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11 Introduction 

1.1 Natural products 

 

Fungi, plants and microorganisms produce a repertoire of chemical entities that are non-essential for 

their biological processes.1,2 Such secondary metabolites are consolidated as natural products (Figure 

1). In contrast to the conserved primary metabolites (e.g. carbo hydrates, fatty acids, proteins, and 

nucleic acids) in all life forms, secondary metabolites represent a unique feature of a specific species. 

Natural products are derived from primary metabolites. Alkaloids3 evolved from amino acids; malonic 

acid derivatives are employed in the biosynthesis of terpenes/terpenoids4 and polyketides5 originate 

from malonic acid precursors. 

 

 

Figure 1. Selected natural products with antiproliferative properties.6–11 

 

Due to the abundance and diversity of natural products as well as their frequently unknown biological 

activity, several hypotheses have been proposed to explain their occurrence. An approach to explain 

the origin of natural products is the arms race theory. According to this theory, competing organisms 

produce and secrete toxins to gain an evolutionary advantage. As a response to such a natural selection 

other species, in turn, gain an evolutionary advantage by the secretion of secondary metabolites, 

resulting in a constant evolutionary pressure with the survival of the most adaptable organism. For 

instance, life forms with restricted mobility (e.g. fungi, plant) can repel herbivores,12,13 exhibit a 

resilience towards irradiation14–16 and provide a chemistry-based method to interact with their 

environment (pheromones, etc.)17 by means of natural products. Since ancient times, natural products 
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represent a valuable source of biologically active compounds that have been harnessed for the 

treatment of e.g. infections, neurodegenerative diseases and cancer.17 

Trichostatin A (TSA) was first discovered in 1976 in an isolate of Streptomyces hygroscopicus.9 TSA 

exhibits a polyketide linker, that connects the hydroxamic acid moiety with a p-amino benzoic acid 

(PABA) cap group. PABA, derived from the shikimic acid pathway, is submitted to a polyketide synthase, 

resulting in the generation of trichostatic acid.18 Trichostatic acid is then converted by TsnB9, a 

hydroxylamine transferase, to the corresponding hydroxamic acid TSA (Scheme 1). 

 

 

First described as active antifungal agent,9 TSA exhibits anti-cancer activities by the inhibition of histone 

deacetylases (HDAC) and represented one of the first inhibitor of those epigenetic regulators.19 

 

11.2 Epigenetics and Histone deacetylases (HDACs) 
 

The term epigenetic was coined by Conrad Waddington in 194220 and nowadays refers to inheritable 

changes of a gene function that are not the result of changes in the DNA sequence.21 The expression of 

genes can be regulated or modulated by chromatin.22 Chromatin is a tightly packed complex between 

DNA, histones and other proteins, which can be present in different condensation states. This 

condensation state is governed by regulatory enzymes and influence the transcription of coding genes. 

A single genome can manifest in a variety of epigenomes during the development of a cell. The 

Scheme 1. Proposed biosynthesis of the natural product trichostatin A. 18 
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combination of the genome and the epigenome forms the phenotypic presentation of cells and direct 

their function and properties.23 The biological significance of the epigenome is the imprinting of 

occurring gene expression events.24 For example, the epigenome controls the X chromosomal 

inactivation,25 the differentiation and development of cells26 as well as the maintenance of the genomic 

integrity.27 In this way, epigenetic alterations endow an organism with the inheritable capability to 

adapt to environmental changes without changing the DNA code. This process is controlled by 

epigenetic writers, readers and erasers.28 Amongst the most prominent mechanisms is DNA 

methylation29 and histone acetylation.30 Over the last decades, epigenetic dysregulations, such as 

overexpression/mutations of HDACs, were identified as an indicator for cancer, which facilitates a cell 

to undergo uncontrolled proliferation and the manifestation of resistances against commonly applied 

anti-cancer drugs such as cisplatin. With an incidence of 80-90 %, cancer chemoresistance is the leading 

cause of death amongst cancer patients.31 Whilst the monotherapy of cancer with histone deacetylase 

inhibitors (HDACi) prove to be limited in efficacy, the combination treatment with anti-cancer drugs 

(e.g. cisplatin, bortezomib, carfilzomib) has been shown to have increased efficacies in clinical trials due 

to occurring synergies and chemosensitising effects.32,33 Particularly the combination of HDACi with 

immunotherapeutic anti-cancer drugs is a promising approach for the combat against cancer. However, 

the required isozyme profile of an effective chemosensitising HDACi remains to be established. 

There are 11 human zinc dependant histone deacetylases that are classified according to their yeast 

orthologues into class I (HDAC1, HDAC2, HDAC3, HDAC8), class IIa (HDAC4, HDAC5, HDAC7, HDAC7), 

class IIb (HDAC6, HDAC10) and class IV (HDAC11) (Figure 2).34 

 

Figure 2. Cellular localization of zinc dependent-HDACs. The depicted blue bars represent the catalytic domain in the sequence 
(white bars). Numbers indicated the number of amino acids.35 
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In 2016, the catalytic mechanism of HDAC6 was elucidated for the CD2 of Danio rerio (Figure 3) and is 

here discussed as representative for HDACs.36 Inside the catalytic centre of the native enzyme, a zinc 

ion is coordinated by one histidine (H614), two aspartate (D612, D705) and one water molecule. This 

water molecule forms additional hydrogen bonding with H573 and H574. Upon substrate encountering, 

the carbonyl of the N-acetylated lysine residue coordinates to Tyr745 and the zinc ion without replacing 

the water molecule. The resulting penta-coordinated zinc-ion activates the carbonyl residue of the 

amide bond and the water molecule to undergo an addition-elimination reaction. The His573-Asp610 

dyad further increases the nucleophilicity of the attacking water molecule. A stabilisation of the 

tetrahedral transition state is realised by the coordination of Tyr745 and the zinc ion. After proton 

shuttling, the deacetylated lysine residue as well as the acetate is liberated and HDAC6 is accessible for 

another catalytic cycle. 

 

Figure 3. Mechanism of histone deacetylases.36 
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11.2.1 Class I Histone deacetylases 

 

HDAC1, HDAC2, HDAC3 and HDAC8 are ubiquitously expressed in all human cells and are present in 

multi-protein complexes such CoREST (co-repressor of repressor element-1 silencing transcription 

factor)37 NuRD (nucleosome remodelling and deacetylase)38 and SIN3.39 For instance, HDAC1 and 

HDAC2 are present in the CoREST complex and is responsible for the repression of neuronal genes in 

non-neuronal tissues.40 Histone deacetylation cause structural changes in the chromatin structure, 

resulting in an altered gene expression pattern.41 The nucleosome represents the smallest subunit of 

the DNA-histone protein complex.42 A single nucleosome consists of four basic histone proteins (H2A, 

H2B, H3 and H4) as duplicate that interact with the negatively charged DNA backbone. Those histones 

form a globular structure43 with accessible N-terminal ends, that can be chemically modified.44 The 

most extensively studied modifications are histone acetylation,45 methylation46 and phosphorylation.47 

For instance, a condensed chromatin (heterochromatin) structure is the result of the strong interaction 

between lysine residues of the histone protein and the phosphate backbone of the DNA. A relaxation 

(euchromatin) can occur after acetylation of those lysine residues by histone acetyl transferases 

(HATs)48 and thereby interrupting this ionic interaction (Scheme 2). The reverse process is catalysed by 

histone deacetylases (HDACs).49 This dynamic process is essential to maintain the homeostasis of a cell 

and a dissonance of the abundance between HATs and HDACs can result in degeneration. Many cancer 

cell lines are distinguished by an overexpression of nuclear class I HDACs, resulting in a condensation 

of the chromatin structure in regions where tumour suppressor genes are encoded.50 Such uncontrolled 

proliferating cells can circumvent apoptosis to ensure cell survival and the manifestation of resistances 

against commonly employed chemo therapeutics such as cisplatin. By the inhibition of class I HDACs, 

the expression of tumour suppressor genes can be reinstated and a chemosensitisation can be 

observed.51 

 

Scheme 2. Regulation of the condensation state of histones by HATs and HDACs.52 
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11.2.2 Histone deacetylase 6 (HDAC6) 

 

With 1215 amino acids, HDAC6 is the biggest representative of the human zinc dependant HDACs.53 Its 

localisation is governed by the nuclear import signal (NIS), the nuclear export signal (NES) and the 

SE14-domain. In differentiated cells, HDAC6 is predominantly present in the cytoplasm,54 whereas e.g. 

in embryonal55 or cancer stem cells56 HDAC6 can also be localised inside the nucleus. In contrast to the 

other HDAC isozymes, HDAC6 exhibits two independent, catalytically active domains (CD1 and CD2) 

that are connected by the dynein motor binding domain (DMB).57,58 Furthermore, it exhibits a 

C-terminal zinc finger ubiquitin binding domain (ZnF-UBD) (Figure 4).34,36,58  

 

 

Figure 4. Schematic representation of the domains of HDAC6. 

 

Due to HDAC6s localisation in the cytoplasm in differentiated cells, it predominantly targets cytoplasmic 

clients such as cortactin,59 the heat shock protein 90 (HSP90),60 peroxiredoxin61 and α-tubulin.62 As a 

result, it participates in the regulation of cell migration, cell-cell interactions and microtubular 

processes.  

The posttranslational modification of α-tubulin,62 such as acetylation or deacetylation, can contribute 

to the stability of the microtubules. Deacetylated α-tubulin is significantly less stable than its acetylated 

form, resulting in its depolymerisation. In this way, HDAC6 can increase microtubule dependant cell 

migration by the initiation of its depolymerisation. Furthermore, HDAC6 increases the cell motility by 

the deacetylation of cortactin, which can then interact with F-actin, resulting in an increased 

polymerisation and branching. 

Another well evaluated client protein of HDAC6 is the chaperone heat shock protein 90 (HSP90). 

Deacetylated HSP90, in its active form, can recruit other client proteins such as the heat shock 

transcription factor 1 (HSF1) and is thereby a key modulator in several signal transduction pathways. 

For example,HDAC6 activity is important for glucocorticoid binding to the glucocorticoid receptor in an 

HSP90-p23 dependant manner. In this way, the activated glucocorticoid receptor can translocate to the 

nucleus and act as transcription factor.60 

NLS NES1 DD1 DMB DD2 SE14 NES2 ZnF-UBDDD1D1D1D1D11

Zn

DD2D2D2D222

Zn
N C
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HDAC6s ZnF-UBD is particularly important for the stress response of proliferating cells. Accumulating 

or misfolded proteins are usually degraded by the proteasome. However, the exposure to stressors 

results in a degradation by the aggresome.63 HDAC6 can recruit ubiquitinylated protein aggregates by 

its ZnF-UBD and transports them along the microtubular network to the microtubule organizing centre, 

where the formation of the aggresome occurs. Another HDAC6 mediated degradation of protein 

aggregates is autophagy.64–66 In a cortactin F-actin dependant manner, HDAC6 can initiate the fusion of 

autophagosomes and lysosomes to remove accumulating aggregates. Furthermore, HDAC6 is a key 

regulator in the inactivation of reactive oxygen species (ROS) by peroxiredoxin (Prx).61 PrxI and PrxII are 

responsible for the inactivation of occurring hydrogen peroxide. A deacetylation of Prx by HDAC6 causes 

a significantly decreased rate of the inactivation of those ROS, which can result in an increased oxidative 

stress of a cell. 

Despite HDAC6s predominant localisation in the cytoplasm, it can translocate to the nucleus, e.g. in 

activated regulatory T-cells (Treg), where it can deacetylate the transcription factor forkhead box P3 

(FoxP3).67 An acetylation of FoxP3 causes an abrogation of its ubiquitin mediated proteasomal 

degradation and the manifestation of its transcription factor purpose, resulting in an increased 

suppressive effect of Treg cells. 

An imbalance, either overexpression or downregulation, of HDAC6 has been implicated with a variety 

of diseases. A pharmacological intervention by the inhibition of HDAC6 for the treatment of cancer,68 

neurodegenerative64,69 or neurological diseases70–72 as well as immunological disorders73–76 is currently 

under investigation. In oncology, the inhibition of HDAC6 is particularly interesting for its involvement 

in angiogenesis,77–79 cancer metastasis80–82 and the cellular stress response.83–85 As immunomodulator, 

the inhibition of HDAC6 is of relevance due to a potential immunosuppressive effect.86 Accumulating 

evidence also suggest that HDAC6 might be an attractive target for the treatment of e.g. 

schizophrenia,87 anxiety88 or Alzheimer’s disease.89 

HDACi exhibit only  limited efficacies in solid tumours and the manifestation of resistances are 

frequently observed in clinics. However, as chemosensiters, HDACi have been shown to be capable of 

reverting the resistances of many cancer cell lines towards commonly applied anti-cancer drugs 

(e.g. cisplatin) with a synergistic induction of apoptosis.32,33 
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11.2.3 Histone deacetylase inhibitors and the rational design of isozyme selective inhibitors 

 

Epigenetic regulators such as HDACs are promising targets for the treatment of e.g. neurological 

disorders and HDACi are established anti-cancer agents. The design of isozyme selective HDACi or HDAC 

complex specific inhibitors is an approach to overcome resistances, increase the efficacy of anti-cancer 

therapy, and increase patience compliance by minimising undesired side effects. Potential strategies 

for the design of isoform selective HDACi or HDAC complex specific inhibitors are depicted in Figure 5.90 

 

 

Figure 5. Strategies for the design of HDAC isoform selective/HDAC complex specific inhibition.90 
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Besides active site inhibition, the modulation of the activity of HDACs might be feasible by targeting 

allosteric pockets or other functional domains (e.g. ZnF-UBD of HDAC6). For instance, class I HDACs 

exhibit an inositol phosphate binding site at the interface between a HDAC isozyme and its co-repressor 

protein. Such an allosteric inhibitor could be further improved by the conjugation with an active site 

inhibitor (coupled inhibitor). Since many HDAC are present in multi-protein complexes (e.g. HDAC1, 

HDAC2, HDAC3) that form very distinct interface surfaces, the modulation of protein-protein 

interaction could be used for either complex stabilisation or inhibition. A similar strategy pursues the 

dual warhead approach which envisions the design of an inhibitor that demonstrates a HDAC active site 

inhibitor and an active site inhibitor for the point of interest that are connected by a flexible linker with 

a suitable length. This approach has been successfully demonstrated by the inhibition of a HDAC-REST 

corepressor 1 (CoREST) complex, which was effective against several melanoma and cutaneous 

squamous cell carcinoma lines.91 Furthermore, the activity HDACs might be downregulated by inhibiting 

the production of activators or an allosteric substrate (e.g. inositol phosphates). 

However, the design of active site inhibitors remains a valuable approach for the design of isozyme 

selective inhibitors. HDACs exhibit highly conserved active sites which constitute of a zinc cation, a 

hydrophobic tunnel, and a surface region. Based on these features, a pharmacophore model for HDACi 

was established consisting of a zinc-binding group (ZBG), a hydrophobic linker and a cap group (Figure 

6).92–94 

 

 

Figure 6. Pharmacophore model of selected HDAC inhibitors. HDACi are approved for the treatment of cutaneous T cell 
lymphoma (CTCL), peripheral T-cell lymphoma (PTCL) and multiple myeloma (MM). 

 

Since the discovery of trichostatin A (TSA), five HDACi have been approved for the treatment of 

lymphoma and myeloma, which follow this pharmacophore model.95 Vorinostat was the first EMA 

approved TSA derived HDACi in 2006. Further TSA derivatives followed with belinostat and 
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panobinostat in 2014 and 2015, respectively. However, the currently approved pan-HDAC inhibitors, 

particularly hydroxamic acid based inhibitors, suffer from severe side effects such as diarrhoea, 

neutropenia, thrombocytopenia and cardiac toxicity.96 Furthermore, hydroxamic acids are under strong 

suspicion of being mutagenic by toxification via a Losson rearrangement (Figure 7).97 

 

 

Figure 7. In vivo formation of isocyanates from hydroxamic acids by Lossen rearrangement.97 

Whilst these HDACi display a hydroxamic acid as ZBG, chidamide98 and romidepsin99,100 exhibit an 

o-amino anilide and a thiol as zinc binding group, respectively. Under reducing conditions inside a cell, 

the disulphide bond of romidepsin is converted into its free mercapto group to interact with the active 

site of HDACs. 

In contrast to vorinostat, belinostat and panobinostat which are HDAC pan-inhibitors, chidamide and 

romidepsin are class I selective HDACi. This fact signifies the importance of the ZBG and the cap group 

for HDAC isozyme selectivity and becomes even more apparent by considering the structural 

information obtained by crystallography. Each class exhibits a unique structural property that renders 

a differentiation between them (Figure 8). Class I HDACs are distinguished by a foot pocket that extends 

past the zinc ion.101 Class IIa HDACs exhibit a lower pocket that is presented as a spacious cavity at the 

lower end of the entrance tunnel. In comparison to the other HDAC isozymes, HDAC6 displays a much 

wider and shallower entrance tunnel.36 

 

Figure 8. Surface of HDAC class I and IIb with HDAC1 and HDAC6 as representative.101,36 
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Based on these structural descriptors refined pharmacophore models were proposed for a rational 

design of isozyme selective inhibitors (Figure 9).102 

 

 

The HDAC isozymes 1 to 3 can be selectively addressed by the employment of o-amino anilides such as 

in chidamide, entinostat and tacedinaline (Figure 10). 

 

 

Figure 10. Selected HDAC class I inhibitors.103–105 

Ortho-amino anilides, as bulky ZBG, exploit the foot pocket of class I HDACs which is not present in the 

other HDAC isozymes and only inhibit HDAC1, 2 and 3. The selectivity within this class can be obtained 

by different substitution patterns of the o-amino anilide ZBG (Figure 11).106 

 

Figure 11. Isozyme selectivity profile of substituted o-amino anilides. 106 

Figure 9. Refined pharmacophore model for the rational design of isozyme selective HDAC inhibitors. 102 

HDAC 1 -3 Class IIb 
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Unsubstituted o-amino anilides inhibit HDAC1,2 and 3. Due to a narrower foot pocket of HDAC3, 5-aryl 

o-amino anilides predominantly inhibit HDAC1 and HDAC2. HDAC3 selectivity can be obtained by 

4-fluoro substituted o-amino anilides. An inhibition of HDAC8 has not been observed for 

o-amino anilides. 

With the absence of structural information of HDAC6, Haggarty et. al., reverted to a multidimensional 

chemical genetic screening of more than 7,000 small molecules to discover tubacin in 2003 (Figure 

12).107 The first discovered HDAC6 selective inhibitor tubacin demonstrates a sterically demanding cap 

group which distinguishes itself from pan HDACi such as vorinostat. With accumulating structural 

information of other HDAC isozymes, a homology model of HDAC6 was generated which resulted in the 

design of tubastatin A and nexturastat A.108–110 Tubastatin A exhibited an IC50 of 15 nM in HDAC6 with 

selectivity indices of > 1000-fold over other HDAC isozymes.108 

 

 

Figure 12. HDAC6 selective inhibitors.108,109,111 

In 2016 Hai et. al. delivered a deeper insight into the binding modes of HDAC6 selective HDACi.36 Based 

on crystallographic evaluations of Danio rerio HDAC6, the authors proposed that pan HDAC Inhibitors 

coordinate to the Zn2+-Ion, inside the catalytic pocket in a bidentate manner by replacing the associated 

water molecule. In contrast, selective HDAC6 inhibitors exhibit a water bridged monodentate 

coordination to the zinc ion (Figure 13). 

 

 

Figure 13. Representation of the bidentate (A) and monodentate (B) Zn2+-binding modes observed for hydroxamate HDAC 
inhibitors.36 
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22 Objectives 
 

Histone deacetylases (HDAC) are promising targets for immune modulation, the treatment of 

neurological disorders and are clinically validated targets for the treatment of cancer. Despite the 

success of HDAC inhibitors (HDACi), they suffer from severe side effects such as neutropenia, anaemia 

or cardio-vascular side effects98 and their use as chemotherapeutic for the treatment of solid tumours 

lacks in efficacy. One approach to overcome these limitations is the development of isozyme or class 

selective HDACi. However, the efficacy of isozyme selective HDACi remains to be established. This work 

is about the development of HDAC class I/HDAC6 dual inhibitors as well as HDAC6 selective inhibitors, 

which could exhibit chemosensitising properties towards commonly applied anti-cancer drugs such as 

cisplatin. 

Development of HDAC class I/HDAC6 dual inhibitors. 

The first project focussed on the derivatisation of panobinostat (Scheme 3). 

 

 

Scheme 3. Derivatisation of panobinostat. 

 

By the derivatisation of the connecting unit (CU) from an amine to an alkoxyurea or alkoxyamide and 

the employment of different cap groups, a refined HDAC class I/HDAC6 isozyme profile was anticipated. 

The obtained compounds were subsequently tested on solid tumour cell lines in respect to 

chemosensitising properties towards cisplatin. 

The second project focussed on the derivatisation of the CU of KSK64. KSK64 is a potent and selective 

dual HDAC class I/HDAC6 inhibitor, that shows synergistic activities with cisplatin. Furthermore, the 

cotreatment of KSK64 with cisplatin can revert the chemoresistance of the human squamous carcinoma 

cell line Cal27. In order to evaluate the structure-activity relationship of KSK64 and its alkoxyurea CU, 

the carba-analogue of KSK64 was synthesised and evaluated in respect to isozyme profile and 

chemosensitising properties (Scheme 4). 
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Scheme 4. Derivatisation of KSK64. 

 

DDevelopment of HDAC6 selective inhibitors. 

The design and synthesis of HDAC6 selective inhibitors was envisioned. HDAC6 selective inhibitors 

exhibit pharmacophore model which is comprised of a hydroxamic acid as ZBG, an aromatic linker and 

a sterically demanding cap group. The steric demand of such cap groups can be either satisfied by the 

employment of branched or bulky cap groups. 

The branched cap group strategy pursued the derivatisation of nexturastat A by the introduction of a 

hydroxylamine subunit with various substituents in R2 and R3 (Scheme 5). 

 

 

Scheme 5. Derivatisation of nexturastat A. 

 

In contrast, the bulky cap group strategy for the development of HDAC6 selective inhibitors pursued 

the employment of chromenones as cap group (Figure 14). A particular focus was emphasised on the 

evaluation of different connecting units and substituents in 2 position. 

 

 

Figure 14. Chromenone based HDACi. 
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NNovel α,β-unsaturated hydroxamic acid derivatives overcome cisplatin resistance  

M. Pflieger, A. Hamacher, T. Öz, N. Horstick-Muche, B. Boesen, C. Schrenk, M. U. Kassack, T. Kurz 

 

Abstract 

A series of α,β-unsaturated hydroxamic acid derivatives  as novel HDAC inhibitors (HDACi) with 

structural modifications of the connecting unit and the CAP group was synthesized. The in vitro 

evaluation against the human cancer cell lines A2780 and Cal27 identified 6e and 7j as the most potent 

compounds regarding HDAC inhibitory activity and inhibition of proliferation. Isoform profiling against 

HDAC2, 4, 6 and 8 revealed a preference for HDAC2 and 6 for both compounds in contrast to the pan 

HDACi panobinostat. 6e and 7j enhanced significantly cisplatin-induced cytotoxicity in a combination 

treatment mediated by increased apoptosis induction and caspase-3/7 activation. The interaction 

between 6e or 7j and cisplatin was highly synergistic and more pronounced for the cisplatin resistant 

subline Cal27CisR. IC50 values of cisplatin were even lower in Cal27CisR pretreated with 6e or 7j than 

for the parental cell line Cal27. Based on our findings, the novel dual class I/HDAC6 inhibitors could 

serve as an option to overcome cisplatin resistance with fewer side effects in comparison to 

panobinostat. 

 

1 Introduction 

Cancer is, despite improved therapeutic options, after cardiovascular diseases the second most reason 

of fatality in industrial countries.1 A problem of anti-cancer treatment is the occurrence of 

chemoresistance which can be either innate or acquired and is of multifactorial nature.2,3 Besides the 

therapeutic approach to target chemoresistance mechanisms directly, addressing the aberrant gene 

expression machinery remains a valuable anticancer strategy4–6. However, as a result of the complexity 

of the transcriptional machinery, it has been proven to be highly challenging to design small molecules 

with reasonable potency and selectivity.7 Therefore, targeting epigenetic processes in cells that 

underwent malignant transformation becomes increasingly important in cancer treatment.8 

Posttranslational modifications of histones such as acetylation and deacetylation of lysine residues 

cause a structural change of the chromatin and thereby influence gene expression.9 

The defective silencing of tumour suppressor genes by hypoacetylation of histones is commonly 

observed in various cancer cells, caused by an overexpression of histone deacetylases (HDACs).10 Such 

a hypoacetylation results in a more condensed heterochromatin structure impeding the accessibility of 

the transcriptional machinery and leading to a decreased expression of tumour suppressor genes.11,12 
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Inhibiting HDACs can thereby reinstate the expression of tumour suppressor genes, exhibit synergistic 

antineoplastic effects with DNA damaging agents (e.g. cisplatin) and revert chemo resistance.13–16 

There are 11 zinc dependent human HDAC isoforms consolidated into 3 different classes according to 

their sequence homology.17 Due to the high sequence homology, pan HDAC inhibitors have been 

designed showing no selectivity towards a single isoform. The potent pan-HDACi panobinostat was 

approved by the FDA in 2015 for the treatment of multiple myeloma (Figure 15). 18 

 

 

Figure 15. Chemical structure and pharmacophore model of panobinostat. 

 

Despite the success of panobinostat, severe adverse effects such as neutropenia, anaemia or cardio-

vascular side effects remain problematic.19 Designing HDAC inhibitors with isoform selectivity might 

overcome this issue. However, despite the increasing endeavour to design isoform selective HDAC 

inhibitors, the efficacy of such compounds remains to be established. Not a single isoform selective 

compound has been approved by the FDA. Therefore, pan-HDAC inhibitors remain valuable entities for 

fundamental research and clinical applications. 

Panobinostat exhibits an indole-based CAP group, an amine connecting unit (CU), a p-methyl cinnamyl 

linker and a hydroxamic acid as zinc binding group (ZBG) (Figure 1). Besides its strong zinc coordination, 

the reason for its potency is the unsaturated bond in the linker region, which reduces the 

conformational freedom and therefore decreases the net entropy of the system during ligand binding.20 

Furthermore, crystallographic evaluations identified a hydrogen bond between the amino CU and 

Ser531 as well as a potential pi-alkyl interaction of the indole with Pro464 in Danio rerio HDAC6 

(PDB: 5EF8).21 One potential optimisation might be the introduction of a hydroxylamine moiety as CU 

(Scheme 6), as it has been shown that compounds exhibiting this structural motif can overcome 

cisplatin chemoresistance. [7,8] By introducing other functionalised heterocycles as cap group, new 

binding partners might be accessed along the HDAC entrance tunnel. The objective of this work is the 

evaluation of the alkoxyurea and the alkoxyamide moiety as CU as well as a variety of CAP groups in 

respect to antiproliferative activity, HDAC isoform profiling and cisplatin resistance. 
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Scheme 6. Structural modification of panobinostat. 

 

22 Results and Discussion 

2.1 Chemistry 

The synthesis of the alkoxyurea and alkoxyamide based hydroxamic acids required the synthesis of the 

hydroxylamine 33 as key intermediate (Scheme 7). The O-substituted hydroxylamine moiety was 

introduced by the conversion of 11 with N-hydroxyphthalimide and the following deprotection of 22 to 

obtain the hydroxylamine 33 

 

 

Scheme 7. Synthesis of the hydroxylamine 33. i) 1.50 eq H2SO4, MeOH, 16 h reflux, 94 %; ii) 1.17 eq NBS, 0.20 eq NBS, CCl4, 8 h 
reflux, 95 %; iii) 1.20 eq N-hydroxyphtalimide, 2.00 eq DIPEA, ACN, 16 h reflux, 91 %; 2.00 eq hydrazine monohydrate, DCM, 16 
h, RT, 95 %. 

 

Afterwards, 33 was transformed into an alkoxyurea derivative 44 or converted into an alkoxyamide 55 

(Scheme 8). The alkoxyurea derivates 44 were obtained from the reaction of 4 with the respective 

isocyanate. 55 was obtained from a HATU mediated acylation of 33 with the corresponding carboxylic 

acid. 

 

Scheme 8. Synthesis of the alkoxyureas 44 a-g and alkoxyamides 55 a-j. i) 1.00 eq Isocyanate, DCM, 16 h RT, 53 – 95 %; ii) 1.00 eq 
carboxylic acid, 2.00 eq DIPEA, 1.00 eq HATU, DMF, 16 h RT, 40 % - 95 %. 

 

Subsequently, the alkoxyureas 44a-g and alkoxyamides 55a-j were converted into the corresponding 

hydroxamic acids 66a-g and 77 a-j, respectively. For the synthesis of the alkoxyurea based hydroxamic 

acids 66a-g, the corresponding ester underwent a hydroxylaminolysis reaction under basic conditions. 
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However, under the same conditions the alkoxyamides hydrolysed and no hydroxamic acid was 

isolated. Therefore, the esters 55 were hydrolysed under basic conditions and subsequently converted 

into the hydroxamic acids 77 (Scheme 9). 

 

 

Scheme 9. Synthesis of the hydroxamic acids 66 a-g and 77 a-j. i) 30.0 eq HONH2 (aq), 10.0 eq NaOH, DCM/MeOH, RT 16 h, 72 -
92 %; ii) a) 5.00 eq LiOH/H2O, 16 h RT, b) 1.20 eq IBCF, 7.2 eq DIPEA, 5.0 eq HONH3Cl, 16 h RT, 13-37 %; iii) 10.0 eq 
Hydroxylamine hydrochloride, 15.0 eq NaOMe, MeOH, MW 150 W, 70 °C, 30 mins, 34 % -37 %. 

 

Nevertheless, this procedure was laborious and only resulted in low yields. Hence, different methods 

were evaluated for the direct hydroxylaminolysis of esters exhibiting an alkoxyamide functionality. The 

only successful method was a microwave assisted conversion with hydroxylamine hydrochloride and 

sodium methanolate as base in methanol. 

2.2 Biological evaluation  

2.2.1 Antiproliferative activity and cellular HDAC inhibition. 

The synthesised compounds were assessed for their antiproliferative activity and for their HDAC 

inhibitory activity in the human ovarian cancer cell line A2780 and the human tongue squamous 

carcinoma cell line Cal27. The results are depicted in Table 1 for the alkoxyureas 66 and in Table 2 for 

the alkoxyamides 77 with vorinostat and panobinostat as reference HDACi. 

Initially, the influence of the connecting group was evaluated based on the example of 66b and 77a. The 

alkoxyamide 77a featuring a phenyl cap showed an approximately two orders of magnitude higher 

antiproliferative activity in comparison to its corresponding alkoxyurea derivative 66b. This difference 

was overcome by the introduction of methyl groups in meta position (66c and 77b), indicating that the 

alkoxyurea 66c adopts a different binding mode. Further derivatisation of the phenyl cap group resulted 

in the p-methoxy substituted derivative 66e which was the most active compound amongst the 

alkoxyurea based hydroxamates. However, as mentioned above there is a trend that the alkoxyamides 

7 are potentially more active than the corresponding alkoxyurea derivatives 66. Therefore, the following 

screening focused on the alkoxyamide derivatives 77. A variety of phenyl substituted, and heterocyclic 
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compounds were screened. Amongst the screened compounds, 77j presenting a quinoline cap moiety 

exhibited the highest antiproliferative activity. 

Overall, there is a good correlation between the antiproliferative activity and the cellular HDAC 

inhibition. Based on the highest antiproliferative and HDAC inhibitory activity, 66e and 77j were chosen 

for further biological evaluation. 

 

Table 1. Cellular HDAC inhibition and antiproliferative effect of alkoxyurea based hydroxamates 66. 

 

  
HDACi-AAssay 

IIC50 [[μM] 
MTT--Assay  
IC50 [[μM] 

Cpd. RR Cal 27 AA 2780 CCal 27 AA 2780 

6a  14.2 6.85 14.0 35.4 

6b 
 

144 190 62.0 112 

6c 
 

1.12 1.54 2.27 2.01 

6d 
 

4.21 2.29 3.49 3.39 

6e 
 

0.49 0.57 1.70 1.15 

6f 
 

40.3 43.2 34.1 38.9 

6g 

 

5.65 4.03 2.62 3.57 

vorinostat  0.73 0.64 1.99 1.16 

cisplatin  nd nd 2.76 1.57 

panobinostat  6.24 nM 7.67 nM 10.9 nM 54.8 nM 

Data shown are the mean of pooled data from at least three experiments each carried out in 
triplicates. The standard deviations are < 10% of the mean. nd= not determined. 
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Table 2. Cellular HDAC inhibition and antiproliferative effect of alkoxyamide based hydroxamates 77. 

 

 

  HDACi-AAssay 
IIC50 [[μM] 

MTT--Assay  
IC50 [[μM] 

Cpd. RR Cal 27 AA 2780 CCal 27 AA 2780 

7a 
 

1.16 0.94 2.99 2.08 

7b 
 

1.09 0.90 2.24 2.33 

7c 
 

3.00 7.60 4.55 1.70 

7d 
 

3.14 6.85 8.94 38.6 

7e 
 

4.81 3.34 5.71 4.55 

7f 
 

11.6 19.2 16.3 2.02 

7g 
 

2.65 1.12 5.25 14.0 

7h 
 

2.83 1.92 3.65 3.11 

7i 
 

4.48 1.98 4.21 3.15 

7j 
 

0.27 1.54 0.80 0.79 

vorinostat  0.73 0.64 1.99 1.16 

cisplatin  nd nd 2.76 1.57 

panobinostat  6.24 nM 7.67 nM 10.9 nM 54.8 nM 

Data shown are the mean of pooled data from at least three experiments each carried out in 
triplicates. The standard deviations are < 10% of the mean. nd= not determined. 
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22.2.2 Inhibition of HDAC2, HDAC4, HDAC6 and HDAC8 

6e and 77j were first screened against human HDAC2, HDAC4, HDAC6 and HDAC8 to obtain their isoform 

profile. The pan HDACi vorinostat and panobinostat, the class IIa selective HDACi TMP269 and the 

HDAC6 selective HDACi nexturastat A were included as reference compounds (Table 3). 66e and 77j 

exhibited nanomolar activities against HDAC2 (Ki(66e)  = 0.15 μM; Ki(77j) = 0.07 μM) and HDAC6 (Ki(66e) = 

0.12 μM; Ki(77j) = 0.10 μM). Both compounds did not distinctively discriminate between HDAC2 and 

HDAC6. However, they were significantly less active against HDAC4 and HDAC8. 66e demonstrated a 

selectivity index (SI) for HDAC 2 over HDAC4 or HDAC8 of 168 and 28, respectively. 77j exhibited a 136-

fold (HDAC4) and 67-fold (HDAC8) higher activity for HDAC2. Whilst panobinostat also did not 

discriminate between HDAC2 and HDAC6 either, it was more active against the other tested isoforms 

HDAC4 (SI=49) and HDAC8 (SI=57). Interestingly, the introduction of the alkoxyurea or the alkoxyamide 

moiety changed the isoform profile from a pan-HDACi to a class I/HDAC6 preferential inhibitor. 

 

Table 3. Inhibition of HDAC1, HDAC4, HDAC6, and HDAC8 by 66e and 77j. 

Compound 
HDAC2  HDAC4  HDAC6  HDAC8  
Kii [μM]  Kii [μM]  Kii [μM]  Kii [μM]  

6e 0.15 25.2 0.12 4.21 

7j  0.07 9.54 0.10 4.70 

vorinostat  0.10 30.1 0.04 15.7 

panobinostat  0.013 0.64 0.03 0.75 

nexturastat A  1.25 7.57 0.03 12.8 

tubastatin A  5.77 5.38 0.01 12.3 

TMP269  nd 1.77 nd nd 

Data shown are the mean of pooled data from at least three experiments each carried out in 
triplicates. The standard deviations are < 10% of the mean. nd = not determined. 

 

2.2.3 Enhanced cisplatin-induced cytotoxicity 

The synergistic effect of cisplatin and HDACi is well described in literature.14 HDACi can act as 

chemosensitizers by reinstating the susceptibility towards DNA damaging agents. This can increase the 

efficacy of cisplatin. Cal27 and the cisplatin resistant subline Cal27CisR were chosen as a model 

system22–25 to analyse the effects of 66e and 77j on cisplatin-induced cytotoxicity.26  

After a 48 h preincubation of Cal27 or Cal27CisR with 66e or 77j, cisplatin was administered and incubated 

for a further 72 h. Subsequently, the cytotoxic effect of the tested compounds was determined by an 

MTT assay and shift factors were calculated by dividing the IC50 value of cisplatin alone by the IC50 value 
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of the drug combinations (Table 4). 66e and 77j caused a significant increase in cisplatin sensitivity in both 

cell lines. In Cal27, shift factors of 2.95 and 5.69 were obtained for 66e and 77j, respectively. This 

enhancement of cisplatin-induced cytotoxicity was even more pronounced in the cisplatin resistant cell 

line Cal27CisR: SF for 66e was 4.76, SF for 77j was 6.86. Furthermore, the combination treatment led to a 

complete resensitisation of Cal27CisR with IC50 values of cisplatin below the parental cell line Cal27. 

Based on these results, 66e and 77j were able to completely overcome cisplatin resistance of Cal27CisR 

as highlighted in Figure 16 for 77j.  

