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ABSTRACT 

 

This project focuses on developing tobramycin-moxifloxacin antibiotics, 

connected through an aliphatic tether, and evaluates its optimal length. The initial 

protocol had several shortcomings: the hybrid with a two-carbon linker could not be 

synthesized, the linkage of moxifloxacin to the aliphatic chain was done through the 

carboxylic group instead of the amino group, and the tobramycin moiety was 

decomposed into nebramine after being exposed to HCl. The protocol was improved by 

the introduction of a protecting group for preventing the synthesis of the ester and the 

sequential deprotection of tobramycin for avoiding its decomposition. Finally, 4,4’-

bis(bromomethyl)biphenyl, which is a common molecular framework in drugs, was used 

as a linker to study the impact of rigidness on hybrid activity. The new protocol allowed 

the synthesis of protected hybrids in high yields; however, the purification of the final 

compounds was unsuccessful due to the presence of inorganic salts.    
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Chapter 1: Introduction and Background 

 

1.1 Introduction to antibiotics 

 

Antibiotics have been considered as one of the most important therapeutic 

discoveries in the history of medicine. Nowadays, it is very unlikely that any person 

around the globe can live a long and healthy life without receiving some kind of 

antimicrobial agent. Through history it was thought, according to Hippocrates’ teachings 

(4th century BC), that diseases were the result of an imbalance of several substances – 

often called "humors" - within the human body. During the 2nd century AD, the Greek 

physician, surgeon and philosopher known as Galen of Pergamon revolutionized the 

therapeutic treatments by incorporating existing substances into nature in order to restore 

the lost balance between "humors" and these galenic preparations did not have any 

specifications about the required quantities of each component. Since then and following 

Galen’s approach, the pharmaceutical knowledge advanced very slowly; each 

preparation, drug or treatment was prescribed at the discretion of each physician and was 

frequently changed depending on each individual patient1.  

 

The origin of modern therapeutic treatments was probably initiated during the XIII 

century in England and Germany with the emergence of apothecaries as separated and 

differentiated figures of the physician2. However, it’s crucial to highlight the role of 

Paracelsus as one of the researchers who gave the greatest impulse to this new science, 

who during the XVI century studied the active principles of the used prescriptions and 

introduced this new concept into medicine. Paracelsus thought that it was not the set of 

components what was able to produce the therapeutic effect but the action of specific 

substances with determined functions within the prescription; furthermore, he was the 

first person to introduce the concept of dose necessary to understand the desired as well 

as the toxic effects of most substances1.  
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Considering the clear differences between the Galenist and Paracelsus theories, the 

followers of each one of them created rivalries and their disputes dominated the scene for 

a very long time; however, during more than two centuries the prescribed “drugs” usually 

combined galenic preparations with more sophisticated pharmaceutical details such as the 

dosage. Many of these preparations were intended to combat the most widespread 

diseases of the time; nonetheless, no one succeeded to group those diseases into a 

common category.  

 

It was not until the XIX century that the Germ Theory of Disease would clarify the 

true cause of these pathologies as well as was crucial for leading the identification of the 

actual organisms that cause several diseases, in this way a new way for the emergence of 

specific therapeutic agents was settled revolutionizing thus the history of medicine1. At 

the beginning of the XX century the life expectancy for the average population was 47.3 

years in North America, but towards the end of the XX century this number surpassed 75 

years (Figure 1.1).  

 

If we address this topic from the epidemiological point of view, the fundamental 

reasons for this virtual duplication in the life expectancy lie in the availability of drinking 

water as well as the availability of treatments for infectious diseases. Even nowadays 

these two factors are still crucial in order to determine the life expectancy and this fact 

can be easily demonstrated contrasting similarities between the countries with high life 

expectancy and the availability of water and antibiotics worldwide3. 
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Figure 1.1: Life expectancy worldwide since 1950-2050. 

 

  

 

Figure 1.2: Availability of drinking water worldwide. 
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1.1.1 The discovery of microorganisms 

 

By 1859, Louis Pasteur laid the foundations of "the Germ theory of disease" which 

is fundamental for further development of antibiotic therapeutics. Pasteur was originally a 

chemist, but his scope of actions involves diverse areas of science, such as chemistry, 

physics, veterinary and bacteriology. While studying the plant and animal degradation 

through putrefaction and fermentation he found out these are involved as well biological 

processes carried out by fungi, yeasts and bacteria which are present in the air of the 

environment instead of merely chemical processes; moreover, he began to think this 

germs could also have a pathogenic role in human beings.4 In his publications about the 

decomposition processes he suggested that contagious diseases owe their existence to the 

same factors responsible of the decomposition of plants and animals, according to 

Pasteur: “The role of the infinitely small in nature is infinitely great”.5  

 

Several renowned researchers in the field of medicine made outstanding 

contributions based on Pasteur’s theories. Joseph Lister developed antiseptic protocols 

before surgeries with the aim of destroying the microorganisms supposed to be 

responsible of the suppuration processes6. In 1881, Robert Koch created a method for 

using solid nutrients on plates in order to detect and track the bacterial growth, 

differentiating bacterial colonies by shape, texture and color7. Hans Christian Gram 

developed a novel technique of bacterial staining able to identify more effectively 

population of bacteria and this method is still used.  

 

From bacterial pharyngitis to meningitis, from tuberculosis known in ancient 

Egypt to our days, bacteria constitute an inescapable component of our environment. 

They sometimes coexist peacefully but frequently seek survival at the expense of a guest, 

for instance humans. The leukocytes activity and their ability to produce antibodies 

represent our mechanism of defense in order to resist bacterial invasion; however, since 

the middle part of last century humans also have created substances of natural origin able 
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to contribute to bacterial death without affecting the human host. These substances are 

known as antibiotics. 

 

1.1.2 The emergence of antibiotics 

 

 The idea about of the existence of living beings capable of producing substances 

that can be used in order to inactivate or kill other beings with whom they are coexisting 

was absolutely unthinkable before the XIX century; however, Paul Vuillemin from the 

University of Nancy presented in 1889 his description about this phenomenon which he 

called "antibiotic influences". Furthermore, Selman Waksman who is recognized by the 

discovery of streptomycin, proposed in 1941 the term "antibiotic" in order to group the 

growing number of substances with antibacterial properties8. In spite of the above, 

antibiotics have been probably used inadvertently long before their official discovery 

considering that there is evidence of the presence of tetracyclines in materials from 

Egyptian civilization and probably the use of soil with the purpose of curing diseases by 

several ancient tribes and civilizations is due to the fact that soil is one of the major 

sources of antibiotic-producing microorganisms9. 

 

The first antibacterial product of natural origin was discovered by E. de 

Freudenreich while he was studying the blue pigment released by Bacillus pyocyaneus - 

now Pseudomonas aeruginosa - which was able to stop the growth of some kind of 

bacteria in the test tubes. However, Rudolf Emmerich and Oscar Loew in 1889 carried 

out the first experiments with this pigment, demonstrating that this product not only 

inhibited the growth of bacteria but also could destroy several species of pathogenic 

bacteria such as anthrax, cutaneous abscesses and the typhoid fever; nonetheless, the 

pigment was too unstable and toxic for its use in humans. For the mentioned above, the 

German chemist Paul Ehrlich noticed that certain dyes could specifically bound to certain 

tissues or bacteria and his observations led him to think that such kind of selectivity 

might be the basis for finding a "magic bullet", i.e. a substance able to eradicate an 
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specific microorganism without damaging the host tissues10. Ehrlich developed the first 

drug to be targeted against a specific pathogen: Salvarsan, which was an arsenic-derived 

compound with activity against syphilis; however, this drug placed it far to be an ideal 

candidate due to the fact that it had to be dissolved in hundreds of milliliters of distilled 

and sterile with minimal exposure to air in order to produce a solution suitable for 

injection and it also had several side effects such as rashes, liver damage and risks on 

limbs. Later, in order to compensate the toxicity and instability of Salvarsan, Ehrlich 

introduced Neosalvarsan, which was easier to prepare and had less severe side effects, 

but its effectiveness was slightly lower11. Ehrlich’s work and his quest for the "magic 

bullet" set the basis for the development of a new era of antibiotics.  

 

1.1.2.1 The discovery of Penicillin and the origin of Sulfas 

 

Several substances were tested in the early decades of the XX century, but they 

were also discontinued due to their unacceptable side effects, as consequence the initial 

enthusiasm about finding effective compounds without toxicity began to fade. However, 

around 1920, Alexander Fleming a Scotsman working at St. Mary's Hospital in London, 

reported the discovery of a substance within human tears with the potential to destroy 

some bacteria, substance subsequently called "lysozyme". Lysozyme attracted some 

interest, but unfortunately the susceptible bacteria to lysozyme were primarily non-

pathogenic and therefore the substance never got a place in therapeutics. Even so, it was 

not until 1928 that Fleming was able to achieve its main discovery, which would 

dramatically change the history of medicine. He was studying the chromogenic variants 

of Staphylococcus aureus which is the main colonizing bacteria in the skin and at the 

same time a microorganism capable of producing serious infections, and after a weekend 

break he found that one of the agar plates previously discarded was not completely 

submerged in the detergent solution and over one side of the plate he observed lysis of 

the germ apparently as consequence of a fungus adjacent to the plate12. Along with his 

collaborator D. M. Pryce, Fleming isolated the fungus Penicillium and demonstrated that 
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this organism produced a substance able to diffuse through the agar and to lyse the 

bacteria, naming penicillin to this new substance; nonetheless, the path in order to 

introduce penicillin as a therapeutic agent would not start until almost two decades 

later13, because as well as the majority of scientist at the time, Fleming does not believe 

possible the systematic use of antibiotic substances in order to cope the main infectious 

diseases14.    

  

Several events and some other people had to intervene in order to establish the 

beginning of the antibiotics era. In 1930, Gerhard Domagk worked with chemical dyes 

when he noticed that one substance - Prontosil - had antibacterial activity against 

Streptococcus after being administered on diseased animals and subsequently was 

discovered that it was the sulfonamide residue associated with the dye the responsible of 

exhibiting the antibiotic properties, as consequence, sulfas became the first stable agent 

with no limiting toxicity that could be administered internally to combat infections15. 

This finding revived interest about antibiotics and the previous idea about the "magic 

bullet" and several researchers worldwide resumed their efforts for finding new 

antibacterial substances. From Koch, and perhaps long before, it was known that soil had 

some "antibiotic" properties over different pathogenic bacteria and the little abundance of 

this type of microorganisms in soil was the most tangible proof, for that reason the earth 

seemed to be the most suitable place to focus the quest.  

 

1.1.2.2 Antibiotics extracted from soil: The introduction of aminoglycosides, 

cephalosporins and some high spectrum antibiotics 

 

Around 1940, microbiologist Selman Waksman and his disciple Rene Dubos from 

Rutgers University, began a methodical study in order to find out which substances were 

able to prevent the development of pathogenic bacteria in soil. Dubos was the first on 

isolating a microorganism called Bacillus brevis which was living on soil and had the 

capacity of producing a substance capable of inhibiting the growth of gram-positive 
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bacteria called “Gramicidin”, but in spite of it was too toxic to be administered 

systemically Gramicidin was introduced into market for its use as a topical agent. At the 

same time, Waksman isolated 10 microorganisms potentially capable of producing drug 

candidates from a systematic review of more than ten thousand soil samples, among 

which were Streptomyces griseus - an exponent of the actinomycetales family – in charge 

of producing an antibiotic substance called "Streptomycin" by Waksman16,17. This drug 

proved to be effective in diseases that penicillin could not treat such as urinary tract 

infections, tularemia and even tuberculosis, in this way a new family of antibiotics were 

found: the aminoglycosides, which remain within the therapeutic arsenal even today.  

 

A sample of Venezuelan soil - taken by the microbiologist of Yale University Paul 

Burkholder - proved to contain a novel substance capable of inhibiting the growth of both 

gram-positive and gram-negative bacteria: chloramphenicol, this new substance was also 

useful for the treatment of diseases caused by Rickettsia – a genus of gram-negative 

bacteria – opening the path for the appearance of what is known nowadays as "broad 

spectrum" antibiotics. At the same time Burkholder identified chloramphenicol, 

Benjamin Duggar was conducting a research about a microorganism able to produce a 

gold-colored antibiotic substance called Aureomycin, subsequently known as 

Chlortetracycline, and this new "broad-spectrum" antibiotic which appeared in 1948 

proved to have a similar mode of action and a significantly lower toxicity than 

chloramphenicol3. Thus, soil analysis was also the starting point for extracting 

Erythromycin using Streptomyces eritreus from the Philippines, and Vancomycin from 

Streptococcus orientalis existing in India and Indonesia. Research in different 

laboratories around the world during subsequent years served for discovering most of the 

known antibiotics. 

 

After many years of purification and analysis, in 1964 the Howard Florey 

laboratory in Oxford managed to isolate Cephalosporium acremonium from drainage 

samples obtained near the coasts of Sardinia, thus the cephalosporins’ era began with the 
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introduction into market of Cephalothin and Cephaloridine, followed a few years later by 

the first active cephalosporins administered orally such as Cephalexin3. 

 

1.1.2.3 Synthetic antibiotics 

 

In parallel with the discovery of natural antibiotics, the will for obtaining 

antibiotics by chemical synthesis continued after the path previously initiated by 

sulfonamides and their derivatives. A new idea emerged shortly after the introduction of 

penicillin; it consisted on obtaining semisynthetic products with new properties through 

the chemical modification of the lateral chains; for instance, by isolating the core 6-

aminopenicillanic acid (6-APA), it was possible to start the production of semisynthetic 

penicillins through of the incorporation of several lateral chains to the original penicillin 

G, and as consequence of this new approach, methicillin was introduced to therapeutics 

in 1960 and ampicillin in 1961; furthermore, Cephalosporins also had a similar 

development after isolating the core 7-ACA18.  

 

1.1.2.3.1 The development of fluoroquinolones 

 

 With the emergence of semisynthetic approaches was possible to develop a new 

therapeutic agent widely used worldwide until our days: The fluoroquinolones. This new 

type of antibiotics turned out to be a widespread family of drugs due to their 

pharmacokinetic qualities, their bactericidal action over a large number of pathogens and 

their low toxicity; since they were introduced, multiple fluoroquinolone derivatives have 

appeared and are still marketed with minimal differences compared with their 

predecessors.  

 

Starting in 1965 with the introduction of nalidixic acid - patented in 1962 – a 

family of compounds called quinolones makes its appearance into therapeutics19, and 

during decades thousands of molecules have been synthesized using the quinolone’s 
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structure as starting material. Nalidixic acid, which is a non-halogenated chemical 

structure (Figure 1.3) was characterized by exhibiting activity exclusively against Gram-

negative bacteria, and from the pharmacokinetic point of view, it was distinguished by a 

poor distribution in the body obtaining as result a high concentration of this compound in 

urine which determined its primary use on urinary infections, and as well as nalidixic 

acid, cinoxacin and oxolinic acid were also representative antibacterial agents of the first 

generation quinolones (Figure 1.3).  

 

 

Figure 1.3: Chemical structure of first generation quinolones. A) Nalidixic Acid, B) 

Oxolinic Acid, C) Cinoxacin.  

 

With the synthesis of norfloxacin (Fig. 1.4) the first fluoroquinolone was 

incorporated into the therapeutic arsenal20. Certain structural modifications of nalidixic 

acid helped to improve dramatically its antibacterial potency; however, although the 

starting material is nalidixic acid, norfloxacin resembles flumequine (Fig. 1.4) regarding 

to the presence of a fluorine atom at position C-6, and to pipemidic acid (Fig. 1.4) due to 

the presence of a piperazine group at position C-7; furthermore, due to chloroquine 

molecule was the origin in order to make the chemical synthesis of quinolones, nalidixic 

acid and norfloxacin exhibited activity against malaria as well as their structural 

predecessor as consequence of structure-activity properties21. After the mentioned 

modifications, norfloxacin showed activity against Gram-positive bacteria in addition to 

an increased activity against Gram-negative compared with the first generation of 

quinolones, specifically nalidixic acid; on the other hand, norfloxacin exhibited a low 

digestive absorption and low blood concentrations after its oral administration, for which 
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its therapeutic applications were limited to urinary diseases and sexually transmitted 

infections22. However, further structural modifications gave rise to two derivatives of 

great relevance: ofloxacin and ciprofloxacin (Fig. 1.5).  

 

Figure 1.4: Chemical structure of norfloxacin and its structural predecessors. A) 

Norfloxacin, B) Chloroquine, C) Flumequine, D) Pipemidic acid. 

 

 

 

Figure 1.5: Chemical structure of the main second-generation quinolones. A) Enoxacin, 

B) Pefloxacin, C) Ciprofloxacin, D) Ofloxacin, E) Lomefloxacin, F) Fleroxacin. 
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The addition of cyclic groups at N1 position provided greater antibacterial activity 

during in-vitro studies as well as a greater systemic distribution in comparison with 

Norfloxacin. Furthermore, after the insertion of a cyclopropyl group at N1 position, 

ciprofloxacin showed a substantially higher activity against both types of bacteria: Gram-

positive and Gram-negative in addition to improved oral absorption and greater systemic 

distribution than ofloxacin, making this last antibiotic also suitable for skin, soft tissues, 

joints and bones infections22.  

 

This new type of antibiotics was recognized as a group of antimicrobial agents of 

significant importance in charge of: 

 

• Possessing a broad spectrum of antibacterial activity. 

• Presenting high oral bioavailability. 

• Exhibiting a good tissue distribution obtaining significant levels in the interstitial 

fluids. 

• Presenting adequate intracellular penetration in macrophages and other phagocytic 

cells. 

• Achieving excellent urinary concentrations. 

 

Among the second generation of quinolones, norfloxacin, enoxacin, pefloxacin, 

ciprofloxacin, ofloxacin, lomefloxacin and fleroxacin are the most relevant (Fig. 1.5) and 

undoubtedly, ciprofloxacin demonstrated significantly superior pharmacodynamic and 

pharmacokinetic properties to nalidixic acid; however, ciprofloxacin presented a poor 

activity against anaerobic germs and a relatively low activity against several Gram-

positive bacteria among which Streptococcus pneumoniae was one of the most renown, 

factor that drove the search for new quinolones with a greater antibacterial spectrum and 

improved pharmacokinetic properties; for instance, greater plasma half-life and tissue 

penetration22.  
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Several changes have been made since then in order to obtain the fluoroquinolones 

currently used in medical practices; all of them are structurally similar and have a basic 

nucleus within their molecules - the quinolone or the diazanaphthalene ring, (Fig. 1.6) -. 

The nitrogen at position N-1 and the carboxylic acid at C-3 are practically indispensable 

to exhibit antibacterial activity; moreover, ketone at position C-4 is imperative and 

fluorine at C-6 - which is responsible about the name for this group of antimicrobials - is 

crucial for determining the antibacterial potency of these compounds23. From this basic 

structure, a great number of modifications have been made primarily at position N-1 and 

at positions C-6, C-7 and C-8 giving rise to more than 10,000 derivatives. New 

quinolones have incorporated cyclopropyl or aryl groups at position N-1 and the C-8 can 

be occupied by a nitrogen giving rise to a diazanaphthalene ring; furthermore, the 

addition of piperazine groups at position C-7 increases the activity against 

Pseudomonas23, and the addition of a fluorine at position C-8 promotes activity against 

Staphylococcus24; additionally, the incorporation of a second fluorine atom at position C-

8 leads to improvements in the pharmacokinetic properties, and the substitution of the 

methyl group - present in nalidixic acid - by a piperazine group increases oral absorption 

and prolongs the plasma half-life.  

 

From the point of view of adverse effects and their connection with the chemical 

structure, it is important to highlight that photo-toxicity of fluoroquinolones with a 

halogen atom at position C-8 is particularly significant; for instance, this is found in 

lomefloxacin, fleroxacin and sparfloxacin23. Furthermore, it has been also observed that 

fluoroquinolones where the position C-8 is replaced with a fluorine atom are very 

unstable against UV-A radiation which determines the formation of toxic degradation 

products25, fact that can be prevented with the introduction of a methoxy group at 

position C-8, which increases substantially the stability of fluoroquinolones against UV 

radiation and therefore reduces phototoxicity26. 
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Figure 1.6: Structural sites of naphthyridone / quinolone rings. 

 

The most relevant structural changes to obtain new derivatives have been made on 

the amines at position C-7 due to the ease of incorporating different side chains, thus 

several groups such as piperazine and aminopyrrolidine have been introduced for giving 

rise a new generation of quinolones also called quinolones of third generation27, among 

which can be found drugs such as levofloxacin, clinafloxacin, sparfloxacin, 

grepafloxacin, and trovafloxacin (Fig. 1.7); however, due to unexpected side effects such 

as haemolysis, renal failure and thrombocytopenia, trovafloxacin was withdrawn from the 

market28. Third generation quinolones have a number of pharmacokinetic and 

pharmacodynamic significant advantages compared to previous quinolones as 

antimicrobial agents. Some of the most relevant properties are29: 

 

• They present a fast dissolution in the gastrointestinal environment with an 

adequate and fast absorption in duodenum and jejunum and the maximum 

concentration is obtained between 1 and 2 hours.  

• They reach higher concentrations in tissues located at lungs, kidneys, endometrial, 

myometrial, uterine cervix, vesicular and ovary. 

• Most have relatively high plasma half-lives, which allow the use of these 

compounds in a single daily dose. 

• They have a broad antimicrobial spectrum with outstanding activity against Gram-

positive and Gram-negative bacteria, including anaerobes and intracellular 

pathogens. 
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Figure 1.7: Chemical structures of the most relevant third generation quinolones. A) 

Levofloxacin, B) Clinafloxacin, C) DU-6859a, D) Grepafloxacin, E) Sparfloxacin, F) 

Trovafloxacin. 

 

The increased activity against Gram-positive bacteria means a significant 

therapeutic advance by the quinolones of third generation and these changes carried out 

at positions C-7 and C-5 have made possible these achievements. In summary, the 

quinolones of first generation - nalidixic acid and others - were antibacterial drugs that 

demonstrated a relatively low effectiveness, subsequently with the incorporation of 

fluoride derivatives giving rise the quinolones of second generation, compounds such as 

norfloxacin were rapidly considered important chemotherapeutic agents for the treatment 

of not only urinary tract but also several other infections, and with the introduction of 

ciprofloxacin the antibacterial spectrum was extended and the absorption in tissues and 

plasma was increased getting as result higher drug concentrations and an improved 

effectiveness. Thus fluoroquinolones were considered as a truly revolutionary discovery 

with a low incidence of adverse effects; however, with their excessive use on 

therapeutics, an increased number of bacteria strains became resistant and several 

undesirable effects were on the horizon once more again.  
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1.1.3 Inappropriate use of antibiotics  

 

Due to the great impact and effectiveness that antibiotics had after being 

discovered, a generalized myth was spread among all population about their outstanding 

efficacy and safety which contributed decisively to overuse these medicines, a 

shortcoming that even nowadays still exists. The use of these drugs was progressively 

migrating from serious infections – which proved after all their incredible activity - 

towards more banal infections with the aim of finding the same type of response.  

