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Chapter 1. Introduction 

1.1 Epigenetics and Epigenetic Modifications 

Epigenetics, a pivotal discipline in modern biology, investigates heritable 

modifications in gene expression which occur independently of alterations in the 

primary DNA sequence.[1] To elucidate the molecular mechanisms that govern 

cellular processes and the regulatory factors modulating gene activity states, a 

comprehensive exploration of epigenetic phenomena becomes imperative.[2] The 

genetic blueprint of all organisms is encoded in nucleic acids, with 

deoxyribonucleic acid (DNA) serving as the hereditary archive, while ribonucleic 

acid (RNA) functions as the transcriptional intermediary. These macromolecules 

ultimately direct the synthesis of functional proteins and regulatory molecules. 

Structurally, DNA polymers are composed of purine (adenine and guanine) and 

pyrimidine (cytosine and thymine) nucleobases, which are covalently linked to a 

deoxyribose sugar-phosphate backbone. Two complementary strands intertwine 

through specific base pairing to form the characteristic antiparallel double helix.[1] 

RNA differs from DNA in several key biochemical respects, notably the 

substitution of thymine with uracil and ribose for deoxyribose. The central dogma 

of molecular biology dictates that protein-coding genes are first transcribed into 

messenger RNA (mRNA), which subsequently orchestrates translation through the 

ribosomal biosynthesis of polypeptides.[1,3] 

In eukaryotes, genomic DNA is compacted into chromatin structures, with the 

nucleosome representing the fundamental repeating unit. Each nucleosome 

contains approximately 146-147 base pairs of DNA wrapped around an octameric 

core of histone proteins.[4] The nucleus harbors five major histone classes: the core 

histones (H2A, H2B, H3, and H4) that form the nucleosomal octamer, and the 

linker histone H1. The canonical nucleosome structure consists of a (H3-H4)2 

tetramer flanked by two H2A-H2B dimers (Figure 1-1).[5] Unlike core histones, 

H1 primarily functions to stabilize higher-order chromatin folding through its 
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binding to linker DNA, thereby maintaining nucleosomal integrity.[6] Although 

DNA sequences encode the complete genetic information from parental organisms, 

genetic alterations alone cannot fully explain numerous pathological conditions, 

such as cancer and neurodegenerative diseases.[7,8] Emerging evidence 

demonstrates that epigenetic dysregulation can induce profound alterations in gene 

expression patterns and drive malignant cellular transformation.[8,9] 

 

 

Figure 1-1. Histone–DNA complexes in eukaryote. Reprinted with permission from: Hocher 

A, Warnecke T. Nucleosomes at the Dawn of Eukaryotes. Genome Biol Evol. 2024, 16(3), 

evae029.[5] Copyright 2024, The Author(s) 2024. Published by Oxford University Press on 

behalf of Society for Molecular Biology and Evolution. 

 

Epigenetic modifications dynamically regulate gene expression without 

altering the underlying DNA sequence. These reversible mechanisms 

encompass DNA methylation, post-translational histone modifications (e.g., 

acetylation, methylation), and non-coding RNA-mediated regulation.[2,4,8] A 

fundamental unifying feature of these processes is their ability to remodel 

chromatin architecture, thereby modulating DNA accessibility for the 

transcriptional machinery.[1] 

The eukaryotic genome employs chromatin architecture as a fundamental 

regulatory mechanism for controlling transcription. This nucleoprotein complex, 

which orchestrates genomic compaction within the nucleus and exhibits structural 

plasticity that directly correlates with functional demands. There are two 

predominant chromatin states that exist in a dynamic equilibrium: (1) 
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transcriptionally silent heterochromatin with condensed nucleosomal packing, and 

(2) transcriptionally active euchromatin characterized by decompacted chromatin 

fibers. This interconversion between the two states represents a crucial epigenetic 

switch that governs gene expression profiles and cellular homeostasis.[10] 

When chromatin transitions to a transcriptionally permissive euchromatic state, 

it undergoes structural decompaction that significantly enhances DNA accessibility 

for transcriptional regulators. In this open configuration, RNA polymerase II and 

associated basal transcription factors demonstrate an increased binding affinity to 

core promoter elements because diminished nucleosomal density reduces the steric 

constraints imposed by histone octamers. This chromatin accessibility is 

dynamically regulated through two synergistic mechanisms: (1) adenosine 

triphosphate (ATP)-dependent chromatin remodeling complexes that mediate 

nucleosome sliding or ejection, and (2) post-translational histone modifications 

(e.g., H3K27ac and H4K16ac) that attenuate histone-DNA binding affinity. 

Collectively, these epigenetic modifications establish a permissive chromatin 

landscape that facilitates unimpeded progression of the transcription elongation 

complex through previously nucleosome-occupied regions This enables precise 

spatiotemporal control of gene expression networks, which is critical for cellular 

homeostasis.[1] 

This accessible chromatin state is established through a sophisticated repertoire 

of post-translational modifications (PTMs) that predominantly occur on conserved 

residues within the N-terminal tails of core histones (H2A, H2B, H3, and H4). 

These biochemically distinct modifications collectively modulate histone charge 

distribution and steric properties, including lysine acetylation, arginine/lysine 

methylation, serine/threonine phosphorylation, and lysine ubiquitination. These 

alterations effectively reduce electrostatic interactions between histone basic 

residues and DNA phosphate backbones, thereby destabilizing nucleosomal 

architecture.[5,9,11,12] 
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1.2 Histone Deacetylases (HDACs) 

The dynamic equilibrium of histone acetylation is precisely regulated by 

opposing enzymatic activities. Histone acetyltransferases (HATs) catalyze the 

transfer of acetyl groups to lysine ε-amino residues on histone tails, while histone 

deacetylases (HDACs) mediate their removal.[13-15] This reversible modification 

system serves as a critical epigenetic switch. HDACs play particularly pivotal roles 

in modulating cellular signaling cascades and maintaining homeostatic balance. 

Dysregulation of HDAC activity has been implicated in various pathological 

conditions, including neurodegeneration (e.g., Alzheimer's disease via HDAC2 

overexpression), chronic inflammation (e.g., rheumatoid arthritis through HDAC3-

mediated NF-κB activation), metabolic disorders (e.g., type 2 diabetes involving 

HDAC4/5), and oncogenesis.[15] In cancer biology, specific HDAC isoforms 

(particularly HDAC1-3) are frequently overexpressed, leading to epigenetic 

silencing of tumor suppressor genes (e.g., p21 and PTEN) and the activation of 

oncogenic pathways.[8] Consequently, HDACs are regarded as important regulators 

of transcription and have been identified as valuable targets in cancer therapy.[8,15] 

The human genome encodes 18 HDAC isoforms that are phylogenetically 

classified into two distinct families based on their catalytic mechanisms and 

cofactor requirements. The classical zinc-dependent HDAC family (HDAC1-11) 

comprises 11 metalloenzymes that utilize a conserved zinc ion in their active site 

to facilitate amide bond hydrolysis through water-mediated nucleophilic 

attack.[16,18] In contrast, the seven sirtuin (SIRT1-7) isoforms represent a separate 

class of nicotinamide adenine dinucleotide (NAD)+-dependent deacetylases that 

catalyze a unique reaction mechanism involving the transfer of the acyl group to 

adenosine diphosphate (ADP)-ribose, resulting in the formation of 2´-O-acetyl-

ADP-ribose as a byproduct.[17,18] 

The human HDACs are further classified into four major groups based on 

sequence homology and subcellular localization: Class I (HDAC1, 2, 3, 8), Class 

IIa (HDAC4, 5, 7, 9), Class IIb (HDAC6, 10), Class III (SIRT1–7), and Class IV 
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(HDAC11) (Figure 1-2).[18] 

While HDACs are named for their canonical role in removing acetyl groups from 

lysine residues, emerging research demonstrates that many HDAC isoforms also 

catalyze the hydrolysis of diverse acyl modifications. This functional versatility 

extends to post-translational modifications such as succinylation, malonylation, 

crotonylation, and long-chain fatty acylation, significantly expanding their 

regulatory roles in cellular physiology.[19] 

Given the scope of this thesis, the following subsections will primarily focus on 

introducing HDAC1-4, HDAC6 and SIRT6. 

 

 

Figure 1-2. The classification of HDACs. Adapted in a modified version from Huang M et al. 

2019.[18]  

 

1.2.1 HDAC1, HDAC2, and HDAC3 

Extensive research has documented HDAC mutations and dysregulated 

expression patterns linked to tumorigenesis.[20,21] Notably, HDAC1, 2, and 3 are 

overexpressed in aggressive malignancies including gastric, esophageal, colorectal, 

and breast cancers.[22] Class I HDACs are particularly compelling targets due to 

their ability to epigenetically silence tumor suppressor genes (TSGs) and associated 

Class Isoform localisation Amino acids
HDAC1 nucleus 481

HDAC2 nucleus 488

HDAC3 nucleus 428

HDAC8 nucleus, cytoplasm 377

HDAC4 nucleus, cytoplasm 1084

HDAC5 nucleus, cytoplasm 1121

HDAC7 nucleus, cytoplasm 952

HDAC9 nucleus, cytoplasm 1011

HDAC6 cytoplasm 1215

HDAC10 cytoplasm 669

SIRT1 nucleus, cytoplasm 747

SIRT2 nucleus 389

SIRT3 mitochodria 399

SIRT4 mitochodria 314

SIRT5 mitochodria 310

SIRT6 nucleus 355

SIRT7 nucleus 400

IV HDAC11 nucleus, cytoplasm 347

I

IIa

IIb

III
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proteins.[23] One key example is p53, which is a major TSG substrate of HDAC1. 

The MDM2-HDAC1 complex orchestrates p53 deacetylation and subsequent 

degradation. HDAC1 overexpression also drives TSG suppression, including p53 

and von Hippel Lindau (VHL), as well as tumor angiogenesis. 

Class I HDACs further promote oncogenesis by downregulating cyclin-

dependent kinase inhibitors (e.g., p21/WAF1, p27/KIP1), which normally enforce 

G2 cell cycle arrest. HDAC2 knockdown studies demonstrated restored acetylation 

and reactivation of retinoblastoma (Rb)-regulated genes. The Rb-E2F axis, a 

critical cell cycle checkpoint, is functionally impaired by HDAC recruitment to 

E2F-responsive promoters, leading to direct or indirect suppression of these 

transcription factors (Figure 1-3).[24] 

 

 

Figure 1-3. The role of class I HDACs in cancer progression. Adapted in a modified version 

from Huang Z et al. 2024.[25] 

 

1.2.2 HDAC4 

Intriguingly, HDAC4 lacks intrinsic enzymatic activity when isolated. Instead, it 

functions by forming transcriptional repression complexes with transcription/non-
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transcription factors to silence target genes.[26] Structurally, HDAC4 contains a 

nuclear localization sequence (NLS) and a nuclear export sequence (NES), which 

enable nucleocytoplasmic shuttling.[27] Emerging evidence suggests that HDAC4 

may act as an epigenetic reader due to its low catalytic activity; however, this role 

remains underexplored. Beyond histones, HDAC4 interacts with non-histone 

proteins, such as myocyte enhancer factor-2 (MEF2), to suppress gene expression 

by occluding promoter regions.[28-30] 

 

1.2.3 HDAC6 

HDAC6, the largest HDAC enzyme, is structurally unique in possessing two 

catalytic deacetylase domains (CD1 and CD2) with similar amino acid sequences 

and three-dimensional architecture.[31] Although the two domains exhibit structural 

homology, the CD2 serves as the primary catalytic center with a significantly 

broader substrate specificity than CD1.[32] Beyond its catalytic domains, HDAC6 

contains specialized functional regions including a dynein motor binding (DMB) 

domain that connects CD1 and CD2, a NES that maintains cytoplasmic localization, 

an SE14 tetrapeptide motif that anchors the protein in the cytoplasm, and a C-

terminal zinc finger ubiquitin-binding domain (ZnF-UBP) that recognizes both 

mono- and polyubiquitinated proteins. 

The functional diversity of HDAC6 stems from this unique domain architecture. 

Its catalytic domains primarily mediate the deacetylation of key cytoplasmic 

substrates including α-tubulin, cortactin, and heat shock protein 90 (HSP90).[31] 

These substrate interactions are critical for HDAC6´s role in regulating cellular 

motility, protein homeostasis, and stress response pathways. The 

pathophysiological importance of HDAC6 is evident by its involvement in diverse 

disease states, ranging from enhanced tumor invasiveness in cancer to 

neurodegenerative processes in Alzheimer's and Parkinson's diseases, as well as 

fibrotic disorders and chronic inflammatory conditions.[33] 
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1.2.4 SIRT6 

SIRT6 is a ubiquitously expressed, NAD+-dependent class III HDAC that serves 

as a critical regulator of diverse physiological processes including genomic stability, 

metabolic homeostasis, and inflammatory signaling.[34-37] Its therapeutic potential 

is exemplified by the suppression of NF-κB-mediated inflammatory responses and 

protection against hypoxia-induced oxidative damage by scavenging reactive 

oxygen species (ROS). Emerging evidence positions SIRT6 as a potent tumor 

suppressor, with frequent downregulation observed across multiple malignancies. 

Preclinical studies using SIRT6 knockout models demonstrate that genetic ablation 

induces lethal metabolic dysregulation, while clinical data reveal improved 

prognosis in cancer patients with preserved SIRT6 expression.[38-41] These findings 

strongly support the therapeutic rationale for the pharmacological activation of 

SIRT6 as a novel class of anticancer agents. 
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1.3 HDAC-based Drug Discovery 

As previously discussed, the pharmacological modulation of HDAC expression 

and activity has profound effects on key oncogenic pathways across multiple cancer 

types. This compelling biological rationale has firmly established HDACs as 

clinically validated therapeutic targets in oncology. To date, multiple HDAC 

inhibitors have gained regulatory approval for cancer treatment, and there is an 

expanding pipeline of investigational agents in clinical development.[42] The field 

continues to advance through global drug discovery efforts focused on next-

generation HDAC-targeting strategies. These strategies include the rational design 

of dual/multi-target HDAC inhibitors and the development of novel HDAC 

proteolysis-targeting chimeras (HDAC PROTACs).[43,44] 

 

1.3.1 HDAC Inhibitors 

In October 2006, the Food And Drug Administration (FDA) approved vorinostat 

as the first HDAC inhibitor for the treatment of rare cutaneous T-cell lymphoma. 

Subsequently, romidepsin, belinostat and panobinostat have also received FDA 

approval for several cancers, including cutaneous T-cell lymphoma (CTCL), 

peripheral T-cell lymphoma (PTCL), and multiple myeloma. Additionally, the class 

I HDAC-selective inhibitor tucidinostat was approved in China for the treatment of 

relapsed or refractory PTCL and hormone receptor-positive breast cancer in 

combination with exemestane. The majority of these inhibitors have been approved 

for the treatment of hematological malignancies. Notably, givinostat gained 

approval in 2024 as the first HDAC inhibitor indicated for Duchenne muscular 

dystrophy. (Figure 1-4).[42,45] 
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Figure 1-4. Six approved HDAC inhibitors and structures. 

 

The prototypical HDAC inhibitor pharmacophore consists of three essential 

structural motifs (Figure 1-4): (1) a surface-binding cap group that interacts with 

residues surrounding the active site entrance; (2) a zinc-binding group (ZBG) that 

coordinates the catalytic zinc ion; (3) a hydrophobic linker spanning the channel of 

enzyme to connect these domains.[42] Notably, the cap region demonstrates 

remarkable structural plasticity, enabling the development of chemically diverse 

HDAC inhibitors through rational modification of this moiety. 

Beyond the currently approved HDAC inhibitors, an expanding pipeline of novel 

candidates is under clinical evaluation across multiple cancer indications. The 

analysis of available clinical data highlights several promising HDAC inhibitors 

currently in development (Table 1-1).[46,47] The robust clinical pipeline underscores 

the continued importance of HDACs as validated molecular targets in oncology 

drug discovery. 

 

 

 

 



11 

 

Table 1-1. Representative examples of clinical trials conducted with HDAC 

inhibitors. 

 

*For combination trials, the other drugs involved are indicated with “+”. The clinical trial is 

specified by the ClinicalTrials.gov NCT number. 

 

1.3.2 Hybrid HDAC Inhibitors 

The pathogenesis of cancer involves intricate molecular mechanisms 

characterized by dynamic interactions among diverse enzymes, structural proteins, 

and transcription factors. Although single-target therapeutic agents are a mainstay 

of anticancer treatment, their efficacy is often limited by tumor cell adaptability. 

Malignant cells can quickly activate compensatory survival pathways, leading to 

acquired drug resistance and a diminished therapeutic response.[42,48] 

One approach that can be employed to address this challenge is the combination 

drug strategy. However, while the conventional combination therapy strategy is 

theoretically sound, it presents significant clinical limitations including 

compromised patient adherence, unpredictable pharmacokinetic profiles, and 

undesirable drug-drug interactions that may diminish therapeutic outcomes. 
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Therefore, an innovative approach is the rational design of single molecular entities 

that incorporate multiple pharmacophores. These multitargeting agents offer three 

distinct advantages: (1) simultaneous modulation of interconnected oncogenic 

pathways; (2) improved pharmacokinetic properties compared to drug 

combinations; and (3) reduced developmental complexity and associated costs.[49,50] 

Such hybrid molecules are a promising frontier in anticancer drug development and 

merit extensive investigation of their therapeutic potential and clinical 

applicability.[51] 

The established anticancer efficacy of HDAC inhibitors, coupled with their 

demonstrated capacity for synergistic activity with diverse therapeutic modalities, 

has motivated the development of hybrid HDAC inhibitors. These bifunctional 

agents incorporate two pharmacologically active moieties, representing a validated 

strategy for concurrent modulation of multiple oncogenic pathways.[52-54] 

The principal characteristics of the published hybrid HDAC inhibitors include: 

(1) a critical fragment that targets an additional cancer-related pathway and 

typically serves as the cap group of the hybrid HDAC inhibitor, (2) a suitable ZBGs, 

and (3) a linker that is crucial for influencing the activity against both targets. 

Following this design, these hybrids often demonstrate potent and balanced 

inhibitory activities against both HDACs and the complementary cancer target. The 

fragments of the cap groups in reported hybrid HDAC inhibitors are mainly from 

kinase inhibitors, cytotoxic compounds, hormone receptor modulators, epigenetic 

modulators, natural products, and other anticancer agents (Figure 1-5).[42] 

 

Figure 1-5. Structural features of hybrid HDAC inhibitors. Adapted in a modified version from 
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Luan Y et al. 2019.[42] 

 

1.3.3 HDAC Proteolysis-targeting Chimeras (HDAC PROTACs) 

Although significant progress has been made in targeted cancer therapeutics, the 

development of novel, well-tolerated, and effective agents remains a substantial 

challenge. A major limitation of current targeted therapies is the frequent 

emergence of resistance mechanisms that often compromise clinical outcomes. 

This therapeutic gap underscores the critical need for innovative treatment 

strategies with novel mechanisms of action. The proteolysis-targeting chimera 

(PROTAC) technology has recently emerged as a particularly promising approach, 

offering a paradigm-shifting strategy for targeted cancer therapy. Given the 

established clinical utility of HDAC inhibitors and the encouraging preliminary 

data from PROTAC clinical trials, the development of HDAC-targeting PROTACs 

represents a compelling therapeutic opportunity. 

The human ubiquitin-proteasome system (UPS) is orchestrated by three classes 

of enzymes working in concert. The process initiates when the E1 ubiquitin-

activating enzyme ATP-dependently activates ubiquitin (Ub), forming a high-

energy thioester bond and transferring Ub to an E2 ubiquitin-conjugating enzyme.  

Subsequently, the Ub-charged E2 recruits a specific E3 ubiquitin ligase, which 

serves as a critical scaffold mediating substrate recognition and ubiquitin transfer. 

The E3 ligase binds its target protein through specialized substrate-binding domains, 

forming a transient but highly coordinated ternary E2-E3-substrate complex. The 

E3 ligase precisely positions the substrate and Ub-charged E2 to catalyze ubiquitin 

transfer onto the substrate. Polyubiquitinated substrates are then recognized by 

the 26S proteasome, leading to proteasomal degradation (Figure 1-6).[44] 
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Figure 1-6. Schematic overview of the UPS and the general mechanism of PROTAC-mediated 

targeted protein degradation. Reprinted with permission from: Fischer F, Alves Avelar LA, 

Murray L, Kurz T. Designing HDAC-PROTACs: lessons learned so far. Future Med Chem. 

2022, 14(3):143-166. © 2022 Heinrich-Heine-Universität Düsseldorf.[44] 

 

The canonical architecture of HDAC-targeting PROTACs comprises three key 

components: an HDAC inhibitor warhead, a suitable linker, and an E3 ubiquitin 

ligase recruiting moiety (Figure 1-7).[44] Current literature documents 

approximately 100 reported HDAC PROTACs,[55,56] showcasing structural 

diversity through: (1) utilization of different E3 ligase ligands (cereblon (CRBN) 

and VHL being most prevalent), (2) selective targeting of various HDAC isoforms 

(including but not limited to HDAC1, 2, 3, 6, 8, and 10), and (3) incorporation of 

chemically diverse linker architectures. This structural versatility highlights the 

broad therapeutic potential of HDAC PROTACs in precision medicine applications. 

 



15 

 

 

Figure 1-7. General design principle of an HDAC PROTAC. CU: Connecting unit. Reprinted 

with permission from: Fischer F, Alves Avelar LA, Murray L, Kurz T. Designing HDAC-

PROTACs: lessons learned so far. Future Med Chem. 2022, 14(3):143-166. © 2022 Heinrich-

Heine-Universität Düsseldorf.[44] 

 

In recent years, there have been significant breakthroughs in the development of 

HDAC PROTACs and researchers have successfully developed potent and 

selective HDAC PROTAC degraders. These achievements validate the PROTAC 

strategy as a transformative approach in epigenetic drug discovery and highlight its 

ability to overcome the limitations associated with conventional HDAC inhibitors. 

The canonical three-component architecture of PROTACs, comprising an E3 

ligase recruiter, an HDAC ligand, and a carefully optimized linker, has been 

successfully applied in HDAC PROTAC design. Each structural element 

contributes critically to the PROTAC molecule's overall performance. 
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Firstly, the development of HDAC-targeting PROTACs has successfully 

leveraged several E3 ligases, most notably CRBN and VHL. The choice of E3 

ligase ligand is critical because it affects degradation efficiency but 

also degradation selectivity, on-target specificity, stability, and potential off-tissue 

effects. Studies have shown that HDAC PROTACs that recruit CRBN or VHL 

exhibit superior degradation efficacy compared to IAP-based PROTACs. This is 

likely due to differences in ubiquitination kinetics, ternary complex stability, and 

the cellular abundance of the respective E3 ligases.[44,55] Notably, CRBN has 

proven highly effective in designing degraders against class I, II, and III HDACs. 

However, HDAC11, the sole class IV isoform, remains largely unexplored in 

PROTAC-mediated degradation, possibly due to structural constraints or 

insufficient ligand binding affinity.[44,55,57,58] 

Secondly, the linker component serves as a critical structural determinant 

governing the degradation efficacy of HDAC-targeting PROTACs, with emerging 

evidence suggesting its additional role in modulating degradation selectivity.[44,55] 

While flexible alkyl chains and polyethyleneglycol (PEG)-based linkers dominate 

current designs due to their conformational adaptability, more constrained 

architectures incorporating alkyne, piperidine or piperazine moieties have 

demonstrated viability in CRBN-recruiting systems.[57,59] The absence of universal 

design principles stems from the multifaceted nature of linker optimization, which 

must simultaneously accommodate the structural characteristics of both the target 

HDAC isoform and the recruited E3 ligase, while also maintaining a productive 

ternary complex. Even subtle modifications in linker length or composition can 

profoundly influence degradation outcomes, as demonstrated by structure-activity 

relationship studies showing that single-atom variations may dramatically alter 

proteasomal degradation efficiency.[60-62] This exquisite sensitivity underscores the 

necessity of optimizing linker parameters, including length, flexibility, and 

attachment vector, to achieve optimal engagement of both the HDAC active site 

and the E3 ligase ligand-binding domain. Recent structural biology insights reveal 

that ideal linkers must not only span the physical distance between binding moieties 
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but also maintain appropriate solvent exposure of critical interaction surfaces while 

avoiding steric clashes in the ternary complex.[44,55] The growing appreciation of 

linker-dependent selectivity profiles further complicates this design challenge 

because minor structural perturbations can affect degradation differently across 

HDAC family members. Consequently, PROTAC development requires systematic 

exploration of linker space through comprehensive structure-activity studies, with 

each target-ligase combination demanding customized optimization to achieve 

maximal degradation potency and selectivity.[44] 

Lastly, the study demonstrated that the selection of the HDAC-binding motif 

significantly influences the selectivity of HDAC-targeting PROTACs, yielding 

degraders with exquisite specificity for particular isoforms. Intriguingly, HDAC 

PROTACs derived from nonselective HDAC inhibitors exhibited surprising 

isoform selectivity, suggesting that HDAC inhibitory activity is not always a 

reliable predictor of degradation profiles.[63,64] This discrepancy extends beyond the 

comparison between the PROTAC’s degradation profile and the parent inhibitor’s 

binding properties, it also applies to the inherent HDAC inhibitory activity of the 

PROTAC itself. 

Collectively, PROTACs demonstrate distinct advantages over conventional 

occupancy-driven HDAC inhibitors due to their unique catalytic mechanism of 

action. These benefits include sustained pharmacological effects, reduced dosing 

requirements, and potentially improved safety profiles. Notably, the PROTAC 

technology can circumvent common cancer resistance mechanisms, such as target 

amplification or overexpression. These characteristics position HDAC-targeting 

PROTACs as promising therapeutic modalities for protein-driven pathologies.[65] 
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1.4 Innovative Proximity-based Therapeutic Modalities 

As discussed above, remarkable advances have been made in HDAC-targeted 

anticancer drug discovery in recent years. These advances include approved HDAC 

inhibitors, hybrid HDAC inhibitors, and HDAC PROTACs. These innovations 

underscore the considerable therapeutic potential of HDAC modulation in oncology. 

However, despite their potent antitumor efficacy, current HDAC-based therapies 

frequently induce dose-limiting toxicities, including hematological 

(thrombocytopenia, neutropenia), gastrointestinal (diarrhea, nausea, and vomiting), 

constitutional (fatigue), and cardiovascular adverse effects.[48,66,67] Such toxicities 

may cause severe and potentially irreversible harm to patients, ultimately 

compromising treatment adherence. These limitations largely stem from poor 

HDAC isoform selectivity. Therefore, a central challenge in HDAC-targeted 

anticancer drug development lies in achieving isoform-selective modulation to 

enable precise epigenetic control that maintains therapeutic potency while 

mitigating off-target toxicities. 

The inherent limitations of conventional HDAC-based drugs necessitate 

alternative therapeutic strategies to address unmet clinical challenges. Proximity-

based therapeutic modalities offer a transformative approach by fundamentally 

altering pharmacological intervention paradigms. Unlike traditional occupancy-

driven inhibition, these engineered systems harness the endogenous cellular 

machinery to achieve catalytic and sustained protein modulation.[44,65] 

While PROTACs represent a significant advancement among proximity-based 

therapeutic modalities by to some extent mitigating adverse effects and improving 

HDAC isoform selectivity, several pharmacological challenges still exist. To 

overcome these limitations, researchers are exploring innovative and advanced 

proximity-based strategies that could provide enhanced HDAC isoform selectivity, 

precise epigenetic modulation, and improved druggability compared to PROTACs. 
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1.4.1 Molecular Glue Degraders 

Although targeted protein degradation represents a compelling therapeutic 

paradigm, the pharmacological profile of current PROTAC presents significant 

translational challenges. The need to incorporate both a target protein ligand and an 

E3 ligase recruiting element leads to heterobifunctional PROTACs with high 

molecular weight and polar surface area (PSA), typically in the range 800−1000 

g/mol and ∼200 Å2, respectively. These characteristics frequently impair 

membrane permeability, aqueous solubility, and ultimately, bioavailability, which 

limits central nervous system (CNS) penetration. Furthermore, linker optimization 

demands target-specific empirical refinement. Insufficient linker length can lead to 

steric clashes that compromise ternary complex formation, while excessive length 

can hinder productive ubiquitination proximity.[68] 

Similar to the mechanism of PROTACs, molecular glue degraders have emerged 

as a powerful therapeutic modalities that promote the degradation of disease-

relevant proteins by inducing proximity between an E3 ubiquitin ligase and a neo-

substrate. This interaction facilitates polyubiquitination and the subsequent 

proteasomal degradation of the target protein. Compared to heterobifunctional 

PROTACs, molecular glue degraders offer several potential advantages, including 

a lower molecular weight and more favorable drug-like properties. Additionally, 

they may better exploit shallow protein–protein interaction interfaces between E3 

ligases and challenging targets that lack well-defined binding pockets.[69,70] As a 

result, molecular glue degraders are considered highly promising modalities for the 

development of therapeutics targeting previously undruggable proteins. 

 

1.4.2 Bypassing E3 ligase Targeting Chimeras (BYETACs) 

To date, the application of PROTAC technology has largely been restricted to the 

use of E3 ligases from the cullin-RING family, particularly CRBN and VHL. While 

these ligases have demonstrated robust efficacy in multiple contexts, the overall 

effectiveness of PROTAC-mediated degradation is significantly influenced by the 

expression levels and subcellular localization of the E3 ligase in target tissues. 
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These constraints limit the diversity of proteins that can be ubiquitinated and 

subsequently degraded via the UPS, especially for targets that are poorly expressed 

or reside in cellular compartments where E3 ligases are absent or with low 

expression. 

As a result, there is a growing interest in developing alternative targeted protein 

degradation strategies that bypass these limitations and expand the range of 

degradable proteins. One promising approach involves directly engaging subunits 

of the 26S proteasome to induce degradation, thereby eliminating the dependency 

on E3 ligase recruitment. This emerging class of degraders, referred to as bypassing 

E3 ligase targeting chimeras (BYETACs), offers a novel mechanism for degrading 

proteins that either lack accessible ubiquitination sites or are intrinsically resistant 

to E3 ligase-mediated recruitment. By directly tethering target proteins to the 

proteasome, BYETACs could potentially enable the degradation of previously 

undruggable targets and expand the therapeutic reach of TPD technologies.[71] 

 

1.4.3 Deubiquitinase-targeting Chimeras (DUBTACs) 

Despite significant progress in the field of targeted protein degradation, the 

pharmacological stabilization of proteins through small molecule–mediated 

deubiquitination remains a largely untapped therapeutic strategy. To date, there are 

no clinically validated approaches in this area yet, and the concept remains 

underexplored in comparison to protein degradation platforms such as PROTACs 

and molecular glue degraders. 

HDAC isoforms exhibit distinct expression profiles across different cancer types. 

Certain isoforms, such as HDAC1 and HDAC6, are frequently overexpressed in 

cancer cells, while others, including SIRT1 and SIRT6, usually have low expression 

levels. For highly expressed HDAC isoforms, targeted protein degradation can be 

achieved using PROTACs or molecular glue degraders. Conversely, strategies to 

induce targeted protein stabilization may be more appropriate for low-abundance 

HDAC isoforms. 
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To address this gap, deubiquitinase-targeting chimeras (DUBTACs) have been 

proposed as a novel class of heterobifunctional small molecules designed to 

selectively stabilize proteins. Similar to the structure of PROTACs, DUBTACs 

consist of two functional moieties connected via a tunable chemical linker: a ligand 

that recruits a specific deubiquitinase (DUB) and a ligand that binds to a targeted 

protein. By bringing a DUB into proximity with a ubiquitinated target protein, 

DUBTACs facilitate the removal of ubiquitin chains, thereby rescuing the protein 

from proteasomal degradation and restoring its steady-state levels. 

This strategy holds particular promise for diseases driven by the loss or abnormal 

degradation of functional proteins. Examples include certain genetic disorders or 

neurodegenerative conditions, where enhancing protein stability could offer a 

therapeutic benefit. As such, DUBTACs represent a mechanistically distinct and 

potentially complementary approach to traditional TPD technologies, broadening 

the scope of druggable targets through protein stabilization rather than 

elimination.[72]  



22 

 

1.5 Scope of Thesis 

In light of recent advances in proximity-based therapeutic modalities and the 

fundamental challenges inherent in HDAC-based drug discovery, three innovative 

strategies were rationally designed to enable precise control over HDAC regulation 

(Figure 1-8). These novel approaches represent first-of-their-kind mechanisms for 

enhancing HDAC isoform selectivity, which could advance the clinical 

applicability of HDAC modulators in cancer treatment. 

 

Figure 1-8. Proximity-based therapeutic modalities to achieve precise modulation of HDACs. 

 

Chapter 2 describes the rational design and development of novel DCAF16-

based covalent molecular glues. Molecular glue degraders demonstrate several 

therapeutic advantages over heterobifunctional PROTACs, particularly their lower 

molecular weight and enhanced drug-like characteristics that may translate to better 

pharmacokinetic profilesRecent findings have identified a vinylsulfonyl piperazine 

moiety as a DCAF16 binder that successfully induces the degradation of CDK4, 

the androgen receptor, BTK, SMARCA2/4, and BCR-ABL/c-ABL.[69] Therefore, it 

is worthwhile to verify whether this covalent warhead could 

be repurposed for the potential HDAC degradation. In this project, the classical 

HDAC inhibitor vorinostat was chosen as the HDAC binding moiety, and the 

established covalent DCAF16 warhead will be connected to the cap group of 

vorinostat. In additiona selection of ZBGs will be incorporated for potentially 
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selective HDAC degradation. The synthesized molecular glues will undergo 

biological evaluation to assess their degradation efficacy and isoform selectivity. 

