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Abstract
The epidermal growth factor receptor (EGFR) is overexpressed in various cancers and contributes to tumor progression and
therapeutic resistance. Although EGFR-targeting small-molecule inhibitors are clinically available, their limited efficacy and
acquired resistance pose major challenges. In this study, we designed and synthesized a novel class of dual proteolysis-
targeting chimeras (PROTACs) incorporating the natural product derivative Potassium Dehydroandrographolide Succinate
(PDS) as the protein of interest (POI) ligand. PDS was selected as the POI ligand due to its structural similarity to
andrographolide, a natural compound known to inhibit EGFR signaling, suggesting that PDS may retain EGFR-binding
potential despite lacking direct anti-tumor reports. Unlike conventional PROTACs, these molecules feature two CRBN E3
ligase ligands symmetrically attached via distinct linkers, thereby enhancing the likelihood of ternary complex formation and
promoting more efficient EGFR degradation. Among the synthesized compounds, DP6 exhibited the most potent anti-
proliferative activity in MCF-7 cells, with a 3.8-fold improvement over the parent PDS molecule. Western blotting
confirmed that DP6 induced concentration-dependent EGFR degradation via the ubiquitin–proteasome system, suppressed
downstream JAK2-STAT3 signaling, and promoted apoptosis. This study not only demonstrates the feasibility of utilizing
structurally modified natural products as POI ligands, but also introduces a unique dual-ligand PROTAC architecture that
may provide enhanced degradation potency for traditionally “undruggable” targets.
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Introduction

Cancer is a disease characterized by the uncontrolled pro-
liferation and migration of cells. The spectrum of ther-
apeutic modalities available for cancer includes surgery,
chemotherapy, radiation therapy, administration of anti-
cancer medications, immunotherapy, and stem cell therapy
[1]. Despite continuous advancements in treatment meth-
odologies, cancer-related mortality has been increasing.
According to research statistics from the National Cancer
Centre, 2,574,200 new cancer deaths were reported in
China in 2022. With China’s aging population, it is
anticipated that cancer will exert a profound impact on the
national economy and societal development [2].

Recent advancements in targeted therapy have rendered
it an effective treatment option for cancer patients [3]. These
therapies, which rely on optimizing the binding affinity of
drugs, operate on an ‘occupancy-driven’ mechanism of
action. However, this mechanism limits the number of
druggable targets and is associated with challenges such as
drug resistance, short half-life, and off-target effects [4]. In
contrast to small-molecule inhibitors and antibodies, PRO-
TACs constitute a novel class of therapeutic agents that
selectively facilitate the degradation of target proteins via
endogenous protease systems, thus emerging as a significant
and extensively discussed domain within the field of drug
discovery over recent decades [5–9]. These molecules are
heterobifunctional, comprising a ligand for the protein of
interest (POI), a ligand for an E3 ubiquitin ligase, and a
linker that connects the two ligands. This structure facil-
itates the recruitment of both the POI and the E3 ligase,
forming a ternary complex (‘E3-PROTAC-POI’), which
leads to the degradation of the target protein through the
ubiquitin-proteasome pathway [10].

Unlike traditional “occupancy-driven” inhibitors, (PRO-
TACs employ an “event-driven” mechanism to induce the
degradation of pathogenic proteins, thereby demonstrating
superior efficacy and prolonged anti-tumor effects com-
pared to mere inhibition of protein activity [11]. Further-
more, PROTACs facilitate efficient degradation with short
reaction times, minimal catalytic quantities, and weak
binding to target proteins, allowing for recycling and
reduction of dose-related toxicity [5]. Additionally, PRO-
TACs exhibit enhanced tolerability over small-molecule
inhibitors in instances where target proteins are either
mutated or expressed at low levels, and they possess a
certain degree of tissue permeability, enabling action on
intracellular targets [12]. As of March 2023, approximately

23 PROTAC molecular drugs have entered clinical research
globally. In various PROTAC design approaches, Qi et al.
selected the natural product ursolic acid as the protein of
interest (POI) ligand and synthesized a series of PROTACs
by designing and optimizing the linker in conjunction with
thalidomide, thereby significantly enhancing the anti-tumor
activity of ursolic acid [13]. It is thus hypothesized that the
strategy of PROTAC could convert inactive or less active
inhibitors derived from natural products into effective anti-
tumor agents [14, 15].

Natural products serve as a rich source of lead com-
pounds, offering unique chemical structures that provide a
foundation for the synthesis or semi-synthesis of novel
pharmaceuticals. Furthermore, their diverse biological
activities render them invaluable in drug development.
indicate that between 1981 and 2019, approximately two-
thirds of small-molecule drugs were derived from natural
products, with natural products and their derivatives
accounting for around 70% of FDA-approved anti-cancer
medications. Andrographolide (ADGL), a bicyclic diterpe-
noid lactone extracted from the natural plant Andrographis
paniculata, exhibits a range of bioactivities, including anti-
inflammatory, antibacterial, anti-tumor, anti-HIV, and
immune-enhancing properties [16, 17]. Research has
demonstrated that andrographolide targets the epidermal
growth factor receptor (EGFR) to inhibit epithelial-
mesenchymal transition during the early stages of cancer
metastasis, thus exerting significant anti-tumor effects [18].
Nevertheless, its bioavailability is limited by its poor water
solubility and low oral absorption.In order to improve its
pharmacological properties,Potassium Dehydroandro-
grapolide succinate (PDS) is a derivative obtained by
structural modification of andrographolide (Fig. 1A). This
compound exhibits immunomodulatory and notable anti-
inflammatory efficacy and has been widely utilized in
clinical settings. However, its anti-tumor activity remains
unreported in the literature. ARQ-092 is an inhibitor that
targets allosteric sites, and Yu et al. synthesized a car-
boxylic acid derivative by introducing three atoms into the
phenyl ring structure on the left side of the molecule, sub-
sequently employing it as a POI ligand to successfully
generate a series of AKT-PROTAC degraders (Fig. 1B).
Research findings indicate that the novel AKT PROTAC
molecule 62 can induce significant degradation of AKT in
the colon cancer cell line SW620 (Fig. 1C). These results
suggest that lead compounds, following structural mod-
ification, can further enhance degradation efficiency against
the original target protein through the PROTAC strategys
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[19]. Based on this premise, we will employ the PROTAC
strategy to synthesize a series of “PDS-PROTACs” utilizing
andrographolide as the lead compound, with the aim of
improving degradation activity against EGFR.

EGFR is a receptor tyrosine kinase that plays a pivotal
role in the regulation of cell proliferation, differentiation,
and survival [20]. Its overexpression has been docu-
mented in various human cancers, particularly in breast
cancer, where it is associated with aggressive tumor
behavior and poor clinical prognosis [21]. Aberrant EGFR
signaling promotes tumor progression through sustained
activation of downstream pathways, including the JAK2/
STAT3 axis, contributing to resistance against apoptosis
and enhanced metastatic potential. Despite the clinical use

of EGFR inhibitors, their therapeutic efficacy remains
limited by drug resistance, off-target effects, and insuffi-
cient degradation of the receptor protein itself. Therefore,
a strategy that not only inhibits but also depletes EGFR
could represent a transformative advancement in targeted
cancer therapy.

In this study, we designed and synthesized a novel series of
PROTAC molecules by conjugating PDS with CRBN ligands,
aiming to achieve targeted EGFR degradation. By leveraging
the bioactive scaffold of a clinically approved natural product
and the event-driven mechanism of PROTACs, our work
proposes an innovative approach to address the limitations of
traditional EGFR inhibition and explore a new therapeutic
avenue for breast cancer treatment.
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Fig. 1 Chemical structures of
covalent inhibitors The chemical
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chemical structures of ADQ-092
and its derivative 1(B),Chemical
structure of ARQ-092-Based
AKT PROTAC 62 (C)
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Results and discussion

Design and synthesis of novel dual PROTACs
targeting EGFR

Molecular docking

Andrographolide, known for its significant anti-cancer
activities, particularly against breast, lung, and cervical
cancers, retains an important pharmacophore—the α-
methylene-γ-butyrolactone moiety—in its derivative PDS
[20]. Leveraging molecular similarity principles.

PDS was subjected to molecular docking with potential
targets of andrographolide, including SRC, BRAF, CASP3,

EGFR, and MMP2 [21], to identify optimal binding models.
As shown in Table 1 and Fig. 2, the lowest binding energies
from the molecular docking of PDS with SRC, BRAF,
CASP3, EGFR, and MMP2 were−4.76 kJ/mol,−6.72 kJ/mol,
−7.18 kJ/mol, −6.47 kJ/mol, and −4.34 kJ/mol, respectively.
CASP3 exhibited the strongest binding affinity with PDS,
followed by BRAF. However, considering that CASP3 is an
apoptosis-promoting protein [22] and BRAF is not frequently
expressed in breast cancer, we selected EGFR as the focus of
subsequent research, given that PDS-based PROTACs aim to
degrade specific target proteins.

To gain a deeper understanding of the interaction
between the POI ligand and the target protein, we further
analyzed the molecular docking results between PDS and
EGFR (Fig. 3A, B). It was observed that the structural
modifications in PDS preserved its affinity for EGFR, with
the calculated optimal binding energy being −6.47 kJ/mol.
The docking analysis revealed significant hydrogen bonding
interactions between PDS and EGFR residues, including
(Lys757), arginine (Arg836), tyrosine (Tyr869), histidine
(His870),and glutamic acid (Glu872), with an average bond
length of 2.3 Å.Furthermore, non-bonding interactions
between PDS and EGFR proteins result in the formation of
forces charaterized by electrostatic potential energy and van
der Waals forces(Fig. 3C, D). Additionally, the two car-
boxyl groups in the PDS structure were exposed to the
solvent environment(Fig. 3E), suggesting that these sites
could be utilized for the synthesis of PDS-PROTACs.These
results provide further confirmation that PDS demonstrates
a strong binding interaction with EGFR.

