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ABSTRACT 

 

In 2001, the initial hypothesis of targeted protein degradation (TPD) was born to 

announce the launching of a new era of therapeutics development not by 

inhibiting a component of ubiquitin-proteasome system as small molecule 

inhibitors, but by recruiting the whole system to induce the degradation of 

specific proteins. TPD techniques can efficiently target long-lived proteins since 

they are not constrained by protein turnover, thus overcoming some of the 

drawbacks of UPS inhibitors. The majority of these technologies also share the 

advantageous pharmacokinetic characteristics of small compounds resembling 

drugs. Importantly, due to their various modes of action, they may expand the 

conventional druggable space. Many technologies with the therapeutic potential 

of targeting protein for degradation have been under massive study and 

development including PROteolysis TArgeting Chimeras (PROTACs).  

 

PROTAC is a strategy that utilizes the UPS to target a specific protein and induces 

its degradation by employing hetero-bifunctional molecules consisting of a ligand 

to bind the protein of interest (POI), another ligand to recruit an E3 Ub ligase and 

a linker to bind the two ligands. These molecules interact simultaneously and 

hijack the enzymatic machinery by forming a ternary complex (POI:PROTAC:E3 

ligase) that facilitates the transfer of Ub moieties and the formation of 

polyubiquitin chain(s) on the target protein. The polyubiquitinated protein will be 

recognized and promoted to degradation by the proteasome. 

 

PROTACs bind specific targets and E3 Ub-ligases, promoting ubiquitination and 

degradation of targets by the proteasome. Multiple chimeras that degrade proteins 

relevant in several diseases have been developed, and the number is quickly 

increasing, indicating their therapeutic projection. Given some limitations of E3-
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based PROTACs such as the diversity and complexity of E3 ligases, alternative 

strategies in target protein degradation are pursued. The main objective of this 

thesis was to develop a novel type of chimeras with the capacity to induce the 

degradation of different proteins by direct signaling to the 26S proteasome by 

interacting with USP14, a 26S-associated deubiquitinating enzyme involved in 

substrate processing and allosteric regulation of 26S activity. The overall results 

obtained in the biological studies provide proof of concept for this 26S-directed 

PROTAC, which should expand the potential of target protein degradation. 

Although this novel approach lacks the limitations associated to ubiquitination in 

the classical E3-protacs (i. e. different tissue or cell types' expression patterns of 

targeted E3, inadequate levels of Ub and/or Ub signaling factors under stressful 

circumstances), the formation of ineffective ternary complexes threatening the 

effectiveness of classical E3-based PROTACs is not circumvented by USP14-

directed PROTACS. The linker is one of the factors that may lead to weak ternary 

complexes. Until very recently, linker design and selection was a "trial and error" 

endeavor. However, future avenues for rational linker design, including advances 

in computational methods, will accelerate the identification of optimized 

PROTACs. 
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1.1.  Overview 

Many vital body functions serve to maintain the state of homeostasis or balance, 

(i.e. temperature regulation or blood pressure). The same principle applies at the 

level of a single cell. Proteins such as enzymes are the workhorses inside all cells 

and they are fundamental for normal growth and renewal. Cells maintain a 

healthy balance of proteins -Proteostasis- and this important regulation is carried 

out mainly by the ubiquitin-proteasome system (UPS) and the autophagy-

lysosome pathway (ALP), both involved in proteolysis. Since they are in charge 

of degrading unfolded, misfolded, or damaged proteins that severely impair 

cellular functions and are linked to aging and age-related diseases 

(neurodegeneration, cancer, immunological and metabolic diseases, etc.), the 

majority of which are currently incurable, the UPS and ALP are protein quality 

control systems in cells1 attractive for therapeutic intervenction. In eukaryotes, 

the two main proteolytic hubs are proteasomes and lysosomes. Moreover, 

ubiquitination, as a post-translational modification, is a critical enzymatic 

modification of proteins to control their degradation through UPS and ALP2. In 

recognition of the substantial importance of both degradation systems, two Nobel 

Prizes have been awarded: in 2004, Aaron Ciechanover, Avram Hershko, and 

Irwin Rose were jointly awarded the Nobel Prize in Chemistry for the discovery 

of ubiquitin-mediated protein degradation and in 2016, Yoshinori Ohsumi was 

acknowledged with Nobel Prize in Medicine and Physiology for groundbreaking 

studies on autophagy. 
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1.2. The Game of Ubiquitination  

The UPS is responsible to seek and degrade up to 80% of damaged or faulty 

proteins or those simply becoming surplus to requirements3, thus maintaining the 

right proteins in the right amount at the right time. The UPS can malfunction in 

two ways: it can become overzealous -destroying useful proteins- or restrained -

building up harmful proteins-, and the imbalance in UPS is thought to contribute 

to common diseases like Alzheimer, infectious diseases, cancers, and 

inflammatory diseases like rheumatoid arthritis4. There are thousands of different 

proteins in any cell at any one time and the UPS must operate appropriately to 

keep them under control. The UPS marks a targeted protein destined for 

degradation by using a ubiquitous small protein found in all cells aptly named 

ubiquitin (Ub); in essence, proteins tagged with Ub are given a death sentence. 

Cells contain large anounts of Ub, but it cannot attach itself to proteins at random, 

but in a highly regulated and controlled way to avoid unwanted protein 

degradation. First, Ub must be primed for action by the E1 Ub-activating enzyme 

in a process that requires energy in the form of ATP (adenosine triphosphate). 

The activated Ub is then transferred from E1 onto a second enzyme called E2 Ub-

conjugating enzyme (E2), and E2 acts as an escort for Ub to its next destination, 

the E3 ligase enzyme. The E3 enzyme acts as a platform on which the target 

protein substrate and the active E2 Ub complex can meet and interact. The E3 

enzyme is extremely fussy about exactly which E2 enzyme and which protein can 

interact with. The correct E2 enzyme loaded with activated Ub can move and 

position itself on the E3; when both protein and Ub are loaded onto the E3 

enzyme, they are brought close enough together for Ub to be transferred to the 

target protein substrate. The process of ubiquitination of the target protein can be 

repeated several times to create a polyubiquitin chain on the protein. The creation 

of the polyubiquitin chain is the death knell for the protein; it provides a clear 

signal to the cell’s waste disposal unit -the proteasome- to start working. The 
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proteasome binds and removes the polyubiquitin chain and unfolds the protein, 

which is then threaded through the proteasome chamber where it is hydrolyzed 

into building blocks to be reused for the synthesis of new proteins. Ub is also 

recycled in this process (Figure 1)5. 

 

Figure 1. The mechanism of protein degradation through the Ub Proteasome System (UPS). 

 

1.2.1. Ubiquitin, Ubiquitination, and Ubiquitin Chain Structure 

Ub is present in all eukaryotic cells. It is a compact 76 amino acid highly stable 

protein that includes a β-grasp fold, composed of a five-stranded β-sheet that 

partially wraps around a central α-helix, and a short flexible C-terminal tail that 

typically ends with at least one glycine residue. The Ub hydrophobic surface 

contains several regions crucial for interaction with other proteins, such as Ub-

binding domains (UBDs), deubiquitinating enzymes (DUBs), E1, E3, and the 
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proteasome. These regions include the β1/β2 loop containing Leu86,7, and 3 

patches: Ile44 (L8, I44, H68 and V70), Ile36 (I36, L71 and L73) and Phe4 (Q2, 

F4, T14). With respect to the Ub code, the most important feature of the Ub 

structure is the presence in its surface of seven lysine residues (K6, K11, K27, 

K29, K33, K48, K63) that, together with the N-terminal methionine (M1), serve 

as points of ubiquitination. (Figure 2)8–10. 

Ub is covalently attached to lysine side chains of proteins in a process known as 

ubiquitination (or ubiquitylation). In this process, the C terminus of Ub (M1) or 

one of the seven lysine residues are covalently attached to a substrate lysine by 

an isopeptide linkage, leading to mono-ubiquitination. Multiple lysine residues 

can form multiple isopeptide linkages with one Ub each leading to multi-

monoubiquitination11,12. Furthermore, further modifications of Ub with additional 

Ub units lead to different polyubiquitinated proteins: with homotypic chains 

through a particular lysine on Ub or mixed polyubiquitin chains generated by 

polymerization through different Ub lysines: (Figure 3)12,13. Importantly, these 

polyubiquitin chains have different cellular roles. Together, they are referred to 

as the “ubiquitin code”. Thus, K48-linked polyubiquitin chains target the 

modified proteins to the proteasome for degradation. In contrast, K63-linked 

polyubiquitin chains regulate proteasome-independent signaling pathways such 

as DNA repair, inflammatory signaling, and endocytosis. Other types of 

polyubiquitin chains also exert specific cellular roles. For example, M1-linked 

chains (also known as linear chains) activate nuclear factor κB (NF-κB) signaling, 

while K11-linked chains regulate proteasomal degradation and intracellular 

trafficking. Monoubiquitylation serves as diverse signals that trigger cellular 

processes ranging from epigenetic regulation to proteasomal degradation, which 

has an enormous impact on cell biology14. 
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Figure 2. a: Structural features of Ub. Protein Data Bank (PDB) codes: 1ubq. b: NMR 

ensemble of Ub (PDB 2k39).c: the Ub surface Ile44 (blue), Ile36 (green), Phe4 cyan, and 

TEK-box (white)7,15.  
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Figure 3. The different topologies of ubiquitylation and Ub chain structure. 

 

1.2.2. Writing the Ub Code 

The Ub code is built on the structural diversity of the numerous modifications 

briefly mentioned above. Writing the Ub code is a process of a three-step 

enzymatic reactions: (1) Ub activation by the Ub-activating enzyme (E1) in an 

ATP-dependent manner to form a thioester linkage between the C-terminus of Ub 

and the active site cysteine of E1; (2) Transfer of the activated Ub to the active 

site of one of ~40 different Ub carrier proteins (E2; also known as Ub-conjugating 

enzyme, UBC) via a transthiolation reaction, and (3) formation of the Ub-protein 

covalent conjugates mediated by Ub ligase enzymes (E3). E3 interact with both 

E2~Ub and the substrate to promote the transfer of Ub from E2 to the protein by 
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forming an isopeptide bond between the Ub C-terminal amino acid (G77) and a 

lysine residue of the acceptor protein16,17. 

 

1.2.2.1 Assembling Ubiquitin Chain by Ubiquitin Ligase Enzymes 

(E3s): The Mystery of Specificity 
 

As mentioned above, distinguishing the right substrates from thousands of other 

proteins, differentiating the right E2s, and bringing them together to increase the 

rate of Ub transfer is the final step in the ubiquitination cascade, which is carried 

out by E3 ligases. To seek specificity within a broad array of proteins, a great 

diversity of E3s (~700) serve dual roles as matchmakers and catalysts to provide 

a specific Ub signal to a particular target protein. According to their conserved 

structural domains and their mechanism of Ub transferring, E3 ligases fall into 

three classes: really interesting new gene (RING), homology to E6AP C terminus 

(HECT), and RING-between-RING (RBR)18,19. Catalyzing Ub transfer to the 

acceptor protein by E3s can occur directly from E2 to the substrate lysine via an 

aminolysis, as is the case in RING-type E3s, or it can take place in a two-step 

reaction in which Ub is first transferred from E2 to an active site cysteine in E3 

via a transthioesterification reaction and then from the E3 to the substrate, as is 

the case in HECT-type E3s and RBR-type E3s (Figure 4). A series of structural 

and biochemical studies (mechanism of action of ubiquitination by E3s and their 

activity regulation) have helped to resolve the mystery behind E3 ligases 

specificity20,21. 
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Figure 4: Mechanism of the Ub transfer to a substrate by the three classes of E3s: RING, 

HECT, and RBR. 
 

 

I. RING-type E3s: The Masterminds Behind Ubiquitination and the 

Master Manipulators of E2 Ubiquitin-Conjugating Enzymes 

 

With around 600 members, RING-type E3s and RING like-type E3s, known as 

U-box proteins, comprise the vast majority (~95%) of E3 ligases. The RING 

domain is a zinc-finger domain type characterized by two structural zinc ions, 

two β-strands, one α-helix, and two loops surrounding the zinc ions in cross brace 

arrangement. The related domain U-box shares the similarity in function and 

structure of the RING domain; however, it has a hydrophobic core to fulfill the 

role of metal ions in the RING domain22,23. The morphologies of RING E3 ligases 

vary; they can be monomeric RING, like c-CBL, monomeric U-box, like E4B, or 

dimeric, with dimerization either controlled by the RING domain alone or 
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facilitated by flanking helical regions, such as cIPA (homodimeric RING), CHIP 

(homodimeric U-box), and BRCA1-BARD1 (heterodimeric RING)24. On the 

other hand, RING E3 ligases can form multicomponent complexes to assemble 

the superfamily of RING E3s known as Cullin-RING ligases (CRL). Important 

members of this family, VHL, CRBN, IAP, and MDM2 have been extensively 

explored for use in target protein degradation with PROTACS. Cullin-RING 

ligases contain up to seven multi-subunit families that share the same structural 

units (scaffold protein, RING-box protein, adaptor protein, and substrate 

receptor) but with various types of structural units25.  

 

1.2.3. Reading and Interpretation of Ub Code  
 

The final outcomes of the Ub code vary depending on a set of proteins containing 

single or multiple UBDs, referred to as Ub readers or decoders. The around 300 

UBDs classified into nearly 25 subfamilies based on adapted structural folds 

recognize Ub chain topology and length and enable the execution of specific 

cellular signaling programmes or proteasomal degradation. Furthermore, intrinsic 

UBDs frequently dictate how effectively ubiquitinating and DUBs function8,26. 

The UBDs interact with Ub through the different hydrophobic patches and, more 

interestingly, with the C-terminal part in a low-affinity way to result in rapid, 

timely, and reversible cellular responses to a particular stimulus11. Yet, Ub 

binding’s specificity and amplification are necessary for the efficient and prompt 

delivery of biological information. The UBDs can accomplish preferential 

recognition of different Ub linkages through a variety of tactics, including the 

presence of Ub linkage-selective UBDs, differential Ub recognition by UBDs 

with multiple Ub-binding surfaces, UBD dimerization or through UBD 

conformational adaptation, as well as the contribution of sequences located 

outside of UBDs to Ub binding27. The ability of UBDs to sense the length of the 

Ub chain, cooperative Ub binding by pairing identical or different UBDs, control 



29 
 

of the accessibility of Ub-binding modules (through inter- and intramolecular 

interactions and steric hindrance), multimerization of Ub-modified proteins 

and/or Ub receptors, and coupled ubiquitination of UBD-containing proteins are 

some examples of strategies that can increase the avidity of Ub:UBD interaction 

(Figure 5)28. As a result of different UBDs' recognition of different surface 

patches on Ub, linker regions, or the (free) C-terminal tail, various specific 

cellular events are achieved (Figure 6)14. 

 

 
Figure 5: Ub-binding domains come in different shapes and forms to drive different cellular 

responses. 
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Figure 6: Link of ubiquitination to pathway-specific effectors. 
 

1.3. The Proteasome: The Machine of Proteolysis  

Together with autophagy, the proteasome is the cell’s main protein degradation 

machinery. It is an enzyme complex comprised of a core particle (20S, CP), with 

or without a regulatory particle (19S, RP). Twenty-eight proteins grouped in four 

heptameric rings make up the assembly of the 20S proteasome29. The rings are 

made up of either seven alpha- or seven beta-subunits and are stacked one on top 

of the other. Two beta rings are positioned between two exterior alpha rings to 

form the α1−7, β1−7, β1−7 and α1−7 arrangement. The N-terminal portions of 

the alpha-subunits perform two roles: on the one hand, they create a gate close to 
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the catalytically active beta-subunits to limit the undesired degradation of 

proteins, and on the other hand, they make essential contacts with the RP30,31.  

The protein hydrolysis within the proteasome is ATP-dependent and is carried 

out by the N-terminal threonines of three of the seven beta-subunits, which 

coordinate the nucleophilic attack to the substrate peptide bonds. The three 

catalytically active beta-subunits follow the same peptide bond hydrolyzing 

process, but each exhibits varying sequence specificity. As a result, three main 

proteolytic activities are carried out by proteasomes: caspase-like, trypsin-like, 

and chymotrypsin-like32. The structural diversity of proteasomes is based on the 

catalytic beta-subunits composition of the 20S. For instance, the β1, β2, and β5 

are the catalytic subunits of constitutive (also referred to as standard 20S) 

proteasome, which mediate cleavage after acidic (β1), basic (β2), or hydrophobic 

(β5) amino acids, exhibiting caspase-like, trypsin-like and chymotrypsin-like 

activities, respectively33,34. 

In contrast, type I and type II intermediate proteasomes and immunoproteasomes 

are different types of the 20S which have different catalytic subunits in place of 

β1, β2, and β5 of constitutive proteasomes. With a cellular abundance of up to 

85%, the constitutive proteasomes dominate the majority of proteasomes35. 

Because each 20S proteasome has two exterior alpha-subunits that have essential 

contacts with the regulatory particle, another level of 20S complex diversity can 

arise from various regulatory particle types. Furthermore, attaching standard 20S 

to a single 19S regulatory particle result in a 26S proteasome, whereas linking 

two 19S regulatory particles to both alpha-subunits result in a 30S proteasome35. 

 

The lid and the base are the structurally distinct components of the 19S RP of the 

26S proteasome, which has at least 18 protein subunits and is capable of 
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specifically recognizing ubiquitinated proteins, cleaving the Ub chains, and 

unfolding and translocating substrates into the 20S core29,36. Two subunits 

assemble the lid and the base: Rpt (Regulatory particle AAA-ATPase, which 

breaks down ATP and regulates the proteasome in processing its substrate) and 

Rpn (Regulatory particle non-ATPase). The lid sub-complex contains nine Rpn 

subunits (3, 5, 6, 7, 8, 9, 11, 12, and 15) performing as Ub receptors, which hold 

the ubiquitinated protein in place while Ub hydrolase cleaves Ub from the 

substrate protein. The most crucial component of the lid is Rpn11, a 

metalloprotease deubiquitinating enzyme placed atop the Rpt ring's substrate 

entry port that blocks the substrate entrance at the oligonucleotide- or 

oligosaccharide-binding (OB) ring37. The base comprises nine subunits, including 

six Rpt (1-6) proteins belonging to a class of protein unfoldases and 3 Rpn protein 

(1, 2, and 10). The six Rpt proteins can sense aberrant proteins via N-domains 

and unfold them via hydrolysis in their ATPase domains. Thus, the Rpt subunits 

interact with the 20S proteasome and form a heterohexameric ring adjacent to its 

central pore to perform substrate unfolding, bind to, and facilitate the opening of 

the 20S proteasome gates (Figure 7)38. The recent models and research indicate 

that the Rpt subunits differ in their capacity to bind and trigger the entrance to the 

20S proteasome gate; the 19S is a dynamic structure and adopts various 

conformations to enhance substrate binding and ATP hydrolysis, followed by 

proteolysis by the CP39. 
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Figure 7: Structure of the 26S proteasome40. CP, core particle; RPN, Regulatory particlenon-

ATPase; AAA ring, Regulatory particle AAA-ATPase; OB-ring, 

oligosaccharide/oligonucleotide binding ring. 

In 26S, the polyubiquitin chain in the protein is not enough for its efficient 

degradation, and proteasomes need to identify a loosely folded region in the 

protein. This loosely folded region should be at least 30 residues long, reasonably 

inflexible, and biased toward its hydrophobic residues. Based on both the Ub 

chains and the loosely folded parts, the proteasome decides which proteins to 

destroy and which to spare41. 

Deubiquitination activities, which are catalyzed by DUBs, are noteworthy among 

the multi-layered processes controlling the proteasome's proteolysis because they 

not only recycle Ub, but also place the proteasome at a crucial checkpoint for 

substrate destruction. Among the approximately 100 DUBs, three distinct classes 

of DUBs, namely USP14, RPN11, and UCH37, are associated with the 19S 

subunits of the human proteasome. Recent structural and biochemical studies 

reveal that these enzymes have a dynamic impact on the output of the proteasome. 

DUBs may therefore fine-tune the degradation in accordance with different 

cellular circumstances with dynamic proteolysis results42. 
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USP14 is momentarily linked with around 11–40% of isolated proteasomes, 

indicating the dynamic influence of this DUB over proteolysis. Upon binding to 

the proteasome, USP14 undergoes a 300–800 fold activation, which is one of its 

most prominent characteristics43,44. As a result of this isopeptidase activity for the 

rapid deubiquitination of multiple chains of Ub conjugates at once, USP14 

prevents the substrate degradation by reducing its affinity for the proteasome43. 

The free form of USP14, in contrast, only demonstrates modest deubiquitinating 

activity. Thus, USP14's interaction with the proteasome is required to de-repress 

the autoinhibitory state of USP14. In addition to being activated by the 

proteasome, USP14 can also allosterically regulate the activity of the 

proteasome45,46. 

 

In an outstanding study using time-resolved cryo-electron microscopy combined 

with deep learning, Zhang et al40 showed the mechanism by which USP14 

regulates the proteasome step by step in unprecedented detail. The authors found 

that USP14 is activated by binding to the entrance ring of the AAA-ATPase by 

changing its conformation as the proteasome hydrolyses ATP and degrades its 

ubiquitinated substrate. The authors’ data point to two parallel pathways of 

conformational changes induced by USP14, one that inhibits substrate 

engagement and another that triggers substrate degradation (Figure. 8). The 

substrate-engaged states were transiently converted into substrate-inhibited states 

once the substrate had translocated into the proteasome and been degraded. The 

overall data suggest a model in which USP14 regulates the proteasome at three 

checkpoints: Ub recognition, the start of substrate translocation, and recycling of 

the Ub chain40. 
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Figure 8: Proposed model of mutual regulation between USP14 and the proteasome based on 

time-resolved cryo-EM analysis. Credit: Zhang, S. et al., Nature 2022, 605, 567–57440. 
 

A growing amount of research has conclusively shown that small-molecule-

specific inhibition of USP14 increases the degradation of a selection of substrates 

by increasing proteasomal activity. The mechanism behind the small-molecule 

USP14 inhibitors' selective inhibition of proteasome-associated USP14, but not 

the free form, has been revealed in co-crystal structures of USP1447. 

 

 

1.4. Therapeutical Approaches Targeting UPS 
 

In the late 1970s and early 1980s, the discovery of UPS took place. Since then, 

scientists have been putting tremendous efforts in terms of providing a better 

understanding of the system and the role of its numerous involved enzymes in 

different physiological and pathological conditions with the ultimate goal of 

introducing new therapeutical approaches. For example, during the late 40 years, 

the Ub system has been targeted at different checkpoints in four different 

manners; (1) inhibiting ubiquitination cascade enzymes, DUBs, or the 

proteasomal machinery, (2) blocking the interpretation and translation of Ub 
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signals, (3) recruiting E3 ligases to form Ub single chains on the desired 

substrates to induce proteasomal degradation, or (4) inducing the degradation of 

desired substrates by direct signaling to the proteasome. Collectively, these 

efforts have resulted in several FDA-approved compounds directed toward UPS. 

 

1.4.1. Small Molecule Inhibitors 
 

1.4.1.1 Inhibitors of the enzymatic cascade ( E1s, E2s, and E3s) of UPS 

 

Only UBA1 and NEDD8 E1s have been reported so far and PYR-41 and 

MLN4924 (Pevonedistat) have been described as E1s inhibitors, respectively. 

The ability of the PYR-41 inhibitor to irreversibly bind to the active cysteine in 

UBA1 and abrogate its catalytic activity, which results in cell death via p53-

mediated apoptosis, makes it particularly attractive for the treatment of 

malignancies defined by p53 mutations48,49. The second E1 inhibitor, MLN4924, 

is an adenosine sulfamate analog that binds covalently to the nucleotide-binding 

site of NEDD8-activating enzyme (NAE). This leads to a NEDD8-MLN4924 

adduct, which further lessens the effectiveness of cullin-RING ligase-mediated 

protein turnover, resulting in the accumulating of p27, NRF2, CDC25A, HIF1α, 

and IκB and the induction of apoptosis in cancer cells (Table 1)50,51.  

 

Given that Ube2R1 collaborates with the cullin-RING Ub ligase complex 

enzymes to catalyze substrate ubiquitylation, it is a potential E2 for 

pharmacological inhibition. A powerful allosteric Ube2R1 inhibitor, CC0651, 

exhibits extraordinary selectivity to Ube2R1 over other E2s and effectively 

blocks ubiquitin transfer to the substrate. Covalent inhibitors that target the E2 

catalytic cysteine residues have also been reported. Covalent binding of well-

known Ubc13 inhibitors, including NSC697923, was shown in co-crystal 
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structures with Ubc1352,53. More recently, a natural product-derived covalent 

inhibitor of UbcH5c has been characterized and proposed as a possible treatment 

for rheumatoid arthritis (Table 1)54. 

 

Several compounds have shown their ability to inhibit different E3 enzymes by 

inhibiting their expression levels, altering their subcellular localization, and 

preventing their proper assembly and/or interaction with cellular substrates. 

Nutlin-3a and its derivatives are examples of inhibitors of the E3 ligase MDM2, 

which negatively regulates p53 and is vital for cell survival. Inhibiting the 

interaction between MDM2 and p53 has been reported to induce cell death in a 

p53-dependent manner55. Inhibitors of the family of E3 ligases known as 

inhibitors of apoptosis (IAPs) have also been reported. Both GDC-0152 and SM-

406 are orally bioavailable effective inducers of apoptosis in xenograft tumors 

and produce the complete inhibition of tumor growth. Nevertheless, the clinical 

trial with both compounds came to an end in phase I in 2009 (Table 1)56,57. 

1.4.1.2. Inhibitors of the 26S Proteasome Complex  

Inhibiting the 26S proteasome can be achieved by targeting the 20S or the 19S 

subunits. In the first case, accumulating research efforts resulted in a few 

approved inhibitors of the 20S core particle. For example, the dipeptide boronate 

Bortezomib (BTZ, Velcade®) represents the first-in-class proteasome inhibitor 

by reversibly binding to the β5 subunit of the 20S proteasome, leading to 

inhibition of the chymotrypsin-like proteasomal activity, thus leading to 

accumulation of polyubiquitinated proteins in cells58. Fortunately, the narrow 

therapeutic window of BTZ, its toxic side effects, and development of resistance 

during treatment got overcome with a second-in-class proteasome inhibitor, the 

tetrapeptide epoxyketone Carfilzomib (CFZ, PR-171, Kyprolis®), approved by 

the FDA in 2012. Ixazomib (the first oral proteasome inhibitor drug), Oprozomib 
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(a structural homolog of CFZ), and Marizomib are other examples of 20S core 

particle inhibitors (Table 1)59. 

While they have different target sites, inhibitors of 19S proteasome regulatory 

particles, particularly DUBs, are thought to be among the prospective targets for 

overcoming the acquired drug resistance to proteasome 20S inhibitors. Due to 

their high effectiveness against cancer cells, the three DUBs of the 19S 

proteasome, UCHL5 (or UCH37), USP14, and Rpn11, have received extensive 

attention60. For example, IU1 was the first USP14-specific inhibitor, followed by 

several modifications that resulted in IU1-248, which was ten-fold more potent 

than the parent IU1. According to its structure, IU1 targets the thiol group of the 

active site cysteine of USP1461. Another example of a specific USP14 inhibitor is 

RA-9, which reacts with the thiol function of the active site cysteine and inhibits 

proteasome-associated DUB activity62. Furthermore, some inhibitors show less 

specificity by targeting both USP14 and UCHL5, such as b-AP15 and VLX1570, 

and others show specificity toward Rpn11, such as Quinolin-8 -thiol or 8TQ 

(Table 1)60,63. 
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Inhibitors of E1, E2, and E3 enzymes  
Name Target Mode of action Structure 

 
 

PYR-41 

 
 

Irreversibly binds to the 
active cysteine in UBA1. 

 
 

kills tumor cells by inhibiting 
cytokine-induced NF-kB 

activation and promoting p53 
accumulation. 

  
 
 

MLN4924 

 
 

Covalently binds the 
nucleotide-binding site 

of NAE. 

 
 

Blocks the neddylation of all 
CRLs, leading to apoptosis in 

cancer cells. 
 

 
 
 

CC0651 

 
 

An allosteric inhibitor of 
human E2 enzyme 

hCdc34. 

 
 

causes large-scale structural 
rearrangements and affects 

the discharge of Ub to 
acceptor lysine residues. 

 
 

 
 

NSC697923 
 

Competitively binds the 
Mdm2-P53 interacting 

site. 

 
Blocks the formation of the 

E2-Ub 
thioester conjugate and 

inhibits NF-κB 
signaling. 

 

 

 

 
 

Nutlin-3a 

 
 

Competitively binds the 
Mdm2-P53 interacting 

site. 

 
 

activates the P53 pathway, 
and thus results in cell cycle 
arrest, cell death, and growth 

inhibition. 
  

 
 
 
 

GDC-0152 

 
 

Blocks the formation of 
the E2–Ub thioester 

conjugate. 

 
 

induction of apoptosis in 
xenograft tumors,and is 

capable of inhibiting tumor 
growth. 

  
 
 

SM-406 

 
 

Blocks the formation of 
the E2–Ub thioester 

conjugate. 
 
 
 

 
 

Induction of apoptosis in 
xenograft tumors and is 

capable of inhibition of tumor 
growth. 
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Inhibitors of 26S Proteasome and immunoproteasome complex 
Name Target Mode of action Structure 

 
 
 

Bortezomib 

 
 

20S Proteasome 
(β5> β1) 

 
Inhibits the chymotrypsin-

like activity of the 
proteasome by reversible 

binding to the β5 subunit and 
leads to accumulation of 

polyubiquitinated proteins. 
 

 
 
 
 

Carfilzomib 

 
 

20S Proteasome 
β5 

 
Inhibits chymotrypsin-like 

activity of proteasome more 
strongly than BTZ by 

forming a covalent and an 
irreversible bond with 

catalytic subunits, 
predominantly β5. 

 
 

 
 

Ixazomib 

 
20S Proteasome 

(β5> β1) 

 
Binds to catalytic β- subunits 

and inhibits proteasome 
activity. 

 
 

 
IU1-248 

 
19S RP of Proteasome 

USP14 

 
Targets the thiol group in the 
active cysteine site in USP14 

protease and significantly 
decrease cell proliferation, 
migration, and invasion. 

 
 

 
RA-9 

 
19S RP of Proteasome 

USP14 

 
Reacts with the sulfurs in the 

active site cysteine and 
inhibits proteasome-

associated DUBs. 
 

 
 
 

b-AP15   

 
 

19S RP of Proteasome 
both USP14 and UCHL5 

 
Targets both UCHL5 and 

USP14, disrupts the 
aggresome formation in 

cancer cells by activating 
caspase to further induce 
apoptosis relating to an 

upregulation of oxidative 
stress. 

