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Kurzzusammenfassung 

Frühere Studien haben gezeigt, dass von ProMs (Prolin-basierte konformationell 

definierte Dipeptid-Module) abgeleitete Ena/VASP EVH1-Binder die Chemotaxis in 

Xenograft-Zebrafischmodellen hemmen können. Ihre begrenzte Bindungsaffinität und 

die hohen zellulären Konzentrationen, die benötigt werden, schränken jedoch die 

Eignung für therapeutische Anwendungen ein. Um diese Limitationen zu überwinden, 

untersucht diese Arbeit den Einbau von EVH1-Bindern in PROTACs (proteolysis 

targeting chimeras), die über einen katalytischen Wirkmechanismus agieren. Dazu 

wurden auf Grundlage des aktuellen Wissensstands geeignete EVH1-Binder 

ausgewählt. Unter Berücksichtigung des Bindungsmodus wurden optimierte Linker 

und Strategien für ihre Anbindung entwickelt, um moderne E3-rekrutierende Einheiten 

zu installieren. Eine Bibliothek von 28 EVH1-adressierenden PROTACs wurde 

synthetisiert, aufgereinigt und charakterisiert. Die Bindungsaffinitäten zu EVH1 wurden 

mittels Biolayer-Interferometrie gemessen. Erste zelluläre Ergebnisse deuten auf 

einen Abbau des Zielproteins sowie eine Hemmung der Chemotaxis hin. Darüber 

hinaus untersuchte diese Arbeit die Verwendung von ProMs zur gezielten Bindung an 

die SH3- und WW-Domänen von GRB2 und YAP1, wodurch die Gruppe der 

adressierbaren, Prolin-reichen Motivbindungsdomänen erweitert wurde. 

Biolayer-Interferometrie-Methoden wurden unter Verwendung der in dieser Arbeit 

hergestellten, biotinylierten Peptiden etabliert. Native Bindungspeptide für beide 

Zielproteine wurden mit ProM-Einheiten substituiert, verkürzt und auf ihre 

Bindungsaffinitäten untersucht. Insgesamt wurden im Rahmen dieser Arbeit 36 

Peptide synthetisiert und charakterisiert. Diese Ergebnisse bilden die Grundlage für 

die weitere Entwicklung von niedermolekularen GRB2- und YAP1-bindern. 

  



Abstract 

Previous studies demonstrated that ProM (proline-based conformationally restricted 

dipeptide modules) based Ena/VASP EVH1 binders can inhibit chemotaxis in xenograft 

zebrafish models. However, their limited binding affinities and the requirement for high 

cellular concentrations restrict their suitability for therapeutic applications. To address 

these limitations, this work explores the integration of EVH1 binders into the emerging 

class of PROTACs (proteolysis-targeting chimeras), which act through a catalytic mode 

of action. Therefore, suitable EVH1 binders were selected based on the current state 

of knowledge. Taking the binding mode into account, optimized linkers and strategies 

for their attachment were developed for the installation of state-of-the-art E3 recruiters. 

A library of 28 EVH1-directed degraders was synthesized, purified, and characterized. 

Binding affinities to EVH1 were measured by biolayer interferometry. Initial cellular 

results indicate target degradation and inhibition of chemotaxis. Furthermore, this work 

explored the use of ProMs to target the SH3 and WW domains of GRB2 and YAP1, 

thereby expanding the range of addressable proline-rich motif binding domains. 

Biolayer interferometry assays were established using biotinylated tracer peptides 

generated in this work. Native binding peptides for both targets were substituted with 

ProM units, truncated, and investigated for their binding affinities. In total, 36 peptides 

were synthesized and characterized within this work, forming the foundation for further 

development of small molecule binders for GRB2 and YAP1. 
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1 Introduction 

Proteins are fundamental building blocks of organisms and are involved in almost all 

biological processes including scaffolding, biochemical catalysis, signaling, and 

regulation of gene expression. Due to their fundamental role in cellular function, 

proteins not only sustain normal physiology, but also drive pathological processes 

when dysregulated.[1] 

Scientific progress over the past century has expanded our understanding of biological 

processes, enabling the development of therapies capable of correcting physiological 

balance. Numerous modern therapeutics operate by inhibiting proteins, thereby 

selectively blocking their biological activity.[2] Nevertheless, a significant number of 

proteins are considered undruggable as they lack well defined binding pockets or 

possess large, featureless surfaces that are difficult to target with conventional small 

molecules.[3] 

Remarkably, the human body possesses highly sophisticated quality-control 

mechanisms that continuously monitor the cellular proteome to identify and eliminate 

proteins that are misfolded, damaged, mutated, or produced in excessive amounts. A 

key component of this regulatory network is the ubiquitin-proteasome system (UPS). 

The groundbreaking elucidation of this system’s function was acknowledged with the 

Nobel prize in chemistry in 2004.[4] 

Modern biochemical research is exploring strategies to hijack the cell’s intrinsic quality 

control to selectively target disease associated proteins to restore homeostasis. Such 

strategies bear the potential to drug the undruggable and therefore significantly expand 

therapeutic options.[5] 
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2 State of Knowledge 

2.1 Ubiquitin-Proteasome System 

Protein quality control is a fundamental process that maintains cellular function. 

Misfolded, mutated, or otherwise obsolete proteins are efficiently degraded by the 

ubiquitin-proteasome system (UPS) in eukaryotic cells.[6-7] When protein quality control 

fails, misfolded or aggregation-prone proteins accumulate, leading to proteinopathies 

such as Alzheimer’s, Parkinson’s, or Huntington’s disease.[8-9] 

2.1.1 Ubiquitin 

Ubiquitin (Ub) is a highly conserved modifier protein involved in various biological 

pathways such as proteasomal degradation.[6] It is the eponymous member of the 

ubiquitin protein family, whose members share a common fold but differ in sequence. 

Ubiquitin exhibits exceptionally high interspecies conservation, showing 96% 

sequence identity between human and yeast, underlining its strong functional 

constraint.[10] Ubiquitin-like proteins adopt a globular shape and possess a C-terminal 

diglycine motif that enables formation of an isopeptide bond with lysine side chains of 

proteins. In certain cases, N-terminal ubiquitination has also been described.[11-12] 

Ubiquitin has seven lysine residues exposed on its surface and an unmodified 

N-terminus, providing eight addressable sites for ubiquitination (Figure 1). 

 

Figure 1: Left: X-ray structure of Ubiquitin (PDB[13]: 1UBQ). Possible ubiquitination sites (red) with 
arrow heads pointing onto the respective nitrogen. Right: Representation of possible ubiquitination 
(cyan) patterns on a substrate protein (green).[14] 

Multiple ubiquitin moieties can be attached to a single ubiquitin, resulting in branched 

polyubiquitin chains. Moreover, ubiquitin chains themselves can be further modified 

including acetylation and phosphorylation, thereby further expanding the variety of 

distinct downstream signals.[15] Lys48-linked polyubiquitin chains are the most 

common type of linkage, often accounting for more than half of the ubiquitin chain 
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linkages (Figure 1). They serve as the canonical signal for the recruitment of proteins 

to the proteasome for degradation.[6, 16] 

A tetra-ubiquitin chain is often reported to be the minimal motif for efficient proteasomal 

targeting, although in certain examples monoubiquitination is sufficient to trigger 

substrate proteolysis.[17-18] Commonly, proteins are found to be ubiquitinated at multiple 

sites before degradation.[19] Proteasomal degradation generally requires not only a 

ubiquitin tag, but also an unstructured region, which is either already exhibited in the 

native folding or generated by a protein unfoldase.[20] 

2.1.2 26S Proteasome 

The 26S proteasome is an approximately 2.5 MDa, ATP-dependent proteolytic 

complex that mediates the selective degradation of ubiquitinated proteins in eukaryotic 

cells.[7, 21] It is composed of two major subcomplexes: The 20S proteolytic core particle 

(CP) and the 19S regulatory particle (RP).[22] 

The CP is a barrel-shaped complex composed of four stacked heptameric rings. The 

two inner -rings create a central cavity in which substrate proteolysis takes place.[23] 

Among the seven -subunits, 1, 2, and 5 contribute caspase-like, trypsin-like, and 

chymotrypsin-like activities, respectively.[24] The dimeric -ring pair is flanked by two 

terminal -rings that serve as gatekeepers, modulating substrate access to the 

proteolytic chamber. These -rings also provide the interaction surface for the docking 

of the 19S RP (Figure 2).[25-26] 

 

Figure 2: Cryo-EM structure of the yeast 26S proteasome (PDB[27]: 3JCP). -, - and ATPase rings are 
shown in purple, pink, and green, respectively. Catalytically inactive scaffolding subunits are shown in 
orange, ubiquitin receptors Rpn1, Rpn10, and Rpn13 as well as deubiquitinase Rpn11 are shown in 
cyan. 
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The RP is organized into two major substructures, termed base and lid. The base is 

formed by a hexameric ATPase ring positioned on top of an -ring of the CP. ATP 

hydrolysis is the engine that drives large conformational changes, leading to 

relocalization of the substrate into the proteolytic chamber.[28-30] The lid consists of eight 

catalytically inactive subunits that provide a scaffolding structure for three ubiquitin 

receptors (Rpn1, Rpn10, and Rpn13) and a substrate deubiquitinase (Rpn11) that 

cleaves off the ubiquitin tag after target engagement (Figure 3).[31] 

 

Figure 3: Stages of ubiquitin-mediated degradation. A: The ubiquitin motif is recognized by a 
ubiquitin-interacting moiety. B: Interaction of an unfolded protein region with the ATPase hexamer is 
induced and deubiquitinase Rpn11 cleaves the ubiquitin-substrate isopeptide bond. C: The peptide 
chain is proteolyzed by the core particle.[7] 

Binding of a ubiquitin-tagged protein induces a conformational change of the RP from 

its resting state into the processing state. The conformational change leads to an 

interaction of an unstructured region of the substrate with the ATPase ring.[32] The 

ATPase unit mechanically pushes the target through the -ring gate into the proteolytic 

chamber, while cleavage of the isopeptide bond between the substrate and the 

ubiquitin tag by the Rpn11 subunit is induced (Figure 3).[33-34] 

Glycine and alanine rich sequences within the peptide chain can cause ‘slipping’ of the 

ATPase motor and thereby leading to incomplete degradation.[35] Remarkably, the 

substrate protein can be processed from N to C or C to N terminus.[36] After proteolytic 

cleavage, peptide fragments 2-10 amino acids in length leave through the other end of 

the CP.[37] 

In addition, another 19S RP can associate with the opposite -ring of the CP, yielding 

the double-capped 30S proteasome complex.[38] It is functionally equivalent to the 26S 

proteasome, but is able to process two substrate chains simultaneously.[33] The exact 
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mechanism by which peptides leave the CP of the 30S proteasome remains unclear. 

Nevertheless, diffusion through pores within the CP has been proposed.[39] 

2.1.3 The E1-E2-E3 machinery 

Proteins are ubiquitinated through an enzymatic cascade comprising three main 

classes of enzymes: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating 

enzymes, and E3 ubiquitin ligases.[40] 

In humans, ubiquitin is activated by one of the two ubiquitin-activating enzymes UBA1 

or UBA6, which are members of a family of eight E1 enzymes.[41-42] The remaining six 

E1 enzymes UBA2, UBA3, UBA4, UBA5, UBA7, and ATG7 do not activate ubiquitin, 

but the ubiquitin-like proteins SUMO, NEDD8, URM1, UFM1, ISG15, and 

ATG8/ATG12, respectively.[43-48] The activation process is outlined in Scheme 1. 

 

Scheme 1: X-ray structures of yeasts E1-Ubiquitin complex (expressed in E. coli). A: ubiquitin unbound 
(PDB[49]: 3CMM). B: ubiquitin adenylated (PDB[50]: 4NNJ). C: ubiquitin thioester (PDB[50]: 4NNJ). 
Ubiquitin and E1 are shown in cyan and green, reactive amino acids and ATP derived units are shown 
in red. The ubiquitin C-terminal binding mode for each stage is shown beneath. 

Initially, ubiquitin interacts noncovalently with the E1 (Scheme 1A). Subsequently, E1 

recruits an ATP molecule in proximity to the C-terminal glycine of ubiquitin, and the 

carboxylate is adenylated under the elimination of pyrophosphate (Scheme 1B).[51-52] 

The catalytic cysteine of E1 attacks the adenylated ubiquitin, substituting the AMP and 

generating the ubiquitin-E1 thioester intermediate (Scheme 1C).[41] Notably, a second 

molecule of ubiquitin can already be adenylated at this stage.[50] 

Thioester formation and interaction with the E2 enzyme promotes a conformational 

change of the E1-Ub complex, which enables interaction with an E2 ubiquitin 

conjugating enzyme.[50] From two ubiquitin E1 enzymes, the pathway broadens to 
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roughly 40 E2 ubiquitin-conjugating enzymes, reflecting a substantial diversification of 

ubiquitin functions and specificities.[53] The transfer of Ub from E1 to E2 is depicted in 

Scheme 2A. 

 

Scheme 2: A: Predicted mechanism for the transfer of ubiquitin from E1 to E2. B: X-ray structure 
PDB[54]: 7K5J) of a trimeric complex of yeast E1 (UBA1), E2 (Cdc34), and ubiquitin, expressed in E. coli, 
stabilized by a disulfide bond between the catalytic cysteines of E1 and E2.  

Formation of an E2-E1-Ub adduct positions the E2 catalytic cysteine near the E1-Ub 

thioester bond, enabling nucleophilic attack of the E2 active-site cysteine onto the 

E1-Ub thioester bond, followed by the elimination of the E1 cysteine residue 

(Scheme 2A).[51] Evidence for this mechanism is provided by a trimeric crystal structure 

of E1 (UBA1), E2 (Cdc34), and ubiquitin. A disulfide bond induced between E1 and E2 

stabilizes the complex while providing proof of proximity between the three reactive 

amino acids as shown in Scheme 2B.[54] The activated E2-Ub conjugate is not 

suitable for crystallization,[55] but the partial overlap between the E1 and E3 binding 

interfaces on E2 implies the presence of free E2-Ub conjugate (Figure 4).[56-57] 

 

Figure 4: Solution NMR structure (PDB[58]: 2FUH) of human E2 (UbcH5C) expressed in E. coli. The 
reactive cysteine is shown in red, E3, E1 and backside binding sites are shown in pink, green and black, 
respectively. 
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The E2 catalytic cysteine is in a cavity of the protein structure flanked by conserved 

loops, which provides a geometrically constrained surrounding for binding of the 

ubiquitin C-terminus (Figure 4).[58-59] 

Diversity expands further at the level of E3 ligases: The human genome encodes 

600-1000 E3 ligases, depending on classification criteria.[60-61] E3 ubiquitin ligases can 

be clustered into four major families – RING, HECT, RBR, and U-box ligases.[62] A 

well-investigated example of a RING E3 ligase complex (VHL-EloBC-Cul2-Rbx1) is 

shown in Figure 5.  

 

Figure 5: X-ray structure (PDB[63]: 5N4W) of a human E3 complex (pVHL-EloBC-Cul2-Rbx1) 
expressed in E. coli with color-coded subunits.  

The main scaffold is a CUL2-based RING ligase that provides two docking interfaces 

for additional subunits. At one terminus, it associates with the RING protein RBX1, 

which recruits the E2 enzyme. At the opposite terminus, it engages the pVHL 

substrate-recognition module via the adaptor proteins EloB and EloC.[64] 

The E3 ligase positions a substrate lysine residue near the E2-ubiquitin thioester, 

enabling the -amino group of the lysine to initiate a nucleophilic attack on the thioester 

bond. This attack results in formation of the final isopeptide bond between ubiquitin 

and the substrate lysine (Scheme 3A).[65] 
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Scheme 3: A: Proposed mechanism for the nucleophilic attack of a lysine side chain of a protein of 
interest (POI) to the E2-ubiquitin thioester and subsequent elimination of the E2 cysteine.[66] B: X-ray 
structure (PDB[67]: 4LCD) of yeasts non-RING E3 (Rsp5), unnatural modified Ub, and unnatural modified 
POI (Sna3) in violet, cyan, and green, respectively. The linker is not resolved in the X-ray structure. 

In contrast to RING and U-box E3 ligases, HECT-type and RBR-type E3 ligases form 

a ubiquitin thioester themselves, followed by transfer of ubiquitin onto a target lysine in 

the same manner.[68] Evidence for this mechanism is provided by proof of proximity 

between the three reactive residues by covalent trapping as shown in Scheme 3B.[67] 

The sequence of interactions in the ubiquitin-proteasome system including the 

E1-E2-E3 enzyme cascade outlined above are summarized in Scheme 4, which 

schematically traces the ubiquitin through the pathway.  

 

Scheme 4: Schematic overview of the ubiquitin-proteasome system and the E1-E2-E3 machinery. The 
ubiquitin path is indicated by black arrows while other paths are shown with grey arrows.  

Ubiquitin is first activated by an E1 enzyme in an ATP-dependent manner. The 

activated ubiquitin is then transferred to an E2 enzyme within an E1-E2 complex. 

Subsequent dissociation of the E1-E2 complex permits assembly of an E2-E3 complex 
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that mediates substrate ubiquitination. The E3 ligase induces proximity to a substrate 

protein of interest (POI) which triggers the transfer of ubiquitin under the formation of 

an isopeptide bond. After ubiquitin transfer, the complex dissociates allowing E2 and 

E3 proteins to reenter the catalytic cycle. The monoubiquitinated substrate can 

undergo multiple cycles of ubiquitination, forming a polyubiquitin tag, which can be 

recognized by the proteasome. In an ATP-dependent process, the ubiquitin tag is 

released from the substrate, and the protein is degraded into peptide fragments. 

2.2 Proteolysis Targeting Chimeras 

An innovative therapeutic approach manipulates the natural ubiquitin-proteasome 

system to trigger proteolysis of neo substrates.[69] It was first described by Crews and 

Deshaies in 2001.[70] 

2.2.1 Mechanism, Principles, and Advantages 

Proteolysis targeting chimeras (PROTACs) are heterobifunctional molecules 

consisting of three compartments: A target-binding ligand (warhead), an E3 ligase 

binding ligand (recruiter), and a linker that connects these two ligands.[71] PROTACs 

bind to the E3 ligase and the target protein simultaneously, inducing proximity that can 

result in ubiquitination and proteasomal degradation of the neo target (Scheme 5). 

 

Scheme 5: Schematic overview of the mechanism of action of PROTACs. 

Notably, PROTACs act in a catalytic manner and, therefore, only substoichiometric 

amounts are required to induce target degradation.[72] PROTACs follow an 

event-driven pharmacology while protein inhibitors follow an occupancy-driven 

pharmacology. Consequently, inhibitors need to reach higher cellular concentrations to 

inhibit protein function (Scheme 6A).[72-73] 
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Scheme 6: A: Protein inhibition with small molecule inhibitors. B: PROTACs following an event-driven 
mechanism. 

In contrast to protein inhibitors, PROTAC warheads do not need to bind a majority of 

the target protein. After initially induced proximity, the resulting protein-protein 

interactions (PPIs) can stabilize the complex.[74] Constructive PPIs lead to a ternary 

complex with a binding affinity higher than the sum of the two binary affinities 

(Figure 6A).[74] 

 

Figure 6:  A:  Constructive (top) and destructive (bottom) protein-protein interaction induced by a 
PROTAC. B: concentration-dependent loss of efficiency due to the high-dose hook effect. 

Therefore, PROTACs can exhibit comparatively low binding affinity towards the 

isolated target protein. Further, PROTACs do not necessarily need to inhibit function 

but can bind any accessible epitope on the target protein.[75] Consequently, PROTACs 

offer the potential to target proteins previously considered undruggable.[76] However, a 

high concentration of PROTAC can lead to binary saturation of both proteins 

(Figure 6B).[77-78] Especially destructive ternary complexes are prone to this loss of 

degradation efficiency, which is called high-dose hook effect.[71] 
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Further, PROTACs can offer enhanced selectivity compared to their isolated warhead. 

Although the isolated warhead might bind to multiple proteins, PROTACs frequently 

induce selective degradation of only a subset, or even a single protein, which does not 

necessarily coincide with the highest-affinity binding partner.[79] Selectivity arises from 

a combination of favorable PPIs within the ternary complex, the presence of 

accessibility of lysine residues for ubiquitination, and the architecture of the 

PROTAC.[79-80] 

2.2.2 Chemical structure and design of PROTACs 

One of the three compartments that make up each PROTAC, the recruiter, binds to an 

E3 ubiquitin ligase. Although more than 600 E3 ligase complexes are known, only in a 

few cases is it known how they can be targeted with small molecules.[81] Within this 

limited set, Cereblon (CRBN) and von Hippel-Lindau (VHL) are the predominantly 

utilized E3 ligases, accounting for approximately 53% and 41% of the reported 

PROTACs, respectively.[82] One contributing factor is their early prominence, as both 

attracted the interest of the pharmaceutical industry at an early stage. Further 

E3-recruiting motifs occasionally addressed such as IAP and MDM2 are reviewed by 

Xie and coworkers.[83] 

Shortly after the approval of thalidomide (1) as the sleeping drug Contergan in 1957, it 

was found to cause birth defects in more than 10,000 cases, and its approval was 

withdrawn in 1961.[84] The underlying mechanism remained unclear until 2010, when it 

was discovered that thalidomide (1) binds the CRBN subunit of the 

CRBN-DDB1-CUL2-RBX1 E3 ligase complex.[85] Binding of thalidomide (1) to CRBN 

reprograms the E3 ligase to ubiquitinate SALL4, leading to its proteasomal 

degradation, which was proven to be the cause of the birth defects (Figure 7).[86] 

An E3-binding motif that promotes target degradation in the absence of an attached 

warhead is referred to as a molecular glue. The distinction between glues and 

PROTACs is not strictly defined; however, glues are generally smaller, use a single 

binding motif to bind both the target and the E3 ligase, and do not have a discrete linker 

unit.[87-88] 

While (R)-thalidomide ((R)-1) was considered the therapeutically relevant enantiomer, 

the (S)-enantiomer ((S)-1) shows a six to ten times higher binding affinity to CRBN. 

While binding is only moderately dependent on the stereo information, the NH motif is 
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crucial; N-methylation inhibits the binding to CRBN (2).[89-91] Notably, the exclusive 

therapeutic use of (R)-thalidomide ((R)-1) would not have provided a safety advantage, 

as the compound undergoes racemization under physiological conditions.[84] 

Thalidomide is still in clinical use today for different indications, particularly for the 

treatment of erythema nodosum leprosum in patients with leprosy.[92] 

An X-ray structure of the thalidomide-CRBN complex shows a surface-exposed side 

of the aryl ring suitable for further attachments (Figure 7B).[93] Introduction of an amine 

leads to pomalidomide (3) and substitution of a carbonyl with a methylene unit to 

lenalidomide (4). Both are blockbuster therapeutics for the treatment of multiple 

myeloma.[94] Both molecules induce degradation of IKZF1/IKZF3 as their main 

therapeutic targets.[94] 

 

Figure 7: A: X-ray structure (PDB[93]: 7BQU) of a trimeric complex of human CRBN and SALL4 
(expressed in E. coli) induced by (S)-thalidomide ((S)-1). B: X-ray structure (PDB[95]: 4V2Y) of a dimeric 
complex of CRBN (expressed in Magnetospirillum gryphiswaldense MSR-1) and (S)-thalidomide ((S)-1) 
showing its surface-exposed aryl ring. C: Thalidomide derivatives: (S)-thalidomide ((S)-1) and its 
respective nonbinding control (S)-2. (S)-Pomalidomide ((S)-3) and (S)-Lenalidomide ((S)-4). Other 
CRBN binding motifs (R)-phenyl glutarimide ((R)-5) and phenyl dihydrouracil 6. Common exit vectors 
for the attachment of functionalization are indicated as arrows.  

Removal of one carbonyl from pomalidomide (3) to lenalidomide (4) did not reduce the 

binding affinity.[96] Furthermore, the physiological stability is enhanced, rendering the 

molecule less prone to hydrolysis, and a reduction in the number of imide and amide 

bonds favorably impacts its physicochemical properties.[97] More stable and drug-like 

CRBN recruiters with (R)-phenyl glutarimide (PG) (R)-5 and phenyl dihydrouracil (PD) 

6 core motifs were developed.[98-99] Importantly, PROTACs based on PG and PD show 

higher binding affinities for CRBN compared to (S)-thalidomide ((S)-1)).[91, 98-100] The 

von Hippel-Lindau target recognition subunit of the pVHL-EloBC-Cul2-Rbx1 E3 ligase 

https://www.rcsb.org/search?q=rcsb_entity_source_organism.taxonomy_lineage.name:Magnetospirillum%20gryphiswaldense%20MSR-1
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complex (see also Figure 5) derives its name from a polycystic disease originally 

described by Eugen von Hippel and Arvid Lindau. It is caused by a rare genetic 

mutation of the gene that encodes for the pVHL protein.[101] 

Hypoxia-inducible factor-1 (HIF1) was identified as a key regulator that promotes 

the production of red blood cells under hypoxic conditions (Scheme 7A).[101]  

 

Scheme 7: Schematic representation of HIF1 pathway and signaling under different physiological 

conditions. A: Signaling for erythrocyte production under hypoxic conditions. B: HIF1 degradation 

under normoxic conditions. C: Accumulation of hydroxylated HIF1 due to VHL disease. 

D: Hydroxylation position of HIF1 prolines for VHL recognition.[101-103] 

Under normoxic conditions, cellular concentrations of HIF1 are low due to 

hydroxylation of specific proline residues (Scheme 7D).[102] This posttranslational 

modification is recognized by the VHL-based E3 complex, leading to ubiquitination and 

subsequent degradation (Scheme 7B).[102] Under VHL disease conditions, mutations 

in pVHL hinder recognition of HIF1, which leads to accumulation of hydroxylated 

HIF1 (Scheme 7C). This allows for its dimerization with HIF1, causing transcription 

of various genes leading to the disease phenotype.[102-103] 

Studies of the VHL disease, including an X-ray structure of the C-terminal 

oxygen-dependent degradation domain (CODD) of HIF1 bound to VHL (Figure 8A), 

provided the conceptual foundation for the development of VHL-recruiting ligands. 

Initially, the CODD-derived epitope peptide 7 was employed for VHL recruitment.[104] 

To improve the pharmacological properties of the recruiter, the labs of Crews and Cuilli 

developed the first smallmolecule VHL binder 8 with single digit micromolar affinity 

(Figure 8B).[105-106] Further optimization led to peptoid 9, which binds VHL with a 



State of Knowledge 

14 
 

nanomolar binding affinity, while the epimer epi-9 was shown to be a 

suitable non-binding negative control. (Figure 8D).[105-106] The development of small 

molecule VHL binders and their application in PROTACs was reviewed in detail by 

Cuilli and coworker.[107]  

 

Figure 8: A: X-ray structure (PDB[108]: 1LM8) of human pVHL (expressed in E. coli) in complex with the 

C-terminal oxygen-dependent degradation motif (CODD) of HIF1. B: CODD epitope peptide 7 

sequence derived from HIF1, which was initially employed as a VHL recruiter, and early small molecule 
VHL binder 8. C: X-ray structure (PDB[106]: 4W9H) of human pVHL (expressed in E. coli) in complex with 
VH032 (9). Surface-exposed sites for the attachment of linkers are indicated by arrows. D: VHL binder 
VH032 (9) Commonly employed linker attachment sites are indicated by arrows. Structural modifications 
for the attachment of linkers and percentage abundance of each linker attachment strategy are shown 
in color-coded circles respective to the exit vectors.[109] Epimerization of the hydroxyproline stereocenter 
gives the nonbinding epimer epi-9, which is commonly used as a nonbinding negative control. 

An X-ray structure of VH032 (9) bound to VHL reveals surface-exposed binding sites 

suitable for linker attachment (Figure 8C).[106] Most common linker attachment 

strategies for VH032 (9), the respective chemical modifications, and the percentage of 

literature-known PROTACs that employ these linker attachment strategies are shown 

in Figure 8D. Notably, VH032 derivatives are most commonly functionalized via an 

amide linkage between a linker’s carboxy group and the N-terminal amine, which 

replaces the original acetamide moiety of VH032 (9).[109] 

The linker is a critical compartment that significantly affects PROTAC’s performance. 

It can determine not only the efficiency but also the selectivity of target protein 

degradation.[110] Each combination of E3 ligase recruiter and target warhead requires 
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individual linker optimization, as the PPI interface differs in each case.[75] The de novo 

design of PROTACs remains challenging, even with modern computer-aided 

approaches, as ternary complex formation is difficult to predict. Therefore, linker 

structures are often optimized empirically through iterative SAR screening.[75] 

Although there is no generally standardized procedure for optimizing PROTAC linkers, 

published examples offer some guiding principles that can be used for efficient linker 

design and refinement.[75] Linkers consist of a linear motif that is covalently bound to 

ligands at both ends. For PROTAC design, it is crucial that the linker is connected to a 

solvent-exposed region of each ligand to avoid disruption of the ligand-protein 

interaction.[111] Common binding sites for the conjugation of linkers to E3 recruiters 

have already been outlined above. Ideally, the binding mode of warhead and target 

protein is known through X-ray or cryo EM structures to enable rational design. 

In addition, the nature of the linkage also requires careful consideration. For efficient 

screening, linkers ideally contain two orthogonal reactive functionalities, one at each 

terminus, enabling selective and late-stage conjugation of warhead and recruiter. In 

practice, the available functionalities of the ligands largely determine the type of linkage 

that can be employed. 

The elongating linker motif can be highly variable. Nonetheless, analysis of published 

PROTACs shows that ethylene glycol, alkyl, and extended glycol-based linkers 

predominate, accounting for approximately 54%, 31%, and 14% abundance in 

reported examples, respectively (Figure 9A).[75, 112] 

 

Figure 9: A: Most common motifs found in PROTAC linkers.[75, 112] B: Dependence of ternary complex 
formation on linker length. 
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These linker motifs offer several advantageous properties, including broad commercial 

availability, straightforward synthetic accessibility, compatibility with robust chemical 

transformations, and easy adjustment of the linker length. Together, these features 

make them particularly well suited for early-stage design.[75, 111] Most PROTACs 

incorporate combinations of these linker elements to fine-tune overall linker 

architecture and length.[75] 

The relationship between linker length and degradation efficiency is outlined in 

Figure 9B. If the linker is too short, no ternary complex can be formed even though the 

PROTAC can bind both proteins individually. This is caused by steric collision between 

the proteins during formation of a ternary complex. Elongation of the linker leads to a 

sharp rise in degradation efficiency, indicating a state in which the linker is still under 

conformational constraint, yet already capable of supporting formation of a productive 

ternary complex. At an optimal linker length, degradation reaches its maximum, which 

is accompanied by highly efficient formation of a ternary complex. In this range, a 

distinct and productive ternary complex architecture is induced.[110] 

When the linker is extended beyond its optimal length, degradation efficiency gradually 

declines, in contrast to the steep improvement as the optimum is approached. This 

occurs as the PROTAC can still bind to both proteins and promote their proximity, but 

the increased conformational freedom allows for a larger ensemble of geometries, 

many of which do not lead to target ubiquitination. Further elongation reduces proximity 

and thus degradation efficacy. Therefore, during early-stage linker optimization, it is 

reasonable to begin with relatively long linkers and subsequently refine the design by 

stepwise shortening.[110] 

Once linker attachment points and approximate length have been established, more 

advanced optimization can focus on parameters such as bioavailability, physiological 

stability, and lipophilicity. This often involves increasing linker rigidity by constraining it 

into the conformation preferentially adopted within a productive ternary complex.[113] 

Commonly used rigidifying elements include alkyne-, piperazine-, and 

piperidine- motifs, which account for approximately 7%, 4%, and 4% of reported cases, 

respectively.[75, 112] Aromatic units are also frequently incorporated to enhance linker 

rigidity; however, they are often not reflected in statistical analysis due to their structural 

diversity (Figure 9A). 
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In a majority of PROTACs, recruiter and linker motifs are conserved, whereas the 

warhead exhibits the highest structural diversity, with 360 distinct examples currently 

reported in PROTAC-DB 2.0.[114] 

A widely used warhead is JQ1 targeting BRD4, a bromodomain and extra-terminal 

(BET) family protein that reads histone acetylation and coordinates transcription, 

especially transcription elongation by RNA polymerase II.[115] In cancer, BRD4 is 

frequently overexpressed and drives oncogenic transcription programs, including 

super-enhancer-driven expression of MYC and other oncogenes in hematologic and 

solid tumors.[115] BRD4 has been shown to be degradable by a variety of different 

PROTACs. Therefore, BRD4 is a common benchmark for PROTAC research towards 

other objectives than new targets e.g. studies addressing new E3 ligases or delivery 

strategies.[116] Some examples of PROTACs targeting BRD4 by a JQ1 warhead are 

shown in Figure 10. 

 

Figure 10: JQ1-based PROTACs 10[117], 11[118], 12[119], and 13[120] recruiting the E3 ligases CRBN, VHL, 
cIAP1, and MDM2, respectively. JQ1 warhead, linkers, and recruiters in orange, red and purple, 
respectively.  

While some targets appear to be permissive to a broad range of E3 ligases, others 

display pronounced E3 ligase selectivity. Therefore, it is advisable to explore multiple 

E3 ligases when establishing a new warhead. Some examples of clinically advanced 

PROTACs are shown in Figure 11.  
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Figure 11: Examples of optimized PROTACs (14[121], 15[122], 16[123], and 17[124]) for clinical investigation. 
Current investigation status is given beneath each compound. 

In contrast to the examples shown in Figure 10, all contain rigidified linkers employing 

the structures discussed above. Notably, all these examples are orally bioavailable. 

Among the most advanced PROTACs in clinical development is the estrogen receptor 

degrader ARV-471[121] (14), being evaluated for ER-positive/HER2- negative breast 

cancer. Following positive phase 3 trial results, Arvinas and Pfizer have submitted a 

new drug application to the FDA, positioning PROTAC 14 as a promising candidate to 

become the first FDA-approved PROTAC therapeutic (Figure 11).[121] 

Another clinically advanced example from Arvinas is the androgen receptor degrader 

ARV-110[122] (15), which is being evaluated in clinical phase 2 studies for the treatment 

of AR-positive prostate cancer. Notably, ARV-110 is under investigation not only in 

patients harboring wild-type androgen receptors, but also in those carrying clinically 

relevant AR mutations that confer resistance to conventional anti-androgen 

therapies.[122] 

BGB-16673[123] (16), a Burton’s tyrosine kinase degrader developed by BeiGene, is 

currently undergoing phase 3 clinical evaluation for the treatment of B-cell non-Hodgkin 

lymphomas. Whereas the PROTACs 14 and 15 recruit CRBN via thalidomide-derived 

ligands, PROTAC 16 utilizes a higher-affinity PG-derived CRBN-recruiter, offering 

improved stability and binding characteristics. 

A PROTAC with particularly favorable pharmacological characteristics is XL01126[124] 

(17) currently in preclinical development for the treatment of Parkinson’s disease. 

Notably, it targets the brain-localized leucine-rich repeat kinase 2 (LRRK2), and 
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XL01126 (17) has been reported to cross the blood-brain barrier, a key prerequisite for 

central nervous system activity. 

With the PROTAC modality now firmly established in academic research and 

pharmaceutical industry, several recruiters advanced to clinical evaluation. Current 

efforts increasingly shift towards broadening the spectrum of tractable targets. 

PROTACs are highly attractive for proteins that resist conventional small molecule 

inhibition, for example when ligands bind in a non-competitive, allosteric fashion or 

engage the active site too weakly to achieve durable inhibition.[125] 
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2.3 Proline-rich motif binding domains and how to address them 

Proline-rich motifs (PRMs) and their recognition are particularly important in signal 

transduction, cytoskeletal organization, and regulation of immune system function.[126] 

These interactions are characteristically low in affinity while exhibiting a large 

interaction surface.[127] Six examples of PRM recognizing domains bound to their 

respective substrate are presented in Figure 12. 

 

Figure 12: Structures of PRM recognizing domains (green) with a PPII helical interaction partner 
(orange) and their core binding motifs beneath: EVH1[128] (PDB[129]: 1EVH), SH3[130] (PDB[131]: 1QWE), 
WW[132] (PDB[133]: 1K9R), profilin[134] (PDB[134]: 1CJF), GYF[135] (PDB[136]: 1L2Z), UEV[137] 
(PDB[138]: 1M4Q). 

Proteins containing PRM binding domains are of high interest as potential drug targets 

as they are deeply embedded in cellular signaling networks.[139] They play central roles 

in diverse signaling cascades, and pharmacological rewiring of these PRM-mediated 

interactions can modulate downstream responses or restore physiological 

homeostasis in disease settings.[139] 
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2.3.1 Ena/VASP homology proteins 

The Ena/VASP proteins family is a highly conserved protein family, whose members 

include mammalian Enabling protein (Mena), vasodilator-stimulated phosphoprotein 

(VASP), and Ena/VASP-like protein (EVL).[140-141] Ena/VASP proteins participate in 

multiple processes that regulate cell shape and migration by promoting the elongation 

of actin filaments in structures such as filopodia and lamellipodia.[142-143] The overall 

domain organization of Ena/VASP family members and their schematic function is 

depicted in Figure 13. 

 

Figure 13: General structure of Ena/VASP protein family members and their schematic mode of action. 

Ena/VASP family members contain an N-terminal EVH1 domain that binds proline-rich 

FPPPP-containing motifs in scaffold proteins, such as Zyxin, LPP, and ActA.[144] This 

interaction is essential for targeting Ena/VASP proteins to focal adhesions and other 

actin-rich sites, thereby mediating their subcellular localization.[145]  

Next to the N-terminal EVH1 domain, a proline-rich regulatory region binds to several 

interaction partners bearing SH3 or WW domains, further emphasizing the functional 

relevance of this class of low-affinity protein-protein interactions.[146] Further, Gupton 

and coworkers showed that the activity of VASP can be regulated by multiple, 

non-degradative monoubiquitinations induced by TRIM9 E3 ligase, proving that VASP 

can be ubiquitinated in several positions. Notably, no ubiquitination of Ena and Mena 

were observed. Furthermore, netrin-dependent deubiquitination can lead to a recovery 

of function.[147-149] 

The C-terminal part of the proline-rich region contains three GPPPPP motifs, which 

form the core binding motif of profilin.[145] By engaging profilin, which is complexed with 

G-actin, this region effectively recruits G-actin monomers. G-actin is subsequently 
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transferred to the G-actin-binding (GAB) region within the C-terminal EVH2 domain, 

where monomeric actin is incorporated into the growing F-actin filament associated 

with the F-actin-binding (FAB) region of the EVH2 domain.[150] At the C-terminus, the 

EVH2 domain contains a coiled-coil tetramerization unit (Figure 13).[146] 

Since Ena/VASP proteins regulate actin filament elongation and are overexpressed in 

several types of cancer including breast, colorectal, and pancreatic cancer, they 

represent promising oncogenic targets.[151] Blocking the EVH1 domain is expected to 

delocalize the protein, thereby disrupting actin filament elongation and thus potentially 

inhibiting the cell migration, which is a crucial step in the metastatic cascade.[151] A long 

standing collaboration between Schmalz and Kühne, which led to the founding of the 

spin-off Prosion GmbH, investigated targeting the EVH1 domain using rigidified 

structural mimetics. Key findings and the fundamental concept are shown in 

Figure 14.[152-153] 

 

Figure 14: A: EVH1 binding sequences of its interaction partner ActA, derived peptide sequences, and 
dissociation constants (Kd).[152] Pentapeptidic core motif is shown in orange. B: Conceptual overview of 
proline-derived modules (ProM) and structures of some successfully incorporated ProMs. 
C: ProM-derived, peptoidic EVH1 binders and their dissociation constants.[152] 

To specifically target the EVH1 binding site, its natural ligand ActA was chosen as a 

starting point for the development of small molecule binders. ActA comprises four 

EVH1-binding motifs that share a conserved pentapeptidic core, flanked by 

characteristic amino acid sequences that modulate affinity and specificity. A 

tridecapeptide derived from ActA demonstrated a dissociation constant of 13 M for 

the EVH1 domain of Mena, but when truncated to the pentapeptidic core motif, binding 

significantly decreases to 153 M (Figure 14A).[152] A possible explanation is the loss 

of PPII helical secondary structure,[154] which led to the idea that conformational 

restriction could regain binding affinity.[155-156] The ProM concept originally required two 

vinylated proline building blocks that were connected by an amide bond. Subsequent 
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ring closing metathesis disables rotation of the  bond, thereby preserving the 

secondary structure.[153, 156] 

Subsequent increase of the scope of vinylated modules and synthetic procedures[153, 

155-161] led to a variety of ProMs. Examples include further modifications such as 

variation of the ring sizes and ring openings,[162-165] substitution and functionalization of 

the backbone,[166-167] and C-terminal decarboxylation[168] were investigated. Three 

relevant examples, [ProM-1], [ProM-2], and [ProM-15] are shown in Figure 14B. 

Besides rigidification of the pentapeptide, spot on solid phase peptide synthesis based 

screening revealed a significant increase in binding affinity by chlorination of the ortho 

position of the phenylalanine residue.[169] When the modifications were combined (18), 

significantly higher binding affinities were obtained compared to the pentapeptidic core 

motif. Substitution of [ProM-1] with the ring opened unit [ProM-15] yielded the first 

nanomolar binder 19 (Figure 14C).[152, 169] The compound demonstrated significant 

antimetastatic activity in xenograft zebrafish models.[152] 
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2.3.2 Growth factor receptor-bound protein 2 

The growth factor receptor-bound protein 2 (GRB2) is a small adapter protein found in 

the cytosol. It consists of a central SH2 domain flanked by two PRM-binding SH3 

domains (Figure 15 top).[170-171]  

 

Figure 15: Top: Domain organization of GRB2. Bottom left: Activation of the Ras phosphorylation 
cascade induced by GRB2 leading to increased gene expression. Bottom right: Inactive state in the 
absence of GRB2. 

The central SH2 domain binds to a receptor tyrosine kinase located at the 

membrane,[172] while the SH3 domains bind PRMs of substrates leading to downstream 

regulations. Recruitment of SOS to Ras leads to activation of Ras-GTP production, 

which recruits and activates Raf.[173] Raf phosphorylates Mek1/2. Mek1/2 

phosphorylates and therefore activates Erk for relocalization towards the nucleus, 

which leads to the activation of transcription factors and modulates gene expression 

(Figure 15 bottom, left).[174-175] These gene expressions control cellular functions such 

as proliferation, differentiation, and survival.[176] Modulation of translation could be a 

promising therapeutic approach. Therefore, inhibition of the GRB2-SOS interaction or 

degradation of GRB2 could potentially interrupt the signaling cascade (Figure 15 

bottom, right). 
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2.3.3 Yes-associated protein 1 

The Yes-associated protein 1 (YAP1) and its paralog TAZ are transcriptional 

co-activators that function as the main downstream effector of the Hippo pathway 

(Figure 16).[177] 

 

Figure 16: Top: Domain organization of the YAP1 isoforms 1 and 2. Bottom: Hippo pathway protein 
interactions. Left: Hippo pathway off. Right: Hippo pathway on. 

Two isoforms of YAP1 with either one or two PRM binding WW domains in the central 

region of the protein are known.[178] The interaction partner of the WW domain(s) is a 

PRM exhibited on the surface of the LATS protein.[179] N-terminal of the WW domain is 

a TEAD binding region. C-terminal of the WW domain(s) a transactivation domain 

controls the expression of several genes when YAP is bound to TEAD.[180] The most 

C-terminal domain interacts with PDZ-domain scaffold proteins and is involved in 

intracellular relocalization (Figure 16).[181] The cellular concentration and localization of 

YAP1 is controlled by the Hippo pathway.[177] When the Hippo pathway is off, 

stratin-interacting phosphatase and kinase (STRIPAK) inhibits the phosphorylation of 

MAP4Ks and MST1/2. Under these conditions, YAP1 relocalizes to the nucleus, binds 
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TEAD1-4, and induces the expression of a variety of genes (Figure 16 left).[180, 182] 

When the Hippo pathway is on, MAP4Ks and MST1/2 phosphorylate LATS1/2, which 

then binds to the WW domain of YAP1. The phosphorylation inhibits relocalization to 

the nucleus while simultaneously signaling for YAP1 degradation (Figure 16 right).[179, 

183] 

The Hippo pathway controls several biological processes involved in cell 

proliferation[184], organ size regulation[185], and immune functions.[186] Control of this 

pathway is thus of high therapeutic interest, and as it is the principal effector of 

TEAD1-4, YAP1 is a promising target. Inhibition of the YAP-LATS interaction could 

block the phosphorylation of YAP, thereby increasing relocalization to the nucleus and 

upregulating gene expression. In order to reduce YAP1-induced gene expression, 

degradation of YAP1 was already investigated. Two strategies for the induced 

degradation of YAP1 are known in literature.[187-188] In 2024, Li and coworkers reported 

the first small molecule YAP degrader 20 (Figure 17).[187] 

 

Figure 17: Published TEAD degrader 20 reported to efficiently degrade YAP1. Warhead, linker, and 
recruiter compartments are shown in orange, red, and purple, respectively. 

