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Abstract 

A rise in the number of bacterial strains resistant to both front-line 

treatment and “last resort” antibiotics means there is an urgent need for the 

development of new antimicrobial agents, or the modification of old 

antibiotic classes to extend their lifespans. The Trojan Horse approach offers 

a potential means of achieving both of these objectives by exploiting 

bacterial nutrient transport for antibiotic delivery.  

 

The primary aim of this research was the development of new biolabile 

linkers that can undergo cleavage inside the cytoplasm of bacteria, releasing 

an active antimicrobial species. A series of conjugates containing electron-

deficient aromatic sulfonamide linkers were designed for this purpose; these 

can undergo release of sulfur dioxide (SO2) on reaction with biological thiols, 

and can be modified to undergo concurrent release of an antimicrobial unit. 

 

A conjugate bearing an SO2-releasing 2,4-dinitrobenzenesulfonamide group, 

and containing monocatecholate siderophore aminochelin was synthesised 

and characterised to determine whether siderophore units could potentiate 

the antimicrobial activity of SO2. While rapid release of SO2 is observed on 

reaction with thiols, the conjugate displayed poor antimicrobial activity 

against a range of bacteria, likely a combination of poor bacterial uptake, 

and SO2 release alone being insufficient for good antimicrobial activity.  

 

Two conjugates containing ciprofloxacin as an antimicrobial component 

were synthesised and characterised. Conjugates based on a 4-carboxyl-2-

nitrobenzenesulfonamide linker displayed slow SO2 release on reaction with 

glutathione. Screening of a desferrioxamine conjugate of this type vs. a 

panel of bacteria showed reduced activity compared to the parent 

ciprofloxacin, with the slow release of ciprofloxacin potentially a limiting 

factor. In contrast, rapid SO2 release was observed for conjugates containing 

a novel pyrazine-sulfonamide linker, although these display instability in 

MHII broth, a common bacterial growth medium. An azotochelin conjugate 

containing this linker also displayed reduced activity compared to 

ciprofloxacin in bacterial assays.  
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1.1 Antimicrobial Agents – Development and Resistance 

1.1.1 The Discovery of Antibiotics 

Antibiotics are commonly defined as medication that combats bacterial 

infection by inhibiting bacterial growth (bacteriostatic), or by killing the 

bacteria (bactericidal). The use of this term has varied over time. Selman 

Waksman, who discovered numerous antibiotics including streptomycin 

(Figure 1.1), one of the first known cures for tuberculosis (TB),1 was the first 

to use the term in a medical context.2,3 He defined antibiotics as “chemical 

substances of microbial origin that inhibit the growth or metabolic activities 

of bacteria and other microorganisms.” This definition excludes fully 

synthetic antibacterial classes, like sulfonamides and quinolones, but has 

broadened over time in popular usage to the common definition above. In a 

medicinal sense, the related terms antibacterial (specifically active vs. 

bacteria) and antimicrobial (active vs. microorganisms) may also be used.  

 
Figure 1.1 Structure of streptomycin, the first known antibiotic to treat TB.  

 
The discovery of antibiotics was arguably one of the greatest advances of 

the 20th Century, allowing treatment of a wide range of conditions including 

tuberculosis and pneumonia, and greatly reducing bacterial infection as a 

cause of human death. Between 1944 and 1972, the average human life 

expectancy jumped by 8 years, an increase that has been largely credited to 

antibiotics.4  

 

Perhaps the earliest evidence of antibiotic use in humans comes from 

archaeological evidence from ancient Nubia (modern day Sudan/southern 

Egypt).5,6 Samples of bone from 350-550 AD were found to exhibit a 

fluorescence pattern similar to modern-day tetracycline-labelled bone7,8 

(tetracyclines bind to calcium in bones and teeth, yielding a complex that 

fluoresces under UV/visible light (Figure 1.2).9–11 It was later shown that the 
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tetracycline antibiotics were incorporated into the bone itself, rather than 

being present as a result of bacterial contamination.8 It is suggested that, 

given the relatively large percentage of bone cells labelled, the source of the 

tetracycline must be dietary in nature. In fact, the active ingredient may have 

been the beer that the ancient Nubians brewed and drank!8 Other early 

attempts at treatment of bacterial infections often employed the use of 

moulds, including the use of mouldy bread, with evidence from various 

cultures of its effectiveness.6  

 
Figure 1.2 Sample of bone displaying typical golden tetracycline 

fluorescence under visible light (458 nm). Reprinted with permission from 

Pautke et al., J. Anat., 2010, 217, 1, 76-82.11 Copyright 2010, John Wiley and 

Sons. 

 

A similar strategy was employed in the 1890’s by two German doctors, 

Rudolf Emmerich and Oscar Löw, who noted that a green bacterium causing 

infections in injured patients could inhibit the growth of other microbes.5,6,12 

They isolated samples of the bacterium, Pseudomonas aeruginosa, from 

infections in injured patients, and used extracts from the bacteria, termed 

pyocyanase, to try and treat infections, with mixed results (the extracts 

proved toxic to humans).5,6 The active ingredient was later shown to be the 

blue pigment pyocyanin (Figure 1.3).13 
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Figure 1.3 Structure of pyocyanin, the active ingredient in Emmerich and 

Löw's bacterial extracts. 

 
The concept of a chemical that can target specific microbes inside the body 

was originally suggested and developed by Paul Ehrlich, who coined the 

phrase “magic bullet” to describe a drug that could go straight to its 

intended cell target.14 This concept led him to develop arsphenamine, or 

salvarsan, which was effective in treating syphilis, and is considered the first 

modern chemotherapeutic drug (Figure 1.4).14,15 Arsphenamine is an 

arsenic-containing compound based on arsanilic acid, which had been 

shown to be active against trypanosomes in 1905 (parasites responsible for 

sleeping sickness and Chagas disease).15 This observation inspired Ehrlich, 

who aimed to synthesise an analogue of arsanilic acid that could be effective 

against syphilis, making this the first example of structure optimisation for 

improvement of biological activity in medicinal chemistry.14 

 
Figure 1.4 Structures of arsphenamine. Initially thought to be a dimer, a 

study in 2005 showed that the structure is a mix of the trimer and the 

pentamer.16 
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Further progress was made with the discovery of penicillin by Alexander 

Fleming in 1928, the first antimicrobial natural product to be developed into 

an antibiotic for use in humans,17 and the development of the sulfonamide 

antibiotics by Gerhard Domagk at Bayer in the 1930’s,18 which became the 

first antibiotics widely used for treatment of bacterial infection (Figure 1.5). 

These discoveries, plus many more, sparked a “Golden Age” of antibiotics in 

the 1950’s and 60’s, in which almost all of the major classes of antimicrobial 

agents in use today were discovered.6,19 

 

Figure 1.5 Structures of penicillin G (benzylpenicillin) and protonsil, the first 

of the sulfonamide antibiotics.  

 

1.1.2 The Modern Antibiotic Catalogue  

In the modern age, a wide variety of antibiotic classes are available for 

treatment of bacterial infections. A 2014 study by van Boeckel et al. 

examined the volume of antibiotics sold in pharmacies across 71 countries 

between 2000 and 2010, providing an insight into the volumes of 

consumption of various antibiotics across this period.20 By far the most 

common class in usage is the penicillins, and their related subgroup, the 

cephalosporins (Figure 1.6). These antibiotics can display activity vs. either 

Gram-positive or Gram-negative bacteria, and exert antimicrobial activity by 

covalent inhibition of penicillin binding proteins (PBPs), which catalyse the 

final cross-linking step in the synthesis of peptidoglycan, a key component 

of bacterial cell walls.21 Two other major penicillin subgroups exist, the 

carbapenems and the monobactams, although these are less commonly 

prescribed.  
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Figure 1.6 Generic structures of the penicillin antibiotics, and related 

subgroups.  

 
Macrolide antibiotics were the next most common class prescribed.20 These 

antimicrobials were originally isolated from strains of Streptomyces bacteria, 

with pikromycin the first example to be isolated and purified in 1950.22,23 

Erythromycin, perhaps the best-known example of this class, was discovered 

around the same time,24 and was the first macrolide to enter clinical use in 

1953 (Figure 1.7).25,26 The common feature of this class of antibiotics is a 

large 12 to 16-membered macrocyclic lactone ring, which is decorated with 

various functional groups, often including sugar units.23 Macrolides act by 

binding to the 50S-subunit of the prokaryotic ribosome, occupying a site 

within the peptide exit tunnel, which leads to premature termination of 

bacterial peptide synthesis.23  

 
Figure 1.7 Structure of erythromycin, the first commercial macrolide 

antibiotic. 

 
The fluoroquinolones also form a heavily-prescribed class of antibiotics, with 

four generations of derivatives available. Apart from first-generation 
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quinolones like nalidixic acid, this class of antibiotics typically consists of a 

fluorinated quinolone ring, with a wide variety of substituents (Figure 1.8). 

The presence of the fluorine atom, incorporated from the second generation 

onwards, resulted in greater potency and increased cell penetration.27,28 

Fluoroquinolones target DNA gyrase/topoisomerase IV enzymes, which are 

responsible for unwinding double-stranded bacterial DNA into single strands 

ready for transcription in DNA synthesis. This is carried out by first cleaving 

the tightly-coiled DNA strands.29,30 The fluoroquinolones bind to the formed 

DNA-enzyme complex, and prevent re-ligation of the DNA, resulting in 

inhibition of DNA replication.31 This can result in activation of the cellular 

SOS response, and potentially fragmentation of the chromosome, resulting 

in apoptosis and cell death.32  

 
Figure 1.8 Structures of nalidixic acid, the first fluoroquinolone antibiotic, 

and the generic structure of second to fourth generation fluoroquinolones.  

 
Tetracycline antibiotics are another example of a key class of antibiotics first 

isolated and purified from Streptomyces bacteria. The first example of this 

class, Aureomycin (chlortetracycline), was isolated from a newly-identified 

strain, Streptomyces aureofaciens, and was first approved for clinical use in 

1948.33 A second example, Terramycin (oxytetracycline), was discovered by 

researchers at Pfizer and approved for clinical use in 1950 (Figure 1.9).33,34 

Initially a bulk chemical company that had first stepped into the antibiotic 

market to produce penicillin during the Second World War, Terramycin was 

Pfizer’s first independent venture into antibiotic discovery and 

manufacturing, and proved a massive success, so much so that Terramycin 

and bulk antibiotic production made up three-quarters of Pfizer’s total sales 

in 1952.34 Tetracyclines consist of a decorated naphthacene ring system 

consisting of four fused rings.33 Tetracyclines are protein synthesis 

inhibitors; they are capable of binding to the 30S subunit of the bacterial 

ribosome, and inhibiting binding of aminoacyl tRNA to the ribosome.33  
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Figure 1.9 Structure of the first two commercial tetracycline antibiotics. 

 

The final highly-prescribed (>5,000,000,000 doses) class of antibiotics is the 

trimethoprim class. While van Boeckel et al.’s original report does not 

specify the contents of this class, other reports of this type group 

sulfonamide antibiotics into the same class as trimethoprim,35,36 as both 

antibiotics are often co-administered, due to their in vitro synergy.37,38 Both 

antimicrobials act as inhibitors of folic acid synthesis. Sulfonamides act as a 

mimic of p-aminobenzoic acid (PABA), one of the substrates required for 

folic acid synthesis, and compete for binding to the enzyme dihydropteroate 

synthase (DHPS), while trimethoprim can act as a structural analogue of the 

pteridine part of dihydrofolic acid, and inhibit dihydrofolate reductase, 

another enzyme in the folic acid synthesis pathway (Figure 1.10).39,40 

 
Figure 1.10 Structure of sulfonamide antibiotic sulfamethoxazole and 

trimethoprim, plus p-aminobenzoic acid and dihydrofolic acid, the two 

substrates of the folic acid synthesis pathway they mimic.  
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Other key classes of antibiotics do not receive the same volume of use as 

those described above, for a variety of reasons. Aminoglycoside antibiotics 

like streptomycin (Figure 1.1) have played a vital role in the treatment of 

human infections. However, their usage has declined over time, mostly due 

to their toxicity and side effect profile, while some of the newer antibiotic 

agents like carbapenems also display a broader range of activity.41,42 

Typically consisting of two or more amino sugars attached to a central 2-

deoxystreptamine core (Figure 1.11), apart from in streptomycin, which 

contains a streptidine instead,42,43 aminoglycosides bind to the 30S subunit 

of the bacterial ribosome, altering the conformation of the acceptor site and 

promoting mistranslation of proteins.42,44 

 

Figure 1.11 Structure of the aminoglycoside antibiotic kanamycin, with 

central 2-deoxystreptamine core highlighted in red.  

 

Glycopeptides are a class of antibiotic that have always seen relatively 

limited use due to their high toxicity and less convenient administration 

compared to other antibiotics developed around the same time as the first 

glycopeptide antibiotic, vancomycin, which came to market in 1958 (Figure 

1.12).45 Vancomycin has a short half-life in the body, and typically requires 

administration via an intravenous drip.45 However, the increasing 

development of bacterial strains resistant to front-line antibiotics has forced 

a return to the usage of glycopeptides as last-resort antibiotics in cases of 

critical illness. These antibiotics function by forming a hydrogen bonding 

interaction with the terminal D-Ala-D-Ala residues of N-acetylmuramic acid 

and N-acetylglucosamine peptides before they can be cross-linked to form 

peptidoglycan, preventing bacterial cell wall synthesis.45,46 
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Figure 1.12 Structure of vancomycin, the first glycopeptide antibiotic. 

 
One of the newest classes of antibiotics available are the oxazolidinones. 

Similar to the sulfonamides and the fluoroquinolones, this class of antibiotics 

is fully synthetic, and not based on a natural product scaffold.47,48 When the 

first antibiotic of this class, linezolid (Figure 1.13), was approved for clinical 

use in 2000, it became the first major new class of antibiotics to be approved 

since the fluoroquinolone nalidixic acid in 1963, and the topical antibiotic 

mupirocin in 1985.49–51 The oxazolidinones contain a 3-aryl-2-oxazolidinone 

ring substituted at the 5-position with S stereochemistry.52 It binds to the 

50S subunit of the bacterial ribosome,53 preventing the incorporation of 

tRNA into the acceptor site, inhibiting peptide bond formation.54  

 
Figure 1.13 Structure of the oxazolidinone antibiotic linezolid. 

 

Following the drought in approval of new antibiotic classes between the 

fluoroquinolones and oxazolidinones, a comparative torrent of antibiotics 

from new classes have reached the market since 2000 (Figure 1.14). These 

include daptomycin (lipopeptide, cell membrane damage), retapamulin 

(pleuromutilin, protein synthesis inhibitor), fidaxomicin (tiacumicin, RNA 
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synthesis inhibition, C. difficile only) and bedaquiline (diarylquinone, 

mycobacterial ATP synthase, TB only).50,51,55,56 Other older 

antibiotics/antibiotic classes, like chloramphenicol, lincosamides, 

streptogramins and polymyxins, remain relevant,20,36 and some are playing 

increasingly important roles in the treatment of infection, especially with the 

rise of bacterial resistance.57 

 
Figure 1.14 Antibiotics from new classes approved since 2003.  
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1.1.3 The Rise of Antibiotic Resistance 

The systematic overuse of antibiotics, not just in medicine but also in 

agriculture58,59 has led to the emergence of bacterial species that display 

resistance to the majority of front line drugs. More recently, increasing 

numbers of bacterial strains have been discovered to possess resistance to 

many of the antibiotics of “last resort”, including vancomycin,60 

carbapenems,61 and colistin.62 In the modern, highly-connected world, 

resistant bacterial strains have the ability to spread rapidly around the globe, 

a fact highlighted by the recent emergence of the enzyme NDM-1, a metallo-

beta-lactamase enzyme with the ability to break down carbapenems.63 Since 

its first discovery in 2006 in a Swedish patient, who had initially been 

admitted to hospital in New Delhi, India, bacteria possessing the blaNDM-1 

gene responsible for its synthesis have been detected in over 80 countries 

worldwide (Figure 1.15).64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.15 Infographic created by the Pew Charitable Trusts to show the 

spread of the NDM-1 enzyme.64 

 
There are a number of mechanisms by which bacteria can become resistant 

to antibiotics. Most are able to acquire genetic material from their 

environment by a process known as horizontal gene transfer, where genetic 
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material from other bacteria of identical or different species can be 

mobilised, often in the form of a plasmid, and transferred between bacterial 

cells.65 In addition, bacteria can often produce their own antimicrobial 

agents to compete with other microbes in the environment; to ensure their 

survival, they must possess a resistance mechanism against that 

antimicrobial, which can then be transferred to other bacteria.65 Resistance 

can also arise via mutations in the bacterial genome. The production of 

antimicrobials by bacteria creates a selection pressure in the environment, 

favouring the survival of resistant bacteria. As many existing antibiotics are 

based on these natural products used by bacteria, genes encoding resistance 

to them are likely to be common in the environment, This is highlighted by 

the 2016 discovery of a multi-drug resistant bacterium in an underground 

cave isolated from the surface 4 million years ago.66 This bacterium 

(Paenibacillus sp. LC231) was resistant to 26 of 40 clinical antibiotics tested, 

and displayed five previously unknown resistance mechanisms, a case that 

serves to demonstrate the “reservoir” of resistance mechanisms that exist 

in the natural environment.66  

 

The specific mechanisms of resistance in bacteria take four general forms: 

1) Reduction of permeability in the bacterial cell wall/membrane 

2) Upregulation of efflux pumps for removal of antibiotics from 

cytoplasm 

3) Alterations to or degradation of the antibiotic 

4) Alterations to the antibiotic’s target 

 

The rise of antibiotic resistance has been exacerbated by a corresponding 

lack of development of new antibiotics, and especially new antibiotic classes 

since the “Golden Age” of antibiotic discovery.67 There are a number of 

factors in this lack of development. Some are very human: the “Golden Age” 

and the rate of discovery of new antibiotics inspired a belief (and a 

complacency) that the problem of infection was fixed, or that development 

would continue at a rate sufficient to bypass any resistance that emerged. 

Sir Frank Macfarlane Burnet, winner of the 1960 Nobel Prize in Physiology 

or Medicine, remarked in 1962 that “at times one feels that to write about 
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infectious disease is to write of something that has passed into history”.68 

Many similar quotes can be found to attest to the prevalence of this 

viewpoint in the 1960s and 70s.69–72  

 

The reduction in the impact of infectious diseases on everyday living has also 

impacted the urgency with which they are fought. Albert Schatz, one of the 

researchers responsible for the discovery of streptomycin in the 1940s,73 

had experienced the damage that TB could cause first-hand. In a 2002 

interview he remembered knowing children at school and neighbours with 

the disease: “I saw them lose weight and waste away.” He felt an 

“overwhelming compulsion” to develop a new antibiotic capable of treating 

this deadly disease.74 Nowadays, the lack of infection as a visibly widespread 

problem in the Western world could be argued to have contributed to the 

decline in action to combat it.  

 

Some factors in the lack of antibiotic development are more practical, 

including the lack of new findings from traditional drug discovery methods 

like natural product screening, and the relative failure of newer approaches 

like genomics-based screening,19,75 however the main factor is likely the 

economics of developing new antibiotics. Drug development is expensive; 

one recent estimate puts the cost of developing a new antibiotic from 

scratch at $1.58 billion.76 With any new antibiotics, usage will be strictly 

limited to slow the development of resistance, meaning the opportunity for 

a company to turn a profit on a new antibiotic is severely reduced. This 

means that large pharmaceutical companies have increasingly turned their 

backs on antibiotic development.75,77  

 

This increase in the prevalence of antibiotic resistance, and the lack of 

progress in developing new methods to combat it, threatens to reverse the 

advances made by the discovery of antibiotics, potentially leading to “the 

end of modern medicine”.78 It is clear that the development of new 

antibiotics or the repurposing/modification of older antibiotics to combat 

the spread of resistant bacteria is vital.  
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1.2 Iron and Siderophores 

1.2.1 Iron − Vital for Life 

One potential strategy towards the development of new antibiotics, or the 

revitalisation of older ones, is their modification towards the exploitation or 

targeting of bacterial nutrient uptake.79,80 Bacteria must acquire a range of 

nutrients from their environment to enable them to survive and reproduce; 

among these is the first-row transition metal iron.  

 

Indeed, iron is a vital element for almost all living organisms. It is present as 

a cofactor in a number of enzymes responsible for essential cellular 

processes, including the cytochromes in respiration,81 and extends to other 

vital functions such as oxygen transportation in human blood, and nitrogen 

fixation in plants.82,83 One reason for the abundance of iron in biological 

systems is its versatility in redox chemistry; it can change between a number 

of oxidation states (+2 and +3 are the most common in biological systems, 

with +4 also possible), and can easily undergo spin state changes depending 

on the surrounding ligand environment.  

 

Despite the relative abundance of iron (it is the 4th most abundant element 

in the Earth’s crust), it is poorly bioavailable; most iron is present in the 

environment as Fe(III) hydroxides, which are poorly soluble in aqueous 

media. At pH 7, Fe(III) is usually considered to have a solubility of 10-17 M,84,85 

although more complex models place it as high as 10-9 M.86 Bacteria typically 

require iron concentrations between 10-7 and 10-5 M to achieve optimum 

growth, meaning they cannot rely on direct acquisition of iron from the 

environment to survive, and must seek a way to make it more available.85,86  

 

A similar situation of iron restriction exists in the human body, with the vast 

majority of iron present complexed within haemoglobin, or stored within 

ferritin or haemosiderin.82,87 Only a small fraction of the body’s iron is 

present in blood plasma, and even then is mostly bound by the iron 

transport protein transferrin.88 This compartmentalisation of iron is in part 

due to its toxicity; when weakly bound, it can undergo redox cycling (Fenton 

chemistry) between Fe(II) and Fe(III), generating harmful radical species e.g. 
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hydroxyl radicals.89,90 The sequestration of free iron also plays a role in the 

immune system, preventing bacteria from acquiring the iron they need to 

multiply and cause infections.91,92 This restriction of iron supply has been 

termed “nutritional immunity”.93 

 
1.2.2 Bacterial Iron Acquisition and Siderophores 

As iron is critical for their survival, bacteria have evolved a number of 

mechanisms for solubilising and scavenging iron from their environment, the 

most common of which is the production and release of small molecule iron 

chelators, known as siderophores.94 These are biosynthesised and secreted 

in response to iron deficiency,95 and form strong complexes with Fe(III). 

 

Siderophores are selective for Fe(III) binding over Fe(II), or other divalent 

metal ions (Cu, Zn, Ni, Mn); this allows a selectivity for iron binding over most 

other metals when released in biological systems, as other biologically-

relevant 3+ cations are rare.96 The hard character of the Fe(III) ion, especially 

the high positive charge, means that hard and negatively charged donors 

have the highest affinity for Fe(III); in biological systems, negatively charged 

oxygens are used as donors.96 Fe(III) also prefers a octahedral coordination 

sphere as it allows access to relatively stable high-spin d5 species, hence this 

is the most common geometry observed in iron-siderophore complexes.96 

Occasionally nitrogen or sulfur can be used in siderophores, although with 

reduced iron affinity.96 

 

A wide variety of binding groups and denticities are observed for different 

siderophores. The majority of siderophores are hexadentate, allowing them 

to form very stable 1:1 complexes with Fe(III), however many bi-, tri-, and 

tetradentate examples also exist.96 The individual binding units for Fe(III) 

tend to be bidentate, with two or three binding units combined to form the 

tetradentate and hexadentate structures respectively. A range of bidentate 

binding units are found, but the most common are catechols, hydroxamates 

and a-hydroxycarboxylates (Figure 1.16).96  
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Figure 1.16 Common iron-binding ligands and their appearance in a wide 

variety of siderophore structures. Iron-binding groups are highlighted in 

coloured circles: red = catechol, blue = hydroxamate, green = a-

hydroxycarboxylate, yellow = other.  
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The strength of siderophore-iron binding was traditionally measured as the 

formation constant Kf for the system, usually displayed as the natural 

logarithm (logKf).96,97 For systems containing more than one siderophore, 

logKf is equal to the sum of the individual formation constants for the 

attachment of each ligand (Figure 1.17).96,97 As shown in the equations 

below, logKf is representative of the iron-binding strength on complete 

deprotonation of the siderophore units. However, due to the varying pKa 

values of the iron-binding groups on siderophores (ranging from 3.5-5.0 for 

carboxylates to 6.5-8.0 and 11.5 for the two catechol OH groups), 

comparison of Kf values between siderophores, and especially siderophore 

classes, is difficult.96–98  

 

For a hexadentate catecholate siderophore that loses six protons upon iron 

binding (H6LH):  

 
 

For a bidentate catecholate siderophore (H2LB): 

 

logK1 + logK2 + logK3 = logb3 (º logKf) 

Figure 1.17 Equilibria for determination of formation constants of 

hexadentate and bidentate catechol siderophores. 

 
This led to the introduction of the pFe(III) value, defined as −log[Fe3+], where 

[Fe3+] is the concentration of free Fe(III) in solution for a set of standard 

conditions ([Fe3+
total] = 1 µM, [Siderophore] = 10 µM) at a set pH, usually pH 

7.40. This allows comparison between siderophore binding strength in 

physiologically-relevant conditions.96–98 A number of trends can be clearly 

seen by comparison of pFe(III) values at pH 7.40 (Figure 1.18). For example, 

cyclic siderophores are often stronger chelators than their linear analogues 

Fe3+ + H6LH                    [Fe(LH)]3- + 6 H+
Kf

Fe3+ + H2LB                    [Fe(LB)]+ + 2 H+
K1

[Fe(LB)]+ + H2LB                    [Fe(LB)2]- + 2 H+
K2

[Fe(LB)2]- + H2LB                    [Fe(LB)3]3- + 2 H+
K3
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(linear ferrioxamine B vs. cyclic ferrioxamine E), a result of the macrocyclic 

effect,99 and catecholate siderophores are typically the strongest binders 

(enterobactin vs. ferrioxamine E), with catechols forming an optimal bite 

angle for Fe(III),100 and the ionic radius of Fe(III) ideally suited to the 

octahedral field created by three catechol groups.96  

 

 
Figure 1.18 Comparison of some hexadentate siderophores and their pFe 

values at pH 7.40. 

 
The pH at which pFe(III) is measured will also have an impact on the values 

obtained. Protons are constantly in competition with iron for binding to the 

siderophore donor atoms (as can be seen in the equilibria for Figure 1.17), 

so binding strength will be related to the pKa of the donor atoms. This is best 

exemplified by comparison of catechols and hydroxamate siderophores to 

carboxylates. While carboxylates such as aerobactin are weaker iron 

coordinators at neutral pH, the lower pKa of the carboxylic acid groups 

compared to hydroxamate or catechol groups makes them more suited to 

binding iron at low pH, where hydroxamates or catechols would be mostly 
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protonated, and therefore weaker chelators.97,101,102 Indeed, Valdebenito et 

al. have examined the pFe of enterobactin (catecholate), desferrioxamine B 

(hydroxamate) and aerobactin (mixed hydroxamate-carboxylate) as a 

function of pH (Figure 1.19).102 While enterobactin and desferrioxamine B 

clearly have a much higher pFe than aerobactin at higher pH range, below 

around pH 5.5 this difference is essentially neutralised, with the catecholate 

siderophore being mostly protonated, and therefore a weaker chelator, 

while the carboxylic acid of aerobactin remains mostly deprotonated, and 

able to bind iron more effectively.  

 

 

Figure 1.19 Structure of mixed hydroxamate-carboxylate siderophore 

aerobactin, and pFe of enterobactin (solid line), desferrioxamine B (dotted 

line) and aerobactin (dashed line) as a function of pH. Reprinted from Int. J. 

Med. Microbiol., Vol. 296, Valdebenito et al., Environmental factors 

influence the production of enterobactin, salmochelin, aerobactin and 

yersiniabactin in Escherichia coli strain Nissle 1917, 513-520, Copyright 2006, 

with permission from Elsevier.  
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1.2.3 Bacterial Siderophore Uptake Systems 

With the large range of structural diversity that can be employed in 

siderophore design, it is perhaps no surprise that individual bacterial families 

tend to produce vastly different siderophore types, often tailored to their 

environments. For example, bacteria/fungi in acidic environments tend to 

produce carboxylate siderophores; as outlined above, these are weaker iron 

coordinators at neutral pH, but the lower pKa of the carboxylic acid groups 

compared to hydroxamate or catechol groups makes them more suited to 

binding iron at low pH.97,101,102 While individual bacterial species will tend to 

biosynthesise and export one class of siderophores, they often possess the 

ability to scavenge siderophore classes produced by other bacterial species 

(termed xenosiderophores). For example, Staphylococcus aureus produces 

the carboxylate siderophores staphyloferrin A and B, but can also scavenge 

and utilise hydroxamate siderophores like desferrioxamine.103,104   

 

The structural variety in siderophores, and the variations in siderophore 

utilisation between bacterial species, leads to key differences in iron uptake 

and siderophore transport systems between various bacterial species. For 

species such as E. coli, these uptake systems are well characterised.105 In 

Gram-negative bacteria, the iron-carrying siderophores first bind to outer 

membrane transporter proteins and are actively transported across the 

outer membrane into the periplasm (Figure 1.20). These transporters tend 

to be specific for certain siderophores, or a group of structural homologs. 

For a bacterium to be able to scavenge xenosiderophores produced by other 

bacterial species, they must possess a corresponding transporter protein for 

recognition and uptake of that class of siderophore. The energy for the 

active transport is provided by interaction with a TonB complex on the inner 

membrane, which transmits chemical energy generated by the proton 

gradient across the inner membrane to the outer membrane transporter.106–

108 

 

When in the periplasm, the siderophores bind to periplasmic binding 

proteins, which deliver them to a second set of active transporters in the 

cytoplasmic membrane. Again, the binding proteins tend to be specific for 
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certain siderophores, or families of siderophores, for example the binding 

protein FhuD in E. coli is specific for hydroxamate-type siderophores.109 The 

active transporters in the cytoplasmic membrane acquire their energy from 

binding and hydrolysis of ATP (known as ATP-binding cassette, or ABC 

transporters).105 Once inside the cytoplasm, there are two mechanisms of 

iron release depending on the siderophores used. For most, the Fe(III) ions 

can be reduced to Fe(II), thereby reducing the affinity of the siderophores 

for the Fe ions.105 However, for the most powerful binders like enterobactin, 

enzymatic hydrolysis of the scaffold is required for iron release, as the iron 

remains bound strongly even in a reduced form.110  

 
Figure 1.20 Diagram of typical bacterial siderophore uptake mechanism in 

Gram-negative bacteria. 

 

While the majority of siderophore uptake in Gram-negative species follows 

the pathways described above, some variations exist. For example, the 

siderophore pyoverdine, which is produced by some Pseudomonas species 

e.g. P. aeruginosa, undergoes iron reduction and release in the periplasm of 

cells, without uptake of pyoverdine to the cytoplasm. The reduced iron can 

then be transported into the cytoplasm, while the siderophore component 

can be recycled to the extracellular medium.111,112  
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The process of siderophore transport remains similar for Gram-positive 

bacteria. As Gram-positive bacteria lack the outer membrane of Gram-

negative bacteria, the iron-siderophore complexes bind directly to receptors 

on the cell membrane, and are transported across via ABC transporter 

proteins, a mode of transport analogous to that for the inner membrane of 

Gram-negative bacteria (Figure 1.21).103,113 

 

Figure 1.21 Diagram of typical bacterial siderophore uptake mechanism in 

Gram-positive bacteria.  

 

In the human body, bacteria can also steal iron from iron-carrying proteins 

like haemoglobin and transferrin.105 Bacteria can secrete proteins called 

haemophores to scavenge haem, or express cell surface receptors specific 

to haemoproteins.114 In Gram-negative bacteria, the haem transport is 

almost identical to that for iron-siderophore complexes: it is transported 

across the outer membrane, picked up by periplasmic binding proteins and 

carried to an ABC transporter for active transport into the cytoplasm, where 

the haem is degraded for iron release.114 In Gram-positive bacteria, the 

haem must first be transported via a series of proteins in the cell wall to the 

cell membrane before uptake and degradation can occur.103,114  

 

Iron uptake from transferrin or lactoferrin is a key mechanism in a number 

of bacterial species, including the pathogenic Neisseria species, N. 

meningitidis and N. gonorrhoeae, the causative agents for meningitis and 

gonorrhoea respectively.115 These proteins can be bound by outer 

membrane receptors, which can then extract the iron and transport it 
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through the outer membrane to a periplasmic binding protein (FbpA in N. 

gonorrhoeae).116,117 This binding protein, which has a very similar iron 

binding site to transferrin itself,116 carries iron to another transport protein 

complex embedded on the inner membrane, where it is transported into the 

cytoplasm.117  

 
1.3 Trojan Horse Strategies  

The well-known story of the Trojan Horse, the strategy by which the Greeks 

conquered the city of Troy in Greek mythology, has led to the term Trojan 

Horse becoming a byword for similar strategies in any number of fields, 

including a strategy for drug development that has received increasing 

attention in recent years, whereby an antibiotic is bound to a biologically 

desirable molecule that can be taken up by bacteria.80 This aims to facilitate 

drug uptake via an alternative pathway to the regular antibiotic, therefore 

avoiding resistance mechanisms associated with decreased uptake (Figure 

1.22).94  

 

Figure 1.22 Cartoon representation of Trojan Horse strategy. 

 

In addition, any attempt by the bacteria to counter this new threat will 

involve the shutting down of a nutrient uptake pathway, rendering the 

bacteria nutrient-deficient, and hopefully more easily targeted by the 

immune system. The Trojan Horse approach also offers the potential to 

increase the selectivity of antibiotics against bacteria cells compared to 
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human cells, and even activate antibiotics vs. new bacterial strains (e.g. 

activating Gram-positive antibiotics against Gram-negative bacteria).118 

 

Examples of Trojan Horse vectors examined for the delivery of antibiotic 

conjugates include siderophores,79,119 proteins,120 sugars,121,122 haem-like 

porphyrins,123,124 and even Vitamin B12.125,126 The antibiotic and vector in 

these cases can be covalently bound, or bound via a labile linker to allow 

release of the antibiotic from the vector within a bacterial cell.94 Of these 

vectors, siderophores have displayed perhaps the most clinical success so 

far, with cefiderocol, a b-lactam-catecholate conjugate, being approved for 

use in humans by the FDA last year following success in Phase III clinical trials 

(Figure 1.23).127 

 
Figure 1.23 Structure of cefiderocol, the first Trojan Horse antibiotic 

approved for human usage (antibiotic unit highlighted in red). 

 
1.3.1 Natural Siderophore Trojan Horses – Sideromycins 

As is often the case for ideas in medicinal chemistry, the concept of using 

siderophores as Trojan Horses is not a human invention. Certain species of 

bacteria are also capable of producing and releasing siderophore-antibiotic 

conjugates, which are termed sideromycins.80 The first sideromycin was 

discovered in 1947 by Donald Reynolds and Albert Schatz, both PhD students 

working under Selman Waksman.128–130 Isolated from a strain of the bacteria 

Streptomyces griseus, a bacterial source of many new antibiotics including 

streptomycin, the new antibiotic was named grisein.128–130 Although the 

structure and mechanism of action of grisein was unknown to the original 

researchers, they noted an increase in grisein production when iron salts 
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were added to the culture medium, and that ferric salts had an inhibitory 

effect on the activity of the antibiotic vs. other bacteria.129  

 

The structure was confirmed to contain bound iron in 1951 by Kuehl et al., 

who demonstrated that it could be removed by addition of excess 8-

hydroxyquinoline, yielding a compound with reduced antimicrobial 

activity.131 At the same time, albomycin, another iron-containing antibiotic, 

was discovered by researchers in the USSR.132 This rapidly moved into trials 

in animals and humans, where it proved active against infections that could 

not be treated with penicillin, although development of resistant strains 

curtailed these experiments.130,132,133  

 

The composition of grisein and albomycin were later shown to be very 

similar, if not identical, by chromatographic comparisons130,134 and amino 

acid analysis.130,135 It was later discovered that the albomycin initially 

produced in fermentation broths (albomycin d2), can degrade to give two 

other biologically active products (albomycins d1 and e).130 Their chemical 

structure was not correctly determined until 1982, where the albomycins 

were determined to contain a linear hexadentate ferrichrome analogue 

(Figure 1.24).136 The antibiotic moiety, designated SB-217452, was later 

discovered to act by inhibition of seryl-tRNA synthetase.137 SB-217452 

undergoes intracellular release following uptake, with the conjugate broken 

down by peptidase enzymes.138 Notably, the activity of the antibiotic against 

S. aureus and E. coli is vastly reduced when not conjugated to the 

siderophore moiety (c. 30,000-fold reduction), indicating the siderophore 

unit is vital for good uptake.139 With transporter proteins capable of 

ferrichrome uptake present across a range of Gram-positive and Gram-

negative species, the albomycins display good broad-spectrum activity.139,140 
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Figure 1.24 Chemical structures of the albomycins. The stereochemistry here 

is that reported in a total synthesis published in 2018,141 which matches the 

antibiotic stereochemistry reported in 2000.137  

 
A wide range of sideromycins are now known, and detailed studies of their 

activity and mechanism of actions have been carried out. The salmycins are 

a family of sideromycins that combine danoxamine (a hexadentate 

hydroxamate siderophore) and an aminoglycoside antibiotic; four 

derivatives (salmycins A-D) have been discovered (Figure 1.25).142 The 

activity spectrum of the salmycins is reduced compared to the albomycins, 

showing low inhibitory activity vs. Gram-negative bacteria, likely caused by 

high specificity of the outer-membrane transporters.139 A few theories exist 

as to the mechanism of release of the antibiotic, although the exact 

mechanism has not been fully confirmed. The ester link between the 

siderophore and the antibiotic is highly labile unless the siderophore is 

bound to Fe3+/Ga3+, pointing towards iron removal as a first step; a free 

hydroxamate group from the siderophore component is then theorised to 

attack the ester bond in a cyclisation reaction.133,143 A similar family of 

sideromycins, the danomycins, have been shown to contain a danoxamine 

unit and an aminoglycoside sugar, but their full structure has not been 

confirmed.80,140,144  
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Figure 1.25 Structures of the salmycins, and proposed mechanism of 

antibiotic release post iron removal. 

 
The ferrimycin family shares several similarities with the salmycins: they are 

also based on a hexadentate hydroxamate siderophore (this time 

desferrioxamine, Figure 1.26), and only display activity vs. Gram-positive 

bacteria.130,140,145,146 However, the antibiotic unit differs, with the conjugate 

instead bearing an imino-substituted lactam, which has been shown to 

target protein biosynthesis, although the specific mechanism of action has 

not yet been determined.96,140,147 The mechanism of release, although not 

confirmed, was postulated by Braun et al. as identical to that of albomycin 

(peptidase hydrolysis).138  
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Figure 1.26 Chemical structure of ferrimycin A1. Antibiotic unit highlighted 

in red.  

 
Microcins are a class of antimicrobial peptides released by certain bacterial 

species, capable of depolarising and forming pores in bacterial 

membranes.80 Examples of these peptides have been found to be 

functionalised with salmochelin-derived siderophore units, and to exploit 

siderophore transport pathways, boosting activity vs. E. coli and Salmonella 

strains up to 10 times.80,148–150 A number of other sideromycins have been 

identified, but not fully characterised for a variety of reasons (for example, 

low yield from culture or instability), including gluconimycin,151–153 ASK-

753,154,155 and ferramidochloromycin.156  

 

It should be noted that sideromycins often see the development of 

resistance when subjected to in vitro antibacterial assays.130,157 This 

resistance has been suggested as a reason the sideromycins have not seen 

more exploration in a clinical setting.133 However, it is possible that the 

effects of resistance to the sideromycins would be compensated by 

decreased iron uptake and therefore reduced fitness in the bacteria, 

especially if the loss of certain transport pathways is involved; this would be 

more relevant in a biological model, with the bacteria having to deal with 

the immune response as well as the treatment.133,139 This has been observed 

by Braun et al. in a mouse model: S. pneumoniae and Y. enterocolitica that 

survived treatment with albomycin grew slower than the wild-type bacteria, 

with the wild-type also able to outcompete the resistant strains in 

competition experiments.139 
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1.3.2 Synthetic Siderophore-Based Trojan Horse Conjugates 

For synthetic siderophore Trojan Horses, the general structure consists of an 

antibiotic bound to a siderophore unit via some linker; alternately, “hybrid” 

siderophore conjugates can be used, in which the siderophore is directly 

bound to the antibiotic (Figure 1.27).80 There have been a plethora of 

reviews in this area in recent years, covering many aspects of Trojan Horse 

conjugates.79,80,94,96,119,133,140,143,158–165  

Figure 1.27 General structure of siderophore-antibiotic conjugates. 

 
The first siderophore-based Trojan Horse conjugates were developed by 

Zähner et al. in 1977, who attached sulfonamide antibiotics to the 

hydroxamate siderophores ferricrocin (1-1) and desferrioxamine (1-2, Figure 

1.28).166 Conjugate 1-1 proved to be active against S. aureus, but not B. 

subtilis or E. coli at similar concentrations to the parent drug, while 

conjugate 1-2 was inactive.166 This study successfully demonstrated the 

potential utility of siderophore-based Trojan Horse conjugates, while also 

suggesting that simple attachment of a siderophore to a drug doesn’t mean 

antimicrobial activity is guaranteed, and there are other factors that must 

be considered e.g. the selectivity of the siderophore component used, or the 

character of the linker between the drug and the siderophore. Some key 

examples of conjugates developed since this first foray into siderophore 

Trojan Horse conjugates are discussed below. 

Siderophore DrugLinker Drug
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Figure 1.28 Ferricrocin and desferrioxamine conjugates synthesised by 

Zähner et al. The siderophore components are highlighted in black, and the 

antibiotic in red.166 

 
1.3.3 Siderophore Conjugates with Covalent Linkers 

1.3.3.1 Conjugates with Periplasmic Targets − b-lactams 

Since this first report of a siderophore-antibiotic conjugate, many more have 

been synthesised and evaluated. The majority of work has been carried out 

with conjugates of b-lactam antibiotics, with very promising results.119 As b-

lactams inhibit proteins involved in cell wall synthesis, which are located in 

the periplasm of Gram-negative bacteria, the conjugate only needs to pass 

through the outer membrane to reach its target.79 The target binding site on 

the b-lactams is also sufficiently separate from the siderophore unit that it 

shouldn’t interfere with the antimicrobial activity, and no breakdown of the 

conjugate is required.79 

 

An extensive review of the b-lactam conjugates reported up to 2000 has 

been carried out by Roosenberg et al.119 The majority of conjugates 
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reviewed contained a simple monocatechol or hydroxypyridone unit 

attached to the b-lactam; two examples (1-3 and 1-4) are shown here (Figure 

1.29). Hydroxypyridones (like that of 1-3) are isosteres of catechols which 

have the ability to bind iron in an analogous fashion; they also offer greater 

stability than catechols, which can be methylated and deactivated from iron 

binding by the enzyme catechol O-methyltransferase (COMT).167 Although 

they don’t contain a large tetra/hexadentate siderophore unit, these 

conjugates often showed good activity. Conjugates that do contain larger 

siderophore units are still considered to offer a greater chance of 

recognition and uptake via the siderophore transport pathways, but this is 

clearly not crucial for b-lactam conjugates.119  

 

Figure 1.29 Structures of two early siderophore-b-lactam conjugates. The 

antimicrobial component is highlighted in red.168,169  

 
More recent examples of b-lactam conjugates include the use of a fully 

synthetic hexadentate catecholate by Ji et al.170 This was intended to 

maintain some of the same features as enterobactin, such as the three-fold 

symmetry and the catecholamide binding groups, but also dispenses with 

the hydrolytically-labile trilactone ring, and provides a functional group for 

easy conjugation of antibiotics, in this case ampicillin and amoxicillin (1-5 
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and 1-6, Figure 1.30). This conjugates also made use of acylated catechol 

groups, which have been shown to hydrolyse in vitro to give the active 

species and provide some protection from catechol O-methyltransferase 

enzymes.170 The conjugates proved much more active than the parent 

antibiotics vs. a range of P. aeruginosa strains, especially in iron-poor 

conditions, where up to a 4000-fold increase in activity was observed.170 

 

Figure 1.30 b-lactam conjugate with synthetic hexadentate siderophore 

synthesised by Ji et al. The antimicrobial unit is highlighted in red, and the 

linker unit in blue.170 

 
In contrast to this use of an enterobactin mimic, Zheng and Nolan used a 

modified version of native enterobactin for synthesis of a range of 

conjugates, with one of the catechol groups modified to incorporate a 

carboxyl group at the 5-position.171 Two conjugates, 1-7 and 1-8 were 

synthesised, again using ampicillin and amoxicillin as the antibiotic 

components (Figure 1.31). 1-7 and 1-8 proved to enhance antibiotic activity 

up to 1000-fold vs. various E. coli strains, including a number of pathogenic 

strains. Activity relied on the presence of the FepA outer membrane 

transporter, with the activity enhancement removed in mutants lacking 

FepA; supplementation of the media with enterobactin also attenuated 

activity, indicating the additional enterobactin competes with the conjugate 

for FepA binding and uptake.171 
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Figure 1.31 b-lactam-enterobactin conjugates synthesised by Zheng and 

Nolan.171 

 

Both of these recent examples have important implications for the design 

and potential applications of Trojan Horse siderophore conjugates. While 

Zheng and Nolan note that use of non-native siderophores often leads to 

poor uptake and activity,171 the study by Ji et al. shows that carefully-

designed alternatives can also be used.170 With natural siderophores often 

offering a complex synthetic challenge, which has implications for the cost 

and upscaling of production, more easily synthesised artificial versions may 

be required if the potential of these conjugates is to be realised in a clinical 

setting. Both demonstrate the large increases in activity that can be 

obtained for conjugates over that of the parent antibiotics, including vs. 

bacteria not susceptible to the parent drugs, allowing older antibiotics to be 

repurposed to fight different types of bacteria (especially relevant for 

targeting Gram-negative bacteria with antibiotics that previously only 

worked on Gram-positive bacteria). They also indicate the great potential 

for creation of narrow-spectrum antimicrobials, which can select for a 

desired target based on the siderophore employed. 

 

Examples of b-lactam antibiotic units have also demonstrated that Trojan 

Horse conjugates can make the successful transition to the clinic. As 

mentioned before, the most successful is cefiderocol (previously known as 

S-649266, Figure 1.32), which received FDA approval for use in the clinic in 
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2019.127 This cephalosporin-based antibiotic contains an unusual 2-chloro-

3,4-dihydroxybenzoic unit, chosen based on an extensive screening of 

various iron-chelating units.172 Similar halogen-bearing catechols have been 

shown to be more stable to COMT enzymes, and have longer 

pharmacokinetic half-lives in a marmoset model.158,173 A WHO report in 

2017 highlighted cefiderocol and its sister drug GSK-3342830, at the time in 

Phase I clinical trials, as the only antibiotics currently in development that 

show activity against three of the WHO’s four critical priority pathogens, 

cephalosporin-resistant Acinetobacter baumannii, carbapenem-resistant 

Pseudomonas aeruginosa, and carbapenem/cephalosporin-resistant 

Enterobacteriaceae.67 

 
Figure 1.32 Structure of cefiderocol. 

 

Beyond cefiderocol and GSK-3342830, a host of other b-lactam-based Trojan 

Horse antibiotics have entered clinical trials, however they have so far all 

failed to progress to the clinic. There are various reasons for this, ranging 

from susceptibility to resistance80,158,174,175 to poor side effect 

profiles,56,176,177 to loss of activity in vivo,178,179 and finally to simple economic 

and chemical issues.180–182 A review by André Bryskier in 2000 noted that 

research in catechol-containing antibiotics had often been given up due to 

“difficult chemistry, high cost of production, and risks of adverse effects”.180 

 

1.3.3.2 Conjugates with Periplasmic Targets − Other 

Other antibiotics that potentially act against targets in the Gram-negative 

periplasm have also been conjugated to siderophores. The Miller group has 

successfully synthesised conjugates of vancomycin (1-9)183 and daptomycin 
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O

O O

N N
H

H
N

N

S
O Cl

OH

OH

Cefiderocol

O

N O

OH

OMe
Me

N

S
H2N



 65 

siderophores (Figure 1.33 and Figure 1.34). These antibiotics are both 

inactive against almost all Gram-negative bacteria, the primary factor being 

their large size, which makes passage of the outer membrane difficult.118,184 

The vancomycin conjugate, 1-9, showed worse activity against S. aureus 

than the parent drug, but did show much improved activity against a strain 

of P. aeruginosa in iron-poor conditions.183 Conjugate 1-10 showed a 

similarly reduced activity vs. S. aureus, and no activity vs. P. aeruginosa or E. 

coli, but proved highly active against A. baumannii (MIC = 0.4 µM); this was 

attributed to the similarity of the siderophore component to fimsbactin, the 

natural siderophore produced by A. baumannii.118 Both of these indicate 

that siderophore transporters can potentially uptake cargos much larger 

than the siderophores themselves. A further example of a conjugate with a 

periplasmic target comes from Tarapdar et al., who synthesised a 

bis(catecholate) conjugate of a phenothiazine antimicrobial (1-11), which 

has previously shown activity vs. M. tuberculosis.185 This conjugate has yet 

to be evaluated in a biological context.  

 

 

Figure 1.33 Structure of vancomycin-siderophore conjugate 1-9.183 
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Figure 1.34 Structures of daptomycin-siderophore conjugate 1-10 and 

phenothiazine-siderophore conjugate 1-11.118,185 

 

As with the results discussed for b-lactam conjugates, these results highlight 

the great potential of Trojan Horse conjugates in activating antibiotics, and 

indeed other bioactive molecules, against new strains of bacteria, and the 

need for carefully selecting the correct siderophore component to target a 

specific bacterium.  

 
1.3.3.3 Conjugates with Cytoplasmic Targets 

A number of other conjugates have also been made for antibiotics with 

cytoplasmic targets. The majority of work in this area has been carried out 

on fluoroquinolone conjugates like 1-12, but aminocoumarins (1-13)186, 

oxazolidinones (1-14)187, and macrolides (1-15)188 have also been studied 

(Figure 1.35). However, they often show a reduction in activity over their 

parent antibiotics. One example, 1-14, shows increased activity vs. P. 
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aeruginosa, however not to a sufficient level to merit further investigation 

(MIC increased from 1024 µM to 128 µM).  

 
Figure 1.35 Structures of siderophore conjugates of antibiotics with 

cytoplasmic targets. Any linkers present between siderophores and 

antibiotics are highlighted in blue.186–189 
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reduction.190–192 Citrate (1-16 to 1-19)190,192 and staphyloferrin A (1-20)191 

conjugates synthesised by the groups proved less active than the parent 

antibiotic vs. a range of bacteria (Figure 1.36). A DNA gyrase assay, which 
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cytoplasmic target of ciprofloxacin) showed that higher concentrations of 

the conjugates were required for complete inhibition.191,192 This, plus a set 

of molecular modelling studies,192 suggested gyrase binding is inhibited by 

the presence of the covalently-bound linker-siderophore unit, reducing the 

antimicrobial activity.191,192 

 
Figure 1.36 Previous fluoroquinolone-siderophore conjugates synthesised 

by the Duhme-Klair and Routledge groups.190–192 

 

There is one notable exception to this general reduction in antimicrobial 

activity: a ferrichrome-ciprofloxacin conjugate recently designed and 

synthesised by Pandey et al.193 In this example, the conjugate was examined 

as its unmetallated (apo) form (1-21), as well as the iron and gallium-bound 

conjugates (Figure 1.37). Ga(III) ions have a similar ionic radius to Fe(III), and 

therefore a similar binding affinity to siderophores; Ga-bound siderophores 

can also be recognised by both outer and inner-membrane 
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transporters.80,193 Ga(III) can also have an antimicrobial effect on bacteria, 

with Ga(NO3)3 currently in clinical trials.193 Both the apo and the Ga(III)-

bound versions of this conjugate displayed identical activity to ciprofloxacin 

vs. E. coli K-12, and the Ga(III) conjugate (1-22) displayed improved activity 

vs. S. aureus. No reasoning was given for this remarkable activity, which is in 

stark contrast to most other fluoroquinolone conjugates.80,193 A DNA gyrase 

assay with this conjugate was not carried out; this often gives clues as to 

whether the linker and the siderophore interfere with target binding. It 

would have been interesting to see if the linker and siderophore used in this 

case do impede binding, as is the case with other covalently-linked 

systems,191,194,195 and the identical activity has another possible cause. 

 
Figure 1.37 Structures of the apo and gallium-bound forms of a ferrichrome-

ciprofloxacin conjugate.193 

 

One of the key observations made from the study of these covalently bound 

conjugates is that breakdown of the conjugate in the cytoplasm is required 

for optimal activity.80,119,133,143,159,196 Covalently-bound siderophore 

components seem to either hinder the bound drug from reaching its target, 

or interfere with its binding to the target, therefore reducing the 

antimicrobial activity.80,143,196 This requirement for conjugate breakdown in 

the cytoplasm has driven a search for linkers that are hydrolysed or cleaved 

inside bacterial cells, termed “biolabile linkers” or “biolabile bonds”. 
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1.4 Biolabile Linkers 

The concept of prodrugs, drugs that are metabolised into their active forms 

in vivo, is nothing new, having been first recognised in 1958,197 however not 

all of the many modifications that can be used to create prodrugs are 

applicable to drug conjugates of any basis. Prodrug modifications tend to be 

made around the “edges” of molecules, with terminal groups modified to 

offer a simple tweak to the biological properties, and often require 

enzymatic cleavage for removal;197 in contrast, drug conjugates tend to 

consist of a targeting unit attached to the desired drug via a linker, meaning 

they effectively require cleavage down the “centre” of the molecule, which 

can make enzymatic hydrolysis much harder, as the size of most 

drugs/targeting units may hinder an enzyme’s ability to reach and hydrolyse 

the bond. Especially in the case of antibiotic conjugates, the cleavage also 

needs to happen inside bacteria to be fully effective, otherwise the antibiotic 

cargo may not be able to enter the cells; many prodrug approaches do not 

have this requirement. 

 

Despite these potential issues, a range of prodrug modifications have been 

developed to allow the release of drug components attached to a targeting 

unit. These cleavable linker units can be termed “biolabile linkers”. They 

often involve the inclusion of a self-immolative moiety, a linker unit that can 

undergo a chemical transformation in response to a biological stimulus, 

creating a cascade reaction leading to release of the desired drug.198 

Whether linker cleavage requires self-immolation or not, certain key 

characteristics are required for a desirable biolabile linker: 

1) High stability while the conjugate is in circulation in the body to 

ensure successful delivery of conjugate to the desired target, and 

avoid off-target release. For most drug delivery routes, this requires 

the conjugate to be stable in blood plasma.199–201 

2) No detrimental effect on pharmacokinetic properties, for example 

the use of hydrophobic linkers can lead to aggregation in antibody-

drug conjugates, impairing their function.201 

3) Rapid cleavage effected when trigger stimulus applied, preferably 

within cells. 
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4) Release of an unmodified therapeutic warhead (no additional 

functionalities vs. parent drug), or a modified form which retains 

almost identical activity.199,200 

5) Release of drug is compatible with the drug’s pharmacodynamic 

properties (I.e., release must be fast enough to allow the drug 

concentration to build up to a sufficient level to be active). 

6) The products from any linker cleavage, and the linker itself, should 

be non-toxic.202 

 

1.4.1 Self-Immolative Linkers 

Before discussing the biological mechanisms that can be exploited to trigger 

the cleavage of biolabile linkers, it is worth looking at self-immolative linkers, 

and the mechanisms by which they function, in more detail. This field has 

been the subject of a number of extensive reviews in recent years.198–200,203–

206  

 

The first example of a “classic” self-immolative linker was published in 1981 

by Carl et. al.,207 who reported a simple system (1-23) consisting of an N-Boc 

lysine unit, a p-aminobenzyloxycarbonyl (PABC) linker, and a p-nitroaniline 

unit (Scheme 1.1). On reaction with the protein hydrolase enzyme trypsin, 

the N-Boc lysine is cleaved, releasing the aniline group of the linker. This can 

then undergo an azaquinone methide elimination, with decomposition of 

the carbamate group to yield free p-nitroaniline.207 

 
Scheme 1.1 Activation of the first self-immolative prodrug system, 

developed by Carl et al.207 The trigger (the enzymatically cleaved N-Boc 

lysine) is highlighted in a green box, the self-immolative unit is green, and 

the released p-nitroaniline is red. 

N
H

O N
H

O NO2

O
BocHN

H2N

H2N

O N
H

O NO2

H2N

NO2

HN
+- CO2

Trypsin (2.5 mg/mL)
- N-Boc lysine

1-23



 72 

Since this first report a vast array of similar systems have been developed, 

with a wide variety of trigger mechanisms. There are two main mechanisms 

of release, self-immolation by elimination, as used in the original PABC 

linker, or self-immolation by cyclisation.198,203,204,206 An aromatic structure is 

required for elimination, which most commonly happens in a 1,6-fashion 

(Scheme 1.2),198 but can also occur in a 1,4-, a 1,8- or a b-elimination 

fashion.198,203,204 The reactions are driven by a positive reaction entropy, and 

often the release of stable products e.g. CO2.198,204 Cyclisation can occur with 

linkers based on alkyl chains, or on alkyl-substituted aromatic systems, and, 

similar to elimination, the reactions are driven by positive entropy and the 

formation of stable ring systems.198,204,206 The natures of the trigger systems 

for these reactions are discussed in Sections 1.4.1.1 to 1.4.1.5. 

 
Scheme 1.2 Two examples of common elimination and cyclisation 

mechanisms for self-immolative linkers. X = NH, O, S. The location of the 

self-immolation trigger is shown in green. 

 
In both cases, the immolating process can also tolerate the presence of other 

nearby substituents, for example on the aromatic ring in an elimination 

process (Scheme 1.3).199,203 This means that, as well as incorporating a 

releasable drug moiety and a trigger for the self-immolation process, the 

linker can be further functionalised with a targeting unit without affecting 

the release.  

 
Scheme 1.3 An example of the multiple functionalities that can be 

incorporated into a linker. 
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Multiple self-immolative units can be connected together to create self-

immolative cascade chains, which can often increase drug release rates by 

placing the trigger location further from bulky drug molecules, making it 

more accessible for cleavage (Scheme 1.4).198,205,208 Finally, multiple 

eliminations can also take place from a single aromatic ring, meaning that 

dendritic (branched chain) systems of self-immolative linkers can be used to 

facilitate release of multiple drug molecules from one central unit (termed 

amplified self-immolation).199,203–205 

 

 

Scheme 1.4 Self-immolative chains developed by de Groot et al.,208 and an 

example of multi-drug release from a single aromatic ring (adapted from 

Srinivasarao and Low).199 
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the rate of hydrolysis can be tuned by changing the steric hindrance of the 

surrounding groups (Figure 1.38).209,210 However, the unspecific nature of 

this cleavage, and the tendency for such linkers to undergo unspecific 

enzymatic cleavage, often renders them unsuitable for in vivo applications.  

 

 
 

Figure 1.38 Hydrolytic stability of some (acyloxy)alkyl linkers studied by 

Zheng and Nolan (HEPES buffer, pH 7.5, 30 °C).210  

 
1.4.1.2 Acid/Base-Labile Linkers 

A series of linkers have been shown to undergo cleavage under acidic 

conditions to release their payloads: these include hydrazones,199,211–213 

acetals,214 and methoxybenzylacetals (Figure 1.39).199,215 Of these, the 

hydrazone-based linkers have seen success in antibody-drug conjugates 

(ADCs), with two of the eight ADCs to have been approved following clinical 

trials utilising this linker.200,212,216 However, studies on the first ADC to 

receive clinical approval, Mylotarg, also indicate one of the weaknesses of 

pH-sensitive linkers; they are often prone to instability (in this case in blood), 

limiting their lifetime in the body.199,217 In terms of the cleavage 
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route, as opposed to the direct hydrolytic cleavage of hydrazones on 

reaction with water.199  

 

Figure 1.39 General structures of antibody-drug conjugates containing 

methoxybenzylacetal and hydrazone linkers.  

 
Biolabile linkers that undergo cleavage under basic conditions can also be 

employed. For example, Blencowe et al. demonstrated base-mediated 

decomposition of a triazole-based self-immolative system (1-24) containing 

a base-labile pivaloyloxymethyl group on reaction with sodium methoxide in 

methanol (Scheme 1.5).218 While these conditions are not applicable to 

biological systems, it demonstrates a potential pathway for future research 

to exploit. 

 
Scheme 1.5 Base-mediated cleavage of a self-immolative triazole linker (1-

24). Base-labile pivaloyl ester highlighted in green box.218 

 
1.4.1.3 Thiol-Reactive Linkers 

Disulfides are a variety of linker that can undergo both direct and self-

immolative cleavage mechanisms. The direct mechanism typically involves 

thiol-disulfide exchange between the disulfide and glutathione in the cell 

cytoplasm, resulting in the release of the drug (or a glutathione-drug 

adduct).200 The stability of the disulfides to thiol-mediated cleavage can also 

be tailored by increasing the steric bulk around the disulfide functionality; 
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this hinders the approach of biological thiols.200,219 However, this cleavage 

mechanism requires the drug to contain a free thiol unit, which is relatively 

uncommon,220 or undergo modification to insert one, which may have 

detrimental effects on its activity.221  

 

This problem can be bypassed by creating self-immolative disulfide 

derivatives, for example by combination of disulfide bonds with 

appropriately-spaced carbonates and carbamates. On cleavage of the 

disulfide bond by intracellular thiols, the free thiol generated undergoes a 

cyclisation-elimination reaction, releasing a stable heterocycle and/or CO2, 

plus a free O/N-containing unit.199,222 The nature of the heterocycle depends 

on the combination of carbonyl-containing groups present, and the linker 

length, with most systems tending to use linker lengths that generate 5 or 

6-membered heterocycles on release,199,222,223 although some cyclisation 

routes lead to the production of a 3-membered thiirane ring (Scheme 

1.6).199,222,224 A couple of the self-immolative mechanisms observed for 

disulfide-containing systems, including cyclisations to form a 

thiacenaphthalene unit,225 and the thiirane formation, are currently unique 

to the disulfides. Disulfides can also act as the trigger mechanism for 

“classic” aromatic self-immolative systems.198,199,222,223 

 

Scheme 1.6 Self-immolation mechanisms of some disulfide systems.200,223,225 

 

A large number of disulfide-containing conjugates have been reported,199,223 

including ADCs for cancer treatment (1-25),226 and conjugates of antibiotics 

to cell-penetrating peptides to target intracellular bacterial infections (1-26, 

Figure 1.40).227 1-25 consists of a pyrrolobenzodiazepine drug conjugated to 
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an antibody, and proved effective in treating cancer cells in a mouse 

model,226 while 1-26 contains the antibiotic kanamycin attached via a 

disulfide to a peptide with high mammalian cell penetration, allowing 

clearance of intracellular M. tuberculosis infections in a macrophage 

model.227 Unfortunately for their clinical potential, some disulfide-based 

conjugates have been reported to undergo premature drug release under in 

vivo conditions,222,228–230 which would lead to off-target effects and, in the 

case of ADCs, potential antibody aggregation, which can in turn lead to an 

immune response.229,231 More recent studies have focused on tuning the 

stability of the disulfide bonds to ensure they are sufficiently stable in blood 

plasma to be viable in the body, while retaining desirable intracellular 

release kinetics.223,230 

 
Figure 1.40 Examples of anticancer and antibacterial conjugates containing 

self-immolative disulfide linkers.223 The self-immolative trigger is highlighted 

in a green box, the rest of the self-immolative system is green, and any other 

linker components are blue.  
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Maleimides have been extensively employed in chemical biology for 

covalent linkages involving thiol-containing species, including the study of 

cysteine-containing enzymes.232 The double bond of the maleimide 

structure is able to undergo a fast Michael reaction with biological 

nucleophiles in aqueous conditions.232,233 Under typical biological pH, this 

reaction will be specific to thiols, with amines (typically protonated) and 

hydroxyl groups requiring a higher pH to reach a similar nucleophilicity.232,233 

The soft electrophilic nature of maleimides also favours reaction with the 

softer thiol nucleophiles. The formed maleimide-thiol conjugates are 

typically very stable, but under certain conditions, they can undergo a retro-

Michael reaction to reform the double bond, followed by another Michael 

reaction with a biological thiol like glutathione (Scheme 1.7).233 As an 

equilibrium reaction, high concentrations of biological thiols favour 

conversion to the biological thiol adduct. The nature of the conjugated thiol 

in the starting conjugate also matters; the cleavage happens much faster for 

thiols with a lower pKa, like aryl thiols.233 The cleavage is also slow compared 

to disulfides (c. 10-100x slower), which the authors note could aid increased 

stability in the blood, and prolong the period of drug delivery.233,234 

 

Scheme 1.7 Equilibria of maleimides that can undergo retro-Michael 

reaction. The released thiol is highlighted in green.  

 
In two recent papers, the Chudasama group have experimented with using 

pyridazinediones as cleavable linkers.235,236 A saturated pyridazinedione 

conjugated to various thiols was shown to undergo retro-Michael addition 

to release the corresponding thiols, while showing no reactivity with 

biological thiol glutathione (even at 10x concentrations), and human serum 

albumin, the cysteine residue of which can often react with thiol-sensitive 

linkers in the blood. A similar maleimide derivative did display reaction with 

HSA, indicating potential problems with off-target reactivity for these 
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species.235 Another pyridazinedione system, this time unsaturated, was able 

to undergo addition-elimination reactions with biological thiols. This system 

can be mono- or disubstituted, with a variant substituted with two aryl thiols 

performing best, showing complete release after 4 hours.236 This scaffold 

can be further functionalised via the two pyridazinedione nitrogens, with 

synthesis of an unsymmetrical example (with different substituents on each 

nitrogen) demonstrated (Scheme 1.8).236 

 
Scheme 1.8 Pyridazinediones studied by the Chudasama group, mechanisms 

of release, and an example of pyridazinedione difunctionalisation. The 

displaced thiol groups are highlighted in green.235,236  

 
1.4.1.4 Enzyme-Cleavable Linkers 

Enzymatic hydrolysis is a common mechanism of cleavage, both for directly 

cleaved and self-immolative linkers. One example of direct cleavage is ICT 

2588, a conjugate of a colchicine derivative for treatment of cancer (Figure 

1.41).237,238 This consists of an endcapped octapeptide connected to the 

active drug; the peptide contains a sequence recognised and cleaved by a 

matrix metalloproteinase; these are a series of proteases believed to play a 

major role in the development of cancer cells.237 Following this cleavage, the 

remaining tetrapeptide is cleaved by nonspecific proteases to release the 

free drug. This example highlights one of the key problems with enzymatic 

cleavage as a mechanism of action – the steric bulk of the conjugate 
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prevents enzymes from direct hydrolysis of the bond to the drug; the initial 

hydrolysis has to occur away from the site of drug conjugation.  

 
Figure 1.41 Structure of ICT 2588, an enzymatically cleaved anticancer 

conjugate.237,238 

 
This issue can often be fixed by incorporating a self-immolative unit 

alongside the enzyme peptide trigger sequence. Possibly the most successful 

example of this is the Val-Cit linker first introduced by Dubowchik et al. in 

2002 (Figure 1.42).239 They experimented with a range of peptide sequences 

recognised by cathepsin B, a cysteine protease almost exclusively confined 

to lysosomes within cells, and often overexpressed in cancer cells, making it 

an ideal target for intracellular cleavage.200,239 They discovered that 

conjugates of the anticancer drug doxorubicin (DOX) with both 

Phenylalanine-Lysine (Phe-Lys) and Valine-Citrulline (Val-Cit) linkers could 

be selectively and rapidly cleaved by cathepsin B. However, due to the bulky 

nature of the drug, efficient DOX release could not be obtained without 

introducing a spacer, in this case a self-immolative PABC unit, between the 

drug and the cathepsin-cleaved sequence.200,239 The Val-Cit linker has 

proved the more successful of the two over time, with three of the eight 

market-approved antibody-drug conjugates using them to facilitate drug 

release.  
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Figure 1.42 Design and structure of the Val-Cit linker.239 

 
A number of other enzymatically cleavable triggers have been used in 

conjugation with self-immolative linker systems to obtain release under 

biological conditions, ranging from glycosylated units to nitro groups or azo 

bonds. Some key examples for biolabile conjugates are summarised in 

tabular form (Table 1.1). In terms of mechanism, enzymatic bond 

cleavage/reduction of the moieties below reveals a nucleophilic 

oxygen/nitrogen atom, triggering a self-immolative reaction.  
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Inositol 

1-phosphate 

 

Phospatidylinositol-

specific 

phospholipase C 

(L. monocytogenes) 

247 

Quinone 

 

DT-diaphorase 

(NQO1) 
248,249 

Nitro 
 

Nitroreductase 250,251 

b-Lactam 

 

b-Lactamase 252–254 

Sulfate 

 

Sulfatases 255 

Azo 
 

Azoreductase 256 

Table 1.1 Key enzymatically-cleaved triggers for self-immolative systems.  

 
1.4.1.5 External Stimuli 

Self-immolative linkers can also be activated by non-biological, externally 

applied stimuli. This can allow an area of tissue to be selectively targeted, 

which is especially useful in the case of cancer treatment, as well as giving 

an alternative option should release strategies based on biological stimuli 

not provide the desired release profile. The stimuli can take the form of 

another chemical component added separately to the original conjugate, 

which can react with the conjugate to trigger drug release, or 

electromagnetic radiation, usually in the form of UV-Visible to Near Infrared 

(NIR) light.198,200,257,258  

 

Both of these strategies come with additional complications. In the case of 

addition of a chemical trigger, care must be taken to flush the original 

conjugate from the blood so that activation can only take place in cells, 

avoiding off-target effects.257 The trigger must also conform to the same 
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properties as the conjugate (e.g. low toxicity), and be able to localise in cells, 

which could pose a particular problem for targeting bacteria. Despite this, a 

number of systems, often based on click reactions, have been designed. 

Perhaps the most successful example to date is that of Rossin et al., who 

examined an ADC with a click release trigger in mice, with the combination 

outperforming more conventional protease-triggered ADCs against the 

tumour model tested (Scheme 1.9).259 

 
Scheme 1.9 Click components used by Rossin et al. for their ADC, and the 

mechanism of activation.259,260 

 
1.4.2 Biolabile Linkers in Synthetic Siderophore Trojan Horses 

A range of siderophore Trojan Horses have been successfully synthesised 

containing biolabile linkers, with varying degrees of success. One of the first 

examples of siderophore Trojan Horse conjugates containing a biolabile 

linker was reported in 2001 by Hennard et al.194 These conjugates, 1-27 and 

1-28, contained a methylenedioxy linker between the siderophore unit and 

two fluoroquinolones, norfloxacin and benzonaphthyridone (Figure 1.43). 1-

27 and 1-28 both showed greater activity than identical conjugates 

containing stable linkers, however this activity is reduced compared to the 

parent norfloxacin and benzonaphthyridone. Due to the easily hydrolysable 

nature of the linker, it could potentially undergo extracellular hydrolysis in 

vivo, destroying the conjugate before it can reach its target.194  
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Figure 1.43 Structure of hydrolysable pyoverdin conjugates with 

methylenedioxy linker highlighted in green, and remainder of linker 

highlighted in blue.194 

 

Rivault et al. and Noël et al. published examples of pyochelin conjugates 

using the same methylenedioxy linker as Hennard et al. in 2007 and 2011, 

respectively (Figure 1.44).261,262 Rivault et al. were able to show two 

examples (1-29 and 1-30) containing the methylenedioxy linker that proved 

as active as norfloxacin against a P. aeruginosa strain.261 However, Noël et 

al. observed only reductions in activity against three P. aeruginosa strains 

for 1-31 to 1-33 compared to the parent fluoroquinolones, although the 

poor solubility of the conjugates in the culture medium may have hindered 

the study.262 Notably, two of the conjugates (1-31 and 1-32) proved active 

via a mutant strain of P. aeruginosa (PAD14) which lacks the TonB complex 

required to provide energy to the pyochelin transportation. This suggests 

extracellular hydrolysis of the conjugates, then uptake of the resulting free 

fluoroquinolones.262 
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Figure 1.44 Pyochelin-fluoroquinolone conjugates containing a labile 

methylenedioxy linker.261,262 

 

Zheng and Nolan also made use of substituted and unsubstituted 

methylenedioxy linkers for release of ciprofloxacin (the range of linkers 

tested is shown above in Figure 1.38).210 By tuning the steric bulk of the 

groups neighbouring the linker, and introducing a methyl group to the linker, 

they were able to change the half-life of the linkers in solution from 21 

minutes to over 130 hours (as measured by HPLC). However, these still 
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proved unsuccessful when applied to the synthesis of enterobactin 

conjugates; although a half-life of 10 hours could be achieved in the most 

stable conjugate (1-34, Figure 1.45), the MIC was still reduced 10x compared 

to the parent ciprofloxacin vs. E. coli. Again, this was ascribed to extracellular 

hydrolysis and release of ciprofloxacin.210  

 

Figure 1.45 Structure of an enterobactin conjugate (1-34) containing a 

methylenedioxy linker.210 

 
Paulen et al. published an example of a simple monocatechol-oxazolidinone 

conjugate containing a similar linker, this time a methylene bridge between 

an ester group and a triazole (1-35, Figure 1.46).187 This linker has been 

shown to undergo hydrolysis under basic conditions,218 however in this case 

failed to increase the activity beyond that of a covalently-bound version of 

the conjugate (1-14), with extracellular hydrolysis a possible cause.187 
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Figure 1.46 Structure of oxazolidinone conjugate 1-35 containing a 

methylene bridge synthesised by Paulen et al., and the related non-biolabile 

conjugate 1-14. The methylene bridge is highlighted in green, and other 

linker components highlighted in blue.187  

 

Wencewicz et al. have synthesised two conjugates based on the original 

salmycin scaffold employed by bacteria, with a danoxamine siderophore 

unit bound via a succinyl linker to both ciprofloxacin (1-36, amide linkage) 

and triclosan (1-37, ester linkage, Figure 1.47).143 As discussed above, the 

mechanism of antibiotic release from salmycin is believed to stem from 

attack of the ester linkage by the closest hydroxamate group in a cyclisation 

reaction (Figure 1.25). In this case, the triclosan conjugate 1-37 is observed 

to have comparable or improved activity to triclosan against a number of 

bacterial strains, but the activity of ciprofloxacin conjugate 1-36 is much 

reduced compared to ciprofloxacin. This suggests that if the cyclisation 

mechanism is indeed correct, it is much less able to hydrolyse the more 

stable amide linkage of 1-36 compared to the ester of 1-37.  
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Figure 1.47 Structures of desferridanoxamine conjugates 1-36 and 1-37 

synthesised by Wencewicz et al. The hydroxamate group responsible for the 

potential cyclisation mechanism is highlighted in green.143 

 

The Miller group have synthesised three desferrioxamine conjugates and a 

mixed catechol-hydroxamate conjugate based on two variants of a 

cyclisation-based biolabile linker, the “trimethyl lock”.189,263 For the original 

trimethyl lock design, the hydrolysis of an ester (1-38) or phosphate group 

(1-39) creates a free alcohol, which rapidly cyclises to form a 6-membered 

lactone ring, with subsequent drug release. The high rate of lactonisation is 

due to an unfavourable interaction between methyl groups in the structure 

(Figure 1.48).189 The second variant is a reduction-triggered variant (1-40), 

which has an identical mode of release, but relies on reduction of a quinone 

to create the free alcohol.263 This variant was inspired by the lack of 

substrate specificity observed for bacterial ferric reductases, meaning they 

might be able to reduce the quinone during/after iron reduction. 

