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Pyridinobenzodiazepines (PDDs) are a new class of DNA mono-alkylating antibody-drug conjugate (ADC)
payloads that can be linked through their C9 position to a sequence recognition component, guiding them
to specific DNA sequences. Compound 18 is a PDD monomer with a unique sequence-selectivity profile
and high cytotoxicity in vitro (e.g., ICsg = 0.30 nM in SW60; 1.6 nM in LIM1215 and 0.142 nM in SW48 cell
line, after 96 hours incubation). To evaluate its potential as an ADC payload, an amine functionality was
introduced into the terminal phenyl ring, and the modified compound was conjugated to trastuzumab
(drug-antibody ratio [DAR] = 1.6). The resulting ADC exhibits significant in vivo efficacy in a pancreatic
cancer xenograft model using BALB-c mice transplanted with the CAPAN-1 cell line. Complete tumour
regression is observed out to 60 days after a single dose of 2 mg kg™t comparing favourably to a 10 mg kg™
dose of trastuzumab deruxtecan (Enhertu®). The novel ADC has a good tolerability profile, with a
maximum tolerated dose (MTD) above 15 mg kg *. The tolerability and efficacy profile of compound 18 in
an ADC format suggests that PDDs represent a potentially valuable new class of payloads for the treatment
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Introduction

Antibody-drug conjugates (ADCs) are a rapidly growing class
of therapeutic agents used for the treatment of different
cancer types. At the time of writing, fifteen ADCs have been
approved by the FDA. These include belantamab mafodotin,
which was withdrawn in 2022, as well as the two
immunotoxins moxetumomab pasudotox (Lumoxiti®) and
tagraxofusp (Elzonris®)." ® Recent approvals have highlighted
the expanding role of ADCs in both solid and haematologic
malignancies, with several new ADCs expected to reach the
market in the coming years as the field continues to advance
rapidly. ADCs are designed to couple the efficacy of certain
cytotoxic agents in triggering cell death with the high
selectivity of monoclonal antibodies and are composed of
three parts: a monoclonal antibody (mAb) targeted to a
cancer-specific antigen, a cytotoxic small molecule (ie., a
payload), and a linker which joins these two moieties
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together.””® The two primary mechanistic families of payloads
used in ADCs are microtubule inhibitors and DNA-interactive
agents. Within the latter family, the pyrrolobenzodiazepines
(PBDs) are a class of molecules that exert their cytotoxicity
through covalent bonding with the C2-NH, of guanine in the
minor groove of DNA. Since the isolation of anthramycin, the
first natural product PBD to be discovered (from the
Streptomyces and Micrococci bacteria in the early 1960s),’
many other naturally-occurring and synthetic PBD
compounds have been developed. These include synthetic
PBD dimers that consist of two PBD units joined together via
a linker and capable of cross-linking DNA.'>*"

SGD-1882 and SG3199 are two examples of PBD dimers
(Fig. 1) which have been conjugated to a number of
antibodies and have been evaluated in several cancer types in
the clinic.” In particular, tesirine is the linker-payload used
in loncastuximab tesirine (Zynlonta®), which was approved
by the FDA in early 2021 for the treatment of refractory and
relapsed diffuse large B-cell lymphoma.'* There are several
clinical-stage ADCs that are using pyrrolobenzodiazepines as
their payloads.'®'*

Building on the success of PBDs, a novel class of
molecules—pyridinobenzodiazepines  (PDDs)—has  been
developed by expanding the five-membered C-ring of the PBD
into a six-membered ring (Fig. 2a)."® This structural
modification is thought to enhance the flexibility of the PDD

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structures of the PBD dimers SGD-1882 (A), SG3199 (B), the
C8-conjugate PBD monomers KMR-28-39 (C) and the C9-conjugated
PDD monomer 18 (D).

core, while maintaining the snug fitting within the DNA
minor groove (Fig. 2b).

The six-membered C-ring also facilitates additional van
der Waals interactions with the walls of the DNA minor
groove which contributes to enhancing the stability of the
drug-DNA complex. These enhancements in DNA-binding
affinity and stability suggest that PDDs may offer comparable
efficacy to PBDs as ADC payloads.”> The novel chemical
structure and functionality of PDDs provide a new scaffold
for ADC payloads, offering an alternative to the successful
PBD platform to optimise DNA-based ADC payloads.

Piperidine
Adenine
E/r

0

L\

Fig. 2 a) Structures of PBD and PDD cores with C-rings in red, and
blue, respectively. b) Increased flexibility of the PDD core,
demonstrated by molecular docking experiments, shows a similar snug
fit within the minor groove as the PBD core.
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Over the years, guanine mono-alkylating PBD monomers
have been extensively studied. C8-conjugated PBD-polyamide
compounds, such as KMR-28-39 (Fig. 1), have demonstrated
average cytotoxicity in the low picomolar (pM) range and
exhibit a strong preference for specific A/T and G/C base pair
combinations.'® These molecules consist of two main
components connected by a trimethylene spacer: a PBD core,
responsible for DNA alkylation, and a C8-linked heterocyclic
polyamide tail, which provides DNA sequence-selectivity and
stabilises the adduct through non-covalent interactions with
DNA base pairs."”

Polyamide structures based on the minor-groove binding
agent distamycin scaffold have been extensively studied, and
a large number of these lexitropsins have been obtained
using a range of heterocycles."® " Such structures are known
to bind non-covalently within the minor groove of DNA, and
different heterocycles have been observed to produce marked
differences in sequence selectivity.>>

In this study, the PDD core has been linked through its
C9-position (Fig. 1) to a heterocyclic polyamide side-chain
consisting of four heterocycle units so that the entire
compound 18 (a first generation high potency PDD
monomer) spans up to 8-9 base pairs as shown in Fig. 3A
and S9.F This was used as a basis to design the PDD
monomers used in this study, with a C9-side chain
containing heteroatoms potentially capable of recognising
and binding non-covalently to mixed regions of DNA."” From
an ADC payload perspective, in a similar way to PBD
monomers, the primary mechanism of action driving cell
death remains DNA alkylation. However, with the addition of
the C9 sequence-selective side chain, this payload also
achieves cytotoxicity by inhibiting transcription factors, a
secondary mechanism established for C8-linked PBD
monomers.”* Here, we report for the first time the synthesis,
in vitro cytotoxicity, antibody conjugation, and in vivo efficacy
of an ADC containing a first generation high potency PDD-
based payload.

Results and discussion
Payload design and chemistry

The design of the C9-side chain was inspired by the C8-side
chain in KMR-28-39 (Fig. 1), which demonstrated
femtomolar cytotoxicity against a panel of human tumour
cell lines and exhibited the ability to inhibit the NFkB
transcription factor which contributes to its cytotoxicity in
addition to DNA alkylation.'® The GC-targeting biaryl methyl
phenyl benzenamine (MPB) building block in KMR-28-39
was replaced with a 2-(4-methylthiophen-2-yl)pyridine (MTP)
fragment. 2-(Thiophen-2-yl)pyridine containing structures
are known to form an intramolecular sigma-hole bond
between the atom of sulfur and the nitrogen of the
pyridine. This is a non-covalent interaction between the
lone pair on the nitrogen and a region of partial positive
charge originating from the sulfur atom along the extension
of the sigma bonds. This electrostatic interaction forces

RSC Med. Chem., 2025, 16, 3058-3076 | 3059
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Fig. 3 (A) Molecular docking representation of a PDD monomer'® containing an MTP building block and four heterocyclic units that fit snugly
within the DNA minor groove, spanning 8-9 base pairs. (B) Interaction of the MTP building block with DNA bases within the DNA minor groove,
showing H-bond, n-sigma, and n-sulfur interactions. (C) Structures of compound 18 and (D) compound 19.

nitrogen and sulfur atoms into a cis-orientation.>® The
presence of a methyl group on the thiophene would then
direct both heteroatoms towards the inside of the minor
groove. There, molecular modelling suggested that the
hydrogen bond-accepting nitrogen in the MTP fragment
may form hydrogen-bond interactions with guanine bases,
while the building block may also engage in m-sigma and
n-sulfur interactions with DNA bases (Fig. 3B). Unlike
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guanine, AT bases lack an amino group protruding into
the DNA minor groove, resulting in reduced steric
hindrance for the bulky sulfur atom to accommodate. This
characteristic enables the resulting molecule to target GC-
AT mixed transcription factor binding sequences, such as
those found in the NFxB transcription factor. A C9-linked
PDD monomer containing the MTP fragment, compound
18 (Fig. 3C), was designed to evaluate the cytotoxicity and
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Scheme 1 Synthesis of PDD carboxylic acid 9: i) methyl 4-bromobutanoate, potassium carbonate, DMF; ii) potassium nitrate, trifluoroacetic acid;
iii) potassium permanganate, acetone, water; iv) oxalyl chloride, N,N-dimethylformamide, triethylamine, (S)-piperidin-2-ylmethanol, anhydrous
DCM; v) palladium(0) on carbon, hydrogen gas, methanol, ethyl acetate; vi) allyl chloroformate, pyridine, anhydrous DCM; vii) TEMPO,
(diacetoxyiodo)benzene, DCM; Vviii) 3,4-dihydro-2H-pyran, para-toluene sulphonic acid monohydrate, ethyl acetate; ix) sodium hydroxide,

1,4-dioxane, water.
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suitability of this type of PDD monomer as an ADC
payload. For this purpose, an amine functionality was
introduced (compound 19, Fig. 3D) in the terminal phenyl
ring to enable connection to a suitable linker that could
be joined to an appropriate antibody to form an ADC.

The N-Alloc/O-THP-protected PDD core (9) was synthesised
by adapting a previously-described method for the synthesis
of structurally-related PBD molecules (Scheme 1).>

Vanillin was coupled with methyl 4-bromobutyrate (i) in
a basic environment to give the ester 1 which was then
selectively nitrated using KNO3/TFA to give the nitro
benzaldehyde 2. This intermediate was oxidised to the
corresponding  carboxylic acid 3 with  potassium
permanganate. The intermediate 4 was obtained by amide
coupling of 3 and optically pure (S)-piperidine methanol.
Oxalyl chloride was used to activate the carboxylic acid to
the corresponding acyl chloride in order to promote
coupling in good yield (73%). Palladium(0) on carbon
(10%) was used as catalyst in the presence of hydrogen
gas (3 atm), to reduce the nitro compound 4 to the
corresponding amine, 5. The starting material converted
completely to the corresponding aniline that was
subsequently Alloc-protected using allyl chloroformate in
the presence of pyridine to give 6 after purification by
column chromatography. The Alloc-protected PDD ring
system 7 was obtained vie tandem oxidation/cyclisation,
using PIDA/TEMPO. In order to prevent racemisation at
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the C12a-position of the PDD ring system which might
occur under Dbasic conditions, the hydroxide of
carbinolamine 7 was protected by introduction of the THP
group. This protection was achieved using DHP in the
presence of a catalytic amount of pTsOH, with conversion
of the starting material to 8 in good yield (84%). The
final N-Alloc/O-THP-protected PDD core 9 was obtained by
hydrolysis of the methyl ester under basic conditions,
using aqueous NaOH (1 M). The overall yield was 14%,
and this synthetic sequence was used to prepare up to 20 g of
9 (Scheme 1).

