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ABSTRACT: NF-κB signalling is frequently dysregulated in human cancers making it an attractive therapeutic target. Despite concerted 
efforts to generate NF-κB inhibitors, direct pharmacological inhibition of the kinases mediating canonical NF-κB has failed due to on-target 
toxicities in normal tissues. So, alternative strategies, designed to target specific components of the NF-κB signalling machinery, have the 
potential to selectively inhibit tumour cells whilst reducing the toxicities associated with broad inhibition of NF-κB in non-malignant cells. 
Here we present evidence that a C8-linked pyrrolobenzodiazepine (PBD) containing proteolysis-targeting chimera (PROTAC) selectively 
degrades the NF-κB subunit, RelA/p65 in a proteasome-dependent manner. Our lead PROTAC (JP-163-16, 15d) showed cytotoxicity with 
mean LC50 values of 2.9µM in MDA-MB-231 cells, 0.14µM in MEC-1 cells and 0.23µM in primary chronic lymphocytic leukaemia cells. In 
contrast, 15d was two-logs less toxic in primary B- and T-lymphocytes (mean LD50 19.1µM and 36.4µM, respectively). Importantly, the 
development of 15d, by conjugating the C8-linked PBD with a cereblon-targeting ligand using a five-carbon linker, abolished the ability of 
the C8-linked PBD to bind to DNA, whilst demonstrating cytotoxicity in cancer cells associated with the degradation of RelA/p65. 
Mechanistically, 15d displayed PROTAC credentials through the selective degradation of NF-κB RelA/p65 in a proteasome-dependent 
manner and showed a five-fold reduction in potency in the cereblon deficient, lenalidomide resistant, myeloma cell line, RPMI-8226. To 
our knowledge, this work describes the first PROTAC capable of selective degradation of a single NF-κB subunit and highlights the 
therapeutic potential of our strategy for the treatment of RelA/p65-dependent tumours.    

INTRODUCTION
The nuclear factor kappa-light chain-enhancer of activated B-cell 
(NF-B) is a transcription factor that plays a pivotal role in 
inflammatory and immune responses, and its abnormal activation 
is associated with various pathogenic effects1,2. For example, an 
over-expressed level of NF-B signalling contributes to metastasis 
in triple-negative breast cancer (TNBC) 3. In haematological 
malignancies, elevated nuclear expression of the NF-B subunit 
RelA/p65 is commonly associated with more aggressive tumour 
cell growth increased tumour burden and the emergence of drug 
resistance4. Given the pivotal role that NF-B plays in the 
development and progression of a range of human cancers, it 
seems logical to develop strategies to target abnormal NF-B 
signalling for the treatment of these diseases5.
However, direct targeting of transcription factors (TFs), has long 
been considered intractable due to the lack of well-defined 
enzymatic binding pockets and limited H-bond donors and 
acceptors, rendering them ‘undruggable’6,7. To date, only a small 
number of molecules have been shown to be capable of 
interacting with NF-B 8. One such molecule, (-)-DHMEQ, a 
synthetic compound derived from epoxyquinomicin C, can inhibit 
the nuclear transport of the transcriptional subunit RelA/p65 
(Figure 1a)9. Unfortunately, further development of this 
compound series was halted due to pharmacokinetic issues10. 

Pyrrolobenzodiazepines (PBDs) (Figure 1b) are highly cytotoxic 
agents derived from Streptomyces 11. They exert their primary 
anti-tumour effect by selectively binding into the minor groove of 
DNA in a sequence-selective manner. Subsequent studies showed 
that these compounds were also able to target DNA motifs related 
to TF signalling11,12. Hu et al synthesized a C8-conjugated PBD 
hybrid named IN6CPBD, and cellular studies revealed that this 
compound induced cellular apoptosis in A375 cells by repressing 
activation of NF-κB13. Similarly, KMR-28-39 (also named ‘TSG-
1301’) was shown to interfere with the binding of NF-κB protein 
to its cognate DNA motifs 11,14 (Figure 1c). This competitive 
inhibition resulted in nanomolar cytotoxicity in leukaemia cells14. 
Further SAR studies showed that compound 13 (Figure 1d) caused 
a high level of inhibition of RelA/p65-DNA binding in chronic 
lymphocytic leukaemia (CLL) cells12,14. Other molecules like 
CRL1101 and IT-901 (Figure 1e-f), were also reported to block NF-
κB subunits RelA/p65 and c-Rel8,15 but none of these compounds 
have been approved for use as anticancer agents.
Recently, proteolysis targeting chimeras (PROTACs) have emerged 
as a promising alternative strategy for selectively interfering with 
the activity of TFs like NF-κB. Unlike traditional small molecule 
inhibitors or antibodies, PROTACs recruit the ubiquitin-protease 
system to break down a specific protein of interest (POI), leading 
to target protein degradation (TPD). The PROTAC recognises the 
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Figure 1. Chemical structure of reported NF-B targeting compounds (-)-DHMEQ, PBD core, KMR-28-39 (TSG-1301), Cpd 13, CRL1101, 
and IT-901.

protein target via its POI ligand, while the E3 ligand located at the 
other end of the molecule will bring an E3 ligase proximate to the 
target substrate for consequent POI ubiquitination16,17. This 
ubiquitinated protein is subsequently degraded in the 
proteasome16,17. Due to their distinct mechanism of action, 
PROTACs can target non-druggable proteins that lack enzymatic 
activities, such as TFs, and they do not need to be maintained at 
high concentrations to induce their therapeutic effect18–20, which 
can diminish on-target toxicity concerns18–20. PROTACs also have 
the potential to re-sensitise cancer cells to chemotherapy due to 
their ability to degrade proteins associated with drug resistance21. 
Considering these unique therapeutic characteristics, PROTAC 
technology has the potential to expand the library of drug 
candidates for clinical purposes. Indeed, PROTACs have already 
shown remarkable ability to promote anti-cancer activity18. 

This project set out to develop PROTACs that can selectively 
degrade the NF-κB protein RelA/p65. The objective was to 
deplete this single NF-κB subunit, which is over-expressed in 

some cancer cells4,5, whilst preserving the other components 
of the NF-κB signalling machinery. In so doing, we hoped to 
selectively target the tumour cells and diminish on-target 
toxicities in normal cells. Although other researchers have 
developed NF-κB targeting PROTACs22, to-date there are no 
reports of PROTACs that are able to selectively degrade a single 
NF-κB subunit. Although PBDs are well-characterised DNA 
interacting agents, more recently, C8-conjugated PBDs have 
been shown to also interact with proteins.23 We used PBD 
derivatives that were shown by in silico modelling to be able to 
bind to RelA/p65 (Figure 2). The PBDs were then conjugated 
with cereblon (CRBN)-recruiting PROTAC building blocks via 
multi-step 
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synthetic routes. These synthesised molecules were then 
biologically screened for their toxicity in cancer cells and non-
malignant B- and T-lymphocytes. Subsequently, preliminary 
investigations were carried out to establish their mechanism of 
action.

RESULTS AND DISCUSSIONS

Design and Synthesis of RelA/p65-targeting PROTACs To design 
NF-κB targeting PROTACs, C8-conjugated PBD molecules were 
selected as RelA/p65-targeting ligands as these C8-phenyl linked 
short PBDs had been previously shown to inhibit the activity of the 

canonical RelA/p65 NF-κB subunit, implying their potential as NF-
κB-targeting POI ligands12. The initial concept was to produce 
RelA/p65-targeting PROTACs that were linked to CRBN-based 
building blocks. For a PROTAC to work, it’s two functional 
components must be connected by a linker. One part of the 
molecule selectively binds the target protein, whilst the second 
part of the molecule recruits a cellular enzyme, an E3 ligase. This 
enables the PROTAC to recruit an E3 ligase enzyme into close 
contact with the target protein, enabling the protein to be marked 
for degradation in the cellular proteasome. Previous research on 
early-stage PROTAC  

Figure 2. Docking of PBD-PROTAC with the RelA/p65-p50-DNA complex (PDB:1VKX) (a) Molecular docking of designed PBD-PROTAC (15d) 
(b) Zoomed in figure showing the 15d binding pose in the RelA/p65-DNA binding interface (c) Overlapped docking results of PBD controls 
within RelA/p65-DNA interface (d) The typical 2D ligand-interface binding projection of PBD ligands. Here fluorine-substituted PBD (JP-
193-12) was selected as an example, while the dashed lines highlight the protein-ligand interactions. (e) Chemical structure of the docked 
PBD building blocks.
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Scheme 1. Synthesis of (a) lenalidomide-based CRBN building block JP-163-05 (b) PBD core (c) PBD-based PROTACs12,14
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Scheme 2. Synthesis of PBD controls.
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design used a linear chain of alkyl units as a linker, which allowed 
the length of the linker to be modified (typically 5-11 carbon 
chain)17,22,24,25. Here, we selected a 5-carbon aliphatic linker for 
our preliminary study as molecular modelling suggested that this 
would allow the CRBN-ligand (lenalidomide) to be bioavailable 
once the POI had been captured. The designed structure and the 
docking simulation are shown in Figure 2 (PBD: 1VKX). It was 
noted that the PBD moiety was stabilized at the interface 
between DNA segment and RelA/p65 NF-κB subunit, while the 
CRBN ligand domain protruded outside the structure, suggesting 
that it would remain accessible for CRBN binding. Given the 
substantial interactions with RelA/p65, we hypothesized that this 
PBD molecule may have sufficient RelA/p65 binding to serve as a 
POI ligand.
The expanded figure shows that the POI ligand binds in the 
RelA/p65 domain between Glu193 to Lys218 (Figure 2b). Further 
investigation of the short C8-phenyl linked short PBD molecules 
suggested a similar binding pattern where the PBD core resides 
inside, and the aniline moiety is relatively solvent-exposed (Figure 
2c, d). To synthesize the molecules, the synthetic scheme of the 
PROTAC building block was based on the conditions reported by 
Qiu et al (Scheme 1a)26. The PBD core was then synthesized as 
RelA/p65-targeting ligands as shown in Scheme 1b12,14. PBD-based 
PROTACs were generated as shown at Scheme 1c. Di-tert-butyl 
decarbonate was used to install a Boc-protecting group towards 
the exposed amine of starting material 9. The product 10 
underwent nitro reduction catalysed by Pd-C, while the reduced 

amine was then attached to the PROTAC building block 2 to 
generate 12. In the next step, TFA was used to deprotect the Boc 
group and the product was thus coupled with PBD core via 
EDC/DMAP mediated amide coupling reaction. Finally, the THP 
and alloc protecting groups were simultaneously removed via 
pyrrolidine and tetrakis(triphenylphosphine)palladium(0), to 
obtain the final series 15a-15c. 15d was directly synthesized via 
EDC/DMAP mediated amide coupling reaction. For the synthesis 
of PBD control 20a-20d, the aromatic-substituted amine was 
initially conjugated to the PBD core via an amide coupling reaction, 
and the products were obtained by removing THP and alloc 
protecting groups (Scheme 2). The cytotoxicity of the synthesised 
PROTACs were compared with the individual constituent PBD 
controls. 

15d exhibits cytotoxicity in MEC-1 cells. To evaluate the 
therapeutic potential of the PBD-PROTACs and their constituent 
PBD building blocks, all samples were tested in the chronic 
lymphocytic leukaemia (CLL) cell line, MEC-1. Cells were exposed 
to PROTACs or their PBD building blocks for 48h, and drug-induced 
apoptosis was quantified using Annexin V and 7-AAD labelling 
using flow cytometry. Given the known DNA-binding 
characteristics of PBDs, we used a FRET-melting assay to compare 
the ability of the PROTAC molecules and their constituent PBD 
molecules to interact with DNA. All compounds were serially 
diluted (10M) and then added to annealed FAM-TAMRA labelled 
AT-rich single stranded hairpin  
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Table 1. Cytotoxic activities in MEC-1 cell line and DNA-binding characteristics of the PBD-based PROTACs and their PBD building blocks.

DNA. DNA Engine Opticom was used to determine the DNA 
melting characteristics. The sample was initially incubated at 30°C 
for 3h and then gradually increased to 100°C. The FAM-TAMRA 
fluorescent signal was detected at 0.5°C intervals and the mean 
melting point was determined using GraphPad Prism software. 
The melting point difference between each compound and naked 
ssDNA (ΔTm) was calculated for comparison.
The screening results are presented in Table 1, and the dose-
response curves were attached in Figure. S12. Compound 15d 
showed the highest anti-tumour effects in MEC-1 cells. The result 
of the FRET-melting assay is shown in Figure 3. 50 equivalents of 
PBD (10µM) induced the shift of melting point of the DNA by ΔTm 
of 1.25°C, whereas the same equivalence of PROTAC compound 
15d showed almost no change in ΔTm, suggesting that these 
compounds do not interact with DNA. Consequently, the high 
toxicity of 15d in cancer cell lines and primary CLL cells, is unlikely 
to be attributable to the ability of the PROTAC to bind to DNA. 
These data suggest a distinct mechanism of action of the PROTAC 
when compared to its PBD building block. 

15d causes RelA/p65 degradation in a proteasome-dependent 
manner. To further explore the relative potency and mechanism 
of action of 15d, the lead PROTAC molecule was tested in MEC-1 
cells, primary CLL cells derived from patients (n=8) and normal B- 

and T-lymphocytes (n=5). Cells were exposed to 15d, its PBD 
building block 20d, or lenalidomide for 48h and drug-induced 
apoptosis was quantified using the same assay as described 
above. 15d and 20d showed potent anti-tumour effects in MEC-1 
cells, while lenalidomide had a negligible impact on MEC-1 cell 
viability (Figure 4a). Primary CLL cells were also sensitive to the 
apoptotic effects of 15d. In contrast, normal B- and T-lymphocytes 
were more than two logs less sensitive to the effects of the 
PROTAC (Figure 4b). In parallel experiments, RelA/p65 expression 
was measured in MEC-1 cells treated with 15d or 20d. Figure 4c-
4e show that both agents induced a marked reduction in RelA/p65 
expression. However, the dose-response patterns of the two 
molecules were different. 20d induced a dose-dependent 
reduction in RelA/p65 expression. In contrast, 15d showed a 
similar reduction in RelA/p65 with all the concentrations tested. 
This supports the concept that 15d may have catalytic properties, 
which enable the recycling of PROTAC molecules after the target 
protein is degraded. In contrast, the PBD, 20d, demonstrated an 
occupancy-driven mechanism of action; a more obvious 
concentration-dependent reduction in RelA/p65 was observed in 
MEC-1 cells treated with 20d. Given its known DNA-binding 
activity, it seems likely that dose-dependent minor groove binding 
contributes to the cytotoxicity of 20d, which could, in turn, result 
in higher levels of competitive blockade of RelA/p65 DNA binding 
sites12,27. In contrast, the PROTAC molecule, 15d, appeared to 
induce an event-driven pharmacology consistent with POI 
degradation. Interestingly, although the PROTAC induced similar 
levels of RelA/p65 reduction at both 0.25µM and 1µM, the higher 
concentration of 15d induced a stronger anti-tumour effect. This 
unique pattern could be caused by the ‘hook effect’ frequently 
observed with PROTAC compounds 20,27,28. 
To confirm the proteasome dependency on the cytotoxic effects 
of 15d in MEC-1 cells, cells were co-treated with the proteasome 
inhibitor MG-132. We initially established the cytotoxic and 
proteasome inhibitory effects of MG-132 in MEC-1 cells (Figure 
4f). MEC-1 cells were treated with increasing concentrations of the 
proteasome inhibitor, MG-132 (0.1µM – 2.5µM) for 48h. Aliquots 
of cells were first assessed for their apoptotic response to MG-132 

PROTAC MW LC50 (µM) ΔTm (°C) PBD building blocks MW LC50 (µM) ΔTm (°C)

15d (JP-163-16) 777.88 0.14 ± 0.02 -0.82 20d (MMH-165-26) 422.49 0.31 ± 0.14 1.25

15a 795.87 0.81 ± 1.47 1.05 20a 440.48 0.03 ± 0.29 2.17

15b 791.91 0.84 ± 0.48 0.73 20b 436.51 1.18 -0.06

15c 807.91 >1000 1.27 20c 452.51 1.31 ± 0.74 0.70

Figure 3. FRET melting assay results reveal that the PROTAC (15d) 
does not significantly interact with DNA. Each compound was 
mixed with an AT-rich DNA sequence at 10µM. 15d did not 
increase the melting temperature suggesting that it does not 
interact with DNA. In contrast, the PBD building block (20d) 
caused a marked increase in DNA melting temperature, 
confirming its ability to bind to and stabilise DNA.
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using annexin V and 7-AAD labelling. In parallel, proteasome 
activity was evaluated using a proteasome activity assay kit 
(Abcam). The kit uses an AMC-tagged peptide substrate 
(Proteasome Substrate (Succ-LLVY-AMC in DMSO), which releases 

free, highly fluorescent AMC (Ex/Em 350/440 nm) in the presence 
of proteolytic activity. Due to the high sensitivity of MEC-1 cells to 
the effects of MG-132, a concentration of 0.18 µM MG-132 was 
used in combination with 15d or 20d.

