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ABSTRACT

Traditional drug discovery has focused on using small molecules to block the function of various
proteins. However, almost 80% of the human proteome is considered “undruggable” due to the
lack of a defined functional site for small molecules to bind. Proteolysis Targeting Chimeras
(PROTACS) are a promising therapeutic strategy that do not require the binding to functional sites.
PROTACs promote the degradation of protein targets selectively by exploiting the ubiquitin-
proteasome system. Among the limited number of E3 ligase ligands discovered for the PROTAC
technology, ligands of the cereblon (CRBN) E3 ligase such as pomalidomide, thalidomide, or
lenalidomide are the most frequently used due to their favorable pharmacological properties
compared with others. Moreover, although PROTACs have been used for a variety of protein
targets, the rapid optimization and SAR evaluation of PROTAC libraries still experience many
challenges, including the time-consuming lengthy synthesis and purifications before biological

screening. In the first chapter, recent progresses to address this issue are discussed.

Our group previously reported that a phenyl group could be tolerated on the C4-position of
lenalidomide as the ligand of CRBN to develop PROTACSs. In the second chapter, we will present
a recently published modular chemistry platform for the efficient attachment of various ortho,
meta, and para-substituted phenyls to the C4-position of the lenalidomide via Suzuki cross-
coupling reaction. Accordingly, we employed these new chiral CRBN E3 ligase ligands to create
a partial PROTAC library that was further converted into full PROTAC libraries for androgen
receptor (AR) degradation using a Rapid-TAC platform. Our results showed significant
degradation of AR with three hit degraders as analyzed with a HiBiT and antiproliferation assay.
In the third chapter, we will be discussing our efforts for generating a partial PROTAC library

based on achiral CRBN E3 ligase ligands and a full PROTAC library for the degradation of the



Bruton’s Tyrosine Kinase (BTK) using the Rapid-TAC strategy. Our initial BTK-HIBIT results
suggest significant degradation of the BTK protein using nine BTK degraders with para and meta
phenyl substitutions to the achiral CRBN E3 ligase ligand. Lastly, we will be presenting our
prelimiary efforts in the development of a third-generation Rapid-TAC using a thiol-ene “click”
chemistry. Specificially, we worked on optimizing the reaction conditions that could be used for

the fast creation and biological evalution of full PROTAC libraries for any protein of interest.
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CHAPTER 1

Recent Chemistry Advances for Accelerating the Optimization of Proteolysis

Targeting Chimeras (PROTACSs) for Targeted Protein Degradation



1.1Introduction

Traditional drug discovery approaches have focused on using small molecules to occupy
the active site or allosteric site to modulate the function of proteins. However, almost 80%
of the human proteome is considered “undruggable” due to the lack of defined active or
allosteric binding sites on the protein for small molecules to bind and control its activity.?
Targeted protein degradation (TPD) was first discovered as a promising therapeutic
strategy to degrade a protein of interest (POI) by employing the Ubiquitin (Ub)
proteasome system using molecules that induce a proximity-based pharmacology.?
Ubiquitination is known as one of the major posttranslational modifications involved in

many cellular pathways.?

Proteolysis Targeting Chimeras (PROTACS) selectively promote the degradation of
proteins by using the targeted protein degradation strategy. PROTACs are
heterobifunctional small molecules consisting of two ligands connected by a short linker.
One ligand binds to an E3 ubiquitin ligase, while the other binds to a protein of interest.
Consequently, the PROTAC small molecule degrader induces the proximity of the POI
and an E3 ligase creating an essential ternary complex. The ternary complex enables

protein-protein interactions between the two proteins.?

The concept of PROTACSs was first published in 2001, and significant progress has been
witnessed in recent years.*® The first heterobifunctional degrader , Protac-1, was created

to promote the degradation of methionine aminopeptidase-2 (MetAP-2).* Protac-1



consisted of a chimeric molecule that employed the I1kBa phosphopeptide, which recruits
the Skp-1-Cullin-F box complex containing Hrtl (SCFB-TRCP) E3 ubiquitin ligase, and
ovalicin, a ligand that recognizes MetAP-2.4 Although the study served as a proof-of-
concept for targeted elimination of specific proteins, its potential as a therapeutic tool
needed further development. Particularly, the delivery of Protac-1 to cells was prevented
by cell permeability difficulties owing to its peptidic nature and potential hydrolysis.*®°
Hence, small molecules have been the main focus of more recent PROTACS, comprising

ligands that can bind to various target protein of interest and E3 ligases.

In 2023, it was estimated that at least more than 20 PROTACs entered clinical trials
worldwide.® Specifically, Vepdegestrant (ARV-471), a collaboration between Arvinas and
Pfizer, was granted Fast Track in February 2024 as a monotherapy in the treatment of
adults with estrogen receptor positive /human epidermal growth factor receptor 2 negative
(ER+/HER2-) locally advanced or metastatic breast cancer.” More precisely, the Fast
Track process helps advance the development and review of potential drugs in cases of

serious medical needs.



Figure 1. Structure of Vepdegestrant (ARV-471) developed by Arvinas and Pfizer for the

treatment of locally advanced or metastatic breast cancer.

Notably, the PROTAC technology has also the capacity of degrading traditionally known
as “undruggable” protein targets such as STAT3, which is currently being investigated in
clinical trials for the treatment of solid tumors.2° Consequently, although PROTACSs have

proven to be a suitable drug paradigm, several questions still required to be address.

For instance, the clinical application of PROTACSs is still limited mainly due to their high
molecular weight (>800 Da). These molecules show a relatively high polar surface, low
cell permeability, and low oral bioavailability. However, optimization of PROTACSs holds
several challenges. The binary complex binding assays do not take into account the
effects of the ternary complex formation.1° Likewise, various complexes are possible in
solution and they can only be properly assessed through cell-based assays, where
permeability effects may affect the results.!® Therefore, structure-activity relationship
(SAR) studies are mainly guided by the data acquired from individually screening multiple
important parameters, including length and types of linkers, of the synthesized

compounds.10:11

Nonetheless, the large number of lengthy synthetic steps involved for preparing the POI
ligand, E3 ligase ligand, and linkers, makes the development of PROTACs very time-
consuming, a major obstacle for the rapid optimization of PROTAC molecules.!! Due to

these reasons, here we discuss the recent chemistry progress on the rapid development



of PROTACS, including the considerations for their design. Ultimately, the goal of this
review is to provide a comprehensive analysis of the different strategies that have been
explored for the fast optimization of PROTACSs, which could serve as a valuable guide to

quickly develop potent and selective PROTACSs than can benefit patients in the clinic.

1.1 Development of PROTACSs

1.1.1 E3 Ligase Ligands

There are more than 600 E3 ligases discovered in the human genome. However, only a
handful are currently used for PROTACs. Among them, cereblon (CRBN) and von Hippel-
Lindau (VHL) are the most widely applied in PROTACSs. Apart from CRBN and VHL, other
E3 ligands have also been applied to the development of PROTACS, such as the mouse
double minute 2 (MDM2)*?, cellular inhibitor of apoptosis (clAP), RING type zinc-finger
protein 114 (RNF114), RING type zinc-finger protein 4 (RNF4), aryl hydrocarbon
receptotor (AhR), FEM1B, damage-specific DNA binding protein 1 (DDB1)-CUL4
associated factor 16 (DCAF16), damage-specific DNA binding protein 1 (DDB1)-CUL4
associated factor 15 (DCAF15), damage-specific DNA binding protein 1 (DDB1)-CUL4
associated factor 11 (DCAF11), and Kelch-like ECH-associated protein 1 (KEAP1)
(Figure 2).13 Some of the discovered E3 ligase ligands operate through molecular glue
mechanism and are able to recruit different E3 ligases. However, although DCAF15-
ligand containing PROTACSs are reported!#>, the recruitment of DCAF15 has not been

validated for any of them.
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Figure 2. Examples of ligands used in targeted protein degradation.



Nonetheless, it is still not clear how the recruitment of different E3 ligases can affect the
degradation efficiency of a PROTAC.!3 More studies should be considered to examine
how the ternary complex is affected by distinct E3 ligases.'®* Moreover, different E3
ligases are also expressed in distinct cells or tissue types.® Consequently, expanding the
toolbox for E3 ligases available for PROTACs and the discovery of new small-molecule
E3 ligase ligands is a growing area of interest in TPD.® The discovery of new E3 ligase
ligands for different E3 ligases could significantly impact the therapeutic potential of

PROTACSs.

1.1.2 POl targets

Proteolysis Targeting Chimeras are applied to a variety of protein targets. Specifically,
PROTACSs have been studied for treating diseases such as cancer, immune disorders,
and neurodegenerative and cardiovascular diseases.!” For example, the estrogen
receptor a« (ER a) and androgen receptor (AR) have been targeted by PROTACSs for the
treatment of breast cancer and prostate cancer, respectively.!’ Similarly, IRAK3/4,
HDACSG, and Sirt2 were studied for the treatment of immune or inflammatory disorders.’
More recently, PROTACs that target neurodegenerative or cardiovascular disease-
causing proteins have been also reported.!’ In addition, the capacity of PROTACS to
degrade “undruggable” targets has been proven by different proteins such as STATS3,
Tau, and a-synuclein.” Figure 3 shows a few examples of the different PROTACSs that

have been created for a variety of proteins.
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1.1.3 Linkers

It is believed that the degradation efficiency of PROTACSs is dependent not only on the
affinities of the ligands for the E3 ligase or POIs*® but also on the combination of ligands
with an appropriate linker that can allow the most stable ternary complex formation, which
leads to POI polyubiquitination.'® The composition of the linkers permits a proper spatial
orientation that supports the protein-protein interactions between the POl and E3 ligase.*°
Precisely, an arrangement between the length and type of linker composes an essential

role in the success of a heterobifunctional PROTAC degrader.®

Most of the time, the development of PROTACSs begins with the generation of a library of
PROTACSs containing diverse set of unsubstituted aliphatic linkers between the POI and
E3 ligase ligands.*® Various length of flexible (e.g. PEG or alkyl) or restricted/rigid linkers
(e.g. alkyne, piperidine, piperazine, and triazoles) have been employed in PROTAC
degraders for the exploration of improved physiochemical, pharmacokinetics properties,
and biological activity.'® However, there is still not a general rule that condenses the

PROTAC linker design.

In general, in order to achieve an effective protein degradation, there is an optimal
distance required between the E3 ligase and the POL.18 If the linker is too short, binary
steric repulsions between the ligands and the proteins may occur. If the linker is too long,
optimal protein-protein interactions cannot be enforced. Thus, the linker length of current
PROTACS is usually between 3 and 19 atoms.*® In addition to the length of linker, it is

worth to mention that the orientation and hydrophilic/hnydrophobic property of the linker



10

may affect the potency and selectivity of the PROTAC. Subtle changes in the linker length
and composition can often significantly affect the degradation efficiency. Therefore, linker
optimization is a key feature of modulating the activity of the small molecule PROTAC

degraders.

Nevertheless, the linker optimization can be a time-consuming and challenging process
because each degrader must be individually synthesized and multiple rounds of SAR
studies need to be conducted. In turn, researchers have been trying to develop innovative
strategies to accelerate the development and screening of active PROTAC degraders. In
the next section, we will describe the latest strategies that have been developed for

accelerating the development of small molecule heterobifunctional PROTAC libraries.

1.2High-throughput Development of PROTACs

1.2.1 Click Chemistry

Click Chemistry has been utilized for the rapid synthesis of PROTAC libraries.?%?!
Previous work by Lebraud and colleagues incorporated a bio-orthogonal click
combination of two small ligand precursors containing a tetrazine or a trans-cyclo-octane
to develop a cell penetrating PROTAC molecule in situ.?? Inspired by this work, the Jung
group reported the creation of a triazole-containing PROTAC molecule for targeting the
histone deacetylases sirtuins (Sirt) family of proteins.?° Specifically, using this “click”

chemistry approach they discovered the first highly-potent and Sirt2 selective triazole-
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PROTAC degrader.?? At the same time, Wurz and coworkers assembled PROTACSs using
similar “click” chemistry based on VHL or CRBN E3 ligase ligands modified with terminal
alkynes and varied polyethylene glycol (PEG) linkers able to react with a JQ1-containing-
azide to target the BRD4 protein.?! However, the products need to be purified in order to
remove the toxic copper catalyst from the reaction system. Nevertheless, these studies
pioneered the first proof-of-concept application of using bio-orthogonal chemistry
strategies to create full PROTAC libraries and comprehensively examine the effects linker

length.2021

1.2.2 Direct-to-Biology and Rapid-TACs

In 2022, the term of “direct-to-biology” (D2B) first appeared in the literature.’? It is a
process for which large libraries of compounds can be synthesized at a small scale and
assay them as a crude mixture with minimal amount of manipulations. High throughput
chemistry and high throughput biology strategies are used to accelerate the optimization
of molecules and reduce overall costs. Thus, it can provide the opportunity for examining

and optimizing preassembled libraries of compounds in just a few days.

Our lab reported the first generation of the rapid synthesis of PROTAC (Rapid-TAC)
platform in 2020.1! It consisted of a combinatorial strategy that allow the couple a
preassembled E3 ligase ligand library containing a terminal aldehyde moiety with a library
of the POI ligands with a terminal hydrazide group to yield PROTACs with an

acylhydrazone linkage that can be directly used for screening without any further
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manipulations including purifications.'! The reaction permits a faster access to full
PROTAC products with more than 90% purity in most cases and direct biological
screening. However, one key limitation of the approach is the hydrolysis of the

acylhydrazone linkage in assays requiring longer time, such as 24 h.1!

For this reason, a second stage is required after identifying the most active compound,
where the acylhydrazone is change to its isostere such as an amide bond for improved
stability and drug-like properties.! During the study, our group created a full PROTAC
library bearing VHL or CRBN E3 ligase ligands and Estrogen Receptora (ERa) ligands.
Importantly, the library achieved nearly 100 compounds in just a few days. Finally, one
compound, namely A3, was identified as the most potent ERa degrader. Moreover, an
amide version of A3 was created to yield compound AM-A3 as a more stable compound
with degradation and potency comparable to the parent compound. Moreover, in a
subsequent study our lab reported the construction of a fibroblast growth factor receptor
1 (FGFR1) degraders using the Rapid-TAC platform.?® Eventually, PROTAC LG1188 was
identified as a potent and selective FGFR1 degrader.?® Consequently, the study set the
idea of using a direct-to-biology approach for generating and screening PROTAC

compounds quickly.

Due to the liability issue of the acylhydrazone linkage, a second generation of Rapid-TAC
was also described by our group in 2022. It involves a one-step strategy that allows the
creation of active and stable PROTACs while maintaining the advantages of the previous

Rapid-TAC platform.?* The approach relies on the formation of a phthalimidine moiety
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from ortho phthalaldehyde and a primary alkyl amine. 24 Significantly, the reaction can
also be done under miniaturized conditions without further purification required.?* The
utility of the strategy was evaluated by the development of two PROTAC libraries, one for
the androgen receptor (AR) and the other for the bromodomain containing protein 4

(BRD4).24

In 2022, the Janssen Research & Development Discovery Chemistry team reported a
study providing another approach for the synthesis and evaluation of PROTACSs using the
direct-to-biology strategy.'? The platform focused on linker effects involving a combination
of a high-throughput chemistry with high-throughput cell based assays such as target

engagement, protein degradation potency, permeability, and cell toxicity.°

They created a library composed of 91 PROTACSs, where the synthesis consisted on
attaching mono-N-Boc diamines building blocks with JQ1 and CRBN-based E3 ligase
ligands.'? Specifically, an amide bond formation, TFA-mediated Boc deprotection, and a
second amide bond formation was used to couple the linker portion.'° Particularly, the
investigators used resin-bound scavengers to remove unreacted starting materials during
the amide formation reactions.® The compounds were then directly dissolved in DMSO
and used in biological assay where they identified hit PROTACs with DCso as low as 6
nM.'® However, compared to our group’s previous Rapid-TAC platforms, these diamines

coupling reactions still required some types of purification.
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Automation is an alternative advantageous tool in drug discovery for high-throughput
screening and optimization of drug molecules. In 2023, Glaxo Smith Kline (GSK)
published an ultra-high throughput experimentation (ultra HTE) for PROTAC synthesis.?®
The approach incorporated automation on each step of the synthesis, evaluation, and
biological screening of PROTACSs.?® It involved a D2B workflow following a 5 uL scale
amide coupling synthesis and crude evaluation exploiting a HiBIT assay to quantify the
protein degradation.?® The researchers achieved the synthesis and evaluation of more
than 600 PROTACSs in a 1536-well plate.?®> Moreover, they were able to identify various
potent picomolar BRD4 degraders.?®> Nevertheless, the need for highly expensive liquid
handling robots for each step of the experimentation, makes it inaccessible for wide

application of this method in PROTAC development.

