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Design and Synthesis of CDK4/6/9-Directed PROTACs as Functional Molecular Systems

CHAPTER 3

Design and Synthesis of CDK4/6/9-Directed PROTACs as

Functional Molecular Systems

Chapter note: This chapter includes experimental data previously disclosed in the
patent application by Démling, Konstantinidou, and Molenaar: Novel CDK Degraders,
W02024256569, published 19 December 2024. The data are further analysed and
discussed in the context of this thesis.
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Chapter 3

ABSTRACT

This chapter describes the design and modular synthesis of CDK4/6/9-directed degrader
candidates. The first part focuses on CRBN-recruiting PROTACs derived from an
abemaciclib-based CDK-binding warhead. Within this series, one compound showed
strong biological activity consistent with a CRBN-recruiting CDK4/6/9-directed degrader,
while two related CRBN exit-vector analogues were prepared to explore structural
variation around the CRBN-binding module. The second part investigates a non-CRBN-
dependent approach by combining the CDK-targeting warhead with a compact
imidazole-based MDM2-binding ligand accessible through multicomponent chemistry.
By bringing together CDK-targeting motifs, E3-ligase-binding elements, and linker-based
structural variation, this chapter illustrates the value of modular organic synthesis for
constructing functional degrader candidates. These studies establish a synthetic and
conceptual foundation for targeted protein degradation work within the thesis.

KEYWORDS

CDK4/6/9; PROTAC; targeted protein degradation; CRBN; MDM2; abemaciclib; linker
optimization; modular synthesis
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1 INTRODUCTION

1.1 CDK4/6 and CDK?9 in Cancer

A fundamental hallmark of cancer is dysregulated cell division and uncontrolled
proliferation.” At the molecular level, this complex process is predominantly driven by
dynamic signaling complexes composed of cyclins and cyclin-dependent kinases
(CDKs).23 While the human genome encodes 20 CDKs, they can be broadly categorized
into two major functional groups based on their primary physiological roles: those that
regulate the cell cycle (e.g., CDK4 and CDKG6) and those that regulate transcription (e.g.,
CDKO9).4

CDK4 and CDKG®6 function as the master integrators of mitogenic signals, orchestrating
the critical transition from the G1 to the S phase of the cell cycle by phosphorylating the
retinoblastoma (Rb) tumor suppressor protein.® The therapeutic targeting of CDK4/6 has
validated the clinical utility of small-molecule kinase inhibitors, such as palbociclib,
ribociclib, and abemaciclib, which have profoundly expanded treatment options for
hormone receptor-positive advanced breast cancer.® However, their long-term efficacy
is frequently compromised by acquired resistance. Unlike some kinase inhibitors where
resistance is predominantly driven by active-site point mutations, resistance to CDK4/6
inhibitors is highly complex and typically mediated by RB7 loss or mutation, cyclin E1-
CDK2 bypass activation, or the hyperactivation of upstream signaling networks such as
the PI3BK/AKT/mTOR pathway.” Furthermore, as "occupancy-driven" inhibitors, these
agents primarily inhibit the catalytic activity of the kinase, leaving its non-catalytic
scaffolding functions and complex protein-protein interaction (PPI) networks intact,
which cancer cells may exploit to promote survival.?

In contrast, CDK9 regulates cellular transcriptional elongation and mRNA maturation by
functioning as the catalytic subunit of the positive transcription elongation factor b (P-
TEFb) complex, which phosphorylates RNA Polymerase Il (RNA Pol Il). Overactive
CDK®9 signaling is vital for cancers dependent on oncogenic transcriptional networks,
and it actively promotes the transcription of short-lived anti-apoptotic proteins (such as
Mcl-1).2 While inhibiting CDK9 is an attractive strategy to induce apoptosis in cancer
cells, developing highly selective CDK9 inhibitors is challenging. Non-selective or overly
potent inhibition often leads to a broad disruption of RNA Pol Il elongation, particularly
impacting the expression of short-lived survival transcripts, which can result in
unacceptable clinical toxicity if not precisely controlled.'®'2 Consequently, there is an
urgent medical need for novel pharmacological modalities capable of targeting these
CDKs with differentiated mechanisms of action.
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1.2 Targeted Protein Degradation

To overcome the intrinsic limitations of occupancy-driven inhibitors, Proteolysis Targeting
Chimeras (PROTACs) have emerged as a powerful and promising technology.
Operating on an "event-driven" mechanism, PROTACs recruit the cell's endogenous
ubiquitin-proteasome system (UPS) to induce the degradation of selected disease-
relevant proteins.3

Structurally, a PROTAC is a heterobifunctional molecule comprising a target-binding
ligand (the warhead), an E3 ubiquitin ligase-recruiting ligand, and a chemical linker
bridging the two.'™ Once inside the cell, the PROTAC simultaneously binds the protein
of interest (POI) and the E3 ligase, bringing them into close spatial proximity to form a
transient, non-covalent ternary complex (POI-PROTAC-E3). This artificially induced
proximity allows the E3 ligase to recruit an E2 ubiquitin-conjugating enzyme, which
transfers ubiquitin molecules onto accessible surface lysine residues of the POI. This
polyubiquitination routes the POI to the 26S proteasome for degradation (Figure 3-1).
Crucially, the PROTAC molecule itself is released upon target degradation and recycled
to catalyze subsequent rounds of ubiquitination.'>1®¢ Because they operate catalytically
rather than stoichiometrically, PROTACs can achieve profound protein knockdown at
relatively low intracellular concentrations.'” Furthermore, by physically clearing the target
from the cell, this approach can suppress both enzymatic activity and structural
scaffolding functions, offering a more comprehensive pharmacological blockade than
reversible inhibition.'3
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Figure 3-1. Schematic illustration of PROTAC-mediated targeted protein degradation.'®
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An important advantage of PROTACs lies in their capacity for "selective degradation,"
which adds a secondary structural checkpoint beyond traditional binding affinity. While
small-molecule inhibitors targeting highly conserved active sites often face off-target
liabilities, degradation via PROTACs is heavily dependent upon the induction of a
thermodynamically stable ternary complex and the precise spatial geometry required for
effective ubiquitination.'® However, it must be noted that ternary complex formation alone
is not a strictly sufficient condition for degradation. The selectivity and overall efficacy of
a PROTAC are highly multifaceted, governed by ubiquitination kinetics, the relative
intracellular expression levels of the E3 ligase and the POI, cellular permeability, and
complex dynamics—including the vulnerability to auto-inhibition at elevated
concentrations, known as the "hook effect".’® Despite these inherent mechanistic
complexities, the event-driven nature of PROTACs can partially uncouple
pharmacodynamic effects from systemic drug exposure. In favorable cases, target
degradation may outlast the presence of the degrader, because target function can only
be restored through de novo protein resynthesis.?? This durable mode of action, together
with geometry-dependent selectivity, highlights the potential of PROTACs to address
therapeutic targets that are difficult to modulate by conventional inhibition.

In recent years, PROTACs have progressed from chemical biology tools to clinically
validated therapeutic modalities. The androgen receptor degrader bavdegalutamide
(ARV-110) was among the first PROTACs to enter human clinical trials, demonstrating
that heterobifunctional degraders can be developed as orally bioavailable anticancer
agents.?! More recently, vepdegestrant (ARV-471), an oral estrogen receptor PROTAC
degrader, received FDA approval in 2026 for ESR1-mutated ER-positive/HER2-negative
advanced or metastatic breast cancer, marking a major clinical milestone for
heterobifunctional protein degraders.? These clinical advances indicate that PROTACs
are no longer limited to proof-of-concept degradation studies, but are emerging as a
therapeutically actionable drug modality.

1.3 Rationale and Progress for CDK4/6/9 Degradation

The limitations of conventional CDK inhibitors, together with the mechanistic advantages
of targeted protein degradation, provide a rationale for developing CDK-directed
degraders. Unlike occupancy-driven inhibitors, degraders reduce the cellular abundance
of the target protein and can therefore suppress both catalytic activity and non-catalytic
scaffolding functions.?3 This distinction is particularly relevant for CDKs, whose biological
roles are mediated not only by kinase activity but also by their participation in regulatory
protein complexes. CDK degraders may therefore provide a pharmacological modality
that is mechanistically distinct from conventional kinase inhibition.

Several CDK-targeting degraders have already demonstrated the feasibility of this
approach. In the CDK4/6 field, many reported PROTACs have been derived from
clinically used CDK4/6 inhibitor scaffolds, especially palbociclib-like ligands.2* A notable
example is CP-10, a palbociclib—pomalidomide PROTAC that preferentially degrades
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CDK6 over CDK4, despite the parent inhibitor showing similar binding affinity toward
both kinases.?* Similarly, BSJ-03-123 was reported as a palbociclib-based CDK6-
selective degrader, illustrating that PROTAC-induced degradation selectivity can be
determined by ternary-complex geometry and protein-interface effects rather than binary
target affinity alone.?52% These studies established that CDK4/6 inhibitor scaffolds can
be converted into functional degraders, while also showing that degradation profiles may
differ substantially from inhibitor binding profiles.?

In parallel, transcriptional CDKs have also been explored through degradation-based
strategies.2” CDKQ is a particularly attractive target because of its central role in RNA
polymerase Il transcriptional elongation and cancer-associated transcriptional programs.
Reported CDK9 degraders, including SNS-032-derived degraders and more recently
developed selective CDK9 degraders, have shown that CDK9 protein degradation can
perturb transcriptional programs in ways that are distinct from catalytic inhibition
alone.?82% Recent work further indicated that CDK9 degradation can more effectively
disrupt MYC-dependent transcriptional networks than CDK9 inhibition, supporting the
therapeutic interest of removing the CDK9 protein rather than simply blocking its kinase
activity.30

Together, these studies demonstrate the feasibility of degrading either cell-cycle-
associated CDKs or transcription-associated CDKs. However, most reported CDK
degraders have focused on CDK4/6, often with preferential CDK6 degradation, or on
CDK9 as a separate transcriptional target. A degrader capable of simultaneously
reducing CDK4, CDKG6, and CDK9 could therefore offer a coordinated strategy to
interfere with both cell-cycle progression and transcription-dependent survival programs.
Depletion of CDK4/6 is expected to attenuate cell-cycle-driving kinase activity and
associated scaffolding functions, whereas depletion of CDK9 could impair transcriptional
programs that support cancer cell survival.

Abemaciclib provides a useful pharmacological starting point for this concept because it
is a clinically validated CDK4/6 inhibitor and is known to display broader target
engagement than palbociclib or ribociclib, including collateral engagement of CDK9.3"
This broader engagement profile suggests that an abemaciclib-derived CDK-binding
module could potentially support the development of a CDK4/6/9-directed degrader,
provided that productive recruitment of an E3 ligase can be achieved.

1.4 CRBN as an E3 Ligase Platform for PROTACs

The choice of E3 ligase is a key determinant of PROTAC function, because it defines
the recruited ubiquitination machinery, influences cellular context dependence, and
contributes to ternary-complex formation.3? Cereblon (CRBN), the substrate receptor of
the CRL4CRBN cyllin-RING E3 ubiquitin ligase complex, is among the most widely used
E3 ligases in targeted protein degradation.33-35
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The prominence of CRBN originates from mechanistic studies of thalidomide and related
immunomodulatory imide drugs (IMiDs), including lenalidomide and pomalidomide.3®
These small molecules bind directly to CRBN and remodel its substrate-recognition
surface, enabling the recruitment of neo-substrates for ubiquitination and proteasomal
degradation.3”38 This molecular-glue mechanism provided an important conceptual
foundation for CRBN-recruiting PROTAC design, demonstrating that CRBN can be
chemically reprogrammed to engage non-native protein surfaces.3®

In PROTACs, CRBN therefore functions not merely as a ubiquitination module, but also
as an active contributor to ternary-complex formation. The IMiD-bound CRBN surface
can participate in de novo protein—protein interactions with the recruited target,
influencing ternary-complex stability, ubiquitination geometry, and degradation selectivity.
This is particularly relevant for kinase degraders, where degradation profiles may differ
markedly from the binding profile of the parent inhibitor. In the CDK degrader field
discussed above, several reported CDK4/6 degraders use CRBN-recruiting IMiD
ligands,?42528 supporting the compatibility of CRBN with kinase-directed degradation.