 

Table 4. IC50 values of cisplatin (μM) after treatment of Cal27 and Cal27CisR with cisplatin alone or in combination with 0.5 μM 
of 66e or 77j for Cal27 or with 1.0 μM 66e or 77j, for Cal27CisR, respectively. SF means shift factor and was calculated as the ratio 
of the IC50 of cisplatin alone and the IC50 of the corresponding drug combination. 

Compound 
cell line  

Cal27  Cal27cisR  
IC550 SF  IC550 SF  

cisplatin 13.2 --- 37.3 --- 

cisplatin + 66e 4.47 2.95 7.84 4.76 

cisplatin + 77j 2.32 5.69 5.44 6.86 

data shown are the mean of pooled data from at least three experiments each carried out in 
triplicates. the standard deviations are < 10% of the mean. all shift factors are significant (t-test, p < 
0.05). 

 

 

 

Figure 16. 77j restores cisplatin sensitivity of Cal27CisR. Treatment of Cal27CisR (●) with 1.00 μM of 77j 48 h prior to cisplatin 
administration (blue dot) was able to reduce the IC50 value of cisplatin even below the IC50 of the parental cell line Cal27 (○).IC50 
values were determined by MTT assay. The shift factor is defined as the ratio of the IC50 of cisplatin alone and the IC50 of the 
combination of 77j with cisplatin (Table 4).  
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22.2.4 Enhanced cisplatin-induced apoptosis 

Next, it was evaluated if the observed enhancement of cytotoxicity affected cisplatin-induced 

apoptosis. Cal27 and Cal27CisR cells were treated with 0.5 μM or 1.0 μM of 66e or 77j for 48 h, 

respectively. Then, 3 μM cisplatin for Cal27 or 25 μM cisplatin for Cal27CisR was added and incubated 

for 24 h. Concentrations were chosen based on IC50 values of the respective compounds. The 

percentage of apoptotic nuclei with DNA content in sub-G1 was analysed by flow cytometry. 

6e and 77j alone did not induce apoptosis in neither Cal27 nor Cal27CisR (Figure 17). However, the 

combination in cisplatin and 66e or 77j caused a highly significant increase in sub-G1 population in both 

cell lines. In Cal27, 66e (36.7 % ± 1.32) and 77j (34.5 ± 1.07) caused an approximately 3-fold increase of 

apoptotic cells in comparison to cisplatin (11.5 ± 0.89) as single treatment. This effect was even more 

pronounced in Cal27CisR. A combination of 66e and cisplatin in Cal27CisR caused a 6.0-fold (52.2 % ± 

2.15) higher increase in apoptotic nuclei in comparison to the single treatment with cisplatin (8.30 % ± 

1.06). 77j and cisplatin caused an almost 4.7-fold increase (38.9 % ± 1.56) in apoptotic nuclei relatively 

to cisplatin alone. These data point to a synergistic effect of the HDACi and cisplatin. 
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Figure 17. 66e and 77j enhance cisplatin-induced apoptosis in Cal27 and Cal27 CisR cells. Cal27 (A) and Cal27 CisR (B) cells were 
preincubated with the indicated concentrations of 6e or 77j. Cisplatin was added in an IC50 concentration for each cell line (Cal27 
3 μM (A), Cal27 CisR 25 μM (B)). Cisplatin in a concentration of 100 μM was used as a control for apoptosis induction. After a 
further incubation period of 24 h, apoptosis was analysed by determining the sub-G1 cell fractions by flow cytometry analysis. 
The number of apoptotic nuclei in the vehicle treated control (DMSO content 0.05%) was subtracted from the compound treated 
samples. White bars depict the incubation of cells with 6e or 77j only, whereas black bars show the effects of the combination 
of 66e or 77j with cisplatin, respectively. All experimental conditions were incubated for same time periods. Data are means ± SD, 
n = 3. Statistical analysis to compare the apoptosis induction by 3 μM cisplatin (A) or 25 μM cisplatin (B) and the combination 
of cisplatin and 6e or 77j was performed using one-way ANOVA (**** p < 0.0001). 
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Furthermore, the combination treatment increased caspase-3/7 activity (Figure 18). 66e and 77j as single 

treatment showed no caspase-3/7 activation in Cal27 whereas in Cal27CisR a slightly higher activation 

in comparison to the untreated control was achieved. In combination with cisplatin however, both 

compounds 66e and 7j significantly increased the caspase-3/7 activity in a synergistic manner. In 

agreement to the data in Figure 3 (induction of apoptosis), the effect of caspase-3/7 activation was 

more pronounced in Cal27CisR. The pan-caspase inhibitor QVD completely abolished caspase-3/7 

activation showing the selectivity of the compound action via caspase-3/7. 

These results underpin the assumption that the main cytotoxic effect of the combination of cisplatin 

and 66e or 77j is the result of increased apoptosis. 

 

  

Figure 18. 66e and 77j enhance cisplatin-induced apoptosis in Cal27 and Cal27 CisR cells. Cal27 (A) and Cal27 CisR (B) cells were 
preincubated with the indicated concentrations of 6e or 77j. Cisplatin was added in an IC50 concentration for each cell line (Cal27 
3 μM (A), Cal27 CisR 25 μM (B)). Cisplatin in a concentration of 100 μM was used as a control for apoptosis induction. After a 
further incubation period of 24 h, apoptosis was analyzed by determining the sub-G1 cell fractions by flow cytometry analysis. 
The number of apoptotic nuclei in the vehicle treated control (DMSO content 0.05%) was subtracted from the compound treated 
samples. White bars depict the incubation of cells with 6e or 77j only, whereas black bars show the effects of the combination 
of 66e or 77j with cisplatin, respectively. All experimental conditions were incubated for same time periods. Data are means ± SD, 
n = 3. Statistical analysis to compare the apoptosis induction by 3 μM cisplatin (A) or 25 μM cisplatin (B) and the combination 
of cisplatin and 6e or 77j was performed using one-way ANOVA (**** p < 0.0001). 
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CConclusion 

A procedure for the synthesis of alkoxyamide and alkoxyurea based hydroxamic acids exhibiting a 

cinnamoyl linker was established. Particularly, compounds 6e and 7j displayed potent cellular HDAC 

inhibition and cytotoxicity in A2780 and Cal27 cells and were selected for an extensive evaluation in 

respect to HDAC isoform profiling and enhancement of cisplatin-induced cytotoxicity Both compounds 

showed a preference for HDAC2 and HDAC6 over HDAC4 and HDAC8. Particularly, 7j caused an 

inhibition of HDAC2 (Ki=0.07 μM) and HDAC6 (Ki=0.095 μM) at nanomolar concentrations. Interestingly, 

the introduction of the alkoxyurea and alkoxyamide moiety caused a significant change in the isoform 

profile of panobinostat from a pan-HDACi to a class I/HDAC6 preferential inhibitor.  Further, 6e and 7j 

significantly enhanced the cytotoxic effect of cisplatin in Cal27 and even stronger in cisplatin-resistant 

Cal27CisR. Cisplatin sensitivity was fully restored in Cal27CisR upon pretreatment with 6e and 7j. The 

cytotoxic effects were mediated by a synergistic increase in cisplatin-induced apoptosis via caspase-3/7 

activation. The novel reported dual class I/HDAC6 inhibitors may therefore be promising compounds to 

overcome cisplatin resistance and might cause fewer side effects due to a refined isoform profile in 

comparison to panobinostat. 
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11 General Information 

Reaction, monitoring and purification 

Chemicals and solvents were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics, TCI, 

Fluorochem ABCR, Alfa Aesar, J&K, Carbolution) and used without further purification. Dry solvents 

were obtained from Acros Organics. Ambient or room temperature correspond to 22°C. The reaction 

progression was monitored using Thin-Layer-Chromatography plates by Macherey Nagel (ALUGRAM 

Xtra SIL G/UV254). Visualisation was achieved with ultraviolet irradiation (254 nm) or by staining with 

with a KMnO4-solution (9 g KMnO4, 60 g K2CO3, 15 mL of a 5% aqueous NaOH-solution, ad 900 mL 

demineralised water). Purification was either performed with prepacked Silica cartridges (Acros, 

RediSep® Rf Normal Phase Silica) for flash column chromatography (CombiFlashRf200, TeleDyneIsco) 

or by recrystallisation. Different eluent mixtures of solvents (hexane and ethyl acetate or 

dichloromethane and methanol) served as the mobile phase for flash column chromatography and are 

stated in the experimental procedure. 

 

Analytics  

An NMR-Spectrometer by Bruker (Bruker Avance III – 300, Bruker Avance DRX – 500 or Bruker Avance 

III - 600) were used to perform 1H- and13C-NMR experiments. Chemical shifts are given in parts per 

million (ppm), relative to residual non-deuterated solvent peak (1H-NMR: DMSO-d6 (2.50), 

13C-NMR: DMSOd6 (39.52). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), 

quartet (q), or multiplet (m). Coupling constants, J, are quoted to the nearest 0.1 Hz and are presented 

as observed. ESI-MS was carried out using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics) 

under electrospray ionization (ESI). The above-mentioned characterisations were carried out by the 

HHU Center of Molecular and Structural Analytics at Heinrich-Heine University Düsseldorf 

(http://www.chemie.hhu.de/en/analytics-center-hhucemsa.html). APCI-MS was carried out with an 

Advion expressionL CMS. Melting points were determined using a Büchi M-565 melting point apparatus. 

Analytical HPLC was carried out on a Knauer HPLC system comprising of an Azura P6.1L pump, an 

Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a Knauer Reversed Phase 

column (SN: FK36). Evaluated compounds were detected at 254 nm. The solvent gradient table is 

shown in Table 14. The purity of all final compounds was 95% or higher. 
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Table 5: The solvent gradient table for analytic HPLC analysis. 

Time / min Water + 0.1% TFA ACN + 0.1% TFA 
Initial 90 10 
0.50 90 10 
20.0 0 100 
30.0 0 100 
31.0 90 10 
40.0 90 10 
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22 Synthetic procedures 

2.1 Methyl (E)-3-(4-(((1,3-dioxoisoindolin-2-yl)oxy)methyl)phenyl)acrylate (22) 

 

 

Commercially available (E)-3-(4-(bromomethyl)phenyl)acrylate (1.00 g, 3.84 mmol, 1.00 eq), 

N-hydroxyphtalimide (752 mg, 4.62 mmol, 1.20 eq) and DIPEA (1.35 mL, 7.68 mmol, 2.00 eq) were 

dissolved in 50 mL of acetonitrile and refluxed. After 16 h, the reaction mixture was poured on 300 mL 

of ice water. The obtained precipitate was collected by filtration and repeatedly washed with a  

saturated NaHCO3 solution until the filtrate became colourles. The residue was recrystallised from 

ethanol. 1.18 g (3.49 mmol, 91 %) of 22 was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 7.86 (s, 4H), 7.78 – 7.74 (m, 2H), 7.67 (d, J = 16.1 Hz, 1H), 7.59 – 7.55 

(m, 2H), 6.68 (d, J = 16.1 Hz, 1H), 5.20 (s, 2H), 3.73 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.6, 163.1, 143.9, 136.5, 134.8, 134.6, 130.0, 128.5, 128.4, 123.3, 

118.5, 78.7, 51.5. 

M.p.: 182 °C; HHPLC: Rt = 8.97 min, purity = 97.4 %; EESI-MS: 697.0 ([2M+H]+). 

 

2.2 Methyl (E)-3-(4-((aminooxy)methyl)phenyl)acrylate (33) 

 

 

The phthaloyl protected hydroxylamine 22 (1.00 eq, 2.00 g, 5.93mmol) was dissolved in 40.0 mL of 

dichloromethane- Subsequently, 2.00 eq of hydrazine monohydrate (594 mg, 11.9 mmol) were added 

and the reaction stirred for 16 h. The resulting precipitate was removed by filtration and the filtrate 

washed 3x with sat. NaHCO3-solution and 1x with brine. After drying over Na2SO4, the product was 

recrystallised from hexane/ethyl acetate. In this way, 1.17 g (5.64mmol, 95%) of the hydroxylamine 33 

was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 7.71 – 7.67 (m, 2H), 7.66 (d, J = 16.1 Hz, 1H), 7.36 (d, J = 8.1 Hz, 2H), 

6.63 (d, J = 16.0 Hz, 1H), 6.10 (s, 2H), 4.59 (s, 2H), 3.72 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.7, 144.3, 141.1, 133.1, 128.2, 128.2, 117.5, 76.3, 51.4. 

M.p.: 79°C; HHPLC: Rt = 7.29 min, purity ≥ 99 %; EESI-MS: 208.3 ([M+H]+). 
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2.3 General procedure for the synthesis of the alkoxyureas 44a-g. 

 

 

 

For the synthesis of the alkoxureas 44a-g, 1.00 eq of the hydroxylamine 33 was dissolved in 15 mL of dry 

dichloromethane. Subsequently, 1.00 eq of the required isocyanate was added at ambient 

temperature. After 16 h, the product was precipitated by the addition of hexane and collected by 

filtration. Finally, the product was recrystallised from hexane/ethyl acetate. 

 

2.3.1 Methyl (E)-3-(4-(((3-ethylureido)oxy)methyl)phenyl)acrylate (44a) 

 

 

 

4a was synthesised from the hydroxylamine 33 (200 mg, 0.97 mmol, 1.00 eq) and ethyl isocyanate (0.08 

mL, 1.45 mmol, 1.00 eq)) according to 2.3. 220 mg (0.78 mmol, 81 %) of the alkoxyurea 44a was obtained 

as a white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.02 (s, 1H), 7.76 – 7.61 (m, 3H), 7.45 (d, J = 8.2 Hz, 2H), 6.81 (t, J = 5.9 

Hz, 1H), 6.66 (d, J = 16.0 Hz, 1H), 4.73 (s, 2H), 3.73 (s, 3H), 3.33 (s, 5H), 3.05 (td, J = 7.1, 5.8 Hz, 2H), 0.99 

(t, J = 7.1 Hz, 3H). 
13C-NMR (150 MHz, DMSO-d6) δ (ppm) = 164.5, 156.7, 135.6, 133.4, 130.2, 128.4, 121.3, 101.6, 76.9, 

50.7, 33.5, 15.5. 

M.p.: 153 °C; HHPLC: Rt = 4.71 min, purity = 99.6 %; EESI-MS: 279.4 ([M+H]+). 
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2.3.2 Methyl (E)-3-(4-(((3-phenylureido)oxy)methyl)phenyl)acrylate (44b) 

 

 

 

4b was synthesised from the hydroxylamine 33 (200 mg, 0.97 mmol, 1.00 eq) and phenylisocyanate 

(0.11 mL, 0.97 mmol, 1.00 eq) according to 2.3. 210 mg (0.64 mmol, 66 %) of the alkoxyurea 44b was 

obtained as a white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.49 (s, 1H), 8.77 (s, 1H), 7.78 – 7.61 (m, 3H), 7.58 – 7.46 (m, 4H), 7.32 

– 7.19 (m, 2H), 6.98 (ddt, J = 7.6, 7.0, 1.2 Hz, 1H), 6.66 (d, J = 16.1 Hz, 1H), 4.85 (s, 2H), 3.73 (s, 3H).  

13C NMR (75 MHz, DMSO-d6) δ 166.7, 157.1, 144.2, 139.0, 139.0, 133.7, 129.2, 128.5, 128.3, 122.5, 

119.5, 117.9, 77.0, 51.5. 

M.p.: 148 °C; HHPLC: Rt = 8.13 min, purity = 98.9 %; ESI-MS: 328.4 ([M+H]+). 

 

2.3.3 Methyl (E)-3-(4-(((3-(3,5-dimethylphenyl)ureido)oxy)methyl)phenyl)acrylate (44c) 

 

 

 

4c was synthesised from the hydroxylamine 33 (210 mg, 1.00 mmol, 1.00 eq) and 

3,5-dimethyl phenylisocyanate (0.14 mL, 1.00 mmol, 1.00 eq) according to 2.3. 270 mg (0.77 mmol, 

77 %) of the alkoxyurea 44c was obtained as a white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.45 (s, 1H), 8.56 (s, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 16.1 Hz, 

1H), 7.55 – 7.46 (m, 2H), 7.14 (dt, J = 1.6, 0.7 Hz, 2H), 6.67 (d, J = 16.1 Hz, 1H), 6.63 (dd, J = 1.6, 0.9 Hz, 

1H), 4.85 (s, 2H), 3.73 (s, 4H), 2.22 (s, 6H).  

13C NMR (75 MHz, DMSO-d6) δ 166.6, 157.0, 144.1, 139.0, 138.7, 137.3, 133.7, 129.1, 128.2, 124.0, 

117.9, 117.2, 76.9, 51.4, 21.0.   

M.p.: 158 °C; HHPLC: Rt = 8.58 min, purity = 99.8 %; EESI-MS: 355.6 ([M+H]+). 
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2.3.4 Methyl (E)-3-(4-(((3-mesitylureido)oxy)methyl)phenyl)acrylate (44d) 

 

 

 

4d was synthesised from the hydroxylamine 33 (300 mg, 1.45 mmol, 1.00 eq) and 

2,4,6-trimethyl phenylisocyanat (240 mg, 1.45 mmol, 1.00 eq) according to 2.3. 510 mg (1.38 mmol, 95 

%) of the alkoxyurea 44d was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 9.35 (s, 1H), 8.17 (s, 1H), 7.73 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 16.1 Hz, 

1H), 7.53 (d, J = 8.0 Hz, 2H), 6.86 (s, 2H), 6.67 (d, J = 16.1 Hz, 1H), 4.86 (s, 2H), 3.73 (s, 3H), 2.22 (s, 3H), 

2.07 (s, 6H).  

13C NMR (151 MHz, DMSO-d6) δ 166.7, 157.9, 144.2, 139.2, 135.8, 135.2, 133.7, 132.3, 129.3, 128.2, 

128.1, 117.9, 77.0, 51.5, 20.5, 17.9.   

M.p.: 179 °C; HHPLC: Rt = 8.72 min, purity = 97.2 %; EESI-MS: 369.6 ([M+H]+). 

 

2.3.5 Methyl (E)-3-(4-(((3-(4-methoxyphenyl)ureido)oxy)methyl)phenyl)acrylate (44e) 

 

 

 

4e was synthesised from the hydroxylamine 33 (300 mg, 1.45 mmol, 1.00 eq) and 

4-methoxy phenylisocyanate (0.19 mL, 1.45 mmol, 1.00 eq) according to 2.3. 360 mg (1.02 mmol, 70 %) 

of the alkoxyurea 44e was obtained as a white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.39 (s, 1H), 8.66 (s, 1H), 7.78 – 7.69 (m, 2H), 7.67 (d, J = 16.1 Hz, 1H), 

7.50 (d, J = 8.1 Hz, 2H), 7.47 – 7.34 (m, 2H), 6.96 – 6.78 (m, 2H), 6.66 (d, J = 16.1 Hz, 1H), 4.84 (s, 2H), 

3.73 (s, 3H), 3.71 (s, 3H).  

13C NMR (75 MHz, DMSO-d6) δ 166.7, 157.3, 154.9, 144.2, 139.1, 133.7, 131.9, 129.1, 128.2, 121.4, 

117.9, 113.6, 76.9, 55.1, 51.5.   

M.p.: 161 °C; HHPLC: Rt= 7.09 min, purity ≥ 99 %; EESI-MS: 357.4 ([M+H]+). 
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2.3.6 Methyl (E)-3-(4-(((3-(naphthalen-1-yl)ureido)oxy)methyl)phenyl)acrylate (44f) 

 

 

 

4f was synthesised from the hydroxylamine 33 (300 mg, 1.45 mmol, 1.00 eq) and 1-naphtyl isocyanate 

(0.21 mL, 1.45 mmol, 1.00 eq) according to 2.3. 290 mg (0.77 mmol, 53 %) of the alkoxyurea 44f was 

obtained as a white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.63 (s, 1H), 8.86 (s, 1H), 7.98 – 7.87 (m, 1H), 7.81 – 7.66 (m, 5H), 7.63 

– 7.43 (m, 6H), 6.69 (d, J = 16.1 Hz, 1H), 4.95 (s, 2H), 3.73 (s, 3H). 
13C-NMR (151 MHz, DMSO-d6): δ (ppm) = 167.1, 158.4, 144.6, 139.5, 134.3, 134.1, 134.0, 129.8, 128.8, 

128.5, 126.3, 126.1, 126.0, 125.3, 122.9, 122.0, 118.4, 77.6, 51.7. 

M.p.: 156 °C; HHPLC: Rt = 8.54 min, purity = 97.6 %; EESI-MS: 377.6 ([M+H]+). 

 

2.3.7 Methyl (E)-3-(4-(((3-([1,1'-biphenyl]-2-yl)ureido)oxy)methyl)phenyl)acrylate (44g) 

 

 

4g was synthesised from the hydroxylamine 33 (300 mg, 1.45 mmol, 1.00 eq) and 1-naphtyl isocyanate 

(0.21 mL, 1.45 mmol, 1.00 eq) according to 2.3. 90 mg (0.77 mmol, 53 %) of the alkoxyurea 44g was 

obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 9.66 (s, 1H), 7.98 (dd, J = 8.2, 1.2 Hz, 1H), 7.95 (s, 1H), 7.70 – 7.63 (m, 

3H), 7.50 – 7.42 (m, 2H), 7.42 – 7.37 (m, 3H), 7.36 – 7.32 (m, 1H), 7.24 (dd, J = 7.6, 1.7 Hz, 1H), 7.17 (td, 

J = 7.4, 1.3 Hz, 1H), 7.13 (d, J = 8.1 Hz, 2H), 6.67 (d, J = 16.1 Hz, 1H), 4.62 (s, 2H), 3.73 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.6, 156.7, 144.1, 138.1, 138.0, 134.9, 133.8, 133.0, 130.0, 129.0, 

129.0, 128.9, 128.3, 128.0, 127.7, 123.7, 121.5, 118.1, 77.0, 51.5. 

M.p.: 133 °C; HHPLC: Rt =15.20 min, purity ≥ 99 %; EESI-MS: 403.2 ([M+H]+). 
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22.4 General procedure for the synthesis of the alkoxyamides 5 

 

 

 

The respective carboxylic acid (1.00 eq), the coupling reagent HATU (1.00 eq) and DIPEA (2.00 eq) were 

dissolved in 10 mL of DMF and stirred for 10 minutes at ambient temperature. Subsequently, the 

hydroxylamine 33 (1.00 eq) was added and the resulting mixture stirred for 16 h at rt. 

Purification method A 

The solution was diluted with 50 mL of ethyl acetate and washed with a 10% (w/w)-solution (3x), sat. 

K2CO3-solution (3x) brine (1x). After drying over Na2SO4 the solvent removed under reduced pressure. 

The product was obtained after flash column chromatography (hexane/ethyl acetate). 

Purification method B 

The reaction mixture was diluted with 50 mL of dH2O and the resulting precipitate collected by 

filtration. The product was obtained after washing with dH2O (3x). 

 

2.4.1 Methyl (E)-3-(4-((benzamidooxy)methyl)phenyl)acrylate (55a) 

 

 

 

5a was synthesised from the hydroxylamine 33 (1.00 eq, 200 mg, 0.965 mmol) and benzoic acid (1.00 eq, 

118 mg, 0.965 mmol) according to 2.4 and the purification method A. 286 mg (0.920mmol, 95%) of the 

alkoxyamide 55a was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.78 (s, 1H), 7.79 – 7.71 (m, 4H), 7.68 (d, J = 16.1 Hz, 1H), 7.58 – 7.42 

(m, 5H), 6.67 (d, J = 16.1 Hz, 1H), 4.96 (s, 2H), 3.73 (d, J = 1.5 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.7, 164.5, 144.1, 138.4, 133.9, 132.3, 131.7, 129.2, 128.5, 128.4, 

127.1, 118.1, 76.5, 51.5. 

M.p.: = 175 °C; HHPLC: Rt = 11.58 min, purity = 98.9 %; EESI-MS: 312.3 ([M+H]+). 

 

 

  



3.1 Chapter I - Supporting information 

38 
 

2.4.2 Methyl (E)-3-(4-(((3,5-dimethylbenzamido)oxy)methyl)phenyl)acrylate (55b) 

 

 

 

5b was synthesised from the hydroxylamine 33 (1.00 eq, 230 mg, 1.11 mmol) and 3,4-dimethyl benzoic 

acid (1.00 eq, 167mg, 1.11mmol) according to 2.4 and the purification method A. 347mg (1.02mmol, 

92%) of the alkoxyamide 55b was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.66 (s, 1H), 7.77 – 7.72 (m, 2H), 7.68 (d, J = 16.1 Hz, 1H), 7.50 (d, J = 

7.9 Hz, 2H), 7.37 – 7.32 (m, 2H), 7.18 – 7.14 (m, 1H), 6.67 (d, J = 16.1 Hz, 1H), 5.75 (s, 0H), 4.94 (s, 2H), 

3.73 (s, 3H), 2.29 (s, 6H). 
13C NMR (151 MHz, DMSO-d6) δ 166.6, 144.1, 137.6, 133.9, 132.8, 129.1, 128.3, 124.8, 118.0, 76.4, 

51.5, 20.8. 

M.p.: = 124 °C; HHPLC: Rt = 13.52 min, purity: ≥ 99.0 %; AAPCI-MS: 438.1 ([M-H]-). 

 

2.4.3 Methyl (E)-3-(4-(((4-butoxybenzamido)oxy)methyl)phenyl)acrylate (55c) 

 

 

 

5c was synthesised from the hydroxylamine 33 (1.00 eq, 267 mg, 1.29 mmol) and 4-butoxybenzoic acid 

(1.00 eq, 250 mg, 1.29 mmol) according to 2.4 and the purification method B. 438 mg (1.14 mmol, 

89 %) of the alkoxyamide 55c was obtained as a white solid. 
1H NMR (500 MHz, DMSO-d6) δ 11.59 (s, 1H), 7.75 – 7.69 (m, 4H), 7.68 (d, J = 16.0 Hz, 1H), 7.50 (d, J = 

7.9 Hz, 2H), 7.06 – 6.91 (m, 2H), 6.65 (d, J = 16.1 Hz, 1H), 4.94 (s, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.73 (s, 

3H), 1.69 (dq, J = 8.6, 6.6 Hz, 2H), 1.50 – 1.32 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 166.5, 164.2, 161.2, 144.0, 138.5, 133.8, 129.0, 128.8, 128.2, 124.1, 

117.9, 114.0, 76.4, 67.3, 51.3, 30.5, 18.6, 13.5. 

M.p.: = 181 °C; HHPLC: Rt = 10.88 min Purity: ≥ 99 %; EESI-MS: 384.1 ([M+H]+). 
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2.4.4 Methyl (E)-3-(4-(((3,4,5-trimethoxybenzamido)oxy)methyl)phenyl)acrylate (55d) 

 

 

 

5d was synthesised from the hydroxylamine 33 (1.00 eq, 249 mg, 1.20 mmol) and 

3,4,5-trimethoxybenzoic acid (1.00 eq, 257 mg, 1.20 mmol) according to 2.4 and the purification 

method B. 455 mg (1.13 mmol, 95 %) of the alkoxyamide 55d was obtained as a white solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.74 (s, 1H), 10.77 (s, 1H), 9.06 (s, 1H), 7.59 (d, J = 7.7 Hz, 2H), 7.53 – 

7.42 (m, 3H), 7.09 (s, 2H), 6.49 (d, J = 15.8 Hz, 1H), 4.94 (s, 2H), 3.81 (s, 7H), 3.70 (s, 3H), 3.34 (s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 164.3, 163.1, 153.1, 140.7, 138.4, 137.7, 135.3, 129.9, 127.9, 127.7, 

119.9, 105.1, 77.1, 60.6, 56.5. 

M.p.: = 164 °C; HHPLC: Rt = 14.79, purity: ≥ 99 %; EESI-MS: 402.1 ([M+H]+). 

 

2.4.5 Methyl (E)-3-(4-(((2,2-diphenylpropanamido)oxy)methyl)phenyl)acrylate (55e) 

 

 

 

5e was synthesised from the hydroxylamine 33 (1.00 eq, 230 mg, 1.11 mmol) and benzoic acid (1.00 eq, 

251mg, 1.11mmol) according to 2.4 and the purification method A. 375mg (0.902mmol, 81%) of the 

alkoxyamide 55e was obtained as a viscous colourless oil. 
1H NMR (600 MHz, DMSO-d6) δ 10.94 (s, 1H), 7.76 – 7.70 (m, 2H), 7.68 (d, J = 16.0 Hz, 1H), 7.43 (d, J = 

7.9 Hz, 2H), 7.29 (dd, J = 8.2, 6.6 Hz, 4H), 7.27 – 7.21 (m, 2H), 7.15 – 7.10 (m, 4H), 6.67 (d, J = 16.1 Hz, 

1H), 4.84 (s, 2H), 3.73 (s, 3H), 1.81 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 171.4, 166.6, 144.6, 144.1, 138.4, 133.8, 129.3, 128.2, 127.9, 127.9, 

126.5, 118.0, 76.0, 54.7, 51.5, 26.3. 

HPLC: Rt = 11.58 min, purity ≥ 99.0 %; AAPCI-MS: 414.7 ([M-H]-). 
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2.4.6 Methyl (E)-3-(4-(((2-phenylthiazole-4-carboxamido)oxy)methyl)phenyl)acrylate (55f) 

 

 

 

5f was synthesised from the hydroxylamine 33 (1.00 eq, 247 mg, 1.19 mmol) and 2-phenylthiazole-4-

carboxylic acid (1.00 eq, 250 mg, 1.19 mmol) according to 2.4 and the purification method B. 419 mg 

(1.06 mmol, 89 %) of the alkoxyamide 55f was obtained as a white solid. 
1H NMR (500 MHz, DMSO-d6) δ 11.88 (s, 1H), 8.36 (s, 1H), 8.08 – 7.98 (m, 2H), 7.78 – 7.72 (m, 2H), 7.67 

(d, J = 16.0 Hz, 1H), 7.53 (dd, J = 7.3, 2.5 Hz, 5H), 6.66 (d, J = 16.1 Hz, 1H), 5.01 (s, 2H), 3.73 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 167.5, 166.5, 158.3, 148.4, 144.0, 138.2, 133.8, 132.3, 130.7, 129.1, 

129.0, 128.2, 126.4, 124.6, 118.0, 76.7, 51.3. 

M.p.: = 154 °C; HHPLC: Rt = 14.43 min, purity: ≥ 99 %; EESI-MS: 395.1 ([M+H]+). 

 

2.4.7 Methyl (E)-3-(4-(((2-(2-methyl-1H-indol-3-yl)acetamido)oxy)methyl)phenyl)acrylate (55g) 

 

 

 

5g was synthesised from the hydroxylamine 33 (1.00 eq, 230 mg, 1.11 mmol) and 2-methyl-3-indole 

acetic acid (1.00 eq, 230mg, 1.11mmol) according to 2.4 and the purification method A. 169mg 

(0.445mmol, 40%) of the alkoxyamide 55g was obtained as a brown solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.17 (s, 1H), 10.78 (s, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 16.1 Hz, 

1H), 7.43 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 7.9 Hz, 2H), 7.22 (d, J = 8.0 Hz, 1H), 6.97 (t, 1H), 6.91 (t, J = 7.4 

Hz, 1H), 6.66 (d, J = 16.0 Hz, 1H), 4.78 (s, 2H), 3.73 (s, 3H), 3.33 (s, 3H), 2.32 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 167.9, 166.6, 144.1, 138.5, 135.0, 133.8, 133.2, 129.1, 128.3, 128.3, 

120.0, 118.1, 118.0, 117.8, 110.2, 104.0, 76.1, 51.5, 28.6, 11.4. 

M.p.: = 200 °C; HHPLC: Rt = 11.88 min, purity: ≥ 99.0 %; EESI-MS: 379.5 ([M+H]+). 
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2.4.8 Methyl (E)-3-(4-(((2-naphthamido)oxy)methyl)phenyl)acrylate (55h) 

 

 

 

5h was synthesised from the hydroxylamine 33 (1.00 eq, 210 mg, 1.01 mmol) and 2-Naphthoic acid 

(1.00 eq, 174 mg, 1.01 mmol) according to 2.4 and the purification method B. 271 mg (0.75 mmol, 

74 %) of the alkoxyamide 55h was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.97 (s, 1H), 8.36 (d, J = 1.7 Hz, 1H), 8.05 – 7.94 (m, 3H), 7.83 (dd, J = 

8.6, 1.8 Hz, 1H), 7.76 (d, J = 7.8 Hz, 2H), 7.68 (d, J = 16.0 Hz, 1H), 7.60 (dddd, J = 16.6, 8.2, 6.8, 1.5 Hz, 

2H), 7.54 (d, J = 7.8 Hz, 2H), 6.67 (d, J = 16.0 Hz, 1H), 5.02 (s, 2H), 3.73 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.7, 151.4, 144.2, 138.7, 134.2, 133.8, 133.2, 132.1, 129.1, 128.8, 

128.3, 128.0, 127.6, 127.4, 126.8, 123.8, 118.0, 76.4, 51.5. 

M.p.: = 207 °C; HHPLC: Rt = 13.20 min, purity ≥ 99 %; AAPCI-MS: 360.5 ([M-H]-). 

 

2.4.9 methyl (E)-3-(4-(((isoquinoline-1-carboxamido)oxy)methyl)phenyl)acrylate (55i) 

 

 

 

5i was synthesised from the hydroxylamine 33 (1.00 eq, 250 mg, 1.21 mmol) and Isoquinoline-1-

carboxylic Acid (1.21 eq, 209 mg, 1.21 mmol) according to 2.4 and the purification method B. 319 mg 

(0.88 mmol, 73 %) of the alkoxyamide 55i was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 12.02 (s, 1H), 8.52 (d, J = 5.6 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 8.04 (d, J 

= 8.2 Hz, 1H), 8.01 (d, J = 5.6 Hz, 1H), 7.83 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H), 7.77 (d, J = 7.9 Hz, 2H), 7.73 – 

7.66 (m, 1H), 7.69 (d, J = 16.0 Hz, 1H), 7.57 (d, J = 7.9 Hz, 2H), 6.68 (d, J = 16.0 Hz, 1H), 5.06 (s, 2H), 

3.73 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.6, 163.4, 150.9, 144.1, 141.0, 138.4, 136.2, 133.9, 130.8, 129.2, 

128.4, 128.3, 127.2, 125.9, 125.4, 123.2, 118.1, 76.6, 51.5. 

M.p.: = 121 °C; HHPLC: Rt = 11.97 min, purity: ≥ 99 %; AAPCI-MS: 361.6 ([M-H+]-). 
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2.4.10 Methyl (E)-3-(4-(((quinoline-2-carboxamido)oxy)methyl)phenyl)acrylate (55j) 

 

 

 

5j was synthesised from the hydroxylamine 33 (1.00 eq, 353 mg, 1.73 mmol) and quinaldic acid (1.00 eq, 

300 mg, 1.73 mmol) according to 2.4 and the purification method B. 583 mg (1.61 mmol, 93 %) of the 

alkoxyamide 55j was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 12.22 (s, 1H), 8.57 (d, J = 8.5 Hz, 1H), 8.15 – 8.04 (m, 3H), 7.87 (ddd, J = 

8.4, 6.8, 1.4 Hz, 1H), 7.76 (d, J = 8.0 Hz, 2H), 7.72 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.68 (d, J = 16.1 Hz, 1H), 

7.56 (d, J = 8.0 Hz, 2H), 6.67 (d, J = 16.0 Hz, 1H), 5.04 (s, 2H), 3.73 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 166.6, 161.8, 149.7, 146.0, 144.1, 138.4, 137.9, 133.9, 130.6, 129.2, 

129.1, 128.8, 128.3, 128.2, 128.2, 118.8, 118.0, 76.6, 51.5. 

M.p.: = 189 °C; HHPLC: Rt = 13.73 min, purity: ≥ 99 %; EESI-MS: 363.2 ([M+H]+). 
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22.5 General procedure for the synthesis of alkoxyurea based hydroxamic acids (6) 

 

 

 

1.00 eq of the alkoxyurea  4 was dissolved in a mixture of dichloromethane and methanol (1:2, 

15 mL/mmol). The reaction was cooled to 0°C. Afterwards, 10.0 eq of NaOH and 30.0 eq of 

hydroxylamine (50 % aqueous solution) were added and stirred for 16 h. The solvent was removed 

under reduced pressure and the remaining residue dissolved in dH2O (10 mL/mmol). Subsequently, the 

resulting solution was neutralised with a 1 M HCl solution and the crude product extracted with ethyl 

acetate. After removing  the solvent under reduced pressure, the crude product was purified by flash 

column chromatography (DCM/MeOH, stepwise gradient). 

 

2.5.1 (E)-3-(4-(((3-ethylureido)oxy)methyl)phenyl)-N-hydroxyacrylamide (66a) 

 

 

 

6a was synthesised from the ester 44a (180 mg, 0.65 mmol, 1.00 eq), hydroxylamine (0.60 mL, 19.40 

mmol, 30.00 eq) and NaOH (260 mg, 6.47 mmol, 10.00 eq) according to 2.5. 210 mg (0.76 mmol, 78 %)  

of the hydroxamic acid 66a was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 10.75 (s, 1H), 9.04 (s, 1H), 9.01 (s, 1H), 7.55 (d, J = 8.0 Hz, 2H), 7.48 – 

7.40 (m, 3H), 6.78 (t, J = 5.9 Hz, 1H), 6.47 (d, J = 15.8 Hz, 1H), 4.71 (s, 2H), 3.06 (qd, J = 7.1, 5.8 Hz, 2H), 

0.99 (t, J = 7.1 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 163.2, 160.1, 138.5, 134.9, 129.6, 127.8, 119.6, 100.0, 77.2, 34.1, 15.9. 

