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Abstract
Antibody-drug conjugates (ADCs) combine the selective nature of targeted therapies with
potent cytotoxic warheads utilising linker technology to deliver selectively the warhead to the
target. Proof of concept has already been observed with five licensed ADCs on the market,
giving confidence to the use of ADCs in cancer treatment, with multiple ADCs in clinical
testing. Many of these ADCs consist of cytotoxic payloads derived from complex natural
products, consequently leading to synthetically long and complicated routes.

To address this problem, novel warheads have been identified through screening the NCI
database, that are structurally simpler drugs with differing cellular activity profiles. This may
also address resistance issues. Out of the seven that were identified, three series have been
explored; the nitroacridines (113), the quinolones (106) and thiosemicarbazones (174).
Nitroacridines inherently target hypoxic cells and are known to intercalate with DNA.
Quinolones are known tubulin binders and compounds synthesised have been evaluated in
biological studies. Thiosemicarbazones are metal chelators, sequestering iron and copper.

They inhibit ribonucleotide reductase, inactivating the enzyme leading to cell death.
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Work has been carried out to optimise and resynthesize these parent warheads as well as
analogues. The warheads have been coupled to non-cleavable and cleavable dipeptide linkers
(examples shown below) and subsequent conjugation to an antibody, which have been

assessed in cell assays.
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Chapter 1: Introduction to cancer

1.1. Cancer

Cancer can be described as the uncontrolled abnormal proliferation of any cell in the body and
can lead to the development of a malignant tumour.® As it can affect any cell, there are more
than a hundred different types of cancer, which are described by their origin of source.
Despite the variety of different cancers, most fall into three main groups, carcinomas (90% of
human cancers), sarcomas and leukaemias or lymphomas.! Because of the many types of
cancers, it can be difficult to treat, and cancer cells can spread to other parts of the body

through the lymphatic system or bloodstream.

Globally, cancer is the second leading cause of death, causing 9.6 million deaths in 2018 and
163,444 deaths in the UK alone in 2016.% 2 Up to 300,000 new cases of cancer are diagnosed
each year in children aged 0-19 worldwide. These figures show that there is a clear need for
effective cancer treatments not just in the UK but worldwide. Improvements have been made,
for example, 84% of men diagnosed with prostate cancer in England and Wales will survive
their disease for 10 years or more (2010-11) compared to only 25% in the 1970s. However,
other cancers are not so positive. For example, only 5% of people will survive lung cancer for
10 years or more and 57% in bowel cancer which have the third and fourth highest incident
rates after breast and prostate cancer (47,235 and 42,042 new cases between 2014-2016
respectively) in the UK.2 There is still a real need to treat these patients and improve survival

rates.

1.2. Hallmarks of cancer

The hallmarks of cancer were proposed in 2000 by Hanahan and Weinberg.* The six
hallmarks allow tumour cells to grow and spread through the body and make essential
changes to overcome the natural anticancer defence mechanisms the body employs in its cells
and tissues. Initially six hallmarks of cancer were described, but further work has led to a total

of 10 hallmarks of cancer to be identified (Figure 1.1).°

1.1.2. Sustaining proliferative signalling

One of the most fundamental hallmarks is sustaining proliferative signalling. Normal cells
carefully control proliferation through growth-promoting signals, allowing the cell cycle only
to progress when needed. However, cancer cells can disrupt this process and have several
ways to obtain and maintain excessive proliferation.* They can increase the number of growth
factor receptors on the cell surface leading to overexpression and hyperresponsivity, allowing

signals to be received, even when there are low concentrations of growth factors available
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outside of the cell. They can also stimulate nearby cells to produce growth factors for them or
synthesise growth factors themselves to self-stimulate. Independence of growth factors
themselves is also possible by activation of downstream components, allowing growth factor
receptors to no longer need activation to induce a growth signal.*

EGFR Cyclin-dependent
inhibitors kinase inhibitors

|

. Sustaining Evading m—
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling suppressors anti-CTLA4 mAb

Avoiding

Deregulating

Proapoptotic Res‘sl‘lmg E"I?‘b"tf‘g Telomerase
BH3 mimetics £ IOpRoeG Inhibitors
death immortality
Genome Tumor
instability & . promoting
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Figure 1.1: Therapeutic targeting of the hallmarks of cancer®.

1.2.2. Evading growth suppressors

Evading growth suppressors is also vital and allows cancer cells to avoid the mechanisms in
place to stop uncontrolled proliferation. Tumour suppressor genes, such as retinoblastoma
protein (Rb) can stop cells proliferating by acting as a cell cycle gatekeeper.* However, in
cancer cells, these genes can become damaged and are no longer active, thus the usual
mechanism cannot prevent tumour cells from proliferating. Cancer cells can also disrupt the

pathways of tumour suppressors.®



1.3.2. Enabling replicative immortality

Normal cells have a finite number of replications and have two barriers to prevent them
replicating, senescence and crisis, the latter of which leads to cell death and is the safety net if
senescence fails. If cells can bypass both barriers, they become immortalised and many cancer
cells achieve this state. At the end of every chromosome is a repetitive non-coding sequence
of nucleotides called a telomere which protects the chromosome during DNA replication.
Every time a cell proliferates, the telomeres shorten and so over time they eventually stop
protecting the chromosome.” The enzyme telomerase can restore telomeres after replication
and is expressed in 90% of immortal human cell lines, cancerous or not but is not found in
normal cells.® Inhibiting telomerase can lead to telomeres shortening as further replication
will decrease the telomeres length, thus removing their protection of the chromosome, leading
to cell death. Cancer cells use telomerase to allow them to continually replicate.*

1.4.2. Angiogenesis and metastasis

All cells require blood vessels to enable them to grow. Tumours require a considerable
network of blood vessels to manage their demand of nutrients and oxygen, which they require
to proliferate quickly. Early on in growth, cells develop their vasculature through
vasculogenesis where endothelial cells are formed into tubes. New vessels are then spawned
from existing ones, a process known as angiogenesis.* This is constantly induced through the
lifetime of a tumour, allowing it to continually grow and receive the necessary nutrients and
oxygen. After angiogenesis is invasion and metastasis which is where the cancer can spread
around the body through the bloodstream leading to a secondary site. This can cause the

cancer to spread around the body, making it difficult to treat.®

1.5.2. Resisting cell death

Apoptosis is a vital process for cell death in response to physiological stresses cancer cells
may undergo during tumorigenesis or DNA damage. Although the sequence of apoptosis is
not fully understood, it is thought to involve proteases associated with cell death and caspase
enzymes which facilitate the degradation of key organelles in the cell, leading to cell death.
Cancer cells can resist cell death by increasing the expression of anti-apoptotic proteins and

down regulation of pro-apoptotic factors to do so.°

1.6.2. Emerging hallmarks

Hanahan and Weinberg described the emergence of two new hallmarks on top of the six
existing ones: avoiding immune destruction and deregulation of cellular energetics. Cancerous
cells can hijack the normal mechanisms of immune checkpoint control to help evade the

immune system and thus avoid immune destruction.® Otto Warburg first observed over 70
3



years ago that cancerous cells favour anaerobic glycolysis even in the presence of oxygen,
which is a more inefficient process of metabolism compared to aerobic glycolysis. The
rationale for this is that this can lead to the formation of metabolites which are important in

cell proliferation. ®

1.7.2. Enabling Characteristics

It is given that genome instability exists in tumour cells because of the number of mutations
required to observe tumour traits. In healthy cells, there are multiple pathways for DNA repair
but in tumour cells, DNA repair can be limited which increase the chances of further
mutations occurring and can provide a competitive advantage for the cancer cell survive.X? A
limitation to this is that they have heightened sensitivity to DNA damaging agents and so
inhibiting the DNA repair pathways can be an effective strategy in treating cancer cells.!

Tumour-promoting inflammation is another enabling characteristic of tumour progression. It
has been observed that tumours are infiltrated by immune cells. It was originally thought this
was because the immune system was attempting to remove the tumour which while true there
is also growing evidence that tumour-associated inflammatory response can lead to an
increase in bioactive molecules into the tumour microenvironment which can help cell

proliferation and survival.*2

1.3. Treatments for cancer

There are a variety of treatments available for cancer, depending the stage and the type. For
solid tumours, surgery can be an option to remove most of the cancer and is carried out
alongside a course of chemotherapy or radiotherapy after surgery. This is only effective
before invasion and metastasis has occurred. There are now more drugs than ever on the

market to treat a huge array of cancers involving cytotoxic agents and targeted therapies.

1.1.3. Cytotoxic Chemotherapy

Classical chemotherapy employs the use of cytotoxic agents, which target the biological
processes that a cancer cell needs to grow and proliferate. This can be done by causing
damage to their DNA, prohibiting them from being able to replicate DNA and therefore
leading to cell death. Normal cells are also affected by this as they follow the same process
and this can cause side effects. There is a narrow therapeutic window for these types of
agents. Since cancer cells replicate at a much faster rate than that of normal cells, they are
more susceptible to damage to DNA as they go through the cell cycle more frequently. These
types of treatments usually have severe side effects but are still used in first line treatment for

certain cancers.



One early class of chemotherapy agents extensively studied was DNA alkylators (Figure 1.2).
It was observed from the effects of poison gas in World War 1 and the effects of an accidental
spill of sulfur mustards such as 1 in World War 2, that soldiers exposed to mustard gases used
at the time had lymph nodes and bone marrow significantly depleted compared to those
soldiers who had not been exposed.*® This led to further studies in mice, which showed
regression in mice and later in humans with lymphomas. This was short lived however as
remissions were brief.}* This work also included the nitrogen mustards such as HN1 2 and,
due to their lesser toxicities and not being a gas, the sulfur mustards were derivatised. Oral
derivatives such as chlorambicil 3 (approved in 1957) and cyclophosphamide 4 (1959) were
developed. These DNA alkylators worked by cross-linking DNA irreversibly and causing

apoptosis. Other DNA alkylators have also been used such as procarbazine 5 which was
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approved in 1969.%°
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Figure 1.2: DNA alkylating agents

Other chemotherapies include cisplatin 6 and carboplatin 7 (Figure 1.3). Cisplatin was
discovered in 1845 but its anticancer activity was only elucidated much later and was used
medicinally in the late 70s. These agents crosslink DNA by reacting with the DNA bases,
such as guanine and interfere with DNA replication. DNA repair is impossible and leads to
cell apoptosis. They have been indicated for the use in various cancers such as testicular,

ovarian and breast cancer.®
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Figure 1.3: DNA intercalator agents cisplatin 6, carboplatin 7

Methotrexate 8 was developed in the 1940s and 50s and is an antimetabolite and inhibits
dihydrofolate reductase (DHFR) by mimicking folic acid and blocking its binding. DHFR is
needed in the biosynthesis of thymidine and purine and pyrimidine bases, which are needed
for DNA synthesis (Figure 1.4). Use of methotrexate has shown remission in leukaemia.’

The antimetabolite 5-fluorouracil (5-FU) 9 was developed in the 50s. It acts as a thymidylate
synthase inhibitor, blocking the synthesis of thymidine needed for DNA replication. This
results in cancer cells undergoing thymineless death. It was shown to be active in a broad
range of cancers and is still used in the treatment of colorectal cancer. 5-FU does show a wide

range of adverse side effects such as nausea and diarrheoea.*®
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Figure 1.4: Antimetabolites methoxotrexate and 5-fluorouracil

The discovery of the vinca alkaloids led to a major breakthrough in using natural products in
chemotherapies as tubulin binders. They bind to tubulin and prevent microtubule formation
leading to cell death. Multiple alkaloids have been used clinically including vinblastine 10
and vincristine 11 (Figure 1.5).1° Other natural products derived from plants have been
discovered which do not necessarily have the same MoA such as Taxol (paclitaxel) 12,
isolated in 1971 from the Pacific yew. Taxol stabilises microtubule formation and prevents its
disassembly and thus blocks progression of mitosis leading to cell death. Vinca alkaloids and

taxane derivatives remain commonly used cancer treatments to this day.°
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Figure 1.5: Chemotherapies derived from plants, vinca alkaloids 10 and 11 and taxol 12

There are also other cytotoxins such as doxorubicin, which intercalates with DNA and inhibits
the enzyme topoisomerase Il (Figure 1.6). It is often used in combination with other
chemotherapies and is used for the treatment of breast and bladder cancers as well as ALL

amongst others.

doxorubicin

Figure 1.6: Structure of doxorubicin, 13

Most of these chemotherapies rely on their ability to affect rapidly dividing cells more than
those that do not as their mechanism of actions affect DNA replication and cell division.

Since cancer cells rapidly divide, this is where their selectivity comes from. However, these
7



treatments affect all cells and these treatments can cause a wide range of side effects including
hair loss and nausea and vomiting. Most of these treatments such as the DNA alkylators of the
mustard gases also were confirmed to cause secondary cancers later as damage to DNA can
lead to cancers. Resistance is also an issue but that is not exclusive to these treatments. To
help mitigate against resistance, combination therapies are used to maximise the therapeutic

window and prevent resistant cancer cells surviving.?

1.4. Targeted therapy

Targeted therapy relies on the use of specifically targeting cancer cells over normal cells. This
would help reduce the side effects commonly seen in chemotherapies as healthy cells would
be less affected by these treatments. A number of targeted therapies are now entering the

clinic.

One of the first and best examples of targeted therapy is imatinib 14 (Figure 1.7). This is a
Bcr-Abl tyrosine kinase inhibitor for the treatment of chronic myelocytic leukaemia and acute
lymphocytic leukaemia with Philidelphia chromosome positive (Ph*). The kinases require
binding of ATP in order to allow the kinase to phosphorylate and activate other proteins,
some associated in cancers. Imatinib was licensed as Gleevec in 2001.22 The abnormal fusion
gene, BCR-ABLL1 codes for a hybrid tyrosine kinase signalling protein that is always switched
on and is important in cell proliferation and can be selectively targeted. Other similar drugs to
imatinib like dasatinib have been developed to overcome resistance. This has now led to more

drug discovery projects in this field to develop kinases inhibitors and other targets.
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Figure 1.7: Ber-Abl tyrosine kinase inhibitors imatinib 14 and dasatinib 15.