The warhead of degrader 20 binds the TEAD interaction site of YAP, while VHL is 

addressed by the recruiter to induce ubiquitination. A screening of different warhead 

attachment sides and linkers, as well as YAP degradation and tumor growth inhibition 

in mice are described within the work.[187] Another strategy was reported by Zhou et al. 

in 2025.[188] Nanobodies with nanomolar binding affinities to YAP were developed by 

three generations of phage display. These binders were incorporated into fusion 

proteins comprised of these nanobodies and an E3 ligase. Within this study, inhibition 

of cancer cell migration in vitro and in vivo was reported.[188]  
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3 Aim of the Project 

The ProM-derived EVH1 binders have demonstrated chemotaxis inhibition in xenograft 

zebrafish models.[152] However, their limited binding affinities and the requirement for 

high cellular concentrations restrict their suitability for therapeutic applications. In 

contrast, PROTACs operate under an event-driven mechanism, and their catalytic 

mode of action enables effective protein degradation at lower cellular concentrations. 

Furthermore, PROTACs can sustain high degradation efficacy with ligands of moderate 

affinity due to proximity-induced constructive interactions within the ternary complex.[79] 

Consequently, the aim of this project was to incorporate ProM-derived EVH1 binders 

into PROTACs. 

A suitable EVH1 binder should be selected based on the current state of 

knowledge.[152] Based on its binding mode, an appropriate linker attachment site should 

be identified. Taking into account the existing literature, linkers for the installation of 

state-of-the-art E3 recruiters are to be developed. Various linker compositions and 

lengths were to be investigated. The developed EVH1 degraders had to be 

synthesized, purified, and characterized. Binding affinities to EVH1, target degradation, 

and chemotaxis inhibition were to be investigated in collaboration with Prosion GmbH. 

The second aim of the project was to investigate the use of ProMs to target the SH3 

and WW domains of GRB2 and YAP1 in collaboration with Prosion GmbH. Initially, 

peptidic binders described in literature should be synthesized and evaluated. The 

binding affinities should be measured by biolayer interferometry (BLI), which requires 

the development of biotinylated tracer peptides. Once the assay has been successfully 

established, ProM-substituted peptides were to be synthesized, evaluated, and 

systematically truncated. The resulting affinity profiles will serve as the foundation of 

subsequent optimization and development of low-molecular weight inhibitors. 
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4 Results and Discussion 

4.1 Design, Synthesis, and Evaluation of Ena/VASP homology proteins 
targeting PROTACs 

4.1.1 Design of Ena/VASP homology proteins targeting PROTACs 

At the beginning of the design process for an Ena/VASP targeting PROTAC, an EVH1 

binder had to be chosen to begin with. Therefore, binding affinity, synthetic 

accessibility, and knowledge about the binding mode were considered. As already 

described in Figure 13, the EVH1 binder 19 exhibited one of the highest binding 

affinities among the published binders. It could be synthesized reliably and in large 

quantities.[189] Lastly, the binding mode of the corresponding acid 21 is known by X-ray 

structure (Figure 18). 

 

Figure 18: A: X-ray structure (PDB[152]:6RCF) of EVH1 in complex with binder 21. B: Different view of 
the same structure, highlighting the exposed C-terminus of binder 21. 

With binder 21 as a potential warhead in mind, a suitable region for the linker 

attachment was required. Therefore, solvent exposure and chemical addressability 

were considered. As shown in Figure 18B, the C-terminus of binder 21 is not involved 

in binding EVH1. It is exposed to the solvent and could therefore be suitable for linker 

attachment. The acid function provides a chemical handle that is addressable for linker 

attachments without modification of the binder. Therefore, the C-terminus was chosen 

for the linker attachment. With the C-terminal acid of the binder as the reactive handle 

in mind, the next question was how to attach a linker. Partially unpublished results by 

Prosion GmbH have shed light on several optimizations and C-terminal modifications 

(Figure 19).[189] 
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Figure 19: Structure and IC50 values for the binding to EnaH-EVH1 for different inhibitors mainly 
varying in their C-terminal modification.[189] 

Comparison of binders 19 and 22 showed that the backbone double bonds can be 

reduced to the saturated ProM-scaffold without loss of binding affinity, while increasing 

stability by preventing allylic migration of the double bond. However, esters are known 

to be prone to hydrolysis under physiological conditions and were therefore not 

considered.[190] The amide analogue 23 was found to have a slightly lower binding 

affinity, but a higher physiological lifetime was expected and therefore this strategy was 

considered. Formal N-methylation of binder 23 leads to binder 24 which was shown to 

bind EVH1 similarly strong as binder 22. However, asymmetrically substituted amides 

from secondary amines exhibit a cis-trans isomerism when the partial double bond 

character of the amide bond is considered. A possible way to prevent cis-trans isomers 

is by symmetry. Therefore, cyclic amides can be employed as shown with binders 

25-28. Further, derivative 26 indicated that functionalization of the 4-position of 

piperidine capping is tolerated (Figure 19). While cis-trans isomerism can be prevented 

by cyclic amides, monosubstitution of the ring leads to axial isomers along the C-N 

amide bond when the partial double bond character is considered (Figure 20B).  
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Figure 20: A: Structures of binders 25, 27, and 28 with indicated exit vectors for linker attachment. 
B: representation of the axial isomers resulting from the partial double bond character of the amide 
bond. C: Envisioned amine substitution for the linker design. D: Envisioned design for the warhead 
attachment and the first linker compartment 29. 

Notably, rings with odd ring sizes such as in binder 27 were not considered as 

additional cis-trans isomers would be formed (Figure 20A).To reduce the number of 

possible isomers, installation of cyclic diamines such as piperazine or 1,3-diazetidine 

were considered (Figure 20C). As derivative 26 demonstrated that the 4-position of the 

six-membered ring tolerates substitution and as it could be easily addressed, it was 

envisioned to functionalize the warhead with a piperazine derived linker as shown in 

Figure 20D. The linker attachment strategy for the recruiter had to be carefully 

considered as well. Different literature-known attachment strategies have been 

outlined in Figure 7. The envisioned linker-recruiter strategies are shown in Figure 21.  

 

Figure 21: A: Structures of different E3 ligase recruiters with the envisioned linker strategy (30-34). 
B: Synthetic equivalents 35 and 36. 
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As described in Figures 7 and 8, pomalidomide and VHL recruiters are commonly 

addressed via their amines and were therefore envisioned to be addressed by amide 

coupling with an acid linker moiety (substructures 30 and 33; Figure 21A). Therefore, 

both E3 ligase recruiters could be addressed with the same set of linkers, which was 

considered beneficial. Also, PG and PD derived recruiters could be addressed by the 

same linker. Therefore, para-amide attachment was envisioned (substructures 31 and 

32; Figure 21A). Finally, attachment of a PG recruiter via an ether linkage was 

envisioned to optimize for low molecular weight and topological polar surface area 

(TPSA), as well as reduced number of heteroatoms, and amide bonds (substructure 

34; Figure 21A). The respective linker equivalents 35 and 36 are shown in Figure 21B. 

Finally, with both linker attachments defined, the interconnection between the two 

compartments was the last missing part of the design. The envisioned linker subunits 

are shown in Figure 22. 

 

Figure 22: Linker strategy envisioned for the design of PROTACs. 

As highlighted in Figure 9, the length of the linker can have a crucial influence on 

degradation efficacy. Therefore, units of variable length shall be incorporated to screen 

this parameter. Alkyl- and ethylene glycol linkers are predominantly employed in early 

stage PROTAC development, which were also envisioned for this project. To ensure 

successful late-stage assembly, a triazole moiety was envisioned to be installed by 

click chemistry. Due to synthetic accessibility, alkyne and azide moieties were planned 

to be attached to the warhead and the recruiter side, respectively (Figure 22).  
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4.1.2 Synthesis of EVH1-binding Warhead 

The synthesis of linker 37, warhead 38, and warhead-linker construct 39 are shown in 

Scheme 8. The linker 37 was obtained from Boc-protected piperazine (40) and 

propargyl bromide (41) via nucleophilic substitution, following the procedure reported 

by Kapic et al.[191] Acidic deprotection of intermediate 42 yielded the desired linker 37 

(Scheme 8). 

 

Scheme 8: Synthesis of linker 37, warhead 38, and warhead-linker conjugate 39. Linker and warhead 
compartments are shown in red and orange, respectively. 

ProM building blocks 43 and 45, as well as some later intermediates were synthesized 

and provided by Prosion GmbH according to published procedures.[153, 192-193] The 

building blocks were further modified for warhead assembly using the same 

procedures applied to the corresponding non-hydrogenated analogues.[153] ProM 

building block 43 was deprotected employing TMSOTf to yield intermediate 44. 

Building block 45 was hydrogenated to yield intermediate 46. Boc deprotection and 

transesterification were achieved by treatment with SOCl2 yielding building block 47. 

Amide coupling with 2-chlorophenylalanine 48 gave the desired tripeptoid 49. The 

methyl ester 49 was hydrolyzed to receive the tripeptoid 50. Building block 50 was 
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coupled with amine 44 to receive pentapeptoid 51. Fmoc deprotection and N-terminal 

acetylation were achieved in one step giving binder 22. The methyl ester was 

hydrolyzed to receive warhead 38. Warhead-linker conjugate 39 was synthesized by 

an amide coupling of warhead 38 and linker 37 (Scheme 8). 

4.1.3 Synthesis of CRBN-recruiting PROTACs 

After successful synthesis of warhead-linker conjugate 39, azide functionalized 

linker-recruiter conjugates shall be synthesized and coupled to the warhead. 

Incorporation of the commercially available pomalidomide (3) is shown in Scheme 9. 

 

Scheme 9: Synthesis of linker 52 and CRBN-recruiting PROTAC 53. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

To synthesize the PEG-derived azide-acid linker 52, diethylene glycol (54) was 

monotosylated according to a procedure by Zhang and coworkers to yield intermediate 

55.[194] The tosyl group was substituted with sodium azide to receive building block 56. 

Synthesis of linker 52 was achieved by nucleophilic substitution on the -position of 

bromoacetic acid (57) with linker intermediate 56. Linker 52 was coupled with 

pomalidomide (3). As described in literature, the electron deficient amine of 

pomalidomide (3) requires activation of acid 52 via formation of the acid chloride.[195] 

The resulting linker-recruiter construct 58 was then connected to the warhead-linker 

construct 39 according to a procedure by Prante and coworkers, resulting in the 

formation of PROTAC 53 (Scheme 9).[196] As the synthesis of PROTAC 53 was 

successful, the PG derived recruiter was incorporated employing the same linker 

strategy (Scheme 10). 



Results and Discussion 

34 
 

 

Scheme 10: Synthesis of CRBN binding recruiter 59 and CRBN-recruiting PROTAC 60. Warhead, 
linker, and recruiter compartments are shown in orange, red, and purple, respectively. 

CRBN recruiter 59 was synthesized according to Lei et al.[197] Therefore, boronic acid 

ester 61 and protected glutarimide 62 were coupled under Suzuki conditions. The 

resulting intermediate 63 was deprotected by hydrogenation to achieve recruiter 59. 

Linker 52 and recruiter 59 were coupled yielding linker-recruiter construct 64. The 

linker-recruiter construct was connected with the warhead-linker construct 39 

employing click chemistry, resulting in the formation of PROTAC 60 (Scheme 10). In 

the same manner, the PD recruiter shall be incorporated into a PROTAC (Scheme 11). 

 

Scheme 11: Synthesis of CRBN binding recruiter 65 and CRBN-recruiting PROTAC 66. Recruiter, 
linker, and Warhead compartments are shown in purple, red, and orange, respectively. 

The phenyl dihydrouracil recruiter 65 was prepared as described by Norris et al.[198] 

Mono protected diamine 67 was coupled with bromide 68 through nucleophilic 

substitution to receive building block 69. Subsequent treatment with potassium 

isocyanate introduced the urea moiety, yielding building block 70. Treatment with HCl 
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cleaved the Boc-protection group and simultaneously promoted dihydrouracil ring 

formation leading to recruiter 65 (Scheme 11). Linker 52 was coupled with recruiter 65 

giving linker-recruiter construct 71. The resulting linker-recruiter construct 71 was then 

connected to the warhead-linker construct 39 employing click chemistry, resulting in 

the formation of PROTAC 66 (Scheme 11). To decrease the heteroatom count, a linker 

strategy omitting the triazole moiety and incorporating an ether moiety between linker 

and recruiter was envisioned. The first synthetic attempt is outlined in Scheme 12. 

 

Scheme 12: Synthesis of CRBN binding recruiter 72 and synthetic attempt for linker attachment. 
Recruiter and linker compartments are shown in purple and red, respectively. 

The protected phenyl glutarimide 72 was synthesized by Suzuki coupling of boronic 

acid 73 and aryl bromide 62 according to Nishiguchi et al.[199] Linker 75 was 

synthesized from Boc-protected piperazine (40) and bromoethanol (74). Derivatives 

76-78 were synthesized starting from the tosylated ethylene glycols 55, 79, and 80, 

respectively. Tosylated ethylene glycols 79 and 80 were obtained from ethylene glycols 

81 and 82 according to the same procedure employed for the synthesis of the 

monotosylated ethylene glycol 55 (Scheme 9).[194] To address the linker-recruiter 

conjugates 83-86, Mitsunobu coupling of the protected recruiter 72 with the respective 

linkers were envisioned. However, only the shortest linker-recruiter construct 83 was 

successfully synthesized while no product was obtained for the reactions towards 

derivatives 84-86. Notably, the formation of triphenyl phosphine oxide was observed in 

each case. A possible mechanistic explanation is shown in Scheme 13.  
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Scheme 13: Predicted mechanism explaining the observed selectivity for the coupling of linkers to 72 
and deprotection of 83. Linker and recruiter compartments are shown in red and purple, respectively. 

One explanation could be that after the initial activation of the alcohols 75-78 

(Scheme 13), the nucleophilic attack occurred intramolecular by the amine (87 and 

88), leading to the respective ammonium salts 89 and 90 (Scheme 13). Among these, 

the aziridinium cation 89 could have reacted under the formation of product 83 driven 

by strain release while the ammonium salts 90 were not reactive. 

In the subsequent step, intermediate 83 was subjected to acidic deprotection. Product 

analysis further revealed highly selective cleavage of one of the benzyl groups. 

Unexpectedly, NOE experiments revealed that the ortho position was deprotected 

(Product 91; Scheme 13). Para selective debenzylation was described in literature for 

a similar system, notably without indication that selectivity was investigated.[200] A 

possible explanation could be a --interaction between the phenyl linker and the ortho 

benzyl group, leading to a cis orientation of the C-O bond and therefore steric exposure 

of the CH2 group (Intermediate 92; Scheme 13). 

In a second attempt, Cbz was employed instead of the Boc-protection group to globally 

deprotect the linker-recruiter construct in a single step (Scheme 14). 
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Scheme 14: Synthesis of 93-96 according to an alternative synthetic route. Linker and recruiter 
compartments are shown in red and purple, respectively. 

Therefore, the protected linker-recruiter conjugate 93 was synthesized from piperazine 

97, bromoethanol (74), and recruiter 72 following the same strategy already successful 

for conjugate 83 (Scheme 13 and 14). Further, the protected recruiter 72 was 

successfully coupled under Mitsunobu conditions with ethylene glycols 54, 81, and 82. 

The resulting conjugates 99-101 were tosylated to receive intermediates 102-104, 

respectively. Nucleophilic substitution with the protected piperazine 97 gave the 

envisioned conjugates 94-96 (Scheme 14). The obtained linker-recruiter conjugates 

94-96 were deprotected and incorporated into PROTACs as described in Scheme 15. 

 

Scheme 15: Synthesis of CRBN-recruiting PROTACs 109-112. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

The protected linker-recruiter conjugates 93-96 were deprotected by hydrogenation to 

afford the linker-recruiter conjugates 105-108, respectively (Scheme 15). The obtained 

linker-recruiter conjugates were coupled to warhead 38 to receive the PROTACs 

109-112 (Scheme 15). 
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4.1.4 Synthesis of VHL-recruiting PROTACs 

Different VHL-recruiting PROTACs were envisioned to be tested for the degradation of 

Ena/VASP proteins. As a reference, the VHL recruiter 113 was acetylated to receive 

control compound 114 according to a procedure by Zhao et al.[201] as shown in 

Scheme 16. 

 

Scheme 16: Acetylation of VHL recruiter 114 and synthesis of VHL-recruiting glue-like compound 115. 
Warhead and recruiter compartments are shown in orange and purple, respectively. 

Further, direct amide coupling between recruiter 113 and warhead 38 gave the 

linker-free PROTAC 115 (Scheme 16). Different PEG-derived acid-azide linkers were 

incorporated as shown in Scheme 17. 

 

Scheme 17: Synthesis of VHL-recruiting PROTACs 116-120. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

Therefore, bromoacetic acid (57) was reacted with sodium azide to receive linker 121. 

The synthesis of linker 52 is described in Scheme 9. Linkers 122-124 were bought from 

commercial sources. HATU coupling with recruiter 113 gave the linker-recruiter 

conjugates 125-129 (Scheme 17). Warhead-linker conjugate 39 was reacted with 
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linker-recruiter conjugates 125-129 to receive the PROTACs 116-120, respectively 

(Scheme 17). 

Prosion GmbH supplied two further warhead-linker conjugates 130 and 131 with 

varying warheads, which were further incorporated into PROTACs (Scheme 18). 

 

Scheme 18: Synthesis of VHL-recruiting PROTACs 132-134. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

Both warhead-linker conjugates were reacted with linker-recruiter conjugate 127 to 

yield the respective PROTACs 132 and 134. Warhead 130 was further coupled with 

linker-recruiter conjugate 126 to yield PROTAC 133 (Scheme 18). 

To yield a VHL non-recruiting negative control, the hydroxyproline-epimerized 

non-binding recruiter 135 was synthesized (Scheme 19).  

 

Scheme 19: Synthesis of Boc-protected, VHL non-binding negative control 135 via two synthetic routes. 
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C-terminal amine 136 was synthesized as described by He et al.[202] Therefore, aryl 

bromide 137 and heterocycle 138 were coupled under Suzuki conditions to yield 

intermediate 139, followed by acidic deprotection. The recruiter was assembled 

following two different, literature-known synthetic strategies. 

According to a synthetic strategy by Shah et al.[203] hydroxyproline 140 was 

N-terminally deprotected under acid conditions to yield 141. Following the synthetic 

strategy by He et al.[202] tert-leucine 142 was introduced by HATU coupling to receive 

dipeptide 143. C-terminal hydrolysis yielded acid 144, which was HATU coupled to the 

previously synthesized amine 136 to yield the Boc-protected non-binding recruiter 135 

(Scheme 19).  

According to the strategy by Desantis et al.[204] hydroxyproline derivative 145 was 

coupled with amine building block 136 to yield intermediate 146. N-terminal 

deprotection gave amine 147. HATU coupling with tert-leucine 142 gave the desired 

intermediate 135 (Scheme 19). 

Further, the synthesis of negative controls epi-114 and epi-118 based on construct 135 

is shown in Scheme 20. 

 

Scheme 20: Deprotection and acetylation of VHL non-binding negative control epi-114, synthesis of 
VHL non-binding control PROTAC epi-118. Warhead, linker, and recruiter compartments are shown in 
orange, red, and purple, respectively. 

The non-binding recruiter 135 was deprotected yielding amine epi-113. Acetylation 

gave the non-binding equivalent of VHL binder 114 (Scheme 20). As a negative control 

for the parent PROTAC 118 (Scheme 17), the non-binding recruiter epi-113 was 
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coupled to linker 52 yielding conjugate epi-127. Click reaction with warhead-linker 

conjugate 39 gave the negative control PROTAC epi-118 (Scheme 20).  

To substitute the PEG motifs with alkyl motifs, the linkers 148-151 were envisioned 

(Scheme 21). 

 

Scheme 21: Synthesis of linker-recruiter conjugates 152-155. Linker and recruiter compartments are 
shown in red and purple, respectively. 

Nucleophilic substitution of the respective bromides 156-159 with sodium azide (5 

equivalents) did not lead to the formation of the envisioned products. Therefore, the 

carboxylic acids were methylated to receive esters 160-163, which were then 

successfully substituted with sodium azide to receive intermediates 164-167, 

respectively. Methyl esters 164-167 were hydrolyzed yielding the envisioned linkers 

148-151, which were coupled with recruiter 113 to receive the linker-recruiter 

conjugates 152-155, respectively (Scheme 21). The obtained linker-recruiter 

conjugates 152-155 were coupled with warhead-linker conjugate 39 to yield the 

PROTACs 168-171, respectively (Scheme 22). 

 

Scheme 22: Synthesis of VHL-recruiting PROTACs 168-171. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 
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To further increase the linker scope, PROTACs with PEG or alkyl-derived amino-acid 

linkers were envisioned. The synthesis of the PEG amino-acid linked PROTACs 

172-174 is shown in Scheme 23. 

 

Scheme 23: Synthesis of VHL-recruiting PROTACs 172-174. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

The PEG-derived linkers 175-177 were coupled to recruiter 113 yielding conjugates 

178-180, which were deprotected under acidic conditions yielding linker-recruiter 

conjugates 181-183, respectively (Scheme 23). Warhead 38 was coupled with 

linker-recruiter conjugates 181-183 to receive the PROTACs 172-174, respectively 

(Scheme 23). Further, a set of PROTACs with amino-acid linkers was envisioned. The 

synthetic route towards PROTACs 184-187 is shown in Scheme 24. 

 

Scheme 24: Synthesis of VHL-recruiting PROTACs 184-187. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 
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Therefore, the commercially available amino acid linkers 188-191 were coupled to 

recruiter 113 yielding conjugates 192-195. These intermediates were deprotected 

under acidic conditions yielding conjugates 196-199, respectively. Warhead 38 was 

coupled with linker-recruiter conjugates 196-199 to yield the PROTACs 184-187, 

respectively (Scheme 24). 

4.1.5 Evaluation of Ena/VASP homology proteins targeting PROTACs 

The PROTAC candidates generated in this work are categorized into nine structural 

groups, as depicted in Figure 23. 

 

Figure 23: Depiction of PROTAC candidates synthesized during the project, categorized into nine sets 
based on structural similarity. Warhead, linker, and recruiter compartments are shown in orange, red, 
and purple, respectively. 
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Set 1 comprises three PROTACs, 53, 66, and 60, which differ in their CRBN-recruiting 

units. Set 2, including PROTACs 109-112, utilizes a PG based CRBN recruiter and 

varies in linker length. It was optimized for its drug like properties. Set 3 consists of a 

single PROTAC (115), which recruits VHL and lacks a linker. Set 4 contains PROTACs 

116-120, characterized by a piperazine motif linked via PEG chains of different lengths 

to a VHL recruiter. Set 5 includes PROTACs 168-171, which incorporate the same 

piperazine motif but employ alkyl linkers of different lengths. Set 6 consists of 

PROTACs 172-174, all sharing a PEG-derived amino acid linker of varying lengths 

bridging the warhead and the VHL recruiter. Set 7 comprises PROTACs 184-187, 

which feature alkyl-derived amino acid linkers of variable lengths connected to a VHL 

recruiter. Set 8 features a different warhead with two different linker variants 

investigated for PROTACs 133 and 134, both targeting VHL. Set 9 includes PROTAC 

132, distinguished by a modified warhead (Figure 23). For comparative analysis of 

selected parameters, each synthesized PROTAC was assigned a representative 

identifier. The first digit corresponds to the respective set, while the second digit 

specifies the number of repetition units within the set. The numbering for set 1 is 

illustrated in Figure 23; for sets containing only one PROTAC, no second number was 

assigned.  

A key parameter examined in this work was the linker length. For quantitative 

comparison, the linker length was defined as the number of atoms in the shortest 

continuous chain connecting the first atom of the warhead to the first atom of the 

recruiter. The resulting linker lengths for all PROTACs are illustrated in Figure 24.  
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Figure 24: Length of the linker, defined as the number of atoms in the shortest continuous chain 
connecting the first atom of the warhead to the first atom of the recruiter for the PROTACs obtained 
during the project. Data points within the range reported as the commonly addressed scope of PROTAC 
linkers are shown in green.[75] 

Unlike the other examples, set 3 does not contain a linker connecting the warhead and 

the recruiting moiety. Across the series, linker lengths range spanning from 4 to 22 

atoms were examined. Most of the synthesized PROTACs are within the typical linker 

length of 12-20 atoms frequently reported in literature.[75] 

The distribution coefficient between water and octanol (cLogP) is frequently employed 

in drug discovery as a measure of compound lipophilicity. For this project, cLogP 

values were kindly provided by the Swiss Institute of Bioinformatics. It should be noted 

that the underlying algorithms were trained on small molecules and may not accurately 

reflect the physicochemical behavior of PROTACs. The calculated values are shown 

in Figure 25. 
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Figure 25: Depiction of the cLogP values for the PROTACs synthesized during the project. Data points 
within the optimal range of 3-4 reported in literature, are highlighted in green.[205] 

The cLogP values obtained in this study cover a wide range from approximately 0 to 

7. According to literature, an optimal cLogP range for PROTACs is between 3 and 4.[205] 

A substantial portion of the compounds obtained during this work is within this optimal 

range, while the majority lies between 2 and 5.  

Another parameter frequently considered in drug development is the topological polar 

surface area (TPSA). The calculated TPSA values for the synthesized PROTACs are 

presented in Figure 26. 
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Figure 26: Depiction of the calculated TPSA values for the PROTACs synthesized during the project. 
Data points within the common range of clinical PROTACs are shown in green.[205] 

The PROTACs synthesized in this study had TPSAs between 190 and 340 Å2. As 

outlined by the Veber rules, a TPSA below 140 Å2 is typically associated with oral 

bioavailability.[206] However, TPSA values as high as 238 Å2 have been reported for 

orally available PROTACs in clinical trials.[205] A possible explanation is that PROTACs, 

being large and flexible molecules, can adopt folded conformations that enable 

intramolecular interactions that effectively reduce their exposed polar surface area. 

Consequently, the experimentally determined polar surface area (EPSA) is often 

substantially lower than the corresponding calculated TPSA values. For the warhead 

explored in this work, a TPSA below 250 Å2 was only achieved when CRBN recruiters 

were employed. PROTAC 115 (Set 3), pairing the warhead with a VHL recruiter, results 

in a TPSA of around 250 Å2 even without any linker. 

The last calculated parameter considered in this work is the molecular weight 

(Figure 27). 
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Figure 27: Molecular weights of the PROTACs obtained in this project. Data points falling within the 
literature-reported range for clinical PROTACs are highlighted in green.[207] 

The PROTACs synthesized in this work exhibited molecular weights ranging from 1000 

to 1500 g/mol. Although molecular weights below 500 g/mol are generally considered 

optimal for small molecules,[208] PROTACs typically exceed this threshold, with values 

between 700 and 1200 g/mol commonly reported.[207] Notably, molecular weights 

below 1200 g/mol were found almost exclusively among the CRBN-recruiting 

compounds in set 1 and set 2 (Figure 27). 

A summary indicating whether each PROTAC meets the criteria defined above is 

presented in Figure 28. 
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Figure 28: Summary of the parameters calculated for the PROTACs obtained during the project. Data 
points fulfilling the literature reported criteria are depicted in green, otherwise in black.[75, 205, 207] 

Although none of the PROTACs met all four established criteria, the study revealed 

promising candidates that align closely with key design principles. Notably, the 

VHL-recruiting sets 3-9 could not meet the TPSA and molecular weight requirements, 

as warhead and recruiter without a linker were already at the upper limit for both 

parameters (Set 3). Only set 2, which was specifically designed with an emphasis on 

drug-like properties, satisfied the TPSA criteria. Within this set, 2_3 and 2_4 emerged 

as the most promising candidates for further investigation, fulfilling three out of the four 

criteria (Figure 28).[75, 205, 207] 

The PROTACs were shipped to Prosion GmbH for biophysical and biological 

evaluation. Due to limited capacity, IC50 values were determined for 10 out of the 28 

compounds. The corresponding structures and IC50 values are presented in 

Figure 29. 
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Figure 29: Structures and IC50 values of selected binders and PROTACs.[189] 

The IC50 values of the investigated PROTACs lie in the same range as those of the 

parent binders 22, 200, and 201, demonstrating that the linker attachment strategy is 

tolerated and does not compromise EVH1 binding. 

To investigate cellular activity, target degradation was assessed in a dose-dependent 

manner. In a preliminary experiment, cells were seeded in medium containing the 

indicated concentrations of PROTAC 118 and incubated for 24 h. The cells were lysed 

and normalized in concentration. The resulting western blot for PROTAC 118 is shown 

in Figure 30A. Inhibition of chemotaxis was assessed using an Incucyte-based assay, 

previously established at Prosion GmbH. In this double-layered setup, separated by a 

Matrigel membrane and filled with compound-containing medium, cells were seeded 

into the upper chamber, while a chemoattractant was added to the lower chamber 

(Figure 30B). 
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Figure 30: In vivo investigation of PROTACs 53 and 118. A: Results of the VASP degradation assay. 
MDA-MB-231 cells were treated with the indicated concentrations of PROTAC 118 overnight in 
triplicates. VASP degradation is summarized in the table. B: Schematic setup of the chemotaxis 
inhibition assay. C: Structure of PROTACs 53, and 118 with an approximate degradation constant based 
on A and calculated IC50 values for chemotaxis inhibition by PROTAC 118. 

Although the blot shown in Figure 30A appears to indicate VASP degradation, the 

experiment could not be reproduced due to incomplete documentation of the 

experimental conditions. Later replication attempts did not confirm the observed 

degradation. Two PROTACs, 53 and 118 (Figure 30C), were further evaluated using 

the chemotaxis inhibition assay. For PROTAC 53 an IC50 value for the chemotaxis 

inhibition of 177 M was determined, whereas PROTAC 118 exhibited a significantly 

lower IC50 value of 7.85 M. Consequently, PROTAC 118 demonstrated significant 

cellular activity in two independent assays. Due to limited resources at Prosion GmbH, 

further compounds were not tested. 
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4.2 Synthesis and evaluation of ProM substituted peptides 

To develop ProM-derived small molecule binders targeting GRB2 and YAP1, 

literature-known binding peptides for these targets were identified, synthesized and 

evaluated as a starting point for further development. Therefore, biolayer 

interferometry (BLI) was envisioned to measure target binding as it does not require 

fluorescent labeling of protein or peptide. The distinct steps of a BLI measurement are 

depicted in Figure 31. 

 

Figure 31: A: Equilibrated tip covered with immobilized streptavidin. B: The tip is incubated in a tracer 
peptide solution leading to a small increase in biolayer thickness. C: After an equilibrium is reached, the 
tip is functionalized with the tracer peptide. D: The tip is dipped in a solution of the protein of interest 
which increases the thickness of the biolayer. E: An equilibrium is reached and the tip is loaded with the 
POI. F: The tip is then dipped into a solution of the binder of interest competing with the tracer peptide. 
Binding to the POI leads to dissociation from the tip which can be quantified. G: Depicts a case of full 
dissociation of the POI representing a high concentration and affinity of the binder. 

Accordingly, biotin-labeled tracer peptides were designed, synthesized and evaluated. 

Therefore, the shift in phase due to the thickening of the biolayer while loading the 

protein of interest (Figure 31C to E) can be quantified. The signal is not directly 

proportional to the thickness of the biolayer and therefore defined as a unitless signal 

intensity. Different concentrations of the tracer solution can be employed. To compare 

different tracer peptides, a tracer score is defined as signal intensity per concentration 

[mg/mL] of the tracer peptide in solution. BLI measurements were carried out by 

Prosion GmbH. 
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4.2.1 GRB2 binding sequences  

To address the GRB2 SH3 domains, three literature-known peptide sequences[209-211] 

were chosen to be converted into tracer peptides. Therefore, N-terminal elongation 

with 6-amino-hexanoic acid (Ahx) and biotin gave tracer peptides 202-204 (Table 1).  

Table 1: List of biotinylated peptides synthesized and investigated as GRB2 tracers. Biotin, linker, and 
binding sequence in purple, red, and orange respectively. 

No. Sequence Purity Tracer score 
GRB2 cSH3 / 
GRB2 nSH3 

202 Biotin-[Ahx]-IQPPPVNRNLKPDRK -COOH >99% 44.4 / n.b. 

203 Biotin-[Ahx]-PPPPLPPRRRR     -NH2 >99% n.b. / 14.5 
204 Biotin-[Ahx]-PKNMTPYRSPPPYVPP-NH2 99% n.b. / n.b. 

 

When peptide 202 was tested for BLI measurement, sufficient binding of the GRB2 

cSH3 domain was detected, while no binding to GRB2 nSH3 was observed. Peptide 

203 sufficiently bound the GRB2 nSH3 domain while no binding of the GRB2 cSH3 

domain was detected. The tracer peptide 204 neither bound the cSH3 nor the nSH3 

domain. Therefore, peptides 202 and 203 were used as tracer peptides for GRB2 cSH3 

and nSH3, respectively. GRB2 binding peptides synthesized for the development of a 

suitable binder are listed in Table 2. 

Table 2: List of peptides synthesized and evaluated for the development of ProM substituted and 
truncated GRB2 binding sequences. Binding sequences, substitutions, and deletions are shown in 
orange, blue, and red, respectively. 

No. Sequence Purity IC50 GRB2 [M] 
cSH3 (rel. 202)/  
nSH3 (rel. 203) 

205 Ac- P  P  P  P L P  P RRRR-NH2 98% 9.71 / 35.6 

206 Ac- P  P  P  P L[dH-1]RRRR-NH2 99% 13.4 / 79.2 
207 Ac- P  P [dH-1]L P  P RRRR-NH2 >99% 5.91 / 31.7 
208 Ac- P [dH-1] P L P  P RRRR-NH2 99% 17.1 / 97.5 
209 Ac-[dH-1] P  P L P  P RRRR-NH2 >99% 6.75 / 33.5 

210 Ac- P  P [dH-1]L[dH-1]RRRR-NH2 99% 14.6 / 74.2 
211 Ac- P [dH-1] P L[dH-1]RRRR-NH2 99% 46.1 / 152 
212 Ac-[dH-1] P  P L[dH-1]RRRR-NH2 >99% 16.9 / 83.2 
213 Ac-[dH-1][dH-1]L P  P RRRR-NH2 99% 8.24 / 29.3 
214 Ac-[dH-1][dH-1]L[dH-1]RRRR-NH2 >99% 16.5 / 63.6 
215 Ac- P  P [dH-1]V P  P RRRR-NH2 94% 11.5 / 34.9 
216 Ac- P  P [dH-1]L P  P RRRR-NH2 >99% 23.8 / 155 

217 Ac- P  P [dH-1]L P  P RRRR-NH2 98% n.b. / n.b. 
218 Ac- P  P [dH-1]L P  P RRRR-NH2 98% 7.34 / 33.6 
219 Ac- P  P [dH-1]L P  P RRRR-NH2 98% 29.3 / n.b. 
220 Ac- P  P [dH-1]L[dH-1]RRRR-NH2 >99% 124 / n.b. 
221 Ac- P  P [dH-1]V[dH-1]RRRR-NH2 >99% 74.9 / n.b. 



Results and Discussion 

54 
 

Initially, the literature-known peptide 205 was synthesized. Notably, significant binding 

affinity towards the GRB2 cSH3 domain was observed, while the biotinylated version 

203 showed no detectable binding, indicating steric hindrance of the N-terminus when 

in complex with GRB2 cSH3 (Table 1). To investigate substitution with the diproline 

mimetic [dH-1] (222), all combinations of proline pairs were substituted with [dH-1] 

(222) as shown in Table 2 (peptides 206-214). While no increase in binding affinity 

towards GRB2 cSH3 was detected, improved binding affinities to the nSH3 domain 

were observed for peptides 207, 209, and 213. Substitution of the leucine of peptide 

207 with valine[130] gave peptide 215, which led to a slight decrease in binding affinity. 

Next, truncation of the peptide was investigated. Starting from peptide 207, either three 

(216) or four (217) C-terminal arginines were truncated. For peptide 217, no binding 

was detected. Deletion of three arginines decreased binding affinities. However, as a 

tetra arginine motif is not suitable for a small molecule drug development, this loss in 

binding affinity must be considered. As one arginine residue on the C-terminus is 

required, truncation is limited to retaining a single C-terminal arginine (Table 2). 

Truncation of the two N-terminal prolines (218) was tolerated without significant loss of 

binding affinity (compare peptide 207). A combination of both truncations (peptide 219) 

led to a loss of GRB2 nSH3 binding, but the cSH3 affinity was still in the range of 

peptide 216. Further modification of peptide 219 by introducing a second diproline 

mimetic [dH-1] (222) gave peptide 220, causing a loss of binding affinity. Interestingly, 

leucine to valine modification (peptide 221) increased binding affinity in this case 

(Table 2). 

These ProM substitution and truncation studies formed the foundation for further 

optimization studies carried out at Prosion GmbH directed to the development of small 

molecule GRB2 binder. Prosion GmbH contributed by synthesis of [dH-1] (222), protein 

expression and isolation, and BLI measurements. 
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4.2.2 YAP1 binding sequences 

To investigate binding of YAP1 WW targeting sequences, a suitable tracer peptide was 

required. The literature-known YAP1 WW binding sequence DQWPPPYPRH was 

explored for biotin attachment (Table 3).[212] 

Table 3: List of biotinylated peptides synthesized and investigated as YAP1 tracers. Biotin, linker, and 
binding sequence in purple, red, and orange respectively. 

No. Sequence Purity Tracer score 
YAP1 WW 

223 Biotin-           DQWPPPYPRH-NH2 99% 2.9 
224 Biotin-[Ahx]SGS   DQWPPPYPRH-NH2 >99% 5.2 

225 Biotin-[Ahx]SGSG  DQWPPPYPRH-NH2 >99% 4.2 
226 Biotin-[Ahx]SGSGS DQWPPPYPRH-NH2 >99% 3.3 

227 Biotin-[PEG4]     DQWPPPYPRH-NH2 >99% 4.2 
228 Biotin-[PEG5]     DQWPPPYPRH-NH2 >99% 2.6 
229 Ac-DQWPPPYPRHK(Biotin)      -NH2 >99% 9.8 
230 Ac-DQWPPPYPRHK([PEG4]Biotin)-NH2 >99% 11.7 
231 Ac-DQWPPPYPRHK([PEG8]Biotin)-NH2 >99% 10.0 

 

In the initial, synthetically simple approach biotin was coupled to the N-terminus of the 

peptide giving 223, which showed a relatively small tracer score. A possible reason 

could be steric hindrance between the protein and the streptavidin tip. Therefore, 

different linkers were investigated. The N-terminus was elongated with alternating 

serine and glycines, followed by a 6-amino-hexanoic acid (Ahx) linker for biotin 

attachment (peptides 224-226). These modifications only slightly increased binding. 

Two different PEG linkers were introduced between the N-terminus and biotin (peptides 

227 and 228). However, no significant increase in tracer score was observed in any of 

these cases (Table 3). 

Alternatively, attachment of biotin towards the C-terminus was envisioned. Therefore, 

an orthogonal protected lysine was added to the C-terminus. After successful synthesis 

of the main peptide chain, the lysine was deprotected. Biotin was either directly 

attached (peptide 229) or bridged by a PEG linker (peptides 230 and 231) forming an 

isopeptide bond with the -amine of the side chain. C-terminal attachment resulted in 

significantly higher tracer scores in a suitable range for BLI measurement. As 

measurements had already started, tracer 229 was used for measurement of all YAP1 

binding sequences (Table 3).  
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Peptide sequences synthesized and investigated for the development of small 

molecule YAP1 WW binders are shown in Table 4.  

Table 4: List of peptides synthesized and evaluated for the development of ProM substituted and 
truncated binding sequences for the YAP1 WW domain. Binding sequences and substitutions are shown 
in orange and blue, respectively. 

No. Sequence Purity IC50 YAP1 

WW [M] 
(rel. 229) 

232 Ac-   DQWPPPYPRH           -NH2 >99% 60.5 
233 Amine-DQWPPPYPRH           -COOH >99% 44.8 
234 Ac-   L  P   P   P   P YRHR-NH2 91% 27.0 
235 Ac-   L[ProM-1]  P   P YRHR-NH2 >99% 10.9 

236 Ac-   L  P [ProM-1]  P YRHR-NH2 >99% 8.3 
237 Ac-   L  P   P [ProM-1]YRHR-NH2 >99% 5.4 
238 Ac-   L [dH-1]  [dH-1] YRHR-NH2 99% 9.8 

 

Initially, the literature-known peptide sequence already employed for tracer peptides 

was synthesized, once N-terminal acetylated and C-terminal amidated (peptide 232) 

and once with uncapped termini (peptide 233). Further, the literature-known YAP1 WW 

binding motif 234 was synthesized.[213] A higher binding affinity was observed for 

peptide 234, which was therefore used as a lead structure for further development. To 

investigate substitution with the diproline mimetic [ProM-1] (239), all proline pairs were 

substituted with [ProM-1] (239) once, as shown in Table 4 (Peptides 235-237). Further, 

both pairs of prolines were once substituted with [dH-1] (222). Notably, each 

substitution led to an increase in binding affinity (Table 4). 

Prosion GmbH contributed by the synthesis of [ProM-1] (239) and [dH-1] (222), protein 

expression and isolation, and BLI measurements. These ProM substitution studies 

formed the foundation for further truncation and optimization studies carried out at 

Prosion GmbH directed to the development of a small molecule YAP1 WW binder. 
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5 Summary and Outlook 

In this study, three EVH1 binding motifs were explored as warheads for PROTACs. 

Suitable strategies for linker functionalization were developed and applied to 

incorporate state-of-the-art E3 recruiters. The CRBN-recruiting PROTACs generated 

during this work are illustrated in Figure 32. 

 

Figure 32: CRBN-recruiting PROTACs synthesized in this study. IC50 values for EVH1 binding are 
shown, where available, below the corresponding structure. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

To investigate the influence of the E3 ligase recruiter, three CRBN-recruiting ligands 

were examined within an identical warhead-linker framework (PROTACs 53, 60, and 

66). The EVH1 binding affinities of PROTACs 53 and 60 were found to be in the same 

range as that of the parent inhibitors 22 (IC50 = 2.57 M) and 25 (IC50 = 3.67 M), 

demonstrating that the chosen linker architecture retains EVH1 engagement. In 

addition, a series of CRBN-recruiting PROTACs (109-112) was synthesized with 

optimized molecular weight and TPSA values. These compounds lack the triazole 

motif, and the linker is connected to the recruiter by an ether instead of an amide. 

Further, the number of PEG units was varied. Notably, this series exhibits the lowest 

molecular weights and TPSA values among the PROTACs obtained during this study, 

making them promising candidates for further evaluation. 

In addition to the CRBN-directed constructs, the VHL E3 ligase was addressed for 

targeted degradation. The corresponding compounds are depicted in Figure 33. 
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Figure 33: Sets of VHL-recruiting PROTACs synthesized during this study. The IC50 values for EVH1 
binding are displayed, where available, below the respective structure. Warhead, linker, and recruiter 
compartments are shown in orange, red, and purple, respectively. 

Diverse linker designs were investigated, utilizing either triazole-based linkers 

(Figure 33 top) or simpler amino acid linkers (Figure 33 bottom), derived from PEG 

(Figure 33 left) or alkyl (Figure 33 right) scaffolds. The length of the variable linker 

segment was systematically modulated within each series. Notably, PROTAC 118 

showed preliminary in cellulo activity in both, a target degradation assay and a 

chemotaxis inhibition assay. Owing to incomplete experimental documentation by 

Prosion GmbH, reproduction of the results was not possible, and subsequent efforts 

did not yield the same outcomes. Other variations for VHL-related PROTACs obtained 

during the project are shown in Figure 34. 

 

Figure 34: Additional VHL-related PROTACs incorporating alternative warheads (132-134), the 
linker-free degrader 115, and the negative control epi-118 are shown. Determined IC50 values for EVH1 
binding are displayed, where available, below the corresponding structures. Warhead, linker, and 
recruiter compartments are shown in orange, red, and purple, respectively. 
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To further broaden the scope, two additional warheads provided by Prosion GmbH 

were incorporated into PROTACs 132-134. Notably, PROTACs 132 and 133 exhibited 

EVH1-binding affinities comparable to their parent ligands, further validating the 

applied linker attachment strategy. 

In total, 28 PROTACs were designed, synthesized, and characterized during this 

project. A selected subset of these compounds was investigated by Prosion GmbH for 

their target binding affinity, and two compounds were evaluated in cellulo, indicating 

activity for one of these compounds. Further investigation of the remaining PROTACs 

synthesized in this work would be the next step for the development. 

Further, Prosion GmbH demonstrated that C-terminal truncation of the binder is 

tolerated, as illustrated in Figure 35A. Based on these findings, a new set, PROTACs 

241-243, with optimized physicochemical properties could be envisioned (Figure 35B). 

 

Figure 35: A: C-terminal truncation of binder 22 led to binder 240 investigated by Prosion GmbH.[189] 
B: Set of newly designed Ena/VASP PROTACs optimized for their physicochemical properties.  

For the newly designed set presented in Figure 35B, all four physicochemical 

parameters for each compound were calculated to be within the range of clinically 

evaluated PROTACs reported in the literature.[75, 205, 207] 
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During the synthesis of conjugates 83-86, an unexpected selectivity was observed for 

the Mitsunobu reaction. The proposed mechanism is depicted in Scheme 25. 

 

Scheme 25: Selectivity observed for the Mitsunobu coupling of protected recruiter 72 with intermediates 
75-78 and the hypothesized mechanism (top). Isotope labeling experiment suggested for mechanistic 
proof (bottom). 

To confirm the formation of the proposed aziridinium intermediate 89, incorporation of 

13C-labeled bromoethanol (244) could be employed. The resulting labeled linker 245 

would be subjected to the same reaction conditions. Formation of an aziridinium ion 

246 should lead to equal distribution of the 13C-label between the two methylene 

groups of the C2 fragment of 247. 