Compound 10 was obtained via N-Boc-protection of the
amino group of 5-aminopyridin-2-ol, with a 37% yield.
This was then converted into the triflate derivative, 11
using bis(trifluoromethanesulphonyl)aniline as triflating
agent. The methyl-thiophene pyridine (MTP) structure (12),
comprising of the second and third ring of the payload,
was obtained via palladium-catalysed Suzuki cross-coupling
between 11 and the boronic acid of methyl thiophene.
N-Boc deprotection was achieved by treating compound 12
with HCI in 1,4-dioxane, and the resulting free amine was
then reacted with N-methyl pyrrole derivative carboxylic
acid, representing the first heterocyclic ring of the C9 side
chain. This amide coupling was carried out using EDCI/
DMAP and gave 13 in a 71% yield. The amino group of
13 was deprotected in a similar manner and then reacted
with the carboxylic acid of the PDD unit 9 via amide
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Scheme 2 Synthesis of compounds 18 and 19: i) di-tert-butyl decarbonate, dry DMF; ii) DMF, triethylamine, bis(trifluoromethanesulphonyl)aniline;

iii) palladium tetrakis, tryethylamine, DMF, (5-(methoxycarbonyl)-4-methylthiophen-2-yl)boronic acid;
dioxane, methanol, EDCI, dimethylaminopyridine, DMF, 4-((tert-butoxycarbonyllamino)-1-methyl-1H-pyrrole-2-carboxylic acid; v) 4 M
hydrochloric acid in dioxane, dioxane, methanol, EDCI, dimethylaminopyridine, DMF, 9; vi) sodium hydroxide, dioxane, water; vii) EDCI,
dimethylaminopyridine, DMF, terminal heterocycle; viii) palladium tetrakis, pyrrolidine, DCM.

iv) 4 M hydrochloric acid in dioxane,

This journal is © The Royal Society of Chemistry 2025 RSC Med. Chem., 2025, 16, 3058-3076 | 3061


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md01040j

Open Access Article. Published on 11 March 2025. Downloaded on 2/22/2026 5:16:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

View Article Online

RSC Medicinal Chemistry

N=— H
1 S~
o N ) N)&\/\/ \ N
HoN s AL i MeO 5
N\ 0
H 19
35%\|
N H
i MO@QU
O o )\«n Q S ,\I‘\ \\ﬁ MeO ON
OWV N O\Q\N < o
SR o~ 20

Scheme 3 Synthesis of compound 20: i) 2-ethoxy-1-ethoxycarbonyl-1,2-d
1-yl)hexanoyl)-L-valyl-L-alanine.

coupling to afford 14 as a mixture of C12a diastereomers.
Enantiomeric excess was not determined at this stage as
the chiral centre in position C12a is lost during the final
imine deprotection leading to enantiomerically pure final
compounds. The methyl ester of 14 was hydrolysed at
room temperature under alkaline conditions to afford the
corresponding carboxylic acid, 15 in good yield (96%). A
third amide coupling reaction was then carried out
between 15 and the terminal aniline. Aniline was reacted
with 15 to provide 16 while a benzene-1,4-diamine was
used to obtain 17. Finally, the protected compounds, 16
and 17 were subjected to Alloc-deprotection conditions
with pyrrolidine and tetrakis(triphenylphosphine)
palladium(0) in DCM to afford the final products 18 and
19 with yields of 83% and 75% respectively. The final
compound and all intermediates were purified by silica

Probe mixture

ihydroquinoline, methanol, DCM, (6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-

gel column chromatography, and characterised by LC-MS
and NMR (Scheme 2).

Compound 19 was coupled to a commercially available
MC-Val-Ala-OH linker to facilitate efficient conjugation to
trastuzumab. The MC-Val-Ala-OH linker has been previously
used to link PBD payloads to an antibody to generate
ADCs.>*?” This was accomplished through a standard amide
coupling reaction, in dichloromethane and methanol, using
EEDQ as the activating agent (Scheme 3). Although the
thiosuccinimide linkage obtained in the ADC could undergo
retro-Michael elimination and substitution with endogenous
thiols such as albumin and glutathione, this maleimide
linker technology remains the most widely used among the
currently approved ADCs. These include trastuzumab-
deruxtecan, to which the newly obtained ADC was
compared.’®
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Fig. 4 A) Schematic diagram of the transcription factor inhibition array
regulation of key transcription factors by over 20% in Hela cells after 6 hou
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assay, B) diagram showing the percentage down-regulation and up-
r treatment with 100 nM of PDD analogue 18.
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Transcription factor inhibition array assay

Although covalently binding DNA-interactive agents cause
cell-death primarily through alkylation of DNA, it is known
that the PBD dimers (e.g:, SJG-136) and PBD-based
monomeric C8-conjugates (e.g., GWL-78 and KMR-28-39) have
a secondary mechanism of action and can inhibit the
binding of certain transcription factors (TFs) to the DNA
helix. This is accomplished through steric interaction caused
by preferential binding to certain sequences of DNA base
pairs. For example, transcription factors such as NF-y (in the
case of GWL-78) and NF-kB (in the case of KMR-28-39) have
been shown to be down-regulated by PBD-based agents."®>’

Therefore, the TF-inhibition profile of compound 18 was
investigated using a commercially available transcription
factor plate array assay in which HeLa cells were treated with
18, and a nuclear extract of the treated cells analysed and
compared with that of a non-treated control.>® This assay is
luminescence-based and makes use of biotin-labeled probes
containing consensus sequences for 96 TFs which are then
detected with a streptavidin-HRP conjugate (Fig. 4A).

It was observed that important oncogenic transcription
factors such as ROR, HIF, RUNX, PIT1 and Gli-1 were all
down-regulated by >20%, with a simultaneous up-regulation
of a number of transcription factors including p53. Fig. 4B
shows all transcription factors up- or down-regulated by more
than 20% among those tested. The down-regulation of key
transcription factors is expected to make cancer cells more
sensitive to chemotherapy by interfering with their ability to
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adapt, proliferate, and evade therapeutic interventions. For
example, HIF-1 binds to hypoxia-response elements (HREs),
inducing the expression of numerous hypoxia-responsive
genes involved in angiogenesis, metabolic adaptation, cell
survival and proliferation, invasion and metastasis.’**> ROR,
Gli-1, PIT1 and RUNX are also known to be over-expressed in
some cancer types. For example, ROR seems to play an
important role in pancreatic ductal adeno-carcinoma
stemness and is associated with aggressive behaviour of the
tumour,®® while Gli-1 is often associated with both small-
and non-small-cell lung cancers.** RUNX is known to have an
oncosupportive effect in haematological and epithelial
malignancies such as skin, oral, breast, ovarian, prostate and
neural cancers,” and PIT1 over-expression has been observed
to cause phenotypic changes in proteins involved in the
development of breast cancer and its metastasis to liver and
lungs.’® Therefore, the down-regulation of HIF suggests a
potential use of PDD analogues containing MTP moieties in
the treatment of solid tumours, as hypoxia is a condition that
most solid tumours need to overcome.

It is also important to note that the observed transcription
factor down-regulation profile of compound 18 (Fig. 4B) was
found to be different compared to the structurally related C8-
linked PBD monomers. For example, KMR-28-39 has been
shown to down-regulate the oncogenic transcription factors
NF-«B and SMAD.'® Therefore, the transcription factor array
data suggests the involvement of other transcription factors
compared to the structurally-similar monoalkylating PBDs.**
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Fig. 5 Graphs showing DNA melting profiles after different incubation times of the DNA sequence (sequence 1) 5'-F-A;GAgT3-3'/5'-AsT¢CT,-Q-3'
with 18 and 19 at 10 uM and 1 uM, followed by annealing. Fluorescence is in arbitrary units.
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DNA fluorescence melting

DNA melting assays were undertaken to compare the binding
affinity of 18 and 19 to different DNA sequences. In these
studies, one DNA strand contained an attached 5’-fluorescein
(F), while its complement contained 3'-dabcyl (Q) as a
fluorescence quencher. The differences in melting temperature
(ATy,) between the free DNA and drug:DNA adducts were
considered to be a representation of the binding affinity of that
particular ligand for the sequence of DNA studied.

The first DNA fluorescence melting experiments used a
sequence (sequence 1) that contained a single central G, to
which the ligands should covalently bind, which was flanked
by blocks of A,,.T,. An established methodology was used for
this study,'” and utilized two different ligand concentrations
(1 and 10 uM).

The ligands were incubated with the DNA sequence at
room temperature overnight (18 h) at concentrations of 0, 1
and 10 pM, and the DNA complexes were then melted by
gradual heating, followed by slow annealing as previously
described."”” The covalent bond between ligand and DNA is
reversible at high temperature and the ligands slowly detach
from the DNA at the elevated temperatures. While the DNA
double strand re-forms the ligand seems to initially interact
non-covalently and to form a covalent bond with guanine
only once the re-anneal process has occurred. The annealing
temperature for the drug-treated samples are therefore lower
than their melting temperatures. The melting process was
repeated after leaving the mixtures to reanneal for 5, 30 and
120 min, allowing the ligands to reattach to the duplex. 18
and 19 stabilized the DNA double helix to similar extents at
both 10 and 1 uM, and no notable differences were observed
with shorter incubation times (Fig. 5). This suggests that
both ligands can bind quickly and with high affinity to the
DNA sequence used in the study.

Table 1 Melting temperature difference (ATy) of 18 and 19 adducts at 1
puM on designed DNA sequences containing two guanines with varying
numbers of adenines (1-4) between them and on a sequence containing
one central guanine

ATy (°C)
Sequence Sequence Sequence Sequence Sequence
Compound 1 2 3 4 5
18 34.2 30.1 29.4 24.9 34.0
19 33.0 28.8 29.5 27.5 32.0
Key:
Sequences
1 5"-F-A;GAgT5-3'
3"-Q-T;CTeA;3-5'
2 5"-F-AgGAGA;-3’
3"-Q-ToCTCT;5-5'
3 5"-F-AgGAAGA;-3'
3-Q-TsCTTCT;-5'
4 5"-F-A;GAAAGA;-3'
3-Q-T,CTTTCT5-3'
5 5"-F-AcGAAAAGA;-3'

3"-Q-T(CTTTTCT5-5'
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A further series of DNA sequences were then designed. In
these, the original guanine was retained but a second
guanine was introduced with 1-4 adenines between the two
Gs, generating sequences with a central 5-AGA,GA (n = 1-4).
18 and 19 were then incubated with these different
sequences so that potential differences in sequence selectivity
could be assessed.

While both analogues increased the melting temperature
of the A,.T,, sequence that contained a single G (sequence 1,
Table 1) by over 30 °C, they produced lower stabilization of
the sequences that contained a second guanine, with up to
three base pairs separating the two alkylation points. When a
fourth AT-base pair was added in between the two guanines
(sequence 5, Table 1) the stabilisation was similar to that of
the sequences with a single central G. This shows that both
18 and 19 have a preference for sequences that contain a
guanine flanked by at least four A/T base pairs.

DNase I footprinting

DNase I footprinting was used to determine the sequence
selectivity of the synthesized PDD monomers, 18 and 19. This
assay is based on a ligand's ability to inhibit deoxyribonuclease
(DNase) I cleavage at its binding site. The DNA-ligand complex
is briefly digested with DNase I before the enzymatic reaction is
stopped. The resulting *?P-labelled DNA fragments are
denatured and separated by electrophoresis on a
polyacrylamide gel based on their molecular weight. Finally,
the gel is dried and exposed to a phosphorus screen, allowing
the ligand binding sites to be identified by visual inspection. A
GA marker track is included on the gel to indicate the location
of purines, enabling sequence determination.

This study employed two sequences, HexA and MS1,
previously used to assess the DNA-binding potential of DNA-
interactive molecules.*”*® For this analysis, these sequences
provided preliminary data on the sequence selectivity of 18 and
19. The DNA footprints are presented in Fig. 6. Both analogues
showed similar DNA footprints, suggesting that the terminal
amine in 19 does not significantly impact its sequence
selectivity.

It can also be seen that the two ligands preferentially bind
to sequences with fewer guanines, compared to other sites in
the sequences. In four out of seven footprints, these
sequences are flanked by a series of four A/T base pairs.
Given the abundance of G/C-rich regions within the two
sequences, this observation is consistent with the DNA
melting data. It is important to note that the HexA and MS1
sequences do not contain all possible base-pair combinations
spanned by both analogues, so the resulting data offered only
an initial indication of sequence selectivity.