1.5. Other modalities for the treatment of cancer

Other modalities have also been developed in the treatment of cancer. This can include
immunotherapies such as the use of monoclonal antibodies. One example is Ipilimumab, a
checkpoint inhibitor and targets CTLA-4.%

Monoclonal antibodies have also been used as chemotherapy such as trastuzumab, or

Herceptin, which targets HER2 positive breast cancer.?* This works by exploiting the



overexpression of HER2 in cancerous cells relative to that of normal healthy cells.?® HER2 is
an epidermal growth factor receptor which regulates cell growth in breast cells and is present
in 20 — 30 % of breast cancers and due to amplification of the HER2 gene can promote
uncontrolled cell proliferation in breast cells.?® Trastuzumab works by binding to the
extracellular domain of the HER2 receptor and prevents the activation of its intracellular
tyrosine kinase. Several mechanisms of action have been proposed which decrease the
signalling of the HER2 pathway and inhibiting growth signalling. Prevention of dimerization
of the HER2 receptor, immune activation, inhibition shedding of the extracellular domain and
increased endocytotic destruction of the receptor are some of the mechanisms proposed.?’
Trastuzumab is clinically used from early stages of HER2 positive breast cancer to metastatic

HER2 positive breast cancer.

There is also much work in other modalities such as PROTACs and modified RNA for
example as well as other biologics which are drugs extracted from or are semi synthesised
from biological sources.?® A variety of new treatments could help to personalise treatments to

specific cancers as well as help to counter resistance issues.



Chapter 2: Antibody-Drug Conjugates
2.1. Introduction to ADCs

2.1.1. ADC components

Antibody-drug conjugates (ADCs) are designed to selectively deliver a potent payload to a
specific target and can do this by consisting of three key components, an antibody, a linker
and a payload (Figure 2.1). Selectivity can be achieved as some cancers overexpress certain
receptors which can be targeted with an antibody. Once the antibody has bound to the
receptor, the ADC can be internalised where the payload can be released in the cell causing
cell death.

Each have strict criteria that have evolved over time. Antibodies are very selective towards
their target and ADCs exploit this to selectively deliver a payload towards a targeted cell. For
the antibody, target antigens should be differentially overexpressed in cancer cells relative to
healthy cells. The target antigen also needs to be present on the cell surface so that an Ab in
circulation can access it. Finally, the target antigen needs to internalise the antibody upon
binding

N\

S Linker payload

mAb

Figure 2.1: Basic components making up an ADC

Linkers must be stable while the ADC is in the blood but allow for easy release of the
warhead within the targeted cell. It should also have attachment handles to conjugate with the
antibody. Optimisation of linkers is important for successful ADCs such as aiding

bioconjugation and avoid forming inactive aggregates.?®

Payloads used are often highly potent compounds with sub-nM potencies. This is because for
tumours with low levels of expression, the payloads should be sufficiently potent to kill the
cancer cells at low concentrations. Often the payload is a drug which has failed clinical trials
due to adverse side effects and poor drug-like properties which would not cause issues when
incorporated into an ADC. The payload should contain a functional group which acts as a

handle for linker attachment and optimisation of the linker-payload is critically important to
10



ensure a good safety profile with limited toxicities from systemic release of the payload. The
payload also needs to be soluble and stable under physiological conditions.

2.2.1.Internalisation mechanism for ADC

The postulated mechanism of action is broadly common to all ADCs (Figure 2.2).%° The
antibody binds to its receptor where it is internalised through receptor mediated endocytosis.
Once in the cell, the antibody is broken down in endosomes and lysosomes and the payload is
released. There is also a chance that the payload will diffuse out into the extracellular space
leading to the bystander effect.®® The bystander effect is where the internalised drug diffuses
out of the cell and can affect nearby cells and cause cell death, regardless of whether they are
the target or not. This can be a useful phenomenon as tumours can be heterogenous with not
all cells expressing the same antigens A drug released into the extracellular space can kill
nearby antigen null tumour cells. However, this can also lead to killing neighbouring healthy

cells, potentially causing adverse effects.®
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Figure 2.2: Internalisation mechanism of an ADC¥®

2.2. Introduction to Antibodies
Antibodies, also known as immunoglobins, are glycoproteins produced by the immune
system. In the body, they are produced by differentiated B cells called plasma cells and used

to neutralise pathogens that present specific antigens which the antibody can target.®? There
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are five classes according to their constant region, 1gG, 1gM, IgA, IgD and IgE. 1gG is the
most common with IgG1, 1gG2 and 1gG4 the most commonly used subclasses in ADCs.*?

Monoclonal antibodies are made up of four polypeptide chains to produce a flexible Y shaped
protein consisting of two heavy and two light chains (Figure 2.3). The heavy chains are linked
together, and each is linked to a light chain through another disulphide bridge. In most cases,
the chains are identical to each other and within a class are highly homologous to each other.
This region of the antibody is called the constant region for this reason and it is here where
the antibody can bind to a white blood cell through the complementary determining region
(CDR).3*

hinge
region

\Light chain

disulfide bridges

Figure 2.3: Basic structure of an antibody, in blue is the constant region, and red the variable
region.

The tips of the arms, at the end of the heavy and light chains, are highly variable between
each antibody and thus called the variable region. This allows the immune system to have a
huge diverse range of antibodies targeting a vast number of antigens. The paratope, the tips,
act like a lock that is specific to an epitope (part of an antigen which the immune system can
recognise). Once bound, it can either tag the cell for the immune system to kill it such as
through the action of macrophages or directly neutralise the cell by impeding the cell’s

biological functions.®*
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Monoclonal antibodies, often produced from cell cultures in labs, are monospecific, i.e. they
target the same epitope on an antigen and are made by identical immune cells which are
clones of a single parent cell. Monoclonal antibodies often slow down and stop progression
but do not eliminate the disease. There are many available therapeutic mAbs such as
trastuzumab and adalimumab. These treatments have long half-lifes and are given

intravenously or through subcutaneous injection.®

Early technologies applied the use of polyclonal antibodies, which differ from monoclonal
antibodies as they are produced by different clones of B cells and bind to different epitopes in
the same antigen. The use of polyclonal antibodies led to variations in the antibody drug ratio
as well as reproducibility issues leading to a lack of efficacy.®® The development of
monoclonal antibodies came in 1975 by Kohler and Milstein and replaced the use of

polyclonal antibodies.*’

Initial ADCs used murine derived antibodies but this led to immunogenicity problems as the
immune system would generate antibodies to combat these mouse anitbodies, resulting in an
increase in clearance and lowered efficacy of these drugs.® It also led to systemic release of
the payload in the body due to the instability of these antibodies in the blood leading to a need
for higher dosing, leading to an increase in adverse effects.3 Since then, chimerised (where
the variable regions of heavy chain and light chain are murine based), humanised (which
contains mouse CDR regions found at the very tips of the Ab) and now fully human
antibodies have been developed and are used in newer generations of ADCs with improved

stability and reduced risk of immunogenicity.*°

2.3.Linkers

2.1.3.Non-cleavable linkers

Non-cleavable linkers are formed of stable bonds, which are resistant to cleavage in the cell
leading to greater stability than cleavable linkers. It requires complete lysosomal degradation
of the antibody in the cell to release a drug-derivative payload consisting of the payload,
linker and amino acid residue from the antibody. It is important to consider the selection and
design of the payload with non-cleavable linkers as the modified payload needs to retain or
improve its activity in the cell. The release of the amino acid residue from the antibody
creates a charged drug-derivative and reduces the cell permeability of the drug, decreasing the

bystander effect.

The most common non-cleavable linker is a thioether. The thioether can be formed either by

cysteine conjugation to a maleimide, 16, or through a succinimidyl-4-(N-maleimidomethyl)

13



cyclohexane-1-carboxylate linker allowing for lysine conjugation, 18 (Scheme 2.1). There has
been success with these linkers in the clinic.
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Scheme 2.1: General scheme of non-cleavable linkers with lysosomal degradation leading to
charged species containing the amino acid residue. 16 and 18 showing a maleimide linker.
Magenta circle represents a payload.

2.2.3. Hydrazone linkers

Early generations of ADCs use a hydrazone linker, which works as an acid-labile group and
the free drug can be released through hydrolysis once the ADC has entered the cell and is
exposed to endosomes or lysosomes, which have an acidic pH of around 5-6 and 4.8
respectively (Scheme 2.2).* Hydrazones have been shown to undergo slow hydrolysis at pH

7 at 37 °C which can lead to premature release of the drug in the cell.*?

H acidic pH
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Scheme 2.2: Hydrazone linker release mechanism through acidic hydrolysis. Magenta circle
represents payload.
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2.3.3.Cathepsin B-responsive linkers
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Scheme 2.3: Cathepsin B release mechanism of Val-Cit linker. Magenta circle represents
payload.

Bristol Myers Squibb introduced a novel type of linker, now widley employed in later
generations of ADCs. It involves the use of cathepsin B which is a lysosomal protease and is
an effective biomarker for cancers due to its overexpression (Scheme 2.3).*® It has a varied
scope for substrates but recognises certain sequences such as valine-citrulline and
phenylalanine-lysine as its preferences. Val-Cit and Val-Ala are commonly used in ADCs as
cleavable linkers. These peptides showed good plasma stability as proteases are inactive at
higher pH like that found in serum which is at physiological pH.** Cathepsin B can also be
found on the cell surface of some cancer cells so there can be premature release of the payload
outside of the cell, leading to the bystander effect.*> Many linkers which employ these
dipeptide chains also use a spacer in order to allow for better facile proteolysis from cathepsin
B. This is normally a self-immolative linker such as a para-aminobenzyl alcohol, PAB-OH,
group which can release the payload after cleavage of the amide bond.*® The release
mechanism is shown in Scheme 2.3 in which proteolysis occurs allowing for spontaneous

cleavage of the payload, releasing CO: in the process.

2.4.3. B-glucuronides as linkers

To combat the high hydrophobicity of payloads and some linkers, polar linkers have been
developed using B-glucuronides. The use of B-glucuronides has been successful in a few
prodrugs and has been developed with MMAE and tubulysin. B-Glucuronidase is found in
lysosomes and high levels can be found in solid tumour cells making it an attractive
mechanism for cleavage.* It is active at pH 5 found in lysosomes but inactive at higher pHs
so allows for selective cleavage of payloads in the cell, as is the case for the cathepsin B
cleavable linker as the pH is higher outside of the cell.*® An advantage of this kind of linker is
the high hydrophilicity, increasing the aqueous solubility of the linker-payload as well as

allowing for much more hydrophobic drugs like duocarmycin to be used. For example, high
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aggregation was seen with PABC-dipeptide conjugates with CBI based conjugates but not
with a B-glucuronide linker.*®-° The mechanism of cleavage is shown in Scheme 2.4 with the
glucuronide linker shown in blue. Cleavage of the glucuronide by glucuronidase reveals a free
phenol, which triggers the elimination of the drug with loss of CO> in a similar manner to the
cathepsin cleavable linker (Scheme 2.4).
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Scheme 2.4: Release mechanism of payload with a B-glucuronide linker in blue and magenta
circle represents payload.

2.5.3. Disulfide linkers

Disulfide linkers are glutathione sensitive and rely on the higher concentration of glutathione
found in the cell (1-10 mmol/L) relative to the extracellular concentration (5 pumol/L) and
allows reduction of the disulphide bond to the thiol (Scheme 2.5). To increase the stability of

these linkers, methyl groups are often installed adjacent to the disulphide bond.*!
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Scheme 2.5: Reduction of disulphide linker to free thiol. Magenta circle represents payload.

2.4. Payloads

Payloads used for ADCs are often drugs which have failed clinical trials as they were deemed
too unsafe with adverse toxic effects associated with them. They are often sub-nM to pM in
potency. Despite most tumours not being intrinsically sensitive to anti-microtubule agents,
over 70% of ADCs in clinical development use these types of agents, mostly containing
aurastatins and maytansinoids.>? Robust activity for antimicrotuble agents has only been seen
in ALL, Hodgkin’s disease and non-Hodgkin’s lymphoma. There has been limited evidence

of activity in breast and lung cancer as well as other solid tumours. The obvious reason for the
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use of these drugs is the expectation that cancers will be sensitive to potent cytotoxic agents if
delivered by an ADC. This is not always the case, e.g. SAR566658 28 (Figure 2.4), an anti
CAG6 DM4 ADC using the maytansinoid payload DM4, had no activity in pancreatic cancer,
even though the target antigen expression was high compared to healthy cells. Further studies

to breast cancer are ongoing.>®
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Figure 2.4: Structure of SAR566658, 16

It might be because of the strict criteria needed to identify suitable warheads, which give rise
to the same compounds being reused as they have high potency, relative hydrophilicity, lack
of susceptibility to MDR1 mediated efflux (a common resistance issue to ADCs) and a

chemical handle to allow for a site of conjugation.

2.1.4. Calicheamicin

= 29

Calicheamicin

Figure 2.5: Structure of calicheamicin y; 29.
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Calicheamicins are a class of antitumor antibiotics containing an enediyne group and are
naturally occurring compounds isolated from the fermentation broth of a soil bacterium
Micromonospora echinospora. Calicheamicin y1 29 (Figure 2.5) is one such example and this
class of drugs are highly potent DNA damaging agents and bind at the minor grove of the
DNA, with high specificity for sequences such as 5’-TCCT-3’ through hydrophobic
interactions. In the presence of DNA, glutathione can attack the trisulfide group leading to the
free thiol, 22 (Figure 2.6).>* An intramolecular Michael addition then occurs which causes
significant strain on the 10 membered-ring which can undergo the Bergman cyclisation to
completely relieve the strained system to produce a diradical 1,4-didehydrobenzene, 23. The
diradical can then abstract hydrogen from the deoxyribose ring in DNA and causes a DNA
break and cleavage of both strands.> This reaction is akin the Bergman cyclisation

mechanism.>®

o
> L-NHCO,Me Michael
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Bergman NHCO,Me NHCO,Me
cyclisation _S 3 H abstraction

O,

%

33

Figure 2.6: Mechanism of action for calicheamicin
The main issue with this class of compounds is the high hydrophobicity that it brings,

meaning that only a few molecules can be conjugated to an antibody before high levels of

aggregation are seen.®’

The total synthesis of calicheamicin y1 was achieved from the Nicolaou group in 1992
(Figure 2.7). It required the key fragments 35 and 36 which could be obtainable in gram
quantities.® Calicheamicin y1 is costly due to its challenge of synthesis and extraction with 1
g costing upwards of $24450. Due to its complexity, it is hard to modify and optimise its

physical properties.