During the acidic deprotection of linker-recruiter conjugate 83, another unexpected 

selectivity was observed (Scheme 26). 

 

Scheme 26: Selectivity of the debenzylation observed during the acidic treatment of intermediate 83 
(top). Literature-known synthesis of inhibitor 248 and a possible alternative strategy (bottom). [214] 
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Besides Boc deprotection, cleavage of one benzyl group was detected. Unexpectedly, 

NOE experiments revealed selective deprotection at the ortho position, whereas 

para-selective deprotection was described in literature for a similar example, notably 

without a proof of regioselectivity.[200] The observed selectivity is of potential synthetic 

relevance. Kozikowski and coworkers conducted a study evaluating a series of 

2-pyridone derivatives as inhibitors of bacterial enoyl-ACP reductase (EAR).[214] EAR 

plays a central role in bacterial fatty acid synthesis. It constitutes an attractive target 

for the development of novel antibacterial agents. The synthesis of the highest affinity 

derivative 248 identified in the screening is presented in Scheme 26. Initially, a benzyl 

ether was introduced by nucleophilic substitution towards fluoropyridine 249. The 

resulting intermediate 250 was coupled under Stille conditions resulting in the 

formation of building block 251. Oxidation gave pyridine-N-oxide 252. Treatment with 

acetic anhydride and hydrochloric acid lead to the formation of the desired product 248. 

A more straightforward synthetic route could involve accessing intermediate 253 from 

building block 62 via the same Stille coupling applied in the synthesis of building block 

250. The resulting benzyl-substituted intermediate 253 may show the same selectivity 

in acidic debenzylation observed for compound 83 (Scheme 26), which would lead to 

the desired product 248. 

In collaboration with Prosion GmbH, biotinylated tracer peptides targeting GRB2 SH3 

and YAP1 WW domains were designed, synthesized, and purified. Based on these 

peptides, Prosion GmbH established BLI assays for quantitative binding analysis. For 

both targets, ProM-substituted and truncated binder sequences were designed, 

synthesized, and evaluated for their binding affinity to establish a foundation for the 

development of improved small molecule binders. In total, 36 peptides were 

synthesized, purified and characterized. Since the resulting peptides still exhibit 

relatively low binding affinities, further exploration of alternative ProM building blocks 

for substitution could be beneficial. 
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6 Experimental Section 

6.1 General experimental Information 

Reactions under inert conditions 

If indicated by the use of Schlenk equipment: Reactions were performed under an 

argon atmosphere with Linde® Argon 4.6 (99.996%, <1 ppm H2O, <1 ppm O2) using 

Schlenk technique. The glass equipment was heated under vacuum with a 

propane-butane torch and flushed with argon before usage. Solids were transferred 

under an argon counter flow. Liquids were added through a septum using syringes 

prior flashed with argon.  

Solvents and reagents 

All chemicals were bought from ABCR, Acros Organics, BLD Pharm, Carbolution, 

Fisher Scientific, Merck, Sigma Aldrich, and TCI, or provided by Prosion GmbH. Unless 

otherwise noted, all chemicals were used without prior purification. If not stated 

otherwise, all salt solutions were aqueous and saturated.  

Chromatography 

For thin layer chromatography (TLC), silica gel 60 F254 aluminum sheets, with a 

thickness of 0.25 mm by Merck were used. Substances were detected under UV-light 

( = 254 and 365 nm) or by potassium permanganate stain (2.50 g KMnO4, 16.7 g 

K2CO3, 0.21 g NaOH, 500 mL H2O). 

For normal phase column chromatography (NP), silica (0.035-0.070 μm, 60 Å) by 

Acros Organics was used. The mixing ratios of the solvents are noted in fractions of 

volume. 

For reverse-phase column chromatography (RP), CHROMABOND ® 3 mL cartridges, 

200 mg C18 ec. Were used. The mixing ratios of the solvents are noted in fractions of 

volume. 

For preparative high-performance liquid chromatography (prep HPLC) the following 

modules were used: Elite LaChrom, Hitachi (Chiyoda, Japan); Autosampler L2200, 

Pump L-2130, Diode Array Detector L-2455 and Fraction Collector FoxyR1, Teledyne 
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ISCO (Lincoln, Nebraska, USA) column: VP 250/16 NUCLEODUR 1005 C18ec, 

Macherey Nagel (Lincoln, Nebraska, USA). 

High-performance liquid chromatography (HPLC) analysis were performed on a 

Knauer HPLC system (AZURA series) equipped with an UV-detector (UVD 2.1L) and 

a pump (P6.1L). Detection was performed at  = 215 nm. Separation was carried out 

on a Waters XSelect CSG C18 column at 30 °C. The mobile phase consisted of water 

(A) and acetonitrile (B). The following gradient was applied: Starting at 95:5 (A:B) to 

10:90 (A:B) over 15 min. This gradient was held for 10 min, followed by re-equilibration 

to the initial conditions within 5 min. 

For liquid chromatography mass spectrometry (LCMS), the following modules were 

used: LC: Hewlett-Packard series 1100 (Agilent) MS: LTQ-XL, Thermo Scientific 

(Waltham, Massachusetts, USA), columns: AerisTM 3.6 µm PEPTIDE XB-C18 100 Å, 

Phenomenex (Aschaffenburg, Germany) EC 125/4.6 NUCLEODUR 100-5 C18ec, 

Macherey-Nagel (Düren, Germany). 

Fourier-transform-infrared-spectroscopy (FT-IR): 

IR spectra were recorded employing an UATR Two Instrument from Perkin Elmer at 

room temperature. The wave numbers  are reported in cm-1. The intensities are 

defined as w = weak, m = medium, s = strong and br = broad. 

High-resolution mass spectroscopy (HR-MS)  

HR-MS was recorded employing a THERMO Scientific LTQ Orbitrap XL using the 

electrospray ionization method (ESI). For the spray voltage a value of 3.4 kV was 

applied. The capillary voltage and the tube lens voltage had a value of 3.0 V.  

Nuclear magnetic resonance spectroscopy (NMR)  

NMR spectra were recorded on DPX 300 (300 MHz), Avance 400 (400 MHz), Avance 

NEO 400 (400 MHz), Avance III (500 MHz) and Avance II+ (600 MHz) spectrometers 

by Bruker. All experiments were recorded at room temperature. The spectra were 

referenced to TMS or the residual non-deuterated solvent signal. Chemical shifts are 

reported in parts per million (ppm) and the coupling constants J are given in hertz (Hz). 

The multiplicities are given by s (singlet), d (doublet), t (triplet), q (quartet), quin 

(quintet) and m (multiplet). The assignment is based on 2D spectra (HSQC, HMBC, 

and COSY).  
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Lyophilization 

Samples for lyophilization were dissolved in the indicated solvent mixtures and frozen 

in liquid nitrogen. An Alpha 2-4 LD plus lyophilizer from Christ was used to freeze-dry 

the sample. 

Biolayer interferometry (BLI) 

Compound binding to protein domains was evaluated using biolayer interferometry 

(BLI) on an Octet R2 system from Sartorius with super-streptavidin biosensors.  

For YAP1-WW1 measurements, the biotinylated tracer peptide 229 was employed, 

with binding measurements performed at a protein concentration of 22.5 µg/mL. Test 

compounds were serially diluted 1:3 from 180 µM over eight steps. All assays were 

performed at 23 °C in PBS, 2mM TCEP, 0.5% DMSO, 0.1% Tween 20, pH 7.4. 

For GRB2-nSH3 measurements, the biotinylated tracer peptide 203 was employed, 

with binding measurements performed at a protein concentration of 40 µg/mL in PBS, 

250mM NaCl, 2mM TCEP, 0.5% DMSO, 0.1% Tween 20, pH 7.4.  

For GRB2-cSH3 measurements, the biotinylated tracer peptide 202 was employed, 

with binding measurements performed at a protein concentration of 7 µg/mL in PBS, 

2mM TCEP, 0.5% DMSO, 0.1% Tween 20, pH 7.4. Test compounds were serially 

diluted 1:3 from 180 µM over eight steps.  

The following protocol was used: Baseline equilibration, association phase, and sensor 

regeneration in SDS-containing buffer. Double referencing was applied using 

biosensors without immobilized tracer peptide and sample wells without protein. Data 

were acquired using Octet Analysis Studio Software with reference sensor subtraction 

and baseline correction. IC₅₀ values were determined using the fitting tool of CDD 

Vault. 

Centrifuges 

The following centrifuge models were used for this work: Heraeus Pico 17, Thermo 

Scientific (Waltham, Massachusetts, USA); Heraeus Multifuge X1R, Thermo Scientific 

(Waltham, Massachusetts, USA); Centrifuge 5147 R, Eppendorf (Hamburg, Germany); 

Centrifuge 5417 C, Eppendorf (Hamburg, Germany); MIKRO 22 R, Hettich (Tuttlingen, 

Germany). 
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6.2 Synthesis of PROTACs 

6.2.1 Synthesis towards Warhead conjugate 39 

6.2.1.1 Synthesis of 42 

 

According to a modified procedure by Kapic et al.[191]: In a 100 mL round bottom flask, 

5.14 g (27.6 mmol; 2.00 eq.) of piperazine 40 were dissolved in 30 mL of DMF. Next, 

5.72 g (41.4 mmol; 3.00 eq.) of K2CO3 were added. The resulting thick suspension was 

diluted with another 30 mL of DMF before 1.50 mL (9.2M in toluene; 13.8 mmol; 

1.00 eq.) of alkyne 41 were added. The reaction mixture was stirred at room 

temperature until full conversion of alkyne 41 was observed by TLC after 18 h. The 

reaction mixture was diluted with 200 mL of H2O and the aqueous phase was extracted 

with 200 mL of EtOAc three times. The combined organic layers were washed with 

200 mL NaHCO3 solution and 200 mL of NaCl solution two times. The organic phase 

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

The crude product was purified by column chromatography (SiO2, cHex/EtOAc 2:1) to 

obtain 3.06 g (13.6 mmol; 98%; 95 wt%) of the desired product 42 as a pale-yellow oil.  

 

M (C12H20N2O2): 224.30 g/mol. 

Yield:  3.06 g (13.6 mmol; 98%; 95 wt%, Lit.: quant.). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.39. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.47 (t, 3J = 4.86 Hz, 4H, H4), 

3.32 (d, 4J = 2.4 Hz, 2H, H6), 2.52 (t, 3J = 4.86 Hz, 4H, H5), 

2.26 (t, 4J = 2.45 Hz, 1H, H8), 1.46 (s, 9H, H1). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 154.8 (C3); 79.9 (C2); 78.5 

(C7); 73.6 (C8); 51.8 (C5); 47.1 (C6); 43.0 (C4); 28.6 (C1). 

Note: C4 was detected in the HSQC. 
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6.2.1.2 Synthesis of 37 

 

This experiment was carried out by Rafael Claßen. In a 10 mL round bottom flask, 

323 mg (1.44 mmol; 1.00 eq.) of the Boc-protected piperazine 42 were dissolved in 

0.60 mL of HCl (conc.). The mixture was stirred for 20 min at room temperature 

resulting in a clear solution. The reaction mixture was poured into 5 mL of acetone at 

0 °C. The resulting precipitate was filtered off, washed with cold acetone two times, 

and dried under reduced pressure to obtain 253 mg (1.28 mmol; 89%) of the desired 

product 37 as a colorless solid. 

 

M (C7H14N2Cl2): 197.10 g/mol. 

Yield:  253 mg (1.28 mmol; 89%). 

Rf: (SiO2, CH2Cl2/MeOH/NEt3 100:5:1) = 0.13. 

1H NMR: (500 MHz, D2O)  [ppm] = 4.06 (d, 4J = 2.56 Hz, 2H, H3), 

3.59 (s, 8H, H1, H2), 3.13 (t, 4J = 2.52 Hz, 1H, H5). 

13C NMR: (125 MHz, D2O)  [ppm] = 80.1 (C5); 71.8 (C4); 47.8 (C2); 

46.1 (C3); 41.3 (C1). 
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6.2.1.3 Synthesis of 46 

 

According to a modified procedure by Albat[189]: In a 25 mL Schlenk flask, 300 mg 

(767 mol; 1.00 eq.) of Boc[ProM-2]OtBu (45) were dissolved in 5.6 mL of MeOH. To 

the solution, 17.6 mg (76.7 mol; 10 mol%) of PtO2 were added and a balloon filled 

with hydrogen gas was attached to the flask. The mixture was vigorously stirred while 

purged with hydrogen gas. After 20 h, the mixture was filtered once through a silica 

pad and once through a syringe filter. The solvent was removed under reduced 

pressure to obtain 306 mg (721 mol; 94%; 93 wt%) of the desired product 

Boc[dH-2]OtBu (46) as a colorless solid. 

 

M (C21H34N2O5): 394.51 g/mol. 

Yield:  306 mg (721 mol; 94%; 93 wt%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.43. 

1H NMR: (300 MHz, CDCl3)  [ppm] = 4.54-4.43 (m, 1H, H14), 

3.68-3.40 (m, 3H, H11, H4), 2.48-2.28 (m, 3H, H6a, H9a, 

H13a), 2.18-2.07 (m, 1H, H12a), 2.00-1.71 (m, 7H, H5, 

H6b, H9b, H10, H13b),1.67-1.57 (m, 1H, H12b), 1.50-1.39 

(m, 18H, H1, H17). 
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6.2.1.4 Synthesis of 47 

 

According to a modified procedure by Albat[189]: In a 25 mL round bottom flask, 285 mg 

(721 mol; 1.00 eq.) of Boc[dH-2]OtBu (46) were dissolved in 7.3 mL of MeOH. The 

mixture was cooled to 0 °C and 300 L (4.21 mmol; 5.80 eq.) of SOCl2 were added 

dropwise. The mixture was allowed to slowly warm to room temperature and after 23 h, 

full conversion of Boc[dH-2]OtBu (46) was observed by TLC. The solvent was removed 

under reduced pressure, 20 mL of NaHCO3 solution were added, and the mixture was 

extracted six times with 100 mL of CH2Cl2. The combined organic layers were dried 

over MgSO4, filtered, and the solvent was removed under reduced pressure to obtain 

157 mg (622 mol; 86%) of the desired product H[dH-2]OMe (47) as a colorless solid. 

 

M (C13H20N2O3): 252.31 g/mol. 

Yield:  157 mg (622 mol; 86%). 

Rf: (SiO2, cHex/EtOAc/MeOH 3:3:1) = 0.11. 

1H NMR: (300 MHz, CDCl3)  [ppm] = 4.52 (t, 3J = 8.5 Hz, 1H, H11), 

3.75-3.68 (m, 4H, H8, H13), 3.17 (ddd, 2J = 10.7 Hz, 

3J = 6.2 Hz, 3J = 4.9 Hz, 1H, H1a), 2.85 (dt, 2J = 14.3 Hz, 

3J = 7.1 Hz, H1b), 2.39-2.32 (m, 1H, H10a), 2.27 (ddd, 

2J = 12.6 Hz, 3J = 9.1 Hz, 3J = 6.2 Hz, 1H, H3a), 2.16-2.12 

(m, 1H, H9a), 2.03-1.74 (m, 7H, H1b, H2, H6, H7a, H10b), 

1.63-1.50 (m, 3H, H3b, H7b, H9b), 1.46 (s, 1H, NH).  
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6.2.1.5 Synthesis of 49 

 

According to a modified procedure by Albat[189]: In a 50 mL Schlenk tube, 305 mg 

(723 mol; 1.20 eq.) of phenylalanine 48 were dissolved in 12 mL of CH2Cl2, followed 

by 355 mg (934 mol; 1.55 eq.) of HATU and 158 L (905 mol; 1.50 eq.) of DIPEA. 

In a 25 mL Schlenk tube, 152 mg (603 mol; 1.00 eq.) of H[dH-2]OMe (47) were 

dissolved in 12 mL of CH2Cl2, followed by 127 L (723 mol; 1.20 eq.) of DIPEA. After 

1 h at room temperature, the mixture was added to the solution of phenylalanine 48. 

After 18 h at room temperature, full conversion of H[dH-2]OMe (47)was observed by 

TLC and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (SiO2, cHex/EtOAc/MeOH 40:40:1 to 25:25:1) to 

obtain 132 mg (167 mol; 23%; 83 wt%) of the desired product 49 as a colorless solid. 

 

M (C37H38N3O6Cl): 656.18 g/mol. 

Yield:  132 mg (167 mol; 23%). 

Rf: (SiO2, cHex/EtOAc/MeOH 25:25:1) = 0.27. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.74 (d, 3J = 7.5 Hz, 2H, H2), 

7.49 (t, 3J = 7.4 Hz, 2H, H5), 7.38 (t, 3J = 7.7 Hz, 2H, H3), 

7.33 (d, 3J = 8.2 Hz, 1H, H16), 7.30-7.27 (m, 2H, H4), 7.24 

(d, 3J = 7.6 Hz, 1H, H13), 7.14-7.05 (m, 2H, H14, H15), 

5.58 (d, 3J = 9.2 Hz, 1H, NH), 4.88 (td, 3J = 10.2 Hz, 

4J = 3.7 Hz, 1H, H10), 4.67 (t, 3J = 8.7 Hz 1H, H3), 

4.22-4.17 (m, 1H, H8a), 4.05-3.99 (m, 2H, H8b, H7), 

3.94-3.83 (m, 2H, H19), 3.74-3.68 (m, 4H, H26, H31), 3.40 

(dd, 2J = 14.3 Hz, 4J = 3.9 Hz, 1H, H11a), 2.83 (dd, 

2J = 13.8 Hz, 3J = 11.5 Hz, 1H, H11b), 2.43-2.33 (m, 3H, 

H21a, H24a, H25a), 2.20-2.09 (m, 3H, H20a, H25b, H27a), 

2.03-1.91 (m, 4H, H20b, H21b; H24b, H28a), 1.88-1.80 (m, 

1H, H28b), 1-74-1.66 (m, 1H, H27b).  
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6.2.1.6 Synthesis of 50 

 

According to a modified procedure by Albat[189]: A headspace vial, 110 mg (168 mol; 

1.00 eq.) of tripeptoid 49 were dissolved in 4.2 mL of iPrOH and 1.8 mL of H2O. Next, 

528 mg (4.76 mmol; 28.3 eq.) of CaCl2 and 7.8 mg (0.2 mmol; 1.2 eq.) of NaOH were 

added and the mixture was stirred at room temperature for 22 h. Full conversion of 

tripeptoid 49 was observed by TLC and the solution was acidified to pH 1 with HCl 

(1M). The solvent was removed under reduced pressure; the crude product was 

dissolved in 5 mL of H2O and acidified with 0.5 mL of HCl (1M). The aqueous phase 

was extracted six times with CH2Cl2, and the combined organic layers were dried over 

MgSO4 and filtered. The solution was concentrated, filtered through a syringe filter, and 

the solvent was removed under reduced pressure. The residue was lyophilized from 

H2O/MeCN to obtain 93 mg (145 mol; 86%) of the desired product 50 as a colorless 

lyophilizate. 

M (C36H36N3O6Cl): 642.15 g/mol. 

Yield:  93 mg (145 mol; 86%). 

Rf: (SiO2, cHex/EtOAc/MeOH/AcOH 50:50:5:1) = 0.10. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.74 (d, 3J = 7.5 Hz, 2H, H2), 

7.50 (t, 3J = 6.2 Hz, 2H, H5), 7.40-7.34 (3H, H3, H13/H16), 

7.30-7.24 (m, 2H, H4), 7.19-7.12 (3H, H14, H15, 

H13/H16), 5.57 (d, 3J = 8.3 Hz, 1H, NH), 4.85 (td, 

3J = 9.2 Hz, 3J = 4.5 Hz, 1H, H10), 4.72 (t, 3J = 9.0 Hz, 1H, 

H29), 4.27-4.21 (m, 1H, H8a), 4.11-4.00 (m, 2H, H7, H8b), 

3.91-3.87 (m, 1H, H19a), 3.69-3.60 (m, 2H, H19b, H26), 

3.29 (dd, 2J = 13.3 Hz, 3J = 4.4 Hz, 1H, H11a), 2.90 (dd, 

2J = 13.6 Hz, 3J = 5.6 Hz, 1H, H11b), 2.34-2.29 (m, 4H, 

H21a, H24a, H25/H28), 2.18-1.90 (m, 7H, H21b, H24b, 

H25/H28), 1.83 (td, 3J = 12.5 Hz, 4J = 5.0 Hz, 1H, H27a), 

1.75-1.67 (m, 1H, H27b). 
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6.2.1.7 Synthesis of 44 

 

According to a modified procedure by Albat[189]: In a 25 mL Schlenk flask, 504 mg 

(1.43 mmol; 1.00 eq.) of Boc[dH-15]OMe (43) were dissolved in 8 mL of CH2Cl2. The 

mixture was cooled to 0 °C and 366 L of TMSOTf (2.10 mmol; 1.50 eq.) were added 

dropwise. After 15 min, full conversion of Boc[dH-15]OMe (43) was observed by TLC. 

Then, 2 mL of NaHCO3 solution were added, the layers were separated and the 

aqueous phase was extracted five times with 100 mL of CH2Cl2. The combined organic 

layers were dried over MgSO4, filtered and the solvent was removed under reduced 

(max. 100 mbar at 40 °C) pressure to obtain 462 mg (1.42 mmol; quant., 79 wt%) of 

the desired product 44 as an orange oil. 

 

M (C13H22N2O3): 254.33 g/mol. 

Yield:  462 mg (1.42 mmol; quant., 79 wt%). 

Rf: (SiO2, CH2Cl2/MeOH 10:1) = 0.18. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 6.45 (s, 1H, NH), 4.49 (d, 

3J = 10.7 Hz, 1H, H4), 4.37 (d, 2J = 17.5 Hz, 1H, H11a), 

3.89 (d, 2J = 17.5 Hz, 1H, H11b), 3.74 (s, 3H, H13), 3.65 

(q, J = 8.3 Hz, 1H, H8), 3.49 (t, 3J = 9.6 Hz, 1H, H2a), 3.24 

(td, 3J = 11.3 Hz, 3J = 7.2 Hz, 1H, H2b), 2.21-2.12 (m, 3H, 

H1a, H3, H7a), 1.89-1.59 (m, 5H, H1b, H6, H9a, 7b), 1.53 

(dq, 3J = 7.6 Hz, 3J = 7.6 Hz, 1H, H9b), 0.99 (t, 3J = 7.3 Hz, 

3H,H10). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.1 (C5); 170.2 (C12); 64.1 

(C4); 60.1 (C8); 52.5 (C13); 45.9 (C2); 43.9 (C11); 42.7 

C3); 33.5 (C1); 32.3 (C7); 30.8 (C6); 26.7 (C9); 11.7 (C10). 
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6.2.1.8 Synthesis of 51 

 

According to a modified procedure by Albat[189]: In a 50 mL Schlenk tube, 211 mg 

(232 mol; 1.20 eq.) of tripeptoid 50 were dissolved in 4.9 mL of CH2Cl2. To the 

mixture, 160 mg (422 mol; 1.50 eq.) of HATU and 65 L (370 mol; 1.3 eq.) of DIPEA 

were added. In a 25 mL Schlenk tube, 80 mg (280 mol; 1.0 eq., 88 wt%) of 

H[dH-15]OMe (47) were dissolved in 4.9 mL of CH2Cl2 and 65 L (370 mol; 1.3 eq.) 

of DIPEA. After 30 min, the mixture was added to the solution of tripeptide 50. After 

22 h, full conversion of H[dH-15]OMe (47) was detected by TLC. The solution was 

filtered through a celite pad and solvent was removed under reduced pressure. The 

crude product was purified by column chromatography (SiO2, cHex/EtOAc/MeOH 6:6:1 

to 4:4:1) to obtain 177 mg (192 mol; 70%; 96 wt%) of the desired product 51 as a 

colorless solid. 

 

 

 

M (C49H56N5O8Cl): 878.46 g/mol. 

Yield:  177 mg (192 mol; 70%, 96 wt%). 

Rf: (SiO2, cHex/EtOAc/MeOH 3:3:1) = 0.37. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.73 (d, 3J = 7.7 Hz, 2H, H2), 

7.49 (t, 3J = 6.7 Hz, 2H, H5), 7.38 (t, 3J = 7.0 Hz, 2H, H3), 

7.33 (d, 3J = 7.6 Hz, 1H, H13/H16), 7.30-7.24 (m, 3H, 

H13/H16, H4), 7.12 (td, 3J = 7.6 Hz, 4J = 1.3 Hz, 1H, 

H14/H15), 7.07 (t, 3J = 7.3 Hz H14/H15), 5.62 (d, 

3J = 8.6 Hz, 1H, NH), 4.95 (t, 3J = 8.3 Hz, H29), 4.89 (td, 

3J = 10.1 Hz, 4J = 3.5 Hz 1H, H10), 4.74 (d, 3J = 10.3 Hz, 
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1H, H38), 4.60 (d, 2J = 18.1 Hz, 1H, H41a), 4.21-3.99 (m, 

4H, H7, H8, H31a), 3.93-3.82 (m, 2H, H19), 3.80-3.66 (m, 

6H, H26, H41b, H43), 3.48-3.40 (m, 2H, H11a, 

H36a/H37a), 2.90-2.81 (m, 1H, H11b), 2.42-2.34 (m, 3H, 

H21a, H24a, H28a), 2.34-2.23 (m, 11H, H20, H21b, H25, 

H27, H31b, H33, H34, H36b/H37b), 1.71-1.45 (m, 6H, 

H24b, H32b, H36/H37, H39), 0.95 (t, 3J = 7.1 Hz, 3H, 

H40). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.5 (C35); 171.1 (C30); 

170.4 (C42); 169.9 (C18 or C23); 169.6 (C18 or C23); 

155.7 (C9); 143.9 (C6); 141.3 (C1); 134.6 (C12, C17); 

132.4, 129.6, 128.5, 126.8, (C13, C14, C15, C16); 127.7, 

127.1, 125.4, 125.3, 120.0, (C2, C3, C4, C5) 67.0 (C8); 

65.7 (C22); 62.9 (C38); 59.2 (C26); 58.1 (C29); 52.5 (C10); 

52.2 (C43); 48.7 (C19); 47.1 (C31); 46.9 (C7); 43.2 (C41); 

41.5 (C33); 41.3 (C21); 36.7 (C11, C24); 36.5 (C34); 33.4 

(C27); 33.3 (C36 or C37); 33.2 (C36 or C37); 31.0 (C32); 

28.4 (C25); 27.8 (C28); 27.1 (C39); 24.1 (C20); 12.0 (C40). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+Na]+ 900.37096 900.37063 -0.37 
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6.2.1.9 Synthesis of 22 

 

According to a modified procedure by Albat[189]: In a 50 mL round bottom flask,177 mg 

(192 mol; 1.00 eq., 96 wt%) of the pentapeptoid 51 were dissolved in 12 mL of MeCN 

and 3.00 mL (30.2 mmol; 157 eq.) of piperidine and stirred at room temperature for 3 h. 

Full conversion of pentapeptoid 51 was observed by TLC and the solvent was removed 

under reduced pressure. The residue was dissolved in 10 mL of CH2Cl2 and 95 L of 

Ac2O (1.0 mmol; 5.2 eq.) were added. After stirring at room temperature for 16 h, full 

conversion was observed by TLC and the absence of free amines was proven by 

ninhydrin staining. The solvent was removed under reduced pressure, and the crude 

product was purified by column chromatography (SiO2, cHex/EtOAc/MeOH 2:2:1) to 

obtain 102 mg (146 mol; 76%) of the desired product 22 as a colorless solid. 

 

 

M (C36H48N5O7Cl): 698.26 g/mol. 

Yield:  102 mg (146 mol; 76%). 

Rf: (SiO2, cHex/EtOAc/MeOH 2:2:1) = 0.22. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.34-7.32 (m, 1H, H9), 

7.23-7.21 (m, 1H, H6), 7.17-7.15 (2H, H7, H8), 6.18 (d, 

3J = 8.2 Hz, 1H, NH), 5.11 (td, 3J = 9.7 Hz, 3J = 3.5 Hz, 1H, 

H3), 4.94 (t, 3J = 8.6 Hz, 1H, H22), 4.74 (d, 3J = 10.6 Hz, 

1H, H31), 4.62 (d, 2J = 17.3 Hz, 1H, H34a), 4.06 (t, 

3J = 9.6 Hz, 1H, H34b), 3.96-3.91 (m, 1H, H12a), 

3.84-3.73 (m, 3H, H12b, H19, H27), 3.70 (s, 3H, H36), 3.66 

(d, 1H, H24a), 3.47-3.43 (m, 1H, H24b), 3.35 (dd, 

2J = 13.9 Hz, 3J = 10.1 Hz, 1H, H4a), 2.85 (dd, 2J = 14.1, 
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3J = 10.5 Hz, 1H, H4b), 2.41-2.32 (m, 3H, H14a, H17a, 

H21a), 2.30-2.23 (m, 1H, H26), 2.21-1.84 (m, 11H, H13, 

H14b, H17b, H18, H20a, H21b, H25a, H29), 1.81 (s, 3H, 

H1), 1.69-1.60 (m, 4H, H20b H25b, H30a, H32a), 

1.53-1.43 (m, 2H, 30b, H32b), 0.95 (t, 3J = 7.6 Hz, 3H, 

H33). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.7 (C28); 171.0 (C23); 

170.4 (C35); 169.9, 169.6 (C11 and C16); 169.5 (C2); 

134.7, 134.6 (C5, C10); 132.1 (C6); 129.6, 128.5, 126.8 

(C7, C8, C9); 65.6 (C15); 62.9 (C27); 59.2 (C19); 59.1 

(C26); 58.0 (C22); 52.2 (C36); 50.9 (C3); 48.7 (C12); 46.9 

(C24); 43.2 (C34); 41.5 (C14); 41.3 (C31); 36.4 (C17); 36.1 

(C4); 33.4 (C20); 33.4 (C29 or 30); 33.2 (C29 or 30); 31.0 

(C25); 28.5 (C18); 27.8 (C21); 27.2 (C32); 24.0 (C13); 23.2 

(C1); 12.0 (C33). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+Na]+ 720.31345 720.31259 -1.20 
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6.2.1.10 Synthesis of 38 

 

According to a modified procedure by Albat[189]: In a 5 mL reaction vessel, 500 mg 

(716 mol; 1.00 eq.) of binder 22 were dissolved in 2 mL of MeOH and 1 mL of H2O. 

Next, 90 mg (3.7 mmol; 5.5 eq.) of LiOH hydrate were added. The mixture was stirred 

at room temperature until full conversion of binder 22 was observed by TLC after 16 h. 

The mixture was washed with 20 mL of MtBE, the aqueous phase was acidified to pH 1 

with HCl (conc.) and extracted five times with 100 mL of CH2Cl2. The combined organic 

layers were dried over MgSO4, filtered, and the solvent was removed under reduced 

pressure. The product was dissolved in H2O/MeOH and lyophilized to obtain 479 mg 

(700 mol; 98%) of the desired product 38 as a colorless lyophilizate. 

 

 

M (C35H46N5O7Cl): 684.23 g/mol. 

Yield:  479 mg (700 mol; 98%). 

Rf: (SiO2, cHex/EtOAc/MeOH 2:2:1) = 0.04. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.35-7.31 (m, 1H, H9), 

7.23-7.21 (m, 1H, H6), 7.18-7.13 (2H, H7, H8), 6.35 (d, 

3J = 8.2 Hz, 1H, NH), 5.10 (td, 3J = 9.8 Hz, 3J = 3.7 Hz, 1H, 

H3), 4.89 (t, 3J = 8.5 Hz, 1H, H22), 4.74 (d, 3J = 10.5 Hz, 

1H, H31), 4.50 (d, 2J = 17.8 Hz, 1H, H34a), 4.09 (t, 

3J = 8.8 Hz, 1H, H34b), 3.96-3.92 (m, 1H, H12a), 

3.81-3.70 (m, 4H, H12b, H19, H27, H24a), 3.48-3.42 (m, 

1H, H24b), 3.32 (dd, 2J = 14.6 Hz, 3J = 10.4 Hz, 1H, H4a), 

2.85 (dd, 2J = 14.2, 3J = 10.4 Hz, 1H, H4b), 2.41-2.32 (m, 

3H, H14a, H17a, H21a), 2.25-2.21 (m, 1H, H26), 2.12-1.85 

(m, 11H, H13, H14b, H17b, H18, H21b, H20a, H25a, H29), 
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1.80 (s, 3H, H1), 1.75-1.59 (m, 4H, H20b, H25b, H30a, 

H32a), 1.53-1.44 (m, 2H, 30b, H32b), 0.95 (t, 3J = 7.2 Hz, 

3H, H33). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.7 (C28); 171.9 (C35); 

171.0 (C23); 170.1, 169.8, 169.6 (C2, C11, C16); 134.7, 

134.6 (C5, C10); 132.1 (C6); 129.6, 128.5, 126.8, (C7, C8, 

C9); 65.6 (C15); 63.1 (C27); 59.4 (C19); 59.3 (C26); 58.2 

(C22); 50.8 (C3); 48.7 (C12); 47.1 (C24); 43.7 (C34); 41.4 

(C14); 41.3 (C31); 36.5 (C17); 36.0 (C4); 33.4 (C20); 33.3 

(C29 or C30); 33.1 (C29 or C30); 31.0 (C25); 28.4 (C18); 

27.8 (C21); 27.1 (C32); 24.1 (C13); 23.1 (C1); 12.0 (C33). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 684.31585 684.31669 +1.22 

 [M+Na]+ 706.29780 706.29800 +0.28 

LC-MS (ESI): tr [min] 12.74-13.46 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 684.32 684.47  
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6.2.1.11 Synthesis of 39 

 

In a 5 mL Schlenk tube, 90 mg (130 mol; 1.0 eq.) of warhead 38 were dissolved in 

1 mL of CH2Cl2. Next, 65 mg (170 mol; 1.3 eq.) of HATU were added followed by 

25 L (140 mol; 1.1 eq.) of DIPEA. In a 2 mL Schlenk tube, 23 mg (180 mol; 1.4 eq.) 

of linker 37 were dissolved in 1 mL of CH2Cl2. After 30 min, the mixture was added to 

the solution of warhead 38. After 18 h, full conversion of warhead 38 was observed by 

TLC and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 20:2:1). The 

product was dissolved in H2O/MeCN and lyophilized to obtain 71 mg (84 mol; 64%; 

94 wt%) of the desired product 39 as a colorless lyophilizate. 

 

 

M (C42H56N7O6Cl): 790.40 g/mol. 

Yield:  71 mg (84 mol; 64%; 94 wt%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:2:1) = 0.13. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.34-7.31 (m, 1H, H9), 

7.23-7.21 (m, 1H, H6), 7.18-7.14 (m, 2H, H7, H8), 6.15 (d, 

3J = 8.8 Hz, 1H, NH), 5.13-5.09 (m, 1H, H3), 4.94 (t, 

3J = 8.4 Hz, 1H, H22), 4.83 (d, 2J = 16.6 Hz, 1H, H34a), 

4.74 (d, 3J = 10.0 Hz, 1H, H27), 4.05 (t, 3J = 8.7 Hz, 1H, 

H24a), 3.95-3.91 (m, 1H, H12a), 3.83-3.72 (m, 3H, H12b, 

H19, H26), 3.66-3.57 (m, 3H, H34b, H37a), 3.53-3.41 (m, 

3H, H24b, H37b), 3.37-2.75 (m, 4H, H4, H38), 2.62-2.49 

(m, 4H, H36), 2.41-2.32 (m, 4H, H14a, H17a, H21a, H31), 

2.26 (t, 4J = 2.4 Hz, 1H, H40), 2.10-1.84 (m, 11H, H13, 
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H14b, H17b, H18, H20a, H21b, H25a, H29), 1.80 (s, 3H, 

H1), 1.67-1.61 (4H, H20b, H25b, H30a, H32a), 1.52-1.42 

(m, 2H, H30b, H32b), 0.95 (t, 3J = 7.2 Hz, 3H, H33). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.6 (C28); 170.3 (C23); 

169.8, 169.6, 169.4 (C2, C11, C16); 167.4 (C35); 134.7, 

134.7 (C5, C10); 132.1 (C6); 129.6, 128.5, 126.8 (C7, C8, 

C9); 78.3 (C39); 73.8 (C40); 65.6 (C15); 63.1 (C27); 59.2 

(C19); 59.1 (C26); 58.0 (C22); 51.8 (C36a); 51.5 (C37); 

50.8 (C3); 48.7 (C12); 47.0 (C24); 46.0 (C38); 43.0 (C34); 

42.0 (C36b); 41.6 (C14); 41.1 (C31); 36.4 (C17); 36.1 (C4); 

33.4 (C20); 33.4 (C29, C30); 30.5 (C25); 28.5 (C18); 27.8 

(C21); 27.1 (C32); 24.0 (C13); 23.2 (C1); 12.0 (C33). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 790.40534 790.40621 +1.11 

 [M+Na]+ 812.38728 812.38758 +0.37 
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6.2.2 Synthesis towards PROTACs 53, 60, and 66 

6.2.2.1 Synthesis of 55 

 

According to a modified procedure by Li et al.[194]: In a 500 mL three neck flask, 31.8 g 

(300 mmol; 7.00 eq.) of diethylene glycol (54) were dissolved in 90 mL of CH2Cl2 and 

6.25 mL (42.8 mmol; 1.00 eq.) of NEt3. In a 250 mL dropping funnel, 8.20 g 

(47.1 mmol; 1.10 eq.) of TsCl were dissolved in 140 mL of CH2Cl2. The TsCl solution 

was added to the reaction within 5 min. The mixture was stirred at room temperature 

until major conversion of the TsCl was observed by TLC after 45 h. Into the reaction 

mixture, 50 mL of HCl (1M) and 60 mL of NaCl solution were added, and the mixture 

was vigorously stirred for 30 min. The layers were separated, and the aqueous phase 

was extracted with 5 mL of CH2Cl2 two times. The combined organic layers were dried 

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

product was purified by column chromatography (SiO2, cHex/EtOAc 3:1 to 1:1) to 

obtain 6.43 g (4.95 mmol; 58%) of the desired product 55 as a colorless oil. 

 

M (C11H16O5S): 260.30 g/mol. 

Yield:  6.43 g (4.95 mmol; 58%; Lit.[194]: 98%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.19. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.81 (d, 3J = 8.5 Hz, 2H, H4), 

7.35 (d, 3J = 8.0 Hz, 2H, H3), 4.20 (t, J = 4.7 Hz, 2H, H6), 

3.71-3.66 (m, 4H, H7, H9), 3.55-3.52 (m, 2H, H8), 2.45 (s, 

3H, H1), 1.91 (s, 1H, OH). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 145.1 (C2); 133.1 (C5); 130.0 

(C3); 128.1 (C4); 72.6 (C8); 69.3 (C6); 68.7 (C7); 61.9 

(C9); 21.8 (C1). 

LC-MS (ESI): tr [min] 12.23-12.57 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 261.31 261.12  
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6.2.2.2 Synthesis of 56 

 

According to a modified procedure by Simonin et al.[215]: In a 250 mL round bottom 

flask, 5.20 g (20.0 mmol; 1.00 eq.) of monotosylated diethylene glycol (55) were 

dissolved in 50 mL of DMF, followed by 1.95 g (30.0 mmol; 1.50 eq.) of NaN3. The 

mixture was stirred at 100 °C until full conversion of monotosylated diethylene glycol 

(55) was observed by TLC after 15 h. At room temperature, 300 mL H2O were added 

and the aqueous phase was extracted five times with 100 mL of EA. The combined 

organic layers were washed with 300 mL of H2O and 200 mL of NaCl solution, dried 

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

product was purified by column chromatography (SiO2, cHex/EtOAc 2:1 to 1:1) to 

obtain 1.52 g (11.6 mmol; 58%) of the desired product 56 as a pale-yellow oil. 

 

M (C4H9N3O2): 131.135 g/mol. 

Yield:  1.52 g (11.6 mmol; 58%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.30. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.77 (t, 3J = 4.6 Hz, 2H, H4), 

3.71 (t, 3J = 4.8 Hz, 2H, H2), 3.62 (t, 3J = 4.5 Hz, 2H, H3), 

3.42 (t, 3J = 4.8 Hz, 2H, H1). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 72.5 (C3); 70.2 (C2); 61.9 

(C4); 50.9 (C1). 
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6.2.2.3 Synthesis of 52 

 

According to a modified procedure by Heller et al.[216]: In a 25 mL Schlenk flask, 405 mg 

(3.09 mmol; 1.00 eq.) of azide 56 were dissolved in 11.2 mL of DMF. Next, 516 mg 

(3.71 mmol; 1.20 eq.) of bromoacetic acid (57) were added, followed by 10 mg 

(60 mol; 2 mol%) of NaI. The mixture was cooled to 0°C and 371 mg (9.27 mmol; 

3.00 eq., 60 wt% in mineral oil) of NaH were added. The mixture was stirred at 0°C 

until full conversion of azide 56 was observed by TLC after 3.5 h. The mixture was 

poured into 50 g of crushed ice and the mixture was allowed to melt. The aqueous 

phase was then washed with 50 mL of EtOAc, acidified to pH 2 with HCl (1M), and 

extracted with EtOAc three times. The combined organic layers were dried over 

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

product was purified by column chromatography (SiO2, cHex/EtOAc/AcOH 25:25:1) to 

obtain 514 mg (2.17 mmol; 88%) of the desired product 52 as a colorless oil. 

 

M (C6H11N3O4): 189.17 g/mol. 

Yield:  514 mg (2.17 mmol; 88%). 

Rf: (SiO2, cHex/EtOAc/AcOH 25:25:1) = 0.16. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.40 (s, 1H, OH), 4.21 (s, 2H, 

H5), 3.79-3.77 (m, 2H, H4), 3.73-3.69 (m, 4H, H2, H3), 

3.42 (t, J = 5.0 Hz, 2H, H1). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.9 (C6); 71.4 (C4); 70.6 

(C3); 70.2 (C2); 68.6 (C5); 50.7 (C1). 
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6.2.2.4 Synthesis of 58 

 

According to a modified procedure by Kawamata et al.[217]: In a 10 mL Schlenk tube, 

189 mg (1.00 mmol; 1.10 eq.) of linker 52 were dissolved in 5 mL of CH2Cl2 and 

0.05 mL of DMF. The mixture was cooled to 0 °C and 86 L (1.0 mmol; 1.1 eq.) of 

(COCl)2 were added dropwise and the mixture was stirred for 1 h at 0 °C. Next, 246 mg 

(0.91 mmol; 1.00 eq.) of recruiter 3 and 322 L (4.00 mmol; 4.40 eq.) of pyridine were 

added. The mixture was stirred for 16 h while warming to room temperature. The 

mixture was poured into 10 mL of NaCl solution and extracted with 30 mL of CH2Cl2 

three times. The combined organic layers were dried over MgSO4, filtered, and the 

solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (dryload, SiO2, cHex/EtOAc 2:1 to 1:2) to obtain 297 mg 

(668 mol; 67%) of the desired product 58 as a pale-yellow solid. 

 

M (C19H20N6O7): 444.40 g/mol. 

Yield:  297 mg (668 mol; 67%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.40. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 10.46 (s, 1H, NH), 8.87 (d, 

3J = 8.5 Hz, 1H, H8), 8.34 (s, 1H, NH), 7.73 (dd, 

3J = 7.9 Hz, 3J = 7.9 Hz, 1H, H9), 7.58 (d, 3J = 7.2 Hz, 1H, 

H10), 4.97 (dd, 3J = 12.2 Hz, 3J = 5.2 Hz, 1H, H15), 4.22 

(s, 2H, H5), 3.86-3.81 (m, 4H, H3, H4), 3.73 (t, J = 5.2 Hz, 

2H, H2), 3.39 (t, 3J = 5.1 Hz, 2H, H1), 2.94-2.90 (m, 1H, 

H17a), 2.87-2.72 (m, 2H, H17b, H16a), 2.19-2.13 (m, 1H, 

H16b). 
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13C NMR: (125 MHz, CDCl3)  [ppm] = 171.0 (C18); 169.4 (C6); 

168.6 (C13); 168.0 (C19); 166.9 (C14); 136.9 (C11); 136.5 

(C9); 131.5 (C15); 125.4 (C8); 119.0 (C10); 116.3 (C12); 

71.7 (C4); 71.2 (C5); 70.7 (C3); 70.3 (C2); 50.8 (C1); 49.4 

(C15); 31.5 (C17); 22.8 (C16). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 445.14662 445.14715 +1.19 

 [M+Na]+ 467.12837 467.12900 +0.93 
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6.2.2.5 Synthesis of 53 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 20 mg 

(25 mol; 1.0 eq.) of warhead-linker conjugate 39 and 17 mg (38 mol; 1.5 eq.) of 

conjugate 58 were dissolved in 2 mL of DMF. Next, 1 mL of an aqueous solution (3mM; 

3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution (6mM; 6 mol; 20 mol%) 

of sodium ascorbate were added, and the mixture was stirred at room temperature for 

18 h. Full conversion of warhead-linker conjugate 39 was observed by TLC and the 

solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (dryload, 7 g ultra-pure silica, EtOAc/MeOH/NEt3 1:0:0 to 

20:4:1). The product was dissolved in CH2Cl2, filtered through a syringe filter, and the 

solvent was removed under reduced pressure. The product was dissolved in 

MeCN/H2O and lyophilized to obtain 25 mg (20 mol; 80%) of the desired product 53 

as a pale-yellow lyophilizate. 

