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Short Summary 

With antimicrobial resistance (AMR) on the rise, once-effective treatments are failing and contributing to a 
critical global health crisis. The development of new drugs with unprecedented mechanisms of action is 
crucial to control this threat. This thesis aims at discovering new anti-infective starting points via a 
multifaceted approach.  

The introduction gives an overview of typical strategies employed in the early stages of drug discovery and 
specific hurdles faced in anti-infective research.  

Chapters 2 and 3 explore the use of positively charged groups in small molecules to target bacteria. 
Notably, the addition of N-alkyl guanidiniums to an antimalarial compound gave rise to a pyrazole-amide 
class with broad-spectrum activity. These compounds are active against a range of pathogens including 
Plasmodium falciparum, Mycobacterium tuberculosis, Gram-positive (GPB), and Gram-negative bacteria 
(GNB). A similar approach was applied by developing synthetic routes to access derivatives of α-aryl β-aza 
reverse fosmidomycin containing N-alkyl guanidiniums. 

Chapters 4 and 5 present innovative protein-templated (PT) synthesis methods utilising the anti-infective 
target 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE). In particular, the target-directed dynamic 
combinatorial chemistry (tdDCC) approach identified privileged scaffolds, leveraging a library of 
acylhydrazones formed in situ from aldehyde and hydrazide fragments. The alkyne fragment library 
designed for the kinetic target-guided synthesis (KTGS) was successfully repurposed in a fragment-based 
hit-identification, resulting in several IspE inhibitors of Pseudomonas aeruginosa. 

Overall, this work led to the discovery of chemical entities with biological interest and gave valuable 
insights into structure–uptake relationships in various pathogens. 
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Kurze Zusammenfassung 

Mit der zunehmenden antimikrobiellen Resistenz (AMR) versagen einst wirksame Therapeutika und tragen 
zu einer kritischen globalen Gesundheitskrise bei. Die Entwicklung neuer Medikamente mit neuen 
Wirkmechanismen ist entscheidend, um diese Bedrohung zu kontrollieren. Ziel dieser Arbeit ist es, durch 
ein vielfältiges Vorgehen neue Ansatzpunkte für Antiinfektiva zu entdecken.  

Die Einleitung gibt einen Einblick in typische Strategien, die in den frühen Phasen der Arzneimittel-
Entwicklung angewandt werden, sowie über die spezifischen Hürden mit denen die Infektionsforschung 
konfrontiert ist.  

In den Kapiteln 1 und 2 wird die Verwendung positiv geladener Gruppen in kleinen Molekülen zur 
Bekämpfung von Bakterien untersucht. Insbesondere wurde durch das Integrieren von N-Alkyl-Guanidinen 
in eine Antimalaria-Verbindung eine Pyrazol-Amid-Klasse mit breitem Wirkungsspektrum entwickelt. 
Diese Verbindungen sind gegen eine Reihe von Krankheitserregern wie Plasmodium falciparum, 
Mycobacterium tuberculosis, Gram-positive (GPB) und Gram-negative Bakterien (GNB) wirksam. Ein 
ähnlicher Ansatz wurde bei der Synthese von α-Aryl β-aza revers fosmidomycin Derivaten mit N-Alkyl- 
Guanidinen angewandt. 

In den Kapiteln 3 und 4 werden innovative Protein-vermittelte (PT) Synthesemethoden vorgestellt, die das 
antiinfektive Target 4-Diphosphocytidyl-2-C-methyl-D-erythritol-Kinase (IspE) nutzen. Insbesondere der 
Ansatz der target-directed dynamic combinatorial chemistry (tdDCC) identifizierte privilegierte Strukturen, 
indem eine Reihe von Acylhydrazonen genutzt wurde, die in situ aus Aldehyd- und Hydrazid-Fragmenten 
gebildet wurden. Die Auswahl von Alkin-Fragmenten für die kinetic target-guided synthesis (KTGS) wurde 
erfolgreich in einer fragmentbasierten Hit-Identifizierung verwendet, die zu mehreren IspE-Inhibitoren von 
Pseudomonas aeruginosa führte. 

Insgesamt führte diese Arbeit zur Entdeckung chemischer Strukturen von biologischem Interesse und 
lieferte wertvolle Einblicke in die structure–uptake relationships bei verschiedenen Krankheitserregern. 
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Abbreviations 

Aa Aquifex aeolicus 

AA amino acid 

Ab Acinetobacter baumannii 

ACN, MeCN acetonitrile 

AcOH acetic acid 

ADME absorption, distribution, metabolism, excretion 

AMR antimicrobial resistance 

ATP adenosine triphosphate 

aq. aqueous 

Boc tert-butyloxycarbonyl 

CC cytotoxic concentration 

CFU colony forming units 

CuAAC copper(I)-catalysed azide-alkyne cycloaddition 

DCM dichloromethane 

DCL dynamic combinatorial library 

DIPEA N,N-diisopropylethylamine 

DMAP 4-dimethylaminopyridine 

DMF dimethylformamide 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DXR deoxy-d-xylulose-5-phosphate reductoisomerase 

Ec Escherichia coli 

EtOAc ethyl acetate 

EtOH ethanol 

eNTRy N = ionisable nitrogen, T = low three-dimensionality, R = rigidity 

eq. equivalents 

ESI electrospray ionisation 

GP general procedure 

GPB Gram-positive bacteria 

GNB Gram-negative bacteria 

HATU 2-(3H-[1,2,3]triazolo[4,5-b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRMS high-resolution mass spectrometry 

HPLC high-performance liquid chromatography 

HTS high-throughput screening 

Hz hertz 

IC50 half maximal inhibitory concentration 

IspE 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 
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J coupling constant 

KTGS kinetic target-guided synthesis 

LCMS liquid chromatography-mass spectrometry 

LBDD ligand-based drug design 

MeOH methanol 

MEP 2-C-methyl-d-erythritol 4-phosphate 

MIC minimum inhibitory concentration 

MST microscale thermophoresis 

Mtb mycobacterium tuberculosis 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaAsc sodium ascorbate 

NAD nicotinamide adenine dinucleotide  

NMR nuclear magnetic resonance 

OD optical density 

o.n. overnight 

Pa pseudomonas aeruginosa 

PBS phosphate-buffered saline 

PE petroleum ether 

Pf Plasmodium falciparum 

PK/LDH pyruvate kinase/lactate dehydrogenase 

PT protein-templated 

q quartet 

r.t. room temperature 

rpm revolutions per minute 

s singlet 

SAR structure–activity relationship 

SBDD structure-based drug design 

Sa staphylococcus aureus 

Sp streptococcus pneumoniae 

tdDCC target-directed dynamic combinatorial chemistry 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TLC thin-layer chromatography 

Tm melting temperature 

TSA thermal shift assay 

TTIP titanium(IV) isopropoxide 

UPLC ultra-performance liquid chromatography 

WHO World Health Organization 

XTT 
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2h-tetrazolium-5-
carboxanilide 
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1. Introduction 

1.1. The Early Stages of Drug Discovery 

In the search for new drugs against a specific disease, drug discovery campaigns are crucial for the 
development of compounds with therapeutic potential, but they are lengthy and complex with many 
unique factors and nuances influencing each project.1 The first step in this process is to find chemical 
starting points, called "hits", able to modulate the target activity (e.g., inhibition). In brief, the hit-discovery 
steps typically involve compound selection, the screening against the biological target(s), and the analysis 
of the results. This cycle is iterative, with previous results used to refine the selection, design, and 
synthesis of compounds (Figure 1). Ultimately, this should lead to more potent and drug-like compounds, 
transitioning through the drug discovery stages from hit-identification, over -expansion, and -optimisation 
(or hit-to-lead optimisation). Additionally, the knowledge gained on the biological activity of compounds 
gives a (quantitative) structure–activity relationship, in short (Q)SAR, that is crucial in guiding rational drug 
design.2 The culmination of medicinal chemistry efforts is lead-optimisation, where the focus shifts 
towards improving the hits' specificity, and drug-like properties; absorption, distribution, metabolism, 
excretion (ADME), and reduction of toxicity. These characteristics are essential for a successful 
progression into preclinical development, the last phase aimed at obtaining candidates for clinical trials.3 
At this stage disciplines like pharmacology and process chemistry take over.  

 

Figure 1. Overview of the different stages in the preclinical phase of drug discovery and development. 

The early stages of drug discovery play a critical role in setting the foundation for a successful drug-
discovery project. Every project is unique, with distinct needs, capabilities, and resources that must be 
carefully considered when selecting hit-discovery and-optimisation approaches. When initiating a hit-
discovery process random screenings might be one among the many possible options. Especially, when 
neither structural knowledge about the target nor ligands are available, or to find structurally novel starting 
points. In these cases, the widest possible chemical space should be covered in the compound selection.4 
In the pharmaceutical industry, complex automated laboratories allow for high-throughput screening 
(HTS) campaigns of their huge compound libraries, covering a big structural diversity to obtain novel hits.5 
Conversely, in academic research, HTS is usually scarce, compound library sizes are modest and 
biological assays are not established to run at such high throughput. Fragment-based screening is a more 
efficient way to explore chemical diversity using small compounds (<300 Da) as starting points. The total 
number of possible drug-like molecules is estimated around 1060,6 by using much smaller molecules this 
chemical space is vastly reduced and easier to cover.7 However, due to their size, fragments have lower 
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binding affinities and a rational design strategy often supported by crystallography is necessary to grow 
fragment-hits into drug-like compounds.8 

Established biological targets likely have structural information of the protein and its ligands available. This 
information is very valuable and opens the door to structure-based drug design (SBDD) and ligand-based 
drug design (LBDD). The former relies on structural information about the protein and the latter uses input 
from its natural ligands or known hits.9 For the drug-discovery process, both drug design approaches are 
widely used. In hit-discovery, SBDD methods are common, for example virtual screening computationally 
assesses the binding potential of compounds by leveraging X-ray structures of biological targets.10 These 
compounds are "docked" into a pre-defined binding pocket in various conformations. Different scoring 
functions, specific to the software used, then evaluate the possible interactions between the compound 
and the target. Biological testing cannot be replaced with this method, however, it can filter out the most 
promising compounds from big libraries, resulting in a manageable selection for testing. Similarly, LBDD 
methods can also aid in filtering compound libraries for a more effective hit-discovery. These approaches 
rely on extracting information from known ligands and inhibitors to identify structural features and 
properties that are necessary for binding. This knowledge is used to built pharmacophore- or descriptor-
based models to search for compounds with compatible geometries, and pharmacophore points or 
descriptor space.4 These computer-aided approaches can significantly reduce time and cost in hit-
discovery and can help rationalise binding modes, which is increasingly important as the drug discovery 
process advances.  

1.1.1. Common biological assays 

The selection of compounds and their method of evaluation is interdependent since there are many 
different assays available for biological testing, each with its own strengths and limitations. The choice 
ultimately depends on the nature and number of compounds to test, as well as cost and time 
considerations. The following section gives an overview of the most relevant assays for this thesis, hence 
focusing on enzymes. Notably, most of these assays are compatible with a range of biological targets 
beyond enzymes such as receptors, ion channels or DNA/RNA.11 

Enzymatic Assays:  
Enzymatic assays offer a valuable tool for evaluating the activity of compounds by measuring their impact 
on a target enzyme’s activity. These assays are typically better suited for larger, drug-like compounds 
compared to fragments due to their lower affinity.8 A diverse range of methods exist for detecting the 
concentration of substrates, products, or cofactors during the enzymatic reaction. For enzymes lacking a 
directly measurable variable, coupled enzymatic assays provide a solution. In these assays, the target 
enzyme activity is linked to a secondary enzyme reaction that generates a detectable product. A common 
example is the use of coupled assays to determine the activity of kinases. Kinases use ATP to 
phosphorylate substrates, resulting in ADP. Both ATP and ADP can be interconverted further by secondary 
enzymes to indirectly monitor their concentration. The tandem pyruvate kinase/lactate dehydrogenase  
 

 

Scheme 1. Examples of coupled assays to determine activities of kinases. A) Absorption at 340 nm indirectly monitors 
the concentration of ADP produced by the kinase of interest, adapted from McFarlane et al.12 B) Consumption of ATP 
by the kinase of interest is monitored by detection of light. 
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(PK/LDH), for instance, consumes ADP to produce pyruvate, which is further converted to lactate. This last 
conversion transforms NADH to NAD+, leading to a decrease in absorbance at 340 nm detectable by a 
spectrophotometer.12 Alternatively, ATP levels can be quantified through a luminescence assay employing 
luciferase, which produces a detectable light signal by catalysing luciferin into oxyluciferin using ATP.13 

Biophysical assays: 
Biophysical techniques offer a complementary approach to enzymatic assays for evaluating potential drug 
candidates. These methods measure various properties of enzymes to determine binding of compounds 
or fragments. Biophysical assay protocols are generally compatible with any enzyme, although some 
techniques require special handles to immobilise the proteins. These methods use small amounts of 
protein and measurements tend to be fast and often (semi-) automated allowing for mid-to-high 
throughput screenings, making them very useful in the early stages of drug discovery. Examples include 
surface plasmon resonance, mass spectrometry, microscale thermophoresis, nuclear magnetic 
resonance (NMR), and thermal shift assays (TSA).3,14 NMR-based techniques can give information on the 
binding site even for weak binders, making it a powerful approach for fragments, as they require a rational 
design approach to develop them into bigger compounds.15  

TSAs determine the stability of a protein by steadily elevating the temperature while measuring the level of 
unfolding. The temperature at which 50% of protein is unfolded and 50% remains intact is called melting 
temperature (Tm). The stability of a protein can be related to its Tm, the higher the Tm the more stable it is. 
TSAs are a quick, cheap and easy tool to evaluate the stability of an enzyme under certain conditions. For 
instance, TSAs are commonly used to screen buffer compatibility or protein stability over time.16 In the 
context of hit-discovery, TSAs can be employed since bound compounds or fragments (de)stabilise 
proteins, leading to a shift in Tm. A stabilising compound will increase the Tm, while a destabilising 
compound will decrease it. 

 

Figure 2. Two melting curves representing the unfolding of proteins with (red) and without (blue) a bound ligand. The 
melting temperature (Tm) corresponds to the inflection point of the curve and increases when a ligand stabilises the 
protein structure. Reprinted from Samuel et al.,14 CC BY 4.0. 

Phenotypic or cell-based assays:  
Phenotypic assays directly measure the overall effect of a compound on living cells making them crucial 
for lead-optimisation prior to in vivo studies.11 Nevertheless, phenotypic assays are exploited throughout 
the whole drug-discovery and -optimisation process. Notably, these assays offer unique advantages in the 
hit-discovery stage and can be employed when no specific target is known. As mentioned above, in 
antibacterial drug development, a major challenge involves identifying compounds that can permeate the 
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bacterial cell wall. Phenotypic assays that directly screen compounds against bacterial pathogens can 
effectively identify high-quality hits possessing the desired cell permeability. However, to effectively 
optimise the identified hits, subsequent target-identification studies are required. Similarly, human cell 
lines are used in phenotypic assays to evaluate membrane permeability and potential toxicity.   

To summarise, there is a big array of assays available and ultimately a combination of many are necessary 
throughout the drug-discovery process to effectively identify hits and optimise them. As noted before, the 
choice of assay will depend on the compounds that need to be tested and on the purpose of the screening. 
In hit-discovery, quick, cheap techniques are generally preferred and complementary assays are used to 
validate and optimise them. Depending on the properties that need to be improved upon, target-based or 
cell-based assays can be used. In the case of fragments, target-based techniques that give structural 
information should be incorporated as early as possible for a successful and efficient drug design. 

1.1.2. Protein-templated synthesis 

Protein-templated (PT) synthesis offers an effective shortcut around traditional laborious hit-discovery 
efforts by combining synthesis and screening in one step. This innovative approach takes advantage of the 
inherent catalytic potential of a target enzyme and uses building blocks that can be linked together. The 
protein selectively influences the covalent bond formation guided by favourable binding interactions of 
fragments with complementary reactivities.17,18 PT approaches can be broadly categorised based on the 
underlying reaction type: target-directed dynamic combinatorial chemistry (tdDCC) for reversible 
reactions,19,20 and kinetic target-guided synthesis (KTGS) for irreversible reactions.21,22 

 

Figure 3. Representation of reversible target-directed dynamic combinatorial chemistry (tdDCC), and irreversible 
kinetic target-guided synthesis (KTGS). Reprinted from Parvatkar et al., 22 Copyright (2024), with permission from Elsevier. 

Huc and Lehn set the groundwork for PT synthesis in 1997, pioneering the use of tdDCC by reacting a 
mixture of aldehydes and amines giving imines that were reduced to obtain amine products.23 They 
quantified the products by HPLC analysis and compared the PT experiment with a blank sample to identify 
compounds amplified by the protein. However, not all reversible reactions are suitable for tdDCC. The 
fragments' reactivities need to be compatible with the protein and its buffer, and the equilibrium must be 
reached before the protein degrades. In 2001, the Lehn group introduced the formation of acylhydrazones 
from aldehydes and hydrazides to tdDCC in acidic conditions.24 In 2010, Bhat et al. further expanded the 
applicability of the reaction by accelerating the equilibration of acylhydrazones at neutral pH using a 
nucleophilic catalyst, making the reaction useable for a wider range of proteins.25 On the contrary, since 
KTGS reactions are irreversible, equilibration is not an issue, however, the reactions do need to be 
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biocompatible. The importance of bioorthogonal chemistry, and click chemistry, crucial tools in KTGS, was 
recently recognised with the 2022 Nobel Prize in Chemistry. One of the winners, Sharpless, published the 
first “in situ click chemistry” using acetylcholinesterase to synthesize a highly potent inhibitor from alkynes 
and azides.26 This was among the first examples of KTGS and to this day, this alkyne-azide cycloaddition 
click chemistry is the most widely used reaction in KTGS, constituting over 70% of reported studies.21  

Since the emergence of PT synthesis, many successes have been achieved using a range of different 
proteins, reactions and analytical methods.19,22 While complementary hit-verification using biological 
assays remains necessary, the PT approach significantly reduces the number of compounds to be 
synthesised and tested. Leveraging the dynamic nature of proteins in solution, PT methods are applicable 
without structural information on the target protein, thereby establishing them as an effective hit-
identification approach. Specifically, in the context of hit-discovery numerous success stories applying 
tdDCC have been published.20,27,28 However, the first example using KTGS for random hit-finding was 
reported only last year by Kassu et al. They obtained 12 bioactive hits by combining 45 thio acids and 38 
sulfonyl azides, resulting in a total of 1710 possible N-acylsulfonamide products in their KTGS 
experiment.29 Applications of hit-optimisation and -expansion in KTGS have been more common, typically 
one of the fragment types is rationally designed based on a verified hit and a random library of the 
complementary building blocks is used to combine the two.30–32 In the case of tdDCC, the first application 
of hit-optimisation was only published in 2021 by the Hirsch group.33 In this work an initial hit-identification 
tdDCC experiment was performed, and the hits’ structures were used to select and design new building 
blocks for a new tdDCC experiment. This concept was applied again for two more tdDCC rounds and 
ultimately yielded hits with improved bioactivities and gained insight on SAR. These recent successes 
provide strong evidence for the emergence of PT synthesis as a robust, efficient, and versatile approach 
for hit-discovery and -optimisation. 

1.2. Antimicrobial resistance: a global health threat 

The rise of antimicrobial resistance (AMR) is one of the most pressing global health crises of our time, as 
treating infectious diseases is becoming an increasingly complex challenge.34,35 Pathogens naturally 
evolve mechanisms of resistance continuously, diminishing the efficacy of once-reliable treatments. The 
development of new anti-infective drugs effective against resistant strains lags behind the pace of 
resistance evolution.36 This growing resistance leaves healthcare systems vulnerable to untreatable 
infections and jeopardises decades of progress in public health. The World Health Organization (WHO) 
classifies numerous diseases impacted by AMR as critical public health concerns, including malaria,37 
tuberculosis,38 and various other bacterial infections.39 Combating AMR necessitates a multifaceted 
approach encompassing responsible antimicrobial use in humans and animals, the development of novel 
drugs, and the implementation of robust infection-control measures.35,40 

1.2.1. Gram-negative bacteria  

Antibiotics have dramatically reduced bacterial infections, saving countless lives since the discovery of 
penicillin. However, the effectiveness of antibiotics is threatened by the spread of multidrug-resistant 
bacteria with nearly 5 million deaths annually associated to bacterial AMR.34,36 Projections suggest this 
number could double by 2050, returning to a pre-antibiotic era as infections are increasingly untreatable.40  
The WHO urges for the search and development of novel antibiotics. In 2017, they released a list of 
resistant bacterial strains to prioritize, highlighting especially Gram-negative bacteria (GNB) as critical.39 
This categorisation aligns with estimates of the deadliest resistant pathogens in 2019; Escherichia coli 
(Ec), Staphylococcus aureus (Sa), Klebsiella pneumoniae (Kp), Streptococcus pneumoniae (Sp), 
Acinetobacter baumannii (Ab) and Pseudomonas aeruginosa (Pa). With the exception of the Gram-positive 
Sa, and Sp, the remaining four pathogens are GNB. Compared to Gram-positive bacteria, GNB have an 
additional outer membrane with lipopolysaccharides that makes them even more difficult to target.  41–43 
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Therefore, current antibiotic drug candidates effective against GNB are vastly underrepresented. Very few 
new antibiotic classes have been approved in the past 50 years, in contrast, the "golden age" (1940s–
1960s) of antibiotics introduced 16 new classes.44 Traditional screening libraries are often biased towards 
compounds with favourable properties for human bioavailability, which does not translate effectively to 
bacterial bioavailability.36 Therefore, high-throughput screening campaigns by big pharmaceutical 
companies have largely failed to identify novel antibiotics.45  

1.2.1.1. Design of small molecules to overcome the Gram-negative barrier 

Since 1968, statistical studies have sought to elucidate the physicochemical properties conducive to 
compound uptake in GNB.46 However, the correlation between molecular properties and bacterial activity 
has presented challenges.47 The limited number of antibiotic compound classes results in a lack of diverse 
structures to study, leaving out a big chemical space with potentially promising structural motifs. In 
addition, it is difficult to distinguish properties that influence antibacterial activity directly by killing 
bacteria from those impacting bacterial bioavailability. The concept of bioavailability is important because 
it includes the permeation of compounds into cells and also their accumulation in them. Bacteria have 
various efflux pumps that can expel potential antibacterial compounds before they have time to act.41,43,48 
Drug efflux pumps are a major defence mechanism and contributor to the growing problem of antibiotic 
resistance in Gram-negative bacteria.49  

A breakthrough was made in 2017 when the Hergenrother group measured the concentration of a diverse 
set of compounds inside E. coli cells, assessing their bioavailability.50 Computational analysis was used 
to study the physicochemical properties related to compound accumulation. A set of guidelines called 
"eNTRy-rules" was established, suggesting that compounds containing an ionisable nitrogen, with low 
three-dimensionality, and high rigidity, demonstrate a greater likelihood of accumulating within E. coli 
cells. 51 These findings have been widely applied, mostly by introducing a primary amine to already flat, and 
rigid Gram-positive active compounds.52–55  A FabI inhibitor is among the most successful examples, given 
that it shows  in  vivo efficacy in drug resistant GNB infections.56 Further research, employing alternative 
structural motifs and pathogens followed,57,58 but these studies only mark the beginning.59 The bacterial 
membrane make-up differs widely among pathogens and even strains. Therefore, beneficial and 
unbeneficial properties of compounds for accumulation need to be assessed specifically for each species 
before broad conclusions can be made.58–60 Hopefully, leading to a deeper understanding to aid narrow-
and broad-spectrum antibiotic development. 

1.2.2. Tuberculosis  

Tuberculosis, caused by bacteria belonging to the Mycobacterium tuberculosis (Mtb) complex, is one of 
the deadliest infectious diseases. It is estimated that tuberculosis claims 1.5 million lives and infects 
around 10 million people annually.38 The infection usually affects the lungs but can also spread to other 
parts of the body, causing persistent cough, exhaustion, weight loss and more. The treatment of 
tuberculosis typically involves a combination of antibiotics taken for many 
months. Infections with multidrug-resistant strains pose a significant 
challenge, requiring more complex treatment regimens that can last up to 
two years, have increased risk of side effects, and patient compliance . This 
highlights the urgent need for novel therapies with improved efficacy and 
reduced side effects. In addition, the WHO set an ambitious goal to eliminate 
tuberculosis as a public health threat by 2050.38 This target requires an 
unprecedented decline in infections, putting novel and innovative research in 
the spotlight. Research into novel diagnostic tools, potential vaccines, and 
drug candidates for tuberculosis are critical to control this disease. The 
development of the diarylquinoline bedaquiline (Figure 4) for the treatment of 

 
Figure 4. Structure of 
antitubercular 
compound bedaquiline. 
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multidrug-resistant tuberculosis was a significant breakthrough, as no drugs targeting resistant strains had 
been approved in decades.61 The target of bedaquiline is a novel cellular mechanism, highlighting the 
importance of exploring new pathways in the fight against multidrug-resistance.62 Nevertheless, 
bedaquiline-resistant Mtb strains are already emerging, showcasing how fast new resistance mechanisms 
can evolve and emphasising the need of a constant supply of new antibiotic drug candidates.63 

1.2.3. Malaria  

Malaria is an example of how an infectious disease can re-emerge due to drug resistance.64 In fact, malaria 
was eradicated and controlled in many different regions of the world in the 1950s. However, incidences 
started to rise again some decades after, spreading to regions that had been malaria free.65 Currently, 
around 250 million people are infected annually causing over 600,000 deaths primarily concentrated in 
Africa and Southeast Asia.37 Malaria is transmitted by the bite of Plasmodium parasite-infected mosquitos, 
these parasites invade the liver causing flu-like symptoms and disrupt the function of red blood cells. 
Several species of Plasmodium are known to cause human malaria, yet the vast majority of cases are due 
to Plasmodium falciparum (Pf). The increasing spread of resistant Pf strains is one of the major hurdles for 
the eradication of malaria, highlighting the need for novel antimalarial drug development. Besides 
strategies to reduce mosquito bites, the main ways to combat malaria are artemisinin-based combination 
therapy to minimise the risk of resistance development, and chemoprophylaxis for vulnerable groups and 
travellers to endemic regions. Antimalarial drug discovery has traditionally relied on phenotypic screening 
approaches. However, the identification of novel drug targets through Pf genome sequencing has pushed 
the use of target-based methods.66 Given the importance of minimising increasing resistance issues, 
targeting new biochemical pathways is essential to ensure promising drug candidates in the antimalarial 
pipeline. In parallel, the optimisation of current treatments through the development of new analogues, as 
well as the continuous refinement of combination therapies is vital. In 2021, the first vaccine against 
malaria was approved, an unprecedented achievement combating parasitic infections.67 This 
breakthrough hopefully strengthens the prevention of malaria but does not make the investigation of new 
treatments any less important. 

1.3.  The MEP pathway as source of anti-infective drug targets 

As elucidated above, combating the ever-growing threat of AMR demands the discovery of anti-infective 
drugs with entirely new mechanisms of action.36,68 The 2-C-methyl-D-erythritol 4-phosphate (MEP) 
pathway is a promising source of targets for such novel therapeutics.69 This cascade of seven enzymes 
(Scheme 2) is essential for the biosynthesis of isopentenyl diphosphate (IDP) and dimethylallyl 
diphosphate (DMADP), the vital precursors of isoprenoids. The MEP pathway is an important cellular 
mechanism in many pathogens such as M. tuberculosis, P. falciparum, Gram-negative bacteria, and some 
critical Gram-positive bacteria.70 Notably, humans and other mammals acquire these essential building 
 

 
Scheme 2. Biosynthesis of isoprenoid precursors isopentenyl diphosphate (IDP) and dimethylallyl diphosphate 
(DMADP) via the MEP pathway. 
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blocks through the alternative mevalonate pathway. This crucial difference offers a good opportunity to 
target an essential pathogenic mechanism, without adding risks of target-related toxicity in humans. The 
MEP-pathway has been studied since the 1990s, despite decades of research, targeting the enzymes of 
this pathway for the development of drugs has proven challenging.71 While some promising leads have 
emerged, with only one compound, fosmidomycin, being studied in clinical trials for malaria treatment, 
significant hurdles remain.72 

1.3.1. Deoxy-D-xylulose-5-phosphate reductoisomerase (DXR)  

Deoxy-D-xylulose-5-phosphate reductoisomerase (DXR), also known as IspC, is the second enzyme in the 
MEP-pathway and the rate-limiting step.73 It is one of the most well studied enzymes of the pathway with 
several crystal structures from pathogenic homologues available.69 Fosmidomycin is a competitive 
inhibitor of DXR and shows potent antimalarial efficacy.72 However, its poor pharmacokinetic properties 
limit its clinical use. Nevertheless, this natural product undergoes active 
transport to permeate P. falciparum and has been studied in clinical trials, 
for instance as combination therapy with other potent antimalarials.66 
While numerous fosmidomycin derivative classes have been synthesised 
in the past 40 years, especially focusing on improving pharmacokinetic 
and pharmacodynamic properties, no significant bacterial whole-cell 
activity has been achieved.72  

1.3.2. 4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE)  

4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE), is the fourth enzyme of the MEP pathway and 
the only kinase.69 The enzyme phosphorylates its substrate to form 4-diphosphocytidyl-2-C-methyl-D-
erythritol-2-phosphate (CDP-MEP) consuming ATP. IspE’s catalytic binding site was assessed as a 
druggable pocket, and is located deep inside the structure.71 Considering the relatively small size of CDP-
ME compared to substrates of human kinases (macromolecules e.g., proteins, and sugars), toxicity 
concerns are minimal, especially when targeting the substrate binding site. Many X-ray crystal structures 
of IspE are deposited in the protein databank (PDB), however structures of some key pathogens like P. 
aeruginosa or P. falciparum are missing. Most published structures are apo structures or co-crystals with 
IspE’s natural ligands. Nevertheless, the most potent IspE inhibitor to date, 1 (Figure 6), mimics the 
cytidine of CDP-ME and is the only co-crystallised inhibitor class, dating back to 2007.74 Unsurprisingly, it 
binds in the cytidine pocket and is a competitive inhibitor. Despite its single digit micromolar inhibitory 
potency on E. coli IspE (EcIspE), no whole-cell activity has been achieved by this class. As discussed 
above, this is a persistent problem when targeting Gram-negative bacteria. Further research efforts by 
various groups identified more IspE inhibitors, but limited advances in GNB efficacy was made.71 An 
example of a potent structurally diverse EcIspE inhibitor is compound 2 (Figure 6).75 Recently, the Hirsch 
group aimed to overcome this issue by filtering the Specs library for compounds with improved properties 
for accumulation in E. coli, inspired by the eNTRy rules, and performed virtual screening of this selection 
against EcIspE.76 This approach was successful, resulting in promising hit starting points, however 
optimisation attempts of IspE inhibition proved to be difficult and seemed to be counterproductive to 
whole-cell activity. Another recent virtual screening study yielded the first confirmed hit on MtbIspE; a great 
achievement, however, it took huge computational 
effort docking 15 million compounds and optimisation 
attempts of the hit have failed so far.77 These ongoing 
efforts highlight the need for innovative research to 
expand the chemical diversity and potency of IspE 
inhibitors, with a particular focus on improving activity 
against pathogens, and aiming to target other 
homologues besides E. coli.  

 
Figure 5. Structure of DXR 
inhibitor fosmidomycin. 

 
Figure 6. Potent Escherichia coli IspE inhibitors. 
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Aims of the thesis 

The double membrane of GNB makes them especially hard to target by small molecules. There is little 
knowledge on structural motifs and properties that facilitate or hinder GNB uptake. As a result, the 
development of anti-Gram-negative antibiotics is extremely challenging and the number of approved drugs 
is inadequate given the critical state and rise of GNB infections. The eNTRy rules address this knowledge 
gap, indicating that flat, rigid compounds containing an ionisable nitrogen are more likely to accumulate 
in E. coli. The objective of the first part of this thesis was to design and synthesise eNTRy-compliant 
compounds to gain activity against GNB. 

In previous unpublished work of the consortium, a promising antimalarial class had been discovered, 
however, these pyrazole-amides lacked antibacterial activity. One suitable starting point of this class was 
selected to be modified by introducing a variety of ionisable nitrogen-containing functional groups. The 
aim was to test this eNTRy-compliant library in phenotypic screenings, not only against GNB but also GPB, 
M. tuberculosis, and  P. falciparum to establish their anti-infective profile, while simultaneously assessing 
the applicability and limitations of the eNTRy guidelines (2. Chapter). The results of this work inspired a 
small collaborative project within an ongoing study of the consortium involving the design and synthesis 
of fosmidomycin derivatives guided by the eNTRy rules. The goal was to develop new analogues containing 
N-alkyl guanidine substituents with the hope to improve the potency against E. coli (3. Chapter). 

Drug discovery typically involves laborious synthesis and biological evaluations of many compounds, one  
approach to minimise these efforts is PT synthesis. The aim of the second part of this thesis was to 
establish the use of the anti-infective target IspE in PT synthesis,  taking advantage of the catalytic potential 
of the enzyme itself to obtain selective binders. Following a typical tdDCC method, aldehydes and 
hydrazides were selected to generate N-acylhydrazone libraries in situ and allow IspE to amplify potential 
binders. Given the lack of M. tuberculosis IspE hits, the aim was to discover specific starting points 
targeting this pathogenic homologue (4. Chapter). In addition, KTGS was pursued using in situ click 
chemistry with the goal of obtaining triazole products catalysed by IspE. Previous target-identification 
studies of the pyrazole-amide class indicated IspE as a possible target. Therefore, the aim was to 
synthesise tailored azide derivatives for hit-expansion of this class by combining them with a diverse library 
of alkynes in presence of IspE (5. Chapter). 
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Abstract 
In this study, we synthesised a library of eNTRy-
rule-complying compounds by introducing 
ionisable nitrogens to an antimalarial 
compound. These positively-charged derivatives 
gained activity against both Gram-negative and -
positive bacteria, Mycobacterium tuberculosis 
and boosted Plasmodium falciparum inhibition 
to the double-digit nanomolar range. 
Overcoming and remaining inside the cell 
envelope of Gram-negative bacteria is one of the major difficulties in antibacterial drug development. The 
eNTRy rules (N = ionisable nitrogen, T = low three-dimensionality, R = rigidity) can be a useful structural 
guideline to improve accumulation of small molecules in Gram-negative bacteria. With the aim of 
unlocking Gram-negative activity, we added amines and (cyclic) N-alkyl guanidines to an already flat and 
rigid pyrazole-amide class. To test their performance, we compared these eNTRy-rule-complying 
compounds to closely related non-complying ones through phenotypic assay screenings of various 
pathogens (P. falciparum, Escherichia coli, Acinetobacter baumannii, Pseudomonas aeruginosa, 
Staphylococcus aureus, Streptococcus pneumoniae, and M. tuberculosis) obtaining a handful of broad-
spectrum hits. The results support the working hypothesis and even extend its applicability, the studied 
pyrazole-amide class adheres to the eNTRy rules; non-compliant compounds do not kill any of the bacteria 
tested, while compliant compounds largely showed inhibition of Gram-negative, -positive, and M. 
tuberculosis bacteria in the single-digit micromolar range. 

Keywords: antimicrobial resistance, eNTRy rules, antimalarial, broad-spectrum antibiotic, antitubercular, 
Gram-negative accumulation. 

Introduction 
Antimicrobial resistance is increasing rapidly and has become a major global health threat.1 The World 
Health Organisation (WHO) highlights the urgency for novel treatments against Gram-negative bacteria 
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(GNB).2 Over the past five decades, few new antibiotic classes have been approved, with Gram-negative 
active ones being vastly underrepresented.3 Therefore, research and development of antibacterial drug 
candidates should focus more on targeting GNB, ideally designing novel chemical classes with 
unprecedented modes of action.4 

The difficulty of small compounds to permeate and remain inside GNB’s cell is the main reason why many 
antibiotics are active only against Gram-positive bacteria (GPB).5–7 Many statistical studies to understand 
the physicochemical properties that promote compound uptake in GNB have been completed since 
1968.8 However, correlation of molecular properties and their bacterial activity give skewed results for two 
main reasons: (1) limited number of antibiotic compound classes causes lack of structural diversity; (2) in 
general it is not possible to separate the properties of a molecule that affect its antibacterial activity from 
the ones that affect its bacterial bioavailability.9 A fundamentally different approach was taken in 2017 by 
developing a biological assay that quantifies compound concentration inside Escherichia coli cells, 
effectively measuring compound bioavailability.10 Applying this assay to a diverse set of nearly 200 
compounds and using computational methods to analyse the results, the Hergenrother group developed 
the so-called “eNTRy rules” (N = ionisable nitrogen, T = low three-dimensionality, R = rigidity).10,11 According 
to these guidelines, compounds containing an ionisable nitrogen, with low globularity and high rigidity are 
more likely to accumulate inside E. coli cells. The group’s initial work identified primary amines as the most 
effective ionisable nitrogen-containing functional group, outperforming secondary and tertiary amines. 
Since these rules were introduced, many successes of their application to Gram-positive-only starting 
points to achieve GNB inhibition have been published.12–15 The most advanced compounds show in vivo 
efficacy, and inhibition of critical GNB pathogens like Klebsiella pneumoniae and Acinetobacter 
baumannii, indicating that eNTRy rules have a promising broad applicability.16–18 In 2021, Hergenrother’s 
team broadened their investigation to other functional groups and revealed that N-alkyl guanidiniums 
perform similarly to primary amines, regarding enhanced accumulation in E. coli.19 This finding aligns with 
previous work of Masci et al., who observed that the inclusion of an amine or guanidine, into their new 
antibiotic class was essential to overcome the GNB outer membrane, obtaining enhanced activity against 
E. coli, K. pneumoniae and A. baumannii.20 Given that GNB’s membrane composition differs between 
species and individual strains, with E. coli’s membrane generally being easier to cross, applying the eNTRy 
rules to other Gram-negative species needs caution.21–23 For instance, Andrews et al. enhanced the polarity 
of a hit compound to overcome efflux problems in E. coli by introducing various ionisable groups, achieving 
a significant improvement with primary amine derivatives.24 However, this approach did not translate to A. 
baumannii or Pseudomonas aeruginosa. Recently, an extensive investigation across different strains of E. 
coli, A. baumannii, and P. aeruginosa using a carefully designed library of 80 oxazolidinones, revealed that 
small structural changes can heavily influence the accumulation and efflux of this class in different GNB.25 
This study suggests that E. coli and A. baumannii have a more comparable membrane composition than 
P. aeruginosa, which generally proved to be more difficult to target.  

These important findings on structural features 
and properties of small molecules and their 
relationship with GNB uptake, mark a crucial 
starting point for the rational design of anti Gram-
negative antibiotics. The relevance of these rules 
for compounds that do not show previous 
antibiotic activity needs to be assessed, as it 
would be especially useful and important for 
accessing novel antibacterial classes and thereby 
delay the emergence of cross-resistance.3 
Recently, we filtered a screening library for an in 
silico hit-identification study according to the 
eNTRy guidelines with the aim of increasing E. coli 

Figure 1: Illustration of our design strategy: use of 
compound 1a as antimalarial starting point to incorporate 
ionisable nitrogen functionalities. 
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bioavailability.26 This approach led to the identification of several E. coli inhibitors indicating that eNTRy 
rules are beneficial for the selection of antibacterial compound libraries. Optimisation of the hits, however, 
demonstrated the challenges of balancing antibacterial activity with target engagement whilst minimising 
toxicity. In a previous study, we introduced primary amine moieties through amino acid based residues to 
an antimalarial chemical class, obtaining compounds compliant with the eNTRy rules.27 These derivatives, 
however, did not show significant efficacy against E. coli, showcasing that the addition of an ionisable 
nitrogen is not always enough to gain GNB uptake.  
In this study, we further investigate the applicability of Hergenrother’s guidelines to antimalarial 
compounds to expand their anti-infective scope. We achieved this by introducing a variety of ionisable 
nitrogen functionalities to a flat and rigid antimalarial structure (Figure 1). The functional groups comprise 
various amine motifs, and N-alkyl guanidines including novel cyclised forms not previously explored in this 
context. A concise synthesis yielded 48 derivatives, including neutral controls. The compounds with 
ionisable nitrogen atoms display broad-spectrum activity against a wide variety of pathogens. In addition 
to boosting activity against the parasite Plasmodium falciparum, many compounds demonstrate 
antibacterial activity against E. coli, A. baumannii, P. aeruginosa, Staphylococcus aureus, Streptococcus 
pneumoniae, and Mycobacterium tuberculosis. 

Results and Discussion 
Molecular Design. Our antimalarial starting point 1a originates from previous unpublished work, its 
structure comprises three aromatic ring systems: a phenol directly connected to a pyrazole with an amide 
linking to a trifluoromethyl-substituted phenyl ring (Figure 1). The analysis of our hit molecule with the 
eNTRy rules revealed that it already complies with two out of the three structural properties from 
Hergenrother’s findings. Specifically, it is rigid (less than five rotatable bonds), and the scaffold of three 
connected aromatic rings is extremely flat (low globularity), but it does not contain an ionisable 
 

   
Figure 2: Focused library of pyrazole-amide class, including control compounds (1a–e and 3–14B), amine (2, 3–14A), 
Guanidine (5–14G), and Cyclic-guanidine (7–11C) derivatives. Potential ionisable nitrogens in red. 

✓  
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nitrogen.10,11 Compound 1a presents antimalarial activity by inhibiting P. falciparum in the moderate 
nanomolar range but shows no antibacterial activity. Previous work suggests that the phenol and pyrazole 
moieties are crucial for antimalarial efficacy, whereas the amide-linked phenyl is amenable to changes. 
Modifications on this part of the molecule are easily accessible synthetically via amide couplings. 
Therefore, we rationally designed a focused library (Figure 2) of 32 compounds containing ionisable 
nitrogen atoms while preserving the essential phenol and pyrazole moieties, with the aim of obtaining anti-
Gram-negative activity. The introduced positively charged nitrogen-containing functional groups are 
amines (A-series), and N-alkyl guanidines (G-series). More specifically, amine moieties include 
methylamines, piperazines, and morpholine. We derived the guanidines from the primary and secondary 
amines for a direct comparison of the anti-infective profile, with some analogues featuring cyclised 
guanidines (C-series) for added lipophilicity (Figure 2). Additionally, to gain further insights, we included N-
Boc (B-series) protected analogues of the amines as uncharged controls. As additional controls, we also 
included some alternative electron-withdrawing substituents to the trifluoromethyl of 1a, namely fluorine 
1b and nitro 1c. To assess the influence of an electron-donating substituent, we included methyl-
derivative 1d and to evaluate the influence of the aromatic ring we removed it in structures 1e and 14. 

Synthesis. We optimised the synthesis of the designed library using key chromene amide intermediates 
34–51. Initially, we investigated amide couplings of pyrazole-carboxylic acid derivatives with anilines. This 
procedure was hampered by low yields, and purification and isolation of the products proved difficult. 
Alternatively, we used commercially available 6-chlorochromene-2-carboxylic acid (15) for the amide 
coupling. Subsequent reaction with hydrazine hydrate formed pyrazole-amide products 1a–e, 2 and 3–14B 
in quantitative yield (Scheme 1). The amines 16 –33 used in the amide coupling were largely commercially 
available, however, maintaining the trifluoromethyl substituent of parent compound 1a in addition to the 
ionisable nitrogen functionality, required synthesis of 16–20 (Scheme 2). 

 
Scheme 1: General synthetic scheme of pyrazole-amides compounds 1a–e, 2 and 3–14B, reagents and conditions: i) 
DIPEA, HATU, DMF, 0 °C, 30 min; ii.) r.t., 2–24 h; 28 iii.) hydrazine hydrate, EtOH, reflux, 2–18 h.29 

To minimise the formation of by-products in the amide coupling, the methylamine- and piperazine-
substituted anilines needed N-Boc protection, which, at the same time allowed to obtain the B-series (3–
14B) as control compounds. To obtain aniline 16 and 17, we selectively N-Boc protected methylamine 
analogues 54 and 55. Analogue 54 was prepared by reducing the nitro and nitrile groups of 52, and 55 was 
commercially available (Scheme 2A). We obtained piperazine-substituted anilines 18 and 19 in a two step 
synthesis starting with fluorine displacement of derivatives 56 and 57 using 1-Boc piperazine. Subsequent 
reduction of the nitro group using sodium dithionite gave anilines 18 and 19 in good to moderate yields. 
The synthesis of aniline 20 required an additional step, because the direct fluorine displacement of 60 
using 1-Boc piperazine was unsuccessful. Using an excess of unsubstituted piperazine, however, followed 
by N-Boc protection afforded 62 in a good yield. Lastly, reduction of the nitro group afforded aniline 20 in a 
modest yield (Scheme 2B). 
The obtained compounds of the Boc-series (3–14B) served as intermediates providing the desired amine 
series as TFA salts in excellent yields (3–14A). Following a similar approach, the A-series was used to 
obtain both guanidine series C and G. The initial guanidinylation strategy for the five-membered ring 
guanidine series C yielded undesired double-guanylated products. Controlling the reaction rate for 
selective guanidinylation using reagent 63 proved challenging, leading to difficult purifications and low 
yield of product 11C (Scheme 3). To address this issue, we N-Boc protected 63, obtaining the 
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Scheme 2. Synthesis of anilines 16–20. A) Methylamine-substituted anilines, reagents and conditions: i) Fe, NH4Cl, 
EtOH:H2O (2:1), reflux, 24 h; ii.) LiAlH4, THF, reflux, 4 h; iii.) Boc2O, NEt3, DCM, 0 °C–r.t., 6–24 h.30 B) Piperazine-
substituted anilines, reagents and conditions: i.) 1-Boc piperazine, K2CO3, DMSO, 100 °C, 18–20 h; 31 ii.) Na2S2O4, EtOH, 
reflux, 6 h; iii.) piperazine, K2CO3, 100 °C, DMSO, 24 h;31 iv.) Boc2O, DMAP, DCM, r.t., 72 h.32 

 
Scheme 3. General synthetic scheme of pyrazole-amides containing ionisable nitrogens: amine (A), guanidine (G), 
cyclic-guanidine (C) and N-Boc cyclic-guanidine (D). Reagents and conditions: i.) Boc2O, NEt3, DCM, r.t., 24 h;30 ii.) 
TFA, DCM, r.t., o.n.;33 iii.) DIPEA, DMF, r.t., o.n.34–36 
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alternative guanidinylation agent 64. This modification facilitated the synthesis of the remaining cyclic 
guanidines (5–10C) via their corresponding Boc analogues (7–10D) in good yields. As piperazines are more 
lipophilic than methylamines, we opted to exclude piperazine derivatives from the C and D-series. The N-
alkyl guanidine series G was accessed by employing guanidinylation agent 65, resulting in moderate to 
excellent yields (Scheme 3). 

