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Abstract 
Antibiotic resistance has evolved significantly to become one of the serious 
threats to public health today. Yet, the pipeline of new antibiotics is drying up 
and is lagging behind the challenging needs. As a contribution to this recurrent 
need for novel antibacterials, we applied multidisciplinary strategies to identify 
small-molecule antibacterials against Chlamydia trachomatis and antivirulence 
agents against Pseudomonas aeruginosa infections. These strategies included: 

1. Synthesis of a focused compounds library inspired by natural product 
scaffolds followed by phenotypic screening against Chlamydia 
trachomatis. (Paper I) 

(-)-Hopeaphenol is a polyphenol natural product that was identified as 
antivirulence agent against Y. pseudotuberculosis and P. aeruginosa. 
Hopeaphenol core scaffold, 2,3-diaryl-2,3-dihydrobenzofuran, is 
ubiquitous in polyphenolic phytochemicals. In this thesis, a focused library 
of forty-eight compounds was synthesized based on 2,3-diarylbenzofuran 
and 2,3-diaryl-2,3-dihydrobenzofuran scaffolds. The library was then 
explored for antibacterial properties in a number of screening assays, and 
resulted in five novel antichlamydial compounds with inhibition potency 
down to sub-micromolar. The identified molecules also inhibited the 
growth of different clinical presentations of C. trachomatis, one of the 
most common sexually transmitted disease worldwide. 

2. Target-based screening against the P. aeruginosa virulence factor 
using enzymatic and biophysical assays. (Paper II-IV) 

P. aeruginosa is a Gram-negative opportunistic pathogen with remarkable 
antibiotic resistance that is associated with a wide range of clinical 
infections. An alternative strategy to develop novel and selective 
antibacterials is to target the bacterial virulence factors, i.e. the ability of 
the bacteria to promote disease, thus ‘disarming’ the pathogens instead of 
killing them. P. aeruginosa employs its virulence factor, the type III 
secretion system (T3SS), to inject toxins (e.g. ExoS) into the eukaryotic 
cytosol. In one part of this thesis, we utilized enzymatic assay and 
identified inhibitors against the P. aeruginosa T3S toxin (ExoS). A follow 
up structure-activity relationship analysis was established and resulted in 
five (low micromolar) inhibitors of ExoS ADP-ribosylation enzymatic 
activity. In another part, we used surface plasmon resonance biophysical 
assay and identified small-molecule binders of the T3S translocation 
protein (PcrV). The primary SAR analysis was established and showed the 
antivirulence properties of these molecules and the potential to expand 
them further as novel antibacterials.  
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Enkel sammanfattning på svenska 
Upptäckten av antibiotika under 1900-talet är utan tvekan en av de största 
milstenarna i modern medicin. Den stora användningen av antibiotika har dock 
gjort att pendeln svängt tillbaka till bakteriernas fördel genom att de utvecklat 
resistens mot dagens antibiotika. I enbart USA får minst två miljoner personer 
infektioner som orsakas av bakterier resistenta mot en eller flera antibiotika. 
Därför finns det ett stort behov av att utveckla nya antibakteriella läkemedel 
med nya kemiska strukturer eller nya verkningsmekanismer jämfört med 
traditionella antibiotika. 

Naturen har varit en värdefull källa för upptäckter av nya läkemedel generellt 
och i synnerhet när det gäller antibiotika. Många antibiotika har sitt ursprung i 
mikroorganismer som bakterier från släktena Penicillum och Streptomyces. Vårt 
intresse i naturprodukter initierades av att polyfenolen hopeafenol, från växten 
Hopea odorata, identifierades som en ny antibakteriell substans. Hopeafenol 
har en komplex kemisk struktur baserat på centralfragmentet bensofuran.  

För att utveckla antibakteriella substanser med nya centralfragment 
syntetiserade vi en samling bensofuraner bestående av 48 substanser baserade 
på centrafragmentet från hopeafenol. Substanserna utvärderades sedan mot flera 
bakteriestammar. Dett ledde till att vi identifierade fem nya antibakteriella 
substanser verksamma mot Chlamydia trachomatis som orsakar en av de 
vanligast förekommande sexuellt överförbara sjukdomarna.  

För att ta fram antibakteriella substanser med nya verkningsmekanismer 
studerar vi också bakteriell virulens – förmågan hos bakterier att orsaka 
sjukdom – som alternativa läkemedelsmål. En substans som inhiberar bakteriell 
virulens utan att döda organismen förmodas orsaka ett mindre tryck för 
utveckling eller selektion av resistenta stammar.  I denna avhandling använde vi 
olika screeningmetoder och identifierade små molekyler som inhiberar toxinet 
ExoS och typ-III sekretionssystemet i den Gram-negativa patogenen 
Pseudomonas aeruginosa. Vi studerade sambandet mellan aktivitet och kemisk 
struktur genom iterativ kemisk syntes och biologisk utvärdering.  

Molekylerna som presenteras i denna avhandling kan utvecklas vidare antingen 
till nya antibakteriella substanser eller till forskningsverktyg som kan användas 
för att studera bakteriell virulens med målet att komma åt problemet med 
antibiotikaresistens. 
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1. Introduction 

1.1 A historical perspective of antibacterial research 
The search for remedies against illness and pain is as old as mankind. The relics 
of ancient civilizations are a great evidence of the existence of various 
pharmacopeia that were derived from natural sources such as plants, minerals 
and animals.1 Thus, antibiotic elements like allicin from garlic (Figure 1), green 
copper carbonate or red natron were used for the treatment of eye diseases.2 
Moldy bread, which afforded a good dose of antibiotics, was used for bladder 
and urinary tract inflammations.3, 4 Artemisinin (Figure 1), from the Artemisia 
plant, which is used nowadays as antimalarial medication, has been known for 
thousands of years as a treatment of several illnesses.5 However, all of these 
medicine practices relied mainly on observations and experimentations without 
detailed knowledge on the active substances or the mechanisms of actions. 

During the 17th century, the paradigm was shifted with the invention of the 
microscope and the subsequent discovery of small living organisms by Antonie 
van Leeuwenhoek (1632–1723). Among these microorganisms, bacteria form a 
fundamental branch of life. Bacteria are unicellular organisms that have no 
nucleus, known as prokaryotes. They can be identified by their shapes (rod like, 
spiral, or spherical), their cell wall (Gram staining technique, i.e. Gram-negative 
or Gram-positive), or by their ability to grow (aerobic and anaerobic). 

In the 19th century, Louis Pasteur (1822–1895) and Robert Koch (1843–1910) 
established the association between bacteria and diseases.6 Importantly, Koch 
and Pasteur also observed that some microorganisms could destroy others to 
preserve its own.6 Paul Vuillemin (1861–1932) called this active agent 
‘antibiote’, which in due course was brought to antibiotic by Selman Waksman 
(1888–1973).1 The same century also witnessed the premises of modern organic 
chemistry with the isolation of a number of natural products such as morphine 
(1805) and quinine (1823) (Figure 1).7 On this basis, the modern era of 
medicinal chemistry started with Paul Ehrlich’s concept (1854–1915) of 
screening for the ‘magic bullet’ – a substance that would selectively kill the 
microorganisms without harming the body tissues.8 This new perspective 
opened the door for the first antibacterial drug, arsphenamine (salvarsan), and 
continued with the findings of penicillinin in 19289 and sulfa drug in 193010 by 
Alexander Fleming and Gerhard Domagk respectively. These first antibiotics, 
together with Ehrlich’s concept, revolutionized medicine and set the basis for 
the development of several natural and synthetic antibacterial chemotherapies in 
the 20th century. Today, many classes of antibiotics are available, including 
cephalosporins, carbapenems, quinolones, tetracyclines, macrolides and 
aminoglycosides (Figure 1). These classes of antibiotics were mostly introduced 
between mid-1930s and the early 1960s – known as the golden era of 
antibiotics. 
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Figure 1. Examples of natural/synthetic drugs showing the year of discovery and their biological 
roles A) historical medicines and natural products, B) antibiotics based on natural product 
scaffolds, C) synthetic or semisynthetic antibiotics. 

1.2 Antibiotic resistance 
Traditional antibiotics act either by killing the bacteria (bactericidal) or by 
inhibiting their growth (bacteriostatic). Despite the great success of these 
strategies, bacteria have developed different mechanisms to resist antibiotics 
over the years. Thus, three classes of antibiotic-resistant pathogens emerged as 
serious threats to public health: 1) methicillin-resistant Staphylococcus aureus 
(MRSA), 2) multidrug-resistant (MDR) and pandrug-resistant (PDR) Gram-
negative pathogens, and 3) MDR and extensive drug-resistant (XDR) 
Mycobacterium tuberculosis.11, 12 By 2050, and with the current spread and 
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emergence rate of antimicrobial resistance (AMR), it is expected to reach 10 
million deaths annually with an estimated cost of $100 trillion.13  

At the same time, the pipeline of novel antibiotics persists in drying up, despite 
concern about post-antibiotic era, in which common infections and minor 
injuries can kill individuals.14 Moreover, most of clinically relevant antibiotics 
used today are limited in terms of bacterial targets and scaffold novelty (Figure 
1).11 This is because the need for new antibiotics was mainly addressed by 
semisynthetic tailoring of existing scaffolds.11 The declining interest in 
antibiotic discovery can be explained by the low return on invest, since 
antibiotics are less consumed compared to other drugs (e.g. chronic illnesses 
drugs), and newly approved antibiotics are usually restricted to the treatment of 
serious/resistant bacterial infections.11 Beside this problem of innovation void, 
antibiotics do not differentiate between pathogenic and beneficial bacteria, thus 
the permanent changes that are caused by antibiotics on our protective 
commensal microbiota have serious consequences on our health.15-17 

Therefore, there is an urgent need for novel antibacterial agents and/or chemical 
probes that can be used to block or to study bacterial pathogenesis. 

1.3 Experimental approaches towards antibacterial discovery 
Several strategies have been applied to develop new antibacterials. This 
includes, screening of natural product or small-molecules, synthetic biology 
approaches, e.g. the use antibodies, phages, probiotics, vaccine therapies, as 
well as identification and validation of new targets and/or new mechanisms of 
action. 

1.3.1 Screening approaches (Paper I, II, and IV) 
The use of small molecules to modulate biological systems or to dissect a 
pathogen can be described by the term chemical genetics. The first step of 
chemical genetics experiments is to identify a small molecule that induces a 
desired phenotype (forward chemical genetics) or modulates a key functional 
protein (reverse chemical genetics) (Figure 2). Each method has its own pros 
and cons. For example, a phenotypic screening assay does not require prior 
understanding of the molecular mechanism or any assumption about the target. 
However, the challenge to identify and validate the molecular target afterward 
can be a toilsome process.18 On the other hand, target-based screening allows 
the investigation of a molecular hypothesis made about the target, and the use 
of complementary tools, such as structure-based design and virtual screening. 
However, since the target is typically screened outside its cellular context, the 
phenotypic effects, cell permeability and/or selectivity would remain 
questionable when the lead compound is translated into a phenotypic assay.18, 19 
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Figure 2. Schematic representation of two different screening approaches applied in drug 
discovery nowadays. 

The next question to address when applying any of the above techniques is what 
compound collections to screen. 

1.3.2 Novel biologically relevant scaffolds (Paper I) 
Historically, natural products have been the most valuable source for the 
development of novel drug candidates. Until 1990, 80% of the marketed drugs 
were either natural products or derived from natural products. However, this 
percentage has dropped to almost 50% over the past decade.20-22 This is because 
of their arduous isolation and purification processes, lengthy syntheses as well 
as concerns about intellectual property rights.21, 23, 24 Moreover, it has been 
shown that 83% of core ring scaffolds that are present in natural products were 
absent from commercially available screening libraries.25 Therefore, in 
antibacterial research, there are calls to reinvest in natural products and to 
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search in the underexplored ecological niches as a source of biodiversity with 
inherent antimicrobial activity.11, 26, 27 These calls are also supported by the fact 
that the number of undiscovered antibiotics in nature is quite large.27 According 
to the World Health Organization (WHO), a new antibacterial is considered 
innovative only if it fulfills one of the following criteria: absence of cross-
resistance to existing antibiotics, new chemical entity (NCE), new target, or 
new mechanism of action.11, 28 One attractive strategy toward these 
requirements is the design and synthesis of a focused library that is either 
inspired by biologically relevant natural products,29 or based on their core 
scaffolds.30 This approach proved to be fruitful to generate lead compounds 
over the years.27, 29-33 

1.3.2.1 Benzofuran and dihydrobenzofuran scaffolds 

Benzofuran is a ubiquitous scaffold in several biologically active natural 
products such as Cicerfuran and Conocarpan (Figure 3). Among these natural 
products, several hundreds of polyphenolic oligomeric resveratrol and 
stilbenoids from plants are based on the core scaffolds 2,3-diarylbenzofuran and 
2,3-diaryl-2,3-dihydrobenzofuran (e.g. viniferifuran and (-)-hopeaphenol, 
Figure 3).34-36 Plants rely on these phytochemicals (also known as vegetable 
tannins) as a main defense line against microbial pathogens, animal herbivores, 
and solar radiation (e.g. DNA UV damaging).37 Thus, these phytochemicals 
offer a rich ecological niche to be explored for novel antibacterials, and for 
many other pharmacological activities.34-37 For instance, our group recently 
identified (-)-hopeaphenol as an irreversible inhibitor of the conservative 
bacterial virulence system – the type III secretion system (T3SS, see section 
1.4) in Gram-negative pathogens.38  

To date, there are several studies on the biology of benzofuran moiety,39-43 
however, the antibacterial properties of 2,3-diarylbenzofuran and 2,3-diaryl-2,3-
dihydrobenzofuran have not been explored.34-36, 40-43 Moreover, although there 
are different strategies for the synthesis of 2,3-diarylbenzofuran,39 only few 
reports focus on the synthesis of 2,3-diaryl-2,3-dihydrobenzofuran, which are 
focused mainly on the total synthesis of their parental natural product.44-46 Thus, 
in one part of this thesis, we cover the synthesis and the antibacterial evaluation 
of a focused library based on 2,3-diarylbenzofuran and 2,3-diaryl-2,3-
dihydrobenzofuran scaffolds. 
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Figure 3. Examples of natural products based on benzofuran and dihydrobenzofuran scaffolds 
(highlighted in bold).35, 47, 48 

1.3.3 Targeting bacterial virulence as an alternative mechanism of 
action 
Targeting bacterial virulence – the ability of the bacteria to cause disease – is an 
attractive approach to develop agents that selectively disarm the pathogens with 
little or no impact on the net growth of the bacterial strains, including our own 
commensal microbiota.49, 50 Therefore, it is hypothesized that an antivirulence 
compound may impose weaker selection for resistance compared to traditional 
antibiotics.49, 50 

Nowadays, several virulence factors have been identified as putative therapeutic 
targets (Figure 4). This includes, virulence gene regulation and expression51, 
secretion systems and secreted toxins,50, 52, 53 adhesion pili54 and quorum sensing 
(cell signaling)55, 56. For that a number of antivirulence small molecules are 
currently under clinical/preclinical development (examples in Figure 4).49, 50, 53, 

57-59 Other biologically driven antivirulence agents such as Raxibacumab60 and 
BabyBIG61 were approved by the FDA59 as protective antigens of anthrax toxin 
and botulinum antitoxin respectively. 
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Figure 4. Top) Schematic representation of different strategies to develop antivirulence agents. 
Bottom) Examples of antivirulence small-molecule inhibitors of 1) the virulence gene regulation 
and expression51, 2) the T3SS and the delivery of the toxins62-64, 3) the bacterial adhesion (pili)54, 
4) the quorum sensing (cell-to-cell signaling)55, 56 5) the activity of the secreted toxin (e.g. 
protease)65 6) the type II secretion system.66 

While there are many advantages to develop virulence inhibitors as 
therapeutics, the main obstacle to identify novel antivirulence compounds is the 
requirement for functional in vitro assays that would mimic and reflect the in 
vivo conditions of the infectious process.67, 68 In addition, there are two main 
challenges for successful clinical trials of the antivirulence compounds. First is 
the difficulty to achieve statistical significance because of the low incidence of 
a certain disease, which prevents adequate patients enrollment. Second is the 
unclear primary end points for this specific disease in human.52 Moreover, due 
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to the specificity of actions of such antivirulence molecules, their clinical 
applications would probably require rapid diagnostic methods. 

1.4 The type III secretion system as therapeutic target 
Over the years, bacteria have evolved several secretion systems that are 
responsible for the secretion of various biomolecules including proteins, DNA 
and small molecules.69, 70 Each of these secreted molecules are enrolled in a 
certain physiological process that is essential for bacterial survival and growth. 
For example, iron chelator molecules are secreted for nutrition acquisition71, 
while toxins/destructive enzymes are secreted for pathogenicity and 
cytotoxicity72. 

In 1994, Rosqvist et al. proposed a molecular secretion model that exists in 
Yersinia to transport bacterial toxins into the cytosol of the eukaryotic cell.73 
This model was then known as the type III secretion system (T3SS) and 
composed of more than 20 components (Figure 5, top).74-76 The core of this 
T3SS, the so-called injectisome, is a nanosyringe-like structure that consists of 
a basal body, spanning the bacterial inner and outer membranes, and an 
extracellular segment (~60 nm long), which is extended to the eukaryotic 
membrane.74 This needle-like appendage is believed to serve as a channel to 
transport bacterial effector proteins to the eukaryotic cells. 74-76 A functional 
T3SS is essential for pathogenicity caused by many Gram-negative pathogenic 
bacteria including P. aeruginosa.74, 75, 77, 78 

Several classes of structurally diverse small molecules have been developed as 
inhibitors of different components/strains of the T3SS (Figure 5, bottom). This 
includes, inhibitors of transcriptional factors,79 proton pump80, the needle 
complex,81 and effector proteins82.  

In on part of this thesis, we focus our efforts on the T3SS of P. aeruginosa to 
develop antipseudomonal compounds that can inhibit the T3S-mediated 
pathogenicity. Such antivirulence molecules are important, not only to develop 
novel antibacterial compounds with new mechanism of action, but also to study 
the T3S-mediated virulence and broaden our understanding on bacterial 
pathogenicity. 

 
 



 

 
9 

 

 

Figure 5. Top) Schematic representation of the T3SS machinery showing the main components 
of the T3SS as putative drug targets. Bottom) Examples of the T3S inhibitor(s) of 1) transcription 
factor LcrF in Yersinia (N-Hydroxybenzimidazole)79 2) ATPase in Y. pestis (7086)83 3) 
PscF/needle protein in P. aeruginosa 81 (Phenoxyacetamide), 4) ExoU/effector P. aeruginosa82. 