 

M (C61H76N13O13Cl): 1234.81 g/mol. 

Yield:  25 mg (20 mol; 80%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.18. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1234.54469 1234.54550 +0.66 

 [M+Na]+ 1256.52663 1256.52641 -0.17 

HPLC: tr [min] 6.82-7.33 

 Purity [%] 94 
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6.2.2.6 Synthesis of 63 

 

According to a modified procedure by Lei et al.[197]: In a 100 mL Schlenk flask, 1.07 g 

(4.91 mmol; 1.00 eq.) of building block 61, 2.00 g (5.40 mmol; 1.10 eq.) of aryl bromide 

62, 2.03 g (14.7 mmol; 3.00 eq.) of K2CO3, and 0.37 g (0.49 mmol; 10 mol%) of 

Pd(dppf)Cl2 were dissolved in 31.5 mL of dioxane and 9.5 mL of H2O. The mixture was 

stirred at 100 °C until full conversion of building block 61 was observed by TLC after 

17 h. After cooling to room temperature, the mixture was extracted with 30 mL of EtOAc 

three times and the combined organic layers were washed with 50 mL of NaCl solution, 

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

crude product was purified by column chromatography (SiO2, dryload, cHex/EtOAc 3.1 

to 2:1) to obtain 1.65 g (4.31 mmol; 88%) of the desired product 63 as an orange oil. 

 

 

M (C25H22N2O2): 382.46 g/mol. 

Yield:  1.65 g (4.31 mmol; 88%; Lit.[197]: 96%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.44. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.56 (d, 3J = 8.2 Hz, 1H, H6), 

7.56 – 7.27 (m, 13H, H2, H3, H12, H13, H14, H17, H18), 

6.71 (d, 3J = 8.5 Hz, 1H, H19), 6.44 (d, 3J = 8.0 Hz, 1H, 

H7), 5.41 (s, 2H, H15), 5.34 (s, 2H, H10), 3.67 (s, 2H, NH2) 

13C NMR: (125 MHz, CDCl3)  [ppm] = 160.8 (C9); 158.3 (C8); 145.1 

(C1); 141.4 (C6); 138.2 (C16); 137.8 (C11); 130.1; 128.6, 

128.4, 127.9, 127.5, 127.3 (C2, C3, C12, C13, C14, C17, 

C18, C19); 116.3 (C4); 115.1 (C5); 102.4 (C7); 67.9 (C15); 

67.6 (C10). 
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6.2.2.7 Synthesis of 59 

 

According to a modified procedure by Lei et al.[197]: In a 100 mL Schlenk flask, 1.60 g 

(4.18 mmol; 1.00 eq.) of recruiter 63 were dissolved in 27 mL of MeOH and 27 mL of 

CH2Cl2. To the solution, 320 mg (20 wt%) Pd/C were added, the flask was purged with 

hydrogen gas, and the mixture was stirred until full conversion of recruiter 63 was 

observed by TLC after 22 h. The mixture was filtered through a pad of silica and the 

solvent was removed under reduced pressure. The crude product was recrystallized 

from MeOH/ CH2Cl2 to obtain 742 mg (3.63 mmol; 87%) of the desired product 59 as 

a colorless solid. 

 

M (C11H12N2O2): 204.23 g/mol. 

Yield:  742 mg (3.63 mmol; 87%; Lit.[197]: 55%). 

Rf: (SiO2, CH2Cl2/MeOH/NEt3 100:5:1) = 0.30. 

1H NMR: (500 MHz, DMSO-d6)  [ppm] = 10.72 (s, 1H, NH), 6.84 (d, 

3J = 8.1 Hz, 2H, H3), 6.51 (d, 3J = 8.2 Hz, 2H, H2), 4.97 (s, 

2H, NH2), 3.61 (dd, 3J = 10.4 Hz, 3J = 5.4 Hz, 1H, H5), 2.59 

(ddd, 2J = 17.1 Hz, 3J = 10.8 Hz, 3J = 5.4 Hz, 1H, H7a), 

2.43 (dt, 2J = 17.4 Hz, 3J = 4.8 Hz, 1H, H7b), 2.10-1.95 (m, 

2H, H6). 

13C NMR: (125 MHz, DMSO-d6)  [ppm] = 174.8 (C9); 173.5 (C8), 

147.5 (C1); 128.8 (C3); 125.8 (C4); 113.8 (C2), 46.4 (C5), 

31.0 (C7), 26.1 (C6). 
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6.2.2.8 Synthesis of 64 

 

This experiment was carried out by Rafael Claßen. In a 50 mL Schlenk flask, 144 mg 

(0.76 mmol; 1.20 eq.) of linker 52 were dissolved in 12 mL of DMF and 0.15 mL 

(0.86 mmol; 1.35 eq.) of DIPEA. Next, 360 mg (0.96 mmol; 1.50 eq.) of HATU were 

added, and the mixture was stirred at room temperature. In a 25 mL Schlenk flask, 

130 mg (0.64 mmol; 1.00 eq.) of recruiter 59 were dissolved in 12 mL of DMF and 

0.15 mL (0.86 mmol; 1.35 eq.) of DIPEA. After 30 min, the mixture was added to the 

solution of linker 52, and the mixture was stirred at room temperature until full 

conversion of recruiter 59 was observed by TLC after 22 h. The solvent was removed 

under reduced pressure, and the crude product was purified by column 

chromatography (SiO2, dryload, cHex/EtOAc 3:1 to 1:1) to obtain 166 mg (442 mol; 

69%) of the desired product 64 as a pale-yellow solid. 

M (C17H21N5O5): 375.38 g/mol. 

Yield:  166 mg (442 mol; 69%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.09. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.59 (s, 1H, NH), 7.96 (s, 1H, 

NH), 7.61 (d, 3J = 8.5 Hz, 2H, H8), 7.19 (d, 3J = 8.5 Hz, 1H, 

H9), 4.13 (s, 2H, H5), 3.80-3.73 (m, 7H, H2, H3, H4, H11), 

3.44 (t, 3J = 4.8 Hz, 2H, H1), 2.76-2.61 (m, 2H, H13), 

2.32-2.19 (m, 2H, H12). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.1 (C15); 172.2 (C14); 

168.1 (C6); 137.0 (C7); 133.1 (C10); 128.8 (C9); 120.6 

(C8); 71.2, 71.2, 70.7, 70.3 (C2, C3, C4, C5); 50.7 (C1); 

47.6 (C11); 31.0 (C13); 26.5 (C12).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 376.16154 376.16190 +0.94 

 [M+Na]+ 398.14349 398.14372 +0.59 
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6.2.2.9 Synthesis of 60 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(30 mol; 1.0 eq.) of warhead-linker conjugate 39 and 17 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 64 were dissolved in 2 mL of DMF. Next, 1 mL of an aqueous 

solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution (6mM; 

6 mol; 20 mol%) of sodium ascorbate were added. The mixture was stirred at room 

temperature until full conversion of 39 was observed by TLC after 17 h. The solvent 

was removed under reduced pressure, and the crude product was purified by column 

chromatography (SiO2, dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was 

dissolved in CH2Cl2 and filtered through a syringe filter and the solvent was removed 

under reduced pressure. The residue was purified by reverse phase column 

chromatography (MeCN/H2O 2:8 to 7:3) and lyophilized to obtain 13 mg (11 mol; 

37%) of the desired product 60 as a colorless lyophilizate. 

 

M (C59H77N12O11Cl): 1165.79 g/mol. 

Yield:  13 mg (11 mol; 37%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1165.55960 1165.55875 -0.73 

 [M+Na]+ 1187.54155 1187.53893 -2.21 

HPLC: tr [min] 10.67-10.92 

 Purity [%] 96 

  



Experimental Section 

90 
 

6.2.2.10 Synthesis of 69 

 

This experiment was carried out by Rafael Claßen. According to a modified procedure 

by Norris et al.[198]: In a 250 mL round bottom flask, 5.22 g (28.8 mmol; 2.00 eq.) of 

building block 67, 3.00 g (14.4 mmol; 1.00 eq.) of ester 68, and 1.99 g (14.4 mmol; 

1.00 eq.) of K2CO3 were suspended in 55 mL of toluene. The mixture was heated to 

reflux until full conversion of building block 67 was observed by TLC After 23 h. The 

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

column chromatography (SiO2, cHex/EtOAc 3:1 to 1:2) to obtain 860 mg (2.79 mmol; 

19%) of the desired product 69 as a brown solid. 

 

M (C16H24N2O4): 308.38 g/mol. 

Yield:  860 mg (2.79 mmol; 19%; Lit.[198]: 48%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.75. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.16 (d, 3J = 7.2 Hz, 2H, H5), 

6.58 (d, 3J = 8.8 Hz, 2H, H6), 6.23 (s, 1H, N, 3J = 7.1 Hz, 

2H, H9), 3.98 (s, 1H, NH), 3.41 (t, 3J = 6.3 Hz, 2H, H8), 

2.59 (t, 3J = 6.3 Hz, 2H, H11), 1.50 (s, 9H, H1), 1.26 (t, 

3J = 7.1 Hz, 3H, H12). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.5 (C10), 143.9 (C3), 

128.9 (C7), 121.1 (C5), 113.8 (C6), 80.0 (C2), 60.8 (C11), 

40.2 (C8), 34.0 (C9), 28.5 (C1), 14.1 (C12). 

Note: C12, C7, C5, C4, C3, and C2 were detected by 

HSQC. 
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6.2.2.11 Synthesis of 70 

 

This experiment was carried out by Rafael Claßen. According to a modified procedure 

by Norris et al.[198]: In a 10 mL round bottom flask, 404 mg (1.31 mmol; 1.00 eq.) of 

intermediate 69 and 117 mg (1.44 mmol; 1.10 eq.) of KOCN were dissolved in 2 mL of 

AcOH. The mixture was stirred at room temperature until full conversion of intermediate 

69 was observed by TLC after 1 h. The solvent was removed under reduced pressure, 

the residue was washed with 8 mL of MeCN three times, and the product was dried 

under reduced pressure to obtain 227 mg (557 mol; 43%) of the desired product 70 

as a colorless solid. 

 

M (C17H25N3O5): 351.40 g/mol. 

Yield:  227 mg (557 mol; 43%; 86 wt%, Lit.[198]: 61%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.30. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 7.43 (d, 3J = 8.5 Hz, 2H, H6), 

7.19 (d, 3J = 8.7 Hz, 2H, H5), 6.67 (s, 1H, NH), 4.90 (s, 2H, 

NH2), 4.06 (q, 3J = 7.2 Hz, 2H, H12), 3.94 (t, 3J = 7.2 Hz, 

2H, H9), 2.56 (t, 3J = 7.2 Hz, 2H, H10), 1.53 (s, 9H, H1), 

1.21 (t, 3J = 7.1 Hz, 3H, H13). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.8 (C11); 158.7 (C8); 

138.5 (C7); 135.9 (C4); 129.2 (C5); 120.0 (C6); 81.1 (C2); 

60.7 (C12); 45.6 (C9); 33.7 (C10); 28.4 (C1); 14.3 (C13). 

Note: C2 was detected in the HSQC, C3 was not detected. 

  



Experimental Section 

92 
 

6.2.2.12 Synthesis of 65 

 

This experiment was carried out by Rafael Claßen. According to a modified procedure 

by Norris et al.[198]: In a 25 mL round bottom flask, 560 mg (1.61 mmol; 1.00 eq.) of 

intermediate 70 were suspended in 4 mL of HCl (conc.) and the mixture was stirred at 

room temperature until full conversion of intermediate 70 was observed by TLC after 

16 h. The solvent was removed under reduced pressure; the residue was washed with 

MeCN and dried under reduced pressure to obtain 260 mg (1.07 mmol; 67%) of the 

desired product 65 as a pink solid. 

 

M (C10H12N3O2Cl): 241.67 g/mol. 

Yield:  260 mg (1.07 mmol; 67%; Lit.[198]: 86%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.0. 

1H NMR: (500 MHz, DMSO-d6)  [ppm] = 10.43 (s, 1H, NH), 10.17 

(s, 1H, NH3
+), 7.42 (d, 3J = 8.8 Hz, 2H, H2), 7.36 (d, 

3J = 8.8 Hz, 2H, H3), 3.79 (t, 3J = 6.5 Hz, 2H, H5), 3.74 (s, 

2H, NH3
+), 2.71 (t, 3J = 6.7 Hz, 2H, H6). 

13C NMR: (125 MHz, DMSO-d6)  [ppm] = 170.6 (C7); 152.2 (C8); 

141.1 (C4); 130.0 (C1); 126.4 (C2); 123.0 (C3); 44.4 (C5); 

31.0 (C6). 
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6.2.2.13 Synthesis of 71 

 

This experiment was carried out by Rafael Claßen. In a 50 mL Schlenk flask, 88 mg 

(0.47 mmol; 1.2 eq.) of linker 52 were dissolved in 8 mL of DMF and 90 L (0.53 mmol; 

1.3 eq.) of DIPEA. Next, 222 mg (0.59 mmol; 1.50 eq.) of HATU were added, and the 

mixture was stirred at room temperature. In a 25 mL Schlenk flask, 80 mg (0.39 mmol; 

1.0 eq.) of recruiter 65 were dissolved in 8 mL of DMF and 160 L (0.92 mmol; 

2.35 eq.) of DIPEA. After 30 min, the mixture was added to the solution of linker 52, 

and the mixture was stirred at room temperature until full conversion of recruiter 65 

was observed by TLC after 18 h. The solvent was removed under reduced pressure, 

and the crude product was purified by column chromatography (SiO2, dryload, 

cHex/EtOAc 5:1 to 1:2) to obtain 135 mg (360 mol; 92%) of the desired product 71 as 

a colorless solid. 

 

M (C16H20N6O5): 376.37 g/mol. 

Yield:  135 mg (360 mol; 92%). 

Rf: (SiO2, cHex/EtOAc/MeOH, 3:3:1) = 0.31. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 10.34 (s, 1H, NH), 9.67 (s, 1H, 

NH), 7.64 (d, 3J = 8.8 Hz, 2H, H8), 7.27 (d, 3J = 8.8 Hz, 2H, 

H9), 4.10 (s, 2H, H5), 3.75 (t, 3J = 6.7 Hz, 2H, H11), 

3.70-3.64 (m, 6H, H2, H3, H4), 3.42 (t, 3J = 4.9 Hz, 2H, 

H1), 2.70 (t, 3J = 6.7 Hz, 2H, H12). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 170.6 (C13); 168.2 (C6); 

152.2 (C14); 137.4, 136.0 (C7, C10); 125.6 (C9); 119.8 

(C8); 70.3, 70.2, 69.4, 69.2 (C2, C3, C4, C5); 49.9 (C1); 

45.7 (C11); 31.0 (C12).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 377.15679 377.15713 +0.90 

 [M+Na]+ 399.13874 399.13897 +0.57 
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6.2.2.14 Synthesis of 66 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 22 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 17 mg (44 mol; 1.5 eq.) of the 

linker-recruiter conjugate 71 were dissolved in 2 mL of DMF. Next, 1 mL of an aqueous 

solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution (6mM; 

6 mol; 20 mol%) of sodium ascorbate were added. The mixture was stirred at room 

temperature until full conversion of warhead-linker conjugate 39 was observed by TLC 

after 19 h. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography (SiO2, dryload, EtOAc/MeOH/NEt3 1:0:0 to 

20:4:1). The solvent was removed under reduced pressure, the residue was dissolved 

in CH2Cl2, filtered through a syringe filter and the solvent was removed under reduced 

pressure. The residue was then purified by reverse phase column chromatography 

(MeCN/H2O 2:8 to 7:3) and lyophilized to obtain 22 mg (19 mol; 64%) of the desired 

product 66 as a colorless lyophilizate. 

 

M (C58H76N13O11Cl): 1166.78 g/mol. 

Yield:  22 mg (19 mol; 64%). 

Rf: (SiO2, EtOAc/MeOH/NEt3, 20:4:1) = 0.03. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1166.55485 1166.55622 +1.17 

 [M+Na]+ 1188.53680 1188.53634 -0.39 

LC-MS (ESI): tr [min] 9.62-10.06 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1166.55 1166.79 94 
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6.2.3 Synthesis towards PROTACs 109-112 

6.2.3.1 Synthesis of 72 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Nishiguchi et al.[199]: In a 100 mL Schlenk flask, 3.51 g (25.5 mmol; 

2.00 eq.) of boronic acid 73, 4.72 g (12.7 mmol; 1.00 eq.) of aryl bromide 62, 5.80 g 

(27.4 mmol; 2.15 eq.) of K3PO4, and 0.84 g (1.02 mmol; 8 mol%) of Pd(dppf)Cl2 were 

dissolved in a degassed mixture of 30 mL of dioxane and 5 mL of H2O and heated to 

120 °C. Full conversion was observed by TLC after 24 h and the mixture was filtered 

through a celite pad. The mixture was washed with 50 mL of NaCl solution, dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure. The crude 

mixture was purified by column chromatography (SiO2, cHex/EtOAc 10:1 to 5:1) to 

obtain 4.80 g (12.1 mmol; 98%; 95 wt%) of the desired product 72 as a colorless solid. 

 

M (C25H21NO3): 383.45 g/mol. 

Yield:  4.80 g (12.1 mmol; 98%; 95 wt%, Lit.[199]: 82%). 

Rf: (SiO2, cHex/EtOAc 5:1) = 0.22. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.56 (d, 3J = 8.8 Hz, 1H, H6), 

7.45-7.22 (m, 12H, H3, H12, H13, H14, H17, H18, H19), 

6.86-6.83 (m, 2H, H2), 6.45 (d, 3J = 8.1 Hz, 1H, H7), 5.41 

(s, 2H, H10/H15), 5.35 (s, 2H, H10/H15), 4.79 (s, 1H, OH). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C9); 158.3 (C8); 154.5 

(C1); 141.6 (C6); 138.1, 137.7 (C11, C16); 130.4 (C3); 

129.8, 128.6, 128.5, 127.9, 127.9, 127.6, 127.3 (C2, C12, 

C13, C14, C17, C18, C19); 129.6 (C4); 120.9 (C7); 115.8 

(C5); 68.0, 67.7 (C10 and C15). 
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FT-IR: (ATR) ῡ [cm-1] = 3249 (m), 3091 (w), 3061 (w), 3031 (w), 

2933 (w), 2879 (w), 2712 (w), 2534 (w), 2451 (w), 2351 

(w), 2339 (w), 2323 (w), 2287 (w), 2198 (w), 2178 (w), 

2168 (w), 2116 (w), 2077 (w), 2051 (w), 1995 (w), 1980 

(w), 1960 (w), 1933 (w), 1892 (w), 1823 (w), 1767 (w), 

1715 (w), 1662 (w), 1596 (s), 1574 (m), 1515 (m), 1498 

(m), 1470 (m), 1455 (m), 1446 (s), 1401 (m), 1383 (m), 

1355 (s), 1307 (s), 1287 (m), 1239 (s), 1228 (s), 1204 (s), 

1175 (s), 1115 (m), 1106 (m), 1080 (m), 1046 (m), 1029 

(m), 1003 (s), 997 (s), 957 (m), 911 (m), 887 (m), 841 (m), 

826 (s), 811 (m), 765 (m), 747 (s), 739 (s), 719 (m), 696 

(s), 647 (m), 627 (m), 620 (m), 603 (s), 595 (s), 557 (m), 

539 (s), 532 (s), 504 (m). 

 

6.2.3.2 Synthesis of 98 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Brown et al.[218]: In a 50 mL round bottom flask, 1.50 g (6.81 mmol; 

1.00 eq.) of piperazine 97 and 2.80 g (20.4 mmol; 3.00 eq.) of K2CO3 were dissolved 

in 20 mL of MeCN. Next, 1.28 g (10.2 mmol; 1.50 eq.) of bromoethanol (74) were 

added and the mixture was heated to 90 °C until full conversion of piperazine 97 was 

observed by TLC after 19 h. The mixture was filtered, and the solvent was removed 

under reduced pressure and the crude product was purified by column 

chromatography (SiO2, EtOAc/MeOH 9:1) to obtain 1.29 g (4.53 mmol; 66%; 93 wt%) 

of the desired product 98 as a yellow oil. 
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M (C14H20N2O3): 264.32 g/mol. 

Yield:  1.29 g (4.53 mmol; 66%; 93 wt%). 

Rf: (SiO2, EtOAc/MeOH 9:1) = 0.30. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.37-7.29 (m, 5H, H1, H2, 

H3), 5.14 (s, 2H, H5), 3.63 (t, 3J = 5.4 Hz, 2H, H10), 3.53 

(t, 3J = 5.0 Hz, 4H, H7), 2.56 (t, 3J = 5.4 Hz, 2H, H9), 2.48 

(s, 4H, H8). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 155.3 (C6); 136.8 (C4); 128.7, 

128.1 (C2, C3); 128.2 (C1); 67.3 (C5), 59.5 (C9), 57.9 

(C10), 52.8 (C8), 44.0 (C7).  

FT-IR: (ATR) ῡ [cm-1] = 3425 (w), 3090 (w), 3065 (w), 3033 (w), 

2942 (w), 2868 (w), 2814 (w), 2343 (w), 2216 (w), 2084 

(w), 1951 (w), 1871 (w), 1697 (s), 1608 (w), 1587 (w), 1525 

(w), 1498 (w), 1455 (m), 1428 (s), 1362 (m), 1334 (w), 

1303 (m), 1288 (m), 1234 (s), 1125 (s), 1076 (m), 1053 (m), 

1026 (m), 1002 (m), 969 (m), 940 (w), 921 (w), 873 (w), 

793 (w), 762 (m), 754 (m), 735 (m), 697 (s), 641 (w), 604 

(m), 580 (m), 556 (m). 

LC-MS (ESI): tr [min] 6.82-7.65 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 265.32 265.18  
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6.2.3.3 Synthesis of 93 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Roy et al.[219]: In a 25 mL Schlenk flask, 180 mg (0.48 mmol; 1.00 eq.) of 

recruiter 72, 200 mg (760 mol; 1.60 eq.) of linker 98, and 180 mg (0.71 mmol; 

1.50 eq.) of triphenylphosphine were dissolved in 6.5 mL of THF. The mixture was 

cooled to 0 °C and 0.15 mL (0.76 mmol; 1.60 eq.) of DIAD were added. The mixture 

was stirred at room temperature until full conversion of recruiter 72 was observed by 

TLC after 16 h. The solvent was removed under reduced pressure. The crude mixture 

was purified by column chromatography (SiO2, cHex/EtOAc 9:1 to 1:1) to obtain 0.25 g 

(0.40 mmol; 83%) of the desired product 93 as a colorless oil. 

 

M (C39H39N3O5): 629.76 g/mol. 

Yield:  0.25 g (0.40 mmol; 83%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.23. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.57 (d, 3J = 8.1 Hz, 1H, H16), 

7.48 (d, 3J = 8.6 Hz, 2H, H13), 7.43-7.27 (m, 15H, H1, H2, 

H3, H22, H23, H24, H27, H28, H29), 6.92 (d, 3J = 8.9 Hz, 

2H, H12), 6.46 (d, 3J = 8.1 Hz, 1H, H17), 5.42 (s, 2H, 

H20/H25), 5.35 (s, 2H, H20/H25), 5.14 (s, 2H, H5), 4.13 (t, 

3J = 5.6 Hz, 2H, H10), 3.55 (t, 3J = 4.9 Hz, 4H, H7), 2.84 (t, 

3J = 8.8 Hz, 2H, H9), 2.56 (s, 4H, H8).  

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1, 158.3 (C18, C19); 

157.7 (C11); 155.4 (C6); 141.6 (C16); 138.1, 137.8 (C21, 

C26); 136.9 (C4); 130.2 (C13); 129.6 (C14); 129.6, 128.6, 

128.6, 128.5, 128.2, 128.1, 127.9, 127.6, 127.4 (C1, C2, 

C3, C21, C22, C23, C24, C27, C28, C29); 115.8 (C15); 

114.4 (C12); 102.5 (C17); 68.0, 67.7 (C20, C25); 67.3 (C5); 

66.0 (C10); 60.5, 57.4 (C9); 53.4 (C8); 43.9 (C7). 
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FT-IR: (ATR) ῡ [cm-1] = 3427 (w), 3066 (w), 3032 (w), 2959 (w), 

2928 (m), 2873 (w), 2860 (w), 2388 (w), 2080 (w), 1944 

(w), 1719 (s), 1598 (w), 1582 (w), 1516 (w), 1505 (w), 1460 

(m), 1408 (w), 1380 (w), 1357 (w), 1338 (w), 1303 (w), 

1266 (s), 1247 (s), 1173 (w), 1115 (s), 1101 (s), 1051 (w), 

1019 (m), 979 (w), 959 (w), 909 (w), 874 (w), 835 (w), 810 

(w), 795 (w), 767 (w), 729 (s), 696 (w), 647 (w), 632 (w), 

599 (w). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 630.29625 630.29636 +0.19 

 [M+Na]+ 652.27819 652.27841 +0.33 

 

6.2.3.4 Synthesis of 105 

 

According to a modified procedure by Lei et al.[220]: In a 25 mL Schlenk flask, 160 mg 

(237 mol; 1.00 eq.) of linker-recruiter conjugate 93 were dissolved in 2 mL of MeOH 

and 2 mL of CH2Cl2. Next, 33 mg (20 wt%) of Pd/C were added and the flask was 

purged with hydrogen gas. After 16 h, full conversion of 93 was observed by TLC and 

the solvent was removed under reduced pressure. The crude mixture was purified by 

column chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The crude 

product was dissolved in CH2Cl2, filtered through a syringe filter. The solvent was 

removed under reduced pressure to obtain 35 mg (110 mol; 46%) of the desired 

product 105 as a yellow oil. 
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M (C17H23N3O3): 317.39 g/mol. 

Yield:  35 mg (0.11 mmol; 46%). 

Rf: (SiO2, EtOAc /MeOH/NEt3 20:4:1) = 0.07. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.13 (d, 3J = 8.8 Hz, 2H, H7), 

6.91 (d, 3J = 8.8 Hz, 2H, H6), 4.10 (t, 3J = 5.5 Hz, 2H, H4), 

3.73 (dd, 3J = 9.7 Hz, 3J = 5.3 Hz, 1H, H9), 3.08 (t, 

3J = 4.7 Hz, 4H, H1), 2.85 (t, 3J = 10.5 Hz, 2H, H3), 

2.77-2.71 (m, 4H, H2), 2.68-2.57 (m, 2H, H11), 2.31-2.15 

(m, 2H, H10). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 173.7 (C13); 172.6 (C12); 

158.2 (C5); 129.6 (C8); 129.3 (C7); 115.1 (C6); 66.0 (C4); 

57.3 (C3); 52.4 (C2); 47.3 (C9); 44.5 (C1); 31.1 (C11); 26.5 

(C10). 

FT-IR: (ATR) ῡ [cm-1] = 3429 (w), 3067 (w), 2943 (w), 2828 (w), 

2251 (w), 2126 (w), 1997 (w), 1704 (w), 1679 (w), 1612 

(w), 1582 (w), 1513 (w), 1461 (w), 1441 (w), 1357 (w), 

1323 (w), 1299 (w), 1235 (w), 1190 (w), 1117 (w), 1052 (s), 

1024 (s), 1005 (s), 821 (m), 759 (m), 723 (w), 697 (w), 683 

(w), 623 (m), 614 (m), 594 (m), 542 (m). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 318.18122 318.18162 +1.26 
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6.2.3.5 Synthesis of 109 

 

In a 25 mL Schlenk flask, 30 mg (44 mol; 1.0 eq.) of warhead 38, 22 mg (57 mol; 

1.3 eq.) of HATU and 19 L (110 mol; 2.5 eq.) of DIPEA were added in 1.8 mL of DMF. 

In a 10 mL Schlenk flask, 14 mg (44 mol; 1.0 eq.) of linker-recruiter conjugate 105 

were dissolved in 1.8 mL of DMF. After 30 min, the mixture was added to the solution 

of warhead 38, and the mixture was stirred at room temperature until full conversion of 

warhead 38 was observed by TLC after 17 h. The solvent was removed under reduced 

pressure and the crude product was purified by column chromatography (dryload, 

SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 2:8 to 7:3) 

and lyophilized to obtain 8.0 mg (8.1 mol; 18%) of the desired product 109 as a 

colorless lyophilizate. 

 

M (C52H67N8O9Cl): 983.60 g/mol. 

Yield:  8.0 mg (8.1 mol; 18%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.21. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 983.47923 983.48017 +0.95 

 [M+Na]+ 1005.46117 1005.46054 -0.63 

HPLC: tr [min] 8.11-8.37 

 Purity [%] 92 
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6.2.3.6 Synthesis of 99 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Roy et al.[219]: In a 25 mL Schlenk flask, 400 mg (1.04 mmol; 1.00 eq.) of 

recruiter 72, 770 mg (7.28 mmol; 7.00 eq.) of diethylene glycol (54), and 410 mg 

(1.56 mmol; 1.50 eq.) of triphenylphosphine were dissolved in 8.5 mL of THF. The 

mixture was cooled to 0 °C and 330 L (1.67 mmol; 1.50 eq.) of DIAD were added. 

The mixture was stirred at room temperature until full conversion of recruiter 72 was 

observed by TLC after 20 h. The solvent was removed under reduced pressure and 

the residue was purified by column chromatography (SiO2, cHex/EtOAc 3:1 to 1:1) to 

obtain 0.28 g (0.58 mmol; 56%; 98 wt%) of the desired product 99 as a pale-yellow 

solid. 

 

M (C29H29NO5): 471.55 g/mol. 

Yield:  0.28 g (0.58 mmol; 56%; 98 wt%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.26. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.57 (d, 3J = 8.1 Hz, 1H, H10), 

7.49 (d, 3J = 8.8 Hz, 2H, H7), 7.44-7.27 (m, 10H, H16, H17, 

H18, H21, H22, H23), 6.95 (d, 3J = 8.7 Hz, 2H, H6), 6.46 

(d, 3J = 8.0 Hz, 1H, H11), 5.42 (s, 2H, H14), 5.36 (s, 2H, 

H19), 4.19-4.16 (m, 2H, H4), 3.89 (t, 3J = 4.7 Hz, 2H, H3), 

3.80-3.74 (m, 2H, H1), 3.70-3.68 (m, 2H, H2). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C13); 158.4 (C12); 

157.7 (C5); 141.6 (C10); 138.4 (C15); 137.8 (C20); 130.2 

(C7); 129.6 (C8); 129.7, 128.6, 128.5, 127.9, 127.6, 127.4 

(C16, C17, C18, C21, C22, C23); 115.7 (C9); 114.4 (C6); 

102.5 (C11); 72.4 (C2); 69.9 (C3); 68.0 (C14); 67.7 (C19); 

67.6 (C4); 62.0 (C1). 
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FT-IR: (ATR) ῡ [cm-1] = 3353 (w), 3111 (w), 3091 (w), 3063 (w), 

3034 (w), 2963 (w), 2933 (w), 2892 (w), 2719 (w), 2527 

(w), 2324 (w), 2163 (w), 2141 (w), 2115 (w), 2063 (w), 1958 

(w), 1920 (w), 1892 (w), 1816 (w), 1741 (w), 1594 (s), 1582 

(m), 1568 (m), 1515 (m), 1498 (w), 1485 (w), 1470 (m), 

1446 (s), 1424 (m), 1398 (m), 1377 (w), 1351 (s), 1305 (s), 

1284 (s), 1243 (s), 1224 (s), 1216 (s), 1180 (m), 1136 (s), 

1124 (s), 1109 (s), 1083 (m), 1055 (s), 1046 (s), 1027 (s), 

1017 (m), 1002 (s), 941 (m), 929 (m), 889 (m), 839 (s), 820 

(s), 814 (s), 767 (m), 754 (m), 734 (s), 696 (s), 630 (s), 616 

(s), 594 (s), 562 (m), 537 (m), 502 (m). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 472.21184 472.21229 +0.93 

 [M+Na]+ 494.19379 494.19349 -0.62 

 

6.2.3.7 Synthesis of 102 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Li et al.[194]: In a 10 mL round bottom flask, 274 mg (580 mol; 1.00 eq.) 

of linker-recruiter conjugate 99, 80 L (0.64 mmol; 1.1 eq.) of NEt3, and 330 mg 

(1.74 mmol; 3.00 eq.) of TsCl were added to 3 mL of CH2Cl2. The mixture was stirred 

at room temperature until full conversion of linker-recruiter conjugate 99 was observed 

by TLC after 22 h. The reaction mixture was diluted with 20 mL of CH2Cl2 and 0.2 mL 

of HCl (1M) were added. The layers were separated, and the aqueous phase was 

extracted with 20 mL of CH2Cl2 two times. The combined organic layers were dried 

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

mixture was purified by column chromatography (SiO2, cHex/EtOAc 1:1) to obtain 

257 mg (430 mol; 74%; 95 wt%) of the desired product 102 as a colorless oil. 
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M (C36H35NO7S): 625.74 g/mol. 

Yield:  257 mg (430 mol; 74%; 95 wt%). 

Rf: (SiO2, cHex/EtOAc 3:1) = 0.32. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.79 (d, 3J = 8.3 Hz, 2H, H4), 

7.57 (d, 3J = 8.0 Hz, 1H, H15), 7.48 (d, 3J = 8.8 Hz, 2H, 

H12), 7.44-7.42 (m, 2H, H3), 7.38-7.27 (m, 10H, H21, H22, 

H23, H26, H27, H28), 6.90 (d, 3J = 8.8 Hz, 2H, H11), 6.46 

(d, 3J = 8.0 Hz, 1H, H16), 5.42 (s, 2H, H19), 5.36 (s, 2H, 

H24), 4.21-4.18 (m, 2H, H6), 4.07-4.05 (m, 2H, H9), 

3.80-3.75 (m, 4H, H7, H8), 2.38 (s, 3H, H1). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C18); 158.4 (C17); 

157.7 (C10); 144.9 (C2); 141.6 (C15); 138.1 (C25); 137.8 

(C20); 130.2 (C12); 129.9 (C3); 129.7 (C13); 129.6 (C5); 

128.1 (C4); 128.6, 128.5, 127.9, 127.6, 127.4 (C21, C22, 

C23, C26, C27, C28); 115.8 (C14); 114.4 (C11); 102.5 

(C16); 70.1 (C7/C8); 69.4 (C6); 69.0 (C7/C8); 68.0 (C24); 

67.7 (C19); 67.5 (C9); 21.7 (C1). 

FT-IR: (ATR) ῡ [cm-1] = 3656 (w), 3089 (w), 3064 (w), 3032 (w), 

2927 (w), 2878 (w), 2587 (w), 2525 (w), 2328 (w), 2075 

(w), 1920 (w), 1884 (w), 1809 (w), 1739 (w), 1596 (m), 

1583 (m), 1569 (w), 1516 (w), 1496 (w), 1470 (m), 1447 

(s), 1425 (w), 1399 (m), 1354 (s), 1306 (m), 1291 (m), 1244 

(s), 1220 (m), 1189 (m), 1174 (s), 1137 (m), 1108 (m), 1097 

(m), 1064 (m), 1047 (m), 1011 (s), 1001 (s), 914 (s), 836 

(m), 811 (s), 769 (m), 756 (s), 735 (s), 695 (s), 662 (s), 629 

(m), 596 (w), 582 (m), 553 (s), 510 (m). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 626.22069 626.22075 +0.08 

 [M+Na]+ 648.20264 648.20250 -0.23 

  



Experimental Section 

105 
 

6.2.3.8 Synthesis of 94 

 

According to a modified procedure by Brown et al.[218]: In a 50 mL round bottom flask, 

124 mg (563 mol; 1.60 eq.) of piperazine 97, 239 mg (355 mol; 1.00 eq.) of tosylate 

102, and 155 mg (1.12 mmol; 3.20 eq.) of K2CO3 were dissolved in 6.2 mL of MeCN. 

The mixture was heated to 90 °C until full conversion of tosylate 102 was observed by 

TLC after 20 h. After cooling to room temperature, 20 mL of EtOAc and 4 mL of H2O 

were added. The layers were separated, and the aqueous phase was extracted with 

20 mL of EtOAc two times. The combined organic layers were washed with NaCl 

solution, dried over MgSO4, filtered, and the solvent was removed under reduced 

pressure to obtain 272 mg (341 mol; 96%, 84 wt%) of the desired product  94 as a 

yellow oil. 

 

M (C41H43N3O6): 673.81 g/mol. 

Yield:  272 mg (341 mol; 96%, 84 wt%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.08. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.56 (d, 3J = 8.0 Hz, 1H, H18), 

7.46 (d, 3J = 8.8 Hz, 2H, H15), 7.44-7.28 (m, 15H, H1, H2, 

H3, H24, H25, H26, H29, H30, H31), 6.92 (d, 3J = 8.7 Hz, 

2H, H14), 6.45 (d, 3J = 8.1 Hz, 1H, H19), 5.41 (s, 2H, H22), 

5.35 (s, 2H, H27), 5.12 (s, 2H, H5), 4.16-4.09 (m, 2H, H12), 

3.83 (t, 3J = 4.8 Hz, 2H, H11), 3.71 (s, 2H, H10), 3.53 (s, 

4H, H8), 2.64 (s, 2H, H9), 2.49 (s, 4H, H7). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C21); 158.4 (C20); 

157.8 (C13); 155.4 (C6); 141.6 (C18); 138.1 (C23); 137.8 

(C28); 136.9 (C4); 130.2 (C15); 129.4 (C16); 128.6, 128.5, 

128.1, 128.0, 128.0, 127.9, 127.7, 127.5, 127.3 (C1, C2, 

C3, C24, C25, C26, C29, C30, C31); 115.8 (C17); 114.4 

(C14); 102.5 (C19); 69.7 (C11); 69.2 (C9 or C10); 68.0 
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(C27); 67.7 (C12); 67.6 (C22); 67.2 (C5); 58.0 (C9 or C10); 

53.4 (C7); 43.9 (C8). 

FT-IR: (ATR) ῡ [cm-1] = 3656 (w), 3089 (w), 3064 (w), 3032 (w), 

2927 (w), 2878 (w), 2587 (w), 2525 (w), 2328 (w), 2075 

(w), 1920 (w), 1884 (w), 1809 (w), 1739 (s), 1596 (m), 1583 

(m), 1569 (w), 1516 (w), 1496 (w), 1470 (m), 1447 (s), 

1425 (m), 1399 (m), 1354 (m), 1306 (m), 1291 (m), 1244 

(s), 1220 (m), 1189 (m), 1174 (s), 1137 (m), 1108 (m), 1097 

(m), 1064 (s), 1047 (w), 1011 (w), 1001 (m), 914 (m), 836 

(m), 811 (m), 769 (s), 756 (m), 735 (w), 695 (w), 662 (w), 

629 (w), 596 (m), 582 (m), 553 (w), 510 (s). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 674.32246 674.32211 -0.53 

 [M+Na]+ 696.30440 696.30323 -1.70 
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6.2.3.9 Synthesis of 106 

 

According to a modified procedure by Lei et al.[220]: In a 25 mL Schlenk flask, 24 mg 

(36 mol; 1.0 eq.) of the linker-recruiter conjugate 94 were dissolved in 1 mL of MeOH 

and 1 mL of CH2Cl2. Next, 24 mg (100 wt%) of Pd/C were added and the flask was 

purged with hydrogen gas. After 16 h, the mixture was centrifuged, decanted, and the 

solvent was removed under reduced pressure to obtain 12 mg (33 mol; 90%) of the 

desired product 106 as a yellow oil. 

 

M (C19H27N3O4): 361.44 g/mol. 

Yield:  12 mg (33 mol; 90%). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 362.20743 362.20772 +0.80 

LC-MS (ESI): tr [min] 2.77-3.09 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 362.21 362.28  

The product was used without further characterization. 
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6.2.3.10 Synthesis of 110 

 

In a 10 mL Schlenk flask, 23 mg (33 mol; 1.0 eq.) of warhead 38, 16 mg (43 mol; 

1.3 eq.) of HATU and 10.1 L (116 mol; 1.75 eq.) of DIPEA were added in 0.6 mL of 

DMF. In a 10 mL Schlenk flask, 12 mg (33 mol; 1.0 eq.) of linker-recruiter conjugate 

106 were dissolved in 0.6 mL of DMF and 10.1 L (116 mol; 1.75 eq.) of DIPEA. After 

30 min, the mixture was added to the solution of warhead 38 and the mixture was 

stirred at room temperature until full conversion of warhead 38 was observed by LC-MS 

after 24 h. The crude reaction mixture was purified by preparative HPLC and 

lyophilized. The residue was purified by reverse phase column chromatography 

(MeCN/H2O 2:8 to 7:3) and lyophilized to obtain 6.0 mg (5.8 mol; 18%) of the desired 

product 110 as a colorless lyophilizate. 

 

M (C54H71N8O10Cl): 1027.66 g/mol. 

Yield:  6.0 mg (5.8 mol; 18%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.18. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1027.50544 1027.50512 -0.32 

 [M+Na]+ 1049.48739 1049.48488 -2.39 

LC-MS (ESI): tr [min] 8.19-8.57, 10.23-11.79 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 1027.50 1027.78  
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6.2.3.11 Synthesis of 100 

 

According to a modified procedure by Roy et al.[219]: In a 25 mL Schlenk flask, 400 mg 

(1.04 mmol; 1.00 eq.) of recruiter 72, 1.09 g (7.28 mmol; 7.00 eq.) of triethylene glycol 

(81), and 410 mg (1.56 mmol; 1.50 eq.) of triphenylphosphine were dissolved in 8.5 mL 

of THF. The mixture was cooled to 0 °C and 330 L (1.67 mmol; 1.50 eq.) of DIAD were 

added. The mixture was stirred at room temperature until full conversion of recruiter 72 

was observed by TLC after 18 h. The solvent was removed under reduced pressure 

and the crude mixture was purified by column chromatography (SiO2, cHex/EtOAc 1:1) 

to obtain 340 mg (650 mol; 63%; 55 wt%) of the desired product 100 as a pale-yellow 

solid. 

 

M (C31H33NO6): 515.606 g/mol. 

Yield:  0.34 g (0.65 mmol; 63%; 55 wt%). 

Rf: (SiO2, EtOAc) = 0.31. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.57-7.56 (m, 1H, H12), 

7.45-7.43 (m, 2H, H9), 6.94 (d, 3J = 8.8 Hz, 2H, H8), 6.45 

(d, 3J = 8.1 Hz, 1H, H13), 5.42 (s, 2H, H21), 5.35 (s, 2H, 

H16), 4.17 (t, 3J = 4.8 Hz, 2H, H6), 3.88 (t, 3J = 4.8 Hz, 2H, 

H5), 3.76-3.69 (m, 6H, H1, H3, H4), 3.63-3.61 (m, 2H, H2). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C15); 158.3 (C14); 

157.8 (C7); 141.6 (C12); 138.1 (C17); 137.8 (C22); 130.2 

(C9); 129.6 (C10); 128.7, 128.6, 128.5, 127.9, 127.5, 127.3 

(C18, C19, C20, C23, C24, C25); 115.8 (C11); 114.5 (C8); 

102.5 (C13); 72.6 (C2); 71.0, 70.6, 69.9 (C3, C4, C5); 68.0 

(C16); 67.7 (C21); 67.5 (C6); 61.9 (C1). 
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6.2.3.12 Synthesis of 103 

 

According to a modified procedure by Li et al.[194]: In a 10 mL round bottom flask, 

318 mg (620 mol; 1.00 eq.) of linker-recruiter conjugate 100, 118 L (680 mol; 

1.10 eq.) of NEt3, and 350 mg (1.85 mmol; 3.00 eq.) of TsCl were added to 3.2 mL of 

CH2Cl2. The mixture was stirred at room temperature until full conversion of 

linker-recruiter conjugate 100 was observed by TLC after 20 h. The reaction mixture 

was diluted with 20 mL of CH2Cl2 and 2 mL of HCl (1M) were added. The layers were 

separated, and the aqueous phase was extracted with 20 mL of CH2Cl2 two times. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The crude mixture was purified by column chromatography 

(SiO2, cHex/EtOAc 3:1 to 2:1) to obtain 210 mg (313 mol; 51%) of the desired product 

103 as a pale-yellow oil. 

 

M (C38H39NO8S): 669.79 g/mol. 

Yield:  210 mg (313 mol; 51%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.69. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.82 (d, 3J = 8.4 Hz, 2H, H4), 

7.59 (d, 3J = 8.2 Hz, 1H, H17), 7.50 (d, 3J = 8.9 Hz, 2H, 

H14), 7.47-7.44 (m, 2H, H3), 7.41-7.30 (m, 10H, H23, H24, 

H25, H28, H29, H30), 6.95 (d, 3J = 8.9 Hz, 2H, H11), 6.58 

(d, 3J = 8.1 Hz, 1H, H18), 5.44 (s, 2H, H21), 5.38 (s, 2H, 

H26), 4.20-4.12 (m, 4H, H6-H11), 3.86 (t, 3J = 4.8 Hz, 2H, 

H6-H11), 3.73-3.68 (m, 4H, H6-H11), 3.65-3.63 (m, 2H, 

H6-H11), 2.44 (s, 3H, H1).  