Overview of anti-infective activity. We assessed the anti-
infective profile of our newly synthesised library against the parasite 
P. falciparum, and various bacterial strains both Gram-negative, and 
-positive, as well as M. tuberculosis. The vast majority of compounds 
largely retained antimalarial activity (strain PfNF54) compared to the 
parent compound 1a, indicating that anti-infective properties were 
not affected by the addition of a positive charge (Table 1). This finding 
gave a good foundation to determine antibacterial efficacy of the 
library and evaluate the applicability of the eNTRy rules. In the case 
of Gram-negative bacteria, firstly we tested all compounds against 
the efflux-pump deficient E. coli strain Ec∆tolC. As the majority of 
positively charged compounds showed at least moderate Ec∆tolC 
inhibition, we extended the panel and included the E. coli wild type 
EcK12, A. baumannii and P. aeruginosa strain PA14. Approximately 
half of the compounds are active against EcK12, however, with 
significant loss in potency compared to Ec∆tolC, indicating efflux 
liabilities. Many of the E. coli inhibitors were also active against A. baumannii and PA14. Interestingly, the 
addition of ionisable nitrogens to this class also yielded excellent activities against M. tuberculosis strain 
MtbH37Rv and GPB. None of our neutral control compounds presented antibacterial activity. These 
findings confirm that the eNTRy rules are applicable to our pyrazole-amide class. In addition to gaining 
activity against GNB by introducing ionisable nitrogens, for the first time, we showed that this effect can 
expand to GPB and M. tuberculosis. Excitingly, this approach yielded a new broad-spectrum anti-infective 
class, with many compounds being active across species. We illustrated the big overlap of active 
compounds across PfNF54, Ec∆tolC, MtbH37Rv and GPB (S. pneumoniae or S. aureus) in a Venn diagram 
(Figure 3). In addition, two examples (7D, 10G) inhibit all eight tested pathogens, and an additional eleven 
compounds (3G, 5A, 6G, 9–11C, 9G, 10–11A, 11G, 13G) inhibit all pathogens except for P. aeruginosa, 
which is known to be particularly challenging pathogen (Table 1). 

Structure–activity relationships. Our library was designed to investigate various functional groups, 
mostly containing nitrogens, and their effect on anti-infective properties. In total, we synthesised 48 
compounds, 28 of which contain ionisable nitrogen atoms, consisting of thirteen amines (2, 3–14A), ten N-
alkyl guanidines (5–14G), and five cyclic guanidines (7–11C). In addition, we tested four Boc protected 
analogues (7–10D) of the cyclic guanidines (7–10C), these functionalities are likely not ionisable in 
physiological conditions based on computational evaluation (pKa: ~5.1, Figure S1). The Boc protected 
analogues (3–14B) of the amines (3–14A) serve as more reliable neutral control compounds, as well as 
compounds 1a–d, which lack ionisable nitrogen atoms altogether. Besides the nature of the functional 
groups, the main differences between these compounds are the motifs that contain said groups, 
consisting of piperazines, methylamines, and morpholine. Additionally, the substitution pattern of the 
motifs changes, with some examples (9–13) including the trifluoromethyl substituent present in parent 
compound 1a.  

P. falciparum. Our antimalarial starting point 1a has an inhibitory concentration in the submicromolar 
range (PfNF54 IC50 = 0.21 µM) which was largely retained in the dedicated library (Table 1). Fourteen 
compounds (5–6A, 9–13A, 9–11B, 9–10D, 9G, 12G) showed an increase in activity against PfNF54, all of 
them except for 5A and 6A retain the meta-CF3 substitution on the aromatic ring of 1a. The two most active 
compounds 11A and 12A (IC50 ≤ 0.06 µM) contain a piperazine substituent, respectively on meta and para  

Figure 3: Venn diagram of the active 
compounds in PfNF54, Ec∆tolC, 
Gram-positive bacteria and M. 
tuberculosis, indicating the broad-
spectrum anti-infective nature of our 
pyrazole-amide class. 
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Table 1. Biological activity of pyrazole-amide class in Plasmodium falciparum (PfNF54), Escherichia coli (Ec∆tolC and 
EcK12), Acinetobacter baumannii (Ab), Pseudomonas aeruginosa (PA14), Streptococcus pneumoniae (Sp), 
Staphylococcus aureus (Sa), Mycobacterium tuberculosis (MtbH37Rv), and human liver cells (HepG2). 

  Gram-negative  Gram-positive   

Cmp 
PfNF54  

IC50 
Ec∆tolC 
MIC95  

EcK12 inh. 
at 50 µM 

Ab inh.  
at 50 µM 

PA14 inh.  
at 50 µM 

Sp  
MIC95 

Sa  
MIC95 

MtbH37Rv 
MIC90 

HepG2 
CC50 

1a 0.21 >50 <10% <10% <10% >50 >50 n.d. >50 
1b 0.7 >50 n.d. n.d. n.d. >50 >50 n.d. n.d. 
1c 0.51 >50 n.d. n.d. n.d. >50 >50 >32a n.d. 
1d 2.40 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
1e >5 >50 n.d. n.d. n.d. >50 >50 >16 >50 
2 1.1 >50 n.d. n.d. n.d. >50 >50 >16a ~50 

3A 0.62 45 28% 21% 50% 40 >50 >64 12 
3B 1.0 >50 n.d. n.d. n.d. >50 >50 n.d. 25 
4A 0.27 40 34% 24% 62% 40 >50 64 13 
4B 0.2 >50 n.d. n.d. n.d. >50 >50 n.d. 7 
5A 0.13 21 83% 34% 60% 26 37 64 9 
5B 0.9 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
5G 0.93 11 32% <10% 31% 48 23.1 64 >50 
6A 0.14 22.5 49% 37% 63% 45 >50 >16a 11.8 
6B 1.61 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
6G 0.44 9 45% 32% 55% 25 26 64 >50 
7A 0.30 47 27% 15% 44% 43 >50 >64 28.4 
7B 1.1 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
7C 0.39 13 29% 33% 41% 48.2 22.3 32 >50 
7D 0.36 14 56% 77% 55% 31 24.0 64 19 
7G 0.21 13  61% 24% 56% 49.0 22 64 >50 
8A 1.8 >50 n.d. n.d. n.d. >50 >50 >16a 30 
8B 1.7 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
8C 0.67 21.5 <10% 12% 10% >50 49 >64 >50 
8D >5 >50 n.d. n.d. n.d. >50 >50 >64 >50 
8G 0.42 47.5 29% 19.9% 41% >50 22 >64 >50 
9A 0.082 8 <10% MIC95 = 49 <10% 11 12.1 32 7 
9B 0.2033 >50 n.d. n.d. n.d. 30 >50 >64 5.0 
9C 0.517 7 <10% 47% 18% 15 9 16 >50 
9D 0.15 24.0 <10% 82% 21% 21 12 16 14 
9G 0.078 5 MIC95 = 46 59% 50% >50 8 32 >50 

10A 0.15 22.9 61% 86% <10% 23 29 64 13 
10B 0.19 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
10C 0.404 5.5 77% 47% 29% 14 8 16 >50 
10D 0.14 18 17% <10% <10% >50 11.6 16 11 
10G 0.25 3.5 86% 49% 55% 16 5 8 >50 
11A 0.05 7 72% MIC95 = 22 <10% 5 6 32 9 
11B 0.13 >50 n.d. n.d. n.d. >50 >50 n.d. 4.0 
11C 0.59 7 63% 53% <10% 7 8 8 >50 
11G 0.5 4 MIC95 = 48 MIC95 = 17 25% 28 3.2 8 >25 
12A 0.06 18.9 12% 29% <10% 8 14 16 6 
12B 0.56 >50 n.d. n.d. n.d. >50 >50 n.d. >50 
12G 0.2 2.8 51% 33% <10% 31 2.4 4 30 
13A 0.160 >50 n.d. n.d. n.d. 29 >50 32 8 
13B 0.3418 >50 n.d. n.d. n.d. >50 >50 n.d. 2.8 
13G 0.5 5 59% 46% 17% 16 2.5 8 >25 
14A 3.3 >50 n.d. n.d. n.d. >50 >50 >16 >50 
14G >5 >50 n.d. n.d. n.d. >50 >50 >64 >50 

 a Not active at maximum solubility; n.d.: not determined. IC50, MIC, and CC50 values are in µM. 
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positions. In contrast, the compounds without an aromatic ring linked to the nitrogen of the amide (1e,14A, 
14G) are inactive, suggesting that the aromatic moiety is essential. When it comes to the aromatic ring, 
para-methylene substitution seems detrimental, methyl derivative 1d, methylamine 8A and Boc-protected 
cyclic guanidine 8D have a tenfold decrease in activity compared to 1a (IC50 > 2 µM). Similarly, Boc-
protected amine derivatives without an additional CF3 substituent suffer from a significant loss in activity 
(5–8B: IC50 = 0.9–1.7 µM). Exchanging the trifluoromethyl substituent of 1a with other electron-withdrawing 
groups led to a loss in activity (1b–c: IC50 = 0.5–0.7 µM). These findings reveal that the combination of 
trifluoromethyl substitution and ionisable nitrogen atom can be highly favourable for activity in PfNF54 and 
that bigger substituents such as piperazine and N-Boc piperazine are well-tolerated.  

Gram-negative bacteria. The E. coli inhibition of all 48 compounds was investigated using the efflux-
pump deficient Ec∆tolC strain. We obtained 26 hits with a wide range of activities (MIC95: 2.8–47.5 µM, 
Table 1). None of the neutral control compounds significantly affected the growth of Ec∆tolC (Table S1), 
indicating that these structures were not permeable and that a positive charge is essential for E. coli 
activity. The eleven most potent hits have a single-digit micromolar minimum inhibitory concentration 
(MIC) and consist of nine (cyclic) guanidines (6G, 9–13G, 9–11C,) and two amine derivatives (9A,11A). 
Similarly to PfNF54, only one of the top hits does not contain a m-CF3 substituent (6G). In addition, the 
compounds with no antimalarial activity also lack activity against E. coli. Only two positively charged 
antimalarial hits are inactive against Ec∆tolC (2, 13A). These findings suggests that the engagement with 
the anti-infective target is largely consistent across these two species. In the case of Ec∆tolC inhibition 
there is a clear trend indicating that guanidine-type groups enhance potency. When comparing the 
different positively charged groups of identical scaffolds, the amine derivatives (A-series) have the lowest 
potencies, with one exception (MIC95: 9A = 8 µM vs 9D = 24 µM). Within the various types of guanidine 
functionalities (C-, D-, G-series), the N-Boc protected cyclic guanidine derivatives (D-series) are less 
active, with the most significant difference observed for scaffold 10 (MIC95: 10D = 18 µM vs 10C = 5.5 µM 
vs 10G = 3.5 µM).  

To further investigate the antibacterial profile and assess the eNTRy rules’ applicability, the 26 Ec∆tolC hits 
(MIC95 < 50 µM) were tested against the E. coli wild type K12, A. baumannii and P. aeruginosa. As expected 
these pathogenic strains were harder to target, nevertheless, fifteen hits (5–6A, 10–11A, 6G, 7G, 9–11G, 
13G, 7D, 9D, 9–11C) were identified with moderate inhibition (≥ 45%) at 50 µM compound concentration 
against EcK12. Structurally, we confirm once again that the guanidine functionality is beneficial for E. coli 
activity, with the two most active compounds being 9G and 11G, These structures have EcK12 MIC95 values 
just below 50 µM (9G = 46 µM; 11G = 48 µM), which indicates a tenfold decrease in activity compared to 
Ec∆tolC (9G = 5 µM; 11G = 4 µM), making efflux a main concern for the activity of this class. Noteworthy, 
the most significant loss of activity is observed for methylamine 9A, one of the top Ec∆tolC inhibitors that 
did not show any effect on EcK12 growth (9A ∆tolC MIC95 = 8 µM vs 9A K12 < 10% inh. at 50 µM). A similar 
trend also applies to compound 9D where the good activity against Ec∆tolC did not translate to EcK12 (9D 
∆tolC MIC95 = 24 µM vs 9D K12 < 10% inh. at 50 µM). These findings led us to speculate that the structural 
makeup of compounds 9 seems to be especially prone to tolC efflux. In the case of A. baumannii, eleven 
compounds (7D, 9D, 9–11C, 9–11G, 13G, 10–11A) showed a moderate (≥ 45% inh. at 50 µM) to good (MIC95 
< 25 µM) activity, with 11A and 11G as the best hits having an MIC95 of 22 µM and 17 µM, respectively. 
Interestingly, these doubly meta-substituted structures are also among the best E. coli hits. The remaining 
nine A. baumannii inhibitors also largely contain a CF3 substituent and (cyclic) guanidines, with all of them 
except for 9D being active against EcK12. This big overlap in their inhibitory profile suggest that the 
bioavailability and target engagement of our pyrazole-amide class is similar in A. baumannii and EcK12. 
When comparing to P. aeruginosa, however, the species have less hits in common as illustrated in the 
Venn diagram (Figure 4). We identified nine compounds (3–6A, 6–7G, 9–10G,7D) with a moderate effect (≥ 
45% inh. at 50 µM) on the growth of P. aeruginosa strain PA14. Three of the PA14 hits (7D, 9–10G) are also 
active against the other two GNB wild-types EcK12 and A. baumannii, and an additional four compounds 
(5–6A, 6–7G,) share activity with EcK12 (Figure 4). Methylamine derived guanidines seem to be a privileged 
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scaffold for targeting GNB, they appear in the three common hits across all tested GNB and in several other 

shared hit scaffolds of E. coli and A. baumannii (9–10C) or PA14 (3G). Overall, the potencies of the PA14 
hits are the lowest we obtained across all pathogens (Table 1). The CF3 substituent and the guanidine 
moieties seem to be significantly less effective in targeting PA14 compared to the other GNB. In contrast, 
amines with (methyl-) piperazine motifs yielded better results. These findings align with the structure–
uptake study on Oxazolidinones where they identified a CF3-substituted phenyl motif as a liability to P. 
aeruginosa outer membrane permeation and also concluded that P. aeruginosa is more divergent 
compared to E. coli and A. baumannii.25  

Gram-positive bacteria. The use of Hergenrother’s eNTRy rules has been mostly reported by modifying 
a Gram-positive antibacterial class to comply with the three structural indications and thereby obtaining 
GNB activity. Therefore, we wanted to assess the GPB inhibition of our pyrazole-amide class and tested all 
48 compounds against S. aureus and S. pneumoniae. Half of the compounds were active against at least 
one of the species but only one example of a neutral control compound (9B) inhibits S. pneumoniae (9B: 
MIC95 = 30 µM, Table 1). This finding suggests that the bacterial permeability of our neutral compounds is 
very low. However, our methodology was set up for the assessment of antibacterial activity of the chemical 
class, we did not quantify bioavailability of our compounds, therefore we cannot rule out that the ionisable 
nitrogen atoms are contributing significantly to the on-target activity. Eighteen of the 24 Gram-positive hits 
inhibit both S. aureus and S. pneumoniae, with potencies against S. aureus being generally higher and 
guanidines being particularly favourable. Guanidines 9–10C and 9–13G have excellent single digit 
micromolar MIC95 values against S. aureus. In addition, 11A and 11C are among the best hits in both 
species and amine 12A in S. pneumoniae. These findings align with previous trends and highlight the 

 

            

    
Figure 4. Chemical structures and Venn diagram of the active compounds in Escherichia coli K12 (EcK12), 
Acinetobacter baumannii, and Pseudomonas aeruginosa (≥ 45% inhibition at 50 µM). Ionisable nitrogen 
moieties in red. 
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favourable combination of trifluoromethyl and positively charged motifs for antibacterial activity. In the 
case of S. pneumoniae, piperazine substituents are especially advantageous. 

Mycobacterium tuberculosis. To obtain an even wider scope of the anti-infective profile of our chemical 
class, we assessed its antitubercular activity using the M. tuberculosis strain MtbH37Rv and obtained 22 
hits. The five best MtbH37Rv inhibitors (10–13G, 11C) have comparable potencies to the best Gram-
positive and Ec∆tolC hits, with an MIC90 value of 4 µM 12G is the most potent MtbH37Rv inhibitor (Table 1). 
The tendency of CF3 and guanidine-containing structures to be especially active persists, and overall there 
is a big overlap in hit compounds shared between MtbH37Rv, GPB and Ec∆tolC (Figure 3). Our neutral 
control compounds were not sufficiently soluble in the M. tuberculosis growth medium and could not be 
evaluated (Table S2). Similarly, four amines had low solubilities (16–32 µM: 2, 4A, 6A, 12A) and did not 
show an effect on the growth of MtbH37Rv at the testable concentrations (Table 1). To the best of our 
knowledge, this is the first record of applying the eNTRy rules to gain antitubercular activity, and was 
encouraged in a review on the hurdles of anti tubercular drug development from 2020.37 However, similarly 
to the other tested pathogens, we cannot rule out that the ionisable nitrogen functionalities give rise to the 
antibacterial effect and not only to the bacterial uptake. Especially considering that the membrane of M. 
tuberculosis is particularly lipophilic and hard to permeate for drug-like compounds.38  

Cytotoxicity. To get an insight into the toxicity of the class, the impact on the viability of the human liver 
cell line HepG2 was evaluated for all compounds. Generally, our most potent hits were nontoxic with 
cytotoxic concentrations (CC50) >50 µM (Table 1). However, we did identify a major cytotoxic liability. All 
amine derivatives had a toxic effect on the liver cells, in the worst cases the CC50 values reached the single-
digit micromolar range. Interestingly, the majority of Boc and guanidine analogues were not toxic, 
suggesting that the liability stems directly from the amine functional groups. This is exemplified when 
comparing the toxicities of structures 5–8. Compounds 5 and 6 contain a piperazine-substituted phenyl, 
in meta and para. In the closely-related structures 7 and 8, a methylene linker separates the piperazine 
from the aromatic ring, which results in both piperazine nitrogen atoms being aliphatic amines. In this 
case, both the amine (7–8A) and the Boc (7–8B) derivatives are toxic. In contrast, Boc and guanidine 
derivatives 5–6B and 5–6G are nontoxic, whereas amine analogues 5–6A are, indicating that aniline-like 
nitrogen atoms devoid of hepatoxicity. 

We investigated the toxicity of our best MtbH37Rv inhibitors further by testing their effect on human 
monocyte-derived macrophages (10–13G, Table S2). None of the tested compounds were of major 
concern, solely 12G exhibits a CC90 of 32 µM, which is manageable given that it is an eightfold difference 
in activity compared to MtbH37Rv.  

Conclusions 
We report the design, synthesis, and evaluation of a small library of pyrazole-amides against P. falciparum, 
E. coli, A. baumannii, P. aeruginosa, S. pneumoniae, S. aureus, and M. tuberculosis. Through phenotypic 
screenings, we identified broad-spectrum anti-infective activity of the new pyrazole-amide class. We 
successfully applied the eNTRy rules to an antimalarial compound extending its activity not only to GNB 
but also GPB and M. tuberculosis. The best ionisable nitrogen-containing functional group for our chemical 
class were N-alkyl guanidines. For the first time, we showed that cyclised guanidines can also aid in 
bacterial uptake. We identified three compounds (3D, 9–10G) with activity in all tested GNB. 12G is the 
most potent MtbH37Rv, Ec∆tolC and S. aureus hit with low single-digit micromolar activities in all three 
species, while maintaining the antimalarial potency of the parent compound 1a. We observed the biggest 
SAR variations in P. aeruginosa, where guanidines or trifluoromethyl substitution seemed detrimental to 
activity opposed to the rest of the pathogens. Further evaluation of molecular properties that dictate 
compounds’ bioavailabilities across different pathogens is needed to better understand the applicability 
and limitations of existing guidelines and expand them. At the same time, the target identification of the 
pyrazole-amide class is necessary for future hit-optimisation and better rationalisation of the SAR. 
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Supplementary Methods 
General information 
All reactions were conducted under nitrogen atmosphere using oven-dried glassware. The reaction 
progress was monitored on thin layer chromatography (TLC) on silica gel-coated aluminum (silica gel F254, 
SiliCycle). Purification of the final products, when necessary, was performed by flash column 
chromatography using using silica gel (Screening Devices 60-200 µm) or by preparative HPLC (Dionex 
UltiMate 3000 UHPLC+ focused, Thermo Scientific) on a reversed-phase column (C18 column, 5 μM, 
Macherey-Nagel, Germany). The solvents used for the chromatography were water (0.1% formic acid) and 
MeCN (0.1% formic acid). High-resolution mass (HRMS) of final products was determined by HPLC-MS/MS 
using a Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS system. All compounds were analysed for 
purity by LCMS on Acquity UPLC-SQD system from Waters with a gradient elution of Water (Formic acid 
0.1%)/Acetonitrile on an HSS-T3 column (2.1 x 50 mm, Waters), 1.8 µm, at 30 °C, PDA detection between 
240-320 nm, and MS detection by simultaneous ES+/ES- ionization in a mass range of 150-800. The flow 
was set to 0.9 ml/min, and the gradient time is 1.5 min. NMR spectra were recorded on an Agilent 400 MHz 
or a Bruker Avance Neo 500 MHz. Chemical shifts (δ) are reported in ppm relative to residual solvent 
signals. The following abbreviations are used to describe peak patterns when appropriate: s (singlet), d 
(doublet), t (triplet), q (quartet), quint (quintet), sex (sextet), sept (septuplet), m (multiplet), br (broad). 
Coupling constants (J) are reported in Hertz (Hz). Reactions were monitored with thin layer 
chromatography (TLC) on silica gel-coated aluminum (silica gel F254, SiliCycle).  

Chemicals 
All reagents and solvents were purchased from Sigma-Aldrich, Specs, Fluorochem, or Acros Organics, 
were reagent grade, and used without purification unless indicated otherwise. Reagents and substrates 
were purchased from commercial sources and used as received. Solvents not required to be dry were 
purchased as technical grade and used as received. Dry solvents were purchased from commercial 
sources in Sure/SealTM bottles and used as received and stored under a dry inert gas (N2 or Ar). All new 
compounds were fully characterised by 1H and 13C NMR and HRMS techniques. The purity of the final 
products was determined by HPLC-MS and found to be >95%. 

General procedure for Synthesis 
General procedure for pyrazole formation (GP-1) 
The synthesis of the pyrazoles was prepared following a similar procedure reported in the literature.1 
The respective chromene amide (1 eq.) was suspended in EtOH (0.1 M), and hydrazine hydrate (8 eq.) was 
added dropwise. The reaction mixture was heated to reflux, after the reaction was completed the mixture 
was allowed to cool to room temperature (r.t.). The solvent was removed under reduced pressure to obtain 
the pure product, without purification unless stated otherwise, in excellent yields (>95%). 
General procedure for Boc deprotection (GP-2) 
The N-Boc deprotections were completed following a similar procedure reported in the literature.2 
The respective N-Boc protected product (1 eq.) was dissolved in a mixture of trifluoroacetic acid (TFA) and 
dichloromethane (DCM) (1:4, 0.1 M) and cooled to 0 °C in an ice-water bath. The reaction mixture stirred 
while allowing to reach r.t. After the reaction was completed, the solvents were removed under reduced 
pressure to obtain the pure products as TFA salts in excellent yields (>95%). 
General procedure for guanidinylation (GP-3) 
The guanidinylation of amines were completed following similar procedures reported in the literature.3–5 
The respective amine TFA salt (1 eq.) was stirred in DMF (0.1 M), DIPEA (1.5–8.1 eq) and the respective 
guanidinylation agent (1.4–3.0 eq.) was added. The reaction mixture was heated to 50 °C and after 
completion allowed to cool to r.t. The excess solvent was removed under reduced pressure and ice-cold 
water (5–20 mL) was added to the mixture. The resulting precipitate was filtered to obtain the pure product 
as TFA salt, without purification unless stated otherwise, in good to excellent yields (46%–quantitative). 
General procedure for amide coupling (GP-4) 
The synthesis of the chromene amides was prepared following a similar procedure reported in the 
literature.6  
6-Chloro-4-oxo-4H-chromene-2-carboxylic acid 15 (1.05 eq.) was suspended in DMF (0.1 M) and DIPEA 
was added (1.2 eq.). The mixture was cooled to 0 °C in an ice-water bath, and 2-(3H-[1,2,3]triazolo[4,5-
b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium (HATU,1.2 eq.) was added. The yellow solution stirred for 30 
min and the corresponding aniline (1 eq.) was added. The reaction mixture stirred while allowing to reach 
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r.t. After the reaction was completed, the mixture was added to water (25–100 mL), and the resulting 
precipitate was filtered and washed with solvent. When necessary, the crude was purified by flash column 
chromatography. The respective chromene amides were obtained in low to excellent yields (27–95%). 

Characterisation of products 
Final Products 1–14 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxamide (1a): 

Compound 1a was prepared following GP-1, chromene amide 34 
(76 mg, 0.21 mmol) was reacted with hydrazine hydrate (83 mg, 
1.7  mmol) and the reaction mixture stirred for 1.5 h at reflux. The 
solvent was removed under reduced pressure to obtain 1a as white 
solid in quantitative yield (80 mg, 0.21 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.50 (br s, 1H), 8.30 (br s, 1H), 
8.11 (br d, J = 7.8 Hz, 1H), 7.81 (d, J = 2.0 Hz, 1H), 7.59 (br t, J = 7.8 
Hz, 1H), 7.44 (br d, J = 7.8 Hz, 1H), 7.41 (br s, 1H), 7.25 (br dd, J = 8.6, 

2.0 Hz, 1H), 7.02 (br d, J = 8.6 Hz, 1H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 160.9, 153.2, 146.8, 139.7, 129.8, 129.5, 129.2, 128.2, 126.6, 125.5, 
123.7, 122.9, 119.6, 118.1, 117.1, 116.3, 106.2 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.25 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₇H₁₂ClF₃N₃O₂⁺ ([M+H]⁺) 382.0565, measured 382.0553. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-fluorophenyl)-1H-pyrazole-3-carboxamide (1b): 

Compound 1b was prepared following GP-1, chromene amide 35 
(335 mg, 1.05 mmol) was reacted with hydrazine hydrate (588 mg, 
8.5 mmol) and the reaction mixture stirred for 2 h at reflux. The solvent 
was removed under reduced pressure to obtain 1b as off-white solid 
(345 mg, 1.04 mmol, 99%). 
1H NMR (500 MHz, DMSO-d6) δ = 10.36 (br s, 1H), 7.81 (d, J = 2.4 Hz, 
1H), 7.79 (s, 1H), 7.64 (br d, J = 7.8   Hz, 1H), 7.41 (br s, 1H), 7.38 (q, J 

= 7.8 Hz, 1H), 7.25 (dd, J = 8.7, 2.4 Hz, 1H), 7.01 (d, J = 8.7 Hz, 1H), 6.92 (br t, J = 7.8 Hz, 1H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 163.2, 160.8, 153.3, 140.6, 140.5, 130.2, 130.1, 128.9, 126.5, 122.9, 
118.1, 115.9, 109.9, 107.0, 106.8, 106.0 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -112.27 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₆H₁₂ClFN₃O₂⁺ ([M+H]⁺) 332.0597, measured 332.0580. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-nitrophenyl)-1H-pyrazole-3-carboxamide (1c): 

Compound 1c was prepared following GP-1, chromene amide 36 
(74 mg, 0.21 mmol) was reacted with hydrazine hydrate (86 mg, 
1.72 mmol). The reaction mixture stirred for 1.5 h at reflux. The 
solvent was removed under reduced pressure obtaining 1c as 
yellow powder (76 mg, 0.21 mmol, 99%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.64 (br s, 1H), 8.88 (br s, 1H), 
8.25 (br s, 1H), 7.93 (br s, 1H), 7.80 (br s, 1H), 7.64 (br s, 1H), 7.42 
(br s, 1H), 7.22 (br s, 1H), 7.01 (br s, 1H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 160.3, 153.7, 147.9, 144.2, 142.4, 140.1, 130.0, 128.7, 126.4, 126.2, 
122.6, 118.13, 118.06, 117.9, 114.3, 105.8 ppm. 
HRMS (ESI+): m/z calcd. for C16H12ClN4O4

+
 ([M+H] +) 359.0542, measured 359.0532. 

 
5-(5-Chloro-2-hydroxyphenyl)-N-(p-tolyl)-1H-pyrazole-3-carboxamide (1d): 

Compound 1d was prepared following GP-1 with adaptations, chromene 
amide 37 (218 mg, 0.70 mmol) was reacted with hydrazine hydrate 
(278 mg, 3.48 mmol), and the reaction mixture stirred for 1 h at reflux. A 
precipitate appeared, which was filtered and washed with ice-cold water 
(1.5 mL) to obtain 1d as white powder (203 mg, 0.62 mmol, 89%). 
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1H NMR (400 MHz, DMSO-d6) δ = 10.05 (br s, 1H), 7.80 (d, J = 2.3 Hz, 1H), 7.69 (br d, J = 8.2 Hz, 2H), 7.44 (br 
s, 1H), 7.24 (dd, J = 8.6, 2.3 Hz, 1H), 7.15 (br d, J = 8.2 Hz, 2H), 7.01 (d, J = 8.6 Hz, 1H), 2.28 (s, 3H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 153.8, 136.6, 133.0, 129.5, 129.2, 126.9, 123.4, 123.3, 120.7, 118.5, 
106.1, 20.9 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁺): m/z calcd. for C₁₇H₁₅ClN₃O₂⁺ ([M+H]⁺) 328.0847, measured 328.0830. 
 
(5-(5-Chloro-2-hydroxyphenyl)-1H-pyrazol-3-yl)(morpholino)methanone (1e): 

Compound 1e was prepared following GP-1 with adaptations, chromene 
amide 38 (64 mg, 0.22 mmol) was reacted with hydrazine hydrate (95 mg, 
1.9 mmol), and the reaction mixture stirred for 2 h at reflux. A precipitate 
appeared, which was filtered and washed with ice-cold water (1 mL) to 
obtain 1e as white powder (65 mg, 0.21 mmol, 97%). 
1H NMR (400 MHz, DMSO-d6) δ = 7.78 (s, 1H), 7.22 (br d, J = 8.6 Hz, 1H), 
7.14 (s, 1H), 6.98 (d, J = 8.6 Hz, 1H), 3.92 (br s, 4H), 3.34 (br s, 4H) ppm. 

13C NMR (151 MHz, DMSO-d6) δ = 161.4, 153.3, 146.1, 139.4, 128.8, 126.5, 122.9, 118.0,117.8 106.6, 66.4, 
66.2, 47.1, 42.3 ppm. 
HRMS (ESI+): m/z calcd. for C₁₄H₁₅ClN₃O₃⁺ ([M+H]⁺) 308.0796, measured 308.0776. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(morpholinomethyl)phenyl)-1H-pyrazole-3-carboxamide (2): 

Compound 2 was prepared following GP-1, chromene amide 
39 (277 mg, 0.69 mmol) was reacted with hydrazine hydrate 
(275 mg, 5.5 mmol) and the reaction mixture stirred at reflux 
overnight. The solvent was removed under reduced pressure to 
obtain 2 as light pink solid in quantitative yield (284 mg, 
0.69 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.22 (br s, 1H), 7.79 (br s, 1H), 

7.76 (br s, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.44 (br s, 1H), 7.25 (t, J = 7.6 Hz, 1H), 7.18 (br d, J = 8.2 Hz, 1H), 7.10 
(br d, J = 8.2 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 3.54 (br s, 4H), 3.42 (br s, 2H), 2.34 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6): δ = 161.5, 154.0, 139.1, 138.6, 129.0, 128.8, 126.8, 124.7, 123.2, 121.2, 
119.4, 118.6, 106.5, 66.6, 62.9, 53.6 ppm. Quaternary carbon peaks missing. 
HRMS (ESI+): m/z calcd. for C₂₁H₂₂ClN₄O₃⁺ ([M+H]⁺) 413.1375, measured 413.1359. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(piperazin-1-ylmethyl)phenyl)-1H-pyrazole-3-carboxamide (3A): 

Compound 3A was prepared following GP-2, N-Boc amine 3B 
(214 mg, 0.42 mmol) was reacted with TFA (6.3 mmol) and the 
reaction mixture stirred for 2 h. Compound 3A was obtained 
as white powder in form of a TFA salt (257 mg, 0.40 mmol, 
96%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.64 (br s, 1H), 10.26 (s, 1H), 
8.95 (br s, 1H), 7.98 (br s, 1H), 7.81 (d, J = 2.3 Hz, 1H), 7.78 (s, 
1H), 7.43 (br s, 1H), 7.37-7.42 (m, 1H), 7.25 (dd, J = 9.0, 2.3 Hz, 

1H), 7.18 (br d, J = 7.0 Hz, 1H), 7.03 (d, J = 9.0 Hz, 1H), 4.10 (br s, 2H), 3.28 (br s, 4H), 3.09 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 159.0, 153.3, 139.1, 132.5, 131.1, 129.1, 128.9, 126.5, 125.8, 123.0, 
122.3, 120.8, 118.1, 105.9, 60.0, 48.2, 41.4 ppm. Quaternary carbon peaks missing.  
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₃ClN₅O₂⁺ ([M+H]⁺) 412.1535, measured 412.1529. 
 
tert-Butyl 4-(3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)piperazine-1-
carboxylate (3B): 

Compound 3B was prepared following GP-1, chromene 
amide 40 (114 mg, 0.23 mmol) was reacted with hydrazine 
hydrate (92 mg, 1.83 mmol). The reaction mixture stirred for 
15 min at reflux. The solvent was removed under reduced 
pressure to obtain 3B as off-white powder in quantitative 
yield (125 mg, 0.23 mmol). 
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1H NMR (400 MHz, DMSO-d6) δ = 10.10 (br s, 1H), 7.70-7.81 (m, 3H), 7.42 (s, 1H), 7.29 (t, J = 7.8 Hz, 1H), 
7.21 (br d, J = 7.8 Hz, 1H), 6.96-7.06 (m, 2H), 3.47 (s, 2H), 3.31 (br s, 4H), 2.32 (br s, 4H), 1.38 (br s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 159.5, 154.0, 153.9, 143.9, 143.3, 138.7, 138.4, 128.6, 128.4, 126.3, 
124.2, 122.5, 120.6, 119.0, 118.5, 118.2, 105.2, 78.8, 62.1, 52.4, 28.1 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₆H₃₁ClN₅O₄⁺ ([M+H]⁺) 512.2059, measured 512.2050. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(4-(piperazin-1-ylmethyl)phenyl)-1H-pyrazole-3-carboxamide (4A): 

Compound 4A was prepared following GP-2, N-Boc amine 
4B (153 mg, 0.30 mmol) was reacted with TFA (4.8 mmol) and 
the reaction mixture stirred for 1 h. Compound 4A was 
obtained as beige powder in form of a TFA salt in quantitative 
yield (194 mg, 0.30 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.72 (br s, 1H), 10.31 (br s, 
1H), 9.19 (br s, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 2.4 Hz, 

1H), 7.47 (br s, 1H), 7.44 (br d, J = 8.2 Hz, 2H), 7.24 (dd, J = 8.8, 2.4 Hz, 1H), 7.03 (d, J = 8.8 Hz, 1H), 4.12 (br 
s, 2H), 3.32 (br s, 4H), 3.13 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 159.5, 153.8, 139.9, 131.6, 129.3, 126.9, 123.3, 123.3, 120.6, 118.5, 
106.4, 59.7, 48.3, 41.5 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₃ClN₅O₂⁺ ([M+H]⁺) 412.1535, measured 412.1509. 
 
tert-Butyl 4-(4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)piperazine-1-
carboxylate (4B): 

Compound 4B was prepared following GP-1, chromene 
amide 41 (178 mg, 0.36 mmol) was reacted with 
hydrazine hydrate (143 mg, 2.86 mmol). The solvent was 
removed under reduced pressure to obtain 4B as off-
white powder in quantitative yield (183 mg, 0.36 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.13 (br s, 1H), 7.80 (d, 
J = 2.0 Hz, 1H), 7.76 (d, J = 7.8 Hz, 2H), 7.34-7.59 (m, 1H), 

7.26 (d, J = 7.8 Hz, 2H), 7.21-7.25 (m, 1H), 7.01 (br d, J = 8.6 Hz, 1H), 3.44 (br s, 2H), 3.31 (br s, 4H), 2.30 (br 
s, 4H), 1.38 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 154.3, 153.8, 138.0, 133.4, 129.6, 129.2, 126.9, 123.4, 120.5, 118.5, 
106.1, 79.2, 62.0, 52.7, 28.5 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₆H₃₁ClN₅O₄⁺ ([M+H]⁺) 512.2059, measured 512.2051. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(piperazin-1-yl)phenyl)-1H-pyrazole-3-carboxamide (5A): 

Compound 5A was prepared following GP-2, N-Boc amine 5B 
(254 mg, 0.51 mmol) was reacted with TFA (8.1 mmol) and the 
reaction mixture stirred for 24 h. Compound 5A was obtained 
as white powder in form of a TFA salt in quantitative yield 
(258 mg, 0.51 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.68 (br s, 1H), 10.03 (br s, 
1H), 9.00 (br s, 2H), 7.81 (br s, 1H), 7.51 (br s, 1H), 7.39 (br d, 

J = 7.8 Hz, 1H), 7.44 (br s, 1H), 7.23 (br t, J = 8.6 Hz, 2H), 7.03 (br d, J = 8.6 Hz, 1H), 6.75 (br d, J = 7.8 Hz, 1H), 
3.35 (br s, 4H), 3.27 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.6, 153.4, 150.4, 139.6, 129.2, 128.8, 126.5, 122.9, 118.1, 112.1, 
111.8, 108.0, 105.8, 45.7, 42.7 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁺): m/z calcd. for C₂₀H₂₁ClN₅O₂⁺ ([M+H]⁺) 398.1378, measured 398.1366. 
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tert-Butyl 4-(3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)phenyl)piperazine-1-
carboxylate (5B): 

Compound 5B was prepared following GP-1, chromene 
amide 42 (224 mg, 0.46 mmol) was reacted with 
hydrazine hydrate (185 mg, 3.71 mmol). The solvent was 
removed under reduced pressure to obtain 5B as off-
white powder (228 mg, 0.45 mmol, 99%). 
1H NMR (400 MHz, DMSO-d6) δ = 9.93 (br s, 1H), 7.80 (d, J 
= 2.0 Hz, 1H), 7.44 (br s, 1H), 7.34 (br d, J = 7.8 Hz, 1H), 

7.24 (dd, J = 8.6, 2.0 Hz, 1H), 7.19 (br t, J = 7.8 Hz, 1H), 7.01 (d, J = 8.6 Hz, 1H), 6.71 (br d, J = 7.8 Hz, 1H), 
3.47 (br s, 4H), 3.10 (br s, 4H), 1.42 (s, 9H) ppm. Pyrazole C–H is not a clear peak, likely very broad at 
7.4 ppm due to annular tautomerism. 
13C NMR (101 MHz, DMSO-d6) δ = 181.3, 153.9, 153.3, 151.2, 139.4, 129.1, 128.8, 126.5, 122.9, 122.1, 
118.1, 111.6, 111.5, 107.9, 79.0, 48.4, 43.6, 28.1 ppm. Quaternary carbons missing. 
HRMS (ESI⁻): m/z calcd. for C₂₅H₂₇ClN₅O₄⁻ ([M-H]⁻) 496.1757, measured 496.1745. 
 
N-(3-(4-Carbamimidoylpiperazin-1-yl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamide 
(5G): 

Compound 5G was prepared following GP-3, amine 
5A (97 mg, 0.19 mmol) was reacted with DIPEA 
(156 mg, 1.2 mmol) and guanidinylation agent 65 
(45 mg, 0.31 mmol). The reaction mixture stirred for 
24 h and 5G was obtained as grey solid in form of a TFA 
salt in quantitative yield (106 mg, 0.19 mmol). 
1H NMR (400 MHz, DMSO-d6, 120 °C): δ = 7.46 (br s, 

1H), 7.43 (br s, 1H), 7.26 (br d, J = 7.6 Hz, 1H), 7.17 (br t, J = 7.6 Hz, 1H), 6.99 (br s, 1H), 6.89 (br s, 1H), 6.72 
(br d, J = 8.2 Hz, 1H), 6.64 (br d, J = 7.4 Hz, 1H), 3.63 (br s, 4H), 3.31 (br s, 4H) ppm.  
13C NMR (101 MHz, DMSO-d6, 120 °C): δ = 161.3, 157.1, 156.2, 150.1, 150.0, 145.5, 139.8, 128.4, 125.1, 
123.5, 119.9, 119.4, 117.5, 110.3, 109.6, 106.3, 99.1, 46.9, 44.3 ppm. 
HRMS (ESI+): m/z calcd. for C₂₁H₂₃ClN₇O₂⁺ ([M+H]⁺) 440.1596, measured 440.1587. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(4-(piperazin-1-yl)phenyl)-1H-pyrazole-3-carboxamide (6A): 

Compound 6A was prepared following GP-2, N-Boc amine 6B 
(150 mg, 0.30 mmol) was reacted with TFA (9.6 mmol) and the 
reaction mixture stirred for 2.5 h. Compound 6A was obtained as 
off-white solid in form of a TFA salt in quantitative yield (153 mg, 
0.30 mmol). 
1H NMR (400 MHz, DMSO-d6, 120 °C): δ = 9.64 (br s, 1H), 7.73 (d, J 
= 2.2 Hz, 1H), 7.67 (d, J = 8.6 Hz, 2H), 7.37 (s, 1H), 7.21 (br dd, J = 
8.8, 2.2 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 3.38 

(s, 4H), 3.27 (s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6, 120 °C): δ = 158.1, 153.0, 145.9, 131.1, 128.1, 127.9, 126.1, 125.9, 122.7, 
121.2, 121.0, 118.1, 117.8, 116.0, 115.9, 104.5, 104.3, 45.6, 42.4 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₀H₂₁ClN₅O₂⁺ ([M+H]⁺) 398.1378, measured 398.1366. 
 
tert-Butyl 4-(4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)phenyl)piperazine-1-
carboxylate (6B): 

Compound 6B was prepared following GP-1, chromene amide 
43 (212 mg, 0.44 mmol) was reacted with hydrazine hydrate 
(175 mg, 3.5 mmol). The mixture stirred for 2 h and the solvent 
was removed under reduced pressure to obtain 6B as white 
solid in quantitative yield (220 mg, 0.44 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 7.80 (d, J = 2.7 Hz, 1H), 7.66 (br 
d, J = 8.4 Hz, 2H), 7.24 (br dd, J = 8.6, 2.0 Hz, 1H), 7.00 (d, J = 8.6 
Hz, 1H), 0.01 (d, J = 8.4 Hz, 2H), 3.46 (t, J = 4.5 Hz, 4H), 3.06 (br t, 
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J = 4.5 Hz, 4H), 1.42 (s, 9H) ppm. Pyrazole C–H is not a clear peak, likely very broad between peaks 7.66 
and 7.24 ppm due to annular tautomerism. 
13C NMR (101 MHz, DMSO-d6) δ = 153.9, 153.4, 147.4, 131.0, 128.8, 126.4, 122.9, 122.1, 121.4, 118.1, 
116.3, 79.0, 48.9, 48.4, 28.1 ppm. Quaternary carbon and pyrazole C–H peaks missing. 
HRMS (ESI⁺): m/z calcd. for C₂₅H₂₉ClN₅O₄⁺ ([M+H]⁺) 498.1903, measured 498.1890. 
 
N-(4-(4-Carbamimidoylpiperazin-1-yl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamide 
(6G): 

Compound 6G was prepared following GP-3 with 
adaptations. Amine 6A (102 mg, 0.20 mmol) was 
reacted with DIPEA (216 mg, 1.7 mmol) and 
guanidinylation agent 65 (45 mg, 0.31 mmol). The 
reaction mixture stirred for 20 h and the crude 
(156 mg) was triturated with MeOH (2 mL). 

Compound 6G was obtained as grey solid in form of a TFA salt (38 mg, 0.069 mmol, 34%). 
1H NMR (400 MHz, DMSO-d6, 120 °C): δ = 9.68 (br s, 1H), 7.73 (br s, 1H), 7.66 (d, J = 8.2 Hz, 2H), 7.42 (br s, 
2H), 7.38 (s, 1H), 7.21 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.2 Hz, 2H), 3.64 (br s, 4H), 3.26 
(br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6, 120 °C): δ = 161.5, 158.7, 156.3, 153.0, 146.2, 130.6, 128.0, 125.9, 122.6, 
121.1, 117.7, 115.5, 108.9, 104.4, 47.4, 44.4 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₃ClN₇O₂⁺ ([M+H]⁺) 440.1596, measured 440.1585. 
 
