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“I never promised you a rose garden. I never promised you perfect justice [...] and I never promised 

you peace or happiness. My help is so that you can be free to fight for all of those things. The only 

reality I offer is challenge and being well is being free to accept it or not at whatever level you are 

capable. I never promise lies, and the rose garden world of perfection is a lie... and a bore, 

too!”― Joanne Greenberg, I Never Promised You a Rose Garden1 

 

                                                           
1 I Never Promised You a Rose Garden, Joanne Greenberg, New American Library, Published in 1964. 

https://www.goodreads.com/work/quotes/3585
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Summary 

 

The rise of antimicrobial resistance presents a serious threat to the public health. Anti-virulence 

therapy offers an alternative route to combat resistance by reducing the selection pressure on 

bacteria.  

Introduction part describes the recent developments in anti-virulence therapy and the role of 

proteases in drug discovery. It also overviews the three targets of focus and reports on their 

recently developed inhibitors.  

In the first part, identification of a highly potent α-benzyl-N-aryl mercaptoacetamide class 

inhibitors of LasB from Pseudomonas aeruginosa is described. Further modifications of the 

benzyl group and replacement of the N-aryl ring with heterocycles yielded several hit 

structures. These inhibitors were evaluated in vitro and in vivo to validate the success of this 

class in reducing the pathogenicity of the bacteria. 

In the next part, a low-micromolar fragment inhibitor of ColH from Clostridium histolyticum 

is identified by screening of a halogen-enriched fragment library. A novel binding mode is 

rationalized by a co-crystal structure and further synthetic efforts led to a 2-fold improvement 

in the inhibitory activity. 

In the last part, a series of N-arylmercaptopropionamide derivatives was investigated as 

inhibitors of several Metallo-beta-lactamases. Discovery of a highly selective inhibitor 

demonstrated a strong synergistic effect with a β-lactam antibiotic and showed an in vivo effect 

in a Galleria mellonella infection model. 
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Zusammenfasung 

 

Das Auftreten antibiotikaresistenter Krankheitserreger bedroht die öffentliche Gesundheit. Die 

Anti-Virulenz-Therapie ermöglicht die Bekämpfung von Resistenzen, indem sie den 

Selektionsdruck auf Bakterien verringert.  

In der Einleitung werden die jüngsten Entwicklungen in der Anti-Virulenz-Therapie und die 

Rolle von Proteasen in der Arzneimittelentwicklung beschrieben, sowie die drei Zielmoleküle 

und ihre kürzlich entwickelten Hemmstoffe.  

Im ersten Teil wird ein hochpotenter Inhibitor der α-Benzyl-N-Aryl-Mercaptoacetamid-Klasse 

von LasB aus Pseudomonas aeruginosa beschrieben. Modifikationen der Benzylgruppe und 

Ersatz des N-Arylrings durch Heterocyclen ergaben mehrere Trefferstrukturen. Diese 

Inhibitoren wurden in vitro und in vivo untersucht, um deren Erfolg in der Verringerung der 

Pathogenität der Bakterien zu bestätigen. 

Im zweiten Teil wird ein niedrigmikromolarer Fragment-Inhibitor von ColH aus Clostridium 

histolyticum durch Screening einer halogenangereicherten Fragmentbibliothek identifiziert. 

Ein neuartiger Bindungsmodus wird durch seine ko-kristalline Struktur rationalisiert. Weitere 

Synthesen verbesserten die hemmende Aktivität um das 2-Fache. 

Im letzten Teil wurden N-Arylmercaptopropionamid-Derivate als Inhibitoren verschiedener 

Metallo-beta-Lactamasen untersucht. Die Entdeckung eines hochselektiven Inhibitors zeigte 

eine starke synergistische Wirkung mit einem β-Lactam-Antibiotikum und eine In-vivo-

Wirkung in einem Galleria-mellonella-Infektionsmodell. 
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Özet 

 

Antibiyotiklere dirençli patojenlerin ortaya çıkması halk sağlığı açısından ciddi bir tehdit 

oluşturmaktadır. Anti-virulans tedavisi, bakteriler üzerindeki seçilim baskısını azaltmak ve 

böylece direnci düşürmek için yeni bir yöntem olarak ortaya çıkmaktadır.  

Bu tez, anti-virülans tedavisindeki son gelişmeleri ve proteazların ilaç keşfindeki rolünü 

açıklayarak başlamaktadır. Ayrıca, odaklanılan üç hedefe genel bir bakış sunmakta ve yakın 

zamanda geliştirilen inhibitörleri hakkında rapor vermektedir.  

Ardından, LasB'nin oldukça güçlü α-benzil-N-aril merkaptoasetamid sınıfı inhibitörlerinin 

tanımlanması anlatılmaktadır. Benzil grubunun daha ileri modifikasyonları ve N-aril halkasının 

heterosikllerle değiştirilmesi, bu sınıfın bakterilerin patojenitesini azaltmadaki başarısını 

doğrulamak için in vitro ve in vivo olarak değerlendirilen birkaç hit yapı vermiştir. 

Bir sonraki bölümde, halojenle zenginleştirilmiş bir fragman kütüphanesinin taranması, eş-

kristal yapısı ile rasyonelleştirilen yeni bir bağlanma modu ile ColH'nin düşük mikromolar 

fragman inhibitörünü vermiştir. Daha ileri sentetik çabalar, inhibitör aktivitede 2 kat iyileşmeye 

yol açmıştır. 

Son bölümde, çeşitli Metallo-beta-laktamazların inhibitörleri olarak bir dizi N-

arilmercaptopropionamid türevi açıklanmaktadır. Oldukça seçici bir inhibitörün keşfi, bir β-

laktam antibiyotik ile güçlü bir sinerjik etki göstermiş ve bir Galleria mellonella enfeksiyon 

modelinde in vivo etki göstermiştir. 
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Chapter 1: Introduction 
 

1.1 Targeting Extracellular Bacterial Proteases for the Development of Novel 

Antivirulence Agents 

 

Cansu Kaya, Anna K.H. Hirsch 

Chimia, 76 (2022) 402–408, DOI: 10.2533/chimia.2022.402. 
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1.2 Aims of the Thesis 

 

Targeting virulence factors is an emerging key strategy in designing pathoblockers to combat 

the rise of resistant bacteria. Nevertheless, to obtain inhibitors of extracellular virulence factors 

with optimum properties remains a challenging task, as the designed inhibitors face several 

issues such as lack of selectivity against off-targets or the lack of efficacy in vivo.  

The main objective of this thesis is to present the design and synthesis of novel inhibitors 

targeting several key players of antimicrobial resistance. 

The first part focuses on the design and synthesis of the inhibitors of virulence factor LasB 

from Gram-negative P. aeruginosa. Previously at the DDOP department, mercaptoacetamides 

with low micromolar activity were discovered as potent inhibitors of LasB which also 

demonstrated an in vivo effect on a Galleria mellonella infection model. To improve the 

potency of these inhibitors further, a rational design approach was applied based on the crystal 

structure of the hit structure with LasB. This led to the discovery of alpha-benzylated 

mercaptoacetamide class with not only a 12-fold improvement in potency, but also with a 

similar selectivity and an improved in vivo profile. To expand the chemical space, a structure–

activity relationship (SAR) study on the most potent derivative was employed followed by the 

introduction of heterocyclic derivatives. The results are outlined in Section 2.1 and Section 2.2. 

The second part of the thesis is dedicated to the discovery of fragment-like inhibitors of ColH 

from Gram-positive C. histolyticum with a novel mode of action. Using several biophysical 

methods, a halogen-containing fragment showing a low micromolar inhibition was identified. 

The rationalization of the binding mode was performed by an X-ray crystal structure of the 

fragment hit in complex with peptidase domain of ColH (ColH-PD). A fragment-based design 

yielded around 35 derivatives, which led to an optimized structure with two-fold improvement 

in IC50 values and a restored selectivity of ColH over several MMPs. The results are discussed 

in Section 2.3. 

The last part of this thesis focuses on the design and synthesis of broad-spectrum inhibitors of 

class B1 MBLs. A series of N-aryl mercaptopropionamides was discovered to be potent 

inhibitors of several class B MBLs. Establishment of an SAR study with mainly polar 

substituents revealed a hit structure restoring the activity of the β-lactam antibiotic imipenem. 

An in vivo effect in a Galleria mellonella model demonstrated the potential of these inhibitors 

as future anti-infectives. The results are summarized in Section 2.4. 
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Chapter 2: Results 
 

2.1 Substrate-Inspired Fragment Merging and Growing Affords Efficacious LasB 

inhibitors  

 

Cansu Kaya*, Isabell Walter*, Samir Yahiaoui, Asfandyar Sikandar, Alaa Alhayek, Jelena 

Konstantinović, Andreas M. Kany, Jörg Haupenthal, Jesko Köhnke, Rolf W. Hartmann, Anna 

K. H. Hirsch.  

*These authors contributed equally. 

Angew. Chemie Int. Ed. 2021. https://doi.org/10.1002/anie.202112295.  
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2.2 Structure-Based Design of α-Substituted Mercaptoacetamides as Inhibitors of the 

Virulence Factor LasB from Pseudomonas aeruginosa 

 

Cansu Kaya, Isabell Walter, Alaa Alhayek, Roya Shafiei, Gwenaëlle Jézéquel, Anastasia 

Andreas, Jelena Konstantinović, Esther Schönauer, Asfandyar Sikandar, Jörg Haupenthal, Rolf 

Müller, Hans Brandstetter, Rolf W. Hartmann, Anna K.H. Hirsch 

 

ACS Infectious Diseases 2022 8 (5), 1010–1021 DOI: 10.1021/acsinfecdis.1c00628.  
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2.3 Fragment-Based Design and Synthesis of Inhibitors of ColH 

 

2.3.1 Introduction 

 

Growing antibiotic resistance among notorious bacteria represents a significant risk to public 

health.1 Development of antibiotics with high efficacy, low susceptibility and novel modes of 

action is urgently needed for the treatment of the persistent infections caused by these 

pathogens.2,3  

An outside-the-box strategy to overcome resistance is through the inhibition of extracellular 

virulence factors secreted by pathogenic bacteria.4 By designing pathoblockers that can inhibit 

these targets, the aim is not to harm the bacteria but to disarm them by blocking the colonization 

of pathogens. Adjunctive treatments in combination with low-dose antibiotics can then 

eliminate the bacteria and enable a cellular immune response to be developed. The main 

advantage of this method is to reduce the selection pressure and to keep the commensal bacteria 

unaffected.5 

Clostridia are Gram-positive, obligately anaerobic bacteria present in soil, wastewater, and 

human commensal flora.6,7 Some cause severe diseases with high mortality rates such as gas 

gangrene (by C. perfrigens and C. histolyticum), tetanus (by C. tetani) and  botulism (by C. 

botulinum).7 An increasing amount of resistance among many strains of clostridia are reported, 

representing a challenge for the treatment of these diseases.8 Clostridium histolyticum uses 

clostridial collagenases to invade the host cell and acquire nutrients to evade the immune 

defense.9 These enzymes efficiently degrade collagen tissue during the infection state.10 Given 

their vital and diverse roles in the diseased state and their extracellular position, bacterial 

collagenases are regarded as prominent targets for inhibition. As a result, much focus has been 

dedicated to the design and synthesis of inhibitors of collagenases, in particular collagenase H 

(ColH) from C. histolyticum.  