1.5 P. aeruginosa (Paper II-IV) 
P. aeruginosa is a rod-shaped Gram-negative pathogenic bacterium that is 
responsible for a wide range of clinical infections such as bloodstream 
infections, pneumonia, surgical wound infections and urinary tract infections.84, 

85 It is involved in around 10% of all healthcare-associated infections, and about 
13% of these cases are caused by MDR strains, but also increasing number of 
PDR strains, which cannot be treated with any clinically used antibiotics.86 
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Moreover, P. aeruginosa is the major cause of death for cystic fibrosis (CF) 
patients and one of the top five most lethal pathogens in intensive care units.87 
Clinically used antibiotic classes for the treatment of P. aeruginosa include 
aminoglycosides (e.g. tobramycin, gentamicin), fluoroquinolones (e.g. 
ciprofloxacin, levofloxacin) and polymyxins (e.g. colistin). However, due to the 
remarkable antibiotic resistance of P. aeruginosa, it continues to be a difficult 
target for antimicrobial chemotherapies88 and it is responsible for a high rate of 
mortality and morbidity.89 

1.5.1 Targeting the P. aeruginosa T3SS toxin ExoS (Paper II-III) 
ExoS and ExoT are closely related bifunctional enzymes that share 76% of their 
amino acid sequence, yet distinct in recognizing different substrates.90 The 53-
kDa and 49-kDa proteins, ExoS and ExoT respectively, possess GTPase-
activating domain (GAP) at their N-terminal and an ADP-ribosyl transferase 
(ADPRT) domain at the C-terminal.90 The ADPRT domain modifies several 
unrelated eukaryotic substrates (e.g. Ras, Rac, Rab, RhoA and Cdc42)91 by 
transferring mono-ADP-ribosyl moieties from nicotinamide adenine 
dinucleotide (NAD+) (Figure 6) to disrupt their functions and lead to several 
adverse effects and signaling malfunctions.92, 93, 90 ExoS-ADPRT activity is 
dependent on the association of a mammalian cofactor, 14-3-3, termed as Factor 
Activating ExoS (FAS).94 Although ExoS and ExoT share similar functions, 
studies have shown that ExoS-ADPRT activity is more promiscuous than its 
homologous ExoT.95 Moreover, in vivo studies demonstrated that ExoS-ADPRT 
domain is associated with the establishment of P. aeruginosa infection by 
inhibition of phagocytosis and killing of the host immune cells.96-99 Therefore, 
the ExoS-ADPRT domain is an attractive therapeutic target for the development 
of chemical probes to block or to study P. aeruginosa pathogenicity and to 
develop antibacterial drug candidates (Figure 7). To date, the crystal structure 
of the ExoS-ADPRT domain is not reported.  

 

Figure 6. Schematic representation of mono-ADP-ribosylation mechanism catalyzed by ADP-
ribosyltransferase. An ADP-ribose moiety is transferred to a specific target protein and a 
nicotinamide group is released. 
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Figure 7. Schematic representation of the P. aeruginosa T3SS showing ExoS and PcrV as 
putative therapeutic targets. 

Therefore, our goal was to develop small-molecule chemical probes against the 
ExoS-ADPRT that can be used not only to study the toxicity of this essential 
enzyme during infection, but also to aid the crystallization efforts of ExoS-
ADRPT. 

1.5.1.1 Earlier studies on inhibitors of bacterial ADP-ribosylating toxins 

Bacterial mono-ADP-ribosylating toxins such as diphtheria toxin (DT), P. 
aeruginosa Exotoxin A (ETA) and ExoS, pertussis toxin (PT) and Vibrio 
cholera (CT) share low amino acid homology and are not structurally related.92, 

100 Few inhibitors of the ADP-ribosylating toxins have been reported (Figure 
8).101 For example, study on P. aeruginosa ETA identified naphthalimide 
(NAP) as ETA inhibitor in vitro using fluorescent assay.102 Despite all attempts 
of optimization, NAP displayed poor solubility and selectivity, as it also inhibits 
the eukaryotic poly ADP-ribose polymerases (PARP). The same group later 
identified water-soluble ETA inhibitor (PJ34).103 However, this compound 
again was not selective for the bacterial toxin over the mammalian protein, 
which potentially may cause cross-reactivity and cytotoxicity. A bisubstrate 
analogue (5q) that incorporates guanidine and benzamide moieties to mimic 
substrate NAD+ and arginine inhibits CT in vitro.104 However it remains to see 
how this compound performs in cellular context. For ExoS-ADPRT, there is 
only one class of inhibitor (exosin) that was reported as a result of yeast cell-  
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Figure 8. Examples of inhibitors of bacterial ADP-ribosylation. 

based screening. Exosin was shown as a competitive inhibitor of ExoS-ADPRT, 
and protected Chinese hamster ovary cells from P. aeruginosa. However, 
further in vivo studies or structure-activity relationships (SAR) on this class of 
compound were not reported.105 

1.5.2 Targeting the P. aeruginosa T3SS translocation protein PcrV 
(Paper IV) 
Once the T3SS needle is brought into close proximity to the host cell 
membrane, the translocation process initiates in a poorly understood 
mechanism.106, 107 In P. aeruginosa, this mechanism involves three essential 
proteins, PopB, PopD and PcrV, to form the translocation pore (Figure 7).106, 107 
PcrV, known as the V-antigen, is a hydrophilic translocator protein that 
facilitates the integration of the hydrophobic proteins PopB and PopD into the 
eukaryotic membrane to form a functional pore and trigger the injection of the 
effector proteins. However, to date it is not known how PcrV interact with the 
host cell. Nevertheless, the essential role of PcrV in the intoxication via a 
functional T3SS is well established.108-111 Knocking-out the pcrV gene (ΔpcrV) 
results in an impaired mutant that is incapable of delivering the T3S toxins into 
the eukaryotic cells, thus abolishing in vivo cytotoxicity.108-111 Active and 
passive immunizations against PcrV have been proven to greatly increase the 
survival rate in animal models of P. aeruginosa-induced lung infection.108 Anti-
PcrV antibodies were also demonstrated to successfully protect against P. 
aeruginosa infection in a variety of animal models.108, 112-115 Despite the 
extensive efforts in targeting PcrV with antibody, to date there is no structural 
information available for PcrV as a vital translocation protein, which also limits 
the development of small-molecules targeting PcrV. Therefore, PcrV was our 
choice as an attractive therapeutic target to develop anti-PcrV small molecules 
against P. aeruginosa infections, which also may aid the crystallization efforts 
of this vital protein. Thus, as a part of this long-term project, we aimed to 
crystalize and resolve the structural information of PcrV as it has been done for 
it homologues in Yersinia (LcrV).116 
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2. Objectives 

The overall objective of the work behind this thesis is to identify and develop 
innovative antibacterials based on new chemical entities and/or novel 
mechanism of action. To achieve this, we applied multidisciplinary strategies 
including synthesis of a focused compound library based on biologically 
relevant scaffolds, as well as different screening approaches (i.e. phenotypic 
and target-based screening). The screening was performed against different 
pathogens including C. trachomatis and P. aeruginosa. In case of P. aeruginosa 
we aimed to specifically inhibit essential virulence system, the type III secretion 
system (T3SS), either by targeting the secreted toxin (ExoS) or the translocation 
assembly protein (PcrV). 

The results of these multidisciplinary approaches are discussed in the following 
chapters: 

• Synthesis of natural product inspired library and identification of 
antichlamydial agents (chapter 3). 

• Inhibitors of the P. aeruginosa toxin ExoS-ADPRT activity (chapter 4). 

• Identification of small molecules blocking the P. aeruginosa T3SS 
protein PcrV (chapter 5). 

• Studies towards multivalent ligands targeting PcrV (chapter 6). 
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3. Synthesis of natural product inspired library and 
identification of antichlamydial agents (Paper I) 

”Nature makes penicillin; I just found it.” Sir Alexander Fleming 

In 2013, a screening campaign of a pre-fractionated natural products library 
identified (-)-hopeaphenol (Figure 3) as T3SS inhibitor in Y. pseudotuberculosis 
and P. aeruginosa.38 Hopeaphenol is a complex polyphenol that is 
biosynthesized by oligomerization of resveratrol, which is also the biosynthetic 
precursor of hundreds of other polyphenols.34, 117, 118 Benzofuran and 
dihydrobenzofuran are the core scaffolds of many of these polyphenolic natural 
products as shown earlier in Figure 3. Despite the increasing number of 
publications toward the total synthesis of resveratrol oligomers,34 only few 
studies focus on the generation of a library based on their core scaffolds.119-124 

Therefore, the aim was to synthesize a focused library based on 2,3-
diarylbenzofuran and 2,3-diaryl-2,3-dihydrobenzofuran scaffolds and to study 
their potential antibacterial properties. 

3.1 Initial synthetic strategy 
Several approaches have been developed for the synthesis of 2,3-
diarylbenzofurans based mainly on the formation of O–C2 or C3-C3a bonds (see 
numbering in Scheme 1).39 They can also be readily synthesized, for instance, 
in linear four steps starting from commercially available benzofurans (Scheme 
1). However, this pathway is tedious when considering the synthesis of a 
focused screening library. Indeed, while there is the possibility for late 
diversification via direct arylation (R2), this pathway would require repeating 
the entire synthetic sequence to diverse the R3 group. 

 

Scheme 1. Example of potential linear synthetic pathway for the synthesis of 2,3-
diarylbenzofuran library. 

Therefore, we turned to a more straightforward, efficient and economic one-pot 
cascade reaction (Scheme 2A). The reaction involves Sonogashira coupling 
between an aryl alkyne and 2-iodophenol followed by in situ heteroannulative 
coupling with aryl iodides to afford 2,3-diarylbenzofuran as proposed in 
Scheme 2B.125-127 

Commercially available building blocks were then selected (Figure 9) including 
three 2-iodophenols (A1–A3), two aryl alkynes (B1 and B2), and seven aryl 
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iodides (C1–C7). The set of aryl iodides and 2-iodophenols cover diverse 
electronic properties, but also some fluorinated building blocks, which can be 
useful for NMR screening. Both aryl alkynes B1 and B2 have a protected para-
hydroxyl group that is essential for the synthesis of cis-trans series as discussed 
later in this section. 

Starting from unsubstituted 2-iodophenol A1, a modified microwave-assisted 
one-pot three-component reaction126 (Scheme 2A) successfully yielded the 
desired products 1–8 (Table 1) in yields ranging from 35–91%. 

 

Scheme 2. A) Synthetic scheme applied for the synthesis of 2,3-diarylbenzofurans. Reagents and 
conditions: a) Aryl alkyne (B1 or B2), PdCl2(PPh3)2 (5 mol%), CuI (3 mol%), Et3N/THF (3:1), 40 

°C, MWI, 30 min.; b) Aryl iodide (C1–C7), CH3CN, 100 °C, MWI, 30 min., 35–91% over two-
step, one-pot reaction; c) BBr3 (1 equiv./OCH3), DCM, -78 °C – RT, ovn., 88–99%. B) 
Mechanistically proposed intermediate 2-(1-alkynyl) phenol (P-I) leading to the premature 
cyclized product 2-substituted benzofuran (P-II). 

 
Figure 9. Building blocks selected for the synthesis of the library. 
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However, this method was inefficient in our hands when applied to substituted 
2-iodophenols A2 or A3. This is because of inefficient Sonogashira coupling 
under the applied condition and/or the premature cyclization that resulted in 2-
substituted benzofuran P-II (Scheme 2B). Thus, P-II was isolated as the major 
product typically in moderate to low yields (exemplified by 9 in Table 1) with 
minor or no formation of the intended product P-III. 

This problem was circumvented by addition of two equivalents of Grignard 
reagent127 (CH3MgCl) to a mixture of 2-iodophenol and aryl alkyne to mask the 

Table 1. Structures and yields of the synthesized compounds in the 2,3-diarylbenzofurans 
series. 

ID Structure Yield% ID Structure Yield% 

1 (R=CH3) 

17a (R=H) 
 

88 

88b 
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32 

 

2 

 

60 10 

 

73 
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18a (R=H) 
 

67 
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phenol as magnesium phenolate while activating the alkyne as magnesium 
acetylide (Scheme 3). This modification on the reaction allowed the access to 
2,3-diarylbenzofurans 10–16 in yields ranging from 45–78% as summarized in 
Table 1. The functionality around the main scaffold was then expanded by 
demethylating some of the phenolic compounds using BBr3 to obtain the 
corresponding phenols 17–25 in 62–99% yields (Scheme 2A and 3, Table 1). 

 

Scheme 3. Synthetic scheme applied for the synthesis of 2,3-diarylbenzofurans with substituted 
2-iodophenols A2 or A3. Reagents and conditions: a) Aryl alkynes (B1 or B2), CH3MgCl (2 
equiv.), PdCl2(PPh3)2 (5 mol%), THF, 0 °C – RT, 2–4 h; b) Aryl iodide (C1–C7) DMSO, 85 °C, 
4–8 h, 45–78% over two-step one-pot reaction; c) BBr3 (1 equiv./OCH3), DCM, -78 °C – RT, 
ovn., 62–99%. 

To access the cis/trans-2,3-dihydrobenzofuran analogues starting from 2,3-
diarylbenzofuran, the intial plan was to employ catalytic hydrogenation 
followed by cis-trans epimerization under acidic conditions going through 
intermediate P-IV (Scheme 4).128, 129 For that reason, we selected the alkyne 
building blocks B1 and B2 with protected para-hydroxyl group that is essential 
for benzofuran ring opening/closure.128, 129 Catalytic hydrogenation attempts 
were then initiated with substrates of various electronic properties including 
protected and unprotected phenolic groups as summarized in Table 2. Unlike 
the total synthesis of (±)-ε-viniferin and (±)-ampelopsin B, in which the 
benzofuran ring was readily converted into cis-dihydrobenzobenzofuran using 
Pd/C 10% under H2 (1 bar),129

 this pathway resulted mainly in no reactions when 
applied to the substrates shown in Table 2 (entries 1–6). 

 

Scheme 4. Preliminary synthetic strategy for the generation of 2,3-diaryl-2,3-dihydrobenzofuran 
library utilizing the two key steps; hydrogenation and epimerization.  
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Different conditions were screened including high-pressure and flow 
hydrogenation (Table 2, entries 7–24, Scheme 5). Although, we were able to 
convert some substrates to the desired cis-dihydro analogue (entries 17 and 23), 
it was not possible to achieve full conversion of the starting material of many 
substrates while avoiding the consecutive benzyl ether cleavage (P-VI) or 
dehalogenation side reactions. This was also the case even with flow 
hydrogenation attempts (entries 20–24). Moreover, flow hydrogenation 
reactions sometimes yielded irreproducible results. This is due to different 
reactivity and reusability between catalyst cartridges. Few heterogeneous 
catalysts and sources of H2 were also tested (entries 25–32), however they 
yielded mainly no or side reactions. In conclusion, this hydrogenation reaction 
emerged to be substrate dependent and thus hampered our ability to find a 
general and efficient protocol for the divergent synthesis. Reduction of 2,3-
diarylbenzofuran has been challenging for organic chemists compared to other 
scaffold like quinoxaline for example.130 Nevertheless, the best results were 
obtained when using Pd(OH)2/C 20% (entries 15–19) as catalyst under high- 

 

Scheme 5. Hydrogenation reaction showing the inevitable benzyl ether cleavage. 

Table 2. Summary of screened conditions for the catalytic hydrogenation reaction. 

Entrya-c Substrate 
ID Catalystd H2 press. 

(bar) 
Temp. 

(oC) Time/Flow  Solvente Conclusionf 

1a 3 

Pd/C (10%) 

1 RT 20 h MeOH/EtOAc NR 

2a 7 1 RT 20 h THF/MeOH NR 

3a 12 1 RT 20 h MeOH/EtOAc  NR 

4b 18 

Pd/C (10%) 

1 RT 0.8 ml/min MeOH NR 

5b 19 1 70 1 ml/min EtOAc < 10% con. to 
P-V  

6b 19 1 RT 1 ml/min EtOAc/MeOH NR 

7c 12 

Pd/C (10%) 

5 RT 20 h EtOH NR 

8c 20 10 50 20 h MeOH/EtOH NR 

9c 19 10 50 20 h EtOH 50% con. 
1:3 P-V:P-VI 

10c 18 10 50 20 h EtOH 25% con. 
5:1 P-V:P-VI 

11c 16 15 60 5–20 h AcOH P-VI only 
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Table 2. (cont.) Summary of screened conditions for the catalytic hydrogenation reaction. 
Entrya

-c 
Substrate 

ID Catalystd H2 press. 
(bar) 

Temp. 
(oC) Time/Flow  Solvente Conclusionf 

12c 12 Pd(OH)2/C 
(20%) 11 50 20 h THF/MeOH 50% con. 

1:4 P-V:P-VI 

13c 18 

Pd(OH)2/C 
(20%) 

11 50 20 h THF/MeOH 50% con. 
1:5 P-V:P-VI 

14c 1 15 RT–50 48 h MeOH NR 

15c 18 15 RT 72 h MeOH 40% con.  
clean reaction 

16c 19 15 RT 15 h iPrOH 
60% con. 

(P-VI formed after 
20 h) 

17c 20 15 RT 48 h iPrOH full con. 
only P-V 

18c 16 5 RT 20 h EtOH NR 

19c 11 5 RT 20 h EtOH NR 

20c 3 

Pd/C (10%) 

40 40 1–0.8 
mL/min iPrOH/MeOH 80% con.  

9:1 P-V:P-VI 

21c 8 30 40 1–0.8 
mL/min iPrOH/MeOH 70% con.  

2:1 P-V:P-VI 

22c 12 40 40 1–0.8 
mL/min THF/MeOH 70% con. 

8:1 P-V:P-VI 

23c 18 30 40 0.8 ml/min iPrOH/MeOH full con. 
only P-Vh 

24c 19 30 40 0.8 ml/min iPrOH/MeOH 50% con. 
2:1 P-V:P-VI 

25b 4 RaNi 40 40 0.8 ml/min THF/MeOH 
50% con. 

debenzylation 
only 

26b 12 Pt/C (5%) 40 60 0.8 ml/min THF/MeOH NR 

27 16 Pd/C (10%) TESg RT 20 h MeOH trace of product 

28 12 Pd/C (10%) TESg RT 20 h MeOH 20% con. 

29 12 Pd/C (10%) 
or Pt/C 5% 

NH4HCO2
i 

 80 20 h MeOH NR 

30c 20 Rh/C (5%) 15 RT 20 h EtOH 50% con. mixture 
of products 

31c 20 Rh/Al2O3 
(5%) 15 RT 20 h EtOH 30% con. mixture 

of products 

32c 12 Rh/C 40 70 20 h EtOH 15% con. 
defluorination 

NR: no reaction. con.:conversion a-cReactions were performed in the range of 0.01–0.02 mmol scale and 
under: aconventional H2 balloon, bflow hydrogenation (H-Cube instrument), chigh-pressure H2 (Parr reactor). 
dThe catalyst amount was typically 10–30 mol%. econcentration of substrate is in the range of 0.005 – 0.01M. 
f% of conversion is based on LC-MS analysis. gTES = Triethylsilan 100 equiv. was used. hThis result from H-
Cube was not reproducible upon scaling up due to different reactivity, reusability and capacity of catalyst 
cartridges. i50 equiv. was used. 

pressure H2 (15 bar) in iPrOH, or Pd/C 10% under-high pressure flow 
hydrogenation (entries  20–24). 
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3.2 Rerouting the synthetic pathway 
An alternative pathway to access 2,3-diaryl-2,3-dihydrobenzofuran is to employ 
intramolecular donor/donor carbenoid C-H insertion45, 46 via in situ generated 
diazo compounds (Scheme 6). This reaction can be catalyzed by chiral 
dirhodium catalysts,45, 46 which also allow the asymmetric assembly of the 
benzofuran C2-C3 bond.56 Today, this asymmetric synthesis gives mainly cis-
2,3-diaryl-2,3-dihydrobenzoufran with minor formation of trans isomer.45, 46 In 
this study, however, we thought of exploiting ruthenium porphyrins131, 132 that 
would potentially allow diversity by yielding a diastereomeric mixture of cis-
trans 2,3-diaryl-dihydrobenzofurans, which can be readily resolved by 
chromatography. 

 

Scheme 6. Synthesis of 2,3-diaryl-2,3-dihydrobenzofuran via C-H insertion. Reagents and 
conditions: a) Ar-I (C5–C11), PdCl2 (8 mol%), LiCl, Na2CO3, DMF, 100 °C, 4–10 h, 40–93%; b) 
ArCH2Br (E1–E2), K2CO3, KI, (CH3)2CO, reflux, 2–5 h, quant.; c) NH2NHTs, MeOH, reflux till 
completion, 70–99%; d) LiHMDS, THF, -78 °C, 2–5 h, e) RuII(PTP)CO, n-Bu4NBr, MS 4Å, 
PhCH3, 110 °C, ovn., 27–70% over two steps. 