Table 1 The lowest binding energy result for the molecular docking of
PDS with SRC, BRAF,CASP3,EGFR and MMP2

Mode Binding energy(kcal/mol)

SRC BRAF CASP3 MMP2 EGFR

1 −4.76 −6.72 −7.18 −4.34 −6.47

2 −4.53 −6.42 −6.74 −3.67 −6.12

3 −4.45 −6.38 −5.65 −3.65 −5.62

4 −4.32 −6.34 −5.46 −3.60 −5.51

5 −3.76 −6.20 −5.40 −3.53 −5.44

6 −3.72 −6.13 −5.31 −3.43 −5.26

7 −3.68 −6.12 −5.27 −3.42 −5.23

8 −3.56 −6.05 −4.97 −3.20 −5.05

9 −3.49 −6.05 −4.94 −3.15 −4.99

10 −3.44 −6.02 −4.91 −3.10 −4.84

Fig. 2 Molecular docking of PDS with SRC(A), BRAF(B), CASP3(C) and MMP2 (D)
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Chemical synthesis

Amidation is a common coupling reaction in PROTAC
synthesis, and the carboxyl groups of PDS were selected as
the linker attachment points. Inspired by the successful
design of novel dual-PROTACs using Olaparib, Gefitinib,
and an E3 ligase ligand conjugated with a star-shaped

linker by Li et al. [23], we designed a series of dual-
PROTAC molecules based on the structure of PDS. These
dual-PROTACs consist of one POI ligand, two linkers, and

two E3 ligase ligands (Fig. 4A). The dual-PROTAC
molecule specifically recognizes and binds to the target
protein via one end of the POI ligand, while the two linkers
each bind to the same E3 ubiquitin ligase ligand, forming a
“target protein-PROTAC-E3 ligase” quaternary complex.
Within this complex, the target protein undergoes simulta-
neous ubiquitination by two E3 ligases, leading to its
recognition and degradation by the proteasome (Fig. 4B).

Currently, available linkers include flexible alkyl chains and
polyethylene glycol (PEG) chains, as well as rigid heterocycles,

Fig. 3 The predicted binding mode of PDS with EGFR (PDB ID:1I-
VO).Three-dimensional structure of PDS-EGFR docking(A) PDS and
EGFR binding site prediction(B),PDS and EGFR binding 2D

structural map(C),Surface electrostatic forces of PDS and EGFR bin-
ding(D),The two carboxyl groups of PDS (indicated by the blue circle)
is solvent-exposed(E)
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alkyne-containing chains, piperazines, triazoles, and piper-
idines. The type, length, and polarity of the linker influence the
recruitment of the E3 ubiquitin ligase and the formation of the
ternary complex, thereby affecting the degradation efficiency
and selectivity of PROTACs [24]. Among these, flexible
chains are most commonly used due to their conformational
flexibility, which enhances the interaction between the PRO-
TAC, POI, and E3 ubiquitin ligase. As of 2023, 44.81% of
PROTACs have used alkyl chains and 22.5% have used PEG
chains [25]. Based on this data, we selected alkyl and PEG
linkers of varying lengths to explore their impact on anti-tumor
activity.

The E3 ligase ligands used in PROTACs are mainly
derived from VHL and CRBN [26]. Compared to VHL
ligands, CRBN ligands exhibit lower molecular weights
and better physicochemical and pharmacokinetic prop-
erties [27–29]. Hence, our focus was on designing
PROTACs using CRBN ligands, specifically pomalido-
mide and lenalidomide. Additionally, Bricelj et al.
demonstrated that PROTACs with a linker introduced at
the C-4 position of the phthalimide moiety of CRBN
ligands exhibited better stability [30], thus guiding our
selection of the C-4 position for linker introduction in
this study.

Fig. 4 Design of Dual
PROTACS base on PDS (A)
Design Strategies Based on PDS
(B) Degradation mechanism of
Dual PROTACS
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Following the proposed design strategy, all compounds
were synthesized using standard protocols [31, 32]. The
synthesis of compounds DP1-DP9 is shown in Scheme 1.
Fluoro-thalidomide was subjected to nucleophilic substitu-
tion with alkyl and PEG chains of varying lengths to pro-
duce intermediates 3a–3f and 6a–6c. The Boc protective
groups were removed under 25% TFA/DCM conditions,
and PDS was conjugated with the intermediates via amide
condensation reactions to yield the final products DP1-DP9.

DOPA and 9-((tert-butoxycarbonyl)amino)nonanoic acid
underwent an amide formation reaction to produce inter-
mediate 9 under DIPEA/HATU conditions. Subsequently,
under acidic conditions (25% CF3COOH), the Boc pro-
tecting group was removed to yield compound 10. Amide
formation between EDCl/HoBt/DIPEA and PDS yiel-
dedDL1(Scheme 2). Purification was subsequently per-
formed using column chromatography and preparative thin-

layer chromatography (PTLC). The compounds were
structurally characterized using 1H NMR, 13C NMR.

In vitro anti-tumor activity of PDS-PROTACs

To evaluate the efficacy of PDS-based PROTACs in
degrading EGFR, two human cancer cell lines over-
expressing EGFR were selected, and the biological activ-
ities of the synthesized PDS-derived PROTACs were
assessed. Tripterine (Celastrol) was used as a positive
control [33]. Using the CCK-8 assay, the anti-proliferative
effects of PDS and its PROTACs were evaluated against
two human cancer cell lines: breast cancer (MCF-7) and
non-small cell lung cancer (A549). Various concentrations
of PDS, DP1-DP9, andDL1 (ranging from 6.125 μM to
400 μM) and different concentrations of Celastrol (ranging
from 0.3125 μM to 20 μM) were tested against the cancer

Scheme 1 Synthesis of Compounds DP1-DP9.

αReagents and conditions: (a) DIPEA, DMF, 90 °C; (b)TFA,DCM/MeOH, rt; (c)PDS,EDCl, HOBt, DIPEA,DMF, rt

Medicinal Chemistry Research (2025) 34:1695–1713 1701



cells for 48 h. The IC50 values of each compound were
calculated using SPSS 22.0 software. As shown in Table 2,
compound DP6 exhibited the most significant anti-tumor
activity across all two cancer cell lines. In MCF-7 cells,
DP6 demonstrated the strongest anti-tumor activity with an
IC50 of 23.60 ± 0.36 μM, a 3.8-fold improvement over its
precursor, PDS (IC50= 89.07 ± 6.16 μM). Furthermore,
DP6 showed notable anti-tumor effects against A549
(IC50= 26.95 ± 0.22 μM) cells, displaying 3.7-fold
increase in potency compared to PDS in these cell lines,
respectively. Among the synthesized dual PROTACs, DP6
exhibited the most potent antiproliferative activity against
MCF-7 cells, with an IC₅₀ value of XX μM, and was
therefore selected for further mechanistic investigation.
Given its superior efficacy, we inferred that the linker length

used in DP6 represented an optimal configuration for tern-
ary complex formation. To evaluate whether the dual-ligand
design was essential for activity enhancement, we synthe-
sized a monovalent control compound, SP6-1 and SP6-2
(Scheme S1), which retained the same linker and POI ligand
as DP6 but incorporated only a single CRBN ligand. As
shown in the Supporting Information (Table S1), SP6
exhibited negligible antiproliferative activity, with an IC₅₀
exceeding 100 μM, in contrast to the robust efficacy of DP6.
This result supports the hypothesis that the dual E3 ligase
ligand architecture is critical for maximizing EGFR degra-
dation and anti-tumor potency.

The cell viability assays revealed that PDS was inactive
against A549 cells and exhibited only weak anti-
proliferative effects against MCF-7 cells. The length of
the linker was shown to significantly impact the formation
of the POI-PROTAC-E3 ternary complex, which is crucial
for determining its biological activity [34]. Specifically,
alkyl linkers were used to conjugate PDS with pomalido-
mide ligands, producing PROTACs containing 2–8
methylene units (DP1-DP6). As shown in Fig. 5, there was a
clear correlation between linker length and PROTAC
activity. Novel compounds DP1-DP3, which had linkers
consisting of only 2–4 methylene units, had IC50 values
greater than 100 μM in all two cancer cell lines, suggesting
that shorter linkers may lead to steric hindrance, disrupting
the formation of the ternary complex and reducing anti-
proliferative activity [35]. Increasing the linker length by
one methylene unit in DP4 resulted in a slight improvement
in anti-proliferative activity in MCF-7 cells
(IC50= 77.88 ± 9.40 μM). Further increasing the linker
length in DP5 led to a significant improvement in anti-
tumor activity, with IC50 values of 42.51 ± 2.04 μM in
MCF-7 cells and 34.17 ± 1.09 μM in A549 cells. When the
linker was extended to 8 methylene units, the resulting
PROTAC (DP6) exhibited the most potent anti-tumor
activity in all two cell lines, showing a 3.8-fold and 2.9-fold

Scheme 2 Synthesis of CompoundsDL1.

αReagents and conditions: (a) DIPEA, HATU, RT, 24 h; (b)TFA,DCM/MeOH, rt; (c) PDS,EDCl, HOBt,DIPEA,DMF, rt

Table 2 IC50 values of compounds PDS,DP1-DP9,DL1 and Celastrol
in A549 and MCF-7

Compounds IC50(μM)a

MCF-7 A549

PDS 89.07 ± 6.16 >100

DP1 >100 >100

DP2 >100 >100

DP3 >100 >100

DP4 77.88 ± 9.40 >100

DP5 42.51 ± 2.04 34.17 ± 1.09

DP6 23.60 ± 0.36 26.95 ± 0.22

DP7 >100 >100

DP8 >100 >100

DP9 >100 >100

DL1 68.20 ± 14.80 >100

Celastrol 0.87 ± 0.05 0.23 ± 0.01

aThe blank group was cultured with DMSO treatment.

Data are from three independent experiments and are presented as
mean ± SD.
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improvement in MCF-7 and A549 cells, respectively,
compared to its precursor PDS (Fig. 5A, B). The significant
increase in potency indicated a notable shift in the
mechanism of action of the new compound. However,
compared to alkyl linkers, compounds with PEG linkers did
not demonstrate significant anti-tumor activity
(IC50 > 100 μM). DP6 andDL1, both of which contain an
8-methylene alkyl linker, differed only in the structure of
their E3 ligase ligand, with DP6 conjugating pomalidomide
andDL1 conjugating lenalidomide. DP6 exhibited more
potent anti-proliferative activity in MCF-7 cells, while DL1
showed no significant activity in A549 cells and a 2.9-fold
reduction in potency in MCF-7 cells. Zhao et al. previously
reported that CT-4, a PROTAC designed to selectively
degrade HDAC8, exhibited significant anti-migratory and
anti-proliferative activity in MDA-MB-231 cells, with the
PROTAC linker consisting of 8 methylene units [36]. This
suggests that pomalidomide may be a more suitable E3
ligase ligand than lenalidomide, and the use of an
8-methylene alkyl linker may enhance anti-tumor activity.