 

The limitations of several of these antibiotics for the treatment of bacterial 

infections - especially upper respiratory tract infections – and the fact that most 

antibiotics do not even respond to non-bacterial diseases were not considered and were 

prescribed indiscriminately. In 2002, the US Center for Disease Control and Prevention 

estimated that if antibiotics were restricted to upper respiratory tract infections, the use of 

antibiotics would be reduced about 40%30.  

 

According to what was detailed before, the concept about the appropriate use of 

antibiotics arises, which involves not only the selection of the best available drug 

according to its action spectrum but its use only when necessary, with the right dose and 

during the right time, as opposed of what is defined now as inappropriate use of 

antibiotics which is understood as any situation where too many patients are prescribed 

unnecessarily with antibiotics - usually broad spectrum antibiotics – by a wrong 

administration way, wrong dosage or during longer periods of time31. Considering what 

was described previously, the antibiotic resistant is a global threat and is produced as 

consequence of the amount of antibiotics consumed inside a given geographical area at 

the same time, and also the number of people involved in this consumption. Based on the 

above parameters, Stuart Levy proposed the concept of "selection density", which 

provides a framework for analyzing the problem caused by resistant bacteria32.  
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As conclusion, the appropriate use of antibiotics is a topic of paramount 

importance in therapeutics. Even though may induce the development of resistance, they 

are not only inevitable but something really desirable in the present and for the future. 

However, many experts have expressed their concerns about the resistance caused be the 

overuse of antibiotics.33,34  

 

1.2 Antibiotic Resistance 

 

In the 1940s, the research carried out by Howard Florey and Ernst Chain aroused 

great interest among the scientific community because there was now the possibility of 

producing penicillin in sufficient quantity in order to be evaluated in animals and 

Humans with devastating infections. The results of these experiments were spectacular, 

the scientists were enthused and began to use this antibiotic on a much larger scale 

working at the same time on the possibility of its mass production because in this way it 

could be available to anyone who needed it. 

 

On November 28, 1942, a fire broke out at the Cocoanut Grove nightclub in 

Boston and most victims were rescued and transferred to the two main hospitals in the 

city. After the first 24h, more than two-thirds of survivors had a favorable evolution, 

which meant a never before achieved success rate in fire cases. This feat was due to the 

use of sulfadiazine in order to control infections caused by Streptococcus, to the first 

massive use of human plasma to allow the replacement of liquids in burn patients, and 

finally to the availability of penicillin for the treatment of severe cutaneous infections 

caused by Staphylococcus aureus. The Cocoanut Grove fire encouraged the US 

government and some pharmaceutical companies to make the decision of producing 

penicillin in large quantities, and in 1944, penicillin was available to general public 

accompanied by sweeping publicity that showed this new medicine as the "magic bullet" 

of Ehrlich and a true miracle, because penicillin acted against invulnerable infections at 

the time and exhibited irrelevant toxicity in comparison with sulfas. After all the 



28 
 

destruction caused after World War II, people relied on penicillin to heal virtually any 

disease, and this indiscriminate use of penicillin determined the emergence of resistant 

bacteria. By the end of the 1940s more than half of the hospital isolates of 

Staphylococcus were resistant.22 

 

During the initial years of use of antibiotics, it was believed that knowing the 

mechanisms by which bacteria generated their resistance, there would always be the 

possibility of overcoming that effect through the synthesis of new compounds. 

Pharmaceutical laboratories quickly began to work on the development of drugs not 

susceptible to bacterial enzymes in charge of depleting penicillin and this search resulted 

in the discovery of methicillin, which was introduced on the market by 1960. However, 

the response by bacteria did not wait, in 1961, several strains of Staphylococcus aureus 

resistant to methicillin were reported from Great Britain, and within a few years these 

strains had already spread in most of the world.35,36 In a short time, it was possible to 

recognize that bacterial resistance even after the development of new semisynthetic drugs 

is much more faster than the required time for the synthesis, development and testing of 

new drugs; a competition in which the pharmaceutical development is doomed in 

advance. 

 

1.2.1 Types of resistance 

 

The bacterial resistance to antibiotics is a broad subject, which can be considered 

from different angles; however, it’s important to highlight three fundamental 

perspectives37:  

 

• Individual resistance: It refers to all molecular interaction between a bacterial cell 

with its genetic and metabolic arsenal, and a given antibiotic. There are different 

resources available for bacteria in order to avoid the action of antibiotics. When 

referring to genetic and metabolic arsenal it’s important to point out that it is not 
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always enough to find a gene able to encode a particular resistance mechanism, 

but also it must be understood that such genes must be expressed in sufficient 

quantity and quality, and often must interact different resistance mechanisms in 

order to achieve the bacterial resistance. As an example, the expression of E. coli 

and its C-class beta-lactamase - type Amp-C - can be highlighted, in this case, the 

gene coding for this enzyme capable of breaking β-lactam antibiotics is naturally 

encoded in the chromosome for these bacteria; however, the expression of this 

enzyme is minimal because this microorganism lacks the natural promoter (Amp-

R). Thus, although E. coli possesses a gene capable of producing an effective 

mechanism of resistance, its poor expression causes the microorganism to be 

sensitive to ampicillin. 

 

• Population resistance: It represents the in vitro behavior of an established bacterial 

population facing a concentration of a certain antibiotic during a determined 

period. These types of studies are usually done in clinical laboratories and the final 

results will give a report of sensitivity or resistance, which are very important for 

the therapeutic treatment of the patient; for instance, for a patient with a low 

urinary tract infection – cystitis - produced by an E. coli strain, an effective 

treatment with ampicillin may sometimes be obtained, although in vitro studies 

reveal that E. coli is resistant to it. The reason why of this behaviour is due to the 

beta-lactams are more than 100 times more concentrated in bladder than in 

plasma, so they reach levels that exceed the bacterial resistance. On the other 

hand, a gram-positive strains like S. aureus or S. pneumoniae, which are sensitive 

to erythromycin in vitro, cannot be faced with this antibiotic if there is a 

bacteremia – presence of bacteria in blood -, because the macrolides reach an 

insufficient plasma concentration. 

 

• Population resistance in microorganisms already producing an infection: This case 

refers to the in vivo behaviour of a microorganism and the therapeutic 
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effectiveness of an antibiotic against such bacteria. It’s also important to approach 

the development of resistance once the infection is produced over the host, 

because in vitro and in vivo behaviours of bacteria might be different as 

consequence of the site of infection, the antibiotic’s pharmacokinetic properties - 

dose and daily fractionation are crucial here -, the immunological state of the 

patient, etc. The recovery of patient’s health is the parameter able to determine the 

effectiveness of each treatment. 

 

Antibiotic resistance can be either intrinsic or acquired. Resistance is characteristic 

for each family, species or bacterial group. For example, all gram-negative bacteria are 

resistant to vancomycin, and this situation is not variable; however, the acquired 

resistance is variable and is acquired by a single strain of a certain bacterial specie. Thus, 

there are Pneumococcus strains that have acquired resistance to penicillin, Escherichia 

coli strains resistant to ampicillin and Staphylococcus strains resistant to methicillin37. 

The acquired resistance is what can lead to fail a therapeutic treatment when an antibiotic 

apparently active over a population of bacteria responsible about an infection is used. 

 

1.2.2 Genetics of antibiotic resistance 

 

Bacteria can acquire resistance based on their genetic variability and the 

mechanisms of resistance may also be acquired through mutation or by transferring 

genetic material among bacterial cells of related or different species. These resistance 

genes may be encoded in the chromosomal or extrachromosomal genetic material - 

plasmids - and these characteristics have epidemiological implications and sometimes 

even in therapeutic cases. The vast majority of resistance mechanisms can be grouped 

into three categories38: 

 

• Enzymatic inactivation: The main mechanism of inactivation is hydrolysis, as 

happens with beta-lactamases and beta-lactams, but it’s also possible to have non-
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hydrolytic modifications such as acetylations, adenylations or inactivating 

phosphorylations of aminoglycosides. 

 

• Modifications on the target site: There are several strategies in order to achieve 

this goal. For instance; Modifications in the gene coding for the antibiotic target 

itself, such as alterations in Streptococcus pneumoniae’s PBPs – penicillin binding 

proteins – in charge of serving as target for the pharmaceutical action of penicillin 

and even ceftriaxone; or, the acquisition of genes able to code for substitutes of the 

original targets which are less affine, such as PBP2 in Methicillin-resistant 

Staphylococcus spp.  

 

• Permeability alterations: Three types can be included here: 

 

1. Alterations of bacterial membranes: It’s mainly seen in gram-negatives, where 

the lipid-rich outer membrane is impermeable to hydrophilic substances and thus, 

these substances can only pass through transmembrane proteins with porin 

function; however, there are some antibiotic molecules such as penicillin and 

vancomycin which are unable to pass through porins - because their size – of the 

gram-negative bacteria. A decreased expression of such porins may decrease the 

flow of the remaining antibiotics into the periplasmic space. However, it was 

found out that the levels of resistance achieved through this method are usually not 

sufficient in order to confer absolute resistance against an antibiotic, but 

unfortunately, the simultaneous occurrence of this mechanism linked to another, 

for example enzymatic hydrolysis - even at discrete levels -, can confer to bacteria 

higher levels of resistance causing thus therapeutic failures. 

 

2. Alterations at the entrance of energy-dependent antibiotics, as occurs during the 

first stage of aminoglycoside entry – more detailed later -. 
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3. An increased efflux of antibiotics: Resistance through efflux mechanisms 

affects different groups of antibiotics such as beta-lactams, quinolones, 

tetracyclines and chloramphenicol. In gram-negative bacteria these systems are 

generally constituted by three proteins: one of high molecular weight associated to 

cytoplasmic membrane, one with the purpose of binding both membranes and one 

porin associated to the outer membrane. Within the multiple efflux systems, it can 

be highlighted the efflux pumps belonging to Pseudomonas aeruginosa: MexAB-

Opr M, MexCD-Opr J and MexEF-OprN; being MexA, MexC and MexE subunits 

composed by proteins of approximately 110 kD associated to cytoplasmic 

membrane; Mex B, Mex D and Mex F which are subunits composed by proteins 

of approximately 40 kD responsible of binding both membranes; and finally, Opr 

M, J and N correspond to the outer membrane porins which are structures of 

approximately 50 kD. These systems are responsible of expulsing molecules from 

the cytoplasm out of the outer membrane. Regarding to gram-positive, a 

transmembrane protein with ATPase function acts as efflux pump. 

 

1.2.3 Mechanisms of resistance to antibiotics acting on the bacterial wall 

 

The bacterial wall is a vital structure for all microorganisms that own it. So, the 

design or discovery of antibiotic molecules with activity at this level is a powerful 

approach to dealing with bacterial infections because the bacterial wall is one of the most 

important factors that determine antibiotic resistance. The main function of a bacterial 

wall is the osmotic protection, allowing bacterial survival with several conditions of 

osmolarity including abrupt changes from one medium to another. This role is carried out 

by the peptidoglycan, which acts as well as an armor or mesh able to wrap the bacteria 

offering it rigidity and stability37. 
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1.2.3.1 Peptidoglycan Structure 

 

The peptidoglycan can be divided into two regions: 

1. A cross oriented amino-sugar polymer composed by a cyclic and 

repetitive union of an N-acetylglucosamine dimer (NacGlc) and N-acetylmuramic 

acid (NacMur), through ß1-4 bonds. 

 

2. A peptide moiety formed by a pentapeptide which is covalently attached 

to NacMur and which is constituted by L-alanine (L-ala), D-glutamic (D-glu), 

Diaminopimelic acid (mDAP) - in gram-negative - or L-Lysine (L-Lys) - in gram-

positive -, and finally a terminal dipeptide of D-alanyl-D-alanine dipeptide (D-

Ala-D-Ala). This pentapeptide is linked to each NacGlc-NacMur monomer 

(Figure 1.8). 

 

 

Figure 1.8: Scheme of Peptidoglycan Components37. 
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Among the peptide units, the longitudinal cross-linking gives functionality to this 

polymer. The cross-linking occurs mostly between D-Ala-D-Ala located at position 4 and 

mDAP for gram-negative bacteria, while the gram-positives use a pentapeptide of glycine 

in order to bind D-Ala-D-Ala to L-Lys. This three-dimensional crosslinking described 

previously gives stiffness to the peptidoglycan structure and allows it to fulfill its main 

functions - regulation of the osmotic pressure, keeping the bacterial shape and a crucial 

role during the cell elongation and division -38. 

 

1.2.3.2 Resistance to β-lactams 

 

The three great mechanisms already described can be brought into play in order to 

generate the resistance to β-lactams: Permeability alterations, modifications on the target 

site and enzymatic inactivation or enzymatic hydrolysis. The permeability alterations 

correspond primarily to a decreased porine expression, and as it was already mentioned, 

this is not a mechanism that promotes high levels of resistance by itself, but can be very 

important along with other different types of mechanisms. The modifications on the 

target site are also important here. The different PBPs by themselves are the target for the 

different β-lactams, the genetic information for these proteins is encoded inside the 

bacterial genome and not in the plasmids; however, some elements regulating the 

expression of such genes can be encoded in a plasmid. There are several alternatives in 

order to produce a PBP less affine to β-lactams; for instance, the methicillin-resistant S. 

aureus has an alternative gene called mecA that expresses to code for a PBP very 

different from the existing one - PBP2 - which is less affine to all β-lactams, thus the 

expression of mecA generates resistance to all β-lactams regardless of the in vitro results. 

This is one case where regulation is mediated by plasmids38.  

 

Some bacteria strains also acquire resistance to β-lactams by incorporation of 

fragments of genetic material from another microorganism, this process is generated by 

transformation and homologous recombination which generates patched genes whose 
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sequence is formed by the pre-existing information as well as by the newly acquired; for 

instance, the PBPs of penicillin resistant S. pneumoniae and the modified PBPs of 

Neisseria gonorrhoeae are formed from several sequences highly homologous to 

sequences in charge of coding PBPs of Neisseria lactamica. 

  

Enzymatic hydrolysis is the main mechanism of resistance to β-lactams and occurs 

as consequence of the action of enzymes called β-lactamases, which are enzymes 

belonging to a family of proteins with enormous differences among them. By hydrolysis, 

penicillins, cephalosporins and carbapenems can be destroyed by β-lactamases. Most of 

these enzymes act through the formation of an acyl-penicillin complex that is rapidly 

hydrolyzed, regenerating thus the enzyme. These enzymes are part of a large group of 

proteins called serine proteases39. 

 

1.2.3.3 Resistance by β-lactamase inhibitors 

 

β-lactamases are globular proteins which have a mass 100 times higher than their 

substrate, are enzymes produced by bacteria that provide multi-resistance to β-lactams 

such as penicillin, cephamycins and carbapenems. These proteins, provides antibiotic 

resistance by breaking antibiotics’ structure. Based on data from partial DNA sequences 

of β-lactamases, Ambler proposed in 1980 to classify them into four classes: A, B, C and 

D. Class A enzymes, which has the TEM-1 enzyme as prototype (currently present in 

more than 50% of isolates of Enterobacteriaceae) are encoded in plasmids and their 

molecular weight ranges from 25 to 30 kD as well as those of class B and D40. Class C 

enzymes are generally encoded on the bacterial chromosome and are proteins with about 

100 amino acids more than the other groups, so their molecular weights are more than 40 

kD. These enzymes are typically encoded on the chromosome of several Gram-negative 

bacteria including Citrobacter Serratia and Enterobacter species where their expression 

is generally inducible; however, in some species such as Escherichia coli, the regulatory 

https://en.wikipedia.org/wiki/Citrobacter
https://en.wikipedia.org/wiki/Serratia
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gene has disappeared and as consequence the expression is not inducible, but it can be 

hyper-expressed41.  

  

Class D enzymes are a small group of plasmid enzymes, with increased activity 

over oxacillin (OXA-1). This type of enzymes can be inhibited by chloride ions and in a 

variable way by clavulanic acid inhibitors or sulbactam. Class D enzymes as well as what 

was observed in class A enzymes, have broadened their spectrum of action through 

specific mutations from other enzymes with a reduced activity to penicillins37.  

 

Class B enzymes require zinc for their activity and therefore are considered 

metallo-β-lactamases. In general, they are found in plasmids and can be inhibited by 

EDTA. Here can be highlighted the enzymes in charge of conferring resistance to 

carbapenems. These proteins belong to a family of enzymes with a similarity in the 

amino acid sequence between 20% and 40%. The mechanism of action of these enzymes 

differs from other proteases, because there are no covalent bonds between the enzyme 

and the substrate, but instead each one of the two Zn2+ atoms present polarize the 

carbonyl group present in the antibiotics’ β-lactam ring, producing thus an oxy-anionic 

hollow able to favor the hydrolysis. The mechanism suggests that Zn2+ is located close to 

nitrogen at the β-lactams’ ring, and it interacts with the amide group in order to stabilize 

the substrate during the nucleophilic attack and thus to develop the antibiotic resistance 

against β-lactams. 

 

There are two important aspects in order to classify β-lactamases: the location of 

genes (chromosomal or plasmid) and the spectrum of activity. Plasmid β-lactamases are 

mainly those of class; for example, the serine proteases found in plasmids. On the other 

hand, the chromosomal enzymes are mainly those of class C; however, it must be known 

that since few years ago it is much more frequent to detect class C β-lactamases in 

plasmids. 
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1.2.3.3.1 Plasmid β-lactamases 

 

Plasmid β-lactamases are mainly penicillinases in gram-positive bacteria, except 

by some with action on cephalosporin. Plasmid β-lactamases in gram-negative bacteria 

originally had a lower spectrum of action than chromosomal but were more effective. The 

presence of a gate-like structure (called the omega loop) is related with the optimal 

development of hydrolysis process on β-lactam ring as well as it also restricts the arrival 

of larger molecules to the active site. These first enzymes have action on penicillins and 

first-generation cephalosporins; however, the insertion of large side chains at carbon 7 of 

cephalosporin’s ring prevents the entry of these antibiotics into the active site of the 

enzymes and thus also generates resistance to the third generation cephalosporins, 

producing what is known as expanded spectrum β-lactamases (ESBL).  

 

Another important element of plasmid β-lactamases is their ability to interact with 

inhibitors of β-lactamases type sulbactam. These molecules with a β-lactam ring but with 

almost no antibiotic activity have the ability to interact with enzymatic residues (Arginine 

244) once β-lactamases are acylated, which generates a complete imbalance between a 

water molecule and the β-lactam ring. As a result of this, the enzyme deacylation is 

completely prevented whereby the resistance of these molecules remains unchanged. The 

active site on which the inhibitors act is not present in chromosomal β-lactamases37. 

 

1.2.3.3.2 Chromosomal β-lactamases 

 

Most of bacterial species belonging to the enterobacterial family have a 

chromosomal gene able to code for AmpC β-lactamases. Escherichia coli and Shigella 

are examples of bacteria where the expression from AmpC is non-inducible and for that 

reason the production of β-lactamases is carried out at low levels; furthermore, any 

mutation leading to increase the β-lactamase synthesis occur very rarely, and the 

development of resistance against the modern cephalosporins is as consequence a rare 
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behaviour in these types of bacteria. On the other hand, at other species of Enterobacteria 

as well as Pseudomonas, the AmpC β-lactamase synthesis is induced by β-lactams. At 

least two genes – AmpR and AmpD - are in charge of regulating the AmpC expression in 

Enterobacter cloacae, Citrobacter freundii and other species with inducible β-lactamase 

expression. Any mutation able to affect AmpR removes the β-lactamase inducibility as 

well as mutants with no AmpR gene produce an AmpC β-lactamase expression at much 

lower levels; in contrast, mutations in AmpD can lead to overproduce inducible β-

lactamases if the AmpR protein is present intact in the cell. The appearance of this last 

type of mutation is highly frequent and produces clinical resistance against a great variety 

of third-generation cephalosporins42. 

  

Chromosomal β-lactamases of Enterobacter cloacae are responsible for resistance 

to several third-generation cephalosporins. Some studies43 have found that more or less 

70% of all Enterobacter cloacae strains possess at least one type of chromosomal β-

lactamases. For instance, the enzymes E. cloacae beta-lactamase A, and E. cloacae beta-

lactamase B display similar enzyme kinetics and can be inhibited by antibiotics such as 

cloxacillin but not by p-chloromercuribenzoate - compound that is used as a protease 

inhibitor -. Both enzymes are not able to hydrolyze third-generation cephalosporins in E. 

cloacae strains; however, they can create resistance toward these drugs once some 

Enterobacter genes are transferred, exhibiting both an identical resistance pattern. This 

fact was demonstrated by characterizing Escherichia coli strains. 

 

1.2.3.4 Resistance to glycopeptides 

 

The resistance to glycopeptides is a complex mechanism involving different types 

of genes, some of them overlapping partially. The final result is the synthesis of a 

peptidoglycan which has a penta-peptide with a D-ala-D-lactate (D-lac) or D-ala-D-serine 

(D-ser) moiety at the end, resulting thus in a product not able to bind vancomycin. 
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Although vancomycin and teicoplanin resistance might be related, this latter is not well 

understood. 

 

The mechanism of resistance to vancomycin can be induced and requires the 

presence of the antibiotic. Five resistance phenotypes have been known so far, 

corresponding to five different groups of genes called Van, from VanA to VanE. The 

mechanism of action for the VanA system has been the most studied among the six; 

however, the remaining phenotypes seem to have minor variants. This mechanism is 

carried out through a two-component signal translation system: a transmembrane peptide 

called VanS and a second messenger called VanR.  

 

VanS is a histidine-protein kinase which contains a histidine residue which is auto-

phosphorylable under an external stimulus; however, this process is not known exactly, 

probably it might be related to transpeptidases and transglycosylases inactivation. Once 

VanS is phosphorylated, the phosphate group is transferred to an aspartate residue present 

in VanR, phosphorylating thus this latter. Once VanR is phosphorylated, it acts as a 

promoter for the complete set of VanA phenotype genes because VanR has a DNA 

binding domain. 