1.2.3 Molecular Glues and Rapid-Glues

Apart from PROTACSs, molecular glues have been widely studied in targeted protein
degradation. Molecular glues have a similar mechanism of action to PROTACs by
recruiting a protein of interest and E3 ligase simultaneously.?® However, molecular glues
and PROTACSs differ structurally, since molecular glues are similar to traditional small
molecule drugs (<500 Da).?® Nonetheless, there are still not general methods available
for discovering molecular glues.?® For this reason, most of the molecular glues have been

currently discovered serendipitously and by chemical library screening.?:2
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In 2023, our group reported a novel approach to identify new molecular glues by a rapid
synthesis (Rapid-Glue) in DMSO under miniaturized conditions.?® Inspired by our first
reported Rapid-TAC platform!!, this Rapid-Glue strategy consisted on having the
hydrazide attached to different positions of the E3 ligase ligands (lenalidomide
derivatives) to react with more than 300 diverse commercially available aldehydes.?® The
feasibility of the platform was assessed by creating a high throughput pilot library of more
than 1000 compounds without further purifications or other manipulations.?® Thus, the

compounds were then analyzed by direct screening in cell-based assays.?®

Using the Rapid-Glue approach, our group was able to identify two highly selective
GSPT1 molecular glues hits.?® Moreover, three stable analogues were also developed by
replacing the acylhydrazone linker with an amide motif.?®6 These compounds showed
significant GSPT1 degradation and two of them are comparable to the parent
acylhydrazone-containing compounds.?® Hence, the Rapid-Glue platform presents a
proof-of-principle study to rationally develop molecular glues through rapid synthesis,

phenotypic screening, proteomic profiling, target validation and hit optimization.?®

1.2.4 Computational Methods

Computational tools can benefit the advancement and rapid design of PROTACs. First,
virtual screening aids the identification of ligands for a protein target or E3 ligases using
large databases.?® Several protein binders have been discovered through this
approach.?® Computational strategies are also used to investigate the interactions

between PROTACS, E3 ligases, and the protein of interest.??® For instance, molecular
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docking provides opportunity to evaluate the binding between protein-PROTAC-ES ligase
by docking the PROTAC into a pocket of one of the proteins and then adding the other
protein.?® Our lab reported a method that distinguishes native vs non-native PROTAC
complex poses via MD-based scoring enabled by pose thermal durability.?® Nevertheless,
predicting the ternary complex formation remains to be a challenge due to the complexity
between protein-small molecule and protein-protein interactions.? Thus, additional

constraints are often required for simplification.?

1.3Conclusions

In conclusion, PROTACs are rapidly advancing in the fields of chemical biology and
medicinal chemistry. As a promising drug discovery strategy, targeted protein degradation
offers a way to surmount some of the limitations associated with traditional small
molecules. The therapeutic benefits of PROTACSs have been demonstrated by targeting
numerous disease-related proteins and their clinical applications are expected to expand

quickly.

The synthesis of PROTACSs is often complex, time-consuming, and challenging, with
linker optimization being a crucial aspect in developing effective PROTACS.
Consequently, there is significant interest in innovative approaches for the rapid
development and screening of PROTAC libraries. Techniques such as click chemistry,
direct-to-biology strategies, Rapid-TACs, automation, and computational methods have
facilitated the swift design and synthesis of PROTACs targeting various proteins.

Similarly, our group has developed the Rapid-Glue approach, which expedites the design
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and discovery of molecular glues. Therefore, enhancing the development of small
molecule degrader libraries holds considerable promise for quickly identifying potent and

selective PROTACSs with potential therapeutic applications.
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CHAPTER 2

A Modular Chemistry Platform for the Development of a Cereblon (CRBN) E3
Ligase-Based Partial PROTAC Library and Androgen Receptor Full PROTAC

Library for Targeted Protein Degradation

Part of this chapter was taken from the following published article.

Almodévar-Rivera CM, Zhang Z, Li J, Xie H, Zhao Y, Guo L, Mannhardt MG, Tang W. A
Modular Chemistry Platform for the Development of a Cereblon E3 Ligase-Based Partial
PROTAC Library. Chembiochem. 2023 Oct 17;24(20):e202300482. doi:
10.1002/chic.202300482. Epub 2023 Aug 22. PMID: 37418320; PMCID: PMC10591699.
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2.1 Introduction

Proteolysis targeting chimeras (PROTACS) are heterobifunctional small molecules that
can degrade a protein of interest (POI) by employing the ubiquitin (Ub)-Proteasome
System.3° These molecules consist of a linker bound by two ligands. One of the ligands
binds to the POI and the other one binds to an E3 ubiquitin ligase.3! The simultaneous
binding forms a ternary complex which initiates an E1-E2-E3 ubiquitin ligase cascade to
enable targeted protein’s polyubiquitination followed by proteasome degradation of the
POL.3! Since the PROTAC molecule is used catalytically, the PROTAC molecule recycles

and promotes the process continuously.

Although the PROTAC technology has been applied to a variety of disease-associated
proteins, only a handful of cell permeable small molecule E3 ligase ligands have been
successfully discovered. Among them, CRBN and von Hippel-Lindau (VHL) are the two
most widely used E3 ligase ligands for the development of PROTACSs.3? Specifically,
CRBN E3 ligase ligands have been more commonly used in PROTACs for the
degradation of protein targets related to many diseases, such as cancer,
neurodegenerative diseases like Alzheimer's disease, and immune disorders.3334
Although there are extensive patent literature on various CRBN ligands,* no detailed
structure activity relationship were disclosed in these patents. Most of the frequently used
CRBN ligands still hold limitations®® such as low potency, low permeability, or poor
selectivity and efforts on improving them are actively pursued.®”*®8 Moreover, the
chemistry developed for the assembly of CRBN ligands with various linkers bearing

diverse properties is also limited.30323%40 This is particularly important for the
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development of PROTACS, as the types of linkers and their attachment points are
essential for the pharmacological properties of PROTACS, such as potency, selectivity,

solubility, and metabolic stability.**

To date, most of the CRBN E3 ligase ligands in PROTACs rely on pomalidomide, 4-
hydroxythalidomide, alkyl-based thalidomide, and lenalidomide derivatives (Figure 1).%*
Because lenalidomide lacks a carbonyl group in the phthalimide ring, which contributes
to the better chemical and metabolic stability over pomalidomide or thalidomide,*?
lenalidomide-based ligands are found more often over pomalidomide-derived ligands in
the development of PROTAC type of degraders, when higher stability is more important

than other parameters.30:34
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Figure 1. Structures of pomalidomide (A), 4-hydroxythalidomide (B), alkyl-based

thalidomide (C), and lenalidomide (D).

A recent study involving the development of a cell-based target engagement assay by

our group suggests that lenalidomide-based analogs with a phenyl substituent displayed
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high affinity and better selectivity to CRBN over thalidomide (Figure 2).** These
compounds containing the phenyl substituent had an activity comparable to
pomalidomide, yet they do not degrade neo-substrates such as IKZFs like pomalidomide
or thalidomide.** Moreover, ortho, meta, or para substitutions of the phenyl ring did not
decrease the activity significantly*® indicating the possibility of the introduction of new
phenyl-connected linkers at any of these positions for the development of PROTACS,

which will allow the systematic evaluation of the effect of linker to the activity of PROTACs.

Optimizing commonly used synthetic conditions for PROTACs could benefit their
applications as chemical probes and therapeutics. Most current lenalidomide-based E3
ligase ligands have linkers attached to the C4- or C5- position of the phthalimide ring.3°
However, compared to pomalidomide-based ligands, the synthesis of lenalidomide-based
PROTACs can be limited since the decrease of the phthalimide ring’s electrophilicity
made some methods such as SnAr not accessible. In addition, some cross-coupling
reactions, which are widely used in PROTAC synthesis to attach linkers to the bicyclic

ring, can lead to the hydrolysis of the cyclic imides.

Figure 2. Structure of C4-lenalidomide-derived substituted phenyl ring.
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Existing alkyl linkers in lenalidomide-based PROTACSs have been focused on introducing
alkynes followed by reduction.3* Recently, a palladium-catalyzed Buchwald-Hartwig
amination protocol was reported for the synthesis of lenalidomide-based PROTACs from
aryl bromides (Scheme 1A).%° A similar Suzuki cross-coupling strategy was reported by
using an isoindolinone boronic acid intermediate to introduce an ester to the phthalimide
ring of lenalidomide-based analogs, which can be used for the attachment of amine

linkers after hydrolysis (Scheme 1B).4

o= i:@f . 5% r

Scheme 1. Current methods for the synthesis of lenalidomide-derived CRBN E3 ligase

A)

ligands with an attachment.

We herein describe the development of a modular chemistry platform for the direct
attachment of phenyl groups to the phthalimide moiety of lenalidomide-based ligands by
Suzuki cross-coupling. This strategy provides an opportunity to introduce ortho, meta,
and para substituted phenyl groups to lenalidomide, which allows systematic evaluation
of the effect of the attachment positions to the property of PROTACs against various
targets. Finally, we applied some of the lenalidomide-based ligands with phenyl

substitutions to the creation of a pre-assembled partial PROTAC library composed of
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twelve compounds that can later be used in the synthesis of full PROTAC libraries for any

protein of interest.

2.2 Results and Discussion

We first prepared the iodolenalidomide derivative 2, a key intermediate for the Suzuki
cross-coupling reaction. The synthesis of the iodo-lenalidomide intermediate 2 was
achieved in three steps as previously reported*34> from commercially available starting
material 1 (Scheme 2). Because more diverse aryl iodides are available than aryl boronic
acids, we decided to replace the iodide in 2 by a boronic ester functional group so that
we can couple it with various functionalized aryl iodides if necessary. We adapted the
cross-coupling reaction condition reported in the literature for this transformation®
(Scheme 3). Essentially, a palladium-catalyzed coupling reaction using a pinacol ester

diboron and aryl halides can afford various arylboronic esters.*

o) 3 steps

| _—
oH —_— N o)
NH
S

Scheme 2. Synthesis of key iodide-lenalidomide starting material 2.

First, applying the previously published standard conditions#® with iodo-lenalidomide 2 as
starting material led to no reaction after 24 h (Scheme 3). Thus, we decided to start our
optimization process by examining various parameters. Increasing the temperature from

80 °C to 100 °C gave a major byproduct. Careful analysis of this byproduct suggests that
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a Suzuki cross-coupling was taking place under these conditions and a dimerization

product 3 was formed as indicated by LC-MS (Scheme 3)

PdCl,(dppf)
KOAc
2 —_— >
DMSO, 80°C

No rxn

(o}

PdCly(dppf) O N 0
KOAc NH
2 —_—— 0 o
DMSO, 100°C HN
0o N

o 3

Scheme 3. Optimization of the Suzuki cross-coupling reaction using 2 (1 eq),
bis(pinacolato) diboron (2 eq), PdClz2(dppf) (5 mol %), KOAC (3 eq), and DMSO or 1,4-

dioxane as solvents (0.2 M).

The observation of dimerization product 3 suggests that Suzuki cross-coupling reaction
between an aryl iodide and an aryl boronic ester can occur under the above condition
with a mild base. Previously, we had to use a strong base such as potassium carbonate
and aqueous solution to promote the cross-coupling reaction and significant amount of
hydrolysis byproduct was observed (Scheme 4A),* which has also been reported by
others.*” We had to treat the resulting mixture with CDI to re-cyclize the hydrolysis product
to imide.*® Not surprisingly, a low yield (~20%) was often obtained for the final product.
To test the applicability of the new Suzuki coupling condition with a mild base, we
synthesized a model CRBN E3 ligase ligand 4 based on the phenyl linker (Scheme 4B).

Since in our previous conditions we had set the temperature to 90 °C, we decided to test
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our new Suzuki cross-coupling conditions using the same temperature for comparison.
Excitingly, our results showed that the new Suzuki coupling conditions improved the yield
of product 4 from 20% to 58%. Compared to our previously used Suzuki coupling
conditions (Scheme 4A), the new condition with a mild base (Scheme 4B) did not lead

to any hydrolysis product.

1) 4-Carboxyphenylboronic acid
Pd (PPh),Cl, O
N o
o MeC H.
6H4)3 N4
DME/H;O 90°C (o}
2) CDI, ACN, Reflux O

4-carboxyphenylboronic acid
PdCl,(dppf) O N o
4§;>: KOAc NH
DMSO 90°C o

Scheme 4. Suzuki cross-coupling model reaction.

Next, we synthesized a small library of twelve lenalidomide derived-compounds with
linkers on the ortho-, meta-, or para- positions to the terminal phenyl ring (Scheme 5).
Most strategies for PROTAC linker synthesis rely on amines, amides, ethers, or C-C
bonds.*® Our strategy would allow the introduction of various linkers to the ortho-, meta-,
and para- position of the phenyl ring by incorporating a Boc-amine or tert-butyl ester,
phenol, or aldehyde to the phenyl boronic ester or boronic acid motif, which can then be
further elaborated to PROTAC linkers. Notably, since most of the twelve compounds were

relatively polar, we changed the solvent from DMSO to DMF to avoid any extraction
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workup procedure to remove the solvent after completing the reaction. Moreover, setting

the temperature to 100°C allowed for reaction completion after 12 h.

PdCl,(dppf) (5 mol%)
4& KOAc (3 eq)
DMF (0.2M), 100°C

Q)

2
R4 = pinacol ester, H R, = pinacol ester, H
R, = OH,CHO, f\o/\/NHBoc R, = OH,CHO, s,‘r\o/\/NHBc::c

Y Y

\/\NHBoc
=:1</ f/\/NHBoc f

5,66% 6, 58% 7, 35%
BocHN
o
R= tert-butyl (8a), 58%  R= tert-butyl (9a), 70% R= tert-butyl (10a), 54%
RO H, quant. yield (8b) H, quant. yield (9b) H, quant. yield (10b)
[o] o o]
O CO (O
NH NH NH
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14, 51% 15, 57% 16, 90%



27

Scheme 5. Suzuki cross-coupling conditions and substrate scope of lenalidomide-
derived CRBN E3 ligase ligands. [a] Isolated by flash column chromatography. The
Suzuki cross-coupling conditions and lenalidomide-derived substrates were performed

with Dr. Zhen Zhang, Dr. Jinyao Li, Dr. Yu Zhao and Dr. Le Guo.

Finally, we selected three compounds (5, 6, and 7) from the small library as building
blocks to create a partial PROTAC library. Specifically, we designed our partial PROTAC
library based on the Rapid Synthesis of PRTAC (Rapid-TAC) strategy recently reported
by our group.t23 Although many PROTACSs have been successfully developed for a wide
range of protein targets, the synthesis of these types of bifunctional molecules can be
very time-consuming. The Rapid-TAC approach can significantly speed up the synthesis
process and facilitate the rapid screening of E3 ligase ligands with a variety of different

linkers.11.23

The Rapid-TAC strategy involves the reaction of a pre-assembled library of E3 ligase
ligands with linkers containing a terminal aldehyde in a 1:1 ratio with a POI ligand
containing a hydrazide moiety to form PROTACs with an acylhydrazone linkage.!?
Importantly, the resulting products in DMSO solution can be used for screening without
any further manipulation including purification step since water is the only byproduct.!?
The acylhydrazone bond can then be changed to an amide bond for higher stability and

more drug-like properties in the later stage.!
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Before initiating the synthesis, we confirmed the binding affinity of compounds 5, 6, and
7 to CRBN using a well-established fluorescent polarization assay.*® These three
compounds showed Kas of 231 nM for 5, 218 nM for 6, and 100 nM for 7, respectively,
while the the thalidomide-based probe has a Ka of 122 nM (Figure 3). It is consistent

with our previous results from the cell-based assay.*?

Compound 5 Compound 6 Compound 7
1004 1004 1004 . L L)
L]
- L] - —_—
S . s 2
= 5 | c
E 504 S 50 S 50
E . f -E
0 04 04
0.01 01 o 10 100 0.01 0.1 1 10 100 0.01 0.4 1 10
[inhibitor] uM [inhibitor] uM [inhibitor] uM

Figure 3. Kas of compounds 5, 6, and 7. The fluorescence polarization assay was

performed by Dr. Haibo Xie.

It is well known that the linker plays a significant role in the ternary complex formation and
activity of PROTACs.'118 We sought to choose compounds 5, 6, and 7 for the synthesis
of a pre-assembled CRBN E3 ligase partial PROTAC library by systematically examining
the length and orientation of the linker. Compounds 5, 6 and 7 contained a terminal Boc-
protected amine, which could be easily deprotected and used to attach an alkyl linker
containing a terminal aldehyde via an amide coupling reaction. Particularly, we
considered that the relatively short partial linker length of these compounds provides the
opportunity for systematic examining the substitution pattern on phenyl groups at both
ends of the alkyl group. We then removed the Boc group to form a primary amine followed

by an amide coupling with a ortho-, meta-, or para- formylbenzoic acid (Scheme 6). We

100
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then prepared a small CRBN partial PROTAC library with a relatively short alkyl linker
containing a meta or para terminal benzaldehyde that can be further used to react with a

hydrazide group in any protein of interest ligand.

0
N (o] N o o
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Scheme 6. Partial PROTAC library synthesis and substrate scope starting from

compounds 5, 6, or 7 obtained from the Suzuki cross-coupling reactions.
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Androgen Receptor (AR) Degraders based on the Chiral Cereblon E3

Ligase Ligands
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Figure 4. Structures of AR degraders employing the partial PROTAC library based on

the chiral CRBN E3 ligase ligands.