Additionally, their antiproliferative activity, HDAC inhibition, and ability to 

induce apoptosis will be evaluated in MM.1S cells. 

 

Chapter 3 presents the development of heterobifunctional bypassing E3 ligase 

targeting chimeras (BYETACs) for selective HDAC degradation. A key regulatory 

checkpoint is mediated by USP14, a deubiquitinase that reversibly associates with 

the proteasome and selectively edits or removes ubiquitin chains from substrates. 

USP14 further interacts with RPN1, forming a stable complex that localizes it to 

the 26S proteasome’s regulatory particle. USP14 actively trims polyubiquitin 

chains, thereby modulating substrate fate prior to proteasomal degradation.[73] The 

treatment of cells with the USP14 inhibitor IU1 resulted in enhanced degradation 

of several proteasome substrates implicated in neurodegenerative diseases.[74] 

Therefore, the USP14 inhibitor IU1 was identified as a direct proteasome recruiter. 

In this project, the conjugation of IU1 with an HDAC ligand vorinostat was 

intended to generate HDAC BYETACs. The synthesized compounds will be 

biologically evaluated for HDAC inhibitory activity, degradation efficiency, and 

isoform selectivity. Furthermore, their antiproliferative effects and apoptotic 

induction will be assessed in MM.1S cells. 

 

Chapter 4 investigates a novel therapeutic strategy employing deubiquitinase-

targeting chimeras (DUBTACs) for the targeted stabilization of SIRT6. Unlike 

PROTACs that mediate protein degradation, DUBTACs exploit the ubiquitin-

proteasome system to promote protein deubiquitination and subsequent 

stabilization, offering potential therapeutic intervention for diseases driven by 

pathological protein destabilization.[72] In this project, a novel class of 

heterobifunctional small molecules will be developed, so-called SIRT6 DUBTACs, 

which consist of a DUB OTUB1 recruiter and a SIRT6 activator. The synthesized 

SIRT6 DUBTACs will undergo biological evaluation to assess their stabilization 
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potency at different concentrations against SIRT6, and antiproliferative effects in 

MM.1S cells. 
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2.1 Publication Summary 

The dynamic equilibrium of histone acetylation is maintained through the 

opposing actions of histone deacetylases (HDACs) and histone acetyltransferases 

(HATs). HDAC modulation has been demonstrated to significantly impact critical 

cellular processes such as cell growth, cell cycle, and chromatin decondensation.[1] 

The frequent overexpression of HDACs in various malignancies positions them as 

compelling therapeutic targets in cancer treatment. The pharmacological 

intervention through HDAC inhibition or targeted degradation represents a 

promising strategy for anticancer therapy. Currently, four HDAC inhibitors have 

received FDA approval for clinical use in T-cell lymphomas and multiple 

myeloma.[2] Recent advances have further expanded the therapeutic landscape, with 

innovative HDAC-targeting approaches demonstrating remarkable potential across 

diverse cancer indications.[3-5] 

Targeted protein degradation (TPD), mainly mediated by molecular glues (MGs) 

and proteolysis-targeting chimeras (PROTACs), has emerged as a transformative 

therapeutic strategy for the selective elimination of disease-relevant proteins.[6] 

Molecular glue degraders offer distinct advantages over heterobifunctional 

PROTACs, including lower molecular weights and improved drug-like properties. 

However, unlike PROTACs which can be rationally designed, most molecular 

glues have been discovered serendipitously or through phenotypic screening. 

Therefore, de novo design of MGs for specific targets remains an important 

challenge, hindering broader clinical translation.[7-9] 

In addition to the complex design of molecular glues, they have several other 

limitations compared to small molecule inhibitors. For instance, not all proteins are 

amenable to degradation due to poor E3 ligase recognition or absence of 

ubiquitinated lysine residues. Moreover, their therapeutic impact may be marginal 

for proteins with inherently short half-lives and rapid turnover rates. However, 

despite these challenges associated with the development of molecular glues, they 

also possess advantages over small molecule inhibitors: Molecular glues (1) can 
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exploit shallow protein−protein interfaces between E3 ligases and therapeutic 

proteins that may lack deep binding pockets, which presents a significant advantage 

in drug development, (2) act via a catalytic mode of action, (3) remove all functions 

of the target protein, not just enzymatic activity, but also scaffolding or non-

catalytic roles, and (4) exhibit sustained effects, particularly for proteins with 

moderate and long half-lives.[10,11]  

Recent studies have identified a covalent DCAF16-targeting scaffold that 

enables linker-free protein degradation. The vinylsulfonyl piperazine warhead, 

originally discovered by Nomura's group, represents a versatile covalent handle that 

can be conjugated to various protein-targeting ligands. Remarkably, this approach 

has proven effective across multiple protein classes, successfully inducing 

degradation of diverse targets including CDK4, the androgen receptor, BTK, 

SMARCA2/4, and BCR-ABL/c-ABL, demonstrating its broad applicability in 

targeted protein degradation strategies.[12] 

 Capitalizing on this finding, a new class of DCAF16-based covalent molecular 

glues utilizing different ZBGs were designed, synthesized, and characterized for 

the targeted degradation of HDACs. Western blot analysis demonstrated that the 

hydroxamate-based degrader 10a effectively reduced HDAC1 levels in MM.1S 

cells in a potent and preferential manner, while the control compound 10a-nc did 

not affect HDAC1 levels. Subsequent cell viability assays and apoptosis induction 

analysis further confirmed the promising anticancer activity of 10a.  

Taken together, the vinylsulfonyl piperazine moiety emerges as a highly versatile 

covalent warhead that successfully transformed the conventional HDAC inhibitor 

vorinostat into molecular glue degrader 10a, enabling preferential HDAC1 

degradation. This proof-of-concept not only validates the strategic repurposing of 

existing pharmacophores but also underscores the broader potential of this 

adaptable covalent chemistry platform in rational degrader design. The 

demonstrated ability to convert non-degradative inhibitors into targeted protein 

degradation tools opens new avenues for therapeutic development across multiple 

target classes.  
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3.1 Publication Summary 

Cellular protein homeostasis is principally maintained through the ubiquitin-

proteasome system (UPS), which selectively eliminates senescent or misfolded 

proteins.[1] Harnessing this endogenous quality control mechanism, researchers 

have developed UPS-dependent protein degraders, including proteolysis-targeting 

chimeras (PROTACs) and molecular glues (MGs), as innovative therapeutic 

modalities for targeted protein degradation (TPD).[2,3] Compared to conventional 

small molecule inhibitors, UPS-dependent degraders offer several advantages, 

including the ability to target undruggable proteinsvia acting through a catalytic 

mode of action, and overcoming drug resistance. The remarkable therapeutic 

potential of UPS-dependent degraders is evidenced by the rapid clinical translation 

of this technology, with over 25 UPS-dependent degraders currently under 

investigation in clinical trials.[4,5] 

Current TPD strategies face several critical limitations in E3 ligase utilization. 

First, the repertoire of exploitable E3 ligases remains predominantly restricted to 

two cullin-RING ligase family members von Hippel-Lindau (VHL) and cereblon 

(CRBN).[6-10] Second, degradation efficiency is intrinsically dependent on the 

endogenous expression levels of these E3 ligases in target tissues. These 

fundamental constraints significantly limit the druggable proteome accessible via 

UPS-mediated degradation. This unmet need has driven growing pharmaceutical 

interest in developing novel degradation platforms capable of targeting a more 

diverse range of disease-relevant proteins through alternative mechanisms. 

An emerging strategy to bypass E3 ligase dependency involves direct 

engagement of the 26S proteasome subunits to induce TPD. This approach offers a 

potentially universal degradation platform for proteins that are refractory to 

ubiquitination or lack E3 ligase recognition. Recent research first demonstrated the 

viability of this approach by establishing a binding interaction with the 26S 

proteasome subunit RPN1, thereby promoting the degradation of BRD4.[11] 

Building on this proof-of-concept, a novel class of non-covalent heterobifunctional 
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degraders, termed bypassing E3 ligase targeting chimeras (BYETACs), was 

subsequently developed to mediate BRD4 degradation through RPN13 

engagement.[12] These examples validate the feasibility of directly binding to a 26S 

proteasome subunit for TPD. 

The ubiquitin-proteasome system maintains precise control over protein 

degradation through several regulatory checkpoints, one of which involves the 

ubiquitin-specific protease 14 (USP14). This critical deubiquitinating enzyme 

dynamically associates with the 19S regulatory particle of the 26S proteasome, 

where it serves as a gatekeeper by editing ubiquitin chains and potentially rejecting 

substrates from degradation. Structural elucidation of human USP14 in complex 

with the proteasome has revealed that its interaction with the RPN1 subunit is 

crucial for proper positioning at the proteasomal entry site. This strategic 

localization enables USP14 to directly access incoming substrates and modulate 

their fate through selective trimming of polyubiquitin chains.[13] 

Meanwhile, the small molecule IU1 was identified as a preferential USP14 

inhibitor in a high-throughput screening campaign. The treatment of cells with IU1 

resulted in enhanced degradation of several proteasome substrates implicated in 

neurodegenerative diseases.[14] 

Building upon these discoveries, a novel class of heterobifunctional BYETACs 

were designed and synthesized specifically engineered for HDAC degradation. 

This  approach features the first implementation of a USP14 inhibitor as a 

proteasome-targeting warhead. Through strategic conjugation of this USP14-

binding moiety IU1 with the HDAC inhibitor vorinostat, HDAC-targeting 

BYETACs demonstrated potent and selective reduction of HDAC1 protein levels 

in multiple myeloma MM.1S cells. Furthermore, subsequent apoptosis induction 

analysis confirmed its promising anticancer activity. This proof-of-concept study 

establishes that bypassing E3 ligases via BYETACs is a viable strategy for HDAC 

knockdown, potentially expanding the scope of protein degradation in the future. 
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Chapter 4. Deubiquitinase-targeting Chimeras (DUBTACs) 

for Targeted Stabilization of SIRT6 

4.1 Background 

4.1.1 Discovery of Deubiquitinase-targeting Chimeras (DUBTACs) 

Therapeutic targeting of “undruggable” proteins demands both innovative 

technologies to identify ligandable binding sites and novel modalities to modulate 

protein function through unconventional mechanisms.[1,2] Targeted protein degradation 

(TPD) has emerged as a transformative strategy to address this challenge, enabling 

selective ubiquitination and proteasomal elimination of disease-relevant proteins. 

Within the TPD landscape, proteolysis-targeting chimeras (PROTACs) have emerged 

as a groundbreaking class of heterobifunctional degraders. These rationally designed 

molecules consist of two pharmacophores: (1) an E3 ligase-binding moiety and (2) a 

targeted protein-binding ligand, connected through a suitable linker. PROTACs 

facilitate the formation of productive ternary complexes that sterically position the E3 

ligase in proximity to the targeted protein. This spatial arrangement enables the 

polyubiquitination of the POI, marking it for recognition and subsequent degradation 

by the 26S proteasome.[3-5] However, despite these significant advances in TPD, the 

pharmacological stabilization of proteins through small molecule-mediated 

deubiquitination remains an unexplored therapeutic strategy, with no clinically viable 

approaches reported to date.[6,7] 

To achieve this goal, Nomura and co-workers pioneered the development 

of deubiquitinase-targeting chimeras (DUBTACs). These are novel, heterobifunctional 

small molecules composed of a deubiquitinase (DUB) recruiter conjugated to a protein-

targeting ligand via variable linkers (Figure 4-1). DUBTACs are engineered to restore 

steady-state levels of disease-relevant proteins that undergo aberrant degradation 

through ubiquitin-dependent mechanisms. Using chemoproteomic strategies, the 

researchers discovered the covalent ligand EN523, which selectively engages a non-

catalytic allosteric cysteine (C23) in OTUB1, a K48-ubiquitin-specific deubiquitinase. 
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Nomura and co-workers then constructed a DUBTAC by tethering EN523 to lumacaftor, 

a therapeutic agent for cystic fibrosis that binds to the ΔF508-cystic fibrosis 

transmembrane conductance regulator (CFTR). This DUBTAC effectively increased 

ΔF508-CFTR protein levels, resulting in improved chloride channel function in human 

cystic fibrosis bronchial epithelial cells. 

Additionally, the Nomura group extended the application of DUBTACs to stabilize 

the tumor suppressor kinase WEE1 in hepatoma cells, further validating the versatility 

of this platform. This groundbreaking study not only underscored the power of 

chemoproteomics in developing proximity-based therapeutic modalities but also 

established DUBTACs as a transformative targeted protein stabilization (TPS) strategy 

with broad therapeutic potential.[8] 

 

 

Figure 4-1. DUBTACs are heterobifunctional molecules composed of a protein-targeting ligand 

connected to a DUB recruiter via a chemical linker. Through induced proximity, DUBTACs 

facilitate the recruitment of DUBs to their target proteins, enabling site-specific removal of 

polyubiquitin chains. This process effectively blocks proteasomal degradation pathways, resulting 

in stabilization of disease-relevant proteins. Adapted in a modified version from Henning NJ et 

al. 2019.[8] 
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Building upon the therapeutic concept of DUBTACs for CFTR stabilization in cystic 

fibrosis, Wei, Jin, and colleagues developed an advanced platform called TF-

DUBTAC.[9] This novel strategy employs click chemistry to conjugate a DNA 

oligonucleotide with EN523, the covalent OTUB1-targeting ligand, enabling selective 

stabilization of tumor-suppressive transcription factors. The authors developed three 

series of TF-DUBTACs: FOXO-DUBTAC, p53-DUBTAC and IRF-DUBTAC, which 

effectively stabilize FOXO3A, p53, and IRF3 in an OTUB1-dependent manner. 

Building on their previous work with EN523, Wei, Jin, and co-workers first 

optimized the OTUB1-targeting covalent ligand to develop the improved thiophene 

analog MS5105. This advancement led to the development of MS7829 and MS8588, 

representing the first reported DUBTACs targeting cyclic GMP-AMP synthase (cGAS), 

a pivotal mediator of the cGAS-STING innate immune pathway. Notably, while these 

DUBTACs were derived from a cGAS inhibitor scaffold, they effectively stabilize 

cGAS and activate the cGAS/STING/IRF3 signaling cascade.[10] 

Expanding beyond OTUB1-targeting strategies, Wei, Jin, and collaborators 

pioneered the development of DUBTACs that utilize alternative deubiquitinases. They 

established proof-of-concept for this approach by developing USP7-based DUBTACs 

using a noncovalent USP7 ligand, which achieved stabilization of ΔF508-CFTR 

comparable to that of their OTUB1-targeting counterparts. Notably, they developed the 

first AMPK DUBTACs, which selectively stabilize different AMPKβ isoforms, 

resulting in enhanced AMPK signaling.[11] 

Shortly afterwards, by utilizing a noncovalent small-molecule inhibitor of USP28 as 

a USP28 binder, Wei, Jin and co-workers developed CFTR, cGAS, and PPARγ 

DUBTACs that effectively stabilized these respective target proteins.[12] 

Very recently, Wei and Jin et al. demonstrated for the first time that USP1, a DUB 

which is overexpressed in multiple cancers, can be harnessed to stabilize CFTR and 

Ubiquitously transcribed tetratricopeptide repeat X chromosome (UTX), thus 

expanding the repertoire of DUBs that can be leveraged for DUBTAC development.[13] 

Collectively, these studies identified novel DUB-recruiting ligands and validated the 

therapeutic paradigm of TPS via induced proximity between deubiquitinases and 
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disease-relevant proteins. The successful stabilization of multiple functionally distinct 

targets, including CFTR, tumor suppressors, and epigenetic regulators, demonstrates 

the remarkable versatility of the DUBTAC platform. Given the successful applications 

demonstrated for several proteins, it is evident that DUBTACs can be employed for the 

targeted stabilization of a diverse array of protein substrates. 

 

4.1.2 SIRT6 Activators 

The class III HDACs, also known as sirtuins, represent an evolutionarily conserved 

family of NAD+-dependent epigenetic regulators that modulate critical cellular 

processes in organisms ranging from prokaryotes to eukaryotes. In mammals, the 

sirtuins consist of seven members (SIRT1-7) that catalyze the deacylation of proteins, 

including both histones and non-histones, through their characteristic NAD+-dependent 

enzymatic mechanism. Among these, SIRT6 is particularly notable for its ubiquitous 

expression in nearly all mammalian tissues and its crucial role in various biological 

processes such as DNA repair, glucose and lipid metabolism, inflammation, and 

aging.[14-21] 

Accumulating clinical and preclinical evidence established SIRT6 as a potent tumor 

suppressor. Importantly, downregulation of SIRT6 expression is frequently observed 

across multiple cancer types and SIRT6 overexpression delays tumorigenesis in 

immunocompromised mouse models. Furthermore, cancer patients with higher SIRT6 

expression exhibit significantly improved relapse-free survival. These findings provide 

compelling evidence that SIRT6 plays a role in inhibiting tumor formation.[22] These 

insights position pharmacological SIRT6 activation and stabilization as a promising 

therapeutic strategy for primary cancer treatment and prevention of tumor recurrence. 

The multifaceted biological functions of SIRT6 deacetylation have stimulated 

significant interest in developing pharmacological activators of this enzyme. Beyond 

endogenous regulators include Lamin A and long-chain fatty acids, Steegborn and co-

workers synthesized and screened pyrrolo[1,2-a]quinoxaline derivatives, resulting in 

the identification of the first synthetic SIRT6 activators.[23] Their findings demonstrated 

the potential for potent SIRT6 activation by small molecules and established a structural 
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basis for the further development of SIRT6 activators. 

However, previous efforts have yielded only a limited number of nonspecific sirtuin 

activators with restricted potency, and no selective SIRT6 activator has been 

successfully employed to regulate its functions. Zhang and co-workers recently 

overcame this challenge by discovering MDL-800, the first selective SIRT6 

activator. MDL-800 binds to an allosteric site, boosting SIRT6 deacetylase activity 

by up to 22-fold and leading to a global reduction in H3K9ac and H3K56ac levels 

in human hepatocellular carcinoma (HCC) cells [23]  
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4.2 Design, Synthesis and Evaluation of SIRT6 DUBTACs 

4.2.1 Rational Design of SIRT6 DUBTACs 

  The pathological degradation of critical regulatory proteins contributes to numerous 

diseases, suggesting that the targeted stabilization or activation of these proteins could 

modulate disease mechanisms. Notably, SIRT6 deficiency has been implicated in 

various pathologies, and the pharmacological activation of SIRT6 is emerging as a 

promising anticancer strategy. Based on the success of DUBTACs in protein 

stabilization and the established therapeutic potential of SIRT6 modulation, the goal of 

this project was to develop SIRT6 DUBTACs to demonstrate the feasibility of 

enhancing SIRT6 stability and function. 

SIRT6 DUBTACs represent a class of heterobifunctional small molecules designed 

to achieve targeted SIRT6 stabilization through three key components: (1) a SIRT6-

binding ligand, (2) a DUB recruiter, and (3) a connecting linker. The known SIRT6 

activators UBCS039[22] and MDL-800[23] were employed as the SIRT6-binding 

moieties. The DUB-recruiting element was carefully selected to engage allosteric sites 

without disrupting catalytic activity. Based on previous findings, OTUB1-targeting 

EN523 was identified as a suitable candidate. (Figure 4-2).[8] 

 

 

Figure 4-2. SIRT6 DUBTACs are heterobifunctional molecules consisting of a SIRT6 activator 

linked to a DUB OTUB1 recruiter via different linkers.[8] 
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Leveraging available crystal structures, first-in-class SIRT6 DUBTACs were 

designed by conjugating the OTUB1-recruiting small molecule EN523 with established 

SIRT6 activators (MDL-800 or UBCS039) through a selection of linkers. These 

bifunctional compounds are engineered to promote targeted deubiquitination and 

subsequent stabilization of SIRT6 through induced proximity (Figure 4-3). 

 

 

Figure 4-3. Structures of the designed MDL-800 (A) and UBCS039 (B) derived SIRT6 DUBTACs. 

 

4.2.2 Synthesis of SIRT6 DUBTACs 

The synthesis of the OTUB1 recruiter commenced with a Horner-Wadsworth-

Emmons reaction between 5-bromofuran-2-carbaldehyde (1) and tert-butyl 

diethylphosphonoacetate using sodium hydride in THF. This yielded intermediate 

2, which was then treated with benzyl 3-oxopiperazine-1-carboxylate to afford the 

protected intermediate 3. Final deprotection under standard hydrogenolysis 

conditions followed by acylation with acryloyl chloride provided the OTUB1 

recruiter 4 (Scheme 4-1).[8]                        
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Scheme 4-1. Synthesis of the DUB OTUB1 recruiter 4. Reagents and conditions: i) tert-butyl 

diethylphosphonoacetate, NaH, THF, 0 ℃, 2 h, 89% yield. ii) Benzyl 3-oxopiperazine-1-

carboxylate, K2CO3, CuI, N,N-dimethydiaminoethane, dioxane, 100 ℃, 96 h, 43% yield. iii) 

Pd/C, H2, EtOH, rt, 16 h. iv) Acryloyl chloride, TEA, DCM, 0 ℃, 2 h, 60% yield for step iii) 

and iv). 

 

Scheme 4-2 summarizes the synthetic route for the SIRT6 activator MDL-800, 

which is conjugated with a selection of different linkers. The Cs2CO3-mediated 

reaction of compound 5 with thioacetic acid and glycylglycine in DMF afforded 

intermediate 6, which was treated N-chlorosuccinimide (NCS) to yield the sulfonyl 

chloride 7. The subsequent reaction of 7 with 5-bromo-4-fluoro-2-methylaniline in 

pyridine provided compound 8, followed by reduction of the nitro group using iron 

powder in acetic acid to generate 9. The hydrolysis of 9 with LiOH·H2O yielded 

the key carboxylic acid intermediate 10, which was then functionalized via amide 

coupling reaction with various linker moieties to produce analogs 11a-e. Finally, 

the treatment of 11a-e with 3,5-dichlorobenzene-1-sulfonyl chloride in pyridine 

furnished the target compounds 12a-e.[23] 
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Scheme 4-2. Synthesis of SIRT6 activator MDL-800 with different linkers. Reagents and 

conditions: i) CH3COSH, glycylglycine, Cs2CO3, DMF, rt, 12 h, 76% yield. ii) NCS, 2M HCl, 

CH3CN, 0 ℃, 3 h, 85% yield. iii) 5-Bromo-4-fluoro-2-methylaniline, pyridine, 0 ℃-rt, 16 h, 

75% yield. iv) Fe, CH3COOH, 50 ℃, 12 h, 69% yield. v) LiOH·H2O, THF/H2O(v/v, 1:1), rt, 

16 h, 56% yield. vi) NH2-R1-NH-Boc, HATU, DIPEA, DMF, 45 ℃, 48 h, 44-96% yield. vii) 

3,5-Dichlorobenzene-1-sulfonyl chloride, pyridine, 0 ℃-rt, 16 h, 10-36% yield. 

 

The synthetic route for the second SIRT6 activator UBCS058  incorporating 

variable linkers is outlined in Scheme 4-3. The synthesis started with a Clauson–

Kaas pyrrole synthesis of the starting material 13 with 2,5-

dimethoxytetrahydrofuran in acetic acid to afford the pyrrole intermediate 14. The 

subsequent catalytic hydrogenation using Pd/C under a hydrogen atmosphere 

yielded compound 15. Next, 15 was converted to the intended tricyclic pyrrolo[1,2-

a]quinoxaline system with pyridine-3-carboxaldehyde in ethanol to generate the 

key intermediate 16. The final diversification was achieved through amide coupling 

reactions of 16 with various linker moieties to produce the target compounds 17a-

e.[22] 
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Scheme 4-3. Synthesis of another SIRT6 activator UBCS058 with different linkers. Reagents 

and conditions: i) 2,5-Dimethoxytetrahydrofuran, acetic acid, 120 ℃, 12 h, 78% yield. ii) Pd/C, 

H2, EtOAc/MeOH, 25 ℃, 16 h, 94% yield. iii) Pyridine-3-carboxaldehyde, EtOH, cat. glacial 

CH3COOH, 50 ℃, 74% yield. iv) NH2-R2-NH-Boc, HATU, DIPEA, DMF, 10-43% yield. 

 

Finally, compounds 4 and 12a-e were treated with TFA in DCM to remove the 

respective protecting groups without purification. These intermediates were then 

coupled via HATU-mediated amide bond formation in the presence of DIPEA to 

yield the first series of SIRT6 DUBTACs 18a-e (Scheme 4-4). 

 

 

Scheme 4-4. Synthetic route for the first type of SIRT6 DUBTACs 18a-e. Reagents and 

conditions: i) TFA, DCM, 1 h, rt. ii) HATU, DIPEA, DMF, rt, 16 h, 7-23% yield for two steps. 

 

The same procedures were applied for the synthesis of the second type of 

DUBTACs 19a-e (see Scheme 4-5). 
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Scheme 4-5. Synthetic route for the second type of DUBTACs 19a-e. Reagents and conditions: 

i) TFA, DCM, 1 h, rt. ii) HATU, DIPEA, DMF, rt, 16 h, 8-16% yield for two steps. 

 

To sum up, ten DUBTACs were totally synthesized using different linkers (Table 

4-1). 

 

Table 4-1. Structures of SIRT6 DUBTACs 18a-e and 19a-e. 

DUBTAC Structure 

 

 

 

18a 

 

 

 

 

 

18b 
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18c 

 

 

 

 

18d 

 

 

 

18e 

 

 

 

 

19a 

 

 

 

 

19b 
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19c 

 

 

 

 

19d 

 

 

 

19e 

 

 

 

4.2.3 SIRT6 Stabilization by OTUB1-recruiting DUBTACs.a 

In the first step, 4 prototypic DUBTACs 18a-b and 19a-b were first evaluated in 

western blot experiments. The multiple myeloma cell line MM.1S was treated with 

varying concentrations (0.1, 1, 10, and 25 µM) of 18a-b and 19a-b for 24 hours, 

respectively. SIRT6 protein levels were subsequently evaluated using western blot 

analysis. As summarized in Figure 4-4, SIRT6 levels were to some extent increased 

at concentrations of 1 µM for all compounds compared to vehicle control. 

Furthermore, compound 18b demonstrated the most potent stabilization of SIRT6 

when treated at a concentration of 25 µM. In contrast, when treated with 0.1 µM 

and 10 µM of the respective DUBTAC, all the compounds showed minimal effects 

on SIRT6 expression. Consequently, treatment with 1 µM and 25 µM were selected 

for further biological evaluations based on the initial screening results. 
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Figure 4-4. Analysis of SIRT6 protein levels after treatment of MM.1S cells withDUBTACs 

18a-b and 19a-b. (A) MM.1S cells were treated with compounds at concentrations of 0.1, 1, 

10, and 25 μM for 24 h, with serving as DMSO as vehicle control. SIRT6 levels were detected 

by immunoblot analysis. α-tubulin was used as the loading control. Representative images from 

a total of n = 2 replicates. (B) Densitometric analysis of SIRT6 levels after treatment with 18a-

b and 19a-b for 24 h. Data from n = 2 replicates. 

 

 

 

 

 

 

 

 

                                                                   

a Western blot experiments were performed by Cindy-Esther Kponomaizoun (Rheinische 

Friedrich-Wilhelms-Universität Bonn, Hansen Group).   
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To evaluate potential cell-type dependent effects, these four DUBTACs were 

examined in adherent MCF-7 breast cancer cells at the previously identified 

optimal concentrations (1 μM and 25 μM) that showed robust SIRT6 stabilization 

in MM.1S cells. Western blot analysis revealed markedly reduced stabilization 

efficacy in MCF-7 cells compared to the pronounced effects observed in MM.1S 

cells (Figure 4-5). These results verify MM.1S cells as the more responsive model 

system for further investigation of SIRT6 DUBTACs. 

 

 

Figure 4-5. Analysis of SIRT6 protein levels after treatment of MCF-7 cells withDUBTACs 

18a-b and 19a-b. (A) MCF-7 cells were treated with compounds at concentrations of 1 and 25 

μM for 24 h, with DMSO serving as vehicle control. SIRT6 levels were detected by immunoblot 

analysis. α-tubulin was used as the loading control. Representative images from a total of n = 

2 replicates. (B) Densitometric analysis of SIRT6 levels after treatment with 18a-b and 19a-b 

for 24 h. Data from n = 2 replicates. 

 

 

4.2.4 Further Testing of SIRT6 DUBTACs.b 

Subsequent studies were planned to evaluate the remaining DUBTACs (18c-e 

and 19c-e) (Table 4-1). Building upon the preliminary western blot data 

demonstrating optimal SIRT6 stabilization at 1 μM in MM.1S cells with initial four 
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DUBTACs, the remaining SIRT6 DUBTACs were evaluated at this concentration. 

Contrary to our expectations, western blot analysis revealed no significant 

enhancement in SIRT6 protein levels following 24-hour treatment with any of the 

new DUBTAC derivatives at 1 μM (Figure 4-6). 

 

 

Figure 4-6. Analysis of SIRT6 protein levels after treatment of MM.1S cells with DUBTACs 

18c-e and 19c-e. (A) MM.1S cells were treated with compounds at concentrations of 1 μM for 

24 h, with DMSO serving as vehicle control. SIRT6 levels were detected by immunoblot 

analysis. α-tubulin was used as the loading control. Representative images from a total of n = 

2 replicates. (B) Densitometric analysis of SIRT6 levels after treatment with 18c-e and 19c-e 

for 24 h. Data from n = 2 replicates. 

 

 

Following the western blot characterization, the antiproliferative potential of the 

SIRT6 DUBTACs 18a-e and 19a-e were evaluated in MM.1S cells. As illustrated 

in Table 4-2, compound 19d exerted to some extent antiproliferative activity (EC50 

= 9.88 μM), while the other DUBTACs exhibited minimal antiproliferative effects. 
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Table 4-2. Results of the CellTiter Glo 2.0 assay performed for DUBTACs and 

vorinostat (n ≥ 2). 

DUBTAC EC50 [µM] 

18a 37.29 ± 23.12 

18b > 50 

18c > 50 

18d < 50  

18e > 50 

19a 22.07 ± 0.99 

19b > 50 

19c > 50 

19d 9.88 ± 2.38 

19e > 50 

Vorinostat 0.33 ± 0.02 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                            

b Western blot experiments and CellTiter Glo 2.0 assay were performed by Cindy-Esther 

Kponomaizoun (Rheinische Friedrich-Wilhelms-Universität Bonn, Hansen Group).   
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4.3 Conclusion and Outlook 

Pathological protein ubiquitination and subsequent degradation underlie 

numerous disease states, creating a compelling therapeutic rationale for TPS 

strategies that restore physiological protein homeostasis. Herein, the development 

of SIRT6 DUBTACs, a novel class of heterobifunctional molecules comprising an 

OTUB1-recruiting moiety tethered to a SIRT6 activator, was reported. Western blot 

analyses demonstrated that SIRT6 levels were successfully stabilized by the 

DUBTACs, especially for 18b. Preliminary cell viability assessment in MM.1S 

cells revealed concentration-responsive antiproliferative activity for DUBTAC 19d, 

supporting the therapeutic potential of this approach. Current efforts focus on 

structurally optimizing the DUBTAC system by replacing its OTUB1 recruiting 

moiety with modified MS5105 derivatives to improve both target stabilization 

efficiency and tissue selectivity. Overall, the heterobifunctional DUBTACs 

presented in this chapter could provide new therapeutic modalities in treating 

SIRT6-driven diseases. 
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4.4 Experimental Section 

4.4.1 General Information 

Chemicals were obtained from BLDpharm, Sigma-Aldrich, TCI Chemicals and 

abcr GmbH used without purification. Air-sensitive reactions were carried out 

under argon atmosphere utilizing standard Schlenk techniques. Thin-layer 

chromatography (TLC) was carried out on prefabricated plates (silica gel 60, F254, 

Merck). Components were visualized by irradiation with ultraviolet light (254 nm). 

Column Chromatography was carried out on silica gel (60 Å, 40−60 μm, Acros 

Organics). 

Nuclear magnetic resonance spectroscopy (NMR): Proton (1H) and carbon (13C) 

NMR spectra were recorded either on a Bruker AvanceDRX 500 (500 MHz 1H 

NMR, 126 MHz 13C NMR) or a BrukerAvance III 600 (600 MHz 1H NMR, 151 

MHz 13C NMR). The chemical shifts are given in parts per million (ppm). 

Deuterated chloroform (CDCl3) and deuterated dimethyl sulfoxide (DMSO-d6) 

were used as solvents. 