DP6 degrades EGFR proteins in MCF-7 breast cancer
cells via the ubiquitin-proteasome pathway and
inhibits the JAK2-STAT3 downstream signaling
pathway

To explore the potential therapeutic targets of DP6 in breast
cancer, we conducted Western blot analysis. MCF-7 cells
were treated with varying concentrations of DP6 (10 μM,

20 μM, 30 μM, and 40 μM) for 48 h, and EGFR degradation
was assessed. The results were compared with the degra-
dation effects of 40 μM PDS. The study demonstrated that
DP6 induced a concentration-dependent degradation of
EGFR, with degradation increasing progressively with
concentration and reaching near-complete degradation at
30 μM. Notably, 10 μM of DP6 exhibited degradation
effects comparable to 40 μM of PDS, while 40 μM of DP6
completely degraded EGFR, representing the most potent
degradation activity (Fig. 6A).

To further investigate whether DP6 induces EGFR
degradation through the ubiquitin-proteasome system,we
assessed the reliance of DP6-induced EGFR degradation on
proteasome activity using the proteasome inhibitor MG132,
which is widely applied to inhibit proteasome activity.
Inhibition of the proteasome by MG132 significantly
reduced DP6-induced EGFR degradation (Fig. 6B). These
results inducated our hypothesis that PDS-based PROTACs
can promote the proteasome-dependent degradation of
EGFR.Although the formation and demonstration of ternary
complexes is necessary for a more direct demonstration of
the degradation of EGFR by DP6, our intention at this stage
is only to demonstrate the degradation efficiency of EGFR
by DP6. In subsequent studies, we will explore the forma-
tion of ternary complexes even further.

EGFR participates in signal transduction and transcrip-
tional activation through the classical JAK/
STAT3 signaling pathway [37]. Its overexpression activates
downstream pathways, promoting the expression of anti-

Fig. 5 Effect of different PROTACs of PDS on the inhibition of two
tumor cells, (A) A549 and (B) MCF-7 cells. The blank group was
cultured with DMSO treatment. The bar graphs are presented as

mean ± SD.Statistical analysis was performed by one-way ANOVA.
n= 3****= P < 0.0001 vs control group
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apoptotic genes such as BCL-2, which supports cancer cell
proliferation. Therefore, we further investigated the impact
of EGFR degradation on the JAK/STAT3 signaling path-
way and the expression of anti-apoptotic protein BCL-2.
Western blot analysis revealed that increasing concentra-
tions of DP6 led to a significant decrease in JAK2, STAT3,
and BCL-2 expression levels (Fig. 6C). These findings
suggest that DP6 promotes breast cancer cell apoptosis and
inhibits cancer progression by degrading EGFR, suppres-
sing the JAK2-STAT3 signaling pathway, and reducing
BCL-2 expression.

Preliminary in silico ADME evaluation and
developability assessment

To assess the drug-likeness and developability of the designed
PROTAC molecules, we performed an in silico ADME
evaluation of representative compounds (DP1–DP7, DL1, and
SP6) using the SwissADME platform [38]. As expected for
PROTACs, all compounds exhibited high molecular weights
(1129–1297 Da), a large number of rotatable bonds (25–37),
and multiple violations of Lipinski, Ghose, and Veber rules,
consistent with their size and complexity. Despite these
unfavorable drug-likeness parameters, the compounds
showed no PAINS or structural toxicity alerts, indicating
clean molecular frameworks. Notably, the lead compound
DP6 demonstrated the most potent anti-proliferative activity
and also displayed a favorable safety profile, with no toxic
substructures, moderate hydrogen-bonding potential, and a
bioavailability score of 0.17.

Further analysis revealed that the predicted water solu-
bility of DP6 was low (logS < –5), which is consistent with
the poor aqueous solubility commonly observed in high-
MW PROTAC molecules and may pose a challenge for oral
delivery. Although no experimental metabolic stability
studies were conducted in this study, the structural analysis
showed no metabolic liability alerts, and the presence of

multiple amide bonds suggests possible enzymatic resis-
tance. These findings point to the need for further phar-
macokinetic characterization and formulation optimization,
but also support the potential of DP6 as a tractable lead
compound with a clean toxicity profile.

Due to the excessive size and flexibility of DP8 and DP9,
SwissADME was unable to process these molecules for in
silico evaluation, and they were thus excluded from this
assessment. Future work will employ alternative prediction
models or experimental validation to explore the pharmaco-
kinetic properties of these higher-molecular-weight candidates.

Conclusion

In conclusion, we successfully designed and synthesized a
novel series of dual PROTAC molecules by conjugating the
natural product-derived ligand PDS with two CRBN ligands
via rationally optimized linkers. This dual-ligand architecture
was intended to improve ternary complex formation efficiency
and promote more robust degradation of EGFR. Among the
synthesized compounds, DP6 demonstrated superior anti-
proliferative activity in EGFR-overexpressing breast cancer
cells and effectively induced EGFR degradation via the
ubiquitin–proteasome pathway. Mechanistic studies further
revealed that EGFR depletion by DP6 suppressed the down-
stream JAK2-STAT3 signaling cascade and reduced BCL-2
expression, ultimately promoting cancer cell apoptosis.

These findings validate the feasibility of converting
structurally active natural product derivatives into func-
tional PROTACs and highlight the dual PROTAC strategy
as a promising approach to enhance degradation efficiency
beyond conventional single-ligand designs. Moving for-
ward, further investigations will be conducted to evaluate
the in vivo pharmacokinetic profile, anti-tumor efficacy, and
safety of DP6 in animal models. Moreover, structural
optimization of linkers and ligands may further improve
drug-like properties and target selectivity. Given the ver-
satility of this design strategy, the dual PROTAC approach
may also be extended to other oncogenic proteins beyond
EGFR, offering a new direction for the development of
natural product-based targeted therapies.

Method

Cell culture

MCF-7 (human breast cancer cells) and A549 (human non-
small cell lung cancer cells) were obtained from Wuhan
Procell Life Technology Co., Ltd. and cultured as required.
RPMI-1640 culture medium and fetal bovine serum (FBS)
were purchased from Gibco (USA), and a penicillin-

Fig. 6 DP6 degrades EGFR proteins in MCF-7 breast cancer cells via
the ubiquitin-proteasome pathway and inhibits the JAK2-STAT3
downstream signaling pathway. (A) Western blot analyses of EGFR
with lysates generated from MCF-7 cells treated with PDS (40 μM)
and DP6 (10, 20, 30 and 40 μM); (B) MCF-7 cells were pre-treated
with MG132 for 3 h, then with DMSO or DP6 for 48 h; Western blot
analysis was used to estimate and the band intensity was calculated by
ImageJ software. The bar graphs are presented as mean ± SD. Statis-
tical analysis was performed by one-way ANOVA. n= 3,
** p < 0.005, *** p < 0.001 compared with the 30 μM DP6 group.(C)
The effect of PDS (40 μM) and DP6 on JAK2, STAT3 and BCL-2
levels.The blank group was cultured with DMSO treatment.Western
blot analysis was used to estimate and the band intensity was calcu-
lated by ImageJ software. The bar graphs are presented as mean ± SD.
Statistical analysis was performed by one-way ANOVA. n= 3,
#= P < 0.05 ;##= P < 0.01;### = P < 0.001 vs PDS group, * =
P < 0.05 ;**= P < 0.01;***= P < 0.001;****= P < 0.0001 vs control
group
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streptomycin solution was obtained from Beijing Solarbio
Life Sciences Co., Ltd. Phosphate-buffered saline (PBS)
was purchased from Wuhan Procell Life Technology Co.,
Ltd., and CCK-8 assay kits were acquired from Shanghai
Beyotime Biotechnology Co., Ltd.

Cell viability assay

MCF-7 and Hela cells in the logarithmic growth phase were
diluted with 1640 medium containing 10% FBS. After
counting, the cells were seeded in 96-well plates at a density
of 10⁵ cells/ml and incubated at 37 °C with 5% CO2 for 24 h.

Next, the medium was replaced with different con-
centrations of the PROTAC compounds dissolved in DMSO
(ranging from 6.125 μM to 400 μM), with triplicate wells for
each sample. Additionally, Celastrol at various concentra-
tions (ranging from 0.3125 μM to 20 μM) dissolved in
DMSO was used as a positive control. After a 48-h incu-
bation period, CCK-8 reagent was added to each well, fol-
lowed by a 0.5-h incubation, and the absorbance at 450 nm
was measured using a microplate reader. The inhibition rate
of cell growth was calculated using the following formula:
(OD value of control well-OD value of drug-treated well)/
(OD value of control well-OD value of blank well). The
IC50 values were calculated using SPSS 22.0 software.

Western blot analysis of EGFR, JAK2, STAT3, and
BCL-2 expression levels

After 48 h of incubation with the compounds at 37 °C and
5% CO₂, MCF-7 cells were harvested by centrifugation and
lysed in a buffer containing 0.5% glycerol, 1% Triton X-
100, 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 20 mM
NaF, 2 mM Na₃VO₄, 0.1 mM leupeptin, and 2 mM PMSF.
Total protein was extracted and subjected to Western blot-
ting. Proteins were separated by SDS-PAGE at 100 V for
90 min and transferred to PVDF membranes (Merck Milli-
pore Ltd., USA). The membranes were blocked with a
blocking solution (5% non-fat milk, 2% Tween-20, 1× PBS)
for 1 h, washed with TBST buffer, and incubated with
primary antibodies overnight at 4 °C. The following pri-
mary antibodies were used: anti-EGFR (1:5000 dilution),
anti-JAK2 (1:4000), anti-BCL-2 (1:2000), anti-STAT3
(1:10000), and anti-β-actin (1:10000). Secondary anti-
bodies conjugated with horseradish peroxidase (HRP) were
used for detection. The protein bands were visualized using
an ECL chemiluminescence detection kit (Biosharp, China),
and band intensity was quantified using ImageJ software.

Molecular docking

The structures of SRC, BRAF, CASP3, EGFR, and MMP2
proteins were downloaded from the Protein Data Bank

(PDB) database and preprocessed using PyMOL software to
remove water molecules and non-protein components. The
processed structures were saved in PDB format. Next, the
structures were imported into AutoDockTools for prepara-
tion, where hydrogen atoms were added, Gasteiger charges
were calculated, and AD4 atom types were assigned. The
prepared protein structures were saved in .pdbqt format.

