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Part 1 Introduction and aim of the thesis 

1.1 Epigenetics and histone modifications 

Epigenetics, the biological conception principally refers to the organism phenotype 

changes which affect genome functions without alterations of the original nucleic 

acids sequence. It can be also inheritable to next generations. Both behaviors and 

environmental factors impact the organism’s genome expression as well as organism 

susceptibilities to diseases epigenetic mechanisms. Moreover, the epigenetic 

machinary plays a crucial role in cellular differentiation and multiple physiological 

processes throughout the whole life. Epigenetic modifications are mediated by 

covalenty working erasers and writers which work simultaneously and determine the 

outcome collectively. Theses mechanisms control different states of DNA itself as 

well as the histone proteins which are embraced by DNA. Additionally, the epigenetic 

enzymes also affect non-histone proteins. Based on molecular level, epigenetic 

modifications can be grouped into three main types: i) DNA methylation which occurs 

exclusively in cytosine-phosphate guanine (CpG) islands, is the most widely explored 

epigenetic modification, and is linked to gene silencing; ii) nucleosome positioning 

which control the accessebilty of transcription factors to their target nucleic acids 

sequence; and iii) histone modifications which generally take place in histone tails 

and include acetylation by histone acetytransferases, methylation by histone lysine 

methyltransferases, phosphorylation by kinases, ubiquitination, SUMOylation, 

ADP-ribosylation, and other modifications. Histone modifications influence the 

process of DNA repair, replication and splicing, and have an important role in 

chromosome condensation and recruitment of epigenetic binding partners to regulate 

gene transcription (Figure 1).1-6
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Figure 1. Epigenetic mechanisms and nucleosome structure (adapted from Ediriweera, M. K. et.al. 7) 

 

To date, there are five different subtypes of histone proteins known as linker histone 

H1 and core histones namely H2A, H2B, H3, H4 present in the chromatin of 

eukaryotic cells (Figure 1).8 Two copies of each of the 4 core histone proteins 

generate a histone octamer which binds and wraps around by 147 bp DNA. The 

packaging is called nucleosome which represents the basic chromatin unit. The highly 

ordered structures make them tightly condensed and possible to fit inside the nucleus. 

The flexible N-terminal tail region of histones contains a high portion of lysine and 

arginine residues that interact with the acidic phosphate-sugar backbone of the DNA. 

Each of the nucleosome is joined by the linker DNA.8-11 
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Epigenetic modifications remodel the chromatin structure resulting in alteration of 

gene expression. In the state of highly condensed hetero chromatin, a gene is 

repressed and cannot be transcribed. Conversely, in the opened and active state of the 

nucleosome (called euchromatin) a gene is able to be transcribed. Post-transcriptional 

modifying enzymes can control the process by changing the packaging of histones. 

On the basis of histone modifications, histone modifying proteins are classified into 

main three categories. 

 
Figure 2. Histone modifying proteins can be grouped into 3 subgroups (adapted from Falkenberg, K. J. 

et.al. 12) 

 

In the dynamic processes (Figure 2), epigenetic “writers” such as histone 

acetyltransferases (HATs), histone methyltransferases (HMTs), protein arginine 

methyltransferases (PRMTs) place respective marks on histone tails, subsequently 

epigenetic “reader” like bromodomains, chromodomains or tudor domains recognize 

these marks and interact with them, at the same time epigenetic “erasers” catalyze the 

removal of these marks for example histone deacetylases (HDACs), lysine 

demethylases (KDMs) etc.7, 12
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1.2 Histone deacetylases and their actions 

 

 

Figure 3. The balance of acetylation and deacetylation in histones 

  

Histone acetyltransferases (HATs) form a family of enzymes that use acety-CoA to 

acetylate ε-amino group of lysine in histone tails. Besides acetylated lysine also 

acylated lysines have been reported. The acetylated or acylated lysine, which lost the 

positive charge of the lysine, leads to weakening the electrostatic interactions of 

histone tails and the negatively charged phosphate backbone of the DNA. Reversely, 

histone deacetylases (HDACs) - the natural antagonists of HATs - catalyze the 

removal of acyl groups from acylated lysine residue of histone proteins or non-histone 

proteins to regulate lysine acetylation status and consequently suppress gene 

transcription (Figure 3). In addition to histones, HDACs also erase acetyl/acyl marks 

from non-histone proteins including transcription factors such as NF-κB and E2F, 

structural proteins like α-tubulin or tumor suppressors like p53 and chaperone like 

protein Hsp90.6, 12-15 

 

1.3 HDAC family  

All the human 18 histone deacetylases can be divided into 4 classes based on their 

original homology to yeast orthologues Rpd3, Hda1, Hos3 and Sir2, namely class I 

(HDAC1, HDAC2, HDAC3, HDAC8), class II (HDAC4, HDAC5, HDAC7, HDAC9, 

HDAC 6 and HDAC10), class III (Sirt1-7) and the most recently identified class IV 

(HDAC11). The three classic histone deacetylases classes (class I, II, IV) are 

zinc-depended enzymes and the term of HDAC predominantly refers to these HDACs, 

whereas class III isoforms sirtuins need nicotinamide adenine dinucleotide (NAD+) to 



Part 1                                                              5 

 
 

initiate their functions. HDAC substrates usually are challenging to define due to the 

complex cross regulatory functions of HDACs and the different substrate preferences 

within diverse multi-protein HDAC complexes.  

 

Class I HDACs are closely related to yeast Rpd3 and share a highly conserved 

catalytic domain, these HDACs are ubiquitously expressed and mainly located in the 

nucleus. With the exception of HDAC8 that can function by itself,16 class I HDACs 

generally form large complexes with other HDACs or their co-repressors to carry out 

repression of associated genes or participate in other cellular processes. For instance, 

HDAC1 and HDAC2 combine with corepressor of REST1-3 proteins and LSD1 

protein to generate the CoREST complex. The NuRD complex contains HDAC1/2 

units and six other protein units, while HDAC3 needs to bind to SMRT/N-CoR to 

exhibit its enzymatical activities. Studies also showed that class I HDACs harbor 

non-histone substrates like AMP-activated protein kinase (AMPK), SMC3 and 

P53.17-18 As tissue specific expressed isotypes, class II HDACs are similar with yeast 

Hda1. This class could be further subdivided into class IIa (HDAC4, HDAC5, 

HDAC7, HDAC9) which possesses only one catalytic domain and shuttle between 

nucleus and cytoplasm as response to some physiological signals, while class IIb 

(HDAC6 and HDAC10) own two catalyzed domains and is usually discovered in 

cytoplasm. The functions of HDAC10 is still not completely clear but it is involved in 

cellular autophagy survival process,19-21 while HDAC6 impacts the deacetylation 

process of α-tubulin, cortactin, chaperones, giving its important role in cell migration 

and cell-cell interactions. HDAC11, the exclusive class IV HDAC is homologous to 

Hos3 of yeast and shares similar sequences with both class I and class II HDACs. 

HDAC11 has so far not been well profiled but several studies display that it is tissue 

specific expressed and linked to certain cellular immune functions.22-26  
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1.4 Class I HDAC structural features and their catalytic mechanism 

 

Figure 4. Structure of HDAC8 with bound trichostatin A (TSA), the two bound molecules of TSA are 

shown in blue and pink, the zinc ion is in orange (adapted from Somoza, J. R. et.al27). Only one TSA 

molecule is interacting with the zinc ion whereas the second bound TSA might be a crystallization 

artefact. 

 

 

Figure 5. Structural comparison of HDAC1-HDAC3 and HDAC8 with their ligands (adapted from 

Millard et.al.28) 

 

HDAC8, despite being a class I member, is structurally distinct and show less 
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sequence similarity to HDAC1-3. This has been demonstrated by numerous solved 

X-ray structures over the years. The first disclosed human HDAC crystal structure is 

HDAC8 with certain hydroxamic acid inhibitors complexes (Figure 4). After that 

many HDACs crystal structures have been published which give many details to get 

insight into HDACs structures.27, 29-30 HDAC8 possesses a sandwich-like structure 

which contains a single α/β domain with an 8-stranded β-sheet buried between helices 

and other loops.27, 29 A long, narrow hydrophobic binding tunnel and a coordinated 

zinc ion at the bottom constitute the active site, on the rim of the tunnel there is 

another conserved Asp101 residue which play a vital role for substrate interaction as 

observed in the crystal structures.31  

 

However, there are also many structural differences within class I HDAC isoforms 

(Figure 5), for example HDAC8 has a shorter C-terminal domain, a shorter loop1 but 

wider substrate binding pocket and a larger surface opening compared with 

HDAC1-3.27 Moreover, the region of class I HDACs common 14-Å “foot pocket” 

(also called acetate release channel) is narrower in HDAC8 than in HDAC1-3, 

whereas Ser113/Ser118 in HDAC1/2 is replaced by tyrosine in HDAC3 leading to the 

difficulty for inhibitors with bulky groups to access to the footpocket.28, 32-33 In  

addition, structural differences are also discovered in the unique solvent exposed site 

in HDAC3, the diverse extended loops in HDAC 1/2/3 as well as an essential inositol 

tetraphosphate molecule that firmly associates within the HDAC3 complex.28, 33-34 All 

above specific features can be exploited for the discovery of specific HDAC 

inhibitors. 
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Figure 6. HDAC catalytic mechanism (adapted from Seto, E. et.al34) 

 

In the catalytic site (Figure 6) of HDAC6 the zinc ion is coordinated with two 

aspartic acids residues (D267, D178) and one histidine (H180), the carbonyl oxygen 

of the substrate and one water molecule to form a tetrahedral intermediate. The water 

molecule, which is polarized the Zn ion and a Asp-His charge relay system (H142, 

H143, D176, D183), nucleophilically attacks the electrophilic carbonyl of the 

substrate. Consequently, HDAC inhibitors are designed to mimic the residues of 

substrates to block HDAC activities and regulate diseases processes.34  

 

1.5 Class I HDACs as drug targets 

Class I HDAC hypoacetylations are highly linked to a large variety of cancers for 

example prostate, gastric, colon, lung, and pancreatic cancer (specially associated 

with HDAC1-3), in addition to neuroblastoma, hepatocellular carcinoma and other 

solid tumours or haematological malignancies.35-45  HDAC inhibitors can lead to 

hyperacetylation of histone or non-histone proteins hence mediating an antitumour 

activity by influencing various cellular pathways involved in the process of 

development, differentiation, apoptosis and anti-angiogenesis or by inducing tumour 

suppressors and immune response modulation39, 45-48. HDAC inhibitors thus constitute 

important approaches in cancer therapy. Class I HDACs have also been identified as 

promising targets for neurodegenerative disease like Alzheimer’s disease, immune 
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defficiency disease such as HIV infection, metaboilic disorders, inflammatory 

diseases etc.35, 41, 49-61  

 

In the current work we will focus on class I HDACs and their potential role as 

valuable therapeutic targets for drug discovery. 

 

It has already been shown that HDAC8 expression is highly associated with 

advanced-stage and metastasis outcomes in neuroblastoma which is one of the 

common childhood cancer forms. Knockdown studies of HDAC8 as well well as 

studies using selective HDAC8 inhibitors showed neuroblastoma cells proliferation 

regression, clone formation inhibition and induction of cellular differentiation without 

side effects. Furthermore, HDAC8 selective inhibitors also showed anti-poliferative 

activity and no significant toxic effects were found in vivo. Beneficial synergistic 

effects were also observed when retinoic acid was combined with a HDAC8 inhibitor. 

41, 62-63 

 

Very recently, a study reported that in hepatocellular carcinoma (HCC), which is a 

type of non-T cell inflamed cancer, down-regulation of HDAC8 can result in 

hyperacetylation of H3K27 and reactivation of the production of T cell-trafficking 

chemokines to relieve T cell exclusion in mouse models. Subsequently, using 

selective HDAC8 inhibitors enhanced tumor-infiltrating CD8+ T cells and facilitated 

outcome of anti-PD-L1 therapy in established hepatomas without obvious adverse 

effect. After the combination therapy treatment, mice obtained a tumor-free life longer 

than 15 months due to introduction of memory T cells.64  

 

Many studies displayed that high expression of HDAC1-3 are significantly observed 

in pancreatic cancers and related to negative tumor differentiation65-66. Meanwhile 

blocked HDAC1-2 or 3 can bring promising therapeutic outcome for pancreatic 

cancers by complicated and comprehensive mechanisms for example reducing 
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leukocyte infiltration67, enhancing sensitization to cells apoptosis 68-69, regulation of 

p53 and p27 70-71 and immune modulation.72-73 

 

Since the first HDAC inhibitor trichostatin A (TSA) has been discovered more than 30 

years ago,74 nowadays the United States Food and Drug Administration (FDA), the 

China Food and Drug Administration (CFDA) and/or the European Medicines Agency 

(EMA) have approved 5 pan-HDAC inhibitors (vorinostat - hydroxamic acid 

derivative, romidepsin - cyclic peptide derivative, belinostat - hydroxamic acid 

derivative, chidamide - benzamide derivative, panobinostat - hydroxamic acid 

derivative),75-79 for the treatment of blood cancers such as T-cell lymphoma and 

multiple myeloma, and many more of HDAC inhibitors are in different phases of 

clinic trials. Several limitations have appeared from the use of these approved drugs: 

for example a reduced therapeutic window and drug resistance, which is perhaps due 

to the lack of isoform specificity profiles. Improvement of target selectivity might be 

a promising approach to decrease off-target side effects, but we should still keep in 

mind that it must be demonstrated in clinic whether the advantages of selective 

HDAC inhibitors could be transformed into clinical benefits.44, 80 

 

Figure 7. Classical pharmacophore of HDAC inhibitors and approved HDAC inhibitors. The different 

pharmacophoric parts are colored as following: zinc-binding group in red, linker in blue and capping 

group in green. Romidepsin is a prodrug (disulfide) that is cleaved in vivo into a thiol. 
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HDAC inhibitors have a well described pharmacophore (Figure 7). Taking the most 

frequently reported hydroxamic acids derived HDAC inhibitors as example the 

pharmacophore can be described as follows: a zinc binding group (ZBG) to form a 

tightly bidentate chelatation with the catalytic zinc ion (hydroxamic acid group), a cap 

group binding to the rim of the protein channel, a linker group placed into the 

catalytic tunnel. Although a high sequence identity can be observed between class I 

HDACs, especially HDAC1-3 (85% between HDAC1 and HDAC2, 64% between 

HDAC1 and HDAC3), the previously described structural differences still could be 

used for designing selective HDAC inhibitors development, through modifying the 

different parts of the classical HDAC pharmacophore.53, 56, 80-83 

1.6 The technology of proteolysis-targeting chimera (PROTAC) and 

hydrophobic tagging 

 

Figure 8. Examples of PROTACs in clinical trials. The ubiquitin ligase binding part is colored magenta 

and the ligand part that binds to the protein to be degraded is colored blue, linker is colored green. 

 

20 years ago Crews and Deshaies et al. reported the first example of chimeric 

molecules that target proteins and induce degradation of the protein of interest (POI) 
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utilizing the endogenous 26S proteasome of the ubiquitin proteasome system (UPS).  

UPS plays a crucial role in quality control of protein homeostasic regulation.84-85 

Targeting protein degradation (TPD) has emerged as a charming territory and 

expanded its landscape from proteolysis-targeting chimera (PROTAC) to hydrophobic 

tagging (HyT),86 molecular glues (using small molecular to degrade unligandable 

proteins by directly orchestrating target-ligase interactions),87 lysosome-targeting 

chimeras (LYTACs, a conjugate of glycopolypeptide-POI binder that can bind to POI 

then be transported into the lysosome and subsequently degraded)88 and 

autophagy-targeting chimeras (AUTACs, consisting of a guanine tag and POI binder 

that bind to POI to then be transported to the autophagosome and eliminated)89 as well 

as others90-92. PROTACs are at the forefront among all these PTD approaches due to 

their tremendous experience principles for rational design, moreover the orally 

bioavailable PTOTACs of ARV-110 and ARV 470 (Figure 8) from Arvinas93-94 as well 

as KT47495 from Kymera have already demonstrated the enormous potential of 

PROTACs as therapeutic approaches in clinical applications and many more of them 

are expected to enter into clinical test in the near future.96  

 

1.6.1 Mechanism of PROTACs 

 
Figure 9. Schematic representation of the molecular mechanism of PROTACs (adapted from Wang, Y. et. 

al 97) 

 

In general, PROTACs are heterobifunctional systems which consist of three parts: a 

POI ligand, an E3 ligase ligand and a linker connecting both. When a PROTAC binds 

to the POI and E3 ligase, a stable ternary complex is formed and then the E3 ligase 

coordinates the transfer of ubiquitin from the E2 ubiquitin-conjugating enzyme to the 

surface lysine residues of POI. The ubiquitinated proteins are subsequently 
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recognized by proteasomes for degradation. Finally the degrader is released from 

previous ternary complex and may participate in the next cycle of target recruitment 

(Figure 9).85, 98 

 

1.6.2 Mechanism of Hydrophobic Tag (HyT) 

 

Figure 10. Proposed molecular mechanism of HyT (adapted from Wang, Y. et. al. 97) 

 

With a similar composition of PROTAC, a heterobifunctional molecule of HyT also 

contains a POI ligand part linked with a bulky hydrophobic tag (usually a lipophilic 

small molecular fragment such as adamantane derivatives or tert-butyl 

carbamate-protected arginine (Boc3-Arg) derivatives) by a linker. Although its exact 

mechanism is still indistinct, it has been suggested to employ molecular chaperones 

mediated degradation system: when a molecule of HyT binds to the POI, the 

hydrophobic fragment bound to the POI can mimic an unfolded protein and hence be 

recognized by protein folding machinery triggering cell quality control system which 

detect the protein folding status. Molecular chaperones like Hsp90, Hsp70 and Hsp40 

are thus recruited to the POI and mediate its ubiquitination resulting in the POI 

degradation by 26S proteasomes (Figure 10).99-102 

 

1.6.3 PROTAC/HyT versus inhibitors advantages and challenges 

Considering the above catalyst-like degradation mechanism, PROTACs and 
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hydrophobic tag containing degraders could be regarded as event-driven 

pharmacology compared with the conventional small molecule 

inhibitors/occupancy-driven pharmacology which usually need a high target binding 

affinity to compete in the active site with the protein substrate. Hence, high drug 

doses are usually required whereas the risk of undesired side effects will be 

simultaneously increased due to off-target binding under higher drug concentrations. 

On the contrary, the chemical knockdown approach usually can function under low 

doses due to its catalyst-like character which could be employed iteratively and can 

degrade proteins entirely to affect their non-enzymatic function or down-regulate 

over-expressed proteins to normal levels under proper doses.103  In addition, the 

essential procedure of PROTACs to recruit proteasomes is based on stable 

POI-PROTAC-E3 ligase ternary complex formation and week binary affinity to POI 

can still induce effective degradation outcome, this is exemplified by the work of 

Joshua P. Smalley and co-workers, where they used a class I selective inhibitor 

(CI-994) as POI binder and VHL ligase ligand to induce HDAC1-3 degradation. 

PROTAC4 displayed significant HDAC3 degradation, despite showing the worst 

inhibition of the enzyme (IC50 = 16.8 μM to HDAC3) compared with the stronger 

HDAC3 inhibiting PROTAC1 and 3 which showed almost no degradation.104 Thus 

the reported results are not satisfying in total and further development of more 

effective HDAC degraders is necessary. It is also assumed that PROTACs own the 

capacity to degrade “undruggable” proteins with shallow or without proper binding 

pockets105 like scaffolding proteins and transcription factors. Several studies have 

already demonstrated that this is indeed possible for example peptide-based 

phosphoPROTACs as FRS2a degraders 106 and STAT3-targeting PROTACs as STAT3 

degragers were discovered.107 Drug resistance is another serious problem that small 

molecule inhibitors have to face in clinical treatment, however PROTACs can still 

evade these by disease-causing proteins degradation.108 Besides, many PROTACs 

exhibit improved selectivity and specificity among homologous targets over their 

parent inhibitors or protein ligands perhaps due to additive effects of PROTACs 

components and the spatial conformations of ternary complex.109 
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As with small molecule inhibitors, PROTACs associated off-target effects are possible. 

One reason is that the nature of the E3 ligase substrate is not completely understood, 

for example several studies disclosed zinc-finger CRBN neo-substrates as off-targets 

of immunomodulatory drugs (IMiD)-based PROTAC.110-111 Furthermore, till now 

only a few of the 600 studied human E3 ligases have known small molecular 

ligands112 and the most popularly employed E3 ligase ligands belong to CRBN, VHL 

and IAPs which have also limited the applied scope of PROTACs.113 Another vital 

problem limiting PROTACs development is how to establish more systematic, more 

rational and more efficient screening system, since finding a potential PROTAC is 

still a time-consuming and empirical performance. The composition of the PROTAC 

structure as well as the biological validation processes are much more complicated 

and different from small molecule development, for example linker length, 

composition and attachement position can influence the PROTAC’s structural 

conformations, hydrophobicity, solubility and possibility for ternary complex 

formation, subsequent degradation and biological activities.114 Last but not least, 

PROTACs structural features always violate the Lipinski’s “rule-of-five” principle 

and the traditional pharmacokinetics (PK)/pharmacodynamics (PD) evaluation 

strategy maybe not suitable for PROTACs. Nevertheless, the thus far obtained results 

from PROTACs are still highly encouraging.103, 109, 115-116 
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1.7 Aim of the work  

Most of the so far reported HDAC isoform selective inhibitors use hydroxamic acids 

as zinc binding groups (ZBG). However, the hydroxamic acid feature as ZBG is 

considered to be responsible for several crucial disadvantages such as significant 

off-target effects as well as pharmacokinetic and metabolic problems.117-121 Thus, the 

design of other metal-chelating non-hydroxamic acids may overcome these 

limitations.  

 

Another intractable challenge for selective class I HDAC inhibitors discovery results 

from the highly conserved catalytic tunnel of HDAC enzymes.80, 83, 122-123 On the basis 

of the previously described structural differences between HDAC isoforms, we set to 

develop class I HDAC (HDAC1, 2, 3 and 8) isoform specific modulators comprising 

inhibitors and degraders. 

 

1.7.1 Development of HDAC8 selective inhibitors using a novel chemotype 

For HDAC8 selective inhibitors, our recent studies determined that an HDAC8 

specific L shaped bindning pocket is formed between the catalytic tunnel and the 

protein periphery which could be a exploited for next generation selective HDAC8 

inhibitor design.124 Additionally, Novartis group described two amino acid (AA1 and 

AA2) derivatives which exhibited pronounced HDAC selective inhibitory profiles and 

showed a novel binding mode, where the ligand partly binds into the deeper 

acetate-release channel namely the foot pocket (FP).125 Based on this finding, another 

research group explored structure-activity relationship of this very original type of 

amino acid-based HDAC inhibitors and identified a promising lead (AA3) with a two 

fold improved inhibitory activity against HDAC8 compared to the original lead (AA2) 

(Figure 11). However, no detailed selectivity profiles or further cellular activity were 

disclosed.126  
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Figure 11. Amino acid (AA) derivatives: AA1 and AA2 were reported by a Novartis group, AA3 was 

discovered by a UK group (the IC50 of AA2 is 0.21 µM in their study), AA4 is identified by our inhouse 

virtual screening. Foot-pocket targeting group is colored magenta, zinc-binding group is colored red, 

linker is blue and capping group is colored green. 

 

We started with a virtual screening campaign from several compound libraries against 

the available crystal structures of wild type HDAC8. This screening and subsequent in 

vitro tresting also yielded about 50 active compounds. Besides several hydroxamic 

acids, the most promising amino acid hit (AA4) showed an IC50 value of 2.0 µM 

(Figure 11) as well as a very good selectivity profiles (against HDAC1with 16.9 % 

inhibition at 10 µM and against HDAC6 with 34.7 % inhibition at 10 µM) similar with 

the compound AA1. On the basis of our previous HDAC8 selective inhibitors 

discovery practice63, 83 and the initial results obtained from the virtual screening, we 

were interested in exploring the structure-activity relationship (SAR) of HDAC8 

inhibitors bearing an R-amino acid unit as Zinc binding group. These derivatives will 

be designed based on the pharmacophore (Figure 11) of previously found amino acid 

derived HDAC8 selective inhibitors. In the present work we will use chemical 

optimization guided by docking studies to alter the foot-pocket moiety, which is 

adjacent to the amino acid unit, as well as linker and cap groups to improve the 

HDAC8 inhibitory potency and selectivity against other HDAC isoforms. In addition, 

the developed compounds will be tested in cancer cell lines with upregulated HDAC8 

such as neuroblastoma cell line and human T lymphocytes cell lines to confirm the 

antiproliferative potential of these derivatives.  
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1.7.2 Development of alkylhydrazides as novel HDAC inhibitors 

HDAC1-3 subtypes have already been established as targets for numerous diseases. 

To date however, only a few selective inhibitors have been reported for the individual 

subtypes of class I. Rational inhibitor design for HDACi is still challenging, due to the 

high structural similarity of the individual HDAC isoforms.  

 

 

Figure 12. Left: reported novel class I selective inhibitor, right: planned modifications for its 

optimization. 

 

Recently, a series of alkylated hydrazides that displayed encouraging HDAC3 

selectivity against other HDAC isoforms were reported.127-130 It was suggested that 

these novel alkylated hydrazide-derived inhibitors can use the hydrazide moiety as 

ZBG, the alkane tail can occupy the foot pocket of class I HDAC at the same time. 

However, until now there is no clear experimental proof that the hydrazide group is 

acting as ZBG. 

 

The chemical structures of this type of inhibitors are more stable in vitro/in vivo than 

hydroxamic acid and aminobenzamide ZBG for UDP-glucuronosyltransferase 

mediated metabolism. Moreover they were confirmed as much safer than hydroxamic 

acid in vitro, and several of them exhibited excellent pharmacokinetic profile and oral 

bioavailability.56, 128-132 Therefore, in order to obtain novel HDAC1-3 inhibitors with 

improved selectivity profiles and pharamcokinetic properties that can conquer the 
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limitations of hydroxamic acid, we utilized the reported compound SR-3558 (Figure 

12) as a starting point to employ structure-based design as well as chemical 

optimization and explore the SAR of novel generated alkylated hydrazides against 

class I HDACs (HDAC1-3). The optimization campaign includes systematic 

modifications of the alkanyl tail, linker part, cap group and ZBG moiety. The 

synthesized compounds will be subsjected to enzymatic assays to determine their 

inhibitory potency and selectivity profiles over HDAC subtypes. Further target related 

phenotypic activity and biomarkers alterations in T lymphocytes cell line, human 

colon cell line and human pancreatic cell line will be characterized for the assessment 

of the most promising compounds. 

 

1.7.3 Development of class I HDAC degraders 

As we described in the previous part, TPD is a powerful and novel technology for 

drug discovery. In this work, we are going to employ this technology including 

PROTAC and hydrophobic tags to find more specific modulators for class I HDAC 

(Figure 13). Although several PROTACs targeting class I HDACs have been 

published very recently, it is still necessary to develop further degarders due to the 

suboptimal specificity, degradation activity and phenotypic activity limitations of the 

reported compounds.104, 130, 133-135  
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Figure 13. Degraders tool box for this class I HDAC degraders work. 

 

In the past years, 2-aminobenzamide derivatives have been characterized as potent 

and selective HDAC1-3 inhibitors including CI-994, MS-275136 (in clinical trials) 

(Figure 14), the CFDA-approved drug chidamide as well as other reported derivatives 

in preclinal studies.137-142 Generally, veritable specific class I (HDAC1/2 or HDAC3) 

isotype profiles could be obtained by modification of the 2-aminobenzamide phenyl 

ring with aryl or fluoro substitutions.143-148  

 

 

Figure 14. Examples of 2-aminobenzamide-based class I HDAC inhibitors and its modification to obtain 

class I HDAC subtypes specificity. 

 

Consequently, new class I selective HDAC inhibitors will be developed and used 

together with published classical HDAC inhibitors as POI binders for the 

development of new class I HDAC degarders. The conventionally used E3 ligase 

ligands like pomalidomide, lenalidomide and VHL ligands will be included to recruit 

the E3 ligase. Additionally, the adamantyl group will be employed as hydrophobic tag 

(Figure 13). The developed class I HDAC degraders will be evaluated in enzymatic 

assay and on cellular level in human colon and pancreatic cell lines. 
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Part 2 Amino acid derivatives as HDAC8 selective inhibitors: 

synthesis, characterization and in vitro biological activity  

2.1 Chemistry 

2.1.1 Synthesis of amino acid building blocks 

 

Figure 15. Reagents and conditions: (Boc)2O, NaOH (10%) aq, THF/H2O, ice bath to rt, overnight. 

 

Firstly, we prepared the Boc-protected amino acid analogues 2a-m in an almost 

quantitative yield using reported reaction conditions.149 Whereas compound 2n was 

directly commercially available and the racemic 2h was a mixture of D and L 

configuration of Boc-phenylalanine generated from D and L configuration of 

Phenylalanine using the discribed method in Figure 15, for the other copounds 

D-configured starting materials (1a-g, and 1i-m) were purchased and used (Figure 

15). 

 

2.1.2 Synthesis of products with phenyl(piperidin-4-yl)methanone linker 
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Figure 16. Reagents and conditions: (a) N2H4
.H2O, THF, 0-5 oC to rt, overnight; (b) 1-Boc-4-piperidone, 

MeOH, rt; (c) R1CHO, Cs2CO3, 1,4-dioxane, 110 oC, microwave, 2.5 h; (d) TFA, DCM, rt; (e) 

Corresponding 2a-2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (f) TFA, DCM, ice bath. 

 

 

 

Figure 17. Reagents and conditions: (a) SOCl2, TEA, DCM, rt; (b) Indole, ECF, TEA, THF, ice bath to rt, 

4 days; (c) TFA, DCM, rt; (d) 2d, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (e) TFA, DCM, ice bath. 

 

AA4 derivatives, which include phenyl(piperidin-4-yl)methanone unit as linker group, 

were investigated as the first batch for the optimization studies. In the synthetic 

procedure, we used 4-toluenesulfonyl chloride as starting material which was reacted 

with hydrazine monohydrate to yield the hydrazide 4, which was coupled with 

1-Boc-4-piperidone and the respective aldehyde to afford 6a-6b. The latter step 

involves a diazonium alkoxide transition state and a formyl C-H bond insertion 

reaction as reported in the literature (Figure 16, step c, compound 5 to 6).150 

Microwave under 110 oC was employed in this procedure to promote the reaction, 

which finished within 2.5 h. It’s worth mentioning that the reaction mixture become 

chaotic when temperature increased up to 120 oC within 30 min, perhaps due to the 



Part 2                                                              23 

 
 

sensitivity to temperature of Boc group in compound 5.  

 

Subsequently, the Boc group was cleaved using TFA, The final products 8a-8k were 

generated from the intermediate 7 by reaction with the above mentioned 

Boc-protected amino acid building blocks (2a-2n) followed by another 

Boc-deprotection procedure. The product 8o was obtained via the condensation of 

acylchloride 17 and indole to yield 18, which was subsequently Boc-deprotected and 

coupled with the Boc-protected amino acid 2d (Figure 17). 

 

2.1.3 Synthesis of products with rigid linker  

 

 

Figure 18. Reagents and conditions: (a) 1-Naphthylamine, ECF, TEA, DMF, ice bath to rt; (b) TFA, 

DCM, ice bath, 3 h. 

 

 

Figure 19. Reagents and conditions: (a) NH2OH.HCl, NaOAc, MeOH/H2O (2 : 1), rt, overnight; (b) 

NaBH4, NiCl2
.6H2O, MeOH, ice bath, 10 min; (c) 2d, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (d) 

TFA, DCM, ice bath. 

 

For 8n, the Schiff base 14 was first reduced to the amine 15 under the combined 

compounds of sodium borohydride and NiCl2
.6H2O (which was used as lewis acid 
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here) in the second procedure within 10 min (Figure 19, step b). 

 

To get the rigid 8p-8r, general cyclodehydration for the oxadiazole derivaties (Figure 

20, 8p and 8q) and click reactions for the triazole derivatives were implemented 

(Figure 21, 8r). 

 

 

Figure 20. Reagents and conditions: (a) Boc-Gly-OH, EDCI, DIPEA, DCM, rt; (b) TosCl, TEA, DCM, rt; 

(C) TFA, DCM, rt; (d) 2d or 2g, EDCI, HOBt, DIPEA, DMF, ice bath to rt; (e) TFA, DCM, ice bath. 

 

 

Figure 21. Reagents and conditions: (a) Phenyl azide, CuSO4
.5H2O, L-ascorbatic, H2O/t-BuOH (1 : 1); (b) 

2g, EDCI, HOBt, DIPEA, DMF, ice bath to rt; (c) TFA, DCM, ice bath. 

 

2.1.4 Synthesis of products with isoindoline linker and  

(R)-2-amino-3-(1-methyl-indol-3-yl)propanoic acid moiety  

 

 

Figure 22. Reagents and conditions: (a) Substituted amine 20b-20e, EDCI, HOBT, DIPEA, DMF, ice 

bath to rt; (b) TFA, DCM, ice bath. 
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Figure 23. Reagents and conditions: (a) Isoindoline hydrochloride, EDCI, HOBT, DIPEA, DMF, ice bath 

to rt; (b) TFA, DCM, ice bath. 

 

A series of Boc-protected amino acids were condensed with isoindoline using EDCI 

and HOBT. A subsequent Boc-deprotection procedure afforded products 20a-20n 

(Figure 22 and Figure 23). It shoud be noted that the product 20n was obtained 

starting from N-Boc-D-proline (2n). 

 

2.1.5 Synthesis of products with 5-substituted insoindoline as linker and cap groups  

 

 

Figure 24. Reagents and conditions: (a) (Boc)2O, THF, rt; (b) Propargyl bromide, NaH, THF; (c)  

Propargyl alcohol, (PPh3)3RhCl, THF, rt; (d) i. MsCl, DIPEA, THF, ice bath, 1.5 h; ii. Monosubstituted 

piperazine, rt, 3 h; (e) TFA, DCM, ice bath; (f) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (g) TFA, 

DCM, ice bath. 

 

Boc-protected dipropargylamine (Figure 24, intermediate 29) was subjected to 

cyclization with propargyl aclcohol using Wilkinson's catalyst to afford the key 

intermediate 30 which was converted to 31 by a one-pot reaction procedure (Figure 
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24, step d) and another followed Boc-deprotection procedure. The condensation of 31 

with amino acid 2j and a further Boc-deprotection processes yielded the targeted 

compounds 32a and 32b (Figure 24).151  

 

 

Figure 25. Reagents and conditions: (a) Br2 liquid, NaOH, water, reflux, overnight; (b) Imidazole, DMF, 

160 oC, microwave, 2.5 h; (c) NaBH4, BF3-EtO2, THF, -10 oC to rt, reflux; (d) (Boc)2O, TEA, DCM. 

 

 

Figure 26. Reagents and conditions: (a) Phenylboronic acid, Pd(OAc)2, PPh3, Cs2CO3, toluene, 110 oC, 

reflux; (b) TFA, DCM, rt; (c) 2j, EDCI, HOBt, DIPEA, DMF, ice bath to rt; (d) TFA, DCM, ice bath; (e) 

1-Methylpiperazine or morpholine, Pd(dba)2, KOtBu, tert-butyl tetraisopropylphosphorodiamidite, 

toluene, 110 oC, microwave, 1 h; (f) TFA, DCM, rt; (g) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (h) 

TFA, DCM, ice bath. 

 

Before the the Suzuki coupling and Buchwald-Hartwig cross coupling of intermediate 

37 with phenylboronic acid and different secondary amines (Figure 26), a series of 

bromination, microwave assisted cyclization and NaBH4 reduction combined with 

Lewis acid152 were conducted in sequence (Figure 25). Consequently, the 

5-substituted isoindoline series 32c-e were obtained using previously described 

coupling steps (Figure 26, 38 to 32c; 40a, 40b to 32d, 32e).153-154  
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Figure 27. Reagents and conditions: (a) NaOMe, Cu2O, MeOH, 170 oC, microwave, 30 min; (b) NaBH4, 

BF3-EtO2, THF, reflux, overnight; (c) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (d) TFA, DCM, ice 

bath. 

 

For the synthesis of the desired compounds 32f and 32g (Figure 27 and Figure 28),  

microwave reaction, as described in the literature,155 was used to promote the reaction 

(step a of Figure 27 and Figure 28) to afford the key intermediate compounds of 42 

and 44. These were subjected to reduction reaction, condensation, cyclization, 

substitution, and finally condensation resulting in 32f and 32g.  

 

 

Figure 28. Reagents and conditions: (a) Cu2O, NaOH, H2O, 140 oC, microwave, 1.5 h; (b) Imdazole, urea, 

DMF, 160 oC, microwave, 2.5 h; (c) Benzyl bromide, K2CO3, DMF, 60-65 oC; (d) NaBH4, BF3-Et2O, 

THF, relux; (e) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (f) TFA, DCM, ice bath. 

 

In step c for intermediate 46 (Figure 28, step c) we obtained a large amount of a side 

product which resulted from the alkylation of the both amide-NH and phenolic-OH 

group in 45 by benzyl bromide (Figure 28, step c). The side product could be easily 

removed in procedure d but difficult in step c due to their bad solubility in organic 

solvent (Figure 28).  
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Figure 29. Hydroxyl was substituted through bromination. 

 

To improve the substitution activity of the isoindoline derivative 30, the hydroxyl 

group was replaced by bromide (Figure 29)156 which was expected to be more easily 

reacted to the desired products 52a-g (Figure 30 to Figure 33). 

 

 

Figure 30. Reagents and conditions: (a) 48, K2CO3, DMF, rt; (b) TFA, DCM, ice bath; (c) 2j, EDCI, 

HOBT, DIPEA, DMF, ice bath to rt; (d) HCl/dioxane, DCM, ice bath. 

 

 

Figure 31. Reagents and conditions: (a) Tert-butyl piperazine-1-carboxylate, NaB(AcO)3, DCM, rt; (b) 

TFA, DCM, rt; (c) 48, K2CO3, DMF, rt; (d) TFA, DCM, ice bath; (e) 2j, EDCI, HOBT, DIPEA, DMF, ice 

bath to rt; (f) HCl/dioxane (4M), DCM, ice bath. 
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Figure 32. Reagents and conditions: (a) CH3I, NaH, THF, rt; (b) Tert-butyl piperazine-1-carboxylate, 

K2CO3, DMF, 70-80 oC; (c) TFA, DCM, rt; (d) 48, K2CO3, DMF, rt; (e) HCl/dioxane (4M), DCM; (f) 2j, 

EDCI, HOBT, DIPEA, DMF, ice bath to rt; (g) HCl/dioxane (4M), DCM, ice bath. 

 

 

Figure 33. Reagents and conditions: (a) i. CH3I, KOH, Me2CO, ice bath to rt; ii. KOH, H2O, reflux; (b) 

Tert-butyl piperazine-1-carboxylate, HATU, DIPEA, DMF, (c) TFA, DCM, rt; (d) 48, K2CO3, DMF, rt; (e) 

HCl/dioxane (4M), DCM; (f) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (g) HCl/dioxane (4M), 

DCM, ice bath. 
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Figure 34. Reagents and conditions: (a) 37, Pd(dba)2, KOtBu, tert-butyl 

tetraisopropylphosphorodiamidite, toluene, 110 oC, microwave, 1 h; (b) HCl/dioxane (4M), DCM, rt; (c) 

2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (d) HCl/dioxane (4M), DCM, ice bath. 

 

In addition, similar procedure, as previously described for 32d and 32e, was 

performed to achieve the compounds 52h-i (Figure 34). 

 

 

Figure 35. Reagents and conditions: (a) Tert-butyl 5-aminoisoindoline-2-carboxylate, HATU, DIPEA, 

DMF, rt; or Tert-butyl 5-aminoisoindoline-2-carboxylate, DIPEA, DCM, rt; (b) HCl/dioxane (4M), 

DCM, rt; (c) 2j, EDCI, HOBT, DIPEA, DMF, ice bath to rt; (d) HCl/dioxane (4M), DCM, ice bath. 

 

Other 5-(acylamino)isoindolines analogous products (52j-52n) were also synthesized 

using the commercially available tert-butyl 5-aminoisoindoline-2-carboxylate as 

staring material which underwent sequential procedure of acylation (Figure 35, step a), 

Boc-deprotection (Figure 35, step b), coupling with Boc-protected amino acid (Figure 

35, step c) as well as the last Boc-deprotection process.
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2.2 Purity measurement by chiral HPLC 
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Figure 36. Chiral HPLC data. 8g (PS11) (A) and 8f (racemic, PS11-1) (B) in general column HPLC 

condition; 8g (PS11) (C) and 8f (racemic, PS11-1) (D) in chiral column (LiChroCART 250-4 Chiradex 

(Supelco)) HPLC condition. (gradient of MeOH /H2O/TFA was used as mobile phase). 

 

To analyze the enantiomeric purity of the synthesized amino acid derivatives we 

parallelly synthesized 8g (R configuration, PS11) and its racemic mixture 8f (R, S) 

using the same aforementioned methods and employed chiral HPLC. From the result 

we can propose that 8g is enantiomerically pure enough (> 98.7% purity) and it also 

highlights the synthetic reliability for retention of the R-configuration to generate only 

the R-configured amino acid-based HDAC inhibitors. HPLC data was provided by the 

group of Prof. Manfred Jung, The Albert-Ludwig-University of Freiburg, Freiburg, 

Germany.
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2.3 Structure-activity relationship of amino acid-based inhibitors 

against HDAC8 and their selectivity towards other HDAC subtypes 

 

Table 1. Enzymatic activity of compounds with phenyl(piperidin-4-yl)methanone or rigid linker and 

R-aryl amino acid ZBG 

 

Cpd No. R1 R2 hHDAC8 inhibition (μM)a  

8a 

PS1 
O

N

 

Cl

Cl  

3.22 ± 0.56  

8b 

PS2 
O

N

 Cl

Cl

 

88.0% @ 10 μM  

49.4% @ 1 μM 

8c 

PS3 
O

N

  

50.4% @ 10 μM 

16.9% @ 1 μM 

8d 

PS4 
O

N

  
2.49 ± 0.22 

8e 

PS5 
O

N

 
CN  

24.8% @ 10 μM  

5.4% @ 1 μM 

8f 

PS11-1 
O

N

  

44.3 % @ 10 μM  

3.1 % @ 1 μM 

8g 

PS11 
O

N

  

66.4% @ 10 μM 

16.5% @ 1 μM 

8h 

PS6 

O

N
O

  
4.10 ± 0.63 

8m 

PS7 

HN

  

7.3% @ 10 μM 

4.5% @ 1 μM 

8n 

PS8 N

NH

  
15.5% @ 10 μM  

8o 

PS9 

N

O

N

  
3.15 ± 0.44 
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8p 

PS13 

N N

O
NH

  
n.d.b 

8q 

PS12 

N N

O
NH

  

n.d. 

8r 

PS21 
N

N
N HN

  

n.d. 

8i 

PS16 O

N

 S  

1.07 ± 0.26 

8j 

PS18 
O

N

 
N

 

0.67 ± 0.082 

8k 

PS10 
O

N

 
N
H  

0.96 ± 0.12 

a: Inhibition percentage of each compound in corresponding concentration or measured IC50 value. b: n.d 

= not determined. 

 

Focused on the inhouse indentified hit 8g (PS11) as a starting point, firstly we 

optimized several phenylanine derivatives coupled with 

phenyl(piperidin-4-yl)methanone to primarily investigate the footpocket (FP) binding 

group with HDAC8. For our initial set of compounds, we tried to exploit the 

previously reported interactions between the Gly304, Trp141 residues of the 

hydrophobic acetate release channel and the substituted phenyl unit of the inhibitors, 

unfortunately these compounds of 8a-8g (Table 1) did not exhibit dramatic 

improvement in activity. Modifications of the linker and cap groups could also not 

improve the activity; the activity was diminished sharply when rigid linkers were 

introduced 8m (PS7), 8p-8r (PS13, PS12 and PS21), since their rigid moiety steric 

bulk character are not accommodated in the narrow hydrophobic acetyl-lysine binding 

tunnel of HDAC8. In addition, R isomer of 8g (PS11) is more active (66.4% @ 10 μM, 

16.5% @ 1 μM) than racemic 8f (PS11-1) (44.3% @ 10 μM 3.1% @ 1 μM), this also 

confirmed again the finding of Whitehead et al. and Greenwood et al. that 

R-configuration is preferable for binding affinity.125-126 However, significant 

improvement was observed when benzothiophene, indole, methylindole rings were 

employed to replace the phenyl and naphthyl moieties, with IC50 values of 1.07 µM, 
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0.67 µM and 0.96 µM for 8i-8k (PS16, PS18 and PS10) respectively. This 

improvement can be attributed to the π-π stacking interactions of the 

benzoheterocycles rings features with Trp141 in the FP binding pocket. The activity 

improvement of 8k (PS10) with an IC50 of 0.96 µM to 8j (PS18) with an IC50 of 0.67 

µM could also be interpreted that the methyl substitution of methylindole moiety in 8j 

(PS18) is more adaptable the hydrophobic pocket of FP pocket than 8k (PS10) (Table 

1). 

 

Table 2. Enzymatic activity of compounds with isoindoline analogous linker and 1-methyl-D-tryptophan 

ZBG 

 

Cpd No. R hHDAC8 inhibition (μM)a 

20a 

PS19 

N

 

0.28 ± 0.61 

20b 

PS31 

N

 

1.56 ± 0.36 

20c 

PS32 

N

N

N

 

49.5% @ 10 μM 

7.2% @ 1 μM 

20d 

PS39 
 

n.db. 

20e 

PS40 

N
N

 
4.4 ± 0.68 

a: Inhibition percentage of each compound in corresponding concentration or calculated IC50 value. b: 

n.d = not determined. 

 

When we changed the optimized isoindoline linker to other heterobicylic linkers and 

attached them to above optimized 1-methyl-D-tryptophan FP binding group, 

compounds 20a-20e (Table 2) were obtained. The isoindoline linker was found to be 

optimal as shown by the high potency of20a (PS19) (IC50 = 0.28 μM). Comparing 20a 

(PS19) with 20b (PS31), probably planarity, rigidity and ring size are responsible for 

the remarkable activity loss observed for 20b (PS31) (IC50 = 1.56 μM). Among all the 
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aromatic rings in 20a (PS19), 20c (PS32) and 20e (PS40), benzene is the most 

favorable moiety to form pi-pi stacking interactions with Phe152 and Phe208 residues 

in the narrow substrate binding pocket of HDAC8 which can explain the activity 

alterations from 20a (PS19) (IC50 = 0.28 μM) to 20c (PS32) (7.2% @1 μM) and 20e 

(PS40) (IC50 = 4.4 μM). Meanwhile the previously described piperidin-4-yl linker can 

solely interact with Phe208 giving activity decreased from 20a (PS19) (IC50 = 0.28 

μM) (Table 2) to 8j (PS18) (IC50 = 0.67 μM) (Table 1). 

 

Table 3. Enzymatic activity of compounds with isoindoline linker and D-amino acid derivatives 

or 20n 

Cpd No. R hHDAC8 inhibition (μM)a 

20f 

PS14  

0.64 ± 0.17 

20g 

PS22 
Cl

Cl

 

74.3% @ 10 μM 

28.0% @ 1 μM 

20h 

PS23 

Cl

Cl  

0.39 ± 0.074 

20i 

PS20 N
H  

1.07 ± 0.26 

20j 

PS17 S  

0.66 ± 0.13 

20k 

PS34  
n.t.b 

20l 

PS35  
9.5 ± 2.3 

20m 

PS36 

O

 
n.d. 

20n 

PS33 
Shown in table header n.d. 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 
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Larger FP binding group like naphthalene 20f (PS14) and biphenyl 20l (PS35), more 

flexible moieties 20m (PS36) and smaller moieties 20k (PS34) as well as more rigid 

group 20n (PS33) turned out to be active but with less stronger inhibition (Table 3). In 

conclusion, our optimized methylindole ring moiety as FP targeting group in 

compound 20a (PS19) is preferred for HDAC8 binding affinity compared with the 

previous reported most promising 2,4-chlorophenyl moiety in compound 20h (PS23). 

 

 
Figure 37. Superimposition of HDAC8 (PDB ID 3SFH) with HDAC6 (PDB ID 5EDU) and HDAC1 

(PDB ID 5ICN). HDAC6 is colored in green (differences are highlighted in yellow), HDAC1 is magenta, 

HDAC8 is in grey. (Docking data provided by Lucas Praetorius). 

 

8g (PS11), 8a (PS1), 8d (PS4), 8j (PS18), 20a (PS19) were found to be selective for 

HDAC8 over HDAC1 and HDAC6 (Table 6). This selectivity mainly results from the 

differences of amino acid residues in loops 1, 2, 3 and 7. Trp141 in HDAC8 is 

replaced by proline in loop3 of HDAC6 leading to the foot pocket being inaccessible 

to accomodate large moieties like aromatic rings (Figure 37, left). However, Trp141 

replaced by leucine as well as Lys33 by the more protuberant methionine in HDAC1 

which not only change the cavity shape and physicochemical features of the foot 

pocket but also reduce the pocket volume compared with HDAC8 (Figure 37, right). 

Another factor responsible for selectivity profile improvement for HDAC8 is 

probably oning to the incorporation of the isoindoline linker moiety since cyclic bulky 
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linkers are generally more preferable for selectivity toward HDAC6 and HDAC8 than 

slim cinnamyl and alkyl linkers.83 

 

Table 4. Enzymatic activity of compounds consisted of isoindoline linker, cap group and 

1-methyl-D-tryptophan ZBG 

 

Cpd No. R hHDAC8 inhibition (μM)a 

32a 

PS24 
NN

 
0.461 ± 0.056 

32b 

PS25 
N

N

 
0.364 ± 0.037 

32c 

PS26  
0.662 ± 0.085 

32d 

PS27 
NN

 
0.158 ± 0.027 

32e 

PS28 
NO

 
0.336 ± 0.046 

32f 

PS29 O  
0.358 ± 0.034 

32g 

PS30 

O

 
16.0 ± 2.0 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value.  

 

As mentioned in the previous part, another strategy for HDAC8 inhibitors selectivity 

and potency improvement is the modification of the cap group to regulate the 

interaction between the inhibitor and the rim of the substrate binding pocket of 

HDAC8. However, it is promiscuous and difficult to rationally design and predict the 

modifications. In the subsequently a series of compounds 32a-32g (PS24-PS30) 

(Table 4) was synthesized that incorporate methylindole as FP group and isoindoline 

linker group with a series of different 5-substituted moieties. Only position-5 of the 

isoindoline moiety was considered since inhibitors with relatively linear and planar 

ring features in the substrate binding pocket are preferable but docking results showed 

that 4-substituted compounds do not fit well into the pocket. The inhibitory activities 

were not improved in compounds 32a (PS24) and 32b (PS25) even though a salt 
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bridge could be observed with Asp101 with the proximal protonated nitrogen of the 

piperazine moiety.  

 

Figure 38. Docking pose of 32d (colored cyan) in the HDAC8 binding pocket (PDB ID 3SFH). Blue 

dashed lines are hydrogen bonds/metal coordination, green lines are π-π stacking interaction. (Docking 

data provided by Lucas Praetorius). 

 

Whereas, for 32d (PS27) both the molecular docking pose (Figure 38) and molecular 

dynamics (MD) simulations postulated that the rigidly attached methylpiperazine 

stretched out of the substrate binding pocket where the positively charged nitrogen 

can interact with surrounding water molecules resulting in the only inhibitory activity 

improvement to an IC50 of 0.158 μM among these series of compounds (Table 4 and 

Figure 38). Moreover, based on the other compounds’ inhibitory activities 

(32c-32g/PS26-PS30) it can be deduced that no direct interactions were formed 

between these cap groups and amino acid residues of the enzyme surface, that is why 

32d (PS27) with the most hydrophilic character displayed the best activity. 
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Table 5. Enzymatic activity of compounds with isoindoline linker, relatively larger cap groups and 

1-methyl-D-tryptophan ZBG 

 

Cpd No. R hHDAC8 inhibition (μM)a 

52a 

PS44 
N

O

N

 

86.7% @ 1 μM 

29.2% @ 0.1 μM 

52b 

PS48 

ON

N
F

 

0.140 ± 0.07 

52c 

PS42 
N

N S
 

80.7% @ 1 μM 

21.8% @ 0.1 μM 

52d 

PS43 N

N

N

 

0.200 ± 0.020 

52e 

PS51 

Cl

N

N  

0.096 ± 0.008 

52f 

PS50 

NO

N

N  

0.090 ± 0.007 

52g 

PS56 
N

N

O

N
 

0.095 ± 0.008 

52h 

PS52 N
O

N
N

 

0.074 ± 0.008 

52i 

PS53 

N

O

N

N

 

0.086 ± 0.007 

52j 

PS57 N
H

O

 

0.066 ± 0.005 

52k 

PS54 N
H

Cl
O

 

0.072 ± 0.04 

52l 

PS58 N
H

O
O

 

0.051 ± 0.004 μM 

52m 

PS59 N
H

Cl
O

Cl
 

0.144 ± 0.014 μM 
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52n 

PS60 N
H

Cl
O

Cl  

85.1% @ 1 μM 

22.4% @ 0.1 μM 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. 

 

Compound 52b (PS48) (Table 5) showed a similar activity (IC50 = 0.140 μM) 

compared to 32d (PS27) (IC50 = 0.158 μM). However, for the 5-amido based cap 

groups, especially for 52j-52l (PS57, PS54, PS58) (Table 5), hydrogen bond 

interactions between the amide-NH at position-5 of isoindoline and Asp101 was 

postulated by docking studies to be responsible for the activity improvement. A 

similar finding was demonstrated for the reported AA3. Additionally, interactions of 

these series compounds with HDAC8 amino acid residues of the rim region might be 

responsible for an activity improvement of 52l (PS58) (IC50 = 0.051 μM) and 52j 

(PS57) (IC50 = 0.066 μM). In conclusion, the strategies of R-amino acid unit applied 

as ZBG, insoindoline as linker which is substituted at position-5 via an amide group 

yielded compound 52l (PS58) with the most potent inhibitory activity which is about 

7 folds more active than the reported compound AA2 and about 30 fold more active 

than the initial in virtual screening hit AA4 (Part 1, 1.7).   

 

Table 6. Selectivity profiles of representative compounds 

Cpd 

No. 

hHDAC inhibition (μM)a 

1 2 3 8 6 11 

8a 

PS1 

25.7% @ 25 μM 

11.0% @ 10 μM 
n.t.b n.t. 3.22 ± 0.56 6.2% @ 25 μM n.t. 

8d 

PS4 

40.5% @ 25 μM 

14.9% @ 10 μM 
n.t. n.t. 2.49 ± 0.22 6.1% @ 25 μM n.t. 

8j 

PS18 

46.4% @ 25 μM 

25.1% @ 10 μM 
n.t. n.t. 0.67 ± 0.082 

63.5% @ 25 

μM 

44.7% @ 10 

μM 

n.t. 

20a 

PS19 

54.6% @ 25 μM 

37.8% @ 10 μM 
n.t. n.t. 0.28 ± 0.61 

24.7% @ 25 

μM 

14.0% @ 10 

μM 

35.8% @ 10 μM 

20f 

PS14 

69.9% @ 25 μM 

49.2% @ 10 μM 
n.t. n.t. 0.643 ± 0.167 

34.7% @ 25 

μM 

14.9% @ 10 

μM 

n.t. 
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20h 

PS23 
n.t. n.t. n.t. 0.39 ± 0.074 n.t. 5.3% @ 10 μM 

32b 

PS25 
n.t. n.t. n.t. 0.364 ± 0.037 n.t. 20% @ 10 μM 

32d 

PS27 

28.4% @ 10 μM 

9.4% @ 1 μM 

30.7% @ 10 μM 

10.1% @ 1 μM 

10.6% @ 10 μM 

3.3% @ 1 μM 
0.158 ± 0.027 n.t. 40.5% @ 10 μM 

32f 

PS29 
n.t. n.t. n.t. 0.358 ± 0.034 n.t. n.d 

32g 

PS30 
n.t. n.t. n.t. 16.0 ± 2.0 n.t. 10.4% @ 10 μM 

52d 

PS43 
8.0% @ 10 μM 3.9% @ 10 μM 19.4% @ 10 μM 0.200 ± 0.02 n.t. 

84.7% @ 10 μM 

16.8% @ 1 μM 

52e 

PS51 
n.t. n.t. n.t. 0.096 ± 0.008 n.t. 

70.8% @ 10 μM 

9.8% @ 1 μM 

52f 

PS50 
n.t. n.t. n.t. 0.090 ± 0.007 n.t. 17.2% @ 10 μM 

52g 

PS56 
12.7% @ 10 μM 6.0% @ 10 μM 15.9% @ 10 μM 0.095 ± 0.008 n.t. 

29.4% @ 10 μM 

12.8% @ 1 μM 

52h 

PS52 
n.t. n.t. n.t. 0.074 ± 0.008 n.t. 

52.1% @ 10 μM 

47.9% @ 1 μM 

52i 

PS53 
n.t. n.t. n.t. 0.086 ± 0.007 n.t. 

48.8% @ 10 μM 

17.4% @ 1 μM 

52j 

PS57 

28.8% @ 10 μM  

7.6% @ 1 μM 

11.1% @ 10 μM  

1.1% @ 1 μM 

17.1% @ 10 μM  

5.6% @ 1 μM 
0.066 ± 0.005 

9．2% @ 10 μM 

1．6 % @ 1 μM 
n.d. 

52k 

PS54 

24.7% @ 10 μM  

4.0% @ 1 μM 

20.7% @ 10 μM 

1.6% @ 1 μM 

31.3% @ 10 μM 

5.0% @ 1 μM 
0.072 ± 0.04 

2．9% @ 10 μM 

2．8% @ 1 μM 

34.8% @ 10 μM 

9.8% @ 1 μM 

52l 

PS58 

27.0% @ 10 μM  

7.1% @ 1 μM 

24.6% @ 10 μM 

2.8% @ 1 μM 

31.7% @ 10 μM 

7.3% @ 1 μM 
0.051 ± 0.004 n.t. 

23.7% @ 10 μM 

6.6% @ 1 μM 

52m 

PS59 

32.6% @ 10 μM   

5.6% @ 1 μM 
26.2% @ 10 μM 

36.3% @ 10 μM 

5.4% @ 1 μM 
0.144 ± 0.014 n.t. 

34.3% @ 10 μM 

4.3% @ 1 μM 

PCI- 

34051 
28.3 ± 2.0 n.t. n.t. 0.092 ± 0.015 48.2 ± 6.2 n.t. 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value, b: 

n.t = not tested. 

 

All confirmed HDAC subtypes selectivity profiles of amino acid-derived HDAC8 

selective inhibitors are listed in Table 6 from which we can find that most of these 

inhibitors have comparable HDAC8 inhibition with PCI-34051 and excellent 

selectivity towards HDAC8 over other HDAC subtypes. 
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2.4 Cytotoxicity studies against healthy human HEK293 cells 

In order to determine the cytotoxicity of our compounds against healthy human cells, 

human embryonic kidney cell line (HEK293) was used and its viability was evaluated 

using the Alamar Blue assay. HEK293 cells were incubated with the corresponding 

compounds at a concentration of 50 μM for 45 h and then compared with standard 

samples. All the results are displayed below (Table 7). Unfortunately, several of the 

developed HDAC8 inhibitors have strong cytotoxicity in HEK293 cell line especially 

those bearing larger cap group e.g. 52a-52i and 52k-52n. This structural feature may 

be attributed to certain unknown off-target effects. Further studies and synthesis of 

modified analogs are necessary to clearly understand this observation. The 

cytotoxicity data was provided by Dr. Frank Erdmann, Institute of Pharmacy, 

Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

 

Table 7. Cytotoxicity Studies in HEK293 Cells 

compounds Viability (%)a compounds Viability (%) 

8a 73.1 ± 4.3 20j 60.0 ± 5.3 

8b 58.1 ± 3.5 20k 89.6 ± 5.8 

8c 67.4 ± 2.8 20l 21.9 ± 1.5 

8d 68.8± 4.3 20m 74.2 ± 3.4 

8e 69.6 ± 3.5 32a 90.3 ± 4.2 

8f 83.2 ± 6.0 32b 44.7 ± 1.5 

8g 76.4 ± 6.6 32c 34.0 ± 3.3 

8h 1.2 ± 0.1 32d 75.6 ± 1.5 

8i 59.1 ± 1.8 32e 88.9 ± 5.3 

8j 41.6 ± 1.7 32f 41.2 ± 0.7 

8k 67.3 + 3.5 32g 25.8 ± 2.9 

8m 51.3 ± 4.0 52a 13.7 ± 2.2 

8n 31.7 ± 2.3 52b 0.92 ± 0.15 

8o 2.6 ± 1.4 52c 0.68 ± 0.3 

8p 69.2± 3.7 52d 0.54 ± 0.3 

8q 89.3 ± 14.3 52e 0.58 ± 0.09 

8r 88.8 ± 9.1 52f n.t. 

20a 73.8 ± 2.0 52g 0.95 ± 0.09 

20b n.t.b 52h 0.92 ± 0.15 

20c 102.7 ± 2.2 52i 0.52 ± 0.05 
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20d 53.2 ± 0.7 52j  79.4 ± 5.5 

20e 104.9 ± 1.8 52k 0.77 ± 0.05 

20f 71.8 ± 8.4 52l 18.1 ± 2.4 

20g 80.8 ± 4.1 52m 0.71 ± 0.07 

20h (PS23) 71.8 ± 2.1 52n 0.78 ± 0.07 

20i 73.5 ± 5.0 Daunorubicin IC50 12.55 ± 0.07 μM 

a: Inhibition percentage of each compound in 50 μM for 45 h against HEK 293 cell line, b: n.t = not 

tested. Yellow marked compounds show significant toxicity.
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2.5 Biological activity assessment for chosen amino acid-derived 

HDAC8 inhibitors  

 

HDAC8 is a promising target for neuroblastoma treatment as described in part 1 (Part 

1, 1.5), therefore we assessed several of the first discovered inhibitors 20a (PS19) 

(HDAC8 IC50 = 0.28 μM), 32b (PS25) (IC50 = 0.364 μM) and 32d (PS27) (IC50 = 

0.158 μM) in the BE(2)-C cell line for an antiproliferative activity study. All three 

inhibitors showed no pronounced cytotoxity in HEK293 cells, The best compound 

32b (PS25) demonstrated a dose dependent antiproliferative activity against BE(2)-C 

cells with an EC50 of 3.63 μM and was more potent than the reference 

HDAC8-selective inhibitor PCI-34051 (EC50 = 6.26 μM). In contrast, the other two 

compounds 20a (PSP19) and 32d (PS27) showed no pronounced antiproliferative 

activity in this cell line (Figure 39), which might due to cell permeability problems. 

The BE(2)-C cell line data was measured by Dr. Ina Oehme at the German Cancer 

Research Center, Heidelberg, Germany.  

 

 

Figure 39. Dose response curve of BE(2)-C cell line treated with 20a (PS19), 32b (PS25), 32d (PS27) 

and PCI-34051 for 96 h, DMSO was used as vehicle, PCI-34051 was used as reference.  

 

It is reported that HDAC8 selective inhibitors can induce apoptosis in Jurkat cell line, 

a type of T lymphocytes cell, based on PLCγ1 (phospholipase C-γ1) activation and 
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calcium-induced mechanism that can be still benefical for T-cell receptor signaling 

defective cells157, but is not based on the hyperacetylation of HDAC and tubulin. To 

evaluate the potency and HDAC substrates specificity, western blot experiments were 

performed as show in Figure 40. The Jurkat cell line data was provided by the group 

of Prof. Alfred SL Cheng, from The Chinese University of Hong Kong, Hong Kong 

SAR, China. 

 



48                                          Biological activity assessment 

 

Figure 40. A: western blot of HDAC substrates acetylation and related protein level in 6.25 × 105 Jurkat 

cells treated with selected leads 52d (PS43), 52b (PS48), 52n (PS60) at 5 µM respectively, 52f (PS50), 

52k (PS54), 52j (PS57), 52l (PS58) at 10 µM respectively for 6 h and 24 h respectively. H3, tubulin, 

SMC3 and GAPDH were used as loading control, DMSO was used as vehicle, PCI-34051 was used as a 

reference. B: percentage of SMC3ac, H3K27ac, HDAC8, tubulin-ac and H3K9ac under the treatment of 

selected inhibitors for 6 h and 24 h repectively. 

 

Interestingly, the chosen compounds 52f (PS50), 52k (PS54), 52j (PS57), 52l (PS58) 

and 52n (PS60) can significantly and selectively upregulate the acetalytion level of 
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SMC3 (HDAC8 substrate) in Jurkat cells and were found to be more potent than the 

reference compound PCI-34051 (Figure 40). The detected SMC3 hyperacetylation is 

another possible SMC associated antiproliferative mechanism of action that differs 

with the PLCγ1 activation and calcium-induced mechanism. Moreover, of all related 

proteins, neither acetylation level of H3K9, H3K27 (classical class I HDAC common 

deacetylation targets) nor tubulin (HDAC6 substrate) acetylation were remarkably 

affected by these amino acid derivatives in Jurkat cells. An HDAC8 up-regulation 

effect was observed by 52l (PS58) and 52n (PS60). These obtained results confirm 

that the developed compounds are true HDAC8 selective inhibitors as shown in the 

enzymatic assay (Table 6).  
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2.6 Discussion and conclusion of this part 

 
Figure 41. Structures of 32b (PS25), 52j (PS57) and their brief discovery process 

  

Table 8. The summary of biological data for 32b (PS25), 52j (PS57) 

Cpd. 

No. 

hHDAC inhibition (μM)a HEK 

293 

Viabilityb 

(%) 

Function in vitro 
1 2 3 6 8 11 

32b 

PS25 
n.t n.t n.t n.t 

0.364± 

0.037 

20% @ 

10 μM 
44.7 

EC50 = 3.6 μM 

in BE(2)-C cell 

line 

52j 

PS57 

28.8% @10 

μM 

7.6% @ 1 

μM 

11.1% @ 

10 μM   

1.1% @ 1 

μM 

17.1% @ 

10 μM   

5.6% @ 1 

μM 

9．2% @ 

10 μM 

1．6 % @ 

1 μM 

0.066 ± 

0.005 
n.tc 79.4 

Selectively 

up-regulated 

SMC3ac in 

jurkat cell line 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value, b: 

compounds 50 μM for 45 h against HEK 293 cell line. c: n.t = not tested. 

 

Starting from an inhouse virtual screening AA4/8g (PS11) and combining the reported 

binding mode of amino acid-based HDAC8 inhibitors, we designed and synthesized 

several series of amino acid derivatives including phenyl(piperidin-4-yl)methanone, 

heterocyclic and indoline analogous linkers, we also changed ZBG with aryl, alphatic, 

flexible and rigid moieties, the cap group attached to linker was altered as well. We 

characterized and tested these synthesized compounds in HDAC1-3, 6, 8 and 11 

enzymatic assays to evaluate their potency and selectivity. Several promising 
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compounds were studied in BE(2)-C and Jurkat cell lines to investigate their 

antiproliferative activity. In addition target engagement was studied using western blot 

experiments. Most of the tested compounds could selectively lead to hyperacetylation 

of the HDAC8 substrate SMC3 in Jurkat cells. HEK293 cell line viability was also 

performed to analyze the safety of the compounds for healthy human cells. Of the 

most promising compounds, 32b (PS25), 52j (PS57) with a novel FP group stand out 

as selective and potent HDAC8 inhibitors in cellular condition. To our knowledge, 

this is the first time to confirm their cellular activity for this type of amino acid 

derived HDAC8 selective inhibitors. Importantly, these inhibitors can serve as novel 

useful probes for studying HDAC8 physiological functions. The optimization process 

and generated leads 32b (PS25), 52j (PS57) can be used as starting points for further 

improved HDAC8 selective inhibitors, which should be optimized to avoid 

cytotoxicity against healthy cell lines. 
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Part 3 Alkylated hydrazides: synthesis, characterization and 

biological activity as HDAC8 and HDAC3 selective inhibitors  

3.1 Chemistry  

3.1.1 Synthetic methods for boronic acid and hydrazine alkylation  

 

 
Figure 42. Reagent and conditions: AcCl 2.0 eq, DIPEA 3.5 eq, DCM, rt, 30 min. 

 

In the first step, the key intermediate 72 was generated from the commercially 

available material 71 by acylation. Compound 73 was also commercially available 

(Figure 42).  

 

 

Figure 43. Reagents and conditions: Propionaldehyde 1.5 eq, MeOH/THF and then NaBH4 1.6 eq, 30 

min. 

 

For the important alkylated hydrazide intermediate 75a, the reported method (Figure 

43)130 failed to explore because it was difficult to separate the target product from 

reaction mixture. Another disadvantage for this applied one-pot method is that the 

solvent has to be removed in the beginning of the second procedure. (Figure 43)  
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Figure 44. Alkylation of hydrazide  

 

Therefore, we refined the method by decreasing the amount of the used aldehyde to 

avoid the double alkylated byproduct of 75a, and used methanol as the sole solvent in 

the whole process. Additionally NaBH4 was replaced by NaBH(AcO)3 to reduce the 

intermediate Schiff base to the monoalkylated product 75a, in oroder to avoid that the 

reduction of iodo substituent by NaBH4 to generate byproduct 75-1. Nevertheless, 

75-1 was still observed when using NaBH(AcO)3 after a long reaction time 

(overnight). Hence, the reaction time was decreased to 2 h to decrease the amount of 

the un-iodinated side product. (Figure 44) 

 

3.1.2 Syntheis of alkylated side chains, biphenyl and phenyl linker-derived compounds 

 

 

Figure 45. Reagents and conditions: (a) Respective aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, rt, 2 h and 

then NaBH(AcO)3 2.0 eq, 1 h, rt; (b) (Boc)2O 1.1 eq, TEA 2.5 eq, THF, rt; (c) 73 1.0 eq, Pd(PPh3)4 0.04 

eq, K2CO3 2.2 eq, PhMe/MeOH/H2O, 90 oC, 7 h; (d) Pd/C, NaBH4 5.0 eq, MeOH, overnigh; (e) AcCl 1.5 

eq, DIPEA 3.0 eq, DCM, rt, 30 min; (f) HCl/dioxane (4M), DCM, rt, 3 h; (g) 72 1.0 eq, Pd(PPh3)4 0.04 eq, 

K2CO3 2.5 eq, PhMe/MeOH/H2O, 90 oC, 7 h. 

 

In the subsequent procedure, Boc-protected iodophenyl derivatives were coupled with 

boronic acid by Suzuki coupling and a following Boc-deprotection procedure afforded 
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the final biphenyl products 80b-80d. 80a was obtained using another route involving 

Cbz-deprotection (Figure 45, step d), acylation (Figure 45, step e) and finally 

Boc-deprotection (Figure 45, step f). 

 

 

Figure 46. Reagent and conditions: (a) AcCl 1.5 eq, DIPEA 3.5 eq, DCM, rt, 30 min; (b) 

Bis(pinacolato)diboron 1.0 eq, KOAc 2.0 eq, Pd(PPh3)2Cl2, dioxane, 90 oC, 6 h; (c) 76d 1.0 eq, K2CO3 

2.2 eq, Pd(PPh3)2Cl2 0.04 eq, dioxane/H2O (5 : 1), 90 oC, 15 h; (d) HCl/dioxane (4M), DCM, rt, 3 h. 

 

Besides, a large scale and economic method for the synthesis of 80d was developed as 

follows: 4-bromobenzylamine (148) was acetylated and then transformed to the 

boronate esters 80d-2, followed by the same above mentioned procedure (Figure 46). 

 

 

Figure 47. Reagents and conditions: (a) CbzCl 1.1 eq, Na2CO3 4.0 eq, H2O, ice bath to rt, 1.5 h; (b) CDI 

1.05 eq, THF, 30 min; (c) Hydrazine monohydate 10.0 eq, THF, rt; (d) Respective aldehyde 1.1 eq, 
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NaBH(AcO)3 3.0 eq, DCM, rt, overnight; or aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, 2 h, rt and then 

NaBH4 4.0 eq, 1 h; (e) (Boc)2O 1.2 eq, DIPEA 2.0 eq, THF, rt; (f) Pd/C 20%, NaBH4 5.0 eq, MeOH, rt, 

overnight; (g) AcCl 1.5 eq, DIPEA 3.0 eq, DCM, rt, 30 min; (h) HCl/sioxane, DCM, rt, 3 h.  

 

Since aminomethylbenzoic acid was utilized as a starting material, it was first 

protected by basic stable protective groups like Cbz at the free amino position and 

then reacted with hydrazine, and followed by similar procedure for 80a (Figure 45) to 

give the products 80e and 80f (Figure 47).  

 

 

Figure 48: Failed methods for Cbz group deprotection. 

 

But in the Cbz-deprotected step as described above (Figure 48) of the reduction 

reaction, when Pd/C was used as catalyzed using hydrogen or ammonium formate as 

hydrogen source can both lead to the removal of the amino group perhaps due to the 

electron withdrawing effect of the carbonyl group in para-position of 86a. Finally, the 

reaction can perform smoothly to give target product (Figure 45, step d and Figure 47, 

step f) while sodium borohydride was used as hydrogen source. 

 

3.1.3 Synthesis of pyrimidine linker-derived compounds 

 

Figure 49. Reagents and conditions: (a) AcCl 1.5 eq, DIPEA 3.0 eq, DCM, 30 min, rt; (b) HCl/dioxane 

(4M), DCM, rt, 3 h. 

