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Introduction  1 

1 Introduction 

1.1 Parasitic diseases 

1.1.1 Schistosomiasis 

Schistosomiasis is a parasitic disease which is caused by a flatworm of the genus 

Schistosoma. It is also known as bilharzias named after the German doctor Theodor Bilharz, 

who first reported the disease1. There are five schistosome species known that can infect 

humans, namely Schistosoma mansoni, Schistosoma haematobium, Schistosoma 

intercalatum, Schistosoma japonicum and Schistosoma mekongi, of which S. mansoni is 

the most widely spread species. Like all schistosomes it uses a freshwater mollusk (in the 

case of S. mansoni: Biomphalaria sp.) as an intermediate host2–6
. Its cercariae penetrate 

human skin evolving into adult worms. After the first contact, the patient would develop 

little itchy pustules on the skin as an immunological reaction to the cercariae the penetrated 

the skin. This is commonly called swimmers itch or swimmers rash. After the cercariae 

reach the human blood stream they mature to be adult worm. The shorter male wraps around 

the longer but thinner female and they become an inseparable unit (see figure 1). Depending 

on the species the paired couple can lay one hundred or even up to one thousand eggs daily. 

Various serious symptoms including fatigue, myalgia, eosinophilia and fevers as well as 

chronic diarrhea, liver or lung fibrosis, bladder cancer, hepatosplenomegaly and 

encephalitis are a 

result of the 

body’s reaction to 

the constant 

exposure to 

rejected 

schistosome 

eggs2,7,8. The eggs 

are excreted with 

the urine or feces 

of the host and 

can then if 

reaching fresh 

water again infect 

a mollusk as a Figure 1 Lifecycle of Schistosomiasis (modified after CDC123) 
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miracidium. Schistosomiasis is the second most important parasitic disease next to malaria. 

Worldwide more than 265 million individuals are infected9 among whom 280 000 die 

annually3,4. To date, there is no effective vaccine available for schistosomiasis so the 

control of the disease relies on a single drug. The anthelmintic praziquantel (Biltricide®) is 

effective against all forms of human schistosomiasis and is well tolerated with no major 

negative side effects10. For this reason it is used in mass treatment programs, particularly 

in sub-Saharan Africa and has led to significant reductions in disease morbidity and 

mortality2,4,10–12. In 2014, more than 61 million people in 30 countries have received 

treatment with praziquantel10,13. Due to this intensive use, there have been reports of 

treatment failure from different regions2,14,15. Together with the demonstrated ease of 

inducing resistance in laboratory strains of the parasite, this emphasizes the need for 

alternative therapeutic strategies 2,10,14–18. 
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1.1.2 Chagas disease 

Chagas disease is named after Carlos Chagas, a Brazilian physician who discovered it in 

1909 it is caused by the protozoal parasite Trypanosoma cruzi. It is also referred to as 

American trypanosomiasis and is a potentially life threatening illness. In Latin America the 

disease is mostly transmitted through a vector which makes it a vector-borne disease. 

Humans can be infected through contact with the feces or urine of infected blood sucking 

triatomine bugs (see figure 2). Triatomine bugs are active at night biting exposed areas of 

skin and then defecate and urinate close to the bite. T. cruzi is transmitted to the human 

when infected feces get in contact with a skin damage (possibly caused by the vector’s bite) 

or mucosal 

surfaces such as 

eyes or mouth.  

Different 

possibilities of 

infection with 

this parasite are 

by direct contact 

with 

contaminated 

blood (i.e. 

contaminated 

blood 

transfusions or congenital transmission during pregnancy or childbirth), organ 

transplantation from infected organ donors or laboratory accidents or even by consuming 

food which is contaminated with triatomine bug’s waste19.  

The disease is subdivided into two phases, an initial acute phase which lasts for 

approximately two months and a chronic phase that succeeds the acute phase. During the 

acute phase the symptoms are usually mild or completely absent. However a high number 

of parasites circulate in the blood. Unspecific symptoms such as skin lesions or the so-

called Romaña sign which is a unilateral painless swelling of an eyelid can help in the 

diagnosis of chagas disease. After the acute phase the parasites are not circulating in the 

blood but are rather hidden in the heart and / or digestive muscles. This causes cardiac 

disorders in approximately 30 % of the infected and digestive, neurological or mixed 

Figure 2 Trypanosoma cruzi (modified after CANTEY ET AL124)  
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symptoms in approximately 10 % of the patients. The different clinical symptoms may 

require specific treatment. The infection can lead to sudden death years after the first 

contact with contaminated material. The deaths are usually caused by arrhythmia or heart 

failure due to the parasitic colonization of the heart muscles20. 

There are two anti-parasitic drugs used in the therapy of chagas disease, benznidazole 

(Lafepe®) and nifurtimox (Lampit®). If applied during the acute phase both drugs are up to 

100 % effective in curing T. cruzi infections. The more time has passed since the initial 

infection the more the efficacy of the both drugs diminishes21. Treatment is definitely 

indicated in children especially congenital cases. Also patients during the early chronic 

phase and those patients in whom the disease has been reactivated due to 

immunosuppression require treatment. Adult infected people should be offered treatment 

in order to prevent the progression and further transmission of the disease rather than 

expecting a complete cure22,23. The treatment requires up to two months and in 

approximately 40 % of the patients there can be adverse reactions. This should be weighed 

against the possible benefits of medical treatment of patients after the acute phase. 

Worldwide estimates of 6-7 million people are infected with T. cruzi. The greater majority 

of the infected population is located in the endemic areas of numerous Latin American 

countries. There has been a shift of the epidemiological pattern from it being a mainly rural 

disease to increasing numbers of infections on the urban regions due to higher mobility of 

the people. Furthermore there have been increasing numbers of reported cases in the United 

States of America, Canada, several European countries and two Western Pacific 

countries24. 

Adding up all diagnosed and untreated and the estimated number of undiagnosed cases who 

are a reservoir for active vectorial and oral transmission approximately 75 million people 

are at risk of infection with chagas disease.  

With no vaccine available vector control has been the most efficient prevention method for 

trypanosomiasis in Latin America. Transmission via infected blood transfusions or 

transplantation of infected organs can be prevented by blood screening with laboratory 

quality control25. Eradication of the disease would be fairly difficult due to the large 

reservoir of T. cruzi parasites in wild animals. Instead it is important to focus on eliminating 

transmission to humans and improve early diagnosis and treatment of infected 

individuals.19  
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1.1.3 Malaria 

Malaria is a vector-borne parasitic infection that is transmitted by female Anopheles 

mosquitos (see figure 3). It can be caused by five different parasite of the genus 

Plasmodium (P. falciparum, P. malariae, P. ovale, P. vivax and P. knowlesi)26,27. In humans 

most infections are caused by P. falciparum (approximately 75% of infections) followed 

by P. vivax (approximately 20% of infections)28.  

In 2017 an estimated 219 million malaria infections occurred worldwide. The great 

majority of the infections occurred in Sub-Saharan African countries and South-East Asian 

countries followed by a small percentage that occurred in the Eastern Mediterranean region. 

In 2017 there were also approximately 435 000 deaths on account of malaria infections 

which makes malaria the most important parasitic disease worldwide29. 

The disease is transmitted by the bite of an infected Anopheles mosquito, then the parasite 

passes a human liver stage to then enter an erythrocytic cycle in the human blood stage 

(figure 3). First 

symptom usually 

occur after an 

incubation time 

of about 9 to 30 

days and are 

unspecific 

flulike 

symptoms. 

Reoccurring 

fevers are the 

most 

characteristic 

symptom of 

malaria but also 

other symptoms 

like nausea, vomiting, myalgia, headaches and dizziness may show30. Neurological 

symptoms such as abnormal posturing, seizures, nystagmus, conjugate gaze palsy or coma 

can turn up in case of cerebral malaria31. A malaria infection can lead to serious 

complications especially if untreated or undiagnosed.  

Figure 3 Lifecycle of Plasmodium sp. (modified after CDC125) 
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One important attempt of malaria control is vector control. There are two main measures 

to vector control which summed up can be effective in reducing malaria transmission in 

certain regions. One is using insecticide treated nets (and ensuring that every individual at 

risk of malaria sleeps under an insecticide treated net). And the second one is indoor 

spraying with residual insecticides which can last up to 3-6 months32.  

There is also a variety of medical drugs that are used for prevention and treatment of 

malaria. The World Health Organization (WHO) recommends a treatment with 

artemisinin-based combination therapy possibly with and additional single dose of 

primaquine for all uncomplicated P. falciparum infections. P. vivax infections are to be 

treated with chloroquine of in case of chloroquine resistance also with artemisinin-based 

combination therapy. Additionally the infected should receive full primaquine treatment to 

prevent relapses. The severe malaria infections should be treated with intramuscular or 

intravenous administration of injectable artesunate for 24 hours followed by a 3-day 

therapy with artemisinin-based combination therapy29. 

Travelers visiting regions with the risk of malaria infection can either take preventive 

therapy or have stand by medication to take in case of signs of an infection. Preventive 

treatment mainly relies on three drugs / drug combinations namely mefloquine, 

doxycycline and atovaquon/proguanil (also known as Malarone®). Mefloquine is 

administered weekly but has a potential of psychological side effects like abnormal dreams, 

anxiety and depressed moods. Doxycycline is fairly low in cost and taken daily33. It should 

not be used by children younger than eight years and can cause indigestion and 

photosensitivity34.  
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1.2 Epigenetics 

Epigenetics is a field of biology; its name is derived from the Greek prefix “epi-” which 

means “over, around something, outside something” and genetics which is the study of 

genes, genetic variations and heredity in living organisms35. Epigenetics is defined as the 

inheritable change in gene expression and describes the differences in phenotypes without 

changing the genotypes36. This phenomenon enables the differentiation of cells and allows 

them to react to endogenous signals such as environmental influences or pathogens37,38. 

Epigenetic mechanisms are responsible for transcriptional control. They determine the time 

of DNA- replication and –repair39. On a molecular basis epigenetic mechanisms govern the 

dynamic balance between different states of covalent modifications to the DNA itself and 

the histone proteins around which the DNA is wrapped as well as non-histone proteins40. 

Covalent modifications to the DNA such as methylation or hydroxy methylation of cytosine 

in position 5 causes a silencing of a specific gene41. Covalent changes to the histone 

proteins have a broader variety of possible effects. They can either activate genes or 

suppress them42,43. The best investigated histone modifications are acetylation / 

deacetylation, methylation / demethylation and phosphorylation / dephosphorylation. 

However there are more mechanisms namely ubiquitinylation, ADP-ribosylation and 

SUMOylation38,44. These mechanisms govern the interactions of the great number of genes 

and enzymes. They regulate the cellular differentiation, the cell cycle as well as they are 

able to initiate the programmed cell death which is called apoptosis15,44,45. 

 

1.2.1 Histones modifying enzymes 

DNA in eukaryotic cells is wrapped around alkaline proteins called histones. This highly 

organized structure enables the DNA to fit into the nucleus because it results in a very 

compact molecule (see figure 4). To date there are five different types of histone proteins 

known H1, H2A, H2B, H3 and H414,46. Two of each of the core proteins (H2A, H2B, H3 

and H4) form an octameric structure which is called a histone. One of these histones fits 

146 base pairs which are wound around it like a spool46–48. The N-terminal tail regions 

contain numerous alkaline lysine and arginine residues. In physiological conditions these 

residues are protonated so they carry a positive charge. The positive charge allows 

electrostatic interactions with the negatively charged phosphate groups which form the 

backbone of the DNA together with deoxyribose. One histone with its associated DNA 

wrapped around it 1.65 times is called a nucleosome47. Nucleosomes are the smallest 



8  Introduction 

subunits of the chromatin15. The nucleosomes are connected to one another with non-

associated linker DNA44,49.  

 

Figure 4 Chromatin structure of modified after PIETERMAN49 

 

When the DNA is wrapped tightly around the histones genes cannot be transcribed, this 

repressed chromatin state is called hetero chromatin49. The positively charged amino acid 

residues of the histone tails make them accessible to posttranslational modifications such 

as acetylation or methylation13–15,49. Acetylation of the histone results in decreased 

interactions between the histones and the negatively charged DNA. The active chromatin 

state is described by a loosened DNA – histone packing which enables the transcription of 

genes. The chromatin in active state is also known as euchromatin48. The variable intensity 

interactions of histones and their associated DNA is dependent on various modifications to 

the histones. These modifications are controlled by certain enzymes which are summed up 

under the term histone modifying enzymes. The group of histone modifying enzymes is 

subdivided by the function of the respective group of enzymes. The “writers” add 

modifications to the histone tails. As outlined in figure 7 there are kinases adding phosphate 

residues, histone acetyl transferases (HATs) adding acetyl residues and histone methyl 

transferases (HMTs) adding methyl residues. The group of “readers” recognizes and 

interacts with the modifications for example acetylated lysine residues of the histone tails 
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are recognized by bromodomains whereas methylated lysine residues are recognized by 

plant homeodomains (PHDs). Consequently the “erasers” for example histone 

deacetylases (HDACs) or histone demethylases (HDMs) are enzymes that remove 

modifications from the histone tails50.  

 

 

1.2.2 Histone deacetylases (HDACs) 

Histone deacetylases are the natural antagonists of the histone acetyl transferases. They 

remove acetyl residues from lysine residues of histone tails. Additionally they are able to 

remove acetyl residues form other non-histone proteins, therefore they are also referred to 

as lysine deacetylases (KDACs). The state of acetylation of histones determines the degree 

of interaction with DNA and, therefore, the balance between heterochromatin, the 

condensed state and euchromatin, the open state of chromatin. With this switch function 

the family of histone deacetylases plays a key-role in regulation of genes being accessible 

to transcription or not49–52 (figure 5 and 6).  

Figure 5 Histone modifying enzymes modified after FALKENBERG50 
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Figure 6 Histone acetylation and deacetylation modified after Rodd et al.51 

 

Acetylation of the histones results in a loosened interaction with the DNA and the genes 

are accessible for transcription46.  

N
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Figure 7 Conversion between the acetylated and non-acetylated state of lysine 

 

The key role histone deacetylases play in transcriptional control is not only depending on 

their ability to deacetylate lysine residues (figure 7) in histone tails but also other proteins. 

Among these non-histone proteins are transcription factors, cytoskeletal proteins like α-

tubulin or proteins like p53 and chaperones that are affected in their stability by their state 

of acetylation53–55. To date there are 18 known lysine deacetylases that are subdivided into 

four main classes. Class one Histone deacetylases are HDAC1-3 and HDAC8, class 2 

consists of HDAC4-7, 9 and 10, class 3 histone deacetylases are also called sirtuins and 

consists of SIRT1-7 and class 4 only holds one enzyme, HDAC1154. Class 2 is subdivided 
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into two groups class 2a containing HDAC4, 5, 7, 9 and class 2b HDAC 6 and HDAC10. 

The criterion for this subdivision is the number of catalytic domains in the enzyme. Class 

2a enzymes have one catalytic domain whereas class 2b enzymes have two catalytic 

domains46.  The first classification can be the differentiation of the histone deacetylases by 

their catalytic mechanism. Class 1, 2 and 4 are zinc-dependent enzymes whereas the class 

3 enzymes, the sirtuins are NAD+-dependent. The zinc-dependent HDACs are the 

“classical” histone deacetylases and are subdivided into class 1 and class 2 by their 

similarity to different enzymes found in Saccharomyces cerevisae46,56. Class 4 does not fit 

into these classifications and contains only HDAC1157.  

Generally speaking it can be roughly stated that class 1 HDACs are ubiquitously expressed 

except for HDAC8 which is only expressed in small amounts. They are found exclusively 

in the nucleus as multi protein complexes (again with the exception of HDAC8) and take 

part in proliferation and survival of cells. However class 2 HDACs are expressed rather 

restrictedly which suggests an involvement in developmental processes and cellular 

differentiation. They are able to shuttle between the nucleus and the cytoplasm in response 

to certain cellular signals; they show tissue specific activity like deacetylation of tubulin 

and cortactin or chaperones. Class 4, HDAC11 seems to have a role in immune system 

activation and immune tolerance46,57,58.  

1.2.3 Structure of class 1 histone deacetylases 

The histone deacetylases of class 1 have a common general structure. They have an 

α/β domain with a sandwich-like composition. Approximately half of the amino acids form 

secondary structures, the other half form loops between the secondary structure elements 

as well as the catalytic pocket. In the center of the enzyme there is an 8 β-sheet which is 

positioned between two layers of α-helices. A zinc ion (Zn2+) is coordinated at the bottom 

of the catalytic pocket by two conserved aspartate residues as well as one histidine 

residue59,60 (see figures 8 and 9).  

The catalytic region resembles a 12 Angstrom long hydrophobic pocket with a catalytic 

zinc ion at its bottom. This was demonstrated in a crystal structure of an inactive mutant of 

the human HDAC8 and a p53 derived diacetylated substrate ((N-acetyl)Arg-His-Lys(ɛ-

acetyl)-Lys (ɛ-acetyl)(C-amino-7-yl-methyl-4-coumarine))  (PDB 2V5X) as can be seen in 

figure 8. The crystal structure of this enzyme substrate complex confirmed the position and 

shape of the binding pocket that had been assumed according to several inhibitors61. 

However the crystal structure revealed more insights to the binding pocket. The carbonyl 
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oxygen of the acetyl residue of the p53 derived peptide coordinated towards the catalytic 

zinc ion. Throughout all class 1 and class 2 histone deacetylases there is a conserved 

aspartate (Asp 101). It is positioned on the rim of the catalytic pocket and interacts with the 

peptide backbone of the substrate. Positioning the substrate correctly and adhering it 

throughout the process of deacetylation is likely to be the function of the conserved 

aspartate54,61.  

The described general structure has been confirmed by more than 50 solved crystal 

structures of human class I HDACs. Recently first crystal structures of the parasitic S. 

mansoni HDAC8 (smHDAC8) have been solved. They demonstrated high similarity to 

their human orthologues, especially to human HDAC8 (hHDAC8). Figure 9 shows the 

superposition of the hHDAC8 (PDB 1T69) and the smHDAC8 (PDB 4BZ6) both co-

crystalized with the inhibitor SAHA. They both have a characteristic α/β-fold of the 

catalytic domain and a long hydrophobic pocket with the zinc ion at the bottom. The main 

differences are in the loops not adjacent to the catalytic pocket. The amino acid constitution 

of the substrate binding pocket is also highly similar, but not identical, which opens the 

doors for structure-based drug design. 
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Figure 9 Superposition of the human HDAC8 (green) and the schistosome HDAC8 (yellow) each with the inhibitor 

SAHA; the catalytic pocket is marked in light blue. 

Figure 8 Crystal structure of an inactive Tyr306Phe mutant of the human HDAC8 co-crystalized with the artificial substrate ((N-acetyl)Arg-

His-Lys(ɛ-acetyl)-Lys (ɛ-acetyl)(C-amino-7-yl-methyl-4-coumarine) (grey) (PDB 2V5X); the catalytic zinc ion is shown in turquoise at the 

bottom of the catalytic pocket. Modified after VANNINI ET AL61 
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1.2.4 Catalytic mechanism of class 1 histone deacetylases 

There are several different theories about the catalytic mechanism of the histone 

deacetylases. The catalytic pocket contains two His-Asp dyads out of which both histidine 

residues are supposedly working as a general acid-base catalytic pair. This would indicate 

a simultaneous protonation of both histidine residues which was questioned theoretically 

and found to be rather unlikely after investigation61,62. As of today it is assumed that the 

deacetylation takes place as a result of a nucleophilic attack of an enzymatically activated 

water molecule on the carbonyl carbon of the ɛ-acetyl group of the acetylated lysine. A 

tetrahedral intermediate is formed. The origin of the proton which is necessary for this 

mechanism is not definitely proven but there are several mechanisms that are discussed. 

One hypothesis states that the proton is passed from His142 to the neighboring His143 and 

onto the nitrogen of the amide12,62. A different one suggests the proton originates from the 

Tyr306. This hypothesis would explain why a Tyr306Phe-mutant is catalytically inactive61. 

However there is no explanation of how the deprotonated Tyr306 anion is stabilized. It 

could also be possible that the Tyr306 has a different role in the catalytic mechanism. 

Tyr306 could possibly interact with the acetyl group via a hydrogen bridge bond between 

the Tyr306-OH group and the carbonyl oxygen of the acetyl residue. This would withdraw 

electron density from the C=O bond and therefore make the carbonyl carbon vulnerable to 

a nucleophilic attack12. Figure 10 shows a postulated mechanism of action of zinc 

dependent histone deacetylases. 
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Figure 10 Postulated catalytic mechanism of histone deacetylases modified after SIPPL AND JUNG
12

 

 

1.2.5 Class 1 histone deacetylases as anti-parasitic targets 

During the complex transformations between the different life cycle stages the parasite 

undergoes major morphological and metabolic changes. This implies the necessity for tight 

control of gene transcription to govern these changes with epigenetic processes likely to 

play a crucial role63. The actors in these processes, and in particular the enzymes that 

modulate chromatin architecture via the addition or subtraction of histone posttranslational 

modifications are therefore potential targets for drug development. Of these the focus was 

on the class I zinc-dependent histone deacetylases. The human histone deacetylases are the 

best studied epigenetic targets64. Therefore it was possible to use a piggy-back approach to 

finding new lead structures for the development of anti-parasitic compounds. The 

advantage here is that the targets have been validated in other human diseases and that  

chemical starting points are available63,65. Today there are several inhibitors of human 

histone deacetylases, for example, Vorinostat® (SAHA) or Belinostat® (PXD101) which 
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are in use for different anti-cancer therapies66,67. These and many ohter HDAC inhibitors 

are being developed and tested against different parasitic diseases like leishmanias, malaria, 

bilharzias, toxoplasmosis and trypanosomiasis63,68. This also bares the possibility of a cross 

reactivity on the human enzyme homologues which is to be avoided to minimize 

unintended side effects. 

Parasites also have a chromatin structure similar to the one of humans. There are different 

histones with their respective histone modifications. Histone deacetylating enzymes of 

parasites like Plasmodium falciparum, Trypanosoma cruzi, Trypanosoma brucei, 

Schoistosoma mansoni and Leishmania major have been identified and classified according 

to the classification of the human homologues63. 

Knowing of the importance of epigenetic modifications for the maintenance of a 

functioning transcription of genes those mechanisms are an interesting target to address in 

order to disturb that sensitive balance.  

One of the promising anti-parasitic targets smHDAC8 is expressed during all life cycle 

stages and the treatment of schistosomes with histone deacetylase inhibitors leads to an 

increase of acetylation of proteins which also result in mortality of the adult worms 

depending on the dose of the inhibitors69. The treatment of the juvenile stage of 

schistosomes, the schistosomula with the panHDAC inhibitor Trichostatin A (further 

referred to as TSA) confirms the efficacy of targeting the schistosome HDAC869. It was 

demonstrated that the application of TSA hindered the metamorphosis from the larval stage 

(miracidia) to the sporocysts70 (see figure 11). 
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Figure 11 Viability of schistosomula in presence of different concentrations of Trichostain A modified after DUBOIS69 

 

Trichostatin A treatment was found to induce a marked genome-wide change in the 

transcriptome profile including the downregulation of 20 out of 22 genes encoding proteins 

involved in protection against reactive oxygen species68. 

SmHDAC8 was recently identified as a potential target for anti-parasitic therapy5,71. It is 

expressed at higher levels than other HDAC isoforms in all life-cycle stages of the parasite 

except for schistosomula while, in contrast, its human orthologue shows the lowest level of 

expression of the four class I HDACs69. SmHDAC8 can therefore be assumed to have 

specific and vital functions in schistosomes and this was confirmed by transcript 
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knockdown using RNAi that led to a significant reduction in worm development and 

survival in infected mice5 confirming its status as a valuable potential target. So far, only a 

few series of smHDAC8 inhibitors have been reported and most were only moderately 

effective against the parasite or showed no effect72–74. For example, based on virtual 

screening and structure-guided optimization of a co-crystallized hit, a benzamido 

hydroxamic acid was reported as a smHDAC8 inhibitor that is able to kill S. mansoni larvae 

in culture but it also inhibited human HDACs to some extent73,75. Therefore novel inhibitors 

of smHDAC8 with improved properties are needed. 

Virtual screening of several libraries of chemical compounds and subsequent enzymatic 

testing of the promising candidates resulted in several new hit structures. Out of 75 

compounds that were purchased for testing 51 contained a hydroxamic acid moiety to 

address the catalytic zinc ion at the end of the catalytic tunnel of the enzyme. After the first 

pretests 26 compounds were identified to be active on the smHDAC8 again there were 25 

hydroxamic acids among them. The most promising candidates out of that set were 

analyzed further and IC50 values were determined. In the end this investigation resulted in 

a few small molecule hits which all shared one hydroxamic acid feature able to chelate the 

zinc ion in the target protein76. The screening hit J1075 (see figure 12) which shows 

moderate anti-parasitic activity is a benzothiophene-based hydroxamic acid71.  

 

Figure 12 Interaction of the hit compound J1075 at smHDAC8 (PDB ID 4BZ9) 

There are several other well-known inhibitors of human histone deacetylases showing anti-

parasitic properties known (see figure 13). One of them is the before mentioned hydroxamic 

acid “SAHA” also known as Vorinostat® that is an approved drug in the use against 

cutaneous T-cell lymphoma and has activity against different carcinomas77.  
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The fungal metabolite apicidin was discovered to exhibit anti-protozoal activity in the late 

1990ies and parasites treated with it show hyperacetylation of histones. It shows activity 

against different parasites like Trypanosoma cruci, Trypanosoma brucei, Leishmania 

major and Plasmodium strains78. 
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Figure 13 Examples of known histone deacetylase inhibitors with anti-parasitic activity 
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2 Concept of work 

The work presented here was part of the EU FP7 A-ParaDDisE (Anti-Parasitic Drug 

Discovery in Epigenetics) collaborative project. In this project the compound J1075 (3-

chlorobenzothiophene-2-hydroxamic acid) was identified as a micromolar hit by virtual 

screening and was tested for inhibition of smHDAC876 (see figure 14).  The aim of this 

work was to synthesize J1075-derived hydroxamic acids (see figure 15) which were then 

to be tested towards their activity on smHDAC8 and other parasitic targets. The fragment-

like hit was modified in several positions. For instance, the heteroatom of the five-

membered ring of the bicyclic scaffold was changed to form indene, indole, benzofuran, or 

benzothiophene scaffolds to examine its influence. Also the ring-open cinnamic acid 

analogue was synthesized to examine the influence of that flexible scaffold as opposed to 

the rather rigid bicyclic compounds. Moreover the bare scaffolds were synthesized with 

various substitutions of different size and polarity in different positions in order to examine 

the influence of the modified characteristics and geometry on the respective targets. 

Chemical optimization was guided by in silico studies as well as co crystallization of 

compounds with its target. The developed inhibitors were first tested in vitro against 

recombinant and human HDACs to determine their selectivity. Most promising compounds 

were then tested in phenotypic assay, toxicity tests and in early pharmacokinetic studies. 

This synergistic interplay of the different methodologies allowed an ongoing optimization 

of the synthesized compounds according to each new finding. 
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Figure 14 Compound J1075 IC50 on smHDAC8 4300 nM 76 
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Figure 15 Modifications derived from the starting molecule J1075 
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3 Synthetic work 

Looking at J1075 as the starting point for derivatization the hydroxamic acid warhead is a 

crucial feature of all following derivatives.  