Along with the identification of natural coumarin derivatives isolated from Viola yedonesis as 

inhibitors of ColH (compound 1, Figure 1)11, small non-peptidic structures like compound 2 

containing a free thiol12, carboxylate13 or hydroxamate14 motifs with activities ranging from 

low micromolar to nanomolar were also reported as potent inhibitors of ColH.  
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Figure 1. Structures of recently reported ColH inhibitors 111, 215, and 316. Zinc-binding groups 

are shown in circles. 

The common major drawback for ColH inhibitors is the selectivity issues with respect to 

mammalian matrix metalloenzymes that show a great structural homology to these bacterial 

proteases. Most recently, exploration of other zinc-binding motifs such as phosphonates 

yielded compound 3 with low micromolar activity addressing this problem have been 

identified.16 

Fragment-based drug design (FBDD) is a powerful method to discover potent small molecule 

inhibitors of critical drug targets.17–19 It also opens up the possibility to access new chemical 

classes and new binding modes as starting points. Low-binding affinity fragments can be 

identified from compound libraries using different biophysical methods and can be further 

optimized to drug-like structures.20 The initial applications of this method were mostly 

performed on kinases, playing vital roles in human metabolism.21 Vemurafenib, targeting 

protein kinase B-RAF, was the first example demonstrating the potential of the fragment-based 

approach.22 Encouraged by the identification of several drug candidates over the years using 

this method, the target range has been broadened to metalloproteins and to ion channels. 

In this work, we report a successful application of fragment-based approach on metalloprotease 

ColH yielding a small halogen-containing fragment with a low-micromolar IC50 value. 

Rationalization of the binding of this small inhibitor to the target protein revealed a novel 

binding mode as the fragment did not coordinate to the zinc cation. Furthermore, the fragment 

demonstrated a promising selectivity over selected human off-targets and a low cytotoxicity. 

After exploring the different growing directions and analyzing 35 derivatives differing in size 

and substituents, we identified a fragment with two-fold increase in potency. 

2.3.2 Results and Discussion 
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Screening of a Halogen-enriched fragment Library using Differential Scanning 

Calorimetry Method. Our fragment-based design strategy started with the screening of a 

halogen-enriched fragment library (HeFLib) containing 148 fragments. Halogen bonds offer 

an alternative to classical polar interactions and have gained a lot of attention recently due to 

their presence in many protein–ligand interactions.23 Therefore, our choice of starting library 

offered a diverse set of potential interactions as the fragments contained various halogen atoms.  

We used differential scanning calorimetry (DSC) to screen the fragment library.24,25 This 

method measures the degree of denaturation of a protein in the presence of a fluorescence dye 

such as Sypro Orange.19 As the stability of most proteins decreases when the melting 

temperature (Tm) is increased due to unfolding, a compound binding to a protein is expected to 

increase the Tm and can thus be considered as a positive hit.  

All fragments were screened against the target protein with a single final concentration of 1 

mM each fragment and 5 µM of the protein. We considered a 2 oC increase in the Tm of ColH-

PD to be significant and selected 21 fragments showing an increase in Tm≥ 2 o C for a 

concentration-dependent DSC screening.  

Among the selected fragments, six demonstrated a concentration-dependent affinity for the 

protein at three final concentration points 5 mM, 1 mM, and 0.2 mM (Table S1). The same 

final concentrations of protein and fluorescent dye were used as in single-point screening.   

Next, we measured the inhibition of the protein at single point concentration in the presence of 

these six fragments in a FRET-based inhibition assay (Table S2) to confirm the binding of these 

compounds. Only compound 4 (Figure 2) showed an inhibition of the target. Encouraged by 

these results, we then determined its IC50 value which revealed a micromolar inhibition of 

ColH-PD, with an IC50 value of 117 ± 5 µM. The observed potency is quite significant for such 

a low-molecular weight molecule as reflected by a calculated ligand efficiency (LE) of 0.46.  
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Figure 2. Schematic representation of screening of a fragment library using different 

biophysical methods and identification of fragment 4 as an inhibitor of ColH-PD. Calculated 

Ligand Efficiency: 0.46. 

Selectivity against MMPs and cytotoxicity against human cell-lines. Since selectivity for 

ColH over human metalloproteases is a notorious issue in designing potent inhibitors, an early 

investigation of these properties can serve as a good basis for further development. As a result, 

in the next step we explored the selectivity of the identified fragment 4 against several human 

off-targets.  

We selected six matrix metalloproteases representing different sub-classes and evaluated the 

fragment at 500 µM and 100 µM against these targets (Table 1). Our fragment did not show 

any inhibition of the selected MMPs.  

Table 1. Selectivity of fragment 4 against six selected MMPs. 

 % Inhibition 

Conc (µM) MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-14 

500 9.6 10.2 10.7 9.8 4.8 12.9 

100 5.6 5.4 4.1 14.3 –1.3 –1.3 

 

We also checked its cytotoxicity against two human cell lines HEPG2 (LD50 ≤ 100 µM) and 

HEK 293 (LD50 ≤ 100 µM). These results served as a good basis for further optimization. 

Co-crystallization of the fragment with ColH-PD. To elucidate the binding mode of the 

fragment 4 and to get a deeper understanding of the potential interactions in the surrounding 

unoccupied space, we co-crystallized it with ColH-PD.  

The interacting amino acid residues in the binding pocket are shown in Figure 3. - stacking 

of the five-membered and six-membered rings of the fragment with surrounding Trp471 as 

well as -lone pair and -CH interactions of the five-membered ring and chlorine atom with 

Trp471 and surrounding water molecules are well-documented. Carbonyl groups in the 

fragment also contribute to H-bonding with surrounding Glu430 residue.  
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Figure 3. Peptidase domain of ColH in complex with fragment 4. Close-up view of the active 

site in ball-and-stick representation. The inhibitor (yellow) is shown in sticks with the 

maximum likelihood weighted 2Fo−Fc electron density map contoured at 1σ. The catalytic zinc 

ion (dark gray), calcium ion (green), and water molecule (red) are shown as spheres. The edge 

strain (shown in dark gray sticks) is indicated on top. 

The crystal structure also revealed that the fragment was not complexed to the zinc cation, 

which was a notable finding considering coordination to the zinc cation is critical for 

metalloprotease inhibitor efficacy. It also demonstrated that the low micromolar activity 

reported with our fragment was not due to zinc coordination. 

Encouraged by the small size of the fragment and its newly discovered binding mode, we 

investigated its potential growth vectors. Our aim was to grow the fragment in the binding 

pocket further and improve the interactions in the binding pocket with small modifications.  

Based on these different directions, we designed a total of 33 fragment molecules with various 

modifications differing in size and substituents. Figure 4 depicts three fragment-growing 

directions identified and type of reactions used in each direction. In Part A of the core structure, 

Suzuki coupling or bromination yielded various derivatives, whereas in Part B, the reactions 

were mostly focused on reduction or carbonyl transformation. For Part C, we relied on 

substitution reactions or alkyne transformation. 
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Figure 4. Schematic representation of three growing directions (A, B and C) for fragment 4 

and different reactions used for fragment optimization. 

Figure 5 represents all fragments that we either designed and synthesized or purchased 

commercially. As fragments 15, 16, and 18–23 were commercially available, these fragments 

were purchased and evaluated without further purification. We synthesized fragments 5–15 

containing modifications on part A, fragments 24–32 with modifications on part B and 

fragments 33–39 containing modifications on part C using the reactions shown in Figure 4 with 

low to moderate yields. The synthetic route for each fragment is shown in detail in experimental 

section 2.3.3. We docked each fragment derivative in the binding pocket of the protein using 

SeeSAR V.11.1 to investigate its potential interactions.  

 

Figure 5: Chemical structures of the designed 33 fragments highlighting the modifications 

made on each part. 
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To quantify the effect the modifications on fragment 4 have on its potency, we measured the 

percent residual activity of ColH-PD in the presence of 10 µM or 100 µM final concentration 

of all fragments. The residual activities for each fragment are shown in Tables S2, S3 and S4. 

The measurement of residual activity of ColH-PD was performed as described in the 

experimental section.  

Only the three fragments 5, 6, and 7 caused a decrease to  50% residual activity of the protein. 

We therefore selected these three compounds for IC50 determination. Table 2 shows the 

measured IC50 values, which were determined using a FRET-based inhibition assay as 

described in the experimental section. 

Table 2. IC50 values of compounds 4, 5, 6 and 7 against ColH-PD.[a] 

Compound Structure IC50 (µM)  

4 

 

117 ± 5 

 

5 

 

128 ± 8* 

 

6 

 

44 ± 2* 

 

7 

 

155 ± 14* 

 

[a]All measurements were performed in triplicate.  

Addition of a bromine group ortho to the 4-chloro substituent in compound 5 did not yield any 

change in the activity, whereas an additional bromine in para position with compound 6 

increased the potency two-fold compared to compound 4. This improvement can be 

rationalized by additional -alkyl interactions of the bromine in para position with His459, 

Tyr428 and Trp471 residues, which compounds 4 and 5 cannot provide. The methyl group in 

compound 7, however, interrupts a H-bond network between His459 and Glu430 residues that 
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is mediated via two water molecules by displacing one of the waters, which could explain the 

observed decrease in potency of this fragment. 

The results in Table 2 were also in accordance with the residual activity measured in the 

presence of several other fragments in Tables S1, S2 and S3. For example, fragments 18 and 

20 causing around 70% residual activity of the protein highlighted the importance of having a 

chlorine atom on the isatin core in the correct position. On the other hand, the fragments 19 

and 23 containing a one or two bromine atoms caused less than   50% residual activity, which 

was consistent with the potential interactions the bromine atom demonstrated with the 

surrounding residues in fragment 6. We also observed that fragments 21 (5-bromoisatin) and 

22 (6-bromoisatin) demonstrate the importance of the position of the bromine atom. 

In the next step, we sought to confirm the binding of fragment 6 further by determining its KD 

value using Microscale Thermophoresis (MST). This method is based on identifying the 

temperature changes in fluorescence intensity, which can be influenced by binding interactions 

of a suitable ligand with a fluorescently labeled target protein under IR laser.26  

Figure 6 shows the fitted curve plotting the normalized fluorescence against concentration of 

the ligand. KD of fragment 6 is calculated from this binding curve using the nonlinear function 

of the law of mass (KD : 66.83 ± 7.91 µM  (n=2)).27  
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Figure 6. KD fit curve obtained with MST for compound 6 (His-Tag Col-PD concentration 

50 nM, fragment 6 concentration range 2 mM to 6.0x10-5  mM).  KD : 66.83 ± 7.91 µM  (n=2). 

https://en.wikipedia.org/wiki/Law_of_mass_action
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The calculated KD value of fragment 6 was in the low micromolar range, which is in accordance 

with the IC50 value. This result also supported our observation concerning the potency of the 

fragment against ColH-PD.  

The identification of fragments 4 and 6 with low affinity for ColH has demonstrated that the 

direction A of the 4-chloroisatin core is crucial for growing of the fragment. Therefore, further 

modifications should be explored to introduce common zinc-binding motifs such as thiols or 

phosphonates into this part of the core structure to gain more potency while fine-tuning the 

selectivity against human off-targets.  