M.p.: = 161 °C; HHPLC: Rt = 5.40 min, purity = 95.1 %; EESI-MS: 280.4 ([M+H]+). 
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2.5.2 (E)-N-hydroxy-3-(4-(((3-phenylureido)oxy)methyl)phenyl)acrylamide (66b)  

 

 

 

6b was synthesised from the ester 44b (250 mg, 0.61 mmol, 1.00 eq), hydroxylamine (0.56 mL, 18.40 

mmol, 30.00 eq) and NaOH (250 mg, 6.13 mmol, 10.00 eq) according to 2.5. 150 mg (0.46 mmol, 75 %) 

of the hydroxamic acid 66b was obtained as an white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.49 (s, 1H), 8.77 (s, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.67 (d, J = 16.1 Hz, 

1H), 7.57 – 7.46 (m, 4H), 7.32 – 7.19 (m, 2H), 7.05 – 6.92 (m, 1H), 6.66 (d, J = 16.1 Hz, 1H), 4.86 (s, 

2H), 3.73 (s, 3H). 
13C-NMR (150 MHz, DMSO-d6): δ 157.3, 154.9, 137.9, 138.5, 137.9, 137.8, 134.5, 129.2, 127.9, 121.7, 

121.3, 119.2, 77.0. 

M.p.: = 148 °C; HHPLC: Rt = 8.13 min, purity = 98.9 %; EESI-MS: 328.4 ([M+H]+). 

 

2.5.3 (E)-3-(4-(((3-(3,5-dimethylphenyl)ureido)oxy)methyl)phenyl)-N-hydroxyacrylamide (66c) 

 

 

  

6c was synthesised from the ester 4c (250 mg, 0.61 mmol, 1.00 eq), hydroxylamine (0.56 mL, 18.40 

mmol, 30.00 eq) and NaOH (250 mg, 6.13 mmol, 10.00 eq) according to 2.5. 180 mg (0.50 mmol, 88 %) 

of the hydroxamic acid 66c was obtained as an white solid. 
1H NMR (300 MHz, DMSO-d6) δ 10.28 (s, 1H), 9.45 (s, 1H), 8.78 (s, 1H), 8.55 (s, 1H), 7.57 (m, 2H), 7.48 

(m, 2H), 7.44 (d, J=15.8, 1H), 7.13 (s, 2H), 6.62 (s, 1H), 6.54 (d, J= 15.8, 1H, ), 4.83 (s, 2H 2.21 (s, 6H). 
13C NMR (151 MHz, DMSO-d6) δ 163.2, 157.5, 139.3, 138.2, 137.9, 137.8, 135.2, 129.7, 127.8, 124.4, 120.2, 

117.5, 77.6, 21.6. 

M.p.: = 148 °C; HHPLC: Rt = 9.75 min, purity ≥ 99 %; EESI-MS: 356.4 ([M+H+]+). 
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2.5.4 (E)-N-hydroxy-3-(4-(((3-mesitylureido)oxy)methyl)phenyl)acrylamide (66d) 

 

 

 

6d was synthesised from the ester 44d (370 mg, 1.00 mmol, 1.00 eq), hydroxylamine (0.92 mL, 30.00 

mmol, 30.00 eq) and NaOH (400 mg, 10.00 mmol, 10.00 eq) according to 2.5. 340 mg (0.92 mmol, 92 

%) of the hydroxamic acid 66d was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 10.91 (s, 1H), 10.51 (s, 0H), 9.38 (s, 1H), 9.17 – 8.33 (m, 3H), 8.18 (s, 

1H), 7.55 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 7.9 Hz, 2H), 7.45 (d, J = 15.8 Hz, 1H), 6.85 (s, 2H), 6.56 (d, J = 

15.8 Hz, 1H), 4.83 (s, 2H), 2.21 (s, 3H), 2.06 (s, 6H). 
13C NMR (151 MHz, DMSO-d6) δ 163.1, 158.4, 138.4, 138.3, 136.2, 135.6, 135.0, 132.8, 129.8, 128.6, 

127.7, 119.8, 77.5, 21.0, 18.4. 

M.p.: = 175 °C; HHPLC: Rt = 10.41 min, purity ≥ 99 %; EESI-MS: 370.6 ([M+H]+). 

 

2.5.5 (E)-N-hydroxy-3-(4-(((3-(4-methoxyphenyl)ureido)oxy)methyl)phenyl)acrylamide (6e) 

 

 

 

6e was synthesised from the ester 44e (300 mg, 0.84 mmol, 1.00 eq), hydroxylamine (0.77 mL, 

25.30 mmol, 30.00 eq) and NaOH (340 mg, 8.42 mmol, 10.00 eq) according to 2.5. 220 mg (0.60 mmol, 

72 %) of the hydroxamic acid 66e was obtained as an white solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.43 (s, 1H), 8.69 (s, 1H), 7.57 (d, J = 7.9 Hz, 2H), 7.53 – 7.45 (m, 3H), 

7.41 (dd, J = 9.1, 2.3 Hz, 3H), 6.90 – 6.75 (m, 2H), 6.48 (d, J = 15.8 Hz, 1H), 4.83 (s, 2H), 3.71 (s, 4H). 
13C NMR (150 MHz, DMSO-d6) δ 165.8, 156.4, 153.2, 143.7, 138.1, 132.8, 129.9, 128.2, 127.8, 120.0, 

117.2, 112.7, 76.8, 55.0. 

M.p.: = 163 °C; HHPLC: Rt = 7.88 min, Purity = 98.9 %; EESI-MS: 358.5 ([M+H]+). 
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2.5.6 (E)-N-hydroxy-3-(4-(((3-(naphthalen-1-yl)ureido)oxy)methyl)phenyl)acrylamide (66f) 

 

 

 

6f was synthesised from the ester 44f (250 mg, 0.66 mmol, 1.00 eq), hydroxylamine (0.62 mL, 19.90 

mmol, 30.00 eq) and NaOH (270 mg, 6.64 mmol, 10.00 eq) according to 2.5. 190 mg (0.50 mmol, 76 %) 

of the hydroxamic acid 66f was obtained as an white solid. 

 
1H NMR (300 MHz, DMSO-d6) δ 12.41 (s, 1H), 9.63 (s, 1H), 8.86 (s, 1H), 8.03 – 7.87 (m, 1H), 7.85 – 7.68 

(m, 4H), 7.69 – 7.36 (m, 7H), 6.57 (d, J = 16.0 Hz, 1H), 4.95 (s, 2H).  

13C NMR (151 MHz, DMSO-d6) δ 168.0, 158.4, 144.1, 139.2, 134.5, 134.1, 134.1, 129.9, 128.8, 128.6, 

128.5, 126.4, 126.2, 126.1, 125.3, 122.9, 122.1, 119.8, 77.6. 

M.p.: = 163 °C; HHPLC: Rt = 9.00 min, purity = 96.1 %; EESI-MS: 378.7 ([M+H]+). 

 

2.5.7 (E)-3-(4-(((3-([1,1'-biphenyl]-2-yl)ureido)oxy)methyl)phenyl)-N-hydroxyacrylamide (66g) 

 

 

 

6g was synthesised from the ester 44g (300 mg, 0.75 mmol, 1.00 eq), hydroxylamine (1.37 mL, 22.4 

mmol, 30.0 eq) and NaOH (298 mg, 7.45 mmol, 10.0 eq) according to 2.5. 209 mg (0.52 mmol, 70 %) of 

the hydroxamic acid 66g was obtained as an white solid. 
1H NMR (600 MHz, DMSO-d6) δ 10.77 (s, 1H), 9.65 (s, 1H), 9.07 (s, 1H), 7.98 (dd, J = 8.2, 1.2 Hz, 1H), 

7.94 (s, 1H), 7.54 – 7.43 (m, 5H), 7.42 – 7.37 (m, 3H), 7.34 (ddd, J = 8.4, 7.4, 1.7 Hz, 1H), 7.24 (dd, J = 

7.6, 1.7 Hz, 1H), 7.17 (td, J = 7.5, 1.3 Hz, 1H), 7.11 (d, J = 7.9 Hz, 2H), 6.48 (d, J = 15.8 Hz, 1H), 4.60 (s, 

2H). 
13C NMR (151 MHz, DMSO-d6) δ 163.1, 157.1, 138.6, 138.4, 137.3, 135.3, 135.1, 133.4, 130.5, 129.6, 

129.4, 129.4, 128.5, 128.2, 127.8, 124.2, 122.0, 119.9, 77.6. 

M.p.: = 385 °C; HHPLC: Rt = 10.73 min, purity ≥ 99 %; EESI-MS: 404.1 ([M+H]+). 
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22.6 General procedure for the synthesis of alkoxyamide based hydroxamic acids (7) 

 

 

 

Method A 

1.00 eq of the methyl ester 55 was dissolved in THF (10 mL/mmol) and 5.00 eq of a 2 M LiOH solution 

added. The mixture was stirred for 16 h at ambient temperature. The solution was acidified to pH 4 

with a 1 M HCl solution. The resulting carboxylic acid was extracted with ethyl acetate and the combined 

organic phase dried over Na2SO4. Afterwards, the solvent was removed under reduced pressure. The 

obtained carboxylic acid was used without any further purification for the synthesis of the respective 

hydroxamic acid. Under nitrogen atmosphere, 1.00 eq of the carboxylic acid was dissolved in 10 mL 

DMF and cooled to 0 °C. 1.20 eq DIPEA and 1.20 eq isobutyl chloroformate was added consecutively. 

After 30 minutes, a solution of 5.00 eq hydroxylamine hydrochloride and 6.00 eq DIPEA in 10 mL of 

DIPEA was added dropwise and stirred for 16 h to room temperature. The solvent was removed under 

reduced pressure and resuspended in ethyl acetate. Subsequently, the organic phase was washed 3x 

with 1 M HCl. The solvent was removed in vacuo and the product purified by flash column 

chromatography (DCM/MeOH, step wise gradient). 

 

Method B 

1.00 eq of the alkoxyamide 55 was suspended in 2 mL of dry methanol in a microwave reaction vessel. 

After the addition of 10 eq of hydroxylamine hydrochloride and 15 eq of sodium methanolate (5.4 M 

solution in methanol). The conversion to the respective hydroxamic acid was performed under 

microwave irradiation (150 Watt) at 70 °C for 30 minutes. Afterwards, the reaction mixture was poured 

on 100 mL of ice water, acidified to pH 6 and the product extracted with ethyl acetate. The solvent of 

the combined organic phases was removed under reduced pressure and the product purified by flash 

column chromatography (DCM/MeOH).  
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2.6.1 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)benzamide (7a) 

 

 

 

77a was synthesised from the alkoxyamide 55a (1.00 eq, 140 mg, 0.642 mmol) according to 2.6 Method A. 

26.1 mg (0.083 mmol, 13 %) of the alkoxyamide 77a was obtained as a lightly red solid over two steps. 
1H NMR (600 MHz, DMSO-d6) δ 11.92 (s, 1H), 10.95 (s, 1H), 9.07 (s, 1H), 7.76 (d, J = 7.6 Hz, 2H), 7.57 (d, 

J = 7.8 Hz, 2H), 7.54 (t, J = 7.4 Hz, 1H), 7.51 – 7.42 (m, 5H), 6.57 (d, J = 15.7 Hz, 1H), 4.94 (s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 164.4, 162.7, 137.7, 137.3, 134.8, 132.3, 131.6, 129.4, 128.4, 127.4, 

127.1, 119.6, 76.5. 

M.p.: = 172 °C; HHPLC: Rt = 7.20 min, purity ≥ 99 %; EESI-MS: 313.3 ([M+H]+). 

 

2.6.2 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)-3,5-dimethylbenzamide (77b) 

 

 

 

7b was synthesised from the alkoxyamide 55b (1.00 eq, 290 mg, 0.854 mmol) according to 2.6 Method A. 

108 mg (0.316 mmol, 37 %) of the alkoxyamide 77b was obtained as a lightly red solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.66 (s, 1H), 10.77 (s, 1H), 9.05 (s, 1H), 7.58 (d, J = 7.8 Hz, 2H), 7.50 – 

7.44 (m, 3H), 7.34 (s, 2H), 7.17 (s, 1H), 6.48 (d, J = 15.8 Hz, 1H), 4.92 (s, 2H), 2.30 (s, 6H). 
13C NMR (151 MHz, DMSO-d6) δ 164.7, 162.7, 137.9, 137.6, 137.3, 134.7, 132.9, 132.3, 129.3, 127.4, 

124.8, 119.3, 76.5, 20.8. 

M.p.: = 198 °C; HHPLC: Rt = 9.17min, purity ≥ 99%; EESI-MS: 341.2 ([M+H]+). 
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2.6.3 (E)-4-butoxy-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)benzamide (77c) 

 

 

 

7c was synthesised from the alkoxyamide 55c (1.00 eq, 250 mg, 0.652 mmol) according to 2.6 Method B. 

86.1 mg (0.224 mmol, 34 %) of the alkoxyamide 66c was obtained as a lightly red solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.63 (s, 1H), 10.79 (s, 1H), 9.06 (s, 1H), 7.71 (d, J = 8.4 Hz, 2H), 7.59 (d, 

J = 7.7 Hz, 2H), 7.53 – 7.41 (m, 3H), 6.99 (d, J = 8.6 Hz, 2H), 6.50 (d, J = 15.8 Hz, 1H), 4.92 (s, 2H), 4.02 

(t, J = 6.5 Hz, 2H), 1.78 – 1.65 (m, 2H), 1.43 (h, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 176.1, 175.1, 161.3, 140.2, 138.0, 137.4, 129.3, 128.9, 127.4, 124.2, 

119.4, 114.1, 76.5, 67.4, 30.6, 18.7, 13.7. 

M.p.: = 177 °C; HHPLC: Rt = 10.88 min, purity ≥ 99 %; EESI-MS: 385. 1 ([M+H]+). 

 

2.6.4 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)-3,4,5-trimethoxybenzamide (77d). 

 

 

 

7d was synthesised from the alkoxyamide 55d (1.00 eq, 250 mg, 0.62 mmol) according to 2.6 Method B. 

142 mg (0.354 mmol, 57 %) of the alkoxyamide 77d was obtained as a lightly red solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.74 (s, 1H), 10.77 (s, 1H), 9.06 (s, 1H), 7.59 (d, J = 7.7 Hz, 2H), 7.53 – 

7.42 (m, 3H), 7.09 (s, 2H), 6.49 (d, J = 15.8 Hz, 1H), 4.94 (s, 2H), 3.81 (s, 7H), 3.70 (s, 3H), 3.34 (s, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 164.3, 163.1, 153.1, 140.7, 138.4, 137.7, 135.3, 129.9, 127.9, 127.7, 

119.9, 105.1, 77.1, 60.6, 56.5. 

M.p.: = 98 °C; HHPLC: Rt = 7.48, purity = 96.8 %; EESI-MS: 403.0 ([M+H]+) 
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2.6.5 (E)-3-(4-(((2,2-diphenylpropanamido)oxy)methyl)phenyl)-N-hydroxyacrylamide (77e) 

 

 

 

7e was synthesised from the alkoxyamide 55e (1.00 eq, 290 mg, 0.698 mmol) according to 2.6 Method B. 

108 mg (0.258 mmol, 37 %) of the alkoxyamide 77e was obtained as a lightly red solid. 
1H NMR (600 MHz, DMSO-d6) δ 10.92 (s, 1H), 10.77 (s, 1H), 9.06 (s, 1H), 7.55 (d, J = 7.7 Hz, 2H), 7.47 (d, 

J = 15.8 Hz, 1H), 7.41 (d, J = 7.8 Hz, 2H), 7.29 (t, J = 7.3 Hz, 4H), 7.24 (t, J = 7.2 Hz, 2H), 7.12 (d, J = 7.7 

Hz, 4H), 6.48 (d, J = 15.8 Hz, 1H), 4.82 (s, 2H), 1.81 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 167.0, 162.7, 144.6, 137.9, 137.2, 131.6, 129.5, 127.9, 127.9, 127.3, 

126.5, 119.3, 76.1, 54.7, 26.3. 

M.p.: = 135 ◦C; HHPLC: Rt = 10.80min, purity = 96.9%; EESI-MS: 417.3 ([M+H+). 

 

2.6.6 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)-2-phenylthiazole-4-carboxamide 

(77f). 

 

 

 

7f was synthesised from the alkoxyamide 55f (1.00 eq, 250 mg, 0.634 mmol) according to 2.6 Method B. 

160 mg (0.405 mmol, 64 %) of the alkoxyamide 77f was obtained as a lightly red solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.91 (s, 1H), 10.78 (s, 1H), 9.07 (s, 1H), 8.37 (s, 1H), 8.23 – 7.95 (m, 

2H), 7.59 (d, J = 7.9 Hz, 2H), 7.57 – 7.49 (m, 5H), 7.48 (d, J = 15.7 Hz, 1H), 6.49 (d, J = 15.9 Hz, 1H), 4.99 

(s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 167.6, 162.7, 158.4, 148.5, 138.0, 137.2, 134.8, 132.4, 130.8, 129.3, 

129.3, 127.5, 126.5, 124.8, 119.4, 76.9. 

M.p.: = 191 °C. 

HPLC: Rt = 10.23 min, purity = ≥ 99 %; EESI-MS: 396.1 ([M+H]+). 
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2.6.7 (E)-N-hydroxy-3-(4-(((2-(2-methyl-1H-indol-3-yl)acetamido)oxy)methyl)phenyl)acrylamide (77g) 

 

 

 

7g was synthesised from the alkoxyamide 55g (1.00 eq, 150 mg, 0.396 mmol) according to 2.6 Method A. 

28.5 mg (0.08 mmol, 19%) of the alkoxyamide 77g was obtained as a brown solid. 
 

1H NMR (600 MHz, DMSO-d6) δ 11.16 (s, 1H), 10.78 (s, 1H), 7.54 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 15.8 Hz, 

1H), 7.43 (d, J = 7.8 Hz, 1H), 7.37 (d, J = 7.8 Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 6.91 

(t, J = 7.4 Hz, 1H), 6.48 (d, J = 15.8 Hz, 1H), 4.76 (s, 2H), 3.33 (s, 2H), 2.32 (s, 3H). 
13C NMR (151 MHz, DMSO-d6) δ 167.8, 162.6, 137.9, 137.4, 135.0, 134.7, 133.2, 129.3, 128.3, 127.4, 

120.0, 119.3, 118.1, 117.8, 110.2, 104.0, 76.2, 28.6, 11.4. 

M.p.: = 160 ◦C; HHPLC: Rt = 7.95min, purity = 96.1%; EESI-MS: 380.3 ([M+H]+). 

 

2.6.8 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)-2-naphthamide (77h) 

 

 

 

7h was synthesised from the alkoxyamide 55h (1.00 eq, 220 mg, 0.609 mmol) according to 2.6 Method B. 

138 mg (0.381 mmol, 63 %) of the alkoxyamide 77h was obtained as a lightly yellow solid. 
1H NMR (600 MHz, DMSO-d6) δ 11.99 (s, 1H), 10.84 (s, 1H), 9.07 (s, 1H), 8.58 – 7.11 (m, 13H), 6.53 (d, J 

= 15.1 Hz, 1H), 5.00 (s, 2H). 
13C NMR (75 MHz, DMSO-d6) δ 164.5, 162.7, 137.9, 137.3, 134.8, 134.2, 132.0, 129.6, 129.4, 128.8, 

128.1, 127.8, 127.7, 127.5, 127.4, 126.9, 123.8, 119.4, 76.6. 

M.p.: = 160 °C; HHPLC: Rt = 9.50 min, purity = 96.6 %; AAPCI-MS: 414.7  ([M-H]-). 
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2.6.9 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)isoquinoline-1-carboxamide (77i) 

 

 

 

7i was synthesised from the alkoxyamide 55i (1.00 eq, 280 mg, 0.773 mmol) according to 2.6 Method B. 

192 mg (0.528 mmol, 68 %) of the alkoxyamide 77i was obtained as a purple solid. 
1H NMR (600 MHz, DMSO-d6) δ 12.02 (s, 1H), 10.82 (s, 1H), 9.11 (s, 1H), 8.51 (d, J = 5.6 Hz, 1H), 8.49 

(d, J = 8.6 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 8.00 (d, J = 5.6 Hz, 1H), 7.81 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 

7.73 – 7.66 (m, 1H), 7.61 (d, J = 7.9 Hz, 2H), 7.56 (d, J = 7.9 Hz, 2H), 7.51 (d, J = 15.8 Hz, 1H), 6.53 (d, J 

= 15.8 Hz, 1H), 5.06 (s, 2H). 
13C NMR (151 MHz, DMSO-d6) δ 163.5, 162.8, 150.9, 141.1, 138.0, 137.2, 136.3, 134.9, 130.9, 129.5, 

128.5, 127.5, 127.2, 125.9, 125.4, 123.2, 119.4, 76.7. 

M.p.: = 176 °C; HHPLC: Rt = 5.97 min, purity ≥ 99 %; AAPCI-MS: 362.2  ([M-H]-). 

 

2.6.10 (E)-N-((4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)benzyl)oxy)quinoline-2-carboxamide (77j) 

 

 

 

7j was synthesised from the alkoxyamide 55j (1.00 eq, 250 mg, 0.69 mmol) according to 2.6 Method B. 

218 mg (0.60 mmol, 87 %) of the alkoxyamide 77j was obtained as a lightly red solid. 
1H NMR (300 MHz, DMSO-d6) δ 12.09 (s, 1H), 10.84 (s, 1H), 9.10 (s, 1H), 8.57 (d, J = 8.5 Hz, 1H), 8.10 

(dt, J = 11.3, 6.0 Hz, 3H), 7.94 – 7.81 (m, 1H), 7.72 (t, J = 7.4 Hz, 1H), 7.57 (q, J = 8.0 Hz, 4H), 7.48 (d, J 

= 15.7 Hz, 1H), 6.50 (d, J = 15.8 Hz, 1H), 5.03 (s, 2H). 
13C NMR (126 MHz, DMSO-d6) δ 162.5, 161.7, 149.7, 146.0, 137.7, 137.1, 134.7, 130.4, 129.1, 129.1, 

128.8, 128.7, 128.0, 127.3, 119.4, 118.6, 76.6. 

M.p.: = 155 °C; HHPLC: Rt = 9.30 min, purity = 95.8 %; EESI-MS: 364.1 ([M+H]+). 
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33 Biological evaluation 

 

Cisplatin was purchased from Sigma (Germany) and dissolved in 0.9% sodium chloride solution, 

propidium iodide (PI) was purchased from PromoKine (Germany). Vorinostat was synthesized 

according to known procedures.1 Stock solutions (10 mM) of the respective compounds  were 

prepared with DMSO and diluted to the desired concentrations with the appropriate medium. All 

other reagents were supplied by PAN Biotech (Germany) unless otherwise stated. 

 

3.1 Cell lines and cell culture. 

The human ovarian carcinoma cell line A2780 was obtained from European Collection of Cell 

Cultures (ECACC, Salisbury, UK). The human tongue cell line Cal27 was obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Germany). The corresponding cisplatin 

resistant CisR cell line Cal27CisR was generated by exposing the parental cell line to weekly cycles 

of cisplatin in an IC50 concentration over a period of 24 - 30 weeks as described in Gosepath et al. 

and Eckstein et al.. 2, 3 All cell lines were grown at 37°C under humidified air supplemented with 5% 

CO2 in RPMI 1640 (A2780) or DMEM (Cal27) containing 10% fetal calf serum, 120 IU/mL penicillin, 

and 120 μg/mL streptomycin. The cells were grown to 80% confluency before being used in further 

assays. 

 

3.2 MTT cell viability assay 

The rate of cell-survival under the action of test substances was evaluated by an improved MTT 

assay as previously described.4 In brief, A2780 and Cal27 cell lines were seeded at a density of 

5,000 and 2,500 cells/well in 96 well plates (Corning, Germany). After 24 h, cells were exposed to 

increased concentrations of the test compounds. Incubation was ended after 72 h and cell survival 

was determined by addition of MTT solution (Serva, Germany, 5 mg/mL in phosphate buffered 

saline). The formazan precipitate was dissolved in DMSO (VWR, Germany). Absorbance was 

measured at 544 nm and 690 nm in a FLUOstar microplate-reader (BMG LabTech, Offenburg, 

Germany). 

To investigate  the effect of 66e and 77j on cisplatin-induced cytotoxicity, compounds  were added 

48 h before cisplatin administration. After 72 h, the cytotoxic effect was determined with a MTT 

cell viability assay and shift factors were calculated by dividing the IC50 value of cisplatin alone by 

the IC50 value of the drug combinations. 
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3.3 Whole-cell HDAC inhibition assay 

The cellular HDAC assay was based on an assay published by Ciossek et al.5 and Bonfils et al. 6 with 

minor modifications.  

Briefly, human cancer cell lines Cal27 and A2780 were seeded in 96-well tissue culture plates 

(Corning, Germany) at a density of 1.5 x 104 cells/well in a total volume of 90 μL culture medium. 

After 24 h, cells were incubated for 18 h with increasing concentrations of test compounds. The 

reaction was started by adding 10 μL of 3 mM Boc-Lys(ε-Ac)-AMC (Bachem, Germany) to reach a 

final concentration of 0.3 mM.7 The cells were incubated with Boc-Lys(ε-Ac)-AMC for 3 h under cell 

culture conditions. After this incubation, 100 μl/well stop solution (25 mM Tris-HCl (pH 8), 137 mM 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 1% NP40, 2.0 mg/mL trypsin, 10 μM vorinostat) was added and the 

reaction was developed for 3 h under cell culture conditions. Fluorescence intensity was measured 

at excitation of 320 nm and emission of 520 nm in a NOVOstar microplate-reader (BMG LabTech, 

Offenburg, Germany). 

 

3.4 Measurement of apoptotic cells 

Cal27 and Cal27CisR cells were seeded at a density of 3.2 x 104 cells/well in 24-well plates (Sarstedt, 

Germany). Cells were treated with 66e or 77j and cisplatin alone or in combination for the indicated time 

points. Supernatant was removed after a centrifugation step and the cells were lysed in 500 μL 

hypotonic lysis buffer (0.1% sodium citrate, 0.1% Triton X-100, 100 μg/mL PI) at 4°C in the dark 

overnight. The percentage of apoptotic nuclei with DNA content in sub-G1 was analyzed by flow 

cytometry using the CyFlow instrument (Partec, Münster, Germany).  

 

3.5 Caspase 3/7 activation assay 

Compound-induced activation of caspases 3 and 7 was analyzed by using the CellEvent Caspase 3/7 

green detection reagent (Thermo Scientific Germany) according to the manufacturer´s instructions. 

Briefly, Cal27 and Cal27 CisR cells were seeded in 96-well-plates (Corning, Germany) at a density of 900 

cells/ well. Cells were treated with 66e or 77j 48h prior to cisplatin. After a further incubation period of 

24h medium was removed and 50 μL of CellEvent Caspase 3/7 green detection reagent (2 μM in PBS 

supplemented with 5% heat inactivated FBS) was added. Cells were incubated for 30 minutes at 37°C 

in a humidified incubator before imaging by using the Thermo Fisher ArrayScan XTI high content 

screening (HCS) system (Thermo Scientific). Hoechst 33342 was used for nuclei staining. The pan 

caspase inhibitor QVD was used in a concentration of 20 μM diluted in the appropriate medium and 

incubated 30 minutes prior to compound addition.   
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3.6 Enzyme assay 

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern, PA, USA). The 

HDAC activity assay of HDAC2 (catalog nr. KDA-21-277), 4 (catalog nr. KDA-21-279), 6 (catalog nr. KDA-

21-213) and 8 (catalog nr. KDA-21-481) was performed in 96-well plates (Corning, Germany). Briefly 

20ng of HDAC2 and HDAC8, 17.5ng of HDAC6 and 2ng of HDAC4 per reaction were used. Recombinant 

enzymes were diluted in assay buffer (50 mM Tris-HCL, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 

and 1 mg/ml BSA). 80 μl of this dilution was incubated with 10 μl of different concentrations of inhibitors 

in assay buffer. After a 5 min incubation step the reaction was started with 10 μl of 300 μM (HDAC2), 

150 μM (HDAC6) Boc-Lys(Ac)-AMC (Bachem, Germany) or 100 μM (HDAC4), 60 μM (HDAC8) Boc-

Lys(TFa)-AMC (Bachem, Germany). The reaction was stopped after 90 min by adding 100 μl stop 

solution (16mg/ml trypsin, 2 μM Panobinostat for HDAC2, HDAC6 and HDAC8, 2 μM CHDI0039 (kindly 

provided by the CHDI Foundation Inc., New York, USA) for HDAC4 in 50 mM Tris-HCL, pH 8.0, and 100 

mM NaCl. 15 min after the addition of the stop solution the fluorescence intensity was measured at 

excitation of 355 nm and emission of 460 nm in a NOVOstar microplate reader (BMG LabTech, 

Offenburg, Germany). 

3.7 Data Analysis 

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego, CA) by fitting 

the pooled data of at least three experiments performed in triplicates to the four parameter logistic 

equation. Statistical analysis was performed using t test or one-way ANOVA. 
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TThe carba-analogue of KSK64 

M. Pflieger, A. Hamacher, N. Horstick-Muche, M. U. Kassack, T. Kurz 

 

Abstract 

The controlled regulation of the acetylome is detrimental for the maintenance of the homeostasis of 

cells. An imbalance of the regulatory histone acetyl transferases (HAT) and histone deacetylase (HDAC) 

is associated with a variety of diseases such as cancer. The overexpression of HDACs can result in 

oncogenesis of cells and mediate the resistance towards commonly applied anticancer agents (e.g. 

cisplatin). One promising approach to target this imbalance is the employment of HDAC inhibitors, 

which can reinstate the homeostasis of cell and facilitate chemosensitising properties towards cisplatin. 

KSK64, a potent and selective HDAC class I/HDAC6 inhibitor, exhibiting an alkoxyurea connecting unit, 

shows promising antiproliferative properties in solid tumours and its application in combination with 

cisplatin reverts resistance mechanisms. Here we report the synthesis and the biological evaluation of 

the carba analogue of KKSK64 to evaluate the influence of an alkoxyurea CU. The here reported structure 

activity relationship indicate that the presence of an alkoxyurea CU in HDACi can significantly increase 

the preference of HDACi towards HDAC6. 

Introduction 

Histone deacetylases (HDAC) are epigenetic erasers1 that catalyse the hydrolytic cleavage of acetylated 

lysine residues.2,3 Depending on their cellular localisation, HDACs catalyse the deacetylation of 

chromatin in the nucleus4 or other non-chromatin client proteins in the cytoplasm and are numbered 

according to their discovery.3 The human zinc dependant HDAC isozyme are classified according to their 

yeast homologues into class I (HDAC1, HDAC2, HDAC3 and HDAC8), class IIa (HDAC4, HDAC5, HDAC7, 

HDAC9), class IIb (HDAC6, HDAC10) and class IV with HDAC11 as the single representative. Class III, the 

sirtuins, are NAD+  and consolidate a unique subclass of HDACs. As epigenetic regulators, HDACs 

participate in a plethora of cellular processes including cell differentiation,5,6 cell cycle progression7,8 

and the programmed cell death.9 Due to their diverse functions in maintaining the homeostasis of cells, 

their dysregulation has a tremendous impact on cell development and their dysregulation can result in 

the development of neurological diseases,10,11 immunological disorders,12 and the development of 

cancer.13–16 It has been shown that in many cancer cell lines an overexpression17,18 of HDACs 

(particularly class I) can circumvent apoptosis by an increased deacetylation of chromatin where 

tumour suppressor genes are encoded, resulting in a shift towards a condensed chromatin structure.19 

An inhibition of HDACs can re-establish homeostasis and cause the initiation of apoptosis.2,3 With 
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already four FDA approved HDAC inhibitors (HDACi) on the market, HDACs are clinically validated 

anti-cancer targets20 and accumulating evidence suggest a potential treatment of e.g. neurological 

disorders21 and immunomodulatory properties.22,23 Currently approved HDACi are vorinostat, 

belinostat, panobinostat and romidepsin for the treatment of cutaneous T-cell lymphoma (CTCL), 

relapsed or refractory, multiple myeloma and CTCL and peripheral T-cell lymphoma, respectively. All of 

the approved HDACi exhibit a mutual pharmacophore model, comprising of a zinc binding group (ZBG), 

a linker and a cap region. 24–26 Apart from the class I selective natural product romidepsin,27 the first 

generation HDACi are pan inhibitors that show no preference towards individual isozymes. The 

pan-HDACi are associated with severe adverse effects such as such as neutropenia, anaemia or 

cardiovascular abnormalities.15 Up until now, it is still unclear whether isozyme selective or pan HDACi 

as anti-cancer agents are more effective in clinics in respect to safety and efficacy.28 It is anticipated 

that isozyme selective or HDACi with preferences towards selected isozyme classes might be 

compromise between efficacy and the occurrence of side effects. Therefore, significant research has 

been conducted, over the last few years, to design isozyme selective HDACi that exhibit superior 

pharmacological properties to first generation HDACi. Furthermore, the combination treatment of 

HDACi with commonly applied anti-cancer drugs (e.g., cisplatin, bortezomib, temozolomide) has been 

shown to have a synergist anti-cancer effect in haematological malignancies as well as in solid 

tumours.29 For instance, KSK64 showed significant synergistic  and chemosensitising (SF = 11.2) 

anti-cancer properties with cisplatin in the human ovarian cancer cell line A2780 and the 

adenosquamous carcinoma cell line Cal27.30 In contrast to the first generation HDACi, KSK64 exhibits a 

refined HDAC isozyme profile with a preference towards class I HDACs and HDAC6. This HDAC 

class I/HDAC6 isozyme profile is presumably the result of the novel alkoxyurea CU which also facilitates 

KSK64 with its chemo-sensitising properties towards cisplatin (Figure 18) 

 

Figure 18. Structure of KSK64.30 

The aim of this study was to determine the influence of the alkoxyurea CU in respect to the anticancer 

activity of KSK64 (Scheme 10). This involved the development of a synthetic strategy for the carba 

analogue of KSK64 exhibiting a urea CU and the anticancer property evaluation of KSK64 and its carba 

analogue. 
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Scheme 10. Derivatisation of KSK64. 

RResults and Discussion 

Our retrosynthetic analysis of the urea derivative is shown in Scheme 11.  

 

 

Scheme 11. Retrosynthetic analysis. 

The key step of this analysis was to obtain 7-amino-N-(benzyloxy)heptanamide which was realised by a 

Beckmann-rearrangement (BR) of cycloheptanone to the corresponding azocan-2-one (11), followed by 

a Boc protection of the lactam N-proton. In this way, the N-Boc protected amine (22) cannot interfere 

with the coupling of its carboxylate with O-benzyl hydroxylamine.  

Starting from cycloheptanone, a ring expansion was realised by a Beckmann rearrangement 

(Scheme 3), followed by an N-Boc protection of the resulting lactam 22. The N-Boc protected lactam 22 

was, subsequently, hydrolysed under basis conditions to obtain the carboxylic acid 33. 

 

 

Scheme 12. Synthesis of tert-butyl 2-oxoazocane-1-carboxylate 33. i) 1.50 eq hydroxylamine-O-sulfonic acid, HCO2H; 

ii) 1.00 eq nBuLi, 1.00 eq Boc2O, THF; iii) 10.0 eq LiOH, THF/H2O. 
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Via a HATU mediated acylation, 33 was coupled to the O-benzyl hydroxylamine to obtain 44 (Scheme 4). 

The synthesis of the linker was completed by the boc deprotection of 44, yielding 55 as hydrochloride. 

 

 

Scheme 13. Synthesis of 7-amino-N-(benzyloxy)heptanamide hydrochloride 55. i) 1.00 eq HATU, 2.00 eq DIPEA, 1.00 eq O-

benzylhydroxylamine, DMF; iii) 20.0 eq HCl(dioxane), DCM 

Afterwards, 55 or its oxa-derivative 66 were used for the synthesis of the urea 88. 

 

Scheme 14. Synthesis of the urea derivatives 99. i) 0.330 eq triphosgene, 1.00 eq DIPEA, DCM 

Finally, the O-benzyl protected hydroxamic acids 88 were deprotected by catalytic hydrogenation to 

obtain 99 (Scheme 10). 

 

Scheme 15. Synthesis of the hydroxamic acids 110 by deprotection of the O-benzyl hydroxamic acids 99. i) H2, Pd/C.  

The hydroxamic acids 99 were, subsequently, evaluated in HDAC2 and HDAC6 enzyme assays (Table 6). 

In the HDAC2 enzyme assay, the urea derivative 99a exhibited an pIC50 value of 7.40 ± 0.06 and was 

approximately 19.5-fold (pIC50 = 6.11 ± 0.04) more active than KSK64 (99b). With a pIC50 of 7.04 ± 0.06 

(99a) and a pIC50 = 7.02 ± 0.04 (99b), 99a and 99b demonstrated a SI2/6 of 0.43 and 8.1, respectively. Based 

on the obtained data, the urea derivative (99a) showed a higher inhibitory activity towards HDAC2 than 

the alkoxyurea derivative 99b (KKSK64), which indicates that the presence of an alkoxyure CU can 

contribute to the preference of HDACi towards HDAC6. 
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Table 6. HDAC2 and HDAC6 inhibition assay of 99a and 99b (KSK64). 