3.1 Synthesis of the hydroxamic acid warhead  

For the synthesis of the hydroxamic acids the corresponding carboxylic acid was used in 

all cases (see figure 16). 

HN

R O

OHOH

R O

 

Figure 16 Retrosynthesis of a hydroxamic acid from a carboxylic acid. 

 

There are several different synthetic options to obtain hydroxamic acids starting from their 

corresponding carboxylic acids. According to literature79 hydroxamic acid can be obtained 

from a reaction of an activated carboxylic acid and hydroxylamine (mostly available as 

hydroxylamine hydrochloride) (see figure 17). 

HN

R O

OHX

R O
NH2 OH+

X = halogen or acyloxy  

Figure 17 General scheme of an activated carboxylic acid with hydroxylamine to result in a hydroxamic acid modified 

after SCHWETLICK ET AL.79 

 

A simple way to obtain a hydroxamic acid starting from a carboxylic acid is to activate the 

carboxylic acid and then let it react via nucleophilic substitution with hydroxylamine (see 

figure 19). There are several different ways of activating a carboxylic acid. It can be 

activated in situ as a carboxyl chloride using e.g. thionylchloride, phosphorous trichloride 

or phosphorous pentachlorid80 (see figure 18).  
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Figure 18 Reaction schemes of forming carboxyl chlorides modified after ADAMS ET AL.80 
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Figure 19 Scheme of follow up reaction forming a hydroxamic acid from a carbonyl chloride modified after BAUER AND 

EXNER81 

 

 

For these procedures literature suggests yields up to 96%80,81, however, the problem with 

these procedures lie within the purification of the resulting products. In case of optimized 

reaction conditions as well as quantities of the reacting partners which should result in an 

optimum of the desired products there is still the difficulty of separating the hydroxamic 

acid from the residual carboxylic acid due to their similar lipophilicity as depicted in 

figure 20.  

 

 

Figure 20 Lipophilicity of a carboxylic acid (left hand side) in comparison to a hydroxamic acid (right hand side) (both 

”R” representing any sort of identical residue). 

    

In order to obtain an above 90% purity of the final compound without high losses due to 

difficult purification it was useful to introduce a seemingly unnecessary reaction step. This 
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extra step however enables an easy chromatographic removal of the residual carboxylic 

acid from the reaction batch so that the above described problem of the difficult separation 

of a hydroxamic acid from its analogous carboxylic acid is being avoided. Ideally the 

protecting group of the hydroxamic acide would be lipophilic and fairly voluminous in 

order to create an intermediate molecule that is easily separable from as well the carboxylic 

acid in one step as well as the hydroxamic acid in the following step. It should also be 

available at low cost because it would be needed for the synthesis of every single compound 

and the cleavage of the protecting group should also be pursuable under mild conditions 

for the benefit of the stability of the rest of the molecule.  

There are a few possible options for amines that can be used which are presented in 

figure 21 below. 

O
NH2 O

NH2

O O
NH2

Trityl hydroxyl amine Benzyl hydroxyl amine Tetrahydro pyrane hydroxyl amine  

Figure 22 Examples of hydroxyl amines 

 

All of these three examples would create an intermediate that is voluminous and lipophilic 

in order to separate them from products or educts of the reaction batch.  

 

All of the three examples of protection groups serve the expectation of high lipophilicity 

(see figure 22) in order to easily purify the reaction mixture from polar residues and is a 

second step from the residual protected hydroxamic acid. 

Figure 21 Surface properties of the above mentioned hydroxyl amines. Lipophilic areas marked in green and hydrophilic 

areas in magenta. 
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It was further tested how to conduct the reaction of the carboxylic acid with the protected 

hydroxyl amine. In order to pursue the reaction under comparably mild conditions a 

coupling agent was used (see figure 23). 
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Figure 23 Scheme of coupling reaction of a carboxylic acid and a hydroxylamine modified after AL-WARHI ET AL. 82 

 

There are several different coupling agents available that were originally designed for 

peptide synthesis. There is the group of the carbodiimides (figure 24). It is probably the 

most broadly used group of coupling reagents. The first of such reagents, namely N,N’-

dicyclohexyl-carbodiimide (DCC) was introduced for peptide synthesis in 195583. There 

have been several other carbodiimide based structures that were introduced as coupling 

reagents82. The general structure can be described as a central carbodiimide with identical 

or different residues at both sides if the central element. 

 

R N C N R'

DCC: R = R'= cyclohexyl
DIC: R = R' = isopropyl
EDC: R= ethyl, R' = dimethylaminopropyl  

Figure 24 Examples of carbodiimide based coupling agents: dicyclohexyl carbodiimide (DCC), diisopropyl 

carbodiimide (DIC), ethyl dimethylaminopropyl carbodiimide (EDC) modified after AL-WARHI ET AL. 82 

 

The reaction using DCC is typically carried out in dried dichloromethane or chloroform 

with the use of a base in order to deprotonate the acid which is to be coupled. The resulting 

dicyclohexane urea is not soluble in dichlormethane and therefore precipitates as the 

reaction proceeds82,83. The reaction mechanism is described in figure 25 below. 
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Figure 25 Reaction mechanism of N,N’-dicyclohexyl-carbodiimide (DCC) modified after SHEEHAN ET AL83 

 

 

 

Another group of coupling reagents contains the phosphonium and aminium salt based 

coupling reagents. They also provide a relatively mild environment for the activation of the 

carboxylic acid. The reaction can for example be carried out in tetrahydrofuran as a solvent 

with a base added for deprotonation of the carboxylic acid. Diisopropyl ethylamine (DIPEA 

or Hünig base) is used oftentimes. There are some examples of benzotriazole / 7 – 

azabenzotriazole based coupling agents shown in the figure 26 below.  
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Figure 26 Different phosphonium salt based coupling reagents: top left O-(Benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluorophosphate (HBTU), bottom left O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-

tetramethyluronium hexafluorophosphate (HATU), top right (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium 

hexafluorophosphate (BOP), bottom right (Benzotriazol-1-yloxy) tripyrrolidino phosphonium hexafluorophosphate 

(PyBOP) 

 

The coupling agent PyBOP® ((Benzotriazol-1-yloxy) tripyrrolidino phosphonium 

hexafluorophosphate) was originally developed for peptide coupling reactions by CASTRO 

ET AL
84,85 in 1990. It was an advancement of (Benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (further referred to as 

BOP®) which is also an effective coupling reagent but has lost importance due to the 

formation of hexamethyl phosphoramide (further referred to as HMPA). HMPA is a polar 

but aprotic colorless liquid which is formed as a byproduct of the reaction and is a highly 

hazardous carcinogen. Using PyBOP® the formation of HMPA cannot take place because 

the dimethyl amino residues are replaced by pyrrolidino residues which leads to a less toxic 

byproduct84,85. The reaction mechanism of BOP® and PyBOP® also works through and 

activated ester of the carboxylic acid and either the phosphonium group or the benzotriazole 

residue. The coupling reaction mechanism is postulated as shown in the figure 27 below. 
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Figure 27 Reaction mechanism of BOP and  PyBOP® modified after KIM et al.86 

 

Minus a few exceptions all the hydroxamic acid derivatives described herein were obtained 

by using the respective  carboxylic acids as starting materials following a procedure 

described by MISRA ET AL.87 which involves the use of O-(tetrahydro-2H-pyran-2-yl) 

hydroxylamine and subsequent cleavage of the THP protecting group under acidic 

conditions (figure 28).  
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R O O
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PyBOP
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Figure 28 Scheme of the reaction steps transforming a carboxylic acid into a hydroxamic acid modified after 

MISRA ET AL.87 

 

Out of the above described protected hydroxyl amide groups all three fulfilled the 

requirements for simple and sufficient purification and cost efficiency. However there was 

a different factor to be thought of, namely the cleavage of the protecting group from the 
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intermediate. An efficient and easy procedure for cleaving the protecting group was needed 

that could be conducted under mild conditions. Therefore, the benzyl-protected 

intermediate was not an option anymore because it cannot be cleaved with catalytic 

amounts of a suitable acid. It would need harsher conditions and possibly hydrolysis. For 

the other two options a cleavage under mild acetic conditions is possible.  

The THP-protecting group was first cleaved off using para-toluenesulfonic acid (further 

referred to as pTSA) or hydrochloric acid. The efficiency of the cleavage reaction is similar 

between the hydrochloric acid and pTSA but the pTSA could be found in the final 

compound in traces and therefore lowered the purity of the sample. Therefore, hydrochloric 

acid is to be preferred over pTSA. For the trityl group formic acid was used as suggested 

by literature88. 
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3.2 Synthesis of the carboxylic acid building blocks 

3.2.1 Synthesis of the indene carboxylic acid 

In 1960 ORTTMANN and TREIBS
89 published a synthesis route on which various olefins 

and aromatic compounds can be transformed into their corresponding carboxylic acids 

(see figure 29). 

 

oxalyl bromide
90° C, 4-5 h O

OH

1 2  

Figure 29 Synthesis of indene carboxylic acid as postulated by ORTTMANN AND TREIBS89 

 

The aromatic compound is supposed to be transformed into the carboxylic acid when heated 

up over a period of time with oxalyl bromide89,90. The general procedure is described either 

solvent free or in solvents like diethyl ether, dioxane or carbon tetrachloride. Either the 

reagents are mixed together at the beginning or the oxalyl bromide is slowly dripped into a 

solution of the compound that is to be transformed into the carboxylic acid or vice versa. 

In case of the indene-2-carboxylic acid the reaction conditions are described as solvent free, 

mixing both reagents together right at the beginning and heating up the reaction to 90°C 

for 4-5 hours. Since in contrast to ORTTMANN and TREIBS, very small amounts of both 

reagents were used (1 mmol indene and 0.5 mmol of oxalyl bromide compared to 0.2 mol 

indene and 0.1 mol oxalyl bromide) at the first attempt a solvent (THF) was used simply to 

enlarge the volume of the reaction batch. Conducting the reaction in a solvent did not result 

in the formation of the desired product which could have been due to a lower temperature. 

At a second attempt the solvent free method as described by literature was used. The desired 

product was formed according to the reaction mechanism described in figure 30. 
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Br O
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1
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Figure 30 Reaction mechanism as postulated by ORTTMANN AND TREIBS 89 

 

The product 2 could be purified from the reaction mixture by dissolving the mixture in 

ethyl acetate and extracting it with a saturated potassium carbonate solution afterwards 

acetifying the aqueous phase with hydrochloric acid and extracting it with ethyl acetate 

again89. The yield was at 8.5 % which did not deliver a sufficient amount of product for 

further synthesis steps. Considering the proportionally high losses during purification 

processes a second batch was started following the same procedure with doubled amounts 

of both reactants which led to a yield that was more than tripled to 27 %. This presents a 

trend which could explain why the yield of 74 % described in literature for larger batches 

were not achieved. 

 

  

Table 1 Structure obtained via carboxylation of indene 

name structure 

2 

(TB2s) 

O

OH  
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3.2.2 Indoles 

ROSAUER ET AL.91 suggested a novel synthesis route on which substituted anilines could be 

transformed into indole-2-carboxylic acids by first adding an iodine atom in ortho position 

to the amine and then, in a second step cyclisation with pyruvic acid91. (See figure 31). 

NH2

I

R R

NH2

I II

R
N
H

O

OH

3 4 5  

Figure 31 Proposed synthesis route for the formation of indoles. Reagents and conditions: (I) Ag2SO4, I2, EtOH, rt 16h; 

(II) pyruvic acid, DABCO Pd(OAc)2 DMF, 105°C, 4h 

 

The catalyst silver sulfate was synthesized by precipitating it from silver nitrate with 

sulfuric acid. Mass spectrometry showed that the first intermediate was formed which 

would supposedly be the aniline with an iodine substituent in ortho position to the amine 

function 4. Due to the iodine present in the reaction mixture it was not possible to observe 

the progress of the reaction by TLC. There was no information about purification 

procedures or methods in the ROSAUER ET AL. publication. Several methods like column 

chromatography and solvent extraction with different solvents did not lead to satisfying 

results. Neither the position of the iodine substituent nor the quantity of the yield could be 

verified. In a second attempt a direct conversion from the reaction mixture was tried by 

simply evaporating the solvent under reduced pressure and then adding the reagents and 

reactants for the second step of the reaction. DMSO and DMF as solvents and TEA and 

DABCO as tertiary amine bases were tried. At this step the same problems as with the first 

step arose; inability to observe the progress of the reaction by TLC due to the smudging of 

the iodine, thus no information given about the purification of the product. There were no 

traces to be found by mass spectrometry. 

For 5b the commercially available 5-methoxyindole-2-carboxylic acid was used. And 

considering newer docking studies the idea to add a lipophilic residue to the 5 membered 

ring seemed appealing. Based on the plain indole-2-carboxylic acid and its 5-methoxy 

derivative their N-methyl and N-ethyl derivatives were to be synthesized. 

For the methyl derivatives a nucleophilic substitution using trimethyl silyl diazomethane 

was planned. This would firstly give the alkyl esters which would then be cleaved in an 

additional step. Several approaches using the indole-2-carboxylic acid as the reagent 

dissolved in methanol slowly dripping two equivalents of the etheric solution of trimethyl 
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silyl diazomethane into the reaction batch did not result in product formation. A 

homologous reaction using the 5-methoxy indole-2-carboxylic acid as the reagent also 

failed to deliver the desired product. 

Since the N-alkylation using trimethyl silyl diazomethane did not lead to satisfying results 

a different approach for the N-alkylation was tried. According to literature many synthesis 

procedures are using alkyl iodides and a base as a catalyst for N-alkylation reactions. 

For this procedure the indole-2-carboxylic acid is dissolved in acetone and the potassium 

hydroxide is suspended in the solution. The alkyl iodide which in this case was the ethyl 

iodide is slowly dripped into the mixture at 0°C. Once all of the ethyl iodide is added to the 

reaction batch, the mixture is slowly heated up to room temperature and then stirred for 

18 hours at room temperature. As a result product formation could not be detected by mass 

spectroscopy.  

In consideration of time and cost efficiency the indole carboxylic acids (5a, 5b) were 

purchased from commercial suppliers and then transformed into the analogous hydroxamic 

acids using the synthetic procedures described in 3.1. 

 

 

N
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3.2.3 Benzofuranes 

The synthesis route for benzofurane was modified according to PAREKH ET AL.92 and 

KUMARASWAMY ET AL.93.  

OH

I

R R
O

II

R
O

O

OH

O
O

O
6 7 8

 

Figure 32 Synthesis of benzofurane derivatives. Reagents and conditions (modified after KUMARASWAMY et al. 93):  I) 

BrCH2CO2Me, K2CO3, CH3CN, 6 h, 60 °C; II) NaOH, MeOH 

The salicylaldehyde is to be dissolved in acetonitrile. Methyl bromoacetate and potassium 

carbonate are added. The mixture is then to be stirred at room temperature then heated to 

about 50-60°C for 30 min. This described reaction leads to the first intermediate product 

which is the methyl ester of the benzofurane-2-carboxylic acid, which is further hydrolyzed 

under alkaline conditions to result in the free carboxylic acid (figure 32). 

This procedure worked fine for the unsubstituted salycaldehyde. Unfortunately it did not 

lead to sufficient results for substituted salycaldehydes. Neither an elevation of the reaction 

temperature nor the elongation of the reaction time resulted in satisfactory results. Traces 

of the desired product were found in mass spectrometry but the amounts were too little to 

separate them from the reaction batch. In order to obtain a small number of different 

benzofurane derivatives commercially available benzofurane carboxylic acids were 

transformed into the analogue hydroxamic acids following the procedure described in 3.1. 

Table 2 Structure obtained via cyclisation reaction of salicaldehyde and methyl bromoacetate 

name structure 

8a 

(TB3s) O

O

OH  

8b 

(TB41s) 
O

O

OH

Cl  

 

8c 

(TB42s) 

 

O

O

OH

Cl
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3.2.4 Benzothiophenes 

The benzothiophene derivatives have been synthesized by utilizing a modified route 

described by CAI ET AL.94 (figure 33). 

Cl

I

R R
S

II

R
S

O

OH

O
O

O
9 10 11

 

Figure 33 Synthesis route for the benzothiophene derivatives. Reagents and conditions: I) HSCH2CO2Me, K2CO3, 

DMF, 4 h, 60 °C; II) NaOH, MeOH 

The 2-chloro benzaldehyde is dissolved in DMF with potassium carbonate as a solid phase 

base and the methyl thioglycolate. The reaction batch was heated to 60°C for four hours. 

The reaction then results in the intermediate methyl ester of the benzothiophene derivative 

(figure 33). When the reaction is completed the crude methyl ester is to be purified from 

the reactant and reagent remnants. So firstly the reaction batch is filtered to eliminate the 

solid potassium carbonate. The DMF was evaporated under reduced pressure and toluene 

was then added to drag out the residual solvent. 

The reaction was performed with the 2-chloro benzaldehyde for the unsubstituted 

benzothiophene-2-carboxylic acid and with the 2,6-chloro benzaldehyde for the 4-chloro 

benzothiophene carboxylic acid. It was not possible to synthesize the unsubstituted 

benzothiophene derivative on this route possibly due to the missing of the second chloro 

substituent in ortho position to the aldehyde function which seems to have an additional 

activating effect. 

In order to compare the simple unsubstituted benzothiophene derivative to the chloro 

substituted derivative as the indene, indole and benzofurane scaffold, the commercially 

available benzothiophene - 2 - carboxylic acid was used as a starting point for the synthesis 

of the hydroxamic acid. 

 

Table 3 Structure obtained via cyclisation reaction of 2,6 dichloro benzaldehyde and methyl thiooglycolate 

name structure 

11a 

(TB5s) 
S

O

OH

Cl

 

 



Synthesis of the carboxylic acid building blocks

  35 

3.2.5 Cinnamic acids 

A virtual screening carried out also resulted in a potent cinnamic acid derivative. Therefore, 

also this scaffold was further investigated. The rigid bicyclic benzothiophenes, indoles, 

benzofuranes, indenes and the flexible cinnamic acids show almost the same distance 

between the benzene residue and the zinc binding groups.  

3.2.5.1 Classic KNOEVENAGEL condensation 

For their synthesis a classic KNOEVENAGEL
79

 condensation was used starting with a 

benzaldehyde and malonic acid which were dissolved in pyridine and 10 mol% piperidine 

as a catalyst (figure 34). 

I

R R
O OH

O

12 13  

Figure 34 KNOEVENAGEL condensation. Reagents and conditions (modified after Schwetlick et al.79): 

I) malonic acid, piperidine, pyridine 

 

The general procedure had to be modified to simply increase the volume of the reaction 

batches. The reaction batches were in the millimolar range and, therefore, the relations of 

the solvent piperidine and the catalyst pyridine were adjusted due to the voluminous 

amounts of the respective benzaldehydes. In comparison the suggested equivalents in the 

literature the amount of the piperidine was approximately doubled and the piperidine was 

also slightly increased. For one mmol 600 µl of pyridine and 20 µl of piperidine were used 

instead of 270µl and 18 µl. The reaction was gently heated over a water bath until there 

was no more CO2 evaporation observable, kept at that temperature for 30 – 180 minutes, 

then it was cooled to room temperature again and ice and concentrated hydrochloric acid 

were added. The product formation is postulated as shown in figure 35.  
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Figure 35 Reaction mechanism  of the KNOEVENAGEL condensation postulated by BRÜCKNER95 

 

Solid compounds were crystallized directly from the ice hydrochloric acid mixture at in the 

fridge overnight and liquid compounds were extracted from the reaction batch with diethyl 

ether. For the solid compounds an ether extraction of the residual aqueous phase after 

filtration of the solid compound was proposed to increase the yields. In this work this step 

has been resigned in most cases for the benefit of higher purities. 

 

3.2.5.2 Microwave irradiation assisted KNOEVENAGEL condensation 

According to PENG AND SONG
96 the KNOEVENAGEL condensation can also be conducted 

under microwave and ultrasound irradiation. In the procedure described the reaction is 

conducted between aromatic aldehydes and malonic acid just like the classical 

KNOEVENAGEL reaction. As for the catalytic base they use piperidine, potassium carbonate 

and water as the solvent. The reaction time then is reduced to 60 – 95 seconds under 

simultaneous microwave and ultrasound irradiation. They also investigated the differences 

in reaction time of microwave irradiation alone, sonication on its own, and conventional 

heating. The shortest reaction time was needed using both, microwave and sonication at 

once. But also using microwave irradiation reduced the reaction time to approximately 30 

minutes in comparison to approximately 2.5 hours using only sonication and 7 hours using 

conventional refluxing. The yields for all methods were ranging between 79 % and 87 %.  
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Since the synthetic microwave available was not able to simultaneously sonicate the 

samples, the reactions were conducted under only microwave irradiation. Due to the longer 

reaction times and the noise pollution which is not negligible the method using only 

sonication did not prove to be a method of choice. However the reaction mechanism still 

stays similar to that one described in the chapter of the conventional KNOEVNAGEL reaction. 

 

Table 4 Cinnamic acid derivatives obtained via conventional KNOEVENAGEL reaction 

name structure name structure 

13a 

(TB7s) 
OH

O

 

13b 

(TB8s) 
OH

OCl

 

13c 

(TB9s) 
OH

O

Cl  

13d 

(TB10s) 
OH

O

Br  

13e 

(TB11s) 

OH

O

O

O

O
 

13f 

(TB12s) 
OH

O

O  

13g 

(TB14s) 
OH

O

HO  

13h 

(TB15s) 

OH

O

N

 

13i 

(TB16s) 
OH

O

HO

O

 

13j 

(TB27s) 

OH

O

O

O  
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name structure name structure 

13k 

(TB31s) 
OH

O

O  

13l 

(TB32s) 
OH

OCl

Cl  

13m 

(TB33s) 
OH

O

O

HO  

13n 

(TB38s) 

OH

O

O

O
 

13o 

(TB51s) 
OH

O

Cl Cl  

13p 

(TB53s) 
OH

O

F

Br  

13q 

(TB54s) 
OH

O

F

O

 

13r 

(TB55s) 

OH

O

O

O
 

13t 

(TB56s) 

OH

O

O

 

13u 

(TB57s) 

OH

O

O

Cl  

13v 

(TB58s) 

OH

O

O

 

13w 

(TB59s) 
OH

OO

 

13x 

(TB61s) 
OH

O

O  
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(TB62s) 
OH

O

O  
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name structure name structure 

13z 
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OH

O

O  

13za 

(TB64s) 

OH

O

O
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(TB67s) 

OH

O

Cl

O
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OH

O

O

 

13zd 

(TB73s) 

OH

O

S

 

13ze 

(TB77s) 
OH
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Cl
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(TB91s) 
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OO
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(TB98s) 

OH

O

O Cl
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O

O

O
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name structure   

13zl 

(TB107s) 

OH

O

O

F  

  

 

 

3.2.5.3 HECK reaction 

A second approach to obtain cinnamic acid derivatives which does not limit the synthesis 

to the availability of aldehydes is the HECK reaction97. It is a palladium catalyzed coupling 

reaction which enables an olefination of aryl halides.  
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X
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O
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X = Cl, I, Br, OtF

14 15 13

 

Figure 36 Scheme of synthesis of a cinnamic acid via HECK reaction: I) Pd(catalyst), base; II) alkaline cleavage of the 

methyl ester 

The so called HECK reaction97 (figure 36) is related to the SUZUKI-Reaction and was 

developed in 1972. It is a coupling reaction to form carbon-carbon bonds from an aryl 

halide and an olefin under the addition of a palladium complex as a catalyst. Typical HECK 

catalysts are for example tetrakis(triphenylphosphine)palladium(0), palladium chloride or 

palladium(II)acetate. The reaction also requires the addition of a base to neutralize the 

hydro halide acid which is formed during the coupling process98.  

Based on this reliable synthesis route it was possible to build a series of different cinnamic 

acid derivatives which was a good basis to further study the biological relevance of the 

different residues and their position. 
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3.2.6 N-alkylation of phenothiazine derivatives 

The shape of the binding pocket of the smHDAC8 suggests a ligand that has a narrower 

linker between the hydroxamic acid residue which coordinates the zinc ion at the bottom 

of the catalytic pocket and a bulkier residue to force the binding pocket into the wider 

conformation. Phe151 of the smHDAC8 is able to take an inward facing conformation or 

flip away from the catalytic pocket which leaves room for bulkier residues. The hHDAC8 

does not have that flexibility in the Phe152 which is in the same position. Therefore, ligands 

with bulkier residues are rather likely to fit into the catalytic pocket of the schistosome 

HDAC8 but rather unlikely to fit into the human analogous catalytic pocket. So using 

phenothiazines as the bulkier residue connected with a 4-methyl benzoic acid or a crotonic 

acid as the narrower substructure to fit the catalytic pocket was an idea to investigate. 
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Figure 37 Scheme of the reactions for obtaining N-alkylated phenothiazines 

 

According to FAN ET AL
99 the reaction can be conducted under microwave irradiation. 

Using DMF as solvent and KOH as an alkaline solid phase catalyst the reaction is carried 

out under microwave irradiation for less than 30 minutes (figure 37). After cooling the 

reaction batch it is mixed with water and then filtered to remove the insoluble materials. 

The filtrate is collected and acidified with hydrochloric acid whereupon the product 

precipitates. The product can be collected by filtration. Due to the very alkaline conditions 

the cleavage of the methyl or ethyl ester of the respective carboxylic acid also occurs in the 

same reaction step as the N-alkylation. In the publication of FAN ET AL
99 the procedure was 

described using an open vessel and a domestic microwave oven. They irradiated the 

reaction mixture at 375 W. The reaction time ranged from 2.5 minutes to 5.5 minutes. Out 

of safety reasons the procedure was modified. Instead of the domestic microwave oven and 

an open vessel a closed vessel was used in a microwave suitable for organic synthesis. This 

made it rather difficult to follow the exact procedure because the synthetic microwave 
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measures the pressure and temperature and adjusts the watt to maintain the conditions over 

the time of the reaction. The reaction was conducted at 150 °C over a period of 5.0 minutes. 

In addition there was the heating up phase and time to cool down the vessel after the 

reaction time was over. Added up the reaction including the waiting times took less than 

an hour which made it a very efficient and attractive procedure. 

Beforehand several methods using an ice chilled phenothiazine solution with THF as a 

solvent, slowly adding DBU and then the ethyl-(4-bromo)chrotonate or respective 

methyl- (4-bromomethyl-) benzoate or refluxing a reaction mixture of the phenothiazine, 

Cs2CO3 and the ethyl-(4-bromo)chrotonate or respective methyl- (4-bromomethyl-) 

benzoate in DMF failed to deliver satisfying results. 

 

Table 5 Structures of phenothiazine carboxylic acid derivatives obtained via N-alkylation of the respective 

phenothiazine 

name structure name structure 
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O O
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name structure name structure 

20g 

TB83s 

S

N

O

OH

O

Cl

 

19a 

TB81s 

S

N

OH

O  
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3.3 Summary of all synthesized hydroxamic acids assorted by structural 
similarity 

 All hydroxamic acids were transformed from the carboxylic acid using the procedure 

described in chapter 3.2 (see figure 38). 
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Figure 38 Reaction scheme of the transformation from the carboxylic acids to the hydroxamic acids 

 

 There are structures to be found here in the summary of the hydroxamic acids which were 

obtained from commercially available carboxylic acids or their respective methyl or ethyl 

esters. There are also some structures listed in the synthetic chapter above but which were 

not followed up on and which were not transformed into the respective hydroxamic acid. 