 

The glycopeptides antibiotics depends bind the D-ala-D-ala dipeptide in order to 

inhibit the synthesis of bacterial cell wall; for that reason, in order to create resistance to 

glycopeptides the D-ala-D-ala fragment is eliminated through the action of two additional 

genes called VanH and VanX. VanH generates D-lactate from pyruvate and VanX 

encodes a dipeptidase which cleaves the D-ala-D-ala dipeptides before they are 

incorporated into the peptidoglycan precursor, and at the same time VanH also avoids the 

cleavage of D-ala-D-lac dipeptide which is formed through of a ligase encoded by VanA 

gene - previously activated by VanS and VanR -, once VanH generates D-lactate and 

using the D-ala fragments left after the rupture of D-ala-D-ala. 
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These five genes, VanS, VanR, VanA, VanH and vanX are essential in order to 

develop vancomycin resistance. Finally, a gene called VanZ is also involved in 

developing resistance to teicoplanin through a mechanism not dependent on the 

pentapeptide modification; nonetheless, this mechanism is still unknown. This type of 

resistance can be classified among those who exhibit changes in the active site37. 

 

1.2.3.5 Resistance to quinolones  

 

Resistance to quinolones can be achieved by three main mechanisms: 

 

• Through chromosomal mutations in coding genes, by reducing intracytoplasmic 

concentrations of quinolones and by plasmid-mediated quinolone resistant 

(PMQR) genes. 

• By chromosomal mutations that affects the quinolone resistance determinant 

regions (QRDR) of DNA gyrase (GyrA and GyrB) and topoisomerase IV (ParC 

and ParE)44, caused due to transcription errors during chromosomal replication. 

Mutations in gyrA, the gene coding for subunits A gyrase DNA, make up the 

mechanism most frequently involved in developing resistance to quinolones 

among gram-negative bacteria45. 

• The reduction of quinolones intracellular concentrations is mainly carried out 

through two mechanisms: Reducing permeability by decreasing the regulation of 

the outer-membrane proteins, and by over-expressing multidrug efflux systems. 

This latter reduces the accumulation of quinolones inside the cytoplasm, thus the 

bacteria has sufficient time to get adapt and acquire resistance46. 

 

There are three types of plasmid-mediated quinolone resistance genes (PMQR), 

with variations reported in several pathogens around the world; Qnr resistance genes, 

aminoglycoside acetyl transferase variant gene (AAC(6')-lb-cr) and efflux pump coding 

genes (qepA and oqxAB)47,48: 



41 
 

• Qnr’s are transferable genes that confer low resistance to both quinolones and 

fluoroquinolones. Five families have been clearly identified: qnrA, qnrB, qnrC, 

qnrD and qnrS49; however, in 2013, Pons et al described a sixth family of qnr: 

qnrCV50. These genes encode the formation of a 218-amino acid repeating 

pentapeptide protein, which protects DNA gyrase and topoisomerase IV of being 

inhibited by quinolones through the reduction of the availability of active sites 

DNA’s holoenzymes. The presence of qnr genes may increase the number of 

mutations able to cause quinolone resistance; in addition, they usually combine 

with other genes within the same plasmid in order to generate cross-resistance 

between quinolones and other antibiotics for which the bacteria was not resistant 

previously48. 

 

• The gene AAC(6')-Ib-cr was described for the first time in 2006 by Robicsek et al, 

as a new variant of the aminoglycoside acetyltransferase - Aac(6')-Ib – which is 

responsible to make resistant the strains of Enterobacteria to amikacin, kanamycin 

and tobramycin. This gene produces an N-acetylation at the piperazine structure in 

some fluoroquinolones such as norfloxacin and ciprofloxacin, which reduces its 

antimicrobial activity52. The enzyme AAC(6')-Ib-cr can be distinguished from 

AAC(6')-Ib by the presence of two specific mutations in it, Trp102 → Arg and 

Asp179 → Tyr46, both responsible of reducing the susceptibility (two to three 

times greater) on some fluoroquinolones. 

 

• The qepA gene codes for generating a QepA type efflux pump that confers 

resistance to hydrophilic quinolones such as norfloxacin, ciprofloxacin and 

enrofloxacin by means of a system similar to the major facilitator superfamily 

efflux pump (MFS). Likewise, oqxAB is also a coding plasmid for efflux pumps, 

being recently identified as one of the PMQRs. OqxAB is encoded by the oqxA 

and oqxB genes, located in a 52kb plasmid designated as pOLA52 which confers 

resistance to multiple agents, including fluoroquinolones52; however, in 
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comparison with other resistance mechanisms mediated by plasmids, very little is 

known about the contribution of OqxAB to develop resistance against different 

antibiotics. 

 

1.2.3.6 Resistance to aminoglycosides 

 

The three resistance mechanisms already mentioned are found against these types 

of antibiotics. The most important is the enzymatic inactivation, followed by altered 

permeability and far at third place - limited to streptomycin and spectinomycin - an 

specific mutation can be observed at the target site, the 30s subunit protein called protein 

S12. 

 

Enzymatic inactivation: Several enzymes can inactivate these antibiotics acting at 

different levels, which can be acetylation, adenylation or phosphorylation, via 

acetyltransferases, adenyltransferases and phosphotransferases respectively. These 

enzymes have a different mode of action over the aminoglycosides on which they act; 

however, there are bifunctional enzymes such as those present in Enterococcus which 

have acetyl and phosphoryltransferase activity. These enzymes may be chromosomal or 

plasmid and can be expressed regardless of the presence of antibiotic. 

 

Enzymatic inactivation occurs during the transport of antibiotics into cell to reach 

the ribosome. The resistance to each aminoglycoside is the result of a balance between 

two speeds: The intracellular uptake and the enzymatic inactivation. The rate of 

inactivation depends on the how much affinity an enzyme has about the antibiotic. 

Resistance to aminoglycosides has a variable incidence across the world, due to the 

predominance of different inactivating enzymes as a result of pressure exerted by using 

certain aminoglycosides, and as consequence of the predominance of enzymes able to 

inactivate streptomycin and kanamycin has led to displace the use of these drugs. In 

general, the highest incidence of resistance occurs in Enterobacteriaceae. 



43 
 

Permeability disturbances: Aminoglycosides enter the bacterial cell by a complex 

mechanism that involves adherence to negatively charged molecules, such as 

lipopolysaccharide (LPS) residues, phospholipid polar heads, and outer membrane’s 

anionic proteins. After this adhesion which rearranges the LPS, the antibiotic enters 

through the periplasmic space. Upon reaching the cytoplasmic membrane, the antibiotic 

is introduced into cytoplasm by a transport system coupled to a proton gradient; this 

gradient depends on the activity displayed by aerobic respiratory chains, which explains 

the inactivity of these compounds against anaerobes. The resistance is carried out 

precisely by modifying this electrochemical gradient, because it’s more difficult the 

antibiotic entrance into the cell37.  

 

1.2.3.7 Resistance to macrolides 

 

The mechanisms of resistance basically involve the great mechanisms already 

mentioned. In gram-negative bacteria where antibiotics are not very effective, 

permeability disturbances can be observed. The mechanisms responsible of creating 

resistance against macrolides can be target based, the 23S ribosomal RNA (rRNA) 

residue present an important change which contribute to modify its active site; 

furthermore, the development of resistance is also related to a mutation in the ribosomal 

protein L4 or L22 affecting as consequence the ribosome’s interaction with the antibiotic. 

It has been reported as well that the expression of an erm - erythromycin ribosome 

methylation - gene, encodes an rRNA methyltransferase which is able to methylate once 

or twice - mono or dimethylation - the residue A2058 in domain V of the 23S rRNA, 

which can interfere with antibiotic binding53.  

 

There are as well genes in charge of encoding for efflux pumps which also 

mediate resistance, among which can be found mef(A) + msr(D) in Pneumococcus - 

Streptococcus and msr(A/B) in Staphylococcus54. Finally, drug inactivating mechanisms 

include phosphorylation of the 2′-hydroxyl of the amino sugar found at position C5 by 
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phosphotransferases and hydrolysis of the macrocyclic lactone by esterases. These 

acquired genes are regulated by either translation or transcription attenuation, largely 

because cells are less fit when these genes, especially the rRNA methyltransferases, are 

highly induced or constitutively expressed. The induction of gene expression is cleverly 

tied to the mechanism of action of macrolides, relying on antibiotic-bound ribosomes 

stalled at specific sequences of nascent polypeptides to promote transcription or 

translation of downstream sequences. 

 

1.3 Aminoglycosides 

 

Aminoglycosides remain as a class of antimicrobials commonly used and effective 

in clinical practice. Although there are several mechanisms of resistance, this type of 

antibiotics continues to be active against several gram-negative aerobic bacteria. At 

present, although they may be used as monotherapy in urinary tract infections, they are 

used primarily in combination with β-lactams when the patient suffers severe infections 

caused by gram-negative. Knowledge of pharmacokinetic and pharmacodynamic 

parameters has suggested the use of aminoglycosides in single doses, whose efficacy has 

been similar to their administration in multidoses in several studies; however, single 

doses have also shown a tendency to lower toxicity.  

 

1.3.1 Classification and chemical structure of aminoglycosides 

 

Its chemical structure is composed of amino sugars linked by glycosidic bonds to a 

hexagonal cyclic alcohol with amino - aminocyclitol - groups. Depending on whether the 

aminocyclitol component is streptidine or deoxystreptamine, they are classified into two 

large groups (Table 1). The first is composed only by streptomycin while the second is 

broader and includes most compounds used currently in clinical practice. However, there 

is a peculiar compound whose structure is composed only of aminocyclitol without 

aminoglycoside component, this is Spectinomycin55. 
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Aminoglycosides are basic substances with low molecular weight. Their 

antimicrobial activity is inhibited by acidic pH and divalent cations, reason why they do 

not work well in bronchial secretions, abscesses and tissue necrosis56. Aminoglycosides 

are chemically inactivated by β-lactams and this inactivation affects gentamicin and 

tobramycin more than netilmicin, amikacin or isepamicin; furthermore, the inactivation 

seems to be more intense with anti-Pseudomonas penicillins56.  

Classification of aminoglycosides 

Aminoglycoside with an aminocyclitol  

Streptidine aminocyclitol 

       Streptomycin 

Deoxystreptamine minocyclitol  

       Disubstituted 4,6 

              Kanamycin family 

                    Kanamycin 

                    Amikacin 

                    Tobramycin 

                    Dibekacin 

              Gentamicin family 

                    Gentamicin 

                    Sisomycin 

                    Netilmicin 

                    Isepamycin 

       Disubstituted 4.5 

              Neomycin 

              Paromomycin 

Aminocyclitol without aminoglycoside 

       Spectinomycin 

Table 1.1: Classification of aminoglycosides by structural 

characteristics 
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1.3.2 Pharmacokinetics and pharmacodynamics of aminoglycosides 

 

Administration: Aminoglycosides are not absorbed through the gastrointestinal 

tract, so they must be administered parenterally. However, by intramuscular route they 

are totally absorbed, obtaining the maximum concentration (Cmax) in blood between 30 

and 90 min. Intravenous infusion is recommended for 15-30 min, and if the dose is 

elevated (single dose case), the infusion time should be increased up to 30-60 min in 

order to avoid the neuromuscular blockade57. Its administration in the pleural and 

peritoneal cavities is not recommended because the aminoglycosides can be rapidly 

absorbed, leading thus to a subsequent toxicity55. 

 

Distribution: They are freely distributed in the vascular space and the interstitial 

fluid of most tissues, due to their poor binding to proteins and their high level of 

solubility. They barely cross biological membranes except the renal and inner ear cells, 

which show adequate aminoglycoside uptake kinetics. One hour after administration, the 

urine concentration is between 25 and 100 times higher than plasmatic concentration and 

remains high for several days. Aerosol administration achieves greater concentration in 

bronchial secretion than parenteral administration. They cross the blood-brain barrier 

poorly, so that when it is desired to achieve adequate concentration in the cerebrospinal 

fluid, intraventricular or intrathecal administration is recommended57.  

 

Excretion: All aminoglycosides are excreted by glomerular filtration without 

previous metabolic alteration. More than 90% of the administered dose is recovered 

unchanged in the urine during the first 24 hours; the rest can be detected in the urine for 

more than 20 days. Gentamicin, tobramycin and netilmicin reach urinary concentrations 

of 100 - 300 μg/ml after administering intramuscular doses of 1 mg/kg and intravenous 

dose of 2 mg/kg, respectively. After a dose of 7.5 mg/kg amikacin intramuscularly or 

intravenously, the urinary concentration reaches up to 700-800 μg/ml. The serum half-life 

of gentamicin, tobramycin, and netilmicin is 2 hours and amikacin between 2 and 3 hours 
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with normal kidney function; however, those times are shortened in case of febrile illness 

and prolonged with deterioration of kidney function55. 

 

Pharmacodynamics: Aminoglycosides show a pattern of bactericidal activity 

dependant of concentration, but not dependant of time that bacteria are exposed to 

aminoglycosides. Therefore, the goal of aminoglycoside therapy should be to maximize 

Cmax by administering the highest dose possible that the toxicity limit allow58. Clinical 

studies have shown there is a direct relationship between aminoglycoside Cmax and the 

therapeutic response during the treatment of bacteremia and pneumonia caused by gram-

negative bacteria. Finally, it has also been found that a Cmax/MIC ≥ 10 ratio achieves the 

maximum bactericidal effect, decreasing the emerge of resistant populations59. 

 

Adaptive and selective resistance: It means a lower capacity of the aminoglycoside 

for penetrating the outer membrane into bacteria, and appears in bacteria able to survive 

after an exposure to antibiotic concentrations lower than the MIC. Treatments with high 

doses of aminoglycoside in order to obtain Cmax/MIC > 10 helps to avoid this adaptive 

resistance by achieving a greater initial bactericidal effect, suppressing the survival of 

mutants with higher MIC. This absence of resistant bacteria during medical treatments is 

one of the great advantages of high dose aminoglycoside regimens58, which supports a 

series of advantages previously discussed about the use of aminoglycosides at high doses 

and prolonged intervals (single dose administration). Thus, single doses maximize the 

Cmax/MIC ratio, increasing subsequently the bactericidal activity; furthermore, it 

provides a longer bacterial inhibition through the post-antibiotic effect, prevents the 

development of bacterial resistance, and finally, reduces potential toxicity. 

 

1.3.3 Spectrum of activity 

 

Aminoglycosides show bactericidal activity against aerobic gram-negative 

bacteria, including Enterobacteriaceae and non-fermenting bacteria such as 
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Pseudomonas aeruginosa and Acinetobacter spp. The use of aminoglycosides in 

combination with antibiotics acting on the bacterial wall (penicillin, cephalosporin, 

monobactam, carbapenem, glycopeptide) shows a synergistic activity against several 

microorganisms such as Enterococcus faecalis, E. faecium, Viridans streptococci, 

Streptococcus pyogenes, Staphylococcus aureus, S. epidermidis, Escherichia coli, 

Klebsiella pneumoniae, P. aeruginosa, Serratia marcescens and Listeria 

monocytogenes60.  

 

The aminoglycosides activity against gram-positive bacteria includes 

Staphylococcus, Enterococcus and Streptococcus, but this activity is influenced mainly 

by the synergy associated with β-lactams and glycopeptides. They are active against 

methicillin sensitive S. aureus, but not against most methicillin resistant strains. They are 

also used in combination therapy with other antibiotics in infections caused by 

mycobacteria, Brucella spp, and L. monocytogenes. Streptomycin is active against 

Brucella spp and it shows the highest in vitro activity against Mycobacterium 

tuberculosis, while amikacin is more active against M. avium complex. Aminoglycosides 

also have in vitro activity against Haemophilus spp and Legionella spp, but are not used 

in clinical practice for treating infections caused by these pathogens. Aminoglycosides 

have no activity against Pneumococcus (Streptococcus pneumoniae), Stenotrophomonas 

maltophilia, anaerobic bacteria, Rickettsia, fungi or Mycoplasma spp61. 

 

Nowadays, the most important function of aminoglycosides still remains in the 

treatment of severe infections caused by gram-negative bacteria, Staphylococcus and 

Enterococcus. Its usefulness is limited by the appearance of resistance favored by the 

indiscriminate use of these antibiotics, and therefore susceptible of showing great 

geographical variation. The interpretative criteria in order to consider bacteria sensitive 

against aminoglycosides are defined by a MIC ≤ 4µg/ml for gentamicin and tobramycin, 

≤ 8µg/ml for neomycin and ≤ 16µg/ml for amikacin. The high-level resistance for 
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gentamicin is defined by a MIC > 500µg/ml and for streptomycin by a MIC > 1000µg/ml 

(microdilution) or > 2,000 µg / ml (agar dilution)62.  

 

1.3.4 Adverse effects 

 

Aminoglycosides are very well tolerated intravenously and intramuscularly and do 

not usually cause local inflammatory reaction. However, except for spectinomycin, all are 

potentially able to cause renal and optic toxicity, and rarely, neuromuscular block. 

 

1.3.4.1 Nephrotoxicity 

 

Considering an incidence ranging from 5% to 25%, nephrotoxicity is caused as 

consequence of the partial reabsorption of aminoglycosides by the epithelial cells of the 

proximal tubules. In most patients, nephrotoxicity is manifested through a non-oliguric 

renal failure. The tubular lesion is reversible and the renal function can be recovered in 

some patient despite of a continued administration of aminoglycosides. The risk of 

nephrotoxicity can be increased by an advanced age, hypovolemia, pre-existing 

nephropathy, liver disease, high doses, multidose administration, prolonged treatment, 

and simultaneous use of other nephrotoxic drugs. Serum aminoglycoside levels have been 

associated with nephrotoxicity; however, this affirmation has not been definitively 

established61.  

 

Several substances have been investigated to reduce the nephrotoxicity of 

aminoglycosides; however, there are not conclusive statements regarding and this 

remains at a speculative level. On the other hand, single dose administration seems to be 

useful in reducing nephrotoxicity. Furthermore, nephrotoxicity appears more frequently if 

aminoglycosides are administered during the nocturnal rest hours, perhaps due to a lower 

alimentary intake63. 
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1.3.4.2 Ototoxicity 

 

Aminoglycosides may cause Ototoxicity and sometimes it is irreversible. Auditory 

alterations are consequence of the destruction of outer hair cells in the organ of Corti, and 

vestibular lesions are due to destruction of hair cells located in both, the peripheral 

vestibular system and the central vestibular system. The central vestibular system is 

composed by parts of the brain and brainstem that process information obtained from the 

peripheral vestibular system regarding balance and spatial orientation57. 

 

At the initial stage of auditory toxicity, damage is limited to highest levels of 

frequency (4000 to 8000 Hz) and does not affect the frequencies used during a 

conversational hearing; toxic changes are generally reversible at this stage. If toxicity 

continues, the inner hair cells located at the cochlear apex will be affected, thus the 

lowest frequencies and conversational hearing are affected. At this stage the deficit is 

usually permanent or only partially reversible64. 

 

The exact mechanism by which hair cells are destroyed in both forms of 

ototoxicity is unknown. Considering that the majority of patients are not followed after 

they are prescribed, and symptoms may be non-specific, it is unknown if ototoxicity is 

permanent or transient. However, treatments with a duration over 8 days, cumulative 

doses, high serum levels, treatment associated with diuretics, previous treatment with 

aminoglycosides and elderly have been associated with a higher incidence of 

ototoxicity61. Recent studies have suggested that an accumulation of aminoglycosides in 

the cochlea and vestibule is more related to prolonged exposure than high transient serum 

levels64. 
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1.3.4.3 Neuromuscular block 

 

It can be caused by all types of aminoglycosides and, although infrequent, is often 

severe and sometimes fatal. It manifests as weakness on respiratory musculature, flaccid 

paralysis and mydriasis. It is associated with diseases or drugs interfering with 

neuromuscular transmission and is related to intravenous therapies; furthermore, 

hypomagnesemia, hypocalcemia and calcium channel blockers increase the risk. In 

addition to supportive measures, treatment requires the administration of intravenous 

calcium gluconate61. 

 

1.4 Antibiotic adjuvants and combination therapy  

 

Antibiotic resistance is difficult to overcome as a result of millions of years of 

evolution by bacteria as well as by the mechanism of action of antibiotics by itself. 

Nevertheless, with the purpose of minimizing the impact caused by resistance against 

antibiotics, several strategies have been devised; for instance, the adjuvants approach. 

Adjuvants are molecules characterized by exhibiting little or no antibiotic activity by 

themselves. Adjuvants block resistance and as a result potentiate antibiotics65.  

 

The idea behind the use of other chemical compounds in combination with 

antibiotics was born as consequence of the great success experienced in medicine once 

combinatorial therapies - antibiotic A + antibiotic B - were introduced to clinic66. Some 

remarkable combinatorial therapies such as aminoglycoside - penicillin, gentamicin - 

ampicillin have been used during years in order to achieve synergy and suppress 

resistance against infections caused by Enterococcus; as consequence, the mode of action 

of antibiotics have been widely studied and have suggested the use of a new variety of 

chemical structure beyond the antibiotics in order to enhance their own activity: the 

antibiotic adjuvants. 
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Two different groups can be distinguished when antibiotic adjuvants are 

administered in combination with antibiotics: Class I agents with activity over the 

pathogen, and Class II agents with activity over the host. The mode of action of adjuvants 

over the antibiotic can be described as a suppressor of emerging resistance and as a 

stimulant for increasing the activity of existing drugs, offering thus a new alternative able 

to be complimented with new antibiotic discoveries65. 

 

1.4.1 Class I.A of antibiotic adjuvants 

 

Some of the adjuvants that have been used with a notorious success are the 

inhibitors of β-lactamases, which are enzymes able to inactivate hydrolytically penicillin, 

cephalosporin, and carbapenem drugs opening their β-lactam ring (Fig. 1.9). There are 

two different molecular mechanisms by which β-lactamases operate – as discussed in 

section 1.2.3.2 -; those enzymes able to capture antibiotics through a covalent bond using 

their Ser residue as active site in order to release the inactive antibiotic once this last one 

is hydrolysed, or enzymes able to activate a water molecule for hydrolyzing the antibiotic 

through Zn2+ atoms on enzymes’ active site.  

 

Regardless of mechanism, at the end, the result is exactly the same; the hydrolytic 

rupture of the β-lactam ring, which as discussed previously, it’s crucial for antibiotic 

action65.  



53 
 

 

Figure 1.9: General mechanism of Ser (i) and metallo-β-lactamases (ii)65. 

 

Clavulanic acid (Fig. 1-10), which was initially isolated from Streptomyces 

clavuligerus, is characterized by having a poor antibiotic activity; however, further 

studies demonstrated that it can inactivate irreversibly Ser-β-lactamases67, which meant 

the discovery of the first antibiotic adjuvant, successfully approved time later for clinical 

treatments. For instance, the synergy between clavulanic acid and amoxicillin originated 

a drug called Augmentin, a combination therapy in clinical use for over 30 years. 