13C NMR: (100 MHz, CDCl3)  [ppm] = 160.9 (C20); 158.2 (C19); 

157.7 (C12); 144.7 (C2); 141.6 (C17); 138.0 (C22); 137.7 

(C27); 130.2 (C14); 129.9 (C3); 129.7 (C15); 129.6 (C5); 

128.6, 128.5, 128.1, 127.9, 127.5, 127.3 (C23, C24, C25, 



Experimental Section 

111 
 

C28, C29, C30); 115.6 (C16); 114.4 (C13), 102.5 (C18), 

71.0, 70.9, 70.0, 69.4, 68.9 (C6, C7, C8, C9, C10, C11), 

68.0 (C26), 67.7 (C21); 21.7 (C1) 

Note: C20, C19, C12, C12, C22, C27, C15, C5, C16, and 

C1 were detected in the HSQC. 

 

6.2.3.13 Synthesis of 95 

 

According to a modified procedure by Brown et al.[218]: In a 50 mL round bottom flask, 

97 mg (440 mol; 1.4 eq.) of piperazine 97, 210 mg (313 mol; 1.00 eq.) of tosylate 

103, and 120 mg (868 mol; 2.80 eq.) of K2CO3 were dissolved in 5.4 mL of MeCN. 

The mixture was heated to 90 °C until full conversion of tosylate 103 was observed 

after 40 h by TLC. After cooling to room temperature, 20 mL of EtOAc and 4 mL of H2O 

were added. The layers were separated, and the aqueous phase was extracted with 

20 mL of EtOAc two times. The combined organic layers were dried over MgSO4, 

filtered, and the solvent was removed under reduced pressure to obtain 264 mg 

(312 mol; 99%; 85 wt%) of the desired product 95 as a yellow oil. 

 

 

M (C43H47N3O7): 717.86 g/mol. 

Yield:  264 mg (312 mol; 99%; 85 wt%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.65. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.56 (d, 3J = 8.0 Hz, 1H, H20), 

7.47 (d, 3J = 8.9 Hz, 2H, H17), 7.43-7.29 (m, 15H, H1, H2, 

H3, H26, H27, H28, H31, H32, H33), 6.93 (d, 3J = 8.9 Hz, 

2H, H16), 6.45 (d, 3J = 8.0 Hz, 1H, H21), 5.41 (s, 2H, H24), 

5.35 (s, 2H, H29), 5.12 (s, 3H, H5), 4.15 (t, 3J = 4.9 Hz, 2H, 

H14), 3.86 (t, 3J = 4.9 Hz, 2H, H13), 3.74-3.71 (m, 2H, 
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H10), 3.53-3.48 (m, 6H, H8, H11/H12), 2.85 (s, 2H, 

H11/H12), 2.60 (t, 3J = 5.3 Hz, 2H, H9), 2.47 (s, 4H, H7). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C23); 158.3 (C22); 

157.8 (C15); 155.4 (C6); 141.6 (C20); 138.1 (C25); 137.8 

(C30); 136.9 (C4); 130.2 (C17); 129.6 (C18); 128.6, 128.5, 

128.2, 128.1, 128.0, 128.0, 127.9, 127.5, 127.3 (C1, C2, 

C3, C26, C27, C28, C31, C32, C33); 115.8 (C19); 114.4 

(C16); 102.5 (C21); 71.0, 70.6, 69.9, 69.0, 67.7, 67.3, 57.9 

C9-C14); 68.0 (C29); 67.6 (C24); 67.2 (C5); 53.4 (C7); 

43.9 (C8). 

 

6.2.3.14 Synthesis of 107 

 

According to a modified procedure by Lei et al.[220]: In a 25 mL Schlenk flask, 264 mg 

(368 mol; 1.00 eq.) of linker-recruiter conjugate 95 were dissolved in 3 mL of MeOH 

and 3 mL of CH2Cl2. Next, 53 mg (20 wt%) of Pd/C were added and the flask was 

purged with hydrogen gas. After 16 h, full conversion of linker-recruiter conjugate 95 

was observed by TLC. The mixture was centrifuged, decanted, and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1) to obtain 56 mg 

(140 mol; 37%) of the desired product 107 as a yellow oil. 

M (C21H31N3O5): 405.495 g/mol. 

Yield:  56 mg (140 mol; 37%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 406.23365 406.23385 +0.50 

 [M+Na]+ 428.21559 428.21564 +0.11 

The product was used without further characterization. 
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6.2.3.15 Synthesis of 111 

 

In a 10 mL Schlenk flask, 76 mg (112 mol; 1.0 eq.) of warhead 38, 55 mg (0.15 mmol; 

1.3 eq.) of HATU and 34 L (0.2 mmol; 1.7 eq.) of DIPEA were added in 2.5 mL of 

DMF. In a 10 mL Schlenk flask, 50 mg (0.12 mmol; 1.1 eq.) of linker-recruiter conjugate 

107 and 34 L (0.2 mmol; 1.7 eq.) of DIPEA were added in 2.5 mL of DMF. After 

30 min, the mixture was added to the solution of warhead 38 and the mixture was 

stirred at room temperature until full conversion of warhead 38 was observed by TLC 

after 18 h and the solvent was removed under reduced pressure. The crude product 

was purified by column chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 1:0:0 to 

20:4:1). The residue was dissolved in CH2Cl2, filtered through a syringe filter, and the 

solvent was removed under reduced pressure. The residue was purified by reverse 

phase column chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to obtain 49 mg 

(46 mol; 41%) of the desired product 111 as a colorless lyophilizate. 

 

M (C56H75N8O11Cl): 1070.71 g/mol. 

Yield:  49 mg (46 mol; 41%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.16. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1071.53166 1071.53228 +0.58 

 [M+Na]+ 1093.51360 1093.51265 -0.87 

HPLC: tr [min] 9.04-9.27 

 Purity [%] 95 
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6.2.3.16 Synthesis of 101 

 

According to a modified procedure by Roy et al.[219]: In a 25 mL Schlenk flask, 400 mg 

(1.04 mmol; 1.00 eq.) of recruiter 72, 1.41 g (7.28 mmol; 7.00 eq.) of tetraethylene 

glycol (82), and 410 mg (1.56 mmol; 1.50 eq.) of triphenylphosphine were dissolved in 

8.5 mL of THF. The mixture was cooled to 0 °C and 330 L (1.67 mmol; 1.50 eq.) of 

DIAD were added. The mixture was stirred at room temperature until full conversion of 

recruiter 72 was observed by TLC after 18 h and the solvent was removed under 

reduced pressure. The crude mixture was purified by column chromatography (SiO2, 

cHex/EtOAc 1:2 to 0:1) to obtain 401 mg (720 mol; 69%; 75 wt%) of the desired 

product 101 as a pale-yellow solid. 

 

M (C33H37NO7): 559.66 g/mol. 

Yield:  401 mg (0.72 mmol; 69%; 75 wt%). 

Rf: (SiO2, EtOAc) = 0.18. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.58-7.56 (m, 1H, H14), 

7.42-7.38 (m, 2H, H11), 6.94 (d, 3J = 8.8 Hz, 2H, H10), 

6.45 (d, 3J = 8.1 Hz, 1H, H13), 5.42 (s, 2H, H23), 5.35 (s, 

2H, H18), 4.17 (t, 3J = 4.8 Hz, 2H, H8), 3.87 (t, 3J = 4.8 Hz, 

2H, H7), 3.76-3.67 (m, 10H, H1, H3, H4, H5, H6), 

3.62-3.59 (m, 2H, H2). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C17); 158.4 (C16); 

157.8 (C9); 141.6 (C14); 138.1 (C19); 137.8 (C24); 130.2 

(C11); 129.5 (C12); 128.6, 128.6, 128.5, 127.9, 127.5, 

127.3 (C20, C21, C22, C25, C26, C27); 115.8 (C13); 114.5 

(C10); 102.5 (C15); 72.6 (C2); 71.0, 70.8, 70.8, 70.5, 69.9 

(C3, C4, C5, C6, C7); 68.0 (C18); 67.7 (C23); 67.6 (C8); 

61.9 (C1). 
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6.2.3.17 Synthesis of 104 

 

According to a modified procedure by Li et al.[194]: In a 10 mL round bottom flask, 

141 mg (252 mol; 1.00 eq.) of linker-recruiter conjugate 101, 48 L (0.28 mmol; 

1.1 eq.) of NEt3, and 144 mg (756 mol; 3.00 eq.) of TsCl were added to 1.3 mL of 

CH2Cl2. The mixture was stirred at room temperature until full conversion of 

linker-recruiter conjugate 101 was observed by TLC after 20 h. The reaction mixture 

was diluted with 10 mL of CH2Cl2 and 2 mL of HCl (1M) were added. The layers were 

separated, and the aqueous phase was extracted with 10 mL of CH2Cl2 two times. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The crude mixture was purified by column chromatography 

(SiO2, cHex/EtOAc 3:1 to 1:1) and the solvent CH2Cl2 was removed under reduced 

pressure to obtain 98 mg (140 mol; 54%) of the desired product 104 as a pale-yellow 

oil. 

 

 

M (C40H43NO9S): 713.84 g/mol. 

Yield:  98 mg (140 mol; 54%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.50. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.81 (d, 3J = 8.3 Hz, 2H, H4), 

7.59 (d, 3J = 8.1 Hz, 1H, H19), 7.50 (d, 3J = 8.9 Hz, 2H, 

H16), 7.45 (d, 3J = 7.6 Hz, 2H, H3), 7.41-7.30 (m, 10H, 

H25, H26, H27, H30, H31, H32), 6.95 (d, 3J = 8.8 Hz, 2H, 

H15), 6.48 (d, 3J = 8.1 Hz, 1H, H20), 5.44 (s, 2H, H23), 

5.38 (s, 2H, H28), 4.17 (t, 3J = 4.7 Hz, 4H, H6-13), 3.88 (t, 

3J = 4.9 Hz, 2H, H6-13), 3.75-3.66 (m, 6H, H6-13), 

3.64-3.59 (m, 4H, H6-13), 2.45 (s, 3H, H1).  



Experimental Section 

116 
 

13C NMR: (100 MHz, CDCl3)  [ppm] = 161.1 (C22); 158.3 (C21); 

157.8 (C14); 144.6 (C2); 141.6 (C19); 138.1 (C29); 137.8 

(C24); 130.2 (C16); 130.0 (C3); 128.6, 128.5, 128.1, 127.9, 

127.5, 127.4 (C25 C26, C27, C30, C31, C32); 115.3 (C18), 

114.4 (C15), 102.5 (C20), 71.0, 70.9, 70.8, 70.7, 70.4, 

69.9, 69.4, 68.8, 67.6 (C6-13), 68.0 (C28), 67.7 (C23), 21.7 

(C1). 

Note: C22, C21, C2, C3, and C1 were detected in the 

HSQC, C17 and C9 were not detected. 

 

6.2.3.18 Synthesis of 96 

 

According to a modified procedure by Brown et al.[218]: In a 50 mL round bottom flask, 

42 mg (0.19 mmol; 1.4 eq.) of piperazine 97, 210 mg (137 mol; 1.00 eq.) of tosylate 

104, and 52 mg (0.38 mmol; 2.0 eq.) of K2CO3 were dissolved in 2.4 mL of MeCN. The 

mixture was heated to 90 °C until full conversion of tosylate 104 was observed after 

40 h by TLC. After cooling to room temperature, 20 mL of EtOAc and 4 mL of H2O were 

added. The layers were separated, and the aqueous phase was extracted with 20 mL 

of EtOAc two times. The combined organic layers were dried over MgSO4, filtered, and 

the solvent was removed under reduced pressure to obtain 125 mg (164 mol; 86%) 

of the desired product 96 as a yellow oil. 
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M (C45H51N3O8): 761.92 g/mol. 

Yield:  125 mg (164 mol; 86%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.50. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 7.56 (d, 3J = 8.1 Hz, 1H, H22), 

7.48 (d, 3J = 8.7 Hz, 2H, H19), 7.38-7.28 (m, 15H, H1, H2, 

H3, H28, H29, H30, H33, H34, H35), 6.93 (d, 3J = 8.9 Hz, 

2H, H18), 6.45 (d, 3J = 8.1 Hz, 1H, H23), 5.42 (s, 2H, H26), 

5.35 (s, 2H, H31), 5.12 (s, 2H, H5), 4.15 (t, 3J = 4.8 Hz, 2H, 

H16), 3.86 (t, 3J = 4.8 Hz, 2H, H15), 3.74-3.72 (m, 2H, 

H10), 3.69-3.64 (m, 4H, 2x H11/H12/H13/H14), 3.53-3.48 

(m, 6H, H8, H11/H12/H13/H14), 2.85 (s, 2H, 

H11/H12/H13/H14), 2.60 (t, 3J = 5.3 Hz, 2H, H9), 2.47 (s, 

4H, H7). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 160.8 (C25); 158.2 (C24); 

157.8 (C17); 155.2 (C6); 141.6 (C22), 138.2 (C27), 137.8 

(C32), 136.9 (C4), 130.2 (C19), 129.5 (C20); 128.6, 128.5, 

128.1, 128.0, 127.9, 127.5, 127.3 (C1, C2, C3, C28, C29, 

C30, C33, C34, C35); 115.8 (C21); 114.5 (C18); 102.5 

(C23); 71.0, 70.8, 70.6, 69.9, 69.0, 67.6, 67.3,(C9-C16); 

68.0 (C31), 67.7 (C26), 67.2 (C5); 53.4 (C7); 45.9 (C10). 

Note: C25, C24, C6, C27 were detected in the HSQC. 
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6.2.3.19 Synthesis of 108 

 

According to a modified procedure by Lei et al.[220]: In a 25 mL Schlenk flask, 125 mg 

(278 mol; 1.00 eq.) of linker-recruiter conjugate 96 were dissolved in 2 mL of MeOH 

and 2 mL of CH2Cl2. Next, 25 mg (20 wt%) of Pd/C were added and the flask was 

purged with hydrogen gas. After 16 h, full conversion of linker-recruiter conjugate 96 

was observed by TLC. The mixture was centrifuged, decanted, and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure to obtain 47 mg (0.10 mmol; 64%) of the desired product 108 

as a yellow oil. 

 

M (C23H35N3O6): 449.55 g/mol. 

Yield:  47 mg (0.10 mmol; 64%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.09. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 450.25986 450.26020 +0.75 

 [M+Na]+ 472.24181 472.24185 +0.10 

 

LC-MS (ESI): 

tr [min] 5.23-7.81 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 450.26 450.36  

The product was used without further characterization. 
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6.2.3.20 Synthesis of 112 

 

In a 10 mL Schlenk flask, 62 mg (91 mol; 1.0 eq.) of warhead 38, 45 mg (0.12 mmol; 

1.3 eq.) of HATU and 27 L (0.16 mmol; 1.7 eq.) of DIPEA were added in 2 mL of DMF. 

In a 10 mL Schlenk flask, 45 mg (0.10 mmol; 1.1 eq.) of linker-recruiter conjugate 108 

and 27 L (0.16 mmol; 1.7 eq.) of DIPEA were added in 2 mL of DMF. After 30 min, the 

mixture was added to the solution of warhead 38 and the mixture was stirred at room 

temperature until full conversion of warhead 38 was observed by TLC after 18 h. The 

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

column chromatography (dryload, SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The 

residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was 

removed under reduced pressure. The residue was purified by reverse phase column 

chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to obtain 61 mg (55 mol; 

60%) of the desired product 112 as a colorless lyophilizate. 

 

M (C58H79N8O12Cl): 1115.76 g/mol. 

Yield:  61 mg (55 mol; 60%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.10. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1115.55787 1115.55858 +0.63 

 [M+Na]+ 1137.53982 1137.53907 -0.66 

HPLC: tr [min] 8.31-8.83 

 Purity [%] 89 
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6.2.4 Synthesis towards PROTACs 114-120 and 132-134 

6.2.4.1 Synthesis of 114 

 

According to a modified procedure by Zhao et al.[201]: In a 10 mL Schlenk flask, 80 mg 

(0.17 mmol; 1.0 eq.) of recruiter 113 and 58 L (0.42 mmol; 2.5 eq.) of NEt3 were 

dissolved in 4 mL of CH2Cl2 and 24 L (0.25 mmol; 1.5 eq.) of Ac2O were added. The 

mixture was stirred at room temperature until full conversion of recruiter 113 was 

observed by TLC after 23 h. The crude reaction mixture was purified by column 

chromatography (CH2Cl2/MeOH/NEt3 1:0:0 to 100:5:1). The residue was then purified 

by reverse phase column chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to 

obtain 64 mg (0.13 mmol; 83%) of the desired product 114 as a colorless lyophilizate. 

 

M (C25H34N4O4S): 486.63 g/mol. 

Yield:  64 mg (0.13 mmol; 83%; Lit.[201]: 56%). 

Rf: (SiO2, CH2Cl2/MeOH/NEt3 100:5:1) = 0.17. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H19), 7.44-7.36 

(m, 5H, H15, H16, NH), 6.19 (d, 3J = 9.0 Hz, 1H, NH), 5.41 

(d, 3J = 9.6 Hz, 1H, OH), 5.09 (quin, 3J = 7.3 Hz, 1H, H12), 

4.72 (t, 3J = 8.9 Hz, 1H, H10), 4.55 (d, 3J = 9.2 Hz, 1H, H3), 

4.52 (s, 1H, H8), 4.09 (d, 3J = 11.5 Hz, 1H, H7a), 3.60 (dd, 

3J = 11.0 Hz, 3J = 4.2 Hz, 1H, H7b), 2.53 (s, 3H, H21), 

2.56-2.50 (m, 1H, H9a), 2.09-2.04 (m, 1H, H9b), 2.00 (s, 

3H, H1), 1.48 (d, 3J = 6.9 Hz, 3H, H13), 1.05 (s, 9H, H5). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.2 (C6); 170.9 (C2); 169.7 

(C11); 150.5 (C19); 148.7 (C20); 143.2 (C14); 131.7 (C18); 

131.1 (C17); 129.7 (C16); 126.6 (C15); 70.2 (C8); 58.6 

(C10); 57.9 (C3); 56.8 (C7); 49.0 (C12); 35.3 (C9); 35.1 

(C4); 26.6 (C5); 23.2 (C1); 22.4 (C13); 16.2 (C21). 
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HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 487.23735 487.23731 -0.09 

 [M+Na]+ 509.21930 509.21857 -1.43 

LC-MS (ESI): tr [min] 11.25-11.71 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 487.24 487.18 96 

 

6.2.4.2 Synthesis of 115 

 

According to a modified procedure by Banerjee et al.[196]: In a 10 mL Schlenk flask, 

25 mg (36 mol; 1.0 eq.) of warhead 38, 12 mg (40 mol; 1.1 eq.) of HATU and 8.0 L 

(91 mol; 1.2 eq.) of DIPEA were added in 0.8 mL of DMF. In a 10 mL Schlenk flask, 

18 mg (38 mol; 1.0 eq.) of recruiter 113 and 8.0 L (91 mol; 1.2 eq.) of DIPEA were 

added in 0.8 mL of DMF. After 30 min, the mixture was added to the solution of warhead 

38 and the mixture was stirred at room temperature until full conversion of warhead 38 

was observed by TLC after 18 h and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (dryload, SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was then purified by reverse phase column chromatography (MeCN/H2O 2:8 

to 8:2) and lyophilized to obtain 18 mg (46 mol; 44%) of the desired product 111 as a 

colorless lyophilizate. 
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M (C58H76N9O9SCl): 1110.81 g/mol. 

Yield:  18 mg (16 mol; 44%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.28. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1110.52480 1110.52637 +1.42 

 [M+Na]+ 1132.50674 1132.50587 -0.77 

LC-MS (ESI): tr [min] 13.44-14.77 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1110.53 1110.57 98 

6.2.4.3 Synthesis of 121 

 

According to a modified procedure by Xiao et al.[221]: In a 250 mL round bottom flask, 

13.9 g (100 mmol; 1.00 eq.) of bromoacetic acid (57) were dissolved in 160 mL of H2O. 

Next, 13.0 g (200 mmol; 2.0 eq.) of NaN3 were added in small portions and the mixture 

was stirred for 15 h at room temperature. The mixture was acidified with HCl (1M) to 

pH 2 and the mixture was extracted with 100 mL of EtOAc three times. The combined 

organic layers were dried over MgSO4, filtered, and the solvent was removed under 

reduced pressure to obtain 5.29 g (52.2 mmol; 53%; 89 wt%) of the desired product 

121 as a pale-yellow oil. 

 

M (C2H3N3O2): 101.06 g/mol. 

Yield:  5.29 g (52.2 mmol; 53%; 89 wt%). 

1H NMR: (500 MHz, CDCl3)  [ppm] = 10.34 (s, 1H, OH), 3.98 (s, 2H, 

H1). 

  



Experimental Section 

123 
 

6.2.4.4 Synthesis of 125 

 

In a 50 mL Schlenk flask, 60 mg (0.60 mmol; 1.2 eq.) of linker 121, 285 mg (750 mol; 

1.50 eq.) of HATU, and 235 L (1.35 mmol; 2.70 eq.) of DIPEA were added in 18 mL 

of CH2Cl2. After 30 min at room temperature, 222 mg (500 mol; 1.00 eq.) of recruiter 

113 were added. The mixture was stirred at room temperature until full conversion as 

observed by TLC after 15 h and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (dryload, SiO2, 

cHex/EtOAc/MeOH 25:25:1 to 20:20:1) to obtain 40 mg (75.8 mol; 15%) of the 

desired product 125 as a colorless solid. 

M (C25H33N7O4S): 527.644 g/mol. 

Yield:  40 mg (76 mol; 15%). 

Rf: (SiO2, cHex/EtOAc/MeOH 25:25:1) = 0.19. 

1H NMR: (600 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H19), 7.42-7.39 

(m, 3H, H16, NH), 7.36 (d, 3J = 8.3 Hz, 2H, H15), 6.81 (d, 

3J = 8.7 Hz, 1H, NH), 5.42 (s, 1H, H8), 5.09 (quin, 

3J = 7.3 Hz, 1H, H12), 4.77 (t, 3J = 8.1 Hz, 1H, H10), 4.44 

(d, 3J = 8.6 Hz, 1H, H3), 4.29 (d, 3J = 12.2 Hz, 1H, H7a), 

4.05 (d, 3J = 16.4 Hz, 1H, H1a), 3.88 (d, 3J = 16.4 Hz, 1H, 

H1b), 3.71 (dd, 3J = 12.2 Hz, 3J = 4.2 Hz, 1H, H7b), 

2.88-2.84 (m, 1H, H9a), 2.53 (s, 3H, H21), 2.23-2.18 (m, 

1H, H9b), 1.48 (d, 3J = 6.9 Hz, 3H, H13), 1.06 (s, 9H, H5).  

13C NMR: (150 MHz, CDCl3)  [ppm] = 171.7 (C6); 168.7 (C2); 167.0 

(C11); 150.5 (C19); 148.7 (C20); 142.9 (C14); 131.6 (C18); 

131.2 (C17); 129.7 (C16); 126.6 (C15); 74.4 (C8); 58.3 

(C10); 57.7 (C3); 54.0 (C7); 52.6 (C1a); 50.5 (C1b); 49.2 

(C12); 35.0 (C4); 31.8 (C9); 26.6 (C5); 22.3 (C13); 16.2 

(C21). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 
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 [M+H]+ 528.23875 528.23919 +0.82 

 [M+Na]+ 550.22069 550.22098 +0.51 

 

6.2.4.5 Synthesis of 116 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 15 mg (28 mol; 1.0 eq.) of 

linker-recruiter conjugate 125 were dissolved in 3 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added and the mixture was stirred 

at room temperature for 38 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 7 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 2:8 to 8:2) 

and lyophilized to obtain 6.0 mg (4.5 mol; 16%) of the desired product 116 as a 

pale-yellow lyophilizate. 

M (C67H89N14O10SCl): 1316.05 g/mol. 

Yield:  6.0 mg (4.5 mol; 16%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.12. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1317.63681 1317.64368 +5.21 

 [M+Na]+ 1339.61875 1339.62329 +3.39 

HPLC: tr [min] 13.01-13.44 

 Purity [%] 90 
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6.2.4.6 Synthesis of 126 

 

In a 10 mL Schlenk flask, 87 mg (0.60 mmol; 1.2 eq.) of linker 122, 285 mg (750 mol; 

1.50 eq.) of HATU, and 235 L (1.35 mmol; 2.70 eq.) of DIPEA were added in 9 mL of 

CH2Cl2. In a 50 mL Schlenk flask, 241 mg (500 mol; 1.00 eq.) of recruiter 113 and 

117 L (0.68 mmol; 1.35 eq.) of DIPEA were added in 9 mL of CH2Cl2. After 30 min, 

the mixture was added to the solution of linker 122. The mixture was stirred at room 

temperature until full conversion was observed by TLC after 15 h and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (dryload, SiO2, EtOAc/MeOH 20:1 to 10:1) to obtain 206 mg 

(360 mol; 72%) of the desired product 126 as a colorless oil. 

 

M (C27H37N7O5S): 571.70 g/mol. 

Yield:  206 mg (360 mol; 72%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.18. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H21), 7.50 (d, 

3J = 7.9 Hz, 1H, NH), 7.41 (d, 3J = 8.2 Hz, 2H, H18), 7.37 

(d, 3J = 8.2 Hz, 2H, H17), 7.24 (d, 3J = 8.2 Hz, 1H, NH), 

5.08 (q, 3J = 7.3 Hz, 1H, H14), 4.77 (t, 3J = 7.7 Hz, 1H, 

H12), 4.52-4.51 (m, 2H, H5, H10), 4.13 (d, 3J = 11.5 Hz, 

1H, H9a), 4.06 (d, 3J = 15.5 Hz, 1H, H3a), 3.99 (d, 

3J = 15.5 Hz, 1H, H3b), 3.74-3.67 (m, 2H, H2), 3.61 (dd, 

3J = 11.3 Hz, 3J = 3.7 Hz, 1H, H9b), 3.54-3.50 (m, 1H, 

H1a), 3.47-3.43 (m, 1H, H1b), 2.59 (ddd, 3J = 13.4 Hz, 

3J = 7.2 Hz, 3J = 4.9 Hz, 1H, H11a), 2.53 (s, 3H, H23), 

2.07-2.03 (m, 1H, H11b), 1.48 (d, 3J = 6.9 Hz, 3H, H15), 

1.08 (s, 9H, H7). 
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13C NMR: (125 MHz, CDCl3)  [ppm] = 171.9 (C8); 170.0 (C4); 169.6 

(C13); 150.5 (C21); 148.7 (C22); 143.3 (C16); 131.8 (C20); 

131.0 (C19); 129.7 (C18); 126.6 (C17); 70.7, 70.4 (C2, 

C3); 70.3 (C10); 58.3 (C12); 57.6 (C5); 56.7 (C9); 50.9 

(C1); 49.1 (C14); 35.3 (C11); 34.9 (C6); 26.6 (C7); 22.4 

(C15); 16.2 (C23). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 572.26496 572.26444 -0.91 

 [M+Na]+ 594.24691 594.24621 -1.17 

 

6.2.4.7 Synthesis of 117 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 25 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 126 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added and the mixture was stirred 

at room temperature for 17 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 6 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 2:8 to 8:2) 

and lyophilized to obtain 19 mg (14 mol; 48%) of the desired product 117 as a 

colorless lyophilizate. 
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M (C69H93N14O11SCl): 1362.10 g/mol. 

Yield:  19 mg (14 mol; 48%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1361.66303 1361.66882 +4.25 

 [M+Na]+ 1383.64497 1383.64807 +2.24 

HPLC: tr [min] 11.87-12.06 

 Purity [%] 98 

 

6.2.4.8 Synthesis of 133 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 22 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 131 and 25 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 126 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added and the mixture was stirred 

at room temperature for 17 h. Full conversion of warhead-linker conjugate 131 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 6 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 4:6) and 

lyophilized to obtain 8.0 mg (6.1 mol; 21%) of the desired product 133 as a colorless 

lyophilizate. 
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M (C67H86N14O10F2S): 1317.57 g/mol. 

Yield:  8.0 mg (6.1 mol; 21%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1317.64129 1317.64340 +1.60 

 [M+Na]+ 1339.62323 1339.62354 +0.23 

HPLC: tr [min] 9.82-10.23 

 Purity [%] 84 

 

6.2.4.9 Synthesis of 127 

 

In a 25 mL Schlenk flask, 113 mg (600 mol; 1.20 eq.) of linker 52, 285 mg (750 mol; 

1.50 eq.) of HATU, and 118 L (0.68 mmol; 1.35 eq.) of DIPEA were added in 9 mL of 

CH2Cl2. In a 50 mL Schlenk flask, 241 mg (500 mol; 1.00 eq.) of recruiter 113 and 

117 L (0.68 mmol; 1.35 eq.) of DIPEA were added in 9 mL of CH2Cl2. After 30 min, 

the mixture was added to the solution of linker 52. The mixture was stirred at room 

temperature until full conversion was observed by TLC after 18 h and the solvent was 

removed under reduced pressure. The crude product was purified by column 

chromatography (dryload, SiO2, EtOAc/MeOH 20:1 to 10:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter and the solvent was removed under 

reduced pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 

248 mg (403 mol; 81%) of the desired product 127 as a colorless lyophilizate. 
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M (C29H41N7O6S): 615.750 g/mol. 

Yield:  248 mg (403 mol; 81%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.19. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H23), 7.49 (d, 

3J = 7.9 Hz, 1H, NH), 7.41 (d, 3J = 8.2 Hz, 2H, H20), 7.37 

(d, 3J = 8.2 Hz, 2H, H19), 7.24 (d, 3J = 8.2 Hz, 1H, NH), 

5.08 (q, 3J = 7.3 Hz, 1H, H16), 4.77 (t, 3J = 7.7 Hz, 1H, 

H14), 4.54-4.52 (m, 2H, H7, H12), 4.11-4.08 (m, 1H, H11a), 

4.06 (d, 3J = 15.5 Hz, 1H, H5a), 4.00 (d, 3J = 15.5 Hz, 1H, 

H5b), 3.72-3.66 (m, 6H, H2, H3, H4), 3.62 (dd, 

3J = 11.3 Hz, 3J = 3.7 Hz, 1H, H11b), 3.46-3.38 (m, 2H, 

H1), 2.56-2.51 (m, 1H, H13a), 2.53 (s, 3H, H25), 2.08-2.03 

(m, 1H, H13b), 1.48 (d, 3J = 6.9 Hz, 3H, H17), 1.07 (s, 9H, 

H9). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.7 (C10); 170.6 (C6); 

169.8 (C15); 150.5 (C23); 148.6 (C24); 143.3 (C18); 131.7 

(C22); 131.0 (C21); 129.7 (C20); 126.6 (C19); 71.2, 70.5, 

70.5 (C2, C3, C4, C5); 70.2 (C12); 58.5 (C14); 57.4 (C7); 

56.7 (C11); 50.7 (C1); 49.0 (C16); 35.5 (C13); 35.1 (C8); 

26.6 (C9); 22.4 (C17); 16.2 (C25). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 616.29118 616.29125 +0.11 

 [M+Na]+ 638.27312 638.27245 -1.06 
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6.2.4.10 Synthesis of 118 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 46 mg 

(58 mol; 1.0 eq.) of warhead-linker conjugate 39 and 54 mg (88 mol; 1.5 eq.) of 

linker-recruiter conjugate 127 were dissolved in 4 mL DMF. Next, 2 mL of an aqueous 

solution (3mM; 6 mol; 10 mol%) of CuSO4 and 2 mL of an aqueous solution (6mM; 

12 mol; 20 mol%) of sodium ascorbate were added. The mixture was stirred at room 

temperature for 16 h. Full conversion of warhead-linker conjugate 39 was observed by 

TLC and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (dryload, 13 g ultra-pure silica, EtOAc/MeOH/NEt3 

1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered through a syringe filter, 

and the solvent was removed under reduced pressure. The residue was purified by 

reverse phase column chromatography (MeCN/H2O 4:6) and lyophilized to obtain 

43 mg (31 mol; 52%) of the desired product 118 as a colorless lyophilizate. 

 

 

M (C71H97N14O12SCl): 1406.15 g/mol. 

Yield:  43 mg (31 mol; 52%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.07. 

1H NMR: (500 MHz, DMSO-d6/D2O 9:1)  [ppm] = 8.98 (s, 1H, H76), 

8.84 (s, 1H, H57), 8.50 (d, 3J = 7.4 Hz, 1H, H68), 8.21 (d, 

3J = 8.7 Hz, 1H, H3), 8.02 (s, 1H, H47), 7.48-7.45 (m, 2H, 

H73), 7.42-7.37 (m, 4H, H7, H10, H72), 7.29-7.24 (m, 2H, 

H8, H9), 5.33 (d, 3J = 2.5 Hz, 1H, OH), 4.91 (q, 3J = 6.8 Hz, 

1H, H70), 4.83 (dd, 3J = 10.6 Hz, 3J = 3.7 Hz, 1H, H4), 

4.73 (t, 3J = 8.4 Hz, 1H, H25), 4.61 (d, 3J = 9.5 Hz, 1H, 

H31), 4.58-4.56 (m, 3H, H51, H58), 4.47 (t, 3J = 8.3 Hz, 

1H, H66), 4.33-4.27 (m, 2H, H39a, H64), 4.00-3.96 (m, 3H, 



Experimental Section 

131 
 

H28a, H55), 3.93-3.86 (m, 3H, H39b, H52), 3.80-3.71 (m, 

3H, H14, H35), 3.65-3.55 (m, 9H, H21, H45, H53, H54, 

H63), 3.49-3.38 (m, 4H, H42), 3.31-3.21 (m, 1H, H28b), 

3.10 (dd, 2J = 14.3 Hz, 3J = 3.6 Hz, 1H, H5a), 2.74 (dd, 

2J = 14.1 Hz, 3J = 10.7 Hz, 1H, H5b), 2.51-2.29 (m, 8H, 

H24a, H43, H79), 2.21-2.16 (m, 1H, H19a), 2.15-2.07 (m, 

3H, H16a, H23a, H29a), 2.07-2.03 (m, 1H, H30), 2.03-1.99 

(m, 2H, H33), 1.95-1.75 (m, 11H, H15, H16b, H19b, H20, 

H24b, H29b, H34a, H65), 1.73 (s, 3H, H1), 1.63-1.50 (m, 

3H, H23b, H34b, H36a), 1.43-1.33 (m, 1H, H36b), 1.37 (s, 

3H, H69), 0.96 (s, 9H, H60), 0.91 (t, 3J = 7.1 Hz, 3H, H37). 

13C NMR: (125 MHz, DMSO-d6/D2O 9:1)  [ppm] = 173.52 (C32); 

172.51 (C67); 172.43 (C61); 171.31 (C56); 171.14 (C2); 

171.02 (C12); 170.78 (C26); 170.76 (C18); 169.25 (C40); 

153.54 (C76); 149.61 (C78); 146.45 (C46); 136.94 (C6); 

135.09 (C11); 134.02 (C7); 133.11 (C75); 131.57 (C74), 

130.92 (C71); 130.82 (C10); 130.76 (C72); 130.37 (C9); 

128.75 (C8); 128.26 (C73); 126.46 (C47); 72.32 (C54); 

71.42 (C55); 71.32 (C53); 70.78 (C52); 70.61 (C64); 66.62 

(C17); 64.20 (C31); 60.57 (C21); 60.54 (C66); 60.19 (C35); 

59.39 (C25); 58.40 (C63); 57.70 (C58); 53.96 (C45); 53.62 

(C43); 51.72 (C4); 51.23 (C51); 49.82 (C14); 49.65 (C70); 

48.43 (C28); 45.84 (C42a); 44.82 (C39); 43.16 (C42b); 

42.37 (C30); 42.34 (C16); 39.42 (C65); 37.72 (C59); 37.50 

(C19); 36.45 (C5); 34.63 (C33); 34.61 (C23); 34.10 (C29); 

32.02 (C34); 29.56 (C20); 28.96 (C24); 28.08 (C60); 27.81 

(C36); 25.19 (C15); 24.15 (C69); 23.97 (C1), 17.76 (C79); 

13.56 (C37).  

15N NMR: (61 MHz, CDCl3)  [ppm] = 244.0 (N50); 131.6 (N68); 

126.5 (N27); 119.7 (N3); 113.6 (N57); 90.4 (N38); 68.8 

(N77). 
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HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1405.68924 1405.69015 +0.65 

 [M+Na]+ 1427.67118 1427.66986 -0.93 

HPLC: tr [min] 7.63-7.91 

 Purity [%] >99 

 

6.2.4.11 Synthesis of 132 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 130 and 27 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 127 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added and the mixture was stirred 

at room temperature for 19 h. Full conversion of warhead-linker conjugate 130 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 6 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 4:6) to 

obtain 22 mg (16 mol; 54%) of the desired product 132 as a colorless lyophilizate. 

M (C71H95N14O12SCl): 1404.137 g/mol. 

Yield:  22 mg (16 mol; 54%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1403.67359 1403.67236 -0.87 

 [M+Na]+ 1425.65553 1425.65157 -2.78 

HPLC: tr [min] 11.94-12.20 
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 Purity [%] 99 

6.2.4.12 Synthesis of 134 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 22 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 131 and 27 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 127 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 39 h. Full conversion of warhead-linker conjugate 131 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 7 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 4:6) and 

lyophilized to obtain 10 mg (7.3 mol; 25%) of the desired product 134 as a colorless 

lyophilizate. 

 

M (C69H90N14O11F2S): 1361.62 g/mol. 

Yield:  10 mg (7.3 mol; 25%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1361.66750 1361.66608 -1.04 

 [M+Na]+ 1383.64945 1383.64528 -3.01 

HPLC: tr [min] 13.64-13.96 

 Purity [%] >99 
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6.2.4.13 Synthesis of 128 

 

In a 25 mL Schlenk flask, 140 mg (600 mol; 1.20 eq.) of linker 123, 285 mg 

(750 mol; 1.50 eq.) of HATU, and 236 L (1.35 mmol; 2.70 eq.) of DIPEA were added 

in 9 mL of CH2Cl2. In a 50 mL Schlenk flask, 241 mg (500 mol; 1.00 eq.) of recruiter 

113 and 117 L (680 mol; 1.35 eq.) of DIPEA were added in 9 mL of CH2Cl2. After 

30 min, the mixture was added to the solution of linker 123. The mixture was stirred at 

room temperature until full conversion was observed by TLC and the solvent was 

removed under reduced pressure after 19 h. The crude product was purified by column 

chromatography (dryload, SiO2, EtOAc/MeOH 20:1 to 10:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter and the solvent was removed under 

reduced pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 

205 mg (311 mol; 62%) of the desired product 128 as a colorless lyophilizate. 

 

 

 

M (C31H45N7O7S): 659.80 g/mol. 

Yield:  205 mg (311 mol; 62%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.21. 

1H NMR: (600 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H25), 7.48 (d, 

3J = 8.0 Hz, 1H, NH), 7.41 (d, 3J = 8.3 Hz, 2H, H22), 7.37 

(d, 3J = 8.3 Hz, 2H, H21), 7.31 (d, 3J = 8.3 Hz, 1H, NH), 

5.08 (q, 3J = 7.0 Hz, 1H, H18), 4.76 (t, 3J = 7.6 Hz, 1H, 

H16), 4.53-4.51 (m, 2H, H9, H14), 4.13 (d, 3J = 11.2 Hz, 

1H, H13a), 4.05 (d, 3J = 15.8 Hz, 1H, H7a), 4.00 (d, 

3J = 15.8 Hz, 1H, H7b), 3.70-3.66 (m, 10H, H2, H3, H4, H5, 

H6), 3.61 (dd, 3J = 14.4 Hz, 4J = 3.9 Hz, 1H, H13b), 3.38 
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(t, 3J = 5.0 Hz, 2H, H1), 2.60-2.56 (m, 1H, H15a), 2.53 (s, 

3H, H27), 2.07-2.04 (m, 1H, H15b), 1.48 (d, 3J = 6.8 Hz, 

3H, H19), 1.08 (s, 9H, H11). 

13C NMR: (150 MHz, CDCl3)  [ppm] = 171.9 (C12); 170.8 (C8); 

169.7 (C17); 150.5 (C25); 148.7 (C26); 143.3 (C20); 131.7 

(C24); 131.1 (C23); 129.7 (C22); 126.6 (C21); 71.3, 70.9, 

70.9, 70.7, 70.5, 70.3 (C2, C3, C4, C5, C6, C7); 70.2 

(C14); 58.3 (C16); 57.4 (C9); 56.7 (C13); 50.8 (C1); 49.0 

(C18); 35.4 (C15); 35.0 (C10); 26.6 (C11); 22.4 (C19); 16.2 

(C27). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 660.31739 660.31744 +0.07 

 [M+Na]+ 682.29934 682.29866 -0.99 

 

6.2.4.14 Synthesis of 119 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 29 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 128 were dissolved in 2 mL DMF. Next, 1 mL of an aqueous 

solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution (6mM; 

6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred at 

room temperature for 18 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 7 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 4:6) and 

lyophilized to obtain 29 mg (20.0 mol; 68%) of the desired product 119 as a colorless 

lyophilizate. 
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M (C73H101N14O13SCl): 1450.21 g/mol. 

Yield:  29 mg (20 mol; 68%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.07. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1449.71545 1449.72034 +3.37 

 [M+Na]+ 1471.69740 1471.69971 +0.55 

HPLC: tr [min] 11.88-12.11 

 Purity [%] 93 

 

6.2.4.15 Synthesis of 129 

 

In a 25 mL Schlenk flask, 166 mg (600 mol; 1.20 eq.) of linker 124, 285 mg 

(750 mol; 1.50 eq.) of HATU, and 118 L (680 mol; 1.35 eq.) of DIPEA were added 

in 9 mL of CH2Cl2. In a 50 mL Schlenk flask, 222 mg (500 mol; 1.00 eq.) of recruiter 

113 and 117 L (680 mol; 1.35 eq.) of DIPEA were added in 9 mL of CH2Cl2. After 

30 min, the mixture was added to the solution of linker 124. The mixture was stirred at 

room temperature until full conversion of recruiter 113 was observed by TLC after 20 h 

and the solvent was removed under reduced pressure. The crude product was purified 

by column chromatography (dryload, SiO2, EtOAc/MeOH 20:1 to 10:1) to obtain 

313 mg (445 mol; 89%) of the desired product 129 as a colorless oil. 
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M (C33H49N7O8S): 703.86 g/mol. 

Yield:  313 mg (445 mol; 89%). 

Rf: (SiO2, cHex/EtOAc/MeOH 3:3:1) = 0.29. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H27), 7.48 (d, 

3J = 7.8 Hz, 1H, NH), 7.41 (d, 3J = 8.1 Hz, 2H, H24), 7.37 

(d, 3J = 8.1 Hz, 2H, H23), 7.32 (d, 3J = 8.3 Hz, 1H, NH), 

5.08 (q, 3J = 7.2 Hz, 1H, H20), 4.76 (t, 3J = 7.7 Hz, 1H, 

H18), 4.53-4.51 (m, 2H, H11, H16), 4.13 (d, 3J = 11.2 Hz, 

1H, H15a), 4.05 (d, 3J = 15.8 Hz, 1H, H9a), 4.00 (d, 

3J = 15.8 Hz, 1H, H9b), 3.70-3.65 (m, 14H, H2, H3, H4, H5, 

H6, H7, H8), 3.60 (dd, 3J = 14.4 Hz, 4J = 3.9 Hz, 1H, 

H15b), 3.38 (t, 3J = 5.0 Hz, 2H, H1), 2.60-2.55 (m, 1H, 

H17a), 2.53 (s, 3H, H29), 2.08-2.03 (m, 1H, H17b), 1.48 

(d, 3J = 6. Hz, 3H, H21), 1.07 (s, 9H, H13). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.9 (C14); 170.8 (C10); 

169.7 (C19); 150.4 (C27); 148.7 (C28); 143.3 (C22); 131.7 

(C26); 131.1 (C25); 129.7 (C24); 126.6 (C23); 71.3, 70.8, 

70.8, 70.6, 70.5, 70.2, (C2, C3, C4, C5, C6, C7, C8, C9); 

70.2 (C16); 58.4 (C18); 57.4 (C11); 56.7 (C15); 50.8 (C1); 

49.0 (C20); 35.4 (C17); 35.0 (C12); 26.6 (C13); 22.4 (C21); 

16.2 (C29). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 704.34361 704.34414 +0.76 

 [M+Na]+ 726.32555 726.32546 -0.13 
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6.2.4.16 Synthesis of 120 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 31 mg (44 mol; 1.5 eq.) of 

linker-recruiter 129 were dissolved in 2 mL DMF. Next, 1 mL of an aqueous solution 

(3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution (6mM; 6 mol; 

20 mol%) of sodium ascorbate were added, and the mixture was stirred at room 

temperature for 17 h. Full conversion of warhead-linker conjugate 39 was observed by 

TLC and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography (dryload, 7 g ultra-pure silica, EtOAc/MeOH/NEt3 

1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered through a syringe filter, 

and the solvent was removed under reduced pressure. The residue was purified by 

reverse phase column chromatography (MeCN/H2O 4:6) and lyophilized to obtain 

22 mg (15 mol; 50%) of the desired product 120 as a colorless lyophilizate. 

 

M (C75H105N14O14SCl): 1494.26 g/mol. 