We selected three salicylaldehyde building blocks D1–D3 that are equivalent to 
the initial iodophenols A1–A3, and added few more aryl iodides (C8–C11) for 
diversity (Figure 9). Benzyl bromides E1–E2, however, were varied compared 
to the initial alkyne B1 and B2, since in this scenario we did not require the 
para-hydroxyl group for epimerization as we planned earlier. 

The synthesis starts with preparation of 2-hydroxydiarylketones (Scheme 6, P-
VII), which are typically obtained via addition of organolithium or Grignard 
reagent to aryl aldehyde followed by oxidation.45, 46 However, this nucleophilic 
addition is limited in terms of compatibility of functional groups and requires 2 
steps. To overcome this limitation we used catalytic arylation of aldehydic C-
H133 that gave intermediate P-VII in one step and 40–93% yields. A subsequent 
O-alkylation of P-VII with benzyl bromides afforded benzophenone derivatives 
P-VIII in quantitative yields. Aryl tosylhydrazones P-IX were prepared via 
condensation of ketones P-VIII with p-toluenesulfonylhydrazide in 70–99% 
yields and E/Z isomeric mixture that is used as such for the next step. The diazo 
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compounds were then generated in situ upon treatment of tosylhydrazones P-IX 
with LiHMDS followed by one-pot Ru-catalyzed intramolecular C-H insertion 
using (RuII(TPP)CO). As we expected, this reaction afforded the desired 
racemic cis-trans dihydrobenzofurans mixture typically in 1:1–1:3 ratio, which 
was resolved by HPLC to yield compounds 26–48 in 27–70% isolated yields 
(Table 3).  

Table 3. Structures and yields of the synthesized compounds in the 2,3-diaryl-2,3-
dihydrobenzofurans series. 

IDa Structure Yield%b/ratio 
(cis/trans)b ID Structure Yield% b/ratio 

(cis/trans)b 

26 (cis) 

27 (trans) 

 

44 

1:1 

38 (cis) 

39 (trans) 

 

69 

1:2 

28c (trans) 

 

40 

1:10 

40 (cis) 

41 (trans) 

 

35 

1:1 

29 (cis) 

30 (trans) 

 

28 

1:1 

42 (cis) 

43 (trans) 

 

44 

1:1 

31 (cis) 

32 (trans) 

 

50 

3:7 
44 (trans) 

 

27 

1:3 

33 (cis) 

34 (trans) 

 

38 

1:2 
45d (trans) 

 

27 

35 (cis) 

36 (trans) 
 

51 

3:7 

46 (cis) 

47 (trans) 
 

70 

1:2 

37e (trans) 

 

43% 

2:3 
48c (trans) 

 

53% 

1:9 

aAll cis and trans compounds are racemic. bIsolated overall yield after two-step one-pot reaction and column 
chromatography/HPLC separation of the diastereomeric mixture. Note that: all reactions have been 
performed once and no attempts were made to improve the yields. c-eA single isomer was included as the 
other isomer was; cisolated in trace amount, dnot stable, econtained ca. 10-13% of cis isomer. 
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The stereochemistry of these molecules was determined by comparing the 
coupling constant between the protons at C2 and C3 (Jcis ≈ 9.0 Hz, Jtrans ≈ 7.0–8.5 
Hz) and their chemical shifts, which is upfield for trans isomers. For 
compounds 28, 37, 44 and 48 only the trans isomer was isolated, as the cis 
isomer was >85% pure, isolated in a trace amount, or not stable as indicated 
inTable 3. In case where only one stereoisomer was isolated, such as compound 
45, NOE experiment was used to confirm the configuration of the obtained 
isomer. 

3.3 Evaluation of the library for antibacterial activity 
Once the library of forty-eight compounds was completed, we evaluated them 
for antibacterial activity in a panel of screening assays including target-based 
and phenotypic assays (paper I). These assays targeted three different 
pathogens, Y. pseudotuberculosis, C. trachomatis and P. aeruginosa. Active 
compounds were identified only in a phenotypic screening against C. 
trachomatis indicating that this library does not contain frequent hitters. 
Compounds that blocked the intercellular replication of C. trachomatis in HeLa 
cells, yet had no or low toxicity at 50 µM and 25 µM were selected for further 
evaluation. The extended screening filters included dose-dependent activity, 
cytotoxicity assay, comparison to clinically used antibiotics, and activity against 
different strains of Chlamydia. This screening filters led to the discovery of five 
potent and non toxic antichlamydial compounds that inhibit different clinical 
presentations of C. trachomatis (i.e. serovar L2, D and A) infections with IC50 
ranging from 0.080–5 µM as summarized in Table 4 and Figure 10. 

Table 4. IC50 values for the top potent identified hits, ofloxacin and azithromycin against C. 
trachomatis L2, D and A. 

IDa HeLa cell viability 
% at 50 µM 

IC50 (µM) 
C. trachomatis 

serovar L2 
(IC50 95% CI)b 

IC50 (µM) 
C. trachomatis 

serovar D 
(IC50 95% CI)b 

IC50 (µM) 
C. trachomatis serovar 

A 
(IC50 95% CI)b 

1 103 ± 4 1.0 
(0.925–1.25) 

2.44 
(2.14–2.80) 

2.63 
(1.96–3.46) 

3 97 ± 8 0.96 
(0.876–1.06) 

2.04 
(1.85–2.25) 

1.60 
(1.39–1.84) 

12 93 ± 10 1.81 
(1.45–2.25) 

2.19 
(1.87–2.58) 

1.34 
(1.1–1.63) 

16 103 ± 5 4.73 
(3.92–5.71) 

5.04 
(4.46–5.70) 

1.84 
(1.15–2.75) 

44 95 ± 1 0.58 
(0.415–0.795) 

0.70 
(0.673–0.727) 

0.079 
(0.074–0.084) 

Ofloxacin ND 0.67 
(0.577–0.764) ND ND 

Azithromycin ND 0.73 
(0.670–0.784) ND ND 

ND: not determined, aSee tables 1 and 3 for the corresponding structure. bIC50 range calculated with 95% 
confidence interval (CI). 
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IDa 3.12 µM  6.25 µM 12.5 µM  25 µM 50 µM 

1 

 

3 

 1.56 µM 3.13 µM 6.25 µM 12.5 µM 

44 

 

 

  

 
Infected control 

0.5% DMSO 
 

Uninfected 
control 

0.5% DMSO 
 

aSee tables 1 and 3 for the corresponding structure. 

Figure 10. Immunofluorescence images for dose-response analysis of compounds 1, 3 and 44 
against C. trachomatis L2-454/Bu infected HeLa cells fixed with methanol at 48 h post infection 
and stained using antibodies specific for Chlamydia inclusions in red and DAPI for DNA (host 
cell nuclei) in blue. (Epifluorescence images were obtained on a Nikon 90i microscope (20x 
objective)). This figure was reprinted from paper I with permission from the publisher. 

In terms of primary SAR, it appears that the active compounds are related 
mainly to the 2,3-diarylbenzofuran series (e.g. compounds 1, 3, 12 and 16) and 
carrying a pyridyl moiety on position C3 of the benzofuran scaffold. Moreover, 
we noticed that compounds with masked phenolic functionality exhibit no or 
low cytotoxicity compared to their equivalent phenols, which exhibit toxicity to 
the host cells (paper I). Intriguingly, only compound 44 from the 
dihydrobenzofuran series showed efficacy in the range of 0.08–0.7 µM. These 
results motivate future investigations, maybe with the aid of statistical 
molecular design, to establish the SAR of this class of compounds. 

C. trachomatis is a Gram-negative, obligate, intracellular pathogen that is 
divided into several serovariants and responsible for most common bacterial 
sexually transmitted infections worldwide.134-136 Serovars A, B and C cause 
trachoma, which is the leading cause of non-congenital blindness in developing 
nations. Whereas the genital tract serovars D–K is the most prevalent sexually 
transmitted bacterium leading to conjunctivitis, urethritis, cervicitis and 
proctitis. The lymphogranuloma venereum (LGV) serovars L1–L3 causes 
invasive urogenital or anorectal infection.135, 137 About 70–80% of women with 
genital tract chlamydial infections are asymptomatic and a proportion remains 
untreated, which lead to serious sequelae, including pelvic inflammatory 
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disease, ectopic pregnancy and infertility. Although chlamydial infection is 
treatable with current antibiotics, including macrolides (e.g. Azithromycin), 
tetracyclines (e.g. doxycycline), quinolones (e.g. ofloxacin) and penicillins, 
treatment failures occur138 and no drug is sufficiently cost-effective for the 
elimination of the bacterium in developing nations.135 Therefore, a specific 
treatment of Chlamydia infections would be beneficial compared to the broad-
spectrum antibiotics used today, which have a long-lasting effect on our 
commensal microbiota and contribute to the development of antibiotic 
resistance. The compounds presented here are therefore of great potential to be 
developed further as antibacterial compounds for chlamydia infections. 

(-)-Hopeaphenol exhibits antichlamydial activity only when the bacteria were 
pretreated with the compound an hour before infection.38 On the contrary, the 
compounds identified here inhibited the growth of C. trachomatis without the 
need for pretreatment suggesting different mode of action compared to 
hopeaphenol. Furthermore, these inhibitors are structurally distinct from known 
anti-chlamydial compounds such as 8-hydroxyquinoline,139 N-acylated 
derivatives of sulfamethoxazole,140 dibenzocyclooctadiene lignans,141 and 
thiadiazinons142, yet more potent or in the same range of activity. Taken 
together, these results opened the door for future studies on this new class of 
antichlamydial to investigate their mechanism of action and their SAR. 

3.4 Concluding remarks and future aspects 
• Two complementary drug discovery approaches: 1) synthesis of focused 

screening library, 2) phenotypic screening assay, were successfully applied 
to identify NCE as antibacterials. 
 

• A library of forty-eight small molecules was synthesized in efficient 
synthetic pathway by utilizing Pd-catalyzed multicomponent reaction and 
Ru-catalyzed C-H insertion reaction. 
 

• Antichlamydial compounds were demonstrated with efficacy against 
different clinical presentations of C. trachomatis with potency ranging from 
0.080–5 µM and comparable to clinically used antibiotics. 
 

• With these successful results in hand, a continued screening program 
against different bacterial strains (e.g. Mycobacterium tuberculosis) may 
allow to expand the biological range of these antibacterials. 
 

• Extended chemical genomics as well as medicinal chemistry programs will 
be applied towards hit expansion, assymetric synthesis of 
dihydrobenzofuran, target identification, and mechanism of action. 
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4. Inhibitors of the P. aeruginosa toxin ExoS-ADPRT 
activity (Paper II–III) 

This chapter covers the application of target-based screening aiming to identify 
and develop chemical probes against the bacterial toxin ExoS that is secreted by 
the P. aeruginosa T3S machinery. To achieve that, an enzymatic assay was 
translated into a HTS format that allowed the screening of a large compounds 
collection over a short period of time. A follow up hit validation, SAR analysis 
as well as further biological evaluation are presented. 

4.1 ExoS-ADPRT enzymatic assay 
To identify compounds that target the ADP-ribosylation activity of the T3S 
toxin ExoS, a real time fluorometric enzymatic assay was set up using a 
fluorescent analogue of NAD+ (known as ε-NAD+) as co-substrate (Figure 
11).143-146 In brief, the assay detects the enzymatic cleavage of the nicotinamide-
ribosyl bond of ε-NAD+ and the transfer of the fluorescent ε-ADP-ribose moiety 
to the substrate of interest (i.e. vH-Ras protein). This enzymatic activity takes 
place only in the presence of a mammalian cofactor 14.3.3. The increased 
fluorescent signal was quantified upon excitation at 330 nm and the emission 
signal was measured at 410 nm (Figure 11). The optimum assay conditions 
were found as follow: ExoS233-453 ADPRT domain (100 nM), 14-3-3β (cofactor, 
500 nM), vH-Ras (2 µM) and ε-NAD+ (25 µM) in HEPES buffer (20 mM, pH 
7.5, 50 mM NaCl, 4 mM MgCl2 and 0.5 mM TCEP) at 25 °C. 

 

Figure 11. Schematic representation of ExoS-ADPRT fluorometric enzymatic assay. 
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4.2 Target-based screening and identification of ExoS inhibitors 
(Paper II) 
The HTS was performed using a focused library of ca. 100 small molecules (at 
25 µM, 1% DMSO), a compound library of 30k small molecules (from 
Chemical Biology Consortium Sweden, at 10 µM and 1% DMSO) as well as 
the benzofuran library presented in chapter 3 (10 µM). The focused library was 
previously assembled to target ADP-ribosyltransferase enzymes due to their 
NAD+ mimicking structural features.147 The screening of the 30k compound 
library was performed according to the workflow depicted in Figure 12. 

 

 

 

 

 

 

 

 
 

 

Figure 12. Schematic representation of the HTS workflow performed on the 30k small molecule 
library to identify inhibitors of ExoS-ADPRT. Steps: A) Compounds spotted into 384-well plates 
using acoustic liquid handler, B) Positive control (100% inactive enzyme) are added manually to 
column 24, C) Addition of assay mixture (i.e. diluted mixture of proteins) using liquid handler to 
column 1-23, D) Addition of ε-NAD (co-substrate) to all wells followed by mixing using liquid 
handler robot and the plate was incubated for 30 min at RT (ca. 25°C), E) The fluorescent signal 
was quantified upon excitation at 330 nm and emission at 410 nm. 

In brief, the compounds were spotted into 384-well black plates, thereafter a 
proteins mixture containing enzyme:ExoS-ADPRT, substrate:vHRas and 
cofactor:14.3.3 was added to the sample wells using a liquid handler. Then the 
positive control i.e. inactive enzymatic mixture without 14.3.3 was added 
manually to the control wells. Addition of the co-substrate ε-NAD+ was done 
using a liquid handling robot followed by mixing and incubation for 30 min at 
room temperature. The fluorescent signal was then quantified upon excitation at 
330 nm and emission at 410 nm. A scatter plot of the 30k screening results is 
presented in Figure 13. 

 

A B 
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D E 

Control Protein mix 
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Figure 13. Overview of the screening of 30k compounds library showing A) Negative control for 
each plate (dark blue dots) (100 % active enzyme), B) Vertical green line represent one plate, C) 
Identified hits (red dots) based on set cut off (3 SD, i.e. ≥ 27% inhibition), D) Positive control 
showing fully inactive enzymatic mixture. 

The assay statistical factors were calculated as follow: Z-factor for each plate 
with average of 0.79 (1 > Z ≥ 0.5 for excellent assay performance), a campaign 
Z-factor of 0.67 and signal to noise ratio of 8.2 (S/N > 5).148 The hit threshold 
was set to ≥ 3 standard deviation (SD) from the mean of the control (i.e. 
compounds that reduced the enzymatic activity ≥ 3 SD of the control). A 
manual inspection of all primary hits identified 84 compounds, which were then 
evaluated at two different concentration points (i.e. at 10 µM and 30 µM). 17 
compounds with validated inhibition were selected for full dose-response (8 
points, i.e. 0.5–120 µM). 8 hits were validated with IC50 < 25 µM and 4 of them 
were re-synthesized and evaluated in the enzymatic assay in order to confirm 
their identity and the reproducibility of their biological profile. Accordingly, 
one compound class that is based on the thieno[2,3-d]pyrimidin-one scaffold, 
which hits the target in two independent screening, was selected for further 
investigation (STO1101, IC50 of 20 µM, Figure 14A, B). STO1101 was then 
demonstrated as a competitive inhibitor of ExoS-ADPRT in enzyme kinetics 
study (Figure 14C, D, paper II). Moreover, in terms of selectivity against the 
human protein PARP, STO1101 is likely not a significant inhibitor of any 
PARP isoform.147 This selectivity is important since we aim to develop 
selective antibacterial compounds. 

The only reported ExoS inhibitors in literature, known as exosins,105 were also 
tested in our assay and surprisingly they showed weak or no inhibition against 
ExoS-ADPRT. 
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Figure 14. Structure and inhibition profile of STO1101 A) Structure of STO1101, B) Dose-
response curve, C) Michaelis-Menten kinetics experiments in presence of different concentrations 
of STO1101 illustrate its concentration dependent inhibition of ExoS activity. D) A Lineweaver-
Burk plot of the data presented in panel C established STO1101 as a competitive inhibitor of 
ExoS with an apparent Ki of 8.6 µM. Figures C and D were reprinted from paper II according to 
the publisher policy. 

STO1101 was therefore selected as a starting point for further development as a 
small molecule with promising physicochemical properties (i.e. MW = 264.3, 
cLog P = 1.45, PSA = 105.2, HBD = 2, HBA = 5) and in compliance with 
Lipinski’s Rule of Five.149 

4.3 Probing the SAR of STO1101 (Paper III) 

4.3.1 Investigating functionalities 
STO1101 is a competitive inhibitor of NAD+ with functionalities that are likely 
mimicking NAD+ molecule, such as the cyclic amide moiety that resemble the 
nicotinamide and the carboxylic acid that potentially mimics one of the 
phosphate groups. We then hypothesized that STO1101 may uses these 
functionalities and bind within the same binding site as NAD+ (Figure 15). 
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Figure 15. Structure of STO1101 showing potential functionalities that may mimic the NAD+ 
molecule. 

On this basis, we synthesized and evaluated a set of analogues by varying the 
main functionalities and the thieno[2,3-d]pyrimidin-one scaffold that control the 
spatial arrangement of these functionalities (Table 5-7). 

The synthesis of hit compound and analogues starts generally with a key 
multicomponent reaction (Gewald reaction, Scheme 7) between α-methylene 
carbonyl compounds (e.g. 49), α-substituted acetonitrile carrying electron 
withdrawing groups (e.g. cyanoacetamide), and elemental sulfur under basic 
condition to access substituted 2-aminothiophenes building blocks (e.g. 49a) in 
12–76% yields.150, 151 

 

Scheme 7. General synthetic pathway of STO1101 and its analogues. Reagents and conditions: 
a) Cyanoacetamide (for X = CONH2), malononitrile (for X = CN), or ethyl cyanoacetate (for X = 
CO2Et), S8, KF-alumina, EtOH, 100 °C, MWI, 5–10 min, 12–76%; b) (-CH2CO)2O or 
CH3OCH2(CH2)4COCl, PhCH3, 150 °C, MWI, 15–30 min; c) NaOH aq. (2M), 100 °C, MWI, 15–
30 min 13–99% over two steps. 

We then developed a microwave-assisted protocol, in which 2-amino-3-
carboxamide thiophenes (e.g. 49a) were coupled to acid anhydrides or acid 
chlorides followed by one-pot annulation reaction under basic condition to 
afford the desired target compounds in 13–99% yields (Scheme 7, e.g. 
STO1101, 60% yield). 