 

The great clinical advantages obtained after using clavulanic acid stimulated 

further efforts for developing several other β-lactamase inhibitors, such as β-lactam 

sulfones like tazobactam and sulbactam coupled to penicillins piperacillin and ampicillin 

respectively. The diazabicyclooctanes (DABCOs) are also β-lactamase inhibitors 

introduced into clinical practice recently; for example, the avibactam is a DABCO that 

forms a drug known as Avycaz when it is paired with ceftazidime, originating thus a new 

combination therapy approved by FDA in 2015. 
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 After approximately three decades of continuous clinical usage of clavulanic acid, 

several resistant alleles emerged for counteracting its effectiveness. A new type of 

enzymes known as extended-spectrum β-lactamases (ESBLs) have affected the activity of 

clavulanic acid as β-lactam adjuvant; however, some penicillanic acid sulfones, such as 

tazobactam, demonstrated to have efficacy toward some ESBLs, which seemed to be an 

excellent alternative for facing clavulanic acid’s resistance, but unfortunately tazobactam 

demonstrated as well poor activity against several other enzymes like type A 

carbapenemases, type C β-lactamases such as plasmid-born AmpC, and also type D 

oxacillinases65. In contrast, avibactam has proven to be effective against type A ESBLs 

such as CTX-M, AmpCs, and type A carbapenemases like Klebsiella pneumoniae 

carbapenemase (KPC)68.  

 

Based on the previous experience, the approach of blocking Ser β-lactamases 

remains as an alternative for developing new therapeutic treatments. For example, some 

drugs are made using combinations of avibactam with ceftaroline and aztreonam, which 

are in late-stage clinical trials; furthermore, the DABCO compound known as relebactam 

is being considered in combination with imipenem/cilastatin. Additionally, a new 

combination made with ceftolozane and tazobactam – also known as Zerbaxa – was 

approved by FDA in 2014 after demonstrating its effectiveness against Pseudomonas. 

Finally, the FDA gave a fast-track status to Carbavance, a combination of a boronic acid 

called vaborbactam (Fig. 1.10) with meropenem, for the treatment of complicated urinary 

tract infections (cUTIs). 

 

In spite of the great success of these type of adjuvants, their Achilles’ heel are the 

Zn-dependent metallo (type B) β-lactamases, which are enzymes able to confer resistance 

to penicillins, cephalosporins, and carbapenems, and are not inhibited by the β-lactamase 

inhibitors in current clinical use. In the past, the pathogens harbouring such enzymes 

were not a matter of great concern because these microorganisms, while alarming, were 

very rare; however, further studies revealed an increasing number of pathogens able to 
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express metallo-β-lactamases and are increasing globally; for instance, the New Delhi 

metallo-β-lactamase 1 (NDM-1) is being widely distributed nowadays in 

Enterobacteriaceae, Pseudomonas, and Acinetobacter strains, becoming a topic of great 

concern69; moreover, NDM alleles are involved during the development of resistance 

against some available antibiotics, including aminoglycosides and recently colistin. As 

consequence, there is a great concern due to the emergence of pan-drug-resistant Gram-

negative bacteria, which are pathogens resistant to 7 antimicrobial agents: cefepime, 

ceftazidime, imipenem, meropenem, piperacillin-tazobactam, ciprofloxacin, and 

levofloxacin. Only a few numbers of compounds able to inhibit effectively metallo-β-

lactamases - in animal models - are known; for example, Aspergillomarasmine A (Fig. 

1.10), showed efficacy in murine models of infection, rescuing the antibiotic activity of 

Meropenem in pathogens expressing NDM-1 and VIM metallo-β-lactamases. The 

activity of this compound relies on its capacity of capturing a Zn2+ ion, which is essential 

for the metallo-β- lactamases’ catalytic activity, opening thus the path for a new Class IA 

antibiotic adjuvant70.  

 

In current clinical research, the approach of directly targeting antibiotic-resistance 

mechanisms with adjuvants is of great importance. However clinical use of adjuvants is 

currently limited to β-lactamases. Some examples of this approach are the adjuvants used 

in combination with aminoglycosides which are cationic, Ribosome-targeting with 

activity against Gram-negative and Gram-positive bacteria. Aminoglycosides such as 

gentamicin, tobramycin, and amikacin remains as suitable therapeutic agents despite 

diverse mechanisms of resistance developed by bacteria such as inactivating enzymes - 

kinases, acetyltransferases, and adenylyltransferases - and ribosome methylation for 

counteracting their effectiveness71. Some compounds have been used in order to recover 

the activity of antibiotics on cells already resistant to those antibiotics; for instance, the 

similarity between some inhibitors of aminoglycoside kinases (APHs) and eukaryotic 

protein kinases in both structure and mechanism encouraged the researchers to explore 

these protein kinases as potential inhibitors of APHs72. Regarding to these kinases, in 



56 
 

spite of a considerable amount of candidates were identified, only pyrazolopyrimidines - 

human Src and PI3 kinases – have clearly demonstrated to be able to inhibit and bind to 

APH(30)-I which is a dominant resistance mechanism in Gram-negative bacteria. This 

last discovery seems to be a potential route for having a set of derivatives able to 

selectively inhibit APH instead of human targets73. Finally, there are different other 

examples of adjuvants in charge of blocking aminoglycoside resistance, among which 

can be found tropolones – aminoglycoside adenlylytransferases inhibitors -74 and cationic 

peptides, which are compounds capable of targeting both APHs and acetyltansferases75. 

 

 

Figure 1.10: β-lactamases and Inhibitors. A) Clavulanic acid, B) Tazobactam, C) 

Sulbactam, D) Avibactam, E) Relebactam, F) Vaborbactam, G) Aspergillomarasmine A. 

 

1.4.2 Class I.B Antibiotic Adjuvants; 

 

Specific and intrinsic genetic characteristics, physiology, or the presence of 

evasion mechanisms such as efflux pumps are responsible of making bacteria insensitive 

to antibiotics. All of those options can be considered as potential targets for elucidating 

the adjuvants’ activity. The mechanism for detecting potential adjuvants for passive 

resistance is much more complicated than strategies used for active resistance. Due to 

targets are frequently known for active resistance – for example a β-lactamase -, the 

screening of potential adjuvants is relatively straightforward because the new compounds 
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can be tested using a purified sample of the enzyme suspected to cause resistance in order 

to observe how the new compounds affect the enzyme activity; on the other hand, the 

potential adjuvants in charge of countering passive resistance must be tested using cell-

based screens for antibiotic potentiation followed by elucidation of mechanism. As an 

example of this approach, a screen for finding adjuvants in order to be used in 

combination with the tetracycline antibiotic minocycline against P. aeruginosa identified 

some good candidates such as loperamide76; however, additional experiments had to be 

done with the purpose of revealing the mode of action of loperamide. Loperamide has no 

antibacterial activity by itself, but affects (decreases) the electrical component of the 

proton motive force in Gram-negative bacteria. Mechanistic studies revealed that bacteria 

must increase the pH gradient across the inner membrane for compensating the 

mentioned decrease on the proton gradient motive force, maintain thus the ATP synthesis 

levels. As consequence of this ΔpH, bacteria increase the uptake of tetracycline 

antibiotics as well, which contribute to overcome resistance77.  

 

This particular procedure of phenotypic whole-cell screening in order to improve 

the effectiveness of antibiotic activity allowed to find several adjuvants, including 

inhibitors of wall teichoic acid biosynthesis in methicillinresistant S. aureus (MRSA)78, 

adjuvants in charge of perturbing the cell shape79, and inhibitors of efflux systems80. For 

example, it was found by means of whole-cell phenotypic assays that β-lactamase activity 

in K. pneumoniae can be suppressed by 2-aminoimidazole derivatives81; subsequently, it 

was also found that these heterocyclic adjuvants are also active against multidrug-

resistant Gram-negative bacteria, but its mechanism is still unknown82. 

 

There is as well a different strategy in order to increase the activity of antibiotics, 

and this is the inhibition of efflux. One of the most common and at the same time more 

studied antibiotic-efflux systems are the major facilitator superfamily (MFS) and the 

tripartite RND, which can be found in several strains of Gram-negative bacteria and these 

systems are able to create resistance against many antibiotic classes83. In order to counter 
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these systems, PA N was found as one of the first inhibitors of RND efflux systems 

which exhibit good activity over several strains of bacteria, such as P. aeruginosa – a 

strain with a great number of efflux systems –, and can enhance the activity of a broad 

number of antibiotics, reason why this inhibitor is part of what can be considered as 

broad-spectrum adjuvants. Besides its broad-spectrum activity, PA N in combination 

with antibiotics such as levofloxacin showed an exceptional value contributing to 

decrease the emergence of resistance four times more than the antibiotic by itself, which 

demonstrate the attributes of adjuvants for reducing the emergence of resistance84. 

However, the toxicity associated with PA N and several other efflux inhibitors have 

impeded their use in the clinic. 

 

Considering that most bacteria are able to form biofilms and in this form, they can 

develop an incredible resistance to antibiotics, the quest for adjuvants with proven 

activity toward biofilms are a matter of great interest. The research about adjuvants 

capable of facing biofilms have revealed compounds with great activity at several stages 

during the biofilm development; for example, inhibiting the biofilm formation85, 

increasing the antibiotic activity in mature biofilms86, and breaking up the biofilms in 

order to release planktonic cells which are susceptible to drugs87.  

 

All those examples have revealed the complexity of adjuvants targets and their 

mechanisms in order to develop resistance and all those mechanisms are supported by 

genes. A study carried out in E. coli revealed the role of dozens of non-obvious genes 

during the emergence of resistance; by deleting 61 of those genes, the activity of at least 

eight known antibiotics was enhanced88, which means that all these genes are obvious 

targets for antibiotic adjuvants. On recent publications, this method for detecting 

adjuvants has been improved considerably using a high-throughput quantitative growth 

kinetics platform able to identify adequate and strong interactions between the antibiotic 

and a specific gene89. This last approach is providing a good path for studying 
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systematically the ability of these targets for interacting with a specific compound in 

order to identify new Class I.B antibiotic adjuvants. 

 

1.4.3 Class II Adjuvants: Targeting Host Defense Mechanisms 

 

There is an alternative for overcoming resistance caused by bacteria, which is to 

improve the host defense mechanisms in human body, which implies a new variety of 

targets that new antibiotic adjuvants can interact with. The innate immune system in 

humans includes several immunomodulatory peptides such as LL-37 which have been 

designed to enhance antimicrobial activity, and there are several peptides currently in 

clinical trials which have both, direct or indirect antimicrobial activity90. These peptides 

can synergize with antibiotics in order to serve as class I adjuvants; at the same time, they 

can also interact with the host defense systems as class II adjuvants - an indirect 

antimicrobial activity - enhancing as consequence the potency of a certain antibiotic91. 

Considering the depth knowledge acquired regarding to the immunomodulatory peptide 

field, this strategy might offer the biggest opportunity of finding the best adjuvant-

antibiotic candidates for being used in the short term. 

 

The discovery of streptazolin can be highlighted as an example of a strategy used 

in order to explore the improvement of antibiotic activity in the host. Among a set of 

microbial natural product extracts in charge of stimulating the macrophage killing 

activity against Streptococcus mutans, the streptazolin was identified as a compound able 

to stimulate macrophage activity through the phosphoinositide 3-kinase pathway 

upregulating as consequence the nuclear factor-kB (NF-kB)92. With the purpose of 

identifying additional class II adjuvants, this screening approach seems to be promising; 

however, it’s crucial to highlight the need of getting an appropriate balance between 

immune modulation responsible of increasing the antibiotic activity and the pathogen, in 

order to avoid the over-activation of the immune system in the host. 
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1.5 Hybrid Antibiotics  

 

After exploring the combination therapy during years, great disadvantages have 

been found in those treatments. One of the major shortcomings using this approach is that 

the promising results found in vitro do often not lead to the same in vivo response, as 

consequence of several differences in pharmacokinetic properties of both antibiotics used 

in combination93; consequently, it’s absolutely necessary to adjust each formulation in 

order to guarantee that each drug retains the concentration needed to induce its biological 

effect. Furthermore, if a MDR strain developed resistance against both drugs used in 

combination, the combination therapy will be ineffective, which implies to use different 

families of antibiotics for improving the antibacterial activity; however, this increases the 

risk of finding differences in pharmacokinetic properties once more.  

 

Even though the previous shortcomings can be solved through rigorous studies, 

there are a limited amount of effective antibiotics, which reduce significantly the 

possibilities of finding potential candidates for overcoming resistance in several bacterial 

strains. As consequence of what was mentioned above, a new approach capable of facing 

some limitations of combination therapy was considered: the “hybrid (heterodimer) 

antibiotics”. This new strategy proposes to link covalently two different pharmacophores 

with similarities on their pharmacokinetic and pharmacodynamics properties (Fig. 1.11), 

which in principle allows thinking that the pharmacokinetics of this resultant hybrid is 

more predictable94 because this linkage is stable enough for making the hybrid structure 

act as a dual-action drug. Furthermore, this method also enables to use the uptake ability 

of one moiety in order to increase the activity of the second antibiotic, and even more 

important, after a meticulous structural analysis and a designed linkage between both 

moieties, it is possible as well to make interact both parts with their own targets at the 

same time, thus overcoming the existing resistance and increasing the known activity of 

both drugs. Finally, due to hybridization of one drug with its counterpart, it is also 

expected to have a reduction in the toxicity.  
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Figure 1.11: Scheme for describing two different approaches. Combination therapy and 

hybrid antibiotics. 

 

Considering some of the advantages exhibited by this approach, the design and 

syntheses of hybrid antibiotics might be more favorable for therapeutic purposes than 

setting and devising appropriate drug cocktails, because in addition to the above, the 

reduced possibility of developing new resistance, make the dual-action hybrid antibiotics 

a promising was to deal with several of the most hostile MDR bacterial strains. 

 

1.5.1 Mode of action 

 

As part of the mechanisms related to the metabolism of hybrid antibiotics, it is 

important to note that the covalent linkage between both moieties can be a cleaved in 

order to take advantage of the pharmacodynamics properties separately once the hybrid is 

inside the bacteria, which is particularly beneficial when only one of the moieties is the 

pharmacophore and the second a carrier that enhances the self-promoted uptake but 

reduces the activity of the pharmacophore. However, the linkage can also be chemically 

and metabolically stable which converts the hybrid structure into a dual-action drug, 

which is ideal for antibiotic hybrids with two pharmacophores because besides of 

targeting multiple active sites, stable hybrids are less susceptible of developing toxicity in 

comparison with combinatorial therapies. In a similar way to combination therapies, 
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drugs used for synthesizing a hybrid may have either a synergistic or an antagonistic 

activity; however, nowadays the development of novel antibiotic hybrids is more focused 

toward entities with synergistic activity, with higher activity than the combination of both 

agents95. Some of the most important properties achieved by hybrid drugs reported in the 

literature include: greater activity against MDR strains, a bigger spectrum of activity, a 

significant delay in the development of bacterial resistance96,97. The development of 

hybrid antibiotics as potential candidates has improved thanks to our understanding of 

how an appropriate molecular design of antibiotics can enhance the antibacterial activity 

in order to evade the resistance mechanisms developed by pathogenic bacteria, emerging 

thus the hybrid therapies as one of the best options for controlling the growing number of 

resistant strains.  

 

In spite of our comprehension of hybrid antibiotics, it is still unclear how hybrid 

compounds interfere with the acquisition of resistance94; however, it has been possible to 

establish that hybrids might avoid resistance as a result of a series of mechanisms such as 

the increment on target affinity, drug interactions, collateral sensitivity between its 

components, or some property that enables the hybrid to escape efflux pumps.  
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Chapter 2: Thesis Objectives 

 

Based on the previous research on ciprofloxacin-tobramycin hybrids1, we were 

interested in studying the impact of an aliphatic tether on the hybrids’ activity when the 

tether’s length is modified. Based on preliminary studies carried out with moxifloxacin – 

tobramycin hybrids2, a length of 12 carbons appeared to exhibit promising results during 

the biological tests, using clinical isolates of Pseudomonas aeruginosa. Thus, we were 

interested in: 

 

• Synthesizing six different moxifloxacin – tobramycin hybrids, with lengths 

varying from 2 until 12 carbons for the aliphatic tether in charge of linking both 

moieties. 

• Investigating the significance of an aliphatic tether in moxifloxacin – tobramycin 

hybrids, to find out the optimal length in order to have the greatest activity over 

clinical isolates of Pseudomonas aeruginosa.  

 

Furthermore, we focused on testing the impact of higher structural rigidness on the 

chemical tether. We proposed to use aromatic rings instead of an open aliphatic chain 

because aromatic rings have a lower degree of freedom than an open structure. For this 

project component, we proposed to: 

 

• Use 4,4’-bis(bromomethyl)biphenyl as a starting reagent for synthesizing a new 

hybrid with a rigid tether. 

• Determine the impact of rigidness on the activity of moxifloxacin – tobramycin 

hybrids, by contrasting the results found for both types of tethers.    
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Chapter 3: Synthesis of Tobramycin – Moxifloxacin hybrids linked at fifth 

position of the cyclitol ring of Tobramycin 

 

 

 

3.1 Abstract 

 

As one strategy in order to address the resistance of Gram-negative bacteria 

particularly P. aeruginosa, it was proposed the synthesis of several hybrids composed by 

a covalent union of the fourth-generation fluoroquinolone Moxifloxacin and the 

aminoglycoside Tobramycin, where a saturated aliphatic carbon chain is used in order to 

connect both moieties. With the aim of establishing the role and importance of the 

aliphatic linker on the hybrid’s activity, several compounds where made varying the 

length of the linker from 2 until 12 carbons. The linker was installed between the position 

C-5 in the cyclitol ring of Tobramycin and the diazabicyclo group of moxifloxacin. 

 

The synthesis was carried out following a protocol of 5 steps from the protection 

of the amino and hydroxyl groups until the hybrid’s formation and its further 

deprotection. However, this first synthetic pathway proposed for elaborating the final 

compounds revealed initially that a hybrid with a linker length of 2 carbons was 

impossible to prepare likely the result of steric hindrance between the Moxifloxacin and 
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Tobramycin moieties.  The synthesis of all hybrids with linkers from 4 to 12 carbons 

were carried out with yields over 70% for the 3 first steps; however, the linking of 

Moxifloxacin to the aliphatic chain was mostly done through the carboxylic acid instead 

the amino group, resulting on the synthesis of moxifloxacin esters which are very 

unstable and easily decomposed even under slight acidic pH.        

 

3.2 Introduction 

 

Due to adverse consequences found in combination therapies including the 

increased toxicity of each molecule used during the treatment and the great difficulty of 

predicting the pharmacokinetics, the hybrid antibiotic approach provides a reliable 

solution to solve these shortcomings. Hybrids might yield a clear in vitro to in vivo 

translation, and can potentially reduce toxicity unlike each drug molecule acting by 

themselves1,2. Infections caused by antibiotic-resistant Gram-negative bacteria such as 

multidrug-resistant P. aeruginosa are a matter of a great concern, annually around 51,000 

healthcare-associated P. aeruginosa infections occur in the United States, more than 

6,000 (13%) of these cases are multidrug-resistant, with roughly 400 deaths during the 

same period of time3. Considering the above, the increasing resistance in P. aeruginosa 

strains is a world-wide threat and the development of hybrids able to counteract 

resistance is crucial to control P. aeruginosa infections.  

 

The hybrid proposed for this project as an alternative for treating P. aeruginosa 

infections is composed by two different antibiotics: Moxifloxacin and Tobramycin. The 

purpose for using Moxifloxacin is justified because as a fluoroquinolone it interacts with 

two targets and has not been prescribed as much as ciprofloxacin. Moxifloxacin (Figure 

3.1) is an antibiotic classified as a fourth-generation synthetic fluoroquinolone which 

possesses a broad spectrum of antibacterial activity combined with fast killing 

(bactericidal) action.  Moxifloxacin’s mode of action is caused by the interference of this 

molecule with two enzymes topoisomerase II - DNA gyrase - and IV leading to bacteria’s 
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death as topoisomerases perform a crucial role on controlling DNA topology and 

assisting during the DNA replication, repair and transcription processes4. Further studies 

such as killing curves have demonstrated that the bactericidal effect displayed by 

moxifloxacin is strongly dependent on its concentration. Additionally, minimum 

bactericidal concentrations are very similar to minimum inhibitory concentrations. 

Moxifloxacin (Figure 3.1) is a very good antibacterial agent, which is effective against 

bacteria resistant to macrolides, β-lactams, aminoglycosides, or tetracyclines considering 

that moxifloxacin differ significantly in chemical structure and mechanism of action to all 

those compounds. Similarly, bacterial strains resistant to fluoroquinolones can be 

susceptible to different types of antibacterial agents5. Considering the above, the 

resistance mechanisms in charge of inactivating the mentioned antibiotics do not interfere 

with the activity of moxifloxacin; therefore, there is no cross-resistance between 

moxifloxacin and these agents. Regarding moxifloxacin’s structure, the C8-methoxy 

moiety exhibits enhanced activity compared than C8-H moiety. Furthermore, this last has 

a higher selection of resistant mutants of Gram-positive bacteria compared to the C8-

methoxy fragment. The bicycloamine group at C-7 position seems to prevent the active 

efflux as consequence of its bulkiness, which is crucial to delay or avoid this mechanism 

of fluoroquinolone resistance5. 

 

 

Figure 3.1: Structure of Moxifloxacin.  

 

The mechanism of action of aminoglycosides involves inhibition of bacterial 

protein sythesis by binding irreversibly one out of two aminoglycoside binding sites on 
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the 30S ribosomal subunit; this mechanism can be observed on Escherichia coli 

specifically strain K12. Furthermore, by binding to 16S rRNA, tobramycin (Figure 3.2) is 

also responsible of destabilizing the bacterial outer membrane. By disrupting protein 

synthesis, the outer membrane permeability is altered and it leads to a gradual disruption 

of the cell envelope (Figure 3.3), which eventually causes the cell death. In order to do 

so, an active transport mechanism for aminoglycoside uptake is necessary in the bacteria 

with the purpose of acquiring enough intracellular concentration of tobramycin6. This 

aminoglycoside antibiotic was initially isolated from Streptomyces tenebrarius cultures, 

and it is prescribed nowadays in combination with several other antibiotics in order to 

treat a variety of infections such as urinary, gynecologic, peritonitis, endocarditis, 

pneumonia, bacteremia, respiratory – such as cystic fibrosis – and other soft-tissue 

infections as well. Tobramycin exhibit also in vitro activity against several types of gram-

negative bacteria including Pseudomonas aeruginosa7. 

 

Figure 3.2: Structure of Tobramycin. 

 

Considering the great molecular size of the hybrid molecule proposed for this 

project, the uptake of this compound into bacteria might be affected (around 1000 Da) as 

hydrophilic antibiotics with high molecular weights may no longer penetrate the outer 

membrane via porins8. However, it is possible to improve this disadvantage having in 

mind that the self-promoted uptake of tobramycin in the hybrid will enhance the uptake 

of moxifloxacin through the outer membrane into the periplasmic space9. Furthermore, 

this uptake might also be favored as consequence of the aliphatic chain used for linking 
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both moieties because the hydrophobicity of the lipopolysaccharides located over the 

outer membrane. 