Mass Spectrometry: High resolution electrospray ionization mass spectra 

(HRMS-ESI) were acquired with Bruker Daltonik GmbH micrOTOF coupled to a 

an LC Packings Ultimate HPLC system and controlled by micrOTOFControl3.4 

and HyStar 3.2-LC/MS, with a BrukerDaltonik GmbH ESI-qTOF Impact II coupled 

to a Dionex UltiMateTM 3000 UHPLC system and controlled by 

micrOTOFControl 4.0 and HyStar 3.2-LC/MS or with a micrOTOF-Q mass 

spectrometer (Bruker) with ESI-source coupled with an HPLC Dionex UltiMate 

3000 (Thermo Scientific). Low resolution electrospray ionisation mass spectra 

(LRMS-ESI) were acquired with an Advion expression® compact mass 

spectrometer (CMS) coupled with an automated TLC plate reader Plate Express® 

(Advion). 

High performance liquid chromatography (HPLC): A Thermo Fisher Scientific 

UltiMate 3000 UHPLC system with a Nucleodur 100−5 C18 (250 mm × 4.6 mm, 

Macherey Nagel) with a flow rate of 1 mL/min and a temperature of 25 °C or a 
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100−5 C18 (100 mm × 3 mm, Macherey Nagel) with a flow rate of 0.5 mL/min and 

a temperature of 25°C with an appropriate gradient were used. For preparative 

purposes a AZURA Prep. 500/1000 gradient system with a Nucleodur 110−5 C18 

HTec (250 mm × 32 mm, Macherey Nagel) column with 20 mL/min was used. 

Detection was implemented by UV absorption measurement at a wavelength of λ 

= 220 nm and λ = 250 nm. Bidest. H2O (A) and CH3CN (B) were used as eluents 

with an addition of 0.1% TFA for eluent A. The purity of all final compounds was 

95% or higher. Purity was determined via HPLC with the Nucleodur 100−5 C18 

(250mm × 4.6 mm, Macherey Nagel) at 250 nm. 

Flash chromatography was performed on an Interchim puriFlash XS 520 Plus 

with a diode-array detector (DAD) from 200-400 nm using prepacked silica gel 

cartridges (PF-30SIHP-F0012-F0040) or C18 reversed-phase cartridges (PF-

30C18HP-F0004-F0012). 

 

4.4.2 Synthesis 

Synthesis of tert-butyl (E)-3-(5-bromofuran-2-yl)acrylate (2) 

 

tert-Butyl diethylphosphonoacetate (971 mg, 3.85 mmol, 1.0 eq.) was dissolved 

in THF (20 mL) and the solution was cooled to 0 ºC. Next, NaH (300 mg, 12.50 

mmol, 2.0 eq.) was added slowly and the reaction mixture was stirred at 0 ºC for 

30 min. Then, 5-bromofuran-2-carbaldehyde (613 mg, 3.50 mmol, 0.9 eq.) was 

added portion-wise over 5 minutes. The reaction was stirred for 2 h at 0 ºC and a 

gummy solid precipitated. Water was added and the resulting mixture was extracted 

with ethyl acetate (3 × 30 mL). Combined organic extracts were washed with brine 

(25 mL), dried over Na2SO4, and concentrated. The crude product was purified by 

silica gel chromatography (hexane: EA = 5:1, v/v) to provide the title compound 2 

as a light yellow oil (936 mg, 89% yield). 1H NMR (ppm, 500 MHz, DMSO-d6): δ 

7.27 (d, J = 16.0 Hz, 1H), 6.98 (d, J = 3.5 Hz, 1H), 6.74 (d, J = 3.5 Hz, 1H), 6.10 

(d, J = 16.0 Hz, 1H), 1.46 (s, 9H). 



69 

 

Synthesis of benzyl (E)-4-{5-[3-(tert-butoxy)-3-oxoprop-1-en-1-yl]furan-2-yl}-3-

oxopiperazine-1-carboxylate (3) 

 

tert-Butyl (E)-3-(5-bromofuran-2-yl)acrylate (1.62 g, 5.94 mmol, 1.0 eq.) was 

dissolved in dioxane (30 mL) and benzyl 3-oxopiperazine-1-carboxylate (1.40 g, 

5.94 mmol, 1.0 eq.), K2CO3 (2.46 g, 17.8 mmol, 3.0 eq.), N,N'-

dimethyldiaminoethane (0.167 mL, 1.49 mmol, 0.25 eq.), and CuI (114 mg, 0.59 

mmol, 0.1 eq.) were added. The mixture was stirred under nitrogen at reflux for 96 

h, then cooled to rt. Saturated aq. NH4Cl (5 mL) was added and the mixture stirred 

for 30 min. Then the mixture was diluted in ethyl acetate, filtered through celite, 

water was added, the mixture partitioned, and the aqueous layer extracted with ethyl 

acetate (2 × 25 mL). The extracts were combined, washed with brine (25 mL), dried 

over Na2SO4, concentrated, and purified by silica gel chromatography (hexane: EA 

= 3:1, v/v) to provide the title compound 3 as yellow solid (1.13 g, 43% yield). 1H 

NMR (ppm, 500 MHz, DMSO-d6): δ 7.41-7.32 (m, 5H), 7.30 (d, J = 15.5 Hz, 1H), 

6.96 (d, J = 3.5 Hz, 1H), 6.56 (d, J = 3.5 Hz, 1H), 6.06 (d, J = 15.5 Hz, 1H), 5.13 

(s, 2H), 4.23 (s, 2H), 4.00 (t, J = 5.0 Hz, 2H), 3.77 (s, 2H), 1.46 (s, 9H). ESI-MS 

m/z: 425.1, [M - H]-. 

 

Synthesis of tert-butyl 3-[5-(4-acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanoate 

(4) 

 

Benzyl (E)-4-{5-[3-(tert-butoxy)-3-oxoprop-1-en-1-yl]furan-2-yl}-3-

oxopiperazine-1-carboxylate (1.13 g, 2.65 mmol, 1.0 eq.) was dissolved in EtOH 

(25 mL) and Pd/C (232 mg, 5% wt. Pd, 0.05 eq.) was added. The reaction was 

placed under an atmosphere of H2 and stirred vigorously overnight, before being 
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filtered through celite twice and then concentrated. The crude product was then 

redissolved in DCM (25 mL), cooled to 0 ºC and treated with TEA (0.742 mL, 5.32 

mmol, 2.0 eq.) before a solution of acryloyl chloride (258 µL, 3.19 mmol, 1.2 eq.) 

in DCM (5 mL) was added over 2 minutes. After stirring for 2 h, water was added, 

and the mixture extracted with DCM (3 × 30 mL). Combined organic extracts were 

washed with brine (25 mL), dried over Na2SO4, concentrated, and the resulting 

crude oil was purified by silica gel chromatography (hexane: EA = 2:1, v/v) to 

obtain the title compound 4 as a light yellow oil (553 mg, 60% yield over two steps). 

1H NMR (ppm, 600 MHz, CDCl3): δ 7.26 (s, 1H), 6.39 (dd, J = 1.8, 1.8 Hz, 1H), 

6.28 (d, J = 3.0 Hz, 1H), 6.03 (d, J = 4.2 Hz, 1H), 5.80 (d, J = 10.8 Hz, 1H), 4.38 

(d, J = 41.4 Hz, 2H), 3.87 (d, J = 72.6 Hz, 4H), 2.87 (t, J = 7.2 Hz, 2H), 2.53 (t, J 

= 7.8 Hz, 2H), 1.43 (s, 9H). ESI-MS m/z: 347.3, [M - H]-. 

 

Synthesis of methyl 2-mercapto-5-nitrobenzoate (6) 

 

To a stirred solution of thioacetic acid (267 μL, 3.74 mmol, 1.5 eq.) and glycine-

glycine (245 mg, 3.26 mmol, 1.3 eq.) in dry DMF (10 mL) was added cesium 

carbonate (2.43 g, 7.55 mmol, 3.0 eq.) at rt. After 10 min, a solution of the methyl 

2-fluoro-5-nitrobenzoate (5, 500 mg, 2.51 mmol, 1.0 eq.) in dry DMF (10 mL) was 

added slowly after which the reaction mixture and stirred for 12 h. The reaction 

mixture was diluted with ethyl acetate (30 mL) and washed with 1 M HCl (30 mL), 

water (30 mL) and brine (30 mL), dried over sodium sulfate and concentrated to 

give 6 without further purification. (408 mg, yellow solid, 76% yield). 1H NMR 

(600 MHz, DMSO-d6) δ 8.62 (d, J = 2.4 Hz, 1H), 8.24 (dd, J = 1.8, 2.4 Hz, 1H), 

7.87 (q, J = 10.8 Hz, 1H), 4.01 (s, 1H), 3.91 (s, 3H). ESI-MS m/z: 211.8, [M - H]-. 
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Synthesis of methyl 2-(chlorosulfonyl)-5-nitrobenzoate (7) 

 

To a stirred solution of N-chlorosuccinimide (251 mg, 1.88 mmol, 4.0 eq.) in 2M 

HCl (0.8 mL) and acetonitrile (10 mL) was added methyl 2-mercapto-5-

nitrobenzoate (6, 100 mg, 0.47 mmol, 1.0 eq.) slowly at 0 ºC after which the 

reaction mixture was stirred for 3 h keeping the temperature below 20 ºC. The 

reaction mixture was diluted with ethyl acetate (25 mL) and washed with water (25 

mL) and brine (25 mL), dried over sodium sulfate and concentrated to give 7 (112 

mg, light yellow oil, 85% yield). 1H NMR (600 MHz, DMSO-d6) δ 8.26 (dd, J = 

2.4, 2.4 Hz, 1H), 8.12 (d, J = 2.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 3.76 (s, 3H). 

ESI-MS m/z: 259.9, [M – Cl + OH]-. 

 

Synthesis of methyl 2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-

nitrobenzoate (8)  

 

To a solution of 5-bromo-4-fluoro-2-methylaniline (304 mg, 1.50 mmol, 1.0 eq.) 

in 20 mL pyridine was added methyl 2-(chlorosulfonyl)-5-nitrobenzoate (500 mg, 

1.79 mmol, 1.2 eq.) under 0 °C and the reaction was stirred at the same temperature 

for 1 hour. Then the reaction was moved to room temperature and stirred for 

overnight. The reaction was cooled to 0 °C and adjusted the pH to 3~4 with 1N 

hydrochloric acid solution. The precipitate formed was filtered, washed with water 

(25 mL) and dried to yield crude intermediate product 8 which was directly used to 

the next step without purification (530 mg, yellow solid, 66% yield). 1H NMR (600 

MHz, DMSO-d6) δ 10.03 (s, 1H), 8.47 (t, J = 1.8 Hz, 2H), 7.96 (d, J = 8.4 Hz, 1H), 

7.32 (d, J = 6.6 Hz, 1H), 7.26 (d, J = 9.0 Hz, 1H), 3.78 (s, 3H), 1.96 (s, 3H). ESI-

MS m/z: 447.0, [M - H]-. 
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Synthesis of methyl 5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzoate (9) 

 

To the crude intermediate product 8 (1.19 g, 2.67 mmol, 1.0 eq.) dissolved in 

acetic acid, iron powder (895 mg, 16.0 mmol, 6.0 eq.) was added at 50 °C. Then, 

the solution was stirred at the same condition for 12 h. The system was filtered and 

the solvent was evaporated under reduced pressure. The residue was purified by 

silica gel chromatography (hexane: EA = 2:1) to afford intermediate product 9 as a 

light yellow powder (818 mg, 74% yield). 1H NMR (500 MHz, DMSO-d6) δ 8.84 

(s, 1H), 7.27-7.19 (m, 3H), 6.63-6.59 (m, 2H), 6.26 (s, 2H), 3.72 (s, 3H), 2.01 (s, 

3H). ESI-MS m/z: 415.0, [M - H]-. 

 

Synthesis of 5-amino-2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]benzoic 

acid (10) 

 

To a solution of 5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzoate (192 mg, 0.46 mmol, 1.0 eq.) in THF/H2O (v:v, 

1:1, 30 mL) was added LiOH·H2O (83 mg, 1.84 mmol, 4.0 eq.) and the 

homogenous system was stirred at room temperature for 16 h. The solvent was 

removed under reduced pressure and the crude product was purified by flash 

column chromatography (C18 reversed phase, MeCN/H2O 5-95%) to give 10 (107 

mg, white solid, 56% yield). 1H NMR (600 MHz, DMSO-d6) δ 12.18 (s, 1H), 7.18-

7.14 (m, 3H), 6.86 (d, J = 1.8 Hz, 1H), 6.33 (dd, J = 2.4, 2.4 Hz, 1H), 5.76 (s, 2H), 

2.18 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 169.46, 155.28, 152.95, 136.12, 

135.10, 133.28, 131.04, 130.14, 121.79, 118.21, 113.58, 113.07, 104.32, 17.36. 

ESI-MS m/z: 402.9, [M + H]+. 
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General procedure for the synthesis of 11a-e 

To a mixture of 10 (107 mg, 0.27 mmol, 1.0 equiv.) and DIPEA (139 μL, 0.81 

mmol, 3.0 eq.) in anhydrous DMF (25 mL) was added HATU (152 mg, 0.41 mmol, 

1.5 eq.), and the reaction mixture was stirred at room temperature for 30 min. Then 

tert-butyl (6-aminohexyl)carbamate (117 mg, 0.54 mmol, 2.0 eq.), tert-butyl (3-

aminopropyl)carbamate (94 mg, 0.54 mmol, 2.0 eq.), tert-butyl (10-

aminodecyl)carbamate (147 mg, 0.54 mmol, 2.0 eq.), tert-butyl (4-

aminobutyl)carbamate (102 mg, 0.54 mmol, 2.0 eq.), or tert-butyl (5-

aminopentyl)carbamate (109 mg, 0.54 mmol, 2.0 eq.) was added, and the mixture 

was stirred at room temperature for 30 min and heated this reaction mixture at 45 ℃ 

for another 48 h. The reaction mixture was distilled under vacuum to remove DMF. 

The obtained residue was purified by silica gel chromatography (hexane: EA = 1:1) 

to obtain the products 11a-e. 

 

tert-Butyl (6-{5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzamido}hexyl)carbamate (11a)  

 

71 mg, light yellow oil, 44% yield. 1H NMR (600 MHz, CDCl3) δ 8.06 (s, 1H), 

7.33 (d, J = 8.4 Hz, 1H), 7.25 (d, J = 4.8 Hz, 1H), 6.87 (d, J = 9.0 Hz, 1H), 6.79 (s, 

1H), 6.60 (s, 1H), 6.52 (d, J = 8.4 Hz, 1H), 3.42 (q, J = 6.6 Hz, 2H), 3.13 (s, 2H), 

2.18 (s, 3H), 1.69-1.62 (m, 2H), 1.53-1.48 (m, 2H), 1.44-1.38 (m, 13H). 13C NMR 

(151 MHz, CDCl3) δ 169.62, 157.87, 156.24, 150.50, 136.94, 136.12, 132.48, 

131.43, 130.44, 117.99, 117.84, 114.21, 105.31, 105.16, 79.15, 39.96, 29.71, 28.90, 

28.40, 18.03. ESI-MS m/z: 601.5, [M - H]-. 

 

tert-Butyl (3-{5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzamido}propyl)carbamate (11b) 
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99 mg, yellow solid, 66% yield. 1H NMR (600 MHz, CDCl3) δ 8.10 (s, 1H), 7.35 

(d, J = 8.4 Hz, 1H), 7.28-7.25 (m, 2H), 6.86 (t, J = 9.0 Hz, 2H), 6.57 (dd, J = 1.8, 

2.4 Hz, 1H), 3.46 (q, J= 6.0 Hz, 2H), 3.26 (s, 2H), 2.18 (s, 3H), 1.80-1.76 (m, 2H), 

1.40 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 169.81, 157.83, 156.19, 150.29, 136.93, 

135.97, 132.51, 131.43, 130.38, 117.98, 117.83, 114.29 , 105.31, 105.16, 79.49, 

38.61, 29.45, 28.35, 18.00. ESI-MS m/z: 559.0, [M - H]-. 

 

tert-Butyl (10-{5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzamido}decyl)carbamate (11c) 

 

116 mg, light yellow oil, 66% yield. 1H NMR (600 MHz, CDCl3) δ 8.09 (s, 1H), 

7.23 (q, J = 7.8 Hz, 2H), 6.84 (d, J = 9.0 Hz, 1H), 6.69 (d, J = 1.2 Hz, 2H), 6.44 

(dd, J = 1.8, 1.8 Hz, 1H), 3.37 (q, J = 6.6 Hz, 2H), 3.05 (s, 2H), 2.14 (s, 3H), 1.63-

1.58 (m, 2H), 1.42 (s, 2H), 1.40 (s, 9H), 1.38-1.33 (m, 2H), 1.29 (d, J = 6.6 Hz, 

2H), 1.25 (s, 8H). 13C NMR (151 MHz, CDCl3) δ 169.47, 157.84, 156.20, 150.49, 

136.84, 136.08, 132.43, 131.26, 130.45, 117.96, 117.81, 114.21, 113.97, 105.27, 
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105.12, 79.00, 40.39, 29.97, 29.34, 29.13, 28.38, 26.86, 26.69, 17.97. ESI-MS m/z: 

657.4, [M - H]-. 

 

tert-Butyl (4-{5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzamido}butyl)carbamate (11d)  

 

132 mg, light yellow solid, 87% yield. 1H NMR (500 MHz, CDCl3) δ 8.04 (s, 

1H), 7.40 (d, J = 8.5 Hz, 1H), 7.27 (d, J = 6.5 Hz, 1H), 6.87 (d, J = 9.0 Hz, 2H), 

6.63 (t, J = 7.0 Hz, 1H), 3.47 (q, J = 6.5 Hz, 2H), 3.17 (t, J = 7.0 Hz, 2H), 2.19 (s, 

3H), 1.72-1.66 (m, 2H), 1.65-1.60 (m, 2H), 1.42 (s, 9H). 13C NMR (151 MHz, 

CDCl3) δ 169.66, 157.84, 156.21, 150.46, 136.78, 136.01, 132.43, 131.33, 130.43, 

117.98, 117.83, 114.44, 114.01, 105.30, 105.16, 79.30, 39.77, 36.57, 28.38, 27.24, 

17.98. ESI-MS m/z: 573.2, [M - H]-. 

 

tert-Butyl (5-{5-amino-2-[N-(5-bromo-4-fluoro-2-

methylphenyl)sulfamoyl]benzamido}pentyl)carbamate (11e) 

 

150 mg, light yellow oil, 96% yield. 1H NMR (500 MHz, CDCl3) δ 8.11 (s, 1H), 

7.33 (d, J = 9.0 Hz, 1H), 7.25 (s, 1H), 6.86 (t, J = 9.5 Hz, 2H), 6.58-6.54 (m, 1H), 

3.41 (q, J = 6.0 Hz, 2H), 3.12 (q, J = 2.5 Hz, 2H), 2.16 (s, 3H), 1.69-1.63 (m, 2H), 
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1.55-1.49 (m, 2H), 1.43 (t, J = 3.5 Hz, 2H), 1.40 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 169.55, 158.06, 156.09, 150.41, 136.87, 136.08, 132.38, 131.32, 130.46, 

118.03, 117.85, 114.75, 105.35, 105.18, 79.27, 40.23, 29.67, 28.38, 23.81, 18.01. 

ESI-MS m/z: 587.2, [M - H]-. 

 

General procedure for the synthesis of 12a-e 

A solution of tert-butyl 11a (168 mg, 0.28 mmol, 1.0 eq.), 11b (156 mg, 0.28 

mmol, 1.0 eq.), 11c (184 mg, 0.28 mmol, 1.0 eq.), 11d (161 mg, 0.28 mmol, 1.0 

eq.), or 11e (164 mg, 0.28 mmol, 1.0 eq.) in 20 mL pyridine was added 3,5-

dichlorobenzene-1-sulfonyl chloride (137 mg, 0.56 mmol, 2.0 eq.) under 0 °C and 

the reaction was stirred at 0 °C for about 1 h. Then, the reaction was stirred for 

another 12 hours at room temperature. The reaction was cooled to 0 °C, and 

adjusted the pH to 3~4 with 1N hydrochloric acid solution. The precipitate formed 

was filtered and subsequently purified by silica gel chromatography (hexane: EA = 

1.5:1) to afford 12a-e. 

 

tert-Butyl (6-{2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamido}hexyl)carbamate (12a)  

 

74 mg, light yellow oil, 33% yield. 1H NMR (600 MHz, CDCl3) δ 8.98 (s, 1H), 

8.01 (s, 1H), 7.73 (d, J = 6.0 Hz, 2H), 7.55 (t, J = 1.8 Hz, 1H), 7.48 (d, J = 7.2 Hz, 

1H), 7.39-7.35 (m, 2H), 7.16 (d, J = 6.0 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.40 (s, 

1H), 3.49 (q, J = 5.4 Hz, 2H), 3.20 (t, J= 6.6 Hz, 2H), 2.09 (s, 3H), 1.55 (q, J= 6.6 

Hz, 3H), 1.47 (s, 14H). 13C NMR (151 MHz, CDCl3) δ 168.58, 158.20, 156.56, 

141.96, 141.18, 136.27, 133.41, 131.62, 130.97, 130.84, 125.51, 119.38, 118.17, 

118.02, 105.56, 105.41, 79.99, 40.07, 39.48, 29.19, 28.48, 25.65, 25.42, 17.84. ESI-

MS m/z: 809.0, [M - H]-. 
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tert-Butyl (3-{2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamido}propyl)carbamate (12b) 

 

38 mg, yellow solid, 17% yield. 1H NMR (600 MHz, CDCl3) δ 8.59 (s, 1H), 8.18 

(s, 1H), 7.73 (s, 2H), 7.54 (t, J = 1.2 Hz, 1H), 7.50 (d, J = 7.2 Hz, 1H), 7.37 (s, 1H), 

7.28 (s, 1H), 7.18 (d, J = 6.6 Hz, 2H), 6.86 (d, J = 9.0 Hz, 1H), 3.50 (s, 2H), 3.29 

(q, J = 6.0 Hz, 2H), 2.08 (s, 3H), 1.66 (d, J = 4.2 Hz, 2H), 1.42 (s, 9H). 13C NMR 

(151 MHz, CDCl3) δ 168.67, 158.15, 156.51, 141.65, 140.83, 136.35, 133.59, 

131.66, 131.03, 130.84, 125.48, 119.44, 119.04, 118.14, 117.99, 105.57, 80.07, 

37.24, 36.95, 29.37, 28.38, 17.84. ESI-MS m/z: 767.0, [M - H]-. 

 

tert-Butyl (10-{2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamido}decyl)carbamate (12c) 

 

89 mg, light yellow solid, 36% yield. 1H NMR (600 MHz, CDCl3) δ 9.17 (s, 1H), 

8.16 (s, 1H), 7.71 (d, J = 1.8 Hz, 2H), 7.53 (s, 1H), 7.39 (s, 1H), 7.34 (d, J = 1.2 

Hz, 1H), 7.15 (d, J = 6.6 Hz, 1H), 7.10 (d, J = 6.6 Hz, 1H), 6.86 (d, J = 9.0 Hz, 1H), 

6.60 (s, 1H), 3.41 (q, J = 6.0 Hz, 2H), 3.10 (s, 2H), 2.07 (s, 3H), 1.65-1.60 (m, 2H), 

1.44 (s, 9H), 1.37 (t, J = 7.2 Hz, 2H), 1.27 (s, 12H). 13C NMR (151 MHz, CDCl3) 
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δ 168.51, 158.15, 156.51, 141.84, 140.99, 136.31, 133.48, 131.61, 130.83, 125.45, 

119.29, 118.14, 117.99, 105.54, 105.39, 79.43, 40.53, 29.86, 28.87, 28.45, 26.70, 

17.84. ESI-MS m/z: 865.3, [M - H]-. 

 

tert-Butyl (4-{2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamido}butyl)carbamate (12d)  

 

23 mg, light yellow oil, 10% yield. 1H NMR (500 MHz, CDCl3) δ 9.27 (s, 1H), 

8.11 (s, 1H), 7.71 (d, J = 2.5 Hz, 2H), 7.53 (t, J = 2.0 Hz, 1H), 7.37 (t, J = 2.0 Hz, 

2H), 7.15 (t, J = 6.5 Hz, 2H), 7.01 (t, J = 5.5 Hz, 1H), 6.86 (d, J = 9.0 Hz, 1H), 3.44 

(q, J = 6.0 Hz, 2H), 3.17 (t, J = 7.0 Hz, 2H), 2.05 (s, 3H), 1.69-1.61 (m, 4H), 1.44 

(s, 9H). 13C NMR (126 MHz, CDCl3) δ 168.66, 158.32, 156.35, 141.77, 141.03, 

136.30, 133.49, 132.69, 131.59, 130.81, 125.45, 119.52, 118.75, 118.15, 117.97, 

105.55, 105.38, 79.91, 39.92, 28.43, 27.61, 27.25, 17.81. ESI-MS m/z: 781.3, [M - 

H]-. 

 

tert-Butyl (5-{2-[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamido}pentyl)carbamate (12e) 
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31 mg, light yellow oil, 21% yield. 1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 

7.73 (d, J = 1.5 Hz, 2H), 7.52 (t, J = 1.5 Hz, 1H), 7.10 (q, J = 6.0 Hz, 2H), 6.96 (s, 

1H), 6.86 (d, J = 9.0 Hz, 1H), 3.43 (d, J = 5.0 Hz, 2H), 3.14 (d, J = 8.5 Hz, 2H), 

2.06 (s, 3H), 1.70-1.64 (m, 2H), 1.54 (t, J = 7.0 Hz, 2H), 1.44 (s, 11H). 13C NMR 

(126 MHz, CDCl3) δ 168.68, 158.35, 156.38, 141.84, 141.19, 136.56, 136.29, 

133.46, 131.57, 130.82, 125.48, 118.17, 117.99, 105.52, 105.35, 79.91, 40.59, 

39.84, 29.66, 28.42, 17.82. ESI-MS m/z: 795.2, [M - H]-. 

 

Synthesis of 3-nitro-4-(1H-pyrrol-1-yl)benzoic acid (14) 

 

To a solution of 4-amino-3-nitrobenzoic acid (1.0 g, 5.50 mmol, 1.0 eq.) in 

glacial acetic acid (25 mL) was add 2,5-dimethoxytetrahydrofuran (3.5 mL, 5.50 

mmol, 1.0 eq.). Heating the reaction mixture to 120 °C for 12 h and cool the reaction 

mixture to room temperature. Then remove the solvent and purified the residue by 

silica gel chromatography (MeOH/CHCl3 = 1 : 20) to obtain 14 (990 mg, red solid, 

yield 78%). 1H NMR (600 MHz, DMSO-d6) δ 13.69 (s, 1H), 8.45 (d, J = 1.8 Hz, 

1H), 8.26 (dd, J = 1.8, 1.8 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.01 (t, J = 1.8 Hz, 

2H), 6.32 (t, J = 1.8 Hz, 2H). ESI-MS m/z: 233.0, [M + H]+. 

 

Synthesis of 3-amino-4-(1H-pyrrol-1-yl)benzoic acid (15) 

 

To a mixture of 14 (990 mg, 4.26 mmol, 1.0 eq.) and a catalytic amount of 5% 

palladium on carbon (452 mg, 0.05 eq.) in EA/MeOH (v/v = 1:1, 20 mL) at 25°C 

under H2 atmosphere for 16 h. Then the reaction mixture was filtered through celite 

and concentrated to obtain 15 for next step without further purification. (806 mg, 

brown solid, 94% yield). 1H NMR (500 MHz, DMSO-d6) δ 12.76 (s, 1H), 7.47 (d, 

J = 2.0 Hz, 1H), 7.19 (dd, J = 2.0, 2.0 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H), 6.95 (t, J 
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= 2.0 Hz, 2H), 6.26 (t, J = 2.0 Hz, 2H), 5.06 (s, 2H). ESI-MS m/z: 203.0, [M + H]+. 

 

Synthesis of 4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxylic acid (16)  

 

A solution of 15 (500 mg, 2.48 mmol, 1.0 eq.) and the commercial pyridine-3-

carboxaldehyde (360 mg, 3.36 mmol, 1.4 eq.) in dry ethanol (20 mL) was heated 

to 50 °C for 6 h in the presence of a catalytic amount of glacial acetic acid (15 

drops). After cooling to room temperature, the reaction was quenched with water 

(25 mL) and stirred for 1 h. The resulting solid in suspension was then filtered off, 

washed with water (25 mL) and purified by silica gel chromatography 

(chloroform/MeOH = 40:1, v/v) to afford 16. (536 mg, yellow solid, 74% yield). 

1H NMR (500 MHz, DMSO-d6) δ 12.68 (s, 1H), 8.56 (d, J = 2.0 Hz, 1H), 8.50 (dd, 

J = 1.5, 1.5 Hz, 1H), 7.70 (dt, J = 2.4, 2.4 Hz, 1H), 7.61 (d, J = 9.6 Hz, 1H), 7.55 

(q, J = 1.8 Hz, 1H), 7.49 (d, J = 1.8 Hz, 1H), 7.39-7.33 (m, 1H), 6.94 (s, 1H), 6.27 

(t, J = 4.2 Hz, 1H), 5.73-5.71 (m, 1H). 13C NMR (151 MHz, DMSO-d6) δ 167.25, 

149.07, 148.67, 138.17, 136.07, 134.97, 128.51, 127.64, 127.07, 123.83, 115.72, 

114.69, 106.24. ESI-MS m/z: 290.2, [M + H]+. 

 

General procedure for the synthesis of 17a-e 

To a mixture of 16 (750 mg, 2.60 mmol, 1.0 eq.) and DIPEA (1.35 mL, 7.78 

mmol, 3.0 eq.) in anhydrous DMF (25 mL) was added HATU (1.98 g, 5.20 mmol, 

2.0 eq.), and the reaction mixture was stirred at room temperature for 30 min. Then 

tert-butyl (6-aminohexyl)carbamate (1.12 g, 5.20 mmol, 2.0 eq.), tert-butyl (3-

aminopropyl)carbamate (906 mg, 5.20 mmol, 2.0 eq.), tert-butyl (4-

aminobutyl)carbamate (979 mg, 5.20 mmol, 2.0 eq.), tert-butyl (10-

aminodecyl)carbamate (1417 mg, 5.20 mmol, 2.0 eq.), or tert-butyl (5-

aminopentyl)carbamate (1052 mg, 5.20 mmol, 2.0 eq.) was added, and the mixture 

was stirred at the room temperature for 12 h. The reaction mixture was distilled 

under vacuum to remove DMF. The obtained residue was purified by flash column 
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chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain the products 

17a-e. 

 

tert-Butyl {6-[4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-

carboxamido]hexyl}carbamate (17a) 

 

356 mg, yellow solid, 43% yield. 1H NMR (600 MHz, DMSO-d6) δ 9.18 (d, J = 

2.4 Hz, 1H), 8.78 (dd, J = 1.2, 1.2 Hz, 1H), 8.67-8.64 (m, 2H), 8.50 (d, J = 1.8 Hz, 

1H), 8.42-8.39 (m, 2H), 8.09 (dd, J = 1.8, 1.8 Hz, 1H), 7.63 (q, J = 3.0 Hz, 1H), 

7.11 (dd, J = 0.6, 1.2 Hz, 1H), 7.06 (q, J = 1.2 Hz, 1H), 6.75 (t, J = 5.4 Hz, 1H), 

3.29 (q, J = 6.6 Hz, 2H), 2.90 (q, J = 6.0 Hz, 2H), 1.55 (q, J = 7.2 Hz, 2H), 1.40-

1.27 (m, 15H). 13C NMR (151 MHz, DMSO-d6) δ 165.12, 155.73, 151.56, 151.06, 

149.08, 136.10, 135.01, 133.45, 131.76, 128.60, 127.25, 124.29, 123.89, 117.60, 

115.25, 114.99, 109.08, 77.42, 29.61, 29.22, 28.42, 26.38, 26.19. ESI-MS m/z: 

488.1, [M + H]+. 

 

tert-Butyl {3-[4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-

carboxamido]propyl}carbamate (17b)  

 

156 mg, yellow solid, 30% yield. 1H NMR (600 MHz, DMSO-d6) δ 9.18 (d, J = 

1.8 Hz, 1H), 8.79 (dd, J = 1.8, 1.8 Hz, 1H), 8.67-8.65 (m, 2H), 8.51 (d, J = 1.8 Hz, 

1H), 8.43-8.39 (m, 2H), 8.09 (dd, J = 1.8, 2.4 Hz, 1H), 7.63 (q, J = 3.0 Hz, 1H), 

7.12 (dd, J = 0.6, 1.2 Hz, 1H), 7.06 (q, J = 1.2 Hz, 1H), 6.82 (t, J = 4.8 Hz, 1H), 
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3.32 (t, J = 6.6 Hz, 2H), 3.01 (q, J = 6.6 Hz, 2H), 1.71-1.66 (m, 2H), 1.38 (s, 9H). 

13C NMR (151 MHz, DMSO-d6) δ 165.24, 155.76, 151.59, 151.07, 149.08, 136.11, 

135.01, 133.44, 131.63, 128.65, 128.53, 127.23, 124.29, 123.89, 117.63, 115.27, 

115.03, 109.12, 77.64, 37.93, 37.29, 29.67, 28.41. ESI-MS m/z: 446.1, [M + H]+. 