Unfortunately, in all cases these conjugates displayed worse activity than 

their parent antibiotics vs. Gram-positive and Gram-negative bacteria.189,263  
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Figure 1.48 Mechanism for trimethyl lock cyclisation (with steric clash 

indicated) and structures of desferrioxamine conjugates 1-38 to 1-40 based 

on this self-immolative linker. The different trigger groups for the self-

immolative reaction are highlighted in green boxes.189,263 

 

Two papers have recently been published by Neumann et al. featuring two 

differing approaches to intracellular release from an enterobactin scaffold 

(Figure 1.49).264,265 One utilises a disulfide-containing conjugate of 

ciprofloxacin (1-41) in which the disulfide bond can be cleaved on exposure 

to endogenous thiols like glutathione,265 similar to an approach tried in the 

past by the Duhme-Klair and Routledge groups.266 However, 1-41 displays 

O

Me Me
O

P

Me
Me

O

N

O

OH

O
F

N
N

O

O

N

O

OH
N
H

O

HO
HO

HN

O

N
OH

O
N
H

O

O

HN

Me Me

O

Me
Me

O

N

O

OH

O
F

N
N

O

O

N

O

OH H
NHN

O

N
OH

O H
N

O

H
N

O

O

Me Me
O

Me
Me

O

N

O

OH

O
F

N
NN

O

OH

HN

O

N
OH

O H
N

O

O

HN

HN

H
N O

Me Me

OH

Me
Me

O

N
H

Me Me

O

O

Me
Me

+

Drug

H2N
Drug

1-38

1-39

1-40



 90 

worse activity than the parent ciprofloxacin. The second approach involves 

a ciprofloxacin-enterobactin conjugate (1-42) that doesn’t contain a true 

biolabile linker, but instead antibiotic activity vs. E. coli is granted by the 

hydrolysis of the enterobactin structure by IroD, an enzyme typically 

associated with pathogenic E. coli strains.264 Unlike most other reported 

conjugates, 1-42 displays comparable activity to ciprofloxacin. The structure 

of the active agent is not yet known, it could be that the ciprofloxacin 

remains bound to the enterobactin hydrolysis products, or it could be 

released completely. The hydrolysis products on their own are unable to 

cause growth inhibition; the full enterobactin unit must be taken up to 

achieve activity.264  

 

Figure 1.49 Structure of enterobactin-based Trojan Horse conjugates 

synthesised by Neumann et al.264,265 

 
Perhaps the most successful example of a biolabile linker used in this field 
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antibiotic), which is in turn bound to a siderophore moiety (1-43, Figure 

1.50).267 Oxazolidinones are typically inactive vs. Gram-negative bacteria, 

often due to poor permeation of the outer membrane.267 However, in the 

case of this conjugate, the siderophore unit permits uptake through the 

outer membrane into the periplasm of Gram-negative bacteria. There, 

hydrolysis of the cephalosporin by b-lactamase enzymes leads to release of 

the oxazolidinone, which is then free to cross the cytoplasmic membrane 

and find its cellular target.267 1-43 displays high activity against a number of 

bacterial strains, including P. aeruginosa, and multiple A. baumannii strains; 

the activity comes in part from both the oxazolidinone and cephalosporin 

components, however, activity is retained for strains that show resistance 

to the cephalosporin component alone. Crucially, a control containing the 

siderophore component covalently attached to the oxazolidinone is inactive 

against all of the bacterial strains studied, supporting the conclusion that in 

vivo release via b-lactamase hydrolysis is vital for activity.267 

 

Figure 1.50 Structure of siderophore-cephalosporin-oxazolidinone 

conjugate 1-43. The cephalosporin is highlighted in green, and the 

oxazolidinone in red.267  

 
A novel approach to the design of protease-cleavable biolabile linkers for 

siderophore conjugates comes from Boyce et al., who built on much of the 

knowledge developed through the previous work discussed above.268 To 

simplify the requirements on the siderophore component, they aimed for 

cleavage of the linker in the periplasm, meaning the siderophore unit is only 
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sequences against a periplasmic extract from E. coli cells, allowing 

identification of the protein sequences that are cleaved most efficiently by 

protease enzymes present. The selected protein sequence (WSPKYM) was 

then applied to the design of siderophore conjugates containing 

oxazolidinone and macrolide antimicrobials (Figure 1.51). The resulting 

oxazolidinone conjugate 1-44 proved much more active against E. coli than 

the parent antimicrobial, and the macrolide conjugate 1-45 retains the 

activity observed for the free macrolide, indicating the conjugates can be 

taken up into the periplasm and undergo successful protease cleavage to 

release the antimicrobials, which can then cross the inner membrane as 

previously seen by Liu et al.267 This platform offers great potential for the 

development of other enzymatically-cleaved substrates for siderophore 

conjugates.  

 

Figure 1.51 Structure of protease-cleaved siderophore conjugates 

developed by Boyce et al. The cleaved protein sequence is highlighted in 

green, and the antimicrobials in red.268  
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As some of the examples above show, there are a number of key 

considerations that must be taken into account for siderophore conjugates 

with cytoplasmic targets: 

1) All three components of the system (the siderophore, the linker and 

the antibiotic) require careful optimisation.196  

2) The antibiotic component must either be carefully modified to 

maintain activity, or must be released in the 

periplasm/cytoplasm.133,171,196,267,268 

3) The siderophore unit must be capable of facilitating uptake into the 

cytoplasm (unless antibiotic release can take place in the 

periplasm).196,269,270 

4) Good recognition of the siderophore unit by outer membrane 

receptors is required. This usually necessitates the use of native 

siderophores.171,270 

5) Antibiotic conjugation should be carried out in such a way that it 

does not impair recognition of the siderophore unit by the 

transporters required for uptake.270 

6) The siderophore should have high Fe affinity, and be able to compete 

with native siderophores for iron binding, otherwise uptake will be 

reduced.133,171,270  

 

1.5 Gas-Releasing Antimicrobial Prodrugs 

A number of gaseous molecules, including nitric oxide (NO) and carbon 

monoxide (CO) have been shown to have important biological functions. 

These primarily include their role as gasotransmitters involved in regulating 

various systemic processes, including muscle relaxation and 

vasodilation.271,272 NO is also biosynthesised and released by macrophages 

as an antimicrobial.273 Since the discovery of these biological functions, 

which demonstrate that the human body can tolerate certain levels of these 

otherwise toxic gases, interest in the use of gases and gas-releasing 

compounds as therapeutics has increased hugely.  
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1.5.1 Nitric Oxide-Releasing Antimicrobials 

Antibacterial therapies involving NO have possibly attracted the most 

interest, almost certainly due to its existing role in the human immune 

system. To the best of the author’s knowledge, the first report of the use of 

NO donors as antimicrobials comes from 1974, where cysteine-nitrosothiol 

(1-46) was shown to display antibacterial effects against a number of 

bacterial strains, including Salmonella.274 Since then, a number of delivery 

systems have been developed, ranging from gaseous NO to organic donors 

like diazeniumdiolates (Figure 1.52).275 Release mechanisms for NO are 

often identical to those seen for biolabile linkers, while delivery of NO to the 

desired target often relies on polymeric systems.276 

 
Figure 1.52 Some examples of NO delivery agents, including cysteine-

nitrosothiol (1-46), nitroglycerine (1-47), sodium nitroprusside (1-48), 

diethylamine diazeniumdiolate (1-49), and a cephalosporin-NO conjugate 

(1-50, NO release is triggered by cephalosporin hydrolysis).277  

 

NO can affect a variety of processes within bacterial cells. As a free radical, 

the NO can act on its own, or react with oxygen and reactive oxygen species 

(ROS) to form more reactive nitrogen oxygen species (RNOS) like 

peroxynitrite (OONO−).275,276,278 These can induce oxidative and nitrosative 

stress, with damage to DNA, peroxidation of lipids, nitrosylation of thiols and 

binding to iron centres in enzymes (Scheme 1.10).275,276 
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Scheme 1.10 Examples of some mechanisms of NO action within bacterial 

cells. Adapted from Carpenter and Schoenfisch.278 

 
It should also be noted that this antibacterial effect is highly concentration-

dependent, with some species of bacteria using NO for cell signalling and 

regulating biofilm formation.276 Nitric oxide production in Bacillus anthracis, 

the bacterium responsible for anthrax infections, has been shown to act as 

a virulence factor in a mouse model, with endogenous NO supressing the 

Fenton reaction, and stimulating catalase enzyme activity.279 This protects 

the cells from ROS production by the immune system; mutant strains 

deficient in NO production are more easily killed by the immune cells.279,280 

Bacillus anthracis can even use NO to go on the attack against the immune 

system, with S-nitrosylation of key proteins in the mitochondria of 

macrophages leading to cell death.280,281  

 

Two NO donors, delamanid and pretomanid, have recently been approved 

by the EMA and the FDA respectively for use against extensively drug-

resistant (XDR) tuberculosis following Phase III clinical trials (Figure 

1.53).67,282–284 These drugs have an interesting dual mechanism of action, 

with the ability to act as inhibitors of cell wall mycolic acid synthesis in 

replicating TB, and via NO release in hypoxic conditions in non-replicating 

TB.282 
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Figure 1.53 Structures of delamanid and pretomanid. 

 
1.5.2 Carbon Monoxide-Releasing Antimicrobials 

Carbon monoxide donors, often known as Carbon Monoxide Releasing 

Molecules or CORMs, have also been explored, having first been reported to 

have antibacterial activity in 2007.285 While CO is better known as a toxic 

gas, it can have beneficial effects at a surprisingly high concentration; the 

FDA has set an upper limit of 14% haemoglobin saturation for clinical 

trials.286 CORMs primarily take the form of metal complexes bearing CO 

ligands, although a number of organic examples have also been 

synthesised.287 Various release mechanisms have been observed for CORMs, 

including photochemical release,288 enzyme-triggered release,289 and 

release via a “click” Diels-Alder process.290 The mechanism of action is not 

yet clear; early work pointed to CO inducing ROS formation,291 with more 

recent research suggesting that the metal ions in CORM complexes can play 

a pivotal role, and drawing questions as to what proportion of the observed 

activity comes from CO release.292,293  

 

So far, metal-based CORMs have proved the most effective antibacterial 

agents. The first study to display antibacterial activity observed inhibition of 

both S. aureus and E. coli growth with Ru, Mo and Mn complexes, and 

demonstrated that CO release did not happen in the growth media, instead 

occurring inside the cells.285 Further research has often focused on Mn 

carbonyl complexes, which can offer release via photochemical 

methods,288,294 or in aqueous conditions.295 These have shown activity 

against clinically relevant bacteria like E. coli, P. aeruginosa and S. 
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pneumoniae.288,293–296 Organic CORMs have so far seen little use as 

antimicrobials,257 although one click-triggered example (1-55) achieves CO 

release alongside release of metronidazole, with activity vs. Helicobacter 

pylori.290 

 
 

Figure 1.54 Structures of a range of CORMs. For the organic CORM 1-55, the 

site of CO release is highlighted in green. 

 
1.5.3 Sulfur Dioxide-Releasing Antimicrobials 

In comparison to these other two gases, sulfur dioxide (SO2) has seen 

relatively little exploration of its potential use in antibacterial drugs, perhaps 

as its physiological role is less well known.297 This is despite it having a long 

history of use as an antimicrobial in food technology, and especially brewing; 

it is claimed (although with some debate) that the Romans used burning 

sulfur candles to sterilise empty wine vessels, noticing that it prevented 

vinegary smells from occurring,298 and a decree was issued in Germany in 

1487 to control the amount of sulfur that could be added to wine.299 

Although the mechanism of SO2 toxicity to bacteria is still unclear,300 it is 

believed to involve oxidative damage to biomolecules, and the breakdown 

of disulfide bridges in proteins (forming S-SO3
− adducts).301 

 

The first report of SO2 prodrugs as antibacterial agents was published by 

Chakrapani and colleagues in 2012, who synthesised a series of SO2-
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attack by biological thiols via a nucleophilic aromatic substitution (SNAr) 

mechanism (Scheme 1.11).301 This reactivity is enabled by the highly 

electron-withdrawing properties of the nitro groups and the sulfonamide 

group; similar compounds lacking one of the nitro groups, or with a nitro 

group replaced with a weaker EWG often demonstrate reduced or non-

existent SO2 release.301,302  

 
Scheme 1.11 Structure of thiol-activated SO2 prodrugs synthesised by 

Chakrapani group, plus mechanism of activation.301,303,304 

 

These prodrugs were examined for their biological activity versus M. 

tuberculosis, with one compound (1-56) displaying a better minimum 

inhibitory concentration (MIC, 0.15 µM) than isoniazid, the front line drug of 

choice vs. TB (0.37 µM). This paper, plus a follow-up study published later 

that year,303 showed a rough correlation between SO2 release rate and 

antibacterial activity. A later paper published in 2015 also demonstrated 

promising activity of similar compounds (including the disulfonamide 1-57) 

vs. methicillin-resistant S. aureus and Enterococcus faecalis, although no 

antibacterial effects were observed vs. E. coli.304 Similar 2,4-dinitrophenyl-

based structures have also found use in anticancer prodrugs;305–308 these will 

be discussed further in Chapter 2.  

 
A number of other SO2 donors activated by photochemical, intramolecular 

cycloaddition or hydrolysis mechanisms have also been synthesised by the 

Chakrapani group and others (Figure 1.55).297,309–311 These are often “proof-

of-concept” experiments for a certain structure or release mechanism, with 

limited exploration of their biological activity. Of those where the biological 

activity has been examined, a UV-activated example (1-58) synthesised by 
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Kodama et al. has seen study for its potential anticancer effects.312,313 The 

original study demonstrated that 1-58 could cause cell death on 

photoactivation with UV light.312  

 
Figure 1.55 Structures of various SO2-releasing systems, including Kodama 

et al's UV-activated compound 1-58. 

 
Two examples have also been used to target bacteria; these both use SO2 

release in conjunction with release of an antimicrobial component.314,315 The 

first uses an o-nitrobenzyl phototrigger and a slightly unusual antimicrobial 

component, ferulic acid ethyl ester (FAEE, Figure 1.56).314 Ferulic acid and its 

derivatives are often present in plant extracts, and components of the 

human diet like rice and vegetables; it has previously been studied for 

potential antimicrobial activity, with limited success.316–318 However, it does 

fluoresce on excitation at 330 nm, so provides a useful reporter for tracking 

SO2 release. Incorporation of SO2 release increased activity 5x vs. E. cloacae 

compared to FAEE (2.6 µM vs. 12.3 µM), with the FAEE conjugate 1-59 

displaying 2x activity compared to a phenol control 1-60 (2.6 µM vs. 6.3 

µM).314 

 
Figure 1.56 Phototriggered SO2-releasing conjugates 1-59 and 1-60.314 
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The second example, another from the Chakrapani group, uses a 

nitroreductase trigger alongside a more conventional antibiotic, 

ciprofloxacin (1-61, Scheme 1.12).315 This was connected to the trigger via a 

sulfonate group, and a further self-immolative coumarin unit, aiming to 

provide a fluorescent reporter. The conjugate displays sub-micromolar 

activity (0.043 µM and 0.178 µM) against a number of E. coli strains, 

although it is less active (10-20x) than the parent ciprofloxacin. A similar 

pattern is observed for a number of other bacteria like P. aeruginosa and S. 

aureus, with micromolar activity seen, but to a lesser extent than 

ciprofloxacin on its own. The conjugate proves inactive vs. bacteria like K. 

pneumoniae and M. tuberculosis, which the authors attribute to differences 

in aryl nitro group reduction efficiency between the various bacteria, or 

differences in cell permeability and uptake of 1-61. The conjugate also 

proved effective in a mouse model, with similar potency to ciprofloxacin vs. 

an E. coli strain at identical doses (10 mg/kg).315 

 

 
 

Scheme 1.12 Nitroreductase-activated SO2-coumarin-ciprofloxacin 

conjugate 1-61 synthesised by Pardeshi et al.315 Coumarin component 

indicated in purple.315 
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1.6 Summary and Conclusions 

Trojan Horse conjugates offer great potential in the treatment of bacterial 

infection, with the potential to bypass membrane-associated resistance 

mechanisms, aid the creation of narrow spectrum antibiotics, and allow 

repurposing of old antibiotics like vancomycin against new bacterial strains. 

The incorporation of a biolabile linker into these conjugates is often crucial 

to their function, and their success or failure against bacteria, especially 

when antibiotics with a cytoplasmic target are concerned. While a wide 

range of biolabile linkers exist (Section 1.4), only a limited range have been 

examined in the context of Trojan Horse conjugates, with those examined 

primarily consisting of methylenedioxy linkers and “trimethyl lock” variants, 

although newer variants successfully exploit different enzymatic methods of 

cleavage. This has led to a requirement for the development of new biolabile 

linkers for Trojan Horse conjugates.  

 

Prodrugs that release gaseous molecules like SO2 or NO have also seen usage 

for treatment of bacterial infection, with multiple mechanisms available for 

triggering the release of these gases, ranging from reaction with biological 

thiols, to photorelease on exposure to UV light, to intramolecular cyclisation 

reactions. Release of these gaseous moieties can also be combined with the 

release of other species, for example antimicrobials like ciprofloxacin, 

potentially creating dual-action prodrugs.  

 
1.7 Research Aims 

The aim of this project was the development of new biolabile linkers, and 

the further examination of their usage in the context of Trojan Horse 

conjugates with the aim of expanding the range of linkers that can be used 

to offer selective and efficient cytoplasmic release. The project was also 

inspired by the pioneering work of Chakrapani et al. in the development of 

SO2-releasing prodrugs. With these prodrugs offering a mechanism for quick 

and cytoplasm-specific release of an amine component via nucleophilic 

attack of glutathione and subsequent SO2 release, it was hypothesised that 

they could be adapted to the release of an antimicrobial cargo. The 

antimicrobial activity seen from release of SO2 offered the enticing 
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possibility of an efficient biolabile linker that also provides another 

mechanism for growth inhibition beyond that of the released component, 

potentially creating a dual-action antibiotic.  

 

Therefore three strands of research were pursued based on the SO2 

releasing systems developed by Chakrapani et al.: 

• First, the combination of the 2,4-dinitrobenzenesulfonamides used 

by Chakrapani et al. with a simple siderophore unit was examined 

(Chapter 2); this aimed to examine the compatibility of SO2 release 

with a siderophore conjugate, and also the ability of siderophore 

conjugation to potentiate the activity of SO2 on its own.  

• Second, a similar SO2-releasing system, this time containing a 

carboxylic acid for conjugation of a desferrioxamine siderophore 

moiety, and ciprofloxacin as an antimicrobial unit, was designed and 

synthesised (Chapter 3). This conjugate was designed to allow 

incorporation of an existing antimicrobial into the siderophore 

conjugate, with release of both the antimicrobial and SO2 offering a 

potential route to a dual-action antimicrobial.  

• Third, the use of heterocyclic sulfonamides as novel nitro-free SO2-

releasing linkers was explored, and an azotochelin-sulfonamide-

ciprofloxacin conjugate based on a novel heterocyclic pyrazine 

sulfonamide was designed and synthesised (Chapter 4).  

These three strands aimed to examine the potential of these novel linkers to 

allow efficient antimicrobial release as biolabile linkers in a Trojan Horse 

conjugate.  
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2.1 Introduction 

2.1.1 2,4-Dinitrobenzenesulfonamides 

As discussed in Chapter 1, the incorporation of a biolabile linker in 

siderophore Trojan Horse conjugates is often of vital importance to their 

success against bacteria, with many existing conjugates proving poorly 

active as a consequence of bearing either no biolabile linker, or one poorly 

suited to the demands of targeting bacteria.133,171,188,191,192,196 A new 

approach to the development of new biolabile linkers was inspired by work 

carried out by Chakrapani et al. in the development of SO2-releasing 

prodrugs.301,303,304 In this Chapter, the investigation of an SO2-releasing 

conjugate containing a 2,4-dinitrobenzenesulfonamide (2,4-DNS) unit (as 

used by Chakrapani et al.), conjugated to a simple bidentate siderophore, 

aminochelin, is discussed.  

 

2,4-Dinitrobenzenesulfonamides offer an intriguing profile of reactivity for 

chemical exploitation. The two electron-withdrawing nitro groups are 

ideally positioned ortho and para to the sulfonamide position, allowing for 

maximal activation of the sulfonamide carbon towards nucleophilic 

aromatic substitution reactions. This reactivity has been exploited in various 

ways, including their use as protecting groups for amines in organic 

synthesis, which was first demonstrated by Fukuyama et al. in 1997.319 They 

offer similar properties to the more common nosyl protecting group (2 or 4-

nitrobenzenesulfonamide); in particular, both protecting groups allow 

alkylation of the corresponding sulfonamide, which provides a convenient 

route for the synthesis of secondary amines on removal of the protecting 

group. However, 2,4-DNS protecting groups can be removed via reaction 

with thiols under milder conditions (e.g. thioglycolic acid, Et3N, 5 min) that 

the corresponding nosyl groups (Scheme 2.1). indeed, 2,4-

dinitrobenzenesulfonamide groups can undergo orthogonal deprotection in 

the presence of nosyl groups.319  
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Scheme 2.1 Alkylation of 2,4-dinitrobenzenesulfonamides demonstrated by 

Fukuyama et al., and deprotection conditions for removal of nosyl and 2,4-

DNS groups.319 

 

2.1.2 The Partitioning of Biological Thiols 

The reactivity of 2,4-dinitrobenzenesulfonamides with thiols is key to their 

usage as prodrugs. As described in Chapter 1, prodrugs or compounds 

containing biolabile linkers should remain stable while in circulation in the 

body until they reach their desired target, and drug release should ideally 

take place within cells.199–201 Thiol-containing molecules, like the cofactor 

Coenzyme A or the antioxidant glutathione (GSH), play a key part in the 

biochemistry of cells. Glutathione, a tripeptide containing glycine, cysteine, 

and glutamic acid, is present in low mM concentrations (1-10 mM) inside 

many eukaryotic and prokaryotic cells.320–322 It plays a vital role in 

maintaining redox stability within cells, reacting with reactive 

oxygen/nitrogen species (ROS/RNS) to prevent oxidative damage to cells.321–

323 This process results in the oxidation of glutathione to its corresponding 

disulfide (GSSG), which is readily reduced back to the free thiol by 

cytoplasmic enzymes e.g. thioredoxin or glutathione reductase.321,322  

 

Under normal conditions in human cells, less than 1% of the glutathione 

present in the cytoplasm is in the oxidised GSSG form.320,321 In contrast, 

extracellular glutathione concentrations are much lower (5-50 µM in blood 

plasma), with the majority being present in the form of GSSG.320,324–327 In 

addition to glutathione, human blood plasma contains a significant 

concentration of cysteine (up to 250 µM); again the vast majority is present 

in the oxidised form (cystine).324–327  
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Similar conditions can be found within bacterial cells, with the reducing 

conditions of the cytoplasm maintaining a high ratio of GSH to GSSG.328 In 

Gram-negative bacteria, the periplasm is considered an oxidising 

environment, meaning low concentrations of free thiols are expected to be 

found here.329,330 It should be noted that some studies have shown export 

of reduced glutathione from bacteria into their extracellular environment, 

although this has only been seen in vitro.331–333 

 

2.1.3 2,4-Dinitrobenzenesulfonamide-Based Anticancer Prodrugs  

The low concentrations of free thiols present in extracellular environments 

and the high concentrations present within cells provides an ideal targeting 

mechanism for 2,4-dinitrobenzenesulfonamide-based prodrugs, which 

would be expected to remain stable until they can be taken up into cells and 

exposed to the high intracellular concentrations of thiols. Prodrugs based on 

this approach have primarily been used for anticancer drugs. Johansson et 

al. synthesised a 2,4-dinitrobenzenesulfonamide prodrug of the anticancer 

drug doxorubicin (DNS-DOX, Figure 2.1), with the aim of increasing the 

lipophilicity of the prodrug, and therefore increasing its uptake into cells.305 

While uptake would likely be similar in normal cells and cancer cells, the 

researchers demonstrated overexpression of glutathione-S-transferase 

(GST) enzymes in cancer cells led to faster cleavage and drug release 

compared to normal cells.305  

 
Figure 2.1 Structure of DNS-DOX, a 2,4-dinitrobenzenesulfonamide prodrug 

of doxorubicin. Drug highlighted in red.305  
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Whang et al. used a 2,4-dinitrobenzenesulfonate ester derivative of the 

anticancer compound SN-38 (DNS-SN-38, Figure 2.2), the active metabolite 

of anticancer drug irinotecan, to successfully target two ovarian cancer cell 

lines.306 The 2,4-dinitrobenzenesulfonate ester functions in an identical 

manner to the corresponding sulfonamides, allowing rapid intracellular 

activation and release of SN-38, with the prodrug having almost identical 

activity to the parent drug vs. ovarian cancer cell lines.306  

 
Figure 2.2 Structure of DNS-SN-38, a 2,4-dinitrobenzenesulfonate ester 

prodrug of anticancer drug SN-38. Drug highlighted in red.306  

 

2,4-Dinitrobenzenesulfonamide or sulfonate ester units can also be used as 

trigger groups for self-immolative linkers. Perhaps the first example of this 

comes from Xu et al., who utilised a 2,4-dinitrobenzenesulfonate ester in 

place of the sulfonamide seen before as a trigger for the release of the 

alkylating agent mechlorethamine (2-1, Figure 2.3).334 Wang et al. also made 

use of a 2,4-dinitrobenzenesulfonate ester in their design of a bifunctional 

self-immolative linker 2-2, which bears two components that can be 

released on activation, the anticancer drug camptothecin and a near-

infrared fluorescent dye for tracking uptake in cells.335  
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Figure 2.3 Structures of 2.4-dinitrobenzene-containing prodrugs that utilise 

self-immolative linkers. Drug highlighted in red, self-immolative linker 

highlighted in green, dye highlighted in purple.334,335  

 

Malla et al. demonstrated an intriguing use of a 2,4-dinitrobenzenesulfonate 

ester to protect a substituted 2-hydroxyisophthalamide unit (2-3, Figure 

2.4).308 2-Hydroxyisophthalamide units can self-assemble in a 

supramolecular fashion to form ion channels in the membrane of cells, 

leading to disruption and depolarisation of the membrane and triggering 

apoptosis. Incorporation of a bulky substituent, like the 2,4-

dinitrobenzenesulfonate ester, on the 2-hydroxy group prevents this self-

assembly from occurring until the substituent is successfully cleaved.308 

 
Figure 2.4 Prodrugs developed by Malla et al. for the formation of ion 

channels in cell membranes. 2-Hydroxyisophthalamide section highlighted 

in red.308  
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Finally, Shen et al. took a slightly different approach to those discussed 

above, with the incorporation of multiple 2,4-dinitrobenzenesulfonamide 

units within a polymer chain (2-4, Figure 2.5).336 Here, SO2 was 

demonstrated to be active on its own against cancer cells, with SO2 release 

shown to increase the concentration of ROS in the cells. The polymer can 

also be loaded with the anticancer drug doxorubicin to generate 

doxorubicin-loaded nanoparticles; both the SO2 and the doxorubicin are 

released on contact with intracellular thiols, and demonstrate a synergistic 

effect.336 

 
Figure 2.5 Structure of SO2-releasing polymer 2-4 developed by Shen et al.336  

 

2.1.4 2,4-Dinitrobenzenesulfonamide-Based Antimicrobial Prodrugs  

As mentioned previously, 2,4-dinitrobenzenesulfonamide-based prodrugs 

have also been utilised in the design of antibacterial agents by Chakrapani 

and colleagues.301,303,304 These prodrugs were initially screened for activity 

vs. Mycobacterium tuberculosis,301,303 with later screening for activity vs. the 

Gram-positive bacterial species Staphylococcus aureus (including a 

methicillin-resistant strain) and Enterococcus faecalis, and the Gram-

negative species E. coli.304 While a number of these prodrugs proved very 

effective vs. M. tuberculosis, with benzylamine derivative 1-56 (Figure 2.6) 

displaying comparable activity to the front line TB drug isoniazid (MIC = 0.15 

µM vs. 0.37 µM for isoniazid),301 activity was less impressive against S. 

aureus and E. faecalis, with no antimicrobial activity observed vs. E. coli.304 

Alongside the antimicrobial effects of SO2 release, intracellular thiol 

depletion via formation of a 2,4-dinitrobenzene-thiol conjugate was 

suggested as a mechanism of action for these compounds. 
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Figure 2.6 Structure of 1-56, the most effective of the 2,4-

dinitrobenzenesulfonamides developed by Chakrapani et al. vs. M. 

tuberculosis.301,303 

 

A moderate correlation between SO2 release rate and antimicrobial activity 

is observed in M. tuberculosis, with faster release rates associated with 

lower MIC values (Figure 2.7),301,303 however a similar correlation is not 

observed for the other bacterial species examined.304 For the non-TB strains, 

the authors also examined the relationship between the calculated partition 

coefficient (clogP) and MIC, with the clogP used as an estimate of the 

permeability of the compounds; no significant trend was found.304 However, 

the MIC values for the non-TB strains did display sensitivity to the 

incorporation of certain functional groups, for example the propargyl group.  

 

Figure 2.7 A graph to demonstrate the correlation of SO2 release rate to 

antimycobacterial activity (reproduced using data from reference 303).  

 

The factors affecting the rate of SO2 release were also examined, with some 

key requirements emerging. The first of these is the requirement for two 

nitro groups to be present on the sulfonamide ring; while benzylamine 
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derivative 1-56 displayed 100% SO2 release over 30 minutes at room 

temperature when 10 equivalents of cysteine were added (as determined 

by ion chromatography), mononitro derivatives 2-5 and 2-6 displayed no 

detected SO2 release under the same conditions (Scheme 2.2).301  

 
Scheme 2.2 Difference in reactivity for 2,4-dinitrobenzenesulfonamides 

compared to 2- and 4-nitrobenzenesulfonamides. 

 

The rate of SO2 release also displays a good correlation to the pKaH of the 

amine released, with a lower pKaH resulting in slower SO2 release; this is 

rationalised via a proposed SNAr release mechanism (Scheme 2.3) involving 

rapid nucleophilic attack of a thiol or thiolate on the sulfonamide ring, 

followed by protonation of the sulfonamide nitrogen in a slower, rate-

determining step, before the formed Jackson-Meisenheimer intermediate 

collapses with loss of SO2.301,303 Formation of the protonated sulfonamide 

intermediate is less favoured for amines with a lower pKaH, hence the 

slower rate of SO2 release. This correlation is clearest when the amine unit 

involved is a substituted aniline, where the substituents can have a large 

impact on the pKaH.303 Indeed, a Hammett relationship can be drawn 

between the substituent properties and the rate of SO2 release.304  
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Scheme 2.3 Reaction mechanism proposed for SO2 release from 2,4-

dinitrobenzenesulfonamides, including key protonated sulfonamide 

intermediate (highlighted in red). 

 

A series of sulfonamides similar to those synthesised by Chakrapani and 

colleagues were reported by Phetsang et al. in 2013.337 They observed a 

number of compounds that were active vs. strains of S. aureus, including 2,4-

dinitrobenzenesulfonamides 2-7 and 2-8 (Figure 2.8).  

 
Figure 2.8 Two of the 2,4-dinitrobenzenesulfonamide antimicrobials 

developed by Phetsang et al.337 

 

The activity of the compounds vs. S. aureus could not be inhibited by 

supplementation of the growth media with p-aminobenzoic acid (PABA), 

which has been shown to attenuate the activity of traditional sulfonamide 

antibiotics. This indicates the compounds must have a different mechanism 

of action to traditional sulfonamide antibiotics, although the authors do not 

explore this further. Given the similarities between these compounds and 

those previously discussed, this mechanism is likely to be related to SO2 

release, at least for those compounds containing 2,4-

dinitrobenzenesulfonamides, however the authors make no reference to 

the two studies published by Chakrapani just a year earlier.  
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2.2 Conjugate Design and Experimental Considerations 

Intrigued by the lack of activity observed vs. Gram-negative E. coli for the 

compounds developed by Chakrapani et al., the development of a 

siderophore-containing SO2-releasing prodrug was imagined. It is possible 

that the lack of activity indicates that the prodrugs are unable to permeate 

through the two membranes of Gram-negative bacteria, which provide a 

significant barrier to a wide range of molecules, including many 

antibiotics;338 the activity vs. Gram-positive bacteria, with only a single 

membrane to permeate, indicates that the prodrugs can function as 

antimicrobials if they can be successfully taken up by bacteria. The 

attachment of a siderophore unit to a 2,4-dinitrobenzenesulfonamide 

prodrug may facilitate uptake via siderophore transport pathways in Gram-

negative bacteria. Initially, a simple conjugate 2-9 based on the 

monocatechol siderophore aminochelin was envisaged (Figure 2.9).  

 
Figure 2.9 Structure of potential SO2-releasing prodrug 2-9 based on 

monocatechol siderophore aminochelin. 2,4-Dinitrobenzenesulfonamide 

component highlighted in red.  

 

Monocatechol-based Trojan Horse conjugates have proved successful 

against a number of bacterial species. These successes extend to those 

conjugates that have progressed into clinical trials, as described in Chapter 

1, with all of the conjugates entering clinical trials so far containing a single 

bidentate siderophore unit (either a catechol group or a hydroxypyridone 

group).158,339,340 A number of these compounds do indeed prove active 

against Gram-negative bacteria, however these all contain b-lactam groups 

as the antibiotic component. The target for b-lactam antibiotics, the 

penicillin binding protein (PBP), is present in the periplasm of Gram-negative 

bacteria, so the activity of these compounds vs. Gram-negative bacteria 

indicates the monocatechol siderophores are able to mediate uptake 

through the outer membrane. However, it is not clear if a simple 
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monocatechol will be able to facilitate uptake of conjugates to the 

cytoplasm, where activation of the 2,4-dinitrobenzenesulfonamides and 

subsequent SO2 release is expected to take place. 

 
Figure 2.10 Diagram of the “knowns and unknowns” of uptake routes 

involving monocatechol siderophores in Gram-negative bacteria.  

 

Aminochelin, the siderophore component chosen for this conjugate, is 

produced in nature by the soil bacterium Azotobacter vinelandii under 

conditions of iron limitation,341 and consists of a 2,3-dihydroxybenzoic acid 

unit appended to 1,4-diaminobutane (Figure 2.11), providing a convenient 

amine for formation of the required 2,4-dinitrobenzenesulfonamide.  

 
Figure 2.11 Structure of monocatechol siderophore aminochelin. 

 

To the best of the author’s knowledge, there are two studies detailing 

aminochelin-antibiotic conjugates that have appeared in the literature. The 
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al. as a member of an array of compounds designed to target the fish 

pathogen Vibrio anguillarum, which produces the related siderophore 

vanchrobactin (Figure 2.12).342 The aminochelin conjugate proved the most 

active of the set, but still remained an order of magnitude less effective than 

norfloxacin (MIC = 0.166 µM vs. 0.019 µM). There is no change in the activity 

of 2-10 when tested against mutant strains of V. anguillarum unable to 

synthesise vanchrobactin, or transport it into cells, indicating a lack of 

uptake via the transport pathways used for vanchrobactin (although the 

authors note that aminochelin on its own is able to promote growth in the 

mutant strains, suggesting a different uptake pathway compared to 

vanchrobactin). However, the activity also remains the same in both iron-

rich and iron-poor conditions; if 2-10 can be taken up via siderophore 

transport pathways, an increase in antimicrobial activity would be expected 

in the iron-poor conditions due to upregulation of iron transport 

pathways.163 

 
Figure 2.12 Structure of the monocatechol siderophore vanchrobactin and 

the norfloxacin-aminochelin conjugate 2-10. 

 
Another set of aminochelin conjugates was developed by Paulen et al., who 

utilised a derivative of the oxazolidinone antibiotic linezolid for their 

studies.187 Oxazolidinones are usually inactive against Gram-negative 

bacteria, likely due in part to low membrane permeability, and attaching 
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aminochelin was hoped to allow for better uptake via exploitation of 

siderophore transport pathways. The resulting conjugates were tested vs. P. 

aeruginosa (PAO1) and displayed moderately increased activity; for 

example, the MIC of conjugate 1-14 (Figure 2.13) is 128 µM, compared to 

1024 µM for the parent antibiotic.  

 
Figure 2.13 Structure of oxazolidinone-aminochelin conjugate 1-14 

synthesised by Paulen et al. 

 

These results possibly indicate a degree of improved uptake compared to 

the parent antimicrobial, although the exact transport pathway for the 

conjugates was not determined. The MIC remains high compared to the 

MICs of linezolid vs. Gram-positive bacteria, which Barbachyn and Ford 

reported ranges between 1 and 26 µM depending on the strain, but often 

tends towards 1 to 6 µM.52 These studies indicate some possibility that the 

conjugation of aminochelin to 2,4-dinitrobenzenesulfonamides might allow 

for the development of an efficient prodrug conjugate. 

 

One of the important considerations in the synthesis of conjugate 2-9 is the 

effect of incorporating a siderophore unit on the rate of SO2 release. If the 

rate is severely impaired, then this could have a significant impact on the 

efficacy of 2-9 as an antimicrobial. Therefore, the rate of release of SO2 from 

2-9 needs to be examined to determine if the presence of the catechol group 

has a detrimental impact on SO2 release.  
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In previous studies, the release of SO2 from prodrugs of the type studied has 

been monitored by both qualitative and quantitative methods. Chakrapani 

and colleagues used a pararosaniline assay to provide colourimetric 

evidence of SO2 release and subsequent sulfite formation, and ion 

chromatography/HPLC to obtain quantitative release data.301,303,304 A slight 

drawback of their pararosaniline assay is the requirement for HgCl2 to fix 

sulfite as a stable disulfitomercurate(II) complex;343 although only used in 

small volumes (50 µL), this toxic mercury compound is only available to 

purchase in large quantities.  

 

Other researchers have attempted different techniques: Wang et al. used 

Ellman’s reagent (5,5’-dithiobis-(2-nitrobenzoic acid)) to react with the 

formed sulfite ion in solution, allowing monitoring via UV-vis 

spectroscopy,297 while Day et al. used Mito-Ratio-SO2, a fluorescent probe 

that reacts with sulfite (Figure 2.14).311 A further paper by Chakrapani and 

colleagues uses a similar coumarin-based dye 2-11 to allow qualitative 

monitoring of SO2 release via colourimetric changes, UV-vis and 

fluorescence imaging.344  

 
Figure 2.14 Structures of various compounds used to detect SO2 release. 

 
This particular dye, 2-11, was developed by Sun et al., who utilised SO2 

release from a 2,4-dinitrobenzenesulfonamide compound in the presence of 

cysteine to examine its suitability for SO2 detection.345 2-11 can be used in 

either colourimetric or fluorescent assays; it fluoresces red, and forms 

intense pink solutions. It has a high selectivity for sulfite ions in solution, 

which can react with the central alkene (Scheme 2.4), breaking the 
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conjugation within the molecule, and resulting in a loss of fluorescence, and 

the disappearance of the pink colouring. The demonstrated usage of the dye 

in the presence of a 2,4-dinitrobenzenesulfonamide made it ideal for a 

qualitative study of SO2 release from the desired compounds. 

 
Scheme 2.4 Proposed mechanism for reaction of sulfite with coumarin-

based dye 2-11.345 

 
In addition to these methods, the formation of a thiol conjugate of 2,4-

dinitrobenzene gives a strong UV-vis absorbance band around 340 nm, 

meaning the reaction progress can easily be tracked by observing the 

increase in absorbance at this wavelength; this has previously been used to 

determine reaction rates in a variety of scenarios.346–348 

 
2.3 Synthetic Plan 

The structure of desired aminochelin conjugate 2-9 consists of aminochelin 

with a 2,4-dinitrobenzenesulfonyl group appended to the free amine (Figure 

2.15). Therefore, the synthesis of 2-9 first requires the synthesis of a 

protected variant of aminochelin, followed by subsequent sulfonamide 

formation. 

 
Figure 2.15 Structure of proposed aminochelin conjugate 2-9. 
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The synthesis of aminochelin is known in the literature.349,350 Starting from 

2,3-dihydroxybenzaldehyde, the catechol hydroxyl groups are protected to 

prevent oxidation and/or side reactions from occurring at later stages of the 

synthesis (Scheme 2.5);349 benzyl groups are typically used,349–352 although 

methyl and isopropyl groups have also been utilised.342,353 Following 

oxidation of the aldehyde to give benzoic acid 2-12, carbonyldiimidazole 

(CDI) coupling to 1,4-diaminobutane was proposed according to a literature 

method.349 Sulfonamide formation was envisaged via reaction with 

commercially available 2,4-dinitrobenzenesulfonyl chloride (DNS-Cl) to give 

2-14, followed by removal of the benzyl groups to yield final conjugate 2-9. 

While benzyl groups are typically deprotected via hydrogenation, the risk of 

simultaneously reducing the nitro groups on the sulfonamide led to boron 

tribromide (BBr3) being suggested as a deprotection reagent.  

 
Scheme 2.5 Planned synthetic route to catechol-sulfonamide 2-9.  

 

Two further compounds were planned to examine different elements of 

conjugate 2-9 and the effect they have on either SO2 release efficiency or 

antibacterial activity. The first is an analogue of 2-9 with a shorter two-

carbon linker between the catechol group and the sulfonamide (2-15). While 

no testing for compounds with a four-carbon chain is carried out by in the 

studies by Chakrapani and colleagues, a two-carbon chain is employed in 

one example,303 which 2-15 aims to mirror, with the goal of providing more 

information about the effects of linker length, and the presence of the 
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catechol group closer to the sulfonamide on SO2 release. The synthesis plan 

for 2-15 is similar to that for 2-9 (Scheme 2.6); the key difference is the use 

of N-Boc ethylene diamine in place of 1,4-diaminobutane, and the 

subsequent TFA-mediated deprotection required, with both steps planned 

according to a literature procedure.351 

 
Scheme 2.6 Proposed synthetic route to two-carbon linker catechol-

sulfonamide 2-15.  

 

The second compound, 2-19, was an analogue of 2-9 lacking the catechol OH 

groups of aminochelin but retaining the four-carbon linker and benzene ring. 

2-19 was intended to provide a direct comparison of the effects of the 

catechol group in 2-9 on SO2 release, and potentially on biological activity. 

Here the synthetic plan deviates slightly from that of 2-9. A literature 

method for the synthesis of mono-acylated amine 2-20 was selected 

(Scheme 2.7).354 Mono-acylation of diamines is often hard to achieve with 

high selectivity. When acylation reactions take place in organic solvents, 

diamine molecules can potentially form hydrogen bonded clusters, 

hindering the mono-acylation reaction; the mono-acylated product is less 

able to form clusters and is therefore more reactive, hence the formation of 

large quantities of disubstituted products.355 This literature method uses a 

minimal amount of water as a solvent, with enhanced hydrogen bonding to 
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water disrupting the hydrogen bonding clusters The subsequent 

sulfonamide formation is identical to that for 2-9 and 2-15.  

 
Scheme 2.7 Planned synthetic route to catechol-free sulfonamide 2-19. 

 
2.4 Conjugate Syntheses 

The first two steps in the synthesis of 2-9, benzyl protection followed by 

oxidation, proceeded smoothly to give 2-12 in 67% isolated yield. Amide 

formation with CDI successfully yielded benzylated aminochelin 

(hydrochloride salt 2-13, Scheme 2.8) in 38% yield. The formation of 2-13 

was confirmed via the appearance of an amide proton at 8.24 ppm in the 1H 

NMR spectrum, in addition to the CH2 resonances of the coupled 1,4-

diaminobutane at 3.19, 2.73, and 1.56-1.41 ppm. Further evidence was 

provided by ESI mass spectrometry, with peaks observed at m/z = 405.2180 

and 427.1997 corresponding to [M+H]+ and [M+Na]+ molecular ions of 

formula C25H29N2O3 and C25H28N2NaO3 respectively. 

 
Scheme 2.8 Synthesis of benzyl-protected aminochelin (2-13). a) 1) BnCl, 

K2CO3, EtOH, reflux, 24 h; 2) Sodium chlorite, sulfamic acid, acetone:H2O 

(5:4), 2 h, 67% over two steps; b) 1,4-diaminobutane, CDI, THF, 22 h, 38%. 

 
With benzylated aminochelin 2-13 in hand, sulfonamide formation was 

initially attempted utilising DNS-Cl and DIPEA as a base (Scheme 2.9). This 

resulted in the formation of a mixture of products; on separation by column 
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chromatography, the desired sulfonamide (2-14) was revealed to be the 

major product, with formation confirmed via the presence of a peak at m/z 

= 657.1644 in the ESI mass spectrum, corresponding to an [M+Na]+ 

molecular ion of formula C31H30N4NaO9S. There are also three resonances at 

8.89 (d), 8.62 (dd) and 8.22 (d) ppm in the 1H NMR spectrum, corresponding 

to the three protons of the 2,4-dinitrobenzene ring. A significant amount of 

a minor side product was also obtained, which was revealed to be 

substituted aniline 2-21 via 1H NMR spectroscopy and mass spectrometry. 

One of the 2,4-dinitrobenzene protons is shifted upfield compared to its 

equivalent in sulfonamide 2-14 (7.17 vs. 8.22 ppm, Figure 2.16), indicating 

the presence of the adjacent electron-donating aniline nitrogen. In addition, 

peaks are observed at m/z = 571.2201 and 593.2016 in the ESI mass 

spectrum, which can be assigned as [M+H]+ and [M+Na]+ adducts of formula 

C31H31N4O7 and C31H30N4NaO7 respectively. 

 
Scheme 2.9 Products obtained from sulfonamide formation when DIPEA 

used as a base. a) 2,4-Dinitrobenzenesulfonyl chloride, DIPEA, DCM 

(anhydrous), 0 °C to rt, 46 h.  
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Figure 2.16 Aromatic region of 1H NMR spectra for the product mix formed 

post-sulfonamide formation when DIPEA used as a base. Position of key 2,4-

dinitrobenzenesulfonamide protons indicated.  

 
It is believed that 2-21 is formed via a Smiles rearrangement of the 

sulfonamide product 2-14 which is catalysed by DIPEA removing the acidic 

sulfonamide proton; this is predicted to have a pKa around 8 with 

MarvinSketch software. Similar rearrangements have been observed in the 

literature with electron-deficient aromatic systems; these allow facile 

formation of the intermediate Meisenheimer complex via nucleophilic 

attack on the ring (Scheme 2.10).319,356,357  

 
Scheme 2.10 Proposed mechanism of Smiles rearrangement. Acidic 

sulfonamide proton highlighted in red. 
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The reaction was re-run while maintaining the temperature at 0 °C to try and 

minimize the Smiles rearrangement, and was followed by 1H NMR 

spectroscopy. After 2 hours of reaction, around 60% of 2-13 is converted to 

products (this can be determined by comparing integrations for the benzyl 

CH2 peaks at 5.02 for 2-13 and 4.99 for 2-14 and 2-21 in the crude 1H NMR 

spectra of the reaction mixture). Formation of Smiles product 2-21 was not 

observed after 45 minutes, but it is present after 2 hours in a ratio of around 

1:5 to the sulfonamide. This supports the conclusion that 2-21 comes from 

rearrangement of the sulfonamide via a Smiles rearrangement, rather than 

a direct SNAr of the sulfonyl chloride.  

 
As the formation of Smiles product 2-21 begins before complete 

consumption of starting material 2-13, alterations to the reaction were 

considered to maximise the yield of 2-14. Two alternative bases, DBU (pKaH 

11.50 in H2O)358 and lutidine (pKaH 6.60 in H2O)359 were trialled in an 

attempt to prevent the Smiles rearrangement from occurring. For 

comparison, the pKaH of DIPEA is 10.75 in H2O.359 It was hoped that the 

more sterically hindered nature of both DBU and lutidine might allow 

deprotonation of the primary amine salt of 2-13 while avoiding 

deprotonation of the more hindered sulfonamide. Lutidine is less basic than 

DIPEA, which may also help reduce deprotonation of the sulfonamide. While 

the reaction with DBU yielded an unidentifiable mixture of products, which 

were not further investigated, lutidine displayed almost full conversion to 2-

14 over 25 hours, with no formation of Smiles product 2-21 observed by 

analysis of the 1H NMR spectra of the reaction. When scaled up, 2-14 was 

produced in excellent yield (98%, Scheme 2.11).  

 
Scheme 2.11 Synthesis of sulfonamide 2-14. a) 2,4-Dinitrobenzenesulfonyl 

chloride, lutidine, DCM (anhydrous), 0 °C to rt, 28 h, 98%. 

 
The final step of the synthesis, the BBr3-mediated removal of the benzyl 

groups followed by quenching with wet methanol, yielded a mixture of 

OBn

OBn

H
NO N

H
S

O2N NO2

O O

aOBn

OBn

H
NO NH2·HCl

2-13 2-14



 125 

products, but primarily the desired catechol-sulfonamide 2-9 (Scheme 2.12). 

Successful formation of 2-9 is supported by the observed by the loss of the 

benzyl CH2 resonances at around 5 ppm in the 1H NMR spectrum, and the 

presence of peaks observed at m/z = 455.0869 and 477.0680 in the ESI mass 

spectrum, which can be assigned to [M+H]+ and [M+Na]+ adducts of 

molecular formulae C17H19N4O9S and C17H18N4NaO9S respectively.  

 

The product mixture produced by the BBr3-mediated deprotection posed a 

number of problems. The hydroxyl groups of deprotected catechol groups 

could make purification by aqueous workup or column chromatography 

problematic due to the increased polarity and increased aqueous solubility 

of 2-9 compared to its benzyl-protected derivative 2-14. Purification by 

preparative HPLC was identified as the best solution. Preliminary HPLC 

studies were carried out to determine a suitable solvent system and run time 

for successful isolation of the product peak; an acetonitrile-water gradient 

from 40% MeCN to 70% MeCN over 15 minutes was shown to give the best 

separation of 2-9 from other impurities present in the HPLC. Following 

preparative HPLC, pure catechol-sulfonamide 2-9 was recovered in 40% 

yield.  

 
 
Scheme 2.12 Synthesis of conjugate 2-9 via BBr3-mediated deprotection of 

hydroxyl groups. a) BBr3, DCM (anhydrous), rt, 7 h, then preparative HPLC 

purification, 40%.  

 
The synthesis of two-carbon analogue 2-15 proceeded in a similar fashion. 

EDC-mediated coupling of benzoic acid 2-12 to N-Boc ethylene diamine and 

subsequent TFA deprotection proceeds in moderate yields (68% over two 

steps, Scheme 2.13). The 1H NMR spectra obtained for Boc-protected 2-16 

matches that previously reported,351 and the 1H NMR spectrum of 2-17 

displays the expected loss of the characteristic tert-butyl singlet at around 

1.40 ppm. The formation of both can be further confirmed by ESI mass 
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spectrometry, with a peak observed at m/z = 477.2391 in the spectrum of 2-

16, corresponding to an [M+H]+ molecular ion of formula C28H33N2O5, and 

another at m/z = 377.1863 in the spectrum of 2-17, corresponding to an 

[M+H]+ molecular ion of formula C23H25N2O3. 

 
Scheme 2.13 Synthesis of TFA salt 2-17. a) N-Boc ethylenediamine, EDC.HCl, 

HOBt, DCM, 24 h, 88%; b) TFA (10% v/v), DCM, 4 h, 77%. 

 
As with benzylated aminochelin 2-13, TFA salt 2-17 was subsequently 

reacted with 2,4-dinitrobenzenesulfonyl chloride in the presence of lutidine 

(Scheme 2.14). The TFA salt was first stirred in aqueous sodium hydroxide (1 

M),351 followed by extraction with DCM and subsequent reaction with the 

sulfonyl chloride. The product (2-18) was subsequently purified by column 

chromatography in 86% yield. Formation of 2-18 was confirmed by 

observation of the characteristic d/dd/d resonances at 8.46, 8.22 and 8.11 

ppm in the 1H NMR spectrum, corresponding to the 2,4-dinitrobenzene ring 

protons, and via the presence of a peak at m/z = 629.1300 in the ESI mass 

spectrum consistent with an [M+Na]+ adduct of molecular formula 

C29H26N4NaO9S. 

 
Scheme 2.14 Synthesis of 2-18. a) 1 M NaOH (aq.), then 2,4-

dinitrobenzenesulfonyl chloride, lutidine, DCM (anhydrous), 20 h, 86%.  

 
A final BBr3 deprotection of the benzyl protecting groups was followed by 

purification by preparative LCMS (Scheme 2.15). The success of the reaction 

and the purification can be seen from the presence of OH protons at 12.59 

and 7.41 ppm in the 1H NMR spectrum (and the absence of benzyl CH2 

resonances at approximately 5 ppm), and a peak observed at m/z = 499.0376 
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in the ESI mass spectrum, corresponding to an [M+Na]+ molecular ion of 

formula C15H14N4NaO9S. 

 
Scheme 2.15 Synthesis of two-carbon conjugate 2-15. a) BBr3, DCM, N2, 24 

h; then preparative LCMS purification, 55%.  

 

The first step of the synthesis of 2-19, the reaction of benzoyl chloride and 

phenol to give phenyl benzoate, was achieved in a yield of 35% following 

recrystallization from EtOH (Scheme 2.16). The next step, the mono-

acylation reaction, successfully yielded catechol-free amine 2-20 in 60% 

yield after purification by column chromatography, comparable to the 

literature value of 63%.354 The 1H NMR spectrum of 2-20 matches that 

expected from the literature,360 and the ESI mass spectrum displays a peak 

at m/z = 193.1335, consistent with an [M+H]+ molecular ion of formula 

C11H17N2O. Sulfonamide formation to give the final catechol-free analogue 

2-19 proceeded in 48% yield. As with 2-14 and 2-18, the presence of 

characteristic d/dd/d resonances for the 2,4-dinitrobenzene ring at 8.68, 

8.55 and 8.31 ppm in the 1H NMR spectrum suggests successful product 

formation, as do peaks observed at m/z = 423.0967 and 445.0784 in the ESI 

mass spectrum, corresponding to [M+H]+ and [M+Na]+ adducts of molecular 

formulae C17H19N4O7S and C17H18N4NaO7S respectively. 

 
Scheme 2.16 Synthesis of catechol-free conjugate 2-19. a) Phenol, NaOH 

(10% w/v aq.), 2 h, 35%; b) 1,4-Diaminobutane, H2O, N2, 50 °C, 24 h, 60%; c) 

2,4-dinitrobenzenesulfonyl chloride, lutidine, DCM, 0 °C to rt, 96 h, 48%. 
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Alongside the synthesis of these three SO2-releasing conjugates, two of 

Chakrapani’s original compounds were synthesised to allow comparison of 

their SO2-releasing ability and biological activity with the newly-synthesised 

conjugates. The first was benzylamine conjugate 1-56; this demonstrated 

rapid release of SO2 in Chakrapani’s initial studies, and the primary amine of 

benzylamine also provides a close analogue to the primary amine unit in 

aminochelin.301 This can be synthesised easily in one step from benzylamine 

and 2,4-dinitrobenzenesulfonyl chloride (DNS-Cl, Scheme 2.17). The second, 

2-22, a propargyl derivative of 1-56, was chosen as it displayed good activity 

vs. Gram-positive MRSA and E. faecalis, and therefore provides a good 

biological control for the effects of SO2 release on bacteria. It can also be 

synthesised by alkylation of 1-56 with propargyl bromide. Both syntheses 

proceed smoothly in moderate yields following purification by column 

chromatography, and in both cases comparison of the 1H NMR spectra with 

reported literature spectral data supported formation of the desired 

products.301,304  

 
Scheme 2.17 Synthesis of Chakrapani compounds 1-56 and 2-22. a) 

Benzylamine, pyridine, DCM (anhydrous), 0 °C to rt, 24 h, 65%; b) propargyl 

bromide, K2CO3, DMF, rt, 24 h, 68%. 

 
A further control for the biological experiments, 2-23, was synthesised based 

on 2-21, the minor product from the Smiles rearrangement of 2-14. This was 

intended to provide a close structural analogue of conjugate 2-9, but with 

no ability to generate SO2. This was intended to determine whether any 

antimicrobial activity observed stems solely from SO2 release, or whether 

the underlying chemical structure of the conjugate also plays a role. 2-21 

was synthesised via a SNAr method by reaction of benzylated aminochelin 2-

13 with 1-chloro-2,4-dinitrobenzene (Scheme 2.18). BBr3-mediated 

deprotection and preparative LCMS purification was carried out in 22% yield, 

perhaps due to the poor solubility of 2-23 in the acetonitrile component of 

the solvent system, or low mass loading in the LCMS, which often performs 
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more efficiently at high mass loading. Successful synthesis of deprotected 2-

23 was confirmed via the absence of benzyl CH2 resonances observed at 5 

ppm in the 1H NMR spectrum, and the presence of a peak at m/z = 391.1251 

in the ESI mass spectrum, corresponding to an [M+H]+ molecular ion of 

formula C17H19N4O7. 

 

Scheme 2.18 Synthesis of SO2-free control 2-23. a) 1-Chloro-2,4-

dinitrobenzene, Et3N, DCM (anhydrous), 18 h, 71%; b) BBr3, DCM, N2, 22 h; 

then preparative HPLC purification, 22%.  

 
Finally, SO2-detecting dye 2-11 was synthesised according to two literature 

procedures starting from 4-diethylaminosalicylaldehyde (2-24) and 2-

methylbenzothiazole (2-25).345,361 A Knoevenagel condensation with diethyl 

malonate followed by decarboxylation gave 7-diethylaminocoumarin (2-26, 

Scheme 2.19), then a Vilsmeier-Haack reaction was carried out to install an 

aldehyde group at the 3-position (2-27). The 1H NMR spectra of both 

products are consistent with literature data,361 and peaks are observed at 

m/z = 240.0997 and 268.0947 in the respective ESI mass spectra 

corresponding to [M+Na]+ molecular ions of formula C13H15NNaO2 and 

C14H15NNaO3. Finally, a condensation reaction with 2,3-

methylbenzothiazolium iodide (2-28, synthesised by methylation of 2-25 

with MeI) gave 2-11 in high yield. Again, the 1H NMR is consistent with 

literature data,345 and the ESI mass spectrum displays a peak at m/z = 

391.1472, consistent with an [M]+ molecular ion of formula C23H23N2O2S. The 

overall yield starting from the salicylaldehyde was 32%. 
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Scheme 2.19 Synthesis of SO2-detecting dye 2-11. a) 1) Diethyl malonate, 

piperidine, EtOH, reflux, 24 h; 2) conc. HCl, AcOH, reflux, 24 h, 52%; b) POCl3, 

DMF, N2, 70 °C, 23 h, 68%; c) MeI, MeCN, N2, 75 °C, 24 h, 53%; d) 2-28, EtOH, 

reflux, 18 h, 90%. 

 
2.5 Iron Complexation Studies 

As part of both the SO2 release studies, and potentially the biological studies 

of the catechol-sulfonamides, a comparison of the activity of catechol 

conjugates 2-9 and 2-15 in both their complexed and uncomplexed forms 

was envisaged. As potential siderophore mimics, 2-9 and 2-15 require iron 

coordination for bacterial uptake to take place via the siderophore transport 

pathway, with addition of iron to the catechol pre-assay the best way to 

ensure coordination. Indeed, a recent study by Zamora et al. on the uptake 

of catechol-type siderophores by Campylobacter jejuni showed that the 

bacteria experience better growth recovery when treated with siderophores 

that are pre-complexed with iron, suggesting similar biological effects could 

be seen if 2-9 or 2-15 were pre-loaded with iron.362 However, it should also 

be noted that iron complexation does not always boost antimicrobial activity 

for Trojan Horse conjugates; there are examples of iron complexation having 

no effect, or even reducing activity compared to the uncomplexed 

conjugates.193,265  
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Before complexation of 2-9/2-15 for the SO2 release assays or the biological 

assays could be carried out, the iron complexation behaviour of the 

monocatechol moiety needed to be investigated to determine the quantity 

of iron to be added. Monocatechols are capable of forming mono, bis and 

tris-complexes with Fe(III), with all three species in equilibrium in solution 

(Figure 2.17);363 the position of the equilibrium depends on the relative 

concentrations of the iron and the catechol, and the pH of the solution.  

 
Figure 2.17 Potential equilibrium between Fe(III)-catechol complexes in 

solution. S = solvent. For the bis(catechol) other isomers are possible. 

 
The iron complexation behaviour can be studied via the method of 

continuous variation, more commonly known as a Job plot.364 This method 

involves the combination of a metal and a ligand in different concentrations 

such that the overall concentration of the two remains constant. Monitoring 

a property of the system, in this case the UV-Visible spectra at each 

concentration point, whilst keeping the pH constant, allows the 

determination of the ratio of iron complexes present within the equilibrium 

at each concentration.  

 
By obtaining the UV-Vis spectra of each concentration, the changes in the 

ligand-to-metal charge transfer (LMCT) band of the Fe(III)-catechol 

complexes can be observed, which provides clues as to the speciation of the 

complexes present at each concentration when the system has reached 

equilibrium.363,365,366 Fe(III)-catechol complexes have been extensively 

characterised in the literature, and the maxima of their UV-vis spectra are 

characteristic of the metal-ligand stoichiometry, with a lmax of around 480-

495 for the tris(catechol), 560-590 for the bis(catechol), and 680-700 nm for 

the monocatechol complexes.363,367–369 
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The Job plots to determine iron complexation behaviour were carried out 

based on a protocol developed by Dr Daniel Raines, who studied the 

complexation behaviour of monocatechols in Tris buffer by using a model 

catecholamine, N-ethyl-2,3-dihydroxybenzamide (2-29, Figure 2.18).370 The 

amide functionality present mimics the electronics and hydrogen bonding 

properties of the catechol ring of the aminochelin unit in 2-9,370 and 

therefore provide a good insight as to the behaviour of monocatechol units 

in the assay medium. 

 
Figure 2.18 Structure of N-ethyl-2,3-dihydroxybenzamide 2-29 employed for 

Job plot analysis. 

 
Fe(III) tends to precipitate as a variety of hydroxides in aqueous solutions at 

neutral pH,371 which can interfere with the Job plot, as this changes the 

amount of iron available for complexation. To counter this, a mild chelating 

agent, nitrilotriacetic acid (NTA), is added to ensure the iron remains in 

solution. NTA mostly forms a 1:1 complex with Fe(III) with a logK value of 

15.9,372 while single catechols are reported to have a logK for Fe(III) of 

around 20 (logK for aminochelin = 19.1).350 Based on this, there would be 

minimal competition between NTA and the monocatechol for Fe(III) binding, 

which is borne out in a number of studies, which show no interference of 

NTA with spectrophotometric measurements.373,374 This was also 

demonstrated in the original study utilising catecholamine 2-29, where very 

little difference was observed between Job plots recorded with and without 

NTA.370  

 

Model catechol 2-29 was synthesised in two steps from the succinic ester of 

benzyl protected catechol 2-30, which had previously been synthesised by 

Dr Ellis Wilde. The activated succinic ester is reacted with ethylamine 

according to a literature procedure,375 before removal of the benzyl 

protecting groups via catalytic hydrogenation (Scheme 2.20).  
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Scheme 2.20 Synthesis of model monocatecholamine 2-29. a) Ethylamine (2 

M in THF), Et3N, THF, 72 h, 94%; b) H2, 10% Pd-C, EtOH, 96 h, 86%. 

 
While the original protocol uses a stock solution of catecholamine 2-29 in 

DMSO, with the concentration in the final solutions maintained at 5%,370 

acetonitrile was used to make the initial stock solution as it had already been 

shown to solubilise the sulfonamide conjugates. The concentration was 

again kept at 5%. 10 mM stock solutions of 2-29 and Fe(NTA) were made up 

in MeCN and distilled water respectively. Aliquots of each solution were 

combined with buffer such that the total concentration of ligand plus metal 

remained constant at 400 µM, then left for an hour to equilibrate before 

recording the UV-vis spectrum of each solution. The concentrations of each 

component ranged from 100% ligand to 100% metal.  

 

The first Job plot aimed to replicate the conditions used in the original 

protocol, with TrisHCl at pH 7.5 used as the buffer solution. The solutions 

obtained ranged in colour from red-pink (high ligand concentration) to dark 

blue (high iron concentration), with the solutions for both 100% ligand and 

100% metal remaining colourless (Figure 2.19).  

 

Figure 2.19 Colours of solutions obtained from continuous variance method 

from high ligand concentration (left) to high iron concentration (right). 

Image acquired by James Southwell.  

 
The UV-vis results obtained are very similar to those obtained in the original 

protocol (Figure 2.20). A maximum at around 500 nm is observed for the 

highest ligand concentrations, increasing in intensity and shifting to 521 nm 
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when the ligand and metal are present in a 3:1 ratio, compared to 512 nm 

in the original protocol. The maxima of the curves continues to increase in 

intensity and shifts to 560 nm when the two components are present in a 

2:1 ratio, indicative of the predominance of a bis(catechol) species in 

equilibrium.363,367 This bathochromic shift continues until the maximum 

reaches 590 nm, which remains within the observed range of lmax for 

bis(catechol) complexes.370 There is no evidence for the predominance of 

the monocatechol complex (680-700 nm) in solution, even at the lowest 

possible ligand concentration. This shift in intensity and wavelength is 

almost identical to that observed in the original protocol, suggesting 

exchanging DMSO for MeCN has not affected the equilibrium between the 

complexes.  

Figure 2.20 UV-vis spectra for selected ligand:metal ratios in Tris buffer.  

 
A continuous variance experiment was then carried out in M9 minimal 

medium. M9 is a nutrient-poor medium used to culture E. coli bacteria, 

which was intended to be used to study the effects of the compounds on E. 

coli in low-iron conditions. It consists of a base mixture of phosphate salts, 

NH4Cl and NaCl supplemented with glucose, MgSO4 and CaCl2, with the 

potential to add other components as required. When the salts are 

combined in water, a solution with a pH of 7.0 is formed.  
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The results for the continuous variance in M9 are broadly similar to those 

for TrisHCl, with some exceptions. The initial maximum is again observed at 

500 nm, but the maximum at 3:1 ligand to metal ratio is shifted higher to 

530 nm. There is a minimal increase in intensity between this maximum and 

that of the 2:1 ratio, which is shifted lower to around 545 nm. The 

bathochromic shift here continues to around 577 nm (Figure 2.21). In 

general, the absorbances at the maxima are also reduced compared to the 

TrisHCl experiment. In addition to this, the 100% Fe(NTA) solution, which 

only begins absorbing at below 450 nm in TrisHCl, has a non-zero absorbance 

throughout the range of wavelengths scanned, the intensity of which begins 

to become significant below 600 nm. Finally, on leaving the solutions over 

the weekend, a white precipitate was observed to form in the 100% metal 

solution and the seven solutions with the lowest ligand concentration 

present, whereas no precipitate is visible in any of the TrisHCl solutions.  

 

Figure 2.21 UV-vis spectra for selected ligand:metal ratios in M9 medium. 

 
The results for the M9 experiment suggest that a component in the M9 

medium is interfering with the complexation behaviour of the 

monocatechol, and other iron species are being formed, reducing the 

amount of iron available for catechol binding. The most likely candidate for 
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this would be the phosphate salts present, which are known to bind strongly 

to iron. FePO4 is also poorly soluble in aqueous solutions, and its dihydrate 

is known to form white precipitates.376–379 The pH difference with the TrisHCl 

solution may also play a role; pH is known to have a strong effect on the 

speciation of Fe(III)-catechol complexes, with protons competing with the 

iron for binding the catechol oxygens.96 The slightly more acidic M9 may 

have shifted this equilibrium towards the protons, hence the observed 

differences.  

 
The maxima of both of the Job plots obtained suggests a mixture of the 

tris(catechol) and bis(catechol) species are present, depending on the 

ligand:metal ratio. Both plots show a maximum absorbance at a ligand:metal 

ratio of 3:1 when wavelengths consistent with the formation of the 

tris(catechol) species are considered, and a maximum absorbance at a 

ligand:metal ratio of 2:1 when wavelengths similar for wavelengths 

consistent with formation of the bis(catechol) species are considered (Figure 

2.22, Figure 2.23).  

 
Figure 2.22 Job plot for absorbance at maxima observed in Tris buffer. 
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Figure 2.23 Job plot for absorbance at maxima observed in M9 media. 

 
2.6 SO2 Release Studies 

A key part of evaluating the synthesised 2,4-dinitrobenzenesulfonamide 

conjugates is the examination of their ability to release SO2. With a strong 

correlation between SO2 release rate and antimicrobial activity, at least for 

those conjugates tested against M. tuberculosis,301,303 ensuring that the 

attachment of a siderophore component doesn’t hinder the ability of the 

conjugates to react efficiently with thiols to release SO2 is vital.  

 

Initial qualitative studies of SO2 release were carried out in the presence of 

synthesised dye 2-11 (Figure 2.24), with 10% MeCN in HEPES buffer used as 

a solvent. HEPES was selected as the buffer for its relevant pH range; it can 

easily be adjusted to biological pH (pH 7.4). It also lacks the ability to 

coordinate most metal ions, allowing the effects of adding iron to the 

solution to be observed without interaction with the buffer.380 This can be 

an issue in some phosphate-based buffers, as mentioned above.  

 
Figure 2.24 Structure of SO2-detecting dye 2-11. 
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Benzylamine conjugate 1-56 was initially used to probe the experimental 

setup, with cysteine as the thiol component. Stock solutions of 1-56, 

cysteine, and dye 2-11 were combined in a cuvette such that final 

concentrations of 100 µM 1-56, 10 µM dye, and 1 mM cysteine were 

achieved, and UV-vis spectra acquired over a 30 minute time period 

(Scheme 2.21). The addition of 1 mM cysteine is intended to mimic the 

concentrations of biological thiols present in the cytoplasm of cells. The 

experimental conditions were derived from those of Sun et al., who 

originally synthesised and evaluated dye 2-11.345  

 
Scheme 2.21 Reaction of 1-56 with cysteine. a) Cysteine (10 eq.), 2-11 (0.1 

eq.), 10% MeCN:HEPES, pH 7.4, rt, 30 mins. 

 
The UV-Vis spectra acquired for 1-56 in the presence of the dye and cysteine 

showed the rapid emergence of a new UV-vis band around 345 nm, with a 

shoulder at 425 nm, and the concomitant decrease in the dye absorbance 

band at 545 nm (Figure 2.25). The band at around 345 nm has been 

previously assigned to the cysteine-dinitrobenzene conjugate 2-32 formed 

upon attack of cysteine on substituted 2,4-dinitrobenzene rings, with the 

shoulder corresponding to the new UV-vis absorption of the dye on sulfite 

conjugation.345,381 The progress of the reaction can also be followed by eye, 

with the initial pink colour of the dye becoming fainter, and a gradual change 

to the yellow colour of the sulfite-conjugated dye and/or the cysteine adduct 

being observed. 
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Figure 2.25 UV-Visible spectrum for the reaction of 1-56 with cysteine in the 

presence of dye 2-11 over 30 mins, and photos of the solution before and 

after the reaction. 

 

The intensity of the band at 345 nm also allows SO2 release experiments to 

be carried out without the dye present. By following the increase in 

absorbance of this band until it plateaus, the time course of SO2 release can 

be clearly followed. In the dye-free experiments carried out with cysteine, a 

slight increase in the wavelength at which the cysteine-dinitrobenzene 

conjugate absorbs can be seen over time (Figure 2.26). This likely derives 

from an equilibrium between the S-adduct 2-32 and the N-adduct 2-33 in 

the cysteine-dinitrobenzene conjugate, which has previously been reported 

(Scheme 2.22); both adducts have been shown to have different absorbance 

bands (330 vs. 350 nm) and different molar absorption coefficients.381,382 

This shift in wavelength and molar absorption coefficient makes attempts to 

quantify concentrations and conversions from the adduct band difficult.  

0-30 min 
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Figure 2.26 UV-Vis spectrum of sulfonamide conjugate 2-9 on reaction with 

cysteine (10 equivalents) over 7 hours in 10% MeCN:HEPES buffer (pH 7.4). 

The shift in the absorbance maxima over time is indicated.  