Evaluation of cytotoxicity

The in vitro cytotoxicity of compounds 18 and 19 was
evaluated in three human colorectal tumour cell lines, ie.,
SW48, LIM1215, and SW620. Although these cell lines are
known to have relatively low HER2 expression compared to

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Top panel: DNase | footprints of 18 and 19 at 10, 3, 1 and 0.3
uM on the HexA (A) and MS1 (B) sequences, with footprints highlighted
by blue bars; bottom panel: the full sequences of the radiolabelled
strands of HexA and MS1 with the bars indicating the most prominent
binding sites based on the gels.

others, such as CAPAN-1, they are routinely employed as a
model to evaluate the activity of compounds in solid tumour
cell lines, as they have faster replication rates and provide
robust reproducible data in MTT assays.’>*® Both
compounds exhibited highly potent antitumour activity, with
ICs, values in the nanomolar to sub-nanomolar range across
all tested cell lines (Table 3). The ICs, for compound 18 in
the SW48 cell line was 0.14 nM while it was of 1.07 nM for
19, showing an activity about 7.5-fold lower than 18.
However, the activity of the compounds were comparable in
the LIM1215 cell line, with 19 and 18 having ICs, values of
1.05 nM and 1.60 nM, respectively. In SW620 cells,
compound 18 was again found to be more active with an ICs,
of 0.30 nM, whereas 19 had an ICs, of 0.86 nM (Table 2).

The observed differences in cytotoxicity between
compounds 18 and 19 may be attributed to the structural
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Table 2 1Cs5o values of compounds 18 and 19 in SW48, LIM1215 and
SW620 tumour cells after 96 hours incubation (SD = standard deviation)

Mean ICs, (nM)

SW48 LIM1215 SW620
Compound  I1Cso  SD ICs, SD ICs, SD

18 0.14  £0.023  1.60  +0.23 0.30  +0.04
19 1.07  #0.022  1.05 #0125  0.86  0.106

variation between the two compounds. Compound 19
includes a terminal amino group on the C9-polycyclic side
chain to enable linkage with an antibody, which may affect
its interaction with cellular components and permeability
across membranes, thus affecting its cytotoxic activity.

Conjugation of compound 19 to trastuzumab

Trastuzumab was chosen as a model antibody for
conjugation of the linker-payload (i.e., 20, Fig. 7) to obtain
proof of concept data. It is a humanized monoclonal
antibody developed to recognise and bind to the extracellular
domain of the human epidermal growth factor receptor 2
(HER2).*" This receptor is over-expressed in a number of
solid tumours, in particular those of epithelial origin such as
bladder, oesophageal and oesophagogastric junction, breast
and gall bladder cancers.*” Trastuzumab has been approved
for the treatment of breast and gastric cancers and is
generally well-tolerated by most patients.*’** Its targeting
capabilities have also been exploited by conversion to an ADC
(e.g., Enhertu® which contains the topoisomerase I inhibitor,
DXd, as payload and is considered a first line treatment for
metastatic breast cancer). Therefore, trastuzumab was
considered to be a useful benchmarking antibody to
investigate the potential of compound 19 as an ADC payload.

A stochastic conjugation of 20 to the reduced disulphide
bridges of trastuzumab was carried out to link the antibody
and payload. The interchain disulphide bridges were partially
reduced with the mild reducing agent tris(2-carboxyethyl)
phosphine (TCEP). A total reduction achieved using a
stronger reducing agent, such as dithiothreitol (DTT), would
have led to higher DARs, which was considered inappropriate
for this higher potency payload. Conjugation of the linker-
payload to the free thiols of the antibody was carried out in

Table 3 Mean ICsq values (nM) and standard deviations for trastuzumab-
deruxtecan, trastuzumab-(20) and the equivalent free payload 19 in the
HER2-expressing cell line CAPAN-1 and the HER2-negative cell line MCF7

Mean ICs, (nM)

CAPAN-1

(HER2 +) MCF7 (HER2 -)
Compound ICso SD 1Cso SD
19 1.02 +0.06 1.18 +0.13
Trastuzumab—(20) 1.30 +0.04 29.7 +1.55
Trastuzumab-deruxtecan 46.0 +7.13 660.7 +50.9
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Fig. 7 Structures of the ADC trastuzumab-(20).

an aqueous medium. After purification using Size-Exclusion
Chromatography (SEC), an ADC with an average DAR of 1.6
(74.4% as a monomer and 21.3% as a dimer) was obtained
(Fig. S10f). The ADC was then formulated in 30 mM
histidine, 200 mM sorbitol at pH 6 to ensure stability, and to
limit aggregation. Size Exclusion Chromatography (SEC) and
Hydrophobic Interaction Chromatography (HIC) analyses
were performed on the ADC to confirm its purity and DAR
(Fig. $107).

Cytotoxicity of the ADCs

The novel ADC was evaluated in the pancreatic cancer HER2-
positive cell line CAPAN-1, and in the breast cancer-derived
HER2-negative cell line MFC7.>° The cytotoxicities of the
unconjugated payload 19 and of trastuzumab-deruxtecan were
also evaluated in the same cell lines for comparison purposes.
Trastuzumab-(20) exhibited very low nanomolar activity in the
HER2-positive CAPAN-1 cell line with an ICs, of 1.30 nM,
comparable with the equivalent unconjugated payload (ICs,
1.02 nM), while the ICs, value was approximatively 25-fold
higher in the HER2-negative MCF7 cell line. However,
compound 19 was equally active in both cell lines (Table 3).
Although still cytotoxic in MCF-7 cell line, trastuzumab—(20)
proved to be about 23-fold more active in the HER2-positive cell
line CAPAN-1. This was an increment in cytotoxic activity
superior to that observed with trastuzumab-deruxtecan which
had ICs, values in MCF7 approximatively 14-fold higher than in
CAPAN-1 cells. This observation was consistent with the
anticipated behaviour of ADCs, with the payload being released
only after the antibody has recognised its antigen and the
complex internalised and degraded. As HER?2 is expressed by
the CAPAN-1 cell line, antigen recognition by the ADC is
expected to occur, whereas it is not expected in the case of the
MCF7 (HER2-negative) cell line. The cytotoxicity observed in
MCF7 cells could be attributable to traces of unconjugated
payload or to the presence of the HER-2 antigen which,
although expressed in a low copy number, is not completely
absent in this cell line.

In vivo efficacy and tolerability

In vivo tolerability and efficacy studies were carried out on
trastuzumab-(20) in mice. In a maximum tolerated dose
(MTD) study, the ADC was administered in a dose-escalation
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format to three groups of CD1 mice, with bodyweight
monitored over a 21 day period. Each group consisted of six
mice. Although larger sample sizes are typically used in
in vivo studies, this cohort was deemed sufficient for
generating preliminary MTD data. The MTD was defined as
the lowest dose at which at least one mouse exhibited a
bodyweight reduction equal to or exceeding a 15% threshold.
The ADC showed good tolerability (Fig. 8), with an MTD
estimated at or above 15 mg kg '. However, two mice in the
15 mg kg™ group (black line, Fig. 8) displayed bodyweight
losses exceeding 10%, suggesting that 15 mg kg™ was
approaching the MTD threshold. It should be noted that,
despite having comparable in vitro cytotoxicity, ADCs
containing the high-potency PDD payload exhibit much
higher tolerability in mice compared to similarly potent PBD
dimers, which have a maximum tolerated dose (MTD) in the
range of 1 mg kg™ to 5 mg kg™".**** It is possible that the
increased tolerability of PDDs might be linked to their
inability to crosslink DNA. This characteristic could
potentially make them less likely to trigger double-stranded
DNA breaks, which may explain their improved safety profile.

The efficacy of the ADC was then evaluated in the
CAPAN-1 tumour line in a mouse xenograft model. This cell
line was chosen for two main reasons. First, the expression
profile of HER?2 is high in this tumour type, so it is suitable
for investigating a trastuzumab-based ADC. Second, it is a
pancreatic tumour line (which are difficult cancers to treat),
and one in which other best-in-class trastuzumab-based
ADCs (e.g., trastuzumab deruxtecan, DAR = 8) have shown
limited efficacy.*

Both trastuzumab-(20) and trastuzumab-deruxtecan
induced tumour stasis or regression through day 29 (Fig. 9).
However, despite having been administered at a higher dose,
significant tumour regrowth was observed at this point in the
trastuzumab deruxtecan-treated group (red line, Fig. 9), while
trastuzumab—(20) continued to show tumour regression out
to day 56, achieving four complete responses (CRs) out of six
mice. The lower activity of trastuzumab deruxtecan on this
CAPAN-1 derived xenograft model could be due to the lower
cytotoxicity of DXd, its payload cytotoxic component, when
compared to other toxins used in ADCs.*®*” For example,
DXd does not bind covalently to DNA but instead interacts
non-covalently with the DNA-topoisomerase I complex,
inhibiting re-ligation of the DNA strand.*®*° It is worth

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md01040j

Open Access Article. Published on 11 March 2025. Downloaded on 2/22/2026 5:16:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

110
105

S : I

= 100

k=

s N

> 95 J L [T

[e]

[22]

o]

g 90

3

£

5 85

Z

1.2 3 4 5 6 7 8 9

View Article Online

Research Article

—— Vehicle

—— Trastuzumab-20
o T 8 mg/kg

—— Trastuzumab-20
12 mg/kg

— |
—"

—— Trastuzumab-20
15 mg/kg

10 11 12 13 14 15 16 17 18 19 20 21 22

Treatment Time (Days)

Fig. 8 Graph showing the variation of normalised body weight (%) of mice cohorts after administration via tail vein of a single dose of

trastuzumab—(20) at 8, 12 and 15 mg kg, compared with vehicle.
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Fig. 9 Graph showing mean tumour volume (mm?®) after single dose administrations via tail vein of trastuzumab-20 and Enhertu® for a period of
57 days. Vehicle was also administered as a control. One animal in the vehicle cohort was sacrificed on the 45th day due to reaching the

maximum allowed tumour volume according to the Home Office Licence.

noting that, although trastuzumab-deruxtecan was dosed at a
higher concentration than trastuzumab-(20), due to its
higher tolerability in mice,”” it failed to produce a similar
response. The ability of trastuzumab-(20) to prevent tumour
recurrence for up to 60 days in this xenograft model,
highlights the potential of the C9-linked PDD monomers as
an effective payload class for ADC development. This
prolonged tumour suppression highlights the suitability of
the C9-linked PDD monomers and more broadly the PDD
class of DNA minor groove binders as a new class of ADC
payload for targeted cancer therapy.

Experimental

Chemistry
Reagents were purchased from standard commercial
suppliers. Solvents were purchased from VWR (UK).

Anhydrous reactions were carried out in pre-oven-dried

This journal is © The Royal Society of Chemistry 2025

glassware under an inert atmosphere of argon. Anhydrous
solvents were used as purchased without further drying.
Thin Layer Chromatography (TLC) was performed on silica
gel aluminium plates (Merck 60, F254), and flash column
chromatography was carried out either manually, using
silica gel (Merck 9385, 230-400 mesh ASTM, 40-63 uM)
(whilst monitoring by thin layer chromatography: UV (254
nm)) or using a Biotage Isolera 1 chromatography system
coupled to Dalton mass spectrometer. All NMR spectra were
obtained at room temperature using a Bruker DPX400
spectrometer, a Varian Mercury VX, Agilent 400 Hz
spectrometer, or a Bruker DPX600 spectrometer for which
chemical shifts are expressed in ppm relative to the solvent
and coupling constants are expressed in Hz. Microwave
reactions were carried out on a Biotage Initiator+ microwave
synthesis reactor. HRMS was performed on a Thermo
Scientific-Exactive HCD Orbitrap Mass Spectrometer. Yields
refer to isolated material (homogeneous by TLC or NMR)
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and names are assigned according to IUPAC nomenclature.
Liquid Chromatography Mass Spectroscopy (LCMS)
(methods A & B) analysis was performed on a Waters
Alliance 2695 eluting in gradient. Function type: diode array
(535 scans). Column type: monolithic C18 50 x 4.60 mm.
Mass spectrometry data were collected using a Waters
Micromass ZQ instrument coupled to a Waters 2695 HPLC
with a Waters 2996 PDA. Ultra-Performance Liquid
Chromatography Mass Spectroscopy (UPLC-MS) (method C)
analysis was performed on a Waters Acquity H-class UPLC
eluting in gradient. Function type: photo diode array
(502.93 nm). Column type: Acquity UPLC BEH C18 1.7 um
2.1 x 50 mm. Mass spectrometry data were collected using a
Waters SQ Detector 2 coupled to a Waters Acquity H Class
UPLC with ACQ-PDA.