Methylated analogues 51–52 (Table 5) were synthesized from STO1101 using 
TMS-diazomethane to afford a mixture of N- and O-alkylated methyl ester in 
58% yield and 2:3 ratio, which was separated by chromatography. These 
regioisomers were then subjected to ester hydrolysis to afford 51 and 52 in 76% 
and 75% yield respectively (Scheme 8). Compound 53 with N-alkylated amide 
was synthesized via cyclocondensation of 50a with formamide to give 56 in 
76% yield, followed by N-alkylation with methyl 3-bromopropanote and ester 
hydrolysis to give 53 in 74% yield over two steps (Scheme 8). The abrogated 
inhibition of these analogues, 51–53 (Table 5), confirmed the importance of the 
amide proton for the observed inhibition activity. Then, the tautomerization of 
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this amide proton was investigated by synthesizing an amide isostere 54, in 
which an interchange of ‘hydroxyl’ group with amino group was achieved in 
the 4-amino-pyrimidine structure152 as shown in Scheme 8. This analogue was 
synthesized by heating amino nitrile 49b and methyl 3-cyanopropanoate under 
catalytic amount of t-BuOK followed by cyclization and ester hydrolysis to 
afford 54 in 33% over two steps (Scheme 8). The impaired activity of this 
isostere (54) highlights the importance of the position of the mobile proton in 
the active tautomer STO1101. Ester 57 and alcohol 58 were synthesized from 

 

Scheme 8. Synthesis and diversification of STO1101. Reagents and conditions: a) X = CONH2, 
(-CH2CO)2O, PhCH3, 150 °C, MWI, 15–30 min., quant.; b) NaOH (aq., 2M), 100 °C, MWI, 15–
30 min., 60% over two steps; c) TMSCH2N2 (6 equiv.), TEA (4 equiv.), 0 oC – RT, DCM/ MeOH 
ovn., (58%, 2:3 N-:O-alkylation);  d) LiOH.H2O, THF/MeOH/H2O (3:1:1), 60 °C, MWI, 15 min., 
75% (52) and 76% (51); e) TEA (1 equiv.), TMSCH2N2 (1 equiv.), DCM/MeOH, 0 oC – RT, 2 h, 
68%; f) LiAlH4 (1M in THF),THF, 0 oC – RT, ovn. 79%; g) Ra/Ni pH 8.0–9.0, DMF/MeOH, 90 
°C, 7 h, 45%; h) HATU, NH4OH or NH2CH3, DMF, 0 °C – RT, ovn. 60% (59), 60% (60); i) 
HCONH2, NH=CHNH2.CH3COOH, 160 oC, 6 h, 76%; j) CH3OCOCH2CH2Br, K2CO3, acetone, 
60 °C 48 h, 91%; k) LiOH.H2O, THF/MeOH/H2O (3:1:1), 60 °C, MWI, 15 min., 81%; l) 
NCCH2CH2COOCH3, NMP, KOtBu, 170 oC, 10 h; m) NaOH, MeOH/H2O (1:1), 100 °C, MWI, 5 
min., 33% over two steps. n) Ethyl 2-formyl-1-cyclopropanecarboxylate (predominantly trans), 
H2SO4 fuming (10 mol%), THF, 65–150 °C, MWI, 15 min., o) LiOH.H2O, THF/MeOH/H2O 
(3:1:1), 60 °C, MWI, 15 min., 66% over two steps. 
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STO1101 via esterification with TMS-diazomethane in 68% or reduction with 
LiAlH4 in 79% yields respectively (Scheme 8). Analogues lacking the 
carboxylic acid functionality (55–56) abolished the inhibition, while ester 57 
and alcohol 58 reduced the inhibition activity with IC50 of 116 µM and 52 µM 
respectively (Table 5). 

Table 5. Structures and activities of analogues synthesized to probe the essential functional 
groups. 

ID Structure IC50 (µM) ID Structure 
IC50 (µM)/ 

Inhibition at 100 
µM (%) 

STO1101 

 

27 57 

 

116 

51 

 

>200 58 
 

52 

52a 
 

>200 59c 

 

ND 

(20%) 

53 
 

>200 60c 

 

ND 

54 
 

>200 61 

 

> 200 

55b 
 

>200 62 

 

> 200 

56 
 

>100    

ND: not determined as the compound was not soluble under the assay condition aThis compound was tested 
in 85% pure form in a mixutre with the O-alkylated analogue 51. bThis compound was purchased in-house 
from Enamine chemical supplier. cThis compound was not soluble at high concentration (> 100 µM) under 
the assay condition. 

Carboxamide analogues 59 and 60 were synthesized from the corresponding 
acids upon activation with HATU coupling agent and treatment with ammonia 
solution in 60% yield. Carboxamides 59 and 60 showed weak inhibition at 
concentration up to 100 µM and poor solubility under the assay condition at 
high concentrations (>100 µM), and were therefore not suitable for the assay 
(Table 5). Taken together these results indicated the importance of the amide 
moiety and the potential preference for the carboxylic acid compared to 
carboxamides, alcohol or ester. 
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We then studied the importance of the spatial arrangement of these 
functionalities around the core scaffold by synthesizing two acyclic analogues 
61 and 62 with opened ‘thiophene’ or pyrimidinone rings respectively. The 
thiophene ring was opened via desulfurization reaction by heating compound 
STO1101 with Raney® 2800 Ni under basic pH to afford analogue 61 in 45% 
yield (Scheme 8), while compound 62 with the opened pyrimidinone ring was 
prepared according to Scheme 8 via amidation with 49a in quantitative yield. 
None of these acyclic compounds retained the inhibition activity against ExoS-
ADPRT, which indicated the importance of the spatial arrangement of the 
amide moiety and the fused ring system around the core scaffold (Table 5). 

4.3.2 Investigating the fused ring system 
To investigate the importance of the fused thiophene ring we synthesized a set 
of analogues (Table 6) through Gewald reaction (Scheme 7). By exploring the 
ring system on the thiophene ring, we found that replacing the fused ring 
system of STO1101 with dimethyl (63 and 64) or expanding it to a 6-membred 
ring (65) appeared less efficient. Even a fused heterocyclic 6-membered ring 
(66) showed weaker inhibition. This result was also confirmed by synthesizing 
the 7-membred analogue 67 (Table 6). 

The thiophene ring is known as isostere of the phenyl ring, and we therefore 
thought of replacing the fused thiophene ring system with a phenyl ring to 
obtain the quinazolinone core scaffold (68–70). Quinazolinone-based 
compounds were synthesized from their corresponding 2-aminobenzoic acids 
(e.g. 71), 2-aminobenzonitriles (e.g. 72), or anthranilamide derivatives (e.g. 
71a, 72a) as shown in Scheme 9. First, 2-aminobenzoic acids were treated with 
phosgene to obtain isatoic anhydride, which was readily converted to 
anthranilamide upon treatment with ammonium hydroxide in quantitative yield. 
2-aminobenzonitriles building blocks, on the other hand, were obtained either 
via copper-catalyzed cyanation of aryl iodide or commercially available, and 
were converted into anthranilamide upon partial hydrolysis under acidic 
condition in 44–95% yield. Anthranilamides were then coupled with acid 
anhydrides/chlorides under microwave irradiation followed by annulation under 
basic condition to afford quinazolinone derivatives in 4–95% yield (e.g. 74 and 
78, Scheme 9).	

 

Scheme 9. Synthesis of quinazolinone-based analogues. Reagents and conditions: a) Method A: 
1) COCl2, THF, 0 °C – RT 2) NH4OH, 0 °C – RT, quant.; Method B: H2SO4, 65 °C, 8 h, 44–
95%; b) (-CH2CO)2O or CH3OCH2(CH2)4COCl, PhCH3, MWI 150 °C, 15–30 min.; c) NaOH 
(aq., 2M), MWI 100 °C, 15–30 min., 4–95% over two steps. 
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Compound 68, with the quinazolinone core, showed inhibition with IC50 of 135 
µM. However, better activity was obtained when the cyclopentyl ring was 
compensated with a longer spacer between the carboxylic acid and the central 
scaffold (70, IC50 = 30 µM, Table 6). This result motivated us to investigate 
more analogues based on the quinazolinone scaffold (Table 6).  

Table 6. Structures and activity of the analogues synthesized to investigate the fused ring 
system. 

ID Structure 
IC50 (µM)/ 

(Inhibition at 
100 µM (%)) 

ID Structure 
IC50 (µM)/ 

(Inhibition at 
100 µM (%)) 

63 
 

60 73 

 

54 

64 
 

> 100 74 

 

98 

65 
 

55 75 
 

ND 
(50%) 

66 

 

ND 
(60%) 76 

 

ND 
(60%) 

67 
 

ND 
(50%) 77 

 
25 

68 
 

135 78 
 

15 

69 

 

> 100 79 
 

ND 
(30%) 

70 
 

30 80 
 

ND 
(20%) 

ND: not determined. 
 

First, we introduced the fused 5-membered ring on different positions of the 
quinazolinone to mimic STO1101 with longer and shorter linkers (73–76). 
None of these analogues improved the activity in comparison to STO1101. 
Then, we synthesized few analogues carrying substituents with different 
electronic properties on the aromatic ring (77–80). It appears that small electron 
withdrawing substituents such as fluorine (77 and 78) improved the activity 
slightly compared to unsubstituted ring (70) or a ring with electron donating 
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substituent OCH3 (80), while larger electron withdrawing groups such as NO2 
(79) or Cl (69) were not tolerated. 

4.3.3 Linker 
We then investigated the linker to probe the preferred position of the carboxylic 
acid. We synthesized a set of analogues with different spacer length, 
conformation and degree of rigidity (Table 7). Analogues from this set were 
synthesized mainly from 2-amino-3-carboxamide thiophenes (e.g. 49a) and acid 
anhydrides/chlorides (Scheme 7). Compound 85 was synthesized from the 
aldehyde upon condensation with amine 49a under catalytic amount of sulfuric 
acid, followed by cyclization under basic condition in 66% yield over two steps 
(Scheme 8). 

Longer linkers with or without heteroatom were not beneficial whether with the 
thiophene scaffold (81–83) or the quinazolinone (84) scaffold. A two-fold 
increase in the activity (IC50 of 10 µM) was obtained when a conformationally-
locked linker with a racemic E-cyclopropane ring (85) was introduced. To 
confirm this further, we synthesized the corresponding diastereoisomer with a 
racemic Z-cyclopropane ring (86), which showed 19-fold drop with IC50 of 190 
µM compared to its E-isomer (85). Analogue 87 with Z-cyclopentyl also 
showed reduced inhibition. Compound 88 with Z-alkene linker appeared to be 
more active (IC50 of 15 µM) than the E-alkenes 89 (IC50 70 µM) or 90. 
Compound 91 with a furan linker showed the same range of activity as 
compound 70 (IC50 of 32 µM), while 92 with benzyl linker attenuated the 
inhibition activity. Analogue 93 with a hydroxyl group on the linker showed 
IC50 of 50 µM. 

We then evaluated the carboxylic acid isostere 94 that corresponds to the most 
active inhibitor 85. This tetrazole analogue 94 was synthesized through [2+3] 
cycloaddition from the corresponding nitrile 97 and sodium azide in 60% yield 
(Scheme 10). The starting nitrile 97 was obtained from coupling between 2-
aminothiophenes 49a and carboxylic acid 96 followed by cyclization under 
basic condition (LiHMDS) in 25% yield over three steps. The acid-nitrile 
intermediate 96 was prepared from aldehyde 95 through Schmidt reaction 
between in situ generated hydrazoic acid and aldehyde in 89% yield.  

 

Scheme 10. Synthesis of tetrazole-based analogue 94. Reagents and conditions: a) NaN3, TfOH, 
CH3CN, 5 min, RT, 89%; b) SOCl2, reflux, 3 h, c) 49a, pyridine, RT, 0 °C – RT, ovn. d) 
LiHMDS (1M in THF), RT, ovn., 25% over three steps e) NaN3, TEA.HCl, PhCH3, 100 °C, ovn. 
60% (13% overall yield). 

HO

O

HO

O

S N

O

NH
CNCN

O

H S N

O

NH

N
H

N
NNa b, c, d e

95 96 97 94



 

 
37 

Table 7.  Structures and activity of selected analogues synthesized to investigate the linker. 

ID Structure 
IC50 (µM)/ 

(Inhibition at 
100 µM (%)) 

ID Structure 
IC50 (µM)/ 

(Inhibition at 
100 µM (%)) 

81 
 

72 88 
 

15 

82a 
 

> 100 89 

 

70 

83 
 

53 90 
 

ND 
(<50%) 

84 

 

ND 
(69%) 91 

 

32 

85b 

 

10 92 

 

ND 
(50%) 

86b 
 

190 93c 

 

55 

87b 

 

65 94b 
 

> 200 

ND: not determined. aThis compound was purchased from Enamine. bRacemic compound. cThis compound 
autoracemized.  

This isostere 94, however, did not retain inhibition compared to its carboxylic 
acid analogue 85. 

Next, we resolved the racemic mixture of the most active inhibitor with E-
cyclopropane linker (85) using chiral semi-preparative HPLC. This was done by 
preparing the methyl ester of 85 in order to improve the solubility in organic 
solvents used for the chiral separation (paper III, supporting information). 
Chiral separation and final ester hydrolysis afforded the pure enantiomers in 
ca.1:1 ratio. Interestingly, one of the separated enantiomer (85-E1) appeared to 
be six-times more active than its mirror image (85-E2) and was demonstrated to 
be the most active inhibitor (IC50 of 6.9 µM, Table 8, Figure 17A). 

Although we only achieved modest improvement compared to the primary hit, 
we decided to study the effect of these inhibitors on the bacterial virulence 
before more structural investigation. This is important since these compound 
are aimed to serve as antivirulence agents against ExoS-mediated toxicity. 
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With this SAR analysis, however, we probed the important functional groups of 
STO1101 (Figure 16) as in vitro inhibitor of ExoS-ADPRT through a set of 
close analogues (paper II and paper III). Accordingly, the amide moiety that 
potentially mimics nicotimamide appeared to be crucial for binding, while the 
carboxylic acid is preferred over other functionalities (Table 5). Furthermore, 
we could replace the fused thiophene ring with a phenyl ring, while retaining 
the inhibition activity (Table 6). By introducing a conformationally-locked 
linker (85-E1 and 88), a slight improvement in the activity was obtained as 
summarized in Table 8 and Figure 17a. 

 

Figure 16. Summary of SAR analysis of STO1101. 

4.4 Secondary assay and activity against native ExoS 
As a step forward to study this class of ExoS-ADPRT inhibitors, the 
recombinant enzymatic assay was translated into a real time assay against full-
length native ExoS secreted from viable P. aeruginosa (see paper III for 
detailed description). The most active compounds STO1101, 77, 78, 85, 88 and 
85-E1 (Table 8) were capable of blocking the native ExoS enzymatic activity 
with the same inhibition trend observed in the recombinant enzymatic assay. 
Intriguingly, all compounds revealed improved potency against full-length 
enzyme compared to the recombinant ADPRT domain and the most active 
inhibitor 85-E1 showed IC50 of 1.3 µM (Table 8, Figure 17B). Similar 
observation was made earlier for inhibitors of the human ADP-ribose 
polymerase family.153 
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A B 

  

Figure 17. Dose-response curves for the most active inhibitors in two independent 
enzymatic assays: A) The assay with recombinant ExoS-ADPRT was performed in three 
independent set of results (N = 3), each in triplicate (n = 3). B) The assay with full-length 
ExoS secreted by viable P. aeruginosa was performed in two independent set of results (N = 
2), each in triplicate (n = 3). 

Table 8. The half maximal inhibitory concentration of the most active inhibitors in two 
independent enzymatic assays. 

ID Structure 
Recombinant ExoS-ADPRTa Secreted full-length ExoSc 

IC50 
(95% CI)b  µM pIC50 ± SD IC50 

 (95% CI)b µM pIC50 ± SD 

 
(STO1101) 

 

26.6 
(20.0–30.3) 4.56 ± 0.03 6.9 

(4.1–11.5)  5.16 ± 0.11 

77 
 

30 
(26.0–34.7) 4.52 ± 0.03 7.6 

(4.7–12.6) 5.11 ± 0.10 

78 
 

14.9 
(12.9–17.1) 4.83 ± 0.03 NDd NDd 

85e 
 

11 
(9.9–12.6) 4.95 ± 0.02 2.3 

(1.8–3.1) 5.62 ± 0.059 

88 
 

15 
(13.9–16.2) 4.82 ± 0.02 3.5 

(2.6–4.8) 5.45 ± 0.066 

85-E1f - 6.9 
(6.3–7.4) 5.16 ± 0.01 1.3 

(1.0–1.8) 5.88 ± 0.063 

85-E2f - 39 
(33.5–45.7) 4.40 ± 0.03 8.31 

(6.3–11.0) 5.08 ± 0.059 

aIC50 values is based on three independent set of results (n = 3) each of triplicate size (N = 3) 
bIC50 range calculated with 95% confidence interval (CI). 
cIC50 values is based on thirteen concentration points and two independent set of results (n = 2) each of 
triplicate size (N = 3). 
dND: not determined, compound was not included in the assay. 
eRacemic mixture of a pure diastereoisomer. 
fPure enantiomer of compound 85. The absolute configuration was not determined as X-ray diffraction is 
required. 
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4.5 Effect on bacterial virulence 
Finally, to study the effect of this class of ExoS-ADPRT inhibitor on the P. 
aeruginosa infection, the active inhibitors shown in Table 8 were evaluated in 
cell infection assay. In brief, the macrophage cell line, J774, was infected with 
wild-type P. aeruginosa and ExoS inhibitors were added thereafter, while 
monitoring the infection between 4–6 h (this assay is described in details in 
paper IV). Despite the inhibition activity of this class of inhibitors against 
recombinant ExoS-ADPRT and native ExoS, for unknown reasons, none of 
them showed the desired anti-infective profile. Even ExoS-ADPRT inhibitors 
exosins105 did not protect the macrophage in our infection assay. This result is 
also in line with its lack of inhibition in the in vitro ExoS-ADPRT enzymatic 
assay. 

Since these potential antivirulence compounds are aimed to inhibit ExoS-
ADPRT activity within the mammalian cell, it is important to ensure that their 
cell-based activity is not hindered by the low membrane permeability. To 
address this, assessment of membrane permeability for two of the best 
inhibitors 77 and 85 using Caco-2 assay is currently ongoing. 

Importantly, the crystallization efforts of ExoS-ADPRT domain have been 
successful lately, and will possibly guide the design of more ExoS-ADPRT 
inhibitors in the future. 

4.6 Concluding remarks and future aspects 
• A target-based screening approach was applied by utilizing an in vitro 

enzymatic assay to study the ADP-ribosylation activity of P. aeruginosa 
ExoS. 
 

• HTS of a library of NAD+ mimicking compounds, 30k small molecules as 
well as a focused library of benzofuran identified one class of inhibitors 
based on thieno[2,3-d]pyrimidin-one scaffold (STO1101). 

 
• STO1101 was demonstrated as a competitive inhibitor with IC50 of 20 µM 

against recombinant ExoS-ADPRT, yet not a significant inhibitor of any 
PARP isoform. 

 
• The SAR of STO1101 was investigated by synthesizing a set of analogues 

that led to compound 85-E1 with efficacy down to 6.9 µM.  
 

• A secondary in vitro enzymatic assay, against full-length ExoS secreted 
from viable P. aeruginosa, validated the efficacy of the active inhibitors 
down to 1.5 µM. 
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• Future optimization and improvement of the inhibition activity of this 
compound class and/or other ExoS inhibitors would require the crystal 
structure of ExoS-ADPRT, which was successful lately. 

 
• The lack of efficacy in the cell model is currently under investingation to 

understand more about ExoS-mediated toxicity during infection by P. 
aeruginosa. 
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5. Identification of small molecules blocking the P. 
aeruginosa T3SS protein PcrV (Paper IV) 
In this chapter, the application of target-based biophysical screening is 
described aiming to identify small-molecule binders of P. aeruginosa T3SS 
protein PcrV. To achieve this, a surface plasmon resonance (SPR) assay was 
developed for the screening of compound collections and followed by hit 
validation, biological evaluation and SAR analysis. 

PcrV binders can be developed either as antivirulence compounds to block the 
T3S of P. aeruginosa or as chemical probes to dissect the mechanistic details of 
the T3S-mediated infection. 