18



OMe I|=moc

DS
yz .
¢}

O
I s '
v, 0.0 OMe OSiEt;
/q OMe
Et3SiO " “OSiEt
’ (:)Me i NG
35 36

Figure 2.7: Key intermediates in Nicalaou’s total synthesis of calicheamicin y1

2.2.4. Aurastatins

Aurastatins are derived from dolastatin 10, 37, a marine natural product isolated from the
extract of a sea hare, Dolabella auricularia in extremely low abundances, as well as in
cyanobacteria that they feed on.>® In preclinical studies, it had subnanomolar potencies in
solid tumours as well as lymphomas and leukaemias. Results from Phase | trials of dolastatin
10 showed that 40% of patients developed moderate peripheral neuropathy and Phase Il
studies failed to demonstrate activity in solid tumours despite initial studies showing wide
range of anticancer activity in the sub-nM range in lymphomas, leukemia and solid
tumours.®% 8 A narrow therapeutic window and high cytotoxic activity with non-specific

toxicity meant the drug was not progressed further.

Dolastatin-10 is a linear peptide chain consisting of dolavaline, valine, dolaisoleuine,
dolaproine (Figure 2.8). Its mechanism of action is like that of the vinca alkaloids, sharing the
same tubulin binding site, blocking their binding in a non-competitive manner.®? Issues with
dolastatin-10 include its complexity and low yield of synthesis coupled with its poor water

solubility making it a poor drug choice.
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Figure 2.8: Structures of aurastatins, Dolastatin 10, 37, MMAF, 38 and MMAE, 39

MMAF, 38 and MMAE, 39 are both stable in plasma, human liver lysosomal environments
and through proteases but are both less potent than dolastatin 10 in lymphoma cells in vitro.®
MMAF is also less cytotoxic than MMAE as it is proposed the carboxylic acid functional
group in MMAF reduces the cell permeability of the compound. MMAE is also capable of
causing the bystander effect while MMAF however cannot as the metabolite produced in the

cell is less permeable than MMAE .54 65

Efforts were made for synthetic analogues of dolastatin 10 and in contrast, its fully synthetic
derivatives, MMAE and MMAF are widely used payloads in ADCs in development and have
increased water solubility, with two FDA-approved ADCs using MMAE in particular. A
useful feature to these payloads is the synthetic route which allows for easy modification of

the payload if needed with many analogues having been made and synthesised.

MMAE can be synthesised starting from 40 (Scheme 2.6). BEP is used to facilitate the
coupling of 40 with N-benzyl-L-valine followed by the removal of the benzyl protecting
group by hydrogenation. EDC is used to couple Fmoc-L-valine with subsequent hydrolysis of
the tert-butyl ester in compound 43. Fmoc protecting group is removed with piperidine
followed by subsequent protection of the amine with Boc. HBTU is used to couple 46 with 47
and the product undergoes hydrogenation to remove both the benzyl group. Finally, an amide
coupling between 47 and (1S,2R)-2-amino-1-phenylpropan-1-ol followed by deprotection of
Boc with TFA/DCM to yield MMAE 39.5¢
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Scheme 2.6: Synthetic route to MMAE, allowing for derivatisation. Reagents and Conditions:
i) N-benzyl-L-valine, DCM -10 °C, BEP, DIPEA, 20 h, 51%); ii) MeOH, 10% Pd/C, Ha,
quant; iii) EDC.HCI, Fmoc-L-valine, DMF, HOBt, 16 h RT, quant 60% pure; iv) DCM, TFA
2h, RT, 86%; v) a) 5% piperidine in DMF, RT, 10 min; b) Boc.O, NaOH, dioxane, 90% over
two steps; vi) a) HBTU, 47, DIPEA, DMF, RT 55%; b) MeOH/DCM 20:1, 10% Pd/C H>, 30
min RT, 91%; vii) a) HBTU, DIPEA, (1S, 2R)-2-amino-1-phenylpropan-1-ol, RT 5 min,
81%, b) TFA/DCM, RT, 2 h, 52%.¢

One method of synthesising 47 is from N-Boc-dolaproline by first undergoing a Baylis-
Hillmann reaction, followed by a diastereoselective hydrogenation. The alcohol can then be
methylated, and the acid hydrolysed to give 51 (Scheme 2.7).5” The acid can then be

benzylated and the Boc group removed.

Boc Boc Boc O O

48 49 50 51

Scheme 2.7: Synthetic route to N-Boc-dolaproine. Reagents and Conditions: i) Methyl
acrylate, DABCO, DCM, RT, 7 days, (3:1 diastereomeric mixture), 70 %, ii) Hz, 5% Pd/C,
EtOAc, RT, (83:17 diastereomeric mixture), 79 %; iii) Me3sOBF4, DCM, proton sponge, RT,
18 h, 70%. iv) LiOH-H,O/THF, RT, 87%.°

21



2.3.4.Maytansinoids

Figure 2.9: Structure of Maytansine 42

Maytansinoids are derivatives of maytansine, 52, and have similar function to vinca alkaloids.
Maytansine was initially isolated in 1972 from an alcoholic extract in the bark of the African
shrubs Maytenus serrata and Maytenus buchananii (Figure 2.9).58 Maytansine has been
demonstrated to be highly potent against several breast cancer cell lines such as SK-Br3 and
MCF-7 with an 1Cso of 30-40 pM.%° Despite its cytotoxicity, it is ideal as a potent payload
which is why it has been used extensively with ADCs. Derivatives such as DM1, 56 and DM4
are often used as they have been modified to incorporate a free thiol which can be used as a
linker attachment site, and can be made from maytanisol 42 which is an ester hydrolysed

analogue of 52.

The complexity of maytanisol with its multiple stereocentres makes the commercial
production by total synthesis cost prohibitive. Numerous groups have attempted and
succeeded at the total synthesis such as the Corey group in 1980.7 Therefore, its derivatives
are often semi-synthetic, derived from Ansamitocin P-3, 53 and analogues have been made
this way (Scheme 2.8).° Only three steps are needed from 53 and involves a LiAl(OMe)sH
mediated ester cleavage followed by an esterification and a reduction of the disulphide to the
free thiol, 56.
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Scheme 2.8: Semisynthetic general route to DM-1, 56%°
2.4.4.Tubulysins

Tubulysins were originally isolated from myxobacteria, discovered in 2000 and act as
antimitotics by inhibiting tubulin polymerisation. They are tetrapeptides composed of D-
methylpipecolate, L-isoleucine, L-tubuvaline and L-tubuphenylalanine residues. They exert
potent anti-proliferative activity against cancer cell lines with tubulysin D, 57 the most potent
(ICs0 values between 0.01 and 10 nM). Derivatives have been made such as 58 (Figure
2.10).7-72
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Figure 2.10: Structures of tubulysin derivatives, tubulysin D, 57 and AZ13599185, 58

The total synthesis of tubulysins has been achieved, with a convergent synthesis of tubulysin

D reported by Ellman et al.”® Fragment 62 could be synthesised from commercially available
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59 which undergoes a condensation with (R)-tert-butanesulfinamide to form 60. An Sml;
reductive coupling of methyl methacrylate and 60 gave 61 which was heated in ag HCI to

give the HCI amine salt 62.

With fragment 62 synthesised, attention switched to the other fragment. Metalloenamine 64
was formed from ketimine 63 and was reacted with thiazoline aldehyde 65. Stereoselective
reduction was achieved with NaBH4 with the Lewis acid Ti(OEt)s4. The amine was obtained
with treatment of HCI to 68. Using a-azido acid chloride with 69 led to amide formation,
followed by protection of the alcohol with TES to give 70. N-alkylation with chloromethyl
isobutyl carbonate was achieved with KHMDS to form 71 and subsequently the azide was
reduced by hydrogenation in the presence of the pentafluorophenyl ester of Mep followed by
deprotection of the silyl ether to form 72. From here, the ester was selectively hydrolysed with
MesSnOH followed by incorporation of fragment 57 using the activated acid of 72 and finally

acetylation of the alcohol.
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Scheme 2.9: Total synthesis of tubulysin D, 58. Reagents and Conditions: i) (R)-tert-
butanesufinamide, Ti(OEt)s, THF, RT, 6 h, 84%; ii) Sml, LiBr, H,O, THF, -78 °C, 55%; iii)
HCI, dioxane/H0, reflux, quant.; iv) LDA, CITi(O-i-Pr)s, ether, -78 °C, 90%; v) NaBHa,
Ti(OEt)s, THF, -78 °C, 88%); vi) HCI, dioxane/MeOH, RT, quant.; vii) (3S)-2-azido-3-
methylpentanoy! chloride, i-Pr2EtzN, DCM, 93%; viii), TESOTT, lutidine, DCM, 98%); ix)
KHMDS, THF, -45 °C, then CICH.OCOCH:CH(CHs3)2, 73%; x) Mep pentafluorophenyl
ester, H, Pd/C, RT, EtOAc; xi) AcCOH/THF/H.0, RT, 73% over two steps; xii) Me3SnOH,
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CI(CH2)2Cl, 60 °C, 67%,; xiii) pentafluorophenol, DIC, DCM, RT; xiv) 63, i-Pr2EtN, DMF,
RT, 85% over two steps; xv) Acetic anhydride, pyridine, then H.O/dioxane, RT, 82%.

2.5.4. Duocarmycins, Pyrrolobenzodiazepines and Psymberin

Duocarmycins (e.g. duocarmycin A, 73, Figure 2.11) are natural products first isolated from
Streptomyces bacteria in 1978. They are DNA minor groove binders and alkylate the
nucleobase adenine at the N3 position. Unlike tubulin binders, they can affect the cell at any
stage of the cell cycle and are becoming more common as payloads in ADCs.”

Pyrrolobenzodiazepine (PBD) dimers like SG3199, 74 (Figure 2.11) are an interesting class of
alkylating agents being used in early clinical development of ADCs. PBDs were discovered in
Streptomyces species, and are produced by actinomycetes and are DNA minor groove binders
and bind to a particular sequence, forming an aminal bond to the N2 of guanine bases.® They
disrupt the DNA structure, prohibiting transcription and translation. Dimeric PBDs have
picomolar activity against a broad array of cancers and are implicated in the bystander effect.
They also show no cross-resistance with other chemotherapies like cisplatin indicating a
separate mechanism of action to other DNA binders and so could avoid emergent drug

resistance.’ In vitro, they possess ICsos in the low nM to pM range.’®

Psymberin 75, also known as irciniastatin A is derived from the sea sponges Ircinia ramose
and Psammocinia sp. and exhibits potent antitumor activity.”” When tested against 60 cell
lines, it displayed cytotoxicity against breast, colon and melanoma cancers with LCso< 2.5
nM. It is postulated that works as a translation inhibitor, primarily targeting the ribsome and
disrupts the synthesis of new proteins leading to inhibition of cell growth or proliferation.®
Pysmberin does this by disrupting protein synthesis after the formation of the ternary complex

between the ribosome, aminoacyl-tRNA and messenger RNA."®

B-Glucuronidase cleavable linkers have been used with phenolic cytotoxic agents like
Psymberin, 75, from Seattle Genetics as well as duocarmycins. In this, a DMED self-
immolative spacer (Figure 2.11, 76) was used to allow for stable linkage and facile release,
working by cyclising to eliminate CO along with the payload. This drug-linker was
conjugated to cAC10 mAbs (anti-CD30) and h1F6 (anti-CD70) via reduced interchain
disulfides. Exposure to a CD30 expressing line such as L540cy (Hodgkin lymphoma) to
CAC10-77 gave an ICsp of 0.15 nM, compared to the CD30 negative cell line Caki-1 giving an
ICso of 62 nM. H1F6 conjugated payload was also tested against the CD70 cell line of Caki-1
giving good activity but significantly reduced activity on L540cy. The payload is highly

potent in both cell lines, indicating selectivity.>
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Figure 2.11: Structure of DMED linker in blue and the structures of duocarmycin A,
pyrrolobenzodiazepine (PBD) SG3199 and Psymberin.

2.5. Conjugation sites and attachment groups

The use of conjugation sites is important to ideally ensure high homogeneity in ADCs with
uniform DAR. ADCs with high DAR values often show greater potency in vitro but in vivo,
there is a significant loss of potency. This is because an increase in hydrophobicity causes the
antibody to be cleared rapidly and drive antibody aggregation and fragmentation especially
through ionic or thermal stress. The increase in hydrophobicity stems from the increase in
lipophilicity generated from the addition of lipophilic drug-linker moieties®® Attempts have

been made to limit and strictly control the DAR.

2.1.5. Lysine conjugation
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Scheme 2.10: General scheme for the conjugation of lysines to a linker followed by linkage to
a payload. Magenta is a payload.

Early generation ADCs used lysines to conjugate the linker to the antibody through a stable
amide bond (Scheme 2.10). Lysine-based conjugation is a widely used non-specific
conjugation strategy. An IgG can contain over 80 lysine residues with around 10 of these
solvent accessible.®! The reactive amine can be coupled with activated carboxylic acids such
as succinimide esters in high yields. A variety of succinimide esters are used for this
conjugation and have thiol sensitive sites such as maleimides and disulfides that can be used
to couple with a payload. (Figure 2.12). Lysine conjugation can lead to highly heterogeneous
mixtures, with DARs ranging from 0-7.8% This method represents an easy and reliable way for
conjugation but critical lysines in the antigen binding region could be altered leading to loss
of affinity and efficacy.
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Figure 2.12: Structures of some succinimide esters used for Lysine conjugation

2.2.5. Cysteine conjugation

In most antibodies, the thiols of cysteine residues are not available to react as they are
involved in disulphide bridges and so require partial reduction to reveal the free thiol residues
for conjugation. There is a total of 16 disulphide bonds in an antibody, 4 interchain and 12

intrachain.® The 4 interchain disulphide bridges are normally not critical to antibody stability
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and are more susceptible to mild reduction using chemicals such as DTT and TCEP.
Therefore, conjugations with DAR of 0, 2, 4, 6 and 8 are obtained. It is deemed more superior
to lysine conjugation due to improved control of DAR and heterogeneity owing to its more
uniform products.® It requires a thiol-reactive functional group on the payload, and in many
cases, maleimide is used as an attachment group but maleimides are susceptible to
deconjugation in the serum which can lead to off-target toxicity through a retro-Michael
reaction.®® Many mAbs are engineered to have a restricted number of free cysteine or lysine
residues and so DAR can be more tightly controlled.?

2.3.5. Glutamine conjugation

A primary amine-containing linker can be covalently attached to a native glutamine (Q295)
through a catalysed transpeptidation by a transglutaminase derived from the bacteria
Streptomyces mobaraensis. DARs of two can be obtained, with one conjugation site on each
heavy chain. The antibody must be deglycosylated for the conjugation to be possible but no

genetic engineering is required.®

2.4.5. Site specific conjugations

Multiple companies have developed ADCs that use additional cysteines engineered into the
antibody at different sites that have different free solvent accessibility. This has allowed for
complete uniform stoichiometry with DARs of 2 or 4 exclusively, depending on how many

new cysteines are added.