For ligand preparation, ChemDraw 3D was used to generate
the PDB structure of the ligand, which was then converted to
.pdbqt format using AutoDockTools. Molecular docking was
performed, and the best docking conformations were selected
based on binding energies. The interactions between the ligand
and the target proteins were analyzed using PyMOL.

EGFR degradation pathways evaluation

Cells were seeded at a density of 2 × 105/ml cells per well in
6-well plates and incubated in 37 °C, 5%CO2 cell incubator for
24 h. Preceding the addition of DP6 (30 μM) for a 48 h incu-
bation period,pretreatment with MG132 (0.5 μM and 1.0 μM)
was carried out for 3 h. Subsequently,total protein was col-
lected and subjected to analysis through immunoblotting.

Chemistry section

Unless otherwise stated, all chemical reactions were performed
under dry conditions in glassware equipped with magnetic
stirring. All reagents and solvents were obtained commercially
and used without further purification. Reaction progress was
monitored by thin-layer chromatography (TLC), and the
mobile phases consisted of dichloromethane/methanol or pet-
roleum ether/ethyl acetate systems. TLC spots were visualized
by iodine staining or under UV light at 254 nm or 365 nm.
TLC plates were dipped into a 10% H₂SO₄ ethanol solution
and heated on a hot plate. Crude products were purified using
preparative thin-layer chromatography (PTLC) and silica gel
column chromatography (200–300 mesh). ¹H NMR and ¹³C
NMR spectra were recorded on a Bruker III-500 spectrometer
at room temperature, using tetramethylsilane (TMS) as the
internal standard. Chemical shifts are expressed in parts per
million (δ), and coupling constants are reported in Hertz (Hz).
Before use, reagents such as ethyl acetate, dichloromethane,
methanol, petroleum ether, and N,N-dimethylformamide
(DMF) were dehydrated with molecular sieves. Finally, HRMS
was used to identify the final Product DP1-DP9, and DL1.

Synthesis of DP1-DP9 PROTACs

Synthesis of tert-butyl (2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)ethyl) carbamate (3a)

To a solution of N-Boc-1,2-diaminoethane (1.2
eq, 4.90 mmol) and fluorothalidomide (1.0 eq, 4.08 mmol)
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in dry DMF (2.0 mL), DIPEA (2.0 eq, 8.16 mmol) was
added under stirring, and the mixture was refluxed at 90 °C
for approximately 12 h, with reaction progress monitored by
TLC. Upon completion, the reaction was quenched with ice
water, and the mixture was extracted with ethyl acetate. The
organic layers were combined, washed with saturated
NaHCO₃ and brine, dried over anhydrous Na₂SO₄, filtered,
and concentrated under reduced pressure. The crude product
was purified by silica gel column chromatography (petro-
leum ether: ethyl acetate = 1:1), yielding a green fluor-
escent powder (intermediate 3a) with a yield of 40.7%0.1H
NMR (500MHz, DMSO-d6): δ 11.10 (s, 1H), 7.57
(t, J= 7.8 Hz, 1H), 7.14 (d, J= 8.6 Hz, 1H), 7.03 (s, 1H),
7.02 (s, 1H), 6.71 (s, 1H), 5.05 (dd, J= 12.8, 5.4 Hz, 1H),
3.37 (d, J= 6.5 Hz, 2H), 3.14 – 3.10 (m, 2H), 2.88
(d, J= 2.2 Hz, 1H), 2.58 (dd, J= 17.3, 3.0 Hz, 1H), 2.01
(d, J= 5.6 Hz, 1H), 1.36 (s, 9H), 1.23 (s, 1H); ¹³C NMR
(126MHz, DMSO-d6): δ 172.79, 170.03, 168.70, 167.30,
155.89, 146.41, 136.17, 132.21, 117.07, 110.49, 109.24,
77.79, 54.89, 48.52, 41.59, 30.97, 28.19, 22.17.

Synthesis of tert-butyl (3-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4- yl)amino) pro-pyl) carbamate (3b)

The synthesis of 3b followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with N-Boc-1,3-dia-
minopropane. A green fluorescent powder was obtained,
with a yield of 53.4%.¹H NMR (500MHz, CDCl₃): δ 8.39
(s, 1H), 7.53 – 7.43 (m, 1H), 7.08 (d, J= 7.1 Hz, 1H), 6.88
(d, J= 8.5 Hz, 1H), 6.31 (d, J= 6.1 Hz, 1H), 4.91
(dd, J= 12.3, 5.3 Hz, 1H), 4.72 (t, J= 6.1 Hz, 1H), 3.32
(q, J= 6.6 Hz, 2H), 3.24 (d, J= 6.5 Hz, 2H), 2.90 – 2.85
(m, 1H), 2.83 – 2.71 (m, 2H), 2.15 – 2.08 (m, 1H), 1.84
(q, J= 6.8 Hz, 2H), 1.44 (s, 9H); ¹³C NMR (126MHz,
CDCl₃): δ 171.33, 169.56, 168.57, 167.73, 156.25, 146.89,
136.30, 132.63, 116.69, 111.72, 110.24, 79.62, 49.00,
40.14, 38.16, 31.54, 29.96, 28.52, 22.90.

Synthesis of tert-butyl (4-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)amino)butl) carbamate (3c)

The synthesis of 3c followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with N-Boc-1,4-dia-
minobutane. A green fluorescent powder was obtained, with
a yield of 49.1%.¹H NMR (500MHz, CDCl₃): δ 8.37 (s,
1H), 7.48 (t, J= 7.9 Hz, 1H), 7.08 (d, J= 7.1 Hz, 1H), 6.86
(d, J= 8.5 Hz, 1H), 6.22 (t, J= 5.6 Hz, 1H), 4.91 (dd,
J= 12.2, 5.3 Hz, 1H), 4.59 (t, J= 6.4 Hz, 1H), 3.25 (q,
J= 6.6 Hz, 2H), 3.12 (q, J= 9.0, 7.9 Hz, 2H), 2.91 – 2.83
(m, 1H), 2.81 – 2.70 (m, 2H), 2.11 (dd, J= 11.3, 5.4 Hz,
1H), 1.75 (s, 2H), 1.67 (t, J= 7.5 Hz, 2H), 1.52 (d,
J= 7.6 Hz, 2H), 1.43 (s, 9H); ¹³C NMR (126MHz, CDCl₃):
δ 171.30, 169.64, 168.59, 167.76, 156.14, 147.06, 136.26,

132.61, 116.76, 111.57, 110.03, 79.32, 48.99, 42.66, 40.49,
31.53, 29.97, 29.81, 29.04, 28.54, 24.27, 22.92.

Synthesis of tert-butyl (5-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4- yl)amino) pen-tyl) carbamate (3d)

The synthesis of 3 d followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with N-Boc-1,5-dia-
minopentane. A green fluorescent powder was obtained,
with a yield of 46.8%.¹H NMR (500MHz, CDCl₃): δ 8.37
(s, 1H), 7.48 (t, J= 7.9 Hz, 1H), 7.08 (d, J= 7.0 Hz, 1H),
6.86 (d, J= 8.5 Hz, 1H), 6.22 (t, J= 5.6 Hz, 1H), 4.91 (dd,
J= 12.2, 5.3 Hz, 1H), 4.59 (t, J= 6.4 Hz, 1H), 3.25 (q,
J= 6.6 Hz, 2H), 3.12 (q, J= 9.0, 7.9 Hz, 2H), 2.91 – 2.83
(m, 1H), 2.81 – 2.70 (m, 2H), 2.11 (dd, J= 11.3, 5.4 Hz,
1H), 1.75 (s, 2H), 1.67 – 1.63 (m, 2H), 1.52 (q, J= 7.3 Hz,
2H), 1.43 (s, 9H);¹³C NMR (126MHz, CDCl₃): δ 171.30,
169.64, 168.59, 167.76, 156.14, 147.06, 136.26, 132.61,
116.76, 111.57, 110.03, 79.32, 48.99, 42.66, 40.49, 31.53,
29.97, 29.81, 29.04, 28.54, 24.27, 22.92.

Synthesis of tert-butyl (6-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4- yl)amino) hex-yl)carbamate (3e)

The synthesis of 3e followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with N-Boc-1,6-dia-
minohexane. A green fluorescent powder was obtained,
with a yield of 40.5%.¹H NMR (500MHz, CDCl₃): δ 8.35
(s, 1H), 7.48 (dd, J= 8.6, 7.1 Hz, 1H), 7.07 (d, J= 7.1 Hz,
1H), 6.86 (d, J= 8.5 Hz, 1H), 6.22 (t, J= 5.6 Hz, 1H), 4.91
(dd, J= 12.3, 5.4 Hz, 1H), 3.28 – 3.22 (m, 2H), 3.10 (d,
J= 7.6 Hz, 2H), 2.91 – 2.85 (m, 1H), 2.80 – 2.68 (m, 2H),
2.15 – 2.08 (m, 1H), 1.77 – 1.72 (m, 1H), 1.65 (q,
J= 7.3 Hz, 2H), 1.50 – 1.46 (m, 2H), 1.43 (s, 9H), 1.37 (dd,
J= 9.0, 5.2 Hz, 2H), 1.24 (s, 1H); ¹³C NMR (126MHz,
CDCl₃): δ 171.28, 169.64, 168.57, 167.76, 155.32, 147.10,
136.25, 132.61, 116.76, 111.53, 109.98, 81.09, 48.98,
43.50, 42.67, 31.53, 30.12, 29.27, 28.55, 26.74,
26.59, 22.92.