 

Figure 3.3: Structure of Gram-Negative Bacteria cell wall. 

 

 Some hybrids using tobramycin and fluoroquinolones have been tested for 

determining antibacterial activity against select Gram-negative bacteria strains. By 

establishing the minimal inhibitory concentration (MIC), it was possible to find an 

adequate activity against E. coli ATCC 25922 – MIC ≥ 2µgmL-1 – as well as activity 

against a wild type (PAO1) P. aeruginosa strain - MIC = 4µgmL-1 -, by using 

ciprofloxacin/tobramycin hybrids linked to C-5 position of tobramycin and the secondary 

amino group of the piperazine ring in ciprofloxacin by a saturated aliphatic chain 

composed by 12 carbons. In addition, this hybrid demonstrated optimal synergy in terms 

of growth inhibition when it was combined with ciprofloxacin and moxifloxacin -  FIC 

index 0.077–0.139 – and the dual action of both antibiotics in the hybrid are required in 

order to exhibit synergy10 against a panel of clinical P. aeruginosa isolates. 

 

 Furthermore, a hybrid composed by tobramycin, a saturated aliphatic tether with 

12 carbons linked at position C-5 of tobramycin and moxifloxacin was also previously 

tested against Staphylococcus aureus and methicillin-resistant Staphylococcus aureus 
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(MRSA)11, exhibiting very good activity with an MIC = 1µg/mL against those strains. 

Moreover, the same hyrid was tested against three P. aeruginosa strains including two 

gentamicin-resistant P. aeruginosa strains with potent activity exhibiting MIC values of 

4−8 μg/mL and finally the hybrid was also tested against a set of MDR and XDR P. 

aeruginosa isolates which are resistant to tetracyclines (doxycycline), cephalosporins 

(cefepime), carbapenems (meropenem/imipenem), fluoroquinolones (ciprofloxacin 

/moxifloxacin), and aminoglycosides (tobramycin/gentamicin) with MIC’s ranging from 

1-8µg/mL for the entire panel of isolates11.  

 

 Based on these studies, the use of fluoroquinolone – C12-tobramycin hybrids 

seems to be a reliable option in order to treat the increasing number of multi-drug 

resistant strains of Pseudomonas aeruginosa. Unfortunately, as consequence of the 

widespread use of fluoroquinolones such as ciprofloxacin and levofloxacin over the last 

decades, P. aeruginosa strains have developed a significant resistance against those 

antibiotics12,13. Therefore, the emergence of resistance against ciprofloxacin based 

hybrids might be faster than those synthesized from moxifloxacin. 

  

3.3 Procedure and Results 

 

3.3.1 Synthesis of Boc-Tobramycin  

 

 The synthesis began with the protection of tobramycin’s amino groups. These 

groups were protected with Di-tert-butyl dicarbonate (Boc2O), dissolving the 

commercially available reagent of tobramycin in a 10/10/7 solution of H2O, MeOH and 

triethylamine. While the entire solution was being stirred, 1.6 eq of Boc2O(s) was slowly 

added using a small amount of MeOH in order to wash the solid remaining on paper; 

afterwards, the mixture was left overnight heated at 55°C for 16 hours until ending up in 

a thick slurry14. After 16h, the reaction had not been completed, which was confirmed by 

a TLC plates and mass spectroscopy. After 24 and 36 hours of reaction, mass spectrum 
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still revealed a mixture of products indicating no completion of the reaction. The slurry 

solution was evaporated until dryness, and the resulting solid was left under high vacuum 

conditions 24 hours with the purpose of sublimating the residual Boc2O. However, Boc2O 

could not be fully removed at reduced pressure, reason why a chromatographic column 

using a mobile phase of 100% ethyl acetate had to be done for separating the remaining 

Boc2O as well as purifying the desired product. Through this protocol, a yield of 68% 

was achieved. MW = 968.09g/mol for the desired compound once five Boc protecting 

groups are inserted. 

 

 

 

 

 

 

 

 

Figure 3.4: Synthesis of Boc-Tobramycin 

 

3.3.2 Synthesis of Boc-TBDMS-Tobramycin 

 

Once the amino groups are fully protected, all hydroxy groups except that one at 

position C-5 were protected. In order to do so, a mixture of 1 mmol of the previous 

product, 2 eq of tert-Butyldimethylsilyl chloride (TBDMS-Cl) and 2.5 mmol of N-methyl 

imidazole were dissolved and in DMF anhydride at room temperature under N2 

atmosphere during 18 hours. After, by using TLC plates and mass spectrometry, it was 

confirmed that the reaction was not completed yet, reason why the reaction mixture was 

allowed to complete 72 hours; however, even after that time, there were several spots 

over the TLC plate indicating the presence of undesired products. The reaction was 

terminated by adding water (50 mL). Subsequently, it was washed with brine (2×50mL), 
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extracted with using ethyl acetate, and dried with Na2SO4 anhydrous. Finally, the product 

was purified by silica gel column chromatography using as eluent hexane–EtOAc, 

90:1015. It’s important to highlight that the hydroxyl group located at position C-5 cannot 

be protected due to steric hindrance as the TBDMS moiety is sterically bulky and would 

not be able to access the position16,17. A yield of 53% was achieved and MW = 

1425.13g/mol is expected once four TBDMS protecting groups are inserted. 

 

 

 

 

 

 

 

Figure 3.5: Synthesis of Boc-TBDMS-Tobramycin 

   

3.3.3 Synthesis of Br-Cn-Tobramycin-Boc-TBDMS 

 

The next step is a Williamson’s ether synthesis where an ether group is formed 

after using an organodihalide over the available hydroxyl group at position C-5 following 

a SN2 mechanism. Under a nitrogen atmosphere and toluene as solvent, 4 equivalents (eq) 

of each organodihalide – starting from 1,2-dibromoethane until 1,12-dibromododecane - 

is added. The reaction was left under strong basic conditions using 3eq of KOH along 

with catalytic amounts tetra-n-butylammonium bromide (TBAB) which served as phase-

tranfer catalyst18. After 18 hours, TLC plates revealed completion of reaction, and the 

product was purified using column chromatography with Hexanes/EtOAc 90:10 as 

mobile phase. This reaction was highly efficient for those compounds synthesized with 

long tethers – 10 and 12 carbons - exhibiting yields >90%; however, for those products 

synthesized with short tethers – 4, 6 and 8 carbons – the yields ranging between 50-70%, 
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while the reaction made from 1,2-dibromoethane was not possible to carry out at all. The 

expected molecular weights are listed as follows: 

 

Tether Length MW 

2 Carbons 1532.08 

4 Carbons 1560.13 

6 Carbons 1588.19 

8 Carbons 1616.25 

10 Carbons 1644.30 

12 Carbons 1672.35 

Table 3.1: Expected monoisotopic masses for all synthesized products. 

 

 

 

 

 

 

 

Figure 3.6: Synthesis of Br-Cn-Tobra-Boc-TBDMS, where n is the number of carbons 

varing from 2 to 12. 

 

3.3.4 Synthesis of Moxifloxacin-Cn-Tobramycin-Boc-TBDMS 

 

During this step, an acid-base reaction allows the link of moxifloxacin to the 

product from the previous step. For this particular synthesis, 4 eq of K2CO3 and 2 eq of 

commercially available moxifloxacin were used per equivalent of starting material. The 

reaction was left 12 hours under N2 atmosphere at 80°C, using DMF as solvent10. While 

the 12-carbon intermediate was being synthesized, TLC plates revealed two different UV 

active spots with almost the same Rf (0.65 and 0.7) using MeOH/DCM/NH4OH 3:1:1as 
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mobile phase in addition to moxifloxacin’s spot (Rf = 0.2); however, between both, the 

higher spot was the majority product. Through preparative TLC plates, both spots were 

purified, and both were characterized later by MALDI and 500 MHz NMR. MLDI found 

exactly the same mass for both compounds (MW = 1992.87) and the 1H-NMR revealed 

no significant differences between both substances; nonetheless, HMBC analysis 

revealed that moxifloxacin was majority being linked through its carboxylic group 

instead of the secondary amine, synthesizing thus an ester with the starting material. 

Considering the above, this protocol showed yields < 10% because the minor spot 

corresponded to the expected compound. Only the intermediates composed by 10 and 12 

carbons were tried to be synthesized through this method. 

 

Tether Length MW 

10 Carbons 1964.82 

12 Carbons 1992.87 

Table 3.2: Expected monoisotopic mases for intermediates with 10 and 12 carbons. 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.7: Synthesis of Moxifloxacin-Cn-Tobra-Boc-TBDMS intermediates 
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3.3.5 Synthesis of the final compound 

 

 The last step for this process was the deprotection of all Boc and TBDMS groups. 

In order to do so, a mixture of MeOH/HCl 6:4 was used for dissolving the last product 

and thus to recover all amino and hydroxyl groups in one single step after 1 hour. Once 

the solvent was completely removed, the MS spectrum revealed a signal corresponding to 

the molecular weight of the final compound with a 12-carbon tether with a very low 

intensity – only 2 or 3 orders of magnitude over noise – and 3 important signals were 

found instead, one with a value of 401.17, a second at 665.46, and a last signal at 874.09. 

TLC plates using DCM/MeOH 9:1 revealed three major spots, two of them UV active. 

By means of preparative TLC plates, those substances were separated and characterized 

using 1H-NMR finding moxifloxacin, metoxy-C12-tobramycin and moxifloxacin-C12-

nebramine as products, confirming thus the decomposition of the final compound.      

 

3.4 Discussion 

 

The original procedure, ended up in my hands of being incredibly challenging 

considering all shortcomings during its execution. During the first step, in order to protect 

all the amino groups with Boc2O, the employment of water was a serious problem as 

consequence of two reasons; first, the high boiling point of water made its evaporation 

something extremely hard due to the formation of bubbles inside the rotavap, and finally, 

it was observed that the addition of water to reaction mixture affected the solubility of di-

t-butyl dicarbonate19, affecting thus the yield for this reaction; that is the reason why, 

even after 36 hours the reaction was still incomplete.  

 

Analysis by mass spectrometry revealed not only a signal at 968.09, but also 

several peaks with values at 867.98, 767.86, 667.75, 567.63, and 467.51; indicating thus a 

mixture of tobramycin fully protected, along with tobramycin with 4, 3, 2, 1 and 0 Boc 

protecting groups, respectively. Considering the above, after 36 hours of reaction, there 



86 
 

was a large amount of unreacted Boc2O that couldn’t be removed easily by sublimating 

the residue. 

 

For the second step, I, also observed an incomplete reaction for protecting all the 

hydroxyl groups. Once more, the TLC analyses along with a mass spectrum were 

conclusive for establishing the presence of various products in the reaction mixture. 

Several spots with Rf values ranging from 0.4 until 0.8 were found after 72 hours of 

reaction and the mass spectrum revealed signals at 1425.13, 1309.78, and 1195.69, which 

suggests the presence of Boc-protected Tobramycin with 4, 3 and silylether protecting 

groups, respectively. This suggests that the amount of TBDMS-Cl used were not 

enough.17 Attempts to use more excess of TBDMS-Cl did not improve the yields.   

 

The SN2 reaction used for linking the aliphatic tether to tobramycin was the only 

reaction with high yields after following the original protocol. The use of TBAB is 

crucial due to its ability to catalyze the reaction as a phase-transfer catalyst, which is a 

special form of heterogeneous catalysis in charge of facilitating the interaction of KOH 

and the starting material in an organic solvent.  

 

Through a mechanism known as salt metathesis, TBAB exchanges ions with KOH 

in order to form tetra-n-butylammonium hydroxide; thus, TBAB served as a detergent in 

order to solubilize KOH into the organic phase20. Now with the presence of an –OH 

anion, the free hydroxyl group at position C-5 loses its hydrogen forming thus an 

oxyanion; in this way, the catalyst is recovered again because the –OH produced a 

molecule of water. Finally, through a SN2 nucleophilic substitution, the oxyanion reacts 

with the organodihalide in order to alkylate the protected tobramycin. 
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Figure 3.8: Scheme for the phase-transfer catalyzed synthesis of Br-Cn-Tob-Boc-

TBDMS intermediates. 

 

 For third step, the reason why yields are higher for longer aliphatic chains might 

be as consequence of the presence of two bromine atoms. During a SN2 reaction, the 

oxyanion approaches the organodihalide’s end in order to displace one of those bromines; 

with long carbon chains, both halogens are separated by a longer distance, which makes 

the molecule less polar with low negative charge density around the bromines. However, 

with short chains, both halogens are each time closer, which means a molecule each time 

more polar and less suitable to interact with a hydrophobic Boc-TBDMS-Tobramycin 

molecule. In addition, increasing negative charge density is repelled by the bulky 

protective groups surrounding the molecule of tobramycin21. Considering the above, 1,2-

dibromoethane is polar enough and its negative density of charge is big enough for being 

rejected by the oxyanion and the bulky protective groups in the starting material, 

avoiding thus any chemical reaction.  
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 The fourth step was the most challenging part during all process. During the 

coupling reaction of moxifloxacin with Br-C12-Tobramycin-Boc-TBDMS, it was found 

that moxifloxacin was forming an ether as major product. This was difficult to realize as 

either the ether or the tertiary amine have exactly the same mass and the 1H-NMR 

spectrum is nearly identical.  

  

 

Figure 3.9: Moxifloxacin linked as tertiary amine and linked as ether. Both have the 

same mass and 1H-NMR spectrum. 

 

During several weeks it was considered only the presence of a tertiary amine as 

the major product and the process was moved on to the last step. It was not until this last 

step, while the protective groups were trying to be removed, that something completely 

unexpected was observed. The last step involved the deprotection of all Boc and TBDMS 

groups using a mixture of methanol and hydrochloric acid 6:4 during an hour; after this 

time, the reaction mixture was analyzed using mass spectrometry in order to find the 

signal corresponding to the molecular weight for the final compound with a tether of 12 

carbons (MW = 1034.61). Unfortuneatly, the desired target mass signal only appeared as 

trace amount. Instead, two major signals where located at 401.17 and 665.46, indicating 

clearly the presence of moxifloxacin along with a medium signal at 874.09. Originally, it 

was expected to observe only a UV active spot at the TLC plate; however, two big spots 

appeared and only one of those was UV active. Once both compounds were separated 
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with a preparative TLC, the presence of moxifloxacin was confirmed - which 

corresponded to the UV active spot – and also the second product of decomposition was 

identified. 

 

Figure 3.10: Products of decomposition for the last step. 

 

 Initially, it was thought that the concentration of HCl was too high and a mixture 

of MeOH/HCl 10:1 was used instead; however, problems with the decomposition of the 

starting material remained. After several trials it was very suspicious to observe such a 

low stability for a tertiary amine as well as a mass signal at 874.09 after every single trial 

using MeOH/HCl mixtures. Due to the fact that this signal did not appear in any mass 

spectrum before using the deprotection step, it was clear that a new product was being 

formed using HCl for this process. After a systematic analysis, removing several moieties 

from the final compound and calculating their masses, it was found a possible product 

with exactly the same mass (MW = 874.09) which suggested the cleavage of a sugar 

moiety from the tobramycin structure.    

  

Figure 3.11: Hypothetical rupture containing a moiety with MW = 874.09 
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In order to prove this hypothesis, a MALDI analysis was done, finding a signal as 

well at 179.17 corresponding to the mass of the removed monosaccharide moiety; in this 

way, a new decomposition product was found.  

 

The product of the fourth step was synthesized several times and the products 

were purified using DCM/MeOH 9:1 as mobile phase. Two very close UV active spots 

were always observed (Rf values = 0.65 and 0.7), but both had exactly the same mass and 

no significate differences in the 1H-NMR spectrum. I performed a full characterization of 

both spots once they were separated by preparative TLC, by means of an HMBC analysis 

an abnormal signal coming from two hydrogens in a -CH2 group correlating the carbon 

located at the carboxylic group of moxifloxacin’s moieties which is only possible with 

the formation of a moxifloxacin ester.  

 

 

 

 

 

 

 

 

Figure 3.12: Correlation between hydrogens from a –CH2 group and a carbon from a –

COOH group found by 2D HMBC NMR. 

 

This last observation was useful to clarify all what had been observed previously. 

Through the original protocol, a mixture of two compounds were being synthesized, a 

moxifloxacin ether and a tertiary amine; however, considering that the pKa for carboxylic 

acids are lower than pKa values for secondary amines, the selectivity at the moment of 

coupling moxifloxacin to Br-C12-Tob-Boc-TBDMS was higher for synthesizing the 

moxifloxacin ether. At the moment of deprotecting with MeOH/HCl 6:4, the 
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hydrochloric acid was hydrolyzing the ester into moxifloxacin and OH-C12-Tob-Boc-

TbDMS; at the same time, this HCl concentration was enough for cleaving a 

monosaccharide moiety from the tobramycin structure in order to decompose it into 

nebramine. Thus, the presence of all those signals in the mass spectrum can be fully 

explained. Finally, a 1H-NMR spectrum was recorded for the only Moxi-C12-nebramine 

sample that could be purified, where as expected previously. In this case only one 

anomeric hydrogen signal appeared in the spectrum confirming glycosidic cleavage.  

 

3.5 Conclusions 

 

 In order to increase the solubility of Boc2O, water should not be added as solvent. 

Boc2O can be fully dissolved using only methanol as solvent. In addition, the number of 

equivalents of di-t-butyl dicarbonate should be incremented, warranting thus the highest 

yield possible. The excess of reagents needs to be removed before moving on in the 

synthesis as any residual di-t-butyl dicarbonate impacts considerably the yield in the next 

step. During the second step of synthesis, the amount of tert-Butyldimethylsilyl chloride 

can be increased as well as the equivalents of N-methyl imidazole, which can improve 

the reaction yield. TBAB acts as a phase-transfer catalyst, solubilizing KOH into an 

organic phase in order to enable the nucleophilic attack; additionally, as short as the 

aliphatic chain is as lower is the reaction yield for alkylating the available hydroxyl, as 

consequence of an increasing polarity and a bigger negative charge density. The linking 

of moxifloxacin to the aliphatic tether can be dramatically improved if the carboxylic 

acid is previously protected; otherwise, this group is more likely to react with K2CO3 than 

the amino group located at the diazabicyclo group forming thus a moxifloxacin’s ether. 

Finally, strong acid conditions should be avoided in order to prevent the decomposition 

of the final compound and the cleavage of one of its monosaccharides.    

 

 

 



92 
 

3.6 NMR assignments 

 

5-O-(Decyl-bromide)-1,3,2’,6’,3’’-penta-N-(tert-butoxycarbonyl)-4’,2’,4’’,6’’-tetra-

O-tert-Butyldimethylsilyl−Tobramycin  

1H NMR (500 MHz, CDCl3, 298K): δ 3.47 (m, 1H, OCH2 of linker), 3.27-3.23 (m, 2H, 

Br-CH2 of linker), 1.48-1.35 (m, 45H, C-CH3), 1.38-1.21 (m, 16H, 8 CH2 of linker), 0.97-

0.73 (m, 36H, Si-CCH3), 0.24-(-0.03) (m, 24H, Si-CH3). Ring II: 5.22 (br s, 1H, H-1’), 

5.07 (br s, 1H, H-5’), 4.52 (br s, 1H, H-4’), 3.78-3.73 (m, 2H, H-6’), 3.72-3.68 (m, 1H, 

H-2’), 1.56-1.53 (m, 4H, 2H-3’, 2H-2). Ring I: 4.78 (br s, 1H, H-6), 4.27 (br s, 1H, H-4), 

4.18 (br s, 1H, H-5), 3.38-3.29 (m, 2H, H-1, H-3), 1.67-1.58 (m, 4H, 2H-2, 2H-3’). Ring 

III: 5.15 (br s, 1H, H-1”), 4.07 (br s, 1H, H-6”), 3.63-3.58 (m, 2H, H-5”), 3.43-3.36 (m, 

2H, H-2”, H-4”), 3.37-3.30 (m, 1H, H-3”). MS (ES) calc. (M + Na)+: 1664.96; Found (M 

+ Na)+: 1667.86. 

 

5-O-(Dodecyl-bromide)-1,3,2’,6’,3’’-penta-N-(tert-butoxycarbonyl)-4’,2’,4’’,6’’-

tetra-O- tert-Butyldimethylsilyl −Tobramycin 

1H NMR (500 MHz, CDCl3, 298K): δ 3.48 (m, 1H, OCH2 of linker), 3.25-3.20 (m, 2H, 

Br-CH2 of linker), 1.49-1.37 (m, 45H, C-CH3), 1.38-1.20 (m, 20H, 10 CH2 of linker), 

0.96-0.75 (m, 36H, Si-CCH3), 0.24-(-0.03) (m, 24H, Si-CH3). Ring II: 5.23 (br s, 1H, H-

1’), 5.07 (br s, 1H, H-5’), 4.53 (br s, 1H, H-4’), 3.77-3.72 (m, 2H, H-6’), 3.72-3.67 (m, 

1H, H-2’), 1.57-1.53 (m, 4H, 2H-3’, 2H-2). Ring I: 4.76 (br s, 1H, H-6), 4.25 (br s, 1H, 

H-4), 4.18 (br s, 1H, H-5), 3.38-3.30 (m, 2H, H-1, H-3), 1.68-1.60 (m, 4H, 2H-2, 2H-3’). 