 
Scheme 2.22 Equilibrium between S-adduct 2-32 and N-adduct 2-33 in 

cysteine-dinitrobenzene conjugates, and structure of alternative thiol 

glutathione (GSH). 

 

To try and obtain more quantitative data, glutathione was used as the thiol 

component instead. Although the N-adduct of glutathione shows up in 

literature structure searches, on examination of the papers cited no 

evidence for its formation seems to be reported. The glutathione-

dinitrobenzene adduct gives a well-defined UV-vis absorbance band at 340 

nm, with a high extinction coefficient (10500 M-1cm-1).346,383 Qualitative 

experiments with dye 2-11 and benzylamine 1-56 displayed similar results 

to those carried out with cysteine, as did experiments in the absence of the 
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dye (Scheme 2.23). There is no major shift in the position of the absorbance 

maxima over time (Figure 2.27).  

 
Scheme 2.23 Outcome of reaction between 1-56 and glutathione. a) GSH (10 

eq.), 10% MeCN:HEPES, pH 7.4, rt, 12 h. 

 
Figure 2.27 UV-vis spectrum of 1-56 on reaction with glutathione (10 

equivalents) over 12 hours in 10% MeCN:HEPES buffer (pH 7.4). Times 

shown are in minutes.  

 

Qualitative experiments with all of the conjugates synthesised (2-9, 2-15, 2-

19) were carried out in the presence of the dye and glutathione. The 

conditions used are identical to those for 1-56 (10 µM 2-11, 100 µM 

conjugate, 1 mM glutathione). Successful SO2 release was observed on each 

occasion, with all the conjugates demonstrating complete loss of the dye 

absorbance band at 545 nm within 30 minutes (with most seeing a faster 

decrease). These results suggest that in each case successful SO2 release can 

be achieved from the conjugates.  

 

Following confirmation that all of the conjugates can undergo successful SO2 

release, the relative SO2 release profiles were examined by following the 
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absorption peak for the glutathione adduct. As concentration is related to 

absorbance in a linear fashion, plotting the absorbance at the maxima over 

time will give a picture of the rate of increase in the concentration of the 

glutathione conjugate, and hence the rate of SO2 release. The experiments 

were carried out in triplicate, with the error displayed as the standard 

deviation of the results. A baseline of the corresponding conjugate in 10% 

MeCN:HEPES buffer is used so that the spectra can clearly measure the 

changes in absorbance post-glutathione addition.  

 
Figure 2.28 Plot of absorbance at 340 nm vs. time for sulfonamides 1-56, 2-

9, 2-15 and 2-19 on reaction with glutathione (10 eq.) in HEPES buffer (pH 

7.4). All experiments are a mean average of 3 experiments, apart from 2-15, 

which is a mean average of 2 experiments. Error bars are calculated as the 

standard deviation of the mean.  

 

As shown in Figure 2.28, 1-56, 2-9 and 2-19 display similar kinetic profiles, 

with rapid increases in absorbance over the first hour of the reaction, 

followed by a transition to a plateau over the next two hours. The 

benzylamine conjugate 1-56 displays the fastest SO2 release, closely 

followed by catechol-free control 2-19. While 2-9 appears slower, the 

majority of SO2 release is still taking place within the first hour, indicating 

limited hindrance of SO2 release by the catechol groups. 2-15, with its 

shorter 2-carbon linker, is noticeably slower to react than the 4-carbon 
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linker-based 2-9. The differences in reactivity between the four 

sulfonamides can be seen more clearly in the first two hours of reaction time 

(Figure 2.29).  

 
Figure 2.29 Plot of absorbance at 340 nm vs. time for first two hours of 

reaction between sulfonamides 1-56, 2-9, 2-15 and 2-19 with glutathione.  

 

Given the shorter linker length between the catechol and the 

dinitrobenzene ring in 2-15, it is possible that there is some form of 

intramolecular interaction between these two rings, whether in the form of 

pi-pi stacking, or in the form of hydrogen bonding between the substituents. 

This could have the effect of hindering the nucleophilic attack of glutathione 

on the sulfonamide. It is also notable that both 2-9 and 2-15 plateau to a 

higher absorbance than that expected for the glutathione conjugate at 100% 

conversion (c. 1.15 and 1.30 instead of the 1.05 expected given the 

extinction coefficient of the 2,4-dinitrobenzene-glutathione adduct 2-34).  

 
The release rates from 2-9 and 2-15 were also probed in the presence of 

Fe(III) to examine the effects of iron coordination on the rate of SO2 release. 

1 equivalent of Fe(III) was added for every 3 equivalents of ligand to try and 

achieve formation of the tris(catecholate) complex. For the release 

experiments, final concentrations of 100 µM donor, 1 mM thiol and 33.3 µM 

Fe(NTA) were used.  
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On addition of Fe(NTA) to a solution of 2-9 or 2-15, a purple-blue colour 

forms, suggesting the formation of an iron complex (Figure 2.30). For 2-9, 

the LMCT band of the Fe(III) complex has a maximum absorbance around 

533 nm; for 2-15, this is shifted slightly higher to around 546 nm. In both 

cases the absorbances are similar (c. 0.1). There is a notable colour 

difference before and after the reaction with GSH is carried out, with the 

solution changing to a pink colour (Figure 2.31), much more similar to the 

higher ligand-to-Fe ratio solutions in the Job plots carried out in Section 2.5.  

Figure 2.30 UV-Vis spectrum of 2-9 in the presence of 0.33 eq. Fe(III), and 

photo of corresponding cuvette. 

 
Figure 2.31 Colour difference between Fe(NTA)-containing solutions of 2-15 

before (left) and after (right) reaction with glutathione.  

 
This could indicate a slight alteration in coordination between the 

conjugates and the free aminochelin generated post-SO2 release. Assuming 
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that the pH remained constant, it is possible that some of the functional 

groups on the 2,4-dinitrobenzenesulfonamide unit may be able to undergo 

intramolecular hydrogen bonding with the catechol groups on the 

aminochelin unit, which may hinder its ability to form an iron 

tris(catecholate) complex, hence the purple bis(catecholate) dominates in 

solution. On SO2 release, this hydrogen bonding interaction would no longer 

be present, and the aminochelin better able to bind Fe(III) successfully, 

hence the colour change, which indicates predominant formation of the 

tris(catecholate) species. A further possibility is a change in the charge of the 

ligand on SO2 release. Before SO2 release takes place, the charge of the 

tris(catecholate) iron complex would be −3; such a negative charge could 

potentially destabilise the tris-complex, with the less negatively charged 

bis(catechol) complex (−1) potentially favoured. On loss of SO2, the free 

amine group of the aminochelin unit will be protonated at biological pH 

(7.4), so the tris(catecholate) complex will be a zwitterion with an overall 

charge of 0; this may be more favourable for tris(catecholate) formation.  

 

When the SO2 release kinetics of 2-9 and 2-15 are examined in the presence 

of Fe(NTA), a clear increase in release rate compared to the iron-free version 

is observed in both cases, with the absorbance reaching a plateau in a 

shorter time span (Figure 2.32). As there is no change in the mean 

absorbance at the plateau for the reactions containing Fe(NTA) compared to 

those without, this suggests the faster rate stems from formation of the 

glutathione conjugate, and not from formation of a different species 

absorbing around the same wavelength in the Fe(NTA) reactions.  
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Figure 2.32 Plots of absorbance at 340 nm vs. time for conjugates 2-9 and 2-

15 on reaction with glutathione (10 eq.) in the presence and absence of 0.33 

eq. Fe(NTA).  

 
This increase in rate is intriguing, and potentially points to the formation of 

an iron complex making the sulfonamide more accessible to glutathione, 

allowing for easier nucleophilic attack on the 2,4-dinitrobenzene ring, and 

therefore faster SO2 release. It is possible that the formation of an iron 

complex disrupts existing intramolecular interactions within the conjugate 

structures that create steric hindrance around the sulfonamide; for example 
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hydrogen bonding between the catechol OH groups and the sulfonamide 

and/or the nitro groups would hinder the approach of glutathione from 

certain angles. With the catechol groups bound to iron, this would free up 

the 2,4-dinitrobenzene ring for easier glutathione access. This also 

correlates with the existing difference in SO2 release rate between 2-9 and 

2-15. In 2-15, the catechol groups and the 2,4-dinitrobenzene ring are closer 

together, allowing for a greater degree of intramolecular interactions 

between the two; formation of an iron complex has a larger effect on the 

rate of release from 2-15 than 2-9, suggesting greater intramolecular 

interactions between the catechol and the 2,4-dinitrobenzenesulfonamide 

in 2-15. It is also possible that the high positive charge of the Fe3+ cation 

exerts a strong electron-withdrawing effect on the whole ligand, making the 

2,4-dinitrobenzenesulfonamide ring more electron-deficient, and hence 

increasing the rate of the SNAr reaction.  

 

2.7 Biological Studies 

All of the antimicrobial assays detailed in this section were carried out by Dr 

Adrian J. Chu, a postdoctoral researcher in the AKDK group. Experimental 

design was shared between CMB, AJC, and AKDK, with input from Prof. Gavin 

H. Thomas. 

 
Three compounds were screened against bacteria: aminochelin-

sulfonamide 2-9, Chakrapani’s prodrug 2-22, and “SO2-free” control 2-23, 

which lacks the ability to produce SO2, but mimics the general structural 

features of 2-9 (Figure 2.33). 

 
Figure 2.33 Structures of compounds that underwent biological screening.  
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2.7.1 Assays vs. Staphylococcus aureus  

2.7.1.1 S. aureus and Siderophore Utilisation 

The conjugates were initially tested for their biological activity vs. 

Staphylococcus aureus (NCTC 6571) to allow for comparison of 2-9 and 2-23 

with the Chakrapani prodrug 2-22, which has activity against MRSA.304 S. 

aureus is a Gram-positive bacteria widely associated with human disease 

and infection, with a number of strains displaying extensive antibiotic 

resistance, including to the last resort antibiotic vancomycin.384 However, 

around 30% of the human population are carriers of S. aureus, often with no 

ill effects.385  

 

In terms of siderophores, S. aureus can produce two carboxylate-type 

siderophores, staphyloferrins A and B,103 and a further metallophore, 

staphylopine (Figure 2.34), which may have a role in iron uptake, but is 

mostly involved in uptake of other vital metal ions (Cu2+/Ni2+/Co2+/Zn2+).386 

Two further potential siderophores, named aureochelin and staphylobactin, 

have been identified but not characterised.103,387,388 In addition to these 

mechanisms, S. aureus can utilise hydroxamate-type siderophores as 

xenosiderophores,104 and even scavenge haem from haemoglobin in the 

body.103 They also appear to be able to utilise catechol-containing molecules 

as xenosiderophores, although they only appear to offer significant growth 

promotion for strains unable to produce the native staphyloferrins.389 

Although catechol utilisation by S. aureus appears possible, it is unclear 

whether the catechol-sulfonamide will enter the cells via the siderophore 

uptake pathway, or via a similar uptake mechanism to Chakrapani’s 

prodrugs.  
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Figure 2.34 Siderophores produced by S. aureus. 

 

2.7.1.2 Biological Screening and Results 

The S. aureus cultures were grown overnight in tryptic soy broth (TSB), a 

nutrient-rich medium. From these overnight cultures, a master mix 

containing further TSB medium and a defined quantity of cultured cells was 

made up. Assays were carried out using an automatic plate reader method: 

a range of concentrations of the compounds to be tested are pipetted into 

a 96-well plate, along with the S. aureus master mix. The plate is maintained 

at 37 °C in a plate reader, and the OD600 (the optical density at 600 nm) for 

each well is recorded at 30-minute intervals. The OD can be used as a 

measure of bacterial growth; a higher OD indicates higher bacterial growth. 

A range of concentrations between 500 µM and 100 nM were examined for 

each compound; initial stock solutions of 2-9, 2-22 and 2-23 were made up 

in MeCN. Plain TSB solutions containing no cells were used as a negative 

control, with wells containing TSB and cells either with or without MeCN 

provided further controls. It should also be noted that 2-9 partially 

precipitates at the highest concentration used when added to the plate; to 

minimise this, it was often added just before beginning incubation. 
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Initial results proved promising: the first plate run involved only 2-9 and 2-

22, with 2-9 displaying antimicrobial activity at high concentrations (500 µM 

to 50 µM, Figure 2.35), although with a noticeable drop-off in activity for the 

100 µM and 50 µM wells after 10 hours. The biphasic/diauxic shape of the 

growth curves is also different to the typical sigmoidal curves observed for 

bacterial growth.390 This shape of growth curve can indicate a change in the 

metabolism of a bacteria,391 or indicate the bacteria are able to tolerate the 

presence of an antimicrobial, and even overcome it completely.392,393 2-22 

displays a similar profile, but with a much more significant drop-off in 

activity; the 50 µM wells grow normally after 10 hours, and even the 500 µM 

wells were not much different in OD to the plain TSB control after 24 hours. 

This is in contrast to the reported MIC value for prodrug 2-22 of 4 µg/mL, 

which translates to c.10 µM.304 It should be noted that prodrug 2-22 was 

tested using a different assay method in the original paper, and evaluated 

against a different strain of S. aureus, which could be the reasons for this 

difference in activity. The SO2-free control, 2-23, was tested later, and 

showed no antimicrobial activity. 
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Figure 2.35 Growth curves for selected concentrations of 2-9, 2-22 and 2-23 

vs. S. aureus in Tryptic Soy Broth. Experiments for 2-9 and 2-22 are a mean 

average of 3 wells, 2-23 is a mean average of two wells. Error bars are 

calculated as the standard error of the mean.  

S. aureus NCTC 6571 vs. 2-9 in TSB  

S. aureus NCTC 6571 vs. 2-22 in TSB  

S. aureus NCTC 6571 vs. 2-23 in TSB  
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The activity of 2-9 vs. S. aureus was probed for concentrations between 500 

and 50 µM, with a steady decrease in inhibition as the concentration of 2-9 

decreases (Figure 2.36). The inhibition remains good up until 100 µM. 

Following this plate, extracts from the 500 µM and 250 µM wells were 

spread out onto an agar plate to examine the viability of the bacteria 

remaining in the wells, and whether 2-9 is acting as a bacteriostatic or 

bacteriocidal antimicrobial. The extracts from both concentrations displayed 

good bacterial growth on the plate, demonstrating that the S. aureus is not 

completely killed, and pointing towards 2-9 acting in a bacteriostatic fashion 

(Figure 2.37).  

Figure 2.36 Growth curves for intermediate concentrations between 500 

and 50 µM of 2-9 vs. S. aureus. Curves are a mean average of three wells. 

Error bars are calculated as the standard error of the mean. 

 
Figure 2.37 Photo of 500 µM and 250 µM wells plated onto agar at end of 

assay. Growth of golden S. aureus cultures can be observed.  

S. aureus NCTC 6571 vs. 2-9 in TSB  
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As a rich and poorly-defined medium, TSB could potentially contain a 

number of components that could react with 2-9, including cysteine. The 

stability of 2-9 in TSB was tested by replicating the original SO2 release tests. 

100 µM 2-9, SO2-detecting dye 2-11 and TSB were combined in a cuvette 

and the UV-vis spectrum was observed over a 14-hour period. This showed 

minimal changes in the absorbance of the dye, indicating that 2-9 is stable 

in TSB, and suggests that any observed antimicrobial effects come from 

intracellular release of SO2, and not extracellular release in the medium. 

Although the UV-vis experiment is unable to replicate the biological 

conditions of the plate reader (37 °C, high stirring), the low rate of reaction 

suggests this wouldn’t make a major difference.  

 
2.7.2 Assays vs. Bacillus subtilis 

2.7.2.1 B. subtilis and Siderophore Utilisation 

The compounds were also tested against Bacillus subtilis (strain 168), a non-

pathogenic Gram-positive bacterium.394 B. subtilis was chosen as it primarily 

makes and uses the catechol-type siderophore bacillibactin, an analogue of 

enterobactin, and its precursor 2,3-dihydroxybenzoylglycine (Figure 

2.38).395 In addition it can utilise a range of xenosiderophores, including 

hydroxamates like desferrioxamine and ferrichrome,396 citrates,396 and 

other catechols like enterobactin and petrobactin.397,398 This use of catechol-

type siderophores means B. subtilis is more likely than S. aureus to possess 

the required outer membrane receptors required for uptake of catechol-

sulfonamide 2-9.  
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Figure 2.38 Structures of bacillibactin and N-2,3-dihydroxybenzoylglycine, 

native siderophores of B. subtilis. 

 

2.7.2.2 Biological Screening and Results 

The main difference between the S. aureus and B. subtilis assays was the use 

of Lysogeny broth (LB) medium, another rich medium preferred over TSB for 

growing Bacillus. The results of the assay are similar to those for S. aureus. 

2-9 is weakly active, with the 50 and 100 µM wells displaying growth 

inhibition for 4 and 7 hours respectively, before reverting to normal growth, 

and the 500 µM wells maintained a steady level of inhibition throughout. 2-

22 proves slightly more active, with the 50 and 100 µM wells showing 

growth inhibition for 6 and 11 hours respectively, and a longer delay for 500 

µM (the large error bars are the result of differing growth profiles for the 

duplicate 2-22 wells). The SO2 control 2-23 was again inactive (Figure 2.39).  
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Figure 2.39 Growth curves for selected concentrations of 2-9, 2-22 and 2-23 

vs. B. subtilis in LB media. Experiments are an average of two wells. Error 

bars are calculated as the standard error of the mean.  

B. subtilis 168 vs. 2-22 in LB  

B. subtilis 168 vs. 2-9 in LB  

B. subtilis 168 vs. 2-23 in LB  
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2.7.3 Assays vs. Wild-Type Escherichia coli  

2.7.3.1 E. coli and Siderophore Utilisation 

Following the experiments with the two Gram-positive species, the 

compounds were then examined against Escherichia coli (BW25113), a 

Gram-negative bacterium. E. coli is considered the most widely-studied 

prokaryotic organism, perhaps due to the ease of culturing it in a laboratory 

environment; in favourable growth conditions E. coli can divide up to once 

every 20 minutes.399 Like S. aureus it can be both a commensal and a 

pathogenic bacterium; it is often widely present in the gut microbiome in 

humans,400 but certain strains can cause food poisoning and urinary tract 

infections.401 

 
E. coli can produce and utilise a range of catechol-type siderophores 

consisting mainly of the widely-studied tris(catecholate) siderophore 

enterobactin and its breakdown products, such as 2,3-

dihydroxybenzoylserine and 2,3-dihydroxybenzoic acid (Figure 2.40).105,402 A 

further catecholate siderophore, the glycosylated enterobactin derivative 

salmochelin, is produced by some strains, and has been heavily linked to 

pathogenicity, as the glycosylation prevents recognition and binding of the 

siderophore by proteins in the immune system.403–406 A number of strains 

also produce the hydroxamate siderophore aerobactin and the mixed 

siderophore yersiniabactin407–410; like with salmochelin, production of these 

two siderophores is often associated with pathogenicity, although non-

pathenogenic E. coli can also synthesise and use them.410  



 157 

 
 

Figure 2.40 Native siderophores that can be biosynthesised by various E. coli 

strains. Production of siderophores is strain-dependent (I.e. Not all strains 

will be able to make all of these siderophores).  
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2.7.3.2 Biological Screening and Results 

The SO2 prodrugs and controls were initially tested against E. coli cultured 

overnight in LB medium, which is likely to be rich in iron. Unfortunately, 

none of the compounds tested were active against E. coli (Figure 2.41). This 

could be due to the relative abundance of iron in the medium, resulting in 

the depletion of outer membrane receptors, which are generally not present 

in iron-rich conditions),85 or due to the presence of native siderophores with 

higher affinity for iron, which could outcompete 2-9 and 2-23 for iron 

binding, and therefore prevent uptake.  

 
To try and create conditions where 2-9 might be taken up, and to better 

mimic the iron-poor growth conditions that would be present in the body, 

the E. coli were cultured in M9 minimal medium. As described in Section 2.5, 

M9 is a nutrient-poor and chemically well-defined medium consisting only 

of essential salts plus a carbon source (glucose) and a nitrogen source 

(NH4Cl). It lacks the undefined protein digests or yeast extracts present in LB 

or TSB, which are likely to be a major source of iron. However, similar to the 

results in LB, all three compounds tested again proved to be inactive against 

E. coli, with the graphs for 2-9 and 2-22 broadly similar to those for the M9 

+ MeCN control (Figure 2.41). Interestingly, all of the wells containing 2-9 

and 2-23 grew better than the M9 + MeCN control, with even the 100 nm 

well reaching a final OD600 greater than 0.55, compared to 0.40 for the MeCN 

control. This potentially suggests the catechols of these conjugates can 

engage in growth promotion, although there is little differentiation in 

growth between the different siderophore concentrations, so it is hard to 

say if this is a true effect.  
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Figure 2.41 Growth curves for selected concentrations of 2-9, 2-22 and 2-23 

vs. E. coli in both LB media (blue, squares) and M9 media (red, circles). 

Experiments are an average of two wells. Error bars are calculated as the 

standard error of the mean. 

E. coli BW25113 vs. 2-9 in LB/M9 Media 

E. coli BW25113 vs. 2-22 in LB/M9 Media 

E. coli BW25113 vs. 2-23 in LB/M9 Media 
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It is possible that compound uptake is still taking place at a reduced rate 

compared to S. aureus or B. subtilis; combined with the weak antimicrobial 

activity observed against Gram-positive bacteria, this could result in any 

detrimental effects on the cells being attenuated due to the reduced 

concentrations present inside the cells. It is also possible that in the iron-

poor conditions of M9, E. coli is producing high-affinity siderophores like 

enterobactin, or its linear forms, which will outcompete the monocatechol 

for iron binding. As iron binding is required for siderophore uptake, this 

would prevent any uptake of 2-9 via siderophore active transport pathways.  

 
2.7.4 Assays vs. entA-deficient Escherichia coli 

To examine whether the siderophores produced by E. coli were 

outcompeting 2-9, further assays were carried out on an entA-deficient 

strain of E. coli, JW0588-1. This strain lacks the gene for production of the 

EntA enzyme, which is responsible for catalysing the final step in the 

biosynthesis of 2,3-dihydroxybenzoic acid from chorismate (Scheme 

2.24).411,412 As all of the strongest native siderophores, and all of the 

catechol-type siderophores produced by E. coli stem from 2,3-

dihydroxybenzoic acid, the mutant should be unable to produce and secrete 

any siderophores that will vastly outcompete the catechol-sulfonamides (it 

is unclear whether this strain can produce aerobactin or yersiniabactin). 

Previous research from the AKDK group has shown that the mutant retains 

the ability to take up siderophores, as growing the bacteria on iron-poor agar 

plates in the presence of enterobactin and other known siderophores offers 

excellent growth recovery compared to negative controls.413 
 

 
Scheme 2.24 Pathway for biosynthesis of 2,3-dihydroxybenzoic acid from 

chorismate.412 
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successfully when cultured in M9 supplemented with casamino acids,413 a 

mixture of almost all of the essential amino acids (apart from tryptophan) 

and some small peptides obtained from acid hydrolysis of the protein 

casein.414 It was suggested that some of the amino acids present had the 

potential to act as weak siderophores, and therefore help to restore growth 

of the mutant, although it may also be possible that trace iron is present in 

the casamino acids. Replication of this behaviour in the entA mutant was 

attempted, however, growth of the entA mutant in overnight cultures in 

plain M9 media proves inconsistent, with confluent growth observed c. 50% 

of the time. It is possible the mutant is very sensitive to slight changes in the 

culture medium, and hence is hard to grow consistently. 

 
The activity of 2-9 was tested against cultures of the entA mutant. No activity 

was observed for 2-9 vs. the entA mutant in the casamino acid culture, but 

when 2-9 is screened against confluent cultures of plain M9, growth 

inhibition can be observed at 250 µM and 50 µM, suggesting that in the 

absence of siderophores in these conditions 2-9 can be taken up and provide 

an antimicrobial effect (Figure 2.42). Despite the inconsistent nature of the 

overnight growth of the entA mutant, this result is reproducible when entA 

cultures in M9 present with confluence in overnight growth. 

 

Figure 2.42 Growth curves for concentrations of 2-9 vs. E. coli entA mutant 

in plain M9 media (confluent overnight growth). Experiments are an average 

of two wells. Error bars are calculated as the standard error of the mean. 

E. coli BW25113 DentA::kan JW0588-1 vs. 
2-9 in M9 Media (confluent) 
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To try and find reproducible results in the media, a Chelex-treated M9 

medium was utilised instead. Chelex is a polymeric resin containing 

iminodiacetic acid groups, which can form complexes with transition metal 

ions. By treating the salt and glucose solutions used to make up the M9 

medium with Chelex, trace transition metals, including any iron present, 

should be removed from the medium, leaving it as close to iron-free as 

possible. This allows the amount of iron present to be precisely controlled.  

 

A 4-way overnight culture experiment was carried out with wild-type E. coli 

and the entA mutant to observe how well they grow in Chelex-treated 

cultures; this time both were grown in Chelexed M9, and Chelexed M9 with 

10 µM Fe(NTA) added. Fe(NTA) provides a soluble source of iron, and 

shouldn’t interfere with the complexation behaviour of 2-9 or 2-23. After 

incubating overnight at 37 °C, both of the strains in M9 with 10 µM Fe(NTA) 

displayed good growth, reaching OD600’s of 3.00 for the wild type and 2.88 

for the mutant, whereas the cultures in Chelexed M9 only displayed 

hindered/no growth, with the wild type reaching an OD600 of 0.28, and the 

entA mutant displaying no growth (Figure 2.43). 

Figure 2.43 Photo of overnight cultures for wild-type (1 and 3) and entA 

mutant (2 and 4) in Chelex-treated M9 (left) and Chelex-treated M9 + 10 µM 

Fe(NTA) (right).  

1 2 3 4 
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Plate assays with 2-9 and 2-23, were carried out for the entA mutant culture 

grown overnight in M9 + 10 µM Fe(NTA); the clear culture in plain Chelex 

M9 was avoided due to the lack of overnight growth. To try and create iron-

free conditions for the cells grown in Chelex M9 plus Fe(NTA), an aliquot of 

the overnight culture was taken and centrifuged to pellet the cells, then the 

iron-containing media removed and fresh iron-free Chelex M9 added before 

adding the cells to the plate medium. This ensures the cells are growing in 

an iron-free medium, and allows addition of a defined number of cells, unlike 

in the assays where a clear culture is used. The cells, despite being present 

in an iron-free medium on the plate, displayed remarkably good growth in 

the M9 control, although they showed an increased sensitivity to the MeCN 

control, such that no further growth was seen after 10 hours (Figure 2.44). 

For 2-9, no significant inhibitory activity beyond that observed for the MeCN 

control could be seen. The wells containing 2-23 however displayed growth 

promotion to a much higher level than the MeCN control for the highest 

concentrations. This suggests that 2-23 can potentially act as a siderophore, 

and promote growth recovery. The good growth observed despite the lack 

of iron in the media is likely down to iron storage by the bacteria during their 

overnight growth in the relatively iron-rich overnight culture. 

Figure 2.44 Growth curves for selected concentrations of 2-23 vs. entA 

mutant cultured overnight in Chelex M9 plus 10 µM Fe(NTA). Experiments 

are an average of two wells. Error bars are calculated as the standard error 

of the mean. 

E. coli BW25113 DentA::kan JW0588-1 vs. 
2-23 in Chelexed M9 Media plus 10 µM Fe(NTA) 
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2.7.5 Discussion of Biological Results  

From the results obtained, it is clear that catechol-sulfonamide 2-9 is a poor 

to moderate antimicrobial when used against Gram-positive bacteria, and a 

very poor one when used against Gram-negative bacteria. Activity is 

potentially possible under certain conditions of iron limitation and only with 

an E. coli mutant unable to produce its own siderophores, although the exact 

conditions to yield reproducible results have proved hard to find. As SO2-

free control 2-23 shows no inhibitory properties in any of the plate reader 

assays, it can be concluded that SO2 release is the main mode of action for 

2-9. The biphasic growth, and the bacteriostatic nature of the inhibition, 

observed for bacteria treated with 2-9 and 2-22 indicates a degree of 

tolerance to SO2 release, or the development of resistance over time.  

This is a result comparable to an existing literature result with an 

aminochelin conjugate of linezolid (1-14), an oxazolidinone antibiotic usually 

inactive against Gram-negative bacteria (Figure 2.13).187 This conjugate 

displayed increased activity compared to the parent drug against P. 

aeruginosa, but only up to 8 times (from 1024 µM to 128 µM). The activity 

of linezolid against Gram-positive bacteria is between 1 and 26 µM, 

depending on the strain, but often tends towards 1 to 6 µM.52 This means a 

100-fold difference in the activity between linezolid in Gram-positive 

bacteria and the aminochelin conjugate in Gram-negative bacteria; a similar 

difference in activity for catechol-sulfonamide 2-9 would place its MIC in 

Gram-negative bacteria outside the range of concentrations tested (>500 

µM), hence no observed growth inhibition.  

 

In terms of iron transport, it is hard to conclude that 2-9 exploits iron 

transport pathways in Gram-positive bacteria without further 

experimentation, however the results for 2-23 in M9 with the entA mutant 

suggest that the monocatechol moiety is capable of acting as a siderophore 

and boosting growth, so could potentially provide the siderophore 

component of a Trojan Horse conjugate given the right system. It should also 

be noted here that further research in the AKDK group carried out by James 

Southwell found M9 media to retain a high concentration of iron even post-

treatment with Chelex (>100 µM), likely due to the strong iron binding ability 
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of phosphate groups present in the media (see Section 2.5). This leads to 

doubts other whether M9 can be considered an iron-poor media with such 

a high iron content, and other iron-deficient media should be explored for 

the study of these conjugates.  

 

2.8 Summary and Conclusions 

Aminochelin-bearing 2,4-dinitrobenzenesulfonamide conjugate 2-9, and 

two related analogues 2-15 and 2-19 (Figure 2.45), have been successfully 

synthesised and characterised by 1H/13C NMR and ESI mass spectrometry. 

The SO2-releasing ability of each conjugate on reaction with the biological 

thiol glutathione was studied via UV-vis spectroscopy in aqueous buffer. The 

presence of aminochelin does not significantly impair the rate of SO2 release 

from 2-9 compared to catechol-free conjugate 2-19 or benzylamine 

conjugate 1-56, however slower release is observed for conjugate 2-15, 

which contains a shorter linker between the catechol and 2,4-

dinitrobenzenesulfonamide units. Iron conjugates of 2-9 and 2-15 display a 

faster rate of SO2 release, potentially indicating the reduced SO2 release rate 

for 2-15 stems from an interaction between the catechol group and the 2,4-

dinitrobenzenesulfonamide, although the faster rates could be due to the 

electron-withdrawing ability of the coordinated iron.  

 

Figure 2.45 Structures of synthesised 2,4-dinitrobenzenesulfonamide 

conjugates 2-9, 2-15 and 2-19, and microbiological “SO2-free” control 2-23. 

 

The antimicrobial activity of aminochelin conjugate 2-9 was evaluated 

against three bacterial species, S. aureus, B. subtilis and E. coli. 2-9 proved 
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active at high concentrations vs. S. aureus and B. subtilis, both Gram-positive 

bacteria, but inactive against Gram-negative E. coli at the concentrations 

tested. Antimicrobial activity can be observed against an entA mutant of E. 

coli incapable of producing its own siderophores, suggesting the lack of 

activity against wild-type E. coli stems from stronger native siderophores 

outcompeting the aminochelin unit of 2-9 for iron binding, preventing 

sufficient uptake. An SO2-free control with a similar structure, 2-23, proved 

inactive against all bacteria tested, indicating SO2 as the source of 

antimicrobial activity. In some cases, 2-9 and 2-23 can be shown to mediate 

growth promotion of E. coli, suggesting aminochelin can act as a siderophore 

for E. coli under certain conditions.  

 

Some notable conclusions can be made from the work presented above. The 

ability of conjugates like 2-9 to undergo successful reaction with thiols, and 

subsequent SO2 release, in the presence of siderophore units like 

aminochelin is promising for the development of future SO2-releasing 

siderophore conjugates. Likewise, the presence of a siderophore component 

appears to offer some weak benefits to the antimicrobial activity of SO2-

releasing prodrugs, most notably in S. aureus, where greater activity is 

observed for 2-9 than Chakrapani prodrug 2-22. However, the overall 

activity of 2-9 is disappointing, with high concentrations required to exert 

antimicrobial activity against Gram-positive bacteria, and a lack of activity 

vs. Gram-negative bacteria, likely due to the aminochelin unit of 2-9 being 

outcompeted for iron binding, and therefore uptake, by native 

siderophores.  

 

2.9 Future Work 

In terms of future work with the existing conjugates, the main aim would be 

to obtain consistency in the biological results, which has proved somewhat 

difficult so far. Alternate methods of enforcing iron deficiency, for example 

the use of 2,2’-bipyridine (bpy) to complex and withhold and iron present, 

could be explored.163 The activity of the iron-complexed forms of 2-9 and 2-

23 could also be examined. Iron complexation is vital for uptake of the 

siderophores, as studies like that by Zamora et al. have shown.362 By pre-
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forming the siderophore-iron complexes, either with an equimolar amount 

of iron, or a fixed concentration across all of the siderophore concentrations, 

the uptake in E. coli may be improved, and any growth promoting/inhibiting 

effects will become clearer to see. In a similar vein, the activity of gallium 

complexes of 2-9 and 2-23 could be examined. Ga(III) ions have a similar 

ionic radius to Fe(III), and can therefore form strong complexes with 

siderophores.193,415 However, they lack the redox properties of Fe(III) ions, 

and as such can exert an inhibitory effect on bacterial growth.193 The activity 

of 2-15 and 2-19 vs. bacteria should also be assessed; it would be interesting 

to examine whether the reduced SO2 release rate seen for 2-15 translates 

into a significant change in antimicrobial activity.  

 

As well as this, the effects of 2-9 and 2-23 could also be explored vs. other 

bacterial species, for example Campylobacter jejuni. This Gram-negative 

bacterium is unable to produce its own siderophores, but possesses several 

xenosiderophore uptake pathways, including one for enterobactin and its 

derivatives.362 Zamora et al. carried out a study on C. jejuni where they 

examined growth recovery on addition of enterobactin and its hydrolysis 

products to the growth media. The results show similar or equal growth 

recovery when the bacteria were cultured with enterobactin and its 

monocatechol hydrolysis product, 2,3-dihydroxybenzoylserine, or other 

monocatechol containing analogues.362 This suggests that C. jejuni is equally 

as good at utilising monocatechols as xenosiderophores as it is in using 

enterobactin, so 2-9 may be taken up more efficiently compared to in E. coli, 

and hence exert a greater antimicrobial effect.  

 

The poor antimicrobial activity observed for the synthesised conjugates, and 

the relatively poor activity against E. coli and S. aureus of the prodrugs 

developed by Chakrapani and colleagues,304 likely precludes the future 

development of SO2-releasing prodrugs of this type for targeting bacteria, 

especially Gram-negative bacteria. However, the use of stronger iron-

binding siderophore units like the hexadentate hydroxamate 

desferrioxamine B over the monocatechol used in this case would be 

essential to reduce the issue of poor activity due to out-competition of the 
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conjugates for iron binding by native siderophores (Figure 2.46). In a similar 

fashion, the use of bis/tris(catecholate) siderophores could also be explored.  

 

Figure 2.46 Structure of hydroxamate siderophore desferrioxamine B, and 

potential structure of a future SO2-releasing prodrug 2-35 based on 

desferrioxamine B.  
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3.1 Introduction 

Following the studies discussed in Chapter 2, the focus moved away from 

the use of SO2 as the sole antimicrobial source in a Trojan Horse conjugate, 

and towards utilising a SO2-releasing biolabile linker for release of an 

additional antimicrobial component. While the initial studies suggest 

antimicrobial activity with SO2-releasing conjugates can be achieved under 

certain conditions (Chapter 2), the antimicrobial activity was not sufficiently 

strong against the bacterial strains examined to be used as the sole 

mechanism of antimicrobial action in a Trojan Horse conjugate. However, 

SO2 release may be sufficient to offer some additional activity in 

combination with an additional antimicrobial, making such a conjugate a 

dual-action antibiotic. The studies in Chapter 2 also suggest that the 

presence of a siderophore component is compatible with rapid SO2 release, 

which is ideal for the design of a biolabile linker, although optimisation of 

the siderophore component for maximal uptake of SO2-releasing conjugates 

is required. In this Chapter, the synthesis and investigation of SO2-releasing 

conjugates containing a 4-carboxyl-2-nitrobenzenesulfonamide unit as the 

biolabile linker, and the fluoroquinolone antibiotic ciprofloxacin as the 

antimicrobial component, is discussed.  

 

3.1.1 Structure of SO2-Releasing Linker 

As discussed in Chapter 2, the high release rates of SO2 from 2,4-

dinitrobenzenesulfonamides are well established,301,303,304,319 and the 

release mechanism appears to be compatible with the presence of 

siderophores. Therefore, the first choice of potential biolabile SO2-releasing 

linker for the synthesis of a siderophore-antimicrobial conjugate aimed to 

deviate as little as possible from the 2,4-dinitrobenzene structure. In a 

biolabile SO2-releasing linker, the antimicrobial component needs to be 

bound to the sulfonamide of the SO2-releasing ring (Figure 3.1). This creates 

the need for an additional functional group on the ring for conjugation of 

the siderophore component. To maintain the electron-withdrawing abilities 

of the ring, this functional group should ideally also be an electron-

withdrawing group. A good choice for this was considered to be a carboxylic 

acid group; while not as electron-withdrawing as a nitro group, it is still 
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reasonably electron-withdrawing, with a Hammett parameter sp = 0.45, 

compared to sp = 0.78 for a nitro group.416 It also offers a range of potential 

chemistries for attachment of a siderophore unit.  

 
Figure 3.1 Schematic to demonstrate generic structure of target 

siderophore-sulfonamide-antimicrobial conjugate.  

 
Initially, the design aimed to maintain the two nitro groups on the benzene 

ring and introduce an additional carboxylic acid group. However, brief 

experimentation with a route starting from 3,5-dinitro-4-chlorobenzoic acid 

disfavoured this idea; the product formed after initial esterification of the 

carboxylic acid (3-1) decomposes over a couple of days (in the solid state), 

with replacement of the chloro group with a hydroxy group, suggesting a 

reaction with water (Scheme 3.1). This high reactivity demonstrates the 

unsuitability of the 3,5-dinitrobenzoic acid ring for this design; even if a 

sulfonamide could be synthesised without significant decomposition, it is 

likely to be highly unstable in aqueous media, or even in air, especially with 

the greater electron-withdrawing ability of the sulfonamide compared to 

the chloro group. 

 

Scheme 3.1 Esterification and subsequent decomposition of 3,5-dinitro-4-

chlorobenzoic acid.  

 

The decision was taken to try and construct a linker with one nitro group to 

reduce the overall electron-withdrawing character of the ring, whilst still 

retaining its ability to release SO2. The most obvious route to this is the 

replacement of one of the nitro groups with the intended carboxyl group to 

give a 4-carboxyl-2-nitrobenzene ring (Figure 3.2). This maintains the ortho, 

para positioning of the electron-withdrawing groups, as seen in the 2,4-
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dinitrobenzenesulfonamides, allowing maximal activation of the 

sulfonamide carbon towards nucleophilic aromatic substitution.  

 

Figure 3.2 Exchange of nitro group for carboxylic acid group in biolabile 

linker design.  

 
A number of examples of sulfonamides based on the 4-carboxyl-2-

nitrobenzene ring, or a similar system, exist in the literature, often acting as 

cleavable linkers for various constructs. To the best of the author’s 

knowledge, the first example of a cleavable 4-carboxyl-2-

nitrobenzenesulfonamide unit was published by Kay et al. in 1997.417 

Inspired by the nosyl protecting groups developed by Fukuyama et al.,418 

they aimed to develop similar chemistry for linkers in solid-phase synthesis, 

with thiol-mediated cleavage of the sulfonamide as a release mechanism for 

an amine-bearing product. The sulfonamides were bound to a resin via an 

amide linkage (3-3, Scheme 3.2). Cleavage was achieved at room 

temperature on treatment of the solid-phase linker with 1-2 equivalents of 

potassium thiophenoxide (formed in situ from thiophenol/K2CO3).  

 
Scheme 3.2 Structure of solid-phase linker employed by Kay et al., and 

method of cleavage to generate free amine.417  

 

Further examples of solid state linkers of this type have been widely used in 

the construction of “reporter resins”, where the sulfonamide nitrogen is 

alkylated with a highly UV-active derivative such as anthracene (3-4, Figure 

3.3),419–423 or in synthetic methodology, for example by Pattarawarapan et 

al. for the synthesis of bifunctionalised scaffolds (3-5, Figure 3.4),424,425 and 

by Xin et al. for their synthesis of cyclic tetrapeptides (3-6).426 
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Figure 3.3 General structure of "reporter resins" containing anthracene. 

 
Figure 3.4 Two examples of solid-phase synthesis products achieved via 

strategies involving the 4-carboxyl-2-nitrobenzenesulfonamide group as a 

cleavable linker.424–426 

 
3.1.1.1 4-Carboxyl-2-nitrobenzenesulfonamide Linkers in Biology 

There are also notable examples of 4-carboxyl-2-nitrobenzenesulfonamide 

linkers being used in a biological context. Yokoshima et al. used a 4-carboxyl-

2-nitrobenzenesulfonamide for synthesis of photoaffinity probe 3-7 (Figure 

3.5).427 In this case cleavage of the conjugate can be achieved with 2-

mercaptoethanol in aqueous buffer, with cleavage over 7 to 12 hours in a 

NaHCO3-Na2CO3 buffer (pH 9.2), and 24 to 33 hours in a KH2PO4-NaHPO4 

buffer (pH 7.4).427 

 

Figure 3.5 General structure of probes developed by Yokoshima et al.427  

H
N

O

S
O O

N

O2N
NR2

3-4

HN O

S O
ON

NO2

Bn

OMe
NHBocNHBoc

HN

HN

NH

NH

O

N
O

O

O

R1

R2

R3

S O
O
NO2

NH
O

3-5 3-6

NHHN

S

O

Linker 1
N
H

O
NO2

S
O O

H
N Linker 2 Photoactive

Label Ligand

3-7



 174 

Ito et al. utilised a similar linker conjugated to a 19F-active coumarin dye (3-

8) and a bioluminogenic probe (3-9) for the study of glutathione transferase 

enzymes inside cells.428 Glutathione transferases (GSTs) are responsible for 

catalysing the nucleophilic attack of glutathione on a variety of molecules, 

primarily for the purposes of reducing their toxicity and facilitating their 

removal from cells.429,430 In this case, the sulfonamide/sulfonate esters 

synthesised bear an acetyl group para to the sulfonamide, as opposed to the 

amides seen in previous examples (Figure 3.6). Both compounds were 

successfully examined in vivo in E. coli, where clear differences can be 

observed in both fluorescence, 19F NMR and bioluminescence between 

strains capable or incapable of expressing GSTs. Lee et al. also employed a 

similar method for examining the presence of reactive cysteine residues in 

proteins post-exposure to reactive oxygen species (ROS), with biotin-

appended sulfonamide 3-10 designed as a probe for their detection.431 

 
Figure 3.6 Fluorescent/19F-active (3-8) and bioluminogenic (3-9) probes 

synthesised by Ito et al., and probe for detecting reactive cysteine residues 

in proteins developed by Lee et al. (3-10).428,431  
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prodrugs of doxorubicin (DNS-DOX).305 3-12 displays slower release of 

doxorubicin than 2,4-dinitrobenzenesulfonamide equivalent DNS-DOX, 

Me

O

S

NO2

N
H

O O

O O

CF3

Me

O

S

NO2

O

O O

O OMeO

H
N

O

S

NO2

O O

N

O
H
NO

S

HN
NH

O

4

H

H

3-8 3-9

3-10



 175 

which allows for a greater selectivity for cancer cells overexpressing certain 

glutathione-S-transferases.  

 

Figure 3.7 Structures of anticancer prodrugs containing etoposide (3-11) and 

doxorubicin (3-12), and 2,4-dinitrobenzenesulfonamide prodrug DNS-DOX. 

Drug moieties highlighted in red.432  

 
3.1.2 Antimicrobial Component 

As can be seen in the above examples, there is a literature precedent for the 

usage of 4-carboxyl-2-nitrobenzenesulfonamide as a thiol-reactive linker in 

a variety of scenarios. For formation of a biolabile linker based on the 4-

carboxyl-2-nitrobenzenesulfonamide template, an antimicrobial containing 

a suitable amine for sulfonamide formation is required. With this in mind, 

the antimicrobial unit chosen for incorporation into the biolabile linker 

construct was ciprofloxacin, a second-generation antibiotic of the 

fluoroquinolone class (Figure 3.8). In ciprofloxacin, the secondary amine of 

the piperazine ring provides a convenient site for attachment to a biolabile 

linker. Ciprofloxacin can be active against both Gram-positive and Gram-

negative bacteria.28,29  
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Figure 3.8 Structure of second-generation fluoroquinolone ciprofloxacin. 

 
As discussed in Chapter 1, fluoroquinolones have been used extensively in 

the design of previous siderophore conjugates both with and without 

biolabile linkers, although antimicrobial activity is often reduced in 

conjugates lacking biolabile linkers.189–192,194,195,261–263,342,433–436 Conjugation 

to the carboxylic acid group present in fluoroquinolones tends to be 

avoided; this moiety is key to the antimicrobial activity of ciprofloxacin,30,437 

and there are a limited number of biolabile linkers capable of releasing 

carboxylic acids (the linkers that do exist tend to contain ester linkages, 

which may prove labile in aqueous conditions).224,438,439 Another reason for 

the use of ciprofloxacin in this case is its clinical relevance; it is widely 

prescribed across many healthcare systems, including in the USA, where it 

was the 109th most commonly prescribed drug in 2018 (and the 6th most 

prescribed antibiotic).440,441 This widespread use has led to increasing 

resistance to ciprofloxacin, and fluoroquinolones in general.442–444 

Incorporating ciprofloxacin in a Trojan Horse conjugate may act to mitigate 

mechanisms of resistance associated with uptake.  

 

One potential drawback of ciprofloxacin is its solubility; while not 

hydrophobic from a partition coefficient standpoint, with a calculated logP 

of –1.53 (clogP, OSIRIS property explorer),445 and an experimental logD (logP 

at pH 7.40) of between –0.78446,447 and –1.13,447–449 it does display poor 

aqueous solubility in non-acidic conditions.181,450  

 

3.1.3 Siderophore Component 

The siderophore component selected for the design of this Trojan Horse 

conjugate was the hydroxamate-type siderophore desferrioxamine (DFO). 

As was noted in Chapter 2, the success of Trojan Horse conjugates vs. 

bacteria hinges on their ability of their siderophore component to bind iron 
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to allow for siderophore recognition and uptake. This in turn requires the 

siderophore component to compete effectively with native bacterial 

siderophores for acquisition of iron; weaker siderophores like the 

monocatechols employed in Chapter 2 can easily be outcompeted by higher 

denticity siderophores. As a hexadentate siderophore able to strongly 

coordinate iron, DFO is likely to be better able to compete with these native 

siderophores. Indeed, DFO has a pFe(III) value of 25.0, compared to 15.0 for 

the bidentate monocatechol N,N-dimethyl-2,3-dihydroxybenzamide (3-13), 

or 26.0 for the tetradentate bis(catechol) amonabactin T (Figure 3.9); it 

remains a weaker chelator than hexadentate catechol siderophores like 

enterobactin (pFe(III) = 35.5).96 A further consideration is the widespread 

uptake of DFO as a xenosiderophore by many bacterial species, including P. 

aeruginosa,451–453 S. aureus,104 and Klebsiella pneumoniae,454,455 which may 

grant the proposed conjugate a relatively broad spectrum of activity. 

 

Figure 3.9 Structures of hexadentate hydroxamate siderophore 

desferrioxamine, and three examples of catecholate siderophores of varying 

denticity, plus associated pFe(III) values at pH 7.40. Groups involved in iron 

coordination are highlighted in red.  
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Another advantage of DFO is its hydrophilicity. The hydrophobic nature of 

the chosen biolabile linker and poor aqueous solubility of ciprofloxacin may 

have implications for the aqueous solubility of the final compounds, and it 

was hoped the incorporation of DFO may go some way to balancing out any 

solubility issues. From a synthetic standpoint, DFO possesses a free amine 

group, ideal for coupling to the carboxylic acid in the 4-carboxyl-2-

nitrobenzenesulfonamide linker. Finally, unlike most tetra/hexadentate 

siderophores, DFO is commercially available, likely due to its use as a 

treatment for iron overload. This removes the need for a synthesis of the 

siderophore component at this early stage of developing a potential Trojan 

Horse system. 

 

3.2 Conjugate Design and Synthetic Plan 

A first synthetic target, 3-14, with ciprofloxacin as the antimicrobial 

component and DFO as the siderophore component, was proposed. 

Ciprofloxacin is attached to the potential SO2-releasing linker via the 

secondary amine of the piperazine ring, and DFO is attached via the 

carboxylic acid of the sulfonamide ring (Figure 3.10).  

 
Figure 3.10 Structure of proposed ciprofloxacin-desferrioxamine conjugate 

3-14. 

 

As mentioned above, DFO is commercially available, but in a form with no 

protection of its hydroxyl groups. To save adding extra 

protection/deprotection steps to the synthesis, and minimise the potential 

for degradation of the DFO component, the decision was made to start by 

coupling a protected ciprofloxacin moiety 3-15 with a protected 4-carboxyl-
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2-nitrobenzenesulfonyl chloride 3-16 to form a sulfonamide (3-17), followed 

by deprotection of the carboxyl group on the sulfonamide ring. The DFO 

component can then be incorporated via an amide coupling reaction with 

the primary amine unit of DFO (3-19, Scheme 3.3).  

 
Scheme 3.3 Key reaction sequence in proposed synthesis of DFO conjugate 

3-14.  

 

3.2.1 Synthetic Considerations for Sulfonyl Chlorides 

A key intermediate in the synthesis of 4-carboxyl-2-

nitrobenzenesulfonamide-based prodrugs is sulfonyl chloride 3-16. Unlike 

the 2,4-dinitrobenzenesulfonyl chloride utilised for synthesis of the 

conjugates discussed in Chapter 2, sulfonyl chlorides based on the 4-
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the synthesis of 4-carboxyl-2-nitrobenzenesulfonyl chloride derivatives, all 

of which employ oxidative chlorination of a thiol or benzyl thioether 

component to generate the sulfonyl chloride target.417,422,423,426,456 Given the 

electron-deficient nature of the 4-carboxyl-2-nitrobenzene ring, the 

required thiols/thioethers can be easily installed via nucleophilic aromatic 

substitution of the corresponding aryl halides (Scheme 3.4).423,426,456 

 
Scheme 3.4 Retrosynthetic analysis of sulfonyl chlorides. 

 

Synthesis of the sulfonyl chloride component was therefore envisaged to 

start from 4-chloro-3-nitrobenzoic acid, with protection of the carboxylic 

acid group followed by nucleophilic aromatic substitution of the chloro 

group with benzyl mercaptan to generate benzyl thioether 3-21 (Scheme 

3.6).423,426,431 While thiols can be installed in this position instead, and used 

for oxidative chlorination with a variety of reagents,456–458 concerns about 

disulfide formation and problems with thiol synthesis led to the choice of 

benzyl thioether 3-21 as a shelf-stable alternative.  

 
Scheme 3.5 Proposed synthetic route to sulfonyl chloride 3-16. 

 

Here, 1,3-dichloro-5,5’-dimethylhydantoin (DCDMH) was proposed as a 

reagent for oxidative chlorination of 3-21 (Scheme 3.6). DCDMH is used in 

industry as a bleaching agent and a disinfectant (notably in swimming pools); 

perhaps because of this it is remarkably affordable (£12.50 for 250 g). It is 

also relatively mild compared to most reagents used for oxidative 
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thioethers in 2010 by Pu et al.,459 and has since been used in a number of 

other synthetic routes requiring sulfonyl chloride synthesis.460–462 It has also 

been previously used with the 4-carboxyl-2-nitrobenzene ring system, with 

an amide at the 4-position rather than an ester.426 While these benzyl 

thioethers come with the benefit of increased stability compared to their 

thiol counterparts, there is the risk of byproduct formation due to the 

reactivity of the benzyl cation believed to be formed in the reaction.459 

 
Scheme 3.6 Structure of oxidative chlorination agent 1,3-dichloro-5,5’-

dimethylhydantoin (DCDMH) and the potential mechanism for oxidative 

chlorination of benzyl thioethers proposed by Pu et al.459  

 

3.2.2 Protecting Groups and Planned Synthetic Route to 3-14 

The choice of protecting groups for the synthetic route requires careful 

consideration, with the carboxylic acid groups on ciprofloxacin and the 4-

carboxyl-2-nitrobenzene ring both needing to be protected in an orthogonal 

fashion. In addition, with the deprotection of ciprofloxacin’s carboxylic acid 

being the last step of the synthesis, the conditions used for protecting group 

removal need to be compatible with all of the other functional groups 

present, including those on the DFO component. Helpfully, other DFO 

conjugates in the literature have proved stable to a range of conditions, 

including hydrogenation and TFA deprotection.463,464 

 

Due to the presence of the nitro group on the aromatic ring, hydrogenation 

cannot be used. Although DFO has been shown to be stable to basic 
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less stable to basic conditions, so use of base-labile protecting groups for the 

ciprofloxacin component (e.g. OMe) was initially avoided in pursuit of a 

ciprofloxacin derivative that could be used for the synthesis of any SO2-

ciprofloxacin conjugate.  

 

Based on the stability of DFO to trifluoroacetic acid (TFA), two TFA-labile 

protecting groups were suggested for ciprofloxacin protection: the t-butyl 

ester group (tBuO), and the trimethylsilylethanol group (TMSE). Based on the 

literature, the TMSE group appeared to offer more flexibility; it can be 

deprotected via TFA and also via a source of F− ions (e.g. TBAF),466 can be 

installed by simple ester coupling with trimethylsilylethanol,467,468 and even 

appears stable to other acidic deprotection conditions e.g. HCl.469–471 To 

install this protecting group, the piperazine nitrogen of ciprofloxacin must 

first be protected to avoid the amine reacting under ester coupling 

conditions. A simple Boc group was suggested for this purpose, which can 

be installed via reaction with Boc anhydride in the presence of sodium 

hydroxide to give 3-22,468,472 and removed post-coupling via reaction with 

e.g. HCl/MeOH, which should leave the trimethylsilyl group intact (Scheme 

3.7).471,473  

 
Scheme 3.7 Proposed synthetic route to TMSE-protected ciprofloxacin 3-24. 
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To complement this choice of protecting group for ciprofloxacin, a methyl 

ester group was selected to protect the 4-carboxyl group of the benzene ring 

(Scheme 3.8). The methyl ester group is easy to install via acid-catalysed 

esterification,474 can be deprotected under weakly basic conditions, is 

widely used for protection of 4-chloro-3-nitrobenzoic acid,423,474,475 and has 

already featured in a synthesis of the sulfonyl chloride derived from this 

aromatic ring.456 As mentioned above, sulfonamides derived from the 4-

carboxyl-2-nitrobenzene ring have also been shown to be stable to OMe 

deprotection in the literature.465  

 
Scheme 3.8 Proposed synthetic route to methyl ester-protected sulfonyl 

chloride component 3-27. 

 
Finally, the choice of amide coupling conditions for installation of 

desferrioxamine must be considered. A number of amide coupling reagents 

have been applied for synthesis of DFO derivatives in the literature, including 

EDC/HOBt,476 CDI,477 and HBTU.478 Any of these would likely be suitable for 

the synthesis, with HBTU proposed for the first synthetic plan (Scheme 3.9). 
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Scheme 3.9 Proposed synthetic route from sulfonyl chloride 3-27 to DFO 

conjugate 3-14. 

 

3.2.3 Synthetic Routes to Control Compounds 

A series of microbiological controls were also designed. As demonstrated in 
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antimicrobial activity from SO2 release alone should be examined to give a 

better idea whether any antimicrobial activity observed for 3-14 comes 

primarily from ciprofloxacin release, or from both ciprofloxacin and SO2 

release. To this end DFO conjugate 3-31 was designed as a “ciprofloxacin-

negative” (Cipro −) control. This follows the same synthetic route as 3-14, 

with the exception being the incorporation of morpholine in place of the 

ciprofloxacin structure as a partial mimic for the 6-membered piperazine 

ring found in ciprofloxacin (Scheme 3.10). 

 
Scheme 3.10 Planned synthetic route to morpholine-containing DFO +, Cipro 

− control 3-31. 

 

A third control, 3-34, was designed to try and determine whether 
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conjugates, and its electron-withdrawing ability for activation of the 

sulfonamide towards nucleophilic aromatic substitution. Control 3-34 could 
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Scheme 3.11 Planned synthetic route to Cipro +, DFO – control 3-34. 

 
Finally, ethyl amide 3-36 was designed as both a “ciprofloxacin-negative” 

and a “DFO-negative” control (Cipro –, DFO –). This would allow the effects 

of SO2 release from 4-carboxyl-2-nitrobenzene rings to be examined 

independent of ciprofloxacin release or the presence of siderophores. The 

synthesis of 3-36 was envisaged in one step from carboxylic acid 3-33 

(Scheme 3.12). 

 
Scheme 3.12 Proposed synthetic route to Cipro –, DFO – control 3-36.  

 
3.3 Conjugate Syntheses 

3.3.1 Sulfonyl Chloride Component 

The first step of the synthesis of the sulfonyl chloride component, methyl 

ester protection of the carboxylic acid of 4-chloro-3-nitrobenzoic acid 

(Scheme 3.13) proceeded smoothly. The 1H NMR spectrum of 3-25 is 

consistent with the literature,474 and the successful methylation is 

supported by the presence of a peak at m/z = 216.0055 in the ESI mass 

N

O

O

O
F

N
N

S
OO

NO2HO

O
EtNH2, EDC.HCl

HOBt, Et3N, DCM

N

O

O

O
F

N
N

S
OO

NO2N
H

O

SiMe3

SiMe3

N

O

OH

O
F

N
N

S
OO

NO2N
H

O

TFA
DCM

3-29

3-35

3-34

HO

O

S

NO2

N

O O

O
EtNH2, EDC.HCl

HOBt, Et3N, DCM
H
N

O

S

NO2

N

O O

O

3-33 3-36



 187 

spectrum, corresponding to an [M+H]+ molecular ion peak with a formula of 

C8H7ClNO4.  

 

Scheme 3.13 Methyl ester protection of 4-chloro-3-nitrobenzoic acid. a) 

H2SO4, MeOH, reflux, 18 h, 96%. 

 
The 1H NMR spectrum for 3-25, and indeed all subsequent 4-carboxyl-2-

nitrobenzene derivatives, displays a characteristic doublet/doublet of 

doublets/doublet multiplet pattern for the aromatic protons (Figure 3.11), 

consistent with the substitution pattern of the aromatic ring. The two 

doublets are easily recognisable from each other from their distinct coupling 

constants of 8.5 Hz and 2.0 Hz. 

 

Figure 3.11 Aromatic region of the 1H NMR spectrum of 3-25, demonstrating 

the characteristic multiplet pattern observed for the aromatic protons of 4-

carboxyl-2-nitrobenzene rings with substituents at the 1-position. 
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sodium adduct of the product (expected m/z = 326.0457 for [M+Na]+).The 

oxidative chlorination of 3-26 was carried out according to the methodology 

of Pu et al., utilising MeCN:AcOH:H2O as a solvent system (Scheme 3.14).459 

This proved successful in generating sulfonyl chloride 3-27, with the 1H NMR 

spectrum matching reported literature values for 3-27.423,456  

 

Scheme 3.14 Synthesis of benzyl thioether 3-26 and sulfonyl chloride 3-27. 

a) BnSH, DIPEA, MeOH (anhydrous), 0 °C to rt, 22 h, 91%; b) DCDMH, 

MeCN:AcOH:H2O (40:1.5:1), 0 °C, 3 h.  

 
Alongside the sulfonyl chloride, other byproducts are present (Figure 3.12). 

These stem from the proposed mechanism of the oxidative chlorination 

procedure (Scheme 3.6), which generates a benzyl cation from 

debenzylation of the thioether. This can then react with DCDMH, or the 

reaction solvents. The most obvious of these is benzyl chloride, from 

reaction of any chloride ions/chlorine formed with the benzylic cation; this 

displays a 1H NMR singlet at 4.59 ppm, consistent with literature spectral 

data.479,480 N-benzylacetamide, formed via a Ritter reaction between the 

benzyl cation and the acetonitrile solvent,459 is also present. This can be 

identified via a 1H NMR doublet at 4.44 ppm (2H) and a singlet at 2.04 ppm 

(3H), plus peaks in the ESI mass spectrum at m/z = 150.0913 and 172.0733, 

corresponding to the molecular ions [M+H]+ and [M+Na]+ respectively, 

which are consistent with adducts of formula C9H12NO and C9H11NNaO. Both 

of these byproducts were previously identified by Pu et al.459 The likely 

presence of benzyl acetate can also be observed via 1H NMR resonances at 

5.11 and 2.11 ppm, consistent with literature spectra, although its presence 

is not observed via ESI mass spectrometry.481,482  
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Figure 3.12 Identified byproducts from synthesis of sulfonyl chloride 3-27. 

 

3.3.2 Ciprofloxacin Component and Linker Coupling 

Before installation of the TMSE protecting group, the piperazine nitrogen of 

ciprofloxacin must first be protected; initially a Boc group was used. Boc-

ciprofloxacin 3-22 (previously synthesised by Nick Kyriacou) was subjected 

to ester coupling with trimethylsilylethanol in the presence of 

EDC.HCl/DMAP. This failed to yield any product after 24 hours, so a second 

coupling reagent, HBTU, was trialled instead. This proved successful, with 

TMSE-protected 3-23 isolated in 78% yield after column chromatography 

(Scheme 3.15). A small proportion (estimated 15-20% by 19F NMR) of a PF6 

salt derived from the HBTU coupling reagent, most likely NaPF6, remains 

present after the column. The success of the coupling reaction can be 

observed in the 1H NMR spectrum by the presence of the distinctive coupling 

pattern for the CH2 groups present in the TMSE group, which stems from 

restricted rotation around the central C-C bond.483 There is also a small 

upfield shift in the fluorine resonance observed in the 19F NMR spectrum 

from –120.9 ppm for 3-22 to –123.8 ppm for 3-23, and two peaks observed 

at m/z = 532.3647 and 554.2467 in the ESI mass spectrum, corresponding to 

molecular ions [M+H]+ and [M+Na]+ respectively. These are consistent with 

adducts of the expected molecular formula for 3-23 (C27H38FN3O5Si). 

 

Scheme 3.15 Synthesis of TMSE-protected Boc-ciprofloxacin 3-23. a) 

Trimethylsilylethanol, HBTU, DMAP, DIPEA, DCM (anhydrous), 24 h, 78%. 
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Removal of the Boc group on 3-23 to give 3-24 was initially attempted with 

HCl/MeOH (Scheme 3.16). Complete removal of the Boc group can be 

observed in the 1H NMR spectrum, with loss of the characteristic 9H singlet 

at 1.40 ppm. However, this reaction was hard to control, with the TMSE 

group also being partially removed under the reaction conditions to give 

fully deprotected ciprofloxacin hydrochloride 3-37. This can be seen clearly 

by comparison of the 19F NMR for starting material 3-23 with the sample 

containing 3-24 and 3-37; the minor peak at –121.7 ppm corresponds to the 

expected literature value for fully deprotected ciprofloxacin.484 The 

presence of both species can also be observed in the ESI mass spectrum, 

with peaks at m/z = 332.1407, corresponding to an [M+H]+ molecular ion of 

formula C17H19FN3O3, consistent with the formation of fully deprotected 

ciprofloxacin, as well as m/z = 432.2121, consistent with an [M+H]+ 

molecular ion of formula C22H31FN3O3Si, corresponding to product 3-24. 

 
Scheme 3.16 Synthesis of deprotected TMSE-ciprofloxacin 3-24, and 

formation of ciprofloxacin hydrochloride 3-37. a) 3 M HCl in MeOH, 0 °C, 1 

to 3.5 h.  

 

The Fmoc group was also trialled as an alternative to the Boc group. Fmoc 
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environments and CH2 peak corresponding to the Fmoc group in the 1H NMR 

spectrum are not observed in 3-40, indicating successful deprotection, and 

the ESI mass spectrum contains peaks at m/z = 432.2119 and 454.1940 

corresponding to [M+H]+/[M+Na]+ adducts of the desired molecular formula 

C22H30FN3O3Si. 

 
 
Scheme 3.17 Synthesis of TMSE-protected ciprofloxacin 3-40 from Fmoc-

protected ciprofloxacin 3-39. a) Trimethylsilylethanol, HBTU, DMAP, DIPEA, 

DCM (anhydrous), 24 h, 86%; b) Piperidine, DCM, 0 °C, 90 min, 68%.  

 
The synthesis of ciprofloxacin-sulfonamide unit 3-28 was carried out 

successfully via reaction of 3-27 and 3-40 in DCM with lutidine as a base 
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nitrobenzene ring in the 1H NMR spectrum shift relative to their position in 

the sulfonyl chloride; the doublets from 8.48 and 8.34 ppm to 8.28 and 8.10 

ppm respectively, and the doublet of doublets from 8.45 to 8.34 ppm. 

Furthermore, the ESI mass spectrum contains [M+H]+ and [M+Na]+ peaks at 

m/z = 675.1947 and 697.1765, consistent with the molecular formula 

C30H35FN4O9SSi. The crude product was purified by column chromatography; 

a portion of the N-benzyl acetamide byproduct from the synthesis of 3-27 

also co-eluted and was carried through to the next step.  

N

O

O

O
F

N
HN

SiMe3b

N

O

OH

O
F

N
FmocN

a
N

O

O

O
F

N
FmocN

SiMe3

3-38 3-39

3-40



 192 

 

Scheme 3.18 Synthesis of TMSE-protected ciprofloxacin-sulfonamide 3-28. 

a) 3-27, lutidine, DCM (anhydrous), 0 °C to rt, 72 h, 53%. 

 
Hydrolysis of the methyl ester of 3-28 was attempted using four equivalents 

of aqueous sodium hydroxide in 2:1 THF:MeOH. After stirring for one hour, 

the reaction mixture was neutralised with 1 M aqueous HCl, yielding a 

precipitate that proved sparingly soluble in organic solvents. Analysis by 1H 

NMR spectroscopy and ESI mass spectrometry revealed that, in addition to 

the methyl ester hydrolysis, the TMSE ester had also been hydrolysed to give 

dicarboxylic acid 3-41 (Scheme 3.19); the resonances corresponding to all 

three proton environments in the TMSE group are absent from the 1H NMR 

spectrum, and the ESI mass spectrum reveals a peak at m/z = 561.1098, 

consistent with the presence of an [M+H]+ molecular ion with the formula 

C24H22FN4O9S, indicating the hydrolysis of both esters to form 3-41.  

 
Scheme 3.19 Outcome of attempted selective hydrolysis of methyl ester of 

3-28, resulting in formation of dicarboxylic acid 3-41. a) NaOH (aq.), 2:1 

THF:MeOH, 1 h, then HCl (aq.). 
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This result was somewhat unexpected, given the stability of the TMSE group 

in a number of reactions carried out under aqueous basic conditions in the 

literature.485–489 To determine which part of the protocol (the deprotection 

with NaOH, or the subsequent addition of HCl) was responsible for the TMSE 

ester cleavage, the basic conditions were replicated using Boc-protected 

ciprofloxacin TMSE (3-23); in this case the solvent was removed under 

vacuum without performing the neutralisation step with HCl (Scheme 3.20). 

Cleavage of the TMSE ester was observed by 1H NMR spectroscopy, with the 

loss of the CH2 resonances and 9H singlet for the TMSE group, and ESI mass 

spectrometry, with a peak observed at m/z = 454.1753, corresponding to an 

[M+Na]+ adduct of molecular formula C22H26FN3NaO5, consistent with the 

formation of a derivative of Boc ciprofloxacin 3-22 (likely sodium-bound 3-

42). This indicates the basic conditions alone were responsible for the TMSE 

ester hydrolysis.  

 
Scheme 3.20 Examination of conditions resulting in the hydrolysis of TMSE 

ester. a) NaOH (aq.), 2:1 THF:MeOH, 1 h, quantitative.  

 

3.3.3 Revised Synthetic Route to 3-14  
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may not possess this same stability, requiring another change in 

ciprofloxacin protecting group to accommodate them, as will be seen in 

Chapter 4.  

 
Scheme 3.21 Revised synthetic route to sulfonyl chloride 3-45. Key 

protecting group changes are highlighted in red. 

 

 
 

Scheme 3.22 Revised synthetic route to DFO conjugate 3-14. Key protecting 

group changes are highlighted in red, and deprotection conditions in blue. 

 
 

HO

O

Cl

NO2
tBuO

O

Cl

NO2 MeOH

tBuO

O

SBn

NO2
tBuO

O

S

NO2

Cl

O O

DCDMH

DMAP, DCM

tBuOH
EDC.HCl

BnSH,
DIPEA

MeCN:AcOH:H2O

4-Chloro-3-nitro
benzoic acid

3-43

3-44 3-45

N

O

OMe

O
F

N
HN

3-45
Et3N

DCM

N

O

OMe

O
F

N
N

S
OO

NO2tBuO

O TFA

DCM

N

O

OMe

O
F

N
N

S
OO

NO2HO

O DFO.OMS, HBTU
DIPEA, DMF, 50 ℃

S

O

N

O O
F

N
N

O O

NO2

OR

N
H

N
HO

O

HN

O

N
OH

O
N
H

O

N
OH

O

NaOH
MeOH:H2O

3-46

3-47

3-48

3-49: R = OMe

3-14: R = OH



 195 

Synthesis of the new tert-butyl protected sulfonyl chloride 3-45 proceeded 

in 32% yield over 3 steps (Scheme 3.23). It followed a similar path to the 

original sulfonyl chloride synthesis: esterification of 4-chloro-3-nitrobenzoic 

acid with tert-butyl alcohol to give 3-43 was followed by reaction with benzyl 

mercaptan to yield thioether 3-44. Successful formation of 3-43 can be 

confirmed by the presence of a tert-butyl singlet at 1.60 ppm in the 1H NMR 

spectrum, and synthesis of 3-44 can be confirmed by the presence of benzyl 

aromatic peaks between 7.45 and 7.28 ppm and a benzyl CH2 peak at 4.24 

ppm, as well as the presence of a peak at m/z = 368.0924 in the ESI mass 

spectrum, corresponding to an [M+Na]+ adduct of molecular formula 

C18H19NNaO4S. Oxidative chlorination of 3-44 with DCDMH gave the desired 

sulfonyl chloride 3-45; the t-Bu ester proved stable to the small amounts of 

aqueous acid present in the solvent system. The 1H NMR resonances 

corresponding to the benzyl ether are lost, alongside changes in the 

chemical shifts of the protons on the 4-carboxyl-2-nitrobenzene ring 

compared to thioether 3-44, most notably the proton ortho to the sulfonyl 

chloride, which appears at 8.30 ppm in the 1H NMR spectrum of 3-45 

compared to 7.49 ppm in the 1H NMR spectrum of 3-44.  

 
Scheme 3.23 Synthesis of t-Bu ester protected sulfonyl chloride 3-45. a) t-

BuOH, EDC.HCl, DMAP, DCM, 18 h, 52%; b) BnSH, DIPEA, MeOH (anhydrous), 

0 °C to rt, 18 h, 71%; c) 1,3-dichloro-5,5’-dimethylhydantoin, 

MeCN:AcOH:H2O (40:1.5:1), 0 °C to rt, 3 h, 86%. 

 
Coupling of the sulfonyl chloride to ciprofloxacin methyl ester 3-46 

(previously synthesised by Dr Thomas Sanderson) yielded sulfonamide 3-47 

(Scheme 3.24). The 1H NMR spectrum of 3-47 contains the three resonances 

corresponding to both the 4-carboxyl-2-nitrobenzene ring, and resonances 

corresponding to ciprofloxacin (most notably the singlet at 8.57 ppm, and 
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the fluorine-coupled doublet at 8.08 ppm, with a large coupling constant of 

13.0 Hz), suggesting successful formation of 3-47. Further supportive 

evidence comes from ESI mass spectrometry, which displays peaks at m/z = 

631.1870 and 653.1689 that can be assigned to [M+H]+ and [M+Na]+ 

molecular ions consistent with molecular formulas of C29H32FN4O9S and 

C29H31FN4NaO9S respectively.  

 
Scheme 3.24 Synthesis of protected ciprofloxacin-sulfonamide 3-47. a) 3-45, 

Et3N, DCM (anhydrous), 0 °C to rt, 24 h, 86%.  

 

Due to the similarities in Rf (TLC) between some of the byproducts carried 

through from the synthesis of 3-45 and 3-47 itself, the crude product was 

used without purification for the next step, cleavage of the t-Bu ester with 

TFA/DCM (Scheme 3.25). Successful cleavage can be observed from the loss 

of the characteristic tert-butyl singlet in the 1H NMR spectrum (9H, 1.56 ppm 

in DMSO-d6), as well as the presence of peaks at m/z = 575.1248 and 

597.1064 in the ESI mass spectrum, corresponding to molecular ions [M+H]+ 

and [M+Na]+ respectively. These are both consistent with ESI adducts of 

molecular formula C25H23FN4O9S. The resulting carboxylic acid can be 

purified by column chromatography to successfully remove these 

byproducts, however this returned <50% yield of 3-48, and residual acetic 

acid from the eluent proved hard to remove, even after repeated drying 

steps. Further experimentation with purification conditions determined that 

trituration of the solid with 10% v/v MeOH in Et2O facilitated removal of 

remaining TFA from the ester cleavage, and the byproducts from the sulfonyl 

chloride synthesis, returning 3-48 in 54% yield. This can be observed from 

the loss of the aromatic resonances corresponding to benzyl chloride/N-
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benzylacetamide/benzyl acetate in the 1H NMR spectrum, and the 

disappearance of the TFA peak at –74.3 ppm in the 19F NMR spectrum. 