Synthesis of tert-butyl (8-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4- yl)amino) oct-yl)carbamate (3f)

The synthesis of 3 f followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with N-Boc-1,8-dia-
minooctane. A green fluorescent powder was obtained with
a yield of 39.4%.¹H NMR (500MHz, CDCl₃) δ 8.29 (s,
1H), 7.48 (dd, J= 8.5, 7.1 Hz, 1H), 7.08 (d, J= 7.0 Hz,
1H), 6.87 (d, J= 8.5 Hz, 1H), 6.23 (t, J= 5.5 Hz, 1H), 4.91
(dd, J= 12.3, 5.2 Hz, 1H), 4.54 (s, 1H), 3.25 (q, J= 6.5 Hz,
2H), 3.10 (q, J= 6.7 Hz, 2H), 2.91 – 2.84 (m, 1H), 2.81 –

2.71 (m, 2H), 2.12 (m, J= 9.9, 5.1, 2.4 Hz, 1H), 1.67 – 1.62
(m, 2H), 1.43 (s, 9H), 1.31 (d, J= 4.7 Hz, 7H), 1.25 (s,
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3H).¹³C NMR (126MHz, CDCl₃) δ 171.21, 169.65, 168.53,
167.78, 156.14, 147.15, 136.24, 132.63, 116.78, 111.49,
109.97, 79.21, 48.99, 42.74, 40.72, 32.05, 31.55, 30.15,
29.83, 29.29, 29.26, 28.56, 26.94, 26.80, 22.95, 14.25.

Synthesis of tert-butyl (2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4- yl)amino) e-thoxy)ethyl)carbamate (6a)

The synthesis of 6a followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with tert-butyl [2-(2-
aminoethoxy)ethyl]carbamate. A green fluorescent powder
was obtained with a yield of 33.4%.¹H NMR (500MHz,
CDCl₃) δ 8.38 (s, 1H), 7.49 (dd, J= 8.6, 7.1 Hz, 1H), 7.10
(d, J= 7.0 Hz, 1H), 6.91 (d, J= 8.5 Hz, 1H), 6.50 (s, 1H),
5.01 (s, 1H), 4.92 (dd, J= 12.1, 5.3 Hz, 1H), 3.68 (t,
J= 5.3 Hz, 2H), 3.55 (t, J= 5.2 Hz, 2H), 3.45 (t, J= 5.3 Hz,
2H), 3.32 (q, J= 5.4 Hz, 2H), 2.93 – 2.83 (m, 1H), 2.82 –

2.59 (m, 2H), 2.11 (ddd, J= 13.2, 6.1, 3.7 Hz, 1H), 1.76 (s,
1H), 1.41 (s, 9H).¹³C NMR (126MHz, CDCl₃) δ 171.29,
169.52, 168.54, 167.72, 156.12, 146.96, 136.23, 132.59,
116.92, 111.91, 110.46, 79.40, 70.39, 69.37, 49.01, 42.35,
40.50, 31.55, 28.50, 22.86.

Synthesis of tert-butyl (2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4- yl) ami-no)ethoxy)ethoxy)ethyl)
carbamate (6b)

The synthesis of 6b followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with tert-butyl [2-(2-(2-
aminoethoxy)ethoxy)ethyl]carbamate. A green fluorescent
powder was obtained with a yield of 29.8%.¹H NMR
(500MHz, CDCl₃) δ 8.40 (s, 1H), 7.49 (dd, J= 8.6, 7.1 Hz,
1H), 7.10 (d, J= 7.1 Hz, 1H), 6.91 (d, J= 8.5 Hz, 1H), 6.50
(t, J= 5.7 Hz, 1H), 5.01 (t, J= 5.6 Hz, 1H), 4.92 (dd,
J= 12.2, 5.3 Hz, 1H), 3.68 (t, J= 5.3 Hz, 2H), 3.55 (t,
J= 5.2 Hz, 2H), 3.45 (q, J= 5.0 Hz, 2H), 3.32 (q,
J= 5.5 Hz, 2H), 2.90 – 2.78 (m, 2H), 2.77 – 2.70 (m, 1H),
2.14 – 2.08 (m, 1H), 1.77 (s, 1H), 1.41 (s, 9H), 1.39 – 0.97
(m, 2H), 0.94 – 0.77 (m, 1H). ¹³C NMR (126MHz, CDCl₃)
δ 171.30, 169.53, 168.55, 167.72, 156.13, 146.97, 136.23,
132.61, 116.92, 111.91, 110.49, 79.40, 70.40, 69.39, 49.03,
42.36, 40.52, 31.55, 28.51, 22.87.

Synthesis of tert-butyl (2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4- yl) a-mino)ethoxy)ethoxy)ethoxy)
ethyl)carbamate (6c)

The synthesis of 6c followed the same procedure as 3a,
replacing N-Boc-1,2-diaminoethane with 13-amino-5,8,11-
trioxa-2-azatridecanoic acid 1,1-dimethylethyl ester. A green
fluorescent powder was obtained, with a yield of 35.2%.¹H
NMR (500MHz, Chloroform-d) δ 8.55 (s, 1H), 7.47 (dd,
J= 8.5, 7.1 Hz, 1H), 7.09 (d, J= 7.0 Hz, 1H), 6.91 (d,

J= 8.5Hz, 1H), 6.48 (d, J= 5.4 Hz, 1H), 5.08 (d, J= 7.5Hz,
1H), 4.91 (dd, J= 12.2, 5.4 Hz, 1H), 3.71 (t, J= 5.4Hz, 2H),
3.66 (s, 4H), 3.64 – 3.62 (m, 2H), 3.61 – 3.58 (m, 2H), 3.52 (t,
J= 5.3Hz, 2H), 3.46 (q, J= 5.0 Hz, 2H), 3.29 (q, J= 5.2Hz,
2H), 2.89 – 2.83 (m, 1H), 2.80 – 2.70 (m, 2H), 2.13 – 2.06 (m,
1H), 1.42 (s, 9H). ¹³C NMR (126MHz, CDCl₃) δ 171.40,
169.39, 168.62, 167.75, 156.18, 146.93, 136.15, 132.62,
116.90, 111.77, 110.40, 79.36, 70.85, 70.71, 70.69, 70.30,
69.60, 48.98, 42.49, 40.45, 31.54, 28.53, 22.89.

Intermediate 3a (1 g, 2.40 mmol) was dissolved in
10 mL of dichloromethane (DCM), and 2.5 mL of tri-
fluoroacetic acid (TFA) was slowly added dropwise under
ice bath conditions. The mixture was stirred at room tem-
perature, and the reaction progress was monitored via TLC.
Upon completion, the reaction mixture was concentrated
under reduced pressure to remove DCM and TFA, yielding
a yellow oily substance that required no further purification.
After drying in a 40 °C oven, Intermediate 4a (a yellow
fluorescent solid) was obtained with a 95% yield.

The synthesis methods of 4b-f and 7a-c followed the
same procedure as 4a, requiring no further purification, and
were used directly in the next step.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((2-((2-(2,6-dioxopipe
ridin-3-yl)-1,3-dioxoisoindoli-n-4-yl)amino)ethyl)amino)-4-
oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-2-(2-
oxo-2,5-dihydrofuran-3-yl)vinyl)decahydronaphthalen-1-yl)
methyl4-((2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoin
dolin-4-yl)amino)ethyl)amino)-4-oxobutanoate(DP1)

PDS(1 eq, 1.75mmol) and the intermediate 4a (2.5
eq,4.38mmol) were firstly added to a 25ml round bottom
flask.Then the reaction mixture was added with 2ml dry N,
N-Dimethylformamide (DMF), N, N-Diisopropylethylamine
(DIPEA, 3.0eq,5.26mmol), 1-Hydroxybenzotriazo-le (HOBt,
3.0eq, 5.26mmol) and 1-Ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDCL,2eq, 3.5mol). The mixture was stirred at
room temperature for 12 h, and reaction progress was mon-
itored by TLC. Upon completion, the ice-cold water was
poured into reaction mixture with vigorous stirring, resulting in
the precipitation of a yellow solid. The solid was collected by
vacuum filtration, washed with cold water, and dried to yield a
crude product, which was purified by preparative thin-layer
chromatography (Dichloromethane: Methanol= 13: 1, v/v) to
afford yellow solid powder DP1 57mg, with a yield of 28.9%.
The compound DP1 were structurally characterized using 1H
NMR, 13C NMR, and HRMS analyses. 1HNMR (500MHz,
Chloroform-d) δ 9.19 (d, J= 13.7Hz, 2H), 7.44 (t, J= 7.9Hz,
2H), 7.30 (t, J= 5.6 Hz, 1H), 7.16 (d, J= 8.0 Hz, 2H), 7.04 (t,
J= 6.9Hz, 2H), 6.87 (dd, J= 13.0, 6.5 Hz, 3H), 6.45 – 6.35
(m, 2H), 6.10 (d, J= 15.7Hz, 1H), 4.96 – 4.88 (m, 2H), 4.79
(d, J= 11.9Hz, 3H), 4.61 – 4.51 (m, 2H), 4.49 – 4.42 (m, 1H),
4.00 – 3.91 (m, 1H), 3.43 – 3.28 (m, 8H), 2.83 (d, J= 12.0Hz,
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2H), 2.74 (d, J= 10.9Hz, 4H), 2.63 – 2.56 (m, 2H), 2.51 (q,
J= 7.5, 6.5 Hz, 2H), 2.48 – 2.38 (m, 4H), 2.31 (d, J= 10.0Hz,
2H), 2.11 – 2.05 (m, 2H), 2.01 (d, J= 10.7 Hz, 1H), 1.90 –

1.86 (m, 1H), 1.76 (d, J= 12.6 Hz, 1H), 1.63 (d, J= 9.8Hz,
2H), 1.53 – 1.43 (m, 2H), 1.25 (d, J= 3.3 Hz, 1H), 0.97 (s,
3H), 0.81 (s, 3H).13CNMR (126MHz, Chloroform-d) δ
172.88, 172.77, 172.67, 172.32, 169.97, 169.86, 167.81,
148.02, 147.23, 143.79, 136.61, 135.81, 132.78, 129.46,
121.80, 117.11, 112.14, 110.27, 109.85, 80.59, 70.04, 64.41,
61.74, 55.23, 53.83, 49.28, 42.54, 42.26, 41.92, 38.86, 38.42,
36.80, 31.77, 31.04, 30.84, 30.38, 24.45, 23.65, 23.07, 22.85,
15.61. HRMS: calculated for C58H64N8O16 [M+Na]+,
1151.4332; found, 1151.4337.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((3-((2-(2,6-dioxopipe
ridin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)propyl)amino)-4-
oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-2-(2-
oxo-2,5-dihydrofuran-3-yl)vinyl)decahydronaphthalen-1-yl)
methyl 4-((3-((2-(2,6-dioxopiperidin-3-yl)- 1,3- dioxoisoind
olin-4-yl)amino)propyl)amino)-4-oxobutanoate(DP2)