2.3.3 Experimental Section 

General Chemistry. All starting reagents, including fragments 15, 16, and 18–23, that were 

purchased from commercial suppliers were used without further purification. Procedures were 

not optimized regarding yield. NMR spectra were recorded on a Bruker AV 500 (500 MHz) 

spectrometer at room temperature. Chemical shifts are given in parts per million (ppm) and 

referenced against the residual proton, 1H, or carbon, 13C, resonances of the >99% deuterated 

solvents as internal reference. Coupling constants (J) are given in hertz (Hz). Data are reported 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of 

doublets, dt = doublet of triplets, m = multiplet, br = broad), and combinations of these coupling 

constants and integration. Liquid chromatography−mass spectrometry (LC−MS) was 

performed on an LC−MS system, consisting of a Dionex-UltiMate 3000 pump, an autosampler, 

a column compartment, and a detector (Thermo Fisher Scientific, Dreieich, Germany), and an 

ESI quadrupole MS system (MSQ Plus or ISQ EC, Thermo Fisher Scientific, Dreieich, 

Germany). Flash chromatography was performed using an automated flash chromatography 

system CombiFlash Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped with RediSepRf silica 

columns (Axel Semrau, Sprockhövel, Germany) or Chromabond Flash C18 columns 

(Macherey-Nagel, Düren, Germany). Preparative HPLC of the compounds were performed 

with the solvent system (H2O + 0.05% FA/ACN + 0.05% FA 95:5 → 5:95). High-resolution 

mass was determined by LC−MS/MS using a Thermo Scientific Q Exactive Focus Orbitrap 

LC−MS/MS system. The purity of the final compounds was determined by LC−MS, using the 

area percentage method on the UV trace recorded at a wavelength of 254 nm, and found to be 

>95%.  

Inhibition Assays with Human Off-Targets. Assays focusing on the inhibition of human 

MMPs were performed as described previously.14,15  
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Cytotoxicity Assay. The toxicity of selected compounds towards three cell lines was 

determined as described previously.28 Fragment 4 showed no relevant cytotoxic behaviour 

against the human hepatoma cell line (HepG2) and human embryonic kidney (HEK 293) cells. 

Screening of Halogen-Enriched Fragment Library by Differential Scanning Calorimetry 

Assay. All experiments were performed in a 96-well PCR plate (Thermoscientific). The final 

volume per well was 25 µL, consisting of 18.75 µL of protein buffer 10 mM HEPES, pH: 7.5, 

10 mM NaCl, 1 mM CaCl2, 3 mM NaH3, 2.5 µL of SYPRO orange dye, 2.5 µL of ColH-PD 

enzyme and 5 % final  DMSO (1.25 µL). The plates were centrifuged for 2 min. at room 

temperature, and the melting temperature of the protein was measured using a Real-time PCR 

machine (Step One plus, Applied Biosystemd). 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 20 °C, 95 °C and 0.5 °C / min, respectively. The melting curves were analyzed 

using Protein Thermal Shift 1.3 software. Initially, the final concentration of the ColH-PD and 

SYPRO orange 5000x dye (Sigma-Aldrich) were optimized by screening different 

concentrations of ColH-PD (10 and 5 mg/mL) at different dye concentrations (50X, 25X, 10X). 

Most suitable final protein and dye concentrations were determined as 5 µM and 50X, 

respectively. The Tm of the ColH-PD under these conditions was found 45.5 °C. 

These concentrations were used to screen the HeFLib containing of 148 fragments in two 96-

well plates with 100 mM final concentration in DMSO. The DSC plates were incubated at 

room temperature, and the melting curves were measured for each plate twice in final 

concentrations of  5 µM protein, 1 mM of fragments and 50x dye as described above (25 µL 

total volume, 5 % final DMSO). As positive control, compound N-(4-acetylphenyl)-2-

mercaptoacetamide was used in 4 µM final concentration. As a negative control, rifampicin 

was included at 100 µM and 20 µM final concentrations.  

Fragments showing a shift in the Tm ≥ 2 oC were selected further for concentration-dependent 

DSC measurements. Three different final concentrations  (5 mM, 1 mM, 0.2 mM) of the 

selected fragments were used against the same protein (5 µM) and dye (50x) concentration. 

The plates were incubated at room temperature and the melting curves were measured for each 

plate twice. The melting curves were analyzed using Protein Thermal Shift 1.3 software. The 

shift in Tm  measured for ColH-PD in presence of fragments showing concentration dependency 

is shown in Table S1. 
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FRET-based ColH-PD Inhibition Assay. In the prescreening assay, ColH-PD was pretreated 

with the compounds for 1 h at room temperature. The reaction was initiated by the addition of 

2 μM FS1-1. The final concentrations were 25 nM ColH-PD, 100 μM compound or 100 µM 4-

chloroisatin as control, 250 mM Hepes pH 7.5, 400 mM NaCl, 10 mM CaCl2, 10 μM ZnCl2, 

and 2% DMSO. The increase in fluorescence was monitored for 2 min (Excitation: 328 nm, 

Emission: 392 nm) at 25 °C. The percentage of enzyme inhibition was calculated with respect 

to a reference without addition of any compound, only plus buffer control. The initial velocities 

were calculated via linear regression. For IC50 measurements, the experiments were performed 

as described above, employing eight different compound concentrations. The compound 

concentrations were chosen to be evenly distributed above and below the estimated IC50. IC50 

values were determined by nonlinear regression. When necessitated by solubility or compound 

limitations, IC50 values were determined by linear interpolation. Then compound 

concentrations were chosen to cover a narrow residual activity window of 50 ± 10% to ensure 

linearity. All experiments were performed in triplicate and repeated at least three times. 

Regression analysis was performed using GraphPad Prism 5 (Graph Pad Software, San Diego, 

CA, USA). 

Crystallization of Fragment 4 with ColH-PD. Prior to crystallization, 9 mg/mL ColH-PD 

were preincubated with 5 mM 4-chloroisatin in 7 mM Hepes pH 7.5, 74 mM NaCl, 0.74 mM 

CaCl2, and 8.7% DMSO for 30 min. at RT and then clarified by centrifugation for 30 min. at 

13,000 g. The co-crystal was grown using the sitting drop vapor diffusion method by mixing 

0.4 μL protein-inhibitor solution with 0.4 μL crystallization buffer. The crystallization buffer 

contained 0.1 M Hepes/MOPS pH 7.3, 0.02 M 1,6-hexanediol, 0.02 M 1-butanol, 0.02 M 1,2-

propanediol, 0.02 M 2-propanol, 0.02 M 1,4-butanediol, 0.02 M 1,3-propanediol, 12.5% v/v 

MPD, 12.5% PEG 1000, and 12.5% w/v PEG 3350. The drop was streak-seeded from crystals 

of unliganded ColH-PD.29 Crystals appeared within days. The crystals were cryoprotected with 

MiTeGen LV Cryo-oil (MiTeGen, Ithaca, NY) and immediately flash-frozen in liquid nitrogen. 

X-ray diffraction data were collected on beamline ID23-1 at the European Synchrotron 

Radiation Facility (ESRF) in Grenoble, France. The data set was indexed, integrated and scaled 

using XDS and AIMLESS.30,31 Molecular replacement was performed with PHASER65 using 

as search model PDB entry 5O7E (ligand deleted). Ligand coordinates and restraints were 

generated using the Grade Web Server.32 Final structures were obtained by several refinement 

cycles using PHENIX interspersed together with model building in WinCoot.33,34 PyMOL 
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version 4.0.0 was used for figure generation (The PyMOL Molecular Graphics System, Version 

4.0.0 Schrödinger, LLC). 

Determination of KD by Microscale Thermophoresis (MST). To evaluate the binding 

affinity of compound 6, an MST was established and performed on a Monolith NT.115 device. 

The protein (HIS-tagged ColH) was labeled with a red fluorescent dye NT-647 using a 

procedure provided by Nano Temper, including 30 min. incubation time with a ratio of 2:1 of 

fluorescent dye to protein. The samples were prepared by incubation of the labelled protein 

with the fragment in 10 mM Hepes, 100 mM NaCl, 1 mM CaCl2, 5% glycerol, 3 mM NaN3, 

%0.05 Tween20, 5% DMSO buffer solution with a pH of 7.2 for 25 minutes. The final 

concentration of the protein was 50 nM, while the concentration of the fragment was ranging 

from 2 mM to 6.0x10-5 mM. The fragment was screened in duplicate at a temperature of 25 °C 

with an LED power of 40%–60% using standard capillaries. MST on time was 20 sec. and off 

time was 4 sec. for all measurements. A negative control was measured in triplicate, containing 

the labeled protein only. As positive control, the initial hit for ColH (N-(4-acetylphenyl)-2-

mercaptoacetamide) at a final concentration of 625 nM (2 times of its dissociation constant 

(KD)) was measured as well. Data were evaluated using the MO Affinity Analysis software 

(version 2.3, Nano Temper Technologies), and the KD curve was plotted by OriginLab V.7.0. 

Synthesis of Fragment Derivatives 

Bromo-4-chloroindoline-2,3-dione (5) 

4-chloroisatin (506 mg, 2.79 mmol) was dissolved in MeOH (70 mL) and 

cooled to 0 °C. N-bromosuccinimide (881 mg, 4.95 mmol) was added 

portion-wise and the orange solution was stirred for 22 h at room 

temperature. The reaction mixture was concentrated in vacuo and dissolved in EtOAc. The 

organic layer was washed with dist. water and sat. aq. NaCl solution, was dried over MgSO4, 

filtered and the solvent was removed under reduced pressure. The dark orange crude was 

adsorbed on silica and purified via flash chromatography (Hexane / EtOAc) to obtain the 

desired product as orange crystals (243 mg, 0.93 mmol, 33%). 1H NMR (500 MHz, DMSO-

d6) δ ppm: 10.27 (s, 1H, -NH), 7.85 (d, 3JHH = 8.4 Hz, 1H, H6), 6.81 (d, 3JHH = 8.4 Hz 1H, 

H7).13C NMR (126 MHz, DMSO-d6) δ ppm: 180.4 (s, C3), 158.3 (s, C2), 151.1 (s, C4), 141.3 

(s, C6), 130.8 (s, C7a), 116.4 (s, C3a), 115.5 (s, C5) 112.5 (s, C7). HRMS (ESI+) m/z calcd. 

for C8H4BrClNO2 [M+H]+ 259.91085 found 259.90955. MP: 275.4 °C  

5,7-Dibromo-4-chloroindoline-2,3-dione (6) 
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The compound was obtained as a side product of the synthesis of 5-bromo-

4-chloroisatin (5). The product was isolated as red crystals (20.3 mg, 

0.06 mmol, 2%) after purification by flash chromatography (Hexane / 

EtOAc). ¹H NMR (500 MHz, DMSO-d6) δ ppm: 11.56 (s, 1H, -NH), 8.23 

(s, 1H, H6). 13C NMR (126 MHz, DMSO-d6) δ ppm: 179.8 (s, C3), 158.8 (s, C2), 149.9 (s, 

C4), 142.2 (s, C6), 130.1 (s, C7a), 117.9 (s, C3a), 115.9 (s, C5) 103.9 (s, C7). HRMS (ESI+) 

m/z calcd. for C8H3Br2ClNO2 [M+H]+ 337.80476 found 337.80499. MP: 157.2 °C. 

 

N-(5-Chloro-2-methylphenyl)-2-(hydroxyimino)acetamide (7a) 

Chloral hydrate (1.16g, 6.99 mmol) was dissolved in dist. water (12.5 mL), 

and Na2SO4 (4.51g, 31.75 mmol) was added. The solution was heated to 

35 °C, and a suspension of 5-chloro-2-methylaniline (502 mg, 3.54 mmol), 

hydroxylamine hydrochloride (988 mg, 14.22 mmol) and con. HCl solution 

(0.37 mL) in dist. water (15 mL) was added dropwise. The colorless solution was heated to 80 

°C for 2 h. The brown suspension was filtrated and washed with cold water to obtain the product 

as light brown solid (575 mg, 2.72 mmol, 77 %). 1H NMR (500 MHz, DMSO-d6) δ ppm: 12.28 

(s, -OH), 9.55 (s, -NH), 7.69 (s, 1H, -CH(NOH)), 7.64 (d, 4JHH= 2.1 Hz, 1H, H2), 7.27 (d, 3JHH 

= 8.3 Hz, 1H, H5), 7.17 (dd, 4JHH = 2.2 Hz, 3JHH = 8.3 Hz, 1H, H4), 2.20 (s, 3H, -CH3). 
13C 

NMR (126 MHz, DMSO-d6) δ ppm: 160.5 (s, -NH-C(O)-), 143.8 (s, -CH(NOH)), 136.9 (s, -

CCl-), 131.9 (s, C5), 130.3 (s, C6), 130.0 (s, -C-NH-), 125.2 (s, C4), 124.0 (s, C2), 17.2 (s, -

CH3). HRMS (ESI+) m/z calcd. for C9H10ClN2O2 [M+H]+ 213.04253 found 213.04170.  