5.1 Primary screening and hit identification 
SPR is a robust and highly sensitive biophysical technique commonly used to 
detect and study small molecule-biomolecule interactions. This technique relies 
on the change of the refractive index on a sensor surface (typically thin film of 
gold) that is dependent on the bulk properties around the sensor. When a 
biomolecule is attached to the surface, one can study its interaction with other 
molecules (e.g. small molecules or other biomolecules) through the change of 
the refractive index upon binding to the immobilized biomolecule. This change 
is then converted into response unit for ease of interpretation and display. 
Important kinetics information such as the dissociation constant Kd, association 
constant Ka, and affinity constant KD can thus be extracted under chemical 
equilibrium condition. Therefore we selected SPR as an efficient screening 
method to identify small molecules that bind to PcrV. 

The screening was performed using a ProteOn XPR36 SPR. This instrument 
conveniently possesses multiple channels that allowed us to screen in duplicate 
format by immobilizing PcrV protein on two different channels. On a third 
channel, deactivated carbonic anhydrase (CAII) served as control protein to 
eliminate potential non-selective binders. The proteins were covalently 
immobilized to the carboxylic acid functionalized chip (GLH) via amide 
coupling and a library of 7,600 small molecules was screened at 100 µM in 
PBS with 0.05% Tween 20 (PBST) at a final DMSO concentration of 5%. This 
primary screen resulted in 395 potential PcrV binders. A follow up biological 
evaluation of these primary hits in a macrophage infection assay against wild-
type P. aeruginosa yielded 53 compounds that attenuated the infection 
significantly at 100 µM. 
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5.2 Hit validation and screening filters 
Extended hit validation and the application of screening filters on these 53 hits 
were carried out as following: 

1) Quality control to confirm the identity and the purity of the compounds. 
2) Cheminformatics extracted from ChEMBL and Scifinder databases. This 

allowed us to focus on relatively promising molecules with lead-like 
properties, while eliminating others that potentially hit targets 
promiscuously (paper IV supporting information). 

3) Determination of the binding affinity constant (KD) using SPR. 
4) Secondary binding assay using NMR (i.e. T2-relaxation edit experiment), 

which also eliminated false positive hits that did not bind to PcrV at 100 
µM. 

5) Dose-response in the infection assay at four concentrations 25-200 µM, to 
study the anti-infective profile as well as the toxicity of these compounds 
towards bacteria and eukaryotic cells. 

These screening filters furnished 20 compounds that fulfilled the criteria above 
as exemplified for H1 in Figure 18. 
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Figure 18. Structure and biological data for H1. A) Structure of H1 showing the potential 
chemical space available for investigation. B) SPR data for compound H1 binding to PcrV at 
400, 200 (duplicate), 100, 50, 25, 12.5, 6.25, 0 µM. C) Equilibrium analysis. KD was 
determined to 98.3 uM in this experiment. Rmax was 71.3 RU and Chi2 was 10.0 RU and 
binding levels were extracted at 45–55 s. D) 1HNMR T2-relaxation-edit binding experiment at 
100 µM of H1 with and without PcrV (10 µM). E) P. aeruginosa infection assay with dose-
response analysis of H1 that protects macrophages from T3SS-mediated toxicity (wt). 
Uninfected cells and infection with a pcrV mutant was used as controls. 

Out of these 20 hits we synthesized 4 compounds H1–H4 (Figure 19) along 
with few analogues and evaluated them in SPR and infection assays. This 
confirmed compounds H1 and H2 as promising starting points compared to H3 
and H4, which failed to give consistent biological data. 

A   

 
 

B C 

  
D E 

  

Br

O OH

O

Carboxylic acid

Linker

Substituents H1

H1 

H1 + PcrV 



 

 
46 

 

Figure 19. Identified and synthesized PcrV binders after the first hit validation process. 

We then calculated the ligand efficiency154, 155 (LE, Δg, binding energy per 
atom, as defined in equation 2) of H1 and H2 as 0.339 and 0.215 respectively. 

∆G = −RT.lnKD   (1) 

Δg = ∆G/number of non-hydrogen atoms  (2) 

where R is ideal gas constant (1.987 cal/K/mol), T is the temperature in Kelvin 
(K). 

Compound H1, with a KD value of 109±34 µM, LE of 0.339 kcal per mole per 
heavy atom, a molecular weight of 287 Da, and cLogP of 3.04 was selected as a 
suitable candidate for further optimization. 

5.3 Primary SAR of PcrV binder H1 
In order to probe the interaction between the PcrV and H1, and to explore the 
important functional groups and chemical space available for hit expansion, we 
synthesized a set of analogues and evaluated them using SPR binding assay as 
discussed below. (Table 9–11). 

5.3.1 Ring substitution 
At first, few unsubstituted aromatic analogues of H1 (98–101, Table 9) were 
evaluated. None of these compounds appeared to retain binding affinity to 
PcrV. Therefore, we assumed that the substitution on the aromatic ring is 
important for binding, possibly through a hydrophobic interaction. 
Consequently, we designed and synthesized a number of analogues carrying 
different substituents (±σ and ±π) (Table 9). 
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Table 9. Structures and SPR-binidng of the analogues synthesized to investigate substitution. 

ID Structure SPR binding KD 

(µM)a ID Structure SPR binding KD 

(µM)a 

H1 
 

109 ± 34 113 
 

NB 

98 
 

NB 114 
 

NB 

99 
 

NB 115 
 

NB 

100 
 

NB 116 
 

Low binding 

101 
 

NB 117 
 

NB 

102 
 

95 ± 41 118 
 

NB 

103 

 

115 ± 18 119 
 

323 ± 110 

104 
 

312 120 
 

NB 

105 
 

NB 121 
 

148 ± 62 

106 
 

NB 122 
 

130 

107 
 

NB 123 
 

147 ± 35 

108 
 

NB 124 

 

155 

109 
 

NB 125 
 

239 ± 158 

110 

 

NB 126 
 

536 

111 
 

NB 127 
 

NB 

112 

 

NB 128 

 

NB 

NB: No binding up to 200 µM. aAverage KD value from different runs ± standard deviation. 
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All analogues with ether linker were synthesized in a straightforward pathway 
via Williamson ether synthesis from their corresponding phenol derivatives in 
40–94% over two steps (Scheme 11A). Compounds with amide linker (e.g. 114, 
116–118) were synthesized from the corresponding aniline derivatives and 
anhydrides in 15%–quantitative yields (Scheme 11B). 

 

Scheme 11. A) General synthetic route for the synthesis of H1 and its analogues. Reagents and 
conditions: a) Br(CH2)nCO2Et, K2CO3, KI, (CH3)2CO, reflux, 18 h; b) LiOH.H2O, 
THF/MeOH/H2O (3:1:1), 60 oC, MWI, 15 min, 54–94% over two steps; c) Br(CH2)nCO2Et, 
K2CO3, CH3CN, reflux, 24 h; d) NaOH (aq., 1M), THF/MeOH, 3 h, 40–80% over two steps; e) 
HATU, R'NHR'', DMF, RT, 18–20 h, 47–82%; f) R'NHR'', TBTU, DMF, RT, 18–20 h, 40–65%; 
g) BH3.CH3S, THF, 0 oC, ovn., 74%; h) 2,6-Lutidine, TMSCH2N2, DCM/MeOH, 0 oC, 1 h, 79%; 
i) HATU, TEA, DMF, RT, 1 h; j) NaH, aryl sulfonamide, DMF, 0 oC–RT, 18-20 h, 47–59% over 
two steps; B) Synthesis of analogues with amide linkers. Reagents and conditions: k) (-
(CH2)nCO)2O, PhCH3, 150 oC, MWI, 15–30 min, 15%–quant. yield. 

Dihalogenated aromatics with electron withdrawing and hydrophobic character 
(i.e. +σ and +π) 102–104 showed binding affinity between 95–312 µM. 
Contrarily, monohalogenated aromatics 105 and 106, or analogues carrying one 
hydrophobic electron withdrawing (107–110) did not retain binding. Other 
analogues with electron-donating substituents and resonance effect (111–112), 
or electron withdrawing polar functionalities with capacity for H-bonding (113 
and 114) impaired binding. Heteroaromatics derivatives with diverse ring sizes 
and hydrogen bonding capacity (115–118) also showed no binding to PcrV. 
Thus, we concluded that compounds with at least two or more hydrophobic 
groups and electron withdrawing character are preferred for binding. 

Later we identified the preferred substitution pattern of the hydrophobic groups 
to be 3,5 (121) 3,4 (122) or 2,4 (H1), which all retained the binding (KD < 150 
µM) compared to the 2,6-substituted aromatics (119 and 120) that attenuated 
binding to PcrV. 

Inspired by the activity of compounds 123 and 124 with p-cyclohexyl 
substituent that were synthesized during hit validation of H2 and showed KD of 
around 150 µM, we investigated other large hydrophobic substituents including 
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phenoxy 125–126, benzyl 127 and adamantyl 128. However, none of these 
analogues retained binding compared to p-cyclohexyl 123 and 124. 

5.3.2 Photoaffinity labeling probes 
Photoaffinity labeling probes are ligands with functionalities that can modify 
the binding site covalently upon excitation at a specific wavelength (e.g. 350 
nm for benzophenone and 360 nm for phenyldiazirine). Subsequent amino acid 
sequencing using mass spectrometry can then be used to identify the binding 
site.156, 157 This information would be valuable for the design of more analogues, 
since no crystal structure of PcrV is available. Therefore, we synthesized 
compounds carrying photolabile electron withdrawing functionalities such as 
phenyldiazirines and benzophenones (129–133, Table 10) and evaluated them 
using SPR. 
Table 10. Structures and activity of the analogues carrying photoaffinity moieties. 

ID Structure SPR binding  ID Structure SPR binding 

129 

 

NB 132 
 

NB 

130 

 

NB 133a 
 

- 

131 
 

NB    

NB: No binding up to 200 µM aThis compound was not stable and alcohol adduct was isolated instead 
(Appendix I), thus bidning was not determined in SPR. 

The phenyldiazarines analogues (129 and 133) were synthesized as exemplified 
for 129 in Scheme 12. Addition of nucleophilic CF3 to aldehyde 134 afforded 
alcohol 135 in quantitative yield. A hypervalent iodine/TEMPO-mediated 
oxidation of 135 yielded trifluoromethyl ketone 136 in 79% yield. Oximation of 
136 gave 137 in quantitative yield and subsequent tosylation gave tosyloxime 
138 in 85% yield. Treatment of 138 with liquid NH3 afforded diaziridine 139 in 
93% yield. A final oxidation of 139 with molecular iodine quantitatively 
yielded the desired trifluoromethyl phenyldiazirine 140. Demethylation using 
BBr3 gave the desired phenolic diazirine building block 141 in 53% yield. Final 
O-alkylation with ethyl 4-bromobutyrate and subsequent ester hydrolysis 
afforded phenyldiazirine 129 in 30% yield. For phenyldiazirine 133, 
unfortunately the resulted product was not stable and reacted readily with the 
solvent (i.e. H2O) to give the alcohol adduct instead. 
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Scheme 12. Synthesis of compound 129. Reagents and conditions: a) TMS-CF3, TBAF.H2O, 
THF, 0 oC – RT, 3 h, b) HCl, 2 h, quant.; c) PhI(OAc)2, TEMPO, DCM, RT, 13 h, 79%; d) 
NH2OH.HCl, pyridine, reflux, 4 h, quant.; e) p-TsCl, DMAP, TEA, DCM, 0 oC – RT, ovn., 85%; 
f) Liq. NH3 (excess), Et2O, -78 oC – RT, 16 h, 93%; g) I2, TEA, MeOH, 0 oC – RT, 3 h, 97% h) 
BBr3, DCM, -78 oC – RT, 2 h, 53% i) Br(CH2)3CO2Et, K2CO3, KI, (CH3)2CO, RT, 48 h, j) 
LiOH.H2O, THF/H2O (3:1) RT, 2 h, 30% over two steps. 

The photoreactive benzophenones 130 and 131 were synthesized from the 
corresponding hydroxybenzophenone (Scheme 11A) in 86% and 91% yields 
respectively, while aminobenzophenone derivative 132 was synthesized from 
acid anhydride (Scheme 11B) in 66% yield.  

Unfortunately, none of these analogues carrying photoaffinity substituents 
showed binding up to 200 µM (Table 10). 

5.3.3 Carboxylic acid functionality and linker 
To study the importance of the carboxylic acid in binding, and the possibility to 
extend this part of the molecule further, we synthesized a number of analogues 
with different functionalities including amides (142–148), aromatic carboxylic 
acid (149), acylsulfonamides (150–152) alcohol (153), ester (154), boronate 
(155), boronic acid (156) and conformationally-locked linker (157 and 158) as 
given in Table 11. 

Amides 142–148 were synthesized via amidation of readily prepared amino 
acid ethyl esters or commercially available amines with carboxylic acid of H1 
in 47–82% yields (Scheme 11A). Compound 149 was synthesized according to 
Scheme 13 by employing a Sonogashira coupling to obtain 161 in quantitative 
yield followed by alkyne reduction using Pd/C 10% that gave the corresponding 
alcohol 162 in 59% yield. Appel reaction of 162 yielded 163 in 94% yield, and 
a subsequent O-alkylation and ester hydrolysis gave 149 in 85% yield over two 
steps. 
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Scheme 13. Synthesis of compound 149. Reagents and conditions: a) Propargyl alcohol, 
Pd(PPh3)2Cl2 (5 mol%), CuI (3 mol%), TEA/THF (3:1), 40 °C, MWI, 30 min., quant. yield; b) 
Pd/C 10%, H2, EtOAc/MeOH, RT, 2 h, 59%; c) CBr4, PPh3, DCM, 0 °C, 30 min., 94%; d) 4-
bromo-2,3-dimethylphenol, K2CO3, KI, (CH3)2CO, reflux, 18 h; e) LiOH.H2O, THF/MeOH/H2O 
(3:1:1) 60 °C, MWI, 15 min., 85% over two steps. 

Acyl sulfonamides 150–152 were prepared via amidation reactions with the 
corresponding sulfonamides using HATU as coupling agent in 47–59% yields 
(Scheme 11A). 

Alcohol 153 and ester 154 were prepared via reduction of carboxylic acid with 
borane in 74% yield or esterification with TMS-diazomethane in 79% yield 
respectively (Scheme 11A). 

Pinacol boronate 155 and boronic acid 156 were synthesized by utilizing 
recently developed photoinduced decarboxylative borylation of the activated N-
hydroxyphthalimide ester (Scheme 14).158 Firstly, N-hydroxyphthalimide ester 
165 was prepared via esterification in 76% yield, followed by photoinduced 
decarboxylative borylation in the presence of bis(catecholato)diboron. A one-
pot transborylation of the catechol ester to the more stable pinacol boronic ester 
gave 155 in 60% yield over two steps. Final hydrolysis afforded the boronic 
acid 156 in quantitative yield. 

 

Scheme 14. Synthesis of pinacol boronate 155 and boronic acid 156. Reagents and conditions: a) 
N-Hydroxyphthalimide, DCC, DMAP, DCM, RT, 18 h, 76%; b) Bis(catecholato)diboron, DMAc, 
blue LEDs, RT, 18 h. c) Pinacol, TEA, RT, 1 h, 60% over two steps; d) NaIO4, HCl, THF/H2O, 
RT, 3 h, quant. yield. 

Compounds with conformationally-locked linker (157 and 158) were 
synthesized from allyloxy derivative 167 by applying intermolecular carbenoid 
cyclopropanation reaction with dirhodium tetraacetate and ethyl diazoacetate. 
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This reaction afforded the desired racemic diastereomeric mixture in 2:1 (E/Z) 
ratio and 67% yield (Scheme 15). After the separation of the diastereomeric 
mixture, ester hydrolysis afforded 157 and 158 in 27% and 67% yields 
respectively. 

 

Scheme 15. Synthesis of compound 157 and 158. Reagents and conditions: a) Allyl bromide, 
K2CO3, KI, (CH3)2CO, reflux, 18 h, 88%; b) Ethyl diazoacetate, Rh2(OAc)2, DCM, RT, 18 h, 
67% 2:1 (±E/Z); c) LiOH.H2O, THF/MeOH/H2O (3:1:1), 60 °C, MWI, 15 min., 67% (158) and 
27% (157). 

Generally, the carboxylic acid and linker parts of the hit compound H1 tolerated 
more variations in comparison to the aromatic ring. With the exception of 
compound 148, which showed no binding to PcrV, all analogues in this series 
showed KD in the range of 40–300 µM. Compound 148 is structurally distinct 
due to its ability to form intramolecular hydrogen bonding compared to its 
analogue with the carbon linker 149. The interrupted binding of 148 can thus be 
hypothesized to be caused by the acquired conformation resulting from 
intramolecular hydrogen bonding. Analogues lacking hydrogen bonding donor 
capacity e.g. 154 and 155 or carbonyl carbon 153 retained binding but with 
slightly reduced affinity (KD 130–289 µM). On the other hand, boronic acid that 
is known to form a reversible covalent complex and act as a strong Lewis acid, 
thus enhance the residence time of the ligand on the protein,159 showed similar 
binding as hit compound H1 (KD of 96 µM). Also by investigating the length 
and the conformation of the linker we found that longer linker 159 was tolerated 
(KD = 129 µM) and analogues with conformationally-locked linker (i.e. racemic 
E- or Z-cyclopropyl 157 and 158) showed slightly improved binding, but no 
difference between the E and Z isomers (Table 11).  

Taken together, these results imply the potential to expand the carboxylic acid 
part further and to explore more chemical space in order to improve and 
optimize the binding affinity. 
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Table 11. Structures and binding of the analogues synthesized to investigate the carboxylic 
acid part. 

ID Structure SPR binding 
KD (µM)a ID Structure SPR binding 

KD (µM)a 

142 
 

42 ± 12 151 
 

93 ± 31 

143 
 

121 ± 45 152 

 

118 ± 62 

144 
 

101 ± 42 153 
 

239 ± 158 

145 

 

78 ± 14 154 
 

134 ± 101 

146 

 

69 ± 11 155 

 

289 

147 
 

99 ± 6 156 
 

96 

148 

 

NB 157 
 

61 ± 10 

149 
 

113 ± 31 158 
 

63 ± 4 

150 
 

269 ± 146 159 
 

129 ± 13 

aAverage KD value from different runs ± standard deviation. 

5.3.4 Antivirulence properties of the active binders 
All compounds with determined KD values were evaluated for their anti-
virulence activity in the macrophage infection assay at 25–200 µM (Table 12, 
for infection assay description see paper IV). As a result, we could relate the 
observed anti-infective profile and the measured KD values. For example, the 
improved binding affinity of compounds 157 and 158 (KD of ca. 60 µM) was 
reflected in the infection assay, where they inhibited the infection of the  

Br

O NH2

O

Br

O N
H

O
S O

O

Br

O N
H

O

Br

O N
H

O
S O

O

Br

O N

O O

OH
Br

O OH

Br

O N
H

O
OH

O Br

O O

O

Br

O N

O O OH

Br

O B O

O

Br

O N

O

OH

O
Br

O B
OH

OH

Br

O N
H

O

O OH

F
F

O

O

OH

Br

Br

O

O OH

O

O

OH

Br

Br

O N
H

O
S O

O CF3

Br

O

O

OH



 

 
54 

macrophages up to 38% at 200 µM (Table 12). Importantly, we also pointed out 
the potential toxicity of some functionalities such as carboxamides 142 and 143 
and alcohol 153, which reduced the viability of the host cells. 

With this primary SAR analysis, we validated the binding profile of H1 and 
pointed out the important features of the active compounds such as the 
substituents on the aromatic ring. Moreover, we determined the part of the 
molecule that can be expanded further in a continued medicinal chemistry 
program. The low molecular weight of H1 and the possibility to be optimized 
further would potentially allow the development of a lead PcrV binder with the 
desired antivirulence properties (Figure 20). 

  

Table 12. Antivirulence properties of selected compounds with determined KD value in the SPR. 