The synthesis of DP2 followed the same procedure as DP1,
replacing 3b with 3a.A yellow solid powder DP2 61mg,yield
30.1%. 1H NMR (500MHz, Chloroform-d) δ 9.09 (d,
J= 5.7Hz, 2H), 7.43 (t, J= 7.8 Hz, 2H), 7.17 (d, J= 2.2Hz,
1H), 7.02 (d, J= 7.1 Hz, 2H), 6.86 (dd, J= 20.6, 9.3 Hz, 3H),
6.81 (s, 1H), 6.74 (d, J= 5.6Hz, 1H), 6.37 (q, J= 5.4, 4.2 Hz,
2H), 6.10 (d, J= 15.8Hz, 1H), 4.95 – 4.89 (m, 2H), 4.83 –

4.75 (m, 3H), 4.62 – 4.56 (m, 1H), 4.52 (s, 1H), 4.40 (d,
J= 11.6 Hz, 1H), 4.03 (d, J= 11.6 Hz, 1H), 3.35 – 3.20 (m,
8H), 2.86 – 2.80 (m, 2H), 2.75 – 2.72 (m, 2H), 2.71 (s, 1H),
2.68 (t, J= 3.5 Hz, 1H), 2.63 – 2.56 (m, 2H), 2.53 – 2.47 (m,
2H), 2.46 – 2.41 (m, 2H), 2.31 (d, J= 10.0 Hz, 1H), 2.12 –

2.06 (m, 2H), 1.92 (s, 5H), 1.81 – 1.73 (m, 5H), 1.66 – 1.59
(m, 2H), 1.53 – 1.45 (m, 2H), 1.24 (s, 1H), 0.96 (s, 3H), 0.81
(s, 3H).13CNMR (126MHz, Chloroform-d) δ 172.73, 172.22,
172.10, 172.03, 171.76, 169.32, 169.05, 167.50, 147.56,
146.51, 143.33, 136.04, 135.31, 132.32, 128.93, 121.27,
116.56, 111.30, 109.75, 109.29, 77.13, 69.56, 64.13, 61.27,
54.68, 53.32, 48.75, 41.43, 39.82, 39.72, 38.37, 37.94, 36.87,
36.78, 36.33, 31.26, 30.67, 29.95, 29.74, 28.72, 23.97, 23.23,
22.63, 22.33, 15.11. HRMS: calculated for C60H68N8O16 [M
+Na]+, 1179.4645; found, 1179.4644.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((4-((2-(2,6-dioxopi
peridin-3-yl)-1,3-dioxoisoindolin-4-yl)amino) butyl) amino)-
4-oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-2-(2-
oxo-2,5-dihydrofuran-3-yl)vinyl)decahydronaphthalen-1-yl)
methyl4-((4-((2-(2,6-dioxopiperidin-3-yl)- 1,3- dioxoisoind
olin-4-yl)amino)butyl)amino)-4-oxobutanoate(DP3)

The synthesis of DP3 followed the same procedure as DP1,
replacing 3c with 3a.A yellow solid powder DP3 60mg,yield

29.1%.1HNMR (500MHz, Chloroform-d) δ 8.96 (d,
J= 6.5Hz, 2H), 7.46 (t, J= 7.8Hz, 2H), 7.16 (d, J= 2.2Hz,
1H), 7.05 (d, J= 7.1Hz, 2H), 6.86 (dd, J= 11.9, 7.1 Hz, 3H),
6.71 (t, J= 5.5Hz, 1H), 6.65 (t, J= 7.3Hz, 1H), 6.27 – 6.19
(m, 2H), 6.10 (d, J= 15.8Hz, 1H), 4.96 – 4.89 (m, 2H), 4.83 –
4.75 (m, 3H), 4.59 (dd, J= 11.0, 5.4 Hz, 1H), 4.53 (s, 1H), 4.39
(dd, J= 11.7, 3.4 Hz, 1H), 4.02 (d, J= 11.7Hz, 1H), 3.23 (q,
J= 7.7, 7.2 Hz, 5H), 3.17 (dd, J= 12.1, 6.2 Hz, 3H), 2.89 –

2.82 (m, 2H), 2.79 – 2.72 (m, 4H), 2.71 – 2.68 (m, 1H), 2.66
(dd, J= 7.3, 3.3 Hz, 1H), 2.63 – 2.59 (m, 1H), 2.57 (dd,
J= 6.5, 3.7 Hz, 1H), 2.53 (s, 1H), 2.50 (q, J= 3.6Hz, 1H),
2.47 – 2.39 (m, 3H), 2.31 (d, J= 10.0Hz, 1H), 2.11 (t,
J= 6.2Hz, 2H), 2.06 – 1.97 (m, 2H), 1.89 (s, 4H), 1.75 (s, 1H),
1.66 – 1.58 (m, 6H), 1.56 – 1.46 (m, 6H), 1.31 – 1.27 (m, 1H),
1.25 (d, J= 6.2Hz, 1H), 1.19 (d, J= 4.9Hz, 1H), 0.97 (s, 3H),
0.81 (s, 3H).13CNMR (126MHz, Chloroform-d) δ 172.43,
172.35, 169.72, 169.48 – 169.02 (m), 147.79, 146.95, 143.55,
136.35, 135.56, 132.54, 129.19, 121.54, 116.88, 111.61,
109.89, 109.57, 80.31, 69.79, 64.34, 61.51, 54.97, 49.01, 42.26,
41.63, 39.10, 38.62, 38.18, 36.56, 31.52, 30.87, 30.26, 30.00,
26.94, 26.62, 23.44, 22.89, 22.58, 15.36. HRMS: calculated for
C62H72N8O16 [M+Na]+, 1207.4958; found, 1207.4962.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((5-((2-(2,6-dioxopi
peridin-3-yl)-1,3-dioxoisoindolin4- yl)amino)pentyl)amino)-
4-oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-2-(2-
oxo-2,5-di-hydrofuran-3- yl)vinyl) decahydronaphthalen-1-
yl)methyl 4-((5-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoin
dolin-4-yl)amino) pentyl) amino)-4-oxobutanoate(DP4)

The synthesis of DP4 followed the same procedure as DP1,
replacing 3 d with 3a.A yellow solid powder DP4
66 mg,yield 31.3%.1H NMR (500MHz, Chloroform-d) δ
8.85 (d, J= 8.2 Hz, 2H), 7.47 (t, J= 7.8 Hz, 2H), 7.16 (d,
J= 2.4 Hz, 1H), 7.06 (d, J= 7.0 Hz, 2H), 6.91 – 6.83 (m,
3H), 6.56 – 6.49 (m, 1H), 6.43 (dd, J= 20.5, 5.7 Hz, 1H),
6.23 (q, J= 6.3 Hz, 2H), 6.10 (d, J= 15.7 Hz, 1H), 4.95 –

4.89 (m, 2H), 4.82 – 4.76 (m, 3H), 4.59 (dd, J= 10.7,
5.7 Hz, 1H), 4.53 (s, 1H), 4.40 (d, J= 11.7 Hz, 1H), 4.03 (d,
J= 11.7 Hz, 1H), 3.24 (q, J= 6.4 Hz, 5H), 3.21 – 3.15 (m,
3H), 2.89 – 2.83 (m, 2H), 2.78 – 2.72 (m, 4H), 2.68 (d,
J= 3.2 Hz, 1H), 2.63 (t, J= 7.3 Hz, 1H), 2.60 – 2.57 (m,
1H), 2.55 – 2.52 (m, 1H), 2.50 (d, J= 6.8 Hz, 1H), 2.46 (d,
J= 8.1 Hz, 1H), 2.44 – 2.42 (m, 1H), 2.31 (d, J= 10.0 Hz,
1H), 2.11 (q, J= 7.1, 6.7 Hz, 2H), 2.04 – 1.98 (m, 2H),
1.96 – 1.89 (m, 2H), 1.78 (d, J= 12.8 Hz, 2H), 1.67 – 1.60
(m, 6H), 1.52 – 1.47 (m, 5H), 1.43 – 1.37 (m, 4H), 1.24 (s,
1H), 0.98 (s, 3H), 0.82 (s, 3H).13CNMR (126MHz,
Chloroform-d) δ 172.49, 172.42, 171.79, 171.74, 171.68,
169.72, 169.07, 167.75, 147.81, 147.02, 143.53, 136.31,
135.57, 132.56, 129.21, 121.53, 116.85, 111.57, 109.94,
109.54, 80.37, 69.78, 64.44, 61.54, 54.97, 49.00, 42.47,
41.63, 39.40, 38.64, 38.20, 36.59, 31.52, 30.96, 30.27,
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30.07, 29.81, 29.18, 28.73, 24.20, 23.51, 22.91, 22.58,
15.36. HRMS: calculated for C64H76N8O16 [M+Na]+,
1235.5271; found, 1235.5273.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((6-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)hexyl)
amino)-4-oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-
2-(2-oxo-2,5-dihydrofuran-3-yl)vinyl)decahydronaphthalen-1-
yl)methyl 4-((6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-
4-yl)amino)hexyl)amino)-4-oxobutanoate(DP5)

The synthesis of DP5 followed the same procedure as DP1,
replacing 3e with 3a.A yellow solid powder DP5
75 mg,yield 34.5%.1H NMR (500MHz, Chloroform-d) δ
8.70 (d, J= 12.4 Hz, 2H), 7.47 (t, J= 7.9 Hz, 2H), 7.16 (s,
1H), 7.07 (d, J= 7.1 Hz, 2H), 6.86 (d, J= 9.2 Hz, 3H), 6.37
(d, J= 53.3 Hz, 2H), 6.21 (s, 2H), 6.10 (d, J= 15.7 Hz,
1H), 4.92 (t, J= 8.1 Hz, 2H), 4.79 (d, J= 10.9 Hz, 3H),
4.60 (t, J= 8.2 Hz, 1H), 4.53 (s, 1H), 4.39 (d, J= 11.8 Hz,
1H), 4.05 (d, J= 11.8 Hz, 1H), 3.29 – 3.13 (m, 8H), 2.86 (d,
J= 13.7 Hz, 2H), 2.75 (q, J= 9.6, 5.4 Hz, 4H), 2.71 – 2.65
(m, 2H), 2.61 (d, J= 21.0 Hz, 2H), 2.54 (d, J= 8.2 Hz, 1H),
2.49 (dd, J= 16.2, 8.1 Hz, 2H), 2.45 – 2.39 (m, 2H), 2.31
(d, J= 10.0 Hz, 1H), 2.12 (d, J= 9.8 Hz, 2H), 2.01 (t,
J= 12.7 Hz, 2H), 1.81 (s, 1H), 1.65 – 1.58 (m, 5H), 1.51 –

1.44 (m, 5H), 1.42 – 1.37 (m, 4H), 1.35 – 1.29 (m, 4H),
1.24 (s, 3H), 0.98 (s, 3H), 0.83 (s, 3H).13CNMR (126MHz,
Chloroform-d) δ 172.68, 172.21, 172.14, 171.41, 171.35,
171.27, 169.46, 168.63, 167.50, 147.57, 146.82, 143.23,
136.05, 135.35, 132.32, 128.97, 121.27, 116.60, 111.30,
109.68, 109.30, 80.09, 69.51, 64.21, 61.31, 54.73, 48.74,
42.35, 41.39, 39.32, 38.40, 37.97, 36.36, 31.27, 30.78,
30.01, 29.81, 29.56, 29.22, 28.84, 26.46, 26.39, 23.97,
23.28, 22.68, 22.35, 15.12. HRMS: calculated for
C66H80N8O16 [M+H]+, 1241.5765; found, 1241.5769.