 

tert-Butyl {4-[4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-

carboxamido]butyl}carbamate (17c) 

 

118 mg, yellow oil, 10% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.18 (q, J = 

1.5 Hz, 1H), 8.78 (dd, J = 1.5, 2.0 Hz, 1H), 8.67 (t, J = 5.5 Hz, 1H), 8.63 (dd, J = 

1.0, 1.0 Hz, 1H), 8.50 (d, J = 2.0 Hz, 1H), 8.41-8.38 (m, 2H), 8.09 (dd, J = 2.0, 2.0 

Hz, 1H), 7.64-7.62 (m, 1H), 7.10 (dd, J = 1.0, 1.5 Hz, 1H), 7.05 (q, J = 1.5 Hz, 1H), 

6.79 (t, J = 5.0 Hz, 1H), 3.29 (d, J = 7.0 Hz, 2H), 2.95 (q, J = 6.0 Hz, 2H), 1.58-

1.52 (m, 2H), 1.48-1.43 (m, 2H), 1.37 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 

165.17, 155.75, 151.53, 151.04, 149.07, 136.08, 134.99, 133.44, 131.73, 128.56, 

127.23, 124.28, 123.86, 117.57, 115.22, 114.96, 109.06, 77.47, 28.41, 27.26, 26.66. 

ESI-MS m/z: 460.3, [M + H]+. 

 

tert-Butyl {10-[4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-

carboxamido]decyl}carbamate (17d) 

 

278 mg, yellow oil, 20% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.17 (d, J = 

1.5 Hz, 1H), 8.78 (dd, J = 1.0, 1.5 Hz, 1H), 8.66-8.62 (m, 2H), 8.50 (d, J = 2.0 Hz, 

1H), 8.41-8.38 (m, 2H), 8.09 (dd, J = 2.0, 2.0 Hz, 1H), 7.62 (q, J = 3.0 Hz, 1H), 
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7.11-7.04 (m, 2H), 6.70 (s, 1H), 3.28 (d, J = 6.5 Hz, 2H), 2.86 (q, J = 6.0 Hz, 2H), 

1.56 (t, J = 6.5 Hz, 2H), 1.35 (s, 9H), 1.22 (d, J = 2.0 Hz, 14H). 13C NMR (126 

MHz, DMSO-d6) δ 165.11, 155.70, 151.51, 151.02, 149.07, 136.07, 135.00, 133.44, 

131.75, 128.55, 127.22, 124.28, 123.85, 117.55, 115.20, 114.94, 109.04, 77.37, 

29.60, 29.20, 29.08, 28.93, 28.39, 26.68, 26.40. ESI-MS m/z: 544.5, [M + H]+.  

 

tert-Butyl {5-[4-(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-

carboxamido]pentyl}carbamate (17e) 

 

321 mg, yellow solid, 26% yield. 1H NMR (600 MHz, DMSO-d6) δ 9.18 (d, J = 

0.6 Hz, 1H), 8.78 (d, J = 4.8 Hz, 1H), 8.66 (t, J = 6.0 Hz, 1H), 8.62 (d, J = 1.2 Hz, 

1H), 8.50 (s, 1H), 8.39 (q, J = 3.6 Hz, 2H), 8.08 (d, J = 9.0 Hz, 1H), 7.62 (q, J = 

3.0 Hz, 1H), 7.10 (d, J = 4.2 Hz, 1H), 7.04 (t, J = 2.4 Hz, 1H), 6.75 (d, J = 4.8 Hz, 

1H), 3.30 (t, J = 6.0 Hz, 2H), 2.92 (q, J = 6.0 Hz, 2H), 1.59-1.54 (m, 2H), 1.45-1.40 

(m, 2H), 1.35 (s, 9H), 1.32 (t, J = 7.2 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) δ 

165.15, 155.74, 151.51, 151.03, 149.08, 136.08, 134.99, 133.44, 131.74, 128.56, 

127.24, 124.28, 123.86, 117.56, 115.20, 114.94, 109.04, 77.42, 29.38, 28.94, 28.41, 

23.98. ESI-MS m/z: 474.3, [M + H]+. 

 

General procedure for the synthesis of 18a-e and 19a-e 

To a solution of 4, 12a-e or 17a-e in DCM (10 mL) was added TFA (2.5 mL) 

dropwise and reaction mixture was stirred at room temperature for 2 h. Then DCM 

was removed to provide compounds 4’, 12a-e’ or 17a-e’ directly for next step 

without purification. Next, to a mixture of 4’ (292 mg, 1.0 mmol, 1.0 eq.) and 

DIPEA (1.74 mL, 10.0 mmol, 10.0 eq.) in anhydrous DMF (25 mL) was added 

HATU (760 mg, 2.0 mmol, 2.0 eq.) and the reaction mixture was stirred at room 

temperature for 30 min. Then 12a’ (708 mg, 1.0 mmol, 1.0 eq.), 12b’ (668 mg, 1.0 

mmol, 1.0 eq.), 12c’ (766 mg, 1.0 mmol, 1.0 eq.), 12d’ (682 mg, 1.0 mmol, 1.0 eq.), 
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12e’ (696 mg, 1.0 mmol, 1.0 eq.), or 17a’ (387 mg, 1.0 mmol, 1.0 eq.), 17b’ (345 

mg, 1.0 mmol, 1.0 eq.), 17c’ (359 mg, 1.0 mmol, 1.0 eq.), 17d’ (343 mg, 1.0 mmol, 

1.0 eq.), 17e’ (373 mg, 1.0 mmol, 1.0 eq.) treated with TFA was individually added, 

and the mixture was stirred at the room temperature for 12 h. The reaction mixture 

was distilled under vacuum to remove DMF. The obtained residue was purified by 

preparative HPLC (MeCN/H2O 5-95%) for eluting to obtain final product 18a-e or 

19a-e. 

 

N-(6-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}hexyl)-2-

[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamide (18a) 

 

226 mg, white solid, 23% yield. 1H NMR (600 MHz, CDCl3) δ 10.82 (s, 1H), 

8.08 (s, 1H), 7.75 (d, J = 1.8 Hz, 2H), 7.51 (q, J = 1.8 Hz, 2H), 7.42 (dd, J = 1.8, 

1.2 Hz, 1H), 7.29 (s, 1H), 7.14 (d, J = 6.6 Hz, 1H), 6.87 (q, J = 3.6 Hz, 1H), 6.68 

(s, 1H), 6.50 (s, 1H), 6.40 (dd, J = 1.2, 1.8 Hz, 1H), 6.15 (s, 1H), 6.08 (d, J = 3.0 

Hz, 1H), 5.81 (q, J = 1.8 Hz, 1H), 4.53-4.28 (m, 2H), 3.94 (t, J = 4.2 Hz, 2H), 3.79 

(s, 2H), 3.48 (t, J = 4.8 Hz, 2H), 3.33 (s, 2H), 3.03 (s, 2H), 2.70 (t, J = 6.0 Hz, 2H), 

2.07 (s, 3H), 1.59 (q, J = 3.0 Hz, 2H), 1.51 (t, J = 6.0 Hz, 2H), 1.44-1.39 (m, 2H), 

1.33 (d, J = 6.6 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 173.53, 168.77, 165.09, 

158.12, 156.48, 149.51, 145.08, 142.20, 141.90, 136.68, 136.23, 136.12, 133.20, 

131.84, 130.91, 130.71, 126.13, 125.58, 119.64, 118.12, 117.97, 107.69, 105.48, 

105.34, 101.27, 49.25, 48.26, 47.52, 40.08, 39.88, 34.91, 28.82, 28.44, 25.71, 25.10, 
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24.53, 17.86. ESI-MS m/z: 985.3, [M + H]+. HRMS (ESI): calcd for 

C40H42BrCl2FN6O9S2, [M + H]+ 983.1072; found, 983.1072. HPLC: tR = 13.79 min 

(99.69% purity). 

 

N-(3-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}propyl)-2-

[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamide (18b) 

 

160 mg, white solid, 17% yield. 1H NMR (600 MHz, CDCl3) δ 8.21 (s, 1H), 7.74 

(t, J = 1.8 Hz, 2H), 7.54-7.49 (m, 2H), 7.35-7.32 (m, 1H), 7.27 (s, 1H), 7.19 (t, J = 

6.6 Hz, 1H), 6.87 (t, J = 9.6 Hz, 1H), 6.61-6.51 (m, 2H), 6.40 (q, J = 16.2 Hz, 1H), 

6.12 (d, J = 37.8 Hz, 1H), 6.01 (d, J = 3.0 Hz, 1H), 5.87-5.81 (m, 1H), 4.55-4.27 

(m, 2H), 4.03-3.82 (m, 4H), 3.45 (dd, J = 4.2, 4.8 Hz, 2H), 3.36 (s, 2H), 2.83 (dt, J 

= 6.0, 5.4 Hz, 2H), 2.54 (s, 2H), 2.06 (t, J =20.4 Hz, 3H), 1.77 (q, J = 7.2 Hz, 2H). 

13C NMR (151 MHz, CDCl3) δ 174.13, 168.71, 165.35, 159.51, 158.22, 156.58, 

144.65, 141.87, 136.27, 133.46, 132.70, 131.67, 130.93, 130.30, 126.36, 126.08, 

125.50, 119.88, 118.18, 118.03, 107.52, 105.59, 105.45, 49.42, 48.76, 47.85, 38.57, 

36.58, 33.54, 29.58, 24.39, 17.78. ESI-MS m/z: 943.3, [M + H]+. HRMS (ESI): 

calcd for C37H36BrCl2FN6O9S2, [M + H]+ 941.0602; found, 941.0573. HPLC: tR = 

13.38 min (99.88% purity). 

 

N-(4-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}butyl)-2-[N-

(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamide (18c) 
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95 mg, white solid, 10% yield. 1H NMR (600 MHz, DMSO-d6) δ 11.27 (s, 1H), 

8.84 (t, J = 5.4 Hz, 1H), 8.75 (s, 1H), 8.02 (s, 1H), 7.87 (t, J = 5.4 Hz, 1H), 7.79 (d, 

J = 1.8 Hz, 2H), 7.41 (d, J = 9.0 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 7.23 (s, 1H), 

7.16 (q, J = 7.2 Hz, 2H), 6.85-6.77 (m, 1H), 6.19 (q, J = 4.2 Hz, 2H), 6.09 (d, J = 

3.0 Hz, 1H), 5.75 (d, J = 9.0 Hz, 1H), 4.34 (d, J = 93.6 Hz, 2H), 3.82 (q, J = 37.8 

Hz, 4H), 3.24 (q, J = 6.0 Hz, 2H), 3.09 (q, J = 5.4 Hz, 2H), 2.80 (t, J = 7.8 Hz, 2H), 

2.39 (t, J = 7.2 Hz, 2H), 1.87 (s, 3H), 1.54-1.45 (m, 4H). 13C NMR (151 MHz, 

DMSO-d6) δ 170.75, 167.87, 164.32, 157.26, 155.64, 149.80, 145.15, 137.11, 

136.66, 135.49, 133.29, 132.57, 130.84, 130.55, 128.42, 127.78, 125.41, 119.51, 

118.46, 118.30, 118.14, 106.61, 104.39, 104.25, 100.21, 49.01, 47.28, 46.55, 42.15, 

39.12, 38.29, 33.50, 26.64, 26.13, 23.67, 17.13. ESI-MS m/z: 957.1, [M + H]+. 

HRMS (ESI): calcd for C38H38BrCl2FN6O9S2, [M + H]+ 955.0759; found, 955.0732. 

HPLC: tR = 13.38 min (99.00% purity). 

 

N-(10-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}decyl)-2-

[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamide (18d) 
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145 mg, white solid, 14% yield. 1H NMR (500 MHz, DMSO-d6) δ 11.26 (s, 1H), 

8.80 (t, J = 6.0 Hz, 1H), 8.75 (s, 1H), 8.03 (t, J = 2.0 Hz, 1H), 7.79 (q, J = 6.0 Hz, 

3H), 7.42 (d, J = 8.5 Hz, 1H), 7.29-7.24 (m, 2H), 7.15 (q, J = 3.5 Hz, 2H), 6.79 (q, 

J = 10.5 Hz, 1H), 6.18 (t, J = 3.0 Hz, 2H), 6.07 (d, J = 3.0 Hz, 1H), 5.74 (d, J = 

10.0 Hz, 1H), 4.40 (s, 1H), 4.25 (s, 1H), 3.84 (q, J = 31.5 Hz, 4H), 3.22 (q, J = 6.0 

Hz, 2H), 3.01 (q, J = 6.0 Hz, 2H), 2.77 (t, J = 7.5 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 

1.86 (s, 3H), 1.54-1.49 (m, 2H), 1.38-1.24 (m, 14H). 13C NMR (126 MHz, DMSO-

d6) δ 170.62, 167.73, 164.31, 157.43, 155.49, 149.76, 145.15, 141.95, 141.35, 

137.19, 136.70, 135.55, 133.49, 132.54, 131.75, 130.89, 130.56, 128.40, 127.78, 

125.43, 119.34, 118.53, 118.30, 118.12, 106.56, 104.40, 104.22, 100.11, 48.99, 

47.23, 46.54, 38.62, 33.45, 29.26, 29.13, 28.91, 28.73, 26.54, 23.64, 17.11. ESI-

MS m/z: 1041.2, [M + H]+. HRMS (ESI): calcd for C44H50BrCl2FN6O9S2, [M + H]+ 

1039.1698; found, 1039.1693. HPLC: tR = 22.85 min (95.60% purity). 

 

N-(5-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}pentyl)-2-

[N-(5-bromo-4-fluoro-2-methylphenyl)sulfamoyl]-5-[(3,5-

dichlorophenyl)sulfonamide]benzamide (18e) 

 

68 mg, white solid, 7% yield. 1H NMR (600 MHz, DMSO-d6) δ 11.26 (s, 1H), 

8.81 (t, J = 5.4 Hz, 1H), 8.75 (s, 1H), 8.03 (t, J = 1.8 Hz, 1H), 7.83 (t, J = 5.4 Hz, 

1H), 7.79 (d, J = 1.8 Hz, 2H), 7.42 (d, J = 8.4 Hz, 1H), 7.28 (dd, J = 2.4, 1.8 Hz, 

1H), 7.23 (d, J = 2.4 Hz, 1H), 7.15 (q, J = 6.6 Hz, 2H), 6.84-6.75 (m, 1H), 6.18 (q, 

J = 6.0 Hz, 2H), 6.08 (d, J = 3.0 Hz, 1H), 5.73 (d, J = 9.6 Hz, 1H), 4.33 (d, J = 93.6 

Hz, 2H), 3.81 (q, J = 36.6 Hz, 4H), 3.22 (q, J = 6.6 Hz, 2H), 3.04 (q, J = 6.0 Hz, 

2H), 2.77 (t, J = 7.2 Hz, 2H), 2.37 (q, J = 4.2 Hz, 2H), 1.85 (s, 3H), 1.54-1.49 (m, 
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2H), 1.44-1.39 (m, 2H), 1.34-1.29 (m, 2H). 13C NMR (151 MHz, DMSO-d6) δ 

170.69, 167.74, 164.32, 157.29, 155.66, 149.78, 145.15, 141.93, 141.36, 137.18, 

136.72, 135.56, 133.51, 132.50, 131.72, 130.94, 130.59, 128.41, 128.00, 127.77, 

125.45, 119.36, 118.47, 118.29, 118.14, 106.58, 104.40, 104.25, 100.18, 49.00, 

47.28, 46.55, 38.58, 38.45, 33.46, 28.94, 28.37, 23.83, 23.64, 17.11. ESI-MS m/z: 

971.1, [M + H]+. HRMS (ESI): calcd for C39H40BrCl2FN6O9S2, [M + H]+ 969.0915; 

found, 969.0890. HPLC: tR = 21.11 min (96.43% purity). 

 

N-(6-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}hexyl)-4-

(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxamide (19a) 

 

106 mg, yellow solid, 16% yield. 1H NMR (600 MHz, DMSO-d6) δ 9.23 (d, J = 

1.8 Hz, 1H), 8.83 (dd, J = 1.2, 1.2 Hz, 1H), 8.68-8.67 (m, 2H), 8.52-8.49 (m, 2H), 

8.42 (t, J = 4.8 Hz, 1H), 8.11 (dd, J = 1.8, 1.8 Hz, 1H), 7.84 (t, J = 5.4 Hz, 1H), 

7.73 (q, J = 3.0 Hz, 1H), 7.16-7.14 (m, 1H), 7.09-7.06 (m, 1H), 6.86-6.75 (m, 1H), 

6.18 (q, J = 12.0 Hz, 2H), 6.08 (d, J = 3.6 Hz, 1H), 5.74 (d, J = 9.6 Hz, 1H), 4.33 

(d, J = 92.4 Hz, 2H), 3.92-3.74 (m, 4H), 3.30 (q, J = 6.6 Hz, 2H), 3.04 (q, J = 6.0 

Hz, 2H), 2.78 (t, J = 7.8 Hz, 2H), 2.37 (t, J = 7.8 Hz, 2H), 1.55 (q, J = 7.2 Hz, 2H), 

1.39 (q, J = 6.6 Hz, 2H), 1.35-1.27 (m, 4H). 13C NMR (151 MHz, DMSO-d6) δ 

170.68, 165.12, 164.33, 151.11, 150.02, 149.79, 148.14, 145.14, 137.43, 134.87, 

133.77, 131.83, 128.52, 127.97, 127.36, 124.43, 124.23, 117.81, 115.38, 115.05, 

109.26, 106.58, 100.18, 49.01, 47.28, 46.55, 42.15, 38.58, 33.47, 29.24, 26.38, 

23.66. ESI-MS m/z: 662.6, [M + H]+. HRMS (ESI): calcd for C37H39N7O5, [M + 

H]+ 662.3085; found, 662.3074. HPLC: tR = 14.82 min (95.36% purity). 
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N-(3-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}propyl)-4-

(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxamide (19b)  

 

93 mg, yellow solid, 15% yield. 1H NMR (600 MHz, DMSO-d6) δ 9.23 (d, J = 

1.8 Hz, 1H), 8.83 (dd, J = 1.2, 1.2 Hz, 1H), 8.66 (t, J = 3.0 Hz, 2H), 8.53-8.50 (m, 

2H), 8.43 (d, J = 8.4 Hz, 1H), 8.10 (dd, J = 1.8, 1.8 Hz, 1H), 7.93 (t, J = 6.0 Hz, 

1H), 7.73 (q, J = 3.0 Hz, 1H), 7.15 (d, J = 3.6 Hz, 1H), 7.08 (t, J = 4.2 Hz, 1H), 

6.79 (t, J = 10.8 Hz, 1H), 6.19-6.09 (m, 3H), 5.72 (d, J = 10.2 Hz, 1H), 4.32 (d, J 

= 93.0 Hz, 2H), 3.80 (q, J = 34.2 Hz, 4H), 3.31 (q, J = 6.0 Hz, 2H), 3.14 (q, J = 6.6 

Hz, 2H), 2.79 (t, J = 7.2 Hz, 2H), 2.39 (t, J = 7.2 Hz, 2H), 1.71-1.66 (m, 2H). 13C 

NMR (151 MHz, DMSO-d6) δ 170.95, 165.21, 164.32, 151.08, 149.89, 149.75, 

148.02, 145.17, 137.61, 134.87, 133.80, 131.71, 128.69, 128.51, 128.40, 127.76, 

127.34, 124.50, 124.22, 117.85, 115.41, 115.11, 109.31, 106.64, 100.21, 49.00, 

47.26, 46.55, 42.15, 37.34, 33.54, 29.35, 23.66. ESI-MS m/z: 620.4, [M + H]+. 

HRMS (ESI): calcd for C34H33N7O5, [M + H]+ 620.2616; found, 620.2609. HPLC: 

tR = 14.18 min (98.72% purity). 

 

N-(4-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}butyl)-4-

(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxamide (19c) 

 

95 mg, yellow solid, 15% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.23 (d, J = 

1.5 Hz, 1H), 8.83 (dd, J = 1.5, 1.5 Hz, 1H), 8.69-8.67 (m, 2H), 8.52-8.50 (m, 2H), 

8.43 (d, J = 8.5 Hz, 1H), 8.11 (dd, J = 2.0, 2.0 Hz, 1H), 7.88 (t, J = 5.5 Hz, 1H), 

7.72 (q, J = 3.0 Hz, 1H), 7.15 (q, J = 3.0 Hz, 1H), 7.08 (q, J = 1.0 Hz, 1H), 6.87-
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6.73 (m, 1H), 6.18 (q, J = 3.0 Hz, 2H), 6.08 (d, J = 3.5 Hz, 1H), 5.73 (d, J = 10.5 

Hz, 1H), 4.40 (s, 1H), 4.25 (s, 1H), 3.81 (q, J = 30.5 Hz, 4H), 3.31 (q, J = 6.0 Hz, 

2H), 3.09 (q, J = 5.5 Hz, 2H), 2.79 (t, J = 7.5 Hz, 2H), 2.38 (t, J = 7.5 Hz, 2H), 

1.58-1.53 (m, 2H), 1.49-1.44 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.71, 

165.14, 164.31, 151.14, 150.08, 149.77, 148.19, 145.19, 137.31, 134.87, 133.72, 

131.77, 128.63, 128.51, 128.37, 127.77, 127.34, 124.37, 124.23, 117.79, 115.36, 

115.04, 109.24, 106.59, 100.18, 47.25, 46.53, 42.13, 38.44, 33.49, 26.87, 26.73, 

23.64. ESI-MS m/z: 634.3, [M + H]+. HRMS (ESI): calcd for C35H35N7O5, [M + H]+ 

634.2772; found, 634.2752. HPLC: tR = 14.16 min (97.26% purity). 

 

N-(10-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}decyl)-4-

(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxamide (19d) 

 

79 mg, yellow solid, 11% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.21 (d, J = 

2.0 Hz, 1H), 8.81 (dd, J = 1.5, 1.5 Hz, 1H), 8.66 (t, J = 3.0 Hz, 2H), 8.51 (d, J = 2.0 

Hz, 1H), 8.48-8.45 (m, 1H), 8.42 (d, J = 8.5 Hz, 1H), 8.10 (dd, J = 2.0, 2.0 Hz, 1H), 

7.81-7.78 (m, 1H), 7.69 (q, J = 3.0 Hz, 1H), 7.14 (dd, J = 1.0, 1.0 Hz, 1H), 7.07 (q, 

J = 1.0 Hz, 1H), 6.81 (t, J = 10.5 Hz, 1H), 6.19 (t, J = 3.0 Hz, 2H), 6.07 (d, J = 3.0 

Hz, 1H), 5.74 (d, J = 9.5 Hz, 1H), 4.41 (s, 1H), 4.25 (s, 1H), 3.84 (q, J = 31.5 Hz, 

4H), 3.30 (q, J = 6.0 Hz, 2H), 3.00 (q, J = 5.5 Hz, 2H), 2.77 (d, J = 7.5 Hz, 2H), 

2.35 (t, J = 7.5 Hz, 2H), 1.59-1.54 (m, 2H), 1.36-1.32 (m, 6H), 1.24 (s, 8H). 13C 

NMR (126 MHz, DMSO-d6) δ 170.61, 165.10, 164.30, 151.29, 150.46, 149.75, 

148.54, 145.13, 136.83, 134.92, 133.61, 131.80, 128.60, 128.51, 128.38, 127.79, 

127.30, 124.25, 124.17, 117.70, 115.31, 115.01, 109.17, 106.55, 100.09, 49.00, 

47.23, 46.54, 42.14, 38.60, 33.44, 29.23, 29.09, 28.91, 26.66, 26.52, 23.63. ESI-MS 

m/z: 718.5, [M + H]+. HRMS (ESI): calcd for C41H47N7O5, [M + H]+ 718.3711; 
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found, 718.3709. HPLC: tR = 16.88 min (98.54% purity). 

 

N-(5-{3-[5-(4-Acryloyl-2-oxopiperazin-1-yl)furan-2-yl]propanamido}pentyl)-4-

(pyridin-3-yl)pyrrolo[1,2-a]quinoxaline-7-carboxamide (19e) 

 

52 mg, yellow solid, 8% yield. 1H NMR (500 MHz, DMSO-d6) δ 9.23 (d, J = 2.0 

Hz, 1H), 8.83 (dd, J = 1.5, 1.5 Hz, 1H), 8.66 (t, J = 2.0 Hz, 2H), 8.52 (t, J = 2.0 Hz, 

2H), 8.42 (d, J = 8.5 Hz, 1H), 8.11 (dd, J = 2.0, 2.0 Hz, 1H), 7.85 (t, J = 5.5 Hz, 

1H), 7.73 (q, J = 3.0 Hz, 1H), 7.15 (dd, J = 1.0, 1.0 Hz, 1H), 7.08 (q, J = 1.0 Hz, 

1H), 6.84-6.76 (m, 1H), 6.19-6.16 (m, 2H), 6.06 (d, J = 3.0 Hz, 1H), 5.74 (d, J = 

10.0 Hz, 1H), 4.41 (s, 1H), 4.25 (s, 1H), 4.00-3.67 (m, 4H), 3.30 (q, J = 6.0 Hz, 

2H), 3.05 (q, J = 5.5 Hz, 2H), 2.77 (t, J = 7.5 Hz, 2H), 2.36 (t, J = 7.5 Hz, 2H), 

1.60-1.54 (m, 2H), 1.47-1.41 (m, 2H), 1.35-1.29 (m, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 170.69, 165.13, 164.32, 151.10, 150.03, 149.76, 148.15, 145.13, 

137.38, 134.87, 133.75, 131.80, 128.62, 128.52, 128.39, 127.78, 127.36, 124.40, 

124.22, 117.79, 115.36, 115.03, 109.24, 106.55, 100.12, 49.00, 47.24, 46.53, 42.13, 

38.57, 33.49, 28.99, 28.90, 24.02, 23.66. ESI-MS m/z: 648.3, [M + H]+. HRMS (ESI): 

calcd for C36H37N7O5, [M + H]+ 648.2929; found, 648.2919. HPLC: tR = 14.44 min 

(97.18% purity). 

 

4.4.3 Cell Culture 

The MM.1S and MCF-7 were obtained from ATCC (Manassas, VA, USA). 

MM.1S cells were cultivated in RPMI 1640 medium supplemented with 10% FBS, 

100 IU/mL penicillin, 0.1 mg/mL streptomycin and 1 mM sodium pyruvate at 37°C 

in a 5% CO2 atmosphere. MCF-7 cells were cultivated in DMEM medium 

supplemented with 10% FBS, 100 IU/mL penicillin, 0.1 mg/mL streptomycin and 

1 mM L-Glutamin at 37°C in a 5% CO2 atmosphere. 
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4.4.4 Western Blot Analysis 

The MM.1S cells (3 × 106 cells/mL) were seeded into cell culture flasks and after 

72 h treated with the indicated concentration of compound or DMSO for the given 

time. Cell lysis was performed with Cell Extraction Buffer and addition of Halt 

Protease Inhibitor Cocktail and phenylmethanesulfonyl fluoride. Protein content 

was determined by Pierce™ BCA Protein Assay Kit. Samples were denatured by 

Laemmli 2× Concentrate, and Precision Plus Protein Unstained Standard was used 

as molecular weight marker in all cases. SDS-PAGE was performed with 10% 

Mini-PROTEAN TGX Stain-Free Gel (Catalog# 458035, Bio-Rad, Hercules, CA, 

USA) at 200 V for 50 min (Catalog# 458035, Bio-Rad). Afterwards, proteins were 

transferred with the Trans-Blot Turbo Transfer System to Immobilon-FL PVDF 

membranes at 1.0 A for 30 min and incubated with 5% milk-powder solution for 1 

h at room temperature under slight agitation. Subsequently, the membranes were 

incubated with anti-SIRT6 (Catalog# 12486S, Cell Signaling Technology, Denver, 

MA, USA) or anti-α-tubulin (Catalog# sc-8035, Santa Cruz, Dallas, TX, USA) 

antibody solutions in 1:250–1:1000 dilutions at room temperature under slight 

agitation for 1 h, then put membranes at 4°C for overnight. Incubation with HRP-

conjugated secondary anti-mouse (Catalog# sc-516102, Santa Cruz, Dallas, TX, 

USA) and anti-rabbit (Catalog# HAF008, R&D Systems, Inc., Minneapolis, MN, 

USA) antibody solutions were performed for 1.5 h, and membranes were developed 

with clarity western ECL substrate. The ChemiDoc XRS+ System was used for 

detection and Image Lab Software 6.1 (Bio-Rad, Hercules, CA, USA) for 

quantification.[24-26] 

 

4.4.5 CellTiter-Glo® Cell Viability Assay 

The MM.1S cells (2.5 × 103 cells/well) were seeded in white 384-well plates and 

incubated with the respective compounds at increasing concentrations. For this 

purpose, the dilution series were prepared at 200× concentration in DMSO and then 

further diluted to 10× concentration in medium. The final DMSO concentration was 

0.5%. The toxicity of compounds was assessed after 72 h using the CellTiter-Glo 
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2.0 cell viability assay. Luminescence was then measured, and the EC50 was 

determined by plotting dose-response curves and performing nonlinear regression 

using GraphPad Prism.[27] 
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Chapter 5. Summary 

Histone deacetylases (HDACs) serve as critical epigenetic regulators that modulate 

gene expression through catalytic removal of acetyl groups from histone substrates. By 

controlling the acetylation status of both histone and non-histone proteins, HDACs 

orchestrate fundamental cellular processes including cell cycle, chromatin 

decondensation, apoptosis and angiogenesis. These pleiotropic functions have 

established HDACs as validated therapeutic targets in oncology, evidenced by the FDA 

and CFDA approval of five HDAC inhibitors for various cancer indications to date. 

Despite their clinical utility, currently available HDAC inhibitors suffer from 

significant off-target effects, including nausea, vomiting, fatigue, and cardiotoxicity, 

that largely result from their pan-HDAC inhibitory activity across multiple isoforms. 

Developing isoform-selective HDAC modulators represents a promising strategy to 

overcome these limitations, as targeted pharmacological regulation of specific HDAC 

family members could potentially maintain therapeutic efficacy while substantially 

reducing adverse effects. 

To address these limitations, three innovative proximity-based therapeutic modalities 

were designed to achieve precise control of HDAC activity. These approaches leverage 

targeted protein modulation to enhance isoform specificity while minimizing off-target 

effects, potentially overcoming the key challenges that have constrained the clinical 

utility of conventional HDAC inhibitors in oncology applications. 

 

5.1 DCAF16-based Covalent Molecular Glues for Targeted Protein 

Degradation of Histone Deacetylases 

The vinylsulfonyl piperazine warhead, originally developed by Nomura et al.,[1] 

shows promise for targeted protein degradation but requires substantial optimization to 

enhance its potency, selectivity, and drug-like properties. While the authors successfully 

incorporated this warhead into a range of small molecule degraders targeting proteins 

such as BRD4, CDK4, the androgen receptor (AR), BTK, SMARCA2/4, and BCR-
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ABL/c-ABL, selectivity remained a significant challenge. Specifically, off-target 

degradation was observed across the reported degraders, likely due to non-specific 

interactions of the covalent handle. Despite its lack of optimization, this chemotype 

represents a valuable starting point for developing molecular glue degraders. 

In this study, a novel series of DCAF16-based covalent molecular glues 

incorporating different zinc-binding groups (ZBGs) were developed for targeted HDAC 

degradation. The hydroxamate-containing degrader 10a exhibited potent and selective 

reduction of HDAC1 protein levels in MM.1S cells, as confirmed by western blot 

analysis, while the non-covalent control 10a-nc showed no activity. The promising 

anticancer activity of 10a was further validated through antiproliferative effects and 

apoptosis induction assays. Notably, this work establishes the vinylsulfonyl piperazine 

moiety as a versatile warhead capable of transforming the classical HDAC inhibitor 

vorinostat into a targeted degrader. These findings underscore the broader potential of 

strategic warhead incorporation in advancing targeted protein degradation therapeutics 

(Figure 5-1). 

 

 

Figure 5-1. Inspired by the recently identified vinylsulfonyl piperazine handle, which enables 

conjugation to protein of interest ligands for targeted protein degradation, a novel class of DCAF16-

based covalent molecular glues was proposed to degrade HDACs. This strategy yielded an effective 

molecular glue (10a) that significantly and preferentially reduced HDAC1 levels in MM.1S cells. 
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5.2 Targeted Degradation of Histone Deacetylases via Bypassing E3 

Ligase Targeting Chimeras (BYETACs) 

Targeted protein degradation (TPD) through heterobifunctional molecules to initiate 

ubiquitination and facilitate subsequent degradation has emerged as a powerful 

therapeutic strategy. Most heterobifunctional molecules designed for TPD function 

primarily through a limited set of E3 ligases, which restricts this therapeutic approach 

to specific tissues that express the necessary ligases.[2,3] 

Capitalizing on the interaction between USP14 and the 26S proteasome subunit 

RPN1, BYETACs were developed as a novel class of degraders that directly engage the 

proteasome for HDAC elimination. The lead compound 10c demonstrated potent and 

selective reduction of HDAC1 protein levels in MM.1S cells, as evidenced by western 

blot analysis. Furthermore, subsequent apoptosis induction analysis confirmed its 

promising anticancer activity. These findings open new avenues for expanding the 

protein degradation toolbox beyond conventional E3-dependent approaches (Figure 5-

2). 