 
Scheme 3.25 Synthesis of deprotected ciprofloxacin-sulfonamide 3-48. a) 

TFA (25% v/v), DCM (anhydrous), 4 h, 54%. 

 
The coupling of DFO to 3-48 was initially attempted with HBTU as a coupling 

agent, but this proved unsuccessful, with a low yield and an impure product 

obtained. It was decided to instead synthesise an NHS ester of 3-48, and 

carry out an amide coupling avoiding the use of coupling reagents. 

 

The synthesis of NHS ester 3-50 was carried out using EDC.HCl as a coupling 

agent (Scheme 3.26). The presence of the NHS ester can be observed as a 

broad singlet in the 1H NMR spectrum at 2.95 ppm, and the ESI mass 

spectrum for the product displays peaks at m/z = 672.1396 and 694.1211 

which can be assigned as [M+H]+/[M+Na]+ adducts of molecular formula 

C29H27FN5O11S and C29H26FN5NaO11S respectively. 3-50 is unstable, with 1H 

NMR spectroscopic analysis showing it decomposing back to the parent 

carboxylic acid over a period of days (this instability can also be seen in the 

HPLC trace in Figure 3.13), and also decomposes when purification is 

attempted by column chromatography.  

 

Therefore batches of 3-50 were reacted with DFO mesylate immediately 

following the EDC-mediated coupling, with 3-50 used in slight excess to 

ensure 100% consumption of the DFO component. The reaction of 3-50 with 

DFO mesylate is carried out in the presence of triethylamine in DMF at 50 

°C. Following removal of the DMF in vacuo, trituration of the resulting 
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residue in MeCN yields 3-49 as a yellow solid. Successful coupling was 

confirmed via 1H NMR spectroscopic analysis, with a shift in the quartet 

corresponding to the CH2 group adjacent to the terminal DFO amine from 

2.76 ppm in the 1H NMR spectrum of DFO mesylate to 3.27 ppm in 3-49, 

suggesting successful formation of an amide. In addition the ESI mass 

spectrum displayed a peak at m/z = 1117.4746, consistent with an [M+H]+ 

molecular ion of formula C50H70FN10O16S, and a peak at m/z = 1139.4508, 

consistent with an [M+Na]+ molecular ion of formula C50H69FN10NaO16S. 

HPLC also suggested successful conversion of 3-50 to a new product, with 

no trace of the NHS peak at a retention time of 8.64 minutes, and a new 

peak present at a retention time of 6.12 minutes (Figure 3.13). 

 
Scheme 3.26 Synthesis of DFO conjugate 3-49 via NHS ester 3-50. a) NHS, 

EDC.HCl, DCM (anhydrous), 21 h; b) Desferrioxamine mesylate (0.95 eq.), 

Et3N, DMF, 50 °C, 24 h, 83% over two steps.  
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Figure 3.13 Overlaid HPLC traces for compounds 3-48, 3-50 and 3-49. 

Recorded on an Agilent HPLC, Eclipse XDB-C18 column, 30-70% MeCN:H2O, 

220 nm wavelength. 

 

3.3.4 Final Methyl Ester Deprotection and Attempted Purification  

The final ester hydrolysis step to give conjugate 3-14 required optimisation 

of the equivalents of NaOH needed to remove the methyl ester; an initial 

reaction failed to achieve complete deprotection, so the deprotection 

conditions were trialled on the carboxylic acid 3-48 (Scheme 3.27). Addition 

of 10 equivalents of NaOH led to complete deprotection when the reaction 

was stirred for 24 hours, yielding dicarboxylic acid 3-41 following 

neutralisation with 1 M aq. HCl. This is evidenced by shifts in the aromatic 

region, and the observed loss of the methyl singlet resonance in the 1H NMR 

spectrum, a shift of the fluorine resonance from –124.6 ppm to –121.8 ppm 

in the 19F NMR spectrum, with the lower shift consistent with deprotected 

ciprofloxacin, and finally by ESI mass spectrometry, with peaks at m/z = 

561.1086, 583.0890 and 605.0715 assigned to molecular ions [M+H]+, 

[M+Na]+ and [M+2Na-H]+ respectively, all of which are consistent with the 

desired product.  
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Scheme 3.27 Test of NaOH-mediated deprotection conditions carried out on 

3-48. a) 1 M aq. NaOH (10 eq.), 3:1 MeOH:H2O, 21 h. 

 
These conditions transferred successfully to the deprotection of 3-49. 

Addition of HCl post-reaction of 3-49 with NaOH resulted in the formation 

of a yellow-white precipitate; centrifugation, followed by removal of the 

solvent gave 3-14 as a yellow-white solid (Scheme 3.28). Successful 

deprotection of 3-14 was confirmed in a similar fashion to 3-48, with 

observed loss of the methyl ester singlet at 3.73 ppm in the 1H NMR 

spectrum, a shift in the ciprofloxacin fluorine resonance in 19F NMR from –

124.6 ppm to –121.8 ppm, and peaks at m/z = 1103.4534, 1125.4342 and 

1147.4177 in the ESI mass spectrum, which can be assigned to [M+H]+, 

[M+Na]+ and [M+2Na-H]+ molecular ion peaks consistent with adducts of 

molecular formula C49H67FN10O16S. HPLC analysis appeared to suggest the 

compound contained a small amount of dicarboxylic acid 3-41 (among other 

small impurities), likely from deprotection of any remaining starting material 

from the DFO coupling step; this is supported by the presence of small peaks 

corresponding to 3-41 observed in the 1H NMR spectrum, and a peak at the 

same retention time as 3-41 in the analytical HPLC (Figure 3.14). 
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Scheme 3.28 NaOH-mediated methyl ester hydrolysis to yield 3-14. a) NaOH 

(aq., 10 eq.), 3:1 MeOH:H2O, 24 h, c. 60%. 

 
Figure 3.14 Overlaid HPLC traces for deprotected DFO conjugate 3-14 and 

dicarboxylic acid 3-41. Recorded on a Shimadzu HPLC at 254 nm detection 

on an Eclipse XDB-C18 column, 25-70% MeCN:H2O. 

 
The HPLC trace for conjugate 3-14 can be seen to contain two overlapping 

peaks between 7.25 and 7.50 minutes; these both have identical UV-vis 
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spectra (as measured via the HPLC), and later LCMS analysis of the peaks 

revealed ESI mass spectra with peaks observed at m/z = 1178.3463 and 

1178.3464 for each HPLC peak respectively, consistent with an [M+Na]+ 

molecular ion of the iron-bound DFO conjugate, with a molecular formula of 

C49H64FFeN10NaO16S. The presence of these peaks could indicate the 

presence of two different species of 3-14, possibly an iron-bound and an 

iron-unbound version.  

 

With a clear difference in peak elution times between 3-14 and the 

impurities observed in the HPLC traces, preparative HPLC was chosen as a 

purification method. Three batches of 3-14 were sent to an external 

company, Reach Separations, for purification. Their analysis of the batches 

also displayed two peaks at retention times of 7.15 and 7.34 minutes in each 

sample by HPLC; these were analysed further by LCMS. The second of the 

two HPLC peaks (7.34 min) contains mass spectral peaks at m/z = 578.96 and 

1156.33 respectively (both averages of the three batches, ranges = 578.94-

578.97 and 1156.28-1156.35). The peak at 1156.33 is consistent with an 

[M+H]+ molecular ion peak for an iron-bound version of conjugate 3-14 

(expected m/z = 1156.3629, Figure 3.15). The peak at 578.96 is close to the 

[M+2H]2+ peak (expected m/z = 578.6851), but not an exact mass. 

 
Figure 3.15 Observed peaks in LCMS analysis of second overlapping HPLC 

peak at 7.34 min, and structure of iron conjugate 3-51 consistent with 

observed mass (data obtained by Reach Separations).  
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The origin of the first HPLC peak at 7.15 minutes is a little less clear, although 

there are various possibilities. Again, two mass spectral peaks are observed 

at m/z = 564.50 and 1127.42 respectively (averages of 3 batches, ranges = 

564.49-564.51 and 1127.37-1127.51). The closest plausible structures to this 

mass are aluminium and silicon-bound versions of conjugate 3-14 (Figure 

3.16). Desferrioxamine has previously been shown to bind Al(III) ions, albeit 

with a lower stability constant than iron,491 and silicon conjugates of 

enterobactin/salmochelin have been observed in the literature.492 Predicted 

aluminium (Al3+) conjugate 3-52 has an expected m/z = 1127.4095 for the 

[M+H]+ molecular ion, and silicon (Si4+) conjugate 3-53 has an expected m/z 

= 1127.3971 for the [M]+ molecular ion. The corresponding 2+ molecular ion 

peaks, [M+2H]2+ and [M+H]2+, have expected m/z = 564.2084 and 564.2022 

respectively, so could potentially correlate to the peak at 564.50. 

 
Figure 3.16 Observed peaks in LCMS analysis of first overlapping HPLC peak 

at 7.15 min, and structure of aluminium/silicon conjugates consistent with 

observed mass (data obtained by Reach Separations). 

 

N N

F
O

OH

O

Si4+

O

O

N

O

NH
O

N

O

O

HN

O

O
N

N
H

O

S

NO2

O O

N

N N

F
O

OH

O

Al3+

O

O

N

O

NH
O

N

O

O

HN

O

O
N

N
H

O

S

NO2

O O

N

3-52

3-53



 204 

Reach Separations were unable to purify conjugate 3-14 by preparative 

HPLC, with collected fractions from 3-14 displaying an HPLC profile very 

similar to the crude analysis, suggesting poor separation of 3-14 from the 

impurities present. In addition, they reported “decomposition” of the 

compound when in solution over a 24-hour period (although they don’t 

state how this was observed). In the author’s hands, no decomposition was 

observed by HPLC when a solution of 3-14 in DMSO with a concentration of 

12 mg/mL was left over a 42-hour period (equivalent to the concentration 

used for their purification attempts), with no new peaks emerging in the 

HPLC trace. There is a slight change in the appearance of the peak for 3-14, 

from a broad peak after 15 minutes (possibly from two overlapping peaks), 

to a single defined peak after 19 hours, possibly indicating conversion of the 

unbound DFO to one of the complexed species seen above. 

 

The purity of the crude 3-14 was examined by quantitative 1H/19F NMR 

spectroscopy to determine its suitability for further studies. Stock solutions 

of 3-14 and fluorobenzene in DMSO-d6 were made up, and combined to give 

a solution which should contain a 1:1 ratio of 3-14 to fluorobenzene if 3-14 

is 100% pure. Comparison of the integration of the flurobenzene protons in 

the 1H NMR spectrum to the resonances corresponding to aromatic protons 

in 3-14 suggested a purity of 90%. The resonances at 2.99 ppm, 2.57 ppm 

and 2.26 ppm suggest a similar purity (average 89%), while the methyl 

singlet at 1.96 ppm suggests a purity of 76%. It should be noted that the 

methyl resonance consistently displays a lower integration than expected 

when compared to other peaks in DFO, both in samples of pure DFO 

mesylate, and in other literature studies, so this may account for the lower 

purity estimate, and it can likely be discounted.493,494 Surprisingly, the 19F 

NMR spectrum suggests an excess of 3-14 is present compared to 

fluorobenzene; this was also discounted as an anomalous result. The purity 

was considered high enough for biological studies of the unpurifed 

conjugate to take place.  
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3.3.5 Synthesis of Microbiological Control Compounds  

The synthesis of Cipro +, DFO – control 3-34 was initially attempted from 

ciprofloxacin-sulfonamide conjugate 3-48, with amide coupling to yield 

intermediate 3-54 attempted with EDC.HCl, HOBt and ethylamine. When 

this proved unsuccessful, a reaction of ethylamine with NHS ester 3-50 was 

also attempted, again with no success (Scheme 3.29). 

 
Scheme 3.29 Attempted synthesis of 3-54 from 3-48. a) EtNH2 (2 M in THF), 

EDC.HCl, HOBt, Et3N, DCM, 48 h; b) 1) NHS, EDC.HCl, DCM (anhydrous), 24 

h; 2) EtNH2 (2 M in THF), Et3N, THF, 48 h. 

 
An alternate route to 3-34 was envisaged from benzyl thioether 3-26. NaOH-

mediated deprotection of the thioether according to literature conditions426 

yields carboxylic acid 3-55 in 81% yield. Successful formation can be 

confirmed by the observed loss of the methyl ester singlet in the 1H NMR 

spectrum, and the ESI negative mass spectrum, with a peak at m/z = 

288.0340, consistent with an [M–H]– peak corresponding to a molecular 

formula of C14H10NO4S. 3-55 can then be coupled to ethylamine to give 

amide 3-56 (Scheme 3.30). The 1H NMR spectrum of 3-56 displays a broad 

amide NH resonance at 6.13 ppm, and the characteristic ethyl 

triplet/quartet (in this case a dq) pattern at 1.27 and 3.51 ppm respectively. 

A molecular ion peak [M+H]+ can be observed at m/z = 317.0955 in the ESI 

positive ion mass spectrum of 3-56, corresponding to the molecular formula 

C16H17N2O3S. This is replicated in the ESI negative ion mass spectrum, with 

an [M–H]– peak at m/z = 315.0813, which is consistent with a molecular 

formula of C16H15N2O3S.  
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Scheme 3.30 Synthesis of ethyl amide 3-56. a) NaOH, 1:1 THF:MeOH, 15 h, 

81%; b) EtNH2.HCl, EDC.HCl, HOBt, Et3N, DCM (anhydrous), 20 h, 80%. 

 

Ethyl amide 3-56 was subjected to oxidative chlorination to form sulfonyl 

chloride 3-57 using the DCDMH-based conditions employed earlier. 

Successful formation of 3-57 is supported via the observed loss of the benzyl 

CH2 singlet at 4.24 ppm in the 1H NMR spectrum, and the presence of peaks 

at m/z = 292.9982 and 314.9808 observed in the ESI mass spectrum, which 

can be assigned as [M+H]+ and [M+Na]+ molecular ions consistent with 

molecular formulas C9H10
35ClN2O5S and C9H9

35ClN2NaO5S respectively. 3-57 

was then coupled to ciprofloxacin methyl ester (3-46) to give 3-54 (Scheme 

3.31). Successful formation of 3-54 is supported by observed shifts in the 

positions of the characteristic d/dd/d resonances for the 4-ethylamide-2-

nitrobenzenesulfonamide compared to sulfonyl chloride 3-57; the doublets 

display shifts from 8.31 to 8.17 ppm and 8.25 to 8.38 ppm, and the doublet 

of doublets from 8.19 to 8.26 ppm. Furthermore, observed peaks in the ESI 

mass spectrum at m/z = 602.1724 and 624.1547, which can be assigned as 

[M+H]+ and [M+Na]+ molecular ions consistent with molecular formulas of 

C27H29FN5O8S and C27H28FN5NaO8S. Unfortunately, attempting NaOH-

mediated deprotection of 3-54 under similar conditions to those employed 

for 3-14 (10 eq. NaOH, MeOH:H2O) failed to give control 3-34, and instead 

resulted in decomposition over an extended reaction time, with a number 

of different peaks observed in the 19F NMR spectrum, and the aromatic 

region of the 1H NMR spectrum, indicating the formation of multiple 

products.  
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Scheme 3.31 Attempted synthesis of control compound 3-34. a) 1,3-

dichloro-5,5’-dimethylhydantoin, MeCN:AcOH:H2O (40:1.5:1), 0 to 20 °C, 24 

h; b) 3-46, Et3N, DCM (anhydrous), 26 h, 78% over 2 steps; c) NaOH (1 M aq., 

10 eq.), MeOH:H2O (3:1), 96 h.  

 

The use of unprotected ciprofloxacin in the sulfonamide formation was then 

trialled, with sulfonyl chloride 3-57 present in excess. This resulted in the 

successful formation of control 3-34 (Scheme 3.32). The chemical shifts of 

the protons on the sulfonamide ring shift in an analogous pattern to those 

for 3-54 (doublets from 8.31 to 8.17 ppm and 8.25 to 8.38 ppm, and the 

doublet of doublets from 8.19 to 8.26 ppm). In addition, a peak can be 

observed at m/z = 610.1383 in the ESI mass spectrum, corresponding to an 

[M+Na]+ adduct of molecular formula C26H26FN5NaO8S.  

 

Scheme 3.32 Synthesis of Cipro +, DFO – control 3-34. a) Ciprofloxacin, Et3N, 

DCM, 22 h, 78%.  

 
The synthesis of Cipro –, DFO – control 3-36 was initially attempted via a 

similar route to 3-34. Instead of ciprofloxacin, sulfonyl chloride 3-57 was 

reacted with morpholine to successfully yield control 3-36 (Scheme 3.33). 
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Successful synthesis can be supported by the presence of multiplets at 3.74 

and 3.30 ppm in the 1H NMR spectrum, which can be assigned to the 

morpholine protons, and a peak at m/z = 366.0727 in the ESI mass spectrum, 

consistent with an [M+Na]+ adduct of molecular formula C13H17N3NaO6S. 

However, separation of 3-36 from the byproducts of the sulfonyl chloride 

synthesis proved problematic, especially in the case of N-benzylacetamide, 

which co-elutes with 3-36 after column chromatography.  

 
Scheme 3.33 Initial synthetic route to Cipro –, DFO – control 3-36 from 3-57. 

a) DCDMH, MeCN:AcOH:H2O, (40:1.5:1), 0 °C, 24 h; b) Morpholine, Et3N, 

DCM (anhydrous), 0 °C to rt, 23 h. 

 
A new route was devised, with the order of synthesis steps altered. Benzyl 

thioether 3-26 was reacted with DCDMH to generate methyl ester protected 

sulfonyl chloride 3-27, which was then reacted with morpholine to yield 

sulfonamide 3-32 (Scheme 3.34). Multiplets corresponding to the 

morpholine protons can be observed at 3.75 and 3.32 ppm in the 1H NMR 

spectrum, and the ESI mass spectrum displays peaks at m/z = 331.0594 and 

353.0415, which can be assigned as [M+H]+ and [M+Na]+ peaks consistent 

with molecular formulas C12H15N2O7S and C12H14N2NaO7S respectively. The 

crude product was then subjected to NaOH-mediated ester hydrolysis to 

give carboxylic acid 3-33. The loss of the methyl ester singlet in the 1H NMR 

spectrum supported successful hydrolysis, as does peaks observed at m/z = 

292.9982 and 314.9808 in the ESI mass spectrum, consistent with [M+H]+ 

and [M+Na]+ adducts with molecular formulas of C11H13N2O7S and 

C11H12N2NaO7S. The product 3-33 can now be subjected to amide coupling 

with ethylamine to give control 3-36, which was obtained in 52% yield 

following column chromatography. 
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Scheme 3.34 Alternative synthesis of Cipro –, DFO – control 3-36 from 3-26. 

a) DCDMH, MeCN:AcOH:H2O, (40:1.5:1), 0 °C, 3 h; b) Morpholine, Et3N, DCM 

(anhydrous), 0 °C to rt, 18 h; c) NaOH (aq.), THF:MeOH (1:1), 24 h, 71% over 

3 steps; d) EtNH2.HCl, EDC.HCl, HOBt, Et3N, DCM (anhydrous), 23 h, 52%. 

 
3-33 was also used for the synthesis of Cipro –, DFO + control 3-31. Here, 3-

33 was first converted to NHS ester 3-58, which undergoes reaction with 

DFO mesylate in a similar fashion to 3-50, resulting in the successful 

synthesis of control 3-31 (Scheme 3.35). Evidence for formation of NHS ester 

3-58 comes from the presence of a broad singlet observed at 2.94 ppm in 

the 1H NMR spectrum with a relative integration of 4H, corresponding to the 

NHS protons, and a peak in the ESI mass spectrum at m/z = 436.0419, 

corresponding to an [M+Na]+ molecular ion of formula C15H15N3NaO9S. 

Formation of control 3-31 is supported by a shift in the CH2 protons adjacent 

to the terminal DFO amine from 2.76 ppm in the 1H NMR spectrum of DFO 

mesylate to 3.27 ppm in the 1H NMR spectrum of 3-31, and furthermore the 

presence of a peak at m/z = 881.3715 in the ESI mass spectrum, consistent 

with an [M+Na]+ molecular ion of molecular formula C36H58N8NaO14S.  
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Scheme 3.35 Synthesis of Cipro –, DFO + control 3-31. a) NHS, EDC.HCl, DCM 

(anhydrous), 25 h; b) Desferrioxamine mesylate, Et3N, DMF, 50 °C, 24 h, 72% 

over 2 steps. 

 

The purities of Cipro –, DFO + control 3-31 and Cipro +, DFO – control 3-34 

were assessed by quantitative 1H NMR spectroscopy in a similar manner to 

3-14. Maleic acid was used instead of fluorobenzene as a quantitative NMR 

standard. Comparison of integrations for the aromatic region of 3-31 (Cipro 

–, DFO +) suggests a purity of 94%; integrations in the alkyl region suggested 

an excess of 3-31 vs. maleic acid, but this likely comes from a poorly-resolved 

baseline. Similar results were obtained for 3-34, with an average purity of 

96% based on integrations for the aromatic protons. Cipro –, DFO – control 

3-36 displayed high purity via 1H NMR spectroscopy and elemental analysis. 

 
3.4 Aqueous Solubility of Compounds 

Before undertaking SO2 release studies or biological studies of conjugate 3-

14 and the associated control compounds, their solubility in aqueous media 

was examined. The solubility of the compounds determines whether they 

can be successfully studied further in liquid media, especially in the case of 

antibacterial studies, where compound precipitation can interfere with 

assay results. With the hydrophobic 4-carboxyl-2-nitrobenzene and 

ciprofloxacin components of conjugate 3-14, poor solubility in aqueous 

media is a potential concern. 
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The solubility of the conjugates was examined in Mueller-Hinton II Broth 

(MHII). This medium consists of casein hydrolysate, beef extract and starch, 

plus MgSO4 and CaCl2. MHII is often recommended as a growth medium for 

standardised MIC testing protocols,495–499 and is widely used for the study of 

Trojan Horse conjugates,118,170,187,193,264 with the addition of supplemental 

2,2’-bipyridine (bpy) to enforce iron-limited conditions. Experiments by 

James Southwell in the AKDK group have demonstrated that treating MHII 

broth with a Chelex resin, and then adding bpy to complex any remaining 

iron, yields a medium in which bacterial growth displays “true” iron limited 

behaviour (i.e. the rate of bacterial growth differs significantly between the 

iron-limited and iron-rich conditions). 

 

Controls 3-31 and 3-36 are soluble in DMSO at a concentration of 10 mM. 

Control 3-34 is less soluble, with a maximum concentration around 5 mM 

following sonication; some minor precipitation of the compound at this 

concentration was observed after three months. Conjugate 3-14 is only 

partially soluble at 10 mM, with an insoluble film persisting around the edges 

of the solution; complete dissolution is achieved upon dilution to 1.25 mM. 

The solubility of 3-14 and the three controls in MHII was examined at two 

DMSO concentrations relevant to biological studies: 2% DMSO in MHII, 

which is the percentage of organic solvent employed in 96-well plate growth 

assays, and 50% v/v DMSO:MHII broth, which is required for the 

determination of MIC values by broth dilution. Solubility was assessed 

visually, with a clear solution taken to indicate full solubility of the 

compounds. MHII was syringe filtered before the solubility tests to remove 

any solid particles from the media. The solubilities of the compounds are 

displayed in Table 3.1. 
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Compound Solubility (2% DMSO:MHII)  Solubility (50% DMSO:MHII)  

3-14 < 25 µM 125 to 312.5 µM 

3-31 > 200 µM ND 

3-34 < 25 µM 125 to 250 µM 

3-36 > 200 µM ND 

Table 3.1 Solubilities observed for 3-14 and control compounds in 2% DMSO 

in MHII and 50% v/v DMSO in MHII. ND = not determined.  

 
As can be seen from the data in Table 3.1, both ciprofloxacin conjugates 3-

14 and 3-34 display limited solubility in MHII. Given the sub-micromolar 

activity of ciprofloxacin,189,264,435 these limited solubilities may not be a 

problem in antimicrobial assays, but they indicate a significant limitation on 

the use of the 4-carboxyl-2-nitrobenzene linkers in systems containing other 

hydrophobic or poorly soluble components like ciprofloxacin. 

 

3.5 Iron Complexation Studies via Native ESI Mass Spectrometry 

As a hexadentate siderophore, DFO is expected to coordinate Fe(III) in a 1:1 

ratio.500,501 To examine the iron-coordinating ability of the DFO conjugates, 

native ESI mass spectrometry was used to probe the species formed when a 

DFO conjugate was mixed with FeCl3 in solution. Native ESI mass 

spectrometry is an approach to mass spectrometry where the analytes, 

typically biomolecules, are sprayed into the spectrometer from a non-

denaturing solvent;502 this has the advantage of maintaining the structures 

present in solution to a greater extent than traditional ESI mass 

spectrometry, minimising events like protein unfolding. This technique can 

also be applied to the study of siderophore-iron complexes.436,503,504 

 

Cipro –, DFO + control 3-31 was selected for this experiment due to its high 

aqueous solubility. The buffer selected for the native ESI mass spectrometry 

was ammonium acetate, a volatile buffer that is commonly used for native 

ESI experiments.505 Stock solutions of FeCl3 (1 mM aq.) and control 3-31 (1 

mM in DMSO) are combined to yield an orange solution, suggesting 

formation of the desired Fe(III) complex (3-59, Figure 3.17). The solvent was 

removed under vacuum, and the resulting residue re-dissolved in 
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ammonium acetate buffer at pH 7.40, yielding a slightly cloudy suspension, 

which was filtered and the filtrate submitted for analysis. The resulting ESI 

mass spectrum displays three peaks at m/z = 912.3023, 934.2840 and 

950.2591 respectively, consistent with [M+H]+, [M+Na]+ and [M+K]+ adducts 

of molecular formulas C36H56FeN8O14S, C36H55FeN8NaO14S and 

C36H55FeKN8O14S respectively, all of which display the expected 1:1 

DFO:Fe(III) coordination. 

 

Figure 3.17 Structure of complex 3-59 observed by native ESI mass 

spectrometry. 

 
3.6 SO2 Release Studies 

As with the conjugates studied in Chapter 2, examining SO2 release from the 

4-carboxyl-2-nitrobenzene-based linkers is a key part of their evaluation. If 

the linkers are unable to undergo efficient reaction with biological thiols to 

release ciprofloxacin and SO2, then they will be unable to function as 

effective antimicrobials.  

 

A qualitative study of SO2 release was carried out using the SO2-detecting 

dye 2-11 previously described in Chapter 2, and Cipro –, DFO – control 3-36, 

which displays high aqueous solubility. The experiment was carried out 

under analogous conditions to the SO2 release experiments described in 

Chapter 2 (10 eq. GSH, 0.1 eq. 2-11, 10% MeCN in HEPES buffer, pH 7.4, 

Scheme 3.36).  
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Scheme 3.36 Reaction of 3-36 with glutathione in HEPES buffer in presence 

of dye 2-11. a) GSH (10 eq.), 2-11 (0.1 eq.), 10% MeCN:HEPES, pH 7.4, rt, 24 

h. 

 

The UV-vis spectrum obtained shows gradual loss of the dye absorbance 

band at 545 nm over a period of 24 hours (Figure 3.18), indicating release of 

SO2, albeit at a much slower rate than the previously-studied 2,4-

dinitrobenzenesulfonamide conjugates, which see loss of the dye 

absorbance band in around 30 minutes.  

 

Figure 3.18 UV-visible spectra for the reaction of 3-36 with glutathione in 

the presence of dye 2-11, recorded over 24 hours. The spectra displayed are 

at intervals of 50 minutes.  
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The slow rate of SO2 release observed in the experiments with dye 2-11, and 

the much lower extinction coefficient for the 4-carboxyl-2-nitrobenzene-

glutathione conjugate compared to the 2,4-dinitrobenzene-glutathione 

conjugate previously studied (1000 to 3000 M–1 cm–1 vs. 10500 M–1 cm–1)506–

508 disfavoured the use of UV-vis experiments for obtaining quantitative data 

of the release rate. Instead, the rate of release was examined using an HPLC 

assay. This has the added benefit of allowing elevated temperatures to be 

used, in this case experiments were carried out at 37 °C. Caffeine was added 

to the reaction as an internal standard to allow quantification of the amount 

of control 3-36 present as the reaction progresses. A calibration curve for 

the experiment was prepared by examining the ratio of HPLC integrations 

between caffeine and 3-36; the caffeine concentration remained fixed, while 

the concentration of 3-36 was varied. All other conditions were maintained 

from the SO2 release assays previously carried out. Aliquots were taken from 

the reaction mixture at various intervals throughout the reaction for HPLC 

analysis.  

 
Scheme 3.37 Reaction of 3-36 with glutathione in HEPES buffer. a) GSH (10 

eq.), caffeine (5 eq.), 10% MeCN:HEPES, pH 7.4, 37 °C, 74 h. 

 
The HPLC experiment shows a moderately fast initial reaction, with c. 25% 

of 3-36 reacting over the first two hours, and 45% after c. 10 hours (Figure 

3.19). However, the rate of reaction drops off significantly, with conversion 

only reaching 59% after 21 hours, and 73% after 52 hours. As the reaction 

was carried out under aerobic conditions, a likely cause of this is oxidation 

of the glutathione to its corresponding disulfide in the reaction mixture, 

removing some or all of the free thiol present in the reaction mixture and 

preventing the reaction from going to completion. Oxidation of glutathione 

on incubation at 37 °C in aqueous buffer has previously been observed in 

the literature to varying extents (for example, Nomi et al. report 30% 

conversion over 24 hours, while Petruzzella et al. report full 

conversion).509,510 A similar experiment was attempted with DFO conjugate 
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3-14, but this proved impossible due to its poor aqueous solubility, with a 

negligible amount of 3-14 visible in the HPLC trace.  

 
Figure 3.19 Change in concentration of 3-36 over 74 hours on reaction with 

glutathione in HEPES buffer as determined by HPLC.  

 

This slow rate of release is not unexpected, given the reduction in electron-

withdrawing ability provided by the carboxylic acid of 3-36 compared to the 

nitro group present in 2,4-dinitrobenzenesulfonamides. Even if the initial 

reaction rate observed by HPLC had remained constant, this would still 

represent a significant decrease on the rate of SO2 release from 2,4-

dinitrobenzenesulfonamides. Slow rates of SO2 release were observed in 

other 4-carboxyl-2-nitrobenzenesulfonamide-based systems (Section 

3.1.1.1). Photoaffinity probe 3-7, synthesised by Yokoshima et al., displayed 

100% conversion over 33 hours on reaction with 10 equivalents of 2-

mercaptoethanol in phosphate buffer,427 while Ito et al. observed only 5% 

conversion over 60 minutes for coumarin conjugate 3-8 on reaction with 80 

equivalents of glutathione at 37 °C in phosphate buffer.428 These slow rates 

are also not entirely representative of the situation inside the bacterial 

cytoplasm. Here, the presence of glutathione transferase (GST) enzymes has 

the potential to accelerate the nucleophilic aromatic substitution reaction 

with glutathione. For example, Ito et al. see a 17-fold increase in conversion 

over the same time period when 10 µg/mL of a GST enzyme is present.428 
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While the examination of the reactivity of 3-36 in the presence of GST 

enzymes was considered, bacterial GST enzymes are not commercially 

available, and the purchase of an alternate GST enzyme was considered an 

inadequate substitute. 

 
3.7 Biological Studies 

The antimicrobial assays detailed in this section were carried out by Cerys 

Orritt and Dr Angela Oates at the Hull York Medical School.  

 

 
Figure 3.20 Structures of conjugate 3-14 and microbiological controls 

assessed in antimicrobial assays. 

 

Examination of the antimicrobial activity of conjugate 3-14, and the 

microbiological controls (Figure 3.20), was carried out against a panel of 

bacterial species (Table 3.2), including both Gram-positive and Gram-

negative bacteria, and four of the six ESKAPE bacterial species. The ESKAPE 

bacteria are responsible for the majority of hospital-acquired infections, 
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often via resistant strains, and are considered key targets for new 

antimicrobial development.511,512 The panel also includes strains with a 

variety of sensitivities to ciprofloxacin as defined by Vitek-2 screening,513–515 

and confirmed by disk diffusion assays compared to EUCAST breakpoint 

data.516 This may allow evaluation of the ability of 3-14 to bypass 

ciprofloxacin resistance, although the mechanisms of resistance in the 

strains selected are not known, so it is possible that none possess uptake-

mediated resistance.  

 

Bacterial 

Strain Number 
Species Ciprofloxacin Sensitivity 

AC2 Acinetobacter baumannii Resistant 

PS2 Pseudomonas aeruginosa 
Ciprofloxacin susceptible 

with increased exposure 

PS3 Pseudomonas aeruginosa Sensitive 

EC1 Escherichia coli Sensitive 

EC3 Escherichia coli Resistant 

CN1 Staphylococcus epidermidis Sensitive 

CN3 Staphylococcus epidermidis Resistant 

CN4 Staphylococcus epidermidis Resistant 

MR2 Staphylococcus aureus Sensitive 

MR3 Staphylococcus aureus Resistant 

KL3 Klebsiella pneumoniae Sensitive 

KL5 Klebsiella pneumoniae Resistant 

Table 3.2 Panel of bacterial species selected for antimicrobial testing.  

 

As mentioned in Section 3.1.3, a wide range of bacteria are able to uptake 

DFO as a xenosiderophore. Of the bacteria in this panel, DFO uptake has 

been demonstrated in S. aureus,104,517 A. baumannii,518,519 P. 

aeruginosa451,452 and K. pneumoniae454,455 (although in the latter two uptake 

has been shown to vary between strains).453 Growth of S. epidermidis is 

inhibited by DFO,520–522 suggesting it possesses no mechanism for DFO 

uptake. There is some evidence for DFO uptake by E. coli strains. Some 

strains have been shown to possess an uptake system for DFO, with 
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competing reports identifying different outer membrane receptors FhuE523 

or FoxB524 as responsible for DFO uptake. However, other reports suggest 

that other strains are unable to utilise DFO, with no growth promotion 

observed for six strains in an agar plate assay,525 and no uptake of 68Ga-

labelled DFO in three other strains.453  

 

3.7.1 Screening on Agar Plates 

Conjugate 3-14 and associated controls were first screened against the 

bacterial panel on Mueller-Hinton agar plates, with the compounds loaded 

onto discs via stock solutions in DMSO. Each disc was loaded to a 

concentration equivalent to 5 µg of ciprofloxacin. The agar plates were 

incubated at 37 °C overnight, and the zone of inhibition surrounding the 

discs was measured to give an indication of the antimicrobial activity. The 

results are displayed in Table 3.3, with zones of inhibition observed for 

ciprofloxacin for comparison. 

 

Bacterial 

Strain Number 
Cipro 3-14 3-31 3-34 3-36 

AC2 (R) 0 0 0 0 0 

PS2 (I) 23.5 0 0 0 0 

PS3 (S) 32.4 15.3 0 8.6 0 

EC1 (S) 34.8 23.6 0 21.4 0 

EC3 (R) 0 0 0 0 0 

CN1 (S) 36.5 14.9 8.3 26.5 0 

CN3 (R) 0 0 8.4 0 0 

CN4 (R) 15.9 0 11.4 13.1 0 

MR2 (S) 24.5 0 0 16.3 0 

MR3 (R) 0 0 0 0 0 

KL3 (S) 29.6 18.6 0 14.4 0 

KL5 (R) 18.7 0 0 0 0 

Table 3.3 Zones of inhibition (mm) for each compound against bacterial 

panel. R = ciprofloxacin-resistant, S = ciprofloxacin-sensitive, I = 

ciprofloxacin-susceptible with increased exposure (i.e. Less sensitive, but 

higher doses still effective). 
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Conjugate 3-14 proved less active than ciprofloxacin against all the strains 

examined, with activity only observed against four strains, PS3, EC1, CN1 and 

KL3. Of these, activity vs. CN1 (S. epidermidis) can likely be assigned to the 

DFO unit rather than ciprofloxacin, with DFO known to inhibit S. epidermidis 

growth on agar plates,520 and a lack of DFO uptake in S. epidermidis as 

discussed above. This is supported further by the weak activity for Cipro –, 

DFO + control 3-31 observed vs. all three strains of S. epidermidis. As both 3-

14 and 3-31 are above the c. 600 Da cutoff for passive uptake via porins like 

OmpF (the primary uptake pathway for ciprofloxacin),526–529 it is also unlikely 

that they would be taken up into cells unless there is a DFO transporter 

present, so the activity could not be mediated by either ciprofloxacin or SO2 

release. Given the evidence against E. coli utilisation of DFO discussed above, 

the activity vs. EC1 is also a little surprising, although it is possible that this 

particular E. coli strain is an example that does possess DFO transporters. 

Isolation and characterisation of this strain, and examination of its ability to 

take up DFO would help inform whether this activity comes from conjugate 

uptake, or from another source.  

 

The activity of 3-14 remains higher than Cipro +, DFO – control 3-34 in all but 

two cases, those of CN1 and MR2. With a mass of 587.15 Da, 3-34 is smaller 

than the c. 600 Da cutoff for passive uptake via porins, so can potentially be 

taken up via this route. This explains the difference in activity for CN1, and 

may explain the observed differences in activity in MR2. It is possible that 

MR2 lacks a transporter for DFO, hence the lack of activity for 3-14. The 

increased hydrophobicity of 3-34 compared to ciprofloxacin (calculated logP 

= 0.58 vs. –1.53 for ciprofloxacin, OSIRIS property explorer)445 may also aid 

passive diffusion through the cell membrane, an alternative uptake route 

that has been suggested for fluoroquinolones.530,531 This would correlate 

well with the activity in Gram-positive strains; the outer membrane of Gram-

negative bacteria acts as a barrier to more hydrophobic antibiotics, hence 

an increase in diffusion of 3-34 through membranes would not lead to 

increased activity in Gram-negative strains.531,532 Cipro –, DFO – control 3-36 

is inactive against all the strains tested, indicating either a lack of uptake, or 
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that SO2 release is unable to exert a significant antimicrobial effect on its 

own at low concentrations, as per Chapter 2.  

 

3.7.2 MIC/MBC Screening 

Following the initial screening of conjugate 3-14 and the microbiological 

controls, the minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) of 3-14 were determined for two of the 

strains for which activity was observed, CN1 and KL3, and compared to those 

for ciprofloxacin.  

 

The MIC of an antimicrobial compound is defined as the lowest 

concentration that will inhibit growth of a microorganism after overnight 

incubation.533 This is commonly assessed by serial dilution of the 

antimicrobial on a well plate, and observing the concentrations at which 

there is no growth by eye (I.e. overnight incubation yields a clear solution). 

The MBC is the lowest concentration of an antimicrobial that prevents 

growth after sub-culturing of the incubated bacteria onto antimicrobial-free 

media. Here, MHII broth is used as the media for the MIC/MBC experiments. 

The obtained MIC and MBC values for 3-14 and ciprofloxacin are recorded 

in Table 3.4. 

 
 Ciprofloxacin 3-14 

Strain MIC / µM MBC / µM MIC / µM MBC / µM 

CN1 5.89 23.57 56.65 ND 

KL3 0.24 5.89 113.31 113.31 

Table 3.4 MIC and MBC values of ciprofloxacin and 3-14 for strains of S. 

epidermidis (CN1) and K. pneumoniae (KL3). ND = not determined. 

 
The MIC data obtained for 3-14 displays a 10-fold reduction for activity vs. 

S. epidermidis, and a 500-fold reduction for activity vs. K. pneumoniae, with 

a decrease of 19x also seen for the MBC vs. K. pneumoniae. As discussed 

above, it is unclear whether the activity vs. S. epidermidis is ciprofloxacin-

mediated, with DFO and Cipro –, DFO + control 3-31 able to exert an 

antimicrobial effect on CN1 as well. The drop-off in activity of 3-14 compared 
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to ciprofloxacin for KL3 could be related to the slow release observed from 

the biolabile linker of 3-14, or a lack of uptake. This perhaps merits further 

investigation, with a number of methods available for determining the level 

of uptake of Trojan Horse conjugates in bacteria that could be applied to 

KL3.163 

 

Further screening of MIC/MBC values was carried out against isolates of CN1 

and KL3 that had been subjected to a forced adaptation assay. This assay 

involves repeated exposure of bacteria to an antimicrobial to induce 

exposure-related resistance.534 This is carried out by plating the bacteria on 

agar in the presence of a disc containing the desired antimicrobial, then 

following overnight incubation those bacteria growing closest to the disc are 

removed and transferred to a new agar plate. This cycle is repeated x10, or 

until bacterial growth reaches the discs. The bacteria were repeatedly 

exposed to either ciprofloxacin or conjugate 3-14, with the resulting 

MICs/MBCs displayed in Table 3.5. 

 

 Ciprofloxacin 3-14 

Strain MIC / µM MBC / µM MIC / µM MBC / µM 

CN1 5.89 23.57 56.65 ND 

CN1* (Cip) 47.17 188.62 113.31 ND 

CN1* (3-14) 11.80 94.31 56.65 ND 

KL3 0.24 5.89 113.31 113.31 

KL3* (Cip) 377.25 ND 113.31 ND 

KL3* (3-14) ND ND 113.31 113.31 

Table 3.5 MIC and MBC values of ciprofloxacin and 3-14 for strains of S. 

epidermidis (CN1) and K. pneumoniae (KL3), including strains subjected to 

forced adaptation assays with ciprofloxacin or 3-14, which are indicated by 

*. ND = not determined. 

 
As can be seen from the data, S. epidermidis subjected to forced adaptation 

with ciprofloxacin displays an 8-fold increase in the MIC and MBC of 

ciprofloxacin, indicating increased resistance. A 2-fold decrease in the 

effectiveness of 3-14 is observed vs. the same bacteria, which may suggest 
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some role of ciprofloxacin in activity vs. CN1. This is supported by a 2-fold 

increase in the MIC, and 4-fold increase in the MBC for ciprofloxacin against 

S. epidermidis subjected to forced adaptation with 3-14, which could 

indicate successful uptake and ciprofloxacin-mediated activity for 3-14, or a 

general decrease in the permeability of the bacteria.  

 

KL3 shows greater resistance development on forced adaptation assays with 

ciprofloxacin, with a c. 1,500-fold decrease in ciprofloxacin activity against 

KL3*(Cip). In contrast, the activity of 3-14 remains unchanged. This could 

indicate that the increased resistance to ciprofloxacin is related to decreased 

uptake, while the uptake pathways for DFO conjugate 3-14 are still present, 

hence no change in activity. For the KL3 strain that underwent forced 

adaptation with 3-14, the MIC and MBC values for ciprofloxacin could not be 

determined using the dilution series employed. 

 

3.8 Summary and Conclusions 

A Trojan Horse conjugate, 3-14, containing desferrioxamine as a siderophore 

unit, a 4-carboxyl-2-nitrobenzenesulfonamide as a biolabile SO2-releasing 

linker, and ciprofloxacin as an antimicrobial component has been 

synthesised and characterised by 1H/13C/19F NMR spectroscopy and ESI mass 

spectrometry. In addition, three microbiological control compounds, 3-31, 

3-34 and 3-36, have been synthesised and characterised (Figure 3.21). 

Conjugate 3-14 is poorly soluble in aqueous media, as is control 3-34, 

whereas 3-31 and 3-36 display good solubility. The SO2-releasing ability of 

control 3-36 was examined in an HPLC study, with slow release of SO2 

observed on reaction with glutathione, although this study was partially 

compromised by oxidation of the glutathione during the reaction, 

preventing the reaction from going to completion. The iron-coordinating 

ability of control 3-31 was also probed via native ESI mass spectrometry, 

with a 1:1 complex with Fe(III) detected. 
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Figure 3.21 Structures of DFO conjugate 3-14, and microbiological controls 

3-31, 3-34 and 3-36. 

 
The antimicrobial activity of 3-14 and the three controls were evaluated via 

a panel of bacterial species in an agar plate-based assay. For bacterial strains 

that were susceptible to ciprofloxacin, 3-14 proved less active than 

ciprofloxacin in all cases. Possible “ciprofloxacin-mediated” activity was 

observed against three strains, PS3 (P. aeruginosa), EC1 (E. coli) and KL3 (K. 

pneumoniae); activity vs. a fourth strain, CN1 (S. epidermidis), is likely to be 

primarily DFO-mediated, with activity also observed for Cipro –, DFO + 

control 3-31 against the same strain. This DFO-mediated activity is likely to 

source from the DFO component binding extracellular iron in competition 

with native siderophores, limiting the amount of iron that is available for 

uptake by the bacteria. 

 

The weaker activity for 3-14 compared to ciprofloxacin for these three 

strains suggests issues with the uptake of 3-14, or that the slow release of 
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ciprofloxacin fails to provide a high enough intracellular concentration for 

good antimicrobial activity. While it may be possible that conjugate 3-14 

could bind to DNA gyrase/topoisomerase IV without ciprofloxacin release, 

the large DFO component is likely to interfere with target binding.  

 

Cipro +, DFO – control 3-34 displays some additional activity above that of 

conjugate 3-14, proving more active than 3-14 vs. two Gram-positive strains, 

CN1 and MR2 (S. aureus); this is potentially related to the size of 3-34, which 

is below the c. 600 Da cut-off for uptake via porins, and/or the increased 

hydrophobicity compared to ciprofloxacin, which may allow diffusion 

through the lipid bilayer of cell membranes. The enhanced activity of 3-34 in 

MR2 vs. DFO conjugate 3-14 indicates that poor uptake of 3-14 (DFO 

conjugate) is likely to be the cause of the lack of antimicrobial activity in this 

case. However, the activity of 3-34 remains weaker than that of 

ciprofloxacin, indicating that the rate of ciprofloxacin release from the 4-

carboxyl-2-nitrobenzenesulfonamide linker remains a general problem for 

3-14 and 3-34. Cipro –, DFO – control 3-36 displayed no activity in the 

screening, indicating SO2 release is too slow, or insufficiently potent to effect 

antimicrobial activity at the concentrations tested.  

 

Conjugate 3-14 also has a high MIC in liquid cultures of 56.65 µM vs. CN1 

(10-fold worse than ciprofloxacin) and 113.31 µM vs. KL3 (500-fold worse 

than ciprofloxacin). In KL3, this loss of activity compared to ciprofloxacin 

could be due to either slow ciprofloxacin release, or a lack of uptake of 3-14; 

further investigation is required. Finally, forced adaptation assays of CN1 

and KL3 carried out with ciprofloxacin and 3-14 indicate a portion of the 

activity vs. CN1 may be ciprofloxacin-mediated, and a significant drop-off in 

activity for ciprofloxacin in KL3 post-assay is not mirrored by that of 3-14, 

suggesting the resistance mechanisms developed for ciprofloxacin are 

related to uptake, with 3-14 likely being taken up via the iron transport 

pathway, and hence avoiding any uptake-related resistance associated with 

ciprofloxacin.  
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Some key conclusions can be drawn from the work presented above. While 

it can be demonstrated to successfully release SO2, the usage of 4-carboxyl-

2-nitrobenzenesulfonamide linkers appears a poor fit for these types of 

conjugate. While the slow rate of SO2 release, and hence ciprofloxacin 

release, may be beneficial in some circumstances, it does not appear to be 

sufficient to generate a high enough intracellular concentration of 

ciprofloxacin for good antimicrobial activity.  

 

The hydrophobic nature of the linker also creates problems for the design of 

conjugates, especially when antimicrobials with poor aqueous solubility like 

ciprofloxacin are used. The use of desferrioxamine as a siderophore unit 

gives a reasonable spectrum of activity; excluding the S. epidermidis strains, 

conjugate 3-14 is active against three of the six ciprofloxacin-susceptible 

strains. However, it is not hydrophilic enough to balance out the other 

components and give sufficient aqueous solubility. 

 
3.9 Future Work 

In terms of future work with the existing conjugates, there exist a number 

of areas for further investigation. Firstly, the further purification of 

conjugate 3-14 is required. Given the failure of initial attempts at 

preparative HPLC purification, there are likely limited options, but it is 

possible that on exploration of further conditions purification of 3-14 may 

become possible. Another possibility is the formation of the iron complex of 

3-14, which may alter the properties of the conjugate in a way that facilitates 

further purification.  

 

The rate of SO2 release from the 4-carboxyl-2-nitrobenzenesulfonamide 

linkers could be probed further, with measurements carried out under inert 

atmosphere to prevent glutathione oxidation, or incorporation of 

glutathione transferases to accelerate the rate of reaction and provide a 

closer picture of SO2 release within cells.  

 

Some trends in the biological results could be explored further if desired. 

The uptake of DFO in each of the strains in the bacterial panel could be 
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examined, for example by uptake of radiolabelled iron or gallium complexes 

of DFO;163,453 a similar approach could be employed to measure the uptake 

of conjugate 3-14 in these strains, which would allow evaluation of the 

compatibility of the biolabile linker/ciprofloxacin attachment with uptake 

via siderophore-dependent uptake pathways. The activity of the compounds 

could also be explored in iron-deficient conditions. 

 

In terms of further chemical modifications to the conjugate system, there is 

scope for optimisation of each component. Optimisation of the SO2-

releasing linker offers the greatest opportunity for improvement, with a 

higher rate of SO2 release potentially offering more active conjugates via 

faster ciprofloxacin release. This would require synthesis of a more electron-

deficient aromatic ring, most likely by inclusion of an additional electron-

withdrawing functionality in the position ortho to the sulfonamide. With the 

high reactivity with water observed for inclusion of a nitro group (sp = 0.78) 

at this position (Scheme 3.1), a weaker electron-withdrawing group like 

fluorine (sp = 0.06), chlorine (sp = 0.23) or acetyl (sp = 0.50) could be 

employed (Figure 3.22).  

 

 

Figure 3.22 Potential alternative SO2-releasing linkers. 

 

For optimisation of the antimicrobial component, a more water-soluble 

fluoroquinolone like moxifloxacin could be utilised (Figure 3.23). In a similar 

manner, a more hydrophilic siderophore unit may also aid with the solubility 

issues; this could even be achieved with modifications to the DFO structure, 

as demonstrated by Richardson-Sanchez et al., who were able to alter the 

biosynthesis of DFO in Streptomyces pilosus to produce a DFO analogue 

containing ether-bridged carbon chains, resulting in a 45x increase in 

aqueous solubility.493  
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Figure 3.23 Structure of potential replacements for optimisation of the 

fluoroquinolone and siderophore units. For 3-61, the inserted ethers are 

highlighted in red.  
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4.1 Introduction 

The compatibility of any biolabile linker design with biological conditions is 

key to the development of successful Trojan Horse antimicrobials, as is the 

rapid release of the bound antimicrobial component. The 4-carboxyl-2-

nitrobenzenesulfonamide linkers used in Trojan Horse conjugate 3-14, as 

detailed in Chapter 3, offer relatively slow SO2 release rates (and hence 

ciprofloxacin release) on reaction with glutathione, which might contribute 

to the poor antimicrobial activity of the resulting conjugates. These 

conjugates also have significant problems with aqueous solubility, likely due 

in part to the hydrophobicity of the linker units. The development of a SO2-

releasing linker with more rapid SO2 release and reduced hydrophobicity 

may offer a route to more active conjugates. The usage of sulfonamides 

based on heterocyclic rings for the development of biolabile linkers was 

proposed as a solution to both of these problems. In this Chapter, the 

synthesis and investigation of SO2-releasing conjugates containing a novel 

pyrazine-based sulfonamide as a biolabile linker is discussed. 

 
4.1.1 The Potential of Heterocyclic Sulfonamides 

The development of sulfonamides based on heterocyclic rings could offer a 

solution to some of the key problems with the nitrobenzene-based rings 

used in Chapter 3. Aromatic rings containing electronegative heteroatoms 

are more electron-deficient than the comparable benzene-based 

equivalents, and are therefore better electrophiles in SNAr reactions. This 

can be clearly demonstrated by the reactivity of 2- and 4-chloropyridines 

with sodium methoxide (Scheme 4.1).535–537 These show 108 and 109 fold 

enhancements in nucleophilic aromatic substitution rates, respectively, 

when compared to chlorobenzene, comparable to the rate enhancement 

observed for 4-nitrochlorobenzene (1010).  
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Scheme 4.1 Reactivity of selected aryl and heteroaryl chlorides with sodium 

methoxide, and relative SNAr rates. Adapted from Joule and Mills.537 

 

A further advantage of utilising heterocyclic sulfonamides is the potential to 

reduce or eliminate the reliance on nitro groups for creating electron-

deficient aromatic rings. Nitro groups are used in a number of drugs, perhaps 

most notably in the nitroimidazole class of antibiotics.538 They can undergo 

reduction in vivo to form a number of reactive metabolites (Scheme 4.2), 

which are often responsible for the biological activity observed.538 The 

metabolites can go on to react with DNA or other cellular components, or 

inflict damage on target organisms via ROS production inside cells.538–540 

However, these metabolites can also damage the human body, with 

carcinogenic, hepatotoxic, or mutagenic effects.538,540 Their use is therefore 

avoided unless the nitro functionality is vital to activity, and the 

mutagenicity of such compounds is carefully monitored.538 

 
Scheme 4.2 Reduction pathways of nitro groups, and some mechanisms of 

toxicity associated with reduced species (indicated with red arrows).538,541–

543 Partially adapted from Nepali et al.538 
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Finally, heterocyclic rings offer a more hydrophilic alternative to the 

benzene-based rings employed in Chapters 2 and 3. A 2012 study by Ritchie 

et al. of a GSK compound library found notable increases in aqueous 

solubility for compounds containing heteroaromatic rings compared to 

benzene-based compounds.544 A similar study by Ritchie and Macdonald 

demonstrated between a 2 to 8.5 fold enhancement of aqueous solubility 

on replacement of a benzene ring with the equivalent heterocyclic ring.545 

With ciprofloxacin forming relatively hydrophobic conjugates, as seen in 

Chapter 3, the incorporation of a more hydrophilic linker offers an 

opportunity to counterbalance this hydrophobicity, which may result in a 

higher aqueous solubility for any synthesised conjugates. It may also help to 

facilitate the incorporation of more hydrophobic siderophores in the 

conjugates.  

 

4.1.2 Existing Heterocyclic Sulfonamides and Reactivity with Thiols 

4.1.2.1 6-Membered Heterocycles Sulfonamides 

There are a number of examples of electron-deficient heterocyclic-based 

systems that have been shown to undergo reactions with biological thiols 

under biologically-relevant conditions (37 °C, pH 7.4), including a number of 

sulfonamide-containing systems. An early example of this comes from a 

study published in 1958 into the metabolism of 6-uracilsulfonamide (4-1, 

Figure 4.1), a potential anticancer agent, which was shown to undergo 

reaction with biological thiols in aqueous buffer on incubation at 37 °C.546 

 
Figure 4.1 Structure of 6-uracilsulfonamide (4-1).546  

 

Similar thiol reactivity was observed in two 1999 studies on analogues of a 

HIV-1 protease inhibitor.547,548 In these studies, a series of pyridine-2-

sulfonamides substituted with a para-cyano or nitro groups were shown to 

undergo reaction with glutathione (catalysed by the enzyme glutathione-S-

transferase), resulting in SO2 release (Scheme 4.3).548 Pyridines substituted 

HN

N
H

O

O S
NH2

O O
4-1



 233 

with weaker electron-withdrawing groups e.g. CF3 or COOH showed no 

reaction with glutathione.  

 

Scheme 4.3 Varying reactivity of pyridine sulfonamides with 

glutathione/glutathione-S-transferase (GST).547,548 

 

To the best of this author’s knowledge, there are no examples of other non-

fused 6-membered heterocyclic rings (e.g. pyrazine, pyrimidine) bearing 

sulfonamides reacting with biological thiols, although Bornholdt et al. were 

able to demonstrate the successful reaction of a 2-pyrimidinesulfonamide 

group with 2-mercaptoacetic acid under basic conditions in DMF (Scheme 

4.4).549  

 
Scheme 4.4 Reaction of 2-pyrimidinesulfonamides with thioglycolic acid.549  

 
4.1.2.2 5-Membered Heterocyclic Sulfonamides 

5-membered heterocyclic sulfonamides have been more widely studied, 

with a number of examples in the literature. The reaction of benzothiazole-

2-sulfonamide with glutathione has been noted as a key step in its 

metabolism in various animals.550–552 A range of studies on similar 

structures, including 6-hydroxybenzothiazole-2-sulfonamide (4-2) revealed 

some interesting reactivity trends (Table 4.1). Loss of the nitrogen in the 

thiazole ring to give benzothiophene 4-3 renders the sulfonamide unreactive 

to glutathione.552,553 The corresponding benzofuran (4-4) and indole (4-5) 

analogues of 4-2 display higher reactivity, likely related to the higher 

electronegativity and hence electron-withdrawing ability of the 

heteroatoms involved.552,554 A further study on derivatives of benzothiazole-

2-sulfonamide also looked at the glutathione reactivity of acetazolamide (4-

6) and methazolamide (4-7), two sulfonamide-containing carbonic 

anhydrase inhibitors based on a 1,3,4-thiadiazole scaffold, with slower 
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release observed compared with the parent benzothiazole (significantly so 

in the case of acetazolamide).555  

 

Scheme 4.5 Reaction of 5-membered heterocyclic sulfonamides with 

glutathione. 0.5 mM sulfonamide, and 5/20 equivalents of glutathione were 

employed, and the percentage reactivity after 16-22 h was determined by 

HPLC after quenching with 1% H3PO4 in MeCN.  

 

Structure 
% Reacted 

(5 eq. GSH) 

% Reacted 

(20 eq. GSH) 
Ref 

 

27 ND 555 

 

0 2.9 553,554 

 

4.9 23 554 

 

2.9 17 554 

 

3 ND 555 

 

27 ND 555 

Table 4.1 Percentage reactivity of selected 5-membered heterocyclic 

sulfonamides with glutathione.  
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displacement in a similar fashion. One of the first examples of this comes 

from a study by Cooper in 1958, who demonstrated the reactivity of 6-

uracilmethylsulfone (4-8) with biological thiols while studying its 

degradation by liver enzymes (Scheme 4.6).546 The product formed on 

reaction with liver enzymes displayed identical properties to the product 

formed on reaction with glutathione (4-9), with loss of the methylsulfonyl 

group demonstrated via the lack of sulfone bands in the IR spectrum of the 

product, and via labelling of the methyl group with carbon-14 (to 

demonstrate loss of the radioactivity). The reactivity of similar nucleotide-

based mercaptopurine derivatives with biological thiols has also been 

demonstrated.556,557 The reaction likely proceeds via loss of methylsulfinic 

acid (MeSO2H) as a leaving group.558 

 
Scheme 4.6 Reaction of 6-uracilmethylsulfone 4-8 with mouse liver 

homogenate or glutathione, with loss of methylsulfone group.546 

 
The reactivity of two 4-sulfonyl-2-pyridone-based systems was noted in two 

papers published by Pfefferkorn et al. and Litchfield et al. in 2009 and 

2010.559,560 A range of molecules containing this motif were noted to 

undergo rapid metabolism and clearance when they were examined in a rat 

model.559 Analysis of the metabolites produced revealed formation of a 

glutathione conjugate 4-11. This was followed by incubation of selected 

examples with a large excess of GSH at 37 °C, with partial conversion to 4-11 

observed after 1 hour (Scheme 4.7).559,560 This conversion was accelerated 

in the presence of liver enzymes, or human glutathione transferase.560 The 

steric bulk around the sulfonyl group also had no major impact on reactivity, 

indicating a general reactivity specific to this type of structural motif.559  
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Scheme 4.7 Reaction of 4-sulfonyl-2-pyridones with glutathione.559,560 

 
Toda et al. examined the reaction of protected cysteine 4-12 with four 

further ring types, oxadiazole 4-13, tetrazole 4-14, triazole 4-15, and 

benzimidazole 4-16.561 The triazole and benzimidazole compounds proved 

inactive, while the tetrazole and the oxadiazole display 93% and <99% 

conversion over 5 minutes respectively (Scheme 4.8). Toda et al. go on to 

demonstrate reactivity of oxadiazole 4-13 with cysteine residues in human 

serum albumin.561 Oxadiazoles similar to 4-13 have since been used in a 

number of applications, including attachment of radioactive probes to 

antibody conjugates and peptides.562–564  

 
Scheme 4.8 Reactivity of four heterocyclic methylsulfones with cysteine 

derivative 4-12 as studied by Toda et al.561 

 
Similar thiol reactivity has been observed for 6-membered heterocyclic rings 

bearing sulfone groups. Bauer et al. discovered 2-methylsulfonylpyrimidine 

4-17 was capable of binding to cysteine residues while screening a fragment 

library for ligands to bind to a mutant p53 protein.565 Further investigation 

revealed 4-17 and similar 2-sulfonylpyrimidines can act as effective 

inhibitors of cancer cell growth in vitro, while displaying low toxicity towards 

normal cells.565 A number of similar sulfones have since emerged as 
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promising anticancer leads and apoptosis inhibitors, including pyrimidines 

4-18 to 4-20,566–568 and pyridine 4-21 (Figure 4.2).569  

 
Figure 4.2 Structures of heterocyclic sulfones that can act as anticancer/anti-

apoptosis agents, and undergo reaction with biological thiols. For structure 

4-20, Ad = adamantane.  

 

These examples demonstrate the ability of heterocyclic compounds 

containing sulfonamides or oxidised sulfur-based groups to undergo SNAr 

reactions with biological thiols, giving confidence that they can successfully 

be utilised for SO2 release. The rapid thiol conjugation observed in some 

examples also suggests that with the right choice of heterocycle, these 

compounds could potentially offer release rates comparable with the 2,4-

dinitrobenzenesulfonamide-based compounds previously discussed. 
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post-reaction to form the corresponding heteroaryl chlorides with loss of 

SO2 (this is believed to be via an SNi-type process, Scheme 4.9).573–575  

 

Scheme 4.9 Suggested SNi decomposition mechanism for pyrimidine-2-

sulfonyl chloride (based on Kwart and Body, 1965).574  

 

The traditional method of sulfonyl chloride synthesis involves oxidative 

chlorination with chlorine gas in acidic solution. For heterocycles, this has 

been limited to pyridine rings,570,571 and even then those with strongly 

electron-withdrawing groups are produced in low yields.576 Diazine 

heterocycles like pyrimidine or pyrazine often return sub-20% yields via this 

methodology.570,571 

 

In recent years this area has seen the development of new synthetic 

methods aimed at circumventing this problem. In 2006, Wright and 

Hallström published a synthesis of heterocyclic sulfonamides, with 

heteroaromatic thiols being converted to their sulfonyl chlorides in situ with 

aqueous sodium hypochlorite (NaClO) as an oxidising agent. The reaction 

employs a biphasic mixture, with DCM added to provide a water-immiscible 

organic layer, which the sulfonyl chlorides should enter upon formation, 

reducing their exposure to the NaClO/HCl mixture utilised for the oxidative 

chlorination reaction (Scheme 4.10). The DCM layer can then be separated 

from the aqueous layer, and transferred to a fresh flask cooled to −78 °C, 

followed by addition of an amine to form the desired sulfonamides.571 The 

synthesis required reaction temperatures to be kept below 0 °C throughout 

the oxidative chlorination reaction; in some cases further cooling to −25 °C 

was required to prevent sulfonyl chloride decomposition. 

 
Scheme 4.10 Synthetic methodology employed by Wright and Hallström for 

the synthesis of heterocyclic sulfonamides.571 
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A later publication by Bornholdt et al. adopted the same methodology with 

some minor modifications to synthesise pentafluorophenolsulfonyl esters of 

selected heterocyclic rings. Instead of trapping the formed sulfonyl chlorides 

with amines, pentafluorophenol (PFP-OH) was added to create a stable 

sulfonate ester (Scheme 4.11). These sulfonate esters are stable as solids at 

room temperature, and can be reacted further with amines to give the 

desired heterocyclic sulfonamides.575  

 
Scheme 4.11 Bornholdt et al.’s adaptation of Wright and Hallström’s 

methodology to produce stable activated sulfonate esters.575  

 
A couple of other oxidative chlorination methods have been demonstrated 

to be effective with pyridine-based heterocycles, including the use of 

DCDMH (as used previously in Chapter 3),459,460,577 N-chlorosuccinimide,578–

580 or sulfuryl dichloride;581 these are effective for both thiols and benzyl 

thioethers. Chlorinating agents such as phosphorus pentachloride582 or 

thionyl chloride583 may also be used for conversion of heterocyclic sulfonic 

acids to the corresponding sulfonyl chlorides (Scheme 4.12), although this 

tends to result in low-yielding reactions.  

 
Scheme 4.12 Conversion of heterocyclic sulfonic acids to the corresponding 

sulfonyl chlorides.582,583 
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oxidative conversion of 4-pyridinethiol to the corresponding morpholine 

sulfonamide 4-22 in a one-pot process (believed to occur via in situ 

formation of a sulfonyl iodide).584 The use of I2O5 has also proved successful 
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in the formation of a pyrimidine-sulfonamide 4-23 (Scheme 4.13). 

Sulfonamide formation via oxidation of the corresponding heterocyclic 

sulfenamides with m-CPBA has also been shown to be a viable pathway (e.g. 

for synthesis of purine derivative 4-25),585,586 although the synthesis of 

sulfenamides is complicated by the requirement for potentially toxic and/or 

unstable chloramine or sulfenyl chloride intermediates.587–589 

 
Scheme 4.13 Examples of other oxidative routes to heterocyclic 

sulfonamides.584–586 

 
Organometallic coupling routes to sulfonamides are another area to have 

seen developments in recent years, with transition metal catalysts (e.g. Pd, 

Cu) being combined with sources of SO2 and traditional cross coupling 

substrates like aryl halides or boronic acids to generate a range of SO2-

functionalised aromatics.590–594 However, few of these papers utilise 

heterocyclic substrates. Shavnya et al.,595 and the Willis group,596–598 have 

experimented with pyridine substrates, with yields ranging from 15 to 60%. 

In addition, Colombe et al. synthesised a pyrimidine-based activated 

sulfonate ester 4-27 in 31% yield from an organozinc pyrimidine starting 

material (4-26, Scheme 4.14).599 

 
Scheme 4.14 Selected examples of organometallic coupling routes to 

sulfonamides/activated sulfonate esters. 
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Laudadio et al. have published an electrochemical synthesis of sulfonamides 

from their corresponding thiols/disulfides and amines, with pyridine and 

pyrimidine derivatives like 4-28 successfully synthesised in their substrate 

scope. This transformation does not require addition of any additional 

reagents (Scheme 4.15).600 Other studies have since utilised similar methods 

for heterocyclic sulfonamide synthesis.601 

 
Scheme 4.15 Electrochemical synthesis of pyrimidine-sulfonamide 4-28.600 

 

Finally, another sulfonyl halide functional group, the sulfonyl fluoride group, 

has gained increasing popularity in recent years as an alternative to sulfonyl 

chlorides in various roles, including in sulfonamide synthesis. The sulfonyl 

fluoride (SO2F) functionality has been known since the early 20th Century,602 

but had not found widespread use in synthetic organic chemistry until its 

potential as a versatile functional group in ‘click chemistry’ reactions was 

highlighted by the group of K. Barry Sharpless in 2014.603 Sulfonyl fluorides 

are much more stable to hydrolysis and nucleophilic attack than their 

corresponding chlorides,603–605 with the S-F bond around 172 kJmol-1 

stronger than the S-Cl bond in hexavalent sulfur compounds.603  

 
4.1.4 Selection of Heterocyclic Sulfonamide Target 

There are a large range of heterocyclic sulfonamides that can undergo 

reaction with biological thiols, as detailed above. This allows a wide scope 

for the design of linker units for heterocyclic sulfonamides. As with the 4-

carboxyl-2-nitrobenzene-based linkers studied in Chapter 3, the chosen 

linker requires a reactive functional group, ideally electron-withdrawing, for 

conjugation to the siderophore component of the overall conjugate; a 

carboxylic acid was again preferred here. The chosen linker must also 

maintain a sufficiently electron-deficient environment to allow nucleophilic 

aromatic substitution to take place.  
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To minimise the complexity of the first linker systems developed, only 5- or 

6-membered rings were considered for the first attempts at linker design. 

As more synthetic routes exist for the synthesis of 6-membered rings, these 

were initially favoured over 5-membered rings. Here, the choice of a diazine 

ring for initial study was favoured, with the two heteroaromatic nitrogens 

present expected to create a strongly electron-deficient environment.  

 

A 5-pyrazinecarboxylic acid derivative 4-29 was initially selected for linker 

development. The para-positioning of the carboxylic acid group to the 

sulfonamide position, similar to that seen in the 4-carboxyl-2-nitrobenzene 

linkers, is maintained (Figure 4.3). As well as maximising the electron-

withdrawing ability of the carboxylic acid to the para position, this also 

ensures maximal distance between the sulfonamide linker and the 

siderophore unit, which should act to prevent any steric hindrance of 

nucleophilic attack on the sulfonamide.  

 
Figure 4.3 Structure of initial 5-pyrazinecarboxylic acid group for design of a 

first heterocyclic sulfonamide biolabile linker (4-29), and desired 5-

chloropyrazine-2-carboxylic acid starting material. 

 
4.1.5 Selection of Siderophore Component 

The choice of heterocyclic sulfonamides as linker units for siderophore 

conjugates may allow the use of more hydrophobic siderophore units. 

Therefore, the decision was taken to incorporate a tetradentate catecholate 

siderophore, azotochelin, as the siderophore unit (Figure 4.4). This might 

allow a different bacterial target profile to that seen for conjugate 3-14 in 

Chapter 3. Despite the presence of the four catechol groups and the 

carboxylic acid, the structure remains reasonably hydrophobic, with a 

calculated logP of 1.10 (clogP, OSIRIS property explorer).445 In contrast, the 

hexadentate hydroxamate siderophore desferrioxamine (DFO) employed in 

Chapter 3 has a clogP of −0.31.  
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Figure 4.4 Structure of tetradentate catecholate siderophore azotochelin. 

 
Azotochelin has previously found use in three Trojan Horse conjugates. The 

first two were b-lactam (4-30) and monobactam conjugates (4-31) designed 

by McKee et al. (Figure 4.5).606 The azotochelin component alone was shown 

to enhance bacterial growth, suggesting successful uptake, while b-lactam 

conjugate 4-30 proved effective vs. E. coli in initial studies (4-31 proved 

inactive).606,607 However, later studies of 4-30 with a wider range of bacteria 

displayed excellent growth promotion instead of the expected antimicrobial 

activity, perhaps due to the azotochelin component hindering b-lactam-

target binding.608 The second is a phenothiazine conjugate, 1-11, 

synthesised by Tarapdar et al. (Figure 4.6).185 As mentioned in Chapter 1, a 

biological evaluation of this conjugate has not yet been published.  

 
Figure 4.5 Structures of previous azotochelin conjugates synthesised by 

McKee et al.606  
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Figure 4.6 Structure of previous phenothiazine-azotochelin conjugate 

synthesised by Tarapdar et al.185 

 

The use of azotochelin as a potential Trojan Horse siderophore component 

is also supported by further studies of its uptake, and its ability to bind to 

siderophore transport components in a range of species. Stintzi et al. 

demonstrated successful uptake of radiolabelled azotochelin in the 

bacterium Aeromonas hydrophila,609 while Naikare et al. observed growth 

promotion for azotochelin vs. Campylobacter jejuni.610 The Duhme-Klair 

group were later able to demonstrate binding of an azotochelin-based 

metalloenzyme conjugate to CeuE, the periplasmic binding protein of C. 

jejuni.611 Finally, Moynié et al. followed up a 2016 report that azotochelin 

could be taken up by P. aeruginosa via the PfeA outer membrane transporter 

by obtaining a crystal structure of azotochelin bound to PfeA.612,613 

 
4.2 Conjugate Design and Synthetic Plan 

A first synthetic target, 4-32, containing ciprofloxacin as the antimicrobial 

component and azotochelin as the siderophore component, was proposed. 

Similar to conjugate 3-14, discussed in Chapter 3, the ciprofloxacin is 

coordinated to the pyrazine-sulfonamide via the secondary amine of the 

piperazine ring, and azotochelin attached to the carboxylic acid on the 

pyrazine ring via an aliphatic diamine linkage (Figure 4.7).  

 
 

Figure 4.7 Structure of initial synthetic target 4-32. 
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The two key steps in this synthesis are the formation of a sulfonamide of 

ciprofloxacin (4-33), and the coupling to the siderophore unit (Scheme 4.16). 

As with conjugate 3-14 in Chapter 3, attachment of the siderophore unit was 

planned to take place after synthesis of the sulfonamide to avoid exposure 

to the sulfonamide formation conditions. Initially, a sulfonyl chloride-based 

strategy via 4-34 to sulfonamide formation was pursued.  

 
Scheme 4.16 A retrosynthetic analysis of the key coupling steps to 4-32, and 

identification of the three key coupling components. 

 
4.2.1 Planned Synthetic Route to Sulfonyl Chloride 

Before the selection of conditions for the synthetic route, the scope of the 

protecting group chemistry that can be applied to the pyrazine-sulfonamide 

ring must be considered, in particular the potential use of the methyl ester 

protecting group as in Chapter 3. Methyl esters can easily be incorporated 

on either the pyrazine carboxyl group or the ciprofloxacin component, 

however there were concerns about the stability of the heterocyclic 

sulfonamide unit to the basic deprotection conditions required for methyl 

ester hydrolysis.  
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The potential instability of the sulfonamide group to basic conditions led to 

the choice of an acid-labile protecting group, similar to the protection 

strategy utilised for the 4-carboxyl-2-nitrobenzene ring in Chapter 3. This 

could take two forms, a tert-butyl ester group for direct protection of the 

carboxylic acid group of the pyrazine ring (4-35), or a Boc protecting group 

on a linker unit coupled to the pyrazine ring via e.g. an amide of the 

carboxylic acid group (4-36, Figure 4.8).  