This was either due to a lack of sufficient amount of carboxylic acid derivative or because 

the substances were not promising anymore for the targets that were to be investigated in 

this work. 
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Table 6 Bicyclic derivatives (J1075 derived structures) 

name structure Name structure 

22a 

(TB1) N
H

O

HN OH
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(TB13) N
H

O

HN OH

O

 

22c 
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N O

HN OH
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HN OH
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Table 7 Cinnamic acid derivatives 

name structure name structure 

24a 
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name structure name structure 
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name structure name structure 

24w 
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N
H

O

O

OH

 

24zb 

(TB67) 

N
H

O

O

OH

Cl  

24zc 

(TB38) 

N
H

O

O

O

OH

 

24zd 

(TB93) 
N
H

OO

O

OH

 

24ze 

(TB91) 

N
H

OO

Cl
OH

 

24zf 

(TB92) 
N
H

OO

Cl

Cl

OH

 

24zg 

(TB98) 

N
H

O

O Cl

Cl

OH

 

24zh 

(TB56) 

N
H

O

O

OH

 

24zi 

(TB73) 

N
H

O

S

OH

 

24zj 

(TB75) 
N
H

O

OH
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name structure name structure 

24zk 

(TB78) 
N
H

O

OH

 

  

    

 

Table 8 Miscellaneous other hydroxamic acids 

name structure name structure 

24zl 

(TB37) 
N
H

O

OH

 

24zm 

(TB40) 

N
H

O

OH

 

26a 

(TB89) 

O
N
H

O

OH

 

26b 

(TB88) 

O
N
H

O

OH

 

26c 

(TB96) 

O
N
H

O

OH

O

 

26d 

(TB79) 

S
N
H

O

O OH

O  

26e 

(TB94) 

S
N
H

O

OHCl

Cl  

26f 

(TB103) 

S
N
H

O

OH

Cl  

26g 

(TB104) 

S
N
H

O

OH

Cl

Cl

 

26h 

(TB105) 

S
N
H

O

OH

Cl

Cl  

26i 

(TB90) 

O
N
H

O

OH

 

26j 

(TB97) 

O
N
H

O

OH
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name structure name structure 

26k 

(TB80) 

S
N
H

O

OH

Cl

 

28a 

(TB83) 

S

N

O

N
H

O

Cl

OH
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4 Results and Discussion 

4.1 Schistosoma mansoni 

4.1.1 Comparison of the assay systems ZMAL, ZMTFAL and 

Flour de Lys®100 

The herein utilized assay systems have been developed for class I and class II histone 

deacetylases described by HILDMANN ET AL
101. The general scheme is illustrated in the 

figure below. The substrate consists of an acetylated lysine (LYS-NHAc) linked to a 

variable residue (R) and a fluorophore (AMC). In a first step of the assay the artificial 

substrate is deacetylated by the histone deacetylase. In a second step the endopeptidase 

trypsin is added which then cleaves the fluorophore from the lysine metabolite. The free 

fluorophore now has different spectroscopic properties than in the linked state like it was 

in the original substrate and the first metabolite. The residual acetylated substrate cannot 

be cleaved by the endopeptidase trypsin (see figure 39).  

 

 

Figure 39 General reaction scheme of HDAC8 assays modified after TRAPP100 

 

In previous works different in vitro assay systems for testing the effects of substances on 

histone deacetylases were developed and evaluated towards their suitability and 

robustness100,102. In case of Fluor de Lys® the substrate consists of an aliphatic side chain 
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with a terminal acetylated amino acid. The substrate also contains a fluorophore which 

changes its fluorescent wave length after enzymatic cleavage from the substrate by trypsin. 

The difference in wave length can be measured and the activity of the enzyme can be 

determined. ZMAL ((S)-[5-acetyl amino-1-(4methyl-2-oxo-2H-chromene-7-ylcarbamoyl) 

pentyl] carbaminic acid benzyl ester) also is an acetylated substrate and like Fluor de Lys® 

also imitates the acetylated lysine side chain which is a substrate of the histone deacetylase 

(reaction scheme shown in figure 40).  

 

OO
H
N

O

HN

O

O

N
H

CH3
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OO NH2

OO
H
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O
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O

O
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O
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O

O

NH2

Trypsin

AMC Ex/Em: 390/460

 

Figure 40 Reaction scheme for the histone deacetylase assay with the substrate ZMAL 

 

This assay is low in cost but unfortunately the HDAC8 does not cleave the acetyl residue 

of the ZMAL substrate too well103. In comparison Fluor de Lys® is a better substrate to 

measure the inhibitory effects of different substances on HDAC8. Due to practical reasons 

the assay was used only for the human and schistosome histone deacetylase 8 in order to 

obtain reliable and reproducible results. For the inhibitory effects of the substances on the 

human isoforms HDAC1 and HDAC6 the less expensive ZMAL assay was used. The assay 

delivery reliable results for these subtypes and the results are an orientation for the 

comparison of the different inhibitors among each other. Another assay system for HDAC8 

is based on the artificial substrate ZMTFAL. The substrate is similar to the one of the 

ZMAL assay. ZMTFAL ((S)-[5-trifuoracetyl amino-1-(4methyl-2-oxo-2H-chromene-7-
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ylcarbamoyl) pentyl] carbaminic acid benzyl ester) is an artificial substrate that also is 

recognized and cleaved by the human and schistosome HDAC8. It carries a trifluor 

acetylated lysine instead of the acetylated lysine of the ZMAL substrate. Some of the 

substances were tested in all three assay systems for comparison of the methodologies. 

(Structures shown in figure 41) 

 

OO
H
N

O

HN

O

O

N
H

R

O

ZMAL:     R = CH3

ZMTFAL: R = CF3  

Figure 41 Structures of ZMAL and ZMTFAL 

 

All of the substances were first tested in pretests against the target enzyme, smHDAC8. 

Those substances that had good inhibitory properties in the pretests were further 

investigated; the IC50 values and the selectivity between the different subtypes of the 

histone deacetylases were determined.  In the following chapters the results on the different 

enzymes will be presented and discussed. 
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Table 9 Fluor de Lys® results of the bicyclic compounds tested for their effect on the schistosome HDAC8. IC50  values 

presented in µM or nM as declared in the table. Results of pretests are presented in % inhibition of the enzyme at the 

declared concentration. If the prestests showed low percentages of inhibition despite high concentrations of the 

compound or low dose dependance the IC50 value was not determined (n.d.). When there is no standard deviation n = 1, 

if a standard deviation is indcated n = 3. 

name structure pretest IC50 

indene derivative 

22d 

(TB2) 

O

HN OH  
10µM: 98 % n.d. 

indole / benzimidazole derivatives 

22a 

(TB1) 
N
H

O

HN OH
 

 4.90 ± 1.1 µM 

22b 

(TB13) N
H

O

HN OH

O

 

 1.8 ± 0.8 µM 

22c 

(TB74) 
N
H

N O

HN OH
 

5 µM: 0 %     

0.5 µM: 0 % 

. 

n.d. 

benzofurane derivatives 

22e 

(TB3) O

O

HN OH  
 240 ± 50 nM 

22f 

(TB42) 
O

O

HN OH

Cl

 

 780  ± 40  nM 

22g 

(TB45) 
O

O

HN OH

O
 

 2.1 ± 0.5 µM 
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name structure pretest IC50 

benzothiophene derivatives 

22i 

(TB4) S

O

HN OH  
 630 ± 100 nM  

22j 

(TB5) 
S

O

HN OH

Cl

 

 250 ± 20 nM 

 

This table sums up the results of the bicyclic compounds tested in the Fluor de Lys® assay 

for the smHDAC8. The first compound 22d (TB2), the indene hydroxamic acid was found 

to be weakly active. In comparison the unsubstituted indole derivative 22a (TB1) has an 

IC50 value in the lower micromolar range. The 5-methoxy substituted indole hydroxamic 

acid 22b (TB13) shows an improved IC50 value of just under half of the value its 

unsubstituted homologue. The introduction of a second nitrogen atom into the five-

membered ring (benzimidazole derivative 22c (TB74)) resulted in a complete loss of 

inhibitory effects on the smHDAC8. Looking at 22e (TB3) and 22i (TB4), the unsubstituted 

benzofurane and the unsubstituted benzothiophene the IC50 values are in the nanomolar 

range. A 4-chloro substitution of the benzothiophene derivative 22j (TB5) shows an 

improvement of the IC50 value by about 300 nM whereas the same 4-chloro substitution in 

the benzofurane derivative increases the IC50 value by about 500 nM. None of the 

substitutions (chloro-, methoxy-, ethoxy-) in position 7 of the benzofurane was able to bring 

a significant improvement of the IC50 value. 
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Table 10 Fluor de Lys® results of the cinnamic acid compounds with smaller residues tested for their effect on the 

schistosome HDAC8. IC50 values presented in µM or nM as declared in the table. Results of pretests are presented in % 

inhibition of the enzyme at the declared concentration. If the prestests showed low percentages of inhibition despite 

high concentrations of the compound or low dose dependance the IC50 value was not determined (n.d.). When there is 

no standard deviation n = 1, if a standard deviation is indcated n = 3. 

name structure pretest IC50 

cinnamic acid derivatives (smaller residues) 

24a 

(TB7) 
N
H

O

OH

 

5 µM: 80 % 

0.5 µM: 50  % 
130 ± 20  nM 

24b 

(TB8) 
N
H

O

OH

Cl

 

 60 ± 20 nM 

24c 

(TB77) 
N
H

O

OHCl

 

5 µM: 78 %     

0.5 µM: 43 % 
n.d. 

24d 

(TB9) 
N
H

O

OH

Cl  

 800 ± 110 nM 

24e 

(TB32) 
N
H

O

OH

Cl

Cl  

 210 ± 30 nM 

24f 

(TB51) 

N
H

O

OH

Cl Cl  

0.5 µM: 50 % n.d. 

24g 

(TB10) 
N
H

O

OH

Br  

 240 ± 50 nM 
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name structure pretest IC50 

24i 

(TB53) 
N
H

O

F

Br

OH

 

0.5 µM: 60 % 500 ± 150 nM 

24j 

(TB54) 
N
H

O

F

O OH

 

0.5 µM: 45 % 840 ± 200 nM 

24k 

(TB15) 

N
H

O

OH

H2N  

100 µM 50 % 

10 µM 84 % 
n.d. 

24l 

(TB14) 
N
H

O

OH

HO  

 
60 ± 30 nM 

24m 

(TB33) 
N
H

O

O

HO

OH

 

0.5 µM: 53 % n.d. 

24n 

(TB16) 
N
H

O

O

HO

OH

 

 
660 ± 170 nM 

24o 

(TB31) 
N
H

O

OH

O  

0.5 µM: 57 % n.d. 

24p 

(TB44) 
N
H

O

OHO

 

0.5 µM: 45 % n.d. 

24q 

(TB43) 
N
H

O

OH

O  

0.5 µM: 60 % n.d. 
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name structure pretest IC50 

24r 

(TB58) 

N
H

O

OH

O

 

0.5 µM: 53 % n.d. 

24s 

(TB11) 

N
H

O

OH

O

O

O
 

 620 ± 140 nM 

 

For the cinnamic acid compounds the results are rather heterogenic. The unsubstituted 

compound 24a (TB7) has an IC50 value of around 130 nM. An ortho-chloro substitution 

24b (TB8) resulted in an improvement of the IC50 value to about half of the value of the 

unsubstituted compound. Moving the chloro substituent to the meta- or para-position 

resulted in significant increase of the IC50 value. The introduction of a second chloro 

substituent to the ortho-chloro compound to the second ortho position 24e (TB32) resulted 

in an increase of the IC50-value to approximately 200 nM and the compound with the 

ortho- , para-bichloro substitution pattern 24f (TB51) again resulted in a significant loss of 

the inhibitory effects on the smHDAC8.  Exchanging the chloro substituent to a bromo 

substituent 24g (TB10) resulted in a significant improvement for the both para substituted 

compounds which could possibly be based on the increase in size and lipophilicity of a 

brome instead of a chlorine atom. Neither the combination of an ortho-bromine and a meta-

fluorine atom 24i (TB53) nor an ortho-fluorine together with a meta-methoxy residue 24j 

(TB54) showed good results. A para-amino function did also show little positive effect on 

the inhibitory effects of the cinnamic hydroxamate. Interestingly the para-hydroxy 

cinnamic acid derivative 24l (TB14) shows an IC50 value of around 60 nM. Adding an 

additional ethoxy- or methoxy-substituent in meta-position causes a loss of inhibitory 

activity on the smHDAC8. All together there was no improvement that could be achieved 

by all modifications that were tried out for the para-hydroxy derivative 24l (TB14). Single 

or multiple methoxy- or ethoxy-substituted cinnamic acid derivatives (24o-24s) did not 

show improved smHDAC8 inhibitory activity in comparison to the unsubstituted cinnamic 

acid derivative.  
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Table 11 Fluor de Lys® results of the cinnamic acid compounds with bulkier phenyloxy- or phenylthio- residues tested 

for their effect on the schistosome HDAC8. IC50 values presented in µM or nM as declared in the table. Results of 

pretests are presented in % inhibition of the enzyme at the declared concentration. If the prestests showed low 

percentages of inhibition despite high concentrations of the compound or low dose dependance the IC50 value was not 

determined (n.d.). When there is no standard deviation n = 1, if a standard deviation is indcated n = 3. 

name structure pretest IC50 

cinnamic acid derivatives (phenyloxy- or phenylthioether residues) 

24t 

(TB57) 

N
H

O

OH

O

Cl  

 
220 ± 10  nM 

24u 

(TB55) 

N
H

O

OH

O

O
 

 
90 ± 20  nM 

24v 

(TB27) 

N
H

O

OH

O

O  

 
250 ± 30 nM 

24w 

(TB72) 

N
H

O

OH

O

 

5 µM: 80 %     

0.5 µM: 44 % 
n.d. 
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name structure pretest IC50 

24x 

(TB87) 

N
H

O

OH

S

Cl  

 180 ± 30 nM 

 

Knowing that the binding pocket of the schistosome enzyme can take a Phe151-flipped out 

conformation leaving a broader area at the entry of the binding pocket it seemed attractive 

to create compounds that have a bulkier residue pointing sideways from the zinc binding 

group for the molecule to take a shape which resembles an “L”. For the phenyl ether and 

respective phenyl thioether residues it can generally be said that the ortho-position is 

favorable in comparison to the meta-position whereas a para-position for this kind of 

residues was not synthesized due to the straight “I-shaped” geometry the molecule would 

take.  

 

Table 12 Fluor de Lys® results of the cinnamic acid compounds with bulkier benzyloxy residues tested for their effect 

on the schistosome HDAC8. IC50 values presented in µM or nM as declared in the table. Results of pretests are 

presented in % inhibition of the enzyme at the declared concentration. If the prestests showed low percentages of 

inhibition despite high concentrations of the compound or low dose dependance the IC50 value was not determined 

(n.d.). When there is no standard deviation n = 1, if a standard deviation is indcated n = 3. 

name structure pretest IC50 

cinnamic acid derivatives (benzyloxy residues) 

24y 

(TB59) 
N
H

O

OH

O

 

0.5 µM: 56% n.d. 

24z 

(TB64) 

N
H

O

OHO

 

5 µM: 74 %  

0.5 µM: 36 % 
n.d. 
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name structure pretest IC50 

24za 

(TB12) 
N
H

O

OH

O  

 250 ± 40 nM 

 

24zb 

(TB67) 

N
H

O

OH

O

Cl  

0.5 µM: 33 % 3.3 ± 1.6 µM 

24zc 

(TB38) 

N
H

O

OH

O

O
 

 500 ± 70 nM 

24zd 

(TB93) 
N
H

O

OH

O

O  

5 µM: 99 %     

0.5 µM: 77 % 
130 ± 20 nM 

24ze 

(TB91) 
N
H

O

OH

O

Cl

 

5 µM: 84 %     

0.5 µM: 53 % 
720 ± 10 nM 

24zf 

(TB92) N
H

O

OH

O

Cl

Cl

 

5 µM: 87 %     

0.5 µM: 52 % 
520 ± 80 nM 

24zg 

(TB98) 

N
H

O

OH

O Cl

Cl  

 440 ± 40 nM 

 

For the cinnamic acids with benzyloxy residues it can be generally said that the activity on 

the smHDAC8 depends on the position of the benzyloxy residue and other possible 

residues. Out of the three possible positions (ortho-, meta- or para-) the meta-position is the 
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one which makes the least effective compound. The compound 24z (TB64) showed an 

inhibition of approximately 36 % at 0.5 µM. Compounds with benzyloxy residues in both 

other positions showed better results. Interestingly the unsubstituted para-benzyloxy 

cinnamic acid derivative 24za (TB12) shows best results with an IC50 value of 

approximately 250 nM. However none of the other para-benzyloxy compounds shows 

better or equal results. The 3-methoxy, 4-phenyloxy cinnamic acid derivative 24zc (TB38) 

shows slightly better results than the 3-chloro, 4-phenyloxy derivative 24zb (TB67). The 

unsubstituted ortho-benzyloxy derivative 24y (TB59) shows an inhibitory activity of about 

56 % at a concentration of 0.5 µM. Substitutions on the second ring bring slight 

improvement (in case of 24zg (TB98), the [(2,6- dichloro)-benzyloxy] cinnamic acid 

derivative) in comparison to the unsubstituted derivative (IC50 value of approximately 

440 nM). However the other two substituted phenoxy moieties show equal results 

compared to 24y (TB59). Compound 24zd (TB93), the 6 - methoxy, 2 - benzyloxy 

derivative has the lowest IC50 value of approximately 130 nM.  

 

Table 13 Fluor de Lys® results of the cinnamic acid compounds with annulated ring systems tested for their effect on 

the schistosome HDAC8. IC50 values presented in µM or nM as declared in the table. Results of pretests are presented 

in % inhibition of the enzyme at the declared concentration. If the prestests showed low percentages of inhibition 

despite high concentrations of the compound or low dose dependance the IC50 value was not determined (n.d.). When 

there is no standard deviation n = 1, if a standard deviation is indcated n = 3. 

name structure pretest IC50 

cinnamic acid derivatives (annulated aromatic rings) 

24zh 

(TB56) 

N
H

O

OH

O

 

0.5 µM: 49 % n.d. 

24zi 

(TB73) 

N
H

O

OH

S

 

5 µM: 78 %     

0.5 µM: 33 % 
n.d. 
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name structure pretest IC50 

24zj 

(TB75) 
N
H

O

OH

 

5 µM: 78 %     

0.5 µM: 40 % 
n.d. 

24zk 

(TB78) 
N
H

O

OH

 

5 µM: 93 %     

0.5 µM: 61 % 
n.d. 

   
 

 

For the cinnamic acid derivatives with annulated rings it can be said that unfortunately none 

of them performed very well as for inhibition of smHDAC8. Not for all of the compounds 

IC50 values were determined and for those that were tested only pretests were performed. 

Looking at the results of the pretests IC50 values can be estimated only roughly. Compound 

24zh (TB56) the dibenzo furane derivative shows approximately 50 % of inhibition at a 

concentration of 0.5 µM whereas its sulfur homologue 24zi (TB73) only shows about 30 % 

inhibition at the same concentration. Comparing the naphtyl-derivatives there is a slight 

preference for the 1-napthyl derivative 24zj (TB75) in comparison to the 2-naphtyl 

derivative 24zk (TB78).  
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Table 14 Fluor de Lys® results of the miscellaneous small molecule hydroxamic acids tested for their effect on the 

schistosome HDAC8. IC50 values presented in µM as declared in the table. Results of pretests are presented in % 

inhibition of the enzyme at the declared concentration. If the prestests showed low percentages of inhibition despite 

high concentrations of the compound or low dose dependance the IC50 value was not determined (n.d.). When there is 

no standard deviation n = 1, if a standard deviation is indcated n = 3. 

name structure pretest IC50 

miscellaneous structures  

24zl 

(TB37) 
N
H

O

OH

 

0.5 µM: 53%  n.d. 

24zm 

(TB40) 

N
H

O

OH

 

0.5 µM: 2.8%  n.d. 

26e 

(TB94) 

S
N
H

O

OHCl

Cl  

 1.3 ± 0.3 µM 

 

After investigating the inhibitory capability of various hydroxamic acid based compounds 

on the smHDAC8 it was interesting to see the effects of a modified linker connecting the 

hydroxamic acid warhead to the rest of the molecule. The compound 24zl (TB37) contains 

a methyl residue at the α-position the cinnamic acid linker, however the results did not 

inspire to further investigate alike structures. The pretest results shows an inhibition of just 

over 50 % at 0.5 µM in comparison the unsubstituted cinnamic acid derivative has an IC50 

value of approximately 130 nM. Also 24zm (TB40), the cinnamic acid homologue with the 

linker containing a triple bond instead of the double bond characteristic for the cinnamic 

acids shows almost no activity in the assay for evaluating the inhibitory potential on the 

smHDAC8. Most of the ether- and thioether- linker structures were not tested for their 

effects on this target. The IC50 value for the thioether-linker compound 26e (TB94) was 

determined at 1.3 µM which is not promising enough for a further investigation of this 

structural trait.  
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4.1.2 Crystal structures  

Crystal structures of promising inhibitors with smHDAC8 were solved by DR. T. B. SHAIK, 

DR. M. MAREK and DR. C. ROMIER from the Département de Biologie Structurale 

Intégrative, Institut de Génétique et Biologie Moléculaire et Cellulaire (IGBMC), 

Université de Strasbourg, CNRS, INSERM, 67404 Illkirch Cedex (France).  

The crystal structures deliver important structure information which were used as input for 

computational studies and structure-guided chemical optimization. For the visualization 

and analysis of the crystal structures program MOE104 was used.   

 

4.1.2.1 Ligand interaction plots 

 

Figure 42 Ligand plot of the interactions between the compound 22j (TB5) and the smHDAC8 (PDB ID 6GX3) created 

with MOE. Interaction types given in the legend. 

Figure 44 shows the ligand interaction plot of 22j (TB5) in the binding pocket of the target 

enzyme smHDAC8 derived from the solved crystal structure (PDB ID 6GX3). It clearly 

shows the interactions of the hydroxamate warhead of the ligand with the catalytic zinc ion 

of the binding pocket. The two oxygen atoms chelate the positively charged zinc ion in a 

bidentate fashion. Additionally the nitrogen and the oxygen interact with His142 and 

His141 by H-bonds as well as the other carbonyl oxygen is interacting with Tyr341 by an 

H-bond. Phe216 interacts with C7 of the ligand via arene-H interaction. The chlorine in 

position four and the backside (C5 and C6) of the ligand do not show direct interactions to 

the binding pocket but might be responsible for the orientation of the ligand in the narrow 
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binding pocket. Out of the group of the bicyclic compounds most structures resemble the 

above shown compound 22j (TB5). The interactions are very similar and the measured 

IC50-values are in the medium three digit nanomolar range. The weak inhibitory potential 

of 22a (TB1) and 22b (TB13), the indole derivatives as well as 22c (TB74) the 

benzimidazole derivative providing one respective two nitrogen heteroatoms on the five-

membered ring with IC50-values in the lower micromolar range respective with no effect 

on the enzyme could be due to their higher polarity which prevents them from entering the 

hydrophobic entrance of the binding pocket. 

 

 

 

Figure 43 Ligand plot of the interactions between the compound 24b (TB8) and smHDAC8 (PDB ID 6GXA) created 

with MOE 

 

The above-shown ligand plot (figure 45) depicts the ligand-enzyme interactions of 24b 

(TB8) and smHDAC8 as derived from the solved crystal structure (PDB ID 6GXA). Here, 

just like before at the example of 22j (TB5) the hydroxamate chelates the catalytic zinc ion 

in a bidentate fashion utilizing both oxygen atoms. The carbonyl oxygen also interacts with 

Tyr341 via H-bond as well as both His141 and His142 form H-bonds to the second oxygen 

of the hydroxamate. The flexible linker of the cinnamic acid fits the narrow catalytic tunnel 

and also allows the aromatic ring at the hind side of the cinnamic acid to freely pick an 

orientation which is most comfortable for the respective moiety. In case of 24b (TB8) there 

is a chlorine residue in position 2 of the aromatic ring which is oriented towards Lys20 but 

however is exposed with no specific interactions. That side of the catalytic pocked in which 



66  Results and Discussion 

the chloro residue is oriented does however have a lipophilic surface which will be 

discussed later.  

 

 

Figure 44 Ligand plot of the interactions between the compound 22x (TB87) and the smHDAC87 (PDB ID 6GXU) 

created with MOE 

 

In figure 46 the interactions between 24x (TB87) and the enzyme smHDAC8 are depicted 

as observed in the solved crystal structure (PDB ID 6GXU). As well as in the other ligand 

plots before the hydroxamate equally chelates the catalytic zinc ion. Here, the binding is 

also stabilized via H-bonds connecting from the neighboring amino acids. The interaction 

pattern delivers no explanation for the differences in IC50 values between the different 

compounds of the subgroup of the phenyloxy- or phenylthioehter substituted cinnamic 

acids. All of the compounds of this subgroup are ortho substituted minus the exception of 

compound 24w (TB72). Assuming that a weak H-bond between the sulfur or oxygen of the 

respective ether connection and the amino acid Lys20 might be formed the lower inhibitory 

potential on the enzyme of the meta substituted compound 24w (TB72) is explainable.  
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Figure 45 Ligand plot of the interactions between the compound 24zg (TB98) and the smHDAC8 (PDB ID 6GXW) 

created with MOE 

 

Like in the other ligand plots, the hydroxamate warhead of 24zg (TB98) chelates the zinc 

ion at the bottom of the catalytic pocket in a bidentate fashion (figure 47). The cinnamic 

acid linker provides the distance between the chelating warhead and the spacious aromatic 

moiety at the opposite side of the compound.  

In this case there are no further specific interactions visible between compound 24zg 

(TB98) and the smHDAC8 based on the solved crystal structure (PDB ID 6GXW). 

Therefore it seems obvious why this compound showed lower inhibition of the smHDAC8 

than for example 24x (TB87) which does show an additional specific interaction.   

 

4.1.2.2 3-D visualization 

The other option that was used here was a 3-D visualization and visual evaluation of the 

crystal structures especially the binding pocket with each respective inhibitor.  

Comparing the different available crystal structures of the smHDAC8 co-crystallized with 

different inhibitors altered conformations of the binding pockets are reported depending on 

the respective inhibitor5. 

The smHDAC8 has a phenylalanine at the entrance of the catalytic pocket (Phe151) which 

is able to take either the flipped in or the flipped out conformation. This conformational 

flexibility is a trait which cannot be found in the human homologous enzyme and therefore 

is one possibility to address in order to gain selectivity. 
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Figure 46 Binding pocket of smHADC8. Hydrophilic surface shown in magenta and lipophilic surface shown in green. 

The upper picture, a shows the size and shape of the pocket with the phenylalanine 151 taking the “flipped-in” 

conformation and b shows the size and shape of the pocket with phenylalanine 151 taking the “flipped-out” 

conformation. 

 

In the above shown figure 48 the binding pocket of smHDAC8 is shown. The pocket 

surface is described by the hydrophilic (magenta) and lipophilic (green) properties. Both, 

a and b are extracted from the crystal structure of smHDAC8 co-crystalized with the 

inhibitor 22k (TB5, PDB ID 6GX3).  