This concentration of MG-132 reduced cellular proteasome 
activity by approximately 40-50% without inducing significant 
apoptosis. Each experiment was repeated five times in duplicate, 
and the mean LC50 values were calculated for each experiment. 
Subsequently the matched LC50 values (+/- the addition of MG-
132) were plotted and the difference between the LC50 values was 
determined using the paired t-test (Figure 4g and 4h). The results 
indicate that blocking the proteasome significantly repressed the 
cytotoxicity of 15d (p<0.05), while there was no significant 
difference in LC50 values when MG-132 was co-administered with 
the PBD 20d. This provided further evidence that the anti-tumour 
effect of 15d is caused, at least in part, by proteasome-dependent 
degradation of RelA/p65. However, it should be noted that 15d 
was not able to entirely deplete the cellular expression of this 
molecule. Although molecular modelling showed excellent 
binding characteristics of the PBD PROTAC with RelA/p65, it may 
not result in the optimal degradation of RelA/p65 12. The scale of 
target protein degradation is reliant on the stability and positive 
cooperativity of the ternary complex, so a ligand bearing an 
inferior binding affinity could still induce effective protein 
degradation with considerable selectivity19,20. Issues like charged 
repulsion between the E3 ligase and POI or steric clashes induced 
by unfavourable PROTAC conformation are more likely to be the 
cause of the incomplete RelA/p65 degradation7,18,19. Although we 
did not directly explore ternary complex formation i.e., the 
binding of the PROTAC to both the protein of interest (RelA/p65) 
and the target E3 ligase (CRBN), we did examine the cytotoxic 
effects of 15d in the multiple myeloma cell line, RPMI-8226. These 
cells have very low CRBN protein expression and are consequently 
resistant to lenalidomide.29 Using these cells we were able to 
confirm that the mechanism of action of 15d is, at least in part, 
dependent on CRBN; the PROTAC showed a five-fold reduction in 
efficacy in RPMI-8226 cells (Figure 4i). In contrast, the PBD 
building block 20d showed similar cytotoxicity in RPMI-8226 cells 
and MEC-1 cells (Figure 4j) confirming that its cytotoxic effects 
were independent of CRBN. 
Previous research indicated that PBD molecules fused with 
benzofuran and pyrrole terminal were selective for RelA/p65 
inhibition. In contrast, benzene-fused short PBDs caused very 
limited RelA/p65 perturbance, but with significant effects on other 
NF-κB subunits12. Consequently, the effect of 15d was evaluated 
on other NF-κB subunits (RelB and cRel) as described below. 

15d selectively degrades the NF-κB RelA/p65 subunit. To 
ascertain the selectivity of 15d for the degradation of the 
RelA/p65 NF-κB subunit, MEC-1 cells were treated for 24 hours a 
range of concentrations of 15d (0-1µM). Cells were then 
harvested, fixed and permeabilised and labelled with 

fluorescence-labelled antibodies against, the NF-κB subunits p65 
(APC), RelB (Corallite 488) and cRel (PE). Protein expression was 
quantified using a CytoFLEX LX flow cytometer. Figure 5 shows 
that 15d induced a marked reduction in RelA/p65 expression at 
0.5µM and 1µM. In contrast, no significant change in RelB was 
observed at the same concentrations. Although a small but 
significant reduction in cRel was noted at 0.5µM, this was not 
replicated at 1µM. This suggests that 15d selectivity depletes 
RelA/p65, which adds to its promising characteristics as a lead 
PROTAC compound. To our knowledge, 15d represents the first 
example of a RelA/p65 selective PROTAC that does not 
substantially impact RelB or cRel.

Effects of PROTAC 15d on MDA-MB-231 cell viability. We next 
investigated the potency of 15d in the triple-negative breast 
cancer cell line (MDA-MB-231). This cell line was selected as it over 
expresses RelA/p65 and represents a cancer type with significant 
clinical unmet need 30,31. As shown in Figure 6a, 15d was more 
potent than its constituent molecules, the POI targeting PBD, 20d 
and the CRBN E3 ligase ligand, lenalidomide. The cells were 
treated with serial dilutions of each compound and then 
incubated for 48 hours. FITC Annexin V and 7-AAD labelling was 
used to evaluate cell viability using flow cytometry. In keeping 
with our findings in MEC-1 and primary CLL cells 15d and MMH-
165-26 both demonstrated high tumour suppressive effects in 
cancer cells with LC50 values in the low micromolar range, 15d was 
significantly more potent than its PBD building block, 20d (Figure 
6c). The CRBN ligand, lenalidomide, showed low cytotoxicity even 
at the highest concentration tested.

15d promotes the degradation of RelA/p65 in MDA-MB-231 cells 
in a proteasome-dependent manner. Next, to confirm the 
PROTAC mechanism of action of 15d, MDA-MB-231 cells were co-
treated with the proteasome inhibitor, MG-132 to evaluate 
whether this altered the tumour suppressive effects32. MG-132 
was much less cytotoxic in MDA-MB-231 cells when compared 
with MEC-1 cells, and again a concentration of MG-132 was 
selected that did not have significant cytotoxicity but inhibited 
proteasome activity by approximately 50% (Figure 7a)33.  Analysis 
of the cytotoxic dose-response curves and the impact of MG-132 
on proteasomal activity in MDA-MB-231 cells revealed that 1µM 
MG-132 caused >50% reduction in proteasome activity in MDA-
MB-231 cells without inducing a significant reduction in cell 
viability when compared with the untreated controls (Figure 7a 
and 7b). Based on the evaluation of the effects of MG-132 in MDA-
MB-231 cells, cells were then treated with 15d, 20d and 
lenalidomide, with and without the addition of 1µM MG-132.
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Figure 4. (a) Overlaid dose-response curves for 15d, 20d, and lenalidomide in the MEC-1 cell line. Dose-response curves were generated 
using annexin V/7-AAD data following 48h of exposure to each compound. The LD50 values were interpolated from each individual dose-
response curve using GraphPad Prism 10, with all experiments performed in triplicate. (b) Shows the relative cytotoxic effect of 15d in 
MEC-1 cells, primary CLL cells and normal B- and T-lymphocytes. Normal lymphocytes were more than two logs less sensitive to the effects 
of 15d when compared with malignant B cells. RelA/p65 expression was significantly reduced in MEC-1 cells treated for 24h with (c) 15d 
and (d) 20d. (e) In contrast to 20d, 15d did not show a dose-dependent reduction in RelA/p65, which suggests an event-driven mechanism 
of action consistent with other PROTACs. Furthermore, co-treatment with the proteasome inhibitor, MG-132, demonstrated a proteasome-
dependent mechanism of action of (f) The cytotoxic and proteasome inhibitory effects of MG-132 were evaluated in MEC-1 cells and a 
concentration of 0.18M was chosen for the subsequent combination studies. (g) 15d shows a proteasome dependent mechanism of 
action. (h) In contrast, the PBD building block, 20d, showed a proteasome-independent mechanism of action. (i) The cytotoxic effects of 
15d were shown to be dependent on CRBN expression by the five-fold reduction in potency in the CRBN deficient myeloma cell line, RPMI-
8226. (j) in contrast, the PBD building block, 20d, showed similar potency in RPMI-8226 cells. All LC50 values were interpolated from 
individual dose-response curves using GraphPad Prism 10. Results are shown as the mean of five independent experiments carried out in 
duplicate. Statistical significance was determined using paired t-tests * p<0.05.
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Figure 5. Comparison the effect of 15d (PROTAC) on the expression of three NF-κB subunits RelA/p65, RelB and cRel. Each subunit was 
quantified using fluorescence-labelled antibodies All experiments were performed three times in duplicate and data are presented as violin 
plots. Statistical significance was determined using the Kruskal-Wallis test with Dunn’s multiple comparison post hoc correction. * p<0.05, 
** p<0.01, *** p<0.001, ****p<0.0001.  

Co-treatment with MG-132 significantly reduced the cytotoxic 
effect of 15d, which indicated a proteasome-dependent 
mechanism of action (Figure 7c). In contrast, MG-132 did not 
significantly alter the cytotoxicity of 20d, implying again that the 
mechanism of action of this PBD compound was independent of 
proteasomal function (Figure 7d). In the case of lenalidomide, 
blocking proteasome activity increased its cytotoxicity, but this 
was not statistically significant (Figure 7e)33. This result indicated 
the mechanism of the PBD was distinct from that of 15d as it was 
not dependent on proteasomal activity. As a C8-linked short PBD, 
20d can bind into the minor groove of DNA and form a covalent 
bond with guanine molecules. This may contribute to its effect on 
NF-κB as it facilitates sequence-selective binding at promoter 
regions containing the guanine-rich NF-κB binding motifs, thereby 
disrupting NF-κB signal transduction11,12,34. In this case, 20d may 
retain its anti-tumour activity after the blockade of proteasome 
function. 
As for the E3 ligase ligand, lenalidomide, used to develop 15d, it 
did not significantly induce cell death as a single agent, but co-
administration of MG-132 mildly improved tumour suppression. 
This could be caused by the additive impact of combination 
treatment as lenalidomide promote immune cell activation that 
might slightly improve tumour sensitivity to other agents bearing 

distinct mechanisms, like MG-13235–37. Subsequently, the ability of 
15d to reduce RelA/p65 expression in MDA-MB-231 cells was 
evaluated using flow cytometry.  Cells were treated with increased 
concentration of 15d for 24h, and then they were harvested and 
permeabilised followed by labelling with an APC-labelled 
RelA/p65 antibody.  A significant reduction in RelA/p65 expression 
was observed after treating with 0.5µM and 1µM 15d, which when 
co-administrated with 1µM MG-132 reversed this effect; 
consistent with a proteasome-dependent mechanism of action 
(Figure 4f). It was noted that 0.5 µM administration of 15d caused 
a similar depletion of RelA/p65 as that achieved with 1 µM. Due 
to the bifunctional characteristic of PROTAC molecules, high 
intracellular levels of PROTAC may lead to saturated binding of its 
relative binary complexes, which competitively restricts the 
forming of the effective ternary complex required for target 
protein degradation20,27,28,38. It is possible that 15d saturated the 
binding sites of RelA/p65 and/or CRBN in MDA-MB-231 cells at 
1µM, which may restrict the formation of the POI-PROTAC-E3 
complex thereby limiting the capacity for RelA/p65 
degradation20,28. In summary, 15d induced cytotoxicity in MDA-
MB-231 cells and promoted the degradation of the RelA/p65 in a 
proteasome-dependent manner.
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Figure 6. Evaluation of 15d in MDA-MB-231 cells (a) Dose-response curves for 15d, 20d, and lenalidomide in MDA-MB-231 cells. Cells 
were treated with a range of concentrations of the PROTAC (15d) and the individual constituent molecules (20d and lenalidomide). Dose-
response curves were generated using Annexin V/7-AAD data following 48h of exposure to each compound. The LC50 values were 
interpolated from each individual dose-response curve using GraphPad Prism 10. All experiments were performed in triplicate. (b) shows 
an example of the gating strategy used to identify viable and apoptotic MDA-MB-231 cells. The percentage of viable cells was defined by 
cells being Annexin-V and 7AAD negative. (c) The mean LC50 values (+SD) for 15d and 20d are shown for three independent experiments 
carried out in triplicate. 15d was significantly more cytotoxic than 20d **p<0.001.  

CONCLUSIONS

Targeting the NF-κB signalling pathway has long been an appealing 
therapeutic strategy due to its role in regulating a range of cellular 
processes. The aberrant protein expression of one or more NF-κB 
subunits often results in increased NF-κB signalling, which is 
associated with pathogenic effects such as tumour proliferation, 
angiogenesis, and drug resistance. Here, we report the first 
prototype PROTAC capable of selectively degrading the NF-κB 
subunit RelA/p65. The POI targeting ligand was a C8-linked short 
PBD; simulated docking experiments showed strong binding to 
RelA/p65 protein in a region the protein predicted to interact with 
NF-κB DNA motifs. This supported its use as a selective ligand for 
targeting RelA/p65 protein if incorporated into a bifunctional 
PROTAC molecule. Consequently, PBD molecules were conjugated 
with a lenalidomide-based building block via an amide coupling 
reaction. A series of PBD PROTACs were synthesized, and all final 
products were purified either by flash column chromatography or 
preparative chromatography. Biological screening indicated that 
the lead compound, 15d, showed potency in the TNBC breast 
cancer cell line, MDA-MB-231 (LC50=2.9µM), the CLL cell line MEC-
1 (LC50=0.14µM) and primary CLL B cells derived from eight 
patients (LC50=0.23µM). In all cases, this was associated with the 
selective depletion of RelA/p65 in a proteasome-dependent 

manner. It is noteworthy that the cytotoxicity of 15d was two logs 
lower in non-malignant B- and T-lymphocytes derived from 
healthy volunteers and was five-fold lower in RPMI-8226 cells, 
which possess very low levels of CRBN protein expression. 
The proteasome-recruitment mechanism of 15d was confirmed by 
the reversal of RelA/p65 depletion when cells were co-treated 
with the proteasome inhibitor, MG-132. Furthermore, a FRET-
melting assay confirmed that this compound did not interact with 
DNA, which was in contrast with the strong DNA interaction 
shown by its constituent PBD, 20d. Hence, the cytotoxicity of 15d 
appeared to be predominately driven by proteasome-dependent 
RelA/p65 degradation. Further screening of the small library and 
comparison with simulated modelling results implied that PROTAC 
potency may be partially related to the binding affinity of the POI 
ligand, while it was also reliant on ternary complex formation as 
demonstrated by the reduced toxicity and RelA/p65 degradation 
in the presence of MG-132 and reduced cytotoxicity in RPMI-8226 
cells which have low cereblon expression. It is worthy of note that 
15d was not able to abolish RelA/p65 expression, which suggests 
that further PROTAC optimisation may be possible. Despite the 
incomplete target degradation observed in our studies, the work 
presented here demonstrates, for the first time, that it is possible 
to produce a PROTAC with the ability to 
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Figure 7. The effects of the proteasome inhibitor, MG-132, in the MDA-MB-231 cell line.  (a) MG-132 induced dose-dependent cytotoxicity 
which was (b) associated with a dose-inhibition of proteasomal activity. A dose of 1µM MG-132 did cause a significant increase in 
cytotoxicity but induced a >50% reduction in proteasome activity. All experiments were performed in triplicate and statistical significance 
was determined using the Kruskal-Wallis test with Dunn’s multiple comparison post hoc. ** p<0.01, *** p<0.001, ****p<0.0001. (c) 
Overlaid dose-response curves of MDA-MB-231 cells treated with 15d with and without the addition of the proteasome inhibitor, MG-132. 
(d) 20d (e) lenalidomide. The cytotoxic effect of 15d was significantly reduced by co-treatment with 1µM MG-132. This was not the case 
for 20d or lenalidomide. All experiments were performed in triplicate and statistical significance was determined using the Kruskal-Wallis 
test with Dunn’s multiple comparison post hoc correction. *** p<0.001. (f) 15d mediated depletion of RelA/p65 expression in MDA-MB-
231 cells was dependent on proteasome activity. Experiments were performed in triplicate and statistical significance was determined 
using the Kruskal-Wallis test with Dunn’s multiple comparison post hoc correction. ** p<0.01, *** p<0.001.

preferentially degrade a single NF-B subunit, RelA/p65. As such, 
this may represent an important step towards unlocking the 
potential of NF-B as a therapeutic target. In particular, the 
generation of a PROTAC with the ability to selectively degrade 
RelA/p65 may open the door to more effective and better 
tolerated treatments for human pathologies that are associated 
with RelA/p65 overexpression, including a range of cancers and 
autoimmune disorders.    