N-(3-(Aminomethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamide (7A):  

Compound 7A was prepared following GP-2, N-Boc amine 7B 
(161 mg, 0.36 mmol) was reacted with TFA (5.8 mmol) and the 
reaction mixture stirred for 1 h. Compound 7A was obtained as 
off-white powder in form of a TFA salt in quantitative yield 
(165 mg, 0.36 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.65 (br s, 1H), 10.23 (br s, 1H), 
8.24 (br s, 2H), 8.01 (br s, 1H), 7.81 (d, J = 2.3 Hz, 1H), 7.74 (br d, J 

= 8.0 Hz, 1H), 7.42 (br t, J = 8.0 Hz, 1H), 7.25 (dd, J = 8.6, 2.3 Hz, 1H), 7.21 (br d, J = 8.0 Hz, 1H), 7.03 (d, J = 
8.6 Hz, 1H), 4.04 (br d, J = 5.1 Hz, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.4, 158.1, 157.8, 153.5, 139.2, 134.6, 129.2, 129.0, 126.7, 124.1, 
123.1, 120.9, 120.7, 118.3, 106.1, 42.7 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁻): m/z calcd. for C₁₇H₁₄ClN₄O₂⁻ ([M-H]⁻) 341.08108, measured 341.0798. 
 
tert-Butyl (3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)carbamate (7B): 

Compound 7B was prepared following GP-1, chromene amide 
44 (400 mg, 0.93 mmol) was reacted with hydrazine hydrate 
(374 mg, 7.46 mmol). The solvent was removed under reduced 
pressure to obtain compound 7B as white solid in quantitative 
yield (440 mg, 0.93 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.13 (br s, 1H), 7.81 (br s, 
1H), 7.64-7.75 (m, 2H), 7.48 (br s, 1H), 7.34-7.41 (m, 1H), 7.21-

7.32 (m, 2H), 6.89-7.09 (m, 2H), 4.13 (br s, 2H), 1.40 (br s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 155.6, 153.2, 140.6, 138.4, 128.6, 128.3, 126.3, 122.8, 122.1, 118.7, 
118.6, 117.9, 105.6, 77.6, 43.3, 28.1 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁻): m/z calcd. for C₂₂H₂₂ClN₄O₄⁻ ([M-H]⁻) 441.1335, measured 441.1327. 
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5-(5-Chloro-2-hydroxyphenyl)-N-(3-(((4,5-dihydro-1H-imidazol-2-yl)amino)methyl)phenyl)-1H-pyrazole-
3-carboxamide (7C): 

Compound 7C was prepared following GP-2, N-Boc 
guanidine 7D (163 mg, 0.32 mmol) was reacted with TFA 
(5.1 mmol) and the reaction mixture stirred overnight. 
Compound 7C was obtained as off-white powder in form of 
a TFA salt in quantitative yield (169 mg, 0.32 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.64 (br s, 1H), 10.10 (br 
s, 1H), 8.74 (br s, 1H), 7.89 (br s, 1H), 7.80 (s, 1H), 7.69 (d, J 

= 7.6 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.26 (d, J = 7.6 Hz, 2H), 7.03 (br s, 1H), 7.01 (s, 1H), 4.39 (br d, J = 5.5 Hz, 
2H), 3.63 (s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 160.5, 159.6, 158.5, 158.2, 153.3, 139.0, 137.6, 128.9, 126.5, 122.9, 
122.3, 119.5, 118.9, 118.7, 118.1, 115.7, 105.9, 45.5, 42.6 ppm. 
HRMS (ESI+): m/z calcd. for C₂₀H₂₀ClN₆O₂⁺ ([M+H]⁺) 411.1331, measured 411.1308. 
 
tert-Butyl 2-((3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)amino)-4,5-dihydro-
1H-imidazole-1-carboxylate (7D): 

Compound 7D was prepared following GP-3, amine 3A 
(200 mg, 0.44 mmol) was reacted with DIPEA (80 mg, 
0.66 mmol) and guanidinylation agent 64 (284 mg, 
1.31 mmol). The reaction mixture stirred for 24 h, and 
compound 7D was obtained as off-white solid (182 mg, 
0.36 mmol, 82%). Product contains 5% Boc-deprotected 
compound 7C.  
1H NMR (400 MHz, DMSO-d6) δ = 10.12 (br s, 1H), 7.79 (br d, 

J = 1.6 Hz, 1H), 7.69-7.76 (m, 2H), 7.43 (br s, 1H), 7.30 (br t, J = 7.8 Hz, 1H), 7.23 (br s, 1H), 7.05 (br d, J = 
8.6  Hz, 1H), 6.99 (br d, J = 8.6 Hz, 1H), 4.36 (s, 2H), 3.69 (t, J = 8.0 Hz, 2H), 3.48 (t, J = 8.0 Hz, 2H), 1.46 (s, 
9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.9, 153.1, 152.1, 151.5, 139.8, 138.3, 128.2, 128.1, 125.9, 122.3, 
122.2, 118.7, 118.4, 118.0, 117.7, 105.1, 81.1, 47.7, 46.0, 45.3, 27.4 ppm. 
HRMS (ESI+): m/z calcd. for C₂₅H₂₈ClN₆O₄⁺ ([M+H]⁺) 511.1855, measured 511.1838. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(guanidinomethyl)phenyl)-1H-pyrazole-3-carboxamide (7G): 

Compound 7G was prepared following GP-3, amine 7A 
(108 mg, 0.24 mmol) was reacted with DIPEA (183 mg, 
1.4 mmol) and guanidinylation agent 65 (52 mg, 0.36 mmol). 
The reaction mixture stirred for 5 h, and 7G was obtained as 
white solid in form of a TFA salt (74 mg, 0.23 mmol, 63%). 
1H NMR (400 MHz, DMSO-d6) δ = 9.92 (br s, 1H), 7.92 (br s, 
1H), 7.70 (br d, J = 7.0 Hz, 1H), 7.49 (br s, 1H), 7.31 (t, J = 

7.0 Hz, 1H), 7.15 (br s, 1H), 6.96 (br s, 2H), 6.71 (br d, J = 7.0 Hz, 1H), 4.37 (br s, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 162.1, 158.0, 156.9, 149.3, 146.0, 139.9, 137.5, 128.8, 125.9, 124.1, 
121.2, 120.2, 119.5, 118.5, 118.4, 118.0, 100.0, 44.3 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₈H₁₈ClN₆O₂⁺ ([M+H]⁺) 385.1174, measured 385.1166. 
 
N-(4-(Aminomethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamide (8A): 

Compound 8A was prepared following GP-2, N-Boc amine 8B (289 mg, 
0.65 mmol) was reacted with TFA (10.4 mmol) and the reaction mixture 
stirred overnight. Compound 8A was obtained as off-white solid in form of 
a TFA salt in quantitative yield (299 mg, 0.65 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.24 (br s, 1H), 7.85 (br d, J = 8.2 Hz, 2H), 
7.81 (br d, J = 2.7 Hz, 1H), 7.42 (br d, J = 8.2 Hz, 2H), 7.34 (br s, 1H), 7.25 
(br dd, J = 8.6, 2.7 Hz, 1H), 7.02 (d, J = 8.6 Hz, 1H), 4.00 (s, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6, 120 °C): δ = 158.7, 153.0, 138.4, 138.3, 

128.6, 128.4, 128.1, 126.1, 122.7, 119.9, 117.9, 117.8, 104.7, 41.8 ppm. 
HRMS (ESI⁻): m/z calcd. for C₁₇H₁₄ClN₄O₂⁻ ([M-H]⁻) 341.0811, measured 341.0799. 
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tert-Butyl(4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)carbamate (8B): 
Compound 8B was prepared following GP-1, chromene amide 45 
(280 mg, 0.65 mmol) was reacted with hydrazine hydrate (261 mg, 
5.2 mmol). The solvent was removed under reduced pressure 
obtaining 8B as white solid in quantitative yield (290 mg, 
0.65 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.08 (br s, 1H), 7.80 (d, J = 
2.7 Hz, 1H), 7.73 (br d, J = 8.2 Hz, 2H), 7.35 (br s, 1H), 7.24 (dd, J = 

8.8, 2.7 Hz, 1H), 7.21 (d, J = 8.2 Hz, 2H), 7.01 (d, J = 8.8 Hz, 1H), 4.09 (d, J = 5.9 Hz, 2H), 1.40 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 155.8, 153.3, 137.2, 135.4, 128.7, 127.2, 126.4, 122.9, 120.2, 118.1, 
105.7, 77.7, 43.0, 28.3 ppm. Quaternary carbon peaks missing. 
HRMS (ESI⁻): m/z calcd. for C₂₂H₂₂ClN₄O₄⁻ ([M-H]⁻) 441.1335, measured 441.13266. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(4-(((4,5-dihydro-1H-imidazol-2-yl)amino)methyl)phenyl)-1H-pyrazole-
3-carboxamide(8C): 

Compound 8C was prepared following GP-2, N-Boc guanidine 
8D (21 mg, 0.042 mmol) was reacted with TFA (1.4 mmol) and 
the reaction mixture stirred for 24 h. Compound 8C was 
obtained as light brown powder in form of a TFA salt (21 mg, 
0.040 mmol, 96%). 
1H NMR (400 MHz, DMSO-d6) δ = 13.50 (s, 2H), 10.64 (br s, 1H), 
10.15 (br s, 1H), 8.80 (br s, 1H), 8.46 (br s, 1H), 8.45 (br s, 1H), 
7.83 (br s, 2H), 7.18-7.38 (m, 3H), 7.03 (br s, 1H), 4.35 (s, 2H), 
3.62 (s, 2H), 3.11 (br s, 2H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 159.9, 158.6, 158.3, 153.7, 138.6, 132.6, 129.2, 128.1, 126.9, 123.3, 
120.8, 118.5, 106.3, 54.0, 46.1, 45.5, 43.0 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₀H₂₀ClN₆O₂⁺ ([M+H]⁺) 411.1331, measured 411.1317. 
 
tert-Butyl 2-((4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)benzyl)amino)-4,5-dihydro-
1H-imidazole-1-carboxylate (8D): 

Compound 8D was prepared following GP-4 with adaptations. 
Amine 8A (74 mg, 0.17 mmol) was reacted with DIPEA (129 mg, 
1.0 mmol) and guanidinylation agent 64 (107 mg, 0.49 mmol), 
the reaction mixture stirred for 150 h. It was quenched with 
water (10 mL) and extracted with EtOAc (3 x 10 mL). The 
combined organic layers were washed with brine, dried over 
anhydrous MgSO4, filtered, and concentrated in vacuo, 
obtaining of a viscous brown oil (129 mg). The crude was purified 

by flash column chromatography using 10% MeOH in DCM as eluent to obtain 8D as a white solid (41 mg, 
0.080 mmol, 47%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.25 (br s, 1H), 10.20 (br s, 1H), 8.79 (br s, 1H), 7.95 (br s, 1H), 7.76-7.84 
(m, 3H), 7.43 (br s, 1H), 7.28-7.35 (m, 2H), 7.24 (dd, J = 8.8, 2.3 Hz, 1H), 7.05 (dd, J = 8.8, 2.9 Hz, 1H), 3.80 
(t, J = 8.4 Hz, 2H), 3.61 (s, 2H), 3.54 (t, J = 8.4 Hz, 2H), 1.48 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 162.3, 159.4, 153.4, 151.5, 138.2, 137.8, 133.3, 132.1, 128.7, 127.8, 
127.7, 126.4, 122.8, 120.3, 120.3, 118.1, 105.8, 82.8, 45.4, 45.1, 42.5, 27.7 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₅H₂₈ClN₆O₄⁺ ([M+H]⁺) 511.1855, measured 511.1829. 
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5-(5-Chloro-2-hydroxyphenyl)-N-(4-(guanidinomethyl)phenyl)-1H-pyrazole-3-carboxamide (8G): 
Compound 8G was prepared following GP-3, amine 8A (65 mg, 
0.15 mmol) was reacted with DIPEA (124 mg, 0.96 mmol) and 
guanidinylation agent 65 (37 mg, 0.25 mmol). The reaction 
mixture stirred for 3.5 h and 8G was obtained as off-white solid in 
form of a TFA salt (53 mg, 0.11 mmol, 74%). 
1H NMR (500 MHz, DMSO-d6) δ = 10.21 (br s, 1H), 8.24 (br s, 1H), 
7.78 (br d, J = 8.2 Hz, 2H), 7.75 (br s, 1H), 7.39 (br s, 1H), 7.26 (br 
d, J = 8.1 Hz, 2H), 7.18 (br d, J = 8.1 Hz, 1H), 7.00 (d, J = 8.1 Hz, 
1H), 4.30 (br d, J = 4.7 Hz, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.5, 156.9, 153.4, 138.1, 

132.2, 128.8, 127.6, 126.4, 122.9, 120.4, 118.6, 118.1, 115.6, 112.7, 105.8, 43.7 ppm.  
HRMS (ESI⁺): m/z calcd. for C₁₈H₁₈ClN₆O₂⁺ ([M+H]⁺) 385.1174, measured 385.1176. 
 
N-(3-(Aminomethyl)-5-(trifluoromethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-
carboxamide (9A): 

Compound 9A was prepared following GP-2, N-Boc amine 9B 
(138 mg, 0.27 mmol) was reacted with TFA (6.7 mmol) and the 
reaction mixture stirred for 24 h. Compound 9A was obtained as 
off-white solid in form of a TFA salt in quantitative yield (141 mg, 
0.27 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.68 (br s, 1H), 10.53 (br s, 1H), 
8.24-8.40 (m, 3H), 8.20 (br s, 1H), 7.81 (d, J = 2.3 Hz, 1H), 7.60 (s, 

1H), 7.30 (br s, 1H), 7.26 (br dd, J = 7.4, 2.3 Hz, 2H), 7.04 (d, J = 7.4 Hz, 1H), 4.12 (br s, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.2, 153.7, 140.3, 136.4, 130.2, 129.9, 129.5, 127.0, 125.7, 123.0, 
120.6, 118.5, 117.0, 106.6, 42.5 ppm. Quaternary carbon peaks missing. 
19F NMR (376 MHz, DMSO-d6) δ = -61.38, -73.61 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₈H₁₅ClF₃N₄O₂⁺ ([M+H]⁺) 411.0830, measured 411.0811. 
 
tert-Butyl (3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-5-
(trifluoromethyl)benzyl)carbamate (9B): 

Compound 9B was prepared following GP-1, chromene amide 
46 (137 mg, 0.28 mmol) was reacted with hydrazine hydrate 
(111 mg, 2.2 mmol). The mixture stirred for 2.5 h and the 
solvent was removed under reduced pressure to obtain 9B as 
yellow solid in quantitative yield (143 mg, 0.28 mmol). 
1H NMR (500 MHz, DMSO-d6) δ = 10.49 (br s, 1H), 8.15 (s, 1H), 
8.02 (br s, 1H), 7.81 (d, J = 2.4 Hz, 1H), 7.51 (br t, J = 6.0 Hz, 1H), 

7.30 (s, 1H), 7.25 (br dd, J = 8.7, 2.4 Hz, 1H), 7.01 (d, J = 8.7 Hz, 1H), 4.20 (d, J = 6.0 Hz, 2H), 1.41 (s, 9H) 
ppm.  
13C NMR (126 MHz, DMSO-d6) δ = 156.3, 153.8, 142.9, 140.1, 129.9, 129.6, 129.3, 127.9, 127.0, 125.7, 
123.6, 123.4, 122.6, 118.5, 115.3, 106.6, 78.5, 43.7, 28.7 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.28 ppm. 
HRMS (ESI⁻): m/z calcd. for C₂₃H₂₁ClF₃N₄O₄⁻ ([M-H]⁻) 509.1209, measured 509.1194. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(((4,5-dihydro-1H-imidazol-2-yl)amino)methyl)-5-
(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxamide (9C): 

Compound 9C was prepared following GP-2, N-Boc 
guanidine 9D (50 mg, 0.086 mmol) was reacted with TFA 
(1.3 mmol) and the reaction mixture stirred overnight. 
Compound 9C was obtained as light grey solid in form of a 
TFA salt in quantitative yield (51 mg, 0.086 mmol). 
1H NMR (400 MHz, acetone-d6) δ = 10.40 (br s, 1H), 10.00 (br 
s, 1H), 8.39 (s, 1H), 8.15 (br s, 1H), 7.75 (s, 1H), 7.59 (br s, 
1H), 7.45 (s, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.06 (br d, J = 8.0 Hz, 

1H), 4.65 (br s, 2H), 4.04 (br s, 2H), 3.78 (br s, 4H) ppm. 



 2.   Chapter 

41 
 

13C NMR (101 MHz, acetone-d6) δ = 171.9, 160.9, 154.3, 140.3, 139.7, 131.3, 129.4, 126.8, 125.9, 124.3, 
123.2, 122.3, 119.2, 118.6, 118.0, 115.9, 104.3, 45.9, 45.5, 43.1 ppm. 
19F NMR (376 MHz, acetone-d6) δ = -63.12, -75.77 ppm. 
HRMS (ESI+): m/z calcd. for C₂₁H₁₉ClF₃N₆O₂⁺ ([M+H]⁺) 479.1205, measured 479.1192. 
 
tert-Butyl 2-((3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-5-
(trifluoromethyl)benzyl)amino)-4,5-dihydro-1H-imidazole-1-carboxylate (9D): 

Compound 9D was prepared following GP-3, amine 9A 
(200 mg, 0.44 mmol) was reacted with DIPEA (80 mg, 
0.66 mmol) and guanidinylation agent 64 (26 mg, 
0.20 mmol). The reaction mixture stirred for 48 h, and 
compound 9D was obtained as off-white powder (54 mg, 
0.93 mmol, 70%). Product contains 5% Boc-deprotected 
compound 9C. 

1H NMR (500 MHz, DMSO-d6) δ = 10.50 (br s, 1H), 8.19 (s, 1H), 8.04 (s, 1H), 7.81 (d, J = 2.3 Hz, 1H), 7.45 (br 
s, 1H), 7.40 (s, 1H), 7.25 (dd, J = 8.7, 2.3 Hz, 1H), 7.02 (d, J = 8.7 Hz, 1H), 4.45 (s, 2H), 3.73-3.78 (m, 2H), 
3.69-3.73 (m, 2H), 1.48 (s, 9H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 158.2, 153.9, 153.1, 152.3, 142.7, 140.0, 129.8, 129.5, 129.3, 126.9, 
125.8, 123.6, 123.0, 119.2, 118.6, 115.4, 106.4, 82.1, 47.8, 47.0, 45.7, 28.3 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.14 ppm. 
HRMS (ESI+): m/z calcd. for C₂₆H₂₇ClF₃N₆O₄⁺ ([M+H]⁺) 579.1729, measured 579.1713. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(guanidinomethyl)-5-(trifluoromethyl)phenyl)-1H-pyrazole-3-
carboxamide (9G): 

Compound 9G was prepared following GP-3 with 
adaptations, amine 9A (40 mg, 0.076 mmol) was reacted 
with DIPEA (59 mg, 0.46 mmol) and guanidinylation agent 65 
(17 mg, 0.11 mmol). The reaction mixture stirred for 30 h 
obtaining an off-white solid (54 mg). Part of the crude (15 mg, 
28%) was purified by preparative HPLC to afford 9G as white 
powder (5 mg, 0.09 mmol, 43%). 

1H NMR (500 MHz, DMSO-d6) δ = 10.61 (s, 1H), 8.90 (br s, 1H), 8.41 (s, 1H), 8.21 (s, 1H), 8.14 (s, 1H), 7.85 
(br s, 2H), 7.78 (d, J = 2.6 Hz, 1H), 7.39 (s, 1H), 7.36 (s, 1H), 7.21 (dd, J = 8.8, 2.6 Hz, 1H), 7.01 (d, J = 8.8 Hz, 
1H), 4.46 (d, J = 4.1 Hz, 2H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 167.0, 160.8, 157.9, 154.5, 140.5, 140.4, 130.0, 129.8, 129.0, 126.7, 
125.7, 122.9, 122.5, 118.8, 118.6, 115.8, 106.0, 43.9 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.24 ppm. 
HRMS (ESI+): m/z calcd. for C₁₉H₁₇ClF₃N₆O₂⁺ ([M+H]⁺) 453.1048, measured 453.1028. 
 

N-(4-(Aminomethyl)-3-(trifluoromethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-
carboxamide (10A): 

Compound 10A was prepared following GP-2, N-Boc amine 
10B (1910 mg, 3.74 mmol) was reacted with TFA (94.0 mmol) 
and the reaction mixture stirred for 3 h. Compound 10A was 
obtained as light orange solid in form of a TFA salt in 
quantitative yield (1999 mg, 3.74 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.69 (br s, 1H), 10.63 (br s, 

1H), 8.44 (br s, 2H), 8.38 (s, 1H), 8.21 (d, J = 8.2 Hz, 1H), 7.82 (br s, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.41 (br s, 
1H), 7.25 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 4.16 (s, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 160.2, 158.7, 153.4, 139.6, 131.5, 128.9, 127.7, 126.6, 126.2, 125.3, 
123.6, 122.9, 122.6, 118.2, 117.4, 115.4, 106.3, 38.5 ppm 
19F NMR (376 MHz, DMSO-d6) δ = -58.24, -73.93 ppm. 
HRMS (ESI⁻): m/z calcd. for C₁₈H₁₃ClF₃N₄O₂⁻ ([M-H]⁻) 409.0685, measured 409.0674. 
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tert-Butyl (4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-2-
(trifluoromethyl)benzyl)carbamate (10B): 

Compound 10B was prepared following GP-1, chromene 
amide 47 (2000 mg, 4.02 mmol) was reacted with 
hydrazine hydrate (1621 mg, 32.4 mmol). The mixture 
stirred for 3 h and the solvent was removed under 
reduced pressure obtaining 10B as white solid (1972 mg, 
3.86 mmol, 96%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.46 (s, 1H), 8.27 (s, 

1H), 8.09 (d, J = 8.2 Hz, 1H), 7.81 (br d, J = 2.2 Hz, 1H), 7.48 (br s, 1H), 7.46 (br s, 1H), 7.43 (br s, 1H), 7.24 
(dd, J = 8.6, 2.2 Hz, 1H), 7.02 (d, J = 8.6 Hz, 1H), 4.30 (d, J = 3.9 Hz, 2H), 1.41 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 160.3, 156.2, 153.8, 144.5, 142.7, 138.2, 133.2, 129.2, 126.9, 126.7, 
126.4, 126.1, 124.1, 123.4, 123.3, 120.6, 118.5, 117.7, 106.4, 78.6, 28.6 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.19 ppm. 
HRMS (ESI-): m/z calcd. for C₂₃H₂₁ClF₃N₄O₄⁻ ([M-H]⁻) 509.1209, measured 509.1189. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(4-(((4,5-dihydro-1H-imidazol-2-yl)amino)methyl)-3-
(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxamide (10C): 

Compound 10C was prepared following GP-2, N-Boc guanidine 10D 
(122 mg, 0.21 mmol) was reacted with TFA (3.4 mmol) and the 
reaction mixture stirred for 48 h. Compound 10C was obtained as 
brown solid in form of a TFA salt in quantitative yield (125 mg, 
0.21 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.59 (s, 1H), 8.78 (t, J = 5.8 Hz, 1H), 
8.36 (d, J = 1.8 Hz, 1H), 8.17 (dd, J = 8.4, 1.8 Hz, 1H), 7.82 (d, J = 2.3 
Hz, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.43 (br s, 1H), 7.26 (dd, J = 8.6, 2.3 
Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H), 4.53 (br d, J = 5.8 Hz, 2H), 3.66 (s, 4H) 

ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 159.6, 158.6, 158.3, 153.3, 138.9, 130.1, 129.0, 128.9, 127.0, 126.5, 
125.5, 123.7, 122.9, 122.7, 118.1, 117.7, 106.2, 42.6, 42.5 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -58.85, -74.55 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₁₉ClF₃N₆O₂⁺ ([M+H]⁺) 479.1205, measured 479.1186. 
 

tert-Butyl 2-((4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-2-
(trifluoromethyl)benzyl)amino)-4,5-dihydro-1H-imidazole-1-carboxylate (10D): 

Compound 10D was prepared following GP-3 with adaptations. Amine 
10A (314 mg, 0.62 mmol) was reacted with DIPEA (471 mg, 3.6 mmol) 
and guanidinylation agent 64 (392 mg, 1.81 mmol). The reaction 
mixture stirred for 6 days. The obtained  precipitate was filtered and 
purified by column chromatography using 10% MeOH in DCM as 
eluent to obtain 10D as a white powder (186 mg, 0.32 mmol, 52%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.50 (br s, 1H), 8.28 (br s, 1H), 8.07 
(br d, J = 8.2 Hz, 1H), 7.81 (br d, J = 2.4 Hz, 1H), 7.55 (br d, J = 8.2 Hz, 
1H), 7.42 (br s, 1H), 7.25 (br dd, J = 8.6, 2.3 Hz, 1H), 7.02 (br d, J = 8.6 
Hz, 1H), 4.54 (br s, 1H), 3.72 (br t, J = 8.2 Hz, 2H), 3.47 (t, J = 8.2 Hz, 2H), 

1.47 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 153.4, 152.6, 151.9, 141.7, 141.6, 138.0, 132.2, 129.7, 128.8, 126.5, 
126.2, 125.7, 123.7, 123.0, 122.9, 118.1, 117.4, 106.1, 81.8, 47.7, 46.5, 42.2, 27.8 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.05 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₆H₂₇ClF₃N₆O₄⁺ ([M+H]⁺) 579.1729, measured 579.1710. 
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5-(5-Chloro-2-hydroxyphenyl)-N-(4-(guanidinomethyl)-3-(trifluoromethyl)phenyl)-1H-pyrazole-3-
carboxamide (10G): 

Compound 10G was prepared following GP-3, amine 
10A (260 mg, 0.51 mmol) was reacted with DIPEA 
(402 mg, 3.1 mmol) and guanidinylation agent 65 
(114 mg, 0.78 mmol). The reaction mixture stirred for 
3.5 h and 10G was obtained as light yellow solid in 
form of a TFA salt (190 mg, 0.37 mmol, 75%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.62 (br s, 1H), 8.37 
(s, 1H), 8.17 (d, J = 8.2 Hz, 1H), 8.02 (br s, 1H), 7.82 (s, 

1H), 7.53 (br d, J = 8.2 Hz, 1H), 7.44 (br s, 2H), 7.25 (br d, J = 8.2 Hz, 1H), 7.06 (br d, J = 8.2 Hz, 1H), 4.51 (br 
s, 2H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.6, 157.1, 153.4, 138.9, 130.2, 129.2, 128.9, 128.2, 127.1, 126.5, 
125.5, 123.7, 122.9, 118.6, 118.1, 117.7, 115.6, 106.2, 41.3 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -58.65, -73.55 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₉H₁₇ClF₃N₆O₂⁺ ([M+H]⁺) 453.1048, measured 453.1028. 
 

5-(5-Chloro-2-hydroxyphenyl)-N-(3-(piperazin-1-yl)-5-(trifluoromethyl)phenyl)-1H-pyrazole-3-
carboxamide (11A): 

Compound 11A was prepared following GP-2 with 
adaptations, N-Boc amine 11B (500 mg, 0.88 mmol) was 
reacted with TFA (27 mmol) and the reaction mixture stirred 
overnight. A precipitate appeared which was filtered and 
washed with ice-cold EtOH (2 mL) to obtain 11A as white 
powder in form of a TFA salt (393 mg, 0.70 mmol, 79%). 
1H NMR (400 MHz, DMSO-d6, 120 °C): δ = 10.01 (br s, 1H), 
7.73-7.77 (m, 2H), 7.72 (br s, 1H), 7.39 (s, 1H), 7.22 (br d, J = 

8.6 Hz, 1H), 7.04 (br d, J = 8.6 Hz, 1H), 6.99 (br s, 1H), 3.46-3.55 (m, 4H), 3.26-3.35 (m, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6, 120 °C): δ = 159.0, 152.9, 150.2, 142.9, 139.9, 130.2, 129.9, 128.1, 126.1, 
125.0, 122.7, 117.8, 117.7, 110.1, 107.5, 106.8, 104.9, 44.8, 42.2 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -61.27, -73.55 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₀ClF₃N₅O₂⁺ ([M+H]⁺) 466.1252, measured 466.1229. 
 
tert-Butyl 4-(3-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-5-
(trifluoromethyl)phenyl)piperazine-1-carboxylate (11B): 

Compound 11B was prepared following GP-1, chromene 
amide 48 (611 mg, 1.1 mmol) was reacted with hydrazine 
hydrate (438 mg, 8.7 mmol). The mixture stirred for 1 h 
and the solvent was removed under reduced pressure to 
obtain 11B as white solid in quantitative yield (614 mg, 
1.1 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.27 (br s, 10H), 7.80 
(d, J = 2.5 Hz, 1H), 7.77 (s, 1H), 7.68 (s, 1H), 7.39 (br s, 

1H), 7.24 (dd, J = 8.8, 2.5 Hz, 1H), 7.01 (d, J = 8.8 Hz, 1H), 6.96 (s, 1H), 3.48 (t, J = 5.4 Hz, 4H), 3.20 (br t, J = 
5.4 Hz, 4H), 1.42 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 154.6, 153.9, 152.0, 140.8, 131.4, 131.1, 130.8, 129.2, 127.1, 126.2, 
123.8, 123.4, 118.9, 118.8, 110.8, 107.7, 107.4, 105.9, 79.6, 48.3, 43.6, 28.6 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -61.29 ppm. 
HRMS (ESI⁻): m/z calcd. for ⁻ ([M-H]⁻) 564.1631, measured 564.1617. 
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5-(5-Chloro-2-hydroxyphenyl)-N-(3-(4-(4,5-dihydro-1H-imidazol-2-yl)piperazin-1-yl)-5-
(trifluoromethyl)phenyl)-1H-pyrazole-3-carboxamide (11C): 

Compound 11C was prepared following GP-3 with 
adaptations. Amine 11A (91 mg, 0.16 mmol) was 
reacted with DIPEA (152 mg, 1.2 mmol) and 
guanidinylation agent 63 (122 mg, 0.50 mmol), the 
reaction mixture stirred for 20 h. After water (20 mL) 
addition, the obtained precipitate was filtered off and 
purified by flash column chromatography using 

NH4OH:MeOH:DCM (1:4:15) as eluent system to obtain 11C as white solid (20 mg, 0.037, 23%). 
1H NMR (600 MHz, DMSO-d6, 50 °C): δ = 10.07 (br s, 1H), 7.85 (s, 1H), 7.69 (s, 1H), 7.56 (d, J = 2.5 Hz, 1H), 
7.07 (s, 1H), 7.01 (dd, J = 8.6, 2.5 Hz, 1H), 6.93 (s, 1H), 6.81 (d, J = 8.6 Hz, 1H), 3.63 (s, 4H), 3.57 (t, J = 5.0  Hz, 
4H), 3.36 (t, J = 5.0 Hz, 4H) ppm. 
13C NMR (151 MHz, DMSO-d6, 50 °C): δ = 161.6, 159.6, 156.4, 150.8, 147.5, 145.2, 140.9, 130.1, 126.4, 
125.2, 124.5, 120.5, 119.6, 118.0, 109.3, 106.4, 106.1, 101.4, 46.7, 45.3, 43.5 ppm  
19F NMR (376 MHz, DMSO-d6) δ = -61.2 (s, 1F) ppm. 
HRMS (ESI+): m/z calcd. for C₂₄H₂₄ClF₃N₇O₂⁺ ([M+H]⁺) 534.1627, measured 534.1601 
 
N-(3-(4-Carbamimidoylpiperazin-1-yl)-5-(trifluoromethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-
pyrazole-3-carboxamide (11G): 

Compound 11G was prepared following GP-3, amine 
11A (94 mg, 0.17 mmol) was reacted with DIPEA 
(152 mg, 1.17 mmol) and guanidinylation agent 65 
(36  mg, 0.25 mmol). The reaction mixture stirred for 48 
h to obtain 11G as light grey solid (38 mg, 0.08 mmol, 
46%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.64 (br s, 1H), 7.82 

(br s, 2H), 7.74 (br s, 1H), 7.65 (br s, 3H), 7.44 (br s, 1H), 7.24 (br d, J = 6.6 Hz, 2H), 7.08 (br d, J = 6.6 Hz, 1H), 
7.01 (br s, 1H), 3.62 (s, 4H), 3.35 (s, 4H) ppm. 
13C NMR (151 MHz, DMSO-d6) δ = 160.8, 156.3, 153.4, 150.8, 146.7, 140.5, 139.7, 130.1, 128.9, 126.5, 
125.2, 122.8, 118.1, 117.2, 109.7, 106.9, 106.9, 106.2, 46.8, 44.5 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -61.23 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₂H₂₂ClF₃N₇O₂⁺ ([M+H]⁺) 508.1470, measured 508.1443. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(4-(piperazin-1-yl)-3-(trifluoromethyl)phenyl)-1H-pyrazole-3-
carboxamide (12A): 

 Compound 12A was prepared following GP-2 with 
adaptations, N-Boc amine 12B (140 mg, 0.25 mmol) was 
reacted with TFA (6.2 mmol) and the reaction mixture stirred 
for 20 h. A precipitate appeared which was filtered and 
washed with DCM (1 mL) to obtain 12A as light grey solid in 
form of a TFA salt (113 mg, 0.20 mmol, 81%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.60 (br s, 1H), 10.49 (s, 
1H), 8.83 (br s, 2H), 8.25 (s, 1H), 8.15 (dd, J = 8.6, 2.3 Hz, 1H), 

7.81 (d, J = 2.3 Hz, 1H), 7.56 (d, J = 8.6 Hz, 1H), 7.37 (br s, 1H), 7.25 (dd, J = 8.6, 2.3 Hz, 1H), 7.02 (d, J = 
8.6  Hz, 1H), 3.21 (br s, 4H), 3.04 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.8, 158.4, 153.4, 145.8, 136.7, 128.9, 127.9, 126.5, 126.1, 125.9, 
125.1, 124.9, 122.9, 122.4, 118.5, 118.1, 106.1, 50.0, 43.6 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.31, -73.81 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₀ClF₃N₅O₂⁺ ([M+H]⁺) 466.1252, measured 466.1227. 
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tert-Butyl 4-(4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-2-
(trifluoromethyl)phenyl)piperazine-1-carboxylate (12B): 

Compound 12B was prepared following GP-1 with 
adaptations, chromene amide 49 (401 mg, 0.83 mmol) 
was reacted with hydrazine hydrate (338 mg, 6.8 mmol) 
and the mixture stirred for 30 min. A precipitate 
appeared, which was filtered and washed with ice-cold 
EtOH (1 mL) to obtain 13B as beige solid (405 mg, 
0.81 mmol, 98%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.40 (br s, 1H), 8.24 (d, 

J = 2.3 Hz, 1H), 8.08 (dd, J = 8.6, 2.3 Hz, 1H), 7.76 (d, J = 2.3 Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.34 (s, 1H), 
7.20 (dd, J = 8.6, 2.3 Hz, 1H), 6.97 (d, J = 8.6 Hz, 1H), 3.43 (br s, 4H), 2.79 (br t, J = 4.7 Hz, 4H), 1.43 (s, 9H) 
ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 159.6, 153.9, 153.3, 147.1, 136.2, 128.8, 126.5, 126.1, 125.8, 125.5, 
125.3, 124.8, 122.9, 122.5, 118.3, 118.3, 118.1, 106.0, 79.0, 53.0, 44.2, 28.1 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.08 ppm.  
HRMS (ESI⁺): m/z calcd. for C₂₆H₂₈ClF₃N₅O₄⁺ ([M+H]⁺) 566.1776, measured 566.1755. 
 
N-(4-(4-Carbamimidoylpiperazin-1-yl)-3-(trifluoromethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-
pyrazole-3-carboxamide (12G): 

Compound 12G was prepared following GP-3, amine 12A 
(260 mg, 0.51 mmol) was reacted with DIPEA (403 mg, 
3.12 mmol) and guanidinylation agent 65 (114 mg, 0.78 mmol). 
The reaction mixture stirred for 20 h and 4G was obtained as off-
white solid in form of a TFA salt (190 mg, 0.37 mmol, 75%). 
1H NMR (400 MHz, DMSO-d6): δ = 10.51 (br s, 1H), 8.26 (br s, 1H), 
8.12 (br s, 1H), 7.81 (br s, 1H), 7.61 (br s, 4H), 7.44 (br s, 1H), 7.25 
(br s, 1H), 7.05 (br s, 1H), 3.54 (br s, 4H), 2.91 (br s, 4H) ppm. 
13C NMR (151 MHz, DMSO-d6) δ = 158.4, 158.2, 156.4, 153.3, 
146.2, 136.5, 128.8, 126.5, 126.0, 125.5, 124.8, 124.7, 122.9, 

122.9, 121.1, 118.3, 118.1, 106.1, 52.3, 45.7 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.13, -73.65 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₂H₂₂ClF₃N₇O₂⁺ ([M+H]⁺) 508.1470, measured 508.1441. 
 
5-(5-Chloro-2-hydroxyphenyl)-N-(3-(piperazin-1-yl)-4-(trifluoromethyl)phenyl)-1H-pyrazole-3-
carboxamide (13A): 

Compound 13A was prepared following GP-2, N-Boc amine 
13B (150 mg, 0.27 mmol) was reacted with TFA (8.0 mmol) 
and the reaction mixture stirred for 3 h. Compound 13A was 
obtained as white solid in form of a TFA salt in quantitative 
yield (150 mg, 0.27 mmol). 
1H NMR (400 MHz, DMSO-d6) δ = 10.69 (br s, 1H), 10.55 (s, 

1H), 8.97 (s, 1H), 8.08 (br s, 1H), 7.90 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 2.4 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.41 
(br s, 1H), 7.26 (dd, J = 8.8, 2.4 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 3.23 (br s, 4H), 3.07 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 158.2, 153.3, 151.3, 143.6, 128.9, 128.1, 127.8, 126.5, 125.4, 122.9, 
122.7, 120.1, 119.8, 118.1, 116.6, 115.2, 106.2, 50.0, 43.6 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -58.28, -74.01 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₀ClF₃N₅O₂⁺ ([M+H]⁺) 466.1252, measured 466.1227. 
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tert-Butyl 4-(5-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxamido)-2-
(trifluoromethyl)phenyl)piperazine-1-carboxylate (13B): 

Compound 13B was prepared following GP-1, chromene 
amide 50 (170 mg, 0.31 mmol) was reacted with hydrazine 
hydrate (141 mg, 2.8 mmol). The mixture stirred for 2 h 
and the solvent was removed under reduced pressure to 
obtain 13B as white solid (169 mg, 0.30 mmol, 96%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.42 (br s, 1H), 7.99 (s, 

1H), 7.90 (br d, J = 8.6 Hz, 1H), 7.81 (d, J = 2.5 Hz, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.41 (br s, 1H), 7.25 (dd, J = 
8.8, 2.5 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 3.46 (br s, 4H), 2.81 (t, J = 4.5 Hz, 4H), 1.43 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 153.9, 153.3, 152.4, 143.4, 128.9, 127.6, 126.5, 125.5, 122.9, 122.8, 
120.1, 119.8, 118.1, 116.1, 115.4, 106.1, 79.0, 53.1, 28.1 ppm. Quaternary carbon peaks missing. 
19F NMR (376 MHz, DMSO-d6) δ = -58.03 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₆H₂₈ClF₃N₅O₄⁺ ([M+H]⁺) 566.1776, measured 566.1751. 
 
N-(3-(4-Carbamimidoylpiperazin-1-yl)-4-(trifluoromethyl)phenyl)-5-(5-chloro-2-hydroxyphenyl)-1H-
pyrazole-3-carboxamide (13G): 

Compound 13G was prepared following GP-3, amine 
13A (129 mg, 0.23 mmol) was reacted with DIPEA 
(190 mg, 1.47 mmol) and guanidinylation agent 65 
(52 mg, 0.36 mmol). The reaction mixture stirred for 6 h 
and 13G was obtained as white solid in form of a TFA 
salt (103 mg, 0.20 mmol, 88%). 
1H NMR (400 MHz, DMSO-d6) δ = 8.11 (s, 1H), 7.89 (d, J 

= 9.0 Hz, 1H), 7.61 (d, J = 9.0 Hz, 1H), 7.53 (br d, J = 2.3 Hz, 1H), 7.02 (s, 1H), 6.98 (dd, J = 8.6, 2.3 Hz, 1H), 
6.76 (d, J = 8.6 Hz, 1H), 3.56 (br s, 4H), 2.93 (br s, 4H) ppm. 
13C NMR (101 MHz, DMSO-d6): δ = 162.8, 157.2, 156.7, 152.1, 149.6, 146.0, 144.7, 128.0, 126.5, 124.7, 
123.4, 121.0, 120.6, 119.3, 118.5, 116.0, 115.1, 101.3, 52.8, 46.2 ppm. 
19F NMR (376 MHz, DMSO-d6): δ = -57.82 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₂H₂₂ClF₃N₇O₂⁺ ([M+H]⁺) 508.1470, measured 508.1451. 
 
(5-(5-Chloro-2-hydroxyphenyl)-1H-pyrazol-3-yl)(piperazin-1-yl)methanone (14A): 

Compound 14A was prepared following GP-2. N-Boc amine 14B 
(280 mg, 0.69 mmol) was reacted with TFA (15 mmol) and the reaction 
mixture stirred overnight. Compound 4A was obtained as grey powder 
in form of a TFA salt (270 mg, 0.67 mol, 98%). 
1H NMR (400 MHz, DMSO-d6) δ = 13.41 (br s, 1H), 10.71 (br s, 1H), 9.04 
(br s, 2H), 7.75 (br s, 1H), 7.24 (d, J = 7.4 Hz, 1H), 7.14 (s, 1H), 7.00 (d, J = 
7.4 Hz, 1H), 4.27 (br s, 2H), 3.84 (br s, 2H), 3.25-3.73 (m, 4H) ppm.  
13C NMR (101 MHz, DMSO-d6) δ = 161.9, 153.3, 146.3, 139.0, 128.9, 

126.6, 122.9, 118.6, 118.1, 107.9, 43.4, 42.8 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -73.70 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₄H₁₆ClN₄O₂⁺ ([M+H]⁺) 307.0956, measured 307.0938. 
 
tert-Butyl 4-(5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carbonyl)piperazine-1-carboxylate (14B): 

Compound 14B was prepared following GP-1 with adaptations, 
chromene amide 51 (405 mg, 1.03 mmol) was reacted with 
hydrazine hydrate (422 mg, 8.4 mmol) and the mixture stirred for 
2 h. A precipitate appeared, which was filtered and washed with ice-
cold water (2 mL) to obtain 14B as white solid (350 mg, 0.86 mmol, 
83%). The product was used without further purification. 
1H NMR (400 MHz, DMSO-d6) δ = 7.79 (s, 1H), 7.22 (d, J = 7.6 Hz, 1H), 
7.15 (s, 1H), 6.98 (d, J = 7.6 Hz, 1H), 3.90 (br s, 1H), 3.62 (br s, 4H), 

3.33 (br s, 4H), 1.42 (br s, 9H) ppm. 
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4-(5-(5-Chloro-2-hydroxyphenyl)-1H-pyrazole-3-carbonyl)piperazine-1-carboximidamide (14G): 

Compound 14G was prepared following GP-3 with adaptations, 
amine 14A (89 mg, 0.22 mmol) was reacted with DIPEA (175 mg, 
1.35 mmol) and guanidinylation agent 65 (48 mg, 0.33 mmol). The 
reaction mixture stirred for 2 h obtaining an off-white solid 
(35 mg). Part of the crude (15 mg, 43%) was purified by 
preparative HPLC to afford 14G as white powder (7 mg, 
0.02 mmol, 18%).  
1H NMR (500 MHz, DMSO-d6) δ = 8.43 (s, 1H), 7.95 (br s, 3H), 7.76 

(br s, 1H), 7.21 (br d, J = 7.8 Hz, 1H), 7.15 (s, 1H), 6.99 (br d, J = 7.8 Hz, 1H), 4.11 (br s, 2H), 3.73 (br s, 2H), 
3.53 (br s, 4H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 167.2, 162.2, 157.1, 154.3, 141.8, 129.1, 126.8, 123.0, 118.6, 118.2, 
107.3, 45.8, 45.6, 44.9, 41.6 ppm. 
 

Intermediates 16–62 
tert-Butyl (3-amino-5-(trifluoromethyl)benzyl)carbamate (16):  

To a solution of compound 54 (137 mg, 0.74 mmol, 1 eq.) in DCM (2 mL), NEt3 
(149 mg, 1.48 mmol, 2 eq.) was added and, at 0 °C Boc2O (171 mg, 0.78 mmol, 
1.06 eq.) in DCM (2 mL) was added dropwise. The mixture was allowed to slowly 
warm to r.t. and stirred overnight. Excess DCM was removed in vacuo and the 
crude was purified by column chromatography using 30% EtOAc in PE to obtain 

compound 16 (59 mg, 0.20 mmol, 28%) as a orange solid. 
1H NMR (400 MHz, CDCl3) δ = 6.89 (s, 1H), 6.79 (br s, 1H), 6.75 (br s, 1H), 4.27 ( J = 4.7 Hz, 2H), 3.87 (s, 2H), 
1.47 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 155.9, 147.1, 141.2, 131.8, 124.0, 116.7, 113.7, 110.3, 79.7, 44.2 ,28.3 ppm. 
19F NMR (376 MHz, CDCl3) δ = -62.96 ppm. 
 
tert-Butyl (4-amino-2-(trifluoromethyl)benzyl)carbamate (17):  

4-(aminomethyl)-3-(trifluoromethyl)aniline 55 (4126 mg, 21.7 mmol, 1 eq.) was dissolved in 
DCM (10 mL) and NEt3 (4444 mg, 43.9 mmol, 2 eq.) was added. The reaction mixture was 
cooled to 0 °C and a cold solution of Boc2O (4765 mg, 21.8 mmol, 1 eq) in DCM (10mL) was 
added dropwise. After 6 h, the mixture was quenched with saturated bicarbonate aq. 
(50 mL) and extracted with DCM (3 x 50 mL). The combined organic layers were washed with 
brine, dried over anhydrous MgSO4, filtered, and concentrated in vacuo, obtaining an 
orange oil. The crude was purified by column chromatography using a gradient of 2–10% 
EtOAc in DCM as eluent to obtain compound 17 as orange solid (3543 mg, 12.2 mmol, 56%). 

1H NMR (400 MHz, CDCl3) δ = 7.33 (br d, J = 8.2 Hz, 1H), 6.91 (d, J = 2.0 Hz, 1H), 6.78 (dd, J = 2.0, 8.2 Hz, 
1H), 4.83 (br s, 1H), 4.35 (d, J = 5.9 Hz, 2H), 3.84 (s, 2H), 1.45 (s, 9H) ppm.  

13C NMR (101 MHz, CDCl3) δ = 155.7, 145.7, 132.0, 128.4, 126.4, 124.3, 117.9, 112.1, 79.4, 40.8, 28.4 
ppm. 
19F NMR (376 MHz, CDCl3) δ = -59.76 ppm. 
 
tert-Butyl 4-(4-amino-2-(trifluoromethyl)phenyl)piperazine-1-carboxylate (18): 

Compound 58 (136.4 mg, 0.36 mmol, 1 eq) was dissolved in EtOH (10 mL) and sodium 
dithionite (261.5 mg, 1.5 mmol, 4.1 eq) was added. The reaction mixture was heated to 
90 °C. After 6 h the mixture was quenched with water (15 mL) and extracted with EtOAc (3 x 
30 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO4, 
filtered, and concentrated to dryness in vacuo. The resulting crude was purified by column 
chromatography using 30% EtOAc in PE to obtain compound 18 as a light brown powder 
(75.3 mg, 0.22 mmol, 60%). 
1H NMR (400 MHz, CDCl3) δ = 7.14 (d, J = 8.6 Hz, 1H), 6.91 (d, J = 2.5 Hz, 1H), 6.79 (dd, J = 
2.5, 8.6 Hz, 1H), 3.76 (s, 2H), 3.52 (br s, 4H), 2.77 (br t, J = 4.5 Hz, 4H), 1.49 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 154.7, 143.6, 142.7, 128.4, 125.1, 123.6, 118.3, 112.7, 79.4, 

53.3, 44.4, 28.2 ppm. 
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19F NMR (376 MHz, CDCl3) δ = -60.88 ppm. 
 
tert-Butyl 4-(3-amino-5-(trifluoromethyl)phenyl)piperazine-1-carboxylate (19): 

Compound 59 (2000 mg, 5.33 mmol, 1 eq.) was suspended in EtOH (20 mL) 
and heated to 80 °C. The solution was allowed to cool for 5 min and sodium 
dithionite (3794 mg, 21.8 mmol, 4.1 eq) was added under vigorous stirring. 
The reaction mixture was heated to 90 °C, the yellow suspension changed 
into a white colour and after 6 h the reaction was complete. The reaction 
mixture was filtered over celite while warm and water was added (50 mL). 
The mixture was extracted with EtOAc (3 x 50 mL) and the combined organic 

layers were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated to dryness in 
vacuo. The resulting crude was purified by column chromatography using 2.5% MeOH in DCM to obtain 
compound 19 as a pale yellow powder (1181 mg, 3.42 mmol, 64%). 
1H NMR (400 MHz, CDCl3) δ = 6.55 (s, 1H), 6.44 (s, 1H), 6.34 (s, 1H), 3.79 (s, 2H), 3.60 (s, 4H), 3.11 (s, 4H), 
1.49 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = = 154.6, 152.5, 147.7, 132.3, 125.0, 105.1, 103.4, 80.0, 48.9, 41.9, 28.4 ppm. 
19F NMR (376 MHz, CDCl3) δ = -63.15 ppm. 
 
tert-Butyl 4-(5-amino-2-(trifluoromethyl)phenyl)piperazine-1-carboxylate (20): 

Compound 62 (3332 mg, 8.9 mmol, 1 eq.) was dissolved in EtOH (30 mL) and 
heated to 50 °C. Sodium dithionite (6284 mg, 36.1 mmol, 4.1 eq.) was added to the 
stirring solution. The reaction mixture stirred at reflux for 6 h and was filtered over 
celite while warm and water was added (50 mL). The mixture was extracted with 
EtOAc (3 x 50 mL) and the combined organic layers were washed with brine, dried 
over anhydrous MgSO4, filtered, and concentrated to dryness in vacuo. The 
resulting crude was purified by column chromatography using 15% EtOAc in DCM 

to obtain compound 20 as a pale yellow powder (506 mg, 1.46 mmol, 17%). 
1H NMR (400 MHz, CDCl3) δ = 7.37 (d, J = 8.2 Hz, 1H), 6.51 (s, 1H), 6.45 (d, J = 8.6 Hz, 1H), 3.99 (s, 2H), 3.57 
(br t, J = 4.5 Hz, 4H), 2.82 (br t, J = 4.5 Hz, 4H), 1.48 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 154.9, 153.6, 150.4, 128.6, 124.5, 116.5, 110.5, 109.3, 79.6, 53.2, 44.6, 28.4 
ppm. 
19F NMR (376 MHz, CDCl3) δ = -58.78 ppm. 
 