4-Chloro-7-methylindoline-2,3-dione (7) 

Compound 7a (200 mg, 0.94 mmol) was dissolved in conc. H2SO4 (4.5 mL) 

and was heated to 60 °C for 30 min. The red solution was then heated to 80 °C 

for 15 min. and was allowed to cool to 70 °C afterwards. The purple solution 

was diluted with ice water (20 mL) and was cooled down to 0 °C for 1 h. An 

orange precipitate formed, which was collected and dried under high vacuum to afford the 

product as brown-orange solid (140 mg, 0.71 mmol, 76%). 1H NMR (500 MHz, DMSO-d6) δ 
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ppm: 11.24 (s, 1H, -NH), 7.40 (dd, 4JHH = 0.6 Hz, 3JHH = 8.2 Hz, 1H, H6), 6.98 (d, 3JHH = 8.2 

Hz 1H, H5), 2.16 (s, 3H, -CH3). 
13C NMR (126 MHz, DMSO-d6) δ ppm: 181.6 (s, C3), 159.1 

(s, C2), 150.6 (s, -CCl-), 140.0 (s, C6), 128.3. HRMS (ESI+) m/z calcd. for C9H7ClNO2 [M+H]+ 

196.01598 found 196.02667. MP: 282.3 °C 

4-Chloro-5-phenylindoline-2,3-dione (8) 

An oven-dried pressure tube was charged with compound 6 (50.0 mg, 

0.19 mmol), phenylboronic acid (46.0 mg, 0.38 mmol) and Na2CO3 

(84.8 mg, 0.80 mmol). Pd(tBu3P)2 (9.71 mg, 10 mol %) was added 

briefly afterwards and the pressure tube was sealed, evacuated, and 

backfilled with Ar (3x). Dried and degassed 1,4-dioxane (4.5 mL) was added and the reaction 

mixture was placed in an oil bath, preheated to 85 °C. The dark red suspension was stirred for 

18 h, quenched with dist. water and acidified to pH = 2 using 2 N HCl solution. The orange 

suspension was extracted with EtOAc (3x), dried over Na2SO4, filtered, and concentrated in 

vacuo. The crude product was purified using reversed phase flash chromatography (H2O+0.1% 

FA/MeCN+0.1% FA). The product was isolated as orange solid (14.6 mg, 0.056 mmol, 29%). 

1H NMR (500 MHz, DMSO-d6) δ ppm: 11.28 (s, -NH), 7.58 (d, 3JHH = 8.0 Hz, 1H H6), 7.47 

(t, 3JHH = 7.0 Hz, 2H, Phenyl H-meta), 7.40 (m, 3H, Phenyl H-ortho, H-para), 6.93 (d, 3JHH = 

8.0 Hz, 1H, H7). 13C NMR (126 MHz, DMSO-d6) δ ppm: 181.4 (s, C3), 158.7 (s, C2), 151.4 

(s, C4), 139.9 (s,  C6), 137.5 (s, C7a), 134.8 (s, C5), 129.4 (s, Phenyl C-ortho), 129.3 (s, -CCl-

C-C-CH-) 128.4 (s, Phenyl C-meta), 127.9 (s, Phenyl C-para), 115.5 (s, C3a), 111.2 (s, C7). 

HRMS (ESI+) m/z calcd. for C14H9ClNO2 [M+H]+ 258.03163 found 258.03076. MP: 229.1 °C 

4,5-Diphenylindoline-2,3-dione (9) 

Compound 5 (48.2 mg, 0.18 mmol), phenylboronic acid (73.6 mg, 

0.60 mmol) and Na2CO3 (70.5 mg, 0.66 mmol) were dissolved in 

MeCN (3 mL) and dist. water (1.5 mL) in a Schlenk tube. The dark red 

solution was degassed by flushing nitrogen through it for 30 min. Then 

Pd(PPh3)4 (21.9 mg, 10 mol%) was added and the reaction mixture was 

placed into an oil bath, preheated to 85 °C. The suspension was stirred for 18 h at 85 °C until 

it was allowed to cool down to room temperature. The light brown suspension was diluted with 

dist. water and EtOAc and was filtered. The aqueous phase was acidified to pH = 3 using 2 N 

HCl solution and was extracted with EtOAc three times. The organic layers were dried over 

MgSO4, filtered and the solvent was removed under reduced pressure. The orange crude was 
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purified using reversed phase flash chromatography (H2O+0.1% FA/MeCN+0.1% FA). The 

product was isolated as dark orange crystals (3 mg, 0.010 mmol, 5%). 1H NMR (500 MHz, 

DMSO-d6) δ ppm: 8.20 (s, -NH), 7.59 (d, 3JHH = 8.1 Hz, 1H, H6), 7.26 (m, 3H, Phenyl(pos.4) H-

meta, Phenyl(pos.4) H-para), 7.18 (m, 3H, Phenyl(pos.5) H-meta, Phenyl(pos.5) H-para), 7.08 (d, 

3JHH = 7.2 Hz, 2H, Phenyl(pos.4) H-ortho), 7.00 (m, 2H, Phenyl(pos.5) H-ortho), 6.97 (d, 3JHH = 

8.1 Hz, 1H, H7). 13C NMR (126 MHz, DMSO-d6) δ ppm: 181.7 (s, C3), 158.6 (s, C2), 148.7 

(s, C7a), 141.7 (s, C4), 140.0 (s, C6), 139.4 (s, Phenyl(pos.5)-C), 138.5 (s, C5), 134.6 (s, 

Phenyl(pos.4)-C), 130.0 (s, Phenyl(pos.4) C-ortho), 129.8 (s, Phenyl(pos.5) C-ortho), 128.2 (s, 

Phenyl(pos.4) C-para), 128.1 (s, Phenyl(pos.5) C-meta), 127.9 (s, Phenyl(pos.4) C-meta), 127.1 (s, 

Phenyl(pos.5) C-para), 115.1 (s, C3a), 111.4 (s, C7). 

4,5-Bis(3-methoxyphenyl)indoline-2,3-dione (10) 

Compound 5 (100 mg, 0.38 mmol), 3-(methoxy)phenylboronic 

acid (116 mg, 0.76 mmol) and Na2CO3 (161 mg, 1.51 mmol) were 

dissolved in MeCN (6mL) and dist. H2O (3 mL) in a Schlenk 

tube. The dark red solution was degassed by flushing nitrogen 

trough it for 20 min. [Pd(PPh3)4] (65.9 mg, 15 mol %) was added 

and the reaction mixture was stirred in a preheated oil bath at 80 

°C for 18 h. Again 3-(methoxy)phenylboronic acid (100 mg, 0.7 mmol) and Na2CO3 (100 mg, 

0.9 mmol) was added, and the suspension was stirred for another 18 h. The brown suspension 

was diluted with water, filtrated, and acidified to pH = 3 using 2 N HCl solution. The orange 

suspension was extracted with EtOAc three times, and the combined organic layers were 

washed with sat. aq. NaCl solution, dried over MgSO4, filtered and concentrated in vacuo. The 

orange crude was adsorbed on silica and purified using reversed phase flash chromatography 

(H2O+0.1% FA / MeCN+0.1% FA) to obtain the product as orange solid (1.6 mg, 0.004 mmol, 

1%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 8.20 (s, -NH), 7.60 (d, 3JHH = 8.0 Hz, 1H, H6), 

7.17 (t, 3JHH = 8.0 Hz, 1H, Phenyl(pos.4) H-meta), 7.11 (t, 3JHH = 8.0 Hz, 1H, mPhenyl(pos.5) H-

meta), 6.95 (d, 3JHH = 8.1 Hz, 1H, H7), 6.83 (dd, 4JHH  = 2.4 Hz, 3JHH = 8.2 Hz, 1H, 

mPhenyl(pos.4) H-para), 6.73 (dd, 4JHH = 2.4 Hz, 3JHH = 8.2 Hz, 1H mPhenyl(pos.5) H-para), 6.70 

(d, 3JHH = 7.5 Hz, 1H, Phenyl(pos.4) H-ortho (-CH-CH-C-)), 6.64 (d,3JHH= 7.5 Hz, 1H, 

mPhenyl(pos.5) H-ortho (-CO-CH-C-)), 6.62 (s, 1H, mPhenyl(pos.4) H-ortho (-CO-CH-C-)), 6.52 

(s, 1H, mPhenyl(pos.5) H-ortho (-CO-CH-C-)), 3.65 (s, mPhenyl(pos.5) -OCH3), 3.59 (s, 

mPhenyl(pos.4) -OCH3). 
13C NMR (126 MHz, DMSO-d6) δ ppm: 181.6 (s, C3), 158.9 (s, C2), 

159.2 (s, 2C, -C-O-CH3), 149.0 (s, C7a),  141.4 (s, C4), 140.7 (s, mPhenyl(pos.4)-C), 139.8 (C6), 
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138.1 (s, mPhenyl(pos.5)-C), 136.0 (s, mPhenyl(pos.4)-C), 129.2 (s, mPhenyl(pos.5) C-meta), 129.0 

(s, mPhenyl(pos.4) C-meta), 122.5 (s, mPhenyl(pos.4) C-ortho (-CH-CH-C-)), 122.1 (s, 

mPhenyl(pos.5) C-ortho (-CH-CH-C-)), 115.8 (s, C3a),115.2 (s, mPhenyl(pos.4) C-ortho (-CO-CH-

C-)), 115.1 (s, mPhenyl(pos.5) C-ortho (-CO-CH-C-)),114.5 (s, mPhenyl(pos.4) C-para), 113.2 (s, 

mPhenyl(pos.5) C-para), 111.4 (s, C7), 55.4 (s, mPhenyl(pos.4) -OCH3), 55.3 (s, mPhenyl(pos.5) -

OCH3. 

 

2-(Hydroxyimino)-N-(3-(trifluoromethyl)phenyl)acetamide (11a) 

Chloral hydrate (349 mg, 2.11 mmol) was dissolved in dist. water (5 mL) and Na2SO4 (1.58 g, 

11.2 mmol) was added. The solution was stirred at 35 °C until a solution of 3-

(trifluoromethyl)aniline (0.15 mL, 1.20 mmol), hydroxylamine hydrochloride (319 mg, 

4.59 mmol) and conc. HCl solution (0.15 mL) in dist. water (5 mL) was added dropwise. The 

solution was heated to 80 °C for 2 h. A yellow precipitate formed, which was filtrated and 

washed with cold water to obtain the desired product (199 mg, 0.86 mmol, 72%). 1H NMR 

(500 MHz, DMSO-d6) δ ppm: 12.28 (s, -OH), 10.50 (s, -NH), 8.17 (s, 1H, H2), 7.92 (d, 3JHH = 

8.2 Hz, 1H, H6), 7.65 (s, 1H, -CH(NOH)), 7.57 (t, 3JHH  = 8.0 Hz, 1H, H5), 7.44 (d, 3JHH = 8.0 

Hz, 1H, H4). 13C NMR (126 MHz, DMSO-d6) δ ppm: 160.8 (s, -NH-C(O)-), 143.8 (s, -

CH(NOH)), 139.2 (s, C1), 130.0 (s, C5), 129.4 (q, 2JCF  = 31.6 Hz, C3), 124.1 (q, 1JCF = 271.4 

Hz -CF3), 123.4 (s, C6), 120.2 (q, 3JCF = 4.0 Hz, C4), 115.9 (q, 3JCF = 4.0 Hz, C2). 19F(1H) 

(470 MHz, DMSO-d6) δ ppm: -61.32 (s, 3F, -CF3). HRMS (ESI+) m/z calcd. for C9H8F3N2O2 

[M+H]+ 233.05324 found 233.05229.  