CRBN also offers practical advantages for constructing heterobifunctional degraders.
IMiD-derived CRBN ligands are relatively compact, synthetically accessible and
compatible with a range of linker attachment strategies.*® These properties are valuable
because PROTACSs often occupy beyond-Rule-of-Five chemical space, where molecular
weight, polarity, permeability and metabolic stability can become limiting factors.*!
Although CRBN recruitment does not eliminate these challenges, the favorable ligand
properties of IMiDs make CRBN a particularly attractive E3 ligase platform for degrader
development.

At the same time, recent CRBN-based degrader studies have also highlighted important
design considerations.*>4” Because CRBN-dependent degradation relies on the
availability and activity of the CRBN E3 ligase complex, degradation efficiency can be
influenced by CRBN expression level*3, cellular context* and acquired resistance
mechanisms involving reduced CRBN-pathway activity*6. In addition, canonical IMiD-
derived CRBN ligands may retain molecular-glue-like neo-substrate liabilities, which
need to be considered when evaluating degradation selectivity*>47. These limitations do
not undermine the utility of CRBN as an E3 ligase platform, but instead emphasize that
CRBN-recruiting PROTACs require careful optimization of the CRBN ligand, target-
binding warhead and linker geometry.

1.5 MDM2 as an Alternative E3 Ligase

Beyond CRBN, expanding the repertoire of E3 ligases is important for increasing the
versatility of PROTAC design and reducing dependence on a single ubiquitination
pathway.*® Mouse double minute 2 homolog (MDM2) represents an attractive alternative
E3 ligase because of its established role as the primary negative regulator of the tumor
suppressor p53.4° In principle, MDM2-recruiting PROTACs can redirect MDM2 E3 ligase
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activity toward non-native targets, while MDM2-binding ligands may also antagonize the
endogenous MDM2-p53 interaction and reactivate p53-mediated apoptosis in TP53
wild-type cancer contexts.®® However, this p53-reactivation component is intrinsically
dependent on functional p53 signaling and is therefore expected to be less applicable in
TP53-mutant or TP53-null tumors.5" This limitation highlights that MDM2 recruitment
may provide context-dependent therapeutic advantages rather than a universally
beneficial E3-ligase strategy.®

Compared with CRBN-recruiting PROTACs, MDM2-recruiting PROTACs remain less
extensively developed, but proof-of-concept studies have demonstrated their
potential.5253 A representative example is A1874, a nutlin-based BRD4 degrader that
recruits MDM2 and induces BRD4 degradation together with p53 stabilization in wild-
type p53 cancer cells.5* This example illustrates the distinctive opportunity of MDM2
recruitment, while also highlighting that the platform remains more context-dependent
and less mature than CRBN-based degradation strategies.

A practical challenge for MDM2-based PROTAC design is that many classical MDM2
inhibitors are relatively large and lipophilic, which can further exacerbate the
physicochemical challenges associated with PROTAC molecules.5® For example, nutlin-
derived MDM2 ligands, such as the scaffold used in A1874, contain bulky hydrophobic
substituents required for p53-binding-pocket engagement, but their size and lipophilicity
can be disadvantageous when incorporated into already large heterobifunctional
PROTACSs.5* Although as we discussed in Chapter 2, MCR has produced several
classes of p53—-MDM2/MDMX antagonists, not all of these scaffolds are equally suitable
as E3-recruiting modules for PROTAC design, where compactness, linker attachment
and preservation of MDM2 binding are critical. In this context, 1,4,5-trisubstituted
imidazole-based p53—MDM2 antagonists provide a particularly relevant class of MDM2-
binding motifs.56:57 Their accessibility through multicomponent imidazole chemistry and
previous use in linker-containing conjugates make them relevant scaffolds for exploring
MDM2 recruitment in PROTAC design.56
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2 Part I: Design, Synthesis, and Biological Evaluation of
CRBN-Recruiting CDK4/6/9 PROTACs

2.1 Molecular Architecture of CRBN-Recruiting CDK4/6/9 PROTACs

The CRBN-recruiting CDK4/6/9 PROTACSs described in this section were conceived as
modular molecules consisting of a CDK-binding warhead, a CRBN-binding module, and
a linker backbone (Figure 3-2). The CDK-binding warhead was intended to engage the
target CDKs, the CRBN-binding module to recruit the CRBN-associated E3 ubiquitin
ligase machinery, and the linker to connect both binding modules in a geometry suitable
for ternary complex formation, ubiquitination, and proteasomal degradation.

PROTAC Molecule O CRBN-Binding Module

E3 Ligase Binder
:} _\/ Linker Backbone

Targeted Protein Binder

Linker

CDK-Binding Warhead

Figure 3-2. Modular design of CRBN-recruiting CDK PROTACs.

The work described here represents a focused subset of a broader collaborative linker-
optimization project. Because PROTAC activity is strongly influenced by the spatial
arrangement of the target—-PROTAC—-E3 complex, the broader project aimed to explore
how linker architecture affects degradation behaviour. Within this subset, the molecular
design focused on an initial CRBN-recruiting PROTAC and two related CRBN exit-vector
variants.
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2.1.1 The CDK-Binding Warhead and Exit Vector

Based on the pharmacological rationale for using abemaciclib as a CDK4/6-directed
scaffold with collateral CDK9 engagement, the N-desethyl abemaciclib analogue 3-1
was selected as the CDK-binding warhead for the PROTACs. This choice was supported
by the reported X-ray co-crystal structure of abemaciclib bound to human CDK6 (Figure
3-3).58 In this structure, the pyrimidine-benzimidazole core occupies the kinase-binding
region, whereas the N-ethylpiperazine moiety projects toward the solvent-exposed
region and does not appear to form essential interactions within the ATP-binding pocket.
Removal of the solvent-oriented N-ethyl substituent was therefore expected to expose a
secondary aliphatic amine on the piperazine ring, providing a suitable handle for linker
conjugation while retaining the core abemaciclib-derived kinase-binding motif.

CDK Inhibitor Abemaciclib

s :
L
NTONTN N%

CDK-Binding Warhead

HNTY
N F
X N7
LA R/
N“NTON
H /

N

3'1 F

% 7
Ll 4
Binding mode in human CDK6
PDB: 5L.2S

Figure 3-3. Structure-guided design of the abemaciclib-derived CDK-binding warhead
based on PDB 5L2S5%8,
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2.1.2 The CRBN-Binding Module and Exit-Vector Modules

The CRBN-binding module 3-2 was based on a thalidomide-derived IMiD scaffold.
Reported CRBN-IMID structures show that the conserved glutarimide ring serves as the
principal CRBN-binding anchor by occupying the tri-tryptophan pocket, whereas suitable
positions on the phthalimide ring are relatively solvent-exposed and can tolerate
functionalization for linker attachment (Figure 3-4).5° This structural arrangement
suggested that CRBN binding could be retained while introducing an exit vector from the
phthalimide side of the module. The corresponding CRBN-binding module 3-2 and its
subsequent exit-vector variants are summarized in Figure 3-5.

Thalidomide
Trp Trp
Pro
0]
Phe
NI o 404
NH  *
© O Trp
His R 382
359 His
380

L ] L J
Phthalimide Glutarimide
ring ring
Figure 3-4. Schematic representation of the binding interactions between thalidomide and
CRBN.5® Hydrophobic interactions are depicted as orange semicircles, and hydrogen bonding is
depicted as blue dotted lines.

The initial CRBN exit-vector module 3-3 was designed around a piperazine motif directly
attached to the phthalimide ring. Piperazine was chosen as a synthetically accessible
and widely used cyclic diamine connector for IMiD-based PROTAC construction.®%6" |n
this module, one nitrogen would enable attachment to the phthalimide ring, while the
second nitrogen would provide a handle for subsequent linker extension. In addition, the
cyclic piperazine unit introduces local conformational constraint compared with a fully
flexible linear spacer, which may influence the trajectory and distance of the linker from
the CRBN-binding module.? This is relevant because PROTAC-mediated degradation
is sensitive to ternary-complex geometry. Accordingly, two related cyclic amine exit-
vector modules were designed to probe how local changes at this junction affect the
CRBN-side linker trajectory. The diazepane-containing module 3-4 expands the ring size
relative to piperazine and was expected to increase conformational flexibility, whereas
the 4-aminopiperidine-containing module 3-5 was designed to alter the attachment
geometry and local hydrogen-bonding environment.
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CRBN-Binding Module|

N o
NH
O O

F
3-2

Exit-Vector Viariation
Y
CRBN Exit-Vector Modules

N, 0O N, OO
) ®
Boc 3-3 Boc/N 3-4 HN\Boc 3-5

Linker Extension
Y
CRBN-Linker Modules

0 0 o o
NH NH o NH
o o o o o O.
N’ (\NWOH o N o NH
o NS
3-6

Figure 3-5. Design overview of the CRBN-side module evolution. The IMiD-derived CRBN-
binding modules contain a stereogenic centre in the glutarimide unit and are shown without
stereochemical assignment. This treatment is consistent with the related patent description, in
which the compounds were broadly defined to include stereoisomeric forms and mixtures, while
no enantiomeric separation or stereochemical comparison of the CRBN-binding module was
reported. Since the purpose of this section was to compare CRBN-side exit-vector and linker
design rather than CRBN-ligand stereochemistry, stereochemical resolution was considered
beyond the scope of this work.

3-7 3-8
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2.1.3 Linker Extension and Modular Assembly Strategy

Having defined the CRBN exit-vector modules, the next design step was to extend these
modules with a common linker backbone that could connect the CRBN-binding region
to the CDK-binding warhead. A 3,3-dimethylglutaric acid-derived motif was used as the
conserved linker backbone in this subset. The dicarboxylic-acid-derived structure
provided a convenient modular handle for stepwise assembly, while the gem-dimethyl
substitution introduced a sterically substituted branching point that may impose some
local conformational bias compared with a simple linear alkyl linker.

In the planned modular assembly, each CRBN exit-vector module was extended with
this common linker to generate a corresponding acid-functionalized CRBN-linker module
(Figure 3-5). These intermediates were designed for convergent amide coupling with
the secondary amine of the CDK-binding warhead 3-1, enabling assembly of the final
PROTAC molecules (Figure 3-6). Within this architecture, PROTAC 3-9 was planned as
the initial and principal compound, bearing the piperazine-based CRBN exit vector,
whereas the diazepane- and 4-aminopiperidine-containing analogues 3-10 and 3-11
were conceived as related exit-vector variants.
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CRBN-Recruiting CDK PROTACs
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Figure 3-6. Modular assembly strategy for CRBN-recruiting CDK PROTACs.
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2.2 Chemical Synthesis and Reaction Optimization

The target PROTACs were prepared through a convergent synthetic strategy, in which
the CDK-binding warhead and CRBN-linker modules were synthesized separately and
joined by final amide coupling. In line with the molecular architecture described above,
the synthetic work first focused on establishing a reproducible and scalable route to the
initial piperazine-containing PROTAC 3-9. Particular attention was paid to optimization
of key transformations, scale-up of important intermediates, final coupling efficiency, and
purification of the highly functionalized PROTAC product. The same modular strategy
was then applied to the diazepane- and 4-aminopiperidine-containing analogues 3-10
and 3-11 on laboratory scale.

2.2.1 Synthesis of the CDK-Binding Warhead

The N-desethyl abemaciclib core 3-1 was synthesized in two steps with slight
modifications to reported synthetic routes (Scheme 3-1).63 The synthesis commenced
with a Suzuki—Miyaura cross-coupling. A fluorinated benzimidazole boronic ester was
reacted with 2,4-dichloro-5-fluoropyrimidine in the presence of Pd(dppf)Cl,-CH,CI,. This
reaction proved reliable and was successfully performed on a 31.4 mmol scale,
selectively affording the monochlorinated intermediate 3-S3 in 83% yield (8.4 g).