Ring III: 5.16 (br s, 1H, H-1”), 4.08 (br s, 1H, H-6”), 3.63-3.57 (m, 2H, H-5”), 3.45-3.38 

(m, 2H, H-2”, H-4”), 3.36-3.30 (m, 1H, H-3”). MS (ES) calc. (M + Na)+: 1692.96; Found 

(M + Na)+: 1695.89. 
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5-O-(Decylmoxifloxacin)-1,3,2’,6’,3’’-penta-N-(tert-butoxycarbonyl)-4’,2’,4’’,6’’-

tetra-O-tert-Butyldimethylsilyl−Tobramycin  

1H NMR (500 MHz, CDCl3, 298K): δ 8.50 (s, 1H, C11H of moxifloxacin), 7.83-7.79 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 4.18-3.97 (m, 1H, N10-CH of cyclopropyl), 3.55 

(s, 3H, C8-OCH3 of moxifloxacin), 3.54-3.46, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-

C3’H of moxifloxacin, OCH2 of linker), 3.26-3.21 (m, 1H, N1’-C9’H of moxifloxacin), 

3.20-3.11 (m, 1H, N1’-C9’H of moxifloxacin), 2.54-2.40 (m, 2H, NCH2 of linker), 2.45-

2.40 (m, 1H, N4’-C5’H of moxifloxacin), 1.89-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 

1.80-1.74 (m, 2H, C8’H of moxifloxacin, C6’-H of moxifloxacin), 1.73-1.68 (m, 3H, 

C6’H of moxifloxacin, C7’H2 of moxifloxacin), 1.50-1.36 (m, 45H, C-CH3), 1.36-1.19 

(m, 16H, 8 CH2 of linker), 1.19-1.13 (m, 4H, cyclopropyl), 0.97-0.71 (m, 36H, Si-CCH3), 

0.23-(-0.03) (m, 24H, Si-CH3). Ring II: 5.22 (br s, 1H, H-1’), 5.06 (br s, 1H, H-5’), 4.53 

(br s, 1H, H-4’), 3.77-3.72 (m, 2H, H-6’), 3.72-3.66 (m, 1H, H-2’), 1.56-1.53 (m, 4H, 2H-

3’, 2H-2). Ring I: 4.77 (br s, 1H, H-6), 4.25 (br s, 1H, H-4), 4.17 (br s, 1H, H-5), 3.36-

3.30 (m, 2H, H-1, H-3), 1.66-1.58 (m, 4H, 2H-2, 2H-3’). Ring III: 5.15 (br s, 1H, H-1”), 

4.04 (br s, 1H, H-6”), 3.65-3.61 (m, 2H, H-5”), 3.44-3.38 (m, 2H, H-2”, H-4”), 3.37-3.30 

(m, 1H, H-3”). MS (MOLDI) calc. (M + Na)+: 1987.81; Found (M + Na)+: 1987.86. 

 

5-O-(Dodecylmoxifloxacin)-1,3,2’,6’,3’’-penta-N-(tert-butoxycarbonyl)-4’,2’,4’’,6’’-

tetra-O- tert-Butyldimethylsilyl −Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.48 (s, 1H, C11H of moxifloxacin), 7.70-7.65 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.95-3.82 (m, 1H, N10-CH of cyclopropyl), 3.52 

(s, 3H, C8-OCH3 of moxifloxacin), 3.59-3.51, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-

C3’H of moxifloxacin, OCH2 of linker), 3.25-3.19 (m, 1H, N1’-C9’H of moxifloxacin), 

3.13-3.04 (m, 1H, N1’-C9’H of moxifloxacin), 2.79-2.71 (m, 2H, NCH2 of linker), 2.53-

2.40 (m, 1H, N4’-C5’H of moxifloxacin), 1.91-1.86 (m, 1H, N4’-C5’H of moxifloxacin), 

1.85-1.75 (m, 2H, C8’H of moxifloxacin, C6’-H of moxifloxacin), 1.75-1.64 (m, 3H, 

C6’H of moxifloxacin, C7’H2 of moxifloxacin), 1.49-1.35 (m, 45H, C-CH3), 1.35-1.18 

(m, 20H, 10 CH2 of linker), 1.18-1.12 (m, 4H, cyclopropyl), 0.89-0.75 (m, 36H, Si-
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CCH3), 0.18-(-0.04) (m, 24H, Si-CH3). Ring II: 5.19 (br s, 1H, H-1’), 5.07 (br s, 1H, H-

5’), 4.55 (br s, 1H, H-4’), 3.82-3.73 (m, 2H, H-6’), 3.73-3.69 (m, 1H, H-2’), 1.68-1.59 

(m, 4H, 2H-3’, 2H-2). Ring I: 4.84 (br s, 1H, H-6), 4.29 (br s, 1H, H-4), 4.20 (br s, 1H, 

H-5), 3.34-3.25 (m, 2H, H-1, H-3), 1.58-1.52 (m, 4H, 2H-2, 2H-3’). Ring III: 5.13 (br s, 

1H, H-1”), 4.13 (br s, 1H, H-6”), 3.71-3.63 (m, 2H, H-5”), 3.47-3.41 (m, 2H, H-2”, H-

4”), 3.41-3.37 (m, 1H, H-3”). MS (MOLDI) calc. (M + Na)+: 2015.86; Found (M + Na)+: 

2015.97 

 

5-O-(Dodecylmoxifloxacin)-1,3,2’,6’-tetra-N-(tert-butoxycarbonyl)-4’,2’-bis-O- 

Butyldimethylsilyl−Nebramine  

MS (ES) calc. (M + Na)+: 896.53; Found (M + Na)+: 897.08 
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Chapter 4: Alternative routes of synthesis for the development of 

Moxifloxacin – Tobramycin hybrids. 

 

 

 

 

 

 

 

 

 

 

 4.1 Abstract 

 

 The synthesis proposed throughout chapter 3 described several shortcomings 

ranging from low reaction yields, synthesis of unexpected side products as well as 

decomposition of the final compound. All proposed steps were modified with the 

exception of step 3 considering it was the only step with no loss of reaction yields or 

synthesis of different compounds. A new protecting group was introduced (-OCH3) in 

order to prevent the synthesis of a moxifloxacin’s ester. In addition, the last step proposed 

in chapter 3 was completely changed because of the observed decomposition into 

nebramine at acidic conditions (HCl). The deprotection process, which was previously 

done in one step, was divided in 3 in order to remove one protecting group at the time. 

Yields and presence of unexpected compounds improved dramatically. However, the 

purification of the final compound could not be achieved because of the formation of 

inorganic salts. 
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4.2 Introduction 

 

 With the aim of improving the yield during the first step of the synthesis, addition 

of water was avoided.  Considering that Di-tert-butyl dicarbonate is insoluble in water, 

the use of an aqueous solution as solvent might be the cause of the poor yields. Initially, 

it was proposed a mixture of H2O/MeOH 1:1 as solvent, along with ethylamine; 

nonetheless, this time water was avoided using instead MeOH 100%. Several studies 

avoid water during the process of protection for the amino groups1, helping thus to reduce 

the reaction time as well as to improve the reaction yields. In contrast, reactions where 

water is used as solvent usually require longer reaction times and yields are not that 

high2. During the second synthesis step, I increased the amount of tert-butyldimethylsilyl 

chloride used for the reaction. Although stoichiometry suggests the use of 4 eq of 

TBDMS-Cl per eq. of starting material (bearing in mind that there are 4 hydroxyl group 

to protect -, silyl protective groups have significantly higher electronic and steric 

requirements than other type of protective groups, which becomes important when two or 

more hydroxyl groups are present in the same molecule)3. For this step tobramycin is 

characterized of having 3 hydroxyl group located within one single monosaccharide 

moiety among which 2 are located in adjacent carbons. Moreover, the presence of Boc-

groups further increases the steric hindrance. Considering the above and based on 

previous works protecting tobramycin4, either the amount of TBDMS-Cl as the reaction 

time were doubled despite the TBDMS-Cl excess used with the protocol described in 

chapter 3; the above is due to the steric effect that takes place during the protection of 

tobramycin. 

 

The alkylation of Boc-TBDMS-Tobramycin was carried out without changes 

regarding the synthesis proposed in last chapter. In order to link moxifloxacin to the 

alkylation product, the carboxylic acid had to be protected to avoid ester formation. 

Furthermore, a process involving a reductive amination was attempted with the aim of 

improving the reaction yield. For this purpose, the starting monobromo-tether was 
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hydrolyzed to alcohol Boc-TBDMS-Tobramycin-Cn-OH and then oxidized to an 

aldehyde. The aldehyde served as starting material for reductive amination to the 

secondary amine function in protected moxifloxacin methyl ester5, using sodium 

triacetoxyborohydride.  

 

 

 

 

 

 

 

Figure 4.1: Structures of Moxifloxacin methyl ester and sodium triacetoxyborohydride. 

 

 Finally, as an alternative for the conventional way of deprotecting the tobramycin 

– MeOH/HCl – an approach with three different steps was performed. . At first, the 

TBDMS groups were removed using tetra-n-butylammonium fluoride, which selectively 

removes TBDMS leaving Boc protective groups untouched6. Subsequently, the methoxy 

group is removed under basic conditions using LiOH 2M in MeOH before the Boc 

protecting groups are cleaved at the end using mild acidic conditions (TFA/H2O 1:1) to 

remove the protecting groups without decomposing the final compound. 

 

  

 

 

 

 

 

 

Figure 4.2: Structures of TBAF and TFA respectively.  
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4.3 Procedure and Results 

 

4.3.1 Synthesis of Boc-Tobramycin 

 

The amino groups were protected dissolving the commercially available reagent of 

tobramycin in MeOH. While the entire solution was being stirred, 2.5 eq of Boc2O(s) 

were slowly added along with 3.5 eq of triethylamine; afterwards, the mixture was left 

overnight heated at 55°C during 24 hours until ending up in a thick slurry7. TLC showed 

mainly one single spot after 24 hours of reaction with an Rf = 0.5 using ethyl acetate as 

mobile phase; furthermore, a mass spectrum with electrospray detector confirmed mainly 

a product with a mass matching the expected (MW = 968.09). The slurry solution was 

evaporated until dryness, and the resulting solid was left under high vacuum overnight. 

Later, by means of a chromatographic column using as mobile phase 100% ethyl acetate, 

the product was purified leaving the remaining Boc2O stuck in the silica. Through this 

protocol, a yield of 93% was achieved. The desired product is composed by five Boc 

protecting groups. 

 

 

 

 

 

 

Figure 4.3: Second protocol for the synthesis of Boc-Tobramycin 

 

4.3.2 Synthesis of Boc-TBDMS-Tobramycin 

 

After the amino protection, the hydroxyl groups were protected with the exception 

of the hydroxyl located at position C-5 as mentioned at section 3.3.2. For this purpose, 3 

eq of tert-Butyldimethylsilyl chloride (TBDMS-Cl) and 2.5 eq of N-methyl imidazole 
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were dissolved along with 1 eq of Boc-Tobramycin using DMF anhydride as solvent. The 

reaction was carried out at room temperature under a N2 atmosphere during 72 hours. 

After, additional 2.5 eq of N-methyl imidazole and 3 eq of TBDMS-Cl were added in 

order to react 72 hours again, once more under a N2 atmosphere and room temperature. 

After 6 days, the reaction was stopped adding 50mL of water and was washed with brine 

(3×100mL), recovering the product by means of a phase separation with ethyl acetate, 

and drying the organic phase with Na2SO4 anhydrous. TLC plates revealed a majority 

spot with an Rf = 0.6 using Ethyl Acetate/Hexanes 5:1. Finally, the product was purified 

by silica gel column chromatography using a gradient from hexanes–EtOAc 90:10 until 

hexanes-EtOAc 80:20. Despite the steric hindrance given by TBDMS groups8,9, it was 

found that the hydroxyl group at position C-5 can be protected at this conditions; 

however, the amount synthesized is minimum. TLC plates revealed two tiny spots with 

Rf of 0.75 and 0.4; nonetheless, the mayor spot had an Rf = 0.6, which correspond to the 

expected compounds with four TBDMS protecting groups and one hydroxyl free. A mass 

spectrum was done, finding signals at 1539.41, 1425.15 and 1310.89; which correspond 

to Boc-Tobramycin along with 5, 4 and 3 TBDMS protective groups respectively. A 

yield of 83% was achieved for the majority product at these conditions. 

 

 

 

 

 

 

 

 

Figure 4.4: Second protocol for the synthesis of Boc-TBDMS-Tobramycin. 
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4.3.3 Synthesis of Br-Cn-Tobramycin-Boc-TBDMS  

 

This step had no changes and was followed as described at section 3.3.3, where 4 

eq of each organodihalide were dissolved in toluene along with 1eq of tobramycin fully 

protected with Boc and TBDMS groups, 3eq of KOH and catalytic amounts of tetra-n-

butylammonium bromide (TBAB). After 18 hours, TLC plates revealed completion of 

reaction, and the product was purified using column chromatography with 

Hexanes/EtOAc 90:10 as mobile phase. Yields for this reaction was >90% for those 

compounds with tethers of 10 and 12 and ranging around 50-70% for compounds with 

tether of 4, 6 and 8 carbons. The reaction for synthesizing the product with a 2 carbon 

tether was tried, but once more it was unsuccessful. 

 

4.3.4 Synthesis of Moxifloxacin methyl ester  

 

In order to protect the carboxylic group in the moxifloxacin structure, two 

different synthetic approaches were used. First, to a stirred solution of moxifloxacin in 

methanol (20 mL) was added 1.5 eq of p-toluenesulfonic acid10. The mixture was 

refluxed for 16 hours at 100°C; later, once the reaction mixture was cooled, it is dissolved 

in a saturated NaHCO3 solution, extracted from the aqueous phase with CH2Cl2 (100mL 

x 3), and the organic layer was dried using Na2SO4 anhydrous. TLC revealed a major 

spot with an Rf of 0.8 corresponding to the desired product, which was purified by 

column chromatography by means of a mobile phase composed by DCM/MeOH/NH4OH 

10:3:1. The yield for this reaction was 71%. 

 

 Considering the yield obtained previously, a new alternative was considered in 

order to protect the carboxylic acid. To the stirred solution of moxifloxacin in methanol 

(10 mL), 20 drops of concentrated H2SO4 were added instead of p-toluene sulfonic acid; 

later, the protocol was followed exactly as was described initially. The reaction yield for 

this reaction catalyzed by H2SO4 was 91%. 
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Figure 4.5: Synthesis of moxifloxacin methyl ester. 

4.3.5 Synthesis of Methoxy-moxifloxacin-Cn-Tobramycin-Boc-TBDMS 

 

In order to carry out this synthesis, two different approaches were considered. 

First, 4 eq of K2CO3 and 2eq of moxifloxacin methyl ester were used per equivalent of 

Br-Cn-Tobramycin-Boc-TBDMS and mixed in DMF anhydrous during 18 hours under N2 

atmosphere at 80°C11. TLC plates showed one main spot with an Rf = 0.6 corresponding 

to the desired product, a smaller spot with an Rf = 0.9 corresponding to Br-Cn-

Tobramycin-Boc-TBDMS and several tiny spots with Rf < 0.5. In spite of the reaction 

was not completed, the reaction mixture was not left for more than 18 hours nor higher 

amounts of K2CO3 were used because in both cases, the protective groups start to be 

cleaved. The desired compound was purified through a column chromatography using 

DCM/MeOH 20:1. Reaction yields for synthesizing these intermediates were higher for 

those hybrids with long tethers – 8, 10 and 12 carbons – than those exhibited by hybrids 

with short tethers – 4 and 6 carbons -. This protocol was used several times in order to 

synthesize these intermediates, and yields obtained for each one of them are summarized 

in the following table.  

 

Tether Length MW Reaction yield 

4 Carbons 1879.09 39% 

6 Carbons 1907.12 45% 

8 Carbons 1935.15 65-75% 

10 Carbons 1963.18 63-85% 

12 Carbons 1991.21 75-90% 

              Table 4.1: Percentage yields for each protected hybrid synthesized. 

[H+] 
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Figure 4.6: General scheme for the synthesis of all protected hybrids by the first 

approach. 

Finally, a second approach was considered for this synthesis; however, this 

protocol only was used for the synthesis of intermediates with 8 and 12 carbon tethers. 

This approach involves three steps instead of one in order to link the moxifloxacin methyl 

ester to the starting material. The product previously obtained Br-Cn-Tobramycin-Boc-

TBDMS is oxidized in order to make an alcohol after being dissolved on DMF along 

with 3 eq of Cs2CO3 and 1.5 eq of water at 80°C during 18 hours. TLC plates using 

hexanes/ethyl acetate 4:1 revealed one main spot with an Rf = 0.5 corresponding to the 

expected product, and a second spot with an Rf = 0.75 corresponding to the starting 

material. The product was purified by column chromatography using the same gradient 

for the TLC plates. Yields for this first step are summarized as follows. 

Tether Length MW (OH 

form) 

Reaction yield 

8 Carbons 1551.99 85% 

12 Carbons 1608.05 96% 

Table 4.2: Percentage yields for oxidation of the starting material 
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Figure 4.7: Scheme for the oxidation of the starting material. 

 Once the alcohol is purified, it is dissolved more in DCM along with 3 eq of 

pyridinium chlorochromate (PCC) and 0.2 eq of sodium acetate at room temperature 

during 2 hours. This reaction is done in order to oxidize the alcohol to an aldehyde. For 

this reaction the Rf values for reagent and product were equival. As a result, the reaction 

progress was followed by mass spectrometry; furthermore, the NMR spectra revealed a 

signal at 9.64 corresponding to the hydrogen from the aldehyde group. Product was 

purified by column chromatography using as mobile phase hexanes/ethyl acetate 3:1. 

Yields for this step are summarized as follows.  

Tether 

Length 

MW (CHO form) Reaction yield 

8 Carbons 1549.97 89% 

12 Carbons 1606.03 94% 

Table 4.3: Percentage yields for the aldehyde synthesis. 

 

 

 

 

 

Figure 4.8: Scheme for the synthesis of the aldehyde intermediate. 
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Finally, a reductive amination procedure was used to link the aldehyde to 

moxifloxacin methyl ester. In order to do so, 1.2 eq of moxifloxacin methyl ester per 

equivalent of the aldehyde are dissolved in dichloroethane along with 2 drops of acetic 

acid during three hours. Subseqently,  5 eq of sodium triacetoxyborohydride were added 

into the reaction mixture the reaction was left for 12 hours more under a N2 atmosphere. 

TLC plates using DCM/MeOH 20:1, revealed a major spot with an Rf = 0.7 

corresponding to the expected product along with 2 tiny spots with Rf of 0.4 and 0, 

corresponding to the starting aldehyde and moxifloxacin methyl ester. The product was 

purified using the same solvent mixture and the percentage yields are summarized below.  

Tether 

Length 

MW (hybrid 

form) 

Reaction yield 

8 Carbons 1935.15 79% 

12 Carbons 1991.21 84% 

                       Table 4.4: Percentage yields for the reductive amination 

 

 

 

 

 

 

Figure 4.9: Scheme for the reductive amination. 

4.3.6 Synthesis of the final compound 

 

 This part consists of deprotecting the hybrid previously synthesized. In order to 

prevent the decomposition seen on the previous chapter, the strong acidic conditions were 

avoided. Initially, the hybrid protected was dissolved on a THF solution along with 10 eq 

Moxifloxacin 
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of tetra-n-butylammonium fluoride at room temperature during 2 hours. TLC plates 

showed complete deprotection of all TBDMS groups and the product of these reaction 

appears with an Rf = 0.4 using DCM/MeOH 20:1 as mobile phase. Product was purified 

by column chromatography using the same mobile phase used with TLC’s. Yields for this 

step are summarized as follows. 

 

Tether Length MW Reaction yield 

8 Carbons 1478.81 

85-94% 10 Carbons 1506.84 

12 Carbons 1534.87 

Table 4.5: Percentage yields for deprotection of TBDMS groups 

 

 

 

 

 

 

Figure 4.10: Scheme for the deprotection of hydroxyl groups. 

 The next step involved the deprotection of the ester moiety located at the 

moxifloxacin part. During this part, a solution 2M of lithium hydroxide in water is 

solubilized in THF used as solvent. This reaction mixture is mixed with the previous 

product during one hour at 0°C12. The completion of this reaction was followed by mass 

spectrometry considering that there are no difference regarding to Rf values between the 

starting material and the product. The products were purified by column chromatography 

using DCM/MeOH 10:1 as mobile phase. Only the hybrids made with tethers of 10 and 

12 carbons were moved until this stage; however, both showed 100% of yield.  
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Figure 4.11: Scheme for the deprotection of the carboxylic acid at the moxifloxacin 

moiety. 

 

 Finally, the last step consists of the deprotection of all Boc groups. In order to do 

so, a solution composed of trifluoroacetic acid and water 1:1 is used during one hour at 

room temperature13. The completion of this reaction was followed by mass spectrometry 

considering the high polarity exhibited by the final compound, which makes impractical 

an analysis by TLC. Masses for both hybrids – with C10 and C12 tethers were found 

indicating the formation of the desired products. Purification was achieved by 

chromatographic methods including C18 reversed phase and Sephadex G10. However, 

none of the product could be purified in order to characterize them by NMR analyses and 

to be used in biological tests. 

 

 

 

 

 

Figure 4.12: Scheme for the deprotection of amino groups. 
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4.4 Discussion 

 

 The percentage yield was dramatically improved with this new protocol. During 

the first synthesis, yield improved by removing water as solvent; by doing this, the 

solubility of Boc2O was higher and then, their interaction with the amino groups from 

tobramycin was more effective. This was considered after reviewing some studies where 

Boc2O was used with organic solvents for protecting the amino groups14,15, and even 

carboxylic groups16. Furthermore, in order to continue with the synthesis the solvent must 

be removed, which was a serious problem initially because for synthesizing big amounts 

of this intermediate a big volume of solvent was also required; as consequence, a larger 

amount of water had to be evaporated which is very challenging due to its high boiling 

point and the great risk of leaking volumes along with part of the product.  

 

During the protection of hydroxyl groups, the amount of tert-butyldimethylsilyl 

chloride was increased as suggested during the previous chapter. It is important to 

consider some factors here; for instance, the geometry and distribution of all functional 

groups within tobramycin affects the reactions yield at the moment of protecting the 

hydroxyl groups. Even if the stoichiometry amounts of TBDMS-Cl are used, the 

percentage yield would be low; the molecule of tobramycin is composed by 3 

monosaccharides forming an angle in “V”, which provide steric hindrance to the 

hydroxyl group located at position 5, which prevents the protection of this particular 

group; furthermore, the previous protection with Di-tert-butyl dicarbonate introduced 

bulky moieties to tobramycin, which makes the introduction of new groups more 

complex. Considering the above, it is necessary a big excess of TBDMS-Cl in order to 

have high reaction yields.  

 

The protection of the carboxylic acid was very useful in order to reduce the 

formation of the undesired product mentioned during the last chapter. Once this group 

was protected, only the hydrogen located at the secondary amine was available for an 
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acid-base reaction with K2CO3; however, the product linked at the carboxyl group – the 

undesired product - was still detected on the TLC plates, which can be explained by 

considering the alkalinity exhibited by K2CO3 once this compound is dissolved. K2CO3 is 

strongly basic due to it is the conjugate base of H2CO3 which is a weak acid; therefore, 

once this salt is dissolved, the pH is able to deprotect the carboxylic acid. As 

consequence this protective group is highly unstable at high pH values even at room 

temperature17. Thus, the carboxylic group is available again for reacting with the starting 

material in order to synthesize the moxifloxacin ester hybrid, which is the undesired 

product. 

 

This last effect might be prevented using a different solvent instead of DMF. For 

instance, dimethoxyethane is also a solvent miscible on water and able to solubilize 

inorganic salts; however, its polarity index is lower than DMF, which would make 

inorganic salts less soluble in this solvent and thus would decrease the alkalinity of the 

conjugate base. However, even if the reaction yield is affected by a reduced solubility, 

stronger bases such as Cs2CO3 or DBU might be used in order to increase the yield, due 

to these salts are more soluble than K2CO3 in organic solvents and their pH value would 

not be as high as K2CO3 dissolved in DMF. 