We synthesized of Androgen Receptor (AR) degraders based on the aldehyde-hydrazide
Rapid-TAC strategy (Figure 4). Analysis of the reaction by HPLC suggested the formation
of product as shown by the changed in retention time from the starting material. We
created a small library of CRBN-based AR degraders composed of ligand-binding domain
and DNA-binding domain ligands for the androgen receptor. The degradation assay was

completed by Dr. Chunrong Li.
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A. LNCAP-AR-HiBiT (20h, % normalized to DMSO)
10uM 5uM 1uM
A B C A B C A B C
F 1 101.37 65.35 74.79 89.54 67.41 72.21 93.83 74.27 80.27
F 2 103.09 68.44 73.76 87.65 71.18 79.76 96.57 72.38 88.16
d 3 88.85 73.24 72.73 94.34 69.47 77.36 95.71 78.56 72.21
F 4 99.31 58.66 82.33 92.62 59.18 75.13 91.77 70.67 76.16
F 5 100.17 64.84 73.93 105.32 69.98 78.73 106.52 78.22 80.79
d 6 94.68 64.49 80.96 113.72 66.04 78.73 107.55 74.44 87.99
LG2138 35.51 35.33 37.74 25.56 26.07 26.42 39.97 39.28 39.28
DMSO 90.05 99.66 97.08 98.63 100.17 98.80 102.57 108.23 104.46
10uM  5uM 1uM
A B C
(O Rok X RoloX RoX
2 000000000
S 00P0000000
1 900000000
S 900000000
60coooecoo
LG2138 ¢ . ,
DMSO
0000.00.0
B. LNCAP (5 days, Alamar Blue)
10uM S5uM 1uM
A B C A B C A B C
1 104.85 104.48 104.68 103.09 102.45 102.31 100.23 100.85 99.96
2 101.67 100.66 99.70 100.17 101.52 98.41 100.23 100.18 99.33
3 101.74 99.63 98.22 99.81 100.36 99.49 100.55 100.42 99.62
4 102.00 77.30 95.79 101.26 80.73 98.38 100.37 99.27 98.25
5 101.22 96.61 96.57 100.44 96.59 109.38 99.74 99.96 99.18
6 101.45 97.30 95.07 111.16 98.00 96.32 99.91 99.24 98.71
LG2138 100.24 101.01 97.51 110.51 99.51 98.04 99.59 99.92 99.14
DMSO 100.50 100.57 98.73 100.34 99.44 98.25 98.43 98.80 98.80
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Figure 5. A) Degradation assay of AR degraders based on CRBN chiral E3 ligase ligands
using the LNCAP-AR-HIBIT cell line. B) Degradation assay of AR degraders based on
CRBN chiral E3 ligase ligands using the LNCAP cell line. (The assays were performed

by Dr. Chunrong Li)

These degraders were evaluated at three different concentrations (10uM, 5 uM, 1 uM)
using a LNCAP-AR-HIBIT and LNCAP cell lines. Specifically, the HIBIT assay was
designed and developed by Promega as an alternative bioluminescence protein detection
method.>%5! It allows the quantification of a protein of interest by complementary binding
of a HiBIT tag genetically fused to the endogenous POI and a LgBIT subunit to create a
functional NanoLuc luciferase enzyme.>° Overall degradation results suggested three
potential hits containing the ligand-binding domain ligand for AR, but no hits were

identified with the DNA-binding domain ligand (Figure 5).

The three identified hits were further confirmed by western blot analysis (Figure 6).
Western blot analysis indicates significant degradation of the AR with CMAR281.C4 at alll
three concentrations and some degradation at 10uM with CMAR281.B5. It is interesting
that only PROTAC CMAR281.C4 with the combination of meta/meta substitution pattern
on the two benzene rings in the linker region provides potent degradation activity among
the six compounds derived from one AR ligand (Figure 5). Our results support the
hypothesis that small differences in length and orientation can significantly affect the

degradation efficiency.



34

LNCAP (20h)

CMAR281.B4 CMAR281.B5 CMAR281.C4
(uM) DMSO 10 50 1.0 19 50 1.0 10 50 1.0 DMSO
AR (o o G SR » . === == . o

B-Actin (s GED GHD Gl == G GID GEL Gl GEN e

Figure 6. Western blot analysis for degradation of AR using the three top hit degraders

based on CRBN chiral E3 ligase ligands.

2.3 Conclusion

In summary, we described a modular chemistry platform for the introduction of substituted
phenyls to the C4-position of the lenalidomide-derived analogs under an improved Suzuki
cross-coupling condition. We demonstrated that the formation of Suzuki-cross coupling
product without hydrolysis of the imide was possible with a mild base. This provides quick
access to various phenyl substituted lenalidomide analogues. The creation of a partial
PROTAC library can be used for the synthesis of a full PROTAC library for any protein
target and allow us to systematically examine the effect of length and orientation of the
linkers with a relatively short distance. To demonstrate the utility of the partial PROTAC
library, we examined the degradation of Androgen Receptor (AR) using the preassembled
partial PROTAC library using the Rapid-TAC strategy. We observed only significant
degradation of AR with CMAR281.C4 and some degradation at 10uM with CMAR281.B5

through Western Blot analysis. Further testing should be considered to confirm the



35

degradation of AR using these compounds. Our results indicate that small differences in

length and orientation using a short linker significantly affect the degradation efficiency.

2.4 Experimental Procedures

2.4.1 Chemical Synthesis

All solvents and reagents were purchased from commercially available sources. Thin-
layer chromatography (TLC) was used with precoated silica gel plates. Flash column
chromatography was performed using silica gel. The *H and '*C nuclear magnetic
resonance (NMR) spectra were recorded using a Bruker AV-400 MHz in parts per million
(ppm) (&) downfield of TMS (& = 0). Signal splitting patterns were described as singlet (s),
doublet (d), triplet (t) or multiplet (m), with coupling constants (J) in hertz. The liquid
chromatography—mass spectrometry (LC—-MS) analysis of final products was processed
on an Agilent 1290 Infinity Il LC system using a Poroshell 120 EC-C18 column (5 cm x
2.1 mm, 1.9 um) for chromatographic separation. Agilent 6120 Quadrupole LC/MS with
multimode electrospray ionization plus atmospheric pressure chemical ionization was
used for detection. The mobile phases were 5.0% methanol and 0.1% formic acid in
purified water (A) and 0.1% formic acid in methanol (B). The gradient was held at 5% (0—
0.2 min), increased to 100% at 2.5 min, then held at isocratic 100% B for 0.4 min, and
then immediately stepped back down to 5% for 0.1 min re-equilibration. The flow rate was
set at 0.8 mL/min. The column temperature was set at 40 °C. High resolution mass
spectra (HRMS) were performed by Analytical Instrument Center at the School of
Pharmacy or Department of Chemistry on an Electron Spray Injection (ESI) mass

spectrometer.



36

2.4.2 Synthesis of intermediates 2

Intermediate 2 was synthesized according to the literature reported method. [/

AIBN

.HCI
H,N
(o] MeOH 0 NBS Br (o) 4&
1 HCI (37%) I o/ ACN |
OH Reflux 80°C DIPEA
80% 90% ACN

80°C
52%

To a mixture of 3-iodo-2-methylbenzoic acid (2.0 g, 7.63 mmol), 4 ml of HCI (37%) and
76 ml of MeOH were added in a flask. The solution was stirred at 65°C for 8 h. Afterwards,
the reaction mixture was quenched with a solution of saturated sodium bicarbonate

reaching a pH of ~5-6 and concentrated in vacuo to achieve 1.67 g of an orange oil.

To a solution of methyl 3-iodo-2-methylbenzoate (1.67 g, 6.05 mmol) in 40 ml ACN, n-
Bromosuccinimide (1.3 g, 7.26 mmol) and 2,2’-Azobis(2-methylpropionitrile) (60 mg, 0.36
mmol) were added. The solution was stirred at 80 °C for 4 h. The reaction was
concentrated to achieve 1.95 g of a red solid product that was directly used in the next

step.

To a solution of methyl 2-(bromomethyl)-3-iodobenzoate (1.95 g, 5.50 mmol) and ACN
(27.5mL), 3-aminopiperidine-2 6-dione hydrochlorid (815 mg, 4.95 mmol) and DIPEA
(2.92 mL, 11.0 mmol) were added. The solution was stirred at 95 °C for 3 h and then
filtered. The solid was washed with ethyl acetate (3X30ml) to afford 1.06 g of a purple

solid.
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2.4.3 General Procedure of tert-butyl (2-bromoethyl)carbamate Alkylation

%—é tert-butyl (2- %—é

o 0 bromoethyl)carbamate o (o)
~B” Cs,CO03 ~B”
—  ACN 5
| X 80°C | A
X X
OH 0™"\_~NHBoc

Modified boronic esters were synthesized according to the literature reported method. 12

To a solution of 4, 3, or 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol (2 g, 9.08
mmol) in ACN (44 mL), tert-butyl (2-bromoethyl)carbamate (3 g, 13.64 mmol) and
Cs2C0s3 (6 g, 18.16 mmol) were added. The solution was stirred at 80°C overnight. The
reaction mixture was then cooled at room temperature and an extraction was done using
H20 and ethyl acetate (3 x 50 mL). The organic layer was separated, dried with Na2SO4
and concentrated. The crudes were later purified using flash column chromatography

DCM/MeOH 0-10% to achieve the desired products.

2.4.4 General Procedure of Suzuki-Cross Coupling (5-16)

PdCl,(dppf) (5 mol%)
4§r_¥ KOAc (3 eq
DMF (0.2M), 100°C

2

To a solution of 2 (100 mg, 0.270 mmol) in DMF (1.3 mL, 0.2 M) was added the
corresponding boron pinacolester or boronic acid compounds (0.540 mmol), PdClz2(dppf)
(10 mg, 0.0135 mmol) and KOAc (79 mg, 0.81 mmol) at room temperature. Then, the
reaction mixture was stirred for 12 h at 100 °C. Afterwards, the solvent was concentrated

by rotovapor and the sample was diluted with DCM. The crude was later purified by flash
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column chromatography using an elution gradient of 0-10% MeOH in DCM as mobile
phase and a 12 g silica column as stationery phase. Finally, the desired fractions were

combined and concentrated to afford the desired compounds.

245 General Procedure for the Amide Formation (18-22)

N o
//( NH
0
z
| TFA/CH,Cl, (1:1)

X L
\o

(o] HATU
uant ield DIPEA
S q y DMF
rt
BocHN H2N HN
o
5,6,or7
—
W/

To a solution of 5, 6 or 7 (300 mg, 0.626 mmol) in DCM (1.5 mL) was added TFA (1.5
mL) at 0 °C. The reaction mixture was stirred at room temperature for 1 h. Finally, the
solvent and TFA were evaporated in vacuo to give the crude product which was directly

used in the next step.

To a solution of the corresponding protected Boc-amine (124 mg, 0.327 mmol) in DMF
(2.5 mL) was added HATU (124 mg, 0.327 mmol), DIPEA (114 uL, 0.654 mmol) and the
corresponding benzaldehyde-COOH (98 mg, 0.654 mmol). The reaction mixture was
stirred at room temperature until the staring material was gone by TLC. The mixture was
then extracted with ethyl acetate (3 x 10 mL). The combined organic fractions were dried

over Na2SO4 and concentrated. The crude was later purified by flash column
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chromatography (elution gradient of 0-10% MeOH in DCM). The desired fractions were

combined and concentrated to yield our desired compounds.

2.5 Characterization Data

2.5.1 Synthesized using the general procedure of tert-butyl (2-
bromoethyl)carbamate alkylation

tert-butyl (2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)ethyl)carbamate

BocHN
Yield: 1.8 g, 55 %
'H NMR (400 MHz, CDCl3) 8 7.78 — 7.72 (m, 1H), 7.73 (s, 1H), 6.92 — 6.83 (m, 2H),

4.98 (s, 1H), 4.12 — 4.01 (m, 2H), 3.54 (q, J = 5.5 Hz, 2H), 1.45 (s, 9H), 1.33 (s, 12H).

tert-butyl (2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)ethyl)carbamate

O\B,O
@\o/\/NHBoc

Yield: 1.4 g, 56%
IH NMR (400 MHz, CDCls) & 7.41 (dt, J = 7.2, 1.1 Hz, 1H), 7.36 — 7.25 (m, 2H), 6.99
(ddd, J=8.2, 2.8, 1.1 Hz, 1H), 5.00 (s, 1H), 4.05 (t, J = 5.1 Hz, 2H), 3.52 (g, J = 5.4 Hz,

2H), 1.45 (s, 9H), 1.34 (s, 12H).
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tert-butyl (2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenoxy)ethyl)carbamate

0. -0
o
©/ ~"“NHBoc

Yield: 147 mg, 41%
'H NMR (400 MHz, CDCI3) 8 7.64 (dd, J = 7.3, 1.8 Hz, 1H), 7.33 (ddd, J = 8.3, 7.3, 1.8
Hz, 1H), 6.91 (td, J = 7.3, 0.9 Hz, 1H), 6.77 (dd, J = 8.3, 0.8 Hz, 1H), 6.13 (s, 1H), 3.97

(t, J = 4.9 Hz, 2H), 3.49 (d, J = 5.1 Hz, 2H), 1.39 (s, 9H), 1.31 (s, 12H).

2.6.3. Synthesized using the Suzuki Cross-Coupling General Procedure:

4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzoic acid

OO e
O 0

COM
Yield: 232 mg, 58%
'H NMR (400 MHz, DMSO) 5 10.98 (s, 1H), 8.15 —8.08 (m, 2H), 7.79 (ddd, J = 35.5,
18.4, 8.2 Hz, 5H), 5.13 (d, J = 13.0 Hz, 1H), 4.65 (d, J = 17.5 Hz, 1H), 4.44 (d, J = 17.5
Hz, 1H), 2.89 (t, J = 15.2 Hz, 1H), 2.58 (d, J = 26.5 Hz, 3H), 2.05 — 1.97 (m, 1H).
13C NMR (101 MHz, DMSO) &6 173.44, 171.40, 168.37, 167.63, 142.55, 139.99, 136.25,
132.94, 132.27, 130.96, 130.50, 130.35, 129.58, 128.76, 127.59, 123.35, 52.16, 47.78,
31.60, 22.80.

LC-MS (ESI) calculated for C20H17N20s [M+H]*= 365.1. Found: 365.1
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tert-butyl (2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)carbamate

@ Nﬁo

BocHN

Yield: 456 mg, 66%

IH NMR (400 MHz, CDCls) & 8.21 (s, 1H), 7.87 (dd, J = 5.0, 3.7 Hz, 1H), 7.60 — 7.52 (m,
2H), 7.42 — 7.33 (m, 2H), 7.03 — 6.95 (m, 2H), 5.26 (dd, J = 13.3, 5.2 Hz, 1H), 5.01 (s,
1H), 4.56 (d, J = 16.3 Hz, 1H), 4.35 (d, J = 16.3 Hz, 1H), 4.07 (t, J = 5.2 Hz, 2H), 3.57
(d, J = 6.8 Hz, 2H), 2.98 — 2.79 (m, 2H), 2.41 — 2.27 (m, 1H), 2.20 (ddg, J = 10.1, 5.1,
2.4 Hz, 1H), 1.46 (s, 9H).

13C NMR (101 MHz, CDCI3) 5 171.05, 169.55, 169.36, 158.51, 139.03, 137.03, 132.09,
131.90, 131.28, 129.30, 128.96, 122.80, 114.91, 67.32, 51.79, 47.04, 40.09, 31.56,
28.41, 23.44.

ESI-MS calculated for C2sH30N30s [M + H]"*= 480.2. Found: 480.2

tert-butyl (2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)carbamate

(o]
OO
NH
o
O o/\/NHBoc

Yield: 340 mg, 58%
'H NMR (400 MHz, DMSO) 6 10.97 (s, 1H), 7.77 (dd, J = 7.4, 1.2 Hz, 1H), 7.71 (dd, J =

7.6,1.2 Hz, 1H), 7.64 (t, J = 7.5 Hz, 1H), 7.41 (t, J = 7.9 Hz, 1H), 7.21 — 7.09 (m, 2H),
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7.01 (ddd, J = 8.2, 2.6, 0.9 Hz, 2H), 5.14 (dd, J = 13.3, 5.1 Hz, 1H), 4.63 (d, J = 17.3 Hz,
1H), 4.40 (d, J = 17.3 Hz, 1H), 4.04 (t, J = 5.9 Hz, 2H), 3.32 (g, J = 6.0 Hz, 2H), 2.91
(ddd, J = 17.2, 13.6, 5.4 Hz, 1H), 2.58 (ddd, J = 17.2, 4.5, 2.3 Hz, 1H), 2.44 (td, J =
13.2, 4.5 Hz, 1H), 2.00 (dtd, J = 12.5, 5.1, 2.1 Hz, 1H), 1.38 (s, 9H).

13C NMR (101 MHz, DMSO) & 173.32, 171.42, 168.34, 159.27, 156.16, 139.94, 139.91,
137.17, 132.87, 132.18, 130.54, 129.34, 122.75, 120.93, 114.71, 114.65, 78.26, 67.00,
52.10, 47.72, 40.62, 40.41, 40.21, 40.00, 39.79, 39.58, 39.37, 31.66, 28.69, 22.85.