 

Figure 4.8 Protecting group strategies for carboxylic acid of pyrazine.  

 
With the desired siderophore, azotochelin, containing a carboxylic acid 

group, the decision was made to pursue the second strategy. This could be 

achieved via incorporation of the commercially available N-Boc-

ethylenediamine via an amide coupling reaction to give 4-37. Synthesis of 

the target pyrazine sulfonyl chloride 4-39 from a benzyl thioether (4-38) was 

envisaged, similar to the strategy employed in Chapter 3 (Scheme 4.17).  

 

Scheme 4.17 Proposed synthetic route to benzyl thioether 4-38. 

 
Oxidative chlorination of benzyl thioether 4-38 with 1,3-dichloro-5,5’-

dimethylhydantoin (DCDMH) was selected as a first method to attempt 

sulfonyl chloride formation. As mentioned above, DCDMH has previously 

been used for the synthesis of heterocyclic sulfonyl chlorides, although it has 

not previously been employed with pyrazine rings.460,577,614–616 It was 

decided to employ biphasic DCM/AcOH:H2O reaction conditions for this 

step, similar to those employed for the synthesis of 3-nitropyridine-2-

sulfonyl chloride in the literature.614–616 This may help to protect the formed 

N

N
O

O

R

N

N R

N
H

O
BocHN

4-35 4-36

N

N

Cl

HO

O
N

N Cl

N
H

O
BocHN

N

N SBn

N
H

O
BocHN

BnSH, Et3N
MeOH

NH2
BocHN

EDC.HCl, HOBt
DCM

5-Chloropyrazine-
2-carboxylic acid

4-37

4-38



 247 

sulfonyl chloride from aqueous acid, and the DCM layer can be separated 

out, keeping the sulfonyl chloride in situ (Scheme 4.18).  

 

Scheme 4.18 Proposed conditions for in situ synthesis of sulfonyl chloride 4-

39. 

 

4.2.2 Proposed Synthetic Route to Sulfonamide 4-43 

With the methyl ester group deemed unsuitable for use in the synthesis of 

pyrazine-sulfonamide conjugate 4-32, a different protecting group was 

sought for the ciprofloxacin component. Here, a benzyl ester protecting 

group was envisaged; these are usually removed via hydrogenation,466 

which was hoped to be compatible with the desired pyrazine-sulfonamide 

linker. Synthetic strategies involving protection of ciprofloxacin with a benzyl 

ester have been employed a number of times in the literature, with the 

piperazine nitrogen of ciprofloxacin first being protected with a Boc group, 

then installation of the benzyl ester via alkylation with BnBr,195,435,436 or via 

ester coupling.468 The Boc group can then be removed via reaction with 

HCl195,435 or TFA436,468 in organic solvents to give the target ciprofloxacin 

component 4-41 for coupling to sulfonyl chloride 4-39 (Scheme 4.19).  

 

Scheme 4.19 Proposed synthetic route to benzyl-protected ciprofloxacin 4-

41. 
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A similar coupling reaction to that employed in Chapter 3 was proposed, 

with formation of sulfonamide 4-42 via reaction of 4-41 and sulfonyl chloride 

4-39 in DCM, plus triethylamine as a base. Following successful formation of 

4-42, removal of the Boc group on the diamine linker via reaction with 

TFA/DCM was envisaged to give TFA salt 4-43 in preparation for coupling to 

the azotochelin component (Scheme 4.20). 

 

Scheme 4.20 Proposed synthetic route to pyrazine-sulfonamide 4-43.  

 
4.2.3 Proposed Installation of Azotochelin and Final Deprotection 

Benzyl protecting groups were also envisaged for the synthesis of the 

azotochelin component, in this case benzyl ethers for protection of the four 

catechol hydroxyl groups. As with their benzyl ester counterparts, these can 

also be removed via hydrogenation. The synthesis of benzylated azotochelin 

starting from 2,3-bis(benzyloxy)benzoic acid (2-12) is well established in the 

Duhme-Klair group.349 2-12 is first converted to NHS ester 2-30 via a DCC-

mediated reaction with N-hydroxysuccinimide. Two equivalents of 2-30 can 

then be reacted with L-lysine hydrochloride to generate the desired benzyl 

protected azotochelin 4-44. Formation of NHS ester 4-45 was envisaged for 

amide coupling to TFA salt 4-43 to give 4-46 (Scheme 4.21).  

N

O

OBn

O
F

N
TFA.HN

N

N SO2Cl

N
H

O
BocHN

in situ

N

N S

N
H

O

N

O O
F

N
N

O O

OBn
BocHN TFA

DCM

N

N S

N
H

O

N

O O
F

N
N

O O

OBn
TFA·H2N

Et3N
DCM4-41

4-39

4-42

4-43



 249 

 

Scheme 4.21 Proposed synthesis of benzyl-protected azotochelin NHS ester 

4-45, and coupling to pyrazine-sulfonamide component 4-43. 

 
Finally, a global benzyl deprotection was proposed to reach target conjugate 

4-32. The typical conditions employed for benzyl group deprotection are 

hydrogenolysis with palladium on carbon as a catalyst. The stability of the 

central pyrazine ring to these conditions is not clear from the literature; 

there are examples of halogen replacement,617,618 and even full 

hydrogenation of the pyrazine ring619 for carboxyl-substituted pyrazines 

(although the latter tends to occur under high pressure).620 However, these 

reactions have not been described for pyrazine rings as electron-deficient as 

the pyrazine-sulfonamide linker, so there is every chance it will be stable to 

hydrogenation conditions. 
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While a range of conditions have been used in the literature for 

hydrogenation of ciprofloxacin-containing compounds189,435,436 previous 

studies have demonstrated poor yields and mass recovery when palladium 

on charcoal is utilised, potentially due to adsorption of the product or 

starting material to the charcoal surface.621,622 Palladium hydroxide on 

carbon (Pearlman’s catalyst) has been shown to facilitate benzyl group 

removal in the presence of ciprofloxacin without significant impact on yields, 

so this was suggested as a reagent for global debenzylation of 4-46 (Scheme 

4.22).266,435,436 

 

Scheme 4.22 Proposed global debenzylation to yield target conjugate 4-32. 

 

4.2.4 Proposed Synthetic Routes to Control Compounds 

A series of control compounds for microbiological screening were also 

designed analogous to the control compounds synthesised in Chapter 3. The 

first of these is a Cipro –, Azoto + control 4-47, designed to examine 

antimicrobial activity stemming from SO2 release alone. Likewise with the 

Cipro –, DFO + control utilised in Chapter 3, a morpholine group was selected 

to act as a mimic of the 6-membered piperazine ring of ciprofloxacin. The 

synthetic route therefore follows a similar pathway to the synthesis of 3-31 

(Scheme 4.23).  
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Scheme 4.23 Proposed synthesis of Cipro –, Azoto + control 4-47. 

 
The synthesis of a Cipro +, Azoto – control was also envisaged to examine 

the change in antimicrobial activity on loss of the siderophore unit. Here, 

pyrazine-sulfonamide salt 4-43 could offer an appropriate control. However, 

the use of TFA salts in biological experiments is sometimes avoided, as the 

presence of TFA can sometimes generate toxic effects beyond those of the 

parent compounds.623,624 Therefore, the synthesis of a hydrochloric acid salt 

4-51 from Boc-protected 4-42 was proposed instead, with a final benzyl 

deprotection of the ciprofloxacin unit leading to Cipro +, Azoto – control 4-

52 (Scheme 4.24). 
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Scheme 4.24 Proposed synthesis of Cipro +, Azoto – control 4-52. 

 
Finally, the synthesis of a Cipro –, Azoto – control was imagined from Boc-

protected morpholine-sulfonamide 4-48. Again, a HCl salt was proposed to 

avoid any toxic effects from TFA. A HCl-mediated deprotection of 4-48 was 

envisaged to give the target control 4-53 (Scheme 4.25).  

 
Scheme 4.25 Proposed synthesis of Cipro –, Azoto – control 4-53. 

 
4.3 Synthesis 

4.3.1 Synthesis of Ciprofloxacin Component 

In accordance with the synthetic strategy outlined above, ciprofloxacin was 

reacted with Boc anhydride, then benzyl bromide to give Boc-ciprofloxacin 

benzyl ester 4-40 in a one-pot reaction (Scheme 4.26). The presence of the 

Boc group can be observed as a 9H singlet at 1.42 ppm in the 1H NMR 

spectrum; likewise successful installation of the benzyl group can be seen 

via a benzyl CH2 resonance at 5.39 ppm, and aromatic resonances between 

7.53 and 7.26 ppm. Further structural confirmation comes from the ESI mass 

spectrum, where a peak at m/z = 544.2223 can be assigned as an [M+Na]+ 
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molecular ion consistent with a molecular formula of C29H32FN3NaO5. 

Removal of the Boc group was achieved with TFA in DCM, with formation of 

4-41 confirmed via the observed loss of the Boc singlet in the 1H NMR 

spectrum, and the presence of peaks in the ESI mass spectrum at m/z = 

422.1881 and 444.1703, consistent with [M+H]+ and [M+Na]+ molecular ions 

with molecular formulae C26H26F4N3O5 and C26H25F4N3NaO5 respectively.  

 

Scheme 4.26 Synthesis of benzyl-protected ciprofloxacin 4-41. a) Boc2O, 

NaHCO3, DMF (anhydrous), 18 h, then BnBr, 90 °C, 26 h, 83%; b) TFA (10% 

v/v), DCM, 17 h, 96%.  

 

4.3.2 Synthesis of Pyrazine Sulfonamide  

The synthesis of pyrazine benzyl thioether 4-38 proceeded smoothly in 84% 

yield over two steps (Scheme 4.27). Successful amide coupling to give 4-37 

is confirmed by the presence of quartets corresponding to the CH2 groups in 

ethylenediamine at 3.59 and 3.41 ppm in the 1H NMR spectrum, and the 

presence of a peak at m/z = 323.0888 in the ESI mass spectrum, consistent 

with an [M+Na]+ molecular ion of formula C12H17
35ClN4NaO3. Elemental 

analysis is consistent with a pure product. Installation of a benzyl thioether 

can be seen from an observed shift in the aromatic proton ortho to the 

thioether from 8.52 ppm in 4-37 to 8.31 ppm in 4-38, consistent with the 

more electron-donating nature of the thioether compared to chlorine. In 

addition, the ESI mass spectrum displays a peak at m/z = 411.1452, which 

can be assigned as an [M+Na]+ molecular ion of formula C19H24N4NaO3S, 

consistent with the desired product.  
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Scheme 4.27 Synthesis of pyrazine benzyl thioether 4-38. a) N-Boc 

ethylenediamine, EDC.HCl, HOBt, DCM (anhydrous), 24 h, 84%; b) BnSH, 

Et3N, MeOH (anhydrous), 0 °C to rt, 24 h, 78%.  

 
In both 4-37 and 4-38, the presence of two distinct isomers can be seen in 

the 1H NMR spectrum in a ratio of c. 90:10; these can be assigned to the anti 

and syn forms of the carbamate bond, which similar to amides display partial 

double bond character (Figure 4.9).625,626 The anti form is typically more 

stable, and therefore likely to be the major isomer.625 The isomeric nature 

of these resonances can be demonstrated by variable temperature 1H NMR 

spectroscopy of 4-37, with the two singlet carbamate proton resonances 

coalescing to give a single broad resonance at high temperature. 

Figure 4.9 Overlaid 1H NMR spectra for variable temperature experiments 

for 4-37 in DMSO-d6 to show coalescing of potential rotameric carbamate 

resonances.  
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The initial conditions for the oxidative chlorination reaction of 4-38 were 

based on the literature for 3-nitro-2-pyridinesulfonyl chloride,614–616 namely 

3 equivalents of DCDMH, solvent ratios of between 11 and 7 parts DCM to 2 

parts H2O and 1 part AcOH, and quenching of remaining DCDMH by pouring 

the reaction mixture into a dilute solution of sodium metabisulfite, followed 

by vigorous agitation (Scheme 4.28). The dechlorinated hydantoin 

derivatives can then be removed in the subsequent basic aqueous workup. 

The DCM layer is kept cold throughout the workup, then transferred to a 

new flask after drying with MgSO4, and reagents for the sulfonamide 

formation are immediately added to the solution.  

 

 

 

Scheme 4.28 Chemical equations for quenching of chloramines by sodium 

metabisulfite.  

 

The oxidative chlorination reaction of 4-38, followed by subsequent addition 

of TFA salt 4-41, proved successful in synthesising pyrazine-sulfonamide 4-

42 (Scheme 4.29). Sulfonyl chloride formation can be observed by 1H NMR 

spectroscopy, with the chemical shifts of the pyrazine protons moving from 

9.14 and 8.31 ppm in thioether 4-38 to 9.56 and 9.24 ppm in 4-39. Coupling 

of the ciprofloxacin unit can be confirmed by 1H NMR spectroscopy, with the 

pyrazine protons shifting to 9.45 and 9.09 ppm, and the presence of proton 

resonances corresponding to the quinoline ring of ciprofloxacin observed at 

8.54, 8.05 and 7.30 ppm. The ESI mass spectrum of 4-42 also contains a peak 

at m/z = 772.2541, which can be assigned as an [M+Na]+ molecular ion of 

formula C36H40FN7NaO8S. Around 0.825 equivalents of 4-41 was found to 

give the least amount of unreacted ciprofloxacin derivative at the end of the 

reaction, suggesting that around 15-20% of the pyrazine sulfonyl chloride is 

being lost during the aqueous workup, or not reacting during the 

sulfonamide formation step. 4-42 can be obtained in 61% yield following 

purification by column chromatography.  
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Scheme 4.29 Synthesis of pyrazine-sulfonamide 4-42. a) 1,3-dichloro-5,5’-

dimethylhydantoin, DCM/AcOH:H2O (biphasic), 0 to 20 °C, 7.5 h; b) 4-41, 

Et3N, DCM, 24 h, 61% over two steps.  

 

Over a number of repeats, some key factors in the progress of the reaction 

became apparent. If the oxidative chlorination reaction time is too short (< 

6 hours), the presence of pyrazine sulfoxide 4-54 may be observed in the 

final product (Figure 4.10). The same outcome is observed if fewer than 

three equivalents of DCDMH are used. The presence of sulfoxide 4-54 can 

be observed by 1H NMR spectroscopy in CDCl3, with two doublets at 4.46 

and 4.16 ppm, both with an integration of 1H; these can be assigned to the 

diasterotopic CH2 protons adjacent to the chiral sulfoxide. 4-54 can also be 

observed in the ESI mass spectrum, with a peak at m/z = 427.1415, which 

can be assigned as an [M+Na]+ adduct of formula C19H24N4NaO4S, consistent 

with the formation of the sulfoxide. 4-54 is expected to be an intermediate 

in the oxidative chlorination reaction,459 so its presence is not unexpected, 

but it provides an indicator as to the progress of the reaction.  

 
Figure 4.10 Sulfoxide intermediate 4-54 observed in some oxidative 

chlorination reactions of benzyl thioether 4-38.  

 

The sulfonyl chloride (4-39) appears to tolerate extended reaction times of 

up to 18 hours, although the formation of small amounts (<0.05 eq.) of 

pyrazine chloride 4-37 can be observed after longer reaction times, 
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indicating a small amount of decomposition over time. The sulfonyl chloride 

also tolerates temperatures above 0 °C, with the reaction mixture allowed 

to warm slowly to room temperature over the course of the reaction. Finally, 

although it was not observed for examples of pyrazine sulfonyl chloride 4-

39, DCDMH can mediate formation of chloramine derivatives of the sulfonyl 

chloride product,627,628 so the use of more than three equivalents is not 

advisable.  

 
4.3.3 Instability of Pyrazine-Sulfonamide 4-42 to Hydrogenation 

Before proceeding to the amide coupling with benzyl-protected azotochelin 

4-45, the stability of pyrazine-sulfonamide 4-42 to the intended 

hydrogenolysis conditions with Pd(OH)2 was explored (Scheme 4.30). A 

mixture of products was observed by 1H/19F NMR spectroscopy. The major 

product appeared to be the debenzylated pyrazine-sulfonamide 4-55, with 

almost complete loss of the benzyl aromatic peaks between 7.52 and 7.27 

ppm, and the CH2 peak at 5.38 ppm, and a corresponding shift in the proton 

adjacent to the ciprofloxacin carboxylic acid from 8.54 ppm to 8.80 ppm. 

There is also an observed shift in the fluoroquinolone 19F resonance from 

−123.9 ppm in 4-42 to −121.3 ppm in 4-55. The ESI mass spectrum also 

contains a peak at m/z = 682.2055, which can be assigned as an [M+Na]+ 

molecular ion of formula C29H34FN7NaO8S. Some starting material (c. 10%) 

remains present. However, a significant amount (50%) of a third product was 

also present, with doublets at 9.40 and 8.75 ppm, and a doublet of doublets 

at 8.54 ppm. The coupling pattern for this product in the 1H NMR spectrum 

could indicate a pyrazine ring bearing 3 hydrogens, suggesting that 4-42 has 

undergone hydrogenation at the sulfonamide position to yield 4-56. This is 

confirmed via comparison of the 1H NMR chemical shifts with a literature 

spectrum of 4-56,629 and the presence of a peak at m/z = 289.1265 in the ESI 

mass spectrum, corresponding to an [M+Na]+ molecular ion of formula 

C12H18N4NaO3. 
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Scheme 4.30 Testing of hydrogenolysis conditions. a) H2, Pd(OH)2/C, 

THF:MeOH, 20 h. 

 
4.3.4 Revised Synthetic Route to 4-32 

As the hydrogenation conditions examined were not suitable to fully 

deprotect 4-42 and yielded a significant amount of hydrogenated pyrazine 

4-56, a change to the synthetic route was required. The planned benzyl 

groups on the catechol groups of azotochelin were replaced with para-

methoxybenzyl (PMB) groups; these have previously been used in the 

literature for protection of azotochelin, with deprotection of the catechols 

via reaction with TFA.185 Further studies in the AKDK research group have 

also identified HCl/dioxane as a suitable reagent for PMB removal from 

azotochelin.630 The proposed synthetic route to PMB-protected azotochelin 

4-57 was originally carried out by James Southwell, using a method based 

on Tarapdar et al.185 Reaction of 2,3-dihydroxybenzoic acid (2,3-DHB) with 

para-methoxybenzyl chloride (PMB-Cl) followed by hydrolysis of the formed 

PMB ester 4-58 with sodium hydroxide yields PMB-protected benzoic acid 

4-59. This can then be coupled to L-lysine methyl ester with EDC.HCl/HOBt, 

followed by a further deprotection with sodium hydroxide to yield PMB-

protected azotochelin 4-57 (Scheme 4.31).  
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Scheme 4.31 Proposed synthetic route to PMB-protected azotochelin 4-57. 

New protecting groups highlighted in red.  

 
Ciprofloxacin was also incorporated into the new route without carboxylic 

acid protection (Scheme 4.32). This minimises the deprotection steps 

required for the final conjugate, and precludes the need to develop a new 

protecting strategy for ciprofloxacin. This strategy has been used before for 

other conjugates.262,433,435,631,632 The main drawback is a limitation of the 

routes possible for amide coupling of pyrazine-sulfonamide 4-62 to the 

protected azotochelin, however, this should still be achievable with the NHS 

ester strategy intended for benzyl-protected azotochelin, with the amine of 

pyrazine-sulfonamide 4-62 much more reactive than the unprotected 

carboxylic acid.  
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Scheme 4.32 Revised synthetic route to target conjugate 4-32. Protecting 

group changes are highlighted in red.  
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The compatibility of pyrazine-sulfonamide 4-42 with the strong acid 

deprotection conditions required for PMB removal was examined before 

proceeding with this route, with no decomposition observed (Scheme 4.33).  

 
Scheme 4.33 Testing of PMB deprotection conditions on pyrazine-

sulfonamide 4-42. a) HCl (129 eq.), dioxane, 0 to 20 °C, 17 h. 

 
4.3.5 Synthesis of New Azotochelin Component 

Alkylation of 2,3-dihydroxybenzoic acid (2,3-DHB) with para-

methoxybenzylchloride gave 4-58, which was subjected to subsequent ester 

hydrolysis with aqueous NaOH in dioxane to give carboxylic acid 4-59 

(Scheme 4.34). 4-59 can then be subjected to an amide coupling reaction 

with L-lysine methyl ester dihydrochloride to yield 4-60. Finally, 4-60 can 

undergo methyl ester hydrolysis with aqueous NaOH to give the target PMB-

protected azotochelin 4-57 (Scheme 4.34). All of the characterisation data 

for the compounds in this route are consistent with the literature.185 

Successful synthesis of 4-57 can be observed from the 1H NMR spectrum, 

with the loss of the OMe ester singlet, and from the ESI mass spectrum, 

which contains a peak at m/z = 921.3593, consistent with an [M+Na]+ 

molecular ion of formula C52H54N2NaO12. 
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Scheme 4.34 Synthesis of PMB-protected azotochelin 4-57. a) PMB-Cl, 

K2CO3, KI, acetone (anhydrous), reflux, 72 h, 91%; b) aq. NaOH, dioxane, 72 

h, 90%; c) L-lysine methyl ester dihydrochloride, EDC.HCl, HOBt, DIPEA, DMF, 

50 °C, 40 h, 55%; d) aq. NaOH, THF, 23 h, 71%.  

 
4.3.6 Synthesis of New Pyrazine-Sulfonamide Component 

New pyrazine-sulfonamide target 4-55 was successfully synthesised from 

sulfonyl chloride 4-39 and ciprofloxacin. 4-55 precipitates from the reaction 

mixture as a white solid, and can be isolated pure by Buchner filtration when 

washed with further DCM, and 1 M HCl to remove any remaining 

ciprofloxacin (Scheme 4.35). Formation of 4-55 can be supported by 

observed changes in the chemical shifts of the piperazine protons in the 1H 

NMR spectrum, from 3.23 and 2.89 ppm in ciprofloxacin to 3.48 and 3.42 

ppm in 4-55, and the presence of peaks at m/z = 682.2051 in the ESI positive 

ion mass spectrum and m/z = 658.2113 in the ESI negative ion mass 

spectrum, corresponding to [M+Na]+ and [M−H]− molecular ions of formula 

C29H34FN7NaO8S and C29H33FN7O8S respectively, consistent with the 

expected molecular formula of 4-55 (C29H34FN7O8S). 
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Scheme 4.35 Synthesis of key pyrazine-sulfonamide 4-55. a) 1,3-dichloro-

5,5’-dimethylhydantoin, DCM/AcOH:H2O (biphasic), 0 to 20 °C, 15 h; b) 

ciprofloxacin, DIPEA, DCM, 0 to 20 °C, 18-24 h, 52% over two steps.  

 
Removal of the Boc group on the ethylenediamine linker to give deprotected 

TFA salt 4-62 can be achieved with 10% v/v TFA in DCM (Scheme 4.36). 

Succesful deprotection can be confirmed by observation of the 1H NMR 

spectrum, with loss of the tert-butyl singlet at 1.34 ppm, and the ESI mass 

spectrum, which displays a peak at m/z = 582.1538, consistent with an 

[M+Na]+ molecular ion of formula C24H26FN7NaO6S. The presence of a TFA 

counterion can also be observed by 19F NMR spectroscopy, with a resonance 

at −73.4 ppm in a c. 3:1 integration ratio to the fluoroquinolone 19F 

resonance.  

 
Scheme 4.36 Synthesis of TFA salt 4-62. a) TFA (10% v/v), DCM (anhydrous), 

5 h, 73%. 
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4.3.7 Coupling of 4-55 and 4-61 and Final Deprotection 

The required NHS ester 4-61 for coupling of the azotochelin and pyrazine-

sulfonamide components can be synthesised via EDC-mediated amide 

coupling (Scheme 4.37). Successful formation of 4-61 is supported by 1H 

NMR spectroscopy, with the NHS ester observed as a singlet with an 

integration of 4 at 2.78 ppm. An additional C=O resonance is observed at 

168.7 ppm in the 13C NMR spectrum, which can be assigned to the two 

carbonyl groups of the NHS ester. The ESI mass spectrum also contains a 

peak at m/z = 1018.3765, which can be assigned as an [M+Na]+ adduct of 

molecular formula C56H57N3NaO14. The NHS ester decomposes slowly over 

time, so is used immediately after purification. 

 
Scheme 4.37 Synthesis of PMB-protected azotochelin NHS ester 4-61. a) N-

hydroxysuccinimide, EDC.HCl, DCM, 18 h, 55%. 

 

Coupling of NHS ester 4-61 and TFA salt 4-62 was carried out with Et3N as a 

base, with 4-63 successfully isolated in 91% yield (Scheme 4.38). The 1H NMR 

spectrum of 4-63 contains resonances corresponding to the pyrazine-

sulfonamide and the azotochelin in a 1:1 ratio, with a new amide resonance 

at 172.9 ppm in the 13C NMR spectrum (compared to the carboxylic acid 

peak at 166.2 ppm in 4-57, or the NHS ester peak at 168.2 ppm in 4-61). The 

ESI mass spectrum also supports the formation of 4-63, with a peak at m/z = 

1462.5112, consistent with an [M+Na]+ molecular ion of formula 

C76H78FN9NaO17S. 
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Scheme 4.38 Coupling of PMB-protected azotochelin NHS ester 4-61 and TFA 

salt 4-62. a) 4-61, Et3N, DCM, 24 h, 91%.  

 

4-63 was subjected to HCl-mediated removal of the PMB groups in dioxane 

to give target conjugate 4-32 (Scheme 4.39). Successful formation of 4-32 is 

suported by the observed loss of the PMB aromatic resonances between 

7.46 and 6.71 ppm, the PMB CH2 singlets between 5.12 and 4.85 ppm and 

the PMB methyl groups between 3.78 and 3.65 ppm in the 1H NMR 

spectrum. Further evidence comes from the ESI positive ion mass spectrum, 

with a peak observed at m/z = 982.2852, consistent with an [M+Na]+ 

molecular ion of formula C44H46FN9O13S, and the ESI negative ion mass 

spectrum, where a peak was observed at m/z = 958.2845, consistent with an 

[M−H]− molecular ion of formula C44H45FN9NaO13S. A portion of the 

deprotected conjugate precipitates from the reaction mixture as a yellow 

solid; on analysis of the 1H NMR spectrum, this appears to contain an 

equivalent of dioxane, even after it was subjected to drying under vacuum, 

suggesting it may be present trapped in the crystal lattice. 
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Scheme 4.39 HCl-mediated PMB removal to give target conjugate 4-32. a) 

HCl, dioxane, 4.5 h, 33%. 

 

The progress of the reaction was monitored by HPLC. No starting material 

remained after 21 minutes, with three main fractions eluting at retention 

times of 3.11, 5.33 and 7.51 minutes respectively, with an integration ratio 

of 3:5:2. The compound eluting at 3.11 minutes was later shown to be the 

fully-deprotected product 4-32, while the other two compounds likely 

correspond to the mono- and di-protected products 4-64 and 4-65 (Figure 

4.11), loss of the less hindered PMB group is suggested to occur first to form 

4-64 from 4-65, but there is no evidence to support this). Previous studies 

with a range of protecting groups and substrates have revealed selective 

deprotection of the ortho-hydroxy group of 1-carbonyl and carboxyl-

substituted catechols is possible without deprotection of the meta-hydroxy 

group, hence the assignment of 4-64 and 4-65 as the two meta-protected 

isomers.633–636 The compound eluting at 7.51 minutes is mostly lost after 61 

minutes of reaction, although a small remnant is still visible while the peak 

at 5.33 minutes reduces in intensity more slowly over 4 hours.  
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Figure 4.11 Structure of proposed intermediates in HCl-mediated 

deprotection of 4-63. 

 
The purity of 4-32 was assessed via quantitative 1H NMR spectroscopy in a 

similar manner to the conjugates described in Chapter 3. Maleic acid was 

again used as a quantitative NMR standard. Comparison of the integration 

between maleic acid, and proton resonances in the aromatic region of the 
1H NMR spectrum of 4-32 suggested a purity of 81%. If the presence of an 

equivalent of dioxane in the product is factored into the calculations a purity 

of 89% is obtained. This was deemed of sufficienty purity for preliminary 

biological screening.  

 
4.3.8 Synthesis of Control Compounds 

The first step towards the synthesis of Cipro –, Azoto + control 4-47 was the 

synthesis of morpholine-sulfonamide 4-48 via reaction of morpholine with 

sulfonyl chloride 4-39, followed by purification to yield pure 4-48 (Scheme 

4.40). Multiplets corresponding to the morpholine protons can be observed 

at 3.76 and 3.40 ppm in the 1H NMR spectrum, and the ESI mass spectrum 

displays peaks at m/z = 416.1601 and 438.1421, which can be assigned as 

[M+H]+ and [M+Na]+ peaks consistent with molecular formulae C16H26N5O6S 

and C16H25N5NaO6S respectively. 4-48 can then undergo TFA-mediated 

removal of the Boc group to yield TFA salt 4-49. The 1H NMR spectrum in 

DMSO-d6 lacks the tert-butyl singlet at 1.35 ppm, indicating successful Boc 
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cleavage, while the ESI positive ion mass spectrum contains a peak at m/z = 

316.1073, which can be assigned to an [M+H]+ molecular ion of formula 

C11H18N5O4S, consistent with the free amine of 4-49. The ESI negative ion 

mass spectrum also contains a peak at m/z = 428.0864, which can be 

assigned to an [M−H]− molecular ion of formula C13H17F3N5O6S, consistent 

with the molecular formula of the desired TFA salt.  

 
Scheme 4.40 Synthesis of morpholine-sulfonamide TFA salt 4-49. a) 1,3-

dichloro-5,5’-dimethylhydantoin, DCM/AcOH:H2O (biphasic), 0 to 20 °C, 15 

h; b) morpholine, Et3N, DCM, 0 °C to rt, 18 h, 40% over two steps; c) TFA 

(10% v/v), DCM, 0 °C, 5 h, 68%.  

 
TFA salt 4-49 undergoes reaction with NHS ester 4-61 in a similar fashion to 

ciprofloxacin-sulfonamide 4-62 to yield conjugate 4-66 (Scheme 4.41). The 

formation of the new amide bond can be seen from the observed presence 

of a new amide proton resonance at 6.88 ppm in the 1H NMR spectrum, and 

a resonance at 172.8 ppm in the 13C NMR spectrum, consistent with an 

amide C=O. The ESI mass spectrum also contains a peak at m/z = 1218.4517, 

consistent with an [M+Na]+ molecular ion of formula C63H69N7NaO15S.  

 

N

N SBn

N
H

O
BocHN a N

N SO2Cl

N
H

O
BocHN

N

N S

N
H

O

O
N

O O

BocHN

c
N

N S

N
H

O

O
N

O O

TFA·H2N

b

4-38 4-39

4-48

4-49



 269 

 

Scheme 4.41 Coupling of TFA salt 4-49 and NHS ester 4-61. a) Et3N, DCM, 16 

h, 87%. 

  

Finally, 4-66 can be subjected to HCl-mediated removal of the PMB groups 

(Scheme 4.42). Purification of 4-47 was attempted by automated reverse-

phase column chromatography, which resulted in removal of the main 

impurity present post-reaction (the 4-methoxybenzyl chloride formed as a 

byproduct of the deprotection), however some minor impurities remained 

post-column. The purity of the product was considered sufficient (estimated 

89% by HPLC) for preliminary biological studies. Successful formation of 4-

47 is suported by the absence of the PMB aromatic resonances between 

7.44 and 6.74 ppm, the PMB CH2 singlets between 5.14 and 4.95 ppm and 

the PMB methyl groups between 3.83 and 3.73 ppm in the 1H NMR 

spectrum. Formation of 4-47 is further supported by the presence of a peak 

observed at m/z = 738.2161 in the ESI positive ion mass spectrum, consistent 

with an [M+Na]+ molecular ion of formula C31H37N7NaO11S, and a peak at 

m/z = 714.2192 in the ESI negative ion mass spectrum, consistent with an 

[M−H]− molecular ion of formula C31H36N7O11S.  
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Scheme 4.42 Synthesis of Cipro –, Azoto + control 4-47. a) HCl, dioxane, 26 

h, 36%. 

 
Cipro +, Azoto – control 4-52 can be synthesised from pyrazine-sulfonamide 

4-55 via HCl-mediated removal of the Boc group (Scheme 4.43). Successful 

formation of 4-52 can be confirmed by the loss of the tert-butyl group at 

1.34 ppm in the 1H NMR spectrum, and the presence of a peak at m/z = 

560.1717 in the ESI mass spectrum, consistent with an [M+Na]+ molecular 

ion of formula C24H27aFN7O6S. 

 
Scheme 4.43 Synthesis of Cipro +, Azoto – control 4-52. a) HCl, DCM:dioxane 

(3:1), 0 °C to rt, 24 h, 60%. 

 
Cipro –, Azoto – control 4-53 can be synthesised from morpholine-

sulfonamide 4-48 in a similar fashion (Scheme 4.44). Again, successful 

removal of the Boc group can be observed by the loss of the tert-butyl singlet 
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at 1.35 ppm in the 1H NMR spectrum, and via the presence of a peak 

observed at m/z = 316.1061 in the ESI mass spectrum, consistent with an 

[M+Na]+ molecular ion for the deprotected amine, with a formula of 

C11H18N5O4S. 

 
Scheme 4.44 Synthesis of Cipro –, Azoto – control 4-53. a) HCl, EtOH, rt, 48 

h, 61%. 

 

The purities of control compounds 4-52 and 4-53 were assessed by 

quantitative 1H NMR spectroscopy. In both cases, small additional pyrazine 

resonances are evident on the shoulder of the old resonances. For 4-52 a 

new resonance appears at 9.33 ppm next to the original resonance at 9.34 

ppm, and for 4-53 a new resonance appears at 9.36 ppm, with the original 

resonance at 9.37 ppm. This potentially indicates partial counterion 

exchange between maleic acid and HCl. Including both sets of peaks in the 

quantitative analysis gives an estimated purity of 98% for 4-53; all other 

resonances corresponding to 4-53 overlap with the H2O resonance present 

in the DMSO-d6, so cannot be used for comparison. Applying a similar 

approach to 4-52 gives an average estimated purity of 96% from the 

integrations of the aromatic protons, and 98% from the two cyclopropane 

CH2 groups; overlap with H2O and problems with the spectral baseline 

prevented comparison with any other resonances.  

 
4.4 SO2 Release Studies  

As the pyrazine-sulfonamides synthesised represent a novel set of 

compounds, evaluation of whether they are capable of undergoing reaction 

with biological thiols to release SO2 is vital for determining their potential as 

biolabile linkers. Pyrazine-sulfonamide TFA salt 4-49 was initially selected for 

studying SO2 release from the pyrazine-sulfonamide linker due to its high 

aqueous solubility. Initial qualitative studies of SO2 release from 4-49 were 

carried out in the presence of SO2-detecting dye 2-21 and glutathione in 10% 

DMSO:HEPES buffer (Scheme 4.45). This demonstrated a high rate of 
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release, with the dye absorbance band at 540 nm decreasing to zero 

absorbance over 10 minutes.  

 

 
Scheme 4.45 Reaction of 4-49 with glutathione in the presence of SO2-

detecting dye 2-11. a) GSH (10 eq.), 2-11 (0.1 eq.), 10% DMSO/HEPES buffer, 

pH 7.4, rt, 30 min.  

 

The rate of SO2 release from 4-49 proved too rapid to monitor via HPLC 

studies, with the starting material consumed after 17 minutes of reaction at 

37 °C. Therefore, the rate of reaction was instead examined via UV-vis 

spectroscopy (Scheme 4.46). On reaction with GSH, a new UV-vis band 

emerges with a maximum at 329 nm, likely due to the pyrazine-glutathione 

conjugate 4-67. Plotting the absorbance at 329 nm over time allows the rate 

of formation of the glutathione conjugate, and hence the rate of SO2 release, 

to be examined. Pyrazine-sulfonamide 4-49 displays a rapid rate of release, 

reaching a plateau in around 25 minutes (Figure 4.12). This is faster than the 

previously-studied 2,4-dinitrobenzenesulfonamide conjugates, for example 

benzylamine conjugate 1-56, which take around 2 hours to reach a plateau. 

4-49 appears to remain stable in HEPES buffer in the absence of glutathione; 

no increase in absorbance is observed at 329 nm over a period of 6.5 hours, 

indicating glutathione is required for the SO2 release reaction to take place. 

A similar rate of release is seen in experiments with ciprofloxacin conjugate 

TFA salt 4-62. 
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Scheme 4.46 Reaction of 4-49 and 1-56 with glutathione in HEPES buffer. a) 

GSH (10 eq.), 10% DMSO/HEPES, pH 7.4, rt, 60 min; b) GSH (10 eq.), 10% 

MeCN/HEPES, pH 7.4, rt, 12 h. 

 
Figure 4.12 Plot of absorbance vs. time for pyrazine-sulfonamide 4-49 and 

2,4-dinitrobenzenesulfonamide 1-56 at their respective absorbance 

maximum (329 and 340 nm) on reaction with glutathione (10 eq.) at pH 7.40.  

 
The synthesis and evaluation of SO2 release from other diazine sulfonamides 

was also considered. Different diazine structures may offer varying release 

profiles, giving a range of potential linkers that could be tailored towards a 

desired release profile. A morpholine-sulfonamide 4-68 based on a 2-

carboxyl-6-sulfonamidopyrazine structure was successfully synthesised 

from thioether 4-69, which had previously been synthesised by Luke Stirland 

(Scheme 4.47). Interestingly, when subjected to identical SO2 release 

conditions to previous morpholine-sulfonamides, no change in the UV-vis 

spectrum was observed. Experiments with SO2-detecting dye 2-11 displayed 
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a 9% decrease in dye absorbance at 535 nm over 150 minutes, indicating 

very slow SO2 release. This difference in SO2 release rates between the two 

pyrazine isomers perhaps merits further investigation.  

 
Scheme 4.47 Synthesis of morpholine sulfonamide 4-68 and subsequent SO2 

release. a) 1) 1,3-dichloro-5,5’-dimethylhydantoin, DCM/AcOH:H2O 

(biphasic), 0 to 20 °C, 14 h; 2) morpholine, Et3N, DCM, 0 °C to rt, 5.5 h, 59% 

over two steps; b) GSH (10 eq.), 2-11 (0.1 eq.), 10% DMSO/HEPES, pH 7.4, rt, 

2.5 h. 

 
4.5 Conjugate Solubility and Stability  

As with the conjugates examined in Chapter 3, the solubility of 4-32 and the 

associated microbiological controls was determined before undertaking 

biological studies. This determines what biological experiments can be 

carried out on 4-32 and the controls, in particular those carried out in liquid 

media. In addition, given the high glutathione reactivity observed for the 

pyrazine-sulfonamide linker, the stability of the compounds in aqueous 

media was also probed. If the biolabile linkers are unstable in liquid media, 

this could lead to premature extracellular release of the ciprofloxacin from 

4-32 and 4-52 in biological studies, which has been observed in previous 

examples of Trojan Horse conjugates.187,194,210,262 This would make it hard to 

determine if any observed antimicrobial activity stems from the conjugates, 

or from free ciprofloxacin released into the media and then taken up by 

bacteria.  

 

Both 4-32, and controls 4-52 and 4-53 display high solubility in DMSO (up to 

10 mM); there was not sufficient stock of pure 4-47 to carry out 

solubility/stability testing. The solubility of 4-32, and controls 4-52 and 4-53 

was tested under identical conditions to the conjugates in Chapter 3, with 

two DMSO:MHII broth ratios relevant to biological studies employed (2% 

DMSO in MHII and 50% v/v DMSO in MHII). Solubility was again assessed 

visually, with a clear solution taken to indicate full solubility of the 
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compounds. The solubilities of the three compounds are displayed in Table 

4.2.  

Compound 
Solubility (2% DMSO in 

MHII)  

Solubility (50% DMSO 

in MHII)  

4-32 10 to 20 µM 100 to 250 µM 

4-52 50 to 75 µM 150 to 200 µM 

4-53 > 100 µM ND 

Table 4.2 Solubilities observed for 4-32, 4-52, and 4-53 in 2% DMSO in MHII 

and 50% DMSO in MHII. ND = not determined.  

 
The solubility results indicate that the hydrophilic pyrazine-sulfonamide 

linker is unable to balance out the hydrophobicity of the azotochelin 

siderophore and the ciprofloxacin on its own, as might have been hoped. 

This should be taken into account for the design of any future conjugates.  

 

The stability of conjugate 4-32, and the Cipro +, Azoto – control 4-52 in MHII 

media were assessed by analytical HPLC studies. A number of components 

in the MHII media absorb at 254 nm, so the use of the two conjugates with 

the strongly UV-absorbing ciprofloxacin unit was considered to give the best 

visibility of the compounds. The use of the ciprofloxacin conjugates also 

allows the amount of free ciprofloxacin released, if any, to be determined, 

which is not possible with the morpholine released from the Cipro –, Azoto 

– control 4-53. Selected concentrations of 4-32 and 4-52 were incubated at 

37 °C in DMSO:MHII media, with 500 µM caffeine added as an internal 

standard. The ratio of HPLC peak integrations between the caffeine peak and 

the peaks for 4-32, 4-52 or ciprofloxacin was used to determine their 

concentrations in the stability studies from plotted calibration curves. 

 

Cipro +, Azoto – control 4-52 was examined over 23 hours at a concentration 

of 50 µM in 2% DMSO:MHII, with aliquots taken from the reaction mixture 

over four hours, then a final aliquot after heating overnight. At the first HPLC 

time point (c. 5 minutes after addition of 4-52), the detectable concentration 

of 4-52 has already dropped to 40 µM, dropping further to 20 µM after 

around 4 hours, and around 5 µM overnight. While this could indicate 
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decomposition of 4-52, the concentration of ciprofloxacin in the media does 

not increase at the same rate, with around 5 µM formed by the end of the 

reaction (Figure 4.13). This indicates instead that 4-52 might be precipitating 

from solution over time. The solubility of ciprofloxacin was also examined in 

a similar assay to determine if ciprofloxacin could be being released, then 

precipitating from the reaction mixture. This proved not to be the case, with 

incubation of 20 µM ciprofloxacin in 2% DMSO:MHII at 37 °C displaying no 

loss of analyte over the same time period (Figure 4.14). 

 

Figure 4.13 Stability and solubility of 4-52 in Mueller-Hinton II media over 23 

hours at 37 °C as determined by HPLC analysis.  

 
Figure 4.14 Solubility of ciprofloxacin in Mueller-Hinton II media over 23 

hours at 37 °C as determined by HPLC analysis.  
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Poorer solubility is observed for conjugate 4-32, which was tested at 10 µM 

in 2% DMSO:MHII over 27 hours. At the first HPLC time point (ca. 9 minutes 

after addition of 4-32), the concentration of 4-32 visible by HPLC was 0.1 

µM, 100x lower than the solubility observed in the basic solubility tests. This 

rises to around 1 µM over six hours, but drops back to a negligible amount 

overnight. Again, formation of ciprofloxacin is observed, with the 

concentration increasing slowly over the first six hours, but reaching 7 µM 

by the end of the reaction (Figure 4.15).  

 
Figure 4.15 Stability and solubility of 4-32 in Mueller-Hinton II media over 27 

hours at 37 °C as determined by HPLC analysis.  

 

The formation of ciprofloxacin in both stability tests indicates some 

breakdown of the conjugates in MHII media. Given the presence of protein 

hydrolysates in MHII, it is likely to contain a quantity of thiols in the form of 

cysteine, so some reactivity of 4-32 and 4-52 may not be surprising given 

their fast breakdown on reaction with glutathione. However, to ensure the 

pyrazine-sulfonamides were fully stable in aqueous media, Cipro +, Azoto – 

control 4-52 and morpholine TFA salt 4-49 were also subjected to HPLC 

stability tests in aqueous HEPES buffer (pH 7.4). In both cases, 50 µM of the 

compounds was incubated in 5% DMSO:HEPES buffer overnight at 37 °C. The 

concentration of 4-49 remains close to 50 µM over 24 hours, indicating no 

solubility issues or decomposition (Figure 4.16). For 4-52, a faster 
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concentration drop-off to that in MHII is observed, with 43 µM present after 

5 minutes, falling to 7 µM after 83 minutes, and 5 µM overnight. There is no 

significant increase in the amount of ciprofloxacin observed in the reaction, 

which remains around 0.5 µM throughout, indicating no decomposition with 

associated ciprofloxacin release of 4-52 in HEPES buffer (Figure 4.17).  

 
Figure 4.16 Stability of 4-49 in aqueous HEPES buffer (pH 7.4) over 24 hours 

at 37 °C as determined by HPLC analysis.  

 
Figure 4.17 Stability of 4-52 in aqueous HEPES buffer (pH 7.4) over 22 hours 

at 37 °C as determined by HPLC analysis.  

 
The addition of DMSO to the aliquots taken from the reaction mixture did 

not increase the concentration of 4-52 present in the HPLC traces; this could 
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indicate loss of the HCl counterion in solution, and formation of the free 

amine of 4-52, which other experiments have shown to be insoluble even in 

100% DMSO. It could also indicate aggregation of the molecules in solution 

via e.g. pi-pi stacking between ciprofloxacin or azotochelin units in 4-32, or 

ionic interactions between the carboxylic acid and amine present in 4-52. 

The solutions containing 4-32 and 4-52 are cloudy when aliquots are 

removed, providing further evidence of the precipitation of the conjugates 

in the media examined. The role of caffeine in the precipitation can be ruled 

out; it appears to stay present at roughly the same intensity throughout the 

reaction. If it was involved in an aggregation process with 4-32 or 4-52, loss 

of the caffeine peak would also be observed. Preliminary UV-vis solubility 

studies with 4-52 in the absence of caffeine also indicate a poor solubility in 

HEPES not apparent from the visual analysis carried out previously.  

 

The stability studies of 4-32 and 4-52 indicate that carrying out solubility 

tests for these compounds by visual analysis is not a suitable method, given 

the low solubility observed in the HPLC experiments; a new method for 

evaluating this needs to be developed. The poor solubility also has 

implications for biological studies, as does the instability of the conjugates. 

Thiol-containing growth media like MHII broth should be avoided if at all 

possible to prevent premature decomposition of 4-32; a possible alternative 

is a phosphate-based minimal media like M9, or MOPS minimal media. 

These issues both need to be taken into account for the design of any future 

conjugates of this type.  

 

4.6 Biological Studies 

All of the antimicrobial assays detailed in this section were carried out by 

Cerys Orritt and Dr Angela Oates at the Hull York Medical School.  

 
The antimicrobial activity of conjugate 4-32 and the microbiological controls 

were examined in an identical manner to the biological screening described 

in Chapter 3, with the same panel of bacterial species used to assess the 

spectrum of activity (Table 4.3). 
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Bacterial 

Strain Number 
Species Ciprofloxacin Sensitivity 

AC2 Acinetobacter baumannii Resistant 

PS2 Pseudomonas aeruginosa 
Ciprofloxacin susceptible 

with increased exposure 

PS3 Pseudomonas aeruginosa Sensitive 

EC1 Escherichia coli Sensitive 

EC3 Escherichia coli Resistant 

CN1 Staphylococcus epidermidis Sensitive 

CN3 Staphylococcus epidermidis Resistant 

CN4 Staphylococcus epidermidis Resistant 

MR2 Staphylococcus aureus Sensitive 

MR3 Staphylococcus aureus Resistant 

KL3 Klebsiella pneumoniae Sensitive 

KL5 Klebsiella pneumoniae Resistant 

Table 4.3 Panel of bacterial species selected for antimicrobial testing. 

 

Of the bacterial strains in this panel, E. coli and K. pneumoniae both produce 

the catecholate siderophore enterobactin and its derivatives as their 

primary siderophores, so would likely be able to utilise the catecholate 

azotochelin.105,165,637 As discussed above, uptake of azotochelin in P. 

aeruginosa has also been demonstrated.612,613 In addition, Möllman et al. 

demonstrated strain-dependent growth promotion in all three of these 

bacteria when treated with b-lactam conjugate 4-30, indicating their ability 

to transport and utilise azotochelin derivatives as siderophores.608 A. 

baumannii has been shown to possess receptors that facilitate the uptake of 

monocatechol-based Trojan Horse conjugates,638 and similar bis(catechols) 

to azotochelin have been shown to form effective Trojan Horse 

conjugates.267,639 S. aureus has shown the ability to utilise catecholate 

siderophores like petrobactin, enterobactin, and 2,3-dihydroxybenzoic acid 

as xenosiderophores, although this uptake pathway does not seem to be 

vital for virulence (apart from in a murine heart model).389 Catechol 

siderophore uptake is less well documented in S. epidermidis, although 

catecholamine drugs like noradrenaline or dopamine have been shown to 
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mediate growth promotion of some strains, possibly indicating the presence 

of a transport pathway for catechols.640,641  

 

4.6.1 Initial Screening on Agar Plates 

Conjugate 4-32, and the associated controls, were screened against the 

bacterial panel on Mueller-Hinton agar plates, with the compounds loaded 

to discs via stock solutions in DMSO at a concentration equivalent to 5 µg of 

ciprofloxacin. Following overnight incubation at 37 °C, the zone of inhibition 

surrounding the discs was measured, and the results displayed in Table 4.4. 

Zones of inhibition for ciprofloxacin are again displayed for comparison.  

 

Bacterial 

Strain Number 
Cipro 4-32 4-47 4-52 4-53 

AC2 (R) 0 0 0 0 0 

PS2 (I) 23.5 13.8 0 0 0 

PS3 (S) 32.4 19.7 0 13.2 0 

EC1 (S) 34.8 25.9 0 20.1 0 

EC3 (R) 0 0 0 0 0 

CN1 (S) 36.5 15.4 0 12.6 0 

CN3 (R) 0 0 0 0 0 

CN4 (R) 15.9 0 0 0 0 

MR2 (S) 24.5 10.7 0 0 0 

MR3 (R) 0 0 0 0 0 

KL3 (S) 29.6 22.7 12.5 18.6 0 

KL5 (R) 18.7 0 0 0 0 

Table 4.4 Zones of inhibition (mm) for each compound against bacterial 

panel. R = ciprofloxacin-resistant, S = ciprofloxacin-sensitive, I = 

ciprofloxacin-susceptible with increased exposure (i.e. Less sensitive, but 

higher doses still effective). 

 
Similar to DFO conjugate 3-14, azotochelin conjugate 4-32 proved less active 

than ciprofloxacin against all of the strains examined, although it displays a 

wider activity profile than 3-14, with additional activity vs. PS2 and MR2. 

Cipro –, Azoto + control 4-47 only displays activity vs. KL3; this could be an 
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erroneous result, or could indicate a role for azotochelin-induced iron 

limitation in activity vs. KL3 (similar to the DFO-mediated activity for Cipro –

, DFO + control 3-31 against S. epidermidis strains in Chapter 3). In theory, 

the activity could also source from SO2 release, but given the lack of activity 

of Cipro –, Azoto – control 4-53 against the full bacterial panel, this seems 

unlikely.  

 

Some activity is observed for Cipro +, Azoto – control 4-52; with a mass of 

596 Da (560 for the free amine), uptake via porins like OmpF is possible,526–

529 and the primary amine may help mediate uptake in the Gram-negative 

strains.642 In comparison to the Cipro +, DFO – control 3-34, no activity for 

Cipro +, Azoto – control 4-52 is observed against MR2 (S. aureus). This could 

add further weight to the hypothesis that the hydrophobicity of Cipro +, DFO 

– control 3-34 contributes to its uptake in MR2, with Cipro +, Azoto – control 

4-52 much more hydrophilic (clogP = –3.40 vs. 0.58 for 3-34).445 

 

It should also be noted that the results will be affected by the ability of the 

conjugates to diffuse through the agar, with higher molecular weight 

compounds likely to diffuse slower than lower molecular weight 

compounds,643 and differences observed for antibiotics of different 

hydrophobicities.644 These may account for some of the results observed. It 

is not known what role the poor aqueous solubility of 4-32 or the instability 

in MHII media will play in results obtained on agar plates; the loading of the 

compounds in DMSO may have helped to mitigate some of the solubility 

issues.  

 
4.7 Summary and Conclusions 

Prospective Trojan Horse conjugate 4-32, containing a novel 5-carboxyl-2-

pyrazinesulfonamide as a biolabile SO2-releasing linker, plus azotochelin as 

a siderophore unit and ciprofloxacin as an antimicrobial component has 

been successfully synthesised and characterised by 1H/13C/19F NMR and ESI 

mass spectrometry, although full purification was not achieved. The 

synthetic route involves a novel method for the synthesis of pyrazine 

sulfonyl chlorides, although similar conditions have previously been 



 283 

employed in the literature. In addition, three microbiological controls, 4-47, 

4-52 and 4-53, have been synthesised and characterised (Figure 4.18).  

 

Figure 4.18 Structure of Trojan Horse conjugate 4-32 and related 

microbiological controls, plus TFA salt 4-49.  

 

SO2 release experiments with TFA salt 4-49 demonstrated rapid release of 

SO2 from the novel pyrazine linker of reaction with glutathione, with the 

reaction going to completion in around 25 minutes. A related 6-carboxyl-2-

pyrazinesulfonamide 4-68 displayed much slower release of SO2 on reaction 

with GSH. Azotochelin conjugate 4-32 and control 4-52 were found to be 

poorly soluble in aqueous media, while salts 4-49 and 4-53 display good 

solubility. In addition to their lack of solubility, 4-32 and 4-52 display 

instability in Mueller-Hinton broth, a common biological growth medium, 

with ciprofloxacin release observed on incubation at 37 °C; this is likely due 
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to reaction with cysteine residues or other nucleophiles present in the 

medium. 4-32 and 4-52 are also observed to be insoluble in MHII, with 4-52 

in particular losing solubility over time (going from c. 40 µM present at the 

start to 5 µM at the end). This likely indicates aggregation and/or 

precipitation of 4-52 in solution over time.  

 
The antimicrobial activity of 4-32 and the three controls were evaluated via 

agar-based culture methods, with screening against a panel of bacterial 

species in a Mueller-Hinton agar plate-based assay. 4-32 proved less active 

than ciprofloxacin in all cases. It is unclear whether conjugate 4-32 is stable 

on Mueller-Hinton agar; if it is, then given the fast release rates 

demonstrated for the biolabile linker, the lower activity of 4-32 compared 

to ciprofloxacin likely indicates a lack of uptake, or that ciprofloxacin 

modification/efflux occurs faster than uptake of 4-32. Activity for Cipro +, 

Azoto – control 4-52 is observed for some strains, although this is reduced 

again compared to conjugate 4-32. Cipro –, Azoto + control 4-47 only 

displays activity vs. K. pneumoniae KL3, which could indicate some role for 

azotochelin-mediated iron starvation of the bacteria, and Cipro –, Azoto – 

control 4-53 proved inactive vs. all bacterial strains. 

 

Drawing overall conclusions about the efficacy of 4-32 as a Trojan Horse 

conjugate is hard, given its instability in MHII broth. However, conclusions 

can be drawn about some parts of the conjugate. The novel 5-carboxyl-2-

pyrazinesulfonamide linker does display rapid release of SO2 on reaction 

with glutathione as intended, with the electron-deficient environment of the 

pyrazine ring offering a favourable replacement for the previously-employed 

nitro-based sulfonamides. The sulfonamide linker appears to be stable in 

aqueous buffer at pH 7.4 in the absence of thiols. Unfortunately, the greater 

hydrophilicity of the pyrazine component is unable to balance out the poor 

solubility of the ciprofloxacin component in 4-52, or both the ciprofloxacin 

and azotochelin components in 4-32.  
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4.8 Future Work 

Of the work discussed in this thesis, this area of research provides the 

greatest potential for further development. The pyrazine-based sulfonamide 

linker is only one of a wide range of heterocyclic structures that could be 

employed for the design of new biolabile linkers, and the area presents 

much scope for expansion. 

 

Like with DFO conjugate 3-14, further purification of conjugate 4-32 is 

required, with preparative HPLC a potential method to explore. The iron-

binding ability of conjugate 4-32 and control 4-47 could also be examined, 

although the poor solubility of 4-32 prevented efforts to characterise its 

corresponding iron complex by native ESI mass spectrometry. The reactivity 

of the 5-carboxyl-2-pyrazinesulfonamide linker with other biological 

nucleophiles like lysine or serine should also be examined to determine 

whether the instability observed in MHII broth comes solely from reaction 

with any thiols present. Given the limited solubility that was observed in the 

HPLC experiments compared to the rudimentary solubility testing carried 

out, a better method of measuring the solubility of conjugates like 4-32 must 

be employed for any future studies, for example a method utilising HPLC or 

UV-vis measurements to gain a quantitative evaluation of solubility.645 

 

Any future biological studies must move away from the use of MHII media, 

and towards the use of non-thiol containing alternatives, for example M9. 

Some of the trends observed in the current results may also merit 

investigation, especially if they can be replicated in different media. For 

example, the uptake of both azotochelin and conjugate 4-32 into the 

different strains in the agar panel could be probed; a number of methods 

exist in the literature for evaluation of uptake, including mutant studies, 

growth recovery assays and siderophore radiolabelling.163 

 
To overcome the solubility problems observed for conjugate 4-32, a more 

hydrophilic siderophore like DFO (clogP = −0.31) or staphyloferrin A (clogP = 

−4.52) could be employed.445  
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The synthesis and evaluation of other heterocyclic sulfonamide systems as 

SO2-releasing linkers also offers an intriguing avenue of research. Luke 

Stirland, an MChem student in the group, was tasked with synthesising a set 

of diazine sulfonamides/sulfonate esters containing a fluorescent coumarin 

dye. By examining the release rate of the coumarin dye via fluorimetry, the 

rates of SO2 release from each of the desired conjugates could easily be 

compared.  

 

Synthesis and evaluation of a 5-carboxylpyrazine-2-sulfonate ester (4-70, 

Figure 4.19) was attempted as part of the studies described here. 

Interestingly, when subjected to a stability study in HEPES buffer, c. 50% 

decomposition of 4-70 is observed over three hours, with formation of both 

7-hydroxycoumarin and a new species apparent in the HPLC. It is possible 

that released 7-hydroxycoumarin, which has a pKa of 7.5,646 could act as a 

nucleophile to attack further sulfonate ester 4-70, accelerating the 

decomposition. The use of 7-hydroxycoumarin in any future dye release 

studies is therefore discouraged.  

 
Figure 4.19 Structure of coumarin sulfonate ester 4-70. 

 
An attempt was also made at synthesising a linker based on a pyridone core, 

similar to those seen in Scheme 4.7. Briefly, coupling of ketone 4-71, 

synthesised from reaction of acetone with CS2 and BnBr, with 

cyanoacetamide yielded pyridone thioether 4-72, with a Boc-protected 

amine linker installed on the pyridone nitrogen via reaction with N-Boc-2-

bromoethylamine (Scheme 4.48). However, attempted formation of a 

sulfonyl chloride with DCDMH led to chlorination of the pyridone ring and/or 

oxidation of the thioether. Optimisation of these conditions was not 

attempted due to time constraints, but could provide a route to a further 

novel biolabile linker.  
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Scheme 4.48 Synthesis of pyridone thioether 4-73 and attempted oxidative 

chlorination reaction. a) CS2, tBuOK, THF, 0 °C, 1.5 h, then BnBr, 18 h, 58%; 

b) cyanoacetamide, tBuOK, tBuOH, 80 °C, 24 h, 52%; c) N-Boc-2-

bromoethylamine, K2CO3, DMF, rt, 20 h, 50%; d) 1,3-dichloro-5,5’-

dimethylhydantoin, DCM/AcOH:H2O (biphasic), 7 h, 0 °C to rt. 

 

Conjugates containing other antimicrobial units could be synthesised and 

evaluated. The alternative antimicrobial units could take the form of more 

water-soluble fluoroquinolones like moxifloxacin, or other antibiotic classes, 

like the oxazolidinones. One of the advantages of using oxazolidinones in the 

development of Trojan Horse conjugates containing biolabile linkers is their 

lack of uptake and activity vs. many species of Gram-negative bacteria. If 

activity is observed for oxazolidinone conjugates, this indicates successful 

cytoplasmic uptake and/or release of the conjugates must be occurring.267  
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5.1 General Considerations 

5.1.1 Materials 

Unless otherwise stated, all chemicals and solvents were purchased from 

commercial sources and used without further purification. Dry DCM and THF 

were obtained from department solvent stills (Prosolv MD 7 solvent 

purification system) and stored over 4 Å activated molecular sieves. EtOH 

and acetone were dried using 4 Å activated molecular sieves, MeOH was 

dried using 3 Å molecular sieves. Dry DMF and DIPEA were purchased from 

Acros Organics.  

 

When thiol-containing reagents were employed for synthesis, all 

contaminated equipment/disposables were placed in a covered bleach bath 

(1:1 mixture of bleach and H2O) overnight to ensure oxidation and 

neutralisation of any remaining thiols.  

 

5.1.2 Instrumentation 

Analytical TLC was used to monitor some reactions; it was performed on 

Merck Silica gel 60 F254 aluminium-backed plates and observed under UV 

light at 254 nm or 365 nm. Column chromatography was performed with 

Sigma-Aldrich high-purity silica gel, pore size 60 Å, 220-440 mesh particle 

size, 35-75 µm particle size. Potassium permanganate, vanillin, ninhydrin, or 

iodine staining was used whenever no UV signal presented; the choice 

depended on the reaction reagents.  

 
1H/13C/19F NMR and variable temperature 1H NMR spectra were recorded 

on JeolECX or JeolECS 400 MHz spectrometers at 298K. Further NMR spectra 

were recorded on a Bruker AV 500 MHz or a Bruker AV 600 MHz by Thorsten 

Dreher, or a Bruker AVIII 300 MHz by Dr Charlotte Lee, Dr Phil Helliwell or 

Mrs Helen Burrell. Where necessary, NMR assignments were confirmed 

using DEPT 135, 2D HMQC (1H-13C single bond) and HMBC (1H-13C multiple 

bond) correlation experiments. NMR spectra analysis and presentation was 

carried out using MestReNova software.  
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FTIR spectra were recorded using a Perkin-Elmer FT-IR Spectrum Two 

spectrometer (ATIR).  

 

High-resolution mass spectra were recorded on a Thermo-Finnigan LCQ 

Spectrometer or a Bruker microTOF by Mr Karl Heaton, Dr Rosaria Cercola 

or Mr Angelo Lopez.  

 

Elemental analysis was carried out by Dr Graeme McAllister on an Exeter CE-

440 elemental analyser.  

 

UV-vis spectra were recorded on a Shimadzu UV-1800 Spectrophotometer 

using Starna Scientific quartz cuvettes (3/Q/10 or 21/Q/10, path lengths = 1 

cm).  

 

Uncorrected melting points were recorded using a Stuart Scientific SMP3 

instrument.  

 

5.1.3 HPLC/LCMS Analysis and Purification 

Analytical HPLC was performed on a Shimadzu HPLC system (Prominence) 

with a LC-20AD pump, SIL-20A autosampler, DGU-20AS degasser, CTO-20AC 

column over, CBM-20A communication bus module and SPD-M20A diode 

array detector, or an Agilent 1100 Series HPLC system, with a G1311A 

QuatPump, G1313A ALS, G1316A ColCom and a G1322A Degasser. 

 

Preparative HPLC was performed on a Varian ProStar HPLC system with two 

210 series pumps (25 mL), a 325 series UV detector, a model 701 fraction 

collector and a model 410 autosampler using a SunFire Prep C18 column (10 

µm, 19 x 250 mm).  

 

LCMS (analytical and preparative) was performed on a Waters LCMS, with a 

Water 3100 Mass Detector, Waters 996 Photodiode Array Detector, Waters 

2525 Binary Gradient Module, Wates 515 HPLC Pump, Waters SFO (System 

Fluidics Organiser) and a Waters 2767 Sample Manager. Analytical runs were 

performed using a SunFire C18 column (5 µm, 4.6 x 150 mm), and Preparative 
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runs were performed using a SunFire Prep C18 column (10 µm, 19 x 250 

mm).  

 

Preparative HPLC Method A:  

(Varian ProStar HPLC) 

Starting ratio is 40:60 MeCN + 0.1% Formic Acid (FA): H2O + 0.1% FA. Over 

20 minutes the ratio is increased to 70:30 MeCN + FA: H2O + FA. The ratio 

was then reduced to 40:60 MeCN + FA: H2O + FA for 5 minutes to re-

equilibrate the column. Flow rate 20 mL/minute. 

 

Preparative LCMS Method A:  

(Waters LCMS) 

Starting ratio is 50:50 MeCN + 0.1% Formic Acid (FA): H2O + 0.1% FA. Over 

20 minutes the ratio is increased to 68:32 MeCN + FA: H2O + FA. The ratio 

was then reduced to 50:50 MeCN + FA: H2O + FA for 5 minutes to re-

equilibrate the column. Flow rate 20 mL/minute 

 

Analytical HPLC Method A. Agilent HPLC, Eclipse XDB-C18 column (5 µm, 4.6 

x 150 mm). Oven temperature of 40 °C. Injection volume 20 µL. Starting ratio 

of 30:70 MeCN + 0.1% FA: H2O + 0.1% FA. Over 12 minutes the ratio is 

increased to 70:30 MeCN + 0.1% FA: H2O + 0.1% FA. The ratio was then 

reduced to 30:70 MeCN + 0.1% FA: H2O + 0.1% FA for 5 minutes to re-

equilibrate the column. Flow rate 1 mL/minute. 

 

Analytical HPLC Method B. Shimadzu HPLC, Eclipse XDB-C18 column (5 µm, 

4.6 x 150 mm). Oven temperature of 40 °C. Injection volume 10 µL. Starting 

ratio of 25:75 MeCN + 0.1% FA: H2O + 0.1% FA. Over 10 minutes the ratio is 

increased to 70:30 MeCN + 0.1% FA: H2O + 0.1% FA. The ratio was then 

reduced to 25:75 MeCN + 0.1% FA: H2O + 0.1% FA for 5 minutes to re-

equilibrate the column. Flow rate 1 mL/minute. 

 

Analytical HPLC Method C. Shimadzu HPLC, SunFire C18 column (5 µm, 4.6 x 

150 mm). Oven temperature of 40 °C. Injection volume 20 µL. Starting ratio 

of 10:90 MeCN: H2O + 0.1% FA. Over 10 minutes the ratio is increased to 
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75:25 MeCN: H2O + 0.1% FA. The ratio was then reduced to 10:90 MeCN: 

H2O + 0.1% FA for 5 minutes to re-equilibrate the column. Flow rate 1 

mL/minute. 

 

Analytical HPLC Method D. Shimadzu HPLC, SunFire C18 column (5 µm, 4.6 x 

150 mm). Oven temperature of 40 °C. Injection volume 25 µL. Starting ratio 

of 50:50 MeCN: H2O + 0.1% FA. Over 10 minutes the ratio is increased to 

95:5 MeCN: H2O + 0.1% FA. The ratio was then reduced to 50:50 MeCN: H2O 

+ 0.1% FA for 5 minutes to re-equilibrate the column. Flow rate 1 mL/minute. 

 

Analytical HPLC Method E. Shimadzu HPLC, SunFire C18 column (5 µm, 4.6 x 

150 mm). Oven temperature of 40 °C. Injection volume 20 µL. Starting ratio 

of 5:95 MeCN: H2O + 0.1% FA. Over 10 minutes the ratio is increased to 75:25 

MeCN: H2O + 0.1% FA. The ratio was then reduced to 5:95 MeCN: H2O + 0.1% 

FA for 5 minutes to re-equilibrate the column. Flow rate 1 mL/minute. 

 

5.1.4 Specific Glassware Setups 

Reactions with BBr3 were performed under constant flow of nitrogen in 

three-necked round bottomed flasks equipped with a condenser as shown 

below. One neck is used as a nitrogen inlet, with the flow routed to a gas 

washing bottle containing 1 M aqueous sodium hydroxide via the condenser 

to eliminate any acidic gases produced.  

 
Figure 5.1 Glassware setup for reactions carried out with BBr3. 

 

N2 Flow

Flow to NaOH 
Scrubber
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5.2 Synthesis 

2,3-Bis(benzyloxy)benzoic acid (2-12) 

 
Molecular Formula: C21H18O4 

Molecular Mass: 334.37 g mol-1 

 

Prepared according to a literature procedure adapted by Dr Ellis Wilde.647 

 

2,3-Dihydroxybenzaldehyde (3.00 g, 21.7 mmol) was dissolved in anhydrous 

EtOH (65 mL), then benzyl chloride (6.25 mL, 54.3 mmol) and potassium 

carbonate (7.51 g, 54.4 mmol) added. The resulting mixture was stirred at 

reflux for 24 hours under anhydrous conditions. The reaction was allowed 

to cool to room temperature, then cooled further in an ice bath. The solid 

formed was isolated via Buchner filtration and washed with water. This solid 

was dissolved in EtOAc (110 mL), and then washed with water (2 x 40 mL) 

and brine (2 x 40 mL). The organic layer was dried over MgSO4 and the 

solvent removed under vacuum. The crude aldehyde obained was dissolved 

in 5:4 acetone: H2O (65 mL). A solution of sulfamic acid (3.29 g, 33.9 mmol) 

in H2O was made up and a portion (5 mL) added to the aldehyde solution. 

Solid sodium chlorite (2.69 g, 29.8 mmol) and the remainder of the sulfamic 

acid solution were added alternately to the reaction mixture over 30 

minutes, then the reaction was stirred for two hours in air. The acetone was 

removed in vacuo, and the resulting mixture was cooled in a fridge 

overnight, then the solid was isolated by Buchner filtration, washed with ice-

cold H2O and recrystallised from hot EtOH to yield a white solid (4.90 g, 14.7 

mmol, 68%). M.p. = 123-124 °C (lit. = 124-126 °C).648 

 

Characterisation data consistent with literature.647 
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1H NMR: (400 MHz, DMSO-d6) δH ppm: 12.87 (1H, br s, H18), 7.51-7.47 (2H, 

m, Ar H), 7.43-7.29 (9H, m, Ar H), 7.22 (1H, dd, J = 7.5, 1.5 Hz, H2 or 4), 7.15 

(1H, t, J = 8.0 Hz, H3), 5.19 (2H, s, H8 or 13), 5.00 (2H, s, H8 or 13). 

 

HRMS (ESI): Calcd. [M+Na]+ (C21H18NaO4) m/z = 357.1097; Obs. [M+Na]+ m/z 

= 357.1089, Mean err 2.0 ppm.  

 

N-(4-Aminobutyl)-2,3-bis(benzyloxy)benzamide hydrochloride (2-13) 

 
Molecular Formula: C25H29ClN2O3 

Molecular Mass: 440.97 g mol-1 

 

Prepared according to a literature procedure.349,647 

 

2,3-Bis(benzyloxy)benzoic acid (2-12, 0.554 g, 1.66 mmol) was placed under 

N2 then dissolved in dry THF (10 mL). 1,1’-Carbonyldiimidazole (CDI, 0.556 g, 

3.43 mmol) was added and the reaction stirred until any bubbling observed 

ceased. In a separate flask, 1,4-diaminobutane (0.42 mL, 4.18 mmol) was 

dissolved in dry THF (10 mL) with vigorous stirring. The benzoic acid solution 

was added dropwise over 75 minutes, and the reaction stirred at room 

temperature for 22 hours. The THF was then removed in vacuo, and the 

residue redissolved in CHCl3 (30 mL). The organic layer was washed with 

saturated NaHCO3 solution (15 mL), brine (15 mL), 1 M aq. HCl (20 mL) and 

brine (20 mL), dried over MgSO4 and the solvent reduced to around 5 mL in 

vacuo. Addition of EtOAc (10 mL) failed to precipitate a solid, so the resulting 

viscous brown oil was recrystallised from 2:1 EtOAc:CHCl3 to give a white 

solid, which was isolated by Buchner filtration and washed with EtOAc to 

obtain 2-13 (0.281 g, 0.636 mmol, 38%). M.p. = 131-133 °C (lit. = 137 °C).349  

 

Characterisation data consistent with literature.647 
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1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.24 (1H, t, J = 6.0 Hz, H18), 7.73 (3H, 

br s, H23), 7.52-7.48 (2H, m, Ar H), 7.43-7.30 (8H, m, Ar H), 7.28 (1H, dd, J = 

7.5, 2.0 Hz, H2 or 4), 7.14 (1H, t, J = 8.0 Hz, H3), 7.11 (1H, dd, J = 8.0, 2.0 Hz, 

H2 or 4)*, 5.20 (2H, s, H8 or 13), 5.02 (2H, s, H8 or 13), 3.19 (2H, app. q, J = 

6.0 Hz, H19), 2.73 (2H, t, J = 7.0 Hz, H22), 1.56-1.41 (4H, m, H20 and 21).  

 

*Overlapping with t at 7.14 
 

HRMS (ESI): Calcd. [M+H]+ (C25H29N2O3) m/z = 405.2173; Obs. [M+H]+ m/z = 

405.2180, Mean err −1.7 ppm. Calcd. [M+Na]+ (C25H28N2NaO3) m/z = 

427.1992; Obs. [M+Na]+ m/z = 427.1997, Mean err −1.4 ppm.  