 

A new route of synthesis was proposed in order to have an alternative for linking 

the moxifloxacin to the starting material, avoiding completely the deprotection of the 

methyl ester and then the formation of the undesired product. Initially, the starting 

material was oxidized to an alcohol using Cs2CO3 because this salt displays higher 

basicity than K2CO3 in DMF solutions18; also, in comparison to potassium carbonate, 

cesium carbonate has a superior solubility in aprotic solvents 19. These properties make 

Cs2CO3 more suitable for improving the yield of the oxidation. This reaction proved to be 

highly efficient because with a high pH, the conversion from an alkyl halide to an alcohol 

is almost 100%; furthermore, TBDMS and Boc protective groups demonstrated to be 

stable at these values of pH in a DMF solution, despite the TBDMS groups are unstable 
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in aqueous solutions at very basic conditions20. Later, a soft oxidation is done in order to 

convert the alcohol into an aldehyde21. Finally, through a reductive amination, both 

moieties are linked through a reaction with no production of undesired products because 

this last reaction is done initially under slightly acidic conditions and later with a 

borohydride22, and at those conditions all protective groups are stable17,20,23. This last 

approach for linking the moxifloxacin moiety to the alkyl halide is very efficient; 

however, it requires 3 additional steps which increases the time and cost for the synthesis 

and this method can be avoided at least for hybrids with long tethers – 8 to 12 carbons – 

considering that the reaction with K2CO3 and DMF exhibited relatively good yields for 

these compounds; nonetheless, this last approach can be considered for synthesizing 

those compounds with short tethers – 4 to 6 carbons – as consequence of the poor yield 

exhibited by these particular compounds, apparently due to steric hindrance and 

proximity between the moxifloxacin moiety and tobramycin protected with bulky groups 

such as Boc and TBDMS. 

 

The last part of the synthesis involves the deprotection of the hybrid, which was 

carried out in 3 steps for several reasons. First, the product rupture into moxifloxacin and 

tobramycin is prevented, as well as the decomposition into a nebramine derivative 

because during this protocol the use of strong acidic conditions is avoided; furthermore, 

by removing selectively the protecting groups, the product of each deprotection except 

the last one, can be purified easily through normal silica gel, because by leaving the Boc 

groups until the last part, the molecules is hydrophobic enough for its purification with 

normal silica. TBAF is selective to deprotect only TBDMS groups due to the organic 

solvent with which this salt is used. Considering that TBAF is a detergent, it can be 

dissolved on water as well as organic solvents; if this compound is dissolved in water, an 

acid-base reaction would take place and a strong acid would be formed – because TBAF 

is a weak base -, thus the pH value would decrease significantly deprotecting all groups; 

however, by dissolving TBAF on THF, the acid-base reaction is prevented and the 

fluorine from TBAF acts as nucleophile which reacts selectively only with the silicon 
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atom at the TBDMS group. Later, the methyl ester is deprotected using LiOH in order to 

have strong basic conditions; however, the pH should not be over 12 because starting on 

this point the Boc protective groups can also be removed17, that’s the reason why a 

solution 2M is prepared. Previous studies have demonstrated that this particular reaction 

carried out at 0°C reduces considerably the reaction time with yields of 100%24. Lastly, 

the last step involves a reaction under acidic conditions using TFA; nonetheless, this 

reaction is softer than a reaction done with HCl because the pKa for TFA is much lower 

than for HCl, which is the reason why the deprotection can be carried out for preventing 

the decomposition of the final compound in nebramine derivatives. In spite of the mass 

for the final compounds was found, it was not possible to purify this last compound. This 

molecule is highly polar considering all amino and hydroxyl groups, and the acid pH 

used for deprotecting the Boc’s makes the product even more polar, due to all amino 

groups are protonated and positively charged.   

 

 

 

 

 

Figure 4.13: Mechanism for the deprotection of Boc protective groups. 

 

The mechanism shows clearly the formation of several ion which form salts once 

the solvent is removed, and considering the high polarity of the final compound, normal 

silica cannot be used. However, by using C18 reverse silica, both the final compound and 

the salts produced during the deprotection reaction, were eluted together from the 

column. In order to decrease the polarity of the final compound, the protonated amino 

groups were neutralized using NH4OH(aq), which helped to remove the biggest amount of 

salts at the first fraction, but more salts were being eluted along with the final compound.  
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Despite these last shortcomings with the purification, the crude samples were 

analyzed through 1H-NMR, finding weakly the signals corresponding to the final 

compound; however, all signals were very diffuse for making any kind of integration or 

analysis. Moreover, one sample of Moxifloxacin-C12-Tobramycin was submitted to a 

MIC testing against PA01, PA 101885 and PA100036 strains of Pseudomonas 

Aeruginosa, but as consequence of the impurities presented by this sample, the MIC 

testing was completely unsuccessful. 

 

4.5 Conclusions 

 

  Water should be avoided in order to protect all the amino groups with Di-tert-

butyl dicarbonate because this compound is insoluble in water and water is very hard to 

evaporate. The optimum time for protecting the hydroxyl groups is 6 days, adding more 

tert-tutyldimethylsilyl chloride after 3 days in order to leave the reaction three more days. 

The presence of bulky Boc protecting require huge excess of TBDMS groups to achieve a 

dissent yield. The protection of the moxifloxacin’s carboxylic acid is crucial in order to 

avoid the synthesis of undesired products.  However, these compounds are still formed as 

consequence of K2CO3 basicity. The reaction yields might be improved using Cs2CO3 as 

salt and dimethoxyethane as solvent. The process via reductive amination eliminates the 

presence of undesired products and can be very beneficial for synthesizing those 

compounds with short tethers. The selective deprotection of TBDMS groups is only 

possible when an organic solvent such as THF is used during the reaction which allows 

TBAF to act as a nucleophile instead of a base. LiOH hydroxide and other strong bases 

are good reagents in order to hydolyze the methyl ester protective group in the presence 

of water. However, pH must not exceed a value of 12 and it is highly recommended to 

carry out the reaction at low temperatures (0°C). The purification of the final compound 

requires a meticulous analysis because several factors are involved during this process 

such as pH, size of the final compound and even temperature in order to optimize 

solubility. It is highly recommended to use chromatographic techniques able to separate 
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by size, considering that the final compound is a big and bulky molecule and the salts 

produced as consequence of this reaction have a small molecular weight; however, an 

initial C18 column neutralizing the pH with NH4OH helps to remove an important 

amount of impurities. 

 

4.6 NMR assignments 

 

Moxifloxacin methyl ester 

1H NMR (300 MHz, CDCl3, 298K): δ 8.59 (s, 1H, C11H), 7.87-7.82 (d, J = 14.0 Hz, 1H, 

C5H), 3.95 (s, 3H, C1-OCH3), 4.04-3.88 (m, 1H, N10-CH of cyclopropyl), 3.60 (s, 3H, 

C8-OCH3), 3.50-3.31, (m, 3H, N1’-C2’H2, N4’-C3’H), 3.14-3.03 (m, 1H, N1’-C9’H), 

2.80-2.66 (m, 1H, N1’-C9’H), 2.42-2.26 (m, 1H, N4’-C5’H), 1.93-1.67 (m, 3H, N4’-

C5’H, C8’H, C6’H), 1.67-1.43 (m, 3H, C6’H, C7’H2), 1.27-0.77 (m, 4H, CH2 of 

cyclopropyl). 

 

5-O-(Butyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.51 (s, 1H, C11H of moxifloxacin), 7.81-7.78 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.88 (s, 3H, C1-OCH3 of moxifloxacin), 3.88-

3.83 (m, 1H, N10-CH of cyclopropyl), 3.53 (s, 3H, C8-OCH3 of moxifloxacin), 3.53-

3.46, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.26-3.20 (m, 1H, N1’-C9’H of moxifloxacin), 3.18-3.13 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.54-2.44 (m, 2H, NCH2 of linker), 2.40-2.36 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.87-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 1.80-1.74 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.68-1.62 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.50-1.34 (m, 45H, C-CH3), 1.34-1.21 (m, 4H, 2 CH2 of linker), 1.17-

1.08 (m, 4H, cyclopropyl), 0.98-0.74 (m, 36H, Si-CCH3), 0.20-(-0.03) (m, 24H, Si-CH3). 

Ring II: 5.19 (br s, 1H, H-1’), 5.00 (br s, 1H, H-5’), 4.49 (br s, 1H, H-4’), 3.75-3.69 (m, 

2H, H-6’), 3.69-3.62 (m, 1H, H-2’), 1.61-1.56 (m, 4H, 2H-3’, 2H-2). Ring I: 4.75 (br s, 
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1H, H-6), 4.21 (br s, 1H, H-4), 4.12 (br s, 1H, H-5), 3.27-3.18 (m, 2H, H-1, H-3), 1.60-

1.53 (m, 4H, 2H-2, 2H-3’). Ring III: 5.11 (br s, 1H, H-1”), 4.02 (br s, 1H, H-6”), 3.62-

3.54 (m, 2H, H-5”), 3.40-3.35 (m, 2H, H-2”, H-4”), 3.34-3.29 (m, 1H, H-3”). 

 

5-O-(Hexyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.54 (s, 1H, C11H of moxifloxacin), 7.84-7.81 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.90 (s, 3H, C1-OCH3 of moxifloxacin), 3.93-

3.88 (m, 1H, N10-CH of cyclopropyl), 3.54 (s, 3H, C8-OCH3 of moxifloxacin), 3.55-

3.48, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.26-3.20 (m, 1H, N1’-C9’H of moxifloxacin), 3.20-3.15 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.59-2.47 (m, 2H, NCH2 of linker), 2.43-2.37 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.90-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 1.83-1.75 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.73-1.67 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.54-1.36 (m, 45H, C-CH3), 1.35-1.20 (m, 8H, 4 CH2 of linker), 1.19-

1.10 (m, 4H, cyclopropyl), 0.98-0.76 (m, 36H, Si-CCH3), 0.23-(-0.03) (m, 24H, Si-CH3). 

Ring II: 5.22 (br s, 1H, H-1’), 5.04 (br s, 1H, H-5’), 4.55 (br s, 1H, H-4’), 3.77-3.72 (m, 

2H, H-6’), 3.72-3.68 (m, 1H, H-2’), 1.65-1.57 (m, 4H, 2H-3’, 2H-2). Ring I: 4.78 (br s, 

1H, H-6), 4.27 (br s, 1H, H-4), 4.18 (br s, 1H, H-5), 3.30-3.24 (m, 2H, H-1, H-3), 1.64-

1.57 (m, 4H, 2H-2, 2H-3’). Ring III: 5.15 (br s, 1H, H-1”), 4.07 (br s, 1H, H-6”), 3.68-

3.61 (m, 2H, H-5”), 3.46-3.40 (m, 2H, H-2”, H-4”), 3.37-3.32 (m, 1H, H-3”). 

 

5-O-(Octyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin  

1H NMR (300 MHz, CDCl3, 298K): δ 8.55 (s, 1H, C11H of moxifloxacin), 7.83-7.80 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.91 (s, 3H, C1-OCH3 of moxifloxacin), 3.90-

3.87 (m, 1H, N10-CH of cyclopropyl), 3.56 (s, 3H, C8-OCH3 of moxifloxacin), 3.54-

3.45, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.25-3.22 (m, 1H, N1’-C9’H of moxifloxacin), 3.20-3.15 (m, 1H, N1’-C9’H of 
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moxifloxacin), 2.55-2.47 (m, 2H, NCH2 of linker), 2.42-2.38 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.88-1.84 (m, 1H, N4’-C5’H of moxifloxacin), 1.81-1.73 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.70-1.63 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.52-1.38 (m, 45H, C-CH3), 1.35-1.21 (m, 12H, 6 CH2 of linker), 1.17-

1.08 (m, 4H, cyclopropyl), 0.97-0.74 (m, 36H, Si-CCH3), 0.24-(-0.02) (m, 24H, Si-CH3). 

Ring II: 5.22 (br s, 1H, H-1’), 5.02 (br s, 1H, H-5’), 4.51 (br s, 1H, H-4’), 3.79-3.73 (m, 

2H, H-6’), 3.72-3.64 (m, 1H, H-2’), 1.64-1.58 (m, 4H, 2H-3’, 2H-2). Ring I: 4.77 (br s, 

1H, H-6), 4.25 (br s, 1H, H-4), 4.17 (br s, 1H, H-5), 3.30-3.23 (m, 2H, H-1, H-3), 1.62-

1.55 (m, 4H, 2H-2, 2H-3’). Ring III: 5.13 (br s, 1H, H-1”), 4.07 (br s, 1H, H-6”), 3.66-

3.61 (m, 2H, H-5”), 3.44-3.39 (m, 2H, H-2”, H-4”), 3.37-3.32 (m, 1H, H-3”). 

 

5-O-(Decyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin  

1H NMR (300 MHz, CDCl3, 298K): δ 8.55 (s, 1H, C11H of moxifloxacin), 7.83-7.80 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.91 (s, 3H, C1-OCH3 of moxifloxacin), 3.90-

3.86 (m, 1H, N10-CH of cyclopropyl), 3.56 (s, 3H, C8-OCH3 of moxifloxacin), 3.55-

3.47, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.25-3.21 (m, 1H, N1’-C9’H of moxifloxacin), 3.20-3.16 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.57-2.44 (m, 2H, NCH2 of linker), 2.42-2.38 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.89-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 1.82-1.73 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.71-1.65 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.52-1.35 (m, 45H, C-CH3), 1.35-1.17 (m, 16H, 8 CH2 of linker), 1.17-

1.08 (m, 4H, cyclopropyl), 0.98-0.77 (m, 36H, Si-CCH3), 0.23-(-0.03) (m, 24H, Si-CH3). 

Ring II: 5.22 (br s, 1H, H-1’), 5.04 (br s, 1H, H-5’), 4.53 (br s, 1H, H-4’), 3.77-3.71 (m, 

2H, H-6’), 3.71-3.66 (m, 1H, H-2’), 1.64-1.55 (m, 4H, 2H-3’, 2H-2). Ring I: 4.78 (br s, 

1H, H-6), 4.25 (br s, 1H, H-4), 4.16 (br s, 1H, H-5), 3.30-3.21 (m, 2H, H-1, H-3), 1.64-

1.55 (m, 4H, 2H-2, 2H-3’). Ring III: 5.14 (br s, 1H, H-1”), 4.07 (br s, 1H, H-6”), 3.66-

3.59 (m, 2H, H-5”), 3.44-3.38 (m, 2H, H-2”, H-4”), 3.37-3.30 (m, 1H, H-3”). 
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5-O-(Dodecyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-

butoxycarbonyl)-4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin  

1H NMR (300 MHz, CDCl3, 298K): δ 8.60 (s, 1H, C11H of moxifloxacin), 7.90-7.85 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.95 (s, 3H, C1-OCH3 of moxifloxacin), 3.94-

3.89 (m, 1H, N10-CH of cyclopropyl), 3.60 (s, 3H, C8-OCH3 of moxifloxacin), 3.59-

3.51, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.28-3.22 (m, 1H, N1’-C9’H of moxifloxacin), 3.22-3.19 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.60-2.49 (m, 2H, NCH2 of linker), 2.45-2.40 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.94-1.88 (m, 1H, N4’-C5’H of moxifloxacin), 1.85-1.77 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.75-1.67 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.52-1.38 (m, 45H, C-CH3), 1.38-1.20 (m, 20H, 10 CH2 of linker), 

1.19-1.10 (m, 4H, cyclopropyl), 1.01-0.80 (m, 36H, Si-CCH3), 0.25-0.00 (m, 24H, Si-

CH3). Ring II: 5.26 (br s, 1H, H-1’), 5.07 (br s, 1H, H-5’), 4.55 (br s, 1H, H-4’), 3.80-

3.73 (m, 2H, H-6’), 3.73-3.69 (m, 1H, H-2’), 1.68-1.59 (m, 4H, 2H-3’, 2H-2). Ring I: 

4.84 (br s, 1H, H-6), 4.29 (br s, 1H, H-4), 4.20 (br s, 1H, H-5), 3.34-3.25 (m, 2H, H-1, H-

3), 1.69-1.58 (m, 4H, 2H-2, 2H-3’). Ring III: 5.19 (br s, 1H, H-1”), 4.13 (br s, 1H, H-6”), 

3.71-3.63 (m, 2H, H-5”), 3.47-3.41 (m, 2H, H-2”, H-4”), 3.41-3.35 (m, 1H, H-3”). 

 

5-O-(Octyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.55 (s, 1H, C11H of moxifloxacin), 7.82-7.78 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.91 (s, 3H, C1-OCH3 of moxifloxacin), 3.90-

3.86 (m, 1H, N10-CH of cyclopropyl), 3.57 (s, 3H, C8-OCH3 of moxifloxacin), 3.57-

3.49, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.28-3.22 (m, 1H, N1’-C9’H of moxifloxacin), 3.22-3.17 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.59-2.45 (m, 2H, NCH2 of linker), 2.43-2.38 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.89-1.84 (m, 1H, N4’-C5’H of moxifloxacin), 1.84-1.75 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.73-1.66 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.52-1.35 (m, 45H, C-CH3), 1.35-1.22 (m, 16H, 8 CH2 of linker), 1.19-
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1.10 (m, 4H, cyclopropyl). Ring II: 5.21 (br s, 1H, H-1’), 5.06 (br s, 1H, H-5’), 4.52 (br s, 

1H, H-4’), 3.78-3.72 (m, 2H, H-6’), 3.72-3.66 (m, 1H, H-2’), 1.64-1.58 (m, 4H, 2H-3’, 

2H-2). Ring I: 4.77 (br s, 1H, H-6), 4.22 (br s, 1H, H-4), 4.14 (br s, 1H, H-5), 3.30-3.23 

(m, 2H, H-1, H-3), 1.61-1.54 (m, 4H, 2H-2, 2H-3’). Ring III: 5.12 (br s, 1H, H-1”), 4.09 

(br s, 1H, H-6”), 3.65-3.60 (m, 2H, H-5”), 3.42-3.35 (m, 2H, H-2”, H-4”), 3.35-3.30 (m, 

1H, H-3”). 

 

5-O-(Decyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-butoxycarbonyl)-

Tobramycin  

1H NMR (300 MHz, CDCl3, 298K): δ 8.58 (s, 1H, C11H of moxifloxacin), 7.84-7.79 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.92 (s, 3H, C1-OCH3 of moxifloxacin), 3.90-

3.85 (m, 1H, N10-CH of cyclopropyl), 3.58 (s, 3H, C8-OCH3 of moxifloxacin), 3.58-

3.50, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.27-3.22 (m, 1H, N1’-C9’H of moxifloxacin), 3.21-3.16 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.58-2.47 (m, 2H, NCH2 of linker), 2.45-2.40 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.89-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 1.82-1.75 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.73-1.68 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.55-1.38 (m, 45H, C-CH3), 1.37-1.20 (m, 16H, 8 CH2 of linker), 1.19-

1.11 (m, 4H, cyclopropyl). Ring II: 5.22 (br s, 1H, H-1’), 5.02 (br s, 1H, H-5’), 4.53 (br s, 

1H, H-4’), 3.76-3.71 (m, 2H, H-6’), 3.71-3.68 (m, 1H, H-2’), 1.67-1.58 (m, 4H, 2H-3’, 

2H-2). Ring I: 4.73 (br s, 1H, H-6), 4.25 (br s, 1H, H-4), 4.17 (br s, 1H, H-5), 3.32-3.23 

(m, 2H, H-1, H-3), 1.66-1.58 (m, 4H, 2H-2, 2H-3’). Ring III: 5.11 (br s, 1H, H-1”), 4.04 

(br s, 1H, H-6”), 3.66-3.59 (m, 2H, H-5”), 3.44-3.38 (m, 2H, H-2”, H-4”), 3.37-3.30 (m, 

1H, H-3”). 

 

5-O-(Dodecyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-(tert-

butoxycarbonyl)-Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.55 (s, 1H, C11H of moxifloxacin), 7.83-7.80 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 3.91 (s, 3H, C1-OCH3 of moxifloxacin), 3.90-
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3.86 (m, 1H, N10-CH of cyclopropyl), 3.56 (s, 3H, C8-OCH3 of moxifloxacin), 3.55-

3.47, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of moxifloxacin, OCH2 of linker), 

3.25-3.21 (m, 1H, N1’-C9’H of moxifloxacin), 3.20-3.16 (m, 1H, N1’-C9’H of 

moxifloxacin), 2.57-2.44 (m, 2H, NCH2 of linker), 2.42-2.38 (m, 1H, N4’-C5’H of 

moxifloxacin), 1.89-1.83 (m, 1H, N4’-C5’H of moxifloxacin), 1.82-1.73 (m, 2H, C8’H of 

moxifloxacin, C6’-H of moxifloxacin), 1.71-1.65 (m, 3H, C6’H of moxifloxacin, C7’H2 

of moxifloxacin), 1.52-1.35 (m, 45H, C-CH3), 1.35-1.17 (m, 16H, 8 CH2 of linker), 1.17-

1.08 (m, 4H, cyclopropyl). Ring II: 5.22 (br s, 1H, H-1’), 5.04 (br s, 1H, H-5’), 4.53 (br s, 

1H, H-4’), 3.77-3.71 (m, 2H, H-6’), 3.71-3.66 (m, 1H, H-2’), 1.64-1.55 (m, 4H, 2H-3’, 

2H-2). Ring I: 4.78 (br s, 1H, H-6), 4.25 (br s, 1H, H-4), 4.16 (br s, 1H, H-5), 3.30-3.21 

(m, 2H, H-1, H-3), 1.64-1.55 (m, 4H, 2H-2, 2H-3’). Ring III: 5.14 (br s, 1H, H-1”), 4.07 

(br s, 1H, H-6”), 3.66-3.59 (m, 2H, H-5”), 3.44-3.38 (m, 2H, H-2”, H-4”), 3.37-3.30 (m, 

1H, H-3”). 
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Chapter 5: Synthesis of a Moxifloxacin – Tobramycin hybrid using 4,4’-

bis(bromomethyl)biphenyl 

 

 

 

 

 

 

 

 

5.1 Abstract 

 

 For this part of the project, a new linker was used as replacement of the alkyl 

dihalides. The purpose of using this linker is to provide rigidness to the linker in order to 

study how this might impact the hybrid activity. In addition, the aromatic linker is a 

common molecular framework present in drug molecules. The synthesis of this 

compound resembles exactly the pathway used for synthesizing the hybrids described in 

chapter 4. However, the commercially available reagent 4,4’-bis(bromomethyl)biphenyl 

is used in order to connect the moxifloxacin and tobramycin moieties. The polarity 

exhibited by this new hybrid was very similar to the polarity exhibited by the hybrids 

with 10 and 12 carbons, which allowed the purification of all intermediates involved 

during this reaction with the same mobile phases used during the last protocol. This 

compound was prepared by a alkylation of the aromatic dihalide using K2CO3 as well as 

using a 3 steps reductive amination procedure. Because of rapid decomposition in acidic 

media used for global deprotection it was not possible to prepare this hybrid.    
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5.2 Introduction 

 

 The pharmacodynamics of a drug is known as the interactions of these molecules 

with receptors which are very specific; therefore, just a little portion of the lead 

compound can be related to a specific receptor. All groups on a molecule able to create 

an interaction leading to establish activity against certain diseases are called 

pharmacophore, while the remaining parts are referred as auxophore. However, despite 

the auxophoric groups are not interfering directly with the drug’s activity, they are 

essential in order to keep the molecule structure stable and preserve the pharmacophoric 

groups in an suitable position which allow the interaction with receptors. On the other 

hand, several auxophore groups may affect the interaction of the pharmacophore which 

implies that those groups should be removed or modify in order to increase the activity, 

and it is crucial to determine which groups are not responsible of the activity exhibited by 

the drug because these are the ones that can be modified, considering that several 

pharmacokinetics problems can be solved or prevented by modifying the atoms that are 

not interfering with the interaction with receptors. One of the commonest approaches for 

determining the auxophoric groups is to cut selectively several sections in the lead 

molecule in order to measure the impact as consequence of those modifications in the 

drug’s activity1. As example, the pharmacophore belonging to the morphine family is 

composed by an aromatic and a methyl piperidine where its potency is affected by 

removing or modifying one of these groups; in contrast, an increased potency is exhibited 

by changing those auxophores interfering with proper binding. 