ESI-MS calculated for C26H30N30s [M + H]"= 480.2. Found: 480.2

tert-butyl (2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)carbamate

0
sorey
NH

o 9
O ~"“NHBoc

Yield: 60 mg, 35%

IH NMR (400 MHz, CDCl3) & 8.07 (s, 1H), 7.90 (dd, J = 7.4, 1.3 Hz, 1H), 7.56 (, J = 7.5
Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.38 (td, J = 7.9, 1.8 Hz, 1H), 7.29 — 7.23 (m, 2H),
7.07 (td, J = 7.5, 1.0 Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 5.25 (dd, J = 13.2, 5.4 Hz, 1H),
4.96 (s, 1H), 4.51 — 4.39 (m, 1H), 4.20 (d, J = 16.4 Hz, 1H), 4.05 (d, J = 7.0 Hz, 1H),
3.93 (s, 1H), 3.44 — 3.25 (m, 2H), 2.94 — 2.71 (m, 2H), 2.31 (td, J = 12.8, 4.9 Hz, 1H),
2.20 (dtd, J = 13.3, 5.4, 2.9 Hz, 1H), 1.41 (s, 9H).

13C NMR (101 MHz, CDCls) & 171.20, 170.07, 169.53, 155.91, 155.39, 140.88, 134.30,
133.32, 131.17, 130.85, 129.74, 128.25, 127.81, 123.04, 121.56, 113.34, 68.52, 51.77,

47.22,40.12, 31.47, 28.35, 23.30.
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ESI-MS calculated for C2sH30N30s [M + H]*= 480.2. Found: 480.2

2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)acetic acid

'H NMR (400 MHz, DMSO-d) & 13.09 (s, 1H), 10.87 (s, 1H), 7.67 (dd, J = 6.4, 2.3 Hz,
1H), 7.56 — 7.48 (m, 2H), 7.32 (ddd, J = 8.6, 7.4, 1.8 Hz, 1H), 7.23 (dd, J = 7.5, 1.8 Hz,
1H), 7.00 (td, J = 7.4, 0.9 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 5.06 (dd, J = 13.3, 5.1 Hz,
1H), 4.69 — 4.53 (m, 2H), 4.47 (d, J = 17.4 Hz, 1H), 4.11 (d, J = 17.4 Hz, 1H), 2.83 (ddd,
J=17.3,13.7, 5.4 Hz, 1H), 2.55 — 2.45 (m, 1H), 2.25 (qd, J = 13.3, 4.4 Hz, 1H), 1.95 —
1.84 (m, 1H).

13C NMR (101 MHz, DMSO) &6 173.31, 171.44,170.70, 168.51, 154.86, 141.74, 134.69,
133.47, 132.04, 131.33, 130.07, 128.65, 127.16, 122.47, 121.57, 112.25, 64.82, 51.90,
47.44, 31.65, 22.98.

ESI-MS calculated for C2:1H19N206 [M + H]*= 395.1. Found: 395.1
2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)acetic acid

<9 4;5:
J

(e}

O
(o}

OH
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IH NMR (400 MHz, DMSO-d) & 13.07 (s, 1H), 10.97 (s, 1H), 7.77 (dd, J = 7.4, 1.2 Hz,
1H), 7.71 (dd, J = 7.6, 1.3 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.42 (t, J = 8.0 Hz, 1H), 7.22
—7.15 (m, 1H), 7.15 — 7.09 (m, 1H), 6.99 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 5.14 (dd, J =
13.3, 5.1 Hz, 1H), 4.76 (s, 2H), 4.63 (d, J = 17.3 Hz, 1H), 4.38 (d, J = 17.3 Hz, 1H), 2.91
(ddd, J =17.3, 13.6, 5.4 Hz, 1H), 2.64 — 2.54 (m, 1H), 2.49 — 2.39 (m, 1H), 2.07 — 1.95
(m, 1H).

13C NMR (101 MHz, DMSO) & 173.34, 171.42, 170.68, 168.32, 158.58, 139.91, 139.83,
137.04, 132.91, 132.13, 130.52, 129.38, 122.80, 121.28, 114.80, 114.42, 65.08, 52.09,
47.70, 31.69, 22.83.

ESI-MS calculated for C2:1H19N20s [M + H]"= 395.1. Found: 395.1

2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)acetic acid

LI~ e
NH
o}
),

0\)j\OH
IH NMR (400 MHz, DMSO-d) & 13.09 (s, 1H), 11.00 (s, 1H), 7.85 (t, J = 1.1 Hz, 1H),
7.77 (d, J = 1.1 Hz, 2H), 7.69 (d, J = 8.9 Hz, 2H), 7.05 (d, J = 8.8 Hz, 2H), 5.14 (dd, J =
13.3, 5.1 Hz, 1H), 4.74 (s, 2H), 4.51 (d, J = 17.3 Hz, 1H), 4.38 (d, J = 17.4 Hz, 1H), 2.93
(ddd, J = 17.2, 13.6, 5.4 Hz, 1H), 2.62 (dt, J = 15.8, 3.4 Hz, 1H), 2.43 (qd, J = 13.4, 4.7

Hz, 1H), 2.03 (ddd, J = 10.6, 5.5, 3.2 Hz, 1H).
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13C NMR (101 MHz, DMSO) 6 173.38, 171.55, 170.64, 168.42, 158.48, 143.76, 143.44,
132.72, 130.55, 128.76, 126.73, 123.87, 121.74, 115.53, 65.08, 52.10, 47.72, 31.71,
22.98.

ESI-MS calculated for C21H19N20s [M + H]*= 395.1. Found: 395.1

4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzaldehyde

Yield: 33 mg, 35%

IH NMR (400 MHz, DMSO-ds) 5 10.98 (s, 1H), 10.10 (s, 1H), 8.07 — 8.01 (m, 2H), 7.89
—7.78 (m, 4H), 7.70 (t, J = 7.6 Hz, 1H), 5.16 (dd, J = 13.3, 5.1 Hz, 1H), 2.99 — 2.85 (m,
1H), 2.64 — 2.54 (m, 1H), 2.51 — 2.37 (m, 1H), 2.00 (ddd, J = 10.6, 4.8, 2.6 Hz, 1H).
13C NMR (101 MHz, DMSO-ds) 6 193.32, 173.34, 171.37, 168.17, 144.31, 140.14,
136.06, 135.94, 133.10, 132.33, 130.48, 129.58, 129.41, 123.59, 52.10, 47.68, 31.63,
22.85.

ESI-MS calculated for C20H17N204 [M + H]"= 349.1. Found: 349.1

3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzaldehyde

O
NH
(o)
l CHO

Yield: 28 mg, 30%
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IH NMR (400 MHz, DMSO-ds) & 10.98 (s, 1H), 10.12 (s, 1H), 8.13 (t, J = 1.8 Hz, 1H),
8.01 — 7.93 (m, 2H), 7.86 — 7.66 (m, 4H), 5.15 (dd, J = 13.2, 5.1 Hz, 1H), 4.66 (d, J =
17.4 Hz, 1H), 4.45 (d, J = 17.4 Hz, 1H), 2.91 (ddd, J = 18.0, 13.6, 5.4 Hz, 1H), 2.59 (d, J
= 17.7 Hz, 1H), 2.43 (td, J = 13.2, 4.4 Hz, 1H), 2.05 — 1.96 (m, 1H).

13C NMR (101 MHz, DMSO-ds) & 193.65, 173.34, 171.39, 168.25, 140.06, 139.36,
137.25, 136.04, 134.50, 133.03, 132.29, 130.36, 130.32, 129.57, 128.65, 123.26, 52.11,
47.63, 31.63, 22.84.

ESI-MS calculated for C20H17N204 [M + H]"= 349.1. Found: 349.1

2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzaldehyde

Yield: 17 mg, 18%

'H NMR (400 MHz, DMSO) & 10.94 (s, 1H), 9.79-9.76 (m, 1H), 8.03-7.97 (m, 1H), 7.87 —
7.76 (m, 2H), 7.64 — 7.57 (m, 5H), 5.15-5.11 (m, 1H), 4.38 — 4.09 (M, 2H), 2.97 — 2.78 (m,
1H), 2.57-2.54 (m, 1H), 2.45 — 2.31 (m, 1H), 1.97-1.94 (m, 1H).

13C NMR (101 MHz, DMSO) & 191.88, 173.29, 171.35, 168.27, 141.44, 141.35, 134.62,
133.92, 133.76, 132.54, 132.01, 131.10, 129.29, 129.18, 128.88, 123.34, 52.04, 47.21,
31.60, 22.76.

ESI-MS calculated for C20H17N204 [M + H]*= 349.1. Found: 349.1

3-(4-(4-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione
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Oy
‘ 0

OH
Yield: 46 mg, 51%
'H NMR (400 MHz, DMSO) & 11.03 (s, 1H), 9.74 (s, 1H), 7.76 — 7.63 (m, 3H), 7.50 —
7.45 (m, 2H), 6.98 — 6.90 (m, 2H), 5.20 (dd, J = 13.2, 5.1 Hz, 1H), 4.65 (d, J = 17.3 Hz,
1H), 4.45 (d, J = 17.3 Hz, 1H), 2.97 (ddd, J = 17.3, 13.6, 5.4 Hz, 1H), 2.64 (ddt, J =
16.5, 5.5, 2.7 Hz, 1H), 2.54 — 2.46 (m, 1H), 2.10 — 1.99 (m, 1H).
13C NMR (101 MHz, DMSO) & 173.36, 171.47, 168.50, 157.90, 139.48, 137.29, 132.84,

131.63, 129.72, 129.27, 129.04, 121.80, 116.18, 52.05, 49.07, 47.84, 31.66, 22.87.

LC-MS (ESI) calculated for C19H17N204 [M+H]*= 337.1. Found: 337.1

3-(4-(3-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione

CO-Ce

(o)

L,

Yield: 52 mg, 57%

H NMR (400 MHz, DMSO) 6 11.03 (s, 1H), 9.68 (s, 1H), 7.84 — 7.77 (m, 1H), 7.76 — 7.64
(m, 2H), 7.36 (t, J = 7.8 Hz, 1H), 7.08 — 7.02 (m, 1H), 7.00 (t, J = 2.0 Hz, 1H), 6.89 (dd, J
=8.1, 2.4 Hz, 1H), 5.21 (dd, J = 13.2, 5.1 Hz, 1H), 4.61 (s, 1H), 4.47 (d, J = 17.3 Hz, 1H),
3.03-2.90 (m, 1H), 2.64 (d, J = 14.9 Hz, 1H), 2.50 (dd, J = 13.2, 4.4 Hz, 1H), 2.10 — 2.00

(m, 1H).
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13C NMR (101 MHz, DMSO) &6 173.34, 171.48, 168.37, 158.21, 139.77, 139.73, 137.39,
132.85, 131.95, 130.48, 129.36, 122.60, 119.17, 115.46, 115.26, 52.05, 47.69, 31.67,
22.86.

LC-MS (ESI) calculated for C19H17N204 [M+H]*= 337.1. Found: 337.1

3-(4-(2-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione

O Nﬁo
O oH

Yield: 82 mg, 90%

IH NMR (400 MHz, DMSO) & 10.99 (s, 1H), 9.80 (s, 1H), 7.78 (dd, J = 7.2, 1.5 Hz, 1H),
7.68 — 7.57 (m, 2H), 7.30 (ddd, J = 14.5, 7.3, 1.7 Hz, 2H), 7.09 — 7.00 (m, 1H), 6.96 (td,
J=7.4,1.1Hz, 1H), 5.19 (dd, J = 13.3, 5.1 Hz, 1H), 4.45 — 4.30 (m, 2H), 2.94 (ddd, J =
17.3, 13.8, 5.4 Hz, 1H), 2.61 (d, J = 7.8 Hz, 1H), 2.47 (td, J = 13.1, 4.4 Hz, 1H), 2.06 —
1.95 (m, 1H).

13C NMR (101 MHz, DMSO) & 173.32, 171.51, 168.61, 154.70, 141.42, 135.34, 133.49,
132.00, 131.11, 129.84, 128.60, 125.54, 122.18, 119.78, 116.34, 51.94, 31.68.

LC-MS (ESI) calculated for C19H17N204 [M+H]*=337.1. Found: 337.1

2.5.2 Partial PROTAC Library
N-(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-4-

formylbenzamide
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IH NMR (400 MHz, DMSO) & 10.97 (s, 1H), 10.08 (s, 1H), 8.99 (t, J = 5.5 Hz, 1H), 8.76
(dd, J = 4.4, 1.5 Hz, 1H), 8.53 (dd, J = 8.4, 1.4 Hz, 1H), 8.19 (dt, J = 7.8, 1.6 Hz, 1H),
8.08 (dt, J = 7.6, 1.4 Hz, 1H), 7.80 — 7.69 (m, 2H), 7.56 — 7.49 (m, 3H), 7.15 — 7.06 (m,
2H), 5.14 (dd, J = 13.2, 5.1 Hz, 1H), 4.60 (d, J = 17.4 Hz, 1H), 4.40 (d, J = 17.3 Hz, 1H),
4.22 (t, J = 5.8 Hz, 2H), 3.71 (g, J = 5.7 Hz, 2H), 2.91 (ddd, J = 17.2, 13.6, 5.4 Hz, 1H),
2.00 (ddp, J = 7.7, 5.4, 2.3 Hz, 1H), 1.27 (d, J = 2.3 Hz, 2H).

13C NMR (101 MHz, DMSO) & 193.40, 173.34, 171.44, 168.43, 166.23, 158.78, 151.33,
140.07, 139.70, 139.64, 138.30, 136.89, 135.09, 132.86, 131.82, 130.90, 129.91,
129.81, 129.34, 129.21, 128.45, 122.14, 121.06, 115.44, 66.50, 52.06, 47.77, 40.62,
40.46, 40.41, 40.24, 40.20, 39.99, 39.78, 39.57, 39.36, 31.65, 22.88.

LC-MS (ESI) calculated for C29H26N30s [M + H]"=512.2. Found: 512.1

N-(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-3-

formylbenzamide
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IH NMR (400 MHz, DMSO) & 10.96 (s, 1H), 10.07 (s, 1H), 8.97 (t, J = 5.5 Hz, 1H), 8.77
(dd, J = 4.4, 1.4 Hz, 1H), 8.54 (dd, J = 8.4, 1.4 Hz, 1H), 8.17 (dt, J = 7.8, 1.5 Hz, 1H),
8.07 (dt, J = 7.6, 1.4 Hz, 1H), 7.80 — 7.68 (m, 2H), 7.52 (dd, J = 8.4, 4.4 Hz, 1H), 7.46 —
7.37 (M, 1H), 7.22 — 7.12 (m, 2H), 7.12 — 7.00 (m, 1H), 5.13 (dd, J = 13.2, 5.1 Hz, 1H),
4.63 (d, J = 17.3 Hz, 1H), 4.39 (d, J = 17.3 Hz, 1H), 4.24 (t, J = 5.9 Hz, 2H), 3.70 (q, J =
5.7 Hz, 2H), 2.90 (ddd, J = 17.0, 13.6, 5.4 Hz, 1H), 2.05 — 1.94 (m, 1H), 1.28 (d, J = 3.2
Hz, 2H).

13C NMR (101 MHz, DMSO) & 193.36, 173.35, 171.44, 168.43, 166.06, 158.79, 151.48,
140.08, 139.63, 136.89, 136.68, 135.53, 135.10, 133.48, 132.86, 131.82, 130.89,
129.84, 129.81, 129.35, 129.28, 128.46, 122.14, 121.14, 115.44, 66.53, 52.06, 31.65,
22.88.

LC-MS (ESI) calculated for C29H26N306 [M + H]"=512.2. Found: 512.2

N-(2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-4-

formylbenzamide
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IH NMR (400 MHz, DMSO) & 11.02 (s, 1H), 10.14 (s, 1H), 9.00 (t, J = 5.6 Hz, 1H), 8.07
(g, J = 8.3 Hz, 4H), 7.82 (dd, J = 7.4, 1.2 Hz, 1H), 7.76 (dd, J = 7.6, 1.3 Hz, 1H), 7.69 (t,
J=7.5Hz, 1H), 7.48 (t, J = 8.1 Hz, 1H), 7.27 — 7.18 (m, 2H), 7.17 — 7.08 (m, 1H), 5.19
(dd, J = 13.2, 5.1 Hz, 1H), 4.69 (d, J = 17.4 Hz, 1H), 4.45 (d, J = 17.3 Hz, 1H), 4.29 (t, J
= 5.9 Hz, 2H), 3.74 (q, J = 5.6 Hz, 2H), 2.95 (ddd, J = 17.6, 13.5, 5.4 Hz, 1H), 2.06 (d, J
= 4.6 Hz, 1H), 1.39 — 1.20 (m, 2H).

13C NMR (101 MHz, DMSO) & 193.50, 173.45, 171.43, 168.42, 166.25, 159.24, 139.86,
139.60, 138.22, 137.10, 132.79, 132.25, 130.62, 129.85, 129.39, 128.50, 122.75,
120.98, 119.28, 114.57, 66.38, 52.13, 47.81, 40.35, 40.14, 39.93, 39.72, 39.51, 39.30,
39.09, 31.27, 22.93.