 

Cmp. X 

HDAC2 

pIC50 

(IC50 [nM]) 

HDAC6 

pIC50 

(IC50 [nM]) 

SI2/6 

9a C 
7.40 ± 0.06 

(39.6) 

7.04 ± 0.06 

(96.3) 
0.437 

9b  

(KSK64) 
O 

6.11 ± 0.04 

(790) 

7.02 ± 0.04 

(90.8) 
8.13 

Presented data are calculated from at least two experiments each performed in duplicates. Standard 
deviation of percent inhibition values is less than 10 %. Vehicle control was defined as 0 % inhibition. 
The selectivity index SI2/6 was calculated with the pIC50 values. 

 

The cytotoxicity was evaluated by an antiproliferative assay in the human tongue squamous carcinoma 

cell line Cal27 and the human ovarian cancer cell line A2780 (Table 7). 

9a and 99b(KSK64) exhibited a pIC50 of 6.79 ± 0.09 and 6.01 ± 0.11 for Cal27, respectively. For A2780, 

9a and 99b(KSK64) demonstrated pIC50 of 6.01 ± 0.02 and 5.44 ± 0.06. In both solid tumour cell lines 

(Cal27 and A2780), 99a was approximately 4-fold more active than our lead compound 99b (KKSK64). 

 

Table 7: Antiproliferative effects of 99a and 99b (KKSK64) in Cal27 and A2780. 

 
MTT-Assay 

pIC50 (IC50 [μM]) 

 Cal27 A2780 

9a 
6.79 ± 0.09 

(0.164) 
6.01 ± 0.02 

(0.970) 
9b  

(KSK64) 
6.01 ± 0.11 

(0.980) 
5.44 ± 0.06 

(3.66) 
Presented data are calculated from at least two experiments each performed in duplicates. Standard 
deviation of percent inhibition values is less than 10 %. Vehicle control was defined as 0 % inhibition. 
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CConclusion 

Here we report the synthesis of the carba analogue (99a) of KSK64 (99b) and their preliminary biological 

evaluation. This synthesis involved the Beckmann-rearrangement of cycloheptanone to obtain the 

corresponding lactam 11. Subsequently, the N-acidic proton was Boc protected (22) to circumvent the 

interference with the following reactions after lactam hydrolysis (33). The resulting carboxylic acid 33 was 

coupled with O-benzyl hydroxylamine (44) and the amine deprotected (55). 55 was, subsequently, coupled 

with the amine 77 to obtain the benzyl protected hydroxamic acid 88a. After catalytic hydrogenation, the 

carba analogue of KKSK64 was obtained (99a). The HDAC enzyme inhibition assays of the 99a and 99b 

indicate that the derivatisation of HDACi, exhibiting a urea CU, with an alkoxyurea CU can result in an 

increased preference towards HDAC6. 
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11 General Information 

Reaction, monitoring and purification 

Chemicals and solvents were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics, TCI, 

Fluorochem ABCR, Alfa Aesar, J&K, Carbolution) and used without further purification. Dry solvents 

were obtained from Acros Organics. Ambient or room temperature correspond to 22°C. The reaction 

progression was monitored using Thin-Layer-Chromatography plates by Macherey Nagel (ALUGRAM 

Xtra SIL G/UV254). Visualisation was achieved with ultraviolet irradiation (254 nm) or by staining with a 

KmnO4-solution (9 g KmnO4, 60 g K2CO3, 15 mL of a 5% aqueous NaOH-solution, ad 900 mL 

demineralised water). Purification was either performed with prepacked Silica cartridges (RediSep® Rf 

Normal Phase Silica, RediSep® Rf RP C18) for flash column chromatography (CombiFlashRf200, 

TeleDyneIsco) or by recrystallisation. Different eluent mixtures of solvents (hexane and ethyl acetate or 

dichloromethane and methanol) served as the mobile phase for flash column chromatography and are 

stated in the experimental procedure. 

Analytics  

An NMR-Spectrometer by Bruker (Bruker Avance III – 300, Bruker Avance DRX – 500 or Bruker Avance 

III – 600) were used to perform 1H- and13C-NMR experiments. Chemical shifts are given in parts per 

million (ppm), relative to residual non-deuterated solvent peak (1H-NMR: DMSO-d6 (2.50), 
13C-NMR: DMSOd6 (39.52). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), 

quartet (q), or multiplet (m). Coupling constants, J, are quoted to the nearest 0.1 Hz and are presented 

as observed. ESI-MS was carried out using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics) 

under electrospray ionization (ESI). The above-mentioned characterisations were carried out by the 

HHU Center of Molecular and Structural Analytics at Heinrich-Heine University Düsseldorf 

(http://www.chemie.hhu.de/en/analytics-center-hhucemsa.html). APCI-MS was carried out with an 

Advion expressionL CMS. Melting points were determined using a Büchi M-565 melting point apparatus 

(uncorrected). Analytical HPLC was carried out on a Knauer HPLC system comprising of an Azura P6.1L 

pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a Knauer 

Reversed Phase column (SN: FK36). Evaluated compounds were detected at 254 nm. The solvent 

gradient table is shown in Table 14. The purity of all final compounds was 95% or higher. 
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TTable 8: The solvent gradient table for analytic HPLC analysis. 

Time / min Water + 0.1% TFA ACN + 0.1% TFA 

Initial 90 10 

0.50 90 10 

20.0 0 100 

30.0 0 100 

31.0 90 10 

40.0 90 10 
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22 Synthetic procedures 

 

2.1 Synthesis of azocan-2-one (11) 

 

1 was accessed via a Beckmann rearrangement. [1] 

All spectroscopic data were in agreement with literature. [1] 

2.2 Synthesis of tert-butyl 2-oxoazocane-1-carboxylate (22) 

 

 

2 was synthesised according to Giovannini et. Al.. [2] 

All spectroscopic data were in agreement with literature. [2] 

2.3 Synthesis of 7-((tert-butoxycarbonyl)amino)heptanoic acid (33) 

 

 

1.00 eq (4.40 mmol, 1.0 g) of 22 was dissolved in 22 mL of THF. 10.0 eq (44.0 mmol, 1.05 g) of LiOH was 

dissolved in 4 mL of dH2O and added to the reaction. After 16 h at ambient temperature, the reaction 

solution was poured on 100 mL of H2O, acidified with 1 M HCl(aq) and the product extracted with EtOAc. 

The combined organic layers were dried over Na2SO4 and the solvent removed under reduced pressure. 

0.97 g (3.95 mmol, 90 %) of 33 was obtained as a white solid. 

1H NMR (600 MHz, DMSO-d6) δ 11.96 (s, 1H), 6.74 (t, J = 5.8 Hz, 1H), 2.94 – 2.82 (m, 2H), 2.18 (t, J = 7.4 

Hz, 2H), 1.46 (td, J = 14.6, 7.3 Hz, 2H), 1.36 (s, 10H), 1.23 (tq, J = 8.7, 5.2, 3.8 Hz, 4H). 

13C NMR (151 MHz, DMSO-d6) δ 174.5, 155.6, 77.3, 40.1, 33.6, 29.4, 28.3, 28.3, 26.0, 24.5. 

M.p.: 47.5 °C; MMS (+APCI): 190 [M-tBU+2H]+. 
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2.4 Synthesis of tert-butyl (7-((benzyloxy)amino)-7-oxoheptyl)carbamate (44) 

 

 

1.00 eq (3.39 mmol, 831 mg) of 66, 1.00 eq (3.39 mmol, 1.29 g) of HATU and 2.00 eq (6.77 mmol, 

880 mg, 1.19 mL) of DIPEA were combined in 10 mL of DMF. After 10 minutes at RT, 1.00 eq 

(3.39 mmol, 417 mg) of O-benzyl hydroxalamine were added to the reaction mixture and stirred for 

16 h at ambient temperature. Subsequently, the solvent was removed in vacuo and the residue 

resuspended in 50 mL of EtOAc. The organic layer was washed with 10 % aq. Citric acid (x3), aq. Sat. 

NaHCO3 (x3), brine (x1) and dried over Na2SO4. 1.12 g (3.20 mmol, 94 %) of 77 was obtained as a white 

solid after flash chromatography (n-hexane/EtOAc). 

1H NMR (600 MHz, DMSO-d6) δ 10.9 (s, 1H), 7.7 – 7.2 (m, 5H), 6.8 (t, J = 5.8 Hz, 1H), 4.8 (s, 2H), 2.9 (q, 

J = 6.7 Hz, 2H), 1.9 (t, J = 7.3 Hz, 2H), 1.5 – 1.4 (m, 2H), 1.4 (s, 12H), 1.2 (p, J = 3.9, 3.4 Hz, 4H). 

13C NMR (75 MHz, DMSO-d6) δ 169.3, 155.5, 136.0, 128.6, 128.1, 128.1, 77.2, 76.7, 39.7, 32.1, 29.3, 

28.2, 28.1, 25.9, 24.8. 

M.p.: 56.1 °C; MMS (+APCI): 295 [M-tBU+2H]+. 

2.5 Synthesis of 7-amino-N-(benzyloxy)heptanamide hydrochloride (55) 

 

 

1.00 eq (2.74 mmol, 960 mg) of 44 was dissolved in 27.4 mL of DCM and cooled on ice. Subsequently, 

20 eq (54.8 mmol, 13,7 mL) of a 4 M HCl in dioxane solution were added and stirred for 4 h on ice. The 

product was precipitated by the addition of 1 volume of hexane and the product collected by filtration. 

760 mg (2.65 mmol, 97 %) of 55 was obtained as a white solid. 

1H NMR (600 MHz, DMSO-d6) δ 11.12 (s, 1H), 8.10 (s, 3H), 7.44 – 7.28 (m, 5H), 4.78 (s, 2H), 2.71 (qt, J = 

9.4, 4.6 Hz, 2H), 1.96 (t, J = 7.3 Hz, 2H), 1.54 (p, J = 7.6 Hz, 2H), 1.48 (p, J = 7.4 Hz, 2H), 1.33 – 1.25 (m, 

2H), 1.25 – 1.12 (m, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 169.2, 136.0, 128.6, 128.2, 128.1, 76.7, 38.6, 32.0, 27.8, 26.6, 25.4, 24.6. 

M.p.: 110.3°C; MMS (+APCI): 287 [M+H]+. 
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2.6 Synthesis of 6-(aminooxy)-N-(benzyloxy)hexanamide (66) 

 

 

6 was synthesised according to Stenzel et. Al..[3] 

All spectroscopic data were in agreement with literature. [3] 

2.7 Synthesis of 2,6-dimethoxy-4-methylquinolin-8-amine (77) 

 

 

1.00 eq (3.54 mmol, 1 g) of 5-chloro-2,6-dimethoxy-4-methyl-8-nitroquinoline4 was dissolved in 70 mL 

of Methanol. After the addition of 5 mol% of 10 % Pd/C (0.177, 0.188 g) the catalytic hydrogenation 

was performed for 5 h. Subsequently, 10.0 eq of TEA (35.4 mmol, 3.58 g, 2.6 mL) were added to the 

reaction mixture. The solution was filtered over celite®, the solvent removed under reduced pressure 

and the product purified by flash column chromatography (Hex/DCM + 0.1 % TEA). 461 mg (2.11 mmol, 

60 %) was obtained as a white solid. 

1H NMR (600 MHz, DMSO-d6) δ 6.79 (t, J = 1.2 Hz, 1H), 6.50 (dd, J = 2.6, 1.0 Hz, 1H), 6.45 (dd, J = 2.6, 

1.0 Hz, 1H), 5.69 (s, 2H), 3.93 (d, J = 1.0 Hz, 3H), 3.79 (d, J = 1.1 Hz, 3H), 2.49 (t, J = 1.1 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 158.3, 156.5, 146.3, 145.0, 130.6, 125.6, 112.3, 99.9, 90.8, 54.9, 52.5, 

18.7. 

M.p.: 135.7 °C; HHPLC: Rt= min, purity %, MMS (+APCI): 219 [M+H]+. 
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2.8 General procedure of the synthesis of urea derivatives (88) 

 

 

0.330 eq (0.660 mmol, 196 mg) of triphosgene was dissolved in 30 mL of dry DCM and cooled in ice. 

1.00 eq of 2 was dissolved in 10 mL of dry DCM and added dropwise to the triphosgene solution over a 

period of 30 minutes. 1.0 eq of DIPEA was mixed with 10 mL of dry DCM and added dropwise to the 

reaction solution over a period of 30 minutes and stirred for an addition 30 minutes at RT. 

Subsequently, 1.00 eq of the respective amine derivative was dissolved in 10 mL of dry DCM and added 

over a period of 30 minutes. The reaction was stirred for 16 h at ambient temoerature, the solvent was 

removed in vacuo and the residue resuspended in EtOAc. Afterwards, the organic phease was washed 

with dH2O (x3), brine (x1) and dried over Na2SO4. Finally, the product was purified by flash column 

chromatography (Hexane/DCM). 

2.8.1 Synthesis of N-(benzyloxy)-7-(3-(2,6-dimethoxy-4-methylquinolin-8-yl)ureido)heptanamide (88a) 

 

 

8a was synthesised according to general procedure 2.9 on a 1.83 mmol scale with a yield of 35 % 

(315 mg, 0.634 mmol) and obtained as a white solid. 

1H NMR (300 MHz, DMSO-d6) δ 8.67 (s, 1H), 7.50 (t, J = 5.5 Hz, 1H), 7.43 – 7.28 (m, 5H), 6.89 (d, J = 1.1 

Hz, 1H), 6.79 (d, J = 2.7 Hz, 1H), 4.78 (s, 2H), 4.05 (s, 3H), 3.84 (s, 3H), 3.13 (q, J = 6.6 Hz, 2H), 2.55 (d, J 

= 1.0 Hz, 3H), 1.96 (t, J = 7.2 Hz, 2H), 1.49 (dp, J = 13.7, 7.3 Hz, 5H), 1.29 (h, J = 5.3 Hz, 5H). 

13C NMR (75 MHz, DMSO- d6) δ 169.3, 159.0, 155.8, 154.8, 146.7, 136.1, 130.6, 128.6, 128.1, 128.0, 

124.8, 112.6, 105.8, 95.2, 76.7, 55.1, 53.1, 32.1, 29.5, 28.2, 26.1, 24.8, 18.4. 

M.p.: 171.2°C; MMS (+APCI): 496 [M+H]+. 
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2.8.2 Synthesis of N-(benzyloxy)-6-((3-(2,6-dimethoxy-4-methylquinolin-8-yl)ureido)oxy)hexanamide 

(88b) 

 

 

88a was synthesised according to general procedure 2.9 on a 1.83 mmol scale with a yield of 35 % 

(315 mg, 0.634 mmol) and obtained as a white solid. 

1H NMR (300 MHz, DMSO-d6) δ 10.94 (s, 1H), 9.94 (s, 1H), 9.58 (s, 1H), 8.13 (d, J = 2.7 Hz, 1H), 7.45 – 

7.24 (m, 5H), 6.92 (d, J = 1.2 Hz, 1H), 6.89 (d, J = 2.7 Hz, 1H), 4.77 (s, 2H), 3.97 (s, 3H), 3.87 (d, J = 6.1 

Hz, 5H), 2.56 (d, J = 1.0 Hz, 3H), 1.96 (t, J = 7.2 Hz, 2H), 1.64 (p, J = 7.0 Hz, 2H), 1.52 (p, J = 7.2 Hz, 2H), 

1.39 – 1.22 (m, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 169.2, 159.3, 156.3, 155.8, 147.2, 136.1, 134.2, 130.8, 128.7, 128.2, 

128.1, 125.0, 113.0, 106.3, 96.7, 76.7, 75.9, 55.3, 52.6, 32.1, 27.5, 24.8, 24.7, 18.4. 

M.p.: 176.2°C; MMS (+APCI): 497 [M+H]+. 

2.9 General procedure for the synthesis of hydroxamic acids (99) 

 

 

8 was dissolved in 50 mL of MeOH and 5 mol% of 10 % Pd/C was added to the reaction solution. The 

catalytic hydrogenation was performed for 5 h and reaction solution filtered through celite®. Afte the 

solvent was removed under reduced pressure, the product was purified by flash column 

chromatography (DCM/MeOH). 
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2.9.1 Synthesis of 7-(3-(2,6-dimethoxy-4-methylquinolin-8-yl)ureido)-N-hydroxyheptanamide (99a) 

 

 

9a was synthesised according to general procedure 2.9 on a 0.503 mmol scale with a yield of 64% 

(130 mg, 0.32 mmol) and obtained as a pink solid. 

1H NMR (300 MHz, DMSO-d6) δ 10.34 (s, 1H), 9.94 (s, 1H), 9.59 (s, 1H), 8.66 (s, 1H), 8.13 (d, J = 2.7 Hz, 

1H), 6.96 (d, J = 1.2 Hz, 1H), 6.92 (d, J = 2.7 Hz, 1H), 3.98 (s, 3H), 3.88 (d, J = 4.9 Hz, 5H), 2.71 – 2.55 (m, 

3H), 1.94 (t, J = 7.3 Hz, 2H), 1.65 (p, J = 6.8 Hz, 2H), 1.58 – 1.42 (m, 2H), 1.34 (dq, J = 9.1, 4.6, 3.4 Hz, 

2H). 

13C NMR (75 MHz, DMSO-d6) δ 168.9, 159.3, 156.2, 155.7, 147.2, 134.1, 130.8, 125.0, 113.0, 106.2, 

96.6, 75.8, 55.3, 52.6, 32.1, 27.5, 24.8, 18.4. 

M.p.: 151.0°C; HPLC: Rt= 11.10 min, purity 95.3 %, MMS (+APCI): 407 [M+H]+. 

2.9.2 Synthesis of 6-((3-(2,6-dimethoxy-4-methylquinolin-8-yl)ureido)oxy)-N-hydroxyhexanamide (99b) 

 

 

10b was synthesised according to general procedure 2.9 on a 1.00 mmol scale with a yield of 64% 

(260 mg, 0.643 mmol) and obtained as a white solid. 

1H NMR (300 MHz, DMSO-d6) δ 8.67 (s, 1H), 7.50 (t, J = 5.5 Hz, 1H), 7.43 – 7.28 (m, 5H), 6.89 (d, J = 1.1 

Hz, 1H), 6.79 (d, J = 2.7 Hz, 1H), 4.78 (s, 2H), 4.05 (s, 3H), 3.84 (s, 3H), 3.13 (q, J = 6.6 Hz, 2H), 2.55 (d, J 

= 1.0 Hz, 3H), 1.96 (t, J = 7.2 Hz, 2H), 1.49 (dp, J = 13.7, 7.3 Hz, 5H), 1.29 (h, J = 5.3 Hz, 5H). 

13C NMR (75 MHz, DMSO-d6) δ 169.3, 159.0, 155.8, 154.8, 146.7, 136.1, 130.6, 128.6, 128.1, 128.0, 

124.8, 112.6, 105.8, 95.2, 76.7, 55.1, 53.1, 32.1, 29.5, 28.2, 26.1, 24.8, 18.4. 

M.p.: 202.2°C; HHPLC: Rt= 10.05 min, purity 96.5 %, MMS (+APCI): 405 [M+H]+. 
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TThe Next generation of histone deacetylase 6 inhibitors. 

M. Pflieger, F. Hansen, T. Kurz 

 

Abstract 

The Acetylome of cells is important to maintain the homeostasis of an individual cell. Abnormal changes 

can result in the pathogenesis of immunological or neurological diseases and degeneration might 

promote the manifestation of cancer. Particularly, the pharmacological intervention of the acetylome 

with pan-histone deacetylase (HDAC) inhibitors is clinically validated. However, these drugs exhibit a 

poor patient compliance due to severe side effects. HDAC selective inhibitors might promote patient 

compliance and represent a valuable opportunity in personalised medicine. Therefore, we envisioned 

the development of HDAC6 selective inhibitors. In the course of our lead structure identification, we 

demonstrated that a hydroxylamine subunit proves to be beneficial for HDAC6 selectivity and 

established the synthesis of N-alkoxycarbamate based hydroxamic acids 99. Here we report 

N-alkoxycarbamate based hydroxamic acids that showed an up to 4.4-fold higher selectivity towards 

HDAC6 than nexturastat A. With the discovery of the HDAC6 selective N-alkoxycarbamate based 

hydroxamic acids 99, a CRBN-E3 ligase targeting proteolysis targeting chimera (PROTAC) 111 was 

developed to address non-active site associated activities. 

Introduction 

Histone deacetylases (HDACs) are proteases that catalyse the cleavage of acetylated lysine residues 

(isopeptide bonds).1 Human zinc dependant histone deacetylases (HDACs) are classified into class I 

(HDAC1, HDAC2, HDAC3, HDAC8), class IIa (HDAC4, HDAC5, HDAC7, HDAC9), class IIb (HDAC6, HDAC10) 

and class IV (HDAC11). Depending on their cellular localisation, they influence the condensation state 

of histones,2 participate in the post-translational modifications of cytosolic proteins3 or even might act 

as an epigenetic reader in the case of class IIa.4 Amongst humans, their diverse array of functions 

renders them a valuable target for the pharmacological intervention of immunological5–8 or 

neurodegenerative diseases9,10 and are clinically validated targets for the treatment of cancer.11 

HDAC6 is unique amongst the HDACs as it features two catalytically active domains (Figure 19).12 Whilst 

CD1 has a high specificity in the substrate recognition of acetylated C-terminal lysine residues, CD2 

exhibits a promiscuity towards a wide range of client proteins.13,14 In addition to those domains, HDAC6 

displays an inherent zinc-finger ubiquitin binding domain (ZnF-UBP),14–16 which enables it to recognise 

ubiquitinylated proteins. The rigidly controlled localisation of HDAC6 in the cytoplasm is the result of 
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the interplay between the nuclear export signal (NES), the nuclear localisation signal (NLS) and the 

Ser-Glu-containing tetrapeptide (SE14).17 

 

 

Figure 19. Schematic representation of HDAC6 domains. 

 

HDAC6 catalyses the deacetylation of e.g. α-Tubulin,18 Cortactin19 and HSP9020 and is of relevance for 

the pathogenesis of cancer21 as well as in immunological22 and neurological diseases.23–25 Its 

participation in pathogenesis or disease progression is tissue dependant and of multifactorial nature. 

Despite intensive research, the clinical significance of HDAC6 selective inhibitors, as single agent, 

remains controversial.26 Increasing evidence suggest, that the anti-cancer effect of those biologically 

active compounds is the result of concentrations at which other HDAC isozymes, particularly class I 

HDAcs, are also inhibited. Nevertheless, the pharmacological intervention of cancer by addressing 

HDAC6, remains a promising target due to its participation in the invasiveness of cancer cells and its 

immunomodulatory properties. 

Currently approved HDAC inhibitors (HDACi) are vorinostat, belinostat, panobinostat, romidepsine and 

chidamide for the treatment of haematological malignancies. All approved HDACi exhibit a mutual 

pharmacophore model: a zinc binding group (ZBG), a linker, and a cap group. 27–29 Whilst romidepsin30,31 

and chidamide32 are HDAC class I selective, the remaining are regarded as pan inhibitors as they do not 

differentiate between individual isozymes. Since the elucidation of structural information of HDACs,16 

the design of selective inhibitors was significantly accelerated. Despite their high sequence identity 

inside the catalytic pocket, HDACs exhibit distinct features that allows a rational design for isozyme 

selective inhibitors. 

Particularly in comparison to HDAC1, 33 HDAC616 exhibits a much wider and shallower entrance tunnel 

(Figure 20). In the course of the accumulation of structural information of HDACs, the traditional HDACi 

pharmacophore model (ZBG, linker, cap) was insufficient for the design of selective inhibitor and a 

revised pharmacophore model was developed. The pharmacophore model for HDAC6 inhibitors 

comprises of a ZBG, an aromatic linker and a sterically demanding surface cap group (S-CAP) (Figure 

21).34 

NLS NES1 DD1 DMB DD2 SE14 NES2 ZnF-UBPDD1D1D1D11

Zn

DD2D2D2D22

Zn
N C
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Figure 20. Surface comparison of HDAC1 and HDAC6.16,33 

 

Based on these structural features and the revised pharmacophore model, the selectivity towards 

HDAC6 can be governed by a sterically demanding cap group (Figure 21). Two of the most prominent 

HDAC6 selective inhibitors are nexturastat A and tubastatin A, of which both exhibit a sterically 

demanding cap group . Whilst tubstastin A realises this steric demand by a bulky cap group, nexturastat 

A facilitates its selectivity by the exhibition of a branched cap group. 

 

 

Figure 21. Revised pharmacophore model for the design of selective HDAC6 inhibitors. 34–36  

Here we report a rational derivatisation of Nexturastat A to improve HDAC6 selectivity (Figure 22). 

 

 

Figure 22. Structural modification of Nexturastat A. 

HDAC1 (PDB:5ICN)
HDAC class I

HDAC6 (PDB:5EDU)
HDAC class IIb
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RResults and Discussion 

Nexturastat A is a selective HDAC6 inhibitor with a low nanomolar activity and a reported 600-fold 

selectivity for HDAC6 over HDAC1.37 Despite its high selectivity reported37 by Bergman et al., 

Nexturastat A exhibited only a selectivity index of 24 in our HDAC enzyme assays (Table 9). Therefore, 

we envisioned structural modifications of Nexturastat A by the introduction of a hydroxylamine-based 

connecting unit (CU) to increase the selectivity towards HDAC6, whilst maintaining the potency of 

nexturastat A. 

Synthesis of branched alkoxyurea based hydroxamic acids. 

In order to evaluate the influence of the hydroxylamine CU in respect to HDAC isozyme profile, the 

direct alkoxyurea derivative of Nexturastat A was synthesised (44a). Based on a retrosynthetic analysis 

(Scheme 16), N-Boc-O-alkylhydroxylamines were synthesised either by the N-Boc protection of 

O-substituted hydroxylamines or by the O-alkylation of N-Boc-hydroxylamines. 

 

 

Scheme 16. Retrosynthetic analysis of N-oxyalkyl urea based hydroxamic acids. 

The O-substituted hydroxylamine moiety was introduced to the benzyl linker by the N-alkylation of 11 

with methyl 4-(bromomethyl)benzoate (Scheme 17). As the purification of this intermediate was 

laborious, 22 was accessed after Boc-deprotection over two steps. 

 

 

Scheme 17. Synthesis of the substituted hydroxylamines 22. I) 1.10 eq methyl 4-(bromomethyl)benzoate 1.20 eq NaH; 

ii) 5.00 eq HCl(dioxane), DCM. 

Subsequently, the branched alkoxyurea derivatives 33 were synthesised by the conversion of 22 with 

the respective isocyanate (Scheme 18). 
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Scheme 18. Synthesis of the branched alkoxyurea derivatives 33. I) 1.00 eq RCNO, 1.00 eq DIPEA, DCM. 

 

Finally, the esters were converted into the corresponding hydroxamic acids 44 by hydroxylaminolysis 

(Scheme 19). 

 

 

Scheme 19. Synthesis of branched alkoxyurea based hydroxamic acids 44. I) 30.0 eq H2NOH(aq), 10.0 eq NaOH, DCM/MeOH. 
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IInhibition of HDAC1 and HDAC6 by branched alkoxyurea based hydroxamic acids. 

The branched alkoxyurea based hydroxamic acids 44 were subjected to HDAC1/6 isozyme profiling in 

order to evaluate their HDAC6 selectivity and their inhibitory potential. Table 9 depicts the isozyme 

profiling of compounds 44. 

Table 9. HDAC1/6 isozyme profiling of compounds 4. The presented data are the result of N=3. 

 

In contrast to the reported 600-fold selectivity of Nexturastat A for HDAC6 over HDAC1, it showed a 

moderate selectivity index of 24 in our enzyme assay. The hydroxylamine derivative 44a showed a 

1.5-fold increase in selectivity, whilst maintaining the inhibitory activity (0.020 ± 0.003 μM) of HDAC6. 

A higher selectivity towards HDAC6 was anticipated by sterically demanding substituents such as 

3,5-dimethylphenyl (44b) or by a 4-(N,N-dimethyl amino)-phenyl (44c). However, these substituent 

patterns had either no significant impact on the selectivity (44c) or was even disadvantageous in the case 

of 44b. Furthermore, the introduction of a benzyl group to R’’ (44d) resulted in a significant decreased 

inhibition of HDAC6 (0.341 ± 0.021 μM) with a concomitant decrease in selectivity as evidenced by the 

comparison with 44b. Since the gain in selectivity, due to the hydroxylamine subunit was only marginal, 

we intended to increase the chemical space and transitioned to N-alkoxy tbutyl-carbamate based 

hydroxamic acids. 

 R‘ R’’ 

HDAC1 

IC50 

[ M] 

HDAC2 

IC50 

[ M] 

HDAC3 

IC50 

[ M] 

HDAC6 

IC50 

[ M] 

SI 

1/6 

SI 

2/6 

SI 

3/6 

4a 
  

0.742 ± 

0.039 

1.42 ± 

0.082 

0.902 ± 

0.008 

0.020 ± 

0.003 
37.1 71.2 45.1 

4b 
 

0.299 ± 

0.057 

0.515 ± 

0.043 

0.375 ± 

0.084 

0.014 ± 

0.002 
21.4 36.8 26.8 

4c 
 

0.715 ± 

0.010 

1.14 ± 

0.074 

0.972 ± 
0.064 

0.022 ± 

0.002 
32.5 51.8 44.2 

4d 
 

2.89 ± 

0.125 

3.59 ± 

0.410 

3.12 ± 

0.578 

0.341 ± 

0.021 
8.49 10.5 9.15 

Nexturastat A 
0.504 ± 

0.033 

0.861 ± 

0.008 

0.730 ± 

0.033 

0.021 ± 

0.001 
24 41.0 34.8 

Values are the mean of three experiments. 
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SSynthesis of branched N-alkoxycarbamate based hydroxamic acids and lead structure identification. 

The desired O-substituted tbutyl-(N-oxy) carbamate based hydroxamic acid (66) was synthesised by the 

conversion of 22 (free hydroxylamine) with di-tert-butyl dicarbonate (55) and their subsequent 

transformation by hydroxylaminolysis to 66 (Scheme 20). 

 

Scheme 20. Synthesis of O-benzy ltbutyl-(N-oxy) carbamate based hydroxamic acids 66. I) 1.20 eq Boc2O, 3.00 eq TEA, DCM; 

ii) a) 10.0 eq LiOH, THF/MeOH; b) 1.00 eq HATU, 1.20 eq H2NOH • HCl, 3.20 eq DIPEA, DMF. 

Compound 66 was then tested in an HDAC1 and HDAC6 inhibition assay (Table 10). 

Table 10. HDAC1/6 inhibitory activity of compound 66 and 44d. The presented data are the result of N=3. 

 
HDAC1 

IC50 [ M] 

HDAC6 

IC50 [ M] 
SI 1/6 

6  0.745 ± 0.032 0.017 ± 0.001 44 

4d  2.89 ± 0.125 0.341 ± 0.021 8.5 

Nexturastat A 0.504 ± 0.033 0.021 ± 0.001 24 

Values are the mean of three experiments. 

 

By the comparison of 44d with 66 it became apparent that the tbutyl-carbamate resulted in an increased 

HDAC6 inhibition with a coherent increase in selectivity. Based on these initial finding, we identified 66 

as a lead structure and modified 66 at the N-hydroxy substituent. For this purpose, a synthetic strategy 

for a late stage O-alkylation of N-alkoxy tbutyl carbamates was developed to efficiently increase the 

structural diversity of our compound set (Scheme 21). 

 

Scheme 21. Synthesis of O-substituted-(N-alkoxy) carbamate based hydroxamic acids (99). I) H2, Pd/C, MeOH; ii) 1.20 eq NaH 

(60 %, mineral oil), 2.00 eq RX, DMF; iii) a) 10.0 eq LiOH, THF/MeOH; b) 1.00 eq HATU, 1.20 eq H2NOH • HCl, 3.20 eq DIPEA, 

DMF. 
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55 underwent catalytic hydrogenation to access the unsubstituted N-alkoxy carbamate 77, which was 

alkylated (88) and converted into the respected hydroxamic acid 99. Since the aliphatic propyl 

substituents resulted in an increased HDAC6 selectivity index for 44, 77 was solely alkylated with aliphatic 

substituents. Table 11 depicts the isozyme profiling of the synthesised branched N-alkoxycarbamate 

based hydroxamic acids 66 and 99. 

Table 11. HDAC1/6 isozyme profiling of compounds 66 and 99. The presented data are the result of N=3. 

 

 

Cmp R 
HDAC1 

IC50 [ M] 

HDAC6 

IC50 [ M] 
SI 1/6 

6   0.745 ± 0.032 0.017 ± 0.0001 43.8 

9a   1.05 ± 0.101 0.016 ± 0.004 65.6 

9b   1.59 ± 0.085 0.015 ± 0.002 106 

9c   4.46 ± 1.004 0.048 ± 0.004 92.9 

9d   3.97± 1.101 0.049 ± 0.001 81.0 

9e   3.81 ± 0.485 0.055 ± 0.003 69.3 

9f   8.48 ± 2.136 0.099 ± 0.002 85.7 

9g   4.26 ± 0.446 0.054 ± 0.006 78.9 

9h   2.72 ± 0.236 0.041 ± 0.002 66.3 

9i   3.57 ± 0.719 0.079 ± 0.002 45.2 

Vorinostat  

Nexturastat A 

0.096 ± 0.011 0.056 ± 0.009 1.71 

0.504 ± 0.033 0.021 ± 0.0001 24.0 

Values are the mean of three experiments. 
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By the removal of the benzyl group of 66, the free N-hydroxy carbamate (99a) exhibited a significantly 

increased HDAC6 selectivity (SI(1/6)=65.8) whilst maintaining the inhibitory activity (0.016 μM) thereof. 

The N-methoxy carbamate derivative 99b resulted in a SI of 106 for HDAC6 over HDAC1. With increasing 

chain length, the HDAC6 selectivity decreased with a concomitant decrease in inhibitory activity. 

Branched substituents were neither beneficial for HDAC6 inhibition, nor their selectivity index. 

Subsequently, the compounds which exhibited at least a 3-fold higher selectivity (SI ≥ 72) towards 

HDAC6 than nexturastat A (99b, 99c, 99d, 99f, 99g) were further subjected to HDAC2 and HDAC3 isozyme 

profiling (Table 12). 

 

Table 12. HDAC1, HDCA2, HDAC3 and HDAC6 isozyme profiling of 99. 

Cmp 
HDAC1 

IC50 [ M] 
HDAC2 

IC50 [ M] 
HDAC3 

IC50 [ M] 
HDAC6 

IC50 [ M] 
SI 

1/6 
SI 

2/6 
SI 

3/6 

9b 1.59 ± 0.085 2.53 ± 0.051 1.79 ± 0.282 0.015 ± 0.002 106 169 119 

9c 4.46 ± 1.00 8.19 ± 1.49 5.77 ± 0.299 0.048 ± 0.004 92.9 171 120 

9d 3.97± 1.10 7.46 ± 0.759 5.30 ± 0.896 0.049 ± 0.001 81.0 152 108 

9f 8.48 ± 2.14 13.5 ± 0.615 11.5 ± 0.700 0.099 ± 0.002 85.7 136 116 

9g 4.26 ± 0.446 7.23 ± 0.278 5.75 ± 1.13 0.054 ± 0.006 78.9 134 106 

Vorinostat  0.096 ± 0.011 0.156 ± 0.015 0.088 ± 0.007 0.056 ± 0.009 1.71 2.79 1.57 
Nexturastat 

AA 0.504 ± 0.033 0.861 ± 0.008 0.730 ± 0.033 0.021 ± 0.001 24.0 41.0 34.8 

Values are the mean of three experiments. 
 

In summary, the derivatisation of nexturast A with a hydroxylamine subunit (44a) in the cap region 

resulted in an increased HDAC6 selectivity, which might be the result of a more favourable 

conformation in the catalytic pocket. Based on these findings, we further modified the urea connecting 

unit with a carabamate CU, resulting in the identification of a lead structure (66) exhibiting an 

approximately 2-fold increased selectivity compared to nexturastat A. With 66 in hand and our initial 

structure-activity relationship, we developed an HDAC6 inhibitor (SI=106, MMPK169), which exhibited a 

4.4-fold higher selectivity than nexturastat A. 



5 Chapter III 

85 
 

PProteolysis targeting chimera (PROTAC). 

Pharmacological intervention by active site inhibition has several drawbacks which a cell can counter 

regulate or circumvent by e.g. overexpression of the target enzyme, increased supply of the native 

ligand or by mutations to decrease binding affinity. Furthermore, the occupational driven inhibition of 

target proteins usually does not interfere with scaffold interactions such as protein-protein interactions 

or the zinc-finger ubiquitin binding domain. Considering that HDAC6 has two active domains, the 

statistical probability of two inhibitors binding to the same enzyme is rather low and scaffold associated 

activities are not addressed by active site inhibition, we envisioned to transition to an event driven 

PROTAC mediated protein degradation. Such an approach can avoid a cellular inhibition response and 

address secondary scaffold associated HDAC6 activities. A PROTAC is a heterobifunctional entity that 

exhibits a ligand for the point of interest (POI), here HDAC6, and an E3 recruiting element which is 

connected by a linker. Based on our HDAC6 selective branched N-alkoxycarbamate motif, we designed 

the PROTAC 111 with pomalidomide as E3 recruiting element (Scheme 22). 