>i
>§ré )~ : H,

3-81 F N\>7 N Boc\N
Pd(dppf)Cl, DCM complex X N ! . PdCl,, DPEPhos K/
+ — = )\ + _— S T »/
toluene/EtOH 5:1, N\f"‘ N t-AmylOH, Cs,CO;4 PN R
F o S NaHCOs, 85°C, 24 & [ j MW, 2 h,120°C NTONTON )
(gf 8 3-83 N 0 N
N__N 83% Boc 55% 3-S5 L
T 3-54
3-S2
CDK-Binding Warhead
Boc. N
NK/ H,N
N F LN F
N N7 HCl in dioxane i N N7
L »/ _ fefindioxane ¢ DN \7/
N NN N NTONT SN N
H />* rt, overnight H Y,
3-S5 F 3-1-HCI F

Scheme 3-1. The synthesis of CDK-binding warhead.

Subsequent installation of the piperazine-substituted aminopyridine moiety via
Buchwald—Hartwig amination required optimization. In early experiments, conventional
oil-bath heating of intermediate 3-S3 with the Boc-protected aminopyridine-piperazine
coupling partner required prolonged reaction times and afforded the protected analogue
3-S5 in isolated yields below 40%. To improve the reaction efficiency, the reaction was
subjected to microwave irradiation at 120 °C for 2 h using PdCl, and DPEPhos. Under
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these conditions, the protected analogue 3-S5 was obtained in 60% yield (300 mg) on
an initial 1.0 mmol scale. The reaction was later reproduced on a 2.6 mmol scale, giving
compound 3-S5 in 55% vyield. Boc deprotection of protected warhead 3-S5 using 4 M
HCl in dioxane afforded the corresponding secondary amine 3-1 as its hydrochloride salt,
which was used directly in the subsequent coupling step without further purification.

2.2.2 Synthesis of the CRBN Linker Modules

In parallel with the warhead synthesis, the 4-fluorothalidomide core 3-2 was prepared as
the common CRBN-binding module (Scheme 3-2). Condensation of 3-fluorophthalic
anhydride with 3-aminopiperidine-2,6-dione hydrochloride in refluxing acetic acid was
carried out on a 36 mmol scale, affording intermediate 3-2 in 95% yield. This scalable
preparation provided sufficient material for divergent synthesis of the CRBN exit-vector
intermediates.

CRBN Exit-Vector CRBN-Linker Modules
Modules

o 0
0 NH
0 4 HNA Boc Q:lé & zL_g:O o o
@q HCI& 3 S8 N ﬁNWOH
Fo2 ° [ orenomr o N
3-86 3-87 90°C, 12
3-3 3-6

B 0,
CH3COOH, ‘ reflux, overnight ¢ 68% 64%

CH3COONa R

95%
(/} [o] 0] Q OH
0, ‘Boc N 0 1. HCl in dioxane, N o) Ow
NH 3 S9 NH rt, overnight o
o - <, N (‘ N
AN N
sod  64% 070" o

| DIPEA, DMF
90°C, 12h () 2.
3-4

)
DIPEA, 55%
DCM, reflux, 1 h

Oy OH
O,
NH
| 3810 P AH
DIPEA DMF Q O%Q
90 °C,12h
HN. 3.5 3-8

Boc

ZT

65% 58%
Scheme 3-2. The synthesis of CRBN linker modules.

The C4-fluoro substituent on the phthalimide ring of 3-2 enabled nucleophilic aromatic
substitution with Boc-protected cyclic amines. The piperazine-containing intermediate 3-
3, corresponding to the CRBN exit-vector module of the initial PROTAC 3-9, was
prepared on a 16.3 mmol scale in 68% yield, affording 4.9 g of product. The same SNAr
strategy was then applied to the diazepane and 4-aminopiperidine derivatives to access
the related CRBN exit-vector intermediates 3-4 and 3-5. These analogues were obtained
on 5.9 mmol scales in 64% vyield (1.73 g) and 65% yield (1.77 g), respectively. These
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results show that the 4-fluorothalidomide scaffold provided a practical common
intermediate for preparing a small set of CRBN-side cyclic exit-vector variants.

To convert the Boc-protected CRBN exit-vector intermediates into coupling-ready CRBN
linker modules, the Boc protecting groups were first removed using 4 M HCI in dioxane.
After removal of the solvent and trituration with diethyl ether, the corresponding amine
hydrochloride salts were obtained and used directly in the subsequent linker-extension
step. The amine salts were suspended in dichloromethane and treated with DIPEA to
liberate the free amines in situ. Ring-opening acylation with 3,3-dimethylglutaric
anhydride was then carried out at 40 °C, installing the conserved 3,3-dimethylglutaric
acid-derived linker backbone and introducing a terminal carboxylic acid for final amide
coupling with the CDK-binding warhead.

For the piperazine-containing module 3-3, the linker-extension sequence initially
proceeded in excellent yield on small scale, affording 232 mg of product 3-6 in 96% yield
on a 0.5 mmol scale. Upon scale-up to 9.0 mmol, the same sequence delivered 2.79 g
of compound 3-6 in 64% isolated yield. This scale-dependent decrease in isolated yield
is consistent with several practical factors, including the heterogeneous nature of the
amine hydrochloride suspension in dichloromethane, the limited solubility of the acid-
containing product, and increased handling and extraction losses during the acid—base
workup. Nevertheless, the scaled reaction remained synthetically useful and provided
gram quantities of the CRBN linker module.

The same linker-extension strategy was applied to the diazepane- and 4-
aminopiperidine-containing intermediates, affording the corresponding CRBN-linker
modules 3-7 and 3-8 on 3.0 and 3.4 mmol scales, and in 55% and 58% yield, respectively.

2.2.3 Final PROTAC Assembly and Purification Optimization

The final step involved convergent amide coupling between the CRBN-linker modules 3-
6, 3-7, 3-8 and the CDK warhead hydrochloride salt 3-1 (Scheme 3-3). Because both
coupling partners are large, highly functionalized and sterically demanding, the final
amidation was expected to be one of the most challenging steps in the synthesis. The
assembly of PROTAC 3-9 was therefore selected as the model reaction for condition
optimization.

The first successful preparation of PROTAC 3-9 was achieved on a 0.1 mmol scale using
EEDQ and DIPEA in refluxing chloroform for 2 h. After purification by silica gel
chromatography, PROTAC 3-9 was isolated as 56 mg of product in 60% yield. Although
this result confirmed the feasibility of the convergent amide-coupling strategy, the same
conditions were not readily transferable to a larger scale. When the reaction was
increased to 0.5 mmol scale and refluxed overnight in chloroform, the isolated yield
decreased to below 30%. UPLC-MS analysis also indicated a less clean reaction profile,
with additional impurity peaks observed. During the reaction, incomplete dissolution of
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the highly functionalized coupling partners was apparent, suggesting that poor solubility
in chloroform was a major factor limiting conversion and reaction cleanliness.

CRBN-Linker Modules CRBN-Recruiting CDK PROTACs
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Scheme 3-3. The synthesis of CRBN-recruiting CDK PROTACSs.

To improve substrate solubility, DMF was then evaluated as an alternative solvent. Both
coupling partners showed better solubility in DMF, and the EEDQ/DIPEA-mediated
reaction proceeded at room temperature. Compared with the reaction in chloroform,
UPLC-MS analysis indicated a cleaner reaction profile with reduced formation of side
products. However, after 24 h, a significant amount of starting material still remained,
and PROTAC 3-9 was isolated in only 35% yield. These results suggested that improved
solubility alone was not sufficient, and that a more reactive coupling system was required.

Alternative coupling conditions were therefore screened in DMF on the 0.5 mmol scale.
Carbodiimide-mediated coupling using EDCI/DMAP at room temperature overnight
afforded PROTAC 3-9 in only 28% isolated yield. In contrast, HATU in combination with
DIPEA gave a clear improvement. After 4 h at room temperature, UPLC-MS analysis
showed that most of the starting material had been consumed and that the desired
product was the major component. Under these conditions, PROTAC 3-9 was isolated
in 50% yield. Based on this comparison, HATU/DIPEA in DMF was selected as the
preferred coupling system for further scale-up.

Using the optimized HATU/DIPEA coupling conditions, the synthesis of PROTAC 3-9
was then attempted on a 2.5 mmol scale. The reaction was carried out at room
temperature for 6 h, after which UPLC-MS analysis indicated substantial consumption
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of the starting materials. At this scale, purification became a major practical challenge.
After silica gel chromatography, the product still contained minor impurities with very
similar polarity, visible as closely eluting spots on TLC. To obtain material suitable for
biological studies while avoiding excessive material loss from repeated chromatography
or preparative HPLC, an additional trituration-based purification protocol was developed.
Sequential trituration with 10% EtOAc in petroleum ether followed by 5% DCM in diethyl
ether effectively removed lipophilic impurities and afforded PROTAC 3-9 as a purified
solid.

Under these optimized coupling and purification conditions, PROTAC 3-9 was obtained
on gram scale, affording 1.02 g of purified product in 44% isolated yield. This result
demonstrated that the convergent coupling route was practically scalable and provided
sufficient material of the degrader for further biological studies.

The same HATU/DIPEA coupling and purification strategy was subsequently applied to
the diazepane- and 4-aminopiperidine-containing analogues. PROTAC 3-10 was
synthesized on a 0.23 mmol scale in 38% yield, while PROTAC 3-11 was obtained on a
0.31 mmol scale in 39% yield. Although these yields were lower than anticipated, the
successful preparation of three analogues demonstrated the practical utility of the
optimized HATU-mediated amidation as a general convergent assembly strategy for this
series of CDK PROTACs.

2.3 Biological Evaluation of the CRBN-Recruiting CDK4/6/9 PROTAC

2.3.1 Scope of Biological Evaluation

Biological evaluation of the CRBN-recruiting PROTACs was performed within the
broader collaborative CDK degrader project by collaborators at the Princess Maxima
Center for Pediatric Oncology. Among the compounds described in this chapter,
biological data were available for PROTAC 3-9, bearing a piperazine-based CRBN-side
exit vector, whereas the follow-up analogues 3-10 and 3-11 were still under biological
evaluation at the time of thesis writing. Accordingly, the present biological discussion
focuses on PROTAC 3-9.

The broader collaborative project has not yet been published as a full research article.
Furthermore, due to the author’s transition to a different research group, access to the
complete raw numerical datasets, including full AUC matrices, original curve-fitting files
and densitometry source files, was restricted. Consequently, the biological evaluation
presented here is based on the representative figures and reported numerical values
disclosed in the associated patent application, W02024256569. In the patent, PROTAC
3-9 is referred to as compound 29; for clarity, the compound will be discussed as
PROTAC 3-9 in the text, while noting that the original figures label it as compound 29.
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The subsequent analysis therefore uses a qualitative and semi-quantitative approach,
focusing on phenotypic and biochemical conclusions that can be directly supported by
the available figures and reported values. The purpose of this evaluation is to assess
whether the modular CRBN-recruiting PROTAC architecture described in this chapter
achieved the intended functional outcome, namely antiproliferative activity accompanied
by reduction of CDK4, CDK6 and CDK9 protein levels.

2.3.2 Initial Cell-Viability Screening

Although CDK4/6 inhibitors are clinically established in breast cancer, the biological
evaluation in this collaborative project primarily used neuroblastoma models, where cell-
cycle regulation and transcriptional dependencies are also therapeutically relevant.t465
The initial screen was therefore performed across a panel of neuroblastoma cell lines to
assess whether the abemaciclib-based CRBN-recruiting PROTAC series showed
disease-relevant cellular activity.

The screening panel included PROTACs synthesized within the collaborative project,
approved CDK4/6 inhibitors, reported or commercially available CDK4/6 PROTAC
comparators, CRBN-binding ligands, and an inactive PROTAC control. This comparison
allowed the activity of the newly synthesized degraders to be evaluated against both
conventional CDK4/6 inhibition and previously reported CDK4/6 degrader designs.