LC-MS (ESI) calculated for C29H26N306 [M + H]*=512.2. Found: 512.1

N-(2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-3-

formylbenzamide

IH NMR (400 MHz, DMSO) & 10.96 (s, 1H), 10.07 (s, 1H), 8.97 (t, J = 5.5 Hz, 1H), 8.77

(dd, J = 4.4, 1.4 Hz, 1H), 8.54 (dd, J = 8.4, 1.4 Hz, 1H), 8.17 (dt, J = 7.8, 1.5 Hz, 1H),
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8.07 (dt, J = 7.6, 1.4 Hz, 1H), 7.79 — 7.69 (m, 2H), 7.52 (dd, J = 8.4, 4.4 Hz, 1H), 7.46 —
7.37 (m, 1H), 7.22 — 7.12 (m, 2H), 7.12 — 7.00 (m, 1H), 5.13 (dd, J = 13.2, 5.1 Hz, 1H),
4.63 (d, J = 17.3 Hz, 1H), 4.39 (d, J = 17.3 Hz, 1H), 4.24 (t, J = 5.9 Hz, 2H), 3.70 (q, J =
5.7 Hz, 2H), 2.90 (ddd, J = 17.0, 13.6, 5.4 Hz, 1H), 2.05 — 1.94 (m, 1H), 1.24 (d, J = 7.3
Hz, 2H).

13C NMR (101 MHz, DMSO) & 193.34, 173.33, 171.43, 168.33, 166.05, 159.27, 151.61,
140.08, 139.98, 139.91, 137.14, 136.66, 135.51, 133.46, 132.86, 132.68, 132.18,
130.58, 129.81, 129.34, 128.45, 122.76, 121.21, 121.01, 114.61, 66.50, 52.10, 31.65,
22.84.

LC-MS (ESI) calculated for C29H26N306 [M + H]*=512.2. Found: 512.2

N-(2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-4-

formylbenzamide

IH NMR (400 MHz, DMSO) & 10.93 (s, 1H), 10.08 (s, 1H), 8.80 — 8.44 (m, 2H), 7.98 (d,
J=8.1Hz, 2H), 7.90 (d, J = 7.9 Hz, 2H), 7.67 (d, J = 7.4 Hz, 1H), 7.55 — 7.41 (m, 2H),
7.31(dd, J = 7.5, 1.8 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 5.10 (dd,
J=13.2,5.1 Hz, 1H), 4.40 — 4.25 (m, 1H), 4.24 — 4.10 (m, 3H), 3.66 — 3.43 (m, 1H),

2.92 — 2.79 (m, 1H), 1.95 — 1.85 (m, 1H), 1.26 (g, J = 6.9, 6.2 Hz, 3H).
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13C NMR (101 MHz, DMSO) 6 193.38, 173.29, 171.57, 168.55, 166.08, 155.58, 151.54,
141.32, 140.09, 139.63, 135.10, 134.52, 133.56, 132.17, 131.15, 130.18, 129.84,
129.31, 128.37, 128.31, 127.44,122.36, 121.49, 121.17, 113.40, 66.54, 51.97, 31.66,
22.77.

LC-MS (ESI) calculated for C29H26N306 [M + H]*=512.2. Found: 512.2

N-(2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)phenoxy)ethyl)-3-

formylbenzamide

IH NMR (400 MHz, DMSO) & 10.93 (s, 1H), 10.07 (s, 1H), 8.72 (dt, J = 10.9, 3.5 Hz,
1H), 8.51 (dd, J = 8.4, 1.4 Hz, 1H), 8.29 (d, J = 1.8 Hz, 1H), 8.05 (ddt, J = 10.8, 7.7, 1.6
Hz, 2H), 7.79 — 7.61 (m, 2H), 7.42 (ddt, J = 7.5, 4.9, 2.5 Hz, 2H), 7.34 — 7.21 (m, 2H),
7.07 (t, J = 7.4 Hz, 1H), 5.10 (dd, J = 13.2, 5.0 Hz, 1H), 4.35 (d, J = 17.2 Hz, 1H), 4.26 —
4.11 (m, 3H), 3.64 — 3.47 (m, 2H), 2.93 — 2.80 (m, 1H), 1.92 (ddg, J = 10.5, 5.6, 3.2, 2.7
Hz, 1H), 1.26 (dt, J = 9.6, 4.6 Hz, 2H).

13C NMR (101 MHz, DMSO) & 193.31, 173.30, 171.57, 168.54, 165.89, 155.58, 151.61,
141.31, 140.09, 136.61, 135.44, 134.52, 133.35, 132.14, 131.15, 130.18, 129.75,
129.34, 128.44, 128.36, 127.46, 122.33, 121.50, 121.21, 113.43, 66.59, 51.97, 31.67,
22.76.

ESI-MS calculated for C29H26N30e [M + H]*= 512.2. Found: 512.2
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Figure S2. LC-MS Data of Suzuki Cross-Coupling Reaction Optimization.
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'H NMR (400 MHz, DMSO) -4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzoic

acid
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13C NMR (400 MHz, DMSO) -4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzoic

acid
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'H NMR(400 MHz, CDClz) -tert-butyl (2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)phenoxy)ethyl)carbamate
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13C NMR (101 MHz, CDCls) -tert-butyl (2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4-yl)phenoxy)ethyl)carbamate
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'H NMR (400 MHz, DMSO) -tert-butyl (2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4-yl)phenoxy)ethyl)carbamate
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13C NMR (101 MHz, DMSO) -tert-butyl (2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4-yl)phenoxy)ethyl)carbamate
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'H NMR (400 MHz, CDCls) -tert-butyl (2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4- yI)phenoxy)ethyl)carbamate
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13C NMR (101 MHz, DMSO) -tert-butyl (2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-
4- I)phenoxy)ethyl)carbamate
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'H NMR (400 MHz, DMSO) - 2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-

yl)phenoxy)acetic acid
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'H NMR (400 MHz, DMSO) -2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-

yI)pheno§y)acetic aocid
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13C NMR (101 MHz, DMSO) -2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
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'H NMR (400 MHz, DMSO) -2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-

yl)phenoxy)acetic acid
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H NMR (400 MHz, DMSO0)-4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-

yI)benzaIdghyde
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'H NMR (400 MHz, DMSO) -3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
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13C NMR (101 MHz, DMSO) -3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)benzaldehyde
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'H NMR (400 MHz, DMSO) -2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)benzaldehyde
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13C NMR (101 MHz, DMSO) -3-(4-(4-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-

dione
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'H NMR (400 MHz, DMSO) -3-(4-(3-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-

dione
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13C NMR (101 MHz, DMSO) - 3-(4-(3-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-
2,6-dione
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13C NMR (101 MHz, DMSO) -3-(4-(2-hydroxyphenyl)-1-oxoisoindolin-2-yl)piperidine-2,6-
dione

2021-12-17.1667-37 chelsi.2.fid

CMAR203 [1400
850 R g 328
2ss 3 : g3
A I Vi F1300
(o}
(1200

O N °

1100
NH

‘ OH 0 ~1000
~900
~800
=700
~600
~500
400

=300

~200

W! N “' Jiw‘» m\ WHW J“‘ ‘ Ll l.“ W MWMWWWWWWWMWO

Al
o

EB 8% ~-100

IH'NMR (400°MHz, DMSOY -N2(2:(4-(2-2,6didkopipetidifi-3Y1)-1-o%oigoindolih-4-

55555
00000
[-4000
00000
00000
[-2500
00000
[-1000
i i Repomomop PowroTooT T

g £: 5 8 3 L-s00

5 2 o s : 7 : 3 P 5 ) 5



13C NMR (101 MHz, DMSO)-N-(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindoli
yI)phenoxy)ethyI) -4-formylbenzamide
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13C NMR (101 MHz, DMSO) -N-(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)phenoxy)ethyl)-3-formylbenzamide
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13C NMR (126 MHz, DMSO) -N-(2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)phenoxy)ethyl)-4-formylbenzamide
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13C NMR (101 MHz, DMSO) -N-(2-(3-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)phenoxy)ethyl)-3-formylbenzamide
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13C NMR (101 MHz, DMSO) -N-(2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-

yl)phenoxy)ethyl)-4-formylbenzamide
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13C NMR (101 MHz, DMSO) -N-(2-(2-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)phenoxy)ethyl)-3-formylbenzamide
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CHAPTER 3

Development of a Partial PROTAC Library based on Achiral Cereblon E3
Ligase Ligands and Bruton’s Tyrosine Kinase-Based Full PROTAC Library for

Targeted Protein Degradation
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3.1 Introduction

Immunomodulatory imide drugs (IMiDs) such as thalidomide, pomalidomide, and
lenalidomide are essential treatments for patients with multiple myeloma (MM).*3 During
the 1950s, thalidomide was released as an effective sedative to treat morning sickness
during pregnancy. However, it was withdrawn from the market due to significant side
effects including neuropathy and teratogenicity caused by the drug.>? After being
withdrawn from the market, studies showed that thalidomide improved MM patients
outcomes due to successful anti-angiogenic, anti-proliferative anti-inflammatory, and
immunomodulation activities leading to the creation of pomalidomide and lenalidomide as
more potent analogues.*352 Nonetheless, their biological targets and mechanism of action

remained unknown until recently.
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Figure 1. Structures of reported E3 CRBN ligands IMiDs (1) thalidomide, (2)

lenalidomide, and (3) pomalidomide.

Evidence suggests that the mechanism of action of thalidomide and its analogues
requires binding to the cereblon (CRBN) proteins.>* Particularly, CRBN serves as a

substrate receptor in the E3-ubiquitin ligase complex CRL4CRBN where it associates with
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the DNA damage-binding protein-1 (DDB1), Cullin 4 (Cul4), and regulator of Cullins 1
(Rocl) for labelling proteins for ubiquitination and proteasome degradation.>>°¢ The
binding of IMiDs to CRBN can lead to the degradation of key transcription factors that are
essential for the growth of multiple myeloma, such as IKZF1 and IKZF3, two of the neo-

substrates for CRBN.43

Proteolysis Targeting Chimeras (PROTACs) emerged as a therapeutic strategy to
promote the degradation of intracellular proteins. PROTACSs consist of a ligand for a target
protein, a linker, and a E3 ubiquitin ligase ligand that can induce the degradation of the
protein of interest (POI).%8 The heterobifunctional PROTAC degrader brings the POI and
E3 ligase ligand into close proximity, leading to polyubiquitination of the target protein and
subsequent proteasomal degradation. Since the process is catalytic, the PROTAC

molecule recycles to induce another round of degradation.

Although there are more than 600 E3 ligases discovered in humans, only a few have been
successfully employed in PROTACSs. Specifically, CRBN is the most commonly used E3
ligase in PROTACSs due to the low molecular weight and drug-like properties of its ligands,
such as thalidomide and its analogs.3® However, researchers have found that thalidomide
and its analogs are unstable and undergo rapid racemization and hydrolysis in vitro and
in vivo.3"38 Particularly, the (S)-enantiomer is at least 10-fold stronger than the (R)-
enantiomer.3® Moreover, because IMiDs are known to promote the degradation of the
CRBN neosubstrates, the selectivity profile of current CRBN ES3 ligase ligands requires

further optimization. Hence, the stability, racemization, and selectivity of the CRBN
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ligands are potential issues for the development of CRBN-based PROTACs as
therapeutics.*® For this reason, there has been a growing need for creating alternative

CRBN binders that can be applied for PROTACS.

To date, various efforts have been developed for resolving the above issues of CRBN
ligands, including changing the hydrogen in the chiral carbon of thalidomide to deuterium
or introducing a quaternary carbon.3® However, the addition of a methyl group significantly
impeded the biological activity of thalidomide to treat multiple myeloma and human
leukemia.®®57:58 Phenyl glutarimides (PG) were later discovered as novel CRBN binders
with improved hydrolytic stability and similar binding affinity, when compared to traditional
IMiDs (Figure 2).%” The authors applied the phenyl glutarimides ligands to create PG-
based BET PROTACSs.?” These degraders showed anti-proliferative efficiency in MvV4-11
and HD-MBO3 cell lines, and cellular potency ICso of 3 pM in MV4-11.37 Nonetheless,
since these PG ligands still contain a chiral center, they continue to suffer from

racemization issue.

@)

E//—\ NH ° E@_ N}/:},_,:O

Phenyl Glutarimide (PG) Phenyl Dihydrouracil (PDHU)

Figure 2. Alternative CRBN binders.
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Our group recently reported a detailed structure-activity relationship and properties
studies of substituted and unsubstituted achiral phenyl dihydrouracil (PDHU) ligands as
alternative CRBN binders (Figure 2).%8 These ligands showed a similar binding affinity
and stronger stability compared to lenalidomide.3® In addition, five BRD4 PROTACSs
containing 1,2,3-trisubstituted PDHUs were also designed and synthesized, where
significant degradation efficiency was observed in multiple cell lines.®® Particularly,
compounds 4F and 6F containing a relatively accessible terminal Boc-protected amine
linker, showed stronger binding affinities to CBRN compared to lenalidomide (Figure 3).
Specifically, 6F showed the strongest potency and binding affinity compared to all PDHU
ligands (Figure 3). Accordingly, we believe that it is possible to apply the newly
discovered substituted PDHU ligands for the design and synthesis of novel nonracemic

PROTACSs for any protein of interest.
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Figure 3. Data previously reported of the relative binding affinities of substituted PDHU

ligands using a fluorescence polarization assay.®

The Bruton’s Tyrosine Kinase (BTK) is a nonreceptor tyrosine kinase part of the Tec
family of proteins. BTK plays a key role in the B-cell receptor signaling pathway in the
development, activation, differentiation, proliferation, and immune response of B-cells.5°
Apart from B-cells, BTK is also found in other myeloid cells and controls their development
through other signaling pathways such as FcyR, CXCR, and TLR.®° However, aberrant
activation of BTK has been shown to drive oncogenic signaling of various B-cell
malignancies such as chronic lymphocytic leukemia (CLL), mantle cell ymphoma (MCL),

diffuse large B-cell ymphoma (DLBCL), and Waldenstrom macroglobulinemia (WM). 6162

The US Food and Drug administration approved six BTK inhibitors for the treatment of B-
cell malignancies (Figure 4).%° Ibrutinib (the first-in class BTK inhibitor), as well as
acalabrutinib and zanubrutinib (second-generation BTK inhibitors), target the cysteine
residue Cys481 in the noncatalytic site of BTK through an irreversible covalent
interaction.®* Nevertheless, resistance to these inhibitors has been reported in patients

with CLL and MCL mainly due to a genetic mutation of the Cys481 residue.>°
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Figure 4. US Food and Drug Administration approved BTK inhibitors for the treatment of

B-cell malignancies.

Since drug resistance presents one of the major challenges in treating BTK-related
malignancies using irreversible covalent inhibitors, various noncovalent inhibitors have
been created.®! However, many off-target or adverse effects using current BTK inhibitors
has been observed in clinical trials, some of them leading to drug discontinuation.®?
Additionally, recent studies reported that deactivation of the kinase activity of BTK still

enables the growth, survival, and B-cell receptor signaling of oncogenic cells in CLL and
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DLBCL.%364 For these reasons, there is an urgent clinical need for alternative therapeutics
that can overcome drug resistance, adverse effects, and disrupt the oncogenic signaling

related to the nonenzymatic function of BTK in B-cell malignancies.
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Figure 5. A) BTK PROTACs containing a covalent linker.%6> B) BTK PROTACs

containing a noncovalent linker.6%.65

Recently, PROTACs were introduced as a promising strategy for targeting BTK. Most of
these PROTACSs rely on the ibrutinib inhibitor containing either covalent or noncovalent
linkers to interact with the BTK protein and a E3 ligase to promote protein degradation
(Figure 5).6867 Specifically, Nurix Therapeutics and BeiGene developed four CRBN-
based BTK-targeting PROTACSs currently in clinical trials.®* However, preclinical data of
some these degraders have been only made public by Nurix Therapeutics (Figure 6).
They showed that NX-2121 induces the degradation of wild-type and ibrutinib-resistant

BTK with DCso between 4-6 nM and 13 nM, respectively in DLBCL and MCL.563
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NX-2127 NX-5948
Figure 6. Current BTK PROTACs in Phase | clinical trials developed by Nurix

Therapeutics.

Importantly, NX-2121 is also able to disrupt the scaffolding function of BTK-mediated BCR
signaling in kinase-impaired BTK mutants.®® NX-5948 promotes the degradation of wild-

type and resistant BTK in DLBCL with DCso of 0.32 nM and 1.0nM, respectively.® Although
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these results show potential in using the PROTAC technology as a novel way to target
BTK, all of these BTK PROTAC S still rely on the chiral racemic IMiDs. Due to this, the
stability, racemization, and selectivity concerns of exploiting the mixture of stereocisomers
should be considered for further development in the clinic. Hence, here we report our
efforts in generating BTK-targeting PROTACs based on a partial PROTAC library
containing the previously published achiral phenyl dihydrouracil ligands. Comparable to
our previous project, our goal here was to identify a potent and selective BTK degrader
based on achiral CRBN ligands containing a series of short and restricted linkers to

systematically evaluate the effect of small changes in phenyl linker substitutions.