 

In the other series of pyrimidine derivatives (Figure 50), 

2-chloropyrimidinearboxylate 92 was taken as starting material, nucleophilic 

substitution of the chloro-group by the respective amine followed by hydrazine 

acylation afforded the intermediate 94a-94m which were finally converted into the 
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alkylated products 95a-95m. However, for 95i and 95m, their key intermediate 91 

should come from starting material 89 (Figure 49). 

 

 

Figure 50. Reagents and conditions: (a) 91 or R1R2NH 1.0 eq, DIPEA 3.5 (for 91) or 2.5 eq, DCM, rt, 

0.5-3 h; (b) Hydrazine monohydrate 30.0 eq, EtOH, 0.5-3 h, reflux or Hydrazine monohydrate 10.0 eq, 

EtOH, microwave 110 oC, 1 h; (c) Respective aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, 2 h, rt and then 

NaBH4 4.0 eq, 1 h. 

 

3.1.4 Synthesis of derivatives with indole cap group and pyrimidine linker. 

For a further series of compounds focusing on piperazinylpyrimidine derivatives 

(Figure 52) especially indole derivatives, we first protected one piperazine-NH by 

benzylation and then coupled with pyrimidine. Further steps of acylation, alkylation 

and Boc-protection afforded the key intermediate 102a and 102b, which were 

subjected to benzyl group deprotection to produce 103a and 103b. The latter were 

converted to 104a-104h by reductive amination or nucleophilic substitution with 

different indole derivatives like compound 107 (Figure 51) or indolecarbaldehyde. 

 

 

Figure 51: Methylation method for indole. 
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Figure 52. Reagents and conditions: (a) Benzyl chloride 2.0 eq, K2CO3 5.8 eq, EtOH, reflux, overnight; 

(b) HCl/dioxane (4M), DCM, rt, 3 h; (c) 92 1.0 eq, DIPEA 4.5 eq, DCM, rt, 1 h; (d) Hydrazine 

monohydrate 30.0 eq, EtOH, reflux; (e) Respective aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, 2 h, rt and 

then NaBH4 4.0 eq, 1 h; (f) (Boc)2O 1.1 eq, TEA 2.5 eq, DCM, rt, overnight; (g) Pd/C 10% wt, 

ammonium formate 4.0 eq, EtOH, 60 oC, 4 h; (h) Respective aldehyde 1.0 eq, NaBH(AcO)3 2.0 eq, DCM, 

rt, overnight; (i) Alkyl bromide 1.2 eq, K2CO3 2.5 eq, DMF, 80 oC, overnight; (j) HCl/dioxane (4M), 

DCM, ice bath, 3 h. 

 

3.1.5 Synthesis of cinnamate derivatives 

 

 

Figure 53. Reagents and conditions: (a) HATU 1.0 eq, Hydrazine monahydrate 2.0 eq, DIPEA 3.0 eq, 

DMF; (b) Respective aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, 2 h, rt and then NaBH4 4.0 eq, 1 h, rt. 

 

When we introduced cinnamyl moiety to the linker part of alkylated hydrazides, 

products 110a and 110b were designed and synthesized via the hydrazide derivative 

100 which was subsjected to reductive amination with the respective aldehyde (Figure 

53). 

 



58                                                              Part 3 

3.1.6 Synthesis of benzylamine cap group-derived compounds  

 

 

Figure 54. Reagents and conditions: (a) Benzyl chloride 0.91 eq, K2CO3 2.27 eq, DMF, 100 oC; (b) 

Hydrazine monohydrate 10.0 eq, EtOH, microwave, 110 oC, 1 h; (c) Hexanal 1.05 eq, pTSA 0.05 eq, 

MeOH, 2 h, rt and then NaBH4 4.0 eq, 1 h. 

 

As described above, both the composition and the position of the cap group attached 

to the linker can influence the binding affinity and selectivity of the inhibitors. 

Compounds 114a and 114b were synthesized using similar steps as applied above 

(Figure 54). 

 

3.1.7 Synthesis of benzothiohydrazide-derived compounds 

 

 
Figure 55: The formation of thioamide starting from amide and its plausible mechanism of action. The 

P=O is more stable than P=S bond in a cycloreversion step attributed to the converting force of amide 

into thioamide 
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We also designed several benzothiohydrazide derivatives instead of 

benzohydrazide-based compounds to get insights into the ZBG influence on the 

binding affinity. It was postulated that this group should enhance the coordination 

with the zinc ion owning to the stronger chelating ability of sulphur atom as compared 

to oxygen atom. Thereby, Lawessons’ reagent was used to convert the carboxylic 

oxygen into sulphur under a heating condition (Figure 55). In the beginning, we used 

a microwave assisted procedure at 100 oC and THF was used as solvent for 1 h with 

one equivalent of Lawesson’s reagent. However, the products were obtained in very 

low yields which was observed even for intermediates 115, 121 and 124. The latter 

compounds were smoothly transformed to 116, 122 and 125 using toluene as solvent 

and reflux within 30 min. When reaction time was prolonged, the corresponding 

products were degraded.  

 

 

Figure 56. Reagents and conditions: (a) TrtCl 1.05 eq, TEA 2.5 eq, DCM, rt; (b) Lawesson’s reagent 0.6 

eq, PhMe, reflux, 25 min; (c) AcOH/H2O (4 : 1), rt, overnight; (d) AcCl 1.0 eq, TEA 3.0 eq, DCM, rt; (e) 

HCl/dioxane; (4M), DCM, rt, 3 h. 

 

In the synthesis of 120, intermediate 191 was employed which was obtained using 

similar procedure like product 78a. The starting compound was first protected by Trt 

group and the product was refluxed in a mixture of Lawesson’s reagent for 25 min to 

afford the thio product 116 which was deprotected in AcOH/H2O. Subsequently, 

similar steps as for 80a (Figure 45) were adapted to generat the final product 120 

(Figure 56). 
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Figure 57. Reagents and conditions: (a) (Boc)2O 1.2 eq, TEA 2.5 eq, DCM, rt; (b) Lawesson’s reagent 0.6 

eq, toluene, reflux, 30 min; (c) HCl/dioxane (4M), DCM, rt, 3 h. 

 

Compounds 95a and 95l were directly used for the synthesis of 123a and 123b 

(Figure 57) using the similar key step as 120 (Figure 56). Whereas for compound 128 

(Figure 58), the staring material 103b was again protected by Trt group, where similar 

steps as with 120 afforded the key intermediate 126 which was subjected to a 

reductive amination step d followed by Boc-deprotection step e giving the final 

compound 128. 

 

 
Figure 58. Reagents and conditions:(a) TrtCl 1.05 eq, TEA 2.5 eq, DCM; (b) Lawesson’s reagent 0.6 eq, 

toluene, reflux, 20 min; (c) AcOH/H2O (4 : 1), rt, overnight; (d) Hexanal 1.0 eq, NaBH(AcO)3 2.0 eq, 

DCM, rt, overnight; (e) HCl/dioxane (4M), DCM, ice bath, 3 h. 
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3.2 Structure-activity relationship of alkylated hydrazides as 

inhibitors of HDAC8, HDAC3 and other HDAC subtypes 

 

Table 9. Enzymatic activity of compounds containing a phenyl linker, acetamide cap group and alkylated 

hydrazide moiety of different length 

 

Cpd  

No. 
R n 

hHDAC inhibition (μM)a 

1 2 3 8 4 6 11 

80a 

PSP40  
2 1.6 ± 0.1 0.63± 0.03 0.091±0.003 0.7 ± 0.07 0.99 > 20 1.8 

80b 

PSP41  
3 0.62 ± 0.05 1.1 ± 0.1 0.35 ± 0.02 n.t. n.t n.t 2.3 

80c 

PSP42  
4 0.66 ± 0.05 2.0 ± 0.2 1.5 ± 0.1 0.35 > 60 > 20 0.27 

80d 

PSP43  
5 1.8 ± 0.3 12 ± 1 > 20 

0.036± 

0.002 
> 60 > 20 0.18 

80e 

PSP39  
2 1.6 ± 0.2 5.5 ± 0.4 1.6 ± 0.1 n.t n.t n.t 3.6 

80f 

PSP67  
5 4.8 ± 0.4  12 ± 1 > 20 0.023±0.001 n.t > 20 0.34± 0.003 

SR-3558 phenyl 3 0.09 0.80 0.06 2.43 n.t. n.t. n.t. 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

We began the first optimization by modification of the β-nitrogen position of the 

biphenylhydrazine using different lengths of alkyl chains from 3-6 carbons (Table 9). 

This was carried out because previous studies reported that the chain length can 

remarkably influence the potency and selectivity of hydrazide-based HDAC inhibitors, 

particularly 3-carbons were shown the ideal length for HDAC1-3 selectivity and 

potency. Thus here, our initial compound 80a (PSP40) displayed potent HDAC3 

inhibition with an IC50 of 0.091 μM and improved selectivity profiles especially over 

HDAC1 and HDAC8 (IC50 = 1.6 μM and IC50 > 20 μM, respectively) compared to the 

reported referebce compound SR-3558 with IC50 of HDAC1 = 0.09 μM, HDAC2 = 
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0.8 μM, HDAC3 = 0.06 μM and HDAC8 = 2.43 μM which was consistent with 

reported findings (Part 1, 1.7.2). Surprisingly, compound 80d (PSP43) with a N-hexyl 

group showed potent HDAC8 inhibition and selectivity over other tested HDACs. It 

only possessed moderate inhibition of HDAC11 with an IC50 of 0.18 μM. No 

appreciable activities were observed from 4- and 5-carbons (80b (PSP41) and 80c 

(PSP42)) for all the tested HDAC isoforms. This might because only 3- and 6-carbons 

are very suitable to fit the foot pocket size of HDAC3 and HDAC8, respectively. 

However, 80b (PSP41) and 80c (PSP42) still showed significant activity on other 

HDACs (including HDAC3 and 8). 

 

In addition, we modified the HDAC3 and HDAC8 selective compounds 80a (PSP40) 

and 80d (PSP43) by truncating the phenyl cap group resulting in 80e (PSP39) and 80f 

(PSP67). Only 80f (PSP67) showed comparable HDAC8 potency with an IC50 of 

0.023 μM compared with parent 80d (PSP43 with an IC50 of 0.036 μM) whereas the 

HDAC3 activity of 80e (PSP39) with a 3-carbon akylated chain diminished. The 

hydrazide-based selective HDAC8 inhibitors featuring a 6-carbon alkyl group were 

firstly reported by us in this work (Table 9). 

 

Table 10. Enzymatic activity of compounds containing a pyrimidine linker, aryl cap group and alkylated 

hydrazide moiety of different length 

 

Cpd 

No. 
R1 

R

2 
n 

hHDAC inhibition (μM)a 

1 2 3 8 6 11 

95a 

PSP48  
H 2 0.25 ± 0.02 0.7 ± 0.03 

0.043 ± 

0.005 
1.0 ± 0.11 > 20 2.0 

95b 

NI-26  
H 3 

61% @ 1 

μM 

85% @ 10 

μM 

46% @ 1 

μM 

93% @ 10 

μM 

0.20 ± 0.01 

66% @ 1 

μM 

94% @ 10 

μM 

n.t.b 
3.6% @ 1 μM 

34.2% @ 10 μM 

95c 

NI-16  
H 2 

51% @ 1 

μM 

85% @ 10 

39% @ 1 

μM 

90% @ 10 

87% @ 1 

μM 

99% @ 10 

51% @ 1 

μM 

89% @ 10 

n.t. 
-1.9% @ 1 μM 

18.8% @ 10 μM 
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μM μM μM μM 

95d 

NI-15  
H 2 

53% @ 1 

μM 

91% @ 10 

μM 

46% @ 1 

μM 

93% @ 10 

μM 

0.081 ± 

0.002 

36% @ 1 

μM 

83% @ 10 

μM 

n.t. n.t. 

95e 

NI-23  
H 2 

71% @ 1 

μM 

89% @ 10 

μM 

55% @ 1 

μM 

92% @ 10 

μM 

0.060 ± 

0.001 

43% @ 1 

μM 

87% @ 10 

μM 

n.t. n.t. 

95f 

NI-32  
H 2 

54% @ 1 

μM 

92% @ 10 

μM 

61% @ 1 

μM 

96% @ 10 

μM 

0.037 ± 

0.001 

62% @ 1 

μM 

88% @ 10 

μM 

n.t. 
7.3% @ 1 μM 

56.6% @ 10 μM 

95g 

NI-24 
 

H 2 

66% @ 1 

μM 

88% @ 10 

μM 

n.t. 
0.058 ± 

0.002 

33% @ 1 

μM 

83% @ 10 

μM 

nt n.t. 

95h 

PSP45  

- 2 0.59 ± 0.03 2.4 ± 0.1 0.12 ± 0.01 0.25 ± 0.01 > 20 1.6 

95i 

PSP47  
H 2 0.29 ± 0.02 0.92 ± 0.04 0.11 ± 0.01 n.t. > 20 3.0 

95j 

NI-90  
H 5 8.3 ± 1.2 > 20 > 20 

0.063 ± 

0.004 
> 20 0.75 ± 0.09 

95k 

NI-91  
H 5 2.2 ± 0.1 12 ± 1 7.2 ± 0.2 

0.028 ± 

0.002 
> 20 1.4 ± 0.1 

95l 

PSP70  
H 5 0.56 ± 0.03 3.2 ± 0.2 3.0 ± 0.2 

0.016 ± 

0.001 
> 20 0.41 ± 0.02 

95m 

PSP69  
H 5 0.96 ± 0.06 4.5 ± 0.3 8.5 ± 0.4 

0.019 ± 

0.001 
> 20 0.77 ± 0.04 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

In the second optimization step, we replaced the phenyl and biphenyl linkers with 

pyrimidine and incorporated arylamine and methylpiperizine as cap groups achieving 

compounds 95a-95m (Table 10). Derivative 95f (NI-32) bearing a 

para-chlorobenzylamine as cap group showed the best improvement in HDAC3 

activity improvement (IC50 = 0.037 μM). In addition, chains with compounds bearing 

n-propyl group at the β-nitrogen position were superior to n-butyl 95b (NI-26) and 

n-hexyl derivatives 95j-95m (Table 10). Overall more flexible 95c (NI-16) (87% @ 1 

μM), larger 95d (NI-15) (IC50 = 0.081 μM), longer 95i (PSP47) (IC50 = 0.11 μM), 
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mono and bichloro substituted (95e-95g, Table 10) and hydrophilic cap groups 

showed nanomolar range HDAC3 activity as in 95f (NI-32) (IC50 = 0.037 μM). 

 

As observed with the previous series, utilizing n-hexyl instead of n-propyl group 

95j-95m (Table 10) resulted in potent HDAC8 inhibitors with selectivity over other 

tested HDACs. These above results not only indicated that the pyrimidine scaffold 

was aslo favored for HDAC3 and HDAC8 inhibition but also confirmed again that 3- 

and 6-carbon alkylated is determinant for potency and selectivity of the compounds.  

 

Table 11. Enzymatic activity of compounds containing a piperazinylpyrimidine linker, indole cap groups 

and 3- or 6-carbon length alkylated hydrazide moiety 

 

Cpd 

No. 
R1 n m 

hHDAC inhibition (µM)a 

1 2 3 6 8 11 

105a 

PSP49  
1 2 

0.073 ±  

0.007 
1.1 ± 0.1 

0.030 ± 

0.001 
> 20 

0.0082 ± 

0.0006 
0.570 

105b 

PSP73  
1 5 0.17 ± 0.01 0.31 ± 0.01 0.10 ± 0.04 > 20 

0.0059 ± 

0.0006 
0.041 

105c 

PSP50  
1 2 

0.011 ± 

0.002 
0.45 ± 0.02 

0.037 ± 

0.001 
n.t. 

0.028 ± 

0.002 
0.093 

105d 

PSP74  
1 5 0.17 ± 0.01 0.33 ± 0.02 0.30 ± 0.02 > 20 

0.014 ± 

0.001 
0.027 

105e 

PSP51  
2 2 

0.081 ± 0.

007 
1.3 ± 0.1 

0.025 ± 

0.001 
n.t. 

0.028 ± 

0.002 
0.39 

105f 

PSP72  
2 5 0.86 ± 0.07 1.40 ± 0.10 1.00 ± 0.10 > 20 

0.013 ± 

0.001 
0.047 

105g 

PSP52  
2 2 

0.29 ± 0.02

4 

69% @ 1 

µM 

98%@ 10 

µM 

0.021 ± 

0.001 
n.t. 

0.022 ± 

0.001 
0.31 

105h 

PSP71  
2 5 0.46 ± 0.03 1.20 ± 0.10 1.40 ± 0.10 > 20 

0.023 ± 

0.002 
0.120 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

In the subsequent optimization, indole and methyl indole were attached to a 
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piperizinyl pyrimidine linker via one or two carbons yielding compounds of 

105a-105h (Table 11). Almost all compounds exhibited excellent inhibiton of HDAC8 

among which the best one was 105b (PSP73) (IC50 = 0.0059 μM against HDAC8) 

which also exhibited strong HDAC11 inhibition (IC50 = 0.041 μM). In addition, all 

derivatives bearing an n-propyl chain linked with the β-nitrogen of the hydrazide 

(105a (PSP49), 105c (PSP50), 105e (PSP51) and 105g (PSP52)) showed excellent 

inhibition of HDAC3. It seems like that indole and methyl indole with 2-carbon cap 

group (105e (PSP51), 105g (PSP52)) were superior targeting HDAC3 whereas indole 

with one carbon cap group of 105a (PSP49), 105b (PSP73) displayed some 

preference for HDAC8.  

 

Moreover, N-methylindole connected to the linker via a methylene moiety and an 

n-propylated β-nitrogen of the hydrazide resulted in the best HDA11 inhibitor 105d 

(PSP74) (IC50 = 0.027 μM for HDAC11). In conclusion, we discovered HDAC8 

selective inhibitor 105h (PSP71), HDAC3/8 dual inhibitor 105e (PSP51) and 105g 

(PSP52) as well as HDAC8/11 dual inhibitor 105b (PSP73), 105d (PSP74) and 105f 

(PSP72) through this optimization.  

 

Table 12. Enzymatic activity of compounds conatining a phenylethylene linker and 3- or 6-carbon length 

alkylated hydrazide moiety 

 

Cpd No. n 
hHDAC inhibition (µM)a 

1 2 3 8 11 

110a 

NI-105 
2 

4% @ 1 µM 

20%@10 µM 

2% @ 1 µM  

9% @ 10µM 
15% @10µM  > 6 n.t.b 

110b 

PSP85 
5 > 20 > 20 > 20 1.5 ± 0.2 6.6 ± 1.6 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

Inserting one double bond between biphenyl group and the hydrazide ZBG, 

compounds of 110a (NI-105) and 110b (PSP85) resulted in strong loss in activity 
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against all tested HDAC isoforms (Table 12). 

 

Table 13. Enzymatic activity of compounds containing a benzylamine cap group and 

n-hexylatedhydrazide moiety 

 

Cpd 

No. 
R 

hHDAC inhibition (µM)a 

1 2 3 8 6 11 

114a 

NI-82 
H > 20 > 20 > 20 0.046 ± 0.003 > 20 13 ± 2 

114b 

NI-85 
CH3 

35% @10

 µM  

26% @ 10 

µM  

42% @ 10 

µM  

2% @ 1 µM  

100% @ 10 

µM 

n.t.b n.t. 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

Inspired by our previous work,63 a benzylamine cap group was attached at position-3 

of the phenyl linker yielding compound of 114a (NI-82), which showed potent 

HDAC8 inhibition (IC50 = 0.046 μM). Addionally inserting a methyl group at 

position-4 of the phenyl linker resulted in a loss of HDAC8 inhibition 114b (NI-85) 

(Table 13).  

 

Table 14. Enzymatic activity of compounds containing a thiohydrazide moiety 

 

Cpd No. 
 inhibition (μM)a  

HDAC1 HDAC2 HDAC3 HDAC8 HDAC11 

120 

PSP81 
> 20 > 20 > 20 0.10 ± 0.01 > 20 

123a 21.3% @ 1 μM 15.4% @ 1 μM  50.8% @ 1 μM  15.6% @ 1 μM  > 20 
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PSP82 45.9% @ 10 μM 32.4% @ 1 μM 80.2% @ 10 μM 36.9% @ 10 μM 

123b 

PSP83 
> 20 > 20 > 20 0.093 ± 0.006 > 20 

128 

PSP84 
5.2 ± 0.5 14 ± 1 3.2 ± 0.3 0.025 ± 0.002 1.0 ± 0.1 

a: Inhibition percentage of each compound in corresponding concentration or calculated IC50 value. 

 

The inhibitory potency of benzothiohydrazide derivatives against HDAC3 and 

HDAC8 dramatically decreased compared with their original inhibitors 120 (80d), 

123a (95a), 123b (95b), 128 (105b), maybe because the atom size has also an 

important impact for inhibitors to form perfect coordination with the zinc ion. The 

selectivity of 123b (PSP83) and 128 (PSP84) towards HDAC8 was interestingly 

improved at the same time (Table 14). 
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3.3 Non-enzymatic stability studies 

In order to investigate the chemical stablility of selected compounds under cellular 

assay conditions, a 10 mM solutions of the compounds in DMSO were prepared and 

then diluted with the mixtures of DMEM and MeOH or ACN to afford the final 

solutions (80a of 10 µM in DMEM/DMSO/MeOH as 50/10/40 percentage; 105b, 

105c, 110b and 133 of 50 µM in DMEM/DMSO/ACN as 50/10/40 percentage; 80d, 

105a, 120, 123a, 123b, 128 of 10µM in DMEM/DMSO/ACN as 50/10/40 percentage). 

All the resulting solutions were incubated at 37 oC for 72 h and detected by HPLC to 

quantify their degradation results at different time points of 0 h, 6 h, 12 h, 24 h, 28 h 

and 72 h. The percentage of remaining parent compound is given bellow (Table 15). 

This data was provided by Dr. Matthias Schmidt, Institute of Pharmacy, The 

Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

 

Table 15. Remaining parent compound at different time points  

compounds 0h (%) 6h (%) 12h (%) 24h (%) 48h (%) 72h (%) 
Compound 

types 

80a(PSP40) 100.0 98.3 97.3 94.9 90.4 86.8 
biphenyl, 

80d(PSP43) 100.0 102.7 104.2 105.2 104.0 103.1 

105a(PSP49) 100.0 81.7 83.3 82.9 27.1 31.1 
indole 

derivatives 
105b(PSP73) 100.0 92.3 89.1 79.9 62.3 54.4 

105c(PSP50) 100.0 86.5 77.7 63.9 40.8 31.5 

110b(PSP85) 100.0 100.5 100.2 99.8 89.8 90.2 
cinnamoyl 

derivatives 

120(PSP81) 100.0 78.8 62.2 41.3 24.8 20.3 
thio 

containing 

compounds 

123a(PSP82) 100.0 70.1 52.3 27.9 6.4 5.1 

123b(PSP83) 100.0 72.9 58.8 39.5 26.2 24.6 

128(PSP84) 100.0 68.0 52.2 32.2 14.0 4.5 

 

The results indicate that the biphenyl-based inhibitors 80a, 80d and 110b are very 

stable under the test conditions even after 3 days. The stability of indole-based 

inhibitors 105a-105c are slightly lower than the biphenyl derivatives athough about 

60% of them still remained after 24 h. However, overall the thio containing 

hydrazides (120, 123a, 123b and 128) seemed to be relatively unstable compared with 
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the others. Structural analysis of the degradation products has to be carried out in 

future studies. 
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3.4 HDAC8 inhibitory mechanism of chosen inhibitors 

3.4.1 Mechanism of inhibition of alkylhydrazide based inhibitors 

Different concentrations of the HDAC8 substrate (Abz-SRGGK(STFA)FFRR-NH2 

(S)) were used to determine the Ki values for the chosen inhibitors 80d (PSP43) and 

105a (PSP49) against HDAC8. A Lineweaver-Burk plot was generated based on the 

enzyme kinetics to predict the inhibitory type and Ki of the inhibitors. This data was 

provided by Matthes Zessin, Institute of Pharmacy, Martin-Luther-University 

Halle-Wittenberg, Halle, Germany. 
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Figure 59. Different Lineweaver-Burk and tertiary plots of enzyme kinetics data for 80d (PSP43) (A) 

and 105a (PSP49) (B).Y-axis units: (pmol of substrate cleaved/min)-1, x-axis units: (μmol-1) for HDAC8. 

 

Table 16. Calculated Ki values for 80d (PSP43) and 105a (PSP49) by Lineweaver-Burk plots 

Compounds Ki (nM) 

80d (PSP43) 30.6 

105a (PSP49) 5.5 

 

From these plots (Figure 59) we can conclude that 80d (PSP43) and 105a (PSP49) are 

both substrate-competitive inhibitors of HDAC8 because these graphs have the same 

y-intercept in Lineweaver-Burk plot under different inhibitor concentrations.  

 

PSP43 

PSP49 
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3.4.2 Reversibility testing for chosen inhibitors 

Lastly, a dilution experiment was carried out to determine the reversibility of 105b 

(PSP73) against HDAC8 (Figure 60). The result indicated a reversible inhibitory 

character because the enzymatic activity was recovered after dilution with medium. 

This data was provided by Matthes Zessin, Institute of Pharmacy, 

Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

 

 

Figure 60. In this experiment, the inhibitor was incubated for 30 min with HDAC8 so that it can 

completely inhibit HDAC8 and later treated with substrate (Abz-SRGGK(STFA)FFRR-NH2) and the 

enzymatic activity was detected. 1 nM HDAC8, 4 nM 105b and 50 µM of substrate were used in the 

dilution group; a lower concentration of inhibitor, 1 nM HDAC8 and 50 µM of substrate were employed 

in the without dilution group whereas the before dilution group referred to 4 nM HDAC8, 16 nM 105b 

and 50 µM of substrate were used.  
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3.5 Cytotoxicity studies against healthy human HEK293 cells 

In order to determine the cytotoxicity of our compounds against healthy human cells, 

human embryonic kidney cell line (HEK293) was used and its viability was evaluated 

using the Alamar Blue assay. HEK293 cells were incubated with the corresponding 

compounds at a concentration of 50 μM for 45 h and then compared with standard 

samples. All the results are displayed below (Table 17). Unfortunately, several of the 

developed HDAC8 inhibitors have strong or moderate cytotoxicity in HEK293 cell 

line especially those bearing indole derived cap group e.g. 105a-105h and 128. This 

structural feature may be attributed to certain unknown off-target effects. Further 

studies and synthesis of modified analogs are necessary to clearly understand this 

observation. The cytotoxicity data was provided by Dr. Frank Erdmann, Institute of 

Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

 

Table 17. Cytotoxicity Studies in HEK293 Cells 

compounds Viability (%)a compounds Viability (%) 

80a 83.89 ± 0.96 95m 79.44 ± 3.8 

80b 80.11 ± 3.7 105a 47.01 ± 4.4 

80c 90.83 ± 2.1 105b 2.18 ± 0.20 

80d 121.35 ± 4.3 105c 45.10 ± 7.6 

80e 81.18 ± 4.6 105d 1.64 ± 0.90 

80f 113.32 ± 5.5 105e 11.17 ± 2.6 

95a 80.95 ± 2.4 105f 47.08 ± 7.4 

95b 88.89 ± 4.4 105g 20.47 ± 1.7 

95c 80.55 ± 1.5 105h 31.84 ± 3.0 

95d 78.87 ± 2.3 110a 79.78 ± 8.4 

95e 80.71 + 2.9 110b 82.59 ± 4.6 

95f 83.22 ± 3.3 114a 71.16 ± 3.9 

95g 78.22 ± 5.7 114b 41.65 ± 7.7 

95h 93.63 ± 3.7 120 72.20 ± 2.1 

95i 93.13 ± 6.5 123a 79.89 ± 4.2 

95j 65.67 ± 3.9 123b 56.70 ± 5.0 

95k 90.09 ± 5.2 128 15.13 ± 0.84 

95l 88.42 ± 0.38 Daunorubicin IC50 12.55 ± 0.07 M 

a: Inhibition percentage of each compound in 50 μM for 24 h against HEK 293 cell line. Yellow marked 

compounds show significant toxicity.
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3.6 Biological activity assessment in cells 

3.6.1 Biological activity of representative alkylated hydrazides-based HDAC8 

selective inhibitors in cellular assessment 

 

To further investigate target engagement and selectivity of these novel 

alkylhydrazide-based HDAC8 inhibitors, western blot experiments with 10 μM 

representative compounds were performed in Jurkat cells which were incubated for 6 

h and 24 h. The selective HDAC8 inhibitor PCI-34051 25 μM was employed as 

positive control. Almost all tested inhibitors do slightly affect the acetylation level of 

tubulin (HDAC6 substrate) as shown quantitatively in Figure 61. As expected, all the 

inhibitors (80d (PSP43), 105a (PSP49), 80f (PSP67), 95m (PSP69), 95l (PSP70), 

105h (PSP71), 105f (PSP72), 105b (PSP73), 105d (PSP74)) can significantly 

upregulate the acetylation of SMC3 (HDAC8 substrate) compared to PCI-34051 

except of 95j (NI-90), 95k (NI-91) and 114a (NI-82). H3K9 acetylation (common 

class I HDAC substrate) was also significantly upregulated by most inhibitors 

respectively compared to positive control meanwhile. 114a (NI-82) and 80d (PSP43) 

showed the weakest effect on H3K9 acetylation indicating some cellular selectivity. In 

addition H3K27 hyperacetylation was measured (induced by several HDAC subtypes) 

since this modification has been of interest in the study of immunomodulation effects. 

(The data was provided by the group of Prof. Alfred SL Cheng, The Chinese 

University of Hong Kong, Hong Kong SAR, China) 
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Figure 61. Upper part: Western blot results of chosen inhibitors in 10 μM against 6.25 × 105 Jurkat cells 

and PCI-34051 against 6.25 × 105 Jurkat cells in 25 μM after 6 h and 24 h treatment respectively. Histone 

H3 and GAPDH were used as a loading control, PCI-34051 and DMSO were used as positive control and 

vehicle respectively. Lower part: quantification of the western blot results. 
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Figure 62. Dose depended activity of 80d (PSP43) on the alteration of biomarker proteins in 6.25 × 105 

Jurkat cells which were treated for 6 h under different concentrations of 80d, Histone H3, HDAC8 and 

GAPDH were used as a loading control, DMSO was used as vehicle. 

 

The lead compound 80d (PSP43) showed a notably up-regulated acylation level of 

SMC3 protein and H3K27 lysine acylation at concentration above 500 nM (Figure 

62).  

3.6.2 Immunological anticancer activity and apoptosis in cellular assessment  
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Figure 63. RT-qPCR analysis of T cell memory and effector genes in 80d (PSP43) treated 6.25 × 105 

Jurkat cells in 10 μM at different time point.. 
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Figure 64. RT-qPCR analysis of T cell memory and effector genes in 80d (PSP43) treated 6.25 × 105 

Jurkat cells in different concentrations for 6 h.   

 

In previous study our collaborators showed that selective HDAC8 inhibitors can 

significantly enhance the efficacy and durability of cancer therapy by 

immune-checkpoint blockade, which was accompanied by an induction of memory T 

cell response,64 From the in vitro, stability and target engagement results 80d (PSP43) 

showed the most promising effects and was selected as lead compound for further 

characterization. The effect of 80d on gene expressions related to T cell functions was 

analyzed. (Figure 63, Figure 64) 

 

Using RT-qPCR, we found that 10 μM 80d (PSP43) can remarkably up-regulate 

nearly all measured genes involved in T cell memory (Bcl6, Eomes, Klrg1, Il7r, Il10, 

Il15, Il23) and effector (Prdm1, Tbx21) functions with the exception of Gata3 in 

Jurkat T lymphocytes treated for 6 h and 12 h (Figure 63). Moreover, 80d (PSP43) 

can dose-dependently up-regulate memory-related key transcription factors, surface 

markers (Bcl6, Eome, Klrg, Il7r), cytokines (Il10, Il15, Il23), and effector-related 

master regulators (Tbx21 and Prdm1) (Figure 64). 

 
Figure 65. Apoptosis studies of 80d (PSP43) againts Jurkat cells in different concentrations at 12 h. A: 

flow cytometry original scan (x-axis, annexin-V-PE; y-axis, 7-aminoactinomycin D-PerCP), DMSO was 

used as vehicle. B: percentage of apoptotic cells distributions treated with different inhibitor 
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concerntrations for 12 h (early apoptotic, late apoptotic and total apoptotic cells). 

 

In addition, flow cytometry was used to study the apoptotic efficacy of compound 80d 

(PSP43) (Figure 65). Incubation of Jurkat cells with the inhibitors in different 

concentrations for 12 h showed that a 10 μM concentration of 80d (PSP43) for 12 h 

can induce significant apoptosis in whole Jurkat cells. Both 2 μM and 5μM can induce 

early apoptosis in Jurkat cells. The apoptotic trend is clear at 24 h although we can not 

see obvious apoptotic activity within shorter time. (The data was provided by the 

group of Prof. Alfred SL Cheng, The Chinese University of Hong Kong, Hong Kong 

SAR, China).
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3.7 Immune-modulatory effect of 80d (PSP43) in vivo 

The results of gene expression analysis in T lymphocytes suggest that 80d (PSP43) 

may exert immune-modulatory effect. We studied this by intraperitoneal 

administration of 5, 10 and 25 mg/kg 80d (PSP43) 5 days per week for 2 weeks in 

immunocompetent C57BL/6 mice. (The data was provided by the group of Prof. 

Alfred SL Cheng, The Chinese University of Hong Kong, Hong Kong SAR, China) 

 

 

Figure 66. Immune profiling analysis through multicolor flow cytometry and RT-qPCR in vivo upon the 

treatment of 80d (PSP43) (5, 10, 25 mg/kg) or vehicle control (30% PEG400 + 0.5% Tween 80 + 5% 

propylene glycol). A) Proportions of CD3+, CD8+ and CD4+ T cells in the naïve mice spleen between the 

treatment of 80d and vehicle control. B) RT-qPCR analysis of CD4+ signature genes in the naïve mice 

spleen between the treatment of 80d and vehicle control. 

 

Using flow cytometry, we found that 10 mg/kg 80d (PSP43) significantly increased 

the proportions of CD3+ and CD8+ but not CD4+ T cells in the spleen of treated mice 

compared to vehicle control (Figure 66 A). Interestingly, RT-qPCR analysis showed 

that 10 and 25 mg/kg 80d (PSP43) significantly induced the expressions of Il2 and 

Tbx21 in the sorted CD4+ T cells, respectively (Figure 66 B). These data are 

consistent with the Jurkat T cell model and support the immune-modulatory function 

of 80d (PSP43) in vivo. Furthermore, treatment with 80d (PSP43) was in general 
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well-tolerated, as we did not observe any body weight loss (Figure 67 A) or 

abnormalities of internal organs such as the heart, kidney, liver, lung, spleen and 

thymus, except organ weight increase in liver and spleen at the highest dose (Figure 

67B and 67C). 
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Figure 67. Toxicity evaluation of Naïve mice upon the treatment of 80d (PSP43) (5, 10, 25 mg/kg) or 

vehicle control (30% PEG400 + 0.5% Tween 80 + 5% propylene glycol. A) Body weight of Naïve mice 

at the time point of first day, eighth day and fifteenth day after the first drug given. B) Various organs 

weight of Naïve Mice at the fifteenth day after the first drug given. C) Morphology study of various 

organs stained with hematoxylin and eosin (H&E) at the fifteenth day after the first drug given. 
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3.8 Discussion and conclusion of this part  

 

Figure 68. Structures of 80d (PSP43), 105c (PSP50) and their design process.  

 

Table 18. The summary of biological data for 80d (PSP43) and 105c (PSP50)  

Cpd. 

No. 

hHDAC inhibition (μM)a HEK 

293 

Viability

c 

Function in 

vitro 1 2 3 8 4 6 11 

80d 

PSP43 
1.8 ± 0.3 12 ± 1 >20 0.036 > 60 > 20 0.18 121.3% 

Up-regulated 

acetylation of 

H3K9 and 

H3K27; induced 

apoptosis and 

immunological 

anticancer 

activity in Jurkat 

cell line. 

105c 

PSP50 

0.011 ± 

0.002 

0.45 ± 

0.02 

0.037 ± 

0.001 

0.028 ± 

0.002 
n.t.b n.t 0.093 45.1% 

EC50 = 0.1155 

μM against 

HCT116 cells 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. c: compounds 50 μM for 24 h against HEK 293 cell line 

 

In this part we chemically optimized several series of alkyl-hydrazide based HDAC 
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inhibitors which include biphenyl, phenyl and pyrimidine linker, aryl and indole 

derived cap group. To our best knowledge, this is the first finding that n-hexyl side 

chain linked with the hydrazide moiety can lead to HDAC8 specificity for 

hydrazide-based HDAC inhibitors.  

 

Additionally, we synthesizd and characterized a series of novel class I HDAC 

inhibitors which were able to up-regulate H3K9 acetylation while demonstrating 

micromolar to submicromolar antiproliferative activity against human pancreatic cell 

line (PSN1 cells) and human colon cancer cell line (HCT116 cells) (105c (PSP50), 

105e (PSP51)). Most of alkylated hydrazide-based HDAC8 selective inhibitors (80d 

(PSP43), 105a (PSP49), 80f (PSP67), 95m (PSP69), 95l (PSP70), 105h (PSP71), 105f 

(PSP72), 105b (PSP73), 105d (PSP74)) can not only up-regulate HDAC8 specific 

SMC3 acetylation but also induce common class I HDAC target (H3K9 and H3K27) 

hyperacetylation. Furthermore, we tested and confirmed the inhibiory mechanism of 

the discovered alkyl-hydrazide based HDAC8 inhibitors as substrate competitive 

inhibitors against HDAC8. 

 

Futhermore, the HDAC8 selective inhibitor 80d displays a stable and safe profile in a 

non-enzymatic stability assay and a cytotoxicity assay on HEK293 cells. Interestingly, 

80d can significantly up-regulate H3K27 acetylation but also slightly affect 

acetylation of SMC3 in T lymphocytes. Moreover, T cell mediated 

immune-modulatory effect was strongly correlated with the treatment of 80d both in 

vitro and in vivo compared to vehicle control. 80d was found to be safe and without 

any body weight loss or internal organs’ abnormalities in naive mice administered by 

intraperitoneal injection. In summary, this study not only identifies the alyklhydrazide 

as chemotype for HDAC8 selective inhibitors to overcome limitations of current 

hydroxamate based inhibitors, but also provides an interesting biological effect in 

several diseases.
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Part 4 Class I HDAC targeted degraders: design, synthesis, 

stability study and biological evaluation  

4.1 Chemistry  

4.1.1 Overview of this part 

The synthetic strategies for class I HDAC degraders were started using a series of 

known HDACi scaffolds and warheads for different ubiquitin ligases, lastly connected 

by different linkers (Figure 69, Figure 70 and Figure 71). 

 

 

Figure 69. Representative scaffolds of the ubiquitin ligase part of designed PROTACs are shown here. 

 

 
Figure 70. Representative HDAC binders used for the PROTAC design.  
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Figure 71. Representative linkers applied in this work 

 

4.1.2 Synthesis of E3 ubiquitin ligase ligands 

 

 

Figure 72. Synthesis method for intermediate 136a and 136b. 

 

The 3-aminopiperidine-2,6-dione trifluoroacetic acid salt (136a) or hydrochloric acid 

salt (136b) was generally employed as one of key intermediates to achieve all the 

immunomodulatory drugs (IMiDs)-based E3 ligase ligands. This intermediate was 

obtained via a Boc-Gln-OH mediated cyclization procedure (Figure 72, step a) which 

was followed by a Boc-deprotection step. However, in the following procedure the 

hydrochloric acid salt (136b) was used due to its friendly work-up procedure; namely 

it was more easily to dry and purify it (Figure 72). 
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Figure 73. Procedure for the synthesis for degron 139. 

 

Subsequently, 136b or 136a were reacted with 3-nitrophthalic acid anhydride and 

followed by a reduction step to yield the compound 139 (Figure 73). 

 

 

Figure 74. Procedure for the synthesis of 262. 

 

262 was directly generated from the reaction of 4-fluoroisobenzofuran-1,3-dione and 

intermediate 135 (Figure 74). 

 

 

Figure 75. Procedure for the synthesis of 144. 

 

144 was synthesized starting from carboxylic acid 140, which was first esterified 

(Figure 75, step a), followed by a bromination step in carbontetrachloride (Figure 75, 

step b) which was optimal compared to dichloromethane and chloroform. The product 

142 underwent a cyclization with 136a or 136b and another reduction procedure 

(Figure 75, step d) to afford 144. The synthesis method for 147 is similar to 144 and 

described in Figure 76. 
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Figure 76. Procedure for the synthesis of 147. 

 

Following the reported methods,158-160 the VHL ligand 155 was obtained but it should 

be noticed that in the work-up procedure of the Heck coupling reaction (Figure 77, step 

b) an extra recrystallization procedure was added using EtOAc and heptane to remove 

the yellow byproducts, which were not easily separated by column chromatography. 

Another difference is that all the amide formation steps namely procedure d and f in 

Figure 77 were performed under ice bath and finished within 15 min to decrease the 

risk of racemization of all chiral centers (Figure 77). 
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Figure 77. Procedure for the synthesis of 155. Reagents and conditions: (a) TEA 2.2 eq, (Boc)2O 1.1 eq, 

CH3CN, rt, 1 h; (b) 4-Methylthiazole 2.0 eq, KOAc 2.0 eq, Pd(AcO)2 0.01 eq, DMF, 90 oC; (c) 

HCl/dioxane (4M) 3.5 eq, DCM, rt, overnight; (d) N-Boc-trans-4-hydroxy-L-proline 1.05 eq, HATU 1.1 

eq, DIPEA 3.5 eq, DMF, ice bath, 10 min; (e) HCl/dioxane (4M) 3.5 eq, DCM, ice bath, 3 h; (f) 

N-Boc-L-tert-leucine 1.0 eq, HATU 1.0 eq, DIPEA 4.0 eq, DMF, ice bath, 10 min; (g) HCl/dioxane (4M) 

3.5 eq, DCM, ice bath, 3 h. 

4.1.3 Synthesis of HDAC binders 

4.1.3.1 Synthesis of aminobenzamide-derived HDAC binders 

 

Figure 78. Synthestic strategies for benzamide-based PROTACs (X = Cl or amide condensation reagents, 

R2 = E3 ligase ligand).  

 

In the beginning, the 2-nitroaniline should be used as starting material to react with 

carboxylic acid which was pre-activated by amide condensation reagents or 

pre-transformed to acylchloride and then connected with the linker moiety attached 

with E3 ligase ligand (Figure 78, step a). However, almost all the amide condensation 

reagents failed to mediate the reaction, probably because of the strong 

electronwithdrawing effect of the nitro group which completely inactivated the 

necleophilic feature of the amine. In consequence, amine of 2-nitroaniline were 

generally protected by Boc anhydride followed by reduction of the nitro group into 

amine to recover the amine activity and subsequently coupled with the corresponding 

carboxylic acid smoothly (Figure 78, step b and c). 

 

 

Figure 79. Reagents and conditions: (a) Propargylbromide (80%) 2.0 eq, K2CO3 1.3 eq, DMF, rt, 22 h; (b) 
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NaOH 5.0 eq, MeOH/H2O (3 : 1), rt, 24 h; (c) SOCl2 4.0 eq, reflux, 1 h. 

 

The key intermediate 161 was synthesized by three steps namely a phenol substitution, 

ester hydrolysis and conversion to the acyl chloride (Figure 79). 

 

 

Figure 80. Reagents and conditions: (a) (Boc)2O 2.0 eq, TEA 3.0 eq, DMAP 0.01 eq, DCM, rt, 5 h; (b) 

Boronic acid 1.1 eq, Pd(PPh3)4 0.05 eq, K2CO3 2.2 eq, THF/H2O (5 : 1), reflux, overnight; (c) Zn 4.0 eq, 

AcOH, MeOH, rt; (d) 161 1.2 eq, DIPEA 5.0 eq, THF, rt, 30 min. 

 

The first series of HDAC binders encompassed 5-aryl-2-aminobenzamides. They 

were obtained by firstly protecing the amine in the starting material 162 (Figure 80, 

step a) and then coupling with the corresponding boronic acid by Suzuki coupling 

(step b) giving intermediate 164 which was reduced to 165 and condensed with 161 

yielding the Boc-protected HDAC binders 166a and 166b (Figure 80).  

 

Interestingly, the HDAC binders 169a and 169b could be directly synthesized by the 

coupling of 161 with 168 which were not pre-protected despite the electron 

withdrawing group located in position-4 (Figure 81, step b). This phenomenon might 

be explained by the electron withdrawing group that decreased the electron density 

more sharply in the meta- than para-position (Figure 81). 
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Figure 81. Reagents and conditions: (a) Pd/C 10% wt, ammonium formate 4.0 eq, EtOH, rt; (b) 160 1.0 

eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF, rt, 10 min. 

 

In contrast to 169a and 169b (Figure 81), the synthesis of 174a and 174b (Figure 82) 

were started from a Boc-ptotedcted step for the starting material 2-nitrophenyl (Figure 

82, step a and b) and subsequently followed by a procedure that was similar as for 166. 

It also needs to be noted that the chloro group was also reduced by hydrogen in the 

step of 172b to 173b (Figure 82, step c). 

 

 

Figure 82. Reagents and conditions: (a) (Boc)2O 2.0 eq, TEA 3.0 eq, DMAP 0.01 eq, DCM, rt, 2 h; (b) 

TFA 1.0 eq, DCM, rt, 80 min; (c) Pd/C 10% wt, ammonium formate 4.0 eq, MeOH; (d) 161 1.2 eq, 

DIPEA, 5.0 eq, THF, rt, 30 min; or 160 1.0 eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF, rt, 10 min. 

 

Another series of 2-aminobenzamide derivatives 178a-c were synthesized staring 

from p-aminomethylbenzoic acid which was pre-protected by a trifluoroacetic group 

and later reacted with protected or unprotected aminobenzamide to afford the 

Boc-protected or unprotected HDAC binders 178a-c (Figure 83). 

 

 

Figure 83. Reagents and conditions: (a) TFAA 2.5 eq, ice bath to rt, overnight; (b) 165a or 168a or 

o-phenylendiamine 1.2 eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF; (c) K2CO3 4.0 eq, MeOH/H2O (1 : 1), rt, 

overnight. 
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When para-aminobenzoic acid 179 was utilized as starting material, different 

synthetic methods were investigated. The first one began with a trifluoroacetic group 

protection procedure (Figure 84, step a), the corresponding intermediate 180 was 

converted to the acyl chloride 181 which was condensed with Boc-protected 

aminobenzamide 165a giving target compound 183.  

 

 

Figure 84. Reagents and conditions: (a) TFAA 2.0 eq, TFA, ice bath to rt, overnight; (b) SOCl2 5.0 eq; (c) 

165a 1.0 eq, DIPEA 4.0 eq, THF; (d) K2CO3 4.0 eq, MeOH/H2O (1 : 1), rt, overnight. 

 

The other way encompassed the direct condensation of the protected aminobenzamide 

165a with either 1-equivalent of unprotected p-aminobenzoic acid (179) which was 

mediated by the amide condensation reagent HATU (Figure 85, step c) or directly 

with acyl chloride (Figure 85, step b).  

 

Figure 85. Reagents and conditions: (a) SOCl2 4.0 eq; (b) 165a 1.0 eq, DIPEA 4.0 eq, THF; (c) 165a 

1.0eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF, rt, overnight. 

 

The HDAC binder 187 was obtained via a condensation and a hydrolysis procedure 

(Figure 86, step a and b). 
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Figure 86. Reagents and conditions: (a) 168a 1.25 eq, HATU 1.1 eq, DIPEA 3.0 eq; (b) LiOH 2.0 eq,  

THF/H2O (1 : 1), reflux, 1 h.  

4.1.3.2 Synthesis of alkylhydrazide-derived HDAC binders  

Hydrazide-based Boc-protected HDAC binder 87a and the negative control, 

Boc-protected binder 87c, were generated from 85a and 84 through Boc-protection 

and Cbz deprotection procedure (Figure 87). 

 

 
Figure 87. Reagents and conditions: (a) (Boc)2O 1.2 eq, DIPEA 2.0 eq, THF, rt; (b) Pd/C 10% wt, NaBH4 

5.0 eq, MeOH, rt, overnight. 

 

Boc-protected biphenyl containing hydrazides, 78a and 191, were synthesized from 

the starting material 148 which was protected by Cbz group and converted to the 

boronate ester 189 followed by a Suzuki coupling procedure (Figure 88, step c) 

resulting in intermediate 77a and 190. Lastly, a Cbz-deprotection step was carried out 

(Figure 88).  
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Figure 88. Reagent and conditions: (a) CbzCl 1.05 eq, NaOH 2.2 eq, THF/H2O, 0 oC to rt; (b) 

Bis(pinacolato)diboron 1.0 eq, KAcO 2.0 eq, Pd(PPh3)2Cl2, dioxane, 90 oC, 6 h; (c) 76a or 76d 1.0 eq, 

K2CO3 2.2 eq, Pd(PPh3)2Cl2 0.04 eq, dioxane/H2O (5 : 1), 90 oC, 15 h; (d) Pd/C, NaBH4 5.0 eq, MeOH, 

overnight. 

 

As mentioned in the previous part, pyrimidine fused hydrazides demonstrated 

excellent class I HDAC inhibitory potency and selectivity, hence we also designed 

and produced two different series of these Boc-protected HDAC binders (Figure 89, 

Figure 90).  

 

 

Figure 89. Reagents and conditions: (a) CbzCl 1.0 eq, TEA 1.0 eq, DCM, ice bath, 3 h for 193a; or TrtCl 

1.0 eq, dioxane, rt, overnight for 193b; (b) 92 1.0 eq, DIPEA 2.5 eq, DCM, rt; (c) Hydrazine 

monohydrate 30.0 eq, EtOH, reflux, 3 h; (d) Aldehyde 1.05 eq, pTSA 0.05 eq, MeOH, 2 h and then 
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NaBH4 4.0 eq, 1 h; (e) (Boc)2O 1.5 eq, TEA 3.0 eq, DCM, rt; (f) Pd/C 10% wt, H2, MeOH, 2 h, rt for 198a; 

or AcOH/H2O (4 : 1), 60 oC, 1.5 h for 198b. 

 

The first series was synthesized by monoprotection of one amino group using Cbz and 

Trt (Figure 89, step a) followed by a described nucleophlic substitution reaction (step 

b) giving intermediate 194a and 194b which were converted to hydrazides 195a and 

195b, and later alkylated resulting in 196a and 196b. The latter compounds were 

protected by Boc and then followed by Cbz- or Trt-deprotection leading to 

Boc-protected HDAC binders 198a and 198b (Figure 89).  

 

 

Figure 90. Reagents and conditions: (a) TrtCl 1.0 eq, TEA 2.5 eq, DCM, rt, 7 h; (b) Pd/C 10% wt, 

ammonium formate 4.0 eq, EtOAc/MeOH (4 : 1), 40-50 oC, 1 h; (c) 92 1.0 eq, K2CO3 2.5 eq, DMF 80-90 

oC, overnight; (d) Hydrazine monohydrate 30.0 eq, EtOH, reflux, 3 h; (e) Aldehyde 0.95 eq, pTSA 0.05 

eq, MeOH, 2 h and then NaBH4 4.0 eq, 1 h; (f) (Boc)2O 1.1 eq, TEA 2.0 eq, THF, rt; (g) AcOH/H2O (4 : 

1), 60 oC, 1.5 h. 

 

The other series were obtained starting from compound (4-nitrophenyl)methanamine 

(199) followed by Trt group protection yielding intermediate 200 which was reduced 

to 201 and coupled with compound 92 giving intermediate 202. It is worth noting that 

step c in Figure 90 was a temperature sensitive procedure because the yield decreased 

and the reaction mixture become more chaotic when temperatures beyond 100 oC. 

Like the above series, 202 could be converted into the Boc-protected HDAC binders 

206a and 206b (Figure 90). 
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4.1.4 E3 ubiquitin ligase ligands connected with HDAC binders via linkers 

4.1.4.1 First series of degraders: aminobenzamide-triazole 6-carbon linker- 

pomalidomide  

 

Figure 91. Reagents and conditions: (a) SOCl2 5.0 eq, reflux, 2 h, (b) 139 0.33 eq, THF, reflux, overnight; 

(c) NaN3 2.0 eq, DMF, 80 oC, overnight; (d) 166a/b or 169a/b or 174a/b 0.75 eq, CuSO4
.5H2O 0.015 eq, 

L-Sodium ascorbate 0.075 eq, t-BuOH/H2O/DMF (5 : 2.5 : 1), 60 oC, 8 h; (e) TFA/DCM or HCl/dioxane 

(4M)/DCM, rt, 3 h. 

 

Reported methods were followed and modified,161-162 the synthesis was started 

through the acylation of 6-bromohexanoic acid (207) resulting in intermediate 208 

which was conjugated with pomalidomide under reflux. The obtained amide 209 was 

substituted by sodium azide giving intermediate 210 which was converted to the 

triazole containing intermediates 211a-211d. These were attained through a copper 

catalyzed click reaction with alkynes (Figure 91, step d) in which the solubility of the 

reaction mixture was improved by adding DMF and this was different from reported 

method.161 For these Boc-protected intermediates 211a-211d, a last Boc-deprotection 

was performed giving the corresponding PROTACs 212a-212d (Figure 91). 
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4.1.4.2 Second series of degraders: aminobenzamide-CRBN-based PROTACs 

with alkyl linker 

Amino acids (with 4- to 7-carbon spacers) 213a-213d were utilized as starting 

materials, which were first protected by tert-butyl group followed by nucleophilic 

substitution of the fluoro thalidomide 141 under microwave assisted conditions giving 

intermediates 215a-215d. Boc-deprotection and condensation with 

aminobenzamindes afforded the PROTACs 218a and 218f-218i as well as 

intermediates 217b-217e, 217j-217l. The latter were transformed to the corresponding 

PROTACs by a Boc-deprotection procedure (Figure 92, step d).163
 

 

 

Figure 92. Reagents and conditions: (a) SOCl2 10.0 eq, rt, 2 h; then NaHCO3 2.2 eq, t-BuOH, rt, 

overnight; (b) 262 0.33 eq, DIPEA 1.0 eq, NMP, 110 oC, microwave, 2 h; (c) TFA/DCM, rt, 3 h; (d) 

178a-c or 191 or 206a/b 0.83 eq, HATU 1.25 eq, DIPEA 4.17 eq, DMF, rt, 10 min; (e) TFA/DCM or 

HCl/dioxane (4M), DCM, rt, 3 h; (f) 183 1.3 eq, TCFH 1.2 eq, NMI 3.5 eq, CH3CN. 

 

However, the amide bond formation between 262 and substrate 216b had to be 

catalyzed by a TCFH-NMI (N,N,N ′ ,N ′ -tetramethylchloroformamidinium 

hexafluorophosphate and N-methylimidazole) system instead of HATU because their 

activated intermediate was more active than that of HATU, see Figure 93.164-165  
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Figure 93. Alternative method for amide formation.  

 

4.1.4.3 Third series of degraders: aminobenzamide and alkylhydrazide -CRBN 

based PROTACs with alkyl linker 

For the challenging lenalidomide-baded degraders we could only obtain 224a and 

224b that with an adequate purity due to the tricky purification work of this series. 

Briefly, 6-bromohexanoic acid was protected by tert-butyl, the resulting intermediate 

220 was reacted with 144 and followed by Boc-deprotection giving intermediate 222. 

This was converted to 223a and 223b through amide formation, and an additional 

Boc-deprotection yielded PROTACs 224a and 224b (Figure 94).163 
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Figure 94. Reagents and conditions: (a) SOCl2 10.0 eq, rt, 2 h, NaHCO3 2.2 eq, t-BuOH, rt, overnight; (b) 

144 0.83 eq, DIPEA 2.5 eq, NMP, 110 oC, overnight; (c) TFA/DCM, rt, 3 h; (d) 178a or 191 0.91 eq, 

HATU 1.1 eq, DIPEA 2.73 eq, DMF, rt, 10 min; (e) TFA/DCM, rt, 3 h. 

 

4.1.4.4 Fourth series of degraders: aminobenzamide and alkylhydrazide-based 

degraders with alkyl linker and hydrophobic adamantyl tag  

227a-227i could be produced by two methods: the starting amino acids were protected 

by either a trifluoroacetyl group or Boc group, and the resulting linkers were coupled 

with the corresponding amine mediated by HATU. This was followed by a 

deprotected group deprotection giving the corresponding free base 227 which was 

condensed with adamantaneacetic acid to yield the final degraders or Boc-protected 

degraders. A further Boc-deprotection procedure afforded all degraders of this series 

(Figure 95). 
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Figure 95. Reagents and conditions: (a) TFAA 2.5 eq, 80 oC, 1 h; (b) 178a/b or 87a/c or 78a or 198a 0.91 

eq, HATU 1.1 eq, DIPEA 2.73 eq, DMF, rt, 10 min; (c) K2CO3 4.0 eq, MeOH/H2O (1 : 1), rt, overnight; (d) 

157 1.2 eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF; (e) TFA/DCM or HCl/dioxane (4M), rt, 3 h; (f) (Boc)2O 

1.1 eq, NaOH 1.0 eq, dioxane/H2O (2 : 1), rt, overnight; (g) 178b 0.91 eq, HATU 1.1 eq, DIPEA 2.73 eq, 

DMF, rt, 10 min; (h) TFA/DCM, rt, 3 h. 

 

The following alternative route was also implemented: the amino acid was protected 

by Cbz, then reacted with the amine 157 followed by Cbz-removal giving 

intermediate 233. The latter was again condensed with adamantaneacetic acid 

resulting in the Boc-protected compound 229j-1 which underwent a Boc-deprotection 

procedure to yield 229j (Figure 96).  

 

 

Figure 96. Reagents and conditions: (a) CbzCl 1.5 eq, K2CO3 2.0 eq, H2O, rt, overnight; (b) 87a 0.91 eq, 

HATU 1.0 eq, DIPEA 2.73 eq, DMF, rt, 10 min; (c) Pd/C 10% wt, H2, rt, 2 h; (d) 157 1.0 eq, HATU 1.2 eq, 

DIPEA 3.0 eq, DMF; (e) TFA/DCM, rt, 3 h. 

 

The negative control 229k could be easily synthesized through acylation with acetyl 

chloride (Figure 97). 
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Figure 97. Synthesis method for negative control 229k.  

 

The adamantaneamide-NH was also modified by methylation using the following 

procedure showed in Figure 98. The amino group of the starting amino acid 213b was 

protected by Boc and then the carboxylic acid tail was protected by a benzyl group 

yielding compound 235. N-methylation was then performed (step c), the Boc group 

was cleaved and the resulting intermediate 237 was coupled with adamantaneacetic 

acid giving compound 238. Afterwards, the Cbz protective group was removed, and 

the product was condensed with amine 87a yielding the corresponding product 240. 

Boc-deprotection afforded degrader 229l (Figure 98). 

 

 

Figure 98. Reagents and conditions: (a) (Boc)2O 1.1 eq, TEA 2.0 eq, acetone/H2O (1 : 1), rt, overnight; (b) 

Benzyl chloride 1.0 eq, K2CO3 3.0 eq, DMF, 80-90 oC, overnight; (c) NaH 1.5 eq, CH3I 4.0 eq, THF, rt, 

overnight; (d) HCl/dioxane (4M), DCM, rt, overnight; (e) 157 1.2 eq, HATU 1.2 eq, DIPEA 4.0 eq, DMF, 

rt; (f) LiOH.H2O 2.0 eq, reflux, 30 min; (g) 87a 0.83 eq, HATU 1.0 eq, DIPEA 2.5 eq, DMF, rt, 10 min; (h) 

TFA/DCM, rt, 3 h. 
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The diamine linkers of 241 including 4- and 6-carbons needed to be first 

mono-protected by a Boc-group, and the free amino group was converted to the amide 

by reaction with carboxylic acid 187 to afford intermediate 243. The Boc-group was 

removed and reacted with adamantaneacetic acid to afford final products 229m and 

229n (Figure 99). 

 

 

Figure 99. Reagents and conditions: (a) (Boc)2O 0.2 eq, CHCl3, overnight; (b) 187 0.91 eq, HATU 1.1 eq, 

DIPEA 2.73 eq, DMF, rt, 10 min; (c) TFA/DCM, rt, 3 h; (d) 157 0.9 eq, HATU 1.0 eq, DIPEA 5.0 eq, 

DMF, rt, 10 min. 

 

4.1.4.5 Fifth series degraders: aminobenzamide and alkylhydrazide-VHL-based 

PROTACs with alkyl linker 

Two ways to produce these series compounds were developed. The first one started 

from dicarboxylic acid monoprotection by a benzyl group, followed by connecting 

with the amine position of multifarious HDAC binders resulting in intermediates 

248a-248f which were converted to PROTACs or Boc-protected PROTACs through 

HATU mediated amide bond formation reactions (Figure 100, step d). The 

corresponding intermediates underwent a Boc-removal reaction giving the degraders 

250a, 250c, 250e and 250f.  
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Figure 100. Reagents and conditions: (a) Benzyl bromide 0.4 eq, NaHCO3 1.6 eq, DMF/dioxane (1 : 1), 

90 oC, overnight; or benzyl chloride 0.33 eq, NaHCO3 1.67 eq, DMF/dioxane (1 : 1), overnight; (b) 

178a/b or 78a or 87a 1.2 eq, HATU 1.2 eq, DIPEA 3.0 eq, DMF, rt, 10 min; (c) LiOH.H2O 2.0-4.0 eq, 

THF/H2O (5 : 1), reflux, 30 min; (d) 156 or 155 1.1 eq, HATU 1.2 eq, DIPEA 4.0 eq, DMF, ice bath, 30 

min; (e) HCl/dioxane (4M), DCM, ice bath, 3 h. 

 

On the contrary, the second route started from the condensation of the VHL liand with 

monocarboxylic acid (Figure 101, step a), the resulting intermediate 252 was 

hydrolyzed by LiOH.H2O in a mixture of MeOH/H2O giving 253 which was reacted 

with the amines 206a and 206b to yield the compounds 225a and 225b (Figure 101). 

 

 

Figure 101. Reagents and conditions: (a) 155 1.0 eq, HATU 1.1 eq, DIPEA 4.0 eq, DMF, rt, 30 min; (b) 

LiOH.H2O 5.0 eq, MeOH/H2O (5 : 1), 2.5 h; (c) 206a/b 1.2 eq, HATU 1.1 eq, DIPEA 3.0 eq, DMF, 30 

min; (d) HCl/dioxane (4M), DCM, ice bath, 3 h. 
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4.1.4.6 Sixth series of degraders: alkylhydrazide-CRBN-based PROTACs with 

alkyne linker 

The final lenalidomide-based degraders were obtained starting from hex-5-ynoic acid 

(256) which was first protected and sunsequently subjected to another palladium 

catalyzed reduction step with 147 (Figure 102, stepb). The product 257 was 

hydrolyzed to the carboxylic acid 258 which was coupled with the amino group of 

198a and 198b resulting in 259a and 259b. The final compounds 260a and 260b were 

generated by a Boc-deprotection procedure (Figure 102).166  

 

 

Figure 102. Reagents and conditions: (a) t-BuOH 3.5 eq, TFAA 2.2 eq, THF dry, ice bath to 3.5 h, rt, 

overnight, (b) 147 0.5 eq, Pd(PPh3)2Cl2 0.1 eq, CuI 0.2 eq, DMF/TEA (2 : 1), 90 oC, 3 h; (c) TFA/DCM, 

rt, 1.5 h; (d) 198a/b 1.2 eq, HATU 1.1 eq, DIPEA 3.0 eq, DMF, rt, 10 min; (e) HCl/dioxane (4M), 

MeOH/DCM (1 : 5), rt, 3 h.
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4.2 HDAC inhibitory activity of designed HDAC degraders 

 

Table 19. Enzymatic activity of PROTACs consisted of aminobenzamide-triazole linker-pomalidomide 

 

Cpd No. R 
hHDAC inhibition (µM)a 

1 2 3 8 

212a 

PSP4  
0.084 ± 0.006 0.60 ± 0.04 > 20 

18.3% @ 10 µM 

9.9% @ 1 µM 

212b 

PSP3  

0.093 ± 0.007 0.80 ± 0.09 > 20 0% @ 10 µM  

212c 

PSP9  
> 20 > 20 17 ± 3 n.t.b 

212d 

PSP1  
4.76 ± 0.42 2.62 ± 0.02 1.35 ± 0.04 

52,8% @ 10 µM 

-6,8% @ 1 µM 

212e 

PSP8  
5.8 ± 0.5 4.3 ± 0.4 5.3 ± 0.3 n.t. 

212f 

PSP2  
21.13 ± 0.184 16.11 ± 1.89 1.17 ± 0.03 

2.1% @ 10 µM  

0% @ 1 µM 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested.  

 

Preliminary inhbitory activities of the first series of PROTACs on class I HDACs are 

shown in Table 19. These results definitely supported our hypothesis that 

5-aryl-aminobenzamides showed preference for HDAC1/2 (Table 19, 212a-212d) 

with excellent potency, meanwhile substitution on the aminobenzamide moiety at the 

4-position with an electron withdrawing small substituent like F resulted in a slight 

selectivity for HDAC3 binding with only moderate inhibitory potency in 212f (PSP2). 

However, the 4-position chloro-substituted aminobenzamides 212e (PSP8) showed no 

evident selectivity for HDAC1-3. 
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Table 20. Enzymatic activity of PROTACs consisted of aminobenzamide or alkylated hydrazide-alkyl 

linker-pomalidomide or lenalidomide 

 

cpd No. R n X 
hHDAC inhibition (µM)a 

1 2 3 8 

218a 

PSP12  
5 O 2.3 ± 0.2 1.3 ± 0.01 3.3 ± 0.1 n.t.b 

218b 

PSP15 
 

4 O 0.043 ± 0.008 0.12 ± 0.01 > 20 n.t. 

218c 

PSP10 
 

5 O 0.11 ± 0.02 0.36 ± 0.02 > 20 n.t. 

218d 

PSP16 
 

6 O 0.40 ± 0.09 0.65 ± 0.08 > 20 n.t. 

218e 

PSP17 
 

7 O 0.56 ± 0.11 3.0 ± 0.4 > 20 n.t. 

218f 

PSP18  
4 O 8.5 ± 0.6 2.6 ± 0.2 2.4 ± 0.1 n.t. 

218g 

PSP11  
5 O 8.8 ± 0.5 4.6 ± 0.3 2.7 ± 0.2 n.t. 

218h 

PSP19  
6 O 8.8 ± 0.7 5.1 ± 0.4 2.8 ± 0.2 n.t. 

218i 

PSP20  
7 O 7.4 ± 0.9 4.3 ± 0.5 3.3 ± 0.3 n.t. 

218j 

PSP64  

5 O 
13% @ 1 µM 

43% @ 10 µM 

16% @ 1 µM 

39% @ 10 µM 

8% @ 1 µM 

23% @ 10 µM 
0.085 ± 0,06 

218k 

PSP77  
5 O 0.69 ± 0.06 1.6 ± 0.1 0.25 ± 0.01 0.32 ± 0.02 

218l 

PSP75  
5 O 

44.8% @ 1 µM 

71.1% @ 10 

µM 

34.5% @ 1 

µM 

64.5% @ 10µ

M 

28.6% @ 1 

µM 

56.1% @ 10µ

M 

0.031± 0.002 
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218m 

PSP5 

 

5 O 0.26 ± 0.04 1.9 ± 0.3 61 ± 9 n.t. 

224a 

PSP23 
 

5 H n.t. n.t. n.t. n.t. 

224b 

PSP65  
5 H 

28% @ 1 µM 

41% @ 10 µM 

22% @ 1 µM 

40% @ 10 µM 

7% @ 1 µM 

18% @ 10 µM 
0.092 ± 0.06 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

PROTAC 218a (PSP12), containing an unmodified aminobenzamide HDAC-ligand, 

showed only moderate inhibitory activity against HDAC1-3 with no obvious 

selectivity. When position-5 was substituted by thiophene and a 4-7 carbon long linker 

was used in PROTACs of 218b-218e (PSP10, PSP16-PSP18) and 218m (PSP5), 

selectivity for HDAC1 and 2 over HDAC3 was observed. PROTACs based on 

fluorine 4-substituted-aminobenzamides and harnessing 4 to 7 carbon long linker did 

not remain selective for HDAC3 over HDAC1/2 unlike we designed in 218f-218i 

(PSP11 and PSP18-PSP20). In addition, hydrazide-based PROTACs 218j (PSP64), 

218l (PSP75) and 224b (PSP65) also agreed with the potency and selectivity profiles 

of their ligands characters. In the case of theses PROTACs, n-propyl-hydrazides like 

218k (PSP77) were designed to selectively target HDAC3 as shown in Table 20. 

 

Table 21. Enzymatic activity of HyTs consisted of aminobenzamide or alkylated hydrazide-alkyl 

linker-adamantane 

 and 229k 

 

Cpd 

No. 
R1 n R2 

hHDAC inhibition (µM)a 

1 2 3 8 

229a 

PSP21 
 

5 H 0.12 ± 0.03 0.28 ± 0.03 > 20 n.t.b 
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229b 

PSP22  
5 H 5.6 ± 0.7 3.5 ± 0.4 2.6 ± 0.3 n.t. 

229c 

PSP33  
5 H 0.46 ± 0.03 0.91 ± 0.03 0.23 ± 0.02 0.22 

229d 

PSP34  
5 H 0.78 ± 0.11 2.7 ± 0.4 0.22 ± 0.01 n.t. 

229e 

PSP55  
5 H n.t. n.t. n.t.. n.t.. 

229f 

PSP58  
6 H 

67% @ 1 µM  

82% @10 µM 

53% @ 1 µM 

90% @ 10 µM 

88% @ 1 µM  

98% @ 10 µM  

72% @ 1 µM  

95% @ 10 µM 

229g 

PSP54  
7 H 

60% @ 1 

87% @ 10  

49% @ 1 µM 

93% @ 10 µM  
0.35 ± 0.01 n.t. 

229h 

PSP29  
4 H > 20 15 ± 1 10 ± 1 n.t. 

229i 

PSP30  
6 H 8.3 ± 0.8 3.8 ± 0.2 2.8 ± 0.1 n.t. 

229j 

PSP53  
6 H 

63% @ 1 µM  

88% @ 10 µM  

52% @ 1 µM 

93% @ 10 µM  
0.22 ± 0.01 0.089 ± 0.006 

229k 

PSP56  
- - 

31% @ 1 µM  

70% @ 10 µM 

25% @ 1 µM  

79% @ 10 µM 

48% @ 1 µM 

87% @ 10 µM  

28% @ 1 µM  

77% @ 10 µM  

229l 

PSP60  
5 Me 

57% @ 1 µM  

81% @ 10 µM  

48% @ 1 µM  

92% @ 10 µM 

82% @ 1 µM 

96% @ 10 µM  

86% @ 1 µM  

96% @ 10 µM  

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 

 

Compared with the foregoing CRBN PROTACs, inhibitory activities of 

adamantly-based degraders on HDACs diminished to some extent. For example 229a 

(PSP21) (Table 21) still retained relatively good selectivity over HDAC3 although its 

activity for HDAC1/2 was comparable to 218c (PSP10) in Table 20. Surprisingly, the 

n-propylhydrazide-based HyTs 229c (PSP33) and 229j (PSP53), designed to 

selectively target HDAC3, showed a good HDAC8 inhibitory activity (229c with IC50 

= 0.22 µM for HDAC8, 229j with IC50 = 0.089 µM for HDAC8) (Table 21).  

 

Table 22. Enzymatic activity of HyTs consisted of aminobenzamide-alkyl linker-adamantane 
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Cpd 

No. 
n 

hHDAC inhibition (µM)a 

1 2 3 

229m 

PSP31 
4 5.4 ± 0.3 2.6 ± 0.2 2.1 ± 0.1 

229n 

PSP32 
6 10 ± 1 4.4 ± 0.3 3.8 ± 0.2 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. 

 

HyTs 229m (PSP31) and 229n (PSP32) exhibited only micromolar range inhibitory 

activity towards HDAC1-3 without significant selectivity (Table 22). 

 

Table 23. Enzymatic activity of PROTACs consisted of aminobenzamide or alkylatedhydrazide-alkyl 

linker-VHL ligand 

 

Cpd  

No. 
R1 n R2 

hHDAC inhibition (µM)a 

1 2 3 8 

250b 

PSP26  
6 Me 14 ± 1 8.5 ± 0.7 14 ± 1 n.t. 

250c 

PSP27 
 

8 H 0.19 ± 0.03 0.90 ± 0.09 > 20 n.t. 

250d 

PSP28  
8 H 4.7 ± 0.6 4.2 ± 0.3 4.1 ± 0.2 n.t. 

250e 

PSP35  
6 H 0.46 ± 0.04 0.72 ± 0.04 0.46 ± 0.03 n.t. 

250f 

PSP36  

6 H 1.6 ± 0.1 2.5 ± 0.2 0.61 ± 0.05 n.t. 

255a 

PSP78  
4 H 

47.0% @ 1 

µM 

84.3% @ 10

µM  

36.7% @ 1 µM 

82.9% @ 10 

µM 

78.1% @ 1 µM 

97.9% @ 10 

µM 

0.13 ± 0.009 

255b 

PSP76  
4 H 2.0 ± 0.3 4.1 ± 0.2 > 20 0.041 ± 0.03 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. b: 

n.t = not tested. 
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In the VHL ligand-based PROTACs, compounds with longer linkers (8 carbons) were 

slightly more active than corresponding shorter linker (6 carbons) when 

5-thienyl-aminobenzamides in 250c (PSP27) or 4-fluoro-aminobenzamides were used 

in 250b (PSP26) and 250d (PSP28) as HDAC ligands. However, most 

alkylhydrazides-based PROTACs 250e-255b (Table 23) exhibited submicromolar 

inhibitory activity on their corresponding target. 