The results were summarized as a heatmap based on the area under the cell-viability
curve (AUC), where lower AUC values indicate stronger reduction in cell viability (Figure
3-7). The tested compounds separated into highly efficacious, moderately efficacious,
and non-efficacious groups. PROTAC 3-9 clustered within the highly efficacious group,
identifying it as one of the most promising compounds in the initial screen.

A cell-line-dependent pattern was also observed. Active PROTACs generally showed
stronger effects in the high-CRBN-expressing neuroblastoma cell lines CHP134, NGP,
and SJNB6 than in the lower-CRBN-expressing cell lines SINB1, GIMEN, and TR14.
This trend is consistent with the involvement of CRBN-dependent activity, although the
viability assay itself does not directly demonstrate target degradation.

Importantly, CRBN ligands alone, including pomalidomide, thalidomide, and thalidomide-
4-OH, were non-efficacious under these conditions, indicating that CRBN binding alone
was insufficient to produce the observed antiproliferative effect. The CDK4/6 PROTAC
comparators CP-10, BSJ-03-123, BSJ-03-204, and BSJ-04-132 also showed limited
activity in this screen, whereas PROTAC 3-9 showed a stronger viability-reducing profile.
These results provided the first indication that PROTAC 3-9 was a promising member of
the abemaciclib-based CRBN-recruiting series, while also motivating further target-
degradation experiments to determine whether the cellular activity was accompanied by
CDK4/6/9 protein reduction.
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Figure 3-7. AUC-based heatmap of compound efficacy in neuroblastoma cell lines. Cells
were treated for 72 h and viability was measured using CellTiter-Glo 2.0. Data are based on a
representative experiment, n = 1. Compound 29 shown in the figure corresponds to PROTAC 3-9
in the text.
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2.3.3 Dose—Response Evaluation in Neuroblastoma Cell Lines

Following the initial viability screen, PROTAC 3-9 was examined in dose—response
experiments across six neuroblastoma cell lines. This experiment was designed to
determine whether the activity observed in the screening heatmap translated into
concentration-dependent antiproliferative effects and to assess whether the response
was conserved across different neuroblastoma cellular contexts.

PROTAC 3-9 showed clear cell-line-dependent activity (Figure 3-8A). Among the tested
neuroblastoma models, NGP, CHP134 and SJNB6 were the most responsive, with
reported ICs, values of 29.2, 60.0 and 67.2 nM, respectively. SINB1 showed a weaker
response, with an ICs;, of 309 nM, whereas GIMEN and TR14 were relatively
unresponsive under the tested conditions. This pattern is consistent with the broader
screening result, in which stronger responses were generally observed in high-CRBN-
expressing cell lines.

NGP cells were then used as a representative sensitive neuroblastoma model for
compound comparison (Figure 3-8B). In this cell line, PROTAC 3-9 showed stronger
antiproliferative activity than the approved CDK4/6 inhibitors and the CDK4/6 PROTAC
comparators included in the assay. The reported IC5, of PROTAC 3-9 in NGP cells was
29.2 nM, compared with 223 nM for abemaciclib, 1582 nM for palbociclib and 3555 nM
for ribociclib. The reported or commercially available CDK4/6 PROTACS, including CP-
10, BSJ-03-123, BSJ-03-204 and BSJ-04-132, did not show measurable ICs, values in
this assay. These results supported PROTAC 3-9 as a strong antiproliferative compound
in selected neuroblastoma models, particularly in NGP cells.

Importantly, these dose-response data still reflect effects on cell viability rather than
direct target degradation. Therefore, the observed antiproliferative activity required
further validation at the protein level to determine whether PROTAC 3-9 reduced CDKA4,
CDK®6 and CDK9 abundance.
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Figure 3-8. Cell-line-dependent antiproliferative activity of PROTAC 3-9 in neuroblastoma
dose-response assays. Cells were treated for 72 h, and viability was determined using CellTiter-
Glo 2.0. Data are based on a representative experiment, n = 1. Compound 29 shown in the figure

corresponds to PROTAC 3-9 in the text.
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2.3.4 CDK4/6/9 Protein Degradation

Direct evidence for target protein reduction was obtained from immunoblotting
experiments in the SINB6 neuroblastoma cell line. After 24 h treatment, PROTAC 3-9
induced a concentration-dependent attenuation of CDK4 and CDKG6 protein levels
(Figure 3-9A). Based on visual inspection of the immunoblots, CDK4 band intensity
appeared reduced even at low nanomolar or sub-nanomolar concentrations, whereas
CDK6 reduction became evident at approximately 10 nM. Although densitometric
quantification was not available, the visible concentration-dependent reduction in band
intensity supports reduction of these intended cell-cycle CDK targets by the CRBN-
recruiting PROTAC architecture.

PROTAC 3-9 also induced a marked reduction of CDK9 protein levels after 24 h
treatment, with visible attenuation observed at approximately 10 nM and strong reduction
at higher concentrations (Figure 3-9B). In contrast, the basal level of CDK2 remained
largely unperturbed under identical conditions. This comparison is important because it
indicates that the observed effect was not simply a general loss of CDK proteins, but
was consistent with the intended CDK4/6/9 degradation profile.

A time-course experiment further showed that treatment with PROTAC 3-9 at 100 nM
led to sustained attenuation of CDK4, CDK6 and CDKS9 protein levels over time (Figure
3-9C). The degradation patterns were not identical across the three targets, suggesting
possible target-dependent differences in degradation kinetics or protein resynthesis.
Nevertheless, the persistent visual reduction in band intensity supports the functional
activity of PROTAC 3-9 beyond an acute or transient effect.

Together, these immunoblotting data provide direct qualitative biochemical evidence that
PROTAC 3-9 reduces CDK4, CDK6 and CDK9 protein levels, consistent with the
intended CDK4/6/9-directed degrader design. The visual reduction in band intensity
supports a connection between the antiproliferative effects observed in the viability
assays and the expected target-reduction mechanism, although additional mechanistic
experiments would be required to confirm CRBN-dependent proteasomal degradation.
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Figure 3-9. Immunoblot analysis of PROTAC 3-9-induced CDK4, CDK6 and CDK?9 protein
reduction in SUNB6 neuroblastoma cells. Cells were treated with PROTAC 3-9 for the indicated
concentrations and times, and protein levels were analysed by immunoblotting. Data are based
on a representative experiment, n = 1. Compounds 28 and 29 are numbered according to the
original patent. Compound 29 corresponds to PROTAC 3-9 discussed in this thesis, whereas
compound 28 is a structurally related analogue from the patent that was included as a comparator
in the immunoblot analysis but was not synthesised as part of this work.

2.3.5 Kinase-Engagement Profile

The kinase-engagement profile of PROTAC 3-9 was further assessed using
KINOMEscan TREEspot analysis. At 100 nM, PROTAC 3-9 showed 37 kinase
interactions across the scanMAX kinase panel, while at 1000 nM the number of
interactions increased to 99. These data indicate that the abemaciclib-derived warhead
retained broad kinase engagement after incorporation into the PROTAC structure. The
expanded binding profile observed at higher concentration also suggests that kinase-
directed degraders may retain potential off-target engagement, which remains an
important consideration for further optimization.

Importantly, the KINOMEscan profile included engagement of CDK4 and CDKO,
consistent with the intended target profile of the abemaciclib-derived warhead. Although
CDKG®6 was not explicitly annotated in the available TREEspot panel, the immunoblotting
data provided cellular evidence for clear CDKG6 protein reduction by PROTAC 3-9.

2.3.6 Activity in Breast Cancer Cell Lines

The activity of PROTAC 3-9 was also evaluated in breast cancer cell lines representing
different disease contexts, including the HER2-positive SK-BR-3 cell line and the triple-
negative MDA-MB-231 cell line. In SK-BR-3 cells, PROTAC 3-9 showed measurable

antiproliferative activity, with a reported absolute ICs, of 335.2 nM after 72 h treatment
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(Figure 3-10A). This activity was comparable to other abemaciclib-based PROTACs
within the collaborative project and stronger than the approved CDK4/6 inhibitors and
reported CDK4/6 PROTAC comparators under the same assay conditions.

In MDA-MB-231 cells, no absolute ICs, values were reported for any of the tested
compounds, including PROTAC 3-9, because the dose—response curves did not reach
50% reduction in cell viability within the tested concentration range (Figure 3-10B).
Nevertheless, several abemaciclib-based PROTACSs, including PROTAC 3-9, produced
a partial reduction in cell viability at higher concentrations. This indicates limited but
incomplete antiproliferative activity in this cellular context. The contrast between SK-BR-
3 and MDA-MB-231 further suggests that the activity of PROTAC 3-9 is cell-context
dependent, which may reflect differences in target dependence, CRBN expression,
cellular permeability, or downstream sensitivity to CDK depletion.
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Figure 3-10. Antiproliferative activity of abemaciclib-based PROTACs in breast cancer cell
lines. SK-BR-3 and MDA-MB-231 cells were treated for 72 h, and viability was determined using
CellTiter-Glo 2.0. Data are reported from four replicates, n = 4. Compound 29 shown in the figure
corresponds to PROTAC 3-9 in the text.

2.3.7 Summary of Biological Evaluation

Overall, the biological data support PROTAC 3-9 as a biologically active CRBN-recruiting
CDK4/6/9-directed degrader candidate. Cell-viability screening and dose-response
experiments showed strong antiproliferative activity in selected neuroblastoma cell lines,
while breast cancer cell-line data further indicated that the response was cell-context
dependent.

Immunoblotting experiments provided the most direct biochemical evidence, showing
reduction of CDK4, CDK6 and CDK9 protein levels, while CDK2 remained largely
unaffected under the same conditions. KINOMEscan analysis further showed that the
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abemaciclib-derived warhead retained broad kinase engagement, including
engagement of CDK4 and CDKO. Taken together, these data are consistent with the
intended CDK4/6/9-directed degrader design, while also indicating that further
optimization of selectivity, linker geometry and cellular context dependence remains
necessary.

2.4 Conclusion of Part |

Part | established a modular synthetic route to CRBN-recruiting CDK4/6/9-directed
degrader candidates. By combining an abemaciclib-derived CDK-binding warhead with
IMiD-based CRBN-binding modules through a conserved 3,3-dimethylglutaric acid-
derived linker, the piperazine-containing PROTAC 3-9 and the related exit-vector
analogues 3-10 and 3-11 were prepared. Optimization of the final amide coupling and
purification procedure enabled PROTAC 3-9 to be obtained on gram scale, providing
sufficient material for biological studies.

The biological data supported 3-9 as a promising degrader. It showed strong, although
cell-context-dependent, antiproliferative activity and immunoblotting-based reduction of
CDK4, CDK6 and CDKS9 protein levels. These findings are consistent with the intended
design of a CRBN-recruiting CDK4/6/9-directed degrader candidate.

At the same time, the broad kinase-engagement profile and variable cellular response
indicate that further optimization remains necessary. In particular, continued evaluation
of linker geometry and CRBN exit-vector variation, including compounds 3-10 and 3-11,
will be important for refining this degrader design. These considerations also motivated
the exploration of alternative E3-binding architectures in Part II.

73



Chapter 3

3 Part lI: Design and Synthesis of an MDM2-Ligand-Based
CDK-Targeting PROTAC Candidate

3.1 Molecular Architecture of the MDM2-Ligand-Based CDK-
Targeting PROTAC

Part Il was designed to explore whether the modular CDK degrader architecture
established in Part | could be extended beyond CRBN recruitment. To maintain continuity
with the CRBN-recruiting system, the same N-desethyl abemaciclib warhead was
retained as the CDK-binding component, while the E3-binding component was changed
from an IMiD-based CRBN ligand to an MDM2-binding ligand.

The MDM2-binding module was selected from a previously reported class of 1,4,5-
trisubstituted imidazole-based p53—-MDM2/MDMX antagonists developed in our
group.5857 In this scaffold, the central imidazole ring organizes three hydrophobic
substituents that mimic key p53 residues occupying the MDM2 binding cleft. The 6-
chloroindole, aryl and benzyl substituents project toward regions corresponding to the
Trp23, Phe19 and Leu26 subpockets, while the indole-2-carboxylic acid region can
provide a functional handle for conjugation.