Specific optical rotation ([a]) of final compounds was
determined at r.t. using a Bellingham-Stanley ADP 440+
polarimeter. The concentration reported are expressed in g/
100 mL. The length of the chamber used was 0.3 dm.
Uncorrected melting point and degradation temperature of

final compounds were obtained using a Cole-Parmer
Electrothermal I1A9100 Standard Digital Melting Point
Apparatus.

Synthesis of compounds 1-20

Methyl 4-(4-formyl-2-methoxyphenoxy)butanoate (1). A
mixture of wvanillin (20.0 g, 131 mmol), methyl
4-bromobutanoate (17.5 mL, 139 mmol) and potassium
carbonate (27.2 g, 197 mmol) in N,N-dimethylformamide (100
mL) was stirred at room temperature for 18 h. The reaction
mixture was diluted with water (500 mL) and the title
compound (30.2 g, 91%) was obtained by filtration as a white
solid. The product was carried through to the next step
without any further purification.

'H NMR (400 MHz, CDCl;) 6 9.84 (s, 1H), 7.46-7.37 (m,
2H), 6.98 (d, J = 8.2 Hz, 1H), 4.16 (t, J = 6.3 Hz, 2H), 3.91
(s, 3H), 3.69 (s, 3H), 2.56 (t, J = 7.2 Hz, 2H), 2.20 (quin, J =
6.7 Hz, 2H); "*C NMR (100 MHz, CDCl;) J 190.9, 173.4,
153.8, 149.9, 130.1, 126.8, 111.6, 109.2, 67.8, 56.0, 51.7,
30.3, 24.2; MS (ES+) m/z = 253 (M + H)'; LCMS (method A):
tg = 6.48 min.

Methyl 4-(4-formyl-2-methoxy-5-nitrophenoxy)butanoate (2).
A solution of methyl 4-(4-formyl-2-methoxyphenoxy)butanoate
(1) (20.0 g, 79.2 mmol) in trifluoroacetic acid (50 mL) was
added dropwise to a stirred solution of potassium nitrate
(10.0 g, 98.9 mmol) in trifluoroacetic acid (50 mL), at 0 °C.
The resulting mixture was then stirred at room temperature
for 1 h. It was then concentrated in vacuo and diluted into
ethyl acetate (400 mL). The organic layer was washed with
brine (3 x 100 mL) and a saturated aqueous solution of
sodium hydrogen carbonate (2 x 80 mL), dried over sodium
sulphate, filtered, and concentrated to give the title
compound (23.5 g, 100%) as a yellow solid. The product was
carried through to the next step without any further
purification.
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'"H NMR (400 MHz, CDCl;) 6 10.42 (s, 1H), 7.60 (s, 1H),
7.39 (s, 1H), 4.21 (t, J = 6.3 Hz, 2H), 3.98 (s, 3H), 3.70 (s, 3H),
2.61-2.53 (m, 2H), 2.22 (quin, J = 6.6 Hz, 2H); "*C NMR (100
MHz, CDCl;) 6 187.8, 173.2, 153.5, 151.7, 143.8, 125.5, 109.9,
108.1, 68.6, 56.6, 51.8, 30.2, 24.1; MS (ES+): m/z = 298 (M +
H)"; LCMS (method A): g = 6.97 min.

5-Methoxy-4-(4-methoxy-4-oxobutoxy)-2-nitrobenzoic acid (3).
A hot (70 °C) solution of potassium permanganate (46.0 g, 291
mmol) in water (400 mL) was added to a solution of methyl
4-(4-formyl-2-methoxy-5-nitrophenoxy)butanoate (2) (23.0 g, 77.4
mmol) in acetone (600 mL). The reaction mixture was stirred
at 70 °C for 3 h, then cooled to room temperature and passed
through a plug of celite. The cake of celite was washed with
hot water (200 mL), and a solution of sodium meta bisulphite
in hydrochloric acid (1 M, 200 mL) was added to the filtrate
which was extracted with dichloromethane (2 x 400 mL). The
combined organic layers were then dried over anhydrous
sodium sulphate, filtered, and concentrated in vacuo. The
resulting residue was purified by flash column chromatography
(silica), eluting with methanol-dichloromethane (from 0% to
50%), to give the title compound (17.0 g, 70%) as a pale yellow
solid.

'H NMR (400 MHz, MeOD) ¢ 7.47 (s, 1H), 7.25 (s, 1H),
413 (t, ] = 6.2 Hz, 2H), 3.94 (s, 3H), 3.68 (s, 3H), 2.54 (t, ] =
7.2 Hz, 2H), 2.17-2.06 (m, 2H); >*C NMR (100 MHz, MeOD) §
175.3, 168.6, 153.8, 151.3, 143.1, 122.8, 112.4, 109.2, 69.6,
57.0, 52.2, 31.2, 25.5; MS (ES+): m/z = 314 (M + H)", 312 (M-
H)"; LCMS (method A): tg = 6.22 min.

Methyl (S)-4-(4-(2-(hydroxymethyl)piperidine-1-carbonyl)-2-
methoxy-5-nitrophenoxy)butanoate  (4). A mixture of
5-methoxy-4-(4-methoxy-4-oxobutoxy)-2-nitrobenzoic acid (3)
(8.00 g, 25.5 mmol), oxalyl chloride (6.60 mL, 77.0 mmol) and
anhydrous N,N-dimethylformamide (2 drops) in anhydrous
dichloromethane (100 mL) was stirred at room temperature
for 1 h. Anhydrous toluene (20 mL) was added to the reaction
mixture which was then concentrated in vacuo. The residue
was dissolved in anhydrous dichloromethane (10 mL) and
then added dropwise to a solution of (S)-piperidin-2-
ylmethanol (3.80 g, 33.4 mmol) and triethylamine (10.7 mL,
77.0 mmol) in anhydrous dichloromethane (90 mL), at -10
°C. The reaction mixture was then stirred at room
temperature for 2 h and then washed with hydrochloric acid
(1 M, 50 mL) and a saturated aqueous solution of sodium
chloride (50 mL), dried over sodium sulphate, filtered, and
concentrated. The resulting residue was purified by flash
column chromatography (silica), eluting with methanol-
dichloromethane (from 0% to 5%), to give the title
compound (9.2 g, 73%) as a yellow oil.

'"H NMR (400 MHz, CDCl3) 6 7.68-7.64 (m, 1H), 6.77-6.70
(m, 1H), 4.16-4.07 (m, 3H), 3.93-3.89 (m, 3H), 3.83 (s, 1H),
3.67 (s, 3H), 3.15 (d, J = 1.4 Hz, 1H), 3.11 (s, 1H), 2.78 (s, 1H),
2.56-2.50 (m, 3H), 2.21-2.12 (m, 4H), 1.74-1.55 (m, 4H); °C
NMR (100 MHz, CDCl;) 6 173.3, 168.1, 154.6, 148.2, 137.4,
127.6, 111.4, 108.3, 68.3, 60.6, 56.7, 53.5, 51.7, 43.3, 38.0,
34.9, 30.3, 24.1, 19.7; MS (ES+): m/z = 411 (M + H)"; LCMS
(method A): tg = 6.28 min.

This journal is © The Royal Society of Chemistry 2025
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Methyl (5)-4-(5-amino-4-(2-(hydroxymethyl)piperidin-1-
carbonyl)-2-methoxyphenoxy)butanoate (5). Palladium(0) on
activated charcoal (10% wt) (920 mg) was added to a solution
of methyl (S)-4-(4-(2-(hydroxymethyl)piperidine-1-carbonyl)-2-
methoxy-5-nitrophenoxy)butanoate (4) (9.20 g, 22.4 mmol) in
ethanol (40 mL) and ethyl acetate (10 mL). The reaction
mixture was hydrogenated at 35 psi for 3 h in a Parr
hydrogenator apparatus. The reaction mixture was filtered
through celite and the resulting cake was washed with ethyl
acetate. The filtrate was concentrated in vacuo to give the title
compound (9.0 g, 90%) as a pink solid. The product was
carried through to the next step without any further
purification.

'H NMR (400 MHz, CDCl;) 6 6.69 (s, 1H), 6.27-6.18 (m,
1H), 4.03-3.94 (m, 3H), 3.94-3.82 (m, 3H), 3.81-3.76 (m, 1H),
3.74 (s, 3H), 3.73-3.68 (m, 1H), 3.67-3.65 (m, 3H), 3.56 (d, J =
4.8 Hz, 1H), 3.03 (s, 1H), 2.51 (t, J = 7.2 Hz, 2H), 2.11 (quin, J
= 6.7 Hz, 2H), 1.68-1.59 (m, 4H), 1.55-1.40 (m, 2H); >*C NMR
(100 MHz, CDCl;) ¢ 173.6, 171.2, 150.3, 141.8, 141.1, 113.2,
112.3, 102.4, 67.5, 60.8, 60.4, 56.8, 51.6, 30.4, 25.8, 24.3, 21.0,
19.9, 14.2; MS (ES+): m/z = 381 (M + H)"; LCMS (method A): tx
=5.52 min.

Methyl (S)-4-(5-(((allyloxy)carbonyl)amino)-4-(2-
(hydroxymethyl)piperidin-1-carbonyl)-2-methoxyphenoxy)-
butanoate (6). A solution of methyl (S)-4-(5-amino-4-(2-
(hydroxymethyl)piperidine-1-carbonyl)-2-methoxyphenoxy)-
butanoate (5) (9.00 g, 23.7 mmol) and pyridine (4.40 mL, 54.4
mmol) in anhydrous dichloromethane (100 mL) at -10 °C
was charged dropwise with a solution of allyl chloroformate
(2.60 mL, 24.8 mmol) in anhydrous dichloromethane (20
mL). The reaction mixture was then stirred at room
temperature for 30 min. The reaction mixture was then
sequentially washed with a saturated aqueous solution of
copper(u) sulphate (80 mL), water (80 mL) and a saturated
aqueous solution of sodium hydrogen carbonate (80 mL).
The organic layer was dried over sodium sulphate, filtered,
and concentrated. The resulting residue was purified by flash
column chromatography (silica), eluting with methanol-
dichloromethane (from 0% to 1%), to give the title
compound (5.17 g, 47%) as a yellow oil.

'H NMR (600 MHz, CDCl;) 6 8.27 (s, 1H), 7.59 (s, 1H), 6.74
(s, 1H), 5.89 (ddt, J = 17.2, 10.7, 5.5 Hz, 1H), 5.30 (ddd, J =
17.2, 3.0, 1.5 Hz, 1H), 5.17 (ddd, J = 10.5, 2.7, 1.3 Hz, 1H),
5.08-4.62 (m, 1H), 4.63-4.50 (m, 2H), 4.03 (t, J = 6.2 Hz, 2H),
3.84 (s, 1H), 3.76 (s, 3H), 3.64 (s, 4H), 3.57 (s, 1H), 3.33 (s,
1H), 2.99 (s, 1H), 2.49 (t, J = 7.4 Hz, 2H), 2.15-2.08 (m, 2H),
1.60 (br s, J = 12.7 Hz, 4H), 1.50-1.35 (m, 2H); "*C NMR (150
MHz, CDCl;) 6 173.5, 170.5, 153.9, 149.7, 144.9, 132.6, 130.1,
117.6, 117.1, 110.9, 106.2, 67.7, 65.5, 60.6, 56.4, 53.5, 51.6,
30.5, 25.7, 25.3, 24.4, 19.7, 14.8; MS (ES+): m/z = 465 (M +
H)"; LCMS (method A): t; = 6.47 min.