 

 

 
8TQ 

 
19S RP of Proteasome 

RPN11 

 
A strong RPN11-specific 

inhibition of proteasome 19S 
subunit and is a potent 

apoptosis inducer in MM 
cells. 

 

 
 

 
KZR-616 

 
20S immunoproteasome 

(β5i, β1i, and β2i) 

 
The only epoxyketone-based 
peptidyl immunoproteasome 
selective inhibitor tested in 

clinic so far. 

 

Table 1: Examples of UPS small molecule inhibitors.  
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1.4.1.3. Inhibitors of immunoproteasomes complex  

It has been reported that immunoproteasomes are capable of digesting misfolded 

proteins that produce aggresome-like protein conjugates with greater efficiency 

than constitutive proteasomes, making them crucial for eliminating damaged 

proteins in inflammatory states. According to a number of studies, B-cell 

malignancies exhibit significantly higher expression levels of 

immunoproteasome than constitutive proteasomes. This finding highlights the 

immunoproteasome's significance in regulating protein homeostasis in 

hematologic diseases and raises the possibility of treating cancer by 

immunoproteasome activity inhibition64,65. In this regard, ONX-0914, PR-924, 

and KZR-616 are tripeptide epoxyketone inhibitors that show selectivity toward 

immunoproteasome β5i over β5 in the constitutive proteasome. It is noteworthy 

that KZR-616 is the only clinically evaluated immunoproteasome-selective 

inhibitor that has been FDA-approved (Table 1)66,67. 

 
1.4.2. Targeted Protein Degradation by utilizing UPS 
 
In 2001, the initial hypothesis of targeted protein degradation (TPD) was born to 

announce the launching of a new era of therapeutics development not by 

inhibiting a component of UPS, but by recruiting the whole system to induce the 

degradation of specific proteins68. TPD techniques can efficiently target long-

lived proteins since they are not constrained by protein turnover, thus overcoming 

some of the drawbacks of UPS inhibitors. The majority of these technologies also 

share the advantageous pharmacokinetic characteristics of small compounds 

resembling drugs. Importantly, due to their various modes of action, they may 

expand the conventional druggable space. Many technologies with the 

therapeutic potential of targeting protein for degradation have been under massive 

study and development, including PROteolysis TArgeting Chimeras 

(PROTACs), LYsosome TArgeting Chimeras (LYTACs), AUtophagy TArgeting 
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Chimera (AUTAC), ENDosome TArgeting Chimeras (ENDTACs), and 

Autophagy-Tethering compound (ATTEC) (Figure 9)69. Since PROTACs and 

HyTAGs are of relevance in this thesis, they will be further introduced in the 

following section. 

 

Figure 9: Schematic representation of the main routes of TPD in the cell69. 
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1.4.2.1 The Age of Proteolytic Chimeras: Modulating Reactivity and 

Versatility 

Following the establishment of the proteolytic chimeras' applicability concept by 

PROTAC technology, tremendous efforts have been put forth to modulate their 

reactivity by developing strategic chemical modifications. This resulted in the 

achievement of new and more versatile chimeras. PROTAC is a strategy that 

utilizes the UPS to target a specific protein and induces its degradation by 

employing hetero-bifunctional molecules consisting of a ligand to bind the 

protein of interest (POI), another ligand to recruit an E3 Ub ligase and a linker to 

bind the two ligands. These molecules interact simultaneously and hijack the 

enzymatic machinery by forming a ternary complex (POI:PROTAC:E3 ligase) 

that facilitates the transfer of Ub moieties and the formation of polyubiquitin 

chain(s) on the target protein. The polyubiquitinated protein will be recognized 

and promoted to degradation by the proteasome (Figure 10)70. 

 
Figure 10: Schematic representation of PROTAC-mediated ubiquitination and proteasomal 

degradation. 
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I. The Era of Dependency: Ubiquitin-Dependent Proteolytic 

Chimeras. 

 

In 2001, a peptide-based PROTAC (PROTAC-1) jointly developed at Craig 

Crews and Raymond Deshaies laboratories was the starting spark for PROTAC 

technology68. The ternary complex (POI:PROTAC:E3 ligase) of PROTAC-1 

contained the covalent inhibitor ovalicin as a ligand for methionine 

aminopeptidase-2 (MetAP-2), a phosphopeptide derived from IκBα as a ligand of 

CRL1bTRCP E3 ligase, and a linker to connect both elements. In Xenopus egg cell 

extracts, PROTAC-1 exhibited the formation of the ternary complex (MeAP-

2:PROTAC-1:CRL1bTRCP), and it successfully induced ubiquitination and 

subsequent 26S proteasome-dependent depletion of MetAP-268. As a result of this 

achievement, two additional peptide PROTACs were produced from the same 

phosphopeptide for degradation of the androgen receptor (AR) and the estrogen 

receptor (ER), two hormone receptors linked to the advancement of breast and 

prostate cancer, respectively68,71. One significant result was that E3 ligases could 

readily take neo-substrates by forming the correct protein-protein contacts, which 

was amply supported in subsequent investigations and is, in fact, the molecular 

basis for the PROTAC approach's widespread applicability. Furthermore, these 

molecules gave rise to the initial proof that the PROTAC method does not require 

covalent interactions with both the POIs and the E3 ligase receptors to cause the 

proteolysis of a substrate.  

 

Even though peptide-based PROTACs were valuable tools for fundamental 

research, their low potency (usually in the micromolar range) and metabolic 

instability in cells due to high protease sensitivity made them unlikely to be used 

as therapeutic agents72. Furthermore, the initial chimeric compounds were large 
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(they contained phosphopeptides with up to 18 amino acids), hindering their 

development and pharmacological use. Following the development of this 

fundamental concept, a considerable amount of effort was put into creating 

druggable small compounds with enhanced properties based on the structural 

framework of the E3 ligand-linker-POI ligand. The von Hippel-Lindau (VHL) 

protein component of the CRL2VHL E3 ligase complex, resulted in 2004 in the 

first cell permeable PROTAC formulated and used to degrade some clinically 

significant proteins, such as the AR, the aryl hydrocarbon receptor, the X-protein 

of the hepatitis B virus, Tau,73,74 BRD4 and RIPK2 69,75. 

 

The VHL protein has been extensively used in PROTAC technology. In 2012, 

VHL-1, with high VHL-binding affinity, was developed followed by VHL-2, 

which was an optimization of VHL-1 by the introduction of an (S)-methyl group 

on the benzylic carbon atom and showed three times better binding affinity to 

VHL. These two VHL ligands have been widely used in VHL PROTACs ever 

since. Connection via an amide bond after tert-leucine of VHL ligand 1 was 

present in the majority of VHL PROTACs, whereas the same connection of the 

(S)-methyl group-containing ligand was only present in around one-third of 

degraders. A phenolic group at the benzene ring was used for linkage less 

frequently, at roughly 4%. Comparatively, only about 1% of PROTACs had an 

attachment via a thioether at the left-side amino acid (Figure 11)81. 

 

Besides VHL, MDM2 (murine double minute 2 homolog), cIAP1 (member of the 

inhibitor-of-apoptosis protein family), and CRBN (cereblon) are other common 

CRL complexes effectively used to develop small-molecule PROTACs to date76. 

In 2008, the first small-molecule MDM2-based PROTACs targeting non-

steroidal selective AR modulator was reported. Even though it was less effective 

than its VHL peptide-based equivalents, the MDM2-based chimera promoted AR 

depletion in prostate tumor cells77. Furthermore, since MDM2 binds the p53 
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tumor suppressor protein with high affinity and negatively modulates its 

transcriptional activity and stability, MDM2-recruiting PROTACs provide 

synergistic antiproliferative activity via simultaneous degradation of tumorigenic 

proteins and stabilization of p5376. As a result, MDM2-based PROTACS have 

emerged as promising for cancer treatment. MDM2 recruitment is generally 

achieved by nutlin-3a (Table 1), a small compound that binds to MDM2 at the 

p53 interaction interface leading to disrupting MDM2-p53 protein interaction 

without changing the E3 ligase activity of MDM2. 

 

By controlling the expression of numerous important oncogenes, bromodomain-

containing protein 4 (BRD4), a transcriptional and epigenetic regulator belonging 

to the bromodomain and extra-terminal domain (BET) family, plays a crucial role 

in the genesis of cancer. Since BRD4 inhibition by small molecules has been 

demonstrated to induce early cell cycle arrest and death in leukemic cell lines, it 

has garnered considerable interest in cancer therapy78. Targeting BRD4 for 

degradation instead of inhibition, the MDM2-based PROTAC A1874, consisting 

of a BRD4 ligand, a polyethylene linker, and idasanutlin (a more potent MDM2-

binder than nutlin-3a) showed degradation of BRD4 with nanomolar potency and 

displayed a remarkable antiproliferative activity against various cancer cell 

lines76. 

 

X-linked IAP (XIAP), cellular IAP 1 and 2 (cIAP1 and cIAP2), livin (ML-IAP), 

and IAP-like protein 2 (ILP2) are five of the eight inhibitors of apoptosis (IAPs) 

protein family involved in several signaling pathways that control cell fate. All 

of them contain a RING-type E3 ligase domain and are utilized in PROTAC 

technology79,80. The first generation of IAP-based PROTACs, also known as 

specialized non-genetic IAP-dependent erasers (SNIPERs), was sparked by the 

finding that methyl bestatin could bind to cIAP1, causing its self-ubiquitination 

and degradation80. The replacement of bestatin with the IAP antagonist LCL161, 
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which preferentially recruits XIAP rather than cIAP, has helped to overcome the 

main drawbacks of the first generation of SNIPERs, such as low potency and off-

target side effects, and has produced an improved new generation of IAP-based 

PROTACs with nanomolar potencies 78. 

 

Taking advantage of the ability of immunomodulatory imide drugs (ImiD) to 

hijack the CRL4CRBN E3 ligase via cereblon (CRBN), the substrate recognition 

component of the CRL4CRBN E3 ligase complex, many small-molecule CRBN-

based PROTACs have been reported targeting different disease-related 

proteins70. The known ligands for CRBN include thalidomide and other derived 

immunomodulatory imide drugs (IMiDs), such as pomalidomide, 4-hydroxy 

thalidomide, alkyl-connected thalidomide derivatives, or lenalidomide (Figure 

11)81. 
 

Although in terms of efficacy, metabolic stability, and physicochemical 

characteristics, small-molecule PROTACs are better than their peptide-based 

counterparts, they still have rather large sizes (usually 700–1100 Da) and high 

polar surface areas, which can hinder their cellular uptake and jeopardize their 

bioavailability and pharmacokinetic features, particularly with regard to how they 

are distributed throughout the central nervous system (CNS). In order to get over 

some of the PROTAC’s limitations, a new PROTAC technique called "in-cellulo 

click-formed proteolysis targeting chimeras" (CLIPTACs) was developed. The 

two-clickable CLIPTAC precursors are smaller and exhibit superior cell 

permeability than the corresponding full PROTAC, which is generated inside the 

cells81. 

 

Overall, the majority of reported PROTACs recruit the E3 ligases CRBN or 

VHL81,82.  
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Although high-affinity ligands for MDM2, VHL, CRBNand cIAP1 have been 

discovered, the human proteome contains around 600 E3 ligases, but high-affinity 

ligands have been discovered for only very few of them, which is one of the 

drawbacks of E3-based PROTACS. Widening the toolbox of hijackable E3 high-

affinity ligands capable of inducing the ternary complex formation and persisting 

long enough for ubiquitination to occur is crucial to overcome the potential 

disadvantage of the emergence of drug resistance resulting from relying solely on 

CRBN or VHL for PROTAC development8586. 
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Figure 11: green: Frequency of CRBN ligands used in PROTAC compounds. red: 

Frequency of VHL ligands used in PROTAC compounds. 
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II. The Era of Independence: Ubiquitin-Independent 

Proteolytic Chimeras 

 

• Hydrophobic tags (HyTAGs) 

 

The most widely employed hydrophobic tags to cause protein degradation when 

joined to particular ligands are generally adamantyl and Boc3Arg. Adamantyl-

tagged recognition ligands ubiquitinate and eventually degrade their target 

proteins through the proteasome by destabilizing the target and attracting the 

molecular chaperone heat shock protein 70 (Hsp70)69. In this strategy, promoting 

the ubiquitination process and proteasomal degradation is achieved by the 

addition of a hydrophobic tag into a ligand by which the exposure of hydrophobic 

residues to the solvent may be recognized by molecular chaperones as the signal 

of a misfolded protein. If the molecular chaperones fail to rescue misfolded 

protein, the proteasome degradation of the hyTAG modified protein will occur87. 

Examples on this technology include AR degraders by adding an adamantyl tag 

to an AR agonist, resulting in AR depletion, reduced expression of AR target 

genes and inhibition of proliferation in androgen-dependent prostate cancer cell 

lines88. These results suggest that selective AR degradation may be an effective 

therapeutic prostate tumor strategy in the context of AR mutations that confer 

resistance to second-generation AR antagonists. Another hydrophibic tag used in 

Ub independent protein degradation is the tert-butyl carbamate (Boc3)-protected 

arginine unit, which was discovered by serendipity89. The covalent inactivators 

ethacrynic acid and thiobenzofurazan cause the specific degradation of 

glutathione-S-transferase in mammalian cells when linked to Boc3Arg90. 

Similarly, the degradation of dihydrofolate reductase is induced when cells are 

treated with the non-covalent inhibitor trimethoprim linked to Boc3Arg90. In 

2020, Merck developed a number of small-molecule binders of the proprotein 

convertase subtilisin-like/kexin type 9 (PCSK9), a therapeutic target in 
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hypercholesterolemia, to yield different PCSK9 degraders. Among Merck 

PCSK9-PROTACs, it should be noted that E3 ligase-based PROTACs did not 

cause degradation, while the Boc3Arg tagged ligand was able to cause a notable 

drop in PCSK9 endogenous levels, even though full target depletion was not 

achieved91.  

 

• 26S proteasome-directed degraders 

 

In a very recent study (2023), a 26S proteasome regulatory subunit Rpn1 

macrocyclic binding partner was connected to a BRD4 ligand via a polyethylene 

glycol linker in another example of a Ub-free strategy for targeted protein 

degradation92. The Rpn1 macrocyclic ligand positions the BRD4 substrate to the 

Rpn1 region, presenting it directly to 26S without the need for prior 

ubiquitination, in a Ub-independent mechanism of targeting. The complex 

structure of the macrocyclic Rpn1 recruiter limits its therapeutic development. 

 

1.5 The Target Proteins for Degradation  

Three target proteins for degradation, all of them of therapeutic relevance, have 

been addressed in this thesis: Inosine-5′-Monophosphate Dehydrogenase 2 

(IMPDH2), Receptor Tyrosine Kinases (RTKs), and the Ceramide Transfer 

Protein (CERT). 

 

I. IMPDH 

IMPDH is the rate-limiting enzyme in the de novo synthesis of guanine 

nucleotides. It catalyzes the conversion of inosine 5’-monophosphate (IMP) to 

xanthosine 5’ monophosphate (XMP). Therefore, it plays a vital role in the 

regulation of cell growth. There are two isoforms of IMPDH in humans: IMPDH1 



52 
 

and IMPDH2, which share 84% amino acid identity. IMPDH1 is the main species 

in normal cells, while IMPDH2 predominates over IMPDH1 in tumor cells93. 

Inhibition of IMPDH2 has become an important strategy in treating diseases 

related to immunosuppression, cancer, and viral and parasitic infections and, 

more recently, is in clinical trials for COVID-1994. There are three types of 

IMPDH inhibitors: (1) IMP site inhibitors that occupy the binding position of the 

natural substrate; (2) IMP NAD+ site inhibitors that occupy the site of the 

NAD+/NADH cofactor, and (3) allosteric inhibitors that bind to a site remote 

from the IMP and NAD+ binding pockets. . Among the novel IMPDH inhibitors 

reported in the last decade, VX-497 has been introduced as a new noncompetitive 

inhibitor and it has shown immunosuppressive activity95. 

II.  RTKs 

The bulk of growth factor receptors are made up of cytoplasmic, transmembrane, 

and extracellular tyrosine kinase (TK) domains. Fiftyeight of the 90 distinct 

tyrosine kinase genes found in the human genome encode proteins termed 

receptor tyrosine kinases (RTKs). RTKs are embedded in the plasma membrane 

of cells and are high-affinity cell surface receptors for a variety of polypeptide 

growth factors, cytokines, and hormones. The ErbB family of receptors is a group 

of four closely related RTKs, including the epidermal growth factor receptor 

(EGFR), HER2 (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4). RTKs function 

in cell signaling by interacting with extracellular molecules96. Numerous critical 

functions, including cell growth and survival, are regulated by RTK activation. 

The RTK in an irregular state has been identified in a variety of malignancies and 

has been linked to the onset as well as the progression of several cancers. 

Consequently, RTKs are becoming appealing therapeutic targets. Inhibiting 

RTK's catalytic activity with small-molecule inhibitors is one technique to 

successfully block RTK signaling. Because preclinical studies have revealed that 

HER-2 and EGFR act cooperatively to transform NIH3T3 cells, it has been 
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hypothesized that HER-2, the most common heterodimerization partner of EGFR, 

may play a significant role in the carcinogenic activity of EGFR97. Recent 

research has demonstrated that EGFR-specific inhibitors lessen the proliferation 

of breast cancer cells that express high levels of HER-2 and the signals it 

produces. Therefore, inhibiting both EGFR and HER-2 collectively may be more 

effective than inhibiting each one of them alone. The tyrosine kinases HER-2 and 

EGFR are selectively inhibited by a synthetic small molecule known as 

lapatinib96,97. In 2018, targeted RTK degradation by a VHL-recruiting PROTAC 

utilizing lapatinib as an RTK ligand98 was successfully applied and showed 

several advantages over inhibition, such as more potent inhibition of cell 

proliferation, and a more durable and sustained downstream signaling response. 

 

III. CERT 

The heterogeneous class of biomolecules known as lipids has historically been 

attributed to play structural and energy-storage functions in the cell. This 

paradigm, however, has steadily shifted over time, and today lipids are 

acknowledged as significant effectors in a number of signaling events. 

Sphingolipids (SLs), a broad category of lipids with sphingosine as their 

backbone, are crucial elements of cell membranes and significant players in cell 

signaling, playing a key role in processes like cell proliferation, differentiation, 

and apoptosis99. The precise control of a network of highly compartmentalized 

yet interconnected enzymatic pathways is essential for maintaining SL 

homeostasis. The intersection of these interrelated metabolic pathways is where 

ceramide (Cer), the N-acylated form of sphingosine (Sph), stands. Cer plays a 

crucial role as a ubiquitous modulator of the apoptotic response and a metabolic 

doorway to a variety of bioactive SLs, in addition to being important skin barrier 

elements100. Cer, more specifically, maintains a state of equilibrium and provides 

a tactical manifold to direct cellular fate. This equilibrium is disturbed in tumor 

cells by an up-regulation of the Cer metabolism-related enzymes. The intricacy 
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of this metabolism results from a combination of factors, including the large 

number of enzymes and SLs involved, as well as the unique subcellular location 

of the enzymes, which is connected with the strong hydrophobicity of the 

majority of these lipids. In light of these two factors, transporting SLs between 

membranes necessitates specialized transport methods. In order for Cer, which is 

produced by de novo synthesis on the cytosolic side of the endoplasmic reticulum 

(ER), to undergo further transformations, it must be transferred to the trans-Golgi 

region. The Cer transfer protein (CERT) selectively transports Cer so that it can 

be transformed by the sphingomyelin synthase 1 into sphingomyelin (SM), while 

the O-glycosylation follows a vesicular pathway. Thus, by regulating Cer levels, 

CERT affects the Cer regulated signaling pathways101. 

 

In this regard, in drug-resistant cell lines that overexpress CERT, sensitization to 

chemotherapeutic drugs like taxanes was reported to be achieved by inhibiting 

the activity of CERT102 with HPA-12, a gold standard inhibitor of CERT 

mediated de novo SM production102. The CERT protein is an intriguing new actor 

in several other disorders besides cancers. Thus, it has been demonstrated to bind 

to serum amyloid P-component and to be present in Alzheimer's disease patients' 

brain amyloid plaques103. 

 

CERT fulfils the optimal requirements for the application of the PROTAC 

technology. First, structural information (PDB) is available, which will ease the 

design of ligands and linkers, crucial to ensure the success of the PROTAC 

strategy. Second, well-characterized CERT ligands have been reported for CERT, 

an issue of paramount importance. Third, CERT is a cytosolic protein, for which 

the PROTACS technology is better suited104. 
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CHAPTER 2 
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The fact that certain proteins are degraded by the proteasome under physiological 

conditions in the absence of a Ub signal indicates that tagging the protein 

substrate with Ub is not intrinsically required to induce proteolysis105.  Instead, 

the key event is the proper localization of the substrate in the proteasome context. 

This is, making the protein substrate topologically accessible to the ATPase ring 

in the same way that the polyubiquitin signal does will induce the unfolding and 

translocation of the substrate to the CP. According to this, a “degradation belt” 

can be defined, including accessible surfaces of Usp14, Rpn1, Rpt1-6, Rpn10, 

Rpn2, and Rpn13 and the ATPase ring, which could be potentially used as 

docking sites for direct protein targeting. 

 

Inspired by the principles of PROTAC technology and the proteasome 

machinery, the global objective of this Ph. D. thesis is to achieve a novel type of 

chimeras to obtain proof of concept that target protein degradation can be attained 

by direct signaling to the proteasome using the USP14 regulatory particle as a 

recruiter (Figure 12). 
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Figure 12: Conceptual approach to the design of bifunctional chimeras targeting a protein of 

interest (POI) and the 26S proteasome. 
 

 
To achieve the general goal, the following specific objectives were undertaken: 

 

1) Synthesis of USP14-based PROTACs for the degradation of IMPDH2, as 

well as of both classical E3-PROTACs and HyTAGs for comparative 

purposes. 

2) Synthesis of USP14-based PROTACs for the degradation of RTKs, as 

well as of both classical E3-PROTACs and HyTAGs for comparative 

purposes. 

3) Synthesis of PROTACs for the degradation of CERT, including both 

classical E3- and USP14-based degraders for comparative purposes. 
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These objectives were complemented with molecular modelling studies carried 

out by Dr. Jordi Bujons (IQAC-CSIC) to determine the best putative point of 

insertion of linkers to ligands and by biological studies performed by Dr. Mireia 

Casasampere and Tania Roda, in collaboration with Dr. Bernat Crosas (IBMB-

CSIC), to investigate the degradative capacity of the chimeras in different 

biological contexts. 

  



60 
 

 
  



61 
 

 
 
 
  

 

Results and Discussion 

 

CHAPTER 3 
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3.1. DESIGN OF CHIMERAS. 

Several crucial elements need to be taken into account for a PROTAC to induce 

degradation successfully. First, several examples evidence the importance of the 

right POI warhead/recruiter ligand combination. For instance, in a study aimed at 

degrading BCR-ABL, bifunctional chimeras based on three tyrosine kinase 

inhibitors (imatininb, bosutinib and dasatinib) and either CRBN or VHL E3 ligase 

ligands, none of the chimeras containing imatinib and none of the CRBN-based 

PROTACs induced the degradation of BCR-ABL, despite the CRBN-based 

PROTAC exhibiting good target engagement. In contrast, VHL-based PROTACs 

had degradative properties, but only when bosutinib was used as POI warhead 

(the dasatinib-containing PROTAC was ineffective)83. Second, the site of 

attachment of linkers to ligands of both POI and recruiter must be such to ensure 

that the linkers’ substitution does not alter the ligand-receptor interactions. Third, 

the linker length, composition, and rigidity are also crucial106. The linker serves 

two important functions: formation of the ternary complex and establishing 

binding cooperativity107. Cooperativity in the PROTAC field is defined as the 

impact of protein association, such as POI:PROTAC, on the PROTAC's affinity 

to the second protein (recruiter). A too-short linker may sterically hinder the 

formation of the POI:PROTAC:recruiter ternary complex, while very lengthy 

linkers may prevent the establishment of the POI-recruiter interactions needed to 

form an effective POI:PROTAC:recruiter ternary complex (figure 13)108. 

 
 

Figure 13: Linkers and ternary complex formation108. 
 

3.1.1. Building blocks 
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The building blocks used in this thesis to prepare the candidates for target protein 

degradation are:  

Recruiter ligands 

CRBN and VHL have been used as recruiters in the classical E3-based PROTACs 

using the well reported ligands lenalidomide (thalidomide derivative) and VHL1 

(see Figure 11), respectively. In the E3-based PROTACs prepared in this thesis, 

the linker site of attachment to the recruiter ligands was that extensively reported 

for other E3-based PROTACs. 

As mentioned in the Introduction, in the innovative PROTACs described in this 

thesis, USP14 is the 19S unit used to recruit our POIs to the proteasome 

employing compound IU1-248 (and derivatives) as ligands. The site of linker 

attachment was selected on the basis of molecular modelling studies. The docking 

analysis of USP14 with IU1 derivatives IU1-248, IU1c and RBM3-317 

performed by Dr. Jordi Bujons (IQAC) provided important data to select the 

linker attachment point in the USP14 binder. Regarding de IU1-248 efficacy, the 

CN group on the phenyl ring is bigger than the F- group in IU1c and RBM3-317, 

more fully occupying the inner pocket of USP14 and resulting in stronger Van 

der Waals interactions. Additionally, the absence of a methylene (CH2) linker 

between the ketone and the protonated amine resulted in less stable bound 

conformation in the case of IU1c and RBM3-317 (Figure 14). As shown in Figure 

15, the most exposed moiety in the USP14 ligands docked into the protein is the 

hydroxy piperidine unit, which makes it the proper position for linker attachment 

with expected minimal disruption of binding to USP14.  

Linkers 

The possibility of polyethylene glycol (PEG) being available with various lengths 

and functional ends (commercial or synthesized “in house”) for attachment to 

ligands were the reasons behind utilizing PEG linker in this thesis. Indeed, PEGs 

are used as linkers in over a 54% of the reported PROTAC molecules, surpassing 

other bridge structures such as alkyl and alkyne linkers107.  
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Figure 14: Ligands (A) IU1-248, (B) IU1c and (C) RBM3-317 docked to USP14 using the 

Induced Fit Docking protocol. (D) Superposition of structure on panel (A) and that of the 

complex of USP14 with Ub aldehyde (PDB 2AYO). 

 

 
Figure 15: Structures of USP14 with a bound IU1-248 molecule (PDB 6IIN). 

POI warheads 
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IMPDH2. The inhibitor VX-497 was selected as ligand. The redocking 

visualization done by Dr. Jordi Bujons (IQAC) showed the exposure of the 

tetrahydrofuran-3-yl formimidate moiety of VX-497 outside the binding pocket, 

which makes phenylmethanamine the proper position for linker attachment 

(Figure 16). 

 

 

  
 

 Figure 16: Structure of VX-497 and binding to IMPDH2. The phenylmethanamine portion 
is in red. 

 
RTKs. The structure of the USP14-based PROTACS described here is inspired 

in the previously reported classical E3-PROTACs regarding the linker attachment 

to the lapatinib-like ligand109. 

 

CERT. Several structures with bound ligands exist in the PDB. A particular 

family of CERT ligands has been described (HPA family) that sticks the START 

CERT-domain. HPAs contain a polar head that binds deeply in the binding site 

cavity, and a flexible alkyl chain (acyl moiety), which is closer to the surface of 

the protein. Preliminary modeling of one of these ligands derivatized with a PEG 

chain (HPA-14_PEG3, Figure 17) suggested that this linker would be exposed to 
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the bulk solvent and that it would not perturb the structure of the protein nor the 

binding of the ligand. Therefore, it was considered that this general structure 

could be a valid starting point for the design of PROTACs able to induce CERT 

degradation. 

 

  

 

 
Figure 17: Superposition of 10 

snapshots from a 500 ns MD simulation 

of the HPA-14_PEG3 ligand bound into 

the CERT-START domain. (PDB codes 

3H3Q, 3H3R, 3H3S and 3H3T) 
 
 

 

 

Taking into account all the above considerations, the following chimeras were 

proposed and synthesized as candidate degraders of our 3 model POIs (Figure 

18). 
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Figure 18: Structures of bifunctional chimeras involved in the IMPDH2, RTK, and CERT 
case studies. 
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3.2. SYNTHESIS OF CHIMERAS 

3.2.1. USP14 ligands 

To fulfill the structural differences of IU1-248 and RBM3-317, two synthetic 

strategies were carried out as follows: 

The synthesis of IU1-248 was accomplished from the commercially available 

precursor N-(4-cyanophenyl)-2,5-dimethylpyrrole in 2 steps: Friedel-Crafts 

acylation to yield RBM3-001 followed by alkylation to furnish IU1-248. 

Although RBM3-001 is commercially available, its extremely high price led us 

to prepare it in house. Its synthesis was reported in the patent WO2020006269, 

where RBM3-001 was obtained with poor yield (33%) using chloroacetyl 

chloride and SnCl2 stannous chloride as Lewis acid in 1,2-dichloroethane (DCE). 

The reaction yield was improved in this thesis to reach 82% by formation of the 

acylium ion in DCE first and then adding it dropwise to N-(4-cyanophenyl)-2,5-

dimethylpyrrole in DCE. Next, the acylated pyrrole reacted with 4-

hydroxypiperidine to give IU1-248 in 67% yield (Scheme 1). 

 
Scheme 1: Synthesis of IU1-248. 
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RBM3-317 was achieved in four steps (Scheme 2). First, RBM3-311 was 

prepared by acetoacetic ester synthesis from ethyl acetoacetate and 

chloroacetone. A strong base deprotonates the dicarbonyl α-carbon, which is 

more acidic than the α-methyl carbon because the resulting enolate is stabilized 

by resonance. Further nucleophilic substitution of chlorine of chloroacetone 

furnishes RBM3-311. The pyrrole ring produced by the Paal-Knorr condensation 

gives RBM3-312, which is hydrolyzed (ester function) to RBM3-313. A 

coupling reaction with piperidin-4-ylmethanol (EDC/HOBt) yielded RBM3-317. 

 

 
 

Scheme 2: Synthesis of RBM3-317. 

 

Both hydroxy groups of 4-hydroxypiperidine in IU1-248 and 4-

piperidinylmethanol in RBM3-317 were further reacted with 4-nitrophenyl 

chloroformate to yield the activated esters RBM3-308 and RBM3-361, 

respectively, for further reactions with the linkers. The lower reactivity of the 

secondary over the primary alcohol in IU1-248 and RBM3-317, respectively, 

explains the lower reaction yields in the reaction from IU1-248 (Scheme 3).  
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Scheme 3: Synthesis of RBM3-308 and RBM3-361. 
 