This scaffold was considered attractive for exploratory PROTAC design because the
reported series showed that linker- or carboxylic-acid-containing analogues could retain
MDM2 binding and cellular p53-pathway activity.%¢ This precedent suggested that
modification through the carboxylic acid handle would not necessarily abolish MDM2
recognition. Accordingly, the simplest carboxylic-acid-containing member of this scaffold
3-15 was selected as the MDM2-binding module. Its carboxylic acid group was intended
to enable direct amide coupling with the secondary amine of the N-desethyl abemaciclib
warhead, paralleling the convergent coupling logic used in Part |.

The planned MDM2-ligand-based CDK-targeting PROTAC candidate 3-16 was therefore
conceived as a compact, directly conjugated CDK-targeting heterobifunctional molecule
(Figure 3-11). Unlike the CRBN-recruiting PROTACs described in Part |, no extended
3,3-dimethylglutaric acid-derived linker was incorporated between the E3-binding
module and the CDK warhead. This minimal-linker design was chosen as a chemically
accessible first entry into MDM2-based CDK PROTAC construction, while recognizing
that future analogues may require additional linker elements to optimize the spatial
arrangement between the CDK-binding and MDM2-binding modules.
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Figure 3-11. Modular assembly strategy for MDM2-ligand-based CDK PROTAC.

3.2 Chemical Synthesis

3.2.1 Preparation of the MDM2-Binding Module

The MDM2-binding module 3-15 was prepared by reproducing a reported route to 1,4,5-
trisubstituted imidazole-based p53—-MDM2/MDMX antagonists (Scheme 3-4).57 The
route converged on a Van Leusen-type multicomponent imidazole formation using indole
aldehyde 3-12, isocyanide-derived sulfone 3-13, and 4-chlorobenzylamine 3-14 as the
three key building blocks. Among these, 3-14 was commercially available, whereas
aldehyde 3-12 and isocyanide sulfone 3-13 were prepared prior to the multicomponent

assembly.

75




Chapter 3

O

O

/ H
3- S11 o~
K EtOH Fe, CH3COOH /©f\>—/<o POCI3, DMF N o]
+ —_—
Et,0, 1,22 h EtOH reflux, 4 h ¢J ﬂ <o 50°C,30h H

o\
0,
a 3513 70% 312
0,
3.812 53% over 2 steps
HCl aq., HNCHO, TMscl, PGy POCly, EtN, NC
SOzNa H,0/TBME 1:1 SO,H /©/CHO ACN/toluene 1:1 THF O\\
—_ + S
/©/ t,1h /©/ F 50°C, 10 h /©/ ocmoc 30m|n ko) .
3-S14 3-815
313
56% over 3 steps
cl
cl cl
/7 N
L
/ /
_ TEAEOH N7 N”“o — NaOH aq., E1OH Ni\N)O
60 C,3h reflux 25h, /”\ — o
A\ then HCl aq. i’" AN
N 67% 85% o [ ]
3-12 3-816 o 315

MDM2-Binding Module

Scheme 3-4. The synthesis of the MDM2-binding module.

The indole aldehyde 3-12 was synthesized from diethyl oxalate and 4-chloro-2-
nitrotoluene. Condensation followed by iron-mediated reductive cyclization afforded
indole ester 3-S13 as a yellow solid (6.51 g, 53% over two steps). Subsequent Vilsmeier—
Haack formylation of 3-813 using POCI3:/DMF provided aldehyde 3-12 as a yellow solid
(5.12 g, 70%).

In parallel, the isocyanide sulfone 3-13 was prepared from sodium p-toluenesulfinate 3-
S$14 and 4-fluorobenzaldehyde 3-S15 through a modified three-step sequence.®® This
route involved acidification of the sulfinate salt to the corresponding sulfinic acid,
formation of the formamide sulfone intermediate, and final dehydration to the isocyanide
sulfone 3-13. The final dehydration step proved particularly sensitive. Initial small-scale
trials on a 0.5 mmol scale showed complex TLC profiles, suggesting competing side
reactions. Improved conversion and cleaner reaction profiles were obtained only after
strict control of anhydrous conditions, including drying the formamide sulfone
intermediate overnight, using anhydrous THF, and slowly adding Et;N while maintaining
the reaction temperature below 10 °C. Prolonged reaction times were avoided to limit
decomposition or side-product formation. In addition, compound 3-13 was sensitive
during chromatographic purification; extended residence time on silica led to noticeable
decomposition. Therefore, the column purification was completed rapidly, followed by
recrystallization from absolute ethanol to provide 3-13 as a yellow solid (1.50 g, 56%
over three steps).
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With all three building blocks in hand, aldehyde 3-12, isocyanide sulfone 3-13, and 4-
chlorobenzylamine 3-14 were combined in ethanol in the presence of triethylamine. This
Van Leusen-type 3CR constructed the 1,4,5-trisubstituted imidazole core in a single step,
installing the indole, aryl, and benzyl substituents around the central imidazole scaffold.
The reaction afforded ester 3-S16 as a white solid (850 mg, 67%). Finally, hydrolysis of
the ethyl ester with aqueous NaOH in EtOH gave the carboxylic acid 3-15 (0.68 g, 85%).
This acid-functionalized imidazole scaffold was then used as the MDM2-binding module
for subsequent construction of the final MDM2-ligand-based CDK PROTAC candidate.

3.2.2 Final Assembly of the MDM2-Ligand-Based PROTAC Candidate

With the MDM2-binding module 3-15 available, the final PROTAC candidate was
assembled through direct amide coupling with the N-desethyl abemaciclib warhead
(Scheme 3-5).

CDK-Binding Warhead
MDM2-Binding ModuleH ﬁ/\ MDM2-Ligand-Based CDK PROTAC

cl LN NS »/
ci ® P ‘ ;
NTONTN
H )

3-1-HCI F

HATU, DIPEA
DMF, rt, 4 h

49%

3-16

Scheme 3-5. The synthesis of the MDM2-Ligand-Based PROTAC Candidate.

Building on the optimized amidation conditions established for the CRBN-recruiting
PROTACSs in Part |, the CDK-binding amine and the MDM2-binding carboxylic acid 3-15
were coupled in DMF at room temperature using HATU and DIPEA. After 4 h, TLC
analysis indicated near-complete consumption of the starting material. The crude
product was first purified by silica gel chromatography. However, similar to the
purification challenges encountered for the CRBN-recruiting PROTACSs, the isolated
material still contained closely migrating impurity spots on TLC. The ftrituration-based
purification protocol developed for the CRBN series was therefore tested, but it did not
provide satisfactory purification in this case.

To improve purity, recrystallization was explored as an alternative purification strategy.
Recrystallization from a 20% ethyl acetate/ethanol mixture afforded the final MDM2-
ligand-based PROTAC candidate 3-16 in 49% vyield (320 mg). This result showed that
the HATU/DIPEA-mediated amide-coupling strategy used for the CRBN series could
also be applied to the MDM2-ligand-based system, although final purification required
adaptation to the different physicochemical properties of the MDM2-binding module.
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3.3 Conclusion of Part Il

Part Il explored whether the modular CDK degrader strategy could be extended beyond
CRBN recruitment by replacing the IMiD-based CRBN-binding module with a compact
imidazole-based MDM2-binding module. The same N-desethyl abemaciclib warhead
was retained as the CDK-binding component, while the final compound was designed
as a directly conjugated, minimal-linker heterobifunctional candidate.

The reported route to the 1,4,5-trisubstituted imidazole-based MDM2 ligand was
reproduced to provide the carboxylic-acid-containing module 3-15. Subsequent
HATU/DIPEA-mediated amide coupling with the CDK-binding warhead afforded the
MDM2-ligand-based PROTAC candidate 3-16. Although purification required adaptation
compared with the CRBN series, the successful preparation of 3-16 demonstrated the
chemical feasibility of this alternative E3-ligase-recruiting architecture.

Because biological evaluation of 3-16 was not completed during this doctoral project, its
ability to productively recruit MDM2 and induce CDK4/6/9 degradation remains to be
determined. Future work should therefore focus on biological evaluation and on
introducing suitable linker elements to optimize the spatial arrangement between the
CDK-binding and MDM2-binding modules.
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4 Chapter Conclusion

This chapter demonstrated that modular synthesis can provide practical access to
structurally diverse CDK4/6/9-directed heterobifunctional degrader candidates. Using an
abemaciclib-derived CDK-binding warhead as a common starting point, two E3-ligase-
recruiting strategies were explored: a CRBN-recruiting PROTAC series and an MDM2-
ligand-based alternative design.

In the CRBN-recruiting series, compound 3-9 represents the most advanced candidate,
supported by scalable synthesis and biological data consistent with CDK4/6/9 protein
reduction. The related analogues 3-10 and 3-11 further demonstrate that the same
synthetic framework can accommodate CRBN-side exit-vector variation, providing
additional compounds for ongoing structure—activity exploration. At the same time, the
MDM2-based compound 3-16 demonstrates the chemical feasibility of extending the
same CDK-targeting platform to an alternative E3-binding architecture, although its
biological activity remains to be established.

Together, these studies illustrate how modular molecular design can be used to construct
functional molecular systems in which synthetic architecture is linked to a defined

biological function.

Table 3-1. Summary of the CDK-targeting degrader candidates described in this chapter.

E3 Final Biological
Compound | . Exit vector Linker coupling 9
ligand . status
yield
33 Active;
T o
39 CRBN Piperazine dimethylglutaric 44% CDK4/.6/9
. . gram scale reduction
acid-derived
observed
3,3- under
3-10 CRBN Diazepane dimethylglutaric 38% )
. . evaluation
acid-derived
4- 3,3- under
31 CRBN . dimethylglutaric 39% .
aminopiperidine ) ) evaluation
acid-derived
3-16 MDM2 direct gmd mlnlmaI/.no 49% unde.r
coupling extended linker evaluation
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Experimental Section for Chapter 3

General Information

All reagents were obtained from Sigma-Aldrich or Alfa Aesar and used without further
purification unless otherwise stated. Compound identity was confirmed by NMR
spectroscopy and HRMS or UPLC-MS, as indicated for each compound. NMR spectra
were recorded on Bruker Avance 500 or 600 MHz spectrometers. Chemical shifts (8) are
reported in ppm and coupling constants (J) in Hz. Chemical shifts were referenced to
residual solvent signals in CDCI; or DMSO-d,. High-resolution mass spectra (HRMS)
were recorded on a microTOF-QII instrument using electrospray ionisation (ESI). Flash
chromatography was performed on a Grace Reveleris X2 flash chromatography system
using Grace Resolv silica cartridges. UPLC-MS analyses were carried out on a Waters
ACQUITY UPLC H-Class system equipped with a TQD detector using an ACQUITY
UPLC BEH C18 column (1.7 ym, 2.1 x 50 mm). The following 6 min gradient method
was used: 0-3 min, 80% H,0/20% MeCN; 3-3.5 min, 100% MeCN; 3.5-6 min, 80%
H,0/20% MeCN. The purity of all final compounds, as determined by UPLC analysis,
was =95%. Thin-layer chromatography (TLC) was performed on silica gel 60 F,s, plates
and visualized under UV light at 254 nm. Microwave reactions were performed in sealed
microwave vials using a laboratory microwave reactor. The stereochemistry of
glutarimide-containing CRBN intermediates and PROTACs was not assigned, and these
compounds were used as obtained without chiral separation.