Yield:  22 mg (15 mol; 50%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1493.74167 1493.75122 +6.39 

 [M+Na]+ 1515.72361 1515.72937 +3.80 

HPLC: tr [min] 11.98-12.27 

 Purity [%] 81 
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6.2.5 Synthesis towards control compounds epi-114 and epi-118 

6.2.5.1 Synthesis of 139 

 

According to a modified procedure by He et al.[202]: In a 250 mL Schlenk flask, 7.50 g 

(25.0 mmol; 1.00 eq.) of aryl bromide 137, 3.45 g (25.0 mmol; 1.00 eq.) of K2CO3 and 

60 mg (0.25 mmol; 1 mol%) of Pd(OAc)2 were dissolved in 75 mL of DMF. Next, 5.00 g 

(50.0 mmol; 2.00 eq.) of heterocycle 138 were added and the mixture was heated to 

reflux until full conversion of aryl bromide 137 was observed by TLC after 17 h. At room 

temperature, 20 mL of H2O and 200 mL of EtOAc were added. The aqueous phase 

was extracted with 100 mL of EtOAc four times. The combined organic layers were 

combined and washed with 100 mL of NaCl solution. The solution was dried over 

Na2SO4, filtered, and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (SiO2, cHex/EtOAc 5:1 to 3:1) to 

obtain 4.34 g (13.6 mmol; 54%) of the desired product 139 as a pale-yellow oil. 

 

M (C17H22N2O2S): 318.43 g/mol. 

Yield:  4.34 g (13.6 mmol; 54%; Lit.[202]: 85%). 

Rf: (SiO2, cHex/EtOAc 3:1) = 0.25. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.67 (s, 1H, H11), 7.41 (d, 

3J = 8.2 Hz, 2H, H8), 7.36 (d, 3J = 8.2 Hz, 2H, H7), 

4.84-4.66 (m, 2H, H4, NH), 2.54 (s, 3H, H13), 1.48 (d, 

3J = 6.2 Hz, 3H, H5), 1.44 (s, 9H, H1). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 155.2 (C3); 150.3 (C11); 

148.6 (C12); 144.1 (C6); 131.8 (C10); 130.9 (C9); 129.6 

(C8); 126.3 (C7); 79.7 (C2); 50.0 (C4); 28.5 (C1); 22.8 

(C5); 16.3 (C13). 
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6.2.5.2 Synthesis of 136 

 

According to a modified procedure by He et al.[202]: In a round bottom flask, 4.34 g 

(13.6 mmol; 1.00 eq.) of the Boc-protected amine 139 were dissolved in 30 mL of 

CH2Cl2. To the solution, 7.4 mL of TFA were added and the mixture was stirred at room 

temperature for 7 h. Next, 30 mL of H2O and 50 mL of CH2Cl2 were added and NaHCO3 

was added until no more gas formation was detected. The aqueous phase was 

extracted with 100 mL of CH2Cl2 five times and the combined organic layers were dried 

over Na2SO4, filtered, and the solvent was removed under reduced pressure to obtain 

2.86 g (13.1 mmol; 96%) of the desired product 136 as a pale-yellow oil.  

 

M (C12H14N2S): 218.32 g/mol. 

Yield:  2.86 g (13.1 mmol; 96%; Lit.[202]: quant.). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.00. 

1H NMR: (500 MHz, CDCl3) d [ppm] = 8.67 (s, 1H, H8), 7.41 (s, 4H, 

H4, H5), 4.18 (q, 3J = 6.6 Hz, 1H, H2), 2.54 (s, 3H, H10), 

1.89 (s, 2H, NH2); 1.43 (d, 3J = 6.7 Hz, 3H, H1). 

13C NMR: (125 MHz, CDCl3) d [ppm] = 150.3 (C8); 148.5 (C9); 147.4 

(C3); 131.9 (C7); 130.6 (C6); 129.6 (C5); 126.3 (C4); 51.2 

(C2); 25.6 (C1); 16.2 (C10). 
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6.2.5.3 Synthesis of 141 

 

According to a modified procedure by Shah et al.[203]: In a 250 mL round bottom flask, 

3.00 g (12.2 mmol; 1.00 eq.) of hydroxyproline 140 was dissolved in 3 mL of CH2Cl2 

and 49 mL of MeOH. Next, 12 mL of a solution of HCl (4M in dioxane) was added and 

the mixture was stirred at room temperature for 1 h. The solvent was removed under 

reduced pressure to obtain 2.36 g (12.2 mmol; quant.; 96 wt%) of the desired product 

141 as a colorless solid. 

 

M (C6H12NO3Cl): 181.05 g/mol. 

Yield:  2.36 g (12.2 mmol; quant.; 96 wt%; Lit.[203]: quant.). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.00. 

1H NMR: (500 MHz, DMSO-d6)  [ppm] = 9.73 (s, 2H, NH2
+), 5.45 (s, 

1H, OH), 4.49 (dd, 3J = 9.8 Hz, 3J = 3.7 Hz, 1H, H4), 

4.38-4.35 (m, 1H, H2), 3.75 (s, 3H, H6), 3.21 (dd, 

3J = 11.8 Hz, 3J = 3.9 Hz, 1H, H1a), 3.15 (d, 3J = 11.7 Hz, 

1H, H1b), 2.31 (ddd, 3J = 13.8 Hz, 3J = 10.0 Hz, 

3J = 4.6 Hz, 1H, H3a), 2.14 (dquin. , 3J = 13.6 Hz, 

3J = 1.6 Hz, 1H, H3b). 

13C NMR: (125 MHz, DMSO-d6)  [ppm] = 169.6 (C5); 68.1 (C2); 57.4 

(C4); 53.0 (C6); 53.0 (C1), 37.0 (C3). 
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6.2.5.4 Synthesis of 143 

 

According to a modified procedure by He et al.[202]: In a 50 mL Schlenk flask, 2.33 g 

(10.1 mmol; 1.00 eq.) of acid 142, 1.83 g (12.6 mmol; 1.25 eq.) of amine 141, 4.01 g 

(10.6 mmol; 1.05 eq.) of HATU and 6.1 mL (38 mmol; 3.8 eq.) of DIPEA were added in 

19 mL of DMF. The mixture was stirred at room temperature until full conversion of 142 

was observed by TLC after 19 h. To the mixture, 75 mL of H2O were added, and the 

mixture was extracted with 200 mL of EtOAc four times. The combined organic layers 

were washed with 5% citric acid, NaHCO3 solution and NaCl solution, dried over 

MgSO4, filtered, and the solvent was removed under reduced pressure to obtain 3.20 g 

(8.93 mmol; 89%; 97 wt%) of the desired product 143 as a colorless oil. 

 

M (C17H30N2O6): 358.43 g/mol. 

Yield:  3.20 g (8.93 mmol; 89%; 97 wt%; Lit.[202]: 50%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.46. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 5.22 (d, 3J = 9.6 Hz, 1H, NH), 

4.61 (dd, 3J = 9.7 Hz, 3J = 2.4 Hz, 1H, H11), 4.48-4.44 (m, 

1H, H9); 4.25 (d, 3J = 9.7 Hz, 1H, H4), 3.92 (dd, 

3J = 11.1 Hz, 3J = 4.6 Hz, 1H, H8a), 3.84 (d, 3J = 3.7 Hz, 

1H, H8b), 3.78 (s, 3H, H13), 3.36 (d, 3J = 8.7 Hz, 1H, OH), 

2.34 (ddd, 3J = 14.2 Hz, 3J = 9.8 Hz, 3J = 4.6 Hz, 1H, 

H10a), 2.11 (d, 3J = 3.7 Hz, 1H, H10b), 1.42 (s, 9H, H1), 

1.05 (s, 9H, H6). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 174.6 (C12); 171.6 (C7); 

155.9 (C3); 79.8 (C2); 71.2 (C9); 58.4 (C4); 57.7 (C11); 

56.7 (C8); 52.9 (C13); 36.9 (C10); 35.7 (C5); 28.5 (C1); 

26.4 (C6).  
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6.2.5.5 Synthesis of 144 

 

According to a modified procedure by He et al.[202]: In a 50 mL round bottom flask, 

848 mg (2.36 mmol; 1.00 eq.) of dipeptide 143 were dissolved in 9 mL of MeOH and 

4.5 mL of H2O. To the mixture, 129 mg (3.07 mmol; 1.30 eq.) of LiOH hydrate were 

added. The mixture was stirred at room temperature until full conversion of dipeptide 

143 was observed by TLC after 21 h. The solvent was removed under reduced 

pressure, and the residue was dissolved in 20 mL of H2O. The aqueous solution was 

washed with 20 mL of MtBE, acidified with HCl (1M) to pH 1, and extracted with 100 mL 

of CH2Cl2 five times. The combined organic layers were dried over MgSO4, filtered, 

and the solvent was removed under reduced pressure. The residue was dissolved in 

MeCN/H2O and lyophilized to obtain 638 mg (1.85 mmol; 78%) of the desired product 

144 as a colorless lyophilizate. 

 

M (C16H28N2O6): 344.41 g/mol. 

Yield:  638 mg (1.85 mmol; 78%; Lit.[202]: 80%). 

Rf: (SiO2, cHex/EtOAc 1:1) = 0.07. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 5.28 (d, 3J = 9.4 Hz, 1H, NH), 

4.71 (d, 3J = 9.0 Hz, 1H, H11), 4.51 (s, 1H, H9), 4.26 (d, 

3J = 9.7 Hz, 1H, H4), 3.93 (dd, 3J = 11.0 Hz, 3J = 3.5 Hz, 

1H, H8a), 3.81 (d, 3J = 11.0 Hz, 1H, H8b), 2.42 (d, 

3J = 13.8 Hz, 1H, H10a), 2.31-2.26 (m, 1H, H10b), 1.43 (s, 

9H, H1), 1.04 (s, 9H, H6). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.7 (C12); 172.3 (C7); 

155.9 (C3); 80.2 (C2); 71.0 (C9); 58.8 (C4); 58.6 (C11); 

57.3 (C8); 35.8 (C10); 35.5 (C5); 28.5 (C1); 26.4 (C6). 

LC-MS (ESI): tr [min] 12.33-13.60 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 345.202 345.15  
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6.2.5.6 Synthesis of 135 variant A 

 

According to a modified procedure by Desantis et al.[204]: In a 50 mL Schlenk flask, 

1.62 g (4.70 mmol; 1.00 eq.) of acid 144, 1.02 g (4.70 mmol; 1.00 eq.) of amine 136, 

1.97 g (5.17 mmol; 1.10 eq.) of HATU, and 2.05 mL (11.8 mmol; 2.50 eq.) of DIPEA 

were added in 26 mL of MeCN. The mixture was stirred at room temperature until full 

conversion of amine 136 was observed by TLC after 18 h and the solvent was removed 

under reduced pressure. The crude product was purified by column chromatography 

(SiO2, cHex/EtOAc 1:2 to 0:1). The residue was dissolved in MeCN/H2O lyophilized to 

obtain 2.46 g (4.51 mmol; 96%) of the desired product 135 as a colorless lyophilizate. 

 

M (C28H40N4O5S): 544.71 g/mol. 

Yield:  2.46 g (4.51 mmol; 96%; Lit.[204]: 25%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.12. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H20); 7.64 (d, 

3J = 7.6 Hz, 1H, NH), 7.43 (d, 3J = 7.8 Hz, 2H, H17), 7.37 

(d, 3J = 8.3 Hz, 2H, H16), 5.41 (d, 3J = 9.2 Hz, 1H, NH), 

5.17 (d, 3J = 9.2 Hz, 1H, OH); 5.08 (t, 3J = 7.0 Hz, 1H, 

H13), 4.79 (d, 3J = 8.6 Hz, 1H, H11), 4.50-4.44 (m, 1H, 

H9); 4.24 (d, 3J = 9.7 Hz, 1H, H4), 3.91 (dd, 3J = 11.0 Hz, 

3J = 3.9 Hz, 1H, H8a), 3.80 (d, 3J = 11.0 Hz, 1H, H8b), 2.54 

(s, 3H, H22), 2.38 (d, 3J = 14.0 Hz, 1H, H10a), 2.21-2.12 

(m, 1H, H10b), 1.50 (d, 3J = 6.8 Hz, 3H, H14), 1.43 (s, 9H, 

H1), 1.05 (s, 9H, H6). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.2 (C7); 171.6 (C12); 

155.8 (C3); 150.0 (C20); 148.8 (C21); 142.4 (C15); 131.6 

(C19); 131.4 (C18); 129.9 (C17); 126.6 (C16); 80.0 (C2); 

71.2 (C9); 60.0 (C11); 58.9 (C8), 58.6 (C4); 49.5 (C13); 
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35.5 (C5); 34.6 (C10); 28.5 (C1); 26.5 (C6); 22.1 (C14); 

16.3 (C22). 

Note: C20 was assigned by HSQC. 

 

6.2.5.7 Synthesis of 146 

 

According to a modified procedure by Desantis et al.[204]: In a 25 mL Schlenk flask, 

469 mg (2.03 mmol; 1.05 eq.) of acid 145, 422 mg (1.93 mmol; 1.00 eq.) of amine 136, 

833 mg (2.19 mmol; 1.10 eq.) of HATU, and 765 L (4.39 mmol; 2.20 eq.) of DIPEA 

were added in 10 mL of MeCN. The mixture was stirred at room temperature until full 

conversion of amine 136 was observed by TLC after 19 h. The solvent was removed 

under reduced pressure, and the residue was purified by column chromatography 

(SiO2, cHex/EtOAc/MeOH 25:25:1 to 10:10:1) to obtain 803 mg (1.86 mmol; 96%; 

97 wt%) of the desired product 146 as a colorless oil. 

 

M (C22H29N3O4S): 431.55 g/mol. 

Yield:  803 mg (1.86 mmol; 96%; 97 wt%; Lit.[204]: quant.). 

Rf: (SiO2, cHex/EtOAc/MeOH 25:25:1) = 0.08. 

1H NMR: (500 MHz, CDCl3) d [ppm] = 8.70 (s, 1H, H16), 7.67 (d, 

3J = 7.1 Hz, 1H, NH), 7.42 (d, 3J = 8.3 Hz, 2H, H13), 7.38 

(d, 3J = 8.3 Hz, 2H, H12), 5.15 (s, 1H, OH), 5.07 (quin, 

3J = 8.3 Hz, 1H, H9), 4.44 (d, 3J = 8.8 Hz, 1H, H7), 4.38 (s, 

1H, H5), 3.64-3.43 (m, 2H, H4), 2.53 (s, 3H, H18), 

2.37-2.09 (m, 2H, H6), 1.53-1.37 (m, 12H, H1, H10). 

13C NMR: (125 MHz, CDCl3) d [ppm] = 172.6 (C8); 156.1 (C3); 150.6 

(C16); 148.5 (C17); 143.0 (C11); 131.8 (C15); 131.0 (C14); 

129.7 (C13); 126.6 (C12); 81.0 (C2); 70.9 (C5); 59.8 (C7); 

57.2 (C4); 49.4 (C9); 35.5 (C6); 28.5 (C1); 22.0 (C10); 16.1 

(C18). 
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6.2.5.8 Synthesis of 147 

 

According to a modified procedure by Desantis et al.[204]: In a 25 mL round bottom flask, 

800 mg (1.92 mmol, 1.00 eq.) of the Boc-protected amine 146 were dissolved in 4 mL 

of CH2Cl2 and 1 mL of TFA was added to the mixture. After 24 h, full conversion of the 

Boc-protected amine 146 was observed by TLC and the solvent was removed under 

reduced pressure. Next, 30 mL of H2O and 50 mL of CH2Cl2 were added and NaHCO3 

was added until no more gas formation was detected. The aqueous phase was 

extracted with 100 mL of CH2Cl2 five times and the combined organic layers were dried 

over MgSO4, filtered, and the solvent was removed under reduced pressure to obtain 

320 mg (966 mol; 50%) of the desired product 147 as a pale-yellow oil.  

 

M (C17H21N3O2S): 331.43 g/mol. 

Yield:  320 mg (966 mol; 50%; Lit.[204]: quant.). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.22. 

1H NMR: (500 MHz, CDCl3) d [ppm] = 8.68 (s, 1H, H13), 7.77 (d, 

3J = 8.4 Hz, 1H, NH), 7.42 (d, 3J = 8.3 Hz, 2H, H10), 7.38 

(d, 3J = 8.3 Hz, 2H, H9), 5.13 (quin, 3J = 7.4 Hz, 1H, H6), 

4.41 (sept, 3J = 8.3 Hz, 1H, H2), 3.80 (dd, 3J = 9.9 Hz, 

3J = 3.4 Hz, 1H, H4), 3.16 (dd, 2J = 11.0 Hz, 3J = 4.2 Hz, 

1H, H1a), 3.06 (dt, 2J = 11.0 Hz, 3J = 1.6 Hz, 1H, H1b), 

2.53 (s, 3H, H15), 2.31 (ddd, 2J = 13.9 Hz, 3J = 9.6 Hz, 

3J = 4.7 Hz, 1H, H3a), 2.14 (dquin, 2J = 13.8 Hz, 

3J = 1.7 Hz, 1H, H3b), 1.52 (d, 3J = 6.9 Hz, 3H, H7). 

13C NMR: (125 MHz, CDCl3) d [ppm] = 174.3 (C5); 150.3 (C13); 

148.2 (C14); 143.3 (C8); 131.7 (C12); 131.0 (C11); 129.7 

(C10); 126.7 (C9); 72.2 (C2); 59.7 (C4); 55.2 (C1); 48.1 

(C6); 40.0 (C3); 21.9 (C7); 16.2 (C15). 
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6.2.5.9 Synthesis of 135 variant B 

 

According to a modified procedure by Desantis et al.[204]: In a 10 mL Schlenk flask, 

259 mg (1.12 mmol; 1.20 eq.) of acid 142, 498 mg (1.31 mmol; 1.40 eq.) of HATU, and 

203 L (1.17 mmol; 1.25 eq.) of DIPEA were added in 2.5 mL of DMF. In a 10 mL 

Schlenk flask, 310 mg (935 mol; 1.00 eq.) of amine 147 and 203 L (1.17 mmol; 

1.25 eq.) of DIPEA were added in 2.5 mL of DMF. After 30 min, the mixture was added 

to the solution of acid 142. The mixture was stirred at room temperature until full 

conversion of amine 147 was observed by TLC after 20 h and the solvent was removed 

under reduced pressure. The crude product was purified by column chromatography 

(dryload, SiO2, cHex/EtOAc 1:2) and the solvent was evaporated. The residue was 

dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure to obtain 309 mg (567 mol; 61%) of the desired product 135 

as a pale-yellow oil. 

 

M (C28H40N4O5S): 544.71 g/mol. 

Yield:  309 mg (567 mol; 61%; Lit.[204]: 67%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.12. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H20); 7.64 (d, 

3J = 7.6 Hz, 1H, NH), 7.43 (d, 3J = 7.8 Hz, 2H, H17), 7.37 

(d, 3J = 8.3 Hz, 2H, H16), 5.41 (d, 3J = 9.2 Hz, 1H, NH), 

5.17 (d, 3J = 9.2 Hz, 1H, OH); 5.08 (t, 3J = 7.0 Hz, 1H, 

H13), 4.79 (d, 3J = 8.6 Hz, 1H, H11), 4.50-4.44 (m, 1H, 

H9); 4.24 (d, 3J = 9.7 Hz, 1H, H4), 3.91 (dd, 3J = 11.0 Hz, 

3J = 3.9 Hz, 1H, H8a), 3.80 (d, 3J = 11.0 Hz, 1H, H8b), 2.54 

(s, 3H, H22), 2.38 (d, 3J = 14.0 Hz, 1H, H10a), 2.21-2.12 

(m, 1H, H10b), 1.50 (d, 3J = 6.8 Hz, 3H, H14), 1.43 (s, 9H, 

H1), 1.05 (s, 9H, H6). 
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13C NMR: (125 MHz, CDCl3)  [ppm] = 173.2 (C7); 171.6 (C12); 

155.8 (C3); 150.0 (C20); 148.8 (C21); 142.4 (C15); 131.6 

(C19); 131.4 (C18); 129.9 (C17); 126.6 (C16); 80.0 (C2); 

71.2 (C9); 60.0 (C11); 58.9 (C8), 58.6 (C4); 49.5 (C13); 

35.5 (C5); 34.6 (C10); 28.5 (C1); 26.5 (C6); 22.1 (C14); 

16.3 (C22). 

Note: C20 was assigned by HSQC. 

LC-MS (ESI): tr [min] 18.22-18.50 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 545.28 545.27  

 

6.2.5.10 Synthesis of epi-113 

 

According to a modified procedure by He et al.[202]: In a 10 mL round bottom flask, 

303 mg (556 mol; 1.00 eq.) of the Boc-protected amine 135 were dissolved in 1 mL 

of CH2Cl2 and 250 L of TFA were added. After 92 h, full conversion of the 

Boc-protected amine 135 was observed by TLC and the solvent was removed under 

reduced pressure. The residue was dissolved in 20 mL of CH2Cl2 and 20 mL of 

NaHCO3 and the aqueous phase was extracted with 100 mL of CH2Cl2 five times. The 

combined organic layers were dried over Na2SO4, filtered, and the solvent was 

removed under reduced pressure to obtain 197 mg (443 mol; 79%; 99 wt%) of the 

desired product epi-113 as a colorless foam. 
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M (C23H32N4O3S): 444.59 g/mol. 

Yield:  197 mg (443 mol; 79%; 99 wt%; Lit.[202]: 90%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.11. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H17), 7.8 (d, 

3J = 7.5 Hz, 1H, NH), 7.43 (d, 3J = 8.2 Hz, 2H, H14), 7.38 

(d, 3J = 9.2 Hz, 2H, H13), 5.08 (quin, 3J = 7.2 Hz, 1H, 

H10), 4.81 (d, 3J = 8.9 Hz, 1H, H8), 4.47 (t, 3J = 4.3 Hz, 1H, 

H6), 3.79-3.71 (m, 2H, H5), 3.31 (s, 1H, H3), 2.54 (s, 3H, 

H19), 2.38 (d, 3J = 14.3 Hz, 1H, H7a), 2.11 (ddd, 

2J = 14.0 Hz, 3J = 8.9 Hz, 3J = 4.9 Hz, 1H, H7b), 1.50 (d, 

3J = 7.0 Hz, 3H, H11), 1.04 (s, 9H, H1). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 175.3 (C4); 171.7 (C9); 150.5 

(C17); 148.7 (C18); 142.5 (C12); 131.6 (C16); 131.3 (C15); 

129.6 (C14); 126.6 (C13); 71.1 (C6); 60.5 (C3); 59.9 (C8); 

58.5 (C5); 49.4 (C10); 38.7 (C7); 35.8 (C2); 26.2 (C1); 22.0 

(C11); 16.2 (C19). 

 

6.2.5.11 Synthesis of epi-114 

 

According to a modified procedure by Zhao et al.[201]: In a 10 mL Schlenk flask, 80 mg 

(0.17 mmol; 1.0 eq.) of amine epi-113 and 58 L (0.42 mmol; 2.5 eq.) of NEt3 were 

dissolved in 4 mL of CH2Cl2 and 24 L (0.25 mmol; 1.5 eq.) of Ac2O were added. The 

mixture was stirred at room temperature until full conversion of amine epi-113 was 

observed by TLC after 23 h. The crude reaction mixture was purified by column 

chromatography (CH2Cl2/MeOH/NEt3 1:0:0 to 100:5:1). The residue was then purified 

by reverse phase column chromatography (MeCN/H2O 2:8 to 7:3) and lyophilized to 

obtain 62 mg (0.13 mmol; 77%) of the desired product epi-114 as a colorless 

lyophilizate. 
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M (C25H34N4O4S): 486.63 g/mol. 

Yield:  62 mg (0.13 mmol; 77%; Lit.[201]: 98%). 

Rf: (SiO2, CH2Cl2/MeOH 10:1) = 0.43. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H19), 7.56 (d, 

3J = 8.1 Hz, 1H, NH), 7.43 (d, 3J = 8.2 Hz, 2H, H16), 7.37 

(d, 3J = 8.2 Hz, 2H, H15), 6.08 (d, 3J = 9.0 Hz, 1H, NH), 

5.41 (d, 3J = 9.3 Hz, 1H, OH), 5.09 (quin, 3J = 7.3 Hz, 1H, 

H12), 4.74 (d, 3J = 8.9 Hz, 1H, H10), 4.58 (d, 3J = 9.4 Hz, 

1H, H3), 4.48 (dt, 3J = 9.5 Hz , 3J = 4.5 Hz, 1H, H8), 3.94 

(dd, 3J = 11.0 Hz, 3J = 4.2 Hz, 1H, H7a), 3.83 (d, 

3J = 11.1 Hz, 1H, H7b), 2.54 (s, 3H, H21), 2.36 (d, 

3J = 13.7 Hz, 1H, H9a), 2.14 (ddd, 3J = 14.3 Hz, 

3J = 9.2 Hz, 3J = 4.2 Hz, 1H, H9b), 2.02 (s, 3H, H1), 1.50 

(d, 3J = 6.9 Hz, 3H, H13), 1.06 (s, 9H, H5). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.7 (C6); 171.5 (C2); 170.2 

(C11); 150.5 (C19); 148.8 (C20); 142.4 (C14); 131.5 (C18); 

131.4 (C17); 129.8 (C16); 126.6 (C15); 71.1 (C8); 60.1 

(C10); 58.9 (C3); 57.2 (C7); 49.4 (C12); 35.3 (C9); 34.8 

(C4); 26.5 (C5); 23.4 (C1); 22.1 (C13); 16.2 (C21). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 487.23735 487.23728 -0.14 

 [M+Na]+ 509.21930 509.21863 -1.31 

LC-MS (ESI): tr [min] 11.63-12.19 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 487.24 487.19 91 
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6.2.5.12 Synthesis of epi-127 

 

In a 5 mL Schlenk flask, 31 mg (0.16 mmol; 1.2 eq.) of linker 52, 77 mg (0.20 mmol; 

1.5 eq.) of HATU, and 32 L (0.18 mmol; 1.3 eq.) of DIPEA were added in 2.4 mL of 

CH2Cl2. In a flame dried 10 mL Schlenk flask, 60 mg (0.14 mmol; 1.0 eq.) of amine 

epi-113 and 32 L (0.18 mmol; 1.3 eq.) of DIPEA were added in 2.4 mL of CH2Cl2. 

After 30 min, the mixture was added to the solution of linker 52 and the mixture was 

stirred at room temperature until full conversion of amine epi-113 was observed by 

TLC after 24 h. The solvent was removed under reduced pressure, and the residue 

was purified by column chromatography (SiO2, dryload, EtOAc/MeOH 10:1). The 

residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was 

removed under reduced pressure. The residue was dissolved in MeCN/H2O and 

lyophilized to obtain 35 mg (57 mol; 42%) of the desired product epi-127 as a 

colorless lyophilizate. 

 

M (C29H41N7O6S): 615.75 g/mol. 

Yield:  35 mg (57 mol; 42%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.22. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H23), 7.60 (d, 

3J = 7.9 Hz, 1H, NH), 7.43 (d, 3J = 8.4 Hz, 2H, H20), 7.37 

(d, 3J = 8.4 Hz, 2H, H19), 7.24 (d, 3J = 9.0 Hz, 1H, NH), 

5.42 (d, 3J = 7.3 Hz, 1H, OH), 5.09 (quin, 3J = 7.2 Hz, 1H, 

H16), 4.77 (d, 3J = 9.2 Hz, 1H, H14), 4.61 (d, 3J = 9.0 Hz, 

1H, H7), 4.47 (dt, 3J = 9.2 Hz , 3J = 4.1 Hz , 1H, H12), 4.07 

(d, 3J = 15.5 Hz, 1H, H5a), 4.00 (d, 3J = 15.5 Hz, 1H, H5b), 

3.94 (dd, 3J = 10.9 Hz, 3J = 4.2 Hz, 1H, H11a), 3.82 (d, 

3J = 11.0 Hz, 1H, H11b), 3.73-3.68 (m, 6H, H2, H3, H4), 

3.48-3.00 (m, 2H, H1), 2.54 (s, 3H, H25), 2.37 (t, 
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3J = 14.3 Hz, 1H, H13a), 2.12 (ddd, 3J = 10.9 Hz, 

3J = 9.1 Hz, 3J = 5.0 Hz, 1H, H13b), 1.51 (d, 3J = 6.9 Hz, 

3H, H17), 1.07 (s, 9H, H9). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.1 (C10); 171.6 (C6); 

169.8 (C15); 150.2 (C23); 148.8 (C24); 142.5 (C18); 131.6 

(C22); 131.4 (C21); 129.8 (C20); 126.6 (C19); 71.3, 70.6, 

70.6, 70.3 (C2, C3, C4, C5); 71.2 (C12); 60.0 (C14); 58.9 

(C7); 56.6 (C11); 50.7 (C1); 49.9 (C16); 35.4 (C13); 34.7 

(C8); 26.5 (C9); 22.0 (C17); 16.3 (C25). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 616.29118 616.29161 +1.02 

 [M+Na]+ 638.27312 638.27318 +0.09 

 

6.2.5.13 Synthesis of epi-118 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 27 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate epi-127 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 22 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 7 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 4:6) and 

lyophilized to obtain 30 mg (21 mol; 73%) of the desired product epi-118 as a 

colorless lyophilizate. 
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M (C71H97N14O12SCl): 1406.15 g/mol. 

Yield:  30 mg (21 mol; 73%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1405.68924 1405.68788 -0.97 

 [M+Na]+ 1427.67118 1427.66734 -2.69 

LC-MS (ESI): tr [min] 11.09-11.60, 12.69-13.26 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1405.69 1405.97 >99 

 

6.2.6 Synthesis towards PROTACs 168-171 

6.2.6.1 Synthesis of 160 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]:3.00 g (18.0 mmol; 1.00 eq.) of acid 156 were dissolved in 

60 mL of MeOH and 1.98 mL (26.9 mmol; 1.50 eq.) of SOCl2 were added. The mixture 

was stirred at room temperature until full conversion of acid 156 was observed by TLC 

after 2 h. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (SiO2, cHex/EtOAc 10:1). The solvent was 

removed under reduced pressure to obtain 2.56 g (14.1 mmol; 79%) of the desired 

product 160 as a pale-yellow oil. 

M (C5H9O2Br): 181.03 g/mol. 

Yield:  2.56 g (14.1 mmol; 79%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.53. 

1H NMR: (300 MHz, CDCl3)  [ppm] = 3.69 (s, 3H, H5), 3.47 (t, 

3J = 6.3 Hz, 2H, H1), 2.52 (t, 3J = 7.7 Hz, 2H, H3), 2.18 

(quin, 3J = 6.8 Hz, 2H, H2). 
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6.2.6.2 Synthesis of 164 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Simonin et al.[215]: In a 50 mL round bottom flask, 2.56 g (14.1 mmol; 

1.00 eq.) of ester 160 were dissolved in 7.6 mL of DMF, 3.68 g (56.6 mmol; 4.00 eq.) 

of NaN3 were added, and the mixture was stirred at 60 °C for 17 h. After cooling to 

room temperature, 10 mL of H2O were added, and the mixture was extracted with 

20 mL of Et2O three times. The combined organic layers were washed with 20 mL of 

H2O three times, followed by 20 mL of NaCl solution. The mixture was dried over 

MgSO4, filtered, and the solvent was removed under reduced pressure to obtain 1.44 g 

(10.1 mmol; 71%) of the desired product 164 as a pale-yellow oil. 

 

M (C5H9N3O2): 143.15 g/mol. 

Yield:  1.44 g (10.1 mmol; 71%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.39. 

1H NMR: (300 MHz, CDCl3)  [ppm] = 3.69 (s, 3H, H5); 3.36 (t, 

3J = 6.5 Hz, 2H, H1), 2.42 (t, 3J = 7.5 Hz, 2H, H3), 1.92 

(quin, 3J = 7.0 Hz, 2H, H2). 
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6.2.6.3 Synthesis of 148 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: In a 100 mL round bottom flask, 1.44 g (10.1 mmol; 1.00 eq.) 

of ester 164 were dissolved in 24 mL of MeOH and 12 mL of H2O. Next, 1.18 g 

(28.2 mmol; 2.8 eq.) of LiOH hydrate were added, the mixture was stirred at room 

temperature until full conversion of ester 164 was observed by TLC after 21 h, and the 

solution was concentrated under reduced pressure. 20 mL of HCl (1M) and 20 mL of 

CH2Cl2 were added and the layers were separated. The aqueous phase was extracted 

five times with 20 mL of CH2Cl2 and the combined organic layers were dried over 

MgSO4, filtered, and the solvent was removed under reduced pressure to obtain 1.12 g 

(8.64 mmol; 86%) of the desired product 148 as a pale-yellow oil. 

 

M (C4H7N3O2): 129.12 g/mol. 

Yield:  1.12 g (8.64 mmol; 86%). 

Rf: (SiO2, cHex/EtOAc 1:2) = 0.25. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.38 (t, 3J = 6.7 Hz, 2H, H1), 

2.48 (t, 3J = 7.3 Hz, 2H, H3), 1.92 (quin, 3J = 7.0 Hz, 2H, 

H2). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 179.0 (C4); 50.6 (C1); 31.0 

(C3); 24.1 (C2). 
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6.2.6.4 Synthesis of 152 

 

In a 50 mL Schlenk tube, 68 mg (0.53 mmol; 1.0 eq.) of linker 148, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF. After 30 min, 240 mg (500 mol; 1.00 eq.) of recruiter 113 were added and the 

mixture was stirred at room temperature until full conversion of recruiter 113 was 

observed by TLC after 16 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). 

The residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent 

was removed under reduced pressure. The residue was dissolved in 

tBuOH/MeCN/H2O and lyophilized to obtain 191 mg (343 mol; 69%; 88 wt%) of the 

desired product 152 as a colorless lyophilizate. 

 

M (C27H37N7O4S): 555.70 g/mol. 

Yield:  191 mg (343 mol; 69%; 88 wt%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.24. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.70 (s, 1H, H21), 7.51 (d, 

3J = 8.0 Hz, 1H, NH), 7.40 (d, 3J = 8.4 Hz, 2H, H18), 7.37 

(d, 3J = 8.0 Hz, 2H, H17), 6.70 (d, 3J = 9.2 Hz, 1H, NH), 

5.10 (quin, 3J = 7.7 Hz, 1H, H14), 4.69 (t, 3J = 8.0 Hz, 1H, 

H12); 4.64 (d, 3J = 9.0 Hz, 1H, H5), 4.51 (s, 1H, H10), 4.01 

(d, 3J = 11.2 Hz, 1H, H9a), 3.65 (dd, 3J = 11.2 Hz, 

3J = 3.6 Hz, 1H, H9b), 3.32 (td, 3J = 6.5 Hz, 3J = 1.8 Hz, 

2H, H1), 2.51 (s, 3H, H23), 2.42-2.36 (m, 1H, H11a), 

2.35-2.21 (m, 2H, H2), 2.10-2.01 (m, 1H, H11b), 1.96-1.80 

(m, 2H, H3), 1.48 (d, 3J = 7.0 Hz, 3H, H15), 1.05 (s, 9H, 

H7).  
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13C NMR: (100 MHz, CDCl3)  [ppm] = 172.3 (C4); 171.6 (C8); 170.0 

(C13); 150.5 (C21); 148.3 (C22); 143.2 (C16); 131.6 (C20); 

130.7 (C19); 129.5 (C18); 126.4 (C17); 69.7 (C10); 58.8 

(C12); 57.5 (C5); 56.8 (C9); 50.6 (C1); 48.7 (C14); 35.9 

(C11); 35.4 (C6); 32.8 (C2); 26.5 (C7); 24.7 (C3); 22.0 

(C15); 16.0 (C23). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 556.27005 556.27000 -0.09 

 [M+Na]+ 578.25200 578.25257 -0.74 

LC-MS (ESI): tr [min] 11.15-13.92 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 556.27 556.27 >99 

 

6.2.6.5 Synthesis of 168 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 24 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 152 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 42 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 5 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 15 mg (11 mol; 38%) of the desired product 168 as a 

colorless lyophilizate. 
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M (C69H93N14O10SCl): 1346.10 g/mol. 

Yield:  15 mg (11 mol; 38%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.03. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1345.66811 1345.67187 +2.80 

 [M+Na]+ 1367.65005 1367.65276 +1.98 

LC-MS (ESI): tr [min] 8.67-11.41 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1345.67 1345.96 99 

 

6.2.6.6 Synthesis of 161 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: 5.00 g (27.6 mmol; 1.00 eq.) of linker 157 were dissolved in 

92 mL of MeOH and 3.01 mL of SOCl2 (41.4 mmol; 1.50 eq.) were added. The mixture 

was stirred at room temperature until full conversion of linker 157 was observed by 

TLC after 2 h. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (SiO2, cHex/EtOAc 10:1) to obtain 4.98 g 

(25.4 mmol; 92%) of the desired product 161 as a pale-yellow oil. 

M (C6H11O2): 195.056 g/mol. 

Yield:  4.98 g (25.4 mmol; 92%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.73. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.68 (s, 3H, H6), 3.42 (t, 

3J = 8.2 Hz, 2H, H1), 2.36 (t, 3J = 8.2 Hz, 2H, H4), 

1.93-1.88 (m, 2H, H2), 1.82-1.76 (m, 2H, H3). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.7 (C5); 51.8 (C6); 33.2, 

33.1 (C1, C4); 32.1 (C2); 23.6 (C3). 
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6.2.6.7 Synthesis of 165 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Simonin et al.[215]: In a 50 mL round bottom flask, 4.98 g (25.5 mmol; 

1.00 eq.) of ester 161 were dissolved in 15 mL of DMF, 6.64 g (102 mmol; 4.00 eq.) of 

NaN3 were added, and the mixture was stirred at 60 °C until full conversion of ester 

161 was observed by TLC after 17 h. At room temperature, 10 mL of H2O were added, 

and the mixture was extracted with 20 mL of Et2O three times. The combined organic 

layers were washed with 20 mL of H2O three times, followed by 20 mL of NaCl solution. 

The mixture was dried over MgSO4, filtered, and the solvent was removed under 

reduced pressure to obtain 3.26 g (20.5 mmol; 80%) of the desired product 165 as a 

pale-yellow oil. 

 

M (C6H11N3O2): 157.17 g/mol. 

Yield:  3.26 g (20.5 mmol; 80%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.58. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.68 (s, 3H, H6), 3.30 (t, 

3J = 6.6 Hz, 2H, H1), 2.36 (t, 3J = 7.4 Hz, 2H, H4), 

1.75-1.69 (m, 2H, H2), 1.67-1.61 (m, 2H, H3). 
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6.2.6.8 Synthesis of 149 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: In a 100 mL round bottom flask, 1.85 g (10.7 mmol; 1.00 eq.) 

of ester 165 were dissolved in 30 mL of MeOH and 15 mL of H2O. Next, 1.26 g 

(30.1 mmol; 2.80 eq.) of LiOH hydrate were added, the mixture was stirred at room 

temperature for 23 h, and the solution was concentrated under reduced pressure. 

20 mL of HCl (1M) and 20 mL of CH2Cl2 were added and the layers were separated. 

The aqueous phase was extracted five times with 20 mL of CH2Cl2 and the combined 

organic layers were dried over MgSO4, filtered, and the solvent was removed under 

reduced pressure to obtain 1.60 g (10.1 mmol; 94%) of the desired product 149 as a 

pale-yellow oil. 

 

M (C5H9N3O2): 143.07 g/mol. 

Yield:  1.60 g (10.1 mmol; 94%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.00. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.31 (t, 3J = 6.7 Hz, 2H, H1), 

2.41 (t, 3J = 7.0 Hz, 2H, H4), 1.76-1.71 (m, 2H, H2), 

1.69-1.63 (m, 2H, H3). 
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6.2.6.9 Synthesis of 153 

 

In a 50 mL Schlenk tube, 75 mg (0.52 mmol; 1.0 eq.) of linker 149, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF. After 30 min, 240 mg (500 mol; 1.00 eq.) of recruiter 113 were added and the 

mixture was stirred at room temperature until full conversion of recruiter 113 was 

observed by TLC after 16 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). 

The residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent 

was removed under reduced pressure. The residue was dissolved in MeCN/H2O and 

lyophilized to obtain 206 mg (361 mol; 72%) of the desired product 153 as a colorless 

lyophilizate. 

 

M (C28H39N7O4S): 569.72 g/mol. 

Yield:  206 mg (361 mol; 72%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.25. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H22), 7.51 (d, 

3J = 8.0 Hz, 1H, NH), 7.41 (d, 3J = 8.4 Hz, 2H, H19), 7.37 

(d, 3J = 8.4 Hz, 2H, H18), 6.37-6.31 (m, 1H, NH), 5.09 

(quin, 3J = 7.3 Hz, 1H, H15), 4.69 (t, 3J = 7.8 Hz, 1H, H13); 

4.59 (d, 3J = 9.0 Hz, 1H, H6), 4.51 (s, 1H, H11), 4.03 (d, 

3J = 11.1 Hz, 1H, H10a), 3.64 (dd, 3J = 11.1 Hz, 

3J = 3.9 Hz, 1H, H10b), 3.28 (t, 3J = 6.7 Hz, 2H, H1), 2.51 

(s, 3H, H24), 2.49-2.41 (m, 1H, H12a), 2.27-2.15 (m, 2H, 

H4), 2.08-2.00 (m, 1H, H12b), 1.73-1.65 (m, 2H, H3), 

1.62-1.55 (m, 2H, H2), 1.48 (d, 3J = 6.6 Hz, 3H, H16), 1.05 

(s, 9H, H8). 



Experimental Section 

162 
 

13C NMR: (100 MHz, CDCl3)  [ppm] = 173.0 (C5); 172.0 (C9); 169.9 

(C14); 150.5 (C22); 148.5 (C23); 143.2 (C17); 131.6 (C21); 

131.0 (C20); 129.6 (C19); 126.5 (C18); 70.0 (C11); 58.8 

(C13); 57.6 (C6); 56.8 (C10); 51.1 (C1); 48.9 (C15); 35.8, 

35.7 (C12, C4); 35.3 (C7); 28.4 (C2); 26.6 (C8); 22.8 (C3); 

22.3 (C16); 16.2 (C24). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 570.28570 570.28499 -1.24 

 [M+Na]+ 592.26764 592.26691 -1.24 

LC-MS (ESI): tr [min] 11.50-14.27 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 570.29 570.28 98 

 

6.2.6.10 Synthesis of 169 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 25 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 153 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 18 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 5 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 20 mg (15 mol; 50%) of the desired product 169 as a 

colorless lyophilizate. 
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M (C70H95N14O10SCl): 1360.13 g/mol. 

Yield:  20 mg (15 mol; 50%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.03. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1359.68376 1359.68281 -0.70 

 [M+Na]+ 1381.66570 1381.66283 -2.08 

LC-MS (ESI): tr [min] 8.57-11.34 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1359.68 1359.96 >99 

 

6.2.6.11 Synthesis of 159 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: 2.97 g (15.3 mmol; 1.00 eq.) of acid 158 were dissolved in 

51 mL of MeOH and 1.66 mL (22.9 mmol; 1.50 eq.) of SOCl2 were added. The mixture 

was stirred at room temperature until full conversion of acid 158 was observed by TLC 

after 2.5 h. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (SiO2, cHex/EtOAc 10:1) to obtain 2.99 g 

(14.3 mmol; 84%) of the desired product 159 as a pale-yellow oil. 

 

M (C7H13O2Br): 209.08 g/mol. 

Yield:  2.99 g (14.3 mmol; 84%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.62. 

1H NMR: (300 MHz, CDCl3)  [ppm] = 3.68 (s, 3H, H7), 3.41 (t, 

3J = 6.8 Hz, 2H, H1), 2.33 (t, 3J = 7.5 Hz, 2H, H5), 

1.93-1.83 (m, 2H, H4), 1.71-1.59 (m, 2H, H2), 1.52-1.42 

(m, 2H, H3). 
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6.2.6.12 Synthesis of 166 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Simonin et al.[215]: In a 50 mL round bottom flask, 3.00 g (14.35 mmol; 

1.0 eq.) of ester 159 were dissolved in 9 mL of DMF, 3.73 g (57.40 mmol; 4.0 eq.) of 

NaN3 were added, and the mixture was stirred at 60 °C until full conversion of ester 

159 was observed by TLC after 17 h. At room temperature, 10 mL of H2O were added, 

and the mixture was extracted with 20 mL of Et2O three times. The combined organic 

layers were washed with 20 mL of H2O three times, followed by 20 mL of NaCl solution. 

The mixture was dried over MgSO4, filtered, and the solvent was removed under 

reduced pressure to obtain 1.92 g (11.1 mmol; 77%) of the desired product 166 as a 

pale-yellow oil. 

 

M (C7H13N3O2): 171.20 g/mol. 

Yield:  1.92 g (11.1 mmol; 77%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.57. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.68 (s, 3H, H7), 3.28 (t, 

3J = 6.8 Hz, 2H, H1), 2.33 (t, 3J = 7.4 Hz, 2H, H5), 

1.69-1.59 (m, 4H, H2, H4), 1.47-1.38 (m, 2H, H3). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 174.1 (C6); 51.7 (C7); 51.4 

(C1); 34.0 (C5); 28.7 (C2); 26.4 (C3); 24.6 (C4). 
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6.2.6.13 Synthesis of 150 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: In a 250 mL round bottom flask, 3.20 g (20.1 mmol; 1.00 eq.) 

of ester 166 were dissolved in 52 mL of MeOH and 26 mL of H2O. Next, 2.36 g 

(56.3 mmol; 2.80 eq.) of LiOH hydrate were added, the mixture was stirred at room 

temperature for 19 h and the solution was concentrated under reduced pressure. 

20 mL of HCl (1M) and 20 mL of CH2Cl2 were added, and the layers were separated. 