EXPERIMENTAL SECTION

Molecular Docking. Protein data file was accessed from PBD data 
bank (p65 protein data: 1VKX), all compound ligands were 
prepared and generated via either Chem 3D or Avogadro. All 
compounds were calculated and performed with energy 
minimization via MMFF94. For p65-targeting ligands, the 
molecular docking was performed by Vina molecular docking 
programme using VEGA-ZZ modelling software. The parameters 
were set as X: -11.3, Y: 40.4, Z: 76.7; box: 30, 30, 30; 
exhaustiveness: 20; binding mode: 16. All docking results were 
visualised via Discovery Studio. The result was visualised via 
PyMOL.

Chemistry Materials and Methods. All synthetic chemicals, 
building blocks, and solvents were purchased from Fluorochem, 
Sigma-Aldrich, and Thermo-Fisher Scientific. All reactions 
monitored via thin-layer chromatography (TLC) were performed 
by using Supelco TLC silica gel 60 F254 aluminium plates. The TLC 
plates were visualised using a UV lamp at 254 nm. Purification 
through flash column chromatography was performed in glass 
column with silica gel as the stationary phase (230-400 mesh, 60 
Å). Preparative HPLC was also used for purifying some products. 
An Agilent 1260 Preparative LC system was applied using H2O 
(solvent A) and acetonitrile (solvent B) as the mobile phase with 
a Monolithic C18 50 × 4.6 mm LC column (Phenomenex) as the 
stationary phase. Method A, B, C, and D were used for 
purification (Flow rate:20 ml/min). Formic acid was added (0.1%) 
in both solvent A and B to maintain an acidic mobile phase 
condition.

Method A. The gradient was initially kept at 60% solvent A and 
40% solvent B, while it was ramped up to 60% B over 2 min. 
Solvent B was then increased to 70% over 2 min, which was 
further ramped up to 80% over 2.5 min. The solvent was reached 
to 90% B over 0.5 min and kept for 2.5 min, which was then 
returned to 40% B over 1.5 min.
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Method B. The gradient was initially started from 90% A and 10% 
B and kept for 1 min, and then ramped up to 20% B over 1.5 min. 
B was then increased to 30% over 2 min, followed by ramping up 
to 40% B over 2 min. Subsequently, B was raised to 70% within 
0.5 min, and then B was increased to 85% over 1 min, and then 
ramped up to 90% over 1 min. the solvent was finally returned to 
10% B over 1 min.

Method C. The gradient was initially started from 90% A with 
10% B that is kept for 1 min, and solvent B was increased to 30% 
over 1.5 min. B was subsequently increased to 50% over 3.5 min, 
and then raised to 90% over 2 min and kept for 1 min. The 
gradient was finally reduced to 10% B over 1 min.

Method D. The gradient was initially started from 90% A with 
10% B that is kept for 1 min, and solvent B was increased to 50% 
over 5 min. The gradient was subsequently raised to 90% B over 
2 min, and it was kept for 1 min. Solvent B was finally returned to 
10% over 1 min.

High-performance liquid chromatography-tandem mass 
spectrometry (LCMS) was applied for monitoring reaction and 
characterizing products. The product analysis was carried out 
using an Agilent 1260 separating system using H2O (solvent A) 
and acetonitrile (solvent B) as the mobile phase, while Monolithic 
C18 50 × 4.6 mm LC column (Phenomenex) worked as stationary 
phase. Method E (10 min) and Method F (5 min) were used for 
analysis (Flow rate: 0.5 mL/min; inject volume: 200 μL), while 
samples were split and passed through an Agilent 6120 
quadrupole mass spectrometer. Formic acid was added (0.1%) in 
both solvent A and B to maintain an acid mobile phase condition.

Method E (10 min run). Solvent A (95%) with Solvent B (5%) was 
maintained for 2 mins, and then ramped up to 50% Solvent B in 3 
mins. The gradient was retained for 1 min and then Solvent B 
was increased to 95% in 1.5 min. Solvent B was finally returned 
to 5% in 1.5 min and maintained for 1 min.  

Method F (5 min run). Solvent A (95%) with solvent B (5%) was 
ramped up to 90% in 3 min, while solvent B was then ramped up 
to 95% within 0.5 min. The solvent gradient was kept for 1 min, 
and then solvent B was reduced to 5% within 0.5 min. 

tert-butyl 6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) 
amino) hexanoate (1, JP-163-03). lenalidomide (0.800 g, 3.09 
mmol, 1 eq) was dissolved in NMP (3 mL), added with tert-butyl 6-
bromo hexanete (1.010 g, 4.02 mmol, 1.3 eq) and DIPEA (1.62 mL, 
9.27 mmol, 3 eq). The mixture was stirred at 130°C. After checking 
the progress of the reaction was finished, the mixture was 
quenched in 50× volume of water, and it was extracted with 3 × 
30 mL EA. The organic phase was collected and washed with 3 × 
30 mL water, brine, and dried over MgSO4. The crude was purified 
in C18 preparative column chromatography (Method A), and 1.04 
g product was obtained after evaporation (Yield: 78.3%)25. 1H NMR 
(400 MHz, DMSO-d6): δ 1.38 (s, 11H), δ 1.50-1.61 (m, 4H), δ 2.02-
2.08 (m, 1H), δ 2.19 (t, 2H, J = 7.24 Hz), δ 2.24-2.38 (m, 1H), δ 2.60-
2.64 (m, 1H), δ 2.88-2.97 (m, 1H), δ 3.09-3.14 (q, 2H, J = 6.37 Hz), 
δ 4.10-4.25 (q, 2H, J = 19.01 Hz), δ 5.09-5.13 (dd, 1H, J = 5.03, 13.22 
Hz), δ 5.52-5.55 (t, 1H, J = 5.24 Hz), δ 6.73-6.75 (d, 1H, J = 8.03 Hz), 
δ 6.92-6.93 (d, 1H, J = 7.38 Hz), δ 7.26-7.30 (t, 1H, J = 7.70 Hz), δ 
10.99 (s, 1H). 13C NMR (100 MHz, DMSO-d6): δ 23.32, 24.94, 26.48, 

28.24, 28.66, 31.72, 35.22, 43.01, 46.18, 51.96, 79.84, 110.40, 
112.19, 126.94, 129.67, 132.52, 144.22, 169.36, 171.69, 172.72, 
173.34. LCMS-ESI (m/z): C23H31N3O5 (429.52) [M-H+] 428.2; 
retention time 7.70 min (Method E).

6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) amino) 
hexanoic acid (2, JP-164-05) 1.0 g 1 was suspended in 4 ml DCM, 
while 2 ml TFA was added dropwise in the suspension. The 
suspension was immediately dissolved and was left stirring for 
another 2 h. After the checking of completion of the reaction, the 
mixture was evaporated using a rotary evaporator and dissolved 
in water, transferred to a vial and freeze dried to obtain the 
product without further purification25. 1H NMR (400 MHz, DMSO-
d6): δ 1.36-1.42 (m, 2H), δ 1.51-1.61 (m, 4H), δ 2.03-2.05 (m, 1H), 
δ 2.20-2.24 (t, 2H, J = 7.28  Hz), δ 2.29-2.33 (m, 1H), δ 2.60-2.65 
(m, 1H), δ 2.90-2.93 (m, 1H), δ 3.11-3.14 (t, 2H, J = 6.98 Hz), δ 4.13-
4.27 (q, 2H, J = 19.40 Hz), δ 5.10-5.14 (dd, 1H, J = 5.04, 13.27 Hz), 
δ 6.77-6.79 (d, 1H, J = 8.05 Hz), δ 6.95-6.97 (d, 1H, J = 7.42 Hz), δ 
7.28-7.32 (t, 1H, J = 7.71 Hz), δ 11.01 (s, 1H). 13C NMR (100 MHz, 
DMSO-d6): δ 23.28, 24.81, 26.64, 28.62, 31.71, 34.12, 43.32, 46.18, 
51.97, 110.89, 112.72, 127.25, 129.71, 132.58, 143.79, 169.29, 
171.70, 173.36, 174.92. LCMS-ESI (m/z): C19H23N3O5 (373.41) 
[M+H+] 374.1; retention time 5.65 min (Method E); purity 98.47%

Methyl (S)-4-(5-amino-4-(2-(hydroxymethyl)pyrrolidine-1-
carbonyl)-2-methoxyphenoxy)butanoate (4, JP-179-02) Methyl 
(S)-4-(4-(2-(hydroxymethyl)pyrrolidine-1-carbonyl)-2-methoxy-5-
nitrophenoxy)butanoate (3, MMH-165-31, 1.440 g, 3.63 mmol, 1 
eq) was dissolved in 10 mL EA/EtOH solvent mixture (EA/EtOH = 
5/5). ammonium formate (0.458 g, 7.26 mmol, 2 eq) and 10% Pd/C 
were added to the mixture and stirred in a Parr hydrogenator at 
40 Psi for 2 h. After checking the finishing of the reaction in LCMS, 
the mixture was filtered in Celite and washed with EtOH. The 
collected EtOH solution was evaporated and dried to gain 1.58 g 
product, which was then directly used for the next step12. 1H NMR 
(400 MHz, CDCl3): δ 1.72-2.01 (m, 3H), δ 2.14-2.23 (m, 3H), δ 2.49-
2.61 (t, 5H, J = 7.13 Hz), δ 3.11-3.18 (t, 2H, J = 6.52 Hz), δ 3.70 (s, 
1H), δ 3.97 (s, 3H), δ 4.13-4.16 (t, 2H, J = 6.23 Hz), δ 4.40 (m, 1H), 
δ 6.80 (s, 1H), δ 7.70 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 24.20-
24.43, 28.48, 30.30, 49.55, 50.86, 51.77, 56.64-56.73, 61.59, 
68.40, 108.39, 109.18, 127.82, 137.10, 148.47, 154.86, 173.25. 
LCMS-ESI (Method E) (m/z): C18H24N2O8 (396.4) [M+H+] 397.1; 
retention time 6.31 min.

Methyl (S)-4-(5-(((allyloxy)carbonyl)amino)-4-(2-
(hydroxymethyl)pyrrolidine-1-carbonyl)-2-
methoxyphenoxy)butanoate (5, JP-179-04) Allyl chloroformate 
(0.210 g, 1.74 mmol, 1.1 eq) in 14 mL anhydrous DCM was added 
dropwise to a solution of 4 (0.637 g, 2.18 mmol, 1 eq) dissolved in 
19 mL anhydrous DCM and 0.32 mL pyrimidine at -10°C. The 
mixture was then allowed to stir at room temperature for another 
2 h. Once the reaction was finished, the mixture was washed with 
CuSO4 (32 mL), H2O (32 mL), sat. NaHCO3 (32 mL), and brine (32 
mL), then dried over MgSO4. The crude was evaporated and 
purified via flash column chromatography (0-80% EA in Hexane), 
gaining 0.373 g product (Yield%: 47.62%)12. Rf=0.32 (TLC: Hex/EA 
= 2/8). 1H NMR (400 MHz, CDCl3): δ 1.64-1.66 (m, 2H), δ 1.79-1.91 
(m, 1H), δ 2.05-2.18 (m, 3H), δ 2.41-2.56 (m, 2H), δ 2.97 (s, 2H), δ 
3.42-3.57 (m, 2H), δ 3.62 (s, 3H), δ 3.76 (s, 3H), δ 3.99-4.12 (m, 3H), 
δ 4.20-4.44 (m, 1H), δ 4.56-4.57 (d, 2H, J = 5.60 Hz), δ 5.17-5.19 (d, 
1H, J = 10.41 Hz), δ 5.26-5.31 (d, 1H, J = 17.22 Hz), δ 5.86-5.90 (m, 
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1H), δ 6.77 (s, 1H), δ 7.20 (s, 1H), δ 7.66 (s, 1H). LCMS-ESI (Method 
E) (m/z): C22H30N2O8 (450.49) [M+H+] 451.2; retention time 6.66 
min.

Allyl 11-hydroxy-7-methoxy-8-(4-methoxy-4-oxobutoxy)-5-oxo-
2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-
10(5H)-carboxylate (6, JP-179-05) TEMPO (0.099 g, 0.63 mmol, 1 
eq) was added to the solution of 5 (2.841 g, 6.31 mmol, 10 eq) and 
BAIB (3.557 g, 11.04 mmol, 12 eq) dissolved in 145.1 mL DCM, 
stirred for 6 h. Once the reaction was finished, the mixture was 
quenched and washed by 65 mL sat. sodium metabisulfite, 65 mL 
sat. NaHCO3, 65 mL water, and 65 mL brine. The crude was dried 
over MgSO4 and purified with flash column chromatography (0-
80% EA in hexane). Rf=0.16 (TLC: EA/Hexane = 7/3). 1.90 g product 
was obtained (Yield: 67.2%)12. 1H NMR (400 MHz, CDCl3): δ 1.88-
2.00 (m, 2H), δ 2.02-2.12 (m, 4H), δ 2.47 (t, 2H, J = 7.18 Hz), δ 3.36-
3.46 (m, 1H), δ 3.46-3.55 (m, 1H), δ 3.59-3.67 (m, 4H), δ 3.83 (s, 
3H), δ 3.93-4.03 (m, 2H), δ 4.37-4.40 (m, 1H), δ 4.59-4.63 (dd, 1H, 
J = 5.45, 13.28 Hz), δ 5.03-5.15 (d, 2H, J = 12.84 Hz), δ 5.54-5.56 (d, 
1H, J = 9.88 Hz), δ 5.72-5.74 (m, 1H), δ 6.61 (s, 1H), δ 7.16 (s, 1H), 
δ 7.20 (s, 1H). LCMS-ESI (Method E) (m/z): C22H28N2O8 (448.47) 
[M+H+] 449.2; retention time 5.97 min.