 

Table 24. Enzymatic activity of PROTACs consisted of alkylated hydrazide-alkyne linker-lenalidomide 

 

Cpd 

No. 
n 

hHDAC inhibition (µM)a 

1 2 3 8 

259a 

PSP79 
2 0.32 ± 0.02 0.6 ± 0.02 0.17 ± 00 0.13 ± 0.07 

259b 

PSP80 
5 

59.7% @ 1 µM 

89.7% @ 10 µM 

61.7% @ 1 µM 

93.7% @ 10 µM 

48.9% @ 1 µM 

82.1% @ 10 µM 
0.017 ± 0.001 

a: Inhibition percentage of each compound in corresponding concerntration or calculated IC50 value. 

 

When an alkyne linker and lenalidomide part were used in PROTACs 259a (PSP79) 

and 259b (PSP80), submicromolar range inhibitory activity were obsereved against 

the targets. Interestingly, the planned HDAC3 PROTAC 259b (PSP80) rather showed 

preference for HDAC8 inhibition (Table 24). 
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4.3 In vitro stability study  

 

As mentioned previously we tested the chemical stability by generating a 10 mM 

solution in DMSO and then diluted them with the mixtures of DMEM and MeOH or 

ACN to affard the final solutions (229c, 229e, 250c, 250e and 250f of 10 µM in 

DMEM/DMSO/MeOH as 50/10/40 percentage; the rest of following ones 10 µM in 

DMEM/DMSO/ACN as 50/10/40 percentage). All the resulting solutions were 

incubated at 37 oC for 72 h and at the same time corresponding solutions were 

detected by HPLC to quantify their degradation results at each time point of 0 h, 6 h, 

12 h, 24 h, 28 h and 72 h. The final datas for each compound remained are 

summarised as bellow (Table 25). This data was provided by Dr. Matthias Schmidt, 

Institute of Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

 

Table 25. Remaining parent compound at different time points. The less stable compound 229e (PSP55) 

is marked in blue. 

Compounds 0 h (%) 6 h (%) 12 h (%) 24 h (%) 48 h (%) 72 h (%) 
Degrader 

type 

218j(PSP64) 100.0 98.5 96.9 91.0 78.9 67.5 

A 218k(PSP77) 100.0 94.0 89.0 80.7 64.2 54.0 

218l(PSP75) 100.0 92.9 86.4 75.3 56.4 44.8 

224b(PSP65) 100.0 97.3 93.8 89.5 87.0 86.2 B 

229c(PSP33) 100.0 99.1 98.6 92.4 90.6 83.2 
C 

229e(PSP55) 100.0 93.7 83.7 68.8 41.5 30.8 

250c(PSP27) 100.0 100.0 100.2 102.0 103.4 102.7 

D 250e(PSP35) 100.0 98.9 98.6 97.5 94.3 86.8 

250f(PSP36) 100.0 99.3 98.8 97.9 94.2 90.1 

259a(PSP79) 100.0 92.4 83.6 72.1 54.1 45.4 
E 

259b(PSP80) 100.0 98.1 95.9 89.1 71.5 60.4 

 

The stability testing results suggested that almost all the tested compounds including 

the alkylated hydrazide-pomalidomide PROTACs (A), alkylated 

hydrazide-lenalidomide PROTACs (B), alkylated hydrazide-adamantane Hyts (C), 

aminobenzamide or alkylated hydrazide-VHL ligand PROTACs (D), alkylated 

hydrazide-alkyne linker-lenalidomide PROTACs (E) were relatively stable under the 
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used conditions. Even after 24 h, all the compounds still remained over 70% except 

the negative control (unsubtituted hydrazide) 229e.  
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4.4 Biological activity assessment in cells  

 
Figure 103. Cellular screening to determine the HDAC degradation potency of the synthesized degraders. 

The figure was provided by Prof. Günter Schneider, Technical University of Munich, Munich, Germany.  

 

In order to determine the HDAC degradation activity of the designed degraders in the 

two pancreas cancer cell lines PSNI and HCT116, the following procedure was 

performed: murine or human cell lines were seeded on cell culture dishes which were 

subsequently treated by different concerntrations of degraders for a certain time. The 

treated cells were harvested to get their proteins in IP buffer, and the corresponding 

protein level was determined by western blot (Figure 103). The data was provided by 

the group of Prof. Günter Schneider, Technical University of Munich, Munich, 

Germany. 

 

 
Figure 104. Left: western blot of HDAC 1-3 alteration for PSN1cells treated with 212d (PSP1), 212f 

(PSP2), 212b (PSP3) and 212a (PSP4) at 25 µM respectively for 24 h, actin was used as a loading control, 

DMSO was used as vehicle. Right: western blot of HDAC 1-3 alteration for PSN1 cells treated with 212b 

(PSP3) in time and dose dependent experiment. 

 

No obvious degradation after treatment of the triazole linker based PROTACs 212d 

(PSP1), 212f (PSP2), 212b (PSP3) and 212a (PSP4) was observed in PSN1 cell line 
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even from the dose and time dependent experiment (Figure 104, right). The 

incubation of PSN1 cell line with 212d (PSP1), 212f (PSP2), 212b (PSP3) and 212a 

(PSP4) showed also no distinct antiproliferative activity as well, maybe because of 

lack of cell penetration.  
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Figure 105. Western blot of HDAC2 degradation for HCT116 cells treated with 218b (PSP15), 218d 

(PSP16) and 218e (PSP17) respectively that contain N-(2-amino-5-(thiophen-2-yl)phenyl)benzamide as 

HDAC binder and alkyl linker, actin was used as a loading control, DMSO was used as vehicle. A: 

original western blot of HDAC2 alteration for HCT116 cells treated with 218b (PSP15), 218d (PSP16) 

and 218e (PSP17) respectively at 10 µM for 6 h and 24 h. B: percentage of HDAC2 remained after 6 h 

and 24 h treatment. C: HDAC1 and 3 alteration of HCT116 cells incubated with 218b (PSP15), 218d 

(PSP16), 218e (PSP17), 218f (PSP18), 218h (PSP19), 218i (PSP20), 229a (PSP21), 229b (PSP22) 

respectively at 1 µM for 6 h. D: HDAC1-3 alteration of HCT116 cells incubated with 218h (PSP19), 218i 

(PSP20), 229a (PSP21), 229b (PSP22) respectively at 10 µM for 6 h and 24 h respectively. E: HDAC1-3 

alteration of PSN1 cells incubated with 218h (PSP19), 218i (PSP20), 229a (PSP21), 229b (PSP22) 

respectively at 10 µM for 6 h and 24 h respectively. 

 

The degradation of HDAC1-2 in HCT116 cells cultured with 218b (PSP15), 218d 

(PSP16), 218e (PSP17) confirmed that 218b (PSP15), containing 5 carbon long linker, 

can selectively degrade HDAC2 in HCT116 cells with a time dependent manner 

compared to 218c (PSP10), 218d (PSP16) and 218e (PSP17), which contain longer 

alkyl linkers (6-8 carbons) (Figure 105, A, B, C; B from Figure 106), albeit under a 

high concerntration of 218b (PSP15) at 10 µM. Additionally, among the HDAC3 

targeting PROTACs (218f (PSP18), 218g (PSP11), 218h (PSP19), 218i (PSP20)) 

(Figure 105 D; E of Figure 110), 218h (PSP19) bearing 7-carbon long alkyl linker can 

selectively degrade HDAC3 in HCT116 cells after 24 h treatment. However no  

antiproliferative effects were observed in HCT116 and PSN1 cells which were 

cultured with these PROTACs. Meanwhile, similar phenomena was observed for the 

HyT degrader 229b (PSP22) which showed better degradation but worse 

antiproliferative activity than the HyT degrader 229a (PSP21).  
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Figure 106. Western blot of cyclohexamide (Chx) co-treatment with chosen PROTACs, actin and Hsp 90 

were used as a loading control, DMSO was used as vehicle, all designed PROTACs were cultured with 

HCT116 or PSN1 cells under 1µM for 6 h. A: methond confirmation of Chx cotreatment experiment and 

ARV-825 structure. B: HDAC1-3 alteration by 218c (PSP10), 218b (PSP15), 218h (PSP19) and 229a 

(PSP21) respectively, and cotreatment of Chx from HCT116 and PSN1 cells. C: HDAC1-3 alteration by 

250b (PSP26), 250c (PSP27) and 250d (PSP28) respectively and co-treatment of Chx from HCT116 and 

PSN1 cells. 

 

The degrader assessment was continued with a cyclohexamide (Chx) co-treatment 

experiment in which Chx can block endogenous protein synthesis in PSN1 and 

HCT116 cells. Effective degraders can finally implement the degradation of already 

produced proteins. It means that the protein degradation extent of Chx co-treatment 

with degrader should be higher than sole degrader accomplishment and sole Chx 

treatment in cells (Figure 106, A). Apparently, of all tested degraders including VHL 

ligand-based PROTACs 250b (PSP26), 250c (PSP27) and 250d (PSP28), only 218h 

(PSP19) in HCT116 cells accorded with this prediction (Figure 106). 
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Figure 107. Western blot of HDAC1-3 alteration in PSN1 and HCT116 cells treated with PROTACs 

218m (PSP5) (pomalidomide-based), 224a (PSP23) (lenalidomide-based) and 250f (PSP36) (VHL 

ligand-based) respectively at 1 µM for 6 h treatment, actin and H3 were used as loading control, DMSO 

was used as vehicle, H3K9ac was used as biomarker of HDAC1-3 degradation. A: original western blot 

of HDAC1-3 alteration in HCT116 and PSN1 cells treated with 218m (PSP5), 224a (PSP23) and 250f 

(PSP36) respectively at 1 µM for 6 h. B: percentage of HDAC1-3 and H3K9ac alteration in HCT116 and 

PSN1 cells after degraders treatment for 6 h. 

 

The alteration of HDAC1-3 levels in HCT116 (Figure 107) implied that the 

lenalidomide-based PROTAC 224a (PSP23) can selectively degrade HDAC1 to some 

extent compared to HDAC2 and HDAC3. 250f (PSP36) can selectively degrade 

HDAC3 with a good efficacy in PSN1 cells compared to HDAC1 and HDAC2. 

However, only 224a (PSP23) displayed promising antiproliferative activity with an 

EC50 of 2.07 µM in PSN1 cell lines and 1.33 µM in HCT116 cell line, respectively. 

The antiproliferative activity of 250f (PSP36) only showed an EC50 of 5.57 µM in 
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PSN1 which is perhaps due to other compensatory and cross-regulatory pathways. 

 

 

Figure 108. Western blot of HDAC1-3 alteration for HCT116 cells treated with aminobenzamide-based 

HyTs 229h (PSP29), 229i (PSP30), 229m (PSP31) and 229n (PSP32), alkylated hydrazide-based HyTs 

229c (PSP33) and 229d (PSP34), VHL ligand based-PROTAC 250e (PSP35) respectively at different 

concerntration for 6 h, actin and H3 were used as loading control, DMSO was used as vehicle, H3K9ac 

was used as biomarker of HDAC1-3 degradation. A: HDAC1-3 alteration for HCT116 cells treated with 

chosen degraders at 1 µM for 6 h. B: dose depended experiment of 229c (PSP33) in HCT116 cells.  

 

Degradation studies with 229h (PSP29), 229i (PSP30), 229m (PSP31), 229n (PSP32), 

229c (PSP33), 229d (PSP34) and 250e (PSP35) did not show clear and significant 

results (Figure 108, A). In addition, 229c (PSP33) was tested at different 

concentrations (Figure 108, B). However, no obvious degradation performance was 

obtained from all tested concentration for 6 h. 
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Figure 109. Western blot of HDAC1-3 level alteration for PSN1 and HCT116 cells treated with Hyts 

229j (PSP53), 229g (PSP54) and negative control 229e (PSP55), 229k (PSP56) respectively at 1 µM for 

6 h treatment, actin and H3 were used as loading control, DMSO was used as vehicle, H3K9ac was used 

as biomarker of HDAC1-3 degradation. A: original western blot of HDAC1-3 level alteration for 

HCT116 and PSN1 cells, B: percentage of HDAC1-3 and H3K9ac alteration in HCT116 and PSN1 cells 

after degraders treatment for 6 h. 

 

Unfortunately, no HDAC degradation was observed for alkylhydrazide-based 

hydrophobic tagged PROTACs 229j (PSP53) and 229g (PSP54) in PSN1 and 

HCT116 cells, however both showed strong H3K9 hyperacetylation as shown in 

Figure 109. 
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Figure 110. Percentage of HDAC1-3 and H3K9ac alteration in HCT116 cells after degraders treatment 

for 6 h at 1 µM and 5 µM respectively. 

 

The degradation data in Figure 110 confirmed our previous results with only 

PROTAC 218k (PSP77) which can selectively degradate HDAC2 and also display 

strong antiproliferative activity in HCT116 cells (EC50 = 0.95 µM).
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4.5 Discussion and conclusion of this part 

An overview of the degradation capability and antiproliferative activity of the 

designed and tested degraders in this part is depicted in Table 26 which is grouped on 

the basis of their target, linker and ubiquitin ligase type. Among all the listed 

compounds, several of the developed degraders harness interesting degradation effect 

but weak phenotypic activity such as the aminobenzamide-based degraders 218h 

(PSP19) and 250b (PSP26). This might perhaps be due to the quick endogenous 

compensatory protein synthesis caused by the slow degradation capability of these 

PROTACs. Some of them display excellent antiproliferative activity in vitro but weak 

protein degradation capability which can be observed from the alkylated 

hydrazide-based degraders such as 229c (PSP33) and 229g (PSP54). These results 

shed some insight into the structural features necessary to get degardation of 

HDAC1-3 degraders although no ideal/strong degrader was generated through this 

study. The results indicated that almost all the E3 ligase ligands or hydrophobic tags 

like pomalidomide, lenalidomide, adamantine and VHL ligand could be applied to 

obtain HDAC1-3 potential degraders. It was observed that most of the 

aminobenzamide derived degraders could not cause efficient phenotypic activity 

unlike some alkylated hydrazide-based degraders. The last and most challenging point 

is how to better combine the HDAC ligand, linker and E3 ligase ligand to generate 

effective degraders which are able to promote the formation of a ternary complex and 

induce potent degradation action. Here, a systematical linker optimization might 

represent a promising approach to address this problem in future work.  

 

Table 26. Degradation and antiproliferative activity summary of designed HDAC1-3 degraders against 

PSN1 and HCT-116 cell lines 

Compo

unds 

Targeted 

HDAC  

(in cell)  

Binder 

types 

Linker 

types 

Linker 

lengh 

Degron 

types 

Degradation 

Percentage 

EC50 (µM) 

PSN1 HCT116 

212a 

PSP4 
1 aminobenzamide Triazole 6c poma E n.t.e n.t. 
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212b 

PSP3 
1 aminobenzamide Triazole 6c poma E n.t. n.t. 

212c 

PSP9 
1-3 aminobenzamide Triazole 6c poma n.t. n.t.d n.t. 

212d 

PSP1 
3 aminobenzamide Triazole 6C poma E n.t. n.t. 

212e 

PSP8 
3 aminobenzamide Triazole 6c poma n.t. n.t. n.t. 

212f 

PSP2 
3 aminobenzamide Triazole 6c poma E n.t. n.t. 

218a 

PSP12 
1-3 aminobenzamide alkyl 6c poma n.t. n.t. n.t. 

218b 

PSP15 

1 

(2/HCT116) 
aminobenzamide alkyl 5c poma B 7.49 3.19 

218c 

PSP10 
1 aminobenzamide alkyl 6c poma D 0.765 0.392 

218d 

PSP16 
1 aminobenzamide alkyl 7c poma E 5.83 1.63 

218e 

PSP17 
1 aminobenzamide alkyl 8c poma E 2.99 0.798 

218f 

PSP18 
3 aminobenzamide alkyl 5c poma D n.d. n.d. 

218g 

PSP11 
3 aminobenzamide alkyl 6c poma C n.d. n.d. 

218h 

PSP19 

3 

(3/HCT116) 
aminobenzamide alkyl 7c poma A n.t. n.t. 

218i 

PSP20 
3 aminobenzamide alkyl 8c poma B n.t. n.t. 

218k 

PSP77 

3 

(2/HCT116) 

Alkylated 

hydrazide 
alkyl 6c poma B n.t. 0.945 

218m 

PSP5 
1 aminobenzamide alkyl 6c poma C 4.36 3.66 

224a 

PSP23 

1 

(1/HCT116) 

(3/PSN1) 

aminobenzamide alkyl 6c lena B 2.07 1.33 

229a 

PSP21 
1 aminobenzamide alkyl 6c adama B 1.75 0.742 

229b 

PSP22 

3 

(3/HCT116) 
aminobenzamide alkyl 6c adama A n.d. 12.31 

229c 

PSP33 
3 

Alkylated 

hydrazide 
alkyl 6c adama E 0.820 0.421 

229d 

PSP34 
3 

Alkylated 

hydrazide 
alkyl 6c adama n.d n.t. 0.278 
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229f 

PSP58 
3 

Alkylated 

hydrazide 
alkyl 7c adama C n.t. 2.31 

229g 

PSP54 
3 

Alkylated 

hydrazide 
alkyl 8c adama E 1.95 0.636 

229h 

PSP29 
3 aminobenzamide alkyl 5c adama n.d n.d. 9.43 

229i 

PSP30 
3 aminobenzamide alkyl 7c adama n.d n.d. 4.81 

229j 

PSP53 
3 

Alkylated 

hydrazide 
alkyl 7c adama E 0.705 0.387 

229k 

PSP56 
3 

Alkylated 

hydrazide 
alkyl 6c acetyl E 10.25 2.77 

229l 

PSP60 
3 

Alkylated 

hydrazide 
alkyl 6c adama D n.t. 3.05 

229m 

PSP31 
3 aminobenzamide alkyl 4c adama n.t. n.d. 9.06 

229n 

PSP32 
3 aminobenzamide alkyl 6c adama n.t. n.t. 9.19 

250b 

PSP26 

3 

(3/HCT116) 

(3/PSN1) 

aminobenzamide alkyl 8c VHL-l A n.t. n.t, 

250c 

PSP27 
1 aminobenzamide alkyl 10c VHL-l D 35.84 5.13 

250d 

PSP28 
3 aminobenzamide alkyl 10c VHL-l D n.t. n.t. 

250e 

PSP35 
1 

Alkylated 

hydrazide 
alkyl 8c VHL-l n.d. n.d. n.t. 

250f 

PSP36 

3 

(1/HCT116) 

(3/PSN1) 

Alkylated 

hydrazide 
alkyl 8c VHL-l A 5.57 n.t. 

255a 

PSP78 

3 

(3/HCT116) 

Alkylated 

hydrazide 
alkyl 6c VHL-l A n.t. n.t. 

259a 

PSP79 
3 

Alkylated 

hydrazide 
alkyne 6c lena E n.t. n.t. 

E (< 10% degradated), D (10-30% degradated), C (30-50% degradated), B (50-70% degradated), A (> 

70% degradated) (the maximal degradation of targeted proteins). poma = pomalidomide, lena = 

lenalidomide, adama = adamantane, VHL-l = VHL ligand, n.d = no determined, n.t = no tested.
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Part 5 Experimental part  

5.1 Enzymatic HDAC activity assay 

 

 

Figure 111. Mechanism of HDAC activity assay with its substrated based on fluorescence-based assay.80 

 

Acetyllysine derivatives or peptides with an acetylated lysine residue are coupled with 

an aminomethylcoumarin fluorophore in its C-terminus to be regarded as HDAC 

substrates which can be first deacetylated by recombinant HDACs or HDAC with 

NCoR. The corresponding free lysine residue is recognized by exopeptidase trypsin to 

release the aminomethylcoumarin which has a different spectroscopic property 

compared to its parent acetylated substrate and could be quantified by fluorescence 

detection. As HDAC cellular substrates are proteins or protein complexes, this assay 

method can not accurately reflect the impact on HDAC cellular function, but can still 

reflect the inhibition of the catalytic activity. However, in terms of some HDACs with 

relatively low deacetylation activity such as e.g. HDAC8, trifluoroacetyl-lysine 

substrates are used instead of acetyllysine derivatives in practice.80 

The in vitro enzymatic activity testing was carried out by Matthes Zessin and Patrik 

Zeyen, Institute of Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, 

Germany.
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5.2 Chemical Synthesis - Materials and Methods  

5.2.1 Chemicals and microwave reactor 

5.2.1.1 Chemicals and microwave reactor 

The chemicals were purchased from abcr GmbH Karlsruhe or Sigma Aldrich 

Darmstadt. Microwave reactions were performed by heating to the corresponding 

temperature within 5 min through a microwave reactor (Monowave 450 from the 

manufacturer Anton Paar GmbH).  

 

5.2.1.2 Treatment of the solvents 

All of the mentioned solvents were analytically pure and used directly from chemical 

storage of the institute of pharmacy, Martin-Luther-University Halle-Wittenberg 

without further purification.  

 

5.2.2 Chromatography 

5.2.2.1 Thin layer chromatography (TLC):  

The TLC silica gel 60 F254 aluminum sheets 20x20 cm were purchased from the 

manufacturer Merck KgaA and were cuted into proper size to monitor the progress of 

the reactions, estimate the reaction end point, evaluate the product combinded with 

LC-MS, and determine the mobile phase system for column chromatographyl. The 

substance was dissolved in a proper solvent or taken directly from the reaction 

mixture and applied to the TLC aluminum sheet with a glass capillary. The 

subsequent TLC sheet was placed into a TLC chamber which was saturated with one 

of the following mobile phase and detected through a UV light under 254 nm (short 

wave UV light) or 366 nm (long wave UV light): 
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MP 1: Dichloromethane (DCM) / methanol; 50/1 with or without trimethylamine 

MP 2: DCM / methanol; 30/1 with or without trimethylamine 

MP 3: DCM / methanol; 25/1 with or without trimethylamine 

MP 4: DCM / methanol; 15/1 

MP 5: EtOAc / heptane; 10/1 

MP 6: EtOAc / heptane; 5/1 

MP 7: EtOAc / heptane; 1/1 

 

5.2.2.2 Column chromatography: Silica gel 60 (0.015-0.04 mm) from the 

manufacturer Merck KgaA was used as a stationary phase. As mobile phases, a 

mixture of DCM, a methanol gradient and 2 or 3 drops of triethyl amine was used 

when there are basic moieties in the sample. Otherwise, only DCM with a methanol 

gradient or heptane with an EtOAc gradient was used as mobile phase. The crude 

substances were dry packed with a silica gel/substance ratio of 2-5 and the ratio of 

stationary phase with dry sample was about 10-20. 

 

5.2.2.3 High performance liquid chromatography (HPLC): The purity of all final 

compounds was determined by HPLC. The HPLC system consists of an XTerra RP18 

column (3.5 µm 3.9 x 100 mm) form the manufacturer Waters (Milford, MA, USA), 

two LC-10AD pump, a SPD-M10A VP PDA detector, and a SIL-HT auto sampler all 

from the manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all cases a 

mixture of methanol/water in gradient (starting from 95 % water to 5 % water finally). 

The water was mixed with 0.05 % TFA. 

 

5.2.2.4 Preparative high performance liquid chromatography 

(Preparative-HPLC): Several compounds were purified by preparative-HPLC which 

contains a LiChrosorb® RP-18 (7 µm) 250-25 Merck column. The mobile phase was 

in all cases a mixture of acetonitrile and water (starting from 5 % water to 95 % water 

finally). 

5.2.3 Nuclear magnetic resonance (NMR)-Spectroscopy: The recording of the 
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1H-NMR and 13C-NMR - spectra was performed with Varian Inova 500 or the Gemini 

2000 from the manufacturer Varian. The spectra were recorded at 400 MHz or 500 

MHz. The solvents used here are hexadeuterodimethyl sulfoxide (DMSO-d6) or 

deuterated chloroform (CDCl3). The chemical shift δ is expressed in ppm and is set at 

the axis of symmetry of the separate peaks. The signals of 1HNMR spectra are 

specified in the following manner: (multiplicity, coupling constant J in Hz, number of 

protons). The following abbreviations were used for the multiplicities: s (singlet), d 

(doublet), t(triplet), dd (doublet of doublet), m (multiplet). 

 

5.2.4 Mass spectrometry 

5.2.4.1 Electron-spray mass spectrometry (ESI-MS) and atmospheric pressure 

chemical ionization (APCI) were used to confirm key intermediates. The dissolved 

samples were injected via a pump Harvard Apparatus 22 (20 µl min-1). The ionization 

was performed via electron spray technique at 5 kV in positive or negative mode. The 

spectra were recorded by the Finnigan LCQClassic mass spectrometer of the 

manufacturer Thermo Electron (Egelsbach, Germany). It has a heatable capillary 

(220 °C) and a flow rate of 20 µl/min.  

 

5.2.4.2 High resolution mass spectrometry (HR-MS) was also used here for all the 

final products. The samples were dissolved in a proper solvent such as methanol or 

chloroform and ionized via a Proxeon-Nano-ESI-source of the manufacturer Thermo 

Fisher Scientific (Bremen, Germany) at 1.3 kV. The spectra were recorded by the 

LTQ-Orbitrap-XL-mass spectrometer of the manufacturer Thermo Fisher Scientific 

(Bremen, Germany). The signal of the isotopes with the highest prevalence was given 

and calculated (35Cl, 79Br).
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5.3 Synthesis procedure and compound characterization  

5.3.1 Synthesis procedure and compound characterization for part 2 

General procedure for the synthesis of Boc protective amino acid 2a-2m: THF (1 

mL) and water (0.5 mL) were added to the R-amino acid (0.43 mmol) in ice bath. 

(Boc)2O was then added into the mixture followed by 0.25 mL NaOH (10%) solution. 

The resulting mixture was stirred overnight and temperature was increased to room 

temperature. 2 mL water were then added to the reaction mixture with stirring 

followed by HCl (10%) dropwise until pH ≈ 4, and the mixture was extracted with 

DCM twice. The organic layer was collected, dried over anhydrous Na2SO4 and 

concentrated using rotary evaporator giving the intermediate 2a-2n as white solid or 

colorless oil in a quantitative yield and were directly used in the next step without 

further purification. 

 

4-Methylbenzenesulfonohydrazide (4): A solution of TsCl (2.38 g, 12.48 mmol, 1.0 

eq) in THF (25 mL) was slowly added to a mixture of hydrazine monohydrate (6.26 g, 

125 mmol, 10.0 eq) and water (150 mL) at about 5 oC in ice bath under stirring. The 

resulting mixture was stirred for an additional 30 min, extracted three time with 

EtOAc. The organic layer was collected, dried by anhydrous Na2SO4 and concentrated 

to give white solid in a quantitative yield without further purification. m/z (APCI+) 

187.0 (M+H)+. 

 

Tert-butyl 4-(2-tosylhydrazono)piperidine-1-carboxylate (5): Tert-butyl 

4-oxopiperidine-1-carboxylate was added to a solution of 4 (1.0 g, 5.37 mmol, 1.0 eq) 

in MeOH (10 mL) and the mixture was stirred for 3 h. After a white precipitate 

emerged, the solvent was removed by rotary evaporator, the residue was washed with 

a little petroleum ether and dried to yield white solid (1.95 g, yield: 99%). m/z (APCI+) 

368.3 (M+H)+. 1H NMR (400 MHz, DMSO-d6 ) δ 10.23 (s, 1H), 7.71 (d, J = 8.2 Hz, 
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2H), 7.38 (d, J = 8.1 Hz, 2H), 3.37 (dd, J = 13.3, 6.8 Hz, 4H), 2.40 – 2.31 (m, 5H), 

2.20 (t, J = 6.0 Hz, 2H), 1.38 (s, 9H). 

 

Phenyl(piperidin-4-yl)methanone TFA (7a) and 

(2-methoxynaphthalen-1-yl)(piperidin-4-yl)methanone TFA (7b): A mixture of 

compound 5 (1.60 g, 4.36 mmol, 1.0 eq), aldehyde (4.36 mmol, 1.0 eq) and Cs2CO3 

(2.84 g, 2.0 eq) in dioxane (8 mL) was kept under argon atmosphere and heated to 110 

oC in a microwave reactor for 2.5 h. Upon completion, the reaction was extracted with 

water and DCM three times, and the organic layers were collected and dried over 

anhydrous Na2SO4. After concerntration, the residue was purified by column 

chromatography using heptane and EtOAc as eluent to give a light yellow oil product 

(yield: 69% (6a) and 27% (6b)). 

 

Tert-butyl 4-benzoylpiperidine-1-carboxylate (6a): m/z (ESI+) 312.51 (M+Na)+, 1H 

NMR (400 MHz, CDCl3) δ 7.93 (dt, J = 8.5, 1.7 Hz, 2H), 7.59 – 7.52 (m, 1H), 7.50 – 

7.42 (m, 2H), 4.15 (d, J = 13.0 Hz, 2H), 3.40 (tt, J = 11.1, 3.7 Hz, 1H), 2.95 – 2.81 (m, 

2H), 1.83 (d, J = 11.5 Hz, 2H), 1.75 – 1.63 (m, 2H), 1.45 (s, 9H).  

Tert-butyl 4-(2-methoxy-1-naphthoyl)piperidine-1-carboxylate (6b): m/z (APCI+) 

370.2 (M+H)+.  

 

The Boc deprotected intermediates 7a and 7b were obtained through stirring 6a and 

6b in a mixture of TFA (4 mL) and DCM (8 mL) at room temperature for 2 h followed 

by solvent evaporation. Intermediates 7a was yellow solid and used without further 

purification (yield: 67%). m/z (ESI+) 190.0 (M+H)+, 1H NMR (400 MHz, CDCl3) δ 

7.98 – 7.90 (m, 2H), 7.55 (dd, J = 8.3, 6.4 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 3.39 (dd, 

J = 13.1, 9.5 Hz, 1H), 3.19 (dt, J = 12.6, 3.3 Hz, 2H), 2.77 (td, J = 12.3, 2.6 Hz, 2H), 

1.93 – 1.81 (m, 3H), 1.75 – 1.62 (m, 2H). Intermediate 7b was purified by column 

chromatography (EtOAc : heptane = 1 : 20 to 1 : 4 and then DCM : MeOH = 15:1 to 

10 : 1 with several drops of triethylamine) to give a white solid (yield: 50%), m/z 

(APCI+) 270.0 (M+H)+.  
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(1-Methyl-1H-indol-3-yl)methanamine (15): A mixture of 

1-methyl-indole-3-carbaldehyde (13) (200 mg, 1.26 mmol, 1.0 eq), 

hydroxylammonium chloride (0.175 g, 2.52 mmol, 2.0 eq) and sodium acetate (0.258 

g, 3.15 mmol, 2.5 eq) in MeOH (1 mL) and water (0.5 mL) was stirred at room 

temperature for 24 h. The reaction was then extracted with water and DCM three 

times, and the organic layers were collected, dried over anhydrous Na2SO4, and 

concentrated to yield a light yellow solid 1-methyl-indole-3-carbaldehyde oxime (14) 

(160 mg, 73%) which was directly used in the next procedure without further 

purification.  

 

To a mixture of compound 14 (100 mg, 0574 mmol, 1.0 eq) and NiCl2
.6H2O (74.4 mg, 

0.574 mmol, 1.0 eq) in MeOH (5 mL) was added NaBH4 (220 mg, 5.74 mmol, 10.0 

eq) slowly over several portions under ice bath with stirring until compound 14 was 

disappeared. The reaction was extracted with EtOAc and water three times, and the 

collected organic layers were concentrated and purified by column chromatography 

(EtOAc : heptane = 1 : 1 and then DCM : MeOH = 20 : 1 to 10 : 1) to give (15) as a 

white solid (50 mg, yield: 54%), 1H NMR (400 MHz, DMSO-d6) δ 7.62 (d, J = 7.9 Hz, 

1H), 7.37 (d, J = 8.2 Hz, 1H), 7.22 (s, 1H), 7.17 – 7.10 (m, 1H), 7.01 (t, J = 7.4 Hz, 

1H), 3.91 (s, 2H), 3.73 (s, 3H), 3.65 (s, 2H). m/z (APCI+) 161.0 (M+H)+. 

 

(1H-indol-1-yl)(piperidin-4-yl)methanone (19): Thionyl chloride (107 mg, 65 μL, 

0.792 mmol, 1.2 eq) and TEA (80.14 mg, 110 μL, 0.792 mmol, 1.2 eq) were added to 

a stirred solution of 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid (16) (150 mg, 

0.66 mmol, 1.0 eq) in DCM (5 mL) under argon atmosphere at room temperature for 

20 h then the solvent was removed by evaporation and the residue tert-butyl 

4-(chlorocarbonyl)piperidine-1-carboxylate (17) was used directly without further 

purification. indole (70 mg, 0.6 mmol, 1.0 eq), TEA (91 mg, 125 μL, 1.5 eq) and 

DMAP (7.33 mg, 0.06 mmol, 0.1 eq) were added to the solution of compound 17 in 

DCM (2 mL), and the resulting mixture was stirred for about 4 days at room 
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temperature then directly purified by chromatography (ethy lacetate : heptane = 0 : 1 

to 1 : 4 gradually) to give tert-butyl 4-(1H-indole-1-carbonyl)piperidine-1-carboxylate 

(18) as a colorless solid (60 mg, yield: 31%). A mixture of 0.2 mL TFA and 2 mL 

DCM was dropwise added to 68 mg of compound 18 and the reaction was stirred for 

about 2 h at room temperature till 18 disappeared. A Na2CO3 saturated solution was 

added to the reaction until no bubbles appeared, and the mixture was extracted with 

EtOAc and brine. The collected organic layers were dried over anhydrous Na2SO4 and 

purified by column chromatography (DCM : MeOH = 20 : 1 to 10 : 1 with several 

drops of TEA) to give intermediate 19 as a white solid (60 mg , yield: 97%), m/z 

(APCI+) 229.2 (M+H)+. 

 

(5-Phenyl-1,3,4-oxadiazol-2-yl)methanamine HCl salt (23)167: Benzohydrazide (20) 

(4.3 g, 31.40 mmol, 1.1 eq), Boc-Gly-OH (5.0 g, 28.54 mmol, 1.0 eq), DIPEA (8.12 g, 

11.2 mL, 128 mmol, 2.2 eq) and EDCI (6.0 g, 31.3 mmol, 1.1 eq) were dissolved in 

DCM (50 mL) and the reaction was stirred for 18 h, then washed with aq HCl (10%) 

and saturated NaHCO3 solutions. The collected organic layer was dried over 

anhydrous Na2SO4 and concentrated to get tert-butyl 

(2-(2-benzoylhydrazinyl)-2-oxoethyl)carbamate (21) as oil (6.8 g, yield: 81%), m/z 

(APCI+) 294.1 (M+H)+.  

 

Toluenesulfonyl chloride (5.53 g, 29 mmol, 1.25 eq) was added to the solution of 

compound 21 (6.8 g, 23.2 mmol, 1.0 eq ) and TEA (4.2 mL, 30.2 mmol, 1.3 eq) in 

DCM (70 mL) at room temperature, and the mixture was stirred for 14 h. The reaction 

was then washed with aq HCl (10%) and aq NaOH (10%) solutions, the collected 

organic layer was dried over anhydrous Na2SO4 and concentrated to give tert-butyl 

((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)carbamate (22) as yellow oil (6.9 g) which 

was directly used in the next procedure and Boc deprotected by TFA (7 mL) and 

DCM (40 mL) at room temperature followed by addition of saturated Na2CO3 

solution to the reaction mixture till no bubbles appeared. The reaction was then 

washed with brine three times, and the combined organic layers were dried with 



Part 5 Experimental part                                              131 

 
 

anhydrous Na2SO4 and purified by column chromatography (DCM : MeOH = 15 : 1). 

The pure compound was converted to HCl salt by concentrated HCl and the resulting 

residue was washed with ether and pulped with IPA (isopropanol) to remove 

toluenesulfonic acid from last step, the residue was then dried by rotary evaporator to 

give (23) as pink solid (5.1g, yield: 97%). m/z (APCI+) 176.1 (M+H)+, 1H NMR (400 

MHz, CDCl3) δ 8.07 – 8.00 (m, 2H), 7.56 – 7.46 (m, 3H), 4.14 (s, 2H), 1.72 (s, 2H). 

 

(1-Phenyl-1H-1,2,3-triazol-4-yl)methanamine (26): CuSO4
.5H2O (6.3 mg, 0.0252 

mmol, 0.01 eq) was added to the mixture of water (3 mL) and t-BuOH (3 mL) at room 

temperature and then sodium L-ascorbate (50 mg, 0.252 mmol, 0.1 eq) and phenyl 

azide 0.5 N in tert-butanol methyl ether (5.04 mL, 2.52 mmol, 1.0 eq) were added 

dropwise to the reaction and followed by propargylamine (194 μL, 3.024 mmol, 1.2 

eq). The final mixture was stirred for 3 days, and the reaction was extracted by EtOAc 

and water three times. The collected organic layers were dried over anhydrous 

Na2SO4 and purified by column chromatography (DCM : MeOH = 1 : 1 till 15 :1) to 

give 26 as yellow oil (142 mg, yield: 33%), m/z (APCI+) 175.2 (M+H)+. 

 

TFA salt of 5-((4-methylpiperazin-1-yl)methyl)isoindoline (31a) and TFA salt of 

5-((4-benzylpiperazin-1-yl)methyl)isoindoline (31b): To a solution of propargylamine 

(1.7 g, 31 mmol, 1.0 eq) in THF (20 mL) was added (Boc)2O (7.42 g, 34 mmol, 1.1 eq) 

at room temperature. The resulting mixture was stirred for about 6 h and extracted 

with EtOAc and brine, and the collected organic layer was washed with aq HCl (10%), 

dried over Anhydrous Na2SO4 and concentrated to give tert-butyl 

prop-2-yn-1-ylcarbamate (28) as a orange solid in a quantitative yield, 1H NMR (400 

MHz, CDCl3) δ 4.68 (s, 1H), 3.92 (d, J = 2.5Hz, 2H), 2.21 (t, J = 2.5 Hz, 1H), 1.45 (s, 

9H). m/z (APCI+) 157.0 (M+H)+. 

 

To a solution of intermediate 28 (1.2 g, 7.73 mmol, 1.0 eq) in anhydrous THF (10 mL) 

was added NaH (60%) (0.44 g, 10.83 mmol, 1.4 eq) and the mixture was stirred for 30 

min at room temperature. Propargylbromide (1.85 g, 1.34 mL, 12.4 mmol, 1.6 eq) was 
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then added dropwise, and the resulting mixture was stirred overnight, then quenched 

with saturated NH4Cl solution and extracted with EtOAc twice. The combined 

organic layers were dried over anhydrous Na2SO4 and the resulting residue was 

purified by column chromatography (EtOAc : heptane = 0 : 1 till 1 : 10) to give 

tert-butyl di(prop-2-yn-1-yl)carbamate (29) as pale yellow liquid (0.99 g, yield: 67%), 

m/z (APCI+) 138.1 (M-tBu+2H)+.  

 

To a stirred mixure of 29 (0.99 g, 5.12 mmol, 1.0 eq) and propargyl alcohol (1.15 g, 

1.2 mL, 20.5 mmol, 4.0 eq) in THF (30 mL) was added (PPh3)3RhCl (142 mg, 0.1536 

mmol, 0.003 eq) at room temperature and stirring was continued for 5 h. The solvent 

was removed and the residue was purified by column chromatography (EtOAc : 

heptane = 0 : 1 till 2 : 1) to give tert-butyl 

5-(hydroxymethyl)isoindoline-2-carboxylate (30) as brown solid (0.89 g, 70%), 1H 

NMR (400 MHz, CDCl3) δ 7.28 (m, 1H), 7.21 (m, 2H), 4.72 – 4.61 (m, 6H), 1.52 (s, 

9H). m/z (APCI+) 250.2 (M+H)+.  

 

To a stirred mixture of compound 30 (150 mmg, 0.602 mmol, 1.0 eq) and DIPEA 

(126 μL, 0.72 mmol, 1.2 eq) in THF (2 mL) under ice bath was added MsCl (52 μL, 

0.662 mmol, 1.1 eq) and stirring was continued for 1.5 h until TLC showed complete 

consumption of compound 30. Then, 1-methylpiperazine (202.5 μL, 1.8 mmol, 3.0 eq) 

was added to the reaction and stirred for another 3 h under room temperature until 

complete reaction. The reaction was then extracted with water and EtOAc. The 

combined organic layer was washed with brine, dried over anhydrous Na2SO4 and 

concentrated to get brown oil (160 mg, yield: 80%), m/z (APCI+) 332.4 (M+H)+. The 

resulting product was added to a mixture of TFA (1.5 mL) and DCM (6 mL) at room 

temperature, and the reaction was stirred for 3 h then directly evaporated, and the 

residue was washed with heptane and ether, dried again by evaporator giving 

semisolid 31a in a quantitative yield (270 mg) which was directly used in the next 

procedure without further purification. 31b was synthesized through the same 

procedure, the yield of tert-butyl 
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5-((4-benzylpiperazin-1-yl)methyl)isoindoline-2-carboxylate before the last step was 

about 64%, m/z (APCI+) 408.5 (M+H)+. 

 

Tert-butyl 5-bromoisoindoline-2-carboxylate (37): Liquid Br2 (8.5 mL, 165.9 mmol, 

1.1 eq) was added dropewise to a mixture of NaOH (12 g, 159.8 mmol, 2.0 eq) and 

phthalic anhydride (22 g, 148.5 mmol, 1.0 eq) in water (150 mL). The resulting 

reaction was stirred at 90 oC for 16 h and then cooled to room temperature with 

stirring. A solution of HCl (10%) was added dropwise to the reaction until pH ≈ 2. 

Then, the resulting precipitate was filtered. The white residue was washed with cold 

water and dried to give 4-bromophthalic acid (34) as white solid (28 g, yield: 77%). 

1H NMR (400 MHz, DMSO-d6) 
1H δ 8.21 (s, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.71 (dd, 

J = 8.4, 2.3 Hz, 1H). 

 

A mixture of compound 34 (4.87 g, 19.9 mmol, 1.0 eq), Urea (2.38 g, 39.3 mmol, 2.0 

eq) and imdazole (1.45 g, 1.53 mL, 1.0 eq) in DMF (1.53 mL) was heated to 160 oC in 

a microwave reactor for 2.5 h. Upon completion, a solution of HCl (10%) was added 

to the reaction mixture until pH ≈ 4. The resulting mixture was stirred for an 

additional 1 h. The precipitate was then filtered and the residue was dried to give 

5-bromoisoindoline-1,3-dione (35) as a yellow solid (2.62 g, yield: 58%), m/z (APCI+) 

227.1 (M+H)+.  

 

NaBH4 (8.37 g, 221 mmol, 10.0 eq) was added to a stirred solution of intermediate 35 

(5 g, 22.1 mmol, 1.0 eq) in THF (200 mL) at room temperature. The rsulting mixture 

was then cooled below -10 oC and BF3-Et2O (33 mL, 266 mmol, 12.0 eq) was added 

dropwise. The reaction was then refluxed for 24 h until TLC showed complete 

consumption of compound 35. The reaction was cooled to room temperature and 

quenched slowly with cold water. Most of THF was then evaporated. The resulting 

residue was basified until pH ≈ 10 with a solution of 6N NaOH at 0-5 oC followed by 

addition of EtOAc. The organic layer was washed with brine three times, dried over 

anhydrous Na2SO4 and concentrated to give a residue that was diluted with ether. The 
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mixture was acidified with 6N HCl solution until pH ≈ 2 at room temperature. The 

collected water layer was basified again until pH ≈ 10 with 6N NaOH solution. The 

aqueous layer was extracted with EtOAc three times. The combined organic layers 

were then washed with brine, dried over anhydrous Na2SO4 and concentrated to give 

5-bromoisoindoline (36) as brown oil (1.59 g, yield: 36 %).152 

 

To a stirred mixture of compound 36 (1.59 g, 5.33 mmol, 1.0 eq) in DCM (16 mL) 

and TEA (1.11 mL, 8 mmol, 1.5 eq) was added (Boc)2O (1.75 g, 8.0 mmol, 1.5 eq). 

The resulting mixture was stirred for 24 h. Then, the reation was directly concentrated 

and the residue was purified by column chromatography (EtOAc : heptane = 0 : 1 to 

1 : 20) to give tert-butyl 5-bromoisoindoline-2-carboxylate (37) as a light yellow oil 

(1.37g, yield: 58 %). 1H NMR (400 MHz, CDCl3) δ 7.39 (dd, J = 15.9, 7.9 Hz, 2H), 

7.11 (dd, J = 20.4, 8.0 Hz, 1H), 4.63 (t, J = 15.4 Hz, 4H), 1.51 (s, 9H). m/z (APCI+) 

244.1 (M+2H-tBu)+, 200.1 (M+2H-Boc)+.  

 

5-Phenylisoindoline (39): A stirred mixture of 37 (100 mg, 0.336 mmol, 1.0 eq), 

phenylboronic acid (62 mg, 0.404 mmol, 1.5 eq), Pd( OAc)2 (3 mg, 0.013 mmol, 0.04 

eq), PPh3 (18 mg, 0.067 mmol, 0.2 eq) and Cs2CO3 (220 mg, 0.672 mmol, 2.0 eq) in 

dry toluene (2 mL) was kept under argon atmosphere and heated to 110 oC in a 

mixrowave reactor for 2.5 h. Then, the solvent was removed by evaporation and the 

residue was directly purified by column chromatography (EtOAc : heptane = 1 : 20 to 

1 :4 gradually) to give tert-butyl 5-phenylisoindoline-2-carboxylate (38) as a white 

solid (74 mg, yield: 74%), 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.55 (m, 2H), 7.45 

(dd, J = 15.7, 7.9 Hz, 4H), 7.39 – 7.32 (m, 2H), 4.72 (dd, J = 16.9, 7.1 Hz, 4H), 1.53 

(s, 9H), m/z (APCI+) 240.2 (M+2H-tBu)+. The pure 38 was added to a mixture of TFA 

(1 mL) and DCM (6 mL) and the reaction was stirred at room temperature for 1 h. 

Saturated Na2CO3 solution was then added to the reaction mixture until no bubbles 

appeared. The mixture was extracted with brine and EtOAc three times. The 

combined organic layers were dried over anhydrous Na2SO4 and concentrated. The 

resulting residue was purified by column chromatography (DCM : MeOH = 15 :1 ) to 
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give intermediate 39 as a white solid (32 mg, yield: 44%). 

 

TFA salt of 4-(isoindolin-5-yl)morpholine (41a) and 

5-(4-methylpiperazin-1-yl)isoindoline (41b): A mixture of 37 (150 mg, 0.5 mmol, 1.0 

eq), morpholine (52 mg, 53 μL, 0.6 mmol, 1.2 eq), Pd(dba)2 (23 mg, 0.025 mmol, 

0.05 eq), potassium tert-butylate (113 mg, 1.0 mmol, 2.0 eq) and 

tert-Butoxy-bis-(diisopropylamino)-phosphin (15.4 mg, 0.05 mmol, 0.1 eq) in toluene 

(1.5 mL) was heated to 110 oC in a microwave reactor for 1 h. Then, the solvent was 

removed by evaporation and the residue was purified by column chromatography 

(EtOAc : heptane = 0 : 1 to 1 : 2 gradually) to give tert-butyl 

5-(4-methylpiperazin-1-yl)isoindoline-2-carboxylate (40a) as a white solid (105 mg, 

yield: 69%). 1H NMR (400 MHz, CDCl3) δ 7.14 (dd, J = 20.7, 8.3 Hz, 1H), 6.82 (dd, 

J = 21.7, 13.0 Hz, 2H), 4.61 (m, 4H), 3.91 – 3.81 (m, 4H), 3.14 (d, J = 4.6 Hz, 4H), 

1.51 (s, 9H). The pure 140 mg intermediate 40a was added to a mixture of TFA (1 mL) 

and DCM (6 mL) at room temperature and the resulting reaction was stirred for 1 h. 

The solvent was then evaporated. The residue was washed with ether giving 41a as 

brown solid in a quantitative yield (199 mg). 

 

Intermediate 41b was synthesized through the same procedure of 41a. Tert-butyl 

5-morpholinoisoindoline-2-carboxylate (40b) was yellow solid (yield: 66%). 1H NMR 

(400 MHz, CDCl3) δ 7.12 (dd, J = 20.7, 8.4 Hz, 1H), 6.83 (m, 2H), 4.60 (dd, J = 16.1, 

14.2 Hz, 4H), 3.22 (d, J = 4.6 Hz, 4H), 2.63 (m, 4H), 2.39 (s, 3H), 1.51 (s, 9H). 41b 

was brown oil in a quantitative yield. 

 

5-Methoxyisoindoline (43): Compound 35 (1.5 g, 6.64 mmol, 1.0 eq) was added to a 

mixture of sodium methoxide (1.79 g, 33.2 mmol, 5.0 eq) and Cu2O (38 mg, 0.265 

mmol, 0.04 eq) in MeOH (12 mL). The reaction was heated to 170 oC in a microwave 

reactor for 30 min. Then, the mixture was acidified by aq HCl (10%) until pH ≈ 2. 

The mixture was extracted with EtOAc for three times. The combined organic layers 

were washed with brine, dried over anhydrous Na2SO4 and then concentrated to give 
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intermediate 5-methoxyisoindoline-1,3-dione (42) as a yellow solid (0.98 g, yield: 

83%), m/z (APCI+) 178.0 (M+H)+.  

 

Intermediate 43 was synthesized starting from 42 through the same reduction 

procedure of intermediate 36. The resulting product 43 was a brown oil (yield: 61%), 

m/z (APCI+) 150.1 (M+H)+. 

 

5-(Benzyloxy)isoindoline (47): A miture of compound 34 (2.45 g, 10 mmol, 1.0 eq), 

NaOH (2.0 g, 50 mmol, 5.0 eq) and Cu2O (57.24 mg, 0.4 mmol, 0.04 eq) in water (8 

mL) was heated to 140 oC in a microwave reactor for 1.5 h until TLC showed 

complete consumption of compound 34. Then, the reaction was filtered and the 

filtrate was acidified with aq HCl (15%) until pH ≈ 2. The filtrate was extracted with 

EtOAc three times. The collected organic layers were dried over anhydrous Na2SO4 

and concentrated to give intermediate 4-hydroxyphthalic acid (44) as light yellow 

solid (1.48 g, yield: 81%).  

 

A mixture of compound 44 (1.0 g, 5.5 mmol, 1.0 eq), Urea ( 0.61 g, 10.1 mmol, 2.0 eq) 

and imidazole (0.374 g, 5.5 mmol, 1.0 eq) in DMF (2.3 mL) was heated to 160 oC in a 

microwave reactor for 2.5 h. The reaction was acidified with aq HCl (10%) until pH ≈ 

2. The resulting mixture was stirred for an additional 1 h at room temperature. The 

resulting precipitate was filtered and the residue was dried to give intermediate 

5-hydroxyisoindoline-1,3-dione (45) as orange solid (0.67 g, yield: 68%), m/z (APCI+) 

164.1 (M+H)+. 

 

To a stirred mixture of compound 45 (0.6 g, 3.68 mmol, 1.0 eq) and K2CO3 (0.763 g, 

5.52 mmol, 1.5 eq) in DMF (10 mL) was added benzylbromide (0.63 g, 3.68 mmol, 

1.0 eq) and then the reaction was heated to 60 oC for 3 h. Upon completion, water was 

added to the reaction mixture. The reaction was extracted with EtOAc. The collected 

organic layer was washed with HCl (10%) solution, dried over anhydrous Na2SO4 and 

concentrated to give a white solid (0.9 g) which was consisted of two compounds. 
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One of them was intermediate 5-(benzyloxy)isoindoline-1,3-dione (46) with a 

stronger polarity, m/z (APCI+) 254.1 (M+H)+ and the other one was double alkylate 

byproduct with a smaller polarity, m/z (APCI+) 344.3 (M+H)+. The mixture was used 

directly without further purification. 

 

A stirred mixture of NaBH4 (1.35 g, 35.5 mmol, 10.0 eq) and the above mentioned 

mixed product in THF (30 mL) was cooled to about 0 oC followed by addition of 

BF3-Et2O dropwise. The resulting reaction was heated to reflux overnight and then 

cooled to room temperature. MeOH was added to the reaction mixture and reflux was 

continued for 1 h. The final reaction was concentrated and the residue was directly 

purified by column chromatography (DCM : MeOH = 1 : 0 till 20 : 1 gradually with 

several drops of TEA) to give compound 47 as white solid (450 mg, yield: 50%), m/z 

(APCI+) 226.2 (M+H)+. 

 

Tert-butyl 5-(bromomethyl)isoindoline-2-carboxylate (48): A mixture of compound 

tert-butyl 5-(hydroxymethyl)isoindoline-2-carboxylate (30) (100 mg, 0.401 mmol, 1.0 

eq), CBr4 (160 mg, 0.482 mmol, 1.2 eq) and PPh3 (127 mg, 0.484 mmol, 1.2 eq) in 

DCM (2 mL) was stirred at room temperature for 30 min. The reaction was then 

concentrated and the residue was directly purified by column chromatography 

(EtOAc : heptane = 1 : 5) to give 48 as white solid (99 mg, yield: 79%), m/z (APCI+) 

313.8 (M+H)+. 

 

N-(1-(isoindolin-5-ylmethyl)piperidin-4-yl)-N-phenylpropionamide (51a) and  

6-fluoro-3-(1-(isoindolin-5-ylmethyl)piperidin-4-yl)benzo[d]isoxazole (51b): A 

mixture of 5-fluoro-3-(piperidin-4-yl)benzo[d]isoxazole hydrochloride (49b) (137 mg, 

0.53 mmol, 1.1 eq), intermediate 48 (150 mg, 0.48 mmol, 1.0 eq) and K2CO3 (200 mg, 

1.45 mmol, 3.0 eq) in DMF (10 mL) was stirred at room temperature overnight until 

compound 48 was complete consumption. Then, water was added to the reaction. The 

mixture was extracted with EtOAc three times. The combined organic layers were 

washed with brine three times, dried over anhydrous Na2SO4 and concentrated to give 
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intermediate tert-butyl 

5-((4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)methyl)isoindoline-2-carboxylate 

(50b) as orange oil (180 mg, yield: 83%), m/z (APCI+) 452.8 (M+H)+. A mixture of 

the pure intermediate 50b in TFA (2 mL) and DCM (10 mL) under ice bath was 

stirred for 2 h. Saturated Na2CO3 solution was then added to the reaction mixture till 

no bubbles appeared. The final reaction was extracted with brine and EtOAc three 

times. The collected organic layers were dried over anhydrous Na2SO4 and 

concentrated to give 51b as brown semisolid (120 mg, yield: 85%) that was used 

without further purification. 

 

The synthesis procedure of 49a to 51a was same with the procedure of 49b to 51b. 

50b was orange oil (175 mg, yield: 79%), m/z (APCI+) 464.9 (M+H)+. 51a was brown 

semisolid (120 mg, yield:87 %). 

 

5-((4-(Benzo[b]thiophen-3-ylmethyl)piperazin-1-yl)methyl)isoindoline (57): A 

mixture of NaB(AcO)3 (1.96 g, 92.46 mmol, 3.0 eq), 

benzo[b]thiophene-3-carbaldehyde (0.5 g, 30.82 mmol, 1.0 eq) and tert-butyl 

piperazine-1-carboxylate (0.64 g, 34.4 mmol, 1.1 eq) in DCM (10 mL) was stirred at 

room temperature overnight. The reaction was then extracted with DCM and brine. 

The collected organic layer was washed with brine 3 times, dried over anhydrous 

Na2SO4 and concentrated to give intermediate tert-butyl 

4-(benzo[b]thiophen-3-ylmethyl)piperazine-1-carboxylate (54) as colorless oil (1.0 g, 

yield: 98%). 

 

The resulting intermediate 54 was added to a stirred mixture of TFA (2 mL) and DCM 

(10 mL) at room temperature and the mixture was stirred for 2 h. Then, saturated 

Na2CO3 sollution was added to the reaction mixture till no bubbles appeared. The 

final reaction was extracted with brine and DCM three times. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated to give intermediate 

1-(benzo[b]thiophen-3-ylmethyl)piperazine (55) as a light orange solid (0.6 g, yield: 
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86%), part of which was converted to HCl salt by a solution of HCl/dioxane (4M) and 

solvent evaporation. 1H NMR (400 MHz, DMSO-d6) δ 8.55 (s, 2H), 7.97 (dd, J = 6.8, 

2.3 Hz, 2H), 7.62 (s, 1H), 7.42 – 7.34 (m, 2H), 3.79 (s, 2H), 3.09 – 3.03 (m, 4H), 2.61 

(t, J = 4.1 Hz, 4H). 

 

The synthesis procedure of intermediate 57 starting from intermediate 55 was same 

with the procedure of above mentioned 49b to 51b. The intermediate tert-butyl 

5-((4-(benzo[b]thiophen-3-ylmethyl)piperazin-1-yl)methyl)isoindoline-2-carboxylate 

(56) was purified by column chromatography (DCM: MeOH = 1 : 0 to 30 : 1 

gradually) in 83% yield, m/z (APCI+) 464.2 (M+H)+, 408.2 (M+2H-tBu)+. 57 was 

orange semisolid (yield: 77 %) that was directly used without further purification. 

 

3-(2-(4-(Isoindolin-5-ylmethyl)piperazin-1-yl)ethyl)-1-methyl-1H-indole (63a) and 

5-((4-(4-chlorophenethyl)piperazin-1-yl)methyl)isoindoline (63b): A mixture of 

CH3I (3.1 g, 21.9 mmol, 10.0 eq) and NaH (0.44 g, 11.0 mmol, 5.0 eq) in anhydrous 

THF (5 mL) was stirred for about 5 min and was added a solution of 

3-(2-bromoethyl)-indole (58a) (490 mg, 2.19 mmol, 1.0 eq) in THF (20 mL). The 

stirring was continued overnight until 58a was disappeared. Cold water was added 

dropwise to the reaction mixture till no bubbles appeared. The resulting mixture was 

concentrated and the residue was diluted with EtOAc. The solution was washed with 

brine three times. The collected organic layer was dried over anhydrous Na2SO4 and 

concentrated. The residue was. prurified by column chromatography (EtOAc : heptane 

= 1 : 15) to give 3-(2-bromoethyl)-1-methyl-indole (59a) as a yellow oil (0.30 g, yield: 

59%)168, m/z (APCI+) 238.0 (M+H)+. 

 

A stirred mixture of compound 59a (0.52 g, 2.18 mmol, 1.0 eq), tert-butyl 

piperazine-1-carboxylate (0.488 g, 2.62 mmol, 1.2 eq) and K2CO3 (0.61 g, 4.36 mmol, 

2.0 eq) in DMF (10 mL) was heated to 70-80 oC for 8 h. The reaction was extracted 

with EtOAc and brine. The collected organic layer was concentrated and the resulting 

residue wa purified by column chromatography (EtOAc : heptane = 0 : 1, 1 : 5 and 1 : 
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1 gradually) to give tert-butyl 

4-(2-(1-methyl-1H-indol-3-yl)ethyl)piperazine-1-carboxylate (60a) as a light orange 

oil (0.7 g, yield: 93%), m/z (APCI+) 344.3 (M+H)+. 61a was synthesized starting from 

60a through the same procedure of 54 to 55. 61a was brown semisolid (yield: 80%), 

m/z (APCI+) 244.3 (M+H)+. 61a was converted to 63a through the same procedure of 

57. 63a was brown semisolid (yield: 90%). The intermediate 62a was light orange 

solid (yield: 69%), m/z (APCI+) 475.3 (M+H)+. 

 

Intermediate 63b was synthesized starting from 1-(2-bromoethyl)-4-chlorobenzene 

(59b) through the same procedure of 59a to 63a: tert-butyl 

4-(4-chlorophenethyl)piperazine-1-carboxylate (60b) was colorless oil (yield: 87%); 

1-(4-chlorophenethyl)piperazine (61b) was colorless oil in a quantitative yield. 1H 

NMR (400 MHz, CDCl3) δ 7.25 – 7.21 (m, 2H), 7.15 – 7.10 (m, 2H), 2.91 (dd, J = 9.5, 

4.6 Hz, 4H), 2.76 (dd, J = 9.7, 6.5 Hz, 2H), 2.59 – 2.42 (m, 6H), 1.86 (s, 1H); 

tert-butyl 5-((4-(4-chlorophenethyl)piperazin-1-yl)methyl)isoindoline-2-carboxylate 

(62b) was white solid (yield: 96%). 1H NMR (400 MHz, CDCl3) δ 7.25 – 7.10 (m, 

7H), 4.65 (d, J = 16.8 Hz, 4H), 3.51 (s, 2H), 2.76 (m, 2H), 2.66 – 2.22 (m, 10H), 1.51 

(s, 9H); 63b was HCl salt (yield: 82%) and synthesized starting from 62b which was 

stirred in a mixture of HCl/dioxane (4M) (2 mL) and DCM (5 mL) at room 

temperature for 2 h follwed by solvent evaporation. 63b was used without further 

purification, m/z (APCI+) 356.4 (M+H)+. 

 

1-(4-(Isoindolin-5-ylmethyl)piperazin-1-yl)-2-(1-methyl-1H-indol-3-yl)ethanone 2 

HCl (67a) and 

1-(4-(isoindolin-5-ylmethyl)piperazin-1-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 

(67b): A mixture of CH3I (3.75 g, 1.7 mL, 26.4 mmol, 5.0 eq), compound 64 (1.0 g, 

5.28 mmol, 1.0 eq) and KOH (1.8 g, 30.1 mmol, 5.7 eq) in acetone (25 mL) was 

stirred under ice bath for 10 min and the stirring was then continued at room 

temperature for 4 h. Part of solvent was removed by evaporation and water (20 mL) 

was added to the residue followed by another portion of KOH (1.48 g, 26.4 mmol, 5.0 
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eq). The resulting mixture was heated to reflux until intermediate (ester) was 

disappeared. The reaction was acidified by HCl (10%) until pH ≈ 1 and the precipitate 

was filtered. The residue was washed with water several times and dried at room 

temperature for several days169 to give 3-(1-methyl-1H-indol-3-yl)propanoic acid (65b) 

as light yellow solid(yield: 98%), m/z (APCI+) 204.3 (M+H)+. The intermediate 

2-(1-methyl-1H-indol-3-yl)acetic acid (65a) was commercial available. 

 

A mixture of 65a (1.0 g, 5.28 mmol, 1.0 eq), tert-butyl piperazine-1-carboxylate (0.98 

g, 5.28 mmol, 1.0 eq), HATU (2.41 g, 6.33 mmol, 1.2 eq) and DIPEA(1.37 g, 10.6 

mmol, 2.0 eq) in DMF (10mL) was stirred at room temperature overnight. Water was 

then added to the mixture. The mixture was then extracted with EtOAc three times. 

The combined organic layer was washed with brine, dried over anhydrous Na2SO4 

and concentrated to give an orange oil (1.7 g) that was added to a mixture of TFA (2 

mL) and DCM (10 mL) and the mixture was stirred at room temperature for 1 h. Then, 

saturated Na2CO3 solution was added to the mixture till no bubbles appeared. The 

reaction was extracted with EtOAc and brine three times. The combined organic 

layers were dried over anhydrous Na2SO4 and concentrated to give 

2-(1-methyl-1H-indol-3-yl)-1-(piperazin-1-yl)ethanone (66a) as a yellow oil (1.2 g, 

yield: 88%).  

 

Intermediate 67a as HCl salt was synthesized starting from 66a through the same 

procedure of 61b to 63b. Intermediate tert-butyl 

5-((4-(2-(1-methyl-1H-indol-3-yl)acetyl)piperazin-1-yl)methyl)isoindoline-2-carboxyl

ate before the Boc deprotection procedure was light black solid (yield: 85%), 1H 

NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.9 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.23 (d, 

J = 7.1 Hz, 1H), 7.21 – 7.14 (m, 3H), 7.11 (t, J = 7.5 Hz, 1H), 6.95 (s, 1H), 4.64 (d, J 

= 15.8 Hz, 4H), 3.81 (s, 2H), 3.75 (s, 3H), 3.69 – 3.64 (m, 2H), 3.50 – 3.43 (m, 4H), 

2.43 – 2.37 (m, 2H), 2.30 – 2.24 (m, 2H), 1.51 (s, 9H). 67a was in 90% yield, m/z 

(APCI+) 389.5 (M+H)+, 777.7 (2M+H)+. 
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Intermediate 67b was synthesized through the same procedure of 67a. Intermediate 

3-(1-methyl-1H-indol-3-yl)-1-(piperazin-1-yl)propan-1-one (66b) was yellow oil in a 

quantitive yield. Intermediate tert-butyl 

5-((4-(3-(1-methyl-1H-indol-3-yl)propanoyl)piperazin-1-yl)methyl)isoindoline-2-carb

oxylate before the Boc deprotection procedure was a colorless solid (yield: 87%), 1H 

NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.9 Hz, 1H), 7.29 (d, J = 8.2 Hz, 1H), 7.24 – 

7.15 (m, 4H), 7.10 (t, J = 7.4 Hz, 1H), 6.88 (s, 1H), 4.65 (d, J = 16.0 Hz, 4H), 3.74 (s, 

3H), 3.65 – 3.59 (m, 2H), 3.44 (s, 2H), 3.38 – 3.32 (m, 2H), 3.13 – 3.08 (m, 2H), 2.70 

– 2.64 (m, 2H), 2.38 – 2.32 (m, 2H), 2.19 (s, 2H), 1.51 (s, 9H). 67b was in 94% yield, 

m/z (APCI+) 403.5 (M+H)+, 805.7 (2M+H)+. 

 

1-(4-(Isoindolin-5-yl)piperazin-1-yl)-2-(1-methyl-1H-indol-3-yl)ethanone 2 HCl 

(68a) and 

1-(4-(isoindolin-5-yl)piperazin-1-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 2 HCl 

(68b): 68a and 68b were synthesized starting from 66a and 66b through the same 

procedure of 37 to 40a while HCl/dioxane (4M) solution was used instead of TFA.  

 

The yield of intermediate tert-butyl 

5-(4-(2-(1-methyl-1H-indol-3-yl)acetyl)piperazin-1-yl)isoindoline-2-carboxylate 

before the Boc deprotection procedure was 26%, 1H NMR (400 MHz, DMSO-D6) δ 

7.57 – 7.53 (m, 1H), 7.38 – 7.35 (m, 1H), 7.23 – 7.06 (m, 4H), 7.02 – 6.97 (m, 1H), 

6.88 – 6.84 (m, 1H), 4.47 (t, J = 11.5 Hz, 2H), 3.78 (d, J = 15.1 Hz, 2H), 3.73 (s, 3H), 

3.66 – 3.59 (m, 2H), 3.50 – 3.42 (m, 2H), 3.27 – 3.19 (m, 2H), 3.03 (m, 2H), 2.51 (m, 

2H), 1.40 (d, J = 22.9 Hz, 9H). m/z (APCI+) 475.6 (M+H)+. A mixture of compound 

tert-butyl 

5-(4-(2-(1-methyl-1H-indol-3-yl)acetyl)piperazin-1-yl)isoindoline-2-carboxylate in 

HCl/dioxane (4M) (2 mL) and DCM (10 mL) was stirred at room temperature for 1.5 

h. Then, the solvent was removed directly by evaporation to give 68a that was used 

without further purification while byproduct will increase dramatically if the reaction 

was stirred longer than 1.5 h.  
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The yield of intermediate tert-butyl 

5-(4-(3-(1-methyl-1H-indol-3-yl)propanoyl)piperazin-1-yl)isoindoline-2-carboxylate 

before the Boc deprotection procedure was about 38%, 1H NMR (400 MHz, 

DMSO-d6) δ 7.54 – 7.49 (m, 1H), 7.34 (m, 1H), 7.21 – 6.96 (m, 5H), 6.86 – 6.83 (m, 

1H), 4.51 – 4.44 (m, 2H), 3.70 (d, J = 3.2 Hz, 3H), 3.55 (m, 2H), 3.44 – 3.33 (m, 2H), 

3.21 (m, 2H), 3.07 – 2.81 (m, 6H), 2.71 – 2.66 (m, 2H), 2.50 (d, J = 1.9 Hz, 2H), 1.41 

(d, J = 20.2 Hz, 9H). m/z (APCI+) 489.5 (M+H)+. The next Boc deprotection step was 

same with 68a and the product 68b was used without further purification. 

 

N-(isoindolin-5-yl)acetamide hydrochloride (70a): Acetyl chloride (202 mg, 2.57 

mmol, 2.0 eq) was added dropwise to a stirred mixture of tert-butyl 

5-aminoisoindoline-2-carboxylate (300 mg, 1.28 mmol, 1.0 eq) and DIPEA (497 mg, 

3.85 mmol, 3.0 eq) in DCM (5 mL) at room temperature and the stirring was 

continued for about 10 min. The reaction was directly evaporated. The residue was 

purified by column chromatography (EtOAc : heptane = 0 : 1 to 2 : 1 gradually) to 

give a white solid (300 mg, yield: 84%) that was added to a mixture of HCl/dioxane 

(4M) and DCM at room temperature and the reaction was stirred for 2 h followed by 

solvent evaporation to yield 70a as a gray solid (210 mg, yield: 90%), 1H NMR (400 

MHz, DMSO-d6) δ 10.21 (s, 1H), 10.01 (s, 2H), 7.74 (s, 1H), 7.45 (d, J = 8.3 Hz, 1H), 

7.28 (d, J = 8.3 Hz, 1H), 4.42 (dt, J = 17.4, 5.5 Hz, 4H), 2.04 (s, 3H).  

 

General procedure for the synthesis of intermediate 

2-(4-chlorophenyl)-N-(isoindolin-5-yl)acetamide HCl (70b), 

N-(isoindolin-5-yl)-2-(4-methoxyphenyl)acetamide HCl (70c), 

2-(3,4-dichlorophenyl)-N-(isoindolin-5-yl)acetamide HCl (70d), 

2-(2,4-dichlorophenyl)-N-(isoindolin-5-yl)acetamide HCl (70e): A mixture of 

2-(4-chlorophenyl)acetic acid (200 mg, 1.17 mmol, 1.0 eq), tert-butyl 

5-aminoisoindoline-2-carboxylate (275 mg, 1.17 mmol, 1.0 eq), HATU (535 mg, 1.4 

mmol, 1.2 eq) and DIPEA (455 mg, 3.52 mmol, 3.0 eq) in DMF (5 mL) was stirred at 
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room temperature for about 30 min. The reaction was then extracted with EtOAc and 

water. The collected organic layer was washed with brine three times followed by 

concentration. The residue was purified by column chromatography (EtOAc : heptane 

= 2 : 1 to 1 : 1) to give an intermediate as white solid (410 mg, yield: 90%), m/z 

(APCI+) 387.0 (M+H)+, 331.0 (M+2H-tBu)+, 673.0 (2M+H)+. The intermediate was 

treated same with 70a to deprotect Boc group giving 70b as a gray solid (200 mg, 

yield: 58%). 

 

Gray solid of 70c-70e were synthesized through the above same procedure: 70c was 

an orange solid (yield: 96%), 1H NMR (400 MHz, DMSO-d6) δ 10.44 (s, 1H), 9.93 (s, 

2H), 7.74 (s, 1H), 7.49 (d, J = 8.3 Hz, 1H), 7.27 (dd, J = 16.9, 8.4 Hz, 3H), 6.86 (d, J 

= 8.6 Hz, 2H), 4.48 – 4.38 (m, 4H), 3.71 (s, 3H), 3.58 (s, 2H); 70d (yield: 88%), m/z 

(APCI+) 321.2 (M+H)+, 643.2 (2M+H)+; 70e (yield: 92%), m/z (APCI+) 321.1 

(M+H)+, 643.2 (2M+H)+. 

 

General procedure for the synthesis of 8a-8r, 20a-20n, 32a-32g and 52a-52n: Boc 

protected amino acid (1.5 mmol) was added to a stirred mixture of EDCI 

(N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimid -hydrochlorid) (1.25 mmol) and 

HOBT (1-Hydroxy-1H-benzotriazole monohydrate) (1.25 mmol) in DMF (3 mL) 

under ice bath followed by DIPEA (3.5 mmol) (One more equivelant of DIPEA 

should be used in case TFA or HCl salts). The reaction was stirred for 30 min under 

ice bath. Then amine (1.0 mmol) was added to the resulting mixture and the stirring 

was continued overnight at room temperature. Upon completion, the reaction was 

extracted with water and DCM three times. The collected organic layers were washed 

with brine, dried over anhydrous Na2SO4 and evaporated. The residue was purified by 

column chromatography (EtOAc/heptane and then DCM/Methanol) to give 

corresponding product which was added to a mixture of TFA and DCM (2 : 5) or 4M 

HCl/dioxane and DCM (2 : 5) under ice bath and the mixture was stirred for 3 h (if 

the mixture was not easy to be stirred, another 1 mL MeOH was added). Then, 

saturated Na2CO3 solution was added to the reaction mixture until no bubbles 
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appeared. The reaction was extracted with brine and DCM three times. The combined 

organic layers were dried over anhydrous Na2SO4 and concentrated. The residue was 

purified by column chromatography (EtOAc/heptane and then DCM/Methanol with 

several drops of TEA) to give final product.  