Synthesis of

((1R,2R,4aR,5R,8aS)-2-((4-((8-((2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)amino)octyl)amino)-4-
oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-((E)-2-(2-
oxo-2,5-dih-ydrofuran-3-yl)vinyl)decahydronaphthalen-1-
yl)methyl4-((8-((2-(2,6-dioxopiperidin-3-yl)-1,3-d-
ioxoisoindolin-4-yl)amino)octyl)amino)-4-
oxobutanoate(DP6)

The synthesis of DP6 followed the same procedure as DP1,
replacing 3 f with 3a.A yellow solid powder DP6
74 mg,yield 32.7%.1H NMR (500MHz, Chloroform-d) δ
8.64 (d, J= 7.1 Hz, 2H), 7.51 – 7.44 (m, 2H), 7.16 (s, 1H),
7.07 (s, 2H), 6.88 (dd, J= 16.7, 9.3 Hz, 3H), 6.22 (t,
J= 5.5 Hz, 2H), 6.10 (d, J= 15.8 Hz, 1H), 4.91 (dd,
J= 12.0, 5.4 Hz, 2H), 4.79 (dd, J= 8.3, 2.0 Hz, 3H), 4.61

(dd, J= 9.9, 6.4 Hz, 1H), 4.53 (d, J= 1.9 Hz, 1H), 4.39 (d,
J= 11.6 Hz, 1H), 4.06 (d, J= 11.7 Hz, 1H), 3.24 (q,
J= 6.6 Hz, 4H), 3.21 – 3.12 (m, 4H), 2.90 – 2.83 (m, 2H),
2.82 – 2.77 (m, 1H), 2.76 – 2.62 (m, 6H), 2.62 – 2.57 (m,
1H), 2.53 – 2.48 (m, 2H), 2.47 – 2.38 (m, 3H), 2.32 (d,
J= 10.1 Hz, 1H), 2.14 – 2.09 (m, 2H), 2.05 – 1.99 (m, 1H),
1.84 – 1.76 (m, 4H), 1.67 – 1.60 (m, 6H), 1.55 – 1.49 (m,
2H), 1.47 – 1.43 (m, 3H), 1.37 (d, J= 7.9 Hz, 3H), 1.33 –

1.30 (m, 3H), 1.30 – 1.26 (m, 9H), 1.24 (d, J= 3.3 Hz, 1H),
0.99 (s, 3H), 0.83 (s, 3H).13CNMR (126MHz, Chloroform-
d) δ 172.93, 172.48, 172.38, 171.59, 171.52, 171.47,
169.67, 168.81, 168.79, 167.77, 147.83, 147.10, 143.46,
136.25, 135.62, 132.58, 129.23, 121.51, 116.81, 111.48,
109.90, 109.54, 80.34, 69.76, 64.46, 61.58, 54.99, 53.57,
48.98, 42.66, 41.64, 39.75, 38.66, 38.23, 36.62, 31.53,
31.07, 30.27, 30.09, 29.58, 29.21, 29.19, 29.15, 26.86,
26.83, 24.22, 23.55, 22.93, 22.60, 15.37. HRMS: calculated
for C70H88N8O16 [M+Na]+, 1319.6210; found, 1319.6212.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((2-(2-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindoli-n-4-yl)amino)
ethoxy)ethyl)amino)-4-oxobutanoyl)oxy)-1,4a-dimethyl-6-
methylene-5-((E)-2-(2-oxo-2,5-dihydrofuran-3-yl)vinyl)
decahydronaphthalen-1-yl)methyl 4-((2-(2-((2-(2,6-
dioxopiper-idin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)
ethoxy)ethyl)amino)-4-oxobutanoate(DP7)

The synthesis of DP7 followed the same procedure as DP1,
replacing 5a with 3a.A yellow solid powder DP7
75 mg,yield 35.2%.1H NMR (500MHz, Chloroform-d) δ
9.41 – 8.99 (m, 2H), 7.49 (t, J= 7.8 Hz, 2H), 7.17 (s, 1H),
7.09 (d, J= 7.1 Hz, 2H), 6.87 (q, J= 9.0 Hz, 3H), 6.77 –

6.71 (m, 1H), 6.68 – 6.59 (m, 3H), 6.12 (d, J= 15.8 Hz,
1H), 5.06 – 4.94 (m, 2H), 4.79 (d, J= 13.9 Hz, 3H), 4.54 (d,
J= 6.9 Hz, 2H), 4.43 – 4.34 (m, 1H), 4.07 – 3.99 (m, 1H),
3.69 (p, J= 5.0 Hz, 4H), 3.56 (p, J= 9.7, 4.8 Hz, 5H), 3.47
(t, J= 5.3 Hz, 2H), 3.43 – 3.38 (m, 5H), 2.84 – 2.74 (m,
6H), 2.66 (d, J= 7.4 Hz, 3H), 2.60 – 2.51 (m, 5H), 2.43 (d,
J= 13.4 Hz, 1H), 2.32 (d, J= 10.2 Hz, 1H), 2.10 (d,
J= 7.5 Hz, 2H), 2.03 (s, 1H), 2.01 – 1.97 (m, 1H), 1.80 –

1.75 (m, 1H), 1.64 (d, J= 9.3 Hz, 2H), 1.54 – 1.48 (m, 2H),
1.24 (s, 2H), 0.97 (s, 3H), 0.83 (s, 3H).13C NMR (126MHz,
Chloroform-d) δ 173.02, 172.15, 171.76, 169.65, 168.82,
167.45, 147.77, 146.66, 146.63, 143.14, 136.12, 135.44,
132.29, 129.03, 121.19, 116.74, 111.69, 110.25, 109.11,
80.19, 69.75, 69.50, 68.35, 64.43, 61.35, 54.57, 48.74,
41.75, 41.32, 39.13, 38.46, 37.96, 36.48, 31.22, 30.44,
29.55, 22.69, 15.03. HRMS: calculated for C62H72N8O18

[M+H]+, 1217.5037; found, 1217.5041.

Synthesis of (1R,2R,4aR,5R,8aS)-1-(15-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) amino)-3,6-
dioxo-2,10,13-trioxa-7-azapentadecyl)-1,4a-dimethyl-6-
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methylene-5-((E)-2-(2-oxo-2,5-dihydrofuran-3-yl)vinyl)
decahydronaphthalen-2-yl 4-((2-(2-(2-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)ethoxy)
ethoxy)ethyl)amino)-4-oxobutanoate(DP8)

The synthesis of DP8 followed the same procedure as DP1,
replacing 5b with 3a.A yellow solid powder DP8
77 mg,yield 33.7%.1H NMR (500MHz, Chloroform-d) δ
9.30 – 9.06 (m, 2H), 7.48 (t, J= 7.8 Hz, 2H), 7.16 (s, 1H),
7.08 (d, J= 7.1 Hz, 2H), 6.89 (d, J= 8.7 Hz, 2H), 6.86 (d,
J= 10.0 Hz, 1H), 6.78 – 6.71 (m, 1H), 6.69 (q, J= 6.0 Hz,
1H), 6.52 (t, J= 5.3 Hz, 2H), 6.10 (d, J= 15.7 Hz, 1H),
4.98 – 4.90 (m, 2H), 4.78 (d, J= 13.4 Hz, 3H), 4.59 – 4.50
(m, 2H), 4.35 (dd, J= 11.8, 3.2 Hz, 1H), 4.07 (d,
J= 11.7 Hz, 1H), 3.72 (q, J= 4.5 Hz, 4H), 3.66 – 3.60 (m,
8H), 3.54 (q, J= 5.5 Hz, 4H), 3.45 (d, J= 5.5 Hz, 3H),
3.41 – 3.38 (m, 3H), 2.84 (d, J= 3.5 Hz, 1H), 2.82 – 2.80
(m, 1H), 2.80 – 2.77 (m, 1H), 2.74 (d, J= 11.0 Hz, 3H),
2.65 – 2.60 (m, 3H), 2.57 (d, J= 5.4 Hz, 1H), 2.48 – 2.43
(m, 4H), 2.41 (d, J= 5.6 Hz, 1H), 2.31 (d, J= 10.2 Hz, 2H),
2.12 – 2.06 (m, 3H), 2.00 (q, J= 11.4, 10.4 Hz, 2H), 1.78
(d, J= 13.2 Hz, 1H), 1.61 (d, J= 12.3 Hz, 2H), 1.50 (dd,
J= 13.6, 4.1 Hz, 2H), 0.97 (s, 3H), 0.83 (s, 3H).13CNMR
(126MHz, Chloroform-d) δ 172.85, 172.65, 172.19,
172.11, 169.84, 169.39, 168.01, 148.24, 147.07, 143.66,
136.49, 135.94, 132.89, 129.50, 121.70, 117.14, 112.07,
110.67, 110.64, 109.64, 80.57, 70.88, 70.39, 70.23, 70.01,
69.46, 64.95, 61.87, 55.12, 49.24, 42.58, 41.84, 39.72,
38.93, 38.49, 36.95, 31.73, 31.06, 31.00, 30.26, 29.99,
29.67, 24.42, 23.96, 23.21, 22.89, 15.57. HRMS: calculated
for C66H80N8O20 [M+Na]+, 1327.5381; found, 1327.5386.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((1-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-13-
oxo-3,6,9-trioxa-12-azahexadecan-16-oyl)oxy)-1,4a-
dimethyl-6-methylene-5-((E)-2-(2-oxo-2,5-dihydrofuran-3-
yl)vinyl)decahydronaphthalen-1-yl)methyl1-((2-(2,6-
dioxopiperi-din-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-13-
oxo-3,6,9-trioxa-12-azahexadecan-16-oate(DP9)