 

 

Figure 5-2. Structure of the designed HDAC BYETACs with the USP14 recruiting moiety attached 

to the HDAC binding ligand via linker. 
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5.3 Deubiquitinase-targeting Chimeras (DUBTACs) for Targeted 

Stabilization of SIRT6 

Many diseases are driven by the aberrant ubiquitination and further degradation 

of proteins. Targeted protein stabilization (TPS) offers a promising approach to 

address these issues, as it can potentially restore the normal function of key proteins 

involved in disease pathways.[4] Herein, the development of SIRT6 DUBTACs was 

reported, heterobifunctional molecules comprising an OTUB1-recruiting moiety 

linked to a SIRT6 activator. Western blot analysis confirmed upregulation of SIRT6 

protein levels, and cellular assays demonstrated corresponding antiproliferative 

effects in MM.1S cells. Current efforts focus on structurally optimizing the 

DUBTAC system by replacing its OTUB1 recruiting moiety with modified 

MS5105 derivatives to improve both target stabilization efficiency and tissue 

selectivity. Overall, the heterobifunctional DUBTACs provide a new therapeutic 

modality for TPS in treating diseases associated with dysfunctional protein 

ubiquitination (Figure 5-3). 

 

 

Figure 5-3. Rational design for SIRT6 DUBTACs. SIRT6 DUBTACs are heterobifunctional 

molecules consisting of a SIRT6 activator linked to a DUB OTUB1 recruiter via different linker. 
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In summary, this thesis advances the development of proximity-based therapeutic 

modalities that achieve significant HDAC isoform selectivity, offering novel paradigms 

for targeted protein modulation. Current efforts are directed toward lead compound 

optimization and mechanistic elucidation to facilitate the translation of these novel 

modalities into viable oncology therapeutics. 
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Chapter 6. Appendix 

 

 

 

 

 

 

  

 

 

  

 

6.1 Appendix I. Publication I: DCAF16-based Covalent Molecular 

Glues for Targeted Protein Degradation of Histone Deacetylases

The following part contains the research article “DCAF16-based Covalent 

Molecular Glues for Targeted Protein Degradation of Histone Deacetylases”, 

including the supporting information, as it was published in Archiv Der Pharmazie 

by Wiley-VCH GmbH, Weinheim.

The article is reprinted with permission from:

Sun T, Zhai S, Lepper S, König B, Malenica M, Honin I, Hansen FK. DCAF16-

Based Covalent Molecular Glues for Targeted Protein Degradation of Histone 

Deacetylases. Arch Pharm (Weinheim). 2025, 358(7), e70045. DOI: https://doi.org 

/10.1002/ardp.70045

Copyright 2025. The Author(s). Published under the license CC BY 4.0: https://

creativecommons.org/licenses/by/4.0/

https://doi.org/10.1002/ardp.70045
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ABSTRACT
Histone deacetylases (HDACs) are intriguing cancer targets due to their high expression in many tumors. Consequently, inhibition or

degradation of HDACs can be beneficial for cancer therapy. Targeted protein degradation using molecular glues represents a promising

therapeutic approach, enabling the specific degradation of numerous disease‐causing proteins. However, the rational design of

molecular glues in a target‐based manner remains challenging. A recent study has described the identification of a DCAF16‐based
covalent linker‐less chemical handle for molecular glues. This covalent warhead can be attached to protein of interest ligands to induce

the targeted degradation of various protein classes. Inspired by this, we designed and synthesized a new class of DCAF16‐based covalent
molecular glues utilizing different zinc‐binding groups for the targeted degradation of HDACs. This approach led to the discovery of an

efficient molecular glue (10a) that reduced HDAC1 levels in multiple myeloma MM.1S cells in a potent and preferential manner.

1 | Introduction

Histone acetylation is regulated by histone deacetylases
(HDACs) and histone acetyltransferases (HATs). Modulating
HDAC levels has been shown to influence many cellular
processes including cell growth, cell cycle, and chromatin
decondensation [1]. The HDAC family encompasses 18 iso-
forms classified into four groups: Class I (HDAC1, 2, 3, and
8), Class IIa (HDAC4, 5, 7, and 9), Class IIb (HDAC6 and 10),
Class III (Sirt1–7), and Class IV (HDAC11) [1]. HDACs are
intriguing cancer targets due to their overexpression in many
tumors. Consequently, inhibition or degradation of HDACs
can be beneficial for cancer treatment. To date, four antic-
ancer HDAC inhibitors have been approved by the FDA for
the treatment of T‐cell lymphoma and multiple myeloma [2].
Additionally, novel HDAC‐based therapeutic strategies have

emerged in recent years, underscoring the broad potential
applications of HDAC‐targeted therapies [3–5].

Targeted protein degradation (TPD) using molecular glues and
proteolysis‐targeting chimeras (PROTACs) represents a prom-
ising therapeutic strategy, enabling the selective degradation
of numerous disease‐causing proteins [6]. Compared to het-
erobifunctional PROTACs, molecular glue degraders are par-
ticularly promising due to their lower molecular weights and
favorable drug‐like properties. However, unlike PROTACs,
which can be rationally designed, the majority of molecular
glue degraders have been identified serendipitously or through
phenotypic screening methods. The rational design of molecu-
lar glue degraders in a target‐specific context remains a signif-
icant challenge, limiting the broader applications of molecular
glues [7–9]. In addition to the complex design of molecular

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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glues, they have several other limitations compared to small‐
molecule inhibitors. For instance, not all proteins are degradable
because they are poorly recognized by E3 ligases or lack a suitable
ubiquitination site. In addition, for proteins with short half‐lives and
high turnover rates, the relative advantage of a molecular glue may
be less pronounced. However, despite these challenges associated
with the development of molecular glues, they also possess ad-
vantages over small‐molecule inhibitors: Molecular glues (1) can
exploit shallow protein−protein interfaces between E3 ligases and
therapeutic proteins that may lack deep binding pockets, which
presents a significant advantage in drug development, (2) act via a
catalytic mode of action, (3) remove all functions of the target
protein, not just enzymatic activity, but also scaffolding or non-
catalytic roles, and (4) exhibit sustained effects, particularly for
proteins with moderate and long half‐lives [10, 11].

A recent study has described the identification of a DDB1‐ and
CUL4‐associated factor 16 (DCAF16)‐based covalent, degradative,
and linker‐less chemical handle [12]. This vinylsulfonyl piperazine
handle can be conjugated to protein of interest (POI) ligands to
induce the degradation of various proteins. Building on the suc-
cessful applications of this chemical handle, we designed and
synthesized a novel class of DCAF16‐based covalent molecular
glues utilizing various zinc‐binding groups (ZBGs) for the targeted
degradation of HDACs. We then investigated the degradation
efficacy and isoform selectivity of the molecular glue degraders.
Additionally, the antiproliferative activity, HDAC inhibition, and
induction of apoptosis were further evaluated in MM.1S cells.

2 | Results and Discussion

2.1 | Chemistry

To investigate whether the DCAF16‐based covalent handle can
convert nondegrading HDAC inhibitors into degraders, we
designed a series of molecular glues for targeting HDACs.
Traditionally, HDAC inhibitors, such as vorinostat, consist of
three key components: a cap structure, a ZBG, and a linker
connecting the cap to the ZBG [1]. Among these components,
the cap structure can exhibit considerable structural diversity,
allowing for the design of HDAC inhibitors with a wide range of
structures [13]. Accordingly, the covalent handle was intro-
duced to the cap group of the HDAC inhibitor vorinostat.
Additionally, the hydroxamic acid of vorinostat was substituted
with three different ZBGs for further explorations (Figure 1).

The synthetic routes for the target Compounds 10a–d are
outlined in Schemes 1–3. Briefly, for the synthesis of the
HDAC ligands (Scheme 1), 4‐aminophenylacetic acid (1)
was first activated with thionyl chloride and esterified with
methanol to yield intermediate 2, which was further treated
with suberic anhydride to afford 3. Subsequently, Com-
pound 3 was subjected to amide coupling reactions with
various ZBG precursors to produce Compounds 4a–d. The
protected HDAC ligands 5a–d with a free phenylacetic acid
moiety were prepared by the treatment of 4a–d with
LiOH·H2O [14].

For the synthesis of the DCAF16 warhead (Scheme 2),
Compound 6 was reacted with 2‐chloroethanesulfonyl chloride
in the presence of triethylamine (TEA) in dry dichloromethane
to give 7, which was then directly treated with trifluoroacetic
acid (TFA) to yield precursor 8 [12].

Next, 5a–d were conjugated with 8 using HATU and DIPEA
as amide coupling system to produce 9a–d. Finally, depro-
tection of 9a–d with TFA afforded the target Compounds
10a–d (Scheme 3).

2.2 | Biological Evaluation

2.2.1 | HDAC Degradation by DCAF16‐Recruiting
Covalent Molecular Glues 10a–d

First, the multiple myeloma cell line MM.1S was treated
with varying concentrations (1, 10, and 25 µM) of degraders
10a–d for 6 and 24 h, respectively. HDAC1 and HDAC6 were
selected for investigation due to their critical roles in vari-
ous diseases such as cancer [15]. HDAC1 and HDAC6 pro-
tein levels were subsequently evaluated using western blot
analysis. As summarized in Figure 2A and Supporting
Information S2: Figure S1, all compounds exhibited either
no or weak degradation efficacy for HDAC1 and HDAC6 at
different concentrations after 6 h. This limited efficacy could
be due to insufficient incubation time of the compounds
with MM.1S cells. To address this, the incubation time was
extended to 24 h to investigate whether 10a–d displayed
enhanced degradation of HDAC1 and HDAC6 after longer
treatment times (Figure 2B and Supporting Information S2:
Figure S2). All compounds still exerted no degradation of
HDAC6 at different concentrations after 24 h of treatment.

FIGURE 1 | Rational design of DCAF16‐based HDAC molecular glues.
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However, different from 10b–d, degrader 10a, which con-
tains a hydroxamic acid as ZBG, achieved substantial deg-
radation of HDAC1 with a maximal degradation (Dmax)
value of 74% at 25 μM. Consequently, Compound 10a was
selected for further biological evaluations based on the ini-
tial screening results.

2.2.2 | Preferential HDAC1 Degradation and DC50

Value Determination for 10a

Subsequently, degrader 10a was investigated at various concentra-
tions (1, 10, and 25 µM) for degradation effects on different HDAC
isoforms, including HDAC2, HDAC3, and HDAC4. As shown in
Figure 3A and Supporting Information S2: Figure S3A, none of the
used concentrations resulted in the degradation of HDAC2,
HDAC3, or HDAC4 when MM.1S cells were treated with 10a for
6 h. Meanwhile, treatment with 10a for 24 h had minimal impact
on HDAC3 and HDAC4 protein levels, whereas HDAC2 levels were
slightly affected (Figure 3B and Supporting Information S2:
Figure S3B). In detail, 10a induced a modest degradation of HDAC2
(Dmax= 46% at 25 μM), which may be attributed to the high
structural similarity between HDAC1 and HDAC2, particularly in
their catalytic domains [16]. In summary, the results presented
above clearly confirm that 10a exhibits potent degradation activity
and high preference for HDAC1 among the various tested HDAC
isoforms.

Following the observation that Compound 10a preferentially
induced degradation of HDAC1 in MM.1S cells, we proceeded to
determine its half‐maximal degradation concentration (DC50) for
HDAC1 (Supporting Information S2: Figure S4). When MM.1S cells
were treated with increasing concentrations of 10a for 24 h,
HDAC1 levels gradually decreased in a dose‐dependent manner
(DC50= 8.8 ± 4.4 μM).

2.2.3 | Antiproliferative Activity, HDAC Enzyme
Inhibition of 10a, and Cellular Target Engagement Studies

Building on the results obtained from western blot analysis,
we subsequently assessed 10a for its antiproliferative activity
in MM.1S cells and for its inhibitory activity against HDAC1
and HDAC6. As shown in Table 1, Compound 10a exhibited
substantial antiproliferative activity (half‐maximal inhibitory
concentration, IC50= 6.48 μM) against MM.1S cells. The pos-
sible mechanism of antiproliferative activities is the induction
of HDAC1 degradation by 10a, which supports the critical role
of HDAC1 as one of the most relevant isoforms in cancer.
Regarding HDAC inhibition, 10a displayed notable inhibitory
activity against HDAC1 (IC50= 0.017 μM) and HDAC6
(IC50= 0.027 μM).

Based on the HDAC6 inhibition data, the lack of efficient
HDAC6 degradation by 10a (Figure 2) is surprising. However,
efficient TPD depends not only on binding affinity and ternary
complex formation but also on subcellular localization. Since
DCAF16 is predominantly localized in the nucleus [17], a
DCAF16‐recruiting degrader is more likely to target nuclear
HDACs, such as HDAC1, rather than cytoplasmic isoforms
like HDAC6.

To assess the cellular target engagement of degrader 10a of
HDACs in MM.1S cells, we conducted western blot experiments
to analyze the levels of acetylated histone H3 (an indicator of
reduced HDAC1‐3 activity) and acetylated α‐tubulin (a marker
of decreased HDAC6 activity) using vorinostat as a control.
Consistent with the results of the biochemical HDAC inhibition
assays, degrader 10a resulted in a pronounced upregulation of
acetylated H3 histone and acetylated α‐tubulin after 24‐h
treatment, indicating that 10a exhibited significant inhibition
or degradation of both HDAC1 and HDAC6 in MM.1S cells. As
expected, the DCAF16‐targeting chemical handle 8 exhibited no
effects on the levels of acetylated histone H3 and acetylated
α‐tubulin (Figure 4). Interestingly, Compound 10a induced
hyperacetylation of α‐tubulin comparable to its parent inhibitor,
vorinostat, thereby indicating sufficient cellular permeability.
However, its effect on histone H3 acetylation was markedly
lower than that of vorinostat. This discrepancy may suggest
reduced nuclear permeability of 10a, which could also account
for its diminished activity in the viability assays (Table 1).

SCHEME 1 | Synthesis of HDAC ligands 5a–d. Reagents and conditions: (i) SOCl2, CH3OH, 80°C, 16 h, 97% yield. (ii) Suberic anhydride, NaHCO3,

THF, rt, 16 h, 63% yield. (iii) R1‐NH2, HATU, DIPEA, DMF, rt, 16 h, 28%–88% yield. (iv) LiOH·H2O, THF/H2O (v/v = 1:1), rt, 2–12 h, 26%–84% yield.

SCHEME 2 | Synthesis of the DCAF16 warhead 8. Reagents and

conditions: (v) 2‐chloroethanesulfonyl chloride, TEA, DCM, 0°C→ rt,

16 h. (vi) TFA, DCM, rt, 1 h, 95% yield (over two steps).
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2.2.4 | Negative Control Compound and HDAC1‐3
Inhibition

To assess the functional relevance of the covalent vinylsulfonyl
piperazine moiety in mediating HDAC1 degradation, we syn-
thesized a noncovalent control compound, designated 10a‐nc, in
which the vinylsulfonyl warhead was replaced by an unreactive
ethylsulfonyl analog (see Supporting Information S2: Scheme S1,

for synthetic details). Biochemical HDAC inhibition assays
showed that 10a‐nc, while less potent than 10a, effectively in-
hibits HDAC1–3 with submicromolar IC50 values (Table 2).
The subsequent immunoblot analysis revealed that only 10a, and
not 10a‐nc, induced a reduction of HDAC1 protein levels
(Figure 5). These findings underscore the essential role of the
electrophilic vinylsulfonyl piperazine handle for the knockdown
of HDAC1.

SCHEME 3 | Synthesis of DCAF16‐based HDAC molecular glues 10a–d. Reagents and conditions: (vii) HATU, DIPEA, DMF, rt, 16 h, 33%–47%
yield. (viii) TFA, DCM, rt, 1 h, 25%–85% yield.

FIGURE 2 | Degradation of HDAC1 and HDAC6 mediated by 10a–d. MM.1S cells were treated with Compounds 10a–d at concentrations of

1, 10, and 25 μM for 6 h (A) or for 24 h (B), with DMSO as vehicle control. HDAC1 and HDAC6 levels were detected by immunoblot analysis. GAPDH

was used as the loading control. Representative images from a total of n= 2 replicates.
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FIGURE 3 | Degradation selectivity of 10a. MM.1S cells were treated with Compound 10a at concentrations of 1, 10, and 25 μM for 6 h (A) or for

24 h (B). DMSO was used as a vehicle control. HDAC2, HDAC3, and HDAC4 levels were detected by immunoblot analysis. GAPDH was used as a

loading control. Representative images from a total of n= 2 replicates.

TABLE 1 | Antiproliferative activities against MM.1S cells and HDAC1 and 6 enzyme inhibition of 10a.

IC50 (μM) IC50 (μM) IC50 (μM)
Compound Cell viabilitya HDAC1b HDAC6b

10a 6.48 ± 1.18 0.017 ± 0.001 0.027 ± 0.008

Ricolinostat 2.59 ± 0.27 n.d. n.d.

Vorinostat 0.79 ± 0.13 0.064 ± 0.012 0.030 ± 0.017

an= 3 biologically independent replicates. MM.1S cells were treated with the indicated compounds in increasing concentration for 72 h followed by a CellTiter‐Glo cell
viability assay.
bn= 2 biologically independent replicates. In all cases, mean ± standard deviation is shown. n.d. = not determined.

FIGURE 4 | Cellular target engagement by 10a, vorinostat (SAHA), and 8. Immunoblot analysis of acetylated histone H3 (A) and α‐tubulin
(B) in MM.1S cell lysates after treatment with the indicated compounds (10 µM) or vehicle (DMSO) for 24 h. Representative images from a total of

n= 2 replicates.

TABLE 2 | HDAC1–3 enzyme inhibition of 10a and 10a‐nc.

IC50 (μM) IC50 (μM) IC50 (μM)
Compound HDAC1a HDAC2a HDAC3a

10a 0.017 ± 0.001 0.088 ± 0.007 0.051 ± 0.004

10a‐nc 0.229 ± 0.004 0.423 ± 0.063 0.323 ± 0.022

Vorinostat 0.064 ± 0.012 0.203 ± 0.055 0.129 ± 0.002

an= 2 biologically independent replicates, mean ± standard deviation is shown.
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2.2.5 | Apoptosis Induction in MM.1S Cells After 10a
Treatment

Finally, following a 48‐h incubation of MM.1S cells with 10a,
along with vorinostat and ricolinostat as positive controls,
apoptosis induction was evaluated using annexin V‐FITC/
propidium iodide (PI) staining and flow cytometry (Figure 6).
As expected, 10a markedly increased the proportions of both
early and late apoptotic cells, confirming its anticancer activity

via apoptosis induction. This potency in triggering apoptosis
aligned with the findings from the cell viability assays (Table 1).

3 | Conclusion

The covalent vinylsulfonyl piperazine handle, first reported by
Nomura and co‐workers, requires further optimization to improve
its potency, selectivity, and pharmacokinetic properties [12].

FIGURE 5 | Degradation of HDAC1 mediated by 10a and negative control 10a‐nc. MM.1S cells were treated with Compounds 10a and 10a‐nc at
a concentration of 25 μM for 24 h. DMSO was used as a vehicle control. HDAC1 levels were detected by immunoblot analysis. GAPDH was used as

the loading control. Representative images from a total of n= 2 replicates.

FIGURE 6 | (A) Flow cytometry analysis of MM.1S cells stained with annexin V‐FITC/PI after incubation with 10a (10 μM), vorinostat (5 μM),

ricolinostat (5 μM), or DMSO for 48 h. Representative images are shown. (B) Quantification of early and late apoptotic cells. The percentage of cells

that were annexin V‐positive but PI‐negative was considered as early apoptotic, whereas the percentage of cells that were both annexin V‐ and
PI‐positive was considered as late apoptotic. Data are presented as mean ± standard deviation (n= 2 biological replicates, each performed in

duplicates). Statistical analysis was performed by using one‐way ANOVA in GraphPad Prism 8. Statistical significance was indicated with

asterisks (****p≤ 0.0001).
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Although the authors successfully incorporated this warhead into
a range of small‐molecule degraders targeting proteins such as
BRD4, CDK4, the androgen receptor, BTK, SMARCA2/4, and
BCR‐ABL/c‐ABL, selectivity remained a significant challenge.
Specifically, off‐target degradation was observed across the re-
ported degraders, likely due to nonspecific interactions of the
covalent handle [12]. Despite its lack of optimization, the covalent
vinylsulfonyl piperazine handle presents a promising avenue for
developing molecular glue‐like molecules. Although off‐target
effects or nonselective HDAC inhibition cannot be ruled out as
contributors to the observed phenotypic effects of 10a, we dem-
onstrated that the vinylsulfonyl piperazine handle's target scope
can be successfully extended to HDACs.

In summary, we designed, synthesized, and characterized a new
class of DCAF16‐based covalent molecular glues utilizing dif-
ferent ZBGs for the targeted degradation of HDACs. Western blot
analysis demonstrated that the hydroxamate‐based degrader 10a
effectively reduced HDAC1 levels in MM.1S cells in a potent and
preferential manner, whereas the control Compound 10a‐nc
did not affect HDAC1 levels. Subsequent cell viability assays and
apoptosis induction analysis further confirmed the promising
anticancer activity of 10a. Taken together, the vinylsulfonyl
piperazine handle serves as a versatile covalent warhead,
enabling the conversion of the nondegradative HDAC inhibitor
vorinostat into the molecular glue degrader 10a for targeted
HDAC1 degradation. This approach highlights the potential of
this adaptable covalent chemical handle in drug development.

4 | Experimental

4.1 | Chemistry

4.1.1 | General

Chemicals were obtained from BLDpharm, Sigma‐Aldrich, TCI
Chemicals, and abcr GmbH and used without purification. Air‐
sensitive reactions were carried out under argon atmosphere
utilizing standard Schlenk techniques. Thin‐layer chromatog-
raphy (TLC) was carried out on prefabricated plates (silica gel
60, F254, Merck). Components were visualized by irradiation
with ultraviolet light (254 nm). Column chromatography was
carried out on silica gel (60 Å, 40−60 μm, Acros Organics).

Nuclear magnetic resonance (NMR) spectroscopy: Proton (1H)
and carbon (13C) NMR spectra were recorded either on a Bruker
AvanceDRX 500 (500MHz 1H NMR, 126MHz 13C NMR) or a
BrukerAvance III 600 (600MHz 1H NMR, 151MHz 13C NMR).
The chemical shifts are given in parts per million (ppm). Deu-
terated chloroform (CDCl3) and deuterated dimethyl sulfoxide
(DMSO‐d6) were used as solvents.

High‐performance liquid chromatography (HPLC): A Thermo
Fisher Scientific UltiMate 3000 UHPLC system with a Nucleodur
100−5 C18 (250mm× 4.6mm, Macherey Nagel) with a flow rate
of 1mL/min and a temperature of 25°C or a 100−5 C18
(100mm× 3mm,Macherey Nagel) with a flow rate of 0.5mL/min
and a temperature of 25°C with an appropriate gradient were
used. For preparative purposes a AZURA Prep. 500/1000 gradient
system with a Nucleodur 110−5 C18 HTec (250mm× 32mm,

Macherey Nagel) column with 20mL/min was used. Detection
was implemented by UV absorption measurement at a wave-
length of λ= 220 nm and λ=250 nm. Bidest. H2O (A) and
CH3CN (B) were used as eluents with an addition of 0.1% TFA for
Eluent A. The purity of all final compounds was 95% or higher.
Purity was determined via HPLC with the Nucleodur 100−5 C18
(250mm× 4.6mm, Macherey Nagel) at 250 nm.

Flash chromatography was performed on an Interchim puri-
Flash XS 520 Plus with a diode‐array detector (DAD) from 200
to 400 nm using prepacked silica gel cartridges (PF‐30SIHP‐
F0012‐F0040) or C18 reversed‐phase cartridges (PF‐30C18HP‐
F0004‐F0012).

The InChI codes of the investigated compounds, together with
some biological activity data, are provided as Supporting
Information S1.

4.1.2 | Synthesis of Methyl 2‐(4‐Aminophenyl)
acetate (2)

Thionyl chloride (787 mg, 6.60 mmol, 1.0 eq.) was added
dropwise to a solution of 4‐aminophenylacetic acid (1,
1000 mg, 6.60 mmol, 1.0 eq.) in anhydrous methanol (25 mL).
The mixture was stirred at 80°C for 16 h. The resulting solu-
tion was cooled, and the solvent was removed under reduced
pressure. The brown solid hydrochloride salt of the title
compound was triturated with Et2O (2× 30 mL) to remove
impurities. The free amine was liberated from its hydro-
chloride salt by the addition of aqueous NaHCO3, followed by
extraction into CHCl3 (3× 30 mL). The organic layers were
combined, dried over MgSO4, and the solvent removed to get
Compound 2 as a light brown oil (1.10 g, yield 97%). 1H NMR
(ppm, 500MHz, DMSO‐d6): δ 6.90–6.88 (m, 2H), 6.51–6.48
(m, 2H), 4.94 (s, 2H), 3.58 (s, 3H), 3.43 (s, 2H). ESI‐MS m/z:
166.1, [M +H]+.

4.1.3 | Synthesis of 8‐{[4‐(2‐Methoxy‐2‐Oxoethyl)
phenyl]amino}‐8‐Oxooctanoic Acid (3)

Compound 2 (700mg, 4.69mmol, 1.0 eq.), suberic anhydride
(560mg, 3.59mmol, 0.8 eq.), and NaHCO3 (200mg, 2.38mmol,
0.5 eq.) were dissolved in anhydrous THF (25mL) and stirred at
room temperature for 16 h. Solid impurities were removed by
filtration, and the solvent was removed under reduced pressure.
The obtained residue was purified by flash column chromatog-
raphy (C18 reversed phase, MeCN/H2O 5%–95%) to obtain 3 as a
white solid (860mg, 63% yield). 1H NMR (ppm, 600MHz,
CDCl3): δ 7.47–7.46 (m, 2H), 7.22–7.21 (m, 2H), 3.68 (s, 3H), 3.59
(s, 2H), 2.34 (q, J= 7.2 Hz, 4H), 1.73 (t, J= 7.2 Hz, 2H), 1.65 (t,
J= 6.6Hz, 2H), 1.39–1.36 (m, 4H). ESI‐MS m/z: 322.2, [M+H]+.

4.1.4 | General Procedure for the Synthesis of 4a–d

To a mixture of 3 (321 mg, 1.0 mmol, 1.0 eq.) and DIPEA
(522 μL, 3.0 mmol, 3.0 eq.) in anhydrous DMF (25mL) was
added HATU (570mg, 1.5 mmol, 1.5 eq.), and the reaction
mixture was stirred at room temperature for 30 min.
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Then O‐tritylhydroxylamine (275mg, 1.0 mmol, 1.0 eq.), tert‐
butyl (2‐aminophenyl)carbamate (312 mg, 1.5 mmol, 1.5 eq.),
tert‐butyl 1‐propylhydrazine‐1‐carboxylate (216mg, 1.5 mmol,
1.5 eq.), or tert‐butyl (2‐amino‐5‐(pyridin‐4‐yl)phenyl)carbamate
(428 mg, 1.5 mmol, 1.5 eq.) was added, and the mixture was
stirred at room temperature for 16 h. The reaction mixture was
distilled under vacuum to remove DMF. The obtained residue
was purified by flash column chromatography (C18 reversed
phase, MeCN/H2O 5%–95%) to obtain 4a–d.

Methyl 2‐(4‐{8‐oxo‐8‐[(trityloxy)amino]octanamido}phenyl)acetate
(4a): Yellow solid, 163mg, 28% yield. 1H NMR (ppm, 500MHz,
DMSO‐d6): δ 10.14 (s, 1H), 9.80 (s, 1H), 7.53–7.52 (m, 2H),
7.33–7.30 (m, 15H), 7.17–7.16 (m, 2H), 3.60 (s, 5H), 2.24
(t, J=7.5Hz, 2H), 1.78 (s, 2H), 1.52–1.46 (m, 2H), 1.19–1.14 (m,
4H), 1.00 (t, J=7.5Hz, 2H). 13C NMR (ppm, 126MHz, DMSO‐d6):
δ 174.56, 171.85, 171.28, 142.63, 138.25, 129.64, 129.11, 128.89,
127.62, 119.21, 91.88, 51.75, 36.48, 33.74, 32.12, 28.48, 25.09.
ESI‐MS m/z: 577.5, [M−H]−.

Methyl 2‐{4‐[8‐({2‐[(tert‐butoxycarbonyl)amino]phenyl}amino)‐
8‐oxooctanamido]phenyl}acetate (4b): Yellow solid, 436mg,
85% yield. 1H NMR (ppm, 500MHz, DMSO‐d6): δ 9.82 (s, 1H),
9.42 (s, 1H), 8.29 (s, 1H), 7.53–7.52 (m, 3H), 7.40 (d, J=
7.5 Hz, 1H), 7.17–7.11 (m, 3H), 7.08–7.05 (m, 1H), 3.60 (s, 5H),
2.34 (t, J= 7.5 Hz, 2H), 2.30 (t, J= 7.5 Hz, 2H), 1.63–1.57
(m, 4H), 1.45 (s, 9H), 1.35 (d, J= 3.0 Hz, 4H). 13C NMR (ppm,
126MHz, DMSO‐d6): δ 171.84, 171.24, 153.20, 138.25, 131.25,
129.84, 129.63, 128.88, 125.16, 124.98, 124.02, 123.81, 119.19,
79.46, 51.75, 36.50, 36.09, 28.62, 28.49, 28.18, 25.26. ESI‐MSm/z:
510.2, [M−H]−.

tert‐Butyl 2‐(8‐{[4‐(2‐methoxy‐2‐oxoethyl)phenyl]amino}‐
8‐oxooctanoyl)‐1‐propylhydrazine‐1‐carboxylate (4c): Light
yellow oil, 421mg, 88% yield. 1H NMR (ppm, 500MHz, DMSO‐
d6): δ 9.81 (d, J=5.5Hz, 2H), 7.52–7.51 (m, 2H), 7.17–7.15
(m, 2H), 3.60 (s, 5H), 3.25 (s, 2H), 2.28 (t, J= 7.5Hz, 2H),
2.06 (t, J=7.5Hz, 2H), 1.58–1.50 (m, 4H), 1.45–1.35 (m, 11H),
1.30 (t, J= 7.0Hz, 4H), 0.83 (t, J=7.5Hz, 3H). 13C NMR
(ppm, 126MHz, DMSO‐d6): δ 171.85, 171.26, 171.02, 138.23,
129.63, 128.89, 119.20, 79.44, 51.75, 50.08, 36.47, 33.21, 28.52,
28.02, 25.13, 25.00, 20.39, 11.23. ESI‐MS m/z: 476.2, [M−H]−.

Methyl 2‐{4‐[8‐({2‐[(tert‐butoxycarbonyl)amino]‐5‐(pyridin‐4‐yl)phe-
nyl}amino)‐8‐oxooctanamido]phenyl}acetate (4d): Yellow oil,
533mg, 77% yield. 1H NMR (ppm, 500MHz, DMSO‐d6): δ 9.82
(s, 1H), 9.52 (s, 1H), 8.61 (q, J=3.0Hz, 2H), 8.51 (s, 1H), 7.88 (d,
J=1.5Hz, 1H), 7.74 (d, J=8.5Hz, 1H), 7.63–7.58 (m, 3H),
7.53–7.51 (m, 2H), 7.17–7.15 (m, 2H), 3.60 (s, 5H), 2.39 (t, J=7.0Hz,
2H), 2.30 (t, J=7.5Hz, 2H), 1.65–1.60 (m, 4H), 1.47 (s, 9H), 1.37
(d, J=3.0Hz, 4H). 13C NMR (ppm, 126MHz, DMSO‐d6): δ 172.13,
171.85, 171.26, 153.04, 150.39, 146.34, 138.25, 132.37, 129.94, 129.64,
128.89, 123.73, 123.53, 123.27, 120.89, 119.20, 79.86, 51.75, 36.51,
36.13, 28.64, 28.55, 28.17, 25.20. ESI‐MS m/z: 587.4, [M−H]−.

4.1.5 | General Procedure for the Synthesis of 5a–d

4a–d (1.0 mmol, 1.0 eq.) were dissolved in THF/H2O (20mL, v/
v = 1:1). LiOH·H2O (2.0 eq.) was added, and the homogenous
solution was stirred at room temperature for 2–12 h. The

solvent was removed under reduced pressure and purified by
flash column chromatography (C18 reversed phase, MeCN/H2O
5%–95%) to obtain 5a–d.

2‐(4‐{8‐Oxo‐8‐[(trityloxy)amino]octanamido}phenyl)acetic acid
(5a): White solid, 401mg, 71% yield. 1H NMR (ppm, 600MHz,
DMSO‐d6): δ 10.24 (s, 1H), 9.81 (s, 1H), 7.43–7.42 (m, 2H),
7.33–7.28 (m, 15H), 7.12–7.11 (m, 2H), 3.18 (s, 2H), 2.22
(t, J= 7.2 Hz, 2H), 1.77 (s, 2H), 1.50–1.45 (m, 2H), 1.17
(t, J= 7.8 Hz, 4H), 0.99 (s, 2H). 13C NMR (ppm, 151MHz,
DMSO‐d6): δ 174.80, 171.06, 142.76, 136.76, 134.45, 129.41,
129.13, 127.61, 118.76, 91.79, 45.45, 36.47, 32.16, 28.54, 28.33,
25.18, 24.89. ESI‐MS m/z: 563.4, [M−H]−.