The aqueous phase was extracted five times with 20 mL of CH2Cl2 and the combined 

organic layers were dried over MgSO4, filtered, and the solvent was removed under 

reduced pressure to obtain 2.71 g (18.7 mmol; 93%) of the desired product 150 as a 

pale-yellow oil. 

 

M (C6H11N3O2): 157.17 g/mol. 

Yield:  2.71 g (18.7 mmol; 93%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.0. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 3.39 (t, 3J = 6.9 Hz, 2H, H1), 

2.38 (t, 3J = 7.1 Hz, 2H, H5), 1.71-1.60 (m, 4H, H2, H4), 

1.48-1.40 (m, 2H, H3). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 179.8 (C6); 51.3 (C1); 33.9 

(C5); 28.7 (C2); 26.3 (C3); 24.3 (C4). 
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6.2.6.14 Synthesis of 154 

 

In a 50 mL Schlenk tube, 90 mg (0.57 mmol; 1.1 eq.) of linker 150, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF and the mixture as stirred for 30 min. Next, 240 mg (500 mol; 1.00 eq.) of 

recruiter 113 were added and the mixture was stirred at room temperature until full 

conversion of recruiter 113 was observed by TLC after 16 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). The residue was dissolved in 

CH2Cl2, filtered through a syringe filter, and the solvent was removed under reduced 

pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 249 mg 

(427 mol; 85%; 95 wt%) of the desired product 154 as a colorless lyophilizate. 

 

M (C29H41N7O4S): 583.75 g/mol. 

Yield:  249 mg (427 mol; 85%; 95 wt%). 

Rf: (SiO2, EtOAc/MeOH 10:1) = 0.46. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H23), 7.50 (d, 

3J = 7.8 Hz, 1H, NH), 7.40 (d, 3J = 8.4 Hz, 2H, H20), 7.37 

(d, 3J = 8.4 Hz, 2H, H19), 6.31 (d, 3J = 8.7 Hz, 1H, NH), 

5.10 (quin, 3J = 7.3 Hz, 1H, H16), 4.66 (t, 3J = 8.0 Hz, 1H, 

H14); 4.55 (d, 3J = 8.7 Hz, 1H, H7), 4.50 (s, 1H, H12), 4.03 

(d, 3J = 11.4 Hz, 1H, H11a), 3.63 (dd, 3J = 11.3 Hz, 

3J = 3.6 Hz, 1H, H11b), 3.24 (t, 3J = 6.8 Hz, 2H, H1), 2.52 

(s, 3H, H25), 2.39 (ddd, 3J = 13.1 Hz, 3J = 8.0 Hz, 

3J = 4.6 Hz, 1H, H13a), 2.15 (t, 3J = 7.5 Hz, 2H, H5), 

2.07-2.02 (m, 1H, H13b), 1.66-1.53 (m, 4H, H2, H4), 1.49 

(d, 3J = 7.0 Hz, 3H, H17), 1.39-1.31 (m, 2H, H3), 1.05 (s, 

9H, H9). 
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13C NMR: (100 MHz, CDCl3)  [ppm] = 173.5 (C6); 171.8 (C10); 

170.0 (C15); 150.5 (C23); 148.5 (C24); 143.3 (C18); 131.6 

(C22); 130.9 (C21); 130.0 (C20); 126.6 (C19); 70.0 (C12); 

58.8 (C14); 57.7 (C7); 56.8 (C11); 51.2 (C1); 48.8 (C16); 

36.2 (C5); 36.0 (C13); 35.2 (C8); 28.6 (C2); 27.0 (C9); 26.3 

(C3); 25.1 (C4); 22.2 (C17); 16.1 (C25). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 584.30135 584.30185 +0.86 

 [M+Na]+ 606.28329 606.28363 +0.55 

LC-MS (ESI): tr [min] 12.04-12.30 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 584.30 584.28 >99 

 

6.2.6.15 Synthesis of 170 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 25 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 154 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 18 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 5 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 14 mg (10 mol; 35%) of the desired product 170 as a 

colorless lyophilizate. 

 



Experimental Section 

168 
 

M (C71H97N14O10SCl): 1374.15 g/mol. 

Yield:  14 mg (10 mol; 35%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.03. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1373.69941 1373.69901 -0.29 

 [M+Na]+ 1395.68135 1395.67986 -1.07 

LC-MS (ESI): tr [min] 8.67-11.79 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1373.70 1374.00 >99 

 

6.2.6.16 Synthesis of 163 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: 4.69 g (21.0 mmol; 1.00 eq.) of acid 159 were dissolved in 

75 mL of MeOH and 2.44 mL (33.6 mmol; 1.50 eq.) of SOCl2 were added. The mixture 

was stirred at room temperature until full conversion of acid 159 was observed by TLC 

after 2 h. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (SiO2, cHex/EtOAc 10:1) to obtain 4.82 g 

(20.3 mmol; 97%) of the desired product 163 as a pale-yellow oil. 

 

M (C9H17O2Br): 237.14 g/mol. 

Yield:  4.82 g (20.3 mmol; 97%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.39. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.67 (s, 3H, H9), 3.40 (t, 

3J = 6.9 Hz, 2H, H1), 2.31 (t, 3J = 7.4 Hz, 2H, H7), 1.85 

(quin, 3J = 7.5 Hz, 2H, H6), 1.65-1.59 (m, 2H, H2), 

1.46-1.42 (m, 2H, H3), 1.36-1.30 (m, 4H, H4, H5). 
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6.2.6.17 Synthesis of 167 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Simonin et al.[215]: In a 50 mL round bottom flask, 4.69 g (19.8 mmol; 

1.00 eq.) of ester 163 were dissolved in 14 mL of DMF, 5.12 g (79.1 mmol; 4.00 eq.) of 

NaN3 were added, and the mixture was stirred at 60 °C until full conversion of ester 

163 was observed by TLC after 20 h. After cooling to room temperature, 10 mL of H2O 

were added, and the mixture was extracted with 20 mL of Et2O three times. The 

combined organic layers were washed with 20 mL of H2O three times, followed by 

20 mL of NaCl solution. The mixture was dried over MgSO4, filtered, and the solvent 

was removed under reduced pressure to obtain 3.73 g (18.6 mmol; 94%) of the desired 

product 167 as a pale-yellow oil. 

 

M (C9H17N3O2): 199.25 g/mol. 

Yield:  3.73 g (18.6 mmol; 94%). 

Rf: (SiO2, cHex/EtOAc 2:1) = 0.62. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 3.67 (s, 3H, H9), 3.26 (t, 

3J = 7.0 Hz, 2H, H1), 2.31 (t, 3J = 7.5 Hz, 2H, H5), 

1.64-1.57 (m, 4H, H2, H6), 1.39-1.32 (m, 6H, H3, H4, H5). 
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6.2.6.18 Synthesis of 151 

 

This experiment was carried out by Alexander Klingert. According to a modified 

procedure by Albat[193]: In a 250 mL round bottom flask, 3.44 g (17.2 mmol; 1.00 eq.) 

of ester 167 were dissolved in 56 mL of MeOH and 28 mL of H2O. Next, 2.02 g 

(48.1 mmol; 2.80 eq.) of LiOH hydrate were added, the mixture was stirred at room 

temperature for 21 h and the solution was concentrated under reduced pressure. To 

the residue, 20 mL of HCl (1M) and 20 mL of CH2Cl2 were added, and the layers were 

separated. The aqueous phase was extracted five times with 20 mL of CH2Cl2 and the 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure to obtain 3.10 g (16.6 mmol; 97%) of the desired product 151 

as a pale-yellow oil. 

 

M (C8H15N3O2): 185.23 g/mol. 

Yield:  3.10 g (16.6 mmol; 97%). 

Rf: (SiO2, cHex/EtOAc 10:1) = 0.0. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 3.26 (t, 3J = 6.9 Hz, 2H, H1), 

2.36 (t, 3J = 7.5 Hz, 2H, H7), 1.68-1.57 (m, 4H, H2, H6), 

1.42-1.32 (m, 6H, H3, H4, H5). 

13C NMR: (100 MHz, CDCl3)  [ppm] = 180.1 (C8); 51.5 (C1); 34.1 

(C7); 29.0, 28.9, 28.9 (C4, C5, C6); 26.6 (C3); 24.7 (C2). 
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6.2.6.19 Synthesis of 155 

 

In a 50 mL Schlenk tube, 97 mg (0.52 mmol; 1.0 eq.) of linker 151, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF. After 30 min, 240 mg (500 mol; 1.00 eq.) of recruiter 113 were added and the 

mixture was stirred at room temperature until full conversion of recruiter 113 was 

observed by TLC after 16 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). 

The residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent 

was removed under reduced pressure. The residue was dissolved in 

MeCN/tBuOH/H2O and lyophilized to obtain 272 mg (444 mol; 88%; 95 wt%) of the 

desired product 155 as a colorless lyophilizate. 

 

 

M (C31H45N7O4S): 611.81 g/mol. 

Yield:  272 mg (444 mol; 88%; 95 wt%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.59. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.71 (s, 1H, H25), 7.51 (d, 

3J = 8.0 Hz, 1H, NH), 7.42-7.36 (m, 4H, H21, H22), 6.25 

(d, 3J = 8.6 Hz, 1H, NH), 5.10 (quin, 3J = 7.0 Hz, 1H, H18), 

4.66 (t, 3J = 8.0 Hz, 1H, H16); 4.55 (d, 3J = 8.6 Hz, 1H, H9), 

4.51 (s, 1H, H14), 4.05 (d, 3J = 11.2 Hz, 1H, H13a), 3.63 

(dd, 3J = 11.3 Hz, 3J = 3.7 Hz, 1H, H13b), 3.24 (t, 

3J = 6.9 Hz, 2H, H1), 2.52 (s, 3H, H27), 2.44-2.36 (m, 1H, 

H15a), 2.14 (t, 3J = 7.7 Hz, 2H, H7), 2.09-2.02 (m, 1H, 

H15b), 1.62-1.53 (m, 4H, H2, H6), 1.49 (d, 3J = 6.9 Hz, 3H, 

H19), 1.37-1.28 (m, 6H, H3-5), 1.05 (s, 9H, H11). 
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13C NMR: (100 MHz, CDCl3)  [ppm] = 173.9 (C8); 171.9 (C11); 

170.0 (C17); 150.6 (C25); 148.4 (C26); 143.4 (C20); 131.7 

(C24); 130.9 (C23); 129.6 (C22); 126.6 (C21); 70.0 (C14); 

58.8 (C16); 57.7 (C9); 56.8 (C13); 51.5 (C1); 48.9 (C18); 

36.4 (C7); 35.2 (C10, C15); 29.1 (C3/C4/C5) 28.8 (C2); 

28.8 (C3/C4/C5); 26.6 (C11, C3/C4/C5); 25.5 (C6); 22.2 

(C19); 16.1 (C27).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 612.33265 612.33311 +0.75 

 [M+Na]+ 634.31459 634.31461 +0.03 

LC-MS (ESI): tr [min] 13.41-13.70 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 612.33 612.34 >99 

 

6.2.6.20 Synthesis of 171 

 

According to a modified procedure by Banerjee et al.[196]: In a headspace vial, 23 mg 

(29 mol; 1.0 eq.) of warhead-linker conjugate 39 and 27 mg (44 mol; 1.5 eq.) of 

linker-recruiter conjugate 155 were dissolved in 2 mL of DMF. Next, 1 mL of an 

aqueous solution (3mM; 3 mol; 10 mol%) of CuSO4 and 1 mL of an aqueous solution 

(6mM; 6 mol; 20 mol%) of sodium ascorbate were added, and the mixture was stirred 

at room temperature for 18 h. Full conversion of warhead-linker conjugate 39 was 

observed by TLC and the solvent was removed under reduced pressure. The crude 

product was purified by column chromatography (dryload, 6 g ultra-pure silica, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The product was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 17 mg (12 mol; 41%) of the desired product 171 as a 

colorless lyophilizate. 
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M (C73H101N14O10SCl): 1402.21 g/mol. 

Yield:  17 mg (12 mol; 41%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.04. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1401.73071 1401.73128 +0.41 

 [M+Na]+ 1423.71265 1423.71120 -1.02 

LC-MS (ESI): tr [min] 9.05-11.18 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1401.73 1402.02 >99 

 

6.2.7 Synthesis towards PROTACs 172-174 

6.2.7.1 Synthesis of 178 

 

In a 50 mL Schlenk flask, 121 mg (550 mol; 1.10 eq.) of acid 175, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF. The mixture was stirred at room temperature for 1 h and 240 mg (500 mol; 

1.00 eq.) of recruiter 113 were added. After 16 h, full conversion of recruiter 113 was 

observed by TLC and the solvent was removed under reduced pressure. The residue 

was purified by column chromatography (SiO2, EtOAc/MeOH 10:1 to 5:1). The residue 

was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure to obtain 242 mg (374 mol; 75%) of the desired product 178 

as a colorless foam. 
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M (C32H47N5O7S): 645.82 g/mol. 

Yield:  242 mg (374 mol; 75%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.11. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.71 (s, 1H, H24), 7.41-7.36 

(m, 5H, H20, H21, NH), 7.22 (d, 3J = 8.4 Hz, 1H, NH), 5.16 

(s, 1H, OH), 5.09 (quin, 3J = 7.4 Hz, 1H, H17), 4.74 (t, 

3J = 7.7 Hz, 1H, H15), 4.56-4.52 (m, 2H, H8, H13), 

4.12-4.04 (m, 2H, H12a, H6a), 3.94-3.91 (m, 1H, H6b), 

3.70-3.64 (m, 1H, H5a), 3.61 (dd, 3J = 11.4 Hz, 

3J = 3.5 Hz, 1H, H12b), 3.58-3.52 (m, 1H, H5b), 3.42-3.29 

(m, 2H, H4), 2.58-2.51 (m, 1H, H14a), 2.53 (s, 3H, H26), 

2.10-2.04 (m, 1H, H14b), 1.48 (d, 3J = 7.1 Hz, 3H, H18), 

1.44 (s, 9H, H1), 1.07 (s, 9H, H10).  

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.9 (C7); 170.6 (C11); 

169.6 (C16); 155.3 (C3); 150.1 (C24); 148.4 (C25); 143.3 

(C19); 131.9 (C23); 130.9 (C22); 129.7 (C21); 126.6 (C20); 

79.4 (C2); 71.3 (C5), 70.3 (C6), 70.2 (C13); 58.6 (C15); 

57.4 (C8); 56.8 (C12); 49.1 (C17); 40.2 (C4); 35.4 (C9); 

35.0 (C14); 28.6 (C1); 26.7 (C10); 22.4 (C18); 16.1 (C26).  

Note: C2, C4, C5, C6, C14, and C19 were assigned by 

HMBC and HSQC. 
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6.2.7.2 Synthesis of 181 

 

In a 25 mL round bottom flask, 240 mg (372 mol; 1.00 eq.) of linker-recruiter 

conjugate 178 were dissolved in 5 mL of HCl (1M). After 1 h, major conversion of 

linker-recruiter conjugate 178 was observed by TLC and 10 mL of CH2Cl2 were added. 

The solution was adjusted to pH 8 by the addition of NaHCO3, the layers were 

separated, and the aqueous phase was extracted four times with 20 mL of CH2Cl2. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, 

filtered through a syringe filter, and the solvent was removed under reduced pressure. 

The residue was dissolved in H2O/tBuOH/MeCN and lyophilized to obtain 53 mg 

(97 mol; 26%) of the desired product 181 as a colorless lyophilizate. 

 

M (C27H39N5O5S): 545.70 g/mol. 

Yield:  53 mg (97 mol; 26%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.08. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.66 (s, 1H, H21), 7.89 (d, 

3J = 7.1 Hz, 1H, NH), 7.76 (d, 3J = 8.4 Hz, 1H, NH), 

7.41-7.34 (m, 5H, H17, H18, NH), 5.10 (quin, 3J = 7.1 Hz, 

1H, H14), 4.70 (t, 3J = 8.1 Hz, 1H, H12), 4.60 (d, 

3J = 8.9 Hz, 1H, H5), 4.46 (s, 1H, H10), 4.06-3.94 (m, 3H, 

H9a, H3), 3.69-3.52 (m, 3H, H2, H19b), 3.07-3.04 (m, 2H, 

H1), 2.52-2.49 (m, 1H, H11a), 2.50 (s, 3H, H23), 2.23-2.19 

(m, 1H, H11b), 1.47 (d, 3J = 7.2 Hz, 3H, H15), 1.06 (s, 9H, 

H7).  
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13C NMR: (100 MHz, CDCl3)  [ppm] = 171.5 (C4); 170.4 (C8); 170.3 

(C13); 150.4 (C21); 148.5 (C22); 143.6 (C16); 131.8 (C20); 

130.8 (C19); 129.6 (C18); 126.6 (C17); 70.0 (C2); 69.9 

(C3); 69.8 (C10); 57.9 (C12); 57.5 (C5); 56.8 (C9); 48.8 

(C14); 39.9 (C1); 35.6 (C6); 34.6 (C11); 26.7 (C7); 22.4 

(C15); 16.2 (C23).  

Note: C9 was assigned by HMBC and HSQC. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 546.27445 546.27452 +0.09 

 [M+Na]+ 568.25641 568.25642 +0.02 
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6.2.7.3 Synthesis of 172 

 

In a 10 mL Schlenk tube, 27 mg (40 mol; 1.1 eq.) of warhead 38, 18 mg (48 mol; 

1.3 eq.) of HATU and 22.4 L (128 mol; 3.50 eq.) of DIPEA were added in 1.5 mL of 

DMF. After 1 h at room temperature, 20 mg (37 mol; 1.0 eq.) of linker-recruiter 

conjugate 181 were added and the mixture was stirred until full conversion of 

linker-recruiter conjugate 181 was observed by TLC after 19 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure. The residue was then purified by reverse phase column 

chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to obtain 26 mg (21 mol; 

58%) of the desired product 172 as a colorless lyophilizate. 

 

M (C62H83N10O11SCl): 1211.91 g/mol. 

Yield:  26 mg (21 mol; 58%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.20. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1211.57248  1211.57431 +1.51 

 [M+Na]+ 1233.55442 1233.55422 -0.16 

HPLC: tr [min] 10.45-11.39 

 Purity [%] 86 
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6.2.7.4 Synthesis of 179 

 

In a 50 mL Schlenk flask, 138 mg (525 mol; 1.05 eq.) of acid 176, 209 mg (550 mol; 

1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added in 15 mL 

of DMF. The mixture was stirred at room temperature for 1 h and 240 mg (500 mol; 

1.00 eq.) of recruiter 113 were added. After 16 h, full conversion of recruiter 113 was 

observed by TLC and the solvent was removed under reduced pressure. The residue 

was purified by column chromatography (SiO2, EtOAc/MeOH 10:1 to 5:1). The residue 

was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure to obtain 262 mg (380 mol; 76%) of the desired product 179 

as a colorless foam. 

 

M (C34H51N5O8S): 689.87 g/mol. 

Yield:  262 mg (380 mol; 76%). 

Rf: (SiO2, EtOAc/MeOH 5:1) = 0.23. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.75 (s, 1H, H26), 7.43-7.34 

(m, 5H, H22, H23, NH), 5.18-5.04 (m, 1H, H19), 4.80-4.54 

(m, 3H, H10, H15, H17), 4.14-3.87 (m, 3H, H14a, H8), 

3.73-3.62 (m, 9H, H4, H5, H6, H7, H14b), 2.58-2.50 (m, 

1H, H16a), 2.54 (s, 3H, H28), 2.09-2.03 (m, 1H, H16b), 

1.49-1.39 (m, 12H, H1, H20), 1.05 (s, 9H, H12).  

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.6 (C9); 170.8 (C13); 

169.5 (C18); 147.8 (C27); 143.1 (C21); 132.2 (C25); 130.4 

(C24); 129.8 (C23); 126.8 (C22); 79.6 (C2); 71.7, 70.9, 

70.7, 70.5 (C5, C6, C7, C8, C15); 58.7 (C17); 57.2 (C10); 

56.9 (C14); 49.0 (C19); 40.7 (C4); 35.8 (C11); 28.6 (C1); 

26.7 (C12); 22.0 (C20); 16.0 (C28). 

Note: C9, C11, C13, C18, C21, C24, C25, and C27 were 

detected in HSQC, C3, C16, and C26 were not detected. 



Experimental Section 

179 
 

6.2.7.5 Synthesis of 182 

 

In a 25 mL round bottom flask, 250 mg (424 mol; 1.00 eq.) of linker-recruiter 

conjugate 179 were dissolved in 5 mL of HCl (1M). After 2.5 h, major conversion of 

linker-recruiter conjugate 179 was observed by TLC and 10 mL of CH2Cl2 were added. 

The solution was adjusted to pH 8 by the addition of NaHCO3, the layers were 

separated, and the aqueous phase was extracted four times with 20 mL of CH2Cl2. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, 

filtered through a syringe filter, and the solvent was removed under reduced pressure. 

The residue was dissolved in H2O/tBuOH/MeCN and lyophilized to obtain 177 mg 

(300 mol; 71%) of the desired product 182 as a colorless lyophilizate. 

 

 

M (C29H43N5O6S): 589.75 g/mol. 

Yield:  177 mg (300 mol; 71%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.67 (s, 1H, H23), 7.97 (d, 

3J = 7.9 Hz, 1H, NH), 7.49 (d, 3J = 9.5 Hz, 1H, NH), 7.38 

(s, 4H, H19, H20), 5.11 (quin, 3J = 7.3 Hz, 1H, H16), 

4.73-4.66 (m, 2H, H7, H14), 4.45 (s, 1H, H12), 4.11-4.08 

(m, 1H, H5a), 4.00-3.96 (m, 2H, H5b, H11a), 3.79-3.56 (m, 

7H, H2, H3, H4, H21b), 2.97 (t, 3J = 4.9 Hz, 2H, H1), 2.52 

(s, 3H, H25), 2.28-2.22 (m, 1H, H13a), 2.17-2.10 (m, 1H, 

H13b), 1.50 (d, 3J = 7.2 Hz, 3H, H17), 1.04 (s, 9H, H9). 
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13C NMR: (100 MHz, CDCl3)  [ppm] = 171.2 (C6); 170.4 (C10, C15); 

150.4 (C23); 148.5 (C24); 143.7 (C18); 131.8 (C22); 130.8 

(C21); 129.6 (C20); 126.6 (C19); 71.4, 71.1, 70.7, 70.6 

(C2, C3, C4, C5); 70.0 (C12); 59.0 (C14); 57.2 (C11); 56.9 

(C7); 48.9 (C16); 40.7 (C1); 36.9 (C8); 36.4 (C13); 26.6 

(C9); 22.4 (C17); 16.2 (C25).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 590.30068 590.30040 -0.48 

 [M+Na]+ 612.28263 612.28261 -0.03 

 

6.2.7.6 Synthesis of 173 

 

In a 10 mL Schlenk tube, 25 mg (37 mol; 1.1 eq.) of warhead 38, 17 mg (44 mol; 

1.3 eq.) of HATU, and 20.7 L (119 mol; 3.50 eq.) of DIPEA were added in 1.5 mL of 

DMF. After 30 min at room temperature, 20 mg (34 mol; 1.0 eq.) of linker-recruiter 

conjugate 182 were added and the mixture was stirred until full conversion of 

linker-recruiter conjugate 182 was observed by TLC after 16 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure. The residue was then purified by reverse phase column 

chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to obtain 31 mg (25 mol; 

73%) of the desired product 173 as a colorless lyophilizate. 
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M (C64H87N10O12SCl): 1255.97 g/mol. 

Yield:  31 mg (25 mol; 73%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.23. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1255.59869 1255.60068 +1.58 

 [M+Na]+ 1277.58064 1277.58044 -0.16 

HPLC: tr [min] 10.46-11.10 

 Purity [%] 95 

 

6.2.7.7 Synthesis of 180 

 

In a 50 mL Schlenk flask, 161 mg (525 mol; 1.05 eq.) of linker 177, 209 mg 

(550 mol; 1.10 eq.) of HATU, and 305 L (1.75 mmol; 3.50 eq.) of DIPEA were added 

in 15 mL of DMF. The mixture was stirred at room temperature for 1h, and 240 mg 

(500 mol; 1.00 eq.) of recruiter 113 were added. After 18 h, full conversion of recruiter 

113 was observed by TLC and the solvent was removed under reduced pressure. The 

residue was purified by column chromatography (SiO2, EtOAc/MeOH 10:1 to 5:1). The 

residue was dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was 

removed under reduced pressure to obtain 237 mg (323 mol; 65%) of the desired 

product 180 as a colorless foam. 
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M (C36H55N5O9S): 733.92 g/mol. 

Yield:  237 mg (323 mol; 65%). 

Rf: (SiO2, EtOAc/MeOH 5:1) = 0.34. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.71 (s, 1H, H28), 7.40-7.36 

(m, 5H, H24, H25, NH), 5.13-5.09 (m, 2H, H21, OH), 4.73 

(t, 3J = 8.0 Hz, 1H, H19), 4.58 (d, 3J = 8.1 Hz, 1H, H12), 

4.52 (s, 1H, H17), 4.12-4.01 (m, 3H, H16a, H10), 3.72-3.62 

(m, 9H, H6, H7, H8, H9, H16b), 3.56-3.52 (m, 2H, H5), 3.32 

(s, 2H, H4), 2.58-2.51 (m, 1H, H18a), 2.53 (s, 3H, H30), 

2.10-2.04 (m, 1H, H18b), 1.48 (d, 3J = 7.1 Hz, 3H, H22), 

1.44 (s, 9H, H1), 1.07 (s, 9H, H14).  

 

 

13C NMR: (125 MHz, CDCl3)  [ppm] = 171.6 (C11); 170.8 (C15); 

170.0 (C20); 156.6 (C3); 150.5 (C28); 148.4 (C29); 143.5 

(C23); 131.9 (C27); 130.8 (C26); 129.7 (C25); 126.6 (C24); 

79.6 (C2); 71.0, 70.7, 70.5, 70.3, 70.2, 70.1 (C5, C6, C7, 

C8, C9, C10, C17); 58.6 (C19); 57.4 (C12); 56.9 (C16); 

49.0 (C21); 40.5 (C4); 35.8 (C13); 35.2 (C18); 28.5 (C1); 

26.6 (C14); 22.3 (C22); 16.1 (C30). 
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6.2.7.8 Synthesis of 183 

 

In a 25 mL round bottom flask, 225 mg (307 mol; 1.00 eq.) of linker-recruiter 

conjugate 180 were dissolved in 5 mL of HCl (1M). After 2.5 h, major conversion of 

linker-recruiter conjugate 180 was observed by TLC and 10 mL of CH2Cl2 were added. 

The solution was adjusted to pH 8 by the addition of NaHCO3, the layers were 

separated, and the aqueous phase was extracted four times with 20 mL of CH2Cl2. The 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, 

filtered through a syringe filter, and the solvent was removed under reduced pressure. 

The residue was dissolved in H2O/tBuOH/MeCN and lyophilized to obtain 117 mg 

(185 mol; 60%) of the desired product 183 as a colorless lyophilizate. 

 

 

 

M (C31H47N5O7S): 633.80 g/mol. 

Yield:  117 mg (185 mol; 60%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.04. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.67 (s, 1H, H25), 8.22 (d, 

3J = 7.9 Hz, 1H, NH), 7.43-7.35 (m, 5H, H21, H22, NH), 

5.10 (quin, 3J = 7.2 Hz, 1H, H18), 4.73-4.66 (m, 2H, H9, 

H16), 4.44 (s, 1H, H14), 4.17-4.12 (m, 1H, H7a), 4.02-3.96 

(m, 2H, H7b, H13a), 3.72-3.62 (m, 11H, H2, H3, H4, H5, 

H6, H23b), 3.08-3.01 (m, 2H, H1), 2.52 (s, 3H, H27), 

2.18-2.14 (m, 2H, H15), 1.49 (d, 3J = 7.0 Hz, 3H, H19), 

1.06 (s, 9H, H11). 
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13C NMR: (100 MHz, CDCl3)  [ppm] = 171.2 (C8); 170.7 (C12); 

170.2 (C17); 150.4 (C25); 148.5 (C26); 143.9 (C20); 131.8 

(C24); 130.7 (C23); 129.5 (C22); 126.5 (C21); 70.9, 70.6, 

70.4, 70.3, 70.1, 69.4 (C2, C3, C4, C5, C6, C7); 70.0 

(C14); 59.1 (C16); 57.5 (C13); 57.0 (C9); 48.8 (C18); 40.3 

(C1); 37.3 (C10); 35.9 (C15); 26.6 (C11); 22.5 (C19); 16.2 

(C27).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 634.32690 634.32664 -0.40 

 [M+Na]+ 656.30884 656.30855 -0.44 

 

6.2.7.9 Synthesis of 174 

 

In a 10 mL Schlenk tube, 25 mg (37 mol; 1.1 eq.) of warhead 38, 17 mg (44 mol; 

1.3 eq.) of HATU, and 20.7 L (119 mol; 3.50 eq.) of DIPEA were added in 1.5 mL of 

DMF. After 30 min at room temperature, 21 mg (34 mol; 1.0 eq.) of linker-recruiter 

conjugate 183 were added and the mixture was stirred until full conversion of 

linker-recruiter conjugate 183 was observed by TLC after 16 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, dryload, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was 

dissolved in CH2Cl2, filtered through a syringe filter, and the solvent was removed 

under reduced pressure. The residue was then purified by reverse phase column 

chromatography (MeCN/H2O 2:8 to 8:2) and lyophilized to obtain 15 mg (11 mol; 

34%) of the desired product 174 as a colorless lyophilizate. 
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M (C66H91N10O13SCl): 1300.02 g/mol. 

Yield:  15 mg (11 mol; 34%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.24. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1299.62491 1299.62722 +1.78 

 [M+Na]+ 1321.60685 1321.60720 +0.27 

HPLC: tr [min] 10.64-11.04 

 Purity [%] 96 

 

6.2.8 Synthesis towards PROTACs 184-187 

6.2.8.1 Synthesis of 192 

 

In a 25 mL Schlenk flask, 113 mg (600 mol; 1.20 eq.) of linker 188, 285 mg (750 mol; 

1.50 eq.) of HATU, and 118 L (675 mol; 1.35 eq.) of DIPEA were added in 9 mL of 

DMF. In a 50 mL Schlenk flask, 240 mg (500 mol; 1.00 eq.) of recruiter 113 and 

236 L (1.35 mmol; 2.70 eq.) of DIPEA were added in 9 mL of DMF. After 30 min, the 

mixture was added to the solution of linker 188. The mixture was stirred until full 

conversion of recruiter 113 was observed by TLC after 15 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). The residue was dissolved in 

CH2Cl2, filtered through a syringe filter, and the solvent was removed under reduced 

pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 185 mg 

(300 mol; 60%) of the desired product 192 as a colorless lyophilizate. 
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M (C31H45N5O6S): 615.79 g/mol. 

Yield:  185 mg (300 mol; 60%). 

Rf: (SiO2, EtOAc/MeOH 20:1) = 0.14. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H23), 7.48 (d, 

3J = 7.8 Hz, 1H, NH), 7.41 (d, 3J = 8.2 Hz, 2H, H20), 7.37 

(d, 3J = 8.2 Hz, 2H, H19), 6.45 (d, 3J = 8.7 Hz, 1H, NH), 

5.19 (s, 1H, OH), 5.08 (quin, 3J = 7.2 Hz, 1H, H16), 4.77 (t, 

3J = 7.9 Hz, 1H, H14), 4.55-4.52 (m, 2H, H7, H12), 4.11 (d, 

3J = 11.5 Hz, 1H, H11a), 3.60 (dd, 3J = 11.4 Hz, 

4J = 3.5 Hz, 1H, H11b), 3.47-3.30 (m, 2H, H4), 2.61-2.52 

(m, 1H, H13a), 2.51 (s, 3H, H25), 2.50-2.43 (m, 1H, H5a), 

2.40-2.33 (m, 1H, H5b), 2.12-2.05 (m, 1H, H13b), 1.47 (d, 

3J = 6.9 Hz, 3H, H17), 1.43 (s, 9H, H1), 1.05 (s, 9H, H9).  

13C NMR: (125 MHz, CDCl3)  [ppm] = 172.5 (C6); 171.1 (C10); 

169.6 (C15); 156.2 (C3); 150.1 (C23); 148.6 (C24); 143.3 

(C18); 131.7 (C22); 131.1 (C21); 129.7 (C20); 126.6 (C19); 

79.5 (C2); 70.3 (C12); 58.5 (C14); 57.8 (C7); 56.6 (C11); 

49.0 (C16); 36.6 (C4); 36.3 (C5); 36.2 (C13); 35.3 (C8); 

28.5 (C1); 26.6 (C9); 22.5 (C17); 16.2 (C25).  

Note: C2, C4, C5, C6, C7, C8, C10, C11, C13, C15, and 

C23 were assigned by HMBC and HSQC. 
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6.2.8.2 Synthesis of 196 

 

In a 25 mL round bottom flask, 132 mg (214 mol; 1.00 eq.) of linker-recruiter 

conjugate 192 were dissolved in 1.5 mL dioxane. To the solution, 1.5 mL of a solution 

of HCl (4M in dioxane) were added. After 1 h, full conversion of linker-recruiter 

conjugate 192 was observed by TLC. Next, 10 mL of MeOH were added and the 

solvent was removed under reduced pressure. The residue was dissolved in 5 mL of 

HCl (0.05M), washed with 10 mL of MtBE, and the solution was adjusted to pH 8 by 

addition of NaHCO3. The aqueous phase was extracted five times with 50 mL of CH2Cl2 

and the combined organic layers were dried over MgSO4, filtered, and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved 

in CH2Cl2, filtered through a syringe filter and the solvent was removed under reduced 

pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 73 mg 

(142 mol; 66%) of the desired product 196 as a colorless lyophilizate. 

 

M (C26H37N5O4S): 515.67 g/mol. 

Yield:  73 mg (142 mol; 66%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.67 (s, 1H, H20), 8.39 (d, 

3J = 7.9 Hz, 1H, NH), 7.69 (d, 3J = 7.8 Hz, 1H, NH), 7.39 

(d, 3J = 8.3 Hz, 2H, H17), 7.36 (d, 3J = 8.3 Hz, 2H, H16), 

5.09 (quin, 3J = 7.3 Hz, 1H, H13), 4.75 (t, 3J = 8.5 Hz, 1H, 

H11), 4.49-4.43 (m, 2H, H4, H9), 4.15 (d, 3J = 11.5 Hz, 1H, 

H8a), 3.57 (dd, 3J = 11.4 Hz, 3J = 3.4 Hz, 1H, H8b), 

3.31-2.96 (m, 5H, H1, H10a, NH2) 2.53 (s, 3H, H22), 

2.53-2.45 (m, 1H, H2a), 2.37 (t, 3J = 6.0 Hz, 1H, H2b), 

2.11-2.06 (m, 1H, H10b), 1.47 (d, 3J = 7.0 Hz, 3H, H14), 

1.07 (s, 9H, H6).  
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13C NMR: (125 MHz, CDCl3)  [ppm] = 173.2 (C3); 172.5 (C7); 169.9 

(C12); 150.4 (C20); 148.6 (C21); 143.4 (C15); 131.7 (C19); 

131.0 (C18); 129.7 (C17); 126.6 (C16); 70.1 (C9); 58.4, 

58.4 (C4, C11); 57.8 (C8); 48.9 (C13); 36.6 (C1); 36.3 (C2); 

36.2 (C10); 35.3 (C5); 26.8 (C6); 22.4 (C14); 16.2 (C22).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 516.26390 516.26453 +1.22 

 [M+Na]+ 538.24585 538.24559 -0.48 

LC-MS (ESI): tr [min] 9.05-9.57 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 516.26 516.32  

 

6.2.8.3 Synthesis of 184 

 

In a 10 mL Schlenk tube, 25 mg (36 mol; 1.0 eq.) of warhead 38, 15 mg (40 mol; 

1.1 eq.) of HATU, and 16 L of DIPEA (91 mol; 2.5 eq.) were added in 1.6 mL of DMF. 

After 30 min, 20 mg (38 mol; 1.0 eq.) of linker-recruiter conjugate 196 were added. 

The mixture was stirred at room temperature until full conversion of warhead 38 was 

observed by TLC after 17 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (dryload, SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 2:8 to 7:3) 

and lyophilized to obtain 22 mg (19 mol; 51%) of the desired product 184 as a 

colorless lyophilizate. 
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M (C61H81N10O10SCl): 1181.89 g/mol. 

Yield:  22 mg (19 mol; 51%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.17. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1181.56191 1181.56592 +3.39 

 [M+Na]+ 1203.54386 1203.54524 +1.15 

LC-MS (ESI): tr [min] 12.97-14.29, 14.67-16.52 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1181.56 1181.77 >99 

 

6.2.8.4 Synthesis of 193 

 

In a 25 mL Schlenk flask, 139 mg (600 mol; 1.20 eq.) of linker 189, 285 mg 

(750 mol; 1.50 eq.) of HATU, and 118 L (675 mol; 1.35 eq.) of DIPEA were added 

in 9 mL of DMF. In a 50 mL Schlenk flask, 240 mg (500 mol; 1.00 eq.) of recruiter 113 

and 236 L (1.35 mmol; 2.70 eq.) of DIPEA were added in 9 mL of DMF. After 30 min, 

the mixture was added to the solution of linker 189. The mixture was stirred until full 

conversion of recruiter 113 was observed by TLC after 16 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, EtOAc/MeOH 1:0 to 10:1). The residue was dissolved in 

MeCN/H2O and lyophilized to obtain 239 mg (364 mol; 73%) of the desired product 

193 as a colorless lyophilizate. 

  



Experimental Section 

190 
 

 

M (C34H51N5O6S): 657.87 g/mol. 

Yield:  239 mg (364 mol; 73%). 

Rf: (SiO2, EtOAc/MeOH 20:1) = 0.19. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H26), 7.47 (d, 

3J = 6.7 Hz, 1H, NH), 7.41-7.37 (m, 4H, H22, H23), 6.17 

(d, 3J = 8.6 Hz, 1H, NH), 5.09 (quin, 3J = 7.2 Hz, 1H, H19), 

4.75 (t, 3J = 7.9 Hz, 1H, H17), 4.68 (s, 1H, NH), 4.55 (d, 

1H, 3J = 8.7 Hz, H10), 4.51 (s, 1H, H15), 4.14 (d, 

3J = 11.2 Hz, 1H, H14a), 3.68-3.56 (m, 1H, H14b), 3.09 (s, 

2H, H4), 2.57-2.51 (m, 1H, H16a), 2.53 (s, 3H, H28), 

2.34-2.08 (m, 3H, H7, H16b), 1.69-1.54 (m, 2H, H5), 

1.48-1.42 (m, 14H, H1, H8, H20), 1.33-1.26 (m, 2H, H6), 

1.05 (s, 9H, H12).  

 

 

13C NMR: (125 MHz, CDCl3)  [ppm] = 174.0 (C9); 172.5 (C13); 

169.8 (C18); 154.9 (C3); 150.3 (C26); 148.4 (C27); 143.2 

(C21); 131.7 (C25); 130.9 (C24); 129.7 (C23); 126.6 (C22); 

79.3 (C2); 70.1 (C15); 58.4 (C17); 57.8 (C10); 56.8 (C14); 

49.0 (C19); 40.4 (C4), 36.4 (C7); 36.0 (C16); 35.4 (C11); 

29.3 (C8); 28.6 (C1); 26.7 (C12); 26.3 (C6); 25.3 (C5); 22.3 

(C20); 16.2 (C28). 

Note: C2, C7, C18, C21, C24, C25, C26, C27, were 

assigned by HMBC and HSQC. 
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6.2.8.5 Synthesis of 197 

 

In a 50 mL round bottom flask, 195 mg (296 mol; 1.00 eq.) of linker-recruiter 

conjugate 193 were dissolved in 3 mL dioxane. To the solution, 3 mL of a solution of 

HCl (4M) in dioxane were added. After 1 h, full conversion of linker-recruiter conjugate 

193 was observed by TLC. Next, 10 mL of MeOH were added and the solvent was 

removed under reduced pressure. The residue was dissolved in 10 mL of HCl (0.05M), 

washed with 10 mL of MtBE, and the solution was adjusted to pH 8 by addition of 

NaHCO3. The aqueous phase was extracted five times with 60 mL of CH2Cl2 and the 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter and the solvent was removed under reduced pressure. The 

residue was dissolved in MeCN/H2O and lyophilized to obtain 117 mg (210 mol; 71%) 

of the desired product 197 as a colorless lyophilizate. 

M (C29H43N5O4S): 557.75 g/mol. 

Yield:  117 mg (210 mol; 71%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.05. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H23), 7.82 (d, 

3J = 7.8 Hz, 1H, NH), 7.40 (d, 3J = 8.3 Hz, 2H, H20), 7.37 

(d, 3J = 8.3 Hz, 2H, H19), 6.79 (d, 3J = 8.9 Hz, 1H, NH), 

5.54 (s, 2H, NH2), 5.11 (quin, 3J = 7.3 Hz, 1H, H16), 4.68 

(t, 3J = 8.4 Hz, 1H, H14), 4.62 (d, 3J = 9.0 Hz, 1H, H7), 4.47 

(s, 1H, H12), 4.02 (d, 3J = 11.1 Hz, 1H, H11a), 3.63 (dd, 

3J = 10.9 Hz, 3J = 3.0 Hz, 1H, H11b), 2.81 (t, 3J = 7.0 Hz, 

2H, H1), 2.53 (s, 3H, H25), 2.33-2.26 (m, 2H, H2a, H13a), 

2.22-2.13 (m, 2H, H2b, H13b), 1.72-1.52 (m, 4H, H4, H5), 

1.50 (d, 3J = 6.8 Hz, 3H, H17), 1.39-1.31 (m, 2H, H3), 1.06 

(s, 9H, H9). 



Experimental Section 

192 
 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.8 (C6); 172.0 (C10); 

170.3 (C15); 150.4 (C23); 148.6 (C24); 143.6 (C18); 131.7 

(C22); 130.9 (C21); 129.6 (C20); 126.6 (C19); 69.8 (C12); 

59.0 (C14); 57.9 (C7); 57.4 (C11); 48.8 (C16); 39.9 (C1); 

36.8 (C2); 35.7 (C13); 35.4 (C8); 28.7 (C4/C5); 26.7 (C9); 

25.5 (C3); 24.6 (C4/C5); 22.3 (C17); 16.2 (C25). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 558.31085 558.31192 +1.92 

 [M+Na]+ 580.29280 580.29369 +1.54 

LC-MS (ESI): tr [min] 9.11-10.15 

 Ion Calc. mass [u] Exp. mass [u]  

 [M+H]+ 558.31 558.43  

 

6.2.8.6 Synthesis of 185 

 

In a 10 mL Schlenk tube, 25 mg (36 mol; 1.0 eq.) of warhead 38, 15 mg (40 mol; 

1.1 eq.) of HATU, and 16 L (91 mol; 2.5 eq.) of DIPEA were added in 1.6 mL of DMF. 

After 45 min, 21 mg (38 mol; 1.0 eq.) of linker-recruiter conjugate 197 were added. 

The mixture was stirred at room temperature until full conversion of warhead 38 was 

observed by TLC after 17 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (dryload, SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 2:8 to 7:3) 

and lyophilized to obtain 25 mg (20 mol; 56%) of the desired product 185 as a 

colorless lyophilizate. 
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M (C64H87N10O10SCl): 1223.97 g/mol. 

Yield:  25 mg (20 mol; 56%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.24. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1223.60886 1223.61251 +2.98 

 [M+Na]+ 1245.59081 1245.59217 +1.09 

LC-MS (ESI): tr [min] 12.97-14.29, 14.67-16.52 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1223.61 1223.85 >99 

 

6.2.8.7 Synthesis of 194 

 

In a 25 mL Schlenk flask, 142 mg (600 mol; 1.20 eq.) of linker 190, 285 mg 

(750 mol; 1.50 eq.) of HATU, and 118 L (675 mol; 1.35 eq.) of DIPEA were added 

in 9 mL of DMF. In a 50 mL Schlenk flask, 240 mg (500 mol; 1.00 eq.) of recruiter 113 

and 236 L of DIPEA (1.35 mmol; 2.70 eq.) were added in 9 mL of DMF. After 30 min, 

the mixture was added to the solution of linker 190. The mixture was stirred until full 

conversion of recruiter 113 was observed by TLC after 16 h and the solvent was 

removed under reduced pressure. The residue was purified by column 

chromatography (SiO2, EtOAc/MeOH 1:0 to 20:1). The residue was dissolved in 

CH2Cl2, filtered through a syringe filter, and the solvent was removed under reduced 

pressure. The residue was dissolved in MeCN/H2O and lyophilized to obtain 260 mg 

(371 mol; 74%) of the desired product 194 as a colorless lyophilizate. 
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M (C37H57N5O6S): 699.95 g/mol. 

Yield:  260 mg (371 mol; 74%). 