Compound 3-S3

F In a three-necked round-bottom flask, 2,4-dichloro-5-fluoropyrimidine 3-
K@/@:N\% S$1 (1.1 equiv., 34.4 mmol, 5.76 g) was dissolved in a 5:1 mixture of
jN ;\ toluene/EtOH (60 mL/12 mL). A saturated aqueous solution of NaHCO;
T (72 mL) was added, followed by 4-fluoro-1-isopropyl-2-methyl-6-(4,4,5,5-
3-83 tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-benzo[d]imidazole 3-S2 (1.0
equiv., 31.4 mmol, 10.0 g). The resulting white suspension was degassed by bubbling
nitrogen through the mixture for 30 min under vigorous stirring. Pd(dppf)Cl,-CH,ClI,
(0.004 equiv., 0.126 mmol, 103 mg) was then added, and the reaction mixture was
heated at 85 °C overnight under a nitrogen atmosphere. After cooling to room
temperature, the reaction mixture was diluted with H,O and extracted with EtOAc (3 x).
The combined organic layers were washed with brine (3 x), dried over MgSO,, filtered,
and concentrated under reduced pressure to afford a brown solid. The crude product
was purified by flash column chromatography on silica gel (DCM/MeOH, 100:0 to 99:1)
to afford compound 3-S3 (8.4 g, 26.1 mmol, 83%) as a white solid. '"H NMR (500 MHz,
CDCl;): 6 =8.52 (d, J = 3.4 Hz, 1H), 8.16 (d, J = 1.4 Hz, 1H), 7.80 (d, J = 11.4 Hz, 1H),
4.75 (hept, J = 7.0 Hz, 1H), 2.70 (s, 3H), 1.70 (d, J = 7.0 Hz, 6H) ppm. "*C NMR (126
MHz, CDCls): 6 = 155.6, 154.8, 154.2, 153.9, 153.2, 148.5, 148.3, 136.6, 134.7, 125.5,
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108.8, 108.2, 48.7, 21.5, 15.2 ppm. HRMS (ESI): m/z calcd for C;sH14CIF,N, [M+H]":
323.08696; found: 323.08698.

Compound 3-S5

BN In a microwave vial, 6-(2-chloro-5-fluoropyrimidin-4-yl)-4-
K/“@ )N\/ ‘ * N~ fluoro-1-isopropyl-2-methyl-1H-benzo[d]imidazole ~ 3-S3
U N (1.0 equiv., 2.60 mmol, 842 mg), tert-butyl 4-(6-
aminopyridin-3-yl)piperazine-1-carboxylate 3-S4 (1.25
equiv., 3.26 mmol, 907 mg), and Cs,CO; (2.5 equiv., 6.52
mmol, 2.12 g) were suspended in tert-amyl alcohol (0.20 M, 13 mL). The reaction mixture
was degassed by bubbling nitrogen through the suspension for 10 min under vigorous
stirring. DPEPhos (0.04 equiv., 0.104 mmol, 56 mg) and PdCI, (0.02 equiv., 0.052 mmol,
9.2 mg) were then added, and the vial was sealed under a nitrogen atmosphere. The
mixture was stirred at room temperature for 10 min and then subjected to microwave
irradiation at 120 °C for 2 h. After cooling to room temperature, the dark brown reaction
mixture was filtered through a short plug of silica gel, and the filtrate was concentrated
under reduced pressure. The crude residue was purified by flash column
chromatography on silica gel (DCM/MeOH, 100:0 to 98:2) to afford compound 3-S5 as
a yellow solid (807 mg, 1.43 mmol, 55%). *H NMR (500 MHz, CDCl;): 6 =8.40 (d, J =
3.8 Hz, 1H), 8.31 (d, J = 9.0 Hz, 1H), 8.17 (s, 1H), 8.04-8.03 (m, 2H), 7.79 (d, J = 11.6
Hz, 1H), 7.35 (dd, J = 9.0, 3.0 Hz, 1H), 4.73 (hept, J = 7.0 Hz, 1H), 3.62-3.60 (m, 4H),
3.10-3.08 (m, 4H), 2.69 (s, 3H), 1.71 (d, J = 7.0 Hz, 6H), 1.49 (s, 9H) ppm. *C NMR
(126 MHz, CDCls): 6 = 155.4, 154.6, 153.5, 153.2, 151.3, 150.7, 147.1, 146.9, 142.8,
137.4,136.3, 133.9, 127.5, 127.1, 112.3, 108.7, 108.0, 80.0, 50.0, 48.6, 28.4, 21.4, 15.0
ppm. HRMS (ESI): m/z calcd for C,9H350,NgF, [M+H]*: 565.28456; found: 565.28442.

V.

3-85 F

CDK-Binding Warhead 3-1

N In a small round-bottom flask, compound 3-S5 (1.0 equiv.,
m\/Nm ) " 1.60 mmol, 900 mg) was treated with 4 M HCl in dioxane (8
Ny "»— mL). The reaction mixture was stirred at room temperature
§ overnight, during which an orange suspension formed. The
solvent was removed under reduced pressure, and the
residue was triturated with diethyl ether (2 x). The solvent was removed under reduced
pressure to afford compound 3-1 as its HCI salt as a white solid (710 mg). The crude
product was used directly in the next step without further purification.

3-1-HCI F
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CRBN-Binding Module 3-2

mmol, 6.00 g), 3-aminopiperidine-2,6-dione hydrochloride 3-S7 (1.0
F 00 equiv., 36.0 mmol, 5.94 g), and sodium acetate (1.2 equiv., 43.3 mmol,
3-2 3.56 g) were suspended in AcOH (144 mL). The resulting mixture was
heated at 120 °C overnight. After cooling to room temperature, most of the AcOH was
removed under reduced pressure, and the residue was suspended in water. The solid
was collected by filtration, washed with water, and dried under vacuum. The crude
product was purified by flash column chromatography on silica gel (DCM/MeOH, 100:0
to 95:5) to afford compound 3-2 as a white solid (9.44 g, 34.2 mmol, 95%). '"H NMR (500
MHz, DMSO-d,): 6 = 11.16 (s, 1H), 7.96-7.92 (m, 1H), 7.79 (d, J = 7.3 Hz, 1H), 7.75-
7.72 (m, 1H), 5.16 (dd, J = 13.0, 5.4 Hz, 1H), 2.91-2.85 (m, 1H), 2.63-2.58 (m, 1H),
2.53-2.51 (m, 1H), 2.07-2.04 (m, 1H) ppm. **C NMR (126 MHz, DMSO-d,): 6 = 172.8,
169.7, 166.1, 164.0, 156.8, 138.0, 133.5, 123.0, 120.1, 117.0, 49.1, 30.9, 21.9 ppm.
HRMS (ESI): m/z calcd for C413H,004N,F [M+H]*: 277.06191; found: 277.06196.

P In a round-bottom flask, 3-fluorophthalic anhydride 3-S6 (1.0 equiv., 36.0
N4§;>:O
NH

General Procedure A for Nucleophilic Aromatic Substitution

The corresponding Boc-protected cyclic amine (1.1 equiv.) was added to a stirred
solution of 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione 3-2 (1.0 equiv.) and
DIPEA (2.0 equiv.) in DMF. The reaction mixture was stirred at 90 °C for 12 h. After
cooling to room temperature, the mixture was poured into H,O and extracted with EtOAc
(3 x 50 mL). The combined organic layers were washed with brine, dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure. The crude product was
purified by flash column chromatography on silica gel (PE/EtOAc, 100:0 to 50:50) to
afford the corresponding Boc-protected CRBN exit-vector intermediate 3-3, 3-4 or 3-5.

CRBN EXxit-Vector Module 3-3

? tert-Butyl piperazine-1-carboxylate 3-S8 was reacted with compound 3-
Qﬁé“‘%o 2 according to the general procedure A to afford compound 3-3 as a
N, OO yellow solid (4.91 g, 11.10 mmol, 68%). "H NMR (500 MHz, CDCl,): 6 =
[Nj 23 8.01 (br s, 1H), 7.61 (dd, J = 8.3, 7.3 Hz, 1H), 7.43 (d, J = 7.1 Hz, 1H),
Boo 7.16 (d, J = 8.3 Hz, 1H), 4.96 (dd, J = 12.4, 5.4 Hz, 1H), 3.66-3.64 (m,
4H), 3.30-3.26 (m, 4H), 2.95-2.93 (m, 1H), 2.86-2.72 (m, 2H), 2.15-2.09 (m, 1H), 1.48
(s, 9H) ppm. *C NMR (126 MHz, CDCl;): 6 = 171.1, 168.2, 167.3, 166.5, 154.7, 150.2,
135.7, 134.1, 123.4, 117.9, 116.2, 80.1, 50.8, 49.1, 31.4, 28.4, 28.3, 22.6 ppm. HRMS
(ESI): m/z calcd for C,;H,,06N, [M+H]*: 443.19251; found: 443.19272.
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CRBN EXxit-Vector Module 3-4

? tert-Butyl 1,4-diazepane-1-carboxylate 3-S9 was reacted with

@ié“ﬁo compound 3-2 according to the general procedure A to afford

N, O O compound 3-4 as a yellow solid (1.73 g, 3.80 mmol, 64%). In the NMR

( ) spectrum, two rotamers were observed, most likely due to restricted

rotation around the Boc-carbamate C—N bond combined with the

conformational flexibility of the diazepane ring. *H NMR (500 MHz, CDCl;): 6 = 8.82 (s,

1H), 7.47 (t, J = 7.8 Hz, 1H), 7.25 (d, J = 7.0 Hz, 1H), 7.11 (d, J = 8.7 Hz, 1H), 4.10 (qd,

J =7.1, 0.7 Hz, 1H), 3.84-3.36 (m, 8H), 2.99-2.64 (m, 4H), 2.02 (d, J = 0.8 Hz, 2H),

1.46-1.32 (m, 9H) ppm. **C NMR (126 MHz, CDCl;): 6 = 171.1, 168.3, 167.4, 166.6,

150.4, 135.0, 134.4, 122.2, 114.2, 113.9, 60.4, 49.1, 43.4, 31.4, 22.7, 21.0, 14.2 ppm.
UPLC-MS (ESI*): tr = 3.70 min, m/z = 457.5 [M+H]", 479.5 [M+Na]*.

CRBN EXxit-Vector Module 3-5

P tert-Butyl piperidin-4-ylcarbamate 3-S10 was reacted with compound 3-
@i‘é“‘ﬁo 2 according to the general procedure A to afford compound 3-5 as a
N, OO yellow solid (1.77 g, 3.83 mmol, 65%). '"H NMR (500 MHz, CDCls): 6 =
Q 8.65 (s, 1H), 7.59-7.54 (m, 1H), 7.38 (d, J = 7.1 Hz, 1H), 7.17 (d, J = 8.4
HN gy 375 Hz, 1H), 4.98 (dd, J = 12.1, 5.3 Hz, 1H), 4.65 (d, J = 8.1 Hz, 1H), 3.00
(tdd, d =14.4, 5.7, 2.7 Hz, 2H), 2.93-2.67 (m, 4H), 2.15-2.03 (m, 4H), 1.68 (dddd, J =
14.8, 11.1, 7.5, 3.5 Hz, 2H), 1.46 (s, 9H) ppm. *C NMR (126 MHz, CDCls): 6 = 171.3,
168.4,167.8, 166.7, 150.5, 135.5, 134.1, 123.7, 117.5, 115.7,49.1, 32.5, 31.4, 28.4, 22.7
ppm. UPLC-MS (ESI*): tr = 4.58 min, m/z = 479.4 [M+Na]*, 495.3 [M+K]*.

General Procedure B for Boc Deprotection and Linker Extension

The corresponding Boc-protected CRBN exit-vector intermediate 3-3, 3-4, or 3-5 (1.0
equiv.) was treated with 4 M HCI in dioxane and stirred at room temperature overnight.
The solvent was removed under reduced pressure, and the residue was triturated with
diethyl ether (2 x). The solvent was removed under reduced pressure to afford the
corresponding amine hydrochloride salt, which was used directly in the next step without
further purification. The obtained amine hydrochloride salt (1.0 equiv.) was suspended
in DCM, and DIPEA (2.0 equiv.) was added. After stirring at room temperature for 10 min,
3,3-dimethylglutaric anhydride (1.1 equiv.) was added. The reaction mixture was heated
at 40 °C for 1 h and then allowed to cool to room temperature. The mixture was
partitioned between DCM and H,O, and the aqueous phase was acidified with 2 M HCI.
The acidified aqueous phase was extracted with DCM (3 x). The combined organic
layers were dried over MgSO,, filtered, and concentrated under reduced pressure to
afford the corresponding CRBN-linker module 3-6, 3-7, or 3-8.