4-(Trifluoromethyl)indoline-2,3-dione (11) 

Compound 11a (169 mg, 0.73 mmol) was dissolved in conc. H2SO4 (3.5 mL) 

and heated to 60 °C for 30 min. The red solution was then heated to 80 °C for 

15 min. and was allowed to cool to 70 °C afterwards. The red solution was 

diluted with ice water (20 mL) and was cooled down to 0 °C for 1 h. The suspension was then 

extracted with EtOAc (3x), the combined organic layers were washed with sat. aq. NaCl 

solution, dried over MgSO4, filtered and the solvent was removed under reduced pressure. The 
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crude was co-evaporated two times with toluene and dried in high vacuum overnight. The dry 

crude was then dissolved in 2 N NaOH solution and was heated to 60 °C for 1 h. The reaction 

mixture was neutralized using acetic acid and the aqueous phase was extracted with EtOAc 

(3x). The combined organic layers were washed with sat. aq. NaCl solution, dried over MgSO4, 

filtered, and concentrated in vacuo. The crude was purified using column chromatography 

(Hexane / EtOAc, 1:1) to obtain the desired product as bright orange solid (29.3 mg, 0.14 mmol, 

19 %). 1H NMR (500 MHz, DMSO-d6) δ ppm: 11.30 (s, -NH), 7.75 (t, 3JHH = 8.1 Hz, 1H, H6), 

7.36 (d, 3JHH = 8.1 Hz, 1H, H5), 7.20 (d, 3JHH = 8.1 Hz, 1H, H7). 13C NMR (126 MHz, DMSO-

d6) δ ppm: 180.5 (s, C3), 158.2 (s, C2), 152.5 (s, C7a), 138.3 (s, C6), 125.2 (q, 2JCF = 34.4 Hz, 

C4), 122.3 (q, 1JCF = 272.0 Hz -CF3), 119.2 (q, 3JCF  = 5.7 Hz, C5), 116.8 (s, C7), 113.7 (s, 

C3a). 19F(1H) (470 MHz, DMSO-d6) δ ppm: - 61.36 (s, 3F, -CF3). HRMS (ESI–) m/z calcd. for 

C9H3F3NO2 [M–H]– 214.01214 found 214.01134. 

2-Chloro-N-(2,3-dioxoindolin-5-yl)acetamide (12) 

Chloroacetic acid (77 mg, 0.34 mmol) was dissolved in DMF 

(3 mL). To this mixture, EDC.HCl (66 mg, 0.34 mmol) and HOBt 

(46 mg, 0.34 mmol) were added, and the solution was stirred at 

room temperature until it is clear. Compound 13 (42 mg, 0.22 mmol) was added to the reaction, 

and it was stirred at room temperature overnight. Next day, DMF was evaporated and then the 

mixture was dissolved in DCM and washed with sat. aq. NaCl solution twice. The organic 

phase was dried over MgSO4, filtered, and concentrated in vacuo. The crude was purified using 

reverse phase HPLC to yield orange solid (34 mg, 0.14 mmol, 66%). 1H NMR (500 MHz, 

DMSO-d6) δ ppm: 11.00 (s, 1H), 10.38 (s, 1H), 7.79 (d, J = 2.1 Hz, 1H), 7.66 (dd, J = 8.5, 

2.2 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 4.24 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ ppm: 

184.4, 164.7, 159.6, 146.7, 133.7, 129.2, 117.8, 115.6, 112.6, 43.4. HRMS (ESI–) m/z calcd. 

for C10H6ClN2O3 237.00724 [M–H]– found 237.00723. 

5-Aminoindoline-2,3-dione (13) 

5-nitroisatin (500 mg, 2.6 mmol) was dissolved in warm EtOH (10 mL). 

The emulsion was warmed up to reflux and Fe powder (430 mg, 7.8 

mmol) was added. Then, HCl (2 mL) was added dropwise. After 30 min. 

at reflux, the reaction was stopped. NaHCO3 solution was added until pH is 8. The mixture was 

extracted with EtOAc (3x), and the combined organic layers were washed with sat. aq. NaCl 

solution, dried over MgSO4, filtered, and concentrated in vacuo. The crude was purified using 
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column chromatography (DCM / MeOH, 95:5) to obtain the desired product as orange solid 

(420 mg, 2.59 mmol, 99%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 10.62 (s, 1H), 6.81 (dd, J 

= 8.3, 2.5 Hz, 1H), 6.70 (d, J = 2.4 Hz, 1H), 6.63 (d, J = 8.3 Hz, 1H), 5.09 (s, 2H).  13C NMR 

(126 MHz, DMSO-d6) δ ppm: 185.5, 159.5, 144.0, 140.9, 123.6, 118.2, 112.8, 109.1, 39.5. 

N-(2,3-Dioxoindolin-5-yl)acetamide (14) 

5-aminoisatin (134 mg, 0.72 mmol) was dissolved in THF (2 mL) and 

flushed with Ar. To this solution, Et3N (44 µL, 0 .43 mmol) was added 

dropwise. The mixture was cooled to 0 oC and acetyl chloride (22 µl, 

0.28 mmol) was added slowly. After 1 h, THF is evaporated, and the crude is washed with 

DCM. The combined organic layers were washed with sat. aq. NaCl solution, dried over 

MgSO4, filtered, concentrated in vacuo. The crude was purified using reverse phase HPLC to 

yield orange solid (20 mg, 0.01 mmol, 43% ) 1H NMR (500 MHz, DMSO-d6) δ ppm: 10.96 (s, 

1H), 10.03 (s, 1H), 7.79 (d, J = 5.0 Hz, 1H), 7.64 (dd, J = 8.4, 2.2 Hz, 1H), 6.87 (d, J = 8.4 Hz, 

1H), 2.03 (s, 1H). 13C NMR (126 MHz, DMSO-d6) δ ppm: 184.6, 168.3, 159.6, 146.1, 134.7, 

128.7, 117.6, 115.1, 112.4, 39.5, 23.8.  

5-Bromo-4-chloro-7-methylindoline-2,3-dione  (17) 

 Compound 7 (49.9 mg, 0.25 mmol) was suspended in MeOH (5 mL) and 

THF (1 mL) and N-bromosuccinimide (68.3 mg, 0.38 mmol) was added. 

The reaction mixture was stirred at room temperature for 20 h. The orange 

solution was diluted with DCM, washed with water, and sat. aq. NaCl 

solution, dried over Na2SO4, filtered, and concentrated in vacuo. The crude was adsorbed on 

silica gel and purified by flash chromatography (Hexane / EtOAc). The product was obtained 

as dark orange solid (32.5 mg, 0.12 mmol, 47%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 11.33   

(s, 1H, -NH), 7.82 (d, 4JHH = 0.7 Hz, 1H, H6), 2.17 (s, 3H, -CH3). 
13C NMR (126 MHz, DMSO-

d6) δ ppm: 181.2 (s, C3), 158.9 (s, C2), 150.1 (s, -CCl-), 142.1 (s, C6), 128.2 (s, C7a), 122.6 

(s, C5), 115.8 (s, C3a), 115.2 (s, C7) 14.9 (s, -CH3). HRMS (ESI+) m/z calcd. for C9H6BrClNO2 

[M+H]+ 271.91194 found 271.91202. MP: 272.1 °C 

4-Chloro-3-(hydroxyimino)indolin-2-one (24) 

4-chloroisatin (100 mg, 0.55 mmol) and hydroxylamine hydrochloride (45.9 

mg, 0.66 mmol) were dissolved in dist. water (8 mL) and heated to 100 °C for 

30 min. NaOAc (136 mg, 1.66 mmol) was added, and the orange suspension 
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was stirred for another 30 min. at 100 °C. The reaction mixture was allowed to cool down to 

room temperature, was diluted with dist. water, acidified with 2N HCl solution, extracted with 

EtOAc and dried over MgSO4. The solvent was filtered and removed under reduced pressure. 

The orange solid was adsorbed on silica and purified via flash column chromatography 

(Hexane / EtOAc) to obtain the product as orange solid (65.0 mg, 0.33 mmol, 60%). 1H NMR 

(500 MHz, DMSO-d6) δ ppm: 13.49 (s, 1H), 11.20 (s, -NHE), 10.91 (s, 1H, -NHZ),7.54 (t, 3JHH 

= 8.0 Hz, 1H, H6E), 7.30 (t, 3JHH = 8.3 Hz, 1H, H6Z), 7.06 (d, 3JHH = 8.3 Hz, 1H, H5E), 7.04 (d, 

3JHH = 8.3 Hz, 1H, H5Z), 6.85 (d, 3JHH = 8.0 Hz, 1H, H7E), 6.81 (d, 3JHH = 7.8 Hz, 1H, H7Z). 

13C NMR (126 MHz, DMSO-d6) δ ppm: 158.0 (s, C2), 143.8 (s, C4), 142.8 (s, C3), 139.0 (s, 

C6E), 131.7 (s, C6Z), 127.1 (s, C7a) 123.6 (s, C5E), 123.0 (s, C5Z), 116.6 (s, C3a), 111.0 (s, 

C7E), 108.9 (s, C7Z). E/Z ratio: 1 : 4.76 (determined by NMR) HRMS (ESI+) m/z calcd. for 

C8H6ClN2O2 [M+H]+ 197.01123 found 197.01067. MP: 232.2 °C.  

4-Chloro-3-hydrazineylideneindolin-2-one (25) 

4-chloroisatin (99.5 mg, 0.55 mmol) was dissolved in MeOH (5 mL) and 

hydrazine (1 M solution in THF) (0.83 mL, 0.83 mmol) was added dropwise. 

The solution was heated to reflux for 3 h. The solvent was removed under 

reduced pressure and the crude was partially dissolved in ethanol (7 mL). The suspension was 

heated to 61 °C, cooled down and left overnight at 4 °C. A precipitate is formed which was 

filtrated to isolate the product as light orange solid (21.1 mg, 0.11 mmol, 20%). 1H  NMR (500 

MHz, DMSO-d6) δ ppm: 10.96 (s, 1H), 10.94 (d, 2JHH = 15.0 Hz, 1H), 9.95 (d, 2JHH = 15.0 Hz, 

1H), 7.14 (t, 3JHH = 7.9 Hz, 1H), 6.99 (dd, 4JHH = 0.8 Hz, 3JHH = 8.2 Hz, 1H, H5), 6.84 (dd, 

4JHH = 0.8 Hz, 3JHH = 7.9 Hz, 1H, H7). 13C NMR (126 MHz, DMSO-d6) δ ppm: 162.5 (s, C2), 

140.0 (s, C4), 127.8 (s, C6), 125.0 (s, C3), 124.4 (s, C7a), 122.6 (s, C5), 118.7 (s, C3a), 108.8 

(s, C7). HRMS (ESI+ ) m/z calcd. for C8H7ClN3O [M+H]+ 196.0272 found 196.02667. 