6-Chloro-4-oxo-N-[3-(trifluoromethyl)phenyl]chromene-2-carboxamide (34): 

Compound 34 was prepared following GP-4, carboxylic acid 15 
(537 mg, 2.33 mmol) was reacted with DIPEA (353 mg, 
2.66 mmol), HATU (1037 mg, 2.66 mmol) and 3-
(trifluoromethyl)aniline 21 (362 mg, 2.22 mmol). The reaction 
mixture stirred for 22 h and the resulting crude was washed with 
EtOH (2 mL), filtered, and evaporated to dryness to obtain 
compound 34 as white powder (419 mg, 1.14 mmol, 51%).  
1H NMR (400 MHz, DMSO-d6): δ = 11.00 (s, 1H), 8.19 (s, 1H), 8.06 

(d, J = 8.6 Hz, 1H), 7.94 (d, J = 8.6 Hz, 1H), 7.85 (d, J = 8.6 Hz, 1H), 7.64 (t, J = 8.0, 1H), 7.53 (d, J = 8.0 Hz, 1H), 
7.00 (s, 1 H) ppm. 
13C NMR (101 MHz, DMSO-d6): δ = 176.6, 158.3, 155.8, 154.1, 138.8, 135.5, 131.1, 130.6, 130.1, 129.8, 
125.2, 125.0, 124.4, 121.9, 121.7, 117.6, 111.7 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.31 ppm. 
 
6-Chloro-N-(3-fluorophenyl)-4-oxo-4H-chromene-2-carboxamide (35): 

Compound 35 was prepared following GP-4, carboxylic acid 15 
(263 mg, 1.17 mmol) was reacted with DIPEA (182 mg, 1.41 mmol), 
HATU (534 mg, 1.41 mmol) and 3-fluoroaniline 22 (124 mg, 
1.11 mmol). The reaction mixture stirred for 4 h at rt, obtaining 
compound 35 as yellow powder (335 mg, 1.05 mmol, 95%). The 
product was used without further purification. 
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1H NMR (400 MHz, DMSO-d6) δ = 10.85 (br s, 1H), 7.98 (d, J = 2.2 Hz, 1H), 7.96 (dd, J = 8.8, 2.2 Hz, 1H), 7.86 
(br d, J = 8.8 Hz, 1H), 7.71 (br d, J = 11.7 Hz, 1H), 7.59 (br d, J = 8.2 Hz, 1H), 7.45 (dd, J = 8.2, 6.6 Hz, 1H), 7.03 
(br t, J = 8.2 Hz, 1H), 6.99 (s, 1H) ppm. 
6-Chloro-N-(3-nitrophenyl)-4-oxo-4H-chromene-2-carboxamide (36): 

Compound 36 was prepared following GP-4 with adaptations, 
carboxylic acid 15 (263 mg, 1.17 mmol) was reacted with DIPEA 
(182 mg, 1.41 mmol), HATU (534 mg, 1.41 mmol) and 3-
nitroaniline 23 (154 mg, 1.11 mmol) overnight at r.t. and at 80 °C 
for 20 h. The crude mixture was purified by flash column 
chromatography using 20% EtOAc in PE as eluent to obtain 
compound 36 as yellow powder (160 mg, 0.46 mmol, 34%).  

1H NMR (400 MHz, DMSO-d6) δ = 11.07 (br s, 1H), 8.71 (s, 1H), 8.20 (d, J = 7.4 Hz, 1H), 8.02 (d, J = 7.8 Hz, 
1H), 7.97 - 7.89 (m, 2H), 7.87 - 7.77 (m, 1H), 7.68 (t, J = 8.2 Hz, 1H), 6.99 (s, 1H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.6, 158.4, 155.6, 154.1, 148.3, 139.1, 135.5, 131.1, 130.8, 127.2, 
125.2, 124.4, 121.8, 119.8, 115.6, 111.8 ppm. 
 
6-Chloro-4-oxo-N-(p-tolyl)-4H-chromene-2-carboxamide (37): 

Compound 37 was prepared following GP-4, carboxylic acid 15 
(200 mg, 0.89 mmol) was reacted with DIPEA (132 mg, 1.02 mmol), 
HATU (387 mg, 1.02 mmol) and p-toluidine 24 (91 mg, 0.85 mmol). 
The reaction mixture stirred for 2 h, obtaining compound 37 as off-
white solid (122 mg, 0.39 mmol, 46%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.68 (br s, 1H), 8.01 (d, J = 2.3 Hz, 
1H), 7.98 (br dd, J = 2.3, 9.0 Hz, 1H), 7.89 (br d, J = 9.3 Hz, 1H), 7.67 (br 

d, J = 8.2 Hz, 2H), 7.22 (br d, J = 8.2 Hz, 2H), 6.99 (s, 1H), 2.30 (s, 3H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.8, 157.7, 156.4, 154.2, 135.4, 135.4, 134.7, 131.0, 129.7, 125.3, 
124.4, 122.0, 121.5, 111.4, 21.0 ppm. 
 
6-Chloro-2-(morpholine-4-carbonyl)-4H-chromen-4-one (38): 

Compound 38 was prepared following GP-4, carboxylic acid 15 (308 mg, 
0.89 mmol) was reacted with DIPEA (212 mg, 1.6 mmol), HATU (610 mg, 
1.6 mmol) and morpholine 25 (109 mg, 1.25 mmol). The reaction mixture 
stirred for 24 h and was quenched with water (20 mL) and extracted with 
EtOAc (3 x 20 mL). The combined organic layers were washed with brine, 
dried over anhydrous MgSO4, filtered, and concentrated in vacuo, 

obtaining a yellow oil. The crude was purified by column chromatography using 10% MeOH in DCM to 
obtain compound 38 as yellow powder (110 mg, 0.37 mmol, 28%).  
1H NMR (400 MHz, DMSO-d6) δ = 7.98 (d, J = 2.5 Hz, 1H), 7.90 (dd, J = 2.5, 9.0 Hz, 1H), 7.77 (d, J = 9.0 Hz, 
1H), 6.63 (s, 1H), 3.54-3.71 (m, 8H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.03, 160.40, 158.23, 154.51, 134.98, 130.84, 125.29, 124.29, 121.60, 
111.19, 66.59, 66.12, 47.33, 42.54 ppm. 
 
6-Chloro-N-(3-(morpholinomethyl)phenyl)-4-oxo-4H-chromene-2-carboxamide (39):  

Compound 39 was prepared following GP-4, carboxylic 
acid 15 (200 mg, 0.89 mmol) was reacted with 3-
(morpholinomethyl)aniline 26 (163 mg, 0.85 mmol) and the 
reaction mixture stirred for 4 h. White precipitate was 
filtered, obtaining compound 39 (277 mg, 0.69 mmol, 76%). 
The product was used without further purification. 

1H NMR (400 MHz, DMSO-d6) δ = 11.13 (br s, 1H), 8.02 (br s, 1H), 8.03 - 7.92 (m, 2H), 7.85 (br d, J = 7.4 Hz, 
1H), 7.56 (br s), 7.43 (br t, J = 7.4 Hz, 1H), 7.00 (s, 1H), 4.30 (br s, 2H), 3.84 (br s, 4H), 3.07 (br s, 4H) ppm. 
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tert-Butyl 4-(3-(6-chloro-4-oxo-4H-chromene-2-carboxamido)benzyl)piperazine-1-carboxylate (40): 
Compound 40 was prepared following GP-4, 
carboxylic acid 15 (250 mg, 1.11 mmol) was reacted 
with DIPEA (164 mg, 1.27 mmol), HATU (484 mg, 
1.27 mmol) and tert-butyl 4-(3-
aminobenzyl)piperazine-1-carboxylate 27 (309 mg, 
1.06 mmol). The reaction mixture stirred for 2 h and the 
resulting crude was washed with DCM (2 mL), filtered, 

and evaporated to dryness to obtain compound 40 as off-white powder (277 mg, 0.56 mmol, 50%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.90 (br s, 1H), 8.05 (br s, 1H), 8.03 - 7.94 (m, 2H), 7.87 (br d, J = 8.6 Hz, 
1H), 7.78 (br d, J = 7.8 Hz, 1H), 7.54 (br t, J = 7.2 Hz, 1H), 7.34 (br d, J = 6.6 Hz, 1H), 7.01 (br s, 1H), 4.37 (br 
s, 2H), 3.06 (br s, 4H), 2.49 (br s, 4H), 1.41 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.7, 158.1, 156.1, 154.2, 153.7, 138.3, 135.5, 131.1, 130.0, 128.3, 
125.3, 124.4, 124.1, 124.1, 122.8, 121.9, 111.6, 80.4, 59.5, 51.0, 40.6, 28.4 ppm. 
 
tert-Butyl 4-(4-(6-chloro-4-oxo-4H-chromene-2-carboxamido)benzyl)piperazine-1-carboxylate (41): 

Compound 41 was prepared following GP-4, 
carboxylic acid 15 (250 mg, 1.11 mmol) was reacted 
with DIPEA (164 mg, 1.27 mmol), HATU (484 mg, 
1.27 mmol) and tert-butyl 4-(4-
aminobenzyl)piperazine-1-carboxylate 28 (309 mg, 
1.06 mmol). The reaction mixture stirred for 2 h and 
the crude was purified by flash column 

chromatography using 5% MeOH in DCM as eluent to obtain compound 41 as off-white powder (172  mg, 
0.35 mmol, 31%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.72 (br s, 1H), 8.00 (br d, J = 2.3 Hz, 1H), 7.97 (br dd, J = 2.3, 8.6 Hz, 1H), 
7.88 (br d, J = 7.0 Hz, 1H), 7.73 (br d, J = 8.6 Hz, 2H), 7.33 (br d, J = 8.2 Hz, 2H), 6.99 (br s, 1H), 3.46 (br s, 2H), 
3.30 - 3.24 (m, 4H), 2.30 (br t, J = 5.4 Hz, 4H), 1.37 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.7, 157.8, 156.4, 154.3, 154.2, 136.8, 135.4, 135.0, 131.0, 129.8, 
125.3, 124.4, 122.0, 121.3, 111.4, 79.2, 61.9, 52.8, 43.4, 28.5 ppm. 
 
tert-Butyl 4-(3-(6-chloro-4-oxo-4H-chromene-2-carboxamido)phenyl)piperazine-1-carboxylate (42): 

Compound 42 was prepared following GP-4, carboxylic 
acid 15 (310 mg, 1.38 mmol) was reacted with DIPEA 
(204 mg, 1.58 mmol), HATU (600 mg, 1.58 mmol) and 
tert-butyl 4-(3-aminophenyl)piperazine-1-carboxylate 29 
(365 mg, 1.32 mmol). The reaction mixture stirred for 1 h 
and the resulting crude was impregnated on silica and 
purified by flash column chromatography using 5% 

MeOH in DCM as eluent to obtain compound 42 as off-white powder (230 mg, 0.48 mmol, 34%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.59 (br s, 1H), 8.03 - 7.95 (m, 2H), 7.89 (br d, J = 9.2 Hz, 1H), 7.40 (br s, 
1H), 7.31 - 7.22 (m, 2H), 6.98 (br s, 1H), 6.80 (br d, J = 6.2 Hz, 1H), 3.48 (br s, 4H), 3.12 (br s, 4H), 1.42 (s, 
9H) ppm. 
13C NMR (101 MHz, DMSO-d6): δ = 176.7, 157.7, 156.4, 154.4, 154.2, 151.7, 138.7, 135.4, 131.0, 129.7, 
125.3, 124.4, 122.0, 113.3, 112.6, 111.4, 109.0, 79.5, 48.7, 28.5 ppm. 
 
tert-Butyl 4-(4-(6-chloro-4-oxo-4H-chromene-2-carboxamido)phenyl)piperazine-1-carboxylate (43): 

Compound 43 was prepared following GP-4, carboxylic 
acid 15 (250 mg, 1.11 mmol) was reacted with DIPEA 
(164 mg, 1.27 mmol), HATU (484 mg, 1.27 mmol) and tert-
butyl 4-(4-aminophenyl)piperazine-1-carboxylate 30 
(294 mg, 1.06 mmol). The reaction mixture stirred for 1 h 
the resulting crude was washed with EtOAc (2 mL) to 
obtain compound 43 as yellow powder (220mg, 
0.45 mmol, 41%). 
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1H NMR (400 MHz, DMSO-d6) δ = 10.59 (br s, 1H), 8.00 (br d, J = 2.5 Hz, 1H), 7.96 (dd, J = 2.5, 9.0 Hz, 1H), 
7.87 (d, J = 9.0 Hz, 1H), 7.65 (d, J = 9.0 Hz, 2H), 6.99 (d, J = 9.0 Hz, 2H), 6.96 (s, 1H), 3.46 (br t, J = 5.3 Hz, 4H), 
3.10 (br t, J = 5.1 Hz, 4H), 1.42 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.7, 157.2, 156.6, 154.3, 148.6, 135.4, 131.0, 129.9, 125.3, 124.4, 
123.4, 122.5, 121.8, 116.7, 111.2, 79.4, 49.3, 48.8, 28.5 ppm.  
 
tert-Butyl (3-(6-chloro-4-oxo-4H-chromene-2-carboxamido)benzyl)carbamate (44): 

Compound 44 was prepared following GP-4, carboxylic acid 
15 (250 mg, 1.11 mmol) was reacted with DIPEA (164 mg, 
1.27 mmol), HATU (484 mg, 1.27 mmol) and tert-butyl (3-
aminobenzyl)carbamate 27 (236 mg, 1.06 mmol). The 
reaction mixture stirred for 2 h, obtaining compound 44 as 
off-white powder (232 mg, 0.54 mmol, 49%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.76 (br s, 1H), 8.03 - 7.95 

(m, 2H), 7.89 (br d, J = 9.4 Hz, 1H), 7.73 - 7.63 (m, 2H), 7.44 (br s, 1H), 7.36 (t, J = 7.8 Hz, 1H), 7.08 (br d, J = 
7.4 Hz, 1H), 6.99 (br s, 1H), 4.15 (br d, J = 5.5 Hz, 2H), 1.40 (s, 9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.8, 157.9, 156.4, 156.3, 154.2, 141.5, 137.9, 135.4, 131.0, 129.2, 
125.3, 124.4, 124.1, 122.0, 120.1, 119.9, 111.4, 78.3, 43.8, 28.7 ppm. 
 
tert-Butyl (4-(6-chloro-4-oxo-4H-chromene-2-carboxamido)benzyl)carbamate (45): 

Compound 45 was prepared following GP-4, carboxylic acid 
15 (250 mg, 1.11 mmol) was reacted with DIPEA (164 mg, 
1.27 mmol), HATU (484 mg, 1.27 mmol) and tert-butyl (4-
aminobenzyl)carbamate 28 (236 mg, 1.06 mmol). The 
reaction mixture stirred for 1 h, the crude was washed with 
acetone (2 mL) to obtain compound 45 as off-white powder 
(188 mg, 0.44 mmol, 39%).  

1H NMR (400 MHz, DMSO-d6) δ = 10.73 (br s, 1H), 8.03 - 7.94 (m, 2H), 7.88 (br d, J = 8.9 Hz, 1H), 7.72 (br d, 
J = 7.0 Hz, 2H), 7.39 (br s, 1H), 7.28 (br d, J = 8.5 Hz, 2H), 6.99 (br s, 1H), 4.12 (br d, J = 3.6 Hz, 2H), 1.40 (s, 
9H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 176.7, 157.8, 156.3, 156.2, 154.2, 137.4, 136.4, 135.4, 131.0, 127.8, 
125.3, 124.4, 122.0, 121.5, 111.4, 78.3, 43.5, 28.7 ppm. 
 
tert-Butyl (3-(6-chloro-4-oxo-4H-chromene-2-carboxamido)-5-(trifluoromethyl)benzyl)carbamate (46): 

Compound 46 was prepared following GP-4, carboxylic acid 
15 (105 mg, 0.47 mmol) was reacted with DIPEA (74 mg, 
0.57 mmol), HATU (216 mg, 0.57 mmol) and aniline 16 
(138 mg, 0.48 mmol). The reaction mixture stirred for 48 h, 
obtaining compound 46 as yellow powder (220 mg, 
0.44 mmol, 95%). 
1H NMR (400 MHz, DMSO-d6) δ = 11.01 (br s, 1H), 8.11 (s, 
1H), 8.00 (s, 1H), 7.97 (s, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.55 

(br s, 1H), 7.41 (s, 1H), 7.02 (s, 1H), 4.24 (d, J = 5.1 Hz, 2H), 1.41 (s, 9H) ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -61.41 ppm. 
 
tert-Butyl N-[[4-[(6-chloro-4-oxo-chromene-2-carbonyl)amino]-2-
(trifluoromethyl)phenyl]methyl]carbamate (47): 

Compound 47 was prepared following GP-4 with 
adaptations, carboxylic acid 15 (2559 mg, 11.4 mmol) was 
reacted with DIPEA (1693 mg, 13.1 mmol), HATU (4968 mg, 
13.1 mmol) and aniline 17 (3171 mg, 10.9 mmol). The 
reaction mixture stirred for 4 h, quenched with water 
(100  mL) and extracted with EtOAc (3 x 100 mL). The 
combined organic layers were washed with brine, dried over 
anhydrous MgSO4, filtered, and concentrated under 
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reduced pressure. The crude was triturated with MeOH (10 mL) to obtain compound 47 as yellow powder 
(2050 mg, 4.1 mmol, 38%). 
1H NMR (400 MHz, DMSO-d6) δ = 10.98 (s, 1H), 8.18 (s, 1H), 8.09 (d, J = 8.2 Hz, 1H), 8.00 (s, 1H), 7.87 (d, J = 
9.0 Hz, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.51 (s, 1H), 7.02 (s, 1H), 4.31 (d, J = 5.1 Hz, 2H), 1.42 (s, 9H) ppm.  

13C NMR (101 MHz, DMSO-d6) δ = 176.2, 157.7, 155.8, 155.4, 153.6, 136.5, 135.0, 134.4, 130.6, 128.9, 
126.4, 124.8, 124.4, 123.9, 122.8, 121.4, 118.0, 111.2, 78.2, 40.1, 28.2 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -59.32 ppm. 
 
tert-Butyl 4-[3-[(6-chloro-4-oxo-chromene-2-carbonyl)amino]-5-(trifluoromethyl)phenyl]piperazine-1-
carboxylate (48): 

Compound 48 was prepared following GP-4, carboxylic 
acid 15 (530 mg, 2.36 mmol) was reacted with DIPEA 
(363 mg, 2.8 mmol), HATU (1074 mg, 2.8 mmol) and 
aniline 19 (138 mg, 0.48 mmol). The reaction mixture 
stirred for 24 h, and the crude was washed with ice-cold 
EtOH (5 mL) to obtain compound 48 as pale yellow 
powder (646.6 mg, 1.17 mmol, 52%). 
1H NMR (400 MHz, DMSO-d6) δ = 8.01 (s, 1H), 7.98 (d, J = 
2.7 Hz, 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.65 (s, 1H), 7.64 (s, 

1H), 7.06 (s, 1H), 7.01 (s, 1H), 3.49 (br s, 4H), 3.23 (br s, 4H), 1.43 (s, 9H) ppm.  

13C NMR (101 MHz, DMSO-d6) δ = 176.2, 157.7, 155.49, 153.9, 153.6, 151.5, 139.1, 135.0, 130.6, 130.4, 
130.1, 129.8, 130.1, 128.2, 125.5, 124.0, 121.4, 121.5, 111.1, 110.6, 108.1, 107.4, 79.1, 47.6, 39.9, 28.1 
ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -61.38 ppm. 
 
tert-Butyl 4-[4-[(6-chloro-4-oxo-chromene-2-carbonyl)amino]-2-(trifluoromethyl)phenyl]piperazine-1-
carboxylate (49): 

Compound 49 was prepared following GP-4, carboxylic 
acid 15 (248 mg, 1.1 mmol) was reacted with DIPEA 
(176 mg, 1.34 mmol), HATU (509 mg, 1.34 mmol) and 
aniline 18 (138 mg, 0.48 mmol). The reaction mixture 
stirred for 24 h, and the crude was washed with diethyl 
ether (3 mL) to obtain compound 49 as white powder 
(311 mg, 0.56 mmol, 51%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.93 (s, 1H), 8.15 (s, 
1H), 8.08 (d, J = 9.0 Hz, 1H), 8.00 (s, 1H), 7.97 (br s, 1H), 

7.87 (d, J = 8.6 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.01 (s, 1H), 3.43 (br s, 4H), 2.81 (br s, 4H), 1.43 (s, 9H) ppm.  

13C NMR (101 MHz, DMSO-d6) δ = 153.9, 153.3, 147.1, 136.2, 128.8, 126.5, 126.1, 125.8, 125.5, 125.3, 
124.8, 122.9, 123.9, 118.3, 118.1, 106.0, 79.0, 53.0, 44.1, 28.1 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = -58.99 ppm. 
 
tert-Butyl 4-[5-[(6-chloro-4-oxo-chromene-2-carbonyl)amino]-2-(trifluoromethyl)phenyl]piperazine-1-
carboxylate (50): 

Compound 50 was prepared following GP-4, carboxylic 
acid 15 (295 mg, 1.3 mmol) was reacted with DIPEA 
(210 mg, 1.6 mmol), HATU (592 mg, 1.6 mmol) and aniline 
20 (421 mg, 1.22 mmol). The reaction mixture stirred for 
24 h, and the crude was purified by column 
chromatography using 5% MeOH in DCM to obtain 
compound 50 as pale yellow powder (204 mg, 

0.37 mmol, 28%).  
1H NMR (400 MHz, DMSO-d6) δ = 10.89 (s, 1H), 7.97 (s, 1H), 7.95 (d, J = 1.0 Hz, 1H), 7.91 (s, 1H), 7.85 (d, J 
= 9.8 Hz, 1H), 7.81 (br d, J = 8.6 Hz, 1H), 7.69 (d, J = 8.6 Hz, 1H), 7.00 (s, 1H), 3.46 (br s, 4H), 2.82 (br t, J = 
3.9 Hz, 4H), 1.43 (s, 9H) ppm.  

13C NMR (101 MHz, DMSO-d6) δ = 176.1, 157.8, 155.2, 153.8, 153.6, 152.4, 142.0, 135.0, 130.6, 127.9, 
124.8, 123.9, 123.9,121.4, 121.2, 116.9, 116.0, 111.3, 79.0, 53.1, 43.5, 28.0 ppm. 
19F NMR (376 MHz, DMSO-d6) δ = 58.35 ppm. 



 2.   Chapter 

53 
 

tert-Butyl 4-(6-chloro-4-oxo-chromene-2-carbonyl)piperazine-1-carboxylate (51): 
Compound 51 was prepared following GP-4 with adaptations, 
carboxylic acid 15 (996.0 mg, 4.43 mmol) was reacted with DIPEA 
(700 mg, 5.4 mmol), HATU (2037 mg, 5.4 mmol) and tert-butyl 
piperazine-1-carboxylate 33 (797 mg, 4.3 mmol). The reaction 
mixture stirred for 72 h, quenched with water (25 mL) and extracted 
with EtOAc (3 x 25 mL). The combined organic layers were washed 

with brine, dried over anhydrous MgSO4, filtered, and the solvent was removed under reduced pressure. 
The resulting crude was triturated with ice-cold MeOH (5 mL) to obtain compound 51 as light grey powder 
(463 mg, 1.18 mmol, 27%). 
1H NMR (400 MHz, DMSO-d6) δ = 7.96 (br s, 1H), 7.88 (br s, 1H), 7.76 (br d, J = 2.3 Hz, 1H), 6.61 (br s, 1H), 
3.53 (s, 4H), 3.29 (br s, 4H), 1.39 (br s, 9H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 175.6, 160.1, 157.9, 154.1, 153.7, 134.6, 130.4, 124.8, 123.8, 121.2, 
110.7, 79.3, 46.2, 41.6, 28.0 ppm. 
 
3-Amino-5-(trifluoromethyl)benzonitrile (53): 

3-Nitro-5-(trifluoromethyl)benzonitrile 52 (2471 mg, 11.4 mmol, 1 eq.) and 
ammonium chloride (2446.0 mg, 46.4 mmol, 4 eq.) were dissolved and stirred in 
EtOH (25 ml) and water (12.5 mL). After heating to 90 °C for 30 minutes, 70 mesh 
>99% iron powder (2593.2 mg, 46.4 mmol, 4.1 eq) was added. TLC (20% EtOAc/PE) 
overnight showed full conversion of the starting material. The mixture was quenched 
with saturated bicarbonate solution (30 mL) and extracted with EtOAc (30 mL). The 

combined organic layers were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 
in vacuo. The crude was purified by column chromatography 25% EtOAc in petroleum ether (PE) to obtain 
compound 53 as a yellow oil (1362 mg, 7.3 mmol, 64%).  
1H NMR (400 MHz, CDCl3) δ = 7.24 (s, 1H), 7.08 (s, 1H), 7.05 (s, 1H), 4.15 (s, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 147.5, 133.1, 122.9, 120.1, 117.9, 115.1, 113.9 ppm. 
19F NMR (376 MHz, CDCl3) δ = -63.52 ppm. 
 
3-(Aminomethyl)-5-(trifluoromethyl)aniline (54):  

A solution of nitrile 53 (1340 mg, 7.20 mmol, 1 eq.) in THF (5 mL) was added 
dropwise to a solution of LiAlH4 (15 mL, 36 mmol, 2.4 M) in THF (20 mL). After the 
addition was completed, the reaction mixture was heated to reflux and after 4 h 
quenched with slow addition of NaOH aq. (50 mL, 1M). A solution of Rochelle salt 
(500 mg) in water (10 mL) was added, and the mixture extracted with EtOAc (3 x 30 

mL). The combined organic layers were washed with brine, dried over anhydrous MgSO4, and filtered. The 
solvent was removed under reduced pressure to obtain compound 54 in quantitative yield (1577 mg, 8.29 
mmol). The product was used without further purification.  
1H NMR (400 MHz, CDCl3) δ = 6.94 (s, 1H), 6.84 (br s, 2H), 6.77 (s, 1H), 4.38 (s, 2H), 3.83 (s, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 147.0, 145.1, 131.7, 124.1, 116.5, 113.6, 109.9, 46.0 ppm. 
19F NMR (376 MHz, CDCl3) δ = -62.83 ppm. 
 
tert-Butyl 4-(4-nitro-2-(trifluoromethyl)phenyl)piperazine-1-carboxylate (58): 

To a solution of 1-fluoro-4-nitro-2-(trifluoromethyl)benzene 56 (500 mg, 2.39 mmol, 1 eq.) 
in DMSO (5 mL), tert-butyl piperazine-1-carboxylate 33 (668 mg, 3.59 mmol, 1.5 eq.) and 
potassium carbonate (690 mg, 5.0 mmol, 2.1 eq) were added and the reaction mixture 
stirred for 18 h at 100 °C. Once completed, the reaction was quenched with water (10 mL) 
and extracted with EtOAc (3 x 30 mL). The combined organic layers were washed with brine, 
dried over anhydrous MgSO4, filtered, and concentrated to dryness in vacuo to obtain a 
sticky solid (883 mg). Part of the crude (364 mg, 41%) was purified by column 
chromatography (25% EtOAc in PE) to obtain compound 10 as a yellow solid (187 mg, 
0.50 mmol, 50%).  
1H NMR (400 MHz, CDCl3) δ = 8.52 (d, J = 2.7 Hz, 1H), 8.35 (dd, J = 2.7, 9.0 Hz, 1H), 7.30 (d, J 

= 9.0 Hz, 1H), 3.60 (t, J = 5.1 Hz, 4H), 3.06 (t, J = 4.7 Hz, 4H), 1.49 (s, 9H) ppm.  

13C NMR (101 MHz, CDCl3) δ = 157.0, 154.6, 142.7, 127.9, 125.2, 124.4, 122.8, 123.0, 80.1, 52.7, 44.1, 28.4 
ppm. 
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19F NMR (376 MHz, CDCl3) δ = -60.23 ppm. 
 
tert-Butyl 4-[3-nitro-5-(trifluoromethyl)phenyl]piperazine-1-carboxylate (59): 

To a solution of 1-fluoro-3-nitro-5-(trifluoromethyl)benzene 57 (1506 mg, 
7.2 mmol, 1 eq.) in DMSO (10 mL), tert-butyl piperazine-1-carboxylate 33 
(1473 mg, 7.91 mmol, 1.1 eq.) and potassium carbonate (1995 mg, 
14.4 mmol, 2 eq.) were added and the mixture was heated to 100 °C. After 
20 h the reaction was complete and was quenched with water (50 mL). The 
mixture was extracted with EtOAc (3 x 50 mL) and the combined organic 
layers were washed with brine, dried over anhydrous MgSO4, filtered, and 

concentrated to dryness in vacuo. The resulting crude was purified by column chromatography (10% 
EtOAc in PE) to obtain compound 59 (2001 mg, 5.33 mmol, 74%) as an orange powder.  
1H NMR (400 MHz, CDCl3) δ = 7.90 (s, 1H), 7.86 (t, J = 2.1 Hz, 1H), 7.36 (s, 1H), 3.64 (br t, J = 3.1 Hz, 4H), 3.34 
(br t, J = 5.5 Hz, 4H), 1.50 (s, 9H) ppm.  

13C NMR (101 MHz, CDCl3) δ = 154.5, 151.9, 149.4, 143.2, 132.8, 123.0, 116.9, 112.3, 110.3, 80.4, 47.9, 
41.9, 28.4 ppm. 
19F NMR (376 MHz, CDCl3) δ = -63.11 ppm. 
 
1-(5-Nitro-2-(trifluoromethyl)phenyl)piperazine ( 61): 

Piperazine (6211 mg, 72 mmol, 6 eq.) and K2CO3 (3340 mg, 24 mmol, 2 eq.) were 
suspended in DMSO (20 mL). To the stirring solution was added 2-fluoro-4-nitro-1-
(trifluoromethyl)benzene 60 (2516.3 mg, 12 mmol, 1 eq.) and it was heated to 100 °C. 
After 24 h the reaction was complete, quenched with water (50 mL) and extracted with 
EtOAc (3 x 50 mL). The combined organic layers were washed with brine and saturated 
NH4Cl, dried over anhydrous MgSO4, filtered, and concentrated in vacuo to obtain 
compound 61 as an orange oil (3088 mg, 11.2 mmol, 93%).  

1H NMR (400 MHz, CDCl3) δ = 8.14 (s, 1H), 8.02 (d, J = 8.6 Hz, 1H), 7.81 (d, J = 8.2 Hz, 1H), 3.03 (br s, 4H), 
2.97 (br s, 4H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 154.1, 150.7, 132.1, 128.8, 123.0, 118.8, 118.6, 54.5, 46.0 ppm. 
19F NMR (376 MHz, CDCl3) δ = -61.14 ppm. 
 
tert-Butyl 4-[5-nitro-2-(trifluoromethyl)phenyl]piperazine-1-carboxylate (62): 

To a solution of di-tert-butyl dicarbonate (5409 mg, 24.8 mmol, 2.2 eq) in DCM 
(5 mL), compound 61 (3000 mg, 10.9 mmol, 1 eq.) as solution in DCM (10 mL) and 
DMAP (141 mg, 1.15 mmol, 0.1 eq.) were added and the mixture was . stirred for 
72 h. The resulting crude was purified by column chromatography (15% EtOAc in 
PE) to obtain compound 62 as a yellow oil (3462 mg, 9.22 mmol, 85%). 
1H NMR (400 MHz, CDCl3) δ = 8.12 (br s, 1H), 8.06 (br d, J = 8.6 Hz, 1H), 7.83 (dd, J 
= 3.1, 8.6 Hz, 1H), 3.59 (br d, J = 3.9 Hz, 4H), 2.94 (br d, J = 3.5 Hz, 4H), 1.48 (s, J = 

3.5 Hz, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 154.6, 153.6, 150.7, 132.5, 128.8, 122.9, 119.5, 118.8, 80.0, 53.3, 43.9, 28.4 
ppm. 
19F NMR (376 MHz, CDCl3) δ = -60.84 ppm. 
 
tert-Butyl 2-(methylthio)-4,5-dihydro-1H-imidazole-1-carboxylate (64): 

To a solution of 2-(methylthio)-4,5-dihydro-1H-imidazole 63 (2256 mg, 9.24 mmol, 1 eq.) in 
DCM (10mL) and triethylamine (2.6 mL, 18.5 mmol, 2 eq.), was added a solution of di-tert-
butyl di-carbonate (2078 mg, 9.52 mmol, 1 eq.) in DCM (10mL). After 24 h the solvent was 
removed under reduced pressure, and the resulting crude was purified by flash column 

chromatography using 50% EtOAc in PE as eluent to obtain compound 63 as colourless crystals (1747 mg, 
8.07 mmol, 87 %). 
1H NMR (400 MHz, CDCl3) δ = 3.80-3.88 (m, 4H), 2.39 (s, 3H), 1.51 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 159.6, 150.8, 82.5, 53.4, 47.6, 28.2, 15.0 ppm. 
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P. falciparum culturing and in vitro drug sensitivity assay on asexual blood stage 
parasites 
The Plasmodium falciparum NF54 wild-type parasites were cultured in RPMI 1640 medium that was 
supplemented with 25 mM HEPES, 0.36 mM hypoxanthine, 24 mM NaHCO3 (pH = 7.3), 0.5% Albumax II and 
100 g/mL neomycin. The parasites were maintained at 37 °C with the mixed gas containing 3% O2, 4% 
CO2, and 93% N2 and kept in an incubator under atmospheric pressure. The compounds were tested for in 
vitro drug sensitivity using the [3H]-hypoxanthine incorporation assay as described.7 Briefly, compounds 
were dissolved in DMSO at 10 mM and was diluted in hypoxanthine-free culture medium. The compounds 
were then titrated in duplicates over a 64-fold range in a 6-step twofold dilution in a 96-well plate. The 
parasites were then added (100L) to each well and mixed with the compound to obtain a final parasitemia 
of 0.3% and haematocrit of 1.25%. The plates were then incubated for 48 h and 0.25 μCi of [3H]-
hypoxanthine was added per well and was incubated for an addition 24 h. The parasites were ten harvested 
on a glass-fiber filter using a Microbeta FilterMate cell harvester (Perkin Elmer, Waltham, US) and 
radioactivity was counted using a MicroBeta2 liquid scintillation counter (Perkin Elmer, Waltham, US). The 
results were recorded and expressed as percentage of untreated controls. The fifty percent inhibitory 
concentration (IC50) was estimated by linear interpolation as described.8 

Determination of in vitro antibacterial activity 
Minimal inhibitory concentration (MIC) values were determined in 96-well plates (Sarstedt, Nümbrecht, 
Germany) against, Escherichia coli ∆tolC, E. coli K12, Acinetobacter baumannii, Pseudomonas aeruginosa 
PA14, Staphylococcus aureus ssp. Aureus, and Streptococcus pneumoniae (DSM20566). As bacteria start 
OD600 0.03 was used in a total volume of 200 µL in lysogeny broth (LB) medium containing the compounds 
dissolved in DMSO (DMSO concentration in the experiment: 1%). Final compound concentrations (in 
duplicates) were prepared by serial dilution ranging from 0.02‒100 µg/mL depending on their antibacterial 
activity and solubility in growth medium. The ODs were measured using a CLARIOstar platereader (BMG 
labtech, Ortenberg, Germany) after inoculation and after incubation for 18 h at 37 °C with 50 rpm (200 rpm 
for P. aeruginosa PA14). Given MIC values are means of at least two independent determinations and 
defined as the lowest concentration of compound that reduced the OD600 by ≥ 95%.  

Determination of in vitro anti-tubercular activity and solubility in 7H9 medium 
Anti-tubercular tests were performed as previously described.9 In brief, 7H9 complete medium (BD Difco; 
Becton Dickinson, Maryland,USA) supplemented with 10% OADC (BD), 0.2% glycerol, and 0.05% Tween80 
as previously described,10 was used to culture Mycobacterium tuberculosis (Mtb) strain H37Rv (ATCC 
25618) carrying a mCherry-expressing plasmid (pCherry10).11 Cultures were harvested at mid-log phase 
and frozen in aliquots at –80 °C. Prior to testing aliquots were thawed followed by centrifugation and the 
pellet was resuspended in 7H9 medium with 10% OADC (without glycerol and Tween80). This was further 
thoroughly resuspended by passing it through a syringe with a 26-gauge needle to avoid clumping of the 
bacteria. 2×105 CFU (colony forming units) were then cultured in a total volume of 100 μl culture medium 
(triplicates) to test the non-precipitating compounds for the anti-tubercular activity at the concentrations 
indicated. For these assays, 96-well flat clear bottom black polystyrene microplates (Corning® CellBIND®, 
Merck, New York, USA) were used. Each plate had Rifampicin (at 1 μg/ml and 0.1 μg/ml) (National 
Reference Center, Borstel) as a reference compound. Plates were sealed with an air-permeable 
membrane (Porvair Sciences, Wrexham, UK) in a 37 °C incubator with mild agitation (TiMix5, Edmund 
Bühler, Germany). The activity of compounds was determined after 7 days by measuring the bacterial 
growth as relative light units (RLU) from the fluorescence intensity obtained at an excitation wavelength of 
575 nm and an emission wavelength of 635 nm in a microplate reader (Synergy 2, BioTek Instruments, 
Vermont, USA). Two independent experiments (each in triplicates) were performed, and all values were 
normalized to untreated control sample (100%) in each experiment. 

Cytotoxicity assay 
To obtain information regarding the toxicity of our compounds, their impact on the viability of human cells 
was investigated. HepG2 cells (2x104 cells per well) were seeded in 96-well, flat-bottomed culture plates 
in 100 µL culture medium (DMEM containing 10% fetal calve serum, 1% penicillin-streptomycin). Twenty-
four hours after seeding the cells, medium was removed and replaced by medium containing test 
compounds in a final DMSO concentration of 1%. Compounds were tested in duplicates at a single 
concentration or, for CC50 determination, at 8 concentrations that were prepared via 2-fold serial dilutions 
in 1% DMSO/medium. Epirubicin and doxorubicin were used as positive controls in serial dilutions starting 
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from 10 µM, and rifampicin was used as a negative control (at 100 µM). The living cell mass was determined 
48 h after treatment with compounds by adding 0.1 volumes of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/mL sterile PBS) (Sigma, St. Louis, MO) to the wells. After 
incubating the cells for 30 min at 37 °C (atmosphere containing 5% CO2), medium was removed and MTT 
crystals were dissolved in 75 µL of a solution containing 10% SDS and 0.5% acetic acid in DMSO. The 
optical density (OD) of the samples was determined photometrically at 570 nm in a PHERAstar Omega 
plate reader (BMG labtech, Ortenberg, Germany). To obtain percent viability for each sample, their ODs 
were related to those of DMSO controls. At least two independent measurements were performed for each 
compound. The calculation of CC50 was performed using the nonlinear regression function of GraphPad 
Prism 10 (GraphPad Software, San Diego, CA, USA). 

Measurement of in vitro cytotoxicity by XTT assay 
An 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay was used to 
determine the cytotoxicity of the selected compounds (Table S2). Human Monocyte-derived Macrophages 
(hMdM) were differentiated from peripheral blood mononuclear cells (PBMC) of healthy volunteers and 
cultured as previously described.12 5×104 cells/well in RPMI medium containing 10% (v/v) heat-inactivated 
Fetal Bovine Serum and 2 mmol/L l-glutamine (Biochrom, Berlin, Germany) were seeded in presence of 2-
fold dilution concentrations (64 μM to 1 μM) of the compound for 24 h with a final volume of 200 μL/well. 
For this assay, 96-well clear flat bottom plates (Nunclon™ Delta Surface, ThermoScientific, Denmark) were 
used. Triton™-X 100 (Sigma-Aldrich, Missouri, USA; 1% in RPMI medium) was used as a positive control. 
Cells were incubated with 200 μl of Triton-X 100 and incubated for 10 min at 37 °C. XTT dye from the kit 
(SERVA Electrophoresis GmbH; 50 μL) was added to each well and resuspended thoroughly and further 
incubated for 3–4 hours at 37 °C. Subsequently, absorbance values were measured at 490 nm on a multi-
well plate reader (Synergy 2, BioTek Instruments, Vermont, USA). Untreated cells were used as negative 
control. The Cytotoxic Concentration 50 (CC50) was determined by plotting a curve using GraphPad Prism 
version 9.4.1. 

Supplementary Tables and Figures 
Computational evaluation of pKa 

 
Figure S1. Computational evaluation of pKa of 9D. 
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Biological evaluation of compounds 
Table S1. Biological activity of pyrazole-amide class in Escherichia coli (Ec∆tolC and EcK12), Acinetobacter baumannii 
(Ab), Pseudomonas aeruginosa (PA14) including standard deviation. 

Cmp Ec∆tolC  
MIC95 (µM) 

Ec∆tolC  
inh. at 50 µM (%) 

EcK12  
inh. at 50 µM (%) 

Ab  
inh. at 50 µM (%) 

PA14 
 inh. at 50 µM (%) 

1a - <10 <10 <10 <10 
1b - sol. issues n.d. n.d. n.d. 
1c - sol. issues n.d. n.d. n.d. 
1d - <10 n.d. n.d. n.d. 
1e - 23 ± 3 n.d. n.d. n.d. 
2 - 24 ± 12 n.d. n.d. n.d. 

3A 45 ± 1 - 28 ± 12 21 ± 2 50 ± 4 
3B - sol. issues <10 n.d. n.d. 
4A 40 ± 8 - 34± 5 24.2 ± 7.7 62 ± 3 
4B - sol. issues 17 ± 13 n.d. n.d. 
5A 21 ± 2 - 83 ± 8 34.3 ± 0.4 60 ± 3 
5B - 19 ± 14 <10 n.d. n.d. 
5G 11 ± 2 - 32± 9 <10 31 ± 14 
6A 22.5 ± 0.0  - 49 ± 6 37 ± 2 63 ± 9 
6B - <10 n.d. n.d. n.d. 
6G 9 ± 3 - 45 ± 5 32 ± 6 55 ± 16 
7A 47 ± 1 - 27 ± 10 15 ± 3 44 ± 6 
7B - <10 <10 n.d. n.d. 
7C 13 ± 3 - 29.4 ± 0.6 33 ± 6 41 ± 19 
7D 14 ± 4 - 56 ± 2 77 ± 4 54.8 ± 0.8 
7G 13 ± 3  - 61 ± 6 24 ± 5 56.0 ± 0.0 
8A - 44 ± 16 n.d. n.d. n.d. 
8B - <10 n.d. n.d. n.d. 
8C 21.5 ± 0.0 - <10 12 ± 9 10 ± 3  
8D - 18.5 ± 0.8 n.d. n.d. n.d. 
8G 47.5 ± 0.0 - 29 ± 11 19.9 ± 0.6 41 ± 6 
9A 8 ± 3 - <10 MIC95 = 48.9 ± 0.5 <10 
9B - 48 ± 8 n.d. n.d. n.d. 
9C 7 ± 1 - 84 ± 2 47 ± 4 18 ± 21 
9D 24.0 ± 0.0 - <10 81.6 ± 0.6 21± 18 
9G 5 ± 2 - MIC95 = 46 ± 2 59 ± 8 50 ± 4 

10A 22.9 ± 0.1 - 61± 17 86 ± 7 <10 
10B - <10 <10 <10 n.d. 
10C 5.5 ± 0.8 - 77 ± 10 49.6 ± 0.9 29 ± 12 
10D 18 ± 6 - 17 ± 6 <10 <10 
10G 3.5 ± 0.8 - 86 ± 2 49 ± 24 55 ± 2 
11A 7 ± 2 - 72 ± 5 MIC95 = 22 ± 3 <10 
11B - 18 ± 4 n.d. <10 n.d. 
11C 7 ± 2 - 63 ± 3 53 ± 12 <10 
11G 4  ± 1 - MIC95 = 48 ± 5 MIC95 = 17 ± 5 25 ± 10 
12A 18.9 ± 0.5 - 12 ± 2 29 ± 1 <10 
12B - <10 n.d. <10 n.d. 
12G 2.8 ± 0.3 - 51± 6 33 ± 5 <10 
13A - 46 ± 5 n.d. <10 <10 
13B - <10 n.d. n.d. n.d. 
13G 5 ± 2 - 59 ± 8 46 ± 26 17 ± 10 
14A - 18 ± 4 n.d. n.d. n.d. 
14G - 18 ± 9 n.d. n.d. n.d. 

n.d. = not determined 
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Table S2. Biological activity of pyrazole-amide class in Plasmodium falciparum (PfNF54), Streptococcus pneumoniae 
(Sp), Staphylococcus aureus (Sa), human liver cells (HepG2) including standard deviation. In addition, for selected 
compounds; human Monocyte-derived Macrophages (hMdM) toxicity, and solubility in 7h9 media. 