Allyl 7-methoxy-8-(4-methoxy-4-oxobutoxy)-5-oxo-11-
((tetrahydro-2H-pyran-2-yl)oxy)-2,3,11,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepine-10(5H)-carboxylate (7, JP-
179-06) 6 (0.394 g, 0.88 mmol) was dissolved in 6 mL EA added 
with 0.8 mL DHP (8.78 mmol) and 0.004 g PTSA (0.021 mmol), 
stirring for 2 h. After checking the reaction was completed, the 
crude was diluted in 6 mL EA and washed with 6 mL NaHCO3, 6 mL 
brine. The organic phase was dried over MgSO4 and evaporated. 
The received oil was then purified via flash column 
chromatography (0-80% EA in hexane). Rf=0.22 (TLC: EA/Hexane = 
5/5). The product was obtained after evaporation in rotary 
evaporator and drying in the high vac (Yield: 90.1%)12. 1H NMR 
(400 MHz, CDCl3): δ 1.32-1.83 (m, 12H), δ 1.86-2.15 (m, 13H), δ 
2.45-2.49 (t, 4H, J = 7.10 Hz), δ 3.37-3.55 (m, 5H), δ 3.61 (s, 7H), δ 
3.81 (s, 7H), δ 3.92-4.03 (m, 4H), δ 4.25-4.43 (m, 2H), δ 4.49-4.63 
(m, 2H), δ 4.95-5.12 (m, 4H), δ 5.65-5.73 (m, 1H), δ 5.78-5.86 (m, 
1H), δ 6.53 (s, 1H), δ 6.80 (s, 1H), δ 7.13-7.20 (m, 2H). LCMS-ESI 
(Method E) (m/z): C27H36N2O9 (532.59) [M+H+] 533.2; retention 
time 7.62 min.

4-((10-((allyloxy)carbonyl)-7-methoxy-5-oxo-11-((tetrahydro-2H-
pyran-2-yl)oxy)-2,3,5,10,11,11a-hexahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-yl)oxy)butanoic acid (8, JP-
179-07) 7 (0.586 g) was dissolved in 6 mL dioxane, while 3.3 mL 
2M NaOH was added to the mixture, leaving the system at room 
temperature to stir for 2 h. Once checked the completion of the 
reaction, the mixture was evaporated and dissolved in 30 mL 
water. 1M citric acid was titrated till pH = 3-4, and then the water 
layer was extracted with EA (2×20 mL). The extracted EA layer was 
then collected and washed with brine (20 mL), dried over MgSO4. 
0.528 g product was achieved after evaporation and drying 
(92.5%)12. 1H NMR (400 MHz, CDCl3): δ 1.35-1.61 (m, 8H), δ 1.64-
1.88 (m, 4H), δ 1.88-1.97 (m, 4H), δ 2.01-2.19 (m, 8H), δ 2.43-2.58 
(m, 4H), δ 3.34-3.75 (m, 8H), δ 3.84 (s, 7H), δ 3.98-4.08 (m, 4H), δ 
4.26-4.43 (m, 2H), δ 4.48-4.66 (m, 2H), δ 4.86-5.11 (m, 4H), δ 5.54-
5,75 (m, 2H), δ 6.51 (s, 1H), δ 6.67 (s, 1H), δ 7.15-7.20 (m, 2H). 13C 
NMR (100 MHz, CDCl3): δ 14.19, 19.72, 21.04, 23.06, 23.94, 24.05, 
25.26, 25.44, 28.70, 30.10-30.19, 30.68, 30.93, 46.44, 56.13, 

60.09, 60.42, 62.91, 66.88, 67.82, 86.01, 94.65, 110.82, 114.11-
114.55, 125.89, 167.13, 177.33. LCMS-ESI (Method E) (m/z): 
C26H34N2O9 (518.56) [M+H+] 519.2; retention time 6.96 min.

Tert-butyl (2-fluoro-4-nitrophenyl) carbamate (10a, JP-175-P1) 2-
fluoro-4-nitroaniline (9a, 0.100g, 0.641 mmol, 1 eq) was 
suspended in 3 mL DCM with TEA (0.13 mL, 0.962 mmol, 1 eq) and 
DMAP (0.009 g, 0.077 mmol, 0.03 eq). di-tert-butyl decarbonate 
(0.147 g, 0.673 mmol, 1.1 eq) was added to the system, stirring it 
at r.t for 16 h. Once check the finishing of the reaction, the mixture 
was diluted in 4 mL DCM and washed with ice-cooled 5% citric acid 
(4×3 mL) and dried over Na2SO4. The dried crude was then purified 
using flash column chromatography (0-5% EA in hexane). Rf=0.41 
(TLC: Hexane/ EA = 9/1). 0.092 g product was achieved (Yield: 
56.2%). 1H NMR (400 MHz, CDCl3): δ 1.54 (s,9H), δ 6.99 (s, 1H), δ 
7.95-7.99 (dd, 1H, J = 2.49, 10.91 Hz), δ 8.04-8.06 (m, 1H), δ 8.34-
8.38 (t, 1H, J = 8.52 Hz). LCMS-ESI (Method E) (m/z): C11H13FN2O4 
(256.23) [M-H+] 255.1; retention time 8.28 min.

Tert-butyl (4-amino-2-fluorophenyl) carbamate (11a, JP-175-P2) 
10a (0.300 g, 1.17 mmol, 1 eq) was dissolved in EA/EtOH solvent 
mixture (EA/ EtOH = 2/3), while ammonium formate (0.148 g, 2.34 
mmol, 2 eq) and 10% Pd/C (0.030 g) was added to the system. 
Mixture was reacted in hydrogenator at 40 Psi overnight. The 
product was filtered in Celite and washed with EtOH. The product 
was evaporated without further purification, gaining 0.118 g 
product (Yield: 44.5%). Rf=0.86 (TLC: 100% EA). 1H NMR (400 MHz, 
DMSO-d6): δ 1.41 (s, 9H), δ 5.21 (s, 2H), δ 6.30 (m, 2H), δ 6.95 (s, 
1H), δ 8.27 (s, 1H). 13C NMR (100 MHz, DMSO-d6): δ 28.59, 39.36-
40.61, 78.81, 100.73-100.96, 109.68-109.70, 114.00-114.12, 
128.36, 148.27-148.37, 154.45, 156.16, 158.57. LCMS-ESI (Method 
E) (m/z): C11H15FN2O2 (226.25) [M+H+] 227.1; retention time 5.77 
min.

Tert-butyl (4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) 
amino) hexanamido)-2-fluorophenyl) carbamate (12a, JP-175-P3) 
2 (0.080 g, 0.214 mmol, 1 eq) was dissolved in 5 mL DMF added 
with DMAP (0.052 g, 0.428 mmol, 2 eq) and EDC (0.103 g, 0.535 
mmol, 2.5 eq). The mixture was stirred for 30 mins and then added 
11a (0.073 g, 0.321 mmol, 1.2 eq). The mixture was quenched with 
50 mL water, and it was then worked up with 3 × 20 mL EA. The 
organic layer was collected and washed with 3 × 50 mL water, 50 
mL brine, and dried over MgSO4. The dried crude was purified 
using flash column chromatography (0-70% EA in Hexane). Rf=0.06 
(TLC: EA/Hexane = 8/2). 0.034 g product was achieved (Yield: 
27.6%). 1H NMR (400 MHz, MeOD-d4): δ 1.30 (s, 2H), δ 1.53 (s, 
9H), δ 1.69-1.80 (m, 4H), δ 2.15-2.21 (m, 1H), δ 2.38-2.41 (t, 2H, J 
= 7.44 Hz), δ 2.44-2.52 (m, 1H), δ 2.77-2.82 (m, 1H), δ 2.88-2.98 
(m, 1H), δ 3.25-3.28 (t, 2H, J = 7.09 Hz), δ 4.28 (s, 2H), δ 5.13-5.17 
(dd, 1H, J = 5.80, 13.26 Hz), δ 6.84-6.86 (d, 1H, J = 7.94 Hz), δ 7.07-
7.09 (d, 1H, J = 7.94 Hz), δ 7.14-7.16 (d, 1H, J = 8.83 Hz), δ 7.31-
7.35 (t, 1H, J = 7.50 Hz), δ 7.57-7.64 (m, 2H). 13C NMR (100 MHz, 
MeOD-d4): δ 22.85, 25.06, 26.31, 27.22, 28.43, 29.34, 29.48, 
30.99, 36.34, 42.73, 46.96-48.23, 52.16, 107.16, 110.50, 112.46, 
129.19, 143.70, 170.89, 173.30. LCMS-ESI (Method E) (m/z): 
C30H36FN5O6 (581.65) [M+H+] 582.2; retention time 7.47 min.

N-(4-amino-3-fluorophenyl)-6-((2-(2,6-dioxopiperidin-3-yl)-1-
oxoisoindolin-4-yl) amino) hexanamide (13a, JP-175-P4) 12a 
(0.060 g, 0.103 mmol, 1 eq) was dissolved in 4 mL DCM, added 
with 2 mL TFA. The solvent was stirred for 1 h. After checking the 
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reaction was completed, the product was evaporated and directly 
used for the next step without further purification. 1H NMR (400 
MHz, MeOD-d4): δ 1.34-1.44 (m, 2H), δ 1.55-1.69 (m, 4H), δ 2.03-
2.11 (m, 1H), δ2.23-2.41 (m, 4H), δ 2.66-2.70 (m, 1H), δ 2.77-2.86 
(m, 1H), δ 3.14-3.18 (t, 2H, J = 7.20 Hz), δ 4.17-4.18 (d, 2H, J = 4.59 
Hz), δ 5.02-5.06 (dd, 1H, J = 5.32, 12.92 Hz), δ 6.75-6.77 (d, 1H, J = 
8.12 Hz), δ 6.97-6.99 (d, 1H, J = 7.17 Hz), δ 7.16-7.23 (m, 3H), δ 
7.61-7.64 (d, 1H, J = 13.38 Hz). 13C NMR (100 MHz, MeOD-d4): δ 
22.84, 24.90, 26.22, 28.32, 29.33, 30.97, 36.30, 42.98, 45.92, 
46.96-48.23, 52.17, 107.65, 110.99, 112.96, 115.76, 126.92, 
129.21, 131.62, 143.23, 170.90-170.01, 173.27. LCMS-ESI (Method 
E) (m/z): C25H28FN5O4 (481.53) [M+H+] 482.2; retention time 5.87 
min.

Allyl 8-(4-((4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)amino)hexanamido)-2-fluorophenyl)amino)-4-oxobutoxy)-7-
methoxy-5-oxo-11-((tetrahydro-2H-pyran-2-yl)oxy)-2,3,11,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-10(5H)-
carboxylate (14a, JP-175-P5) 5 (0.040 g, 0.077 mmol, 1 eq) was 
dissolved in 3 mL DMF, added with DMAP (0.019 g, 0.154 mmol, 2 
eq) and EDC (0.037 g, 0.193 mmol, 2.5 eq), the mixture was stirred 
for 30 min then added 13a (0.044 g, 0.092 mmol, 1.2 eq), stirring 
overnight. After confirming the reaction was finished via TLC, the 
product was quenched with 10× volume of water, and it was 
worked up with 3 × 30 mL EA. The organic phase was combined 
and washed with 50 mL water, 50 mL brine, and subsequently 
dried over MgSO4. The crude was purified using flash column 
chromatography (0-5% MeOH in EA). Rf=0.42 (TLC: EA/MeOH = 
9/1) 0.034 g product was gained (Yield: 44.3%). 1H NMR (400 MHz, 
MeOD-d4): δ 1.46-1.58 (m, 6H), δ 1.67-1,79 (m, 6H), δ 1.98-2.07 
(m, 3H), δ 2.09-2.26 (m, 5H), δ 2.35-2.47 (m, 3H), δ 2.59-2.68 (m, 
2H), δ 2.73-2.82 (m, 1H), δ 2.84-2.99 (m, 1H), δ 3.23-3.26 (t, 2H, J 
= 6.80 Hz), δ 3.44-3.66 (m, 5H), δ 3.87-3.93 (s, 3H), δ 4.07-4.15 (m, 
2H), δ 4.26 (d, 2H, J= 2.38 Hz), δ 4.40-4.63 (m, 2H), δ 5.00-5.16 (m, 
3H), δ 5.73-5.82 (m, 1H), δ 5.87-5.89 (d, 1H, J = 9.48 Hz), δ 6.82-
6.84 (d,1H, J = 8.18 Hz), δ 6.96-6.97 (d, 1H, J = 4.54 Hz), δ 7.05-7.07 
(d, 1H, J = 7.50 Hz), δ 7.14-7.20 (m, 2H), δ 7.29-7.33 (t, 1H, J = 7.75 
Hz), δ 7.60-7.63 (d, 1H, J = 12.86 Hz), δ 7.72-7.77 (t, 1H, J = 8.57 
Hz). LCMS-ESI (Method E) (m/z): C51H60FN7O12 (982.08) [M+] 982.5; 
retention time 7.41 min.

6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) amino)-N-(3-
fluoro-4-(4-(((S)-7-methoxy-5-oxo-2,3,5,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamido)phenyl)hexanamide (15a, JP-175-P6) 14a 
(0.097 g, 0.099 mmol, 1 eq) was dissolved in 5 mL DCM, added 
with palladium tetrakis[triphenylphosphine] (0.0057 g, 0.005 
mmol, 0.05 eq), triphenylphosphine (0.0065 g, 0.025 mmol, 0.25 
eq), and pyrrolidine (0.01 mL, 0.119 mmol, 0.25 eq). The mixture 
was stirred at room temperature for 2 h. The mixture was 
evaporated and dried, which was purified using flash column 
chromatography (0-20% MeOH in EA). Rf=0.08 (TLC: EA/MeOH = 
8/2). 0.093 g product was retrieved (Yield > 99.9%). 1H NMR (400 
MHz, DMSO-d6): δ 1.59-1.70 (m, 2H), δ 1.60-1.70 (m, 4H), δ 1.87-
1.94 (m, 2H), δ 2.02-2.09 (m, 5H), δ 2.18-2.21 (m, 2H), δ 2.32-2.37 
(t, 2H, J = 7.18 Hz), δ 3.06-3.15 (m, 5H), δ 3.46-3.52 (m, 2H), δ 3.55-
3.59 (m, 1H), δ 3.63-3.66 (m, 3H), δ 3.91-4.04 (m, 2H), δ 4.18-4.28 
(m, 1H), δ 4.42-4.51 (m, 1H), δ 4.65-4.83 (m, 1H), δ 5.69 (s, 1H), δ 
6.41 (s, 1H), δ 6.69-6.71 (d, 1H, J = 8.05 Hz), δ 6.87-6.89 (d, 1H, J = 
7.38 Hz), δ 7.15 (s, 1H), δ 7.23-7.27 (m, 2H), δ 7.34 (s, 1H), δ 7.56 
(s, 1H), δ 7.63-7.67 (m, 1H), δ 7.78-7.79 (d, 1H, J = 4.41 Hz), δ 9.70-

9.71 (d, 1H, J = 4.09 Hz), δ 10.29 (s, 1H). 13C NMR (100 MHz, DMSO-
d6): δ 22.87, 23.16-23.29, 24.13-24.32, 25.09, 25.42-25.64, 25.98, 
26.84, 28.78, 29.29, 30.70, 31.17-31.49, 32.46, 36.82, 43.09, 
44.78, 45.69, 46.11-46.26, 46.84, 49.04, 52.66, 53.88-54.22, 
56.09-56.35, 58.57, 67.72, 106.54-106.78, 110.10-110.63, 111.64, 
114.84-115.40, 120.26-121.06, 125.58, 127.40, 129.37, 132.74, 
139.83-141.06, 144.13, 147.40, 152.00, 155.49, 163.84, 164.71, 
165.31, 169.39-169.80, 171.31-171.95, 172.92. LCMS-ESI (Method 
E) (m/z): retention time at 6.2 min, purity 97.07%. LCMS-ESI 
(Method F) (m/z): retention time at 2.78 min, purity > 98.5%. 
HRMS-ESI-ESI: C42H46FN7O8 (795.35) [M+H+] calculated for 
796.3465; found 796.3438; error -3.35 ppm.