Allyl (6aS)-6-hydroxy-2-methoxy-3-(4-methoxy-4-oxobutoxy)-
12-ox0-6,64,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a][1,4]-
diazepin-5(12H)-carboxylate (7). A solution of methyl (S)-4-(5-
(((allyloxy)carbonyl)amino)-4-(2-(hydroxymethyl)piperidine-1-
carbonyl)-2-methoxyphenoxy)butanoate (6) (930 mg, 2.00 mmol)
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in dichloromethane (45 mL) was charged with 2,2,6,6-
tetramethylpiperidine 1-oxyl (32 mg, 0.20 mmol) and
(diacetoxyiodo)benzene (773 mg, 2.40 mmol). The reaction
mixture was stirred at room temperature for 16 h, and was then
sequentially washed with a saturated aqueous solution of
sodium metabisulphite (20 mL), a saturated aqueous solution
of sodium hydrogen carbonate (20 mL), water (20 mL), and
brine (20 mL). The organic layer was then dried over sodium
sulphate, filtered, and concentrated. The resulting residue was
purified by flash column chromatography (silica), eluting with
methanol-dichloromethane (from 0% to 5%), to give the title
compound (825 mg, 89%) as a cream solid, mixture of
diastereomers.

'H NMR (600 MHz, CDCl,) 6 7.15 (s, 1H), 6.65 (s, 1H), 5.90
(d, J = 10.1 Hz, 1H), 5.78 (s, 1H), 5.12 (d, J = 12.0 Hz, 2H),
4.66 (dd, J = 13.1, 5.0 Hz, 1H), 4.45 (s, 1H), 4.33 (dd, J = 17.1,
4.3 Hz, 1H), 4.17 (s, 1H), 4.02 (dd, J = 17.6, 4.7 Hz, 2H), 3.88
(s, 3H), 3.66 (s, 3H), 3.46 (dt, J = 10.0, 4.1 Hz, 1H), 3.10-3.02
(m, 1H), 2.51 (t, J = 7.2 Hz, 2H), 2.12 (dd, J = 13.5, 6.9 Hz,
2H), 1.83-1.69 (m, 3H), 1.64-1.59 (m, 3H); “*C NMR (150
MHz, CDCl;) § 173.5, 169.1, 156.1, 150.1, 149.0, 131.9, 127.4,
125.1, 118.0, 113.6, 110.7, 82.5, 67.9, 66.7, 58.4, 56.1, 55.4,
51.6, 38.7, 30.3, 24.2, 23.1, 23.0, 18.3, 18.1; MS (ES+): m/z =
463 (M + H)"; LCMS (method A): tx = 6.30 min.

Allyl  (6aS)-2-methoxy-3-(4-methoxy-4-oxobutoxy)-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-6,6a,7,8,9,10-hexahydrobenzo-
[e]pyrido[1,2-a][1,4]diazepin-5(12H)-carboxylate (8). A mixture
of allyl (6aS)-6-hydroxy-2-methoxy-3-(4-methoxy-4-oxobutoxy)-
12-0x0-6,64,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a][1,4]-
diazepin-5(12H)-carboxylate (7) (825 mg, 1.80 mmol),
3,4-dihydro-2H-pyran  (1.70 mL, 182 mmol) and
para-toluenesulphonic acid monohydrate (8.5 mg, 1% w/w) in
ethyl acetate (12 mL) was stirred at room temperature for 16
h. The reaction mixture was then diluted into ethyl acetate
(50 mL) and washed with a saturated aqueous solution of
sodium hydrogen carbonate (20 mL) and brine (30 mL). The
organic layer was dried over sodium sulphate, filtered, and
concentrated. The resulting residue was purified by flash
column chromatography (silica), eluting with methanol-
dichloromethane (from 0% to 2%), to give the title
compound (820 mg, 84%) as a cream solid (mixture of
diastereomers).

'"H NMR (400 MHz, CDCl;) § 7.50 (s, 1H), 6.48 (s, 1H),
6.10-5.85 (m, 1H), 5.70-5.62 (m, 1H), 5.01-4.92 (m, 3H),
4.55-4.20 (m, 2H), 4.18-4.13 (m, 1H), 3.96-3.91 (m, 3H), 3.78
(s, 3H), 3.55 (s, 3H), 3.40-3.34 (m, 2H), 3.00-2.91 (m, 1H),
2.24 (t, ] = 7.0 Hz, 2H), 2.05-2.02 (m, 2H), 1.67-1.43 (m, 12H);
3C NMR (150 MHz, DMSO) ¢ 173.4, 168.5, 150.1, 149.2,
133.2, 127.6, 126.4, 116.9, 114.6, 110.8, 99.8, 94.7, 88.0, 83.9,
68.0, 66.0, 63.3, 62.5, 56.2, 55.4, 51.8, 38.6, 30.6, 30.2, 25.3,
24.3, 23.1, 19.7, 18.3; MS (ES+): m/z = 547 (M + H)"; LCMS
(method A): tg = 7.70 min.

4-(((6aS)-5-((Allyloxy)carbonyl)-2-methoxy-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-5,6,6a,7,8,9,10,12-
octahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)butanoic
acid (9). An aqueous solution of sodium hydroxide (1 M, 10.0

RSC Med. Chem., 2025, 16, 3058-3076 | 3069


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md01040j

Open Access Article. Published on 11 March 2025. Downloaded on 2/22/2026 5:16:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

mL, 10.00 mmol) was added to a solution of allyl (6aS)-2-
methoxy-3-(4-methoxy-4-oxobutoxy)-12-ox0-6-((tetrahydro-2 H-
pyran-2-yl)oxy)-6,64,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a]-
[1,4]diazepin-5(12H)-carboxylate (8) (770 mg, 1.40 mmol) in
1,4-dioxane (10 mL). The resulting mixture was stirred at
room temperature for 2 h and then concentrated in vacuo,
after which water (20 mL) was added and the aqueous layer
was acidified with an aqueous solution of acetic acid (5 M, 10
mL, 50 mmol). The aqueous layer was extracted with ethyl
acetate (2 x 50 mL). The combined organic extracts were
washed with a saturated aqueous solution of sodium chloride
(50 mL), dried over sodium sulphate, filtered, and
concentrated to give the title compound (700 mg, 93%) as a
yellow oil (mixture of diastereomers). The product was
carried through to the next step without any further
purification.

'H NMR (400 MHz, (CD;),SO) ¢ 12.15 (br. s., 1H), 7.03 (s,
1H), 6.86 (s, 1H), 6.06-5.87 (m, 1H), 5.83-5.69 (m, 1H), 5.11-
4.96 (m, 3H), 4.64-4.36 (m, 2H), 4.16-4.02 (m, 1H), 4.00-3.92
(m, 2H), 3.80 (s, 3H), 3.79-3.70 (m, 2H), 3.54-3.46 (m, 1H),
2.89-2.83 (m, 1H), 2.36 (t, J = 7.2 Hz, 2H), 1.96-1.89 (m, 2H),
1.71-1.41 (m, 12H); "*C NMR (100 MHz, (CD;),SO) J 174.5,
174.4, 168.5, 168.5, 150.1, 149.1, 133.1, 127.6, 126.3, 114.5,
110.7, 109.1, 99.7, 84.4, 68.0, 67.9, 56.2, 52.9, 38.5, 30.6, 30.3,
30.2, 25.4, 25.3, 23.1, 23.0, 18.3; MS (ES*): m/z = 533 (M +
H)', 531 (M-H)"; LCMS (method A): t = 6.98 min.

tert-Butyl (6-hydroxypyridin-3-yl)carbamate (10). Di-tert-
butyl dicarbonate (1.29 g, 5.9 mmol) was added to a solution
of 5-aminopyridin-2-ol (500 mg, 4.54 mmol) in dry N,N-
dimethylformamide (15 mL) and stirred at room temperature
for 21 h. The reaction mixture was then diluted into a
saturated aqueous solution of sodium chloride (150 mL). The
aqueous phase was extracted with ethyl acetate (2 x 70 mL).
The combined organic extracts were concentrated in vacuo.
The resulting residue was purified by flash column
chromatography  (silica), eluting with  methanol-
dichloromethane (from 0% to 10%), to give the title
compound (355 mg, 37%) as a brown oil.

'H NMR (400 MHz, CDCl,) 6 7.58 (s, 1H), 7.45 (dd, J = 9.6,
2.3 Hz, 1H), 6.73 (s, 1H), 6.55 (d, J = 9.7 Hz, 1H), 1.47 (s, 9H);
C NMR (100 MHz, DCCl;) 6 163.4, 154.5, 126.0, 120.9,
120.1, 85.8, 77.2, 28.4; MS (ES+): m/z = 211 (M + H)"; LCMS
(method B): tg = 2.68 min.

5-((tert-Butoxycarbonyl)amino)pyridin-2-yl
trifluoromethanesulfonate (11). tert-Butyl (6-hydroxypyridin-3-
yl)carbamate (350 mg, 1.70 mmol) (10) was solubilised into
dry N,N-dimethylformamide (8 mL), to which triethylamine
(590 upL, 4.25 mmol) was added, followed by
bis(trifluoromethanesulphonyl)aniline (1.31 g, 3.70 mmol).
The reaction mixture was stirred at room temperature for
2.5 h. The reaction mixture was then quenched with a
saturated solution of sodium bicarbonate (40 mL) and
diluted with brine (30 mL). The aqueous phase was
extracted with ethyl acetate (2 x 30 mL). The combined
organic extracts were concentrated in vacuo. The resulting
residue was purified by flash column chromatography
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(silica), eluting with acetone-dichloromethane (from 0% to
30%), to give the title compound (430 mg, 74%) as a brown
viscous oil.

"H NMR (400 MHz, CDCl;) § 7.33 (d, J = 7.0 Hz, 1H), 7.30 (s,
1H), 7.09 (d, J = 9.0 Hz, 1H), 1.50 (s, 9H); "*C NMR (100 MHz,
CDCl;) §150.3, 136.3, 134.6, 129.4, 126.9, 123.2, 28.1; MS (ES+):
m/z =343 (M + H)"; LCMS (method B): ¢ = 4.23 min.

Methyl 5-(5-((tert-butoxycarbonyl)amino)pyridin-2-yl)-3-
methylthiophen-2-carboxylate (12). To a solution of 5-((tert-
butoxycarbonyl)amino)pyridin-2-yl trifluoromethanesulphonate
(11) (500 mg, 1.460 mmol) in N,N-dimethylformamide (8 mL),
(5-(methoxycarbonyl)-4-methylthiophen-2-yl)boronic acid (322
mg, 1.61 mmol), triethylamine (390 pL, 2.9 mmol), and
tetrakis(triphenylphosphine)palladium(0) (169 mg, 10 mol%)
were added. The reaction mixture was purged with nitrogen for
5 min before irradiating with microwaves at 100 °C for 15 min.
The reaction mixture was then diluted into a saturated aqueous
solution of sodium chloride (60 mL) and the aqueous phase
was extracted with ethyl acetate (2 x 40 mL). The combined
organic extracts were concentrated in vacuo. The residue was
purified by flash column chromatography (silica), eluting with
acetone-dichlorometane (from 0% to 10%), to give the title
compound (420 mg, 84%) as an orange solid.

'H NMR (600 MHz, (CD;),SO) 6 9.76 (s, 1H), 8.58 (d, ] = 2.4
Hz, 1H), 7.97 (d, ] = 7.4 Hz, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.58 (s,
1H), 3.80 (s, 3H), 2.49 (s, 3H), 1.49 (s, 9H); ">*C NMR (150 MHz,
(CD3),S0) & 162.5, 152.7, 148.1, 146.7, 139.6, 136.2, 129.5,
128.0, 125.6, 122.9, 119.5, 79.9, 51.8, 28.0, 15.9; MS (ES+): m/z =
349 (M + H)"; LCMS (method B): tg = 4.32 min.