2‐{4‐[8‐({2‐[(tert‐Butoxycarbonyl)amino]phenyl}amino)‐
8‐oxooctanamido]phenyl}acetic acid (5b): Yellow solid, 415mg,
84% yield. 1H NMR (ppm, 500MHz, DMSO‐d6): δ 7.56 (d,
J= 8.0Hz, 1H), 7.51 (d, J= 7.5Hz, 1H), 7.43–7.42 (m, 2H),
7.13–7.11 (m, 2H), 6.96 (s, 1H), 6.89 (s, 1H), 3.20 (s, 2H), 2.26
(t, J=7.5Hz, 4H), 1.57 (q, J= 6.5Hz, 4H), 1.43 (s, 9H), 1.32
(s, 4H). 13C NMR (ppm, 126MHz, DMSO‐d6): δ 175.10, 171.70,
171.09, 154.15, 136.83, 134.38, 129.39, 123.62, 122.53, 122.25,
118.80, 78.19, 36.49, 31.47, 28.66, 28.53, 28.40, 25.56, 25.31. ESI‐
MS m/z: 496.2, [M−H]−.

2‐(4‐{8‐[2‐(tert‐Butoxycarbonyl)‐2‐propylhydrazinyl]‐8‐oxooct-
anamido}phenyl)acetic acid (5c): White solid, 505 mg, 82%
yield. 1H NMR (ppm, 500 MHz, DMSO‐d6): δ 9.82
(d, J= 4.0 Hz, 2H), 7.42–7.40 (m, 2H), 7.11–7.10 (m, 2H), 3.25
(s, 2H), 3.16 (s, 2H), 2.26 (t, J= 7.5 Hz, 2H), 2.05 (t, J= 7.5 Hz,
2H), 1.57–1.50 (m, 4H), 1.45–1.35 (m, 11H), 1.29 (s, 4H), 0.82
(t, J= 7.5 Hz, 3H). 13C NMR (ppm, 126 MHz, DMSO‐d6):
δ 174.57, 171.02, 155.02, 136.68, 134.69, 129.36, 118.75, 79.41,
45.70, 36.45, 33.26, 28.55, 28.05, 25.22, 25.07, 20.43, 11.26.
ESI‐MS m/z: 462.3, [M −H]−.

2‐{4‐[8‐({2‐[(tert‐Butoxycarbonyl)amino]‐5‐(pyridin‐4‐yl)phenyl}
amino)‐8 oxooctanamido]phenyl}acetic acid (5d): Brown solid,
148mg, 26% yield. 1H NMR (ppm, 500MHz, DMSO‐d6): δ 10.15
(s, 1H), 9.75 (s, 1H), 8.98 (s, 1H), 8.59 (q, J= 2.5 Hz, 2H), 7.94
(d, J= 1.5 Hz, 1H), 7.75 (d, J= 8.5 Hz, 1H), 7.62 (q, J= 3.0 Hz,
2H), 7.56 (dd, J= 2.0, 2.0 Hz, 1H), 7.40–7.39 (m, 2H), 7.11–7.09
(m, 2H), 3.16 (s, 2H), 2.34 (t, J= 7.5 Hz, 2H), 2.27 (t, J= 7.5 Hz,
2H), 1.59 (s, 4H), 1.47 (s, 9H), 1.32 (s, 4H). 13C NMR
(ppm, 126MHz, DMSO‐d6): δ 173.91, 172.23, 171.02, 153.21,
150.36, 146.48, 136.59, 134.93, 132.42, 132.05, 130.17, 129.26,
123.65, 123.16, 120.88, 118.68, 79.59, 46.02, 36.53, 36.04, 28.65,
28.50, 28.20, 25.28. ESI‐MS m/z: 573.5, [M−H]−.

4.1.6 | Synthesis of 1‐(Vinylsulfonyl)piperazine (8)

tert‐Butyl piperazine‐1‐carboxylate (6, 200 mg, 1.1 mmol,
1.0 eq.) was dissolved in DCM, and TEA (448 μL, 3.3 mmol,
3.0 eq.) was added at 0°C. 2‐Chloroethanesulfonyl chloride
(133 μL, 1.3 mmol, 1.2 eq.) in DCM was added dropwise, and
the resulting reaction mixture was stirred at room tempera-
ture overnight. The reaction was quenched with water
(3 × 30 mL) and extracted with DCM (3 × 30 mL). The organic
extracts were washed once with brine, dried over Na2SO4,
vacuum filtered, and concentrated in vacuo. The resultant
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residue 7 was directly dissolved in DCM (20 mL). TFA (2 mL)
was added, and the reaction mixture was stirred at room
temperature for 1 h. The volatiles were removed in vacuo
to give 8 for the next step without purification (light yellow
oil, 179 mg, 95% yield over the two steps). 1H NMR
(ppm, 600 MHz, DMSO‐d6): δ 6.91 (q, J = 6.0 Hz, 1H), 6.26
(d, J = 9.6 Hz, 1H), 6.17 (d, J = 16.8 Hz, 1H), 3.25 (q,
J = 3.6 Hz, 4H), 3.21 (d, J = 4.8 Hz, 4H), 1.18 (t, J = 7.8 Hz,
1H). ESI‐MS m/z: 177.0, [M + H]+.

4.1.7 | General Procedure for the Synthesis of 9a–d

A mixture of 5a (564mg, 1.0 mmol, 1.0 eq.), 5b (497 mg,
1.0 mmol, 1.0 eq.), 5c (463 mg, 1.0 mmol, 1.0 eq.), or 5 d
(574 mg, 1.0 mmol, 1.0 eq.) and HATU (570mg, 1.5 mmol,
1.5 eq.) were dissolved in DMF, DIPEA (522 μL, 3.0 mmol,
3.0 eq.) was added, and the reaction mixture was allowed to stir
at room temperature for 30 min. 8 (264 mg, 1.5 mmol, 1.5 eq.)
dissolved in DMF (15mL) was added dropwise, and the
reaction mixture was stirred at room temperature for 16 h.
Solvents were removed under vacuum and extracted with ethyl
acetate (3 × 20mL). The organic layers were dried over Na2SO4,
vacuum filtered, and concentrated in vacuo. The resultant res-
idue was purified by flash column chromatography (C18 re-
versed phase, MeCN/H2O 5%–95%) to afford 9a–d

N1‐(4‐{2‐Oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]ethyl}phenyl)‐N8‐
(trityloxy)octanediamide (9a): Yellow solid, 239mg, 33% yield. 1H
NMR (ppm, 600MHz, DMSO‐d6): δ 10.14 (s, 1H), 9.78 (s, 1H),
7.51–7.50 (m, 2H), 7.33–7.29 (m, 15H), 7.12–7.11 (m, 2H), 6.77
(q, J=6.6Hz, 1H), 6.15 (d, J=9.6Hz, 1H), 6.09 (d, J=16.2Hz, 1H),
3.66 (s, 2H), 3.56 (s, 4H), 3.00 (s, 2H), 2.93 (s, 2H), 2.23 (t, J=
7.8Hz, 2H), 1.77 (s, 2H), 1.48 (t, J=7.2Hz, 2H), 1.16 (q, J=7.2Hz,
4H), 1.00 (s, 2H). 13C NMR (ppm, 151MHz, DMSO‐d6):
δ 171.25, 170.45, 169.35, 142.63, 137.89, 132.68, 130.10, 129.79,
129.31, 129.11, 127.64, 119.23, 91.87, 45.49, 45.21, 44.96, 40.79,
36.48, 32.12, 30.83, 28.49, 28.30, 25.11, 24.81. ESI‐MS m/z:
721.2, [M−H]−.

tert‐Butyl (2‐{8‐oxo‐8‐[(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]
ethyl}phenyl)amino]octanamido}phenyl)carbamate (9b): Light
yellow solid, 155mg, 36% yield. 1H NMR (ppm, 600MHz, DMSO‐
d6): δ 9.79 (s, 1H), 9.41 (s, 1H), 8.28 (s, 1H), 7.52–7.49 (m, 3H),
7.38 (d, J=7.8Hz, 1H), 7.13–7.04 (m, 4H), 6.76 (q, J= 6.6Hz,
1H), 6.15 (d, J=10.2 Hz, 1H), 6.08 (d, J= 16.8 Hz, 1H), 3.64 (s,
2H), 3.55 (t, J=6.0Hz, 4H), 2.99 (s, 2H), 2.92 (s, 2H), 2.33 (t,
J= 7.2Hz, 2H), 2.28 (t, J= 7.2Hz, 2H), 1.59 (q, J=7.2Hz, 4H),
1.44 (s, 9H), 1.33 (d, J= 3.0Hz, 4H). 13C NMR (ppm, 151MHz,
DMSO‐d6): δ 171.92, 171.22, 169.36, 153.21, 137.90, 132.69, 131.26,
130.10, 129.80, 129.31, 125.19, 125.00, 124.04, 123.83, 119.23,
79.49, 45.50, 45.21, 44.97, 40.80, 38.98, 36.51, 36.09, 28.65, 28.50,
28.20, 25.27. ESI‐MS m/z: 654.2, [M−H]−.

tert‐Butyl 2‐{8‐oxo‐8‐[(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]
ethyl}phenyl)amino]octanoyl}‐1‐propylhydrazine‐1‐carboxylate
(9c): Light yellow solid, 218mg, 47% yield. 1H NMR (ppm,
600MHz, DMSO‐d6): δ 9.83 (s, 1H), 9.79 (s, 1H), 7.51–7.49
(m, 2H), 7.12–7.10 (m, 2H), 6.78 (q, J= 6.6Hz, 1H), 6.16
(d, J= 10.2 Hz, 1H), 6.09 (d, J=16.8Hz, 1H), 3.66 (s, 2H), 5.56

(t, J=6.0Hz, 4H), 3.25 (s, 2H), 3.00 (s, 2H), 2.93 (s, 2H), 2.27
(t, J=7.2Hz, 2H), 2.05 (t, J=7.2Hz, 2H), 1.58–1.51 (m, 4H),
1.43–1.29 (m, 15H), 0.83 (t, J= 7.8Hz, 3H). 13C NMR
(ppm, 151MHz, DMSO‐d6): δ 171.23, 171.00, 169.35, 155.00,
137.89, 132.69, 130.11, 129.79, 129.31, 119.24, 79.46, 50.09, 45.50,
45.21, 44.97, 40.80, 38.99, 36.49, 33.22, 28.54, 28.03, 25.16, 25.02,
20.41, 11.25. ESI‐MS m/z: 620.3, [M−H]−.

tert‐Butyl (2‐{8‐oxo‐8‐[(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐
1‐yl]ethyl}phenyl)amino]octanamido}‐4‐(pyridin‐4‐yl)phenyl)
carbamate (9d): Yellow solid, 282 mg, 39% yield. 1H NMR
(ppm, 500 MHz, DMSO‐d6): δ 9.79 (s, 1H), 9.51 (s, 1H), 8.59
(q, J= 3.0 Hz, 2H), 8.50 (s, 1H), 7.86 (d, J= 2.0 Hz, 1H), 7.72
(d, J= 8.5 Hz, 1H), 7.62–7.57 (m, 3H), 7.50–7.48 (m, 2H),
7.11–7.09 (m, 2H), 6.76 (q, J= 6.0 Hz, 1H), 6.14 (d, J= 10.0 Hz,
1H), 6.07 (d, J= 16.5 Hz, 1H), 3.64 (s, 2H), 3.55 (t, J= 4.5 Hz,
4H), 2.98 (d, J= 4.0 Hz, 2H), 2.93 (d, J= 4.5 Hz, 2H), 2.38
(t, J=7.0Hz, 2H), 2.29 (t, J=7.5Hz, 2H), 1.64–1.59 (m, 4H), 1.46
(s, 9H), 1.35 (t, J=3.0Hz, 4H). 13C NMR (ppm, 126MHz, DMSO‐
d6): δ 172.13, 171.22, 169.35, 153.04, 150.39, 146.34, 137.89, 132.70,
132.37, 130.10, 129.94, 129.76, 129.30, 123.74, 123.54, 123.27,
120.90, 119.23, 79.86, 45.48, 45.20, 44.96, 40.79, 38.97, 36.51, 36.12,
28.65, 28.54, 28.18, 25.21. ESI‐MS m/z: 731.8, [M−H]−.

4.1.8 | General Procedure for the Synthesis of 10a–d

9a–d were dissolved in DCM (10mL) and triisopropylsilane
(TIPS, 0.5 mL). TFA (1 mL) was added dropwise, and the
reaction mixture was stirred at room temperature for 1 h.
Solvents were removed in vacuo, and the residue was purified
by flash column chromatography (C18 reversed phase,
MeCN/H2O 5%–95%) to give 10a–d.

N1‐Hydroxy‐N8‐(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]
ethyl}phenyl)octanediamide (10a): Yellow solid, 28mg, 25%
yield. 1H NMR (ppm, 600MHz, DMSO‐d6): δ 10.31 (s, 1H), 9.80
(s, 1H), 8.63 (s, 1H), 7.55–7.46 (m, 2H), 7.17–7.10 (m, 2H), 6.77
(q, J= 6.6 Hz, 1H), 6.16 (d, J= 10.2 Hz, 1H), 6.09 (d, J= 16.2 Hz,
1H), 3.65 (s, 2H), 3.56 (t, J= 6.0 Hz, 4H), 3.00 (s, 2H), 2.93
(s, 2H), 2.27 (t, J= 7.2 Hz, 2H), 1.94 (t, J= 7.2 Hz, 2H), 1.55
(q, J= 7.2 Hz, 2H), 1.48 (q, J= 7.2 Hz, 2H), 1.27 (s, 4H). 13C
NMR (ppm, 151MHz, DMSO‐d6): δ 171.27, 169.37, 169.26,
137.90, 132.69, 130.12, 129.81, 129.32, 119.25, 45.50, 45.22,
44.98, 40.81, 38.99, 36.49, 32.40, 28.56, 25.18. ESI‐MSm/z: 479.2,
[M−H]−. HRMS (ESI): calcd for C22H32N4O6S, [M+H]+

481.2115; found, 481.2097. HPLC: tR = 10.82min (98.1% purity).

N1‐(2‐Aminophenyl)‐N8‐(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]
ethyl}phenyl)octanediamide (10b): White solid, 138mg, 85% yield.
1H NMR (ppm, 500MHz, DMSO‐d6): δ 9.81 (s, 1H), 9.57 (s, 1H),
7.53–7.49 (m, 2H), 7.23 (d, J=7.5Hz, 1H), 7.12–7.08 (m, 3H), 7.03
(d, J=7.5Hz, 1H), 6.94 (t, J=7.5Hz, 1H), 6.77 (q, J=1.5Hz, 1H),
6.16 (d, J=10.0Hz, 1H), 6.09 (d, J=16.5Hz, 1H), 3.66 (s, 2H), 3.56
(t, J=4.5Hz, 4H), 3.00 (s, 2H), 2.94 (s, 2H), 2.35 (t, J=7.5Hz, 2H),
2.29 (t, J=7.5Hz, 2H), 1.60 (q, J=7.0Hz, 4H), 1.35 (q, J=3.5Hz,
4H). 13C NMR (ppm, 126MHz, DMSO‐d6): δ 171.91, 171.26, 169.35,
154.65, 137.89, 132.70, 130.94, 130.11, 129.77, 129.31, 126.20, 125.67,
125.59, 119.24, 45.49, 45.20, 44.96, 40.80, 38.97, 36.49, 35.77, 28.63,
28.26, 25.19. ESI‐MS m/z: 554.3, [M−H]−. HRMS (ESI): calcd for
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C28H37N5O5S, [M+H]+ 556.2588; found, 556.2577. HPLC: tR=
10.82min (99.1% purity).

8‐Oxo‐N‐(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]ethyl}phenyl)‐
8‐(2‐propylhydrazinyl)octanamide (10c): White solid, 126mg, 60%
yield. 1H NMR (ppm, 600MHz, DMSO‐d6): δ 10.88 (s, 1H),
9.82 (s, 1H), 7.51–7.50 (m, 2H), 7.12–7.10 (m, 2H), 6.78
(q, J=6.6Hz, 1H), 6.16 (d, J=10.2Hz, 1H), 6.09 (d, J=16.2Hz,
1H), 3.66 (s, 2H), 3.56 (q, J=3.0Hz, 4H), 3.00–2.94 (m, 6H), 2.28
(t, J=7.2Hz, 2H), 2.20 (t, J=7.2Hz, 2H), 1.59–1.53 (m, 6H), 1.29
(t, J=3.6Hz, 4H), 0.90 (t, J=7.2Hz, 3H). 13C NMR (ppm,
151MHz, DMSO‐d6): δ 171.44, 171.24, 137.89, 132.70, 130.14,
129.81, 129.34, 119.24, 51.60, 45.50, 45.22, 44.97, 40.81, 38.98,
36.44, 32.98, 28.46, 25.13, 24.67, 17.96, 10.96. ESI‐MS m/z: 520.4,
[M−H]−. HRMS (ESI): calcd for C25H39N5O5S, [M+H]+

522.2745; found, 522.2750. HPLC: tR= 10.71min (97.5% purity).

8‐Oxo‐N‐(4‐{2‐oxo‐2‐[4‐(vinylsulfonyl)piperazin‐1‐yl]ethyl}
phenyl)‐8‐(2‐propylhydrazinyl)octanamide (10d): Yellow
solid, 21 mg, 40% yield. 1H NMR (ppm, 600MHz, DMSO‐d6): δ
9.82 (s, 1H), 9.16 (s, 1H), 8.49 (q, J= 3.0 Hz, 2H), 7.71
(d, J= 1.8 Hz, 1H), 7.53–7.50 (m, 4H), 7.41 (dd, J= 1.8, 1.8 Hz,
1H), 7.12–7.11 (m, 2H), 6.83–6.76 (m, 2H), 6.16 (d, J= 9.6 Hz,
1H), 6.09 (d, J= 16.2 Hz, 1H), 5.27 (s, 2H), 3.66 (s, 2H), 3.56
(t, J= 6.0 Hz, 4H), 3.00 (s, 2H), 2.94 (s, 2H), 2.35 (t, J= 7.8 Hz,
2H), 2.30 (t, J= 7.8 Hz, 2H), 1.61 (q, J= 7.2 Hz, 4H), 1.36
(t, J= 3.0 Hz, 4H). 13C NMR (ppm, 151MHz, DMSO‐d6): δ
171.61, 171.28, 169.36, 150.15, 147.06, 143.47, 137.90, 132.69,
130.11, 129.80, 129.32, 124.28, 123.88, 123.62, 119.82, 119.25,
116.15, 45.50, 45.21, 44.97, 40.80, 38.98, 36.52, 35.95, 28.68,
25.27. ESI‐MS m/z: 631.3, [M−H]−. HRMS (ESI): calcd for
C33H40N6O5S, [M +H]+ 633.2854; found, 633.2845. HPLC:
tR = 10.68 min (98.3% purity).

4.1.9 | Synthesis of Negative Control N1‐(4‐{2‐[4‐
(Ethylsulfonyl)piperazin‐1‐yl]‐2‐Oxoethyl}phenyl)‐N8‐
Hydroxyoctanediamide (10a‐nc)

A mixture of 5a (564 mg, 1.0 mmol, 1.0 eq.) and HATU
(570 mg, 1.5 mmol, 1.5 eq.) was dissolved in DMF, DIPEA
(522 μL, 3.0 mmol, 3.0 eq.) was added, and the reaction mix-
ture was allowed to stir at room temperature for 30 min.
11 (356 mg, 2.0 mmol, 2.0 eq.) dissolved in DMF (15 mL) was
added dropwise, and the reaction mixture was stirred at room
temperature for 16 h. Solvents were removed under vacuum,
and the residue was directly dissolved in DCM (10mL) with-
out purification. TFA (1 mL) was added dropwise, and the
reaction mixture was stirred at room temperature for 1 h.
Solvents were removed in vacuo, and the residue was purified
by flash column chromatography (C18 reversed phase, MeCN/
H2O 5%–95%) to give 10a‐nc (light yellow oil, 61 mg, 10% yield
over two steps). 1H NMR (ppm, 500 MHz, DMSO‐d6): δ
10.31 (s,1H), 9.80 (s, 1H), 7.52–7.36 (m, 2H), 7.27–7.13
(m, 2H), 3.67 (s, 2H), 3.54 (s, 4H), 3.09 (t, J= 19.5 Hz, 6H),
2.27 (s, 2H), 1.94 (s, 2H), 1.49 (d, J= 39.0 Hz, 4H), 1.19 (d,
J= 43.0 Hz, 7H). 13C NMR (ppm, 126 MHz, DMSO‐d6): δ
171.26, 169.36, 169.25, 137.90, 130.15, 129.31, 119.25, 45.48,
45.14, 42.94, 41.25, 36.49, 32.40, 28.55, 25.18, 7.60. ESI‐MSm/z:
481.4, [M−H]−. HPLC: tR = 14.19 min (98.3% purity).

4.2 | Pharmacological/Biological Assays

4.2.1 | Cell Culture

The MM.1S was obtained from ATCC (Manassas, VA,
USA). MM.1S cells were cultivated in RPMI 1640 medium
supplemented with 10% FBS, 100 IU/mL penicillin, 0.1 mg/mL
streptomycin, and 1mM sodium pyruvate at 37°C in a 5% CO2

atmosphere.

4.2.2 | Western Blot Analysis

The MM.1S cells (3 × 106 cells/mL) were seeded into cell culture
flasks and, after 72 h, treated with the indicated concentration of
compound or DMSO for the given time. Cell lysis was performed
with Cell Extraction Buffer and the addition of Halt Protease
Inhibitor Cocktail and phenylmethanesulfonyl fluoride. Protein
content was determined by Pierce BCA Protein Assay Kit. Sam-
ples were denatured by Laemmli 2× Concentrate, and
Precision Plus Protein Unstained Standard was used as a molec-
ular weight marker in all cases. SDS‐PAGE was performed with
10% Mini‐PROTEAN TGX Stain‐Free Gel (Catalog# 458035,
Bio‐Rad, Hercules, CA, USA) at 200 V for 50min (Catalog#
458035, Bio‐Rad). Afterwards, proteins were transferred with the
Trans‐Blot Turbo Transfer System to Immobilon‐FL PVDF
membranes at 1.0 A for 30min and incubated with 5% milk‐
powder solution for 1 h at room temperature under slight
agitation. Subsequently, the membranes were incubated with
anti‐HDAC1 (Catalog# 5356S, Cell Signaling Technology, Denver,
MA, USA), anti‐HDAC2 (Catalog# 9959S, Cell Signaling Tech-
nology, Denver, MA, USA), anti‐HDAC3 (Catalog# 85057S, Cell
Signaling Technology, Denver, MA, USA), anti‐HDAC4 (Catalog#
7628S, Cell Signaling Technology, Denver, MA, USA), anti‐
HDAC6 (Catalog# 7558S, Cell Signaling Technology, Denver,
MA, USA), anti‐acetyl‐histone H3 (Catalog# 9677S, Cell Signaling
Technology, Denver, MA, USA), anti‐acetyl‐α‐tubulin (Catalog#
5335, Cell Signaling Technology, Denver, MA, USA), or anti‐
GAPDH (Catalog# T0004, Affinity Biosciences, Cincinnati, OH,
USA) antibody solutions in 1:1000–1:20000 dilutions at room
temperature under slight agitation for 1 h, then put membranes at
4°C for overnight. Incubation with HRP‐conjugated secondary
anti‐mouse (Catalog# sc‐516102, Santa Cruz, Dallas, TX, USA)
and anti‐rabbit (Catalog# HAF008, R&D Systems Inc., Minne-
apolis, MN, USA) antibody solutions was performed for 1.5 h, and
membranes were developed with clarity western ECL substrate.
The ChemiDoc XRS+ System was used for detection, and
Image Lab Software 6.1 (Bio‐Rad, Hercules, CA, USA) for
quantification [18–20].

4.2.3 | Celltiter‐Glo Cell Viability Assay

The MM.1S cells (2.5 × 103 cells/well) were seeded in white
384‐well plates and incubated with the respective compounds at
increasing concentrations. For this purpose, the dilution series
was prepared at 200× concentration in DMSO and then further
diluted to 10× concentration in medium. The final DMSO
concentration was 0.5%. The toxicity of compounds was
assessed after 72 h using the CellTiter‐Glo 2.0 cell viability
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assay. Luminescence was then measured, and the IC50 was
determined by plotting dose–response curves and performing
nonlinear regression using GraphPad Prism [21].

4.2.4 | HDAC Enzyme Inhibition Assay

For test compounds and controls, serial dilutions of the
respective DMSO stock solution in assay buffer (50 mM
Tris−HCl, pH 8.0, 137mM NaCl, 2.7 mM KCl, 1.0 mM
MgCl2·6H2O, and 0.1 mg/mL BSA) were prepared, and 5.0 μL of
this serial dilution was transferred into OptiPlate‐96 black
microplates (Revvity). A volume of 35 μL of the fluorogenic
substrate ZMAL (Z‐Lys(Ac)‐AMC, 21.43 μM in assay buffer) [22]
and 10 μL of enzyme solution were added. Human recombinant
HDAC1 (BPS Bioscience, Catalog# 50051), HDAC2 (BPS Bio-
science, Catalog# 50052), HDAC3/NcoR2 (BPS Bioscience, Cat-
alog# 50003), or HDAC6 (BPS Bioscience, Catalog# 50006) was
used. The total assay volume of 50 μL (HDAC2/3/6 max. 1%
DMSO; HDAC1 max. 5% DMSO) was incubated at 37°C for
90min. Subsequently, 50 μL of trypsin (0.4mg/mL) in trypsin
buffer (50mM Tris−HCl, pH 8.0, 100mM NaCl) was added,
followed by an additional 30min of incubation at 37°C. Fluo-
rescence (excitation λ= 355 nm, emission λ= 460 nm) was
measured using a FLUOstar OPTIMA microplate reader. The
IC50 was determined by plotting dose–response curves and per-
forming nonlinear regression using GraphPad Prism [23–26].

4.2.5 | Annexin V/PI Assay

MM.1S cells (3 × 105 cells/well) were seeded in 24‐well plates
and treated with the indicated concentration of compound or
DMSO for 48 h under cell culture conditions. Subsequently,
cells were washed with cell staining buffer (HEPES 0.1M, NaCl
1.4 M, CaCl2·3H2O 25mM), resuspended in 300 µL, and 150 µL
was transferred in a 96‐well plate. The staining was performed
using 5 µL/well annexin V‐FITC (Catalog#640945, Biolegend,
San Diego, CA, USA) and 10 µL/well PI (catalog# 421301,
BioLegend, San Diego, CA, USA), incubated for 15min and
analyzed by flow cytometry (Guava easyCyte, Luminex, Austin,
TX, USA) [22, 27].
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1. Supplementary Figures and Scheme 

 

Figure S1. Densitometric analysis of HDAC1 (A) and HDAC6 (B) levels after treatment with 10a-d 

for 6 h. Data from n = 2 replicates. Statistical analysis was performed by using one-way ANOVA in 

GraphPad Prism 8 (ns = no significance). 

 

 

Figure S2. Densitometric analysis of HDAC1 (A) and HDAC6 (B) levels after treatment with 10a-d 

for 24 h. Data from n = 2 replicates. Statistical analysis was performed by using one-way ANOVA 

in GraphPad Prism 8. Statistical significance was indicated with asterisks (ns = no significance; * = 

p < 0.05). 
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Figure S3. Densitometric analysis of HDAC2, HDAC3 and HDAC4 levels after treatment with 10a 

for 6 h (A) or 24 h (B). Data from n = 2 replicates. Statistical analysis was performed by using one-

way ANOVA in GraphPad Prism 8. Statistical significance was indicated with asterisks (ns = no 

significance; * = p < 0.05). 

 

 

Figure S4. (A) Western blot analysis of HDAC1 in MM.1S cells treated for 24 h with 10a at different 

concentrations ranging from 0.37 up to 30 μM. GAPDH was selected as loading control. 

Representative image of n = 2 replicates. (B) DC50 values were obtained by fitting Dmax values to a 

variable slope response model. Representative curve of n = 2 replicates. 

  



S4 
 

 

 

Scheme S1. Synthesis of negative control 10a-nc. Reagents and conditions: i) HATU, DIPEA, DMF, 

rt, 16 h. ii) TFA, DCM, rt, 1 h, 10% yield (over two steps). 
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2. NMR data of synthesized compounds 

1H NMR spectrum of 4a (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 4a (126 MHz, DMSO-d6) 
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1H NMR spectrum of 4b (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 4b (126 MHz, DMSO-d6) 
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1H NMR spectrum of 4c (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 4c (126 MHz, DMSO-d6) 
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1H NMR spectrum of 4d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 4d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 5a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 5a (151 MHz, DMSO-d6) 
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1H NMR spectrum of 5b (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 5b (126 MHz, DMSO-d6) 
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1H NMR spectrum of 5c (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 5c (126 MHz, DMSO-d6) 
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1H NMR spectrum of 5d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 5d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 9a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 9a (151 MHz, DMSO-d6) 
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1H NMR spectrum of 9b (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 9b (151 MHz, DMSO-d6) 
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1H NMR spectrum of 9c (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 9c (151 MHz, DMSO-d6) 
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1H NMR spectrum of 9d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 9d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 10a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10a (151 MHz, DMSO-d6) 
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1H NMR spectrum of 10b (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10b (126 MHz, DMSO-d6) 
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1H NMR spectrum of 10c (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10c (151 MHz, DMSO-d6) 
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1H NMR spectrum of 10d (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10d (151 MHz, DMSO-d6) 
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1H NMR spectrum of 10a-nc (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10a-nc (126 MHz, DMSO-d6) 
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3. HPLC chromatograms 

HPLC Chromatogram of 10a, purity 98.1%. 

 

 

HPLC Chromatogram of 10b, purity 99.1%. 
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HPLC Chromatogram of 10c, purity 97.5%. 

 

 

HPLC Chromatogram of 10d, purity 98.3%. 
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HPLC Chromatogram of 10a-nc, purity 98.3%. 
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6.2 Appendix II. Publication II: Targeted Degradation of Histone 

Deacetylases via Bypassing E3 Ligase Targeting Chimeras 

(BYETACs) 

 

The following part contains the research article “Targeted Degradation of Histone 

Deacetylases via Bypassing E3 Ligase Targeting Chimeras (BYETACs)”, including 

the supporting information, as it was published in ACS Medicinal Chemistry Letters 

by American Chemical Society. 

 

The article is reprinted with permission from: 

 

  

 

  

  

Sun T, Zhai S, König B, Honin I, Kponomaizoun CE, Hansen FK. Targeted 

Degradation of Histone Deacetylases via Bypassing E3 Ligase Targeting Chimeras 

(BYETACs). ACS Med. Chem. Lett. 2025, 16(6), 1155–1162. DOI: 10.1021/

acsmedchemlett.5c00193

Copyright 2025. American Chemical Society.
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Targeted Degradation of Histone Deacetylases via Bypassing E3
Ligase Targeting Chimeras (BYETACs)
Tao Sun, Shiyang Zhai, Beate König, Irina Honin, Cindy-Esther Kponomaizoun, and Finn K. Hansen*

Cite This: ACS Med. Chem. Lett. 2025, 16, 1155−1162 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Targeted protein degradation (TPD) through heterobifunctional molecules to initiate ubiquitination and facilitate
subsequent degradation has emerged as a powerful therapeutic strategy. Most heterobifunctional molecules designed for TPD
function primarily through a limited set of E3 ligases, which restricts this therapeutic approach to specific tissues that express the
necessary ligases. Herein, we have developed a novel series of heterobifunctional bypassing E3 targeting chimeras (BYETACs) for
the targeted degradation of histone deacetylases (HDACs). To this end, a ubiquitin-specific protease 14 (USP14) inhibitor is
utilized for the first time as a novel ligand that can directly bind to the 26S proteasome subunit RPN1. Subsequent conjugation of
the USP14 ligand with the HDAC inhibitor vorinostat yielded HDAC BYETACs that effectively and preferentially reduced HDAC1
protein levels in multiple myeloma MM.1S cells.
KEYWORDS: Bypassing E3 targeting chimeras (BYETACs), cancer, histone deacetylases (HDACs), targeted protein degradation (TPD),
ubiquitin-specific protease 14 (USP14)

Cells rely primarily on the ubiquitin-proteasome system
(UPS) to remove senescent or damaged proteins,

thereby maintaining protein homeostasis.1 The proteasome,
as the key component of the UPS, consists of two major
regions: the 19S regulatory particle (19S RP) and the 20S core
particle (20S CP).2,3 Ubiquitinated proteins are recognized by
the 19S RP via the three subunits RPN-1, RPN-10, and RPN-
13, and are then transferred to the 20S CP for further
degradation.4 Inspired by this well-understood mechanism,
UPS-dependent degraders such as proteolysis-targeting
chimeras (PROTACs) and molecular glues (MGs) have
been developed for targeted protein degradation (TPD).5,6

Compared to conventional small molecule inhibitors, UPS-
dependent degraders offer several advantages, including the
ability to target undruggable proteins, act via a catalytic mode
of action, and overcome drug resistance. Due to their robust
and promising therapeutic potential, significant progress has
been made in recent years, resulting in more than 25 UPS-
dependent degraders currently in clinical trials.7,8

However, the identification of E3 ligases that can be
leveraged for TPD has been largely limited to the cullin ligase
family members Von Hippel-Lindau (VHL) and cereblon
(CRBN).9−13 Furthermore, the degradation efficacy depends

on the expression and subcellular localization of the E3 ligase
in the relevant tissue. These limitations constrain the range of
proteins that can be ubiquitinated and degraded by the UPS.
Consequently, there is considerable interest in developing
alternative degradation mechanisms that can be broadly
applied to a wider array of target proteins.