6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-N-(4-
(4-(((S)-7-methoxy-5-oxo-2,3,5,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamido)phenyl)hexanamide (15d, JP-163-16) 2 (0.053 
g, 0.143 mmol, 1.5 eq) was dissolved in 3 mL DMF, added with 
DMAP (0.023 g, 0.190 mmol, 2 eq) and EDC (0.046 g, 0.238 mmol, 
2.5 eq). The mixture was stirred for 30 mins and then added MMH-
165-26 (20d, 0.040 g, 0.095 mmol, 1 eq) and it was stirred 
overnight. Once finishing the reaction, the reaction was quenched 
with 10× volume of water, and extracted with 3 × 30 mL EA. The 
organic layer was collected and washed with 3 × 30 mL water and 
30 mL brine, dried over MgSO4. The crude was purified via C18 
preparative column chromatography (Method C), gaining 0.004 g 
product (Yield: 7.4%). 1H NMR (400 MHz, DMSO-d6): δ 1.39-1.45 
(m, 2H), δ 1.60-1.65 (m, 4H), δ 1.80-1.99 (m, 4H), δ 2.00-2.12 (m, 
4H), δ 2.16-2.25 (m, 1H), δ 2.28-2.35 (m, 3H), δ 2.60-2.64 (m, 1H), 
δ 2.88-2.97 (m, 1H), δ 3.11-3.16 (m, 2H), δ 3.43-3.52 (m, 2H), δ 
3.56-3.62 (m, 1H), δ 3.66 (s, 3H), δ 3.93-4.03 (m, 2H), δ 4.15-4.25 
(q, 2H, J = 19.16 Hz), δ 5.09-5.14 (dd, 1H, J = 5.18, 13.30 Hz), δ 5.59 
(t, 1H, J = 5.48 Hz), δ 6.37 (s, 1H), δ 6.74-6.76 (d, 1H, J = 8.06 Hz), 
δ 6.92-6.94 (d, 1H, J = 7.41 Hz), δ 7.05 (s, 1H), δ 7.21-7.34 (m, 2H), 
δ 7.50 (s, 4H), δ 9.79 (s, 1H), δ 9.89 (s, 1H), δ 11.00 (s, 1H). 13C NMR 
(100 MHz, DMSO-d6): δ 23.31, 24.13, 24.97, 25.49, 26.83, 28.85, 
29.31, 29.44, 30.87, 31.72, 33.06, 36.80, 43.11, 46.23, 46.84, 
49.07, 51.99, 53.88, 56.11, 68.32, 110.40, 110.72, 111.81, 112.25, 
119.86-119.92, 120.31, 126.94, 129.68, 132.53, 134.99, 135.12, 
141.08, 144.25, 147.45, 150.70, 163.82, 164.69, 169.36, 170.68, 
171.32, 171.70, 173.33. LCMS-ESI (Method E) (m/z): C42H47N7O8 
(777.88) [M+H+] 778.3; retention time 6.19 min, purity > 98.5 %. 
LCMS-ESI (Method F) (m/z), retention time at 2.78 min, purity 
95.8%. HRMS-ESI (m/z): C42H47N7O8 calculated [M+H+] 778.35589; 
found 778.3549; error -1.32 ppm.

Tert-butyl (2-methyl-4-nitrophenyl) carbamate (10b, JP-179-P1) 2-
methyl-4-nitroaniline (9b, 0.800g, 5.26 mmol, 1 eq) was 
suspended in 5 mL DCM with TEA (1.1 mL, 7.89 mmol, 1.5 eq) and 
DMAP (0.077 g, 0.63 mmol, 0.12 eq). di-tert-butyl decarbonate 
(1.205 g, 5.52 mmol, 1.05 eq) was added to the system, leaving it 
stirred at r.t for 16 h. Once check the finishing of the reaction, the 
mixture was diluted in 30 mL DCM, and washed with ice-cooled 
5% citric acid (4×20 mL) and dried over MgSO4. The dried crude 
was then purified using flash column chromatography (0-5% EA in 
hexane). Rf=0.16 (TLC: Hexane/ EA = 9/1). 0.465 g product was 
achieved (Yield: 35.0%). 1H NMR (400 MHz, CDCl3): δ 1.55 (s, 9H), 
δ 2.33 (s, 3H), δ 6.58 (s, 1H), δ 8.04-8.09 (m, 2H), δ 8.21-8.24 (d, 
1H, J = 9.07 Hz). 13C NMR (100 MHz, CDCl3): δ 17.67, 28.23, 81.97, 
118.12, 123.10, 125.44-125.65, 142.37-142.76, 151.90. LCMS-ESI 
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(Method E) (m/z): C12H16N2O4 (252.27) [M-H+] 251.1; retention 
time 8.27 min.

Tert-butyl (4-amino-2-methylphenyl) carbamate (11b, JP-179-P2) 
10b (0.200 g, 0.79 mmol, 1 eq) was dissolved in EA/EtOH solvent 
mixture (EA/ EtOH = 2/3), while ammonium formate (0.100 g, 1.58 
mmol, 2 eq) and 10% Pd/C (0.020 g) was added to the system. 
Mixture was reacted in hydrogenator at 40 psi overnight. The 
product was filtered in Celite and washed with EtOH. The product 
was evaporated without further purification, yielding 0.192 g 
product. 1H NMR (400 MHz, DMSO-d6): δ 1.41 (s, 9H), δ 2.02 (s, 
3H), δ 4.83 (s, 2H), δ 6.30-6.33 (dd, 1H, J = 2.47, 8.31 Hz), δ 6.36-
6.37 (d, 1H, J = 2.26 Hz), δ 6.77-6.79 (d, 1H, J = 8.27 Hz), δ 8.06 (s, 
1H). 13C NMR (100 MHz, DMSO-d4): δ 18.36, 28.69, 78.28, 111.91, 
115.70, 125.73, 127.65, 134.35, 146.71, 154.77. LCMS-ESI 
(Method E) (m/z): C12H18N2O2 (222.28) [M+H+] 223.1; retention 
time 4.74 min.

Tert-butyl (4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) 
amino) hexanamido)-2-methylphenyl) carbamate (12b, JP-179-
P3) 2 (0.258 g, 0.690 mmol, 1 eq) was dissolved in 3 mL DMF added 
with DMAP (0.169 g, 1.38 mmol, 2 eq) and EDC (0.331 g, 1.725 
mmol, 2.5 eq). The mixture was stirred for 30 mins and then added 
11b (0.184 g, 0.828 mmol, 1.2 eq). The mixture was quenched with 
10× volume water, and it was then worked up with 3 × 20 mL EA. 
The organic layer was collected and washed with 3 × 30 mL water, 
30 mL brine, and dried over MgSO4. The dried crude was purified 
using flash column chromatography (0-90% EA in Hexane). Rf=0.08 
(TLC: EA/Hexane = 9/1). 0.074 g product was achieved (Yield: 
18.5%). 1H NMR (400 MHz, DMSO-d6): δ 1.44 (m, 11H), δ 1.58-1.66 
(m, 4H), δ 1.98-2.00 (m, 1H), δ 2.14 (s, 3H), δ 2.27-2.33 (m, 3H), δ 
2.60-2.67 (m, 1H), δ 2.88-2.97 (m, 1H), δ 3.11-3.18 (m, 2H), δ 4.10-
4.25 (q, 2H, J = 19.23 Hz), δ 5.09-5.13 (dd, 1H, J = 5.05, 13.24 Hz), 
δ 5.56-5.59 (t, 1H, J = 5.27 Hz), δ 6.74-6.76 (d, 1H, J = 8.05 Hz), δ 
6.92-6.93 (d, 1H, J = 7.44 Hz), δ 7.14-7.17 (d, 1H, J = 8.88 Hz), δ 
7.26-7.34 (m, 2H), δ 7.40 (s, 1H), δ 8.40 (s, 1H), δ 9.75 (s, 1H), δ 
11.00 (s, 1H). LCMS-ESI (Method E) (m/z): C31H39N5O6 (577.68) 
[M+H+] 578.3; retention time 7.34 min.

N-(4-amino-3-methylphenyl)-6-((2-(2,6-dioxopiperidin-3-yl)-1-
oxoisoindolin-4-yl)amino)hexanamide (13b, JP-179-P4) 12b (0.103 
g, 0.178 mmol, 1 eq) was dissolved in 4 mL DCM, added with 2 mL 
TFA. The solvent was stirred for 1 h. After checking the reaction 
was completed, the product was evaporated and directly used for 
the next step without further purification. 1H NMR (400 MHz, 
MeOD-d4): δ 1.48-1.54 (m, 2H), δ 1.60-1.84 (m, 4H), δ 2.14-2.19 
(m, 1H), δ 2.35-2.43 (m, 5H), δ 2.45-2.60 (m, 1H), δ 2.74-2.94 (m, 
2H), δ 3.22-3.26 (t, 2H, J = 7.00 Hz) δ 4.25-4.27 (d, 2H, J = 4.81 Hz), 
δ 5.11-5.15 (dd, 1H, J = 5.14, 13.29 Hz), δ 6.82-6.84 (d, 1H, J = 8.01 
Hz), δ 7.04-7.06 (d, 1H, J = 7.48 Hz), δ 7.23-7.31 (m, 2H), δ 7.50-
7.52 (m, 2H). 13C NMR (100 MHz, MeOD-d4): δ 15.82, 22.84, 25.03, 
26.28, 28.42, 29.33-29.49, 30.97, 36.36, 42.87, 45.95, 52.17, 
110.69, 112.68, 118.34, 122.37, 123.06, 124.84, 126.75, 129.18, 
131.57, 132.18, 143.51, 170.91, 173.27-173.32. LCMS-ESI (Method 
E) (m/z): C26H31N5O4 (477.57) [M+H+] 478.2; retention time 4.97 
min.

Allyl 8-(4-((4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)amino)hexanamido)-2-methylphenyl)amino)-4-oxobutoxy)-7-
methoxy-5-oxo-11-((tetrahydro-2H-pyran-2-yl)oxy)-2,3,11,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-10(5H)-

carboxylate (14b, JP-179-P5) 8 (0.090 g, 0.174 mmol, 1 eq) was 
dissolved in 3 mL DMF, added with DMAP (0.043 g, 0.348 mmol, 2 
eq) and EDC (0.083 g, 0.435 mmol, 2.5 eq), the mixture was stirred 
for 30 min then added 13b (0.100 g, 0.209 mmol, 1.2 eq), stirring 
overnight. After confirming the reaction was finished via TLC, the 
product was quenched with 10× volume of water, and it was 
worked up with 3 × 30 mL EA. The organic phase was combined 
and washed with 50 mL water, 50 mL brine, and subsequently 
dried over MgSO4. The crude was purified using flash column 
chromatography (0-5% MeOH in EA). Rf=0.28 (TLC: EA/MeOH = 
9/1). 0.075 g product was gained (Yield: 44.1%). 1H NMR (400 MHz, 
MeOD-d4): δ 1.45-1.56 (m, 6H), δ 1.68-1.79 (m, 6H), δ 1.97-2.07 
(m, 3H), δ 2.09-2.26 (m, 5H), δ 2.33-2.48 (m, 3H), δ 2.57-2.70 (m, 
2H), δ 2.73-3.00 (m, 2H), δ 3.22-3.26 (t, 2H, J = 6.85 Hz), δ 3.41-
3.72 (m, 5H), δ 3.87-3.93 (m, 3H), δ 4.06-4.19 (m, 2H), δ 4.26 (s, 
2H), δ 4.38-4.62 (m, 2H), δ 5.00-5.16 (m, 3H), δ 5.73-5.82 (m, 1H), 
δ 5.87-5.89 (d, 1H, J = 9.48 Hz), δ 6.82-6.84 (d, 2H, J = 8.18 Hz), δ 
6.96-6.97 (d, 1H, J = 4.54 Hz), δ 7.05-7.07 (d, 1H, J = 7.50 Hz), δ 
7.11-7.23 (m, 2H), δ 7.29-7.33 (t, 1H, J = 7.77 Hz), δ 7.60-7.63 (d, 
1H, J = 12.86 Hz), δ 7.72-7.77 (t, 1H, J = 8.73 Hz). LCMS-ESI (Method 
E) (m/z): C52H63N7O12 (978.12) [M+/2] 489.7; retention time 7.32 
min.

6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-N-(4-
(4-(((S)-7-methoxy-5-oxo-2,3,5,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-yl)oxy)butanamido)-3-
methylphenyl)hexanamide (15b, JP-179-P6) 14b (0.075 g, 0.077 
mmol, 1 eq) was dissolved in 5 mL DCM, added with palladium 
tetrakis[triphenylphosphine] (0.0045 g, 0.004 mmol, 0.05 eq), 
triphenylphosphine (0.0050 g, 0.019 mmol, 0.25 eq), and 
pyrrolidine (0.008 mL, 0.092 mmol, 1.2 eq). The mixture was 
stirred at room temperature for 2 h. The mixture was then 
evaporated and dried, which was purified using flash column 
chromatography (0-20% MeOH in EA). Rf=0.38 (TLC: EA/MeOH = 
8/2). 0.053 g product was retrieved (Yield: 86.9%). 1H NMR (400 
MHz, DMSO-d6): δ 1.36-1.48 (m, 2H), δ 1.57-1.70 (m, 4H), δ 1.84-
1.98 (m, 2H), δ 1.99-2.07 (m, 3H), δ 2.12 (s, 3H), δ 2.19-2.39 (m, 
5H), δ 2.49-2.52 (m, 2H), δ 2.58-2.68 (d, 1H, J = 16.87 Hz), δ 2.83-
3.00 (m, 1H), δ 3.07-3.19 (m, 2H), δ 3.33-3.45 (m, 2H), δ 3.54-3.62 
(m, 1H), δ 3.57-3.76 (m, 3H), δ 3.97-4.10 (m, 2H), δ 4.13-4.27 (m, 
2H), δ 5.00-5.21 (dd, 1H, J = 12.80, 4.68 Hz), δ 5.57 (s, 1H), δ 6.74-
6.76 (d, 1H, J = 7.98 Hz), δ 6.92-6.94 (d, 1H, J = 7.37 Hz), δ 7.23-
7.30 (m, 2H), δ 7.35-7.39 (d, 2H, J = 8.11 Hz), δ 7.45 (s, 1H), δ 7.56 
(s, 1H), δ 7.78-7.79 (d, 1H, J = 4.13 Hz), δ 9.28 (s, 1H), δ 9,81 (s, 
1H), δ 11.00 (s, 1H). 13C NMR (100 MHz, DMSO-d6): δ 14.55, 18.56, 
21.22, 23.31, 24.14, 25.23, 25.50, 26.81, 28.85, 29.31, 31.72, 
36.83, 43.11, 46.25, 46.84, 51.99, 53.88, 54.21, 56.10, 60.22, 
68.36, 110.39, 110.70, 111.80, 112.22, 117.23, 121.18, 126.20, 
126.95, 129.68, 131.92, 132.53, 132.85, 141.08, 144.25, 147.45, 
150.71, 164.70, 169.37, 171.00, 171.48, 171.71, 173.35. LCMS-ESI 
(Method E) (m/z): C43H49N7O8 (791.91) 792.3; retention time 6.16 
min; purity 95.66%. LCMS-ESI (Method F) (m/z): retention time at 
2.73 min, purity 98.5%. HRMS-ESI (m/z): C43H49N7O8 (791.27) 
[M+H+] calculated 792.3715; found 792.3703; error -1.56 ppm.