One of these new technologies is THIOMAB™, which uses site-directed mutagenesis to
incorporate two new cysteines into the antibody.®” This allows for complete control of the
DAR and was originally used with the classical maleimide group to give a TDC
(THIOMAB™ antibody-drug conjugate). TDCs are better tolerated with improved
therapeutic indices than their classical ADC counterparts.3® The cysteines of the antibody can
undergo controlled reduction. After reduction to the free thiols, the non-engineered thiols can
be oxidised back to their interchain disulphide bridges but the engineered cysteines are kept

reduced allowing for conjugation.*

A problem in this design is succinimide conjugates can undergo retro-Michael reactions and
so TDCs would often rapidly lose the conjugated thiol-reactive linker in the plasma releasing
the payload systemically. The engineered sites are highly accessible to solvent and are
susceptible to the reactive thiols found in albumin, free cysteines and glutathione, leading to

premature release of the payload.® It was found that hydrolysis of the maleimide to the
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succinamic acid derivatives (Scheme 2.11, 86) could stabilise the succinimide conjugates
against the retro-Michael reaction. The hydrolysis can be facilitated by adding a LC-V205C

mutation in the light chain leading to improved second-generation TDCs.%°
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Scheme 2.11: Structure of the hydrolysed product of maleimide

2.5.5. Unnatural amino acid engineering
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Figure 2.13: Unnatural amino acids engineered into antibodies

Incorporation of unnatural amino acids in an antibody can be used to install a residue containg
a reactive handle which can be used to conjugate with a linker. This allows for biorthogonal
chemical reactivity of the amino acids and so strictly controlled DARs can be achieved.®® This
has been shown with aurastatins and conjugations only occurred on the unnatural amino acid
and none of the other 20 naturally occurring amino acids found in the antibody. This involved
the use of para-acetylphenylalanine, 87 (Figure 2.13) as the unnatural amino acid.®! The
ketone of para-acetylphenylalanine can then be reacted with a hydroxlyamine functionalised

nitroxide and the subsequent oxime can be used for conjugations (Scheme 2.12).
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Scheme 2.12: General scheme for the condensation of a hydroxylamine functionalised
nitroxide with para-acetyl phenylalanine residue. Magenta circle is a linker-payload
derivative.

Antibodies incorporating para-azidomethyl-L-phenylalanine (p)AMF) 88 and N6-((2-
azidoethoxy)carbonyl)-L-lysine 89 are azide antibodies that have azide handles for
bioconjugation allowing for copper free click chemistry. It was shown that after completion of
the click bioconjugation to the AzAb, the aromatically stabilised linker was 10-fold more
stable than a cysteine-maleimide linker and DAR could be tightly controlled.%? %

2.6.5. Enzymatic conjugation

Genetically encoded amino acid tags inserted into the mAb sequence can be recognised by
specific enzymes such as formylglycine-generating enzyme (FGE) or sortases allowing for
site specific conjugation. Essentially, an enzyme will modify a specific point encoded on the
antibody based on a specific amino acid sequence and so only this specific amino acid will be

modified into a reactive functional group for conjugation.

SMARTag™ is one such technology and involves the use of FGE which acts on the specific
amino acid sequence Cys-X-Pro-X-Arg (where X is any amino acid) and modifies the
cysteine to a formyl-glycine.®* *® This can then be reacted with aldehyde reactive amino acid

residues in a hydrazine-Pictet-Spengler ligation (Figure 2.14).%
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Figure 2.14: Hydrazine-Pictet-Spengler ligation involving tryptamine with an aldehyde.
Magenta circle represents linker-payload

Sortase A can also be used as an enzyme and recognises the Lys-Pro-Glu-Thr-Gly sequence.

It cleaves the Thr-Gly bond undergoing a transpeptidation reaction with an oligoglycine. A
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payload such as MMAE or maytansine can be coupled to a pentaglycine peptide and
subsequently can undergo another transpeptidation-like reaction to link the antibody to the

payload. This has been developed by NBE therapeutics.®’

2.7.5. N-glycan engineering

N-glycan engineering involves the N-glycan Asn297 found in the Fc domain. It is conserved
in all 1gG classes and is situated away from the antigen binding site. This makes it an ideal
target as it can be broadly used across all antibodies and also minimise the risk of affecting
binding affinity.*® Multiple approaches to modifying N-glycan have been employed such as
introducing sialic acid or fucose to the N-glycan terminus through enzymes such as p-1,4-
galactosyltransferase. For example, the cis diol of fucose can undergo oxidative cleavage with
NalOs to an aldehyde, which can be further modified through hydrazone linkers to a payload
(Scheme 2.13). However, a downfall with this method is the use of NalO4 which can oxidise

methionine residues and DAR distribution is wide due to low conversion.%
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Scheme 2.13: Schematic representation for fucose-specific conjugation of hydrazide-
derivatives. Circles represent N-acetyl-D-glucosamine, squares represent mannose and x as a
payload.

Metabolic glycoengineering has also been suggested. Instead of using fructose, unnatural
fructose derivates such as 6-thiofucose can be added to the culture media which is then
incorporated into the N-glycan. The resulting unnatural thio-glycan can then be used to

conjugate with maleimide chemistry for improved homogeneity.%
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2.6. Early ADCs

Initial attempts involved using antibody-toxin conjugates using toxins such as ricin and
diphtheria toxin but were unsuccessful due to infusion reactions, development of neutralising
antibodies to the exotoxins and vascular leakage.>® One of the first reported cases of an ADC
was in 1970 and involved using a diphtheria toxin conjugated to an anti-mumps antibody.
Although they found selectivity in monkey-kidney cells, the ADC was not progressed any
further.1® The use of murine antibodies as well as proteins as payloads made early ADCs
suffer from adverse toxic effects from premature release of the toxin. It wasn’t until first

generation ADCs were clinically effective.

2.7. First generation ADCs

2.1.7. cBR96

The first breakthrough though began with cBR96 doxorubicin 94, targeting the Lewis-Y
antigen developed by Seattle Genetics (Figure 2.15).22 It features doxorubicin as the payload
with a hydrazone linker and attaches to the antibody through a Michael addition with cysteine
and a maleimide. ADCs at this point had moved to using small molecules as the payloads,
rather than proteins. In clinical trials it was found to possess significant antitumor properties
and regressed large human tumour xenografts in mice and rats.'%? It was also found to have
broad and potent antitumor activity in cancers such as lung, breast and colon, with
doxorubicin-resistant tumours also affected. Phase I studies had demonstrated a partial
response in gastric carcinoma. However, it also suffered significant on-target toxicities not
associated with systemic doxorubicin. It was found to cause severe inflammation and
ulceration of the gastric mucosa of patients with ulceration. It was later found that there was
an unrecognised expression of Lewis-Y antigen on these cells and this affect was dose-

limiting.1%®

94

Figure 2.15: Structure of cBR96 doxorubicin, 94
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A randomised phase Il study was performed in metastatic breast cancer patients with cBR96
doxorubicin (700 mg/m?) or doxorubicin (75 mg/m?) alone. Results showed the adverse
effects of nausea and hematemesis for the ADC but there was a higher tolerability and
antitumor potency for doxorubicin.’® This is a useful evaluation to see if the ADC will
surpass the payloads activity with limited systemic toxicity. Despite promising pre-clinical
data, the project was abandoned due to the lack of efficacy demonstrated as Seattle Genetics
focused on other ADCs in their pipeline with improved efficacy.

Other first generation ADCs showing systemic distribution of the payload include
bivatuzumab mertansine 95 (Figure 2.16) which targeted CD44v6 antigen using DM4 for
squamous cell carcinoma which caused fatal exfoliate of skin toxicity due to antigen
expression in the skin. BAY794620, an ADC which targeted CA9 antigen caused death in

two patients due to gastrointestinal toxicity.> 1%

Figure 2.16: Structure of bivatuzumab mertansine, 95

One of the biggest reasons for these adverse toxicities was due to expression of antigens in
normal tissues. Ideally, selected antigens would be selectively expressed in cancer cells over
normal cells.*° From these early ADCs, it was recognised the importance of useful antigen

selection to give confidence in selectivity and their safety profile.

Payloads for these early ADCs were often of relatively low potency, using chemotherapy
agents like doxorubicin (ICso in cell lines around 0.1 uM), 5-FU and methotrexate.*” Due to
the relatively low potency, dosing of the ADCs was high in order to observe efficacy with
DARs of up to 8 used. Subsequent ADCs replaced micromolar payloads for more potent
(nanomolar to picomolar) payloads in order to decrease the dosing of ADCs. Many ADCs had
dose-limiting toxicities and so a better therapeutic window could be achieved with reduced

toxicity and an increase in efficacy.?*
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2.2.7. Gemtuzumab ozogamicin

In 2000, the FDA approved by an accelerated-approval process gemtuzumab ozogamicin,
Mylotarg, 96 (Figure 2.17). Developed originally by a collaboration between Celltech (now
part of UCB) and Wyeth (now part of Pfizer) in 1991, the drug targets CD33 which is
expressed in leukemic blast cells and is used in the treatment of acute myeloid leukaemia
(AML).1%8

CD33 was seen as a good choice of antigen as it was previously seen that an anti-CD33 radio-
immunoconjugate was efficiently internalised by CD33+ cells in humans.'®® Due to this
evidence of internalisation coupled with its selectivity, this antibody was chosen to use as an
antibody conjugate with a derivative of calicheamicin. An average of 2.5 drugs to antibody

was used.
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Figure 2.17: Structure of gemtuzumab ozogamicin, 96

Mylotarg was given accelerated approval for patients aged 60 years and over with CD33+
AML. It was approved based on early clinical studies of monotherapy in AML patients. The
results of a post-approval commitment, a randomised phase 111 study using two different
treatment plans, one using daunorubicin, cytarabine and a single dose of Mylotarg, while the
other using standard induction therapy of daunorubicin and cytarabine only, showed no
improvement in survival with Mylotarg and surprisingly showed an increase in treatment-
related mortality in patients.!*° Mylotarg was therefore voluntarily removed from the market.
However, the mortality rate for the control group was unusually low of 1% compared to 5%
of the other Mylotarg group.2®® Mylotarg was required to carry a black box warning due to its

risk of hepatitic veno-occlusion disease (VOD) in which small veins in the liver can become
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obstructed and is an issue before bone marrow transplant.*!! Its high toxicity as well as

increase in mortality rates in patients led to its voluntary removal from the market.

There are several possible explanations for the adverse effects for this drug. The first was the
linker used. It was suggested that systemic release of Mylotarg was caused by premature
release of the drug by the hydrazone linker. Around 50% of the bound drug is known to
release from the linker in 48 h.1!2 Systemic release of the payload could cause severe adverse
effects.

Another reason is concerned with the payload. Calicheamicin is known to cause the bystander
effect, facilitated by ADCs and is also susceptible to drug efflux.!*® The reason for this is their
high hydrophobicity, which imparts the compound with enhanced cell permeability.>’

A possible issue arises from problems with the manufacturing processes. Originally, the
manufactured drug yielded 50% of unconjugated antibodies in the final drug. The other 50%
was heterogeneous in nature with regard to DAR.'* This heterogeneous nature of the drug led
to poor efficacy and may have contributed to the premature release of the payload as some

would be overloaded rendering them unstable.®

From a meta-analysis of subsequent clinical trials, comprising of 3325 total patients, Mylotarg
showed no change in complete remission but a significant reduction in risk of relapse and
improved 5-year relapse free survival and overall survival in patients with AML was
observed.!*® Importantly, lower doses of Mylotarg were just as effective as higher doses,
which lead to improved tolerability and safety. Gemtuzumab ozogamicin was approved by the

FDA in 2017 and studies in other cancers such as APL are still ongoing.*

2.3.7. Inotuzumab ozogamicin

Pfizer along with Wyeth and the Univeristy of California, Berkley recently developed a
further ADC to this, Inotuzumab Ozogamicin, Besponsa. Besponsa uses the same linker and
payload to Mylotarg but targets a different antigen and also carries a black box warning for
VOD. Inotuzumab, a humanised 1gG4 antibody, targets CD22, which is a specific antigen
found in B-acute lymphoblastic leukaemia (B-ALL).*® CD22 has restricted expression on
fully mature B cells and has been implicated in adult acute lymphoid leukaemia with patients

reportedly showing high expression of CD22 on the cell surface of these cancers. 17118

Traditional cytotoxic therapy towards non-Hodgkin lymphomas (NHL) include a combination
of chemotherapies of cyclophosphamide, vincristine and prednisone without (CVP) or with
doxorubicin (CHOP). The antibody rituximab (an anti-CD20 antibody) can be added, (R-
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CHOP) and as a continued maintenance drug after chemotherapy. In preclinical data,
Besponsa demonstrated superior potency over these methods in vitro as well as in vivo human
B-cell lymphoma xenograft mice models. When used in combination with CVP, there was an
increase in efficacy but with CHOP there was an increase in toxicity as well. A dose-dense
study with just 2 dosages of Besponsa and CHOP given alternatively were found to reduce
this toxicity while retaining efficacy.!'° It also showed complete regression in tumour-bearing
mice. ALL cell lines were more sensitive to calicheamicin-induced apoptosis compared to
NHL and AML rather than needing to fully saturate the CD22 antigens present on the cell,
giving rise to the ADCs efficacy. This means that a lower dosage could be used as less ADC
is required for efficacy. As a result, it showed potency far below its MTD of 1.8 mg/m?. Side

effects included loss of platelets, loss of neutrophils, asthenia and nausea.?°

A phase Il study using 49 refractory and relapsed B-ALL patients was conducted. The
response rate was 57% from this study with an overall median survival rate of 7.9 months. It
was approved in 2017 after further demonstrating superiority over standard chemotherapy.'
In a Phase I11 study with 326 patients with CD22 positive B- ALL was conducted. The rate of
complete remission for Besponsa was far higher than traditional chemotherapy (80.7% vs
29.4%).12

Despite the initial problems associated with Mylotarg and advances in ADC design with
second generation ADCs, the design of first-generation ADCs can still be impactful. This

shows the unique nature of ADCs in which certain combinations will work despite concerns.