 

 

Scheme 22. Synthesis of PROTAC 111 by a 1,3-dipolar cycloaddition. I) 1.10 eq. CuSO4, 6.00 eq sodium L-ascorbate, H2O/t-

BuOH. 

 

The pomalidomide derivative 11038, exhibiting an azide linker, was connected to the alkyne 

functionalised branched N-alkoxycarbamate based hydroxamic acid 99j via an 1,3-dipolar cycloaddition 

with stoichiometric amounts of CuSO4, resulting in the PROTAC 111. Initial attempts with catalytic 

amounts of CuSO4 did not yield the respective product, presumably due to the chelation of copper by 

the hydroxamate moiety.39 Subsequently, the PROTAC 111 was subjected to isozyme profiling (Table 13). 

Under the tested conditions, 111 inhibited HDAC6 with an IC50 = 0.043 ± 0.004 μM and HDAC class I 
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enzymes in the micromolar range, resulting in selectivity indices of up to 74.4 with an approximately 

3.1-fold higher selectivity towards HDAC6 than nexturastat A. 

Table 13. HDAC isozyme profiling of PROTAC 111. 

Cmp 
HDAC1 

IC50 [ M] 
HDAC2 

IC50 [ M] 
HDAC3 

IC50 [ M] 
HDAC6 

IC50 [ M] 
SI 

1/6 
SI 

2/6 
SI 

3/6 

11 3.20 ± 0.763 3.18 ± 0.417 2.32 ± 0.028 0.043 ± 
0.004 74.4 74.0 54.0 

Vorinostat 0.096 ± 
0.011 

0.156 ± 
0.015 

0.088 ± 
0.007 

0.056 ± 
0.009 1.71 2.79 1.57 

Nexturastat 
A 

0.504 ± 
0.033 

0.861 ± 
0.008 

0.730 ± 
0.033 

0.021 ± 
0.001 

24.0 41.0 34.8 

Values are the mean of three experiments. 
 

Conclusion. 

HDAC6 is a major effector in the non-histone mediated regulation of cellular processes and represents 

a valuable target in the pharmacological intervention of immunological as well as neurological diseases. 

In addition, HDAC6 selective inhibitors remain valuable tools to explore the potential participation of 

HDAC6 in tumorigenesis. In this study, we developed a synthetic strategy for the synthesis of 

N-alkoxycarbamate based hydroxamic acids that exhibited an up to 4.4-fold higher SI1/6 than the 

established HDAC6 selective inhibitor nexturastat A, whilst maintaining its potency. Based on the 

discovery of these selective inhibitors, a PROTAC with a pomalidomide E3 recruiting element was 

designed that might be employed in the selective HDAC6 degradation. 
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11 General Information 

Reaction, monitoring and purification 

Chemicals and solvents were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics, TCI, 

Fluorochem ABCR, Alfa Aesar, J&K, Carbolution) and used without further purification. Dry solvents 

were obtained from Acros Organics. Ambient or room temperature correspond to 22°C. The reaction 

progression was monitored using Thin-Layer-Chromatography plates by Macherey Nagel (ALUGRAM 

Xtra SIL G/UV254). Visualisation was achieved with ultraviolet irradiation (254 nm) or by staining with a 

KmnO4-solution (9 g KmnO4, 60 g K2CO3, 15 mL of a 5% aqueous NaOH-solution, ad 900 mL 

demineralised water). Purification was either performed with prepacked Silica cartridges (RediSep® Rf 

Normal Phase Silica, RediSep® Rf RP C18) for flash column chromatography (CombiFlashRf200, 

TeleDyneIsco) or by recrystallisation. Different eluent mixtures of solvents (n-hexane and ethyl acetate 

or dichloromethane and methanol) served as the mobile phase for flash column chromatography and 

are stated in the experimental procedure. 

Analytics  

An NMR-Spectrometer by Bruker (Bruker Avance III – 300, Bruker Avance DRX – 500 or Bruker Avance 

III – 600) were used to perform 1H- and13C-NMR experiments. Chemical shifts are given in parts per 

million (ppm), relative to residual non-deuterated solvent peak (1H-NMR: DMSO-d6 (2.50), 
13C-NMR: DMSOd6 (39.52). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), 

quartet (q), or multiplet (m). Coupling constants, J, are quoted to the nearest 0.1 Hz and are presented 

as observed. ESI-MS was carried out using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics) 

under electrospray ionization (ESI). The above-mentioned characterisations were carried out by the 

HHU Center of Molecular and Structural Analytics at Heinrich-Heine University Düsseldorf 

(http://www.chemie.hhu.de/en/analytics-center-hhucemsa.html). APCI-MS was carried out with an 

Advion expressionL CMS. Melting points were determined using a Büchi M-565 melting point apparatus 

(uncorrected). Analytical HPLC was carried out on a Knauer HPLC system comprising of an Azura P6.1L 

pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a Knauer 

Reversed Phase column (SN: FK36). Evaluated compounds were detected at 254 nm. The solvent 

gradient table is shown in Table 14. The purity of all final compounds was 95% or higher. 
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TTable 14: The solvent gradient table for analytic HPLC analysis. 

Time / min Water + 0.1% TFA ACN + 0.1% TFA 

Initial 90 10 

0.50 90 10 

20.0 0 100 

30.0 0 100 

31.0 90 10 

40.0 90 10 
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22 Synthetic procedures 

2.1 Synthesis of tert-butyl (benzyloxy)carbamate (11a)1 

 

 

1.00 eq (70.0 mmol, 11.2 g) O-benzylhydroxylamine was dissolved in 80 mL of a mixture of DCM and 

dH2O (1:1). After the reaction was cooled on ice, 2.00 eq (140 mmol, 11.8 g) of NaHCO3 and 1.20 eq 

(84.0 mmol, 18.3 g) of Boc2O was added and stirred for 3 h at ambient temperature. The reaction 

mixture was diluted with 40 mL of sat. aq. NaHCO3 solution and the product extracted with DCM. The 

combined org. layers were dried over Na2SO4 and the solvent removed under reduced pressure. After 

crystallisation from n-hexane, 5.83 g (26.1 mmol, 37 %) of 11a was obtained as colourless crystals. 

All spectroscopic data agreed with literature.1 

 

2.2 Synthesis of tert-butyl methoxycarbamate (1b) 

 

 

1.00 eq (25.0 mmol, 2.06 g) of O-methylhydroxylamine hydrochloride was combined with 1.00 eq 

(25.0 mmol, 3.25 g, 4.38 mL) of DIPEA and 1.00 eq (25 mmol, 5.74 g) of Boc2O in 50 mL of EtOH. After 

16 h whilst stirring at RT, the solvent was removed, and the product purified by flash column 

chromatography (n-hexane/EtOAc). 3.07 g (20.9 mmol, 84 %) of 11b was obtained as colourless oil. 

1H NMR (600 MHz, DMSO-d6) δ 9.98 (s, 1H), 3.51 (s, 3H), 1.40 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ 156.0, 79.5, 63.1, 40.1, 28.1. 
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2.3 Synthesis of tert-butyl propoxycarbamate (11c) 

 

 

1.00 eq (75.1 mmol, 10 g) of tert-butyl N-Hydroxycarbamate was combined with 1.00 eq (75.1 mmol, 

3 g) of NaOH and 1.00 eq (75.1 eq, 9.24 g, 6.82 mL) of 1-bromopropane in 250 mL of Ethanol. After 6 h 

at 70 °C whilst stirring, the solvent was removed in vacuo and the product purified by flash column 

chromatography (n-hexane/EtOAc). 7.42 g (42.3 mmol, 56 %) of 11c was obtained as colourless oil. 

1H NMR (300 MHz, DMSO-d6) δ 9.89 (s, 1H), 3.63 (t, J = 6.5 Hz, 2H), 1.64 – 1.43 (m, 2H), 1.40 (s, 8H), 

0.87 (t, J = 7.4 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 156.1, 79.4, 76.8, 28.1, 20.9, 10.4. 

 

2.4 General procedure for the synthesis of methyl 4-((alkoxyamino)methyl)benzoate hydrochloride (22) 

 

 

1.00 eq of tert-butyl alkoxycarbamate was dissolved in 4 mL/mmol of THF and cooled to 0°C. After 30°C 

whilst stirring, 1.10 eq of methyl 4-(bromomethyl)benzoate was added and stirred for 16 h to RT. The 

solvent was removed under reduced pressure and the precipitate resuspended in 50 mL of EtOAc. 

Subsequently, the organic layer was washed with dH2O (3x), brine (1x) and dried over Na2SO4. After the 

solvent was removed in vacuo, the product was dissolved in 10 mL/mmol DCM and 5.00 eq of 5 M HCl 

in dioxane added. The product was collected by filtration, washed with DCM (3x). 
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2.4.1 Synthesis of methyl 4-(((benzyloxy)amino)methyl)benzoate hydrochloride (22a) 

 

 

2a was synthesised from 7.50 g (51.0 mmol) of 11a, 8.46 g (37.0 mmol) of 

methyl 4-(bromomethyl)benzoate and 1.61 g (40.3 mmol) of NaH (60%, mineral oil) in 134 mL of THF 

according to general procedure 2.4. 9.46 g (30.7 mmol, 91 %) of 22a was obtained as a colourless solid 

over two steps. 

1H NMR (300 MHz, DMSO-d6) δ 8.05 – 7.89 (m, 2H), 7.79 – 7.60 (m, 2H), 7.37 (h, J = 1.2 Hz, 5H), 5.13 (s, 

2H), 4.51 (s, 2H), 3.86 (s, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 166.2, 144.7, 138.2, 128.9, 128.8, 128.1, 128.1, 128.1, 127.4, 75.0, 54.9, 

52.0. 

M.p.: 194.2 °C, HHPLC: Rt=11.3, purity = 95.0 %, MMS (+APCI): 272 [M+H]+ 

 

2.4.2 Synthesis of methyl 4-((methoxyamino)methyl)benzoate hydrochloride (22b) 

 

 

2b was synthesised from 7.50 g (51.0 mmol) of 11b, 12.8 g (56.1 mmol) of 

methyl 4-(bromomethyl)benzoate and 2.45 g (61.2 mmol) of NaH (60% mineral oil) in 204 mL of THF 

according to general procedure 2.4. 17.4 g (46.5 mmol, 91 %) of 22b was obtained as a colourless solid 

over two steps. 

1H NMR (300 MHz, DMSO-d6) δ 8.06 – 7.90 (m, 2H), 7.76 – 7.64 (m, 2H), 4.46 (s, 2H), 3.86 (s, 3H), 3.84 

(s, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 166.2, 144.8, 128.9, 128.7, 128.1, 60.8, 54.5, 52.0. 

M.p.: 181.8 °C, HHPLC: Rt=5.92, purity = 98.2 %, MMS (+APCI): 1961 [M+H]+ 
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2.4.3 Synthesis of methyl 4-((propoxyamino)methyl)benzoate hydrochloride (22c) 

 

 

2c was synthesised from 7.00 g (39.9 mmol) of 11c, 10.1 g (43.9 mmol) of 

methyl 4-(bromomethyl)benzoate and 1.92 g (47.9 mmol) of NaH (60% mineral oil) in 160 mL of THF 

according to general procedure 2.4. 9.49 g (36.6 mmol, 92 %) of 22c was obtained as a colourless solid 

over two steps. 

1H NMR (300 MHz, DMSO-d6) δ 8.03 – 7.92 (m, 2H), 7.78 – 7.66 (m, 2H), 4.46 (s, 2H), 4.05 (t, J = 6.5 

Hz, 2H), 3.86 (s, 3H), 1.55 (dtd, J = 13.8, 7.3, 6.4 Hz, 2H), 0.82 (t, J = 7.4 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 165.8, 135.9, 130.8, 129.9, 129.0, 74.3, 52.2, 51.2, 20.7, 10.0. 

M.p.: 227.8 °C, HHPLC: Rt=7.95, purity ≥ 99 %, MMS (+APCI): 224 [M+H]+ 

 

2.5. General procedure for the synthesis of O substituted N-oxyurea derivatives (33) 

 

 

 

1.00 eq of methyl 4-((alkoxyamino)methyl)benzoate hydrochloride was suspended in 25 mL/mmol of 

DCM. Subsequently, 1.00 eq of DIPEA and 1.00 eq of the respective isocyante were added and stirred 

for 16 h at ambient temperature. The solvent was removed under reduced pressure, the residue 

resuspended in EtOAc and washed with dH2O (3x) and brine (1x). After drying over Na2SO4, the curde 

product was purified by flash column chromatography (n-hexane/EtOAc). 
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2.5.1 Synthesis of methyl 4-((1-(benzyloxy)-3-(3,5-dimethylphenyl)ureido)methyl)benzoate (33a) 

 

 

3a was synthesised from 158 mg (0.583 mmol) of 33a, 85.5 mg (0.583 mmol) of 

3,5-dimethylphenyl Isocyanate in 15 mL of DCM. The product was obtained as a colourless solid with a 

yield of 85 % (0.495 mmol, 207 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.69 (s, 1H), 7.98 – 7.86 (m, 2H), 7.52 – 7.27 (m, 7H), 7.13 (dd, J = 1.6, 

0.9 Hz, 2H), 6.65 (tt, J = 1.6, 0.8 Hz, 1H), 4.90 (s, 2H), 4.72 (s, 2H), 3.83 (s, 3H), 2.25 – 2.17 (m, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 166.0, 156.4, 142.8, 138.5, 137.3, 135.5, 129.6, 129.2, 128.7, 128.6, 

128.5, 128.3, 124.4, 117.7, 76.0, 52.1, 50.9, 21.0. 

M.p.: 116.9 °C; HPLC: Rt=17.68 , purity = 95.8  %, MMS (+APCI): 419 [M+H]+ 

 

2.5.2 Synthesis of methyl 4-((3-(3,5-dimethylphenyl)-1-propoxyureido)methyl)benzoate (33b) 

 

 

3b was synthesised from 200 mg (0.776 mmol) of 22c, 114 mg (0.776 mmol) of 

3,5-dimethylphenyl Isocyanate in 19.0 mL of DCM. The product was obtained as a colourless solid with 

a yield of 73 % (0.565 mmol, 209 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.70 (s, 1H), 8.02 – 7.84 (m, 2H), 7.55 – 7.40 (m, 2H), 7.29 – 7.14 (m, 

2H), 6.66 (tt, J = 1.6, 0.8 Hz, 1H), 4.75 (s, 2H), 3.84 (s, 3H), 3.80 (t, J = 6.8 Hz, 2H), 2.29 – 2.17 (m, 6H), 

1.63 (h, J = 7.2 Hz, 2H), 0.85 (t, J = 7.4 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 166.0, 156.5, 143.0, 138.6, 137.3, 129.2, 128.7, 128.6, 124.4, 117.8, 

75.8, 52.1, 50.8, 21.0, 20.7, 10.2. 

M.p.: 99.3 °C; HHPLC: Rt=17.37 min, purity ≥ 99 %, MMS (+APCI): 371 [M+H]+ 
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2.5.3 Synthesis of methyl 4-((3-phenyl-1-propoxyureido)methyl)benzoate (33c) 

 

 

3c was synthesised from 200 mg (0.779 mmol) of 22c, 92.8 mg (0.779 mmol) of phenyl isocyanate in 

19.4 mL of DCM. The product was obtained as a colourless solid with a yield of 73 % (0.570 mmol, 

195 mg). 

1H NMR (600 MHz, DMSO-d6) δ 8.88 (s, 1H), 8.00 – 7.87 (m, 2H), 7.63 – 7.53 (m, 2H), 7.52 – 7.42 (m, 

2H), 7.33 – 7.20 (m, 2H), 7.02 (tt, J = 7.4, 1.2 Hz, 1H), 4.77 (s, 2H), 3.84 (s, 3H), 3.82 (t, J = 6.8 Hz, 2H), 

1.63 (h, J = 7.3 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 166.5, 157.0, 143.4, 139.3, 129.7, 129.1, 129.1, 128.9, 123.4, 120.6, 

76.3, 52.6, 51.2, 21.2, 10.7.m.p.: °C; HPLC: Rt=17.37 min, purity ≥ 99 %, ESI-MS: . 

M.p.: 55.8°C; HHPLC: Rt=15.53 min, purity = 95.2 %, MMS (+APCI): 343 [M+H]+ 

 

2.6 Synthesis of methyl 4-((3-(4-(dimethylamino)phenyl)-1-propoxyureido)methyl)benzoate (33d) 

 

 

1.00 eq (0.963 mmol, 250 mg) of 22c was combined with, 1.00 eq of (0.963 mmol, 131 mg) 

N,N-Dimethyl-p-phenylenediamine, 1.00 eq (0.963, 200 mg) of 4-nitrophenyl chloroformate and 

2.00 eq (1.93 mmol, 250 mg, 0.337 mL) of DIPEA in 20 mL of I. After the reaction was refluxed for 16 h, 

the solvent was removed and the precipitate resuspended in EtOAc. The resulting solution was washed 

with dH2O (3x) and brine (1x) and dried over Na2SO4. 33d was obtained as yellow solid after 

recrystallisation from n-hexane/EtOAc with a yield of 75 % (0.718 mmol, 277 mg). 

1H NMR (600 MHz, DMSO-d6) δ 8.63 (s, 1H), 8.07 – 7.89 (m, 2H), 7.58 – 7.42 (m, 2H), 7.42 – 7.30 (m, 

2H), 6.82 – 6.47 (m, 2H), 4.74 (s, 2H), 3.85 (s, 3H), 3.79 (t, J = 6.8 Hz, 2H), 2.84 (s, 6H), 1.62 (p, J = 7.2 

Hz, 2H), 0.85 (t, J = 7.4 Hz, 3H).  
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113C NMR (151 MHz, DMSO-d6) δ 166.5, 157.5, 147.6, 143.6, 129.6, 129.2, 129.0, 128.8, 122.6, 113.0, 

76.3, 52.5, 51.6, 41.0, 21.2, 10.7. 

M.p.: 86.7 °C, HHPLC: Rt=10.08 min, purity ≥ 99 %, MMS (+APCI): 386 [M+H]+ 

 

2.7 General procedure for the synthesis of N alkoxy substituted urea based hydroxamic acids (44) 

 

 

1.00 eq of 33 was dissolved in 30 mL of DCM/MeOH (2:1) and cooled on ice. Afterwards, 30.0 eq of 

H2NOH(aq) and 10.0 eq of freshly grinded NaOH was added to the reaction solution and stirred for 16 h 

to ambient temperature. The reaction was neutralised with a 1 M HCl solution and the product 

extracted with EtOAc. After the combined organic layers were dried over Na2SO4, the product was 

purified by flash column chromatography (DCM/30 % MeOH in DCM). 

 

2.7.1 Synthesis of N-hydroxy-4-((3-phenyl-1-propoxyureido)methyl)benzamide (44a) 

 

 

4a was synthesised according to general procedure 2.7 on a 0.538 mmol scale and obtained as a white 

solid with a yield of 67 % (0.390 mmol, 145 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.16 (s, 1H), 9.00 (s, 1H), 8.86 (s, 1H), 7.77 – 7.66 (m, 2H), 7.61 – 

7.52 (m, 2H), 7.42 – 7.34 (m, 2H), 7.32 – 7.23 (m, 2H), 7.02 (ddt, J = 7.7, 6.9, 1.2 Hz, 1H), 4.73 (s, 2H), 

3.82 (t, J = 6.8 Hz, 2H), 1.64 (h, J = 7.2 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 164.5, 157.0, 140.9, 139.3, 132.3, 128.9, 128.8, 127.3, 123.3, 120.5, 

76.2, 51.1, 21.2, 10.7. 

M.p.: 151.4 °C; HHPLC: Rt=14.48 min, purity ≥ 99 %. HHRMS (+ESI): calc. for C18H22N3O4 344.1605 [M+H]+, 

found 344.1605. EEA calc. for C18H22N3O4 C 62.96, H 6.16, N 12.24, found C 63.18, H 6.13, N 12.19. 
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2.7.2 Synthesis of N-hydroxy-4-((3-(3,5-dimethylphenyl)-1-propoxyureido)methyl)benzamide (44b) 

 

 

4b was synthesised according to general procedure 2.7 on a 0.776 mmol scale and obtained as a white 

solid with a yield of 76 % (0.587 mmol, 218 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.16 (s, 1H), 9.01 (s, 1H), 8.67 (s, 1H), 7.77 – 7.62 (m, 2H), 7.44 – 7.29 

(m, 2H), 7.20 (dt, J = 1.5, 0.7 Hz, 2H), 6.66 (td, J = 1.6, 0.9 Hz, 1H), 4.71 (s, 2H), 3.80 (t, J = 6.8 Hz, 2H), 

2.29 – 2.15 (m, 6H), 1.63 (h, J = 7.2 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 164.1, 156.5, 140.5, 138.6, 137.4, 131.8, 128.4, 126.9, 124.4, 117.8, 

75.8, 50.7, 21.1, 20.7, 10.2. 

M.p.: 164.5°C; HHPLC: Rt=12.37 min, purity ≥ 99 %, MMS (+APCI): 372 [M+H]+. 

 

2.7.3 Synthesis of N-hydroxy-4-((3-(4-(dimethylamino)phenyl)-1-propoxyureido)methyl)benzamide 

(44c) 

 

 

 

4c was synthesised according to general procedure 2.7 on a 0.623 mmol scale and obtained as a white 

solid with a yield of 34 % (0.215 mmol, 83 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.00 (s, 1H), 8.59 (s, 1H), 7.70 (d, J = 7.9 Hz, 2H), 7.38 (d, 

J = 8.0 Hz, 2H), 7.32 (d, J = 8.7 Hz, 2H), 6.67 (d, J = 8.7 Hz, 2H), 4.69 (s, 2H), 3.78 (t, J = 6.7 Hz, 2H), 2.83 

(s, 6H), 1.62 (q, J = 7.1 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H). 

13C NMR (151 MHz, DMSO-d6) δ 164.1, 157.1, 147.1, 140.7, 131.8, 128.4 (d, J = 8.7 Hz), 126.8, 122.0, 

112.6, 75.7, 51.1, 40.6, 20.8, 10.3. 

M.p.: 71.4°C; HHPLC: Rt=12.68 min, purity ≥ 99 %, MMS (+APCI): 387 [M+H]+. 
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2.7.4 Synthesis of N-hydroxy-4-((3-(3,5-dimethylphenyl)-1- benzyloxyureido)methyl)benzamide (44d) 

 

 

44d was synthesised according to general procedure 2.7 on a 0.776 mmol scale and obtained as a white 

solid with a yield of 76 % (0.587 mmol, 218 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.03 (s, 1H), 8.67 (s, 1H), 7.81 – 7.65 (m, 2H), 7.47 (dq, J 

= 4.4, 2.4 Hz, 2H), 7.38 (td, J = 8.4, 4.0 Hz, 5H), 7.14 (d, J = 1.5 Hz, 2H), 6.65 (s, 1H), 4.91 (s, 2H), 4.68 

(s, 2H), 2.21 (s, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 156.5, 140.4, 138.5, 137.4, 135.6, 131.9, 129.7, 128.5, 128.4, 

128.3, 126.9, 124.5, 117.7, 76.0, 50.8, 21.1. 

M.p.: 254.1°C; HHPLC: Rt=12.68 min, purity = 95.5 %, MMS (+APCI): 420 [M+H]+. 

2.8 Synthesis of methyl 4-(((benzyloxy)(tert-butoxycarbonyl)amino)methyl)benzoate (55) 

 

 

1.00 eq (15.0 mmol, 4.07 g) of 22a was combined with 1.20 eq (18 mmol, 3.93 g) of Boc2O and 3.00 eq 

(45.0 mmol, 4.55 g, 6.27 mL) of TEA in 15 mL of DCM and stirred for 16 h at ambient temperature. The 

solvent was removed under reduced pressure, the residue resuspended in EtOAc and the resulting 

solution washed with dH2O (x3), brine (x1). The organic layer was dried over Na2CO3 and the product 

purified by flash column chromatography (n-hexane/EtOAc). 3.80 g (10.2 mmol, 68 %) of 55 was 

obtained as a colourless oil. 

1H NMR (600 MHz, DMSO-d6) δ 11.21 (s, 1H), 9.05 (s, 1H), 7.75 – 7.70 (m, 2H), 7.40 – 7.32 (m, 7H), 

4.78 (s, 2H), 4.64 (s, 2H), 1.42 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 166.4, 155.5, 143.1, 129.6, 129.0, 128.4, 81.3, 62.0, 52.4, 52.0, 28.2. 

HPLC: Rt=17.50 min, purity ≥ 99 %, MMS (+APCI): 316 [M-tBu+2H]+. 
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2.9 Synthesis of methyl 4-(((tert-butoxycarbonyl)(hydroxy)amino)methyl)benzoate (77) 

 

 

1.00 eq (10 mmol, 3.71 g) of 55 was combined with 0.05 eq of 10 % Pd/C (0.500 mmol, 0.532 g) in 40 mL 

of MeOH (4 mL/mmol). The benzyl deprotection occurred within 5 h at ambient temperature under an 

atmosphere of hydrogen. Subsequently, the reaction was filtered over celite. After the solvent was 

removed under reduced pressure, the residue was dissolved in EtOAc and filtered over a silica plug and 

the silica plug thoroughly washed with EtOAc. The solvent of the filtrate was removed under reduced 

pressure and the residue recrystallised in n-hexane/EtOAc. 2.20 g of 77 (7.81 mmol, 78 %) was obtained 

as colourless crystals. 

1H NMR (300 MHz, DMSO-d6) δ 9.48 (s, 1H), 8.00 – 7.89 (m, 2H), 7.45 – 7.36 (m, 2H), 4.62 (s, 2H), 3.85 

(s, 3H), 1.41 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 166.0, 155.9, 143.2, 129.1, 128.4, 127.8, 80.0, 54.1, 51.9, 27.9. 

M.p.: 98.1°C; HHPLC: Rt=11.15 min, purity ≥ 99 %, MMS (+APCI): 267 [M-tBu+I+2H]+. 

 

2.10 General procedure for the O-alkylation of 77 (88) 

 

 

 

1.00 eq of 88 (1 mmol, 281 mg) was dissolved in 10 mL of dry DMF and cooled to -20°C. 1.2 eq of NaH 

(1.2 mmol, 48 mg, 60% oil dispersion) was added and stirred for 30 minutes. Afterwards, the reaction 

was stirred for another 30 minutes at ambient temperature after which 2.0 eq of the respective 

alkylation reagent RX (2 mmol) was added and stirred for 16 h at ambient temperature. The solvent 

was removed under reduced pressure, the residue resuspended in EtOAc, the organic layer washed 

with dH2O (x3) and brine (x1) and dried over Na2SO4. After the solvent was removed in vacuo, the 

product was purified by flash column chromatography (n-hexane/EtOAc). 
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2.10.1 Synthesis of methyl 4-(((tert-butoxycarbonyl)(ethoxy)amino)methyl)benzoate (88a) 

 

 

The synthesis of 88a was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.318 g, 

0.164 mL) of iodoethane. 280 mg (0.904 mmol, 90 %) of 88a was obtained as a clear oil. 

 

1H NMR (300 MHz, DMSO-d6) δ 7.99 – 7.91 (m, 2H), 7.45 – 7.39 (m, 2H), 4.65 (s, 2H), 3.85 (s, 3H), 3.80 

(t, J = 7.1 Hz, 2H), 1.40 (s, 9H), 1.08 (t, J = 7.0 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 165.9, 155.3, 142.7, 129.0, 128.6, 128.0, 80.6, 69.4, 52.3, 51.9, 27.7, 

13.3. 

HPLC: Rt=14.80 min, purity =94.3 %, MMS (+APCI): 254 [M-tBu+2H]+. 

 

2.10.2 Synthesis of methyl 4-((butoxy(tert-butoxycarbonyl)amino)methyl)benzoate (88b). 

 

 

The synthesis of 88b was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.368 g, 

0.228 mL) of 1-iodobutane. 278 mg (0.824 mmol, 82 %) of 88b was obtained as a clear oil. 

 

1H NMR (300 MHz, DMSO-d6) δ 8.00 – 7.89 (m, 2H), 7.42 (d, J = 8.1 Hz, 2H), 4.65 (s, 2H), 3.85 (s, 3H), 

3.76 (t, J = 6.3 Hz, 2H), 1.41 (s, 11H), 1.37 – 1.16 (m, 2H), 0.83 (t, J = 7.3 Hz, 3H). 

13C NMR (75 MHz, DMSO- d6) δ 165.9, 155.3, 142.7, 129.0, 128.6, 128.0, 80.6, 73.5, 52.0, 51.9, 29.5, 

27.7, 18.5, 13.4. 

HPLC: Rt=17.13 min, purity ≥ 99 %, MMS (+APCI): 283 [M-tBu+2H]+. 
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2.10.3 Synthesis of methyl 4-(((tert-butoxycarbonyl)(isopropoxy)amino)methyl)benzoate (88c) 

 

 

The synthesis of 88c was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.135 g, 

0.103 mL) of 2-bromopropane. 136 mg (0.421 mmol, 42 %) of 8c was obtained as a clear oil. 

 

1H NMR (300 MHz, DMSO-d6) δ 7.96 – 7.89 (m, 2H), 7.46 – 7.34 (m, 2H), 4.63 (s, 2H), 4.11 – 3.92 (m, 

1H), 3.83 (s, 3H), 1.37 (s, 9H), 1.09 (d, J = 6.2 Hz, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 166.0, 156.2, 142.9, 129.1, 128.6, 128.1, 80.7, 75.8, 53.5, 52.0, 27.8, 

20.7. 

HPLC: Rt=15.33 min, purity ≥ 99 %, MMS (+APCI): 267 [M-tBu+2H]+. 

 

2.10.4 Synthesis of methyl 4-(((tert-butoxycarbonyl)(isobutoxy)amino)methyl)benzoate (88d) 

 

 

The synthesis of 88d was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0. 274 g, 

0. 217 mL) of 1-bromo-2-methylpropane. 230 mg (0. 682 mmol, 68 %) of 88d was obtained as a clear oil. 

1H NMR (300 MHz, DMSO-d6) δ 7.99 – 7.88 (m, 2H), 7.50 – 7.36 (m, 2H), 4.65 (s, 2H), 3.85 (s, 3H), 3.55 

(d, J = 6.4 Hz, 2H), 1.73 (dh, J = 13.4, 6.7 Hz, 1H), 1.41 (s, 9H), 0.83 (d, J = 6.7 Hz, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 167.6 – 164.4 (m), 155.3, 142.7, 129.1, 128.6 (d, J = 1.7 Hz), 128.1, 80.7, 

80.2, 52.0, 51.9 (d, J = 2.6 Hz), 27.8, 27.7 (d, J = 5.8 Hz), 26.7, 19.0. 

HPLC: Rt=17.17 min, purity ≥ 99 %, MMS (+APCI): 282 [M-tBu+2H]+. 
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2.10.5 Synthesis of methyl 4-(((tert-butoxycarbonyl)(isopentyloxy)amino)methyl)benzoate (88e) 

 

 

The synthesis of 88e was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.302 g, 

0.252 mL) of 1-bromo-3-methylbutane. 311 mg (0.885 mmol, 89 %) of 88e was obtained as a clear oil. 

1H NMR (300 MHz, DMSO-d6) δ 7.98 – 7.90 (m, 2H), 7.46 – 7.37 (m, 2H), 4.65 (s, 2H), 3.84 (s, 3H), 3.78 

(t, J = 6.5 Hz, 2H), 1.59 (dq, J = 13.3, 6.7 Hz, 1H), 1.40 (s, 9H), 1.34 (q, J = 6.6 Hz, 2H), 0.81 (d, J = 6.6 

Hz, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 165.9, 155.3, 142.7, 129.1, 128.6, 128.0, 80.7, 72.3, 52.1, 51.9, 36.4, 

27.8, 24.3, 22.2. 

HPLC: Rt=17.93 min, purity ≥ 99 %, MMS (+APCI): 296 [M-tBu+2H]+. 

 

2.10.6 Synthesis of methyl 4-(((tert-butoxycarbonyl)(cyclohexylmethoxy)amino)methyl)benzoate (88f) 

 

 

The synthesis of 88f was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.354 g, 

0.279 mL) of (bromomethyl)cyclon-hexane. 296 mg (0. 784 mmol, 78 %) of 88f was obtained as a clear 

oil. 

1H NMR (300 MHz, DMSO-d6) δ 7.98 – 7.89 (m, 2H), 7.49 – 7.34 (m, 2H), 4.63 (s, 2H), 3.84 (s, 3H), 3.57 

(d, J = 6.2 Hz, 2H), 1.73 – 1.50 (m, 5H), 1.40 (s, 10H), 1.27 – 0.99 (m, 3H), 0.99 – 0.71 (m, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 166.0, 155.4, 142.7, 129.1, 128.6, 128.1, 80.7, 79.2, 51.9 (d, J = 3.4 Hz), 

36.2, 29.3, 27.8, 25.9, 25.2. 

HPLC: Rt=19.32 min, purity ≥ 99 %, MMS (+APCI): 322 [M-tBu+2H]+. 
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2.10.7 Synthesis of methyl 4-(((tert-butoxycarbonyl)(pent-4-yn-1-yloxy)amino)methyl)benzoate (88g) 

 

 

The synthesis of 88f was performed according to general procedure 2.10 with 2.0 eq (2.0 mmol, 0.214 g, 

0.220 mL) of 5-Chloro-1-pentyne. 205 mg (0. 590 mmol, 59 %) of 88f was obtained as a clear oil. 

1H NMR (300 MHz, Chloroform-d) δ 8.04 – 7.96 (m, 2H), 7.44 – 7.36 (m, 2H), 4.65 (s, 2H), 3.91 (s, 3H), 

3.86 (t, J = 6.1 Hz, 2H), 2.23 (td, J = 7.0, 2.7 Hz, 2H), 1.92 (t, J = 2.7 Hz, 1H), 1.79 – 1.67 (m, 2H), 1.48 (s, 

9H). 

13C NMR (75 MHz, Chloroform-d) δ 167.0, 156.5, 142.4, 129.9, 129.5, 128.4, 83.6, 82.0, 73.3, 68.9, 53.4, 

52.2, 28.4, 27.2, 15.3. 

HPLC: Rt=16.70 min, purity ≥ 99 %, MMS (+APCI): 292 [M-tBu+2H]+. 

2.11 General procedure for the synthesis of N-oxy-carbamate based hydroxamic acids 66 and 99 

 

 

1.00 eq of the respective ester was dissolved in a mixture of THF/MeOH (1:1, 10 mL/mmol), 10 eq of 

5 M LiOH(aq) was added and stirred for 3 h at ambiet temperature. The reaction was acidified with a 1 M 

HCl solution to pH=4 and the product extracted with EtOAc, after which the combined layers were dried 

over Na2SO4 and concentrated. Subsequently, the obtained carboxylic acid was dissolved in dry DMF 

(10 mL/mmol), 1.0 eq HATU and 3.2 eq DIPEA werde added and the solution stirred at RT. After 10 

minutes, 1.2 eq H2NOH • HCl was added to the solution. The reaction was stirred for 16 h at RT, the 

solvent removed under reduced pressure and the product purified by reverse flash column 

chromatography (H2O/I). 
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2.11.1 Synthesis of tert-butyl (benzyloxy)(4-(hydroxycarbamoyl)benzyl)carbamate (66) 

 

 

6 was synthesised according to general procedure 2.11 on a 0.538 mmol scale and obtained as a white 

solid with a yield of 67 % (0.390 mmol, 145 mg). 

1H NMR (600 MHz, DMSO-d6) δ = 11.20 (s, 1H), 9.04 (s, 1H), 7.74 – 7.69 (m, 2H), 7.39 – 7.31 (m, 7H), 

4.77 (s, 2H), 4.63 (s, 2H), 1.41 (s, 9H). 

13C NMR (151 MHz, DMSO- d6) δ 164.0, 155.5, 140.3, 135.4, 131.9, 129.4, 128.3, 128.0, 127.9, 127.0, 

80.9, 75.9, 51.9, 27.9. 

M.p.: 130.6°C; HHPLC: Rt=11.89 min, purity ≥ 99 %. MMS (+APCI): 317 [M-tBu+2H]+. 

2.11.2 Synthesis of tert-butyl (cyclohexylmethoxy)(4-(hydroxycarbamoyl)benzyl)carbamate (99a) 

 

 

9a was synthesised according to general procedure 2.11 on a 1.00 mmol scale and obtained as a white 

solid with a yield of 17 % (0.174 mmol, 49 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.42 (s, 1H), 9.00 (d, J = 1.9 Hz, 1H), 7.79 – 7.64 (m, 2H), 

7.37 – 7.29 (m, 2H), 4.57 (s, 2H), 1.41 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 156.0, 140.9, 131.6, 127.6, 126.9, 80.0, 54.0, 28.0. 

M.p.: 158.1°C; HPLC: Rt=14.12 min, purity =95.4 %, MMS (+APCI): 227 [M-tBu+2H]+. 
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2.11.3 Synthesis of tert-butyl (benzyloxy)(4-(hydroxycarbamoyl)benzyl)carbamate (99b) 

 

 

9b was synthesised according to general procedure 2.11 on a 0.508 mmol scale and obtained as a white 

solid with a yield of 65 % (0.330 mmol, 97.8 mg). 