Tert-butyl (2-methoxy-4-nitrophenyl) carbamate (10c, JP-179-P7) 
2-methoxy-4-nitroaniline (9c, 0.800g, 4.76 mmol, 1 eq) was 
suspended in 5 mL DCM with TEA (1.0 mL, 7.14 mmol, 1.5 eq) and 
DMAP (0.069 g, 0.57 mmol, 0.12 eq). Di-tert-butyl decarbonate 
(1.091 g, 5.00 mmol, 1.05 eq) was then added, leaving it stirred at 
r.t for 16 h. Once reaction was finished, the mixture was diluted in 
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30 mL DCM and washed with ice-cooled 5% citric acid (4 × 20 mL) 
and dried over MgSO4. The dried crude was then purified using 
flash column chromatography (0-5% EA in hexane). Rf=0.22 (TLC: 
Hexane/ EA = 9/1). 0.764 g product was achieved (Yield: 59.7%). 
1H NMR (400 MHz, CDCl3): δ 1.54 (s, 9H), δ 3.98 (s, 3H), δ 7.35 (s, 
1H), δ 7.72 (s, 1H), δ 7.90-7.92 (dd, 1H, J = 2.09, 9.04 Hz), δ 8.25-
8.28 (d, 1H, J = 9.02 Hz). 13C NMR (100 MHz, CDCl3): δ 28.24, 56.26, 
81.71, 105.18, 116.36, 117.89, 134.66, 142.15, 146.81, 152.00. 
LCMS-ESI (Method E) (m/z): C12H16N2O5 (268.27) [M-H+] 267.1; 
retention time 8.55 min.

Tert-butyl (4-amino-2-methoxyphenyl) carbamate (11c, JP-179-
P8) 10c (0.300 g, 1.118 mmol, 1 eq) was dissolved in EA/EtOH 
solvent mixture (EA/ EtOH = 2/3), while ammonium formate 
(0.141 g, 2.236 mmol, 2 eq) and 10% Pd/C was added to the 
system. The mixture was reacted in hydrogenator at 40 psi 
overnight. The product was filtered in Celite and washed with 
EtOH. The product was evaporated without further purification, 
yielding 0.267 g product. 1H NMR (400 MHz, DMSO-d6): δ 1.41 (s, 
9H), δ 3.68 (s, 3H), δ 4.92 (s, 2H), δ 6.07-6.09 (d, 1H, J = 8.37 Hz), δ 
6.23 (s, 1H), δ 7.04 (s, 1H), δ 7.52 (s, 1H). 13C NMR (100 MHz, 
DMSO-d6): δ 28.64, 55.57, 78.55, 98.25, 105.67, 116.27, 147.03, 
154.18. LCMS-ESI (Method E) (m/z): C12H18N2O3 (238.29) [M+H+] 
239.1; retention time 5.04 min.

Tert-butyl (4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl) 
amino) hexanamido)-2-methoxyphenyl) carbamate (12c, JP-179-
P9) 2 (0.261 g, 0.699 mmol, 1 eq) was dissolved in 3 mL DMF added 
with DMAP (0.171 g, 1.398 mmol, 2 eq) and EDC (0.335 g, 1.748 
mmol, 2.5 eq). The mixture was stirred for 30 mins and then added 
11c (0.200 g, 0.839 mmol, 1.2 eq). The mixture was quenched with 
10× volume water, and it was then worked up with 3 × 20 mL EA. 
The organic layer was collected and washed with 3 × 30 mL water, 
30 mL brine, and dried over MgSO4. The dried crude was purified 
using flash column chromatography (0-90% EA in Hexane). Rf=0.08 
(TLC: EA/Hexane = 9/1). 0.152 g product was achieved (Yield: 
36.6%). 1H NMR (400 MHz, MeOD-d4): δ 1.51 (m, 11H), δ 1.70-
1.78 (m, 4H), δ 2.12-2.17 (m, 1H), δ 2.37-2.40 (m, 3H), δ 2.86-2.99 
(m, 3H), δ 3.24-3.28 (t, 2H, J = 6.92 Hz), δ 3.84 (s, 3H), δ 4.26 (s, 
2H), δ 5.10-5.14 (dd, 1H, J = 5.06, 13.38 Hz), δ 6.83-6.85 (d, 1H, J = 
8.08 Hz), δ 6.94-6.96 (m, 1H), δ 7.05-7.07 (d, 1H, J = 7.49 Hz), δ 
7.29-7.33 (t, 1H, J = 7.93 Hz), δ 7.39 (s, 1H), δ 7.68-7.70 (d, 1H, J = 
7.90 Hz). LCMS-ESI (Method E) (m/z): C31H39N5O7 (593.68) [M+H+] 
found 594.3; retention time 7.59 min.

N-(4-amino-3-methoxyphenyl)-6-((2-(2,6-dioxopiperidin-3-yl)-1-
oxoisoindolin-4-yl) amino) hexanamide (13c, JP-179-P10) 12c 
(0.144 g, 0.242 mmol, 1 eq) was dissolved in 4 mL DCM, added 
with 2 mL TFA. The solvent was stirred for 1 h. After checking the 
reaction was completed, 0.163 g product was obtained and 
directly used for the next step without further purification. 1H 
NMR (400 MHz, MeOD-d4): δ 1.48-1.55 (m, 2H), δ 1.70-1.77 (m, 
4H), δ 2.15-2.18 (m, 1H), δ 2.40-2.50 (m, 3H), δ 2.75-2.99 (m, 2H), 
δ 3.24-3.27 (t, 2H, J = 7.00 Hz), δ 3.94 (s, 3H), δ 4.27-4.28 (d, 2H, J 
= 4.53 Hz), δ 5.12-5.17 (dd, 1H, J = 5.15, 13.35 Hz), δ 6.83-6.85 (d, 
1H, J = 7.99 Hz), δ 7.05-7.07 (d, 1H, J = 7.48 Hz), δ 7.13-7.14 (d, 1H, 
J = 10.05 Hz), δ 7.24-7.32 (m, 2H), δ 7.60 (s, 1H). 13C NMR (100 
MHz, MeOD-d4): δ 22.86, 24.99, 26.29, 28.44, 30.97, 36.43, 42.87, 
45.91, 48.44, 52.15, 53.73, 55.29, 103.59, 110.72, 111.44, 112.69, 
123.42, 126.76, 129.19, 131.57, 143.47, 152.82, 170.90-171.07, 

173.27-173.39. LCMS-ESI (Method E) (m/z): C26H31N5O5 (493.56) 
[M+H+] 494.2; retention time 4.89 min.

Allyl 8-(4-((4-(6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-
yl)amino)hexanamido)-2-methoxyphenyl)amino)-4-oxobutoxy)-7-
methoxy-5-oxo-11-((tetrahydro-2H-pyran-2-yl)oxy)-2,3,11,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepine-10(5H)-
carboxylate (14c, JP-179-P11) 8 (0.090 g, 0.174 mmol, 1 eq) was 
dissolved in 3 mL DMF, added with DMAP (0.043 g, 0.348 mmol, 2 
eq) and EDC (0.083 g, 0.435 mmol, 2.5 eq), the mixture was stirred 
for 30 min then added 13c (0.100 g, 0.209 mmol, 1.2 eq), stirring 
overnight. After confirming the reaction was finished via TLC, the 
product was quenched with 10× volume of water, and it was 
worked up with 3 × 30 mL EA. The organic phase was combined 
and washed with 50 mL water, 50 mL brine, and subsequently 
dried over MgSO4. The crude was purified using flash column 
chromatography (0-5% MeOH in EA). Rf=0.26 (TLC: EA/MeOH = 
9/1). 0.116 g product was gained (Yield: 67.1%). 1H NMR (400 MHz, 
MeOD-d4): δ 1.21-1.46 (m, 8H), δ 1.54-1.81 (m, 6H), δ 1.82-2.10 
(m, 7H), δ 2.10-2.50 (m, 6H), δ 2.50-2.55 (m, 2H), δ 2.62-2.89 (m, 
2H), δ 3.33-3.49 (m, 3H), δ 3.55-3.64 (m, 1H), δ 3.70-3.84 (m, 6H), 
δ 3.98-4.07 (m, 2H), δ 4.26-4.40 (m, 1H), δ 4.46-4.73 (m, 2H), δ 
4.97-5.14 (m, 2H), δ 5.66-5.68 (d, 1H, J = 6.77 Hz), δ 5.79-5.81 (d, 
1H, J = 8.96 Hz), δ 6.56-6.70 (m, 1H), δ 6.83 (m, 1H), δ 7.12-7.19 
(m,2H), δ 7.33-7.63 (m, 3H), δ 7.70-7.75 (m, 1H). LCMS-ESI 
(Method E) (m/z): C52H63N7O13 (944.11) [M+] 944.4; retention time 
7.41 min.

6-((2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)amino)-N-(3-
methoxy-4-(4-(((S)-7-methoxy-5-oxo-2,3,5,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamido)phenyl)hexanamide (15c, JP-179-P12) 14c 
(0.116 g, 0.117 mmol, 1 eq) was dissolved in 5 mL DCM, added 
with palladium tetrakis[triphenylphosphine] (0.0068 g, 0.006 
mmol, 0.05 eq), triphenylphosphine (0.0077 g, 0.029 mmol, 0.25 
eq), and pyrrolidine (0.01 mL, 0.140 mmol, 1.2 eq). The mixture 
was stirred at room temperature for 2 h. The mixture was then 
evaporated and dried in a rotary evaporator, which was purified 
using flash column chromatography (0-20% MeOH in EA). Rf=0.34 
(TLC: EA/MeOH = 8/2). 0.096 g product was retrieved (Yield > 
99.9%). 1H NMR (400 MHz, DMSO-d6): δ 1.36-1.49 (m, 2H), δ 1.59-
1.68 (m, 4H), δ 1.80-1.95 (m, 2H), δ 1.95-2.10 (m, 5H), δ 2.15-2.38 
(m, 5H), δ 2.51-2.61 (m, 2H), δ 3.06-3.16 (m, 2H), δ 3.40-3.49 (m, 
2H), δ 3.55-3.61 (m, 1H), δ 3.67 (s, 3H), δ 3.76 (s, 3H), δ 3.91-4.06 
(m, 2H), δ 4.22-4.52 (m, 2H), δ 4.64-4.81 (dd, 1H, J = 10.27,4.73 
Hz), δ 5.67 (s, 1H), δ 6.12 (s, 1H), δ 6.39 (s, 1H), δ 6.68-6.78 (m, 
1H), δ 6.86-6.92 (m, 1H), δ 7.06-7.08 (d, 1H, J = 7.48 Hz), δ 7.24-
7.27 (m, 2H), δ 7.46 (s, 1H), δ 7.57 (s, 1H), δ 7.73-7.75 (d, 1H, J = 
8.35 Hz), δ 9.07 (s, 1H), δ 9.93 (s, 1H). 13C NMR (100 MHz, DMSO-
d6): δ 22.88, 25.25, 25.49, 26.89, 28.85, 29.54, 30.72, 30.85, 31.67, 
32.74, 36.89, 43.12, 45.96, 51.78, 53.59, 54.21, 54.69, 55.92, 
56.29, 56.39, 58.59, 58.86, 95.26, 103.16, 110.22, 110.93, 113.03, 
115.57, 122.81, 123.31, 127.24, 129.47, 136.88, 139.82, 141.17, 
144.23, 152.11, 165.29, 167.38, 171.01, 171.56, 172.42, 173.00. 
LCMS-ESI (Method E) (m/z): C43H49N7O9 (807.37) [M-H+] 806.3; 
racemic structure peaks of the final product observed at 6.27 and 
6.35 min; purity 90.63%. LCMS-ESI (Method E) (m/z): peak at 2.80 
min, purity 96.2%. HRMS-ESI (m/z): C43H49N7O9 (807.37) [M+H+] 
calculated 808.36645; found 808.3655; error -1.20 ppm.
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Allyl (3-fluoro-4-nitrophenyl) carbamate (17a, JP-193-09) 3-
Fluoro-4 nitroaniline (16a, 0.100 g, 0.641 mmol, 1 eq) was added 
in 2 mL THF, then added with K2CO3 (0.106 g, 0.769 mmol, 1.2 eq). 
Allyl chloroformate (0.08 mL, 0.705 mmol, 1.1 eq) was then added 
dropwise, and the mixture was stirred overnight. The reaction was 
quenched with 10 mL DCM and washed with 10 mL CuSO4, 3 × 10 
mL Sat. Na2CO3, and dried over Na2SO4. The organic layer was 
evaporated in a rotary evaporator and then purified in flash 
chromatography (0-10% EA in Hexane). Rf=0.58 (TLC: EA/Hexane 
= 2/8). Product was finally obtained 0.112 g (Yield: 72.7%). 1H NMR 
(400 MHz, CDCl3): δ 4.70-4.71 (d, 2H, J = 5.84 Hz), δ 5.30-5.32 (d, 
1H, J = 10.40 Hz), δ 5.36-5.41 (dd, 1H, J = 1.26, 17.19 Hz), δ 5.91-
6.01 (m, 1H), δ 7.06 (s, 1H), δ 7.11-7.14 (d, 1H, J = 9.09 Hz), δ 7.61-
7.64 (d, 1H, J = 13.16 Hz), δ 8.05-8.09 (t, 1H, J = 8.66 Hz). 13C NMR 
(100 MHz, CDCl3): δ 66.77, 106.86-107.12, 113.06-113.09, 119.28, 
127.46-127.48, 131.52, 144.73-144.84, 152.23, 155.62, 158.24. 
LCMS-ESI (Method E) (m/z): C10H9FN2O4 240.19 [M-H+] 239.0; 
retention time 7.66 min.

Allyl (4-amino-3-fluorophenyl) carbamate (18a, JP-193-10) 17a 
(0.104 g, 0.431 mmol, 1 eq) was dissolved in 2 mL EtOH/H2O 
solvent mixture (ratio: 3/1), added with iron powder (0.144 g, 
2.586 mmol, 6 eq) and NH4Cl (0.207 g, 3.879 mmol, 9 eq). The 
suspension was stirred at 80°C for 2h. Once the reaction was 
confirmed finished via TLC, the reaction was quenched by cooling 
the reaction to r.t., and the suspension was filtered via Celite. The 
filtered organic layer was evaporated in a rotary evaporator and 
redissolved in EA, washed with water, brine, and dried over 
MgSO4. The solvent was then filtered and evaporated in a rotary 
evaporator, fully dried to obtain 0.096 g product and it was 
directly used without further purification. 1H NMR (400 MHz, 
DMSO-d6): δ 4.56-4.69 (dt, 2H, J = 5.40, 1.38 Hz), δ 4.80 (s, 2H), δ 
5.20-5.23 (dd, 1H, J = 10.46, 1.26 Hz), δ 5.31-5.36 (dd, 1H, J = 18.12, 
1.40 Hz), δ 5.93-5.99 (m, 1H), δ 6.65-6.70 (m, 1H), δ 6.89-6.91 (d, 
1H, J = 8.05 Hz), δ 7.16-7.19 (d, 1H, J = 12.87 Hz), δ 9.41 (s, 1H). 13C 
NMR (100 MHz, DMSO-d6): δ 64.93, 115.52, 116.65-116.71, 
117.88, 128.94, 133.91, 149.38, 151.72, 153.75. LCMS-ESI 
(Method E) (m/z): C10H11FN2O2 (211.21) [M+H+] 211.1; retention 
time 5.10 min (Method E).