3.2.2. E3 recruiter ligands. 

A modified version of the six-step process outlined by Galdeano et al110 was 

adopted to produce the VHL ligand RBM5-189. As shown in Scheme 4, a Pd-

catalyzed Heck reaction was used to couple 4-methylthiazole and 4-

bromobenzonitrile to achieve RBM5-183 in 82% yield. The close retention factor 

(Rf) between 4-methylthiazole and RBM5-183 complicated the isolation of pure 

RBM5-183 despite assaying different chromatographic systems and solvents. 
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Finally, 4-methylthiazole could be eliminated from the reaction mixture by 

applying high-pressure vacuum under high temperature (105 °C). Further column 

chromatography gave pure RBM5-183 in 97% yield. The nitrile group was then 

reduced using NaBH4-CoCl2 to produce the amine RBM5-184. Then, RBM5-

189 was attained by two amide coupling cycles using EDC-HOBt, firstly with 

Boc-L-hydroxyproline to give RBM5-186 and then, after acid-mediated N-Boc 

deprotection, with Boc-L-tert-butyl-leucine to give RBM5-188. Another step of 

acid-mediated N-Boc deprotection furnished RBM5-189. 

 

 
 

Scheme 4: Synthesis of RBM5-189. 
 
The synthesis of the CRBN ligand was carried out as showm in Scheme 5. 

Reaction of 3-hydroxyphthalic anhydride with 3-aminopiperidine-2,6-dione 

hydrochloride in the presence of KOAc under reflux produced 4-

hydroxythalidomide (RBM5-123). In the production of the RBM5-172 

intermediate, the acidity of the imide proton in RBM5-123 raised the possibility 
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of obtaining the N,O-dialkylated by-product. By reducing the amount of base (1.5 

eq.) and alkylating reagent (1 eq.) and conducting the reaction at room 

temperature, the amount of dialkylated by-product was negligible. Final 

deprotection of the tert-butyl group under acidic conditions gave the carboxylic 

acid RBM5-173. 

 

 

 

Scheme 5: Synthesis of RBM5-173. 
 

3.2.3. PEG linkers: 

The PEG linkers had to be of different chain lengths and contain appropriate 

functionalities at the terminal ends for orthogonal coupling to POI and recruiter 

ligands. A summary of the synthetic route to linkers is given in Figure 19. 
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Figure 19. Summary of linkers synthesis.  

 

Tetraethylene glycol was first desymmetrized to obtain the azido alcohol RBM5-

170, which served as the starting point for the PEG linker synthesis. Two different 

approaches were successfully examined (Scheme 6). To increase the selectivity 

of monoalkylation and monoacylation processes of symmetrical alcohols, the use 

of a substoichiometric amount of mesyl chloride (0.9 equiv.) and an excess of 

TEA (1.5 equiv.) in the presence of Ag2O had been previously utilized,111 

showing that employing Ag2O significantly increased the yield of tetraethylene 

glycol monomesylation (from 36% to 69%). However, a substoichiometric 

quantity of p-toluenesulfonyl chloride (0.1 equiv.) to control the monotosylation 

of tetraethylene glycol was used to provide RBM3-006 in an excellent yield 

without the need of Ag2O. A simple extraction with ethyl acetate of RBM3-006 

from the excess amount of tetraethylene glycol provided pure RBM3-006 with 

no need for further purification. Following, the treatment with sodium azide 
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yielded RBM5-170. The same methodology was applied to control 

monotosylation of PEG in triethyleneglycol to yield RBM3-007. Reaction of the 

monotosylate with sodium azide afforded RBM3-008. The same tosylation 

conditions applied to ethyleneglycol led to the ditosylated product, which can be 

explained by the use of a strong base (NaOH). Fortunately, utilizing a weak 

nitrogen base (TEA) was the key to control monotosylation of ethylene glycol to 

lead to RBM3-011, which was converted to RBM3-012 by reaction with sodium 

azide (Scheme 6).  

 

 
 

 Scheme 6: Synthesis of RBM5-170, RBM3-008 and RBM3-012. 

 

In the second methodology, we adopted Prof. Jiang's group procedure, which 

undergoes via a crucial macrocyclic sulfate intermediate112. Tetraethylene glycol 

was macrocyclized with SOCl2 in the presence of TEA and catalytic DMAP. This 

method produced a 14-membered macrocyclic sulphite that was oxidized with 
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ruthenium tetraoxide in situ to produce the macrocyclic sulphate RBM5-169 in 

two steps with a 78% yield. RBM5-169's ring was opened nucleophilically with 

NaN3, and the resultant sulfate salt intermediate was then hydrolyzed under acidic 

conditions to generate the azido alcohol RBM5-170 in high yields (Scheme 7). 

 

 
Scheme 7: Synthesis of RBM5-170 via macrocyclic sulfate intermediate. 

 

In the synthesis of azidoamine linker RBM5-163, tetraethylene glycol was 

reacted with an excess of TsCl (3.0 eq.) to produce the appropriate ditosylated 

intermediates RBM3-161, which were then easily subjected to double 

nucleophilic substitution with NaN3 to provide RBM5-162 in good yields. 

RBM5-162 was then submitted to Staudinger reduction with 1.0 eq. of PPh3 in a 

biphasic combination of Et2O:0.5 M aq. HCl (1:1) to supply a complex mixture 

containing the required amino azides together with trace amounts of the over-

reduced diamines, triphenylphosphine oxide (TPPO), and unreacted starting 

material (Scheme 8). Simple acid-base extractions enabled to successfully isolate 

the pure amino azide RBM5-163. 
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Scheme 8: Synthesis of RBM5-163. 

 

Based on our previous experience in controlling monotosylation of PEG of 

various lengths and taking advantage of macrocyclic sulfate intermediate RBM5-

169, elongation of PEG linkers was approached by nucleophilic ring opening of 

RBM5-169 with azido-PEG-OH linkers. In the case of RBM3-209, the 

nucleophilic ring opening of macrocyclic sulfate intermediate RBM5-169 with 

azido alcohol RBM3-008, followed by the acidic hydrolysis of the corresponding 

sulfate salt intermediate, provided the azido alcohol RBM3-208 in high yields 

(Scheme 9). The reduction of the azide group of RBM3-208 to yield RBM3-209 

was carried out by the Pd-C induced catalytic transfer hydrogenation with 

triethylsilane (TES) (Scheme 9). The same synthetic strategy was applied to yield 

RBM3-203 and RBM3-213 (Scheme 9). Based on a variety of experimental 

findings, Mirza-Aghayan et al.113 proposed that the Et3SiPdH complex is formed 

by the oxidative addition of Et3SiH to the Pd(0) species, resulting in the production 

of molecular hydrogen. The generation of the identifying triethylsilyl ether with 

the concurrent production of extra molecular hydrogen and the regeneration of 

the Pd catalyst results from the subsequent displacement of this complex by 

MeOH. According to Kara et al.114, the produced molecular hydrogen is then 

adsorbable to the catalyst surface and transferred to the azide group. The 

equivalent amine is produced by proton displacement, followed by nitrogen 

removal and protonation under the reaction conditions (Scheme 10). 
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Scheme 9: Synthesis of RBM3-208, RBM3-203, RBM-209, and RBM3-213. 

 

 
Scheme 10: Proposed mechanism for the reduction of azides by the Pd–C/TES system114. 

 

The PEG linker RBM3-367 was obtained by O-alkylating RBM3-008 with tert-

butyl bromoacetate in the presence of NaH to yield RBM3-316, followed by 

cleavage of the resulting tert-butyl ester with TFA (Scheme 11). 

 

 

 

Scheme 11: Synthesis of RBM3-367. 
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Finally, the tosylation of RBM5-170 gave RBM3-183 (Scheme 12). 

 

 
 

Scheme 12: Synthesis of RBM3-183. 

 

3.2.3. POI recruiters 

 
The truncated analog of VX-497 RBM3-306 (IMPDH2 ligand) was synthesized 

starting from the commercially available precursor 3-aminobenzyl alcohol. The 

azide derivative was produced by activation of the hydroxyl group with 

triphenylphosphine in CCl4/DMF and further reaction with sodium azide. RBM3-

301 was then reacted with 4-nitrophenyl chloroformate to yield the carbamate 

RBM3-304. On the other side, Van Leusen reaction of commercially available 

2-methoxy-4-nitrobenzaldehyde in the presence of toluenesulfonylmethyl 

isocyanide (TosMIC) led to oxazole formation in RBM3-302. Pd-catalysed 

hydrogenation of the nitro group yielded RBM3-303. The reaction between 

RBM3-303 and RBM3-304 was induced by Hünig's base (DIPEA) in ethyl 

acetate to achieve RBM3-305. Finally, Pd-catalysed hydrogenation of the azido 

group of RBM3-305 afforded RBM3-306 (Scheme 13). 
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Scheme 13: Synthesis of RBM3-306. 

 

A modified version of the RTK inhibitor lapatinib (RBM3-027) was used as RTK 

ligand. Suzuki reaction between [3-chloro-4-[(3-fluorophenyl)methoxy]phenyl]-

6-iodo-quinazolin-4-amine and [4-[tert-butyl(dimethyl)silyl]oxyphenyl]boronic 

acid, catalysed by [(Ph)3P]2PdCl2, provided RBM3-027 (Scheme 14). The 

reaction underwent via oxidative addition to the iodoquinazolin moiety after 

activation by Pd0 to form the organopalladium intermediate. The boronate 

complex, which is produced by the reaction of boronic acid with Na2CO3 in this 

case, formed a transient organopalladium species, which produced RBM3-027 

by reductive elimination in good yields. 
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Scheme 14: Synthesis of RBM3-027. 

 

The synthesis of the CERT ligand RBM3-366 (see Schemes 25, 26 and 27) was 

carried out by Dr. José Luís Abad. 

 

3.2.4. Synthesis of bifunctional chimeras targeting IMPDH2 

 

Following a convergent synthetic strategy, POI ligands, recuiter ligands and 

linkers were assembled to afford the final IMPDH2 targeting degraders. In the 

case of USP14-based PROTACS, carbamate functions were used for linker 

attachment to both ligands. In the case of E3 ligase-based PROTACS, the 

carbamate function between linker and recruiter ligand was replaced by an 

oxyacetamide unit. 
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the activation of the distal hydroxyl group with DSC yielded RBM3-316. Finally, 

the formation of the second carbamate linkage with RBM3-306 afforded the 

hetero-bifunctional molecule RBM-300. 

 
 

Scheme 15: Synthesis of RBM3-300. 

 

The synthesis of RBM3-354 was carried out following a similar synthetic 

strategy using RBM3-317 as USP14-binder (Scheme 16). 

 

 
 

Scheme 16: Synthesis of RBM3-354. 
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Due to the availability of the linker precursors RBM3-200 and RBM3-203, the 

synthesis of RBM3-329 and RBM3-330 was slightly different from the syntheses 

above (Scheme 17). Activation of the linkers’ hydroxyl moiety with DSC and 

subsequent reaction with the IMPDH2-ligand (RBM3-006) produced the 

carbamate linkage to yield RBM3-324 and RBM3-323 from RBM3-200 and 

RBM3-203, respectively. Reduction of the azido group of RBM3-223 and 

RBM3-224 to the corresponding amines RBM3-326 and RBM3-325, followed 

by their reaction with the activated IU1-248 precursor (RBM3-308) generated 

the second carbamate linkage to produce RBM3-329 and RBM3-330. 

 

 
 

Scheme 17: Synthesis of RBM3-329 and RBM3-330. 

 

The synthesis of the IMPDH2 directed E3-ligase-based PROTACS was carried 

out as depicted in Schemes 18 and 19. Standard coupling chemistry of RBM5-
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the hydroxyl moiety with DSC and reaction with RBM3-306 produced the 

N
H

OON
H

O

N
H

N
H

O

O

N
O

O

O N
O

N
N

n

N3
OHO

5,7

RBM3-200: n=5

RBM3-203: n=7

N3
OON

H

O

N
H

N
H

O

O

N
O

5,7

NH2
OON

H

O

N
H

N
H

O

O

N
O

5,7

5= (56%)
7= (53%)

1) DSC, Et3N, MeCN
2) RBM3-006 H2, Pd-C

5= (76%)
7= (83%)

 RBM3-324: n=5

 RBM3-323: n=7

 RBM3-326: n=5

 RBM3-325: n=7

RBM3-330: n=5

RBM3-329: n=7

RBM3-308, Et3N, MeCN

5= (42%)
7= (59%)



86 
 

carbamate linkage of the conjugate RBM3-360 (Scheme 18). Despite all the 

efforts, this reaction proceeded in very low yields and production of unwanted 

side products due to theactivated secondary hydroxy moiety of RBM5-189 with 

DSC. 
 

 
 

Scheme 18: Synthesis of RBM3-360. 

 

In the synthesis of CRBN-based PROTACS, RBM3-207, RBM3-209, and 

RBM3-213 precursors reacted with the E3 ligand RBM5-173 under standard 

amide synthesis conditions with EDC/HOBt to produce the α–acetoxyamides 

RBM3-316, RBM3-331, and RBM3-332, respectively, which thereafter reacted 

with DSC and RBM3-006 in a one-pot reaction to yield the respective final 

RBM3-320, RBM3-343, and RBM3-339 products (Scheme 19). 
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Scheme 19: Synthesis of RBM3-320, RBM3-339, RBM3-343. 

 

Finally, the direct coupling of RBM3-006 to the commercially available 

hydrophobic tags 1-adamantanecarboxylic acid and the tris(tert-butyl carbamate) 

protected arginine (Boc3Arg) yielded RBM3-357 and RBM3-358, respectively 

(Scheme 20). 

 

 
 

Scheme 20: Synthesis of RBM3-357 and RBM3-358. 
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3.2.5. Synthesis of bifunctional chimeras targeting RTK: 

 

The first fragment assembly strategy to achieve hetero-bifunctional molecules for 

targeted RTK degradation was the O-alkylation of RBM3-027 with RBM3-183 

to yield RBM3-063. However, the Pd-catalysed hydrogenation of RBM3-063 led 

to dechlorination to the undesired product RBM3-064 (Scheme 21). 

 

 
 

Scheme 21: Hydrogenation of RBM3-063. 
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Scheme 22: Synthesis of RBM3-216, RBM3-223 and RBM3-222. 
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Scheme 23: Synthesis of RBM3-225, RBM3-227, and RBM3-226. 
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Finally, a VHL-directed PROTAC (RBM3-217) was also synthesized. O-

alkylation of RBM3-027 with RBM3-006 gave RBM3-070, which was next 

activated as the 4-nitrophenol carbonate. Its reaction with RBM5-189 yielded the 

chimera RBM3-217 (Scheme 24). 

 

 
Scheme 24: Synthesis of RBM3-217. 

 

3.2.6. Synthesis of bifunctional chimeras targeting CERT: 
 

The three bifunctional chimeras for CERT degradation used RBM3-366, a 
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RBM3-367 to provided RBM3-372. Following the previous Cu-catalyzed 

alkyne-azide cycloaddition, reaction between RBM3-372 and RBM3-366 

provided RBM3-373 (Scheme 27). 

 
 

Scheme 25: Synthesis of RBM3-368. 

 
 

Scheme 26: Synthesis of RBM3-369. 
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Scheme 27: Synthesis of RBM3-373. 

 

3.3. BIOLOGICAL EVALUATION 
 

The biological evaluation of the putative degraders synthesized in this thesis was 

conducted in our laboratories by Dr. Mireia Casasampere and Tania Roda in 

collaboration with Dr. Alice Zuin, Dr. Nuria Gallisà and Alba González-Artero 

form the laboratory of Dr. Bernat Crosas (Institute of Molecular Biology of 

Barcelona, IBMB-CSIC). A brief account of results is provided next. 
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In the case of the USP14-based IMPDH2 targeting chimeras featuring IU1-248 

as USP14 binder, RBM3-300, RBM3-329 and RBM3-330 differ in the PEG 

linker chain length. Among the three compounds, only that with the shorter linker 

(RBM3-300) induced the degradation of IMPDH2 using HeLa cells as models 

(Figure 20 A-C). These results are in accordance with the reported impact of the 

linker chain length on the degradative activity of bifuncional chimeras115. An 

analog of RBM3-300 with an USP14 binder derived from IU1c (RBM3-354) was 

also prepared. Since IU1c was reported not to inhibit USP14, RBM3-354 was 

planned to be used as a negative control of degradation40. However, to our 

surprise, potent IMPDH2 degradation was observed at nM range, with a complete 

depletion of the target at 0.5 μM (Figure 20 D), clearly outperforming RBM3-

300. In agreement with the poor inhibition of USP14 by IU1c43, we confirmed 

that the IU1c-featuring chimera RBM3-354 was a weak inhibitor of USP14 in 

vitro. However, quantification of the direct interaction of RBM3-354 with USP14 

by Surface Plasmon Resonance (Dr. Crosas’ laboratory) revealed KD values of 1-

6 µM, 5−10 fold lower than the values corresponding to RBM3-300, RBM3-330 

and RBM-3-329, based on IU1-248 ligand (15-30 µM). Thus, although IU1c does 

not inhibit USP14, it is a good USP14 binder so that the IU1c moiety in the 

context of the chimera appears to offer an optimized profile as a ligand, exhibiting 

high affinity towards USP14 with low USP14 inhibition. Of note, in agreement 

with their mechanisms of action, cell treatment with VX-497 did not cause 

IMPDH2 depletion whereas RBM3-354 did (Figure 20 D). Importantly, 

IMPDH2 degradation by RBM3-300 and RBM3-354 was attenuated in the 

presence of the proteasome inhibitors bortezomib and marizomib, but not by the 

E1-Ub activating enzyme inhibitor MLN7243 (Figure 20 E, F). These results 

indicated that, in agreement with our new concept of target protein degradation, 

the USP14-based PROTACS are dependent on proteasome activity, but 

independent of ubiquitination. 
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Figure 20: A-D, effect on IMPDH2 levels in HeLa cells treated with the indicated chimeras at 
the specified concentrations. In A-D, cells were treated with the compounds or DMSO (vehicle 
control) for 96 h in 5% FBS-containing medium and then cells were lised and proteins were 
separated (SDS-PAGE) and immunoblotted with anti-IMPDH2 and anti-GAPDH (loading 
control). In (D), note that RBM3-354 but not the IMPDH2 ligand VX-407 promoted IMPDH2 
degradation at the sub-micromolar range. E-F, effect of proteasome and E1 Ub-activating 
enzyme inhibitors on RBM3-300 and RBM3-354 activity. HeLa (E) or IMPDH2-GFP 
overexpressing HeLa cells (F) cells were treated with RBM3-300 (10 microM) as in A-D, but 
16 h before cell collection, proteasome inhibitors (Bortezomib, 20 uM; Marizomib 10 nM) or 
E1 inhibitor (MN7243, 10 µM) were added.  

 

In order to assess the capacity of chimeras based on E3-ligases at degrading 

IMPDH2, a set of compounds containing lenalidomide or VHL1-derived moieties 

for CRBN and VHL recruitment, respectively, instead of the USP14 ligand, were 

also tested. As shown in Figure 21, treatment of HeLa cells with RBM3-320, 

RBM3-343, RBM3-339 and RBM3-360 for 24 h at a 2.5-10 µM range failed in 

the degradation of IMPDH2. Since multiple PROTACS based on CRBN and 

VHL show rapid proteolytic activity at nanomolar range (Zhou 2017; Lou 2015 

Chen, 2022; Zengerle, 2015), we performed treatments in wide concentration and 
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time ranges, but no degradation of IMPDH2 was observed in any of the 

conditions tested (data not shown). 

 

Figure 21: Effect on IMPDH2 levels in HeLa cells treated with the indicated chimeras at the 
specified concentrations. Cells were treated with the compounds or DMSO (vehicle control) 
for 24 h in 5% FBS-containing medium and then cells were lised and proteins were separated 
(SDS-PAGE) and immunoblotted with anti-IMPDH2 and anti-Actin (loading control). 

 

In a similar experimental setup, chimeras containing hydrophobic tags (RBM3-

357 and RBM3-358) exhibited no capacity to induce degradation of IMPDH2 at 

any of the times and concentrations tested (data not shown). 

Having observed good IMPDH2 degradation activity using RBM3-354, we asked 

whether similar results could be obtained for other proteins. CERT, a target in 

cancer (Swanton, 2007)102, was first examined. For that purpose, compounds 

leveraging CERT interaction with HPA-12 antagonist derivatives were designed 

and synthesized. Treatments of HeLa cells with RBM3-368 revealed efficient 

CERT degradation at 24 h (Figure 22-A)116. Furthermore, CERT depletion was 

abrogated in cells pre-treated with USP14 siRNAs and incubated with RBM3-

368 for 24h (Figure 22-B). Similarly, marizomib rescued CERT degradation 

induced by RBM3-368 in MDA-MB-453 breast cancer cells (HER2+/ER-/PR-) 

(Figure 22-E). These results indicated that CERT degradation by RBM3-368 

involved both the USP14 regulatory particle and the proteasomal activity. 

Furthermore, CERT degradation was significantly decreased when HPA12 was 

included in the incubation medium (Figure 22-E). This competition experiment 
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allowed concluding that CERT depletion involved the engagement of RBM3-368 

with the target protein. 

High levels of CERT in breast cancer cells are a well-defined signature of bad 

prognosis117. Since CERT inactivation has a potential antitumoral effect in 

cancer, RBM3-368-induced degradation was challenged in MDA-MB-231 cells 

(triple negative phenotype). Twenty-hour treatments with RBM3-368 showed 

efficient degradation of CERT (Figure 22-C, left panel), while RBM3-369 and 

RBM3-373, signaling to CRBN and VHL E3-ligases, respectively, exhibited no 

capacity to induce CERT degradation in parallel assays (Figure 22-C, middle and 

right panels) even at different concentrations and treatment times (data not 

shown). When tested in a time course assay in MDA-MB-231 cells, RBM3-368 

showed a degradation effect in 8-24 h, with a maximum of degradation observed 

at 16 h (Figure 22-D). Other derivatives of RBM3-368 differing in the linker 

length have been synthesize by Dr. Hector Carneros and are currently being tested 

in breast cancer cell models. As we mentioned in the Introduction, we expect 

CERT degraders to increase the intracellular levels of ceramides, which triggers 

signaling pathways leading to programmed cell death, to subsequently sensitize 

cancer cells to chemotherapeutic drugs. Preliminary experiments with HER2+ 

BT474 cells showed that the addition of RBM3-395, an analog of RBM3-368 

with a shorter linker, to a paclitaxel serial dilution shifted the cell viability curve 

towards the left, with a 25-fold decrease in the CC50 as compared to paclitaxel 

alone (Figure 23-A). RBM3-395 exhibited capacity to degrade CERT (Figure 23-

B) with potency similar to RBM3-368 in this cell line (data not shown). Although 

a bulk of additional experiments are needed, these preliminary results support that 

PROTACs against CERT may emerge as sensitizers of cancer cells to 

chemotherapeutic drugs.  
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Figure 22: Degradation of CERT by PROTACS in HeLa (A, B) and MDA-MB-231 (C,D) 
cells. Cells were incubated with the compounds at the indicated concentrations for the specified 
times (in A, 24 h). B, Effect of USP14 specific siRNAs on stabilizing CERT in the presence of 
the USP14-based PROTAC RBM3-368. The experimental conditions were as indicated. C, 
Treatment of MDA-MB-231 triple negative breast cancer cells with USP14- (RBM3-368) and 
E3-based protacs (CRBN, RBM3-369; VHL, RBM3-373). D, Time-course of CERT 
degradation with RBM3-368 (10 µM). E, MDA-MB-453 breast cancer cells (HER2+/ER-/PR-
) were treated with HPA-11 (100 µM) or Marizomib (500 nM) for 3h and then RBM3-368 (10 
µM) was added (Marizomib, but not HPA-11, was removed before the PROTAC addition). 
Cells were collected, lised and processed for immunoblot after 24 h.  
 

 
 
Figure 23: Effect of RBM3-395 (20 µM) on the dose response of BT474 breast cancer cells 
(HER2+/ER+/PR+) to paclitaxel (24 h treatment). Cell viability was determined with the MTT 
test. The graph corresponds to one experiment with triplicates (mean ± SD). 
 

 



99 
 

Since both IMPDH2 and CERT are cytosolic proteins, we wondered if USP14-

based PROTACS could also be useful to degrade cell membrane proteins. 

Although the paradigm that Lytacs are the appropriate chimeric degraders for 

transmembrane proteins of the plasma membrane, the Crews’ group reported 

classical, E3-based PROTACS, as inducers of the EGFR, HER2 and c-Met 

degradation109 including multiple mutants of EGFR and c-Met. Surprisingly, 

none of the RTK-targeting chimeras synthesized in this thesis, whether addressed 

to 26S or E3s, have shown degradation of either EGFR or HER2. Conversely, 

compound 5 reported by Burslem et al. (commercially available as SJF 1521) 

behaved as a good EGFR degrader in our hands, thus ruling out the possibility of 

defective experimental setup. However, while Burslem et al. showed that 

SJF1521 did not degrade HER2, we also detected HER2 degradation in our 

experimental conditions (Figure 24). The reasons for this discrepancy are 

unknown with one possible exlanation being the diferent cell lines used in both 

studies (OVCAR8 in Crews’ work and HeLa in our studies). 

 

 
Figure 24: Degradation of EGFR and HER2 by SJF1521 in HeLa cells. Cells were incubated 
with the compound at the indicated concentrations for 24 h. Then cells were collected, lised 
and processed for immunoblot against EGFR, HER2 and Actin (loading contro 

 

SJF1521 is a VHL-recruiter PROTAC featuring a 12 atoms bridge between 

ligands. Of note, VHL-based RBM3-217, with a 14 atoms bridge, failed to 

degrade either EGFR or HER2, which adds another instance to the importance of 

the linker on the degradative capacity of PROTACs. Besides the difference in 

length, the bridge linkages to the VHL ligand also vary (α-oxyacetamide in 
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SJF1521 and carbamate in RBM3-217. Figure 25). The putative influence of the 

functional group will be investigated in the near future with compound SJF1521-

RBM-1. At this point, the most plausible explanation for the lack of activity as 

RTK degraders of our PROTACs is the formation of a weak RTK 

ligand:linker:recruiter ligand ternary complex, likely caused by a suboptimal 

linker. 

 

 
 

Figure 25: Structures of RBM3-217, SJF1521 and the analog SJF1521-RBM1. 

 
PROTACs bind specific targets and E3 Ub-ligases, promoting ubiquitination and 

degradation of targets by the proteasome. Multiple chimeras that degrade proteins 

relevant in several diseases have been developed, and the number is quickly 

increasing, indicating their therapeutic projection. Given some limitations of E3-

based PROTACs, alternative strategies in target protein degradation are pursued. 

The main objective of this thesis was to develop a novel type of chimeras with 

the capacity to induce the degradation of different proteins by direct signaling to 

the 26S proteasome by interacting with USP14, a 26S-associated deubiquitinating 

enzyme involved in substrate processing and allosteric regulation of 26S activity. 

The overall results obtained in the biological studies provide proof of concept for 

this 26S-directed PROTAC, which should expand the potential of target protein 
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degradation. Although this novel approach lacks the limitations associated to 

ubiquitination in the classical E3-protacs (i. e. different tissue or cell types' 

expression patterns of targeted E3, inadequate levels of Ub and/or Ub signaling 

factors under stressful circumstances), the formation of ineffective ternary 

complexes threatening the effectiveness of classical E3-based PROTACs is not 

circumvented by USP14-directed PROTACS. The linker is one of the factors that 

may lead to weak ternary complexes. Until very recently, linker design and 

selection was a "trial and error" endeavor. However, future avenues for rational 

linker design, including advances in computational methods, will accelerate the 

identification of optimized PROTACs. 
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1) Docking experiments and molecular dynamics of USP14, CERT and 

IMPDH2 with their respective ligands allowed determining the most 

suitable placement for the linker moiety in the hetero-bifunctional 

chimeras prepared in this thesis.  

2) The synthesized PROTACs were obtained by a convergent, modular 

approach based on the condensation of suitably modified recruiter ligands 

and POI warheads with PEG linkers of variable sizes. Linkers were 

orthogonally functionalized to allow a regiocontrolled condensation with 

the required ligands. In general, carbamate or amide functional groups 

were used for condensations of the Usp14 or E3-ligands with IMPDH2 and 

RTK binders, whereas O-alkylation and Cu-catalyzed alkyne-azide 

cycloaddition (click chemistry) were used to couple the CERT ligands with 

the linkers. 

3) Among the three chimeras featuring the USP14 inhibitor IU1-248 (RBM3-

300, RBM3-329 and RBM3-330), only that with the shorter linker 

(RBM3-300) induced the degradation of IMPDH2. These results are in 

accordance with the reported impact of the linker chain length on the 

degradative capacity of bifunctional chimeras. 

4) The RBM3-317-(IU1c analog) featuring chimera RBM3-354 induced a 

potent IMPDH2 degradation, clearly outperforming RBM3-300 (IU1-248 

derivative). In agreement with the reported poor inhibition of USP14 by 

IU1c, RBM3-354 was a weak USP14 inhibitor in vitro. However, it was 

an excellent UPS14 binder (KD=1-6 µM). Thus, RBM3-354 exhibits high 

affinity towards USP14 with low USP14 inhibition, thus emerging as an 

interesting USP14 recruiter in the context of degradative chimeras. 
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Figure 26: Structures of IU1-248, RBM3-317 and IU1c. 

 
5) IMPDH2 degradation by RBM3-300 and RBM3-354 was attenuated in the 

presence of the proteasome inhibitors bortezomib and marizomib, but not 

by the E1-Ub activating enzyme inhibitor MLN7243. Therefore, both 

USP14-recruited PROTACS are dependent on proteasome activity, but 

independent of ubiquitination. 

6) The chimeras based on either E3-ligases (RBM3-320, RBM3-343, 

RBM3-339 and RBM3-360) or hydrophobic tags (RBM3-357 and 

RBM3-358) exhibited no capacity to induce degradation of IMPDH2 at 

any of the times and concentrations tested. 

7) The chimera RBM3-368, featuring RBM3-317 as USP14 binder and an 

analog of the CERT inhibitor HPA12 as warhead induced the degradation 

of CERT. Such depletion was abrogated by preincubation with marizomib 

and also by USP14 silencing. Furthermore, RBM3-368 induced CERT 

degradation was significantly decreased when HPA12 was included in the 

incubation medium. These results indicated that CERT degradation by 

RBM3-368 involved both the USP14 regulatory particle and the 

proteasomal activity, as well the engagement with the target protein. 

8) Preliminary experiments with HER2+ BT474 breast cancer cells showed 

that RBM3-395 (an analog of RBM3-368 with a shorter linker able to 

induce CERT degradation with a similar potency to RBM3-368) sensitized 

cells to paclitaxel with a 25-fold decrease in the CC50 as compared to 

paclitaxel alone. These preliminary results support that PROTACs against 
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CERT may emerge as sensitizers of cancer cells to chemotherapeutic 

drugs. 