 

(R)-2-amino-N,3-di(naphthalen-1-yl)propanamide 8m (PS7): 

 

A stirred mixture of 

(R)-2-((tert-butoxycarbonyl)amino)-3-(naphthalen-1-yl)propanoic acid (2d) (0.095 g, 

0.3 mmol, 1.0 eq) and dry TEA (triethylamine) in dry THF (1 mL) was cooled to 

about 0 oC in ice bath and then ethyl chloroformate (ECF) (39.07 mg, 35 μL, 0.36 

mmol, 1.2 eq) was added dropwise to the mixture. The reaction was stirred for an 

additional 30 min followed by addition of naphthalen-1-amine (52 mg, 0.36 mmol, 

1.2 eq) to the mixture and stirring was continued  for 1 h under ice bath and then at 

room temperature overnight. Water (5 mL) were added to the reaction and the 

resulting mixture was extracted with EtOAc 3 times. The collected organic layers 

were washed with 1N HCl solution followed by saturated Na2CO3 solution and 

concentrated. The residue was purified by column chromatography (EtOAc : hepatne 

= 15 : 1, 2 : 1 gradually) to give (R)-tert-butyl 

(3-(naphthalen-1-yl)-1-(naphthalen-1-ylamino)-1-oxopropan-2-yl)carbamate as a 

white solid (84 mg, yield: 64%). 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 8.4 Hz, 

1H), 7.99 (s, 1H), 7.89 (d, J = 8.1 Hz, 1H), 7.76 (dd, J = 21.6, 6.5 Hz, 3H), 7.67 – 

7.56 (m, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.47 – 7.27 (m, 5H), 7.22 (d, J = 8.5 Hz, 1H), 

5.44 (s, 1H), 4.84 (d, J = 6.5 Hz, 1H), 3.69 (s, 2H), 1.45 (s, 9H). A mixture of the pure 

product in TFA (2 mL) and DCM (5 mL) under ice bath was stirred for 2 h. Then 

saturated Na2CO3 solution was added to the reaction mixture till no bubbles appeared. 

The final reaction was extracted with brine three times. The collected organic layer 

was dried over anhydrous Na2SO4 and concentrated. The residue was purified by 
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column chromatography (EtOAc : heptane = 1 : 1 and then DCM: MeOH = 20 : 1 

with several drops of TEA) to give (8m) as a white solid (35 mg, yield: 54%). 

 

1H NMR (500 MHz, CDCl3) δ 10.29 (s, 1H), 8.33 (dd, J = 10.5, 8.1 Hz, 2H), 7.94 – 

7.85 (m, 3H), 7.83 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 8.2 Hz, 1H), 7.60 (ddd, J = 8.3, 

6.9, 1.3 Hz, 1H), 7.57 – 7.48 (m, 4H), 7.48 – 7.39 (m, 2H), 4.21 (dd, J = 14.2, 3.3 Hz, 

1H), 4.04 (dd, J = 10.5, 3.4 Hz, 1H), 3.04 (dd, J = 14.2, 10.5 Hz, 1H), 1.67 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 172.92, 134.26, 134.23, 134.16, 132.52, 132.00, 

129.01 128.91, 128.04, 127.64, 126.65, 126.20, 126.10, 126.09, 125.96, 125.49, 

124.85, 123.95, 120.34, 118.26, 56.71, 38.63.  

HRMS calculated for C23H21N2O
+ (M+H): 341.1648, found: 341.1641.  

HPLC: rt = 12.39 min (98.58 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(2,4-dichlorophenyl)propan-1-one 8a 

(PS1): 

 

White solid (21 mg, yield: 30%).  

1H NMR (500 MHz, CDCl3) δ 7.93 – 7.89 (m, 2H), 7.60 – 7.55 (m, 1H), 7.47 (dd, J = 

10.6, 4.8 Hz, 2H), 7.39 (s, 1H), 7.23 – 7.17 (m, 2H), 4.54 (dd, J = 36.0, 13.3 Hz, 1H), 

4.09 (dd, J = 12.2, 6.4 Hz, 1H), 3.95 (dd, J = 25.0, 13.6 Hz, 1H), 3.45 (ddd, J = 14.6, 

10.7, 3.9 Hz, 1H), 3.24 – 3.13 (m, 1H), 3.07 – 2.97 (m, 1H), 2.89 – 2.80 (m, 2H), 1.93 

– 1.65 (m, 6H).  

13C NMR (126 MHz, CDCl3) δ 201.39, 201.19, 172.88, 135.67, 135.64, 134.70, 

134.53, 134.13, 133.94, 133.63, 133.35, 133.21, 133.06, 129.36, 129.22, 128.78, 

128.20, 127.28, 127.04, 49.91, 49.82, 44.76, 44.45, 43.00, 42.93, 41.66, 41.59, 40.25, 

39.84, 28.56, 28.50, 28.28, 28.26.  

HRMS calculated for C21H23Cl2N2O2
+ (M+H): 405.1131, found: 405.1126.  

HPLC: rt = 12.23 min (97.89 %). 
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(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(3,4-dichlorophenyl)propan-1-one 8b 

(PS2): 

 

Colorless sticky oil (28 mg, yield: 29%).  

1H NMR (400 MHz, CDCl3) δ 7.96 – 7.87 (m, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.47 (t, J 

= 7.6 Hz, 2H), 7.37 (dd, J = 8.1, 3.7 Hz, 1H), 7.31 (s, 1H), 7.05 (dd, J = 8.2, 1.4 Hz, 

1H), 4.52 (dd, J = 12.6, 9.1 Hz, 1H), 3.99 – 3.99 (m, 2H), 3.52 – 3.40 (m, 1H), 3.21 (t, 

J = 11.5 Hz, 1H), 3.03 – 2.64 (m, 4H), 2.03 – 1.67 (m, 6H).  

13C NMR (126 MHz, CDCl3) δ 201.36, 201.19, 172.63, 172.56 , 138.15, 137.91, 

135.65, 135.59, 133.26, 133.22, 132.54, 132.37, 131.18, 131.15, 131.04, 130.78, 

130.50, 130.33, 128.84, 128.79, 128.75, 128.21, 52.17, 44.72, 44.59, 42.88, 41.64, 

41.59, 41.52, 28.42, 28.41, 28.35, 28.22.  

HRMS calculated for C21H23Cl2N2O2
+ (M+H): 405.1131, found: 405.1131.  

HPLC: rt = 12.36 min (98.25 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(naphthalen-2-yl)propan-1-one 8c 

(PS3):  

 

White solid (21 mg, yield: 24%). 

1H NMR (400 MHz, CDCl3) δ 7.88 – 7.74 (m, 5H), 7.65 (s, 1H), 7.55 (m, 1H), 7.45 

(m, 4H), 7.33 (dd, J = 8.4, 1.5 Hz, 1H), 4.60 – 4.48 (m, 1H), 4.07 (t, J = 6.9 Hz, 1H), 

3.82 (dd, J = 32.5, 13.5 Hz, 1H), 3.45 – 3.25 (m, 1H), 3.20 – 3.09 (m, 1H), 2.99 – 

2.58 (m, 3H), 1.89 – 1.55 (m, 6H).  

13C NMR (101 MHz, CDCl3) δ 201.43, 201.18, 173.14, 172.98, 135.68, 135.62, 
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135.21, 135.00, 133.48, 133.17, 133.08, 132.36, 132.31, 128.72, 128.39, 128.17, 

128.12, 127.86, 127.65, 127.58, 127.53, 127.43, 127.38, 126,20, 126.17, 125.60, 

52.51, 44.71, 44.45, 43.00, 42.99, 42.97, 42.84, 41.54, 41.47, 28.28, 28.15, 28.13.  

HRMS calculated for C25H27N2O2
+ (M+H): 387.207, found: 387.206. 

HPLC: rt = 12.45 min (97.98 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(naphthalen-1-yl)propan-1-one 8d 

(PS4):  

 

Colorless sticky solid (33 mg, yield: 49%).  

1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.3 Hz, 1H), 7.88 – 7.74 (m, 4H), 7.57 – 

7.33 (m, 7H), 4.57 – 4.13 (m, 3H), 3.48 – 3.28 (m, 3H), 3.20 – 3.12 (m, 1H), 2.90 – 

2.54 (m, 2H), 2.30 (s, 2H), 2.06 – 1.91 (m, 1H), 1.71 (d, J = 13.7 Hz, 1H), 1.62 – 1.44 

(m, 1H).  

13C NMR (101 MHz, CDCl3) δ 201.46, 201.04, 173.25, 173.15, 135.67, 135.61, 

133.97, 133.80, 133.73, 133.33, 133.11, 133.08, 132.21, 132.09, 129.08, 128.82, 

128.69, 128.12, 128.06, 127.92, 127.83, 127.67, 127.53, 126.28, 125.74, 125.65, 

125.60, 125.43, 123.47, 123.20, 51.40, 51.15, 44.80, 44.04, 42.88, 42.58, 41.49, 41.25, 

40.22, 40.11, 28.07, 28.01, 27.90, 27.38. 

HRMS calculated for C25H27N2O2
+ (M+H): 387.207, found: 387.206.  

HPLC: rt = 12.57 min (97.54 %). 

 

(R)-4-(2-amino-3-(4-benzoylpiperidin-1-yl)-3-oxopropyl)benzonitrile 8e (PS5): 
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White solid (36 mg, yield: 48%).  

1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 20.9, 7.5 Hz, 2H), 7.57 (dd, J = 17.1, 7.5 

Hz, 3H), 7.42 (dt, J = 14.2, 6.8 Hz, 4H), 4.61 – 4.26 (m, 3H), 4.14 (s, 2H), 3.77 – 3.64 

(m 1H), 3.49 – 3.36 (m, 2H), 3.28 – 3.16 (m, 1H), 3.13 – 3.06 (m, 1H), 2.95 – 2.48 (m, 

2H), 1.92 – 1.49 (m, 4H).  

13C NMR (101 MHz, CDCl3) δ 201.33, 201.11, 170.51, 169.83, 142.02, 141.97, 

135.49, 135.36, 133.41, 133.29, 132.46, 132.26, 130.54, 130.37, 128.83, 128.22, 

128.18, 118.69, 118.57, 111.23, 111.06, 70.52, 70.50, 51.58, 51.50, 44.94, 44.90, 

42.85, 42.34, 41.81, 41.69, 40.75, 40.28, 28.47, 28.11, 28.05.  

HRMS calculated for C22H24N3O2
+ (M+H): 362.186, found: 362.185.  

HPLC: rt = 10.05 min (99.31 %). 

 

(R,S)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-phenylpropan-1-one 8f (PS11-1): 

 

Colorless oil (98 mg, yield: 77%).  

HRMS calculated for C21H25N2O2
+ (M+H): 337.1910, found: 337.1904.  

HPLC (254nm): rt1 = 7.01 min (49.25 %), rt2 = 8.34 min (47.01 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-phenylpropan-1-one 8g (PS11):  

 

White solid (36 mg, yield: 28%).  
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1H NMR (400 MHz, CDCl3) δ 7.79 (dd, J = 26.0, 7.4 Hz, 2H), 7.49 (q, J = 7.4 Hz, 

1H), 7.44 – 7.33 (m, 2H), 7.32 – 7.14 (m, 5H) , 4.98 – 4.85 (m, 1H), 4.34 (dt, J = 23.2, 

11.6 Hz, 1H), 3.59 – 3.38 (m, 2H), 3.35 – 3.08 (m, 3H), 2.94 – 2.55 (m, 2H), 2.32 – 

1.99 (m, 1H), 1.84 – 1.64 (m, 2H), 1.52 – 1.33 (m, 2H).  

13C NMR (101 MHz, CDCl3) δ 201.49, 201.43, 167.40, 167.08, 135.53, 135.50, 

134.51, 134.17, 133.15, 133.05, 129.98, 129.80, 128.97, 128.69, 128.64, 128.21, 

128.17, 127.77, 127.50, 51.28, 51.13, 45.38, 44.84, 42.71, 42.16, 41.75, 41.71, 38.04, 

37.91, 29.67, 28.04, 27.42, 27.33.  

HRMS calculated for C21H25N2O2
+ (M+H): 337.1910, found: 337.1918.  

HPLC (254nm): rt = 6.87 min (99.71 %). 

 

(R)-2-amino-1-(4-(2-methoxy-1-naphthoyl)piperidin-1-yl)-3-(naphthalen-1-yl)pro

pan-1-one 8h (PS6): 

 

White solid (40 mg, yield: 63%).  

1H NMR (400 MHz, CDCl3) δ 8.10 (dd, J = 20.1, 8.3 Hz, 1H), 7.95 – 7.27 (m, 11H), 

7.20 (dd, J = 9.0, 3.7 Hz, 1H), 4.48 – 4.26 (m, 2H), 3.85 (d, J = 10.1 Hz, 3H), 3.68 – 

3.59 (m, 1H), 3.55 – 3.33 (m, 4H), 3.28 – 3.15 (m, 1H), 2.92 – 2.64 (m, 2H), 2.54 – 

2.34 (m, 1H), 1.87 – 1.42 (m, 3H).  

13C NMR (101 MHz, CDCl3) δ 208.26, 207.70, 172.28, 171.72, 153.62, 153.59, 

133.91, 133.66, 133.35, 132.78, 132.15, 132.08, 131.37, 130.92, 130.79, 128.98, 

128.79, 128.76, 128.74, 128.15, 128.07, 127.74, 127.70, 127.60, 127.53, 126.44, 

126.36, 125.72, 125.61, 125.38, 124.13, 123.94, 123.83, 123.73, 123.48, 123.44, 

123.33, 112.57 , 56.39, 56.32, 51.25, 50.82, 49.21, 49.13, 45.16, 44.40, 41.69, 41.61, 

39.42, 39.10, 27.42, 26.83, 26.58, 26.27.  

HRMS calculated for C30H31N2O3
+ (M+H): 467.2329, found: 467.2325.  

HPLC: rt = 13.52 min (99.63 %). 
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(R)-2-amino-3-(benzo[b]thiophen-3-yl)-1-(4-benzoylpiperidin-1-yl)propan-1-one 

8i (PS16): 

 

White solid (25 mg, yield: 21%).  

1H NMR (400 MHz, CDCl3) δ 7.90 – 7.81 (m, 3H), 7.77 (d, J = 7.5 Hz, 1H), 7.55 (t, J 

= 7.3 Hz, 1H), 7.39 (ddd, J = 25.1, 15.6, 7.4 Hz, 4H), 7.24 (d, J = 3.2 Hz, 1H), 4.46 

(dd, J = 33.4, 13.3 Hz, 1H), 4.13 (d, J = 6.4 Hz, 1H), 3.63 (dd, J = 25.6, 13.7 Hz, 1H), 

3.35 – 2.97 (m, 4H), 2.82 – 2.39 (m, 2H), 1.99 (s, 2H), 1.85 – 1.73 (m, 1H), 1.66 – 

1.45 (m, 2H).  

13C NMR (101 MHz, CDCl3) δ 201.46, 201.15, 173.16, 173.12, 140.54, 140.27, 

138.87, 138.72, 135.67, 135.62, 133.17, 133.11, 132.40, 132.05, 128.73, 128.16, 

128.13, 124.38, 124.18, 123.95, 123.74, 123.18, 122.95, 121.52, 121.29, 50.86, 50.70, 

44.84, 44.22, 42.93, 42.72, 41.53, 41.44, 35.78, 35.58, 28.21, 28.18, 28.13, 27.86.  

HRMS calculated for C23H25N2O2S
+ (M+H): 393.1631, found: 393.164.  

HPLC: rt = 10.23 min (98.54 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 

8j (PS18): 

 

White solid (35 mg, yield: 30%).  

1H NMR (400 MHz, CDCl3) δ 7.81 (t, J = 6.2 Hz, 2H), 7.67 – 7.49 (m, 2H), 7.42 (t, J 

= 7.6 Hz, 2H), 7.29 – 7.17 (m, 1H), 7.16 – 6.91 (m, 3H), 4.85 – 4.25 (m, 6H), 3.74 (d, 

J = 7.0 Hz, 3H), 3.54 (d, J = 13.3 Hz, 1H), 3.34 – 3.20 (m, 2H), 3.01 (t, J = 12.0 Hz, 

1H), 2.77 – 2.63 (m, 1H), 1.87 – 1.45 (m, 3H).  

13C NMR (101 MHz, CDCl3) δ 201.42, 136.98, 135.67, 135.63, 133.11, 133.04, 



152                        Synthesis procedure and compound characterization 

128.69, 128.50, 128.21, 128.18, 128.10, 127.91, 127.73, 121.73, 121.67, 119.23, 

119.09, 118.68, 118.51, 109.60, 109.29, 108.73, 108.11, 51.48, 50.86, 45.08, 44.73, 

42.91, 42.57, 41.66, 32.70, 32.66, 29.67, 28.23, 28.03, 27.97, 27.23.  

HRMS calculated for C24H28N3O2
+ (M+H): 390.2176, found: 390.2172.  

HPLC: rt = 10.02 min (96.04 %). 

 

(R)-2-amino-1-(4-benzoylpiperidin-1-yl)-3-(1H-indol-3-yl)propan-1-one 8k 

(PS10): 

 

White solid (104 mg, yield: 83%). 

1H NMR (500 MHz, CDCl3) δ 9.73 (s, 0.46H), 9.37 (s, 0.57H), 7.80 – 7.70 (m, 2H), 

7.63 – 7.32 (m, 5H), 7.28 (d, J = 8.3 Hz, 0.79H), 7.21 (s, 0.46H), 7.07 – 6.89 (m, 2H), 

5.79 (s, 2H), 4.43 (d, J = 3.6 Hz, 1H), 4.16 (d, J = 7.6 Hz, 1H), 3.65 – 3.44 (m, 1H), 

3.26 – 3.07 (m, 3H), 2.91 (s, 1H), 2.69 – 2.37 (m, 2H), 1.61 – 1.35 (m, 3H).  

13C NMR (126 MHz, CDCl3) δ 201.73, 201.67, 169.47, 169.20, 162.03, 161.76, 

136.29, 135.50, 135.44, 133.18, 133.13, 128.70, 128.18, 127.25, 127.16, 125.10, 

124.74, 121.90, 121.78, 119.41, 119.26, 118.00, 115.75, 111.84, 107.98, 107.94, 51.12, 

50.74, 44.80, 44.65, 42.59, 42.32, 41.69, 41.48, 29.67, 28.85, 28.62, 28.09, 27.73, 

27.61, 27.43.  

HRMS calculated for C23H26N3O2
+ (M+H): 376.2020, found: 376.202.  

HPLC: rt = 9.08 min (98.21 %). 

 

(R)-2-amino-N-((1-methyl-1H-indol-3-yl)methyl)-3-(naphthalen-1-yl)propanamid

e 8n (PS8):  
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Colorless solid (47 mg, yield: 45%).  

1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.3 Hz, 1H), 7.75 

(d, J = 8.0 Hz, 1H), 7.58 – 7.46 (m, 3H), 7.40 (t, J = 4.9 Hz, 1H), 7.37 – 7.27 (m, 3H), 

7.26 – 7.21 (m, 1H), 7.14 – 7.09 (m, 1H), 6.94 (s, 1H), 4.58 (dd, J = 5.3, 2.9 Hz, 2H), 

3.98 (dd, J = 13.9, 4.3 Hz, 1H), 3.85 (dd, J = 9.5, 4.4 Hz, 1H), 3.72 (s, 3H), 3.00 (dd, 

J = 13.9, 9.6 Hz, 1H), 2.34 (s, 2H).  

13C NMR (101 MHz,CDCl3) δ 173.53, 137.06, 134.04, 134.02, 131.91, 128.75, 

127.79, 17.69, 127.59, 127.06, 126.40, 125.86, 125.32, 123.97, 121.89, 119.33, 

118.98, 111.22, 109.31, 55.80, 38.27, 34.61, 32.63.  

HRMS calculated for C23H24N3O
+ (M+H): 358.1919, found: 358.1916.  

HPLC: rt = 12.54 min (93.12 %). 

 

(R)-1-(4-(1H-indole-1-carbonyl)piperidin-1-yl)-2-amino-3-(naphthalen-1-yl)prop

an-1-one 8o (PS9): 

 

White oil (58 mg, yield: 61%).  

1H NMR (400 MHz, CDCl3) δ 8.46 – 8.15 (m, 2H), 7.88 – 7.68 (m, 1H), 7.58 – 7.28 

(m, 5H), 7.24 – 7.09 (m, 2H), 7.00 (s, 2H), 6.50 (dd, J = 21.9, 3.6 Hz, 1H), 5.11 – 4.90 

(m, 1H), 4.41 – 4.09 (m, 2H), 3.80 – 3.50 (m, 2H), 3.47 – 3.18 (m, 1H), 3.10 – 2.20 

(m, 4H), 1.82 – 1.56 (m, 2H).  

13C NMR (101 MHz, CDCl3) δ 172.33, 172.88, 169.06, 168.97, 135.47, 135.44, 

133.85, 133.59, 132.24, 132.03, 131.94, 131.19, 130.25, 130.14, 129.10, 128.68, 

128.51, 128.08, 126.85, 126.00, 125.94, 125.58, 125.18, 125.04, 124.40, 123.88, 



154                        Synthesis procedure and compound characterization 

123.80, 123.76, 123.65, 123.41, 120.69, 116.66, 116.63, 109.45, 109.16, 50.92, 50.57, 

44.96, 44.16, 41.29, 41.24, 40.58, 40.11, 36.42, 36.12, 29.68, 29.62, 27.96, 27.75, 

27.27, 26.86.  

HRMS calculated for C27H28N3O2
+

 (M+H):: 426.2176, found: 426.217.  

HPLC: rt = 14.64 min (98.56 %). 

 

(R)-2-amino-3-(naphthalen-1-yl)-N-((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)propa

namide 8p (PS13): 

 

White solid (28 mg, yield: 20%).  

1H NMR (500 MHz, CDCl3) δ 8.23 – 8.14 (m, 2H), 8.06 – 8.00 (m, 2H), 7.85 (d, J = 

7.9 Hz, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.57 – 7.47 (m, 5H), 7.41 – 7.33 (m, 2H), 4.79 

(d, J = 5.9 Hz, 2H), 4.03 (dd, J = 14.1, 3.6 Hz, 1H), 3.90 (dd, J = 10.3, 3.6 Hz, 1H), 

2.95 (dd, J = 14.1, 10.4 Hz, 1H), 1.69 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 174.99, 165.47, 163.56, 134.20, 133.97, 132.02, 

131.97, 129.19, 129.01, 128.02, 127.70, 127.10, 126.58, 126.06, 125.46, 123.88, 

123.71, 55.82, 38.50, 34.36.  

HRMS calculated for C22H21N4O2
+ (M+H): 373.1659, found: 373.1655.  

HPLC: rt = 9.44 min (98.43 %). 

 

(R)-2-amino-3-phenyl-N-((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)propanamide 8q 

(PS12): 

 

White solid (38 mg, yield: 32%).  
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1H NMR (500 MHz, CDCl3) δ 8.10 (t, J = 5.2 Hz, 1H), 8.04 – 7.94 (m, 2H), 7.57 – 

7.46 (m, 3H), 7.31 – 7.26 (m, 1H), 7.26 – 7.16 (m, 4H), 4.75 (d, J = 6.0 Hz, 2H), 3.71 

(dd, J = 9.2, 4.1 Hz, 1H), 3.29 (dd, J = 13.8, 4.1 Hz, 1H), 2.77 (dd, J = 13.8, 9.3 Hz, 

1H), 1.71 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 174.66, 165.29, 163.45, 137.50, 131.87, 129.25, 

129.04, 128.70, 126.92, 126.88, 123.53, 56.31, 40.74, 34.14.  

HRMS calculated for C18H18N4O2Na+ (M+Na): 345.1322, found: 345.1318.  

HPLC: rt = 8.10 min (99.07 %). 

 

(R)-2-amino-3-phenyl-N-((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)propanamide 8r 

(PS21): 

 

White solid (150 mg, yield: 49%).  

1H NMR (400 MHz, DMSO-d6) δ 8.91 (s, 1H), 8.46 (s, 1H), 7.85 (dd, J = 8.5, 0.9 Hz, 

2H), 7.61 (t, J = 7.8 Hz, 2H), 7.50 (t, J = 7.4 Hz, 1H), 7.36 (b, 2H), 7.26 – 7.15 (m, 

5H), 4.47 – 4.36 (m, 2H), 3.90 (s, 1H), 3.05 (dd, J = 13.6, 6.3 Hz, 1H), 2.93 (dd, J = 

13.6, 7.3 Hz, 1H).  

13C NMR (101 MHz, DMSO-d6) δ 169.57, 145.61, 137.03, 136.07, 130.38, 129.86, 

129.13, 128.77, 127.29, 121.64, 120.46, 54.51, 38.23, 34.60.  

HRMS calculated for C18H20N5O
+ (M+Na): 322.1662, found: 322.1655.  

HPLC: rt = 11.34 min (99.98 %). 

 

(R)-2-amino-1-(isoindolin-2-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 20a 

(PS19): 
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Colorless oil (60 mg, yield: 56%).  

1H NMR (400 MHz, CDCl3). δ 7.63 (d, J = 7.9 Hz, 1H), 7.31 – 7.18 (m, 5H), 7.16 – 

7.07 (m, 2H), 6.94 (s, 1H), 4.79 (dd, J = 32.0, 15.9 Hz, 3H), 4.44 (d, J = 13.4 Hz, 1H), 

3.95 (t, J = 6.8 Hz, 1H), 3.66 (s, 3H), 3.20 (dd, J = 14.3, 6.2 Hz, 1H), 3.00 (dd, J = 

14.3, 7.7 Hz, 1H), 1.99 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.98, 137.01, 136.11, 136.00, 127.86, 127.72, 

127.70, 127.42, 122.85, 122.51, 121.72, 119.03, 118.50, 110.05, 109.39, 53.78, 52.27, 

52.02, 32.55, 31.92.  

HRMS calculated for C20H22N3O
+ (M+H): 320.1757, found: 320.1757.  

HPLC: rt = 8.01 min (98.58 %). 

 

(R)-2-amino-1-(3,4-dihydroisoquinolin-2(1H)-yl)-3-(1-methyl-1H-indol-3-yl)prop

an-1-one 20b (PS31): 

 

White solid about (80 mg, yield: 48%).  

1H NMR (400 MHz, CDCl3) δ 7.59 (t, J = 7.9 Hz, 1H), 7.28 (s, 0.16H), 7.59 – 7.05 

(m, 4.87H), 7.05 – 6.99 (m, 1.5H), 6.89 (s, 0.5H), 6.77 (s, 0.5H), 6.43 (d, J = 7.5 Hz, 

0.5H), 4.75 – 4.64 (m, 1H), 4.33 (d, J = 15.9 Hz, 0.5H), 4.18 – 4.03 (m, 2H), 3.65 – 

3.53 (m, 2H), 3.43 – 3.35 (m, 2H), 3.15 (dd, J = 14.2, 6.6 Hz, 0.5H), 3.07 – 2.95 (m, 

1.5H), 2.68 (dd, J = 12.3, 6.5 Hz, 1.5H), 2.40 – 2.29 (m, 0.5H), 2.08 (s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.29, 174.17, 136.98, 136.83, 134.45, 134.03, 

133.19, 132.20, 128.45, 128.14, 127.85, 127.74, 127.66, 127.31, 126.59, 126.47, 

126.46, 126.13, 125.70, 121.71, 121.56, 119.05, 118.99, 118.52, 118.34, 110.09, 

109.73, 109.45, 109.33, 52.11, 46.80, 44.61, 42.89, 40.21, 32.67, 32.51, 32.46, 32.24, 

29.10, 28.23.  

HRMS calculated for C21H24N3O
+ (M+H): 334.1914, found: 334.1919.  

HPLC: rt = 7.58 min (95.36 %). 
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(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5H-pyrrolo[3,4-b]pyrazin-6(7H)-yl)pr

opan-1-one 20c (PS32): 

 

White solid (66 mg, yield: 65%).  

1H NMR (400 MHz, CDCl3) δ 8.37 (dd, J = 17.3, 2.7 Hz, 2H), 7.58 (d, J = 7.8 Hz, 

1H), 7.20 (d, J = 8.1 Hz, 1H), 7.17 – 7.12 (m, 1H), 7.10 – 7.05 (m, 1H), 6.95 (s, 1H), 

4.89 – 4.79 (m, 2H), 4.72 (d, J = 17.6 Hz, 1H), 4.38 (d, J = 15.2 Hz, 1H), 3.92 (t, J = 

6.8 Hz, 1H), 3.69 (s, 3H), 3.22 (dd, J = 14.2, 6.8 Hz, 1H), 3.00 (dd, J = 14.2, 7.3 Hz, 

1H), 1.77 (s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.48, 151.86, 151.51, 143.91, 143.52, 136.95, 

127.70, 127.63, 121.82, 119.14, 118.48, 109.90, 109.29, 53.93, 50.93, 50.84, 32.64, 

32.37.  

HRMS calculated for C36H39N10O2
+ (2M+H): 643.3252, found: 643.325.  

HPLC: rt = 4.50 min (94.79 %). 

 

(2R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(4-(trifluoromethyl)-8,8a-dihydroimi

dazo[1,5-d][1,2,4]triazin-7(6H)-yl)propan-1-one 20d (PS39): 

 

 

White solid (30 mg, yield: 30%).  

1H NMR (400 MHz, CDCl3) δ 7.54 – 7.40 (m, 1H), 7.23 – 6.80 (m, 5H), 4.73 – 4.45 

(m, 2H), 4.27 (d, J = 16.6 Hz, 1H), 4.07 – 3.98 (m, 1H), 3.66 – 3.56 (m, 3H), 3.15 – 

3.04 (m, 2H), 3.02 – 2.79 (m, 2H), 1.89 (s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.92, 148.48, 142.82, 136.11, 129.43, 127.37, 
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127.04, 121.96, 118.91, 118.46, 109.01, 53.32, 42.41, 41.71, 37.72, 33.02, 32.56, 

29.66.  

HRMS calculated for C36H39F6N12O2
+ (2M+H): 785.3212, found: 785.321.  

HPLC: rt = 5.20 min (92.76 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(1H-pyrrolo[3,4-c]pyridin-2(3H)-yl)pr

opan-1-one 20e (PS40):  

 

White solid (38 mg, yield: 27%).  

1H NMR (500 MHz, CDCl3) δ 8.53 – 8.35 (m, 2H), 7.62 – 7.50 (m, 1H), 7.32 – 6.92 

(m, 5H), 4.94 – 4.65 (m, 3H), 4.32 (dd, J = 31.4, 13.8 Hz, 1H), 4.07 (s, 1H), 3.66 (d, J 

= 5.3 Hz, 3H), 3.27 – 3.19 (m, 1H), 3.16 – 3.07 (m, 1H), 2.34 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 148.61, 148.37, 145.21, 144.61, 144.24, 137.00, 

132.44, 132.20, 127.96, 127.93, 127.61, 121.97, 119.25, 118.37, 118.35, 118.01, 

117.67, 109.49, 109.46, 53.72, 52.05, 51.56, 50.47, 49.99, 32.62, 32.60, 31.95.  

HRMS calculated for C19H21N4O
+ (M+H): 321.1710, found: 321.1701. 

HPLC: rt = 2.04 min (91.71 %). 

 

(R)-2-amino-1-(isoindolin-2-yl)-3-(naphthalen-1-yl)propan-1-one 20f (PS14): 

 

Colorless oil (50 mg, yield: 50%).  

1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.5 Hz, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.68 

(d, J = 8.0 Hz, 1H), 7.56 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.50 – 7.44 (m, 1H), 7.42 – 

7.31 (m, 2H), 7.25 – 7.12 (m, 3H), 6.96 (d, J = 7.3 Hz, 1H), 4.83 – 4.72 (m, 1H), 4.61 

(dd, J = 13.3, 11.3 Hz, 2H), 4.03 (t, J = 7.0 Hz, 1H), 3.79 (d, J = 13.3 Hz, 1H), 3.45 

(qd, J = 13.7, 7.2 Hz, 2H), 1.88 (s, 2H).  
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13C NMR (101 MHz, CDCl3) δ 173.68, 135.84, 135.74, 133.75, 133.64, 132.07, 

128.92, 127.63, 127.60, 127.58, 127.31, 126.19, 125.65, 125.39, 123.31, 122.75, 

122.34, 54.00, 52.15, 51.71, 39.65.  

HRMS calculated for C21H21N2O
 + (M+H): 317.1648, found: 317.1646.  

HPLC: rt = 10.58 min (96.13 %). 

 

(R)-2-amino-3-(3,4-dichlorophenyl)-1-(isoindolin-2-yl)propan-1-one 20g (PS22): 

 

White solid (65 mg, yield: 43%).  

1H NMR (500 MHz, CDCl3) δ 7.36 – 7.29 (m, 2H), 7.29 – 7.23 (m, 3H), 7.21 – 7.17 

(m, 1H), 7.07 (dd, J = 8.2, 2.0 Hz, 1H), 4.89 (d, J = 13.2 Hz, 1H), 4.82 (dd, J = 16.0, 

1.4 Hz, 1H), 4.75 – 4.69 (m, 1H), 4.49 (d, J = 13.3 Hz, 1H), 3.79 (t, J = 6.7 Hz, 1H), 

2.99 (dd, J = 13.6, 6.3 Hz, 1H), 2.76 (dd, J = 13.6, 7.6 Hz, 1H), 1.80 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 172.96, 138.05, 135.90, 135.60, 132.40, 131.14, 

130.83, 130.35, 128.78, 127.94, 127.61, 122.96, 122.55, 54.47, 52.32, 52.06, 41.08.  

HRMS calculated for C17H17Cl2N2O
+  (M+H): 335.0713, found: 335.0712.  

HPLC: rt = 13.42 min (98.42 %). 

 

(R)-2-amino-3-(2,4-dichlorophenyl)-1-(isoindolin-2-yl)propan-1-one 20h (PS23): 

 

White solid (28 mg, yield: 17%).  

1H NMR (400 MHz, CDCl3)
 δ 7.39 (d, J = 2.1 Hz, 1H), 7.29 (dd, J = 5.7, 2.7 Hz, 3H), 

7.26 – 7.15 (m, 3H), 4.88 (dd, J = 27.7, 14.8 Hz, 2H), 4.73 (d, J = 15.9 Hz, 1H), 4.62 

(d, J = 13.6 Hz, 1H), 3.98 (s, 1H), 3.14 (dd, J = 13.4, 6.0 Hz, 1H), 2.92 (dd, J = 13.4, 

8.2 Hz, 1H), 1.69 (br, s, 2H).  
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13C NMR (101 MHz, CDCl3) δ 173.10, 135.95, 135.78, 134.64, 133.95, 133.45, 

133.03, 129.29, 127.89, 127.58, 127.14, 122.95, 122.61, 52.34, 52.24, 52.06, 39.40.  

HRMS calculated for C17H17Cl2N2O
+  (M+H): 335.0713, found: 335.0706.  

HPLC: rt = 12.30 min (98.13 %). 

 

(R)-2-amino-3-(1H-indol-3-yl)-1-(isoindolin-2-yl)propan-1-one 20i (PS20): 

 

White solid (40 mg, yield: 42%).  

1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 14.9 Hz, 1H), 7.64 (d, J = 7.6 Hz, 1H), 

7.32 (dd, J = 13.0, 6.1 Hz, 2H), 7.25 – 7.06 (m, 5H), 4.84 (dd, J = 14.6, 4.9 Hz, 2H), 

4.73 (d, J = 15.9 Hz, 1H), 4.41 (d, J = 13.6 Hz, 1H), 3.98 (t, J = 6.7 Hz, 1H), 3.23 (dd, 

J = 14.3, 6.4 Hz, 1H), 3.03 (dd, J = 14.3, 7.5 Hz, 1H), 1.99 (s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.01, 136.27, 136.00, 135.93, 123.03, 123.01, 

122.87, 122.52, 122.10, 119.49, 118.35, 111.43, 111.40, 111.37, 53.68, 52.31, 52.03, 

32.04.  

HRMS calculated for C19H20N3O
 + (M+H): 306.1601, found: 306.160.  

HPLC: rt = 8.61 min (97.25 %). 

 

(R)-2-amino-3-(benzo[b]thiophen-3-yl)-1-(isoindolin-2-yl)propan-1-one 20j 

(PS17): 

 

White solid (40 mg, yield: 21%).  

1H NMR (400 MHz, CDCl3)
 δ 7.84 – 7.74 (m, 2H), 7.43 – 7.26 (m, 3H), 7.25 – 7.16 

(m, 3H), 7.06 (d, J = 6.8 Hz, 1H), 4.78 (t, J = 13.7 Hz, 2H), 4.64 (d, J = 15.8 Hz, 1H), 

4.19 (d, J = 12.8 Hz, 1H), 3.98 (t, J = 6.6 Hz, 1H), 3.29 (dd, J = 14.1, 7.0 Hz, 1H), 

3.15 (dd, J = 14.2, 7.1 Hz, 1H), 1.97 (br, s, 2H).  
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13C NMR (101 MHz, CDCl3) δ 173.46, 140.35, 138.74, 135.86, 135.74, 132.21, 

127.74, 127.43, 124.36, 124.10, 123.79, 122.99, 122.83, 122.43, 121.34, 53.22, 52.28, 

51.93, 35.12.  

HRMS calculated for C19H19N2OS + (M+H): 323.1213, found: 323.1210.  

HPLC: rt = 9.93 min (96.63 %). 

 

(R)-2-amino-1-(isoindolin-2-yl)-4-methylpentan-1-one 20k (PS34): 

 

White solid (52 mg, yield: 40%).  

1H NMR (400 MHz, CDCl3) δ 7.33 – 7.22 (m, 4H), 4.83 (ddd, J = 23.2, 20.4, 11.7 Hz, 

4H), 3.65 (s, 1H), 1.97 – 1.40 (m, 5H), 0.98 (dd, J = 11.7, 6.6 Hz, 6H).  

13C NMR (101 MHz, CDCl3) δ 175.02, 136.23, 135.95 127.87, 127.53, 123.00, 

122.61, 52.44, 51.90, 24.72, 23.60, 21.71.  

HRMS calculated for C14H21N2O
+ (M+H): 233.1648, found: 233.1648.  

HPLC: rt =4.89 min (97.06 %). 

 

(R)-3-([1,1'-biphenyl]-4-yl)-2-amino-1-(isoindolin-2-yl)propan-1-one 20l (PS35): 

 

Light yellow solid (89 mg, yield: 60%).  

1H NMR (400 MHz, CDCl3) δ 7.56 – 7.44 (m, 4H), 7.43 – 7.37 (m, 2H), 7.35 – 7.29 

(m, 3H), 7.28 (d, J = 3.8 Hz, 2H), 7.26 – 7.21 (m, 1H), 7.15 (d, J = 7.2 Hz, 1H), 4.92 – 

4.74 (m, 3H), 4.39 (d, J = 13.4 Hz, 1H), 3.90 (t, J = 6.3 Hz, 1H), 3.10 (dd, J = 13.3, 

6.5 Hz, 1H), 2.89 (dd, J = 13.4, 7.5 Hz, 1H), 2.21 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.39, 140.72, 139.82, 136.58, 135.91, 135.83, 

129.69, 128.69, 127.81, 127.53, 127.27, 127.19, 126.98, 122.92, 122.50, 54.84, 52.32, 



162                        Synthesis procedure and compound characterization 

51.98, 41.96.  

HRMS calculated for C23H23N2O
+ (M+H): 343.1805, found: 343.1803.  

HPLC: rt = 8.80 min (96.79 %). 

 

(R)-2-amino-3-(4-(benzyloxy)phenyl)-1-(isoindolin-2-yl)propan-1-one 20m 

(PS36): 

 

White solid (55 mg, yield: 18%).  

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.26 (m, 7H), 7.25 – 7.10 (m, 4H), 6.87 (d, J = 

8.5 Hz, 2H), 5.00 – 4.93 (m, 2H), 4.83 (dd, J = 14.6, 8.4 Hz, 2H), 4.71 (d, J = 16.0 Hz, 

1H), 4.30 (d, J = 13.4 Hz, 1H), 3.86 (s, 1H), 3.00 (dd, J = 13.3, 6.7 Hz, 1H), 2.83 (dd, 

J = 13.4, 7.2 Hz, 1H), 2.39 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.28, 157.76, 136.95, 135.94, 135.92, 130.30, 

129.58, 128.52, 127.89, 127.77, 127.48, 127.37, 122.90, 122.52, 114.99, 70.01, 54.90, 

52.28, 51.95, 41.29.  

HRMS calculated for C24H25N2O2
+  (M+H): 373.1911, found: 373.1908.  

HPLC: rt = 8.56 min (98.82 %). 

 

(R)-isoindolin-2-yl(pyrrolidin-2-yl)methanone 20n (PS33): 

 

Colorless sticky semisolid (78 mg, yield: 77%).  

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.13 (m, 4H), 5.99 (br, s, 1H), 5.08 (d, J = 13.4 

Hz, 1H), 4.87 – 4.67 (m, 3H), 3.78 – 3.52 (m, 3H), 2.56 (dt, J = 14.3, 7.4 Hz, 1H),, 

2.21 – 1.95 (m, 3H).  

13C NMR (101 MHz, CDCl3) δ 167.92, 135.25, 135.19, 128.32, 128.09, 123.05, 



Part 5 Experimental part                                              163 

 
 

122.94, 72.59, 64.11, 58.92, 53.03, 52.39, 46.77, 29.15, 24.90.  

HRMS calculated for C13H17N2O
+ (M+H): 217.1335, found: 217.1334.  

HPLC: rt = 2.76 min (97.18 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-((4-methylpiperazin-1-yl)methyl)iso

indolin-2-yl)propan-1-one 32a (PS24): 

 

Gray solid (34 mg, yield: 18%).  

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.9 Hz, 1H), 7.26 – 7.04 (m, 6H), 6.94 (s, 

1H), 4.86 – 4.69 (m, 3H), 4.47 (t, J = 13.7 Hz, 1H), 3.94 (t, J = 6.9 Hz, 1H), 3.68 (d, J 

= 2.9 Hz, 3H), 3.48 (d, J = 4.9 Hz, 2H), 3.19 (ddd, J = 14.2, 5.9, 1.3 Hz, 1H), 2.97 

(ddd, J = 14.2, 7.9, 3.5 Hz, 1H), 2.47 (br, s, 8H), 2.29 (s, 3H), 2.21 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.00, 138.12, 137.82, 137.03, 137.01, 136.28, 

136.16, 134.98, 134.82, 128.81, 128.50, 127.83, 127.81, 127.74, 127.70, 123.50, 

123.14, 122.57, 122.22, 121.71, 121.70, 119.04, 119.02, 118.48, 110.05, 109.36, 62.72, 

62.71, 55.01, 54.99, 53.73, 53.71, 52.97, 52.20, 52.10, 51.98, 51.87, 45.91, 45.90, 

32.58, 32.57, 31.88, 29.67.  

HRMS calculated for C26H34N5O
 + (M+H): 432.27579, found: 432.2752.  

HPLC: rt = 4.63 min (96.25 %). 

 

(R)-2-amino-1-(5-((4-benzylpiperazin-1-yl)methyl)isoindolin-2-yl)-3-(1-methyl-1

H-indol-3-yl)propan-1-one 32b (PS25): 
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White solid (54 mg, yield: 35%).  

1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.9 Hz, 1H), 7.31 (d, J = 4.4 Hz, 4H), 7.25 

– 7.03 (m, 7H), 6.95 (s, 1H), 4.86 – 4.70 (m, 3H), 4.47 (t, J = 12.5 Hz, 1H), 3.97 – 

3.91 (m, 1H), 3.68 (d, J = 2.3 Hz, 3H), 3.52 (s, 2H), 3.49 (d, J = 4.5 Hz, 2H), 3.20 (dd, 

J = 14.4, 5.9 Hz, 1H), 2.97 (ddd, J = 14.3, 7.8, 3.4 Hz, 1H), 2.48 (br, s, 8H), 2.08 (br, 

s, 2H).  

13C NMR (101 MHz, CDCl3) δ 174.01, 138.10, 138.02, 138.00, 137.78, 137.03, 

137.01, 136.28, 136.16, 134.97, 134.80, 129.20, 128.84, 128.53, 128.17, 127.85, 

127.83, 127.71, 127.67, 127.02, 127.01, 123.55, 123.17, 122.55, 121.99, 121.71, 

119.05, 119.02, 118.50, 110.11, 109.37, 63.01, 62.78, 62.75, 53.77, 53.75, 53.07, 

53.04, 52.98, 52.19, 52.09, 51.98, 51.88, 32.58, 32.57, 31.95, 29.68.  

HRMS calculated for C32H38N5O
 + (M+H): 508.3071, found: 508.307.  

HPLC: rt = 6.53 min (97.40 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-phenylisoindolin-2-yl)propan-1-one 

32c (PS26): 

 

White solid (26 mg, yield: 44%).  

1H NMR (400 MHz, CDCl3) δ 7.67 – 7.26 (m, 9H), 7.25 – 7.12 (m, 3H), 7.00 (d, J = 

1.9 Hz, 1H), 4.95 – 4.73 (m, 3H), 4.50 (d, J = 13.3 Hz, 1H), 4.13 – 4.03 (m, 1H), 3.68 

(d, J = 4.5 Hz, 3H), 3.24 (dd, J = 14.1, 5.8 Hz, 1H), 3.08 (dd, J = 14.3, 7.8 Hz, 1H), 

2.55 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.42, 141.27, 140.97, 140.63, 137.05, 136.64, 
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136.58, 134.99, 134.86, 128.83, 128.82, 127.98, 127.73, 127.50, 127.48, 127.11, 

127.07, 126.97, 126.67, 123.13, 122.82, 121.82, 121.51, 121.18, 119.17, 119.16, 

118.42, 109.45, 109.31, 53.37, 52.40, 52.19, 52.04, 51.86, 32.59, 32.58, 31.91, 29.64.  

HRMS calculated for C26H26N3O
+ (M+H): 396.2070, found: 396.207.  

HPLC: rt = 11.20 min (95.16 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-(4-methylpiperazin-1-yl)isoindolin-2

-yl)propan-1-one 32d (PS27): 

 

White solid (48 mg, yield: 32%).  

1H NMR (400 MHz, CDCl3) δ 7.60 (d, J = 7.9 Hz, 1H), 7.26 – 7.17 (m, 2H), 7.11 

(dddd, J = 8.0, 6.9, 2.2, 1.1 Hz, 1.5H), 7.00 (d, J = 8.3 Hz, 0.5H), 6.93 (d, J = 3.3 Hz, 

1H), 6.83 (ddd, J = 12.6, 8.5, 3.2 Hz, 1.5H), 6.64 (d, J = 1.7 Hz, 0.5H), 4.80 – 4.62 (m, 

3H), 4.44 – 4.36 (m, 1H), 3.92 (t, J = 6.9 Hz, 1H), 3.66 (d, J = 6.6 Hz, 3H), 3.23 – 

3.11 (m, 5H), 2.96 (ddd, J = 14.3, 7.8, 3.2 Hz, 2H), 2.61 – 2.52 (m, 4H), 2.34 (s, 3H), 

2.18 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.95, 173.91, 151.48, 151.28, 137.22, 137.09, 

137.00, 127.84, 127.71, 127.69, 127.23, 126.94, 123.28, 122.99, 121.67, 119.00, 

118.99, 118.49, 118.47, 116.38, 115.86, 110.12, 110.08, 110.04, 109.81, 109.39, 

109.37, 55.00, 53.67, 53.65, 52.47, 52.25, 51.79, 51.64, 49.48, 49.37, 46.05, 32.58, 

32.55, 31.90, 31.86, 31.84, 29.67.  

HRMS calculated for C25H32N5O
 + (M+H): 418.2601, found: 418.2593. 

HPLC: rt = 5.39 min (93.21 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-morpholinoisoindolin-2-yl)propan-1

-one 32e (PS28): 
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White solid (54 mg, yield: 35%).  

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.9 Hz, 1H), 7.29 – 7.19 (m, 2H), 7.18 – 

7.10 (m, 1.5H), 7.04 (d, J = 8.3 Hz, 0.5H), 6.95 (d, J = 2.3 Hz, 1H), 6.87 – 6.78 (m, 

1.6H), 6.65 (s, 0.4H), 4.83 – 4.66 (m, 3H), 4.44 (d, J = 13.1 Hz, 1H), 3.99 – 3.93 (m, 

1H), 3.89 – 3.82 (m, 4H), 3.69 (d, J = 5.4 Hz, 3H), 3.23 – 3.09 (m, 5H), 2.98 (ddd, J = 

14.3, 7.8, 3.0 Hz, 1H), 2.31 (br, s, 4H).  

13C NMR (101 MHz, CDCl3) δ 173.86, 173.80, 151.54, 151.33, 137.31, 137.17, 

137.03, 127.82, 127.76, 127.73, 127.63, 127.34, 123.39, 123.09, 121.72, 121.71, 

119.03, 118.49, 118.46, 116.06, 115.59, 109.96, 109.92, 109.85, 109.57, 109.40, 

109.38, 66.82 (s), 53.54, 52.49, 52.26, 51.81, 51.64, 49.78, 49.69, 32.60, 32.58, 31.90, 

31.75, 29.67.  

HRMS calculated for C24H29N4O2
+ (M+H): 405.2285, found: 405.229.  

HPLC: rt = 7.35 min (99.08 %).  

 

(R)-2-amino-1-(5-methoxyisoindolin-2-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-on

e 32f (PS29): 

 

Yellow solid (65 mg, yield: 35%).  

1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 1H), 7.29 – 7.19 (m, 2H), 7.17 – 

7.11 (m, 1.5H), 7.03 (d, J = 8.2 Hz, 0.5H), 6.96 (d, J = 1.7 Hz, 1H), 6.84 – 6.63 (m, 

2H), 4.86 – 4.65 (m, 3H), 4.43 (d, J = 13.3 Hz, 1H), 3.99 – 3.92 (m, 1H), 3.79 (d, J = 

7.0 Hz, 3H), 3.68 (d, J = 4.2 Hz, 3H), 3.20 (dd, J = 14.4, 5.8 Hz, 1H), 3.00 (ddd, J = 

14.2, 7.9, 3.9 Hz, 1H), 2.11 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.94, 173.89, 159.70, 159.45, 137.51, 137.35, 

137.03, 128.04, 127.82, 127.77, 127.73, 127.43, 123.59, 123.30, 122.85, 122.51, 

121.73, 119.05, 119.04, 118.49, 118.47, 114.13, 114.08, 109.94, 109.91, 109.39, 

107.71, 107.59, 55.48, 53.62, 53.59, 52.45, 52.16, 51.76, 51.55, 32.58, 32.57, 31.74, 

31.73, 29.68.  
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HRMS calculated for C21H24N3O2
+ (M+H): 350.1863, found: 350.187. 

HPLC: rt = 7.28 min (95.47 %). 

 

(R)-2-amino-1-(5-(benzyloxy)isoindolin-2-yl)-3-(1-methyl-1H-indol-3-yl)propan-1

-one 32g (PS30): 

 

Light yellow solid (54 mg, yield: 29%).  

1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.9 Hz, 1H), 7.46 – 7.30 (m, 5H), 7.27 – 

7.10 (m, 3H), 7.04 – 6.69 (m, 4H), 5.05 (d, J = 6.1 Hz, 2H), 4.83 – 4.64 (m, 3H), 4.40 

(dd, J = 12.8, 6.2 Hz, 1H), 3.95 (t, J = 6.1 Hz, 1H), 3.67 (d, J = 3.5 Hz, 3H), 3.20 (dd, 

J = 14.3, 6.1 Hz, 1H), 3.00 (ddd, J = 14.3, 7.7, 3.0 Hz, 1H), 2.18 (br, s, 2H).  

13C NMR (101 MHz, CDCl3) δ 173.85, 173.80, 158.83, 158.59, 137.56, 137.39, 

137.02, 137.01, 136.76, 136.74, 128.61, 128.60, 128.37, 128.17, 128.03, 127.83, 

127.75, 127.41, 127.35, 123.64, 123.34, 121.73, 119.04, 118.48, 115.07, 114.92, 

109.94, 109.39, 108.88, 108.69, 70.26, 53.66, 53.62, 52.43, 52.15, 51.77, 51.56, 32.57, 

32.56, 31.74, 29.65.  

HRMS calculated for C27H28N3O2
+ (M+H): 426.2176, found: 426.217.  

HPLC: rt = 1.18 min (94.52 %). 

 

(R)-N-(1-((2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)meth

yl)piperidin-4-yl)-N-phenylpropionamide 52a (PS44): 

 

Brown semisolid (120 mg, yield: 84%).  
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1H NMR (500 MHz, CDCl3) δ 7.60 (dd, J = 7.8, 4.7 Hz, 1H), 7.42 – 7.36 (m, 3H), 

7.27 – 7.24 (m, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.17 – 7.10 (m, 3H), 7.06 (dd, J = 13.2, 

7.2 Hz, 3H), 6.99 (s, 1H), 4.86 (d, J = 14.1 Hz, 1H), 4.79 – 4.63 (m, 3H), 4.48 (dd, J = 

13.3, 6.8 Hz, 1H), 4.00 (s, 1H), 3.69 (s, 3H), 3.45 (d, J = 1.5 Hz, 2H), 3.21 (dd, J = 

14.3, 5.4 Hz, 1H), 3.02 (dd, J = 11.9, 8.2 Hz, 1H), 2.88 (d, J = 10.9 Hz, 2H), 2.33 (br, 

s, 2H), 2.13 (t, J = 11.5 Hz, 2H), 1.91 (q, J = 7.4 Hz, 2H), 1.76 (d, J = 11.6 Hz, 2H), 

1.43 (dd, J = 24.2, 12.2 Hz, 2H), 1.01 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, CDCl3) δ 173.62, 173.56, 138.89, 137.06, 136.16, 136.07, 

134.95, 134.79, 130.35, 129.30, 128.91, 128.61, 128.29, 127.96, 127.92, 127.72, 

127.70, 123.54, 123.24, 122.55, 122.25, 121.80, 119.15, 119.12, 118.44, 109.42, 

109.39, 62.62, 62.57, 53.44, 53.03, 52.99, 52.29, 52.20, 51.97, 51.88, 32.61, 30.36, 

28.49, 9.58.  

HRMS calculated for C35H42N5O2+ (M+H): 564.3333, found: 564.333.  

HPLC: rt = 10.89 min (98.61 %). 

 

(R)-2-amino-1-(5-((4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-yl)methyl)isoind

olin-2-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 52b (PS48): 

 

Gray solid (120 mg, yield: 62%). 

1H NMR (500 MHz, CDCl3) δ 7.76 (s, 1H), 7.59 (d, J = 6.7 Hz, 1H), 7.33 – 6.89 (m, 

9H), 4.95 – 4.51 (m, 4H), 4.36 – 4.18 (m, 2H), 3.63 (dd, J = 28.1, 10.5 Hz, 5H), 3.36 

– 2.97 (m, 6H), 2.39 (s, 2H), 2.25 – 2.05 (m, 4H).  

13C NMR (126 MHz, CDCl3) δ 165.14, 163.90, 163.79, 163.14, 160.63, 136.91, 

136.47, 136.38, 136.23, 136.17, 135.46, 129.20, 128.97, 128.29, 128.24, 128.21, 

127.77, 127.75, 125.49, 123.95, 122.75, 122.73, 122.65, 122.46, 121.71, 119.12, 
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118.49, 118.47, 117.11, 117.09, 112.62, 112.61, 112.42, 112.41, 109.37, 109.32, 97.48, 

97.27, 62.39, 62.33, 52.82, 52.27, 52.17, 52.06, 51.89, 32.58. 32.55, 30.32, 29.68.  

HRMS calculated for C33H35FN5O2
+ (M+H): 552.2769, found: 552.276.  

HPLC: rt = 11.15 min (100 %). 

 

(R)-2-amino-1-(5-((4-(benzo[b]thiophen-3-ylmethyl)piperazin-1-yl)methyl)isoind

olin-2-yl)-3-(1-methyl-1H-indol-3-yl)propan-1-one 52c (PS42):  

 

Gray solid (55 mg, yield: 31%). 

1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 7.5 Hz, 1H), 7.84 (d, J = 7.3 Hz, 1H), 7.61 

(d, J = 7.9 Hz, 1H), 7.41 – 7.31 (m, 3H), 7.25 – 7.04 (m, 6H), 6.98 (s, 1H), 5.00 – 

4.65 (m, 3H), 4.53 – 4.43 (m, 1H), 4.00 (s, 1H), 3.79 (s, 2H), 3.68 (d, J = 3.1 Hz, 3H), 

3.53 (s, 2H), 3.22 (d, J = 9.4 Hz, 1H), 3.05 – 2.99 (m, 1H), 2.56 (br, d, J = 32.6 Hz, 

10H)  

13C NMR (126 MHz, CDCl3) δ 173.63, 151.50, 140.58, 138.91, 137.06, 137.04, 

136.27, 136.23, 135.79, 135.18, 135.00, 132.59, 132.56, 129.03, 128.72, 128.24, 

127.91, 127.87, 127.78, 127.77, 125.50, 124.76, 124.31, 123.89, 123.42, 122.70, 

122.64, 122.55, 122.54, 122.33, 121.78, 119.12, 119.10, 118.48, 109.66, 109.41, 

109.40, 62.57, 62.50, 56.19, 52.90, 52.86, 52.82, 52.77, 52.28, 52.19, 52.01, 51.90, 

32.62, 32.61, 31.47, 30.33.  

HRMS calculated for C68H75N10O2S2
+ (2M+H): 1127.5510, found: 1127.550.  

HPLC: rt = 11.84 min (98.99 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-((4-(2-(1-methyl-1H-indol-3-yl)ethyl

)piperazin-1-yl)methyl)isoindolin-2-yl)propan-1-one 52d (PS43):  
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Gray solid (60 mg, yield: 33%).  

1H NMR (500 MHz, CDCl3) δ 7.60 (dd, J = 13.7, 8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz, 

2H), 7.26 – 7.00 (m, 8H), 6.91 (s, 1H), 5.01 – 4.94 (m, 1H), 4.85 – 4.71 (m, 2H), 4.63 

– 4.55 (m, 1H), 4.10 (d, J = 15.4 Hz, 1H), 3.73 (dd, J = 4.2, 2.6 Hz, 6H), 3.56 (s, 2H), 

3.23 (s, 1H), 3.09 (d, J = 6.0 Hz, 3H), 2.95 – 2.51 (m, 12H).  

13C NMR (126 MHz, CDCl3) δ 173.66, 137.18, 137.16, 136.98, 136.17, 136.06, 

128.97, 128.69, 128.15, 127.61, 127.59, 127.56, 126.64, 123.55, 123.33, 122.72, 

122.46, 122.23, 121.94, 121.69, 119.28, 119.25, 118.88, 118.73, 118.42, 109.51, 

109.27, 62.36, 62.13, 58.89, 52.75, 52.51, 52.44, 52.06, 51.96, 32.69, 32.67, 32.60, 

31.98, 31.91, 31.85, 31.76, 30.03, 29.68, 21.93.  

HRMS calculated for C36H43N6O
 + (M+H): 575.3493, found: 575.349.  

HPLC: rt = 11.29 min (95.28 %). 

 

(R)-2-amino-1-(5-((4-(4-chlorophenethyl)piperazin-1-yl)methyl)isoindolin-2-yl)-3

-(1-methyl-1H-indol-3-yl)propan-1-one 52e (PS51): 

 

White solid (65 mg, yield: 37%).  

1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 1H), 7.31 – 7.27 (m, 2H), 7.26 – 

7.06 (m, 8H), 7.02 (d, J = 2.7 Hz, 1H), 4.92 (t, J = 12.1 Hz, 1H), 4.77 (dd, J = 41.5, 

16.0 Hz, 2H), 4.54 (dd, J = 18.8, 13.7 Hz, 1H), 4.04 (s, 1H), 3.71 (d, J = 4.1 Hz, 3H), 
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3.55 (s, 2H), 3.24 (d, J = 13.7 Hz, 1H), 3.08 – 3.01 (m, 1H), 2.84 (d, J = 5.4 Hz, 2H), 

2.78 – 2.42 (m, 12H).  

13C NMR (126 MHz, CDCl3) δ 173.60, 173.58, 137.11, 137.09, 136.25, 136.18, 

134.98, 134.97, 132.04, 130.23, 130.00, 128.97, 128.67, 128.57, 128.52, 128.04, 

127.99, 127.71, 123.60, 123.35, 122.69, 122.68, 122.39, 121.83, 119.17, 119.15, 

118.45, 109.44, 62.50, 62.47, 59.77, 53.43, 52.78, 52.77, 52.36, 52.26, 52.03, 51.92, 

32.65, 32.63, 32.37, 31.21, 29.68.  

HRMS calculated for C33H39ClN5O
+ (M+H):556.2838, found: 556.284.  

HPLC: rt = 11.56 min (95.58 %).  

 

(R)-2-methyl-3-(1-methyl-1H-indol-3-yl)-1-(5-((4-(2-(1-methyl-1H-indol-3-yl)acet

yl)piperazin-1-yl)methyl)isoindolin-2-yl)propan-1-one 52f (PS50): 

 

Gray solid (89 mg, yield: 48%).  

1H NMR (400 MHz, DMSO-d6) δ 7.56 (dd, J = 13.1, 7.8 Hz, 2H), 7.37 (d, J = 8.1 Hz, 

1H), 7.31 (dd, J = 7.7, 4.1 Hz, 1H), 7.26 – 7.07 (m, 7H), 7.00 (dd, J = 13.2, 6.8 Hz, 

2H), 4.89 (d, J = 14.0 Hz, 1H), 4.64 (d, J = 16.0 Hz, 1H), 4.55 – 4.39 (m, 2H), 3.89 (s, 

1H), 3.73 (s, 4H), 3.66 (d, J = 2.5 Hz, 3H), 3.54 – 3.40 (m, 7H), 3.07 (dd, J = 14.0, 

6.4 Hz, 1H), 2.89 (dd, J = 13.3, 6.0 Hz, 1H), 2.26 (s, 4H).  

13C NMR (101 MHz, DMSO-d6) δ 172.91, 169.50, 137.66, 137.57, 137.11, 136.95, 

136.40, 135.81, 135.11, 128.72, 128.70, 128.58, 128.54, 128.17, 128.10, 127.91, 

123.71, 123.41, 123.03, 122.82, 121.56, 121.45, 119.36, 118.99, 118.98, 118.86, 

109.92, 109.90, 109.80, 107.90, 62.05, 61.99, 53.36, 53.11, 52.61, 52.17, 52.05, 51.75, 

51.66, 46.02, 41.62, 32.71, 32.63, 32.62, 30.74, 30.69.  

HRMS calculated for C36H41N6O2
+ (M+H): 589.3286, found: 589.329.  

HPLC: rt = 10.70 min (99.32 %). 
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(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-((4-(3-(1-methyl-1H-indol-3-yl)prop

anoyl)piperazin-1-yl)methyl)isoindolin-2-yl)propan-1-one 52g (PS56): 

 

Gray solid (80 mg, yield: 42%).  

1H NMR (500 MHz, CDCl3) δ 7.58 (t, J = 7.7 Hz, 2H), 7.28 (d, J = 8.2 Hz, 1H), 7.25 

– 6.81 (m, 10H), 4.91 (t, J = 12.0 Hz, 1H), 4.75 (dd, J = 15.8, 5.4 Hz, 1H), 4.61 (dd, J 

= 15.8, 5.5 Hz, 1H), 4.41 – 4.31 (m, 1H), 4.22 (s, 1H), 3.86 (br, s, 2H), 3.71 (d, J = 

11.6 Hz, 3H), 3.68 – 3.55 (m, 5H), 3.39 (d, J = 6.9 Hz, 2H), 3.34 (d, J = 3.9 Hz, 2H), 

3.29 – 3.16 (m, 2H), 3.10 (t, J = 7.4 Hz, 2H), 2.68 (t, J = 6.4 Hz, 2H), 2.32 (d, J = 4.6 

Hz, 2H), 2.16 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 171.92, 171.89, 171.30, 137.58, 137.33, 137.09, 

137.07, 136.17, 136.09, 134.96, 134.92, 128.80, 128.54, 128.51, 128.43, 127.76, 

127.72, 126.59, 123.48, 123.22, 122.69, 122.45, 121.88, 121.64, 119.27, 118.86, 

118.83, 118.51, 113.92, 109.49, 109.30, 108.49, 108.45, 62.64, 62.60, 53.18, 52.98, 

52.82, 52.78, 52.44, 52.35, 52.13, 52.02, 45.55, 41.57, 34.21, 32.69, 32.68, 32.65, 

30.01, 29.76, 21.06.  

HRMS calculated for C37H43N6O2
+ (M+H): 603.3442, found: 603.345.  

HPLC: rt = 11.32 min (100.00 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-(4-(2-(1-methyl-1H-indol-3-yl)acetyl

)piperazin-1-yl)isoindolin-2-yl)propan-1-one 52h (PS52): 
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Gray solid (62 mg, yield: 30%).  

1H NMR (400 MHz, DMSO-d6) δ 7.55 (dd, J = 9.4, 4.8 Hz, 2H), 7.40 – 7.28 (m, 2H), 

7.19 – 6.97 (m, 6H), 6.81 (dd, J = 28.2, 19.8 Hz, 3H), 4.81 (t, J = 14.0 Hz, 1H), 4.61 – 

4.52 (m, 1H), 4.45 – 4.29 (m, 2H), 3.91 (t, J = 6.7 Hz, 1H), 3.79 (s, 2H), 3.72 (s, 3H), 

3.68 – 3.49 (m, 7H), 3.12 – 2.84 (m, 6H).  

13C NMR (101 MHz, DMSO-d6) δ 172.14, 169.61, 151.11, 151.05, 137.84, 136.97, 

136.96, 128.83, 128.82, 128.18, 128.04, 128.02, 127.95, 127.90, 127.00, 126.97, 

123.66, 123.44, 121.60, 121.50, 119.36, 118.92, 118.90, 116.10 115.30, 110.44, 

110.20, 109.96, 109.32, 107.85, 53.10, 52.48, 52.18, 52.06, 51.78, 51.40, 49.50, 49.05, 

45.78, 45.77, 41.40, 32.74, 32.67, 32.66, 30.81, 30.14.  

HRMS calculated for C35H39N6O2
+ (M+H): 575.3129, found: 575.3118.  

HPLC: rt = 13.52 min (96.54 %). 

 

(R)-2-amino-3-(1-methyl-1H-indol-3-yl)-1-(5-(4-(3-(1-methyl-1H-indol-3-yl)propa

noyl)piperazin-1-yl)isoindolin-2-yl)propan-1-one 52i (PS53): 

 

Gray solid (58 mg, yield: 30%).  

1H NMR (500 MHz, CDCl3) δ 7.62 (t, J = 6.8 Hz, 2H), 7.29 (d, J = 8.2 Hz, 1H), 7.27 

– 6.96 (m, 7H), 6.91 (s, 1H), 6.81 – 6.74 (m, 1H), 6.71 (s, 0.5H), 6.60 (s, 0.5H), 4.86 

(t, J = 12.7 Hz, 1H), 4.70 (dt, J = 31.1, 15.8 Hz, 2H), 4.44 (dd, J = 12.9, 5.5 Hz, 1H), 

4.05 (s, 1H), 3.77 (s, 2H), 3.72 (s, 3H), 3.69 (d, J = 5.4 Hz, 3H), 3.47 (s, 2H), 3.23 (dd, 
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J = 13.5, 4.3 Hz, 1H), 3.16 (t, J = 7.5 Hz, 2H), 3.05 (dt, J = 9.5, 7.6 Hz, 3H), 2.82 (s, 

2H), 2.75 (t, J = 7.5 Hz, 2H), 2.60 (br, s, 4H).  

13C NMR (126 MHz, CDCl3) δ 173.40, 173.28, 171.39, 171.38, 151.21, 151.00, 

137.11, 137.08, 137.05, 128.11, 128.07, 127.84, 127.73, 127.65, 127.61, 126.59, 

123.40, 123.16, 121.81, 121.63, 119.16, 119.14, 118.83, 118.82, 118.74, 118.47, 

116.90, 116.54, 113.68, 110.71, 110.51, 109.47, 109.46, 109.29, 53.31, 52.59, 52.27, 

51.96, 51.69, 49.84, 49.82, 49.79, 49.67, 45.41, 41.45, 34.08, 34.07, 32.69, 32.63, 

32.58, 31.03, 21.07, 21.05.  

HRMS calculated for C36H41N6O2
+ (M+H): 589.3286, found: 589.3281.  

HPLC: rt = 13.92 min (98.16 %). 

 

(R)-N-(2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)acetamid

e 52j (PS57): 

 

Gray solid (58 mg, yield: 43%).  

1H NMR (500 MHz, CDCl3) δ 8.49 (d, J = 14.0 Hz, 1H), 7.59 – 7.54 (m, 1.5H), 7.46 

(s, 0.5H), 7.29 (d, J = 8.1 Hz, 0.5H), 7.24 (dd, J = 8.1, 3.8 Hz, 1H), 7.19 (t, J = 7.5 Hz, 

1H), 7.09 (dt, J = 15.2, 8.0 Hz, 2H), 6.98 (d, J = 8.2 Hz, 0.5H), 6.91 (d, J = 6.5 Hz, 

1H), 4.63 (ddd, J = 38.3, 18.9, 10.9 Hz, 3H), 4.37 (dd, J = 19.9, 13.5 Hz, 1H), 3.87 

(dd, J = 14.4, 7.6 Hz, 1H), 3.67 (d, J = 11.9 Hz, 3H), 3.17 (dd, J = 14.3, 5.3 Hz, 1H), 

2.97 – 2.88 (m, 1H), 2.11 (t, J = 13.8 Hz, 5H).  

13C NMR (126 MHz, CDCl3) δ 173.60, 173.58, 169.00, 168.96, 138.12, 137.82, 

137.06, 137.04, 136.68, 131.38, 131.33, 127.77, 127.76, 127.73, 127.69, 122.96, 

122.74, 121.85, 121.82, 119.63, 119.58, 119.17, 119.11, 118.42, 118.40, 114.60, 

114.37, 109.69, 109.69, 109.47, 53.60, 53.55, 52.29, 52.09, 51.90, 51.68, 32.62, 32.59, 

32.00, 31.97, 31.85, 24.30, 24.28.  
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HRMS calculated for C22H25N4O2
+ (M+H): 377.1972, found: 377.198.  

HPLC: rt = 10.07 min (99.65 %). 

 

(R)-N-(2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)-2-(4-chl

orophenyl)acetamide 52k (PS54): 

 

Gray solid (56 mg, yield: 20%).  

1H NMR (400 MHz, DMSO-d6) δ 10.22 (d, J = 1.8 Hz, 1H), 7.62 – 7.53 (m, 2H), 7.47 

– 6.97 (m, 9H), 4.87 (t, J = 13.9 Hz, 1H), 4.66 – 4.58 (m, 1H), 4.46 (t, J = 15.5 Hz, 

1H), 4.40 – 4.31 (m, 1H), 3.96 (dd, J = 13.4, 6.8 Hz, 1H), 3.68 – 3.59 (m, 5H), 3.09 

(dd, J = 14.2, 6.7 Hz, 1H), 2.94 (dd, J = 14.3, 6.9 Hz, 1H).  

13C NMR (101 MHz, DMSO-d6) δ 169.15, 138.01, 138.95, 137.43, 136.97, 136.69, 

135.38, 132.28, 131.72, 131.43, 130.85, 128.92, 128.90, 128.65, 128.23, 128.00, 

127.95, 123.54, 123.30, 121.53, 119.04, 118.92, 113.95, 113.66, 109.99, 109.06, 

109.04, 53.04, 53.01, 52.43, 52.01, 51.56 , 42.86, 32.68 29.79, 29.78.  

HRMS calculated for C28H28ClN4O2
+ (M+H): 487.1895, found: 487.1892.  

HPLC: rt = 13.32 min (97.07 %). 

 

(R)-N-(2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)-2-(4-met

hoxyphenyl)acetamide 52l (PS58): 

 

Gray semisolid (95 mg, yield: 62%).  
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1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 41.1 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.47 

(d, J = 50.0 Hz, 1H), 7.25 – 6.85 (m, 10H), 4.71 – 4.55 (m, 3H), 4.39 – 4.31 (m, 1H), 

3.90 – 3.82 (m, 1H), 3.78 (s, 3H), 3.66 (d, J = 10.5 Hz, 3H), 3.60 (d, J = 9.0 Hz, 2H), 

3.16 (dd, J = 14.2, 5.9 Hz, 1H), 2.92 (td, J = 14.8, 8.0 Hz, 1H), 1.87 (s, 2H).  

13C NMR (126 MHz, CDCl3) δ 173.87, 173.77, 169.92, 158.98, 137.76, 137.46, 

137.05, 137.03, 136.83, 136.78, 131.72, 131.66, 130.51, 130.47, 127.79, 127.73, 

127.71, 126.48, 126.47, 122.96, 122.74, 121.81, 121.77, 121.73, 119.63, 119.52, 

119.14, 119.07, 119.04, 118.46, 114.56, 114.49, 114.48, 114.34, 109.93, 109.90, 

109.45, 109.44, 55.30, 53.70, 52.25, 52.04, 51.87, 51.67, 43.63, 32.61, 32.59, 32.11, 

32.04.  

HRMS calculated for C29H30N4O3Na+ (M+H): 505.2210, found: 505.2208.  

HPLC: rt = 12.25 min (99.51 %). 

 

(R)-N-(2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)-2-(3,4-di

chlorophenyl)acetamide 52m (PS59):  

 

Gray solid (240 mg, yield: 81%).  

1H NMR (500 MHz, CDCl3) δ 8.78 (d, J = 36.5 Hz, 1H), 7.60 – 7.45 (m, 2H), 7.44 – 

7.29 (m, 2H), 7.28 – 7.25 (m, 1H), 7.21 (dd, J = 13.1, 6.1 Hz, 6H), 4.72 – 4.53 (m, 

3H), 4.39 (t, J = 13.5 Hz, 1H), 3.87 (dt, J = 13.5, 7.1 Hz, 1H), 3.72 – 3.65 (m, 3H), 

3.60 – 3.50 (m, 2H), 3.18 (dd, J = 14.3, 5.7 Hz, 1H), 2.98 – 2.87 (m, 1H), 2.06 (br, s, 

2H).  