Allyl 8-(4-((4-(((allyloxy) carbonyl) amino)-2-fluorophenyl) amino)-
4-oxobutoxy)-7-methoxy-5-oxo-11-((tetrahydro-2H-pyran-2-
yl)oxy)-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a] [1,4] 
diazepine-10(5H)-carboxylate (19a, JP-193-11) 8 (0.090 g, 0.174 
mmol, 1 eq) was dissolved in 3 mL DMF, added with DMAP (0.085 
g, 0.696 mmol, 4 eq) and EDC (0.166 g, 0.870 mmol, 5 eq). The 
mixture was stirred for 30 mins, then added 18a to leave the 
reaction stirred at r.t. overnight. The reaction was quenched with 
10× volume H2O, and it was extracted with 3 × 30 mL EA, the 
organic layer was combined with and washed with 100 mL 1M 
citric acid, 100 mL water, 100 mL brine, and dried over MgSO4. The 
organic layer was evaporated in a rotary evaporator and purified 
using flash column chromatography (40-80% EA in Hexane). 
Rf=0.18 (TLC: Hex/EA = 4/6). The product was collected and 
evaporated in a rotary evaporator, followed by drying in high vac 
and obtained 0.122 g (Yield: 98.4%). 1H NMR (400 MHz, MeOD-
d4): δ 1.46-1.65 (m, 4H), δ 1.68-1.85 (m, 2H), δ 2.03-2.10 (m, 2H), 
δ 2.11-2.28 (m, 4H), δ 2.51-2.75 (m, 2H), δ 3.46-3.55 (m, 2H), δ 
3.56-3.70 (m, 2H), δ 3.90 (s, 3H), δ 3.93-4.01 (m, 1H), δ 4.09-4.18 
(m, 3H), δ 4.42-4.75 (m, 4H), δ 5.03-5.15 (m, 2H), δ 5.24-5.27 (d, 
1H, J = 10.50 Hz), δ 5.36-5,41 (dd, 1H, J = 1.10, 17.22 Hz), δ 5.79-

5.81 (m, 1H), δ 5.89-5.92 (d, 1H, J = 9.39 Hz), δ 5.96-6.06 (m, 1H), 
δ 6.89 (s, 1H), δ 6.98-7.03 (m, 1H), δ 7.10-7.12 (d, 1H, J = 8.73 Hz), 
δ 7.20-7.24 (m, 1H), δ 7.46-7.49 (d, 1H, J = 12.80 Hz), δ 7.68-7.72 
(t, 1H, J = 7.83 Hz). LCMS-ESI (Method E) (m/z): C36H43FN4O10 
710.76; retention time 7.78 min.

(S)-N-(4-amino-2-fluorophenyl)-4-((7-methoxy-5-oxo-2,3,5,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamide (20a, JP-193-12) 19a (0.106 g, 0.149 mmol, 1 
eq) was dissolved 5 mL DCM, added with PPh3 (0.0197 g, 0.075 
mmol, 0.5 eq), palladium tetrakis[triphenylphosphine] (0.017 g, 
0.015 mmol, 0.1 eq), and pyrrolidine (0.019 mL, 0.224 mmol, 1.5 
eq). The solvent was stirred for 2 h. The reaction was quenched 
via evaporation in a rotary evaporator and dried in high vac. The 
crude was further purified using flash column chromatography (0-
3% MeOH in EA). Rf=0.38 (TLC: EA/MeOH = 9/1) The product was 
collected, evaporated in a rotary evaporator, and dried in high vac. 
The compound was further purified via preparative column 
chromatography (Method D) 0.020 g product was obtained (Yield: 
29.9%). 1H NMR (400 MHz, DMSO-d6): δ 1.94-2.05 (m, 4H), δ 2.45-
2.47 (m, 2H), δ 2.10-2.34 (m, 2H), δ 2.46 (m, 2H) δ 3.17 (s, 3H), δ 
3.64-3.67 (m, 2H), δ 3.74-3.82 (m, 1H), δ 3.92 (s, 2H), δ 5.25 (s, 2H), 
δ 6.33-6.37 (dd, 1H, J = 15.85, 13.23 Hz), δ 6.83 (s, 1H), δ 7.06-7.12 
(m, 2H), δ 7.34 (s, 1H), δ 7.77-7.79 (d, 1H, J = 4.19 Hz), δ 9.25 (s, 
1H). 13C NMR (100 MHz, DMSO-d6): δ 24.13, 25.12, 29.29, 32.25, 
49.07, 53.89, 56.09, 56.30, 56.40, 100.65, 100.88, 109.70, 110.60, 
111.73, 114.11, 120.25, 127.66, 141.06, 147.40, 150.67, 163.81, 
164.73, 171.12. LCMS-ESI (Method E) (m/z): C23H26FN4O4 (440.19) 
[M+H+] 441.1; retention time 4.49 min; purity: 85.4%. LCMS-ESI 
(Method F) (m/z): retention time at 3.05 min, purity 92.5%.  
HRMS-ESI: C23H25FN4O4 (440.19) [M+H+] calculated 441.19326; 
found 441.1930; error -0.68 ppm.

Allyl (3-methyl-4-nitrophenyl) carbamate (17b, JP-193-13) 3-
Methyl-4-nitroaniline (16b, 0.100 g, 0.657 mmol, 1 eq) was 
dissolved in 2 mL DMF, which was added with K2CO3 (0.109 g, 
0.788 mmol, 1.2 eq) and 97% allyl chloroformate (0.11 mL, 0.723 
mmol, 1.1 eq). The mixture was allowed to stir at r.t. overnight. 
After reaction was finished, the reaction was confirmed finished 
via TLC, it was quenched by 10 mL DCM, and it was washed with 
10 sat. CuSO4, 3 × 10 mL water, 3 × 10 mL Na2CO3. The organic 
layer was then dried over sodium sulphate, filtered, and then 
evaporated via rotary evaporator. The crude was purified using 
flash column chromatography (0-10% EA in hexane). Rf=0.60 (TLC: 
Hexane/EA = 8/2). The product was collected and evaporated in a 
rotary evaporator, gaining 0.130 g product after fully dried in high 
vac (Yield: 83.7%). 1H NMR (400 MHz, CDCl3): δ 2.56 (s, 3H), δ 4.62-
4.63 (d, 2H, J = 5.77 Hz), δ 5.22-5.24 (d, 1H, J = 10.41 Hz), δ 5.29-
5.34 (dd, 1H, J = 1.31, 17.19 Hz), δ 5.86-5.93 (m, 1H), δ 6.85 (s, 1H), 
δ 7.28-7.33 (m, 2H), δ 7.97-8.00 (d, 1H, J = 8.89 Hz). 13C NMR (100 
MHz, CDCl3): δ 21.43, 66.43, 115.78, 118.91, 121.07, 126.79, 
131.84, 136.26, 142.29, 143.88, 152.57. LCMS-ESI (Method E) 
(m/z): C11H12N2O4 (236.22) [M-H+] found 235.0; retention time 
7.75 min.

Allyl (4-amino-3-methylphenyl) carbamate (18b, JP-193-14) 17b 
(0.080 g, 0.339 mmol, 1 eq) was dissolved in 2 mL EtOH/H2O 
solvent mixture (ratio: 3/1), added with iron powder (0.114 g, 
2.034 mmol, 6 eq) and NH4Cl (0.163 g, 3.051 mmol, 9 eq). The 
suspension was stirred at 80°C for 2h. Once the reaction was 
confirmed finished via TLC, the reaction was quenched by cooling 

Page 17 of 24 RSC Medicinal Chemistry

R
S

C
M

ed
ic

in
al

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/2
7/

20
25

 7
:5

1:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MD00316D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00316d


18

the reaction to r.t., and the suspension was filtered via Celite. The 
filtered organic layer was evaporated in a rotary evaporator and 
redissolved in EA, washed with water, brine, and dried over 
MgSO4. The solvent was then filtered and evaporated in a rotary 
evaporator, fully dried to obtain 0.096 g product and it was 
directly used without further purification. 1H NMR (400 MHz, 
DMSO-d4): δ 2.01 (s, 3H), δ 4.53-4.55 (m, 4H), δ 5.19-5.22 (d, 1H, 
J = 10.40 Hz), δ 5.30-5,35 (d, 1H, J = 17.19 Hz), δ 5.91-6.00 (m, 1H), 
δ 6.50-6.52 (d, 1H, J = 8.38 Hz), δ 6.94-6.99 (m, 2H), δ 9.12 (s, 1H). 
LCMS-ESI (m/z): [M+H]+ calcd for C11H14N2O2 207.25; found 207.1; 
retention time 4.03 min (Method E).

Allyl 8-(4-((4-(((allyloxy) carbonyl) amino)-2-methylphenyl) 
amino)-4-oxobutoxy)-7-methoxy-5-oxo-11-((tetrahydro-2H-
pyran-2-yl)oxy)-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepine-10(5H)-carboxylate (19b, JP-193-15) 8 (0.090 g, 
0.174 mmol, 1 eq) was dissolved in 3 mL DMF, added with DMAP 
(0.083 g, 0.348 mmol, 2 eq) and EDC (0.083 g, 0.248 mmol, 2.5 eq). 
The mixture was stirred for 30 mins, then added 18b to leave the 
reaction stirred at r.t. overnight. The reaction was quenched with 
10× volume H2O, and it was extracted with 3 × 30 mL EA, the 
organic layer was combined with and washed with 100 mL 1M 
citric acid, 100 mL water, 100 mL brine, and dried over MgSO4. The 
organic layer was evaporated in a rotary evaporator and purified 
using flash column chromatography (0-70% EA in Hexane). Rf=0.26 
(TLC: Hex/EA = 3/7). The product was collected and evaporated in 
a rotary evaporator, followed by high vac drying, yielding 0.119 g 
(Yield: 96.0%). 1H NMR (400 MHz, MeOD-d4): δ 1.41-1.63 (m, 4H), 
δ 1.63-1.89 (m, 2H), δ 2.0-2.10 (m, 3H), δ 2.10-2.89 (m, 6H), δ 2.56-
2.71 (m, 2H), δ 3.43-3.54 (m, 2H), δ 3.54-3.69 (m, 2H), δ 3.84-4.01 
(m, 4H), δ 4.09-4.18 (m, 3H), δ 4.30-4.74 (m, 4H), δ 5.02-5.14 (m, 
2H), δ 5.21-5.24 (d, 1H, J = 10.47 Hz), δ 5.33-5.38 (dd, 1H, J = 17.23, 
1.36 Hz), δ 5.77-5.80 (m, 1H), δ 5.88-5.90 (d, 1H, J = 9.40 Hz), δ 
5.94-6.04 (m, 1H), δ 6.96-6.98 (d, 1H, J = 7.96 Hz), δ 7.19-7.21 (m, 
2H), δ 7.25-7.27 (d, 1H, J = 8.69 Hz), δ 7.31 (s, 1H). LCMS-ESI 
(Method E) (m/z): C37H46N4O10 (706.79) [M+Na+] 729.3; retention 
time 7.68 min.

(S)-N-(4-amino-2-methylphenyl)-4-((7-methoxy-5-oxo-2,3,5,11a-
tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamide (20b, JP-193-16) 19b (0.111 g, 0.157 mmol, 1 
eq) was dissolved 5 mL DCM, added with PPh3 (0.021 g, 0.079 
mmol, 0.5 eq), palladium tetrakis[triphenylphosphine] (0.019 g, 
0.016 mmol, 0.1 eq), and pyrrolidine (0.020 mL, 0.236 mmol, 1.5 
eq). The solvent was stirred for 2h. The reaction was quenched via 
evaporation in a rotary evaporator and dried in high vac. The crude 
was further purified using column chromatography (0-10% MeOH 
in EA). Rf=0.36 (TLC: EA/MeOH = 8/2) The product was collected, 
evaporated in a rotary evaporator, and dried in high vac. 0.047 g 
of product was obtained (Yield: 68.3%). 1H NMR (400 MHz, DMSO-
d6): δ 1.88-1.95 (m, 2H), δ 2.01-2.05 (m, 5H), δ 2.18-2.27 (m, 2H), 
δ 2.41-2.45 (t, 2H, J = 7.05 Hz), δ 3.39-3.51 (m,2H), δ 3.57-3.62 (m, 
1H), δ 3.67 (s, 3H), δ 3.93-3.98 (m, 2H), δ 4.88 (s, 2H), δ 6.08-6.17 
(m, 1H), δ 6.37-6.39 (m, 1H), δ 6.84-6.87 (m, 1H), δ 7.06-7.10 (m, 
1H), δ 7.26-7.35 (m, 1H), δ 7.78-7.79 (d, 1H, J = 4.42 Hz), δ 9.02 (m, 
1H). 13C NMR (100 MHz, DMSO-d6): δ 18.46, 22.88-23.05, 24.14, 
25.34-25.47, 32.40, 53.88-54.21, 56.09-56.34, 58.58-58.86, 67.85-
68.35, 101.98, 110.05-110.63, 111.73-111.86, 115.39-115.67, 
125.57, 127.26-127.46, 133.93, 138.77-139.74, 141.06-141.16, 
146.92-147.42, 150.70, 152.05, 163.83, 164.72-165.28, 170.91. 
LCMS-ESI (Method E) (m/z): C24H29N4O4 (436.51) [M+H+] 437.2; 

product peak retention time at 4.13 min, purity: 98.5%. LCMS-ESI 
(Method F) (m/z): product peak retention time at 1.94 min, purity 
> 98.5%. HRMS-ESI: C24H28N4O4 (436.51) [M+H+] calculated 
437.21833; found 437.2179; error -1.03 ppm.

Allyl (3-methoxy-4-nitrophenyl) carbamate (17c, JP-193-18) 3-
Methoxy-4-nitroaniline (16c, 0.100 g, 0.595 mmol, 1 eq) was 
dissolved in 2 mL DMF, which was added with K2CO3 (0.099 g, 
0.714 mmol, 1.2 eq) and 97% allyl chloroformate (0.07 mL, 0.655 
mmol, 1.1 eq). The mixture was allowed to stir at r.t. overnight. 
After the reaction was finished (confirmed by TLC), it was 
quenched by 10 mL DCM, and it was washed with 10 sat. CuSO4, 3 
× 10 mL water, 3 × 10 mL Na2CO3. The organic layer was then dried 
over sodium sulphate, filtered, and then evaporated via rotary 
evaporator. The crude was purified using flash column 
chromatography (0-20% EA in hexane). Rf=0.60 (TLC: Hexane/EA = 
6/4). The product was collected and evaporated in a rotary 
evaporator, gaining 0.129 g product after fully dried in high vac 
(Yield: 85.6%). 1H NMR (400 MHz, CDCl3): δ 2.97 (s, 3H), δ 4.68-
4.70 (d, 2H, J = 5.76 Hz), δ 5.28-5.40 (m, 2H), δ 5.91-6.00 (m, 1H), 
δ 6.73-6.75 (dd, 1H, J = 2.08, 8.92 Hz), δ 6.95 (s, 1H), δ 7.58 (d, 1H, 
J = 1.21 Hz), δ 7.92-7.95 (d, 1H, J = 8.91 Hz), 13C NMR (100 MHz, 
CDCl3): δ 56.56, 66.46, 102.42, 109.12, 118.97, 127.62, 131.74, 
134.14, 143.97, 152.56, 155.17. LCMS-ESI (Method E) (m/z): 
C11H12N2O5 (252.23) [M-H+] found 251.1; retention time 7.37 min.