9) None of the chimeras directed either to USP14 or to E3 were able to 

degrade the RTKs EGFR and HER2. The most plausible explanation for 

the lack of activity as RTK degraders of our PROTACS is the formation of 

weak RTK ligand:linker:recruiter ligand ternary complexes, likely caused 

by a suboptimal linker. The lack of degradative activity of RBM3-217 as 

compared to active SJF1521 suggests that not only the differences in linker 

length between both molecules, but also the linkage function to the VHL 

ligand (α-oxyacetamide in SJF1521 and carbamate in RBM3-217. See 

Figure 27) may play a role in PROTAC induced POI depletion. This 

hypothesis will be investigated in the near future. 

10) Overall, we have obtained proof of concept that ubiquitination-

independent degradation of cytoplasmatic POIs (i.e. IMPDH2 and CERT) 

can be achieved by direct recruitment of POIs to the proteasome through 

the USP14 regulatory particle. Whether this type of novel degraders are 

able to induce also plasma membrane proteins with cytosolic domains must 

be further investigated. 
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CHAPTER 5 

 

Experimental Section  
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General methods and instruments:  
 

Reactions were performed under Ar atmosphere at rt (25 ºC) unless otherwise 

specified.  

Commercially available reagents and solvents were used without any further 

purification. Anhydrous THF, Et2O, CH3CN, DMF and CH2Cl2 were obtained 

by passing through an activated alumina column on a Solvent Purification 

System and subsequently degassed with inert gas. All reactions were 

monitored by TLC analysis, using ALUGRAM® SIL G/UV254 (Macherey–

Nagel) silica gel pre–coated aluminium sheets (Layer: 0.2 mm, silica gel 60). 

UV light was used as the visualising agent (at λ = 254 nm or λ = 365 nm), and 

a 5 % (w/v) ethanolic solution of phosphomolybdic acid was used as the 

developing agent. Flash column chromatography purifications were carried 

out with the indicated solvent systems using flash-grade silica gel 

(Chromatogel 60 Å, 35–75 μm) as the stationary phase.  Yields refer to 

chromatographically and spectroscopically pure compounds, unless otherwise 

stated.  

NMR spectra were recorded at room temperature on a Varian Mercury 400 

(1H NMR at 400 MHz and 13C NMR at 100.6 MHz) spectrometer using 

CDCl3, CD3OD or DMSO-d6 as solvents. The chemical shifts are reported in 

parts per million (ppm) relative to the deuterated solvent, and the coupling 

constants (J) are given in Hertz (Hz). The multiplicities in the 1H NMR spectra 

have been defined using the following abbreviations: s = singlet, d = doublet, 

t = triplet, q = quartet, dd = doublet of doublets, ddd = doublet of doublet of 

doublets, m = multiplet and br = broad signal. 

HRMS analyses were performed on an Acquity UPLC system coupled to an 

LCT Premier orthogonal accelerated time-of-flight mass spectrometer 

(Waters) through electrospray ionization (ESI). Samples were analysed by 

FIA (Flow Injection Analysis), using MeCN/water (70:30) as the mobile 
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phase, and a 10 μL injection volume. m/z ratios are reported in atomic mass 

units.   
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I. USP14 ligands  
 
4-(3-(2-chloroacetyl)-2,5-dimethyl-1H-pyrrol-1-yl)benzonitrile (RBM-001). 
 

 
 
In a round-bottom flask equipped with a magnetic stir bar and under an inert 

atmosphere were placed 4-(2,5-dimethyl-1H-pyrrol-1-yl)benzonitrile (2.000 g, 

10.191 mmol) in 1,2-dichloroethane (10 mL). A mixture of 2-chloroacetyl 

chloride (0.97 mL, 12.229 mmol) and Sn4Cl in 1,2-dichloroethane (10 mL) was 

added dropwise for 1 h. The reaction was maintained at rt and monitored by TLC 

until complete consumption of the starting material was observed (5 h). The 

reaction mixture was then quenched by the addition of water, and the aqueous 

phase was extracted with CH2Cl2. The combined organic layers were washed with 

water, dried with anhydrous MgSO4, the solvent was evaporated under reduced 

pressure, and the residues was directly subjected to flash chromatography, using 

hexane/EtOAc (7.5:2.5) as an eluent to afford RBM3-001 (2.280 g, 8.360 mmol, 

82% yield) as a white solid. Spectral data were in agreement with the reported 

data (WO2020006269). 

 
1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 

6.36 (d, J = 1.2 Hz, 1H), 4.48 (s, 2H), 2.34 (s, 3H), 2.00 (s, 3H). 13C NMR (101 

MHz, CDCl3): δ 191.9, 160.6, 141.4, 136.5, 133.6, 129.2, 117.9, 113.2, 107.8, 

42.9, 12.9. HRMS calcd. for C15H14ClN2O ([M+H]+): 273.0795, found: 273.0806. 

 
4-(3-(2-(4-hydroxypiperidin-1-yl)acetyl)-2,5-dimethyl-1H-pyrrol-1-

yl)benzonitrile (IU1-248). 

CN N
Cl

O
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4-Hydroxypiperidine (0.638 g, 6.30 mmol) was added to a solution of RBM3-

001 (1.56 g, 5.73 mmol) and TEA (1.59 mL, 11.46 mmol) in 30 mL of 

acetonitrile. The resulting mixture was heated to 85 °C for 2 h. The reaction 

mixture was concentrated under reduced pressure, and the residue was 

redissolved in 30 mL of ethyl acetate, washed with saturated NaHCO3 aqueous 

solution, dried with anhydrous Na2SO4, and purified by silica gel column 

chromatography CH2Cl2/MeOH (9:1) to obtain IU1-248 (0.93 g, 2.76 mmol, 

67%yield). Spectral data were in agreement with those reported in the 

literature118. 
 

1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 

6.43 (s, 1H), 3.77 (tt, J = 8.7, 4.0 Hz, 1H), 3.63 (s, 2H), 2.92 (dt, J = 10.9, 4.4 

Hz,2H), 2.45 – 2.34 (m, 2H), 2.34 (s, 3H), 2.01 (s, 3H), 2.00 – 1.91 (m, 2H), 178 

– 1.67 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 193.9, 160.6, 141.4, 136.5, 133.6, 

129.2, 117.9, 113.2, 107.8, 50.9, 33.8, 20.8, 13.2, 12.9. HRMS calcd. for 

C20H23N3O2 ([M+H]+): 338.1869, found: 338.1896. 

 

1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl)piperidin-

4-yl(4-nitrophenyl) carbonate (RBM3-308) 
 

 
 

 

CN N
N

O OH

CN N
N

O O

OO

NO2
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To a stirred solution of IU1-248 (182.0 mg, 0.539 mmol) in anhydrous CH2Cl2 

(9.1 mL), TEA (0.226 mL, 1.618 mmol) and p-nitrophenyl chloroformate (272 

mg, 1.348mmol) were sequentially added. After stirring at 25 ºC for 30 min, the 

mixture was quenched with saturated aqueous NH4Cl (15 mL) and extracted with 

CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4, 

solvent was evalorated and the residues was purified by silica gel column 

chromatography using 50% to 60% of EtOAc in hexanes to afford the compound 

RBM3-308 (177.0 mg, 0.352 mmol, 65%).  

 
1H NMR (400 MHz, CDCl3): δ 8.29 (d, J = 9.2 Hz, 2H), 7.84 (d, J = 8.4 Hz,2H), 

7.37 (dd, J = 24.6, 8.8 Hz, 2H), 6.41 (s, 1H), 4.90 – 4.81 (m, 1H), 3.66 (s, 2H),2.98 

– 2.81 (m, 2H), 2.53 (t, J = 8.4 Hz, 1H), 2.33 (s, 3H), 2.17 – 2.08 (m, 2H), 2.01(s, 

3H), 2.04 – 1.94 (m, 2H). 

 
Ethyl 2-acetyl-4-oxopentanoate (RBM3-311) 
 

 
 
To a round-bottom flask equipped with a condenser was added 2-chloroacetone 

(460 mg, 5.0 mmol), ethyl acetoacetate (650 mg, 5.0 mmol), and triethylamine 

(10 mL). The reaction mixture was refluxed and monitored by TLC. After 6 h, 

the completion of the reaction was achieved. Triethylamine was distilled away by 

vacuum. The concentrated mixture was added to water, and the aqueous phase 

was extracted with CH2Cl2. The organic layer was washed with brine, dried with 

anhydrous MgSO4, and the solvent was evaporated under reduced pressure to 

yield a crude reaction product. The crude mixture was purified by silica gel 

column chromatography using ethyl acetate/hexane as eluent in increasing 

O

O O

O



115 
 

polarity to yield RBM3-311 as a colorless liquid (706 mg, 3.791mmol, 76 % 

yield). Spectral data were in agreement with those reported in the literature119. 
 

1H NMR (400 MHz, CDCl3): δ 4.14 (qd, J = 7.1, 0.9 Hz, 2 H), 3.96 (dd, J = 8.1, 

5.8 Hz, 1 H), 3.08 (dd, J = 18.5, 8.2 Hz, 1 H), 2.89 (dd, J = 18.5, 5.7 Hz, 1 H), 

2.30 (s, 3 H), 2.14 (s, 3 H), 1.22 (td, J = 7.1, 0.9 Hz, 3 H). 13C NMR (101 MHz, 

CDCl3): δ 205.58, 202.15, 168.72,61.66, 53.69, 41.47, 30.01, 29.62, 13.96. 

HRMS calcd. for C9H14O4 ([M+H]+): 186.0892, found: 187.0842. 

 

Ethyl 1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (RBM3-

312) 

 

 
 

To a stirred solution of RBM3-11 (8.5 g, 45.584 mmol) in acetonitrile (125 mL), 

4-fluoroaniline (6.087 g, 54.778 mmol) was added and the reaction mixture was 

heated to 90 °C. After 2 h, the mixture was cooled, dissolved in EtOAc (100 mL) 

and washed with 10% citric acid (3 × 50 mL), water (3 × 50 mL), and brine, and 

then dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude mixture was recrystallised from EtOH/water, dissolved in warm EtOH (10 

mL), and cooled in ice until crystallisation was initiated. Then 40% EtOH (40 

mL) was added slowly with stirring and cooled in ice for 30 minutes to complete 

crystallisation and the solution was filtered. The resulting red/brown crystals were 

finally washed with 20% EtOH and dried under a vacuum to give RBM3-312 

(7.654 g, 29.292 mmol, 64.2% yield). Spectral data were in agreement with those 

reported in the literature120. 

 

F N O

O
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1H NMR (400 MHz, CDCl3): δ 7.19–7.16 (4H, m), 6.37 (1H, s), 4.28 (2H, q, J 

7.1), 2.28 (3H, s), 1.96 (3H, s), 1.34 (3H, d, J 7.1); 13C NMR (101 MHz, CDCl3): 

δ 165.6, 162.3 (d, J 248.8), 136.2, 133.7 (d, J 2.9), 129.9 (d, J 8.7), 128.8, 116.4 

(d, J 22.8), 111.6, 107.6, 59.3, 14.5, 12.6, 12.3. HRMS calcd. for C15H16FNO2 

([M+H]+): 261.1165, found: 262.1115. 

 

1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carboxylic acid (RBM3-313) 
 

 
 

To a round-bottom flask equipped with a condenser was added RBM3-312 (2.650 

g, 10.142 mmol) and 20% aqueous NaOH (40 mL) in EtOH (30 mL). The reaction 

mixture was refluxed overnight. Then, the reaction mixture was cooled in an ice 

bath and 15 % HCl was added slowly until a pale precipitate formed. The mixture 

was stirred for a further 15 min. and then filtered. The pale brown pad was washed 

with water (2 × 25 mL). After drying under vacuum, RBM3-313 was obtained as 

a pale brown powder (2.012 g, 8.626 mmol, 85% yield). Spectral data were in 

agreement with those reported in the literature120. 
 
1H NMR (400 MHz, CDCl3): δ 7.19 (4H, app d, J 6.4), 6.42 (1H, br s), 2.30 (3H, 

s), 1.97 (3H,s). 13C NMR (101 MHz, CDCl3): δ 171.09, 162.4 (d, J 249.0), 137.8, 

133.6 (d, J 2.7), 129.9 (d, J 8.6), 129.2, 116.5 (d, J 22.8), 110.8, 108.2, 12.6, 12.5. 

 

 

(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)(4-(hydroxymethyl) 

piperidin-1-yl)methanone (RBM3-317) 

 

F N OH

O
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EDC·HCl (1.97 g, 10.29 mmol) and HOBt (1.28 g, 8.36 mmol) were sequentially 

added to a solution of the corresponding carboxylic acid  RBM3-313 (1.5 g, 6.431 

mmol) in DMF (30 mL), and the resulting mixture was vigorously stirred at 25 

ºC under argon atmosphere. After 15 min, the previous mixture was added 

dropwise to a solution of the 4-(hydroxymethyl)piperidine (0.889 g, 7.72 mmol) 

and TEA (3.6 mL, 25.72 mmol) in DMF (30 mL), and the reaction was stirred at 

25 ºC overnight. The mixture was next diluted with CH2Cl2 (50 mL) and washed 

with brine (2 x 25 mL). The organic layer was dried over MgSO4, filtered, and 

the volatiles were removed under reduced pressure. Purification of the crude 

mixture by flash column chromatography CH2Cl2/MeOH (9:1) afforded the 

corresponding amide RBM3-317 (2.0 g, 6.053 mmol, 94%) as a brown wax. 

 
1H NMR (400 MHz, CDCl3): δ 7.23 – 7.14 (m, 4H), 5.97 (s, 1H), 4.49 (br s, 1H), 

3.56 (d, J = 5.8 Hz, 2H), 2.09 (s, 3H), 1.98 (s, 3H), 1.86 – 1.82 (m, 1H), 1.81– 

1.79 (m, 2H), 1.75 – 1.71 (m, 3H), 1.33 – 1.18 (m, 2H). 13C NMR (101 MHz, 

CDCl3): δ 168.0, 163.5, 161.0, 130.7, 130.1, 130.0, 128.3, 116.5, 116.2, 115.1, 

106.4, 67.7, 39.3, 29.8, 12.8, 12.1. HRMS calcd. for C19H24FN2O2 ([M+H]+): 

331.1822, found: 331.1849. 

 

(1-(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (4-nitrophenyl) carbonate (RBM3-361) 

 

 

F N N

O

OH

F N N

O

O O

O NO2
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To a stirred solution of RBM3-317 (0.307 g, 0.929 mmol) in anhydrous CH2Cl2 

(9.4 mL), pyridine (0.224 mL, 2.788 mmol) and p-nitrophenyl chloroformate 

(0.468 g, 2.323 mmol) were sequentially added. After stirring at 25 ºC for 30 min, 

the mixture was quenched with saturated aqueous NH4Cl (10 mL) and extracted 

with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified by flash column 

chromatography (from 50% to 60% EtOAc in hexanes) to give RBM3-361 (342 

mg, 0.690 mmol, 74% yield). 

 
1H NMR (400 MHz, CDCl3): δ 8.34 – 8.25 (m, 2H), 7.44 – 7.35 (m, 2H), 7.22 – 

7.13 (m, 4H), 5.97 (s, 1H), 4.54 (br s, 2H), 4.20 (d, J = 6.5 Hz, 2H), 2.92 (br s, 

2H), 2.13 – 2.03 (m, 1H), 2.09 (s, 3H), 1.98 (s, 3H), 1.89 – 1.83 (m, 2H), 1.36 

(qd, J = 12.4, 4.3 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 171.1, 167.9, 163.4, 

160.9, 155.5, 152.5, 145.4, 134.1, 130.9, 130.0, 129.9, 128.2, 125.3, 121.8, 116.4, 

116.1, 114.8, 106.3, 73.1, 60.4, 35.9, 21.0, 14.2, 12.6, 12.0. HRMS calcd for 

C26H27FN3O6 ([M+H]+): 496.1884, found: 496.1814. 
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II. E3 ligands  
 

4-(4-Methylthiazol-5-yl) benzonitrile (RBM5-183) 
 

 
 

KOAc (1.62 g, 16.479 mmol) and Pd(OAc)2 (19 mg, 0.085 mmol) were added to 

a solution of 4-bromobenzonitrile (1.50 g, 8.241 mmol) and 4-methylthiazole 

(1.634 g, 16.482 mmol) in degassed dimethylacetamide (30 mL). The resulting 

mixture was heated to 140 °C and stirred overnight under argon. The reaction 

mixture was subjected to a high-pressure vacuum at 105 °C to eliminate the 

excess amount of 4-methylthiazole. After cooling to 25 ºC, the reaction mixture 

was diluted with water and extracted with CH2Cl2 (3 x 100 mL). The combined 

organic layers were dried over MgSO4, evaporated under reduced pressure, and 

the crude was purified by flash column chromatography on silica gel (from 0 to 

24 % EtOAc in CH2Cl2) to obtain the corresponding cyano derivate RBM5-183 

(1.6 g, 7.990 mmol, 97 %) as a beige solid. Spectral data were in agreement with 

those reported in the literature110. 

 
1H NMR (400 MHz, CDCl3): δ 8.77 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.56 (d, J 

= 8.5 Hz, 2H), 2.57 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 151.7, 150.1, 136.9, 

132.6, 130.2, 129.8, 118.5, 111.6, 16.4. HRMS calcd. for C11H9N2S ([M+H]+): 

201.0481, found: 201.0482. 

 

(4-(4-Methylthiazol-5-yl)phenyl)methanamine (RBM5-184) 

 

N

S

NC

N

S

H2N



120 
 

 

To an ice-cooled solution of RBM5-183 (1.3 g, 6.492 mmol) in degassed MeOH 

(65 mL) containing CoCl2·6H2O (2.315 g, 9.731 mmol), NaBH4 (1.226 g, 32.416 

mmol) was added portion-wise. After the addition, the reaction mixture became 

black, and an apparent bubbling was observed. After stirring for 2 h at 25 ºC, the 

reaction mixture was quenched with water (15 mL) and 30 % (w/w) aq. NH4OH 

(15 mL), and the mixture was extracted with CHCl3 (6 × 30 mL). The combined 

organic extracts were dried over MgSO4, filtered, and concentrated to dryness. 

The resulting crude was purified by flash column chromatography (from 0 to 50 

% 0.5 M methanolic NH4OH in CH2Cl2) to yield RBM5-184 (0.695 g, 3.402 

mmol, 52 %) as a yellow oil. Spectral data were in agreement with those reported 

in the literature121. 

 
1H NMR (400 MHz, CD3OD): δ 8.88 (s, 1H), 7.47 (s, 4H), 3.90 (s, 2H), 2.48 (s, 

3H). 13C NMR (101 MHz, CD3OD): δ 152.8, 149.1, 141.2, 133.2, 131.9, 130.5, 

129.4, 45.6, 15.9. 

 

tert-Butyl(2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5 yl) benzyl) 

carbamoyl) pyrrolidine-1-carboxylate (RBM5-186) 

 

 
 

EDC·HCl (526 mg, 2.74 mmol) and HOBt (301 mg, 2.23 mmol) were 

sequentially added to a solution of 1-(tert-butoxycarbonyl)-4-

hydroxypyrrolidine-2-carboxylic acid (Boc-L-Hyp-OH) (475 mg, 2.06 mmol) in 

CH2Cl2 (15 mL), and the resulting mixture was vigorously stirred at 25 ºC under 

argon atmosphere. After 15 min, the previous mixture was added dropwise to a 

N

S
N
H

O

NBoc
HO
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solution of RBM5-184 (350 mg, 1.71 mmol) and TEA (0.96 mL, 6.85 mmol) in 

CH2Cl2 (15 mL), and the reaction was stirred at 25 ºC overnight. The mixture was 

next diluted with CH2Cl2 (50 mL) and washed with brine (2 x 25 mL). The 

organic layer was dried over MgSO4, filtered, and the volatiles were removed 

under reduced pressure. Purification of the crude mixture by flash column 

chromatography (from 0 to 8% MeOH in CH2Cl2) afforded RBM5-186 as a 

colorless foamy wax (450 mg, 1.078 mmol, 63 %). Spectral data were in 

agreement with those reported in the literature122. 

 
1H NMR (400 MHz, CD3OD): δ 8.94 (s, 1H), 8.72 – 8.56 (m, 1H), 7.47 – 7.38 

(m, 4H), 4.54 – 4.29 (m, 4H), 3.59 (ddd, J = 11.7, 8.5, 4.1 Hz, 1H), 3.54 – 3.46 

(m, 1H), 2.47 (s, 3H), 2.31 – 2.20 (m, 1H), 2.03 (ddd, J = 13.1, 8.5, 4.5 Hz, 1H), 

1.32 (s, 9H). 13C NMR (101 MHz, CD3OD): δ 175.5, 156.5, 156.1, 153.1, 148.7, 

148.5, 140.4, 133.5, 131.6, 131.2, 130.5, 130.3, 129.7, 128.9, 81.6, 81.4, 70.7, 

70.0, 60.8, 60.6, 56.3, 56.0, 43.9, 43.8, 43.5, 40.8, 39.9, 28.7, 28.5, 15.6. HRMS 

calcd. for C21H28N3O4S ([M+H]+): 418.1795, found: 418.1799. 

 

(2S,4R)-4-Hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-

carboxamide (RBM5-187) 
 

 
 

To an ice-cooled solution of RBM5-186 (400 mg, 0.96 mmol) in CH2Cl2 (10 mL) 

neat TFA (10 mL) was added dropwise. After stirring at 25 ºC for 2 h, the reaction 

mixture was concentrated in vacuo. Purification of the crude by flash 

chromatography on silica gel (from 0 to 20 % MeOH in CH2Cl2) afforded RBM5-

N

S
N
H
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187 (410 mg, 1.198 mmol, quant.) as a colorless foamy wax. Spectral data were 

in agreement with those reported in the literature122. 

 
1H NMR (400 MHz, CD3OD): δ 8.87 (s, 1H), 7.38 (s, 4H), 4.70 – 4.55 (m, 2H), 

4.47 (s, 2H), 3.50 (dd, J = 12.2, 3.6 Hz, 1H), 3.39 (d, J = 12.2 Hz, 1H), 2.53 (dd, 

J = 13.4, 7.4 Hz, 1H), 2.42 (s, 3H), 2.11 (ddd, J = 14.1, 10.8, 4.0 Hz, 1H). 13C 

NMR (101 MHz, CD3OD): δ 169.6, 152.9, 148.8, 139.5, 133.2, 131.7, 130.4, 

129.1, 71.2, 60.0, 55.0, 43.9, 39.9, 15.8. HRMS calcd. for C16H20N3O2S 

([M+H]+): 318.1271, found: 318.1273. 

 

tert-Butyl ((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl) 

carbamoyl) pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate 

(RBM5-188) 
 

 
 

EDC·HCl (256 mg, 1.34 mmol) and HOBt (147 mg, 1.08 mmol) were 

sequentially added to a solution of (S)-2- ((tert-butoxycarbonyl)amino)-3,3-

dimethylbutanoic acid (Boc-L-tert-Leu-OH) (232 mg, 1.00 mmol) in CH2Cl2 (10 

mL), and the resulting mixture was vigorously stirred at 25 ºC under argon 

atmosphere. After 15 min, the previous mixture was added dropwise to a solution 

of RBM5-187 (360 mg, 0.83 mmol) and TEA (0.58 mL, 4.17 mmol) in CH2Cl2 

(10 mL), and the reaction was stirred at 25 ºC overnight. The mixture was next 

diluted with CH2Cl2 (50 mL) and washed with brine (2 x 25 mL). The organic 

layer was dried over MgSO4, filtered, and the volatiles were removed under 

reduced pressure. Purification of the crude mixture by flash column 
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chromatography (from 0 to 10% MeOH in CH2Cl2) afforded RBM5-188 as 

colorless foamy wax (310 mg, 0.584 mmol, 70 %). Spectral data were in 

agreement with those reported in the literature122. 

 
1H NMR (400 MHz, CD3OD): δ 8.86 (s, 1H), 7.44 (d, J = 8.4 Hz, 2H), 7.39 (d, J 

= 8.4 Hz, 2H), 6.39 (d, J = 9.3 Hz, 1H), 4.63 (t, J = 8.3 Hz, 1H), 4.52 (d, J = 15.5 

Hz, 2H), 4.40 – 4.27 (m, 2H), 3.88 (d, J = 11.0 Hz, 1H), 3.80 (dd, J = 10.8, 3.7 

Hz, 1H), 2.45 (s, 3H), 2.22 (dd, J = 13.1, 7.8 Hz, 1H), 2.10 (ddd, J = 13.0, 8.9, 

3.9 Hz, 1H), 1.43 (s, 9H), 1.01 (s, 9H). 13C NMR (101 MHz, CD3OD): δ 174.3, 

172.7, 157.7, 152.7, 148.9, 140.1, 133.3, 131.4, 130.3, 128.9, 80.5, 71.0, 60.7, 

60.3, 57.9, 49.0, 43.6, 38.8, 36.8, 28.7, 26.9, 15.9. HRMS calcd. for C27H39N4O5S 

([M+H]+): 531.2563, found 532.2570. 

 

(2S,4R)-1-((S)-2-Amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-

methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (RBM5-189) 
 

 
 

To an ice-cooled solution of RBM5-188 (291 mg, 0.563 mmol) in CH2Cl2 (6 

mL), neat TFA (6 mL) was added dropwise. After stirring at 25 ºC for 2 h, the 

reaction mixture was concentrated in vacuo. Purification of the crude by flash 

chromatography on silica gel (from 0 to 40 % MeOH in CH2Cl2) afforded RBM5-

189 (300 mg, 0.720 mmol, quant.) as yellowish foamy wax. Spectral data were 

in agreement with those reported in the literature110,122. 
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1H NMR (400 MHz, CD3OD): δ 8.88 (s, 1H), 8.79 (br s, 1H), 7.45 (d, J = 8.1 Hz, 

2H), 7.39 (d, J = 8.1 Hz, 2H), 4.68 (t, J = 8.5 Hz, 1H), 4.60 – 4.49 (m, 2H), 4.36 

(dd, J = 15.5, 4.1 Hz, 1H), 4.07 (s, 1H), 3.85 (d, J = 11.2 Hz, 1H), 3.71 (dd, J = 

11.1, 3.4 Hz, 1H), 2.46 (s, 3H), 2.30 (dd, J = 13.1, 7.7 Hz, 1H), 2.09 (ddd, J = 

13.4, 9.7, 4.2 Hz, 1H), 1.13 (s, 9H). 13C NMR (101 MHz, CD3OD): δ 174.1, 

168.6, 152.9, 148.9, 140.2, 131.4, 130.6, 130.3, 128.9, 71.1, 61.0, 60.3, 58.0, 

43.7, 39.0, 35.7, 26.7, 15.8. HRMS calcd. for C22H31N4O3S ([M+H]+): 431.2111, 

found: 431.2123. 

 

2-(2,6-dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (RBM5-123) 
 

 
 

In a round-bottom flask, KOAc was added at 25 ºC to a stirred solution of 3-

hydroxyphthalic anhydride (2.00 g, 12.19 mmol) and 3-aminopiperidine-2,6-

dione hydrochloride (2.01 g, 12.19 mmol) in acetic acid (30 mL). The mixture 

was stirred under reflux overnight. After cooling to 25 ºC, the solvent was 

removed under reduced pressure, and the resulting residue was taken up in water 

(15 mL), filtered, and purified by flash column chromatography (from 0 to 5 % 

MeOH in CH2Cl2) to obtain RBM5-123 (2.67 g, 9.736 mmol, 80 %) as a pale-

yellow solid. Spectral data were in agreement with those reported in the 

literature123. 

 
1H NMR (400 MHz, DMSO-d6): δ 11.16 (s, 1H), 11.09 (s, 1H), 7.65 (app t, J = 

8.0 Hz, 1H), 7.31 (d, J = 7.2 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 5.07 (dd, J = 12.9, 

5.4 Hz, 1H), 2.95 – 2.82 (m, 1H), 2.64 – 2.44 (m, 2H), 2.02 (ddd, J = 10.5, 5.2, 

3.0 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 172.8, 170.0, 167.0, 165.8, 
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155.5, 136.4, 133.2, 123.6, 114.4, 114.3, 48.7, 31.0, 22.1. HRMS calcd. for 

C13H9N2O5 ([M-H]-): 273.0517, found: 273.0554. 

 

tert-Butyl 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy) 
acetate (RBM5-172) 
 

 
 

To a stirred solution of RBM5-123 (1.50 g, 5.47 mmol) in DMF (50 mL), K2CO3 

was added portionwise. The mixture was stirred at 25 ºC for 30 min. A solution 

of tert-butyl 2-bromoacetate (808 μL, 5.47 mmol) in DMF (5 mL) was added 

dropwise to the previous mixture, and the reaction mixture was stirred at 25 ºC 

for 3 h. Water (100 mL) was added, and the mixture was extracted with Et2O (3 

x 50 mL). The combined organic extracts were washed with brine (2 x 50 mL), 

dried over MgSO4, filtered, and concentrated in vacuo. Flash chromatography 

purification of the crude on silica gel (from 0 to 100 % EtOAc in hexanes) 

afforded RBM5-172 (1.49 g, 3.836 mmol,70 %) as a pale-yellow solid. Spectral 

data were in agreement with those reported in the literature124. 

 
1H NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.65 (dd, J = 8.4, 7.4 Hz, 1H), 7.49 

(d, J = 7.2 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 4.97 (dd, J = 12.0, 5.4 Hz, 1H), 4.77 

(s, 2H), 2.95 – 2.68 (m, 3H), 2.18 – 2.05 (m, 1H), 1.47 (s, 9H). 13C NMR (101 

MHz, CDCl3): δ 171.3, 168.2, 167.0, 166.9, 165.6, 155.6, 136.4, 134.0, 119.9, 

117.7, 117.0, 83.2, 66.6, 49.3, 31.5, 28.1, 22.7. HRMS calcd. for C19H20N2NaO7 

([M+Na]+): 411.1163, found: 411.1189. 
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2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid 

(RBM5-173) 
 

 

A solution of RBM5-172 (0.960 g, 2.472 mmol) in TFA (25 mL, 0.1 M) was 

stirred at 25 ºC for 4 h. The reaction mixture was diluted with CH2Cl2 (50 mL) 

and concentrated to dryness to afford the crude RBM5-173 (780 mg, 2.348 mmol, 

95 %), which was sufficiently pure to be carried on to the next step without further 

purification. Spectral data were in agreement with those reported in the 

literature124. 

