophenoxy)phenyl 2-((3-carbamoyl-2,4-difluorophenyl)- 

amino)acetate (60) 
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