Methyl  5-(5-(4-((tert-butoxycarbonyl)amino)-1-methyl-1H-
pyrrol-2-carboxamido)pyridin-2-yl)-3-methylthiophen-2-
carboxylate (13). Hydrogen chloride (4 M in 1,4-dioxane, 2.5
mL) was added dropwise to a solution of methyl 5-(5-((tert-
butoxycarbonyl)amino)pyridin-2-yl)-3-methylthiophene-2-
carboxylate (12) (340 mg, 0.977 mmol) in 1,4-dioxane (1 mL)
and methanol (1 mL). The reaction mixture was stirred for 3
h and then concentrated in vacuo. The resulting residue was
then added to a mixture of 4-((¢tert-butoxycarbonyl)amino)-1-
methyl-1H-pyrrol-2-carboxylic acid (256 mg, 1.07 mmol), N,N-
dimethylpyridin-4-amine (355 mg, 2.91 mmol) and N-(3-
dimethylaminopropyl)-N'"-ethylcarbodiimide hydrochloride
(464 mg, 2.43 mmol) in N,N-dimethylformamide (8 mL)
which was previously stirred for 15 min. The resulting
solution was stirred at room temperature for 18 h. The
reaction mixture was diluted with a saturated aqueous
solution of sodium bicarbonate (50 mL) and a saturated
aqueous solution of sodium chloride (40 mL). The aqueous
phase was extracted with ethyl acetate (2 x 50 mL). The
combined organic extracts were concentrated in vacuo. The
resulting residue was purified by flash
chromatography (silica) eluting with acetone-
dichloromethane (from 0% to 20%), to give the title
compound (322 mg, 71%) as a cream solid.

'H NMR (600 MHz, (CD3),SO) 6 10.11 (s, 1H), 9.17 (s, 1H),
8.87 (d, J = 2.4 Hz, 1H), 8.24 (dd, J = 8.7, 2.4 Hz, 1H), 7.93 (d,
J = 8.7 Hz, 1H), 7.63 (s, 1H), 7.03 (s, 1H), 6.99 (s, 1H), 3.83 (s,

column
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3H), 3.81 (s, 3H), 2.50 (s, 3H), 1.46 (s, 9H); *C NMR (150
MHz, (CD;),SO) & 162.5, 159.8, 152.9, 148.1, 146.7, 144.9,
141.2, 136.1, 128.2, 127.4, 125.7, 122.7, 122.0, 119.3, 118.5,
105.2, 78.4, 51.8, 36.3, 28.2, 15.9; MS (ES+): m/z = 371 (M +
H)'; LCMS (method B): g = 4.22 min.

Allyl  (6aS)-2-methoxy-3-(4-((5-((6-(5-(methoxycarbonyl)-4-
methylthiophen-2-yl)pyridin-3-yl)carbamoyl)-1-methyl-1H-
pyrrol-3-yl)amino)-4-oxobutoxy)-12-oxo-6-((tetrahydro-2H-
pyran-2-yl)oxy)-6,6a,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a]-
[1,4]diazepin-5(12H)-carboxylate (14). Hydrogen chloride (4 M
in 1,4-dioxane 5 mL) was added dropwise to a solution of
methyl 5-(5-(4-((tert-butoxycarbonyl)amino)-1-methyl-1H-pyrrol-
2-carboxamido)pyridin-2-yl)-3-methylthiophen-2-carboxylate
(13) (221 mg, 0.470 mmol) in 1,4-dioxane (2 mL) and
methanol (2 mL). The reaction mixture was stirred for 2 h
and then concentrated in vacuo. The residue was added to a
mixture of 4-(((6aS)-5-((allyloxy)carbonyl)-2-methoxy-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-5,6,6a,7,8,9,10,12-
octahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)butanoic
acid (9) (273 mg, 0.512 mmol), N,N-dimethylpyridin-4-amine
(171 mg, 1.39 mmol) and N-(3-dimethylaminopropyl)-N'"-
ethylcarbodiimide hydrochloride (222 mg, 1.16 mmol) in N,
N-dimethylformamide (4 mL), which was previously stirred
for 30 min. The resulting solution was stirred at room
temperature for 16 h. The reaction mixture was diluted with
ethyl acetate (50 mL) and washed with a saturated aqueous
solution of sodium chloride (100 mL). The organic layer was
then concentrated in vacuo. The resulting residue was
purified by flash column chromatography (silica), eluting
with methanol-dichloromethane (from 0% to 10%), to give
the title compound (185 mg, 44%) as an brown oil (mixture
of diastereomers, unknown ratio).

'H NMR (400 MHz, CD;0D) ¢ 8.76 (dd, J = 6.6, 2.2 Hz,
1H), 8.22-8.15 (m, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.44 (s, 1H),
7.21 (dd, J = 6.8, 1.7 Hz, 1H), 7.14 (d, J = 8.9 Hz, 1H), 7.01-
6.83 (m, 2H), 6.18 (d, J = 10.1 Hz, 1H), 6.01-5.65 (m, 1H),
5.10-5.04 (m, 3H), 4.62-4.39 (m, 2H), 4.23-4.02 (m, 3H), 3.90
(d, J = 2.7 Hz, 3H), 3.87 (s, 3H), 3.85 (s, 4H), 3.61-3.51 (m,
1H), 3.45 (dd, J = 9.7, 3.9 Hz, 1H), 3.06 (ddd, J = 11.2, 10.5,
5.6 Hz, 1H), 2.57-2.51 (m, 5H), 2.21-2.15 (m, 2H), 1.85-1.64
(m, 8H), 1.59-1.47 (m, 4H); *C NMR (100 MHz, CDCl;) §
169.3, 169.1, 163.2, 156.0, 155.6, 155.1, 150.4, 149.8, 148.0,
146.9, 132.0, 131.9, 130.1, 129.2, 127.8, 127.6, 127.5, 126.6,
126.1, 121.9, 119.1, 118.8, 110.8, 107.9, 100.9, 96.4, 84.0, 81.3,
69.9, 63.0, 55.9, 51.7, 38.9, 36.9, 30.8, 30.5, 25.2, 23.1, 22.9,
19.5, 18.0, 16.2; MS (ES+): m/z = 885 (M + H)"; LCMS (method
B): tg = 4.33 min.

5-(5-(4-(4-(((6aS)-5-((Allyloxy)carbonyl)-2-methoxy-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-5,6,6a,7,8,9,10,12-
octahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)-
butanamido)-1-methyl-1H-pyrrol-2-carboxamido)pyridin-2-yl)-
3-methylthiophen-2-carboxylic acid (15). An aqueous solution
of sodium hydroxide (1 M, 6 mL) was added to a solution of
allyl (6aS)-2-methoxy-3-(4-((5-((6-(5-(methoxycarbonyl)-4-
methylthiophen-2-yl)pyridin-3-yl)carbamoyl)-1-methyl-1H-
pyrrol-3-yl)Jamino)-4-oxobutoxy)-12-oxo-6-((tetrahydro-2 H-pyran-
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2-yl)oxy)-6,64,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a][1,4]-
diazepin-5(12H)-carboxylate (14) (180 mg, 0.203 mmol) in
1,4-dioxane (6 mL) and the resulting mixture was stirred at
room temperature for 18 h and then concentrated in vacuo.
Water (60 mL) was then added to the residue and the
aqueous layer was acidified to pH = 5 with acetic acid. The
aqueous layer was then extracted with ethyl acetate (2 x 70
mL). The combined organic extracts were concentrated to
give the title compound (170 mg, 96%) as an orange solid
(mixture of diastereomers, unknown ratio).

'H NMR (400 MHz, CD,0D) § 8.81-8.73 (m, 1H), 8.19
(ddd, J = 8.6, 6.0, 2.5 Hz, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.44 (s,
1H), 7.21 (dd, J = 6.8, 1.8 Hz, 1H), 7.13 (d, J = 8.8 Hz, 1H),
7.02-6.84 (m, 2H), 6.19 (d, J = 10.1 Hz, 1H), 6.00-5.67 (m,
1H), 5.11-5.05 (m, 3H), 4.68-4.39 (m, 2H), 4.23-4.03 (m, 3H),
3.90 (d, J = 2.7 Hz, 3H), 3.86 (s, 4H), 3.59-3.51 (m, 1H), 3.45
(dd, J = 9.5, 3.9 Hz, 1H), 3.07 (d, J = 10.2 Hz, 1H), 2.57-2.50
(m, 5H), 2.17 (dt, J = 6.8, 5.8 Hz, 2H), 1.86-1.63 (m, 8H),
1.59-1.44 (m, 4H); *C NMR (100 MHz, CD,OD) ¢ 175.1,
171.3, 171.2, 165.8, 161.7, 157.0, 152.0, 151.6, 150.8, 150.6,
148.6, 147.9, 137.0, 133.5, 133.4, 130.4, 129.4, 129.1, 129.0,
123.4, 123.4, 121.6, 120.7, 117.6, 115.7, 115.5, 111.6, 111.3,
102.0, 85.4, 79.2, 69.5, 69.3, 68.1, 56.6, 54.8, 40.1, 40.0, 37.3,
32.1, 31.7, 26.4, 26.3, 24.0, 20.7, 20.5, 19.2, 19.1, 16.4; MS (ES
+): m/z = 871 (M + H)"; LCMS (method B): ¢ = 3.92 min.

Allyl (6aS)-2-methoxy-3-(4-((1-methyl-5-((6-(4-methyl-5-
(phenylcarbamoyl)thiophen-2-yl)pyridin-3-yl)carbamoyl)-1H-
pyrrol-3-yl)amino)-4-oxobutoxy)-12-o0xo-6-((tetrahydro-2H-
pyran-2-yl)oxy)-6,6a,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a]-
[1,4]diazepin-5(12H)-carboxylate (16). A solution of 5-(5-(4-(4-
(((6aS)-5-((allyloxy)carbonyl)-2-methoxy-12-ox0-6-((tetrahydro-
2H-pyran-2-yl)oxy)-5,6,64,7,8,9,10,12-octahydrobenzo[e]pyrido-
[1,2-a][1,4]diazepin-3-yl)oxy)butanamido)-1-methyl-1H-pyrrol-2-
carboxamido)pyridin-2-yl)-3-methylthiophen-2-carboxylic ~ acid
(15) (150 mg, 0.172 mmol) in N,N-dimethylformamide (4 mL)
was charged with N,N-dimethylpyridin-4-amine (63 mg, 0.52
mmol) and N-(3-dimethylaminopropyl)-N'"-ethylcarbodiimide
hydrochloride (83 mg, 0.43 mmol) and then stirred for 10
min at room temperature. Aniline (19 pL, 0.21 mmol) was
then added to the reaction mixture, and the solution was
stirred for further 16 h. The reaction mixture was quenched
with a saturated aqueous solution of sodium bicarbonate (10
mL) and diluted with a saturated aqueous solution of sodium
chloride (80 mL). It was then washed with ethyl acetate (3 x
50 mL) and the organic fractions were concentrated in vacuo.
The resulting residue was purified by flash column
chromatography  (silica),  eluting  with  methanol-
dichloromethane (from 0% to 10%), to give the title
compound (165 mg, 98%) as a brown viscous oil, (mixture of
diastereomers, unknown ratio).

'H NMR (600 MHz, CDCl;) 6 8.49-8.33 (m, 1H), 7.67 (s,
1H), 7.64-7.55 (m, 3H), 7.39-7.25 (4H), 7.12 (dd, J = 14.9, 6.7
Hz, 2H), 6.84 (s, 1H), 6.20-6.10 (m, 1H), 6.04-5.88 (m, 1H),
5.83-5.64 (m, 1H), 5.42-525 (m, 1H), 5.15-4.98 (m, 2H), 4.75-
4.53 (m, 2H), 4.41-4.25 (m, 2H), 4.15-4.06 (m, 1H), 3.84-3.90
(m, 3H), 3.77-3.56 (m, 6H), 3.18-3.05 (m, 1H), 2.60 (d, J = 8.3
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Hz, 3H), 2.44-2.34 (m, 2H), 2.23-2.08 (m, 2H), 1.78-1.55 (m,
12H); **C NMR (150 MHz, CDCl;) 6 169.7, 169.5, 161.3, 160.7,
160.3, 155.7, 150.4, 145.6, 144.3, 141.8, 138.0, 136.0, 132.1,
131.8, 129.2, 128.3, 128.0, 124.6, 122.0, 121.6, 120.7, 120.3,
119.2, 119.0, 118.8, 118.4, 111.4, 105.5, 100.9, 100.6, 95.2,
88.5, 84.0, 67.2, 64.2, 56.3, 55.9, 39.5, 39.3, 37.0, 33.1, 31.1,
30.7, 25.4, 25.3, 23.2, 23.1, 20.2, 19.7, 18.6, 16.2; MS (ES+): m/
z =946 (M + H)"; LCMS (method B): ¢ = 4.30 min.