Rf: (SiO2, EtOAc/MeOH 40:1) = 0.17. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H29), 7.47 (d, 

3J = 7.7 Hz, 1H, NH), 7.41 (d, 3J = 8.2 Hz, 2H, H26), 7.37 

(d, 3J = 8.2 Hz, 2H, H25), 6.11 (d, 3J = 7.9 Hz, 1H, NH), 

5.09 (quin, 3J = 7.2 Hz, 1H, H22), 4.73 (t, 3J = 7.9 Hz, 1H, 

H20), 4.56-4.51 (m, 2H, H13, H18), 4.13 (d, 3J = 11.5 Hz, 

1H, H17a), 3.60 (dd, 3J = 11.4 Hz, 4J = 3.6 Hz, 1H, H17b), 

3.11-3.06 (m, 2H, H4), 2.58-2.50 (m, 1H, H19a), 2.53 (s, 

3H, H31), 2.19 (t, 3J = 7.3 Hz, 2H, H5), 2.10-2.05 (m, 1H, 

H19b), 1.75 (s, 1H, OH), 1.62-1.56 (m, 2H, H10), 1.48-1.42 

(m, 14H, H1, H11, H23), 1.33-1.26 (m, 8H, H6-9), 1.05 (s, 

9H, H15). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 174.0 (C12); 172.4 (C16); 

169.7 (C21); 155.9 (C3); 150.4 (C29); 148.6 (C30); 143.6 

(C24); 131.7 (C28); 131.1 (C27); 129.7 (C26); 126.6 (C25); 

79.0 (C2); 70.2 (C18); 58.5 (C20); 57.7 (C13); 56.8 (C17); 

49.0 (C22); 40.7 (C4), 36.5 (C5); 35.5 (C19); 35.0 (C14); 

30.1 (C10); 29.2 (C6/7/8/9); 29.1 (C6/7/8/9); 29.1 

(C6/7/8/9); 28.6 (C1); 26.6 (C15); 26.3 (C6/7/8/9); 25.6 

(C11); 22.4 (C23); 16.2 (C31). 

Note: C2 and C3 were assigned by HMBC and HSQC. 
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6.2.8.8 Synthesis of 198 

 

In a 50 mL round bottom flask, 195 mg (296 mol; 1.00 eq.) of linker-recruiter 

conjugate 194 were dissolved in 3 mL of dioxane. To the solution, 3 mL of a solution of 

HCl (4M) in dioxane were added. After 1 h, full conversion of linker-recruiter conjugate 

194 was observed by TLC. Next, 10 mL of MeOH were added and the solvent was 

removed under reduced pressure. The residue was dissolved in 10 mL of HCl (0.05M), 

washed with 10 mL of MtBE, and the solution was adjusted to pH 8 by addition of 

NaHCO3. The aqueous phase was extracted five times with 60 mL of CH2Cl2 and the 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter and the solvent was removed under reduced pressure. The 

residue was dissolved in MeCN/H2O and lyophilized to obtain 76 mg (0.13 mmol; 43%) 

of the desired product 198 as a colorless lyophilizate. 
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M (C32H49N5O4S): 599.83 g/mol. 

Yield:  76 mg (0.13 mmol; 43%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.69 (s, 1H, H26), 7.56 (d, 

3J = 7.7 Hz, 1H, NH), 7.42 (d, 3J = 8.3 Hz, 2H, H23), 7.38 

(d, 3J = 8.3 Hz, 2H, H22), 6.24 (d, 3J = 8.7 Hz, 1H, NH), 

5.11 (quin, 3J = 7.1 Hz, 1H, H19), 4.72 (t, 3J = 7.7 Hz, 1H, 

H17), 4.60 (d, 3J = 8.8 Hz, 1H, H10), 4.51 (s, 1H, H15), 

4.06 (d, 3J = 11.0 Hz, 1H, H14a), 3.63 (dd, 3J = 11.1 Hz, 

3J = 3.6 Hz, 1H, H14b), 3.36 (s, 2H, NH2), 2.72 (t, 

3J = 7.0 Hz, 2H, H1), 2.54 (s, 3H, H28), 2.48 (ddd, 

3J = 13.0 Hz, 3J = 7.7 Hz, 3J = 4.6 Hz, 1H, H2a), 2.26-2.16 

(m, 2H, H2b, H16a), 2.11-2.07 (m, 1H, H16b), 1.66-1.56 

(m, 2H, H3), 1.52-1.45 (m, 5H, H4, H20), 1.39-1.31 (m, 8H, 

H5, H6, H7, H8), 1.06 (s, 9H, H12). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 173.8 (C9); 172.1 (C13); 

170.0 (C18); 150.4 (C26); 148.6 (C27); 143.4 (C21); 131.7 

(C25); 131.0 (C24); 129.7 (C23); 126.6 (C22); 69.9 (C15); 

58.7 (C17); 57.6 (C10); 57.0 (C14); 48.9 (C19); 41.6 (C1); 

36.4 (C2); 35.9 (C16); 35.3 (C11); 32.2, 28.9, 28.8, 28.8 

(C4, C5, C6, C7/C8); 26.7 (C12); 26.3 (C7/8); 25.4 (C3); 

22.4 (C20); 16.2 (C28). 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 600.35780 600.35827 +0.77 

 [M+Na]+ 622.33975 622.33991 +0.26 
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6.2.8.9 Synthesis of 186 

 

In a 10 mL Schlenk tube, 25 mg (36 mol; 1.0 eq.) of warhead 38, 15 mg (40 mol; 

1.1 eq.) of HATU, and 16 L (91 mol; 2.5 eq.) of DIPEA were added in 1.6 mL of DMF. 

After 15 min, 23 mg (38 mol; 1.0 eq.) of linker-recruiter conjugate 198 were added. 

The mixture was stirred at room temperature until full conversion of warhead 38 was 

observed by TLC after 17 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (dryload, SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 29 mg (23 mol; 63%) of the desired product 186 as a 

colorless lyophilizate. 

 

M (C67H93N10O10SCl): 1266.05 g/mol. 

Yield:  29 mg (23 mol; 63%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.23. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1265.65581 1265.66031 +3.55 

 [M+Na]+ 1287.63776 1287.64028 +1.96 

LC-MS (ESI): tr [min] 14.65-15.31 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+H]+ 1265.65 1265.87 88 
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6.2.8.10 Synthesis of 195 

 

In a 25 mL Schlenk flask, 189 mg (600 mol; 1.20 eq.) of linker 191, 285 mg 

(750 mol; 1.50 eq.) of HATU, and 118 L (675 mol; 1.35 eq.) of DIPEA were added 

in 9 mL of DMF. In a 50 mL Schlenk flask, 240 mg (500 mol; 1.00 eq.) of recruiter 113 

and 236 L (1.35 mmol; 2.70 eq.) of DIPEA were added in 9 mL of DMF. After 30 min, 

the mixture was added to the solution of linker 191. The mixture was stirred until full 

conversion of recruiter 113 was observed by TLC after 19 h the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

EtOAc/MeOH 1:0 to 20:1). The residue was dissolved in CH2Cl2, filtered through a 

syringe filter, and the solvent was removed under reduced pressure. The residue was 

dissolved in MeCN/H2O and lyophilized to obtain 267 mg (360 mol; 72%) of the 

desired product 195 as a colorless lyophilizate. 

 

M (C40H63N5O6S): 742.03 g/mol. 

Yield:  267 mg (360 mol; 72%). 

Rf: (SiO2, EtOAc/MeOH 40:1) = 0.16. 

1H NMR: (500 MHz, CDCl3)  [ppm] = 8.68 (s, 1H, H32), 7.47 (d, 

3J = 7.6 Hz, 1H, NH), 7.41 (d, 3J = 8.2 Hz, 2H, H29), 7.37 

(d, 3J = 8.2 Hz, 2H, H28), 6.09 (d, 3J = 7.5 Hz, 1H, NH), 

5.08 (quin, 3J = 7.2 Hz, 1H, H25), 4.73 (t, 3J = 7.8 Hz, 1H, 

H23), 4.54-4.51 (m, 2H, H16, H21), 4.14 (d, 3J = 11.5 Hz, 

1H, H20a), 3.60 (dd, 3J = 11.3 Hz, 3J = 3.6 Hz, 1H, H20b), 

3.12-3.08 (m, 2H, H4), 2.59-2.52 (m, 1H, H22a), 2.53 (s, 

3H, H34), 2.19 (t, 3J = 7.6 Hz, 2H, H5), 2.08-2.04 (m, 1H, 

H22b), 1.63-1.57 (m, 2H, H14), 1.48-1.43 (m, 14H, H1, 

H13, H26), 1.30-1.24 (m, 14H, H6-12), 1.05 (s, 9H, H18). 
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13C NMR: (125 MHz, CDCl3)  [ppm] = 174.1 (C15); 172.5 (C19); 

169.6 (C24); 155.4 (C3); 150.0 (C32); 148.5 (C33); 143.2 

(C27); 131.7 (C31); 131.1 (C30); 129.8 (C29); 126.5 (C28); 

79.1 (C2); 70.2 (C21); 58.4 (C23); 57.7 (C16); 56.7 (C20); 

49.0 (C25); 40.8 (C4), 36.6 (C5); 35.4 (C22); 34.9 (C17); 

30.2 (C13); 29.6, 29.6, 29.6, 29.5, 29.4, 29.3 (C6-12), 28.6 

(C1); 26.7 (C18); 25.7 (C14); 22.4 (C26); 16.2 (C34). 

Note: C2 was assigned by HMBC and HSQC. 

 

6.2.8.11 Synthesis of 199 

 

In a 50 mL round bottom flask, 270 mg (296 mol; 1.00 eq.) of linker-recruiter 

conjugate 195 were dissolved in 3 mL dioxane. To the solution, 3 mL of a solution of 

HCl (4M) in dioxane were added. After 1 h, full conversion of linker-recruiter conjugate 

195 was observed by TLC. Next, 10 mL of MeOH were added and the solvent was 

removed under reduced pressure. The residue was dissolved in 5 mL of HCl (0.05M), 

washed with 10 mL of MtBE, and the solution was adjusted to pH 8 by addition of 

NaHCO3. The aqueous phase was extracted five times with 80 mL of CH2Cl2 and the 

combined organic layers were dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure. The residue was purified by column chromatography (SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter and the solvent was removed under reduced pressure. The 

residue was dissolved in MeCN/H2O and lyophilized to obtain 46 mg (72 mol; 20%) 

of the desired product 199 as a colorless lyophilizate. 
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M (C35H55N5O4S): 641.916 g/mol. 

Yield:  46 mg (72 mol; 20%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.06. 

1H NMR: (400 MHz, CDCl3)  [ppm] = 8.67 (s, 1H, H29), 7.60 (d, 

3J = 8.0 Hz, 1H, NH), 7.42-7.35 (m, 4H, H25, H26), 6.26 

(d, 3J = 8.5 Hz, 1H, NH), 5.13-5.04 (m, 1H, H22), 4.70 (t, 

3J = 8.1 Hz, 1H, H20), 4.55-4.50 (m, 2H, H13, H18), 4.05 

(d, 3J = 11.1 Hz, 1H, H17a), 3.64-3.60 (m, 1H, H17b), 2.84 

(t, 3J = 7.5 Hz, 2H, H1), 2.52 (s, 3H, H31), 2.44-2.37 (m, 

1H, H2a), 2.22-2.17 (m, 2H, H2b, H19a), 2.12-2.07 (m, 1H, 

H19b), 1.63-1.56 (m, 4H, H3, H4), 1.49 (d, 3J = 6.8 Hz, 3H, 

H23), 1.34-1.23 (m, 14H, H5-H11), 1.04 (s, 9H, H15). 

13C NMR: (125 MHz, CDCl3)  [ppm] = 174.0 (C12); 172.0 (C16); 

170.0 (C21); 150.5 (C29); 148.6 (C30); 143.4 (C24); 131.7 

(C28); 131.0 (C27); 129.1 (C26); 126.6 (C25); 70.0 (C18); 

58.8 (C20); 57.6 (C13); 57.0 (C17); 49.0 (C22); 41.6 (C1); 

36.6 (C2); 35.9 (C19); 35.3 (C14); 32.1, 29.7, 29.6, 29.5, 

29.4, 29.4, 29.2, 29.2, 29.1 (C4, C5, C6, C7, C8, C9, C10, 

C11); 26.6 (C15); 25.6 (C3); 22.4 (C23); 16.2 (C31).  

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 642.40475 642.40469 -0.10 

 [M+Na]+ 664.38670 664.38627 -0.65 
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6.2.8.12 Synthesis of 187 

 

In a 10 mL Schlenk tube, 25 mg (36 mol; 1.0 eq.) of warhead 38, 15 mg (40 mol; 

1.1 eq.) of HATU, and 16 L (91 mol; 2.5 eq.) of DIPEA were added in 1.6 mL of DMF. 

After 20 min, 24 mg (38 mol; 1.0 eq.) of linker-recruiter conjugate 199 were added. 

The mixture was stirred at room temperature until full conversion of warhead 38 was 

observed by TLC after 46 h and the solvent was removed under reduced pressure. 

The residue was purified by column chromatography (dryload, SiO2, 

EtOAc/MeOH/NEt3 1:0:0 to 20:4:1). The residue was dissolved in CH2Cl2, filtered 

through a syringe filter, and the solvent was removed under reduced pressure. The 

residue was purified by reverse phase column chromatography (MeCN/H2O 3:7 to 7:3) 

and lyophilized to obtain 22 mg (17 mol; 46%) of the desired product 187 as a 

colorless lyophilizate. 

 

M (C70H99N10O10SCl): 1308.13 g/mol. 

Yield:  22 mg (17 mol; 46%). 

Rf: (SiO2, EtOAc/MeOH/NEt3 20:4:1) = 0.29. 

HR-MS (ESI): Ion Calc. mass [u] Exp. mass [u]  [ppm] 

 [M+H]+ 1307.70276 1307.70721 +3.40 

 [M+Na]+ 1329.68471 1329.69666 +1.47 

LC-MS (ESI): tr [min] 16.28-16.82 

 Ion Calc. mass [u] Exp. mass [u] Purity [%] 

 [M+2H]2+ 654.35 654.74 >99 
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6.3 Solid Phase Peptide Synthesis (SPPS) 

6.3.1 Standard operating procedures for SPPS 

All peptides were synthesized on solid support. When C-terminal acids were aimed for, 

Wang resin preloaded with the first amino acid was used. When C-terminal amidation 

was envisioned, Rink amide resin was used. All peptides were either produced with an 

automated peptide synthesizer, or manually. For each peptide, resin with a total 

capacity of 15 mol was used. 

For automated peptide synthesis, the desired resins were preswollen in 800 L of DMF. 

For Fmoc deprotection, 1 mL of a piperidine solution (40% in DMF) was added and the 

mixture was incubated for 5 min. The resin was washed with DMF and 1 mL of a 20% 

solution of piperidine in DMF was added and the mixture was incubated for 14 min. 

The resin was washed with 600 L of DMF four times. For peptide coupling, 300 L 

(0.4M in DMF, NMP for Fmoc[F]OH; 8 eq.) of a solution of the Fmoc protected amino 

acid, 50 L (2.4M in DMF; 8 eq.) of a solution of DIC, and 50 L of a solution of oxyma 

(2.4M; 8 eq.) were added to the resin and the mixture was shaken for 40 min. The resin 

was washed two times with 800 L of DMF and the reaction was repeated. After the 

final Fmoc deprotection, resins were washed four times with 600 L of DMF and then 

manually washed five times with 1 mL of CH2Cl2, MeOH, and Et2O before drying. 

For manual coupling, resins were swollen in 1 mL of DMF for 20 min. A mixture of 2 eq. 

of the respective acid, 2 eq. of HATU and 3 eq. of DIPEA in 300 L of DMF were added 

onto the resin and the mixture was shaken for 2 h at room temperature. The resin was 

washed five times with 1 mL of DMF, CH2Cl2, MeOH, and Et2O, respectively before the 

resin was allowed to dry. The procedure was repeated until full conversion was 

indicated by Kaiser test. 

To test for successful coupling, a Kaiser test was performed. A sample of the resin was 

transferred and incubated with one drop of solution 1, 2, and 3, respectively for 5 min 

at 95 °C. Solution 1: 1 g of ninhydrin in EtOH. Solution 2: 80 g of phenol in 20 mL of 

EtOH. Solution 3: 0.4 mL (1mM in H2O) KCN solution in 20 mL of pyridine. In the 

presence of free amines, the resin beads turn blue indicating incomplete conversion. 

To deprotect the Fmoc protection group, the resin was swollen in 1 mL of DMF. The 

resin was then incubated with a 30% piperidine solution in DMF for 30 min two times. 
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The resin was washed five times with 1 mL of DMF, CH2Cl2, MeOH, and Et2O 

respectively and allowed to dry. 

To deprotect Dde groups, the resin was swollen in 1 mL of DMF for 20 min. The resin 

was incubated with 1 mL of a 2% hydrazine solution for 10 min. The procedure was 

repeated 10 times. The resin was washed five times with 1 mL of DMF, CH2Cl2, MeOH, 

and Et2O respectively and allowed to dry. 

For acetylation, the resin was swollen in 1 mL of CH2Cl2 for 20 min. The resin was 

incubated with 50 L of Ac2O and 50 L of DIPEA in 300 L of CH2Cl2 for 15 min. The 

resin was washed five times with 1 mL of CH2Cl2, MeOH, and Et2O respectively and 

allowed to dry. The reaction was repeated until full acetylation was observed by Kaiser 

test. 

To cleave the peptide from the resin while simultaneously deprotecting all side chains, 

either 25 L H2O and 25 L triisopropylsilane, or, in the case of cysteine, methionine, 

or tryptophane containing peptides 70 L of thioanisole and 30 L of ethanedithiol were 

added onto the dry resin. The volume was filled up to 1 mL with TFA and the mixture 

was incubated for 3 h. The solution was filtered into 10 mL of Et2O which was 

pre-cooled to -20 °C. The mixture was stored at -20 °C for at least 1 h. If no 

precipitation was observed, the solvent was removed under reduced pressure. If 

precipitate was observed, the mixture was centrifuged (5.000 g, 4 °C) for 4 min and 

the liquid was decanted off. The pellet was then resuspended in Et2O and centrifuged 

four times. The resulting pellet was allowed to dry, dissolved in a mixture of H2O and 

tBuOH, frozen at -80 °C, and lyophilized to freeze the crude peptide. 

For purification, samples were dissolved in 1 mL of H2O and MeCN. The solution was 

centrifuged and the pellet was discarded. The peptide solution was then subjected to 

preparative HPLC. The UV spectrum (220 nm) was monitored for fraction collection. 

Each fraction was submitted to LC-MS. Product fractions were combined, depleted in 

MeCN, frozen at -80 °C, and lyophilized to obtain the pure product.  

To exchange the anions of the peptide salts, samples were suspended in 3 mL of HCl 

(0.08M) and incubated for 30 min. The mixture was then frozen in liquid nitrogen and 

lyophilized. The procedure was repeated for a total of three times to obtain the final 

peptides. 
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6.3.2 Amino acids and Building blocks for SPPS 

For all SPPS reactions, the following protection group strategy was used: 
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7 Appendix 

7.1 Abbreviations 

2-Cl-F  2-Chloro-phenylalanine 

ActA  Actin-assembly inducing protein 

Ax  6-amino-hexanoic acid 

ADP   Adenosine diphosphate  

AMP  Adenosine monophosphate 

ATG  Autophagy-related protein 

ATP   Adenosine triphosphate  

BET  Bromo- and estray-terminal domain 

BLI  Biolayer interferometry 

Boc   tert-Butyloxycarbonyl  

BRD4  Bromodomain-containing protein 4 

CBz   Benzyloxy carbonyl  

Cdc34  Cell division cycle 34 

cIAP1  Cellular inhibitor of apoptosis protein 1 

cLogP  calculated distribution coefficient between water and octanol 

CODD  C-terminal oxygen-dependent degradation domain 

Conc.  Concentrated 

CP  Core particle 

CRBN  Cereblon 

Cul2  Cullin-2 

Da  Dalton 

DC50  Half-maximal degradation constant 
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DIC  Diisopropylcarbodiimid 

Dioxane  1,4-Dioxane 

DIPEA  Diisopropylethylamine 

DMF   N,N-Dimethylformamide 

DMSO  Dimethyl sulfoxide 

DUB  Deubiquitinase 

E. coli  Escherichia coli 

EAR  Enoyl-ACP reductase 

EloBC  Elongin B, Elongin C 

EM  Electron microscope 

EnaH   Enabled human Protein  

EPSA  Experimental polar surface area 

eq.  Equivalents 

ER  Estrogen receptor 

Erk  Extracellular-signal regulated kinase 

ESI  Electrospray ionization 

EVH1   Ena/VASP Homology 1  

EVH2   Ena/VASP Homology 2  

FAB   F-Actin-binding segment  

F-Actin  Filamentous actin  

FDA  Food and drug administration 

Fmoc   Fluorenyl methoxycarbonyl 

FT-IR  Fourier transform infrared spectroscopy 

GAB   G-Actin-binding segment  

G-Actin  Globular actin  
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GDP  Guanosine diphosphate 

GmbH  Gesellschaft mit beschränkter Haftung 

GRB2  Growth factor receptor-bound protein 2 

GTP  Guanosine triphosphate 

GYF  Glycine-tyrosine-phenylalanine domain 

HATU  O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate  

HECT  Homologous to the E6-AP carboxy terminus 

Her2  Human epidermal growth factor receptor 2 

HIF1  Hypoxia-inducible factor 1 

HIF1  Hypoxia-inducible factor 1 

HPLC  High performance liquid chromatography 

HR-MS High resolution mass spectroscopy 

HyPro  Hydroxyproline 

IAP   Inhibitor of Apoptosis proteins 

IC50  half-maximal inhibitory concentration 

ISG15  Interferon-stimulated gene 15 

Kd   Dissociation constant 

LATS1/2 Large tumor suppressor kinases 1/2 

LRRK2 Leucine-rich repeat kinase 2 

M   Molar (mol/L)  

MAP4Ks Mitogen-activated protein kinase kinase kinase kinase 

MDa  mega Dalton 

MDM2  Mouse double minute 2 homolog 

Mek  Mitogen-activated protein kinase kinase 
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Mena  Mammalian-enabled protein 

MOB1  Mps one binder 

MSR1  Macrophage scavenger receptor 1 

MST1/2 Mammalian sterile 20-like kinases 1/2  

MtBE   Methyl-tert-butyl ether  

N   Normality  

NEDD8 neural-precursor-cell-expressed developmentally down-regulated 8 

NMP  N-Methyl-2-pyrrolidone 

NMR   Nuclear magnetic resonance  

NOE  Nuclear Overhauser effect 

Nu  Nucleophile 

PBS  Phosphate buffered saline 

PD  Phenyl dihydrouracil 

PDB   Protein Data Bank  

PDZ  PSD-95, Discs large, and Zonula occludens-1 

PEG   Polyethylene glycol 

PG  Phenyl glutarimide 

POI  Protein of interest 

PPI  Protein-protein interaction 

PPII-Helix  Polyproline helix type II  

Ppm  Parts per million 

PRM   Proline-rich motif  

ProM   Proline mimetic  

PROTAC Proteolysis targeting chimera 

Raf  Rapidly accelerated fibrosarcoma 
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Ras  Rat-sarcoma 

RBR  Retinoblastoma-related protein 

Rbx1  RING-box protein 1 

Rf  Retention factor 

RING  Really interesting new gene 

RNA  Ribonucleic acid 

RP  Regulatory Particle 

Rpn  Regulatory particle non-ATPase 

Rpt  Regulatory particle Triple-ATPase 

SALL4 Sal-like protein 4 

SAV1  Salvador homolog 1 

SAR  Structure activity relationship 

SH2  Src-homology 2 domain 

SH3   Src-homology 3 domain  

SOS  Son of sevenless 

SPPS  Solid phase peptide synthesis 

SRF  Serum-response-factor protein 

STRIPAK Striatin-interacting phosphatase and kinase 

SUMO Small ubiquitin-related Modifier 

TCEP  Tris(2-carboxyethyl)phosphine 

TEAD  Transcriptional enhancer factor domain family  

TFA   Trifluoroacetic acid 

THF   Tetrahydrofuran  

TLC   Thin layer chromatography 

TMSOTf  Trimethylsilyl trifluoromethanesulfonate 
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TPSA  Topological polar surface area 

TRIM9 Tripartite motif containing protein 9 

TsCl  Tosylchloride 

Ub   Ubiquitin 

UBA  Ubiquitin-activating enzyme  

UEV  Ubiquitin-conjugating enzyme E2 variant 

UFM1  Ubiquitin-fold modifier 1 

UPS   Ubiquitin proteasome system 

URM1  Ubiquitin-related modifier-1 

UV   Ultraviolet 

VASP   Vasodilator-stimulated phosphoprotein  

VHL  Von Hippel-Lindau tumor suppressor protein 

WW   Tryptophan-tryptophan domain 

YAP1  Yes-associated protein 1 
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7.2 NMR Spectra 

 

Figure 36: 1H NMR (500 MHz, CDCl3) of 42. 

 

 

Figure 37: 13C NMR (125 MHz, CDCl3) of 42. 
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Figure 38: 1H NMR (500 MHz, D2O) of 37. 

 

 

Figure 39: 13C NMR (125 MHz, D2O) of 37. 
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Figure 40: 1H NMR (300 MHz, CDCl3) of 46. 

 

 

Figure 41: 1H NMR (300 MHz, CDCl3) of 47. 
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Figure 42: 1H NMR (500 MHz, CDCl3) of 49. 

 

 

Figure 43: 1H NMR (500 MHz, CDCl3) of 50. 



Appendix 

215 
 

 

Figure 44: 1H NMR (500 MHz, CDCl3) of 44. 

 

 

Figure 45: 13C NMR (125 MHz, CDCl3) of 44. 
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Figure 46: 1H NMR (500 MHz, CDCl3) of 51. 

 

 

Figure 47: 13C NMR (125 MHz, CDCl3) of 51. 
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Figure 48: 1H NMR (500 MHz, CDCl3) of 22. 

 

 

Figure 49: 13C NMR (125 MHz, CDCl3) of 22. 
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Figure 50: 1H NMR (500 MHz, CDCl3) of 38. 

 

 

Figure 51: 13C NMR (125 MHz, CDCl3) of 38. 
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Figure 52: 1H NMR (500 MHz, CDCl3) of 39. 

 

 

Figure 53: 13C NMR (125 MHz, CDCl3) of 39. 
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Figure 54: 1H NMR (400 MHz, CDCl3) of 55. 

 

 

Figure 55: 13C NMR (100 MHz, CDCl3) of 55. 
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Figure 56: 1H NMR (500 MHz, CDCl3) of 56. 

 

 

Figure 57: 13C NMR (125 MHz, CDCl3) of 56. 
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Figure 58: 1H NMR (500 MHz, CDCl3) of 52. 

 

 

Figure 59: 13C NMR (125 MHz, CDCl3) of 52. 
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Figure 60: 1H NMR (500 MHz, CDCl3) of 58. 

 

 

Figure 61: 13C NMR (125 MHz, CDCl3) of 58. 
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Figure 62: 1H NMR (500 MHz, CDCl3) of 63. 

 

 

Figure 63: 13C NMR (125 MHz, CDCl3) of 63. 
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Figure 64: 1H NMR (500 MHz, DMSO-d6) of 59. 

 

 

Figure 65: 13C NMR (125 MHz, DMSO-d6) of 59. 
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Figure 66: 1H NMR (500 MHz, CDCl3) of 64. 

 

 

Figure 67: 13C NMR (125 MHz, CDCl3) of 64. 
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Figure 68: 1H NMR (500 MHz, CDCl3) of 69. 

 

 

Figure 69: 13C NMR (125 MHz, CDCl3) of 69. 
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Figure 70: 1H NMR (500 MHz, CDCl3) of 70. 

 

 

Figure 71: 13C NMR (125 MHz, CDCl3) of 70. 
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Figure 72: 1H NMR (500 MHz, DMSO-d6) of 65. 

 

 

Figure 73: 13C NMR (125 MHz, DMSO-d6) of 65. 
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Figure 74: 1H NMR (500 MHz, CDCl3) of 71. 

 

 

Figure 75: 13C NMR (125 MHz, CDCl3) of 71. 
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Figure 76: 1H NMR (400 MHz, CDCl3) of 72. 

 

 

Figure 77: 13C NMR (100 MHz, CDCl3) of 72. 
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Figure 78: 1H NMR (400 MHz, CDCl3) of 98. 

 

 

Figure 79: 13C NMR (100 MHz, CDCl3) of 98. 
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Figure 80: 1H NMR (400 MHz, CDCl3) of 93. 

 

 

Figure 81: 13C NMR (100 MHz, CDCl3) of 93. 
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Figure 82: 1H NMR (400 MHz, CDCl3) of 105. 

 

 

Figure 83: 13C NMR (100 MHz, CDCl3) of 105. 
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Figure 84: 1H NMR (400 MHz, CDCl3) of 99. 

 

 

Figure 85: 13C NMR (100 MHz, CDCl3) of 99. 
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Figure 86: 1H NMR (400 MHz, CDCl3) of 102. 

 

 

Figure 87: 13C NMR (100 MHz, CDCl3) of 102. 



Appendix 

237 
 

 

Figure 88: 1H NMR (400 MHz, CDCl3) of 94. 

 

 

Figure 89: 13C NMR (100 MHz, CDCl3) of 94. 
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Figure 90: 1H NMR (400 MHz, CDCl3) of 100. 

 

 

Figure 91: 13C NMR (100 MHz, CDCl3) of 100. 
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Figure 92: 1H NMR (400 MHz, CDCl3) of 103. 

 

 

Figure 93: 13C NMR (100 MHz, CDCl3) of 103. 
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Figure 94: 1H NMR (400 MHz, CDCl3) of 95. 

 

 

Figure 95: 13C NMR (100 MHz, CDCl3) of 95. 
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Figure 96: 1H NMR (400 MHz, CDCl3) of 101. 

 

 

Figure 97: 13C NMR (100 MHz, CDCl3) of 101. 
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Figure 98: 1H NMR (400 MHz, CDCl3) of 104. 

 

 

Figure 99: 13C NMR (100 MHz, CDCl3) of 104. 
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Figure 100: 1H NMR (400 MHz, CDCl3) of 96. 

 

 

Figure 101: 13C NMR (100 MHz, CDCl3) of 96. 
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Figure 102: 1H NMR (500 MHz, CDCl3) of 114. 

 

 

Figure 103: 13C NMR (125 MHz, CDCl3) of 114. 
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Figure 104: 1H NMR (500 MHz, CDCl3) of 121. 
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Figure 105: 1H NMR (600 MHz, CDCl3) of 125. 

 

 

Figure 106: 13C NMR (150 MHz, CDCl3) of 125. 



Appendix 

247 
 

 

Figure 107: 1H NMR (500 MHz, CDCl3) of 126. 

 

 

Figure 108: 13C NMR (125 MHz, CDCl3) of 126. 
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Figure 109: 1H NMR (500 MHz, CDCl3) of 127. 

 

 

Figure 110: 13C NMR (125 MHz, CDCl3) of 127. 
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Figure 111: 1H NMR (500 MHz, DMSO-d6/D2O 9:1) of 118. 

 

 

Figure 112: 13C NMR (125 MHz, DMSO-d6/D2O 9:1) of 118. 



Appendix 

250 
 

 

Figure 113: 1H NMR (600 MHz, CDCl3) of 128. 

 

 

Figure 114: 13C NMR (150 MHz, CDCl3) of 128. 
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Figure 115: 1H NMR (500 MHz, CDCl3) of 129. 

 

 

Figure 116: 13C NMR (125 MHz, CDCl3) of 129. 
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Figure 117: 1H NMR (500 MHz, CDCl3) of 139. 

 

 

Figure 118: 13C NMR (125 MHz, CDCl3) of 139. 
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Figure 119: 1H NMR (500 MHz, CDCl3) of 136. 

 

 

Figure 120: 13C NMR (125 MHz, CDCl3) of 136. 
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Figure 121: 1H NMR (500 MHz, CDCl3) of 146. 

 

 

Figure 122: 13C NMR (125 MHz, CDCl3) of 146. 
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Figure 123: 1H NMR (500 MHz, CDCl3) of 147. 

 

 

Figure 124: 13C NMR (125 MHz, CDCl3) of 147. 
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Figure 125: 1H NMR (500 MHz, CDCl3) of 135. 

 

 

Figure 126: 13C NMR (125 MHz, CDCl3) of 135. 
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Figure 127: 1H NMR (500 MHz, DMSO-d6) of 141. 

 

 

Figure 128: 13C NMR (125 MHz, DMSO-d6) of 141. 
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Figure 129: 1H NMR (500 MHz, CDCl3) of 143. 

 

 

Figure 130: 13C NMR (125 MHz, CDCl3) of 143. 
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Figure 131: 1H NMR (500 MHz, CDCl3) of 144. 

 

 

Figure 132: 13C NMR (125 MHz, CDCl3) of 144. 
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Figure 133: 1H NMR (500 MHz, CDCl3) of epi-113. 

 

 

Figure 134: 13C NMR (125 MHz, CDCl3) of epi-113. 
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Figure 135: 1H NMR (500 MHz, CDCl3) of epi-114. 

 

 

Figure 136: 13C NMR (125 MHz, CDCl3) of epi-114. 
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Figure 137: 1H NMR (500 MHz, CDCl3) of epi-127. 

 

 

Figure 138: 13C NMR (125 MHz, CDCl3) of epi-127. 
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Figure 139: 1H NMR (300 MHz, CDCl3) of 160. 

 

 

Figure 140: 1H NMR (300 MHz, CDCl3) of 164. 
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Figure 141: 1H NMR (500 MHz, CDCl3) of 148. 

 

 

Figure 142: 13C NMR (125 MHz, CDCl3) of 148. 
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Figure 143: 1H NMR (400 MHz, CDCl3) of 152. 

 

 

Figure 144: 13C NMR (100 MHz, CDCl3) of 152. 
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Figure 145: 1H NMR (500 MHz, CDCl3) of 161. 

 

 

Figure 146: 13C NMR (125 MHz, CDCl3) of 161. 
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Figure 147: 1H NMR (500 MHz, CDCl3) of 165. 

 

 

Figure 148: 1H NMR (500 MHz, CDCl3) of 149. 
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Figure 149: 1H NMR (400 MHz, CDCl3) of 153. 

 

 

Figure 150: 13C NMR (100 MHz, CDCl3) of 153. 
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Figure 151: 1H NMR (500 MHz, CDCl3) of 159. 
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Figure 152: 1H NMR (500 MHz, CDCl3) of 166. 

 

 

Figure 153: 13C NMR (125 MHz, CDCl3) of 166. 
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Figure 154: 1H NMR (400 MHz, CDCl3) of 150. 

 

 

Figure 155: 13C NMR (100 MHz, CDCl3) of 150. 
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Figure 156: 1H NMR (400 MHz, CDCl3) of 154. 

 

 

Figure 157: 13C NMR (100 MHz, CDCl3) of 154. 
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Figure 158: 1H NMR (500 MHz, CDCl3) of 163. 

 

 

Figure 159: 1H NMR (500 MHz, CDCl3) of 167. 
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Figure 160: 1H NMR (400 MHz, CDCl3) of 151. 

 

 

Figure 161: 13C NMR (100 MHz, CDCl3) of 151. 
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Figure 162: 1H NMR (400 MHz, CDCl3) of 155. 

 

 

Figure 163: 13C NMR (100 MHz, CDCl3) of 155. 
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Figure 164: 1H NMR (500 MHz, CDCl3) of 178. 

 

 

Figure 165: 13C NMR (125 MHz, CDCl3) of 178. 
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Figure 166: 1H NMR (400 MHz, CDCl3) of 181. 

 

 

Figure 167: 13C NMR (100 MHz, CDCl3) of 181. 
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Figure 168: 1H NMR (500 MHz, CDCl3) of 179. 

 

 

Figure 169: 13C NMR (125 MHz, CDCl3) of 179. 
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Figure 170: 1H NMR (400 MHz, CDCl3) of 182. 

 

 

Figure 171: 13C NMR (100 MHz, CDCl3) of 182. 
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Figure 172: 1H NMR (500 MHz, CDCl3) of 180. 

 

 

Figure 173: 13C NMR (125 MHz, CDCl3) of 180. 
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Figure 174: 1H NMR (400 MHz, CDCl3) of 183. 

 

 

Figure 175: 13C NMR (100 MHz, CDCl3) of 183. 
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Figure 176: 1H NMR (500 MHz, CDCl3) of 192. 

 

 

Figure 177: 13C NMR (125 MHz, CDCl3) of 192. 
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Figure 178: 1H NMR (500 MHz, CDCl3) of 196. 

 

 

Figure 179: 13C NMR (125 MHz, CDCl3) of 196. 
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Figure 180: 1H NMR (500 MHz, CDCl3) of 193. 

 

 

Figure 181: 13C NMR (125 MHz, CDCl3) of 193. 
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Figure 182: 1H NMR (500 MHz, CDCl3) of 197. 

 

 

Figure 183: 13C NMR (125 MHz, CDCl3) of 197. 
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Figure 184: 1H NMR (500 MHz, CDCl3) of 194. 

 

 

Figure 185: 13C NMR (125 MHz, CDCl3) of 194. 
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Figure 186: 1H NMR (500 MHz, CDCl3) of 198. 

 

 

Figure 187: 13C NMR (125 MHz, CDCl3) of 198. 
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Figure 188: 1H NMR (500 MHz, CDCl3) of 195. 

 

 

Figure 189: 13C NMR (125 MHz, CDCl3) of 195. 
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Figure 190: 1H NMR (400 MHz, CDCl3) of 199. 

 

 

Figure 191: 13C NMR (125 MHz, CDCl3) of 199. 
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7.3 HPLC Chromatograms of Small Molecules 

 
Figure 192: HPLC UV chromatogram of 53. 

 

 

Figure 193: HPLC UV chromatogram of 60. 
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Figure 194: HPLC UV chromatogram of 109. 

 

 

Figure 195: HPLC UV chromatogram of 111. 
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Figure 196: HPLC UV chromatogram of 112. 

 

 

Figure 197: HPLC UV chromatogram of 116. 
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Figure 198: HPLC UV chromatogram of 117. 

 

 

Figure 199: HPLC UV chromatogram of 133. 
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Figure 200: HPLC UV chromatogram of 118. 

 

 

Figure 201: HPLC UV chromatogram of 132. 

 

 

Figure 202: HPLC UV chromatogram of 134. 
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Figure 203: HPLC UV chromatogram of epi-118. 

 

 

Figure 204: HPLC UV chromatogram of 119. 

 
Figure 205: HPLC UV chromatogram of 120. 
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Figure 206: HPLC UV chromatogram of 172. 

 

 

Figure 207: HPLC UV chromatogram of 173. 
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Figure 208: HPLC UV chromatogram of 174. 
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7.4 LC-MS Chromatograms of Small Molecules 

 

Figure 209: LC-MS total ion count chromatogram of 38. 

 

 

Figure 210: LC-MS total ion count chromatogram of 55. 

 



Appendix 

299 
 

 

Figure 211: LC-MS total ion count chromatogram of 66. 

 

 

Figure 212: LC-MS total ion count chromatogram of 98. 
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Figure 213: LC-MS total ion count chromatogram of 106. 

 

Figure 214: LC-MS total ion count chromatogram of 110. 
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Figure 215: LC-MS total ion count chromatogram of 108. 

 

 

Figure 216: LC-MS total ion count chromatogram of 114. 
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Figure 217: LC-MS total ion count chromatogram of 115. 

 

 

Figure 218: LC-MS total ion count chromatogram of 135. 
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Figure 219: LC-MS total ion count chromatogram of 144. 

 

 

Figure 220: LC-MS total ion count chromatogram of epi-114. 
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Figure 221: LC-MS total ion count chromatogram of epi-118. 

 

 

Figure 222: LC-MS total ion count chromatogram of 152. 
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Figure 223: LC-MS total ion count chromatogram of 168. 

 

 

Figure 224: LC-MS total ion count chromatogram of 153. 
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Figure 225: LC-MS total ion count chromatogram of 169. 

 

 

Figure 226: LC-MS total ion count chromatogram of 154. 
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Figure 227: LC-MS total ion count chromatogram of 170. 

 

 

Figure 228: LC-MS total ion count chromatogram of 155. 
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Figure 229: LC-MS total ion count chromatogram of 171. 

 

 
Figure 230: LC-MS total ion count chromatogram of 196. 
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Figure 231: LC-MS total ion count chromatogram of 184. 

 

 

Figure 232: LC-MS total ion count chromatogram of 197. 

 



Appendix 

310 
 

 

Figure 233: LC-MS total ion count chromatogram of 185. 

 

 

Figure 234: LC-MS total ion count chromatogram of 186. 
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Figure 235: LC-MS total ion count chromatogram of 187. 
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7.5 LC-MS Chromatograms of Peptides 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 760.36 

m/z (found) 760.03 
 

Figure 236: LC-MS total ion count chromatogram (top) and m/z (bottom) of 223. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 932.04 

m/z (found) 932.01 
 

Figure 237: LC-MS total ion count chromatogram (top) and m/z (bottom) of 224. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 960.57 

m/z (found) 960.54 
 

Figure 238: LC-MS total ion count chromatogram (top) and m/z (bottom) of 225. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 1004.11 

m/z (found) 1004.05 
 

Figure 239: LC-MS total ion count chromatogram (top) and m/z (bottom) of 226. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 883.51 

m/z (found) 883.50 
 

Figure 240: LC-MS total ion count chromatogram (top) and m/z (bottom) of 227. 

 

 

LC-MS (ESI)  [M+2H]2+ 
m/z (calculated)  905.51 

m/z (found)  905.48 
 

Figure 241: LC-MS total ion count chromatogram (top) and m/z (bottom) of 228. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 844.96 

m/z (found) 844.82 
 

Figure 242: LC-MS total ion count chromatogram (top) and m/z (bottom) of 229. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 968.61 

m/z (found) 968.48 
 

Figure 243: LC-MS total ion count chromatogram (top) and m/z (bottom) of 230. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 1056.72 

m/z (found) 1056.52 
 

Figure 244: LC-MS total ion count chromatogram (top) and m/z (bottom) of 231. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 667.73 

m/z (found) 667.66 
 

Figure 245: LC-MS total ion count chromatogram (top) and m/z (bottom) of 232. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 647.21 

m/z (found) 647.13 
 

Figure 246: LC-MS total ion count chromatogram (top) and m/z (bottom) of 233. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 587.69 

m/z (found) 587.68 
 

Figure 247: LC-MS total ion count chromatogram (top) and m/z (bottom) of 234. 
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LC-MS (ESI)  [M+2H]2+ 
m/z (calculated)  599.71 

m/z (found)  599.70 
 

Figure 248: LC-MS total ion count chromatogram (top) and m/z (bottom) of 237. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 599.71 

m/z (found) 599.70 
 

Figure 249: LC-MS total ion count chromatogram (top) and m/z (bottom) of 236. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 599.71 

m/z (found) 599.68 
 

Figure 250: LC-MS total ion count chromatogram (top) and m/z (bottom) of 235. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 613.73 

m/z (found) 613.71 
 

Figure 251: LC-MS total ion count chromatogram (top) and m/z (bottom) of 238. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 839.54 

m/z (found) 839.40 
 

Figure 252: LC-MS total ion count chromatogram (top) and m/z (bottom) of 203. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 1056.27 

m/z (found) 1056.57 
 

Figure 253: LC-MS total ion count chromatogram (top) and m/z (bottom) of 202. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 1090.81 

m/z (found) 1090.54 
 

Figure 254: LC-MS total ion count chromatogram (top) and m/z (bottom) of 204. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 690.83 

m/z (found) 690.74 
 

Figure 255: LC-MS total ion count chromatogram (top) and m/z (bottom) of 205. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 703.85 

m/z (found) 703.74 
 

Figure 256: LC-MS total ion count chromatogram (top) and m/z (bottom) of 206. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 703.85 

m/z (found) 703.74 
 

Figure 257: LC-MS total ion count chromatogram (top) and m/z (bottom) of 207. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 703.85 

m/z (found) 703.73 
 

Figure 258: LC-MS total ion count chromatogram (top) and m/z (bottom) of 208. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 703.85 

m/z (found) 703.75 
 

Figure 259: LC-MS total ion count chromatogram (top) and m/z (bottom) of 209. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 716.87 

m/z (found) 716.75 
 

Figure 260: LC-MS total ion count chromatogram (top) and m/z (bottom) of 210. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 716.87 

m/z (found) 716.74 
 

Figure 261: LC-MS total ion count chromatogram (top) and m/z (bottom) of 211. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 716.87 

m/z (found) 716.73 
 

Figure 262: LC-MS total ion count chromatogram (top) and m/z (bottom) of 212. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 716.87 

m/z (found) 716.73 
 

Figure 263: LC-MS total ion count chromatogram (top) and m/z (bottom) of 213. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 729.89 

m/z (found) 729.75 
 

Figure 264: LC-MS total ion count chromatogram (top) and m/z (bottom) of 214. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 469.57 

m/z (found) 469.57 
 

Figure 265: LC-MS total ion count chromatogram (top) and m/z (bottom) of 216. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 391.48 

m/z (found) 391.45 
 

Figure 266: LC-MS total ion count chromatogram (top) and m/z (bottom) of 217. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 606.74 

m/z (found) 606.72 
 

Figure 267: LC-MS total ion count chromatogram (top) and m/z (bottom) of 218. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 372.45 

m/z (found) 372.45 
 

Figure 268: LC-MS total ion count chromatogram (top) and m/z (bottom) of 219. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 696.84 

m/z (found) 696.83 
 

Figure 269: LC-MS total ion count chromatogram (top) and m/z (bottom) of 215. 
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LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 385.48 

m/z (found) 385.53 
 

Figure 270: LC-MS total ion count chromatogram (top) and m/z (bottom) of 220. 

 

 

LC-MS (ESI) [M+2H]2+ 
m/z (calculated) 378.46 

m/z (found) 378.49 
 

Figure 271: LC-MS total ion count chromatogram (top) and m/z (bottom) of 221.
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