To circumvent the need for interaction with E3 ligases, a
viable approach is to bind directly to a subunit of the 26S
proteasome to induce TPD. This novel strategy could provide
a more universal degradation method for proteins that either
lack ubiquitination sites or fail to interact with E3 ligases.
Recent research first demonstrated the viability of this
approach by establishing a binding interaction with the 26S
proteasome subunit RPN1, thereby promoting the degradation
of BRD4.14 Subsequently, another series of noncovalent
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heterobifunctional molecules, termed bypassing E3 targeting
chimeras (BYETACs), were proposed that led to the
degradation of BRD4 through direct engagement of
RPN13.15 These examples (see Scheme S1, Supporting
Information for selected structures of BYETACs) validate the
feasibility of directly binding to a 26S proteasome subunit for
TPD.

To further expand the application of direct proteasome
recruitment, we aimed to identify novel ligands to enrich the
toolbox for TPD via the BYETAC approach. Initially, we found
several proteasome activators in the literature that directly
interact with the proteasome for degradation.16−21 Unfortu-
nately, no cocrystal structures of these small molecules in
complex with the respective proteasome subunit were
reported, which hindered the design of functionalized
compounds for protein degradation. Interestingly, we noticed
that certain proteasome-associated enzymes can modulate
proteasome activity and enhance protein degradation. There-
fore, we hypothesized that ligands of these proteasome-
associated enzymes could facilitate the direct recruitment of
proteins to the proteasome for subsequent degradation.22−24

A primary regulatory checkpoint involves the removal of
ubiquitin chains from substrates by the ubiquitin-specific
protease 14 (USP14), which reversibly binds the proteasome
and confers the ability to edit and reject substrates.
Furthermore, based on structures of human USP14 in complex
with the 26S proteasome, USP14 interacts with RPN1 to form
a complex that facilitates its localization to the regulatory

particle of the 26S proteasome, where it directly participates in
the process of trimming polyubiquitin chains from ubiquiti-
nated substrates.25

Meanwhile, the small molecule IU1 was identified as a
preferential USP14 inhibitor in a high-throughput screening
campaign. The treatment of cells with IU1 resulted in
enhanced degradation of several proteasome substrates
implicated in neurodegenerative diseases.26 Moreover, based
on the cocrystal structures of USP14 and IU1,25 the
pyrrolidine group of IU1 is positioned in a solvent-exposed
site, indicating the potential for chemical modifications in this
region.

Histone acetylation is regulated by histone deacetylases
(HDACs) and histone acetyltransferases (HATs). Modulation
of HDAC activity and protein levels has been shown to affect
many cellular processes including cell growth, cell cycle, and
chromatin decondensation. The HDAC family encompasses
18 isoforms classified into four groups: class I (HDAC1, 2, 3
and 8), class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and
10), class III (Sirt1−7), and class IV (HDAC11).27 HDACs
are intriguing cancer targets due to their overexpression in
many tumors. Therefore, targeting HDACs through inhibition
or degradation holds great potential for advancing cancer
treatment.

Building on the aforementioned research, we used the
USP14 inhibitor IU1 as a direct proteasome recruiter. The
conjugation of IU1 with an HDAC ligand generated HDAC
BYETACs that effectively and preferentially degraded HDAC1

Figure 1. (A) Proposed mechanism of HDAC BYETACs. (B) Binding mode of IU1 in USP14 (PDB ID: 6IIK). IU1 forms critical hydrogen bonds
with residues Gln197, Asp199 in the USP14 pocket, whereas the pyrrolidine group of IU1 is positioned in a solvent-exposed site. (C) General
structure of the designed HDAC BYETACs with the USP14 recruiting moiety attached to the HDAC binding ligand via different linkers.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter
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in multiple myeloma MM.1S cells. Thus, we present a proof of
concept for the novel strategy of bypassing an E3 ligase, which
may broaden the range of proteins suitable for TPD.

On the basis of a cocrystal structure of USP14 and IU1,25 we
rationally designed a novel class of BYETACs aimed at
targeted degradation of HDACs through direct recruitment to

the proteasome (Figure 1A and 1B). The BYETACs
incorporate a USP14 recruiter (IU1) and an HDAC ligand
(vorinostat) connected by various linkers to induce HDAC
degradation (Figure 1C).

The synthetic routes for the target compounds 10a−e are
outlined in Schemes 1, 2, and 3. Briefly, 4-aminophenylacetic

Scheme 1. Synthesis of the Trityl-Protected HDAC Ligand 5a

aReagents and conditions: i) SOCl2, MeOH, 80 °C, 16 h, 97% yield. ii) Suberic anhydride, NaHCO3, THF, rt, 16 h, 63% yield. iii)
O‑Tritylhydroxylamine, HATU, DIPEA, DMF, rt, 16 h, 28% yield. iv) LiOH·H2O, THF/H2O (v/v = 1:1), rt, 2 h, 71% yield.

Scheme 2. Synthesis of the IU1-Linker Conjugates 8a−ea

aReagents and conditions: v) Pyrrolidine-3-carboxylic acid, Et3N, DMF, 85 °C, 2 h, 30% yield. vi) NH2-R-NH-Boc, HATU, DIPEA, DMF, rt, 16 h,
58−90% yield.

Scheme 3. Synthesis of HDAC BYETAC 10a−ea

aReagents and conditions: vii) TFA, DCM, rt, 1 h. viii) 5, HATU, DIPEA, DMF, rt, 16 h. ix) Triisopropylsilane, TFA, DCM, rt, 2 h, 4−12% yield
(over three steps).

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Letter
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acid (1) was first activated with thionyl chloride and esterified
with methanol to yield intermediate 2, which was further
treated with suberic anhydride to afford 3. Subsequently,
compound 3 was subjected to an amide coupling reaction with
O-tritylhydroxylamine to produce the trityl-protected hydroxa-
mic acid 4. The protected HDAC ligand 5 containing a free
phenylacetic acid moiety was prepared by hydrolyzing 4 under
basic conditions (Scheme 1).28

The synthesis of the IU1-linker conjugates 8a−e is
presented in Scheme 2. First, the commercially available
chloroacetyl building block 6 was reacted with pyrrolidine-3-
carboxylic acid in the presence of triethylamine (TEA) in dry
DMF to give the key intermediate 7, which was then directly
treated with various mono-Boc-protected diamine linkers to
generate precursors 8a−e.25

Next, the deprotection of 8a−e with trifluoroacetic acid
(TFA) yielded the free amines 9a−e. Finally, 9a−e were
conjugated with the trityl-protected HDAC ligand 5 using
HATU and DIPEA as the amide coupling system, followed by
acidolytic deprotection to afford the target compounds 10a−e
(Scheme 3).

In addition, 6 was conjugated with pyrrolidine in the
presence of TEA to afford the USP14 inhibitor IU1 (11) as a
control (Scheme S2, Supporting Information).25

As a first step in the biological evaluation of 10a−e, we
evaluated their half-maximal inhibitory concentration (IC50)
values against HDAC1 and HDAC6 in biochemical HDAC
inhibition assays using vorinostat as positive control. HDAC1
and HDAC6 were selected as representative isoforms due to
their critical roles in several diseases including cancer.29 As

shown in Table 1, 10a−e exhibited substantial inhibitory
activities against HDAC1 with IC50 values ranging from 0.119
to 0.539 μM. Additionally, HDAC6 inhibition by 10a−e was
observed with IC50 values ranging from 0.034 to 0.100 μM.
Consequently, our results confirm that all synthesized
BYETACs are capable of binding to both HDAC1 and
HDAC6.

To evaluate the ability of BYETACs 10a−e to degrade
HDACs, the multiple myeloma cell line MM.1S was treated

Table 1. HDAC1 and HDAC6 Enzyme Inhibition of 10a−e

Compound IC50 (μM) HDAC1a IC50 (μM) HDAC6a

10a 0.166 ± 0.020 0.034 ± 0.020
10b 0.208 ± 0.034 0.044 ± 0.028
10c 0.539 ± 0.086 0.100 ± 0.041
10d 0.133 ± 0.019 0.040 ± 0.004
10e 0.119 ± 0.010 0.040 ± 0.005
Vorinostat 0.064 ± 0.012 0.030 ± 0.017

an = 2 biologically independent replicates. In all cases, mean ±
standard deviation is shown.

Figure 2. Degradation of HDAC1 and HDAC6 mediated by 10a−e. MM.1S cells were treated with compounds 10a−e at concentrations of 1, 10,
and 25 μM for 6 h (A) or for 24 h (B), with DMSO as vehicle control. HDAC1 and HDAC6 levels were detected by immunoblot analysis.
GAPDH was used as the loading control. Representative images from a total of n = 2 replicates.

Figure 3. Degradation selectivity of 10c. MM.1S cells were treated
with compounds 10c at concentrations of 1, 10, and 25 μM for 6 h
(A) or for 24 h (B). DMSO was used as vehicle control. HDAC2,
HDAC3, and HDAC4 levels were detected by immunoblot analysis.
GAPDH was used as loading control. Representative images from a
total of n = 2 replicates.

Table 2. HDAC2-4 Enzyme Inhibition of 10c

Compound
IC50 (μM)
HDAC2a

IC50 (μM)
HDAC3a

IC50 (μM)
HDAC4a

10c 0.703 ± 0.199 0.293 ± 0.065 n.i.
Vorinostat 0.203 ± 0.055 0.129 ± 0.002 n.d.
TMP269 n.d. n.d. 0.458 ± 0.104

an = 2 biologically independent replicates, mean ± standard deviation
is shown. n.i. = no inhibition (<30% inhibition up to 10 μM). n.d. =
not determined.
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with different concentrations (1, 10, and 25 μM) of 10a−e for
6 and 24 h. In the next step, HDAC1 and HDAC6 protein
levels were evaluated using immunoblot analysis. As
summarized in Figure 2A and Figure S1 (Supporting
Information), among all the BYETACs, only 10c achieved
substantial degradation of HDAC1 with a maximal degradation
(Dmax) value of 81% at 25 μM after a treatment time of 6 h.
Meanwhile, all compounds exhibited weak degradation efficacy
for HDAC6 at different concentrations after 6 h.

Next, the incubation time was extended to 24 h to
investigate whether 10a−e displayed enhanced degradation
of HDAC1 and HDAC6 after longer incubation times (Figure
2B and Figure S2, Supporting Information). None of the
compounds showed significant degradation of HDAC6 at
different concentrations after 24 h of treatment. Similarly, only
degrader 10c still achieved significant and enhanced
degradation of HDAC1 with a Dmax value of 88% at 10 μM
compared to 6 h of treatment. Additionally, a hook effect was
observed when MM.1S cells were treated with 10c at 25 μM
for 24 h, which is a typical phenomenon in TPD with
heterobifunctional degraders.30 Based on these initial screening
results, BYETAC 10c was selected for further biological
evaluations.

Subsequently, degrader 10c was investigated at concen-
trations of 1, 10, and 25 μM for its ability to degrade selected

other HDAC isoforms, namely, HDAC2, HDAC3, and
HDAC4. As shown in Figure 3A and Figure S3A (Supporting
Information), none of the used concentrations resulted in the
degradation of HDAC2, HDAC3, or HDAC4 when MM.1S
cells were treated with 10c for 6 h. However, treatment with
10c for 24 h had a significant effect on HDAC3 levels and a
minimal impact on HDAC4 levels, HDAC2 levels were also
noticeably affected (Figure 3B and Figure S3B, Supporting
Information). In detail, 10c induced substantial degradation of
HDAC2 (Dmax = 64% at 10 μM), which may be a consequence
of the high structural similarity between HDAC1 and HDAC2,
especially within the catalytic domains.31

The low degradation of HDAC4 and the significant
degradation of HDAC2 and 3 are consistent with the extended
HDAC isoform inhibition profile of 10c (Table 2). While the
compound showed submicromolar inhibition of HDAC2 and
3, it was inactive at HDAC4. In summary, our results indicate
that 10c exhibits potent degradation activity and a preference
for HDAC1 among the HDAC isoforms tested.

After confirming that 10c preferentially and effectively
degrades HDAC1 in MM.1S cells, we determined its half-
maximal degradation concentration (DC50) value for HDAC1
(Figure S4, Supporting Information). A 24-h treatment with
an increasing concentration of 10c resulted in a dose-
dependent reduction of HDAC1 levels (DC50 = 4.0 ± 1.0
μM).

To investigate the cellular HDAC target engagement of
degrader 10c in MM.1S cells, we performed immunoblot
experiments to characterize the levels of acetylated histone H3
(an HDAC1−3 substrate) and acetylated α-tubulin (an
HDAC6 substrate) using vorinostat as control. In good
agreement with the results of the HDAC1 and HDAC6
inhibition assays, degrader 10c resulted in a pronounced
hyperacetylation of acetylated histone H3 and acetylated α-
tubulin after 24 h of treatment, indicating that 10c induced a
strong reduction of both HDAC1 and HDAC6 activity in
MM.1S cells. As expected, the USP14 inhibitor 11 had no

Figure 4. Cellular HDAC target engagement by 10c, vorinostat, and
11. Immunoblot analysis of acetylated histone H3 (A) and α-tubulin
(B) in MM.1S cell lysates after treatment with the indicated
compounds (10 μM) or vehicle (DMSO) for 24 h. Representative
images from a total of n = 2 replicates.

Figure 5. Degradation of HDAC1 mediated by 10c and negative control 10c-nc. MM.1S cells were treated with compounds 10c and 10c-nc at
concentrations of 10 μM for 24 h, with DMSO as vehicle control. HDAC1 levels were detected by immunoblot analysis. GAPDH was used as the
loading control. Representative images from a total of n = 2 replicates.
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effects on the levels of acetylated histone H3 and acetylated α-
tubulin (Figure 4). To assess whether cotreatment with 10c
and 11 affects the levels of acetylated histone H3 and
acetylated α-tubulin, we conducted additional Western blot
experiments. The combination treatment had minimal impact
on the acetylation of both substrates compared to 10c alone
(see Figure S5, Supporting Information). These results suggest
that the effects observed in Figure 4 are not solely due to
degradation, but that HDAC inhibition also contributes to the
observed hyperacetylation.

To gain additional mechanistic insight, we synthesized a
negative control compound, 10c-nc (see Scheme S3,
Supporting Information for synthetic details), which lacks
the 4-fluorophenyl-pyrrole moiety of 10c, which is critical for
the interaction of IU1 (11) with USP14 (see Figure 1B).
Immunoblot analysis confirmed that only 10c, and not 10c-nc,
reduced HDAC1 levels. These results highlight the importance
of an intact IU1 scaffold for the downregulation of HDAC1
protein levels.

Next, after 48 h of incubation of MM.1S cells with 10c,
apoptosis induction was assessed by annexin V-FITC/
propidium iodide (PI) staining and flow cytometry (Figure
6). Vorinostat and ricolinostat were included as positive
controls. In contrast to the cell viability data which indicated
weak antiproliferative activity (Figure S6, Supporting
Information), 10c markedly increased the proportions of
both early and late apoptotic cells, confirming its ability to
induce apoptosis.

In summary, inspired by the interaction between USP14 and
the 26S proteasome subunit RPN1, we have designed,
synthesized, and characterized a new class of BYETACs
aimed at the direct recruitment of the proteasome for HDAC
degradation. Western blot analysis revealed that 10c effectively
reduced HDAC1 levels in MM.1S cells in a potent and
preferential manner. Furthermore, subsequent apoptosis
induction analysis confirmed its promising anticancer activity.
These results demonstrate that bypassing E3 ligases via
BYETACs is a viable strategy for HDAC knockdown,

potentially expanding the scope of protein degradation in the
future.
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1. Experimental section 

1.1 Chemistry 

No unexpected or unusually high safety hazards were encountered. 

 

1.1.1 General information 

Chemicals were obtained from BLDpharm, Sigma-Aldrich, TCI Chemicals and abcr 

GmbH used without purification. Air-sensitive reactions were carried out under argon 

atmosphere utilizing standard Schlenk techniques. Thin-layer chromatography (TLC) was 

carried out on prefabricated plates (silica gel 60, F254, Merck). Components were visualized 

by irradiation with ultraviolet light (254 nm). Column Chromatography was carried out on silica 

gel (60 Å, 40−60 μm, Acros Organics). 

Nuclear magnetic resonance spectroscopy (NMR): Proton (1H) and carbon (13C) NMR 

spectra were recorded either on a Bruker AvanceDRX 500 (500 MHz 1H NMR, 126 MHz 13C 

NMR) or a BrukerAvance III 600 (600 MHz 1H NMR, 151 MHz 13C NMR). The chemical 

shifts are given in parts per million (ppm). Deuterated chloroform (CDCl3) and deuterated 

dimethyl sulfoxide (DMSO-d6) were used as solvents. 

High performance liquid chromatography (HPLC): A Thermo Fisher Scientific UltiMate 

3000 UHPLC system with a Nucleodur 100−5 C18 (250 mm × 4.6 mm, Macherey Nagel) with 

a flow rate of 1 mL/min and a temperature of 25 °C or a 100−5 C18 (100 mm × 3 mm, Macherey 

Nagel) with a flow rate of 0.5 mL/min and a temperature of 25 °C with an appropriate gradient 

were used. For preparative purposes a AZURA Prep. 500/1000 gradient system with a 

Nucleodur 110−5 C18 HTec (250 mm × 32 mm, Macherey Nagel) column with 20 mL/min was 

used. Detection was implemented by UV absorption measurement at a wavelength of λ = 220 

nm and λ = 250 nm. Bidest. H2O (A) and CH3CN (B) were used as eluents with an addition of 

0.1% TFA for eluent A. The purity of all final compounds was 95% or higher. Purity was 

determined via HPLC with the Nucleodur 100−5 C18 (250mm × 4.6 mm, Macherey Nagel) at 

250 nm. 

Flash chromatography was performed on an Interchim puriFlash XS 520 Plus with a 

diodearray detector (DAD) from 200-400 nm using prepacked silica gel cartridges (PF-

30SIHPF0012-F0040) or C18 reversed-phase cartridges (PF-30C18HP-F0004-F0012). 
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1.1.2 Synthesis 

Synthesis of Methyl 2-(4-aminophenyl)acetate (2). Thionyl chloride (787 mg, 6.60 mmol, 1.0 

eq.) was added dropwise to a solution of 4-aminophenylacetic acid (1, 1000 mg, 6.60 mmol, 

1.0 eq.) in anhydrous methanol (25 mL). The mixture was stirred at 80°C for 16 h. The resulting 

solution was cooled and the solvent was removed under reduced pressure. The brown solid 

hydrochloride salt of the title compound was triturated with Et2O (2 × 30 mL) to remove 

impurities. The free amine was liberated from its hydrochloride salt by addition of aqueous 

NaHCO3, followed by extraction into CHCl3 (3 × 30 mL). The organic layers were combined, 

dried over MgSO4 and the solvent removed to afford compound 2 as a light brown oil (1.10 g, 

97% yield). 1H NMR (ppm, 500 MHz, DMSO-d6): δ 6.88 (d, J = 8.5 Hz, 2H), 6.49 (d, J = 8.5 

Hz, 2H), 4.94 (s, 2H), 3.58 (s, 3H), 3.43 (s, 2H). ESI-MS m/z: 166.1 [M + H]+. 

 

Synthesis of 8-{[4-(2-Methoxy-2-oxoethyl)phenyl]amino}-8-oxooctanoic acid (3). 

Compound 2 (700 mg, 4.69 mmol, 1.0 eq.), suberic anhydride (560 mg, 3.59 mmol, 0.8 eq.) 

and NaHCO3 (200 mg, 2.38 mmol, 0.5 eq.) were dissolved in anhydrous THF (25 mL) and 

stirred at room temperature for 16 h. Solid impurities were removed by filtration and the solvent 

was removed under reduced pressure. The obtained residue was purified by flash column 

chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain 3 as a white solid (860 mg, 

63% yield). 1H NMR (ppm, 600 MHz, CDCl3): δ 7.47 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 7.8 Hz, 

2H), 3.68 (s, 3H), 3.59 (s, 2H), 2.34 (q, J = 7.2 Hz, 4H), 1.73 (t, J = 7.2 Hz, 2H), 1.65 (t, J = 

6.6 Hz, 2H), 1.39-1.36 (m, 4H). ESI-MS m/z: 322.2, [M + H]+. 

 

Synthesis of methyl 2-(4-{8-oxo-8-[(trityloxy)amino]octanamido}phenyl)acetate (4). To a 

mixture of 3 (321 mg, 1.0 mmol, 1.0 eq.) and DIPEA (522 μL, 3.0 mmol, 3.0 eq.) in anhydrous 

DMF (25 mL) was added HATU (570 mg, 1.5 mmol, 1.5 eq.), and the reaction mixture was 

stirred at room temperature for 30 min. Then O-tritylhydroxylamine (275 mg, 1.0 mmol, 1.0 

eq.) was added, and the mixture was stirred at room temperature for 16 h. The reaction mixture 

was distilled under vacuum to remove DMF. The obtained residue was purified by flash column 

chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain 4 as yellow solid (163 mg, 

28% yield). 1H NMR (ppm, 500 MHz, DMSO-d6): δ 10.14 (s, 1H), 9.80 (s, 1H), 7.52 (d, J = 
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8.5 Hz, 2H), 7.32 (t, J = 8.0 Hz, 15H), 7.16 (d, J = 8.5 Hz, 2H), 3.60 (s, 5H), 2.24 (t, J = 7.5 

Hz, 2H), 1.78 (s, 2H), 1.52-1.46 (m, 2H), 1.19-1.14 (m, 4H), 1.00 (t, J = 7.5 Hz, 2H). 13C NMR 

(ppm, 126 MHz, DMSO-d6): δ 174.56, 171.85, 171.28, 170.45, 142.63, 138.25, 129.64, 129.11, 

128.89, 127.62, 119.21, 91.88, 51.75, 36.48, 32.12, 28.48, 28.33, 25.09, 24.80. ESI-MS m/z: 

577.5, [M - H]-.  

 

Synthesis of 2-(4-{8-oxo-8-[(trityloxy)amino]octanamido}phenyl)acetic acid (5). 4 (578 mg, 

1.0 mmol, 1.0 eq.) was dissolved in THF/H2O (20 mL, v/v = 1:1). LiOH·H2O (84 mg, 2.0 mmol, 

2.0 eq.) was added and the homogenous solution was stirred at room temperature for 12 h. The 

solvent was removed under reduced pressure and purified by flash column chromatography 

(C18 reversed phase, MeCN/H2O 5-95%) to obtain the 5 as white solid (401 mg, 71% yield). 

1H NMR (ppm, 600 MHz, DMSO-d6): δ 10.24 (s, 1H), 9.81 (s, 1H), 7.42 (d, J = 8.4 Hz, 2H), 

7.33-7.28 (m, 15H), 7.11 (d, J = 8.4 Hz, 2H), 3.18 (s, 2H), 2.22 (t, J = 7.2 Hz, 2H), 1.77 (s, 2H), 

1.50-1.45 (m, 2H), 1.17 (t, J = 7.8 Hz, 4H), 0.99 (s, 2H). 13C NMR (ppm, 151 MHz, DMSO-

d6): δ 174.80, 171.06, 142.76, 136.76, 134.45, 129.41, 129.13, 127.61, 118.76, 91.79, 45.45, 

36.47, 32.16, 28.54, 28.33, 25.18, 24.89. ESI-MS m/z: 563.4, [M - H]-. 

 

Synthesis of 1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-oxoethyl}pyrrolid ine-

3-carboxylic acid (7). Pyrrolidine-3-carboxylic acid (260 mg, 2.26 mmol, 2.0 eq.) was added 

to a solution of 2-chloro-1-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]ethan-1-one (6, 

300 mg, 1.13 mmol, 1.0 eq.) and triethylamine (628 μL, 4.52 mmol, 4.0 eq.) in DMF (30 mL). 

The reaction mixture was heated to 85 ℃ for 2 h. The mixture was concentrated under vacuum 

and purified by flash column chromatography (C18 reversed phase, MeCN/H2O 5-95%) to give 

7 as yellow solid (116 mg, 30% yield). 1H NMR (ppm, 500 MHz, DMSO-d6): δ 7.39 (d, J = 1.0 

Hz, 2H), 7.38 (s, 2H), 6.43 (d, J = 1.0 Hz, 1H), 3.66 (s, 2H), 2.96-2.86 (m, 2H), 2.75 (q, J = 2.5 

Hz, 1H), 2.70-2.65 (m, 1H), 2.63-2.58 (m, 1H), 2.21 (s, 3H), 1.96 (t, J = 7.0 Hz, 2H), 1.93 (s, 

3H). 13C NMR (ppm, 126 MHz, DMSO-d6): δ 192.76, 175.87, 160.90, 135.23, 133.15, 130.43, 

128.45, 118.69, 116.66, 116.47, 107.38, 62.51, 56.57, 53.52, 41.80, 27.37, 12.68, 12.50. ESI-

MS m/z: 343.2, [M - H]-. 
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General procedures for the synthesis of 8a-e. To a mixture of 7 (344 mg, 1.0 mmol, 1.0 eq.) 

and DIPEA (523 μL, 3.0 mmol, 3.0 eq.) in anhydrous DMF (20 mL) was added HATU (570 

mg, 1.5 mmol, 1.5 eq.), and the reaction mixture was stirred at room temperature for 30 min. 

Then, tert-butyl (3-aminopropyl)carbamate (174 mg, 1.0 mmol, 1.0 eq.), tert-butyl (6-

aminohexyl)carbamate (216 mg, 1.0 mmol, 1.0 eq.), tert-butyl (10-aminodecyl)carbamate (272 

mg, 1.0 mmol, 1.0 eq.), tert-butyl {2-[2-(2-aminoethoxy)ethoxy]ethyl}carbamate (248 mg, 1.0 

mmol, 1.0 eq.), or tert-butyl N-(2-{2-[2-(2-aminoethoxy)ethoxy]ethoxy}ethyl)carbamate (292 

mg, 1.0 mmol, 1.0 eq.) was added, and the mixture was stirred at room temperature overnight. 

The reaction mixture was distilled under vacuum to remove DMF. The obtained residue was 

purified by flash column chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain 

the products 8a-e. 

 

Tert-butyl [3-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl] -2-

oxoethyl}pyrrolidine-3-carboxamido)propyl]carbamate (8a). 383 mg, yellow solid, 77% yield. 

1H NMR (ppm, 500 MHz, DMSO-d6): δ 8.11 (t, J = 5.0 Hz, 1H), 7.45-7.38 (m, 4H), 6.76 (s, 

1H), 6.42 (s, 1H), 4.73 (s, 2H), 3.51 (q, J = 5.0 Hz, 4H), 3.15 (t, J = 7.5 Hz, 1H), 3.11-3.05 (m, 

2H), 2.93 (q, J = 6.0 Hz, 2H), 2.27 (s, 4H), 2.08 (s, 1H), 1.96 (s, 3H), 1.55-1.50 (m, 2H), 1.37 

(s, 9H). 13C NMR (ppm, 126 MHz, DMSO-d6): δ 187.04, 171.20, 163.07, 161.11, 155.73, 

137.08, 132.59, 130.31, 129.84, 116.87, 116.69, 106.92, 77.65, 60.91, 56.33, 54.37, 41.61, 

37.72, 36.70, 29.55, 28.40, 27.95, 12.77, 12.47. ESI-MS m/z: 501.3, [M + H]+. 

 

Tert-butyl [6-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl] -2-

oxoethyl}pyrrolidine-3-carboxamido)hexyl]carbamate (8b). 355 mg, yellow solid, 66% yield. 

1H NMR (ppm, 500 MHz, DMSO-d6): δ 8.11 (t, J = 5.5 Hz, 1H), 7.45-7.38 (m, 4H), 6.73 (s, 

1H), 6.42 (s, 1H), 4.72 (q, J = 6.5 Hz, 2H), 3.46 (br.s, 4H), 3.18-3.12 (m, 1H), 3.11-3.03 (m, 

2H), 2.89 (q, J = 6.0, 2H), 2.27 (s, 4H), 2.08 (s, 1H), 1.96 (s, 3H), 1.42-1.35 (m, 13H), 1.24 (d, 

J = 3.5 Hz, 4H). 13C NMR (ppm, 126 MHz, DMSO-d6): δ 186.99, 171.05, 163.07, 161.11, 

155.73, 137.10, 132.59, 130.34, 129.85, 116.86, 116.68, 106.91, 77.45, 60.89, 56.35, 54.37, 

41.59, 38.87, 29.57, 29.05, 28.41, 27.99, 26.20, 12.77, 12.46. ESI-MS m/z: 543.4, [M + H]+. 
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Tert-butyl [10-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl] -2-

oxoethyl}pyrrolidine-3-carboxamido)decyl]carbamate (8c). 349 mg, yellow solid, 58% yield. 

1H NMR (ppm, 500 MHz, DMSO-d6): δ 8.11 (t, J = 5.5 Hz, 1H), 7.45-7.38 (m, 4H), 6.71 (s, 

1H), 6.42 (d, J = 1.0 Hz, 1H), 4.72 (q, J = 7.0 Hz, 2H), 3.45 (br.s, 4H), 3.18-3.12 (m, 1H), 3.11-

3.03 (m, 2H), 2.88 (q, J = 6.0 Hz, 2H), 2.27 (s, 4H), 2.06 (s, 1H), 1.96 (s, 3H), 1.42-1.34 (m, 

13H), 1.24 (s, 12H). 13C NMR (ppm, 126 MHz, DMSO-d6): δ 187.00, 171.05, 163.07, 161.11, 

155.72, 137.09, 132.60, 130.34, 129.84, 116.86, 116.68, 106.91, 77.41, 60.89, 56.35, 54.38, 

41.59, 38.90, 29.61, 29.09, 28.84, 28.41, 27.98, 26.49, 12.76, 12.46. ESI-MS m/z: 599.5, [M + 

H]+. 

 

Tert-butyl (2-{2-[2-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl] -2-

oxoethyl}pyrrolidine-3-carboxamido)ethoxy]ethoxy}ethyl)carbamate (8d). 517 mg, yellow oil, 

90% yield. 1H NMR (ppm, 600 MHz, DMSO-d6): δ 8.25 (s, 1H), 7.44-7.39 (m, 4H), 6.74 (s, 

1H), 6.42 (s, 1H), 4.74 (s, 2H), 3.51 (s, 4H), 3.44 (t, J = 6.0 Hz, 2H), 3.37 (t, J = 6.6 Hz, 2H), 

3.28 (s, 2H), 3.25 (t, J = 3.6 Hz, 2H), 3.20 (s, 1H), 3.17 (s, 2H), 3.06 (q, J = 5.4 Hz, 2H), 2.27 

(s, 4H), 2.08 (br.s, 1H), 1.96 (s, 3H), 1.37 (s, 9H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 

186.98, 171.42, 162.92, 161.29, 155.76, 137.12, 132.60, 130.35, 129.86, 116.87, 116.71, 106.92, 

77.78, 69.69, 69.32, 69.06, 60.90, 56.30, 41.50, 40.23, 39.02, 28.38, 27.97, 12.78, 12.48. ESI-

MS m/z: 575.4, [M + H]+. 

 

Tert-butyl [1-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl] -2-

oxoethyl}pyrrolidin-3-yl)-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl]carbamate (8e). 357 mg, 

yellow oil, 58% yield. 1H NMR (ppm, 600 MHz, DMSO-d6): δ 8.24 (t, J = 4.8 Hz, 1H), 7.43-

7.38 (m, 4H), 6.72 (s, 1H), 6.41 (s, 1H), 4.72 (q, J = 7.8 Hz, 2H), 3.51 (s, 4H), 3.49 (d, J = 3.6 

Hz, 4H), 3.43 (t, J = 6.0 Hz, 2H), 3.36 (t, J = 6.0 Hz, 2H), 3.27 (s, 3H), 3.25-3.22 (m, 2H), 3.18 

(q, J = 6.6 Hz, 2H), 3.04 (q, J = 6.0 Hz, 2H), 2.26 (s, 4H), 2.05 (br.s, 1H), 1.95 (s, 3H), 1.36 (s, 

9H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 187.02, 171.46, 162.92, 161.28, 155.75, 137.10, 

132.61, 130.35, 129.85, 116.87, 116.71, 106.92, 77.76, 69.89, 69.75, 69.67, 69.32, 69.07, 60.91, 

56.31, 41.51, 40.23, 39.02, 28.38, 27.98, 12.78, 12.48. ESI-MS m/z: 619.4, [M + H]+. 
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General procedure for the synthesis of 9a-e. TFA (2 mL) was added dropwise to a solution 

of 8a-e in DCM (8 mL) and the reaction mixture was stirred at room temperature for 1 h. The 

solvent was removed under reduced pressure to afford the crude compounds 9a-e, which were 

used directly in the next step without further purification. 