Cmp 
PfNF54  

IC50 
Sp  

MIC95 (µM) 
Sa  

MIC95 (µM) 
HepG2  

CC50 (µM) 
hMdM  

CC90  (µM) 
7h9 media 
Sol. (µM) 

1a 0.21 ± 0.02 >50 >50 >50 - <8 
1b 0.7 ± 0.2 >50 >50 n.d. - <8 
1c 0.51 ± 0.05 >50 >50 n.d. - 32 
1d 2.40 ± 0.03 >50 >50 >50 - - 
1e >5 >50 >50 >50 - - 
2 1.1 ± 0.2 >50 >50 49 ± 7% - 16 

3A 0.62 ± 0.03 40 ± 7 >50 12 ± 2 - 64 
3B 1.0 ± 0.3 >50 >50 25 ± 4 - - 
4A 0.27 ± 0.03 40 ± 7 >50 13 ± 3 - 64 
4B 0.2 ± 0.1 >50 >50 7.4 ± 0.7 -  
5A 0.13 ± 0.03 26 ± 1 37 ± 10 9 ± 2 - 64 
5B 0.9 ± 0.3 >50 >50 >50 - - 
5G 0.93 ± 0.02 48 ± 1 23.1 ± 0.5 >50 - - 
6A 0.14 ± 0.02 45 ± 0 >50 11.8 ± 0.9 - 16 
6B 1.61 ± 0.01 >50 >50 >50 - - 
6G 0.44 ± 0.06 25 ± 2 26 ± 2 >50 - - 
7A 0.30 ± 0.08 43 ± 11 >50 28.4 ± 0.2 - 64 
7B 1.1 ± 0.3 >50 >50 >50 - - 
7C 0.39 ± 0.01 48.2 ± 0.8 22.3 ± 0.6 >50 - - 
7D 0.36 ± 0.07 31 ± 11 24.0  ± 0.0 19 ± 4 - - 
7G 0.21 ± 0.02 49.0 ± 0.0 22 ± 2 >50 - - 
8A 1.8 ± 0.5 >50 >50 30 ± 3 - 16 
8B 1.7 ± 0.3 >50 >50 >50 - <8 
8C 0.67 ± 0.02 >50 49 ± 1 >50 - - 
8D >5 >50 >50 >50 - - 
8G 0.42 ± 0.02 >50 22 ± 1 >50 - - 
9A 0.082 ± 0.001 10.8 ± 2.5 12.1 ± 0.6 7 ± 2 - - 
9B 0.2033 ± 0.0003 30 ± 5 >50 5.0 ± 0.8 - - 
9C 0.517 ± 0.004 15 ± 4 9 ± 2 >50 - - 
9D 0.15 ± 0.02 21 ± 9 12  ± 3 14 ± 2 - - 
9G 0.078 ± 0.003 >50 8 ± 3 >50 - - 

10A 0.15 ± 0.02 23 ± 3 29 ± 3 13 ± 4 - - 
10B 0.19 ± 0.01 >50 >50 >50 - - 
10C 0.404 ± 0.002 14 ± 2 8 ± 2 >50 - - 
10D 0.14 ± 0.04 >50 11.6 ± 0.2 11 ± 3 - - 
10G 0.25 ± 0.09 16 ± 5 5 ± 1 >50 >32 - 
11A 0.05 ± 0.01 5 ± 1 6 ± 2 9 ± 3 - - 
11B 0.13 ± 0.06 >50 >50 4.0 ± 0.4 - <8 
11C 0.59 ± 0.08 7 ± 2 8 ± 2 >50 - - 
11G 0.5 ± 0.2 28 ± 15 3.2 ± 0.1 >25 >32 - 
12A 0.06 ± 0.01 8 ± 2 14 ± 2 6 ± 1 - - 
12B 0.56 ± 0.06 >50 >50 >50 - <8 
12G 0.2 ± 0.1 31 ± 6 2.4 ± 0.3 30 ± 1 32 - 
13A 0.160 ± 0.008 29 ± 2 >50 8 ± 3 - - 
13B 0.3418 ± 0.0006 n.d. n.d. 2.8 ± 0.7  - - 
13G 0.5 ± 0.2 16 ± 6 2.5 ± 0.3 >25 >32 - 
14A 3.3 ± 0.6 >50 >50 >50 - - 
14G >5 >50 >50 >50 - - 
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3. Chapter: 
Guanylated α / γ-Substituted Aza-Fosmidomycin 

Derivatives 
 
Fosmidomycin is a natural product with antimalarial 
potency, its structure consists of a phosphonic acid 
linked to a hydroxamic acid through a propyl spacer 
(Figure 1).1 This highly polar structure inhibits the 
metalloenzyme deoxy-D-xylulose-5-phosphate 
reductoisomerase (DXR). Co-crystal structures 
confirm the binding mode to the active site; the 
hydroxamate chelates Mg2+ or Mn2+, and the 
phosphonate forms hydrogen bonds with three amino 
acid residues. DXR is the second enzyme of the 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway, which is a promising anti-infective target present in 
Plasmodium falciparum and many pathogenic bacteria.2 Fosmidomycin is the only MEP-pathway inhibitor 
that has been studied in clinical trials but it suffers from poor oral bioavailability and a short plasma half-
life.3 In the past four decades, extensive research efforts aimed at improving the drug-like properties of 
fosmidomycin led to a good understanding of the structure–activity relationship (SAR).1 The two acid 
moieties are essential for activity and cannot be replaced with other acids. In the case of the phosphonic 
acid, the only replacements that did not lead to loss of inhibition of DXR were phosphates.4 Similarly, the 
hydroxamic acid can be N-acetylated, and reversed by linking the carbonyl to the propyl chain instead of 
the nitrogen atom.5 Other metal binding groups and isosteres led to a loss in activity.6 Modifications on the 
chain, proved to be the best tolerated, likely given that it is the only part not involved in binding DXR. 
Substitutions on the α-position led to a boost in activity especially with halogens directly bound to the 
propyl or through a phenyl ring.7,8  β- and γ-substituted analogues are scarcer and seem to be detrimental 
to activity.9,10 Exchanging the β-carbon of the chain with heteroatoms is possible, especially in the case of 
sulfur excellent activities have been reported.11,12  

Recent unpublished work in the group of Van Calenbergh 
involved the synthesis of reverse fosmidomycin derivatives 
with a nitrogen atom in the β-position (class-1 & -2, Figure 
2). The design of these aza-derivatives was inspired by the 
eNTRy rules, which aim at improving accumulation in 
Gram-negative bacteria (GNB). These guidelines suggest 
that molecules with flat and rigid structures containing 
ionisable nitrogens have an enhanced compound 
accumulation in Escherichia coli. In the case of class-1, 
and -2, the aza-moiety is an ionisable secondary amine and the α-aryl makes the compound flatter and 
more drug-like compared to fosmidomycin. Additionally, in class-2, the cyclisation from the γ-position to 
the nitrogen of the hydroxamate adds rigidity, while simultaneously positioning the hydroxamic acid into its 
active metal binding E-conformation. Both classes, cyclised and not, have excellent DXR inhibitory profiles, 
with the best examples achieving unprecedented subnanomolar affinities. Despite this excellent target-
engagement, and more importantly the more eNTRy-compliant structural properties, the vast majority are 
inactive against E. coli. Only three examples show a moderate effect (> 50% at 100 µM) on the acrB efflux 
pump deficient E. coli strain. Nevertheless, promising antimalarial activities, in the submicromolar range 
were obtained. These values are comparable, and in some cases exceed the potency of fosmidomycin. 

Figure 1. Chemical structure of fosmidomycin. 
Phosphonic, -and hydroxamic acid are involved in 
binding unlike the propyl linker. 

 
Figure 2. Chemical scaffold of α-substituted β-
aza reverse fosmidomycin derivatives (class 1 & 
2); hydroxamic acid in blue, β-nitrogen in red,  α-
aryl in green. 
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Herein, we expand the library of α-substituted β-aza reverse fosmidomycin derivatives (class-1 &-2) with 
the aim of obtaining antibacterial activity. Studies on the eNTRy rules indicate that primary amines and N-
alkyl guanidines are more beneficial for E. coli accumulation than secondary or tertiary amines. We 
recently unlocked promising broad-spectrum anti-infective activity in an antimalarial chemical class by 
addition of (cyclised) N-alkyl guanidines (Chapter A).13 Therefore, we decided to apply a similar strategy to 
the reverse aza-fosmidomycin class by introducing (cyclised) N-alkyl guanidiniums as well as primary 
amines. We designed distinct synthetic strategies to introduce these ionisable moieties at α-, β-, and γ-
positions (Figure 3). The α-derivatives contain the positive groups attached to the aromatic ring via an ether 
linkage. According to co-crystal structures of class-1, the aromatic ring points towards a solvent-exposed 
area, which could be beneficial for the attached positively charged groups. In contrast, the aza moiety only 
has a small space available for substitutions, therefore we opted for directly aza-guanylated β-derivatives. 
In the case of the γ-position, class-2 shows that cyclisation to the hydroxamate is beneficial for activity. 
However, no other substitutions were studied in this context, which led us to explore γ-alkyl substitutions 
and potentially add ionisable nitrogen functionalities. With this multifaceted approach, we aimed to cover 
a broad structure–activity, and structure–uptake relationship to subsequently design more focused target 
molecules. 

 
Figure 3. Chemical scaffolds of class-1 & -2, including ionisable nitrogen groups at α-, β-, and γ-positions. 

Given that the synthesis of class-1, and -2 had been thoroughly optimised, our aim was to maintain the key 
three-component reaction step in the synthesis of our new target molecules. This Kabachnik–Fields 
reaction affords the structural scaffold of the two classes, which subsequently undergo hydrogenation to 
afford the target molecules of class-1, and -2 (Scheme 1A). The simplest option of introducing our ionisable 
groups while keeping modifications of the synthetic route to the minimum, seemed to be the β-derivatives. 
 

     
Scheme 1. A) General synthesis scheme of the last two steps that afford compounds of class 1 and 2. B) Proposed 
synthesis to afford β-derivatives. 
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We proposed to add a guanidinylation step before the hydrogenation. For this purpose, we screened 
different reaction conditions using test compound 1 and various guanidinylation agents (Scheme 1B). The 
reaction did not proceed in any of our attempts, involving long reaction times of up to seven days, different 
bases, solvents, and increased temperatures. Elevating the temperature to 110 °C led to slow degradation 
of 1. This led us to conclude that the secondary amine is a very weak nucleophile and performed a final 
attempt with thiourea 11 and Mukaiyama’s reagent 12. This combination of reagents has been used to 
guanidinylate weakly nucleophilic secondary amines likely through the formation of a highly electrophilic 
carbodiimide intermediate.14 In our case no guanylated product was detected, concluding that steric 
hinderance may be an additional factor explaining why the reaction did not proceed. 

Given that 1 was unreactive under our tested guanidinylation conditions, we decided to use it to our 
advantage and perform a late-stage guanidinylation to obtain the α-class. We strategically designed 
benzaldehyde 14 to contain an N-Boc protected primary amine, which could later serve as a handle for 
 

                    
Scheme 2. Synthesis of α-aryl aza-fosmidomycin compounds with a positively charged group. 
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guanidinylation (Scheme 2). We synthesised intermediate 14 in one step from 4-hydroxybenzaldehyde and 
aminoethanol 13 via a Mitsunobu reaction. To build our aza-scaffold 16 via a Kabachnik–Fields reaction, 
we used 14 in combination with enantiomerically pure aminopyrrolidin-2-one 15, chosen based on 
favourable results obtained with the (S)-isomers of five-membered cyclic hydroxamates of class-2. At this 
stage, we deprotected the primary amine, maintaining a low temperature and sequentially adding 
hydrochloric acid to control the reaction. Despite this careful Boc-deprotection, the phosphonate was 
partially debenzylated affording key intermediate 17. We decided to move forward with the guanidinylation 
regardless, affording guanidines 18 and 19 using reagents 6 and 9, respectively (Scheme 2). The reactions 
proceeded nicely, although the debenzylated phosphonate led to an increased hydrophilicity making the 
isolation and purification of products challenging. The added lipophilicity of the Boc-protected cycle in 
guanidine 18 did not appear to make a big difference. Lastly, compounds 17–19 were hydrogenated to 
obtain the final deprotected products containing ionisable nitrogen groups; amine  21 and N-alkyl 
guanidine 22. To our disappointment the reaction did not succeed for cyclic guanidine 18. We hypothesise 
that the palladium catalyst was poisoned with by-products from the previous reaction, given that we did 
not purify compound 18 due to its high polarity. In the case of amine 17 and guanidine 19 the hydrogenation 
proceeded only with addition of acetic acid, and was significantly slower with the guanidine than the 
amine. These findings suggest that the positively charged groups slow down the rate of debenzylation. 
Nevertheless, this synthetic approach was largely successful and synthetic efforts towards obtaining 
respective analogues of class-1 are ongoing. 

Similarly, to the α-derivatives, the synthesis of the γ-substituted compounds was based on a convergent 
strategy, designing key starting materials for the Kabachnik–Fields reaction. In this case, the amine had to 
be adapted to include the desired γ-substituent. We first decided to investigate this position with a methyl 
substitution to assess the feasibility; partially from a synthetic perspective and mainly to assess the 
activity, given that γ-substitutions were detrimental to activity in fosmidomycin derivatives.10 For this 
purpose, we synthesised amine 26 in two steps, starting from N-Boc protected L-alanine (Scheme 4). First, 
we introduced the protected hydroxamate moiety and subsequently we removed the Boc group. The 
Kabachnik–Fields reaction using 26 and 4-fluorobenzaldehyde went smoothly, although purification by 
column chromatography only partially removed by-products. We purified a small fraction via prep-HPLC 
and were able to separate diastereomers in a 3 : 1 (27a : 27b) ratio. The hydrogenation of the major product 
yielded 28a as a fine white powder. Unfortunately, this was not the case for the other isomer (27b), the 
debenzylated product 28b degraded during lyophilisation. To our disappointment, product 28a 
transformed into an oil after 2 days and LCMS analysis revealed compound degradation. We monitored the 
degradation progress, however, after the second month, an equilibrium had been reached. The ratio of 
degraded and intact product stayed at 3 : 2 and we were unable to identify the structure of the by-product. 
 

 
Scheme 3. Synthesis of α-aryl aza-fosmidomycin with γ-methyl substituent 28 via Kabachnik-Fields reaction and 
hydrogenation. 
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In conclusion, we developed a promising synthetic strategy to obtain α-substituted β-aza reverse 
fosmidomycin derivatives containing positively charged functionalities. We successfully obtained two 
derivatives containing a guanidine (21) and amine (22) moiety linked to the α-aromatic substituent. The 
synthesis of amine 22 did not encounter any obstacles. However, a milder Boc-deprotection step could 
improve the synthesis of the guanidine derivatives, especially in the case of cyclic guanidines, given that 
purification by prep-HPLC of partially debenzylated 18 is necessary before making another hydrogenation 
attempt to obtain 20 as a third final product. The biological evaluation of 21 and 22 is currently ongoing and 
results will be used to improve the design of new eNTRy-compliant analogues. The synthesis of γ-
substituted derivatives went smoothly and shows that the use of amino acids can be an effective way to 
access underexplored γ-fosmidomycin analogues. However, our alanine derived product was unstable and 
the mechanism of its degradation needs to be investigated further. 

Experimental Section 

General. All reactions using oxygen- and/or moisture-sensitive materials were carried out in dry solvents 
(vide infra) under a nitrogen atmosphere using oven-dried glassware. The reaction progress was monitored 
on thin layer chromatography (TLC) on Machery Nagel ALUGRAM Xtra SIL G UV254 sheets or by liquid 
chromatography-mass spectrometry (LC-MS). LC-MS analysis for reaction monitoring and purity analyses 
were carried out on a Waters Autopurification system equipped with a Waters CORTECS column (4.6x100 
mm, C18, 2.7 μm) and using a water/acetonitrile/formic acid linear gradient. Peak detection was achieved 
using mass spectrometry (ESI-MD) and a photo-diode-array detector (PDA). Purification by column 
chromatography was performed on a Reveleris X2 automated flash chromatography system (Grace/Büchi) 
using disposable silica gel cartridges (Agela). Nuclear magnetic resonance analyses including 1H- and 13C- 
spectra were carried out on a Bruker Avance Neo 400MHz spectrometer equipped with an autosampler 
and using TOPSPIN/ICON-NMR. Chemical shifts are given in ppm (δ) relative to the solvent peak. NMR 
solvents included CDCl3 (7.26 ppm in 1H NMR, 77.16 ppm in 13C NMR) or DMSO-d6 (2.50 ppm in 1H NMR 
and 39.52 ppm in 13C NMR) and were all purchased from Euriso-Top (Saint Aubin, France). Systematic 
nomenclature was used to name the synthesized compounds. High-resolution mass spectrometry was 
performed on a Waters Premier XE HRMS system that is calibrated using a solution of Le-enkephalin. 
Infusion of the analyte into the HRMS system was done as a solution (0.5 ngmL-1) in UPLC grade water and 
acetonitrile. All solvents utilized (HPLC grade or equivalent or superior purity) were purchased from 
ChemLab (Zedelgem, Belgium) and used as received. All building blocks and reagents were purchased 
from common chemical suppliers including but not limited to: Fluorochem (Glossop, Derbyshire UK), 
Apollo Scientific (Bredbury/Stockport Cheshire UK), Sigma-Aldrich (Diegem, Belgium), and Fisher 
Scientific (Merelbeke, Belgium). All obtained final compounds had purity > 95%, as assayed by analytical 
HPLC (UV) using a linear gradient Water/ MeCN 0 -> 98 % + 0.1 % formic acid in 10 min on a Waters 
CORTECS column (4.6x100 mm, C18, 2.7μm). 

General procedure for Kabachnik–Fields reaction (GP-1).  
The synthesis of the β-aza fosmidomycin backbone was prepared following a similar procedure reported 
in the literature.15 To the respective amine (1 eq.) and magnesium perchlorate (0.05 eq.), the respective 
aldehyde (1.05 eq.) and subsequently dibenzyl phosphite (2 eq.) was added slowly. The mixture stirred 
gently until a homogeneous viscous oil was formed (0.5–1h). Every 15 min, titanium(IV) isopropoxide (TTIP, 
0.1 eq.) was added dropwise. After the reaction was complete, the mixture was added to Na2CO3 sat. (100 
mL) and EtOAc (50 mL), and filtered over celite. The mixture was extracted with EtOAc (3 x 50 mL). The 
combined organic layers were washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated 
to dryness in vacuo. The resulting crude was purified by column chromatography using EtOAc/PE, 
concentrated to dryness in vacuo, followed by repurification using MeOH/DCM to obtain the pure product. 

Dibenzyl (((2-((benzyloxy)amino)-2-oxoethyl)amino)(phenyl)methyl)phosphonate (1).  
Prepared by T. Quennesson according to GP-1. 
1H NMR (400 MHz, CDCl3) δ = 9.29 (s, 1H), 7.26-7.39 (m, 18H), 7.08-7.14 (m, 2H), 4.73-4.99 (m, 6H), 4.59 (t, J = 9.8Hz, 
1H), 3.80 (d, J = 21.3 Hz, 1H),3.30 (d, J = 16.8 Hz, 1H), 3.10 (d, J = 16.8 Hz, 1H). 31P NMR (162 MHz, CDCl3) δ = 23.55 ppm. 

1,3-Di-Boc-2-(trifluoromethylsulfonyl)guanidine (10). 
Prepared according to the literature procedure.16 1H NMR (400 MHz, CDCl3) δ = 9.98 (br s, 2H), 1.54 (s, 18H) 
ppm. 19F NMR (377 MHz, CDCl3) δ = -78.74 ppm. 
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tert-Butyl (2-(4-formylphenoxy)ethyl)carbamate (14).  
Prepared according to the literature procedure.17 1H NMR (400 MHz, CDCl3) δ = 9.84 (s, 1H), 7.75-7.83 (m, 
2H), 6.92-7.00 (m, 2H), 5.13 (br s, 1H), 4.08 (t, J = 5.2 Hz, 2H), 3.53 (q, J = 5.2 Hz, 2H), 1.42 (s, 9H) ppm. 

(S)-3-amino-1-(benzyloxy)pyrrolidin-2-one (15). 
Prepared by T. Quennesson according to the literature procedure.18 

1H NMR (400 MHz, DMSO-d6) δ = 9.67 (s, 3H), 7.45-7.49 (m, 2H), 7.36-7.42 (m, 3H), 4.96 (s, 2H), 3.97(t, J = 9.8Hz, 1H), 
3.44-3.50 (m, 2H), 2.32-2.41 (m, 1H), 1.90-1.99 (m, 1H). 

tert-Butyl (2-(4-((((S)-1-(benzyloxy)-2-oxopyrrolidin-3-
yl)amino)(bis(benzyloxy)phosphoryl)methyl)phenoxy)ethyl)carbamate (16). 
Prepared from compounds 14 (532 mg, 2 mmol) and 15 (515 mg, 1.9 mmol) according to GP-1 to obtain a 
white powder (192 mg, 0.27mmol, 14%). 1H NMR (400 MHz, CDCl3) δ = 7.36-7.42 (m, 3H), 7.26-7.36 (m, 
12H), 7.13-7.19 (m, 2H), 6.81-6.86 (m, 2H), 5.30 (s, 1H), 4.85-5.13 (m, 6H), 4.72-4.82 (m, 1H), 4.02 (d, J = 
11.9 Hz, 1H), 3.99 (br d, J = 5.4 Hz, 2H), 3.53 (br d, J = 5.4 Hz, 2H), 3.48 (s, 1H), 3.02-3.23 (m, 3H), 1.90-2.02 
(m, 1H), 1.51-1.58 (m, 1H), 1.45 (s, 9H) ppm. 13C NMR (101 MHz, CDCl3) δ = 169.6, 158.6, 136.3, 135.2, 
130.4, 129.8, 129.7, 129.4, 128.9, 128.6, 128.5, 128.4, 128.2, 128.0, 127.8, 127.0, 114.7, 76.9, 68.6, 68.2, 
67.2, 58.5, 57.0, 52.9, 44.7, 40.1, 28.4, 24.5 ppm. 31P NMR (162 MHz, CDCl3) δ = 23.57 ppm. 

Benzyl hydrogen ((4-(2-aminoethoxy)phenyl)(((S)-1-(benzyloxy)-2-oxopyrrolidin-3-
yl)amino)methyl)phosphonate (17). 
To a solution of compound 16 (280 mg, 0.39 mmol) in DCM (5 mL) at 0 °C, HCl (100 µL, 4M, 1eq.) in dioxane 
was added portion wise (every 2 h, 3x). After 8 h, the reaction mixture was dried in vacuo affording 
compound 17 as HCl salt (190 mg, 0.34 mmol, 86%) and was used without further purification.1H NMR (400 
MHz, CD3OD): δ = 7.60 (br d, J = 8.5 Hz, 2H), 7.28-7.49 (m, 10H), 7.14 (br d, J = 8.5 Hz, 2H), 5.00-5.17 (m, 
2H), 4.28 (t, J = 6.0 Hz, 2H), 3.47 (t, J = 6.0 Hz, 2H), 3.39 (br s, 3H), 3.33-3.36 (m, 1H), 2.37-2.50 (m, 1H), 
1.97-2.17 (m, 1H) ppm. 13C NMR (101 MHz, CD3OD): δ = 165.7, 160.6, 138.2, 136.1, 133.1, 132.5, 130.7, 
130.2, 129.7, 129.7, 129.4, 129.0, 124.5, 116.6, 78.1, 65.6, 54.5, 45.0, 40.4, 22.3 ppm.31P NMR (162 MHz, 
CD3OD): δ = 11.79 ppm. 

tert-Butyl 2-((2-(4-(((benzyloxy)(hydroxy)phosphoryl)(((S)-1-(benzyloxy)-2-oxopyrrolidin-3-
yl)amino)methyl)phenoxy)ethyl)amino)-4,5-dihydro-1H-imidazole-1-carboxylate (18). 
Compound 17 (105 mg, 0.19 mmol, 1 eq.) was suspended in MeOH (3 mL), tert-butyl 2-(methylthio)-4,5-
dihydro-1H-imidazole-1-carboxylate 9 (121 mg, 0.56 mmol, 3 eq.) and DIPEA (82 mg. 0.56 mmol, 3 eq.) was 
added. The reaction mixture was heated to 40 °C for 2 days and dried in vacuo. The resulting residue was 
washed with diethyl ether affording compound 18 as grey solid (96 mg, 0.14 mmol, 74%) and was used 
without further purification. 

Benzyl hydrogen ((((S)-1-(benzyloxy)-2-oxopyrrolidin-3-yl)amino)(4-(2-
guanidinoethoxy)phenyl)methyl)phosphonate (19).  
Compound 17 (130 mg, 0.23 mmol, 1 eq.) was suspended in MeOH (4 mL), 1H-pyrazole-1-
carboximidamide hydrochloride (51 mg, 0.35 mmol, 1.5 eq.) and DIPEA (180 mg, 1.4 mmol, 6 eq.) was 
added. The reaction mixture was heated to 40 °C for 2 days and dried in vacuo. The resulting residue was 
washed with diethyl ether affording compound 19 as off white solid (110 mg, 0.18 mmol, 84%) and was 
used without further purification. 

((4-(2-Guanidinoethoxy)phenyl)(((S)-1-hydroxy-2-oxopyrrolidin-3-yl)amino)methyl)phosphonic acid (21).  
To a solution of compound 19 (110 mg, 0.18 mmol, 1 eq.) in MeOH/H2O/AcOH (2:2:1, 5 mL), a catalytic 
amount of Pd/C (10%) was added. The reaction mixture was then stirred under a hydrogen atmosphere for 
4 h. The mixture was filtered and dried in vacuo, redissolved in H2O, frozen, and lyophilised. The resulting 
solid was purified by preparative HPLC to obtain compound 21 as off-white solid (34 mg, 48 %). 1H NMR 
(400 MHz, D2O) δ = 8.38 (s, 2H), 7.40 (dd, J = 8.6, 1.5 Hz, 2H), 7.00 (d, J = 8.6 Hz, 2H), 4.18 (t, J = 4.9 Hz, 2H), 
3.56 (br t, J = 4.9 Hz, 2H), 3.41-3.49 (m, 1H), 3.12-3.18 (m 3H), 2.25-2.37 (m, 1H), 1.92-2.05 (m, 1H) ppm. 
13C NMR (101 MHz, D2O) δ = 170.6, 167.2, 157.9, 130.3, 126.5, 115.1, 66.5, 58.9, 57.6, 42.5, 40.8, 21.4 ppm. 
31P NMR (162 MHz, D2O) δ = 12.98 ppm. HRMS (ESI⁺): m/z calcd. for C₁₄H₂₃N₅O₆P⁺ ([M+H]⁺) 388.1380, 
measured 388.1383. 

((4-(2-Aminoethoxy)phenyl)(((S)-1-hydroxy-2-oxopyrrolidin-3-yl)amino)methyl)phosphonic acid (22). 
To a solution of compound 17 (155 mg,0.28 mmol, 1 eq.) in MeOH/H2O/AcOH (2:2:1, 5 mL), a catalytic 
amount of Pd/C (10%) was added. The reaction mixture was then stirred under a hydrogen atmosphere for 
2 h. The mixture was filtered and dried in vacuo, redissolved in H2O, frozen, and lyophilised to obtain an 
orange powder (70 mg). Part of the crude (35 mg, 50%) was purified by preparative HPLC to obtain 
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compound 21 as pale yellow solid (21 mg, 0.12 mmol, 44%). 1H NMR (400 MHz, D2O) δ = 7.47 (d, J = 8.8 Hz, 
2H), 7.06 (d, J = 8.8 Hz, 2H), 4.21-4.39 (m, 3H), 3.82 (t, J = 8.8 Hz, 1H), 3.61 (t, J = 8.8 Hz, 1H), 3.51 (q, J = 8.4 
Hz, 1H), 3.42 (br t, J = 4.8 Hz, 1H), 2.31-2.46 (m, 1H), 1.99-2.16 (m, 1H) ppm. 13C NMR (101 MHz, D2O) δ = 
167.3, 157.6, 130.3, 114.9, 64.0, 59.0, 53.4, 46.4, 38.9, 23.7, 23.5, 21.5, 16.3 ppm. 31P NMR (162 MHz, D2O) 
δ = 11.71 ppm. HRMS (ESI⁻): m/z calcd. for C₁₃H₁₉N₃O₆P⁻ ([M-H]⁻) 344.1017, measured 344.1010. 

tert-Butyl (S)-(1-((benzyloxy)(methyl)amino)-1-oxopropan-2-yl)carbamate (25).  
NaHCO3 (2.44 g, 29.1 mmol, 1.1 eq.) was suspended in a solution of O-benzyl-N-methylhydroxylamine 
hydrochloride 24 (5.05 mg, 29.0 mmol, 1.1 eq.) and DMAP (3.87 g, 31.7 mmol, 1.2 eq.) in DCM (150 mL) and 
stirred for 15 min. The mixture was added slowly to a solution of (tert-butoxycarbonyl)-L-alanine 23 (5.00 g, 
26.4 mmol, 1 eq.) and EDC (6.08 g, 31.7 mmol, 1.2 eq.) in DCM (250 mL). The reaction mixture stirred for 4 
h and excess solvent was removed under reduced pressure to obtain a concentrated mixture (80 mL) that 
was quenched with citirc acid aq. (0.5 M). The mixture was extracted with DCM (3 x 50 mL) and the 
combined organic layers were washed with NaOH aq. (50 mL, 1M), brine, dried over anhydrous Na2SO4, 
filtered, and concentrated to dryness in vacuo. The resulting crude was purified by column chromatography 
using a gradient of 10–40% EtOAc in PE to obtain compound 25 as off-white solid (6.22 g, 20.2 mmol, 76%). 
1H NMR (400 MHz, CDCl3) δ = 7.35-7.44 (m, 5H), 5.27 (d, J = 7.0 Hz, 1H), 4.86-5.05 (m, 2H), 3.23 (s, 3H), 1.76 
(br s, 1H), 1.46 (s, 9H), 1.30 ppm (d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ = 167.7, 155.2, 134.1, 
129.3, 129.0, 128.8, 79.5, 76.8, 46.8, 28.4, 18.6 ppm. 

(S)-2-Amino-N-(benzyloxy)-N-methylpropanamide (26). 
To a solution of compound 25 (5.8 g, 18.8 mmol, 1 eq.) in DCM (20 mL), HCl (19 mL, 4M, 4 eq.) in dioxane 
was added slowly. The reaction mixture stirred for 4 h and the excess solvent was evaporated in vacuo to 
obtain compound 26 as pure HCl salt in form of a white powder in quantitative yield (4.8 g, 19 mmol). 1H 
NMR (400 MHz, CDCl3) δ = 8.57 (br s, 2H), 7.39-7.46 (m, 2H), 7.31-7.38 (m, 3H), 5.09 (d, J = 10.3 Hz, 1H), 
4.98 (d, J = 10.3 Hz, 1H), 4.67 (br s, 1H), 3.16 (s, 3H), 1.64 (d, J = 7.0 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) 
δ = 170.4, 134.1, 129.4, 129.0, 128.8, 76.4, 48.3, 34.1, 16.2 ppm. 

Dibenzyl ((((S)-1-((benzyloxy)(methyl)amino)-1-oxopropan-2-yl)amino)(4-
fluorophenyl)methyl)phosphonate (27a–b). 
Prepared from compound 26 (760 mg, 3.1 mmol, 1 eq.) and 4-fluorobenzaldehyde (370 µL, 3.3 mmol, 1.05 
eq.) according to GP-1. The diastereoisomers were separated by preparative HPLC to obtain 27a as white 
powder (155 mg, 0.27 mmol, 9%) and 27b as off-white powder (55 mg, 0.10, 3%). 27a:  1H NMR (400 MHz, 
CDCl3) δ = 7.27-7.37 (m, 11H), 7.17-7.25 (m, 6H), 6.95 (t, J = 8.6 Hz, 2H), 4.84-5.05 (m, 4H), 4.70 (d, J = 10.2 
Hz, 1H), 4.64 (d, J = 10.2 Hz, 1H), 4.03 (d, J = 15.8 Hz, 1H), 3.96 (br d, J = 6.7 Hz, 1H), 3.04 (s, 3H), 2.44 (br s, 
1H), 1.11 (d, J = 6.7 Hz, 3H) ppm.13C NMR (101 MHz, CDCl3) δ = 176.1, 162.5, 136.4, 136.3, 134.2, 131.8, 
131.8, 130.6, 130.5, 129.2, 129.0, 128.7, 128.6, 128.5, 128.3, 127.9, 127.8, 115.2, 77.2, 76.5, 68.4, 68.2, 
59.5, 52.2, 18.5 ppm.19F NMR (377 MHz, CDCl3) δ = -114.14 ppm. 31P NMR (162 MHz, CDCl3) δ = 23.51 ppm. 
27b:  1H NMR (400 MHz, CDCl3) δ = 7.38-7.51 (m, 2H), 7.27-7.36 (m, 10H), 7.22-7.26 (m, 2H), 7.00 (t, J = 8.6 
Hz, 2H), 6.85-6.94 (m, 2H), 4.97 (d, J = 8.2 Hz, 2H), 4.93 (d, J = 8.2 Hz, 2H), 4.51 (br d, J = 9.6 Hz, 1H), 4.24 
(d, J = 17.0 Hz, 1H), 3.95 (br d, J = 9.6 Hz, 1H), 3.63 (br d, J = 5.5 Hz, 1H), 3.18 (br s, 3H), 1.17 (d, J = 6.6 Hz, 
3H) ppm.13C NMR (101 MHz, CDCl3) δ = 176.0, 163.9, 136.2, 133.7, 130.9, 130.5, 129.0, 128.8, 128.6, 128.5, 
128.3, 128.0, 127.9, 115.5, 77.2, 76.6, 68.2, 58.5, 50.7, 33.6, 18.9 ppm.19F NMR (377 MHz, CDCl3) δ = -
113.96 ppm.31P NMR (162 MHz, CDCl3) δ = 23.38 ppm. 
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Abstract 

In the search for new antitubercular compounds, we leveraged target-directed dynamic combinatorial 
chemistry (tdDCC) as an efficient hit-identification method. In tdDCC, the target selects its own binders 
from a dynamic library generated in situ, reducing the number of compounds that require synthesis and 
evaluation. We combined a total of twelve hydrazides and six aldehydes to generate 72 structurally diverse 
N-acylhydrazones. To amplify the best binders, we employed anti-infective target 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase (IspE) from Mycobacterium tuberculosis (Mtb). We successfully validated the 
use of tdDCC as hit-identification method for IspE and optimised the analysis of tdDCC hit determination. 
From the 72 possible N-acylhydrazones, we synthesised twelve of them revealing several new starting 
points for the development of IspE inhibitors as antibacterial agents.  

 

Keywords: Target-directed dynamic combinatorial chemistry, N-acylhydrazones, antitubercular, 
antibacterial, Mycobacterium tuberculosis. 

Introduction 

Target-directed dynamic combinatorial chemistry (tdDCC) has evolved into an effective hit-identification 
method for medicinal chemistry. A set of “building blocks” with complementary reactivities engage in a 
reversible bond-forming reaction, resulting in a dynamic combinatorial library (DCL) that comprises all 
possible building block combinations.1 A target protein can influence this equilibrium by stabilising 
binders, resulting in their amplification. This selective amplification circumvents the need to synthesise 
the entire library, making tdDCC particularly efficient in the time- and cost-sensitive early stages of drug 
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discovery.2–4 Recent literature highlights the application of new targets, analytical methods, and reaction 
types for tdDCC, resulting in robust protocols and an increasing number of success stories.5–8 One of the 
frequently used reactions in tdDCC is the formation of acylhydrazones from aldehydes and hydrazides. In 
2021, we applied this reaction to DXPS, the first enzyme of the 2C-methyl-D-erythritol 4-phosphate (MEP) 
pathway obtaining promising new anti-infective compounds.6 
While all enzymes of the MEP-pathway are considered potential antibiotic drug targets, few inhibitors have 
been reported since its discovery in the 1990s.9–11 This pathway is vital for critical pathogens, such as 
Mycobacterium tuberculosis (Mtb), and Gram-negative bacteria to afford the essential isoprenoid 
precursors isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP).12 Moreover, it is absent 
in mammals, where the mevalonate pathway yields the same building blocks, making target-related 
toxicity less of a concern.9,13 The identification of new inhibitors against the fourth enzyme of the pathway, 
4-diphosphocytidyl-2C-methyl-D-erythritol kinase (IspE), is challenging. Most available crystal structures 
of IspE homologues are co-crystals with the natural substrates. So far, only one IspE structure in complex 
with an inhibitor has been published, likely due to its structural similarity to the natural IspE substrate and 
to its high potency.14 With single-digit micromolar activity, this compound is the most potent known IspE 
inhibitor, but it lacks whole-cell activity. A few more IspE inhibitors have been discovered, however, 
activities are moderate and no significant improvements in whole-cell activity have been achieved.15 
Recent efforts to discover IspE hits have included structure-based virtual screening, however, only a very 
limited number of hits could be identified. In particular, we focused on filtering the screening library for 
compounds with properties that aid accumulation in Escherichia coli (Ec). The applied filter seemed 
successful, but optimisation of the affinity for EcIspE proved to be difficult.16 Most IspE studies, use protein 
homologues from model organisms like E. coli and Aquifex aeolicus. Very recently, Choi et al. took a step 
towards the identification of antitubercular IspE inhibitors by screening 15 million compounds in silico 
against MtbIspE (PDB: 3PYG). On this basis, one hit was confirmed, but could not be optimised thus far.17 
To the author’s knowledge, no other inhibitors targeting MtbIspE have been reported. Therefore, we 
highlight the need for additional efforts towards investigating IspE from critical pathogen homologues like 
M. tuberculosis. 
We explored a new avenue in IspE hit-discovery by assessing the compatibility of MtbIspE with tdDCC. This 
targeted approach allows to explore novel scaffolds without relying on knowledge of protein structure or 
pre-existing inhibitors. One of the limitations of tdDCC is the need of a substantial amount of protein, which 
has to be stable under the reaction conditions. Therefore, more robust proteins originating from model 
organism are often used in place of pathogenic proteins. Recently, we optimised the production of MtbIspE 
(Supporting Information - SI) and could verify its stability under the conditions necessary to build an 
acylhydrazone DCL (Figure S1).6 Therefore, we are confident that tdDCC can be a valuable method to obtain 
new specific starting points for MEP-pathway inhibitors using the pathogen homolog MtbIspE. 

Results and Discussion 

Design of dynamic combinatorial libraries 

In this study, we used MtbIspE as target protein and the reversible reaction of hydrazides and aldehydes to 
form dynamic combinatorial libraries (DCLs) of acylhydrazones. To accelerate the reaction at neutral pH, 
aniline was used as catalyst.2,4,18 We analysed the protein’s effect on the DCLs by comparing HPLC-MS/MS 
data of blank vs protein-templated (PT) experiments. The experiments spanned three days, with periodic 
sampling (every 2 hours, followed by two samples per day after 8 hours), addition of NaOH prior to analysis 
ensured the sample composition was preserved.18 Templated experiments were conducted in duplicate, 
and the protein was denatured and removed prior to HPLC-MS/MS analysis. 
Employing a randomised tdDCC hit-identification approach, we covered a wide chemical space, not relying 
on any structural information of the protein or its ligands. We selected diverse commercially available 
aldehyde and hydrazide building blocks with various geometries, sizes, and functional groups, including 
(hetero)aromatic rings (six- and five-membered, electron-rich/-poor), aliphatic moieties (morpholine, 
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piperazine, adamantane), and various types of spacers. To ensure the HPLC-MS/MS analysis would be 
feasible, not too cluttered, nor contain isobaric products, we designed four distinct DCLs, each comprising 
18 acylhydrazones. The building blocks were organised into two clusters of hydrazides (A–M) with six 
building blocks each and two clusters of aldehydes (1–6) with three building blocks each. To cover all 
possible combinations, we reacted aldehydes from cluster 1 with hydrazides from cluster 1 in DCL-1, 
aldehydes from cluster 2 with hydrazides from cluster 2 in DCL-2, aldehydes from cluster 1 with hydrazides 
from cluster 2 in DCL-3, and aldehydes from cluster 2 with hydrazides from cluster 1 in DCL-4, theoretically 
leading to 72 products (Figure 1). 

 
 

Figure 1. Clusters of hydrazides (A–M) and aldehydes (1–6) building blocks used in four dynamic combinatorial libraries 
(DCLs). 

Determination of tdDCC IspE hits  

The tdDCC hits and thus potential MtbIspE binders are amplified in the PT experiment compared to the 
blank experiment. The first step in the analysis of DCLs is the determination of the equilibrium since the 
amplification factors need to be calculated when the concentration of products is stable. To determine the 
evolution of the possible products, it is important to measure the characteristic UV absorbance of the 
acylhydrazones linker (310 nm) during the HPLC-MS/MS run. The resulting UV peaks are assigned to each 
product using the MS data (Figure S2–S5). The sum of all peak areas is normalised to 100% in order to obtain 
the respective relative peak area (RPA) for each product. The RPA values represent relative concentrations, 
determined at each time point of the blank experiment until the values stabilise. Plotting the RPAs over time 
shows the evolution of the products: in DCL-1 the four most abundant compounds are visibly flattening 
from eight hours (h) onwards (Figure 2A). However, the rest of the compounds are out of range, making a 
visual inspection difficult. Given that we do not want to neglect the importance of low-abundant 
compounds on the equilibrium, we normalised the RPA values using decimal scaling, confirming that the 
library starts stabilising from 8 h onwards (Figure 2B). To determine the slope reaches zero, we calculated 
the change in RPA for each time interval and represented it in a stacked bar chart (Figure 2C), showing that 
the compounds’ concentration was most stable in the time interval 8–24 h and remained largely stable 
thereafter. The other three libraries behaved the same way, reaching equilibrium within 24 h and also 
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maintained stable concentrations beyond (Figure 
S6–S8). To determine the tdDCC hits, we 
compared the RPAs of the PT experiments to the 
blanks at 24 h and set a threshold of at least 50% 
increase in compound formation. In total, eleven 
acylhydrazones passed our criteria, with 
amplification factors ranging from 0.5 to 15.5, 
qualifying them for resynthesis and further 
evaluation (Figure 3). During the analysis of 
chromatograms, challenges arose concerning 
product identification. Some compound peaks 
were not neatly separated, forcing us to consider 
them in clusters, others presented two peaks, 
likely due to isomers, and were considered 
separately in our evaluation. Lastly, some 
compounds were detected by MS, but their 
respective UV signal interfered with the injection 
peak or was too low for integration (<1%), both in 
the blank and PT experiments. Consequently, we 
excluded these compounds from the analysis 
(Figure S2–S5). 
In DCL-1 at 24 h, one potential hit, E1, reported a 
small amplification factor of 0.5 (Figure 3A). The 
protein concentration used for the PT 
experiments was rather low with 25 mol% 
MtbIspE, a higher concentration should intensify 
amplification factors, therefore we decided to use 
40 mol% from DCL-2 onwards.6 Nevertheless, we 
decided to also determine the product 
amplifications at 30 h for DCL-1 since the 
equilibrium remained stable (Figure 2). 
Interestingly, at 30 h, the amplification of E1 
amplification grows extremely, and two more 
products, C1 and D1, pass our amplification 
threshold, indicating that the PT experiment’s 
equilibrium is not in line with the blank 
experiment (Figure 3A). It is noteworthy that no 
product containing hydrazide A could be 
identified in the chromatograms of DCL-1. We 
believe that A’s methylene is rather acidic due to 

the strongly electron-withdrawing nitrile and carbonyl groups. When adding NaOH for sample preparation, 
compounds containing A were likely deprotonated, followed by degradation or formation of undesired 
byproducts.  
In the case of DCL-2, despite employing a higher protein concentration compared to DCL-1, there was no 
significant amplification of any product at 24 h or the subsequent time point, 35 h. The product 
amplifications remained largely unchanged in both time points, indicating that the PT experiments also had 
reached equilibrium. We selected compound K4 as a control since our protein seemingly did not have any 
influence on its formation (Figure S9). 

Figure 2. Graphical determination of equilibrium in blank 
DCL-1. A) Evolution of relative peak areas (RPA) of formed 
acylhydrazones over time. B) Normalised RPAs over time. C) 
Change of RPA in each time interval. 



4.   Chapter 

75 
 

DCL-3 yielded four potential hits at 24 h, L1, H1, I1 and K1, however, the latter two products were clustered 
together due to their significant peak overlap (Figure S4). Regarding H1, a complication arose as it appeared 
as a single peak in one PT duplicate, while in the other PT sample and the blank, it appeared as two 
overlapping peaks (Figure S4). This discrepancy may be due to H1 existing as different isomers. However, 
the lone peak was insufficient to compensate for the missing area of the two peaks in the duplicate, 
resulting in a significant error in H1’s RPA. Despite the differences in RPA, both PT duplicates showcased 
substantial amplification compared to the blank, with amplification factors of 11.4 and 4.2, firmly 
establishing H1 as a tdDCC hit (Figure 3B and Figure S4). 
Given the reactivity issue for hydrazide A in DCL-1, we opted for its substitution in cluster 1 with a 
structurally very different hydrazide, M (Figure 1). One product, M5, could not be detected despite these 
modifications. Nevertheless, we identified four potential hits, namely, B6, D6, E4 and E6, each exhibiting 
relatively modest amplification factors ranging from 0.7 to 2.3 at 24 h (Figure 3C). 
To validate these eleven preliminary hits and assess their biological relevance, we synthesised them in a 
one-step reaction. The corresponding hydrazides and aldehydes were refluxed in methanol overnight, 
affording the acylhydrazones in moderate to excellent yields (SI). 

  

 
 

 

 

Figure 3. Structures of selected compounds for biological evaluation. A) Amplification of acylhydrazones in the protein-
templated experiment of dynamic combinatorial library-1 (DCL-1) at 24 and 30 h, and the structures of selected 
preliminary hits. B) Amplified compounds in DCL-3. C) Amplified compounds in DCL-4. D) Selected control compound 
from DCL-2. 
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Structure–amplification relationship of tdDCC hits  

Regarding the composition of the tdDCC hits (Figure 3), there is one building block that clearly stood out, 
aldehyde 1. It is found in seven of the eleven potential hits, notably, the most amplified compounds (E1, 
H1, L1) all incorporate aldehyde 1. This observation suggests that the arrangement of the aromatic scaffold 
with a para-substituted OH and Cl fit and interacted well in an IspE pocket. In addition, the structure of 
aldehyde 6 may also be interesting, since it is present in three potential hits B6, D6 and E6. Aldehydes 2, 3 
and 5 are not included in any tdDCC hit. The most amplified aldehydes 1 and 6 both contain an electron-
rich phenyl ring due to electron-donating substituents hydroxy and methoxy, which both can also be 
hydrogen-bond acceptors. In contrast, the aldehydes that were not amplified do all contain comparatively 
electron-deficient aromatic rings. The most prevalent hydrazide component found in the hits is E, which 
appears in E1, E4, and E6. Hydrazide E contains an electron-deficient phenyl ring that is linked to an 
electron-rich heterocycle. Hydrazides F, G, J, and M are not included in any tdDCC hit, possibly F and M 
are too bulky, and J is too electron-deficient. The lack of amplified compounds containing C, G and I 
indicates that aliphatic groups are not well-tolerated by IspE. Interestingly, the by far most amplified hit, E1, 
contains the two most prevalent building blocks of their kind, suggesting that their structural and electronic 
features align with complementary sites of the enzyme. These motifs along with their hydrogen-bond 
donor/acceptor geometry could be promising starting points for the development of new MtbIspE 
inhibitors. It cannot be ruled out that the acylhydrazone linker may also contribute to favourable 
interactions, especially hydrogen bonds, and should be kept in mind.  