 
1H NMR (400 MHz, DMSO-d6): δ 13.21 (s, 1H), 11.11 (s, 1H), 7.79 (dd, J = 8.6, 

7.3 Hz, 1H), 7.47 (d, J = 7.2 Hz, 1H), 7.39 (d, J = 8.6 Hz, 1H), 5.10 (dd, J = 12.9, 

5.4 Hz, 1H), 4.99 (s, 2H), 2.89 (ddd, J = 17.2, 13.9, 5.4 Hz, 1H), 2.65 – 2.52 (m, 

2H), 2.05 (dddd, J = 9.6, 7.9, 5.2, 1.9 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): 

δ 172.8, 169.9, 169.5, 166.8, 165.2, 155.1, 136.8, 133.3, 119.9, 116.3, 115.8, 65.0, 

48.8, 31.0, 22.0. HRMS calcd. for C15H13N2O7 ([M+H]+): 333.0717, found: 

333.0740. 

 

III. Linkers 

 

2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate 

(RBM3-006) and 2-(2-(2-hydroxyethoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (RBM3-007) 
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A solution of corresponding polyethylene glycol (51.486 mmol) in THF (10 mL) 

was cooled to 0 ºC, and then NaOH (16.501 mmol) was added as a solution in 

H2O (10 mL). A solution of tosyl chloride (10.307 mmol) in THF (20 mL) was 

added dropwise to the previous mixture. The reaction was stirred at 0 ºC for 2 h 

and then for 5 h at 25 ºC. After this time, the reaction mixture was diluted with 

EtOAc (200 mL) and H2O (200 mL). The organic layer was separated, washed 

with brine (200 mL), dried (MgSO4), filtered, and concentrated under reduced 

pressure to afford acrude that contained the desired compounds RBM3-006 (98% 

yield) or RBM3-007 (89% yield) as a pale-yellow oils sufficiently pure to be 

carried on to the next step without further purification. Spectral data were in 

agreement with those reported in the literature123–125. 

 

RBM3-006 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.1Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 

4.13 (t, J = 4.8Hz, 2H), 3.55-3.68 (m, 14H), 2.41 (s, 3H). 13C NMR (101 MHz, 

CDCl3): δ 144.7, 132.7, 129.7, 127.8, 72.3, 70.54, 70.47, 70.3, 70.1, 69.1, 68.5, 

61.5, 21.5. HRMS calcd. for C15H25O7S ([M+H]+): 349.1243, found: 349.1283. 

RBM3-007 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8Hz, 2H), 7.31 (d, J = 8Hz, 2H), 4.16-

4.14 (m, 2H), 3.71-3.67 (m, 4H), 3.59 (s, 4H), 3.57-3.54 (m, 2), 2.43 (s, 3H). 13C 

NMR (101 MHz, CDCl3): δ 145.0, 133.0, 129.9, 128.1, 72.6, 70.9, 70.4, 69.3, 

68.8, 61.8, 21.7. HRMS calcd. for C13H21O6S ([M+H]+): 305.0981, found: 

305.0931. 
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2-Hydroxyethyl 4-methylbenzenesulfonate (RBM3-11) 
 

 
 

A solution of ethylene glycol (13.023 g, 209.820 mmol) in TEA (8.8 mL, 62.370 

mmol) was cooled to 0 ºC and tosyl chloride (4.0 g, 20.982 mmol) was added 

portion-wise. The reaction was stirred at 0 ºC for 2 h, the reaction mixture was 

diluted with CH2Cl2, and then the mixture was washed subsequently with 

saturated brine and 0.5 M HCL three times. The combined organic layers were 

dried over MgSO4, filtered, and concentrated in vacuo to afford crude RBM3-

011 (4.270 g, 19.749 mmol, 94%) as a pale-yellow oil that was sufficiently pure 

to be carried on to the next step without further purification. Spectral data were 

in agreement with those reported in the literature126. 

 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 7.1Hz, 2H), 7.31 (d, J = 7.1 Hz, 2H), 

4.14 (q, J = 2.3 Hz, 2H), 3.82 (t, J = 1.9 Hz, 2H), 2.45 (s, 3H). HRMS calcd. for 

C9H13O4S ([M+H]+): 217.0456 found: 217.09567. 

 

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (RBM5-170), 2-(2-(2-

azidoethoxy)ethoxy)ethan-1-ol (RBM3-007) and  

2-azidoethan-1-ol (RBM3-012) 
 

 
 

To a solution of the corresponding tosylate RBM3-006, RBM3-007, or RBM3-

011 (10.149 mmol) in DMF (7.5 mL), NaN3 (30.447 mmol) was added portion-

TsO OH

N3 O O O OH

RBM5-170

N3 O O OH

RBM3-008

N3
OH
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wise. The reaction was stirred for 1 hat 90 ºC. After that, the reaction mixture was 

diluted with a saturated NaCl solution (100 mL) and extracted with CHCl3 (2 × 

200 mL). The combined organic layers were dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo. Purification of the crude by flash 

chromatography on silica gel (from 0 to 3 % MeOH in CH2Cl2) afforded the 

desired azido alcohols RBM5-170 (89% yield), RBM3-008 (86% yield), RBM3-

012 (86% yield). Spectral data were in agreement with those reported in the 

literature123–126. 

RBM5-170 

 1H NMR (400 MHz, CDCl3): δ 3.72 – 3.68 (m, 2H), 3.67 – 3.64 (m, 10H), 3.60 

– 3.57 (m, 2H), 3.37 (t, J = 5.1 Hz, 2H), 2.65 – 2.59 (m, 1H). 13C NMR (101 

MHz, CDCl3): δ 72.6, 70.8, 70.7, 70.7, 70.4, 70.1, 61.8, 50.7. HRMS calcd. for 

C8H18N3O4 ([M+H]+): 220.1292, found: 220.1302. 

RBM3-008 
1H NMR (400 MHz, CDCl3): δ 3.71-3.68 (m, 2H), 3.68 (s, 6H), 3.64-3.60 (m, 

2H), 3.43-3.37 (m, 2H); 13C NMR (125 MHz, CDCl3): δ 72.5, 70.6, 70.4, 70.0, 

61.7, 50.6. HRMS calcd. for C6H15N3O3 ([M+H]+): 176.0957, found: 176.0960. 

 

RBM3-012 
1H NMR (400 MHz, CDCl3):  δ 3.79 (dd, J, 2H), 3.53 - 3.39 (m, 2H), 2.01 (t, J, 

1H). 13C NMR (101 MHz, CDCl3): δ 61.7, 50.6. HRMS calcd. for C2H7N3O 

([M+H]+): 88.0433, found: 88.0483. 
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tert-Butyl 14-azido-3,6,9,12-tetraoxatetradecanoate (RBM5-171) 
 

 
 

To a suspension of NaH (344 mg, 60 % in mineral oil, 8.59 mmol) in anhydrous 

THF (20 mL) that was cooled at 0 °C under an argon atmosphere, a solution of 

RBM5-170 (1.25 g, 5.7 mmol) in THF (40 mL) was added dropwise. The mixture 

was stirred for 30 min at 0 ºC, tert-butyl bromoacetate (1.7 mL, 11.45 mmol) was 

added, and the resulting mixture was stirred overnight at 25 ºC. The reaction 

mixture was quenched and extracted with EtOAc (3 x 100 mL). The combined 

organic extracts were dried over anhydrous MgSO4 and concentrated to dryness. 

Purification of the crude by flash chromatography on silica gel (from 0 to 30 % 

EtOAc in CH2Cl2) yielded RBM5-171 (1.21 g, 3.629 mmol, 63 %) as a colorless 

oil. Spectral data were in agreement with those reported in the literature124. 

 
1H NMR (400 MHz, CDCl3): δ 4.02 (s, 2H), 3.73 – 3.65 (m, 14H), 3.39 (t, J = 

5.1 Hz, 2H), 1.47 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 169.8, 81.6, 71.0, 70.8, 

70.8, 70.8, 70.7, 70.7, 70.7, 70.1, 69.1, 66.5, 50.8, 28.2. 

 

14-Azido-3,6,9,12-tetraoxatetradecanoic acid (RBM5-190) 
 

 
 

A solution of RBM5-171 (900 mg, 2.7 mmol) in a mixture of CH2Cl2 and TFA 

(1:1 v/v, 12 mL), was stirred at 25 ºC for 2 h. The reaction mixture was next 

diluted with CH2Cl2 (100 mL) and the solution was evaporated to dryness to 

afford the desired compound RBM5-190 (750 mg, 2.705 mmol, quant.) as a 

N3 O O O O O

O

N3 O O O O OH

O
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colorless oil sufficiently pure to be carried on to the next step without further 

purification. Spectral data were in agreement with those reported in the 

literature124. 

 
1H NMR (400 MHz, CD3OD): δ 4.13 (s, 2H), 3.73 – 3.61 (m, 14H), 3.37 (t, J = 

5.2 Hz, 2H). 13C NMR (101 MHz, CD3OD): δ 174.0, 71.7, 71.6, 71.6, 71.6, 71.5, 

71.1, 69.1, 51.8. HRMS calcd. for C10H20N3O6 ([M+H]+): 278.1347, found: 

278.1369. 

 

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (RBM5-162) 
 

 
 

A solution of TsCl (1.472 g, 7.723 mmol) in CH2Cl2 (10 mL) was added dropwise 

to a stirring solution of tetraethylene glycol (0.5 g, 2.574 mmol) and TEA (1.1 

mL, 7.723 mmol) in anhydrous CH2Cl2 (20 mL) at 0 ºC. After the addition was 

complete, the mixture was allowed to warm to 25 ºC and stirred for 3 h. The 

reaction mixture was then poured into 0.5 M aqueous HCl (25 mL) and extracted 

with CH2Cl2 (3 x 25 mL). The combined organic layers were washed with brine, 

dried over anhydrous MgSO4, filtered, and evaporated to dryness to afford a pale 

yellow solid. The resulting tosylate residue (1.0 g, 1.990 mmol) was dissolved in 

DMF (20 mL), followed by portion-wise addition of NaN3 (0.517 g, 7.954 mmol). 

The resulting mixture was stirred overnight at 70 ºC. DMF was removed in vacuo 

and the residue was taken up in Et2O (50 mL), filtered over a pad of Celite®, and 

rinsed with Et2O (2 x 25 mL). The combined filtrates were concentrated under 

vacuum to yield crude RBM5-162 (0.433 g, 1.773 mmol, 89 %) as a pale-yellow 

oil sufficiently pure to be carried on to the next step without further purification. 

Spectral data were in agreement with those reported in the literature124. 

 

N3 O O O
N3



132 
 

1H NMR (400 MHz, CDCl3): δ 3.70 – 3.65 (m, 12H), 3.39 (t, J = 5.1 Hz, 4H). 13C 

NMR (101 MHz, CDCl3): δ 70.84, 70.83, 70.2, 50.8. HRMS calcd. for C8H17N6O3 

([M+H]+): 245.1357, found: 245.1380. 

 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (RBM5-163) 

 

 
 

To an ice-cooled solution of RBM5-162 (0.400 g, 1.637 mmol) in 0.5 M aq. HCl 

(10 mL), a solution of triphenylphosphine (0.386 g, 1.474 mmol) in Et2O (10 

mL), was added dropwise. The resulting mixture was stirred overnight at 25 ºC. 

After this time, the reaction mixture was washed with EtOAc (3 x 30 mL) and the 

aqueous layer was treated at 0ºC with 1 M aq. KOH until pH~12 and extracted 

with CH2Cl2 (3 x 30 mL). The combined organic extracts were dried over 

anhydrous MgSO4, filtered, and concentrated to dryness. The acid-base work-up 

provided the crude RBM5-163 (0.222 g, 1.017 mmol, 62%) sufficiently pure to 

be carried on to the next step without further purification. Spectral data were in 

agreement with those reported in the literature124. 

 
1H NMR (400 MHz, CDCl3): δ 3.69 – 3.65 (m, 8H), 3.65 – 3.61 (m, 2H), 3.51 (t, 

J = 5.2 Hz, 2H), 3.39 (t, J = 5.1 Hz, 2H), 2.86 (t, J = 5.2 Hz, 2H), 1.52 (br s, 2H). 
13C NMR (101 MHz, CDCl3): δ 73.4, 70.8, 70.74, 70.71, 70.4, 70.1, 50.8, 41.8. 

HRMS calcd. for C8H19N4O3 ([M+H]+): 219.1452, found: 219.1441. 

  

N3 O O O
NH2
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1,3,6,9,12-Pentaoxa-2-thiacyclotetradecane 2,2-dioxide (RBM5-169) 
 

 
To an ice-cooled solution of tetraethylene glycol (4.00 g, 20.59 mmol) in CH2Cl2 

(400 mL) containing TEA (13.6 mL, 97.8 mmol) and DMAP (126 mg, 1 mmol) 

was added drop-wise a solution of SOCl2 (3 mL, 41.19 mmol) in CH2Cl2 (125 

mL). The reaction mixture was stirred for 2 h at 25 ºC and then poured onto 

ice/water (200 mL) and extracted with CH2Cl2 (3 x 100 mL). The combined 

organic extracts were washed with water (2 x 100 mL) and concentrated under 

reduced pressure to provide the macrocyclic sulfite intermediate as a brown oil. 

An ice-cooled solution of this intermediate (3.3 g, 13.7 mmol) in a mixture of 

H2O, CH2Cl2, and CH3CN (3:2:2 v/v, 560 mL) was sequentially treated with 

NaIO4 (3.67 g, 17.17 mmol) and RuCl3·xH2O (29 mg, 137 μmol) and stirred 

overnight at 25 ºC. The reaction mixture was extracted with CH2Cl2 (3 x 100 mL), 

washed with water (2 x 100 mL), filtered through Celite®, and evaporated in 

vacuo. The crude mixture was purified by flash column chromatography (from 0 

to 100 % methyl tert-butylether in hexanes) to yield the macrocyclic sulfate 

RBM5-169 (2.75 g, 10.731 mmol, 78 %) as a white solid. Spectral data were in 

agreement with those reported in the literature112. 

 
1H NMR (400 MHz, CDCl3): δ 4.50 – 4.44 (m, 4H), 3.86 – 3.80 (m, 4H), 3.68 

(dd, J = 4.6, 2.7 Hz, 4H), 3.66 – 3.63 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 

72.3, 70.9, 70.8, 68.6. HRMS calcd. for C8H16NaO7S ([M+Na]+): 279.0509, 

found: 279.0538. 

 

O S
O

O
O

O

O
O
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17-Azido-3,6,9,12,15-pentaoxaheptadecan-1-ol (RBM3-200) and 23-azido-

3,6,9,12,15,18,21-heptaoxatricosan-1-ol (RBM3-203) 

 

 

 

Under an argon atmosphere, a solution of the azide derivative (RBM3-008 or 

RBM5-170) (9.122 mmol) in THF (10 mL) was added to a suspension of NaH 

(60% in mineral oil, 22.859 mmol) in dry THF (30 mL) at 0 °C. After stirring for 

20 min, a solution of RBM5-169 (XXX mg, 10.947 mmol) in THF (30 mL) was 

added to the mixture was stirred overnight at 25 ºC. Anaqueous acidic solution (1 

mL) of H2SO4 adjusted to to pH 2-3 was added to the reaction mixture and stired 

under reflux for 1 h. The reaction mixture was quenched with saturated 

NaHCO3 solution and extracted with CH2Cl2 (3 x 50 mL). The combined organic 

extracts were dried over anhydrous MgSO4 filtered and concentrated to dryness. 

Purification of the crude by flash chromatography on silica gel (from 0 to 10 % 

MeOH in CH2Cl2) yielded RBM3-200 (81% yield) and RBM3-203 (90% yield) 

as a colorless oil. Spectral data were in agreement with those reported in the 

literature127. 

 

RBM3-200 
 
1H NMR (400 MHz, CDCl3): δ 3.39 (t, J = 5.2 Hz, 2H), 3.60-3.73 (m, 22H). 13C 

NMR (101 MHz, CDCl3): δ 72.69, 70.68, 70.63, 70.60, 70.19, 61.8, 61.54, 50,6. 

HRMS calcd. for C12H25N3O6 ([M+H]+): 308.1743, found: 308.1703. 

RBM3-203 
1H NMR (400 MHz, CDCl3): δ 3.38 (t, J = 4.8 Hz, 2H), 3.58-3.72 (m, 30H). 13C 

NMR (101 MHz, CDCl3): δ 72.7, 70.8, 70.8, 70.8, 70.7, 70.7, 70.7, 70.5, 70.2, 

61.8, 50.8. HRMS calcd. for C16H34N3O8 ([M+H]+): 396.2268, found: 396.2218. 

HO O
N3

7

HO O
N3

5

RBM3-200 RBM3-203
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2-Aminoethan-1-ol (RBM3-013), 2-(2-(2-(2-

aminoethoxy)ethoxy)ethoxy)ethan-1-ol (RBM3-207), 17-amino-3,6,9,12,15-

pentaoxaheptadecan-1-ol (RBM3-209) and 23-amino-3,6,9,12,15,18,21-

heptaoxatricosan-1-ol (RBM3-213) 

 

 

 

Under an argon atmosphere, to a solution of the azide (1.4 mmol) and Pd-C (20 

% w/w) in degassed MeOH-CHCl3 (9:1) (20 mL) was added dropwise neat TES 

(10 equiv), and the resulting suspension was stirred at 25 ºC. After stirring for 1 

h, the reaction mixture was filtered through a Celite® pad, and the solids were 

rinsed with MeOH (3 x 5 mL). The combined filtrates were concentrated in 

vacuo, and the residue was triturated with hexanes (4 x 2 mL) to give the desired 

amine hydrochlorides RBM3-13, RBM3-207, RBM3-209, and RBM3-213 

(84%-88% quantitative yield) sufficiently pure to be carried on to the next step 

without further purification. Spectral data were in agreement with those reported 

in the literature127. 

 

RBM3-013 
1H NMR (400 MHz, CDCl3): δ 3.25 (t, J= 5.2 Hz, 2H), 3.65 (t, J= 5.1 Hz, 2H) 

 

RBM3-207 
1H NMR (400 MHz, CDCl3): 3.79-3.75 (m, 4H), 3.71-3.60 (m, 10H), 3.11 (t, 2H). 
13C NMR (101 MHz, CDCl3): δ 72.7, 70.4, 70.4, 70.1, 69.9, 68.7, 61.2, 40.4. 

H2N
OH HO O

NH2
n

RBM3-207: n=3

RBM3-209: n=5

RBM3-213: n=7

RBM3-013
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RBM3-209 
1H NMR (400 MHz, CDCl3): δ 3.72-3.58 (m, 22H), 3.37 (t, J = 5.2 Hz, 2H). 13C 

NMR (101 MHz, CDCl3): δ 72.6,70.2, 70.0, 69.9, 69.9, 69.8, 69.6, 69.3, 66.9, 

60.6, 40.5. HRMS calcd. for C12H28NO6 ([M+H]+): 282.1910 found: 282.1910. 

 

RBM3-213 
1H NMR (400 MHz, CDCl3): δ 3.88 (t, J = 5.2 Hz, 2H), 3.79 (br, 2H), 3.76-3.59 

(m, 26H), 3.28-3.19 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 72.5,70.5, 70.2, 

70.0, 70.0, 69.9, 69.8, 69.7, 69.6, 66.8, 60.8, 40.5. HRMS calcd. for C16H36NO8 

([M+H]+): 370.2435 found: 370.2432. 

 

IV. POI ligands 

 

3-(Azidomethyl)aniline (RBM3-301) 
 

 
 

A solution of 3-(hydroxymethyl)aniline (1.0 g, 8.12 mmol), triphenylphosphine 

(2.12g, 8.12 mmol) and NaN3 (0.63 g, 9.74 mmol) in DMF/CCl4 (12 mL/3 mL) 

was heated at 100 ºC overnight. The reaction mixture was poured onto ice/water 

(100 mL) and extracted with Et2O. The organic layer was washed with water (3 

x 100 mL) and brine (3 x 100 mL), dried over MgSO4, filtered and concentrated 

to dryness. Purification of the crude by flash chromatography on silica gel (20:80 

EtOAc/Hexanes) yielded RBM3-301 (0.883 g, 5.959 mmol, 73%) as a yellow oil. 

Spectral data were in agreement with those reported in the literature128,129. 

 

N3 NH2
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1H NMR (400 MHz, CDCl3): δ 7.21-7.16 (m, 1 H), 6.75-6.66 (m, 3 H), 4.26 (s, 

2 H), 3.91 (br s, 2 H). 13C NMR (101 MHz, CDCl3): δ 146.31, 136.56, 129.78, 

118.60, 115.21, 114.82, 54.77. HRMS calcd. for C7H8N4 ([M+H]): 148.0749 

found: 148.0749. 

 
4-Nitrophenyl (3-(azidomethyl)phenyl)carbamate (RBM3-304) 

 
 

 
 

To a stirred solution of RBM3-301 (1.360 g, 9.179 mmol) in anhydrous CH2Cl2 

(40 mL), pyridine (1.8 mL, 22.947 mmol) and p-nitrophenyl chloroformate 

(2.220 g, 11.014 mmol) was sequentially added. After stirring at 25 ºC for 2 h, 

the mixture was quenched with saturated aqueous NH4Cl (15 mL) and extracted 

with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4, 

filtered, and concentrated in vacuo. The crude was purified by flash 

chromatography (from 0 to 2 % MeOH in CH2Cl2) to furnish RBM3-304 (2.460 

g, 7.853 mmol, 86%). 

 
1H NMR (400 MHz, CDCl3): δ 8.38 – 8.25 (m, 2H), 7.49 (br s, 1H), 7.44 – 7.32 

(m, 4H), 7.16 – 7.08 (m, 1H), 7.05 (br s, 1H), 4.36 (s, 2H). 13C NMR (101 MHz, 

CDCl3): δ 155.4, 137.0, 130.0, 125.4, 122.3, 118.6, 54.6. HRMS calcd. 

forC14H11N5O4 ([M+H]+): 314.0889, found: 314.0876. 

  

N3 N
H

O
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4-(2-methoxy-4-nitrophenyl)oxazole (RBM3-302) 

 

 

To a round-bottom flask equipped with a condenser was added a solution of 2-

methoxy-4-nitrobenzaldehyde (1.04 g, 5.75 mmol) in methanol (10 mL), 

tosylmethyl isocyanide (1.12 g, 5.75 mmol) and potassium carbonate (2.08 g, 

15.06 mmol), and the resulting brown suspension was heated to reflux overnight. 

The resulting mixture was concentrated under reduced pressure, and then the 

resulting black solid was partitioned between CH2Cl2 (10 mL) and water (10 mL). 

The organic layer was collected, and the aqueous layer was extracted with 

CH2Cl2. The flash chromatography purification in CH2Cl2 yielded the RBM3-302 

(1.2 g, 5.45 mmol, 94.8%). Spectral data were in agreement with those reported 

in the literature128,129. 

 
1H NMR (400 MHz, CDCl3): δ 8.01 (s, 1H), 7.92 (m, 2H), 7.85 (s, 1H), 7.77 (s, 

1H), 4.10 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 155.5, 150.8, 147.8, 146.2, 

128.3, 126.0, 122.9, 116.3, 106.3, 56.2. HRMS calcd. forC10H7N2O4 ([M+H]+): 

221.0804, found: 221.0854. 

 

3-methoxy-4-(oxazol-4-yl)aniline (RBM3-303) 
 

 
 

O2N O

N

O

H2N O
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Under an inert atmosphere, 5% Pd/C (1.5 g) was added to a solution of RBM3-

303 (1.0 g, 4.542 mmol) in MeOH (35 mL). The flask was repeatedly evacuated 

and flushed with H2 gas. The resulting mixture was stirred overnight under H2. 

The reaction flask was subsequently purged with Ar gas and the crude reaction 

mixture was filtered through a short plug of Celite®. The reaction flask and 

Celite® pad were rinsed with MeOH. The combined filtrates were concentrated in 

vacuo to provide RBM3-303 (0.770 g, 4.048 mmol, 89%). Spectral data were in 

agreement with those reported in the literature128,129. 
 
1H NMR (400 MHz, CDCl3): δ 7.88 (s, 1H), 7.60 (d, J=8.4 Hz, 1H), 7.41 (s, 1H), 

6.42 (dd, J=8.4, 2.1 Hz, 1H), 6.36 (d, J= 2.1 Hz, 1H), 3.98(s, 3H). 13C NMR (101 

MHz, CDCl3): δ 157.5, 149.0, 148.9, 148.4, 126.6, 123.0, 108.2, 107.7, 55.7. 

HRMS calcd. forC10H10N2O2 ([M+H]+): 191.0742, found: 191.0752. 

 

1-(3-(Azidomethyl)phenyl)-3-(3-methoxy-4-(oxazol-5-yl)phenyl)urea 

(RBM3-305) 

 

 

 

To a solution of RBM3-303 (1.400 g, 7.361 mmol) and p-nitrophenol activated 

carbamate RBM3-304 (2.000 g, 6.384 mmol) in EtOAc (92 mL) was added 

DIPEA (1.4 mL, 8.299 mmol) dropwise. The reaction flask was equipped with a 

condenser, and the reaction mixture was stirred under reflux overnight. Then, the 

reaction mixture was cooled to 25 ºC, washed with water (3 x 10 mL) and the 

organic layer was separated, dried with anhydrous Na2SO4 and filtered. The 

solvent was evaporated, and the crude product was purified by flash 

N3
H
N

H
N

O

O

O
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chromatography (hexanes:EtOAc 1:1) to give RBM3-305 (1.64 g, 4.501 mmol, 

70% yield).  
 
1H NMR (400 MHz, CDCl3): δ 7.99 – 7.79 (m, 3H), 7.53 (d, J = 8.4 Hz, 1H), 7.41 

(s, 1H), 7.30 (dd, J = 8.2, 1.8 Hz, 2H), 6.96 (tt, J = 5.5, 2.7 Hz, 1H), 6.71 (dd, J 

= 8.4, 2.0 Hz, 1H), 4.18 (s, 2H), 3.81 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 

156.4, 153.9, 149.4, 148.3, 139.8, 138.6, 136.7, 129.6, 126.4, 123.9, 120.3, 120.2, 

119.9, 112.1, 103.1, 55.5, 54.5. HRMS calcd. for C18H17N6O3 ([M+H]+): 

365.1362, found: 365.1373. 

 

1-(3-(Aminomethyl)phenyl)-3-(3-methoxy-4-(oxazol-5-yl)phenyl)urea 

(RBM3-306) 
 

 

 

Under an inert atmosphere, Pd/C (10 % w/w – 5 mol%)  was added to a solution 

of RBM3-305 (1.64 g, 4.501 mmol) in MeOH (82 mL). The flask was repeatedly 

evacuated and flushed with H2 gas. The resulting mixture was stirred overnight 

under H2. The reaction flask was subsequently purged with Ar gas and the crude 

reaction mixture was filtered through a short plug of Celite®. The reaction flask 

and Celite® pad were rinsed with MeOH. The combined filtrates were 

concentrated in vacuo to provide  RBM3-306 (1.30 g, 3.842 mmol, 85% yield). 

 
1H NMR (400 MHz, DMSO-d6): δ 8.99 (br s, 1H), 8.88 (br s, 1H), 8.35 (s, 1H), 

7.60 (d, J = 8.3 Hz, 1H), 7.55 (s, 1H), 7.48 (s, 1H), 7.41 (s, 1H), 7.40 (d, J = 10.0 

Hz, 1H), 7.32 (t, J = 7.7 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 6.98 (d, J = 7.4 Hz, 

1H), 4.42 (s, 2H), 3.92 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 155.9, 152.4, 
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150.3 147.3, 141.3, 139.9, 136.3, 129.3, 125.9, 123.4, 122.1, 118.1, 110.4, 110.1, 

101.3, 55.5, 53.7. HRMS calcd. for C18H19N4O3 ([M+H]+): 339.1457, found: 

339.1465. 

 

4-(4-((3-Chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-

yl)phenol (RBM3-027) 

 
 

In a round-bottom flask, a 2 M Na2CO3 solution in water (13 mL) was added to a 

suspension of N-[3-chloro-4-[(3-fluorophenyl)methoxy]phenyl]-6-iodo-

quinazolin-4-amine (600 mg, 1.186 mmol) in a mixture of 1,2-dimethoxyethane 

(24 mL) and athanol (16 mL). To the previous mixture, [4-[tert-

butyl(dimethyl)silyl]oxyphenyl]boronic acid (209 mg, 0.831 mmol), and 

[(Ph)3P]2PdCl2 (70 mg, 0.08 mmol) were added. After stirring at 60 °C for 3 h, 

the reaction mixture was cooled to 25 ºC, poured into an aqueous saturated 

solution of NaHCO3 (60 mL) and extracted with AcOEt (2x60 mL). The organic 

extracts were combined, dried (Na2SO4), filtered over a Celite® pad, and 

evaporated under vacuum. The crude was purified by flash chromatography (from 

0 to 100 % AcOEt in hexanes) to furnish RBM3-027 (421 mg, 0.890 mmol, 75%). 

Spectral data were in agreement with those reported in the literature109. 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 5.27 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.06, 161.44, 
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157.66, 157.59, 154.07, 149.69, 148.44, 139.73, 139.69, 138.23, 133.18, 131.45, 

130.69, 130.64, 129.86, 128.36, 128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 

118.95, 115.88, 115.33, 114.87, 114.73, 114.28, 114.21, 114.07, 69.37. HRMS 

calcd. for C27H20ClFN3O2 ([M+H]+): 472.1228. Found 472.1253. 

 

iv. IMPDH PROTACs 
 
1-(2-(1-(4-Cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-
oxoethyl)piperidin-4-yl (2-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)ethyl)carbamate (RBM3-099) 
 

 
 
To a solution of N,N'-carbonyldiimidazole (0.217 g, 1.337 mmol) in anhydrous 

DMF (1.5 mL) was added TEA (0.123 mL, 0.884 mmol) at 25 ºC. Then a solution 

of IU1- 248 (0.150 g, 0.445 mmol) in anhydrous DMF (3.0 mL) was added 

dropwise. The mixture was stirred at 25 ºC for 1 h and a solution of the linker 

RBM3-207 (0.258 g, 1.334 mmol) in anhydrous DMF (1.5 mL) was added. The 

resulting mixture was stirred at 50 ºC for 24h and concentrated. The residue was 

diluted with EtOAc (5 mL), and the resulting solution was washed with water (5 

mL x 2), dried over Na2SO4 and concentrated. Purification of the crude mixture 

by flash column chromatography (from 0 to 9 % MeOH in CH2Cl2) afforded 

RBM3-099 (176 mg, 0,316 mmol, 71%yield). 
 