4-Chloroindolin-2-one (26) 

4-chloroisatin (151 mg, 0.83 mmol) was suspended in tBuOH (5 mL) and 

hydrazine (1 M solution in THF) (0.99 mL, 0.99 mmol) was added dropwise. 

The solution was stirred at 35°C for 45 min. and was heated to 80 °C for 2 h 

afterwards. Et3N (0.12 mL, 0.86 mmol) was added at the same temperature and the solution 

was stirred at 100 °C for 16 h. The brown suspension was concentrated in vacuo, diluted with 

EtOAc, and washed with dist. water and sat. aq. NaCl solution. The organic layer was dried 

over MgSO4, filtered and the solvent was removed under reduced pressure. The brown oily 
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residue was purified by flash chromatography (Hexane/EtOAc) and via column  

chromatography (DCM / MeOH, 9:1) to isolate the desired product as orange solid (10.1 mg, 

0.06 mmol, 7%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 10.59 (s, 1H), 7.20 (t, 3JHH = 8.1 Hz, 

1H), 6.98 (d, 3JHH = 8.1 Hz, 1H), 6.78 (d, 3JHH = 7.8 Hz, 1H), 3.50 (s, 2H). 13C NMR (126 

MHz, DMSO-d6) δ ppm: 175.2, 145.1, 129.5, 128.9, 124.2, 121.0, 108.3, 35.6. HRMS (ESI+) 

m/z calcd. for C8H6ClN [M+H]+ 168.02107 found 168.02051. 

4-Chloro-3-hydroxyindolin-2-one (27) 

4-chloroisatin (100 mg, 0.55 mmol) was suspended in THF (2 mL), and  zinc 

dust (180 mg, 2.75 mmol) was added. After 5 min., 4.4 mL of 8 M NH4Cl 

solution was added dropwise, and the red suspension was stirred for 20 

minutes at room temperature. The reaction mixture was filtered, washed with THF, and 

concentrated in vacuo. The crude aqueous phase was diluted with EtOAc, acidified with 2 N 

HCl solution and was extracted EtOAc (3x). The combined organic layers were dried over 

MgSO4, filtered and the solvent was removed under reduced pressure. The product was isolated 

as yellow solid (80.3 mg, 0.43 mmol, 79%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 10.44 (s, 

1H, -NH), 7.23 (t, 3JHH = 7.9 Hz, 1H, H6), 6.95 (d, 3JHH = 8.2 Hz, 1H, H5), 6.74 (d, 3JHH = 7.7 

Hz, 1H, H7), 6.23 (d, 3JHH = 8.60 Hz, 1H, -OH), 4.87 (d, 3JHH = 8.60 Hz 1H, H3). 13C NMR 

(126 MHz, DMSO-d6) δ ppm: 177.1 (s, C2), 144.5 (s, C7a), 130.9 (s, C6), 130.8 (s, C4), 126.2 

(s, C3a), 121.8 (s, C5), 108.5 (s, C7), 69.0 (s, C3). HRMS (ESI+) m/z calcd. for C8H7ClNO2 

[M+H]+ 184.01598 found 183.99681. 

3-Hydrazineylideneindolin-2-one (28) 

Isatin (2.21 g, 15.0 mmol) was suspended in MeOH (37 mL), and 55% 

aqueous solution of hydrazine (2.6 mL) was added. The solution was heated 

to reflux for 3 h. The suspension was filtrated and was washed with dist. 

water, cold MeOH and cold Et2O. The product was dried under high vacuum to obtain the 

product as brown solid (2.07 g, 12.9 mmol, 86%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 

10.68 (s, 1H, -NH), 10.53 (d, 2JHH = 14.5 Hz, 1H, -NH2), 9.5 (d, 2JHH = 14.5 Hz, 1H, -NH2), 

7.35 (d, 3JHH = 7.5 Hz, 1H, H4) 7.15 (td, 4JHH = 1.1 Hz, 3JHH = 7.7 Hz, 1H, H6), 6.97 (td, 4JHH 

= 1.1 Hz, 3JHH = 7.6 Hz, 1H, H5), 6.84 (d, 3JHH = 7.7 Hz, 1H, H7). 13C NMR (126 MHz, 

DMSO-d6) δ ppm: 162.8 (s, C2), 138.6 (s, C3), 127.1 (s, C6), 126.2 (s, C7a), 122.3 (s, C3a), 

121.3 (s, C5), 117.4 (s, C4), 110.0 (s, C7). HRMS (ESI+) m/z calcd. for C8H8N3O [M+H]+ 

162.06619 found 162.06566. 
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Indolin-2-one (29) 

Compound 29  (2.04 g, 12.6 mmol) was added to a solution of freshly prepared 

NaOEt (3.7 eq.) in EtOH (30.5 mL) and the red reaction mixture was stirred 

for 3.5 h under reflux. The solution was quenched with 10 % HCl solution and 

was extracted with DCM three times. The combined organic layers were concentrated in vacuo, 

diluted with DCM again and were washed with sat. aq. NaCl solution. The organic solvent was 

dried over MgSO4, filtered and the solvent was removed under reduced pressure. The crude 

product was purified via column chromatography (DCM / MeOH, 24:1) to obtain the product 

as brown solid (1.28 g, 9.61 mmol, 76%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 10.37 (s, 

1H, -NH), 7.20 (d, 3JHH = 7.4 Hz, 1H, H7), 7.16 (t, 3JHH = 7.5 Hz, 1H, H5), 6.92 (t, 3JHH = 7.4 

Hz, 1H, H6), 6.81 (d, 3JHH  = 7.6 Hz, 1H, H4), 3.46 (s, 2H, H3). 13C NMR (126 MHz, DMSO-

d6) δ ppm: 176.4 (s, C2), 143.7 (s, C7a), 127.4 (s, C6), 125.8 (s, C3a), 124.4 (s, C4), 121.1 (s, 

C5), 109.1 (s, C7), 35.7 (s, C3). HRMS (ESI+) m/z calcd. for C8H7NO2 [M+H]+ 134.06004 

found 134.05965. 

3-Aminoindolin-2-one (30) 

Compound 25 (50.0 mg, 0.25 mmol) was dissolved in THF (5 mL) and 

palladium on activated charcoal (10%) (6 mg, 20 mol%) was added.  The 

suspension was stirred for 18 h under hydrogen atmosphere at room 

temperature. The reaction mixture was filtered afterwards, and the solvent was removed under 

reduced pressure to isolate the product as orange solid (18.9 mg, 0.13 mmol, 52%). 1H NMR 

(500 MHz, DMSO-d6) δ ppm: 10.91 (s, 1H, -NH), 9.02 (s, 2H,-NH2),7.62 (d, 3JHH = 7.5 Hz, 

1H, H4), 7.33 (t, 3JHH = 7.8 Hz, 1H, H5), 7.06 (t, 3JHH = 7.6 Hz, 1H, H5), 6.92 (d, 3JHH = 7.8 Hz, 

1H, H7), 4.95 (s, 1H, H3). 13C NMR (126 MHz, DMSO-d6) δ ppm: 173.0 (s, C2), 143.0 (s, 

C7a), 130.3 (s, C6), 125.8 (s, C4), 123.3 (s, -C3a), 122.1 (s, C5), 110.29 (s, C7), 51.2 (s, C3). 

HRMS (ESI–) m/z calcd. for : C8H7N2O [M–H]– 147.05639 found 146.92238. 

4-Chloro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (31) 

4-chloroisatin (54.6 mg, 0.30 mmol) and K2CO3 (41.6 mg, 0.30 mmol) were 

dissolved in acetone (6 mL) and stirred for 18 h at room temperature. The beige 

suspension was filtrated and concentrated in vacuo. The crude was adsorbed 

on silica and purified via flash chromatography (Hexane / EtOAc) to obtain 

the product as colourless solid (37.1 mg, 0.15 mmol, 50%). ¹H NMR (500 MHz, DMSO-d6) 

δ ppm: 10.46 (s, 1H, -NH), 7.19 (t, 3JHH = 8.0 Hz, 1H, H6), 6.88 (dd, 4JHH = 0.8 Hz, 3JHH = 8.2 
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Hz, 1H, H5), 6.75 (dd, 4JHH = 0.8 Hz, 3JHH = 7.7 Hz, 1H, H7), 6.13 (s, 1H, -OH), 3.64 (d, 2JHH 

= 17.3 Hz 1H, -CH2-), 3.16 (d, 2JHH = 17.3 Hz 1H, -CH2- ), 1.99 (s, 3H, -CH3). 
13C NMR (126 

MHz, DMSO-d6) δ ppm: 205.1 (s, -CH2-C(O)-), 177.3 (s, C2), 144.9 (s, C7a), 130.8 (s, C6), 

129.7 (s, C4), 127.4 (s, C3a), 122.1 (s, C5), 108.4 (s, C7), 73.3 (s, C3), 48.5 (s, CH2), 30.2 (s, 

-CH3). HRMS (ESI+) m/z calcd. for C11H11ClNO3 [M+H]+ 240.0422 found 240.04128. 

 4-Chloro-3-(phenylimino)indolin-2-one (32) 

4-chloroisatin (181 mg, 1 mmol) was dissolved in methanol (40 mL). 

Aniline (92 mg, 1 mmol) and glacial acetic acid (1 mL) were added in 

respective order and the reaction was refluxed for 6 h. Afterwards, it was 

left stirring overnight at room temperature. Next day, the mixture was 

filtered the solid was washed with cold methanol to obtain the final product (100 mg, 0.39 

mmol, 39%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 11.08 (s, 1H), 7.43 (t, J = 8.1 Hz, 1H), 

7.30 (t, J = 7.7 Hz, 2H), 7.11–7.07 (m, 2H), 6.94 (d, J = 7.9 Hz, 4H), 6.82 (d, J = 7.7 Hz, 2H). 

HRMS (ESI+) m/z calcd. for C14H10ClN2O [M+H]+ 257.04761 found 257.04749. 

5-Bromo-4-chloro-1-tritylindoline-2,3-dione (33) 

A pressure tube was charged with compound 6 (97.8 mg, 0.38 mmol), 

K2CO3 (93.3 mg, 0.68 mmol) and THF (5 mL). The sealed tube was 

placed in an oil bath preheated to 40 °C and was heated to 60 °C for 

1 h. The reaction was quenched with water, extracted with EtOAc and 

the organic layers were washed with sat. aq. NaCl solution, dried over 

Na2SO4, filtered, and concentrated in vacuo. The crude product was 

adsorbed on Celite and purified by flash chromatography (Hexane / EtOAc) to obtain the 

product as yellow solid (104 mg, 0.21 mmol, 56%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 

7.65 (d, 3JHH = 7.5 Hz, 1H, H6), 7.48 (d, 3JHH = 7.5 Hz, 6H, Trityl H-ortho), 7.30 (t, 6H, 3JHH 

= 7.3 Hz Trityl H-meta), 7.23 (t, 3JHH = 7.5 Hz, 3H, Trityl H-para), 6.24 (d, 3JHH = 8.8 Hz, 1H, 

H7). 13C NMR (126 MHz, DMSO-d6) δ ppm: 178.8 (s, C3), 158.0 (s, C2), 151.2 (s, -CCl-), 

141.1 (s, -C-C-CH), 139.0 (s, C6), 130.6 (s, C7a), 129.0 (s, Trityl C-ortho), 127.9 (s, Trityl C-

meta), 127.1 (s, Trityl C-para), 117.8 (s, C3a) 117.0 (s, C7), 116.5 (s, -CBr-), 74.6 (s, -C-C-

CH). 