ID SPR binding KD 
(µM) cLogPa 

Anti-infective activity (corrected in % of 
uninfected) 

 

Effect on 
P. aeruginosa 

(No/ND)b 200 µM 100 µM 50 µM 25 µM 

H1 109 ± 34 3.04 28% 27% 20% 12% No 

121 148 ± 62 3.04 32% 26% 23% 13% No 

123 147 ± 35 3.58 27% 21% 9% 9% No 

124 155 3.76 17% 24% 17% 12% No 

142 42 ± 12 2.64 Toxic ND 

143 121 ± 45 2.99 Toxic ND 

145 78 ± 14 3.42 30% 36% 26% 12% No 

146 69 ± 11 3.44 28% 29% 27% 18% No 

147 99 ± 6 3.39 20% 18% 17% - ND 

149 113 ± 31 4.79 NDc 21% 25% 16% No 

150 269 ± 146 4.99 34% 22% 11% 9% No 

152 118 ± 62 4.18 NDc 25% 15% 13% ND 

153 239 ± 158 3.39 Toxic ND 

154 134 ± 101 3.46 14% 23% 12% 8% No 

157 61 ± 10 2.72 38% 33% 21% 22% No 

158 63 ± 4 2.72 36% 38% 24% 24% No 

aCalculated LogP in Osiris Datawarrior version 4.7.2.bThe effect of the compound on the bacterial growth, 
No:has no significant effect, ND:not determined. cND:not determined as the compound was not soluble at 
this concentration under the assay condition. 
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Figure 20. Summary of primary SAR performed on ligand H1 as binder of PcrV and potential 
antivirulence compound. 

5.4 Concluding remarks and future aspects 
• A target-based screening approach was successfully applied using SPR 

biophysical assay and small-molecule binders of PcrV were identified. 
 

• We reported the first small-molecule PcrV binder (H1) with promising 
affinity and antivirulence properties. 
 

• Primary SAR analysis enabled the determination of important features and 
the extendable chemical space of H1. 
 

• Ongoing development of H1 and its analogues will potentially lead to the 
discovery of a lead antivirulence compound against the P. aeruginosa 
T3SS. 
 

• Endeavor to resolve the structure of PcrV using NMR is also currently 
ongoing, which may guide the development of H1 and/or other PcrV 
binders in the future. 
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6. Studies towards multivalent ligands targeting PcrV 

Multivalent interactions at the pathogen-cell interface are ubiquitous in nature 
and play essential roles in biological systems such as adhesion and recognition 
of viruses, bacteria and fungi.160, 161 PcrV is known to form an oligomeric ring at 
the tip of the needle, most likely a pentameric structure (Figure 21).162-164 
Compared to a monovalent ligand, a multivalent ligand can benefit from many 
possible binding mechanisms and not only from e.g. high affinity.165 These 
mechanisms include steric shielding, aggregation, chelation effect, which drives 
the binding of more ligand due to close proximity, and statistical rebinding, 
which is favored by the high local concentration of the binding elements.165 On 
this basis, we aimed to convert the PcrV binder H1 (see chapter 5) into a 
polyvalent ligand, which can benefit from one of the above mechanisms to 
inhibit the translocation of the T3S machinery. 

 

Figure 21. PcrV model based on the structure of Yersinia pestis V-antigen as a template and 
Shigella flexneri needle subunit. A homology model of PcrV (blue), superimposed to the C-
terminal helices of the needle subunit (yellow). Structures B and C show the side and top of the 
pentameric PcrV model complex respectively (surface representation) on the tip of the T3S 
needle (ribbon representation). (The picture was reprinted from De Tavernier et al.166 according 
to the publisher policy). 
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6.1 Synthesis of functionalized PcrV ligand 
Based on the structure analysis of H1 (chapter 5), the carboxylic acid group is 
an obvious point of attachment towards the access of multivalent analogues.  

To confirm this further, we synthesized few analogues with aromatic 
acylsulfonamide terminating with functional groups e.g. alkyne (177), azide 
(178) and acid (179) (Scheme 16) that allow coupling to multivalent scaffold. 
The sulfonamides synthesis commenced with bromination of commercially 
available anisole 168 using perbromide in 88% yield167 followed by O-
alkylation and ester hydrolysis to afford 170 (H1) in 99% yield over two steps. 
Sulfoamidation was performed by adding freshly prepared sodium salt of 
sulfonamide to the activated carboxylic acid using HATU or TBTU as coupling 
agents to afford 177 – 179 in 47–67% yields. Corresponding building blocks 
172 and 174 were prepared as shown in Scheme 16. Analogue 179 terminated 
with carboxylic acid showed a KD of 142±38 µM and was therefore selected for 
the synthesis of multivalent ligands. 

 

Scheme 16. Synthesis of functionalized ligands for the multivalent design. Conditions and 
reagents: a) TBABr3, DCM/MeOH, RT, 1 h, 88%; b) Br(CH2)nCO2Et, K2CO3, KI, (CH3)2CO, 
reflux, 18–24 h, c) LiOH.H2O, THF/MeOH/H2O (3:1:1), 60 °C MWI, 15 min, 99% over two 
steps; d) 1) HATU, TEA, DMF, RT, 1 h, 2) NaH, arylsulfonamide, DMF, 0 oC – RT, 18–20 h, 
47–64%; e) Trimethylsilylacetylene, PdCl2(PPh3)2 (2 mol%), CuI (5% mol), TEA/THF 4:1, 70 
°C, MWI, 30 min. 71%; f) TBAF (1M in THF), THF, RT, 30 min., 72%; g) aq. HCl (4N), 
NaNO2, 0 °C, 1 h. h) NaN3, 5 °C, 1 h, 65% over two steps; i) Propargylamine, TBTU, DIPEA, 
DMF, RT, 18–20 h, 65%. 

6.2 Ongoing design and synthesis of PAMAM dendrimers 
As a starting point for the multivalent strategy, we selected the StarburstTM 
PolyAMido-AMine dendrimer (PAMAM) scaffold 181 (Scheme 17). PAMAM 

OOH

Br Br

OH a OH

O

b, c d

S
O O

H2N
e, fS

O O
H2N

Br

S
O O

H2N

g, h
S

O O
H2N

O

Br

N
H

O
S

O O

Z

H2N
S
O O

H
N

O

H2N
S
O O

O

OH

i

Synthesized building blocks

177, Z = 4-CCH
178, Z = 3-N3
179, Z = 4-COOH
180, Z = 4-CONHCH2CCH

N3NH2

168 169
170 (H1)

171 172 173 174

175 176



 

 
59 

can be easily synthesized via Michael addition and amidation reactions, and is 
also commercially available in several generations and valency (G1–G10).168 
Moreover, PAMAM is a water-soluble scaffold with well-studied 
physicochemical properties, immunogenicity as well as in vitro and in vivo 
cytotoxicity.169 To select a proper generation of PAMAM, we considered the 
reported pentameric PcrV complex model (Figure 21)166, which showed a depth 
of ±70 Å and a diameter of ±100 Å. Accordingly, we started with PAMAM 
(G3.0) with 32 amino groups (Scheme 17) that upon full functionalization 
would yield 32-valent-ligand with approximate length of 50 Å. We then 
planned to employ the robust Copper-catalyzed Azide-Alkyne Cycloaddition 
(CuAAC) reaction by converting the 32 terminal amino groups of PAMAM 
dendrimer 181 to potentially 32-valent-azides 182 using diazotransfer reagent 
1H-imidazole-1-sulfonyl azide.HCl170 in 40% yield (Scheme 17). The alkyne-
terminated ligand 180 was prepared from the carboxylic acid derivative 170 and 
sulfonamide 176 via amidation in 57% (Scheme 16). A CuAAC reaction 
between the azides-terminated PAMAM 182 and ligand 180 afforded insoluble 
solid of partially functionalized product 183 (Scheme 17). This result was not 
expected since the azide-functionalized PAMAM scaffold is completely soluble 
in water and the alkyne-terminated ligand 180 was soluble in organic solvent 
e.g. DMF, DMSO or hot MeOH. The obtained product, however, was 
characterized with solid IR, which showed the disappearance of characteristic 
azide peak at 2150 cm-1. The incorporation of ligand 180 on the surface of 
PAMAM was also validated with X-ray photoelectron spectroscopy (XPS) by 
observing the binding energy for bromide. However, the exact loading/valency 
of the ligand on the surface of PAMAM remained ambigious. By investigating 
the XPS data carefully, we observed chemically bonded copper, which could be 
a reason behind the lack of solubility. 

Nevertheless, with these preliminary results in hand, attempts to address the 
solubility issues will be considered. These include the use of different ligands 
with improved solubility, water-soluble spacers (e.g. glycol, amine) and/or 
different functionalities. 
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Scheme 17. Attempted synthesis of a multivalent ligand with PAMAM scaffold. Reagents and 
conditions: a) 1H-Imidazole-1-sulfonyl azide.HCl, K2CO3, MeOH, RT, 18 h, 40%; b) Alkyne 
180, Sodium ascorbate, CuSO4.5H2O,DMF/H2O, RT, 18 h. 

6.3 Towards multivalent gold nanoparticles 
In parallel, we turned our attention to nanoparticles, and in particular gold 
nanoparticles (AuNPs), as a very well-established platform for diverse 
biomedical applications171, and delivery of genes and therapeutic agents172. The 
AuNP core is essentially inert and non-toxic to human cells.173 Furthermore, 
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they have distinct chemical, physical and optoelectronic properties, such as high 
surface-area-to-volume ratio, effective cell permeability, and ease of synthesis. 
These properties can also be tuned by varying their shape, size (from 1 nm to 
150 nm)174 and/or chemical environment, which make them an excellent 
scaffold for efficient delivery of drugs and biomolecules. AuNPs can be 
synthesized in a straightforward manner via chemical reduction of 
tetrachloroauric acid (HAuCl4) with a reducing agents like citrate175, 176 or 
borohydrides (e.g. NaBH4)177, followed by stabilization with, for example, 
citrate, sulfur or nitrogen-based ligands.174 In this study, we manipulated the 
ability to concentrate a monolayer of thiol-terminated ligands on the surface of 
the AuNPs as an alternative polyvalent version of PcrV binders. 

6.3.1 Ongoing design and synthesis of monolayer AuNPs 
To investigate the feasibility of the synthesis of a multivalent AuNPs, we 
started with a relatively short PEG linker, 4,7,10-trioxa-1,13-tridecanediamine 
(184, Scheme 18). A hydrophobic shield spacer was introduced between the 
surface of the NPs and the outer hydrophilic PEG spacer to reduce the protein 
adsorption on the surface and to minimize macrophage uptake of the 
nanoparticles.178 The synthesis of the ligand commenced with linker 184 that 
was converted to mono Boc-protected amine 185 in 69% yield. Cu-catalyazed 
diazotransfer reaction on 185 afforded azide 186 in 83% followed by Boc 
cleavage to yield 187 in quantitative yield (Scheme 18). Bromododecanoic acid 
188 was converted to the corresponding thioacetate 189 in 92% yield, which 
was coupled with azide linker 187 to give azide-terminated spacer 190 in 62% 
yield. CuAAC reaction of 190 with alkyne 180 afforded 191 in 84% yield. A 
final thioester hydrolysis afforded the desired thiols ligand 192 in 81% yield. 

AuNPs were prepared by ligand exchange reactions between the thiol ligand 
192 and the citrate capped AuNPs. The citrate capped AuNPs itself was 
prepared by reducing the HAuCl4 with trisodium citrate in boiling water175, 176, 

179 (Scheme 18). A solution of the thiol ligand in MeOH was added dropwise 
and the mixture was stirred overnight. The red violet AuNPs were then isolated 
by ultracentrifugation. The functionalization of the AuNPs surface with the 
thiol ligand was confirmed by X-ray photoelectron spectroscopy, while the 
particle sizes were measured by transmission electron microscope (TEM) to be 
17±2.1 nm (Figure 20). However, the exact loading of the ligand on the surface 
of the AuNPs remains to be analyzed/calculated using elemental analysis and/or 
thermogravimetric analysis. 

With these preliminary results in hand, ongoing syntheses of control AuNPs 
that lack the recognition elements (i.e. PcrV binder) are currently prepared. 
That is in addition to other attempts to optimize the conditions for the synthesis 
of different sizes of AuNPs (i.e. 2–20 nm) and to screen different monovalent 
ligands and spacers. 
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Scheme 18. Synthesis of the ligands for AuNPs. Reagents and conditions: a) Boc2O, 1,4-dioxane, 
RT, ovn., 69%;. b) 1H-Imidazole-1-sulfonyl azide HCl salt, K2CO3, MeOH, RT, ovn., 83%; c) 
DCM/TFA, RT, 2 h, quant.; d) CH3COSK, DMF, RT, 1 h, 92%; e) TBTU, DIPEA, CH3CN, RT, 
48 h, 62%; f) Alkyne 180, Sodium ascorbate, CuSO4.5H2O, DMF/H2O, 60 °C, MWI, 1 h. 84%; 
g) LiOH.H2O, MWI, 80 min, 60–70 °C, 81%. 

We aim to study the effect of these AuNPs in our cell infection assay, and to 
monitor their binding/mechanism of action at the tip of T3S needle using 
electron microscopy (TEM and/or Scanning electoron microscopy). 
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Scheme 19. Synthesis of a PcrV ligand-coated AuNPs. Reagents and conditions: a) Trisodium 
citrate,H2O, 90–100 °C, 15 min. until a red solution was developed. b) Thiol ligand 192 in 
MeOH, RT, ovn. 

  

 

Figure 20. TEM pictures and colour of the PcrV-ligand-coated AuNPs 193. Measured size is 17 
± 2.1 nm. 
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6.4 Concluding remarks and future aspects 
• We presented a strategy and preliminary study to develop multivalent 

ligands against the oligomeric form of P. aeruginosa protein PcrV. 
 
• Two examples of design and synthesis for such multivalent ligands have 

been demonstrated using PAMAM dendrimer and AuNPs as core scaffolds. 
 
• This strategy will be expanded and optimized further by designing, 

synthesizing and evaluating more multivalent ligands to investigate the 
right parameters including carrier backbone, size, ligand density, and linker. 

 
• The interaction between these multivalent ligands and P. aeruginosa will be 

studied using electron microscopy and cell infection assay. 
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7. Conclusions, outlook and future aspects 

Despite the great success in antibiotics research during the 20th century, 
antimicrobial resistance genes are spreading rapidly, while innovative research 
for novel antibiotics is not. This problem put the whole globe under threat of 
being unable to fight back against common infections and minor injuries. To 
address this research gap, multidisciplinary strategies are required. This 
includes the use of chemical genetics, structural biology, screening, synthesis of 
new chemical entities, and investigating new mechanisms/targets. As a 
contribution to developing novel antibacterials, we herein applied such 
multidisciplinary approach and identified novel antibacterials against C. 
trachomatis and chemical probes against P. aeruginosa infections. 

7.1 Synthesis of focused library and phenotypic screening identified 
novel antichlamydial (Paper I) 
A robust synthesis of a focused screening library based on biologically relevant 
scaffolds, 2,3-diaryl-2,3-dihydrobenzofuran and 2,3-diarylbenzofuran, have 
been presented. This focused library proved successful in a phenotypic assay to 
identify five novel antichlamydial agents with efficacy down to sub-
micromolar. The compounds presented in this thesis also showed efficacy 
against different clinical presentations of C. trachomatis – one of the most 
common sexually transmitted disease that associates with infertility 
worldwide.134-136 Such antichlamydial small molecules can thus serve as a 
starting point for a continued medicinal chemistry and chemical genomics 
programs to develop these molecules further. For example, this will include, hit 
expansion, SAR analysis, asymmetric synthesis of the active 
dihydrobenzofuran, target identification, and study on the mechanism of action. 
Development of selective antichlamydial antibiotics is attractive since 
infections are only treated after diagnosis. Importantly, this library can also be 
screened in a phenotypic format against different bacterial strains such as 
Mycobacterium tuberculosis and other antibiotic-resistant strains to explore 
their potential broad-spectrum antibacterial activity. 

7.2 Target-based screening identified chemical probes targeting P. 
aeruginosa virulence (Paper II–IV) 
The conserved virulence factor, type III secretion system (T3SS), is essential 
for pathogenicity in several Gram-negative pathogens including P. aeruginosa. 
Targeting genetically validated T3S components is an attractive approach to 
develop antibacterials/chemical probes that can block and/or dissect the 
mechanisms of pathogenesis. The advantage of being selective to disarm the 
pathogen, while leaving our commensal microbiota intact, is to impose weaker 
selective pressure on the organisms, thus preventing development of resistance. 
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In one part of this thesis, we targeted P. aeruginosa T3S toxin ExoS – an 
essential effector protein that is responsible for ADP-ribosylation of eukaryotic 
proteins during pathogenesis. A screening campaign using a fluorometric 
enzymatic assay identified a small-molecule inhibitor of ExoS-ADPRT (paper 
II). The SAR analysis of this inhibitor (paper II-III) showed the important 
functionalities and identified five compounds as ExoS-ADPRT inhibitors with 
IC50 down to low µM. The inhibition profile of these compounds was validated 
against native ExoS that is secreted by viable P. aeruginosa. However, for 
unclear reasons this class of inhibitors, together with the only reported ExoS 
inhibitors105, did not show the desired effect against P. aeruginosa infection. 
Nevertheless, the compounds described in this thesis can be used as chemical 
tools for in vitro studies of ExoS to gain more knowledge on this vital bacterial 
enzyme. 

In another part, we targeted P. aeruginosa T3S translocation machinery that is 
modulated by the V-antigen (PcrV). A biophysical screening assay using SPR 
identified small-molecule binders of PcrV with affinity in the range of high µM. 
The identified hits were then validated in extensive screening funnel including 
antivirulence activity, NMR-binding validation and chemical synthesis (paper 
IV). Primary SAR analysis on one compound class revealed the important 
features and the expandable chemical space of this small molecule. This is the 
first small-molecule PcrV binder that can serve as a starting point for the 
development of antivirulence compounds against P. aeruginosa infections. 

PcrV is known to form an oligomeric structure at the tip of the T3S needle. 
Therefore, future works on this molecule will also include the synthesis of 
multivalent ligand that targets the oligomeric structure of PcrV (chapter 6). 
Moreover, ongoing studies on the structure of PcrV using NMR may guide the 
development of this small molecule further and/or allow the application of other 
screening approach such as fragment-based screening against this vital 
virulence protein.  

7.3 The future of antibacterial research 
To regain our competitive advantages against bacteria, we need to think out of 
the box of the current dogma and look for novel sources/strategies. For 
example, it is estimated that 97–99% of streptomycete-produced antibiotics are 
undiscovered,27 and only 10% of ~250,000 plant species have been tested for 
some biological activity180. Therefore, with the current advances in genomics 
and organic synthesis, we must access and explore this natural products world 
as a source of biodiversity. The use of libraries based on, or derived from, 
underexplored natural products in unbiased whole-cell screen is one strategy to 
identify unique scaffolds and/or new mechanism of action.  

On the other hand, we need to accept the fact that one-drug-fits-all approachs 
will probably not exist, and phenotypic screens fail to identify novel antibiotics. 
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Therefore, incorporating virulence factors as targets in other screening 
approaches would have substantial benefits. Antivirulence compounds can help 
us to understand the mechanisms of pathogenesis and the role of each virulence 
factor as a weapon to counter the antibiotic-resistance threat. Moreover, they 
can be applied in synergistic therapies to minimize the evolution of resistant 
pathogens. However, since this is a developing discipline, more accelerated 
efforts and investments are needed at each stage of preclinical and clinical 
development. 
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Appendix I 
Experimental procedures and data for intermediates presented in Scheme 12 
(Chapter 5). 