 1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 

6.39 (s, 1H), 6.02 (t, J = 5.8 Hz, 1H), 4.88 – 4.57 (m, 1H), 3.72 (m, 4H), 3.64 (m, 

11H), 3.55 (t, J = 4.9 Hz, 2H), 3.36 (q, J = 5.3 Hz, 2H), 2.95 – 2.86 (m, 4H), 2.49 

– 2.38 (m, 2H), 2.31 (s, 3H), 2.00 – 1.94 (br m, 2H), 1.99 (s, 3H), 1.82 (m, 2H). 
13C NMR (101 MHz, CDCl3): δ 192.8, 156.5, 141.4, 136.3, 133.6, 129.2, 128.6, 
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119.6, 117.9, 113.0, 107.8, 72.8, 70.7, 70.5, 70.4, 70.3 65.2, 61.7, 51.4, 43.0, 40.8, 

31.1, 13.1, 12.8. HRMS calcd. for C29H41N4O7 ([M+H]+): 557.2975, found: 

557.2980. 

 

1-(2-(1-(4-Cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-

oxoethyl)piperidin-4-yl (1-((2,5-dioxopyrrolidin-1-yl)oxy)-1-oxo-2,5,8,11-

tetraoxatridecan-13-yl)carbamate (RBM3-316) 
 

 
 

In a round bottom flask, N,N′-disuccinimidyl carbonate (0.129 g, 0.503 mmol) 

was dissolved in MeCN (1.5 mL), then TEA (0.131 mL, 0.944 mmol) was added 

and finally a solution of the alcohol RBM3-099 (175 mg, 0.314 mmol) in MeCN 

(2.0 mL) was added dropwise. The mixture was analyzed by TLC until 

completion of the reaction. The reaction mixture was concentrated, the residues 

was diluted with CH2Cl2 and a solution of 5% NaHCO3 was added. The organic 

phase was washed with the minimal amount of water, dried over Na2SO4 and 

concentrated under reduced pressure to give RBM3-316 (160 mg, 0.229 mmol, 

73 % yield). The next step was performed without further purification. 

 
1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 

6.35 (s, 1H), 5.34 (t, J = 6.2 Hz, 1H), 4.80 – 4.70 (m, 1H), 4.49 – 4.44 (m, 1H), 

4.30 – 4.26 (m, 1H), 3.82 – 3.75 (m, 2H), 3.74 – 3.70 (m, 3H), 3.70 – 3.62 (m, 

9H), 3.58 – 3.50 (m, 2H), 3.39 – 3.33 (m, 2H), 3.02 – 2.91 (m, 2H), 2.84 (s, 2H), 

2.62 (s, 2H), 2.60 – 2.53 (m, 2H), 2.28 (s, 3H), 2.09 – 2.01 (m, 3H), 1.98 (s, 3H), 

1.95 – 1.84 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 173.6, 168.8, 156.2, 151.7, 
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141.3, 136.3, 133.6, 129.2, 128.8, 119.3, 117.8, 113.1, 107.6, 71.0, 70.7, 70.7, 

70.6, 70.3, 70.1, 68.4, 67.1, 64.4, 54.9, 51.0, 40.8, 30.4, 25.6, 13.0, 12.8. HRMS 

calcd. For C34H44N5O11 ([M+H]+): 698.3037, found: 698.3075. 

 

1-((1-(2-(1-(4-Cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-

oxoethyl)piperidin-4-yl)oxy) -1-oxo-5,8,11-trioxa-2-azatridecan-13-yl (4-(3-

(3-methoxy-4-(oxazol-4 yl)phenyl) ureido) benzyl)carbamate (RBM3-300) 

 

 

The carbonate RBM3-316 (160 mg, 0.229 mmol) was dissolved in MeCN (0.5 

ml) and added to a stirred solution of amine RBM3-306 (77mg, 0.229 mmol) and 

TEA (64 μL, 0.458 mmol) in MeCN (1 ml). The resulting mixture was stirred at 

25 ºC until no mixed carbonate remained by TLC (3 h). The solution was 

concentrated and purified under reverse phase conditions to give RBM3-300 (83 

mg, 0.090 mmol, 39% yield). 

 
1H NMR (400 MHz, CD3OD): δ 8.18 (s, 1H), 7.94 (d, J = 8.4 Hz, 2H), 7.67 (d, J 

= 8.5 Hz, 1H), 7.51 – 7.40 (m, 5H), 7.34 – 7.23(s, 2H), 7.05 – 6.95 (m, 2H), 6.42 

(s, 1H) 4.46 (s, 2H), 4.28 (s, 2H), 4.22 (t, J = 4.6 Hz, 2H), 3.98 (s, 3H), 3.77 – 

3.67 (m, 2H), 3.70 – 3.58 (m, 10H), 3.52 (t, J = 5.4 Hz, 2H), 3.42 – 3.33 (m, 2H), 

3.31 – 3.22 (m, 2H), 2.31 (s, 3H), 2.22 – 2.13 (m, 2H), 2.01 – 1.95 (m, 2H), 1.97 

(s, 3H), 1.36 – 1.27 (m, 2H). 13C NMR (101 MHz, CD3OD): δ 157.8, 151.3, 142.5, 

142.0, 141.6, 140.5, 139.0, 134.9, 131.3, 130.5, 130.1, 127.2, 124.0, 122.8, 119.3, 

118.8, 114.3, 112.0, 108.2, 103.0, 71.6, 71.5, 71.2, 70.9, 70.5, 65.2, 56.0, 54.8, 

45.4, 41.7, 13.1, 12.7. HRMS calcd. for C48H57N8O11 ([M+H]+): 921.4147, found: 

921.4194. 
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(1-(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)carbamate 

(RBM3-352) 

 

To a solution of N,N'-carbonyldiimidazole (184 mg, 1.135 mmol) in anhydrous 

DMF (1.3 mL) were added dropwise TEA (0.105 mL, 0.757 mmol) and a solution 

of RBM3-317 (125.0 mg, 0.378 mmol) in anhydrous DMF (2.5 mL). The mixture 

was stirred at 25 ºC for 1h, and a solution of RBM3-207 (219 mg, 1.135 mmol) 

in anhydrous DMF (1.3 mL) was added. The resulting mixture was stirred at 50 

ºC for 24 h and concentrated. The residue was diluted with EtOAc (5 mL), and 

the resulting mixture was washed with water (5 mL x 2), dried over Na2SO4 and 

concentrated under reduced pressure. The product was purified by flash column 

chromatography (from 0 to 10 % MeOH in CH2Cl2) to give RBM3-352 (86 mg, 

0.156 mmol, 41% yield). 

 

 1H NMR (400 MHz, CDCl3): δ 7.21 – 7.14 (m, 4H), 6.02 (m, 1H) 5.95 (s, 1H), 

3.96 (d, J = 6.5 Hz, 2H), 3.75 – 3.69 (m, 4H), 3.68 – 3.60 (m, 10H), 3.57 – 3.53 

(m, 2H), 3.40 – 3.32 (m, 2H), 2.07 (s, 3H), 1.97 (s, 3H), 1.96 – 1.87 (m, 2H), 1.80 

– 1.73 (m, 2H), 1.34 – 1.21 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 168.0, 130.8, 

130.1, 130.0, 128.2, 116.5, 116.2, 115.1, 106.4, 77.5, 77.2, 76.8, 72.7, 70.7, 70.5, 

70.3, 70.2, 68.7, 61.7, 41.0, 36.5, 12.8, 12.0. HRMS calcd. For C28H41FN3O7 

([M+H]+): 551,3007, found: 551.3314. 

 

 (1-(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (1-((2,5-dioxocyclopentyl)oxy)-1-oxo-2,5,8,11-tetraoxatridecan-

13-yl)carbamate (RBM3-353) 
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In a round bottom flask, N,N′-disuccinimidyl carbonate (0.052 g, 0.204 mmol) 

was dissolved in MeCN (0.4 mL), then TEA (0.200 mL, 1.438 mmol) was added 

and a solution of the alcohol RBM3-352 (70 mg, 0.127 mmol) in MeCN (1.0 mL) 

was added dropwise. The mixture was analyzed by TLC until completion of the 

reaction. The reaction mixture was concentrated, diluted with CH2Cl2 and a 

solution of 5% NaHCO3 was added. The organic phase was washed with the 

minimal amount of water, dried over Na2SO4, filtered and concentrated under 

reduced pressure to give RBM3-353 (67 mg, 0.097 mmol, 76% yield). The next 

step was performed without further purification. 

 
1H NMR (400 MHz, CDCl3): δ 7.20 – 7.12 (m, 4H), 6.00 (m, 1H) 5.94 (s, 1H), 

4.49 – 4.43 (m, 2H), 3.95 (d, J = 6.5 Hz, 2H), 3.80 – 3.77 (m, 1H), 3.74 – 3.59 

(m, 13H), 3.57 – 3.52 (m, 2H), 3.40 – 3.32 (m, 2H), 2.83 (br s, 4H), 2.06 (s, 3H), 

1.93 – 1.87(br s, 1H), 1.78 – 1.75 (m, 2H), 1.32 – 1.21 (m, 4H). 13C NMR (101 

MHz, CDCl3): δ 168.0, 130.1, 130.0, 128.2, 116.5, 116.2, 115.1, 106.4, 77.5, 

77.2, 76.8, 70.7, 70.6, 70.3, 61.7, 25.6, 12.8, 12.1. HRMS calcd. For 

C33H44FN4O11 ([M+H]+): 691,2991, found: 691.3012. 

 

(1-(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (1-(4-(3-(3-methoxy-4-(oxazol-4-yl)phenyl)ureido)phenyl)-3-oxo-

4,7,10,13-tetraoxa-2-azapentadecan-15-yl)carbamate (RBM3-354) 
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The carbonate RBM3-353 (67.0 mg, 0.097 mmol) was dissolved in MeCN (0.485 

mL) and added to a stirred solution of RBM3-306 (43.0 mg, 0.127 mmol) and 

TEA (0.040 mL, 0.291 mmol) in MeCN (0.5 ml). The resulting mixture was 

stirred at 25 ºC until no mixed carbonate remained by TLC (3 h) and the solution 

was concentrated. The residue was purified by flash column chromatography 

(from 0 to 10 % MeOH in CH2Cl2) to give RBM3-354 (40 mg, 0.044 mmol, 45% 

yield).  

 
1H NMR (400 MHz, CD3OD):  δ 8.17 (s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.51 (d, 

J = 2.1 Hz, 1H), 7.42 (s, 1H), 7.40 – 7.37 (m, 1H), 7.36 – 7.34 (m, 1H), 7.29 – 

7.22 (m, 5H), 6.99 – 6.95 (m, 2H), 5.95 (s, 1H), 4.28 (s, 2H), 4.22 – 4.18 (m, 2H), 

3.98 (s, 3H), 3.91 (d, J = 6.2 Hz, 2H), 3.71 – 6.68 (m, 2H), 3.66 – 3.55 (m, 9H), 

3.52 – 3.47 (m, 2H), 3.28 – 3.23 (m, 2H), 2.00 (s, 3H), 1.96 (s, 3H), 1.93 – 1.87(br 

s, 1H), 1.81 – 1.70 (m, 2H), 1.33 – 1.18 (m, 3H). 13C NMR (101 MHz, CD3OD): 

δ 170.2, 157.8, 151.3, 142.5, 140.5, 135.4, 132.0, 131.5, 131.4, 130.1, 129.9, 

127.3, 124.0, 122.9, 119.2, 117.4, 117.2, 115.6, 112.1, 111.9, 107.1, 103.0, 71.6, 

71.5, 71.2, 70.9, 70.6, 69.7, 65.2, 56.0, 49.6, 49.4, 49.2, 49.0, 48.8, 48.6, 48.4, 

45.5, 37.4, 12.6, 12.0. HRMS calcd. for C47H57FN7O11 ([M+H]+): 914.4100, 

found: 914.4141. 

 

17-Azido-3,6,9,12,15-pentaoxaheptadecyl (4-(3-(3-methoxy-4-(oxazol-4 

yl)phenyl)ureido) benzyl)carbamate (RBM3-324) and 23-azido-

3,6,9,12,15,18,21-heptaoxatricosyl (4-(3-(3-methoxy-4-(oxazol-4-yl)phenyl) 

ureido) benzyl)carbamate (RBM3-323) 
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To a round-bottom flask, a solution of N,N′-disuccinimidyl carbonate (2 eq, 1.627 

mmol) in MeCN (1 mL) was placed, then TEA (3 eq, 2.440 mmol) was added 

and a solution of the azido alcohol RBM3-200 or RBM3-203 (1 eq, 0.813 mmol) 

in MeCN (2 mL) was added dropwise at 25 ºC. The reaction was monitored by 

TLC until completion. The reaction crude was concentrated, redissolved in 

MeCN (1.5 mL), and added to a stirred solution of the corresponding amine 

RBM3-006 (210 mg, 620 mmol) and TEA (0.087 mL, 0.628 mmol) in MeCN 

(1.5 mL). The solution was concentated and the crude was then purified by flash 

column chromatography (from 0 to 20 % MeOH in CH2Cl2) to give RBM3-324 

(56% yield, in 2 steps) or RBM3-323 (53% yield, in 2 steps). 

 

RBM3-324 
1H NMR (400 MHz, CD3OD): δ 8.16 (s, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.50 (br 

s, 1H), 7.41 (s, 1H), 7.39 – 7.21 (m, 3H), 7.00 – 6.93 (m, 2H), 4.27 (s, 2H), 4.22 

– 4.15 (m, 2H), 3.97 (s, 3H), 3.72 – 3.51 (m, 21H), 3.39 – 3.30 (m, 2H). 13C NMR 

(101 MHz, CD3OD): δ 159.0, 157.8, 155.0, 154.8, 151.24, 151.22, 149.7, 142.5, 

141.5, 140.5, 140.1, 139.8, 130.0, 129.8, 127.2, 124.8, 123.95, 123.92, 122.9, 

121.0, 119.1, 119.1, 117.5, 112.05, 112.03, 111.9, 102.9, 73.6, 71.57, 71.55, 

71.52, 71.50, 71.47, 71.1, 71.08, 70.5, 70.0, 65.2, 56.0, 55.99, 51.7, 51.7, 45.4. 

HRMS calcd. for C31H42N7O10 ([M+H]+): 672.2993, found: 672.2977. 

 

RBM3-323 
1H NMR (400 MHz, CD3OD): δ 8.16 (s, 1H), 7.64 (dd, J = 8.5, 3.0 Hz, 1H), 7.50 

(d, J = 2.2 Hz, 1H), 7.40 (br s, 1H), 7.39 – 7.20 (m, 3H), 7.00 – 6.90 (m, 2H), 
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 RBM3-324: n=5

 RBM3-323: n=7
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4.26 (br s, 2H), 4.18 (t, J = 4.7 Hz, 2H), 3.96 (s, 3H), 3.71 – 3.56 (m, 29H), 3.38 

– 3.31 (m, 2H). 13C NMR (101 MHz, CD3OD): δ 159.0, 157.7, 154.9, 154.8, 

151.2, 149.7, 142.5, 142.5, 141.49, 140.46, 140.1, 139.8, 130.0, 129.8, 127.2, 

124.8, 123.9, 122.8, 121.0, 119.1, 119.1, 117.5, 112.0, 112.0, 111.9, 111.8, 108.3, 

102.9, 73.6, 71.6, 71.6, 71.5, 71.4, 71.3, 71.10, 71.06, 70.5, 70.0, 65.2, 62.2, 56.0, 

55.98, 51.7, 51.69, 45.4. HRMS calcd. for C35H50N7O12 ([M+H]+): 760.3517, 

found: 760.3569. 

 

17-Amino-3,6,9,12,15-pentaoxaheptadecyl (4-(3-(3-methoxy-4-(oxazol-

4yl)phenyl)ureido) benzyl)carbamate (RBM3-326) and 23-amino-

3,6,9,12,15,18,21-heptaoxatricosyl (4-(3-(3-methoxy-4-(oxazol-4-yl)phenyl) 

ureido)benzyl)carbamate (RBM3-325) 
 

 
 

A solution of the selected azide RBM3-324 or RBM3-323 (0.412 mmol) and 

Pd/C (10 % w/w – 5 mol%) in degassed MeOH (4.1 mL) was stirred at 25 ºC 

under an H2-filled balloon (previously purged with Ar). After stirring overnight, 

the reaction mixture was filtered through a Celite® pad, and the particles were 

rinsed with MeOH (3 x 5 mL). The combined filtrates were concentrated in vacuo 

to give the desired amine compounds RBM3-326 (76% yield) and RBM3-325 

(83% yield), which were used without further purification. 

 

RBM3-324 
1H NMR (400 MHz, CD3OD): δ 8.17 (s, 1H), 7.66 (dd, J = 8.4, 1.3 Hz, 1H), 7.51 

(d, J = 2.0 Hz, 1H), 7.42 (s, 1H), 7.40 – 7.21 (m, 3H), 7.02 – 6.93 (m, 2H), 4.27 
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(s, 2H), 4.23 – 4.18 (m, 2H), 3.98 (s, 3H), 3.72 – 3.48 (m, 24H), 2.91 – 2.81 (m, 

2H). 13C NMR (101 MHz, CD3OD): δ 157.8, 151.3, 149.8, 142.5, 141.5, 140.6, 

130.0, 127.2, 124.8, 124.0, 122.9, 121.0, 119.2, 119.1, 117.6, 112.1, 111.9, 102.9, 

72.0, 71.52, 71.49, 71.44, 71.40, 71.3, 71.0, 70.6, 65.1, 56.0, 45.5, 41.7. HRMS 

calcd. For C31H43N5O10 ([M+H]+): 646.3088, found: 646.3048. 

 

RBM3-325 
1H NMR (400 MHz, CD3OD): δ 8.17 (s, 1H), 7.65 (ddd, J = 8.5, 3.4, 1.6 Hz, 1H), 

7.51 (s, 1H), 7.41 (s, 1H), 7.39 – 7.19 (m, 3H), 7.09 – 6.93 (m, 2H), 4.26 (d, J = 

5.1 Hz, 1H), 4.23 – 4.13 (m, 2H), 4.00 – 3.93 (m, 3H), 3.70 – 3.51 (m, 31H), 3.08 

– 2.91 (m, 2H). 13C NMR (101 MHz, CD3OD): δ 157.8, 151.2, 149.8, 141.4, 

130.0, 129.7, 127.2, 123.9, 119.3, 112.0, 103.0, 71.5, 71.4, 71.3, 71.2, 71.1, 70.9, 

70.7, 65.0, 62.0, 56.0, 41.0, 26.1. HRMS calcd. for C35H52N5O12 ([M+H]+): 

734.3613, found: 734.3590. 

 

1-((1-(2-(1-(4-Cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl) 

piperidin-4-yl)oxy)-1-oxo-5,8,11,14,17-pentaoxa-2-azanonadecan-19-yl (4-

(3-(3-methoxy-4-(oxazol-4-yl)phenyl)ureido)benzyl)carbamate (RBM3-330) 

and 1-((1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl) 

piperidin-4-yl)oxy)-1-oxo-5,8,11,14,17,20,23-heptaoxa-2-azapentacosan-25-

yl (4-(3-(3-methoxy-4-(oxazol-4-yl)phenyl)ureido)benzyl)carbamate 

(RBM3-329) 
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A solution of RBM3-308 (0.219 mmol, 1.1 eq,) in anhydrous CH2Cl2 (1 mL) was 

added dropwise to a stirred solution of the corresponding amine RBM3-326 

(0.197 mmol, 1 eq.) or RBM3-325 (0.197 mmol, 1 eq) and TEA (1.2 eq, 0.236 

mmol) in anhydrous CH2Cl2 (1 mL) at 25 ºC. After overnight stirring, the reaction 

mixture was concentrated in vacuo, and the resulting crude was purified by flash 

chromatography (MeOH 0% to 20% in CH2Cl2) to furnish the final compounds 

RBM3-330 (42% yield) and RBM3-329 (59% yield). 

 

RBM3-330 
1H NMR (400 MHz, CD3OD): δ 8.17 (s, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.65 (d, J 

= 8.5 Hz, 1H), 7.51 (d, J = 2.0 Hz, 1H), 7.47 – 7.34 (m, 5H), 7.25 (t, J = 7.8 Hz, 

1H), 6.97 (dt, J = 7.9, 2.3 Hz, 2H), 6.43 (s, 1H), 4.66 – 4.59 (m, 1H), 4.27 (s, 2H), 

4.24 – 4.16 (m, 2H), 3.97 (s, 3H), 3.71 – 3.64 (m, 2H), 3.60 (m, 20H), 3.50 (t, J 

= 5.4 Hz, 2H), 3.26 (t, J = 5.5 Hz, 2H), 2.85 (br s, 2H), 2.45 (br s, 2H), 2.28 (s, 

3H), 1.98 (s, 3H), 1.93 (m, 2H), 1.84 – 1.68 (m, 2H). 13C NMR (101 MHz, 

CD3OD): δ 194.2, 159.0, 158.4, 157.8, 154.9, 151.3, 149.8, 142.5, 141.5, 140.5, 

137.4, 134.8, 130.6, 130.2, 130.0, 127.2, 124.0, 122.9, 120.5, 119.2, 118.9, 114.0, 

112.1, 111.9, 108.7, 102.9, 71.56, 71.53, 71.50, 71.2, 71.0, 70.6, 65.2, 56.0, 52.1, 

45.4, 41.6, 31.6, 13.2, 12.7. HRMS calcd. for C52H65N8O13 ([M+H]+): 1009.4671, 

found: 1009.4807. 

 

RBM3-329 
1H NMR (400 MHz, CD3OD): δ 8.17 (s, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.66 (d, J 

= 8.4 Hz, 2H), 7.52 (d, J = 1.9 Hz, 1H), 7.48 – 7.32 (m, 5H), 7.25 (t, J = 7.8 Hz, 

1H), 7.01– 6.93 (m, 2H), 6.43 (s, 1H), 4.66 – 4.59 (m, 2H), 4.27 (s, 2H), 4.22 – 

4.14 (m, 2H), 3.98 (s, 3H), 3.74 – 3.65 (m, 2H), 3.69 – 3.54 (m, 28H), 3.50 (t, J 

= 5.4 Hz, 2H), 3.26 (t, J = 5.5 Hz, 2H), 2.93 – 2.69 (m, 2H), 2.55 – 2.39 (m, 2H), 

2.28 (s, 3H), 1.98 (s, 3H), 1.97 – 1.87 (m, 2H), 1.81 – 1.70 (m, 2H). 13C NMR 
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(101 MHz, CD3OD): δ 159.0, 158.4, 157.8, 154.8, 151.3, 149.8, 142.5, 141.6, 

140.6, 137.5, 134.8, 130.6, 130.3, 130.0, 127.2, 123.9, 122.9, 120.4, 119.2, 118.9, 

114.0, 112.1, 111.9, 108.9, 102.9, 71.54, 71.51, 71.49, 71.2, 71.0, 70.6, 65.2, 

56.0, 52.1, 45.4, 41.6, 31.5, 13.2, 12.7. HRMS calcd. for C56H73N8O15 ([M+H]+): 

1097.5195, found: 1097.5193. 

 

(2S,4R)-1-((S)-2-(Tert-butyl)-14-hydroxy-4-oxo-6,9,12-trioxa-3-

azatetradecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (RBM3-359) 
 

 

 

EDC.HCl (87 mg, 0.452 mmol) and HOBt.H2O (61 mg, 0.452 mmol) were 

sequentially added to an ice-cooled solution of 2-(2-(2-(2-

hydroxyethoxy)ethoxy)ethoxy)acetic acid (200 mg, 0.377 mmol) in anhydrous 

CH2Cl2 (2 mL), and the resulting mixture was vigorously stirred at 25 ºC under 

argon atmosphere. After 15 min, the previous mixture was added dropwise to a 

solution of RBM5-189 (86 mg, 0.415 mmol) and DIPEA (0.328 ml, 1.885 mmol) 

in anhydrous CH2Cl2 (2 mL) and the reaction was stirred at 25 ºC for 2 h. The 

mixture was next diluted with CH2Cl2 (5 mL) and washed with brine. The organic 

layer was dried over MgSO4, filtered, and the volatiles were removed under 

reduced pressure. Purification of the crude mixture by flash column 

chromatography (MeOH 0% to 20% in CH2Cl2) afforded RBM3-359 (150 mg, 

0.246 mmol, 65% yield). 
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1H NMR (400 MHz, CD3OD): δ 8.89 (s, 1H), 7.47 (d, J = 8.3 Hz, 2H), 7.41 (d, J 

= 8.3 Hz, 2H), 4.69 (s, 1H), 4.63 – 4.49 (m, 3H), 4.37 (d, J = 15.5 Hz, 1H), 4.06 

(d, J = 3.5 Hz, 2H), 3.88 (d, J = 11.3 Hz, 1H), 3.80 (dd, J = 11.0, 3.8 Hz, 1H), 

3.76 – 3.62 (m, 12H), 3.59 – 3.51 (m, 2H), 2.48 (s, 3H), 2.25 (ddt, J = 13.2, 7.6, 

1.9 Hz, 1H), 2.09 (ddd, J = 13.3, 9.2, 4.4 Hz, 1H), 1.04 (s, 9H). 13C NMR (101 

MHz, CD3OD): δ 174.3, 172.0, 171.6, 152.8, 149.0, 140.3, 133.3, 131.4, 130.30, 

128.9, 73.53, 72.06, 71.52, 71.38, 71.35, 71.32, 71.00, 62.16, 62.10, 60.8, 58.2, 

58.0, 43.6, 39.0, 37.0, 27.0, 15.9. HRMS calcd. for C30H45N4O8S ([M+H]+): 

621.2958, found: 621.2994. 

 

(R)-3-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-

yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-2,2-dimethyl-5-oxo-7,10,13-

trioxa-4-azahexadecan-16-yl (4-(3-(3-methoxy-4-(oxazol-4-

yl)phenyl)ureido)benzyl)carbamate (RBM3-360) 
 

 
 

In a round bottom flask, N,N′-disuccinimidyl carbonate (0.122 g, 0.476 mmol) 

was dissolved in DMF (4 mL). Next TEA (0.140 mL, 1.001 mmol) was added 

and, a solution of the alcohol RBM3-359 (0.313 g, 0.504 mmol) in DMF (1 mL) 

was then added dropwise. The mixture was monitored by TLC until completion 

of the reaction. RBM3-306 (43.0 mg, 0.127 mmol) was added portionwise 

followed by TEA (0.210 mL, 1.513 mmol). The resulting mixture was stirred at 

25 ºC until no mixed carbonate remained by TLC (3 h) and concentrated. The 

N

S

HN O

N

HO
HN

O

O O O
O

N
H

N
H

N
H

O

O

N
O

O

O



154 
 

residue was purified by flash column chromatography (from 0 to 10 % MeOH in 

CH2Cl2) and reverse phase purification to give RBM3-360 (19 mg, 0.019 mmol, 

4 % yield).  

 
1H NMR (400 MHz, CD3OD): δ 8.84 (s, 1H), 8.17 (s, 1H), 7.66 (d, J = 8.4 Hz, 

1H), 7.50 (d, J = 2.0 Hz, 1H), 7.47 – 7.29 (m, 8H), 7.24 (t, J = 7.8 Hz, 1H), 6.97 

(dd, J = 8.5, 2.1 Hz, 2H), 4.68 (s, 1H), 4.58 (t, J = 8.4 Hz, 1H), 4.49 (s, 1H), 4.41 

– 4.29 (m, 2H), 4.26 (s, 2H), 4.17 (dd, J = 5.6, 3.8 Hz, 2H), 4.08 – 3.98 (m, 2H), 

3.97 (s, 3H), 3.87 (d, J = 11.4 Hz, 1H), 3.78 (dd, J = 11.0, 3.8 Hz, 1H), 3.69 – 

3.59 (m, 12H), 2.45 (s, 3H), 2.22 (dd, J = 13.3, 7.7 Hz, 1H), 2.07 (ddd, J = 13.3, 

9.2, 4.4 Hz, 1H), 1.03 (s, 9H). 13C NMR (101 MHz, CD3OD): δ 174.4, 157.8, 

152.8, 140.5, 140.2, 131.5, 130.4, 130.1, 128.9, 127.3, 124.0, 112.1, 111.9, 103.0, 

72.3, 71.6, 71.1, 70.6, 60.8, 58.2, 56.0, 43.7, 37.0, 27, 15.8. HRMS calcd. for 

C49H61N8O12S ([M+H]+): 985.4130, found: 985.4186. 

 

2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-(2-(2-(2-(2 

hydroxyethoxy)ethoxy) ethoxy)ethyl)acetamide (RBM3-316), 2-((2-(2,6-

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-(17-hydroxy-

3,6,9,12,15-pentaoxaheptadecyl)acetamide (RBM3-331) and 2-((2-(2,6-

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-(23-hydroxy-

3,6,9,12,15,18,21-heptaoxatricosyl)acetamide (RBM3-332) 
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EDC.HCl (0.738 g, 3.852 mmol) and HOBt H2O (0.423 g, 3.130 mmol) were 

sequentially added to an ice-cooled solution of RBM5-173 (0.800 g, 2.408 mmol) 

in anhydrous CH2Cl2 (12 mL), and the resulting mixture was vigorously stirred 

at 25 ºC under argon atmosphere. After 15 min, the previous mixture was added 

dropwise to a solution of the selected amine RBM3-207, RBM3-209 or RBM3-

203 (3 eq, 2.408 mmol) and TEA (1.7 mL, 12.038 mmol) in anhydrous CH2Cl2 

(12 mL), and the reaction was stirred at 25 ºC for 2h. The mixture was next diluted 

with CH2Cl2 (50 mL) and washed with brine (2 x 25 mL). The organic layer was 

dried over MgSO4, filtered, and the volatiles were removed under reduced 

pressure. Purification of the crude mixture by flash column chromatography 

(MeOH 0% to 20% in CH2Cl2) afforded the corresponding amides RBM3-316 

(23% yield), RBM3-331 (62% yield) and RBM3-332 (71% yield). 

RBM3-316 
1H NMR (400 MHz, CDCl3): δ 9.14 (br s, 1H), 7.52 – 7.42 (m, 2H), 7.28 (d, J = 

7.4 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 4.78 – 4.68 (m, 1H), 4.41 (s, 2H), 3.49 – 

3.34 (m, 16H), 2.72 – 2.39 (m, 3H), 1.95 – 1.82 (m, 1H). 13C NMR (101 MHz, 

CDCl3): δ 167.0, 166.8, 166.0, 154.7, 137.1, 133.8, 119.5, 117.4, 72.9, 70.7, 70.5, 

70.3, 70.3, 69.7, 68.0, 61.6, 49.4, 39.2, 31.5, 29.8, 22.9. HRMS calcd. for 

C23H30N3O10 ([M+H]+): 508.1931, found:508.1901. 