 

2,3-Bis(benzyloxy)-N-(4-(2,4-dinitrobenzenesulfonamido)butyl) 

benzamide (2-14) 

 

Molecular Formula: C31H30N4O9S 

Molecular Mass: 634.66 g mol-1 

 

2,4-Dinitrobenzenesulfonyl chloride (0.147 g, 0.549 mmol) was placed under 

N2, then dissolved in dry DCM (25 mL). The solution was cooled to 0 °C, then 

N-(2,3-Bis(benzyloxy)benzoyl)diaminobutane hydrochloride (2-13, 0.221 g, 

0.500 mmol) and lutidine (0.25 mL, 2.15 mmol) added. The reaction was 

stirred at 0 °C for 5 hours, and then allowed to warm to room temperature 

overnight. After stirring for 28 hours, water (25 mL) was added and the 

organic layer separated. The aqueous layer was extracted with DCM (2 x 20 

mL), then the combined organic layers were washed with 1 M aq. HCl (40 

mL), water (40 mL) and brine (40 mL), dried over MgSO4 and the DCM 

removed in vacuo to give a beige solid (0.312 g, 0.491 mmol, 98%). M.p. = 

169-170 °C. Rf = 0.17 (8:1 DCM:EtOAc).  
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1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.89 (1H, d, J = 2.5 Hz, H28), 8.62 (1H, 

dd, J = 9.0, 2.5 Hz, H26), 8.48 (1H, t, J = 6.0 Hz, H23), 8.22 (1H, d, J = 9.0 Hz, 

H25), 8.16 (1H, t, J = 6.0 Hz, H18), 7.50-7.49 (2H, m, Ar H), 7.43-7.23 (9H, m, 

Ar H), 7.12 (1H, t, J = 8.0 Hz, H3), 7.08 (1H, dd, J = 7.5, 2.0 Hz, H4), 5.20 (2H, 

s, H8 or 13), 4.99 (2H, s, H8 or 13), 3.13 (2H, app. q, J = 6.5 Hz, H19), 2.90 

(2H, app. q, J = 6.5 Hz, H22), 1.44-1.36 (4H, m, H20 and 21). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 165.6 (C7), 151.6 (C5), 149.6 (C27), 

147.7 (C29), 145.1 (C6), 137.8 (C24), 137.1, 136.8 (C9 and 14), 131.2 (C25), 

131.1 (C1), 128.5, 128.3, 128.2, 128.0, 127.8 (C10-12 and 15-17), 127.3 

(C26), 124.2 (C3), 120.7 (C4), 120.1 (C28), 115.8 (C2), 75.1, 70.2 (C8 and 13), 

42.5 (C22), 38.3 (C19), 26.6, 26.1 (C20 and 21).  

 

HRMS (ESI): Calcd. [M+H]+ (C31H31N4O9S) m/z = 635.1806; Obs. [M+H]+ m/z 

= 635.1824, Mean err −2.2 ppm. Calcd. [M+Na]+ (C31H31N4NaO9S) m/z = 

657.1626; Obs. [M+Na]+ m/z = 657.1642, Mean err −2.5 ppm.  

 

IR (ATIR, cm-1): 3375 (amide NH stretch, m), 3159 (sulfonamide NH stretch, 

m), 3130-2870 (C-H stretching, w), 1633 (C=O stretch, s), 1573 (N=O/C=C 

stretches, m), 1554 (N=O/C=C stretches, s), 1538 (N=O/C=C stretches, s), 

1348 (S=O/N=O stretch, s), 1165 (S=O stretch, s). 

 

N-(4-((2,4-Dinitrophenyl)sulfonamido)butyl)-2,3-dihydroxybenzamide  

(2-9) 

 
Molecular Formula: C17H18N4O9S 

Molecular Mass: 454.41 g mol-1 

 

2-14 (0.200 g, 0.315 mmol) was placed in a 3-necked RBF, then the flask 

purged with N2, and dry DCM (7.5 mL) added. Boron tribromide (1 M in DCM, 

0.79 mL, 0.790 mmol) was added dropwise and the reaction stirred under 
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flow of N2 at room temperature for 7 hours. Wet methanol (25 mL) was 

added to quench any remaining BBr3, then the solvent removed in vacuo. 

MeOH (3 x 15 mL) was added and removed under vacuum to try and remove 

volatile borate salts, giving an orange-brown solid. The crude product was 

purified by preparative HPLC chromatography using Prep. HPLC Method A 

to give 2-9 as a yellow solid (63.4 mg, 0.140 mmol, 40%). M.p. = 133-134 °C. 
 

1H NMR: (400 MHz, MeCN-d3) δH ppm: 12.99 (1H, s, H8), 8.59 (1H, d, J = 2.0 

Hz, H20), 8.48 (1H, dd, J = 8.5, 2.0 Hz, H18), 8.24 (1H, d, J = 8.5 Hz, H17), 7.39-

7.25 (1H, m, H10 or 15), 7.03 (1H, dd, J = 8.0, 1.0 Hz, H2), 6.96 (1H, dd, J = 

8.0, 1.0 Hz, H4), 6.73 (1H, app. t, J = 8.0 Hz, H3), 6.55 (1H, br s, H9), 6.19 (1H, 

br t, J = 6.0 Hz, H10 or 15), 3.31 (2H, app. q, J = 6.0 Hz, H14), 3.13 (2H, app. 

q, J = 6.0 Hz, H11), 1.61-1.49 (4H, m, H12 and 13). 
 

13C NMR: (100 MHz, MeCN-d3) δC ppm: 171.2 (C7), 151.0 (C19), 150.5 (C6), 

148.9 (C21), 146.8 (C5), 139.4 (C16), 133.1 (C17), 128.1 (C18), 121.3 (C20), 

119.2, 119.1 (C3 and 4), 117.6 (C2), 115.2 (C1), 44.0 (C14), 39.3 (C11), 27.5, 

26.9 (C12 and 13).  

 

HRMS (ESI): Calcd. [M+H]+ (C17H19N4O9S) m/z = 455.0867; Obs. [M+H]+ m/z 

= 455.0869, Mean err −3.4 ppm. Calcd. [M+Na]+ (C17H18N4NaO9S) m/z = 

477.0687; Obs. [M+Na]+ m/z = 477.0680, Mean err 1.0 ppm.  

 

IR (ATIR, cm-1): 3527 (OH stretch, w), 3444 (amide NH stretch, w), 3258 (OH 

stretch – H bonded, w br), 3104 (sulfonamide NH stretch, w), 3100-2850 (C-

H stretching, w), 1641 (C=O stretch, m), 1599 (N=O/C=C stretches, m), 1532 

(N=O/C=C stretches, s), 1346 (S=O stretch, s), 1333 (N=O stretch, s), 1164 

(S=O stretch, s). 

 

Elemental Analysis:  

For [C17H18N4O9S . 0.29 H2O]: 

Calculated: %C, 44.42; %H, 4.07; %N, 12.19. 

Measured: %C, 44.58, %H, 4.05, %N, 12.03. 
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N-(N’-tert-Butyloxycarbonylethane diamino)-2,3-bis(benzyloxy) 

benzamide (2-16) 

 
Molecular Formula: C28H32N2O5 

Molecular Mass: 476.57 g mol-1 

 

Prepared according to a literature procedure.351  

 

2,3-Bis(benzyloxy)benzoic acid (2-12, 1.18 g, 3.53 mmol) was dissolved in dry 

DCM (50 mL), then 1-hydroxybenzotriazole (HOBt, 0.471 g, 3.49 mmol) and 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl, 

0.814 g, 4.25 mmol) added. The solution was placed under N2, then N-Boc-

ethylene diamine (0.59 mL, 3.73 mmol) added dropwise and the solution 

was stirred overnight. Additional DCM (50 mL) was added, then the organic 

layer was washed with 0.1 M aqueous formic acid (35 mL), saturated 

NaHCO3 solution (35 mL), water (50 mL) and brine (50 mL). The organic layer 

was dried over MgSO4 and the solvent removed under vacuum to give a 

white solid (1.42 g, 2.98 mmol, 84%). M.p. = 134-135 °C (lit = 135 °C).649 Rf = 

0.81 (EtOAc).  

 

Characterisation data consistent with literature.351 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.07 (1H, br t, J = 5.5 Hz, H21), 7.71 (1H, 

app. quintet, J = 5.0 Hz, H18), 7.49-7.46 (2H, m, Ar H), 7.44-7.32 (9H, m, Ar 

H), 7.17-7.13 (2H, m, H3 and 4), 5.17 (2H, s, H8 or 13), 5.09 (2H, s, H8 or 13), 

3.35 (2H, app. q, J = 5.5 Hz, H19), 3.16 (2H, app. q, J = 5.5 Hz, H20), 1.40 (9H, 

s, H24). 
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13C NMR: (100 MHz, CDCl3) δC ppm: 166.4 (C7), 156.5 (C3), 152.2, 147.2 (C5 

and 6), 136.8, 136.7 (C9 and 14), 129.33, 129.30, 129.25, 129.2, 128.8, 128.2 

(C10-12 and 15-17), 127.6 (C1), 124.9, 123.7, 117.6 (C2/3/4), 79.7 (C23), 

77.0, 71.8 (C8 and 13), 41.4 (C20), 40.3 (C19), 28.8 (C24). 

 

HRMS (ESI): Calcd. [M+H]+ (C28H33N2O5) m/z = 477.2384; Obs. [M+H]+ m/z = 

477.2391, Mean err −1.1 ppm. Calcd. [M+Na]+ (C28H32N2NaO5) m/z = 

499.2203; Obs. [M+Na]+ m/z = 499.2205, Mean err −0.2 ppm.  

 

N-(Aminoethyl)-2,3-bis(benzyloxy)benzamide, TFA salt (2-17) 

 
Molecular Formula: C25H25F3N2O5 

Molecular Mass: 490.48 g mol-1 

 

Prepared according to a literature procedure.351  

 

2-16 (1.02 g, 2.15 mmol) was dissolved in DCM (16 mL) and cooled to 0 °C. A 

solution of 20% v/v trifluoroacetic acid in DCM (16 mL; 10% v/v TFA in final 

solution) was added dropwise, then the reaction allowed to warm to room 

temperature and stirred for 4 hours. The solvent was removed under 

vacuum and the residue redissolved in hot EtOH (0.5 mL). Diethyl ether (30-

40 mL) was added to precipitate the product, which was isolated by Buchner 

filtration to give a white solid (0.808 g, 1.65 mmol, 77%). M.p. = 152-154 °C. 

Rf = 0.00 (EtOAc).  

 
1H NMR: (400 MHz, MeOD) δH ppm: 7.53-7.50 (2H, m, Ar H or H18), 7.43-

7.30 (11H, m, Ar H or H18), 7.17 (1H, t, J = 8.0 Hz, H3), 5.22 (2H, s, H8 or 13), 

5.13 (2H, s, H8 or 13), 3.47 (2H, t, J = 6.0 Hz, H19), 2.98 (2H, t, J = 6.0 Hz, 

H20). 
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13C NMR: (100 MHz, MeOD) δC ppm: 169.9 (C7), 153.6, 147.9 (C5 and 6), 

138.4, 138.3 (C9 and 14), 130.3, 129.89, 129.84, 129.80, 129.5, 129.3 (C10-

12 and 15-17), 125.8 (C3), 123.7, 117.6 (C2 and 4), 77.6, 72.4 (C8 and 13), 

41.0 (C20), 38.8 (C19). 

 

C1 is not observed, but may be overlapping with other aryl peaks in the 131-

129 ppm region.  

 

HRMS (ESI): Calcd. [M+H]+ (C23H25N2O3) m/z = 377.1860; Obs. [M+H]+ m/z = 

377.1863, Mean err −1.3 ppm.  

 

2,3-Bis(benzyloxy)-N-(4-(2,4-dinitrobenzenesulfonamido)ethyl)benzamide 

(2-18) 

 
Molecular Formula: C29H26N4O9S 

Molecular Mass: 606.61 g mol-1 

 

2-17 (77.9 mg, 0.159 mmol) was dissolved in 1 M aq. NaOH solution (4 mL), 

and stirred for 30 minutes, then the solution extracted with DCM (3 x 5 mL), 

dried over MgSO4 and the solvent removed to give a clear pale yellow oil. 

The oil was dissolved in anhydrous DCM (10 mL), and the solution cooled to 

0 °C, then 2,4-dinitrobenzenesulfonyl chloride (45.6 mg, 0.171 mmol) and 

lutidine (71 µL, 0.613 mmol) were added, and the reaction was allowed to 

warm to room temperature and stirred for 24 hours. Water (10 mL) was 

added and the organic layer separated. The aqueous layer was extracted 

with DCM (2 x 10 mL), then the combined organic layers were washed with 

1 M aq. HCl (15 mL), water (20 mL) and brine (15 mL), dried over MgSO4 and 

the DCM removed in vacuo to give a yellow-green oil (83.4 mg, 0.137 mmol, 

86%). M.p. = 137-139 °C. Rf = 0.36 (DCM). 
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1H NMR: (400 MHz, MeOD) δH ppm: 8.46 (1H, d, J = 2.5 Hz, H26), 8.22 (1H, 

dd, J = 8.5, 2.5 Hz, H24), 8.11 (1H, d, J = 8.5 Hz, H23), 7.57-7.54 (2H, m, Ar H), 

7.45-7.35 (3H, m, Ar H), 7.32-7.20 (7H, m, Ar H), 7.10 (1H, t, J = 8.0 Hz, H3), 

5.17 (2H, s, H8 or 13), 4.99 (2H, s, H8 or 13). The peaks for H19 and H20 were 

hidden under the methanol solvent peak, but were visible on HMQC and 

HMBC spectra.  
 

13C NMR: (100 MHz, MeOD) δC ppm: 167.9 (C7), 153.1 (C5 or 6), 150.5, 149.0 

(C25 and 27), 147.4 (C5 or 6), 140.8 (C22), 138.0, 137.7 (C9 and 14), 133.0 

(C23), 130.1, 129.7, 129.6, 129.4, 129.3 (C10-12 and 15-17), 128.0 (C24), 

127.9 (C1), 125.5 (C3), 123.0 (C2), 121.4 (C26), 118.3 (C4), 77.2, 72.1 (C8 and 

13), 44.0, 40.5 (C19 and 20). 

 

HRMS (ESI): Calcd. [M+Na]+ (C29H26N4NaO9S) m/z = 629.1313; Obs. [M+Na]+ 

m/z = 629.1300, Mean err 2.8 ppm.  

 

IR (ATIR, cm-1): 3360 (amide NH stretch, w), 3099 (sulfonamide NH stretch, 

w), 3050-2850 (C-H stretching, w), 1644 (C=O stretch, m), 1575 (N=O/C=C 

stretches, m), 1537 (N=O/C=C stretches, s), 1454 (N=O/C=C stretches, s), 

1346 (S=O stretch, s), 1165 (S=O stretch, s). 

 

N-[2-(2,4-Dinitrobenzenesulfonamido)ethyl]-2,3-dihydroxybenzamide (2-

15) 

 
Molecular Formula: C15H14N4O9S 

Molecular Mass: 426.36 g mol-1 

 

2-18 (0.118 g, 0.195 mmol) was dissolved in dry DCM (5 mL) and placed in a 

3-necked RBF, then the flask purged with N2. Boron tribromide (1 M in DCM, 

0.488 mL, 0.488 mmol) was added dropwise and the reaction stirred under 

flow of N2 at room temperature overnight. Extra DCM (5 mL) was added in 
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the morning as the reaction had almost dried out. Wet methanol (25 mL) 

was added to quench any remaining BBr3, then the solvent removed in 

vacuo. MeOH (3 x 20 mL) was added and removed under vacuum, giving a 

yellow-orange oil. The crude product was purified by preparative LCMS 

chromatography using Prep. LCMS Method A to give a yellow solid (45.6 mg, 

0.107 mmol, 55%). M.p. = 175-177 °C. 

 
1H NMR: (400 MHz, MeCN-d3) δH ppm: 12.59 (1H, br s, H8), 8.45 (1H, d, J = 

2.0 Hz, H18), 8.32 (1H, dd, J = 8.5, 2.5 Hz, H16), 8.18 (1H, d, J = 8.5 Hz, H15), 

7.41 (1H, br s, H10 or 13), 6.88 (1H, d, J = 8.0 Hz, H4), 6.84 (1H, d, J = 8.0 Hz, 

H2), 6.66 (1H, app. t, J = 8.0 Hz, H3), 6.60-6.30 (2H, m, H9 and H10 or 13), 

3.50-3.40 (4H, m, H11 and 12). 
 

13C NMR: (100 MHz, MeCN-d3) δC ppm: 171.5 (C7), 150.39, 150.36 (C6 and 

17), 148.6 (C19), 146.7 (C5), 139.7 (C14), 132.8 (C15), 128.2 (C16), 121.2 

(C18), 119.5 (C4), 119.3 (C3), 117.7 (C2), 114.7 (C1), 43.9, 39.7 (C11 and 12). 

 

HRMS (ESI): Calcd. [M+Na]+ (C15H14N4NaO9S) m/z = 449.0374; Obs. [M+Na]+ 

m/z = 499.0376, Mean err −1.1 ppm.  

 

IR (ATIR, cm-1): 3436 (OH stretch, m), 3407 (amide NH stretch, m), 3114 

(sulfonamide NH stretch, w), 3110-2850 (C-H stretching, w), 1639 (C=O 

stretch, m), 1599 (N=O/C=C stretches, m), 1546 (N=O/C=C stretches, s), 1534 

(N=O/C=C stretches, s), 1346 (S=O stretch, s), 1336 (N=O stretch, s), 1163 

(S=O stretch, s). 
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Phenyl Benzoate  

 
Molecular Formula: C13H10O2 

Molecular Mass: 198.22 g mol-1 

 

Prepared according to a literature procedure.650  

 

Phenol (0.720 g, 7.63 mmol) was dissolved in 10% w/v aqueous NaOH 

solution (7 mL), then benzoyl chloride (0.89 mL, 7.63 mmol) added and the 

resulting mixture stirred for 2 hours. The white solid formed was isolated via 

Buchner filtration and washed with distilled water. The solid was 

recrystallized from hot EtOH to give a white crystalline solid over two crops 

(0.530 g, 2.68 mmol, 35%). M.p. = 69-70 °C (lit. 69-70 °C).651 

 

Characterisation data consistent with literature.651  
 

1H NMR: (400 MHz, CDCl3) δH ppm: 8.24-8.19 (2H, m, H2), 7.65 (1H, tt, J = 

7.5, 1.5 Hz, H4), 7.54-7.50 (2H, m, H3), 7.47-7.41 (2H, m, H8), 7.28 (1H, tt, J 

= 7.5, 1.5 Hz, H9), 7.24-7.20 (2H, m, H7).  

 
13C NMR: (100 MHz, CDCl3) δC ppm: 165.4 (C5), 151.1 (C6), 133.7 (C4), 130.3 

(C2), 129.7 (C1), 129.6 (C8), 128.7 (C3), 126.0 (C9), 121.9 (C7). 

 

HRMS (APCI): Calcd. [M+H]+ (C13H11O2) m/z = 199.0754; Obs. [M+H]+ m/z = 

199.0748, Mean err 1.9 ppm.  
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N-(4-Aminobutyl)-benzamide (2-20) 

 
Molecular Formula: C11H16N2O 

Molecular Mass: 192.26 g mol-1 

 

Prepared according to a literature procedure.354  

 

Phenyl benzoate (0.396 g, 2.00 mmol) was placed under N2, then H2O (0.1 

mL) added. 1,4-Diaminobutane (0.201 mL, 2.00 mmol) was added and the 

reaction stirred under N2 for 30 minutes, before heating at 50 °C for 24 

hours. The resulting pink slurry was purified by column chromatography 

(silica gel, 5:3:1:1 Et2O:MeCN:MeOH:aq. NH3). The product was initially 

obtained as a pink oil; after drying under vacuum for 3 hours, it partially 

solidified to give 0.231 g of 2-19 (1.20 mmol, 60%). Rf = 0.39 (5:3:1:1 

Et2O:MeCN:MeOH: aq. NH3).  

 

Characterisation data consistent with literature.355 

 
1H NMR: (400 MHz, MeOD) δH ppm: 7.83-7.80 (2H, m, H2), 7.53 (1H, tt, J = 

7.0, 1.5 Hz, H4), 7.45 (2H, tt, J = 7.0, 1.5 Hz, H3), 3.40 (2H, t, J = 7.0 Hz, H7), 

2.70 (2H, t, J = 7.0 Hz, H10), 1.70-1.52 (4H, m, H8 and 9). 
 

13C NMR: (100 MHz, MeOD) δC ppm: 170.3 (C5), 135.8 (C1), 132.6 (C4), 129.5 

(C3), 128.2 (C2), 42.1 (C9), 40.7 (C7), 30.8, 27.9 (C8 and 9). 

 

HRMS (ESI): Calcd. [M+H]+ (C11H17N2O) m/z = 193.1335; Obs. [M+H]+ m/z = 

193.1335, Mean err 0.8 ppm.  
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N-[4-(2,4-Dinitrobenzenesulfonamido)butyl]benzamide (2-19) 

 
Molecular Formula: C17H18N4O7S 

Molecular Mass: 422.41 g mol-1 

 

2,4-Dinitrobenzenesulfonyl chloride (0.157 g, 0.590 mmol) was placed under 

N2, then dissolved in dry DCM (10 mL). The solution was cooled to 0 °C, then 

2-20 (0.107 g, 0.555 mmol) was dissolved in in dry DCM (10 mL) and added. 

Lutidine (0.26 mL, 2.23 mmol) was then added, and the reaction was allowed 

to warm to room temperature and stirred for 24 hours. As the reaction had 

not gone to completion, extra sulfonyl chloride (0.02 g, 0.07 mmol) and 

lutidine (0.08 mL, 0.69 mmol) were added and the reaction stirred for an 

additional 72 hours. Water (20 mL) was added and the organic layer 

separated. The aqueous layer was extracted with DCM (2 x 20 mL), then the 

combined organic layers were washed with 1 M aq. HCl (35 mL), water (30 

mL) and brine (30 mL), dried over MgSO4 and the DCM removed in vacuo to 

give a viscous orange oil, which solidified overnight to form a brown solid 

(0.112 g, 0.264 mmol, 48%). M.p. = 145 °C. 

 
1H NMR: (400 MHz, MeOD) δH ppm: 8.68 (1H, d, J = 2.5 Hz, H16), 8.55 (1H, 

dd, J = 8.5, 2.5 Hz, H14), 8.31 (1H, d, J = 8.5 Hz, H13), 7.77 (2H, dt, J = 7.0, 1.5 

Hz, H2), 7.53 (1H, tt, J = 7.0, 1.5 Hz, H4), 7.45 (2H, tt, J = 7.0, 1.5 Hz, H3), 3.35 

(2H, t, J = 7.0 Hz, H7), 3.16 (2H, t, J = 7.0 Hz, H10), 1.69-1.54 (4H, m, H8 and 

9).  
 

13C NMR: (100 MHz, MeOD) δC ppm: 170.2 (C5), 151.3, 149.5 (C15 and 17), 

140.3 (C12), 135.7 (C1), 133.2 (C13), 132.6 (C4), 129.6 (C3), 128.2 (C2), 127.9 

(C14), 1121.4 (C16), 44.1 (C10), 40.2 (C7), 28.3, 27.6 (C8 and 9). 

 

HRMS (ESI): Calcd. [M+H]+ (C17H19N4O7S) m/z = 423.0969; Obs. [M+H]+ m/z 

= 423.0967, Mean err −0.3 ppm. Calcd. [M+Na]+ (C17H18N4NaO7S) m/z = 

445.0788; Obs. [M+Na]+ m/z = 445.0784, Mean err 1.1 ppm.  
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IR (ATIR, cm-1): 3452 (amide NH stretch, w), 3159 (amide NH stretch II, w br), 

3105 (sulfonamide NH stretch, w), 3050-2800 (C-H stretching, w), 1654 (C=O 

stretch, s), 1603 (N=O/C=C stretches, w), 1580 (N=O/C=C stretches, w), 1550 

(N=O/C=C stretches, s), 1524 (N=O/C=C stretches, s), 1361 (N=O stretch, s), 

1343 (S=O stretch, s), 1164 (S=O stretch, s). 

 

N-Benzyl-2,4-dinitrobenzenesulfonamide (1-56) 

 
Molecular Formula: C13H11N3O6S 

Molecular Mass: 337.31 g mol-1 

 

Prepared according to a literature procedure.301 

 

2,4-Dinitrobenzenesulfonyl chloride (0.504 g, 1.89 mmol) was dissolved in 

dry DCM (30 mL) and cooled to 0 °C in an ice bath. Benzylamine (0.25 mL, 

2.25 mmol) and pyridine (0.23 mL, 2.81 mmol) were added. The mixture, 

which turned orange after 10 minutes of stirring, was stirred for 4 hours in 

an ice bath before it was allowed to warm to room temperature and stirred 

overnight. H2O (15 mL) was added, and the layers separated. The aqueous 

layer was extracted with DCM (2 x 20 mL), then the combined organic layers 

washed with brine (2 x 60 mL), dried (MgSO4) and the solvent removed. The 

crude product was purified by column chromatography (silica gel, 1:1 40-60 

pet. ether:EtOAc) to give 1-56 as an orange-yellow solid (0.412 g, 1.22 mmol, 

65%). M.p. = 149-150 °C (lit. = 150-151 °C).301 

 

Characterisation data consistent with literature.301 
 

1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.06 (1H, t, J = 6.0 Hz, H7), 8.86 (1H, 

d, J = 2.5 Hz, H5), 8.51 (1H, dd, J = 8.5, 2.5 Hz, H3), 8.12 (1H, d, J = 8.5 Hz, 

H2), 7.26-7.20 (5H, m, H10-12), 4.20 (2H, d, J = 6.0 Hz, H8). 
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13C NMR: (100 MHz, DMSO-d6) δC ppm: 149.5, 147.4 (C4 and 6), 138.1 (C1), 

137.0 (C9), 131.4 (C2), 128.4, 127.7, 127.4, 127.1 (C3 and C10/11/12), 120.1 

(C5), 46.3 (C8).  

 

HRMS (ESI): Calcd. [M+Na]+ (C13H11N3NaO6S) m/z = 360.0261; Obs. [M+Na]+ 

m/z = 360.0254, Mean err 1.8 ppm.  

 

N-Benzyl-2,4-dinitro-N-(prop-2-yn-1-yl)benzenesulfonamide (2-22) 

 
Molecular Formula: C16H13N3O6S 

Molecular Mass: 375.36 g mol-1 

 

Prepared according to a literature procedure.304 

 

N-Benzyl-2,4-dinitrobenzenesulfonamide (1-56, 0.147 g, 0.436 mmol) was 

dissolved in dry DMF (10 mL), then K2CO3 (0.182 g, 1.32 mmol) added. The 

resulting brown solution was treated with propargyl bromide (80% in 

toluene, 0.26 mL, 2.33 mmol) and stirred at room temperature overnight. 

The reaction mixture was poured into H2O (110 mL) and extracted with DCM 

(3 x 35 mL). The combined organic layers were washed with H2O (50 mL) and 

brine (50 mL), dried over MgSO4 and the solvent removed under vacuum. 

The crude product was purified via column chromatography (silica gel, 2:1 

40-60 °C pet. ether:EtOAc) and dried under vacuum to give 2-22 as an orange 

solid (0.107 g, 0.297 mmol, 68%). M.p. = 95-97 °C (lit. = 91-92 °C).652 Rf = 0.42 

(2:1 40-60 °C pet. ether:EtOAc).  
 

1H NMR: (400 MHz, CDCl3) δH ppm: 8.50 (1H, d, J = 2.0 Hz, H5), 8.48 (1H, dd, 

J = 8.5, 2.0 Hz, H3), 8.26 (1H, d, J = 8.5 Hz, H2), 7.39-7.35 (5H, m, H9-11), 4.62 

(2H, s, H7), 4.06 (2H, d, J = 2.5 Hz, H12), 2.21 (1H, t, J = 2.5 Hz, H14). 
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13C NMR: (100 MHz, CDCl3) δC ppm: 149.9 (C4), 148.5 (C6), 138.6 (C1), 133.9 

(C8), 132.9 (C2), 129.1, 129.0 (C9 and 10), 128.8 (C11), 126.1 (C3), 119.9 (C5), 

76.2 (C14), 74.9 (C13), 51.0 (C7), 36.3 (C12).  

 

HRMS (ESI): Calcd. [M+Na]+ (C16H13N3NaO6S) m/z = 398.0417; Obs. [M+Na]+ 

m/z = 398.0412, Mean err 3.1 ppm.  

 

2,3-Bis(benzyloxy)-N-{4-[(2,4-dinitrophenyl)amino]butyl}benzamide  

(2-21) 

 

Molecular Formula: C31H30N4O7 

Molecular Mass: 570.60 g mol-1 

 

2-13 (0.109 g, 0.247 mmol) was placed under N2, then dissolved in dry DCM 

(6 mL). 1-Chloro-2,4-dinitrobenzene (50.9 mg, 0.251 mmol) and Et3N (0.105 

mL, 0.753 mmol) were added, and the resulting yellow solution was stirred 

at room temperature for 24 hours. Extra DCM (5 mL) and water (10 mL) were 

added and the layers separated. The aqueous layer was extracted with DCM 

(2 x 10 mL), then the combined organic layers were washed with 1 M aq. HCl 

(15 mL), water (15 mL), 1 M NaHCO3 solution (5 mL) and brine (15 mL), dried 

over MgSO4 and the DCM removed in vacuo. The crude product was purified 

by column chromatography (silica gel, 2:1 EtOAc:40-60 °C pet. ether) to give 

2-21 as a yellow-orange glassy solid (92.0 mg, 0.161 mmol, 65%). M.p. = 113-

114 °C. Rf = 0.71 (EtOAc); 0.62 (9:1 DCM:MeOH); 0.31 (2:1 EtOAc:40-60 °C 

pet. ether).  
 

1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.85-8.82 (2H, m, H23 and 28), 8.24-

8.18 (2H, m*, H18 and 26), 7.51-7.48 (2H, m, Ar H), 7.43-7.31 (5H, m, Ar H), 

7.29-7.25 (4H, m, Ar H), 7.17 (1H, d, J = 10.0 Hz, H25), 7.12 (1H, t, J = 8.0 Hz, 
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H3), 7.08 (1H, dd, J = 8.0, 2.0 Hz, H2 or 4), 5.20 (2H, s, H8 or 13), 4.99 (2H, s, 

H8 or 13), 3.43 (2H, app. q, J = 6.5 Hz, H22), 3.24 (2H, app. q, J = 6.5 Hz, H19), 

1.63-1.46 (4H, m, H20 and 21). 

 

*Looks to be t and dd overlapping. 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 165.7 (C7), 151.6 (C5), 148.1 (C27), 

145.1 (C6), 137.1, 136.8 (C9 and 14), 134.6 (C1), 131.3 (C24), 129.9 (C26), 

129.6 (C29), 128.5, 128.23, 128.16, 128.02, 127.97, 127.8 (C10-12 and 15-

17), 124.2, 123.7 (C28 and C2 or 4), 120.7 (C3), 115.7, 115.3 (C25 and C2 or  

4), 75.1, 70.1 (C8 and 13), 42.3 (C22), 38.6 (C19), 26.3, 25.5 (C20 and 21).  

 

HRMS (ESI): Calcd. [M+H]+ (C31H31N4O7) m/z = 571.2187; Obs. [M+H]+ m/z = 

571.2192, Mean err −1.1 ppm. Calcd. [M+Na]+ (C31H30N4NaO7) m/z = 

593.2007; Obs. [M+Na]+ m/z = 593.2015, Mean err −0.2 ppm. Calcd. [M+K]+ 

(C31H30KN4O7) m/z = 609.1746; Obs. [M+K]+ m/z = 609.1749, Mean err −1.0 

ppm. 

 

IR (ATIR, cm-1): 3376 (amide NH stretch, m), 3115-2875 (C-H stretching, w), 

1651 (C=O stretch, s), 1617 (N=O/C=C stretches, s), 1586 (N=O/C=C 

stretches, s), 1575 (N=O/C=C stretches, s), 1520 (N=O/C=C stretches, s), 

1336 (N=O stretch, s). 

 

N-{4-[(2,4-Dinitrophenyl)amino]butyl}-2,3-dihydroxybenzamide (2-23) 

 
Molecular Formula: C17H18N4O7 

Molecular Mass: 390.35 g mol-1 

 

2-21 (0.067 g, 0.117 mmol) was placed in a 3-necked RBF, then the flask 

purged with N2, and dry DCM (3.5 mL) added. Boron tribromide (1 M in DCM, 
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0.40 mL, 0.400 mmol) was added dropwise and the reaction stirred at room 

temperature for 22 hours. Wet methanol (15 mL) was added to quench any 

remaining BBr3, then the solvent removed in vacuo. MeOH (3 x 15 mL) was 

added and removed under vacuum to try and remove volatile borate salts, 

giving an orange-black solid. The crude product was purified by preparative 

HPLC chromatography using Prep. LCMS Method A to give 2-23 as a brown 

solid (9.9 mg, 0.025 mmol, 22%).  
 

1H NMR: (400 MHz, DMSO-d6) δH ppm: 12.80 (1H, s, H8), 9.13 (1H, br s, H9), 

8.91 (1H, br t, J = 6.0 Hz, H10 or 15), 8.84 (1H, d, J = 2.5 Hz, H20), 8.80 (1H, 

br t, J = 6.0 Hz, H10 or 15), 8.23 (1H, dd, J = 9.5, 2.5 Hz, H18), 7.26-7.22 (2H, 

m, H17 and H2 or 4), 6.88 (1H, dd, J = 8.0, 2.0 Hz, H2 or 4), 6.64 (1H, t, J = 8.0 

Hz, H3), 3.53 (2H, app. q, J = 6.0 Hz, H14), 3.37-3.20 (2H, m, H11), 1.71-1.59 

(4H, m, H12 and 13). 

 

HRMS (ESI): Calcd. [M+H]+ (C17H19N4O7) m/z = 391.1248; Obs. [M+H]+ m/z = 

391.1251, Mean err −0.7 ppm.  

 

7-(Diethylamino)coumarin (2-26) 

 
Molecular Formula: C13H15NO2 

Molecular Mass: 217.27 g mol-1 

 

Prepared according to a literature procedure.361  

 

4-(Diethylamino)salicylaldehyde (2.05 g, 10.6 mmol) was dissolved in dry 

EtOH (40 mL). Diethyl malonate (3.30 mL, 21.6 mmol) and piperidine (1.05 

mL, 10.6 mmol) were added and the resulting dark purple-red solution was 

heated at reflux overnight. The solvent was removed under vacuum, then 

concentrated hydrochloric acid (20 mL) and glacial acetic acid (20 mL) were 

added, and stirred at reflux overnight. The solution was allowed to cool to 
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room temperature, then poured into ice-cold H2O (100 mL). NaOH (10 M) 

was added to neutralize the mixture, then DCM (30 mL) added. The organic 

layer was separated and washed with H2O (3 x 10 mL) and brine (10 mL), 

then dried over MgSO4 and the solvent removed. The crude product was 

purified via column chromatography (silica gel, 1:1 EtOAc:40-60 °C pet. 

ether) to give an orange solid (1.19 g, 5.47 mmol, 52%). Rf = 0.41 (1:1 

EtOAc:40-60 °C pet. ether), spot fluorescent blue under both short and long-

wavelength UV. 

 

Characterisation data consistent with literature.361  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 7.54 (1H, dd, J = 9.5, 0.5 Hz, H9), 7.24 

(1H, d, J = 9.0 Hz, H6), 6.56 (1H, dd, J = 9.0, 2.5 Hz, H5), 6.49 (1H, d, J = 2.5 

Hz, H4), 6.03 (1H, d, J = 9.0 Hz, H10), 3.41 (4H, q, J = 7.0 Hz, H2), 1.21 (6H, t, 

J = 7.0 Hz, H1). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 162.4 (C11), 156.9 (C7), 150.7 (C3), 143.8 

(C9), 128.9 (C6), 109.4 (C10), 108.8 (C5), 108.4 (C8), 97.7 (C4), 45.0 (C2), 12.6 

(C1). 

 

HRMS (ESI): Calcd. [M+H]+ (C13H15NO2) m/z = 218.1176; Obs. [M+H]+ m/z = 

218.1177, Mean err −1.2 ppm. Calcd. [M+Na]+ (C13H15NNaO2) m/z = 

240.0995; Obs. [M+Na]+ m/z = 240.0997, Mean err −1.1 ppm.  

 

7-(Diethylamino)-3-formylcoumarin (2-27) 

 
Molecular Formula: C14H15NO3 

Molecular Mass: 245.28 g mol-1 

 

Prepared according to a literature procedure.361  
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A 50 mL RBF was placed under N2 then POCl3 (1.30 mL, 14.0 mmol) added. 

Dry DMF (1.27 mL, 16.5 mmol) was added dropwise and the solution stirred 

for 30 minutes. 7-(Diethylamino)coumarin (2-26, 1.19 g, 5.46 mmol) in dry 

DMF (7.5 mL) was added dropwise, and the solution was stirred at 70 °C for 

23 hours. The final red-black solution was poured into ice-cold H2O (100 mL) 

and neutralized with aqueous NaOH solution (5 M). Ethyl acetate (60 mL) 

added, and the organic layer extracted and washed with H2O (3 x 20 mL) and 

brine (10 mL). The organic layer was dried over MgSO4 and the solvent 

removed to give an orange crystalline solid (0.910 g, 3.71 mmol, 68%). The 

solid becomes a lime-green fluorescent solution when dissolved in CDCl3. 

M.p. = 164-165 °C (lit. = 162-165 °C).653,654 Rf = 0.34 (1:2 EtOAc:hexane), 

poorly visible under short-wave UV, fluorescent green under long-wave UV.  

 

Characterisation data consistent with literature.361 
 

1H NMR: (400 MHz, CDCl3) δH ppm: 10.13 (1H, s, H12), 8.26 (1H, s, H9), 7.41 

(1H, d, J = 9.0 Hz, H6), 6.64 (1H, dd, J = 9.0, 2.5 Hz, H5), 6.49 (1H, d, J = 2.5 

Hz, H4), 3.48 (4H, q, J = 7.0 Hz, H2), 1.25 (6H, t, J = 7.0 Hz, H1). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 188.1 (C12), 162.1 (C11), 159.1 (C7), 

153.5 (C3), 145.5 (C9), 132.7 (C6), 114.3 (C10), 110.3 (C5), 108.4 (C8), 97.3 

(C4), 45.4 (C2), 12.6 (C1). 

 

HRMS (ESI): Calcd. [M+Na]+ (C14H15NNaO3) m/z = 268.0944; Obs. [M+Na]+ 

m/z = 268.0947, Mean err −0.6 ppm.  

 

2,3-Dimethylbenzothiazolium iodide (2-28) 

 

Molecular Formula: C9H10INS 

Molecular Mass: 291.15 g mol-1 

 

Prepared according to a literature procedure.345 
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2-Methylbenzothiazole (2.14 mL, 16.8 mmol) and methyl iodide (1.05 mL, 

16.8 mmol) were dissolved in MeCN (25 mL) and placed under N2. The 

solution was heated at 75 °C for 24 hours, then allowed to cool to room 

temperature. The formed solid isolated via Buchner filtration and washed 

three times with MeCN to give a white solid with a slight blue tinge (2.10 g, 

7.23 mmol). The filtrate was moved to a fridge, with precipitation of further 

product over two weeks (0.468 g, 1.61 mmol) to give a total yield of 2.57 g 

(8.83 mmol, 53%). M.p. = 223-224 °C (lit. = 220-230 °C).655,656 

 

Characterisation data consistent with literature.656 
 

1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.46 (1H, dd, J = 8.5, 1.0 Hz, H6 or 7), 

8.30 (1H, d, J = 8.5 Hz, H6 or 7), 7.89 (1H, ddd, J = 8.5, 7.5, 1.0 Hz, H8 or 9), 

7.80 (1H, ddd, J = 8.5, 7.5, 1.0 Hz, H8 or 9), 4.21 (3H, s, H3), 3.19 (3H, s, H1). 
 

HRMS (ESI): Calcd. [M]+ (C9H10NS) m/z = 164.0528; Obs. [M]+ m/z = 

164.0534, Mean err −3.2 ppm.  

 

(E)-2-(2-(7-(Diethylamino)-2-oxo-2H-chromen-3-yl)vinyl)-3-methyl 

benzo[d]thiazol-3-ium iodide (2-11) 

 

Molecular Formula: C23H23IN2O2S 

Molecular Mass: 518.41 g mol-1 

 

Prepared according to a literature procedure.345 

 

2-28 (1.07 g, 3.66 mmol) and 2-27 (0.899 g, 3.66 mmol) were dissolved in 

EtOH (55 mL), and then heated at reflux for 18 hours. The resulting dark 

purple solution was allowed to cool to room temperature, then the solid 
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formed was isolated via Buchner filtration and washed with EtOH to give a 

dark green solid with an occasional metallic sheen (1.71 g, 3.31 mmol, 90%). 

The solid forms a dark red-purple solution when dissolved in ethanol, 

acetonitrile or DMSO. M.p. = 238-240 °C (dec.).  

 

Characterisation data consistent with literature.345 
 

1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.60 (1H, s, H9), 8.37 (1H, dd, J = 8.5, 

1.0 Hz, H21), 8.21 (1H, d, J = 8.5 Hz, H18), 8.06-7.97 (2H, m, H12 and 13), 

7.83 (1H, td, J = 7.5, 1.5 Hz, H20), 7.74 (1H, td, J = 7.0, 1.0 Hz, H19), 7.57 (1H, 

d, J = 9.5 Hz, H6), 6.87 (1H, dd, J = 9.0, 2.5 Hz, H5), 6.67 (1H, d, J = 2.5 Hz, 

H4), 4.21 (3H, s, H15), 3.52 (4H, q, J = 7.0 Hz, H2), 1.15 (6H, t, J = 7.0 Hz, H1). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 171.7 (C14), 159.6 (C11), 157.2 (C7), 

153.3 (C3), 148.4 (C9), 144.4 (C12), 142.1 (C17), 131.8 (C6), 129.3 (C20), 

128.2 (C19), 127.5 (C16), 124.2 (C21), 116.6 (C18), 112.0 (C10), 111.4 (C13), 

110.9 (C5), 108.9 (C8), 96.5 (C4), 44.7 (C2), 35.9 (C15), 12.5 (C1).  

 

HRMS (ESI): Calcd. [M]+ (C23H23N2O2S) m/z = 391.1475; Obs. [M]+ m/z = 

391.1472, Mean err 1.1 ppm.  

 

2,3-Bis(benzyloxy)-N-ethylbenzamide (2-31) 

 
Molecular Formula: C23H23NO3 

Molecular Mass: 361.44 g mol-1 

 

Prepared according to a literature procedure.370 
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2,3-Bis(benzyloxy)benzoic acid NHS ester (2-30, 0.460 g, 1.06 mmol) was 

dissolved in THF (25 mL), then Et3N (0.185 mL, 1.33 mmol) and ethylamine 

(2 M in THF, 0.67 mL, 1.34 mmol) added and the reaction stirred under air 

for 72 hours, before the THF was removed under vacuum. The resulting oil 

was taken up in DCM (30 mL) and washed with 0.1 M aq. HCl (7.5 mL), 

saturated NaHCO3 solution (7.5 mL) and H2O (3 x 10 mL). The organic layer 

was dried over MgSO4, and the solvent removed to give a golden oil (0.360 

g, 0.996 mmol, 94%).  

 

Characterisation data consistent with literature.370 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.17 (1H, t, J = 5.5 Hz, H18), 7.52-7.25 

(11H, m, Ar H), 7.14-7.01 (2H, m, Ar H), 5.20 (2H, s H8), 5.01 (2H, s, H13), 

3.20 (2H, dq, J = 7.0, 5.5 Hz, H19), 1.00 (3H, t, J = 7.0 Hz, H20).  
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 165.3 (C7), 151.2 (C5), 145.2 (C6), 

137.1, 136.9 (C13/17), 131.1 (C1), 128.5, 128.4, 128.3, 128.1, 128.0, 127.8 

(C9-11, 14-16), 124.2, 120.8, 115.8 (C2/3/4), 75.1 (C13), 70.2 (C8), 33.8 (C19), 

14.5 (C20). 

 

HRMS (ESI): Calcd. [M+H]+ (C23H24NO3) m/z = 362.1751; Obs. [M+H]+ m/z = 

362.1751, Mean err 0.1 ppm. Calcd. [M+Na]+ (C23H23NNaO3) m/z = 384.1570; 

Obs. [M+Na]+ m/z = 384.1570, Mean err −0.3 ppm.  

 

N-Ethyl-2,3-dihydroxybenzamide (2-29) 

 
Molecular Formula: C9H11NO3 

Molecular Mass: 181.19 g mol-1 

 

Prepared according to a literature procedure.370 All glassware in use was 
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pre-soaked in 6 M HCl overnight before use in order to remove any iron 

adsorbed to surface of glassware. 

 

2-31 (0.28 g, 0.775 mmol) was dissolved in dry EtOH (45 mL), then two small 

spatula tips of 10% Pd-C added. Three balloons of H2 gas were passed 

through the system to purge, then another balloon added to create a 

positive pressure of hydrogen. The reaction was stirred for 4 days under 

positive pressure, then the solution filtered twice through microfiber filters 

(Whatman, 47 mm) to remove the palladium. The solvent was removed 

under vacuum, and the resulting oil dried under vacuum for 6 hours to give 

a viscous orange-brown oil (0.121 g, 0.666 mmol, 86%). Rf = 0.44 (4:1 

DCM:EtOAc).  

 

Characterisation data consistent with literature.370 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 12.90 (1H, br s, H8), 9.13 (1H, br s, 

H9), 8.81 (1H, br t, J = 5.0 Hz, H10), 7.26 (1H, dd, J = 8.0, 1.0 Hz, H2), 6.89 

(1H, dd, J = 8.0, 1.0 Hz, H4), 6.67 (1H, t, J = 8.0 Hz, H3), 3.33-3.28 (2H, m, 

overlap with H2O peak, H11), 1.13 (3H, t, J = 7.5 Hz, H12). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 169.6 (C7), 149.8 (C6), 146.2 (C5), 

118.8 (C4), 117.9 (C3), 117.0 (C2), 114.9 (C1), 33.8 (C11), 14.5 (C12). 

 

HRMS (ESI): Calcd. [M+H]+ (C9H12NO3) m/z = 182.0812; Obs. [M+H]+ m/z = 

182.0811, Mean err −1.1 ppm. Calcd. [M+Na]+ (C9H11NNaO3) m/z = 

204.0631; Obs. [M+Na]+ m/z = 204.0630, Mean err −4.5 ppm.  
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Methyl 4-chloro-3-nitrobenzoate (3-25) 

 
Molecular Formula: C8H6ClNO4 

Molecular Mass: 215.59 g mol-1 

 

Prepared according to a literature procedure.474  

 

4-Chloro-3-nitrobenzoic acid (1.12 g, 5.58 mmol) was suspended in MeOH 

(8.5 mL) to give a cloudy white solution. Concentrated H2SO4 (0.25 mL) was 

added to give a pale green-yellow solution, which was heated at reflux for 

18 hours. The solution was allowed to cool to room temperature, before the 

solvent was removed under vacuum, giving a white crystalline mass. H2O (10 

mL) was added, and extracted with EtOAc (3 x 15 mL). The combined organic 

layers were dried over MgSO4 and the solvent removed to give 3-25 as a 

crystalline white solid (1.14 g, 5.26 mmol, 95%). Average yield = 96% (n = 3). 

M.p.= 78-80 °C (lit = 78-81 °C).423,657  

 

Characterisation data consistent with literature.474 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.48 (1H, d, J = 2.0 Hz, H3), 8.14 (1H, dd, 

J = 8.5, 2.0 Hz, H5), 7.63 (1H, d, J = 2.0 Hz, H6), 3.95 (3H, s, H8). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 164.3 (C7), 147.9 (C2), 133.7 (C5), 132.3 

(C6), 131.7 (C1), 130.1 (C4), 126.7 (C3), 53.0 (C8). 

 

HRMS (ESI): Calcd. [M+H]+ (C8H7
35ClNO4) m/z = 216.0058; Obs. [M+H]+ m/z 

= 216.0055, Mean err −1.9 ppm.  
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Methyl 4-(benzylsulfanyl)-3-nitrobenzoate (3-26) 

 
Molecular Formula: C15H13NO4S 

Molecular Mass: 303.33 g mol-1  
 

Prepared according to a literature procedure.431 

 

3-25 (0.889 g, 4.12 mmol) was suspended in dry MeOH (4 mL) and cooled to 

0 °C to give a cloudy white solution. Dry DIPEA (0.90 mL, 5.17 mmol) and 

benzyl mercaptan (0.60 mL, 5.11 mmol) were added, giving a cloudy orange 

solution. The mixture was allowed to heat to room temperature, and stirred 

for 22 hours, with the precipitate thickening over time. The precipitate was 

isolated by Buchner filtration, and washed with ice-cold MeOH (17.5 mL) and 

ice-cold hexane (40 mL) to give a lime green-yellow solid (1.15 g, 3.80 mmol, 

91%). Average yield = 91% (n = 4). M.p. = 137-138 °C (lit. = 138-139 °C).423  

Rf = 0.61 (DCM). 

 

Characterisation data consistent with literature.431 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.87 (1H, d, J = 2.0 Hz, H3), 8.14 (1H, dd, 

J = 8.5, 2.0 Hz, H5), 7.53 (1H, d, J = 8.5 Hz, H6), 7.45-7.41 (2H, m, H11 or 12), 

7.38-7.29 (3H, m, H13 and H11 or 12), 4.25 (2H, s, H9), 3.95 (3H, s, H8). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 165.1 (C7), 145.2 (C2), 144.0 (C1), 134.3 

(C10), 133.8 (C5), 129.2, 129.1 (C11/12), 128.2 (C13), 127.5 (C3), 126.8 (C4), 

126.6 (C6), 52.8 (C8), 37.7 (C9). 

 

HRMS (ESI): Calcd. [M+Na]+ (C15H13NNaO4S) m/z = 326.0457; Obs. [M+Na]+ 

m/z = 326.0459, Mean err 0.2 ppm. Calcd. [M+K]+ (C15H13KNO4S) m/z = 

342.0197; Obs. [M+K]+ m/z = 342.0198, Mean err 0.1 ppm. 
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Methyl 4-(chlorosulfonyl)-3-nitrobenzoate (3-27) 

 
Molecular Formula: C8H6ClNO6S 

Molecular Mass: 279.65 g mol-1 

 

3-26 (0.304 g, 1.00 mmol) was placed under N2 and dissolved in MeCN (5 

mL), then AcOH (0.18 mL) and H2O (0.12 mL) were added and the cloudy 

yellow solution cooled to 0 °C. 1,3-Dichloro-5,5’-dimethylhydantoin (0.409 

g, 2.08 mmol) was added in portions to give a clear yellow solution, which 

was stirred at 0 °C for 3 hours. The solvent was removed under vacuum, and 

the residue redissolved in DCM (25 mL). The resulting solution was cooled 

to 0 °C, then ice-cold saturated NaHCO3 solution (25 mL) was added with 

stirring. The biphasic mixture was stirred for 20 minutes, then the layers 

partitioned and the organic layer washed with ice-cold brine (25 mL), dried 

over MgSO4 and the solvent removed to give a yellow solid (0.363 g, c. 72% 

desired product by mass, 93%), which was used in the next step without any 

further purification. 

 

Characterisation data consistent with literature.456  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.48 (1H, d, J = 1.5 Hz, H3), 8.45 (1H, dd, 

J = 8.5, 1.5 Hz, H5), 8.34 (1H, d, J = 8.5 Hz, H6), 4.04 (3H, s, H8). 

 

2-(Trimethylsilyl)ethyl 7-{4-[(tert-butoxy)carbonyl]piperazin-1-yl}-1-

cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (3-23) 

 
Molecular Formula: C27H38FN3O5Si 

Molecular Mass: 531.70 g mol-1 
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Boc ciprofloxacin (3-22, 0.613 g, 1.42 mmol) placed under N2 then dissolved 

in dry DCM (45 mL). Trimethylsilylethanol (0.255 mL, 1.78 mmol), HBTU 

(1.35 g, 3.55 mmol), DMAP (17.3 mg, 0.142 mmol) and dry DIPEA (0.65 mL, 

3.73 mmol) were added and the reaction was stirred at room temperature 

for 24 hours. Extra DCM (20 mL) was added, then the organic layer washed 

with 0.1 M aqueous formic acid (45 mL), H2O (45 mL), saturated NaHCO3 

solution (45 mL) and brine (45 mL), dried over MgSO4 and the solvent 

removed. The resulting beige solid was purified by column chromatography 

(silica gel, 6.5:1 EtOAc:40-60 °C pet. ether) to give 3-23 as a pale yellow 

crystalline powder (0.640 g, est. 92% product by mass, 1.11 mmol, 78%).*  

 

*19F NMR revealed presence of some remaining PF6 salt, assumed to be 

NaPF6. This is accounted for in the final yield.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.44 (1H, s, H4), 7.90 (1H, d, 3JF-H = 13.5 

Hz, H8), 7.29 (1H, d, J = 6.5, 1.5 Hz, H11), 4.39-4.31 (2H, TMSE m, H19), 3.68-

3.59 (4H, m, H14), 3.50-3.42 (1H, m, H3), 3.26-3.18 (4H, m, H13), 1.48 (9H, 

s, H18), 1.37-1.31 (2H, m, H1 or 2), 1.15-1.08 (2H, TMSE m, H20), 1.05-0.99 

(2H, m, H1 or 2), 0.03 (9H, s, H21).  

 
13C NMR: (100 MHz, CDCl3) δC ppm: 174.0 (C6), 165.6 (C15), 154.8 (C16), 

153.5 (d, 1JF-C = 249 Hz, C9), 148.2 (C4), 144.9 (d, 2JF-C = 10 Hz, C10), 138.2 

(C12), 122.6 (d, 3JF-C = 7 Hz, C7), 113.1 (d, 2JF-C = 23 Hz, C8), 109.6 (C5), 105.3 

(C11), 80.4 (C17), 63.2 (C19), 49.9 (C13), 44.3-42.5 (m, C14), 35.0 (C3), 28.5 

(C18), 17.5 (C20), 8.2 (C1 and 2), 1.4 (C21).  

 
19F NMR: (376 MHz, CDCl3) δF ppm: −123.15 (1F, br s). 

Also presence of PF6 salt: δF ppm: −73.30 (1F, d, J = 712 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C27H39FN3O5Si) m/z = 532.2638; Obs. [M+H]+ m/z 

= 532.2647, Mean err −1.5 ppm. Calcd. [M+Na]+ (C27H38FN3NaO5Si) m/z = 

554.2457; Obs. [M+Na]+ m/z = 554.2467, Mean err −1.5 ppm.  
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1-Cyclopropyl-7-(4-{[(9H-fluoren-9-yl)methoxy]carbonyl}piperazin-1-yl)-6-

fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (3-38) 

 

Molecular Formula: C32H28FN3O5 

Molecular Mass: 553.59 g mol-1 

 

Ciprofloxacin (0.566 g, 1.71 mmol) was suspended in sodium carbonate 

solution (6.5 mL, 0.85 M solution, 9% w/v) and cooled to 0 °C. A solution of 

FmocOSu (0.707 g, 2.10 mmol) in DMF:dioxane (3:1, 10.5 mL) was added and 

the mixture was stirred vigorously for 20 minutes, then allowed to warm to 

room temperature. The resulting precipitate was filtered and washed with 

water (c. 50 mL), then taken up in 95:4.5:0.5 CHCl3:EtOH:AcOH and purified 

by column chromatography (silica gel, 80-90 g, 95:4.5:0.5 CHCl3:EtOH:AcOH) 

to give 3-38 as a white-cream solid (0.432 g, 0.781 mmol, 46%). Average yield 

= 39% (n = 2). Rf = 0.46 (95:4.5:0.5 CHCl3:EtOH:AcOH).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 14.93 (1H, br s, H25), 8.78 (1H, s, H4), 

8.05 (1H, d, 3JF-H = 12.5 Hz, H8), 7.78 (2H, app. d, J = 7.5 Hz, H23), 7.59 (2H, 

app. d, J = 7.5 Hz, H20), 7.41 (2H, app. t, J = 7.5 Hz, H22), 7.38-7.30 (3H, m*, 

H11 and 21), 4.52 (2H, d, J = 6.5 Hz, H17), 4.27 (1H, t, J = 6.5 Hz, H18), 3.80-

3.60 (4H, m, H14), 3.60-3.50 (1H, m, H3), 3.35-3.19 (4H, m, H13), 1.44-1.38 

(2H, m, H1 or 2), 1.24-1.10 (2H, m, H1 or 2).  

 

*Overlapping d and dt 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 177.30-177.27 (d, J = 3 Hz , C6), 167.1 

(C15), 155.2 (C16), 153.8 (d, 1JF-C = 251 Hz, C9), 147.7 (C4), 145.8 (d, 2JF-C = 10 

Hz, C10), 144.0 (C19), 141.5 (C24), 139.2 (C12), 127.9 (C22), 127.2 (C21), 

125.0 (C20), 120.5 (d, 3JF-C = 8 Hz, C7), 120.2 (C23), 112.9 (d, 2JF-C = 24 Hz, C8), 
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108.4 (C5), 105.2 (d, 3JF-C = 3 Hz, C11), 67.6 (C17), 49.8 (m, C13), 47.5 (C18), 

43.8 (m, C14), 35.4 (C3), 8.4 (C1 and 2).  

 
19F NMR: (376 MHz, CDCl3) δF ppm: −120.95 (1F, dd, J = 12.5, 6.5 Hz). 

 

HRMS (ESI Pos.): Calcd. [M+Na]+ (C32H29FN3O5) m/z = 554.2086; Obs. [M+H]+ 

m/z = 554.2079, Mean err 3.5 ppm. Calcd. [M+Na]+ (C32H28FN3NaO5) m/z = 

576.1905; Obs. [M+Na]+ m/z = 576.1906, Mean err 1.3 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C32H27FN3O5) m/z = 552.1940; Obs. [M−H]− 

m/z = 552.1923, Mean err 2.6 ppm. 

 

2-(Trimethylsilyl)ethyl-1-cyclopropyl-7-(4-{[(9H-fluoren-9-yl)methoxy] 

carbonyl}piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-

carboxylate (3-39) 

 
Molecular Formula: C37H40FN3O5Si 

Molecular Mass: 653.83 g mol-1 

 

Fmoc ciprofloxacin (3-38, 0.257 g, 0.465 mmol) was placed under N2, then 

dry DCM (20 mL) added. Trimethylsilyl ethanol (0.10 mL, 1.03 mmol), HBTU 

(0.444 g, 1.17 mmol), DMAP (5.5 mg, 0.045 mmol) and DIPEA (0.25 mL, 1.44 

mmol) were added sequentially, and the reaction was stirred at room 

temperature for 24 hours. Extra DCM (20 mL) added, then washed with 1 M 

aq. HCl (20 mL), H2O (2 x 20 mL) and brine (20 mL). The organic layer was 

dried over MgSO4 and the solvent removed to give a yellow oil. The product 

was purified by column chromatography (silica gel, c. 40 g, 6:1 EtOAc:40-60 

°C pet. ether) to give a white crystalline powder (0.262 g, 0.401 mmol, 

86%).* Rf = 0.50 (6:1 EtOAc:40-60 °C pet. ether). 
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*19F NMR revealed presence of some remaining PF6 salt, assumed to be 

NaPF6. This is accounted for in the final yield.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.47 (1H, s, H4), 7.97 (1H, d, 3JF-H = 13.0 

Hz, H8), 7.76 (2H, app. d, J = 7.5 Hz, H23), 7.59 (2H, app. d, J = 7.0 Hz, H20), 

7.40 (2H, app. t, J = 7.5 Hz, H22), 7.33 (2H, td, J = 7.5, 1.5 Hz, H21), 7.31-7.28 

(1H, m*, H11), 4.48 (2H, d, J = 6.5 Hz, H17), 4.39 (2H, TMSE m, H25), 4.26 

(1H, t, J = 6.5 Hz, H18), 3.75-3.65 (4H, m, H14), 3.50-3.43 (1H, m, H3), 3.28-

3.18 (4H, m, H13), 1.38-1.32 (2H, m, H1 or 2), 1.15 (2H, TMSE m, H17), 1.09-

1.02 (2H, m, H1 or 2), 0.06 (9H, s, H18).  

 

*d overlapping with dt 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 173.9 (C6), 165.7 (C15), 155.3 (C16), 

153.5 (d, 1JF-C = 247 Hz, C9), 148.2 (C4), 144.7 (d, 2JF-C = 10 Hz, C10), 144.0 

(C19), 141.5 (C24), 138.2 (C12), 127.9 (C22), 127.2 (C21), 125.0 (C20), 122.9 

(C7), 120.1 (C23), 113.3 (d, 2JF-C = 23 Hz, C8), 109.7 (C5), 105.4 (C11), 67.7 

(C17), 63.3 (C25), 49.8 (d, J = 3.5 Hz, C13), 47.4 (C18), 44.0-43.5 (m, C14), 

34.9 (C3), 17.6 (C26), 8.3 (C1 and 2), 1.4 (C27).  

 
19F NMR: (376 MHz, CDCl3) δF ppm: −123.37 (1F, br s). 

Also presence of PF6 salt: δF ppm: −73.00 (1F, d, J = 712 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C37H41FN3O5Si) m/z = 654.2794; Obs. [M+H]+ m/z 

= 654.2805, Mean err −1.6 ppm. Calcd. [M+Na]+ (C37H40FN3NaO5Si) m/z = 

676.2613; Obs. [M+Na]+ m/z = 676.2625, Mean err −1.6 ppm.  
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2-(Trimethylsilyl)ethyl-1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-

dihydroquinoline-3-carboxylate (3-40)  

 

Molecular Formula: C22H30FN3O3Si 

Molecular Mass: 431.58 g mol-1 

 

3-39 (0.128 g, 0.196 mmol) was dissolved in dry DCM (2.5 mL) and cooled to 

0 °C. Piperidine (16.6% v/v, 0.50 mL) was added and the reaction was stirred 

at 0 °C for 90 minutes. Extra DCM (15 mL) was added and the solution 

washed with saturated aq. NH4Cl (15 mL). The DCM layer was dried over 

MgSO4 and the solvent removed. The crude product was purified by column 

chromatography (silica gel, 18:2:1 CHCl3:MeOH:aq. NH3) to give 3-40 (57.7 

mg, 0.134 mmol, 68%) as a beige solid. Rf = 0.44 (9:1:1 CHCl3:MeOH:aq. NH3).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.51 (1H, s, H4), 8.04 (1H, d, 3JF-H = 13.5 

Hz, H8), 7.26 (1H, d, J = 7.0 Hz, H11), 4.40 (2H, TMSE m, H16), 3.46-3.38 (1H, 

m, H3), 3.25-3.21 (4H, m, H13 or 14), 3.12-3.07 (4H, m, H13 or 14), 1.34-1.28 

(2H, m, H1 or 2), 1.18 (2H, TMSE m, H17), 1.14-1.10 (2H, m, H1 or 2), 0.07 

(9H, s, H18). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 173.3 (C6), 166.1 (C15), 153.6 (d, 1JF-C = 

248 Hz, C9), 148.2 (C4), 145.1 (d, 2JF-C = 11 Hz, C10), 138.2 (C12), 123.3 (d, 3JF-

C = 7 Hz, C7), 113.5 (d, 2JF-C = 23 Hz, C8), 110.7 (C5), 104.8 (d, 3JF-C = 3 Hz, C11), 

63.2 (C16), 51.1 (d, 4JF-C = 5 Hz, C13), 46.0 (C14), 34.6 (C3), 17.8 (C17), 8.3 (C1 

and 2), −1.4 (C18). 

 
19F NMR: (376 MHz, CDCl3) δF ppm: −123.61 (1F, dd, J = 13.5, 7.0 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C22H31FN3O3Si) m/z = 432.2113; Obs. [M+H]+ m/z 

= 432.2119, Mean err −1.3 ppm. Calcd. [M+Na]+ (C22H30FN3NaO3Si) m/z = 

454.1933; Obs. [M+Na]+ m/z = 454.1940, Mean err −1.8 ppm.  
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2-(Trimethylsilyl)ethyl 1-cyclopropyl-6-fluoro-7-{4-[4-(methoxycarbonyl)-

2-nitrobenzenesulfonyl]piperazin-1-yl}-4-oxo-1,4-dihydroquinoline-3-

carboxylate (3-28) 

 
Molecular Formula: C30H35FN4O9SSi 

Molecular Mass: 674.77 g mol-1 

 

3-40 (46.6 mg, 0.108 mmol) was placed under N2, then dissolved in dry DCM 

(5 mL). The solution was cooled to 0 °C, then 3-27 (38.3 mg, 0.137 mmol) 

and lutidine (27 µL, 0.232 mmol) added and the reaction allowed to warm 

to room temperature. The clear yellow solution was stirred for 72 hours, 

then extra DCM (5 mL) and water (10 mL) were added and the organic layer 

separated. The aqueous layer was extracted with DCM (2 x 8 mL), then the 

combined organic layers were washed with 1 M aq. HCl (15 mL), water (12.5 

mL), saturated NaHCO3 solution (12.5 mL) and brine (12.5 mL), dried over 

MgSO4 and the DCM removed in vacuo. The resulting residue was purified 

by column chromatography (silica gel, gradient: 3:1 EtOAc:40-60 °C pet. 

ether to 100% EtOAc) to give a yellow white solid (40.9 mg, est. 94% product 

by mass, 0.057 mmol, 53%). Rf = 0.40 (5:1 EtOAc:40-60 °C pet. ether). 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.52 (1H, s, H4), 8.34 (1H, dd, J = 8.5, 1.5 

Hz, H23), 8.28 (1H, d, J = 1.5 Hz, H21), 8.10 (1H, d, J = 8.0 Hz, H24), 8.06 (1H, 

d, 3JF-H = 13.0 Hz, H8), 7.28 (1H, d, J = 7.0 Hz, H11), 4.40 (2H, TMSE m, H16), 

4.01 (3H, s, H26), 3.58-3.53 (4H, m, H14), 3.45-3.38 (1H, m, H3), 3.36-3.31 

(4H, m, H13), 1.37-1.29 (2H, m, H1 or 2), 1.17 (2H, TMSE m, H17), 1.17-1.10 

(2H, m, H1 or 2), 0.06 (9H, s, H18). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 173.2 (C6), 166.0 (C15), 163.7 (C25), 

153.4 (d, 1JF-C = 267 Hz, C9), 148.5 (C20), 148.4 (C4), 143.8 (d, 2JF-C = 11 Hz, 

C10), 138.1 (C12), 135.6 (C22), 134.8 (C19), 132.5 (C23), 131.5 (C24), 125.4 
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(C19), 124.1 (d, 3JF-C = 7 Hz, C7), 113.8 (d, 2JF-C = 22 Hz, C8), 110.0 (C5), 105.5 

(d, 3JF-C = 2 Hz, C11), 63.4 (C16), 53.5 (C26), 50.0 (d, 4JF-C = 5 Hz, C13), 46.1 

(C14), 34.6 (C3), 17.8 (C17), 8.3 (C1 and 2), −1.4 (C18). 

 
19F NMR: (376 MHz, CDCl3) δF ppm: −124.31 (1F, dd, J = 13.0, 7.0 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C30H36FN4O9SSi) m/z = 675.1951; Obs. [M+H]+ 

m/z = 675.1947, Mean err 0.1 ppm. Calcd. [M+Na]+ (C30H35FN4NaO9SSi) m/z 

= 697.1770; Obs. [M+Na]+ m/z = 697.1765, Mean err 0.5 ppm. Calcd. [M+K]+ 

(C30H35FKN4O9SSi) m/z = 713.1510; Obs. [M+Na]+ m/z = 713.1504, Mean err 

−1.0 ppm. 

 

tert-Butyl 4-chloro-3-nitrobenzoate (3-43) 

 
Molecular Formula: C11H12ClNO4 

Molecular Mass: 257.67 g mol-1 

 

4-Chloro-3-nitrobenzoic acid (1.50 g, 7.43 mmol) was placed under N2 and 

dissolved in dry DCM (50 mL) to give a cloudy white solution. tert-Butyl 

alcohol (0.80 mL, 8.37 mmol) and DMAP (89.7 mg, 0.734 mmol) were added 

and the reaction cooled to 0 °C. EDC.HCl (1.57 g, 8.18 mmol) was added, 

giving a clear yellow-green solution after 5 minutes. The solution was 

allowed to warm to room temperature and stirred for 18 hours, then the 

solvent removed under vacuum; the resulting oil was redissolved in the 

minimum amount of DCM and purified by column chromatography (silica 

gel, 7:1 40-60 °C pet. ether:EtOAc) to give 3-43 (1.00 g, 3.89 mmol, 52%) as 

a white crystalline solid. M.p. = 68 °C (lit = 70-71°C).658 Rf = 0.47 (7:1 40-60 

°C pet. ether:EtOAc); 0.78 (DCM).  

 

Characterisation data consistent with literature.658  
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1H NMR: (400 MHz, CDCl3) δH ppm: 8.42 (1H, d, J = 2.0 Hz, H3), 8.10 (1H, dd, 

J = 8.5, 2.0 Hz, H5), 7.61 (1H, d, J = 8.5 Hz, H6), 1.60 (9H, s, H9). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 162.9 (C7), 148.0 (C2), 133.6 (C5), 132.1 

(C4), 132.0 (C6), 131.2 (C1), 126.5 (C3), 83.2 (C8), 28.2 (C9). 

 

tert-Butyl 4-(benzylsulfanyl)-3-nitrobenzoate (3-44) 

 

Molecular Formula: C18H19NO4S 

Molecular Mass: 345.41 g mol-1 

 

3-43 (0.471 g, 1.83 mmol) was placed under N2, then dissolved in dry MeOH 

(4 mL), and cooled to 0 °C. Benzyl mercaptan (0.240 mL, 2.04 mmol) and dry 

DIPEA (0.385 mL, 2.21 mmol) were added. The reaction was allowed to 

warm to room temperature and stirred for 18 hours. A yellow precipitate 

crashes out after around two hours; extra MeOH may be added to allow 

stirring to continue. The precipitate was isolated by Buchner filtration, and 

washed with ice-cold MeOH (10 mL), followed by ice-cold hexane (30 mL) to 

give a lime green-yellow solid (0.518 g, 1.50 mmol, 82%). Average yield = 

71% (n = 5). M.p. = 118-119 °C. Rf = 0.73 (DCM).  

 

Analytical sample obtained via column chromatography, gradient: 9:1 40-60 

°C pet. ether:EtOAc to 4:1 40-60 °C pet. ether:EtOAC. 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.77 (1H, d, J = 2.0 Hz, H3), 8.08 (1H, dd, 

J = 8.5, 2.0 Hz, H5), 7.49 (1H, d, J = 8.5 Hz, H6), 7.45-7.40 (2H, m, H12 or 13), 

7.38-7.28 (3H, m, H14 and H12 or 13), 4.24 (2H, s, H10), 1.60 (9H, s, H9). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 163.7 (C7), 145.2 (C2), 143.2 (C1), 134.5 

(C11), 133.7 (C5), 129.2, 129.1 (C12/13), 128.8 (C4), 128.1 (C14), 127.2 (C3), 

126.5 (C6), 82.5 (C8), 37.7 (C10), 28.3 (C9). 
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HRMS (ESI): Calcd. [M+NH4]+ (C18H23N2O4S) m/z = 363.1373; Obs. [M+NH4]+ 

m/z = 363.1369, Mean err 3.2 ppm. Calcd. [M+Na]+ (C18H19NNaO4S) m/z = 

368.0927; Obs. [M+Na]+ m/z = 368.0924, Mean err 0.3 ppm.  

 

IR (ATIR, cm-1): 3000-2750 (C-H stretching, w), 1716 (ester C=O stretch, s), 

1702 (ester C=O stretch, s), 1605 (C=C stretch, m), 1550 (N=O/C=C stretches, 

m), 1521 (N=O/C=C stretches, m), 1497 (N=O/C=C stretches, m).  

 

tert-Butyl 4-(chlorosulfonyl)-3-nitrobenzoate (3-45) 

 
Molecular Formula: C11H12ClNO6S 

Molecular Mass: 321.73 g mol-1 

 

3-44 (0.341 g, 0.986 mmol) was placed under N2 and dissolved in MeCN (5 

mL), then 3:2 AcOH:H2O (0.32 mL) added and the cloudy yellow solution 

cooled to 0 °C. 1,3-Dichloro-5,5’-dimethylhydantoin (0.397 g, 2.01 mmol) 

added in portions to give a clear yellow solution, which was stirred at 0 °C 

for 2.5 hours. The solvent was removed under vacuum, and the residue 

redissolved in dry DCM (20 mL). The resulting solution was cooled to 0 °C, 

then ice-cold saturated NaHCO3 solution (15 mL) was added with stirring. 

The biphasic mixture was stirred for 25 minutes, then the layers partitioned 

and the organic layers washed with ice-cold brine (16 mL), dried over MgSO4 

and the solvent removed to give a viscous yellow green oil (0.373 g, c. 73% 

desired product by mass, 86%).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.40-8.37 (2H, m, H3 and 5), 8.30 (1H, d, 

J = 8.5 Hz, H6), 1.63 (9H, s, H9). 
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Methyl 7-(4-{4-[(tert-butoxy)carbonyl]-2-nitrobenzenesulfonyl}piperazin-

1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate  

(3-47) 

 
Molecular Formula: C29H31FN4O9S 

Molecular Mass: 630.64 g mol-1 

 

3-45 (0.814 g, est. 73% SO2Cl by mass, 1.86 mmol) was placed under N2, then 

dissolved in dry DCM (45 mL). The solution was cooled to 0 °C, then 

ciprofloxacin methyl ester (3-46, 0.600 g, 1.74 mmol) and Et3N (0.37 mL, 2.62 

mmol) added and the resulting clear yellow solution allowed to warm to 

room temperature, and stirred for 18 hours. Extra DCM (20 mL) and water 

(50 mL) were added and the organic layer separated. The aqueous layer was 

extracted with DCM (2 x 35 mL), then the combined organic layers were 

washed with 1 M aq. HCl (55 mL), water (50 mL), saturated NaHCO3 solution 

(55 mL) and brine (50 mL), dried over MgSO4 and the DCM removed in vacuo 

to give a bubbly yellow solid (1.14 g, est. 89% product by mass, 1.61 mmol, 

86%). The product was used for future reaction steps with no further 

purification. Rf = 0.22 (EtOAc). 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.57 (1H, s, H4) , 8.28 (1H, dd, J = 8.0, 1.5 

Hz, H21), 8.19 (1H, d, J = 1.5 Hz, H19), 8.08 (1H, d, 3JF-H = 13.0 Hz, H8), 8.07 

(1H, d, J = 8.0 Hz, H22)*, 7.30-7.28 (1H, m, H11)**, 3.92 (3H, s, H16), 3.57-

3.52 (4H, m, H14), 3.46-3.39 (1H, m, H3), 3.37-3.30 (4H, m, H13), 1.62 (9H, 

s, H25), 1.38-1.31 (2H, m, H1 or 2), 1.17-1.12 (2H, m, H1 or 2). 