In silico elucidation of tdDCC hits’ binding mode 

Docking simulations provided valuable insights that further rationalise the structure–amplification 
relationship within the active site of MtbIspE. We generated ten binding poses for each compound across 
the four DCLs to analyse trends in the binding modes of the compounds. The defined binding site for the 
docking encompassed both natural substrates’ binding pockets as defined in the published crystal 
structures of MtbIspE (3PYE for CDP-ME and 3PYG for ADP).19 Importantly, we did not set any binding 
restrain to minimise bias, and we removed poses that were unrealistic due to bad torsion, or inter- and 
intramolecular clashes. The analysis of these compound poses revealed preferred binding tendencies for 
two of the three most common motifs in the tdDCC hits; fragment 1 and E, whereas fragment 6 did not 
show a particular binding tendency. Aldehyde 1 is by far the most frequently appearing fragment in the hits’ 
structures and the docking results showed two pockets where the characteristic phenol moiety in 1 
primarily bound. One pocket was the substrate binding site of CDP-ME, where the phenol bound slightly 
deeper within the pocket compared to the substrate’s cytidine moiety (Figure S10). The other pocket was 
an unoccupied area adjacent to the ADP binding site. The poses in the CDP-ME binding pocket showed a 
clear orientation directing the hydroxy substituent towards amino acid Ser182 with distances of 2.6–3 Å 
suggesting the possibility of an H-bond. Interestingly, these poses belonged to hit compounds, whereas 
the poses adjacent to the ADP binding site belonged to both protein-amplified and not amplified 
compounds, and did not present such a clear orientation. Similarly, the hits containing hydrazide E, had 
the trifluoromethyl-substituted phenyl positioned deep inside the CDP-ME binding site (Figure S11). In the 
case of E1, containing both of the fragments with the same binding tendency, motif 1 bound to a third 
unoccupied and very narrow pocket. This unique binding mode was the same for all poses of E1 (Figure 
S12) and gives a possible explanation for its exceptionally high amplification compared to the rest of the 
hits. Lastly, these findings suggest a link between the CDP-ME binding site and enhanced amplification. 

Acylhydrazones’ low solubility hinders biological evaluation 

Prior to biological evaluation of the tdDCC hits, we tested their solubility in a standard buffer as well as in 
M. tuberculosis 7H9 growth medium. Our results revealed a major issue, most compounds’ solubility lies 
between 20 and 30 µM in PBS with 5% DMSO, representing a challenge for our established hit-verification 
methods. Merely product C1 reaches a good solubility close to 1 mM, L1 and B6 show moderate 
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solubilities. Regrettably, with 3.3 µM the least soluble compound is E1, making our most amplified, and 
promising compound unsuitable for biological evaluation. We assessed the solubility in Mtb growth 
medium given that it is a complex, nutrient-rich environment with a distinct solubility profile. However, the 
trend continued, only seven hits are soluble at 8 µM or above, the remaining five compounds, including E1, 
were not eligible for antitubercular activity testing (Table 1).  

Evaluation of tdDCC hits MtbIspE binding  

The compounds' low solubility prevents the determination of binding affinities (KD). Nevertheless, 
qualitative binding assessments were conducted for all compounds, except E1 and I1, using MicroScale 
Thermophoresis at 20 µM in triplicate. C1, K1, and E4 consistently demonstrated binding across all 
measurements. Compound B6 exhibited inconsistent binding, as it bound in two out of three 
measurements, while our negative control, K4, showed binding in only one measurement. These two 
compounds’ irreproducible binding may be due to non-specific interactions. As an orthogonal method to 
determine qualitative binding of the hits, we performed thermal shift assays. The protein needs to reach a 
certain level of saturation in order to exhibit a change in melting temperature (ΔTm), therefore compounds 
with a lower solubility than 20 µM (E4, E1, I1) could not be tested. Minimal ΔTm values were obtained and 
have to be interpreted carefully, since they are close to the inherent error of the method. K1, K4 and E6 
showed ΔTm = +0.7 °C, providing some assurance in the binding of K1, which shows a consistent response 
in both methods. 

Table 1. Solubility determination and biological evaluation of tdDCC hits on Mycobacterium tuberculosis, HepG2, 
Escherichia coli and IspE. 

DCL Cmp 
Solubility 
5% DMSO 

in PBS (µM) 

Solubility in 
7H9  
(µM) 

MtbIspE 
binding at 

20 µM 

MtbIspE 
ΔTm at 20 
µM (˚C) 

MtbH37Rv 
MIC90 (µM) 

EcTolC 
%inh. at  

50 µM 

EcK12 
%inh. at  

50 µM 

HepG2 
CC50 (µM) 

1 

C1 >800 16 Yes <0.3 
no inh. at 
max. sol. 17.1 ± 0.1 <10 >50 

D1 22 ± 9 insoluble No <0.3 n.d. 28 ± 11 11 ± 4 7.9 ± 0.8 

E1 3.3 ± 1 insoluble n.d. n.d. n.d. < 10 n.d. >50 

2 K4 21 ± 6 8 1/3 +0.7 
no inh. at 
max. sol. 

38 ± 4 12 ± 4 >50 

3 

H1 28 ± 6 32 No <0.3 
no inh. at 
max. sol. < 10 n.d. 32 ± 5 

I1 8.0 ± 4 64 n.d. n.d. no inh. at 
max. sol. 

33 ± 3 <10 n.d. 

K1 25 ± 4 insoluble Yes +0.7 n.d. 39 ± 8 <10 7 ± 3 

L1 108 ± 3 16 No <0.3 
no inh. at 
max. sol. 

52 ± 3 18 ± 6 ~50 

4 

B6 65 ± 35 16 2/3 <0.3 
no inh. at 
max. sol. < 10 n.d. >50 

D6 20 ± 10 16 No <0.3 no inh. at 
max. sol. 

39 ± 6 <10 >50 

E4 12 ± 6 insoluble Yes n.d. n.d. < 10 n.d. >50 

E6 29 ± 10 insoluble No +0.7 n.d. < 10 n.d. >50 

n.d.: not determined 

Antibacterial activity against M. tuberculosis and E. coli 

M. tuberculosis is known to be notoriously hard to target,20 and once again our compounds‘ poor solubility 
posed a significant obstacle to their antibacterial evaluation. Nevertheless, our final goal is to obtain 
antitubercular compounds. Therefore, we assessed the antitubercular activity of our hits at the 
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concentration of their maximum solubility in 7H9 growth medium (Table 1). Regretfully, no compound 
presented inhibitory activity against MtbH37Rv (Table 1). This lack of inhibitory effects may be attributed to 
permeability and efflux issues inherent to the pathogen. It is noteworthy that assay conditions were 
constrained, only one compound could be tested at high concentrations (64 µM) and almost half of our 
compounds could not be tested at all (Table 1). 
The identity of MtbIspE and its E. coli ortholog are high,19 therefore we decided to test the TolC efflux pump 
deficient E. coli strain to obtain further insights into our compounds’ antibacterial profile. To assess 
possible efflux issues of our compounds, we tested the EcTolC active compounds against the E. coli wild-
type strain K12. All compounds, regardless of their solubilities, were tested at 50 µM against the E. coli 
strains. Seven of our hits displayed moderate inhibition of EcTolC, with more than 10% inhibition, including 
K1 that was shown to bind to IspE. Notably, compound L1 demonstrated the most promising result with 
52% inhibition, which may be due to its higher solubility compared to most other active compounds. L1 is 
also the only compound showing an appreciable effect on the growth of E. coli K12 wild type, indicating 
that the structures are prone to efflux. Additionally, a toxicity assessment conducted on HepG2 cells 
revealed that the majority of the compounds are non-toxic. Nevertheless, compounds D1 and K1 exhibited 
notable cytotoxicity, with IC50 values below 10 µM. These findings provide valuable insights into the 
inhibitory potential and safety profile of the compounds tested, emphasising the need for further 
exploration of these antibacterial starting points.  

Conclusions 

We have successfully demonstrated the compatibility of MtbIspE with acylhydrazone-based tdDCC 
conditions, providing a solid foundation for further exploration in drug-discovery efforts using pathogenic 
targets for hit-identification. In addition, we optimised the analysis of the tdDCC equilibrium for the 
determination of hit compounds. We identified the majority of the 72 possible N-acylhydrazones using 
HPLC-MS/MS and in silico evaluation of these components gave insights into the possible binding modes 
of our privileged scaffolds 1 and E. The most challenging aspect in our work was the hit validation due to 
the poor solubility of our eleven tdDCC hits. Despite this challenge, our study successfully verified one 
compound, K1, as targeting IspE and it also showed moderate activity on EcTolC. Compound L1 turned out 
to be the most potent inhibitor of E. coli growth. These positive outcomes position K1 and L1 as starting 
points for further optimisation. Since the acylhydrazone moiety is likely to be the major contributor to poor 
solubility and thus is a critical point of improvement, we propose its replacement with bioisosteres such 
as oxazoles or amides. For future endeavours, however, we suggest a more careful building-block 
selection, including considerations such as logS values. Furthermore, contemplating alternative reactions 
to create dynamic combinatorial libraries with a more soluble linker should be considered as well. We urge 
for continuous refinement and exploration in our goal to develop anti-infective agents. 
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Supplementary Methods 
General information 
High-resolution mass (HRMS) of final products was determined by HPLC-MS/MS using a Thermo Scientific 
Q Exactive Focus Orbitrap LC-MS/MS system. All compounds were analysed for purity by LCMS on Acquity 
UPLC-SQD system from Waters with a gradient elution of Water (Formic acid 0.1%)/Acetonitrile on an HSS-
T3 column (2.1 x 50 mm, Waters), 1.8 µm, at 30°C, PDA detection between 240-320 nm, and MS detection 
by simultaneous ES+/ES- ionization in a mass range of 150-800. The flow is set to 0.9 ml/min, and the 
gradient time is 1.5 min. NMR spectra were recorded on an Agilent 400 MHz or a Bruker Avance Neo 500 
MHz. Chemical shifts (δ) are reported in ppm relative to residual solvent signals. The following 
abbreviations are used to describe peak patterns when appropriate: s (singlet), d (doublet), t (triplet), q 
(quartet), quint (quintet), sex (sextet), sept (septuplet), m (multiplet), br (broad). Coupling constants (J) are 
reported in Hertz (Hz). Reactions were monitored with thin layer chromatography (TLC) on silica gel-coated 
aluminum (silica gel F254, SiliCycle).  
The periodic progress and analysis of tdDCC were monitored by HPLC-MS/MS (ThermoScientific Dionex 
Ultimate 3000 UHPLC System coupled to a ThermoScientific Q Exactive Focus with an electrospray ion 
source) using an Acquity Waters Column (BEH, C8 1.7 μm, 2.1 × 150 mm, Waters, Germany) at a flow rate 
of 0.250 mL/min with detection set at 210, 254, 290, and 310 nm, and the mass spectrum recorded in a 
positive mode in the range of 100−700 m/z. The solvent system was 0.1% formic acid in H2O (Solvent-A) 
and 0.1% formic acid in MeCN (Solvent-B). The gradient program began with 5% of Solvent-B for 1 min and 
was then increased to 95% of Solvent-B over 17 min and held for 2 min, followed by a decrease of Solvent-
B to 5% over 0.1 min, where it was held for 2 min. 

Chemicals 
All reagents and solvents were purchased from Sigma-Aldrich, Specs, Fluorochem, or Acros Organics, 
were reagent grade, and used without purification unless indicated otherwise. All reactions were 
conducted under nitrogen atmosphere using oven-dried glassware. Purifications by flash chromatography 
were done using silica gel (Screening Devices 60-200 µm). All new compounds were fully characterised by 
1H and 13C NMR and HRMS techniques. The purity of the final products was determined by HPLC-MS and 
found to be >95%. 

General procedure for tdDCC experiments  
Blank DCL preparation (GP-1): DCL without protein is prepared following a similar published procedure.1 
To a well of a 24-well plate, containing Tris-HCl buffer (pH 7.0) were added hydrazides (300 μM each, in 
DMSO), aldehydes (100 μM each, in DMSO), aniline (20 mM, in DMSO), and an additional amount of DMSO 
to reach a final concentration of 5% in the DCL with 0.5 mL of end-volume. The DCL was allowed to mix on 
a plate shaker at room temperature (r.t.) and was frequently monitored via LCMS-MS. For analysis, 30 μL 
of the corresponding library was mixed with 42 μL acetonitrile and 3 μL of NaOH (1 M), the mixture was 
centrifuged, and filtered before analysis.  

Protein-templated (PT) DCL preparation (GP-2): DCL with protein is prepared following a similar 
published procedure.1 
To a well of a 24-well plate, containing Tris-HCl buffer (pH 7.0) were added hydrazides (300 μM each, in 
DMSO), aldehydes (100 μM each, in DMSO), aniline (20 mM, in DMSO), the protein MtbIspE (25 or 40 μM in 
Tris-HCl buffer at pH 7.0), and an additional amount of DMSO to reach a final concentration of 5% in the 
DCL with 0.5 mL of end-volume. The DCL with the protein was allowed to gently mix on a plate shaker (50 
rpm) at r.t. and was frequently monitored via LCMS-MS and the traces were compared with the blank 
composition. For analysis, 20 μL of the corresponding library was mixed with 80 μL acetonitrile and 4 μL of 
NaOH (1 M), the mixture was centrifuged, and the supernatant was used for the analysis.  
Note: The protein-templated DCLs were run as duplicates. 
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Experimental conditions of tdDCC 
DCL-1:  
This experiment library consists of three aldehydes (1−3) and six hydrazides (A−F). The tdDCC experiment 
was carried out according to the GP-1 (blank) and GP-2 (PT) in Tris-HCl buffer at pH 7.0 and 5% DMSO. The 
composition of DCL-1 is as below: 

Entry 
Blank PT-I PT-II 

amount 
final conc. 

in DCL 
amount 

final conc. 
in DCL 

amount 
final conc. 

in DCL 

Tris-HCl buffer 475 µL - 436.3  µL - 436.3  µL - 

Hydrazide (100 mM) 
6 × 1.5 µL 

(9 µL) 
(6 × 300 µM) 

6 × 1.5 µL 
(9 µL) 

(6 × 300 µM) 
6 × 1.5 µL 

(9 µL) 
(6 × 300 µM) 

Aldehyde (100 mM) 
3 × 0.5 µL  

(1.5 µL) 
(3 × 100 µM) 

3 × 0.5 µL 
(1.5  µL) 

(3 × 100 µM) 
3 × 0.5 µL 
(1.5  µL) 

(3 × 100 µM) 

Aniline (1 M) 10 µL 20 mM 10 µL 20 mM 10 µL 20 mM 

DMSO 4.5 µL 5% 4.5 µL 5% 4.5 µL 5% 

MtbIspE (324 µM) 0 - 38.7  µL 25 µM 38.7  µL 25 µM 

 
DCL-2:  
This experiment library consists of three aldehydes (4−6) and six hydrazides (G−L). The tdDCC experiment 
was carried out according to the GP-1 (blank) and GP-2 (PT) in Tris-HCl buffer at pH 7.0 and 5% DMSO. 
DCL-3:  
This experiment library consists of three aldehydes (4−6) and six hydrazides (A−F). The tdDCC experiment 
was carried out according to the GP-1 (blank) and GP-2 (PT) in Tris-HCl buffer at pH 7.0 and 5% DMSO. 
DCL-4:  
This experiment library consists of three aldehydes (1−3) and six hydrazides (B−F, and M). The tdDCC 
experiment was carried out according to the GP-1 (blank) and GP-2 (PT) in Tris-HCl buffer at pH 7.0 and 5% 
DMSO. 
The composition of DCL-2,-3, and-4 is as below: 

Entry 
Blank PT-I PT-II 

amount 
final conc. 

in DCL 
amount 

final conc. 
in DCL 

amount 
final conc. 

in DCL 

Tris-HCl buffer 475 µL - 413.2 µL - 413.2 µL - 

Hydrazide (100 mM) 
6 × 1.5 µL 

(9 µL) 
(6 × 300 µM) 

6 × 1.5 µL 
(9 µL) 

(6 × 300 µM) 
6 × 1.5 µL 

(9 µL) 
(6 × 300 µM) 

Aldehyde (100 mM) 
3 × 0.5 µL 

(1.5 µL) (3 × 100 µM) 
3 × 0.5 µL 

(1.5 µL) (3 × 100 µM) 
3 × 0.5 µL 

(1.5 µL) (3 × 100 µM) 

Aniline (1 M) 10 µL 20 mM 10 µL 20 mM 10 µL 20 mM 

DMSO 4.5 µL 5% 4.5 µL 5% 4.5 µL 5% 

MtbIspE (324 µM) 0 - 61.8 µL 40 µM 61.8 µL 40 µM 

Assessment of amplification factors 
The amplification factor for each product of the DCL was assessed at the time of equilibrium of the blank 
experiment. The relative peak area (RPA) was determined for each experiment; blank and protein-
templated (PT) duplicates, using ACD/Labs (Figure S2–S5, p. 12). All products of the DCL were integrated 
and their sum set to 100% in order to obtain the respective RPA for each product. The amplification factor 

was calculated for each PT duplicate individually as (𝑅𝑃𝐴𝑃𝑇 − 𝑅𝑃𝐴𝑏𝑙𝑎𝑛𝑘

𝑅𝑃𝐴𝑏𝑙𝑎𝑛𝑘
).2 The mean of the amplification 

factors and its standard deviation were reported for each product in form of bar charts with error bars, for 
DCL-1 in the main text (Figure 3A) and for DCL-2, -3, and -4 in Figure S9 (p. 17).  
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General procedure for acylhydrazones synthesis  
General procedure for acylhydrazone formation (GP-3): 
To an oven-dried round-bottom flask, under nitrogen atmosphere, the corresponding hydrazide (1.0 eq) 
and aldehyde (1.0–1.8 eq) were suspended in MeOH (0.02–0.2 M) and refluxed for 1–5 h; its progress was 
followed on TLC. After the reaction was completed, the solvent was removed under reduced pressure to 
afford the corresponding acylhydrazone product in 85 – 99% isolated yields. 
 
General procedure for small scale acylhydrazone formation (GP-4): 
To an oven-dried test tube with a magnetic stirrer, under nitrogen atmosphere the corresponding hydrazide 
(1.0 eq) and aldehyde (1.0–1.1 eq) were suspended in MeOH (0.02–0.12 M). The reaction mixture was 
refluxed for 2–5 h, using Radleys Parallel Synthesiser™. The reaction progress was followed by TLC. Once 
the reaction was completed, the mixture was cooled to 0 °C and the precipitate filtered over a 20 µm filter 
and washed with cold MeOH. The residual solvent was removed under reduced pressure to afford the 
corresponding acylhydrazone product in 28 – 99% isolated yields. 
 

Characterization of acylhydrazone products 
(E)-2-(3,5-diMethyl-1H-pyrazol-1-yl)-N'-((5-(4-methoxyphenyl)isoxazol-3-yl)methylene)acetohydrazide 
(B6): 

Compound B6 was synthesised according to GP-4, 
hydrazide B (12.8 mg, 0.076 mmol) and aldehyde 6 
(15.7 mg, 0.077 mmol) stirred in MeOH (1.5 mL) for 5 h to 
afford compound B6 as white airy powder (18.9 mg, 

0.054 mmol, 70%). 1H NMR indicates the presence of two isomers, possibly trans and cis conformers of 
the amide. We did not assign the peaks to a specific conformer and will refer to them as A and B (A:B = 2:1). 
1H NMR (400 MHz, DMSO-d6) δ = 11.99 (br s, 1H, A&B), 8.33 (s, 1H, B), 8.09 (s, 1H, A), 7.91 (br d, J = 8.6 Hz, 
2H, B), 7.87 (br d, J = 8.2 Hz, 2H, A), 7.34 (s, 1H, A), 7.21 (s, 1H, B), 7.11 (br d, J = 8.2 Hz, 2H, A), 7.07 (br s, 
2H, B), 5.84 (s, 1H, A&B), 5.26 (s, 1H, A), 4.80 (s, 1H, B), 3.83 (s, 3H, A&B), 2.20 (s, 1H, B), 2.16 (s, 3H, A), 
2.08 (s, 3H, A&B) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 169.5, 169.0, 161.1, 160.7, 146.0, 140.1, 133.6, 127.4, 119.1, 114.7, 
104.8, 95.9, 55.4, 49.3, 13.3, 10.6 ppm. 
HRMS (ESI+): m/z calcd. for C18H20N5O3

+ ([M+H]+) 354.1561, measured 354.1543. 
 
(E)-N'-(5-Chloro-2-hydroxybenzylidene)-2-(4-methylpiperazin-1-yl)acetohydrazide (C1): 

Compound C1 was synthesised according to GP-4, with adaptations. 
Hydrazide C (21.0 mg, 0.122 mmol) and aldehyde 1 (19.1 mg, 
0.122 mmol) stirred in MeOH (1 mL) for 2 h. The solvent was removed 
under reduced pressure to afford compound C1 as yellow oil (37.9 mg, 
0.122 mmol, >99%). 
1H NMR (400 MHz, CDCl3) δ = 10.11 (br s, 1H), 8.41 (s, 1H), 7.21-7.25 

(m, 1H), 7.18 (d, J = 2.3 Hz, 1H), 6.93 (d, J = 8.6 Hz, 1H), 3.46-3.49 (m, 1H), 3.20 (s, 2H), 2.60-2.68 (m, 4H), 
2.51 (br s, 4H), 2.32 (s, 3H) ppm.  
13C NMR (101 MHz, CDCl3) δ = 166.0, 157.0, 149.7, 131.6, 129.9, 123.9, 118.7, 118.4, 60.9, 55.0, 53.6, 45.9 
ppm. 
HRMS (ESI+): m/z calcd. for C14H20ClN4O2

+ ([M+H]+) 311.1269, measured 311.1254. 
 
(E)-N'-(5-Chloro-2-hydroxybenzylidene)-3-isobutyl-1H-pyrazole-5-carbohydrazide (D1): 

Compound D1 was synthesised according to GP-3, hydrazide D 
(51.7 mg, 0.284 mmol) and aldehyde 1 (46.5 mg, 0.297 mmol) stirred 
in MeOH (5 mL) for 2.5 h to afford compound D1 as pale yellow solid 
(88.8 mg, 0.277 mmol, 98%). 
1H NMR (400 MHz, DMSO-d6)δ = 13.14 (br s, 1H), 12.05 (s, 1H), 11.39 
(s, 1H), 8.64 (s, 1H), 7.56 (br s, 1H), 7.30 (dd, J = 8.6, 2.5 Hz, 1H), 6.94 
(d, J = 8.6 Hz, 1H), 6.54 (s, 1H), 2.53 (br d, J = 7.0 Hz, 2H), 1.91 (spt, J 

= 6.6 Hz, 1H), 0.89 (d, J = 6.6 Hz, 6H) ppm. 
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13C NMR (101 MHz, DMSO-d6) δ = 158.4, 156.0, 145.8, 145.2, 143.8, 130.5, 127.9, 122.8, 120.7, 118.2, 
104.7, 33.8, 28.2, 22.0 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₅H₁₈ClN₄O₂⁺ ([M+H]⁺) 321.1113, measured 321.1105. 
 
(E)-3-Isobutyl-N'-((5-(4-methoxyphenyl)isoxazol-3-yl)methylene)-1H-pyrazole-5-carbohydrazide (D6): 

Compound D6 was synthesised according to GP-3, 
hydrazide D (47.0 mg, 0.258 mmol) and aldehyde 6 
(53.1 mg, 0.261 mmol) stirred in MeOH (5 mL) for 2.5 h 
to afford compound D6 as white powder (92.0 mg, 
0.250mmol, 97%). 
1H NMR (400 MHz, DMSO-d6) δ = 13.17 (s, 1H), 12.08 (s, 

1H), 8.62 (s, 1H), 7.92 (d, J = 8.7 Hz, 2H), 7.24 (s, 1H), 7.09 (d, J = 8.7 Hz, 2H), 6.56 (s, 1H), 3.84 (s, 3H), 2.54 
(br d, J = 7.0 Hz, 2H), 1.92 (spt, J = 6.6 Hz, 1H), 0.90 (d, J = 6.6 Hz, 6H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 169.6, 161.2, 161.0, 158.6, 145.3, 144.0, 137.0, 127.5, 119.2, 114.7, 
104.9, 95.8, 55.4, 33.8, 28.2, 22.0 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₉H₂₂N₅O₃⁺ ([M+H]⁺) 368.1717, measured 368.1701. 
 
(E)-5-Amino-N'-(5-chloro-2-hydroxybenzylidene)-1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole-4-
carbohydrazide (E1): 

Compound E1 was synthesised according to GP-4, hydrazide E 
(10.0 mg, 0.035 mmol) and aldehyde 1 (6.1 mg, 0.039 mmol) 
stirred at reflux in MeOH (1.5 mL) for 5 h and at r.t. overnight to 
afford compound E1 as off-white solid (11.4 mg, 0.027mmol, 
77%). 
1H NMR (500 MHz, DMSO-d6) δ = 12.43 (br s, 1H), 11.48 (br s, 

1H), 8.66 (s, 1H), 8.00 (s, 1H), 7.92-7.97 (m, 2H), 7.87 (t, J = 7.8 Hz, 1H), 7.57 (br s, 1H), 7.31 (dd, J = 8.1, 2.3 
Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 6.83 (br s, 2H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 158.3, 156.0, 146.0, 145.7, 135.2, 131.1, 130.4, 128.7, 128.1, 126.0, 
124.7, 122.8, 121.5, 120.6, 120.1, 118.2 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.13 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₇H₁₃ClF₃N₆O₂⁺ ([M+H]⁺) 425.0735, measured 425.0726. 
 
(E)-5-Amino-N'-(4-(trifluoromethyl)benzylidene)-1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole-4-
carbohydrazide (E4): 

Compound E4 was synthesised according to GP-4, 
hydrazide E (10.0 mg, 0.035 mmol) and aldehyde 4 (6.3 mg, 
0.036 mmol) stirred at reflux in MeOH (1.5 mL) for 5h and 
at r.t. overnight to afford compound E4 as off-white solid 
(4.3 mg, 0.010 mmol, 28%). 1H NMR, 19F NMR, and HPLC-

MS indicate the presence of two isomers, possibly trans and cis conformers of the amide. We did not 
assign the peaks to a specific conformer and will refer to them as A and B (A:B = 1:1). 
1H NMR (500 MHz, DMSO-d6) δ = 12.30 (br s, 1H, A), 12.17 (s, 1H, B), 8.88 (s, 1H, A), 8.59 (br s, 2H, A), 8.13 
(br s, 1H, A), 8.00 (s, 1H, B), 7.87-7.98 (m, 7H, A & B), 7.77-7.86 (m, 6H, A & B), 7.52 (br t, J = 7.6 Hz, 1H, B), 
7.23 (br d, J = 7.6 Hz, 1H, B), 6.78 ppm (s, 2H, A). 
13C NMR (126 MHz, DMSO-d6) δ = 158.6, 146.2, 146.0, 141.9, 138.6, 135.2, 131.2, 130.0, 129.6, 128.7, 
127.6, 127.5, 125.8, 123.1, 121.5, 120.4, 120.2, 112.1 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.11 (A), -61.13 (B), -61.17 (A), -61.24 (B) ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₈H₁₃F₆N₆O⁺ ([M+H]⁺) 443.1050, measured 443.1022. 
 
(E)-5-Amino-N'-((5-(4-methoxyphenyl)isoxazol-3-yl)methylene)-1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-
triazole-4-carbohydrazide (E6): 

Compound E6 was synthesised according to 
GP-4, hydrazide E (10.0 mg, 0.035 mmol) and 
aldehyde 6 (7.1 mg, 0.035 mmol) stirred at 
reflux in MeOH (1.5 mL) for 5 h and at r.t. 
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overnight to afford compound E6 as off-white solid (6.9 mg, 0.015 mmol, 42%). 
1H NMR (500 MHz, DMSO-d6): δ = 12.41 (s, 1H), 8.63 (s, 1H), 8.01 (s, 1H), 7.94-7.98 (m, 2H), 7.93 (d, J = 
8.5 Hz, 2H), 7.88 (t, J = 8.1 Hz, 1H), 7.22 (s, 1H), 7.10 (d, J = 8.5 Hz, 2H), 6.81 (s, 2H), 3.84 (s, 3H) ppm. 
13C NMR (126 MHz, DMSO-d6): δ = 169.6, 161.2, 161.0, 158.6, 146.2, 136.6, 135.2, 131.2, 130.3, 128.8, 
127.6, 126.1, 121.59, 121.57, 120.2, 119.2, 114.7, 95.7, 55.4 ppm. 
19F NMR (470 MHz, DMSO-d6): δ = -61.12 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₁₇F₃N₇O₃⁺ [M+H]⁺ 472.1339, measured 472.1325. 
 
(E)-5-(2-(5-Chloro-2-hydroxybenzylidene)hydrazine-1-carbonyl)-N-(3,4-dimethoxyphenyl)-1-methyl-1H-
pyrazole-3-carboxamide (H1): 

Compound H1 was synthesised according to GP-3, 
hydrazide H (27.8 mg, 0.087 mmol) and aldehyde 1 (24.0 
mg, 0.153 mmol) stirred in MeOH (4 mL) for 3 h to afford 
compound H1 as pale yellow solid (37.3 mg, 0.086 mmol, 
94%). 
1H NMR (500 MHz, DMSO-d6) δ = 12.28 (br s, 1H), 11.07 (br 
s, 1H), 10.06 (s, 1H), 8.62 (s, 1H), 7.69 (d, J = 2.4 Hz, 1H), 
7.52 (s, 1H), 7.51 (d, J = 2.1 Hz, 1H), 7.43 (dd, J = 8.7, 
2.1 Hz, 1H), 7.33 (dd, J = 8.7, 2.4 Hz, 1H), 6.96 (d, J = 

8.7 Hz, 1H), 6.91 (d, J = 8.7 Hz, 1H), 4.23 (s, 3H), 3.75 (s, 3H), 3.73 (s, 3H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 158.9, 156.0, 155.2, 148.5, 146.1, 145.2, 145.0, 135.4, 132.2, 131.1, 
127.2, 123.1, 120.8, 118.3, 112.2, 111.9, 108.8, 105.6, 55.7, 55.4, 39.8 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₁H₂₁ClN₅O₅⁺ [M+H]⁺ 458.1226, measured 458.1198. 
 
(1r,3s,5R,7S)-3-(3-Chloro-1H-1,2,4-triazol-1-yl)-N'-((Z)-5-chloro-2-hydroxybenzylidene)adamantane-1-
carbohydrazide (I1): 

Compound I1 was synthesised according to GP-4, hydrazide I (14.5 mg, 
0.049 mmol) and aldehyde 1 (7.9 mg, 0.050 mmol) stirred in MeOH (1 mL) 
for 2 h to afford compound I1 as off-white solid (6.5 mg, 0.015mmol, 
31%). 
1H NMR (500 MHz, DMSO-d6): δ = 11.35 (s, 1H), 11.28 (s, 1H), 8.70 (s, 1H), 
8.52 (s, 1H), 7.59 (d, J = 2.6 Hz, 2H), 7.29 (dd, J = 8.8, 2.6 Hz, 2H), 6.92 (d, 
J = 8.8 Hz, 1H), 2.32 (br s, 1H), 2.25 (s, 1H), 2.13 (d, J = 12.0 Hz, 2H), 2.07 
(d, J = 12.0 Hz, 2H), 1.93 (d, J = 11.6 Hz, 2H), 1.87 (d, J = 11.6 Hz, 2H), 1.70 
(br s, 2H) ppm. 
13C NMR (126 MHz, DMSO-d6): δ = 171.6, 156.0, 150.2, 145.2, 142.9, 
130.6, 127.6, 122.9, 120.6, 118.2, 59.6, 42.4, 41.8, 40.4, 36.8, 34.2, 28.6 

ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₀H₂₂Cl₂N₅O₂⁺ ([M+H]⁺) 434.1145, measured 434.1135. 
 
(E)-3-Chloro-N'-(5-chloro-2-hydroxybenzylidene)benzohydrazide (K1): 

Compound K1 was synthesised according to GP-3, hydrazide K 
(85.0 mg, 0.498 mmol) and aldehyde 1 (80.0 mg, 0.511 mmol) stirred 
in MeOH (5 mL) for 2h to afford compound K1 as off-white solid 
(154.0 mg, 0.498 mmol, >99%). HPLC-MS indicates the presence of 
two isomers, possibly trans and cis conformers of the amide. We 

did not assign the peaks to a specific conformer and will refer to them as A and B (A:B = 93:7). 
1H NMR (400 MHz, DMSO-d6) δ = 12.24 (s, 1H), 11.19 (br s, 1H), 8.63 (s, 1H), 7.98 (t, J = 1.6 Hz, 1H), 7.90 (dt, 
J = 7.8, 1.6 Hz, 1H), 7.66-7.70 (m, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.32 (dd, J = 8.9, 2.7 Hz, 1H), 6.96 (d, J = 8.9 Hz, 
1H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 161.6, 156.1, 146.1, 134.8, 133.4, 131.9, 131.0, 130.6, 127.4, 126.6, 
123.1, 120.7, 118.3, 109.6 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₄H₁₁Cl₂N₂O₂⁺ [M+H]⁺ 309.0192, measured 309.0186. 
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(E)-3-Chloro-N'-(4-(trifluoromethyl)benzylidene)benzohydrazide (K4): 
Compound K4 was synthesised according to GP-3, with some 
adaptations. Hydrazide K (100.0 mg, 0.586 mmol) and aldehyde 4 
(103.0 mg, 0.592 mmol, 1 mL MeOH) stirred in MeOH (3 mL) for 1 
h. The crude was purified by flash column chromatography 
(EtOAc:PE, product at 1:1) to afford K4 as a white powder (162.0 
mg, 0.496 mmol, 85%). 

1H NMR (400 MHz, DMSO-d6) δ = 12.12 (br s, 1H), 8.52 (s, 1H), 7.93-7.99 (m, 3H), 7.89 (br d, J = 7.8 Hz, 1H), 
7.81 (br d, J = 8.2 Hz, 2H), 7.68 (d, J = 7.8 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H) ppm. 
13C NMR (126 MHz, DMSO-d6) δ = 161.9, 146.6, 138.2, 135.2, 133.3, 131.8, 130.6, 129.8, 127.8, 127.4, 
126.6, 125.8, 124.1 ppm. 
19F NMR (470 MHz, DMSO-d6) δ = -61.20 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₅H₁₁ClF₃N₂O⁺ [M+H]⁺ 327.0507, measured 327.0493. 
 
(E)-N'-(5-Chloro-2-hydroxybenzylidene)isonicotinohydrazide (L1): 

Compound L1 was synthesised according to GP-3, with some 
adaptations. Hydrazide L (53.2 mg, 0.388 mmol) and aldehyde 1 
(61.3 mg, 0.392 mmol) were stirred at reflux in MeOH (2 mL) for 5 h and 
at r.t. overnight. Compound L1 was afforded as pale yellow solid (105.2 
mg, 0.382mmol, 98%). 

1H NMR (400 MHz, DMSO-d6) δ = 12.35 (s, 1H), 11.11 (s, 1H), 8.80 (d, J = 6.2 Hz, 2H), 8.66 (s, 1H), 7.84 (d, J 
= 6.2 Hz, 2H), 7.70 (d, J = 2.5 Hz, 1H), 7.33 (dd, J = 8.6, 2.5 Hz, 1H), 6.96 (d, J = 8.6 Hz, 1H) ppm. 
13C NMR (101 MHz, DMSO-d6) δ = 161.5, 156.1, 150.4, 146.5, 139.9, 131.1, 127.2, 123.1, 121.5, 120.7, 118.3 
ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₃H₁₁ClN₃O₂⁺ [M+H]⁺ 276.0534, measured 276.0526. 
 

MtbIspE expression and purification 
The synthetic gene encoding for MtbIspE was purchased from GenScript, GmbH cloned inside the plasmid 
pvp008, downstream a N-terminal StrepII tag followed by a TEV site.  The plasmid was transformed into 
RB-competent E. coli Arctic express (DE3). Transformed E. coli cells were grown in LB medium at 37 °C 
until OD600 reached 0.6; after that, protein expression was induced adding 0.5 mM IPTG and the protein 
was expressed at 16°C for 48 hours. Cells were harvested by centrifugation at 5000 rpm for 20 minutes. 
The pellet was resuspended in wash buffer (50 mM HEPES pH 7, 100 mM NaCl, 5 mM MgCl2, 5 mM DTT) 
and sonicated for cell disruption. The lysate was cleared by centrifugation for 45 minutes at 16000 rpm at 
4 °C. The supernatant was syringe-filtered and loaded onto a self-packed StreptActin-HC column 
equilibrated in was buffer. MtbIspE was eluted with a single step 40 mL gradient at 100% elution buffer 
(50 mM HEPES pH 7, 100 mM NaCl, 5 mM MgCl2, 5 mM DTT, 5 mM desthiobiotin). Protein purity was verified 
via SDS-PAGE. The purification yield was 2 mg/L. 

MtbIspE stability study via thermal shift assay 
The stability of MtbIspE in the DCL buffer conditions was studied for 10 days by measuring its melting 
temperature (Tm) using thermal shift assay (TSA). MtbIspE incubated at a final concentration of 0.2 mg/mL 
in Tris-HCl buffer at pH 7.0 with 5%,-and 10% DMSO at r.t. and samples were measured in duplicate at t = 
0, 1, 2, 6, 8 & 10 days (10% DMSO sampling stopped after day 6). The experiments were performed in a 96-
well PCR plate (Thermoscientific). The final volume per well was 20 µL, consisting of 18 µL of MtbIspE 
sample (as mentioned above), and 2 µL of GloMelt dye (diluted 20x with H2O). The plate was centrifuged 
for 1 min at r.t. at 1200 rpm. The Tm of the protein was measured using a Real-time PCR machine (Step one 
plus, Applied Biosystem). The conditions of the experiment were adjusted using Step One 2.3 software. 
The starting temperature, the ending temperature and the heating rate were set as 21 °C, 95 °C and 0.5 °C 
/ min, respectively. The melting curves were analyzed using Protein Thermal Shift 1.3 software. Tm of 
MtbIspE under these conditions was found to range from 50.4 °C to 51.3 °C, with one duplicate of day 6 
(5% DMSO sample) discarded due to anomalies in the measurement. As expected MtbIspE is more stable 
and has higher Tm at 5% DMSO than 10% DMSO. The Tm of MtbIspE with 5% DMSO steadily declines from 
day 6 (Figure S1). 



4.   Chapter 

89 
 

In silico elucidation of tdDCC hits’ binding mode 
Docking studies were performed using a pre-release of SeeSAR 13.1 (BioSolveIT, GmbH, Sankt Augustin, 
Germany), provided for beta-test by the company. Two published MtbIspE crystal structures in complex 
with ADP and CDP-ME (PDB accession code: 3PYF and 3PYE respectively) were superimposed and the 47 
amino-acid in the binding region of both ADP and CDP-ME were used to define active site on 3PYF 
structure. All 72 possible product combinations (DCL-1, -2,-3, and-4) were docked on the active site 
defined as described above generating a maximum of 10 poses per molecule using standard docking 
parameters of SeeSAR software. The 720 poses generated were clustered by fragment and filtered basing 
on calculated torsion quality and molecular clashes. The binding pose of each fragment in the different 
molecules was visually analysed to determine whether a tendency in predicted binding pose of such 
fragments was found (Figure S10 –S12,p. 11). 

Kinetic turbidimetric solubility 
The desired compounds were sequentially diluted in DMSO in a 96-well plate. 7.5 µL of each well were 
transferred into another 96-well plate and mixed with 142.5 µL of PBS. Plates were shaken for 5 min at 
600 rpm at r.t., and the absorbance at 620 nm was measured. Absorbance values were normalized by 
blank subtraction and plotted using GraphPad Prism 8.4.2 (GraphPad Software, San Diego, CA, USA). 
Solubility (S) was determined based on the First X value of AUC function using a threshold of 0.005. 

MtbIspE binding study via MicroScale Thermophoresis 
MtbIspE buffer was exchanged to 50 mM HEPES pH 7, 100mM NaCl, 5 mM MgCl2, 5 mM TCEP before 
protein labelling. The enzyme was labelled with Cy5 following the protocol indicated by NanoTemper. 
Labelled MtbIspE was diluted to 400 nm and used mixed 1:1 with 40 µM of each ligand. MicroScale 
Thermophoresis experiment was performed with a Monolith N.115 (Nanotemper Technologies, GmbH, 
Munich, Germany) using Standard Capillaries (Nanotemper Technologies, GmbH, Munich, Germany). 
Each binding event was evaluated at a final concentration of 200 nM MtbIspE and 20 µM of each ligand. All 
the measurements were performed in triplicates. Data analysis was automatically performed by Mololith 
NT.115 Control and Analysis software (Nanotemper Technologies, GmbH, Munich, Germany). 

MtbIspE binding study via thermal shift assay 
The shifts in Tm of MtbIspE induced by the compounds were determined via TSA. MtbIspE (15 µM) was 
incubated with 20 µM of each compound for 30 min in 50 mM HEPES (pH 7.0, 100 mM NaCl, 5 mM MgCl2, 
5 mM DTT). After that, SYPRO ORANGE fluorescent dye (Thermo Fisher) was added at a final concentration 
of 5X. Melting curves of each sample was measured increasing the temperature from 10 °C to 95 °C with 
an increase of 1 °C/30 sec and recording fluorescence of SYPRO ORANGE after every temperature increase 

using CFX96 real-time system-C1000 Thermal Cycler (Bio-Rad).  Melting temperature (Tm) of each sample 
were calculated using CFX manager 2.0 software (Bio-Rad). Data analysis and visualization was performed 
using Excel and GraphPad 9.8. 

Determination of E.coli activity 
Growth inhibition values were determined in 96-well plates (Sarstedt, Nümbrecht, Germany) against 
Escherichia coli K12 and E. coli ∆tolC. As bacteria start OD600 0.03 was used in a total volume of 200 µL in 
lysogeny broth (LB) medium containing the compounds dissolved in DMSO (DMSO concentration in the 
experiment: 1%) at a concentration of 50 µM. The OD values were measured using a CLARIOstar 
platereader (BMG labtech, Ortenberg, Germany) after inoculation and after incubation for 18 h at 37 °C 
with 50 rpm. Based on these values, percent inhibition values were calculated in relation to the DMSO 
control. 

Determination of in vitro anti-tubercular activity and solubility in 7H9 medium 
Anti-tubercular tests were performed as previously described.1 In brief, 7H9 complete medium (BD Difco; 
Becton Dickinson, Maryland,USA) supplemented with 10% OADC (BD), 0.2% glycerol, and 0.05% Tween80 
as previously described,3 was used to culture Mycobacterium tuberculosis (Mtb) strain H37Rv (ATCC 
25618) carrying a mCherry-expressing plasmid (pCherry10).4 Cultures were harvested at mid-log phase 
and frozen in aliquots at – 80 °C. Prior to testing aliquots were thawed followed by centrifugation and the 
pellet was resuspended in 7H9 medium with 10% OADC (without glycerol and Tween80). This was further 
thoroughly resuspended by passing it through a syringe with a 26-gauge needle to avoid clumping of the 
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bacteria. 2×105 CFU (colony forming units) were then cultured in a total volume of 100 μl culture medium 
(triplicates) to test the non-precipitating compounds for the anti-tubercular activity at the concentrations 
indicated. For these assays, 96-well flat clear bottom black polystyrene microplates (Corning® CellBIND®, 
Merck, New York, USA) were used. Each plate had Rifampicin (at 1 μg/ml and 0.1 μg/ml) (National 
Reference Center, Borstel) as a reference compound. Plates were sealed with an air-permeable 
membrane (Porvair Sciences, Wrexham, UK) in a 37 °C incubator with mild agitation (TiMix5, Edmund 
Bühler, Germany). The activity of compounds was determined after 7 days by measuring the bacterial 
growth as relative light units (RLU) from the fluorescence intensity obtained at an excitation wavelength of 
575 nm and an emission wavelength of 635 nm in a microplate reader (Synergy 2, BioTek Instruments, 
Vermont, USA). Two independent experiments (each in triplicates) were performed, and all values were 
normalized to untreated control sample (100%) in each experiment. 

Cytotoxicity assay 
To obtain information regarding the toxicity of our compounds, their impact on the viability of human cells 
was investigated. HepG2 cells (2x104 cells per well) were seeded in 96-well, flat-bottomed culture plates 
in 100 µL culture medium (DMEM containing 10% fetal calve serum, 1% penicillin-streptomycin). Twenty-
four hours after seeding the cells, medium was removed and replaced by medium containing test 
compounds in a final DMSO concentration of 1%. Compounds were tested in duplicates at a single 
concentration or, for CC50 determination, at 8 concentrations that were prepared via 2-fold serial dilutions 
in 1% DMSO/medium. Epirubicin and doxorubicin were used as positive controls in serial dilutions starting 
from 10 µM, and rifampicin was used as a negative control (at 100 µM). The living cell mass was determined 
48 h after treatment with compounds by adding 0.1 volumes of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/mL sterile PBS) (Sigma, St. Louis, MO) to the wells. After 
incubating the cells for 30 min at 37 °C (atmosphere containing 5% CO2), medium was removed and MTT 
crystals were dissolved in 75 µL of a solution containing 10% SDS and 0.5% acetic acid in DMSO. The 
optical density (OD) of the samples was determined photometrically at 570 nm in a PHERAstar Omega 
plate reader (BMG labtech, Ortenberg, Germany). To obtain percent viability for each sample, their ODs 
were related to those of DMSO controls. At least two independent measurements were performed for each 
compound. The calculation of CC50 was performed using the nonlinear regression function of GraphPad 
Prism 10 (GraphPad Software, San Diego, CA, USA). 
 

Supplementary Figures 
MtbIspE stability study via thermal shift assay 
 

 
Figure S1. MtbIspE melting temperature evolution over a period of 10 days at pH = 7.0 in Tris-HCl buffer with 5%, and 
10% DMSO. 
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HPLC-MS/MS peak assignments and determination of equilibrium  

 
Figure S2. Product peak assignment for tdDCC analysis. HPLC UV absorbance at 310nm of DCL-1 at A) 24 h and B) 
30 h of blank and protein-templated duplicates. The following products were not considered: A1–A3 (not found), C2 
(interference with injection peak), C3 (RPA <1%). 
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Figure S3. Product peak assignment for tdDCC analysis. HPLC UV absorbance at 310nm of DCL-2 at 24 h of blank and 
protein-templated duplicates. The following products were not considered: G5 (interference with injection peak), L5 
and J5 (RPA <1%). 

 
Figure S4. Product peak assignment for tdDCC analysis. HPLC UV absorbance at 310nm of DCL-3 at 24 h of blank and 
protein-templated duplicates. The following products were not considered: G2, G3 and L2 (interference with injection 
peak). 
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Figure S5. Product peak assignment for tdDCC analysis. HPLC UV absorbance at 310nm of DCL-4 at 24 h of blank and 
protein-templated duplicates. The following products were not considered: C5 (interference with injection peak), F5 
(RPA <1%), and M5 (not found). 
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Figure S6. Graphical determination of equilibrium in blank DCL-2. A) 
Evolution of relative peak areas (RPA) of formed acylhydrazones over 
time. B) Normalised RPAs over time. C) Change of RPA in each time 
interval. 
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Figure S7. Graphical determination of equilibrium in blank 
DCL-3. A) Evolution of relative peak areas (RPA) of formed 
acylhydrazones over time. B) Normalised RPAs over time. C) 
Change of RPA in each time interval. 