The most outstanding difference between the two is the great difference in size of the same 

pocket of the same enzyme by just the conformational change of one amino acid residue 

namely Phe151. In picture a it takes the “flipped-in” conformation while in b it takes the 

“flipped-out” conformation. Interestingly these two states are extracted from two different 

chains of one smHDAC8 tetramer in which two of the monomers show a conformation 

with Phe151 pointing inward, narrowing the catalytic canal and the other two showing the 

opposite conformation with Phe151 pointing away from the catalytic canal leaving room 

for larger inhibitors. So Phe151 is serving as a kind of gatekeeper.  

The enzyme was co-crystalized with the inhibitor 22k (TB5), a fragment-like molecule 

which leaves room for conformational changes of the binding pocket. Interestingly, in the 
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tetrameric crystal structure form the binding pocket and inhibitor take different 

conformation. This demonstrates the flexibility of the smHDAC8 binding pocket which 

makes it possible to adjust to different shapes of ligands. Knowing that the human HDAC8 

has not been reported to perform such transformation (previously discussed in the 

introduction) it is a trait that can be exploited in order to aim for selective compounds which 

cannot fit the narrow opening of the human enzyme’s catalytic pocket but are able to 

modify the schistosome binding pocket to their spatial requirements.  

In general, the binding pocket of the smHDAC8 can not only take one or another strictly 

defined conformation but rather can adjust the conformation of amino acid residues 

according to the ligand which interacts with the binding pocket.  
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In picture a the ligand 22j (TB5), a 4-chloro benzothiophene derivative chelates the zinc 

ion with the hydroxamate moiety in position 2 of the benzothiophene. The 6-membered 

ring of the molecule shows π-π interaction with Phe216 while the chloro-residue is pointing 

Figure 47 Binding pocket of smHDAC8 with the inhibitors A: 22j (TB5), B: 24b (TB8), C: 24x (TB87), D: 24zg (TB98). 

Surface of the binding pocket is colored by lipophilicity: magenta – hydrophilic, green – lipophilic. Protein amino acid 

residues (white carbons) and ligands (grey carbons) are depicted in stick representation. Oxygen atoms are colored 

red, nitrogen – blue, sulfur – yellow, chlorine – green. The catalytic zinc ion is shown as a turquoise ball. Hydrogen 

bonds are displayed as dashed pale blue lines, while the bonds between the hydroxamic acid moiety and the zinc ion 

(threshold 2.5 Å) are displayed as solid lines. 
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towards the lipophilic region formed by Phe21 and Tyr341. The flexible “gatekeeper” 

Phe151 takes the “flipped-out” conformation leaving a larger opening to the catalytic canal. 

Meanwhile Lys20 is also pointing away from the active site not participating in any specific 

interactions. 

Picture b shows the smHDAC8 co-crystalized with the inhibitor 24b (TB8), a 2-chloro 

cinnamic acid derivative. Here, the hydroxamate warhead also chelates the catalytic zinc 

ion in favourable bidentate form. The flexible linker of the cinnamic acid allows the 

aromatic ring to take a position in which the chloro residue is pointing towards the 

lipophilic area formed by Phe21 and Tyr341 and the opposite side of the aromatic ring 

pointing towards the lipophilic area around Phe216. Phe151, the “gatekeeper” is in the 

“flipped-out” conformation leaving room for larger residues and Lys20 is oriented 

somewhat parallel to the catalytic canal. Since Lys20 is not interacting with the compound, 

it could as well take a conformation pointing away from the catalytic tunnel. This 

demonstrates the high flexibility of the amino acid residues at the rim of the binding pocket.  

In c there is the same enzyme co-crystalized with 24x (TB87). This compound is a bit more 

spatially demanding. It is a cinnamic acid compound with a 4-chloro phenyl thioether in 

position 2. Its hydroxamate coordinates the zinc ion as in case of the other hydroxamtes. 

Similar to the compound 22k (TB8) in picture b carbon C5 and C6 of the aromatic ring of 

the cinnamic acid are oriented towards the lipophilic area made up by Phe216. The 

“gatekeeper” Phe151 is again taking the “flipped-out” conformation due to the ligand’s 

spatial needs. In this case Lys20 is located close to the sulfur of the thioether substructure 

of 24x (TB87). Even if thioethers are generally not observed as strong hydrogen bond 

acceptors there might be a weak electrostatic interaction between the sulfur and the 

protonated Lys20. The 4-chloro phenyl moiety is oriented towards the outside of the pocket 

yet situated in the lipophilic surface area made up by Phe21 and Tyr341.  

Picture d shows the visualization of the binding pocket of smHDAC8 co-crystalized with 

compound 24zg (TB98), a cinnamic acid with a 2,6-chloro benzyloxy residue in position 

2.  The cinnamic acid portion of the ligand molecule is oriented in the catalytic pocket 

similar to the before described compound 24x (TB87). Also Phe151 and Lys20, the two 

most flexible amino acid residues of the binding pocket are taking a similar position to the 

before described enzyme-ligand complexes. In the case of 24zg (TB98) there is no specific 

interaction with Lys20. Although the -amino function of the lysine could just as well form 

an H-bond to the ether oxygen as it did to the thioether sulfur of 24x (TB87), there is no 
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evidence of such. This does correlate with the IC50 values of these two compounds though 

which is approximately 440 nM for 24zg (TB98) and approximately 180 nM for 24x 

(TB87). The additional carbon atom between the cinnamic acid aromatic ring and the 

second aromatic ring forces the first ring to lean closer to the lipophilic surface area of 

Phe216 for the 2,6-chloro benzyloxy moiety still to be able to address the lipophilic area of 

Phe21 and Tyr341. This simply brings a greater distance between the Lys20 and the ether 

oxygen of the ligand so that there is no H-bond formed between the two.  

 

4.1.3 Phenotypic testing 

A selection of synthesized compounds have also been tested for their effects in a phenotypic 

assay (ex vivo). A few different aspects were investigated. Namely the effect of a compound 

on the viability of the adult parasites as well as their pairing behavior and also the effect of 

the compound on the viability of the juvenile stage of the schistosomes, the so called 

schistosomula.  

Taking a closer look at the impairment of the parasitic viability is obvious whereas the 

pairing behavior of the adult parasites does not seem crucially important at first sight. 

Knowing that the female can lay eggs when paired with a male parasite and considering 

that many sickness causing effects of bilharzias disease is based on the immune systems 

reaction to the constant irritation of different tissues by the parasite’s eggs, the paring 

behavior becomes an important parameter to investigate.  

4.1.3.1 Testing of the effects on S. mansoni schistosomula 

The compounds were analyzed towards their toxicity on juvenile S. mansoni, so called 

schistosomula. An Alamar-Blue based viability assay system was used for this evaluation. 

The compounds were tested at a concentration of 10 µM initially and selected compounds 

were tested again at 20 µM in order to determine possible dose dependency. The testing 

was carried out in triplicates on two biological replicates each. Praziquantel, the standard 

therapy for schistosomiasis and the selective HDAC8-inhibitor PCI-34051 (IC50 on 

smHDAC8 400 nM)74 were used as a reference here. Results are listed in table 15 below. 
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Table 15 Viability of schistosomula treated with either 10 µM or 20 µM of the respective compound (n.d. – not 

determined). 

Compounds 

10 µM 20 µM 

% viability 

 
± SEM 

 
% viability 

 
± SEM 

 

praziquantel 92 8 89 6 

PCI-34051 71 1 62 4 

22c (TB74) 92.9 4.0 n.d n.d 

24h (TB76) 77.0 0.4 n.d n.d 

24w (TB72) 92.1 1.8 n.d n.d 

24x (TB87) 24.6 4.4 2.5 1.8 

24zd (TB93) 84.3 5.6 n.d n.d 

24ze (TB91) 69.7 0.1 39.8 6.3 

24zf (TB92) 68.4 1.8 18.1 5.7 

24zg (TB98) 53.0 4.0 11.4 1.7 

24zj (TB75) 73.4 2.6 58.0 7.2 

24zk (TB78) 73.5 0.5 51.8 9.1 

26c (TB96) 94.4 3.3 n.d n.d 

26d (TB79) 89.8 2.4 n.d n.d 

26e (TB94) 80.7 2.5 n.d n.d 

26j (TB97) 86.5 3.1 n.d. n.d. 

26k (TB80) 81.8 0.3 n.d n.d 

28a (TB83) 93.3 11.6 n.d n.d 

 

Both references, praziquantel and PCI-34051 do not show high toxicity against the 

schistosomula in this assay. For praziquantel it was known beforehand that it has low 

effects on the juvenile stage of S. mansoni105. For PCI-34051 there is an approximate 

decrease in viability of 30 % at 10 µM but only an additional 10 % decrease at the doubled 

concentration.  

Out of the tested substances 24x (TB87) and 24zg (TB98) show the best results. Not only 

do they show the greatest reduction of viable schistosomula at a concentration of 10 µM 

but also show definite dose-dependency. These two compounds that performed best in this 

assay were investigated further. Their IC50 values were determined using the same Alamar 

Blue® based assay with 6.5 µM for 24x (TB87) and 11.8 µM for 24zg (TB98) (figure 50). 
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Figure 48 IC50 values of 24x (TB87) and 24zg (TB98) (provided by the working group of Raymond J. Pierce, University 

of Lille, CNRS, Inserm),  
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4.1.3.2 Pairing behavior 

As mentioned in the introduction the adult schistosome worms pair up in couples; the 

shorter male embracing a longer female. Paired up like this the female lays several hundreds 

of eggs daily which leads to inflammatory and immuno reactions which lead to a series of 

symptoms2,7,8. Therefore the pairing behavior is also an interesting feature to observe in 

terms of disease and symptom control.  

Two of the substances, 22j (TB5), the 4-chloro benzothiophene derivative and 24b (TB8), 

the 2-chloro cinnamic acid derivative have been tested for their influence on the adult 

parasite’s viability. Also the compound 22b (TB8) was tested for its behavior on the pairing 

behavior of adult schistosomes. Results are presented in figures 51 and 52 below. 

 

  

Figure 49 Results of adult schistosomes viability incubated with different concentrations of the respective compound over 

time.  

Figure 50 Results of the adult parasites’ pairing behavior after treatment of different concentrations of the compound 

24b (TB8) over time. 
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4.1.4 Selectivity between human HDAC isoforms 

Although the human enzymes are not the desired target it is still important to know the 

compounds’ effects on each of the human isoforms. The selectivity between the different 

HDAC isoforms helps to evaluate the possible side effects of a compound which could be 

used as a model substance for future drugs. Therefore, most of the compounds were also 

tested on the human zinc dependent histone deacetylases that are most expressed 

(hHDAC1, hHDAC6) or most similar to smHDAC8 (hHDAC8). The compounds were 

tested in a ZMAL assay for the human isoforms and are presented in comparison to the 

results of the Fluor de Lys® assay results of the smHDAC8 results. The both assay systems 

are described in chapter 4.1.1. 

 

Table 16 Comparison of the results of the bicyclic compounds on the human HDAC isoforms 1, 6 and 8 and the 

schistosome HDAC8. The results are either presented as IC50 values or percent inhibition of the respective enzymes. 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

indene derivative 

22d 

(TB2) 

100 µM: 

93.1% 

10 µM: 81.4% 

n.d. 

100 µM 

100.1% 

10 µM 99.9% 

100 µM: 99.8%   10 

µM: 98.4% 

indole / benzimidazole derivatives 

22a 

(TB1) 

100 µM: 25 % 

10 µM: 3.1% 
n.d. 610 ± 80 nM 4.90 ± 1.1 µM 

22b 

(TB13) 
n.d. n.d. 

5 µM: 83.4%  

0.5 µM: 43.7% 
1.8  ± 0.8 µM 

22c 

(TB74) 
n.d. n.d. 5 µM: 0 %  5 µM: 0 % 

benzofuran derivatives 

22g 

(TB45) 
n.d. n.d. 640 ± 100 nM 2.1 ± 0.5 µM 

22h 

(TB46) 
n.d. n.d. 380 ± 90 nM n.d. 

benzothiophene derivatives 

22i 

(TB4) 

3.6 ±  

0.4 µM 
260 ± 50 nM 300 ± 100 nM 630 ± 100nM 
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name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

22j 

(TB5) 36 ± 0.4 µM 540 ± 100 nM 
70 ±  

20 nM 
250 ± 20 nM 

 

For 22d (TB2), the indene derivative, the results on all of the three enzymes that were 

tested, do not greatly differ, however, it needs to be mentioned that the concentrations that 

were used are very high. For the indole derivatives 22a (TB1) and 22b (TB13) the results 

on the human HDAC8 are slightly better than the effects on the schistosome HDAC8. The 

unsubstituted indole derivative has an IC50 value on the human HDAC8 in the nanomolar 

range whereas the result on the schistosome enzyme is in the lower micromolar range. Both 

benzofuran derivatives 22g (TB45) and 22h (TB46) show good inhibitory activity on the 

human HDAC8, both with IC50 values in the nanomolar range. 22h (TB45) was also tested 

on the schistosome enzyme, where the results are in the lower micromolar range. Both 

benzothiophenes, the unsubstituted 22i (TB4) and the 4-chloro derivative 22j (TB5) were 

tested on all of the different isoforms that are discussed here. Both have IC50 values in the 

nanomolar range for the schistosome enzyme. In comparison the results for the hHDAC1 

are in the lower micromolar range for 22i (TB4) and over 35 µM for 22j (TB5). For the 

human HDAC6 and HDAC8 both compounds have IC50 values in the nanomolar range for 

22i (TB4) there is a preference for the both human enzymes and for 22j (TB5) there is a 

preference for the hHDAC8. 

 

Table 17 Comparison of the results of the cinnamic acid compounds with smaller residues on the human HDAC 

isoforms 1, 6 and 8 and the smHDAC8. The results are either presented as IC50 values or percent inhibition of the 

respective enzymes. 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

cinnamic acid derivatives (smaller residues) 

24a 

(TB7) 
n.d. n.d. 5 µM: 83 %  

0.5 µM: 44 % 
130 ± 20  nM 

24b 

(TB8) 
2.2 ±  

0.2 µM 
100 ± 10 nM 54 ± 9 nM 60 ± 20 nM 

24c 

(TB77) 
n.d. n.d. 5 µM: 82.8% 

0.5 µM: 42.5% 

5 µM: 78 %   

0.5 µM: 43 % 

24e 

(TB32) 
9.1 ± 

0.9 µM 

140 ± 

10 nM 
175 ± 46 nM 210 ± 30 nM 
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name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

24f 

(TB51) 
n.d. 0.7 ±  

0.23 µM       

330 ± 

 40 nM  
0.5 µM: 50 % 

24i 

(TB53) 
n.d. 0.9 ±  

0.1 µM       

240 ±  

30 nM        
0.5 µM: 60 % 

24j 

(TB54) 
n.d. 0.9 ±  

0.1 µM 
1.1 ± 0.3 µM 0.5 µM: 45 % 

24l 

(TB14) 1.5 ± 0.2 µM 33 ± 5 nM 194 ± 39 nM 60 ± 30 nM 

 

The unsubstituted cinnamic acid derivative, 24a (TB7) was tested for its effect on the 

human HDAC8 where pretests showed that the IC50 value could be expected roughly 

around 0.5 µM. The results for the meta-chloro cinnamic acid derivative 24c (TB77) are 

very similar to those of 24a (TB7). For the ortho-chloro derivative 24b (TB8) there is a 

whole different picture. The compound is almost equally active on both the human and the 

smHDAC8 with IC50 values around 50 nM. The compound also inhibits the human HDAC6 

in very low concentrations (IC50 value around 100 nM). Only the inhibition of the human 

HDAC1 requires concentrations in the lower micromolar range which is a pattern that can 

be observed for most of the compounds that were tested here. The 2,6-bichloro substituted 

cinnamic acid derivative has an IC50-value around 10 µM for the human HDAC1 and 

around 100 – 200 nM for all other tested enzymes. The compounds 24f (TB51), 24i (TB53) 

and 24j (TB54) all have IC50 values around 1 µM for the human HDAC6 and around 300 

nanomlar (24f (TB51) and 24i (TB53)) or just over 1 µM (24j (TB54)). The para hydroxy 

cinnamic acid was tested to be very active on the human HDAC6 with an IC50 value of 

roughly 33 nM. The results for the human HDAC8 is approximately 200 nM and for the 

schistosome enzyme about 60 nM, whereas the IC50 value for the human HDAC1 is in the 

lower micromolar range.  

Table 18 Comparison of the results of the cinnamic acid compounds with phenyloxy- or phenylthioether residues on the 

human HDAC isoforms 1, 6 and 8 and the schistosome HDAC8. The results are either presented as IC50 values or 

percent inhibition of the respective enzymes. 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

cinnamic acid derivatives (phenyloxy- or phenylthioether residues) 

24t 

(TB57) 13.4 ± 2.4 µM 11.4 ± 2.5 µM 150 ± 30 nM 220 ± 10 nM 
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name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

24u 

(TB55) 11.5 ± 2.1 µM 6.1 ± 0.5 µM 80 ± 10 nM 90 ± 20 nM 

24v 

(TB27) 
n.d. n.d. 60 ± 10 nM 250 ± 30 nM 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

24w 

(TB72) 
n.d. 0.30 ± 0.1 µM 3.1 ± 1.1 µM        

5 µM: 80 %    

0.5 µM: 44 % 

24x 

(TB87) 
20µM: 84 % 

2µM: 35 % 

20µM: 96 % 

2µM: 65 % 
180 ± 40 nM 180 ± 30 nM 

 

 

The results of the phenyloxy- and phenylthioether substituted cinnamic acid derivatives are 

presented in table 18. Compounds 24t (TB57) and 24u (TB55) which only differ in the para 

substitution of the second aromatic ring one being a methoxy- and the other a chloro 

substitution. Both need concentrations in the micromolar range for the inhibition of human 

HDAC1 and HDAC6 and then they are approximately equally active on the both human 

and schistosome HDAC8 (IC50 values in the nanomolar range). Compound 24v (TB27) is 

much more active on the human HDAC8 than the schistosome enzyme. And 24x (TB87) 

has the same inhibitory pattern as the before described compounds 24t (TB57) and 24u 

(TB55); very high concentrations needed for the both human HDAC1 and HDAC6 and 

equally active on the human and schistosome HDAC8 in the nanomolar range.  

 

Table 19 Comparison of the results of the cinnamic acid compounds with benzyloxy residues on the human HDAC 

isoforms 1, 6 and 8 and the schistosome HDAC8. The results are either presented as IC50 values or percent inhibition of 

the respective enzymes. 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

cinnamic acid derivatives (benzyloxy residues) 

24z 

(TB64) 
1.39 ± 0.18 

µM 

1.46 ± 0.12 

µM 

5 µM: 75 % 

0.5 µM: 14 % 
0.5 µM: 36 % 

24za 

(TB12) 750 ± 30 nM  210 ± 30 nM        1.2 ± 0.1 µM 250 ± 40 nM 

24zb 

(TB67) 
n.d. 300 ± 50 nM       3.1 ± 1.1 µM     0.5 µM: 33 % 
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name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

24zc 

(TB38) 
n.d. 680 ± 170 nM 2.1 ± 0.6 µM        490 ± 70 nM 

24zd 

(TB93) 20 ± 4.3 µM 4.2 ± 0.7 µM 130 ± 10 nM 130 ± 20 nM 

24zg 

(TB98) 20 ± 2.2 µM 6.1 ± 0.7 µM 470 ± 90 nM 440 ± 40 nM 

 

Among the benzyloxy- substituted cinnamic acid derivatives there are the compounds 24z 

(TB64), 24za (TB12), 24zb (TB67) and 24zc (TB38) which interestingly need higher 

concentrations for the inhibition of the human HDAC8 compared to the schistosome 

enzyme. 24zd (TB93) and 24zg (TB98) follow the same pattern which was described 

before, with higher concentrations needed for the human HDAC1 and HDAC6 and lower 

concentrations for the human and schistosome HDAC8. 

 

Table 20 Comparison of the results of the compounds with miscellaneous structures on the human HDAC isoforms 1, 6 

and 8 and the schistosome HDAC8. The results are either presented as IC50 values or percent inhibition of the 

respective enzymes. 

name hHDAC1 hHDAC6 hHDAC8 smHDAC8 

miscellaneous strucures 

26e 

(TB94) 1.0 ± 0.2 µM 3.1 ± 0.9 µM 420 ± 50 nM 1.3 ± 0.3 µM 

24zj 

(TB75) 
n.d. n.d. 5 µM: 78 % 

0.5 µM: 43 % 
n.d. 

28a 

(TB83) 
n.d. n.d. 5 µM: 74 % 

0.5 µM: 31 % 
n.d. 

 

The derivative 26e (TB94) was tested to be most active on the human HDAC8 with an IC50 

value of approximately 400 nM whereas the IC50 values for all other tested enzymes are in 

the lower micromolar range. For 24zj (TB75) and 28a (TB83) there are only pretest results 

for the human HDAC8, so there are no conclusions to be drawn from those. 

The compounds were tested towards their activity on the human HDAC isoforms in 

comparison to their activity on the schistosome target enzyme. All of the compounds were 

designed to inhibit a zinc dependent histone deacetylase therefore it does not seem 
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surprising that they all are active on all of the tested enzymes to some extent. However, the 

goal was to create a compound which is able to discriminate against the human HDAC 

isoforms but which is active on smHDAC8. For the herein tested compounds there was no 

compound that fulfilled this ideal, however many compounds showed good selectivity for 

smHDAC8 compared to human HDAC1 and HDAC6. In contrast no selectivity was 

observed for smHDAC8 compared to the human HDAC8. 

 

4.1.5 Pharmacokinetic studies 

Among the synthesized inhibitors two compounds (24zh (TB56) and 24x (TB87)) were 

selected as first candidates for testing their pharmacokinetic effects. 24x (TB87) was 

selected since it showed promising activity in the S. mansoni phenotypic assay and 24zh 

(TB56) was selected since it was active against Trypanosoma cruzi (detailed in vitro results 

in Chaper 4.2).The testing was carried out by JOHAN SCHULZ (Kancera and Adlego, 

Sweden).  

The mice were administered 50 mg/kg of the respective compound, two mice per os (p.o.) 

and two mice intra venous (i.v.).  Blood samples were collected after 15 or 30, 60 and 180 

minutes as well as a urine sample at the end of the time. The samples were analyzed towards 

their concentration of the respective compound and the results are presented in table 21 

below. 
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Table 21 Plasma concentrations of mice which were administered 50 mg/kg of the respective compound p.o. versus i.v. 

 

As shown in figures 53 and 54 the concentrations of each compound is highest at the first 

measuring point after 15 minutes after i.v. administration. The p.o. administration shows 

lower blood plasma concentrations in the range of 2-3 µM at the first measuring point after 

30 minutes past administration. The plasma concentrations drop quickly and after three 

hours the concentrations are well below 1 µM.  

The results show that the p.o. administration of 24x (TB87) is not able to reach plasma 

concentrations above the EC50 value of the inhibitor (6.5 M in the Alamar-blue assay) 

whereas the i.v. administration gave plasma concentrations above the EC50 value only at 

the first data points. Overall the pharmacokinetic properties of the hit compounds have to 

be improved before testing the smHDAC8 in vivo. Similar results were obtained for 

24zh/TB56. 

mouse 

ID 
administration 

time 

(min) 

conc 

(µM) 

mouse 

ID 
administration 

time 

(min) 

conc 

(µM) 

126 
24zh (TB56) 

50 mg/kg p.o. 

30 1.97 

130 
24x (TB87) 

50 mg/kg p.o. 

30 2.30 

60 1.55 60 n.d. 

180 0.18 180 0.025 

127 
24zh (TB56) 

50 mg/kg p.o. 

30 6.3 

131 
24x (TB87) 

50 mg/kg p.o. 

30 3.28 

60 2.89 60 n.d. 

180 0.25 180 0.073 

128 
24zh (TB56) 

50 mg/kg i.v. 

15 81.5 

132 
24x (TB87) 

50 mg/kg i.v. 

15 93.5 

60 45.0 60 12.8 

180 0.90 180 0.23 

129 
24zh (TB56) 

50 mg/kg i.v. 

15 57.0 

133 
24x (TB87) 

50 mg/kg i.v. 

15 65.5 

60 27.9 60 2.78 

180 0.86 180 0.021 
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Figure 51 Compound 24zh (TB56) concentration vs time in mouse plasma samples after administration of 

50 mg/kg 24zh (TB56) p.o. (mouse 126 and 127) or i.v. (mouse 128 and 129). 

 

 

Figure 52 Compound 24x (TB87) concentration vs time in mouse plasma samples after administration of 

50 mg/kg 24x (TB87) p.o. (mouse 130 and 131) or i.v. (mouse 132 and 133). 
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4.2 Trypanosoma cuzi / TcDAC2 

Another target of the current project was the parasite T. cruzi. This parasite expressed four 

different histone deacetylases named tcDAC1-4. Knock-out studies have shown the crucial 

effect of tcDAC1 and 2 for the parasite development. Knock-out of tcDAC2 on one allele 

shows parasites with slow proliferation and knock-out on two alleles produces unviable 

parasites106,107. 

All developed compounds were tested in a ZMTFAL assay (principle described in chapter 

4.1.1) against recombinant tcDAC2 and the results are presented in the table below.  

Table 22 Results of compounds tested on TcDAC2 in a ZMTFAL assay. Results highlighted in red shows no inhibition, 

those highlighted in yellow have IC50-values lower than 5 µM, those in green less than 1 µM. Pretests are presented in 

% inhibition at the declared concentrations, IC50 values in the declared unit. 

name tcDAC2  pretest 
tcDAC2      

IC50-value 
name tcDAC2  pretest 

tcDAC2    

IC50-value 

22a 

(TB1) 

833 µM: 69 % 

400 µM: 59 % 

100 µM: 24 % 

n.d. 
24i 

(TB53) 

16.67 µM: 87%          

4.17 µM: 73 % 
6.1 ± 0.44 µM            

22d 

(TB2) 

50 µM: 116 % 

10 µM: 95 % 

1µM: 48 % 

0.89 ± 0.08µM 
24j 

(TB54) 

16.67 µM: 77%          

4.17 µM: 55 %  

5.61 ± 

2.78 µM                   

22i 

(TB4) 

50 µM: 110 % 

10 µM: 55 % 

1µM: 43 % 

1.16 ± 0.13µM 
24r 

(TB58) 

16.67 µM: 54% 

4.17 µM: 19 % 
n.d. 

22j 

(TB5) 

16.67 µM: 2 % 

4.17 µM: 10 % 
n.d. 

24t 

(TB57) 

16.67 µM: 57%           

4.17 µM: 29 % 
n.d. 

22h 

(TB46) 

16.67 µM: 27 %  

4.17 µM: 26 % 
n.d. 

24u 

(TB55) 

16.67 µM: 73% 

4.17 µM: 53 % 
n.d. 

22c 

(TB74) 

25µM: -18 % 

5µM: 2 % 
n.d. 

24v 

(TB27) 

16.67 µM: 19%  

4.17 µM: -10% 
n.d. 

24f 

(TB51) 

16.67 µM: 88 % 

4.17 µM: 75 % 
4.1 ± 0.36 µM            

24w 

(TB72) 

25µM: 89 % 

5µM: 82 % 
n.d. 

24h 

(TB76) 

25µM: 82 %  

5µM: 68 % 
3.5 ± 0.6 µM   

24x 

(TB87) 

25µM: 9.3 %    

5µM: 50.4 % 
n.d. 
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name TcDAC2  pretest 
TcDAC2      

IC50-value 
name TcDAC2  pretest 

TcDAC2    

IC50-value 

24y 

(TB59) 

16.67 µM: 56 % 

4.17 µM: 29% 
n.d. 