2.8. Second generation ADCs

Lessons were learnt from the first-generation ADCs, which included the avoidance of
premature release of the payload through linkers such as hydrazones and development of
more stable cleavable and non-cleavable linkers. Antibody technology had also been
improved by moving to humanised antibodies to reduce the clearance and immunogenicity

associated with antibodies.
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2.1.8. Brentuximab vedotin
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Figure 2.18: Structure of brentuximab vedotin, 97

The second ADC to receive accelerated FDA approval was brentuximab vedotin, Adcetris, 97
(Figure 2.18) in 2011 and was developed by Seattle Genetics. The cost of treatment for this
drug is over $100,000.1% It is used for the treatment of Hodgkin lymphoma and ALCL targets
the antigen CD30 which is a prominent marker found in these types of cancers.'?* The
antibody chosen was cAC10 which is a chimeric IgG1 antibody and was used in phase 11
clinical trials unconjugated showing selectivity.'?> 26 Limited success was seen with anti-
CD30 antibodies such as MDX-060 and SGN-30 (cAC10). They showed partial response in
patients with ALCL and Hodgkin lymphoma but were limited. However, it was found that
they were well tolerated. Expression of CD30 on healthy cells is very low with some
expression on activated T and B cells and CD30 is a tumour necrosis factor receptor

superfamily member which induces apoptosis.t?’

The payload used for Adcetris is MMAE. Originally, all 8 sites from the cysteine disulphide
bridges found on an antibody were used to generate very uniform conjugated antibodies.
However, it was found that a high DAR reduced the therapeutic window due to the heavy
loaded antibody having poor pharmacokinetic profile such as high clearance from the
increased hydrophobicity generated from the linker and payload.*?® Antibodies with an
average DAR of 4 were produced with primarily two, four and six molecules per mAb.%° As it
is conjugated through cysteine, Adcetris uses a maleimide group as its attachment site through
a Michael addition. Conjugation to the antibody for brentuximab vedotin resulted in less than

5% of the drug being unconjugated antibody in the final product.

The ADC bound to CD30 with an identical affinity to the unconjugated Ab, (3 nM). In vitro
the ADC had Glso of 3-50 pM against CD30-positive Hodgkin Lymphoma and ALCL
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tumours. The sensitivity of non-CD30 expressing cells was 1000 times less than those
presenting the antigen demonstrating good differentiation between the cell lines.?®

A further drug has been approved by the FDA in 2019, developed by Genetech® and Roche
called polatuzumab vedotin-piiq, Polivy. This targets the CD79b antigen implicated in diffuse
large B-cell lymphomas in combination with bendamustine and rituximab. The linker and
payload is identical to brentuximab vedotin.!%

A phase 11 clinical trial (NCT02257567) which compared Polivy in combination with
bendamustine and rituximab against bendamustine and rituximab alone showed an increase in
complete response rates from 15% to 40% in people with relapsed or refractory diffuse large
B-cell lymphoma (DLBCL). The safety profile of the ADC was good, and patients treated
with Polivy lived longer than those who used bendamustine and rituximab alone,

demonstrating its efficacy. A phase Il clinical trial is currently in progress.

2.2.8.Trastuzumab emtansine

Another second-generation ADC is trastuzumab emtansine 98 (Kadcyla Figure 2.19), which
was approved in 2013 by the FDA and was developed by Genetech®, a subsidiary of Roche
and the first to be used in solid tumours. Kadcyla targets the HER2 receptor which is
overexpressed in around 20% of all breast cancers.!®! The antibody used, trastuzumab
(Herceptin) is a humanised anti-HER2 mAb and was already a marketed drug for the
treatment of metastatic HER2 positive breast cancers as a first line treatment.* It has a high
affinity for HER2 and while normal cells express low levels of HER2, around 20000
receptors, some cancer cells overexpress HER2 (2 million receptors).!3® Therefore, selectivity
for HER2 positive tumour cells over healthy cells is possible. Although Herceptin in
combination with chemotherapy improves time to disease progression and overall survival
compared with chemotherapy alone, it is not curative, and patients will eventually relapse.

The exact mechanism of resistance to trastuzumab therapy is unknown.?*
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Figure 2.19: Structure of trastuzumab emtansine, 98

Kadcyla combines this high affinity antibody with the cytotoxic agent DM1 through a stable
non-cleavable thioether linker. It is conjugated to the antibody through lysine residues with a
DAR of around 3.5 and can last up to 3 days in the blood owing to its plasma stability. 3+ 13
Initially, a reducible disulphide linker was used to attach the payload, but was found to have
increased toxicity and lack of efficacy in comparison to the non-cleavable thioether due to its
stability.**® Most importantly, the drug-linker moiety with the amino acid residue attached
retained activity. Another benefit to this non-cleavable linker is that the lysine residue remains
with the payload linker after cleavage from the antibody. This positively charged adduct
decreases cell permeability and so eliminates any drug diffusing out of the cell eliminating
any bystander effect, which is proposed as a reason it has a better safety profile in comparison

to the reducible linker. This doesn’t interfere with its mechanism of action.®’

The internalisation process is similar to Herceptin as conjugated trastuzumab is thought to
retain its own anticancer mechanism for entering the cell. It is proposed that the mechanism of
action for Kadcyla might be independent of the HER2 signalling pathway unlike Herceptin,
therefore overcoming several trastuzumab resistance mechanisms.*3* In preclinical data,
Kadcyla was shown to be highly effective at inducing cell death in HER2 positive breast
cancer cell lines which were trastuzumab resistant. It was also more potent than trastuzumab
alone and caused minimal antiproliferative effect in HER2 normal or negative cell lines

demonstrating its selectivity and superiority over current treatments. 18

In the case of Kadcyla, selecting an antibody already used for treatment was beneficial.
However, this is not a requirement for an ADC. For Adcetris, the anti-CD30 antibody only
showed modest potency against the target, all that is required of the antibody is to be

internalised and deliver the payload to the cell, not to cause the therapeutic effect itself.
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2.9. Third generation ADCs

One of the major problems of second-generation ADCs was the heterogeneous in DAR. Third
generation ADCs are designed to eliminate this issue. Multiple new ways have been designed
to produce homogenous ADCs with uniform DAR, and better conjugation has led to an
increase in more drugs being tolerated conjugated to the antibody. Most focus has been on the
development of the antibody to give an increase in stability with the attachment to the linker
as well as homogeneity.

2.1.9. Vadastuximab talirine

Vadastuximab talirine 99 (Figure 2.20) is being developed targeting CD33 which is expressed
on most AML cells. The payload is a PDB dimer, SGD-1882, using a Val-Ala dipeptide
linker and is conjugated to the antibody by Michael addition of cysteine with the maleimide
functional group. The antibody uses two engineered cysteines on the heavy chain and so
tightly controlled DAR is achieved with a near homogeneous average DAR of 2.1%, It has
been developed by Seattle Genetics and a phase | trial had shown the composite remission
rate was 70 % in patients with CD33-positve AML with a median age of 75. Despite
promising phase 1 results, clinical trials were stopped after a phase 111 trial showed an

increase in the rate of deaths.'*°
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Figure 2.20: Structure of vadastuximab talirine, 99.

2.2.9. Rovalpituzumab tesirine
Rovalpituzumab tesirine 100 (Figure 2.21), is another third-generation ADC using a PBD

dimer as its payload. It uses a Val-Ala cleavable linker with a polyethylene glycol spacer, to
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increase hydrophilicity. It targets the protein DLL3, which is expressed on 80% of small-cell

lung cancer patient tumours.'#*

During a phase | trial as third line treatment in recurrent small-cell lung cancer, it was noted
that the ADC was well tolerated, and overall survival was found to be 4-6 months. The study
was limited as it did not have an active comparator in its exploratory trial design.**! It showed
promising data that DLL3 was a clinically relevant target. However, subsequent trials were
unsuccessful and so the drug was terminated. Phase 11 data showed that the objective response
rate was just 16% and a phase I11 trial showed lack of survival benefits for patients.142 143

100

Figure 2.21: Structure of Rovalpituzumab tesirine, 100

2.3.9. Sacituzumab Govitecan

Sacituzumab Govitecan targets Trop2 using a humanised anti-Trop2 antibody, hRS7 and is
conjugated to an active metabolite of irinotecan, SN-38. Trop2 is a glycoprotein that is
overexpressed in many cancers and has differential expression in some normal tissues.**
Irinotecan is a marketed drug for colon and small cell lung cancer and is a prodrug of SN-38.
It works as a topoisomerase | inhibitor, which leads to synthetic lethality. Synthetic lethality

occurs when two or more genes form a combination of deficiencies that leads to cell death.*°

101 incorporates an acid labile carbonate as its payload release, which can be linked to the

payload with a PEG linker for solubility and an imidazole.
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Figure 2.22: Structure of Sacituzumab Govitecan, 101

A phase 1/2 single group, multicentre trial for refractory metastatic triple-negative breast
cancer has been completed for Sacituzumab govitecan. ¢ Patients had been heavily
pretreated, with a median of 3 previous therapies received. The response rate in this trial was
33%, with a clinical benefit rate of 45%. Four deaths did occur during treatment and the most
common adverse side effect was myelotoxic effects. Even so, it has demonstrated a durable
objective response in patients who have been heavily pretreated before, giving these patients
more chance of survival. Sacituzumab govitecan had sought accelerated approval but was

refused on manufacturing and control matters grounds.

Sacituzumab govitecan is currently undergoing several clinical trials for metastatic solid
tumours (NCT03964727) and breast cancer brain metastasis (NCT03995706) amongst others.

2.4.9. Multi-drug resistance proteins

The increase in multi drug resistance (MDR) proteins as a resistance mechanism can cause
problems for payloads. For example, many of the payloads like calicheamicin, aurastatins and
maytansines are well-known substrates for the efflux transporter P-gp, which actively pumps
the drug out of the cell. This overexpression of efflux transporters can lead to MDR cancers.

Mylotarg for example, is less effective in AML patients with high expression of MDR.

MDR1 can efflux hydrophobic compounds more efficiently than hydrophilic ones and so
using hydrophilic linkers such as N-hydroxysuccinimydyl-4-(2-pyrridyldithio)-2-sulfobutane
(Sulfo-SPDB) 102 and mal-PEG4-N-hydroxysuccinimide 103 have been developed as seen
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with Rovalpituzumab tesirine previously.**’ Reducing the hydrophobicity of homogenous
ADCs also improves their pharmacokinetic profile. This has been seen with the DM1
payload.? Incorporation of a hydrophilic linker into the ADC led to the bypassing of MDR1
in MDR1- expressing cells in xenograft models and so efflux was mitigated. Non-cleavable
linkers are also more effective against MDR1 as payloads released from the linker are more
sensitive to MDR1-expressing cells.!*® One reason is due to the charged nature of the residue

amino acid of the antibody which can reduce efflux and cell permeability.

o 0 0©

&z/\)kN/\/o\/\O/\/o\/\O/\)J\O/N

\ H o)
(@]

102
QH
0=S=0 0
S\ O\
| X S N
_N (0]
o]
103

Figure 2.23: Structures of Sulfo-SPDB, 50, and mal-PEG4-N-hydroxysuccinimide, 51

2.5.9. Biparatopic antibodies

There has been interest in bivalent biparatopic antibodies which consist of two different
binding sites that can crosslink one antigen to another on the same arm of the antibody. There
has been development of an antibody MEDI14276, with two distinct non-overlapping epitopes
of HERZ2, the same targets as trastuzumab and pertuzumab, and induces receptor clustering on
the tumour cell surface. When conjugated with 58, a tubulysin derivative developed by
AstraZeneca and Medimmune, the ADC showed superior antitumour activity compared to
ado-trastuzumab emtansine. This crosslinking of HER2 to form these receptor clusters has
been indicated in increasing internalisation rates and lysosomal degradation allowing for more
efficient release of the payload.*° It is currently undergoing a Phase 1/11 study with in adults
with select HER2-expressing advanced solid tumours (NCT02576548).

Much focus recently has been on the development and manufacturing of the antibodies. which
has improved dramatically in the last couple of decades due to better technologies being
developed. This allows for better stability and reduced clearance, which were issues with
earlier generations of ADCs. Allowing for conjugations without compromising stability
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through different conjugation methods means more uniform DARSs can be generated resulting
increase in plasma stability, decreasing systemic release of the payload. This has also allowed
for an increase in DARs and more recent ADCs have been developed with a greater number
of payloads per antibody.

Linker technology has also improved from the first-generation ADCs with more plasma stable
linkers. Hydrophilic linkers have been developed, opening up more options for payloads as
previous hydrophobic payloads can now be considered with a higher DAR.

Despite most payloads used in ADC development being tubulin binders, more ADCs are now
using different payloads. One of the biggest issues with payloads is their complexity, which
means analogues can be difficult to synthesise, leading to high costs. It might be possible to
use structurally simpler molecules as payloads with different mechanism of action to payloads
commonly used. Kadcyla costs around $90,000 per treatment. More than half of that is for the

cost of the antibody, but some of the cost is made up from the payload.*°
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Chapter 3: Aims and objectives

The aim of this project is to evaluate the use of small molecule cytotoxic compounds to be
used as a payload incorporated into an ADC while maintaining potency in cancer cells. Proof
of concept of ADC:s is already well known in the literature, with many ADCs in clinical trials
and in development focusing on synthetically challenging molecules such as natural products
and the use of the same class of compounds, which could lead to resistance issues due to the
same single mechanism of action being exploited. Accessing small molecules in the use of
ADCs and retaining potency would allow a greater range of compounds to be considered in

the use of ADCs but this has not been reported so far.

The first step in achieving this aim is to identify which small molecules would be suitable to
be used as a payload for an ADC. This would be achieved by analysing the NCI database of
known compounds to identify synthetically viable cytotoxic agents which would have suitable
potencies across a range of different cell backgrounds to have confidence in general
cytotoxicity. A variety of different compounds will be identified to allow for flexibility and
choice. This was done prior to the project starting by Mike Waring and Alfred Rabow, which

is described in more detail in the next chapter.

Once a suitable number of compounds have been selected, work will be done to synthesis
several of these compounds and also any related analogues which might be required to help
tune potency/pharmacokinetic profile or to be modified for a handle to allow for conjugation
with an antibody. Initial work will focus on a couple of the selected compounds to allow time
for the final molecules to be synthesised. They will be prioritised based on their literature

precedence (well established SARs) and ease of synthesis.

A linker would be required to conjugate the warhead to the antibody. Picking the right linker
would be key in helping with the right properties required for an ADC. The linker will be
chosen based on its robustness and its proof of concept in ADCs based on literature examples.

Synthesis of the linker would be done in parallel with the target molecules.

Once the target molecules are synthesised, they will need to be tested to validate their

potencies. They will be tested in cell cytotoxicity assays to evaluate this. The warheads will
then need to be coupled to the desired linkers before being conjugated to the antibody. Mass
spec will be used to evaluate the conjugation method before the ADCs will then be tested in

cell assays to assess their potencies.
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Chapter 4: Identifying suitable cytotoxic warheads

4.1. Current problems with cytotoxic warheads

ADCs developed so far have focused on using natural product cytotoxic payloads. The
complexity of the payloads has contributed to the growing cost of developing an ADC due to
the challenging and demanding synthesis or extraction and isolation of the drug and has also
limited the scope for their optimisation. The cost of goods for both Kadcyla and Adcetris is
expensive (around $100,000 for both) and so reducing the amount associated with the payload
would be beneficial in lowering the price of treatment.'® It would be advantageous to develop
payloads with greater simplicity and easier synthesis, as it would allow the synthesis of
different analogues more easily and make optimisation of the linkers easier.