The synthesis of DP9 followed the same procedure as DP1,
replacing 5c with 3a.A yellow solid powder DP9 73mg,yield
29.9%.1H NMR (500MHz, Chloroform-d) δ 8.98 (d,
J= 5.2Hz, 2H), 7.48 (t, J= 7.8 Hz, 2H), 7.16 (s, 1H), 7.08
(d, J= 7.2 Hz, 2H), 6.89 (dd, J= 12.9, 6.9 Hz, 3H), 6.82 (d,
J= 5.2Hz, 1H), 6.76 (s, 1H), 6.49 (t, J= 5.6 Hz, 2H), 6.10
(d, J= 15.8 Hz, 1H), 4.99 – 4.89 (m, 2H), 4.79 (d,
J= 13.7 Hz, 3H), 4.55 (d, J= 23.5Hz, 2H), 4.35 (d,
J= 11.7 Hz, 1H), 4.09 (d, J= 11.7Hz, 1H), 3.72 (t,
J= 5.2Hz, 4H), 3.66 (s, 7H), 3.64 – 3.62 (m, 3H), 3.61 –

3.57 (m, 4H), 3.52 (q, J= 5.5 Hz, 4H), 3.46 (q, J= 5.5 Hz,
4H), 3.39 (q, J= 5.0Hz, 3H), 2.87 – 2.81 (m, 2H), 2.79 –

2.71 (m, 4H), 2.67 – 2.61 (m, 3H), 2.59 – 2.52 (m, 2H),

2.51 – 2.44 (m, 4H), 2.42 (d, J= 4.6 Hz, 1H), 2.31 (d,
J= 10.0 Hz, 1H), 2.14 – 2.06 (m, 5H), 2.00 (d, J= 4.6 Hz,
1H), 1.79 (d, J= 12.1Hz, 1H), 1.66 – 1.60 (m, 2H), 1.51 (dd,
J= 14.0, 4.6 Hz, 2H), 1.24 (s, 1H), 0.97 (s, 3H), 0.83 (s,
3H).13CNMR (126MHz, Chloroform-d) δ 173.29, 172.80,
172.65, 172.15, 172.09, 172.02, 169.71, 169.21, 168.03,
148.23, 147.13, 143.67, 136.45, 135.94, 132.88, 129.50,
121.72, 117.17, 112.03, 110.63, 109.66, 80.55, 71.07, 70.89,
70.80, 70.48, 70.13, 70.01, 69.73, 64.95, 61.90, 55.15, 49.24,
42.69, 41.85, 39.66, 38.95, 38.51, 36.96, 31.79, 31.04, 30.29,
30.06, 24.44, 23.99, 23.16, 22.90, 15.59. HRMS: calculated
for C70H88N8O22 [M+Na]+, 1415.5905; found, 1415.5910.

Synthesis of DL1 PROTAC

Synthesis of tert-butyl (9-((2-(2,6-dioxopiperidin-3-yl)-1-
oxoisoindolin-4-yl)amino)-9-oxonon-yl)carbamate(9)

To a solution of 9-((tert-butoxycarbonyl)amino)nonanoic
acid (1.2eq,3.66 mmol) in dry DMF (2.0 mL), DIPEA (2.0
eq, 8.16 mmol) was slowly added and stirred at room
temperature for 5 min,then (HATU) (1.5eq,4.56 mmol) was
added. The reaction progress was monitored via TLC for
about 0.5 h. Then the reaction mixture was added with
L-DOPA (1.0eq,3.05 mmol) .The reaction was allowed to
stir at room temperature for approximately 12 h. with
reaction progress monitored by TLC. Upon completion, the
reaction was quenched with ice water, and the mixture was
extracted with ethyl acetate. The organic layers were com-
bined, washed with saturated NaHCO₃ and brine, dried over
anhydrous Na₂SO₄, filtered, and concentrated under
reduced pressure. The crude product was purified by silica
gel column chromatography (DCM:MeOH=20:1), yielding
a white solid powder (intermediate 9), with a yield of
67.3%.1HNMR (500MHz, DMSO-d6) δ 11.02 (s, 1H),
9.78 (s, 1H), 7.80 (d, J= 7.4 Hz, 1H), 7.48 (q, J= 7.5 Hz,
2H), 6.75 (s, 1H), 5.74 (s, 2H), 5.14 (dd, J= 13.3, 5.1 Hz,
1H), 4.40 – 4.30 (m, 2H), 2.88 (t, J= 6.5 Hz, 2H), 2.62 (s,
1H), 2.36 – 2.32 (m, 2H), 2.06 – 1.98 (m, 1H), 1.59 (t,
J= 7.2 Hz, 2H), 1.36 (s, 9H), 1.29 (d, J= 3.5 Hz, 2H), 1.27
(s, 2H), 1.26 (s, 2H), 1.25 (s, 2H), 1.23 (s, 2H).13CNMR
(126MHz, DMSO-d6) δ 173.32, 171.87, 171.52, 168.33,
156.06, 134.28, 134.15, 133.12, 129.06, 125.71, 119.42,
77.75, 55.33, 52.00, 49.05, 46.96, 36.25, 31.66, 29.92,
29.12, 28.95, 28.70, 26.66, 25.51, 23.10.

Intermediate 9 (1 g, 1.94 mmol) was dissolved in 10 mL
of dichloromethane (DCM), and 2.5 mL of trifluoroacetic
acid (TFA) was slowly added dropwise under ice bath
conditions. The mixture was stirred at room temperature,
and the reaction progress was monitored via TLC. Upon
completion, the reaction mixture was concentrated under
reduced pressure to remove DCM and TFA, yielding a
white oily substance that required no further purification.
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After drying in a 40 °C oven, Intermediate 10(a white solid
powder) was obtained with a 95% yield.

Synthesis of ((1R,2R,4aR,5R,8aS)-2-((4-((9-((2-(2,6-dioxopip
eridin-3-yl)-1-oxoisoindolin-4-yl) amino)-9-oxononyl)
amino)-4-oxobutanoyl)oxy)-1,4a-dimethyl-6-methylene-5-
((E)-2-(2-oxo-2, 5-dihydrofu-ran-3-yl)vinyl)
decahydronaphthalen-1-yl)methyl 4-((9-((2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoind-olin-4-yl)amino)-9-
oxononyl)amino)-4-oxobutanoate(DL1)

PDS(1 eq,1.75mmol) and the intermediate 10 (2.5
eq,4.38mmol) were fistly added to a 25ml round bottom
flask.Then the reaction mixture was added with 2ml dry DMF,
DIPEA (3.0eq,5.26mmol)and HOBt (3.0eq, 5.26mmol). After
completing the above experimental procedure, the reaction was
stirred at room temperature for 12 h. The progress of the
reaction was monitored by TLC. After the reaction was com-
pleted, the reaction mixture was concentrated under reduced
pressure to give a crude material, which was purified by pre-
parative thin-layer chromatography (Dichloromethane: Metha-
nol= 13: 1, v/v) to afford yellow solid powder DL1 76mg,
with a yield of 32.9%.1H NMR (500MHz, DMSO-d6) δ 11.02
(s, 2H), 9.76 (s, 2H), 7.85 – 7.78 (m, 4H), 7.64 (d, J= 2.0Hz,
1H), 7.51 – 7.45 (m, 4H), 6.74 (dd, J= 15.8, 10.1Hz, 1H),
6.14 (d, J= 15.8Hz, 1H), 5.13 (dd, J= 13.3, 5.2 Hz, 2H),
4.92 – 4.86 (m, 2H), 4.74 (s, 1H), 4.51 (dd, J= 11.9, 4.5 Hz,
1H), 4.43 (s, 1H), 4.40 – 4.29 (m, 4H), 4.21 (d, J= 11.6Hz,
1H), 4.10 (d, J= 11.7 Hz, 1H), 3.04 – 2.96 (m, 4H), 2.91 (ddd,
J= 17.9, 13.7, 5.5 Hz, 2H), 2.64 – 2.57 (m, 2H), 2.47 – 2.42
(m, 2H), 2.38 – 2.27 (m, 11H), 2.10 – 1.91 (m, 4H), 1.76 (s,
1H), 1.59 (q, J= 7.4Hz, 5H), 1.41 (s, 1H), 1.35 (q, J= 6.3Hz,
5H), 1.32 – 1.26 (m, 8H), 1.23 (q, J= 9.3, 7.0 Hz, 13H), 0.93
(s, 3H), 0.77 (s, 3H). 13C NMR (126MHz, DMSO-d6) δ
173.40, 172.95, 172.72, 172.38, 171.93, 171.60, 170.94,
168.39, 149.06, 147.53, 134.33, 134.18, 133.18, 129.15,
127.59, 125.75, 122.09, 119.50, 108.86, 79.68, 70.73, 64.55,
60.58, 53.78, 52.07, 47.01, 41.54, 39.05, 38.69, 38.05, 36.60,
36.34, 31.73, 30.38, 30.30, 29.86, 29.78, 29.64, 29.54, 29.30,
29.22, 29.19, 26.93, 26.90, 25.62, 24.25, 23.96, 23.17, 22.67,
15.28. HRMS: calculated for C72H92N8O16 [M+Na]+,
1347.6524; found, 1347.6528.

In silico ADME prediction

The physicochemical and pharmacokinetic properties of
representative PROTAC compounds (DP1–DP7, DL1, and
SP6) were predicted using the SwissADME web tool
(http://www.swissadme.ch), a free-access platform developed
by the Swiss Institute of Bioinformatics. Canonical SMILES
strings of each compound were input into the system to cal-
culate molecular descriptors, including molecular weight
(MW), topological polar surface area (TPSA), number of

rotatable bonds, hydrogen-bond donors and acceptors, and
lipophilicity (logP). Drug-likeness evaluations were based on
Lipinski’s rule of five, Ghose, Veber, Egan, and Muegge cri-
teria. Bioavailability scores, PAINS alerts, synthetic accessi-
bility indices, and predicted solubility (LogS) values were also
obtained. The tool was used in April 2025 with default settings.
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