87




Chapter 3

CRBN-Linker Module 3-6

A Compound 3-3 was reacted according to the general
GO o 0 procedure B to afford compound 3-6 as a yellow solid (232 mg,
o IS
NﬁN o+ 96% on a 0.5 mmol scale; 2.79 g, 64% on a 9.00 mmol scale).
'H NMR (500 MHz, DMSO-dy): 6 = 12.03 (br, 1H), 11.10 (s,
3-6 1H), 7.72 (t, J = 7.8 Hz, 1H), 7.40-7.34 (m, 2H), 5.11 (dd, J =
12.7, 5.4 Hz, 1H), 3.71-3.69 (m, 4H), 3.47-3.35 (m, 4H), 2.92-2.81 (m, 1H), 2.61-2.56
(m, 1H), 2.36-2.34 (m, 4H), 2.04—2.02 (m, 1H), 1.26—1.23 (m, 1H), 1.07 (s, 3H), 1.05 (s,
3H) ppm. *C NMR (126 MHz, DMSO-d,): 6 = 173.2, 172.9, 170.0, 169.7, 167.0, 166.4,
149.4, 136.0, 133.6, 123.9, 117.0, 115.3, 50.9, 50.3, 48.8, 45.7, 44.9, 41.2, 32.6, 31.0,
27.6, 22.1 ppm. HRMS (ESI): m/z calcd for C,4H,90;N, [M+H]*: 485.20308; found:
485.20303. The analytical data were consistent for material obtained from the scale-up
reaction.

N
(0]

CRBN-Linker Module 3-7

0 % ., Compound 3-4 was reacted according to the general procedure
zL_N;:o Ow B to afford compound 3-7 as a yellow solid (822 mg, 1.65 mmol,
N @ 55%). In the NMR spectrum, two rotamers were observed. 'H
O%N NMR (500 MHz, DMSO-dy): 6 = 12.00 (s, 1H), 11.09 (s, 1H),
7.67-7.52 (m, 1H), 7.32 (d, J = 8.6 Hz, 1H), 7.22 (t, J = 6.8 Hz,
1H), 5.10 (dt, J =12.4, 5.2 Hz, 1H), 3.74-3.52 (m, 6H), 3.39 (dd,
J =14.0, 7.0 Hz, 2H), 2.66-2.52 (m, 4H), 2.41-2.21 (m, 4H), 1.10 (t, J = 7.0 Hz, 2H),
1.03-0.93 (m, 6H) ppm. **C NMR (126 MHz, DMSO-dy): 6 = 173.7, 173.3, 170.9, 170.5,
167.4,167.1,148.8, 148.2, 134.5, 123.6, 113.5, 112.8, 112.5, 49.3, 45.1, 41.3, 32.9, 31.4,
28.0, 22.6 ppm. UPLC-MS (ESI*): tr = 4.74 min, m/z = 499.4 [M+H]*, 521.4 [M+Na]*.

3-7

CRBN-Linker Module 3-8

95-°"  Compound 3-5 was reacted according to the general procedure

NH B to afford compound 3-8 as a yellow solid (983 mg, 1.96 mmol,
ZL_(EOO ° T 58%). 'TH NMR (500 MHz, DMSO-dj): 6 = 12.02 (s, 1H), 11.09 (s,
o N U 1H), 7.98 (s, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.35 (s, 1H), 7.33 (d, J

=5.7 Hz, 1H), 5.09 (dd, J = 12.8, 5.4 Hz, 1H), 3.79 (s, 1H), 3.63
3-8 (d, J =12.1 Hz, 2H), 2.99 (t, J = 11.5 Hz, 2H), 2.87 (t, J = 17.0 Hz,

1H), 2.64-2.53 (m, 4H), 2.26 (s, 2H), 2.13 (s, 2H), 1.85 (d, J = 12.3 Hz, 2H), 1.59 (d, J =
11.7 Hz, 2H), 1.03 (s, 6H) ppm. **C NMR (126 MHz, DMSO-d,): 5 = 176.0, 172.9, 172.1,
170.8, 168.2, 167.4, 154.6, 136.8, 132.5, 130.4, 116.3, 112.1, 109.8, 49.3, 48.7, 45.6,
441, 42.8, 36.4, 31.3, 28.2, 22.1 ppm. UPLC-MS (ESI*): tr = 3.94 min, m/z = 499.4
[M+H]*, 521.4 [M+Na]".
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General Procedure C for Amide Coupling

The HCI salt of compound 3-1 (1.185 equiv.) was suspended in DMF, and DIPEA (2.0
equiv.) was added under stirring. The corresponding CRBN-linker module 3-6, 3-7, or 3-
8 (1.0 equiv.) was then added, followed by HATU (1.2 equiv.). The reaction mixture was
stirred at room temperature for 6 h. The mixture was then poured into H,O and extracted
with DCM (3 x). The combined organic layers were washed with brine, dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography on silica gel (DCM/MeOH, 100:0
to 90:10). The resulting solid was further purified by sequential trituration with 10%
EtOAc in PE and 5% DCM in diethyl ether to afford the corresponding CRBN-recruiting
PROTAC 3-9, 3-10, or 3-11.

CRBN-Recruiting PROTAC 3-9

%N} Compound 3-6 was reacted according to

o 0 o the general procedure C to afford

oy 7 NJWU ) compound 3-9 as a yellow solid (232 mg,
D8 e ?/ 50% on a 0.5 mmol scale; 1.02 g, 44%

A /— ona2.5mmol scale). "H NMR (500 MHz,

3-9 F CDCI3): 6 = 9.84 (s, 1H), 8.86 (br, 1H),

8.42 (s, 1H), 8.34 (d, J = 7.0 Hz, 1H), 8.16 (s, 1H), 8.09 (s, 1H), 7.77 (d, J = 11.4 Hz, 1H),
7.58 (t, J = 7.5 Hz, 1H), 7.41 (d, J = 7.0 Hz, 1H), 7.34 (d, J = 7.1 Hz, 1H), 7.12 (d, J =
7.9 Hz, 1H), 4.96 (dd, J = 12.0, 5.0 Hz, 1H), 4.75-4.70 (m, 1H), 3.83-3.71 (m, 8H), 3.35—
3.31 (m, 2H), 3.26-3.24 (m, 2H), 3.12-3.08 (m, 4H), 2.91-2.88 (m, 1H), 2.83-2.74 (m,
2H), 2.68 (s, 3H), 2.61-2.59 (m, 4H), 2.13-2.10 (m, 1H), 1.69 (d, J = 6.7 Hz, 6H), 1.19
(s, 6H) ppm. *C NMR (126 MHz, CDCl,): 5 = 171.93, 170.6, 170.4, 168.6, 167.2, 166.6,
155.3, 153.5, 153.2, 151.2, 150.7, 149.8, 147.1, 147.0, 142.4, 136.8, 136.3, 135.7, 134.1,
133.9, 127.5, 127.2, 123.3, 117.9, 116.2, 112.4, 108.74, 107.97, 51.7, 50.5, 50.3, 50.1,
49.2,48.6,41.7,41.2, 33.6, 31.4, 28.8, 22.7, 21.4, 15.0 ppm. HRMS (ESI): m/z calcd for
CgHs306N1,F, [M+H]*: 931.41736; found: 931.41772.

CRBN-Recruiting PROTAC 3-10

the general procedure C to afford
o N0 o o compound 3-10 as a yellow solid (220 mg,
H LS NN 0.23 mmol, 38%). In the NMR spectrum,
N/ LN N w7\~ two rotamers were observed. 'H NMR

N u)\\w " (500 MHz, DMSO-d): 6 = 11.10 (d, J =

3-10 " 3.6Hz 1H), 9.86 (s, 1H), 8.65 (d, J =37

Hz, 1H), 8.27 (s, 1H), 8.07 (ddd, J = 10.0,

8.1, 2.6 Hz, 2H), 7.68 (d, J = 12.1 Hz, 1H), 7.62-7.54 (m, 1H), 7.47-7.40 (m, 1H), 7.31
(d, J = 8.7 Hz, 1H), 7.20 (dd, J = 16.2, 6.9 Hz, 1H), 5.10 (ddd, J = 12.9, 10.3, 5.3 Hz,

1H), 4.84 (dt, J =13.7, 6.7 Hz, 1H), 4.01 (dt, J = 36.3, 10.7 Hz, 2H), 3.78-3.38 (m, 12H),
89
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3.07 (d, J = 18.9 Hz, 4H), 2.65 (s, 3H), 2.37 (dd, J = 79.1, 8.9 Hz, 4H), 2.03-1.99 (m,
2H), 1.96-1.80 (m, 2H), 1.63 (d, J = 6.8 Hz, 6H), 1.01 (d, J = 26.9 Hz, 6H) ppm. **C NMR
(126 MHz, CDCl5): & = 172.2, 171.9, 171.6, 170.6, 168.8, 167.3, 166.9, 155.4, 154.3,
153.6, 152.3, 151.8, 151.3, 149.8, 149.1, 148.7, 147.3, 147.0, 142.5, 136.7, 136.4, 135.3,
135.1, 134.6, 134.0, 127.6, 127.4, 122.8, 114.2, 113.8, 113.6, 112.5, 108.8, 108.1, 60.4,
55.0, 53.3, 52.2, 51.8, 50.4, 50.1, 49.3, 48.8, 48.6-48.5, 47.7, 45.8, 44.4, 41.8, 41.5,
41.2, 33.5, 31.5, 29.2-28.7, 28.4, 26.4, 22.7, 21.5, 21.1, 15.0, 14.2 ppm. UPLC-MS
(ESI*): tr = 5.65 min, m/z = 945.7 [M+H]*, 967.7 [M+Na]".

CRBN-Recruiting PROTAC 3-11

the general procedure C to afford

QO Compound 3-8 was reacted according to
NH
OENi © compound 3-11 as a yellow solid (301 mg,

0.31 mmol, 39%). '"H NMR (500 MHz,

”Q\ Y CDCl;): 6=10.12 (s, 1H), 8.78 (s, 1H), 8.43

H QN o (d, J = 3.6 Hz, 1H), 8.37 (d, J = 9.1 Hz, 1H),

LA f 8.18 (s, 1H), 8.11 (d, J = 2.5 Hz, 1H), 7.91

31 " (d,J=7.7Hz, 1H), 7.80 (d, J = 1.6 Hz, 1H),

F 7.58 (t, J = 7.8 Hz, 1H), 7.38 (d, J = 7.0 Hz,

2H), 7.18 (d, J = 8.5 Hz, 1H), 4.98 (dd, J = 12.1, 5.3 Hz, 1H), 4.74 (dt, J = 13.9, 6.9 Hz,

1H), 4.07-3.58 (m, 8H), 3.50 (s, 1H), 3.23-3.04 (m, 7H), 2.93-2.71 (m, 4H), 2.70 (s, 3H),

2.47-2.28 (m, 4H), 1.72 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 5.1 Hz, 6H) ppm. **C NMR (126

MHz, CDCl,): & = 172.1, 170.9, 168.8, 167.4, 166.9, 155.3, 154.3, 153.6, 152.3, 151.8,

151.3, 150.5, 149.8, 147.2, 142.2, 137.1, 137.0, 137.0, 136.1, 135.6, 134.1, 127.6, 123.6,

117.3, 115.5, 112.6, 108.8, 108.0, 50.7, 50.4, 49.9, 49.2, 48.6, 47.3, 46.5, 45.3, 41.4,

40.7,34.4,32.0, 31.4, 29.6, 29.3, 22.8, 21.5, 15.0 ppm. UPLC-MS (ESI*): tr = 5.72 min,
m/z = 945.7 [M+H]*.
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Compound 3-S13

mo Compound 3-S13 was prepared according to a reported procedure' and
cl N © obtained as a yellow solid (6.51 g, 29.1 mmol, 53% over two steps). The
{ analytical data matched those reported in the literature.' '"H NMR (500
MHz, CDCl;): 6=9.26 (s, 1H), 7.62 (d, J = 8.6 Hz, 1H), 7.45 (s, 1H), 7.27-
7.20 (m, 1H), 7.15 (dd, J = 8.6, 1.7 Hz, 1H), 4.47 (9, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz,
3H) ppm.