2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-ol (135). To a solution of 
methoxybenzaldehyde (2.0 g, 14.69 mmol, 1.0 equiv.) and Me3SiCF3 (2.71 mL, 18.36 
mmol, 1.25 equiv.) in THF (42 mL) at 0 °C was added TBAF•H2O (1.84 g, 6.61 mmol, 
0.45 equiv.) under N2. The golden mixture was warmed to room temperature, stirred for 
3 h and monitored by LC-MS and TLC (EtOAc/Heptane 1:9, stained with 2,4-
dinitrophenylhydrazine). Then HCl (6M, 4.89 mL, 29.37 mmol, 2 equiv.) was slowly 
added until the light yellow color is constant. The mixture was stirred for additional 2 h, 
diluted with EtOAc, and solid Na2CO3 was cautiously added until effervescence had 
ceased. The solution was then washed with sat. aq. NaHCO3 and the aqueous layer was 
acidified with HCl (6M) and re-extracted with EtOAc. The combined organic layers 
was dried over Na2SO4, filtered and concentrated under vacuum to afford orange oily 
residue. The crude was purified on silica using EtOAc/Heptane 1:9 linear gradient to 
afford the desired product in quantitative yield (3.5 g, 14.69 mmol). 1H NMR (400 
MHz, CDCl3) δH 7.39 (d, J = 8.8 Hz, 2H), 6.95–6.90 (m, 2H), 4.99–4.91 (m, 1H), 3.82 
(s, 3H), 2.80 (d, J = 4.5 Hz, 1H) ppm. 

2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one (136). To a solution of 135 (2.0 g, 
9.70 mmol) in DCM (97 mL) was added TEMPO (0.23 g, 1.45 mmol, 0.15 equiv.) 
followed by PhI(OAc)2 (7.81 g, 24.25 mmol, 2.5 equiv.). The mixture was stirred for 13 
h and monitored by TLC (EtOAc/Heptane 1:3, stained with p-anisaldehyde). The 
reaction was quenched by addition of 1.0 M aqueous Na2S2O3, extracted with EtOAc 
and washed with brine. The organic layer was dried over Na2SO4 and concentrated 
under vacuum at room temperature. The crude was purified on silica using 
hexane/EtOAc (20:1→8:2) and a product of Rf = 0.56 (TLC: EtOAc/Heptane 1:3) was 
collected in 79% yield (1.57 g, 7.67 mmol). 1H NMR (400 MHz, CDCl3) δ 8.04 (dd, J 
= 9.1, 1.0 Hz, 2H), 7.06–6.93 (m, 2H), 3.90 (s, 3H) ppm. 

(E,Z)-2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one oxime (137). To a stirred 
solution of 136 (1.25 g, 6.12 mmol) in pyridine (10 mL) was added hydroxylamine 
hydrochloride (1.27 g, 18.37 mmol, 3.0 equiv.). The mixture was refluxed for 4 h, then 
pyridine was evaporated. Then aqueous citric acid (10%, 23 mL) and DCM (50 mL) 
were added to the residue. The organic layer was extracted, separated, washed with 
brine, dried over anhydrous MgSO4, filtered, and concentrated under vacuum at room 
temperature. The crude was purified on silica using (EtOAc/Hexane 3%→30%) and a 
product of Rf = 0.45 (EtOAc/Heptane 1:3) was collected to afford oxime as yellowish 
oil in quantitative yield (1.34 g, 6.12 mmol) and in E/Z isomeric mixture, which was 
used as such for the next step.1H NMR (400 MHz, CDCl3) δH 9.18 (s, 1H), 7.57 (d, J = 
8.7 Hz, 2H), 7.03–6.96 (m, 2H), 3.86 (s, 3H) ppm. 

(E,Z)-2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one O-tosyl oxime (138). To a 
mixture of oxime 137 (1.30 g, 5.93 mmol, 1.0 equiv.), 4-dimethylaminopyridine (0.36 
g, 2.96 mmol, 0.5 equiv.), and triethylamine (1.24 mL, 8.89 mmol, 1.5 equiv.) in DCM 
(13 mL) at 0 °C was added p-toluene sulfonyl chloride (1.36 g, 7.12 mmol, 1.2 equiv.). 
The mixture was stirred at room temperature overnight under N2 then partitioned 
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between DCM and brine. The organic layer was separated, washed with water, dried 
over Na2SO4, filtered, and concentrated under vacuum. The crude was purified on silica 
using (EtOAc/Heptane 1:9→1:3) and a product of Rf = 0.45 (EtOAc/H 1:3) was 
collected to afford O-tosyl oxime as a white solid in 86% yield (1.9 g, 5.09 mmol). 1H 
NMR (400 MHz, CDCl3) δH 7.89 (d, J = 8.3 Hz, 2H), 7.43 (dd, J = 15.1, 6.6 Hz, 2H), 
7.38 (d, J = 8.1 Hz, 2H), 6.99–6.93 (m, 2H), 3.85 (s, 3H), 2.47 (s, 3H) ppm. 

3-(4-methoxyphenyl)-3-(trifluoromethyl)diaziridine (139). To solution of O-tosyl 
oxime 138 (1.60 g, 4.28 mmol, 1.0 equiv.) in Et2O (22 mL) in sealed tube at -78 °C was 
added liquid ammonia (4.92 mL, 64.2 mmol, 15.0 equiv.). The solution was stirred at 
room temperature for 16 h. The mixture was carefully cooled to -78 °C, and the sealed 
tube was opened to evaporate the residual ammonia. The white precipitate was filtered 
off and washed with Et2O, and the filtrate was concentrated under vacuum to afford 
diaziridine as a pale yellow solid in 93% yield (0.877 g, 4.02 mmol). 1H NMR (600 
MHz, CDCl3) δH 7.54 (d, J = 8.7 Hz, 2H), 7.00–6.83 (m, 2H), 3.83 (s, 3H), 2.75 (d, J = 
8.5 Hz, 1H), 2.16 (d, J = 8.7 Hz, 1H) ppm. 

3-(4-methoxyphenyl)-3-(trifluoromethyl)-3H-diazirine (140). To a mixture of 
diaziridine (0.50 g, 2.29 mmol, 1.0 equiv.) and triethylamine (0.95 mL, 6.87 mmol, 3.0 
equiv.) in MeOH (5 mL) at 0 °C was added iodine (0.698 g, 2.75 mmol, 1.2 equiv.). 
The mixture was stirred at room temperature for 3 h and monitored with TLC 
(EtOAc/Heptane 1:3). Then 10% aqueous citric acid (10 mL) and Na2S2O3 were added 
and the organic layer was extracted with EtOAc, washed with brine, dried over MgSO4, 
filtered, and concentrated under vacuum to afford the product of interest in 97% yield 
(0.483 g, 2.23 mmol). 1H NMR (400 MHz, CDCl3) δH 7.19–7.12 (m, 2H), 6.94–6.87 
(m, 2H), 3.81 (s, 3H) ppm. 

4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenol (141). To a solution of diazirine 140 
(0.39 g, 1.83 mmol, 1.0 equiv.) in DCM (5 mL) under N2, at -78 °C, in dark was added 
BBr3 (0.5 M in DCM, 4.04 mL, 2.02 mmol, 1.1 equiv.). After stirring for 30 min at -78 
°C, the cold bath was removed, and the mixture was stirred for additional 1.5 h at room 
temperature. The reaction was quenched with few drops of sat. aq. NaHCO3 and the 
mixture was extracted with DCM, washed with water, brine, dried over Na2SO4 and 
concentrated under vacuum. The crude was purified on silica using EtOAc/petroleum 
ether 1:99→1:3 linear gradient, and a product of Rf = 0.3 (EtOAc/Heptane 1:3) was 
collected to afford the product of interest in 54% yield (0.20 g, 0.99 mmol). 1H NMR 
(400 MHz, CDCl3) δH 8.00 (dd, J = 8.9, 0.9 Hz, 2H), 7.90 (s, 1H), 6.92–6.98 (m, 2H) 
ppm.  
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Experimental procedures and data for unpublished compounds presented in Table 
10 (Chapter 5). 

4–(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenoxy)butanoic acid (129). To a 
suspension of phenol 141 (60 mg, 0.29 mmol, 1.0 equiv.), anhydrous  K2CO3  (82 mg, 
0.59 mmol, 2.0 equiv.) and KI  (59 mg, 0.36 mmol, 1.2 equiv.) in acetone (1.2 mL) was 
added ethyl 4-bromobutyrate (85 µL, 0.59 mmol, 2.0 equiv.). The mixture was stirred at 
room temperature for 48 h under N2 in dark and monitored by TLC (EtOAc/Heptane 
1:3). The solid material was filtered off, washed with acetone and the filtrate was 
concentrated under vacuum. The crude was dissolved in THF/H2O (3:1, 3 mL) followed 
by addition of LiOH.H2O (62 mg, 1.48 mmol, 5.0 equiv.). The mixture was stirred at 
room temperature for 2 h and monitored by TLC (EtOAc/Heptane 1:3, stained with 
bromocresol green). THF was evaporated under vacuum at room temperature and the 
remaining aqueous layer was carefully acidified with HCl (2M) to pH = 5 and the 
precipitate was filtered off to afford crude product. The crude was dissolved in 
CH3CN/DMSO 3:1 and purified by HPLC 20→100% CH3CN in H2O over 25 min 
without any acid additives to afford diazirine 129 in 30% yield (26 mg, 0.09 mmol). 1H 
NMR (600 MHz, DMSO-d6) δH 12.35 (s, 1H), 8.03 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.9 
Hz, 2H), 4.16 (t, J = 6.4 Hz, 2H), 2.38 (t, J = 7.3 Hz, 2H), 2.02–1.94 (m, 2H); 19F NMR 
(376 MHz, DMSO) δF -70.1; 13C NMR (150 MHz, DMSO-d6) δC 174.0, 164.8, 132.6, 
121.7, 117.1 (q, 1JCF = 293 Hz), 115.5, 67.6, 30.1, 24.0 ppm. 

4-(4-benzoylphenoxy)butanoic acid (130). To a suspension of 4-
hydroxybenzophenone (224 mg, 1.13 mmol, 1.0 equiv.), anhydrous K2CO3 (312 mg, 
2.26 mmol, 2.0 equiv.) and KI (225 mg, 1.35 mmol, 1.2 equiv.) in acetone (8 mL) was 
added ethyl 4-bromobutyrate (324 µL, 2.26 mmol, 2.0 equiv.). The mixture was 
refluxed at 80 °C overnight (ca. 24 h) and monitored by TLC (EtOAc/Heptane 1:3, Rf = 
0.4). The solid material was filtered off, washed with acetone and the filtrate was 
concentrated under vacuum. The crude was dissolved in THF/MeOH/H2O (3:1:1, 10 
mL) followed by addition of LiOH.H2O (237 mg, 5.65 mmol, 5.0 equiv.), heated in 
microwave for 15 min at 65 °C and monitored by TLC (EtOAc/Heptane 1:3, stained 
with bromocresol green). THF was evaporated and the remaining aqueous layer was 
acidified with HCl (6M) to pH < 3 and the emulsion was extracted with EtOAc and 
washed with brine. The organic layer was dried over Na2SO4 and concentrated under 
vacuum to afford crude product, which was purified by HPLC 20→100% CH3CN in 
H2O with 0.75% HCOOH over 20 min to afford the product of interest in 86% (277 mg, 
0.97 mmol). 1H NMR (400 MHz, DMSO-d6) δH 12.20 (s, 1H), 7.78–7.72 (m, 2H), 
7.71–7.67 (m, 2H), 7.65 (d, J = 7.4 Hz, 1H), 7.55 (t, J = 7.5 Hz, 2H), 7.09 (d, J = 8.8 
Hz, 2H), 4.11 (t, J = 6.4 Hz, 2H), 2.41 (t, J = 7.3 Hz, 2H), 1.98 (p, J = 6.8 Hz, 2H); 13C 
NMR (100 MHz, DMSO-d6) δC 194.9, 174.5, 162.7, 138.2, 132.7, 132.5, 129.8, 129.7, 
128.9, 114.8, 67.5, 30.5, 24.6 ppm. 

4-(2-benzoylphenoxy)butanoic acid (131). Synthesized using the same method as for 
compound 130 except that 2-hydroxybenzophenone was used instead. Yield: 91% (265 
mg, 0.92 mmol). 1H NMR (400 MHz, DMSO-d6) δH 11.98 (s, 1H), 7.58–7.68 (m, 3H), 
7.51 (ddd, J = 15.2, 10.5, 4.6 Hz, 3H), 7.35 (dd, J = 7.5, 1.7 Hz, 1H), 7.14 (d, J = 8.4 
Hz, 1H), 7.08 (t, J = 7.4 Hz, 1H), 3.91 (t, J = 6.2 Hz, 2H), 1.87 (t, J = 7.4 Hz, 2H), 
1.62–1.51 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δC 196.5, 174.4, 156.5, 138.1, 
133.6, 132.7, 129.5, 129.4, 129.0, 128.9, 121.1, 113.1, 67.3, 29.9, 24.4 ppm. 
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4-((3-benzoylphenyl)amino)-4-oxobutanoic acid (132). 3-Aminobenzophenone (400 
mg, 2.0 mmol) and succinic anhydride (1 g, 10 mmol, 5 equiv.), were suspended in 
toluene (10 mL) and the mixture was heated in the microwave at 150 °C for 15 min and 
monitored by TLC (EtOAc/Hepaten 1:3, stained with ninhydrine). Toluene was 
evaporated under vacuum and the crude was re-dissolved in minimum amount of 
MeOH and the product was crashed out from the solution by addition of H2O. The 
precipitate was filtered off and washed with H2O/MeOH 8:2 and the solid product was 
dried under vacuum to afford pure product in 66% yield (400 mg, 1.34 mmol). 1H 
NMR (400 MHz, CDCl3) δH 12.13 (s, 1H), 10.20 (s, 1H), 8.01 (s, 1H), 7.87 (d, J = 7.9 
Hz, 1H), 7.73 (d, J = 7.8 Hz, 2H), 7.68 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.4 Hz, 2H), 7.48 
(t, J = 7.9 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 2.57 (t, J = 6.5 Hz, 2H), 2.52 (d, J = 6.4 
Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δC 196.1, 174.2, 170.9, 139.9, 137.9, 137.5, 
133.1, 130.0, 129.5, 129.0, 124.6, 123.2, 120.3, 31.5, 29.1 ppm. 

4-(4-bromo-2-(2,2,2-trifluoro-1-hydroxyethyl)phenoxy)butanoic acid (isolated 
instead of 133). Synthesized and purified using the same method as for compound 129 
except that 4-bromo-2-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenol was used as a 
starting material instead. Yield: 26% (20 mg, 0.056 mmol). 1H NMR (600 MHz, 
DMSO) δH 12.16 (s, 1H), 7.56 (d, J = 2.2 Hz, 1H), 7.52 (dd, J = 8.9, 2.4 Hz, 1H), 7.04 
(d, J = 8.8 Hz, 1H), 6.86 (bs, 1H), 5.39 (q, J = 6.6 Hz, 1H), 4.03 (t, J = 6.3 Hz, 2H), 
2.37 (t, J = 7.4 Hz, 2H), 1.94 (p, J = 6.8 Hz, 2H); 19F NMR (565 MHz, DMSO) δF -
77.07 (d, J = 7.0 Hz); 13C NMR (150 MHz, DMSO) δC 173.9, 154.9, 132.5, 130.4, 
126.2, 124.1 (q, 1JCF = 280 Hz), 114.1, 111.6, 67.3, 63.5 (q, 2JCF = 32 Hz), 29.8, 24.0 
ppm. LC-MS (E) m/z: [M-1H]- calcd. for C12H12BrF3O4 354.97; observed 355.1 
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Appendix II 
Experimental procedure and data for unpublished compounds presented in 
Scheme 16 and for PAMAM dendrimers presented in Scheme 16 and 17 (Chapter 
6). 

4-(4-bromo-2,3-dimethylphenoxy)-N-((4-ethynylphenyl)sulfonyl)butanamide (177). 
To a solution of acid derivative 170 (30 mg, 0.10 mmol) and HATU (47 mg, 1.2 equiv.) 
in DMF (0.5 mL) was added TEA (30 µL, 2 equiv.) and the mixture was stirred for 30 
min. In another vial, 4-ethynylbenzenesulfonamide (75 mg, 4 equiv.) and NaH (7 mg, 
2.5 equiv.) was mixed at 0 °C in DMF (2 mL) and stirred for 1 h at room temperature. 
The sulfonamide solution was then transferred dropwise at 0 °C to the activated acid 
and the resulting mixture was stirred for 18 h at room temperature under N2. The 
mixture was diluted with EtOAc and washed with HCl (1M), H2O and brine. The 
organic layer was dried over Na2SO4 and concentrated under vacuum. The crude was 
purified by HPLC using 20→100% CH3CN in H2O with 0.75% HCOOH over 15 min 
to give 177 in 63% yield (30 mg, 0.066 mmol). 1H NMR (600 MHz, DMSO-d6) δH 
12.24 (s, 1H), 7.88 (d, J = 8.5 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.8 Hz, 
1H), 6.66 (d, J = 8.8 Hz, 1H), 3.82 (t, J = 6.2 Hz, 2H), 2.42 (t, J = 7.3 Hz, 2H), 2.28 (s, 
3H), 2.11 (s, 3H), 1.85 (p, J = 6.7 Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δC 171.8, 
156.0, 139.8, 136.6, 132.7, 130.0, 128.2, 127.28, 127.27, 115.9, 111.6, 85.0, 82.5, 67.3, 
32.4, 24.0, 20.0, 13.2 ppm. 

N-((3-azidophenyl)sulfonyl)-4-(4-bromo-2,3-dimethylphenoxy)butanamide (178). 
Synthesized and purified using the same method as for compound 177 except with 3-
azidobenzenesulfonamide as a starting material. Yield: 61% (30 mg, 0.064 mmol). 1H 
NMR (600 MHz, DMSO-d6) δH 12.24 (s, 1H), 7.70 (d, J = 7.9 Hz, 1H), 7.64 (t, J = 7.9 
Hz, 1H), 7.50 (t, J = 1.8 Hz, 1H), 7.46 (dd, J = 8.0, 2.0 Hz, 1H), 7.34 (d, J = 8.8 Hz, 
1H), 6.68 (d, J = 8.8 Hz, 1H), 3.84 (t, J = 6.2 Hz, 2H), 2.44 (t, J = 7.3 Hz, 2H), 2.30 (s, 
3H), 2.11 (s, 3H), 1.87 (p, J = 6.7 Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δC 171.8, 
155.9, 140.9, 136.6, 131.4, 131.4, 130.0, 127.3, 124.7, 124.2, 118.1, 115.9, 111.6, 67.3, 
32.5, 23.9, 20.0, 13.1 ppm. 

4-(N-(4-(4-bromo-2,3-dimethylphenoxy)butanoyl)sulfamoyl)benzoic acid (179). 
Synthesized and purified using the same method as for compound 177 except with 4-
sulphamidobenzoic acid as a starting material (84 mg, 5 equiv.) and NaH (8 equiv.). 
Yield: 46% (46 mg, 0.05 mmol). 1H NMR (600 MHz, DMSO-d6): δH 13.3 (s, 1H), 12.3 
(s, 1H), 8.12 (d, J = 8.3 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.7 Hz, 1H), 
6.66 (d, J = 8.7 Hz, 1H), 3.82 (t, J = 6.2 Hz, 2H), 2.44 (t, J = 7.5 Hz, 2H), 2.28 (s, 3H), 
2.09 (s, 3H), 1.85 (p, J = 6.9 Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δC 171.3, 
166.0, 155.4, 142.8, 136.0, 135.1, 129.9, 129.8, 127.7, 126.8, 115.4, 111.1, 66.9, 32.0, 
23.4, 19.5, 12.6 ppm. 