24zi 

(TB73) 

25µM: 76 %  

5µM: 59 % 
2.6 ± 0.5 µM 

24z 

(TB64) 

25µM: 94 % 

5µM: 76  
1.0 ± 0.3 µM 

24zj 

(TB75) 

25µM: 93 %  

5µM: 63 % 

0.82 ± 

0.11 M   

24zb 

(TB67) 
n.d. 0.73 ± 0.09 M 

24zk 

(TB78) 

25µM: 91 %  

5µM: 79 % 

1.26 ± 

0.12 µM                

24zc 

(TB38) 
n.d. 4.2 ± 1.3 µM                   

26a 

(TB89) 

25µM: -0.5 % 

5µM: 5.2 % 
n.d. 

24zd 

(TB93) 

25µM: 33  % 

5µM: 12 % 
n.d. 

26c 

(TB96) 

25µM: -32 % 

5µM: -23 % 
n.d. 

24ze 

(TB91) 

25µM: 46  % 

5µM: 15 % 
n.d. 

26d 

(TB79) 

25µM: 45 % 

5µM: 43 % 
n.d. 

24zf 

(TB92) 

25µM: 51 % 

5µM: 34 % 
n.d. 

26e 

(TB94) 

25µM: 83 % 

5µM: 65 % 
3.3 ± 0.6 µM                  

24zg 

(TB98) 

25µM: 69 %  

5µM: 61 % 
n.d. 

26k 

(TB80) 

25µM: 76 %  

5µM: 50 % 
4.9 ± 1.7 µM 

24zh 

(TB56) 

16.67 µM: 88 %  

4.17 µM: 74 % 
1.15  ± 0.22 µM    

 

In table 22 above the results of the tcDAC2 testing are presented. Results highlighted in 

yellow are those that have an IC50 value lower than 5 µM, those in green lower than 1 µM. 

Those substances that performed best on this target are 22d (TB2), a fragment like bicyclic 

compound, an unsubstituted indene derivative, 24z (TB64), the meta-benzyloxy cinnamic 

acid derivative, 24zb (TB67) a meta-chloro para-benzyloxy cinnamic acid derivative and 

24zj (TB75), the annulated cinnamic acid derivative. Those results which are highlighted 

in yellow are also diverse in their structures. However 24zk (TB78) is also an annulated 

cinnamic acid derivative like 24zj (TB75). Compound 22i (TB4), an unsubstituted bicyclic 

(benzothiophene) derivative is also a small, fragment-like compound just as 22d (TB2) 

which was mentioned before. The two compounds 24zh (TB56) and 24zi (TB73) are 

analogues of each other, 24zh (TB56) is a dibenzofuran and 24zi (TB73) is the sulfur 
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analogue, a dibenzothiophene derivative. In addition 26e (TB94) which is a 2,5-

dichloro(phenylthio)acetic acid derivative showed good inhibition.  

So far there is no crystal structure available for tcDAC2 however there is a homology model 

(see figure 55) developed by Dr. Melesina (AG Sippl) which reveals that the binding pocket 

of tcDAC2 is most similar to that one of  smHDAC8108. This could be an explanation why 

the substances that were originally designed as inhibitors of the smHDAC8 are also 

effective against tcDAC2.  

 

 

Figure 53 Homology model of tcDAC2 binding pocket  in superposition with the crystal structure of smHDAC8 co-

crystalized with the compound TH6573,76,108. 

 



86  Results and Discussion 

 

Figure 54 Docking solution of 24zb (TB67) in the binding pocket of TcDAC2108.  

Due to the high structural similarity, smHDAC8 was used as template, here shown with the 

cocrystallized inhibitior TH65. In figure 56 we can see that the inhibitor 24zb (TB67) which 

was one of the better performing compounds in the tcDAC2 assay testing is adopting a 

linear conformation. These are important information for future structural optimization of 

tcDAC2 inhibitors.   
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4.3  T.cruzi phenotypic data  

4.3.1 Activity over amastigote and trypomastigotes forms of T. cruzi 

To determine the activity of the selected compounds towards T. cruzi amastigotes and 

trypomastigotes a β-galactosidase based assay was performed. The β-galactosidase 

transfected Tulahuen strain of T.cruzi was used to infect L929 cells. For the infection of 

the cells they were exposed to the 10-fold number of β-galactosidase transfected Tulahuen 

trypomastigotes for two hours then the cells were incubated at 37°C for two days in order 

for the infection to develop. Afterwards the infected cells were incubated with different 

concentrations of the respective compound for four days. The toxicity of the compounds 

towards the L929 cells was determined in an Alamar Blue® assay109. Benznidazole was 

used as a reference drug in this assay. The results are presented in table 23 below. 

Table 23 aInhibition of amastigotes and trypomastigotes growth under the action of the different concentrations of 

compound; bCompound concentration that inhibits 50% of the growth of the amastigotes and trypomastigotes; 
cCompound concentration that inhibits 50% of the L929 cell viability; dIC50 cell/IC50 parasite. IC50 values were 

calculated by linear interpolation. ¥This concentration promotes 100% of death of L929 cells. 

name 
concentration 

(M) 
activity (%)

a
 

 

IC
50

b
  

(M) 

Toxicityc  

(M) 

selectivity 

index
d
 

24f 

(TB51) 

80 

40 

20 

10 

5 

L929 cell death¥ 

96 

84 

67 

12 

8.4 40 4.8 

24i 

(TB53) 

80 

40 

20 

10 

5 

L929 cell death¥ 

98 

85 

35 

15 

13 20 1.5 

24j 

(TB54) 

80 

40 

20 

10 

77 

81 

39 

0 

25.2 40 1.6 

24t 

(TB57) 

80 

40 

20 

10 

93 

93 

91 

0 

15.5 125 8.1 

24u 

(TB55) 

80 

40 

20 

10 

5 

92 

93 

70 

28 

0 

15.2 84.4 5.6 

24y 

(TB59) 

80 

40 

20 

82 

55 

0 

38.2 132.2 3.5 

24zb 

(TB67) 

10 

5 

L929 cell death¥ 

42 
> 5 < 10 < 2 
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name 
concentration 

(M) 
activity (%)

1
 

 

IC
50

2
  

(M) 

toxicity3  

(M) 

selectivity 

index
4
 

24zh 

(TB56) 

80 

40 

20 

10 

5 

76 

86 

87 

83 

9 

7.8 40 5.1 

24zi 

(TB73) 

40 

20 

10 

5 

L929 cell death¥ 

84 

67 

37 

7.2 30 4.2 

Benz- 

nidazole 

 

3.81  - 3.81 2,381 625 

 

Looking at the results presented in table 23 it can be observed that all of the compounds 

show some sort of activity against trypomastigotes and amastigotes of the Tulahuen strain 

of T.cruzi. The compound 24y (TB59) has an IC50 value of close to 40 µM which could be 

considered inactive. The other nine compounds have IC50 values in a lower micromolar 

range. The compound 24zb (TB67) shows toxicity towards the L929 cells at a 

concentration of 10µM. Out of the tested compounds six (24f (TB51), 24i (TB53), 24j 

(TB54), 24y (TB59), 24zb (TB67) and 24zi (TB73)) are poorly selective with a selectivity 

index (SI) of < 5. Among those compounds that were tested there are also three that showed 

moderate selectivity (SI between 5 and 20). Compounds 24u (TB55) and 24zh (TB56) both 

have a selectivity index of just over five and 24t (TB57) just over eight.  

Looking at the IC50 values the herein tested compounds are in the lower two digit or even 

single digit micromolar range just like the reference drug benznidazole. However 

comparing the results focusing on the selectivity the superiority of benznidazole comes to 

show. Benznidazole has a selectivity index in this assay setting of 625 whereas the best 

substance out of the tested batch reaches an SI value of just over eight. Literature suggests 

substances with a selectivity index greater than 50 for in vivo testing and further 

investigation65,109. 
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4.4 Plasmodium falciparum 

The compounds were further tested on two different strains of P.falciparum one being Dd2 

and the other one 3D7. The two strains differ in their resistance to a certain standard anti-

malaria medication P.facliparum Dd2 is resistant to chloroquine whereas P.falciparum 3D7 

is chloroquine sensitive. The compounds were tested in a P.falciparum in vitro growth 

inhibition with chloroquine as a reference110,111. Results were provided by the groups of 

JAMAL KHALIFE, Lille, France and KATHY ANDREWS, Queensland, Australia. Since no 

recombinant HDAC from P. falciparum is available in vitro testing was not possible. 

Table 24 Results of P.falciparum testing. Prestests were conducted at 10 µM in triplicate wells; IC50 value 

determination was performed in n = 2-4. 

name 
P.falciparum 

Dd2 IC50 µM 

P.falciparum 

3D7 IC50 µM 
name 

P.falciparum 

Dd2 IC50 µM 

P.falciparum 

3D7 IC50 µM 

22i 

(TB4) 
13.57 ± 0.78 0.85 ± 0.02 

24j 

(TB54) 
n.d. 

10 µM: 89 ± 

5 % 

22j 

(TB5) 
16.7 ± 4.06 5.66 ± 1.25 

24k 

(TB15) 
9.15 ± 4.59 5.49 ± 0.189 

24a 

(TB7) 
9.3 ± 3.9 2.07 ± 0.59 

24n 

(TB16) 
4.07 ± 1.4 2.78 ±0.399 

24b 

(TB8) 
2.47 ± 0.4 1.31 ± 0.18 

24o 

(TB31) 
16.75 ± 4.88 

10 µM: 93 ± 

1 % 

24d 

(TB9) 
4.03 ± 1.1 2.67 ± 0.28 

24r 

(TB58) 
n.d. 

10 µM: 76 ± 

10 % 

24f 

(TB51) 
n.d. 

10 µM: 101 ± 

4 % 

24s 

(TB11) 

10 µM: -12.9 ± 

7.5 % 

10 µM: 23 ± 

16% 

24g 

(TB10) 
6.67 ± 0.75 1.48 ± 0.057 

24t 

(TB57) 
n.d. 

10 µM: 96 ± 

1 % 

24h 

(TB76) 
2.9 ± 0.56  n.d. 

24u 

(TB55) 
n.d. 10 µM:  96 % 

24i 

(TB53) 
n.d. 

10 µM: 95 ± 

4 % 

24v 

(TB27) 
3.43 ± 1.33 1.64 ± 0.17 
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name 
P.falciparum 

Dd2 IC50 in µM 

P.falciparum 

3D7 IC50 in µM 
name 

P.falciparum 

Dd2 IC50 in µM 

P.falciparum 

3D7 IC50 in µM 

24w 

(TB72) 
14.57 ± 0.81 n.d. 

24zi 

(TB73) 
1.3 ± 0.27 n.d. 

24x 

(TB87) 
6.3 ± 2.66 n.d. 

24zj 

(TB75) 
6.77 ± 1.11 n.d. 

24y 

(TB59) 
n.d. 10 µM: 95 ± 1%  

24zk 

(TB78) 
4.85 ± 2.08 n.d. 

24za 

(TB12) 
2.93 ± 1.63 1.55 ± 0.10 

26c 

(TB96) 
28.17 ± 3.4 n.d. 

24zb 

(TB67) 
n.d. 10 µM: 99 ± 1% 

26d 

(TB79) 
22.53 ± 12 n.d. 

24zd 

(TB93) 
5.9 ± 3.97 n.d. 

26e 

(TB94) 
2.57 ± 0.35 n.d. 

24ze 

(TB91) 
2.33 ± 0.59 n.d. 

26k 

(TB80) 
7.1 ± 2.2 n.d. 

24zf 

(TB92) 
3.4 ± 0.79 n.d. 

28a 

(TB83) 
0.73 ± 0.23 n.d. 

24zh 

(TB56) 
n.d. 0.99 ± 0.61    

 

The compounds with IC50 values lower than 1 µM are highlighted in green, those between 

1 and 2 µM are highlighted in yellow. The substances 24b (TB8) and 24za (TB12) have 

IC50 values between 1 and 2 µM on the chloroquine sensitive strain P.falciparum 3D7 and 

22j (TB4) and 24zh (TB56) have values of less than 1 µM. There is quite a structural variety 

between the different compounds that performed better at this assay. The compounds 24zi 

(TB73) and 28a (TB83) are the ones that performed best on the chloroquine resistant strain 

P.falciparum Dd2 which are again structurally different from each other and from the other 

compounds which performed best on the other strain. However 24zh (TB56) and 24zi 

(TB73) are analogues of each other. 24zh (TB56) is a dibenzofurane derivative and 24zi 

(TB73) is the sulfur analogue, a dibenzothiophene derivative. Interestingly the both 
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substances perform well in the growth inhibition assay but on different strains. Compound 

24zh (TB56) performs well on the chloroquine resistant strain and 24zi (TB73) performs 

well on the chloroquine sensitive strain. Knowing that the compounds which are designed 

as inhibitors of zinc dependent deacetylases, can inhibit both, the chloroquine resistant and 

sensitive strains of P.falciparum indicates that the compounds most likely have a different 

mechanism of action than chloroquine. From the inhibitor structures it is likely that the 

inhibit one of the plasmodial HDAC. In the literature PfHDAC1 is discussed as putative 

target of hydroxamic acid derivatives63,110–112.  This would then explain the results that were 

obtained here. Further cellular tests, e.g. measuring the hyperacetylation level of plasmodial 

histones, have to be carried out to confirm this hypothesis.   
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4.5 Toxicity assays 

In order to determine general toxicity or “off-target”- effects against human cells the 

compounds were tested for their effects on different human cell lines as well as bacteria 

and yeast cells. This data was provided by FRANK ERDMANN, Institute of Pharmacy, Martin-

Luther-University, Halle, Germany. For estimation the general toxicity of the compounds 

the human cell line HEK293 was used. 

4.5.1 Toxicity assay against human cell lines 

The compounds were tested in an Alamar Blue® viability assay system which determines 

the metabolic activity of cells. The assay principle is explained in detail in chapter 4.1.1. 

The different cells were incubated with the respective compound solutions at a 

concentration of 50 µM for 45 hours. Then the metabolic activity was determined via 

fluorescence measuring in comparison to standard solutions.  

 

Table 25 Results of HEK293 human epitheliak kidney cells viability testing. The compounds were tested in singles 

where there is no standard deviation given or triplicates when there is a standard deviation. Entries are highlighted in 

red in case there is a viability of less than 10 % of the cells, those highlighted in yellow show a viability of less than 30 

% but more than 10 %.   

compound 

HEK 293        

% viability 

at 50 µM 

compound 

HEK293         

% viability 

at 50 µM 

compound 

HEK293          

% viability 

at 50 µM 

22a (TB1) n.d. 24d (TB9) 110 ± 1.1 24q (TB43) 93 ± 3.1 

22b (TB13) 104 ± 2.2 24e (TB32) 79 ± 2.3 24r (TB58) 75 ± 3.2 

22c (TB74) 86 ± 0 24f (TB51) 79 ± 1.1 24s (TB11) 103 ± 1.4 

22d (TB2) n.d. 24g (TB10) 110 ± 1.3 24t (TB57) 72 ± 0.8 

22e (TB3) n.d. 24h (TB76) 86 ± 1 24u (TB55) 75 ± 3.3 

22f (TB42) 64 ± 5.7 24i (TB53) 78 ± 2.2 24v (TB27) 90 ± ± 1.7 

22g (TB45) 12 ± 1.9 24j (TB54) 80 ± 0.4 24w (TB72) 77 ± 2 

22h (TB46) 38 ± 4.7 24k (TB15) 107 ± 1.1 24x (TB87) 64 ± 3 

22i (TB4) n.d. 24l (TB14) n.d. 24y (TB59) 77 ± 1.2 

22j (TB5) 90 ± 1.4 24m (TB33) 111 ± 6.5 24z (TB64) n.d. 

24a (TB7) 100 ± 1.5 24n (TB16) 100 ± 2.7 24za (TB12) 113 ± 2.3 

24b (TB8) 97 ± 4.0 24o (TB31) 89 ± 2.4 24zb (TB67) 81 ± 1.9 

24c (TB77) n.d. 24p (TB44) 94 ± 3.0 24zc (TB38) 85 ± 5.6 
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compound 

HEK 293        

% viability 

at 50 µM 

compound 

HEK293          

% viability 

at 50 µM 

compound 

HEK293          

% viability 

at 50 µM 

24zd (TB93) 78 ± 1 24zk (TB78) 80 ± 3 26e(TB94) 75 ± 9 

24ze (TB91) 80 ± 3 24zp (TB37) 86 ±3.7 26i (TB90) n.d. 

24zf (TB92) 79 ± 2 24zq (TB40) 97 ± 3.3 26j (TB97) n.d. 

24zg (TB98) n.d. 26a (TB89) 93 ± 2 26k (TB80) 85 ± 6 

24zh (TB56) 81 ± 0.3 26b (TB88) n.d. 26g (TB104) n.d. 

24zi (TB73) 87 ± 2 26c (TB96) 87 ± 6 28a (TB83) 97 ± 5 

24zj (TB75) 79 ± 2 26d (TB79) 101 ± 2   

 

 

For the HEK293 cells there is only one compound which reduces the viability of the cells 

to below 30 %. Looking at the structure of 22g (TB45) there is no explanation for this 

phenomenon. The compound 22g (TB45) differs in only one methylene group to compound 

22h (TB46). Also 22f (TB42) is structurally related but neither of the other two compound 

show such a great impact on the human epithelial kidney cells used in this assay.  
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5 Summary and Outlook 

5.1 Summary  

This work was part of the FP7 project A-ParaDDisE which aimed to identify new 

therapeutic options for neglected tropical diseases including malaria, trypanosomiasis and 

schistosomiasis. Having the infrastructure of this A-ParaDDisE project allowed to obtain 

results quickly and adjust the direction to focus on. It also combined the advantages of 

different research disciplines such as chemical synthesis and characterization of small 

molecules, crystallographic studies, computational studies, biological assay development 

and even pharmacokinetic studies which are difficult to gather otherwise at academia.  

The starting point of this work was the screening hit J1075 which showed dose dependent 

mortality in schistosomes and inhibition of the smHDAC8 in the lower micromolar range. 

The goal was to find new molecules that would inhibit the identified target of Schistosoma 

mansoni (smHDAC8) with no or minimal off-target effects and also the identification of 

targets for the other three parasitic diseases and the respective molecules that would inhibit 

those (ideally also without off-target effects). 

Throughout this work many small molecule hydroxamic acids were synthesized and 

characterized. The synthesis was at first focused on structures that are related to the hit 

J1075 but as work proceeded synthetic aims changed depending on the incoming results of 

biological assay results and computational studies.  

Within this work a series of small molecule hydroxamic acids were synthesized and 

characterized and additionally a small series phenothiazine derivatives have been 

synthesized to the stage of a carboxylic acid that were not transformed into hydroxamic 

acids. Synthetic routes were altered and optimized in order to obtain sufficient amounts of 

the desired product within the least amount of time at sufficient purities. 

Out of these compounds most were tested towards their inhibitory activity on the 

smHDAC8. Almost all of them showed some activity, some even in the sub-micromolar 

range.  

Throughout this work a total of four compounds, 22j (TB5), 24b (TB8), 24x (TB87) and 

24zg (TB98) could be cocrystallized with the smHDAC8 and the crystal structured were 

resolved to give closer insights to the interactions between the respective inhibitor and the 

target protein. This in combination with computational studies built a solid base for the 

further direction of synthesis. The crystal structures of the four ligand-enzyme complexes 
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also served as a good base for structure-activity-relationship evaluations of the other 

compounds that were tested in enzymatic assays but were not co-crystalized with the 

enzyme. 

Furthermore 17 of the compounds were tested against schistosomula ex vivo and evaluated 

towards their effect on the schistosomula viability. Two compounds, 24x (TB87) and 24zg 

(TB98) were identified to have good and dose dependent impacts on the viability of the 

schistosomula. 

Since the pairing is an important feature in the lifecycle and reproductive ability of the 

schistosomes two compounds were also tested towards their ability to inhibit the pairing 

behavior of the male and female parasites. Parasite pairs treated compounds, 22k (TB5) 

and 24b (TB8) showed dose and time dependent unpairing which causes the loss of ability 

to lay eggs which themselves cause some of the disease’s symptoms and of course which 

eventually result in a new generation of parasites. Therefore the unpairing is also a desired 

effect.  

Moreover two of the compounds, 24zh (TB56) and 24x (TB87) were tested in 

pharmacokinetic mouse studies. This gave insight to the compounds’ distribution in the 

organism and also revealed that the chosen compounds were not immediately toxic for the 

mice (tested at 50 mg/kg).  

Most of the compounds were also tested towards their effects on the main human histone 

deacetylases, hHDAC1, hHDAC6 and hHDAC8 to estimate possible off-target effects. The 

results of these assays lead to the conclusion that most of the compounds with a good 

inhibitory potency on the schistosome target do not affect the human to an extreme extent. 

In order to clarify the general toxicity of the compounds, they were evaluated in Alamar 

Blue® assays towards their effects on the viability of different human cell lines. The great 

majority of the compounds did not affect the viability of the HEK 293 cells at a 

concentration of 50 µM. 

Since the project did not only focus on the one parasitic disease the compounds were also 

tested for their effects on other parasites.  

For T. cruzi a possible target (tcDAC2) has been identified via knock-out studies. The 

tcDAC2 has proven to be an essential target to address in order to inhibit cell differentiation 

growth and viability. Out of the compounds a number of 33 were tested towards their effects 

against tcDAC2. Among those 33 tested compounds nine were identified with IC50 values 
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of around 1µM and out of those nine there are three in the sub-micromolar range. Also ten 

substances were tested for their effects on trypomastigotes and amastigotes infected L929 

cells. Herein nine of the substances were found to be active and also six of them slightly 

and three of them even moderately selective towards the parasites over the host cells. 

For Plasmodium falciparum the compounds were tested in a full parasite assay on two 

different strains, one P.f. Dd2 being chloroquine resistant and P.f. 3D7 being chloroquine 

sensitive. The results from these assays show a rather diverse situation. However, some of 

the compounds proved to have good inhibitory effects one strain and some on the other. 

This at least leads to the conclusion that the postulated target PfHDAC1 might be an 

attractive target to kill the parasite. 

In order to rule out general toxicity the compounds were also tested for their toxicity 

towards E.coli bacteria and S. cerevisiae yeast cells (data not shown; see appendix for 

details). The tested compound showed no effect on either bacteria or yeast cells. This is 

another indication that the smHDAC8 inhibitors do not show general toxicity. 

 

5.2 Outlook 

The knowledge of this work can be applied for further synthesis and characterization of 

new small molecules as epigenetic modulators. The solved crystal structures in 

combination with the results from computational studies can be used for specific and 

directed design and synthesis of new inhibitors. The TB-series of small molecule 

hydroxamic acids has proven to be a good starting point for addressing tcDAC2 as a 

potential target in tackling trypanosomiasis. Also this work delivers a few good starting 

points in addressing malaria from an epigenetic point of view.   
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6 Experimental part 

6.1 Materials and Methods 

6.1.1 Chemicals 

The chemicals were purchased from Carbolution Chemicals St. Ingbert, abcr GmbH 

Karlsruhe or Sigma Aldrich Darmstadt. All chemicals that are not explicitly mentioned 

were taken from the chemical issuing counter of the Pharmaceutical Faculty of the Martin-

Luther-University Halle Wittenberg. 

 

6.1.2 Treatment of the Solvents 

All of the solvents that were used have been dried according to protocols from literature79.  

Chloroform Refluxing over phosphorus pentoxide for at least 2 h 

and afterwards distilling 

Diethylether Pre-drying over potassium hydroxide, drying over 

molecular sieve 4 Å 

Dimethylformamide Fractionated distillation after addition of toluene and 

water 

Heptane Refluxing over potassium hydroxide for 1 h and 

distilling afterwards 

Methanol Storing over metallic magnesia flakes for several 

hours, afterwards refluxing for two hours and finally 

distilling  

Pyridine Storing over potassium hydroxide for 1 week 

afterwards distillation through a fractionating column  

Tetrahydrofurane Refluxing over metallic sodium until a dark blue 

coloring of the indicator benzophenone stays constant, 

subsequently distillation 

Toluene Refluxing over metallic sodium until a dark blue 

coloring of the indicator benzophenone stays constant, 

subsequently distillation 
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6.1.3 Chromatography 

Thin layer chromatography: 

The thin layer chromatography (further referred to as TLC) was used to observe the 

progress of a reaction, to estimate purity of reaction products and final compounds as well 

as characterization by determining the Rf-values and the chromatographical characteristics 

of the compounds. For the TLC silica gel 60 F254 aluminum sheets 5x7.5 cm and TLC silica 

gel 60 F254 aluminum sheets 20x20 cm that were cut to size of the manufacturer Merck 

KgaA have been used. The substance had been dissolved in an adequate solvent or was 

taken directly from the reaction mixture and applied to the TLC aluminum sheet with a 

glass capillary. The TLC sheet is placed into a TLC chamber which is saturated with the 

mobile phase and developed. 

The following mobile phases (MP) were used: 

MP 1: chloroform / methanol; 80/20 

MP 2: chloroform / methanol; 90/10 

MP 3: chloroform 

MP 4: chloroform / methanol; 80/20, 0.25 % trimethylamine 

MP 4: chloroform / methanol; 80/20, 0.25 % formic acid 

Detection methods 

The detection of the TLC sheets via UV light at the wave length 254 nm (short wave UV 

light) or 366 nm (long wave UV light) was used in all cases.  The method is based on the 

deletion of fluorescence of the silica sheet or on a substance’s own fluorescence. 

Secondly sheets with an expected THP-protected intermediate of a hydroxamic acid or a 

hydroxamic acid were dipped in a 3 % FeCl3 solution and in case of the expected THP-

protected intermediate heated up to approximately 70 °C to give a reddish purple or bluish 

purple stain of the substances. 

Column chromatography: 

Silica gel 60 (0.063 – 0.200 mm) from the manufacturer Merck KgaA was used as a 

stationary phase. As mobile phases, either chloroform with a methanol gradient and an 

addition of 0.25 % formic acid was used or the column was pre conditioned with 

chloroform and 0.5 % triethyl amine which in this case has also been the mobile phase. The 
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columns were dry packed with a silica gel/substance ratio of 10 – 30:1. For the detection 

of the substances in the different fractions TLC was used. 

MPLC: 

The MPLC (medium pressure liquid chromatography) was utilized for a more thorough 

purification of compounds that after the first column chromatography had purities of less 

than 95 %. As a stationary phase silica gel 60 (0,040 - 0,063 mm) from the manufacturer 

Merck was used. The filling of the columns was performed with the aid of a Cartriger C-

670. The elution solvent was mixed and pumped through the column via two pumps (both 

Pump Module C-601) and the Pump Manager C-615. The fractions were collected by a 

FractionCollector C-660. All equipment mentioned above was acquired from the 

manufacturer Büchi. The eluent was also Chloroform with 0.25 % formic acid and a 

methanol gradient. For the detection of the product a UV-Monitor C-630 was used as well 

as TLC. 

HPLC: 

The determination of the purities was performed by HPLC. The HPLC consists of an 

XTerra RP18 column (3.5 µm 3.9 x 100 mm) form the manufacturer Waters (Milford, MA, 

USA) two LC-10AD pump, a SPD-M10A VP PDA detector, and a SIL-HT auto sampler 

all from the manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all cases a 

gradient of methanol/water (starting at 95 % water going to 5 % water). The water is mixed 

with 0.1 % TFA. 