 

General procedure for the synthesis of 10a-e. To a mixture of 5 (564 mg, 1.0 mmol, 1.0 eq.) 

and DIPEA (1.74 mL, 10.0 mmol, 10.0 eq.) in anhydrous DMF (25 mL) was added HATU (760 

mg, 2.0 mmol, 2.0 eq.). The reaction mixture was stirred at room temperature for 30 min. Then, 

9a (400 mg, 1.0 mmol, 1.0 eq.), 9b (442 mg, 1.0 mmol, 1.0 eq.), 9c (498 mg, 1.0 mmol, 1.0 

eq.), 9d (474 mg, 1.0 mmol, 1.0 eq.), or 9e (518 mg, 1.0 mmol, 1.0 eq.) was added, and the 

mixture was stirred at the room temperature for 12 h. The reaction mixture was distilled under 

vacuum to remove DMF. The obtained residue was redissolved in DCM (10 mL), 

triisopropylsilane (TIPS, 1 mL) and TFA (1 mL) were added gradually and the mixture was 

stirred at room temperature for 1 h. DCM was removed under reduced pressure and the crude 

product was purified by preparative HPLC (MeCN/H2O 5-95%) to obtain the final products 

10a-e. 

 

N1-[4-(2-{[3-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-

oxoethyl}pyrrolidine-3-carboxamido)propyl]amino}-2-oxoethyl)phenyl]-N8-

hydroxyoctanediamide (10a). 33 mg, brown solid, 5% yield. 1H NMR (ppm, 600 MHz, DMSO-

d6): δ 10.29 (s, 1H), 9.76 (s, 1H), 8.61 (s, 1H), 7.91 (t, J = 5.4 Hz, 1H), 7.79 (t, J = 5.4 Hz, 1H), 

7.47 (d, J = 8.4 Hz, 2H), 7.40-7.37 (m, 4H), 7.13 (d, J = 8.4 Hz, 2H), 6.42 (s, 1H), 3.65 (s, 2H), 

3.31 (s, 2H), 3.27 (s, 2H), 3.04-3.00 (m, 4H), 2.91 (t, J = 8.4 Hz, 1H), 2.82-2.77 (m, 2H), 2.25 

(t, J = 7.2 Hz, 2H), 2.20 (s, 3H), 1.93-1.86 (m, 7H), 1.57-1.53 (m, 2H), 1.52-1.45 (m, 4H), 1.27-

1.24 (m, 4H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 171.21, 170.34, 169.23, 162.79, 161.16, 

137.82, 131.09, 130.39, 129.23, 119.14, 116.74, 116.59, 107.19, 54.00, 42.00, 36.59, 32.39, 

29.33, 28.55, 27.95, 25.17, 12.74, 12.50. 19F NMR (ppm, 565 MHz, DMSO-d6): δ -113.64. ESI-

MS m/z: 705.5, [M + H]+. HRMS (ESI): calcd for C38H49FN6O6, [M + H]+ 705.3770; found, 

705.3747. HPLC: tR= 10.75 min (96.9% purity). 
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N1-[4-(2-{[6-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-

oxoethyl}pyrrolidine-3-carboxamido)hexyl]amino}-2-oxoethyl)phenyl]-N8-

hydroxyoctanediamide (10b). 31 mg, light yellow solid, 4% yield. 1H NMR (ppm, 600 MHz, 

DMSO-d6): δ 10.31 (s, 1H), 9.78 (s, 1H), 8.10 (d, J = 25.8 Hz, 1H), 7.92 (s, 1H), 7.47 (d, J = 

8.4 Hz, 2H), 7.45-7.40 (m, 4H), 7.13 (d, J = 8.4 Hz, 2H), 6.41 (d, J = 12.6 Hz, 1H), 4.78 (dd, J 

= 7.8, 10.2 Hz, 2H), 3.77 (t, J = 57.6 Hz, 2H), 3.31 (s, 2H), 3.20 (t, J = 7.8 Hz, 3H), 3.08 (s, 

2H), 3.01 (d, J = 6.0 Hz, 2H), 2.26 (t, J = 7.8 Hz, 5H), 1.93 (q, J = 7.2 Hz, 5H), 1.56 (t, J = 7.2 

Hz, 2H), 1.48 (t, J = 7.2 Hz, 2H), 1.38 (s, 5H), 1.25 (s, 9H). 13C NMR (ppm, 151 MHz, DMSO-

d6): δ 187.06, 171.22, 170.18, 169.25, 162.92, 161.28, 137.79, 137.14, 132.60, 131.21, 130.35, 

129.88, 129.20, 119.13, 116.87, 116.72, 106.94, 61.03, 56.39, 54.70, 54.16, 42.02, 41.57, 38.63, 

36.47, 32.39, 29.17, 29.00, 28.55, 27.88, 26.15, 25.17, 12.78, 12.49. 19F NMR (ppm, 565 MHz, 

DMSO-d6): δ -113.27. ESI-MS m/z: 745.5, [M - H]-. HRMS (ESI): calcd for C41H55FN6O6, [M 

+ H]+ 747.4240; found, 747.4211. HPLC: tR= 15.54 min (96.0% purity). 

 

N1-[4-(2-{[10-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-

oxoethyl}pyrrolidine-3-carboxamido)decyl]amino}-2-oxoethyl)phenyl]-N8-

hydroxyoctanediamide (10c). 33 mg, light yellow solid, 4% yield. 1H NMR (ppm, 600 MHz, 

DMSO-d6): δ 10.30 (s, 1H), 9.77 (s, 1H), 8.13 (q, J = 4.8 Hz, 1H), 7.89 (t, J = 5.4 Hz, 1H), 7.46 

(d, J = 8.4 Hz, 2H), 7.43-7.38 (m, 4H), 7.12 (d, J = 9.0 Hz, 2H), 6.39 (d, J = 13.2 Hz, 1H), 4.78-

4.67 (m, 2H), 3.86-3.64 (m, 2H), 3.29 (s, 2H), 3.24-3.16 (m, 3H), 3.04 (q, J = 6.0 Hz, 2H), 2.99 

(q, J = 6.0 Hz, 2H), 2.25 (t, J = 7.8 Hz, 5H), 1.92 (q, J = 7.2 Hz, 5H), 1.57-1.52 (m, 2H), 1.50-

1.45 (m, 2H), 1.40-1.35 (m, 5H), 1.22 (s, 17H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 187.05, 

171.20, 170.15, 169.24, 162.91, 161.28, 137.80, 137.14, 132.59, 131.22, 130.34, 129.88, 

129.19, 119.09, 116.87, 116.71, 106.93, 61.02, 56.39, 54.69, 54.15, 42.03, 41.57, 38.70, 36.47, 

32.39, 29.22, 29.07, 28.83, 28.55, 27.87, 26.49, 25.17, 12.78, 12.48. 19F NMR (ppm, 565 MHz, 

DMSO-d6): δ -113.26. ESI-MS m/z: 801.6, [M - H]-. HRMS (ESI): calcd for C45H63FN6O6, [M 

+ H]+ 803.4866; found, 803.4865. HPLC: tR= 16.63 min (95.6% purity). 

 

N1-{4-[1-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-oxoethyl}pyrrolidin-3-

yl)-1,12-dioxo-5,8-dioxa-2,11-diazatridecan-13-yl]phenyl}-N8-hydroxyoctanediamide (10d). 



S9 

 

45 mg, white solid, 6% yield. 1H NMR (ppm, 500 MHz, DMSO-d6): δ 10.31 (s, 1H), 9.79 (s, 

1H), 8.29-8.23 (m, 1H), 8.02 (t, J = 5.5 Hz, 1H), 7.52-7.38 (m, 6H), 7.15 (t, J = 8.5 Hz, 2H), 

6.40 (d, J = 8.5 Hz, 1H), 4.81-4.65 (m, 2H), 3.60 (s, 4H), 3.50 (s, 4H), 3.45-3.39 (m, 5H), 3.25 

(d, J = 5.0 Hz, 2H), 3.19 (q, J = 6.0 Hz, 2H), 2.31-2.25 (m, 5H), 1.93 (t, J = 10.5 Hz, 5H), 1.62-

1.54 (m, 4H), 1.51-1.45 (m, 2H), 1.39-1.34 (m, 2H), 1.33-1.22 (m, 4H). 13C NMR (ppm, 126 

MHz, DMSO-d6): δ 187.00, 171.25, 170.53, 169.23, 163.07, 161.11, 137.83, 137.12, 132.58, 

131.04, 130.34, 129.85, 129.23, 119.20, 116.86, 116.68, 106.92, 69.70, 69.19, 69.04, 61.03, 

56.34, 54.69, 54.13, 41.86, 41.50, 39.01, 38.80, 36.46, 32.38, 28.54, 27.87, 25.17, 12.76, 12.46. 

19F NMR (ppm, 471 MHz, DMSO-d6): δ -113.28. ESI-MS m/z: 777.3, [M - H]-. HRMS (ESI): 

calcd for C41H55FN6O8, [M + H]+ 779.4138; found, 779.4134. HPLC: tR= 15.05 min (98.2% 

purity). 

 

N1-{4-[1-(1-{2-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-oxoethyl}pyrrolidin-3-

yl)-1,15-dioxo-5,8,11-trioxa-2,14-diazahexadecan-16-yl]phenyl}-N8-hydroxyoctanediamide 

(10e). 100 mg, white solid, 12% yield. 1H NMR (ppm, 500 MHz, DMSO-d6): δ 10.31 (s, 1H), 

9.78 (s, 1H), 8.26 (q, J = 5.0 Hz, 1H), 8.01 (t, J = 5.5 Hz, 1H), 7.48-7.37 (m, 6H), 7.13 (d, J = 

8.5 Hz, 2H), 6.40 (d, J = 9.5 Hz, 1H), 4.80-4.64 (m, 2H), 3.83 (t, J = 13.0 Hz, 4H), 3.65 (s, 2H), 

3.49 (d, J = 6.5 Hz, 8H), 3.43-3.38 (m, 4H), 3.24 (s, 3H), 3.20-3.15 (m, 4H), 2.25 (t, J = 9.0 Hz, 

5H), 1.92 (t, J = 7.5 Hz, 5H), 1.61-1.52 (m, 2H), 1.50-1.44 (m, 2H), 1.26 (t, J = 3.0 Hz, 4H). 

13C NMR (ppm, 126 MHz, DMSO-d6): δ 187.01, 171.30, 170.51, 169.24, 163.07, 161.11, 

137.83, 137.12, 132.60, 131.04, 130.34, 129.86, 129.23, 119.12, 116.87, 116.67, 106.93, 69.88, 

69.74, 69.19, 69.04, 61.02, 56.34, 54.69, 54.13, 41.86, 41.51, 39.01, 38.81, 36.47, 32.38, 28.54, 

27.88, 25.17, 12.77, 12.47. 19F NMR (ppm, 471 MHz, DMSO-d6): δ -113.28. ESI-MS m/z: 

821.3, [M - H]-. HRMS (ESI): calcd for C43H59FN6O9, [M + H]+ 823.4400; found, 823.4395. 

HPLC: tR= 15.08 min (99.2% purity). 

 

Synthesis of 1-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]-2-(pyrrolidin-1-yl)ethan -1-

one (11). 2-chloro-1-[1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl]ethan-1-one (6, 300 mg, 

1.13 mmol, 1.0 eq.) was added to a solution of pyrrolidine (189 μL, 2.26 mmol, 2.0 eq.) and 

triethylamine (314 μL, 4.52 mmol, 4.0 eq.) in DMF (20 mL). The resulting mixture was heated 
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to 85 ℃ for 2 h. The mixture was concentrated under a vacuum and purified by flash column 

chromatography (C18 reversed phase, MeCN/H2O 5-95%) to give 11 as light yellow solid (142 

mg, 42% yield). 1H NMR (ppm, 500 MHz, DMSO-d6): δ 7.45-7.38 (m, 4H), 6.43 (d, J = 0.5 

Hz, 1H), 4.71 (s, 2H), 3.31 (s, 4H), 2.26 (s, 3H), 1.97 (s, 4H), 1.96 (s, 3H). ESI-MS m/z: 301.3, 

[M + H]+. 

 

Synthesis of N1-(4-{2-[(10-aminodecyl)amino]-2-oxoethyl}phenyl)-N8-

(benzyloxy)octanediamide (13). To a mixture of 12 (412 mg, 1.0 mmol, 1.0 eq.) and DIPEA 

(522 μL, 3.0 mmol, 3.0 eq.) in anhydrous DMF (25 mL) was added HATU (570 mg, 1.5 mmol, 

1.5 eq.) and the reaction mixture was stirred at room temperature for 30 min. Then, tert-butyl 

(10-aminodecyl)carbamate (408 mg, 1.5 mmol, 1.5 eq.) was added and the mixture was stirred 

at room temperature for 16 h. The reaction mixture was distilled under vacuum to remove DMF. 

The obtained residue was directly dissolved in DCM (10 mL) without further purification. 

Trifluoroacetic acid (1 mL) was added dropwise and reaction was stirred at room temperature 

for 1 h. Solvents were removed in vacuo and the residue was purified by flash column 

chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain 13 as yellow oil (127 mg, 

23% yield over two steps). 1H NMR (ppm, 600 MHz, DMSO-d6): δ 9.79 (s, 1H), 7.91 (t, J = 

4.8 Hz, 1H), 7.65 (s, 1H), 7.48 (d, J = 7.8 Hz, 2H), 7.38-7.33 (m, 5H), 7.13 (d, J = 7.8 Hz, 2H), 

4.77 (s, 2H), 3.01 (q, J = 6.6 Hz, 2H), 2.89 (s, 2H), 2.78-2.73 (m, 2H), 2.26 (t, J = 7.2 Hz, 2H), 

1.94 (t, J = 7.2 Hz, 2H), 1.56 (t, J = 6.6 Hz, 2H), 1.53-1.48 (m, 4H), 1.37 (t, J = 6.0 Hz, 2H), 

1.23 (d, J = 16.8 Hz, 18H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 171.25, 170.20, 169.49, 

137.82, 136.28, 131.24, 129.21, 128.90, 128.43, 119.12, 116.72, 114.79, 76.90, 42.05, 39.03, 

38.72, 36.48, 32.37, 29.23, 28.89, 28.54, 27.14, 26.49, 25.90, 25.18, 25.00. ESI-MS m/z: 566.8, 

[M + H]+. 

 

Synthesis of N1-hydroxy-N8-[4-(2-{[10-(1-methylpyrrolidine-3-carboxamido)decyl]amino }-

2-oxoethyl)phenyl]octanediamide (10c-nc). To a mixture of 1-methylpyrrolidine-3-carboxy lic 

acid (258 mg, 2.0 mmol, 2.0 eq.) and DIPEA (695 μL, 4.0 mmol, 4.0 eq.) in anhydrous DMF 

(30 mL) was added HATU (1140 mg, 3.0 mmol, 3.0 eq.) and the reaction mixture was stirred 

at room temperature for 30 min. Then, 13 (566 mg, 1.0 mmol, 1.0 eq.) was added and the 
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mixture was stirred at room temperature for 16 h. The reaction mixture was distilled under 

vacuum to remove DMF. The obtained residue was directly dissolved in MeOH (20 mL) 

without further purification. Pd/C (5% palladium on carbon, 0.05 eq.) was added. The flask was 

evacuated and flushed with H2. Afterwards, the reaction mixture was stirred at room 

temperature for another 16 h. The resulting reaction solution was filtered over celite and 

solvents were removed in vacuo. Finally, the residue was purified by flash column 

chromatography (C18 reversed phase, MeCN/H2O 5-95%) to obtain 10c-nc as light yellow 

solid (213 mg, 36% yield over two steps). 1H NMR (ppm, 600 MHz, DMSO-d6): δ 10.32 (s, 

1H), 9.78 (s, 1H), 7.90 (s, 2H), 7.47 (d, J = 7.8 Hz, 2H), 7.13 (d, J = 8.4 Hz, 2H), 3.30 (s, 2H), 

3.04-2.99 (m, 6H), 2.87-2.77 (m, 2H), 2.52 (s, 3H), 2.27 (t, J = 7.2 Hz, 2H), 2.07-2.01 (m, 1H), 

1.95-1.91 (m, 2H), 1.56 (s, 2H), 1.48 (t, J = 7.2 Hz, 2H), 1.37 (d, J = 6.0 Hz, 4H), 1.27 (t, J = 

1.8 Hz, 4H), 1.22 (s, 14H). 13C NMR (ppm, 151 MHz, DMSO-d6): δ 172.48, 171.21, 170.15, 

169.25, 137.80, 131.22, 129.18, 119.09, 58.30, 55.48, 42.49, 42.03, 41.17, 38.76, 36.47, 32.39, 

29.21, 29.05, 28.83, 28.55, 28.43, 26.48, 25.18. ESI-MS m/z: 586.5, [M - H]-. HPLC: tR = 10.64 

min (96.4% purity). 
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1.2 Biological assays 

No unexpected or unusually high safety hazards were encountered. 

 

1.2.1 Cell culture 

The MM.1S cell line was obtained from ATCC (Manassas, VA, USA). MM.1S cells were 

cultivated in RPMI 1640 medium supplemented with 10% FBS, 100 IU/mL penicillin, 0.1 

mg/mL streptomycin, and 1 mM sodium pyruvate at 37 °C in a 5% CO2 atmosphere. 

 

1.2.2 HDAC enzymes inhibition assay 

For test compounds and controls, 3-fold serial dilutions of the test compounds were prepared 

in assay buffer (50 mM Tris−HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2·6H2O, 

0.1 mg/mL BSA), and 5.0 μL of this serial dilution were transferred into black OptiPlate-96 

black microplates (PerkinElmer). Then 35 μL of the fluorogenic substrate ZMAL (Z-Lys(Ac)-

AMC, 21.43 μM in assay buffer) and 10 μL enzyme solution diluted in assay buffer were added. 

In the case of HDAC4, 35 μL of the fluorogenic substrate Boc-Lys(Tfa)-AMC (42.86 µM in 

assay buffer) and 10 μL HDAC4 enzyme solution diluted in assay buffer were added.[1]  

Human recombinant HDAC1 (BPS Bioscience, Catalog# 50051), HDAC2 (BPS Bioscience, 

Catalog# 50052), HDAC3/NcoR2 (BPS Bioscience, Catalog# 50003), HDAC4 (BPS 

Bioscience, Catalog# 50004), or HDAC6 (BPS Bioscience, Catalog# 50006) were used. The 

total assay volume of 50 μL (HDAC2/3/4/6 max. 1% DMSO; HDAC1 max. 5% DMSO) was 

incubated at 37 °C for 90 min. Subsequently, 50 μL of trypsin (HDAC1-3, 6 = 0.4 mg/mL; 

HDAC4 = 1.0 mg/mL) in trypsin buffer (50 mM Tris−HCl, pH 8.0, 100 mM NaCl) was added, 

followed by additional incubation at 37 °C for 30 min Fluorescence (excitation λ = 355 nm, 

emission λ = 460 nm) was measured using a FLUOstar OPTIMA microplate reader. The IC50 

was determined by plotting normalized dose response curves using a three-parameter logistic 

equation with GraphPad Prism. All compounds were tested in duplicates and IC50 values were 

calculated from at least two independent experiments.[2-5] 

 

1.2.3 Western blot assay 

The MM.1S cells (3 × 106 cells/mL) were seeded into cell culture flasks and after 72 h treated 
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with the indicated concentration of compound or DMSO for the given time. Cell lysis was 

performed with Cell Extraction Buffer and addition of Halt Protease Inhibitor Cocktail and 

phenylmethanesulfonyl fluoride. Protein content was determined by Pierce™ BCA Protein 

Assay Kit. Samples were denatured by Laemmli 2× Concentrate, and Precision Plus Protein  

Unstained Standard was used as molecular weight marker in all cases. SDS-PAGE was 

performed with 10% Mini-PROTEAN TGX Stain-Free Gel (Catalog# 458035, Bio-Rad, 

Hercules, CA, USA) at 200 V for 50 min (Catalog# 458035, Bio-Rad). Afterwards, proteins 

were transferred with the Trans-Blot Turbo Transfer System to Immobilon-FL PVDF 

membranes at 1.0 A for 30 min and incubated with 5% milk-powder solution for 1 h at room 

temperature under slight agitation. Subsequently, the membranes were incubated with anti-

HDAC1 (Catalog# 5356S, Cell Signaling Technology, Denver, MA, USA), anti-HDAC2 

(Catalog# 9959S, Cell Signaling Technology, Denver, MA, USA), anti-HDAC3 (Catalog# 

85057S, Cell Signaling Technology, Denver, MA, USA), anti-HDAC4 (Catalog# 7628S, Cell 

Signaling Technology, Denver, MA, USA), anti-HDAC6 (Catalog# 7558S, Cell Signaling 

Technology, Denver, MA, USA), anti-acetyl-histone H3 (Catalog# 9677S, Cell Signaling 

Technology, Denver, MA, USA), anti-acetyl-α-tubulin (Catalog# 5335, Cell Signaling 

Technology, Denver, MA, USA) or anti-GAPDH (Catalog# T0004, Affinity Biosciences, 

Cincinnati, OH, USA) antibody solutions in 1:1000–1:20000 dilutions at room temperature 

under slight agitation for 1 h, and at 4°C for overnight. Incubation with HRP-conjugated 

secondary anti-mouse (Catalog# sc-516102, Santa Cruz, Dallas, TX, USA) and anti-rabbit 

(Catalog# HAF008, R&D Systems, Inc., Minneapolis, MN, USA) antibody solutions were 

performed for 1.5 h, and membranes were developed with clarity western ECL substrate. The 

ChemiDoc XRS+ System was used for detection and Image Lab Software 6.1 (Bio-Rad, 

Hercules, CA, USA) for quantification.[6-8] 

 

1.2.4 CellTiter-Glo® cell viability assay 

The MM.1S cells (2.5 × 103 cells/well) were seeded in white 384-well plates and incubated 

with the respective compounds at increasing concentrations. For this purpose, the dilution series 

were prepared at 200× concentration in DMSO and then further diluted to 10× concentration in 

medium. The final DMSO concentration was 0.5%. The toxicity of compounds was assessed 
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after 72 h using the CellTiter-Glo 2.0 cell viability assay. Luminescence was then measured, 

and the IC50 was determined by plotting concentration-response curves and performing 

nonlinear regression using GraphPad Prism.[9] 

 

1.2.5 Annexin V/PI assay 

MM.1S cells (3 × 105 cells/well) were seeded in 24-well plates and treated with indicated 

concentration of compound or DMSO for 48 h under cell culture conditions. Subsequently, cells 

were washed with cell staining buffer (HEPES 0.1 M, NaCl 1.4 M, CaCl2 × 3 H2O 25 mM), 

resuspended in 300 µL cell staining buffer and 150 µL was transferred in a 96-well plate. The 

staining was performed using 5 µL/well annexin V-FITC and 10 µL/well propidium iodide, 

followed by incubation for 15 min and analysis by flow cytometry.[1,10]  
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2. Supplementary Schemes and Figures 

 

Scheme S1. Selected structures of reported Bypassing E3 Ligase Targeting Chimeras (BYETACs). (A) 

Macrocyclic BYETAC: the peptidic macrocycle binds to the 26S proteasome subunit PSMD2, while the 

small molecule ligand is a BRD4 ligand. (B) Small molecule BYETAC capable of inducing a 

RPN13:BYETAC:BRD4 ternary complex for E3 ligase independent targeted protein degradation.  
 

 

 

 

Scheme S2. Synthesis of USP14 inhibitor IU1 (11). Reagents and conditions: i) Pyrrolidine, Et3N, DMF, 

85 ℃, 42% yield. 
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Scheme S3. Synthesis of the negative control 10c-nc. Reagents and conditions: i) tert-butyl (10-

aminodecyl)carbamate, HATU, DIPEA, DMF, rt, 16 h. ii) TFA, DCM, rt, 1 h, 23% yield (over two steps). iii) 

1-Methylpyrrolidine-3-carboxylic acid, HATU, DIPEA, DMF, rt, 16 h. iv) H2, Pd/C, CH3OH, rt, 16 h, 36% 

yield (over two steps). 
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Figure S1. Densitometric analysis of HDAC1 (A) and HDAC6 (B) levels after treatment with 10a-e for 6 h. 

Data from n = 2 replicates. Statistical analysis was performed by using one-way ANOVA in GraphPad Prism 

8. Statistical significance was indicated with asterisks (ns = no significance; ** = p < 0.01; *** = p < 0.001). 
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Figure S2. Densitometric analysis of HDAC1 (A) and HDAC6 (B) levels after treatment with 10a-e for 24 

h. Data from n = 2 replicates. Statistical analysis was performed by using one-way ANOVA in GraphPad 

Prism 8. Statistical significance was indicated with asterisks (ns = no significance; * = p < 0.05). 
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Figure S3. Densitometric analysis of HDAC2, HDAC3 and HDAC4 levels after treatment with 10c for 6 h 

(A) or 24 h (B). Data from n = 2 replicates. Statistical analysis was performed by using one-way ANOVA in 

GraphPad Prism 8. Statistical significance was indicated with asterisks (ns = no significance; ** = p < 0.01). 
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Figure S4. (A) Western blot analysis of HDAC1 levels in MM.1S cells treated for 24 h with 10c at different 

concentrations ranging from 0.625 to 10 μM. GAPDH was selected as loading control. Representative image 

of n = 2 replicates. (B) DC50 values were obtained by fitting Dmax values to a variable slope response model. 

Representative curve of n = 2 replicates.  

 

 

 

Figure S5. Cellular target engagement by 10c, 11 and co-treatment of 11 and 10c. Immunoblot analysis of 

acetylated histone H3 (A) and α-tubulin (B) in MM.1S cell lysates after 1 h of pre-treatment with 11 at 

concentration of 10 μM or 25 μM followed by 24 h of treatment with 10c (10 μM) or vehicle (DMSO). 

Representative images from a total of n = 2 replicates. 

 

 

 



S21 

 

 

Figure S6. Antiproliferative activities of 10c against MM.1S cells. MM.1S cells were treated with the 

indicated compounds in increasing concentration for 72 h followed by a CellTiter-Glo® cell viability assay. 

n = 3 biologically independent experiments. 
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3. NMR data of synthesized compounds 

1H NMR spectrum of 4 (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 4 (126 MHz, DMSO-d6) 
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1H NMR spectrum of 5 (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 5 (151 MHz, DMSO-d6) 
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1H NMR spectrum of 7 (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 7 (126 MHz, DMSO-d6) 
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1H NMR spectrum of 8a (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 8a (126 MHz, DMSO-d6) 
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1H NMR spectrum of 8b (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 8b (126 MHz, DMSO-d6) 
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1H NMR spectrum of 8c (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 8c (126 MHz, DMSO-d6) 
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1H NMR spectrum of 8d (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 8d (151 MHz, DMSO-d6) 
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1H NMR spectrum of 8e (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 8e (151 MHz, DMSO-d6) 
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1H NMR spectrum of 10a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10a (151 MHz, DMSO-d6) 

 



S31 

 

19F NMR spectrum of 10a (565 MHz, DMSO-d6) 
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1H NMR spectrum of 10b (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10b (151 MHz, DMSO-d6) 
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19F NMR spectrum of 10b (565 MHz, DMSO-d6) 
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1H NMR spectrum of 10c (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10c (151 MHz, DMSO-d6) 
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19F NMR spectrum of 10c (565 MHz, DMSO-d6) 
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1H NMR spectrum of 10d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10d (126 MHz, DMSO-d6) 
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19F NMR spectrum of 10d (471 MHz, DMSO-d6) 
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1H NMR spectrum of 10e (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 10e (126 MHz, DMSO-d6) 
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19F NMR spectrum of 10e (471 MHz, DMSO-d6) 
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1H NMR spectrum of 13 (500 MHz, DMSO-d6) 

 

 

 
13C NMR spectrum of 13 (126 MHz, DMSO-d6) 
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1H NMR spectrum of 10c-nc (500 MHz, DMSO-d6) 

 

 

 
13C NMR spectrum of 10c-nc (126 MHz, DMSO-d6) 
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4. HPLC chromatograms 

4.1 HPLC Chromatogram of 10a, purity 96.9%. 

 

 

4.2 HPLC Chromatogram of 10b, purity 96.0%. 
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4.3 HPLC Chromatogram of 10c, purity 95.6%. 

 

 

4.4 HPLC Chromatogram of 10d, purity 98.2%. 
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4.5 HPLC Chromatogram of 10e, purity 99.2%. 

 

 

4.6 HPLC Chromatogram of 10c-nc, purity 96.4%.  
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6.3 Appendix III. Supporting Information of chapter 4 

“Deubiquitinase-targeting Chimeras (DUBTACs) for Targeted 

Stabilization of SIRT6” 

 

The following part contains 1H- and 13C-NMR spectra of synthesized compounds, 

and HPLC chromatograms of all final compounds reported in chapter 4. 
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1. NMR data of synthesized compounds 

 

1H NMR spectrum of 2 (500 MHz, DMSO-d6) 
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1H NMR spectrum of 3 (500 MHz, DMSO-d6) 

 

 

1H NMR spectrum of 4 (600 MHz, CDCl3) 
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1H NMR spectrum of 6 (600 MHz, DMSO-d6) 

 
 

1H NMR spectrum of 7 (600 MHz, DMSO-d6) 
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1H NMR spectrum of 8 (600 MHz, DMSO-d6) 

 

 

1H NMR spectrum of 9 (500 MHz, DMSO-d6) 
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1H NMR spectrum of 10 (600 MHz, DMSO-d6)

 
 

13C NMR spectrum of 10 (151 MHz, DMSO-d6) 
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1H NMR spectrum of 11a (600 MHz, CDCl3) 

 
 

13C NMR spectrum of 11a (151 MHz, CDCl3) 
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1H NMR spectrum of 11b (600 MHz, CDCl3) 

 
 

13C NMR spectrum of 11b (151 MHz, CDCl3) 
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1H NMR spectrum of 11c (600 MHz, CDCl3) 

 
 

13C NMR spectrum of 11c (151 MHz, CDCl3) 
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1H NMR spectrum of 11d (500 MHz, CDCl3) 

 
 

13C NMR spectrum of 11d (151 MHz, CDCl3) 
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1H NMR spectrum of 11e (500 MHz, CDCl3) 

 

 

13C NMR spectrum of 11e (126 MHz, CDCl3) 
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1H NMR spectrum of 12a (600 MHz, CDCl3) 

 

 

13C NMR spectrum of 12a (151 MHz, CDCl3) 
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1H NMR spectrum of 12b (600 MHz, CDCl3) 

 

 

13C NMR spectrum of 12b (151 MHz, CDCl3) 
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1H NMR spectrum of 12c (600 MHz, CDCl3) 

 

 

13C NMR spectrum of 12c (151 MHz, CDCl3) 
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1H NMR spectrum of 12d (500 MHz, CDCl3) 

 

 

13C NMR spectrum of 12d (126 MHz, CDCl3) 
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1H NMR spectrum of 12e (500 MHz, CDCl3) 

 

 

13C NMR spectrum of 12e (126 MHz, CDCl3) 
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1H NMR spectrum of 14 (600 MHz, DMSO-d6) 

 
 

1H NMR spectrum of 15 (500 MHz, DMSO-d6) 
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1H NMR spectrum of 16 (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 16 (151 MHz, DMSO-d6) 
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1H NMR spectrum of 17a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 17a (151 MHz, DMSO-d6) 
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1H NMR spectrum of 17b (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 17b (151 MHz, DMSO-d6) 
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1H NMR spectrum of 17c (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 17c (126 MHz, DMSO-d6) 
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1H NMR spectrum of 17d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 17d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 17e (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 17e (151 MHz, DMSO-d6) 
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1H NMR spectrum of 18a (600 MHz, CDCl3) 

 

 

13C NMR spectrum of 18a (151 MHz, CDCl3) 
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1H NMR spectrum of 18b (600 MHz, CDCl3) 

 

 

13C NMR spectrum of 18b (151 MHz, CDCl3) 
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1H NMR spectrum of 18c (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 18c (151 MHz, DMSO-d6) 
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1H NMR spectrum of 18d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 18d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 18e (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 18e (151 MHz, DMSO-d6) 
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1H NMR spectrum of 19a (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 19a (151 MHz, DMSO-d6) 
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1H NMR spectrum of 19b (600 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 19b (151 MHz, DMSO-d6) 
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1H NMR spectrum of 19c (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 19c (126 MHz, DMSO-d6) 
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1H NMR spectrum of 19d (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 19d (126 MHz, DMSO-d6) 
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1H NMR spectrum of 19e (500 MHz, DMSO-d6) 

 

 

13C NMR spectrum of 19e (126 MHz, DMSO-d6) 
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2. HPLC chromatograms 

2.1 HPLC Chromatogram of 18a, purity 99.69%. 

 

 

2.2 HPLC Chromatogram of 18b, purity 99.88%. 
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2.3 HPLC Chromatogram of 18c, purity 99.00%. 

 

 

2.4 HPLC Chromatogram of 18d, purity 95.60%. 
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2.5 HPLC Chromatogram of 18e, purity 96.43%. 

 

 

2.6 HPLC Chromatogram of 19a, purity 95.36%. 
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2.7 HPLC Chromatogram of 19b, purity 98.72%. 

 

 

2.8 HPLC Chromatogram of 19c, purity 97.26%. 
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2.9 HPLC Chromatogram of 19d, purity 98.54%. 

 

 

2.10 HPLC Chromatogram of 19e, purity 97.18%. 
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