3.2 Results and Discussion

To create the first series of partial PROTAC library based on the achiral phenyl
dihydrouracil ligand 6F, we started with a commercially available 2-methyl iodoaniline.
The first step involves a condensation reaction leading to 49% yield. Afterwards, we
employed a Sonogashira coupling reaction in 94% yield. Deprotection of the Boc group
was accomplished using a mixture of 1:1 TFA/CH2Cl2 at room temperature. Finally, an
amide coupling reaction was employed leading to a series of six compounds for the

achiral partial PROTAC library.
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QNHz Ei)u”?:ne N/_§=O LE)ENF N;’\>H=o TFA/DCM X }_/_,\}4:0
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e NHBoc NH
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Scheme 1. First set of partial PROTAC Library based on achiral CRBN E3 ligase ligands.
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We also developed another series of partial PROTAC library based on the achiral PDHU
ligands. We first started with the synthesis of a meta-substituted piperidine moiety directly
connected to the achiral CRBN ligand. The first step involves a condensation reaction.
Then, we employed a Suzuki coupling reaction under the optimized conditions to obtain
our desired compounds in 50% and 37% yield, respectively. Moreover, a hydrogenation
reaction was employed followed by deprotection of the Boc group using a mixture of 1:1
TFA/CH2CIl2 at room temperature. Finally, an amide coupling reaction was employed
leading to another series of six compounds for the achiral partial PROTAC library. The
same synthetic route was used for the next set of compounds containing the para-

substituted piperidine.
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Scheme 2. Second set of partial PROTAC library synthesis based on achiral ligands.
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The original plan for the synthesis of a BTK binder was thought to follow the synthesis
route as shown in Scheme 3, starting from the commercially available starting material
(ibrutinib intermediate) containing a free secondary amine in a piperidine moiety. We
selected two functional groups that can readily react with aldehyde — hydrazide and
semicarbazide (Scheme 3). The synthesis of the first one as shown in Scheme 3A
involved an alkylation reaction followed by a TFA/DCM Boc deprotection, amide
formation, and another Boc deprotection that lead to the formation of desired
acylhydrazone or semicarbazone. Analysis of the reaction by TLC and LCMS suggested
the formation of product (CMAR-2-98). Similarly, the second BTK ligand involved a one-
pot reaction utilizing a primary protected Boc-diamine and CDI at room temperature.
Later, the Boc-protected semicarbazide that led to the desired product (CMAR-2-87) as

shown in Scheme 3B.
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Figure 7. Structures of BTK degraders employing the partial PROTAC library based on

the achiral CRBN E3 ligase ligands.

We synthesized of a small library of BTK degraders using the Rapid-TAC strategy (Figure

7). We analyzed the reaction progression by LC-MS and the formation of product was

observed by the changes of retention time and mass. Specifically, we created CRBN-

based BTK degraders composed of two building blocks that contain a BTK binding ligand

and a hydrazide or semicarbazide, which differ from each other by a methylene moiety.

The HiBIT degradation assay was completed by Ira Tandon.




eo
A4S,

ele
0O

91

o9
9o

ole
O«

OO
0JO.

ol o/lale ke
alolialelinle)

C0O
CC

00
QOO0

CO0O00V9

. ©00000

A1 Al Ad Ad A7 A9 A9 A12 A12
10uM 85.96954 109.183663 102.623806 75.3802197 92.1162439 84.8269179 113.946957 82.0637117 93.1605317 74.6675765
1uM 34.3029045 48.2126588 95.6581481 81.8337664 104.958155 79.7424489 93.3272887 110.414898
A2 A2 A5 A5 Controls Controls A10 A10
10uM 117.142385 115.163236 99.2477862 66.6641117 109.597814 90.402186 87.8990858 81.4148798 DMSO
1uM 53.3777645 57.93741 56.1721286 45.2241187 44.5093567 50.3222972 74.3073913 73.6099531 10 uM JP
A3 A3 A6 A6 A8 A8 A1 A1
10 uM 114.180392 103.279866 101.721972 79.5404211 60.2171705 80.9989843 101.991425 101.210235
1uM 101.273921 85.5265995 65.9477295 56.0481202 67.5451322 69.679323 93.6786251 89.3881837
(| 1000029
B1 B1 B4 B4 B7 B7 B9 B9 B12 B12
10 uMm 93.87203 77.72283 81.15219 62.12034 92.2145 110.9846 159.3097 159.6599 118.621 102.7863
1uM 31.75796 23.7952 34.94988 30.84091 80.43501 86.40746 134.3856 108.6476 77.29805 71.80743
B2 B2 B5 BS Controls Controls B10 B10
10 uMm 82.78294 69.65327 67.92755 65.48395 97.04065 102.9594 96.57743 85.67236 DMSO
1uM 39.21105 39.43544 23.06776 23.60056 31.11644 35.78778 72.90955 70.12449 10 uM JP
B3 B3 B6 B6 B8 B8 B11 B11
10 uMm 76.30795 78.73763 103.2349 99.81562 87.67432 92.85775 129.3091 112.9865
1uM 77.46348 62.46441 95.76283 84.58624 68.78528 69.53377 129.47 113.7703
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Figure 8. A) Degradation assay completed by Ira Tandon for BTK degraders based on
achiral CRBN E3 ligase ligands using a BTK-HIBIT assay. B) BTK degrader JP-2-247

recently developed by the Nomura group used as the positive control.%®

The degraders were evaluated at two different concentrations (10uM, 1 uM). The HiBiT
assay was developed by Promega. Degradation results suggested significant
degradation of BTK after 1 uM treatment of nine potential hits A1, A2, A4, A5, A6, B1, B2,

B4, and B5 when compared to the positive control JP-2-247 (Figure 8).

Interestingly, our preliminary screening suggests that significant degradation was
achieved by employing our previously reported 6F3¢ achiral CRBN E3 ligase ligand with
meta or para linker on the phenyl group in the linker region. Moreover, although these
results showed significant BTK degradation with the degraders containing both hydrazide
and semicarbazide, compounds that possess an additional methylene group in the
hydrazide achieved slightly better degradation (Figure 8). We hypothesized that it may

be due to an increase in linker flexibility, allowing the formation of a more stable ternary
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complex. Similar to our previous AR degraders, these results support the hypothesis that

small differences in length and orientation affect the degradation efficiency.

3.3Conclusions

In summary, here we described the synthesis of a partial PROTAC library based on
achiral phenyl dihydrouracil (PDHU) ligand. The library was composed of twelve PDHU
ligands with relatively short and rigid linkers with small differences in the ortho, meta, or
para phenyl substitution. The resulting partial PROTAC library can be applied to the rapid
synthesis of a full PROTAC library for any protein target. The small diversifications in
phenyl substitutions also allows us to systematically examine the effect of length and
linker orientation with a relatively short distance. Moreover, we demonstrated the utility of
the partial PROTAC library by the development of a full PROTAC library for the BTK
protein using the Rapid-TAC strategy. Our results showed significant degradation of BTK
with A1, A2, A4, A5, A6, B1, B2, B4, and B5 at 1uM using a BTK-HIBIT assay. Particularly,
it was observed that the linkers containing a para and meta substitutions to the phenyl
attached to an alkyne-based linker had the highest BTK degradation. In comparison, no
significant degradation of BTK was shown using a piperidine-based linker or a linker with
ortho-substituted phenyl group. Consequently, these results indicate that the orientation
of the PROTAC linker significantly affect the degradation efficiency and it can be

examined with relatively short linkers.

3.4 Future Directions
Further testing will be done using the BTK-HIBIT assay to confirm the degradation of BTK

using these Al, A2, A4, A5, A6, B1l, B2, B4, and B5 at lower concentrations. After
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identifying the most potent compounds, stable analogues will be synthesized by changing
the acylhydrazone or semicarbazone linkage to a more stable isostere such as an amide

bond. Finally, mechanistic studies will be performed to assess the degradation pathway.
3.5 Experimental Procedures

3.5.1 Chemical Synthesis

All solvents and reagents were purchased from commercially available sources. Thin-
layer chromatography (TLC) was used with precoated silica gel plates. Flash column
chromatography was performed using silica gel. The *H and '*C nuclear magnetic
resonance (NMR) spectra were recorded using a Bruker AV-400 MHz in parts per million
(ppm) (&) downfield of TMS (& = 0). Signal splitting patterns were described as singlet (s),
doublet (d), triplet (t) or multiplet (m), with coupling constants (J) in hertz. The liquid
chromatography—mass spectrometry (LC—-MS) analysis of final products was processed
on an Agilent 1290 Infinity Il LC system using a Poroshell 120 EC-C18 column (5 cm x
2.1 mm, 1.9 um) for chromatographic separation. Agilent 6120 Quadrupole LC/MS with
multimode electrospray ionization plus atmospheric pressure chemical ionization was
used for detection. The mobile phases were 5.0% methanol and 0.1% formic acid in
purified water (A) and 0.1% formic acid in methanol (B). The gradient was held at 5% (0—
0.2 min), increased to 100% at 2.5 min, then held at isocratic 100% B for 0.4 min, and
then immediately stepped back down to 5% for 0.1 min re-equilibration. The flow rate was
set at 0.8 mL/min. The column temperature was set at 40 °C. High resolution mass
spectra (HRMS) were performed by Analytical Instrument Center at the School of
Pharmacy or Department of Chemistry on an Electron Spray Injection (ESI) mass

spectrometer.
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3.5.2 Synthesis of 1-(3-bromophenyl) dihydropyrimidine-2,4(1H,3H)-dione

§0

Br

To a solution of 3-bromoaniline (3g, 10.23 mmol) and toluene (22 mL), acrylic acid (1.69,
22.7 mmol) was added. The solution was stirred at 110 °C for 5 h. Then, the toluene was
concentrated in vacuo. Afterwards, acetic acid (26 mL) and urea (3.1 g, 52.2 mmol) were
added. The reaction was stirred at 120 °C for 16 h. The acetic acid was later evaporated
using the rotovap. The obtained product was then directly used for the next step.

3.5.3 Synthesis of tert-butyl 4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)-

3,6-dihydropyridine-1(2H)-carboxylate

NL

O._.0
B Pd(dppf)Cl,
KOACc N (6]
A >
N/_§=O + ﬁj }—NH
»—NH N DMF { fe}
B J Boc 100°C

BocN

The same method for Suzuki cross-coupling was followed as previously described.®®
3.5.4 Synthesis of tert-butyl 4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-
yl)phenyl)piperidine-1-carboxylate
N/_\=o
J—NH
(0]
BocN

To a solution of in (262 mg, 0.705 mmol) and methanol (40 mL), Pd/c (89 mg) was
added. The reaction was purged with Argon and Hz. The solution was stirred at rt for 48
h. Then, the Pd was discarded in an aqueous solution and the reaction was

concentrated in vacuo.



3.5.5 General Procedure of Partial PROTAC Library Aldehydes: Example of
synthesis of 2,3,4-(4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-

yl)phenyl)piperidine-1-carbonyl)benzaldehyde

HATU, DIPEA N;}O
TFA/DCM ! NH
N/_§=o N/_§=O HO.__O DMF, 1t 4
N

NH - NH
O)_ rt O% + | N

1h N
BocN HN CHO

o

CHO

To a solution of 4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-
carboxylate (1.0 eq) in DCM was added TFA (1.5 mL) at 0 °C. The reaction mixture was
stirred at room temperature for 1 h. Finally, the solvent and TFA were evaporated in vacuo

to give the crude product which was directly used in the next step.

To a solution of the benzaldehyde-COOH (1.0 eq) in DMF was added HATU (1.0 eq),
DIPEA (2.0 eq) and the deprotected crude of the amine. The reaction mixture was stirred
at rt for 4 h. The mixture was then extracted with ethyl acetate (3 x 10 mL). The combined
organic fractions were dried over Na2SO4 and concentrated. The crude was later purified
by flash column chromatography (elution gradient of 0-10% MeOH in DCM). The desired

fractions were combined and concentrated to yield our desired compounds.

3.1.1 Synthesis of tert-butyl (3-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-2-

methylphenyl)prop-2-yn-1-yl)carbamate
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N Y=o
// Me O%NH

NHBoc

The compound was synthesized as previously described.38
3.5.6 Synthesis of N-(3-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-2-

methylphenyl)prop-2-yn-1-yl)-2-(3-formylphenoxy)acetamide

N/_3=O

N/_\=o HO.__O HATU Ve O}/'_NH

et \ﬁ DIPEA Y4
// Me O + o DMF o

§ > NH
o
NH,
0o

<\/ )
= CcHo

o,mp

To a solution of 1-(3-(3-aminoprop-1-yn-1-yl)-2-methylphenyl)dihydropyrimidine-
2,4(1H,3H)-dione (1.0 eq) in DCM was added TFA (1.5 mL) at 0 °C. The reaction mixture
was stirred at room temperature for 1 h. Finally, the solvent and TFA were evaporated in

vacuo to give the crude product which was directly used in the next step.

To a solution of the benzaldehyde-COOH (1.0 eq) in DMF was added HATU (1.0 eq),
DIPEA (2.0 eq) and the deprotected crude of the amine. The reaction mixture was stirred
atrt for 4 h. The mixture was then extracted with ethyl acetate (3 x 10 mL). The combined
organic fractions were dried over Na2SO4 and concentrated. The crude was later purified
by flash column chromatography (elution gradient of 0-10% MeOH in DCM). The desired

fractions were combined and concentrated to yield our desired compounds.
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3.5.7 Synthesis of (S)-2-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]

pyrimidin-1-yl) piperidin-1-yl)acetic acid

To a solution of S)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-d]pyrimidin-4-
amine (300 mg, 0.776 mmol) in DMF (3.5 mL), 2-(tert-butoxy)acetyl bromide (226 mg,
1.16 mmol) and Cs2CO3 (214 g, 1.55 mmol) were added. The solution was stirred at 60°C
overnight. The reaction mixture was then cooled at room temperature and an extraction
was done using H20 and ethyl acetate (3 x 50 mL). The organic layer was separated,
dried with Na2SO4 and concentrated. The crudes were later purified using flash column
chromatography DCM/MeOH 0-10% to achieve the desired product. After the compound
was purified, 1.0 eq was dissolved in DCM and TFA (1:1 mixture, 4 mL) at O °C. The
reaction mixture was stirred at room temperature for 1 h. Finally, the solvent and TFA
were evaporated in vacuo to give the crude product which was directly used in the next

step.
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3.5.8 Synthesis of (S)-2-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]

pyrimidin-1-yl)piperidin-1-yl)acetohydrazide

To a solution of the (S)-2-(3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d] pyrimidin-
1-yl) piperidin-1-yl)acetic acid (1.0 eq) in DMF was added HATU (1.0 eq), DIPEA (2.0 eq)
and 2.0 eq of tert-butyl carbamate. The reaction mixture was stirred at rt for 4 h. The
mixture was then extracted with ethyl acetate (3 x 10 mL). The combined organic fractions
were dried over Na2SO4 and concentrated. The crude was later purified by flash column
chromatography (elution gradient of 0-10% MeOH in DCM). The desired fractions were
combined and concentrated to yield our desired compounds. After the compound was
purified, 1.0 eq was dissolved in DCM and TFA (1:1 mixture, 4 mL) at 0 °C. The reaction
mixture was stirred at room temperature for 1 h. The DCM and TFA were evaporated in

vacuo to give the crude product which was directly used in the next step.
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3.5.9 Synthesis of (S)-3-(4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]

pyrimidin-1-yl) piperidine-1-carbohydrazide

To a round bottom flask, NH2NHBoc (2 g, 15.13 mmol) and CDI (2.5 g, 15.13 mmol) were
dissolved in THF (65 mL). The solution was stirred at room temperature for 2 h.
Afterwards, (S)-3-(4-phenoxyphenyl)-1-(piperidin-3-yl)-1H-pyrazolo[3,4-d] pyrimidin-4-
amine (2.9 g, 7.55 mmol) was directly added to the reaction mixture. The reaction was
stirred at room temperature for 24 h. Finally, the THF was concentrated in vacuo and the
crude was later purified by flash column chromatography (elution gradient of 0-10%
MeOH in DCM). Then, 1.0 eq was dissolved in DCM and TFA (1:1 mixture, 4 mL) at 0 °C.
The reaction mixture was stirred at room temperature for 1 h. The DCM and TFA were

evaporated in vacuo to give the crude product which was directly used in the next step.

3.5.10 General procedure for the preparation of BTK PROTACs under miniaturized

conditions

Solution A: A 50 mM DMSO stock solution of the BTK building blocks was prepared by
dissolving appropriate amounts in DMSO.
Solution B: A 50 mM DMSO stock solution of each member of the aldehyde achiral

partial PROTAC library was also prepared similarly to Solution A.
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We next mixed 20 yL of DMSO solution A with 20 yL of DMSO solution B in a 96-well
plate. The resulting mixture was then heated at 80 °C for 3-4 h on the reaction block.
After cooling it to room temperature, another 60 pL of DMSO was added to the solution.
The solution was then cooled down to room temperature and the purity of the product
was analyzed by LC-MS. All products were directly used for cell-based screening

without any further manipulations.

3.6 Characterization

3.6.1 Partial PROTAC Library based on Achiral Ligands

1-(3-bromophenyl) dihydropyrimidine-2,4(1H,3H)-dione

a8

Br (0]

IH NMR (400 MHz, DMSO) & 10.41 (s, 1H), 7.56 (t, J = 1.9 Hz, 1H), 7.43 (dt, J = 7.2,
1.9 Hz, 1H), 7.42 — 7.29 (m, 2H), 3.81 — 3.74 (m, 2H), 2.70 (t, J = 6.7 Hz, 2H).

13C NMR (101 MHz, DMSO) & 171.32, 152.58, 143.80, 131.06, 129.14, 128.63, 124.62,
121.47, 44.87, 40.20, 40.04, 39.99, 39.79, 39.58, 39.37, 39.16, 38.95, 31.31.