 

RBM3-331 
1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 5.7 Hz, 1H), 7.72 (dd, J = 8.4, 7.3 Hz, 

1H), 7.53 (d, J = 7.3 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 5.03 – 4.90 (m, 1H), 4.66 

(s, 2H), 3.70 (dd, J = 5.2, 3.5 Hz, 2H), 3.68 – 3.60 (m, 18H), 3.59 – 3.56 (m, 4H), 

2.90 – 2.72 (m, 3H), 2.15 – 2.10 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 171.7, 

168.6, 167.1, 166.9, 166.0, 154.6, 137.0, 133.8, 119.5, 118.0, 117.3, 77.5, 77.2, 

76.8, 72.8, 70.52, 70.50, 70.5, 70.45, 70.40, 70.4, 70.3, 70.1, 69.5, 68.0, 61.6, 
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50.8, 49.4, 39.2, 31.5, 22.8. HRMS calcd. for C27H38N3O12 ([M+H]+): 597.2534, 

found: 597.2542. 

 

RBM3-332 
1H NMR (400 MHz, CDCl3): δ 9.08 (br s, 1H), 7.76 (m, 1H), 7.66 (t, J = 5.4 Hz, 

1H), 7.55 (d, J = 7.3 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 5.01 – 4.92 (m, 1H), 4.66 

(s, 2H), 3.76 – 3.69 (m, 2H), 3.70 – 3.63 (m, 26H), 3.63 – 3.55 (m, 4H), 2.92 – 

2.75 (m, 3H), 2.20 – 2.10 (m, 1H). 13C NMR (101 MHz, CDCl3): δ 171.3, 168.3, 

166.9, 166.9, 165.9, 154.6, 137.1, 133.8, 119.4, 118.2, 117.4, 72.7, 70.8, 70.71, 

70.67, 70.65, 70.63, 70.61, 70.59, 70.54, 70.48, 70.47, 70.4, 69.6, 68.0, 61.8, 

49.5, 39.2, 31.6, 22.8. HRMS calcd. For C31H46N3O14 ([M+H]+): 684.2980, 

found: 684.3001. 

 

1-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-2-oxo-6,9,12-

trioxa-3-azatetradecan-14-yl (4-(3-(3-methoxy-4-(oxazol-4-

yl)phenyl)ureido)benzyl)carbamate (RBM3-320), 1-((2-(2,6-dioxopiperidin-

3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-2-oxo-6,9,12,15,18-pentaoxa-3-

azaicosan-20-yl (4-(3-(3-methoxy-4-(oxazol-4-

yl)phenyl)ureido)benzyl)carbamate (RBM3-343) and  

1-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-2-oxo-

6,9,12,15,18,21,24-heptaoxa-3-azahexacosan-26-yl (4-(3-(3-methoxy-4-

(oxazol-4-yl)phenyl)ureido)benzyl)carbamate (RBM3-339) 
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To a solution of RBM3-316, RBM3-331 or RBM3-332 (0.300 mmol) and N,N’-

disuccinimidyl carbonate (0.450 mmol) in 1 mL of MeCN was added TEA (0.125 

mL, 0.900 mmol). The resulting solution was stirred at 25 ºC for 3 h (complete 

conversion by TLC). After the reaction was completed, 10 mL of CH2Cl2 was 

added to the reaction mixture. The solution was washed with 5% NaHCO3 (2 x 5 

mL) and then with water. The CH2Cl2 organic phase was then dried, filtered, and 

the solvent removed under reduced pressure. The resulting crude was dissolved 

in MeCN (0.6 ml) and added to a stirred solution of RBM3- 306 (113 mg, 0.300 

mmol) and TEA (0.057 mL, 0.400 mmol) in MeCN (1.35 ml). The resulting 

mixture was stirred at 25°C until no mixed carbonate remained by TLC (3 h). The 

reaction mixture was concentrated in vacuo, and the resulting crude was purified 

by flash chromatography (MeOH 0% to 30% in CH2Cl2) to furnish the 

corresponding compounds RBM3-320 (14% yield, 2 steps), RBM3-343 (55% 

yield, 2 steps) and RBM3-339 (55% yield, 2 steps). 

 

RBM3-320 
1H NMR (400 MHz, CD3OD): δ 8.16 (s, 1H), 7.72 (t, J = 7.9 Hz, 1H), 7.62 (d, J 

= 8.4 Hz, 1H), 7.55 – 7.43 (m, 2H), 7.39 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.5 Hz, 

2H), 7.23 (t, J = 7.8 Hz, 1H), 6.99 – 6.90 (m, 2H), 5.09 (dd, J = 12.5, 5.4 Hz, 1H), 

4.69 (s, 2H), 4.26 (s, 2H), 4.18 (t, J = 4.7 Hz, 2H), 3.96 (s, 3H), 3.69 – 3.52 (m, 
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16H), 3.47 (t, J = 5.3 Hz, 2H), 2.15 – 2.06 (m, 1H). 13C NMR (101 MHz, 

CD3OD): δ 174.6, 171.4, 168.3, 167.5, 157.7, 156.0, 151.2, 142.5, 138.1, 134.8, 

130.0, 127.2, 123.9, 121.3, 119.1, 117.8, 111.9, 102.9, 71.6, 71.5, 71.4 70.6, 70.3, 

69.0, 65.2, 56.0, 50.5, 45.4, 40.2, 32.2, 30.0, 23.6. HRMS calcd. for C42H46N7O14 

([M+H]+): 872.3103, found: 872.3145. 

 

RBM3-343 
1H NMR (400 MHz, CD3OD): δ 8.17 (s, 1H), 7.80 – 7.70 (m, 1H), 7.64 (d, J = 

8.4 Hz, 1H), 7.58 – 7.31 (m, 6H), 7.24 (t, J = 7.8 Hz, 1H), 7.02 – 6.91 (m, 2H), 

5.10 (dd, J = 12.4, 5.4 Hz, 1H), 4.71 (s, 2H), 4.27 (s, 2H), 4.19 (t, J = 4.7 Hz, 

2H), 3.98 (s, 3H), 3.71 –3.64 (m, 2H), 3.64 – 3.63 (m, 22H), 3.47 (t, J = 5.3 Hz, 

2H), 2.96 – 2.70 (m, 3H), 2.19 – 2.06 (m, 1H). 13C NMR (101 MHz, CD3OD): δ 

174.3, 171.0, 168.1, 167.3, 157.6, 155.8, 151.0, 142.3, 140.3, 138.0, 134.7, 129.9, 

127.1, 123.8, 122.8, 121.2, 119.1, 118.9, 117.8, 111.7, 102.8, 71.41, 71.37, 71.3, 

70.4, 70.1, 68.9, 65.1, 64.6, 56.0, 50.4, 45.4, 40.1, 32.1, 23.5. HRMS cacld. For 

C46H54N7O16 ([M+H]+): 960.3627, found: 960.3645. 

 

RBM3-339 
1H NMR (400 MHz, CD3OD): δ 8.10 (s, 1H), 7.80 – 7.70 (m, 1H), 7.63 (d, J = 

8.5 Hz, 1H), 7.53 – 7.47 (m, 2H), 7.40 – 7.32 (m, 4H), 7.23 (t, J = 7.8 Hz, 1H), 

6.94 (dd, J = 17.0, 8.0 Hz, 2H), 5.07 (dd, J = 12.3, 5.5 Hz, 1H), 4.69 (s, 2H), 4.27 

(s, 2H), 4.22 – 4.16 (m, 2H), 3.97 (s, 3H), 3.71 – 3.65 (m, 2H), 3.69 – 3.52 (m, 

28H), 3.52 – 3.45 (m, 2H), 2.90 – 2.69 (m, 3H), 2.18 – 2.07 (m, 1H). 13C NMR 

(101 MHz, CD3OD): δ 174.9, 174.6, 171.2, 170.0, 168.3, 167.5, 157.8, 151.3, 

142.5, 141.4, 138.1, 130.1, 127.2, 124.0, 123.2, 121.5, 117.8, 112.1, 111.9, 71.6, 

71.5, 71.5, 71.4, 70.6, 70.3, 69.1, 65.3, 56.0, 50.6, 45.4, 40.2, 32.2, 26.3, 23.7. 

HRMS cacld. For C50H62N7O18 ([M+H]+): 1048.4152, found: 1048.4158. 

 
 (RBM3-357) 
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EDC·HCl (136.0 mg, 0.709 mmol) and N,N- diisopropylethylamine (0.257 mL, 

1.478 mmol) were added to a solution of RBM3-306 (200.0 mg, 0.591 mmol), 1-

adamantanecarboxylic acid (106.5 mg, 0.591 mmol) and HOBt·H2O (95.8 mg, 

0.709 mmol) in DMF (5.9 mL) and stirred for 24h at 25 ºC under nitrogen. The 

solvent was removed in vacuo and the residue was purified by reverse-phase 

chromatography to give RBM3-357 (195.0 mg, 0.390 mmol, 66% yield) as a 

white solid. 

 
1H NMR (400 MHz, DMSO-d6): δ 8.88 (s, 1H), 8.70 (s, 1H), 8.35 (s, 1H), 7.97 

(t, J = 6.1 Hz, 1H), 7.59 (d, J = 8.5 Hz, 1H), 7.49 (d, J = 2.0 Hz, 1H), 7.41 (s, 

1H), 7.36 – 7.27 (m, 2H), 7.21 (t, J = 7.8 Hz, 1H), 7.04 (dd, J = 8.5, 2.0 Hz, 1H), 

6.83 (d, J = 7.5 Hz, 1H), 4.23 (d, J = 5.9 Hz, 2H), 3.92 (s, 3H), 2.01 – 1.94 (m, 

3H), 1.83 (d, J = 2.9 Hz, 6H), 1.68 (dd, J = 5.5, 2.9 Hz, 6H). 13C NMR (101 MHz, 

DMSO-d6): δ 177.1, 156.0, 152.3, 150.4, 147.5, 141.2, 140.7, 139.6, 126.1, 123.5, 

116.8, 110.4, 101.3, 55.6, 42.0, 40.4, 39.0, 36.4, 27.9. HRMS calcd. for 

C29H33N4O4 ([M+H]+): 501.2502, found: 501.2552. 

 

(RBM3-358) 
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EDC·HCl (48.3 mg, 0.252 mmol) and N,N- diisopropylethylamine (0.100 mL, 

0.001 mol) were added to a solution of amine RBM3-306 (0.100 mL, 0.574 

mmol), Tri-Boc-Arginine (99.6 mg, 0.210 mmol) and HOBt·H2O (34.0 mg, 0.252 

mmol) in CH2Cl2 (2.1 mL) and stirred for 24 h at 25 ºC under nitrogen. The 

solvent was removed in vacuo and the residue was purified by column 

chromatography on silica gel (MeOH 0% to 7% in CH2Cl2) to give RBM3-358 

(140.3 mg, 0.176 mmol, 84% yield).  

 
1H NMR (400 MHz, CDCl3): δ 9.44 (br s, 2H), 8.14 (br s, 1H), 8.00 (br s, 1H), 

7.85 (s, 1H), 7.59 (s, 1H), 7.54 (d, J = 1.9 Hz, 1H), 7.51 – 7.45 (m, 1H), 7.43 (s, 

1H), 7.35 (br s, 1H), 7.18 (t, J = 7.9 Hz, 1H), 7.05 (br s, 1H), 6.85 (d, J = 7.6 Hz, 

1H), 6.76 (d, J = 8.5 Hz, 1H), 5.92 (d, J = 8.0 Hz, 1H), 4.47– 4.21 (m, 3H), 3.90 

(s, 3H), 3.88 – 3.64 (m, 2H), 1.85 – 1.55 (m, 4H), 1.49 (s, 9H), 1.44 (s, 9H), 1.41 

(s, 9H). 13C NMR (101 MHz, CDCl3): δ 189.7, 179.1, 173.2, 171.3, 156.5, 155.9, 

153.1, 149.1, 148.2, 140.7, 139.2, 138.9, 129.5, 126.3, 124.1, 121.1, 118.4, 117.7, 

111.6, 110.8, 102.0, 80.1, 55.6, 53.6, 44.3, 43.3, 29.2, 28.5, 28.3, 28.1, 25.0. 

HRMS calcd for C39H55N8O10 ([M+H]+): 795.4041, found: 795.4046. 

 

v. RTK PROTACs 
 
1-((1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-

oxoethyl)piperidin-4-yl)oxy)-1-oxo-5,8,11-trioxa-2-azatridecan-13-yl 4-

methylbenzenesulfonate (RBM3-139) 
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To a stirred solution of RBM3-099 (60 mg, 0.108 mmol) in anhydrous CH2Cl2 (5 

mL) and TEA (0.045 mL, 0.323 mmol), a solution of 4-methylbenzenesulfonyl 

chloride (TsCl) (41 mg, 0.216 mmol) in anhydrous CH2Cl2 (2 mL) was added at 

0 °C. After the addition was complete, the mixture was allowed to warm to  25 

ºC and stirred for 3 h. The reaction mixture was then poured into 0.5 M aqueous 

HCl (15 mL) and extracted with CH2Cl2 (3 x 15 mL). The combined organic 

layers were washed with brine, dried over anhydrous MgSO4, filtered and 

evaporated to drynes and the residue was purified by silica gel column 

chromatography (0% to 7% of MeOH in CH2Cl2) to afford RBM3-139 (70.0 mg, 

0.098 mmol, 91%).  

 
1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.1Hz, 2H),  

7.33 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 6.39 (s, 1H), 6.02 (t, J = 5.8 Hz, 

1H), 4.88 – 4.57 (m, 1H), 3.72 (m, 4H), 3.64 (m, 11H), 3.55 (t, J = 4.9 Hz, 2H), 

3.36 (q, J = 5.3 Hz, 2H), 2.95 – 2.86 (m, 4H), 2.49 – 2.38 (m, 2H), 2.35 (s, 3H), 

2.31 (s, 3H), 2.00 – 1.94 (br m, 2H), 1.99 (s, 3H), 1.82 (m, 2H). 13C NMR (101 

MHz, CDCl3): δ 192.8, 156.5, 144.7, 141.4, 136.3, 133.6, 132.7, 129.2, 128.6, 

119.6, 117.9, 113.0, 107.8, 72.8, 70.7, 70.5, 70.4, 70.3 65.2, 61.7, 51.4, 43.0, 40.8, 

31.1, 21.5, 13.1, 12.8. HRMS calcd. for C36H47N4O9S ([M+H]+): 710.3011 found: 

710.3012. 

 

1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl)piperidin-

4-yl (2-(2-(2-(2-(4-(4-((3-chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6yl)phenoxy) 

ethoxy)ethoxy)ethoxy) ethyl) carbamate (RBM3-216) 
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To a mixture of RBM3-027 (30.0 mg, 0.064 mmol) and RBM3-139 (30.0 mg, 

0.042 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (62.1 mg, 

0.191 mmol). The reaction mixture was stirred at 50 °C for 6 h. Then it was 

diluted with AcOEt (30 mL), washed with water (4 x 20 mL), dried (Na2SO4) and 

the solvent was evaporated under vacuum. The crude product was purified by 

silica gel column chromatography (0% to 100% of EtOAc in hexanes) followed 

by a second purification by silica gel column chromatography (0% to 20% of 

MeOH in CH2Cl2) and finally by preparative TLC (DCM:MeOH 92:8) to RBM3-

216 (30 mg, 0.030 mmol, 70%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 6H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 5H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 6.43 (s, 1H), 6.08 (t, J = 5.8 Hz, 1H),  5.27 (s, 2H), 4.88 – 4.57 (m, 

1H), 3.72 (m, 4H), 3.64 (m, 11H), 3.55 (t, J = 4.9 Hz, 2H), 3.36 (q, J = 5.3 Hz, 

2H), 2.95 – 2.86 (m, 4H), 2.49 – 2.38 (m, 2H), 2, 2.31 (s, 3H), 2.00 – 1.94 (br m, 

2H), 1.99 (s, 3H), 1.82 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 192.8, 163.06, 

161.44, 157.66, 157.59, 156.5, 154.07, 149.69, 148.44, 141.4, 139.73, 139.69, 

138.23, 133.18, 132.7, 131.45, 130.69, 130.64, 129.86, 129.2, 128.67, 128.36, 

128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 119.6, 118.95, 117.9, 115.88, 

115.33, 114.87, 114.73, 114.28, 114.21, 114.07, 113.0, 107.8, 72.8, 70.7, 70.5, 

70.4, 70.3, 69.37. 65.2, 61.7, 51.4, 43.0, 40.8, 31.1, 13.1, 12.8. HRMS calcd. for 

C56H58ClFN7O8 ([M+H]+): 1009.3912 found: 1009.3912. 
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1-(1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)-3-oxo-2,7,10,13-tetraoxa-4-azapentadecan-15-yl 4-

methylbenzenesulfonate (RBM3-153) 
 

 
 

To a stirred solution of RBM3-352 (70 mg, 0.127 mmol) in anhydrous CH2Cl2 (5 

mL) and TEA (0.045 mL, 0.323 mmol), a solution of 4-methylbenzenesulfonyl 

chloride (TsCl) (39 mg, 0.383 mmol) in anhydrous CH2Cl2 (2 mL) was added at 

0 °C. After the addition was complete, the mixture was allowed to warm to 25 ºC 

and stirred for 3 h. The reaction mixture was then poured into 0.5 M aqueous HCl 

(15 mL) and extracted with CH2Cl2 (3 x 15 mL). The combined organic layers 

were washed with brine, dried over anhydrous MgSO4, filtered and the solvent 

was evaporated to dryness. The residue was purified by silica gel column 

chromatography using (0% to 7% of MeOH in CH2Cl2) to afford RBM3-153 

(83.0 mg, 0.117 mmol, 92%).  

 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.1Hz, 2H), 7.31 (d, J = 8.1Hz, 2H),  

7.21 – 7.14 (m, 4H), 6.02 (m, 1H) 5.95 (s, 1H), 3.96 (d, J = 6.5 Hz, 2H), 3.75 – 

3.69 (m, 4H), 3.68 – 3.60 (m, 10H), 3.57 – 3.53 (m, 2H), 3.40 – 3.32 (m, 2H), 

2.41 (s, 3H), 2.07 (s, 3H), 1.97 (s, 3H), 1.96 – 1.87 (m, 2H), 1.80 – 1.73 (m, 2H), 

1.34 – 1.21 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 168.0, 144.7, 132.7, 130.8, 

130.1, 130.0, 128.2, 116.5, 116.2, 115.1, 106.4, 77.5, 77.2, 76.8, 72.7, 70.7, 70.5, 

70.3, 70.2, 68.7, 61.7, 41.0, 36.5, 21.5, 12.8, 12.0. HRMS calcd. For 

C35H47FN3O9S ([M+H]+): 703.2923. found: 703.2925. 
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(1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-(2-(2-(2-(4-(4-((3 chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenoxy) 

ethoxy)ethoxy)ethoxy) ethyl) carbamate (RBM3-223) 
 

 

 

To a mixture of RBM3-027 (23 mg, 0.048 mmol) and RBM3-153 (33.0 mg, 

0.048 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (46 mg, 

0.143 mmol). The reaction mixture was stirred at 50 °C for 6 h. Then it was 

diluted with AcOEt (30 mL), washed with water (4 x 20 mL), dried over Na2SO4 

and the solvent was evaporated under vacuum. The crude product was purified 

by silica gel column chromatography (0% to 100% of EtOAc in hexanes) 

followed by a second purification by silica gel column chromatography (0% to 

13% of MeOH in CH2Cl2) and then by preparative TLC (CH2Cl2:MeOH 96:4) to 

give RBM3-223 (30 mg, 0.030 mmol, 70%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.21 – 7.117 (m, 4H), 7.15 (tt, J = 7.8, 1.4 

Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 6.02 (m, 1H) 5.95 (s, 1H), 5.27 (s, 2H), 3.96 

(d, J = 6.5 Hz, 2H), 3.75 – 3.69 (m, 4H), 3.68 – 3.60 (m, 10H), 3.57 – 3.53 (m, 

2H), 3.40 – 3.32 (m, 2H), 2.07 (s, 3H), 1.97 (s, 3H), 1.96 – 1.87 (m, 2H), 1.80 – 

1.73 (m, 2H), 1.34 – 1.21 (m, 4H). 13C NMR (101 MHz, DMSO-d6): δ 168.0, 

163.06, 161.44, 157.66, 157.59, 154.07, 149.69, 148.44, 139.73, 139.69, 138.23, 
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133.18, 131.45, 130.8, 130.69, 130.64, 130.1, 130.0, 129.86, 128.36, 128.32, 

128.2, 124.20, 123.45, 123.43, 122.38, 121.01, 118.95, 116.5, 116.2, 115.88, 

115.33, 115.1, 114.87, 114.73, 114.28, 114.21, 114.07, 106.4, 77.5, 77.2, 76.8, 

72.7, 70.7, 70.5, 70.3, 70.2, 69.37, 68.7, 61.7, 41.0, 36.5, 12.8, 12.0.  HRMS 

calcd. for C55H58ClF2N6O8 ([M+H]+): 1002.3944. Found 1002.3945. 

 

 (RBM3-143) 

 

 

 

EDC·HCl (127 mg, 0.662 mmol) and HOBt.H2O (72 mg, 0.538 mmol) were 

sequentially added to a solution of tri-Boc-Arginine (216 mg, 0.455 mmol) in 

CH2Cl2 (10 mL), and the resulting mixture was vigorously stirred at 25 ºC under 

argon atmosphere. After 15 min, the previous mixture was added dropwise to a 

solution of the amine RBM3-207 (80 mg, 0.414 mmol) and TEA (0.288 mL, 

2.070 mmol) in CH2Cl2 (10 mL), and the reaction was stirred at 25 ºC overnight. 

The mixture was next diluted with CH2Cl2 (50 mL) and washed with brine (2 x 

25 mL). The organic layer was dried over MgSO4, filtered, and the volatiles were 

removed under reduced pressure. Purification of the crude mixture by flash 

column chromatography (from 0 to 6% MeOH in CH2Cl2) afforded RBM3-143 

as a colorless oil  (250 mg, 0.385 mmol, 93 %).  

 
1H NMR (400 MHz, CDCl3): δ 4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 

(m, 3H), 3.79-3.75 (m, 4H), 3.71-3.60 (m, 10H), 3.54 (m, 1H), 3.11 (t, 2H), 1.85 
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– 1.55 (m, 4H) 1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). HRMS calcd. for 

C29H56N5O11 ([M+H]+): 649.3901, found: 649.3902. 

 

(S,E)-6,11-bis((tert-butoxycarbonyl)amino)-2,2-dimethyl-4,12-dioxo-

3,16,19,22-tetraoxa-5,7,13-triazatetracos-5-en-24-yl 4-

methylbenzenesulfonate (RBM3-144) 

 

 
 

To a stirred solution of RBM3-143 (180 mg, 0.277 mmol) in anhydrous CH2Cl2 

(10 mL) and TEA (0.116 mL, 0.831 mmol), a solution of 4-

methylbenzenesulfonyl chloride (TsCl) (105 mg, 0.554 mmol) in anhydrous 

CH2Cl2 (3mL) was added at 0 °C. After the addition was complete, the mixture 

was allowed to warm to 25 ºC and stirred for 3 h. The reaction mixture was then 

poured into 0.5 M aqueous HCl (15 mL) and extracted with CH2Cl2 (3 x 15 mL). 

The combined organic layers were washed with brine, dried over anhydrous 

MgSO4, filtered and the solvent was evaporated to dryness. The residue was 

purified by silica gel column chromatography (0% to 4% of MeOH in CH2Cl2) to 

afford RBM3-143 (73.0 mg, 0.091 mmol, 32%). 

 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.1Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 

4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 (m, 3H), 3.79-3.75 (m, 4H), 

3.71-3.60 (m, 10H), 3.54 (m, 1H), 3.11 (t, 2H), 2.41 (s, 3H), 1.85 – 1.55 (m, 4H) 

1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). HRMS calcd. for C36H61N5O13S ([M+H]+): 

804.3987, found: 804.3937. 
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(RBM3-222) 

 

 
 

To a mixture of RBM3-027 (15 mg, 0.032 mmol) and RBM3-153 (33.0 mg, 

0.041 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (31.1 mg, 

0.095 mmol). The reaction mixture was heated at 50 °C for 6 h and allowed to 

cool to 25 ºC. Then the reaction mixture was diluted with AcOEt (30 mL), washed 

with water (4x20 mL), and the organic layers were dried over Na2SO4 and the 

solvent was filtered and evaporated under vacuum. The crude product was 

purified by silica gel column chromatography (0% to 100% of EtOAc in hexanes) 

followed by a second purification by silica gel column chromatography using (0% 

to 9% of MeOH in CH2Cl2) and preparative TLC (CH2Cl2:MeOH 96:2) to give 

RBM3-222 (14 mg, 0.013 mmol, 39%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 5.27 (s, 2H) 4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 (m, 

3H), 3.79-3.75 (m, 4H), 3.71-3.60 (m, 10H), 3.54 (m, 1H), 3.11 (t, 2H), 2.41 (s, 

3H),  1.85 – 1.55 (m, 4H) 1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). 13C NMR (101 

MHz, DMSO-d6): δ 171.61, 163.06, 161.44, 157.66, 157.59, 154.07, 149.69, 

148.44, 139.73, 139.69, 138.23, 133.18, 131.45, 130.69, 130.64, 129.86, 128.36, 

128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 118.95, 115.88, 115.33, 114.87, 
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114.73, 114.28, 114.21, 114.07, 80.1, 72.7, 70.7, 70.5, 70.3, 70.2, 70.0, 69.37, 

55.6, 53.6, 44.3, 43.3, 41.32, 29.2, 28.5, 28.3, 28.1, 25.0. HRMS calcd. for 

C56H73ClFN8O12 ([M+H]+): 1102.4932. Found 1102.4932. 

 

1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl)piperidin-

4-yl (2-hydroxyethyl) carbamate (RBM3-140) 
 

 
 

A solution of RBM3-308 (60.0 mg, 0.119 mmol) in anhydrous CH2Cl2 (5 mL) 

was added dropwise to a stirred solution of RBM3-013 (10.2 mg, 0.167 mmol) 

and TEA (36.2 mg, 0.358 mmol) in anhydrous CH2Cl2 (1 mL) at 25 ºC. After 

overnight stirring, the reaction mixture was concentrated in vacuo, and the 

resulting crude was purified by flash chromatography (MeOH 0% to 7% in 

CH2Cl2) to furnish RBM3-140 (41 mg, 0.091 mmol, 81% yield)  

 
1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 

6.39 (s, 1H), 6.02 (t, J = 5.8 Hz, 1H), 4.88 – 4.57 (m, 1H), 3.72 (m, 2H), 3.55 (t, 

J = 4.9 Hz, 2H) 3.40 – 3.32 (m, 2H), 3.31 (q, J = 5.3 Hz, 2H), 2.49 – 2.38 (m, 

2H), 2.31 (s, 3H), 2.00 – 1.94 (br m, 2H), 1.99 (s, 3H), 1.82 (m, 2H). 13C NMR 

(101 MHz, CDCl3): δ 192.8, 156.5, 141.2, 141.4, 136.3, 133.6, 132.7, 129.2, 

128.6, 119.6, 117.9, 113.0, 107.8, 70.3, 61.7, 51.4, 43.0, 40.8, 31.1, 21.5, 13.1, 

12.8. HRMS calcd. for C23H29N4O4 ([M+H]+): 424.2132, found: 424.2135. 
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2-((((1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-

oxoethyl)piperidin-4-yl)oxy)carbonyl)amino)ethyl 4-

methylbenzenesulfonate (RBM3-141) 
 

 

 

To a stirred solution of RBM3-140 (30 mg, 0.71 mmol) in anhydrous CH2Cl2 (5 

mL) and TEA (0.049 mL, 0.353 mmol), a solution of 4-methylbenzenesulfonyl 

chloride (TsCl) (33 mg, 0.177 mmol) in anhydrous CH2Cl2 (2 mL) was added at 

0 °C. After the addition was complete, the mixture was allowed to warm to 25 ºC 

and stirred for 3 h. The reaction mixture was then poured into 0.5 M aqueous HCl 

(15 mL) and extracted with CH2Cl2 (3 x 15 mL). The combined organic layers 

were washed with brine, dried over anhydrous MgSO4, filtered and the solvent 

was evaporated to dryness. The residue was purified by silica gel column 

chromatography (0% to 3% of MeOH in CH2Cl2) to afford RBM3-141 (30.0 mg, 

0.052 mmol, 73%).  

 
1H NMR (400 MHz, CDCl3): δ 7.83 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.1Hz, 2H), 

7.33 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 6.39 (s, 1H), 6.02 (t, J = 5.8 Hz, 

1H), 4.88 – 4.57 (m, 1H), 3.72 (m, 2H), 3.55 (t, J = 4.9 Hz, 2H), 3.36 (q, J = 5.3 

Hz, 2H), 2.49 – 2.38 (m, 2H), 2.35 (s, 3H) 2.31 (s, 3H), 2.00 – 1.94 (br m, 2H), 

1.99 (s, 3H), 1.82 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 192.8, 156.5, 144.7, 

141.2, 141.4, 136.3, 133.9, 133.7, 132.6, 129.2, 128.6, 119.6, 117.9, 113.0, 107.8, 

70.3, 61.7, 51.4, 43.0, 40.8, 31.1, 21.8, 21.5, 13.1, 12.8. HRMS calcd. for 

C30H34N4O6S ([M+H]+): 425.2132, found: 425.2135. 
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1-(2-(1-(4-cyanophenyl)-2,5-dimethyl-1H-pyrrol-3-yl)-2-oxoethyl)piperidin-

4-yl (2-(4-(4-((3-chloro-4-((3-fluorobenzyl)oxy)phenyl)amino)quinazolin-6-

yl)phenoxy)ethyl) carbamate (RBM3-225) 
 

 
 

To a mixture of RBM3-027 (15 mg, 0.032 mmol) and RBM3-141 (18.0 mg, 

0.032 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (31.1 mg, 

0.095 mmol). The reaction mixture was heated at 50 °C for 6 h. Then it was 

cooled to 25 ºC,  diluted with AcOEt (30 mL), washed with water (4x20 mL), 

dried Na2SO4 and the solvent was evaporated under vacuum. The crude product 

was purified by silica gel column chromatography (0% to 100% of EtOAc in 

hexanes) followed by a second purification by silica gel column chromatography 

(0% to 8% of MeOH in CH2Cl2) and finally by preparative TLC (CH2Cl2:MeOH 

96:2) to give RBM3-225 (17 mg, 0.020 mmol, 62%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 6H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 5H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 6.43 (s, 1H), 6.08 (t, J = 5.8 Hz, 1H),  5.27 (s, 2H), 4.88 – 4.57 (m, 

1H), 3.72 (m, 4H), 3.64 (m, 11H), 3.55 (t, J = 4.9 Hz, 2H), 3.36 (q, J = 5.3 Hz, 

2H), 2.95 – 2.86 (m, 4H), 2.49 – 2.38 (m, 2H), 2, 2.31 (s, 3H), 2.00 – 1.94 (br m, 

2H), 1.99 (s, 3H), 1.82 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 192.8, 163.06, 

161.44, 157.66, 157.59, 156.5, 154.07, 149.69, 148.44, 141.4, 139.73, 139.69, 

138.23, 133.18, 132.7, 131.45, 130.69, 130.64, 129.86, 129.2, 128.67, 128.36, 
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128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 119.6, 118.95, 117.9, 115.88, 

115.33, 114.87, 114.73, 114.28, 114.21, 114.07, 113.0, 107.8, 72.8, 70.7, 70.5, 

70.4, 70.3, 69.37. 65.2, 61.7, 51.4, 43.0, 40.8, 31.1, 13.1, 12.8. HRMS calcd. for 

C50H46ClFN7O5 ([M+H]+): 878.3223, found: 878.3225. 