Tert-butyl 4-chloro-2,3-dioxoindoline-1-carboxylate (34) 
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4-chloroisatin (100 mg, 0.55 mmol) was dissolved in a heat dried Yang flask 

under N2 atmosphere in dry THF (5 mL) and was cooled to 0 °C. Boc2O 

(240.4 mg, 1.10 mmol) was dissolved in another heat dried Yang flask in dry 

THF (5 mL) under inert conditions and was added dropwise to the solution of 

4-chlorisatin. The yellow solution was allowed to warm to room temperature 

and was stirred for 2 h. The reaction was quenched with water and THF was removed under 

reduced pressure. The aqueous phase was extracted with EtOAc, (3x), dried over MgSO4, 

filtered and the solvent was removed under reduced pressure. The yellow crude was adsorbed 

on silica and purified via flash column   chromatography (Hexane / EtOAc) to obtain the desired 

product as yellow crystals (82 mg, 0.29 mmol, 53%). ¹H NMR (500 MHz, DMSO-d6) δ ppm: 

7.91 (d, 3JHH = 8.2 Hz, 1H, H7), 7.71 (t, 3JHH = 8.4 Hz, 1H,  H6), 7.34 (d, 3JHH = 8.3 Hz, 1H, 

H5), 1.58 (s, 9H, -CH3). 13C NMR (126 MHz, DMSO-d6) δ ppm: 177.1 (s, C2), 155.4 (s, -

C(O)-O-C-), 148.8 (s, -CCl-), 148.0 (s, C3), 138.2 (s, C6), 131.1 (s, C7a), 126.1 (s, C5), 116.7 

(s, C3a) 115.1 (s, C7), 84.3 (s, -C-CH3)3), 27.7 (s, -CH3). HRMS (ESI+) m/z calcd. for 

C13H13ClNO4 [M+H]+ 282.05276 found 282.27792. MP: 157.2 °C 

1-(1,2,3-Triazol-4-yl)methyl)-4-chloroindoline-2,3-dione (35) 

Compound 38 (75.0 mg, 0.34 mmol), NaN3 (33.2 mg, 0.51 mmol) and 

NaOAc (67.4 mg, 0.34 mmol) were dissolved in dist. water (5 mL) and 

MeCN (5 mL) in a reaction tube. CuSO4 ⋅ 5H2O (42.4 mg, 0.17 mmol) 

was added to the orange solution and the sealed pressure tube was placed 

in an oil bath preheated to 60 °C. After 18 h, the brown suspension was allowed to cool down 

to room temperature, was filtered, washed with MeCN, MeOH and EtOAc and was 

concentrated in vacuo. The residue was diluted with dist. water, acidified using 2N HCl 

solution and was extracted three times with EtOAc. The organic layers were collected, washed 

with sat. aq. NaCl solution, and dried over MgSO4. After filtration, the solvent was removed 

under reduced pressure and the brown crude was purified via column chromatography (Hexane 

/ EtOAc, 3:7). The yellow oil was then recrystallized from chloroform to obtain the desired 

product as orange crystals (4.6 mg, 0.018 mmol, 5%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 

7.87 (s, 1H, -C-CH- ), 7.62 (t, 3JHH = 8.0 Hz, 1H, H6),7.16 (d, 3JHH = 7.9 Hz, 1H, H7), 7.13 (d, 

3JHH = 8.0 Hz, 1H, H5), 5.11 (s, 2H, -CH2-). 13C NMR (126 MHz, DMSO-d6) δ ppm: 181.0 (s, 

C3), 157.9 (s, C2), 153.0 (s, C4), 139.4 (s, C6), 132.8 (s, C7a), 131.6 (s, -CH2-C-CH-), 125.6 

(s, C5), 124.0 (s, -CH2-C-CH-), 115.7 (s, C3a), 110.8 (s, C7), 36.0 (s, -CH2-). HRMS (ESI+) 

m/z calcd. for C11H8ClN4O2 [M+H]+ 263.03303 found 263.03198. MP: 185.0 °C. 
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1-Benzyl-4-chloroindoline-2,3-dione (36) 

4-Chloroisatin (100 mg, 0.55 mmol) and K2CO3 (149 mg, 1.07  mmol) 

were dissolved in MeCN (10 mL) in a sealed pressure tube. Benzyl 

bromide (0.10 mL, 0.84 mmol) was added, and the reaction mixture was 

stirred for 16 h at 85 °C. The orange suspension was diluted with EtOAc, 

washed with dist. water, and sat. aq. NaCl solution, dried over MgSO4, filtered, and 

concentrated in vacuo. The crude was purified via flash chromatography (Hexane / EtOAc) to 

isolate the desired product as orange solid (122 mg, 0.45 mmol, 83%). 1H NMR (500 MHz, 

DMSO-d6) δ ppm: 7.54 (t, 3JHH = 8.1 Hz, 1H, H6), 7.43 (d, 3JHH = 7.4 Hz, 2H, Phenyl H-ortho), 

7.34 (t, 3JHH = 7.4 Hz, 2H, Phenyl H-meta), 7.28 (t, 3JHH = 7.3 Hz, 1H, Phenyl H-para), 7.11 

(d, 3JHH = 8.1 Hz, 1H, H5), 6.89 (d, 3JHH = 8.0 Hz 1H, H7), 4.91 (s, 2H, -CH2-). 
13C NMR (126 

MHz, DMSO-d6) δ ppm: 179.9 (s,  C3), 157.7 (s, C2), 151.6 (s, -CCl-), 138.4 (s, C6), 135.3 (s, 

C7a), 131.0 (s, -CH2-C-), 128.6 (s, Phenyl C-meta), 127.5 (s, Phenyl C-para), 127.3 (s, Phenyl 

C-ortho), 124.2 (s, C5), 114.8 (s, C3a), 109.8 (s, C7), 43.0 (s, -CH2-). HRMS (ESI+) m/z calcd. 

for C15H11ClNO2 [M+H]+ 272.04728 found 272.04608. 

4-Chloro-1-methylindoline-2,3-dione (37) 

4-chloroisatin (100 mg, 0.55 mmol) was dissolved in DMF (10 mL) and 

K2CO3 (228 mg, 3 mmol) was added followed by iodomethane (93 mg, 1.2 

mmol). The reaction was stirred at room temperature and monitored with 

TLC until the starting material was consumed. The solvent was removed, and the mixture was 

washed with DCM and sat. aq. NaCl solution, dried over MgSO4, filtered, and concentrated in 

vacuo. The crude was purified via flash chromatography (P. Ether / EtOAc, 20:1) to isolate the 

desired product as orange solid (50 mg, 0.25 mmol, 47%). 1H NMR (500 MHz, CDCl3) δ ppm: 

7.51 (t, J = 8.0 Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 6.80 (d, J = 7.9 Hz, 1H), 3.27 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ ppm: 138.63 134.5, 125.6, 108.2, 26.6. HRMS (ESI–) m/z calcd. 

for C9H5ClNO2 [M+H]+ 196.01598 found 196.01681. 

2-(4-Chloro-2,3-dioxoindolin-1-yl)acetonitrile  (38) 

An oven dried pressure tube was charged with 4-chloroisatin (250 mg, 1.38 

mmol), K2CO3 (387 mg, 2.80 mmol), NaI (38.6 mg, 0.26 mmol) and dry 

THF (20 mL), was sealed and heated to 50 °C under argon atmosphere. 

Bromoacetonitrile (0.15 mL, 2.15 mmol), dissolved in dry THF (5 mL) was 

added dropwise and the dark red solution was stirred for 24 h at the same temperature. The 
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suspension was filtered, concentrated in vacuo, and dissolved in EtOAc. The organic mixture 

was washed with dist. water and sat. aq. NaCl solution, dried over MgSO4, filtered and the 

solvent was removed under reduce pressure. The brown residue was adsorbed on Celite and 

purified via column chromatography (Hexane / EtOAc 7:3 to 5:5) to obtain the product as 

yellow oil (64.8 mg, 0.29 mmol, 21 %). 1H NMR (500 MHz, DMSO-d6) δ ppm: 7.65 (t, 3JHH 

= 8.1 Hz, 1H, H6), 7.22 (d, 3JHH = 8.3 Hz, 1H, H5), 7.00 (d, 3JHH = 8.1 Hz, 1H, H7), 4.70 (s, 

2H, -CH2-). 
13C NMR (126 MHz, DMSO-d6) δ ppm: 177.8 (s, C3), 156.1 (s, C2), 149.1 (s, -

CCl-), 139.4 (s, C6), 135.0 (s, C7a), 127.2 (s, C5), 115.2 (s, C3a), 112.6 (s, -CN), 108.7 (s, 

C7), 27.9 (s, -CH2-). 

4-Chloro-1-(2-oxopropyl)indoline-2,3-dione (39) 

Compound 38 (50,0 mg, 0.23 mmol) and Hg(OAc)2 (36.6 mg, 0.11 mmol) were 

suspended in dist. water (1 mL) and MeOH (1.8 mL) in a sealed pressure tube. 

While stirring, conc. H2SO4 was added, and the orange suspension was heated 

to 60 °C for 18 h. The reaction mixture was diluted with water and the 

precipitate was collected to obtain the desired product as orange solid (24.6 mg, 

0.10 mmol, 43%). 1H NMR (500 MHz, DMSO-d6) δ ppm: 7.62 (t, 3JHH = 8.1 Hz, 1H,  H6), 

7.16 (d, 3JHH = 8.1 Hz, 1H, H5), 7.05 (d, 3JHH = 8.1 Hz, 1H, H7), 4.73 (s, 2H, -CH2-), 2.25 (s, 

3H, -CH3). 
13C NMR (126 MHz, DMSO-d6) δ ppm: 201.6 (s, -C(O)-CH3), 179.7 (s, C3) 157.4 

(s, C2), 152.1 (s, -CCl-), 139.3 (s, C6), 131.1 (s, C7a), 124.7 (s, C5), 114.2 (s, C3a), 110.3 (s, 

C7), 49.4 (s,-CH2-), 27.4 (s,-CH3). HRMS (ESI+) m/z calcd. for C11H9ClNO3 [M+H]+ 

238.02655 found 238.0257. 

2.3.4 Conclusions 

In this work, we successfully applied a fragment-based approach to an extracellular target and 

after utilizing several biophysical methods identified two fragments 4 and 6 demonstrating low 

micromolar activity against ColH.  

The co-crystal structure of fragment 4 revealed an exceptional binding mode as the fragment 

did not coordinate to the zinc cation. Exploration of different modifications yielded fragment 

6 with a two-fold increase in potency. We further confirmed binding of this fragment to ColH-

PD by a KD determination by MST.  

Our findings highlight the importance of fragment-based approaches in designing and 

obtaining potent and selective small-molecule inhibitors of important targets. Nevertheless, it 

should be stated that FBDD is not an amenable to all drug targets and there are limitations to 



130 
 

its application. For example, the necessity for using high concentrations of small fragments 

brings certain challenges such as identifying false-positive fragments.  

Nevertheless, our results pave the way for considering extracellular metalloproteases as 

potential targets for fragment-based approaches. Exploration of such targets would not only 

extend the knowledge of FBDD methodology, but also underline the versatility of the 

antivirulence strategy in combating antibiotic resistance. 

2.3.5 Supporting Information 

Tables and Figures 

Table S1. Concentration-dependent thermal shift assay screening results of selected 

fragments (n=2). 