LC-MS (ESI) Calculated for C10H10BrN202 [M + H] *= 270.1. Found: 270.1

1-(4-bromophenyl) dihydropyrimidine-2,4(1H,3H)-dione

O

IH NMR (400 MHz, DMSO) & 10.43 (s, 1H), 7.62 — 7.54 (m, 2H), 7.35 — 7.27 (m, 2H),

3.79 (t, J = 6.7 Hz, 2H), 2.71 (t, J = 6.7 Hz, 2H).
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13C NMR (101 MHz, DMSO) 6 171.01, 152.51, 141.79, 131.91, 127.75, 118.56, 44.75,
40.59, 40.38, 40.17, 39.96, 39.76, 39.55, 39.34, 31.44.

LC-MS (ESI) Calculated for C10H10BrN202 [M + H] *= 270.1. Found: 270.1

Aty

NH
| Mea Db_

IH NMR (400 MHz, CDCls) 5 7.78 (dd, J = 8.0, 1.1 Hz, 1H), 7.63 (s, 1H), 7.12 (d, J = 7.8
Hz, 1H), 6.90 (t, J = 7.9 Hz, 1H), 3.73 (ddd, J = 12.7, 8.6, 6.0 Hz, 1H), 3.56 (dt, J = 12.5,
6.1 Hz, 1H), 2.87 — 2.70 (m, 2H), 2.32 (s, 3H).

13C NMR (101 MHz, CDCls) & 169.25, 151.32, 139.54, 139.50, 139.23, 128.58, 127.28,

102.63, 77.35, 77.04, 76.72, 45.33, 31.38, 23.89.

LC-MS (ESI) Calculated for C11H12IN202 [M + H] *= 331.1. Found: 331.1

N/_\}:D
Jr—NH
-"::’ Me O
NHBoc
H NMR (400 MHz, DMSO) 5 10.38 (s, 1H), 7.68 — 7.51 (m, 1H), 7.42 — 7.20 (m, 4H),
4.02 (dd, J = 13.5, 6.4 Hz, 2H), 3.78 (ddd, J = 12.2,9.7, 5.2 Hz, 1H), 3.52 (dt, J = 12.1,
5.9 Hz, 1H), 3.30 (s, 1H), 2.80 (ddd, J = 16.1, 9.8, 6.1 Hz, 1H), 2.68 (dt, J = 16.7, 5.5
Hz, 1H), 2.25 (s, 3H), 1.41 (s, 9H).

LC-MS (ESI) Calculated for C19H24N304 [M + H] *= 357.2. Found: 357.2
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N-(3-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-2-methylphenyl)prop-2-yn-1-yl)-4-

formylbenzamide

CHO
'H NMR (400 MHz, DMSO) & 10.38 (s, 1H), 10.10 (s, 1H), 9.33 (t, J = 5.3 Hz, 1H), 8.11
—7.99 (m, 4H), 7.35 (ddd, J = 29.5, 7.8, 1.5 Hz, 2H), 7.28 — 7.18 (m, 1H), 4.43 — 4.37
(m, 2H), 3.77 (ddd, J = 12.1, 9.8, 5.3 Hz, 1H), 3.51 (dt, J = 12.0, 5.9 Hz, 1H), 2.79 (ddd,
J=18.8,9.7, 6.1 Hz, 1H), 2.73 — 2.62 (m, 1H), 2.26 (d, J = 7.9 Hz, 3H).
13C NMR (101 MHz, DMSO) 6 193.38, 171.17, 165.76, 152.23, 141.77, 139.33, 138.43,
130.40, 130.02, 129.97, 128.54, 127.20, 123.91, 91.62, 80.70, 65.08, 52.42, 47.81,
44 .37, 37.47, 34.02, 29.41.
LC-MS (ESI) Calculated for C22H20N304[M + H] *= 390.1. Found: 390.1
N-(3-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-2-methylphenyl)prop-2-yn-1-yl)-3-

formylbenzamide

N =0
// Me O a

NH
O

CHO
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IH NMR (400 MHz, DMSO) & 10.38 (s, 1H), 9.88 (s, 1H), 7.88 (d, J = 8.7 Hz, 2H), 7.40
—7.20 (m, 5H), 7.16 (d, J = 8.7 Hz, 2H), 4.24 (d, J = 5.4 Hz, 2H), 3.80 (d, J = 13.9 Hz,
1H), 3.52 — 3.47 (m, 1H), 2.82 — 2.73 (m, 1H), 2.72 — 2.65 (m, 2H), 2.27 (s, 1H).

13C NMR (101 MHz, DMSO) & 193.32, 171.17, 165.58, 152.23, 141.78, 136.74, 135.29,
133.51, 130.81, 129.93, 128.70, 127.21, 123.93, 91.69, 80.66, 65.08, 52.42, 47.82,
44.37, 37.47, 34.02, 29.42.

LC-MS (ESI) Calculated for C22H20N304[M + H] *= 390.1. Found: 390.1

N-(3-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)-2-methylphenyl)prop-2-yn-1-yl)-2-

formylbenzamide

N =0

J—NH

// Me O

NH
@) CHO

IH NMR (400 MHz, DMSO) & 10.29 (s, 1H), 9.99 (d, J = 2.1 Hz, 1H), 8.17 (s, 1H), 7.84
(ddt, J = 32.3, 25.4, 12.8 Hz, 4H), 7.70 — 7.63 (m, 1H), 7.64 — 7.46 (m, 4H), 7.27 — 7.03
(m, 3H), 3.72 (t, J = 6.7 Hz, 1H), 2.81 (s, 1H), 2.64 (dd, J = 12.4, 5.8 Hz, 1H), 2.28 —
1.98 (m, 1H).

13C NMR (101 MHz, DMSO) & 194.87, 185.13, 162.53, 153.04, 148.97, 136.81, 124.63,
114.33, 111.64, 108.24, 103.00, 98.02, 90.50, 86.65, 81.25, 76.58, 66.37, 59.13, 45.94,

40.56, 40.35, 40.14, 39.94, 39.73, 39.60, 39.52, 39.31, 37.24, 29.08, 16.99.
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LC-MS (ESI) Calculated for C22H20N304[M + H] = 390.1. Found: 390.1

IH NMR (400 MHz, DMSO) & 10.38 (s, 1H), 9.88 (s, 1H), 8.82 (t, J = 5.6 Hz, 1H), 7.91 —
7.84 (m, 2H), 7.33 (ddd, J = 15.5, 7.8, 1.6 Hz, 2H), 7.24 (t, J = 7.7 Hz, 1H), 7.16 (d, J =
8.6 Hz, 2H), 4.71 (s, 2H), 4.24 (d, J = 5.6 Hz, 2H), 3.83 — 3.69 (m, 1H), 3.51 (dt, J =
12.0, 5.9 Hz, 1H), 2.87 — 2.75 (m, 1H), 2.70 (d, J = 5.8 Hz, 1H), 2.24 (s, 3H).

13C NMR (101 MHz, DMSO) & 191.86, 171.20, 167.54, 163.02, 152.24, 141.75, 138.25,
132.19, 130.61, 128.25, 127.20, 123.87, 115.70, 91.51, 80.54, 67.35, 52.39, 47.78,
44.94, 37.43, 33.99, 31.54, 29.13.

LC-MS (ESI) Calculated for C23H22N30s5 [M + H] *=420.2. Found: 420.2

IH NMR (400 MHz, DMSO) & 10.37 (s, 1H), 9.97 (s, 1H), 8.77 (t, J = 5.7 Hz, 1H), 7.56

(d, J = 4.8 Hz, 2H), 7.47 (d, J = 2.6 Hz, 1H), 7.33 (dd, J = 15.2, 7.5 Hz, 3H), 7.24 (t, J =
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7.7 Hz, 1H), 4.66 (s, 2H), 4.24 (d, J = 5.6 Hz, 2H), 3.83 — 3.69 (m, 1H), 3.51 (dt, J =
12.0, 5.9 Hz, 1H), 2.84 — 2.77 (m, 2H), 2.23 (s, 3H).

13C NMR (101 MHz, DMSO) & 193.31, 171.19, 167.82, 158.67, 152.23, 141.75, 138.05,
130.90, 128.25, 127.18, 123.75, 121.91, 114.44, 91.56, 80.50, 67.38, 52.40, 47.79,
44.94, 37.45, 34.00, 31.55, 29.39.

LC-MS (ESI) Calculated for C23H22N30s [M + H] *= 420.2. Found: 420.2

N}:}I:O
"/f Me O

MNH
8]

Q CHO

IH NMR (400 MHz, DMSO) & 10.51 (s, 1H), 10.38 (s, 1H), 8.76 (t, J = 5.7 Hz, 1H), 7.75
(dd, J = 7.6, 1.8 Hz, 1H), 7.68 — 7.59 (m, 1H), 7.33 (ddd, J = 16.1, 7.7, 1.6 Hz, 2H), 7.25
(t, J = 7.7 Hz, 1H), 7.19 — 7.09 (m, 2H), 4.76 (s, 2H), 4.26 (d, J = 5.6 Hz, 2H), 3.83 — 3.70
(m, 1H), 3.51 (dt, J = 12.0, 5.9 Hz, 1H), 2.81 (dd, J = 16.6, 6.2 Hz, 1H), 2.79 — 2.68 (m,
1H), 2.24 (s, 3H).

13C NMR (101 MHz, DMSO) & 190.45, 171.20, 167.66, 160.20, 152.24, 141.76, 138.25,
131.27, 127.20, 124.97, 121.89, 114.02, 91.53, 80.52, 67.67, 52.39, 47.78, 44.94,
37.43, 33.99, 31.54, 29.14.

LC-MS (ESI) Calculated for C23H22N30s [M + H] *= 420.2. Found: 420.2

tert-butyl 4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)-3,6-dihydropyridine-
1(2H)-carboxylate
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N o

NH
T

BocN

IH NMR (400 MHz, CDCls) & 7.56 (s, 1H), 7.31 (t, J = 7.8 Hz, 1H), 7.26 — 7.18 (m, 2H),
7.15 — 7.07 (m, 1H), 5.98 (s, 1H), 4.00 (d, J = 3.6 Hz, 2H), 3.81 (t, J = 6.6 Hz, 2H), 3.56
(t, J = 5.7 Hz, 2H), 2.77 (t, J = 6.7 Hz, 2H), 2.44 (s, 2H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCls) 5 169.32, 151.67, 142.13, 141.23, 129.30, 123.72, 123.64,
121.99, 79.80, 77.35, 77.23, 77.03, 76.71, 75.05, 45.31, 31.44, 28.50, 24.87, 24.57.

LC-MS (ESI) Calculated for C20H26N304 [M + H] *= 372.4. Found: 372.4

tert-butyl 4-(4-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)-3,6-dihydropyridine-

1(2H)-carboxylate

BocNC,}—@fN/_\F 0
NH
Va

IH NMR (400 MHz, CDCl3) 8 7.53 (s, 1H), 7.42 — 7.28 (m, 2H), 7.27 — 7.06 (m, 4H),
5.97 (s, 1H), 4.03 (d, J = 13.9 Hz, 2H), 3.81 (t, J = 6.7 Hz, 2H), 3.57 (t, J = 5.7 Hz, 2H),
2.77 (t, J = 6.7 Hz, 2H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCI3) 5 169.25, 154.96, 151.61, 139.93, 139.42, 125.77, 124.86,
83.43, 79.77,79.45, 77.35, 77.23, 77.03, 76.71, 45.16, 31.40, 28.50, 26.15, 24.87,
24.80, 24.58.

LC-MS (ESI) Calculated for C20H26N304[M + H] *= 372.4. Found: 372.4
4-(4-(3-(2-methylene-4-oxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde
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CHO

IH NMR (400 MHz, DMSO) & 10.28 (s, 1H), 9.98 (d, J = 8.5 Hz, 1H), 8.32 (s, 2H), 8.11
(d, J = 7.6 Hz, 1H), 7.95 — 7.87 (m, 2H), 7.81 (d, J = 7.6 Hz, 1H), 7.71 (d, J = 7.6 Hz,
1H), 7.62 (t, J = 7.6 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.30 — 7.17 (m, 2H), 7.14 — 7.07
(m, 2H), 3.72 (t, J = 6.6 Hz, 2H), 2.63 (t, J = 6.7 Hz, 2H), 1.92 (s, 1H), 1.61 (s, 3H).

13C NMR (101 MHz, DMSO) & 193.70, 171.60, 168.66, 167.43, 164.02, 163.28, 152.67,
146.65, 142.36, 139.07, 136.80, 130.35, 130.22, 130.02, 129.25, 127.74, 125.10,

124.19, 45.18, 36.43, 34.81, 31.37, 28.91, 25.20.
LC-MS (ESI) Calculated for C23H24N304[M + H] *= 406.2. Found: 406.2

3-(4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde

oital

o)

0]

'H NMR (400 MHz, DMSO)  10.29 (s, 1H), 10.08 — 9.98 (m, 2H), 8.10 (d, J = 8.2 Hz,

3H), 7.98 (dd, J = 8.4, 6.8 Hz, 3H), 7.65 — 7.58 (m, 1H), 7.34 — 7.11 (m, 2H), 3.79 — 3.61
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(m, 2H), 2.70 (d, J = 7.7 Hz, 2H), 2.50 (s, 4H), 1.88 (d, J = 14.1 Hz, 1H), 1.70 (d, J =
12.8 Hz, 1H), 1.61 (d, J = 12.8 Hz, 1H).

13C NMR (101 MHz, DMSO) & 193.64, 186.22, 178.45, 155.79, 151.92, 147.27, 142.64,
138.66, 130.40, 128.39, 124.15, 119.68, 104.13, 102.35, 86.70, 69.26, 64.90, 56.16,
45.14, 37.98, 34.63, 31.44, 20.96.

LC-MS (ESI) Calculated for C23H24N304 [M + H] *= 406.2. Found: 406.2

2-(4-(3-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde

IH NMR (400 MHz, DMSO) & 10.35 (s, 1H), 10.03 (s, 1H), 7.83 (dg, J = 21.0, 10.1 Hz,
2H), 7.71 — 7.51 (m, 5H), 7.36 — 7.21 (m, 2H), 7.16 (t, J = 8.6 Hz, 2H), 4.71 (d, J = 13.3
Hz, 1H), 3.78 (s, 1H), 3.54 (s, 2H), 2.74 — 2.66 (m, 2H), 1.99 (s, 1H), 1.90 (d, J = 12.7
Hz, 1H), 1.68 (dd, J = 24.3, 12.6 Hz, 2H).

13C NMR (101 MHz, DMSO) & 192.21, 171.11, 160.64, 152.73, 142.62, 134.84, 132.84,
131.60, 131.10, 129.79, 127.47, 125.35, 124.18, 114.34, 107.83, 97.50, 69.77, 56.90,
47.50, 45.13, 33.15, 31.56, 23.89.

LC-MS (ESI) Calculated for C23H24N304 [M + H] *= 406.2. Found: 406.2
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4-(4-(4-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde

OHC

IH NMR (400 MHz, DMSO) & 10.27 (d, J = 5.2 Hz, 1H), 10.02 — 9.95 (m, 2H), 8.25 (s,
1H), 8.07 — 7.78 (m, 5H), 7.66 — 7.48 (m, 2H), 7.30 — 7.16 (m, 2H), 7.11 (dd, J = 6.1, 4.1
Hz, 1H), 4.57 (s, 1H), 3.71(q, J = 7.1 Hz, 1H), 2.79 (d, J = 13.4 Hz, 2H), 2.63 (td, J =
6.7, 3.6 Hz, 2H), 1.81 (s, 1H), 1.60 (s, 2H).

13C NMR (101 MHz, DMSO) & 193.56, 171.10, 164.95, 148.68, 147.44, 144.98, 143.71,
142.43, 140.79, 137.95, 137.66, 130.14, 129.48, 127.81, 125.79, 112.57, 99.32, 83.39,
76.52, 59.15, 45.06, 31.58, 24.16.

LC-MS (ESI) Calculated for C23H24N304 [M + H] *= 406.2. Found: 406.2

3-(4-(4-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde

1H NMR (400 MHz, DMSO) & 10.35 (d, J = 5.4 Hz, 1H), 10.07 (s, 1H), 8.24 (dt, J = 7.7,
1.5 Hz, 7H), 8.13 (dt, J = 7.7, 1.5 Hz, 7H), 8.05 — 7.92 (m, 2H), 7.74 (s, 3H), 3.78 (q, J =

7.1 Hz, 1H), 2.70 (dd, J = 8.5, 4.8 Hz, 1H).
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13C NMR (101 MHz, DMSO) 6 193.35, 176.65, 167.03, 136.85, 135.28, 133.33, 132.76,
130.83, 130.06, 127.48, 125.79, 114.06, 79.12, 73.67, 63.31, 50.36, 45.06, 41.78,
23.73.

LC-MS (ESI) Calculated for C23H24N304 [M + H] *= 406.2. Found: 406.2

2-(4-(4-(2,4-dioxotetrahydropyrimidin-1(2H)-yl)phenyl)piperidine-1-

carbonyl)benzaldehyde
0]
OOy
J)—NH
CHO O

'H NMR (400 MHz, DMSO) 6 10.34 (s, 1H), 10.04 (d, J=7.0 Hz, 2H), 7.77 (t, J=7.5

Hz, 2H), 7.66 (t, J = 7.2 Hz, 1H), 7.62 — 7.40 (m, 6H), 7.37 — 7.27 (m, 4H), 3.81 (d, J

6.6 Hz, 2H), 2.72 (d, J = 6.5 Hz, 3H), 2.36 — 2.31 (m, 2H).

13C NMR (101 MHz, DMSO) & 197.62, 181.73, 181.27, 165.07, 162.10, 159.00, 156.61,
148.82, 145.06, 140.61, 134.67, 129.22, 119.39, 107.15, 103.18, 89.33, 63.72, 59.14,
45.57, 23.00, 19.40, 9.85.