6.1.4 NMR-Spectroscopy 

The recording of the 1H-NMR - spectra was performed with the Gemini 2000 from the 

manufacturer Varian. The spectra were recorded at 400 MHz. The solvent that was used 

for the recording of the spectra is Hexadeuterodimethyl sulfoxide, also known as DMSO-

d6.The solvent was coevally used as the internal standard for the spectra. 

The chemical shift δ is expressed in ppm and is set at the axis of symmetry of the separate 

peaks. In case of a multiplet the range of the chemical shift is indicated. The signals of 1H-

NMR spectra are specified in the following manner: (multiplicity, coupling constant J in 

Hz, number of protons, assigned proton(s)). 

The following abbreviations were used for the multiplicities: s (singlet), d (doublet), t 

(triplet), dd (doublet of doublet), m (multiplet). 
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6.1.5 Mass spectrometry 

6.1.5.1 Electron spray mass spectrometry (ESI-MS) 

The samples were dissolved in an eligible solvent and injected via a pump Harvard 

Apparatus 22 (20 µl min-1). The ionization is performed via electron spray technique at 

5 kV in positive and negative mode. The spectra were recorded by the Finnigan LCQ-

Classic mass spectrometer of the manufacturer Thermo Electron (Egelsbach, Germany). It 

has a heatable capillary (220 °C) and a flow rate of 20 µl/min. 

6.1.5.2 High resolution mass spectrometry (HR-MS) 

For proof of identity of the final compounds they were characterized by high resolution 

mass spectrometry. The samples were dissolved in a mixture of chloroform and methanol 

(variable mixture of the two solvents) and ionized via a Proxeon-Nano-ESI-source of the 

manufacturer Thermo Fisher Scientific (Bremen, Germany) at 1.3 kV. The spectra were 

recorded by the LTQ-Orbitrap-XL-mass spectrometer of the manufacturer Thermo Fisher 

Scientific (Bremen, Germany).  

6.2 Computer based studies 

6.2.1 Docking  

The docking was performed as described in literature52: The resolved crystal structure of 

smHDAC8 with 13c (chain B), hHDAC8 (PDB ID: 2V5X), hDAC6 (PDB ID: 5EDU), and 

hHDAC1 (PDB ID: 4BKX) were downloaded from the Protein Data Bank (PDB; 

www.rcsb.org)113. Protein preparation was done using Schrödinger’s Protein Preparation 

Wizard114 by adding hydrogen atoms, assigning protonation states, and minimizing the 

protein. Ligands were prepared in MOE104 from smiles in neutral form. The ligands were 

subsequently prepared for docking using the LigPrep tool115 as implemented in 

Schrödinger’s software and energy minimized using the OPLS force field. Conformers of 

the prepared ligands were calculated with ConfGen using the default settings (Fast) and 

allowing minimization of the output conformations. Molecular docking was performed 

using the program Glide116 in the Standard Precision mode. In smHDAC8 and hHDAC8, 

two conserved water molecules were included in the protein models, corresponding to HOH 

2061 and 2152 in the hHDAC8 X-ray structure (PDB ID: 2V5X). 
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6.3 Synthesis of the structures 

6.3.1 Synthesis of indene carboxylic acid 2 (TB2s) 

1 eq indene is mixed together with 0.5 eq and stirred 90 °C on an oil bath. After the reaction 

time of five hours the batch is cooled to room temperature, dissolved in ethyl acetate and 

extracted with an aqueous saturated potassium carbonate solution three times. The aqueous 

phases are combined, acidified with concentrated hydrochloric acid and extracted with 

ethyl acetate. The solvent is evaporated under reduced pressure to result in a white powder. 

2 (TB2S) 1H-indene-2-carboxylic acid  

Appearance: white powder 

Yield:  27 % 

Mw:  160.05 g/mol 

m/z:  159.15 [M-H+] 

 

1H NMR (400 MHz, DMSO-d6) δ 12.45 (s, 1H, COOH), 7.68 (s, 1H, H3), 7.59 (dd, J = 5.2, 

3.4 Hz, 1H, H4), 7.56 – 7.52 (m, 1H, H5), 7.36 – 7.32 (m, 2H, H6, H7), 3.63 (d, J = 1.6 Hz, 

2H, H1, H1’) 

6.3.2 General procedure for the benzofurane derivatives 

 1 mmol of the respective salicylaldehyde was dissolved in acetonitrile. One equivalent 

methyl bromoacetate and K2CO3 were added. The mixture was stirred at room temperature 

at first, then heated to 50°C for 30 minutes. The solvent was evaporated under reduced 

pressure and the crude product was re-dissolved in EtOAc and then washed with brine three 

times. The resulting methyl ester was dissolved in equal amounts of MeOH and H2O with 

a catalytic amount of K2CO3. This mixture was stirred at room temperature overnight, the 

reaction batch was acidified using HCl and extracted with ethyl acetate. The solvent was 

evaporated under reduced pressure. 

6.3.3 General procedure for the benzothiophene derivative 

1 mmol 2,6-di-chlorobenzaldehyde was dissolved in DMF with 1 equivalent methyl 

thioglycolate and 1 equivalent K2CO3. The batch was heated at 60°C for 4-5 h. The mixture 

was filtered to eliminate the solid K2CO3 and the solvent was evaporated under reduced 

pressure. Toluene was added and evaporated three times to extract residual DMF. The 

mixture was re-dissolved in CHCl3 and extracted with brine three times, the organic phases 

were combined and evaporated. The mixture was re-dissolved in MeOH, a catalytic amount 

of NaOH (1M) was added and the batch was stirred at RT for 16 h. The sol- vent was 
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evaporated under reduced pressure and the mixture re-dissolved in CHCl3 and extracted 

with a 1m sodium carbonate solution three times. The aqueous phases are combined and 

concentrated, HCl was added until the solution reached pH 1–2, and then the solution was 

extracted with CHCl3 three times. The organic phases were combined and evaporated under 

reduced pressure. 

6.3.4 General procedure for the cinnamic acid derivatives 

1.5 mmol of the respective aldehyde and 1.8 mmol of malonic acid were dis- solved in 600 

mL pyridine and 20 mL piperidine. The mixture was heated in a water bath to ~80°C and 

stirred for 4 h. After that, ice and concentrated HCl were added. In most cases, a pale 

precipitate was formed and the reaction mixture was left in the refrigerator overnight for 

complete crystallization. The obtained carboxylic acids were filtered under suction and 

dried under reduced pressure.  

General procedure of the N-alkylation of phenothiazine derivatives: 2 mmol of the 

respective phenothiazine derivative was dissolved in dried DMF one equivalent of either 

ethyl-(4-bromo) chrotonate or methyl- (4-bromomethyl-) benzoate and one equivalent of 

solid KOH were added. The reaction was conducted in a microwave oven suitable for 

organic synthesis in a closed vessel at 150°C for 5 minutes. After cooling down the reaction 

batch was mixed with water and filtrated. The aqueous phase was acidified and filtrated 

again. The precipitate is the carboxylic acid derivative which was used for further synthesis. 

The following carboxylic acids were purified via column chromatography (purity 

controlled by thin layer chromatography only). The structures were either analyzed by mass 

spectrometry (ESI-MS) (m/z always refers to the isotope of highest abundance) and thin 

layer chromatography and then were used for direct transformation into further derivatives 

or they were directly used for further transformation without analysis.  

name structure 
ESI-MS       

m / z 

8a (TB3s) 

1-benzofuran-2-carboxylic acid O

O

OH  

161.88 [M+H+] 

8b (TB41s) 

7-chloro-1-benzofuran-2-carboxylic 

acid 

O

O

OH

Cl  

195.39 [M-H+] 
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name structure 
ESI-MS       

m / z 

8c (TB42s) 

4-chloro-1-benzofuran-2-carboxylic 

acid O

O

OH

Cl

 

195.40 [M-H+] 

11a (TB5s) 

4-chloro-1-benzothiophene-2-

carboxylic acid S

O

OH

Cl

 

210.98 [M-H+] 

13a (TB7s) 

(2E)-3-phenylprop-2-enoic acid 
OH

O

 

147.10 [M-H+] 

13b (TB8s) 

(2E)-3-(2-chlorophenyl)prop-2-enoic 

acid 

OH

OCl

 

181.11 [M-H+] 

13c (TB9s) 

(2E)-3-(4-chlorophenyl)prop-2-enoic 

acid 

OH

O

Cl  

181.08 [M-H+] 

13d (TB10s) 

(2E)-3-(4-bromophenyl)prop-2-enoic 

acid 

OH

O

Br  

227.05 [M-H+] 

13e (TB11s) 

(2E)-3-(3,4,5-trimethoxyphenyl)prop-

2-enoic acid 

OH

O

O

O

O
 

237.12 [M-H+] 

13f (TB12s) 

(2E)-3-[4-(benzyloxy)phenyl]prop-2-

enoic acid 

OH

O

O  

253.18 [M-H+] 

13g (TB14s) 

(2E)-3-(4-hydroxyphenyl)prop-2-

enoic acid 

OH

O

HO  

n.d. 

13h (TB15s) 

(2E)-3-[4-

(dimethylamino)phenyl]prop-2-enoic 

acid 

OH

O

N

 

192.06 [M+H+] 

13i (TB16s) 

(2E)-3-(3-ethoxy-4-

hydroxyphenyl)prop-2-enoic acid 

OH

O

HO

O

 

207.18 [M-H+] 
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name structure 
ESI-MS       

m / z 

13j (TB27s) 

(2E)-3-[2-(3-

methoxyphenoxy)phenyl]prop-2-enoic 

acid 

OH

O

O

O  

269.19 [M-H+] 

13k (TB31s) 

(2E)-3-[4-methoxyphenyl]prop-2-

enoic acid 

OH

O

O  

178.92 [M+H+] 

13l (TB32s) 

(2E)-3-(2,6-dichlorophenyl)prop-2-

enoic acid 

OH

OCl

Cl  

215.15 [M-H+] 

13m (TB33s) 

(2E)-3-(3-methoxy-4-

hydroxyphenyl)prop-2-enoic acid 

OH

O

O

HO  

193.14 [M-H+] 

13n (TB38s) 

(2E)-3-[4-(benzyloxy)-3-

methoxyphenyl]prop-2-enoic acid 

OH

O

O

O
 

n.d. 

13o (TB51s) 

(2E)-3-(2,4-dichlorophenyl)prop-2-

enoic acid 

OH

O

Cl Cl  

215.48 [M-H+] 

13p (TB53s) 

(2E)-3-(2-bromo-5-fluorophenyl)prop-

2-enoic acid 

OH

O

F

Br  

243.27 [M-H+] 

13q (TB54s) 

(2E)-3-(2-fluoro-5-

methoxyphenyl)prop-2-enoic acid 

OH

O

F

O

 

195.40 [M-H+] 

13r (TB55s) 

(2E)-3-[2-(4-

methoxyphenoxy)phenyl]prop-2-enoic 

acid 

OH

O

O

O
 

269.25 [M-H+] 
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name structure 
ESI-MS       

m / z 

13s (TB56s) 

(2E)-3-(dibenzo[b,d]furan-4-yl)prop-

2-enoic acid 

OH

O

O

 

237.16 [M-H+] 

13u (TB57s) 

(2E)-3-[2-(4-

chlorophenoxy)phenyl]prop-2-enoic 

acid 

OH

OO

Cl

 

273.17 [M-H+] 

13v (TB58s) 

(2E)-3-(2-ethoxyphenyl)prop-2-enoic 

acid 

OH

O

O

 

191.23 [M-H+] 

13w (TB59s) 

(2E)-3-[2-(benzyloxy)phenyl]prop-2-

enoic acid 

OH

OO

 

n.d. 

13x (TB61s) 

(2E)-3-(4-methoxynaphthalen-1-

yl)prop-2-enoic acid 

OH

O

O  

227.23 [M-H+] 

13y (TB62s) 

(2E)-3-(2-methoxynaphthalen-1-

yl)prop-2-enoic acid 

OH

O

O  

227.60 [M-H+] 

13z (TB63s) 

(2E)-3-(2-ethoxynaphthalen-1-

yl)prop-2-enoic acid 

OH

O

O  

241.22 [M-H+] 

13za (TB64s) 

(2E)-3-[3-(benzyloxy)phenyl]prop-2-

enoic acid 

OH

O

O
 

253.22 [M-H+] 

13zb (TB67s) 

(2E)-3-[4-(benzyloxy)-3-

chlorophenyl]prop-2-enoic acid 

OH

O

Cl

O

 

287.17 [M-H+] 
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name structure 
ESI-MS       

m / z 

13zc (TB72s) 

(2E)-3-(3-phenoxyphenyl)prop-2-

enoic acid 

OH

O

O

 

239.25 [M-H+] 

13zd (TB73s) 

(2E)-3-(dibenzo[b,d]thiophene-4-

yl)prop-2-enoic acid 

OH

O

S

 

253.55 [M-H+] 

13ze (TB77s) 

(2E)-3-(3-chlorophenyl)prop-2-enoic 

acid 

OH

O

Cl

 

181.31 [M-H+] 

13zf (TB87s) 

(2E)-3-{2-[(4-

chlorophenyl)sulfanyl]phenyl}prop-2-

enoic acid 

OH

O

S

Cl  

289.16 [M-H+] 

13zg (TB91s) 

(2E)-3-{2-[(4-

chlorophenyl)methoxy]phenyl}prop-

2-enoic acid 

OH

OO

Cl

 

287.15 [M-H+] 

13zh (TB92s) 

(2E)-3-{2-[(2,4-

dichlorophenyl)methoxy]phenyl}prop-

2-enoic acid 

OH

OO

Cl

Cl

 

321.15 [M-H+] 

13zi (TB93s) 

(2E)-3-[2-(benzyloxy)-6-

methoxyphenyl]prop-2-enoic acid 

OH

OO

O  

283.21 [M-H+] 

13zj (TB98s) 

(2E)-3-{2-[(2,6-

dichlorophenyl)methoxy]phenyl}prop-

2-enoic acid 

OH

O

O Cl

Cl  

321.56 [M-H+] 
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name structure 
ESI-MS       

m / z 

13zk (TB106s) 

(2E)-3-{2-[4-

(benzyloxy)phenoxy]phenyl}prop-2-

enoic acid 

OH

O

O

O
 

n.d. 

13zl (TB107s) 

(2E)-3-[2-(4-

fluorophenoxy)phenyl]prop-2-enoic 

acid 

OH

O

O

F  

n.d. 

20a (TB48s) 

4-[(5,5-dioxo-5λ6-phenothiazin-

10(5H)-yl)methyl]benzoic acid 

S

N

O

OH

O O

 

364.33 [M-H+] 

20b (TB84s) 

4-[(2-chloro-5,5-dioxo-5λ6-

phenothiazin-10(5H)-

yl)methyl]benzoic acid 

S

N

O

OH

Cl

OO

 

398.42 [M-H+] 

20c (TB50s) 

4-[(5-oxo-5λ4-phenothiazin-10(5H)-

yl)methyl]benzoic acid 

S

N

O

OH

O

 

348.48 [M-H+] 

20d (TB85s)  
4-[(5-oxo-5λ4-phenothiazin-10(5H)-

yl)methyl]benzoic acid 

S

N

O

OH

Cl

 

366.42 [M-H+] 
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name structure 
ESI-MS       

m / z 

20e (TB82s) 

4-[(10H-phenothiazin-10-

yl)methyl]benzoic acid 

S

N

O

OH  

333.39 [M+H+] 

20f (TB86s) 

4-[(3-methoxy-10H-phenothiazin-10-

yl)methyl]benzoic acid 

S

N

O

OH

O

 

362.35 [M-H+] 

(TB83s) 

4-[(2-chloro-5-oxo-5λ4-phenothiazin-

10(5H)-yl)methyl]benzoic acid 

S

N

O

OH

O

Cl

 

382.14 [M-H+] 

19a (TB81s) 

(2E)-4-(10H-phenothiazin-10-yl)but-

2-enoic acid 

S

N

OH

O  

282.52 [M-H+] 

 

6.3.5 General procedure for the formation of the THP-protected 

intermediate 

 The carboxylic acids were dissolved in dry THF and 1.2 equivalent of PyBOP®, 1.5 

equivalents of O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and 2.5 equivalents of N,N-

diisopropylethylamine (DIPEA) were added. The reaction mixture was stirred at room 

temperature and the progression of the reaction was observed by TLC. The THP-protected 

intermediate was purified by column chromatography; the mobile phase being CHCl3 with 

0.25% triethylamine (TEA) and the stationary phase being silica (previously washed with 

the mobile phase). 
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The THP-protected intermediates were characterized by mass spectrometry (m/z always 

refers to the isotope with the highest abundance) or used directly without characterization 

for the last synthetic step.  

name structure 
ESI-MS 

m / z 

22a’ (TB1THP) 

N-[(oxan-2-yl)oxy]-1H-indole-2-

carboxamide 

N
H

O

HN O

O

 

259.24 
[M-H+] 

22b’ (TB13THP) 

5-methoxy-N-[(oxan-2-yl)oxy]-1H-

indole-2-carboxamide 

N
H

O

HN O

O

O

 

289.27 
[M-H+] 

22c’ (TB74THP) 

N-[(oxan-2-yl)oxy]-1H-

benzimidazole-2-carboxamide 

N
H

N O

HN O

O

 

n.d. 

22d’ (TB2THP) 

N-[(oxan-2-yl)oxy]-1H-indene-2-

carboxamide 

O

HN O

O

 

n.d. 

22e’ (TB3THP) 

N-[(oxan-2-yl)oxy]-1-benzofuran-2-

carboxamide 

O

O

HN O

O

 

n.d. 

22f’ (TB42THP) 

4-chloro-N-[(oxan-2-yl)oxy]-1-

benzofuran-2-carboxamide 

O

O

HN O

Cl

O

 

294.21 
[M-H+] 

22g’ (TB45THP) 

7-methoxy-N-[(oxan-2-yl)oxy]-1-

benzofuran-2-carboxamide 

O

O

HN O

O O

 

290.28 
[M-H+] 
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name structure 
ESI-MS 

m / z 

22h’ (TB46THP) 

7-ethoxy-N-[(oxan-2-yl)oxy]-1-

benzofuran-2-carboxamide 

O

O

HN O

O O

 

304.22 
[M+H+] 

22i’ (TB4THP) 

N-[(oxan-2-yl)oxy]-1-benzothiophene-

2-carboxamide 

S

O

HN O

O

 

276.22 
[M-H+] 

22j’ (TB5THP) 

4-chloro-N-[(oxan-2-yl)oxy]-1-

benzothiophene-2-carboxamide 

S

O

HN O

Cl

O

 

310.25 
[M-H+] 

24a’ (TB7THP) 

(2E)-N-[(oxan-2-yl)oxy]-3-

phenylprop-2-enamide 

N
H

O

O O

 

246.24 
[M-H+] 

24b’ (TB8THP)  

(2E)-3-(2-chlorophenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

OCl

O O

 

n.d. 

24c’ (TB77THP) 

(2E)-3-(3-chlorophenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

Cl O O

 

280.23 
[M-H+] 

24d’ (TB9THP) 

(2E)-3-(4-chlorophenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

Cl

O O

 

280.17 
[M-H+] 

24e‘ (TB32THP)  

(2E)-3-(2,6-dichlorophenyl)-N-[(oxan-

2-yl)oxy]prop-2-enamide 

N
H

OCl

O

Cl

O

 

n.d. 
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name structure 
ESI-MS 

m / z 

24f’ (TB51THP) 

(2E)-3-(2,4-dichlorophenyl)-N-[(oxan-

2-yl)oxy]prop-2-enamide 

N
H

O

Cl Cl

O O

 

340.15 
[M-H+] 

24g’ (TB10THP) 

(2E)-3-(4-bromophenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

Br

O O

 

325,14 
[M-H+] 

24h’ (TB76THP) 

(2E)-3-(2-bromophenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

Br

O

 

324.44 
[M-H+] 

24i’ (TB53THP) 

(2E)-3-(2-bromo-5-fluorophenyl)-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

F

Br

O O

 

342.29 
[M-H+] 

24j’ (TB54TP) 

(2E)-3-(2-fluoro-5-methoxyphenyl)-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

F

O O O

 

n.d. 

24k’ (TB15THP) 

(2E)-3-[4-(dimethylamino)phenyl]-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

N

O O

 

289.19 
[M-H+] 

24l‘ (TB14THP) 

(2E)-3-(4-hydroxyphenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

HO

O O

 

262.18 
[M-H+] 

24m‘ (TB33THP) 

(2E)-3-(3-methoxy-4-hydroxyphenyl)-

N-[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

O

HO

O O

 

292.24 

[M-H+]. 

24n‘ (TB16THP) 

(2E)-3-(3-ethoxy-4-hydroxyphenyl)-

N-[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

HO

O O O

 

306.21 
[M-H+] 

24o’ (TB31THP) 

(2E)-3-(4-methoxyphenyl)-N-[(oxan-

2-yl)oxy]prop-2-enamide 

N
H

O

O

O O

 

276.19 
[M-H+] 
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name structure 
ESI-MS 

m / z 

24p’ (TB44THP) 

(2E)-3-(3-methoxyphenyl)-N-[(oxan-

2-yl)oxy]prop-2-enamide 

N
H

O

OO O

 

n.d. 

24q’ (TB43THP) 

(2E)-3-(4-ethoxyphenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

O O

 

291.14 
[M-H+] 

24r’ (TB58THP) 

(2E)-3-(2-ethoxyphenyl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

O

O

 

290.78 
[M-H+] 

24s’ (TB11THP) 

(2E)-N-[(oxan-2-yl)oxy]-3-(3,4,5-

trimethoxyphenyl)prop-2-enamide 

N
H

O

O

O

O

O O

 

291.14 
[M-H+] 

24t’ (TB57THP) 

(2E)-3-[2-(4-

chloroxyphenoxy)phenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

Cl

O O

 

372.29 
[M-H+] 

24u’ (TB55THP) 

(2E)-3-[2-(4-

methoxyphenoxy)phenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

O

O O

 

368.25 
[M-H+] 

24v’ (TB27THP) 

(2E)-3-[2-(3-

methoxyphenoxy)phenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

O

O O

 

368.22 
[M-H+] 
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name structure 
ESI-MS 

m / z 

24w’ (TB72THP) 

(2E)-N-[(oxan-2-yl)oxy]-3-(3-

phenoxyphenyl)prop-2-enamide 

N
H

O

O

O

O

 

338.31 
[M-H+] 

24x’ (TB87THP) 

(2E)-3-{2-[(4-

chlorophenyl)sulfanyl]phenyl}-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

S

O

Cl

O

 

388.17 
[M-H+] 

24y‘ (TB59THP) 

(2E)-3-[2-(benzyloxy)phenyl]-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

OO

O O

 

352.30 
[M-H+] 

24z’ (TB64THP) 

(2E)-3-[3-(benzyloxy)phenyl]-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

O

O O

 

352.30 
[M-H+] 

24za’ (TB12THP) 

(2E)-3-[4-(benzyloxy)phenyl]-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

O

O O

 

352.21 
[M-H+] 

24zb’ (TB67THP) 

(2E)-3-[4-(benzyloxy)-3-

chlorophenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O

O

Cl

O

 

386.16 
[M-H+] 

24zc‘ (TB38THP) 

(2E)-3-[4-(benzyloxy)-3-

methoxyphenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

 

N
H

O

O

O

O O

 

382.19 
[M-H+] 
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name structure 
ESI-MS 

m / z 

24zd‘ (TB93THP) 

(2E)-3-[2-(benzyloxy)-6-

methoxyphenyl]-N-[(oxan-2-

yl)oxy]prop-2-enamide 

 

N
H

OO

O

O O

 

n.d. 

24ze’ (TB91THP) 

(2E)-3-{2-[(4-

chlorophenyl)methoxy]phenyl}-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

OO

Cl
O O

 

386.22 
[M-H+] 

24zf’ (TB92THP) 

(2E)-3-{2-[(2,4-

dichlorophenyl)methoxy]phenyl}-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

OO

Cl

Cl

O O

 

420.13 
[M-H+] 

24zg‘ (TB98THP) 

(2E)-3-{2-[(2,6-

dichlorophenyl)methoxy]phenyl}-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

O Cl

Cl

O O

 

420.28 
[M-H+] 

24zh’ (TB56THP) 

(2E)-3-(dibenzo[b,d]furan-4-yl)-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

O

O O

 

336.17 
[M-H+] 

24zi’ (TB73THP) 

(2E)-3-(dibenzo[b,d]thiophen-4-yl)-N-

[(oxan-2-yl)oxy]prop-2-enamide 

N
H

O

S

O O

 

n.d. 

 

24zj’ (TB75THP) 

(2E)-3-(naphthalen-2-yl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

 

 

N
H

O

O O

 

296.55 
[M-H+] 
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name structure 
ESI-MS 

m / z 

24zk‘ (TB78THP) 

(2E)-3-(naphthalen-1-yl)-N-[(oxan-2-

yl)oxy]prop-2-enamide 

N
H

O

O O

 

296.54 
[M-H+] 

24zl’ (TB37THP) 

(2E)-2-methyl-N-[(oxan-2-yl)oxy]-3-

phenylprop-2-enamide 

N
H

O

O O

 

260.21 
[M-H+] 

24zm’ (TB40THP) 

N-[(oxan-2-yl)oxy]-3-phenylprop-2-

ynamide 

N
H

O

O O

 

n.d. 

26a’ (TB89THP) 

N-[(oxan-2-yl)oxy]-2-

phenoxypropanamide 

O
N
H

O

O O

 

264.21 
[M-H+] 

26b’ (TB88THP) 

2-(2-methylphenoxy)-N-[(oxan-2-

yl)oxy]acetamide 

O
N
H

O

O O

 

264.21 

[M-H+]. 

26c’ (TB96THP) 

2-(2-methoxyphenoxy)-N-[(oxan-2-

yl)oxy]acetamide 

O
N
H

O

O

O

O

 

280.25 
[M-H+] 

26d’ (TB79THP) 

2-[(3,4-dimethoxyphenyl)sulfanyl]-N-

[(oxan-2-yl)oxy]acetamide 

S
N
H

O

O O

O

O

 

226.11 
[M-H+] 

26e’ (TB94THP) 

2-[(2,5-dichlorophenyl)sulfanyl]-N-

[(oxan-2-yl)oxy]acetamide 

S
N
H

O

OCl

Cl

O

 

358.00 
[M+Na+] 

26f‘ (TB103THP) 

2-[(4-chlorophenyl)sulfanyl]-N-
[(oxan-2-yl)oxy]acetamide 

S
N
H

O

O

Cl

O

 

n.d. 
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name structure 
ESI-MS 

m / z 

26g‘ (TB104THP) 

2-[(2,6-dichlorophenyl)sulfanyl]-N-

[(oxan-2-yl)oxy]acetamide 

S
N
H

O

O

Cl

Cl

O

 

n.d. 

26h’ (TB105THP) 

2-[(2,4-dichlorophenyl)sulfanyl]-N-

[(oxan-2-yl)oxy]acetamide 

S
N
H

O

O

Cl

Cl

O

 

n.d. 

26i’ (TB90THP) 

2-[(naphthalen-2-yl)oxy]-N-[(oxan-2-

yl)oxy]acetamide 

O
N
H

O

O O

 

300.25 
[M-H+] 

26j‘ (TB97THP) 

2-[(naphthalen-1-yl)oxy]-N-[(oxan-2-

yl)oxy]acetamide 

O
N
H

O

O O

 

n.d. 