Figure S8. Graphical determination of equilibrium in blank 
DCL-4. A) Evolution of relative peak areas (RPA) of formed 
acylhydrazones over time. B) Normalised RPAs over time. 
C) Change of RPA in each time interval. 
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Amplification of N-acylhydrazones in the PT experiments 

 
Figure S9. Amplifications of N-acylhydrazone products in protein-templated experiments DCL-2,-3, and-4 at 24 h. In 
the case of DCL-2, also at 35 h. 
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In silico elucidation of tdDCC hits’ binding mode 

 
Figure S10. Binding poses of hit-structures containing fragment 1 and natural substrates. Molecules are represented 
with the following colours: C1 in blue; D1 in violet, H1 in yellow, I1 in pink, K1 in green, L1 in brown, CDP-ME and ADP 
in grey. 

 

Figure S11. Binding poses of hit-structures containing fragment E and natural substrates. Molecules are represented 
with the following colours: E1 in blue, E4 in red, E6 in violet, CDP-ME and ADP in grey.  
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Figure S12. Binding poses of hit-structure E1 and natural substrates. Molecules are represented with the following 
colours: E1 in blue, CDP-ME and ADP in grey.  
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Abstract 
In this study, we built a diverse fragment library comprising 110 alkynes to perform kinetic target-guided 
synthesis (KTGS) based on the azide-alkyne cycloaddition. This technique exploits the catalytic potential 
of biological targets, to accelerate the cyclisation between azides and alkynes, effectively forming their 
own selective triazole ligands. KTGS is an ideal hit-optimisation and -expansion strategy, yet, our tailored 
azide did not perform as hoped and no triazole products were formed by our target: 4-diphosphocytidyl-
2C-methyl-D-erythritol kinase (IspE). We successfully changed direction towards fragment-based hit-
identification, screening the alkyne library via thermal shift assay obtaining several hits. Five diverse hit 
structures were verified and used to select over 200 additional compounds leading to the identification of 
five compounds that inhibit IspE from Pseudomonas aeruginosa (Pa). Notably, these structures are the first 
reported inhibitors of PaIspE, and pave the way to targeting IspE in this critical Gram-negative bacterial 
pathogen. 

                           
 

Keywords: kinetic-target guided synthesis, click chemistry, fragment-based screening, IspE, 
Pseudomonas aeruginosa. 

Introduction 
With antimicrobial resistance posing a significant global health threat,1,2 the application of novel and 
effective medicinal-chemistry approaches is key to accelerate the discovery of anti-infectives with 
unprecedented modes of action.3,4 In the search for promising drug targets, the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway has emerged as a compelling candidate as it is essential for numerous 

mailto:Anna.Hirsch@helmholtz-hips.de


5.   Chapter 

102 

 

pathogens, including the causative agents of malaria, tuberculosis, and all Gram-negative bacteria.5,6 
These critical pathogens rely solely on the MEP pathway as a source of the vital isoprenoid precursors 
isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP). Given that in humans IDP and 
DMADP are formed through the mevalonate pathway, this metabolic divergence minimises selectivity 
concerns. Despite research efforts spanning decades and all seven enzymes of the MEP-pathway being 
considered druggable, the discovery of potent inhibitors has proven challenging, presumably owing to the 
highly hydrophilic active sites.7 In our study, we focus on the fourth enzyme of the pathway: 4-
diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE). While several inhibitor classes targeting IspE have 
been reported, the most potent example exhibits low single-digit micromolar activity with no whole-cell 
activity.8 It is also the only inhibitor class co-crystallised with IspE. Recently, we employed virtual screening 
to identify novel IspE inhibitors within a focused library designed for improved accumulation within 
Escherichia coli (Ec).9 Subsequent optimisation efforts regarding the inhibition of IspE, however, have 
encountered significant hurdles. Therefore, we sought to explore alternative strategies prioritising target 
specificity. 

Kinetic target-guided synthesis (KTGS) is a powerful tool in early-stage drug discovery, facilitating hit-
optimisation and the structural expansion of initial hits through protein-templated (PT) synthesis. In KTGS, 
the biological target itself assembles ligands from pre-defined building blocks. Suitable fragments bind to 
the target's dynamic surface and undergo accelerated covalent bond formation, leading directly to the 
creation of selective binders.10 Therefore, this method is best suited when intitial hits with affinity for the 
target are available and less for hit-identification efforts. In addition, the reaction chosen for KTGS needs 
to be compatible with the biological target. The most widely used reaction in KTGS is the click chemistry of 
azides and alkynes to form triazoles. Click chemistry, recently recognised by the Nobel Prize, refers to 
simple, atom-economic reactions, comprising some possible bioorthogonal reactions like the 
forementioned cycloaddition.11 A typical approach consists in using a small number of azides tailored to 
the target in combination with a larger number of alkynes (random or pre-filtered).10 Notably, only the 
compounds formed by the target require biological evaluation and thus synthesis, making KTGS a cost- and 
time-effective method. Following this approach, many successful studies have been reported, establishing 
KTGS as a robust drug discovery method for hit-optimisation, and expansion.12–16 

Recognising the need for enhanced-affinity hits for IspE, this study explores KTGS for the identification of 
selective IspE inhibitors. We designed azides based on an EcIspE hit 1 (Figure 2A) that originates from a 
recent study,17 and combined them with a diverse alkyne library. Unfortunately, no triazole hits could be 
identified, potentially due to a lack of target affinity of the designed azide fragments. Consequently, we 
switched strategies to pursue fragment-based hit-identification using the alkyne fragment library. This 
approach led to the identification of five alkyne fragment hits that were used to pursue hit-optimisation 
studies leading to the discovery of two new IspE inhibitor classes. 

Results and Discussion 

Selection, design and synthesis of building blocks for KTGS 

We chose the well-established Huisgen 1,3-dipolar cycloaddition with azides and alkynes as a reaction for 
the KTGS experiments, following the typical approach using an excess of alkynes compatred to azides.13 
Therefore, we built an alkyne library of 110 diverse fragments containing one terminal alkyne 
(Supplementary Information (SI), Table S2). We filtered around 600 alkyne-containing compounds using 
favourable values of chemical descriptors (MW < 350, clogS > –7 etc.), and excluded any fragments 
containing reactive or otherwise problematic functional groups. We generated a chemical space map of 
these remaining candidates to ensure a diverse selection spanning a wide chemical space, thereby 
enhancing the library's potential for favourable interactions with the protein. From the 110 selected 
alkynes, 39 fragments originated from our in-house reagents, eight had been synthesised for previous 
studies in our group,18–20 and 63 fragments belong to the Specs library (Figure 1). We grouped the fragments 
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into 16 clusters, containing six or seven alkynes each 
to combine with azide fragments in the KTGS 
experiment. For ease in the LCMS/MS analysis, all 
alkynes within a cluster had distinct molecular 
weights. 

We designed the complementary azide fragments for 
the KTGS experiment based on EcIspE inhibitor 1 
(Figure 2A), recently identified in our group through a 
phenotypic screening against Plasmodium 
falciparum (Pf). Using the coupled IspE pyruvate 
kinase/lactate dehydrogenase (PK/LDH) assay, we 
determined a moderate inhibition of IspE by hit 1. Unfortunately, as inhibition of PK/LDH was found, we 
discontinued our IspE structure–activity relationship (SAR) study of this class. Nevertheless, we opted to 
pursue hit 1 further using KTGS to improve its selectivity. Therefore, we designed azides 2–4 (Figure 2B), 
which maintain the left-hand side of 1 (highlighted in blue, Figure 2A) while removing the undesirable 
aromatic nitro scaffold. In the design of the building blocks, the azide functionality replaces the amide 
linker of 1, either being directly bound to the pyrazole (azide 3) or through a methylene for variable linker 
length (azide 2). The methylene linker of azide 2 provides greater flexibility compared to azide 3, enhancing 
its potential to align with bound alkynes and facilitate the formation of triazoles.21 In addition, we isolated 
acyl azide 4, which was an intermediate in the synthesis of azide 3 (Scheme 1), with the aim to potentially 
investigate the development of a novel KTGS reaction. Electron-poor azides do not undergo click chemistry 
via copper(I)-catalysis to form triazoles,22 however, in the case of carbonyl azides, specific copper(I)-
complexes can catalyse the formation of 2,5-substituted oxazoles through loss of nitrogen.23 Therefore it is 
worth contemplating that enzymes or other biological targets could catalyse this oxazole formation as well 
(Figure 2B). The choice of maintaining the left-hand side of hit 1 in the azide building blocks aligns with our 
recent target-directed dynamic combinatorial (tdDCC) study using IspE from Mycobacterium tuberculosis 
(4. Chapter).24 In this protein-templated experiment, the most frequently appearing building block in the 
hits contained the same phenyl with para-substituted OH and Cl functionalities as 1 (Figure 2C). 
Additionally, our phenotypic study revealed that the class of hit 1 retains its anti-infective activity regardless 
of the type of substituent on the right-hand aromatic ring (electron-withdrawing, electron-donating, small, 
and large). We wanted to further explore the malleability of this side (highlighted in grey Figure 2A). Thus, 
we maintained the phenol and the pyrazole scaffolds in the design of the azides for the KTGS experiment.  
 

 
Figure 2. A) Structure of compound 1 and its bioactivity. B) Designed azides for hit expansion based on 1, and their 
potential KTGS products. C) Most common building block in a target-directed dynamic combinatorial (tdDCC) study 
using IspE. 

The synthesis of azides 2–4 started from the common building block 5, which stems from our recent study 
on the class of hit 1 (Chapter A).17 The divergent manipulation of the carboxylic acid of derivative 5, affords 

Figure 1. Origin of 110 selected alkyne building blocks. 
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the corresponding azides with (2) and without (3) the methylene linker. Acid chloride formation in situ and 
subsequent addition of sodium azide formed acyl azide 4. Under aqueous acidic conditions, 4 underwent 
a Curtius rearrangement resulting in amine 6, which gave azide 3 using the azide transfer reagent 1H-
imidazole-1-sulfonyl azide. Azide 3 started to degrade at room temperature (r.t.) overnight, which precluded 
further investigations of the compound. To obtain azide 2, a methyl esterification of 5, followed by reduction 
using lithium aluminium hydride afforded primary alcohol 8. A subsequent Appel reaction afforded alkyl 
bromide 9, which finally resulted in our desired azide 2 through a substitution reaction with sodium azide, 
with acceptable yield (Scheme 1).  

 
Scheme 1. Synthesis of azides 2–4, reagents and conditions: i. SO2Cl, PhCH3, 110 °C, 16 h; ii. NaN3, DMF, 0 °C, 30 min; 
iii. AcOH:H2O (1:1), reflux, 1 h; iv. ZnCl2, K2CO3, DIPEA, 1H-imidazole-1-sulfonyl azide hydrochloride, CH3OH, 0 °C–r.t., 
3 h; v. H2SO4, CH3OH, reflux, 2.5 h; vi. LiAlH4, THF, 0 °C, 2 h; vii. PPh3, CBr4, CH2Cl2, 0 °C–r.t., 2.5 h; viii. NaN3, KI, DMF, 
r.t., 1 h.  

Experimental setup and analysis of KTGS 
To our disappointment, the synthesised azides 2 and 4, did not inhibit EcIspE, 
therefore, we adapted our initial KTGS strategy. Aiming to increase the likelihood of 
hit identification, we broadened the structural diversity by including commercially 
available azide 10 (Figure 3). As mentioned above, acyl azide 4, could be useful in 
the development of a new KTGS reaction forming oxazoles, however, due to its 
inactivity a proof-of-concept KTGS is highly unlikely to succeed. Therefore, we used 
azides 2 and 10 in combination with the alkyne library for our KTGS experiment. We 
investigated and optimised the experimental conditions, starting with the stability of the protein. We 
monitored the stability of EcIspE over fourteen days at r.t. in HEPES and Tris buffer at pH = 7.0 and 8.0 with 
up to 10% DMSO by measuring its melting temperature (Tm) periodically (Table S1 and Figure S1). The 
protein was largely stable under the tested conditions, based on these results we chose to perform the 
KTGS experiment in HEPES buffer at pH = 7.0 with 5% DMSO. We determined the highest usable 
concentration of all the KTGS components under the chosen conditions resulting in 25 µM for EcIspE, 
250 µM for the azide building blocks, and 100 µM for the alkyne building blocks. We used these 
concentrations for the setup of the KTGS, incubating each azide individually with each of the 16 alkyne 
clusters in presence of EcIspE, creating a total of 32 alkyne-azide mixtures. Considering a total of 110 
alkynes and the possible formation of both 1,4- and 1,5-substituted triazoles, this provides 440 potential 
products.13 In addition to this protein-templated (PT) experiment, we included positive and negative 
controls to ensure the validation of potential KTGS hits. The negative control being identical to the PT 
experiment but excluding EcIspE. For the positive control we increased the concentration of the azide 
building blocks and used CuSO4 and ascorbic acid as catalysts generating 1,4-substituted triazoles 

 
Figure 3. Chemical 
structure of azide 
10. 
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(copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) conditions). The KTGS experiment spanned 
fourteen days, with periodic sampling (on day 4, 7, and 14). We prepared all samples in the same way; 
addition of ACN followed by centrifugation and collection of the supernatant for LCMS/MS analysis. The 
LCMS/MS data of the PT experiments were compared to the data of both control experiments to identify 
potential triazole hits. Regrettably, we were unable to identify any triazole product in the UV spectra of the 
LCMS/MS of the PT samples. To rule out that slow product formation led to insufficient UV absorption, we 
extracted the target ion data for all samples and analysed them in detail. We first compared the retention 
times (tR) of the products from the positive control with the respective tR in PT samples and found a few 
matches. Closer inspection, however, revealed them as noise or they were also found in the negative 
controls with similar intensity. We further broadened our search by excluding the tR parameter, aiming to 
capture potential 1,5-triazoles with significant differences in tR compared to the 1,4-regioisomer. 
Unfortunately, this approach also yielded no hits, concluding that our KTGS experiment was unsuccessful. 
The challenges we faced emphasise the importance of utilising verified binders as one of the two building 
blocks, not only for the design of the building blocks, but also to verify their affinity for the target once 
synthesised. Given that azide 2 did not show affinity for our target the KTGS experiment shifted from hit-
expansion to hit-finding, two approaches with different building-block requirements. In the case of hit-
finding the covered chemical space needs to be wide for both kinds of building blocks. We only employed 
two azides in our KTGS, heavily constraining the possibility of obtaining hits. In addition, hit-identification 
can be particularly difficult for certain protein targets with challenging binding pockets such as IspE’s rather 
hydrophilic pocket. 

Biophysical screening of the alkyne fragment library  
Following the unsuccessful KTGS attempt applied to EcIspE, we wanted to make use of our structurally 
diverse alkyne library, and pursued an alternative biophysical fragment-based hit-discovery approach. For 
the initial screening, we chose the thermal shift assay (TSA), which aims at identifying compounds binding 
to the protein of interest by observing the difference in thermal stability between the target alone and the 
target incubated with each potential ligand.25 Based on this, we decided to exclude the alkyne fragments 
smaller than 150 Da, whose influence on the thermal stability of IspE was assumed to be too small to be 
detected via TSA. In addition, we decided to change the protein homologue, moving from EcIspE the most 
studied homologue, to IspE from Pseudomonas aeruginosa (Pa), a highly critical Gram-negative bacterium 
not investigated in the context of IspE thus far.  

For the TSA, we incubated the 79 fragments individually with the target protein and evaluated their impact 
on the melting temperature of IspE. Four alkyne fragments induced a significant change in Tm of PaIspE of 
at least 2 °C (Figure 4A), in all cases the induced shift was negative, indicating a decrease in the thermal 
stability of the protein. To further investigate the negative thermal shift, we decided to test the alkyne library 
also on Aquifex aeolicus (Aa) IspE. This model organism is a hyperthermophile, therefore its proteins 
usually display much higher thermal stability than the mesophiles’ orthologues. We were interested in 
seeing if the thermal shifts would be amplified in a thermostable IspE. Indeed, this approach identified 
many fragments that induced a ΔTm ≥ 2 °C. Consequently, we decided to set a higher ΔTm threshold for 
AaIspE of ΔTm > 8°C, also obtaining four preliminary hits (Figure 4B). However, only fragment 11 with the 
biggest ΔTm in PaIspE of –8 °C, also showed a significant change in Tm for AaIspE of –6 °C. We decided to 
use an alternative biophysical method, microscale thermophoresis (MST), to verify the binding of PaIspE 
hits 11–14. Once again, exclusively fragment 11 gave a positive response showing reproducible binding. 
Compounds 12–13 belong to the same class of compounds and could not be evaluated because they were 
aggregating. Compound 14 is a very small fragment and did not bind in the MST experiment. In the case of 
AaIspE, to verify the only hit stabilising the protein with a positive shift in Tm, we performed a dose-
dependent TSA experiment evaluating the dissociation constant (KD) using FoldAffinity, resulting in the 
verification of hit 18 with a good binding affinity for its small size (KD = 26 µM). We decided to evaluate the 
ΔTm of the remaining AaIspE hits using Tycho TSA. This technique has an alternative read-out, detecting the 
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intrinsic fluorescence of the amino-acids tryptophan and tyrosine and has a much faster temperature 
gradient compared to the classical TSA, which follows protein unfolding using a fluorescent dye. We 
obtained significant Tm shifts using Tycho TSA, verifying that the compounds were binding to IspE. In 
conclusion, our alkyne fragment screening resulted in five hits (11, 15–18), compound 11 stands out by 
binding both tested homologues of IspE, and fragment 18 is also very promising with a moderate affinity in 
the micromolar range. 

 
Figure 4. Structures of initial hits from the thermal shift assay (TSA). A) Pseudomonas aeruginosa (Pa) IspE hits. B) 
Aquifex aeolicus (Aa) IspE hits. 

Hit expansion based on alkyne fragment hit structures 

We selected over 200 compounds (Table S3) from the Specs library to follow up the verified hits 11, and 15–
18. Given the small size of the structures, our goal was to primarily grow the compounds to increase the 
affinity and obtain more drug-like hits. Additionally, we also selected analogues similar in size to the alkyne 
hits with minor structural variations to get insights into the SAR. To achieve this, we first performed a 
substructure search of the hits, removing their alkyne handle. In addition, to increase the structural 
diversity, we performed similarity searches to allow variable linker-, ring-sizes, and heteroatoms. We 
filtered the lists obtained for favourable properties (MW < 500, clogP < 5, number of H-bonds etc.) before 
selecting compounds for biophysical screening. This final selection was mostly hand-picked to include the 
widest variety of drug-like compounds for each verified hit, selecting between 47 and 78 analogues for hits 
11, 16, and 17 (Figure 4, Table S3). Given that the Specs library did not contain as many closely-related 
structures of hit 15 and 18, we could only include thirteen and 22 analogues, respectively. Taking advantage 
of the fragments’ alkyne handle, we attempted to establish a mid-throughput CuAAC workflow using a 24-
tube parallel synthesiser, to grow the hits into triazole products using commercially available azides. For 
this purpose we chose non-miscible solvents, facilitating the isolation of products using phase-separation 
filters for a rapid work-up at small scales (< 100 µmol). Challenges arose as the stirring in the narrow 
parallel synthesiser tubes proved insufficient for thorough mixing of both phases, while ensuring complete 
solubilisation of all reagents. Consequently, we decided to only synthesise a few triazoles (19–22) in the 
standard fashion (Scheme 2).  
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Scheme 2. Copper(I)-catalysed alkyne-azide cycloaddition synthesis of triazoles 19–22 from alkyne hit 15 and their 
protein binding evaluation results. 

The triazoles synthesised and the selection of analogues from the alkyne hits were tested in a similar 
workflow as the original alkyne library. For the synthesised products 19–22, the changes in Tm of PaIspE 
were rather small, however, 19 and 21 showed positive shifts, indicating stabilisation of the protein 
(Scheme 2). Compound 22 showed no significant Tm shift and was not evaluated in MST binding 
experiments, the remaining triazole products bound to PaIspE, however, did not inhibit the protein. The 231 
analogues from the Specs library yielded nine preliminary PaIspE hits originating from the alkyne hits 11 
and 16. The ΔTm of these hits are in the same range as their parent fragments, between –7 °C and –16 °C. 
The majority of the new hits could be verified with the MST binding assay (23–25 and 27–29, Figure 5). 

 

 
Figure 5. Hit compounds originating from screening 231 Specs compounds. A) structures based on fragment hit 11. B) 
structures based on fragment 16. 

Furthermore, four of the six verified hits (23–25, and 27), as well as alkyne fragment 11 showed inhibition 
(≥ 50%) of PaIspE at 500 µM compound concentration. Inhibitors 23–25 belong to an interesting class of 
compounds as their structure contains a pyrimidine-like heterocycle with two carbonyls and a thiol 
substituent, linked to a phenyl with halogens and alkoxy substituents (Figure 5A). Notably, analogue 26, 
which does not inhibit the enzyme, does not contain the alkoxy substituents but two chlorines. Inhibitor 25, 
contains a benzoic acid linked via the alxoxy substituent serving as ester linkage, showing that we were 
able to grow the initial fragment hit 11 into a full-size drug-like compound. Unfortunately, this was not the 
case for the compounds 27–31, originating from fragment hit 16 containing a benzoic acid linked to a 
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thiotetrazole. Despite screening over sixty diverse compounds that were bigger than alkyne 16, we only 
obtained small-sized binders in the follow-up screening. The binders maintain the thiotetrazole motif from 
16, but have alternative substituents on the phenyl ring (27–29, Figure 5B). Inhibitor 27 has two methyl 
substituents on the phenyl and is the only compound of its class with inhibitory potency of PaIspE, the 
halogenated analogues 28–29 did not inhibit the enzyme. These findings on the two newly discovered IspE 
inhibitor classes give interesting structural insights into targeting PaIspE, but more examples are needed 
to establish a more thorough SAR analysis. Nevertheless, these inhibitors, as well as alkyne fragment 18 
are valuable starting points for further fragment growing, hit-optimisation, and -expansion efforts on IspE.  

Conclusions 
Our study demonstrates compatibility of IspE with KTGS, however, our hit-expansion strategy encountered 
setbacks given that the tailored azides did not exhibit the desired affinity for our target. Successful reports 
often originate from a verified binder and Peruzzotti et al. emphasised that in silico input or high-throughput 
fragment screening is essential in KTGS building block design.26 The difficulty of true random hit-finding 
through KTGS is evident, as matching building blocks must bind simultaneously and align in the correct 
orientation within the protein pocket. Therefore, the fragment libraries used for hit-discovery must cover a 
wide structural diversity for both types of building blocks, as shown by the first successful report of this 
kind from last year. Kassu et al. obtained 12 bioactive hits by combining 38 sulfonyl azides with 45 thio 
acids giving 1710 potential N-acylsulfonamide combinations.27 Ultimately, our approach was constrained 
by the limited chemical space explored, utilising only two azides. Another hit-discovery attempt would 
require expanding the azide library to cover a wider structural diversity. Given the proven potential of 
targeting IspE with the alkyne library we built, KTGS holds potential in the context of hit-optimisation and -
expansion once validated azide fragments are obtained for IspE. Nevertheless, our shift in the startegy to 
target IspE using the alkyne library yielded five hits in a fragment-based hit-identification workflow. These 
structurally diverse hits were followed up by screening hundreds of analogues, ultimately leading to five 
PaIspE inhibitors from two distinct chemical classes. To the authors knowledge these are the first reported 
inhibitors of IspE from P. aeruginosa, showcasing an important step towards targeting IspE from critical 
pathogens. The pyrimdinedione inhibitor class is particularly promising as four analogues (11, 23–25) 
showed inhibition of PaIspE, indicating that the initial hit could be grown into a drug-like compound. We 
believe that hit-optimisation efforts can be promising for our identified starting points. In particular, the 
focus at this stage lies in obtaining structural information of the ligands’ binding site in IspE to pursue 
rational drug design strategies. 
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Supplementary Methods 

General information 
All reactions using oxygen- and/or moisture-sensitive materials were carried out in dry solvents (vide infra) 
under a nitrogen atmosphere using oven-dried glassware. The reaction progress was monitored on thin 
layer chromatography (TLC) on silica gel-coated aluminum (silica gel F254, SiliCycle) or by a liquid 
chromatography-mass spectrometry (LC-MS) system equipped with a Dionex UltiMate 3000 pump, 
autosampler, column compartment, detector, and ESI quadrupole MS (MSQ Plus or ISQ EC) from Thermo 
Fisher Scientific, Dreieich, Germany. Purification of the final products, when necessary, was performed 
using preparative HPLC (Dionex UltiMate 3000 UHPLC+ focused, Thermo Scientific) on a reversed-phase 
column (C18 column, 5 μM, Macherey-Nagel, Germany). The solvents used for the chromatography were 
water (0.1% formic acid) and MeCN (0.1% formic acid). High-resolution mass (HRMS) of final products was 
determined by LCMS/MS using a Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS system. NMR 
spectra were recorded on an Agilent 400 MHz or a Bruker Avance Neo 500 MHz. Chemical shifts (δ) are 
reported in ppm relative to residual solvent signals. The following abbreviations are used to describe peak 
patterns when appropriate: s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sex (sextet), sept 
(septuplet), m (multiplet), br (broad). Coupling constants (J) are reported in Hertz (Hz).The periodic 
progress and analysis of KTGS was monitored by HPLC-MS/MS (ThermoScientific Dionex Ultimate 3000 
UHPLC System coupled to a ThermoScientific Q Exactive Focus with an electrospray ion source) using an 
Acquity Waters Column (BEH, C8 1.7 μm, 2.1 × 150 mm, Waters, Germany) at a flow rate of 0.250 mL/min 
with detection set at 210, 254, 290, and 310 nm, and the mass spectrum recorded in a positive mode in 
the range of 100−700 m/z. The solvent system was 0.1% formic acid in H2O (Solvent-A) and 0.1% formic 
acid in MeCN (Solvent-B). The gradient program began with 5% of Solvent-B for 1 min and was then 
increased to 95% of Solvent-B over 17 min and held for 2 min, followed by a decrease of Solvent-B to 5% 
over 0.1 min, where it was held for 2 min. 

Chemicals 
All reagents and solvents were purchased from Sigma-Aldrich, Specs, Fluorochem, or Acros Organics, 
were reagent grade, and used without purification unless indicated otherwise. All reactions were 
conducted under nitrogen atmosphere  using oven-dried glassware. Purifications by flash chromatography 
were done using silica gel (Screening Devices 60-200 µm). All new compounds were fully characterised by 
1H and 13C NMR and HRMS techniques. The purity of the final products was determined by HPLC-MS and 
found to be > 95%. 

Procedure for KTGS experiments  
Blank KTGS preparation: 
To a well of a 96-well plate, containing HEPES buffer (50 mM, pH 7.0), were added alkynes (100 μM each, 
in DMSO), azide (250 μM, in DMSO), and an additional amount of DMSO to reach a final concentration of 
5% with 250 μL of end-volume. The KTGS was allowed to mix on a plate shaker (200 rpm) at room 
temperature (r.t.) and was monitored via LCMS-MS after 5, 10, and 14 days. For analysis, 50 μL of the 
corresponding well was mixed with 50 μL acetonitrile, the mixture was centrifuged, and filtered before 
analysis.  
Protein-templated (PT) KTGS preparation: 
To a well of a 96-well plate, containing HEPES buffer (50 mM, pH 7.0), were added alkynes (100 μM each, 
in DMSO), azide (250 μM, in DMSO), and the protein IspE from Escherichia coli (EcIspE, 25 μM) with 250 μL 
of end-volume. The KTGS was allowed to mix on a plate shaker (200 rpm) at r.t. and was monitored via 
LCMS-MS after 5, 10, and 14 days. For analysis, 50 μL of the corresponding well was mixed with 50 μL 
acetonitrile, the mixture was centrifuged, and filtered before analysis.  
Positive KTGS control preparation using copper(I)-catalysed azide-alkyne cycloaddition (CuAAC): 
To a well of a 96-well plate, containing tBuOH:H2O (2:1), were added alkynes (100 μM each, in DMSO), 
azide (700 μM, in DMSO), sodium ascorbate aq. (NaAsc, 800 μM), CuSO4 aq. (8 mM) with 200 μL of end-
volume. The reaction mixture was allowed to mix on a plate shaker (200 rpm) at r.t. and was monitored via 
LCMS-MS after 5 days. For analysis, 50 μL of the corresponding well was mixed with 50 μL acetonitrile.  
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The composition of KTGS experiments is as below: 

Entry 
Blank PT  

Entry 
CuAAC 

amount final conc. amount final conc. amount final conc. 

HEPES 237.5 µL - 232.1 µL - 
 tBuOH:H2O 

(2:1) 
140.6 µL - 

Alkyne 
cluster 

10.5 µL 
(2.4 mM) 

100 µM  
each 

alkyne 

6 × 1.5 µL 
(9 µL) 

100 µM  
each 

alkyne 

 Alkyne 
cluster 

8.6 µL 
(2.4 mM) 

100 µM  
each alkyne 

Azide 
2 µL (31.3 

mM) 
250 µM 

2 µL (31.3 
mM) 

250 µM 
 

Azide 
2.8 µL 

(50 mM) 
700 µM 

DMSO 4.5 µL 5% 4.5 µL 5% 
 

NaAsc 
32 µL 

(50 mM) 
800 µM 

EcIspE 0 - 
5.4 µL 

(1.16 mM) 
25 µM 

 
CuSO4 

16 µL 
(10 mM) 

8 mM 

Note: The 50mM HEPES buffer contains 150 mM NaCl and 4mM MgCl2. Details on the alkyne library and 
clusters can be found in Table S2 (p.8). 

General procedure for Synthesis  
Copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) preparation (GP-1): 
Alkyne 15 (1 eq.) and the respective azide (1 eq.) were dissolved in DCM (0.1 M), sodium ascorbate aq. 
(NaAsc, 20mol%) and CuSO4 aq. (10mol%) were added to obtain a 1:1 mixture of DCM:H2O. The reaction 
mixture was covered to avoid exposure to light and stirred vigorously for 24 h. The mixture was filtered with 
a phase separation filter and washed with diethyl ether (2 mL) to obtain the pure triazole products (72–
94%).  

Characterisation of products 
2-(3-(azidomethyl)-1H-pyrazol-5-yl)-4-chlorophenol (2): 

Compound 9 (58 mg, 0.20 mmol, 1 eq.) was suspended in DMF (2 mL), potassium 
iodide (3 mg, 0.02 mmol, 0.1 eq.), and sodium azide (16 mg, 0.24 mmol, 1.2 eq.) 
was added. The reaction mixture stirred for 1 h at r.t. and was quenched with 
water (20 mL), and extracted with EtOAc (3 x 30 mL). The combined organic layers 
were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 
in vacuo, obtaining a yellow oil. The crude was purified by column 

chromatography using a gradient of 30–50% EtOAc in petroleum ether (PE) as eluent to obtain compound 
2 as off-white solid (33 mg, 0.13 mmol, 63%).  
1H NMR (500 MHz, CDCl3) δ = 9.63 (br s, 2H), 7.50 (d, J = 2.5 Hz, 1H), 7.18 (dd, J = 8.8, 2.5 Hz, 1H), 6.97 (d, J 
= 8.8 Hz, 1H), 6.61 (s, 1H), 4.54 (s, 2H) ppm. 
13C NMR (126 MHz, CDCl3) δ = 154.2, 151.0, 138.9, 129.2, 126.1, 124.3, 118.4, 117.4, 101.5, 45.4 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₀H₉ClN₅O⁺ ([M+H]⁺) 250.0490, measured 250.0495. 
 
5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carbonyl azide (4): 

Compound 5 (640 mg, 2.7 mmol, 1 eq.) was suspended in dry toluene (15 mL ), 
SOCl2 (970 mL, 13.4 mmol, 5 eq.) and 5 drops of DMF were added. The reaction 
mixture was heated to reflux, and after 1.5 h allowed to cool to r.t. before 
concentrating under reduced pressure. The residue was resuspended in in 
toluene (2 x 10 mL) and concentrated under reduced pressure. To the residue 
was added acetone (5mL) and sodium azide (262 mg, 4.0 mmol, 1.5 eq.) as 
solution in acetone:H2O (2:1, 6 mL). The yellow reaction mixture turned brown 

after 15 min and was quenched with ice-cold water (150 mL). The resulting precipitate was filtered and 
purified by column chromatography using a gradient of 10 –15% EtOAc in cyclohexane as eluent to obtain 
compound 5 as orange solid (179 mg, 0.68 mmol, 25%). 
1H NMR (500 MHz, DMSO-d6) δ = 13.86 (br s, 1H), 10.72 (br s, 1H), 7.79 (br s, 1H), 7.32 (s, 1H), 7.25 (br d, J 
= 8.3 Hz, 1H), 7.00 ppm (br d, J = 8.3 Hz, 1H). 
13C NMR (126 MHz, DMSO-d6) δ = 167.8, 153.6, 144.4, 140.5, 129.8, 127.1, 123.5, 118.5, 117.0, 108.3 ppm. 
HRMS (ESI⁺): m/z calcd. for C₁₀H₇ClN₅O₂⁺ ([M+H]⁺) 264.0283, measured 264.0275 
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5-(5-Chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxylic acid (5): 
Compound 5 was synthesised according to the literature procedure.1 
1H NMR (400 MHz, DMSO-d6) δ = 10.57 (br s, 1H), 7.83 (br d, J = 2.1 Hz, 1H), 7.31 
(br s, 1H), 7.22 (dd, J = 8.6, 2.1 Hz, 1H), 6.99 (d, J = 8.6 Hz, 1H) ppm. 
 
 
 
 

2-(3-Amino-1H-pyrazol-5-yl)-4-chlorophenol (6): 
Compound 4 (33 mg, ) was suspended in acetic acid:H2O (1:1, 5 mL) and heated to 
reflux for 1 h. The mixture was allowed to cool to r.t. NaOH aq. (2 M) was added 
until pH = 10 was reached. The mixture was extracted with EtOAc (3 x 30 mL) and 
the combined organic layers were washed with brine, dried over anhydrous MgSO4, 
filtered, and concentrated to dryness in vacuo. Compound 4 was obtained as pale 
yellow powder (24 mg, 0.11 mmol, 91%) and used without further purification.  

1H NMR (500 MHz, DMSO-d6) δ = 7.62 (d, J = 2.4 Hz, 1H), 7.19 (dd, J = 8.7, 2.4 Hz, 1H), 6.92 (d, J = 8.7 Hz, 
1H), 5.92 (s, 1H), 5.43 (br s, 2H) ppm. 
 
Methyl 5-(5-chloro-2-hydroxyphenyl)-1H-pyrazole-3-carboxylate (7): 

Compound 5 (250 mg, 1.05 mmol, 1 eq.) was suspended in MeOH (10 mL), cooled 
in an ice-water bath and sulfuric acid (1.0 mL, 19 mmol, 18 eq.) was added 
dropwise. The reaction mixture was heated to reflux and after 2.5 h it was allowed 
to cool to r.t. and added to water (75 mL). The resulting precipitate was filtered 
and the water layer was extracted with EtOAc (3 x 50 mL). The precipitate was 
added to the combined organic layers and they  
were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 

to dryness in vacuo. Compound 7 was obtained as white solid (241 mg, 0.91 mmol, 91%) and used without 
further purification. 
1H NMR (500 MHz, DMSO-d6) δ = 10.57 (br s, 1H), 7.83 (d, J = 2.6 Hz, 1H), 7.34 (s, 1H), 7.24 (dd, J = 8.7, 2.6 
Hz, 1H), 6.99 (d, J = 8.7 Hz, 1H), 3.85 (s, 3H) ppm. 
 
4-chloro-2-(3-(hydroxymethyl)-1H-pyrazol-5-yl)phenol (8): 

Compound 7 (226 mg, 0.89 mmol, 1 eq.) was dissolved in THF (10 mL), cooled in 
an ice-water bath and lithium aluminium hydride (1.2 mL, 2.9 mmol, 3 eq., 2.4 M) 
was added dropwise. The reaction mixture stirred for 2 h at 0 °C and was 
quenched with Rochelle salt (100 mL, 2 M) and acidified with HCl (2 M). The 
mixture was extracted with DCM (3 x 100 mL) and the combined organic layers 
were washed with brine, dried over anhydrous MgSO4, filtered, and 

concentrated to dryness in vacuo. The resulting crude was purified by column chromatography using a 
gradient of 5–35% EtOAc in PE as eluent to obtain compound 8 as off-white solid (117 mg, 3.42 mmol, 
58%). 
1H NMR (500 MHz, DMSO-d6) δ = 13.19 (br s, 1H), 11.10 (br s, 1H), 7.75 (br s, 1H), 7.18 (dd, J = 8.7, 2.6 Hz, 
1H), 6.92 (d, J = 8.7 Hz, 1H), 6.81 (s, 1H), 5.41 (br s, 1H), 4.55 (br s, 2H) ppm. 
 
2-(3-(bromomethyl)-1H-pyrazol-5-yl)-4-chlorophenol (9): 

Compound 8 (115 mg, 0.51 mmol, 1 eq.) and triphenylphosphine (336 mg, 
1.3 mmol, 2.5 eq.) were cooled in an ice-water bath, and carbon tetrabromide 
(0.10 mL, 1.0 mmol, 2 eq) and DCM (10mL). After 30 min the ice-bath was 
removed and the reaction mixture stirred for 2 h at r.t. before it was concentrated 
under reduced pressure. The resulting residue was purified by column 
chromatography using a gradient of 40 –70% EtOAc in PE as eluent to obtain 
compound 9 as yellow solid (62 mg, 0.22 mmol, 42%). 

1H NMR (500 MHz, CDCl3) δ = 10.49 (br s, 1H), 10.07 (br s, 1H), 7.49 (d, J = 2.5 Hz, 1H), 7.18 (dd, J = 8.8, 
2.5 Hz, 1H), 6.96 (d, J = 8.8 Hz, 1H), 6.68 (s, 1H), 4.56 (s, 2H) ppm. 
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tert-Butyl 3-((4-(((1-(4-cyclopentylphenyl)ethyl)(methyl)amino)methyl)-1H-1,2,3-triazol-1-
yl)methyl)piperidine-1-carboxylate(19): 

Compound 19 was prepared following GP-1, alkyne 15 (70 mg, 
0.25 mmol) was reacted with tert-butyl 3-
(azidomethyl)piperidine-1-carboxylate (61 mg, 0.25 mmol) to 
obtain 19 as off-white solid (87 mg, 0.18 mmol, 72%). 
1H NMR (400 MHz, CDCl3) δ = 8.59 (br s, 1H), 7.50 (br s, 2H), 7.33 
(br d, J = 7.8 Hz, 2H), 4.45 (br s, 1H), 4.22-4.36 (m, 2H), 4.09 (br 
s, 1H), 3.75 (br d, J = 10.9 Hz, 2H), 2.87-3.08 (m, 2H), 2.75 (br s, 
1H), 2.44-2.64 (m, 3H), 2.02-2.19 (m, 3H), 1.89 (br d, J = 7.0 Hz, 

3H), 1.77-1.85 (m, 2H), 1.63-1.75 (m, 4H), 1.51-1.62 (m, 2H), 1.39-1.44 (m, 9H), 1.15-1.28 (m, 1H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 154.6, 149.1, 136.9, 129.6, 129.1, 128.1, 79.7, 63.3, 53.1, 45.6, 36.5, 34.5, 
30.6, 28.3, 27.9, 25.4, 24.9, 23.8, 17.1 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₈H₄₄N₅O₂⁺ ([M+H]⁺) 482.3490, measured 482.3463. 
 
4-(4-(((1-(4-Cyclopentylphenyl)ethyl)(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)benzoic acid (20): 

Compound 20 was prepared following GP-1, alkyne 15 (45 mg, 
0.16 mmol) was reacted with 4-azidobenzoic acid (26 mg, 
0.16 mmol) to obtain 20 as light brown solid (56 mg, 0.14 mmol, 
86%). 
1H NMR (400 MHz, CDCl3) δ = 8.79 (br s, 2H), 8.05 (br s, 2H), 
7.74 (br s, 2H), 7.52 (br s, 2H), 7.33 (br d, J = 6.3 Hz, 2H), 4.69 
(br s, 1H), 4.35-4.52 (m, 1H), 4.06-4.35 (m, 1H), 3.78-3.83 (m, 
1H), 3.76-3.84 (m, 1H), 3.01 (quin, J = 8.3 Hz, 1H), 2.68 (br s, 

3H), 1.78-2.17 (m, 4H), 1.54-1.75 (m, 1H), 1.51 (br d, J = 6.7 Hz, 1H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 148.5, 139.1, 138.7, 131.6, 130.8, 129.6, 127.9, 127.6, 127.3, 125.0, 119.9, 
45.6, 34.5, 25.5, 16.8 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₄H₂₉N₄O₂⁺ ([M+H]⁺) 405.2285, measured 405.2261. 
 
1-((2R,4S,5S)-4-(4-(((1-(4-cyclopentylphenyl)ethyl)(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione (21): 

Compound 21 was prepared following GP-1 with adaptations, 
alkyne 15 (72 mg, 0.26 mmol) was reacted with 1-((2R,4S,5S)-4-

azido-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-
methylpyrimidine-2,4(1H,3H)-dione (69 mg, 0.26 mmol). The 
mixture was extracted with DCM (3 x 3 mL) and the combined 
organic layers were washed with brine, dried over anhydrous 
MgSO4, filtered, and concentrated to dryness in vacuo to obtain 
21 as off-white solid (124 mg, 0.24 mmol, 94%).  
1H NMR (400 MHz, CDCl3) δ = 8.63 (br s, 1H), 7.65 (s, 1H), 7.51 
(dd, J = 7.8, 2.7 Hz, 2H), 7.33 (br d, J = 7.8 Hz, 2H), 6.35 (t, J = 6.2 
Hz, 1H), 5.59 (br s, 1H), 4.40 (br s, 1H), 4.14-4.33 (m, J = 6.2 Hz, 

2H), 3.93-4.00 (m, 1H), 3.81-3.89 (m, 1H), 3.73 (q, J = 7.0 Hz, 1H), 2.96-3.08 (m, 2H), 2.82-2.93 (m, 1H), 2.58 
(d, J = 2.7 Hz, 3H), 2.06-2.13 (m, 2H), 1.92 (s, 3H), 1.85 (br d, J = 7.0 Hz, 3H), 1.77-1.84 (m, 2H), 1.67-1.75 
(m, 2H), 1.53-1.64 (m, 2H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 163.7, 150.3, 148.8, 137.2, 129.3, 128.1, 111.1, 87.2, 85.3, 67.1, 64.2, 61.2, 
59.7, 45.6, 37.6, 34.5, 25.5, 17.2, 12.5 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₇H₃₇N₆O₄⁺ ([M+H]⁺) 509.2871, measured 509.2839. 
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1-(4-cyclopentylphenyl)-N-methyl-N-((1-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-4-yl)methyl)ethan-1-
amine (22): 

Compound 22 was prepared following GP-1, alkyne 15 (47 mg, 
0.17 mmol) was reacted with 1-azido-3-(trifluoromethyl)benzene 
(61 mg, 0.25 mmol) to obtain 22 as pale yellow solid (68 mg, 
0.16 mmol, 94%). 
1H NMR (400 MHz, CDCl3) δ = 8.02 (s, 1H), 7.95-8.00 (m, 1H), 7.93 (s, 
1H), 7.63-7.71 (m, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 2H), 
3.84 (d, J = 14.0 Hz, 1H), 3.61-3.70 (m, 2H), 2.91-3.05 (m, 1H), 2.28 (s, 
3H), 1.99-2.11 (m, 2H), 1.74-1.85 (m, 2H), 1.63-1.72 (m, 2H), 1.53-1.63 

(m, 2H), 1.45 (d, J = 6.8 Hz, 3H) ppm. 
13C NMR (101 MHz, CDCl3) δ = 147.6, 145.3, 140.6, 137.5, 132.2, 130.5, 127.5, 127.0, 125.1, 123.5, 122.0, 
120.4, 117.3, 62.9, 49.6, 45.6, 38.9, 34.6, 25.5, 19.0 ppm. 
HRMS (ESI⁺): m/z calcd. for C₂₄H₂₈F₃N₄⁺ ([M+H]⁺) 429.2261, measured 429.2256. 
 

IspE expression and purification 
We transformed pET28a plasmids containing our construct into electrocompetent BL21 (DE3) E. coli cells. 
The transformed cells were subsequently cultured on LB-Agar supplemented with 25 µg/mL kanamycin 
and allowed to incubate overnight at a temperature of 37 °C. We then transferred the selected colonies 
into LB medium supplemented with 25 µg/mL kanamycin, at 37 °C until OD600 0.3–0.6 for. We induced 
overexpression with 1 mM IPTG/18°C/180 RPM/overnight. The harvested cells were then disrupted before 
subsequently purifying the proteins. First, we performed affinity chromatography using HisTrap HP 5 mL, 
then removed Histag with TEV protease (1:20). The output from the reverse IMAC column was injected into 
a 7 mL loop of the ÄKTA pure system on an S200 SEC column. Peak fractions were combined and 
concentrated in the respective storage buffer for each protein. Finally, we performed SDS-PAGE gel 
electrophoresis to confirm the presence and purity of the purified protein at each purification step. 
The expression and purification of the Pseudomonas aeruginosa (Pa) and Aquifex aeolicus (Aa) was 
performed as described.2 

EcIspE stability study via thermal shift assay 
The stability of EcIspE in different buffer conditions was studied by measuring its melting temperature (Tm) 
using thermal shift assay (TSA). EcIspE incubated at r.t. at a final concentration of 0.2 mg/mL in HEPES or 
Tris buffer (50 mM with 150 mM NaCl and 4 mM MgCl2) at pH = 7.0 or 8.0, with 5%,-or 10% DMSO, and 
samples were measured frequently over 14 days. The experiments were performed in a 96-well PCR plate 
(Thermoscientific). The final volume per well was 20 µL, consisting of 18 µL of EcIspE sample (as 
mentioned above), and 2 µL of GloMelt dye (diluted 20x with H2O). The plate was centrifuged for 1 minute 
at room temperature at 1200 rpm. The Tm of the protein was measured using a Real-time PCR machine 
(Step one plus, Applied Biosystem). The conditions of the experiment were adjusted using Step One 2.3 
software. The starting temperature, the ending temperature and the heating rate were set as 21 °C, 95 °C 
and 0.5 °C / min, respectively. The melting curves were analysed using Protein Thermal Shift 1.3 software. 
EcIspE was found to be most stable in HEPES buffer at pH = 7.0 and 5% DMSO (Table S1 and Figure S1). 