 

*Doublets at 8.08 and 8.07 overlap 

**Overlaps with N-benzyl acetamide and benzyl chloride aromatics 
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19F NMR: (376 MHz, CDCl3) δF ppm: −124.05 (1F, dd, J = 13.0, 7.0 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C29H32FN4O9S) m/z = 631.1869; Obs. [M+H]+ m/z 

= 631.1870, Mean err −0.3 ppm. Calcd. [M+Na]+ (C29H31FN4NaO9S) m/z = 

653.1688; Obs. [M+Na]+ m/z = 653.1689, Mean err −0.7 ppm. 

 

4-({4-[1-Cyclopropyl-6-fluoro-3-(methoxycarbonyl)-4-oxo-1,4-

dihydroquinolin-7-yl]piperazin-1-yl}sulfonyl)-3-nitrobenzoic acid (3-48) 

 
Molecular Formula: C25H23FN4O9S 

Molecular Mass: 574.54 g mol-1 

 

3-47 (0.453 g, est. 89% product by mass, 0.640 mmol) was dissolved in dry 

DCM (15 mL) to give a clear yellow solution, then trifluoroacetic acid (5 mL) 

was added. The resulting clear orange solution was stirred for 4 hours, then 

the solvent was removed under vacuum. DCM (7 x 30 mL) was added and 

removed under vacuum, resulting in a yellow-orange solid. This was ground 

into a powder, and triturated in 10% v/v MeOH in Et2O (135 mL) with 

sonication for 45 minutes at 30 °C. The resulting beige powdery solid was 

isolated by Buchner filtration and washed with 10% v/v MeOH in Et2O (50 

mL) and dried under vacuum to give 0.263 g of 3-48 (0.458 mmol, 72%). Over 

three steps from thioether 3-44, the yield of 3-48 was 52%. M.p. = 201-204 

°C (dec.). Rf = 0.18 (90:10:1 CHCl3:MeOH:AcOH).  

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.46-8.43 (2H, m, H4 and H19) , 8.33 

(1H, dd, J = 8.0, 1.5 Hz, H21), 8.18 (1H, d, J = 8.0 Hz, H22), 7.77 (1H, d, 3JF-H = 

13.5 Hz, H8), 7.47 (1H, d, 4JF-H = 7.0 Hz, H11), 3.73 (3H, s, H16), 3.67-3.59 (1H, 

m, H3), 3.48-3.42 (4H, m, H13 or 14), 3.34 (4H, m*, H13 or 14), 1.30-1.22 

(2H, m, H1 or 2), 1.12-1.04 (2H, m, H1 or 2). 

 

*Overlaps with H2O peak  
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13C NMR: (100 MHz, DMSO-d6) δC ppm: 171.7 (C6), 165.0 (C15), 164.7 (C23), 

152.7 (d, 1JF-C = 247 Hz, C9), 148.5 (C4), 148.0 (C18), 143.2 (d, 2JF-C = 11 Hz, 

C10), 138.1 (C12), 137.2 (C20), 132.8 (C21), 132.3 (C17), 131.2 (C22), 124.9 

(C19), 122.5 (d, 3JF-C = 7 Hz, C7), 111.7 (d, 2JF-C = 22 Hz, C8), 109.1 (C5), 107.2 

(C11), 51.4 (C16), 49.3 (C13 or 14), 45.6 (C13 or 14), 34.9 (C3), 7.6 (C1 and 2). 

 
19F NMR: (376 MHz, DMSO-d6) δF ppm: −124.64 (1F, dd, J = 13.5, 7.5 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C25H24FN4O9S) m/z = 575.1243; Obs. [M+H]+ m/z 

= 575.1248, Mean err −0.9 ppm. Calcd. [M+Na]+ (C25H23FN4NaO9S) m/z = 

597.1062; Obs. [M+Na]+ m/z = 597.1064, Mean err −0.6 ppm. 

 

IR (ATIR, cm-1): 3450 (OH stretch, w br), 3100-2750 (C-H stretching, w), 1718 

(ester C=O stretch, s), 1695 (carboxylic acid C=O stretch, s), 1620 (C=O 

quinolone stretch, s), 1547 (N=O/C=C stretches, s), 1492 (N=O/C=C 

stretches, s), 1480 (N=O/C=C stretches, s), 1364 (S=O stretch, s), 1168 (S=O 

stretch, s).  

 

Methyl 1-cyclopropyl-7-[4-(4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl}-2-

nitrobenzenesulfonyl)piperazin-1-yl]-6-fluoro-4-oxo-1,4-dihydroquinoline 

-3-carboxylate (3-50) 

 

Molecular Formula: C29H26FN5O11S 

Molecular Mass: 671.61 g mol-1 

 

3-48 (0.106 g, 0.184 mmol) was placed under N2, then suspended in dry DCM 

(8 mL), giving a cloudy white solution. N-Hydroxysuccinimide (27 mg, 0.234 

mmol) and EDC.HCl (45 mg, 0.236 mmol) were added and the now clear 

yellow solution stirred for 21 hours at room temperature. A further portion 

of DCM (15 mL) was added, then the solution was washed with 1 M aq. HCl 

(12 mL), H2O (12 mL), and brine (12 mL), dried over MgSO4, and the solvent 
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removed to give a yellow bubbly solid (0.122 g). Due to its instability, the 

product was used without further purification.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.57 (1H, s, H4) , 8.44 (1H, dd, J = 8.0, 1.5 

Hz, H21), 8.38 (1H, d, J = 1.5 Hz, H19), 8.21 (1H, d, J = 8.0 Hz, H22), 8.08 (1H, 

d, 3JF-H = 13.0 Hz, H8), 7.29 (1H, d, 4JF-H = 7.0 Hz, H11), 3.92 (3H, s, H16), 3.61-

3.56 (4H, m, H14), 3.47-3.40 (1H, m, H3), 3.36-3.30 (4H, m, H13), 2.95 (4H, 

br s, H25), 1.38-1.31 (2H, m, H1 or 2), 1.17-1.11 (2H, m, H1 or 2). 

 
19F NMR: (376 MHz, CDCl3) δF ppm: −123.97 (1F, dd, J = 13.0, 7.0 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C29H27FN5O11S) m/z = 672.1406; Obs. [M+H]+ m/z 

= 672.1396, Mean err 0.3 ppm. Calcd. [M+Na]+ (C29H26FN5NaO11S) m/z = 

694.1226; Obs. [M+Na]+ m/z = 694.1211, Mean err 1.6 ppm. 

 

Methyl 1-cyclopropyl-6-fluoro-7-[4-(4-{[5-(N-hydroxy-3-{[5-(N-hydroxy-3-

{[5-(N-hydroxyacetamido)pentyl]carbamoyl}propanamido)pentyl] 

carbamoyl}propanamido)pentyl]carbamoyl}-2-nitrobenzenesulfonyl) 

piperazin-1-yl]-4-oxo-1,4-dihydroquinoline-3-carboxylate (3-49) 

 
Molecular Formula: C50H69FN10O16S 

Molecular Mass: 1117.21 g mol-1 

 

3-50 (0.119 g, 0.178 mmol) dissolved in dry DMF (20 mL), then 

desferrioxamine mesylate (0.114 g, 0.173 mmol) and triethylamine (75 µL, 

0.538 mmol) were added. The resulting cloudy white-yellow solution was 

heated to 50 °C for 24 hours, then allowed to cool to room temperature and 

the solvent removed in vacuo. MeCN (45 mL) was added, and the mixture 
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sonicated for 40 minutes at 40 °C, then transferred to a Falcon tube and 

centrifuged for 10 minutes (4400 rpm). The solvent was removed carefully 

via syringe, then further MeCN (35 mL) was added and the mixture sonicated 

for a further 30 minutes at 40 °C. After further centrifugation (10 minutes, 

4400 rpm), the solvent was again removed via syringe, and the product left 

to dry in air to give 3-49 as a yellow solid. The product was used without 

further purification. M.p. = 165-169 °C (dec.).  

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.71 (1H, br s, H30 or 41 or 52), 9.67 

(1H, br s, H30 or 41 or 52), 9.66 (1H, br s, H30 or 41 or 52), 8.87 (1H, br t, J = 

5.5 Hz, H24), 8.45 (1H, s, H4), 8.37 (1H, d, J = 1.5 Hz, H19), 8.25 (1H, dd, J = 

8.5, 1.5 Hz, H21), 8.17 (1H, d, J = 8.5 Hz, H22), 7.85-7.72 (3H, m, H8/35/46), 

7.47 (1H, d, 4JF-H = 7.5 Hz, H11), 3.72 (3H, s, H16), 3.67-3.60 (1H, m, H3), 3.58-

3.36 (10H, m, H29/40/51 and H13 or 14), 3.36-3.30 (4H, m, H13 or 14), 3.27 

(2H, app. q, J = 6.0 Hz, H25), 3.05-2.93 (4H, m, H36 and 47), 2.57 (4H, t, J = 

7.0 Hz, H32 and 43), 2.26 (4H, t, J = 7.0 Hz, H33 and 44), 1.96 (3H, s, H54), 

1.60-1.43 (8H, m, H26/28/39/50), 1.43-1.31 (4H, m, H37 and 48), 1.31-1.14 

(8H, m, H27/38/49 and H1 or 2), 1.14-1.02 (2H, m, H1 or 2). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 172.1 (C31 and 42), 171.8 (C6), 171.5 

(C34 and 45), 170.3 (C53), 165.1 (C15), 163.1 (C23), 152.7 (d, 1JF-C = 247 Hz, 

C9), 148.6 (C4), 147.9 (C18), 143.3 (d, 2JF-C = 10 Hz, C10), 140.3 (C20), 138.1 

(C12), 131.0, 130.9 (C17/21/22), 123.1 (C19), 122.5 (d, 3JF-C = 7 Hz, C7), 111.7 

(d, 2JF-C = 24 Hz, C8), 109.1 (C5), 107.2 (C11), 51.4 (C16), 49.4 (C13 or 14), 

47.2, 46.9 (C29/40/51), 45.7 (C13 or 14), 40.1 (C25), 38.5 (C36 and 47), 34.9 

(C3), 30.0 (C33 and 44), 28.9 (C37 and 48), 28.6 (C26), 27.7 (C32 and 43), 26.1 

(C28/39/50), 23.6 (C27/38/49), 20.5 (C54), 7.7 (C1 and 2). 

 

Some desferrioxamine NMR assignments are partially based on those made 

by Richardson-Sanchez et al.493 

 

HRMS (ESI): Calcd. [M+H]+ (C50H70FN10O16S) m/z = 1117.4671; Obs. [M+H]+ 

m/z = 1117.4746, Mean err −3.8 ppm. Calcd. [M+Na]+ (C50H69FN10NaO16S) 

m/z = 1139.4490; Obs. [M+Na]+ m/z = 1139.4508, Mean err −1.5 ppm.  
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IR (ATIR, cm-1): 3500-3150 (OH/NH stretches, m br), 3100-2750 (C-H 

stretching, m), 1723 (ester C=O stretch, w), 1618 (C=O amide and quinolone 

stretches, br s), 1547 (N=O/C=C stretches, s), 1459 (N=O/C=C stretches, m), 

1369 (S=O stretch, m), 1162 (S=O stretch, m).  

 

1-Cyclopropyl-6-fluoro-7-[4-(4-{[5-(N-hydroxy-3-{[5-(N-hydroxy-3-{[5-(N-

hydroxyacetamido)pentyl]carbamoyl}propanamido)pentyl]carbamoyl}pr

opanamido)pentyl]carbamoyl}-2-nitrobenzenesulfonyl)piperazin-1-yl]-4-

oxo-1,4-dihydroquinoline-3-carboxylic acid (3-14) 

 
Molecular Formula: C49H67FN10O16S 

Molecular Mass: 1103.19 g mol-1 

 

3-49 (0.166 g, 0.149 mmol) was suspended in MeOH:H2O (3:1, 25 mL) to give 

a yellow cloudy solution. Aqueous NaOH (1 M, 1.50 mL, 1.50 mmol) was 

added with stirring, and the resulting clear yellow solution was stirred for 24 

hours. Aqueous HCl (1 M, 3.00 mL) was added to give a cloudy yellow 

solution. The solution was transferred to a 50 mL Falcon tube and 

centrifuged for 20 minutes (4400 rpm). The solution was removed carefully 

via syringe and the resultant white-yellow solid left to dry in air, and then 

further dried under vacuum to give 3-14 as a yellow solid (99.6 mg, 0.090 

mmol, 61%). Average yield = 60% (n = 3). M.p. = 159-164 °C (dec.). 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.69 (1H, br s, H30 or 41 or 52), 9.66 

(1H, br s, H30 or 41 or 52), 9.64 (1H, br s, H30 or 41 or 52), 8.89 (1H, br t, J = 

5.5 Hz, H24), 8.67 (1H, s, H4), 8.38 (1H, d, J = 1.5 Hz, H19), 8.26 (1H, dd, J = 

8.0, 1.5 Hz, H21), 8.17 (1H, d, J = 8.0 Hz, H22), 7.92 (1H, d, 3JF-H = 13.0 Hz, H8), 

7.85-7.72 (2H, m, H35 and 46), 7.60 (1H, d, 4JF-H = 7.5 Hz, H11), 3.84-3.77 (1H, 
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m, H3), 3.50-3.40 (14H, m, H13/14/29/40/51), 3.30-3.21 (2H, m, H25), 3.05-

2.94 (4H, m, H36 and 47), 2.57 (4H, t, J = 7.0 Hz, H32 and 43), 2.26 (4H, t, J = 

7.0 Hz, H33 and 44), 1.96 (3H, s, H54), 1.62-1.43 (8H, m, H26/28/39/50), 

1.42-1.12 (14H, m, H1/2/27/37/38/48/49). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 176.5 (C6), 172.0 (C31 and 42), 171.4 

(C34 and 45), 170.2 (C53), 166.0 (C15), 163.0 (C23), 153.4 (d, 1JF-C = 251 Hz, 

C9), 148.2 (C4), 147.8 (C18), 144.7 (C10), 140.2 (C20), 139.1 (C12), 131.0, 

130.9 (C17/21/22), 123.1 (C19), 119.4 (C7), 111.0 (C8), 107.3 (C11), 106.9 

(C5), 49.2 (C13 or 14), 47.1, 46.8 (C29/40/51), 45.5 (C13 or 14), 39.9 (C25), 

38.5 (C36 and 47), 36.0 (C3), 29.9 (C33 and 44), 28.9 (C37 and 48), 28.5 (C26), 

27.6 (C32 and 43), 26.1 (C28/39/50), 23.5 (C27/38/49), 20.4 (C54), 7.7 (C1 

and 2). 

 

Some desferrioxamine NMR assignments are partially based on those made 

by Richardson-Sanchez et al.493 

 

HRMS (ESI): Calcd. [M+H]+ (C49H68FN10O16S) m/z = 1103.4514; Obs. [M+H]+ 

m/z = 1103.4534, Mean err −1.2 ppm. Calcd. [M+Na]+ (C49H67FN10NaO16S) 

m/z = 1125.4333; Obs. [M+Na]+ m/z = 1125.4342, Mean err −0.4 ppm. Calcd. 

[M+2Na−H]+ (C49H66FN10Na2O16S) m/z = 1147.4153; Obs. [M+2Na−H]+ m/z = 

1147.4177, Mean err 0.7 ppm. 

 

IR (ATIR, cm-1): 3500-3150 (OH/NH stretches, w br), 3100-2750 (C-H 

stretching, w), 1725 (carboxylic acid C=O stretch, w), 1623 (C=O amide and 

quinolone stretches, br s), 1545 (N=O/C=C stretches, s), 1495 (N=O/C=C 

stretches, s), 1455 (N=O/C=C stretches, s), 1374 (S=O stretch, m), 1162 (S=O 

stretch, m).  
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4-(Benzylsulfanyl)-3-nitrobenzoic acid (3-55) 

 
Molecular Formula: C14H11NO4S 

Molecular Mass: 289.31 g mol-1 

 

Preparation adapted from a literature procedure.426 

 

Methyl 4-(benzylsulfanyl)-3-nitrobenzoate (3-26, 0.215 g, 0.710 mmol) was 

placed under N2, then suspended in THF:MeOH (1:1, 4 mL). Aqueous NaOH 

(1 M, 1.3 mL) was added, with the solution changing from cloudy orange to 

cloudy yellow. The reaction was stirred for 18 hours, then the solvent 

removed under vacuum. Aqueous HCl (1 M, 3 mL) was added to give an 

orange precipitate, which was isolated via Buchner filtration. The resulting 

solid was dried in a vacuum desiccator for 3 days to give 3-55 as a crystalline 

orange solid (0.170 g, 0.588 mmol, 83%). Average yield = 81% (n = 4). M.p. = 

295-297 °C. 

 

Characterisation data consistent with literature.426 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.55 (1H, d, J = 2.0 Hz, H3), 8.08 (1H, 

dd, J = 8.5, 2.0 Hz, H5), 7.66 (1H, d, J = 8.5 Hz, H6), 7.47-7.43 (2H, m, H11 or 

12), 7.37-7.31 (2H, m, H11 or 12), 7.31-7.25 (1H, m, H13), 4.35 (2H, s, H9). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 166.2 (C7), 144.6 (C2), 138.7 (C4), 

136.7 (C1), 135.8 (C10), 134.4 (C5), 129.4, 128.7 (C11/12), 127.6 (C13), 126.6 

(C6), 125.9 (C3), 36.6 (C9). 

 

HRMS (ESI Neg.): Calcd. [M−H]− (C14H10NO4S) m/z = 288.0336; Obs. [M−H]− 

m/z = 288.0340, Mean err −0.5 ppm. 
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4-(Benzylsulfanyl)-N-ethyl-3-nitrobenzamide (3-56) 

Molecular Formula: C16H16N2O3S 

Molecular Mass: 316.38 g mol-1 

 

3-55 (0.206 g, 0.711 mmol) was placed under N2 and dissolved in dry DCM 

(20 mL), then HOBt (97.6 mg, 0.722 mmol), EDC.HCl (0.210 g, 1.09 mmol) 

and Et3N (0.30 mL, 2.15 mmol) were added, yielding a cloudy yellow-orange 

solution. EtNH2.HCl (98.0 mg, 1.20 mmol) was added, and the solution was 

stirred for 28 hours, then extra DCM (20 mL) added, and the solution washed 

with 1 M aq. HCl (30 mL), H2O (30 mL), saturated NaHCO3 solution (30 mL), 

and brine (30 mL), dried over MgSO4 and the solvent removed under 

vacuum. The crude product was purified by column chromatography (silica 

gel, 26 g, 2:1 EtOAc:40-60 °C pet. ether to 100% EtOAc) to give 3-56 as a 

fluffy yellow solid (0.180 g, 0.570 mmol, 80%). M.p. = 196-197 °C. Rf = 0.77 

(9:1:0.1 EtOAc:MeOH:AcOH); 0.56 (3:1 EtOAc:40-60 °C pet. ether). 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.56 (1H, d, J = 2.0 Hz, H3), 8.00 (1H, dd, 

J = 8.5, 2.0 Hz, H5), 7.53 (1H, d, J = 8.5 Hz, H6), 7.45-7.40 (2H, m, H11 or 12), 

7.39-7.28 (3H, m, H13 and H11 or 12), 6.22-6.12 (1H, m, H8), 4.24 (2H, s, H9), 

3.52 (2H, dq, J = 7.5, 5.5 Hz, H14), 1.28 (3H, t, J = 7.5 Hz, H15). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 164.7 (C7), 145.0 (C2), 142.2 (C1), 134.5 

(C10), 132.3 (C5), 131.2 (C4), 129.2, 129.1 (C11/12), 128.2 (C13), 127.0 (C6), 

124.1 (C3), 37.7 (C9), 35.4 (C14), 15.0 (C15). 

 

HRMS (ESI Pos.): Calcd. [M+H]+ (C16H17N2O3S) m/z = 317.0954; Obs. [M+H]+ 

m/z = 317.0955, Mean err −1.5 ppm. Calcd. [M+Na]+ (C16H16N2NaO3S) m/z = 

339.0774; Obs. [M+Na]+ m/z = 339.0771, Mean err 0.6 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C16H15N2O3S) m/z = 315.0809; Obs. [M−H]− 

m/z = 315.0813, Mean err −1.4 ppm. 
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IR (ATIR, cm-1): 3330 (NH stretch, m), 3100-2850 (C-H stretching, m), 1633 

(C=O stretch, s), 1603 (C=C stretch, s), 1542 (N=O/C=C stretches, s), 1512 

(C=C stretch, s), 1496 (C=C stretch, s). 

 

4-(Ethylcarbamoyl)-2-nitrobenzene-1-sulfonyl chloride (3-57) 

 

Molecular Formula: C9H9ClN2O5S 

Molecular Mass: 292.69 g mol-1 

 

3-56 (0.367 g, 1.16 mmol) was placed under N2 and dissolved in MeCN (8.5 

mL), then 3:2 AcOH:H2O (0.54 mL) added and the cloudy yellow solution 

cooled to 0 °C. 1,3-Dichloro-5,5’-dimethylhydantoin (0.523 g, 2.65 mmol) 

was added in portions to give a clear yellow solution, which was allowed to 

warm to room temperature and stirred over 24 hours. The solvent was 

removed under vacuum, and the residue redissolved in dry DCM (30 mL). 

The resulting solution was cooled to 0 °C, then ice-cold saturated NaHCO3 

solution (20 mL) was added with stirring. The biphasic mixture was stirred 

for 15 minutes, then the layers partitioned and the organic layer washed 

with ice-cold brine (20 mL), dried over MgSO4 and the solvent removed to 

give a white-yellow solid (0.401 g, est. 78% desired product by mass, 92%).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.31 (1H, d, J = 8.5 Hz, H6), 8.25 (1H, d, J 

= 2.0 Hz, H3), 8.19 (1H, dd, J = 8.5, 2.0 Hz, H5), 6.47-6.35 (1H, m, H8), 3.55 

(2H, dq, J = 7.5, 5.5 Hz, H9), 1.30 (3H, t, J = 7.5 Hz, H10). 

 

HRMS (ESI): Calcd. [M+H]+ (C9H10
35ClN2O5S) m/z = 292.9993; Obs. [M+H]+ 

m/z = 292.9982, Mean err 2.6 ppm. Calcd. [M+Na]+ (C9H9
35ClN2NaO5S) m/z = 

314.9813; Obs. [M+Na]+ m/z = 314.9808, Mean err 0.8 ppm. Calcd. [M+K]+ 

(C9H9
35ClKN2O5S) m/z = 330.9552; Obs. [M+K]+ m/z = 330.9546, Mean err 

−3.9 ppm. 
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1-Cyclopropyl-7-{4-[4-(ethylcarbamoyl)-2-nitrobenzenesulfonyl]piperazin-

1-yl}-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (3-34) 

 

Molecular Formula: C26H26FN5O8S 

Molecular Mass: 587.58 g mol-1 

 

3-57 (81.8 mg, c. 75% by mass, 0.210 mmol) was placed under N2, then dry 

DCM (10 mL) was added, and the resulting cloudy beige solution was cooled 

to 0 °C. Ciprofloxacin (51.8 mg, 0.156 mmol) and Et3N (33 µL, 0.237 mmol) 

were added, and the cloudy white solution was allowed to warm to room 

temperature and stirred for 23 hours. The product was isolated by Buchner 

filtration and washed with 1 M HCl (10 mL) and DCM (15 mL) to give 3-34 as 

an off-white solid (38.8 mg, 0.066 mmol, 42%). M.p. = 300-303 °C (dec.). 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.89 (1H, br t, J = 5.0 Hz, H24), 8.67 

(1H, s, H4), 8.37 (1H, d, J = 1.5 Hz, H19), 8.26 (1H, dd, J = 8.5, 1.5 Hz, H21), 

8.17 (1H, d, J = 8.5 Hz, H22), 7.93 (1H, d, 3JF-H = 13.0 Hz, H8), 7.60 (1H, d, 4JF-

H = 7.5 Hz, H11), 3.85-3.77 (1H, m, H3), 3.50-3.40 (8H, m, H13 and 14), 3.40-

3.25 (2H, m, H25*), 1.35-1.28 (2H, m, H1 or 2), 1.19-1.13 (2H, m, H1 or 2), 

1.13 (3H, t, J = 7.0 Hz, H26). 

 

*Hidden underneath H2O peak 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 176.6 (C6), 166.0 (C15), 162.8 (C23), 

153.1 (d, 1JF-C = 249 Hz, C9), 148.3 (C4), 147.8 (C18), 140.2 (C20), 139.2 (C10), 

139.1 (C12), 130.96, 130.92, 130.88 (C17/21/22), 123.0 (C19), 119.4 (C7), 

111.7 (C8), 107.2, 106.9 (C5/11), 49.1 (C13 and 14), 45.5 (C16), 36.0 (C3), 

34.5 (C25), 14.5 (C26), 7.6 (C1 and 2). 
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HRMS (ESI): Calcd. [M+Na]+ (C26H26FN5NaO8S) m/z = 610.1378; Obs. [M+Na]+ 

m/z = 610.1383, Mean err −0.9 ppm.  

 

IR (ATIR, cm-1): 3600-3300 (NH/OH stretching, w br), 3372 (amide NH 

stretch/OH stretch, w), 3100-2750 (C-H stretching, w), 1706 (carboxylic acid 

C=O stretch, s), 1659 (amide C=O stretch, s), 1615 (C=O quinolone stretch, 

s), 1537 (N=O/C=C stretches, s), 1492 (N=O/C=C stretches, s), 1473 

(N=O/C=C stretches, s), 1367 (S=O stretch, m), 1162 (S=O stretch, m).  

 

Methyl 4-(morpholine-4-sulfonyl)-3-nitrobenzoate (3-32) 

 
Molecular Formula: C12H14N2O7S 

Molecular Mass: 330.31 g mol-1 

 

3-27 (0.279 g, 71% product by mass, 0.711 mmol) was placed under N2, then 

dissolved in dry DCM (20 mL) to give a clear yellow solution. The solution 

was cooled to 0 °C, then morpholine (97 µL, 1.11 mmol) and Et3N (175 µL, 

1.26 mmol) added, resulting in the production of a white vapour. The 

reaction was allowed to warm to room temperature and stirred for 18 hours. 

Extra DCM (10 mL) was added, and the solution washed with 1 M aq. HCl (25 

mL), water (25 mL), saturated NaHCO3 solution (25 mL) and brine (25 mL), 

dried over MgSO4 and the DCM removed in vacuo to give a powdery orange 

solid (0.340 g), which was used in the next step without further purification.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.31 (1H, dd, J = 8.0, 1.5 Hz, H5), 8.26 

(1H, d, J = 1.5 Hz, H3), 8.05 (1H, d, J = 8.0 Hz, H6), 4.00 (3H, s, H8), 3.77-3.73 

(4H, m, H10), 3.34-3.30 (4H, m, H9). 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.50 (1H, d, J = 1.5 Hz, H3), 8.33 (1H, 

dd, J = 8.5, 1.5 Hz, H5), 8.15 (1H, d, J = 8.5 Hz, H6), 3.93 (3H, s, H8), 3.67-3.62 

(4H, m, H10), 3.22-3.17 (4H, m, H9). 
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HRMS (ESI): Calcd. [M+H]+ (C12H15N2O7S) m/z = 331.0594; Obs. [M+H]+ m/z 

= 331.0594, Mean err −0.6 ppm. Calcd. [M+Na]+ (C12H14N2NaO7S) m/z = 

353.0414; Obs. [M+Na]+ m/z = 353.0415, Mean err −0.4 ppm. Calcd. [M+K]+ 

(C12H14KN2O7S) m/z = 369.0153; Obs. [M+K]+ m/z = 369.0156, Mean err −0.6 

ppm. 

 

4-(Morpholine-4-sulfonyl)-3-nitrobenzoic acid (3-33) 

 
Molecular Formula: C11H12N2O7S 

Molecular Mass: 316.28 g mol-1 

 

3-32 (0.779 g) was suspended in THF:MeOH (1:1, 35 mL) to give a cloudy 

yellow mixture. Aqueous NaOH (2.5 M, 5 mL) was added with stirring, and 

the resulting cloudy dark orange solution was stirred for 24 hours. Aqueous 

HCl (3 M, 5 mL) was added to give a clear yellow solution. The solvent was 

removed in vacuo, and the resulting light brown solid isolated via Buchner 

filtration and washed with H2O (80 mL) and DCM (80 mL) to give 3-33 (0.527 

g, 1.67 mmol, 71% yield over 3 steps from thioether 3-26).  

 

A portion of the product (0.1997 g) was purified further for analysis via 

column chromatography (25 g silica gel, 9:1:0.1 CHCl3:MeOH:AcOH; dry 

loading of compound). The resulting product was dissolved x3 in 

CHCl3:toluene:MeOH (25 mL, 2:2:1) and the solvent removed to remove 

residual AcOH, giving 3-33 as white microneedles (0.128 g, 0.405 mmol). 

M.p. = 280-282 °C (dec.). Rf = 0.33 (9:1:0.1 CHCl3:MeOH:AcOH).  

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 14.00 (1H, br s, H8), 8.44 (1H, d, J = 

1.5 Hz, H3), 8.31 (1H, dd, J = 8.5, 1.5 Hz, H5), 8.13 (1H, d, J = 8.5 Hz, H6), 3.69-

3.60 (4H, m, H10), 3.23-3.15 (4H, m, H9). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 164.6 (C7), 148.0 (C2), 136.7 (C4), 

132.6 (C5), 132.1 (C1), 131.3 (C6), 124.8 (C3), 66.6 (C10), 45.8 (C9). 
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HRMS (ESI): Calcd. [M+Na]+ (C11H12N2NaO7S) m/z = 339.0257; Obs. [M+Na]+ 

m/z = 339.0259, Mean err −1.7 ppm.  

 

IR (ATIR, cm-1): 3100-2500 (OH stretch, w br and C-H stretching, w), 1721 

(C=O stretch, s), 1544 (N=O/C=C stretches, s), 1492 (N=O/C=C stretches, s), 

1370 (S=O stretch, s), 1161 (S=O stretch, s).  

 

N-Ethyl-4-(morpholine-4-sulfonyl)-3-nitrobenzamide (3-36) 

Molecular Formula: C13H17N3O6S 

Molecular Mass: 343.35 g mol-1 

 

3-33 (100 mg, 0.316 mmol) was placed under N2, then suspended in dry DCM 

(10 mL), giving a cloudy white solution. HOBt (44.9 mg, 0.332 mmol) and 

EDC.HCl (94.4 mg, 0.492 mmol) were added to give a clear yellow solution, 

then Et3N (0.133 mL, 0.954 mmol) and ethylamine hydrochloride (53.1 mg, 

0.651 mmol) were added and the solution stirred for 23 hours at room 

temperature. Further DCM (15 mL) was added, then the solution was 

washed with 1 M aq. HCl (18 mL), H2O (18 mL), saturated NaHCO3 solution 

(18 mL) and brine (18 mL), dried over MgSO4, and the solvent removed 

under vacuum. The resulting yellow-orange oil was purified by column 

chromatography (silica gel, 25 g, 39:1 CHCl3:MeOH, flow rate c. 5 mL/min) 

to give 3-36 as a white solid (56.3 mg, 0.164 mmol, 52%). M.p. = 156-157 °C. 

Rf = 0.10 (39:1 CHCl3:MeOH); 0.18 (29:1 CHCl3:MeOH). 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.03 (1H, dd, J = 8.5, 1.5 Hz, H5), 8.00 

(1H, d, J = 8.5 Hz, H6), 7.99 (1H, d, J = 1.5 Hz, H3), 6.35 (1H, br t, J = 5.5 Hz, 

H8), 3.76-3.72 (4H, m, H10), 3.52 (2H, dq, J = 7.5, 5.5 Hz, H11), 3.32-3.27 (4H, 

m, H9), 1.28 (3H, t, J = 7.5 Hz, H12). 
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13C NMR: (100 MHz, CDCl3) δC ppm: 163.7 (C7), 148.5 (C2), 140.4 (C4), 133.0 

(C1), 131.6 (C6), 129.9 (C5), 123.1 (C3), 66.5 (C10), 46.1 (C9), 35.7 (C11), 14.8 

(C12). 

 

HRMS (ESI): Calcd. [M+Na]+ (C13H17N3NaO6S) m/z = 366.0730; Obs. [M+Na]+ 

m/z = 366.0727, Mean err 1.1 ppm.  

 

IR (ATIR, cm-1): 3323 (amide NH stretch, m), 3090-2850 (C-H stretching, w), 

1645 (C=O stretch, s), 1545 (N=O/C=C stretches, s), 1349 (S=O stretch, s), 

1163 (S=O stretch, s).  

 

Elemental Analysis:  

For [C13H17N3O6S . 0.10 CHCl3 . 0.05 CH3OH]: 

Calculated: %C, 44.26; %H, 4.89; %N, 11.77. 

Measured: %C, 44.49, %H, 4.89, %N, 11.54. 

 

2,5-Dioxopyrrolidin-1-yl 4-(morpholine-4-sulfonyl)-3-nitrobenzoate (3-58) 

Molecular Formula: C15H15N3O9S 

Molecular Mass: 413.36 g mol-1 

 

3-33 (85 mg, 0.269 mmol) was placed under N2, then suspended in dry DCM 

(8 mL), giving a cloudy beige solution. N-Hydroxysuccinimide (43 mg, 0.371 

mmol) and EDC.HCl (70 mg, 0.365 mmol) were added and the now clear 

solution stirred for 25 hours at room temperature. A further portion of DCM 

(12.5 mL) was added, then the solution was washed with 1 M aq. HCl (15 

mL), H2O (15 mL), saturated NaHCO3 solution (15 mL) and brine (15 mL), 

dried over MgSO4, and the solvent removed to give a white-yellow bubbly 

solid (0.112 g). Due to its instability, the product was used without further 

purification. Rf = 0.48 (19:1 CHCl3:MeOH).  
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1H NMR: (400 MHz, CDCl3) δH ppm: 8.41 (1H, dd, J = 8.5, 1.5 Hz, H5), 8.35 

(1H, d, J = 1.5 Hz, H6), 8.14 (1H, d, J = 8.5 Hz, H3), 3.78-3.72 (4H, m, H9), 3.37-

3.30 (4H, m, H8), 2.94 (4H, br s, H11). 

 

HRMS (ESI): Calcd. [M+Na]+ (C15H15N3NaO9S) m/z = 436.0421; Obs. [M+Na]+ 

m/z = 436.0419, Mean err −0.8 ppm.  

 

N-Hydroxy-N'-[5-(N-hydroxy-3-{[5-(N-hydroxyacetamido)pentyl] 

carbamoyl}propanamido)pentyl]-N-(5-{[4-(morpholine-4-sulfonyl)-3-

nitrophenyl]formamido}pentyl)butanediamide (3-31) 

 
Molecular Formula: C36H58N8O14S 

Molecular Mass: 858.96 g mol-1 

 

3-58 (63.5 mg, 0.153 mmol) was placed under N2, then suspended in dry 

DMF (10 mL) to give a yellow solution. Desferrioxamine mesylate (93.6 mg, 

0.143 mmol) and Et3N (60 µL, 0.430 mmol) were added to give a cloudy 

white solution, which was heated to 50 °C. The resulting clear yellow 

solution was stirred at 50 °C for 24 hours, then the solvent removed under 

vacuum. MeCN (35 mL) was added, and the product sonicated at 40 °C for 

30 minutes. The solution was transferred to a Falcon tube and centrifuged 

for 10 minutes (4400 rpm). The solvent was removed carefully via syringe, 

then further MeCN (30 mL) added and the mixture sonicated for a further 

30 minutes at 40 °C. After further centrifugation (10 minutes, 4400 rpm), the 

solvent was again removed via syringe, and the product left to dry in air to 

give 3-31 as a yellow solid (88.2 mg, 0.103 mmol, 72%). M.p. = 168-170 °C. 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.66 (1H, br s, H16 or 27 or 38), 9.63 

(1H, br s, H16 or 27 or 38), 9.61 (1H, br s, H16 or 27 or 38), 8.87 (1H, br t, J = 

5.5 Hz, H10), 8.35 (1H, d, J = 2.0 Hz, H3), 8.24 (1H, dd, J = 8.5, 2.0 Hz, H5), 
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8.10 (1H, d, J = 8.5 Hz, H6), 7.78 (2H, br t, J = 5.5 Hz, H21 and 32), 3.66-3.62 

(4H, m, H9), 3.53-3.41 (6H, m, H15/26/37), 3.27 (2H, t, J = 6.0 Hz, H11), 3.20-

3.15 (4H, m, H8), 3.03-2.94 (4H, m, H22 and 33), 2.57 (4H, t, J = 7.5 Hz, H18 

and 29), 2.26 (4H, t, J = 7.5 Hz, H19 and 30), 1.96 (3H, s, H40), 1.60-1.43 (8H, 

m, H12/14/25/36), 1.42-1.13 (10H, m, H13/23/24/34/35). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 172.0 (C17 and 28), 171.4 (C20 and 

31), 170.2 (C39), 163.0 (C7), 147.9 (C2), 140.2 (C4), 131.0, 130.8 (C5/6), 130.5 

(C1), 123.0 (C3), 65.6 (C9), 47.1 (C26 and 37), 46.8 (C15), 45.8 (C8), 39.1 

(C11), 38.5 (C22 and 33), 29.9 (C19 and 30), 28.9 (C23 and 34), 28.5 (C12), 

27.6 (C18 and 29), 26.1 (C14/25/36), 23.5 (C13/24/35), 20.4 (C40). 

 

Some desferrioxamine NMR assignments are partially based on those made 

by Richardson-Sanchez et al.493 

 

HRMS (ESI): Calcd. [M+Na]+ (C36H58N8NaO14S) m/z = 881.3685; Obs. [M+Na]+ 

m/z = 881.3715, Mean err −3.4 ppm.  

 

IR (ATIR, cm-1): 3304 (OH/NH stretches, w br), 3300-3100 (OH/NH stretches, 

w br), 3000-2750 (C-H stretching, w), 1618 (C=O amide stretches, s), 1547 

(N=O/C=C stretches, s), 1459 (N=O/C=C stretches, s), 1368 (S=O stretch, m), 

1161 (S=O stretch, m).  

 

Benzyl 7-{4-[(tert-butoxy)carbonyl]piperazin-1-yl}-1-cyclopropyl-6-fluoro-

4-oxo-1,4-dihydroquinoline-3-carboxylate (4-40) 

 
Molecular Formula: C29H32FN3O5 

Molecular Mass: 521.59 g mol-1 

 

Prepared according to a literature procedure.195 
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Ciprofloxacin (0.993 g, 3.00 mmol), Boc anhydride (0.848 g, 3.89 mmol) and 

NaHCO3 (1.27 g, 15.2 mmol) were suspended in dry DMF (25 mL), and the 

resulting white cloudy solution was stirred at room temperature for 18 

hours, then benzyl bromide (1.610 mL, 13.54 mmol) was added and the 

reaction heated at 90 °C for 25 ½ hours, initially turning cloudy brown, then 

orange over a 6 hour period. The DMF was removed under vacuum, and the 

resulting solid dissolved in CHCl3 (75 mL) and H2O (50 mL). The layers were 

separated, and the organic layer washed with H2O (25 mL) and brine (25 mL), 

dried over MgSO4 and the solvent removed under vacuum. The resulting 

solid was suspended in Et2O, isolated by Buchner filtration, and washed with 

several further portions of Et2O to give an orange solid with white patches. 

This was further purified via column chromatography (silica, c. 55 g, 1:1 

EtOAc:CHCl3, loading with eluent/DCM) to give 4-40 as a white solid (1.20 g, 

2.31 mmol, 77%). Average yield = 83% (n = 2). M.p. = 195-196 °C (lit = 191-

193 °C).195 Rf = 0.38 (1:1 EtOAc:CHCl3).  

 

Characterisation data consistent with literature.195 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.54 (1H, s, H4), 8.08 (1H, d, 3JF-H = 13.0 

Hz, H8), 7.53-7.49 (2H, m, H11/18/19/20), 7.40-7.34 (2H, m, H11/18/19/20), 

7.33-7.26 (2H, m, H11/18/19/20), 5.39 (2H, s, H16), 3.67-3.62 (4H, m, H14), 

3.44-3.36 (1H, m, H3), 3.24-3.18 (4H, m, H13), 1.42 (9H, s, H23), 1.33-1.27 

(2H, m, H1 or 2), 1.14-1.08 (2H, m, H1 or 2). 

 

HRMS (ESI): Calcd. [M+H]+ (C29H33FN3O5) m/z = 522.2399; Obs. [M+H]+ m/z 

= 522.2402, Mean err 0.0 ppm. Calcd. [M+Na]+ (C29H32FN3NaO5) m/z = 

544.2218; Obs. [M+Na]+ m/z = 544.2223, Mean err −1.2 ppm.  
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Benzyl 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro 

quinoline-3-carboxylate (4-41) 

 
Molecular Formula: C26H25F4N3O5 

Molecular Mass: 535.50 g mol-1 

 

Prepared according to a literature procedure.266 
 

4-40 (0.528 g, 1.01 mmol) was dissolved in DCM (25 mL) to give a pale yellow 

solution, then trifluoroacetic acid (2 mL) was added, giving an instant change 

to an orange solution. The reaction was stirred for 18 hours, then the solvent 

removed under vacuum. Residual TFA was removed by addition and removal 

of EtOH under vacuum (10 x 20 mL), yielding 4-41 as a powdery white solid* 

(0.541 g, quantitative). Average yield = 96% (n = 3). M.p. = 223-227 °C (dec.).  

 

*Colour can range from white to off/white, and even pink.  

 

Characterisation data consistent with literature.659 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 8.50 (1H, s, H4), 7.83 (1H, d, 3JF-H = 

13.0 Hz, H8), 7.50-7.45 (3H, m, H11 and H18 or 19), 7.42-7.36 (2H, m, H18 or 

19), 7.35-7.32 (1H, m, H20), 5.27 (2H, s, H16), 3.72-3.65 (1H, m, H3), 3.48-

3.42 (4H, m, H13 or 14), 3.36-3.30 (4H, m, H13 or 14), 1.29-1.22 (2H, m, H1 

or 2), 1.13-1.07 (2H, m, H1 or 2). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 171.8 (C6), 164.6 (C15), 152.6 (d, 1JF-

C = 247 Hz, C9), 148.8 (C4), 142.9 (d, 2JF-C = 11 Hz, C10), 138.2 (C12), 136.7 

(C17), 128.6 (C18 or 19), 128.0 (C20), 127.8 (C18 or 19), 122.7 (d, 3JF-C = 6 Hz, 

C7), 111.9 (d, 2JF-C = 22 Hz, C8), 109.1 (C5), 106.9 (C11), 65.4 (C16), 46.7 (C13 

or 14), 42.9 (C13 or 14), 35.1 (C3), 7.7 (C1 and 2). 
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HRMS (ESI): Calcd. [M+H]+ (C24H25FN3O3) m/z = 422.1874; Obs. [M+H]+ m/z 

= 422.1881, Mean err −1.2 ppm. Calcd. [M+Na]+ (C24H24FN3NaO3) m/z = 

444.1694; Obs. [M+Na]+ m/z = 444.1703, Mean err −2.3 ppm. Calcd. [M+K]+ 

(C24H24FKN3O3) m/z = 460.1433; Obs. [M+K]+ m/z = 460.1438, Mean err −0.8 

ppm. 

 

tert-Butyl N-{2-[(5-chloropyrazin-2-yl)formamido]ethyl}carbamate (4-37) 

 

Molecular Formula: C12H17ClN4O3 

Molecular Mass: 300.74 g mol-1 

 

5-chloropyrazine-2-carboxylate (0.309 g, 1.95 mmol) was placed under N2 

and dissolved in dry DCM (11.5 mL) to give a cloudy white solution. Boc-

ethylenediamine (0.335 mL, 2.12 mmol) and HOBt (0.265 g, 1.96 mmol*) 

were added, followed by EDC.HCl (0.444 g, 2.32 mmol) was added, giving a 

clear solution with a slight green tinge after 5 minutes. The solution was 

stirred for 24 hours, then extra DCM (30 mL) added, and the solution washed 

with 1 M aq. HCl (15 mL), H2O (15 mL), NaHCO3 (15 mL), and brine (15 mL), 

then dried over MgSO4 and the solvent removed under vacuum. The 

resulting pale beige-white solid was purified by column chromatography 

(silica, 4:3 EtOAc:40-60 °C pet. ether) to give 4-37 as a fluffy white solid 

(0.447 g, 1.488 mmol, 76%). Average yield = 84% (n = 4). M.p. = 151 °C. Rf = 

0.24 (4:3 EtOAc:40-60 °C pet. ether); 0.79 (9:1:0.1 EtOAc:MeOH:AcOH).**  

 

*A later repeat of the reaction with 0.75 eq. of HOBt also gave complete 

conversion after 24 h.  

 

**This solvent system provides clear differentiation from HOBt (Rf = 0.37) 

and 5-chloropyrazine-2-carboxylic acid (Rf = 0.14) under the same 

conditions. 
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1H NMR: (400 MHz, CDCl3) δH ppm: 9.16 (1H, d, J = 1.5 Hz, H4), 8.52 (1H, d, J 

= 1.5 Hz, H2), 8.15-8.01 (1H, m, H6), 4.99-4.83 (1H, m, H9), 3.59 (2H, app. q, 

J = 5.5 Hz, H7), 3.41 (2H, app. q, J = 5.5 Hz, H8), 1.41 (9H, s, H12). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 163.0 (C5), 156.7 (C10), 152.2 (C1), 144.0 

(C4), 142.7 (C2 and 3), 79.9 (C11), 40.6 (C7), 40.2 (C8), 28.4 (C12). 

 

HRMS (ESI): Calcd. [M+Na]+ (C12H17
35ClN4NaO3) m/z = 323.0881; Obs. 

[M+Na]+ m/z = 323.0888, Mean err −1.6 ppm.  

 

IR (ATIR, cm-1): 3346 (NH amide stretch, m), 3322 (NH carbamate stretch, 

m), 3070-2900 (C-H stretching, w), 1683 (carbamate C=O stretch, s), 1659 

(amide C=O stretch, s), 1531 (C=N/C=C stretches, s), 1455 (C=N/C=C 

stretches, m). 

 

Elemental Analysis:  

For [C12H17ClN4O3]: 

Calculated: %C, 47.93; %H, 5.70; %N, 18.63. 

Measured: %C, 47.91, %H, 5.66, %N, 18.58. 

 

tert-Butyl N-(2-{[5-(benzylsulfanyl)pyrazin-2-yl]formamido}ethyl) 

carbamate (4-38) 

 
Molecular Formula: C19H24N4O3S 

Molecular Mass: 388.49 g mol-1 

 

4-37 (0.773 g, 2.57 mmol) was placed under N2, and suspended in dry MeOH 

(7.5 mL), giving a cloudy white solution, then cooled to 0 °C. Benzyl 

mercaptan (0.386 mL, 3.29 mmol) and triethylamine (0.450 mL, 3.23 mmol) 

were added to give a cloudy beige-orange solution, which was left to warm 

to room temperature, and began to go clear over two hours. A yellow-white 
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solid precipitates over 24 hours of stirring. The solid was isolated via Buchner 

filtration, and washed with ice-cold MeOH (15 mL) and ice-cold hexane (40 

mL) to give the product as a white solid (0.438 g, 1.13 mmol, 44%). The 

filtrate was reduced to dry under vacuum, and purified by column 

chromatography (silica gel, gradient: 35% EtOAc in 40-60 °C pet. ether to 

100% EtOAc) to isolate further 4-38 as a yellow-white crystalline solid (0.396 

g, 1.02 mmol, 40%). Combined average yield = 78% (n = 5). M.p. = 139-140 

°C. Rf = 0.86 (EtOAc); 0.45 (1:1 40-60 °C pet. ether:EtOAc); 0.20 (2:1 40-60 °C 

pet. ether:EtOAc). 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.14 (1H, d, J = 1.5 Hz, H4), 8.31 (1H, d, J 

= 1.5 Hz, H2), 8.06-7.91 (1H, m, H6), 7.43-7.37 (2H, m, H15 or 16), 7.34-7.23 

(3H, m, H17 and H15 or 16), 4.99-4.84 (1H, m, H9), 4.48 (2H, s, H13), 3.57 

(2H, app. q, J = 5.5 Hz, H7), 3.38 (2H, app. q, J = 5.5 Hz, H8), 1.41 (9H, s, H12). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 164.3 (C5), 160.3 (C1), 156.7 (C10), 143.4 

(C4), 141.1 (C2), 139.6 (C3), 136.9 (C14), 129.2, 128.8 (C15/16), 127.7 (C17), 

79.8 (C11), 40.5 (C8), 40.2 (C7), 34.1 (C13), 28.5 (C12).  

 

HRMS (ESI): Calcd. [M+H]+ (C19H25N4O3S) m/z = 389.1642; Obs. [M+H]+ m/z 

= 389.1633, Mean err 2.1 ppm. Calcd. [M+Na]+ (C19H24N4NaO3S) m/z = 

411.1461; Obs. [M+Na]+ m/z = 411.1452, Mean err 2.5 ppm.  

 

IR (ATIR, cm-1): 3366 (NH amide stretch, m), 3323 (NH carbamate stretch, 

m), 3000-2880 (C-H stretching, w), 1691 (carbamate C=O stretch, s), 1651 

(amide C=O stretch, s), 1530 (C=N/C=C stretches, s), 1455 (C=N/C=C 

stretches, m). 

 

Elemental Analysis:  

For [C19H24N4O3S. 0.2 H2O. 0.05 EtOAc. 0.05 C6H14]: 

Calculated: %C, 58.44; %H, 6.41; %N, 13.98. 

Measured: %C, 58.45, %H, 6.41, %N, 13.95. 
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tert-Butyl N-(2-{[5-(chlorosulfonyl)pyrazin-2-yl]formamido}ethyl) 

carbamate (4-39) 

 

Molecular Formula: C12H17ClN4O5S 

Molecular Mass: 364.80 g mol-1 

 

4-38 (0.559 g, 1.44 mmol) placed under N2, then dissolved in DCM (8 mL), 

then glacial AcOH (0.71 mL) and H2O (1.42 mL) were added, and the resulting 

pale yellow biphasic solution cooled to 0 °C. 1,3-Dichloro-5,5’-

dimethylhydantoin (0.873 g, 4.43 mmol) added in portions with vigorous 

stirring to initially give a cloudy off-white solution, with a green-yellow tinge 

appearing after two minutes. The solution was stirred at 0 °C for between 

12 to 15 hours, then additional DCM (30 mL) was added and the solution 

poured into ice-cold sodium metabisulfite solution (5% w/v, 45 mL). The 

resulting mixture was stirred for 10 minutes, then the layers were shaken 

and separated, and the metabisulfite layer extracted with further DCM (2 x 

25 mL). The combined organic layers were washed with ice-cold saturated 

NaHCO3 solution (45 mL) and brine (50 mL), dried over MgSO4 and filtered 

to give a clear solution, which was used without further purification. A 

sample was taken from the solution for analysis.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.56 (1H, d, J = 1.5 Hz, H2 or 4), 9.24 (1H, 

d, J = 1.5 Hz, H2 or 4), 8.41-8.28 (1H, m, H6), 4.94-4.81 (1H, m, H9), 3.64 (2H, 

app. q, J = 6.0 Hz, H7), 3.44 (2H, app. q, J = 6.0 Hz, H8), 1.42 (9H, s, H12). 
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Benzyl 7-[4-({5-[(2-{[(tert-butoxy)carbonyl]amino}ethyl)carbamoyl] 

pyrazin-2-yl}sulfonyl)piperazin-1-yl]-1-cyclopropyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylate (4-42) 

 
Molecular Formula: C36H40FN7O8S 

Molecular Mass: 749.82 g mol-1 

 

4-38 (0.559 g, 1.44 mmol) was placed under N2, then DCM (10 mL), acetic 

acid (0.71 mL) and H2O (1.42 mL) were added, and the resulting pale beige-

yellow biphasic solution was cooled to 0 °C. 1,3-Dichloro-5,5’-

dimethylhydantoin (0.873 g, 4.43 mmol) was added in portions with 

vigorous stirring to give a cloudy beige solution, which was allowed to warm 

slowly in the ice bath and stirred for 7 hours. Extra DCM (30 mL) was added, 

and the reaction mixture poured into ice-cold aqueous sodium metabisulfite 

solution (5% w/v, 45 mL). The layers were shaken well and separated, then 

the aqueous layer was extracted with DCM (2 x 25 mL). The combined 

organic layers were washed with ice-cold saturated NaHCO3 solution (45 mL) 

and ice-cold brine (45 mL), dried over MgSO4, transferred to a fresh round-

bottomed flask, and cooled back to 0 °C. 4-41 (0.827 eq., 0.637 g, 1.19 mmol) 

was added, followed by triethylamine (0.50 mL, 3.59 mmol). The solution 

was allowed to warm to room temperature and stirred for 24 hours. 

Additional DCM (20 mL) was added, and the solution washed with 1 M aq. 

HCl (50 mL), H2O (50 mL), saturated NaHCO3 solution (50 mL) and brine (50 

mL), dried over MgSO4 and the solvent removed to give an off-white solid. 

The product was purified by column chromatography (silica gel, c. 100 g, 

DCM used for loading), using a gradient from 17:3 EtOAc:CHCl3 to 100% 

EtOAc, followed by 100% EtOAc to 8:2 EtOAc:MeOH, to give 4-42 as a white 

solid (0.542 g, 0.723 mmol, 61%)*. M.p. = 206-207 °C. Rf = 0.18 (17:3 

EtOAc:CHCl3).  

 

9

10 11
12

7
8

N 4

56F

N

O

3

1 2

13

14

15 O

O
16

S

N23

24

25

N 21

22N
H

O
26

H
NO

O

27

2829
30

31
32

N

O O

17

20

19
18



 353 

*The product is poorly soluble in the eluent, with white spots, potentially 

precipitated product, appearing near the top of the column. These can be 

removed by flushing the column with 8:2 DCM: MeOH, which yields further 

impure product.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.45 (1H, d, J = 1.5 Hz, H22 or 24), 9.09 

(1H, d, J = 1.5 Hz, H22 or 24), 8.54 (1H, s, H4), 8.29 (1H, br s, H26), 8.05 (1H, 

d, 3JF-H = 13.0 Hz, H8), 7.52-7.45 (2H, m, H18 or 19), 7.39-7.34 (2H, m, H18 or 

19), 7.33-7.27 (2H, m, H11 and 20), 5.38 (2H, s, H16), 4.93 (1H, br s, H29), 

3.66-3.59 (6H, m, H14 and 27), 3.46-3.37 (3H, m, H3 and 28), 3.37-3.29 (4H, 

m, H13), 1.42 (9H, s, H32), 1.35-1.29 (2H, m, H1 or 2), 1.15-1.09 (2H, m, H1 

or 2). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 173.0 (C6), 165.6 (C15), 162.1 (C25), 

156.8 (C30), 154.6 (C21), 153.4 (d, 1JF-C = 249 Hz, C9), 148.6 (C4), 146.7 (C23), 

144.1 (C22 or 24), 143.9 (d, 2JF-C = 11 Hz, C10), 141.5 (C22 or 24), 138.1 (C12), 

136.5 (C17), 128.7, 128.12 (C18/19), 128.08 (C20), 123.8 (d, 3JF-C = 7 Hz, C7), 

113.8 (d, 2JF-C = 24 Hz, C8), 111.0 (C5), 105.5 (C11), 80.1 (C31), 66.6 (C16), 

49.9 (C13 or 14), 46.6 (C13 or 14), 41.0 (C27), 40.1 (C28), 34.7 (C3), 28.4 

(C32), 8.3 (C1 and 2). 

 
19F NMR: (376 MHz, CDCl3) δF ppm: −123.99 (1F, dd, J = 13.0, 7.0 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C36H41FN7O8S) m/z = 750.2716; Obs. [M+H]+ m/z 

= 750.2718, Mean err −0.3 ppm. Calcd. [M+Na]+ (C36H40FN7NaO8S) m/z = 

772.2535; Obs. [M+Na]+ m/z = 772.2541, Mean err 0.2 ppm.  
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(4-Methoxyphenyl)methyl 2,3-bis[(4-methoxyphenyl)methoxy]benzoate 

(4-58) 

 
Molecular Formula: C31H30O7 

Molecular Mass: 514.57 g mol-1 

 

Prepared according to a literature procedure.185  

 

2,3-Dihydroxybenzoic acid (3.86 g, 25.07 mmol) was suspended in dry 

acetone (200 mL) to give an orange suspension*, then para-methoxybenzyl 

chloride (10.9 mL, 80.39 mmol), KI (13.35 g, 80.45 mmol) and K2CO3 (24.27 

g, 175.6 mmol) were added. The resulting cloudy white mixture was stirred 

at reflux under a CaCl2 guard column for three days, changing to pink over 

10 hours of stirring. The acetone was removed under vacuum, and the 

resulting residue re-dissolved in H2O (200 mL) and extracted with DCM 

(3x240 mL). The combined organic layers were dried over MgSO4, and the 

solvent removed. The resulting orange-brown oil was purified by column 

chromatography (silica gel, 5 cm column diameter, 6 inches silica height, 2:3 

EtOAc:40-60 °C pet. ether) to give 4-58 as a white solid (11.73 g, 22.80 mmol, 

91%). Rf = 0.52 (2:3 EtOAc:40-60 °C pet. ether).  

 

*reasonable solubility, but not full solubility 

 

Characterisation data consistent with literature.185 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 7.38-7.32 (5H, m, H2 and H10 or 16 or 

22), 7.20-7.16 (2H, m, H10 or 16 or 22), 7.12 (1H, dd, J = 8.0, 1.5 Hz, H4), 7.05 

(1H, t, J = 8.0 Hz, H3), 6.92-6.89 (2H, m, H11 or 17 or 23), 6.89-6.85 (2H, m, 
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H11 or 17 or 23), 6.78-6.74 (2H, m, H11 or 17 or 23), 5.25 (2H, s, H8 or 14 or 

20), 5.05 (2H, s, H8 or 14 or 20), 4.95 (2H, s, H8 or 14 or 20), 3.82 (3H, s, H13 

or 19 or 25), 3.81 (3H, s, H13 or 19 or 25), 3.79 (3H, s, H13 or 19 or 25). 

 

HRMS (ESI): Calcd. [M+Na]+ (C31H30NaO7) m/z = 537.1884; Obs. [M+Na]+ m/z 

= 537.1895, Mean err −1.6 ppm.  

 

2,3-Bis[(4-methoxyphenyl)methoxy]benzoic acid (4-59) 

 
Molecular Formula: C23H22O6 

Molecular Mass: 394.42 g mol-1 

 

Prepared according to a literature procedure.185  

 

4-58 (11.75 g, 22.84 mmol) was dissolved in dioxane (110 mL) to give a 

yellow solution, then aqueous NaOH (2.5 M, 49 mL, 122.5 mmol) was added 

and the reaction stirred at room temperature for 19 hours. As the reaction 

appeared incomplete on TLC, a further portion of aqueous NaOH (10 M, 10 

mL) was added, followed by a subsequent portion (10 M, 5 mL) after a 

further 24 hours. After 72 hours, the cloudy orange solution was 

concentrated under vacuum to remove dioxane, then H2O (100 mL) was 

added, and the resulting cloudy brown solution acidified to pH 3 by dropwise 

addition of aqueous HCl (2 M) with rapid stirring, with precipitation of a 

white solid observed around pH 9. The precipitate was isolated via Buchner 

filtration and washed with hexane (3 x 50 mL), then dried in a desiccator for 

one week to give 4-59 as a white solid (8.121 g, 20.59 mmol, 90%). M.p. = 

107-108 °C (lit. = 110 °C).660  

 

Characterisation data consistent with literature.185 
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1H NMR: (400 MHz, CDCl3) δH ppm: 11.46 (1H, br s, H20), 7.73 (1H, dd, J = 

8.0, 1.5 Hz, H2), 7.44-7.39 (2H, m, H10 or 16), 7.28-7.21 (3H, m, H4 and H10 

or 16), 7.18 (1H, t, J = 8.0 Hz, H3), 6.99-6.94 (2H, m, H11 or 17), 6.86-6.81 

(2H, m, H11 or 17), 5.20 (2H, s, H8 or 14), 5.12 (2H, s, H8 or 14), 3.85 (3H, s, 

H13 or 19), 3.80 (3H, s, H13 or 19). 

 

HRMS (ESI Pos.): Calcd. [M+Na]+ (C23H22NaO6) m/z = 417.1309; Obs. [M+Na]+ 

m/z = 417.1302, Mean err 1.5 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C23H21O6) m/z = 393.1344; Obs. [M−H]− m/z 

= 393.1344, Mean err −0.3 ppm. 

 

Methyl (2S)-2,6-bis({2,3-bis[(4-methoxyphenyl)methoxy]phenyl} 

formamido)hexanoate (4-60) 

 
Molecular Formula: C53H56N2O12 

Molecular Mass: 913.03 g mol-1 

 

4-59 (5.317 g, 13.48 mmol) was placed under nitrogen, then DMF (50 mL) 

added. EDC.HCl (7.72, 40.26 mmol) and HOBt (5.48 g, 40.55 mmol) were 

added, and the resulting cloudy orange mixture was cooled to 0 °C and 

stirred for 10 minutes. DIPEA (7.00 mL, 40.19 mmol) and L-lysine methyl 

ester dihydrochloride (1.397 g, 5.994 mmol) were added, plus further DMF 

(20 mL), and the mixture allowed to warm to room temperature and stirred 

overnight, then heated at 50 °C for a further 18 hours. The solvent was 

removed under vacuum to give an orange-brown syrup. The syrup was re-

dissolved in 1 M HCl (2 x 200 mL) and EtOAc (5 x 50 mL), then the aqueous 

layer extracted with further EtOAc (2 x 50 mL). The combined organic layers 
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were washed with NaHCO3 (2 x 200 mL) and brine (150 mL), dried over 

MgSO4 and the solvent removed in vacuo. The resulting orange-brown paste 

was purified by column chromatography (15.5 cm silica in 5 cm diameter 

column, 1:1 EtOAc: 40-60 °C pet. ether to 4:1 EtOAc: 40-60 °C pet. ether*, 

loaded with 1:1 eluent:DCM) to give 4-60 as a colourless paste** (2.99 g, 

3.27 mmol, 55%). Rf = 0.18 (1:1 EtOAc:40-60 °C pet. ether); 0.45 (4:1 

EtOAc:40-60 °C pet. ether).  

 

*Solvent volumes: 180 mL 1:1 EtOAc:pet. ether, then 550 mL 3:2 EtOAc:pet. 

ether, then 900 mL 7:3 EtOAc:pet. ether, then 600 mL 4:1 EtOAc:pet. ether.  

**Prolonged drying may result in the formation of a white bubbly solid, 

which returns to a paste over time.  

 

Characterisation data consistent with literature.185 

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.56 (1H, d, J = 7.5 Hz, H28), 7.96 (1H, br 

t, J = 5.5 Hz, H20), 7.74-7.68 (2H, m, H2 and H31), 7.42-7.36 (4H, m, 

H10/16/38/44), 7.31-7.25 (2H, m, H10/16/38/44), 7.22-7.18 (2H, m, 

H10/16/38/44), 7.15-7.09 (4H, m, H3/4/32/33), 6.95-6.90 (4H, m, 

H11/17/39/45), 6.84-6.79 (2H, m, H11/17/39/45), 6.79-6.75 (2H, m, 

H11/17/39/45), 5.10-5.01 (6H, m, H8/14/36/42), 4.97 (2H, s, H8/14/36/42), 

4.63 (1H, td, J = 7.5, 5.5 Hz, H25), 3.83 (2 x 3H, s, H13/19/41/47), 3.75 (3H, 

s, H13/19/41/47), 3.74 (3H, s, H13/19/41/47), 3.71 (3H, s, H27), 3.22-3.12 

(2H, m, H21), 1.75-1.64 (1H, m, H24), 1.51-1.41 (1H, m, H24), 1.32-1.13 (4H, 

m, H22 and 23). 

 

HRMS (ESI): Calcd. [M+H]+ (C53H57N2O12) m/z = 913.3906; Obs. [M+H]+ m/z = 

913.3952, Mean err −4.9 ppm. Calcd. [M+Na]+ (C53H56N2NaO12) m/z = 

935,3725; Obs. [M+Na]+ m/z = 935.3770, Mean err −4.9 ppm. Calcd. [M+K]+ 

(C53H56KN2O12) m/z = 951.3465; Obs. [M+K]+ m/z = 951.3489, Mean err −2.9 

ppm. 
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(2S)-2,6-Bis({2,3-bis[(4-methoxyphenyl)methoxy]phenyl}formamido) 

hexanoic acid (4-57) 

 
Molecular Formula: C52H54N2O12 

Molecular Mass: 899.01 g mol-1 

 

4-60 (0.779 g, 0.853 mmol) was dissolved in THF (45 mL) to give a clear 

solution, then aqueous NaOH (2.5 M, 3.50 mL, 8.75 mmol) was added with 

vigorous stirring. The resulting beige solution was stirred for 23 hours, then 

acidified to pH 3 by dropwise addition of aqueous HCl (1 M, c. 9 mL). The 

solution was extracted with EtOAc (3 x 40 mL), dried over MgSO4, and the 

solvent removed under vacuum. The resulting pale yellow oil was purified 

by column chromatography (20.5 cm silica in 3.1 cm diameter column, 19:1 

CHCl3:MeOH to 9:1 CHCl3:MeOH), and the product dried under vacuum to 

give 4-57 as a white solid (0.606 g, 0.674 mmol, 79%). Average yield = 71% 

(n = 2). Rf = 0.28 (9:1 CHCl3:MeOH).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.66 (1H, d, J = 6.5 Hz, H28), 8.03 (1H, t, 

J = 5.5 Hz, H20), 7.74-7.66 (2H, m, H2 and 31), 7.37 (4H, d, J = 8.0 Hz, 

H10/16/38/44), 7.24 (2H, d, J = 8.0 Hz, H10/16/38/44), 7.18 (2H, d, J = 8.5 

Hz, H10/16/38/44), 7.15-7.04 (4H, m, H3/4/32/33), 6.92 (4H, app. d, J = 8.5 

Hz, H11/17/39/45), 6.79 (2H, d, J = 8.5 Hz, H11/17/39/45), 6.74 (2H, d, J = 

8.5 Hz, H11/17/39/45), 5.04 (6H, app. s, H8/14/36/42), 4.95 (2H, s, 

H8/14/36/42), 4.57 (1H, q, J = 6.5 Hz, H25), 3.82 (6H, s, H13/19/41/47), 3.73 

(3H, s, H13/19/41/47), 3.69 (3H, s, H13/19/41/47), 3.15 (2H, q, J = 6.5 Hz, 

H21), 1.81-1.69 (1H, m, H24), 1.52-1.40 (1H, m, H24), 1.31-1.12 (4H, m, H22 

and 23). 
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13C NMR: (100 MHz, CDCl3) δC ppm: 166.2 (C26), 165.4 (C7 and 29), 160.0, 

159.9, 159.8, 159.7 (C12/18/40/46), 151.9, 151.8 (C5/34), 147.3, 147.0 

(C6/35), 130.9, 130.6, 129.8, 129.6 (C10/16/38/44), 128.61, 128.58, 128.46, 

128.40 (C9/15/37/43), 127.1, 126.1 (C1/30), 124.4 (C3/4/32/33), 123.3, 

123.2 (C2/31), 117.6, 117.2 (C3/4/32/33), 114.13, 114.10, 114.0 

(C11/17/39/45), 76.2, 76.1, 71.2 (C8/14/36/42), 55.44, 55.39, 55.31 

(C13/19/41/47), 53.2 (C25), 39.5 (C21), 31.1 (C24), 29.0, 23.0 (C22/23). 

 

HRMS (ESI Pos.): Calcd. [M+Na]+ (C52H54N2NaO12) m/z = 921.3569; Obs. 

[M+Na]+ m/z = 921.3593, Mean err −2.7 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C52H53N2O12) m/z = 897.3604; Obs. [M−H]− 

m/z = 897.3626, Mean err −2.6 ppm. 

 

2,5-Dioxopyrrolidin-1-yl (2S)-2,6-bis({2,3-bis[(4-methoxyphenyl)methoxy] 

phenyl}formamido)hexanoate (4-61) 

 

Molecular Formula: C56H57N3O14 

Molecular Mass: 996.08 g mol-1 

 

4-57 (0.207 g, 0.230 mmol) was placed under N2, and dissolved in dry DCM 

(25 mL), then NHS (33.1 mg, 0.288 mmol) and EDC.HCl (63.0 mg, 0.329 

mmol) were added, and the clear solution stirred for 18 hours. Extra DCM 

(15 mL) was added, and the organic layer washed with 1 M HCl (35 mL), H2O 

(30 mL), saturated NaHCO3 solution (30 mL) and brine (30 mL), dried over 

MgSO4 and the solvent removed under vacuum. The resulting white 

paste/foam was purified by column chromatography (17 cm silica in 2.3 cm 

diameter column, 3:1 EtOAc:40-60 °C pet. ether to 4:1 EtOAc:40-60 °C pet. 
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ether, loaded with DCM) to give 4-61 as a colourless paste (0.124 g, 0.124 

mmol, 54%), which was used as soon as possible due to its instability. 

Average yield = 55% (n = 4). Rf = 0.51 (9:1 CHCl3:MeOH), 0.29 (4:1 EtOAc:40-

60 °C pet. ether).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 8.61 (1H, d, J = 7.5 Hz, H27), 7.91 (1H, br 

t, J = 5.5 Hz, H20), 7.75 (1H, dd, J = 7.0, 2.5 Hz, H2 or 30), 7.68 (1H, m, H2 or 

30), 7.42-7.36 (4H, m, H10/16/37/43), 7.24-7.21 (2H, m, H10/16/37/43), 

7.20-7.18 (2H, m, H10/16/37/43), 7.15-7.14 (1H, m, H3/4/31/32), 7.13-7.09 

(3H, m, H3/4/31/32), 6.95-6.91 (4H, m, H11/17/38/44), 6.83-6.80 (2H, m, 

H11/17/38/44), 6.79-6.76 (2H, m, H11/17/38/44), 5.09-5.00 (6H, m, 

H8/14/35/41), 4.99-4.92 (3H, m, H8/14/25/35/41), 3.84 (3H, s, 

H13/19/40/46), 3.83 (3H, s, H13/19/40/46), 3.75 (6H, two overlapping s, 

H13/19/40/46), 3.25-3.14 (2H, m, H21), 2.77 (4H, br s, H48), 1.84-1.72 (1H, 

m, H24), 1.59-1.51 (1H, m, H24), 1.38-1.27 (4H, m, H22 and 23). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 168.7 (C47), 168.2 (C26), 165.2, 165.1 

(C7/28), 160.04, 160.01, 159.82, 159.79 (C12/18/39/45), 151.9, 151.8 

(C5/33), 147.2, 146.9 (C6/34), 130.9, 130.7, 129.8, 129.7 (C10/16/37/43), 

128.7, 128.6, 128.5, 128.4 (C9/15/36/42), 127.6, 126.0 (C1/29), 124.4, 124.3 

(C3/4/31/32), 123.6, 123.3 (C2/30), 117.6, 116.9 (C3/4/31/32), 114.18, 

114.16, 114.10, 114.07 (C11/17/38/44), 76.2, 76.1, 71.2 (C8/14/35/41), 

55.5, 55.42, 55.38 (C13/19/40/46), 50.8 (C25), 39.4 (C21), 31.7 (C24), 28.8 

(C22 or 23) 25.7 (C48), 22.8 (C22 or 23).  

 

HRMS (ESI): Calcd. [M+Na]+ (C56H57N3NaO14) m/z = 1018.3733; Obs. [M+Na]+ 

m/z = 1018.3765, Mean err −4.1 ppm.  

 

IR (ATIR, cm-1): 3361 (NH stretches, w br), 3050-2800 (C-H stretching, w), 

1816 (NHS ester C=O stretch, w), 1784 (NHS C=O symmetric stretch, w), 1738 

(NHS C=O asymmetric stretch, s), 1655 (amide C=O stretch, br m), 1611 

(amide C=O stretch, m) 1514 (C=C stretches, s), 1461 (C=C stretches, m), 

1247 (C-O stretches, s).  
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7-[4-({5-[(2-{[(tert-Butoxy)carbonyl]amino}ethyl)carbamoyl]pyrazin-2-

yl}sulfonyl)piperazin-1-yl]-1-cyclopropyl-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid (4-55) 

 
Molecular Formula: C29H34FN7O8S 

Molecular Mass: 659.69 g mol-1 

 

4-38 (0.741 g, 1.91 mmol) was placed under N2, then DCM (25 mL), acetic 

acid (1.9 mL) and H2O (3.8 mL) were added, and the resulting biphasic 

solution was cooled to 0 °C. 1,3-Dichloro-5,5’-dimethylhydantoin (1.13 g, 

5.72 mmol) was added in portions with vigorous stirring to give a cloudy 

beige solution, which was allowed to warm slowly in the ice bath and stirred 

for 14 hours and 30 minutes. Extra DCM (80 mL) was added, followed by ice-

cold aqueous sodium metabisulfite solution (5% w/v, 105 mL), and stirred 

for 10 minutes at 0 °C. The layers were transferred to a separating funnel, 

and shaken well, and separated, then the aqueous layer was extracted with 

DCM (2 x 60 mL). The combined organic layers were washed with ice-cold 

saturated NaHCO3 solution (130 mL) and ice-cold brine (130 mL), dried over 

MgSO4 and transferred to a fresh round-bottomed flask, and cooled back to 

0 °C. Ciprofloxacin (0.511 g, 1.54 mmol) and DIPEA (0.81 mL, 4.65 mmol) 

were added to give a cloudy white solution, which was allowed to warm to 

room temperature and stirred for a further 24 hours. The volume was 

reduced to around 40 mL, and the resulting solid isolated via Buchner 

filtration, and washed with DCM (65 mL) and 1 M HCl (150 mL), then dried 

under vacuum to give 4-55 as a white solid (0.533 g, 0.808 mmol, 52%). M.p. 