13C NMR (126 MHz, CDCl3) δ 173.86, 173.81, 173.69, 173.59, 168.61, 168.59, 

146.50, 146.21, 137.82, 137.50, 137.09, 137.07, 136.98, 136.72, 136.68, 134.95, 

134.94, 132.57, 131.72, 131.65, 131.35, 131.21, 131.17, 130.57, 130.56, 128.72, 
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128.65, 127.81, 127.79, 127.73, 127.70, 127.65, 125.57, 125.39, 123.48, 123.19, 

123.01, 122.77, 121.89, 121.86, 121.79, 119.76, 119.63, 119.21, 119.14, 119.09, 

118.43, 118.40, 118.38, 115.13, 114.77, 114.69, 114.46, 109.80, 109.65, 109.62, 

109.51, 109.47, 109.46, 108.89, 108.54, 53.56, 52.33, 52.27, 52.14, 52.06, 51.90, 

51.85, 51.71, 51.68, 43.00, 42.98, 32.64, 32.61, 32.60, 32.59, 32.05, 32.02, 31.92, 

31.90.  

HRMS calculated for C28H27Cl2N4O2
+ (M+H): 521.1506, found: 521.1514.  

HPLC: rt = 14.04 min (99.92 %). 

 

(R)-N-(2-(2-amino-3-(1-methyl-1H-indol-3-yl)propanoyl)isoindolin-5-yl)-2-(2,4-di

chlorophenyl)acetamide 52n (PS60): 

 

Gray solid (250 mg, yield: 81%).  

1H NMR (500 MHz, CDCl3) δ 8.50 (d, J = 57.5 Hz, 1H), 7.59 – 7.45 (m, 2H), 7.37 (d, 

J = 1.9 Hz, 1H), 7.30 – 7.17 (m, 4H), 7.15 – 6.87 (m, 4H), 4.69 – 4.55 (m, 3H), 4.37 (t, 

J = 14.4 Hz, 1H), 3.90 – 3.82 (m, 1H), 3.69 (dd, J = 17.1, 12.1 Hz, 5H), 3.17 (dd, J = 

14.1, 5.1 Hz, 1H), 2.92 (ddd, J = 18.7, 14.3, 8.0 Hz, 1H), 1.99 (br, s, 2H).  

13C NMR (126 MHz, CDCl3) δ 173.73, 173.59, 167.93, 137.76, 137.42, 137.08, 

137.05, 136.78, 136.70, 134.99, 134.96, 133.96 (s), 132.45, 132.40, 131.76, 131.68, 

131.46, 131.45, 129.38, 127.77, 127.74, 127.66, 127.49, 127.48, 122.99, 122.76, 

121.87, 121.82, 119.81, 119.65, 119.20, 119.12, 118.40, 118.38, 114.72, 114.54, 

109.72, 109.68, 109.49, 109.47, 53.58, 52.25, 52.03, 51.87, 51.67, 41.22, 41.19, 32.62, 

32.60, 32.10, 32.04, 31.98, 31.91.  

HRMS calculated for C28H27Cl2N4O2
+ (M+H): 521.1506, found: 521.1501; 

C28H26Cl2N4O2Na+ (M+Na): 543.1325, found: 543.1320.  

HPLC: rt = 12.18 min (99.77 %).
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5.3.2 Synthesis procedure and compound characterization for part 3 

(4-(Acetamidomethyl)phenyl)boronic acid (72): Acetylchloride (0.84 g, 0.77 mL, 

10.7 mmol, 2.0 eq) was added dropwise to a stirred mixture of 

(4-(aminomethyl)phenyl)boronic acid hydrochloride (71) (1.0 g, 5.33 mmol, 1.0 eq) 

and DIPEA (2.42 g, 18.7 mmol, 3.5 eq) in DCM (10 mL) at room temperature. The 

reaction was stirred for an additional 0.5 h at room temperature. Then, the reaction 

was concentrated and purified by column chromatography (EtOAc : heptane and then 

DCM : MeOH gradually) to give compound 72 as white solid (0.6 g, yield: 59%), m/z 

(APCI+) 150.1 (M-B(OH)2
-).  

 

N'-propylbenzohydrazide (byproduct 75-1): This compound was white solid. 1H 

NMR (400 MHz, DMSO-d6) δ 11.42 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.71 (t, J = 5.5 

Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 2.22 (dd, J = 12.9, 7.2 Hz, 2H), 1.50 (dq, J = 14.7, 

7.3 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H). 

 

General procedure for the synthesis of tert-butyl 

2-(4-iodobenzoyl)-1-propylhydrazinecarboxylate (76a), tert-butyl 

1-butyl-2-(4-iodobenzoyl)hydrazinecarboxylate (76b), tert-butyl 

2-(4-iodobenzoyl)-1-pentylhydrazinecarboxylate (76c) and tert-butyl 

1-hexyl-2-(4-iodobenzoyl)hydrazinecarboxylate (76d): To a stirred mixture of  

4-iodobenzohydrazide (74) (1.0 mmol), anhydrous Na2SO4 (0.5 g) and pTSA (5% 

mmol) in MeOH (5 mL) was added dropwise the corresponding aldehyde (1.05 

mmol). The mixture was stirred at room temperature for 2 h followed by addition of 

NaBH(AcO)3 (2.0 mmol) to the reaction. The resulting mixture was stirred for an 

additional 1 h. Then, saturated Na2CO3 solution was added to the mixture until pH ≈ 

10. The mixture was extracted with DCM and water three times. The collected 

organic layers were washed with brine, dried over anhydrous Na2SO4 and 
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concentrated. The residue was purified by column chromatography (EtOAc : heptane 

= 1 : 10 to 1 : 3 gradually) to give 75a-75d as white solids. To a stirred mixture of the 

corresponding 75a-75d (1.0 mmol) and TEA (2.5 mmol) in THF (6 mL) was added 

(Boc)2O (1.1 mmol). The reaction was stirred at room temperature overnight. The 

reaction was concentrated and the residue was purified by column chromatography 

(EtOAc : heptane = 1 : 15, 1 : 10 to 1 : 5) to give 76a-76d as white solid or colorless 

oil.  

 

4-Iodo-N'-propylbenzohydrazide (75a) was white solid in 78% yield. m/z (APCI+) 

305.4 (M+H)+.  

Tert-butyl 2-(4-iodobenzoyl)-1-propylhydrazinecarboxylate (76a) was white solid in 

81% yield. 1H NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 7.77 (s, 2H), 7.49 (d, J = 8.4 

Hz, 2H), 3.59 – 3.50 (m, 2H), 1.62 (dt, J = 14.7, 7.4 Hz, 2H), 1.47 (s, 9H), 0.93 (t, J = 

7.4 Hz, 3H).  

N'-butyl-4-iodobenzohydrazide (75b) was white solid in 87% yield. m/z (APCI+) 

319.1 (M+H)+, 637.3 (2M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 10.04 (d, J = 3.7 

Hz, 1H), 7.87 – 7.79 (m, 2H), 7.61 – 7.55 (m, 2H), 5.05 (s, 1H), 2.76 (s, 2H), 1.45 – 

1.28 (m, 4H), 0.87 (t, J = 7.2 Hz, 3H).  

Tert-butyl 1-butyl-2-(4-iodobenzoyl)hydrazinecarboxylate (76b) was sticky oil in 

68% yield.  

4-Iodo-N'-pentylbenzohydrazide (75c) was white solid in 47% yield. m/z (APCI+) 

333.2 (M+H)+ , 665.2 (2M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 10.04 (d, J = 4.2 

Hz, 1H), 7.86 – 7.77 (m, 2H), 7.61 – 7.54 (m, 2H), 5.04 (d, J = 6.2 Hz, 1H), 2.74 (dd, 

J = 10.5, 6.6 Hz, 2H), 1.47 – 1.24 (m, 6H), 0.86 (dd, J = 9.3, 4.8 Hz, 3H).  

Tert-butyl 2-(4-iodobenzoyl)-1-pentylhydrazinecarboxylate (76c) was white solid in 

63% yield. 1H NMR (500 MHz, DMSO-d6) δ 10.56 (s, 1H), 7.88 (d, J = 8.4 Hz, 2H), 

7.66 – 7.55 (m, 2H), 3.39 (s, 2H), 1.43 (dd, J = 25.7, 16.3 Hz, 6H), 1.29 (d, J = 20.6 

Hz, 9H), 0.85 (s, 3H).  

N'-hexyl-4-iodobenzohydrazide (75d) was white solid in 90% yield. m/z (APCI+) 

347.2 (M+H)+ , 693.3 (2M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 10.03 (d, J = 4.6 
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Hz, 1H), 7.88 – 7.80 (m, 2H), 7.63 – 7.55 (m, 2H), 5.04 (d, J = 5.0 Hz, 1H), 2.74 (dd, 

J = 11.4, 6.8 Hz, 2H), 1.43 (dt, J = 13.9, 7.4 Hz, 2H), 1.34 – 1.21 (m, 5H), 0.84 (t, J = 

6.9 Hz, 3H).  

Tert-butyl 1-hexyl-2-(4-iodobenzoyl)hydrazinecarboxylate (76d) was white solid in 

63% yield. 1H NMR (500 MHz, DMSO-d6) δ 10.54 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 

7.66 – 7.56 (m, 2H), 3.40 (s, 2H), 1.54 – 1.39 (m, 6H), 1.28 (d, J = 31.0 Hz, 11H), 

0.84 (d, J = 6.6 Hz, 3H). 

 

Tert-butyl 

2-(4'-((((benzyloxy)carbonyl)amino)methyl)-[1,1'-biphenyl]-4-carbonyl)-1-propylhy

drazinecarboxylate (77a): A stirred mixture of 

(4-((((benzyloxy)carbonyl)amino)methyl)phenyl)boronic acid (73) (400 mg, 1.4 

mmol, 1.1 eq ), 76a (514 mg, 1.27 mmol, 1.0 eq), Pd(PPh3)4 (59 mg, 0.05 mmol, 0.04 

eq) and K2CO3 (387 mg, 2.8 mmol, 2.2 eq) in toluene (18 mL), MeOH (2 mL) and 

H2O (2 mL) was kept under argon atmosphere and heated to 90 oC for 7 h. The 

reaction was directly concentrated and the residue was purified by column 

chromatography (EtOAc : heptane = 1 : 4 to 1 : 2 gradually) to give 77a as white solid 

(0.6 g, yield: 91%). 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.8 Hz, 2H), 7.70 – 

7.61 (m, 3H), 7.57 (d, J = 8.0 Hz, 2H), 7.49 – 7.44 (m, 1H), 7.37 (dd, J = 12.0, 7.9 Hz, 

5H), 5.16 (s, 2H), 4.44 (d, J = 6.0 Hz, 2H), 3.58 (t, J = 7.3 Hz, 2H), 1.65 (dd, J = 14.6, 

7.3 Hz, 2H), 1.48 (s, 9H), 0.95 (t, J = 7.4 Hz, 3H). 

 

Tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-propylhydrazinecarboxylate 

(78a): Pd/C (10%) (140 mg) was added to a mixture of 77a (0.7 g, 1.85 mmol, 1.0 eq) 

in MeOH (15 mL) at room temperature and followed by NaBH4 (350 mg, 9.25 mmol, 

5.0 eq) over three portions. The reaction was charged with a balloon and stirred 

overnight. The mixture was filtered. The collected filtrate was extracted with EtOAc 

and brine three times. The combined organic layers were dried over anhydrous 

Na2SO4 and concentrated to give 78a as colorless oil (0.46 g, yield: 80%). m/z 
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(APCI+) 328.5 (M-tBu+2H)+, 384.7 (M+H)+. 

 

Procedure for the synthesis of 

N-((4'-(2-propylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80a 

(PSP40):  

Tert-butyl 

2-(4'-(acetamidomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-propylhydrazinecarboxylate 

(79a): This compound was synthesized starting from 78a through the same procedure 

of 72 to give79a as a white solid (150 mg, yield: 69%). Compound 79a was added to 

a mixture of HCl/dioxane (4M) (2 mL) and DCM (5 mL). The resulting mixture was 

stirred at room temparature for 3 h. Then, saturated Na2CO3 solution was added to the 

mixture until no bubbles appeared. The mixture was extracted with DCM and brine 

three times. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated. The residue was purified by column chromatography (EtOAc : heptane 

= 1 : 5 and then DCM: MeOH = 1 : 0 to 25 : 1 with several drops of TEA) to give 80a 

as a white solid (100 mg, yield: 87%).  

 

N-((4'-(2-propylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80a 

(PSP40): 

 

1H NMR (500 MHz, DMSO-d6) δ 10.05 (d, J = 6.0 Hz, 1H), 8.37 (t, J = 5.9 Hz, 1H), 

7.94 – 7.88 (m, 2H), 7.75 – 7.71 (m, 2H), 7.69 – 7.64 (m, 2H), 7.35 (d, J = 8.4 Hz, 

2H), 5.11 (dd, J = 11.6, 5.6 Hz, 1H), 4.29 (d, J = 5.9 Hz, 2H), 2.76 (dd, J = 12.6, 6.9 

Hz, 2H), 1.88 (s, 3H), 1.51 – 1.43 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 169.61, 165.37, 142.97, 140.04, 138.09, 132.37, 

128.39, 128.13, 127.19, 126.81, 53.58, 42.27, 23.03, 21.32, 12.13.  

HRMS calculated for C19H24N3O2
+ (M+H): 326.1863, found: 326.1858.  
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HPLC: rt = 5.96 min (97.57 %). 

 

Procedure for the synthesis of 

N-((4'-(2-butylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80b 

(PSP41), N-((4'-(2-pentylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 

80c (PSP42) and 

N-((4'-(2-hexylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80d 

(PSP43): The intermediates 81b-81d were synthesized through the same procedure as 

78a using 72 instead of 73. The final compounds 80b-80d were synthesized from the 

corresponding intermediates 81b-81d through the same procedure of 79a to 80a. 81b 

was light pink solid (176 mg, yield: 85%), m/z (APCI+) 440.3 (M+H)+; 81c was light 

pink solid (237 mg, yield: 86%), m/z (APCI+) 454.6 (M+H)+; 81d was light pink solid 

(190 mg, yield: 85%), m/z (APCI+) 468.6 (M+H)+.  

 

N-((4'-(2-butylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80b 

(PSP41): 

 

White solid (110 mg, yield: 83%).  

1H NMR (400 MHz, DMSO-d6) δ 10.05 (s, 1H), 8.37 (s, 1H), 7.97 – 7.52 (m, 6H), 

7.35 (d, J = 7.4 Hz, 2H), 5.13 (s, 1H), 4.28 (d, J = 5.1 Hz, 2H), 2.78 (d, J = 6.3 Hz, 

2H), 1.88 (s, 3H), 1.56 – 1.24 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 169.61, 165.36, 142.97, 140.03, 138.09, 132.36, 

128.39, 128.12, 127.18, 126.80, 51.38, 42.27, 30.26, 23.02, 20.29, 14.36.  

HRMS calculated for C20H26N3O2
+ (M+H): 340.2020, found: 340.202.  

HPLC: rt = 10.94 min (95.35 %). 

 

N-((4'-(2-pentylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80c 
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(PSP42): 

 

White solid (150 mg, yield: 81%).  

1H NMR (400 MHz, DMSO-d6) δ 10.03 (s, 1H), 8.36 (t, J = 5.7 Hz, 1H), 7.89 (d, J = 

8.3 Hz, 2H), 7.69 (dd, J = 25.0, 8.2 Hz, 4H), 7.34 (d, J = 8.1 Hz, 2H), 5.07 (s, 1H), 

4.28 (d, J = 5.9 Hz, 2H), 2.77 (t, J = 7.1 Hz, 2H), 1.87 (s, 3H), 1.25 – 1.50 (m, 6H), 

0.87 (t, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 169.59, 165.34, 142.96, 140.03, 138.08, 132.36, 

128.38, 128.11, 127.18, 126.80, 51.66, 42.26, 29.33, 27.76, 23.03, 22.50, 14.38.  

HRMS calculated for C21H28N3O2
+ (M+H): 354.2176, found: 354.2176.  

HPLC: rt = 11.80 min (98.23 %). 

 

N-((4'-(2-hexylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 80d 

(PSP43): 

 

White solid (120 mg, yield: 80%).  

1H NMR (400 MHz, DMSO-d6) δ 10.02 (d, J = 5.7 Hz, 1H), 8.35 (t, J = 5.9 Hz, 1H), 

7.88 (d, J = 8.5 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.3 Hz, 2H), 7.34 (d, J 

= 8.3 Hz, 2H), 5.06 (dd, J = 11.8, 6.2 Hz, 1H), 4.27 (d, J = 5.9 Hz, 2H), 2.77 (dd, J = 

12.3, 6.8 Hz, 2H), 1.87 (s, 3H), 1.48 – 1.40 (m, 2H), 1.36 – 1.23 (m, 6H), 0.85 (t, J = 

6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 169.58, 165.33, 142.95, 140.03, 138.07, 132.35, 

128.38, 128.11, 127.18, 126.80, 51.70, 42.26, 31.68, 28.06, 26.80, 23.02, 22.53, 

14.38.  
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HRMS calculated for C22H30N3O2
+ (M+H): 368.2333, found: 368.2333.  

HPLC: rt = 12.70 min (99.61 %). 

 

Another method for large scale synthesis of 80d (PSP43):  

N-(4-bromobenzyl)acetamide (80d-3): Acetyl chloride (1.06 g, 13.5 mmol, 1.5 eq) 

was added dropwise to a stirred mixture of (4-bromophenyl)methanamine 

hydrochloride (148) (2.0 g, 9.05 mmol, 1.0 eq) and DIPEA (4.06 g, 31.4 mmol, 3.5 eq) 

in DCM (20 mL) at room temperature. The reaction was stirred for an additional 30 

min. The reaction was washed with HCl (10%) solution followed by saturated NH4Cl 

solution and water respectively. The collected organic layer was dried over anhydrous 

Na2SO4 and concentrated to give N-(4-bromobenzyl)acetamide (80d-3) as white solid 

(1.82 g, yield: 89%). 1H NMR (400 MHz, DMSO-d6) δ 8.33 (s, 1H), 7.53 – 7.42 (m, 

2H), 7.19 (dd, J = 8.8, 2.2 Hz, 2H), 4.19 (d, J = 6.0 Hz, 2H), 1.85 (s, 3H). 

 

N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)acetamide (80d-2): A 

stirred mixture of 80d-3 (1.8 g, 7.9 mmol, 1.0 eq), bis(pinacolato)diboron (2.0 g, 7.9 

mmol, 1.0 eq), KOAc (1.55 g, 15.8 mmol, 2.0 eq) and Pd(PPh3)4Cl2 (276 mg, 0.4 

mmol, 0.05 eq) in dioxane (20 mL) was heated to about 90 oC for 6 h. The reaction 

was concentrated and the residue was purified by column chromatography (DCM : 

MeOH = 1 : 0 to 30 : 1 gradually) to give 80d-2 as white solid (1.72 g, yield: 80%). 

m/z (APCI+) 276.2 (M+H)+, 551.6 (2M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 8.35 

(t, J = 5.7 Hz, 1H), 7.62 (d, J = 7.9 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H), 4.26 (d, J = 6.0 

Hz, 2H), 1.87 (s, 3H), 1.27 (s, 12H). 

 

A stirred mixture of 80d-2 (1.54 g, 5.6 mmol, 1.0 eq), tert-butyl 

1-hexyl-2-(4-iodobenzoyl)hydrazinecarboxylate (76d) (2.5 g, 5.6 mmol, 1.0 eq), 

K2CO3 (1.7 g, 12.3 mmol, 2.2 eq) and Pd(PPh3)4Cl2 (157 mg, 0.22 mmol, 0.04 eq) in 

dioxane (15 mL) and H2O (3 mL) was kept under argon atmosphere. The reaction was 

heated to 90 oC and stirred for 7 h. Then, the reaction was concentrated and the 

residue was purified by column chromatography (DCM : MeOH = 1 : 0, 40 : 1, 30 : 1 
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gradually) to give tert-butyl 

2-(4'-(acetamidomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-hexylhydrazinecarboxylate 

(81d) as brown oil (2.4 g, yield: 91%). 80d (PSP43) was finally synthesized through 

the same procedure of 79a to 80a in 85%a yield.  

 

Procedure for the synthesis of N-(4-(2-propylhydrazinecarbonyl)benzyl)acetamide 

80e (PSP39) and N-(4-(2-hexylhydrazinecarbonyl)benzyl)acetamide 80f (PSP67): 

Benzyl chloroformate (2.48 g, 2.08 mL, 14.5 mmol, 1.1 eq) was added dropwise to a 

stirred mixture of 4-(aminomethyl)benzoic acid (82) (2.0 g, 13.2 mmol, 1.0 eq) and 

Na2CO3 (5.61 g, 53 mmol, 4.0 eq) in water (100 mL) under ice bath. The resulting 

mixture was stirred for an additional 1.5 h and precipitate was appeared. Then, aq HCl 

(1N) was added dropwise to the mixture until pH ≈ 3. The precipitate was filtered. 

The white residue was dried to yield intermediate 

4-((((benzyloxy)carbonyl)amino)methyl)benzoic acid (83) as white solid (3.39 g, 

yield: 90%). m/z (APCI+) 286.4 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 12.84 (s, 

1H), 7.88 (d, J = 8.2 Hz, 3H), 7.41 – 7.26 (m, 7H), 5.04 (s, 2H), 4.26 (d, J = 6.2 Hz, 

2H). 

 

Benzyl 4-(hydrazinecarbonyl)benzylcarbamate (84): CDI (Carbonyldiimidazole) 

(1.79 g, 11 mmol, 1.05 eq) was added to a stirred mixture of 83 (3.0 g, 10.51 mmol, 

1.0 eq) in THF (40 mL). The reaction was stirred for an additional 30 min at room 

temperature. Hydrazine monohydrate (5.26 g, 105 mmol, 10.0 eq) was then added 

dropwise to the reaction and the resulting mixture was stirred at room temperature 

overnight. The reaction was evaporated and diluted with water (50 mL) until a 

precipitate appeared. The precipitate was filtered and washed with cold water two 

times. The white solid was dried to give 84 as white solid (1.95 g, yield: 64%). 1H 

NMR (400 MHz, DMSO-d6) δ 9.69 (s, 1H), 7.85 (t, J = 5.9 Hz, 1H), 7.75 (d, J = 8.1 

Hz, 2H), 7.41 – 7.13 (m, 7H), 5.03 (s, 2H), 4.44 (s, 2H), 4.23 (d, J = 6.2 Hz, 2H). 

 

Benzyl 4-(2-propylhydrazinecarbonyl)benzylcarbamate (85a) and benzyl 
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4-(2-hexylhydrazinecarbonyl)benzylcarbamate (85b): NaBH(AcO)3 (4.14 g, 19.5 

mmol, 3.0 eq) was added to a stirred mixture of propionaldehyde (0.416 g, 0.514 mL, 

7.16 mmol, 1.1 eq) and intermediate 84 (1.95 g, 6.52 mmol, 1.0 eq) in DCM (20 mL). 

The resulting mixture was stirred at room temperature overnight. Saturated Na2CO3 

solution was then added dropwise to the reaction until no bubbles appeared. The 

reaction was washed with water two times. The collected organic layer was dried over 

anhydrous Na2SO4 and concentrated. The residue was purified by column 

chromatography (EtOAc: heptane = 1 : 15, 1 : 10 and then DCM : MeOH = 30 : 1 

gradually) to give 85a as white solid (1.67 g, yield: 75%). m/z (APCI+) 342.8 

(M+H)+.  

 

To a stirred mixture of intermediate 84 (400 mg, 1.34 mmol, 1.0 eq), 

p-toluenesulfonic acid (13 mg, 0.007 mmol, 0.05 eq) and anhydrous Na2SO4 (0.8 g) in 

MeOH (5 mL) was added hexanal (141 mg, 1.41 mmol, 1.05 eq). An additional 

amount of DCM (2.5 mL) was added to the reaction if the reaction was not easy to be 

stirred. The resulting mixture was stirred for 2 h at room temperature. NaBH4 (204 mg, 

5.36 mmol, 4.0 eq) was then added to the reaction over several portions and the 

strring was continued for 1 h. Saturated Na2CO3 solution was added to the mixture 

until no bubbles appeared. The reaction was extracted with water and DCM two times. 

The combined organic layers were dried over anhydrous Na2SO4 and concentrated. 

The residue was purified by column chromatography (DCM : MeOH = 1 : 0, 40 : 1, 

30 : 1 gradually) to give 85b as white solid (360 mg, yield: 65%). 1H NMR (400 MHz, 

DMSO-d6) δ 9.93 (s, 1H), 7.85 (t, J = 6.2 Hz, 1H), 7.74 (d, J = 8.3 Hz, 2H), 7.39 – 

7.27 (m, 7H), 5.10 – 4.96 (m, 3H), 4.23 (d, J = 6.2 Hz, 2H), 2.75 (t, J = 7.0 Hz, 2H), 

1.47 – 1.38 (m, 2H), 1.18 – 1.35(m, 6H), 0.88 – 0.82 (m, 3H). 

 

Tert-butyl 

2-(4-((((benzyloxy)carbonyl)amino)methyl)benzoyl)-1-propylhydrazinecarboxylate 

(86a) and tert-butyl 

2-(4-((((benzyloxy)carbonyl)amino)methyl)benzoyl)-1-hexylhydrazinecarboxylate 



Part 5 Experimental part                                              187 

 
 

(86b): A mixture of 85a (1.49 g, 4.364 mmol, 1.0 eq), (Boc)2O (1.14 g, 5.24 mmol, 

1.2 eq) and N,N-Diisopropylethylamine (DIPEA) (1.13 g, 8.74 mmol, 2.0 eq) or 

triethylamine (TEA) 2.0 eq in THF (15 mL) was stirred overnight. The mixture was 

directly concentrated and the residue was purified by column chromatography 

(EtOAc : heptane = 0 : 1, 1 : 5, 1 : 3 gradually) to give 86a as white solid (1.85 g, 

yield: 96%). 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 1H), 7.74 (d, J = 7.7 Hz, 2H), 

7.45 – 7.27 (m, 7H), 5.15 (s, 2H), 4.43 (d, J = 6.0 Hz, 2H), 3.59 – 3.52 (m, 2H), 1.62 

(dd, J = 14.6, 7.3 Hz, 2H), 1.46 (s, 9H), 0.94 (t, J = 7.4 Hz, 3H). 

 

The synthesis procedure of 86b was the same as 86a starting from 85b to give 86b as 

white semisolid (360 mg, yield: 79%).  

 

Tert-butyl 2-(4-(aminomethyl)benzoyl)-1-propylhydrazinecarboxylate (87a) and 

tert-butyl 2-(4-(aminomethyl)benzoyl)-1-hexylhydrazinecarboxylate (87b): 87a and 

87b were synthesized through the same procedure of 77a to 78a starting from 86a and 

86b. 87a was light green oil (0.98 g, yield: 95%); 87b was colorless oil in a 

quantitative yield. m/z (APCI+) 350.2 (M+H)+, 250.1 (M+2H-Boc)+. 

 

N-(4-(2-propylhydrazinecarbonyl)benzyl)acetamide 80e (PSP39) and 

N-(4-(2-hexylhydrazinecarbonyl)benzyl)acetamide 80f (PSP67) were synthesized 

through the same procedure of 78a to 80a starting from 87a and 87b.  

 

N-(4-(2-propylhydrazinecarbonyl)benzyl)acetamide 80e (PSP39): 

 

White solid (95 mg, yield: 54%).  

1H NMR (500 MHz, DMSO-d6) δ 9.97 (s, 1H), 8.40 (t, J = 5.5 Hz, 1H), 7.76 (d, J = 

8.2 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 4.27 (d, J = 5.9 Hz, 2H), 2.74 (t, J = 7.0 Hz, 
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2H), 2.49 (s, 1H), 1.87 (s, 3H), 1.49 – 1.41 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 169.73, 165.56, 143.42, 132.12, 127.49, 127.42, 

53.55, 42.28, 22.98, 21.29, 12.09.  

HRMS calculated for C13H19N3O2Na+ (M+H): 272.1369, found: 272.1367.  

HPLC: rt = 2.18 min (97.46 %).  

 

N-(4-(2-hexylhydrazinecarbonyl)benzyl)acetamide 80f (PSP67): 

 

White solid (152 mg, yield: 74%).  

1H NMR (500 MHz, DMSO-d6) δ 9.95 (s, 1H), 8.37 (t, J = 5.8 Hz, 1H), 7.76 (d, J = 

8.1 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 5.04 (s, 1H), 4.28 (d, J = 6.0 Hz, 2H), 2.76 (t, J 

= 7.1 Hz, 2H), 1.88 (s, 3H), 1.47 – 1.40 (m, 2H), 1.35 – 1.23 (m, 6H), 0.86 (t, J = 6.8 

Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 169.67, 165.54, 143.43, 132.16, 127.49, 127.43, 

51.69, 42.28, 31.68, 28.06, 26.80, 23.01, 22.53, 14.39.  

HRMS calculated for C32H51N6O4
+ (2M+H): 583.3972, found: 583.3962.  

HPLC: rt = 10.44 min (99.26 %). 

 

Tert-butyl 2-(4-methylbenzoyl)-1-propylhydrazinecarboxylate (86a-1) (byproduct)  

 

Colorless oil. 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 7.72 (s, 2H), 7.28 (d, J 

= 8.1 Hz, 2H), 3.36 (s, 2H), 2.35 (s, 3H), 1.54 – 1.28 (m, 11H), 0.86 (t, J = 6.9 Hz, 

3H). 

 

Intermediate N-(4-(aminomethyl)benzyl)acetamide hydrochloride (91): Acetyl 
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chloride (0.25 g, 3.18 mmol, 1.5 eq) was added to a mixture of tert-butyl 

4-(aminomethyl)benzylcarbamate (89) (0.5 g, 2.11 mmol, 1.0 eq) and DIPEA (0.82 g, 

6.34 mmol, 3.0 eq) in DCM (5 mL) at room temperature. The resulting reaction was 

stirred for 30 min. The reaction was concentrated and the residue was purified by 

column chromatography (DCM : MeOH = 1 : 0, 30 : 1 to 20 gradually) to give 

tert-butyl 4-(acetamidomethyl)benzylcarbamate (90) as orange oil (0.68 g). m/z 

(APCI+) 223.0 (M+H)+, 557.2 (2M+H)+. 1H NMR (400 MHz, CDCl3) δ 7.24 (s, 4H), 

5.71 (s, 1H), 4.83 (s, 1H), 4.41 (d, J = 5.7 Hz, 2H), 4.29 (d, J = 5.7 Hz, 2H), 2.02 (s, 

3H), 1.46 (s, 9H). The intermediate 90 was added to a mixture of HCl/dioxane (4M) 

(2 mL) and DCM (10 mL) at room temperature. The reaction was stirred for 3 h at 

room temperature. The reaction was evaporated directly to give compound 91 as light 

yellow solid (0.40 g, yield: 93% over two steps). 

 

General procedure for the synthesis of 95a-95m:  

Ethyl 2-(benzylamino)pyrimidine-5-carboxylate (93a): A mixture of ethyl 

2-chloropyrimidine-5-carboxylate (92) (200 mg, 1.07 mmol, 1.0 eq), benzylamine 

(115 mg, 1.07 mmol, 1.0 eq) and DIPEA (0.34 g, 2.63 mmol, 2.5 eq) (The amount of 

DIPEA should be increased to 3.5 eq when amine was HCl salt) in DCM (10 mL) was 

stirred at room temperature for 30 min. The reaction was extracted with DCM and 

water three times. The combined organic layers were dried over anhydrous Na2SO4 

and concentrated. The residue was purified by column chromatography (EtOAc : 

heptane = 1 : 5 and then DCM : MeOH = 1 : 40) to give intermediate 93a as white 

solid (240 mg, yield: 87%). Another work-up procedure of 93a: Upon completion, the 

reaction was washed with aq HCl (10%) three times and brine. The collected organic 

layer was dried over anhydrous Na2SO4 and concentrated to give 93a. 1H NMR (400 

MHz, DMSO-d6) δ 8.71 (d, J = 1.3 Hz, 2H), 8.60 (t, J = 6.2 Hz, 1H), 7.31 – 7.16 (m, 

5H), 4.56 (d, J = 6.4 Hz, 2H), 4.24 (q, J = 7.1 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

 

2-(Benzylamino)pyrimidine-5-carbohydrazide (94a):  

Method 1: A stirred mixture of hydrazine monohydrate (1.4 g, 28 mmol, 30.0 eq) and 
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93a (0.24 g, 0.93 mmol, 1.0 eq) in EtOH (3 mL) was refluxed for 3 h. The reaction 

was cooled to room temperature. The precipitate was filtered. The white residue was 

washed with cold water and dried to give 94a as white solid (150 mg, yield: 66%).  

 

Method 2: A mixture of 93a (1.0 mmol) and hydrazine monohydrate (10.0 mmol) in 

EtOH (1 mL) was heated to 110 oC in a microwave reactor for 1 h. The reaction was 

then evaporated. The resulting residue was washed with cold water and dried to give 

the targeted compound. 

 

2-(Benzylamino)-N'-propylpyrimidine-5-carbohydrazide 95a (PSP48):  

This compound was synthesized through the same procedure of 84 to 85b starting 

from 94a. 

  

White solid (38 mg, yield: 33%). 

1H NMR (400 MHz, DMSO-d6) δ 9.82 (s, 1H), 8.64 (s, 2H), 8.25 (t, J = 6.3 Hz, 1H), 

7.32 – 7.16 (m, 5H), 4.99 (s, 1H), 4.53 (d, J = 6.4 Hz, 2H), 2.69 (t, J = 7.1 Hz, 2H), 

1.41 (dt, J = 14.5, 7.3 Hz, 2H), 0.86 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz,DMSO-d6) δ 163.55, 163.28, 158.16, 157.70, 140.09, 128.68, 

127.42, 127.12, 115.94, 53.57, 44.39, 21.22, 12.04.  

HRMS calculated for C15H20N5O
+ (M+H): 286.1662, found: 286.166.  

HPLC: rt = 4.95 min (95.03 %). 

 

The following compounds 95b-95m were synthesized using the same procedure of 

95a starting from the corresponding substituted amine and 92. 

 

2-(Benzylamino)-N'-butylpyrimidine-5-carbohydrazide 95b (NI-26)： 
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White solid (136 mg, yield: 58%).  

1H NMR (400 MHz, DMSO-d6) δ 9.79 (s, 1H), 8.65 (s, 2H), 8.26 (t, J = 6.3 Hz, 1H), 

7.32 – 7.15 (m, 5H), 5.00 (s, 1H), 4.53 (d, J = 6.4 Hz, 2H), 2.73 (t, J = 7.0 Hz, 2H), 

1.44 – 1.26 (m, 4H), 0.86 (t, J = 7.2 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.50, 163.33, 158.11, 157.68, 140.16, 128.66, 

127.44, 127.09, 115.98, 51.40, 44.41, 30.22, 20.25, 14.33.  

HRMS calculated for C16H22N5O
 + (M+H): 300.1819, found: 300.182.  

HPLC: rt = 11.53 min (97.94 %). 

 

2-(Phenethylamino)-N'-propylpyrimidine-5-carbohydrazide 95c (NI-16):  

 

White solid (133 mg, yield: 53%).  

1H NMR (400 MHz, DMSO-d6) δ 9.79 (s, 1H), 8.66 (d, J = 18.8 Hz, 2H), 7.79 (t, J = 

5.6 Hz, 1H), 7.29 – 7.14 (m, 5H), 5.01 (s, 1H), 3.52 (dd, J = 14.0, 6.6 Hz, 2H), 2.82 (t, 

J = 7.3 Hz, 2H), 2.71 (t, J = 7.0 Hz, 2H), 1.48 – 1.37 (m, 2H), 0.88 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.58, 163.19, 157.95, 157.76, 139.92, 129.09, 

128.72, 126.47, 115.61, 53.62, 42.77, 35.23, 21.29, 12.08.  

HRMS calculated for C16H22N5O
+ (M+H): 300.1819, found: 300.182. 

HPLC: rt = 5.75 min (99.21 %). 

 

2-((Naphthalen-1-ylmethyl)amino)-N'-propylpyrimidine-5-carbohydrazide 95d 

(NI-15):  
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White solid (174 mg, yield: 67%). 

1H NMR (400 MHz, DMSO-d6) δ 9.80 (s, 1H), 8.67 (s, 2H), 8.32 (t, J = 6.0 Hz, 1H), 

8.16 – 8.11 (m, 1H), 7.95 – 7.90 (m, 1H), 7.83 – 7.78 (m, 1H), 7.57 – 7.50 (m, 2H), 

7.45 – 7.40 (m, 2H), 5.00 (d, J = 6.1 Hz, 3H), 2.70 (t, J = 7.1 Hz, 2H), 1.47 – 1.37 (m, 

2H), 0.88 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.50, 163.33, 158.18, 157.74, 135.06, 133.73, 

131.30, 128.96, 127.71, 126.59, 126.18, 125.84, 125.03, 123.80, 116.04, 53.59, 42.58, 

21.29, 12.09.  

HRMS calculated for C19H22N5O
 + (M+H): 336.1819, found: 336.1818.  

HPLC: rt = 11.64 min (93.64 %). 

 

2-((2-Chlorobenzyl)amino)-N'-propylpyrimidine-5-carbohydrazide 95e (NI-23):  

 

White solid (128 mg, yield: 64%).  

1H NMR (400 MHz, DMSO-d6) δ 9.81 (s, 1H), 8.66 (d, J = 12.2 Hz, 2H), 8.26 (t, J = 

6.1 Hz, 1H), 7.45 – 7.39 (m, 1H), 7.29 – 7.22 (m, 3H), 5.01 (s, 1H), 4.59 (d, J = 6.2 

Hz, 2H), 2.70 (t, J = 6.9 Hz, 2H), 1.49 – 1.36 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.43, 163.28, 158.21, 157.70, 136.94, 132.37, 

129.56, 128.86, 128.60, 127.54, 116.37, 53.58, 42.51, 21.28, 12.08.  

HRMS calculated for C15H19ClN5O
 + (M+H): 320.1273, found: 320.1271.  

HPLC: rt = 11.93 min (96.16 %). 

 

2-((4-Chlorobenzyl)amino)-N'-propylpyrimidine-5-carbohydrazide 95f (NI-32):  
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White solid (99 mg, yield: 66%).  

1H NMR (400 MHz, DMSO-d6) δ 9.79 (s, 1H), 8.65 (s, 2H), 8.28 (t, J = 6.3 Hz, 1H), 

7.36 – 7.27 (m, 4H), 5.01 (s, 1H), 4.51 (d, J = 6.4 Hz, 2H), 2.70 (t, J = 7.1 Hz, 2H), 

1.47 – 1.37 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.44, 163.23, 158.14, 157.66, 139.25, 131.63, 

129.33, 128.62, 116.16, 53.58, 43.81, 21.28, 12.08.  

HRMS calculated for C15H18Cl2N5O
 + (M+H): 320.1273, found: 320.1272.  

HPLC: rt = 11.90 min (95.72 %) 

 

2-((2,5-Dichlorobenzyl)amino)-N'-propylpyrimidine-5-carbohydrazide 95g 

(NI-24):  

 

White solid (130 mg, yield: 72%).  

1H NMR (400 MHz, DMSO-d6) δ 9.81 (s, 1H), 8.67 (d, J = 9.7 Hz, 2H), 8.28 (t, J = 

6.1 Hz, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.37 – 7.26 (m, 2H), 5.01 (s, 1H), 4.55 (d, J = 

6.1 Hz, 2H), 2.70 (t, J = 6.4 Hz, 2H), 1.48 – 1.36 (m, 2H), 0.87 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.38, 163.17, 158.24, 157.71, 136.22, 133.29, 

132.48, 130.06, 129.00, 127.70, 116.51, 53.57, 42.18, 21.28, 12.07.  

HRMS calculated for C15H18Cl2N5O
+ (M+H): 354.0883, found: 354.0883.  

HPLC: rt = 13.43 min (96.61 %) 

 

Intermediates of 95h (PSP45):  

Ethyl 2-(4-methylpiperazin-1-yl)pyrimidine-5-carboxylate (93h) was white solid 
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(0.24 g, yield: 90%). 1H NMR (400 MHz, DMSO-d6) δ 8.76 (s, 2H), 4.25 (q, J = 7.1 

Hz, 2H), 3.87 – 3.80 (m, 4H), 2.38 – 2.33 (m, 4H), 2.20 (s, 3H), 1.27 (t, J = 7.1 Hz, 

3H). 

 

2-(4-Methylpiperazin-1-yl)pyrimidine-5-carbohydrazide (94h) was white solid (0.25 

g, yield: 91%). 1H NMR (500 MHz, DMSO-d6) δ 9.64 (s, 1H), 8.72 (s, 2H), 4.37 (d, J 

= 66.4 Hz, 2H), 3.84 – 3.70 (m, 4H), 2.39 – 2.27 (m, 4H), 2.19 (s, 3H). 

 

2-(4-Methylpiperazin-1-yl)-N'-propylpyrimidine-5-carbohydrazide 95h (PSP45): 

 

White solid (78mg, yield: 44%). 

1H NMR (500 MHz, DMSO-d6) δ 9.92 (s, 1H), 8.75 (s, 2H), 3.89 (s, 4H), 2.73 (s, 2H), 

2.63 (s, 4H), 2.38 (s, 3H), 1.44 (dd, J = 14.2, 7.0 Hz, 2H), 0.89 (t, J = 7.3 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 163.22, 161.77, 160.07, 157.80, 53.91, 53.57, 

44.97, 42.87, 21.31, 12.09.  

HRMS calculated for C13H23N6O
+ (M+H): 279.1928, found: 279.1926. 

HPLC: rt = 5.07 min (98.13 %). 

 

Intermediates of 95i (PSP47): 

Ehyl 2-((4-(acetamidomethyl)benzyl)amino)pyrimidine-5-carboxylate (93i) was 

white solid (313 mg, yield: 89%). 1H NMR (400 MHz, DMSO-d6) δ 8.71 (d, J = 0.9 

Hz, 2H), 8.58 (t, J = 6.4 Hz, 1H), 8.29 – 8.22 (m, 1H), 7.19 (dd, J = 26.9, 8.2 Hz, 4H), 

4.52 (d, J = 6.4 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 4.18 (d, J = 5.8 Hz, 2H), 1.83 (s, 

3H), 1.26 (t, J = 7.1 Hz, 3H). 

 

N-(4-(((5-(hydrazinecarbonyl)pyrimidin-2-yl)amino)methyl)benzyl)acetamide (94i) 

was white solid (210 mg, yield: 70%). m/z (APCI+) 315.2 (M+H)+. 1H NMR (400 
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MHz, DMSO-d6) δ 9.52 (s, 1H), 8.63 (s, 2H), 8.27 – 8.20 (m, 2H), 7.19 (dd, J = 27.7, 

8.1 Hz, 4H), 4.49 (d, J = 6.3 Hz, 2H), 4.37 (s, 2H), 4.18 (d, J = 5.9 Hz, 2H), 1.82 (s, 

3H). 

 

N-(4-(((5-(2-propylhydrazinecarbonyl)pyrimidin-2-yl)amino)methyl)benzyl)aceta

mide 95i (PSP47): 

 

White solid (158 mg, yield: 66%).  

1H NMR (400 MHz, DMSO-d6) δ 9.84 (s, 1H), 8.66 (s, 2H), 8.28 (dt, J = 12.7, 5.9 Hz, 

2H), 7.19 (dd, J = 26.8, 8.0 Hz, 4H), 4.51 (t, J = 8.6 Hz, 2H), 4.18 (d, J = 5.9 Hz, 2H), 

2.71 (s, 2H), 1.83 (s, 3H), 1.41 (dt, J = 14.4, 7.2 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 169.50, 163.48 163.28, 158.13, 157.71, 138.63, 

138.43, 127.68, 127.43, 53.56, 44.19, 42.33, 22.98, 21.28, 12.07.  

HRMS calculated for C18H25N6O2
+ (M+H): 357.2034, found: 357.2034.  

HPLC: rt = 8.54 min (98.36 %). 

 

N'-hexyl-2-((naphthalen-1-ylmethyl)amino)pyrimidine-5-carbohydrazide 95j 

(NI-90):  

 

White solid (244 mg, yield: 72%).  

1H NMR (400 MHz, DMSO-d6) δ 9.81 (s, 1H), 8.67 (s, 2H), 8.33 (t, J = 6.0 Hz, 1H), 

8.13 (d, J = 8.6 Hz, 1H), 7.92 (dd, J = 6.7, 2.6 Hz, 1H), 7.83 – 7.77 (m, 1H), 7.57 – 

7.40 (m, 4H), 5.00 (d, J = 6.0 Hz, 3H), 2.72 (t, J = 6.8 Hz, 2H), 1.45 – 1.36 (m, 2H), 

1.34 – 1.19 (m, 6H), 0.83 (dd, J = 8.7, 4.7 Hz, 3H).  
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13C NMR (101 MHz, DMSO-d6) δ 163.50, 163.33, 158.16, 157.76, 135.06, 133.73, 

131.30, 128.96, 127.71, 126.59, 126.18, 125.83, 125.03, 123.79, 116.03, 51.72, 42.58, 

31.65, 28.04, 26.77, 22.52, 14.36.  

HRMS calculated for C22H28N5O
+ (M+H): 378.2288, found: 378.2290.  

HPLC: rt = 14.43 min (96.91 %) 

 

N'-hexyl-2-(phenethylamino)pyrimidine-5-carbohydrazide 95k (NI-91):  

 

White solid (193 mg, yield: 69%).  

1H NMR (400 MHz, DMSO-d6) δ 9.78 (s, 1H), 8.64 (d, J = 18.8 Hz, 2H), 7.79 (t, J = 

5.7 Hz, 1H), 7.32 – 7.11 (m, 5H), 4.98 (s, 1H), 3.52 (dd, J = 14.4, 6.3 Hz, 2H), 2.87 – 

2.79 (m, 2H), 2.73 (t, J = 7.0 Hz, 2H), 1.41 (dt, J = 14.0, 7.2 Hz, 2H), 1.35 – 1.19 (m, 

6H), 0.85 (t, J = 6.8 Hz, 3H).  

HRMS calculated for C19H28N5O
 + (M+H): 342.2288, found: 342.2287.  

HPLC: rt = 13.99 min (98.67 %) 

 

2-(Benzylamino)-N'-hexylpyrimidine-5-carbohydrazide 95l (PSP70):  

 

White solid (260 mg, yield: 74%).  

1H NMR (400 MHz, DMSO-d6) δ 9.80 (s, 1H), 8.68 (d, J = 13.0 Hz, 2H), 8.27 (t, J = 

6.3 Hz, 1H), 7.39 – 7.13 (m, 5H), 5.05 (s, 1H), 4.54 (d, J = 6.3 Hz, 2H), 2.73 (t, J = 

7.0 Hz, 2H), 1.46 – 1.35 (m, 2H), 1.33 – 1.18(m, 6H), 0.83 (t, J = 6.7 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.50, 163.34, 158.13, 157.70, 140.16, 128.64, 

127.44, 127.07, 115.98, 51.74, 44.43, 31.66, 28.05, 26.78, 22.53, 14.34.  

HRMS calculated for C18H26N5O
+ (M+H): 328.2132, found: 328.2131.  
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HPLC: rt = 13.59 min (97.34 %). 

 

N-(4-(((5-(2-hexylhydrazinecarbonyl)pyrimidin-2-yl)amino)methyl)benzyl)aceta-

mide 95m (PSP69): 

 

White solid (345 mg, yield: 55%).  

1H NMR (500 MHz, DMSO-d6) δ 9.80 (s, 1H), 8.66 (s, 2H), 8.27 (t, J = 6.0 Hz, 2H), 

7.21 (dd, J = 33.1, 7.9 Hz, 4H), 5.02 (s, 1H), 4.51 (d, J = 6.3 Hz, 2H), 4.20 (d, J = 5.9 

Hz, 2H), 2.74 (t, J = 7.1 Hz, 2H), 1.85 (s, 3H), 1.47 – 1.38 (m, 2H), 1.34 – 1.23 (m, 

6H), 0.86 (t, J = 6.7 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 169.48, 163.52, 163.30, 158.10, 157.68, 138.65, 

138.45, 127.71, 127.45, 115.98, 51.74, 44.21, 42.35, 31.67, 28.06, 26.79, 23.01, 22.54, 

14.38.  

HRMS calculated for C21H31N6O2
+ (M+H): 399.2503, found: 399.2502.  

HPLC: rt = 11.82 min (92.68 %). 

 

3-(2-Bromoethyl)-1-methyl-indole (107): NaH (60%) (0.36 g, 8.9 mmol, 5.0 eq) was 

added to a stirred solution of 3-(2-bromoethyl)-indole (106) (0.4 g, 1.78 mmol, 1.0 eq) 

in THF (5 mL). The mixture was stirred for several minutes followed by addition of 

CH3I (2.68 g, 1.4 mL, 17.8 mmol, 10.0 eq). The resulting reaction was stirred at room 

temperature overnight. Then, 10% HCl was added dropwise to the mixture until no 

bubbles appeared. The reaction was extracted with EtOAc and brine three times. The 

combined organic layers were dried over anhydrous Na2SO4, and concentrated. The 

residue was purified by column chromatography (EtOAc : heptane = 1 : 15) to give 

107 as light yellow oil (0.25 g, yield: 59%). m/z (APCI+) 238.0 (M+H)+. 

 

Procedure for the synthesis of 105a to 105h:  
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1-Benzylpiperazine dihydrochloride (98): Benzylchloride (1.36 g, 1.24 mL, 1.74 

mmol, 1.0 eq) was added to a mixture of tert-butyl piperazine-1-carboxylate (96) (2.0 

g, 10.74 mmol, 1.0 eq) and K2CO3 (8.6 g, 62.3 mmol, 5.8 eq) in EtOH (20 mL). The 

resulting mixture was refluxed overnight. The mixture was filtered. The filtrate was 

concentrated and the resulting residue was purified by column chromatography to 

give an intermediate, m/z (APCI+) 277.3 (M+H)+. This intermediate was added to a 

mixture of HCl/dioxane (4M) (5 mL) and DCM (10 mL). The reaction was stirred at 

room temperature for 3 h. The precipitate was filtered and dried to give compound 98 

as white solid (1.83 g, yield: 68%).  

 

Ethyl 2-(4-benzylpiperazin-1-yl)pyrimidine-5-carboxylate (99): This compound was 

synthesized through the same procedure of 92 to 93a starting from 98 while 4.5 eq 

DIPEA was used. 99 was a white solid in 97% yield. m/z (APCI+) 327.4 (M+H)+. 1H 

NMR (400 MHz, DMSO-d6) δ 8.75 (s, 2H), 7.34 – 7.22 (m, 5H), 4.24 (q, J = 7.1 Hz, 

2H), 3.89 – 3.77 (m, 4H), 3.50 (s, 2H), 2.47 – 2.38 (m, 4H), 1.27 (t, J = 7.1 Hz, 3H). 

 

2-(4-Benzylpiperazin-1-yl)pyrimidine-5-carbohydrazide (100): This compound was 

synthesized through the same procedure of 93a to 94a starting from 99 and it was a 

white solid in quantitative yield. 

 

2-(4-Benzylpiperazin-1-yl)-N'-propylpyrimidine-5-carbohydrazide (101a) and 

2-(4-benzylpiperazin-1-yl)-N'-hexylpyrimidine-5-carbohydrazide (101b) were 

synthesized through the same procedure of 84 to 85b starting from 100 and 

propionaldehyde or hexanal. 101a was white solid in 86% yield. 1H NMR (400 MHz, 

DMSO-d6) δ 9.83 (d, J = 5.4 Hz, 1H), 8.70 (s, 2H), 7.35 – 7.21 (m, 5H), 5.01 (d, J = 

5.5 Hz, 1H), 3.84 – 3.76 (m, 4H), 3.50 (s, 2H), 2.71 (dd, J = 11.8, 6.7 Hz, 2H), 2.44 – 

2.37 (m, 4H), 1.42 (dt, J = 14.5, 7.2 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H); 101b was white 

solid in 36% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.83 (d, J = 5.9 Hz, 1H), 8.70 (s, 

2H), 7.35 – 7.22 (m, 5H), 4.98 (d, J = 5.8 Hz, 1H), 3.85 – 3.73 (m, 4H), 3.50 (s, 2H), 

2.73 (dd, J = 12.3, 6.5 Hz, 2H), 2.43 – 2.36 (m, 4H), 1.41 (dt, J = 14.0, 6.9 Hz, 2H), 
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1.35 – 1.23 (m, 6H), 0.84 (t, J = 6.8 Hz, 3H). 

 

Tert-butyl 

2-(2-(4-benzylpiperazin-1-yl)pyrimidine-5-carbonyl)-1-propylhydrazinecarboxylate 

(102a) and tert-butyl 

2-(2-(4-benzylpiperazin-1-yl)pyrimidine-5-carbonyl)-1-hexylhydrazinecarboxylate 

(102b): A mixture of (Boc)2O (1.1 mmol), 101a or 101b (1.0 mmol) and TEA (2.5 

mmol) in DCM (7 mL) was stirred at room temperature overnight. The mixture was 

concentrated and the residue was purified by column chromatography (EtOAc : 

heptane = 1 : 3 or DCM : MeOH = 50 : 1 to 30 : 1) to give 102a or 102b. 102a was 

white solid in 96% yield; 102b was white solid in 87% yield, m/z (APCI+) 497.2 

(M+H)+. 

 

2-(Piperazin-1-yl)-N'-propylpyrimidine-5-carbohydrazide (103a) and 

N'-hexyl-2-(piperazin-1-yl)pyrimidine-5-carbohydrazide (103b): A stirred mixture of 

102a or 102b (1.0 mmol), 10% wt Pd/C (40 mg) and ammonium formate (4.0 mmol) 

in MeOH (5 mL) was heated to about 60 oC for 4 h. The reaction was filtered. The 

resulting filtrate was evaporated and the residue was extracted with EtOAc and brine 

three times. The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated to give 103a or 103b as colorless oil. 103a (yield: 80%), m/z (APCI+) 

365.4 (M+H)+; MS of 103b was not determined. 

 

Procedure for the synthesis of 105a (PSP49), 105b (PSP73), 105c (PSP50) and 

105d (PSP74): A mixture of amine (103a or 103b) (1.0 mmol), indole-3-carbaldehyde 

or 1-methyl-indole-3-carbaldehyde (1.0 mmol) and NaBH(AcO)3 (2.0 mmol) in DCM 

(4 mL) was stirred at room temperature overnight. The reaction was then concentrated. 

The resulting residue was purified by column chromatography (EtOAc : heptane = 1 : 

1 and then DCM : MeOH = 30 : 1, 25 : 1) to respectively give 104a, 104b, 104c or 

104d.  
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The following procedure was same as 80a using corresponding 104a, 104b, 104c or 

104d to give final compounds 105a-105d respectively. 

 

2-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)-N'-propylpyrimidine-5-carbohydrazi

-de 105a (PSP49): 

 

Light pink solid (yield: 56%).  

1H NMR (400 MHz, DMSO-d6). δ 10.92 (d, J = 1.4 Hz, 1H), 9.84 (s, 1H), 8.71 (s, 

2H), 7.64 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 2.3 Hz, 1H), 7.08 

– 7.01 (m, 1H), 7.00 – 6.93 (m, 1H), 5.02 (s, 1H), 3.82 – 3.72 (m, 4H), 3.64 (s, 2H), 

2.72 (t, J = 7.1 Hz, 2H), 2.46 – 2.34 (m, 4H), 1.48 – 1.38 (m, 2H), 0.88 (t, J = 7.4 Hz, 

3H).  

13C NMR (101 MHz, DMSO-d6)
 δ 162.98, 161.35, 157.27, 136.35, 127.58, 124.68, 

120.93, 119.03, 118.43, 114.86, 111.34, 110.44, 53.18, 53.13, 52.25, 43.57, 20.86, 

11.63.  

HRMS calculated for C21H28N7O
 + (M+H): 394.2350, found: 394.2343.  

HPLC: rt = 9.04 min (90.60 %). 

 

2-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)-N'-hexylpyrimidine-5-carbohydrazid

-e 105b (PSP73):  

 

White solid (yield: 34%). 

1H NMR (400 MHz, DMSO-d6) δ 10.92 (d, J = 1.7 Hz, 1H), 9.84 (s, 1H), 8.72 (d, J = 

8.1 Hz, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 2.3 Hz, 
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1H), 7.01 (dtd, J = 15.9, 7.1, 1.1 Hz, 2H), 5.00 (s, 1H), 3.82 – 3.72 (m, 4H), 3.64 (s, 

2H), 2.74 (t, J = 7.1 Hz, 2H), 2.46 – 2.38 (m, 4H), 1.40 (dd, J = 14.4, 7.3 Hz, 2H), 

1.33 – 1.19 (m, 6H), 0.83 (t, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.40, 161.79, 157.71, 136.80, 128.03, 125.12, 

121.37, 119.47, 118.86, 115.30, 111.78, 110.89, 53.60, 52.70, 51.76, 44.02, 31.66, 

28.06, 26.79, 22.53, 14.35.  

HRMS calculated for C24H34N7O
 + (M+H): 436.2819, found: 436.282.  

HPLC: rt = 11.90 min (98.59 %). 

 

2-(4-((1-Methyl-1H-indol-3-yl)methyl)piperazin-1-yl)-N'-propylpyrimidine-5-car-

bohydrazide 105c (PSP50):  

 

White solid (yield: 56%).  

1H NMR (500 MHz, DMSO-d6) δ 9.85 (s, 1H), 8.72 (s, 2H), 7.65 (d, J = 7.9 Hz, 1H), 

7.36 (d, J = 8.2 Hz, 1H), 7.20 (s, 1H), 7.15 – 7.11 (m, 1H), 7.03 – 6.99 (m, 1H), 5.04 

(s, 1H), 3.82 – 3.75 (m, 4H), 3.74 (s, 3H), 3.64 (s, 2H), 2.72 (t, J = 7.1 Hz, 2H), 2.46 – 

2.40 (m, 4H), 1.48 – 1.40 (m, 2H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 163.41, 161.79, 157.72, 137.19, 129.43, 128.38, 

121.52, 119.68, 119.02, 115.32, 110.17, 109.97, 53.63, 53.34, 52.67, 44.02, 32.71, 

21.32, 12.09.  

HRMS calculated for C22H30N7O
 + (M+H): 408.2506, found: 408.2501.  

HPLC: rt = 9.92 min (98.04 %). 

 

N'-hexyl-2-(4-((1-methyl-1H-indol-3-yl)methyl)piperazin-1-yl)pyrimidine-5-carb-

ohydrazide 105d (PSP74):  
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White solid (yield: 36%).  

1H NMR (400 MHz, DMSO-d6) δ 9.85 (s, 1H), 8.71 (s, 2H), 7.64 (d, J = 7.8 Hz, 1H), 

7.35 (d, J = 8.2 Hz, 1H), 7.19 (s, 1H), 7.14 – 7.09 (m, 1H), 7.03 – 6.98 (m, 1H), 5.00 

(s, 1H), 3.81 – 3.75 (m, 4H), 3.72 (s, 3H), 3.62 (s, 2H), 2.74 (t, J = 7.1 Hz, 2H), 2.46 – 

2.36 (m, 4H), 1.41 (dt, J = 14.2, 7.0 Hz, 2H), 1.32 – 1.19 (m, 6H), 0.83 (t, J = 6.8 Hz, 

3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.39, 161.7, 157.71, 137.18, 129.41, 128.37, 

121.50, 119.66, 119.00, 115.31, 110.14, 109.95, 53.33, 52.65, 51.76, 44.00, 32.70, 

31.66, 28.07, 26.79, 22.53, 14.35. HRMS calculated for C25H36N7O
 + (M+H): 

450.2976, found: 450.297.  

HPLC: rt = 12.61 min (98.37 %). 

 

Procedure for the synthesis of 105e (PSP51), 105f (PSP72), 105g (PSP52) and 

105h (PSP71): A stirred mixture of amine (103a or 103b) (1.0 mmol), 

3-(2-bromoethyl)-indole or 3-(2-bromoethyl)-1-methyl-indole (1.2 mmol) and K2CO3 

(2.5 mmol) in DMF (4 mL) was heated to about 80 oC overnight. The mixture was 

extracted with EtOAc and water two times. The combined organic layers were washed 

with brine two times, dried over anhydrous Na2SO4 and concentrated. The resulting 

residue was purified by column chromatography (EtOAc : heptane = 1 : 1 and then 

DCM : MeOH = 30 : 1, 25 : 1) to give 104e, 104f, 104g or 104h respectively.  

 

The following procedure was same as 80a using corresponding 104e, 104e, 104g or 

104h to give final compounds 105e-105h respectively. 

 

2-(4-(2-(1H-indol-3-yl)ethyl)piperazin-1-yl)-N'-propylpyrimidine-5-carbohydrazi

-de 105e (PSP51):  
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White solid (yield: 55%).  

1H NMR (500 MHz, DMSO-d6) δ 10.78 (s, 1H), 9.88 (s, 1H), 8.75 (s, 2H), 7.52 (d, J 

= 7.9 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.16 (d, J = 2.2 Hz, 1H), 7.07 – 7.03 (m, 1H), 

6.96 (ddd, J = 7.9, 7.1, 1.0 Hz, 1H), 5.07 (s, 1H), 3.82 (d, J = 26.9 Hz, 4H), 2.93 – 

2.86 (m, 2H), 2.73 (t, J = 7.1 Hz, 2H), 2.66 (s, 2H), 2.57 (s, 4H), 1.49 – 1.41 (m, 2H), 

0.90 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 163.39, 161.86, 157.76, 136.64, 127.66, 122.96, 

121.28, 118.71, 118.59, 115.46, 112.74, 111.78 (s), 59.05, 53.62, 52.85, 43.87, 22.74, 

21.33, 12.11.  

HRMS calculated for C22H30N7O
 + (M+H): 408.2506, found: 408.2505.  

HPLC: rt = 8.99 min (97.90 %). 

 

2-(4-(2-(1H-indol-3-yl)ethyl)piperazin-1-yl)-N'-hexylpyrimidine-5-carbohydrazid

-e 105f (PSP72):  

 

White solid (yield: 23%).  

1H NMR (400 MHz, DMSO-d6) δ 10.75 (s, 1H), 9.85 (s, 1H), 8.73 (s, 2H), 7.50 (d, J 

= 7.8 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.14 (s, 1H), 7.04 (t, J = 7.5 Hz, 1H), 6.95 (t, J 

= 7.4 Hz, 1H), 5.00 (s, 1H), 3.82 (s, 4H), 2.91 – 2.83 (m, 2H), 2.74 (t, J = 7.0 Hz, 2H), 

2.66 – 2.59 (m, 2H), 2.52 (s, 4H), 1.45 – 1.37 (m, 2H), 1.34 – 1.20 (m, 6H), 0.84 (t, J 

= 6.8 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.38, 161.86, 157.73, 136.63, 127.67, 122.91, 

121.24, 118.70, 118.56, 115.39, 112.87, 111.75, 59.16, 52.92, 51.74, 43.98, 31.66, 
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28.06, 26.78, 22.84, 22.53, 14.36.  

HRMS calculated for C25H36N7O
 + (M+H): 450.2976, found: 450.297.  

HPLC: rt = 11.67 min (95.92 %). 

 

2-(4-(2-(1-Methyl-1H-indol-3-yl)ethyl)piperazin-1-yl)-N'-propylpyrimidine-5-car-

bohydrazide 105g (PSP52):  

 

White solid (yield: 52%).  

1H NMR (500 MHz, DMSO-d6) δ 9.90 (s, 1H), 8.78 (s, 2H), 7.52 (d, J = 7.9 Hz, 1H), 

7.33 (d, J = 8.2 Hz, 1H), 7.11 (dd, J = 13.8, 5.7 Hz, 2H), 7.00 (t, J = 7.4 Hz, 1H), 5.06 

(s, 1H), 3.87 – 3.78 (m, 4H), 3.69 (s, 3H), 2.89 – 2.81 (m, 2H), 2.75 (t, J = 7.0 Hz, 

2H), 2.62 – 2.56 (m, 2H), 2.50 (d, J = 4.6 Hz, 4H), 1.50 – 1.41 (m, 2H), 0.90 (t, J = 

7.4 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 163.46, 161.88, 157.76, 137.03, 128.02, 127.31, 

121.40, 118.95, 118.67, 115.39, 112.32, 109.87, 59.20, 53.68, 52.93, 43.98, 32.61, 

22.70, 21.35, 12.10.  

HRMS calculated for C23H32N7O
+ (M+H): 422.2663, found: 422.2665.  

HPLC: rt = 10.21 min (97.23 %). 

 

N'-hexyl-2-(4-(2-(1-methyl-1H-indol-3-yl)ethyl)piperazin-1-yl)pyrimidine-5-carb-

ohydrazide 105h (PSP71):  

 

White solid (yield: 44%).  
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1H NMR (400 MHz, DMSO-d6) δ 9.86 (s, 1H), 8.73 (s, 2H), 7.51 (d, J = 7.8 Hz, 1H), 

7.33 (d, J = 8.2 Hz, 1H), 7.17 – 7.04 (m, 2H), 6.98 (dd, J = 11.0, 3.9 Hz, 1H), 5.01 (s, 

1H), 3.90 – 3.78 (m, 4H), 3.70 (s, 3H), 2.91 – 2.81 (m, 2H), 2.74 (t, J = 7.0 Hz, 2H), 

2.65 – 2.56 (m, 2H), 2.55 – 2.48 (m, 4H), 1.46 – 1.37 (m, 2H), 1.33 – 1.18 (m, 6H), 

0.84 (t, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.38, 161.86, 157.73, 137.01, 127.99, 127.35, 

121.39, 118.94, 118.66, 115.38, 112.28, 109.89, 59.18, 52.92, 51.76, 43.97, 32.63, 

31.66, 28.07, 26.79, 22.67, 22.53, 14.36.  

HRMS calculated for C26H38N7O
+ (M+H): 464.3132, found: 464.3126.  

HPLC: rt = 12.40 min (92.40 %). 

 

General procedure for the synthesis of 

(E)-3-([1,1'-biphenyl]-4-yl)-N'-propylacrylohydrazide 110a (NI-105) and 

(E)-3-([1,1'-biphenyl]-4-yl)-N'-hexylacrylohydrazide 110b (PSP85): To a stirred 

mixture of (E)-3-([1,1'-biphenyl]-4-yl)acrylic acid (108) (200 mg, 0.89 mmol, 1.0 eq), 

HATU (340 mmg, 0.89 mmol, 1.0 eq) and DIPEA (345 mg, 2.67 mmol, 3.0 eq) in 

DMF (2 ml) was added hydrazine monohydrate (90 mg, 1.78 mmol, 2.0 eq). The 

resulting reaction was stirred for an additional 5 min at room temperature then diluted 

with water until a precipitate appeared. The precipitate was filtered and washed with 

cold water, dried to give compound 109 as light yellow solid (230 mg) in a 

quantitative yield, m/z (APCI+) 239.12 (M+H)+. Through the same procedure of 84 to 

85b using 109 and propionaldehyde or hexanal to give 110a or 110b. 

 

(E)-3-([1,1'-biphenyl]-4-yl)-N'-propylacrylohydrazide 110a (NI-105):  

 

White solid (yield: 75%).  

1H NMR (400 MHz, DMSO-d6) δ 9.59 (s, 1H), 7.73 – 7.61 (m, 6H), 7.51 – 7.43 (m, 

3H), 7.40 – 7.34 (m, 1H), 6.57 (d, J = 15.8 Hz, 1H), 5.05 (s, 1H), 2.69 (t, J = 6.9 Hz, 
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2H), 1.48 – 1.37 (m, 2H), 0.88 (dd, J = 8.8, 6.1 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 164.24, 141.41, 139.78, 138.40, 134.46, 129.44, 

128.53, 128.23, 127.56, 127.04, 120.70, 53.55, 21.24, 12.01.  

HRMS calculated for C18H21N2O
+ (M+H): 281.1648, found: 281.1646.  

HPLC: rt = 13.55 min (93.31 %). 

 

(E)-3-([1,1'-biphenyl]-4-yl)-N'-hexylacrylohydrazide 110b (PSP85):  

 

White solid (yield: 74%).  

1H NMR (400 MHz, DMSO-d6) δ 9.61 (s, 1H), 7.70 (t, J = 8.2 Hz, 4H), 7.64 (d, J = 

8.3 Hz, 2H), 7.54 – 7.42 (m, 3H), 7.37 (t, J = 7.3 Hz, 1H), 6.59 (d, J = 15.8 Hz, 1H), 

5.03 (s, 1H), 2.72 (s, 2H), 1.51 – 1.37 (m, 2H), 1.29 (dt, J = 14.9, 6.5 Hz, 6H), 0.85 (t, 

J = 6.7 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 164.26, 141.41, 139.77, 138.42, 134.46, 129.43, 

128.54, 128.22, 127.55, 127.03, 120.69, 51.72, 31.67, 28.02, 26.72, 22.53, 14.37.  

HRMS calculated for C21H27N2O
 + (M+H): 323.2118, found: 323.212.  

HPLC: rt = 15.31 min (94.51 %). 

 

General procedure for the synthesis of 3-(benzylamino)-N'-hexylbenzohydrazide 

114a (NI-82) and 3-(benzylamino)-N'-hexyl-4-methylbenzohydrazide 114b (NI-85):  

Ethyl 3-(benzylamino)benzoate (112a) and ethyl 3-(benzylamino)-4-methylbenzoate 

(112b): A mixture of aniline (111a or 111b) (1.1 mmol), benzyl chloride (1.0 mmol) 

and K2CO3 (2.5 mmol) in DMF (2 mL) was heated to 100 oC in a microwave reactor 

for 2 h. The reaction was extracted with water and EtOAc twice. The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4 and 

concentrated. The resulting residue was purified by column chromatography 

(chloroform : MeOH) to give 112a or 112b as colorless oil in about 22% yield. 
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3-(Benzylamino)-4-methylbenzohydrazide (113a) and 

3-(benzylamino)benzohydrazide (113b): 113a and 113b were synthesized according 

to the procedure of method 2 used for 94a using 112a or 112b and hydrazine 

monohydrate. 

 

114a and 114b were finally synthesized through the same procedure of 84 to 85b 

using 113a or 113b and hexanal.  

 

3-(Benzylamino)-N'-hexylbenzohydrazide 114a (NI-82):  

 

Colorless oil (60 mg, yield: 30%). 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.26 (m, 5H), 7.19 (t, J = 7.9 Hz, 1H), 7.09 – 

7.05 (m, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.73 (dd, J = 8.1, 2.4 Hz, 1H), 4.36 (s, 2H), 

2.92 (t, J = 7.3 Hz, 2H), 1.57 – 1.47 (m, 2H), 1.40 – 1.24 (m, 6H), 0.89 (t, J = 6.9 Hz, 

3H).  

HRMS calculated for C20H28N3O
 + (M+H): 326.2227, found: 326.223.  

HPLC: rt = 13.58 min (97.18 %). 

 

3-(Benzylamino)-N'-hexyl-4-methylbenzohydrazide 114b (NI-85):  

 

White solid (70 mg, yield: 29%).  

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.24 (m, 5H), 7.10 (d, J = 7.6 Hz, 1H), 7.05 (d, J 

= 1.6 Hz, 1H), 6.96 (dd, J = 7.6, 1.6 Hz, 1H), 4.41 (s, 2H), 2.94 – 2.85 (m, 2H), 2.18 

(s, 3H), 1.56 – 1.46 (m, 2H), 1.41 – 1.23 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H).  

HRMS calculated for C21H30N3O
 + (M+H): 340.2383, found: 340.238.  

HPLC: rt = 14.04 min (97.50 %). 
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Procedure for the synthesis of 

N-((4'-(2-hexylhydrazinecarbonothioyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 120 

(PSP81):  

Tert-butyl 

1-hexyl-2-(4'-((tritylamino)methyl)-[1,1'-biphenyl]-4-carbonyl)hydrazinecarboxylat

e (115): A mixture of tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-hexylhydrazinecarboxylate (191) 

(1.2 g, 2.82 mmol, 1.0 eq), triphenylmethyl chloride (TrtCl) (0.83 g, 2.96 mmol, 1.05 

eq) and TEA (0.71 g, 7.05 mmol, 2.5 eq) in DCM (15 mL) was stirred at room 

temperature overnight. The reaction was then evaporated directly. Water was added to 

the residue and the resulting mixture was stirred for several minutes. The precipitate 

was filtered and dried to give intermediate 115 as white solid (1.6 g, yield: 85%). 

 

Tert-butyl 

1-hexyl-2-(4'-((tritylamino)methyl)-[1,1'-biphenyl]-4-carbonothioyl)hydrazinecarbo

xylate (116): A stirred mixture of compound 115 (560 mg, 0.84 mmol, 1.0 eq) and 

Lawesson's reagent (204 mg, 0.503 mmol, 0.6 eq) in toluene (6 mL) was kept under 

argon atmosphere. The reaction was heated to reflux for 25 min. The reaction was 

concentrated and the resulting residue was purified by column chromatography 

(EtOAc: heptane = 0 : 1, 1 : 10, 1 : 8 gradually) to give 116 as yellow solid (160 mg, 

yield: 28%). m/z (APCI+) 684.6 (M+H)+. 