1H NMR (600 MHz, DMSO-d6) δ 11.19 (s, 1H), 9.01 (s, 1H), 7.72 (d, J = 7.9 Hz, 2H), 7.33 (d, J = 7.9 Hz, 

2H), 4.62 (s, 2H), 3.56 (s, 3H), 1.41 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ 164.0, 155.2, 140.3, 131.8, 127.8, 127.0, 80.9, 61.6, 51.5, 40.1, 27.9. 

M.p.: 140.4 °C; HHPLC: Rt=8.68 min, purity ≥ 99 %, MMS (+APCI): 241 [M-tBu+2H]+, EEA calc. for C14H20N2O5 

C 56.75, H 6.80, N 9.45, found C 56.86, H 6.78, N 9.35. 

 

2.11.4 Synthesis of tert-butyl ethoxy(4-(hydroxycarbamoyl)benzyl)carbamate (99c) 

 

 

9c was synthesised according to general procedure 2.11 on a 0.965 mmol scale and obtained as a white 

solid with a yield of 54 % (0.517 mmol, 160 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.19 (s, 1H), 9.02 (s, 1H), 7.82 – 7.65 (m, 2H), 7.40 – 7.26 (m, 2H), 

4.61 (s, 2H), 3.80 (q, J = 7.0 Hz, 2H), 1.40 (s, 9H), 1.07 (t, J = 7.0 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 164.0, 155.4, 140.3, 131.8, 127.7, 126.8, 80.6, 69.4, 52.2, 27.8, 13.3. 

M.p.: 136.1 °C, HHPLC: Rt=9.51 min, purity ≥ 99 %, MMS (+APCI): 255 [M-tBu+2H]+ 
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2.11.5 Synthesis of tert-butyl (4-(hydroxycarbamoyl)benzyl)(propoxy)carbamate (99d) 

 

 

9d was synthesised according to general procedure 2.11 on a 1.00 mmol scale and obtained as a white 

solid with a yield of 60 % (0.604 mmol, 196 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.25 – 11.13 (m, 1H), 9.10 – 8.96 (m, 1H), 7.80 – 7.64 (m, 2H), 7.34 (d, 

J = 8.2 Hz, 2H), 4.61 (s, 2H), 3.72 (t, J = 6.4 Hz, 2H), 1.54 – 1.43 (m, 2H), 1.41 (s, 9H), 0.85 (t, J = 7.4 Hz, 

3H). 

13C NMR (75 MHz, DMSO-d6) δ 164.0, 155.4, 140.3, 131.8, 127.8, 126.8, 80.6, 75.4, 51.9, 27.8, 20.9, 

10.4. 

M.p.: 107.8°C; HHPLC: Rt=10.69 min, purity ≥ 99 %, MS (+APCI) 269 [M-tBu+2H]+  

 

2.11.6 Synthesis of tert-butyl (4-(hydroxycarbamoyl)benzyl)(propoxy)carbamate (99e) 

 

 

9e was synthesised according to general procedure 2.11 on a 0.69 mmol scale and obtained as a white 

solid with a yield of 57 % (0.39 mmol, 132 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.22 (s, 1H), 9.05 (s, 1H), 8.09 (d, J = 7.9 Hz, 0H), 7.74 (d, J = 7.9 Hz, 

2H), 7.36 (d, J = 7.9 Hz, 2H), 4.63 (s, 2H), 3.77 (t, J = 6.3 Hz, 2H), 1.57 – 1.19 (m, 12H), 0.85 (t, J = 7.3 

Hz, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 155.5, 140.5, 131.8, 127.9, 127.0, 80.8, 73.6, 51.9, 29.7, 27.9, 

18.8, 13.7. 

M.p.: 101.0 °C, HHPLC: Rt=11.80 min, purity = 95.4 %, MMS (+APCI) 283 [M-tBu+2H]+ 
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2.11.7 Synthesis of tert-butyl (4-(hydroxycarbamoyl)benzyl)(isopropoxy)carbamate (99f) 

 

 

9f was synthesised according to general procedure 2.11 on a 0.588 mmol scale and obtained as a white 

solid with a yield of 63 % (0.37 mmol, 120 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.02 (s, 1H), 7.74 – 7.67 (m, 2H), 7.35 – 7.28 (m, 2H), 4.59 

(s, 2H), 4.13 – 3.94 (m, 1H), 1.39 (s, 9H), 1.10 (d, J = 6.2 Hz, 6H).^ 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 156.3, 140.5, 131.8, 127.9, 126.9, 80.7, 75.8, 53.4, 27.9, 20.8. 

M.p.: 109.3 °C, HHPLC: Rt=10.44 min, purity ≥ 99 %, MMS (+APCI) 269 [M-tBu+2H]+. 

 

2.11.8 Synthesis of tert-butyl (4-(hydroxycarbamoyl)benzyl)(isobutoxy)carbamate (99g) 

 

 

9g was synthesised according to general procedure 2.11 on a 0.643 mmol scale and obtained as a white 

solid with a yield of 61 % (0.39 mmol, 132 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.19 (s, 1H), 9.02 (s, 1H), 7.78 – 7.62 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 

4.60 (s, 2H), 3.54 (d, J = 6.4 Hz, 2H), 1.73 (hept, J = 6.6 Hz, 1H), 1.41 (s, 9H), 0.84 (d, J = 6.7 Hz, 6H). 

13C NMR (75 MHz, DMSO- d6) δ 164.1, 155.5, 140.4, 131.9, 128.0, 127.0, 80.8, 80.2, 51.8, 27.9, 26.9, 

19.2. 

M.p.: 125.7 °C, HHPLC: Rt=11.86 min, purity = 97.5 %, MMS (+APCI) 283 [M-tBu+2H]+. 
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2.11.9 Synthesis of tert-butyl (4-(hydroxycarbamoyl)benzyl)(isopentyloxy)carbamate (99h) 

 

 

9h was synthesised according to general procedure 2.11 on a 0.590 mmol scale and obtained as a white 

solid with a yield of 61 % (0.360 mmol, 127 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.19 (s, 1H), 9.02 (s, 1H), 7.72 (d, J = 7.8 Hz, 2H), 7.33 (d, J = 7.9 Hz, 

2H), 4.60 (s, 2H), 3.77 (t, J = 6.5 Hz, 2H), 1.60 (dq, J = 13.5, 6.8 Hz, 1H), 1.41 (s, 11H), 0.82 (d, J = 6.6 Hz, 

6H). 

13C NMR (75 MHz, DMSO-d6) δ 164.0, 155.5, 140.4, 131.8, 127.9, 127.0, 80.7, 72.3, 51.9, 36.5, 27.9, 

24.4, 22.4. 

M.p.: 105.4 °C, HHPLC: Rt=12.69 min, purity ≥ 99 %, MMS (+APCI) 283 [M-tBu+2H]+. 

 

2.11.10 Synthesis of tert-butyl (cyclohexylmethoxy)(4-(hydroxycarbamoyl)benzyl)carbamate (99i) 

 

 

9i was synthesised according to general procedure 2.11 on a 0.614 mmol scale and obtained as a white 

solid with a yield of 54 % (0.333 mmol, 126 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.02 (s, 1H), 7.77 – 7.64 (m, 2H), 7.32 (d, J = 8.2 Hz, 2H), 

4.59 (s, 2H), 3.56 (d, J = 6.3 Hz, 2H), 1.72 – 1.50 (m, 5H), 1.40 (s, 10H), 1.14 (dq, J = 18.9, 13.7, 12.7 Hz, 

5H), 0.89 (qd, J = 14.3, 13.2, 3.4 Hz, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 155.5, 140.4, 131.8, 128.0, 127.0, 80.7, 79.2, 51.7, 36.2, 29.4, 

27.9, 26.0, 25.3. 

M.p.: 110.5 °C, HPLC: Rt=14.12 min, purity =95.4 %, MMS (+APCI) 323 [M-tBu+2H]+. 
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2.11.11 Synthesis of tert-butyl (cyclohexylmethoxy)(4-(hydroxycarbamoyl)benzyl)carbamate (99j) 

 

 

9j was synthesised according to general procedure 2.11 on a 0.837 mmol scale and obtained as a 

colourless oil with a yield of 24 % (0.201 mmol, 70 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.20 (s, 1H), 9.03 (s, 1H), 7.80 – 7.65 (m, 2H), 7.42 – 7.22 (m, 2H), 

4.61 (s, 2H), 3.83 (t, J = 6.1 Hz, 2H), 2.76 (t, J = 2.6 Hz, 1H), 2.21 (td, J = 7.1, 2.7 Hz, 2H), 1.72 – 1.58 (m, 

2H), 1.42 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 164.1, 155.5, 140.3, 131.9, 127.9, 127.0, 83.8, 80.9, 72.5, 71.5, 51.9, 

27.9, 26.8, 14.6. 

HPLC: Rt=14.12 min, purity =95.4 %, MMS (+APCI) 293 [M-tBu+2H]+. 

 

2.12 Synthesis of 4-((2-(2-(2-azidoethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-

1,3-dione (110) 

 

 

10 was synthesised according to Wu et.al.2 

All spectroscopic data agreed with literature.2 
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2.13 Synthesis of tert-butyl (3-(1-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)propoxy)(4-(hydroxycarbamoyl)benzyl)carbamate 

(111) 

 

 

11 was synthesis from 1.00 eq (0.207 mmol, 37 mg) of 110k and 1.00 eq (0.207 mmol, 89 mg) of  11 

according to Wu et.al.2 and obtained as a yellow solid with a yield of 22 % (0.046 mmol, 36 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 11.09 (s, 1H), 9.01 (s, 1H), 7.77 (s, 1H), 7.72 (d, J = 8.2 Hz, 

2H), 7.57 (dd, J = 8.6, 7.1 Hz, 1H), 7.34 (d, J = 8.2 Hz, 2H), 7.12 (d, J = 8.6 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 

6.59 (t, J = 5.6 Hz, 1H), 5.05 (dd, J = 12.8, 5.4 Hz, 1H), 4.61 (s, 2H), 4.44 (t, J = 5.2 Hz, 2H), 3.79 (td, J = 

5.8, 5.3, 2.7 Hz, 4H), 3.58 (t, J = 5.3 Hz, 2H), 3.53 (s, 4H), 3.49 – 3.36 (m, 2H), 3.01 – 2.78 (m, 1H), 2.68 

– 2.51 (m, 3H), 1.99 (s, 2H), 1.77 (s, 1H), 1.39 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 172.75, 170.03, 169.06 – 168.77 (m), 167.23, 155.40, 146.33, 146.01, 

140.33, 136.19, 132.04, 131.80, 127.84, 126.91, 122.13, 110.66, 109.21, 99.48, 81.32 – 80.26 (m), 

73.26, 69.57, 68.78, 48.52, 41.63, 27.80, 21.63. 

HPLC: Rt=11.23 min, purity =96.2 %, MMS (+APCI) 723 [M-tBu+2H]+.   
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CChromenones: A suitable CAP group to govern HDAC6 selectivity? 

M. Pflieger, A. Hamacher, N. Horstick-Muche, E. Kharitonova, M. U. Kassack, T. Kurz 

 

Abstract 

Currently approved pan-histone deacetylase inhibitors (HDACi) exhibit limited efficacy in solid tumours 

and cause severe side effects. Novel isozyme selective inhibitors might overcome these limitations and 

present valuable biologically active compounds for the treatment of non-cancer diseases such as 

autoimmune diseases, depression, schizophrenia or Alzheimer’s disease. In recent years, HDAC6 has 

been attracting significant attention as potential target in neurology, immunology, and oncology. Here 

we report HDACi, exhibiting a chromenone scaffold as HDAC6 selectivity directing CAP group and 

developed 33h which showed an 1.6-fold higher HDAC6 selectivity index than the HDAC6 selective 

inhibitor tubastatin A. Due to their low antiproliferative properties (pIC50 ≤ 5.16), the here reported 

HDAC6 selective inhibitors represent valuable tools for exploring the pharmaceutical potential of 

HDAC6 in neurology, immunology and the suppression of metastasis. 

 

Introduction 

Histone deacetylases (HDAC) are zinc dependant metalloproteases that catalyse the hydrolytic cleavage 

of acetylated lysine residues.1 As epigenetic regulators, they participate in variety of biological 

processes such as cell differentiation2 and cell cycle progression.3 Furthermore, they are essential key 

enzymes in the posttranslational modification of client proteins4 and control e.g. the activity of 

chaperones5 and the degradation of misfolded proteins.6 According to their yeast homologues, zinc 

dependant HDACs are categorised into class I (HDAC1, HDAC2, HDAC8), class IIa (HDAC4, HDAC5, 

HDAC7, HDAC9), class IIb (HDAC6, HDAC10) and class IV (HDAC11).7 Whilst nuclear class I HDACs 

participate in the control of the condensation state of histones,8 cytoplasmic HDACs controls the activity 

of client proteins by posttranslational modification.9 Currently, approved HDAC inhibitors (HDACi) are 

not selective for a specific HDAC isozyme (pan inhibitors). Despite their clinical efficacy and 

chemosensitising properties towards cisplatin,10 the application of HDACi suffers from severe side 

effects such as neutropenia, anaemia or cardiovascular side effects.11 Therefore, accumulating research 

has been focused on the design of selective HDACi over the last few years. Nevertheless, the efficacy 

of isozyme selective HDACi remains to be established, especially for their employment as anti-cancer 

agent.12 In addition, their evaluation and significance as immunomodulator13 or as neurological active 

compounds14–16 becomes increasingly apparent. In this respect, HADC6 has been attracting significant 
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attention as target for the pharmacological intervention of e.g. neurodegenerative diseases, as 

immunomodulatory target and cancer. 

Despite the high sequence homology of HDAC isozymes, the design of selective HDACi is possible due 

to structural differences in their tertiary structure which has been revealed by crystallographic 

analyses.17–20 For example, HDAC6 exhibits a much wider and shallowed entrance tunnel than nuclear 

HDAC class I isozymes. Based on these findings, the traditional pharmacophore model, 21–23 comprising 

of a zinc binding group (ZBG), a linker and a cap group, was refined and formulated for each class of 

HDACs. 24 The selective inhibition of HDAC6 is possible by the employment of a sterically demanding 

cap groups, a linker and a ZBG. The most commonly applied HDAC6 selective inhibitors in research are 

nexturastat A and tubastatin A which follow this refined pharmacophore model (Figure 23).25–27 

 

 

Figure 23. The refined pharmacophore model of HDAC6 selective inhibitors with nexturastat A and tubastatin A as 

representative.25,27 

 

Whilst nexturastat A exerts its selectivity by a branched cap group, tubastatin A exhibits a bulky cap. 

Other bulky cap groups, such as γ-pyrones, might be employed to obtain HDAC6 selectivity. 

The benzoannelated γ-pyrones, or more often referred to as chromones, comprise of a class of 

secondary metabolites that are abundant in nature, particularly in plants.28 Their scaffold has been used 

in the development of active pharmaceutical ingredients for the treatment of e.g. urinary bladder 

spasms,29 rheumatoid arthritis,30 asthma31 or cancer (Figure 24).32 Due to their synthetic accessibility, 

their potential for diversification as drug template and their proven effectiveness in the development 

of novel medicines as well as their drug-like properties, the chromone core motif is considered a 

privileged structure in medicinal chemistry.33–35 
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Figure 24. Natural product derived drugs exhibiting a chromone core structure. 29–32,36 

Commonly used reactions for the synthesis of chromones are the Baker-Venkataraman flavone 

synthesis,37 the Kostanecki-Robinson reaction38,39 or the Algar-Flynn-Oyamada (AFO) reaction40 for the 

synthesis of flavonols (Scheme 23). In a Baker-Venkataraman flovone synthesis, an o-acylated phenol 

ester rearranges into an o-hydroxy-1,3-diketone, followed by a cyclisation under acidic conditions. In 

contrast, the Kostanecki-Robinson reaction follows a condensation of o-hydroxyaryl ketones with 

anhydrides. The Algar-Flynn-Oyamada reaction pursues an oxidative cyclysation of chalcones into the 

corresponding flavonol. 

 

Scheme 23. Commonly used methods for the synthesis of chromones. 

The aim of this work was to develop HDAC6 selective inhibitors, that exhibit a sterically demanding 

chromone based cap group. 
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RResults and Discussion 

In our endeavour to design HDAC6 selective inhibitors, we performed a retrosynthetic analysis of 

chromenone based hydroxamic acids 33 (Scheme 24). Based on our analysis, 3-hydroxy functionalised 

chromenones 11 were connected to the linker by a nucleophilic substitution. Subsequently, the 

hydroxamic acid moiety is introduced by the transformation of an ester into the respective hydroxamic 

acid (33). 

 

 

Scheme 24. Retrosynthetic analysis of chromenone based hydroxamic acids. 

 

In the AFO reaction, a chalcone is converted into the respective 3-hydroxy-4H-chromen-4-one (11b). 

Initial attempts to convert 1-(2-hydroxyphenyl)ethan-1-one and benzaldehyde into their chalcone 

resulted in taring with 0.50 eq. of DBU or NaOH in ethanol. Even 4.00 eq. of KOH in THF or 2.20 eq. of 

Ba(OH)2 did not yield the respective chalcone. However, the employment of 4.00 eq. of NaOH in ethanol 

prove to be a suitable condition for the conversion of 1-(2-hydroxyphenyl)ethan-1-one with 

benzaldehyde to the desired chalcone with a yield of 81 % after recrystallisation in ethanol. The AFO 

reaction was performed with 2.20 eq of NaOH and 2.00 of H2O2 in ethanol and resulted in the respective 

3-hydroxy-2-phenyl-4H-chromen-4-one (25 % after recrystallisation). Over two steps, a yield of 

approximately 20 % was obtained. In order to improve the yield and to minimise the employment of 

resources, a one pot Claisen-Schmidt condensation, AFO sequence was established (Scheme 25). 
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Scheme 25. One pot Claisen-Schmidt condensation AFO sequence for the synthesis of 3-hydroxy chromenones. I) 4.00 eq 

NaOH(aq), EtOH; ii) 2.20 eq H2O2. 

 

With the same starting material, this sequence resulted in a yield of 31 % which corresponded to an 

increase of 10 % in isolated product. Due to the significant increase in yield, this sequence was 

employed for the synthesis of 3-hydroxy-4H-chromen-4-ones, exhibiting different aromatic 

substituents in 2-position (11b-i). However, a modified procedure had to be applied when a heterocyclic 

aldehyde was used in the reaction sequence, as it resulted in taring. For nicotinaldehyde, the reaction 

was refluxed for 3 h after the addition of hydrogen peroxide. 

Subsequently, the obtained 3-hydroxy-4H-chromen-4-ones were alkylated with tert-butyl 

4-(bromomethyl)benzoate (Scheme 26), resulting in the ethers 22. 

 

 

Scheme 26. O-alkylation of 3-hydroxy-4H-chromen-4-ones 11. I) 5.00 eq K2CO3, DMF. 

 

The acid labile tbutyl ester was deprotected with TFA and converted with hydroxylamine to the 

corresponding hydroxamic acids 33 in a HATU mediated acylation reaction (Scheme 27).. 

 

 

Scheme 27. Synthesis of the hydroxamic acids 33. I) a) TFA/DCM, b) 1.00 eq HATU, 1.20 eq H2NOH • HCl, 3.20 eq DIPEA, DMF. 
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However, one drawback of the HATU mediated N--acylation of hydroxylamine was that a complete 

separation of the product from HOAt was laborious on normal phase silica. Therefore, C-18 

functionalised silica (RP-flash chromatography) had to be employed to obtain the desired hydroxamic 

acids 33. 

Subsequently, the HDAC inhibitory potential of 33 was assessed by HDAC2 and HDAC6 enzyme assays 

(Table 15).  

 

Table 15. HDAC2 and HDAC6 inhibition of 33. 

 

 R 
HDAC2 
pIC50 

(IC50 [μM]) 

HDAC6 
pIC50 

(IC50 [μM]) 
SI 2/6 

3a  
6.17 ± 0.04 

(0.670) 
7.47 ± 0.04 

(0.034) 20.0 

3b 
 

4.98 ± 0.02 
(10.6) 

6.48 ± 0.10 
(0.329) 31.6 

3c 
 

5.16 ± 0.03 
(6.87) 

6.53 ± 0.07 
(0.294) 23.4 

3d 
 

5.05 ± 0.02 
(8.84) 

6.55 ± 0.10 
(0.283) 31.6 

3e 
 

5.03 ± 0.02 
(9.37) 

6.26 ± 0.11 
(0.533) 17.0 

3f 
 

5.08 ± 0.03 
(8.31) 

6.31 ± 0.06 
(0.494) 17.0 

3g 
 

5.00 ± 0.02 
(10.0) 

6.71 ± 0.10 
(0.194) 51.3 

3h 
 

3.55 ± 0.11 
(285) 

5.98 ± 0.08 
(1.04) 269 

3i 
 

5.32 ± 0.07 
(4.76) 

7.04 ± 0.15 
(0.092) 52.5 

Tubastatin A 
 

Nexturastat A 

5.04 ± 0.03 
(9.19) 

7.26 ± 0.08 
(0.017) 166 

5.70 ± 0.050 
(1.99) 

7.31 ± 0.082 
(0.048) 40.7 

Presented data are calculated from at least two experiments each performed in duplicates. Standard 
deviation of percent inhibition values is less than 10 %. Vehicle control was defined as 0 % inhibition. 
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In the HDAC inhibition assay, the HDAC6 selective inhibitors tubastatin A and nexturastat A were 

employed as reference compounds and exhibited a SI2/6 of 166 (pIC50 = 7.26 ± 0.08) and 40.7 

(pIC50 = 7.31 ± 0.082), respectively. 33a, exhibiting the 4H-chromen-4-one cap group resulted in a 

pIC50 (HDAC2) = 6.17 ± 0.04 and a pIC50 (HDAC6) = 7.47 ± 0.04 with a SI2/6 of 20.0 and thereby defined 

the lead structure of the here reported chromenone based hydroxamic acids 33. The 2-phenyl 

substituted derivative of 33a (33b) showed a pIC50 of 4.98 ± 0.02 for HDAC2 and a pIC50 of 6.48 ± 0.10 for 

HDAC6 with an SI2/6 of 31.6. 33b demonstrated an approximately 1.6-fold higher selectivity towards 

HDAC6 with a coherent decrease in activity of one order of magnitude, compared to 33a. In order to 

further increase the selectivity towards HDAC6, 2-aryl substituted 4H-chromen-4-one based 

hydroxamic acids 33 were evaluated. The tested o-substituted derivatives (33c-33g) exhibited a similar 

HDAC2 inhibition to 33b with pIC50 values of around 5.00. However, the fluoro- (33c), chloro- (33d) and 

bromo- (33e) functionalised derivatives demonstrated a pIC50 of 6.53 ± 0.07 (SI2/6 = 31.6), 6.55 ± 0.10 

(SI2/6 = 23.4) and 6.26 ± 0.11 (SI2/6 = 17.0) in HDAC6, respectively. The difluoro- (33f) and the dimethyl 

(33g) derivatives resulted in an inhibition of HDAC6 with pIC50 values of 6.31 ± 0.06 (SI2/6 =17.0) and 

6.71 ± 0.10 (SI2/6 =51.3). 33h, the 3,5-dimethyl derivative exhibited a decreased inhibition of HDAC2 

(pIC50 = 3.55 ± 0.11) with a concomitant decreased inhibition of HDAC6 (pIC50 = 3.55 ± 0.11), resulting 

in an overall SI2/6 of 269. The 3-pyridinyl derivative 33i demonstrated a pIC50 of 5.32 ± 0.07 in HDAC2 

and a pIC50 of 7.04 ± 0.15 in HDAC6. In respect to the isozyme selectivity of the tested HDAC inhibitors, 

3h was the most selective compound with a HDAC2/6 selectivity index (SI) of 269, which correlates to 

an approximately 1.6-fold higher selectivity towards HDAC6 over HDAC2 with a 19-fold lower inhibition, 

compared to tubastatin A. In comparison to nexturastat A, 33g and 33i exhibited an approximately 1.3-fold 

higher selectivity towards HDAC6. 

It has been shown that the connecting unit (CU) has a significant impact on the isozyme profile of HDAC 

inhibitors as well as on their biological activity. Therefore, we focussed on the derivatisation of the ether 

CU to a nitrogen-based CU as well as the evaluation of the linker length (Scheme 5). 

 

 

Scheme 28. Connecting unit derivatisation of compound 33a. 

For the synthesis of nitrogen based CU, we envisioned to modify the 3-hydroxy substituent with an 

amine functionalised linker (Scheme 29). 
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Scheme 29. Retrosynthetic analysis of 3-amino substituted chromenones 88. 

 

A similar transformation with aliphatic amines has been reported by Takechi et. Al..41 Their procedure 

involved the tosylation of the 3-hydroxy substituent and the subsequent conversion with amines 

resulting in the 3-amino substituted products. However, under the same reaction conditions a 

conversion with tert-butyl 4-aminobenzoate was not observed. Therefore, we developed a palladium 

catalysed amination of 4H-chromen-4-ones. For this purpose, 11b or 11i was triflated (44) and converted 

with an amine to the respective 3-amino substituted 4H-chromen 4 ones (77a-c, Scheme 30). 

 

 

Scheme 30. Synthesis of 3-amino functionalised chromenones 77a-c. i) 2.00 eq Tf2O, 2.10 eq DIPEA, DCM, ii) 1.10 eq RNH2, 0.100 

eq Pd2(dba)3 0.150 eq Xantphos 5.00 eq Cs2CO3, PhMe. 

Subsequently, the 3-amino functionalised chromenones 77 were converted into their corresponding 

hydroxamic acid (88a-c, Scheme 31). 

 

Scheme 31. Synthesis of 3-amine chromenone based hydroxamic acids 88a-c. i) a) TFA/DCM, b) 1.00 eq HATU, 1.20 eq H2NOH • 
HCl, 3.20 eq DIPEA, DMF. 
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To further improve our biological activity profile, we proposed a cyclisation of the amine in 3 position 

with the 2’ carbon at the 2-phenyl substituent (Scheme 32), resulting in the 

chromeno[3,2-b]indol-11(10H)-one based hydroxamic acid 114. 

 

 

Scheme 32. Retrosynthetic analysis of 114 by a palladium catalysed, intramolecular cyclisation. 

Despite intensive efforts, we could not perform the desired transformation with a variety of bases, 

different palladium species in various solvent. Therefore, we pursued the construction of the 

chromeno[3,2-b]indol-11(10H)-one heterocycle by an oxidative cyclisation (Scheme 33) 

 

 

Scheme 33. Retrosynthetic analysis of 14 by an oxidative cyclisation. 

The 2-(2-aminophenyl)-4H-chromen-4-one was accessed by a Baker-Venkataraman flavone synthesis 

(Scheme 34). 

 

Scheme 34. Synthesis of 110 by a Baker-Venkataraman flavone synthesis. I) a) 1.30 eq oxalyl chloride, 0.100 eq DMF, DCM; 

b) 1.00 eq 1-(2-hydroxyphenyl)ethan-1-one, 1.20 eq DIPEA, DCM; ii) 2.50 eq NaH, THF; iii) H2SO4. 
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The nitro derivative 99 was reduced (111) with tin(II) chloride under acidic conditions (Scheme 11) and 

the oxidative cyclisation performed according to Moon et al. (Scheme 35).42 

 

Scheme 35. Synthesis of 112 by an oxidative cyclisation. I) 4.00 eq SnCl2 • 2 H2O, conc. HCl(aq)/AcOH; ii) 1.20 eq. Cu(Oac)2, 

0.200 eq. Zn(Otf)2 toluene, DMSO. 

However, after the oxidative cyclization 112 was obtained with a yield of 12 %, on a 1 mmol scale. To 

obtain 112 in a higher yield, we performed a Cadogan-Sundberg reaction43 from 110 in triethyl phosphite. 

With this procedure, 112 was obtained with a yield of 38 % (Scheme 36). 

 

Scheme 36. Synthesis of 112 by a Cadogan-Sundberg reaction. I) P(Ome)3. 

Subsequently, 112 was alkylated with the benzyl linker (113) and transformed into the corresponding 

hydroxamic acid 114 (Scheme 37). 

 

Scheme 37. Synthesis of 114. I) 1.20 eq NaH (60 %), 1.10 eq tert-butyl 4-(bromomethyl)benzoate, DMF; ii) a) TFA/DCM 

b)1.00 eq HATU, 1.20 eq H2NOH • HCl, 3.20 eq DIPEA, DMF. 

The 3-amino chromenone based (88a-c) and chromeno[3,2-b]indol-11(10H)-one based (114) hydroxamic 

acids were subsequently subjected to HDAC2 and HDAC6 enzyme assays to assess their selectivity 

towards HDAC6 (Table 16). 
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Table 16. HDAC2 and HDAC6 inhibition of 66 and 112. 

 

 n R 
HDAC2 
pIC50 

(IC50 [μM]) 

HDAC6 
pIC50 

(IC50 [μM]) 
SI2/6 

8a 0 
 

5.09 ± 0.03 
(8.05) 

6.36 ± 0.16 
(0.435) 18.6 

8b 0 
 

5.47 ± 0.05 
(3.41) 

6.46 ± 0.05 
(0.347) 

9.77 

8c 1 
 

5.36 ± 0.22 
(4.38) 

6.79 ± 0.11 
(0.162) 26.9 

14 1 
 

5.28 ± 0.08 
(5.21) 

6.64 ± 0.16 
(0.231) 24.5 

Tubastatin A  
 

Nexturastat A 

5.04 ± 0.03 7.26 ± 0.08 166 

5.70 ± 0.050 7.31 ± 0.082 40.7 

Presented data are calculated from at least two experiments each performed in duplicates. Standard 
deviation of percent inhibition values is less than 10 %. Vehicle control was defined as 0 % inhibition. 

 

Compound 88a exhibited a pIC50 of 5.09 ± 0.03 (SI2/6 = 18.6) and 6.36 ± 0.16 (SI2/6 = 9.77) for HDAC2 

and HDAC6, respectively. The 3-pyridyl derivative 88b demonstrated an increased inhibition of HDAC2 

(pIC50 = 5.47 ± 0.05) and HDAC6 (pIC50 = 6.46 ± 0.05), resulting in a SI2/6 of 9.77. The linker length had 

a significant impact on HDAC6 inhibition and selectivity. A methylene group in the linker region (88c) 

caused an increased HDAC6 inhibition (pIC50 = 6.79 ± 0.11) whilst maintaining a similar inhibition of 

HDAC2, resulting in a SI2/6 of 26.9. Compound 112, the annulated derivative of 88c exhibited a pIC50 value 

of 5.28 ± 0.08 (HDAC2) and 6.64 ± 0.16 (HDAC6) with a SI of 24.5 for HDAC2 and HDAC6, respectively. 

To assess the antiproliferative potential of the synthesised chromenone based hydroxamic acids, they 

were tested in the human ovarian cancer cell line A2780 and the human tongue squamous carcinoma 

cell line Cal27 (Table 17). 
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Table 17. Antiproliferative activity of chromenone based hydroxamic acids in Cal27 and A2780. 

 
MTT-Assay 

pIC50 

(IC50 [μM]) 

 Cal27 A2780 

33a 5.38 ± 0.04 
(4.19) 

5.04 ± 0.03 
(9.12) 

3b 4.58 ± 0.08 
(26.1) 

4.55 ± 0.13 
(28.1) 

3c 4.62 ± 0.05 
(24.0) 

4.58 ± 0.05 
(26.2) 

3d 
4.58 ± 0.07 

(26.4) 
4.47 ± 0.07 

(34.0) 

3e 4.55 ± 0.07 
(28.2) 

4.45 ± 0.11 
(35.2) 

3f 4.69 ± 0.08 
(20.2) 

4.41 ± 0.04 
(38.6) 

3g 4.61 ± 0.07 
(24.5) 

4.51 ± 0.10 
(30.9) 

3h 5.10 ± 0.04 
(7.89) 

5.16 ± 0.06 
(6.89) 

3i 4.69 ± 0.08 
(20.2) 

4.42 ± 0.08 
(38.3) 

8a 4.52 ± 0.11 
(30.4) 

4.46 ± 0.06 
(34.6) 

8b 5.05 ± 0.05 
(8.87) 

4.41 ± 0.09 
(38.6) 

8c 4.60 ± 0.08 
(25.2) 

4.50 ± 0.13 
(31.9) 

14 4.59 ± 0.05 
(26.0) 

4.54 ± 0.04 
(29.0) 

Presented data are calculated from at least two experiments each performed in duplicates. Standard 
deviation of percent inhibition values is less than 10 %. Vehicle control was defined as 0 % inhibition. 

 

All tested compounds showed limited antiproliferative effects in Cal27 and A2780 with pIC50 ranging 

from 4.52 to 5.10 and 4.41 to 5.16, respectively. There is a good correlation between the pIC50 values 

obtained from Cal27 as well as A2780 and the pIC50 values from the HDAC2 enzyme assays, which 

indicate that the antiproliferative effect is likely to be the result of class I HDAC inhibition rather than 

HDAC6 inhibition in the tested cancer cell lines. 
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CConclusion 

HDAC6 is an epigenetic eraser and a major player in the posttranslational modification of client 

proteins. Its inhibition represents a valuable pharmaceutical target for immunomodulation, the 

pharmacological intervention in neurodegenerative diseases and a potential application in oncology. 

Here, we report the synthesis of chromenone based hydroxamic acids, that exhibit either an ether or a 

nitrogen-based CU and successfully established a palladium catalysed approach for the synthesis of 

3-amino substituted chromenones with unprecedented yields and reaction times. 

Our explorative approach to utilise chromones as bulky and HDAC6 selectivity directing CAP group 

resulted in the discovery of Compound 33g (MMPK781), 33h (MMPK805) and 33i (MMPK509). 33h exhibited an 

approximately 1.6-fold higher SI2/6 than tubastatin A, but a 19-fold lower inhibitory activity. The 

Compounds 33g and 33i exhibited an almost 1.3-fold higher selectivity towards HDAC6, in comparison to 

nexturastat A. All tested compounds showed low antiproliferative activities with pIC50 values ranging 

from 4.41 to 5.16 in Cal27 and A2780, which correlates with HDAC2 inhibition. Presumably, the 

observed antiproliferative properties of the tested cell lines is caused by HDAC2 inhibition. 

Due to the low cytotoxicity of the here reported compounds, we propose that chromone based 

hydroxamic acid are valuable tools as HDAC6 selective inhibitors to explore their pharmaceutical 

potential in neurology, immunology or might suppress metastasis. 
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11 General Information 

Reaction, monitoring and purification 

Chemicals and solvents were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics, TCI, 

Fluorochem ABCR, Alfa Aesar, J&K, Carbolution) and used without further purification. Dry solvents 

were obtained from Acros Organics. Ambient or room temperature correspond to 22°C. The reaction 

progression was monitored using Thin-Layer-Chromatography plates by Macherey Nagel (ALUGRAM 

Xtra SIL G/UV254). Visualisation was achieved with ultraviolet irradiation (254 nm) or by staining with a 

KmnO4-solution (9 g KmnO4, 60 g K2CO3, 15 mL of a 5% aqueous NaOH-solution, ad 900 mL 

demineralised water). Purification was either performed with prepacked Silica cartridges (RediSep® Rf 

Normal Phase Silica, RediSep® Rf RP C18) for flash column chromatography (CombiFlashRf200, 

TeleDyneIsco) or by recrystallisation. Different eluent mixtures of solvents (hexane and ethyl acetate or 

dichloromethane and methanol) served as the mobile phase for flash column chromatography and are 

stated in the experimental procedure. 

Analytics  

An NMR-Spectrometer by Bruker (Bruker Avance III – 300, Bruker Avance DRX – 500 or Bruker Avance 

III – 600) were used to perform 1H- and13C-NMR experiments. Chemical shifts are given in parts per 

million (ppm), relative to residual non-deuterated solvent peak (1H-NMR: DMSO-d6 (2.50), 
13C-NMR: DMSOd6 (39.52). Signal patterns are indicated as: singlet (s), doublet (d), triplet (t), 

quartet (q), or multiplet (m). Coupling constants, J, are quoted to the nearest 0.1 Hz and are presented 

as observed. ESI-MS was carried out using Bruker Daltonics UHR-QTOF maXis 4G (Bruker Daltonics) 

under electrospray ionization (ESI). The above-mentioned characterisations were carried out by the 

HHU Center of Molecular and Structural Analytics at Heinrich-Heine University Düsseldorf 

(http://www.chemie.hhu.de/en/analytics-center-hhucemsa.html). APCI-MS was carried out with an 

Advion expressionL CMS. Melting points were determined using a Büchi M-565 melting point apparatus 

(uncorrected). Analytical HPLC was carried out on a Knauer HPLC system comprising of an Azura P6.1L 

pump, an Optimas 800 autosampler, a Fast Scanning Spectro-Photometer K-2600 and a Knauer 

Reversed Phase column (SN: FK36). Evaluated compounds were detected at 254 nm. The solvent 

gradient table is shown in Table 14. The purity of all final compounds was 95% or higher. 
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TTable 18: The solvent gradient table for analytic HPLC analysis. 