Another issue with current payloads used in the development of ADCs is their overlap in
biological mechanisms and consist mostly of the antimitotic aurastatins and maytansiods. This
is true for the ADCs on the market as well as many in clinical trials, for example, the warhead
ozogamicin is used in 2 of the 5 currently approved ADCs with the other 3 using antimitotic
agents. Payloads with different modes of action would potentially circumvent resistance

issues.

4.2. Screening the NCI database

Identification of suitable payloads requires the selection of compounds with potent anticancer
activity across a wide range of cell lines. An analysis of the NCI database was carried out by
Professor Mike Waring and Dr. Alfred Rabow (unpublished results) to assess suitable
warheads which could be used. The panel consists of >33,000 compounds screened against a
panel of 60 cancer cell lines called the NCI-60 with some extended cell lines that can be used
as well. They are an array of different cancers including leukaemia, melanoma and cancers of
the lung, colon, brain, ovary. The main concept was to identify compounds with broad
activity across the board so were not just having activity on similar types of cell lines as well
as having suitable potencies. It was also important to select compounds which had differing

profiles as this would help minimise selecting warheads with similar modes of action.

The compounds were characterised within a 2D, self-organising matrix based on their
differing activity profiles across the panel.*®® Therefore, compounds that are in different
positions within the loci, should have different modes of action, as they affect different cell
lines. From the 33,000 compounds, only those with a pGlso > 9 in at least 16 cell lines were
selected. 16 cell lines was considered enough for determining the broad activity of the

compounds. This resulted in a set of 165 compounds, which can be visualised within the

47



matrix (Figure 4.1). 7 compounds were then identified as possible ADC payloads based on

structural simplicity and position in the matrix.

a) b)

[ .- L e m

20

Figure 4.1 a) Location of drugs showing pGI50 values of >9 against at least 16 cell lines
within the 2-dimensional matrix, designated by arbitrary coordinates (i,j) b) Location of the
selected 7 compounds within the matrix.

From the map, the seven selected compounds are well spaced around the matrix, giving
confidence that those selected have different modes of action. The localisation of the tubulin
binders was apparent with taxanes NSC664404 and NSC759850 found at locus coordinates of
44,31 and the Vinca alkaloid found at 46,31. This area of the matrix was avoided as tubulin
binders are already prominent in ADCs with similar modes of action and so omitting these
could lead to more novel structures for ADCs. Interestingly, one of the selected compounds, a
quinolone, is also a tubulin binder but is shifted from the other tubulin binders, indicating that

they may have different pharmacology to traditional tubulin targeting agents. >

4.3. Selected cytotoxic drugs

4.1.3.0verview of selected warheads

The selected warheads shown in Figure 4.2, may not possess desirable properties for small
drug molecules, such as nitro groups and acridines associated with toxicity, boronic acids and
metal chelators. However, for ADCs, these functionalities would be of little issue due to the
targeted nature. These compounds are structurally simple compared to the payloads seen in

the marketed ADCs and those in development.
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4.2.3. Nitroacridines

Nitracrine, also known as Ledakrin 104 is an antineoplastic drug, which entered into clinical
testing but was subsequently stopped due to side effects such as severe nausea and
vomiting.?®2 It is a member of the 1-nitroacridine family and its modes of action are complex,
and are yet to be fully elucidated, but they are known to have cytostatic and antitumour
activity and inhibit macromolecular biosynthesis. They can also intercalate with DNA
forming DNA-adducts binding covalently with complimentary base pairs and DNA
interstrand crosslinks leading to inhibition of RNA synthesis and can induce the unwinding of
supercoiled DNA.3 15 Varying the alkyl length chain can have a subtle impact on its

activity. Increasing the chain length by 2 carbon atoms can lead to significant differences in
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the cell profile, with a shift in their location in the map, from 45,3 to 13,1. Figure 4.3
highlights this as there are differences in activity on the same cell lines but they both
demonstrated broad activity across panel. Both compounds exhibited good activity across half
the cell lines indicating good cell cytotoxicity with pGlso values of 9 for 104 and 8.8 for 105
(Table 4.1).

954

8.5

pGI50

7.5

NSC247561 V NSC645804

Compound

Figure 4.3: Comparison of pGlso values across the cell lines for the two compounds 104 and
105, lines connect the same cell line showing differentiated activity between the 2
compounds.

Nitroacridines contain a nitro group, which is not a common functional group in small
molecule drugs but is essential for activity in this compound. Under bioreduction, the nitro
group is reduced the highly reactive nitrosoarene and hydroxylamine.*® Nitracine was found
to have selectivity towards hypoxic cells in Chinese hamster ovary cells and is proposed to
have an inherent selectivity towards hypoxia cells due to its activation through bioreduction

which would occur more rapidly in a hypoxic environment. %
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NSC number NSC247561 NSC645804

\N/
SN
Structure NH NO, NH NO,
soolN oo
p (L
Locus (1,J) 45,3 13,1
pGlvall6 9.0 9.1
pGlval32 9.0 8.8
pGlval64 7.8 8.0

Table 4.1: Glsp values for the two nitroacridines and their position within the matrix. pGlval
is defined as the average pGlso across their most potent cell lines over a set number of cells.

It has been shown through published SARs that the desmethyl analogue of Nitracrine is still
active and replacement of a methyl group would allow a site for attachment of a cleavable or
non-cleavable linker with confidence that potency could be retained.®

The two initial targets selected were a desmethyl analogue of nitracrine, 113 and a
methylamine derivative, 112 which is the most potent out of the group. SARs data shows that
both are active with ICses of 34 and 3.8 nM respectively (Table 4.2).°” A methyl group is
required for potency as the aniline 111 has significantly less potentcy compared to the

methylated analogue 112.

RN NO,
NP
Compound number R Growth inhibition
ICs0,nM
105 (CH2)sNMe2 26.3 + 26.3
106 (CH2)sNMe2 155+1.0
111 H 3600 + 1000
112 CH3 3.8
113 (CH2)sNHMe 34 +7

Table 4.2: SAR data around substituted ring. Using Chinese hamster ovary cell line AA8.
51



Examples of using the amine as an attachment site for a cleavable or non-cleavable linker are
shown in Figure 4.4. For 114, the use of a carbamate would allow the payload to be released
as the free amine. However, compound 115 would need to retain its potency as an amide with
the linker still attached and therefore would need to be tested to evaluate its use as a payload.
Other payloads have retained potency in this way such as the maytansinoids but it is not
known if this would be the case for smaller molecules and so would need to be evaluated.

Figure 4.4: Structures of nitroacridines with sites for linker attachment for cleavable and non-
cleavable linkers.

4.3.3. Quinolones

2-Phenyl-4-quinlones are thought to interact with tubulin at the colchicine site and inhibit
tubulin polymerisation.'®® As tubulin binders, they would appear to be similar to previously
reported ADCs such as the aurastatins and maytansinoids. Many of the tubulin binders are
complex natural products, in contrast quinolones are relatively simple in their structures. They
are shifted considerably in their location in the matrix compared to other tubulin binders (25,2
compared to 46,31) suggesting they may have a different mode of action and a different

resistance profile.

NSC compound NSC668421

O
C\N
‘ |
N
H

Structure O
OCF3

Locus (1,J) 25,2

pGlvall6 9.9

pGlval32 9.5

pGlval64 6.0

Table 4.3: Glso values for the quinolone and its position within the matrix
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For quinolone 106, inhibition of tubulin polymerisation was found to be 0.72 + 0.2 uM. Out
of the 7 selected compounds, it had the highest pGlso across 16 and 32 cell lines but its
activity against 64 cell lines was diminished in comparison to other compounds (Table 4.3).
The pyrrolidine substituent appears to be important for potency. However, changes at the 3’-
position seem to be well tolerated and alkylated aniline substituents have been synthesised
and tested showed excellent potencies in several cell lines (Table 4.4) with weak inhibition of
the normal cell line Detroit 551.2%° The disconnect between the 1Cso values coupled with the
different position in the loci to other tubulin binders questions their use as tubulin inhibitors
despite inhibition of tubulin polymerisation reported in the literature.*®® Further validation of
the mechanism of action of the quinolones may be required but it is clear that they are

cytotoxic and could be of use as a payload in the development of ADCs.

RR,
Compound R? R? ICs0 (M)
HL-60 HEP3B H460  Detroit 551
116 H CHs 0.006 0.021 0.035 >10
117 H CH2CH3s 0.005 0.020 0.020 >10
118 CH3 CHs 0.005 0.015 0.013 >1

Table 4.4: 1Cxo values from in vitro cytotoxicity testing of amine alkylated quinolone
analogues. Cell lines include human promyelocytic leukaemia (HL-60), human hepatoma
(Hep3B), human lung cancer (H460), and embryonic skin fibroblast cell line (Detroit 551).

The aniline would be an ideal site for attachment of a linker with confidence that potency
could be retained. Another option for an attachment site would be the amine in the quinolone
system, which would allow for various analogues on the pendant phenyl ring to be used
(Figure 4.5). It is not known if attachment here with a non-cleavable linker would reduce

potency, it would need to be established.
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Figure 4.5: Structures of proposed quinolones with attachment sites for linkers, one through
the quinolone amine and another through an aniline substituent on the pendant phenyl ring.

4.4.3. Thiosemicarbones

Thiosemicarbones are metal chelators and are known to sequester iron and other metals. They
were originally developed for the treatment of iron overload diseases such as -thalassemia
major and are known to have broad medicinal properties, having being implicated as
antimalarial and anti-HIV agents.'®! 162 They were also identified to have anti-tumour
activity.' This is because they can inhibit Fe-containing enzymes such as ribonucleotide
reductase by sequestering the iron, inactivating the enzyme. This enzyme is required to
catalyse the rate-limiting step of DNA synthesis and can also interfere with molecules
involved in cell cycle control, like cyclin D1 and p21, which can cause cell death. Tumour
cells also express higher levels of transferrin receptor 1 which allows the cell to uptake Fe
from the serum and so sequestering iron can help stop proliferation, inhibiting tumour

growth.64

Activity of thiosemicabazones is also dependant on redox-cycling of their Fe complexes. In
the reduced form of Fe', the complex can react with molecular oxygen. This can lead to the
generation of reactive oxygen species, which can damage essential biomolecules such as
DNA and enzymes within cells, leading to apoptosis.®® They are also known to show activity
in cells resistant to current chemotherapy agents making them attractive targets.*®® This class
of compound are quite lipophilic which may cause an issue with stability if used as part of an
ADC. This would need to be tested.

As well as chelation to iron, they have also been shown to chelate with copper and the
resulting complexes have also shown antiproliferative effects. The copper complexes can
react with molecular oxygen and redox active species to induce a redox-cycle between mono
and divalent oxidation states of the complex. It is suggested that the formation of both metal

complexes is critical to cytotoxicity compared to the uncomplexed thiosemicarbazone.6®

It is unlikely that sequestering Iron and Copper alone would lead to an anticancer effect but

when thiosemicarbazones have already been complexed before treatment with cancer cells,
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they are more active than their uncomplexed counter-parts in inhibition of DNA synthesis and
cell destruction. Adv. Enzyme Regul.,1977, 15 117.

NSC number NSC668301 NSC641297

Structure
N= I\Cu/g/

YI\IIH N

N
Locus (1,J) 1,6 1,5
pGlvall6 9.0 9.0
pGlval32 7.7 8.6
pGlval64 5.8 6.9

Table 4.5: Glso values for the two thiosemicarbazones and their position within the matrix

Both copper salts and free thiosemicarbazones have been shown to be active. From the NCI
database, the copper complex 109 (Figure 4.2) is more active against a broader range of cells
as indicated by the increased pGlso values in 32 and 64 cell lines compared to the free ligand
110 (Table 4.5). The key pharmacophore is the inclusion of the pyridyl ring with the
thiosemicarbazone to allow coordination with the metal. The thiosemicarbazones and their
metal complexes are localised together in the matrix with similar coordinates, indicating

similar cell profile and pharmacology.

SARs have shown that changes to the amine group are well tolerated and potency can be
retained.'®” The phenyl ring can also be removed but does impact potency. Therefore,
attachment for the linker will be initially attempted on an amine as seen in 121 (Figure 4.6).
The primary amine 122 shows micromolar potency (4.66 uM in SK-N-MC Neuroepithelioma
cells) and therefore would not be an ideal choice for a warhead but alkylation of the amine

would be possible and methylated analogues have given good potencies. ¢’
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Figure 4.6: Proposed attachment site for linker with thiosemicarbazone and structure of
thiosemicarbazone 19.

Analysis of the NCI database has identified 7 suitable warheads which are structurally simple
and less complex than those used in for the development of ADCs. These compounds showed
broad activity over multiple cell lines giving confidence of general cytotoxicity and were well
dispersed in the matrix, suggesting each class of compounds had different modes of action
with differing pharmacology. This would help minimise resistance issues in the future, with
some of the targets identified having activity in chemotherapy resistant cell lines. Due to the
structural simplicity, linker optimisation should be easier as different analogues could be
generated more easily.

Out of the 7 compounds, 3 were chosen to be initially explored, the nitroacridines, quinolones
and thiosemicarbazones with each having different modes of action to each other. SARs of
these compounds showed tolerability around certain groups, giving confidence that analogues
with attachment points could be synthesised and retaining potency, allowing for the

attachment of linkers.
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Chapter 5: Nitroacridine series

5.1. Resynthesis plan for nitroacridines

~N
NH  NO, NH NO,
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Figure 5.1: Structure of nitroacridine warheads selected for synthesis, N-methyl-1-
nitroacridin-9-amine, 113 and N-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine, 114

The first selected series to be synthesised were the nitroacridines. N-methyl-1-nitroacridin-9-
amine, 112 and N*-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine, 113 (Figure 5.1),

were chosen as analogues of the original NCI hits due to their good potencies (3.8 and 34 nM
respectively in CHO cell lines) and could be made in 3 or 4 steps. These analogues possess a

secondary amine a handle to allow the attachment of a linker group.
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Figure 5.2: Synthetic strategy towards the amino nitroacridines

The synthesis of the nitroacridines was adapted from the synthetic route reported by Denny et
al, (Figure 5.2)*%. The first step synthesising N-phenylanthranilic acid, 125 was not reported
in the original papers but there was literature precedent for this step, and involved the
Goldberg reaction, a variant of the Ullmann condensation reaction. This involves the use of a
copper catalyst and base under heating at high temperatures to couple an aryl amine with a
halogen, normally an iodo group. This is then followed by a cyclisation with POCls, forming

an acid chloride in situ then ring closing with an electrophilic aromatic substitution and
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aromatisation of the ring. and subsequent chlorination and finally a SNAr reaction with an

amine.