 

Tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonothioyl)-1-hexylhydrazinecarboxylate 

(117): A mixture of above compound 116 in AcOH (4 mL) and water (1 mL) was 

stirred at room temperature overnight. The reaction was evaporated and the resulting 

residue was added saturated Na2CO3 solution until pH ≈ 10. The mixture was 

extracted with EtOAc and brine. The collected organic layer was dried over 

anhydrous Na2SO4 and concentrated to give 117 as sticky oil (120 mg) that was 
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directly used without further purification. m/z (APCI+) 442.5 (M+H)+. 

 

Tert-butyl 

2-(4'-(acetamidomethyl)-[1,1'-biphenyl]-4-carbonothioyl)-1-hexylhydrazinecarboxyl

ate 118: Acetyl chloride (22 mg, 0.27 mmol, 1.0 eq) was added to a stirred mixture of 

117 (120 mg, 0.27 mmol, 1.0 eq) and TEA (83 mg, 0.81 mmol, 3.0 eq) in DCM (5 mL) 

at room temperature. The resulting mixture was stirred for 10 min and concentrated. 

The residue was purified by column chromatography (EtOAc: heptane = 0 : 1, 1 : 3 

and then DCM : MeOH = 1 : 0, 40 : 1 gradually) to give 118 as yellow solid (100 mg, 

yield: 77%). m/z (APCI+) 484.6 (M+H)+. 

 

N-((4'-(2-hexylhydrazinecarbonothioyl)-[1,1'-biphenyl]-4-yl)methyl)acetamide 

120 (PSP81): 

 

120 was synthesized through the same procedure of 79a to 80a using 118.  

120 was yellow solid (20 mg, yield: 25%).  

1H NMR (400 MHz, DMSO-d6) δ 12.08 (s, 1H), 8.36 (t, J = 5.8 Hz, 1H), 7.85 – 7.64 

(m, 6H), 7.35 (d, J = 8.3 Hz, 2H), 6.68 (s, 1H), 4.28 (d, J = 5.9 Hz, 2H), 3.03 (s, 2H), 

1.88 (s, 3H), 1.37 – 1.20 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 169.58, 139.95, 128.40, 127.08, 126.47, 46.15, 

42.27, 31.45, 30.87, 26.61, 23.03, 22.44, 14.34.  

HRMS calculated for C22H30N3OS + (M+H): 384.2104, found: 384.210.  

HPLC: rt = 14.41 min (93.60 %). 

 

General procedure for the synthesis of 

2-(benzylamino)-N'-propylpyrimidine-5-carbothiohydrazide 123a (PSP82) and 

2-(benzylamino)-N'-hexylpyrimidine-5-carbothiohydrazide 123b (PSP83):  
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Tert-butyl 2-(2-(benzylamino)pyrimidine-5-carbonyl)-1-propylhydrazinecarboxylate 

(121a) and tert-butyl 

2-(2-(benzylamino)pyrimidine-5-carbonyl)-1-hexylhydrazinecarboxylate (121b): 

These two intermediate were synthesized through the same procedure of 101a to 102a 

starting from 95a and 95l. Both of them were white solid in 69% yield and 70% yield 

respectively. 

 

Tert-butyl 

2-(2-(benzylamino)pyrimidine-5-carbonothioyl)-1-propylhydrazinecarboxylate 

(122a) and tert-butyl 

2-(2-(benzylamino)pyrimidine-5-carbonothioyl)-1-hexylhydrazinecarboxylate 

(122b): These two compounds were synthesized through the same procedure of 115 to 

116 starting from 121a and 121b. Both of them were gray solid. 122a: m/z (APCI+) 

402.3 (M+H)+, 803.6 (2M+H)+.  

 

122a and 122b were converted to 123a and 123b through the same procedure of 79a 

to 80a.  

2-(Benzylamino)-N'-propylpyrimidine-5-carbothiohydrazide 123a (PSP82):  

 

Light yellow solid (yield: 32% over two steps). 

1H NMR (400 MHz, DMSO-d6) δ 11.56 (s, 1H), 8.69 (s, 2H), 8.25 (s, 1H), 7.32 – 

7.18 (m, 5H), 4.55 (d, J = 6.4 Hz, 2H), 2.95 (t, J = 7.0 Hz, 2H), 1.60 – 1.47 (m, 2H), 

0.92 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.01, 157.85, 157.09, 140.25, 128.65, 127.46, 

127.07, 125.34, 51.48, 44.51, 30.87, 11.94.  

HRMS calculated for C15H20N5S
+ (M+H): 302.1434, found: 302.143.  

HPLC: rt = 12.60 min (92.69 %). 
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2-(Benzylamino)-N'-hexylpyrimidine-5-carbothiohydrazide 123b (PSP83):  

 

Light yellow solid (yield: 37% over two steps). 

1H NMR (400 MHz, DMSO-d6) δ 11.72 (s, 1H), 8.68 (s, 2H), 8.25 (s, 1H), 7.33 – 

7.17 (m, 5H), 4.55 (d, J = 6.4 Hz, 2H), 2.96 (t, J = 7.0 Hz, 2H), 1.50 (dd, J = 14.0, 7.0 

Hz, 2H), 1.35 – 1.22 (m, 6H), 0.85 (t, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 163.01, 157.84, 157.03, 140.25, 128.65, 127.46, 

127.07, 125.33, 49.70, 44.50, 31.43, 30.86, 26.60, 22.44, 14.32.  

HRMS calculated for C18H26N5S
 + (M+H): 344.1903, found: 344.190.  

HPLC: rt = 14.84 min (93.08 %). 

 

Procedure for the synthesis of 

2-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)-N'-hexylpyrimidine-5-carbothiohydrazi

de 128 (PSP84):  

Tert-butyl 

1-hexyl-2-(2-(4-tritylpiperazin-1-yl)pyrimidine-5-carbonyl)hydrazinecarboxylate 

(124): This compound was synthesized through the same procedure of 191 to 115 

starting from tert-butyl 

1-hexyl-2-(2-(piperazin-1-yl)pyrimidine-5-carbonyl)hydrazinecarboxylate (103b). 

This compound was white solid in 94% yield.  

 

Tert-butyl 

1-hexyl-2-(2-(4-tritylpiperazin-1-yl)pyrimidine-5-carbonothioyl)hydrazinecarboxylat

e (125): This compound was synthesized through the same procedure of 115 to 116 

(refluxed within 20 min) using 124 (yield: 21%). m/z (APCI+) 665.6 (M+H)+. 
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Tert-butyl 

1-hexyl-2-(2-(piperazin-1-yl)pyrimidine-5-carbonothioyl)hydrazinecarboxylate 

(126): This compound was synthesized through the same procedure of 116 to 117  

using 125. m/z (APCI+) 423.5 (M+H)+, 845.9 (2M+H)+.  

 

The final compound 128 was synthesized through the same procedure of 103a to 105a 

starting from intermediate 126.  

2-(4-((1H-indol-3-yl)methyl)piperazin-1-yl)-N'-hexylpyrimidine-5-carbothiohydr

-azide 128 (PSP84):  

 

Yellow solid (yield: 11% over two steps). 

1H NMR (400 MHz, DMSO-d6) δ 10.92 (s, 1H), 8.71 (s, 2H), 7.65 (d, J = 7.9 Hz, 1H), 

7.34 (d, J = 8.1 Hz, 1H), 7.24 (d, J = 2.3 Hz, 1H), 7.08 – 7.03 (m, 1H), 7.00 – 6.95 (m, 

1H), 3.85 – 3.73 (m, 4H), 3.67 (s, 2H), 2.97 (t, J = 7.1 Hz, 2H), 2.48 – 2.41 (m, 4H), 

1.56 – 1.46 (m, 2H), 1.34 – 1.19 (m, 6H), 0.85 (t, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 161.51, 157.22, 136.77, 128.02, 125.21, 121.49, 

121.40, 119.48, 118.89, 111.79, 110.77, 53.55, 52.68, 49.66, 44.09, 31.41, 27.19, 

26.57, 22.42, 14.32.  

HRMS calculated for C24H34N7S
 + (M+H): 452.2591, found: 452.259.  

HPLC: rt = 13.89 min (94.20 %). 
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5.3.3 Synthesis procedure and compound characterization for part 4 

3-Aminopiperidine-2,6-dione TFA salt (136a) or HCl salt (136b): To a stirred 

mixture of CDI (3.29 g, 20.3 mmol, 1.0 eq) and Boc-L-glutamin (5 g, 20.3 mmol, 1.0 

eq) in THF (15 mL) was added 4-Dimethylaminopyridine (DMAP) (0.0125 g, 

0.102mmol, 0.005eq). The resulting mixture was heated to reflux and stirred 

overnight. The mixture was then cooled to room temperature and stirred at 0 oC for 

about 2 h. The white precipitate was filtered, washed with cold THF and dried to give 

tert-butyl (2,6-dioxopiperidin-3-yl)carbamate (135) as white solid (3.6 g, yield: 73%). 

 

The intermediate 135 (1.0 g) was added to a solution of TFA (2 mL) and DCM (8 mL) 

or a solution of HCl/dioxane (4M) (2 mL) and DCM (6 mL). The mixture was stirred 

at room temperature overnight. Then, the mixture was evaporated directly to give 

136a or 136b as white solid in a quantitative yield. 136b: 1H NMR (400 MHz, 

DMSO-d6) δ 11.24 (s, 1H), 8.54 (s, 3H), 4.18 (dd, J = 13.1, 5.3 Hz, 1H), 2.74 – 2.65 

(m, 1H), 2.58 (ddd, J = 17.7, 4.8, 2.2 Hz, 1H), 2.17 (dtd, J = 7.4, 5.2, 2.1 Hz, 1H), 

2.05 – 1.93 (m, 1H). 

 

Procedure for the synthesis of 

4-amino-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (139): To a stirred mixture 

of DIPEA (40.0 mmol) and 136a (10.0 mmol) in THF (20 mL) was added 

3-Nitrophthalic acid anhydride (137) (10.0 mmol). The resulting mixture was stirred 

for 15 min at room temperature. SOCl2 (30.0 mmol) was added dropwise to the 

reaction. The resulting reaction was stirred at room temperature overnight. Then, cold 

water was added to the mixture and stirring was continued for 30 min. The precipitate 

was filtered and dried to give an intermediate 

2-(2,6-dioxopiperidin-3-yl)-4-nitroisoindoline-1,3-dione (138) as dark blue solid in a 

78% yield. m/z (APCI+) 304.1 (M+H)+, 705.1 (2M+H)+. 1H NMR (400 MHz, 
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DMSO-d6) δ 11.00 (s, 1H), 8.46 (dd, J = 8.2, 0.8 Hz, 1H), 8.17 (d, J = 6.9 Hz, 1H), 

7.83 (t, J = 7.8 Hz, 1H), 5.16 (dd, J = 13.2, 5.2 Hz, 1H), 2.94 – 2.84 (m, 1H), 2.62 – 

2.51 (m, 2H), 2.05 – 1.97 (m, 1H). 

 

SnCl2
.H2O (5.0 mmol) was added to a stirred mixture of intermediate 138 (1.0 mmol) 

in EtOH (3 mL). The reaction was heated to reflux for 2 h and then cooled to room 

temperature. The precipitate was directly filtered and dried to give 139 as light yellow 

solid (yield: 50%), m/z (APCI+) 274.3 (M+H)+. 

 

Procedure for the synthesis of 

2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (262): A stirred mixture of 

4-fluoroisobenzofuran-1,3-dione (261) (1.1 g, 6.62 mmol, 1.1 eq), 135 (1.38 g, 6.02 

mmol, 1.0 eq) and NaOAc (sodium acetate) (0.98 g, 7.02 mmol, 1.2 eq) in AcOH (20 

mL) was heated to reflux overnight. Then, water (150 mL) was added to the cooled 

reaction until precipitate appeared. The precipitate was filtered, washed with water 

and heptane and dried to give 262 as gray solid (1.48 g, yield: 87%). 

 

Procedure for the synthesis of 

3-(4-amino-1-oxoisoindolin-2-yl)piperidine-2,6-dione (144): 

Methyl 2-methyl-3-nitrobenzoate (141): To a stirred mixture of 

2-methyl-3-nitrobenzoic acid (140) (10 g, 55.2 mmol, 1.0 eq) in acetone (100 mL) 

was added CH3I (14 mL, 220.8 mmol, 4.0 eq) and followed by K2CO3 (9.2 g, 66.24 

mmol, 1.2 eq). The resulting mixture was refluxed overnight. Then, the solvent was 

removed by evaporation. The residue was extracted with EtOAc and water. The 

collected organic layer was washed with brine, dried over anhydrous Na2SO4 and 

concentrated to give 141 as white solid (10.8 g) in a quantitative yield. m/z (APCI+) 

196.2 (M+H)+. 

 

Methyl 2-(bromomethyl)-3-nitrobenzoate (142): Benzoyl peroxide (373 mg, 1.54 

mmol, 0.1 eq) was added to a stirred mixture of 141 (3.0 g, 15.4 mmol, 1.0 eq) and 
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NBS (3.0 g, 16.9 mmol, 1.1 eq) in carbon tetrachloride (30 mL). The reaction was 

refluxed for 7 h. The reaction was then cooled to room temperature and filtered. The 

resulting filtrate was washed with brine, dried over anhydrous Na2SO4 and 

concentrated to give 142 as light brown solid (4.8 g) in a quantitative yield. 1H NMR 

(500 MHz, DMSO-d6) δ 8.15 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 7.9 Hz, 1H), 7.72 (td, J 

= 8.0, 1.4 Hz, 1H), 5.01 (s, 2H), 3.91 (s, 3H). 

 

3-(4-Amino-1-oxoisoindolin-2-yl)piperidine-2,6-dione (144): A stirred mixture of 

136b (1.8 g, 10.9 mmol, 1.2 eq), 142 (2.5 g, 9.12 mmol, 1.0 eq) and K2CO3 (3.16 g, 

22.9 mmol, 2.5 eq) in DMF (13 mL) was heated to 40-45 oC overnight. Then, the 

mixture was cooled to room temperature. Cold water (20 mL) was added to the 

mixture and the stirring was continued for 30 min. The resulting precipitate was 

filtered, washed with water and heptane and dried to give 

3-(4-nitro-1-oxoisoindolin-2-yl)piperidine-2,6-dione (143) as gray solid (1.51 g, yield: 

64%). 1H NMR (400 MHz, DMSO-d6) δ 11.00 (s, 1H), 8.46 (dd, J = 8.2, 0.8 Hz, 1H), 

8.17 (d, J = 6.9 Hz, 1H), 7.83 (t, J = 7.8 Hz, 1H), 5.16 (dd, J = 13.2, 5.2 Hz, 1H), 4.84 

(dd, J = 45.6, 19.3 Hz, 2H), 2.94 – 2.85 (m, 1H), 2.63 – 2.51 (m, 2H), 2.04 – 1.97 (m, 

1H). A degassed mixture of Pd/C (10%) (150 mg) and 143 (1.5 g) in MeOH (15 mL) 

was kept under hydrogen atmosphere. The reaction was stirred at room temperature 

overnight. Then, the mixture was filtered and resulting residue was washed with THF. 

The filtrate was concentrated to give 144 as white solid (0.69 g, yield: 51%). m/z 

(APCI+) 260.0 (M+H)+, 519.1 (2M+H)+. 

 

Procedure for the synthesis of 

3-(4-Bromo-1-oxoisoindolin-2-yl)piperidine-2,6-dione (147): Through the same 

procedure used for 142 using methyl 3-bromo-2-methylbenzoate (145) as a starting 

material to give methyl 3-bromo-2-(bromomethyl)benzoate (146) as orange oil in a 

quantitative yield. A stirred mixture of intermediate 146 (3.12g, 1.0 eq), intermediate 

136b (2.0g, 1.2 eq) and DIPEA (3.9g, 3.0 eq) in MeCN (30 mL) was heated to about 

80 oC overnight. The mixture was cooled to room temperature. Water was added to 



216                        Synthesis procedure and compound characterization 

the mixture until precipitate appeared. The mixture was stirred for an additional 1 h 

and then filtered. The resulting residue was washed with cold water and dried to give 

147 as blue solid (2.29 g, yield: 70%). 1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 

1H), 7.85 (d, J = 7.9 Hz, 1H), 7.76 (d, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 5.13 

(dd, J = 13.3, 5.2 Hz, 1H), 4.33 (dd, J = 63.5, 17.6 Hz, 2H), 2.94 – 2.84 (m, 1H), 2.62 

– 2.54 (m, 1H), 2.42 (dd, J = 13.5, 4.4 Hz, 1H), 2.00 (dtd, J = 12.6, 5.4, 2.1 Hz, 1H). 

 

Procedure for the synthesis of 4-(prop-2-yn-1-yloxy)benzoyl chloride (161):  

Methyl 4-(prop-2-yn-1-yloxy)benzoate (159): A mixture of methyl 

4-hydroxybenzoate (158) (10.0 g, 65.74 mmol, 1.0 eq), propargyl bromide (80% in 

toluene) (8.15 mL, 75.6 mmol, 1.15 eq) and K2CO3 (11.81 g, 85.46 mmol, 1.3 eq) in 

DMF (50 mL) was stirred at room temperature overnight. Then, another portion of 

propargyl bromide (80% in toluene) (6 mL, 0.85 eq) was added to the reaction and the 

stirring was continued for 6h. The reaction was extracted with EtOAc and water three 

times. The combined organic layers were washed with brine three times, dried over 

anhydrous Na2SO4 and concentrated. The resulting residue was purified by column 

chromatography (EtOAc : heptane = 1 : 8 to 1 : 4 gradually) to give 159 as white solid 

(12.5 g) in a quantitative yield. m/z (APCI+) 190.3 (M+H)+. 

 

4-(Prop-2-yn-1-yloxy)benzoic acid (160): To a stirred mixture of 159 (2.0 g, 10.51 

mmol, 1.0 eq) in MeOH (90 mL) and water (30 mL) was added NaOH (2.1 g, 52.5 

mmol, 5.0 eq). The reaction was stirred at room temperature for 24 h. Then, part of 

solvent was removed by evaporation. HCl (10%) solution was added dropwise to the 

residue until pH ≈ 2 and precipitate appeared. The precipitate was filtered, washed 

with cold water and dried to give 160 as white solid (1.8 g, yield: 97%).  

 

4-(Prop-2-yn-1-yloxy)benzoyl chloride (161): A stirred mixture of 160 (1.0 eq) and 

SOCl2 (4.0 eq) was heated to reflux for 1 h until precipitate was dissolved. Then, the 

reaction was concentrated and the residue was directly used without further 

purification. 
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Procedure for the synthesis of tert-butyl 

(2-(4-(prop-2-yn-1-yloxy)benzamido)-4-(thiophen-2-yl)phenyl)carbamate (166a) 

and tert-butyl 

(4'-fluoro-3-(4-(prop-2-yn-1-yloxy)benzamido)-[1,1'-biphenyl]-4-yl)carbamate 

(166b): 

Tert-butyl (4-bromo-2-nitrophenyl)carbamate (163): A mixture of 

4-bromo-2-nitroaniline (162) (5.0 g, 23 mmol, 1.0 eq), (Boc)2O (10.03 g, 46 mmol, 

2.0 eq), TEA (7.0 g, 69 mmol, 3.0 eq) and DMAP (28 mg, 0.23 mmol, 0.01 eq) in 

DCM (50 mL) was stirred at room temperature for 5 h. The reaction was concentrated 

and the resulting residue was purified by column chromatography (EtOAc : heptane = 

0 : 1, 1 : 40) to give 163 as a yellow solid (6.04 g, yield: 83%). 

 

Tert-butyl (2-nitro-4-(thiophen-2-yl)phenyl)carbamate (164a): A mixture of 

compound 163 (1.0 g, 31.5 mmol, 1.0 eq), thiophen-2-ylboronic acid (0.45 g, 34.7 

mmol, 1.1 eq), K2CO3 (0.96 g, 69.5 mmol, 2.2 eq) and Pd(PPh3)4 (182 mg, 1.6 mmol, 

0.05 eq) in THF (15 mL) and water (3 mL) was kept under argon atmosphere and 

refluxed for 1 h. The reaction was extracted with EtOAc and water. The collected 

organic layer was dried over anhydrous Na2SO4 and concentrated. The residue was 

purified by column chromatography (EtOAc : heptane) to give 164a as yellow solid 

( 0.8 g, yield: 79%). m/z (APCI+) 321.4 (M+H)+, 265.4 (M-tBu+2H)+. 

 

Tert-butyl (4'-fluoro-3-nitro-[1,1'-biphenyl]-4-yl)carbamate (164b): This compound 

was synthesized according to the procedure used for 164a using 

(4-fluorophenyl)boronic acid and 163. 164b was white solid (0.7 g, yield: 68%). 

 

Tert-butyl (2-amino-4-(thiophen-2-yl)phenyl)carbamate (165a) and tert-butyl 

(3-amino-4'-fluoro-[1,1'-biphenyl]-4-yl)carbamate (165b): A mixture of 164a (0.8 g) 

or 164b (0.7 g) (1.0 eq) and Zn powder (4.0 eq) in AcOH (1 mL) and MeOH (15 mL) 

was stirred at room temperature for about 1 h. The mixture was filtered. Saturated 
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Na2CO3 solution was added drpwise to the resulting filtrate until pH ≈ 10. The mixture 

was extracted with EtOAc and water. The collected organic layer was dried over 

anhydrous Na2SO4 and concentrated. The resulting residue was purified by column 

chromatography (EtOAc : heptane = 0 : 1 to 1 : 1 gradually) to give 165a or 165b. 

165a was in a 45% yield about. m/z (APCI+) 291.7 (M+H)+, 235.5 (M-tBu+2H)+; 

165b was in a 77% yield. m/z (APCI+) 303.7(M+H)+, 247.5 (M-tBu+2H)+. 

 

Tert-butyl (2-(4-(prop-2-yn-1-yloxy)benzamido)-4-(thiophen-2-yl)phenyl)carbamate 

(166a) and tert-butyl 

(4'-fluoro-3-(4-(prop-2-yn-1-yloxy)benzamido)-[1,1'-biphenyl]-4-yl)carbamate 

(166b): A solution of 161 (1.2 mmol) in anhydrous THF (2 mL) was added to a 

mixture of 165a or 165b (1.0 mmol) and DIPEA (5.0 mmol) in anhydrous THF (5 

mL). The resulting mixture was stirred at room temperature for 30 min. Then, the 

reaction was concentrated and the resulting residue was purified by column 

chromatography (EtOAc : heptane) to give 166a or 166b both in a 90% yield. 166b 

was white solid. m/z (APCI+) 405.8 (M-tBu+2H)+, 361.8 (M-Boc+2H); 166a was 

light pink solid. 1H NMR (500 MHz, CDCl3) δ 9.03 (s, 1H), 7.85 – 7.81 (m, 3H), 7.27 

(d, J = 11.1 Hz, 2H), 7.18 (dd, J = 5.1, 0.9 Hz, 1H), 7.15 (dd, J = 3.5, 0.9 Hz, 1H), 

6.98 (dd, J = 5.0, 3.7 Hz, 1H), 6.60 (d, J = 8.7 Hz, 2H), 4.46 (s, 1H), 3.93 (d, J = 2.3 

Hz, 2H), 2.25 (t, J = 2.4 Hz, 1H), 1.47 (s, 9H). 

 

Procedure for the synthesis of 

N-(2-amino-4-fluorophenyl)-4-(prop-2-yn-1-yloxy)benzamide (169a) and 

N-(2-amino-4-chlorophenyl)-4-(prop-2-yn-1-yloxy)benzamide (169b): A mixture of 

5-fluoro-2-nitroaniline (167a) (1.0 g, 1.0 eq), Pd/C (10%) (100 mg) and ammonium 

formate (1.61g, 4.0 eq) in EtOH (10 mL) was stirred at room temperature for about 1 

h. The mixture was then filtered. The filtrate was concentrated and the resulting 

residue was extracted with EtOAc and water. The collected organic layer was washed 

with water three times, dried over anhydrous Na2SO4 and concentrated to give 

4-fluorobenzene-1,2-diamine (168a) as gray solid in a 75% yield. m/z (APCI+) 127.2 
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(M+H)+. The intermediate 4-chlorobenzene-1,2-diamine (168b) was commercial 

available. 

 

A mixture of 168a or 168b (1.0 mmol), intermediate 160 (1.0 mmol), HATU (1.2 

mmol) and DIPEA (3.0 mmol) in DMF (1.5 mL) was stirred at room temperature for 

about 10 min. Water was added to the reaction and the resulting mixture was extracted 

with EtOAc three times. The combined organic layers were washed with brine two 

times, dried over anhydrous Na2SO4 and concentrated. The residue was purified by 

column chromatography (EtOAc : heptane) to give 169a or 169b. 169a was white 

solid in a 98% yield. m/z (APCI+) 285.4 (M+H)+, 1H NMR (400 MHz, CDCl3) δ 7.96 

– 7.86 (m, 2H), 7.57 (s, 1H), 7.16 (dd, J = 8.5, 5.8 Hz, 1H), 7.09 – 7.04 (m, 2H), 6.59 

– 6.46 (m, 2H), 4.77 (d, J = 2.4 Hz, 2H), 3.99 (s, 2H), 2.56 (t, J = 2.4 Hz, 1H); 169b 

was yellow solid in a 83% yield. m/z (APCI+) 301.5 (M+H)+. 

 

Procedure for the synthesis of tert-butyl 

(4-fluoro-2-(4-(prop-2-yn-1-yloxy)benzamido)phenyl)carbamate (174a) and 

tert-butyl (2-(4-(prop-2-yn-1-yloxy)benzamido)phenyl)carbamate (174b): 

Di Tert-butyl (4-fluoro-2-aminophenyl)carbamate (171a): To a stirred mixture of 

4-fluoro-2-nitroaniline (170a) (1.0 g, 6.4 mmol, 1.0 eq), (Boc)2O (2.8 g, 12.8 mmol, 

2.0 eq) and TEA (1.94 g, 19.2 mmol, 3.0 eq) in DCM (10 mL) was added DMAP 

(78.3 mg, 0.64 mmol, 0.1 eq) and the reaction was stirred at room temperature for an 

additional 2 h. The reaction was then concentrated directly and the resulting residue 

was purified by column chromatography (EtOAc : heptane = 0 : 1 to 1 : 10 gradually) 

to give 171a as yellow solid (2.1 g, yield: 92%). 1H NMR (400 MHz, CDCl3) δ 8.15 

(dd, J = 9.1, 5.4 Hz, 1H), 7.19 (ddd, J = 9.1, 7.2, 2.8 Hz, 1H), 7.05 (dd, J = 8.3, 2.7 Hz, 

1H), 1.41 (s, 18H). 

 

Tert-butyl (4-fluoro-2-nitrophenyl)carbamate (172a): To a stirred mixture of 171a 

(2.1 g, 5.89 mmol, 1.0 eq) in DCM (20 mL) was added TFA (0.46 mL, 5.9 mmol, 1.0 

eq) over several portions. The resulting reaction was stirred at room temperature for 
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80 min. Then, saturated Na2CO3 solution was added dropwise to the reaction until no 

bubbles appeared. The reaction was extracted with DCM and brine. The collected 

organic layer was dried over Na2SO4 and evaporated to give 172a as yellow solid (1.3 

g, yield: 81%). 1H NMR (400 MHz, CDCl3) δ 7.15 – 7.07 (m, 1H), 6.50 – 6.41 (m, 

2H), 5.98 (s, 1H), 1.50 (s, 9H). 

 

Tert-butyl (2-amino-4-fluorophenyl)carbamate (173a): This compound was 

synthesized through the same procedure used for 168a using 172a. 173a was gray 

solid in 95% yield. 

 

Tert-butyl (4-fluoro-2-(4-(prop-2-yn-1-yloxy)benzamido)phenyl)carbamate (174a): 

This compound was synthesized through the same procedure used for 166a using 

173a. 174a was a white solid in 96% yield. 1H NMR (400 MHz, CDCl3) δ 9.15 (s, 

1H), 7.95 – 7.90 (m, 2H), 7.74 (dd, J = 10.2, 2.7 Hz, 1H), 7.12 (dd, J = 8.8, 5.6 Hz, 

1H), 7.07 – 7.02 (m, 2H), 6.86 – 6.80 (m, 1H), 6.58 (s, 1H), 4.77 (d, J = 2.4 Hz, 2H), 

2.55 (t, J = 2.4 Hz, 1H), 1.52 (s, 9H). 

 

Tert-butyl (2-(4-(prop-2-yn-1-yloxy)benzamido)phenyl)carbamate (174b): Using 

4-chloro-2-nitroaniline (170b) through the same procedure of 170a to 173a and a last 

step of 168a to 169a to give 174b as a yellow solid in 80% yield (last step) 

 

Procedure for the synthesis of tert-butyl 

(2-(4-(aminomethyl)benzamido)-4-(thiophen-2-yl)phenyl)carbamate (178a), 

N-(2-amino-4-fluorophenyl)-4-(aminomethyl)benzamide (178b) and 

4-(aminomethyl)-N-(2-aminophenyl)benzamide (178c): 

4-((2,2,2-trifluoroacetamido)methyl)benzoic acid (176): A mixture of 

4-(aminomethyl)benzoic acid (175) (3.0 g, 19.85 mmol, 1.0 eq) in trifluoroacetic 

anhydride (TFAA) (10.5 g, 7 mL, 2.5 eq) was stirred at room temperature overnight. 

The mixture was then poured to cold water and white precipitate appeared. The 

precipitate was filtered and the residue was dried to give 176 as white solid (4.5g, 
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92% yield). 

 

Intermediate Tert-butyl 

(4-(thiophen-2-yl)-2-(4-((2,2,2-trifluoroacetamido)methyl)benzamido)phenyl)carbam

at (177a), 

N-(2-amino-4-fluorophenyl)-4-((2,2,2-trifluoroacetamido)methyl)benzamide (177b) 

and N-(2-aminophenyl)-4-((2,2,2-trifluoroacetamido)methyl)benzamide (177c) were 

synthesized through the same procedure of 168a to 169a using substituted aniline 

(165a, 168a and o-phenylendiamine) as described in Figure 83. 177a was light yellow 

solid in 94% yield. m/z (APCI+) 520.0 (M+H)+, 1H NMR (400 MHz, DMSO-d6) δ 

10.07 (t, J = 6.0 Hz, 1H), 9.88 (s, 1H), 8.70 (s, 1H), 7.95 (d, J = 8.3 Hz, 2H), 7.81 (d, 

J = 2.1 Hz, 1H), 7.60 (d, J = 8.6 Hz, 1H), 7.52 – 7.48 (m, 2H), 7.43 (dd, J = 4.8, 3.6 

Hz, 3H), 7.11 (dd, J = 5.1, 3.6 Hz, 1H), 4.47 (d, J = 6.0 Hz, 2H), 1.44 (s, 9H); 177b 

was light yellow solid in a quantitative yield. m/z (APCI+) 356.0 (M+H)+; 177c was 

yellow solid with a quantitative yield. 1H NMR (400 MHz, DMSO-d6) δ 10.06 (s, 1H), 

9.61 (s, 1H), 7.94 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.5 Hz, 

1H), 6.95 (t, J = 7.1 Hz, 1H), 6.76 (d, J = 7.7 Hz, 1H), 6.58 (t, J = 7.3 Hz, 1H), 4.88 (s, 

2H), 4.45 (d, J = 5.7 Hz, 2H). m/z (APCI+) 338.1 (M+H)+. 

 

Gneneral procedure for the synthesis of 178a-178c: A mixture of (177a-177c) (1.0 

mmol), K2CO3 (4.0 mmol) in MeOH (5mL) and H2O (5mL) was stirred at room 

temperature overnight. Then the mixture was extracted with EtOAc and water three 

times. The combined organic layer was dried over anhydrous Na2SO4 and 

concentrated to give compounds 178a-178c. 178a was black oil in 59% yield. m/z 

(APCI+) 424.0 (M+H)+; 178b was black semisolid in 83% yield. 1H NMR (400 MHz, 

DMSO-d6) δ 9.60 (s, 1H), 7.94 (d, J = 7.7 Hz, 2H), 7.44 (d, J = 7.8 Hz, 2H), 7.18 – 

7.08 (m, 1H), 6.57 (dd, J = 11.2, 2.5 Hz, 1H), 6.36 (td, J = 8.4, 2.4 Hz, 1H), 5.22 (s, 

2H), 3.79 (s, 2H), 2.67 (s, 2H). (APCI+) 259.9 (M+H)+; 178c was black semisolid. 

 

Procedure for the synthesis of tert-butyl 
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(2-(4-aminobenzamido)-4-(thiophen-2-yl)phenyl)carbamate (183): 

4-(2,2,2-Trifluoroacetamido)benzoic acid (180): To a stirred solution of 

4-aminobenzoic acid (179) (2.0 g, 14.58 mmol, 1.0 eq) in TFA (10 mL) was added 

dropwise TFAA (6.13 g, 4.15 mL, 29.16 mmol, 2.0 eq) under ice bath. The reaction 

was stirred at room temperature overnight. Then the reaction was poured to cold water 

and precipitate appeared. Then the precipitate was filtered and washed with cold water 

followed by heptane, and dried to give compound 180 as white solid (3.6 g) in 

quantitative yield. m/z (APCI+) 234.2 (M+H)+. 1H NMR (500 MHz, DMSO-d6) δ 

12.91 (s, 1H), 11.49 (s, 1H), 7.99 – 7.93 (m, 2H), 7.79 (d, J = 8.8 Hz, 2H). 

 

Tert-butyl 

(4-(thiophen-2-yl)-2-(4-(2,2,2-trifluoroacetamido)benzamido)phenyl)carbamate 

(182): The intermediate was synthesized through the same procedure of 160 to 169a 

using 180 in 65% yield. m/z (APCI+) 506.2 (M+H)+. 

 

Tert-butyl (2-(4-aminobenzamido)-4-(thiophen-2-yl)phenyl)carbamate (183): This 

compound was synthesized using the same procedure of 177a to 178a starting from 

182 in 34% yield. 183 was as gray oil. 1H NMR (400 MHz, CDCl3) δ 8.87 (s, 1H), 

7.92 (s, 1H), 7.80 (d, J = 8.4 Hz, 2H), 7.68 – 7.63 (m, 1H), 7.59 – 7.41 (m, 2H), 7.38 

– 7.28 (m, 2H), 7.25 – 7.18 (m, 2H), 7.02 (dd, J = 5.0, 3.6 Hz, 1H), 6.73 (d, J = 7.9 Hz, 

2H), 1.50 (s, 9H), m/z (APCI+) 410.7 (M+H)+, 354.7(M-But+2H)+. 

 

Procedure for the synthesis of 4-((2-amino-4-fluorophenyl)carbamoyl)benzoic acid 

(187): Intermediate methyl 4-((2-amino-4-fluorophenyl)carbamoyl)benzoate (186) 

was synthesized through the same procedure of 168a to 169a using 

4-(methoxycarbonyl)benzoic acid (185) and 168a in 69% yield. 186 was pink solid.  

 

A stirred mixture of 186 (1.14g, 1.0 eq) and LiOH.H2O (190 mg, 2.0 eq) in THF (10 

mL) and H2O (10 mL) was heated to reflux for 1 h. Part of solvent was removed by 

evaporation. Then, a HCl (10%) solution was added dropwise to the resulting residue 



Part 5 Experimental part                                              223 

 
 

until pH ≈ 4 and precipitate appeared. The residue was filtered and dried to give 187 

as gray solid (1.0g, yield: 92%). m/z (APCI+) 275.1 (M+H)+. 

 

Procedure for the synthesis of tert-butyl 

2-(4-(aminomethyl)benzoyl)-1-propylhydrazinecarboxylate (87a) and tert-butyl 

2-(4-(aminomethyl)benzoyl)hydrazinecarboxylate (87c): 

Tert-butyl 

2-(4-((((benzyloxy)carbonyl)amino)methyl)benzoyl)-1-propylhydrazinecarboxylate 

(86a) and tert-butyl 

2-(4-((((benzyloxy)carbonyl)amino)methyl)benzoyl)hydrazinecarboxylate (86c): A 

mixture of benzyl 4-(2-propylhydrazinecarbonyl)benzylcarbamate (85a) (1.0 mmol), 

(Boc)2O (1.2 mmol) and DIPEA (2.0 mmol) in THF (3 mL) was stirred at room 

temperature overnight. Then, the reaction was evaporated directly and the resulting 

residue was purified by column chromatography (EtOAc : heptane = 1 : 4) to give 86a 

as white solid in 96% yield, 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 1H), 7.74 (d, J = 

7.7 Hz, 2H), 7.55 – 7.27 (m, 7H), 5.15 (s, 2H), 4.43 (d, J = 6.0 Hz, 2H), 3.58 – 3.52 

(m, 2H), 1.63 (dt, J = 14.6, 7.3 Hz, 2H), 1.46 (s, 9H), 0.94 (t, J = 7.4 Hz, 3H). 86c 

was synthesized using benzyl 4-(hydrazinecarbonyl)benzylcarbamate (84) through the 

same procedure while it was purified by (EtOAc : heptane = 0 : 1, 1:1 and then DCM : 

MeOH = 40 : 1) to give 86c as white solid in 82% yield.  

 

87a and 87c were synthesized through the procedure of 77a to 78a using 86a and 86c. 

87a was light green oil in 95% yield; 87c was gray oil in 59% yield. 

 

Procedure for the synthesis of tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-propylhydrazinecarboxylate (78a) 

and tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-hexylhydrazinecarboxylate (191): 

Benzyl 4-bromobenzylcarbamate (188): Chloroformate (3.23 g, 18.9 mmol, 1.05 eq) 

was added to a stirred mixture of (4-bromophenyl)methanamine hydrochloride1(48) 
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(4.0 g, 18.0 mmol, 1.0 eq) and NaOH (1.59 g, 39.8 mmol, 2.2 eq) in THF (20 mL) and 

H2O (20 mL) under ice bath. The reaction was stirred at room temperature overnight. 

Cold water was then added to the mixture and precipitate appeared. The precipitate 

was filtered and dried to give 188 as white solid (5.8 g) in a quantitative yield. 

 

Tert-butyl 

2-(4'-((((benzyloxy)carbonyl)amino)methyl)-[1,1'-biphenyl]-4-carbonyl)-1-propylhy

drazinecarboxylate (77a) and tert-butyl 

2-(4'-((((benzyloxy)carbonyl)amino)methyl)-[1,1'-biphenyl]-4-carbonyl)-1-hexylhyd

razinecarboxylate (190) : 

The procedure for 77a and 190 were same as the procedure of 80d-3 to 81d using 188 

and (76a or 76d). 190 was white solid in 93% yield. 1H NMR (400 MHz, DMSO-d6) δ 

10.53 (s, 1H), 7.98 – 7.83 (m, 3H), 7.77 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.0 Hz, 2H), 

7.41 – 7.20 (m, 7H), 5.04 (s, 2H), 4.25 (d, J = 6.2 Hz, 2H), 3.42 (s, 2H), 1.57 – 1.21 

(m, 17H), 0.88 – 0.82 (m, 3H). 

  

Tert-butyl 

2-(4'-(aminomethyl)-[1,1'-biphenyl]-4-carbonyl)-1-hexylhydrazinecarboxylate (191) 

was synthesized through the same procedure used for 78a using 190 giving 191 as a 

sticky gray solid in 62% yield, 1H NMR (400 MHz, DMSO-d6) δ 10.52 (s, 1H), 7.97 – 

7.86 (m, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 7.9 Hz, 2H), 7.44 (d, J = 8.1 Hz, 

2H), 4.07 (s, 1H), 3.76 (s, 2H), 3.42 (s, 2H), 1.98 (s, 2H), 1.56 – 1.21 (m, 17H), 0.85 

(d, J = 6.3 Hz, 3H). 

 

Procedure for the synthesis of tert-butyl 

2-(2-((4-(aminomethyl)benzyl)amino)pyrimidine-5-carbonyl)-1-propylhydrazinecar

boxylate (198a) and tert-butyl 

2-(2-((4-(aminomethyl)benzyl)amino)pyrimidine-5-carbonyl)-1-hexylhydrazinecarb

oxylate (198b):  

Benzyl 4-(aminomethyl)benzylcarbamate (193a): A solution of benzyl chloroformate 
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(2.1 mL, 14.68 mmol, 1.0 eq) in DCM (100 mL) was added dropwise over 40 min to a 

stirred mixture of 1,4-phenylenedimethanamine (192) (2.0 g, 14.68 mmol, 1.0 eq) and 

TEA (1.49 g, 14.68 mmol, 1.0 eq) in DCM (50 mL) in ice bath. The resulting mixture 

was stirred for 3 h. The reaction was then evaporated and the residue was purified by 

column chromatography (DCM : MeOH = 1 : 0 to 20 : 1 gradually) to give 193a as 

white solid (1.32 g, yield: 33%). m/z (APCI+) 271.0 (M+H) +. 

 

Benzyl 

4-(((5-(2-propylhydrazinecarbonyl)pyrimidin-2-yl)amino)methyl)benzylcarbamate 

(196a): This compound was synthesized through the same procedure of 92 to 95a 

using 193a. Ethyl 

2-((4-((((benzyloxy)carbonyl)amino)methyl)benzyl)amino)pyrimidine-5-carboxylate 

(194a) was white solid in 63% yield; Benzyl 

4-(((5-(hydrazinecarbonyl)pyrimidin-2-yl)amino)methyl)benzylcarbamate (195a) was 

white solid in 81% yield. m/z (APCI+) 421.2 (M+H)+, 1H NMR (400 MHz, DMSO-d6) 

δ 9.52 (s, 1H), 8.64 (s, 2H), 8.22 (t, J = 6.2 Hz, 1H), 7.75 (t, J = 6.1 Hz, 1H), 7.36 – 

7.13 (m, 9H), 5.01 (s, 2H), 4.49 (d, J = 6.2 Hz, 2H), 4.37 (s, 2H), 4.14 (d, J = 6.1 Hz, 

2H); 196a was white solid in 58% yield. m/z (APCI+) 449.1 (M+H)+. 

 

Tert-butyl 

2-(2-((4-((((benzyloxy)carbonyl)amino)methyl)benzyl)amino)pyrimidine-5-carbonyl

)-1-propylhydrazinecarboxylate (197a): This compound was synthesized according to 

the procedure used for 102a using 196a. 197a was white solid in 67% yield. m/z 

(APCI+) 549.2 (M+H)+. 

 

Tert-butyl 

2-(2-((4-(aminomethyl)benzyl)amino)pyrimidine-5-carbonyl)-1-propylhydrazinecarbo

xylate (198a) was synthesized through the same procedure of 86a to 87a using 197a 

to give 198a as black solid.  
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N-(4-(aminomethyl)benzyl)-1,1,1-triphenylmethanamine (193b): A solution of 

triphenylmethyl chloride (4.0 g, 14.67 mmol, 1.0 eq) in dioxane (40 mL) was added 

dropwise to a stirred mixture of 1,4-phenylenedimethanamine (192) (3.0 g, 22.0 mol, 

1.5 eq) in dioxane (30 mL). The reaction was stirred at room temperature overnight. 

The reaction was then concentrated and the resulting residue was extracted with DCM 

and saturated Na2CO3 solution. The collected organic layer was dried over anhydrous 

Na2SO4 and concentrated. The residue was purified by column chromatography 

(DCM : MeOH = 1 : 0, 30 : 1, 15 : 1 gradually) to give 193b as white solid (3.3 g, 

yield: 59%). 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.53 (m, 6H), 7.36 (d, J = 8.0 Hz, 

2H), 7.33 – 7.26 (m, 8H), 7.20 (t, J = 7.3 Hz, 3H), 3.86 (s, 2H), 3.32 (s, 2H). 

 

N'-hexyl-2-((4-((tritylamino)methyl)benzyl)amino)pyrimidine-5-carbohydrazide 

(196b): This compound was synthesized through the same procedure of 92 to 95a 

using N-(4-(aminomethyl)benzyl)-1,1,1-triphenylmethanamine (193b). Ethyl 

2-((4-((tritylamino)methyl)benzyl)amino)pyrimidine-5-carboxylate (194b) was white 

solid in 74% yield, 1H NMR (400 MHz, CDCl3) δ 8.84 (d, J = 37.8 Hz, 2H), 7.59 – 

7.50 (m, 6H), 7.38 (d, J = 8.1 Hz, 2H), 7.29 (t, J = 7.5 Hz, 8H), 7.20 (t, J = 7.3 Hz, 

3H), 5.91 (t, J = 5.9 Hz, 1H), 4.69 (d, J = 5.9 Hz, 2H), 4.34 (q, J = 7.1 Hz, 2H), 3.33 

(s, 2H), 1.86 (s, 1H), 1.36 (t, J = 7.1 Hz, 3H); 

2-((4-((Tritylamino)methyl)benzyl)amino)pyrimidine-5-carbohydrazide (195b) was 

white solid in a quantitative yield. 1H NMR (400 MHz, DMSO-d6) δ 9.54 (s, 1H), 

8.65 (s, 2H), 8.24 (t, J = 6.4 Hz, 1H), 7.49 – 7.41 (m, 6H), 7.34 – 7.15 (m, 13H), 4.51 

(d, J = 6.3 Hz, 2H), 4.38 (s, 2H), 3.15 – 3.09 (m, 2H), 3.02 (t, J = 8.2 Hz, 1H); 

2-((4-((Tritylamino)methyl)benzyl)amino)pyrimidine-5-carbohydrazide (196b) was a 

white solid in 76% yield. 1H NMR (500 MHz, DMSO-d6)
 δ 9.78 (d, J = 5.5 Hz, 1H), 

8.64 (s, 2H), 8.26 (t, J = 6.5 Hz, 1H), 7.45 (d, J = 8.0 Hz, 6H), 7.36 – 7.20 (m, 10H), 

7.17 (t, J = 7.3 Hz, 3H), 4.97 (d, J = 6.1 Hz, 1H), 4.51 (d, J = 6.4 Hz, 2H), 3.11 (d, J = 

8.1 Hz, 2H), 3.05 – 3.01 (m, 1H), 2.72 (dd, J = 12.2, 6.8 Hz, 2H), 1.41 (dt, J = 13.9, 

6.8 Hz, 2H), 1.32 – 1.22 (m, 6H), 0.84 (t, J = 6.6 Hz, 3H). 
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Tert-butyl 

1-hexyl-2-(2-((4-((tritylamino)methyl)benzyl)amino)pyrimidine-5-carbonyl)hydrazin

ecarboxylate (197b): This compound was synthesized according to the procedure 

used for 102a using 196b. 197b was white solid in a quantitative yield. 

 

Tert-butyl 

2-(2-((4-(aminomethyl)benzyl)amino)pyrimidine-5-carbonyl)-1-hexylhydrazinecarb

oxylate (198b): A stirred mixture of 197b (1.9 g) in AcOH (8 mL) and water (2 mL) 

was heated to 60 oC for 1.5 h. Then, most of solvent was removed by evaporation. 

Saturated Na2CO3 solution was added dropwise to the residue until no bubbles 

appeared. The mixture was extracted with EtOAc and brine. The collected organic 

layer was washed with brine twice, dried over anhydrous Na2SO4 and concentrated to 

give 198b as yellow solid without further purification. 

 

Procedure for the synthesis of tert-butyl 

2-(2-((4-(aminomethyl)phenyl)amino)pyrimidine-5-carbonyl)-1-propylhydrazinecar

boxylate (206a) and tert-butyl 

2-(2-((4-(aminomethyl)phenyl)amino)pyrimidine-5-carbonyl)-1-hexylhydrazinecarb

oxylate (206b): 

N-(4-nitrobenzyl)-1,1,1-triphenylmethanamine (200): A mixture of 

(4-nitrophenyl)methanamine hydrochloride (2.0 g, 10.6 mmol, 1.0 eq), 

triphenylmethyl chloride (2.96 g, 10.6 mmol, 1.0 eq) and TEA (2.7 g, 26.17 mmol, 2.5 

eq) in DCM (30 mL) was stirred at room temperature for 7 h. Then. Solvent was 

removed by evaporation. Water was added to the resulting residue and the mixture 

was stirred for 5 minutes. The precipitate was filtered, washed with water and heptane 

and dried to give compound 200 as white solid (4.2 g) in a quantitative yield. 

 

4-((Tritylamino)methyl)aniline (201): Pd/C (10%) (380 mg) was added to a mixture 

of intermediate 200 (3.8 g, 9.6 mmol, 1.0 eq) and ammonium formate (2.42 g, 38.4 

mmo, 4.0 eq) in EtOAc (40 mL) and MeOH (10 mL). The mixture was stirred and 

heated to 40-50 oC for 1 h. The reaction was then filtered. The filtrate was washed 

with brine three times, dried over anhydrous Na2SO4 and concentrated to give 201 as 
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a yellow oil (3.8 g) in quantitative yield. 

 

Ethyl 2-((4-((tritylamino)methyl)phenyl)amino)pyrimidine-5-carboxylate (202): A 

stirred mixture of compound 92 (1.53 g, 8.2 mmol, 1.0 eq), 201 (3.0 g, 8.2 mmol, 1.0 

eq) and K2CO3 (2.84 g, 20.55 mmol, 2.5 eq) in DMF (15 mL) was heated to 80-90 oC 

overnight. The reaction was extracted with EtOAc and water. The collected organic 

layer was washed with brine two times, dried over anhydrous Na2SO4 and 

concentrated. The residue was purified by column chromatography (EtOAc : heptane 

= 1 : 15 to 1 : 5 gradually and then DCM) to give 202 as a light yellow solid (2.74 g, 

yield: 65%). 1H NMR (400 MHz, DMSO-d6) δ 10.26 (s, 1H), 8.87 (s, 2H), 7.67 (d, J 

= 8.5 Hz, 2H), 7.47 (d, J = 7.5 Hz, 6H), 7.38 – 7.25 (m, 8H), 7.18 (t, J = 7.3 Hz, 3H), 

4.28 (q, J = 7.1 Hz, 2H), 3.13 (d, J = 8.1 Hz, 2H), 3.07 – 3.01 (m, 1H), 1.30 (t, J = 7.1 

Hz, 3H). 

 

2-((4-((Tritylamino)methyl)phenyl)amino)pyrimidine-5-carbohydrazide (203): A 

stirred mixture of hydrazine monohydrate (8.0 g, 16.0 mmol, 30 eq) and compound 

202 (2.74 g, 5.32 mmol, 1.0 eq) in EtOH (20 mL) was refluxed for 3 h until 202 was 

dissolved clearly. The reaction was cooled to room temperature. Water (30 mL) was 

added to the reaction and stirring was continued for 1 h at room temperature. The 

precipitate was filtered and dried to give 203 as a white solid (2.3 g, yield: 86%). m/z 

(APCI+) 501.3 (M+H)+, 539.6 (M+K)+.  

 

N'-hexyl-2-((4-((tritylamino)methyl)phenyl)amino)pyrimidine-5-carbohydrazide 

(204b): This compound was synthesized through the same procedure of 94a to 95a 

using 203 and hexanal. 204b was white solid in 80% yield. m/z (APCI+) 585.3 

(M+H)+.  

 

Tert-butyl1-hexyl-2-(2-((4-((tritylamino)methyl)phenyl)amino)pyrimidine-5-carbony

l)hydrazinecarboxylate (205b): A mixture of compound 204b (2.15 g, 3.68 mmol, 1.0 

eq), (Boc)2O (0.88 g, 0.40 mmol, 1.1 eq) and TEA (0.74 g, 7.35 mmol, 2.0 eq) in THF 
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(25 mL) was stirred at room temperature overnight. The reaction was then evaporated. 

The residue was extracted with EtOAc and aq HCl (10%). The collected organic layer 

was dried over anhydrous Na2SO4 and concentrated to give 205b as colorless oil (2.74 

g) in a quantitative yield. 1H NMR (400 MHz, DMSO-d6) δ 10.46 (s, 1H), 10.10 (s, 

1H), 8.84 (s, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 7.5 Hz, 6H), 7.39 – 7.26 (m, 

7H), 7.19 (t, J = 7.3 Hz, 4H), 3.40 (s, 2H), 3.13 (d, J = 8.1 Hz, 2H), 3.05 – 2.99 (m, 

1H), 1.48 – 1.21 (m, 17H), 0.85 (t, J = 6.5 Hz, 3H). 

 

Tert-butyl 

2-(2-((4-(aminomethyl)phenyl)amino)pyrimidine-5-carbonyl)-1-hexylhydrazinecarb

oxylate (206b): This compound was synthesized according to the procedure used for  

198b using 205b. 205b was light yellow solid. m/z (APCI+) 443.7 (M+H)+. 

 

Tert-butyl 

2-(2-((4-(aminomethyl)phenyl)amino)pyrimidine-5-carbonyl)-1-propylhydrazinecar

boxylate (206a): This compound was synthesized according to the procedure used for 

206b using 203. 

N'-propyl-2-((4-((tritylamino)methyl)phenyl)amino)pyrimidine-5-carbohydrazide 

(204a) was white solid in a 83% yield. 1H NMR (400 MHz, DMSO-d6) δ 9.99 (s, 1H), 

9.93 (d, J = 4.4 Hz, 1H), 8.81 (s, 2H), 7.66 (d, J = 8.6 Hz, 2H), 7.50 – 7.44 (m, 6H), 

7.31 (dd, J = 15.0, 7.6 Hz, 8H), 7.19 (t, J = 7.3 Hz, 3H), 5.07 (d, J = 5.5 Hz, 1H), 3.12 

(d, J = 8.2 Hz, 2H), 3.03 – 2.98 (m, 1H), 2.73 (dd, J = 11.0, 7.4 Hz, 2H), 1.45 (dd, J = 

14.5, 7.2 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H); Tert-butyl 

1-propyl-2-(2-((4-((tritylamino)methyl)phenyl)amino)pyrimidine-5-carbonyl)hydrazin

ecarboxylate (205a) was light yellow solid in a quantitative yield; 206b was yellow 

solid.  

 

General procedure for the synthesis of 212a (PSP4) to 212f (PSP2): 

6-Bromohexanoyl chloride (208): A stirred mixture of SOCl2 (50.0 mmol) and 

6-bromohexanoic acid (10.0 mmol) was heated to reflux for 2 h. The reaction was 
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then concentrated directly to give 208 as a colorless solid that was used without 

further purification. 

 

6-Bromo-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)hexanamide (209): 

4-Amino-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione (139) (3.3 mmol) was 

added to a solution of 208 in THF (9 mL). The resulting mixture was heated to reflux 

overnight. The reaction was then evaporated and ether was added to the residue. The 

precipitate was filtered, washed with ether and dried to give 209 as gray white solid in 

a 94% yield. m/z (APCI+) 450.5 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ 11.12 (s, 

1H), 9.70 (s, 1H), 8.45 (d, J = 8.3 Hz, 1H), 7.82 (dd, J = 8.3, 7.5 Hz, 1H), 7.60 (d, J = 

7.3 Hz, 1H), 5.13 (dd, J = 12.7, 5.4 Hz, 1H), 3.70 – 3.50 (m, 4H), 2.94 – 2.83 (m, 1H), 

2.63 – 2.51 (m, 2H), 2.10 – 2.00 (m, 1H), 1.89 – 1.58 (m, 4H), 1.51 – 1.38 (m, 2H). 

 

6-Azido-N-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)hexanamide (210): 

To a stirred mixture of 209 (1.0 g, 2.22 mmol, 1.0 eq) in DMF (10 mL) was added 

NaN3 (0.29 g, 4.44 mmol, 2.0 eq). The reaction was heated to about 80 oC for 16 h. 

The reaction was extracted with EtOAc and water. The collected organic layer was 

washed with brine twice, dried over anhydrous Na2SO4 and concentrated to give 210 

as a yellow solid (0.7 g, yield: 76%) that was directly used without further 

purification. 

 

General procedure for the synthesis of 211a-211d, 212e and 212f: A stirred mixture 

of the corresponding intermediate (166a, 166b, 169a, 169b, 174a, 174b) (0.75 mmol), 

compound 210 (1.0 mmol), CuSO4
.H2O (0.015mmol) and L-Sodium ascorbate (0.075 

mmol) in a solution of t-BuOH (4 mL), H2O (2 mL) and DMF (1 mL) was heated to 

about 60 oC for 8h. The reaction was then extracted with EtOAc and water three times. 

The combined organic layers were dried over anhydrous Na2SO4 and concentrated. 

The resulting residue was purified by column chromatography (EtOAc : heptane = 0 : 

1 to 2 : 1 gradually and then DCM : MeOH = 30 : 1, 20 : 1, 15 : 1 gradually) to give 

211a-211d, 212e and 212f respectively. 212e and 212f were purified again by 
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preparative HPLC.  

 

A mixture of compound (211a-211d) in a solution of HCl/dioxane (4M) and DCM (1 : 

2) or TFA/DCM (1 : 5) was stirred for 3 h at room temperature. Saturated Na2CO3 

solution was then added dropwise to the mixture until no bubbles appeared. The 

mixture was extracted with EtOAc and water three times. The combined organic 

layers were concentrated and the resulting residue was purified by column 

chromatography (DCM : MeOH = 1 : 0 to 20 : 1 gradually with several drops of TEA) 

to give final compounds 212a-212d respectively. 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-di

oxoisoindolin-4-yl)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzamide 

212a (PSP4): 

 

White solid (60 mg, yield: 41%).  

1H NMR (400 MHz, DMSO-d6) δ 11.12 (s, 1H), 9.68 (s, 1H), 9.59 (s, 1H), 8.44 (d, J 

= 8.0 Hz, 1H), 8.25 (s, 1H), 7.97 (d, J = 8.9 Hz, 2H), 7.80 (dd, J = 8.4, 7.4 Hz, 1H), 

7.62 – 7.57 (m, 1H), 7.45 (d, J = 2.1 Hz, 1H), 7.33 (dd, J = 5.1, 1.1 Hz, 1H), 7.27 (dd, 

J = 8.3, 2.2 Hz, 1H), 7.22 (dd, J = 3.6, 1.1 Hz, 1H), 7.13 (d, J = 8.9 Hz, 2H), 7.03 (dd, 

J = 5.1, 3.6 Hz, 1H), 6.79 (d, J = 8.4 Hz, 1H), 5.28 – 5.06 (m, 5H), 4.37 (t, J = 7.1 Hz, 

2H), 2.88 (ddd, J = 16.5, 13.6, 5.1 Hz, 1H), 2.63 – 2.50 (m, 2H), 2.45 (d, J = 7.4 Hz, 

2H), 2.09 – 2.01 (m, 1H), 1.86 (dt, J = 14.8, 7.3 Hz, 2H), 1.65 (dt, J = 15.1, 7.5 Hz, 

2H), 1.30 (dt, J = 15.3, 7.7 Hz, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.17, 172.30, 170.21, 168.10, 167.09, 165.29, 

161.02, 144.71, 143.46, 142.69, 136.95, 136.51, 131.90, 130.15, 128.63, 127.34, 

126.78, 124.97, 124.36, 124.23, 124.07, 123.63, 122.72, 121.43, 118.76, 117.47, 

116.82, 114.70, 61.77, 49.71, 49.37, 36.64, 31.38, 29.87, 25.80, 24.56, 22.43.  
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HRMS calculated for C39H37N8O7S
 + (M+H): 761.2500, found: 761.2498.  

HPLC: rt = 10.48 min (98.03 %). 

 

N-(4-amino-4'-fluoro-[1,1'-biphenyl]-3-yl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1

,3-dioxoisoindolin-4-yl)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benza

mide 212b (PSP3): 

 

White solid (45 mg, yield: 31%).  

1H NMR (400 MHz, DMSO-d6) δ 11.12 (s, 1H), 9.68 (s, 1H), 9.59 (s, 1H), 8.45 (d, J 

= 8.1 Hz, 1H), 8.26 (s, 1H), 7.98 (d, J = 8.8 Hz, 2H), 7.81 (dd, J = 8.4, 7.4 Hz, 1H), 

7.61 – 7.53 (m, 3H), 7.47 (d, J = 2.1 Hz, 1H), 7.28 (dd, J = 8.3, 2.2 Hz, 1H), 7.23 – 

7.12 (m, 4H), 6.84 (d, J = 8.3 Hz, 1H), 5.21 (s, 2H), 5.13 (dd, J = 12.8, 5.4 Hz, 1H), 

5.05 (s, 2H), 4.37 (t, J = 7.1 Hz, 2H), 2.93 – 2.83 (m, 1H), 2.63 – 2.50 (m, 2H), 2.45 

(d, J = 7.4 Hz, 2H), 2.09 – 2.01 (m, 1H), 1.86 (dt, J = 14.8, 7.2 Hz, 2H), 1.65 (dt, J = 

15.0, 7.4 Hz, 2H), 1.35 – 1.27 (m, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.18, 172.30, 170.21, 168.10, 167.10, 165.28, 

161.00, 143.17, 142.70, 137.21, 137.18, 136.95, 136.52, 131.91, 130.12, 127.77, 

127.70, 127.62, 127.44, 126.79, 125.19, 124.98, 124.26, 118.76, 117.49, 116.96, 

116.03, 115.82, 114.70, 61.78, 49.71, 49.37, 36.64, 31.39, 29.88, 25.80, 24.57, 22.44.  

HRMS calculated for C41H37FN8NaO7
+ (M+H): 795.2661, found: 795.267.  

HPLC: rt = 10.76 min (97.84 %). 

 

N-(2-aminophenyl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl

)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzamide 212c (PSP9): 
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Light yellow solid (60 mg, yield: 44%).  

1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 1H), 9.68 (s, 1H), 9.53 (s, 1H), 8.45 (d, J 

= 8.4 Hz, 1H), 8.25 (s, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.84 – 7.77 (m, 1H), 7.59 (d, J = 

7.1 Hz, 1H), 7.13 (t, J = 7.1 Hz, 3H), 6.98 – 6.91 (m, 1H), 6.77 (dd, J = 8.0, 1.2 Hz, 

1H), 6.62 – 6.55 (m, 1H), 5.20 (s, 2H), 5.13 (dd, J = 12.7, 5.4 Hz, 1H), 4.85 (s, 2H), 

4.37 (t, J = 7.0 Hz, 2H), 2.88 (ddd, J = 16.4, 13.6, 5.0 Hz, 1H), 2.64 – 2.51 (m, 2H), 

2.45 (d, J = 7.4 Hz, 2H), 2.09 – 2.02 (m, 1H), 1.86 (dt, J = 14.7, 7.2 Hz, 2H), 1.65 (dt, 

J = 14.9, 7.4 Hz, 2H), 1.31 (dt, J = 15.1, 7.7 Hz, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.19, 172.31, 170.22, 168.11, 167.10, 165.14, 

160.94, 143.57, 142.71, 136.95, 136.52, 131.89, 130.06, 127.47, 127.12, 126.77, 

124.96, 124.00, 118.76, 117.46, 116.74, 116.59, 114.69, 61.76, 49.72, 49.37, 36.64, 

31.38, 29.87, 25.80, 24.56, 22.44.  

HRMS calculated for C35H35N8O7
+ (M+H): 679.2623, found: 679.2620.  

HPLC: rt = 8.07 min (92.13 %). 

 

N-(2-amino-5-fluorophenyl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoind

olin-4-yl)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzamide 212d 

(PSP1): 

 

White solid (80 mg, yield: 29%).  

1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 1H), 9.68 (s, 1H), 9.52 (s, 1H), 8.45 (d, J 

= 8.3 Hz, 1H), 8.25 (s, 1H), 7.99 – 7.91 (m, 2H), 7.81 (dd, J = 8.3, 7.5 Hz, 1H), 7.60 

(dd, J = 7.3, 0.5 Hz, 1H), 7.19 – 7.08 (m, 3H), 6.83 – 6.73 (m, 2H), 5.21 (s, 2H), 5.13 
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(dd, J = 12.8, 5.4 Hz, 1H), 4.80 (s, 2H), 4.37 (t, J = 7.1 Hz, 2H), 2.88 (ddd, J = 16.7, 

13.7, 5.2 Hz, 1H), 2.64 – 2.51 (m, 2H), 2.45 (d, J = 7.4 Hz, 2H), 2.09 – 2.01 (m, 1H), 

1.86 (dt, J = 14.8, 7.3 Hz, 2H), 1.70 – 1.60 (m, 2H), 1.35 – 1.25 (m, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.18, 172.31, 170.21, 168.11, 167.10, 165.18, 

161.10, 155.43, 153.14, 142.67, 139.31 139.30, 136.95, 136.52, 131.90, 130.13, 

127.23, 126.77, 124.98, 124.91, 124.81, 118.76, 117.46, 117.08, 117.00, 114.76, 

112.86, 112.81, 112.64, 112.57, 61.78, 49.72, 49.37, 36.64, 31.38, 29.87, 25.80, 24.56, 

22.44.  

HRMS calculated for C35H34FN8O7
+ (M+H): 697.2529, found: 697.2528.  

HPLC: rt = 9.07 min (99.18 %). 

 

N-(2-amino-4-chlorophenyl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoind

olin-4-yl)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzamide 212e 

(PSP8): 

 

Light yellow solid (90 mg, yield: 67%). 

1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 1H), 9.68 (s, 1H), 9.49 (s, 1H), 8.45 (d, J 

= 8.3 Hz, 1H), 8.25 (s, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.84 – 7.77 (m, 1H), 7.59 (d, J = 

6.9 Hz, 1H), 7.21 – 7.04 (m, 3H), 6.79 (d, J = 2.4 Hz, 1H), 6.57 (dd, J = 8.4, 2.4 Hz, 

1H), 5.27 – 4.99 (m, 5H), 4.37 (t, J = 7.1 Hz, 2H), 2.88 (ddd, J = 16.6, 13.6, 5.2 Hz, 

1H), 2.64 – 2.51 (m, 2H), 2.45 (d, J = 7.4 Hz, 2H), 2.09 – 2.02 (m, 1H), 1.86 (dt, J = 

14.7, 7.2 Hz, 2H), 1.65 (dt, J = 15.1, 7.5 Hz, 2H), 1.35 – 1.26 (m, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.18, 172.30, 170.21, 168.10, 167.10, 165.34, 

161.01, 145.26, 142.69, 136.94, 136.52, 131.90, 130.72, 130.13, 128.68, 127.29, 

126.77, 124.97, 122.69, 118.76, 117.46, 115.86, 115.25, 114.68, 61.76, 49.71, 49.37, 

36.64, 31.38, 29.87, 25.80, 24.56, 22.44.  
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HRMS calculated for C35H36ClN8O7+ (M+H): 713.2234, found: 713.2233.  

HPLC: rt = 10.76 min (97.69 %). 

 

N-(2-amino-4-fluorophenyl)-4-((1-(6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoind

olin-4-yl)amino)-6-oxohexyl)-1H-1,2,3-triazol-4-yl)methoxy)benzamide 212f 

(PSP2): 

 

White solid (100 mg, yield: 85%).  

1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 1H), 9.68 (s, 1H), 9.46 (s, 1H), 8.45 (d, J 

= 8.3 Hz, 1H), 8.29 (s, 1H), 8.24 (d, J = 3.3 Hz, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.81 

(dd, J = 8.3, 7.5 Hz, 1H), 7.59 (dd, J = 7.2, 0.4 Hz, 1H), 7.16 – 7.04 (m, 3H), 6.53 (dd, 

J = 11.2, 2.9 Hz, 1H), 6.34 (td, J = 8.5, 2.9 Hz, 1H), 5.31 – 5.01 (m, 5H), 4.37 (t, J = 

7.1 Hz, 2H), 2.88 (ddd, J = 16.6, 13.7, 5.2 Hz, 1H), 2.65 – 2.50 (m, 2H), 2.45 (d, J = 

7.4 Hz, 2H), 2.10 – 2.00 (m, 1H), 1.92 – 1.80 (m, 2H), 1.65 (dt, J = 15.0, 7.5 Hz, 2H), 

1.31 (dt, J = 15.2, 7.8 Hz, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 173.18, 172.31, 170.21, 168.11, 167.10, 165.42, 

162.59, 160.95, 160.21, 145.96, 145.84, 142.70, 136.95, 136.52, 131.90, 130.08, 

129.02, 128.91, 127.36, 126.77, 124.96, 119.95, 118.76, 117.46, 114.65, 102.60, 

102.37, 102.05, 101.80, 61.75, 49.72, 49.37, 36.64, 31.38, 29.87, 25.80, 24.56, 22.44.  

HRMS calculated for C35H33FN8NaO7
+ (M+H): 719.2348, found: 719.2352.  

HPLC: rt = 9.76 min (93.42 %). 

 

General procedure for the synthesis of 218a to 218l:  

Tert-butyl 5-aminopentanoate (214a), tert-butyl 6-aminohexanoate (214b), 

tert-butyl 7-aminoheptanoate (214c) and tert-butyl 8-aminooctanoate (214d): A 

mixture of SOCl2 (10.0 mmol) and substituted amino acid (213a-213d) (1.0 mmol) 

was stirred at room temperature for 2 h. Then, the reaction was evaporated. t-BuOH 
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(2 mL) was added to the resulting residue followed by NaHCO3 solid (2.2 mmol). The 

reaction was stirred overnight. The mixture was extracted with DCM and brine four 

times. The combined organic layers were dried over Na2SO4 and concentrated to give 

214a-214d respectively as yellow oil with a good smell. 214a in a 66% yield; 214b in 

a 70% yield. 1H NMR (400 MHz, CDCl3) δ 2.70 (t, J = 7.0 Hz, 2H), 2.21 (t, J = 7.5 

Hz, 2H), 1.66 (s, 2H), 1.59 (dt, J = 15.1, 7.4 Hz, 2H), 1.52 – 1.40 (m, 11H), 1.39 – 

1.30 (m, 2H); 214c in a 87% yield; 214d in a 95% yield.  

 

Procedure for the synthesis of 

5-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)pentanoic acid 

(216a), 6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)hexanoic 

acid (216b), 

7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)heptanoic acid (216c) 

and 8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)octanoic acid 

(216d):  

Tert-butyl 

5-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)pentanoate (215a), 

Tert-butyl 6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)hexanoate 

(215b), Tert-butyl 

7-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)heptanoate (215c) 

and Tert-butyl 

8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)octanoate (215d): A 

mixture of the corresponding amine (214a-214d) (1.0 mmol), 

2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (262) (0.33 mmol) and 

DIPEA (1.0 mmol) in NMP (N-methyl-2-pyrrolidone) (1.5 mL) was heated to 110 oC  

in a microwave reactor for 2 h. The reaction was extracted with EtOAc and brine. The 

collected organic layer was washed with brine three times and concentrated. The 

resulting residue was purified by column chromatography (EtOAc: hepane = 1 : 5, 1 : 

3, 1 : 1) to give 215a-215d respectively. 215a was green oil (yield: 30%); 215b was 

yellow solid (yield: 21%). m/z (APCI+) 388.0 (M-tBu+2H)+, 444.0 (M+H)+. 1H NMR 
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(400 MHz, DMSO-d6) δ 11.06 (s, 1H), 7.56 (dd, J = 8.4, 7.1 Hz, 1H), 7.07 (d, J = 8.6 

Hz, 1H), 7.00 (d, J = 6.8 Hz, 1H), 6.51 (t, J = 5.9 Hz, 1H), 5.03 (dd, J = 12.8, 5.4 Hz, 

1H), 3.26 (d, J = 6.8 Hz, 1H), 3.14 (dd, J = 11.8, 5.3 Hz, 1H), 2.86 (ddd, J = 17.1, 

14.0, 5.5 Hz, 1H), 2.62 – 2.50 (m, 2H), 2.16 (ddd, J = 7.3, 6.1, 2.3 Hz, 2H), 2.05 – 

1.96 (m, 1H), 1.60 – 1.44 (m, 4H), 1.41 – 1.25 (m, 11H); 215c was yellow oil (39% 

yield); 215d was yellow oil (yield: 35%).  

 

A mixture of 215a-215d in a solution of TFA/DCM (1 : 5) was stirred for 3 h at room 

temperature. The mixture was then directly concentrated to give 216a-216d. 216a: 

m/z (APCI+) 374.0 (M+H)+; 216b: m/z (APCI+) 388.9 (M+H)+; 216c: m/z (APCI+) 

402.0 (M+H)+; 216d: m/z (APCI+) 416.0 (M-tBu+2H)+. 

 

General procedure for the synthesis of 218a-218l: A mixture of corresponding 

carboxylic acid (216a-216d) (1.0 mmol), corresponding amine (178a-178c, 191, 206a, 

206b) (0.83 mmol), HATU (1.25 mmol) and DIPEA (4.17 mmol) in DMF (4 mL) was 

stirred for 10 min at room temperature. The reaction was extracted with EtOAc and 

water. The collected organic layer was washed with brine three times, dried over 

anhydrous Na2SO4 and concentrated. The resulting residue was purified by column 

chromatography (EtOAc: heptane = 1 : 2 and then DCM : MeOH = 30 : 1 gradually) 

to give (217b-217e, 217j, 217k, 217l) as yellow oil and (218a, 218f, 218g, 218h, 218i) 

as yellow solid.  