4-(N-(4-(4-bromo-2,3-dimethylphenoxy)butanoyl)sulfamoyl)-N-(prop-2-yn-1-
yl)benzamide (180). To a solution of acid 170 (1.0 g, 3.48 mmol) was added TBTU 
(1.67 g, 1.5 equiv.), DIPEA (1.5 mL, 2.5 equiv.) in DMF (17 mL) and the mixture was 
stirred at room temperature for 30 min under N2. In another vial, sulfonamide 176 (1.08 
g, 4.52 mmol, 1.3 equiv.) and NaH (181 mg, 4.52 mmol, 1.3 equiv.) were mixed at 0 °C 
in DMF (20 mL) and stirred for 30 min. The sulphonamide solution was then 
transferred dropwise at 0 °C to the activated acid and the resulting mixture was stirred 
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for 18 h at room temperature under N2, and monitored by LC-MS. The mixture was 
diluted with 300 mL water and acidified to pH < 2 with HCl (6M) and the precipitate 
was filtered off and washed with DCM, EtOAc and MeOH and the beige solid was 
dried under vacuum to afford desired product in 57% yield (1.0 g, 1.97 mmol). 1H 
NMR (600 MHz, DMSO-d6) δ 12.28 (s, 1H), 9.19 (t, J = 5.5 Hz, 1H), 8.01 (q, J = 8.5 
Hz, 4H), 7.33 (d, J = 8.8 Hz, 1H), 6.68 (d, J = 8.8 Hz, 1H), 4.09 (dd, J = 5.4, 2.4 Hz, 
2H), 3.83 (t, J = 6.1 Hz, 2H), 3.16 (t, J = 2.3 Hz, 1H), 2.44 (t, J = 7.3 Hz, 2H), 2.29 (s, 
3H), 2.10 (s, 3H), 1.86 (p, J = 6.7 Hz, 2H); 13C NMR (150 MHz, DMSO-d6) δC 171.8, 
165.2, 155.9, 142.1, 138.8, 136.6, 130.0, 128.5, 128.1, 127.3, 115.9, 111.6, 81.3, 73.6, 
67.3, 32.4, 29.1, 23.9, 20.0, 13.1 ppm. 

Azido-derivatized PAMAM G3.0 (173). To a solution of 300 mg of the PAMAM G 
3.0 32xNH2 (20% in MeOH, 0.008 mmol) was added K2CO3 (72 mg, 65 equiv.) and 
catalytic amount of CuSO4.5H2O (2 mg). To the resulted light blue color was added 
imidazole-1-sulfonyl azide hydrochloride (72 mg, 42 equiv.) and the mixture was 
stirred at room temperature overnight. Then the mixture was diluted with H2O and 
transferred to 15 mL Amicon ultracentrifugation 3kD filter and concentrated by 
centrifugation at 3700 for 40 min. Then the residue was washed with H2O/EtOH (10–
20%) and Milli-Q H2O by ultracentrifugation, and lyophilized to afford pale green 
powder (copper is possibly trapped, but the product was used as it is for the next step). 
Azide transfer was confirmed by IR absorbance at 2150 cm-1 and NMR, however 
elemental analysis was required to confirm full functionalization.170 

Synthesis of PAMAM G3.0 functionalized with ligand 181 via CuAAC reaction 
(174). To a mixture of azide-derivatized (10 mg, 0.0013 mmol) and alkyne (60 equiv.) 
in a mixture of DMF and water (4:1, 4 mL), was added freshly prepared aqueous 
sodium ascorbate (0.14 mL, 1M, 110 equiv.) followed by addition of 7.5% aqueous 
CuSO4.5H2O (140 mg, 51 equiv.). The reaction mixture was stirred at room temperature 
for 48 h, upon which a precipitate was formed. The mixture was diluted 
with large amount of H2O and filtered off. The collected pale green solid was washed 
extensively with H2O and hot MeOH. The collected solid was insoluble in any organic 
solvent including hot DMSO, DMF, NMP, EtOH. Solid IR analysis showed the 
disappearance of the azide functional groups (Figure AP-1). XPS showed the existence 
of the bromide in the final compound (Table AP-1). However, it seems like the surface 
was not fully functionalized and we could also noticed chemically bounded copper, 
which may explain the lack of solubility. 
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Figure AP-1. The superimposed IR spectra of the monovalent ligand 180 (bottom 
pink) and the dendrimers 182 (azides, middle red) and 183 (Functionalized PAMAM 
ligand (top blue) 

Table AP-1. XPS data for the multivalent ligand PAMAM ligand 174 

 
BE, eV Atomic % Photoelectron lines BE scale referencing 

285.0 35.85 

C 1s 

C-(C,H) 

286.4 18.07 C-O, C-N 

288.2 8.23 COOH, CON 

292.2 1.79 CF2 

531.7 11.12 
O 1s 

C=O 

532.9 6 C-OH, S-OH 

398.5 0.82 

N 1s 
 

400.0 9.48 -NH- 

402.0 1.25 NR3 

162.4 0.12 

S 2p 3/2 

Cu-S 

164.4 0.07 Thiol 

168.2 1.55 Sulfonate 

169.1 0.25 Protonated sulfonate 

68.6 0.08 
Br 3d 5/2 

Br-inorganic 

70.4 1.07 C-Br 

933.2 1.49 
Cu 2p 3/2 

Cu-O in sulfonate 

935.0 0.17 
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Experimental procedure and data for thiol ligand presented in Scheme 18. 
(Chapter 6) 

tert-Butyl(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate (185). To a 
solution of 4,7,10-trioxa-1,13-tridecanediamine (30.28 g, 137.45 mmol) in dioxane (150 
ml) was added solution of Boc2O (5.0 g, 22.91 mmol) in dioxane (100 ml) dropwise 
over 2 h at room temperature. The mixture was stirred overnight before concentrated 
under vacuum. The crude was dissolved in EtOAc and washed with brine and the 
organic layer was dried over Na2SO4 and concentrated under vacuum to give pure 
product in 69% yield (5.09 g, 15.88 mmol). 1H NMR (400 MHz, CDCl3) δ 3.65–3.44 
(m, 12H), 3.19 (dd, J = 11.9, 5.9 Hz, 2H), 2.76 (t, J = 6.7 Hz, 2H), 1.71 (dp, J = 13.0, 
6.3 Hz, 4H), 1.40 (s, 9H) ppm. 13C NMR (100 MHz, CDCl3) δ 156.1, 78.9, 70.7, 70.6, 
70.3, 70.3, 69.6, 69.5, 39.7, 38.6, 33.5, 29.7, 28.5 ppm. 

tert-butyl(3-(2-(2-(3-azidopropoxy)ethoxy)ethoxy)propyl)carbamate (186). Amine 
185 (1.75 g, 5.46 mmol, 1.0 equiv.), imidazole-1-sulfonylazide (1.37 g, 6.55 mmol, 1.2 
equiv.), K2CO3 (1.51 g, 10.92 mmol, 2.0 equiv.) and CuSO4.5H2O (8.72 mg, 0.05 
mmol, 0.01 equiv.) were mixed in MeOH (20 ml) and the resulting mixture was stirred 
at room temperature overnight. The mixture was concentrated, diluted with H2O and 
extracted with EtOAc. The combined organic layers were dried over MgSO4, filtered 
and concentrated under vacuum. The crude product was purified on silica using 
Hexane/EtOAc 2:1 to give the product of interest in 83% yield (1.57 g, 4.53 mmol). 1H 
NMR (400 MHz, CDCl3) δ 3.66–3.44 (m, 12H), 3.36 (t, J = 6.7 Hz, 2H), 3.18 (s, 2H), 
1.87–1.79 (m, 2H), 1.73 (p, J = 6.7 Hz, 2H), 1.40 (s, 9H) ppm. 13C NMR (100 MHz, 
CDCl3) δ 156.0, 78.9, 70.5, 70185 .5, 70.3, 70.2, 69.5, 67.8, 48.4, 38.6, 29.6, 29.0, 28.4 
ppm. 

12-(acetylthio)dodecanoic acid (189). Potassium thioacetate (1.36 g, 11.90 mmol, 1.2 
equiv.) was added to a solution of 12-bromododecanoic acid (2.77 g, 9.92 mmol, 1.0 
equiv.) in DMF (27 mL) at 0 °C. The mixture was stirred under N2 at room temperature 
for 1 h before being filtered and concentrated under vacuum to yield a crude product. 
Then residue was diluted with DCM and acidified water (pH = 1) then extracted with 
DCM, dried over Na2SO4 and concentrated under vacuum. The residue was purified 
on silica gel using 0–10% MeOH in DCM to afford product of interest in 92% yield 
(2.51 g, 9.14 mmol). 1H NMR (400 MHz, CDCl3) δ 2.79 (t, J = 7.4 Hz, 2H), 2.28 (t, J = 
7.6 Hz, 2H), 2.25 (s, 3H), 1.62–1.43 (m, 4H), 1.32–1.12 (m, 14H); 13C NMR (100 
MHz, CDCl3) δ 196.2, 179.4, 33.9, 30.6, 29.5, 29.4, 29.4, 29.4, 29.240, 29.2, 29.1, 29.0, 
28.8, 24.7 ppm. 

S-(1-azido-15-oxo-4,7,10-trioxa-14-azahexacosan-26-yl) ethanethioate (190). Boc-
protected amine 184 (2.0 g, 5.77 mmol) was dissolved in DCM (9 mL) and 
trifluoroacetic acid (4.43 ml, 57.73 mmol, 10 equiv.) was added. The resulting mixture 
was stirred at room temperature for 2 h and monitored by TLC. The solvent and TFA 
were removed under vacuum to afford TFA salt of the free amine in quantitative yield 
(2.08 g, 5.77 mmol), which was used as such for the next reaction. TFA salt 187 (2.08 
g, 5.77 mmol, 1 equiv.), carboxylic acid 189 (1.58 g, 5.77 mmol, 1 equiv.), TBTU (2.96 
g, 9.23 mmol, 1.6 equiv.) and DIPEA (5.99 mL, 34.63 mmol, 6.0 equiv.) were dissolved 
in CH3CN (21 mL) and stirred at room temperature for 48 h. The reaction mixture was 
concentrated and purified on silica using (EtOAc/MeOH 20%)/Heptane starting with 
20→85% linear gradient to afford 190 in 62% yield (1.81 g, 3.60 mmol). 1H NMR (400 
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MHz, CDCl3) δ 6.20 (s, 1H), 3.69–3.48 (m, 12H), 3.43–3.27 (m, 4H), 2.83 (dd, J = 
17.0, 9.9 Hz, 2H), 2.31 (s, 3H), 2.13 (t, J = 6.7 Hz, 2H), 1.89–1.72 (m, 4H), 1.65–1.48 
(m, 4H), 1.24 (s, 14H) ppm. 13C NMR (100 MHz, CDCl3) δ 196.1, 173.1, 70.5, 70.5, 
70.3, 70.2, 70.1, 67.9, 48.4, 38.0, 36.8, 30.6, 29.5, 29.5, 29.4, 29.4, 29.1, 29.1, 28.9, 
28.8, 25.8 ppm. 

S-(1-(4-((4-(N-(4-(4-bromo-2,3-
dimethylphenoxy)butanoyl)sulfamoyl)benzamido)methyl)-1H-1,2,3-triazol-1-yl)-
14-oxo-3,6,9-trioxa-13-azapentacosan-25-yl) ethanethioate (191). To a mixture of 
alkyne 180 (250 mg, 0.492 mmol, 1 equiv.), azide 190 (287 mg, 0.591 mmol, 1.2 
equiv.), and ascorbate (98 mg, 0.492 mmol, 1 equiv.) in DMF (4 mL) was added aq. 
solution of CuSO4.5H2O (7.5% aq., 1.04 mL). The mixture was stirred in microwave for 
1 h at 60 °C. TLC (EtOAc/MeOH/Heptane 8:1:2) and LCMS showed full conversion of 
the starting material. Then reaction mixture was diluted with EtOAc/iPrOH 5:1, washed 
with HCl (1M), H2O and brine. The organic layer was dried over Na2SO4 concentrated 
under vacuum and purified on silica using DCM/MeOH (0 to 10% MeOH) to afford the 
product in 84% (420 mg, 0.416 mmol). 1H NMR (400 MHz, DMSO) δ 12.26 (s, 1H), 
9.24 (t, J = 5.7 Hz, 1H), 8.06–8.00 (m, 2H), 8.00–7.95 (m, 3H), 7.70 (t, J = 5.5 Hz, 1H), 
7.32 (d, J = 8.8 Hz, 1H), 6.67 (d, J = 8.9 Hz, 1H), 4.52 (d, J = 5.6 Hz, 2H), 4.37 (t, J = 
7.0 Hz, 2H), 3.83 (t, J = 6.2 Hz, 2H), 3.52–3.42 (m, 8H), 3.38–3.34 (m, 4H), 3.05 (dd, J 
= 12.7, 6.8 Hz, 2H), 2.81 (dd, J = 12.8, 5.6 Hz, 2H), 2.41 (t, J = 7.3 Hz, 2H), 2.30 (s, 
3H), 2.28 (s, 3H), 2.09 (s, 3H), 2.04–1.97 (m, 4H), 1.88–1.80 (m, 2H), 1.58 (p, J = 6.6 
Hz, 2H), 1.46 (dd, J = 14.5, 6.9 Hz, 4H), 1.16–1.30 (m, 14H) ppm. 13C NMR (100 
MHz, DMSO) δ 195.8, 172.4, 171.9, 165.4, 156.0, 145.0, 139.0, 136.6, 130.0, 128.5, 
127.9, 127.2, 123.5, 115.9, 111.6, 70.2, 70.1, 70.0, 70.0, 68.5, 67.3, 49.1, 47.0, 36.1, 
35.9, 35.5, 32.5, 31.0, 30.4, 29.9, 29.6, 29.4, 29.3, 29.2, 29.1, 28.9, 28.8, 28.6, 25.7, 
24.0, 20.0, 13.1 ppm. 

4-(N-(4-(4-bromo-2,3-dimethylphenoxy)butanoyl)sulfamoyl)-N-((1-(26-mercapto-
15-oxo-4,7,10-trioxa-14-azahexacosyl)-1H-1,2,3-triazol-4-yl)methyl)benzamide 
(192). Protected thiol 191 (360 mg, 0.356 mmol, 1.0 equiv.) was dissolved in 
THF/MeOH/H2O (3:1:1, 10 mL) and LiOH.H2O (149 mg, 3.56 mmol, 10.0 equiv.) was 
added. The mixture was stirred in microwave for 15 min at 60 °C. TLC showed 60% 
conversion. Again stirred for 30 minutes, but still no full conversion. Added 
more LiOH.H2O (74.6 mg, 1.78 mmol, 5.0 equiv.) and mixture was stirred in 
microwave for 35 min at 70 °C, upon which full conversion obtained. The solvent was 
evaporated and the residue was diluted with H2O, acidify with 1M HCl and extracted 
with EtOAc:iPrOH (5:1). The organic layer was washed with water and brine, dried 
over Na2SO4 and concentrated under vacuum. Light yellow product was obtained in 
81% yield (280 mg, 0.289 mmol). 1H NMR (400 MHz, DMSO) δ 12.26 (s, 1H), 9.31–
9.12 (m, 1H), 8.04 (d, J = 8.6 Hz, 2H), 8.00–7.96 (m, 3H), 7.70 (t, J = 5.5 Hz, 1H), 7.33 
(t, J = 11.2 Hz, 1H), 6.67 (d, J = 8.9 Hz, 1H), 4.53 (d, J = 5.6 Hz, 2H), 4.37 (t, J = 7.0 
Hz, 2H), 3.86–3.78 (m, 2H), 3.51–3.42 (m, 8H), 3.36 (dd, J = 9.1, 3.8 Hz, 4H), 3.05 
(dd, J = 12.7, 6.7 Hz, 2H), 2.67 (t, J = 7.2 Hz, 2H), 2.45–2.39 (m, 2H), 2.28 (s, 3H), 
2.09 (s, 3H), 2.01 (dd, J = 9.6, 5.4 Hz, 4H), 1.88–1.77 (m, 2H), 1.64–1.51 (m, 4H), 
1.49–1.38 (m, 2H), 1.34–1.29 (m, 2H), 1.28–1.12 (m, 13H) ppm. 3C NMR (100 MHz, 
DMSO) δ 171.8, 164.8, 155.4, 144.4, 136.0, 129.4, 127.8, 127.3, 126.6, 122.9, 115.3, 
111.0, 69.6, 69.57, 69.4, 69.41, 67.9, 66.8, 66.7, 46.4, 37.7, 35.6, 35.3, 34.9, 32.1, 29.8, 
29.2, 28.8, 28.78, 28.66, 28.5, 28.46, 28.4, 27.6, 25.2, 23.5, 19.4, 12.5 ppm. 
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Synthesis of monolayer AuNP 17 nm (193) To a boiling solution of HAuCl4 (6 mg in 
50 mL Milli-Q H2O) was added trisodium citrate solution (98 mg in 10 mL Milli-Q 
H2O) and the colour was changed from yellow to dark red within 15 min. Then a 
solution of thiol ligand 192 (94 mg, 6 equiv.) in MeOH was added dropwise while 
stirring vigorously and the mixture was stirred overnight at room tempreture. The red 
violet colloidal solution was then transferred to a falcon tube and centrifuged at 3700 
rpm to remove all unreacted thiol that precipitate and any potential aggregates. The 
supernatant red-violet colloidal solution was then transferred to Amicon 10 kD 
ultracentrifuge filter and washed with Milli-Q H2O by centrifugation at 3700 rpm for 30 
min. This step was repeated at least 5 times to wash away all salt. The residue was 
diluted with Milli-Q H2O and freeze-dried to afford 6 mg of red-violt solid. 

Transmission electron microscopy (TEM) was performed by dispersing the AuNPs in 
water using ultrasonication for 10 min, and subsequently drop-casted onto a TEM Cu 
grid with carbon supporting film and dried at room temperature. Imaging was taken 
with Jeol JEM-1230 TEM, operated at 80 kV and indicated a particle size of 17 nm ± 
2.1 nm (30 particles sampled). 

The XPS spectra were collected with a Kratos Axis Ultra DLD electron spectrometer 
using monochromated Al Ka source operated at 150 W. Analyser pass energy of 160 eV 
for acquiring wide spectra and a pass energy of 20 eV for individual photoelectron lines 
were used. The surface potential was stabilized by the spectrometer charge 
neutralization system. The binding energy (BE) scale was referenced to the C 1s line of 
aliphatic carbon, set at 285.0 eV. Processing of the spectra was accomplished with the 
Kratos software. Powder sample for the analysis was gently hand-pressed into a pellet 
directly on a sample holder using clean Ni spatula.  

This is a preliminary data and more anlaysis would be required to calculate the exact 
load of the ligand on the surface of the AuNPs. 

Table AP-2: XPS data for the thiol (192) derivatised gold nanoparticles 
 

BE, eV Atomic % Photoelectron lines BE scale referencing 

285.0 42.94 

C 1s 

C-(C,H) 

286.4 21 C-O, C-N 

288.2 5.65 COOH, CON 

531.4 5.53 
O 1s 

C=O 

532.8 10.91 C-OH 

398.1 0.51 

N 1s 

C-NH, CN- 

400.0 4.69 N in the ring 

401.6 1.27 Protonated amine 

161.5 0.16 

S 2p 3/2 

 
162.2 0.11 Au-S 

163.6 0.49 Thiol 

168.0 0.72 Sulfonate 

168.9 0.33 Protonated sulfonate, SO4 



 

 
81 

 

  

67.9 0.23 
Br 3d 5/2  

70.4 0.51 
 

83.6 2.98 
Au 4f 7/2 

Au-S 

1071.4 1.96 
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