5.1.1. Synthesis optimisation of 2-((3-nitrophenyl)amino)benzoic acid 125
The optimised route for the synthesis of 112 is shown in Scheme 5.1. The first step was a

coupling reaction between 2-iodobenzoic acid and 3-nitroaniline with a copper catalyst.
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Scheme 5.1: Route for the synthesis of N-methyl-1-nitroacridin-9-amine, 112. Reagents and
Conditions: i) 3-nitroaniline, Cul, Na2COs, DMF, reflux, 69%; ii) POClIs, 140 °C, 42%; iii)
2M methylamine in THF, EtsN, THF, reflux, 54%.

A starting point was an environmentally friendly method reported in the literature for the
conversion of 2-iodobenzoic acid, 123 to N-phenylanthranilic acids and could be done in
water under reflux using copper (1) acetate with NaOAc as the base.*®® This would be
beneficial in a scale up as a cheap and green solvent would help reduce costs. The reaction
was very poorly yielding at 10%, less than stated in the paper, 19%. Initially these reactions
were carried out in the microwave at 120 °C but it was found that conventional heating
improved yields. There were two postulated issues, the aqueous solubility of the starting
materials and the unreactive nature of the nitroaniline. The dependence of reactivity of the
aniline was demonstrated in the paper. where electron donating substituents gave far higher
yields and using aniline itself gave 95% vyield. The reaction proceeded slowly and would be
left for 24 hours, with full conversion not seen and leaving the reaction longer did not increase

the conversion. Extra addition of catalyst did lead to increased conversion either.

3-nitroaniline, 124 has poor aqueous solubility which impacted its reactivity as the compound
was not in solution. In an attempt to address the solubility issue, different solvents were tested
(Table 5.1). DMF was first tried as this method has been reported by Nishihama et al. in the

total synthesis of megistophyllin I using electron rich anilines but using the electron poor 3-
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niroaniline gave a 15% yield'®, suggesting solubility might not be playing a vital role.
Acetonitrile was also tried and improved the yield to 23%.

O 0.5 eq Cu(OAc),,
oH + /O\ 1.2 eq NaOAc,
O,N NH, solvent, reflux
[
123 124

16h

Solvent Yield, %
H>O 10
DMF 15
MeCN 23
H.O:EtOH, 50:50 20
H,O:THF, 50:50 33
H>0O:MeCN, 50:50 60
H>0O:MeCN 66:33 34

Table 5.1: Different solvent systems used for Ullmann condensation. All reactions done on
the same scale using 100 mg, 0.4 mmol of 123.

The use of acetonitrile and DMF did improve the solubility of 3-nitroaniline but decreased the
solubility of copper acetate. A mixture of water miscible organic solvents along with water
were trialled in order to maximise the solubility of the reagents, starting with 50:50 mixtures
of each solvent. The yields did increase with the mixtures going from 10% in water up to 33%
with water and THF. Water and acetonitrile improved the yield significantly to 60% but
adjusting the ratio of water and acetonitrile decreased the yield. This reaction did have

reproducibility issues with yields ranging from 30-60%.

After 2-iodobenzoic acid had been fully consumed, the mixture was acidified with 6 M HCI to
a pH of 2. This caused the product to precipitate, while 3-nitroaniline would stay in solution.
After filtration, it was found that the product needed purification to remove copper containing
impurities. For small scale, purification by flash column chromatography proved effective but
for larger scales this was difficult as the product streaked, eluting with impurities. Activated
charcoal was added to a solution of the crude product and filtered to help remove the copper
impurities. This was partially successful, but some impurities remained. It was also passed
through an ISOLUTE® Si-Thiol metal scavenger and was successful but was not feasible as

scale up.
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Scheme 5.2: Synthesis of 2-((3-nitrophenyl)amino)benzoic acid, 125. Reagents and
Conditions: 1) 3-nitroaniline, KOH, DMF, reflux, 16h, no product observed; ii) 3-nitroaniline,
K2COs, Cu, IPA, reflux, 16h, no product observed; iii) 3-nitroaniline, K.COs3, Cu, Cu20,
diglyme, reflux, 16h, 34%.

Low yields and slow reaction times led to additional methods being explored for the synthesis
of 125. Scheme 5.2 shows multiple conditions reported in the literature for this conversion.
Reaction of 2-chlorobenzoic acid with 3-nitroaniline in the presence of potassium hydroxide
in DMF was carried out. Reported yields were 39% but no reaction occurred in our hands."
Other groups have reported success with the addition of copper powder and copper (1) oxide.
This method gave low yields in comparison (34%).1"* Goldberg’s original paper also included

the synthesis of 125 using just Cu powder but attempts to replicate this failed.’

It was later found that switching the catalyst to copper iodide and sodium carbonate as the
base improved yields. A low catalyst loading of 3% was sufficient to give a 38% yield but
increasing the loading to 0.5 equivalents was optimum along with using 1 equivalent of base
gave a significantly improved yield of 69% and shortened the reaction time. The yield was
more robust and reproducible than the previous method. These conditions are commonly used

in Goldberg reactions but were not reported for this conversion.*”

Carrying through the copper impurities after this step was found to not have an impact on the
cyclisation reaction and so overall yields were improved as the cyclised compound was more
easily separated from these impurities. Optimisation of this step was successful, starting with

a yield of 10% and significantly being improved to 69%.

5.2.1. Synthesis of 9-chloro-1-nitroacridine, 126

Compound 125 could be then cyclised and chlorinated in the same step using an excess of
POCIs, acting as the solvent at 140 °C. The reaction proceeds firstly via an acid chloride,
which is cyclises under an electrophilic aromatic substitution. Once the acridone is formed,
the ketone is converted to a chloro group and aromatisation of the system drives the reaction

to completion.

Due to free rotation around the amine bonds during the initial cyclisation operation, a mixture

of regioisomers were formed as the nitro group could lie in either the 1 or 3 position. Denny
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had reported a mixture of 75% 1-nitro and 25% 3-nitro but upon reaction, a roughly 1:1

mixture was consistently observed.

Separation of these regioisomers was difficult as their Rfin many solvent systems were
identical. Various solvent systems in normal phase conditions were tried but failed to separate
the isomers. From LC-MS analysis, there was splitting between the peaks with some overlap
and suggested it might be possible to separate the isomers under reverse phase conditions.
The use of MeOH or acetonitrile with water in both acidic and basic conditions were tried but
limited separation was seen and there were solubility issues with these solvents. The
compound was poorly soluble in aqueous and many organic solvents, ascribed to the
suggested high lattice energy and pi stacking, implied by its high melting point (>250 °C).
Ultimately the solvent system chosen was THF and H>O. The compound had the highest
solubility in THF for water miscible solvents. Initially acidic conditions were used with
addition of 0.1% formic acid but due to the acid-sensitive nature of the compound, addition of
0.1% ammonia to the solvent system was used. Although separation was possible under flash
column chromatography, there was overlap in the compounds eluting and so complete
separation was not possible. Separation was better on smaller scales, longer gradients and
bigger sized columns used. It was also found that purification of the crude with 100% DCM

eluted the mixture of compounds cleanly and this improved the separation through reverse

phase.
J=95Hz

Cl NO, q

N H cl H

I AN
N H\ J=88and7.2Hz O _
H \j N NO2 | y= 23 Hz
126 H
128

Figure 5.3: Proton-proton coupling values for the chloronitroacridine systems.

The desired isomer was confirmed through *H 1D and COSY NMR of both isomers. For 126,
the splitting pattern in the 3 position proton was a doublet of doublets with J values of 8.8 and
7.2 Hz, consistent with proton-proton coupling of 3 contiguous aromatic protons. For 128, the
2-position proton was also a doublet of doublets but with J values of 9.5 and 2.3 Hz,

indicating one proton was ortho and the other meta to the proton in the 2 position (Figure 5.3).
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Scheme 5.3: Reported formation of pyridinuum salt. Reagents and Conditions: i) pyridine,
reflux®®®,

For large scales, it was reported that using fractional crystallisation by forming a pyridinium
complex could separate the isomers by crystallisation of the undesired isomer (Scheme
5.3).1% The difference in solubility of the isomers could be exploited and so the less soluble
isomer could be filtered off leaving pure product in the filtrate. The chloro group could then
be reinstalled by reacting with POCI3 or the pyridinium salt could be reacted directly with an
amine but it was found that this gave lower purity products. Unfortunately, no compound
crystallised out and when evaporating the solvent slowly, both isomers precipitated together.
As a result, flash column chromatography was used in future to purify future compounds.

O NO,

130

Figure 5.4: Structure of 1-nitroacridin-9-one 130, an intermediate in the POCIs cyclisation
reaction and is the hydrolysed product from 9-chloro-1-nitroacridine.

During the work-up and purification stage, a byproduct was observed with a mass of 240
which correlated with the intermediate acridone, 130 (Figure 5.1). The reaction had gone to
completion and acridone was only observed after the reaction was worked up. Chloro-
nitroacridines are known to undergo acid hydrolysis to form the acridone and the rate of
hydrolysis depends on the substituents and the pH.1"* 9-chloro-nitroacridine is susceptible to
hydrolysis and left in air would undergo hydrolysis over time. The work up for this reaction
involved washing out the excess POCIs with petrol and the residue which remained was
neutralised with ammonium hydroxide at 0 °C. Switching to bases such as 2M NaOH
increased the amount of acridone obtained. Upon neutralisation, the extraction of the
compound was carried out as soon as possible as this mitigated the hydrolysis of the acridine
to the acridone. One issue with this work up is that the product was not soluble in water and

so it was difficult to neutralise the entirety of the residue, therefore dissolving with DCM and
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washing with the basic aqueous layer was performed. After reverse phase chromatography,

the fractions were concentrated in vacuo immediately.

A mixture of the regioisomers was also carried through to the next step so see if addition of a
more polar group might help separate the isomers more easily. This had the opposite affect

with the peaks more closely overlapping by LC-MS analysis and TLC.

5.3.1. Synthesis of 2-nitro-6-(phenylamino)benzoic acid, 132

We considered that a better solution to the regioisomer problem was to fix the nitro group
onto the same phenyl ring as the carboxylic acid and ensure that cyclisation of 2-nitro-6-
(phenylamino)benzoic acid 132 would lead to the desired isomer only due to both ortho

positions on the pendant phenyl ring now being equivalent.

i 1
O,N F —X>  O,N N
H 132
HO (@) 131 HO (@]
O,N F —X>  OyN ”
MeO (@) MeO (@)
133 134

Scheme 5.4: Synthetic strategy to the synthesis of precursor 132. Reagents and Conditions: i)
Aniline, TFE, MW 120 °C; ii) lodomethane, K2COs, DMF, 0 °C-RT, 78%; iii) LIOH, MeOH

One approach was using 2-fluoro-6-nitrobenzoic acid, 131 in a SyAr reaction (Scheme 5.4),
with aniline. The reaction did not work, and it was suggested a formation of zwitterion might
be hindering the reactivity of the aniline. Therefore, the methyl ester, 133 was synthesised
from the benzoic acid 131 using iodomethane with potassium carbonate in a good yield of
78% but the subsequent reaction with aniline gave no product. The solvent was switched from

THF to TFE and also done under microwave irradiation but again no product was observed.

The next method attempted was the Goldberg reaction using copper iodide or copper acetate
as the catalyst which had previously worked in generating compound 125 but these reactions

failed to give product (Scheme 5.5). Availability of starting materials was an issue with no
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iodo or bromo analogue commercially available. These would be more reactive than the
chloro analogue in this reaction. Reported literature showed copper oxide with 2-chloro-6-
nitrobenzoic acid, 135 could be used with aniline.”® The paper did not state the exact
conditions so previous conditions were used. TLC analysis of the reaction showed many spots
and LC-MS analysis did not show a correct mass. In the same paper, it was suggested that
switching the partners around could also work to using a nitroaminobenzoic acid, 136 with

bromobenzene, but this also did not yield desired product.

i, i, or iii /©
O,N Cl  —%>  O,N N
0~ “OH 0~ “OH 13
135

2

[ \:L iv [ \:L
02N NH2 K> 02N N
0] OH (0] OH 132
136

Scheme 5.5: Synthetic routes to biaryl amine 132. Reagents and Conditions: i) aniline, Cul,
NaCOs, DMF reflux, 6h; ii) aniline, CuOAc, NaOAc, H.O:MeCN (1:1), reflux, 6h; iii)
aniline, CuO, K2COs, DMF, reflux, 6h; v) bromobenzene, CuO, K.COs, DMF, reflux, 6h.

Buchwald-Hartwig cross coupling was attempted on 135 using Pd(t-BusP)2 as a catalyst with
NaOBLU' as a base (Scheme 5.6). However, this reaction yielded no product and only starting

material was observed.

O,N Cl —>%>  O,N N
07 “OH 07" OH 43
135

Scheme 5.6: Synthetic route to biaryl amine 132. Reagents and Conditions: i) aniline, Pd(t-
BusP)2, NaOBU', dioxane, reflux, 16h.

Attempts to synthesise 132 to give one regioisomer exclusively were not successful,
suggesting these systems do not readily undergo coupling.
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5.4.1. Synthesis of amino-nitroacridines

The original synthesis to generate N-methyl-1-nitroacridine 112 used phenol, producing a
melt and reacting with the desired amine.**® Phenol was not a desired solvent to use due to its
associated toxicity and so the solvent was switched to THF. 2M MeNH: in THF was reacted
with 9-chloro-1-nitroacridine under reflux in a SNAr reaction (Scheme 5.1). The reaction did
proceed but was slow and did not go to completion with only 2 equivalents of methylamine
used. It was found that more equivalents were needed to push the reaction. Full conversion
was not seen despite attempts to push the reaction with a maximum yield of 54% obtained.
Hydrolysis was also seen in this step, which is why the reaction was stopped before all the
starting material had converted.

Analogue 113 was also generated (Scheme 5.7), using tert-butyl (3-
aminopropyl)(methyl)carbamate, 138 as the starting material. The yield for this reaction was
better, giving a good yield of 84% and the reaction went to completion.