Allyl (6aS)-3-(4-((5-((6-(5-((4-aminophenyl)carbamoyl)-4-
methylthiophen-2-yl)pyridin-3-yl)carbamoyl)-1-methyl-1H-
pyrrol-3-yl)amino)-4-oxobutoxy)-2-methoxy-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-6,6a,7,8,9,10-hexahydrobenzo-
[e]pyrido[1,2-a][1,4]diazepin-5(12H)-carboxylate @7). A
solution of 5-(5-(4-(4-(((6aS)-5-((allyloxy)carbonyl)-2-methoxy-12-
0x0-6-((tetrahydro-2H-pyran-2-yl)oxy)-5,6,6a,7,8,9,10,12-
octahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)-
butanamido)-1-methyl-1H-pyrrol-2-carboxamido)pyridin-2-yl)-3-
methylthiophen-2-carboxylic acid (15) (14 mg, 0.016 mmol) in
N,N-dimethylformamide (1 mL) was charged with N,N-
dimethylpyridin-4-amine (5.9 mg, 0.048 mmol) and N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride
(9.5 mg, 0.047 mmol) and the resulting mixture was then
stirred for 15 min at room temperature. Benzene-1,4-diamine
(2.6 mg, 0.024 mmol) was then added to the reaction mixture,
which was stirred for further 16 h. The reaction mixture was
quenched with a saturated aqueous solution of sodium
bicarbonate (5 mL) and diluted with a saturated aqueous
solution of sodium chloride (20 mL). The mixture was then
extracted with ethyl acetate (2 x 20 mL) and the organic
solutions were concentrated in vacuo. The resulting residue
was purified by flash column chromatography (silica), eluting
with methanol-dichloromethane (from 0% to 10%), to give
the title compound (8 mg, 52%) as a brown viscous oil,
mixture of diastereomers (unknown ratio).

'H NMR (600 MHz, (CD;),SO) & 10.17 (s, 1H), 10.02 (d, J =
4.2 Hz, 1H), 9.59 (s, 1H), 8.88 (d, J = 2.0 Hz, 1H), 8.23-8.20
(m, 1H), 7.90 (d, J = 8.7 Hz, 1H), 7.56 (s, 1H), 7.31 (d, J = 8.7
Hz, 2H), 7.25 (dd, J = 3.6, 1.5 Hz, 1H), 7.08 (d, J = 1.8 Hz, 1H),
7.06 (d, J = 3.9 Hz, 1H), 6.82 (s, 1H), 6.55-6.51 (m, 2H), 6.04
(d, J = 10.0 Hz, 1H), 5.86-5.71 (m, 1H), 5.10-4.94 (m, 3H),
4.64-4.34 (m, 4H), 4.15-3.95 (m, 4H), 3.84 (d, J = 2.6 Hz, 3H),
3.81 (t, J = 3.7 Hz, 3H), 3.78-3.72 (m, 1H), 3.58-3.49 (m, 1H),
2.93-2.86 (m, 1H), 2.44 (d, J = 7.8 Hz, 5H), 2.07-2.00 (m, 2H),
1.77-1.34 (m, 12H); >*C NMR (150 MHz, (CD3),SO) J 169.0,
168.1, 160.5, 159.9, 148.7, 145.6, 145.3, 144.3, 141.2, 140.8,
135.5, 132.7, 132.5, 127.9, 127.7, 127.6, 122.3, 122.2, 122.0,
119.5, 118.8, 116.5, 114.0, 113.6, 110.4, 105.5, 99.2, 94.2, 83.4,
68.1, 67.8, 65.5, 56.0, 55.7, 54.9, 48.6, 39.5, 38.2, 38.1, 36.3,
31.8, 31.7, 30.2, 24.9, 24.8, 24.5, 22.6, 22.6, 18.5, 17.9, 17.8,
15.5; MS (ES+): m/z = 961 (M + H)'; LCMS (method B): ¢y =
3.58 min.

(8)-4-(4-((2-Methoxy-12-ox0-6a,7,8,9,10,12-hexahydrobenzo-
[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)butanamido)-1-methyl-N-
(6-(4-methyl-5-(phenylcarbamoyl)thiophen-2-yl)pyridin-3-yl)-
1H-pyrrol-2-carboxamide (18). A solution of allyl (6aS)-2-
methoxy-3-(4-((1-methyl-5-((6-(4-methyl-5-(phenylcarbamoyl)-
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thiophen-2-yl)pyridin-3-yl)carbamoyl)-1H-pyrrol-3-yl)amino)-4-
oxobutoxy)-12-0x0-6-((tetrahydro-2H-pyran-2-yl)oxy)-
6,6a,7,8,9,10-hexahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-
5(12H)-carboxylate (16) (120 mg, 0.127 mmol) in
dichloromethane (4 mL) was charged with
tetrakis(triphenylphosphine)palladium(0) (7.3 mg, 5 mol%)
and pyrrolidine (13 pL, 0.16 mmol). The resulting mixture
was stirred at room temperature for 10 min, then
concentrated in vacuo and subjected to strong vacuum for 1
h. The resulting residue was purified by flash column
chromatography (silica) eluting  with methanol-
dichloromethane (from 0% to 10%) to give the title
compound (80 mg, 83%) as a white solid.

[alp>® = 156.6° (c 0.171, (CH;),CO); 'H NMR (400 MHz,
(CD3),S0) d 10.13 (s, 1H), 10.00 (s, 1H), 9.94 (s, 1H), 8.88 (d, J
= 2.5 Hz, 1H), 8.22 (dd, J = 8.7, 2.5 Hz, 1H), 8.00 (d, J = 5.7
Hz, 1H), 7.93 (d, ] = 8.7 Hz, 1H), 7.71 (d, J = 7.6 Hz, 2H), 7.60
(s, 1H), 7.37-7.31 (m, 2H), 7.27 (s, 1H), 7.25 (d, J = 1.8 Hz,
1H), 7.12-7.07 (m, 2H), 6.80 (s, 1H), 4.16-4.11 (m, 1H), 4.09~
3.97 (m, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 3.74-3.63 (m, 1H),
3.16-3.07 (m, 1H), 2.49-2.41 (m, 5H), 2.09-2.01 (m, 3H),
1.92-1.47 (m, 5H); >C NMR (100 MHz, (CD3),SO) J 169.0,
166.3, 164.7, 161.2, 159.8, 150.2, 147.1, 145.4, 144.9, 141.9,
141.2, 139.9, 138.9, 135.7, 131.7, 128.6, 127.8, 127.5, 123.7,
122.3, 122.0, 120.7, 120.3, 119.5, 118.9, 111.4, 109.5, 105.5,
67.8, 55.8, 55.6, 54.2, 49.3, 36.3, 31.9, 24.7, 23.7, 22.6, 17.7,
15.6; MS (ES+): m/z = 760 (M + H)"; LCMS (method B): tg =
3.70 min; HRMS (ESI, m/z): calc. for C4;Hy,N,08" (M + H)
760.2912 found 760.2904.

(S)-N-(6-(5-((4-Aminophenyl)carbamoyl)-4-methylthiophen-
2-yl)pyridin-3-yl)-4-(4-((2-methoxy-12-o0x0-64,7,8,9,10,12-
hexahydrobenzo[e]pyrido[1,2-a][1,4]diazepin-3-yl)oxy)-
butanamido)-1-methyl-1H-pyrrol-2-carboxamide  (19). A
solution  of allyl  (6aS)-3-(4-((5-((6-(5-((4-aminophenyl)-
carbamoyl)-4-methylthiophen-2-yl)pyridin-3-yl)carbamoyl)-1-
methyl-1H-pyrrol-3-yl)Jamino)-4-oxobutoxy)-2-methoxy-12-0x0-6-
((tetrahydro-2H-pyran-2-yl)oxy)-6,64,7,8,9,10-hexahydrobenzo[e]-
pyrido[1,2-a][1,4]diazepine-5(12H)-carboxylate (17) (48 mg, 0.05
mmol) in dichloromethane (3 mL) was charged with
tetrakis(triphenylphosphine)palladium(0) (7.1 mg, 10 mol%)
and pyrrolidine (8 pL, 0.1 mmol). The reaction mixture was
stirred at room temperature for 1 h, then concentrated in
vacuo and subjected to strong vacuum for 1 h. The resulting
residue was purified by flash column chromatography (silica)
eluting with methanol-dichloromethane (from 0% to 10%) to
give the title compound (29 mg, 75%) as a yellow solid.

[a]p>® = -92° (c 0.036, (CH;3),CO); '"H NMR (600 MHz,
(CD3),S0) 6 10.11 (s, 1H), 9.93 (s, 1H), 9.57 (s, 1H), 8.85 (d, J
= 2.5 Hz, 1H), 8.21 (dd, J = 8.7, 2.5 Hz, 1H), 8.00 (d, J = 5.7
Hz, 1H), 7.90 (d, J = 8.6 Hz, 1H), 7.56 (s, 1H), 7.31 (d, J = 8.7
Hz, 2H), 7.27 (s, 1H), 7.24 (d, J = 1.7 Hz, 1H), 7.07 (d, J = 1.8
Hz, 1H), 6.80 (s, 1H), 6.53 (d, J = 11.7 Hz, 2H), 4.92 (s, 2H),
4.15-4.10 (m, 1H), 4.05-3.94 (m, 2H), 3.85 (s, 3H), 3.82 (s,
3H), 3.70-3.67 (m, 1H), 3.15-3.08 (m, 1H), 2.46-2.43 (m, 5H),
2.07-2.02 (m, 3H), 1.89-1.63 (m, 5H); *C NMR (150 MHz,
(CD3),S0) & 169.0, 167.1, 166.3, 164.7, 160.5, 159.8, 150.2,
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147.1, 145.6, 145.3, 144.3, 141.1, 140.8, 139.9, 132.5, 127.9,
127.7, 127.6, 122.3, 122.2, 122.0, 120.7, 119.5, 118.8, 113.6,
111.4, 109.5, 105.5, 67.8, 61.2, 55.6, 49.3, 39.5, 36.3, 31.9,
24.7, 23.7, 22.6, 17.7, 15.5; MS (ES+): m/z = 775 (M + H)";
LCMS (method B): ¢z = 3.00 min; HRMS (ESI, m/z): calc. for
C41H43NgO6S" ([M] + H)' 775.3021 found 775.3026.

N-(6-(5-((4-((S)-2-((S)-2-(6-(2,5-Diox0-2,5-dihydro-1H-pyrrol-
1-yl)hexanamido)-3-methylbutanamido)propanamido)phenyl)-
carbamoyl)-4-methylthiophen-2-yl)pyridin-3-yl)-4-(4-(((S)-2-
methoxy-12-oxo0-6a,7,8,9,10,12-hexahydrobenzo[e]pyrido[1,2-
a][1,4]diazepin-3-yl)oxy)butanamido)-1-methyl-1H-pyrrol-2-
carboxamide (20). A solution of (S)-N-(6-(5-((4-aminophenyl)-
carbamoyl)-4-methylthiophen-2-yl)pyridin-3-yl)-4-(4-((2-
methoxy-12-0x0-64,7,8,9,10,12-hexahydrobenzo[e]pyrido[1,2-a]-
[1,4]diazepin-3-yl)oxy)butanamido)-1-methyl-1H-pyrrol-2-
carboxamide (19) (15 mg, 0.019 mmol), in dichloromethane
(3 mL) and methanol (0.5 mL) was charged with 2-ethoxy-1-
ethoxycarbonyl-1,2-dihydroquinoline (9.5 mg, 0.038 mmol)
and (6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoyl)-L-valyl-t-
alanine (11 mg, 0.029 mmol) at 0 °C. The reaction mixture
was stirred at room temperature for 18 h, and then
concentrated in vacuo. The resulting residue was purified by
flash column chromatography (silica) eluting with methanol-
dichloromethane (from 0% to 10%), to give the title
compound (7.5 mg, 35%) as a cream solid.