 

A mixture of corresponding compound (217b-217e, 217j, 217k, 217l) in a solution of 

TFA/DCM (1 : 3) was stirred for 3 h at room temperature. Saturated Na2CO3 solution 

was then added dropwise to the mixture until no bubbles appeared. The mixture was 

extracted with EtOAc and water three times. The collected organic layer was washed 

with brine, dried over anhydrous Na2SO4 and concentrated. The resulting residue was 

purified by column chromatography (EtOAc : heptane = 1 : 2 and then DCM : MeOH 

= 1 : 0, 30 : 1, 25 : 1 gradually with several drops of TEA) to give products 

(218b-218e, 218j, 218k, 218l) as yellow solid.  
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N-(2-aminophenyl)-4-((6-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-ylami

no)hexanamido)methyl)benzamide 218a (PSP12):  

 

(20 mg, yield: 15%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.59 (s, 1H), 8.36 (t, J = 6.0 Hz, 1H), 

8.00 – 7.84 (m, 2H), 7.56 (dd, J = 8.4, 7.2 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.26 (dd, 

J = 5.8, 3.2 Hz, 1H), 7.15 (d, J = 6.9 Hz, 1H), 7.07 (dt, J = 5.8, 3.4 Hz, 1H), 7.00 (d, J 

= 7.0 Hz, 1H), 6.98 – 6.89 (m, 1H), 6.77 (dd, J = 8.0, 1.3 Hz, 1H), 6.66 – 6.55 (m, 

1H), 6.51 (t, J = 6.0 Hz, 1H), 5.03 (dd, J = 12.9, 5.4 Hz, 1H), 4.32 (d, J = 5.9 Hz, 2H), 

4.08 (s, 2H), 3.58 – 3.54 (m, 2H), 3.29 – 3.25 (m, 1H), 2.81 (s, 1H), 2.61 – 2.52 (m, 

1H), 2.35 – 2.21 (m, 2H), 2.17 (t, J = 7.4 Hz, 1H), 1.63 – 1.48 (m, 4H), 1.38 – 1.30 (m, 

2H).  

HRMS calculated for C33H35N6O6
 + (M+H): 611.2613, found: 611.2609.  

HPLC: rt = 8.23 min (93.29 %). 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((5-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi

soindolin-4-ylamino)pentanamido)methyl)benzamide 218b (PSP15):  

 

(30 mg, yield: 24%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.67 (s, 1H), 8.40 (t, J = 5.9 Hz, 1H), 

7.93 (d, J = 8.2 Hz, 2H), 7.64 – 7.39 (m, 3H), 7.38 – 7.21 (m, 3H), 7.20 – 6.86 (m, 

4H), 6.80 (d, J = 8.3 Hz, 1H), 6.53 (dt, J = 22.7, 5.9 Hz, 1H), 5.58 – 4.92 (m, 4H), 

4.33 (d, J = 5.8 Hz, 2H), 2.90 – 2.80 (m, 1H), 2.63 – 2.49 (m, 2H), 2.37 – 2.11 (m, 
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4H), 2.05 – 1.96 (m, 1H), 1.66 – 1.51 (m, 4H).  

HRMS calculated for C36H35N6O6S
+ (M+H): 679.2333, found: 679.2333.  

HPLC: rt = 12.70 min (99.61 %). HPLC: rt = 9.80 min (90.97 %). 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((6-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi

soindolin-4-ylamino)hexanamido)methyl)benzamide 218c (PSP10):  

 

(50 mg, yield: 23%).  

1H NMR (500 MHz, DMSO-d6) δ 11.08 (s, 1H), 9.71 (s, 1H), 8.39 (t, J = 5.9 Hz, 1H), 

7.95 (d, J = 8.1 Hz, 2H), 7.61 – 7.55 (m, 1H), 7.48 (d, J = 1.8 Hz, 1H), 7.40 – 7.33 (m, 

3H), 7.30 (dd, J = 8.3, 2.2 Hz, 1H), 7.24 (d, J = 3.5 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H), 

7.05 (dd, J = 5.0, 3.6 Hz, 1H), 7.02 (d, J = 7.0 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 6.53 

(t, J = 5.9 Hz, 1H), 5.14 (s, 2H), 5.03 (dd, J = 12.8, 5.4 Hz, 1H), 4.34 (d, J = 6.0 Hz, 

2H), 3.28 (d, J = 6.6 Hz, 1H), 2.86 (ddd, J = 17.4, 14.2, 5.4 Hz, 1H), 2.60 – 2.54 (m, 

3H), 2.19 (t, J = 7.3 Hz, 2H), 2.05 – 1.98 (m, 1H), 1.63 – 1.56 (m, 4H), 1.36 (dt, J = 

15.0, 7.7 Hz, 2H).  

13C NMR (126 MHz, DMSO-d6) δ 172.60, 170.71, 169.44, 167.77, 165.74 , 146.88, 

144.70, 143.90, 143.44, 136.73, 133.40, 132.68, 128.66, 128.33, 127.34, 124.35, 

123.91, 123.67, 122.72, 121.47, 117.63, 116.84, 110.84, 109.53, 49.06, 42.23, 40.92, 

35.73, 31.51, 28.95, 26.46, 25.50, 22.67.  

HRMS calculated for C37H37N6O6S
+ (M+H): 693.2490, found: 693.249.  

HPLC: rt = 10.65 min (94.59 %). 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((7-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi

soindolin-4-ylamino)heptanamido)methyl)benzamide 218d (PSP16):  
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(30 mg, yield: 18%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.66 (s, 1H), 8.36 (t, J = 6.0 Hz, 1H), 

7.93 (d, J = 8.2 Hz, 2H), 7.58 – 7.54 (m, 1H), 7.46 (d, J = 2.1 Hz, 1H), 7.41 – 7.18 (m, 

5H), 7.03 (ddd, J = 16.3, 14.8, 7.8 Hz, 3H), 6.80 (d, J = 8.4 Hz, 1H), 6.51 (t, J = 5.9 

Hz, 1H), 5.17 – 4.99 (m, 3H), 4.32 (d, J = 6.0 Hz, 2H), 3.26 (d, J = 6.6 Hz, 1H), 2.86 

(ddd, J = 17.3, 13.9, 5.5 Hz, 1H), 2.61 – 2.50 (m, 3H), 2.15 (t, J = 7.4 Hz, 2H), 2.04 – 

1.97 (m, 1H), 1.61 – 1.50 (m, 4H), 1.38 – 1.26 (m, 4H).  

HRMS calculated for C38H39N6O6S
+ (M+H): 707.2646, found: 707.2647.  

HPLC: rt = 10.59 min (99.37 %). 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((8-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoi

soindolin-4-ylamino)octanamido)methyl)benzamide 218e (PSP17):  

 

(30 mg, yield: 17%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.67 (s, 1H), 8.35 (t, J = 6.0 Hz, 1H), 

7.93 (d, J = 8.2 Hz, 2H), 7.55 (dd, J = 8.5, 7.2 Hz, 1H), 7.46 (d, J = 2.1 Hz, 1H), 7.38 

– 7.14 (m, 5H), 7.03 (ddd, J = 16.5, 15.0, 7.8 Hz, 3H), 6.80 (d, J = 8.4 Hz, 1H), 6.51 

(t, J = 5.8 Hz, 1H), 5.16 – 4.98 (m, 3H), 4.32 (d, J = 5.9 Hz, 2H), 3.26 (d, J = 6.7 Hz, 

1H), 2.85 (ddd, J = 17.8, 14.0, 5.5 Hz, 1H), 2.63 – 2.49 (m, 3H), 2.14 (t, J = 7.4 Hz, 

2H), 2.03 – 1.97 (m, 1H), 1.62 – 1.46 (m, 4H), 1.37 – 1.17 (m, 6H).  

HRMS calculated for C39H41N6O6S
+ (M+H): 721.2803, found: 721.281.  

HPLC: rt = 10.95 min (91.54 %). 
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N-(2-amino-4-fluorophenyl)-4-((5-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin

-4-ylamino)pentanamido)methyl)benzamide 218f (PSP18):  

 

(79 mg, yield: 75%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.52 (s, 1H), 8.39 (t, J = 6.0 Hz, 1H), 

7.90 (d, J = 8.1 Hz, 2H), 7.56 (dd, J = 8.5, 7.2 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.13 

– 7.05 (m, 2H), 7.00 (d, J = 7.0 Hz, 1H), 6.58 – 6.49 (m, 2H), 6.34 (td, J = 8.5, 2.9 Hz, 

1H), 5.18 (s, 2H), 5.03 (dd, J = 12.8, 5.4 Hz, 1H), 4.31 (d, J = 5.9 Hz, 2H), 3.28 (d, J 

= 6.3 Hz, 1H), 2.85 (ddd, J = 17.4, 14.1, 5.5 Hz, 1H), 2.62 – 2.49 (m, 2H), 2.45 (d, J = 

4.4 Hz, 1H), 2.20 (t, J = 6.9 Hz, 2H), 2.05 – 1.96 (m, 1H), 1.65 – 1.51 (m, 4H).  

13C NMR (101 MHz, DMSO-d6) δ 173.23, 172.50, 170.52, 169.36, 167.73, 165.82, 

162.62, 160.25, 146.83, 145.91, 145.79, 143.76, , 136.70, 133.38, 132.65, 128.99, 

128.88, 128.25, 127.28, 119.76, 117.61, 110.83, 109.50, 102.61, 102.38, 102.04, 

101.79, 49.00, 42.21, 41.99, 35.43, 31.42, 28.82, 23.10, 22.60.  

HRMS calculated for C32H32FN6O6
+ (M+H): 615.2362, found: 615.2364.  

HPLC: rt = 8.57 min (95.27 %). 

 

N-(2-amino-4-fluorophenyl)-4-((6-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin

-4-ylamino)hexanamido)methyl)benzamide 218g (PSP11):  

 

(80 mg, yield: 33%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.53 (s, 1H), 8.37 (t, J = 5.9 Hz, 1H), 

7.91 (d, J = 8.0 Hz, 1H), 7.53 (dd, J = 10.6, 4.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 2H), 
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7.17 – 6.89 (m, 4H), 6.56 – 6.43 (m, 2H), 6.34 (td, J = 8.5, 2.9 Hz, 1H), 5.33 – 4.96 

(m, 3H), 4.50 (dd, J = 10.6, 4.4 Hz, 1H), 4.31 (d, J = 5.9 Hz, 2H), 3.45 (s, 2H), 3.27 

(d, J = 6.5 Hz, 1H), 2.63 – 2.50 (m, 1H), 2.26 (dd, J = 8.1, 4.5 Hz, 2H), 2.17 (t, J = 

7.4 Hz, 1H), 1.66 – 1.50 (m, 4H), 1.34 (dt, J = 15.3, 7.6 Hz, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 172.99, 172.58, 170.42, 169.95, 168.20, 165.82, 

162.62, 160.25, 146.86, 146.66, 145.92, 145.80, 143.80, 136.30, 133.37, 133.06, 

128.25, 127.28, 117.05, 110.52, 110.22, 102.60, 102.37, 102.04, 101.79, 52.07, 51.66, 

42.20, 35.71, 30.99, 28.97, 26.47, 25.49, 24.07. HRMS calculated for C33H34FN6O6
+ 

(M+H): 629.2518, found: 629.2523.  

HPLC: rt = 9.39 min (93.06 %). 

 

N-(2-amino-4-fluorophenyl)-4-((7-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin

-4-ylamino)heptanamido)methyl)benzamide 218h (PSP19): 

  

(60 mg, yield: 64%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.52 (s, 1H), 8.35 (t, J = 6.0 Hz, 1H), 

7.91 (d, J = 8.1 Hz, 2H), 7.56 (dd, J = 8.4, 7.2 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.12 

– 7.03 (m, 2H), 7.00 (d, J = 7.0 Hz, 1H), 6.52 (dt, J = 10.3, 5.1 Hz, 2H), 6.34 (td, J = 

8.5, 2.9 Hz, 1H), 5.18 (s, 2H), 5.03 (dd, J = 12.9, 5.4 Hz, 1H), 4.31 (d, J = 5.9 Hz, 

2H), 3.27 (dd, J = 13.4, 6.7 Hz, 2H), 2.90 – 2.80 (m, 1H), 2.55 (ddd, J = 17.2, 6.1, 2.6 

Hz, 2H), 2.15 (t, J = 7.4 Hz, 2H), 2.04 – 1.97 (m, 1H), 1.60 – 1.49 (m, 4H), 1.37 – 

1.25 (m, 4H).  

13C NMR (101 MHz, DMSO-d6) δ 173.23, 172.65, 170.52, 169.39, 167.73, 165.81, 

162.62, 160.25, 146.87, 145.91, 145.80, 143.83, 136.72, 133.36, 132.64, 128.99, 

128.88, 128.24, 127.26, 119.74, 117.60, 110.83, 109.48, 102.60, 102.38, 102.05, 

101.80, 49.00, 42.27, 42.19, 35.75, 31.42, 29.03, 28.87, 26.53, 25.68, 22.60.  

HRMS calculated for C34H36FN6O6
+ (M+H): 643.2675, found: 643.268.  
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HPLC: rt = 9.62 min (96.68 %). 

 

N-(2-amino-4-fluorophenyl)-4-((8-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin

-4-ylamino)octanamido)methyl)benzamide 218i (PSP20):  

 

(40 mg, yield: 59%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.52 (s, 1H), 8.34 (t, J = 6.0 Hz, 1H), 

7.90 (d, J = 8.1 Hz, 2H), 7.56 (dd, J = 8.5, 7.2 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.13 

– 7.04 (m, 2H), 7.00 (d, J = 7.0 Hz, 1H), 6.55 – 6.45 (m, 2H), 6.34 (td, J = 8.5, 2.9 Hz, 

1H), 5.18 (s, 2H), 5.03 (dd, J = 12.9, 5.4 Hz, 1H), 4.30 (d, J = 5.9 Hz, 2H), 3.29 – 

3.21 (m, 2H), 2.86 (ddd, J = 17.3, 14.1, 5.4 Hz, 1H), 2.62 – 2.50 (m, 2H), 2.14 (t, J = 

7.4 Hz, 2H), 2.04 – 1.97 (m, 1H), 1.53 (dt, J = 14.2, 6.6 Hz, 4H), 1.35 – 1.22 (m, 6H).  

13C NMR (101 MHz, DMSO-d6) δ 173.22, 172.67, 170.51, 169.39, 167.73, 165.80, 

162.62, 160.24, 146.87, 145.92, 145.80, 143.84, 136.71, 133.36, 132.63, 128.99, 

128.87, 128.23, 127.26, 128.23, 127.26, 119.73, 117.61, 110.81, 109.46, 102.59, 

102.37, 102.04, 101.79, 48.99, 42.27, 42.17, 35.77, 31.42, 29.11, 29.08, 28.93, 26.67, 

25.69, 22.59.  

HRMS calculated for C35H38FN6O6
+ (M+H): 657.2831, found: 657.283.  

HPLC: rt = 10.14 min (95.77 %). 

 

6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-N-((4'-(2-hexylhy

drazinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)hexanamide 218j (PSP64):  
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(80 mg, yield: 23%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 10.03 (s, 1H), 8.32 (t, J = 5.9 Hz, 

1H), 7.88 (d, J = 8.5 Hz, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.55 

(dd, J = 8.4, 7.2 Hz, 1H), 7.33 (d, J = 8.3 Hz, 2H), 7.03 (dd, J = 26.9, 7.8 Hz, 2H), 

6.50 (t, J = 5.8 Hz, 1H), 5.02 (dd, J = 12.9, 5.4 Hz, 2H), 4.28 (d, J = 5.8 Hz, 2H), 3.29 

– 3.24 (m, 2H), 2.92 – 2.75 (m, 3H), 2.60 – 2.51 (m, 2H), 2.16 (t, J = 7.4 Hz, 2H), 

2.00 (ddd, J = 10.6, 7.1, 4.8 Hz, 1H), 1.57 (dt, J = 14.9, 7.5 Hz, 4H), 1.48 – 1.40 (m, 

2H), 1.37 – 1.21 (m, 8H), 0.85 (t, J = 6.9 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 173.21, 172.50, 170.50, 169.39, 167.73, 165.33, 

146.87, 142.93, 140.13, 138.03, 136.71, 132.63, 132.34, 128.31, 128.10, 127.15, 

126.78, 117.61, 110.82, 109.47, 51.70, 48.99, 42.23, 42.15, 35.72, 31.67, 31.42, 28.92, 

28.05, 26.79, 26.44, 25.49, 22.60, 22.53, 14.38.  

HRMS calculated for C39H47N6O6
+ (M+H): 695.3552, found: 695.3552.  

HPLC: rt = 14.06 min (96.89 %). 

 

2-(4-((6-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-ylamino)hexanamido)

methyl)phenylamino)-N'-propylpyrimidine-5-carbohydrazide 218k (PSP77):  

 

(180 mg, yield: 35%).  

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.97 (d, J = 17.4 Hz, 2H), 8.81 (s, 

2H), 8.22 (t, J = 5.8 Hz, 1H), 7.66 (t, J = 7.2 Hz, 2H), 7.54 (dd, J = 8.4, 7.2 Hz, 1H), 

7.17 (d, J = 8.6 Hz, 2H), 7.02 (dd, J = 22.7, 7.8 Hz, 2H), 6.49 (t, J = 5.8 Hz, 1H), 5.03 
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(dd, J = 12.8, 5.4 Hz, 1H), 4.19 (d, J = 5.7 Hz, 3H), 4.09 (s, 1H), 3.25 (dd, J = 13.2, 

6.7 Hz, 2H), 2.91 – 2.81 (m, 1H), 2.73 (t, J = 7.1 Hz, 2H), 2.61 – 2.50 (m, 2H), 2.13 (t, 

J = 7.4 Hz, 2H), 2.04 – 1.97 (m, 1H), 1.56 (dt, J = 14.8, 7.4 Hz, 4H), 1.46 (dt, J = 14.5, 

7.3 Hz, 2H), 1.32 (dt, J = 15.1, 7.6 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 173.23, 172.42, 170.51, 169.38, 167.73, 163.12, 

161.13, 157.72, 146.85, 138.67, 136.68, 134.10, 132.61, 127.97, 120.06, 117.68, 

117.56, 110.81, 109.46, 53.57, 48.99, 42.21, 42.13, 35.72, 31.42, 28.92, 26.43, 25.50, 

22.60, 21.28, 12.06.  

HRMS calculated for C34H40N9O6
+ (M+H): 670.3096, found: 670.310.  

HPLC: rt = 11.77 min (98.73 %). 

 

2-(4-((6-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-ylamino)hexanamido)

methyl)phenylamino)-N'-hexylpyrimidine-5-carbohydrazide 218l (PSP75):  

 

(120 mg, yield: 34%).  

1H NMR (500 MHz, DMSO-d6) δ 11.06 (s, 1H), 9.99 (s, 1H), 9.93 (s, 1H), 8.80 (s, 

2H), 8.21 (t, J = 5.9 Hz, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.59 – 7.52 (m, 1H), 7.17 (d, J 

= 8.5 Hz, 2H), 7.06 (d, J = 8.6 Hz, 1H), 6.99 (d, J = 7.0 Hz, 1H), 6.50 (t, J = 5.8 Hz, 

1H), 5.03 (dd, J = 12.7, 5.5 Hz, 2H), 4.19 (d, J = 5.8 Hz, 2H), 3.26 (dd, J = 13.4, 6.7 

Hz, 2H), 2.86 (ddd, J = 16.8, 13.8, 5.3 Hz, 1H), 2.75 (t, J = 7.1 Hz, 2H), 2.60 – 2.49 

(m, 2H), 2.13 (t, J = 7.4 Hz, 2H), 2.04 – 1.97 (m, 1H), 1.65 – 1.49 (m, 4H), 1.46 – 

1.39 (m, 2H), 1.36 – 1.18 (m, 8H), 0.85 (t, J = 6.8 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 173.21, 172.34, 170.51, 169.38, 167.72, 163.08, 

161.13, 157.71, 146.86, 138.67, 136.69, 134.11, 132.63, 127.98, 120.05, 117.69, 

117.60, 110.80, 109.47, 51.69, 48.99, 42.21, 42.11, 35.72, 31.65, 31.42, 28.93, 28.05, 

26.77, 26.44, 25.49, 22.60, 22.53, 14.37.  

HRMS calculated for C37H46N9O6
+ (M+H): 712.3566, found: 712.357.  



246                        Synthesis procedure and compound characterization 

HPLC: rt = 13.57 min (96.88 %). 

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-(6-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxois

oindolin-4-ylamino)hexanamido)benzamide 218m (PSP5):  

 

A mixture of 183 (100 mg, 0.244 mmol, 1.3 eq), 

6-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-ylamino)hexanoic acid (216b) 

(73 mg, 0.188 mmol, 1.0 eq), TCFH (64 mg, 0.23 mmol, 1.2 eq) and NMI 

(1-Methylimidazole) (54 mg, 0.66 mmol, 3.5 eq) in CH3CN (2 mL) was stirred at 

room temperature overnight. The reaction was concentrated and the resulting residue 

was purified by column chromatography (EtOAc : heptane = 1 : 2 and then DCM : 

MeOH = 30 : 1 gradually) to give an Boc-protected 218m which was added to a 

solution of TFA (2 mL) and DCM (6 mL). The reaction was stirred at room 

temperature for 3 h and treated with the same procedure used for 218b to give 218 m 

as yellow solid (69mg, yield: 54% over two steps).  

 

1H NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 10.12 (s, 1H), 9.60 (s, 1H), 7.94 (d, J 

= 8.8 Hz, 2H), 7.70 (dd, J = 8.9, 1.9 Hz, 2H), 7.63 – 7.51 (m, 2H), 7.45 (d, J = 2.1 Hz, 

1H), 7.35 – 7.31 (m, 1H), 7.29 – 7.21 (m, 2H), 7.04 (ddd, J = 16.3, 12.9, 7.8 Hz, 2H), 

6.80 (d, J = 8.3 Hz, 1H), 6.53 (t, J = 5.9 Hz, 1H), 5.10 (s, 2H), 5.05 – 4.99 (m, 1H), 

2.94 – 2.76 (m, 2H), 2.61 – 2.50 (m, 2H), 2.38 – 2.23 (m, 3H), 2.04 – 1.97 (m, 1H), 

1.62 (ddt, J = 23.1, 15.5, 7.7 Hz, 4H), 1.44 – 1.34 (m, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 172.78, 171.60, 170.08, 168.92, 164.88, 146.42, 

144.25, 142.97, 142.17, 132.19, 128.70, 128.56, 128.16, 127.52, 123.86, 123.58, 

123.19, 122.29, 120.99, 118.09, 116.39, 114.42, 110.39, 109.02, 43.17, 41.73, 30.98, 

28.53, 25.99, 24.74, 22.15.  

HRMS calculated for C36H35N6O6S
+ (M+H): 679.2333, found: 679.234.  
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HPLC: rt = 10.62 min (92.47 %). 

 

General procedure for the synthesis of 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoind

olin-4-ylamino)hexanamido)methyl)benzamide 224a (PSP23) and 

6-{[2-(2,6-dioxopiperidin-3-yl)-1-oxo-2,3-dihydro-1H-isoindol-4-yl]amino}-N-{[4'-(

N'-hexylhydrazinecarbonyl)-[1,1'-biphenyl]-4-yl]methyl}hexanamide 224b (PSP65):  

Tert-butyl 6-bromohexanoate (220): This compound was synthesized according to 

the procedure used for 214a using 6-bromohexanoic acid (207). 220 was light red oil 

(yield: 66%). m/z (APCI+) 253.0 (M+H)+.  

 

Tert-butyl 6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-ylamino)hexanoate 

(221): A stirred mixture of 3-(4-amino-1-oxoisoindolin-2-yl)piperidine-2,6-dione (144) 

(400 mg, 1.54 mmol, 1.0 eq), 220 (465 mg, 1.85 mmol, 1.2 eq) and DIPEA (600 mg, 

4.63 mmol, 3.0 eq) in NMP (5 mL) was heated to 110 oC overnight. Then, the 

resulting mixture was extracted with EtOAc and brine three times. The combined 

organic layers were dried over anhydrous Na2SO4 and concentrated. The resulting 

residue was purified by column chromatography (EtOAc : heptane = 1 : 4 to 1 : 1 

gradually) to give 221 as a light orange solid (0.41 g, yield: 62%). m/z (APCI+) 430.2 

(M+H)+, 1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 7.26 (t, J = 7.7 Hz, 1H), 

6.90 (d, J = 6.9 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 5.52 (t, J = 5.4 Hz, 1H), 5.09 (dd, J 

= 13.3, 5.1 Hz, 1H), 4.15 (dd, J = 40.6, 17.2 Hz, 2H), 3.09 (dd, J = 12.7, 6.9 Hz, 2H), 

2.95 – 2.86 (m, 1H), 2.60 (d, J = 15.6 Hz, 1H), 2.28 – 2.21 (m, 1H), 2.17 (t, J = 7.3 

Hz, 2H), 2.05 – 1.98 (m, 1H), 1.59 – 1.46 (m, 4H), 1.39 – 1.34 (m, 11H).  

 

6-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-ylamino)hexanoic acid (222): A 

mixture of intermediate 221 (0.40g) in TFA (2 mL) and DCM (6 mL) was stirred at 

room temperature for 3 h. The reaction was evaporated directly to give intermediate 

222 in a quantitative yield. 1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 1H), 7.26 (t, J 

= 7.7 Hz, 1H), 6.91 (d, J = 6.9 Hz, 1H), 6.72 (d, J = 8.0 Hz, 1H), 5.52 (s, 1H), 5.09 
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(dd, J = 13.2, 5.1 Hz, 1H), 4.16 (dd, J = 40.5, 17.1 Hz, 2H), 3.09 (t, J = 6.9 Hz, 2H), 

2.97 – 2.88 (m, 1H), 2.60 (dd, J = 14.3, 2.6 Hz, 1H), 2.29 (t, J = 7.4 Hz, 2H), 2.23 – 

2.14 (m, 1H), 2.05 – 1.99 (m, 1H), 1.60 – 1.50 (m, 4H), 1.39 – 1.33 (m, 2H).  

 

Compound 224a was synthesized through the same procedure of 216b to 218b using 

222 and 178a. 224a was purified by preparative HPLC.  

 

Compound 224b was synthesized through the same procedure of 216b to 218b using 

222 and 191. 224b were purified by preparative HPLC.  

 

N-(2-amino-5-(thiophen-2-yl)phenyl)-4-((6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoi

ndolin-4-ylamino)hexanamido)methyl)benzamide 224a (PSP23): 

 

Gray solid (43 mg, yield: 11%).  

1H NMR (500 MHz, DMSO-d6) δ 10.99 (s, 1H), 9.71 (s, 1H), 8.40 (s, 1H), 7.96 (d, J 

= 7.8 Hz, 2H), 7.49 (s, 1H), 7.31 (ddd, J = 24.7, 16.1, 5.5 Hz, 5H), 7.09 – 7.02 (m, 

1H), 6.92 (t, J = 9.2 Hz, 1H), 6.83 (d, J = 8.2 Hz, 1H), 6.74 (t, J = 9.9 Hz, 1H), 5.57 (s, 

1H), 5.11 (dd, J = 13.2, 4.8 Hz, 3H), 4.35 (d, J = 5.2 Hz, 2H), 4.19 (dd, J = 49.4, 17.1 

Hz, 2H), 3.13 (d, J = 5.4 Hz, 2H), 2.97 – 2.88 (m, 1H), 2.62 (d, J = 17.0 Hz, 1H), 2.33 

– 2.25 (m, 1H), 2.20 (t, J = 7.2 Hz, 2H), 2.07 – 2.01 (m, 1H), 1.67 – 1.54 (m, 4H), 

1.43 – 1.35 (m, 2H). 

13C NMR (126 MHz, DMSO-d6) δ 173.34, 172.68, 171.70, 169.35, 165.75, 144.70, 

144.23, 143.93, 143.44, 133.39, 132.52, 129.68, 128.67, 128.33, 127.33, 126.93, 

124.36, 123.91, 123.68, 122.74  121.48, 116.86, 112.21, 110.39, 51.97, 46.21, 43.09, 

42.23, 35.83, 31.72, 28.79, 26.81, 25.63, 23.31.  

HRMS calculated for C37H39N6O5S
 + (M+H): 679.2697, found: 679.2698.  

HPLC: rt = 9.61 min (96.25 %). 
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6-((2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-N-((4'-(2-hexylhydra

zinecarbonyl)-[1,1'-biphenyl]-4-yl)methyl)hexanamide 224b (PSP65):  

 

White solid (80 mg, yield: 23%).  

1H NMR (500 MHz, DMSO-d6) δ 10.99 (s, 1H), 10.04 (s, 1H), 8.34 (t, J = 5.8 Hz, 

1H), 7.90 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 7.9 Hz, 2H), 7.34 

(d, J = 8.0 Hz, 2H), 7.27 (t, J = 7.7 Hz, 1H), 6.92 (d, J = 7.5 Hz, 1H), 6.74 (d, J = 8.0 

Hz, 1H), 5.55 (t, J = 5.3 Hz, 1H), 5.10 (dd, J = 13.3, 5.2 Hz, 2H), 4.30 (d, J = 5.8 Hz, 

2H), 4.18 (dd, J = 48.5, 17.1 Hz, 2H), 3.11 (dd, J = 12.6, 6.5 Hz, 2H), 2.95 – 2.87 (m, 

1H), 2.79 (t, J = 7.0 Hz, 2H), 2.61 (d, J = 21.3 Hz, 1H), 2.31 – 2.24 (m, 1H), 2.17 (t, J 

= 7.3 Hz, 2H), 2.05 – 1.99 (m, 1H), 1.52 (ddt, J = 27.1, 14.4, 7.4 Hz, 6H), 1.42 – 1.14 

(m, 8H), 0.87 (t, J = 6.7 Hz, 3H).  

13C NMR (126 MHz, DMSO-d6) δ 173.33, 172.59, 171.68, 169.34, 165.36, 144.23, 

140.16, 132.50, 132.36, 129.67, 128.32, 128.12, 127.17, 126.91, 126.80, 112.18, 

110.38, 51.95, 51.71, 46.19, 43.10, 42.16, 35.82, 31.69, 28.77, 28.10, 28.07, 26.81, 

25.63, 23.28, 22.54, 14.40.  

HRMS calculated for C39H49N6O5
+ (M+H): 681.3759, found: 681.376.  

HPLC: rt = 13.75 min (92.33 %). 

 

General procedure for the synthesis of 229a-229g: 

Method 1 for the synthesis of 227a-227i:  

Procedure for the synthesis of TFA-protected amino acids (225b-225d): A stirred 

mixture of amino acid (213b-213d) (5.0 mmol) in TFAA (10.0 mmol) was heated to 

80 oC for 3 h. The reaction was then cooled to room temperature. Cold water (14 mL) 

was added to the reaction. The mixture was extracted with EtOAc three times. The 
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combined organic layers were dried over anhydrous Na2SO4 and concentrated to give 

intermediate 225b-225d as white solid in an up 85% yield. 

 

Procedure for the synthesis of intermediates (226a-226g): A mixture of 

corresponding carboxylic acid (225b-225d) (1.0 mmol), corresponding amine (178a/b, 

87a/c, 78a, 198a) (0.91 mmol), HATU (1.1 mmol) and DIPEA (2.73 mmol) in DMF 

(5 mL) was stirred at room temperature for about 10 min. Then, the reaction was 

extracted with EtOAc and water three times. The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4 and concentrated. The resulting 

residue was purified by column chromatography (EtOAc : heptane = 1 : 1 and then 

DCM : MeOH = 1 : 0, 30 : 1) to give 226a-226g respectively.  

 

Procedure for the synthesis of intermediates (227a-227g): A mixture of 

corresponding compound (226a-226g) (1.0 mmol) and K2CO3 (4.0 mmol) in MeOH 

(3 mL) and H2O (3 mL) was stirred at room temperature overnight. The reaction was 

then extracted with EtOAc and water three times. The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated to give the corresponding 

intermediates (227a-227g) as gray or black solid in up 30% yield over two steps. 

 

Method 2 for the synthesis of 227a-227i:  

Procedure for the synthesis of Boc-protected amino acids (230a and 230c): Amino 

acid (213a or 213c) (1.0 mmol) was added to a stirred mixture of NaOH (1.0 mmol) 

in dioxane (3 mL) and H2O (1.5 mL) followed by addition of (Boc)2O (1.1 mmol). 

The reaction was stirred at room temperature overnight. HCl (10%) solution was then 

added dropwise to the reaction until pH ≈ 4. The reaction was extracted with EtOAc 

three times. The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated to give 230a or 230c as colorless oil in 

quantitative yield.  

 

Procedure for the synthesis of intermediates (227h and 227i): Through the same 
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procedure used for 226a-226g using 178b and 230a or 230c to give intermediates 

226h and 226i. A mixture of 226h or 226i in a solution of HCl/dioxane (4M) and 

DCM (1 : 3) was stirred at room temperature for 3 h. The mixture was then 

evaporated directly to give 227h or 227i as HCl salt. 

 

Final compounds 229a-229g were synthesized according to the procedure used for 

218a and 218b using 227a-227i. 

 

4-((6-(2-(Adamantan-1-yl)acetamido)hexanamido)methyl)-N-(2-amino-5-(thioph

en-2-yl)phenyl)benzamide 229a (PSP21):  

 

White solid (45 mg, yield: 56%).  

1H NMR (500 MHz, DMSO-d6) δ 9.69 (s, 1H), 8.38 (t, J = 5.9 Hz, 1H), 7.96 (d, J = 

8.1 Hz, 2H), 7.63 (t, J = 5.4 Hz, 1H), 7.48 (d, J = 1.5 Hz, 1H), 7.36 (t, J = 6.5 Hz, 3H), 

7.30 (dd, J = 8.3, 2.1 Hz, 1H), 7.24 (d, J = 3.4 Hz, 1H), 7.05 (dd, J = 5.0, 3.7 Hz, 1H), 

6.83 (s, 1H), 5.14 (s, 2H), 4.34 (d, J = 5.8 Hz, 2H), 3.01 (dd, J = 12.7, 6.7 Hz, 2H), 

2.16 (t, J = 7.5 Hz, 2H), 1.90 (s, 3H), 1.80 (s, 2H), 1.73 – 1.45 (m, 14H), 1.43 – 1.36 

(m, 2H), 1.27 (dt, J = 14.9, 7.3 Hz, 2H).  

13C NMR (126 MHz, DMSO-d6) δ 172.63, 170.14, 144.71, 143.93, 143.43, 133.39, 

128.65, 128.33, 127.31, 124.35, 123.91, 123.67, 122.74, 121.47, 116.85, 50.56, 42.61, 

42.21, 38.67, 36.96, 35.80, 32.61, 29.48, 28.52, 26.68, 25.49.  

HRMS calculated for C36H45N4O3S
+ (M+H): 613.3207, found: 613.321.  

HPLC: rt = 11.46 min (95.92 %). 

 

4-((6-[2-(Adamantan-1-yl)acetamido]hexanamido)methyl)-N-(2-amino-4-fluorop

henyl)benzamide 229b (PSP22):  
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White solid (98 mg, yield: 50%). 

1H NMR (500 MHz, DMSO-d6) δ 9.56 (s, 1H), 8.38 (t, J = 5.5 Hz, 1H), 7.94 (d, J = 

7.7 Hz, 2H), 7.64 (s, 1H), 7.36 (d, J = 7.8 Hz, 2H), 7.15 – 7.07 (m, 1H), 6.56 (dd, J = 

11.1, 1.9 Hz, 1H), 6.37 (t, J = 7.4 Hz, 1H), 5.22 (s, 2H), 4.34 (d, J = 5.6 Hz, 2H), 3.02 

(dd, J = 12.3, 6.2 Hz, 2H), 2.16 (t, J = 7.3 Hz, 2H), 1.91 (s, 3H), 1.82 (s, 2H), 1.73 – 

1.47 (m, 14H), 1.40 (dt, J = 14.1, 7.2 Hz, 2H), 1.28 (dd, J = 14.5, 7.6 Hz, 2H).  

13C NMR (126 MHz, DMSO-d6) δ 172.64, 170.17, 165.86, 162.42, 160.52, 145.94, 

145.84, 143.85, 133.42, 129.00, 128.91, 128.28, 127.29, 119.81, 102.60, 102.42, 

102.06, 101.86, 50.58, 42.63, 42.22, 38.68, 36.97, 35.81, 32.62, 29.49, 28.54, 26.69, 

25.51.  

HRMS calculated for C32H42FN4O3
+ (M+H): 549.3236, found: 549.324.  

HPLC: rt = 10.58 min (97.33 %). 

 

6-[2-(Adamantan-1-yl)acetamido]-N-([4-(N'-propylhydrazinecarbonyl)phenyl]m

ethyl)hexanamide 229c (PSP33):  

 

White solid (58 mg, yield: 45%).  

1H NMR (400 MHz, DMSO-d6) δ 9.99 (s, 1H), 8.35 (t, J = 5.7 Hz, 1H), 7.75 (d, J = 

8.1 Hz, 2H), 7.63 (t, J = 5.1 Hz, 1H), 7.28 (d, J = 8.1 Hz, 2H), 4.28 (d, J = 5.9 Hz, 

2H), 2.98 (dd, J = 12.6, 6.6 Hz, 2H), 2.75 (s, 1H), 2.12 (t, J = 7.4 Hz, 2H), 1.88 (s, 

3H), 1.78 (s, 2H), 1.65 – 1.48 (m, 14H), 1.47 – 1.21 (m, 8H), 0.88 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.60, 170.14, 165.49, 143.57, 129.78, 127.52, 

127.32, 53.48, 50.53, 45.93, 42.58, 38.64, 36.93, 35.75, 32.58, 29.43, 28.51, 26.64, 
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25.45, 21.33, 12.08.  

HRMS calculated for C29H45N4O3
+ (M+H): 497.3486, found: 497.3479.  

HPLC: rt = 13.70 min (95.68 %). 

 

6-[2-(Adamantan-1-yl)acetamido]-N-([4'-(N'-propylhydrazinecarbonyl)-[1,1'-bip

henyl]-4-yl]methyl)hexanamide 229d (PSP34): 

 

White solid (45 mg, yield: 49%).  

1H NMR (400 MHz, DMSO-d6) δ 10.04 (s, 1H), 8.32 (t, J = 5.7 Hz, 1H), 7.89 (d, J = 

8.3 Hz, 2H), 7.77 – 7.57 (m, 5H), 7.33 (d, J = 8.1 Hz, 2H), 5.09 (s, 1H), 4.29 (d, J = 

5.7 Hz, 2H), 2.99 (dd, J = 12.6, 6.6 Hz, 2H), 2.75 (t, J = 6.9 Hz, 2H), 2.13 (t, J = 7.4 

Hz, 2H), 1.88 (s, 3H), 1.78 (s, 2H), 1.67 – 1.19 (m, 20H), 0.90 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.52, 170.10, 165.34, 142.96, 140.16, 138.03, 

132.34, 128.26, 128.11, 127.17, 126.78, 53.56, 50.53, 42.58, 42.12, 38.65, 36.93, 

35.78, 32.58, 29.46, 28.49, 26.66, 25.49, 21.31, 12.12.  

HRMS calculated for C35H48N4O3Na+ (M+H): 595.3619, found: 595.3613.  

HPLC: rt = 10.32 min (87.17 %). 

 

7-[2-(Adamantan-1-yl)acetamido]-N-([4-(([5-(N'-propylhydrazinecarbonyl)pyrim

idin-2-yl]amino)methyl)phenyl]methyl)heptanamide 229f (PSP58): 

 

White solid (53 mg, yield: 27%). 

1H NMR (500 MHz, DMSO-d6) δ 9.81 (s, 1H), 8.66 (s, 2H), 8.37 (s, 1H), 8.27 – 8.23 

(m, 1H), 7.62 (t, J = 5.3 Hz, 1H), 7.23 (d, J = 7.9 Hz, 2H), 7.16 (d, J = 7.9 Hz, 2H), 
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4.51 (d, J = 6.3 Hz, 2H), 4.20 (d, J = 5.8 Hz, 2H), 2.99 (dd, J = 12.7, 6.6 Hz, 2H), 

2.72 (t, J = 7.0 Hz, 2H), 2.10 (t, J = 7.3 Hz, 2H), 1.90 (s, 3H), 1.80 (s, 2H), 1.67 – 

1.53 (m, 11H), 1.51 – 1.41 (m, 4H), 1.38 – 1.32 (m, 2H), 1.24 (s, 3H), 0.90 (t, J = 7.4 

Hz, 3H).  

HRMS calculated for C35H52N7O3
+ (M+H): 618.4126, found: 618.4127.  

HPLC: rt = 14.42 min (100.00 %). 

 

8-[2-(Adamantan-1-yl)acetamido]-N-([4-(N'-propylhydrazinecarbonyl)phenyl]m

ethyl)octanamide 229g (PSP54): 

 

White solid (85 mg, yield: 40%). 

1H NMR (400 MHz, DMSO-d6) δ 9.94 (s, 1H), 8.31 (t, J = 5.8 Hz, 1H), 7.75 (d, J = 

8.2 Hz, 2H), 7.60 (t, J = 5.2 Hz, 1H), 7.27 (d, J = 8.1 Hz, 2H), 5.07 (s, 1H), 4.27 (d, J 

= 5.9 Hz, 2H), 2.98 (dd, J = 12.5, 6.5 Hz, 2H), 2.73 (t, J = 7.0 Hz, 2H), 2.12 (t, J = 7.3 

Hz, 2H), 1.88 (s, 3H), 1.78 (s, 2H), 1.63 (d, J = 11.8 Hz, 3H), 1.54 (d, J = 10.8 Hz, 

10H), 1.40 (ddd, J = 27.4, 13.3, 6.5 Hz, 5H), 1.23 (s, 6H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.63, 170.10, 165.52, 143.56, 132.09, 127.46, 

127.32, 53.56, 50.55, 42.60, 42.15, 38.67, 36.93, 35.76, 32.58, 29.62, 29.11, 28.90, 

28.51, 26.80, 25.67, 21.30, 12.10. HRMS calculated for C31H49N4O3
+ (M+H): 

525.3799, found: 525.3798.  

HPLC: rt = 14.34 min (97.61 %). 

 

4-((5-[2-(Adamantan-1-yl)acetamido]pentanamido)methyl)-N-(2-amino-4-fluoro

phenyl)benzamide 229h (PSP29): 

 

White solid (70 mg, yield: 50%).  



Part 5 Experimental part                                              255 

 
 

1H NMR (400 MHz, DMSO-d6) δ 9.54 (s, 1H), 8.36 (t, J = 6.0 Hz, 1H), 7.91 (d, J = 

8.1 Hz, 2H), 7.64 (t, J = 5.5 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.10 (dd, J = 8.5, 6.5 

Hz, 1H), 6.53 (dd, J = 11.2, 2.9 Hz, 1H), 6.34 (td, J = 8.5, 2.9 Hz, 1H), 5.19 (s, 2H), 

4.31 (d, J = 5.9 Hz, 2H), 3.00 (dd, J = 12.7, 6.8 Hz, 2H), 2.15 (t, J = 7.4 Hz, 2H), 1.88 

(s, 3H), 1.79 (s, 2H), 1.73 – 1.43 (m, 14H), 1.37 (dt, J = 14.1, 7.1 Hz, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 172.56, 170.17, 165.83, 162.62, 160.25, 145.91, 

145.79, 143.79, 133.37, 128.96, 128.86, 128.24, 127.25, 119.78, 102.60, 102.37, 

102.06, 101.81, 50.54, 42.59, 42.19, 38.51, 36.92, 35.43, 32.59, 29.36, 28.50, 23.30.  

HRMS calculated for C31H40FN4O3
+ (M+H): 535.3079, found: 535.3075.  

HPLC: rt = 9.90 min (95.00 %). 

 

4-((7-(2-(-Adamantan-1-yl)acetamido)heptanamido)methyl)-N-(2-amino-4-fluoro

phenyl)benzamide 229i (PSP30): 

 

White solid (55 mg, yield: 39%).  

1H NMR (400 MHz, DMSO-d6) δ 9.53 (s, 1H), 8.36 (t, J = 6.0 Hz, 1H), 7.91 (d, J = 

8.1 Hz, 2H), 7.61 (t, J = 5.5 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.09 (dd, J = 8.5, 6.5 

Hz, 1H), 6.53 (dd, J = 11.2, 2.9 Hz, 1H), 6.34 (td, J = 8.5, 2.9 Hz, 1H), 5.18 (s, 2H), 

4.31 (d, J = 5.9 Hz, 2H), 2.99 (dd, J = 12.6, 6.6 Hz, 2H), 2.13 (t, J = 7.4 Hz, 2H), 1.88 

(s, 3H), 1.78 (s, 2H), 1.63 (d, J = 11.9 Hz, 3H), 1.57 – 1.45 (m, 11H), 1.35 (dd, J = 

13.2, 6.6 Hz, 2H), 1.26 – 1.23 (m, 2H).  

13C NMR (101 MHz, DMSO-d6) δ 172.70, 170.17, 165.83, 162.63, 160.26, 145.92, 

145.80, 143.83, 133.35, 129.00, 128.89, 128.23, 127.23, 119.76, 102.60, 102.37, 

102.05, 101.80, 50.55, 42.59, 42.17, 38.68, 36.92, 35.79, 32.58, 29.52, 28.84, 28.50, 

26.66, 25.76. 

HRMS calculated for C33H44FN4O3
+ (M+H): 563.3392, found: 563.339.  

HPLC: rt = 10.54 min (95.79 %). 
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Procedure for the synthesis of 

7-(2-(-adamantan-1-yl)acetamido)-N-(4-(2-propylhydrazinecarbonyl)benzyl)heptan

amide 229j (PSP53):  

7-(((Benzyloxy)carbonyl)amino)heptanoic acid (231): A mixture of 

7-aminoheptanoic acid (213c) (1.0 g, 6.89 mmol, 1.0 eq), benzyl chloroformate (1.48 

mL, 10.34 mmol, 1.5 eq) and K2CO3 (1.98 g, 13.8 mmol, 2.0 eq) in H2O (20 mL) was 

stirred at room temperature overnight. A solution of HCl (10%) was then added 

dropwise to the mixture until pH ≈ 2 and precipitate appeared. The precipitate was 

filtered and dried to give (231) as white solid (1.73 g, yield: 95%). 

 

Tert-butyl 

2-(4-((7-(((benzyloxy)carbonyl)amino)heptanamido)methyl)benzoyl)-1-propylhydraz

inecarboxylate (232): A mixture of acid (231) (150 mg, 0.537 mmol, 1.1 eq), 

tert-butyl 2-(4-(aminomethyl)benzoyl)-1-propylhydrazinecarboxylate (87a) (150 mg, 

0.488 mmol, 1.0 eq), HATU (205 mg, 0.537 mmol, 1.1 eq) and DIPEA (190 mg, 

1.464 mmol, 3.0 eq) in DMF (1.5 mL) was stirred at room temperature for 10 min. 

The reaction was then extracted with EtOAc and brine. The collected organic layer 

was dried over anhydrous Na2SO4 and concentrated. The resulting residue was 

purified by column chromatography (EtOAc : heptane = 0 : 1 to 3 : 2 gradually) to 

give 232 as white solid (280 mg) in a quantitative yield. m/z (APCI+) 569.4 (M+H)+.  

 

The final product 229i was synthesized through the same procedure used for 229h 

using 232. 

 

7-(2-(-Adamantan-1-yl)acetamido)-N-(4-(2-propylhydrazinecarbonyl)benzyl)hep

tanamide 229j (PSP53):  
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White solid (98 mg, yield: 39%). 

1H NMR (400 MHz, DMSO-d6) δ 9.95 (s, 1H), 8.32 (t, J = 5.9 Hz, 1H), 7.75 (d, J = 

8.3 Hz, 2H), 7.60 (t, J = 5.4 Hz, 1H), 7.28 (d, J = 8.3 Hz, 2H), 5.10 (s, 1H), 4.28 (d, J 

= 5.9 Hz, 2H), 2.98 (dd, J = 12.6, 6.6 Hz, 2H), 2.73 (t, J = 7.1 Hz, 2H), 2.12 (t, J = 7.4 

Hz, 2H), 1.88 (s, 3H), 1.79 (s, 2H), 1.65 – 1.42 (m, 15H), 1.34 (dd, J = 13.2, 6.6 Hz, 

2H), 1.26 – 1.22 (m, 5H), 0.93 – 0.85 (m, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.64, 170.12, 165.54, 143.57, 132.09, 127.47, 

127.31, 53.56 (s), 50.55, 42.60, 42.16, 38.67, 36.93, 35.77, 32.58, 29.53, 28.85, 28.52, 

26.66, 25.75, 21.29, 18.52, 17.17, 12.09.  

HRMS calculated for C30H47N4O3
+ (M+H): 511.3643, found: 511.3638.  

HPLC: rt = 14.14 min (92.90 %). 

 

Procedure for the synthesis of 

6-acetamido-N-(4-(2-propylhydrazinecarbonyl)benzyl)hexanamide 229k (PSP56): 

This compound was synthesized using tert-butyl 

2-(4-((6-aminohexanamido)methyl)benzoyl)-1-propylhydrazinecarboxylate (227c) 

through the same procedure of 89 to 91. 

 

6-Acetamido-N-(4-(2-propylhydrazinecarbonyl)benzyl)hexanamide 229k 

(PSP56):  

 

White solid (130 mg, yield: 36%). 

1H NMR (400 MHz, DMSO-d6) δ 9.98 (s, 1H), 8.34 (t, J = 5.6 Hz, 1H), 7.75 (d, J = 

8.1 Hz, 3H), 7.28 (d, J = 8.1 Hz, 2H), 4.27 (d, J = 5.8 Hz, 2H), 2.98 (dd, J = 12.8, 6.7 

Hz, 2H), 2.74 (s, 1H), 2.12 (t, J = 7.4 Hz, 2H), 1.76 (s, 3H), 1.55 – 1.31 (m, 6H), 1.29 

– 1.18 (m, 4H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.60, 169.32, 165.52, 143.59, 132.07, 127.50, 

123.33, 53.49, 42.15, 38.85, 35.72, 29.38, 26.60, 25.47, 23.05, 21.25, 12.08.  
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HRMS calculated for C19H31N4O3
+ (M+H): 363.2391, found: 363.2389.  

HPLC: rt = 7.84 min (92.69 %). 

 

Procedure for the synthesis of 

6-(2-(adamantan-1-yl)-N-methylacetamido)-N-(4-(2-propylhydrazinecarbonyl)benzy

l)hexanamide 229l (PSP60):  

6-((Tert-butoxycarbonyl)amino)hexanoic acid (234): This compound was 

synthesized through the same procedure of 213a to 230c using 6-aminohexanoic acid 

(213b). m/z (APCI+) 232.1 0 (M+H)+. 

 

Benzyl 6-((tert-butoxycarbonyl)amino)hexanoate (235): A stirred mixture of 234 

(4.0 g, 17.3 mmol, 1.0 eq), benzyl chloride (2.19 g, 17.3 mmol, 1.0 eq) and K2CO3 

(7.18 g, 51.9 mmol, 3.0 eq) in DMF (40 mL) was heated to about 80-90 oC overnight. 

The reaction was extracted with EtOAc and brine. The collected organic layer was 

washed with brine four time, dried over anhydrous Na2SO4 and concentrated to give 

235 as colorless oil (4.9 g, yield: 88%). m/z (APCI+) 322.1 (M+H)+.  

 

Benzyl 6-(methylamino)hexanoate (237): CH3I (0.78 mL, 12.7 mmol, 4.0 eq) was 

added to a stirred mixture of 235 (1.0 g, 3.12 mmol, 1.0 eq) and NaH (60%) (0.19 g, 

4.68 mmol, 1.5 q) in anhydrous THF (10 mL). The reaction was stirred at room 

temperature overnight. Brine was added to the reaction. The reaction was extracted 

with EtOAc. The collected organic layer was dried over anhydrous Na2SO4 and 

concentrated. The resulting residue was purified by column chromatography (EtOAc : 

heptane = 0 : 1 to 1 : 10 gradually) to give 236 as light yellow solid. m/z (APCI+) 

336.1 (M+H)+. Compound 236 was added to a stirred solution of HCl/dioxane (4M) 

and DCM (1 : 3). The reaction was stirred for an additional 3 h at room temperature 

and evaporated directly. The resulting residue was washed with ether and dried to give 

237 as a white solid (500 mg, yield: 68% over two steps) m/z (APCI+) 236.0 (M+H)+.  

 

Benzyl 6-(2-(-adamantan-1-yl)-N-methylacetamido)hexanoate (238): Intermediate 
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237 was converted to 238 through the same procedure of 225b to 226a giving 238 as a 

colorless oil in quantitative yield. (APCI+) 421.2 (M+H)+. 1H NMR (400 MHz, 

DMSO-d6) δ 7.51 – 7.15 (m, 5H), 5.06 (d, J = 1.6 Hz, 1.4H), 3.56 (d, J = 1.6 Hz, 

0.7H), 3.26 – 3.18 (m, 2.0H), 2.91 (t, J = 5.1 Hz, 1.8H), 2.73 (t, J = 4.8 Hz, 1.2H), 

2.35 – 2.26 (m, 2H), 2.01 (dd, J = 10.0, 3.8 Hz, 2H), 1.88 (s, 3H), 1.66 – 1.53 (m, 

12H), 1.52 – 1.31 (m, 4H), 1.22 (t, J = 7.9 Hz, 2H). 

 

6-(2-(Adamantan-1-yl)-N-methylacetamido)hexanoic acid (239): A stirred mixture 

of 238 (330 mg, 0.80 mmol, 1.0 eq) and LiOH.H2O (68 mg, 1.6 mmol, 2.0 eq) in THF 

(3 mL) and H2O (3 mL) was heated to reflux for 30 min. A solution of HCl (10%) was 

added dropwise to the reaction until pH ≈ 2. The reaction was then extracted with 

EtOAc. The collected organic layer was washed with brine, dried over anhydrous 

Na2SO4 and concentrated to give 239 as a white gray solid (250 mg) in quantitative 

yield.  

 

Compound 229l was prepared using the same procedure used for 229h using 239 to 

give 229l. 

 

6-(2-(Adamantan-1-yl)-N-methylacetamido)-N-(4-(2-propylhydrazinecarbonyl)b

enzyl)hexanamide 229l (PSP60): 

 

White solid (153 mg, yield: 46%). 

1H NMR (400 MHz, DMSO-d6) δ 9.96 (s, 1H), 8.34 (dd, J = 13.2, 6.2 Hz, 1H), 7.75 

(d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 5.22 (s, 1H), 4.27 (d, J = 5.8 Hz, 2H), 

3.23 (dt, J = 11.5, 7.5 Hz, 2H), 3.06 (td, J = 11.3, 7.1 Hz, 2H), 2.91 (d, J = 4.5 Hz, 

2H), 2.73 (dd, J = 9.0, 5.1 Hz, 3H), 2.13 (dd, J = 15.1, 7.5 Hz, 2H), 2.02 (d, J = 2.4 

Hz, 2H), 1.88 (s, 3H), 1.65 – 1.52 (m, 12H), 1.49 – 1.38 (m, 4H), 1.17 (t, J = 7.3 Hz, 
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2H), 0.89 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 172.54, 172.50, 170.19, 170.10, 165.52, 143.58, 

143.56, 132.08, 132.06, 127.48, 127.33, 127.28, 53.54, 50.20, 46.98, 46.00, 45.82, 

45.34, 42.53, 42.50, 42.16, 36.91, 36.55, 35.70, 35.62, 33.47, 33.34, 33.15, 28.54, 

28.25, 26.98, 26.51, 26.15, 25.48, 25.45, 21.25, 12.08, 8.96.  

HRMS calculated for C30H46N4O3
+ (M+H): 511.3643, found: 511.3644.  

HPLC: rt = 14.31 min (95.52 %). 

 

Procedure for the synthesis of 

N1-(4-(2-(adamantan-1-yl)acetamido)butyl)-N4-(2-amino-4-fluorophenyl)terephthal

amide 229m (PSP31) and 

N1-(6-(2-(adamantan-1-yl)acetamido)hexyl)-N4-(2-amino-4-fluorophenyl)terephthal

amide 229n (PSP32):  

Procedure for the synthesis of mono-Boc-protected diamine (242): To stirred 

solution of diamine (5.0 mmol) in chloroform (6 mL) was added dropwise a solution 

of (Boc)2O (1.0 mmol) in chloroform (12 mL). The resulting reaction was stirred at 

room temperature overnight and then filtered. The filtrate was washed with brine three 

times. The collected organic layer was dried over anhydrous Na2SO4 and concentrated 

to give 242 as organge oil in a 90% yield. 

 

229m and 229n were synthesized through the same procedure of 230a to 229h using 

242, intermediate 187 and intermediate 157.  

 

N1-(4-(2-(adamantan-1-yl)acetamido)butyl)-N4-(2-amino-4-fluorophenyl)terepht

halamide 229m (PSP31): 

 

White solid (32 mg, yield: 47%).  
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1H NMR (400 MHz, DMSO-d6)
 δ 9.66 (s, 1H), 8.58 (t, J = 5.5 Hz, 1H), 7.97 (dd, J = 

41.2, 8.4 Hz, 4H), 7.65 (t, J = 5.6 Hz, 1H), 7.10 (dd, J = 8.6, 6.4 Hz, 1H), 6.53 (dd, J 

= 11.2, 2.9 Hz, 1H), 6.34 (td, J = 8.5, 2.9 Hz, 1H), 5.23 (s, 2H), 3.26 (dd, J = 12.6, 7.0 

Hz, 2H), 3.03 (dd, J = 12.6, 6.7 Hz, 2H), 1.88 (s, 3H), 1.79 (s, 2H), 1.71 – 1.26 (m, 

16H).  

13C NMR (101 MHz, DMSO-d6) δ 170.19, 165.84, 165.44, 160.37, 146.06, 145.94, 

137.44, 137.05, 128.16, 127.44, 119.42, 102.56, 102.34, 101.98, 101.73, 50.53, 42.59, 

38.54, 36.92, 32.60, 28.49, 27.34, 27.14.  

HRMS calculated for C30H38FN4O3
+ (M+H): 521.2923, found: 521.292.  

HPLC: rt = 10.00 min (90.47 %). 

 

N1-(6-(2-(adamantan-1-yl)acetamido)hexyl)-N4-(2-amino-4-fluorophenyl)terepht

halamide 229n (PSP32):  

 

White solid (78 mg, yield: 30%).  

1H NMR (400 MHz, DMSO-d6) δ 9.67 (s, 1H), 8.56 (t, J = 5.3 Hz, 1H), 7.98 (dd, J = 

40.9, 8.2 Hz, 4H), 7.62 (t, J = 5.2 Hz, 1H), 7.11 (dd, J = 8.2, 6.7 Hz, 1H), 6.54 (dd, J 

= 11.2, 2.6 Hz, 1H), 6.35 (td, J = 8.5, 2.6 Hz, 1H), 5.24 (s, 2H), 3.26 (dd, J = 12.5, 6.4 

Hz, 2H), 3.00 (dd, J = 12.3, 6.3 Hz, 2H), 1.88 (s, 3H), 1.79 (s, 2H), 1.69 – 1.45 (m, 

14H), 1.42 – 1.25 (m, 6H).  

13C NMR (101 MHz, DMSO-d6) δ 170.13, 165.82, 165.45, 162.75, 160.38, 146.06, 

145.94, 137.48, 137.05, 129.12, 129.01, 128.16, 127.45, 119.46, 119.44, 102.56, 

102.33, 102.00, 101.75, 50.55, 42.60, 38.64, 36.93, 32.59, 29.63, 29.53, 28.51, 26.65, 

26.64.  

HRMS calculated for C32H42FN4O3
+ (M+H): 549.3236, found: 549.3238.  

HPLC: rt = 10.62 min (95.29 %). 
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Procedure for the synthesis of VHL ligand-based (250b-250f, 255a and 255b):  

8-(Benzyloxy)-8-oxooctanoic acid (246a) and 10-(benzyloxy)-10-oxodecanoic acid 

(246b): A stirred mixture of carboxylic acid (octanedioic acid (245a) or decanedioic 

acid (245b)) (2.5 mmol), benzyl bromide (1.0 mmol) and NaHCO3 (4.0 mmol) in 

DMF (2 mL) and dioxane (2 mL) was heated to 90 oC for about 18 h. Then, the 

reaction was extracted with EtOAc and brine. The collected organic layer was dried 

over anhydrous Na2SO4 and concentrated. The resulting residue was purified by 

column chromatography (EtOAc : heptane = 0 : 1, 1 : 2) to give 246a or 246b. 246a 

was colorless oil in 50% yield. m/z (APCI+) 265.1 (M+H)+; 246b was colorless oil in 

50% yield. m/z (APCI+) 293.3 (M+H)+. 

 

The final compouns 250b-250f were synthesized through the same procedure of 237 

to 229l using 246a. 

 

The final compound 255a was synthesized through the same procedure of 237 to 229l 

using 246b. 

 

The final compoun 255b was synthesized through the same procedure of 237 to 229l 

using 251. 

 

N1-(4-((2-amino-4-fluorophenyl)carbamoyl)benzyl)-N8-((S)-1-((2S,4R)-4-hydroxy

-2-(((R)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-d

imethyl-1-oxobutan-2-yl)octanediamide 250b (PSP26):  

 

White solid (100 mg, yield: 90%).  
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1H NMR (400 MHz, DMSO-d6) δ 9.64 (dd, J = 5.7, 2.9 Hz, 1H), 9.52 (s, 1H), 8.96 (s, 

1H), 8.35 (t, J = 6.7 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.75 (d, J = 9.2 Hz, 1H), 7.37 

(dt, J = 11.4, 8.3 Hz, 6H), 7.09 (dd, J = 8.6, 6.4 Hz, 1H), 6.53 (dd, J = 11.2, 2.9 Hz, 

1H), 6.34 (td, J = 8.6, 2.9 Hz, 1H), 5.27 – 5.02 (m, 4H), 4.96 – 4.84 (m, 2H), 4.50 (d, 

J = 9.4 Hz, 1H), 4.41 (t, J = 8.0 Hz, 1H), 4.31 (d, J = 5.8 Hz, 1H), 4.26 (s, 1H), 3.58 

(s, 1H), 2.44 (s, 3H), 2.23 – 2.12 (m, 3H), 2.00 – 1.96 (m, 1H), 1.81 – 1.75 (m, 1H), 

1.53 – 1.43 (m, 4H), 1.35 (d, J = 7.0 Hz, 3H), 1.22 (s, 5H), 0.95 – 0.82 (m, 9H).  

13C NMR (101 MHz, DMSO-d6) δ 172.72, 172.50, 171.06, 170.06, 151.90, 148.19, 

145.08, 143.82, 143.15, 133.36, 131.55, 130.12, 129.25, 128.24, 127.25, 126.81, 

102.60, 102.37, 102.04, 101.79, 72.77, 70.21, 69.20, 60.66, 58.99, 56.81, 56.69, 48.14, 

42.18, 38.15, 35.80, 35.62, 35.35, 31.70, 29.44, 28.93, 26.89 25.80, 25.67, 22.85, 

22.54, 21.49, 16.41 14.39.  

HRMS calculated for C45H56FN7O6SNa + (M+Na): 864.3889, found: 864.389.  

HPLC: rt = 10.07 min (96.50 %). 

 

N1-(4-((2-amino-5-(thiophen-2-yl)phenyl)carbamoyl)benzyl)-N10-((S)-1-((2S,4R)-4

-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dime

thyl-1-oxobutan-2-yl)decanediamide 250c (PSP27):  

 

White solid (93 mg, yield: 43%).  

1H NMR (400 MHz, DMSO-d6)
 δ 9.67 (s, 1H), 8.96 (s, 1H), 8.53 (t, J = 6.0 Hz, 1H), 

8.36 (t, J = 5.9 Hz, 1H), 7.94 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 9.3 Hz, 1H), 7.46 (d, J = 

2.1 Hz, 1H), 7.44 – 7.30 (m, 6H), 7.28 (dd, J = 8.3, 2.2 Hz, 1H), 7.22 (dd, J = 3.6, 1.1 

Hz, 1H), 7.03 (dd, J = 5.1, 3.6 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 5.09 (d, J = 3.3 Hz, 

4H), 4.52 (d, J = 9.4 Hz, 1H), 4.45 – 4.37 (m, 2H), 4.32 (d, J = 5.9 Hz, 3H), 4.20 (dd, 
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J = 15.9, 5.5 Hz, 1H), 3.64 (dt, J = 16.4, 8.0 Hz, 2H), 2.43 (s, 3H), 2.28 – 2.20 (m, 

1H), 2.16 – 2.05 (m, 3H), 2.03 – 1.97 (m, 1H), 1.88 (ddd, J = 12.9, 8.5, 4.6 Hz, 1H), 

1.57 – 1.42 (m, 4H), 1.24 (s, 7H), 0.92 (s, 9H).  

13C NMR (101 MHz, DMSO-d6) δ 172.72, 172.55, 172.37, 170.16, 151.87, 149.93, 

148.15, 144.67, 143.92, 143.42, 139.94, 133.34, 131.60, 130.08, 129.07, 128.64, 

128.29, 127.87, 127.29, 124.34, 123.87, 123.65, 122.72, 121.46, 116.83, 70.23, 69.30, 

59.13, 56.74, 42.18, 42.10, 38.39, 35.82, 35.64, 35.33, 29.13, 26.83, 25.86, 25.75, 

16.38.  

HRMS calculated for C50H62N7O6S2
+ (M+H): 920.4198, found: 920.420.  

HPLC: rt = 10.68 min (95.12 %). 

 

N1-(4-((2-amino-4-fluorophenyl)carbamoyl)benzyl)-N10-((S)-1-((2S,4R)-4-hydrox

y-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-o

xobutan-2-yl)decanediamide 250d (PSP28):  

 

White solid (230 mg, yield: 79%).  

1H NMR (500 MHz, DMSO-d6) δ 9.53 (s, 1H), 8.96 (s, 1H), 8.54 (t, J = 6.0 Hz, 1H), 

8.35 (t, J = 6.0 Hz, 1H), 7.91 (d, J = 8.1 Hz, 2H), 7.81 (d, J = 9.4 Hz, 1H), 7.46 – 7.27 

(m, 6H), 7.10 (dd, J = 8.4, 6.6 Hz, 1H), 6.53 (dd, J = 11.2, 2.9 Hz, 1H), 6.34 (td, J = 

8.5, 2.8 Hz, 1H), 5.15 (d, J = 39.1 Hz, 4H), 4.53 (d, J = 9.4 Hz, 1H), 4.45 – 4.39 (m, 

2H), 4.37 – 4.29 (m, 3H), 4.21 (dd, J = 15.8, 5.5 Hz, 1H), 3.68 – 3.61 (m, 2H), 2.44 (d, 

J = 3.9 Hz, 3H), 2.28 – 2.21 (m, 1H), 2.11 (dt, J = 14.3, 7.7 Hz, 3H), 2.02 (dd, J = 

12.5, 7.8 Hz, 1H), 1.89 (ddd, J = 12.9, 8.5, 4.6 Hz, 1H), 1.55 – 1.43 (m, 4H), 1.24 (s, 

7H), 0.96 – 0.88 (m, 9H).  

13C NMR (126 MHz, DMSO-d6) δ 172.73, 172.57, 172.39, 170.16, 165.83 162.40, 
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160.50, 151.86, 148.16, 145.91, 145.82, 143.83, 139.94, 133.36, 131.61, 130.09, 

129.08, 128.24, 127.87, 127.26, 119.74, 102.59, 102.41, 102.03, 101.83, 69.32, 59.14, 

56.75, 42.19, 42.11, 38.40, 35.82, 35.65, 35.33, 29.16, 29.13, 29.11, 26.83, 16.38.  

HRMS calculated for C46H59FN7O6S
+ (M+H): 856.4226, found: 856.423.  

HPLC: rt = 10.24 min (97.28 %). 

 

N1-((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrr

olidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-N8-(4-(2-propylhydrazinecarbonyl)be

nzyl)octanediamide 250e (PSP35): 

 

White solid (110 mg, yield: 27%).  

1H NMR (400 MHz, DMSO-d6) δ 9.94 (s, 1H), 8.96 (s, 1H), 8.53 (t, J = 6.0 Hz, 1H), 

8.31 (t, J = 6.0 Hz, 1H), 7.78 (dd, J = 25.8, 8.8 Hz, 3H), 7.35 (dt, J = 35.1, 8.3 Hz, 

6H), 5.10 (d, J = 3.2 Hz, 1H), 4.60 – 4.15 (m, 8H), 3.68 – 3.58 (m, 2H), 2.73 (t, J = 

7.1 Hz, 2H), 2.43 (s, 3H), 2.27 – 2.19 (m, 1H), 2.18 – 2.07 (m, 3H), 2.00 (d, J = 8.0 

Hz, 1H), 1.89 (ddd, J = 12.9, 8.5, 4.6 Hz, 1H), 1.44 (dt, J = 21.8, 7.3 Hz, 6H), 1.23 (s, 

4H), 0.89 (dd, J = 14.5, 7.1 Hz, 12H).  

13C NMR (101 MHz, DMSO-d6) δ 172.68, 172.53, 172.38, 170.16, 165.55, 151.85, 

148.15, 143.57, 139.93, 132.08, 131.60, 130.08, 129.07, 127.86, 127.48, 127.33, 

69.32, 59.14, 56.74, 53.54, 42.16, 42.11, 38.39, 35.79, 35.65, 35.33, 28.93, 28.90, 

26.83, 25.80, 25.66, 21.27, 16.38, 12.09.  

HRMS calculated for C41H58N7O6S
 + (M+H): 776.4164, found: 776.4164.  

HPLC: rt = 8.54 min (98.89 %). 

 

N1-((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrr
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olidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-N8-((4'-(2-propylhydrazinecarbonyl)-[

1,1'-biphenyl]-4-yl)methyl)octanediamide 250f (PSP36):  

 

White solid (53 mg, yield: 33%).  

1H NMR (400 MHz, DMSO-d6) δ 10.07 (s, 1H), 8.96 (s, 1H), 8.55 (t, J = 5.7 Hz, 1H), 

8.34 (t, J = 5.5 Hz, 1H), 8.00 – 7.62 (m, 7H), 7.36 (dt, J = 12.7, 8.1 Hz, 6H), 5.13 (d, 

J = 2.9 Hz, 1H), 4.64 – 4.08 (m, 8H), 3.64 (s, 2H), 2.84 – 2.66 (m, 2H), 2.42 (s, 3H), 

2.27 – 2.19 (m, 1H), 2.10 (dt, J = 13.9, 6.1 Hz, 3H), 2.01 (d, J = 8.0 Hz, 1H), 1.93 – 

1.85 (m, 1H), 1.46 (dd, J = 14.3, 7.1 Hz, 6H), 1.24 (s, 4H), 1.10 – 0.79 (m, 12H).  

13C NMR (101 MHz, DMSO-d6) δ 172.64, 172.54, 172.39, 170.16, 165.34, 151.86, 

148.15, 142.96, 140.17, 139.94, 138.02, 132.34, 131.60, 130.37, 130.07, 129.06, 

128.27, 128.13, 127.86, 127.15, 126.78, 69.31, 65.34, 59.14, 56.74, 53.54, 42.13, 

38.39, 35.82, 35.64, 35.34, 28.94, 26.83, 25.83, 25.71, 21.29, 16.38, 15.60, 12.10.  

HRMS calculated for C47H62N7O6S
 + (M+H): 852.4477, found: 852.4473.  

HPLC: rt = 13.38 min (93.54 %). 

 

N1-((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrr

olidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)-N6-(4-((5-(2-propylhydrazinecarbonyl

)pyrimidin-2-yl)amino)benzyl)adipamide 255a (PSP78):  
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White solid (57 mg, yield: 15%).  

1H NMR (400 MHz, DMSO-d6) δ 9.97 (d, J = 22.7 Hz, 2H), 8.95 (s, 1H), 8.81 (s, 2H), 

8.53 (t, J = 6.0 Hz, 1H), 8.20 (t, J = 5.8 Hz, 1H), 7.82 (d, J = 9.3 Hz, 1H), 7.66 (d, J = 

8.5 Hz, 2H), 7.38 (q, J = 8.3 Hz, 4H), 7.16 (d, J = 8.5 Hz, 2H), 5.11 (d, J = 3.6 Hz, 

1H), 4.53 (d, J = 9.4 Hz, 1H), 4.41 (dd, J = 14.9, 7.0 Hz, 2H), 4.23 (ddd, J = 29.3, 

16.7, 6.4 Hz, 5H), 3.69 – 3.60 (m, 2H), 2.73 (t, J = 7.1 Hz, 2H), 2.42 (s, 3H), 2.25 (dd, 

J = 13.1, 7.2 Hz, 1H), 2.11 (t, J = 6.6 Hz, 3H), 2.05 – 1.99 (m, 1H), 1.89 (ddd, J = 

12.8, 8.6, 4.5 Hz, 1H), 1.60 – 1.29 (m, 8H), 0.90 (dd, J = 14.4, 7.0 Hz, 12H).  

13C NMR (101 MHz, DMSO-d6) δ 172.39, 172.38, 172.36, 170.16, 163.10, 161.14, 

157.72, 151.83, 148.14, 139.92, 138.68, 134.06, 131.59, 130.08, 129.06, 127.92, 

127.86, 120.04, 117.69, 69.33, 59.15, 56.77, 55.32, 53.56, 42.11, 38.37, 35.65, 35.18, 

26.83, 25.67, 25.53, 21.29, 16.36, 12.07.  

HRMS calculated for C43H57N10O6S
 + (M+H): 841.4178, found: 841.418.  

HPLC: rt = 12.53 min (97.84 %). 

 

N1-(4-((5-(2-hexylhydrazinecarbonyl)pyrimidin-2-yl)amino)benzyl)-N6-((S)-1-((2

S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3

,3-dimethyl-1-oxobutan-2-yl)adipamide 255b (PSP76): 

 

White solid (120 mg, yield: 27%).  

1H NMR (400 MHz, DMSO-d6) δ 9.97 (d, J = 25.6 Hz, 2H), 8.95 (s, 1H), 8.81 (s, 2H), 

8.53 (t, J = 6.0 Hz, 1H), 8.20 (t, J = 5.8 Hz, 1H), 7.82 (d, J = 9.3 Hz, 1H), 7.68 – 7.62 

(m, 2H), 7.42 – 7.34 (m, 4H), 7.16 (d, J = 8.6 Hz, 2H), 5.11 (d, J = 3.6 Hz, 1H), 4.54 

(t, J = 6.3 Hz, 1H), 4.45 – 4.15 (m, 7H), 3.69 – 3.61 (m, 2H), 2.75 (t, J = 7.0 Hz, 2H), 

2.42 (s, 3H), 2.25 (dd, J = 13.6, 6.8 Hz, 1H), 2.11 (t, J = 6.8 Hz, 3H), 2.05 – 1.99 (m, 

1H), 1.89 (ddd, J = 12.9, 8.5, 4.6 Hz, 1H), 1.55 – 1.17 (m, 14H), 0.94 – 0.82 (m, 
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12H).  