26k‘ (TB80THP) 

2-[(8-chloronaphthalen-1-yl)sulfanyl]-

N-[(oxan-2-yl)oxy]acetamide 

S
N
H

O

O

Cl

O

 

350.58 
[M-H+] 

28a’ (TB83THP) 

4-[(2-chloro-5-oxo-5λ4-phenothiazin-

10(5H)-yl)methyl] N-[(oxan-2-

yl)oxy]acetamide 

S

N

O

N
H

O

Cl

O O

 

481.31 
[M-H+] 

 

6.3.6 Cleavage of tetrahydropyrane protecting group 

For the last synthetic step of all compounds the THP-protecting group is cleaved off. 

Therefore the THP-protected intermediate of each compound is dissolved in either THF 

(cleavage method 1) or methanol (cleaving method 2) and a catalytic amount of 

hydrochloric acid is added. The reaction mixture is stirred at room temperature. The 

reaction is observed by TLC. After the reaction is completed the solvent is evaporated under 

reduced pressure and the product is purified chromatographically. 
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22a (TB1) N-hydroxy-1H-indole-2-carboxamide  

Appearance: white powder 

Yield:   77 % 

Mw:   176.17 g/mol 

ESI-MS: 175.20 [M-H+] 

HPLC:  rt 7.31 min (99.16 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 11.60 (s, 1H, NH), 11.21 (s, 1H, NHOH), 9.09 (s, 1H, 

NHOH), 7.58 (d, J = 7.8 Hz, 1H, H4), 7.41 (d, J = 8.2 Hz, 1H, H7), 7.16 (t, J = 7.7 Hz, 1H, 

H6), 7.02 (t, J = 7.57 Hz, 1H, H5), 6.98 (s, 1H, H3). 

 

22b (TB13) N-hydroxy-5-methoxy-1H-indole-2-carboxamide  
Appearance: off white powder 

Yield:  52 % 

Mw:  206.20 g/mol 

ESI-MS: 205.17 [M-H+], 207.02 [M+H+] 

HR-MS:  207.0766 [M+H+] 

HPLC:  rt 8.57 min (99.40 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 11.44 (s, 1H, NH), 11.15 (s, 1H, NHOH), 9.05 (s, 1H, 

NHOH), 7.30 (d, J = 8.9 Hz, 1H, H7), 7.05 (d, J = 2.1 Hz, 1H, H4), 6.90 (s, 1H, H4), 6.82 

(dd, J = 8.9, 2.3 Hz, 1H, H6), 3.75 (s, 3H, CH3). 

 

22c (TB74) N-hydroxy-1H-benzimidazole-2-carboxamide  

Appearance: pale powder 

N
H

N O

HN OH
 

Yield: 59 % 

Mw: 177.1602 g/mol 

ESI-MS: 176.36 [M-H+] 

HR-MS: 178.0612 [M+H+] 

HPLC: 3.770 min (98.31 %) 

1H NMR (400 MHz, DMSO-d6) δ 13.25 (s, 1H, NHOH), 11.75 (s, 1H, NHOH), 9.31 (s, 

1H, NHOH), 7.70 (d, J = 7.0 Hz, 1H, H4/H7), 7.53 (d, J = 6.7 Hz, 1H, H4/H7), 7.36 – 7.20 

(m, 2H, H5, H6). 

  



118  Experimental part 

22d (TB2) N-hydroxy-1H-indene-2-carboxamide  

Appearance: white powder 

Yield:  8.6 % 

Mw:  175.18 g/mol 

ESI-MS: 174.20 [M-H+]; 176.28 [M+H+] 

HPLC:  rt 12.48 min (99.51 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.92 (s, 1H, NHOH), 8.95 (s, 1H, NHOH), 7.50 (m, 2H, 

H3, H4), 7.48 (m, 1H, H5), 7.33 – 7.26 (m, 2H, H7, H6), 3.63 (s, 2H, CH2) 

 

22e (TB3) N-hydroxy-1-benzofuran-2-carboxamide  

Appearance: white powder 

Yield:  23 % 

Mw:  177.16 g/mol 

ESI-MS: 176.17 [M-H+]; 178.00 [M+H+] 

HPLC:  rt 8.72 min (99.75 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 11.49 (s, 1H, NHOH), 9.26 (s, 1H, NHOH), 7.76 (d, J = 

8.2 Hz, 1H, H4), 7.64 (d, J = 7.8 Hz, 1H, H7), 7.54 – 7.39 (m, 2H, H3, H6), 7.35 – 7.29 (m, 

J = 7.3 Hz, 1H; H5). 

 

22f (TB42) 4-chloro-N-hydroxy-1-benzofuran-2-carboxamide  

Appearance: pale powder  

O

O

HN OH

Cl

 

Yield: 19 % 

Mw: 211.6016 g/mol 

ESI-MS: 210.51 [M-H+] 

HR-MS: 212.0110 [M+H+] 

HPLC: 8.848 min (99.4 %) 

1H NMR (400 MHz, DMSO-d6) δ 11.29 (s, 1H, NHOH), 9.32 (s, 1H, NHOH), 7.59 – 7.43 

(m, 5H, H2-H6). 
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22g (TB45) N-hydroxy-7-methoxy-1-benzofuran-2-carboxamide  

Appearance: light grey powder 

O

O

HN OH

O
 

Yield: 63 % 

Mw: 207.1828 g/mol 

ESI-MS: 206.33 [M-H+] 

HR-MS: 208.0606 [M+H+] 

HPLC: 7.642 min (98.23 %) 

1H NMR (400 MHz, DMSO-d6) δ 11.47 (s, 1H, NHOH), 9.24 (s, 1H, NHOH), 7.45 (s, 1H, 

H3), 7.29 (d, J = 7.6 Hz, 1H, H4), 7.23 (t, J = 7.8 Hz, 1H, H5), 7.05 (d, J = 7.7 Hz, 1H, H6), 

3.96 (s, 3H, CH3). 

 

22h (TB46) N-hydroxy-7-ethoxy-1-benzofuran-2-carboxamide  

Appearance: pale pink powder 

O

O

HN OH

O
 

Yield: 41 % 

Mw: 221.2094 g/mol 

ESI-MS: 220.29 [M-H+] 

HR-MS: n.d. 

HPLC: 8.722 min (97.79 %) 

1H NMR (400 MHz, DMSO-d6) δ 11.46 (s, 1H, NHOH), 9.24 (s, 1H, NHOH), 7.44 (s, 1H, 

H3), 7.28 (d, J = 7.0 Hz, 1H, H4), 7.21 (t, J = 7.8 Hz, 1H, H5), 7.03 (d, J = 7.1 Hz, 1H, H6), 

4.26 (q, J = 7.0 Hz, 2H, CH2), 1.42 (t, J = 7.0 Hz, 3H, CH3). 

 

22i (TB4) N-hydroxy-1-benzothiophene-2-carboxamide  

Appearance:  white powder 

Yield:   89 % 

Mw:   193.22 g/mol 

ESI-MS: 192.20 [M-H+] 

HPLC:  8.44 min (99.77 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 11.46 (s, 1H, NHOH), 9.25 (s, 1H, NHOH), 8.02 (d, J = 

7.2 Hz, 1H, H7), 7.92 (m, 2H), 7.49 – 7.40 (m, 2H). 
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22j (TB5) 4-chloro-N-hydroxy-1-benzothiophene-2-carboxamide  

Appearance: pale pink /white powder 

Yield:  7 % 

Mw:  227.67 g/mol 

ESI-MS: 226.22 [M-H+] 

HR-MS:  227.9884 [M+H+] 

HPLC:  rt 12.12 min (99.15 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 11.63 (s, 1H, NHOH), 9.34 (s, 1H, NHOH), 8.06 (s, 1H, 

H3), 8.03 (d, J = 7.8 Hz, 1H, H7), 7.54 (d, J = 7.3 Hz, 1H, H5), 7.49 – 7.44 (m, 1H, H6). 

 

24a (TB7) (2E)-N-hydroxy-3-phenylprop-2-enamide  

Appearance: white powder 

Yield:  97% 

Mw:  163.12 g/mol 

ESI-MS: 162.17 [M-H+]; 313.11[2M-H+] 

HR-MS:  164.0706 [M+H+] 

HPLC:  rt 8.76 min (98.92 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.74 (s, 1H, NHOH), 9.02 (s, 1H, NHOH), 7.56 (d, J = 

6.8 Hz, 2H, H2, H6), 7.42 (m, 4H, Hβ, H3, H4, H5) 6.46 (d, J = 15.9 Hz, 1H, Hα). 

 

24b (TB8) (2E)-3-(2-chlorophenyl)-N-hydroxyprop-2-enamide  

Appearance: white powder 

Yield:  49 % 

Mw:  197.62 g/mol 

ESI-MS: 196.21 [M-H+] 

HR-MS:  198.0318 [M+H+] 

HPLC:  rt 10.50 min (99.83 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.85 (s, 1H, NHOH), 9.12 (s, 1H, NHOH), 7.74 (d, J = 

15.6 Hz, 1H, Hβ), 7.74 – 7.68 (m, 1H, H6), 7.55 – 7.50 (m, 1H, H4), 7.43 – 7.37 (m, 1H, 

H5), 6.51 (d, J = 15.9 Hz, 1H, Hα). 
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24c (TB77) (2E)-3-(3-chlorophenyl)-N-hydroxyprop-2-enamide  

Appearance: off-white powder 

N
H

O

Cl OH

 

Yield: 51 % 

Mw: 197.6181 g/mol 

ESI-MS: 196.23 [M-H+] 

HR-MS: 198.0315 [M+H+] 

HPLC: 8.004 min (97.81 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.09 (s, 1H, NHOH), 7.63 (s, 1H, 

H2), 7.53 (d, J = 3.5 Hz, 1H, H6), 7.48 – 7.36 (m, 3H, H4, H5, Hβ), 6.52 (d, J = 15.8 Hz, 

1H, Hα). 

 

24d (TB9) (2E)-3-(4-chlorophenyl)-N-hydroxyprop-2-enamide  

Appearance:  pale pink powder 

Yield:  55 % 

Mw:  197.62 g/mol  

ESI-MS:  196.18 [M-H+] 

HR-MS:  198.0318 [M+H+] 

HPLC:  rt 10.96 min (98.65 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.59 (d, J = 

8.4 Hz, 2H, H2, H6), 7.52 – 7.40 (m, 3H, H3, H5, Hβ), 6.46 (d, J = 15.9 Hz, 1H, Hα). 

 

24e (TB32) (2E)-3-(2,6-dichlorophenyl)-N-hydroxyprop-2-enamide  

Appearance: pale powder 

N
H

OCl

OH

Cl  

Yield: 65 % 

Mw: 232.06 g/mol 

ESI-MS: 230.14 [M-H+] 

HR-MS: 231.9927 [M+H+] 

HPLC: 9.759 min (98.835 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.95 (s, 1H, NHOH), 9.17 (s, 1H, NHOH), 7.55 (d, J = 

8.1 Hz, 2H, H3,H5), 7.49 (d, J = 16.1 Hz, 1H, Hβ), 7.41 – 7.35 (m, 1H, H4), 6.53 (d, J = 

16.1 Hz, 1H, Hα). 
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24f (TB51) (2E)-3-(2,4-dichlorophenyl)-N-hydroxyprop-2-enamide  

Appearance: pale powder 

N
H

O

Cl Cl

OH

 

Yield: 48 % 

Mw: 232.0628 g/mol 

ESI-MS: 230.17 [M-H+] 

HR-MS: 231.9928 [M+H+] 

HPLC: 10.161 min (99.41 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.88 (s, 1H, NHOH), 9.16 (s, 1H, NHOH), 7.72 (d, J = 

8.8 Hz, 1H, H6), 7.70 (d, J = 2.1 Hz, 1H, H3), 7.67 (d, J = 15.9 Hz, 1H, Hβ), 7.48 (dd, J = 

8.4, 1.8 Hz, 1H, H5), 6.53 (d, J = 15.7 Hz, 1H, Hα). 

 

24g (TB10) (2E)-3-(4-bromophenyl)-N-hydroxyprop-2-enamide  

Appearance: light pink powder 

Yield:  49 % 

Mw:  242.07 g/mol 

ESI-MS: 242.2 [M-H+] 

HPLC:  rt 11.37 min (99.35 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.61 (d, J = 

8.4 Hz, 2H, H2, H6), 7.52 (d, J = 8.5 Hz, 2H, H3, H5), 7.43 (d, J = 15.8 Hz, 1H, Hβ), 6.47 

(d, J = 15.9 Hz, 1H, Hα). 

  

24h (TB76) (2E)-3-(2-bromophenyl)-N-hydroxyprop-2-enamid  

Appearance: light tan powder 

N
H

O

OH

Br  

Yield: 58 % 

Mw: 242.0694 g/mol 

ESI-MS: 240.60 [M-H+] 

HR-MS: 241.9811[M+H+] 

HPLC: 8.419 min (99.48 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.86 (s, 1H, NHOH), 9.12 (s, 1H, NHOH), 7.73 – 7.64 

(m, J = 16.4 Hz, 3H, Hβ, H3, H6), 7.46 – 7.42 (m, J = 7.4 Hz, 1H, H5), 7.31 (dd, J = 10.9, 

4.4 Hz, 1H, H4), 6.47 (d, J = 15.7 Hz, 1H, Hα). 
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24i (TB53) (2E)-3-(2-bromo-5-fluorophenyl)-N-hydroxyprop-2-enamide  
Appearance: off-white powder 

N
H

O

F

Br

OH

 

Yield: 53 % 

Mw: 260.0598 g/mol 

ESI-MS: 258.29 [M-H+] 

HR-MS: n.d. 

1H NMR (400 MHz, DMSO-d6) δ 10.87 (s, 1H, NHOH), 9.16 (s, 1H, NHOH), 7.74 (dd, J 

= 8.9, 5.4 Hz, 1H, H6), 7.63 (d, J = 15.6 Hz, 1H, Hβ), 7.55 (dd, J = 9.8, 2.8 Hz, 1H, H3), 

7.22 (td, J = 8.5, 3.0 Hz, 1H, H4), 6.52 (d, J = 15.7 Hz, 1H, Hα). 

 

24j (TB54) (2E)-3-(2-fluoro-5-methoxyphenyl)-N-hydroxyprop-2-enamide  
Appearance: pale tan powder 

N
H

O

F

O OH

 

Yield: 56 % 

Mw: 211.1897 g/mol 

ESI-MS: 210.27 [M-H+] 

HR-MS: 212.0716 [M+H+] 

HPLC: 13.304 min (91.45 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.82 (s, 1H, NHOH), 9.09 (s, 1H, NHOH), 7.47 (d, J = 

16.0 Hz, 1H, Hβ), 7.23 – 7.14 (m, 2H, H3, H6), 6.97 (m, J = 8.9, 3.7 Hz, 1H, H4), 6.58 (d, J 

= 16.0 Hz, 1H, Hα), 3.77 (s, 3H, CH3). 

 

24k (TB15) (2E)-3-[4-(dimethylamino)phenyl]-N-hydroxyprop-2-enamide  
Appearance: pale red powder 

Yield:  26 % 

Mw:  206.24 g7mol 

ESI-MS: 205.20 [M-H+], 207.05 [M+H+] 

HPLC:  3.32 min (98.21 %) 

 

1H NMR (500 MHz, DMSO-d6) δ 10.51 (s, 1H, NHOH), 8.79 (s, 1H, NHOH), 7.38 (d, J = 

8.5 Hz, 2H), 7.33 (d, J = 15.6 Hz, 1H, Hβ), 7.10 (d, J = 8.5 Hz, 2H, H3, H5), 6.73 (d, J = 8.8 

Hz, 2H, H2, H6), 6.19 (d, J = 15.4 Hz, 1H, Hα), 2.95 (d, J = 3.1 Hz, 6H, CH3, CH3). 
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24l (TB14) (2E)-N-hydroxy-3-(4-hydroxyphenyl)prop-2-enamide  

Appearance: light pink powder 

Yield:  15.6 % 

Mw:  179.17 g/mol 

ESI-MS: 178.24 [M-H+] 

HPLC:  rt: 6.80 min (90.23 %) 

 

1H NMR (500 MHz, DMSO-d6) δ 10.64 (d, J = 15.7 Hz, 1H, NHOH), 8.91 (s, 1H, NHOH), 

7.37 (d, J = 8.6 Hz, 2H, H3, H5), 7.30 (d, J = 15.9 Hz, 1H, Hβ), 6.78 (d, J = 8.6 Hz, 2H, H2, 

H6), 6.24 (d, J = 15.6 Hz, 1H, Hα). 

 

24m (TB33) (2E)-N-hydroxy-3-(4-hydroxy-3-methoxyphenyl)prop-2-enamide  

Appearance: light red powder 

N
H

O

O

HO

OH

 

Yield: 49 % 

Mw: 209.07 g/mol 

ESI-MS: 208.22 [M-H+] 

HR-MS: 210.0763 [M+H+] 

HPLC: 5.613 min (96.71 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H, NHOH), 9.40 (s, 1H, NHOH), 7.35 (d, J = 

15.7 Hz, 1H, Hβ), 7.12 (s, 1H, H6), 6.99 (d, J = 8.1 Hz, 1H, H2), 6.78 (d, J = 8.1 Hz, 1H, 

H3), 6.27 (d, J = 15.7 Hz, 1H, Hα), 3.80 (s, 3H, CH3). 

 

24n (TB16) (2E)-3-(4-ethoxy-3-hydroxyphenyl)-N-hydroxyprop-2-enamide  

Appearance: pale red powder 

Yield:  33 % 

Mw:  223.23 g/mol 

ESI-MS: 222.19 [M-H+] 

HR-MS:  224.0921 [M+H+] 

HPLC:  6.51 min (93.89 %) 

 

1H NMR (500 MHz, DMSO-d6) δ 10.57 (s, 1H, NHOH), 9.34 (s, 1H, NHOH), 7.33 (d, J = 

15.8 Hz, 1H, Hβ), 7.09 (s, 1H, H2), 6.98 (d, J = 8.2 Hz, 1H, H6), 6.79 (d, J = 8.1 Hz, 1H, 

H5), 6.25 (t, J = 12.3 Hz, 1H, Hα), 4.09 – 4.01 (m, 2H, CH2), 1.34 (t, J = 7.0 Hz, 3H, CH3). 
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24o (TB31) (2E)-N-hydroxy-3-(4-methoxyphenyl)prop-2-enamide  
Appearance: light powder 

N
H

O

O

OH

 

Yield: 50 % 

Mw: 193.20 g/mol 

ESI-MS: 192.24 [M-H+] 

HR-MS: 194.0812 [M+H+] 

HPLC: 6.518 min (96.99 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.64 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.50 (d, J = 

8.4 Hz, 1H), 7.40 (d, J = 15.7 Hz, 1H, Hβ), 6.97 (d, J = 8.6 Hz, 1H), 6.31 (d, J = 15.8 Hz, 

1H, Hα), 3.78 (s, 1H). 

 

24p (TB44) (2E)-N-hydroxy-3-(3-methoxyphenyl)prop-2-enamide  
Appearance: pale powder 

N
H

O

OHO

 

Yield: 37 % 

Mw: 193.1993 g/mol 

ESI-MS: 192.27 [M-H+] 

HR-MS: 194.0612 [M+H+] 

HPLC: 7.567 min (99.95 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.73 (s, 1H, NHOH), 9.03 (s, 1H, NHOH), 7.43 (d, J = 

15.8 Hz, 1H, Hβ ), 7.32 (t, J = 7.9 Hz, 1H, H5), 7.13 (d, J = 7.9 Hz, 1H, H6), 7.11 (s, 1H, 

H2), 6.94 (dd, J = 8.2, 2.1 Hz, 1H, H4), 6.46 (d, J = 15.8 Hz, 1H, Hα), 3.78 (s, 3H, CH3). 

 

24q (TB43) (2E)-3-(4-ethoxyphenyl)-N-hydroxyprop-2-enamide  

Appearance: pale powder 

N
H

O

O

OH

 

Yield: 35 % 

Mw: 207.2259 g/mol 

ESI-MS: 206.28 [M-H+] 

HR-MS: 208.0968 [M+H+] 

HPLC: 7.093 min (97.92 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.63 (s, 1H, NHOH), 8.93 (s, 1H, NHOH), 7.48 (d, J = 

8.5 Hz, 2H, H3, H5), 7.39 (d, J = 15.8 Hz, 1H, Hβ), 6.95 (d, J = 8.7 Hz, 2H, H2, H6), 6.30 

(d, J = 15.6 Hz, 1H, Hα), 4.05 (q, J = 6.9 Hz, 2H, CH2), 1.33 (t, J = 7.0 Hz, 3H, CH3). 

 

 



126  Experimental part 

24r (TB58) (2E)-3-(2-ethoxyphenyl)-N-hydroxyprop-2-enamide  

Appearance: white powder 

N
H

O

OH

O

 

Yield: 35 % 

Mw: 207.2259 g/mol 

ESI-MS: n.d. 

HR-MS: 208.0971M+H+] 

HPLC: 8.554 min (91.98 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 7.67 (d, J = 

15.9 Hz, 1H, Hβ), 7.49 (d, J = 6.5 Hz, 1H, H6), 7.36 – 7.30 (m, 1H, H4), 7.05 (d, J = 7.9 Hz, 

1H, H5), 6.96 (m, J = 7.5 Hz, 1H, H3), 6.51 (d, J = 15.9 Hz, 1H, Hα), 4.11 (q, J = 7.0 Hz, 

2H, CH2), 1.39 (t, J = 7.0 Hz, 3H, CH3). 

 

24s (TB11) (2E)-N-hydroxy-3-(3,4,5-trimethoxyphenyl)prop-2-enamide  

Appearance: pale pink powder 

Yield:  34.2 % 

Mw:  253.25 g/mol 

ESI-MS: 252.18 [M-H+], 253.98 [M+H+] 

HR-MS:  276.0846 [M+Na+] 

HPLC:  rt 8.85 min (98.28 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.66 (s, 1H, NHOH), 8.98 (s, 1H, NHOH), 7.40 (d, J = 

15.9 Hz,1H, Hβ), 6.89 (s, 2H, H2, H6), 6.41 (d, J = 15.7 Hz, 1H, Hα), 3.81 (s, 6H, 2xCH3), 

3.68 (s, 3H, CH3). 

 

24t (TB57) (2E)-3-[2-(4-chlorophenoxy)phenyl]-N-hydroxyprop-2-enamide  
Appearance: pale powder 

N
H

O

O

Cl

OH

 

Yield: 55 % 

Mw: 289.71.34 g/mol 

ESI-MS: 288.26 [M-H+] 

HR-MS: 290.0585 [M+H+] 

1H NMR (400 MHz, DMSO-d6) δ 10.78 (s, 1H,NHOH), 9.02 (s, 1H, NHOH), 7.73 – 7.67 

(m, 1H, H6), 7.58 (d, J = 15.9 Hz, 1H, Hβ), 7.46 – 7.37 (m, 3H, H6, H3’, H5’), 7.25 (t, J = 

7.3 Hz, 1H, H4), 7.01 – 6.95 (m, 3H, H5, H2’, H6’), 6.55 (d, J = 15.9 Hz, 1H, Hα). 
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(2E)-N-hydroxy-3-[2-(4-methoxyphenoxy)phenyl]prop-2-enamide TB55 

Appearance: off-white powder 

N
H

O

O

O

OH

 

Yield: 57 % 

Mw: 285.2946 g/mol 

ESI-MS: n.d. 

HR-MS: 286.1086 [M+H+] 

HPLC: X min (y %) 

1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.01 (s, 1H, NHOH), 7.69 (d, J = 

16.0 Hz, 1H, Hβ), 7.65 (d, J = 6.5 Hz, 1H, H6), 7.35 – 7.30 (m, 1H, H4), 7.14 (m, J = 7.6 

Hz, 1H, H5), 7.01 – 6.94 (m, 4H, H2’, H3’, H5’, H6’), 6.78 (d, J = 7.5 Hz, 1H, H3), 6.57 (d, 

J = 16.0 Hz, 1H, Hα), 3.75 (s, 3H, CH3). 

  

24v (TB27) (2E)-N-hydroxy-3-[2-(3-methoxyphenoxy)phenyl]prop-2-enamide  

Appearance: off-white powder 

Yield:  32 % 

Mw:  285.2946 g/mol 

ESI-MS: 284.29 [M-H+] 

HR-MS:          286.1075 [M+H+] 

HPLC:  6.51 min (93.89 %) 

N
H

O

O

O

OH

 

1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H, NHOH), 9.01 (s, 1H, NHOH), 7.69 (d, J = 

7.7 Hz, 1H, H6), 7.61 (d, J = 15.9 Hz, 1H, Hβ), 7.39 (t, J = 7.8 Hz, 1H, H3, H4), 7.30 – 7.25 

(m, 1H, H5), 7.22 (d, J = 7.4 Hz, 1H, H5’), 6.96 (d, J = 7.8 Hz, 1H), 6.72 (d, J = 8.4 Hz, 1H), 

6.57 (s, 1H), 6.53 (s, 1H, H2’), 6.48 (d, J = 8.2 Hz, 1H), 3.74 (s, 3H, CH3). 

  

24w (TB72) (2E)-N-hydroxy-3-(3-phenoxyphenyl)prop-2-enamide  

Appearance: off-white powder 

N
H

O

OH

O

 

Yield: 39 % 

Mw: 255.2687 g/mol 

ESI-MS: 254.30 [M-H+] 

HR-MS: 256.0969 [M+H+] 

HPLC: 10.800 min (96.96 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.47 – 7.36 

(m, 4H, Hβ, H3’, H4’, H5’), 7.33 (d, J = 7.7 Hz, 1H, H6), 7.22 – 7.13 (m, 2H, H2, H5), 7.04 

(dd, J = 8.6, 0.9 Hz, 2H, H2’, H6’), 7.00 (dd, J = 8.0, 1.8 Hz, 1H, H4), 6.43 (d, J = 15.8 Hz, 

1H, Hα). 
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24x (TB87) (2E)-3-{2-[(4-chlorophenyl)sulfanyl]phenyl}-N-hydroxyprop-2-enamide  

Appearance: pale powder 

N
H

O

S

OH

Cl  

Yield: 28 % 

Mw: 305.7800 g/mol 

ESI-MS: 304.21x [M-H+] 

HR-MS: 306.0348 [M+H+] 

HPLC: 11.971 min (100.00 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.79 (s, 1H, NHOH), 9.07 (s, 1H, NHOH), 7.88 (d, J = 

15.7 Hz, 1H, Hβ), 7.72 (d, J = 7.6 Hz, 1H, H6), 7.51 – 7.44 (m, 1H, H5), 7.44 – 7.35 (m, 

4H, H3, H4, H3’, H5’), 7.20 – 7.14 (m, 2H, H2’, H6’), 6.45 (d, J = 15.7 Hz, 1H, Hα). 

 

24y (TB59) (2E)-3-[2-(benzyloxy)phenyl]-N-hydroxyprop-2-enamide  

Appearance: light pink powder 

N
H

OO

OH

 

Yield: 12 % 

Mw: 269.2952 g/mol 

ESI-MS: 268.20 [M-H+] 

HR-MS: 270.1128 [M+H+] 

HPLC: 8.615 min (99.07 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 7.75 (d, J = 

16.0 Hz, 1H, Hβ), 7.53 (d, J = 7.0 Hz, 1H, H6), 7.47 (d, J = 7.0 Hz, 2H, H2’, H6’), 7.43 – 

7.37 (m, 2H, H3’, H5’), 7.37 – 7.29 (m, 2H, H4, H4’), 7.14 (d, J = 8.2 Hz, 1H, H3), 6.98 (t, 

J = 7.4 Hz, 1H, H5), 6.48 (d, J = 16.0 Hz, 1H, Hα), 5.21 (s, 2H, CH2). 