IspE binding study via thermal shift assay 
The shifts in Tm of PaIspE induced by the compounds were determined via TSA. PaIspE (2.5 µM) was 
incubated with 1 mM each compound for 30 min in 50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, 10% 
glycerol. After that, SYPRO ORANGE fluorescent dye (Thermo Fisher) was added at a final concentration of 
5X. Melting curves of each sample was measured increasing the temperature from 10 °C to 95 °C with an 
increase of 1 °C/30 sec and recording fluorescence of SYPRO ORANGE after every temperature increase 
using CFX96 real-time system-C1000 Thermal Cycler (Bio-Rad). Tm  of each sample were calculated using 
CFX manager 2.0 software (Bio-Rad). Data analysis was performed using Excel and GraphPad 9.8. 
AaIspE TSA was performed adapting the same protocol: final protein concentration was increased to 5 µM 
and the buffer was changed to 20 mM Tris-HCl pH 8.5, 250 mM NaCl, 2 mM DTT. 
To validate the TSA results and to determine whether the fluorescent dye could cause artifacts in the 
results, TSA was repeated with the compounds inducing a shift in Tm using Tycho 6.1(Nanotemper, GmbH). 
To guarantee efficient protein detection, both PaIspE and AaIspE concentrations were increased to 30 µM. 
Buffers and compounds concentration remained unaltered.  
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For compound 18, the dissociation constant (KD) was measured using FoldAffinity,3 preparing twelve serial 
dilutions of the ligand starting from 1 mM and performing TSA with the protocol involving fluorescent dye 
described above. Melting curves of each serial dilutions were uploaded to FoldAffinity server for 
determination of KD (https://spc.embl-hamburg.de/app/foldAffinity). 

MtbIspE binding study via MicroScale Thermophoresis 
PaIspE was labelled with Cy5 following the protocol indicated by NanoTemper in MicroScale 
Thermophoresis (MST) buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 2 mM MgCl2, 10% glycerol). Labelled 
PaIspE was diluted to 400 nM in MST buffer and incubated 1:1 with 1 mM of each compound for 30 min. 
MST experiment was performed with a Monolith N.115 (Nanotemper Technologies, GmBH, Munich, 
Germany) using Standard Capillaries (Nanotemper Technologies, GmbH, Munich, Germany). Each binding 
event was evaluated at a final concentration of 200 nM PaIspE and 500 µM of each compound. All the 
measurements were performed in triplicates. Data analysis was automatically performed by Mololith 
NT.115 Control and Analysis software (Nanotemper Technologies, GmbH, Munich, Germany). 
 

IspE Inhibition assay 
Ec IspE for IspE assays was expressed, isolated and purified as previously described.4 All other enzymes 
and chemicals used in the assays were purchased from Sigma-Aldrich (Taufkirchen, Germany). 
For testing of compounds in the EcIspE assay, CDP-ME (0.2 mM) in 100 mM Tris-HCl, pH 7.6, 0.02% NaN3 

(30 μL) was added to a well of the 384-well microplate, preloaded either with DMSO or with test compound 
dissolved in DMSO (3μL). The reaction was started by addition of 100 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 
60 mM KCl, 10 mM dithiothreitol, 0.02% NaN3, 1 mM NADH, 2 mM phosphoenolpyruvate, 2 mM ATP, 
pyruvate kinase (1 U mL–1), lactate dehydrogenase (1 U mL–1) and E. coli IspE (0.05 U mL–1) (27 μL per 
microplate well). IC50 values were measured at CDP-ME concentration 100 μM. In order to find out if tested 
compounds are active vs auxiliary enzymes from the IspE assay, they were additionally tested in the 
pyruvate kinase assay. For this purpose, 1 mM ADP in 100 mM Tris-HCl, pH 7.6 (30 μL) was added to a well 
of the 384-well microplate which had been preloaded with DMSO or with test compound solved in DMSO 
(3 μL).The reaction was started by addition of 100 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 60 µM KCl, 10 mM 
dithiothreitol, 0.02% NaN3, 1 mM NADH, 2 mM phosphoenolpyruvate, pyruvate kinase (0.05 U mL–1) and 
lactate dehydrogenase (0.05 U mL–1) (27 μL per microplate well). For both kind of assays the OD values in 
the microplate wells were monitored photometrically at 340 nm (room temperature) for 30 to 90 min in a 
plate reader (SpectraMax5, Molecular Dynamics, USA). Initial rate values were evaluated with a nonlinear 
regression method using the program Dynafit.5 
The inhibition of PaIspE was tested with KinaseGlo Plus (Promega GmbH) following manufacturer 
instructions in 384-well white plate (Croning, Glendale, Arizona USA) in a final volume of 25 µL. The protein 
inhibition was measured either mixing all reaction components and initiating the enzymatic reaction by 
adding PaIspE (“no incubation” samples), or incubating PaIspE and each compound for 30 minutes before 
starting the reaction adding CDP-ME and ATP. PaIspE kinase reaction was run for 45 minutes with 1µM 
PaIspE in 100 mM Tris-HCl pH = 8.2, luminescence was recorded with a Spark Multimode plate reader 
(Tecan Trading AG, Switzerland). Data analysis was performed with GraphPad Prism 9.8 (GraphPad 
Software, Boston MA, USA). 
  

https://spc.embl-hamburg.de/app/foldAffinity
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Supplementary Tables and Figures 

EcIspE stability study via thermal shift assay 

Table S1. Evaluation of buffer conditions over time for IspE from Escherichia coli via thermal shift assay, all buffers 
contained 150 mM NaCl and 4mM MgCl2. 

 
HEPES 50mM Tris 50mM 

pH = 7.0 pH = 8.0 pH = 7.0 pH = 8.0 
DMSO 5% 10% 5% 10% 5% 10% 5% 10% 
Entry A B C D E F G H 

Tm day 0 50.0 50.0 49.8 50.3 49.5 49.5 50.5 51.0 
Tm day 1 50.5 50.5 50.0 50.5 50.0 49.8 50.5 50.8 
Tm day 2 50.3 50.5 50.0 50.3 50.0 50.0 50.5 50.5 
Tm day 3 50.3 50.5 49.3 49.8 49.8 50.0 50.3 50.5 
Tm day 7 49.8 50.5 49.0 47.5 -- 50.0 49.3 46.5 

Average Tm  50.2 50.4 49.6 49.7 49.8 49.9 50.2 49.9 
Note: all values are in °C 
 

 
Figure S1. Melting temperature over fourteen days for IspE from Escherichia coli in pH 7.0, 50 mM HEPES buffer with 
5%, and 10% DMSO. 

Compound selections 

Alkyne library designed for KTGS experiment 

Table S2. Alkyne library consisting of 110 compounds divided into 16 clusters including chemical descriptors; 
molecular weight (MW), solubility (clogS), H-bond donor (HDon) / acceptor (HAcc), and shifts in melting temperature 
(ΔTm) in IspE from Aquifex aeolicus (Aa ) and Pseudomonas aeruginosa (Pa). 

Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AF-399/37290004 
 

298.39 01 -5.17 3 0 -26 1 

 

AG-690/12406102 
 

228.32 01 -3.88 2 0 0 -2 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AP-836/41220090 
 

224.26 01 -3.72 4 0 N/A 0 

 

CAS: 1209289-08-6 
 

198.02 01 -0.68 3 1 3 N/A 

 

AS-871/43249232 
 

184.24 01 -2.51 2 0 5 1 

 

CAS: 1346539-11-4 
 

119.12 01 0.02 2 1 n.d.  n.d. 

 

CAS: 7223-38-3 
 

83.13 01 -0.43 1 0  n.d.  n.d. 

 

AP-853/43445400 
 

260.28 02 -3.10 6 1 -16 0 

 

AQ-917/42754681 
 

249.33 02 -2.23 3 0 3 1 

 

AK-778/15234026 
 

243.26 02 -2.67 4 1 0 0 

 

CAS: 10601-99-7 
 

146.15 02 -1.06 2 1  n.d.  n.d. 

 

AE-641/30115033 
 

137.23 02 -2.37 1 1 4 0 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

CAS: 14235-81-5 
 

117.15 02 -1.13 1 1  n.d.  n.d. 

 

CAS: 922-67-8 
 

84.07 02 -0.91 2 0  n.d.  n.d. 

 

AE-641/30116040 
 

241.38 03 -3.32 1 0 -12 1 

 

AN-988/41873727 
 

306.32 03 -5.07 6 2 N/A 0 

 

AN-465/43491689 
 

277.79 03 -4.44 2 1 0 1 

 

AC-907/34127013 
 

176.18 03 -1.67 4 0 -6 0 

 

CAS: 705-28-2 
 

170.13 03 -1.83 0 0 -1 0 

 

CAS: 1256824-94-8 
 

118.14 03 -0.35 2 1  n.d.  n.d. 

 

CAS: 6746-94-7 
 

66.10 03 -1.82 0 0  n.d.  n.d. 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AP-853/41269940 
 

295.16 04 -5.35 3 0 0 0 

 

AM-879/40861440 
 

263.34 04 -3.88 3 0 -24 1 

 

AH-487/41801064 
 

240.69 04 -3.20 3 1 1 0 

 

CAS: 1334148-24-1 
 

225.16 04 -1.33 2 1 1 -1 

 

VIC-083 
 

213.23 04 -2.11 3 1 2 -1 

 

AS-813/43501532 
 

182.02 04 -1.09 1 0 2 1 

 

CAS: 107-19-7 
 

56.06 04 -0.80 1 1  n.d.  n.d. 

 

AN-988/40840395 
 

316.34 05 -3.15 6 2 -6 -8 

 

AN-698/42227207 
 

309.39 05 -4.14 3 0 1 0 

 

AM-814/41093185 
 

233.27 05 -3.46 2 1 2 0 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AN-465/43479919 
 

205.26 05 -2.15 3 1 0 1 

 

CAS: 173314-98-2 
 

118.14 05 -0.88 2 1  n.d.  n.d. 

 

CAS: 17356-19-3 
 

110.16 05 -1.91 1 1 -1  n.d. 

 

CAS: 2345-51-9 
 

84.07 05 -1.05 2 1  n.d.  n.d. 

 

AG-690/12406103 
 

326.42 06 -6.63 2 0 0 -7 

 

AN-648/42098633 
 

314.34 06 -3.63 6 1 1 1 

 

AQ-917/42754702 
 

231.25 06 -2.70 4 0 3 0 

 

VIC-121 
 

221.24 06 -1.75 4 0 2 -1 

 

AF-399/13128002 
 

188.25 06 -3.00 2 1 0 1 

 

CAS: 5651-88-7 
 

148.23 06 -3.02 0 0  n.d.  n.d. 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

CAS: 1945-84-2 
 

103.12 06 -0.28 1 0  n.d.  n.d. 

 

AG-690/12886057 
 

306.39 07 -5.23 3 0 0 0 

 

AK-105/40836816 
 

246.29 07 -2.78 4 0 0 0 

 

VIC-103 
 

243.71 07 -3.86 3 1 2 -1 

 

AO-022/43513785 
 

216.28 07 -2.23 3 1 N/A 0 

 

AB-337/25021050 
 

205.21 07 -2.32 4 1 0 N/A 

 

CAS: 10602-04-7 
 

132.16 07 -0.93 1 1  n.d.  n.d. 

 

CAS: 2510-23-8 
 

103.12 07 -0.25 1 0  n.d.  n.d. 

 

VIC-CQ-009 
 

150.15 08 -2.57 1 0  n.d.  n.d. 

 

AT-057/43468614 
 

335.43 08 -2.53 4 0 1 N/A 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AD-310/37069069 
 

227.27 08 -3.03 4 1 1 0 

 

AC-907/34112061 
 

222.29 08 -3.35 2 0 0 1 

 

AG-690/12403106 
 

214.29 08 -3.61 2 0 0 -1 

 

CAS: 111291-97-5 
 

202.25 08 -1.98 2 0 2 -1 

 

CAS: 7341-96-0 
 

69.06 08 -0.86 2 1  n.d.  n.d. 

 

AT-057/43469431 
 

338.43 09 -3.64 4 0 0 1 

 

AK-968/41922675 
 

306.30 09 -4.28 6 1 23 48 

 

AJ-292/11720067 
 

244.32 09 -3.34 3 0 0 0 

 

AP-853/41269939 
 

230.29 09 -4.86 3 0 1 1 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

VIC-091 
 

201.29 09 -2.87 3 1 N/A -1 

 

CAS: 10602-08-1 
 

132.16 09 -0.93 1 1  n.d.  n.d. 

 

CAS: 1207351-13-0 
 

119.12 09 0.04 2 1  n.d.  n.d. 

 

AJ-292/11720072 
 

306.39 10 -4.36 3 0 0 0 

 

AP-263/42610787 
 

301.79 10 -3.30 4 1 1 0 

 

AJ-292/41686448 
 

244.32 10 -3.67 3 0 N/A 0 

 

VIC-084 
 

225.27 10 -1.81 4 1 2 -1 

 

CAS: 63039-46-3 
 

212.22 10 -2.30 5 1 -35 -1 

 

AD-266/41884782 
 

200.28 10 -3.42 1 1 0 1 

 

CAS: 1189127-05-6 
 

145.95 10 1.67 2 2  n.d.  n.d. 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

VIC-CQ-003 
 

189.21 11 -2.60 3 1 2 -1 

 

AM-760/25031001 
 

167.25 11 -1.12 2 1 9 0 

 

AJ-292/11720068 
 

284.38 11 -4.34 3 0 0 1 

 

AD-266/40025804 
 

243.31 11 -4.28 3 1 3 N/A 

 

AC-907/34112019 
 

200.20 11 -2.45 5 0 0 -1 

 

CAS: 10147-11-2 
 

116.16 11 -2.44 0 0  n.d.  n.d. 

 

CAS: 2450-71-7 
 

91.54 11 -0.88 1 1  n.d.  n.d. 

 

VIC-199 
 

237.28 12 -2.48 4 1 2 -2 

 

AP-906/41642052 
 

221.24 12 -2.13 6 2 3 N/A 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AS-871/43478633 
 

214.27 12 -1.33 3 1 2 N/A 

 

AQ-917/42754701 
 

203.24 12 -2.58 3 0 3 1 

 

AH-034/11964296 
 

199.28 12 -3.73 1 0 0 0 

 

CAS: 205235 
 

197.04 12 -1.69 2 1 2 -1 

 

CAS: 10401-11-3 
 

118.14 12 -0.75 1 1  n.d.  n.d. 

 

AH-487/42308633 
 

316.20 13 -4.48 2 1 0 0 

 

AF-399/40634560 
 

275.40 13 -5.55 3 1 2 1 

 

AJ-292/11720066 
 

230.29 13 -3.04 3 0 1 0 

 

AN-329/12136897 
 

190.20 13 -2.40 3 0 N/A 0 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

CAS: 78-27-3 
 

124.18 13 -2.18 1 1 -1  n.d. 

 

CAS: 52670-38-9 
 

117.15 13 -1.13 1 1  n.d.  n.d. 

 

CAS: 37972-24-0 
 

104.11 13 0.67 2 0  n.d.  n.d. 

 

AH-487/41457720 
 

336.41 14 -6.44 4 0 1 1 

 

AK-778/40897655 
 

305.33 14 -4.06 4 1 1 0 

 

AJ-292/37095013 
 

256.33 14 -3.55 3 0 -1 0 

 

AN-465/43370007 
 

179.65 14 -2.85 1 1 N/A 1 

 

CAS: 54060-30-9 
 

117.15 14 -1.13 1 1  n.d.  n.d. 

 

CAS: 627-41-8 
 

70.09 14 -0.93 1 0  n.d.  n.d. 

 

CAS: 92136-39-5 
 

155.20 15 -2.18 3 1 0 -2 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

AH-487/42191483 
 

301.77 15 -4.40 3 1 1 1 

 

AH-487/41449410 
 

287.34 15 -3.77 4 0 N/A 1 

 

AG-205/12900028 
 

268.34 15 -3.77 4 0 -1 1 

 

AQ-917/42754677 
 

198.22 15 -3.33 3 0 2 0 

 

CAS: 1224640-19-0 
 

194.62 15 -1.93 2 0 4 0 

 

AH-487/41183646 
 

289.38 16 -4.26 3 0 1 1 

 

AE-641/01087051 
 

205.31 16 -3.86 1 0 0 0 

 

AP-853/43464277 
 

180.24 16 -2.99 4 2 2 0 

 

CAS: 13610-02-1 
 

132.16 16 -2.26 1 0  n.d.  n.d. 
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Compound MW (g/mol) Cluster clogS HAcc HDon ΔTm AaIspE ΔTm PaIspE 
 

CAS: 53227-33-1 
 

119.59 16 -1.09 1 1  n.d.  n.d. 

 

CAS: 13105-72-1 
 

113.16 16 -0.22 2 1  n.d.  n.d. 

 

CAS: 2510-22-7 
 

103.12 16 -0.25 1 0  n.d.  n.d. 

 

Follow-up compounds of alkyne hits 

Table S3. Selection of 231 compounds from the Specs library to follow up the verified alkyne hits 11, and 15–18, 
including chemical descriptors; molecular weight (MW), solubility (clogS, clogP), number of H-bond donor (HDon) / 
acceptor (HAcc). 

Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-465/40742950 
 

348.36 -3.55 1.23 6 1 

 

AK-968/12101155 
 

326.76 -3.25 1.36 6 3 

 

AG-690/08630010 
 

308.31 -2.23 0.28 7 3 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-698/40677872 
 

416.88 -4.93 3.00 6 2 

 

AN-698/40677882 
 

420.85 -4.90 2.75 6 2 

 

AK-968/41171421 
 

302.42 -5.14 4.51 3 1 

 

AM-879/12213021 
 

356.38 -3.40 2.28 7 1 

 

AK-968/37005235 
 

312.78 -6.07 4.67 3 0 

 

AN-465/15280027 
 

320.78 -5.16 3.47 4 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AJ-145/12323002 
 

312.40 -4.06 3.14 5 0 

 

AN-465/43369569 
 

345.86 -4.31 2.83 5 1 

 

AN-465/43369690 
 

345.86 -4.31 2.83 5 1 

 

AN-698/15136002 
 

407.28 -5.30 3.33 5 2 

 

AP-381/41075628 
 

224.67 -3.04 2.00 3 0 

 

AG-205/12014041 
 

285.17 -3.31 2.13 4 0 

 

AI-204/31718012 
 

222.27 -2.88 2.43 4 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AR-422/40159747 
 

250.28 -2.44 0.90 6 1 

 

AN-648/15101113 
 

250.33 -2.98 2.11 5 0 

 

AG-690/34448005 
 

263.32 -2.53 0.86 6 1 

 

AG-205/32421007 
 

278.38 -3.95 4.24 4 0 

 

AG-690/40819218 
 

279.32 -2.25 0.38 7 1 

 

AI-204/31688045 
 

288.76 -4.21 3.23 4 0 

 

AK-245/37100004 
 

268.34 -3.81 2.97 4 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-205/32456036 
 

288.80 -4.42 4.20 2 0 

 

AG-690/33052023 
 

288.39 -3.96 1.84 3 1 

 

AG-205/04509027 
 

302.79 -4.85 3.37 4 0 

 

AG-205/36483037 
 

347.24 -4.95 3.49 4 0 

 

AN-465/13570103 
 

286.33 -4.43 2.86 4 0 

 

AN-967/15488233 
 

280.35 -4.21 3.05 4 0 

 

AI-204/31718004 
 

294.33 -2.81 3.37 4 1 



5.   Chapter 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-205/07685018 
 

298.37 -3.71 2.79 5 0 

 

AG-670/33699004 
 

290.27 -2.29 0.99 7 0 

 

AN-988/14610040 
 

332.81 -4.87 3.30 5 0 

 

AI-204/31688060 
 

314.34 -4.39 2.43 5 0 

 

AR-422/11668229 
 

312.40 -4.06 3.14 5 0 

 

AN-465/43369536 
 

311.41 -3.57 2.22 5 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-153/12400011 
 

330.36 -4.73 3.37 6 0 

 

AN-465/42154560 
 

330.34 -4.44 2.35 6 1 

 

AP-853/13113072 
 

330.34 -4.44 2.35 6 1 

 

AG-690/11241075 
 

328.40 -3.73 2.72 6 0 

 

AG-690/11668718 
 

328.40 -3.73 2.72 6 0 

 

AF-399/14738025 
 

344.83 -5.16 3.28 5 0 

 

AN-465/43369642 
 

329.40 -3.89 2.32 5 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-465/43369038 
 

325.44 -3.84 2.67 5 1 

 

AN-648/15101053 
 

360.82 -4.83 2.86 6 0 

 

AP-853/42936577 
 

405.28 -4.93 2.98 6 0 

 

AG-690/11240025 
 

342.42 -4.08 3.07 6 0 

 

AF-399/14738026 
 

340.41 -4.44 2.60 6 0 

 

AG-690/11665299 
 

342.42 -4.03 3.13 6 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-465/43369540 
 

357.51 -4.42 2.70 5 1 

 

AN-465/43369894 
 

339.47 -4.08 2.98 5 1 

 

AN-465/43369138 
 

341.44 -3.59 2.15 6 1 

 

AN-465/43369764 
 

354.48 -3.61 2.12 6 1 

 

AG-205/14141036 
 

353.45 -5.23 2.88 6 1 



5.   Chapter 

139 
 

Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-465/43369811 
 

355.47 -3.89 2.56 6 1 

 

AP-970/41848852 
 

356.35 -3.54 1.71 6 1 

 

AN-465/43422191 
 

369.45 -3.86 0.77 7 2 

 

AN-465/43369816 
 

382.53 -4.21 2.93 6 1 

 

AP-853/43445410 
 

403.85 -4.76 2.71 8 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AP-853/43445439 
 

383.43 -3.68 1.79 8 2 

 

AH-487/41659850 
 

466.51 -4.87 2.97 8 3 

 

AK-968/10818008 
 

287.30 -2.95 0.35 6 2 

 

AN-465/40838743 
 

369.24 -3.91 2.28 5 2 

 

AH-357/04328031 
 

278.29 -2.21 0.35 6 3 

 

AE-848/30739042 
 

292.31 -2.52 0.63 6 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AK-968/12342046 
 

334.35 -3.11 1.09 7 2 

 

AH-487/40687395 
 

400.39 -4.29 2.23 7 2 

 

AN-698/41107032 
 

416.84 -4.71 2.73 7 2 

 

AH-034/11696108 
 

292.31 -1.85 0.61 6 2 

 

AK-968/37055149 
 

289.36 -2.82 1.07 5 2 

 

AK-968/12383312 
 

322.34 -2.32 0.11 7 3 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AP-828/40995502 
 

413.29 -4.23 2.62 6 2 

 

AN-698/15135005 
 

396.42 -4.32 2.47 7 2 

 

AG-670/36765014 
 

320.37 -2.46 1.29 6 1 

 

AM-879/12214033 
 

332.38 -3.33 1.71 6 2 

 

AG-205/12378009 
 

356.38 -4.14 2.22 5 2 

 

AO-299/41407232 
 

396.47 -4.44 2.81 6 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-670/13121001 
 

301.15 -3.96 1.98 4 2 

 

AG-690/11662088 
 

371.21 -3.36 1.35 6 2 

 

AK-968/36977072 
 

348.42 -3.52 2.16 6 2 

 

AM-879/12213027 
 

344.37 -2.53 1.85 7 0 

 

AN-698/15136011 
 

410.45 -4.62 2.88 7 2 

 

AG-690/08630011 
 

322.34 -2.54 0.56 7 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AP-970/41848875 
 

374.44 -3.86 1.91 6 2 

 

AP-828/40845822 
 

381.41 -3.78 1.49 7 3 

 

AG-690/11629236 
 

291.40 -4.44 1.12 4 0 

 

AK-968/13025423 
 

475.26 -3.69 0.20 8 3 

 

AG-690/36169052 
 

352.35 -3.76 1.69 7 2 

 

AM-879/12129038 
 

386.40 -4.16 2.15 6 2 



5.   Chapter 

145 
 

Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-648/14910009 
 

382.40 -3.84 1.60 7 3 

 

AN-758/15299041 
 

476.94 -4.83 3.00 8 2 

 

AG-205/13166011 
 

292.31 -2.52 0.63 6 2 

 

AG-205/12080003 
 

385.24 -3.66 1.76 6 2 

 

AK-968/37055126 
 

304.30 -3.12 1.03 7 2 

 

AH-487/41183754 
 

409.26 -3.62 1.63 6 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AH-487/41660486 
 

416.84 -4.58 2.21 7 3 

 

AK-968/13025120 
 

455.49 -4.12 1.76 9 3 

 

AN-465/13570097 
 

196.21 -3.10 0.84 4 0 

 

AN-652/40801734 
 

296.35 -4.69 2.49 5 0 

 

AN-465/13287018 
 

212.66 -3.53 1.35 4 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-758/15299018 
 

474.96 -5.50 3.75 7 2 

 

AN-988/14854001 
 

206.27 -3.48 1.43 4 0 

 

AG-690/36983018 
 

372.83 -4.57 2.72 5 2 

 

AG-690/33046023 
 

250.28 -2.53 2.12 6 1 

 

AG-670/36457028 
 

354.34 -1.89 -0.99 9 4 

 

AK-918/10656062 
 

301.15 -3.96 1.98 4 2 

 

AN-988/14609010 
 

310.76 -3.54 1.71 5 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AK-968/11573124 
 

371.21 -3.36 1.35 6 2 

 

AH-487/40686718 
 

402.86 -4.58 2.65 6 2 

 

AN-465/15401020 
 

348.38 -3.35 1.59 7 2 

 

AI-067/31573005 
 

360.44 -5.79 5.43 4 0 

 

AH-487/40686452 
 

402.86 -4.58 2.65 6 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AH-487/41663772 
 

460.89 -4.90 2.54 8 3 

 

AK-968/12384394 
 

326.76 -3.26 1.23 6 2 

 

AG-205/11611581 
 

322.34 -2.54 0.56 7 2 

 

AH-487/40791466 
 

412.42 -3.86 1.53 8 3 

 

AK-968/12686132 
 

341.18 -3.34 1.42 5 2 

 

AH-034/06210039 
 

304.39 -4.42 3.81 4 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AH-487/41653788 
 

286.35 -3.28 2.32 4 0 

 

AS-871/43476184 
 

277.28 -0.97 -1.92 7 3 

 

AP-853/43445397 
 

294.29 -2.52 0.44 8 2 

 

AG-205/40650150 
 

299.40 -3.97 2.72 4 1 

 

AG-401/33922036 
 

308.36 -4.30 2.49 5 0 

 

AG-670/12464047 
 

317.32 -2.97 0.28 7 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AK-968/12117362 
 

334.35 -3.08 1.14 7 2 

 

AK-968/11658795 
 

320.26 -2.22 -0.60 9 3 

 

AH-487/36381059 
 

333.41 -3.14 1.41 6 2 

 

AH-487/41280564 
 

326.38 -3.95 2.50 6 1 

 

AG-690/12698022 
 

334.33 -1.51 0.25 8 1 

 

AN-153/14988006 
 

344.37 -5.10 3.94 5 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AP-853/43445414 
 

419.26 -4.93 2.54 7 1 

 

AP-853/43416378 
 

358.35 -4.41 1.91 7 1 

 

AI-067/31573003 
 

371.42 -5.56 3.74 7 0 

 

AP-853/43445436 
 

384.42 -4.57 2.57 8 1 

 

AP-853/43445411 
 

448.30 -4.86 2.83 8 2 

 

AG-670/10567045 
 

383.40 -3.13 1.46 8 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-690/12242677 
 

414.39 -3.44 1.27 8 1 

 

AK-968/12163589 
 

312.73 -2.95 0.96 6 3 

 

AG-205/06496019 
 

302.37 -4.02 3.63 3 0 

 

AG-690/12885306 
 

332.81 -4.45 3.40 5 0 

 

AI-204/31688062 
 

344.83 -5.09 3.39 5 0 

 

AN-465/43369639 
 

390.31 -4.41 2.94 5 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-205/32459036 
 

337.40 -4.54 1.32 5 2 

 

AG-690/12509031 
 

361.47 -3.82 2.17 6 2 

 

AK-968/36977262 
 

359.45 -3.65 2.08 6 2 

 

AG-690/12886013 
 

361.47 -3.71 2.27 6 2 

 

AH-487/40686835 
 

370.36 -4.27 2.30 6 2 

 

AH-487/40686553 
 

420.85 -4.90 2.75 6 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AH-487/41660565 
 

416.84 -4.58 2.21 7 3 

 

AO-299/41408834 
 

426.49 -4.46 2.74 7 2 

 

AK-968/41025113 
 

272.35 -3.28 2.88 4 1 

 

AG-205/13184093 
 

219.22 -1.83 1.36 5 1 

 

AE-848/30744042 
 

205.68 -1.86 0.91 3 1 

 

AA-504/33319034 
 

208.25 -2.81 0.67 5 0 

 

AE-848/32010045 
 

236.26 -2.24 0.50 6 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AO-567/40646844 
 

248.26 -2.25 1.13 5 1 

 

AG-205/13109132 
 

312.35 -4.13 2.25 6 1 

 

AS-871/43478504 
 

413.46 -4.27 2.39 9 2 

 

AG-690/40816740 
 

280.31 -2.53 0.88 7 1 

 

AP-853/43445399 
 

330.34 -4.44 2.35 6 1 

 

AH-357/03489045 
 

190.23 -2.31 1.39 3 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AP-853/43416377 
 

250.28 -2.78 1.26 6 1 

 

AE-641/30116043 
 

328.50 -3.06 3.85 3 0 

 

AN-988/14854009 
 

240.72 -3.61 2.23 4 0 

 

AN-970/40920741 
 

236.29 -3.18 2.83 4 0 

 

AE-641/30116039 
 

217.36 -2.70 3.36 1 0 

 

AP-505/42535604 
 

215.30 -3.00 2.38 2 1 

 

AI-204/31718016 
 

248.31 -3.32 3.19 4 0 

 

AH-034/11364278 
 

260.34 -4.11 3.48 3 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-205/32244029 
 

258.32 -4.34 3.56 2 1 

 

AG-205/08623001 
 

258.30 -4.12 3.14 4 1 

 

AG-690/12887330 
 

274.37 -4.45 3.82 3 1 

 

AS-871/42309115 
 

274.37 -4.61 3.73 3 0 

 

AE-641/12195197 
 

274.37 -4.10 2.42 3 0 

 

AN-465/42767184 
 

243.32 -3.63 3.29 1 1 

 

AI-204/31718019 
 

280.30 -2.71 2.07 6 0 

 

AG-205/12291035 
 

257.38 -2.77 2.77 2 1 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-670/15096002 
 

302.83 -4.43 4.46 2 0 

 

AG-205/36408033 
 

289.42 -2.85 3.63 3 0 

 

AF-399/13907003 
 

314.43 -4.31 4.28 3 0 

 

AI-204/31718014 
 

328.82 -5.78 5.24 3 0 

 

AG-205/13058719 
 

323.44 -3.50 4.38 3 0 

 

AF-399/37313009 
 

338.39 -5.75 4.74 5 0 

 

AN-153/14989102 
 

374.44 -5.55 4.64 5 0 



5.   Chapter 

160 
 

Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-667/12449013 
 

361.49 -3.84 3.56 5 0 

 

AE-848/08812062 
 

408.48 -4.89 4.09 5 0 

 

AG-219/36431015 
 

188.29 -1.32 0.94 3 2 

 

AN-512/13208099 
 

178.27 -2.82 1.89 1 1 

 

AG-690/33037037 
 

185.27 -0.72 0.38 3 1 

 

AG-690/36704041 
 

210.28 -1.35 0.71 4 0 

 

AG-205/33147055 
 

220.30 -2.96 2.18 4 0 

 

AG-205/08595020 
 

219.28 -3.07 2.19 3 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-690/03048027 
 

219.33 -2.03 2.32 2 1 

 

AL-291/13466002 
 

237.24 -2.99 0.36 7 0 

 

AG-690/40699204 
 

249.30 -2.66 0.44 6 1 

 

AG-205/33685051 
 

262.36 -3.86 2.46 4 2 

 

AF-961/00501049 
 

240.33 -4.03 3.46 2 1 

 

AE-641/01209028 
 

237.32 -0.61 -2.76 4 0 

 

AG-690/36749002 
 

268.42 -3.00 2.34 3 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AI-204/31718018 
 

278.40 -3.22 4.01 3 0 

 

AK-968/40708150 
 

259.37 -3.53 3.43 2 1 

 

AN-648/15101031 
 

261.31 -3.20 1.40 6 0 

 

AE-848/33856028 
 

268.30 -3.82 2.69 4 0 

 

AH-034/04482058 
 

290.37 -4.12 3.41 4 1 

 

AG-205/13058111 
 

280.33 -1.99 2.15 3 0 

 

AG-205/40649782 
 

284.34 -4.21 3.94 4 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AG-690/11665794 
 

294.42 -2.66 2.29 4 2 

 

AG-690/12556010 
 

282.32 -4.19 3.09 4 0 

 

AF-399/37112053 
 

294.38 -5.67 2.80 4 1 

 

AG-205/13109364 
 

307.33 -2.76 0.42 8 1 

 

AE-848/11734028 
 

290.32 -2.88 0.31 6 1 

 

AF-399/37305042 
 

308.36 -4.31 3.22 4 0 

 

AN-153/14988005 
 

332.40 -4.79 3.71 5 0 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AE-848/34540023 
 

336.47 -2.17 1.65 5 1 

 

AG-205/33685013 
 

327.43 -3.06 2.54 6 0 

 

AG-205/11975048 
 

236.36 -2.74 1.41 3 1 

 

AG-690/15435668 
 

273.42 -3.23 3.55 2 1 

 

AK-777/37198001 
 

287.37 -3.99 0.80 6 2 

 

AE-848/32962034 
 

287.36 -2.17 1.24 5 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AN-465/41673597 
 

226.32 -2.52 2.19 2 1 

 

AN-465/43369416 
 

245.39 -3.70 3.49 1 1 

 

AS-938/43408245 
 

254.32 -2.50 2.45 4 1 

 

AK-968/12342259 
 

271.34 -3.29 3.03 4 1 

 

AN-153/42373973 
 

269.34 -3.79 3.15 3 1 

 

AN-465/42886189 
 

269.34 -3.33 1.29 3 2 

 

AN-465/43411669 
 

283.37 -3.70 1.72 3 2 
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Compound MW (g/mol) clogS clogP HAcc HDon 
 

AE-641/11700410 
 

275.33 -2.52 0.66 5 2 

 

AG-690/36165057 
 

371.21 -3.34 1.48 6 3 

 

AK-968/41923855 
 

397.26 -3.79 2.77 4 2 

 

AN-465/43369274 
 

283.37 -4.40 3.73 3 1 

 

AF-399/42322379 
 

310.40 -3.60 2.84 4 0 
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NMR, HRMS, and LCMS spectra 

Azides 2 and 4 

 
Figure S2. 1H NMR spectrum of 2. 

 
Figure S3. 13C NMR spectrum of 2. 
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Figure S4. LCMS purity analysis of 2. 

 
Figure S5. HRMS of 2. 



5.   Chapter 

169 
 

 
Figure S6. 1H NMR spectrum of 4. 

 
Figure S7. 13C NMR spectrum of 4. 



5.   Chapter 

170 
 

 
Figure S8. LCMS purity analysis of 4. 

 
Figure S9. HRMS of 4. 
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Triazoles 19–22 

 
Figure S10. 1H NMR spectrum of 19. 

 
Figure S11. 13C APT NMR spectrum of 19. 
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Figure S12. LCMS purity analysis of 19. 

 
Figure S13. HRMS of 19. 
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Figure S14. 1H NMR spectrum of 20. 

 
Figure S15. 13C NMR spectrum of 20. 
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Figure S16. LCMS purity analysis of 20. 

 
Figure S17. HRMS of 20. 
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Figure S18. 1H NMR spectrum of 21. 

 
Figure S19. 13C APT NMR spectrum of 21. 
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Figure S20. LCMS purity analysis of 21. 

 
Figure S21. HRMS of 21. 
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Figure S22. 1H NMR spectrum of 22. 

 
Figure S23. 13C APT NMR spectrum of 22. 
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Figure S24. 19F NMR spectrum of 22. 

 
Figure S25. LCMS purity analysis of 22. 

 
Figure S26. HRMS of 22. 
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Conclusions and Outlook 

The development of novel antibiotics, particularly those effective against GNB is a major challenge in 
medicinal chemistry.1 This difficulty arises not only from the need to identify and investigate entirely new 
chemical entities and targets with unprecedented mechanisms of action, but also from the complication 
of overcoming the barrier posed by the cell envelope in these bacteria. To address these challenges, this 
thesis presents a comprehensive investigation into the discovery of novel anti-infective compounds 
employing complementary strategies. First, we explored structural features that enhance GNB compound 
uptake and accumulation. Second, we employed the promising anti-infective target IspE in PT synthesis 
for the discovery of selective binders. 

We developed a promising class of compounds with broad-spectrum anti-infective properties by 
strategically adding positively charged groups to antimalarial pyrazole-amide 1a. This successful 
application of the eNTRy rules, not only yielded activity in GNB but also GPB, and M. tuberculosis while 
potentiating antimalarial properties. To achieve this, we incorporated amines, N-alkyl guanidines, and 
cyclised guanidine analogues through a methylene linker or piperazine to the phenyl ring of parent 
structure 1a. We established a concise synthesis of N-Boc protected amine precursors (B-series) that 
were used as neutral control compounds. Simple Boc deprotection afforded the amine derivatives (A-
series) which also served as intermediates to synthesise the N-alkyl guanidines (G-series), and cyclised 
guanidine analogues (C- & D-series). We verified the P. falciparum activity of the five series, establishing a 
good foundation to assess the eNTRy rules in our selection of pathogens. Our analysis of the SAR reveals 
that the aromatic ring is crucial for activity, with the trifluoromethyl substituent proving beneficial. These 
observations hold true across all pathogens except for P. aeruginosa, where the CF3 substituent appears 
to be detrimental to activity. 

In the A-series, one compound clearly stands out, with single-digit micromolar MIC95 against S. 
pneumoniae, S. aureus, and Ec∆tolC, 11A is the most potent antibacterial amine derivative. It also is the 
top inhibitor of the A-series against A. baumannii (MIC95 = 22 µM). The structure of 11A comprises a 
piperazine and a CF3 substituent, both in meta position of the phenyl ring with respect to the amide linkage. 
Inhibitor 11A is the most potent antimalarial compound of the pyrazole-amide class (IC50 = 0.05 µM), with 
analogue 12A, whose structure solely differs in the placement of the piperazine, being in the same range 
(IC50 = 0.06 µM). This compound is also the most potent M. tuberculosis inhibitor of the A-series (MIC90 = 
16 µM). Compared to 11A, the inhibition profile of 12A varies most regarding the GNB activity, indicating 
that the meta-piperazine substitution enhances GNB accumulation compared to the ortho-position. A 
major setback of this series is its cytotoxicity, the majority of amines exert a cytotoxic effect in HepG2 cells 
in the low micromolar range (CC50 = 5–13 µM), including 11–12A. This toxic liability is specific to the amine 
moiety, the vast majority of the remaining pyrazole-amides do not present toxicity concerns.  

The guanidine derivatives (C-, D-, & G-series) are not only superior to the A-series in terms of cytotoxicity, 
but they also excel in potency against nearly every bacterial pathogen including M. tuberculosis, and GPB; 
S. pneumoniae, and S. aureus. Once again, the outlier being P. aeruginosa, which aligns with previous 
studies suggesting a more diverse membrane composition in this particular bacterium.2 Nevertheless, five 
guanidines (7D, 6–7G, 9–10G) moderately inhibited the growth of P. aeruginosa, making them a promising 
motif to enhance broad-spectrum activity. The C-, and G-series contain the most potent antibacterial 
representatives of the pyrazole-amide class. The activity profile of 11A and 12A from the A-series has 
similarities to the G-series. Compound 11G is more potent against GNB wild-types compared to 12G, 
indicating that the phenyl scaffold in 11 is beneficial for accumulation in GNB. However, the roles are 
reversed when it comes to M. tuberculosis, 11G presents a good inhibition (MIC90 = 8 µM), but is surpassed 
by 12G as the top inhibitor with an MIC90 value of 4 µM. The C-series was designed to have a higher 
lipophilicity and a more drug-like structure compared to the G-derivatives, which came at a small cost in 
activity. In particular, the GNB wild-type potencies are lower in the C-derivatives, while the difference to 
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the G-analogues is smaller in Ec∆tolC and GPB. Therefore, the imidazolidine motif of the C-series may be 
contributing to an increased efflux. Nevertheless, the C-series’ antibacterial profile is promising and 
superior to the A-series, especially taking into consideration the toxicity. This type of guanidines, cyclised 
into five-membered rings had not been investigated in the context of enhancing bacterial accumulation 
before. The excellent anti-infective profile of the N-alkyl guanidinium derivatives encourages to pursue and 
investigate these motifs and derivatise them further. Our study provides strong support for the applicability 
of the eNTRy rules and for the first time indicates that these guidelines can aid in targeting pathogens 
beyond Gram-negative bacteria.  

The convincing results of the pyrazole-amide study, motivated the introduction of ionisable nitrogen 
groups to an α-aryl β-aza reverse fosmidomycin class with the aim of improving antibacterial activity 
against E. coli. In this project, we explored various synthetic avenues to instal N-alkyl guanidines to this 
scaffold. Given the rather strict SAR and small size of fosmidomycin, this proved to be challenging.3 The 
first point of modification explored, was direct guanidinylation of the β-nitrogen of the structure. All our 
attempts were fruitless, indicating that the secondary amine was not nucleophilic enough and possibly too 
sterically hindered, rendering the parent structure inert to the tested guanidinylation conditions. This 
information opened the way to the successful late-stage guanidinylation of a primary amine installed on 
the α-phenyl substituent of the class. The synthesis of these α-derivatives could benefit from small 
adjustments to be fully optimised. The main issue we encountered was the partial debenzylation of the 
phosphonate during a Boc deprotection step, leading to complications in the isolation and synthesis of 
subsequential products. Despite these issues, we obtained the final products 21 and 22, containing N-
alkyl guanidine and primary amine motifs, respectively. These compounds are currently undergoing 
biological evaluation to assess the activity against E. coli and affinity for DXR, the target of the class. The 
last point of modification we pursued was the underexplored γ-position. We successfully made use of the 
amino acid alanine to establish the synthetic route obtaining γ-methyl derivative 28. This provided an 
effective pathway to install amine or guanidine motifs through amino acids lysine or arginine. To our 
disappointment, compound 28 degraded which precluded further investigations. 

In addition to structural optimisation for GNB uptake, this thesis aimed at discovering hits for the anti-
infective target IspE. For this purpose, we explored PT synthesis with two different homologues of the 
protein. IspE from M. tuberculosis was successfully used in hit-identification using tdDCC. In contrast, hit-
expansion of the pyrazole-amide class using the E. coli homologue in KTGS did not lead to the identification 
of any hits. Both homologues were stable at room temperature for an extensive time period, which makes 
IspE a good candidate for PT synthesis.  

The tdDCC experiment generated a total of 72 possible N-acylhydrazones by reacting three aldehydes with 
six hydrazides in four distinct DCLs. We investigated the influence of IspE on these dynamic libraries and 
identified eleven compounds that exhibited amplification. The accurate determination of the equilibrium 
time point is crucial for calculating the amplification factors of the library components. To optimise its 
analysis, we normalised the LCMS peak areas of the components and represented their change with 
respect to time, obtaining a clear visualisation, indicating an equilibrium time of 24 h in all libraries. The 
eleven selected tdDCC hits showed at least 50% increase in compound formation in presence of IspE, with 
the most amplified compound, E1, exceeding 1500%. Interestingly, this compound combines the two most 
frequently appearing building blocks in the hit structures, hydrazide E and aldehyde 1. Unfortunately, the 
low solubility of these amplified hits significantly hindered biological evaluation, making their validation 
very difficult. To our disappointment, E1 is particularly insoluble at 3.3 µM in PBS with 5% DMSO and had 
to be excluded from IspE binding experiments. Three compounds (C1, K1, E4) showed consistent binding 
to MtbIspE using MST and K1 also induced a change in the melting temperature of MtbIspE. This validated 
IspE binder also had a moderate inhibition effect on E. coli growth, making K1 our most promising hit. 
Lastly, as the poor solubility of the compounds seriously impeded their validation, we decided to perform 
docking experiments to investigate possible binding modes of the hits and rationalise the structure–
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amplification relationship. We found clear trends indicating that both motifs E and 1 preferentially bind in 
the CDP-ME substrate pocket. In the case of E1, fragment E maintained the positioning in the substrate 
binding site and fragment 1 fit into an unoccupied pocket. No other hit compounds showed binding poses 
interacting with that pocket of MtbIspE, giving a possible explanation to the unmatched amplification of 
E1. 

The initial hit-expansion strategy in the KTGS study involved the combination of tailored azides based on 
the pyrazole-amide class with a diverse alkyne library. However, a major obstacle was encountered given 
that the azides lacked affinity for IspE. This essentially transformed the experiment into a hit-discovery 
attempt exploring a limited chemical space, despite the use of 110 alkynes. An extensive analysis of the 
LCMS chromatogram and MS data revealed no triazole hits. We decided to shift the strategy and use the 
alkyne library in a fragment-based hit-discovery experiment. Using biophysical methods we identified five 
alkyne fragment hits that were followed up by selecting hundreds of analogues from the commercial Specs 
library. Ultimately, five compounds from two classes showed an inhibitory effect on IspE from P. 
aeruginosa. The pyrimidinedione class is particularly promising as the majority of inhibitors belong to this 
class, whereas the thiotetrazole class includes several binders but only one inhibitor. Additionally, one of 
the pyrimidinedione inhibitors is a full-size drug-like compound, indicating a good optimisation potential 
of this class.  

With the groundwork laid in this thesis, promising avenues for further investigation into bacterial uptake 
and targeting the enzyme IspE emerge. The study on the pyrazole-amide class suggests that N-alkyl 
guanidines can unlock a broad-range of antibacterial activities. To better investigate the SUR, 
complementary to the inhibition of bacterial wild-types and Ec∆tolC, testing the class in membrane-
modified mutants of other species (or additional E. coli mutants) can be highly beneficial.2,4 Another crucial 
step is the currently ongoing target-identification of the pyrazole-amide class. The absence of the MEP-
pathway in S. aureus,5 strongly suggests that IspE is not the target of the pyrazole-amides, or at least not 
the only target, given the potent antibacterial activity against S. aureus. Identification of the biological 
target would not only aid in the rationalisation of our current data and establish a clearer SAR and SUR, but 
also open the way to rational design approaches for hit optimisation. In the case that the biological target 
was compatible with KTGS, the attempt made with IspE could be worth repeating with the new target using 
the synthesised azides. In addition, based on the excellent results of the (cyclic) guanidine-containing 
pyrazole-amides, we encourage the exploration of diverse ionisable nitrogen functionalities to anti-
infective hits, as we already initiated with fosmidomycin derivatives. We suggest amidine and imidazoline 
motifs as interesting groups to explore. 

Our studies involving IspE resulted in the identification of new promising starting points to develop 
compounds targeting pathogenic homologues of the enzyme. In particular, one critical point of 
improvement for the hits from the tdDCC study is the solubility. Exchanging the hydrazone moiety for 
bioisosteres like oxazoles or amides could be a simple option worth exploring. The addition of charged 
groups, could also improve the solubility, while potentially enhancing antibacterial activity, if ionisable 
nitrogen functionalities are chosen. For this purpose it would be beneficial to guide the design by the 
elucidated binding modes from the docking experiment. For future PT synthesis endeavours, we 
recommend the use of highly soluble fragments, for example by including parameters like logS in the 
selection process. Hit-optimisation of the identified pyrimidinedione inhibitor class of PaIspE can be 
promising. One interesting approach would be to screen a wider range of analogues. The Specs library 
contains thousands of suitable compounds that could be filtered with in silico screening for this purpose. 
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