13C NMR (101 MHz, DMSO-d6) δ 172.39, 172.37, 172.35, 170.15, 163.08, 161.14, 

157.71, 151.84, 148.15, 139.93, 138.67, 134.07, 131.59, 130.08, 129.06, 127.92, 

127.86, 120.04, 117.68, 69.32, 59.14, 56.76, 51.69, 42.11, 38.37, 35.66, 35.18, 31.65, 

28.04, 26.83, 26.77, 25.67, 25.53, 22.53, 16.37, 14.37.  

HRMS calculated for C46H63N10O6S
+ (M+H): 883.4647, found: 883.465.  

HPLC: rt = 14.06 min (97.63 %). 

 

General procedure for the synthesis of 

6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)-N-(4-(((5-(2-propylhydrazineca

rbonyl)pyrimidin-2-yl)amino)methyl)benzyl)hex-5-ynamide 259a (PSP79) and 

6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)-N-(4-(((5-(2-hexylhydrazinecar

bonyl)pyrimidin-2-yl)amino)methyl)benzyl)hex-5-ynamide 259b (PSP80): 

Tert-butyl hex-5-ynoate: TFAA (8.24 g, 5.5 mL, 39.25 mmol, 2.2 eq) was added 

dropwise to a stirred solution of hex-5-ynoic acid (256) (2.0 g, 17.84 mmol, 1.0 eq) in 

anhydrous THF under ice bath. The resulting reaction was stirred for 3.5 h. Then, 

tert-Butanol (4.63 g, 5.93 mL, 62.44 mmol, 3.5 eq) was added to the reaction and the 

reaction was increased to room temperature naturally and the stirring was continued 

overnight. Cold water was then poured to the reaction. The reaction was extracted 

with ether three times. The combined organic layer was dried over Na2SO4 and 

concentrated. The resulting residue was purified by column chromatography (EtOAc : 

heptane = 0 : 1 to 1 : 40 gradually) to give tert-butyl hex-5-ynoate as light yellow oil 

(3.0 g, yield: 32%). 1H NMR (400 MHz, CDCl3) δ 2.35 (t, J = 7.4 Hz, 2H), 2.25 (td, J 

= 7.0, 2.7 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H), 1.82 (dd, J = 14.5, 7.2 Hz, 2H), 1.45 (s, 

9H). 

 

Tert-butyl 6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)hex-5-ynoate (257): A 

stirred mixture of tert-butyl hex-5-ynoate (0.86 g, 5.11 mmol, 2.0 eq), intermediate 

147 (0.83 g, 2.57 mmol, 1.0 eq), Pd(PPh3)4Cl2 (0.18 g, 0.26 mmol, 0.1 eq), CuI (98 

mg, 0.51 mmol, 0.2 eq) and TEA 6.8 mL in DMF (14 mL) was kept under argon 
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atmosphere and heated to 90 oC for 3 h. Then, the mixture was extracted with EtOAc 

and water twice. The combined organic layers were washed with brine twice, dried 

over anhydrous Na2SO4 and concentrated. The resulting residue was purified by 

column chromatography (EtOAc : heptane = 0 : 1, 1 : 1 and then DCM : MeOH = 1 : 

0, 40 : 1, 30 : 1 gradually) to give intermediate 257 as gray solid (0.99 g yield: 94%). 

1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 7.71 – 7.67 (m, 1H), 7.63 (dd, J = 

7.6, 0.9 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 5.13 (dd, J = 13.3, 5.1 Hz, 1H), 4.44 (d, J = 

17.7 Hz, 1H), 4.29 (d, J = 17.7 Hz, 1H), 2.96 – 2.89 (m, 1H), 2.62 – 2.50 (m, 3H), 

2.43 (dd, J = 12.9, 4.4 Hz, 1H), 2.35 (t, J = 7.4 Hz, 2H), 2.04 – 1.97 (m, 1H), 1.77 (p, 

J = 7.2 Hz, 2H), 1.38 (s, 9H). 

 

The final compounds 259a and 259b were synthesized according to the procedure of 

221 to 224 using 257. 

 

6-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)-N-(4-(((5-(2-propylhydrazine

carbonyl)pyrimidin-2-yl)amino)methyl)benzyl)hex-5-ynamide 259a (PSP79):  

 

White solid. 

1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 1H), 9.77 (s, 1H), 8.63 (s, 2H), 8.30 (t, J = 

5.9 Hz, 1H), 8.23 (t, J = 6.3 Hz, 1H), 7.69 (dd, J = 7.6, 0.9 Hz, 1H), 7.62 (dd, J = 7.6, 

1.0 Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.18 (dd, J = 24.5, 8.2 Hz, 4H), 5.08 (dt, J = 

35.2, 17.6 Hz, 2H), 4.47 (dd, J = 18.0, 12.1 Hz, 3H), 4.30 (d, J = 17.7 Hz, 1H), 4.20 

(d, J = 5.8 Hz, 2H), 2.88 (ddd, J = 17.3, 13.6, 5.4 Hz, 1H), 2.68 (dd, J = 14.4, 7.3 Hz, 

2H), 2.55 (ddd, J = 8.5, 4.3, 2.2 Hz, 1H), 2.47 – 2.34 (m, 3H), 2.29 (t, J = 7.4 Hz, 2H), 

1.98 (dtd, J = 12.6, 5.2, 2.2 Hz, 1H), 1.80 (p, J = 7.1 Hz, 2H), 1.47 – 1.37 (m, 2H), 

0.87 (t, J = 7.4 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 173.26, 171.80, 171.37, 168.09, 163.50, 163.27, 
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144.24, 138.62, 138.43, 134.55, 132.41, 128.97, 127.58, 127.42, 123.06, 119.21, 

115.96, 96.19, 77.15, 55.34, 52.09, 47.45, 44.17, 42.25, 34.58, 31.64, 24.74, 22.77, 

21.28, 18.91, 12.08.  

HRMS calculated for C35H39N8O5
+ (M+H): 651.3038, found: 651.304.  

HPLC: rt = 11.26 min (95.92 %). 

 

6-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)-N-(4-(((5-(2-hexylhydrazinec

arbonyl)pyrimidin-2-yl)amino)methyl)benzyl)hex-5-ynamide 259b (PSP80):  

 

White solid. 

1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 1H), 9.77 (s, 1H), 8.63 (s, 2H), 8.27 (dt, J 

= 28.9, 6.1 Hz, 2H), 7.65 (dd, J = 25.4, 7.3 Hz, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.18 (dd, 

J = 24.4, 8.1 Hz, 4H), 5.10 (dd, J = 13.3, 5.1 Hz, 1H), 4.98 (s, 1H), 4.47 (dd, J = 18.1, 

12.0 Hz, 3H), 4.30 (d, J = 17.8 Hz, 1H), 4.20 (d, J = 5.8 Hz, 2H), 2.93 – 2.83 (m, 1H), 

2.72 (t, J = 6.9 Hz, 2H), 2.55 (d, J = 17.8 Hz, 1H), 2.47 – 2.36 (m, 3H), 2.29 (t, J = 

7.3 Hz, 2H), 2.01 – 1.94 (m, 1H), 1.79 (dd, J = 14.8, 7.5 Hz, 2H), 1.40 (dt, J = 13.8, 

6.9 Hz, 2H), 1.33 – 1.19 (m, 6H), 0.84 (t, J = 6.7 Hz, 3H).  

13C NMR (101 MHz, DMSO-d6) δ 173.26, 171.79, 171.37, 168.08, 163.49, 163.27, 

144.24, 138.62, 138.43, 134.55, 132.41, 128.97, 127.58, 127.42, 123.06, 119.21, 

115.96, 96.19, 77.15, 55.34, 52.09, 51.71, 47.44, 44.17, 42.25, 34.58, 31.64, 28.03, 

26.76, 24.74, 22.77, 22.52, 18.91, 14.37.  

HRMS calculated for C38H45N8O5
+ (M+H): 693.3507, found: 693.351.  

HPLC: rt = 13.11 min (95.03 %).



Part 6 Bibliography                                                  271 

 
 

Part 6 Bibliography 

1. Jones, P. A.; Baylin, S. B., The epigenomics of cancer. Cell 2007, 128 (4), 

683-92. 

2. Minucci, S.; Pelicci, P. G., Histone deacetylase inhibitors and the promise of 

epigenetic (and more) treatments for cancer. Nat Rev Cancer 2006, 6 (1), 

38-51. 

3. Bird, A., Perceptions of epigenetics. Nature 2007, 447 (7143), 396-8. 

4. Bennett, M. R.; Pang, W. L.; Ostroff, N. A.; Baumgartner, B. L.; Nayak, S.; 

Tsimring, L. S.; Hasty, J., Metabolic gene regulation in a dynamically changing 

environment. Nature 2008, 454 (7208), 1119-22. 

5. Berger, S. L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A., An operational 

definition of epigenetics. Genes Dev 2009, 23 (7), 781-3. 

6. Portela, A.; Esteller, M., Epigenetic modifications and human disease. Nat 

Biotechnol 2010, 28 (10), 1057-68. 

7. Ediriweera, M. K.; Tennekoon, K. H.; Samarakoon, S. R., Emerging role of 

histone deacetylase inhibitors as anti-breast-cancer agents. Drug Discov Today 

2019, 24 (3), 685-702. 

8. Luger, K.; Mader, A. W.; Richmond, R. K.; Sargent, D. F.; Richmond, T. J., 

Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 

1997, 389 (6648), 251-60. 

9. de Ruijter, A. J.; van Gennip, A. H.; Caron, H. N.; Kemp, S.; van Kuilenburg, A. 

B., Histone deacetylases (HDACs): characterization of the classical HDAC 

family. Biochem J 2003, 370 (Pt 3), 737-49. 

10. Pieterman, C. R.; Conemans, E. B.; Dreijerink, K. M.; de Laat, J. M.; Timmers, 

H. T.; Vriens, M. R.; Valk, G. D., Thoracic and duodenopancreatic 

neuroendocrine tumors in multiple endocrine neoplasia type 1: natural history 

and function of menin in tumorigenesis. Endocr Relat Cancer 2014, 21 (3), 

R121-42. 

11. Fyodorov, D. V.; Zhou, B. R.; Skoultchi, A. I.; Bai, Y., Emerging roles of linker 



272                                                  Part 6 Bibliography 

histones in regulating chromatin structure and function. Nat Rev Mol Cell Biol 

2018, 19 (3), 192-206. 

12. Falkenberg, K. J.; Johnstone, R. W., Histone deacetylases and their inhibitors in 

cancer, neurological diseases and immune disorders. Nat Rev Drug Discov 

2014, 13 (9), 673-91. 

13. Yang, X. J., The diverse superfamily of lysine acetyltransferases and their roles 

in leukemia and other diseases. Nucleic Acids Res 2004, 32 (3), 959-76. 

14. Gallinari, P.; Di Marco, S.; Jones, P.; Pallaoro, M.; Steinkuhler, C., HDACs, 

histone deacetylation and gene transcription: from molecular biology to cancer 

therapeutics. Cell Res. 2007, 17, 195. 

15. Singh, B. N.; Zhang, G.; Hwa, Y. L.; Li, J.; Dowdy, S. C.; Jiang, S.-W., 

Nonhistone protein acetylation as cancer therapy targets. Expert Review of 

Anticancer Therapy 2010, 10 (6), 935-954. 

16. Hu, E.; Chen, Z.; Fredrickson, T.; Zhu, Y.; Kirkpatrick, R.; Zhang, G.-F.; 

Johanson, K.; Sung, C.-M.; Liu, R.; Winkler, J., Cloning and Characterization 

of a Novel Human Class I Histone Deacetylase That Functions as a 

Transcription Repressor. Journal of Biological Chemistry 2000, 275 (20), 

15254-15264. 

17. Fischle, W.; Dequiedt, F.; Hendzel, M. J.; Guenther, M. G.; Lazar, M. A.; 

Voelter, W.; Verdin, E., Enzymatic Activity Associated with Class II HDACs Is 

Dependent on a Multiprotein Complex Containing HDAC3 and SMRT/N-CoR. 

Molecular Cell 2002, 9 (1), 45-57. 

18. Guenther, M. G.; Barak, O.; Lazar, M. A., The SMRT and N-CoR corepressors 

are activating cofactors for histone deacetylase 3. Mol Cell Biol 2001, 21 (18), 

6091-101. 

19. Oehme, I.; Linke, J. P.; Bock, B. C.; Milde, T.; Lodrini, M.; Hartenstein, B.; 

Wiegand, I.; Eckert, C.; Roth, W.; Kool, M.; Kaden, S.; Grone, H. J.; Schulte, J. 

H.; Lindner, S.; Hamacher-Brady, A.; Brady, N. R.; Deubzer, H. E.; Witt, O., 

Histone deacetylase 10 promotes autophagy-mediated cell survival. Proc Natl 

Acad Sci U S A 2013, 110 (28), E2592-601. 



Part 6 Bibliography                                                  273 

 
 

20. Hai, Y.; Shinsky, S. A.; Porter, N. J.; Christianson, D. W., Histone deacetylase 

10 structure and molecular function as a polyamine deacetylase. Nature 

Communications 2017, 8 (1), 15368. 

21. Zeyen, P.; Zeyn, Y.; Herp, D.; Mahmoudi, F.; Yesiloglu, T. Z.; Erdmann, F.; 

Schmidt, M.; Robaa, D.; Romier, C.; Ridinger, J.; Herbst-Gervasoni, C. J.; 

Christianson, D. W.; Oehme, I.; Jung, M.; Krämer, O. H.; Sippl, W., 

Identification of histone deacetylase 10 (HDAC10) inhibitors that modulate 

autophagy in transformed cells. European Journal of Medicinal Chemistry 

2022, 114272. 

22. Yanginlar, C.; Logie, C., HDAC11 is a regulator of diverse immune functions. 

Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 2018, 

1861 (1), 54-59. 

23. Chen, J.; Sahakian, E.; Powers, J.; Lienlaf, M.; Perez-Villarroel, P.; Knox, T.; 

Villagra, A., Functional Analysis of Histone Deacetylase 11 (HDAC11). 

Springer New York: 2016; pp 147-165. 

24. Epigenetic Drug Discovery. 2019. 

25. Park, S.-Y.; Kim, J.-S., A short guide to histone deacetylases including recent 

progress on class II enzymes. Experimental & Molecular Medicine 2020, 52 

(2), 204-212. 

26. Verza, F. A.; Das, U.; Fachin, A. L.; Dimmock, J. R.; Marins, M., Roles of 

Histone Deacetylases and Inhibitors in Anticancer Therapy. Cancers (Basel) 

2020, 12 (6). 

27. Somoza, J. R.; Skene, R. J.; Katz, B. A.; Mol, C.; Ho, J. D.; Jennings, A. J.; 

Luong, C.; Arvai, A.; Buggy, J. J.; Chi, E.; Tang, J.; Sang, B. C.; Verner, E.; 

Wynands, R.; Leahy, E. M.; Dougan, D. R.; Snell, G.; Navre, M.; Knuth, M. W.; 

Swanson, R. V.; McRee, D. E.; Tari, L. W., Structural snapshots of human 

HDAC8 provide insights into the class I histone deacetylases. Structure 2004, 

12 (7), 1325-34. 

28. Millard, C. J.; Watson, P. J.; Fairall, L.; Schwabe, J. W. R., Targeting Class I 

Histone Deacetylases in a “Complex” Environment. Trends in 



274                                                  Part 6 Bibliography 

Pharmacological Sciences 2017, 38 (4), 363-377. 

29. Vannini, A.; Volpari, C.; Filocamo, G.; Casavola, E. C.; Brunetti, M.; Renzoni, 

D.; Chakravarty, P.; Paolini, C.; De Francesco, R.; Gallinari, P.; Steinkuhler, C.; 

Di Marco, S., Crystal structure of a eukaryotic zinc-dependent histone 

deacetylase, human HDAC8, complexed with a hydroxamic acid inhibitor. 

Proc Natl Acad Sci U S A 2004, 101 (42), 15064-9. 

30. Chakrabarti, A.; Melesina, J.; Kolbinger, F. R.; Oehme, I.; Senger, J.; Witt, O.; 

Sippl, W.; Jung, M., Targeting histone deacetylase 8 as a therapeutic approach 

to cancer and neurodegenerative diseases. Future Med Chem 2016, 8 (13), 

1609-34. 

31. Vannini, A.; Volpari, C.; Gallinari, P.; Jones, P.; Mattu, M.; Carfí, A.; De 

Francesco, R.; Steinkühler, C.; Di Marco, S., Substrate binding to histone 

deacetylases as shown by the crystal structure of the HDAC8–substrate 

complex. EMBO reports 2007, 8 (9), 879-884. 

32. Whitehead, L.; Dobler, M. R.; Radetich, B.; Zhu, Y.; Atadja, P. W.; Claiborne, 

T.; Grob, J. E.; McRiner, A.; Pancost, M. R.; Patnaik, A.; Shao, W.; Shultz, M.; 

Tichkule, R.; Tommasi, R. A.; Vash, B.; Wang, P.; Stams, T., Human HDAC 

isoform selectivity achieved via exploitation of the acetate release channel with 

structurally unique small molecule inhibitors. Bioorg Med Chem 2011, 19 (15), 

4626-34. 

33. Sarkar, R.; Banerjee, S.; Amin, S. A.; Adhikari, N.; Jha, T., Histone deacetylase 

3 (HDAC3) inhibitors as anticancer agents: A review. European Journal of 

Medicinal Chemistry 2020, 192, 112171. 

34. Seto, E.; Yoshida, M., Erasers of histone acetylation: the histone deacetylase 

enzymes. Cold Spring Harb Perspect Biol 2014, 6 (4), a018713. 

35. Wu, J.; Du, C.; Lv, Z.; Ding, C.; Cheng, J.; Xie, H.; Zhou, L.; Zheng, S., The 

Up-Regulation of Histone Deacetylase 8 Promotes Proliferation and Inhibits 

Apoptosis in Hepatocellular Carcinoma. Digestive Diseases and Sciences 2013, 

58 (12), 3545-3553. 

36. Krusche, C. A.; Wülfing, P.; Kersting, C.; Vloet, A.; Böcker, W.; Kiesel, L.; 



Part 6 Bibliography                                                  275 

 
 

Beier, H. M.; Alfer, J., Histone deacetylase-1 and -3 protein expression in 

human breast cancer: a tissue microarray analysis. Breast Cancer Research and 

Treatment 2005, 90 (1), 15-23. 

37. An, P.; Chen, F.; Li, Z.; Ling, Y.; Peng, Y.; Zhang, H.; Li, J.; Chen, Z.; Wang, 

H., HDAC8 promotes the dissemination of breast cancer cells via 

AKT/GSK-3β/Snail signals. Oncogene 2020, 39 (26), 4956-4969. 

38. Weichert, W.; Röske, A.; Gekeler, V.; Beckers, T.; Stephan, C.; Jung, K.; 

Fritzsche, F. R.; Niesporek, S.; Denkert, C.; Dietel, M.; Kristiansen, G., 

Histone deacetylases 1, 2 and 3 are highly expressed in prostate cancer and 

HDAC2 expression is associated with shorter PSA relapse time after radical 

prostatectomy. British Journal of Cancer 2008, 98 (3), 604-610. 

39. Giannini, G.; Cabri, W.; Fattorusso, C.; Rodriquez, M., Histone deacetylase 

inhibitors in the treatment of cancer: overview and perspectives. Future 

Medicinal Chemistry 2012, 4 (11), 1439-1460. 

40. Weichert, W.; Roske, A.; Gekeler, V.; Beckers, T.; Ebert, M.; Pross, M.; Dietel, 

M.; Denkert, C.; Rocken, C., HDAC in gastric cancer: Expression patterns and 

prognostic implications. Cancer Research 2008, 68 (9 Supplement), 4096. 

41. Oehme, I.; Deubzer, H. E.; Wegener, D.; Pickert, D.; Linke, J.-P.; Hero, B.; 

Kopp-Schneider, A.; Westermann, F.; Ulrich, S. M.; von Deimling, A.; Fischer, 

M.; Witt, O., Histone Deacetylase 8 in Neuroblastoma Tumorigenesis. Clinical 

Cancer Research 2009, 15 (1), 91. 

42. West, A. C.; Johnstone, R. W., New and emerging HDAC inhibitors for cancer 

treatment. The Journal of Clinical Investigation 2014, 124 (1), 30-39. 

43. Wilson, A. J.; Byun, D.-S.; Popova, N.; Murray, L. B.; L'Italien, K.; Sowa, Y.; 

Arango, D.; Velcich, A.; Augenlicht, L. H.; Mariadason, J. M., Histone 

Deacetylase 3 (HDAC3) and Other Class I HDACs Regulate Colon Cell 

Maturation and p21 Expression and Are Deregulated in Human Colon Cancer. 

Journal of Biological Chemistry 2006, 281 (19), 13548-13558. 

44. Chen, R.; Zhang, M.; Zhou, Y.; Guo, W.; Yi, M.; Zhang, Z.; Ding, Y.; Wang, Y., 

The application of histone deacetylases inhibitors in glioblastoma. Journal of 



276                                                  Part 6 Bibliography 

Experimental & Clinical Cancer Research 2020, 39 (1), 138. 

45. Marks, P. A.; Rifkind, R. A.; Richon, V. M.; Breslow, R.; Miller, T.; Kelly, W. 

K., Histone deacetylases and cancer: causes and therapies. Nature Reviews 

Cancer 2001, 1 (3), 194-202. 

46. Yoo, C. B.; Jones, P. A., Epigenetic therapy of cancer: past, present and future. 

Nature Reviews Drug Discovery 2006, 5 (1), 37-50. 

47. Marks, P. A.; Richon, V. M.; Rifkind, R. A., Histone Deacetylase Inhibitors: 

Inducers of Differentiation or Apoptosis of Transformed Cells. JNCI: Journal 

of the National Cancer Institute 2000, 92 (15), 1210-1216. 

48. Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, J., Histone Deacetylase 

Inhibitors as Anticancer Drugs. International Journal of Molecular Sciences 

2017, 18 (7). 

49. Adams, H.; Fritzsche, F. R.; Dirnhofer, S.; Kristiansen, G.; Tzankov, A., Class I 

histone deacetylases 1, 2 and 3 are highly expressed in classical Hodgkin's 

lymphoma. Expert Opinion on Therapeutic Targets 2010, 14 (6), 577-584. 

50. Hahnen, E.; Hauke, J.; Tränkle, C.; Eyüpoglu, I. Y.; Wirth, B.; Blümcke, I., 

Histone deacetylase inhibitors: possible implications for neurodegenerative 

disorders. Expert Opinion on Investigational Drugs 2008, 17 (2), 169-184. 

51. Chen, X.; Barozzi, I.; Termanini, A.; Prosperini, E.; Recchiuti, A.; Dalli, J.; 

Mietton, F.; Matteoli, G.; Hiebert, S.; Natoli, G., Requirement for the histone 

deacetylase Hdac3 for the inflammatory gene expression program in 

macrophages. Proceedings of the National Academy of Sciences 2012, 109 (42), 

E2865. 

52. Chuang, D.-M.; Leng, Y.; Marinova, Z.; Kim, H.-J.; Chiu, C.-T., Multiple roles 

of HDAC inhibition in neurodegenerative conditions. Trends in Neurosciences 

2009, 32 (11), 591-601. 

53. Chakrabarti, A.; Melesina, J.; Kolbinger, F. R.; Oehme, I.; Senger, J.; Witt, O.; 

Sippl, W.; Jung, M., Targeting histone deacetylase 8 as a therapeutic approach 

to cancer and neurodegenerative diseases. Future Medicinal Chemistry 2016, 8 

(13), 1609-1634. 



Part 6 Bibliography                                                  277 

 
 

54. Tang, J.; Yan, H.; Zhuang, S., Histone deacetylases as targets for treatment of 

multiple diseases. Clinical Science 2013, 124 (11), 651-662. 

55. Habibian, J. S.; Ferguson, B. S., Chapter 13 - Histone modification as a 

potential preventative and therapeutic approach for cardiovascular disease. In 

Histone Modifications in Therapy, Castelo-Branco, P.; Jeronimo, C., Eds. 

Academic Press: 2020; Vol. 20, pp 337-359. 

56. Adhikari, N.; Jha, T.; Ghosh, B., Dissecting Histone Deacetylase 3 in Multiple 

Disease Conditions: Selective Inhibition as a Promising Therapeutic Strategy. 

Journal of Medicinal Chemistry 2021, 64 (13), 8827-8869. 

57. Barton, K. M.; Archin, N. M.; Keedy, K. S.; Espeseth, A. S.; Zhang, Y.-l.; Gale, 

J.; Wagner, F. F.; Holson, E. B.; Margolis, D. M., Selective HDAC Inhibition 

for the Disruption of Latent HIV-1 Infection. PLOS ONE 2014, 9 (8), e102684. 

58. Albert, B. J.; Niu, A.; Ramani, R.; Marshall, G. R.; Wender, P. A.; Williams, R. 

M.; Ratner, L.; Barnes, A. B.; Kyei, G. B., Combinations of isoform-targeted 

histone deacetylase inhibitors and bryostatin analogues display remarkable 

potency to activate latent HIV without global T-cell activation. Scientific 

Reports 2017, 7 (1), 7456. 

59. Haberland, M.; Montgomery, R. L.; Olson, E. N., The many roles of histone 

deacetylases in development and physiology: implications for disease and 

therapy. Nature Reviews Genetics 2009, 10 (1), 32-42. 

60. Shang, H.-t.; Ding, J.-w.; Yu, S.-y.; Wu, T.; Zhang, Q.-l.; Liang, F.-j., Progress 

and challenges in the use of latent HIV-1 reactivating agents. Acta 

Pharmacologica Sinica 2015, 36 (8), 908-916. 

61. Nguyen, T. T. T.; Zhang, Y.; Shang, E.; Shu, C.; Torrini, C.; Zhao, J.; Bianchetti, 

E.; Mela, A.; Humala, N.; Mahajan, A.; Harmanci, A. O.; Lei, Z.; 

Maienschein-Cline, M.; Quinzii, C. M.; Westhoff, M.-A.; Karpel-Massler, G.; 

Bruce, J. N.; Canoll, P.; Siegelin, M. D., HDAC inhibitors elicit metabolic 

reprogramming by targeting super-enhancers in glioblastoma models. The 

Journal of Clinical Investigation 2020, 130 (7), 3699-3716. 

62. Rettig, I.; Koeneke, E.; Trippel, F.; Mueller, W. C.; Burhenne, J.; 



278                                                  Part 6 Bibliography 

Kopp-Schneider, A.; Fabian, J.; Schober, A.; Fernekorn, U.; von Deimling, A.; 

Deubzer, H. E.; Milde, T.; Witt, O.; Oehme, I., Selective inhibition of HDAC8 

decreases neuroblastoma growth in vitro and in vivo and enhances retinoic 

acid-mediated differentiation. Cell Death & Disease 2015, 6 (2), e1657-e1657. 

63. Heimburg, T.; Kolbinger, F. R.; Zeyen, P.; Ghazy, E.; Herp, D.; Schmidtkunz, 

K.; Melesina, J.; Shaik, T. B.; Erdmann, F.; Schmidt, M.; Romier, C.; Robaa, D.; 

Witt, O.; Oehme, I.; Jung, M.; Sippl, W., Structure-Based Design and 

Biological Characterization of Selective Histone Deacetylase 8 (HDAC8) 

Inhibitors with Anti-Neuroblastoma Activity. Journal of Medicinal Chemistry 

2017, 60 (24), 10188-10204. 

64. Yang, W.; Feng, Y.; Zhou, J.; Cheung, O. K.-W.; Cao, J.; Wang, J.; Tang, W.; Tu, 

Y.; Xu, L.; Wu, F.; Tan, Z.; Sun, H.; Tian, Y.; Wong, J.; Lai, P. B.-S.; Chan, S. 

L.; Chan, A. W.-H.; Tan, P. B.-O.; Chen, Z.; Sung, J. J.-Y.; Yip, K. Y.-L.; To, 

K.-F.; Cheng, A. S.-L., A selective HDAC8 inhibitor potentiates antitumor 

immunity and efficacy of immune checkpoint blockade in hepatocellular 

carcinoma. Science Translational Medicine 2021, 13 (588), eaaz6804. 

65. Lehmann, A.; Denkert, C.; Budczies, J.; Buckendahl, A.-C.; Darb-Esfahani, S.; 

Noske, A.; Müller, B. M.; Bahra, M.; Neuhaus, P.; Dietel, M.; Kristiansen, G.; 

Weichert, W., High class I HDAC activity and expression are associated with 

RelA/p65 activation in pancreatic cancer in vitro and in vivo. BMC Cancer 

2009, 9 (1), 395. 

66. Miyake, K.; Yoshizumi, T.; Imura, S.; Sugimoto, K.; Batmunkh, E.; Kanemura, 

H.; Morine, Y.; Shimada, M., Expression of Hypoxia-Inducible Factor-1α, 

Histone Deacetylase 1, and Metastasis-Associated Protein 1 in Pancreatic 

Carcinoma: Correlation With Poor Prognosis With Possible Regulation. 

Pancreas 2008, 36 (3). 

67. Bombardo, M.; Saponara, E.; Malagola, E.; Chen, R.; Seleznik, G. M.; 

Haumaitre, C.; Quilichini, E.; Zabel, A.; Reding, T.; Graf, R.; Sonda, S., Class I 

histone deacetylase inhibition improves pancreatitis outcome by limiting 

leukocyte recruitment and acinar-to-ductal metaplasia. British Journal of 



Part 6 Bibliography                                                  279 

 
 

Pharmacology 2017, 174 (21), 3865-3880. 

68. Schneider, G.; Krämer, O. H.; Schmid, R. M.; Saur, D., Acetylation as a 

Transcriptional Control Mechanism—HDACs and HATs in Pancreatic Ductal 

Adenocarcinoma. Journal of Gastrointestinal Cancer 2011, 42 (2), 85-92. 

69. Fritsche, P.; Seidler, B.; Schüler, S.; Schnieke, A.; Göttlicher, M.; Schmid, R. 

M.; Saur, D.; Schneider, G., HDAC2 mediates therapeutic resistance of 

pancreatic cancer cells via the BH3-only protein NOXA. Gut 2009, 58 (10), 

1399. 

70. Stojanovic, N.; Hassan, Z.; Wirth, M.; Wenzel, P.; Beyer, M.; Schäfer, C.; 

Brand, P.; Kroemer, A.; Stauber, R. H.; Schmid, R. M.; Arlt, A.; Sellmer, A.; 

Mahboobi, S.; Rad, R.; Reichert, M.; Saur, D.; Krämer, O. H.; Schneider, G., 

HDAC1 and HDAC2 integrate the expression of p53 mutants in pancreatic 

cancer. Oncogene 2017, 36 (13), 1804-1815. 

71. Jiao, F.; Hu, H.; Yuan, C.; Jin, Z.; Guo, Z.; Wang, L.; Wang, L., Histone 

deacetylase 3 promotes pancreatic cancer cell proliferation, invasion and 

increases drug-resistance through histone modification of P27, P53 and Bax. 

Int J Oncol 2014, 45 (4), 1523-1530. 

72. Hu, G.; He, N.; Cai, C.; Cai, F.; Fan, P.; Zheng, Z.; Jin, X., HDAC3 modulates 

cancer immunity via increasing PD-L1 expression in pancreatic cancer. 

Pancreatology 2019, 19 (2), 383-389. 

73. Mishra, V. K.; Wegwitz, F.; Kosinsky, R. L.; Sen, M.; Baumgartner, R.; Wulff, 

T.; Siveke, J. T.; Schildhaus, H.-U.; Najafova, Z.; Kari, V.; Kohlhof, H.; 

Hessmann, E.; Johnsen, S. A., Histone deacetylase class-I inhibition promotes 

epithelial gene expression in pancreatic cancer cells in a BRD4- and 

MYC-dependent manner. Nucleic Acids Research 2017, 45 (11), 6334-6349. 

74. Yoshida, M.; Horinouchi, S.; Beppu, T., Trichostatin A and trapoxin: Novel 

chemical probes for the role of histone acetylation in chromatin structure and 

function. BioEssays 1995, 17 (5), 423-430. 

75. Marks, P. A., Discovery and development of SAHA as an anticancer agent. 

Oncogene 2007, 26 (9), 1351-1356. 



280                                                  Part 6 Bibliography 

76. Shuai, G.; Xiaoyang, L.; Jie, Z.; Wenfang, X.; Yingjie, Z., Preclinical and 

Clinical Studies of Chidamide (CS055/HBI-8000), An Orally Available 

Subtype-selective HDAC Inhibitor for Cancer Therapy. Anti-Cancer Agents in 

Medicinal Chemistry 2017, 17 (6), 802-812. 

77. Greig, S. L., Panobinostat: A Review in Relapsed or Refractory Multiple 

Myeloma. Targeted Oncology 2016, 11 (1), 107-114. 

78. Rashidi, A.; Cashen, A. F., Belinostat for the treatment of relapsed or refractory 

peripheral T-cell lymphoma. Future Oncology 2015, 11 (11), 1659-1664. 

79. Grant, C.; Rahman, F.; Piekarz, R.; Peer, C.; Frye, R.; Robey, R. W.; Gardner, E. 

R.; Figg, W. D.; Bates, S. E., Romidepsin: a new therapy for cutaneous T-cell 

lymphoma and a potential therapy for solid tumors. Expert Review of 

Anticancer Therapy 2010, 10 (7), 997-1008. 

80. Ho, T. C. S.; Chan, A. H. Y.; Ganesan, A., Thirty Years of HDAC Inhibitors: 

2020 Insight and Hindsight. Journal of Medicinal Chemistry 2020, 63 (21), 

12460-12484. 

81. Luo, Y.; Li, H., Structure-Based Inhibitor Discovery of Class I Histone 

Deacetylases (HDACs). International Journal of Molecular Sciences 2020, 21 

(22). 

82. Cao, F.; Zwinderman, M. R. H.; Dekker, F. J., The Process and Strategy for 

Developing Selective Histone Deacetylase 3 Inhibitors. Molecules 2018, 23 (3). 

83. Melesina, J.; Simoben, C. V.; Praetorius, L.; Bülbül, E. F.; Robaa, D.; Sippl, W., 

Strategies To Design Selective Histone Deacetylase Inhibitors. ChemMedChem 

2021, 16 (9), 1336-1359. 

84. Sakamoto, K. M.; Kim, K. B.; Kumagai, A.; Mercurio, F.; Crews, C. M.; 

Deshaies, R. J., Protacs: Chimeric molecules that target proteins to the 

Skp1–Cullin–F box complex for ubiquitination and degradation. Proceedings 

of the National Academy of Sciences 2001, 98 (15), 8554. 

85. Fisher, S. L.; Phillips, A. J., Targeted protein degradation and the enzymology 

of degraders. Current Opinion in Chemical Biology 2018, 44, 47-55. 

86. Neklesa, T. K.; Tae, H. S.; Schneekloth, A. R.; Stulberg, M. J.; Corson, T. W.; 



Part 6 Bibliography                                                  281 

 
 

Sundberg, T. B.; Raina, K.; Holley, S. A.; Crews, C. M., Small-molecule 

hydrophobic tagging–induced degradation of HaloTag fusion proteins. Nature 

Chemical Biology 2011, 7 (8), 538-543. 

87. Mayor-Ruiz, C.; Bauer, S.; Brand, M.; Kozicka, Z.; Siklos, M.; Imrichova, H.; 

Kaltheuner, I. H.; Hahn, E.; Seiler, K.; Koren, A.; Petzold, G.; Fellner, M.; 

Bock, C.; Müller, A. C.; Zuber, J.; Geyer, M.; Thomä, N. H.; Kubicek, S.; 

Winter, G. E., Rational discovery of molecular glue degraders via scalable 

chemical profiling. Nature Chemical Biology 2020, 16 (11), 1199-1207. 

88. Banik, S. M.; Pedram, K.; Wisnovsky, S.; Ahn, G.; Riley, N. M.; Bertozzi, C. 

R., Lysosome-targeting chimaeras for degradation of extracellular proteins. 

Nature 2020, 584 (7820), 291-297. 

89. Takahashi, D.; Moriyama, J.; Nakamura, T.; Miki, E.; Takahashi, E.; Sato, A.; 

Akaike, T.; Itto-Nakama, K.; Arimoto, H., AUTACs: Cargo-Specific Degraders 

Using Selective Autophagy. Molecular Cell 2019, 76 (5), 797-810.e10. 

90. Dale, B.; Cheng, M.; Park, K.-S.; Kaniskan, H. Ü.; Xiong, Y.; Jin, J., 

Advancing targeted protein degradation for cancer therapy. Nature Reviews 

Cancer 2021. 

91. Rambacher, K. M.; Calabrese, M. F.; Yamaguchi, M., Perspectives on the 

development of first-in-class protein degraders. Future Medicinal Chemistry 

2021, 13 (14), 1203-1226. 

92. Röth, S.; Fulcher, L. J.; Sapkota, G. P., Advances in targeted degradation of 

endogenous proteins. Cellular and Molecular Life Sciences 2019, 76 (14), 

2761-2777. 

93. Snyder, L. B.; Neklesa, T. K.; Chen, X.; Dong, H.; Ferraro, C.; Gordon, D. A.; 

Macaluso, J.; Pizzano, J.; Wang, J.; Willard, R. R.; Vitale, N.; Peck, R.; Moore, 

M. D.; Crews, C. M.; Houston, J.; Crew, A. P.; Taylor, I., Abstract 43: 

Discovery of ARV-110, a first in class androgen receptor degrading PROTAC 

for the treatment of men with metastatic castration resistant prostate cancer. 

Cancer Research 2021, 81 (13 Supplement), 43. 

94. Snyder, L. B.; Flanagan, J. J.; Qian, Y.; Gough, S. M.; Andreoli, M.; 



282                                                  Part 6 Bibliography 

Bookbinder, M.; Cadelina, G.; Bradley, J.; Rousseau, E.; Chandler, J.; Willard, 

R.; Pizzano, J.; Crews, C. M.; Crew, A. P.; Houston, J.; Moore, M. D.; Peck, R.; 

Taylor, I., Abstract 44: The discovery of ARV-471, an orally bioavailable 

estrogen receptor degrading PROTAC for the treatment of patients with breast 

cancer. Cancer Research 2021, 81 (13 Supplement), 44. 

95. Mainolfi, N. Targeted Protein Degradation: The First Proof-of-Mechanism in a 

Randomized, Placebo-Controlled Study. 

https://lifescivc.com/2021/07/targeted-protein-degradation-the-first-proof-of-m

echanism-in-a-randomized-placebo-controlled-study/. 

96. Mullard, A., Targeted protein degraders crowd into the clinic. Nat Rev Drug 

Discov 2021, 20 (4), 247-250. 

97. Wang, Y.; Jiang, X.; Feng, F.; Liu, W.; Sun, H., Degradation of proteins by 

PROTACs and other strategies. Acta Pharmaceutica Sinica B 2020, 10 (2), 

207-238. 

98. Neklesa, T. K.; Winkler, J. D.; Crews, C. M., Targeted protein degradation by 

PROTACs. Pharmacology & Therapeutics 2017, 174, 138-144. 

99. Neklesa, T. K.; Crews, C. M., Greasy tags for protein removal. Nature 2012, 

487 (7407), 308-309. 

100. Shiber, A.; Breuer, W.; Brandeis, M.; Ravid, T., Ubiquitin conjugation triggers 

misfolded protein sequestration into quality control foci when Hsp70 

chaperone levels are limiting. Molecular Biology of the Cell 2013, 24 (13), 

2076-2087. 

101. Raina, K.; Crews, C. M., Targeted protein knockdown using small molecule 

degraders. Current Opinion in Chemical Biology 2017, 39, 46-53. 

102. Balchin, D.; Hayer-Hartl, M.; Hartl, F. U., In vivo aspects of protein folding 

and quality control. Science 2016, 353 (6294), aac4354. 

103. Burslem, G. M.; Crews, C. M., Proteolysis-Targeting Chimeras as Therapeutics 

and Tools for Biological Discovery. Cell 2020, 181 (1), 102-114. 

104. Smalley, J. P.; Adams, G. E.; Millard, C. J.; Song, Y.; Norris, J. K. S.; Schwabe, 

J. W. R.; Cowley, S. M.; Hodgkinson, J. T., PROTAC-mediated degradation of 

https://lifescivc.com/2021/07/targeted-protein-degradation-the-first-proof-of-mechanism-in-a-randomized-placebo-controlled-study/
https://lifescivc.com/2021/07/targeted-protein-degradation-the-first-proof-of-mechanism-in-a-randomized-placebo-controlled-study/


Part 6 Bibliography                                                  283 

 
 

class I histone deacetylase enzymes in corepressor complexes. Chemical 

Communications 2020, 56 (32), 4476-4479. 

105. Surade, S.; Blundell, Tom L., Structural Biology and Drug Discovery of 

Difficult Targets: The Limits of Ligandability. Chemistry & Biology 2012, 19 

(1), 42-50. 

106. Hines, J.; Gough, J. D.; Corson, T. W.; Crews, C. M., Posttranslational protein 

knockdown coupled to receptor tyrosine kinase activation with 

phosphoPROTACs. Proceedings of the National Academy of Sciences 2013, 

110 (22), 8942. 

107. Bai, L.; Zhou, H.; Xu, R.; Zhao, Y.; Chinnaswamy, K.; McEachern, D.; Chen, 

J.; Yang, C.-Y.; Liu, Z.; Wang, M.; Liu, L.; Jiang, H.; Wen, B.; Kumar, P.; 

Meagher, J. L.; Sun, D.; Stuckey, J. A.; Wang, S., A Potent and Selective 

Small-Molecule Degrader of STAT3 Achieves Complete Tumor Regression In 

Vivo. Cancer Cell 2019, 36 (5), 498-511.e17. 

108. Pettersson, M.; Crews, C. M., PROteolysis TArgeting Chimeras (PROTACs) 

— Past, present and future. Drug Discovery Today: Technologies 2019, 31, 

15-27. 

109. Zeng, S.; Huang, W.; Zheng, X.; Liyan, c.; Zhang, Z.; Wang, J.; Shen, Z., 

Proteolysis targeting chimera (PROTAC) in drug discovery paradigm: Recent 

progress and future challenges. European Journal of Medicinal Chemistry 2021, 

210, 112981. 

110. Matyskiela, M. E.; Lu, G.; Ito, T.; Pagarigan, B.; Lu, C.-C.; Miller, K.; Fang, 

W.; Wang, N.-Y.; Nguyen, D.; Houston, J.; Carmel, G.; Tran, T.; Riley, M.; 

Nosaka, L. A.; Lander, G. C.; Gaidarova, S.; Xu, S.; Ruchelman, A. L.; Handa, 

H.; Carmichael, J.; Daniel, T. O.; Cathers, B. E.; Lopez-Girona, A.; 

Chamberlain, P. P., A novel cereblon modulator recruits GSPT1 to the 

CRL4CRBN ubiquitin ligase. Nature 2016, 535 (7611), 252-257. 

111. Ishoey, M.; Chorn, S.; Singh, N.; Jaeger, M. G.; Brand, M.; Paulk, J.; Bauer, S.; 

Erb, M. A.; Parapatics, K.; Müller, A. C.; Bennett, K. L.; Ecker, G. F.; Bradner, 

J. E.; Winter, G. E., Translation Termination Factor GSPT1 Is a Phenotypically 



284                                                  Part 6 Bibliography 

Relevant Off-Target of Heterobifunctional Phthalimide Degraders. ACS 

Chemical Biology 2018, 13 (3), 553-560. 

112. Medvar, B.; Raghuram, V.; Pisitkun, T.; Sarkar, A.; Knepper, M. A., 

Comprehensive database of human E3 ubiquitin ligases: application to 

aquaporin-2 regulation. Physiological Genomics 2016, 48 (7), 502-512. 

113. Schapira, M.; Calabrese, M. F.; Bullock, A. N.; Crews, C. M., Targeted protein 

degradation: expanding the toolbox. Nature Reviews Drug Discovery 2019, 18 

(12), 949-963. 

114. Bemis, T. A.; La Clair, J. J.; Burkart, M. D., Unraveling the Role of Linker 

Design in Proteolysis Targeting Chimeras. Journal of Medicinal Chemistry 

2021, 64 (12), 8042-8052. 

115. He, M.; Lv, W.; Rao, Y., Opportunities and Challenges of Small Molecule 

Induced Targeted Protein Degradation. Frontiers in Cell and Developmental 

Biology 2021, 9 (1552). 

116. Edmondson, S. D.; Yang, B.; Fallan, C., Proteolysis targeting chimeras 

(PROTACs) in ‘beyond rule-of-five’ chemical space: Recent progress and 

future challenges. Bioorganic & Medicinal Chemistry Letters 2019, 29 (13), 

1555-1564. 

117. Ceccacci, E.; Minucci, S., Inhibition of histone deacetylases in cancer therapy: 

lessons from leukaemia. British Journal of Cancer 2016, 114 (6), 605-611. 

118. Subramanian, S.; Bates, S. E.; Wright, J. J.; Espinoza-Delgado, I.; Piekarz, R. 

L., Clinical Toxicities of Histone Deacetylase Inhibitors. Pharmaceuticals 2010, 

3 (9), 2751-2767. 

119. Goracci, L.; Deschamps, N.; Randazzo, G. M.; Petit, C.; Dos Santos Passos, C.; 

Carrupt, P.-A.; Simões-Pires, C.; Nurisso, A., A Rational Approach for the 

Identification of Non-Hydroxamate HDAC6-Selective Inhibitors. Scientific 

Reports 2016, 6 (1), 29086. 

120. Balasubramanian, S.; Verner, E.; Buggy, J. J., Isoform-specific histone 

deacetylase inhibitors: The next step? Cancer Letters 2009, 280 (2), 211-221. 

121. Shah, R. R., Safety and Tolerability of Histone Deacetylase (HDAC) Inhibitors 



Part 6 Bibliography                                                  285 

 
 

in Oncology. Drug Safety 2019, 42 (2), 235-245. 

122. Yang, F.; Zhao, N.; Ge, D.; Chen, Y., Next-generation of selective histone 

deacetylase inhibitors. RSC Advances 2019, 9 (34), 19571-19583. 

123. Cao, F.; Zwinderman, M. R. H.; Dekker, F. J., The Process and Strategy for 

Developing Selective Histone Deacetylase 3 Inhibitors. Molecules 2018, 23 (3), 

551. 

124. Marek, M.; Shaik, T. B.; Heimburg, T.; Chakrabarti, A.; Lancelot, J.; 

Ramos-Morales, E.; Da Veiga, C.; Kalinin, D.; Melesina, J.; Robaa, D.; 

Schmidtkunz, K.; Suzuki, T.; Holl, R.; Ennifar, E.; Pierce, R. J.; Jung, M.; Sippl, 

W.; Romier, C., Characterization of Histone Deacetylase 8 (HDAC8) Selective 

Inhibition Reveals Specific Active Site Structural and Functional Determinants. 

Journal of Medicinal Chemistry 2018, 61 (22), 10000-10016. 

125. Whitehead, L.; Dobler, M. R.; Radetich, B.; Zhu, Y.; Atadja, P. W.; Claiborne, 

T.; Grob, J. E.; McRiner, A.; Pancost, M. R.; Patnaik, A.; Shao, W.; Shultz, M.; 

Tichkule, R.; Tommasi, R. A.; Vash, B.; Wang, P.; Stams, T., Human HDAC 

isoform selectivity achieved via exploitation of the acetate release channel with 

structurally unique small molecule inhibitors. Bioorganic & Medicinal 

Chemistry 2011, 19 (15), 4626-4634. 

126. Greenwood, S. O. R.; Chan, A. W. E.; Hansen, D. F.; Marson, C. M., Potent 

non-hydroxamate inhibitors of histone deacetylase-8: Role and scope of an 

isoindolin-2-yl linker with an α-amino amide as the zinc-binding unit. 

Bioorganic & Medicinal Chemistry Letters 2020, 30 (5), 126926. 

127. Wang, Y.; Stowe, Ryan L.; Pinello, Christie E.; Tian, G.; Madoux, F.; Li, D.; 

Zhao, Lisa Y.; Li, J.-L.; Wang, Y.; Wang, Y.; Ma, H.; Hodder, P.; Roush, 

William R.; Liao, D., Identification of Histone Deacetylase Inhibitors with 

Benzoylhydrazide Scaffold that Selectively Inhibit Class I Histone 

Deacetylases. Chemistry & Biology 2015, 22 (2), 273-284. 

128. McClure, J. J.; Zhang, C.; Inks, E. S.; Peterson, Y. K.; Li, J.; Chou, C. J., 

Development of Allosteric Hydrazide-Containing Class I Histone Deacetylase 

Inhibitors for Use in Acute Myeloid Leukemia. Journal of Medicinal Chemistry 



286                                                  Part 6 Bibliography 

2016, 59 (21), 9942-9959. 

129. Li, X.; Jiang, Y.; Peterson, Y. K.; Xu, T.; Himes, R. A.; Luo, X.; Yin, G.; Inks, E. 

S.; Dolloff, N.; Halene, S.; Chan, S. S. L.; Chou, C. J., Design of 

Hydrazide-Bearing HDACIs Based on Panobinostat and Their p53 and 

FLT3-ITD Dependency in Antileukemia Activity. Journal of Medicinal 

Chemistry 2020, 63 (10), 5501-5525. 

130. Xiao, Y.; Wang, J.; Zhao, L. Y.; Chen, X.; Zheng, G.; Zhang, X.; Liao, D., 

Discovery of histone deacetylase 3 (HDAC3)-specific PROTACs. Chemical 

Communications 2020, 56 (68), 9866-9869. 

131. Li, X.; Peterson, Y. K.; Inks, E. S.; Himes, R. A.; Li, J.; Zhang, Y.; Kong, X.; 

Chou, C. J., Class I HDAC Inhibitors Display Different Antitumor Mechanism 

in Leukemia and Prostatic Cancer Cells Depending on Their p53 Status. 

Journal of Medicinal Chemistry 2018, 61 (6), 2589-2603. 

132. Jiang, Y.; Xu, J.; Yue, K.; Huang, C.; Qin, M.; Chi, D.; Yu, Q.; Zhu, Y.; Hou, X.; 

Xu, T.; Li, M.; Chou, C. J.; Li, X., Potent Hydrazide-Based HDAC Inhibitors 

with a Superior Pharmacokinetic Profile for Efficient Treatment of Acute 

Myeloid Leukemia In Vivo. Journal of Medicinal Chemistry 2022, 65 (1), 

285-302. 

133. Cao, F.; de Weerd, S.; Chen, D.; Zwinderman, M. R. H.; van der Wouden, P. E.; 

Dekker, F. J., Induced protein degradation of histone deacetylases 3 (HDAC3) 

by proteolysis targeting chimera (PROTAC). European Journal of Medicinal 

Chemistry 2020, 208, 112800. 

134. Sinatra, L.; Bandolik, J. J.; Roatsch, M.; Sönnichsen, M.; Schoeder, C. T.; 

Hamacher, A.; Schöler, A.; Borkhardt, A.; Meiler, J.; Bhatia, S.; Kassack, M. U.; 

Hansen, F. K., Hydroxamic Acids Immobilized on Resins (HAIRs): Synthesis 

of Dual-Targeting HDAC Inhibitors and HDAC Degraders (PROTACs). 

Angewandte Chemie International Edition 2020, 59 (50), 22494-22499. 

135. Xiong, Y.; Donovan, K. A.; Eleuteri, N. A.; Kirmani, N.; Yue, H.; Razov, A.; 

Krupnick, N. M.; Nowak, R. P.; Fischer, E. S., Chemo-proteomics exploration 

of HDAC degradability by small molecule degraders. Cell Chemical Biology 



Part 6 Bibliography                                                  287 

 
 

2021. 

136. Gediya, L. K.; Belosay, A.; Khandelwal, A.; Purushottamachar, P.; Njar, V. C. 

O., Improved synthesis of histone deacetylase inhibitors (HDIs) (MS-275 and 

CI-994) and inhibitory effects of HDIs alone or in combination with RAMBAs 

or retinoids on growth of human LNCaP prostate cancer cells and tumor 

xenografts. Bioorganic & Medicinal Chemistry 2008, 16 (6), 3352-3360. 

137. Fuller, N. O.; Pirone, A.; Lynch, B. A.; Hewitt, M. C.; Quinton, M. S.; McKee, 

T. D.; Ivarsson, M., CoREST Complex-Selective Histone Deacetylase 

Inhibitors Show Prosynaptic Effects and an Improved Safety Profile To Enable 

Treatment of Synaptopathies. ACS Chemical Neuroscience 2019, 10 (3), 

1729-1743. 

138. Wagner, F. F.; Lundh, M.; Kaya, T.; McCarren, P.; Zhang, Y.-L.; Chattopadhyay, 

S.; Gale, J. P.; Galbo, T.; Fisher, S. L.; Meier, B. C.; Vetere, A.; Richardson, S.; 

Morgan, N. G.; Christensen, D. P.; Gilbert, T. J.; Hooker, J. M.; Leroy, M.; 

Walpita, D.; Mandrup-Poulsen, T.; Wagner, B. K.; Holson, E. B., An 

Isochemogenic Set of Inhibitors To Define the Therapeutic Potential of Histone 

Deacetylases in β-Cell Protection. ACS Chemical Biology 2016, 11 (2), 

363-374. 

139. Moradei, O. M.; Mallais, T. C.; Frechette, S.; Paquin, I.; Tessier, P. E.; Leit, S. 

M.; Fournel, M.; Bonfils, C.; Trachy-Bourget, M.-C.; Liu, J.; Yan, T. P.; Lu, 

A.-H.; Rahil, J.; Wang, J.; Lefebvre, S.; Li, Z.; Vaisburg, A. F.; Besterman, J. 

M., Novel Aminophenyl Benzamide-Type Histone Deacetylase Inhibitors with 

Enhanced Potency and Selectivity. Journal of Medicinal Chemistry 2007, 50 

(23), 5543-5546. 

140. Marson, C. M.; Matthews, C. J.; Atkinson, S. J.; Lamadema, N.; Thomas, N. S. 

B., Potent and Selective Inhibitors of Histone Deacetylase-3 Containing Chiral 

Oxazoline Capping Groups and a N-(2-Aminophenyl)-benzamide Binding Unit. 

Journal of Medicinal Chemistry 2015, 58 (17), 6803-6818. 

141. Li, X.; Zhang, Y.; Jiang, Y.; Wu, J.; Inks, E. S.; Chou, C. J.; Gao, S.; Hou, J.; 

Ding, Q.; Li, J.; Wang, X.; Huang, Y.; Xu, W., Selective HDAC inhibitors with 



288                                                  Part 6 Bibliography 

potent oral activity against leukemia and colorectal cancer: Design, 

structure-activity relationship and anti-tumor activity study. European Journal 

of Medicinal Chemistry 2017, 134, 185-206. 

142. Cheng, C.; Yun, F.; He, J.; Ullah, S.; Yuan, Q., Design, synthesis and biological 

evaluation of novel thioquinazolinone-based 2-aminobenzamide derivatives as 

potent histone deacetylase (HDAC) inhibitors. European Journal of Medicinal 

Chemistry 2019, 173, 185-202. 

143. Nan, M.; Ying, L.; Ying, W.; Chenzhong, L.; Wen-Cai, Y.; Sheng, J., Selective 

Histone Deacetylase Inhibitors with Anticancer Activity. Current Topics in 

Medicinal Chemistry 2016, 16 (4), 415-426. 

144. Shinichi, U.; Yoshiyuki, H.; Tsutomu, S., Potential Application of 

5-Aryl-Substituted 2-Aminobenzamide Type of HDAC1/2- Selective Inhibitors 

to Pharmaceuticals. Current Pharmaceutical Design 2017, 23 (40), 6149-6159. 

145. Adhikari, N.; Amin, S. A.; Trivedi, P.; Jha, T.; Ghosh, B., HDAC3 is a potential 

validated target for cancer: An overview on the benzamide-based selective 

HDAC3 inhibitors through comparative SAR/QSAR/QAAR approaches. 

European Journal of Medicinal Chemistry 2018, 157, 1127-1142. 

146. Trivedi, P.; Adhikari, N.; Amin, S. A.; Jha, T.; Ghosh, B., Design, synthesis and 

biological screening of 2-aminobenzamides as selective HDAC3 inhibitors 

with promising anticancer effects. European Journal of Pharmaceutical 

Sciences 2018, 124, 165-181. 

147. Methot, J. L.; Chakravarty, P. K.; Chenard, M.; Close, J.; Cruz, J. C.; Dahlberg, 

W. K.; Fleming, J.; Hamblett, C. L.; Hamill, J. E.; Harrington, P.; Harsch, A.; 

Heidebrecht, R.; Hughes, B.; Jung, J.; Kenific, C. M.; Kral, A. M.; Meinke, P. 

T.; Middleton, R. E.; Ozerova, N.; Sloman, D. L.; Stanton, M. G.; Szewczak, A. 

A.; Tyagarajan, S.; Witter, D. J.; Paul Secrist, J.; Miller, T. A., Exploration of 

the internal cavity of histone deacetylase (HDAC) with selective 

HDAC1/HDAC2 inhibitors (SHI-1:2). Bioorganic & Medicinal Chemistry 

Letters 2008, 18 (3), 973-978. 

148. Bressi, J. C.; Jennings, A. J.; Skene, R.; Wu, Y.; Melkus, R.; Jong, R. D.; 



Part 6 Bibliography                                                  289 

 
 

O’Connell, S.; Grimshaw, C. E.; Navre, M.; Gangloff, A. R., Exploration of the 

HDAC2 foot pocket: Synthesis and SAR of substituted 

N-(2-aminophenyl)benzamides. Bioorganic & Medicinal Chemistry Letters 

2010, 20 (10), 3142-3145. 

149. Shen, Z. L.; Goh, K. K.; Wong, C. H.; Loo, W. Y.; Yang, Y. S.; Lu, J.; Loh, T. P., 

Synthesis and application of a recyclable ionic liquid-supported 

imidazolidinone catalyst in enantioselective 1,3-dipolar cycloaddition. 

Chemical Communications 2012, 48 (47), 5856-5858. 

150. Allwood, D. M.; Blakemore, D. C.; Ley, S. V., Preparation of Unsymmetrical 

Ketones from Tosylhydrazones and Aromatic Aldehydes via Formyl C–H Bond 

Insertion. Organic Letters 2014, 16 (11), 3064-3067. 

151. Liang, C.; Gu, L.; Yang, Y.; Chen, X., Alternate Synthesis of HSP90 Inhibitor 

AT13387. Synthetic Communications 2014, 44 (16), 2416-2425. 

152. Wang, Q.; Lucien, E.; Hashimoto, A.; Pais, G. C. G.; Nelson, D. M.; Song, Y.; 

Thanassi, J. A.; Marlor, C. W.; Thoma, C. L.; Cheng, J.; Podos, S. D.; Ou, Y.; 

Deshpande, M.; Pucci, M. J.; Buechter, D. D.; Bradbury, B. J.; Wiles, J. A., 

Isothiazoloquinolones with Enhanced Antistaphylococcal Activities against 

Multidrug-Resistant Strains:  Effects of Structural Modifications at the 6-, 7-, 

and 8-Positions. Journal of Medicinal Chemistry 2007, 50 (2), 199-210. 

153. Roiban, G.-D.; Mehler, G.; Reetz, M. T., Palladium-Catalysed Amination of 

Aryl- and Heteroaryl Halides Using tert-Butyl 

Tetraisopropylphosphorodiamidite as an Easily Accessible and Air-Stable 

Ligand. European Journal of Organic Chemistry 2014, 2014 (10), 2070-2076. 

154. Cabrero-Antonino, J. R.; Adam, R.; Papa, V.; Holsten, M.; Junge, K.; Beller, 

M., Unprecedented selective homogeneous cobalt-catalysed reductive 

alkoxylation of cyclic imides under mild conditions. Chemical Science 2017, 8 

(8), 5536-5546. 

155. Gelmont, M.; Oren, J., A New Route for the Preparation of 

5-Hydroxyisophthalic Acid. Organic Process Research & Development 2002, 6 

(5), 591-596. 



290                                                  Part 6 Bibliography 

156. Chu, W.; Xu, J.; Zhou, D.; Zhang, F.; Jones, L. A.; Wheeler, K. T.; Mach, R. H., 

New N-substituted 9-azabicyclo[3.3.1]nonan-3α-yl phenylcarbamate analogs as 

σ2 receptor ligands: Synthesis, in vitro characterization, and evaluation as PET 

imaging and chemosensitization agents. Bioorganic & Medicinal Chemistry 

2009, 17 (3), 1222-1231. 

157. Balasubramanian, S.; Ramos, J.; Luo, W.; Sirisawad, M.; Verner, E.; Buggy, J. 

J., A novel histone deacetylase 8 (HDAC8)-specific inhibitor PCI-34051 

induces apoptosis in T-cell lymphomas. Leukemia 2008, 22 (5), 1026-1034. 

158. Kuwabara, J.; Sakai, M.; Zhang, Q.; Kanbara, T., Mechanistic studies and 

optimisation of a Pd-catalysed direct arylation reaction using phosphine-free 

systems. Organic Chemistry Frontiers 2015, 2 (5), 520-525. 

159. Raina, K.; Lu, J.; Qian, Y.; Altieri, M.; Gordon, D.; Rossi, A. M. K.; Wang, J.; 

Chen, X.; Dong, H.; Siu, K.; Winkler, J. D.; Crew, A. P.; Crews, C. M.; 

Coleman, K. G., PROTAC-induced BET protein degradation as a therapy for 

castration-resistant prostate cancer. Proceedings of the National Academy of 

Sciences 2016, 113 (26), 7124. 

160. Han, X.; Wang, C.; Qin, C.; Xiang, W.; Fernandez-Salas, E.; Yang, C.-Y.; Wang, 

M.; Zhao, L.; Xu, T.; Chinnaswamy, K.; Delproposto, J.; Stuckey, J.; Wang, S., 

Discovery of ARD-69 as a Highly Potent Proteolysis Targeting Chimera 

(PROTAC) Degrader of Androgen Receptor (AR) for the Treatment of Prostate 

Cancer. Journal of Medicinal Chemistry 2019, 62 (2), 941-964. 

161. Li, W.; Gao, C.; Zhao, L.; Yuan, Z.; Chen, Y.; Jiang, Y., Phthalimide 

conjugations for the degradation of oncogenic PI3K. European Journal of 

Medicinal Chemistry 2018, 151, 237-247. 

162. Bian, J.; Ren, J.; Li, Y.; Wang, J.; Xu, X.; Feng, Y.; Tang, H.; Wang, Y.; Li, Z., 

Discovery of Wogonin-based PROTACs against CDK9 and capable of 

achieving antitumor activity. Bioorganic Chemistry 2018, 81, 373-381. 

163. Qiu, X.; Sun, N.; Kong, Y.; Li, Y.; Yang, X.; Jiang, B., Chemoselective 

Synthesis of Lenalidomide-Based PROTAC Library Using Alkylation Reaction. 

Organic Letters 2019, 21 (10), 3838-3841. 



Part 6 Bibliography                                                  291 

 
 

164. Beutner, G. L.; Young, I. S.; Davies, M. L.; Hickey, M. R.; Park, H.; Stevens, J. 

M.; Ye, Q., TCFH–NMI: Direct Access to N-Acyl Imidazoliums for 

Challenging Amide Bond Formations. Organic Letters 2018, 20 (14), 

4218-4222. 

165. El-Faham, A.; Subirós-Funosas, R.; Albericio, F., A Novel Family of Onium 

Salts Based Upon Isonitroso Meldrum's Acid Proves Useful as Peptide 

Coupling Reagents. European Journal of Organic Chemistry 2010, 2010 (19), 

3641-3649. 

166. You, I.; Erickson, E. C.; Donovan, K. A.; Eleuteri, N. A.; Fischer, E. S.; Gray, 

N. S.; Toker, A., Discovery of an AKT Degrader with Prolonged Inhibition of 

Downstream Signaling. Cell Chemical Biology 2020, 27 (1), 66-73.e7. 

167. Reid, R. C.; Yau, M.-K.; Singh, R.; Hamidon, J. K.; Reed, A. N.; Chu, P.; Suen, 

J. Y.; Stoermer, M. J.; Blakeney, J. S.; Lim, J.; Faber, J. M.; Fairlie, D. P., 

Downsizing a human inflammatory protein to a small molecule with equal 

potency and functionality. Nature Communications 2013, 4 (1), 2802. 

168. Bertamino, A.; Ostacolo, C.; Ambrosino, P.; Musella, S.; Di Sarno, V.; Ciaglia, 

T.; Soldovieri, M. V.; Iraci, N.; Fernandez Carvajal, A.; de la Torre-Martinez, 

R.; Ferrer-Montiel, A.; Gonzalez Muniz, R.; Novellino, E.; Taglialatela, M.; 

Campiglia, P.; Gomez-Monterrey, I., Tryptamine-Based Derivatives as 

Transient Receptor Potential Melastatin Type 8 (TRPM8) Channel Modulators. 

Journal of Medicinal Chemistry 2016, 59 (5), 2179-2191. 

169. Prandi, C.; Occhiato, E. G.; Tabasso, S.; Bonfante, P.; Novero, M.; Scarpi, D.; 

Bova, M. E.; Miletto, I., New Potent Fluorescent Analogues of Strigolactones: 

Synthesis and Biological Activity in Parasitic Weed Germination and Fungal 

Branching. European Journal of Organic Chemistry 2011, 2011 (20-21), 

3781-3793.



Part 7 Appendix                                                  AI 

 
 

Part 7 Appendix: copies of representative relevant HPLC 

chromatograms and spectra  

 

32b (PS25) 

 

HPLC 

 
1H-NMR 

 



AII                                                 Part 7 Appendix 

13C-NMR

 

 

52j (PS57) 

 

HPLC 

 

 



Part 7 Appendix                                                  AIII 

 
 

1H-NMR 

 

 
13C-NMR 

 

 

 



AIV                                                 Part 7 Appendix 

80d (PSP43) 

 

HPLC 

 

 

 
1H-NMR 

 
 



Part 7 Appendix                                                  AV 

 
 

 

13C-NMR 

 

 

105c (PSP50) 

 

HPLC 

 



AVI                                                 Part 7 Appendix 

1H-NMR 

 

 
13C-NMR 

 

 

 

 



Part 7 Appendix                                                  AVII 

 
 

218b (PSP15) 

 

HPLC 

 

 
1H-NMR 

 



AVIII                                                 Part 7 Appendix 

229a (PSP21) 

 

HPLC 

 
 

1H-NMR 

 



Part 7 Appendix                                                  AIX 

 
 

13C-NMR 

 

 

224a (PSP23) 

 

HPLC 

 

 



AX                                                 Part 7 Appendix 

1H-NMR 

 

 
13C-NMR 

 

 

 

 



Part 7 Appendix                                                  AXI 

 
 

250b (PSP26) 

 

HPLC 

 

 
1H-NMR 

 

 

 



AXII                                                 Part 7 Appendix 

13C-NMR 

 

 

255a (PSP78) 

 

HPLC 

 

 



Part 7 Appendix                                                  AXIII 

 
 

1H-NMR 

 

 
13C-NMR 

 

 

 

 



AXIV                                                 Part 7 Appendix 

259b (PSP80) 

 

HPLC 

 

 

1H-NMR 

 



Part 7 Appendix                                                  AXV 

 
 

13C-NMR 

 

 

128 (PSP84) 

 

HPLC 

 



AXVI                                                 Part 7 Appendix 

1H-NMR 

 

 
13C-NMR 

 

 

 



Part 7 Appendix                                                  AXVII 

 
 

218k (PSP77) 

 

HPLC 

 
 

1H-NMR 

 

 

 



AXVIII                                                 Part 7 Appendix 

13C-NMR 

 

 

All of the other related spectra were stored in the Department of Medicinal Chemistry, 

Institute of Pharmacy, Martin-Luther-University Halle-Wittenberg, Halle, Germany. 

ID: Z:\ag schmidt\Ping Sun\Dissertation



Acknowledgements                                               AXIX 

 
 

Acknowledgements 

At this moment I would like to forever appreciate all the people who have supported 

me since my arriving at Halle for my Ph.D period.  

 

The first and foremost thanks must give to my supervisor Professor Wolfgang Sippl, 

his acceptance gave me the opportunity to learn and work in such a friendly group. 

His inexhausted tolerance, patience, generosity, passion and guidance considerably 

enriched my knowledge base and opened the door for the the field of medicinal 

chemistry and molecular design. I am particularly grateful for his powerful support in 

the last stage of this thesis arranging. 

 

I am greatly indebted to Dr. Matthias Schimidt for his daily aid and encouragement in 

lab and personal life, he always decorates atmosphere of our lab warmly. His 

leadership and responsibility teach and impress me too much. Additionally, thank him 

for my compounds analysis and characterization. 

 

Ehab Ghazy especially has to be appreciated for his countless help for all kinds of 

daily things. Moreover, I would like to thank Dr. Dina Robaa for her help to find an 

accommodation in Halle. I am grateful to Lucas Praetorius and Emre Fatih Bülbül for 

the great collaboration with them considering docking work and scientific 

conversation through the completion of each corresponding project. I also want to 

acknowledge the support from Nikita Ilment who contributed to the synthesis of 

compounds. The past and current members of AG Schimidt also deserve highly praise 

for their invaluable experiences sharing, kindness and stimulating discussions, it was 

my pleasure to work with them all.  

 

I also want to express my gratitude to all collaboration partners, Matthes Zessin for 

numerous biochemistry testing, Dr. Frank Erdmann for toxicity assay determination, 



AXX                                                 Acknowledgement 

the Professor Manfred Jung group for chiral HPLC studies, in vitro and vivo testing 

including the group of Professor Alfred SL Cheng from The Chinese University of 

Hong Kong, the group of Professor Günter Schneider in Technical University of 

Munich and Dr. Ina Oehme of German Cancer Research Center. I am also appreciate 

the assistance from Dr. Christian Ihling, Simone Kniesa, Antje Herbrich-Peters for 

their timely weighing and analyzing of my samples, as well as other employees of 

Institute of Pharmacy and the Institute of Chemistry. 

 

In addition, a special thank should be given to the China Scholarship Council for the 

funding support of my first three years from the October 2017 to September 2020. 

 

I am also very grateful to my new fireds here at Halle for good memories during the 

past time. 

 

Last, but not least I would like to give the greatest thanks to my family in China for 

their constant support and love without them this would not have been possible for me. 



Personal Declaration                                               AXXI 

 
 

Personal Declaration 

Hereby, I declare that the presented thesis was composed independently by myself 

and without any other resources than the ones indicated. All thoughts taken directly or 

indirectly from external sources are properly denoted as such. This paper has neither 

been previously submitted to another authority nor has it been published yet. 

 

Halle (Saale), 2022 

Ping Sun



AXXII                                                 Curriculum Vitae 

Curriculum Vitae 

Personal 

 

Name Ping Sun 

Date of birth 08.06.1987 

Place of birth Longxian, Shaanxi, China. 

Citizenship Chinese 

 

Education 

 

09.2003-07.2007 Longxian High School. Shaanxi, China. 

09.2007-07.2011 Bachelor of Pharmacy, School of Pharmacy, Hebei 

Medical University, China. 

09.2011-07.2014 Master of Organic Chemistry, School of Life Science 

and Chemistry, Zhejiang Normal University, China. 

Supervisor: Prof. Dr. Jianwu Xie 

10.2017-03.2022 Ph.D. student, Department of Medicinal Chemistry, 

Institute of Pharmacy, Martin-Luther-University 

Halle-Wittenberg, Germany.  

Supervisor: Prof. Dr. Wolfgang Sippl 

 

Work experience 

 

10.2014-11.2015 
Nanjing Huawe Medicine Group. Generic Drug 

Development Researcher, China. 

03.2016-07.2016 PharmaBlock Sciences Group (Nanjing). Researcher, 

China. 

07.2016-07.2017 Nanjing Xingfuxing Pharmaceutical Technology Co., 

LTD. Generic Drug Development Researcher, China. 

Halle (Saale), 2022/Ping Sun



Scientific Publications                                            AXXIII 

 
 

Scientific Publications 

H. Ibrahim, M. Abdelsalam, Y. Zeyn, M. Zessin, E F. Bülbül, A. M. Mustafa, M. A. 

Fischer, P. Zeyen, A. Vecchio, P. Sun, F. Erdmann, M. Schmidt, D. Robaa, C. Romier, 

M. Schutkowski, O. H. Krämer, and W. Sippl 

Synthesis and structure-activity relationship studies of pyrazine linked 

2-aminobenzamides as new class I selective histone deacetylase (HDAC) inhibitors 

and their biological characterization in leukemic cells 

Int. J. Mol. Sci. 23(1), 369, 2022. https://doi.org/10.3390/ijms23010369 

 

  

P. Sun, J. Wang, K. Shahed Khan, W. Yang, W.-L. Ng, N. Ilment, M. Zessin, E. F. 

Bülbül, D. Robaa, F. Erdmann, M. Schmidt, C. Romier, M. Schutkowski, A. S.-L. 

Cheng, W. Sippl.  

Development of alkylated hydrazides as selective HDAC8 inhibitors and analysis of 

antitumor immunity and efficacy of immune checkpoint blockade in hepatocellular 

carcinoma 

To be submitted 

 

https://doi.org/10.3390/ijms23010369