= 228-229 °C (dec.), brown colour on heating to c. 160 °C. 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.34 (1H, d, J = 1.5 Hz, H18 or 20), 

9.17 (1H, d, J = 1.5 Hz, H18 or 20), 9.13 (1H, br t, J = 6.0 Hz, H22), 8.67 (1H, s, 

H4), 7.92 (1H, d, 3JF-H = 13.0 Hz, H8), 7.59 (1H, d, 4JF-H = 7.5 Hz, H11), 6.93 (1H, 

br t, J = 5.5 Hz, H25), 3.87-3.75 (1H, m, H3), 3.52-3.45 (4H, m, H13 or 14), 
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3.45-3.29 (6H, m, H13 or 14 and H23 or 24), 3.12 (2H, app. q, J = 6.0 Hz, H23 

or 24), 1.34 (9H, s, H27), 1.33-1.29 (2H, m, H1 or 2), 1.20-1.14 (2H, m, H1 or 

2). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 176.4 (C6), 166.0 (C15), 162.0 (C21), 

155.8 (C26), 152.8 (C9), 152.5 (C17 or 19), 148.2 (C4), 147.4 (C17 or 19), 

144.0 (C10 and C18 or 20), 141.5 (C18 or 20), 139.1 (C12), 119.3 (C7), 111.2 

(C8), 107.2 (C11), 106.8 (C5), 77.8 (C27), 49.1 (C13 or 14), 45.8 (C13 or 14), 

39.3 (C24), 39.2 (C23), 36.0 (C3), 28.2 (C28), 7.6 (C1 and 2). 

 

HRMS (ESI Pos.): Calcd. [M+H]+ (C29H35FN7O8S) m/z = 660.2246; Obs. [M+H]+ 

m/z = 660.2236, Mean err 2.8 ppm. Calcd. [M+Na]+ (C29H34FN7NaO8S) m/z = 

682.2066; Obs. [M+Na]+ m/z = 682.2051, Mean err 3.3 ppm. Calcd. [M+K]+ 

(C29H34FKN7O8S) m/z = 698.1805; Obs. [M+K]+ m/z = 698.1782, Mean err 1.9 

ppm. 

 

HRMS (ESI Neg.): Calcd. [M−H]− (C29H33FN7O8S) m/z = 658.2101; Obs. [M−H]− 

m/z = 658.2113, Mean err 1.2 ppm. Calcd. [M+35Cl]− (C29H34
35ClFN7O8S) m/z 

= 694.1868; Obs. [M+35Cl]− m/z = 694.1872.  

 

IR (ATIR, cm-1): 3513 (OH stretch, m), 3297 (NH amide/carbamate stretch, 

m), 3000-2750 (C-H stretching, w), 1705 (carboxylic acid/amide C=O stretch, 

br m), 1667 (carbamate C=O stretch, m), 1629 (quinolone C=O stretch, m), 

1537 (C=N/C=C stretches, s), 1453 (C=N/C=C stretches, m), 1374 (S=O 

stretch, m), 1165 (S=O stretch, s). 

 

7-[4-({5-[(2-Aminoethyl)carbamoyl]pyrazin-2-yl}sulfonyl)piperazin-1-yl]-1-

cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (4-62) 

 
Molecular Formula: C26H27F4N7O8S 

Molecular Mass: 673.60 g mol-1 
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4-55 (0.325 g, 0.492 mmol) was suspended in dry DCM (6 mL) to give a 

cloudy white solution, which was cooled to 0 °C. A solution of 20% (v/v) 

trifluoroacetic acid in DCM (6.2 mL; 10% v/v TFA in final solution) was added 

slowly to give a clear yellow solution and stirred at 0 °C for 5 hours. The 

solvent was removed under vacuum to give an orange-yellow solid. The 

resulting residue was triturated in hot EtOH (6 mL), then Et2O (20 mL) was 

added and the resulting yellow-white solid was isolated via Buchner 

filtration and washed with Et2O (50 mL) to give 4-62 (0.262 g, 0.389 mmol, 

79%). Average yield = 73% (n = 3). M.p. = 213-217 °C (dec.). 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.37 (1H, d, J = 1.5 Hz, H18 or 20), 

9.32 (1H, br t, J = 6.0 Hz, H22), 9.21 (1H, d, J = 1.5 Hz, H18 or 20), 8.66 (1H, s, 

H4), 7.90 (1H, d, 3JF-H = 13.0 Hz, H8), 7.90 (3H, br s, H25)*, 7.58 (1H, d, 4JF-H = 

7.5 Hz, H11), 3.84-3.76 (1H, m, H3), 3.59 (2H, app. q, J = 6.0 Hz, H23), 3.52-

3.45 (4H, m, H13 or 14), 3.45-3.40 (4H, m, H13 or 14), 3.06-2.95 (2H, m, H24), 

1.35-1.29 (2H, m, H1 or 2), 1.20-1.14 (2H, m, H1 or 2). 

 

*Chemical shift appears to be concentration-dependent, moves from 7.78 

to 7.82 to 7.90 as the concentration in the NMR increases.  

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 176.4 (C6), 165.9 (C15), 162.5 (C21), 

158.0 (q, 2JF-C = 31 Hz, TFA C=O), 153.0 (d, 1JF-C = 250 Hz, C9), 152.7 (C17 or 

19), 148.2 (C4), 147.2 (C17 or 19), 144.6 (d, 2JF-C = 10 Hz, C10), 144.1 (C18 or 

20), 141.5 (C18 or 20), 139.1 (C12), 119.2 (d, 3JF-C = 8 Hz, C7), 111.1 (d, 2JF-C = 

23 Hz, C8), 107.2 (d, 3JF-C = 3 Hz, C11), 106.8 (C5), 49.1 (C13 or 14), 45.8 (C13 

or 14), 38.5 (C24), 36.9 (C23), 36.0 (C3), 7.7 (C1 and 2). 

 
19F NMR: (376 MHz, DMSO-d6) δF ppm: −73.38 (3F, s, TFA), −121.91 (1F, dd, 

J = 13.0, 7.5 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C24H27FN7O6S) m/z = 560.1722; Obs. [M+H]+ m/z 

= 560.1713, Mean err 4.7 ppm. Calcd. [M+Na]+ (C24H26FN7NaO6S) m/z = 

582.1542; Obs. [M+Na]+ m/z = 582.1538, Mean err 2.5 ppm.  
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IR (ATIR, cm-1): 3500-2700 (NH3 stretch, w br), 3416 (amide NH stretch, w), 

3100-2850 (C-H stretching, w), 1683 (carboxylic acid C=O stretch/amide C=O 

stretch, br s), 1626 (C=O quinolone stretch, s), 1495 (N=C/C=C stretches, br 

s), 1451 (C=C stretches, s), 1359 (S=O stretch, m), 1175 (S=O stretch, s), 1128 

(C-F stretches, s).  

 

7-(4-{[5-({2-[(2S)-2,6-Bis({2,3-bis[(4-methoxyphenyl)methoxy]phenyl} 

formamido)hexanamido]ethyl}carbamoyl)pyrazin-2-yl]sulfonyl}piperazin-

1-yl)-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

(4-63) 

Molecular Formula: C76H78FN9O17S 

Molecular Mass: 1440.56 g mol-1 

 

4-61 (55.6 mg, 0.056 mmol) was placed under N2, then dissolved in dry DCM 

(10 mL) to give a clear solution. TFA salt 4-62 (40.3 mg, 0.060 mmol) and 

Et3N (25 µL, 0.179 mmol) were added, along with an additional 10 mL DCM, 

yielding a cloudy yellow-white solution. The solution was stirred for 24 

hours, then filtered into a separating funnel, and washed with extra DCM 

(10 mL). The solution was washed with 1 M aqueous HCl (22.5 mL), H2O (20 

mL) and brine (20 mL), dried over MgSO4 and the solvent removed under 
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vacuum to give 4-63 as a yellow glass, which becomes a powdery solid on 

scraping (73.1 mg, 0.051 mmol, 91%). Rf = 0.36 (9:1 CHCl3:MeOH).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 14.90 (1H, br s, H16), 9.31 (1H, d, J = 1.5 

Hz, H18 or 20), 8.72 (1H, s, H4), 8.65 (1H, d, J = 1.5 Hz, H18 or 20), 8.49 (1H, 

br d, J = 6.5 Hz, H52), 8.38 (1H, br t, J = 6.0 Hz, H22), 8.05 (1H, br t, J = 6.0 Hz, 

H32), 7.97 (1H, d, 3JF-H = 12.5 Hz, H8), 7.57-7.51 (2H, m, H35 and 55), 7.45-

7.37 (4H, m, H42/48/62/68), 7.36 (1H, d, 4JF-H = 7.0 Hz, H11), 7.30-7.24 (2H, 

m, H42/48/62/68), 7.23-7.17 (3H, m, H37/42/48/57/62/68), 7.15-7.09 (2H, 

m, H36/37/56/57), 7.08-7.01 (2H, m, H25/36/56), 6.97-6.91 (4H, m, 

H43/49/63/69), 6.84-6.79 (2H, m, H43/49/63/69), 6.79-6.75 (2H, m, 

H43/49/63/69), 5.14-5.02 (6H, m, H40/46/60/66), 4.97 (2H, s, 

H40/46/60/66), 4.30 (1H, q, J = 7.0 Hz, H27), 3.84 (3H, s, H45/51/65/71), 3.83 

(3H, s, H45/51/65/71), 3.76 (3H, s, H45/51/65/71), 3.74 (3H, s, 

H45/51/65/71), 3.69-3.63 (1H, m, H23/24), 3.62-3.47 (7H, m, 

H3/13/14/23/24), 3.46-3.32 (5H, m, H13/14/23/24), 3.18 (2H, app. q, J = 6.5 

Hz, H31), 1.79-1.68 (1H, m, H28), 1.58-1.49 (1H, m, H28), 1.45-1.15 (8H, m, 

H1/2/29/30). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 177.1 (C6), 172.9 (C26), 166.9 (C15), 

166.1 (C53), 165.4 (C33), 162.2 (C21), 160.0, 159.8, 159.7 (C44/50/64/70), 

154.2 (d, 1JF-C = 252 Hz, C9), 153.9 (C17 or 19), 151.83, 151.80 (C38/58), 147.7 

(C4), 146.84, 146.80 (C17/19/39/59), 145.2 (d, 2JF-C = 10 Hz, C10), 144.0 (C18 

or 20), 141.3 (C18 or 20), 139.0 (C12), 130.9, 130.6, 129.8, 129.6 

(C42/48/62/68), 128.6, 128.5, 128.39, 128.37 (C41/47/61/67), 127.0, 126.6 

(C34/54), 124.3 (C36 and 56), 123.0, 122.6 (C35/55), 120.6 (d, 3JF-C = 8 Hz, 

C7), 117.3, 117.0 (C37/57), 114.12, 114.06, 114.0 (C43/49/63/69), 112.6 (d, 
2JF-C = 23 Hz, C8), 108.2 (C5), 105.6 (C11), 76.1, 75.7, 71.1 (C40/46/60/66), 

55.4, 55.3 (C45/51/65/71), 54.3 (C27), 49.6 (C13 or 14), 46.3 (C13 or 14), 

40.1, 39.2 (C23/24), 39.0 (C31), 35.5 (C3), 30.6 (C28), 29.0, 23.1 (C29/30), 8.3 

(C1 and 2). 

 
19F NMR: (282 MHz, DMSO-d6) δF ppm: −121.34 (1F, dd, J = 13.0, 7.5 Hz). 
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HRMS (ESI Pos.): Calcd. [M+Na]+ (C76H78FN9NaO17S) m/z = 1462.5113; Obs. 

[M+Na]+ m/z = 1462.5112, Mean err 0.6 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C76H77FN9O17S) m/z = 1438.5148; Obs. 

[M−H]− m/z = 1438.5168, Mean err −0.7 ppm. 
 

IR (ATIR, cm-1): 3360 (NH/OH stretches, w br), 3050-2800 (C-H stretching, 

w), 1726 (amide C=O stretch, w), 1649 (carboxylic acid C=O stretch/amide 

C=O stretch, br m), 1628 (C=O quinolone stretch, m), 1612 (amide C=O 

stretch, m) 1513 (N=C/C=C stretches, s), 1453 (N=C/C=C stretches, s), 1364 

(S=O stretch, m), 1247 (C-O stretches, s), 1173 (S=O stretch, m). 

 

7-(4-{[5-({2-[(2S)-2,6-Bis[(2,3-dihydroxyphenyl)formamido]hexanamido] 

ethyl}carbamoyl)pyrazin-2-yl]sulfonyl}piperazin-1-yl)-1-cyclopropyl-6-

fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (4-32) 

Molecular Formula: C44H46FN9O13S 

Molecular Mass: 959.96 g mol-1 

 

4-63 (68.4 mg, 0.048 mmol) was dissolved in dioxane (8 mL) to give a clear 

solution. 4 M HCl in dioxane (1.75 mL, 7.00 mmol) was diluted in a further 

4.5 mL dioxane, and added dropwise, with the solution changing to clear 

yellow one minute post the start of addition, and then cloudy yellow 

thereafter, with formation of a yellow precipitate. The solution was stirred 

for 5 hours, then the precipitate was isolated via Buchner filtration was 

washed with further dioxane (10 mL) and DCM (15 mL). The yellow solid was 

dried further under vacuum to give 4-32 (15.7 mg, 0.016 mmol, 34%).  

9

10 11
12

7
8

N 4

56F

N

O

3

1 2

13

14

15 OH

O
16

S

N19

20

21

N 17

18N
H
22

O
23

24

25

N

O O

O

H
N26

NH

29 2728
30

31

35
36

37
38 39

34

32

O

HN

OH
OH

HO
51

HO

O 42

44

49

48
47

46

45

33

50

41
40

43



 367 

The reaction may be monitored by HPLC by taking 20 µL aliquots at regular 

intervals, followed by dilution in 980 µL DMSO, and the corresponding HPLC 

trace recorded using Analytical HPLC method D.  

 
1H NMR: (600 MHz, DMSO-d6) δH ppm: 16.14 (1H, br s, H16), 12.83 (1H, br s, 

H40 or 50), 12.01 (1H, br s, H40 or 50), 9.32 (1H, d, J = 1.5 Hz, H18 or 20), 

9.13 (1H, d, J = 1.5 Hz, H18 or 20), 9.09 (1H, br t, J = 6.0 Hz, H22), 8.75 (1H, 

br t, J = 5.0 Hz, H32), 8.71 (1H, br t, J = 7.5 Hz, H42), 8.66 (1H, s, H4), 8.21 

(1H, br t, J = 6.0 Hz, H25), 7.89 (1H, d, 3JF-H = 13.0 Hz, H8), 7.56 (1H, d, 4JF-H = 

7.0 Hz, H11), 7.39 (1H, d, J = 8.0 Hz, H45), 7.24 (1H, d, J = 8.0 Hz, H35), 6.92 

(1H, dd, J = 7.5, 1.0 Hz, H47), 6.86 (1H, dd, J = 8.0, 1.0 Hz, H37), 6.67 (1H, t, J 

= 8.0 Hz, H46), 6.62 (1H, t, J = 8.0 Hz, H36), 4.41-4.35 (1H, m, H27), 3.82-3.76 

(1H, m, H3), 3.50-3.45 (4H, m, H13 or 14), 3.45-3.20 (8H, m, H23 and 24 and 

H13 or 14)*, 3.28-3.18 (2H, m, H31), 1.81-1.68 (2H, m, H28), 1.58-1.47 (2H, 

m, H30), 1.41-1.34 (1H, m, H29), 1.34-1.26 (3H, m, H29 and H1 or 2), 1.19-

1.13 (2H, m, H1 or 2). 

 

*Overlap with residual H2O peak in DMSO.  

 
13C NMR: (100 MHz, CDCl3) δC ppm: 176.4 (C6), 171.7 (C26), 169.7 (C33), 

168.9 (C43), 165.9 (C15), 162.0 (C21), 152.9 (d, 1JF-C = 250 Hz, C9), 152.6 (C17 

or 19), 149.7 (C39), 148.7 (C49), 148.1 (C4), 147.3 (C17 or 19), 146.2 (C38), 

146.0 (C48), 144.5 (d, 2JF-C = 10 Hz, C10), 143.9 (C18 or 20), 141.4 (C18 or 20), 

139.1 (C12), 119.2 (d, 3JF-C = 7 Hz, C7), 118.8, 118.7 (C37/47), 118.3 (C45), 

118.0 (C46), 117.8 (C36), 117.1 (C35), 115.7 (C44), 114.9 (C34), 111.1 (d, 2JF-

C = 23 Hz, C8), 107.1 (C11), 106.8 (C5), 53.3 (C27), 49.0 (C13 or 14), 45.8 (C13 

or 14), 39.1 (C26), 38.8 (C31), 38.2 (C24), 35.9 (C3), 31.3 (C28), 28.5 (C30), 

23.1 (C29), 7.6 (C1 and 2). 

 
19F NMR: (470 MHz, DMSO-d6) δF ppm: −121.91 (1F, dd, J = 12.5, 7.5 Hz). 

 

HRMS (ESI Pos.): Calcd. [M+Na]+ (C44H46FN9NaO13S) m/z = 982.2812; Obs. 

[M+Na]+ m/z = 982.2852, Mean err −2.4 ppm.  
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HRMS (ESI Neg.): Calcd. [M−H]− (C44H45FN9NaO13S) m/z = 958.2847; Obs. 

[M−H]− m/z = 958.2845, Mean err 0.2 ppm. 

 

IR (ATIR, cm-1): 3650-3100 (NH/OH stretches, w br), 3100-2750 (C-H 

stretching, w), 1720 (amide C=O stretch, w), 1671 (carboxylic acid C=O 

stretch/amide C=O stretch, br m), 1626 (C=O quinolone stretch, w), 1535 

(N=C/C=C stretches, s), 1495 (N=C/C=C stretches, w), 1450 (N=C/C=C 

stretches, s), 1263 (C-O stretches, s), 1156 (S=O stretch, m). 

 

tert-Butyl N-(2-{[5-(morpholine-4-sulfonyl)pyrazin-2-yl]formamido}ethyl) 

carbamate (4-48) 

 
Molecular Formula: C16H25N5O6S 

Molecular Mass: 415.47 g mol-1 

 

4-38 (0.112 g, 0.289 mmol) was placed under N2, then DCM (1 mL), acetic 

acid (0.14 mL) and H2O (0.28 mL) were added, and the resulting biphasic 

solution was cooled to 0 °C. 1,3-Dichloro-5,5’-dimethylhydantoin (0.177 g, 

0.870 mmol) was added in portions with vigorous stirring to give a cloudy 

beige solution, which was allowed to warm slowly in the ice bath and stirred 

for 7h30. Extra DCM (10 mL) was added, and the reaction mixture poured 

into ice-cold aqueous sodium metabisulfite solution (5% w/v, 15 mL). The 

layers were shaken well and separated, then the aqueous layer was 

extracted with DCM (2 x 12.5 mL). The combined organic layers were washed 

with ice-cold saturated NaHCO3 solution (15 mL) and ice-cold brine (15 mL), 

dried over MgSO4, transferred to a fresh round-bottomed flask, and cooled 

back to 0 °C, then morpholine (28 µL, 0.320 mmol) and Et3N (60 µL, 0.430 

mmol) added, giving a clear colourless solution. The reaction was allowed to 

warm to room temperature and stirred for 25 hours, changing to pale green 

over that time. The solution was washed with 1 M aq. HCl (20 mL), water (20 

mL), saturated NaHCO3 solution (20 mL) and brine (20 mL), dried over MgSO4 

and the DCM removed in vacuo to give a white solid. The product was 
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purified further by column chromatography (35g silica gel, 1:1 40-60 °C pet. 

ether:EtOAc followed by 1:1 CHCl3:EtOAc) to give 4-48 as a crystalline white 

solid (43 mg, 0.103 mmol, 36%). Average yield = 43% (n = 4). M.p. = 182 °C.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.45 (1H, d, J = 1.5 Hz, H2 or 4), 9.06 (1H, 

d, J = 1.5 Hz, H2 or 4), 8.34-8.18 (1H, m, H6), 4.95-4.80 (1H, m, H9), 3.80-3.73 

(4H, m, H14), 3.62 (2H, app. q, J = 6.0 Hz, H7), 3.46-3.35 (6H, m, H8 and 13), 

1.41 (9H, s, H12). 
 

13C NMR: (100 MHz, CDCl3) δC ppm: 162.3 (C5), 156.8 (C10), 154.5 (C1 or 3), 

146.5 (C1 or 3), 144.0 (C2 or 4), 141.6 (C2 or 4), 80.1 (C11), 66.5 (C14), 46.7 

(C13), 41.0, 40.1 (C7/8), 28.4 (C12). 

 

HRMS (ESI): Calcd. [M+H]+ (C16H26N5O6S) m/z = 416.1598; Obs. [M+H]+ m/z 

= 416.1601, Mean err 0.2 ppm. Calcd. [M+Na]+ (C16H25N5NaO6S) m/z = 

438.1418; Obs. [M+Na]+ m/z = 438.1421, Mean err −1.1 ppm.  

 

IR (ATIR, cm-1): 3357 (NH stretches, m), 3000-2825 (C-H stretching, w), 1717 

(carbamate C=O stretch, m), 1681 (amide C=O stretch, s), 1536 (C=N/C=C 

stretches, s), 1451 (C=N/C=C stretches, m), 1350 (S=O stretch, m), 1164 (S=O 

stretch, s). 

 

Elemental Analysis:  

For [C16H25N5O6S . 0.02 CHCl3 . 0.15 EtOAc]: 

Calculated: %C, 46.31; %H, 6.13; %N, 16.25. 

Measured: %C, 46.35, %H, 6.11, %N, 16.27. 
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N-(2-Aminoethyl)-5-(morpholine-4-sulfonyl)pyrazine-2-carboxamide  

TFA salt (4-49) 

 

Molecular Formula: C13H18F3N5O6S 

Molecular Mass: 429.37 g mol-1 

 

4-48 (0.111 g, 0.267 mmol) was dissolved in dry DCM (8 mL) to give a clear 

solution, which was cooled to 0 °C. A solution of 20% (v/v) trifluoroacetic 

acid in DCM (8 mL; 10% v/v TFA in final solution) was added slowly and the 

solution stirred at 0 °C for 5 hours. The solvent was removed under vacuum 

to give a pink residue, which was triturated in hot EtOH (1 mL), then Et2O (15 

mL) was added and the resulting white powdery solid was isolated via 

Buchner filtration and washed with Et2O (25 mL) to give 4-49 (77.7 mg, 0.181 

mmol, 68%). Average yield = 64% (n = 3). M.p. = 223-225 °C (dec.). 

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.37 (1H, d, J = 1.5 Hz, H2 or 4), 9.31 

(1H, br t, J = 6.0 Hz, H6), 9.17 (1H, d, J = 1.5 Hz, H2 or 4), 7.80 (3H, br s, H9), 

3.66-3.61 (4H, m, H11), 3.59 (2H, app. q, J = 6.0 Hz, H7), 3.25-3.19 (4H, m, 

H10), 3.02 (2H, t, J = 6.0 Hz, H8). 
 

13C NMR: (100 MHz, DMSO-d6) δC ppm: 162.5 (C5), 152.6 (C1 or 3), 147.1 (C1 

or 3), 144.0 (C2 or 4), 141.5 (C2 or 4), 65.6 (C11), 46.1 (C10), 38.6 (C8), 36.9 

(C7). 

 
19F NMR: (376 MHz, DMSO-d6) δF ppm: −73.42 (3F, s, TFA).  

 

IR (ATIR, cm-1): 3272 (NH stretches, br w), 3100-2800 (C-H stretching, w), 

1694 (amide C=O stretch, s), 1534 (C=N/C=C stretches, m), 1509 (NH3
+ 

bending, m), 1454 (C=N/C=C stretches, m), 1359 (S=O stretch, s), 1172 (S=O 

stretch, m). 
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Free Amine 

HRMS (ESI Pos.): Calcd. [M+H]+ (C11H18N5O4S) m/z = 316.1074; Obs. [M+H]+ 

m/z = 316.1073, Mean err −1.8 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C11H16N5O4S) m/z = 314.0928; Obs. [M−H]− 

m/z = 314.0949, Mean err −0.5 ppm. 

 

TFA Salt 

HRMS (ESI Neg.): Calcd. [M−H]− (C13H17F3N5O6S) m/z = 428.0857; Obs. 

[M−H]− m/z = 428.0864, Mean err −3.4 ppm. 

 

(2S)-2,6-Bis({2,3-bis[(4-methoxyphenyl)methoxy]phenyl}formamido)-N-

(2-{[5-(morpholine-4-sulfonyl)pyrazin-2-yl]formamido}ethyl)hexanamide 

(4-66) 

 

Molecular Formula: C63H69N7O15S 

Molecular Mass: 1196.34 g mol-1 

 

4-61 (50.8 mg, 0.051 mmol) was placed under N2, then dissolved in dry DCM 

(8 mL) to give a clear solution. 4-49 (23.5 mg, 0.055 mmol) and Et3N (22 µL, 

0.158 mmol), plus additional DCM (7 mL) were added, and the reaction 

stirred for 16 hours. Extra DCM (10 mL) was added, and the organic layers 
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washed with 1 M HCl (20 mL), H2O (15 mL), saturated NaHCO3 solution (15 

mL) and brine (15 mL), then dried over MgSO4*, and the solvent removed to 

give 4-66 as a colourless glass, which scrapes to a powdery solid (52.2 mg, 

0.044 mmol, 86%). Average yield = 87% (n = 2).  

 

*The RBF used post-aqueous workup was pre-soaked in 6 M HCl overnight 

to ensure removal of any traces of iron.  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.29 (1H, d, J = 1.5 Hz, H2 or 4), 8.57 (1H, 

d, J = 1.5 Hz, H2 or 4), 8.44 (1H, br d, J = 7.0 Hz, H38), 8.30 (1H, br t, J = 5.0 

Hz, H6), 8.04 (1H, br t, J = 5.5 Hz, H18), 7.55 (1H, dd, J = 8.0, 1.5 Hz, H21 or 

41), 7.53 (1H, dd, J = 8.0, 1.5 Hz, H21 or 41), 7.44-7.37 (4H, m, 

H28/34/48/54), 7.26-7.22 (2H, m, H28/34/48/54), 7.22-7.16 (3H, m, 

H23/28/34/43/48/54), 7.15-7.09 (2H, m, H22/23/42/43), 7.03 (1H, t, J = 8.0 

Hz H22 or 42), 6.96-6.91 (4H, m, H29/35/49/55), 6.90-6.85 (1H, m, H9), 6.83-

6.79 (2H, m, H29/35/49/55), 6.79-6.74 (2H, m, H29/35/49/55), 5.14-5.00 

(6H, m, H26/32/46/52), 4.99-4.95 (2H, m, H26/32/46/52), 4.26 (1H, q, J = 7.0 

Hz, H13), 3.83 (6H, two overlapping s, H31/37/51/57), 3.75 (3H, s, 

H31/37/51/57), 3.73 (3H, s, H31/37/51/57), 3.73-3.68 (4H, m, H11), 3.69-

3.63 (1H, m, H7 or 8), 3.58-3.45 (2H, m, H7 or 8), 3.43-3.35 (1H, m, H7 or 8), 

3.33-3.27 (4H, m, H10), 3.19 (2H, app. q, J = 6.5 Hz, H17), 1.80-1.67 (1H, m, 

H14), 1.43-1.34 (1H, m, H14), 1.34-1.15 (4H, m, H15 and 16). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 172.8 (C12), 166.3 (C39), 165.4 (C19), 

162.3 (C5), 160.05, 160.03, 159.83, 159.79 (C30/36/50/56), 153.9 (C1 or 3), 

151.9 (C24 and 44), 146.9, 146.8 (C25/45), 146.6 (C1 or 3), 143.9 (C2 or 4), 

141.5 (C2 or 4), 131.0, 130.7, 129.9, 129.7 (C28/34/48/54), 128.7, 128.6, 

128.5, 128.4 (C27/33/47/53), 127.1, 126.7 (C20/40), 124.4 (C22 and 42), 

123.1, 122.6 (C21/41), 117.3, 117.1 (C23/43), 114.2, 114.12, 114.07 

(C29/35/49/55), 76.2, 75.8, 71.2, 71.1 (C26/32/46/52), 66.5 (C11), 55.46, 

55.44, 55.38 (C31/37/51/57), 54.4 (C13), 46.6 (C10), 40.1, 39.3 (C23/24), 

38.9 (C17), 30.4 (C14), 29.0, 23.2 (C15/16). 
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HRMS (ESI Pos.): Calcd. [M+Na]+ (C63H69N7NaO15S) m/z = 1218.4465; Obs. 

[M+Na]+ m/z = 1218.4517, Mean err −3.4 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C63H68N7O15S) m/z = 1194.4500; Obs. 

[M−H]− m/z = 1194.4483, Mean err 0.5 ppm. 

 

IR (ATIR, cm-1): 3350 (NH stretches, w br), 3050-2800 (C-H stretching, w), 

1646 (amide C=O stretches, br m), 1612 (amide C=O stretch, m), 1574 

(C=N/C=C stretches, m), 1514 (C=N/C=C stretches, s), 1455 (C=N/C=C 

stretches, m), 1360 (S=O stretch, m), 1247 (C-O stretches, s), 1173 (S=O 

stretch, m). 

 

(2S)-2,6-Bis[(2,3-dihydroxyphenyl)formamido]-N-(2-{[5-(morpholine-4-

sulfonyl)pyrazin-2-yl]formamido}ethyl)hexanamide (4-47) 

 
Molecular Formula: C31H37N7O11S 

Molecular Mass: 715.74 g mol-1 

 

4-66 (41.8 mg, 0.035 mmol) was dissolved in dioxane (7.5 mL) to give a clear 

solution. 4 M HCl in dioxane (2.5 mL, 10.0 mmol) was diluted in a further 2.5 

mL dioxane, and added dropwise, with the solution changing to a pale 

yellow. The reaction was monitored by HPLC, and stirred for 24 hours, then 

the solvent was removed under vacuum. Purification of the residue was 

attempted by automated column (5-95% MeCN:H2O), yielding purer 4-47 as 

a purple solid (9.2 mg, 0.012 mmol, 36%).  
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1H NMR: (400 MHz, DMSO-d6) δH ppm: 12.85 (1H, br s, H36 or 37), 12.07 (1H, 

br s, H36 or 37), 9.31 (1H, d, J = 1.5 Hz, H2 or 4), 9.26 (1H, br s, 

H18/27/28/37), 9.11 (1H, br t, J = 6.0 Hz, H6), 9.08 (1H, d, J = 1.5 Hz, H2 or 

4), 8.82-8.67 (2H, m, H18/27/28/37), 8.21 (1H, br t, J = 5.5 Hz, H9), 7.40 (1H, 

d, J = 8.0 Hz, H21 or 31), 7.25 (1H, d, J = 8.0 Hz, H21 or 31), 6.96-6.85 (2H, m, 

H22/23/32/33), 6.72-6.62 (2H, m, H22/23/32/33), 4.43-4.35 (1H, m, H13), 

3.66-3.56 (4H, m, H11), 3.46-3.39 (2H, m, H7 or 8), 3.40-3.17 (8H, m, H10 

and 17 and H7 or 8), 1.80-1.67 (2H, m, H14), 1.59-1.45 (2H, m, H16), 1.40-

1.25 (4H, m, H15). 

 

HRMS (ESI Pos.): Calcd. [M+Na]+ (C31H37N7NaO11S) m/z = 738.2164; Obs. 

[M+Na]+ m/z = 738.2161, Mean err −0.4 ppm.  

 

HRMS (ESI Neg.): Calcd. [M−H]− (C31H36N7O11S) m/z = 714.2199; Obs. [M−H]− 

m/z = 714.2192, Mean err 2.4 ppm. 

 

7-[4-({5-[(2-Aminoethyl)carbamoyl]pyrazin-2-yl}sulfonyl)piperazin-1-yl]-1-

cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (4-52) 

 
Molecular Formula: C24H27ClFN7O6S 

Molecular Mass: 596.03 g mol-1 

 

4-55 (52.8 mg, 0.080 mmol) was suspended in dry DCM (3.5 mL) to give a 

cloudy white solution and cooled to 0 °C. 4 M HCl in dioxane (1.2 mL, 4.80 

mmol) was added and the resulting clear yellow solution was allowed to 

warm to room temperature and stirred for 25 hours, turning cloudy again 

after 2 hours. The solvent was removed under vacuum, and the resulting 

yellow-white solid was triturated in hot EtOH (1.5 mL), then Et2O (8 mL) 

added and the product isolated by Buchner filtration and washed with 
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further Et2O (25 mL). The resulting pale yellow solid was dried further under 

vacuum to give 4-52 (28.6 mg, 0.048 mmol, 60%). M.p. = 245-250 °C (dec.).  

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.35 (1H, d, J = 1.5 Hz, H18 or 20), 

9.31 (1H, br t, J = 6.0 Hz, H22), 9.20 (1H, d, J = 1.5 Hz, H18 or 20), 8.66 (1H, s, 

H4), 7.93 (1H, d, 3JF-H = 13.0 Hz, H8), 7.80* (3H, br s, H25), 7.59 (1H, d, 4JF-H = 

7.5 Hz, H11), 3.84-3.77 (1H, m, H3), 3.59 (2H, app. q, J = 6.0 Hz, H23), 3.52-

3.45 (4H, m, H13 or 14), 3.45-3.40 (4H, m, H13 or 14), 3.06-2.96 (2H, m, H24), 

1.35-1.28 (2H, m, H1 or 2), 1.20-1.14 (2H, m, H1 or 2). 

 

*Chemical shift is concentration-dependent 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 176.6 (C6), 166.3 (C15), 162.8 (C21), 

153.4 (d, 1JF-C = 249 Hz, C9), 152.8 (C17 or 19), 148.4 (C4), 147.4 (C17 or 19), 

144.8 (d, 2JF-C = 10 Hz, C10), 144.2 (C18 or 20), 141.7 (C18 or 20), 139.3 (C12), 

119.3 (d, 3JF-C = 8 Hz, C7), 111.4 (d, 2JF-C = 23 Hz, C8), 107.3 (C11), 106.9 (C5), 

49.2, 46.0 (C13/14), 38.5 (C24), 37.1 (C23), 36.2 (C3), 7.8 (C1 and 2). 

 
19F NMR: (470 MHz, DMSO-d6) δF ppm: −122.00 (1F, dd, J = 13.0, 7.5 Hz). 

 

HRMS (ESI): Calcd. [M+H]+ (C24H27FN7O6S) m/z = 560.1722; Obs. [M+H]+ m/z 

= 560.1717, Mean err −1.0 ppm.  

 

IR (ATIR, cm-1): 3415 (NH amide stretch, w), 3100-2750 (O-H and C-H 

stretching, w), 1683 (carboxylic acid and amide C=O stretch, br s), 1627 

(quinolone C=O stretch, m), 1496 (C=N/C=C stretches, s), 1452 (C=N/C=C 

stretches, s), 1359 (S=O stretch, m), 1130 (S=O stretch, s). 
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N-(2-Aminoethyl)-5-(morpholine-4-sulfonyl)pyrazine-2-carboxamide 

hydrochloride (4-53) 

 

Molecular Formula: C11H18ClN5O4S 

Molecular Mass: 351.81 g mol-1 

 

4-49 (65.2 mg, 0.157 mmol) was suspended in dry EtOH (7 mL). 3 M HCl in 

EtOH (4.5 mL, 13.5 mmol) was added and the resulting solution was stirred 

at room temperature for 23 hours, turning clear after 2 hours. The reaction 

was not complete by TLC, so further 3 M HCl in EtOH (4 mL) was added and 

the reaction stirred for a further 25 hours, before the solvent was removed 

under vacuum. The resulting yellow-white solid was triturated in hot EtOH 

(2 mL), then Et2O (15 mL) added and the product isolated by Buchner 

filtration and washed with further Et2O (15 mL) to give 4-53 as a pale yellow 

solid (33.6 mg, 0.095 mmol, 61%). M.p. = 245-248 °C (dec.).  

 
1H NMR: (400 MHz, DMSO-d6) δH ppm: 9.36 (1H, d, J = 1.5 Hz, H2 or 4), 9.32 

(1H, br t, J = 6.0 Hz, H6), 9.16 (1H, d, J = 1.5 Hz, H2 or 4), 8.02 (3H, br s, H9), 

3.67-3.61 (4H, m, H11), 3.60 (2H, app. q, J = 6.0 Hz, H7), 3.25-3.18 (4H, m, 

H10), 3.01 (2H, t, J = 6.0 Hz, H8). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 162.5 (C5), 152.5 (C1 or 3), 147.2 (C1 

or 3), 144.1 (C2 or 4), 141.5 (C2 or 4), 65.6 (C11), 46.1 (C10), 38.4 (C8), 36.9 

(C7). 

 

HRMS (ESI): Calcd. [M+H]+ (C11H18N5O4S) m/z = 316.1074; Obs. [M+H]+ m/z 

= 316.1081, Mean err −2.7 ppm.  

 

IR (ATIR, cm-1): 3379 (NH stretches, w), 3050-2800 (C-H stretching, w), 1681 

(amide C=O stretch, s), 1523 (C=N/C=C stretches, m), 1453 (C=N/C=C 

stretches, w), 1359 (S=O stretch, s), 1159 (S=O stretch, m). 
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N-Ethyl-6-(morpholine-4-sulfonyl)pyrazine-2-carboxamide (4-68) 

 
Molecular Formula: C11H16N4O4S 

Molecular Mass: 300.33 g mol-1 

 

6-(Benzylsulfanyl)-N-ethylpyrazine-2-carboxamide (4-69, 92.9 mg, 0.340 

mmol) was placed under N2, then DCM (5 mL), acetic acid (0.45 mL) and H2O 

(0.90 mL) were added, and the resulting biphasic solution was cooled to 0 

°C. 1,3-Dichloro-5,5’-dimethylhydantoin (0.203 g, 1.03 mmol) was added in 

portions with vigorous stirring to give a cloudy beige solution, which was 

allowed to warm slowly in the ice bath and stirred for 14 hours. Extra DCM 

(10 mL) was added, followed by ice-cold aqueous sodium metabisulfite 

solution (5% w/v, 12.5 mL). The biphasic mixture was stirred for 15 minutes, 

then the layers were shaken well and separated. The aqueous layer was 

extracted with DCM (2 x 10 mL), then the combined organic layers were 

washed with ice-cold saturated NaHCO3 solution (25 mL) and ice-cold brine 

(30 mL), dried over MgSO4, transferred to a fresh round-bottomed flask, and 

cooled back to 0 °C. Morpholine (32 µL, 0.366 mmol) and Et3N (62 µL, 0.445 

mmol) were added, and the reaction was allowed to warm to room 

temperature and stirred for 5 hours and 30 minutes. The solution was 

washed with 1 M aq. HCl (25 mL), water (25 mL), saturated NaHCO3 solution 

(25 mL) and brine (25 mL), dried over MgSO4 and the DCM removed in vacuo 

to give a white solid. The product was purified by column chromatography 

(14 cm silica gel in 2.3 cm diameter column, 3:2 EtOAc:40-60 °C pet. ether 

followed by 2:1 EtOAc:40-60 °C pet. ether), and dried further under vacuum 

to give 4-68 as a white to light pink crystalline powder (60.3 mg, 0.201 mmol, 

59%). M.p. = 161-162 °C. Rf = 0.30 (2:1 EtOAc:40-60 °C pet. ether).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 9.62 (1H, s, H2 or 3), 9.27 (1H, s, H2 or 

3), 7.65-7.43 (1H, m, H6), 3.84-3.71 (4H, m, H10), 3.56 (2H, app. quintet, J = 

7.0 Hz, H7), 3.37-3.27 (4H, m, H9), 1.29 (3H, t, J = 7.0 Hz, H8). 
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13C NMR: (100 MHz, CDCl3) δC ppm: 161.4 (C5), 149.5 (C1 or 4), 147.5 (C2 or 

3), 145.8 (C2 or 3), 144.4 (C1 or 4), 66.4 (C10), 46.5 (C9), 34.9 (C7), 14.9 (C8). 

 

HRMS (ESI): Calcd. [M+H]+ (C11H17N4O4S) m/z = 301.0965; Obs. [M+H]+ m/z 

= 301.0960, Mean err 0.2 ppm. Calcd. [M+Na]+ (C11H16N4NaO4S) m/z = 

323.0784; Obs. [M+Na]+ m/z = 323.0787, Mean err −0.6 ppm. Calcd. [M+K]+ 

(C11H16KN4O4S) m/z = 339.0524; Obs. [M+K]+ m/z = 339.0529, Mean err −0.8 

ppm. 

 

4,4-Bis(benzylsulfanyl)but-3-en-2-one (4-71) 

 
Molecular Formula: C18H18OS2 

Molecular Mass: 314.46 g mol-1 

 
tBuOK (2.154 g, 19.20 mmol) was added to an oven-dried argon-flushed 

flask, and kept under Ar, then dry THF (20 mL) added, and the cloudy white 

solution cooled to 0 °C. Acetone (0.56 mL, 7.57 mmol) was added, then 

carbon disulfide (0.58 mL, 9.65 mmol), resulting in the formation of an 

orange precipitate. An additional 20 mL of dry THF was added and the 

reaction stirred at 0 °C for 1h30 min, then BnBr (2.00 mL, 16.82 mmol) was 

added slowly via syringe. The reaction was allowed to warm to room 

temperature and stirred for a further 18 hours, then poured into ice-cold 

H2O (60 mL) and acidified to pH 5, then extracted with DCM (3 x 60 mL). The 

combined organic layers were washed with H2O (2 x 90 mL) and brine (90 

mL), dried over MgSO4 and the solvent removed under vacuum. The product 

was purified further by column chromatography (silica gel, 23cm height in 

3.7 cm diameter column, 2:1 40-60 °C pet. ether:Et2O to 1:1 40-60 °C pet. 

ether:Et2O, loaded with DCM) to give 4-71 as an orange-white solid (1.38 g, 

4.38 mmol, 58%). M.p. = 116-117 °C. 
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1H NMR: (400 MHz, CDCl3) δH ppm: 7.48-7.11 (10H, m, H7-9, H12-14), 6.18 

(1H, s, H3), 4.22 (2H, s, H5 or 10), 4.13 (2H, s, H5 or 10), 2.14 (3H, s, H1). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 193.2 (C2), 160.3 (C4), 135.8, 134.1 

(C6/11), 129.5, 129.3, 129.0, 128.7 (C7/8/12/13), 128.2, 127.7 (C9/14), 115.3 

(C3), 39.3, 36.5 (C5/10), 30.5 (C1).  

 

HRMS (ESI): Calcd. [M+H]+ (C18H19OS2) m/z = 315.0872; Obs. [M+H]+ m/z = 

315.0873, Mean err −0.1 ppm. Calcd. [M+Na]+ (C18H18NaOS2) m/z = 

337.0691; Obs. [M+Na]+ m/z = 337.0690, Mean err 0.1 ppm. Calcd. [M+K]+ 

(C18H18KOS2) m/z = 353.0431; Obs. [M+K]+ m/z = 353.0437, Mean err 0.4 

ppm. 
 

4-(Benzylsulfanyl)-6-methyl-2-oxo-1,2-dihydropyridine-3-carbonitrile  

(4-72) 

 
Molecular Formula: C14H12N2OS 

Molecular Mass: 256.32 g mol-1 

 

tBuOK (0.271 g, 2.42 mmol) was added to an oven-dried argon-flushed flask, 

and kept under Ar. tBuOH (25 mL) was added, followed by 4-71 (0.483 g, 1.54 

mmol) and cyanoacetamide (0.130 g, 1.54 mmol), and the resulting deep 

brown solution was stirred at 80 °C for 24 hours, then allowed to cool to 

room temperature and H2O (10 mL) was added. The solution was acidified 

to pH 2 with 1 M aq. HCl, and the resulting beige-brown precipitate was 

isolated via Buchner filtration and washed with 40-60 °C pet. ether (70 mL) 

and dried under vacuum to give 4-72 (0.203 g, 0.792 mmol, 51%). M. p. = 

275-280 °C (dec.). 
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1H NMR: (400 MHz, DMSO-d6) δH ppm: 12.29 (1H, br s, H13), 7.49-7.43 (2H, 

m, H10 or 11), 7.40-7.34 (2H, m, H10 or 11), 7.33-7.27 (1H, m, H12), 6.46 

(1H, s, H4), 4.45 (2H, s, H8), 2.24 (3H, s, H6). 

 
13C NMR: (100 MHz, DMSO-d6) δC ppm: 162.6 (C3), 160.1 (C1), 151.3 (C5), 

135.4 (C9), 129.1, 128.8 (C10/11), 127.8 (C12), 115.3 (C7), 102.3 (C4), 93.4 

(C2), 34.7 (C8), 19.2 (C6). 

 

HRMS (ESI): Calcd. [M+H]+ (C14H13N2OS) m/z = 257.0743; Obs. [M+H]+ m/z = 

257.0744, Mean err 0.1 ppm. Calcd. [M+Na]+ (C14H12N2NaOS) m/z = 

279.0563; Obs. [M+Na]+ m/z = 279.0562, Mean err 1.3 ppm. Calcd. [M+K]+ 

(C14H12KN2OS) m/z = 295.0302; Obs. [M+K]+ m/z = 295.0301, Mean err 0.2 

ppm. 

 

tert-Butyl N-{2-[4-(benzylsulfanyl)-3-cyano-6-methyl-2-oxo-1,2-dihydro 

pyridin-1-yl]ethyl}carbamate (4-73) 

 
Molecular Formula: C21H25N3O3S 

Molecular Mass: 399.51 g mol-1 

 

Due to potential photodegradation of N-Boc-2-bromoethylamine, the 

reaction flask was covered in foil for the duration of the reaction.  

 

N-Boc-2-bromoethylamine (0.243 g, 1.08 mmol), 4-72 (0.222 g, 0.865 mmol) 

and K2CO3 (0.298 g, 2.15 mmol) were dissolved in dry DMF (12 mL), and the 

resulting dark brown solution stirred for 20 hours, then the solvent removed 

under vacuum. The residue was extracted with EtOAc (30 mL) and H2O (30 

mL) and the layers separated. The H2O layer was further extracted with 

EtOAc (2 x 20 mL), and the combined organic layers washed with H2O (40 

mL) and brine (40 mL), dried over MgSO4 and the solvent removed in vacuo. 

The solid was purified further by column chromatography (16.5 cm silica gel 
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height in 2.8 cm diameter column, 1:1 EtOAc:40-60 °C pet. ether to 3:1 

EtOAc:40-60 °C pet. ether, loaded with DCM) to give 4-73 as a colourless 

paste (0.173 g, 0.434 mmol, 50%). Rf = 0.44 (3:1 EtOAc:40-60 °C pet. ether).  

 
1H NMR: (400 MHz, CDCl3) δH ppm: 7.40-7.27 (5H, m, H10/11/12), 6.07 (1H, 

s, H4), 5.12-5.00 (1H, m, H15), 4.25 (2H, s, H8), 4.11 (2H, t, J = 6.0 Hz, H13), 

3.40 (2H, app. q, J = 6.0 Hz, H14), 2.45 (3H, s, H6), 1.41 (9H, s, H18). 

 
13C NMR: (100 MHz, CDCl3) δC ppm: 161.1 (C3), 160.6 (C1), 156.4 (C16), 151.0 

(C5), 134.2 (C9), 129.2, 129.0 (C10/11), 128.3 (C12), 114.7 (C7), 104.3 (C4), 

96.4 (C2), 80.0 (C17), 44.6 (C13), 38.8 (C14), 36.3 (C8), 28.4 (C18).  

 

HRMS (ESI): Calcd. [M+H]+ (C21H26N3O3S) m/z = 400.1689; Obs. [M+H]+ m/z 

= 400.1691, Mean err −1.4 ppm. Calcd. [M+Na]+ (C21H25N3NaO3S) m/z = 

422.1509; Obs. [M+Na]+ m/z = 422.1515, Mean err −1.8 ppm. Calcd. [M+K]+ 

(C21H25KN3O3S) m/z = 438.1248; Obs. [M+K]+ m/z = 438.1254, Mean err −0.4 

ppm. 
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5.3 UV-Visible Experiments 

5.3.1 Job Plot Method 

A series of aqueous solutions containing the ligand of interest and Fe(NTA) 

were prepared such that the sum of the concentrations of both remained 

constant (400 µM).  

 

Stock solutions were prepared as follows: 

 

110 mM TrisHCl pH 7.5: Tris(hydroxymethyl)aminomethane (3.332 g, 27.5 

mmol) was dissolved in c. 200 mL distilled water. The pH of the resulting 

solution was adjusted to 7.5 with 2 M HCl, then the volume of the solution 

was made up to 250 mL with a distilled water in a volumetric flask.  

 

Ligand Solution: 2-29 (0.0181 g, 0.1 mmol) was dissolved in 4-5 mL MeCN in 

a vial, then made up to 10 mL MeCN in a volumetric flask to give a 10 mM 

solution.  

 

Fe(NTA) Solution: Nitrilotriacetic acid trisodium salt (0.1 mmol) dissolved in 

AAS absorption standard Fe(NO3)3 solution (0.0179 M, 5.587 mL). This 

solution was made up to 10 mL with milliQ H2O, to give a final solution 

containing 0.01 M Fe(NO3)3 and 0.01 M NTA.  
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5.3.2 UV-Based SO2 Release Studies 

Stocks of the compounds for SO2 release study were made up in MeCN or 

DMSO; the concentrations and solvents utilised for each compound are 

detailed in Table 5.1. 

Compound Code Solvent Concentration 

1-56 MeCN 1 mM 

2-9 MeCN 1 mM 

2-15 MeCN 1 mM 

2-19 MeCN 1 mM 

3-36 MeCN 1 mM 

4-49 DMSO 1 mM 

4-62 DMSO 1 mM 

4-68 DMSO 1 mM 

Table 5.1 Solvents and concentrations used for preparation of stock 

solutions. 

 
Other stock solutions were prepared as follows: 

 

HEPES Buffer 20 mm pH 7.4 

HEPES buffer was made fresh every three months. The pH of a stock solution 

of 100 mM HEPES was adjusted to pH 7.4 by addition of aqueous sodium 

hydroxide, then diluted to 20 mM.  

 

Cysteine/Glutathione 

10 mM stock solutions of cysteine or glutathione in 20 mM HEPES buffer (pH 

7.4) were made fresh before every experiment, and the stocks renewed 

every day. 

 

Dye 2-11 

A 1 mM stock of SO2-releasing dye 2-11 was made up in MeCN via a 10-fold 

dilution from a 10 mM stock. A new stock was made up every 6 months. 
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SO2 release experiments were carried out in quartz cuvettes. First, a 100 µM 

solution of the desired conjugate was made up from 250 µL conjugate stock 

solution (1 mM) + 2250 µL HEPES, and used to record a baseline on the on 

the UV-vis spectrometer. A second solution of the conjugate was made up 

from 250 µL 1 mM stock solution + 2000 µL HEPES buffer. 250 µL 10 mM 

cysteine or GSH was then added, and the solution mixed quickly via pipette, 

before being transferred to the UV-vis spectrometer for measurement of the 

absorption spectra at regular time intervals.  

 

For experiments with dye 2-11, a baseline cuvette was made up from 250 µL 

conjugate (1 mM) + 2225 µL HEPES buffer + 25 µL MeCN, and a reaction 

cuvette from 250 µL conjugate (1 mM) + 1975 µL HEPES buffer + 25 µL dye 

2-11 (1 mM) + 250 µL GSH. For experiments with iron-bound conjugate, a 

baseline stock solution was made up from 250 µL conjugate (1 mM) + 2225 

µL HEPES buffer + 25 µL 3.33 mM Fe(NTA), and a reaction solution from 250 

µL conjugate (1 mM) + 1975 µL HEPES buffer + 25 µL 3.33 mM Fe(NTA) + 250 

µL GSH. 

 

5.3.3 Solubility Testing 

Stock solutions of the compounds to be tested were made up in DMSO with 

sonication/vortexing to ensure complete dissolution. All compounds were 

dissolved to a concentration of 10 mM, with the exception of 3-34 (5 mM) 

and 3-14 (1.25 mM). Further dilutions were made from these stock solutions 

as necessary. MHII media was made up according to the manufacturer’s 

instructions (22 g MHII salts/1000 mL distilled H2O) and sonicated for 45 

minutes at 50 °C. 1 mL of freshly-made MHII media was syringe filtered into 

a vial, and the requisite compound added to give solutions containing either 

2% DMSO or 50% DMSO. The vials were shaken, and observed by eye for any 

precipitation or cloudiness; absence of this was taken to indicate solubility.  
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5.4 HPLC-Based Methods 

5.4.1 SO2 Release by HPLC 

A 2 mM stock solution of 3-36 was made up in MeCN (1.425 mg in 2.0751 

mL MeCN). A 10 mM stock solution of glutathione was made up in 20 mM 

HEPES buffer (pH 7.4, 6.1464 mg in 2.0451 mL HEPES). A 10 mM stock 

solution of caffeine was made up in distilled H2O (48.52 mg in 25 mL H2O).  

 

Reaction solutions were made up in triplicate in 7 mL vials, and the vials 

placed in a heating block (Figure 5.2), with the individual heating block wells 

filled with oil to a depth of c. 1/3rd of the height of the vials. The temperature 

controller of the hotplate was also immersed in one of the wells. The hot 

plate temperature controller was set to 37.7 °C; this gave a temperature of 

37 °C in the vials when measured by the temperature probe of a WTW 

Profilab pH 597 pH meter.  

 
Figure 5.2 Photo of hotplate setup for HPLC reactions.  

 

The reaction mixtures were made up from 4.5 mL HEPES buffer, 300 µL 10 

mM caffeine, 300 µL 2 mM 3-36 and 300 µL MeCN. The solutions were 

heated to 37 °C before addition of 600 µL 10 mM GSH to give final 

concentrations of 100 µM 3-36, 1 mM GSH and 500 µM caffeine (10% 

MeCN:HEPES). The reactions were timed from the addition of glutathione. 
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Aliquots of c. 200 µL were removed from the reactions at regular intervals 

and the corresponding HPLC trace recorded using analytical HPLC method C.  

 

A calibration curve was determined by varying the concentration of 3-36 in 

solutions with a fixed concentration of caffeine (500 µM). 1 mL solutions 

were made up according to the volumes in Table 5.2.  

 

Concentration 

of 3-36 / µM 

Vol. 2 mM  

3-36 / µL 

Vol. MeCN 

/ µL 

Vol. 10 mM 

caffeine / µL 

Vol. HEPES 

buffer / µL 

120 60 40 50 850 

100 50 50 50 850 

80 40 60 50 850 

60 30 70 50 850 

40 20 80 50 850 

20 10 90 50 850 

10 5 95 50 850 

5 2.5 97.5 50 850 

Table 5.2 Stock volumes used to prepare samples for calibration curve. 

 

 
Figure 5.3 Calibration curve for determining the concentration of 3-36 

relative to caffeine in SO2 release experiments.  
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5.4.2 HPLC Stability Tests 

Stock solutions of 4-32 (1 mM, 0.715 mg in 0.7371 mL), 4-49 (1 mM, 1.04 mg 

in 2.4221 mL) and 4-52 (2.5 mM, 3.095 mg in 2.0771 mL) were made up in 

DMSO. A stock of caffeine was made up as previously described (48.52 mg 

in 25 mL distilled H2O). 

 

An identical setup to that in Section 5.4.1 was used. Solutions containing the 

desired compound were made up in triplicate in 7 mL vials, and the vials 

placed in a heating block (Figure 5.2), with the individual heating block wells 

filled with oil to a depth of c. 1/3rd of the height of the vials. The temperature 

controller of the hotplate was also immersed in one of the wells. The hot 

plate temperature controller was set to 37.7 °C; this gave a temperature of 

37 °C in the vials when measured by the temperature probe of a WTW 

Profilab pH 597 pH meter. 

 

For the stability tests in various media, solutions were made up as follows: 

50 µM 4-52 in MHII media (2% DMSO): 2790 µL MHII media + 150 µL 10 mM 

caffeine + 60 µL 2.5 mM 4-52.  

 

10 µM 4-32 in MHII media (2% DMSO): 2790 µL MHII media + 150 µL 10 mM 

caffeine + 30 µL 1 mM 4-32 + 30 µL DMSO.  

 

50 µM 4-52 in HEPES (5% DMSO): 2160 µL HEPES + 120 µL 10 mM caffeine 

+ 48 µL 2.5 mM 4-52 + 72 µL DMSO. 

 

50 µM 4-49 in HEPES (5% DMSO): 1800 µL HEPES + 100 µL 10 mM caffeine 

+ 100 µL 1 mM 4-49. 

 

The solutions were heated to 37 °C before addition of the respective test 

compound. The reactions were timed from the addition of the compounds. 

Aliquots of c. 200 µL were removed from the reactions at regular intervals 

and the corresponding HPLC trace recorded using analytical HPLC method E. 

The calibration curves plotted for determination of the concentrations of the 

analytes present in solution are displayed below. 
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Calibration Curves in MHII Media 

 

 

Figure 5.4 Calibration curve for determining the concentration of 4-32 

relative to caffeine in stability experiments in MHII media.  

 

 

Figure 5.5 Calibration curve for determining the concentration of 4-52 

relative to caffeine in stability experiments in MHII media.  

 

 



 389 

 

Figure 5.6 Calibration curve for determining the concentration of 

ciprofloxacin relative to caffeine in stability experiments in MHII media.  

 

Calibration Curves in HEPES 

 
Figure 5.7 Calibration curve for determining the concentration of 4-49 

relative to caffeine in stability experiments in HEPES buffer.  
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Figure 5.8 Calibration curve for determining the concentration of 4-52 

relative to caffeine in stability experiments in HEPES buffer.  

 

5.5 Native ESI Mass Spectrometry 

Stock solutions were prepared as follows: 

 

10 mM Ammonium acetate pH 7.40 

NH4OAc (1.1580 g) was dissolved in 90 mL of distilled H2O, and the pH 

adjusted to 7.40 by addition of dilute AcOH and NH3(aq.). The solution was 

made up to 100 mL with distilled water in a volumetric flask to give a 150 

mM solution of NH4OAc. A portion was taken and diluted further to 10 mM 

in a volumetric flask.  

 

1 mM FeCl3.6H2O 

FeCl3.6H2O (47.1 mg, 0.1743 mmol) was dissolved in 1.7425 mL distilled H2O 

to give a 100 mM solution. A 100 µL aliquot was diluted further in a 10 mL 

volumetric flask to give a 1 mM solution. Solutions of FeCl3.6H2O were 

always made up fresh immediately before an experiment. 

 

10 mM 3-31 

3-31 (1.89 mg) was dissolved in DMSO (220 µL) to give a 10 mM stock 

solution. 
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Iron complexation was carried out by combining 10 µL 10 mM 3-31, 90 µL of 

DMSO and 100 µL 1 mM FeCl3.6H2O solution. The resulting orange solution 

was stirred for two hours, then the solvent removed under high vacuum. 2 

mL of 10 mM NH4OAc was added, and the solution sonicated for 15 minutes 

at 25 °C, then filtered and submitted for native ESI analysis. 

 

5.6 Biological Studies 

5.6.1 Chapter 2 

5.6.1.1 Media 

All solutions and media were prepared using distilled H2O and sterilised by 

autoclave or filter sterilisation prior to use. The antibiotic kanamycin was 

added when required to select for mutant strains. TSB and LB solids were 

purchased from commercial sources and used as directed. M9 Minimal 

Medium was prepared from stock solutions of commercial SigmaAldrich 5X 

M9 salts, 20% glucose, 1 M MgSO4, and 1 M CaCl2. 10% casamino acids can 

also be added. To make Chelex-Treated M9 media, 5% w/v Chelex resin was 

stirred with each stock solution for 1 hour, before vacuum filtration through 

a Corning system (cellulose acetate membrane, 0.22 µM pore size).  

 

A total volume of 20 mL was used for both starter cultures and the master 

mixes used to load the well plates in bacterial growth curve experiments. 

For M9 overnight cultures, this was made up as shown: 

Stock Solutions 

(autoclaved or filter-sterilised) 
Volume 

dH2O 14.725 ml 

5X M9 Salts 4 ml 

(Optional: 10% casamino acids) (800 µl) 

20% glucose 400 µl 

1 M MgSO4 40 µl 

1 M CaCl2 2 µl 

(Optional for mutant: 30 mg/ml 

kanamycin) 

33.33 µl (for 50 µg/ml 

final) 

Table 5.3 Stock solutions and volumes used for preparation of M9 media.  
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Composition of master mix: A conical flask containing the M9 components 

in their requisite volumes was made up, then distilled water (10.725 mL) 

added. 1 mL of the overnight starter culture was taken into a 1 mL Kartell 

cuvette and the OD600 measured using a Jenway spectrophotometer or the 

cuvette mode of the Epoch 2 plate reader; if this value exceeded the 

dynamic range of the instrument, the culture was diluted by addition of 50 

µl starter culture into 950 µl blank media, then the resulting value multiplied 

to give the OD600 of the starter culture. From this OD600, the volume of starter 

culture required to give an OD600 of 0.05 in the master mix was calculated, 

and this volume taken and added to the M9-containing flask. The resulting 

master mix is then made up to 20 mL with distilled water. Other additives 

e.g. Fe(NTA) can be added in place of an equivalent volume of distilled water.  

 

5.6.1.2 Growth of Cultures  

Starter cultures for bacterial growth curve experiments were prepared by 

making up 20 mL of the selected media in a 125 mL conical flask, followed 

by inoculation with partially frozen bacterial glycerol stocks. Inoculation can 

be carried out by pipetting 10 µl of the glycerol stock into the starter culture, 

or by dipping a full loop from the glycerol stocks into the culture. The 

cultures are incubated overnight at 37 °C with shaking at around 200 rpm. 

 

5.6.1.3 Bacterial Growth Assays  

Growth assays were carried out in 96-well plates using an Epoch 2 plate 

reader. A master mix was made up for the selected bacteria and media as 

detailed above. Wells were made up to a total volume of 200 µL, and no 

more than 2% organic solvents; both the moats (1.7 mL) and the edge wells 

(200 µL) were filled with distilled H2O. Control wells were made up 

containing blank media (cell-free, 200 µL) or master mix (drug-free, 200 µL); 

a solvent control containing master mix (196 µL) and the solvent used for 

the test compound (4 µL) was also made up. Master mix (196 µL) was added 

to the wells intended for testing, then 4 µL of the test compound stock 

solutions was added. The plates were incubated at 37 °C within the plate 

reader, and shaken continuously in a double orbital pattern. The OD600 was 
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recorded initially after 5 seconds, then at 30 minute intervals for the 

following 24 hours.  

 

5.6.2 Chapter 3 and 4 

The experimental protocols in this section were provided by Dr Angela 

Oates.  

 

5.6.2.1 Disc Diffusion Assays 

Disc diffusion assays were conducted in accordance with the standardised 

EUCAST disk diffusion method for antimicrobial susceptibility testing. Briefly, 

colonies of fresh cultures of the selected bacterial strains were grown on 

Mueller-Hinton (MH) agar at 37 °C were picked off and emulsified in 5 mL of 

sterile phosphate buffered saline (PBS). Inocula were adjusted to a 0.5 

McFarland’s turbidity standard (0.08-0.1OD), the equivalent to 1.5 x 108 

CFU/ml. To allow for a uniform semi-confluent bacterial growth, adjusted 

inocula were evenly swabbed over the surface of MH agar using a sterile 

cotton swab. Sterile blank antibiotic disks (6 mm) (GE Healthcare, UK) were 

individually impregnated with 15 μL of 1 mM stock solutions of 3-14, 4-32, 

or associated controls. Disks were then placed in separate quadrants onto 

the surface of the agar. All plates were incubated overnight (>16 hrs) at 37 

°C. After incubation any zones of inhibition present were measured using 

digital callipers to the greatest millimetre.  

 

5.6.2.2 Forced Adaptation Assays 

A modified version of the adaption assay previously described by Henly et 

al.534 was undertaken. In brief, colonies of KL3 and CN1 were emulsified in 3 

mL of sterile PBS. The bacterial inocula were swabbed in a radial line from 

the edge of the plate to the centre using a sterile cotton swab. For 

compound adaptions, 6 mm sterile blank antibiotic disks (GE Healthcare, UK) 

were individually impregnated with 15 μL 1 mM 3-14. For ciprofloxacin, 5 µg 

ciprofloxacin disks (Oxoid, UK) were used. All plates were inverted and 

incubated overnight (>16 hrs) at 37°C in anaerobic conditions.  
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After incubation any zones of inhibition present were measured using digital 

callipers to the greatest millimetre. The bacterial growth from inner edge, 

closest to the antimicrobial compounds was picked off used to inoculate a 

new agar plate with antimicrobial compounds as outlined above. This was 

repeated for 10 passages or until bacterial growth reached the compound. 

This generated forced adaptations in the selected strains via repeated 

exposure to the antimicrobial compounds. 

 

To confirm if there were changes to the bacterial isolate’s ciprofloxacin 

sensitivity after the final passage, a disk diffusion assay (ciprofloxacin 5 µg) 

was undertaken. The zones of inhibition of the adapted isolates were 

assessed against the EUCAST (2020) database.  

 

5.6.2.3 MIC/MBC Assays 

To confirm the minimum concentration that the compounds inhibit bacterial 

growth, a minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) assays were undertaken. The MIC of the 

compounds and ciprofloxacin were determined for selected bacterial 

strains; KL3 and CN1-starter strains and on the forced adapted KL3 and CN1 

strains. The MIC and MBC assays were undertaken in accordance with a 2001 

protocol.533  

 

3-14 was diluted to a clinically relevant concentration equivalent to a dose 

of 5 μg of ciprofloxacin to permit comparison to ciprofloxacin MIC/MBCs and 

biological triplicate testing. All other compounds were undertaken at stock 

concentrations. Briefly, double strength MHII broth (150 µL) were dispensed 

in the first column of 96 well microtiter plate. Overnight broth cultures (MH 

broth) of the selected strains, were adjusted to 0.5 McFarland’s turbidity 

standard (0.08-0.1OD), the equivalent to 1.5 x 108 CFU/mL in fresh sterile 

MHII and dispensed into the remaining wells (150 µL) for serial dilution. The 

selected compounds or ciprofloxacin was then added to the first column 

(150 µL) containing the double strength MHII broth. A series of doubling 

dilutions (150 µL) of the compounds or ciprofloxacin was undertaken across 

the rows of the 96 well plate. The concentration range across the MIC for 
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the compounds and ciprofloxacin was 250 µg/mL to 0.0001 µg/mL. Each 

bacterial isolate was replicated in biological triplicate. After serial dilutions, 

the plates were incubated under aerobic conditions at 37 °C for 24 hours. 

The MIC value was determined as the lowest concentration of the 

compound at which no visible bacterial growth was present on the 

microtiter plate. MIC assay plates were then used for MBC assays 

 

The minimum bactericidal concentrations are the lowest concentration of 

the compounds or ciprofloxacin required to kill the selected bacteria. From 

the MIC microtiter plates 20 µL was removed from each well where there 

was no bacterial growth observed and spot plated onto MH agar plates. The 

agar plates were inverted and incubated overnight (>16 hrs) at 37 °C in 

aerobic conditions. Following incubation agar plates were visually assessed 

for colonies. The MBC values were determined as the lowest concentration 

where no bacterial growth was observed on the agar plate.  
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Abbreviations 

°C Degrees Celsius 

µ (prefix) Micro 

lmax Wavelength of Maximum Absorbance 

2.4-DNS 2,4-Dinitrobenzenesulfonamide 

A. baumannii Acinetobacter baumannii 

ABC ATP-Binding Cassette 

Abs Absorbance 

AcOH Acetic Acid 

AD Anno Domini 

ADC Antibody-Drug Conjugate 

Ala Alanine 

Aq. Aqueous 

ATP Adenosine Triphosphate 

B. subtilis Bacillus subtilis 

BBr3 Boron Tribromide 

BnBr Benzyl Bromide 

BnOH Benzyl Alcohol 

BnSH Benzyl Mercaptan 

Boc tert-Butyloxycarbonyl 

bpy 2,2’-Bipyridine 

C. jejuni Campylobacter jejuni 

CaCl2 Calcium Chloride 

CDI 1,1’-Carbonyldiimidazole 

CF3 Trifluoromethyl 

Cip/Cipro Ciprofloxacin 

clogP Calculated Partition Coefficient 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

COMT Catechol O-Methyltransferase 

COOH Carboxylic Acid 

CORM Carbon Monoxide Releasing Molecule 

Da Dalton 
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DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene 

DCDMH 1,3-Dichloro-5,5’-dimethylhydantoin 

DCM Dichloromethane 

DFO Desferrioxamine 

DHPS Dihydropteroate Synthase 

DIPEA Diisopropylethylamine 

DMAP 4-Dimethylaminopyridine 

DMF N,N’-Dimethylformamide 

DMSO  Dimethylsulfoxide 

DNA Deoxyribonucleic Acid 

DNS-Cl 2,4-Dinitrobenzenesulfonyl Chloride 

DOX Doxorubicin 

E. cloacae Enterobacter cloacae 

E. coli Escherichia coli 

E. faecalis Enterococcus faecalis 

EDC.HCl 1-Ethyl-3-(3’-dimethylaminopropyl)carbodiimide 

Hydrochloride 

EMA European Medicines Agency 

ESI Electrospray Ionisation 

EtNH2.HCl Ethylamine Hydrochloride 

EtOH Ethanol 

EUCAST European Committee on Antimicrobial Susceptibility 

Testing 

EWG Electron-Withdrawing Group 

Et2O Diethyl ether 

FAEE Ferulic Acid Ethyl Ester 

FDA US Food and Drug Administration 

Fmoc Fluorenylmethyloxycarbonyl 

GSH Glutathione 

GSK Glaxo Smith-Kline 

GSSG Oxidised Glutathione 

GST Glutathione-S-Transferase 

HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

Hexafluorophosphate 
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HCl Hydrochloric Acid/Hydrochloride 

HEPES (4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

HOBt 1-Hydroxybenzotriazole 

HPLC High Performance Liquid Chromatography 

HSA Human Serum Albumin 

IEDDA Inverse-Electron Demand Diels Alder 

K. pneumoniae Klebsiella pneumoniae 

K2CO3 Potassium carbonate 

LB Lysogeny Broth 

LCMS Liquid Chromatography Mass Spectrometry 

LiOH Lithium Hydroxide 

LMCT Ligand-to-Metal Charge Transfer 

M Molar 

MBC Minimum Bactericidal Concentration 

MeCN Acetonitrile 

MeOH Methanol 

MgSO4 Magnesium Sulfate 

MHII  Mueller-Hinton media 

MHz Megahertz 

MIC Minimum Inhibitory Concentration 

MRSA Methicillin-Resistant S. aureus 

N. gonorrhoeae Neisseria gonorrhoeae 

N. meningitidis Neisseria meningitidis 

NaClO Sodium Hypochlorite 

NaOH Sodium Hydroxide 

NDM-1 New Delhi Metallo-Beta-Lactamase 1 

NH4Cl Ammonium Chloride 

NHS N-Hydroxysuccinimide 

nm Nanometer 

NMR Nuclear Magnetic Resonance 

NO Nitric Oxide 

NTA Nitrilotriacetic acid 

ODx Optical Density at Wavelength x  

P. aeruginosa Pseudomonas aeruginosa 
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PABA para-Aminobenzoic acid 

PABC para-Aminobenzyloxycarbonyl 

PBP Penicillin Binding Protein 

PBS Phosphate Buffer Solution 

PF6 Hexafluorophosphate anion 

PFP-OH Pentafluorophenol 

PMB para-Methoxybenzyl 

ppm Parts per Million 

RNA Ribonucleic Acid 

RNOS Reactive Nitrogen Oxygen Species 

ROS Reactive Oxygen Species 

rt Room Temperature 

S. aureus Staphylococcus aureus 

S. pneumoniae Streptococcus pneumoniae 

SNAr Nucleophilic Aromatic Substitution 

SNi Internal Nucleophilic Substitution 

TB Mycobacterium tuberculosis 

TBAF Tetra-n-Butylammonium Fluoride 
tBuO tert-Butyl Ester 
tBuOH tert-Butyl Alcohol 
tBuOK Potassium tert-Butoxide 

TFA Trifluoroacetic Acid 

THF Tetrahydrofuran 

TLC Thin Layer Chromatography 

TMSE Trimethylsilylethanol 

Tris Tris(hydroxymethyl)aminomethane 

tRNA Transfer Ribonucleic Acid 

TSB Tryptic Soy Broth 

UV/vis Ultraviolet-visible 

WHO World Health Organisation 

XDR Extensively Drug-Resistant 

Y. enterocolitica Yersinia enterocolitica 
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