 

(1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-hydroxyethyl)carbamate (RBM3-150) 
 

 

 

A solution of RBM3-361 (60.0 mg, 0.119 mmol) in anhydrous CH2Cl2 (5 mL) 

was added dropwise to a stirred solution of the amine RBM3-013 (10.4 mg, 0.170 

mmol) and TEA (36.8 mg, 0.363 mmol) in anhydrous CH2Cl2 (1 mL) at 25 ºC. 

After overnight stirring, the reaction mixture was concentrated in vacuo, and the 

resulting crude was purified by flash chromatography (MeOH 0% to 5% in 

CH2Cl2) to furnish RBM3-150 (40 mg, 0.096 mmol, 79.8% yield)  

 
1H NMR (400 MHz, CDCl3): δ 7.21 – 7.14 (m, 4H), 6.02 (m, 1H) 5.95 (s, 1H), 

3.96 (d, J = 6.5 Hz, 2H), 3.57 – 3.53 (m, 2H), 3.40 – 3.32 (m, 2H), 2.07 (s, 3H), 

1.97 (s, 3H), 1.96 – 1.87 (m, 2H), 1.80 – 1.73 (m, 2H), 1.34 – 1.21 (m, 4H). 13C 

NMR (101 MHz, CDCl3): δ 168.0, 130.8, 130.1, 130.0, 128.2, 116.5, 116.2, 

115.1, 106.4, 77.5, 77.2, 76.8, 72.7, 70.7, 68.7, 61.7, 41.0, 36.5, 12.8, 12.0. 

HRMS calcd. For C22H29FN3O4 ([M+H]+): 418.2110. found: 418.2113. 

 

2-((((1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-

4-yl)methoxy)carbonyl)amino)ethyl 4-methylbenzenesulfonate (RBM3-151) 
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To a stirred solution of RBM3-150 (70 mg, 0.072 mmol) in anhydrous CH2Cl2 (5 

mL) and TEA (0.030 mL, 0.216 mmol), a solution of 4-methylbenzenesulfonyl 

chloride (41.1 mg, 0.216 mmol) in anhydrous CH2Cl2 (2 mL) was added at 0 °C. 

After the addition was complete, the mixture was allowed to warm to 25 ºC and 

was stirred for 3 h. The reaction mixture was then poured into 0.5 M aqueous HCl 

(15 mL) and extracted with CH2Cl2 (3 x 15 mL). The combined organic layers 

were washed with brine, dried over anhydrous MgSO4, filtered and the solvent 

was evaporated to dryness. The residue was purified by silica gel column 

chromatography (0% to 3% of MeOH in CH2Cl2) to afford RBM3-151 (22.0 mg, 

0.038 mmol, 54%).  

 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.1Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 

7.21 – 7.14 (m, 4H), 6.02 (m, 1H) 5.95 (s, 1H), 3.96 (d, J = 6.5 Hz, 2H), 3.57 – 

3.53 (m, 2H), 3.40 – 3.32 (m, 2H), 2.41 (s, 3H), 2.07 (s, 3H), 1.97 (s, 3H), 1.96 – 

1.87 (m, 2H), 1.80 – 1.73 (m, 2H), 1.34 – 1.21 (m, 4H). 13C NMR (101 MHz, 

CDCl3): δ 168.0, 144.7, 132.7, 130.8, 130.1, 130.0, 128.2, 116.5, 116.2, 115.1, 

106.4, 77.5, 77.2, 76.8, 72.7, 70.7, 68.7, 61.7, 41.0, 36.5, 21.5, 12.8, 12.0. HRMS 

calcd. For C29H35FN3O6S ([M+H]+): 572.2223, found: 572.2227. 

 

(1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-(4-(4-((3-chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl)phenoxy)ethyl) carbamate 

(RBM3-227) 
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To a mixture of RBM3-027 (20 mg, 0.042 mmol) and RBM3-151 (24.0 mg, 

0.042 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (41 mg, 

0.127 mmol). The reaction mixture was heated at 50 °C for 6 h. Then it was 

allowed to cool, diluted with AcOEt (30 mL), washed with water (4 x 20 mL), 

dried over Na2SO4 and the solvent was evaporated under vacuum. The crude was 

purified by silica gel column chromatography (0% to 100% of EtOAc in hexanes) 

followed by a second purification by silica gel column chromatography (0% to 

11% of MeOH in CH2Cl2) and a final step by preparative TLC (CH2Cl2:MeOH 

97:3) to give RBM3-227 (30 mg, 0.030 mmol, 70%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.21 – 7.117 (m, 4H), 7.15 (tt, J = 7.8, 1.4 

Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 6.02 (m, 1H) 5.95 (s, 1H), 5.27 (s, 2H), 3.96 

(d, J = 6.5 Hz, 2H), 3.57 – 3.53 (m, 2H), 3.40 – 3.32 (m, 2H), 2.07 (s, 3H), 1.97 

(s, 3H), 1.96 – 1.87 (m, 2H), 1.80 – 1.73 (m, 2H), 1.34 – 1.21 (m, 4H). 13C NMR 

(101 MHz, DMSO-d6): δ 168.0, 163.06, 161.44, 157.66, 157.59, 154.07, 149.69, 

148.44, 139.73, 139.69, 138.23, 133.18, 131.45, 130.8, 130.69, 130.64, 130.1, 

130.0, 129.86, 128.36, 128.32, 128.2, 124.20, 123.45, 123.43, 122.38, 121.01, 

118.95, 116.5, 116.2, 115.88, 115.33, 115.1, 114.87, 114.73, 114.28, 114.21, 

114.07, 106.4, 77.5, 77.2, 76.8, 72.7, 70.7, 68.7, 61.7, 41.0, 36.5, 12.8, 12.0.  

HRMS calcd. for C49H46ClF2N6O5 ([M+H]+): 871.3111. Found 871.3116. 
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EDC·HCl (60.0 mg, 0.314 mmol) and HOBt.H2O (34.0 mg, 0.255 mmol) were 

sequentially added to a solution of tri-Boc-Arginine  (93.0 mg, 0.196 mmol) in 

CH2Cl2 (10 mL), and the resulting mixture was vigorously stirred at 25 ºC under 

argon atmosphere. After 15 min, the previous mixture was added dropwise to a 

solution of amine RBM3-013 (12.0 mg, 0.196 mmol) and TEA (0.288 mL, 2.070 

mmol) in CH2Cl2 (10 mL), and the reaction mixture was stirred at 25 ºC 

overnight. The mixture was next diluted with CH2Cl2 (50 mL) and washed with 

brine (2 x 25 mL). The organic layer was dried over MgSO4, filtered, and the 

volatiles were removed under reduced pressure. Purification of the crude by flash 

column chromatography (from 0 to 6% MeOH in CH2Cl2) afforded RBM3-146 

(77.0 mg, 0.149 mmol, 75 %).  

 
1H NMR (400 MHz, CDCl3): δ 4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 

(m, 3H), 3.79-3.75 (m, 2H), 3.71-3.60 (m, 2H), 3.54 (m, 1H), 3.11 (t, 2H), 1.85 – 

1.55 (m, 4H) 1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). HRMS calcd. for C23H44N5O8 

([M+H]+): 518.3112, found: 518.3162. 

 

(S,E)-6,11-bis((tert-butoxycarbonyl)amino)-2,2-dimethyl-4,12-dioxo-3-oxa-

5,7,13-triazapentadec-5-en-15-yl 4-methylbenzenesulfonate (RBM3-147) 
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To a stirred solution of RBM3-146 (40 mg, 0.077 mmol) in anhydrous CH2Cl2 

(10 mL) and TEA (0.021 mL, 0.155 mmol), a solution of 4-

methylbenzenesulfonyl chloride (29.5 mg, 0.155 mmol) in anhydrous CH2Cl2 

(3mL) was added at 0 °C. After the addition was complete, the mixture was 

allowed to warm to 25 ºC and stirred for 3 h. The reaction mixture was then 

poured into 0.5 M aqueous HCl (15 mL) and extracted with CH2Cl2 (3 x 15 mL). 

The combined organic layers were washed with brine, dried over anhydrous 

MgSO4, filtered and the solvent was evaporated to dryness. The crude was 

purified by silica gel column chromatography (0% to 4% of MeOH in CH2Cl2) to 

afford RBM3-147 (30.0 mg, 0.045 mmol, 57%). 

 
1H NMR (400 MHz, CDCl3): δ 7.76 (d, J = 8.1Hz, 2H), 7.31 (d, J = 8.1Hz, 2H), 

4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 (m, 3H), 3.79-3.75 (m, 2H), 

3.71-3.60 (m, 2H), 3.54 (m, 1H), 3.11 (t, 2H), 2.41 (s, 3H), 1.85 – 1.55 (m, 4H) 

1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). HRMS calcd. for C30H50N5O10S ([M+H]+): 

672.3231, found: 672.3235. 
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To a mixture of RBM3-027 (20 mg, 0.042 mmol) and RBM3-147 (28.5 mg, 

0.042 mmol) in N,N-dimethylformamide (5 mL) was added Cs2CO3 (41.0 mg, 

0.127 mmol). The reaction mixture was heated at 50 °C for 6 h, cooled to 25 ºC, 

diluted with AcOEt (30 mL), washed with water (4x20 mL), dried over Na2SO4 

and the solvent was evaporated under vacuum. The reaction crude was purified 

by two sequential silica gel column chromatography steps (0% to 100% of EtOAc 

in hexanes and 0% to 7% of MeOH in CH2Cl2) and then by preparative TLC 

(CH2Cl2:MeOH 96:2) to give RBM3-226 (22 mg, 0.023 mmol, 54%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 5.27 (s, 2H) 4.47– 4.21 (m, 2H), 4.05 (d, J = 8.3 Hz, 2H), 3.90 (m, 

3H), 3.79-3.75 (m, 2H), 3.71-3.60 (m, 2H), 3.54 (m, 1H), 3.11 (t, 2H), 2.41 (s, 

3H),  1.85 – 1.55 (m, 4H) 1.49 (s, 9H), 1.44 (s, 9H), 1.41 (s, 9H). 13C NMR (101 

MHz, DMSO-d6): δ 171.61, 163.06, 161.44, 157.66, 157.59, 154.07, 149.69, 

148.44, 139.73, 139.69, 138.23, 133.18, 131.45, 130.69, 130.64, 129.86, 128.36, 

128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 118.95, 115.88, 115.33, 114.87, 

114.73, 114.28, 114.21, 114.07, 80.1, 72.7, 70.0, 69.37, 55.6, 53.6, 44.3, 43.3, 

41.32, 29.2, 28.5, 28.3, 28.1, 25.0. HRMS calcd. for C50H61ClFN8O9 ([M+H]+): 

971.4156, Found 971.4160. 

 

2-(2-(2-(2-(4-(4-((3-Chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6-

yl)phenoxy)ethoxy)ethoxy)ethoxy)ethan-1-ol (RBM-070) 
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To a mixture of RBM3-027 (200 mg, 0.424 mmol) and RBM3-006 (206 mg, 

0.042 mmol) in N,N-dimethylformamide (20 mL) was added Cs2CO3 (414 mg, 

1.271 mmol). The reaction mixture was heated at 50 °C for 6 h, it was allowed to 

cool and then it was diluted with AcOEt (50 mL). The organic solution was 

washed with water (4 x 40 mL), dried over Na2SO4 and the solvent was 

evaporated under vacuum. The product was purified by silica gel column 

chromatography (0% to 25% of MeOH in CH2Cl2) to give RBM3-070 (150 mg, 

0.0231 mmol, 54%). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 (m, 4H), 7.48 (td, J = 

8.0, 6.0 Hz, 1H), 7.39 – 7.25 (m, 3H), 7.19 (tt, J = 7.8, 1.4 Hz, 1H), 6.93 (d, J = 

8.6 Hz, 2H), 5.27 (s, 2H) 4.13 (t, J = 4.8Hz, 2H), 3.55-3.68 (m, 14H), 2.41 (s, 

3H). 13C NMR (101 MHz, DMSO-d6): δ 163.06, 161.44, 157.66, 157.59, 154.07, 

149.69, 148.44, 139.73, 139.69, 138.23, 133.18, 131.45, 130.69, 130.64, 129.86, 

128.36, 128.32, 124.20, 123.45, 123.43, 122.38, 121.01, 118.95, 115.88, 115.33, 

114.87, 114.73, 114.28, 114.21, 114.07, 72.3, 70.54, 70.47, 70.3, 70.1 69.37, 

69.1, 68.5, 61.5, 21.5. HRMS calcd. for C35H36ClFN3O6 ([M+H]+): 648.2222, 

Found 648.2256. 

 

2-(2-(2-(2-(4-(4-((3-Chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6-
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yl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl (4-nitrophenyl) carbonate (RBM3-

072) 
 

 
 

To a stirred solution of RBM3-070 (140 mg, 0.216 mmol) in anhydrous CH2Cl2 

(15 mL), pyridine (0.043 mL, 0.540 mmol) and p-nitrophenyl chloroformate (56 

mg, 0.281 mmol) were sequentially added. After stirring at 25 ºC for 30 min, the 

mixture was quenched with saturated aqueous NH4Cl (10 mL) and extracted with 

CH2Cl2 (3 x 10 mL). The combined organic layers were dried over MgSO4, 

filtered, and concentrated in vacuo. The residue was purified by flash column 

chromatography (0% to 10% of MeOH in CH2Cl2) to give RBM3-072 (76 mg, 

0.093 mmol, 43% yield). 

 
1H NMR (400 MHz, DMSO-d6): δ 9.85 (s, 1H), 9.68 (s, 1H), 8.69 (s, 1H), 8.56 

(s, 1H), 8.34 – 8.25 (m, 2H), 8.12 (d, J = 8.7 Hz, 1H), 8.03 (s, 1H), 7.87 – 7.67 

(m, 4H), 7.48 (dd, J = 8.0, 6.0 Hz, 3H), 7.39 – 7.25 (m, 3H), 7.19 (tt, J = 7.8, 1.4 

Hz, 1H), 6.93 (d, J = 8.6 Hz, 2H), 5.27 (s, 2H) 4.13 (t, J = 4.8Hz, 2H), 3.55-3.68 

(m, 14H), 2.41 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 171.1, 167.9, 163.06, 

161.44, 157.66, 157.59, 154.07, 149.69, 148.44, 139.73, 139.69, 138.23, 133.18, 

131.45, 130.69, 130.64, 129.86, 128.36, 128.32, 124.20, 123.45, 123.43, 122.38, 

121.01, 118.95, 115.88, 115.33, 114.87, 114.73, 114.28, 114.21, 114.07, 72.3, 

70.54, 70.47, 70.3, 70.1 69.37, 69.1, 68.5, 61.5, 21.5. HRMS calcd. for 

C42H39ClFN4O10 ([M+H]+): 813.2313, Found 813.2344. 
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2-(2-(2-(2-(4-(4-((3-Chloro-4-((3-

fluorobenzyl)oxy)phenyl)amino)quinazolin-6-yl) 

phenoxy)ethoxy)ethoxy)ethoxy)ethyl ((S)-1-((2R,4R)-4-hydroxy-2-((4-(4-

methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-

oxobutan-2-yl)carbamate (RBM3-217)  

 
  
1H NMR (400 MHz, DMSO-d6):  δ 9.87 (s, 1H), 8.95 (s, 1H), 8.72 (s, 1H), 8.59 

(t, J = 6.0 Hz, 1H), 8.55 (s, 1H), 8.13 (dd, J = 8.7, 1.9 Hz, 1H), 8.00 (d, J = 2.5 

Hz, 1H), 7.89 – 7.76 (m, 3H), 7.73 (dd, J = 9.0, 2.6 Hz, 1H), 7.54 – 7.23 (m, 8H), 

7.22 – 7.12 (m, 1H), 7.09 (d, J = 8.8 Hz, 2H), 5.24 (s, 2H), 5.15 (d, J = 3.5 Hz, 

1H), 4.55 (d, J = 9.6 Hz, 1H), 4.48 – 4.18 (m, 5H), 3.95 (s, 2H), 3.80 – 3.69 (m, 

2H), 3.69 – 3.51 (m, 8H), 2.41 (s, 3H), 2.08 – 2.00 (m, 1H), 1.93 – 1.82 (m, 1H), 

0.92 (s, 9H). 13C NMR (101 MHz, DMSO-d6): δ 169.12, 168.59, 168.0 163.01, 

161.39, 158.53, 157.60, 154.15, 151.45, 149.70, 148.57, 147.73, 139.68, 139.63, 

139.42, 137.72, 133.14, 131.44, 131.42, 131.13, 130.60, 130.55, 129.68, 128.68, 

128.32, 128.24, 127.44, 124.19, 123.36, 123.34, 122.36, 121.03, 119.27, 115.28, 

114.99, 114.78, 114.64, 114.29, 114.13, 113.98, 70.48, 69.97, 69.90, 69.63, 

69.59, 69.38, 68.95, 68.88, 67.26, 58.75, 56.60, 55.69, 41.68, 37.94, 35.73, 26.19, 

15.93. HRMS calcd. for C58H64ClFN7O10S ([M+H]+): 1104.4030, Found 

1104.4035. 

 

vi. CERT PROTACs 
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(1-(1-(4-Fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)carbamate (RBM3-

363) 
 

 
 

A solution of RBM3-361 (250 mg, 0.505 mmol) in anhydrous CH2Cl2 (10 mL) 

was added dropwise to a stirred solution of the linker RBM5-163 (155 mg, 0.710 

mmol) and TEA (0.211 mL, 1.514 mmol) in anhydrous CH2Cl2 (10 mL) at 25 ºC. 

After overnight stirring, the reaction mixture was concentrated in vacuo, and the 

resulting crude was purified by flash chromatography (0% to 10% of MeOH in 

CH2Cl2)  to furnish RBM3-363 (238 mg, 0.414 mmol, 82%).  

 
1H NMR (400 MHz, CDCl3): δ 7.21 – 7.10 (m, 4H), 5.93 (s, 1H), 4.45 (br s, 2H), 

3.98 – 3.92 (m, 2H), 3.70 – 3.61 (m, 11H), 3.56 – 3.51 (m, 2H), 3.41 – 3.33 (m, 

4H), 2.86 (br s, 2H), 2.05 (s, 3H), 1.95 (s, 3H), 1.92 – 1.85 (m, 1H), 1.76 (d, J = 

13.2 Hz, 2H), 1.25 (dt, J = 13.4, 3.4 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 

163.4, 161.0, 156.8, 134.2, 130.7, 130.05, 129.96, 128.2, 116.4, 116.2, 115.0, 

106.3, 70.8, 70.7, 70.3, 70.1, 68.8, 53.5, 50.7, 40.9, 36.4, 29.3, 12.7, 12.0. HRMS 

calcd for C28H40FN6O6 ([M+H]+): 575.2993, found: 575.3001. 

 

(1-(1-(4-fluorophenyl)-2,5-dimethyl-1H-pyrrole-3-carbonyl)piperidin-4-

yl)methyl (2-(2-(2-(2-(4-(3-(((2R,4S)-1,4-dihydroxy-4-phenylbutan-2-

yl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-

yl)ethoxy)ethoxy)ethoxy)ethyl)carbamate (RBM3-368) 
 

NF N

O

O
H
N

O
O O O

N3



181 
 

 
 

To a solution of RBM3-363 (25 mg, 0.044 mmol) and RBM3-366 (15.6 mg, 

0.045 mmol) in DMF (2 mL), was added a 1 M aqueous solution of CuSO4 (131 

μLXXX mmol) and a 1 M aqueous solution of sodium ascorbate (65 μL). The 

resulting mixture was stirred at 25 ºC for 10 min and then concentrated in vacuo 

and the residue was purified by flash column chromatography (from 0 to 10% 

MeOH in CH2Cl2) to obtain RBM3-368 (31 mg, 77%) as a cream-colored wax. 

 
1H NMR (400 MHz, CDCl3): δ 7.47 (s, 1H), 7.36 – 7.28 (m, 4H), 7.26 – 7.20 (m, 

1H), 7.16 (m, 4H), 6.80 (d, J = 6.9 Hz, 1H), 5.93 (s, 1H), 5.42 – 5.33 (m, 1H), 

4.82 (dd, J = 9.1, 3.4 Hz, 1H), 4.48 (t, J = 5.0 Hz, 2H), 4.12 – 4.03 (m, 1H), 3.94 

(br d, J = 6.1 Hz, 2H), 3.85 (t, J = 5.1 Hz, 2H), 3.67 (d, J = 4.1 Hz, 2H), 3.61 – 

3.56 (m, 9H), 3.54 (t, J = 5.1 Hz, 2H), 3.38 – 3.32 (m, 2H), 2.67 (t, J = 7.5 Hz, 

2H), 2.18 (t, J = 7.5 Hz, 2H), 2.09 – 2.06 (m, 1H), 2.05 (s, 3H), 1.96 (s, 3H), 1.95 

– 1.88 (m, 2H), 1.80 – 1.71 (m, 2H), 1.69 – 1.57 (m, 4H), 1.36 – 1.19 (m, 11H). 
13C NMR (101 MHz, CDCl3): δ 144.8, 134.2, 130.7, 130.1, 130.0, 128.5, 128.4, 

127.5, 125.8, 116.5, 116.3, 106.3, 71.8, 70.6, 70.6, 70.4, 70.2, 68.9, 41.3, 40.9, 

36.9, 36.4, 29.4, 29.0, 25.7, 12.8, 12.1. HRMS calcd for C49H71FN7O9 ([M+H]+): 

920.5297, found: 920.5330. 

 

N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-

yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide (RBM5-174) 
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A solution of RBM5-163 (0.17 g, 0.66 mmol) in DMF (6 mL) was added to a 0.1 

M solution of the carboxylic acid RBM5-173 (0.20 g, 0.60 mmol) in DMF (6 

mL,), followed by addition of DIPEA (0.23 g, 1.81 mmol) and HATU (0.23 g, 

0.60 mmol), and the resulting mixture was stirred at 25 ºC for 19 h. The mixture 

was next diluted with CH2Cl2 (20 mL) and washed with citric acid (2 x 25 ml). 

The organic layer was dried over MgSO4, filtered and concentrated. Purification 

of the crude by flash column chromatography (from 0 to 6% MeOH in CH2Cl2) 

afforded RBM5-174 (0.26 g, 0.488 mmol, 82% yield). 

 
1H NMR (400 MHz, CDCl3): δ 8.69 (br s, 1H), 7.76 – 7.70 (m, 1H), 7.60 (br s, 

1H), 7.54 (d, J = 7.3 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 4.95 (dd, J = 12.0, 5.4 Hz, 

1H), 4.64 (s, 2H), 3.70 – 3.61 (m, 12H), 3.60 – 3.54 (m, 2H), 3.41 – 3.37 (m, 2H), 

2.92 – 2.69 (m, 3H), 2.15 (dt, J = 10.4, 4.1 Hz, 1H). 13C NMR (101 MHz, CDCl3): 

δ 171.1, 168.2, 167.0, 166.8, 165.9, 154.6, 137.1, 133.8, 119.5, 118.2, 117.4, 70.9, 

70.6, 70.5, 70.3, 70.0, 69.6, 68.1, 50.8, 49.4, 39.2, 31.5, 22.8. HRMS calcd. for 

C23H29N6O9 ([M+H]+): 533.1991, found: 533.2009. 

 

N-((2R,4S)-1,4-dihydroxy-4-phenylbutan-2-yl)-3-(1-(1-((2-(2,6-

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-2-oxo-6,9,12-trioxa-3-

azatetradecan-14-yl)-1H-1,2,3-triazol-4-yl)propenamide (RBM3-369) 
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To a solution of RBM5-174 (22.3 mg, 0.042 mmol) and RBM3-366 (15.0 mg, 

0.043mmol) in DMF (2 ml) was added a 1 M aqueous solution of CuSO4 (131 

μL, XXX mmol) and a 1 M aqueous solution of sodium ascorbate (63 μL, 0.063 

mmol). The resulting mixture was stirred at 25 ºC for 10 min and then 

concentrated and and the residue was purified by flash column chromatography 

(from 0 to 18% MeOH in CH2Cl2) to obtain RBM3-369 (25 mg, 69%) as a cream-

colored wax.  

 
1H NMR (400 MHz, CD3OD): δ 7.81 (dd, J = 8.5, 7.3 Hz, 1H), 7.54 (d, J = 7.3 

Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.38 – 7.28 (m, 4H), 7.27 – 7.18 (m, 1H), 5.12 

(dd, J = 12.6, 5.5 Hz, 1H), 4.76 (s, 2H), 4.69 (t, J = 6.9 Hz, 1H), 4.52 (t, J = 5.0 

Hz, 2H), 3.86 (t, J = 5.0 Hz, 2H), 3.84 – 3.78 (m, 1H), 3.68 – 3.55 (m, 11H), 3.49 

(t, J = 5.1 Hz, 4H), 2.96 – 2.65 (m, 5H), 2.23 – 2.10 (m, 3H), 2.06 – 1.87 (m, 2H), 

1.63 (d, J = 21.9 Hz, 4H), 1.40 – 1.28 (m, 11H).13C NMR (101 MHz, CD3OD): 

δ 174.5, 171.3, 168.3, 167.5, 156.2, 145.9, 138.2, 134.9, 129.4, 128.4, 127.3, 

121.6, 119.1, 117.9, 72.6, 71.5, 71.4, 70.3, 69.2, 68.7, 64.8, 51.6, 50.6, 49.9, 41.4, 

40.2, 37.2, 32.2, 30.4, 30.3, 30.2, 30.0, 29.7, 27.0, 26.5, 25.8, 23.6, 23.0. HRMS 

calcd. For C44H60N7O12 ([M+H]+): 878.4295, found: 878.4267. 

 

(2S,4R)-1-((S)-14-azido-2-(tert-butyl)-4-oxo-6,9,12-trioxa-3-

azatetradecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (RBM3-372) 
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EDC·HCl (92.0 mg, 0.480 mmol) and HOBt·H2O (52.7 mg, 0.390 mmol) were 

sequentially added to an ice-cooled solution of the carboxylic acid RBM3-367 

(77.0 mg, 0.330 mmol) in anhydrous CH2Cl2 (5 mL) and the resulting mixture 

was vigorously stirred at 25 ºC under argon atmosphere. After 15 min, the 

previous mixture was added dropwise to a solution of the amine RBM5-189 

(125.0 mg, 0.300 mmol) and TEA (0.209 mL, 1.500 mmol) in anhydrous CH2Cl2 

(5 mL), and the reaction was stirred until completion as assessed by TLC analysis. 

The mixture was next diluted with CH2Cl2 (10 mL) and washed with brine. The 

organic layer was dried over MgSO4, filtered, and the volatiles were removed 

under reduced pressure. Purification of the crude mixture by flash column 

chromatography (from 0 to 8% MeOH in CH2Cl2) afforded RBM3-372 (140 mg, 

0,217 mmol, 72% yield). 

 

 1H NMR (400 MHz, CD3OD): δ 8.67 (t, J = 6.0 Hz, 1H), 7.66 (d, J = 9.4 Hz, 

1H), 7.48 – 7.41 (m, 4H), 4.74 – 4.67 (m, 1H), 4.61 – 4.47 (m, 3H), 4.36 (m, 1H), 

4.05 (d, J = 2.9 Hz, 2H), 3.88 (d, J = 11.0 Hz, 1H), 3.80 (dd, J = 11.0, 3.7 Hz, 

1H), 3.72 – 3.61 (m, 10H), 3.36 – 3.32 (m, 2H), 2.48 (br s, 3H), 2.23 (ddt, J = 

13.2, 7.6, 1.9 Hz, 1H), 2.09 (ddd, J = 13.3, 9.2, 4.4 Hz, 1H), 1.05 (s, 9H). 13C 

NMR (101 MHz, CD3OD): δ 208.7, 174.3, 171.7, 140.3, 130.5, 129.0, 72.3, 71.8, 

71.6, 71.6, 71.2, 71.1, 60.8, 58.1, 51.8, 49.2, 38.9, 37.1, 26.9. HRMS calcd. for 

C30H44N7O7S ([M+H]+): 646.3023, found: 646.3015. 
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(2S,4S)-1-((R)-2-(tert-butyl)-14-(4-(9-(((2R,4S)-1,4-dihydroxy-4-

phenylbutan-2-yl)amino)-9-oxononyl)-1H-1,2,3-triazol-1-yl)-4-oxo-6,9,12-

trioxa-3-azatetradecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (RBM3-373) 
 

 

 

To a solution of RBM3-372 (27.1 mg, 0.042 mmol) and RBM3-366 (15.0 mg, 

0.043 mmol) in DMF (2 mL was added  a 1 M aqueous solution of CuSO4 (126 

μL, 126 mmol) and a 1 M aqueous solution of sodium ascorbate (63 μL, 0.063 

mmol). The resulting mixture was stirred at 25 ºC for 10 min and then 

concentrated and the residue was purified by flash column chromatography (from 

0 to 10% MeOH in CH2Cl2) to obtain RBM3-373 (15 mg, 0.015 mmol, 36%) as 

a cream-colored wax.  

 
1H NMR (400 MHz, CD3OD):  δ 8.65 (m, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.70 (br 

s, 1H), 7.52 – 7.38 (m, 4H), 7.39 – 7.29 (m, 5H), 7.28 – 7.21 (m, 1H), 4.75 – 4.67 

(m, 2H), 4.62 – 4.49 (m, 5H), 4.35 (d, J = 15.6 Hz, 1H), 4.03 (s, 2H), 3.92 – 3.80 

(m, 5H), 3.70 (br s, 2H), 3.68 – 3.59 (m, 7H), 3.58 – 3.45 (m, 2H), 2.30 – 1.90 

(m, 7H), 1.68 (br s, 2H), 1.62 (br s, 2H), 1.41 – 1.27 (m, 10H), 1.04 (s, 9H). 13C 

NMR (101 MHz, CD3OD): δ 209.2, 171.6, 146.0, 140.4, 129.4, 129.1, 128.4, 

127.3, 72.6, 72.4, 71.7, 71.5, 71.1, 64.8, 60.8, 58.1, 50.0, 49.8, 49.0, 43.7, 41.4, 
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39.0, 37.2, 30.4, 27.0. HRMS calcd. for C51H75N8O10S ([M+H]+): 991.5327, 

found: 991.5312. 
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