Allyl (4-amino-3-methoxyphenyl) carbamate (18c, JP-163-19) 17c 
(0.090 g, 0.358 mmol, 1 eq) was dissolved in 2 mL EtOH/H2O 
solvent mixture (ratio: 3/1), added with iron powder (0.120 g, 
2.148 mmol, 6 eq) and NH4Cl (0.172 g, 3.222 mmol, 9 eq). The 
suspension was stirred at 80°C for 2h. Once the reaction was 
confirmed finished using TLC, the reaction was quenched by 
cooling to r.t., and the suspension was filtered via Celite. The 
filtered organic layer was evaporated in a rotary evaporator and 
redissolved in EA, washed with water, brine, and dried over 
MgSO4. The solvent was then filtered and evaporated in a rotary 
evaporator, fully dried to obtain 0.066 g product, which was 
directly used without further purification. 1H NMR (400 MHz, 
DMSO-d6): δ 3.71 (s, 3H), δ 4.42 (s, 2H), δ 4.55-4.56 (d, 2H, J = 5.39 
Hz), δ 5.20-5.23 (dd, 1H, J = 10.46,1.32 Hz), δ 5.31-5.36 (dd, 1H, J 
= 17.22, 1.42 Hz), δ 5.91-6.01 (m, 1H), δ 6.52-6,54 (d, 1H, J = 8.32 
Hz), δ 6.71-6.73 (d, 1H, J = 7.85 Hz), δ 7.01 (s, 1H), δ 9.23 (s, 1H). 
13C NMR (100 MHz, DMSO-d6): δ 55.63, 64.74, 103.59, 112.01, 
114.08, 117.70, 129.21, 133.53, 134.08, 146.66, 153.85, 212.05. 
LCMS-ESI (Method E) (m/z): C11H14N2O3 (222.24) [M+H+] 223.1; 
retention time 4.01 min.

Allyl 8-(4-((4-(((allyloxy) carbonyl) amino)-2-methoxyphenyl) 
amino)-4-oxobutoxy)-7-methoxy-5-oxo-11-((tetrahydro-2H-
pyran-2-yl)oxy)-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepine-10(5H)-carboxylate (19c, JP-193-20) 8 (0.090 g, 
0.174 mmol, 1 eq) was dissolved in 3 mL DMF, added with DMAP 
(0.043 g, 0.348 mmol, 2 eq) and EDC (0.083 g, 0.435 mmol, 2.5 eq). 
The mixture was stirred for 30 mins, then added 18c to leave the 
reaction stirred at r.t. overnight. The reaction was quenched with 
10× volume H2O, and it was extracted with 3 × 30 mL EA, the 
organic layer was combined with and washed with 100 mL 1M 
citric acid, 100 mL water, 100 mL brine, and dried over MgSO4. The 
organic layer was evaporated in a rotary evaporator and purified 
using flash column chromatography (0-100% EA in Hexane). 
Rf=0.22 (TLC: Hex/EA = 4/6). The product was collected and 
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evaporated in a rotary evaporator, followed by drying in high vac, 
which obtained 0.135 g (Yield > 99.9%). 1H NMR (400 MHz, MeOD-
d4): δ 1.45-1.60 (m, 4H), δ 1.70-1.79 (m, 2H), δ 2.01-2.08 (m, 2H), 
δ 2.09-2.23 (m, 4H), δ 2.54-2.69 (m, 2H), δ 3.42-3.53 (m, 2H), δ 
3.53-3.69 (m, 2H), δ 3.79-3.80 (d, 3H, J = 3.42 Hz), δ 3.87 (s, 3H), δ 
3.89-3.98 (m, 1H), δ 4.07-4.13 (q, 3H, J = 7.11 Hz), δ 4.39-4.64 (m, 
4H), δ 5.05-5.08 (d, 2H, J = 14.47 Hz), δ 5.21-5.24 (d, 1H, J = 10.52 
Hz), δ 5.34-5.38 (d, 1H, J = 17.26 Hz), δ 5.76-5.79 (d, 1H, J = 9.64 
Hz), δ 5.87-5.89 (d, 1H, J = 9.32 Hz), δ 5.95-6.04 (m, 1H), δ 6.86-
6.89 (m, 2H), δ 6.96 (s, 1H), δ 7.18-7.20 (d, 1H, J = 7.76 Hz), δ 7.29 
(s, 1H), δ 7.78-7.80 (d, 1H, J = 8.68 Hz). LCMS-ESI (Method E) (m/z): 
C37H46N4O11 (722.8) [M+Na+] 745.3; retention time 7.80 min.

(S)-N-(4-amino-2-methoxyphenyl)-4-((7-methoxy-5-oxo-
2,3,5,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-a][1,4]diazepin-8-
yl)oxy)butanamide (20c, JP-193-21) 19c (0.124 g, 0.172 mmol, 1 
eq) was dissolved 5 mL DCM, added with PPh3 (0.023 g, 0.086 
mmol, 0.5 eq), palladium tetrakis[triphenylphosphine] (0.020 g, 
0.017 mmol, 0.1 eq), and pyrrolidine (0.022 mL, 0.258 mmol, 1.5 
eq). The solvent was stirred for 2h. The reaction was quenched via 
evaporation in a rotary evaporator and dried in high vac. The crude 
was further purified using flash column chromatography (0-10% 
MeOH in EA). Rf=0.42 (TLC: EA/MeOH = 8/2) The product was 
collected, evaporated in a rotary evaporator, and dried in high vac. 
0.050 g product was obtained (Yield: 64.8%). 1H NMR (400 MHz, 
DMSO-d6): δ 1.76-1.90 (m, 2H), δ 1.98-2.03 (m, 2H), δ 2.18-2.31 
(m, 2H), δ 2.43-2.46 (t, 2H, J = 7.36 Hz), δ 3.39-3.42 (m, 2H), δ 3.57-
3.63 (m, 1H) δ 3.68 (s, 3H), δ 3.83 (s, 3H), δ 3.91 (s 2H), δ 4.10-4.13 
(m, 2H), δ 6.08-6.11 (dd, 1H, J = 8.27, 2.18 Hz), δ 6.23-6.26 (m, 1H), 
δ 6.84 (s, 1H), δ 7.24-7.26 (d, 1H, J = 8.31 Hz), δ 7.34 (s, 1H), δ 7.78-
7.79 (d, 1H, J = 4.40 Hz), δ 8.88 (m, 1H). 13C NMR (100 MHz, DMSO-
d6): δ 22.56, 24.14, 25.27, 29.16-29.46, 31.75, 32.57, 49.07, 55.55-
55.73, 56.09-56.30, 68.29, 98.19, 105.64, 110.61, 111.74, 116.35, 
120.25, 125.74, 141.07, 147.41, 150.70, 163.83, 164.72, 170.63. 
LCMS-ESI (Method E) (m/z): C24H29N4O5 (452.21) [M+H+] 453.2; 
retention time 4.21 min; purity: 92.5%. LCMS-ESI (Method F) 
(m/z): retention time at 1.98 min, purity > 98.5%. HRMS-ESI: 
C24H29N4O5 (452.21) [M+H+] calculated 453.21325; found 
453.2129; error -0.69 ppm.

Cell culture. CLL cells, the CLL cell line, MEC-1, the breast cancer 
cell line, MDA-MB-231 and the lenalidomide resistant myeloma 
cell line, RPMI-8226 were selected for testing cytotoxicity of the 
PROTAC molecules. Primary CLL cells were collected from patients 
and normal B- and T-lymphocytes were obtained from healthy 
volunteers. All experiments were performed in accordance with 
the U.K. Human Tissue Authority guidelines, and experiments 
were approved by the local research ethics committee 
(17/SW/0263). Informed consent was obtained from all human 
participants in this study. Cell lines were acquired from DSMZ 
(MEC-1 and RPMI-8226) or ATCC (MDA-MB-231); cells were 
maintained in RPMI 1640 media (primary CLL cells, MEC-1 and 
RPMI-8226) or DMEM media (MDA-MB-231) with the addition of 
10% FBS, 1% L-Glutamine, and 1% penicillin streptomycin. The 
cells were seeded 500,000 cells/mL at 37°C in a humidified 
atmosphere containing 5% CO2. The cells were split every 48 
hours; cell count and viability were measured each time.

Cell counting. 10μL of cell suspension was mixed with 10μL of 
trypan blue. Subsequently, 10μL of the mixture was pipetted into 
a cell counting slide. The slide was inserted into a Countess 3 cell 

counter (ThermoFisher scientific) to quantify the cell count and 
cell viability.  

Apoptotic assay for RelA/p65-targeting PROTACs. 500,000 
cells/well were aliquoted into 24-well plates following 
resuspension with 1 mL of appropriate medium. All test 
compounds were dissolved in DMSO as 1mM stock solution. 
Subsequently, working stocks of the PROTACs, and their individual 
constituent molecules, were produced by serial dilutions in a 96-
well plate: RelA/p65-targeting PROTACs (1µM, 0.5µM and 0.25µM, 
0.125µM, and 0.0625µM). 10 µL of each dilution was then 
transferred to the cell suspensions in the 24-well plate. The plates 
were then incubated for 48 hours at 37°C with 5% CO2. Samples 
were then harvested into 1.5 mL Eppendorf tubes and centrifuged 
at 500xg for 5 mins. The supernatant was then poured off and the 
cell pellets resuspended in 96 µL Annexin V binding buffer and 4µL 
FITC Annexin V (both Biolegend) was added to each tube. The 
tubes were then incubated in dark for 10 mins prior to the addition 
of 4µL 7-AAD. Finally, the cells were analysed using a CytoFLEX LX 
(Beckman Coulter) flow cytometer. In all cases, 10,000 events 
were recorded. Apoptosis was quantified using CytExpert 
software, while the percentage of apoptotic cells was defined as 
Annexin-V positive and 7-AAD positive, or Annexin-V positive and 
7-AAD negative. The data was further analysed using GraphPad 
prism to calculate the LC50 values for each compound using non-
linear regression analysis. 

Evaluation of NF-κB subunit expression following treatment with 
PROTAC. Aliquots of 0.5 x 106 MEC-1 cells were treated with 
increasing concentrations of 15d for 24 h. Cells were harvested by 
centrifugation, fixed using Cyto-Fast™ fix/perm buffer set 
(Biolegend) buffer for 20 mins at 37°C. Cells were then washed in 
Cyto-Fast™ Perm Wash solution and centrifuged at 300xg for 5 
mins before being resuspended in 100 µL Perm Wash solution 
followed by the addition of 5µL APC-labelled RelA/p65 antibody 
(Biolegend), 5µL PE-labelled cRel antibody (eBiosciences) and 5µL 
corallite 488-labelled RelB antibody (ThermoFisher). Cells were 
incubated for 20 mins prior to washing in cell staining buffer, 
centrifugation at 300xg for 5 mins and resuspension in 100µL cell 
staining buffer prior to acquisition of the data on a CytoFLEX LX 
flow cytometer.  

MG-132 proteasome inhibition assay. To determine whether the 
toxicity of 15d was dependent on proteasome activity, MDA-MB-
231 cells were treated with increasing concentrations of the 
proteasome inhibitor, MG-132 (0.1µM – 10µM) for 48 h. Aliquots 
of cells were first assessed for their apoptotic response to MG-132 
using Annexin V and 7-AAD labelling (as described above). In 
parallel, proteasome activity was assessed using a proteasome 
activity assay kit (Abcam). The kit uses an AMC-tagged peptide 
substrate (Proteasome Substrate (Succ-LLVY-AMC in DMSO), 
which releases free, highly fluorescent AMC (Ex/Em 350/440 nm) 
in the presence of proteolytic activity. MEC-1 cells were very 
sensitive to the cytotoxic effects of MG-132. So, in this cell line, 
combination studies were carried out with 0.18µM MG-132. 
Treatment of MEC-1 cells with 0.18µM MG-132 caused >40% 
reduction in proteasome activity without significant effects on 
cellular viability. Subsequently, 10µL MG-132 stock was added to 
the 500,000 cells/mL MEC-1 cell with increasing concentrations of 
15d or the PBD building block, 20d. All treated cells were cultured 
for 48 h at 37°C with 5% CO2. The cells were then harvested by 
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centrifugation (300xg for 5 mins) and then incubated with annexin 
V and 7-AAD, prior to analysis by flow cytometry (as described 
above.). 

FRET melting Assay The single-strand oligonucleotide FRET hairpin 
was purchased from Eurogentec Ltd, tagged with TAM at 5’ and 
TAMRA at 3’ terminal (sequence: 5’-FAM- TAT-AAG-ATA-TAT-ATA-
TTT-TTT-TAT-ATA-TAT-CTT-ATA-TAMRA-3′). Nuclease-free water 
was added to prepare 20µM ssDNA stock solution, and it was 
further diluted to 400 nM using 50mM K Cacodylate buffer (pH = 
7.4). The prepared ssDNA sample was annealed at 85°C for 5 mins 
and then allowed to cool down to room temperature and then 
store in -20°C for completing annealing process. PBD controls and 
PROTACs were prepared as 20µM working solution diluted by 
50mM K Cacodylate buffer (pH = 7.4). 25µL compound working 
solution was added to 25 µl DNA stock in the well of the Bio-Rad 
96-well plate. DNA Engine Opticom was used for melting. The 
sample was initially incubated at 30°C for 3 h and then gradually 
increasing the temperature to 100°C. The fluorescence signal was 
detected at intervals of 0.5°C. The mean of the melting point was 
analysed via GraphPad prism, and the melting point difference 
between the sample and naked ssDNA (ΔTm) was calculated for 
comparison.

Data analysis All biological data was calculated and plotted in 
GraphPad Prism. The standard deviations were presented as error 
bars in the plotted graph. The sigmoid dose-response curves were 
plotted using non-linear regression (4 parameters) to obtaining 
LC50 values (the concentration of drug required to kill 50% of the 
cells in culture). As for significance testing, the mean values in the 
two groups were measured and compared. The data were initially 
subjected to normality testing using the Shapiro-Wilk and 
Kolmogorov-Smirnov test. If the data passed the normality test, it 
was then further evaluated using a paired t-test to assess whether 
there was a significance in the data before and after treatment. It 
was considered significantly different when p value of the testing 
groups <0.05 with 95% confidence interval. If the data failed the 
normality test, they were subsequently evaluated using the 
Kruskal-Wallis test with Dunn’s multiple comparison post hoc 
correction, if more than one set of pairs were analysed.
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7-AAD, 7-Aminoactinomycin D; BAIB, Bis(acetoxy)iodobenzene; 
CRBN, Cereblon; DCM, Dichloromethane; dd, double of doublets; 
DHP, Dihydropyran; DMAP, 4-dimethylaminopyridine; DMF, 
Dimethylformamide; DMSO, Dimethyl sulfoxide; EA, Ethyl acetate; 
EDC, 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide; FBS, Fetal 
bovine serum; FITC, Fluorescein isothiocyanate; FRET, 
Fluorescence resonance energy transfer; G, Guanine; HPLC, High 
performance liquid chromatography; HRMS, High Resolution Mass 
Spectrometry; ImiDs, Immunomodulatory drugs; LC50, 
Concentration of the toxic substance lethal to half of test cells; LC-
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MS, Liquid chromatography–mass spectrometry; Lys, Lysine; m, 
multiplet; M, Molar; NF-κB, Nuclear transcription kappa B; nM, 
nanomolar; NMP, N-Methyl-2-pyrrolidone; NMR, Nuclear 
magnetic resonance; PBD, Pyrrolobenzodiazepine; PBS, 
Phosphate-buffered saline; PROTAC, Proteolysis targeting 
chimera; q, quartet; RPMI, Roswell Park Memorial Institute; s, 
singlet; SAR, Structure-activity relationships; ssDNA, single-
stranded DNA; T, Thymine; t, triplet; TAMRA, 
Carboxytetramethylrhodamine; TEMPO, (2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl; TF, Transcription factor; TFA, 
Trifluoroacetic acid; THF, Tetrahydrofuran; TLC, Thin-layer 
chromatography; TPD, Targeted protein degradation; UV, 
Ultraviolet; ΔTm, Variation of the melting temperature; m/z, 
mass-to-charge ratio.
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