Time / min Water + 0.1% TFA ACN + 0.1% TFA 

Initial 90 10 

0.50 90 10 

20.0 0 100 

30.0 0 100 

31.0 90 10 

40.0 90 10 
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22 Synthetic procedures 

2.1 Synthesis of 3-hydroxy-4H-chromen-4-one (1a) 

 

 

1a was synthesised according to Spadafora et. Al.. [1] 

1H NMR (300 MHz, DMSO-d6) δ 9.15 (s, 1H), 8.23 (s, 1H), 8.11 (dd, J = 8.1, 1.6 Hz, 1H), 7.75 (ddd, J = 8.7, 

7.0, 1.7 Hz, 1H), 7.61 (dd, J = 8.5, 1.0 Hz, 1H), 7.44 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H). 

13C NMR (75 MHz, DMSO-d6) δ 172.7, 155.3, 141.9, 140.8, 133.4, 125.0, 124.5, 122.7, 118.4. 

M.p.: 178.3 °C, LLit.: 178 – 180 °C[2]; HHPLC: Rt=7.53 min, purity ≥ 96.3 %, MMS (+APCI): 163 [M+H]+. 

 

2.2 General procedure for the synthesis of 2-substituted 3-hydroxy-4H-chromen-4-ones (11b-1i) 

 

 

1.00 eq of 1-(2-hydroxyphenyl)ethan-1-one and 1.00 eq of the respective aldehyde was mixed with 

Ethanol (3 mL/mmol) and 4.00 eq of a 5M aq. NaOH solution were added to the reaction solution. After 

16 h at ambient temperature, whilst stirring, 2.20 eq of H2O2 (30 % aq. Solution) were added and stirred 

for another 16 h. The reaction mixture was poured on 600 mL of ice water, neutralised with 1 M aq. 

HCl solution and the precipitate collected by filtration. Subsequently, the precipitate was washed 

thoroughly with dH2O and the product recrystallised from EtOH. 
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2.2.1 Synthesis of 3-hydroxy-2-phenyl-4H-chromen-4-one (11b) 

 

 

1b was synthesised according to general procedure 2.3.1 on a 40 mmol scale and obtained as a yellow 

solid with a yield of 31 % (12.3 mmol, 3.28 g). 

1H NMR (600 MHz, DMSO-d6) δ 9.62 (s, 1H), 8.29 – 8.18 (m, 2H), 8.12 (dd, J = 8.0, 1.6 Hz, 1H), 7.80 (ddd, 

J = 8.6, 6.9, 1.7 Hz, 1H), 7.76 (dd, J = 8.5, 1.1 Hz, 1H), 7.57 (dd, J = 8.4, 6.9 Hz, 2H), 7.53 – 7.48 (m, 1H), 

7.51 – 7.44 (m, 1H). 

13C NMR (151 MHz, DMSO-d6) δ 173.0, 154.6, 145.2, 139.1, 133.7, 131.3, 129.9, 128.5, 127.7, 124.8, 

124.6, 121.3, 118.4. 

M.p.: 173.6°C; HHPLC: Rt=14.30 min, purity ≥ 99 %, MMS (+APCI): 239 [M+H]+. 

 

2.2.2 Synthesis of 2-(2-fluorophenyl)-3-hydroxy-4H-chromen-4-one (11c) 

 

 

1c was synthesised according to general procedure 2.3.1 on a 20 mmol scale and obtained as a yellow 

solid with a yield of 24 % (4.8 mmol, 1.23 g). 

1H NMR (300 MHz, DMSO-d6) δ 9.42 (s, 1H), 8.15 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.83 – 7.72 (m, 2H), 7.68 

– 7.55 (m, 2H), 7.48 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.43 – 7.33 (m, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 173.2, 159.6 (d, J = 251.9 Hz), 155.5, 143.9, 140.0, 134.3, 133.0 (d, J = 

8.4 Hz), 131.7 (d, J = 2.6 Hz), 125.4, 125.2, 124.9 (d, J = 3.5 Hz), 122.3, 119.5 (d, J = 13.9 Hz), 118.9, 

116.6 (d, J = 21.3 Hz). 

M.p.: 184.1°C; HHPLC: Rt=13.37 min, purity = 98.8 %, MMS (+APCI): 257 [M+H]+. 
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2.2.3 Synthesis of 2-(2-chlorophenyl)-3-hydroxy-4H-chromen-4-one (11d) 

 

 

1d was synthesised according to general procedure 2.3.1 on a 43.6 mmol scale and obtained as a yellow 

solid with a yield of 21 % (9.17 mmol, 2.5 g). 

1H NMR (600 MHz, DMSO-d6) δ 9.35 (s, 1H), 8.17 (dd, J = 8.1, 1.7 Hz, 1H), 7.81 (ddd, J = 8.7, 7.0, 1.7 Hz, 

1H), 7.71 (dd, J = 7.6, 1.8 Hz, 1H), 7.66 (ddd, J = 8.6, 3.8, 1.1 Hz, 2H), 7.58 (td, J = 7.8, 1.8 Hz, 1H), 7.55 

– 7.47 (m, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 173.4, 155.4, 146.6, 139.8, 134.3, 133.2, 132.5, 132.3, 130.5, 130.2, 

127.7, 125.4, 125.2, 122.5, 118.9. 

m.p.: 183.8 °C; HHPLC: Rt=13.53 min, purity ≥ 99 %, MMS (+APCI): 273 [M+H]+. 

2.2.4 Synthesis of 2-(2-bromophenyl)-3-hydroxy-4H-chromen-4-one (11e) 

 

 

1e was synthesised according to general procedure 2.3.1 on a 40 mmol scale and obtained as a yellow 

solid with a yield of 32 % (12.6 mmol, 4.0 g). 

1H NMR (300 MHz, DMSO-d6) δ 9.32 (s, 1H), 8.16 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.86 – 7.74 (m, 2H), 7.72 

– 7.60 (m, 2H), 7.60 – 7.42 (m, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 173.0, 154.9, 147.4, 139.1, 133.9, 132.9, 132.1, 132.1, 132.0, 127.7, 

125.0, 124.8, 122.6, 122.1, 118.4. 

M.p.: 182.8 °C; HHPLC: Rt=14.17 min, purity ≥ 99 %, MMS (+APCI): 317 [M+H]+. 
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2.2.5 Synthesis of 2-(2,6-difluorophenyl)-3-hydroxy-4H-chromen-4-one (11f) 

 

 

1f was synthesised according to general procedure 2.3.1 on a 40 mmol scale and obtained as a yellow 

solid with a yield of 34 % (13.7 mmol, 3.75 g). 

1H NMR (300 MHz, DMSO-d6) δ 9.71 (s, 1H), 8.17 (dd, J = 8.0, 1.6 Hz, 1H), 7.82 (ddd, J = 8.7, 7.1, 1.7 

Hz, 1H), 7.77 – 7.62 (m, 2H), 7.51 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.39 – 7.26 (m, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 172.5, 159.6 (dd, J = 251.8, 6.6 Hz), 155.1, 140.8, 138.1, 133.9, 133.4 (t, 

J = 10.5 Hz), 125.0, 124.8, 121.9, 118.2, 112.4 – 111.6 (m), 108.4 (t, J = 19.8 Hz). 

M.p.: 224.2 °C; HHPLC: Rt=13.31 min, purity = 97.2 %, MMS (+APCI): 275 [M+H]+. 

 

2.2.6 Synthesis of 2-(2,6-dimethylphenyl)-3-hydroxy-4H-chromen-4-one (11g) 

 

 

1g was synthesised according to general procedure 2.3.1 on a 40 mmol scale and obtained as a yellow 

solid with a yield of 34 % (13.7 mmol, 3.75 g). 

1H NMR (300 MHz, DMSO-d6) δ 9.11 (s, 1H), 8.18 (dd, J = 8.0, 1.6 Hz, 1H), 7.79 (ddd, J = 8.6, 7.0, 1.7 Hz, 

1H), 7.65 (dd, J = 8.6, 1.0 Hz, 1H), 7.49 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.32 (dd, J = 8.3, 6.8 Hz, 1H), 7.23 

– 7.13 (m, 2H), 2.18 (s, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 172.7, 155.2, 148.1, 139.1, 137.0, 133.5, 130.3, 129.7, 127.3, 124.9, 

124.5, 122.1, 118.4, 19.2. 

M.p.: 178.1 °C; HHPLC: Rt=14.69 min, purity ≥ 99 %, MMS (+APCI): 267 [M+H]+. 
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2.2.7 Synthesis of 2-(3,5-dimethylphenyl)-3-hydroxy-4H-chromen-4-one (11h) 

 

 

11h was synthesised according to general procedure 2.3.1 on a 40 mmol scale and obtained as a yellow 

solid with a yield of 34 % (13.7 mmol, 3.75 g). 

1H NMR (300 MHz, DMSO-d6) δ 8.15 – 8.05 (m, 1H), 7.97 (d, J = 1.6 Hz, 2H), 7.81 – 7.67 (m, 2H), 7.41 

(ddd, J = 8.1, 5.0, 3.1 Hz, 1H), 7.05 (d, J = 2.0 Hz, 1H), 2.41 – 2.32 (m, 6H). 

13C NMR (126 MHz, DMSO-d6) δ 174.8, 154.3 (d, J = 6.8 Hz), 137.1 (d, J = 8.2 Hz), 130.3 (d, J = 25.8 Hz), 

121.2, 118.2 (d, J = 2.8 Hz), 21.1. 

M.p.: 157.5°C; HPLC: Rt=17.19 min, purity = 96.3 %, MMS (+APCI): 267 [M+H]+. 

 

2.2.8 Synthesis of 3-hydroxy-2-(pyridine-3-yl)-4H-chromen-4-one (11i) 

 

 

1i was synthesised according to a modified procedure of general procedure 2.3.1 on a 43.6 mmol scale. 

After the addition of hydrogen peroxide, the solution was refluxed for 3 h. 3b was obtained as a purple 

solid with a yield of 34 % (14.6 mmol, 3.49 g). 

1H NMR (600 MHz, DMSO-d6) δ 10.0 (s, 1H), 9.5 – 9.3 (m, 1H), 8.7 (dd, J = 4.8, 1.6 Hz, 1H), 8.5 (dt, J = 

8.1, 1.9 Hz, 1H), 8.1 (dd, J = 8.0, 1.6 Hz, 1H), 7.9 – 7.7 (m, 2H), 7.6 (ddd, J = 8.1, 4.8, 0.9 Hz, 1H), 7.5 

(ddd, J = 8.0, 6.7, 1.3 Hz, 1H). 

13C NMR (151 MHz, DMSO-d6) δ 173.0, 154.7, 150.2, 148.3, 143.1, 139.8, 134.8, 133.9, 127.6, 124.8, 

124.7, 123.6, 121.4, 118.5. 

M.p.: °C; HHPLC: Rt=6.07 min, purity ≥ 99 %, MMS (+APCI): 240 [M+H]+.  
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2.3 General procedure for the O alkylation of 3-hydroxy-4H-chromen-4-ones (22) 

 

 

1.00 eq of 11 was combined with 1.10 eq of tert-butyl 4-(bromomethyl)benzoate and 5.00 eq. of 

anhydrous K2CO3 in dry DMF (20 mL/mmol). The reaction was stirred for 6 h at ambient temperature 

and the solvent removed under reduced pressure. Subsequently, the obtained residue was 

resuspended in EtOAc, the organic layer washed with dH2O (x3), brine (x1) and dried over Na2SO4. 

Finally, the product was purified by flash column chromatography (n-hexane/EtOAc). 

 

2.3.1 Synthesis of tert-butyl 4-(((2-(3,5-dimethylphenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate 

(22a) 

 

 

2a was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 55 % (1.1 mmol, 386 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.40 (s, 1H), 8.12 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.95 – 7.88 (m, 2H), 7.79 

(ddd, J = 8.7, 7.0, 1.7 Hz, 1H), 7.64 (ddd, J = 8.6, 1.1, 0.5 Hz, 1H), 7.60 – 7.54 (m, 2H), 7.47 (ddd, J = 8.1, 

7.1, 1.1 Hz, 1H), 5.14 (s, 2H), 1.54 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 162.7, 153.2, 142.5, 140.7, 139.4, 131.9, 129.0, 127.1, 125.8, 123.1, 

122.9, 116.4, 78.8, 69.1, 25.8. 

M.p.: 122.0 °C; HHPLC: Rt = 13.83, purity ≥ 99 %, MMS (+APCI): 353 [M+H]+. 
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2.3.2 Synthesis of tert-butyl 4-(((4-oxo-2-phenyl-4H-chromen-3-yl)oxy)methyl)benzoate (22b) 

 

 

2b was synthesised according to general procedure 2.5 on a 1 mmol scale and obtained as a colourless 

solid with a yield of 75 % (0.747 mmol, 320 mg). 

1H NMR (600 MHz, DMSO-d6) δ 8.14 (dd, J = 8.0, 1.6 Hz, 1H), 7.98 (dt, J = 6.7, 1.7 Hz, 2H), 7.88 – 7.78 

(m, 3H), 7.74 (d, J = 8.4 Hz, 1H), 7.53 (dtd, J = 16.6, 8.0, 7.4, 3.0 Hz, 4H), 7.43 (d, J = 8.1 Hz, 2H), 5.16 (s, 

2H), 1.53 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ 174.0, 164.7, 155.9, 154.8, 141.6, 139.2, 134.2, 130.9, 130.8, 130.4, 

128.9, 128.6, 128.5, 127.9, 125.2, 125.0, 123.5, 118.5, 80.7, 72.6, 27.8. 

M.p.: 133.3 °C; HHPLC: Rt=20.48 min, purity ≥ 99 %, MMS (+APCI): 429 [M+H]+. 

 

2.3.3 Synthesis of tert-butyl 4-(((2-(2-fluorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (22c) 

 

 

2c was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 87 % (1.75 mmol, 777 mg). 

1H NMR (600 MHz, DMSO-d6) δ 8.18 (dd, J = 8.0, 1.7 Hz, 1H), 7.85 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.78 – 

7.72 (m, 2H), 7.69 (dd, J = 8.6, 0.9 Hz, 1H), 7.68 – 7.60 (m, 2H), 7.55 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H), 7.39 

– 7.32 (m, 2H), 7.26 – 7.20 (m, 2H), 5.15 (s, 2H), 1.53 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 173.6, 164.6, 159.2 (d, J = 250.9 Hz), 155.1, 153.0, 141.5, 139.9, 134.4, 

133.1 (d, J = 8.5 Hz), 131.3 (d, J = 2.1 Hz), 130.7, 128.8, 127.7, 125.4, 125.1, 124.5 (d, J = 3.5 Hz), 123.7, 

118.4 (d, J = 13.7 Hz), 116.0 (d, J = 21.2 Hz), 80.7, 72.7, 27.8. 

M.p.: 114.9°C; HHPLC: Rt=19.75 min, purity ≥ 99 %, MMS (+APCI): 447 [M+H]+. 
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2.3.4 Synthesis of tert-butyl 4-(((2-(2-chlorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (22d) 

 

 

2d was synthesised according to general procedure 2.5 on a 1.47 mmol scale and obtained as a 

colourless solid with a yield of 93 % (1.36 mmol, 630 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.19 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.85 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 

7.77 – 7.71 (m, 2H), 7.71 – 7.44 (m, 6H), 7.21 – 7.13 (m, 2H), 5.11 (s, 2H), 1.52 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 173.8, 164.6, 155.5, 155.0, 141.5, 139.8, 134.4, 132.5, 132.3, 131.7, 

130.7, 129.6, 129.5, 128.8, 127.6, 127.2, 125.4, 125.1, 123.8, 118.5, 80.7, 72.8, 27.7. 

M.p.: 96.9 °C; HHPLC: Rt=20.37 min, purity ≥ 99 %, MMS (+APCI): 463 [M+H]+ 

 

2.3.5 Synthesis of tert-butyl 4-(((2-(2-bromophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate (22e) 

 

 

2e was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 87 % (1.75 mmol, 777 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.19 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.91 – 7.45 (m, 9H), 7.23 – 7.12 (m, 

2H), 5.11 (s, 2H), 1.52 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 174.2, 165.0, 157.2, 155.4, 141.9, 140.0, 134.8, 133.1, 132.7, 132.1, 

132.0, 131.2, 129.2, 128.0, 127.9, 125.8, 125.5, 124.3, 122.6, 118.9, 81.0, 73.3, 28.2. 

M.p.: 59.4 °C; HHPLC: Rt=20.51 min, purity ≥ 99 %, MS (+APCI): 509 [M+H]+ 
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2.3.6 Synthesis of tert-butyl 4-(((2-(2,6-difluorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate 

(22f) 

 

2f was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 84 % (1.68 mmol, 780 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.19 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.86 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 

7.79 – 7.63 (m, 4H), 7.56 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.31 – 7.21 (m, 2H), 7.21 – 7.12 (m, 2H), 5.17 

(s, 2H), 1.53 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 173.3, 164.6, 159.5 (dd, J = 252.1, 6.1 Hz), 155.2, 147.5, 141.2, 140.9, 

134.7, 134.1 (t, J = 10.5 Hz), 131.0 – 125.5 (m), 125.3, 123.7, 118.5, 112.1 (d, J = 24.2 Hz), 108.4 – 107.4 

(m), 80.7, 72.7, 27.7. 

M.p.: 90.8 °C; HHPLC: Rt=19.78 min, purity ≥ 99 %, MMS (+APCI): 465 [M+H]+ 

 

2.3.7 Synthesis of tert-butyl 4-(((2-(2,6-dimethylphenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate 

(22g) 

 

2g was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 96 % (1.93 mmol, 879 mg). 

1H NMR (300 MHz, DMSO-d6) δ 8.21 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.84 (ddd, J = 8.6, 7.0, 1.7 Hz, 1H), 

7.75 – 7.64 (m, 3H), 7.55 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.37 (dd, J = 8.1, 7.1 Hz, 1H), 7.23 – 7.13 (m, 2H), 

7.12 – 7.01 (m, 2H), 5.05 (s, 2H), 2.12 (s, 6H), 1.53 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 173.6, 164.6, 157.3, 155.3, 141.9, 139.9, 136.9, 134.2, 130.7, 130.1, 

129.9, 128.8, 127.4, 125.3, 125.1, 123.9, 118.5, 80.7, 72.6, 27.7, 19.2. 

M.p.: 54.5 °C; HHPLC: Rt=21.00 min, purity ≥ 99 %, MMS (+APCI): 457 [M+H]+.  
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2.3.8 Synthesis of tert-butyl 4-(((2-(3,5-dimethylphenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)benzoate 

(22h) 

 

2h was synthesised according to general procedure 2.5 on a 2 mmol scale and obtained as a colourless 

solid with a yield of 77 % (1.53 mmol, 700 mg). 

1H NMR (300 MHz, Chloroform-d) δ 8.29 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.91 – 7.82 (m, 2H), 7.68 (ddd, J 

= 8.6, 7.1, 1.7 Hz, 1H), 7.59 – 7.49 (m, 3H), 7.42 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.39 – 7.29 (m, 2H), 7.12 

(tt, J = 1.7, 0.8 Hz, 1H), 5.17 (s, 2H), 2.35 (q, J = 0.7 Hz, 6H), 1.59 (s, 9H). 

13C NMR (126 MHz, Chloroform-d) δ 175.2, 165.7, 157.3, 155.5, 141.5, 139.9, 138.0, 133.5, 132.5, 

131.7, 130.9, 129.4, 128.3, 126.7, 126.0, 124.8, 124.4, 118.2, 81.1, 73.7, 28.4, 21.4. 

M.p.: 150.5 °C; HHPLC: Rt=21.95 min, purity ≥ 99 %, MMS (+APCI): 457 [M+H]+. 

 

2.3.9 Synthesis of tert-butyl 4-(((4-oxo-2-(pyridine-3-yl)-4H-chromen-3-yl)oxy)methyl)benzoate (22i) 

 

2i was synthesised according to general procedure 2.5 on a 1 mmol scale and obtained as a colourless 

solid with a yield of 89 % (0.887 mmol, 381 mg). 

1H NMR (600 MHz, Chloroform-d) δ 9.19 (d, J = 2.1 Hz, 1H), 8.64 (dd, J = 4.9, 1.6 Hz, 1H), 8.23 (dd, J = 

8.0, 1.6 Hz, 1H), 8.21 (dt, J = 8.0, 2.0 Hz, 1H), 7.84 – 7.79 (m, 2H), 7.66 (ddd, J = 8.6, 7.0, 1.7 Hz, 1H), 

7.49 (d, J = 8.4 Hz, 1H), 7.44 – 7.35 (m, 1H), 7.37 – 7.31 (m, 1H), 7.29 (d, J = 8.1 Hz, 2H), 5.22 (s, 2H), 

1.54 (s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 173.8, 163.8, 154.9, 153.7, 151.2, 149.0, 139.6, 139.5, 135.9, 134.3, 

132.4, 128.1, 126.8, 126.7, 125.3, 125.0, 123.5, 123.5, 118.6, 72.8. 

M.p.: 96:9 °C; HHPLC: Rt=min, purity ≥ %, MMS (+APCI): 430 [M+H]+.  
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2.4 General procedure for the synthesis of Hydroxamic acids (33). 

 

 

1.00 eq of the respective tert-butyl ester was dissolved in a mixture of TFA/DCM (1:1, 10 mL/mmol) and 

stirred for 3 h at ambient temperature. The reaction was acidified with a 1 M HCl solution to pH=4 and 

the product extracted with EtOAc, after which the combined layers were dried over Na2SO4 and the 

product dried in vacuo. Subsequently, the obtained carboxylic acid was dissolved in dry DMF 

(10 mL/mmol), 1.00 eq HATU and 3.20 eq DIPEA were added and the solution stirred for 10 minutes. 

Afterwards, 1.00 eq of 1.20 eq H2NOH • HCl was added to the solution. After 16 h at RT. The solvent 

was removed under reduced pressure and the product purified by reverse flash column 

chromatography (H2O/I). 

 

2.4.1 Synthesis of N-hydroxy-4-(((4-oxo-4H-chromen-3-yl)oxy)methyl)benzamide (33a) 

 

 

3a was synthesised according to general procedure 2.14 on a 1.00 mmol scale and the product was 

obtained as a white solid with a yield of 68 % (0.678 mmol, 211 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.25 (s, 1H), 9.06 (s, 1H), 8.42 (s, 1H), 8.12 (dd, J = 8.0, 1.6 Hz, 1H), 

7.89 – 7.72 (m, 3H), 7.65 (dd, J = 8.7, 1.0 Hz, 1H), 7.57 – 7.50 (m, 2H), 7.47 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 

5.10 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 172.28, 163.92, 155.17, 144.03, 142.79, 139.54, 133.95, 132.50, 127.85, 

127.05, 125.16, 124.93, 123.50, 118.45, 71.01. 

M.p.: 187.1 °C; HHPLC: Rt=7.99 min, purity ≥ 99 %, MMS (+APCI): 312 [M+H]+. 
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2.4.2 Synthesis of N-hydroxy-4-(((4-oxo-2-phenyl-4H-chromen-3-yl)oxy)methyl)benzamide (33b) 

 

 

3b was synthesised according to general procedure 2.14 on a 0.467 mmol scale and the product was 

obtained as a white solid with a yield of 41 % (0.192 mmol, 74.4 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.20 (s, 1H), 9.03 (s, 1H), 8.15 (dd, J = 8.0, 1.6 Hz, 1H), 8.06 – 7.94 (m, 

2H), 7.85 (ddd, J = 8.6, 6.9, 1.7 Hz, 1H), 7.76 (dd, J = 8.5, 1.1 Hz, 1H), 7.72 – 7.64 (m, 2H), 7.62 – 7.47 

(m, 4H), 7.44 – 7.35 (m, 2H), 5.14 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.9, 163.8, 155.8, 154.7, 139.7, 139.2, 134.0, 132.3, 130.8, 130.3, 

128.4, 128.4, 127.8, 126.7, 125.1, 124.9, 123.5, 118.4, 72.7. 

M.p.: 183.4 °C; HHPLC: Rt=11.48 min, purity = 97.5 %, MMS (+APCI): 388 [M+H]+. 

 

2.4.3 Synthesis of 4-(((2-(2-fluorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-hydroxybenzamide 

(33c) 

 

3c was synthesised according to general procedure 2.14 on a 1.0 mmol scale and the product was 

obtained as a white solid with a yield of 55 % (0.548 mmol, 222 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.09 – 8.96 (m, 1H), 8.19 (dd, J = 8.1, 1.6 Hz, 1H), 7.86 

(ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.70 (dd, J = 8.7, 1.0 Hz, 1H), 7.67 – 7.50 (m, 5H), 7.44 – 7.29 (m, 2H), 7.23 

– 7.09 (m, 2H), 5.11 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.6, 163.8, 159.2 (d, J = 250.7 Hz), 155.1, 153.0, 139.9, 139.7, 134.4, 

133.2 (d, J = 8.7 Hz), 132.2, 131.3 (d, J = 2.1 Hz), 127.7, 126.7, 125.4, 125.2, 124.5 (d, J = 3.5 Hz), 123.8, 

118.5, 118.5 (d, J = 14.5 Hz), 116.0 (d, J = 21.1 Hz), 72.8. 

M.p.: 181.4 °C; HHPLC: Rt=11.30 min, purity ≥ 99 %, MS (+APCI): 406 [M+H]+.  



6 Chapter IV – Supporting information 

150 
 

2.4.4 Synthesis of 4-(((2-(2-chlorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-hydroxybenzamide 

(33d) 

 

 

3d was synthesised according to general procedure 2.14 on a 1.0 mmol scale and the product was 

obtained as a white solid with a yield of 56 % (0.559 mmol, 236 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.01 (s, 1H), 8.20 (dd, J = 8.0, 1.6 Hz, 1H), 7.85 (ddd, J = 

8.6, 7.1, 1.7 Hz, 1H), 7.69 (dd, J = 8.7, 0.9 Hz, 1H), 7.67 – 7.45 (m, 7H), 7.16 – 7.04 (m, 2H), 5.09 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.8, 163.8, 155.6, 155.0, 139.8, 139.7, 134.4, 132.5, 132.3, 131.7, 

129.6, 129.5, 127.6, 127.2, 126.8, 125.4, 125.1, 123.9, 118.5, 72.9. 

M.p.: 157.3 °C; HHPLC: Rt=11.30 min, purity ≥ 99 %, MMS (+APCI): 422 [M+H]+. 

 

2.4.5 Synthesis of 4-(((2-(2-bromophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-hydroxybenzamide 

(33e) 

 

 

3e was synthesised according to general procedure 2.14 on a 1.0 mmol scale and the product was 

obtained as a white solid with a yield of 67 % (0.667 mmol, 311 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.17 (d, J = 1.9 Hz, 1H), 9.01 (d, J = 1.9 Hz, 1H), 8.20 (ddd, J = 8.0, 1.7, 

0.5 Hz, 1H), 7.91 – 7.77 (m, 2H), 7.71 (ddd, J = 8.5, 1.1, 0.5 Hz, 1H), 7.64 – 7.48 (m, 6H), 7.17 – 7.05 (m, 

2H), 5.09 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.9, 163.9, 156.9, 155.0, 139.8, 139.7, 134.5, 132.8, 132.4, 132.3, 

131.8, 131.6, 127.7, 127.7, 126.8, 125.5, 125.2, 123.9, 122.3, 118.5, 73.0. 

M.p.: 142.9 °C; HHPLC: Rt= 12.06 min, purity ≥ 99 %, MMS (+APCI): 466 [M+H]+.  
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2.4.6 Synthesis of 4-(((2-(2,6-difluorophenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-

hydroxybenzamide (33f) 

 

3f was synthesised according to general procedure 2.14 on a 1.0 mmol scale and the product was 

obtained as a white solid with a yield of 42 % (0.418 mmol, 177 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.02 (s, 1H), 8.20 (dd, J = 8.0, 1.6 Hz, 1H), 7.86 (ddd, J = 

8.7, 7.1, 1.7 Hz, 1H), 7.78 – 7.65 (m, 2H), 7.64 – 7.53 (m, 3H), 7.31 – 7.20 (m, 2H), 7.17 – 7.08 (m, 2H), 

5.14 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.3, 163.7, 159.5 (dd, J = 252.1, 6.2 Hz), 155.2, 147.5, 141.0, 139.3, 

134.6, 134.0 (t, J = 10.5 Hz), 132.3, 127.7, 126.7, 125.6, 125.2, 123.7, 118.4, 112.0 (d, J = 24.2 Hz), 108.3 

– 107.4 (m), 72.8. 

M.p.: 183.6 °C; HHPLC: Rt= 11.46 min, purity ≥ 99 %, MMS (+APCI): 424 [M+H]+. 

 

2.4.7 Synthesis of 4-(((2-(2,6-dimethylphenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-

hydroxybenzamide (33g) 

 

3g was synthesised according to general procedure 2.14 on a 1.0 mmol scale and the product was 

obtained as a white solid with a yield of 47 % (0.474 mmol, 197 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.16 (s, 1H), 9.06 – 8.94 (m, 1H), 8.20 (dd, J = 8.0, 1.6 Hz, 1H), 7.83 

(ddd, J = 8.6, 7.1, 1.7 Hz, 1H), 7.68 (dd, J = 8.6, 0.9 Hz, 1H), 7.61 – 7.49 (m, 3H), 7.37 (dd, J = 8.1, 7.1 Hz, 

1H), 7.26 – 7.14 (m, 2H), 7.08 – 6.93 (m, 2H), 5.03 (s, 2H), 2.10 (s, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 173.7, 163.8, 157.3, 155.3, 140.0, 139.8, 137.0, 134.2, 132.2, 130.1, 

129.9, 127.4, 126.7, 125.3, 125.1, 123.9, 118.5, 72.7, 19.2. 

M.p.: 183.6 °C; HPLC: Rt= 12.45 min, purity ≥ 99 %, MMS (+APCI): 416 [M+H]+. 
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2.4.8 Synthesis of 4-(((2-(3,5-dimethylphenyl)-4-oxo-4H-chromen-3-yl)oxy)methyl)-N-

hydroxybenzamide (33h) 

 

3h was synthesised according to general procedure 2.14 on a 1.00 mmol scale and the product was 

obtained as a white solid with a yield of 60 % (0.602 mmol, 250 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.23 (d, J = 2.0 Hz, 1H), 9.04 (d, J = 1.9 Hz, 1H), 8.13 (dd, J = 8.0, 1.6 

Hz, 1H), 7.83 (ddd, J = 8.5, 6.9, 1.7 Hz, 1H), 7.78 – 7.67 (m, 3H), 7.57 (d, J = 1.6 Hz, 2H), 7.51 (ddd, J = 

8.1, 6.9, 1.3 Hz, 1H), 7.45 – 7.36 (m, 2H), 7.17 (s, 1H), 5.13 (s, 2H), 2.29 (s, 6H). 

13C NMR (75 MHz, DMSO-d6) δ 174.0, 163.8, 156.1, 154.8, 139.8, 139.3, 137.6, 134.1, 132.3, 130.2, 

128.0, 126.8, 126.2, 125.2, 125.0, 123.5, 118.5, 72.9, 20.9. 

M.p.: 194.3 °C; HHPLC: Rt= 13.31 min, purity = 96.4 %, MMS (+APCI): 416 [M+H]+ 

2.4.9 Synthesis of N-hydroxy-4-(((4-oxo-2-(pyridine-3-yl)-4H-chromen-3-yl)oxy)methyl)benzamide (33i) 

 

3i was synthesised according to general procedure 2.14 on a 0.467 mmol scale and the product was 

obtained as a white solid with a yield of 64 % (0.53 mmol, 206 mg). 

1H NMR (300 MHz, DMSO-d6) δ 11.20 (s, 1H), 9.13 (dd, J = 2.3, 0.9 Hz, 1H), 9.04 (s, 1H), 8.70 (dd, J = 

4.9, 1.6 Hz, 1H), 8.31 (dt, J = 8.1, 2.0 Hz, 1H), 8.15 (dd, J = 8.0, 1.6 Hz, 1H), 7.86 (ddd, J = 8.6, 7.0, 1.7 

Hz, 1H), 7.77 (dd, J = 8.6, 1.1 Hz, 1H), 7.70 – 7.62 (m, 2H), 7.61 – 7.49 (m, 2H), 7.43 – 7.31 (m, 2H), 

5.19 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 173.8, 163.8, 154.9, 153.7, 151.2, 149.0, 139.6, 139.5, 135.9, 134.3, 

132.4, 128.1, 126.8, 126.7, 125.3, 125.0, 123.5, 123.5, 118.6, 72.8.m.p.: °C; HPLC: Rt=6.60 min, purity 

= 95.1 %, ESI-MS: 

M.p.: 175.0 °C; HHPLC: Rt= 6.59 min, purity ≥ 99 %, MMS (+APCI): 389 [M+H]+.  
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2.5 Synthesis of 4-oxo-2-phenyl-4H-chromen-3-yl trifluoromethanesulfonate (44) 

 

1.00 eq (3.65 mmol, 870 mg) of 11b was dissolved in 50 mL of dry DCM and cooled on ice and 2.10 eq 

(7.76 mmol, 996 mg, 1.34 mL) of DIPEA were added. Afterwards, 2.00 eq of Tf2O was added dropwise 

and stirred for 3 h to RT. The solvent was removed under reduced pressure, the residue resuspended 

in 50 mL of EtOAc, washed with dH2O (x3) and brine (x1) and dried over Na2SO4. The product was 

purified by column chromatography (n-hexane/EtOAc) and the combined product fractions 

recrystallised from n-hexane /EtOAc. 1.30 g (3.51 mmol, 96 %) of 44 was obtained as colourless crystals. 

1H NMR (300 MHz, DMSO-d6) δ 8.18 (dd, J = 8.0, 1.6 Hz, 1H), 8.02 – 7.88 (m, 3H), 7.90 – 7.80 (m, 1H), 

7.78 – 7.58 (m, 4H). 

13C NMR (151 MHz, DMSO-d6) δ 170.9, 159.3, 155.5, 136.1, 134.0, 133.0, 129.4 (d, J = 3.4 Hz), 128.4, 

127.0, 125.7, 123.2, 119.5, 118.1 (q, J = 320.6 Hz). 

M.p.: 110.9 °C; HHPLC: Rt=16.50 min, purity ≥ 99 %, MMS (+APCI): 371 [M+H]+. 

2.6 Synthesis of tert-butyl 4-((1,3-dioxoisoindolin-2-yl)methyl)benzoate (55) 

 

1.00 eq (14.5 mmol, 4.00 g) of tert-butyl 4-(bromomethyl)benzoate was combined with 1.10 eq 

(15.9 mmol, 2.95 g) of potassium phthalimide and 0.100 eq (1.45 mmol, 0.217 g) of KI in 50 mL oh 

acetone. After 16 h at reflux, the solution was cooled to ambient temperature and filtered through 

celite. The solvent was removed under reduced pressure and the residue washed with sat. aq. NaHCO3 

solution (x3) and dH2O (x3). After recrystallisation in EtOH, 4.4 g (13 mmol, 90 %) of 55 was obtained as 

a colourless solid.  

1H NMR (600 MHz, DMSO-d6) δ 7.96 – 7.89 (m, 2H), 7.89 – 7.83 (m, 4H), 7.52 – 7.36 (m, 2H), 4.84 (s, 

2H), 1.52 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ 168.1, 165.1, 142.0, 135.1, 132.0, 130.9, 129.8, 127.9, 123.7, 81.1, 

41.1, 28.2.M.p.: 149.2 °C; HHPLC: Rt=16.37 min, purity ≥ 99 %, MMS (+APCI): 282 [M-tBu+2H]+. 
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2.7 Synthesis of tert-butyl 4-(aminomethyl)benzoate hydrochloride (66) 

 

 

1.00 eq (11.9 mmol, 4.00 g) of 55 was combined with 3.00 eq (35.6 mmol, 38.8 g, 1.76 mmol) of 

hydrazine monohydrate in 50 mL of tBuOH and stirred for 16 h at 60 °C. The resulting precipitate was 

removed by filtration, thoroughly washed with DCM and the filtrate purified by flash column 

chromatography ((DCM/MeOH) +0.1% TEA). The obtained product was mixed with DCM, cooled on ice 

and precipitated with 3.00 eq (35.6 mmol, 8.89 mL) of a 4M HCl solution in dioxane. 2.72 g (11.2 mmol, 

94 %) of 66 was obtained as a colourless solid. 

1H NMR (600 MHz, DMSO-d6) δ 8.71 (s, 3H), 7.95 – 7.86 (m, 2H), 7.68 – 7.60 (m, 2H), 4.09 (s, 2H), 1.55 

(s, 9H). 

13C NMR (75 MHz, DMSO-d6) δ 164.5, 138.9, 131.1, 129.0 (d, J = 4.2 Hz), 80.9, 41.7, 27.7. 

M.p.: 256 °C; HHPLC: Rt=7.82 min, purity ≥ 99 %, MMS (+APCI): 208 [M+H]+. 

 

2.8 Synthesis of tert-butyl 4-((4-oxo-2-phenyl-4H-chromen-3-yl)amino)benzoate (77a) 

 

 

0.100 eq (0.162 mmol, 141 mg) of Pd2(dba)3, 0.150 eq (0.243, 141 mg) of Xantphos and 5.00 eq 

(8.1 mmol, 2.6 g) of Cs2CO3 were suspended in 10 mL of dry, degassed toluene and stirred for 

10 minutes at ambient temperature. Subsequently, 1.00 eq (1.62 mmol, 600 mg) of 44 as well as 

0.900 eq (1.46 mmol, 282 mg) of tert-Butyl 4-Aminobenzoate were added to the reaction mixture and 

stirred for 16 h at 100°C. The solution was filtered over celite, the solvent of the filtrate removed under 

reduced pressure and the product purified by flash column chromatography (Hex/EtOAc). 553 mg 

(1.34 mmol, 92 %) of 77a was obtained as a yellow solid.  
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11H NMR (600 MHz, DMSO-d6) δ 8.10 (dd, J = 8.0, 1.7 Hz, 1H), 8.05 (s, 1H), 7.90 – 7.85 (m, 3H), 7.78 (dd, 

J = 8.5, 1.0 Hz, 1H), 7.59 (d, J = 8.8 Hz, 2H), 7.53 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.50 – 7.46 (m, 3H), 6.63 

(d, J = 8.7 Hz, 2H), 1.48 (s, 9H). 