  

24z (TB64) (2E)-3-[3-(benzyloxy)phenyl]-N-hydroxyprop-2-enamide  
Appearance: light tan powder 

N
H

O

O

OH

 

Yield: 16 % 

Mw: 269.2952 g/mol 

HR-MS: 270.1126 [M+H+] 

HPLC: 11.233 min (99.912 %) 

1H NMR (500 MHz, DMSO-d6) δ 10.73 (s, 1H, NHOH), 9.02 (s, 1H, NHOH), 7.48 – 7.30 

(m, 7H, Hβ, H5. H2’, H3’, H4’, H5’, H6’), 7.20 (m, 1H, H2), 7.14 (d, J = 7.5 Hz, 1H, H6), 

7.02 (d, J = 8.1 Hz, 1H, H4), 6.46 (d, J = 15.8 Hz, 1H, Hα), 5.14 (s, 2H, CH2). 
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24za (TB12) (2E)-3-[4-(benzyloxy)phenyl]-N-hydroxyprop-2-enamide  

Appearance: pale pink powder 

Yield:  15.6 % 

Mw:  269.30 g/mol 

ESI-MS: 268.17 [M-H+], 270.07 [M+H+] 

HPLC:  rt 13.10 min (97.53 %) 

 

1H NMR (400 MHz, DMSO-d6) δ 10.62 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.54 – 7.29 

(m, J = 24.6, 17.1, 7.7 Hz, 8H, Hβ, H3, H5, H2’, H3’, H4’, H5’, H6’), 7.04 (d, J = 8.6 Hz, 

2H, H2, H6), 6.31 (d, J = 15.9 Hz, 1H, Hα), 5.14 (s, 2H, CH2). 

 

24zb (TB67) (2E)-3-[4-(benzyloxy)-3-chlorophenyl]-N-hydroxyprop-2-enamide  
Appearance: pale tan powder 

N
H

O

O

OH

Cl  

Yield: 38 % 

Mw: 303.7400 g/mol 

ESI-MS: 302.15 [M-H+] 

HR-MS: n.d. 

HPLC: 11.945 min (100.00 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.66 (s, 1H, NHOH), 9.00 (s, 1H, NHOH), 7.67 (d, J = 

1.8 Hz, 1H, H2), 7.50 (dd, J = 8.6, 1.7 Hz, 1H, H6), 7.49 – 7.38 (m, 5H, Hβ, H2’, H3’, H5’, 

H6’), 7.37 – 7.32 (m, 1H, H4’), 7.27 (d, J = 8.6 Hz, 1H, H5), 6.37 (d, J = 15.8 Hz, 1H, Hα), 

5.25 (s, 2H, CH2). 

 

 

24zc (TB38) (2E)-3-[4-(benzyloxy)-3-methoxyphenyl]-N-hydroxyprop-2-enamide  

Appearance: off-white powder 

N
H

O

O

O

OH

 

Yield: 57 % 

Mw: 299.12 g/mol 

ESI-MS: 298.24 [M-H+] 

HR-MS: 300.1232 [M+H+] 

HPLC: 10.55 min (99.14 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.62 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.46 – 7.31 

(m, 6H, Hβ, 5Ar’H), 7.18 (s, 1H, H2), 7.09 (d, J = 8.7 Hz, 1H, H6), 7.06 (d, J = 8.3 Hz, 1H, 

H5), 6.34 (d, J = 15.7 Hz, 1H, Hα), 5.12 (s, 2H, CH2), 3.81 (s, 3H, CH3). 
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24zd (TB93) (2E)-3-[2-(benzyloxy)-6-methoxyphenyl]-N-hydroxyprop-2-enamide  

Appearance: off-white powder 

N
H

OO

O

OH

 

Yield: 45 % 

Mw: 299.3212 g/mol 

ESI-MS: 298.25 [M-H+] 

HR-MS: 300.1230 [M+H+] 

HPLC: n.d. 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 9.00 (s, 1H, NHOH), 7.71 (d, J = 

16.1 Hz, 1H, Hβ), 7.45 (d, J = 6.8 Hz, 2H, H2’, H6’), 7.41 – 7.31 (m, 3H, H6, H3’, H5’), 

7.11 (t, J = 6.7 Hz, 3H, H4, H5, H4’), 6.43 (d, J = 15.9 Hz, 1H, Hα), 4.96 (s, 2H, CH2), 3.85 

(s, 3H, CH3). 

 

24ze (TB91) (2E)-3-{2-[(4-chlorophenyl)methoxy]phenyl}-N-hydroxyprop-2-enamide  

Appearance: pale powder 

N
H

OO

Cl
OH

 

Yield: 55 % 

Mw: 303.7400 g/mol 

ESI-MS: 302.17 [M-H+] 

HR-MS: 304.0734 [M+H+] 

HPLC: 11.445 min (99.59 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.98 (s, 1H, NHOH), 7.73 (d, J = 

16.0 Hz, 1H, Hβ), 7.53 (d, J = 6.9 Hz, 1H, H6), 7.51 – 7.44 (m, 4H, H2’, H3’, H5’, H6’), 

7.33 (t, J = 7.2 Hz, 1H, H5), 7.12 (d, J = 8.2 Hz, 1H, H3), 6.99 (t, J = 7.5 Hz, 1H, H4), 6.49 

(d, J = 15.9 Hz, 1H, Hα), 5.21 (s, 2H, CH2). 

 

24zf (TB92) (2E)-3-{2-[(2,4-dichlorophenyl)methoxy]phenyl}-N-hydroxyprop-2-enamide  

Appearance: light grey powder 

N
H

OO

Cl

Cl

OH

 

Yield: 49 % 

Mw: 338.1848  g/mol 

ESI-MS: 336.12 [M-H+] 

HR-MS: 338.0347 [M+H+] 

HPLC: 12.794 min (98.03 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.98 (s, 1H, NHOH), 7.73 (d, J = 

16.0 Hz, 1H, Hβ), 7.53 (d, J = 6.9 Hz, 1H, H6), 7.51 – 7.44 (m, 4H, H2’, H3’, H5’, H6’), 

7.33 (t, J = 7.2 Hz, 1H, H5), 7.12 (d, J = 8.2 Hz, 1H, H3), 6.99 (t, J = 7.5 Hz, 1H, H4), 6.49 

(d, J = 15.9 Hz, 1H, Hα), 5.21 (s, 2H, CH2). 
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24zg (TB98) (2E)-3-{2-[(2,6-dichlorophenyl)methoxy]phenyl}-N-hydroxyprop-2-enamide  

Appearance: pale red powder 

N
H

O

O Cl

Cl

OH

 

Yield: 61 % 

Mw: 338.1848 g/mol 

ESI-MS: 338.46 [M+H+] 

HR-MS: 338.0340 [M+H+] 

HPLC: 11.678 min (97.69 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.67 (s, 1H, NHOH), 8.93 (s, 1H, NHOH), 7.65 – 7.47 

(m, 5H, Hβ, H6, H3’, H4’, H5’), 7.41 (dd, J = 12.0, 4.9 Hz, 1H, H4), 7.31 (d, J = 8.1 Hz, 

1H, H3), 7.05 (t, J = 7.4 Hz, 1H, H5), 6.37 (d, J = 15.9 Hz, 1H, Hα), 5.30 (s, J = 11.7 Hz, 

2H, CH2). 

 

24zh (TB56) (2E)-3-(dibenzo[b,d]furan-4-yl)-N-hydroxyprop-2-enamide  

Appearance: pale pink powder 

N
H

O

O

OH

 

Yield: 26 % 

Mw: 253.2528 g/mol 

ESI-MS: 252.34 [M-H+] 

HR-MS: 254.0809 [M+H+] 

HPLC: 12.028 min (99.376 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H, NHOH), 9.11 (s, 1H, NHOH), 8.22 – 8.16 

(m, 2H), 7.81 – 7.70 (m, 3H), 7.59 (ddd, J = 8.4, 7.4, 1.3 Hz, 1H), 7.45 (dd, J = 10.8, 4.3 Hz, 

2H), 7.02 (d, J = 15.9 Hz, 1H, Hα). 

 

24zi (TB73) (2E)-3-(dibenzo[b,d]thiophen-4-yl)-N-hydroxyprop-2-enamide  

Appearance: off-white powder 

N
H

O

S

OH

 

Yield: 33 % 

Mw: 269.3194 g/mol 

ESI-MS: 268.51 [M-H+] 

HR-MS: 270.0582 [M+H+] 

HPLC: 12.303 min (99.59 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 1H, NHOH), 9.15 (s, 1H, NHOH), 8.43 (d, J = 

7.9 Hz, 2H, H1, H9), 8.13 – 8.07 (m, 1H, H6), 7.78 (d, J = 7.7 Hz, 1H3), 7.72 (d, J = 15.8 

Hz, 1H, Hβ), 7.63 – 7.54 (m, 3H, H2, H7, H8), 6.74 (d, J = 15.9 Hz, 1H, Hα). 
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24zj (TB75) (2E)-N-hydroxy-3-(naphthalen-2-yl)prop-2-enamide  

Appearance: off-white powder 

N
H

O

OH

 

Yield: 62 % 

Mw: 213.2320 g/mol 

ESI-MS: 212.28 [M-H+] 

HR-MS: 214.0864 [M+H+] 

HPLC: 10.475 min (99.38 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.80 (s, 1H, NHOH), 9.07 (s, 1H, NHOH), 8.07 (s, 1H, 

H1), 7.97 – 7.89 (m, 3H, H5, H6, H8), 7.71 (d, J = 8.7 Hz, 1H, H3), 7.62 (d, J = 15.8 Hz, 

1H, Hβ), 7.54 (m, J = 6.3, 3.1 Hz, 2H, H4, H7), 6.60 (d, J = 15.8 Hz, 1H, Hα). 

 

24zk (TB78) (2E)-N-hydroxy-3-(naphthalen-1-yl)prop-2-enamide  

Appearance: off-white powder 

N
H

O

OH

 

Yield: 52 % 

Mw: 213.2320 g/mol 

ESI-MS: n.d. 

HR-MS: 214.0862 [M+H+] 

HPLC: 10.153 min (99.52 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.87 (s, 1H, NHOH), 9.10 (s, 1H, NHOH), 8.22 (d, J = 

16.5 Hz, 1H, Hβ), 8.19 (d, J = 9.1 Hz, 1H, H8), 8.01 – 7.94 (m, 2H, H4, H5), 7.76 (d, J = 7.2 

Hz, 1H, H2), 7.65 – 7.52 (m, 3H, H3, H6, H7), 6.55 (d, J = 15.6 Hz, 1H, Hα). 

 

24zl (TB37) (2E)-N-hydroxy-2-methyl-3-phenylprop-2-enamide  

Appearance: pale powder 

N
H

O

OH

 

Yield: 66 % 

Mw: 177.20 g/mol 

ESI-MS: 176.34 [M-H+] 

HR-MS: 178.0862 [M+H+] 

HPLC: 2.773 min (99.702 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.81 (s, 1H, NHOH), 8.84 (s, 1H, NHOH), 7.41 (dt, J = 

4.3, 1.7 Hz, 2H, H3, H5), 7.38 (dd, J = 5.5, 2.9 Hz, 2H, H2, H6), 7.31 (ddd, J = 6.0, 3.6, 1.7 

Hz, 1H, H4), 7.12 (s, 1H, Hβ), 1.98 (d, J = 1.5 Hz, 3H, CH3). 
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24zm (TB40) N-hydroxy-3-phenylprop-2-ynamide  

Appearance: pale powder 

N
H

O

OH

 

Yield: 34 % 

Mw: 161.20 g/mol 

ESI-MS: 160.24 [M-H+] 

HR-MS: 162.0551 [M+H+] 

HPLC: 6.451 min (97.84 %) 

1H NMR (400 MHz, DMSO-d6) δ 11.29 (s, 1H, NHOH), 9.32 (s, 1H, NHOH), 7.59 – 7.43 

(m, 5H, H2-H6). 

 

26a (TB89) N-hydroxy-2-phenoxypropanamide  

Appearance: off-white powder 

O
N
H

O

OH

 

Yield: 70 % 

Mw: 181.1886 g/mol 

ESI-MS: 180.10 [M-H+] 

HR-MS: 204.0630[M+Na+] 

HPLC: 8.218 min (99.56 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.81 (s, 1H, NHOH), 8.90 (s, 1H, NHOH), 7.31 – 7.25 

(m, 2H, H3, H5), 6.97 – 6.88 (m, 3H, H2, H4, H6), 4.65 (q, J = 6.6 Hz, 1H, Hα), 1.43 (d, J 

= 6.6 Hz, 3H, CH3). 

 

26b (TB88) N-hydroxy-2-(2-methylphenoxy)acetamide  

Appearance: off-white powder 

O
N
H

O

OH

 

Yield: y % 

Mw: 181.1886 g/mol 

ESI-MS: 180.10 [M-H+] 

HR-MS: 182.0810 [M+H+] 

HPLC: 5.433 min (98.99 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 7.18 – 7.09 

(m, J = 7.6 Hz, 2H, H3, H5), 6.90 – 6.80 (m, 2H, H4, H6), 4.46 (s, 2H, CH2), 2.20 (s, 3H, 

CH3). 
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26c (TB96) N-hydroxy-2-(2-methoxyphenoxy)acetamide  

Appearance: pale powder 

O
N
H

O

OH

O

 

Yield: 51 % 

Mw: 197.1880 g/mol 

ESI-MS: n.d. 

HR-MS: 198.0763 [M+H+] 

HPLC: 4.882 min (95.81 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.70 (s, 1H, NHOH), 8.96 (s, 1H, NHOH), 6.97 (dd, J 

= 12.7, 4.7 Hz, 1H), 6.93 (d, J = 7.3 Hz, 2H), 6.89 – 6.83 (m, 1H), 4.40 (s, 2H, CH2), 3.77 

(s, 3H, CH3). 

 

26d (TB79) 2-[(3,4-dimethoxyphenyl)sulfanyl]-N-hydroxyacetamide  

Appearance: pale powder 
S

N
H

O

O OH

O  

Yield: 56 % 

Mw: 243.2806 g/mol 

ESI-MS: 242.13 [M-H+] 

HR-MS: 244.0638 [M+H+] 

HPLC: 5.488 min (97.09 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.58 (s, 1H, NHOH), 8.94 (s, 1H, NHOH), 7.02 (d, J = 

2.0 Hz, 1H, H6), 6.94 (d, J = 2.1 Hz, 1H, H5), 6.91 (s, 1H, H2), 3.75 (s, J = 2.6 Hz, 3H, C3-

O-CH3), 3.73 (s, 3H, C4-O-CH3), 3.42 (s, 2H, CH2). 

 

26e (TB94) 2-[(2,5-dichlorophenyl)sulfanyl]-N-hydroxyacetamide  

Appearance: pale powder 

S
N
H

O

OHCl

Cl  

Yield: 63 % 

Mw: 252.1181 g/mol 

ESI-MS: 249.98 [M-H+] 

HR-MS: 251.9649 [M+H+] 

HPLC: 8.028 min (98.88 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.78 (s, 1H, NHOH), 9.07 (s, 1H, NHOH), 7.52 (d, J = 

2.4 Hz, 1H, H6), 7.47 (d, J = 8.5 Hz, 1H, H3), 7.26 (dd, J = 8.5, 2.4 Hz, 1H, H4), 3.70 (s, 

2H, CH2). 
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26f (TB103) 2-[(4-chlorophenyl)sulfanyl]-N-hydroxyacetamide 

Appearance: white powder 

S
N
H

O

OH

Cl  

Yield: 31% 

Mw: 216.9964 g/mol 

ESI-MS: n.d. 

HR-MS: n.d. 

HPLC: 6.585min (95.37 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.69 (s, 1H), 8.99 (s, 1H), 7.43 – 7.34 (m, 4H), 

3.54 (s, 2H). 

 

26g (TB104) 2-[(2,6-dichlorophenyl)sulfanyl]-N-hydroxyacetamide  

Appearance: white powder 

S
N
H

O

OH

Cl

Cl

 

Yield: 17 % 

Mw: 252.1181 g/mol 

ESI-MS: 250.21 [M-H+] 

HR-MS: n.d. 

HPLC: 7.348 min (98.85 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.79 (s, 1H), 9.27 (s, 1H), 7.58 (d, J = 2.5 Hz, 1H), 

7.38 (dd, J = 8.9, 2.5 Hz, 1H), 7.09 (d, J = 8.9 Hz, 1H), 4.56 (s, 2H). 

 

26h (TB105) 2-(2,4-dichlorophenoxy)-N-hydroxyacetamide 
 

Appearance: white powder 

O
N
H

O

OH

Cl

Cl  

Yield: 46 % 

Mw: 236.0515 g/mol 

ESI-MS: n.d. 

HR-MS: n.d. 

HPLC: 7.406 min (92.456%) 

1H NMR (400 MHz, DMSO-d6) δ 10.69 (s, 1H), 8.99 (s, 1H), 7.43 – 7.34 (m, 4H), 

3.54 (s, 2H). 
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26i (TB90) N-hydroxy-2-[(naphthalen-2-yl)oxy]acetamid  

Appearance: pale powder 

O
N
H

O

OH

 

Yield: 67 % 

Mw: 217.2207 g/mol 

ESI-MS: n.d. 

HR-MS: 240.0631[M+Na+] 

HPLC: 8.228 min (97.388 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.90 (s, 1H, NHOH), 8.99 (s, 1H, NHOH), 7.84 (dd, J 

= 8.4, 3.1 Hz, 2H, H4, H5), 7.78 (d, J = 8.1 Hz, 1H, H8), 7.46 (dd, J = 11.1, 4.0 Hz, 1H, H7), 

7.36 (dd, 1H, H6), 7.30 (d, J = 2.3 Hz, 1H, H1), 7.24 (dd, J = 8.9, 2.5 Hz, 1H, H3), 4.59 (s, 

2H, CH2). 

 

26j (TB9) 7N-hydroxy-2-[(naphthalen-1-yl)oxy]acetamide  

Appearance: grey powder 

O
N
H

O

OH

 

Yield: 43 % 

Mw: 217.2207 g/mol 

ESI-MS: 216.34 [M-H+] 

HR-MS: 218.0813 [M+H+] 

HPLC: 8.303 min (97.71 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.92 (s, 1H, NHOH), 9.02 (s, 1H, NHOH), 8.33 (d, J = 

7.5 Hz, 1H, H8), 7.89 – 7.86 (m, 1H, H4), 7.56 – 7.48 (m, 3H, H5, H6, H7), 7.41 (t, J = 8.0 

Hz, 1H, H3), 6.92 (d, J = 7.6 Hz, 1H, H2), 4.66 (s, 2H, CH2). 

 

26k (TB80) 2-[(8-chloronaphthalen-1-yl)sulfanyl]-N-hydroxyacetamide  

Appearance: pale powder 

S
N
H

O

OH

Cl

 

Yield: 33 % 

Mw: 267.7320 g/mol 

ESI-MS: 266.29 [M-H+] 

HR-MS: 268.0194[M+H+] 

HPLC: 10.166 min (96.83 %) 

1H NMR (400 MHz, DMSO-d6) δ 10.76 (s, 1H, NHOH), 9.01 (s, 1H, NHOH), 7.92 (dd, J 

= 8.1, 0.9 Hz, 1H, H5), 7.80 (d, J = 7.5 Hz, 1H, H3), 7.64 (dd, J = 7.5, 1.2 Hz, 1H, H7), 7.58 

(d, J = 6.9 Hz, 1H, H2), 7.47 (dt, J = 7.8, 2.7 Hz, 2H, H3, H6), 3.63 (s, 2H, CH2). 
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28a (TB83) 4-[(2-chloro-5-oxo-5λ4-phenothiazin-10(5H)-yl)methyl]-N-hydroxybenzamide  

Appearance: pale blue powder 

S

N

O

N
H

O

Cl

OH

 

Yield: 37 % 

Mw: 398.8635 g/mol 

ESI-MS: 397.05 [M-H+] 

HR-MS: 399.0563[M+H+] 

HPLC: 9.910 min (97.95 %) 

1H NMR (400 MHz, DMSO-d6) δ 11.15 (s, 1H, NHOH), 9.00 (s, 1H, NHOH), 8.07 (d, J = 

8.3 Hz, 1H, H4’), 8.03 (dd, J = 7.7, 1.6 Hz, 1H, H6’), 7.69 (d, J = 8.4 Hz, 2H, H2, H6), 

7.63 (ddd, J = 8.7, 7.2, 1.6 Hz, 1H, H7’), 7.41 (d, J = 1.6 Hz, 1H, H1’), 7.38 (d, J = 8.6 Hz, 

1H, H9’), 7.36 – 7.31 (m, J = 11.0, 6.3, 1.3 Hz, 2H, H3’, H8’), 7.21 (d, J = 8.3 Hz, 2H, H3, 

H5), 5.81 – 5.68 (m, 2H, CH2). 
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6.4 Biological assays 

 

6.4.1 Pharmacokinetic studies (Kancera/Adlego) 

Preparation of dose solutions for Stage 1 PK study of 24zh (TB56) and 24x (TB87) 

Test compound concentration: 5 mg/ml  

Dosing p.o.: one dose 50 mg/kg  

Dosing i.v.: one dose 50 mg/kg 

Final formulation: 7% DMSO, and 35% w/v HPβCD in Dubelcco’s Phosphate buffered 

saline (DPBS), pH 6-8.  

Storage:  room temperature. 

Solutions necessary to prepare the dosing solution 

DMSO 

50% w/v solution of HPβCD in distilled water 

Dubelcco’s Phosphate buffered saline (DPBS) 

HCl and NaOH solutions for pH corrections if needed 

Preparation of 50% w/v solution of HPβCD in distilled water 

(2-hydroxypropyl)--cyclodextrin from Sigma-Aldrich (332607-100G; Lot # 

BCBN8227V) was used. Test preparing the 50% HPCD solution well before making the 

formulation.  

For the preparation e.g. a bit more than 10 ml of a 50% (w/v) HPCD solution: 

 10 g of HPCD were weighed into a glass beaker. 

10 ml of distilled water was added, then the beaker was installed on a slow moving shaking 

table for 2-4 hours. Very slowly the powder becomes wet and eventually dissolves. After 

all powder has dissolved and the mixture looks homogenous it is sonicated and transferred 

to a Falcon tube. 

The solution was stored at room temperature. 
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Formulation for 24zh (TB56) and 24x (TB87) (5 mg/ml; 7% DMSO, 35% HPbCD in 

DPBS, pH ca 7). The compound was weighed into a glass vial and dissolved in DMSO 

(7 % of the final volume). 

An appropriate volume of 50% HPβCD solution was added to end up with 35% HPCD in 

the calculated final volume. The mixture was again sonicated for 15 minutes. 

An appropriate volume of DPBS was added to achieve the calculated final volume and the 

mixture was again sonicated for 10-20 minutes.  

The solution was filtrated with a sterile filter (0.2 µm) into a sterile tube it is stable at least 

over night at room temperature.  

The compound TB56 has been subjected to an initial in-vitro evaluation study followed by 

a Stage 1 PK study using the dose 50 mg/kg 24zh (TB56) both p.o. and i.v.  

The in-vitro evaluation study was performed at Kancera and consists of the following steps: 

QC of compound (Identity, Purity and Chemical Stability). 

Determination of the kinetic solubility of the compound in buffer. 

Development of an MRM method. 

Testing of a small number of standard formulations. 

 

The Stage 1 PK study consists of the following steps: 

Preparation of dose solution for the in-vivo experiments (Kancera). 

Administration of compound to mice (Adlego) 

2 male mice intravenously (i.v.); blood sampling at 15, 60 and 180 min. 

2 male mice orally by gavage (p.o.); blood sampling at 30, 60 and 180 min. 

Following the last blood sample the animals are euthanized and urine is   collected from 

the bladder. 

The health status of the mice is documented at sampling times. 

Bioanalysis of plasma samples by LC-MS/MS (Kancera). 
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6.4.2 Toxicity assay on HEK293 

For the toxicity assay the compounds have been tested on HEK293 cells. HEK293 is an 

epithelial kidney cell line that is immortalized by an adenovirus117. The toxicity of the 

compounds was tested in an alamarBlue® assay (Trek Diagnostic Systems, Inc). The assay 

works with resazurin which is a blue dye that is sensitive to reduction and is converted into 

the red and fluorescent resorufin in living cells118–122. 

O

N

HO O

O

O

N

HO O

NADH/H
+

NAD
+
, H2O

Resazurin Resorufin  

Figure 55 Scheme of the conversion of resazurin into resorufin 

A solution of the compound was added to a 200 µl off cell suspension (approximately 10^5 

cells) and was incubated for 24 h at 37 °C. Then the alamarBlue® solution was added and 

the batch was incubated for another 24 h. A control of cell suspension and DMSO and the 

indicator solution as well as a blanc control of just DMSO and indicator solution were 

treated the same way. Then the fluorescence was measured. Since the fluorescence is 

proportional to the amount of viable cells the percentages of the viable cells compared to 

the untreated controls could be estimated. 

Values greater than 100 % could be explained by either division of the cells and therefore 

simply a greater number of cells or a formation of more mitochondria in the cells without 

a change in the number of the cells themselves. 
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8.2 Additional Data 

8.2.1 Effects on E.coli and S.cerevisae 

The toxicity of some of the compounds has also been tested for Escherichia coli and 

Saccharomyces cerevisae with a simple agar plate test. The culture of the E.coli and the 

S.cerevisae cells have been incubated 24 hours and then 15 µl of a 100 µM solution of each 

compound was applied to each shim. Different concentrations of a positive control (in case 

of E.coli: kanamycine and in case of S.cerevisae cycloheximide) was applied. After another 

24 hours the agar plates were examined optically (see figure 59). None of the compounds 

had a negative effect on either S.cerevisae cells or E.coli.The results were provided by 

FRANK ERDMANN, Institute of pharmacy, Martin-Luther-University, Halle.  

 

 

 

  

Figure 56 Results of the yeast cell and bacteria assay. On the left there is the yeast cell plate and the bayteria plate is on 

on the right. The second row of platelets from the bottom is a row of positive controls as described in the procedure. 
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Luther-Universität Halle-Wittenberg, Germany 

11/2013 3. Abschnitt der pharmazeutischen Prüfung 

12/2013 Approbation als Apothekerin 

10/2014 Akademischer Grad: Diplom-Pharmazeutin, Martin-

Luther-Universität Halle-Wittenberg, Germany 



LXX  Curriculum vitae 

Work experience 

07/2006-06/2007 Wildewood Golf and Country Club, Winnipeg, MB, 

Canada 

12/2013-12/2018 Angestellte Apothekerin, August-Bebel-Apotheke Halle, 

Germany 

02/2014-01/2017 Ph.D. student, Martin-Luther-Universität Halle-

Wittenberg, Germany 

03/2017-04/2018 Angestellte Apothekerin, Lilien-Apotheke Halle, 

Germany 

since 05/2018   Angestellte Apothekerin / Fillialleitung,  Kreuz-

Apotheke Halle, Germany 

 

 

Halle (Saale), 2021 

 

Theresa Bayer 