3-813

Compound 3-12

o, Compound 3-12 was prepared from compound 3-S13 according to a
/sz;(o reported Vilsmeier—Haack formylation procedure’ and obtained as a
cl N o~ yellow solid (5.12 g, 20.3 mmol, 70%). The analytical data matched
those reported in the literature.” 'H NMR (500 MHz, DMSO-d,): & =
12.82 (s, 1H), 10.53 (s, 1H), 8.17 (d, J = 8.6 Hz, 1H), 7.51 (d, J = 1.9 Hz,
1H), 7.27 (dd, J = 8.6, 1.9 Hz, 1H), 4.43 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H) ppm.

3-12

Compound 3-13

procedure?. In a round-bottom flask, sodium p-toluenesulfinate 3-S14

(3.95 g, 15.77 mmol) was dissolved in H,O (20 mL). TBME (20 mL) was

added, followed by the slow addition of concentrated aqueous HCI
(1.30 mL). The mixture was stirred at room temperature for 1 h. The organic phase was
separated, and the aqueous phase was extracted with TBME. The combined organic
layers were dried over Na,SO,, filtered, and concentrated under reduced pressure to
afford p-toluenesulfinic acid, which was used directly in the next step. The obtained p-
toluenesulfinic acid (1.5 equiv., 13.9 mmol, 2.17 g) was combined with dried 4-
fluorobenzaldehyde 3-815 (1.0 equiv., 9.25 mmol, 1.15 g), formamide (2.5 equiv., 23.1
mmol, 1.04 g), and chlorotrimethylsilane (1.1 equiv., 10.2 mmol, 1.11 g) in a 1:1 mixture
of MeCN/toluene (10 mL/10 mL). The reaction mixture was heated at 50 °C for 10 h.
After cooling to room temperature, the mixture was diluted with TBME and washed with
H,O. The organic layer was dried over Na,SO,, filtered, and concentrated under reduced
pressure to afford the formamide sulfone intermediate, which was dried in a vacuum
oven overnight and used directly in the next step. The crude formamide sulfone was
dissolved in anhydrous THF (16 mL) and cooled to 0 °C. POCI; (2.0 equiv., 14.8 mmol,
1.38 mL) was added, followed by the slow dropwise addition of EtzN (6.0 equiv., 44.4
mmol, 6.2 mL) while keeping the internal reaction temperature below 10 °C. The reaction
mixture was stirred at 0—10 °C for 30 min, then diluted with EtOAc and quenched with
H,O. The organic layer was separated, washed with H,O, saturated aqueous NaHCO;
and brine, dried over Na,SO,, filtered, and concentrated under reduced pressure. The
crude product was purified rapidly by flash column chromatography on silica gel
(PE/EtOACc, 10:1), with the chromatography completed within 1 h. The resulting solid was

o ne Compound 3-13 was prepared according to a modified reported
Jegye!
3413
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further recrystallized from absolute ethanol to afford compound 3-13 as a yellow solid
(1.50 g, 5.18 mmol, 56% over three steps). The analytical data matched those reported
in the literature.?2 "H NMR (500 MHz, CDCl;): 6 = 7.64 (d, J = 8.0 Hz, 2H), 7.37-7.31 (m,
4H), 7.09 (t, J = 8.5 Hz, 2H), 5.68 (s, 1H), 2.47 (s, 3H) ppm. *C NMR (126 MHz, CDCl,):
0 = 166.20, 165.04, 163.04, 146.85, 130.58, 130.50, 130.42, 129.91, 122.52, 116.06,
115.88, 75.56, 21.80 ppm.

Compound 3-S16

& In a 20 mL vial equipped with a magnetic stir bar, ethyl 6-chloro-3-
formyl-1H-indole-2-carboxylate 3-12 (1.0 equiv., 2.50 mmol, 629 mg),

NNTo isocyanide sulfone 3-13 (1.0 equiv.,, 2.50 mmol, 723 mg), 4-
O = © chlorobenzylamine 3-14 (1.0 equiv.,, 2.50 mmol, 354 mg), and

triethylamine (1.0 equiv., 2.50 mmol, 0.35 mL) were dissolved in EtOH

o 316 (6.3 mL). The reaction mixture was heated at 60 °C for 3 h. After cooling

to room temperature, the solvent was removed under reduced pressure,

and the crude product was purified by flash column chromatography on silica gel

(EtOAc/MeOH, 100:0 to 95:5) to afford compound 3-S16 as a white solid (850 mg, 1.68

mmol, 67%). The analytical data matched those reported in the literature.® '"H NMR (500

MHz, DMSO-d,): 6 = 12.39 (s, 1H), 8.09 (s, 1H), 7.50 (d, J = 1.6 Hz, 1H), 7.41-7.28 (m,

2H), 7.13-7.05 (m, 2H), 7.01-6.89 (m, 4H), 6.75 (d, J = 8.2 Hz, 2H), 4.94 (s, 2H), 4.06

(q,J =7.0 Hz, 2H), 1.04 (t, = 7.1 Hz, 3H) ppm. UPLC-MS (ESI*): tr = 4.63 min, m/z =
508.5 [M+H]".

F

MDM2-Binding Module 3-15

7 Compound 3-S16 (0.850 g, 1.68 mmol) was dissolved in a 1:1 mixture of
2 M aqueous NaOH/EtOH (6 mL/6 mL). The reaction mixture was heated

N" N0 at reflux for 2-3 h and monitored by TLC. After completion, the reaction
—/°"  mixture was poured into ice-water, and the pH was adjusted to 4-5.5 with
D 4 M HCI. The resulting mixture was extracted with EtOAc (2 x). The

o/ 315 combined organic layers were washed with brine, dried over Na,SO,,
filtered, and concentrated under reduced pressure to afford compound 3-15, which was
used directly in the next step without further purification (0.68 g, 1.43 mmol, 85%). The
analytical data matched those reported in the literature.® '"H NMR (600 MHz, DMSO-d,):
0 =13.25 (s, 1H), 12.39 (s, 1H), 8.02 (s, 1H), 7.46 (dd, J = 1.9, 0.5 Hz, 1H), 7.39-7.34
(m, 2H), 7.08 (ddd, J = 8.5, 2.6, 1.9 Hz, 2H), 6.95 (tdd, J = 8.9, 3.1, 2.2 Hz, 2H), 6.90
(dd, J = 8.6, 1.9 Hz, 1H), 6.85 (d, J = 8.6 Hz, 1H), 6.78 (ddd, J = 8.6, 2.5, 1.9 Hz, 2H),
5.03 (d, J =15.7 Hz, 1H), 4.87 (d, J = 15.7 Hz, 1H) ppm. UPLC-MS (ESI*): tr = 5.81 min,
m/z = 480.0 [M+H]*.
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Modified Procedure D for MDM2-Ligand-Based Amide Coupling

The HCI salt of compound 3-1 (1.185 equiv.) was suspended in DMF, and DIPEA (2.0
equiv.) was added under stirring. The MDM2-binding carboxylic acid 3-15 (1.0 equiv.)
was then added, followed by HATU (1.2 equiv.). The reaction mixture was stirred at room
temperature for 4 h. The mixture was poured into H,O and extracted with DCM (3 x).
The combined organic layers were washed with brine, dried over anhydrous Na,SO,,
filtered, and concentrated under reduced pressure. The crude product was purified by
flash column chromatography on silica gel (MeOH in DCM, 0.1-3.4%). The resulting
solid was further purified by recrystallization from 20% EtOAc in EtOH to afford the
MDM2-ligand-based CDK PROTAC candidate 3-16.

MDM2-Ligand-Based CDK PROTAC Candidate 3-16

; \C' Compound 3-15 was reacted according to the

N = modified procedure D to afford compound 3-16 as

O/W o a white solid (320 mg, 0.345 mmol, 49%). '"H NMR
F = N/\

R ~— (500 MHz, DMSO-d,): 6 = 12.22 (s, 1H), 9.89 (s,
‘N/ NA\N‘ N 1H), 8.64 (d, J = 3.6 Hz, 1H), 8.30 (d, J = 8.9 Hz,
. ‘e 1H), 8.16-8.02 (m, 3H), 7.78 (d, J = 11.5 Hz, 1H),
F 7.54-7.42 (m, 3H), 7.36-7.25 (m, 2H), 7.18-7.05
(m, 2H), 6.99-6.86 (m, 3H), 5.05 (d, J = 15.5 Hz, 1H), 4.88 (d, J = 15.5 Hz, 1H), 4.78—
4.69 (m, 1H), 3.75-3.05 (m, 8H), 2.68 (s, 3H), 1.66 (d, J = 6.8 Hz, 6H) ppm. *C NMR
(126 MHz, CDCl5): & = 162.23, 160.19, 155.83, 154.06, 153.68, 152.04, 149.79, 148.06,
142.06, 139.22, 138.20, 136.52, 136.47, 136.30, 136.23, 134.13, 133.85, 130.87, 130.35,
129.09, 128.75, 128.66, 127.34, 127.28, 125.81, 122.07, 121.34, 119.56, 115.44, 115.27,
112.99, 112.06, 104.49, 65.66, 53.44, 48.79, 48.73, 21.46, 21.43, 15.29, 15.08 ppm.
UPLC-MS (ESI*): tr = 2.59 min, m/z = 463.8 [M+2H]**; weak [M+H]* isotope cluster
observed at m/z 926-929.

Cl

3-16

Biological Evaluation

Cell culture. Biological assays were performed by collaborators at the Princess Maxima
Center for Pediatric Oncology. Neuroblastoma cell lines CHP-134, GI-M-EN, NGP,
SJINB-1, SINB-6 and TR14, together with the breast cancer cell lines SK-BR-3 and
MDA-MB-231, were used. Cells were cultured under the conditions described in the
associated patent application*, using the appropriate media supplemented with fetal
bovine serum and antibiotics. Cell-line identity was verified by STR profiling, and cultures
were regularly tested for mycoplasma contamination.

Cell viability assays. Cells were seeded in 384-well microplates as 40 pL cell
suspensions using a Multidrop Combi reagent dispenser and allowed to attach overnight
before compound treatment. Compounds were dispensed using either a D300e digital
dispenser or an Echo 550 acoustic liquid handler as part of the in-house high-throughput
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screening facility. After 72 h treatment, cell viability was determined using CellTiter-Glo
2.0 according to the manufacturer’s protocol. Data were normalized to DMSO-treated
cells, defined as 100% viability, and empty control wells, defined as 0% viability. Dose—
response curves were fitted using the “drc” package in R Studio, and IC;s, values and
area-under-the-curve values were determined.

Immunoblotting. Cells were lysed in Laemmli buffer, and protein concentration was
determined prior to gel electrophoresis. Protein samples were separated on 10% Mini-
PROTEAN TGX gels and transferred to PVDF membranes. Membranes were blocked
and incubated with primary antibodies against CDK2, CDK4, CDK6, CDK9 and a-tubulin,
followed by HRP-conjugated secondary antibodies. Signals were detected by
chemiluminescence and visualized using a ChemiDoc imaging system.

KINOMEscan. Kinase-binding profiling was performed using the Eurofins DiscoverX
scanMAX kinase panel. PROTAC 3-9 was tested at 100 nM and 1000 nM, and the
resulting kinase-interaction profiles were visualized as TREEspot maps.

Data source and limitations. The biological evaluation discussed in this thesis is based
on representative figures and reported numerical values disclosed in the associated
patent application W02024256569,* where PROTAC 3-9 is referred to as compound 29.
Further methodological details and the original TREEspot maps are available in the
patent application. Complete raw datasets were not available for independent reanalysis.
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