13C NMR (151 MHz, DMSO- d6) δ 175.7, 165.6, 161.2, 155.8, 151.1, 134.8, 132.1, 131.4, 131.0, 129.0, 

128.6, 125.9, 125.7, 123.3, 121.8, 120.3, 119.0, 113.1, 28.4. 

M.p.: 100.2°C; HPLC: Rt=17.60 min, purity ≥ 99 %, MS (+APCI): 414 [M+H]+. 

2.9 Synthesis of tert-butyl 4-((4-oxo-2-(155yridine-3-yl)-4H-chromen-3-yl)amino)benzoate (77b) 

 

 

1.00 eq (2.10 mmol, 870 mg) of 11i was dissolved in 50 mL of dry DCM and cooled on ice and 2.10 eq 

(4.18 mmol, 543 mg, 0.732 mL) of DIPEA were added. Afterwards, 2.00 eq (4.18 mmol, 1.18 g, 

0.703 mL) of Tf2O was added dropwise and stirred for 3 h to RT. The solvent was removed under 

reduced pressure, the residue resuspended in 50 mL of EtOAc, washed with dH2O (x3) and brine (x1), 

dried over Na2SO4 and the solvent remove in vacuo. 0.100 eq (0.200 mmol, 183 mg) of Pd2(dba)3, 

0.150 eq (0.300, 174 mg) of Xantphos and 5.00 eq (10.0 mmol, 3.3 g) of Cs2CO3 were suspended in 

20 mL of dry, degassed toluene and stirred for 10 minutes at ambient temperature. Subsequently, 1.00 

eq (2.00 mmol, 743 mg) of the triflated chromenone as well as 1.00 eq (2.00 mmol, 394 mg) of 

tert-Butyl 4-Aminobenzoate were added to the reaction mixture and stirred for 16 h at 100°C. The 

solution was filtered over celite, the solvent of the filtrate removed under reduced pressure and the 

product purified by flash column chromatography (Hex/EtOAc). 175 mg (0.422 mmol, 21 %) of 77b was 

obtained as a yellow solid.  

1H NMR (600 MHz, DMSO-d6) δ 9.04 (dd, J = 2.3, 0.9 Hz, 1H), 8.66 (dd, J = 4.9, 1.7 Hz, 1H), 8.30 – 8.19 

(m, 1H), 8.15 – 8.08 (m, 2H), 7.89 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.84 – 7.79 (m, 1H), 7.63 – 7.58 (m, 2H), 

7.57 – 7.51 (m, 2H), 6.72 – 6.62 (m, 2H), 1.48 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 175.0, 164.9, 158.4, 155.3, 151.1, 150.2, 148.6, 135.5, 134.3, 130.4, 

127.8, 125.4, 125.2, 123.4, 122.8, 122.1, 120.2, 118.5, 112.8, 79.2, 27.8. 

M.p.: 100.2°C; HHPLC: Rt=12.17 min, purity ≥ 99 %, MMS (+APCI): 415 [M+H]+.  



6 Chapter IV – Supporting information 

156 
 

2.10 Synthesis of tert-butyl 4-(((4-oxo-2-phenyl-4H-chromen-3-yl)amino)methyl)benzoate (77c) 

 

 

0.100 eq (0.150 mmol, 137 mg) of Pd2(dba)3, 0.150 eq (0.225, 130 mg) of Xantphos and 5.00 eq 

(7.50 mmol, 2.4 g) of Cs2CO3 were suspended in 10 mL of dry, degassed toluene and stirred for 

10 minutes at ambient temperature. Subsequently, 1.10 eq (1.65 mmol, 611 mg) of 66 as well as 1.00 eq 

(1.50 mmol, 366 mg) of 44 were added to the reaction mixture and stirred for 16 h at 100°C. The solution 

was filtered over celite, the solvent of the filtrate removed under reduced pressure and the product 

purified by flash column chromatography (Hex/EtOAc). 600 mg (1.40 mmol, 94 %) of 77c was obtained 

as a yellow solid.  

1H NMR (300 MHz, DMSO-d6) δ 8.10 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.93 – 7.82 (m, 2H), 7.75 (ddd, J = 

8.7, 7.0, 1.7 Hz, 1H), 7.72 – 7.65 (m, 2H), 7.65 – 7.52 (m, 4H), 7.44 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.10 – 

6.99 (m, 2H), 5.37 (t, J = 7.5 Hz, 1H), 3.92 (d, J = 7.5 Hz, 2H), 1.49 (s, 10H). 

13C NMR (75 MHz, DMSO-d6) δ 174.2, 164.6, 154.9, 147.7, 144.9, 133.6, 132.7, 130.1, 129.9, 129.5, 

128.9, 128.6, 128.1, 127.4, 125.0, 124.6, 120.2, 118.3, 80.5, 48.8, 27.7. 

M.p.: 136.6 °C; HHPLC: Rt=20.08 min, purity ≥ 98.5 %, MMS (+APCI): 428 [M+H]+. 

 

2.11 Synthesis of N-hydroxy-4-((4-oxo-2-phenyl-4H-chromen-3-yl)amino)benzamide (88a) 

 

 

8a was synthesised according to general procedure 2.4 on a 0.630 mmol scale and the product was 

obtained as a yellow solid with a yield of 90 % (0.567 mmol, 211 mg). 
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11H NMR (600 MHz, DMSO-d6) δ 10.82 (s, 1H), 8.73 (s, 1H), 8.09 (dd, J = 8.0, 1.7 Hz, 1H), 7.93 – 7.88 (m, 

2H), 7.86 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.82 (s, 1H), 7.78 (dd, J = 8.5, 1.0 Hz, 1H), 7.53 (ddd, J = 8.1, 7.1, 

1.1 Hz, 1H), 7.50 – 7.40 (m, 5H), 6.68 – 6.55 (m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 175.3, 164.7, 160.4, 155.2, 149.1, 134.1, 131.6, 130.7, 128.3, 128.1, 

127.9, 125.2, 125.1, 122.7, 121.6, 121.4, 118.4, 112.7. 

M.p.: 190.1°C; HHPLC: Rt= 10.30 min, purity ≥ 99 %, MMS (+APCI): 373 [M+H]+. 

 

2.12 Synthesis of N-hydroxy-4-((4-oxo-2-(pyridine-3-yl)-4H-chromen-3-yl)amino)benzamide (88b) 

 

 

8b was synthesised according to general procedure 2.4 on a 0.63 mmol scale and the product was 

obtained as a yellow solid with a yield of 39 % (0.112 mmol, 41.7 mg). 

1H NMR (600 MHz, DMSO-d6) δ 10.84 (s, 1H), 9.06 (d, J = 2.2 Hz, 1H), 8.65 (dd, J = 4.8, 1.6 Hz, 1H), 8.26 

(dt, J = 8.0, 2.0 Hz, 1H), 8.10 (dd, J = 8.0, 1.6 Hz, 1H), 7.89 (d, J = 1.8 Hz, 1H), 7.89 – 7.86 (m, 1H), 7.80 

(d, J = 8.4 Hz, 1H), 7.53 (tdd, J = 9.9, 5.8, 2.5 Hz, 2H), 7.51 – 7.47 (m, 2H), 6.70 – 6.59 (m, 2H). 

13C NMR (151 MHz, DMSO-d6) δ 175.8, 165.1, 158.9, 155.9, 151.7, 149.4, 149.2, 136.1, 134.9, 128.6, 

128.5, 126.0, 125.7, 124.0, 123.3, 122.9, 122.2, 119.1, 113.4. 

M.p.: 135.9°C; HHPLC: Rt= 5.90 min, purity ≥ 99 %, MMS (+APCI): 374 [M+H]+. 
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2.13 Synthesis of N-hydroxy-4-(((4-oxo-2-phenyl-4H-chromen-3-yl)amino)methyl)benzamide (88c) 

 

 

8c was synthesised according to general procedure 2.4 on a 0.700 mmol scale and the product was 

obtained as a yellow solid with a yield of 77 % (0.536 mmol, 207 mg). 

1H NMR (600 MHz, DMSO-d6) δ 11.08 (s, 1H), 8.95 (s, 1H), 8.09 (dd, J = 8.0, 1.7 Hz, 1H), 7.92 – 7.81 (m, 

2H), 7.74 (ddd, J = 8.7, 7.0, 1.7 Hz, 1H), 7.64 – 7.49 (m, 6H), 7.43 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.07 – 

6.95 (m, 2H), 5.26 (t, J = 7.4 Hz, 1H), 3.89 (d, J = 6.7 Hz, 2H). 

13C NMR (75 MHz, DMSO- d6) δ 174.2, 164.0, 154.9, 147.7, 143.0, 133.7, 132.8, 131.4, 130.1, 129.7, 

128.6, 128.2, 127.2, 126.8, 125.1, 124.6, 120.3, 118.3, 49.0. 

M.p.: 178.9 °C; HHPLC: Rt= 11.69 min, purity ≥ 99 %, MMS (+APCI): 383 [M+H]+. 

 

2.14 Synthesis of 2-acetylphenyl 2-nitrobenzoate (99) 

 

 

1.10 eq (44.0 mmol, 7.35 g) of 2-nitrobenzoic acid was suspended in 40 mL of dry DCM and 1.30 eq 

(52.0 mmol, 6.6 g, 4.4 mL) of oxalyl chloride as well as 0.10 eq (4.00 mmol, 0.292 g, 0.31 mL) of dry 

DMF were added to the reaction solution. After 3 h at reflux temperature, the solvent was removed 

under reduced pressure. Subsequently, 1.00 eq (40.0 mmol, 5.50 g, 4.86 mL) of 

2ʹ-hydroxyacetophenone was dissolved in 30 mL of dry DCM and 1.20 eq (48.0 mmol, 6.20 g, 8.36 mL) 

of DIPEA added. The obtained acid chloride was dissolved in 10 mL of dry DCM, added dropwise to the 

2ʹ-hydroxyacetophenone solution at 0 °C and the resulting reaction mixture stirred for 16 h to ambient 

temperature. DCM was removed under reduced pressure, the resulting residue resuspended in EtOAc 

and washed with dH2O (x3) and brine (x1). The organic phase was dried over Na2SO4 and the solvent 

removed in vacuo. Finally, the residue was recrystallised from n-hexane/EtOAc. 10.93 g (38.4 mmol, 

87 %) of 88 was obtained as organe crystals.  
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11H NMR (300 MHz, DMSO-d6) δ 8.17 (td, J = 7.6, 1.6 Hz, 2H), 8.08 – 7.86 (m, 3H), 7.75 (td, J = 7.8, 1.7 

Hz, 1H), 7.52 (td, J = 7.6, 1.2 Hz, 1H), 7.34 (dd, J = 8.1, 1.2 Hz, 1H), 2.56 (s, 3H). 

13C NMR (75 MHz, DMSO-d6) δ 197.4, 162.9, 147.8, 147.5, 133.8, 133.8, 133.4, 130.7, 130.3, 130.1, 

126.9, 125.2, 124.2, 123.1, 29.1.MM.p.: 125.2°C; HHPLC: Rt=12.80 min, purity ≥ 99 %, MMS (+APCI): 286 

[M+H]+. 

 

2.15 Synthesis of 2-(2-nitrophenyl)-4H-chromen-4-one (110) 

 

 

1.00 eq (8.76 mmol, 2.5 g) of 99 was dissolved in 75 mL of dry THF, 2.5 eq (21.9 mmol, 0.526 g) of NaH 

(60 % oil dispersion) were added and the resulting solution refluxed for 3 h. After the solution was 

cooled to ambient temperature, the solvent was removed under reduced pressure, the resulting 

residue resuspended in 100 mL of 1 M aq. HCl and the product extracted with EtOAc. The combined 

organic layers were dried over Na2SO4, the solvent removed, and the residue resuspended in 50 mL of 

conc. H2SO4. The solution was stirred for 30 minutes at 100°C, cooled to RT and poured on 500 mL of 

ice water. Precipitated product was collected by filtration, resuspended in EtOAc and filtered over a 

silica plug which was thoroughly washed with EtOAc. The solvent of the resulting filtrate was removed 

in vacuo and the residue recrystallised from EtOH. 452 mg (1.69 mmol, 19 %) of 110 was obtained as an 

orange solid over two steps.  

1H NMR (300 MHz, DMSO-d6) δ 8.25 – 8.19 (m, 1H), 8.16 – 8.07 (m, 1H), 8.03 – 7.80 (m, 5H), 7.55 (dtd, 

J = 8.1, 3.4, 1.1 Hz, 2H), 6.81 (s, 1H). 

13C NMR (75 MHz, DMSO- d6) δ 176.8, 161.8, 155.8, 147.5, 134.8, 134.1, 132.6, 131.6, 126.5, 126.0, 

125.0 (d, J = 2.8 Hz), 123.2, 118.2, 111.0, 110.9. 

M.p.: 180.8 °C; HHPLC: Rt=9.77 min, purity = 96.5 %, MMS (+APCI): 268 [M+H]+. 

  



6 Chapter IV – Supporting information 

160 
 

2.16 Synthesis of 2-(2-nitrophenyl)-4H-chromen-4-one (111) 

 

 

1.00 eq (2.28 mmol, 610 mg) of 110 was dissolved in 25 mL of glacial acetic acid. 4.00 eq of tin(II) chloride 

dihydrate was dissolved in 10 mL of concentrated HCl and added to the acetic acid solution. After 4 h 

at 90 °C, the reaction was cooled to ambient temperature and the solution basified (pH = 9) with an 

aqueous 25 % (w/w) NaOH solution. The product was extracted with chloroform, dried over Na2SO4 and 

the solvent removed under reduced pressure. After flash column chromatography (n-hexane/EtOAc), 

390 mg (1.65 mmol, 72 %) of 111 was obtained as a yellowish solid. 

1H NMR (300 MHz, DMSO-d6) δ 8.05 (ddd, J = 8.0, 1.7, 0.5 Hz, 1H), 7.80 (ddd, J = 8.7, 7.0, 1.7 Hz, 1H), 

7.70 (ddd, J = 8.5, 1.2, 0.5 Hz, 1H), 7.49 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.42 (dd, J = 7.9, 1.6 Hz, 1H), 7.22 

(ddd, J = 8.6, 7.1, 1.6 Hz, 1H), 6.87 – 6.78 (m, 1H), 6.66 (ddd, J = 7.8, 7.1, 1.2 Hz, 1H), 6.55 (s, 1H), 5.68 

(s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 177.1, 165.1, 156.1, 147.2, 134.0, 132.0, 129.6, 125.4, 124.7, 123.4, 

118.7, 116.7, 116.2, 115.3, 109.6. 

M.p.: 150.9 °C; HHPLC: Rt=11.94 min, purity ≥ 99 %, MMS (+APCI): 238 [M+H]+. 

 

2.17 Synthesis of chromeno[3,2-b]indol-11(10H)-one (112) 

 

 

1.00 eq (2.00 mmol, 534 mg) of 110 was resuspended in 20 mL of triethyl phosphite under argon 

atmosphere. The solution was stirred for 16 h at 160°C. After the solution was cooled to 0°C, the 

precipitate was collected by filtration. The precipitate was recrystallised from EtOH. 178 mg 

(0.757 mmol, 38 %) of 112 was obtained as a brownish solid. 

1H NMR (300 MHz, DMSO-d6) δ 12.17 (s, 1H), 8.40 – 8.27 (m, 1H), 8.01 (dq, J = 8.1, 0.9 Hz, 1H), 7.91 – 

7.80 (m, 2H), 7.63 – 7.46 (m, 3H), 7.26 (ddd, J = 8.0, 6.4, 1.5 Hz, 1H). 
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113C NMR (75 MHz, DMSO- d6) δ 168.4, 155.3, 143.9, 137.0, 133.3, 128.1, 125.5, 124.2, 123.3, 120.9, 

120.4, 119.4, 118.4, 114.7, 113.2. 

M.p.: 192.7°C; HHPLC: Rt=14.14 min, purity ≥ 99 %, MMS (+APCI): 236 [M+H]+. 

 

2.18 Synthesis of tert-butyl 4-((11-oxochromeno[3,2-b]indol-10(11H)-yl)methyl)benzoate (113) 

 

 

1.00 eq (0.638, 150 mg) of 112 was dissolved in 10 mL of dry DMF and cooled on ice. 1.20 eq 

(0.765 mmol, 30.6 mg) of NaH (60 % oil dispersion) were added, stirred for 30 minutes on ice and 

another 30 minutes at ambient temperature. 1.10 eq (0.701 mmol, 190 mg) of 

tert-butyl 4-(bromomethyl)benzoate were added to the reaction mixture and stirred at RT. After 16 h, 

the solvent was removed under reduced pressure, the residue resuspended in 5 mL of EtOH and poured 

on 100 mL of ice water. The resulting precipitate was collected by filtration, washed with dH2O (x3) and 

recrystallised from EtOH. 220 mg (0.517 mmol, 81 %) of 113 was obtained as a colourless solid. 

1H NMR (300 MHz, Chloroform-d) δ 8.42 (ddd, J = 8.0, 1.6, 0.7 Hz, 1H), 8.04 (dt, J = 8.1, 1.0 Hz, 1H), 

7.93 – 7.83 (m, 2H), 7.79 – 7.60 (m, 2H), 7.54 – 7.35 (m, 3H), 7.33 – 7.20 (m, 3H), 6.07 (s, 2H), 1.53 (s, 

9H). 

13C NMR (75 MHz, Chloroform-d) δ 170.4, 165.5, 155.6, 145.4, 142.7, 138.1, 133.0, 131.3, 130.0, 128.6, 

126.8, 126.3, 124.4, 124.0, 120.8, 120.4, 120.2, 118.2, 115.6, 110.8, 81.0, 48.0, 28.3. 

M.p.: 194.7 °C; HHPLC: Rt=21.61 min, purity ≥ 99 %, MMS (+APCI): 426 [M+H]+. 
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2.19 Synthesis of N-hydroxy-4-((11-oxochromeno[3,2-b]indol-10(11H)-yl)methyl)benzamide (114) 

 

 

14 was synthesised according to general procedure 2.4 on a 0.470 mmol (113) scale and the product was 

obtained as a yellow solid with a grey of 50 % (0.234 mmol, 90 mg). 

1H NMR (600 MHz, DMSO-d6) δ 11.11 (s, 1H), 8.99 (s, 1H), 8.28 (d, J = 7.9 Hz, 1H), 8.04 (d, J = 8.0 Hz, 

1H), 7.85 (d, J = 6.4 Hz, 2H), 7.73 (d, J = 8.5 Hz, 1H), 7.67 – 7.60 (m, 2H), 7.54 (dt, J = 11.8, 6.7 Hz, 2H), 

7.30 (t, J = 7.5 Hz, 1H), 7.26 (d, J = 8.0 Hz, 2H), 6.06 (s, 2H). 

13C NMR (75 MHz, DMSO-d6) δ 169.2, 164.0, 154.9, 144.3, 141.3, 137.5, 133.6, 131.9, 128.6, 127.2, 

126.7, 125.5, 124.4, 123.6, 121.0, 119.8, 119.4, 118.3, 114.5, 111.5, 46.9. 

M.p.: 221.2°C; HHPLC: Rt= 12.78 min, purity = 98.3 %, MMS (+APCI): 385 [M+H]+. 
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33 Biological evaluation 

 

Cisplatin was purchased from Sigma (Germany) and dissolved in 0.9% sodium chloride solution, 

propidium iodide (PI) was purchased from PromoKine (Germany). Vorinostat was synthesized 

according to known procedures.1 Stock solutions (10 mM) of the respective compounds  were 

prepared with DMSO and diluted to the desired concentrations with the appropriate medium. All 

other reagents were supplied by PAN Biotech (Germany) unless otherwise stated.  

 

3.1 Cell lines and cell culture. 

The human ovarian carcinoma cell line A2780 was obtained from European Collection of Cell 

Cultures (ECACC, Salisbury, UK). The human tongue cell line Cal27 was obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Germany). The corresponding cisplatin 

resistant CisR cell line Cal27CisR was generated by exposing the parental cell line to weekly cycles 

of cisplatin in an IC50 concentration over a period of 24 – 30 weeks as described in Gosepath et al. 

and Eckstein et al.. 2, 3 All cell lines were grown at 37°C under humidified air supplemented with 5% 

CO2 in RPMI 1640 (A2780) or DMEM (Cal27) containing 10% fetal calf serum, 120 IU/mL penicillin, 

and 120 μg/mL streptomycin. The cells were grown to 80% confluency before being used in further 

assays. 

 

3.2 MTT cell viability assay 

The rate of cell-survival under the action of test substances was evaluated by an improved MTT 

assay as previously described.4 In brief, A2780 and Cal27 cell lines were seeded at a density of 

5,000 and 2,500 cells/well in 96 well plates (Corning, Germany). After 24 h, cells were exposed to 

increased concentrations of the test compounds. Incubation was ended after 72 h and cell survival 

was determined by addition of MTT solution (Serva, Germany, 5 mg/mL in phosphate buffered 

saline). The formazan precipitate was dissolved in DMSO (VWR, Germany). Absorbance was 

measured at 544 nm and 690 nm in a FLUOstar microplate-reader (BMG LabTech, Offenburg, 

Germany). 

To investigate  the effect of 66e and 77j on cisplatin-induced cytotoxicity, compounds  were added 

48 h before cisplatin administration. After 72 h, the cytotoxic effect was determined with a MTT 

cell viability assay and shift factors were calculated by dividing the IC50 value of cisplatin alone by 

the IC50 value of the drug combinations. 
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3.3 Enzyme assay 

All human recombinant enzymes were purchased from Reaction Biology Corp. (Malvern, PA, USA). The 

HDAC activity assay of HDAC2 (catalog nr. KDA-21-277), 4 (catalog nr. KDA-21-279), 6 (catalog nr. KDA-

21-213) and 8 (catalog nr. KDA-21-481) was performed in 96-well plates (Corning, Germany). Briefly 

20ng of HDAC2 and HDAC8, 17.5ng of HDAC6 and 2ng of HDAC4 per reaction were used. Recombinant 

enzymes were diluted in assay buffer (50 mM Tris-HCL, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 

and 1 mg/ml BSA). 80 μl of this dilution was incubated with 10 μl of different concentrations of inhibitors 

in assay buffer. After a 5 min incubation step the reaction was started with 10 μl of 300 μM (HDAC2), 

150 μM (HDAC6) Boc-Lys(Ac)-AMC (Bachem, Germany) or 100 μM (HDAC4), 60 μM (HDAC8) Boc-

Lys(Tfa)-AMC (Bachem, Germany). The reaction was stopped after 90 min by adding 100 μl stop solution 

(16mg/ml trypsin, 2 μM Panobinostat for HDAC2, HDAC6 and HDAC8, 2 μM CHDI0039 (kindly provided 

by the CHDI Foundation Inc., New York, USA) for HDAC4 in 50 mM Tris-HCL, pH 8.0, and 100 mM NaCl. 

15 min after the addition of the stop solution the fluorescence intensity was measured at excitation of 

355 nm and emission of 460 nm in a NOVOstar microplate reader (BMG LabTech, Offenburg, Germany). 

3.4 Data Analysis 

Concentration-effect curves were constructed with Prism 7.0 (GraphPad, San Diego, CA) by fitting 

the pooled data of at least three experiments performed in triplicates to the four parameter logistic 

equation. Statistical analysis was performed using t test or one-way ANOVA. 
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77 Summary and Outlook 
 

Despite improving therapeutic options, the treatment of cancer remains a major health challenge. 

Target specific therapies and epigenetic strategies are urgently needed as the manifestation of 

resistances against first line drugs are common. Addressing epigenetic processes in cells that 

underwent malignant transformation becomes increasingly important in cancer treatment. Such 

epigenetic regulators are histone deacetylases (HDACs). Human zinc dependent HDACs are divided into 

three classes: class I (HDACs 1-3, 8), class II (IIa: HDACs 4, 5, 7, 9; IIb: HDACs 6, 10) and class IV (HDAC 

11). Histone deacetylase inhibitors (HDACi) are clinically validated anticancer agents and particularly 

used in the treatment of haematological malignancies, that present dysregulated epigenetic processes. 

However, currently approved pan-HDACi suffer from severe side effects such as neutropenia, anaemia 

or cardio-vascular side effects, the occurrence of resistances is common and they show only limited 

efficacies in solid tumours. One approach to overcome the drawbacks of pan-HDACi is the design of 

HDACi that show a refined HDAC isozyme inhibition profile or are isozyme selective. However, the 

efficacy of HDACi with a refined isozyme inhibition profile or selective inhibitors remains to be 

established. The objective of this work was the design, synthesis and biological evaluation of novel 

HDAC class I/IIb and HDAC6 selective inhibitors 

Development of HDAC class I/HDAC6 dual inhibitors. 

Novel α,β-unsaturated hydroxamic acid derivatives overcome cisplatin resistance 

Panobinostat, a potent pan-HDACi, served as a lead structure and was modified at the connecting unit 

(CU) with a hydroxylamine subunit to obtain HDAC class I/HDAC6 selectivity. The hydroxylamine was 

either converted with an isocyanate or with a carboxylic acid to the corresponding alkoxyurea or 

alkoxyamide and subsequently transformed into their corresponding hydroxamic acid (Scheme 38). 

 

 

Scheme 38. Synthesis of the hydroxamic acids 6 a-g and 7 a-j 3. I) 1.00 eq Isocyanate, DCM, 16 h RT, 53 – 95 %; ii) 1.00 eq 
carboxylic acid, 2.00 eq DIPEA, 1.00 eq HATU, DMF, 16 h RT, 40 % - 95 %; iii) 30.0 eq HONH2 (aq), 10.0 eq NaOH, DCM/MeOH, 
RT 16 h, 72 -92 %; iv) a) 5.00 eq LiOH/H2O, 16 h RT, b) 1.20 eq IBCF, 7.20 eq DIPEA, 5.0 eq HONH3Cl, 16 h RT, 13-37 %; v) 10.0 
eq hydroxylamine hydrochloride, 15.0 eq NaOMe, MeOH, MW 150 W, 70 °C, 30 mins, 34 % -37 %. 
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The obtained hydroxamic acids were subjected to HDAC isozyme profiling, HDAC whole cell inhibition 

assays and assessed for their antiproliferative activity in the human tongue squamous carcinoma cell 

line Cal27 and the human ovarian cancer cell line A2780. MMPK409, exhibiting an alkoxyamide CU, was 

identified as the most potent HDACi in this series and demonstrated a HDAC class I and HDAC6 

selectivity. In combination with cisplatin, MMPK409 caused a chemosensitisation of Cal27R towards 

cisplatin with a shift factor of 6.86 (Figure 25). 

 

 

Figure 25. MMPK409 restores cisplatin sensitivity of Cal27CisR. Treatment of Cal27CisR (●) with 1.00 μM of MMPK409 48 h prior 
to cisplatin administration (blue dot) was able to reduce the IC50 value of cisplatin even below the IC50 of the parental cell line 
Cal27 (○).IC50 values were determined by MTT assay. The shift factor is defined as the ratio of the IC50 of cisplatin alone and the 
IC50 of the combination of 77j with cisplatin (Table 4). 

 

The carba-analogue of KSK64 

The second project dealt with the establishment of a synthetic procedure for the carba-analogue of the 

alkoxyurea based HDACi KSK64 and was realised according to Scheme 39. Cycloheptanone was 

subjected to a Beckmann rearrangement ring expansion reaction (66), followed by an N-Boc protection 

of the resulting lactam 77. The N-Boc protected lactam 7 was, subsequently, hydrolysed under basis 

conditions (88) and coupled with O-benzyl hydroxylamine (99). After Boc deproction (110), the resulting 

amine was converted with triphosgene and 2,6-dimethoxy-4-methylquinolin-8-amine to the 

corresponding urea 111. MMPK544 (112) was obtained after benzyl deprotection.  
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Scheme 39. Synthesis of MMPK544 the carba analogue of KKSK64. I) 1.50 eq hydroxylamine-O-sulfonic acid, HCO2H; 
ii) 1.00 eq nBuLi, 1.00 eq Boc2O, THF; iii) 10.0 eq LiOH, THF/H2O; iv) 1.00 eq HATU, 2.00 eq DIPEA, 
1.00 eq O-benzylhydroxylamine, DMF; v) 20.0 eq HCl(dioxane), DCM; vi) 0.330 eq triphosgene, 1.00 eq DIPEA, DCM; vii) H2, Pd/C, 
MeOH. 

The carba-analogue of KKSK64 (MMPK544) was subsequently subjected to HDAC2 and HDAC6 isozyme 

profiling and their antiproliferative properties asses in the human tongue squamous carcinoma cell line 

Cal27 and the human ovarian cancer cell line A2780 (Scheme 40). 

 

 

Scheme 40. MMPK544, the carba-analogue of KKSK64. The selectivity index SI2/6 was calculated with the pIC50 values. 

 

Whilst KKSK64 and MPK544 showed HDAC6 inhibitory activities in the same order of magnitude, they 

demonstrated significantly different HDAC2 inhibition values. In HDAC2, KKSK64 and MMPK544 exhibited 

an IC50 of 790 nM(SI2/6 = 8.13) and 39.6 nM (SI2/6 = 0.437), respectively. These data further 

emphasised the significance of the CU and indicate, that a derivatisation of HDACi with an alkoxyurea 

CU can result in a refined isozyme profile with HDAC6 preference. 
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DDevelopment of HDAC6 selective inhibitors 

The Next generation of histone deacetylase 6 inhibitors. 

HDAC6, an epigenetic eraser, is a metalloprotease that catalyses the deacetylation of non-histone 

proteins, such as α-Tubulin, Cortactin, HSP90 and Peroxiredoxin and play a key role in the regulation of 

microtubular processes, cell migration and cell-cell interactions As pharmaceutical target, it is of 

interest for the pharmacological intervention of cancer as well as in immunological and neurological 

diseases. However, whilst pan-HDACi have been proven to be effective anticancer agents, the efficacy 

of HDAC6 selective inhibitor remains controversial. The aim of this chapter focused on the design of 

novel HDAC6 selective inhibitors and their evaluation as anticancer agents. HDAC6 selective inhibitors 

usually show sterically demanding or branched surface CAP groups (sCAP), an aromatic linker and a 

hydroxamic acid zinc binding group. 

The first approach to design HDAC6 selective inhibitors focussed on the innovation of nexturastat A, by 

the modification of the connecting unit with a hydroxylamine. The synthesis of the branched alkoxyurea 

based hydroxamic acids 115 was performed by the conversion of the hydroxylamine 113 with isocyanates 

(Scheme 41). Afterwards, 114 was converted into their corresponding hydroxamic acids 115. 

 

 

Scheme 41. Synthesis of branched alkoxyurea based hydroxamic acids 115. i) 1.00 eq RCNO, 1.00 eq DIPEA, DCM, ii) 30.0 eq 
H2NOH(aq), 10.0 eq NaOH, DCM/MeOH. 

 

The branched alkoxyurea based hydroxamic acids 115 (MMPK265) showed an up to 1.5-fold higher SI1/6 

compared to nexturastat A, whilst maintaining its inhibitory activity (IC50 = 0.020 ± 0.003 μM) of HDAC6. 

To further increase HDAC6 selectivity, N-alkoxycarbamate based hydroxamic acids, with variable O-

substituents, were synthesised according to Scheme 42. 
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Scheme 42. Synthesis of branched alkoxycarbamate based hydroxamic acids 119. i) 1.20 eq Boc2O, 3.00 eq TEA, DCM; ii) H2, 
Pd/C, MeOH; iii) 1.20 eq NaH (60 %, mineral oil), 2.00 eq RX, DMF; iv) a) 10.0 eq LiOH, THF/MeOH; b) 1.00 eq HATU, 1.20 eq 
H2NOH • HCl, 3.20 eq DIPEA, DMF. 

 

The branched tbutyl-(alkoxycarbamate) based hydroxamic acids 119 (MMPK169, R=Me) showed an up to 

4.4-fold higher SI1/6 than nexturastat A (Scheme 43).  

 

 

Scheme 43. MMPK169, a novel HDAC6 selective inhibitor. 

 

With the discovery of MMPK169 as potent and selective HDAC6 inhibitor, a transition from an 

occupational driven inhibition to an event driven proteolysis targeting chimera (PROTAC) mediated 

protein degradation was envisioned. Based on 119, a PROTAC with pomalidomide as E3 recruiting 

element was designed and synthesised according to Scheme 44. The HDAC6 inhibitor  21 and the E3 

recruiting element 220 was clicked by an azide-alkyne 1,3-dipolar cycloaddition to obtain the PROTAC 

MPK779 (222). 
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Scheme 44. Synthesis of PROTAC 111 by a 1,3-dipolar cycloaddition. i) 1.10 eq. CuSO4, 6.00 eq sodium L-ascorbate, H2O/t-BuOH. 

 

Despite the increased alkoxy chain length in the cap region, MMPK779 demonstrated selectivity indices 

of up to 74.4 with an up to 3.10 higher SI1/6 then nexturastat A (Scheme 45). 

 

 

Scheme 45. MPK779, a novel HDAC6 selective PROTAC. 

 

Chromenones: A suitable CAP group to govern HDAC6 selectivity? 

The final approach to design HDAC6 selective inhibitors focused on chromenones as sterically 

demanding CAP groups. Initially, the 2-substituted 3-hydroxy -4H-chromen-4-one derivatives 223 were 

obtained by an Algar-Flynn-Oyamada reaction and either alkylated with the benzyl linker 224 or 

converted with tert-butyl 4-(aminomethyl)benzoate 225 in a palladium catalysed manner (Scheme 46). 

The tert-butyl esters 226 and 227 were deprotected under acidic conditions and converted into their 

corresponding hydroxamic acids 226 and 227. 
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Scheme 46. Synthesis of chromenone based hydroxamic acids. I) 1.10 eq tert-butyl 4-(bromomethyl)benzoate, 5.00 eq K2CO3, 
DMF; ii) TFA/DCM; iii) 1.00 eq HATU, 3.20 eq DIPEA, 1.20 eq HONH3Cl, DMF; iv) 2.00 eq Tf2O, 2.00 eq DIPEA, DCM; v) 1.10 eq 
tert-butyl 4-(aminomethyl)benzoate, 5.00 eq CsCO3, 0.100 eq Pd2(dba)3, 0.300 eq Xantphos, PhMe. 

 

In order to obtain the annulated derivative of 227, 2-(2-nitrophenyl)-4H-chromen-4-one (28) was 

subjected to a Cadogan-Sundberg reaction (Scheme 47), resulting in chromeno[3,2-b]indol-11(10H)-

one (229). Finally, the heterocycle 229 was alkylated with the benzyl linker and converted into its 

corresponding hydroxamic acid 331. 

 

Scheme 47. Synthesis of the annulated derivative 331. i) P(OMe)3, ii) 1.20 eq NaH (60 %, mineral oil), 1.10 eq tert-butyl 4-
(bromomethyl)benzoate, DMF; ii) a) TFA/DCM b)1.00 eq HATU, 1.20 eq H2NOH • HCl, 3.20 eq DIPEA, DMF. 

 

The sterically demanding chromenone based hydroxamic acids 226, 227 and 331 were evaluated in HDAC2 

and HDAC6 inhibition assays. Among the tested Compounds, 26 showed the highest SI2/6 (Scheme 48). 

The 2,5-dimethyl phenyl (MMPK781) and the 3-pyridyl (MMPK509) derivative of 226 exhibited an 

approximately 1.3-fold higher SI2/6 than the HDAC6 selective inhibitor nexturastat A (SI2/6 = 40.7). 

MPK805 the 3,5-dimethyl derivative of 226 was the most selective compound with a HDAC2/6 selectivity 
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index (SI) of 269, which correlates to an approximately 1.6-fold higher SI2/6 with a 19-fold lower IC50, 

compared to tubastatin A (IC50(HDAC6) = 0.017 μM, SI2/6 = 166).  

 

Scheme 48. Chromenones are suitable scaffolds for the design of HDAC6 selective inhibitors. 

 

However, the nitrogen based CU of 227 and 331 exhibited only moderate HDAC6 selectivities and 

inhibitory activities. 226, 227, and 331 showed limited antiproliferative activities in the human tongue 

squamous carcinoma cell line Cal27 and the human ovarian cancer cell line A2780. 

In summary, the employment of hydroxylamine as subunit in the CU of HDACi, resulted in the a refined 

HDAC isozyme profile with promising chemosensitising properties towards cisplatin. Furthermore, their 

utilisation in the modification of nexturastat A resulted in a significantly increased HDAC6 selectivity. 

Chromenones are suitable HDAC6 directing cap groups. Due the limited antiproliferative properties of 

the here reported HDAC6 selective inhibitors, they are suitable tools to explore their pharmaceutical 

potential in neurology, immunology or to might suppress metastasis and will be the focus of future 

biological evaluations. 
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