LC-MS (ESI) Calculated for C23H24N304 [M + H] *= 406.2. Found: 406.2

3.6.2 BTK Ligands
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NHNH,
IH NMR (400 MHz, CDCl3) 5 8.28 (s, 1H), 7.57 (dd, J = 7.2, 5.0 Hz, 2H), 7.32 (t, J = 8.0
Hz, 2H), 7.14 — 7.05 (m, 4H), 7.03 — 6.97 (m, 2H), 5.69 (s, 3H), 4.91 (i, J = 9.5, 4.3 Hz,
1H), 3.71 (s, 2H), 3.28 — 3.13 (m, 1H), 3.07 (d, J = 12.2 Hz, 2H), 2.98 (dd, J = 11.0, 4.0
Hz, 1H), 2.90 — 2.71 (m, 2H), 2.33 — 2.23 (m, 1H), 2.19 — 2.05 (m, 1H), 1.85 (td, J =
10.6, 5.8 Hz, 1H).

13C NMR (101 MHz, DMSO) & 171.12, 169.85, 158.61, 130.67, 129.25, 127.46, 127.06,
126.49, 125.59, 121.32, 119.56, 117.57, 88.78, 77.69, 72.97, 62.73, 55.83, 47.78,
44.33, 37.42, 33.98, 29.37, 19.02, 16.72.

LC-MS (ESI) Calculated for C24H27NsO2[M + H] *= 459.2. Found: 459.2

1H NMR (400 MHz, CDCl3) 8 8.27 (s, 1H), 7.61 — 7.50 (m, 2H), 7.32 (t, J = 8.0 Hz, 2H),
7.14 — 7.04 (m, 4H), 7.04 — 6.98 (m, 2H), 6.33 (s, 1H), 5.84 (s, 3H), 4.84 — 4.72 (m, 1H),

4.04 (dd, J = 13.2, 4.2 Hz, 1H), 3.88 (d, J = 13.3 Hz, 1H), 3.44 (dd, J = 13.0, 10.3 Hz,
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1H), 2.99 — 2.87 (m, 1H), 2.31 (qd, J = 12.2, 4.1 Hz, 1H), 2.15 (dd, J = 13.4, 4.2 Hz,
1H), 1.85 (dt, J = 14.1, 3.5 Hz, 1H), 1.67 (t, J = 12.8 Hz, 1H).

13C NMR (101 MHz, CDCls) & 171.58, 162.04, 161.66, 160.54, 160.09, 155.54, 151.63,
147.26, 130.16, 129.65, 124.70, 120.04, 119.18, 119.00, 116.96, 114.10, 77.34, 77.23,
77.02, 76.70, 60.59, 53.43, 47.79, 44.48, 29.41, 21.07, 14.18.

LC-MS (ESI) Calculated for C23H25NsO2[M + H] *= 445.2. Found: 445.2

3.7NMR Spectra

3.7.1 Partial PROTAC Library based on Achiral Ligands
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)

1900

1800

1700

1600

1500

1400

1300

1200

F1100

1000

900

800

700

600

500

400

300

200

F-100

z
2
s
e
§
2
g
@
&
S
&

o
o
Ed
=
S

CHO

S0°¢
96°T
250
€6°0
080
€50
u/@h.ﬁ
150
18T
SEV'T
~00°T

Lo

5
pom)

Leo

13C NMR (101 MHz, DMSO-d)

1200

F1100

1000

900

[-800
{700
600
500
f-400
[-300
(200
f-100

F-100

950z—

e~
sovE—
86LE~_

sr—

oros—

06vo—

9269—

oroe—

sezor—
ervor—

g6 —
stz

6T~
oroET~O

995ET—
sozm—
Lzim—
61—

6ras—

srar—

2fidgy
H
I

eor—

2023-12-19 1127-30 chefs.

CMAR-2-73

CHO

T
140

T
170

T
200

T
210




126

H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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H NMR (400 MHz, DMSO-d)
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1H NMR (400 MHz, CDCls)
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CHAPTER 4

Third Generation Rapid-TAC Platform Using the Thiol-Ene “Click” Chemistry
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4. 1Introduction

High throughput experimentation is an advantageous tool in drug discovery for
accelerating the optimization of drug molecules.?® It enables the rapid synthesis and
biological examination of libraries of hundreds to thousands compounds in over a few
days. Proteolysis Targeting Chimeras (PROTACS) are a therapeutic approach to promote
the degradation of intracellular proteins. PROTACs are heterobifunctional degraders
composed of a linker bound by two ligands allowing the proximity of a POI and E3
ligase.®®® The process leads to polyubiquitination of the target protein and subsequent
proteasomal degradation in a catalytic manner.® Although PROTACSs have been used for
a variety of protein targets, rapid optimization of these molecules still holds several

challenges.

For instance, linker optimization plays a pivotal role in the degradation efficiency of
PROTACSs, where spatial orientation and linker length can enable efficient ternary
complex formation. However, the synthesis of PROTACs is a time-consuming and
challenging process due to the overall complexity of the molecules. Thus, strategies for

fast development of active PROTAC degraders has been a priority in the TPD field.

Our lab developed the first generation of the rapid synthesis of PROTAC (Rapid-TAC)
platform consisting of a combinatorial strategy that allow the couple a preassembled E3
ligase ligand library with a library of the POI ligands to yield an acylhydrazone linkage

without further manipulations including purifications.!:22 The noticeable advantage of this
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chemistry allowed for faster access to full PROTAC products with more than 90% purity
and direct biological screening.''?® Importantly, the reaction can be carried out under
DMSO with the only by-product being water. Nevertheless, one key limitation of the
approach is the hydrolytic liability of the acylhydrazone bond.1%22 After the screening of
the initial library and identification of a potent hit, a second stage is required where the
acylhydrazone is further changed to more stable isosteres such as an amide bond to
improve its stability and drug-like properties.t*?3 In most cases, the more stable amide-
containing analogues could retain degradation potency that is comparable to the parent
compound.'t?® After the initial success with ER and FGFR, the approach was also
validated for several targets including CARM1 recently.”® Moreover, since only
acylhydrazones derived from aryl aldehydes are stable enough for assays in aqueous

solutions, it is required to have an aryl ring in the linker region (Figure 1).

The second generation of Rapid-TAC was later reported by our group to overcome some
of the limitations of the first generation. In the second generation Rapid-TAC platform, a
single step reaction can lead to the creation of active and stable PROTACSs, while most
advantages of the previous Rapid-TAC platform could be maintained.?* The reaction
involves the formation of a phthalimidine moiety from ortho thalaldehyde and a primary
alkyl amine. 24 Similar to the first generation, the reaction is achieved under miniaturized
conditions without further manipulations including purification.?* The strategy was
validated by creating full PROTAC libraries for the androgen receptor (AR) and the
bromodomain containing protein 4 (BRD4).2* However, alike the first generation Rapid-

TAC, the second generation also requires the addition of an aromatic ring in the linker
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region (Figure 1). To overcome this limitation, the third generation Rapid-TAC strategy
should be considered for the rapid development of PROTACSs, where an aryl ring is not

required to be in the linker region.

A) First-Generation Rapid-TAC Platform

POI NH2
igan

DMSO

0 Z 3 : E3 ligase
N
o S foenc
A3

B) Second-Generation Rapid-TAC Platform

POI CHO E3 li
_ . igase
@CHO H2N

B2
DMSO

E3hgase

Figure 1. First and second generations of Rapid-TAC platforms previously developed by

our lab.1*?4 The figure was adapted from Guo et al.?*

The thiol-ene reaction, also known as thiol-ene coupling, has made ground in traditional
synthetic organic chemistry and chemical biology applications including the synthesis of
carbohydrates and peptides.’>’?> The mechanism involves a radical thyil from a thiol that

undergoes an anti-Markovnikov addition to the alkene, leading to the formation of a
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carbon-centered radical (Figure 2).”* This way, the carbon-centered radical extracts a
hydrogen from another thiol molecule to achieve a stable thiolether product.”* Specifically,
thermal or photo radical initiators can be used to generate the radical formation.’t
Currently, 2,2,-dimethoxy-2-acetophenone (DPAP) and 2,2’-azobis[2-(2-imidazolin-2-yl)]-
dihydrochloride (VA044) are commonly used as photo radical initiators.” Interestingly,
due to the absence of a metal catalyst, high reaction conversion, and minimal by-
products, the thiol-ene reaction is considered to be part of “click” chemistry.”* Thus, it is

particularly attractive for bio-orthogonal applications.

/R
Radical Initiator " .
.S .S\/\ N
RSH — o R R R
R'S\/\R' R-SH

Figure 2. Thiol-ene “click” chemistry radical cycle.

The click chemistry strategy has been also applied to PROTACs.?%2! Lebraud and
coworkers developed a cell penetrating PROTAC molecule from small ligand precursors
using a tetrazine/trans-cyclooctane “click” chemistry.?> Moreover, various groups have
also utilized the Cu(l)-catalyzed cycloaddition to create and evaluate full PROTAC
libraries.?%21 Herein, inspired by these and our previous studies!!?%, we proposed to

utilize the thiol-ene click chemistry strategy for the generation of a third-generation Rapid-
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TAC platform. Notably, the thiol-ene “click” chemistry would allow us to synthesize full
PROTAC libraries containing a less complex and stable thioether linkage while also
keeping the benefits of the prior generations, where direct biological analysis can be

achieved with crude samples.

4.2 Results and Discussion

We started with a model test reaction to optimize the thiol-ene “click” chemistry conditions.
Essentially, we used two commercially available starting materials and tested different
concentrations, solvents, and reaction times. In this case, we decided to use DPAP (10
mol%) in catalytic amount as our photo initiator. The products were examined by LC-MS
and TLC. It was observed that using THF as solvent allowed for optimal formation of the
desired product after 4 h. However, since our goal is to directly apply the reaction to the
generation of PROTACs, THF was changed to a mixture of DMSO/H20. Nonetheless,

starting material was still observed even after 4 h.
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10 eq 1eq
SH

S DPAP SH
DMSO/ H,0 (1:3) s + ©/

UV light
1h

Yy

Y

o o fos A

UV light
4h
SH
DPAP *
m * ©/5H DMSO/ H,0 (1:3) ©\/\s/© ©/
UV light -
4 h
1eq 1eq

Scheme 1. Model reaction thiol-ene “click” chemistry conditions screening.

To continue our screening of reactions in a more relevant system, we then decided to test
the thiol-ene conditions using a functionalized E3 ligase ligand. We started with the
reaction between compound b containing an achiral CRBN ligand bearing a terminal
olefin and a commercially available starting material (thiophenol). The reaction was
performed in collaboration with Dr. Kui Zheng. It is worth to note that poor solubility was
seen using a mixture DMSO/H20. We then decided to continue our reaction screenings
only with DMSO as solvent. The reaction progression was analyzed by TLC and LC-MS
and the presence of two compounds (¢ and d) was observed. Since the reaction
undergoes a radical mechanism, we hypothesized that leaving the reaction for 40 h

allowed the radical propagation and formation of the by-product d (Scheme 2). To
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minimize the formation of byproduct d, we decided to further evaluate the same reaction
conditions up until 4 h. Interestingly, high conversion of the desired product ¢ was

observed by TLC and LC-MS and no formation of d was detected.

Exact Mass: 326.11
Exact Mass: 216.09

o
DPAP (10mol%) Y= >»NH = oo ]
N/_/¥O (10 mol%) O}—NH .
Ph—SH + >/'_NH DMSO (0.2 mL), Ar *
\ O

UV (365 nm), 40 h g c

a (0.027 mmol) b (1 equiv.) sde

N o

)—NH .
(0]

\

S
\Ph d [ L L F----4----4
Exact Mass: 324.09

Scheme 2. Thiol-ene “click” chemistry reaction using a relevant meta-substituted CRBN

E3 ligase ligand performed with Dr. Kui Zheng.

Later, we tested the thiol-ene conditions employing a para-substituted achiral CRBN
ligand. Particularly, e was reacted with the commercially available thiophenol (f) (1:1
ratio). The reaction was also analyzed by TLC and LC-MS. The presence of the desired
product was observed after 4 h with high conversion to the desired product (g) and no
starting material was observed. We further estimated the NMR vyield using the crude
compound. However, only 36% yield was obtained by NMR, which is not consistent to
our observed high conversion. We hypothesized that it could be due to the reaction
workup, where some of our compound remained in the agueous phase during our
extraction procedure. Thus, we repeated the same reaction without the extraction step

and calculated the NMR vyield of the crude material which significantly increased to 74%.
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\

DPAP (15 mol%)
\ DMSO (0.2 M) _/—Q—Nxo
\_Q_N;,Pfo +  Ph-SH s J—NH
UV light 3
o 3 v

74% yie|d by Molecular Weight: 326.41
NMR g

\

HS DPAP (15 mol%)
\\—Q—N/_\m DMSO (0.2 M) _/—Q—N o
»—NH + HaNe : HN S NH
o UV light e}
0 HO 4h HO—<_/

O
88% yield by Molecular Weight: 337.39
NMR

Scheme 3. A) Thiol-ene “click” chemistry reaction screening between a relevant para-
substituted CRBN E3 ligase ligand and an aromatic substrate (thiophenol). B) Thiol-ene
“click” chemistry reaction screening between a relevant para-substituted CRBN E3 ligase

ligand and an aliphatic substrate (cysteine).

Finally, we examined the thiol-ene conditions employing a para-substituted achiral CRBN
ligand and an aliphatic CRBN E3 ligase ligand. The reaction was analyzed by TLC and
LC-MS. The presence of the desired product (i) was also observed after 4 h with high
conversion and no starting material was left. Consistent with our previous observations,
we determined the NMR yield of the product to be 88%. Further analysis will be done to
evaluate the utility of the thiol-ene reaction conditions for the develop a library of a full

PROTAC library for any target of interest.
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4.3 Conclusion

In conclusion, here we described the preliminary screening of a third-generation Rapid-
TAC platform using a thiol-ene “click” chemistry reaction. We evaluated various model
reactions to optimize the reaction conditions. Our results indicated that the reaction can
be completed after 4 h using DMSO as solvent and a 1:1 ratio of the starting materials.
We further analyzed the utility of these reaction conditions with a relevant achiral CRBN
E3 ligase ligand, where we achieved up to 88% vyield (NMR yield) with the crude product
and no by-products were observed. These results suggest the possibility of applying this
reaction conditions for the development of partial and full PROTAC libraries using the

thiol-ene “click” chemistry strategy for any protein of interest.

4 4Future Directions

Full PROTAC libraries for different target proteins will need to be synthesized to
demonstrate the utility of the new Rapid-TAC strategy. A terminal aryl or alkyl thiol moiety
will be attached to a protein of interest ligand and the more stable alkene group will be
appended to known E3 ligase ligand by various linkers. We will need to test the scope of
different alkenes with aryl or alkyl thiols before building the partial PROTAC library, which

is composed of an alkene functional group, various linkers and E3 ligase ligands.

4.5Experimental Procedures

4.5.1 General Procedure of Thiol-ene “Click” Chemistry
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Molecular Weight: 326.41

g

To a solution of e (10 mg) in DMSO (0.2 M) was added the corresponaing thiopnenol (1

eq), DPAP (15 mol%) and erradiated UV light and cover with aluminum foil. The reaction

mixture was stirred for 4 h and the crude was directly analyzed by NMR.

4.6 Characterization

4.6.1 LC-MS Data
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4.6.2 NMR Data

M/_§=o
g}’c{}— NH

IH NMR (400 MHz, CDCls) 5 7.94 (s, 1H), 7.35 — 7.15 (m, 4H), 6.62 (dd, J = 17.6, 10.9
Hz, 1H), 5.68 (d, J = 17.6 Hz, 1H), 5.22 (d, J = 10.9 Hz, 1H), 3.79 (q, J = 7.0 Hz, 2H),
2.75 (td, J = 6.7, 2.7 Hz, 2H).
13C NMR (101 MHz, CDCIs) 6 170.16, 162.78, 152.40, 138.83, 135.96, 130.35, 128.13,
124.45, 115.05, 82.97, 77.45, 77.13, 76.81, 45.23, 36.56, 31.50, 24.78.
O

JrhH

o
1H NMR (400 MHz, CDCls) 5 10.01 (s, 1H), 7.57 — 7.41 (m, 1H), 7.41 — 7.29 (m, 1H),
7.29 —6.97 (m, 2H), 3.80 (td, J = 6.7, 3.2 Hz, 1H), 3.64 (pd, J = 6.6, 3.9 Hz, 2H), 3.07

(qd, J = 7.4, 3.9 Hz, 2H), 2.83 — 2.72 (m, 2H).
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OCHs

O OCH,

'H NMR (400 MHz, DMSO-d) 5 8.02 — 7.95 (m, 2H), 7.58 — 7.48 (m, 3H), 7.46 — 7.30

(m, 5H), 3.13 (s, 6H).
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4.7NMR Spectra

H NMR (400 MHz, CDClz)- DPAP
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13C NMR (101 MHz, CDCls)
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'H NMR (400 MHz, DMSO-d) -Crude material for NMR yield (CH2Br2 was used as an

internal standard)
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