[a]p®® = 39° (c 0.225, (CH;3),SO); '"H NMR (600 MHz,
(CD;),S0) 6 10.12 (s, 1H), 9.94 (s, 2H), 9.87 (s, 1H), 8.87
(d, J = 2.4 Hz, 1H), 8.22 (dd, J = 8.6, 2.3 Hz, 1H), 8.12 (d,
J = 7.0 Hz, 1H), 8.00 (d, J = 5.7 Hz, 1H), 7.92 (d, J = 8.7
Hz, 1H), 7.81 (d, J = 8.6 Hz, 1H), 7.63 (d, J = 8.9 Hz,
2H), 7.59 (s, 1H), 7.55 (d, J = 8.9 Hz, 2H), 7.27 (s, 1H),
7.24 (d, J = 1.6 Hz, 1H), 7.07 (d, J = 1.5 Hz, 1H), 6.99 (s,
2H), 6.80 (s, 1H), 4.39 (p, J = 7.0 Hz, 1H), 4.17 (dd, J =
8.5, 6.9 Hz, 1H), 4.14-4.11 (m, 1H), 4.00 (dddd, J = 17.5,
14.0, 9.6, 5.1 Hz, 3H), 3.85 (s, 3H), 3.82 (s, 3H), 3.73-3.66
(m, 2H), 3.37 (t, J = 7.1 Hz, 2H), 3.14-3.09 (m, 1H), 2.47-
2.44 (m, 5H), 2.07-2.02 (m, 3H), 1.97 (dd, J = 13.5, 6.8
Hz, 1H), 1.89-1.83 (m, 1H), 1.72 (ddd, J = 16.0, 9.8, 5.2
Hz, 2H), 1.51-1.46 (m, 4H), 1.31 (d, J = 7.1 Hz, 3H), 1.19
(dt, J = 14.8, 7.5 Hz, 4H), 0.85 (dd, J = 23.0, 6.8 Hz, 6H);
C NMR (150 MHz, (CD;),80) J§ 181.8, 180.5, 180.5,
180.3, 178.4, 175.8, 174.2, 170.4, 169.3, 159.7, 156.6, 154.9,
154.3, 151.2, 150.6, 149.3, 145.1, 144.3, 143.9, 143.8, 141.2,
137.2, 137.0, 131.8, 131.5, 130.2, 130.1, 129.0, 128.8, 128.4,
120.9, 119.0, 115.0, 67.0, 65.1, 64.4, 58.8, 46.5, 45.8, 44.4,
41.4, 40.1, 39.8, 37.2, 35.3, 34.4, 34.2, 33.2, 32.0, 28.7,
27.6, 27.5, 27.2, 25.1; MS (ES+): mjz = 1139 (M + H)%
LCMS (method A): tz = 6.78 min; HRMS (ESI, m/z): calc.
for CsoHegN1101,S" ((M] + H)" 1138.4815 found 1138.4847.

DNA fluorescence melting assay

For the fluorescence melting experiments a stock solution of
the compounds was prepared by dissolving them in DMSO at
a concentration of 1 or 10 mM. These were diluted to
working concentrations immediately before use.
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The F- and Q-labelled oligonucleotide pairs were first
annealed at a concentration of 0.25 pM in 50 mM sodium
phosphate buffer pH 7.4 containing 1 M NaCl. The mixture
was heated at 90 °C for 1 min and slowly cooled to room
temperature. 4 pL of the ligand was then added to 16 pL of
the annealed oligonucleotides to achieve a final ligand
concentration of 0, 1 or 10 uM, and the mixture was
incubated for 18 hours at room temperature.

Fluorescence melting profiles were measured using a
Roche LightCycler using a total reaction volume of 20 pL.
Initially, the samples were denatured by heating to 95 °C at a
rate of 1 °C min™". The samples were then maintained at 95
°C for 5 min before cooling to 25 °C at 1 °C min~". The
samples were then held at 25 °C for a further 5 min and re-
melted by heating to 95 °C at 1 °C min™". This process was
then repeated holding the samples at 25 °C for 30 and 120
min before re-melting. Annealing steps and melting steps
were all recorded and changes in fluorescence were measured
at 520 nm. T,, values were obtained from the first derivates
of the melting profiles using the Roche LightCycler software.

DNase I footprinting

Footprinting reactions were performed using the DNA
fragments HexA, which contains 32 of the 64 possible
symmetrical hexanucleotide sequences, and MS1 that
contains all possible 134 tetranucleotide sequences. The DNA
fragments were obtained by cutting the parent plasmids with
HindIIl and Sacl and were labelled at the 3-end of the
HindIIl site with [o-**P]dATP using exo-Klenow fragment.
After gel purification, the radiolabelled DNA was dissolved in
10 mM Tris-HCl pH 7.5 containing 0.1 mM EDTA, at a
concentration of about 10 c.p.s per uL as determined on a
handheld Geiger counter. 1.5 pL of radiolabelled DNA was
mixed with 1.5 pL ligand that had been freshly diluted at the
desired concentrations in Tris-HCI pH 7.5, containing 10 mM
NaCl. The complexes were left to equilibrate for the desired
time before digesting with 2 uL DNase I (final concentration
about 0.01 units per mL in a solution containing 20 mM
NaCl, 2 mM MgCl, and 2 mM MnCl,). The reactions were
stopped after 1 minute by adding 4 pL of formamide
containing 10 mM EDTA and bromophenol blue (0.1% w/v).
The samples were then heated at 100 °C for 3 minutes before
loading onto 8% denaturing polyacrylamide gels containing 8
M urea. Gels were fixed in 10% acetic acid, transferred to
3MM paper, dried and exposed to a phosphor screen
overnight, before analysing with a Typhoon phosphorimager.

Molecular modelling study

Molecular dynamics simulations were undertaken on the
ligand both non-covalently and covalently bound to the
relevant sequences used in the study. The DNA sequence was
constructed using the AMBER246 module nab. Each ligand
was generated using ChemBioOffice and was then docked in
the minor groove using AMBER xleap, parm99SB and
modified parmbsc0247, and Gaff AMBER force field
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parameters. Antechamber was used to construct .mol2 files
through the addition of Gasteiger charges, and missing
parameters were generated using parmchk. A covalent bond
was generated between the exocyclic amine groups of selected
guanines (guided by molecular mechanics calculations 248).
Energy minimisation was then undertaken in a gradient
manner by initially placing the DNA under a high force
constraint (i.e., 500 kcal mol™* A™2), which was then reduced
in stages to zero to enable the ligand to find its local energy
minimum. This was followed by reduction in force in a
periodic manner with a relaxation of restraints. Production
simulations in an implicit solvent (GBSA) were run for a
period of 10 ns, and atomic coordinates were saved at 1 ps
intervals. Analysis of molecular dynamics simulations was
undertaken using VMD249, and all models were created
using Chimera250.

IC5, calculation

Tumor cell lines were maintained in RPMI1640 medium
supplemented with 10% heat-inactivated fetal bovine serum,
2 mM r-glutamine and 1 mM sodium pyruvate. 1800 cells per
well were seeded in a volume of 180 uL in a 96-well flat
bottom polystyrene plate. The cells were allowed to adhere
overnight at 37 °C in a CO, incubator. Ligands were initially
formulated in dimethyl sulphoxide, and stocks stored at —80
°C. They were then further formulated at 10x concentration
in RPMI1640 medium. 20 pL of diluted samples were added
into each treatment well. On each plate, blank wells with no
cells, and untreated wells containing cells, were included.
Plates were then cultured at 37 °C in a CO, incubator for 96
h. Cytotoxicity was evaluated in triplicate using a tetrazolium
salt-based assay, the MTT assay. After 96 h, the supernatant
was removed from each well and 200 puL of a sterile filtered
500 pug mL™" MTT solution in water added to each well. The
plates were then incubated at 37 °C in a CO, incubator for 4
h. The supernatant was then removed and the formazan
crystals formed solubilized by adding 150 pL of dimethyl
sulphoxide to each well. The plate was then read on a plate
reader at 540 nm, and percentage cell survival calculated as
follows: ((mean absorbance treated wells at concentration x -
mean absorbance blank wells) + (mean absorbance untreated
wells at concentration x — mean absorbance blank wells)) x
100. Data were plotted as concentration in nM vs. % cell
survival, and ICs, values for inhibition of cell growth were
determined with the GraphPad Prism software using non-
linear regression.

Transcription factor plate array assay

The transcription factor plate array assay kit was obtained
from Signosis, Inc (USA). 2 x 10° HeLa cells were treated
with 100 nM of compound 18, and incubated for 6 hours
before extracting the nuclear protein and carrying out the
TF plate array assay according to the manufacturer's
protocol.*® In the case of each transcription factor, the RLU
value obtained for the cells treated with compound 18 was
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deducted from the respective values obtained for the cells
treated with vehicle control to obtain the differences in TF
activation/inhibition.

Conjugation methodology and ADC purification

The interchain disulphides of commercially-available
trastuzumab formulated at pH 7-8 in 2 mM EDTA were
partially reduced with TCEP for 90-180 minutes. The extent
of reduction was controlled to achieve a specified drug-to-
antibody ratio (DAR) of ~2. The reduced antibody was then
diluted with PBS/2 mM EDTA to 2 mg mL™". The compounds
were dissolved in a mixture of DMA/DMSO, and conjugation
of the payloads to the antibody was achieved by addition of
an excess of the payload to a 1:1 mixture of the reduced
antibody and propylene glycol, at a final protein
concentration of 1 mg mL™". The antibody/payload mixture
was allowed to react for 1 h to form the antibody-drug
conjugate (ADC), and the reaction was then quenched with
an excess of N-acetyl cysteine to remove unreacted starting
material. The mixture was then further diluted with 1:1 PBS/
3% cyclodextrin and added to a proprietary purifying resin.
The resin-bound ADC was washed with PBS/3% cyclodextrin
to remove excess small-molecule impurities, and then
released from the resin. The ADCs were finally formulated
through G25 desalting into the chosen formulation filtered
prior to aliquoting and storage at —80 °C.

In vivo efficacy study

CAPAN-1 tumours were implanted in the flanks of Balb-c
mice and grown to a size of ~100-150 mm?®. The mice were
then given a single dose of the payload 19-containing ADC
trastuzumab-(20) via tail vein. A dose of 2 mg kg™' was
chosen based on available data for other PDD-containing
ADCs.® The approved HER-2 targeting ADC Enhertu® was
also included in the study as a control and was administered
as a single dose of 10 mg kg ™.

Conclusions

This study provides evidence supporting the suitability of 18,
a first-generation high potency pyridinobenzodiazepine
monomer containing an MTP building block, as a new ADC
payload. A novel ADC, trastuzumab—(20), was developed using
this payload, which demonstrated significant efficacy in a
human tumour xenograft model of HER2-positive pancreatic
cancer. This class of PDD monomer payloads appears to
selectively bind DNA sequences with guanine bases flanked
by tracts (>4 base pairs) of AT base pairs, as confirmed by
both DNA footprinting and DNA fluorescence melting assays.
Payload 18 was found to down-regulate critical oncogenic
transcription factors, including HIF-1, suggesting a secondary
mechanism of action that could be relevant across various
tumour types, including pancreatic cancer as evaluated in
this study. The ADC exhibited nanomolar cytotoxicity in
in vitro experiments. The trastuzumab-(20) ADC

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md01040j

Open Access Article. Published on 11 March 2025. Downloaded on 2/22/2026 5:16:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

outperformed Enhertu® in human tumour xenograft studies
at one-fifth of the dose (2 mg kg™" versus 10 mg kg '),
achieving complete tumour regression at less than 20% of
the maximum tolerated dose (MTD). This suggests that ADCs
incorporating payload 18 may represent promising
candidates for the treatment of solid tumours in humans.
While this study demonstrates the potential of a new class of
DNA-interactive payloads in an ADC format, further
investigations into cellular uptake, stability, bystander killing,
pharmacokinetics, and release profiling will be necessary to
fully characterize their pharmacological properties before
initiating preclinical studies for ADCs containing this payload
class.
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