 Shift in ΔTm(°C) 

Fragment 5 mM 1 mM 0.2  mM 

F1 2.9 ± 0.6 1.2 ± 0.1 1.0 ± 0.2 

F2 2.7 ± 0.4 1.4 ± 0.2 0.8 ± 0.1 

F3 3.0 ± 0.4 1.2 ± 0.1 0.8 ± 0.1 

F4 4.0 ± 0.2 1.7 ± 0.2 0.8 ± 0.1 

F5 1.9 ± 0.4 1.9 ± 0.1 1.2 ± 0.1 

F6 3.6 ± 0.4 1.5 ±  0.1 0.1 ± 0.6 
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Table S2. Residual activity of ColH-PD (%) at 100 µM and 10 µM (n =3) of fragment 4 

derivatives with modifications in position A. 

Compound Chemical Structure 
Residual activity of 

ColH-PD (%) at 100 µM 

5 

 

50 ± 2 

6 

 

25 ± 1 

7 

 

46 ± 2 

8 

 

71 ± 4 

9 

 

86 ± 1 

10 

 

57 ± 3 

11 

 

70 ± 2 



132 
 

Compound Chemical Structure 
Residual activity of 

ColH-PD (%) at 10 µM 

12 

 

82 ± 2 

13 

 

77 ± 3 

14 

 

83 ± 2 

15 

 

91 ± 9 

16 

 

98 ± 8 

17 

 

57 ± 4 

18 

 

68 ± 4 

19 

 

40 ± 2 

20 

 

70 ± 4 

21 

 

60 ± 2 
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22 

 

88 ± 5 

23 

 

42 ± 2 

 

Table S3. Residual activity of ColH-PD (%) at 100 µM (n =3) of fragment 4 derivatives with 

modifications in position B. 

Fragment Chemical Structure 

Residual activity of 

ColH-PD (%) at 100 

µM 

24 

 

69 ± 2 

25 

 

88 ± 4 

26 

 

87 ± 2 

27 

 

75 ± 3 

28 

 

74 ± 2 

29 

 

91 ± 3 

30 

 

90 ± 2 
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31 

 

97 ± 5 

32 

 

56 ± 3 

 

 

Table S4. Residual activity of ColH-PD (%) at 100 µM (n =3) of fragment 4 derivatives with 

modifications in position C. 

Fragment Chemical Structure 
Residual activity of 

ColH-PD (%) at 100 µM 

33 

 

96 ± 5 

34 

 

94 ± 3 

35 

 

82 ± 5 
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36 

 

86 ± 3 

37 

 

95 ± 3 

38 

 

73 ± 5 

39 

 

70 ± 5 
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2.4 N-Aryl Mercaptopropionamides as Broad-Spectrum Inhibitors of Metallo-β-

Lactamases 

 

Cansu Kaya, Jelena Konstantinović, Andreas M. Kany, Anastasia Andreas, Jan S. Kramer, 

Steffen Brunst, Lilia Weizel, Marco J. Rotter, Denia Frank, Samir Yahiaoui, Rolf Müller, Rolf 

W. Hartmann, Jörg Haupenthal, Ewgenij Proschak, Thomas A. Wichelhaus, and Anna K. H. 

Hirsch 

J. Med. Chem. 2022, 65, 5, 3913–3922, https://doi.org/10.1021/acs.jmedchem.1c01755. 
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Chapter 3: Concluding Remarks and Outlook 
 

As described in the introduction section, antivirulence therapy is considered as an effective 

method to lower the selective pressure on pathogenic bacteria by targeting their extracellular 

virulence factors. The first part of this thesis was focused on the discovery and synthesis of 

inhibitors of ColH and LasB, two extracellular zinc-containing enzymes that play vital roles in 

the pathogenicity of the resistant bacteria Clostridium histolyticum and Pseudomonas 

aeruginosa, respectively.  

For the sake of clarity, the compound codes are opted from each chapter, referring to the 

respective manuscript they are part of. 

In designing inhibitors of LasB, we first opted a substrate-based fragment merging approach 

on a previously identified hit structure compound 4 N-(3,4-dichlorophenyl)-2-

mercaptoacetamide (IC50 = 6.6 ± 0.3 µM). Rationalization of the binding mode of  this new 

class, α-benzyl-N-aryl mercaptoacetamides, was achieved with a co-crystal structure of LasB 

in complex with compound 7d. Even though it was co-crystallized in the same binding pocket 

like our previous hit structure compound 4, unlike this molecule, di-chloro motif was shown to 

be not beneficial for the inhibitory activity. 

 

Figure 3.1: Schematic representation of the substrate-inspired fragment merged strategy. The 

figure is reprinted with permission from Angew. Chem. Int. Ed. 2022, 61, e202112295. 

By optimizing the compound 7d with a small structure activity study, we identified compound 

7g, substituted with  a methyl group on para-position, with a 12-fold increase in activity (IC50 

= 0.48 ± 0.04 µM) restoring the selectivity over human matrix metalloproteins (Figure 3.1). 

We were able to rationalize this extraordinary boost in activity by the interactions of the benzyl 
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group in the binding pocket, namely the interaction of para-methyl group with surrounding 

leucine residue (Leu 197). The increase in potency against LasB with this class of compounds 

also translated into an in vivo effect and our compound 7g increased the survival rate of the 

Galleria Mellonella larvae up to 60% after three days of incubation. Overall, we demonstrated 

the importance of applying fragment-merging/linking strategies on fine-tuning of the potency 

of the inhibitors of this important target. 

Following this successful approach, we extended the chemical space of these class of inhibitors 

by exploring the effect of different substituents on both N-aryl and the benzyl ring. Given the 

fact that the para-position was the most beneficial for activity, we designed and synthesized 

seven derivatives, all of which bear substituents on para-position of the N-aryl ring.  

Interestingly, electron-withdrawing groups did not demonstrate a beneficial effect with respect 

to activity, and electron-donating groups such as methoxy or hydroxyl only maintained the 

activity of compound 7d. Nevertheless, the exploration of different substituents provided a 

deeper understanding of the nature of the binding pocket. For example, the N-arylacetamide 

group in the S1` pocket is stabilized by H-bonding and hydrophobic interactions. To further 

improve these core interactions, we performed a molecular docking study to replace the N-aryl 

ring with heterocycles differing in size and substituents.  

 

Figure 3.2 Schematic representation of the structure-based design strategy. The figure is reused 

with permission from ACS Infectious Diseases 2022 8 (5), 1010–1021 DOI: 

10.1021/acsinfecdis.1c00628.  

Although no notable improvement in the activity was observed with these nine additional 

heterocyclic derivatives, selected compounds such as 13 and 23 (Figure 3.2) showed a restored 

activity and selectivity over human MMPs compared to compound 7g. They also maintained 

the cell viability and demonstrated an in vivo effect in Galleria Mellonella model. These results 
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validated our inhibitors as potential candidates to block the pathogenicity of P. aeruginosa and 

improved the LLE of our compounds. 

In the next part of the thesis, screening of a halogen-enriched fragment library with several bio-

orthogonal methods against peptidase domain of extracellular target ColH yielded a hit 

fragment compound 4 with a low micromolar activity (IC50 = 117 ± 5 µM). Crystallization of 

4-chloroisatin with ColH-PD revealed an interesting observation that unlike most 

metalloprotease inhibitors, the fragment was not directed to the zinc cation on the active site.  

Considering the potential interactions on the binding pocket, we realized different growing 

directions of the fragment and explored these separately to demonstrate the effect of different 

modifications on the inhibitory activity. Eight of the derivatives were commercially available 

and therefore was purchased whereas 27 of them were synthesized.  

Rationalization of the binding modes of the predicted structures were performed through 

docking in the crystal structure. Among 35 derivatives, a two-fold improvement against ColH-

PD activity with compound 6 (IC50 = 44 ± 2 µM) is achieved which can be considered as a 

significant improvement given the small size of the molecule.  

 

Figure 3.3 Chemical structure and IC50 value of the hit fragment compound 4 and the optimized 

fragment compound 6. 

Given that the identified fragment is quite small, further growing strategies are crucial for 

improving the potency. Nevertheless, our efforts successfully highlighted the importance of 

applying fragment-based strategies on antivirulence targets for designing and developing novel 

pathoblockers.  

In the final part of the thesis, we identified a series of N-aryl mercaptoacetamides as inhibitors 

of several class B1 metallo-beta-lactamases. The discovery of this class was achieved through 

the design of a merged inhibitor structure inspired by a previously identified hit structure and 
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recently discovered N-aryl mercaptopropionamides inhibiting both several class B1 MBLs and 

LasB.  

 

Figure 3.4 Schematic representation of N-aryl mercaptoacetamides as inhibitors of MBLs. The 

figure is reprinted with permission from Journal of Medicinal Chemistry 2022 65 (5), 

3913– 3922 DOI: 10.1021/acs.jmedchem.1c01755 

 

Our aim was to increase the hydrophilicity of the substituents on the N-aryl ring, thereby 

increasing their hydrophilicity, as the position of β-lactamases in Gram-negative bacteria in the 

periplasm constitutes a problem of permeability. Consequently, measuring the logD7.4 value of 

our inhibitors in a HPLC–MS based assay enabled us to select some inhibitors fulfilling several 

parameters such as low logD7.4, high selectivity, and high potency for further evaluation.  

We observed that the increase in hydrophilicity of the substituents on the N-aryl ring did not 

always correlate to the increase in their potency as some compounds demonstrating the lowest 

logD7.4 values were not potent inhibitors of some of the selected class B1 MBLs (IMP-7, 

VIM- 1, NDM-1).  

Among six selected structures, compound 29 showed a synergistic effect with imipenem 

against E. coli producing NDM-1. It also showed a concentration-dependency and reduced the 

MIC values at their highest concentration up to 256-fold.  
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Figure 3.5 Structure of compound 29 and its inhibitory activity against three different ClassB1 

MBLs. 

A two-dimensional checkerboard analysis of compound 29 against a clinical K. pneumoniae 

isolate producing NDM-1 indicated the synergism of the hit compound 29 when combined with 

imipenem with a fractional inhibitory concentration index (FICI) value of 0.25, verifying the 

rescue effect of our inhibitor. The synergistic effect and the time-kill studies shown by inhibitor 

29 also translated to an in vivo effect in K. pneumoniae producing NDM-1 in a Galleria 

mellonella infection model, demonstrating the potential of this structural motif in filling the 

increasing void for clinically approved MBL inhibitors. 

Outlook 

The results described in this thesis present important milestones in designing anti-infectives 

with novel modes of action for both resistant Gram-positive and Gram-negative bacteria. These 

milestones can pave the way for overcoming upcoming challenges in obtaining selective and 

potent inhibitors.  

Future perspectives for each of the projects presented can be summarized as follows: 

LasB: 

 Screening the inhibitory activities of different zinc-binding groups to overcome the 

stability issues associated with free thiol group. 

 Screening of the identified hits against other potential human off-targets to enhance the 

selectivity profile of the identified inhibitors. 

 Further optimization of the psychochemical properties of the identified class to improve 

the lipophilic ligand efficacy (LLE). 

ColH: 
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 Structure-based growing of the optimized fragment and parent fragment in the binding 

pocket of ColH-PD.  

 Exploration of different zinc-binding groups to grow the identified fragment in the 

direction of the zinc group on active site. 

MBLs: 

 Identifying binding mode of this class by a co-crystal structure. 

 Further optimization of the chemical class to improve the selectivity against several off-

targets. 

 Increasing hydrophilicity further while checking the experimental logD7.4 values of the 

inhibitors. 

 Exploration of the synergistic effect of identified inhibitors in combination with 

different β-lactam antibiotics or against different isolates. 

 Performing additional in vivo studies to demonstrate the potential of this class of 

compounds as successful MBL inhibitors. 
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