 

 

 

 

 

Figure 5.1: Chemical structures belonging to the morphine family. A) Morphine, B) 

Levorphanol, C) Pentazocine, D) Etorphine. 

A B C D 
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Some drugs from the morphine family can be observed in figure 5.1; as can be 

observed, the deletion or insertion of some functional groups affect the activity of these 

compounds. By removing the dihydrofuran oxygen from the morphine’s structure gives 

as product levorphanol2 which is an analgesic four times more potent than morphine, 

exhibiting however the same addictive properties. Along with the deletion of the 

dihydrofuran ring, the excision of half of the cyclohexene ring leads to the synthesis of 

pentazocine3, which is an analgesic less effective than morphine but its addiction 

properties are much lower. Finally, the insertion of a two-carbon bridge in the 

cyclohexene ring produces a derivative 3200 more potent than morphine used for 

immobilizing large animals4.  

 

The concept behind previous observations can be understood considering the 

structure-activity relationships (SARs), which stablish that the physiological action of a 

certain drug is based on its chemical structure and composition. According to SARs, 

drugs are gathered into two main groups: structurally specific or structurally nonspecific. 

Most drugs are part of the structurally specific ones, which target very specific sites like 

receptors or enzymes and small structural changes on their chemical structure or their 

targets impacts their activity, their pharmacokinetics and pharmacodynamics; on the 

other hand, structurally nonspecific drugs don’t present a specific target and frequently 

exhibit lower potency, which means that a variety of chemical compounds with different 

chemical structures may have similar biological activities. The main goal of scientist 

while studying the SARs for a lead molecule is to synthesize as many analogs as possible, 

considering that only a small moiety of the molecule might be related to its activity, thus 

a big variety of chemical modifications can be made in order to find the best candidate 

and to figure out the effect of structure on activity5.  

 

During years, SAR studies have revealed that compounds with a certain type of 

activity possess generally some structural features in common. For instance, 

antimicrobial agents contain generally aniline amino groups at para position with sulfonyl 
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groups6; furthermore, antidiabetic compounds usually are composed by heterocyclic 

compounds such as a thiadiazole, a pyrimidine or nitrogenated structures like urea or 

thiourea7. The previous examples demonstrate that there is a correlation between 

structure and activity; however, each structure does not interact with a single receptor and 

does not lead to a unique activity. In addition to the above, SAR studies also revealed 

several chemical molecules known as privileged structures, which are compounds that 

seem to be able to bind multiple receptor targets, and could exhibit a variety of activities 

depending on appropriate modifications on their structures8.  

 

Several privileged structures have been discovered to date, which were discovered 

as consequence of finding many similarities in the molecular structure in a variety of 

drugs. It was found, for instance, that only 32 scaffolds are part of at least half of all 

known drugs9; furthermore, a reduced number of molecules composed the majority of the 

side chains found in drugs10. The previous finding led to researchers to propose that some 

molecular moieties can be considered drug-likeness11, and this particular aspect can help 

to figure out which molecules can be considered for being screened; nonetheless, there 

are as well a great number of nondrug-like molecules that initially seem to be active 

compounds, but later they end up being false positives.  

 

Many years of SAR studies also developed some approaches in order to improve 

systematically the therapeutic index, which measure how safe a drug is by establishing a 

ratio between the concentration needed to produce undesirable effects and the 

concentration that gives desirable effects; for instance, the therapeutic index might be 

determined by the ratio of the LD50 - the lethal dose for 50% of the test organisms - and 

the ED50 - the effective dose able to have the maximum therapeutic effect in 50% of 

organisms -, and as large as the therapeutic index is, as safe the compound is as well. The 

therapeutic index might vary depending on the disease the drug is facing; for example, 

for lethal diseases such as cancer or AIDS, therapeutic indices as low as 1–5 are 

acceptable, due to no other treatments are available; in contrast, therapeutic indices in the 
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range of 10-100 are reasonable for less threatening diseases. One example of what is 

mentioned above is the antitumor agent chlorambucil12, which present a therapeutic index 

of 23.  

 

Several modifications can be done to a lead molecule in order to improve its 

activity, among which can be found the ring-chain transformations. During this process, 

alkyl substituents are converted into cyclic analogs, which rarely affects the drug 

potency; however, a ring-chain transformation might exhibit important pharmacokinetic 

effects such as to increase lipophilicity or decrease metabolism, which gives to the lead 

molecule a bigger effectiveness during in vivo studies. Furthermore, pharmacodynamics 

properties can be enhanced by connecting some chemical moieties to a ring, due to these 

groups are more constrained which might favor the stability of a particular conformation; 

nonetheless, an unfavorable conformation can also be produced, leading to drop the 

drug’s potency or activity as consequence of losing degrees of freedom. As an example 

of the above, the antiemetic activity – activity in charge of preventing nausea and 

vomiting of the tranquilizer chlorpromazine is improved significantly if the 

dimethylamino group is replaced by a methylpiperazine ring. 

 

 The previous information inspired the synthesis of a new hybrid for the purpose of 

this thesis. In order to test how much the activity of moxifloxacin – tobramycin hybrids 

can be affected, a new linker composed by two aromatic rings is introduced. There are 

some aspects that can be highlighted with the introduction of a bismethyl-biphenyl linker; 

first, the new hybrid will be much more constrained, favoring thus a specific 

conformation, which can be extremely useful in order to evaluate the structure-activity 

relationship for these hybrids. Furthermore, this particular linker is a drug-likeness 

moiety, which can enhance the activity of the hybrid. Considering that the length of this 

new linker resembles the length of the aliphatic linkers composed by 10 and 12 carbons, 

and thus the polarity and distance between both moieties are similar, it is possible to 
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establish if a more constrain hybrid is more suitable for enhancing the activity of this 

particular compounds. 

 

5.3 Procedure and Results 

 

5.3.1 Synthesis of Br-Bismethylbiphenyl-Tobramycin-Boc-TBDMS 

 

 Following exactly the same protocol described during the previous chapter, the 

starting material tobramycin-Boc-TBDMS was synthesized. Once the starting material is 

purified, 1 eq of this compound were dissolved in toluene along with 4 eq of 4,4’-

bis(bromomethyl)biphenyl, 3 eq of KOH and catalytic amounts of tetra-n-

butylammonium bromide (TBAB). The reaction was terminated after 18 hours after 

analysis by TLC. The compound was purified by column chromatography and the 

product was purified using Hexanes/EtOAc 90:10 as mobile phase. Yields for this 

reaction was 78%, which is slightly lower compared to those compounds synthesized 

with aliphatic tethers composed by 10 and 12 carbons. Some additional spots at TLC with 

lower Rf than the starting material confirmed the deprotection of some hydroxyl groups 

during the development of reaction. However, the major product retained all protecting 

groups.   

 

 

       

 

 

 

Figure 5.2: Scheme for the synthesis of dibromo-bis-methylbiphenyl-Tobramycin-Boc-

TBDMS. 
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5.3.2 Synthesis of Methoxy-moxifloxacin-Bismethylbiphenyl-Tobramycin-Boc-

TBDMS  

 

Two different approaches were considered during the synthesis of this compound. 

Initially, 3 eq of K2CO3 and 2 eq of moxifloxacin methyl ester were used per equivalent 

of Br-bismethylbiphenyl-Tobramycin-Boc-TBDMS. The reactants were stirred for 18 

hours in anhydrous DMF under N2 atmosphere at 80°C as previously described in 

chapters 3 and 4. TLC plates revealed one main spot with an Rf = 0.7 corresponding to 

the desired product, along with a spot with an Rf = 0.9 corresponding to the starting 

material and several tiny spots with Rf < 0.5. Exactly as was described in section 4.3.5, 

the reaction was not completed. However, the reaction mixture was carried out only for 

18 hours in order to prevent the protective groups to be cleaved. The product was purified 

through a column chromatography using DCM/MeOH 20:1. Reaction yields for this 

synthesis was 58%. 

 

 

 

 

Figure 5.3: Scheme for the synthesis of Methoxy-moxifloxacin-Bismethylbiphenyl-

Tobramycin-Boc-TBDMS 

 

This compound was also synthesized through the reductive amination process. The 

starting material Br-bismethylbiphenyl-Tobramycin-Boc-TBDMS is hydrolyzed to an 

alcohol after exposure to 3 eq of Cs2CO3 and 1.5 eq of water during 18 hours at 80°C in 

DMF. The reaction was successfully completed after this time, and TLC plates showed 

one main spot with an Rf = 0.55 corresponding to the desired product. The product was 

purified by column chromatography using as mobile phase a mixture of hexanes/ethyl 

acetate 4:1. The reaction yields for this step was 82%. 
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Figure 5.4: Scheme for the oxidation of Br- bismethylbiphenyl-Tobramycin-Boc-

TBDMS 

 

Once the alcohol is purified, it is dissolved in DCM along with 3 eq of pyridinium 

chlorochromate (PCC) and 0.2 eq of sodium acetate at room temperature during 2 hours, 

with the purpose of oxidizing the alcohol to an aldehyde. The reaction completion was 

verified by mass spectrometry and this product was purified by column chromatography 

using as mobile phase hexanes/ethyl acetate 3:1. Yield for this step was 92%. 

 

 

Figure 5.5: Scheme for the synthesis of the aldehyde intermediate. 

 

The last step is the reductive amination in which the aldehyde is linked to the 

structure of moxifloxacin methyl ester to synthesize the hybrid. For this reaction, 1.2 eq 

of moxifloxacin methyl ester per equivalent of the aldehyde are dissolved in DCE along 

with 2 drops of acetic acid during three hours; after this time, 5 eq of sodium 

triacetoxyborohydride are added into the reaction mixture, and the new reaction was left 

12 hours more under a N2 atmosphere. TLC plates revealed a major spot with an Rf = 0.8 

corresponding to the expected product. We observed the formation of some tiny spots 

with Rf ≤ 0.4 which correspond to the starting aldehyde and moxifloxacin methyl ester. 
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The product was purified using DCM/MeOH 20:1 as mobile phase. The percentage 

yields for this reaction was 85%. 

 

 

Figure 5.6: Scheme for the reductive amination.  

 

5.3.3 Synthesis of the final compound 

 

  The deprotection of the synthesized hybrid is carried in 3 steps. At first, the 

protected molecule was dissolved in THF along with 10 eq of tetra-n-butylammonium 

fluoride at room temperature during 2 hours. TLC plates showed a major spot with an Rf 

= 0.5, which corresponds to the desired compound in which all silylether protecting 

groups have been removed.  This product was purified using a chromatographic column 

with DCM/MeOH 20:1 as mobile phase. Percentage yield for this step is 87%. 

 

  

Figure 5.7: Scheme for the deprotection of hydroxyl groups.  

 

 

Moxifloxacin 
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The next step involveds the deprotection of the carboxylic acid located at the 

moxifloxacin moiety. For that purpose, a 2M solution of lithium hydroxide in water is 

solubilized on THF which is used as solvent; the reaction is carried out during one hour at 

0°C, at room temperature. The completion of this reaction was checked by mass 

spectrometry because there are no difference for the Rf values between the starting 

material and the product. The product of this reaction was purified by column 

chromatography using DCM/MeOH 10:1 as mobile phase. The percentage yield for this 

step was 100%.  

 

 

Figure 5.8: Scheme for the deprotection of the carboxylic acid at the moxifloxacin 

moiety. 

 

Finally, the last step was the deprotection of all Boc groups. A solution composed 

by TFA/H2O 1:1 is used for this step, which takes one hour at room temperature. The 

completion of this reaction was followed by mass spectrometry considering the high 

polarity exhibited by the final compound, which precludes an analysis by TLC. The mass 

for this compound was found; however, as well as the previous hybrids, this compound 

could not be completely purified in order to characterize it by a NMR analysis. 

 

 

Figure 5.9: Scheme for the deprotection of amino groups. 
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5.4 Discussion 

 

 The protocol for synthesizing this hybrid was exactly the same as the protocol 

used for making the hybrids with the aliphatic tethers; however, it could be observed that 

in comparison with hybrids composed by aliphatic tethers with similar lengths – 10 and 

12 carbons -, yields were consistently lower during the development of the synthesis. 

This last observation can be approached from the perspective of a steric hindrance caused 

by both, the presence of two aromatic rings, and the existence of 12 π electrons in both 

rings. Benzene’s structure consists of a ring formed by six carbon atoms with sp2 

hybridization, linked together by Csp2 -Csp2 bonds. Each one of the carbon atoms is 

further bonded to a hydrogen atom by a sigma Csp2 -H1s bond. All C-C bonds have the 

same length and all bond angles are 120°, which makes this molecule fully symmetric. 

Since carbon atoms exhibit sp2 hybridization, each carbon atom has a p orbital which is 

perpendicular to the plane of symmetry of the ring; thus, each p orbital overlaps the 

contiguous p orbital, forming a circled electron density above and below the molecular 

plane. This strong electron density is repelled by the great number of nucleophilic groups 

present in both tobramycin-Boc-TBDMS and moxifloxacin moieties, which leads finally 

to increase the steric hindrance. In contrast, the aliphatic chains are only composed by 

sigma bonds, which means that there are no overlapped orbitals, and then, the electron 

density is much lower and the steric effects smaller. 

 

 

 

 

 

Figure 5.10: Representation of the p-electronic density of benzene 

 

As well as the compounds described during the previous chapter, the last step for 

this hybrid consisted on the deprotection of tobramycin through 3 steps: the hydroxyl 
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deprotection using TBAF, the deprotection of the methyl ester with LiOH, and the amino 

deprotection with TFA. Yields for this process did not have an appreciable difference in 

comparison with the hybrids made with aliphatic tethers, which means that linker has no 

role or influence during the deprotection process. The deprotection was carried out in 3 

steps as well because the formation of nebramine derivatives by using HCl was also 

observed for these hybrids. The mass for the final compounds was also found; however, it 

was not possible to purify this last compound neither. Despite the hydrophobic linker, 

this molecule is highly polar as well considering all amino and hydroxyl groups and low 

pH as consequence of the deprotection with TFA, for that reason a reversed 

chromatography column – C18 silica – was used for the purification, but once more the 

salts produced during the last reaction were eluted along with the final compound from 

the column.  

 

After carrying out the process of deprotection several times, it was noticed that the 

amount of recovered compound after C18 column was consistently very low. After 

analyzing the recovered samples by NMR, the signals for the final compound could be 

detected. However, their intensities are very low and there are still big amounts of 

contaminants that made it impossible to integrate the signals. Considering the above, it 

can be hypothesized that the biggest amount of all final compounds was retained in the 

column, which can be caused by the hydrophobicity of the linkers with the C18 silica.  

 

5.5 Conclusions 

 

 The size of the biphenyl linker as well as the presence of π electrons on its 

structure confer a bigger steric hindrance in comparison to the aliphatic linkers, which 

leads to lower percentage yields for these reactions. Moreover, the presence of nebramine 

derivatives after exposure to HCl suggests that acdic conditions should be avoided in the 

deprotection process.  Moreover, it was observed that the high hydrophobicity of the 

linker along with an improved hydrophobicity of moxifloxacin may be crucial for 
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understanding the reason why C18 silica is completely inadequate for purifying these 

hybrids.  

 

5.6 NMR assignments 

 

5-O-(4,4’-Bis(methyl)biphenyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-

(tert-butoxycarbonyl)-4’,2’,4”,6”-tetra-O-TBDMS−Tobramycin 

1H NMR (500 MHz, CDCl3, 298K): δ 8.56 (s, 1H, C11H of moxifloxacin), 7.86-7.83 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 7.53-7.30 (m, 8H, Ar-H of linker), 3.90 (s, 3H, 

C1-OCH3 of moxifloxacin), 3.93-3.88 (m, 1H, N10-CH of cyclopropyl), 3.54 (s, 3H, C8-

OCH3 of moxifloxacin), 3.54-3.48, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of 

moxifloxacin, OCH2 of linker), 3.26-3.20 (m, 1H, N1’-C9’H of moxifloxacin), 3.20-3.15 

(m, 1H, N1’-C9’H of moxifloxacin), 2.55-2.47 (m, 2H, NCH2 of linker), 2.42-2.38 (m, 

1H, N4’-C5’H of moxifloxacin), 1.88-1.84 (m, 1H, N4’-C5’H of moxifloxacin), 1.83-

1.73 (m, 2H, C8’H of moxifloxacin, C6’-H of moxifloxacin), 1.72-1.63 (m, 3H, C6’H of 

moxifloxacin, C7’H2 of moxifloxacin), 1.52-1.38 (m, 45H, C-CH3), 1.17-1.08 (m, 4H, 

cyclopropyl), 0.97-0.74 (m, 36H, Si-CCH3), 0.24-(-0.02) (m, 24H, Si-CH3). Ring II: 5.35 

(br s, 1H, H-1’), 5.08 (br s, 1H, H-5’), 4.57 (br s, 1H, H-4’), 3.77-3.71 (m, 2H, H-6’), 

3.71-3.66 (m, 1H, H-2’), 1.64-1.55 (m, 4H, 2H-3’, 2H-2). Ring I: 4.83 (br s, 1H, H-6), 

4.26 (br s, 1H, H-4), 4.18 (br s, 1H, H-5), 3.30-3.24 (m, 2H, H-1, H-3), 1.64-1.57 (m, 4H, 

2H-2, 2H-3’). Ring III: 5.24 (br s, 1H, H-1”), 4.07 (br s, 1H, H-6”), 3.68-3.61 (m, 2H, H-

5”), 3.46-3.40 (m, 2H, H-2”, H-4”), 3.37-3.32 (m, 1H, H-3”). 

 

5-O-(4,4’-Bis(methyl)biphenyl-(3-Methylmoxifloxacinoate))-1,3,2’,6’,3”-penta-N-

(tert-butoxycarbonyl)-Tobramycin 

1H NMR (300 MHz, CDCl3, 298K): δ 8.55 (s, 1H, C11H of moxifloxacin), 7.82-7.78 (d, 

J = 14.0 Hz, 1H, C5H of moxifloxacin), 7.55-7.32 (m, 8H, Ar-H of linker), 3.91 (s, 3H, 

C1-OCH3 of moxifloxacin), 3.90-3.86 (m, 1H, N10-CH of cyclopropyl), 3.57 (s, 3H, C8-

OCH3 of moxifloxacin), 3.57-3.49, (m, 5H, N1’-C2’H2 of moxifloxacin, N4’-C3’H of 
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moxifloxacin, OCH2 of linker), 3.28-3.22 (m, 1H, N1’-C9’H of moxifloxacin), 3.22-3.17 

(m, 1H, N1’-C9’H of moxifloxacin), 2.59-2.45 (m, 2H, NCH2 of linker), 2.43-2.38 (m, 

1H, N4’-C5’H of moxifloxacin), 1.89-1.84 (m, 1H, N4’-C5’H of moxifloxacin), 1.84-

1.75 (m, 2H, C8’H of moxifloxacin, C6’-H of moxifloxacin), 1.73-1.68 (m, 3H, C6’H of 

moxifloxacin, C7’H2 of moxifloxacin), 1.55-1.38 (m, 45H, C-CH3), 1.19-1.11 (m, 4H, 

cyclopropyl). Ring II: 5.22 (br s, 1H, H-1’), 5.02 (br s, 1H, H-5’), 4.53 (br s, 1H, H-4’), 

3.76-3.71 (m, 2H, H-6’), 3.71-3.68 (m, 1H, H-2’), 1.67-1.58 (m, 4H, 2H-3’, 2H-2). Ring 

I: 4.73 (br s, 1H, H-6), 4.25 (br s, 1H, H-4), 4.17 (br s, 1H, H-5), 3.32-3.23 (m, 2H, H-1, 

H-3), 1.66-1.58 (m, 4H, 2H-2, 2H-3’). Ring III: 5.11 (br s, 1H, H-1”), 4.04 (br s, 1H, H-

6”), 3.66-3.59 (m, 2H, H-5”), 3.44-3.38 (m, 2H, H-2”, H-4”), 3.37-3.30 (m, 1H, H-3”). 
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Chapter 6: Future Work 

 

The results found during the development of this thesis, provided an outstanding 

opportunity for exploring new research and improving the current protocols. For instance, 

it was found that the carboxylic group present in moxifloxacin reacts mostly with the 

bromide intermediate creating thus an ester; in this way, it is important to determine 

clearly if the activity found previously for the moxifloxacin – tobramycin hybrid with a 

12-carbon tether1 was due to the ester form or the tertiary amine.  

 

Additionally, after realizing about the decomposition of the tobramycin moiety, a 

new research can be conducted to determine the activity of a set of compounds forming 

hybrids with this resultant molecule – Nebramine-. 

 

Furthermore, the formation of hybrids containing a biphenyl tether can be 

considered in depth. Besides these possible advantages as consequence of having a higher 

rigidness, this particular chemical structure has been considered by some researchers as 

framework with potential antibacterial activity2. 

 

Finally, it is important to highlight that the purification processes, specially for 

purifying the final compound, should be reviewed and new alternatives might be 

considered. Despite using reverse phase silica most of the desired unprotected target 

compounds are not retained on this column that makes purification very complicated. 

Instead HPLC-based methods for purification should be considered.  
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