\N,Boc \NH

PGS B &
—
N N N
~
126 NT N
136

113

Scheme 5.7: Synthetic route for 1,3-propanediamine nitroacridine, 113 from 9-chloro-1-
nitroacridine. Reagents and Conditions: i) tert-butyl (3-aminopropyl)(methyl)carbamate,
EtsN, THF, reflux, 3h, 84%; ii) 10% TFA in DCM, RT, 3h 91%.

For the deprotection of the Boc group, a non-acidic method was attempted first. TBAF
refluxed in THF was tried as this is known to deprotect carbamates’® but no reaction was
observed. Neat TFA was attempted and although the deprotection was successful, the reaction
profile was messy with multiple peaks observed on TLC. 10% TFA in DCM worked well and
gave desired product only. In the work up it was crucial to neutralise the residue left after
concentrating in vacuo quickly in order to minimise the exposure to an acid aqueous solution
as it was found that left as a residue exposed to air, hydrolysis would occur. Extraction of the
compound required multiple washings of the neutral aqueous layer with DCM but adding

base such as sodium bicarbonate did cause the product to partition into the organic layer.
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The basic nature of the compound made purification difficult, during normal phase
chromatography the product would stick to the column and require flushing, giving poor
separation. Switching to a NH silica column greatly improved separation and ease of
purification, allowing for a yield of 91% to be obtained.

5.2. Synthesis of N'-methylpropane-1,3-diamine, 138

~ . Boc<
137 138

Scheme 5.8: Boc protection of N*-methylpropane-1,3-diamine. Reagents and Conditions: i)
Boc20, MeOH, 0 °C-RT, 2h, 33%.

One of the downsides to this analogue is the expensive starting material tert-butyl (3-
aminopropyl)(methyl)carbamate 138, so a high yielding synthesis to generate this compound

would be beneficial to reduce the overall cost of synthesising the payload.

Starting from N-methylpropane-1,3-diamine 137, the secondary amine could be Boc
protected using Boc2O under acidic conditions reported from the literature in yields of 23-
43%.177:178 The secondary amine should be more nucleophilic, allowing for selective
protection. The reaction was tried with a catalytic amount of HCI but yielded very little
product that was not isolated with a messy reaction profile. Without the addition of HCI, the
reaction worked better giving three spots on TLC. These spots correlated to a mixture of di-
Boc protected amine, mono-Boc protected amine and also unreacted starting material. Due to
the polarity of these compounds, purification was difficult. However, using 10% ammonia in
methanol did help in separation on TLC, with the product having a R of 0.2 and this
translated well on flash column chromatography. The product was confirmed to have the Boc
protection on the secondary amine by the confirmation of the NH2 peak and no visible NH
peak in *H NMR. The other biproducts were also analysed by NMR, confirming a di-Boc
protection and starting material. The time for the reaction was kept to 3 hours as any longer
would have led to decreased yields due to the increase of di-Boc protected product. The yield
was only at 36% which is comparable to that in the literature with the addition of HCI but

could be done on a large scale using relatively cheap materials.
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This reaction was quite wasteful due to the mixture of compounds generated, with much of it
starting material, giving a poor yield. Other methods were explored to see if this could be

improved upon.

o) )
' o Boc.
\H/A\//\NHZ U '\”/N\//\N i N:T/N\//\N
137 o o
139 140

\’\I‘/\/\NHz

Boc

1.
138

Scheme 5.9: Proposed synthetic route to the starting material, 139. Reagents and Conditions:
i) phthalic anhydride, H2O, reflux; ii) Boc2O, MeOH, RT; iii) N2Ha, EtOH, reflux

It was known that 1,3-diaminopropane could react with phthalic anhydride to protect the
primary amine selectively'” but the major product observed in this reaction had a mass of 236
seen by LC-MS analysis, which correlated to the ring opened compound 141 (Figure 5.5).
Cyclisation of this compound with catalytic amounts of p-toluenesulfonic acid under reflux in

MeCN did not work and no desired product was obtained.

HO_ o

0]

141

Figure 5.5: Ring opened phthalimide 142 observed.

It was thought that instead of attempting to protect the diamine, initially starting with a
protected amine and functionalising a group to add a second amine to the molecule could

bypass this problem. (Scheme 5.10).
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Scheme 5.10: Synthetic route to the starting material, 139 Reagents and Conditions: i) 2M
MeNH2 in THF, Cs,COs, MeCN, reflux, 6h, 39%; ii) Boc.O, MeOH, RT, 5h, 84% iii) N2Ha,
EtOH, reflux, 4h, 62%.

Commercially available 3-bromopropylphthalimide, 142 was reacted with methylamine in an
Sn2 reaction. As well as displacing the bromo group, there was also evidence that
methylamine was ring opening the phthalimide ring as seen previously, resulting in low yields
for this reaction, 34-45%. It has been reported that methylamine can be used deprotect a
phthalimide group and is nucleophilic enough to ring open the phthalimide.*® Enough
product, 139 was obtained to carry through and Boc protect the amine to give 143 followed
by removal of the phthalimide protecting group with hydrazine. Although the starting material
was successfully synthesised, the overall yield was far worse than that of Boc protecting N*-

methylpropane-1,3-diamine.

O @) 0]
f PMB. f .
B >N i ’\ll/\/\N i HT/\/\N
0] o o
142 144

139

Scheme 5.11: Synthetic route to the phthalimide protected diamine 139. Reagents and
Conditions: 1) N-(4-methoxybenzyl)-N-methylamine Cs,CO3z, MeCN, reflux 6h, 82%; ii) 10%
TFA in DCM, RT, 16h or DDQ, DCM, RT, 5h.

To prevent ring opening by methylamine it was decided that a protected methylamine might
be less prone to attacking the phthalimide group and stop side reactions occurring. PMB
amine which is commercially available was initially tried and was successful affording 144,
giving a significantly increased yield of 82% with no uncyclised product seen. At this point,
conditions were tried to remove the PMB group before reacting with 9-chloro-1-nitroacridine,
126 to ensure deprotection would be possible. The first method attempted was 10% TFA in
DCM but no deprotection had occurred. Using harsher conditions of TFA neat under reflux

was also tried but failed to remove the PMB group. DDQ was also tried but analysis of the
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reaction mixture was difficult with multiple spots on TLC. No starting material or product
was recovered. Hydrogenation was not tried because this would affect nitroacridine and

reduce the nitro group.

] 0
i N~ i DMB iii
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Scheme 5.12: Synthetic route to DMB protected aminonitroacridine, 149. Reagents and
Conditions: i) 2M MeNH: in MeOH, EtOH, MgSOg, reflux then NaBHa, RT, 45% ii) 3-
bromopropylphthalimide, Cs,COs, MeCN, reflux, 74%; iii) Hyrazine hydrate, EtOH, reflux;
iv) 9-chloro-1-nitroacridine, 127, EtsN, THF, reflux, 76% over two steps .

Since PMB might be tricky to remove from the nitroacridine, focus switched to DMB group,
which is more labile towards acidic deprotection. To synthesise the DMB amine, a
condensation between 145 and methylamine was tried. The imine formation was not high
yielding with around 50% of product formed by LC-MS. Attempts to increase the degree of
imine formation were tried such as adding molecular sieves or magnesium sulfate to the
reaction. It was hoped this would remove water from the reaction and allow the reaction to
proceed. Changing the solvent to toluene and using a Dean-Stark method was also tried.
Different solvents such as THF and DMF were used as well but this also failed to increase the
conversion. With the imine formation complete, sodium borohydride was added to reduce the
imine to the amine to get desired product 146. The solvent was removed in vacuo and was
purified by flash column chromatography without a work-up with good separation giving a
yield of 45%. The DMB protected methylamine was reacted with 3-bromopropylphthalimide
to give compound 147 in a good yield of 74%. The phthalimide group was removed with
hydrazine with the side product filtered off to give 148 before being reacted with 9-chloro-
nitroacridine resulting in compound 149 in a yield of 76% over two steps. Deprotection was
not carried out until after reacting with 9-chloro-1-nitroacridine as it was predicted the DMB

could be removed more easily in the final step. Removal of the DMB initially proved
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challenging and multiple conditions were attempted (Table 5.2). Ceric ammonium nitrate,
CAN, was tried for oxidative deprotection but no product was seen.!8! Previous conditions
used for the removal of PMB were tried such as DDQ and TFA. The reaction with DDQ gave
multiple spots by TLC with a messy reaction profile.'®> TFA in DCM also did not work, and
increasing the amount of TFA had no effect with starting material still observed. Harsher
conditions were tried once again. TFA neat under reflux gave no product but using the
microwave at 120 °C did remove the DMB group giving the product in 57% yield. As seen
previously with Boc deprotection for 114, this did lead to the formation of degradation
products associated with the nitroacridine ring. The harsher conditions also caused a messier
reaction profile and so a lower yield than expected was observed.

DMB.
N~

HN™
KL . KL
NH NO, NH NO,
L 0
~
N N/

149 113
Conditions Temperature Reaction Time Comments
10% TFA in RT 16h No reaction
DCM
TFA neat RT 16h No reaction
TFA neat Reflux 5h No reaction
TFA neat 120 °C with microwave 2h Product isolated in

irradiation 57% yield

DDQ in DCM Reflux 6h Messy reaction profile

and no product
observed
CAN in RT 16h No product observed

MeCN/H20, 1:1

Table 5.2: Conditions used for the deprotection of DMB protected amine.

Attempts were made to synthesise starting material 138 in high yield. It was found that
reacting diamine 137 with Boc,O was the highest yielding method despite the reaction not

being efficient.
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5.3. Biological testing of compound 114

A Sulfurhodamine B (SRB) assay was used to conduct in vitro cytotoxicity studies. This
involves using the dye SRB which binds stoichiometrically to protein components of cells
under mild acidic conditions which then dissociate under basic conditions. As it binds
stoichiometrically, the amount of dye extracted is directly proportionate to the cell mass. Use
of MCF-7 cells in conjunction with SRB assay is well known and an effective means for
testing. MCF-7 cells were used as they are a robust cell line and HER2 presenting cells which
would be useful in future testing with an ADC.

Compound 113 was tested in an SRB assay on MCF-7 cells and the Glso was found to be 6.2
+ 1.4 nM (Figure 5.6). This was less potent than the original hit from the NCI database which
had a pGlse of 9 against MCF-7 cells. Although not sub-nM as desired, the compound is
potent. Due to the possibility of needing more potent payloads, attempts to increase the
potency of this series was explored.
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Figure 5.6: Cytotoxicity of the nitroacridine 113 evaluated on MCF-7 breast cancer cell line
after 72 h, n = 2 (10 repetitions per replicate), error calculated from mean values.

5.4. Nitroacridine dimers

5.1.4. Synthesis of nitroacridine dimers

As nitroacridines are DNA intercalators, it is often seen that dimerization can increase
potency in this type of inhibitor. To synthesise these dimers, diamines were reacted with

chloronitroacridine. Different symmetrical diamines were used as well as spermidine which

would allow for a handle to attach to a linker (Figure 5.7).183
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Figure 5.7: Structure of the dimer targets with a spermidine and propyl diamine linker.

An array of different diamine linkers were tried (Table 5.3). Ethylene diamine was
unsuccessful, but it was postulated that the rings would be too close together and could
sterically clash. Increasing the linker chain to 3 and 4 did yield product in yields 56% and
45% respectively. Other diamines tried were trans 2,4 dicyclohexyl and p-xylylenediamine. p-
xylylenediamine gave poor yields and the resulting product was difficult to purify. The
compound lost purity over time, degrading. The 1,4-diaminobutane linker was filtered to give
pure compound 154. However, the other linkers could not be purified in the same way. To
obtain clean product, flash column chromatography was used followed by reverse phase in
THF and H-O in neutral conditions. Spermidine was also tried as it would allow for a handle
for a linker. However, no reaction occurred but this may be due to the starting material not

being pure. Analysis of this starting material showed degradation.
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Entry Diamine linker Reaction time Yield, %
1 Ethylenediamine, 153 16h 0
2 1,3-diaminopropane, 151 6h 56%
3 1,4-diaminobutane, 154 6h 45%
4 Trans-1,4- 16h 41%
diaminocyclohexane, 155
5 p-xylylenediamine, 156 16h 34%
6 Spermidine, 150 16h 0

Table 5.3: Range of diamine linkers trialled to synthesise dimers

5.2.4. Biological testing of nitroacridine targets

The potencies of the tested compounds were around 3-fold less than that of the parent
compound. Adjusting the alkyl length did not really change the potency but adding a
sterically hindered cylohexyl group was 2-fold less potent than the flexible alkyl chains. The
p-xylylenediamine was considerably less potent than the others tested. This could be due to
being sterically hindered, not allowing enough flexibility for DNA intercalation. This might
be due to degradation of the compound prior to testing or because of decreased solubility. One
reason for the overall reduction in potency may be due to the poor aqueous solubility of these
compounds and thus might be a problem in the cell assay. The mode of action for these series
of compounds is complex and although dimerization may increase binding by DNA

intercalation, it might reduce the activity of the compound overall.
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Table 5.4: Cytotoxicity data for the nitroacridine dimers evalualed on MCF-7 cell line after 72
h, n = 2 (10 repetitions per replicate), error calculated from mean values.

The resynthesis of the nitroacridines has been carried out successfully, with improved
conditions compared to the original synthesis due to optimisations carried out. Despite only a
short synthesis, the reactions were not high yielding and had associated issues such as the
formation of regioisomers in a 50:50 ratio. Optimisation of the first step were successful in
significantly increasing the yield which could be done on large scale. Attempts to have both
nitro and carboxylic acid onto the same pendant phenyl ring to form the biaryl amine to yield
only one isomer were attempted but were unsuccessful owing to the unreactive nature of these

systems.

The biological evaluation of compound 113 was carried out and was found to be potent at 6
nM in MCF-7 cell lines. This is not the sub-nM that was expected from the NCI database but
is comparable to literature values. Dimers of the nitroacridines were synthesised in order to
increase potency as DNA intercalators. However, biological testing of the dimers revealed
they were less potent than the parent compound. This could be due to solubility issues or that

dimerization reduces the activity of the class of compounds.

75



Chapter 6: Quinolone series

The second warhead to be investigated was the 2-phenyl-4-quinolone. Extensive SARs of this
series have given confidence that analogues with linker attachment sites would be tolerated.
The two targets include the quinolone hit 1 from the NCI database as well as the aniline
derivative 157 (Figure 6.1). The aniline compound has not been tested for activity so would
need to be checked to ensure activity was retained.

T

OCF;

Figure 6.1: Structures of 2-phenyl-4-quinolone targets.
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Scheme 6.1: Resynthesis route to quinolone. Reagents and Conditions: i) HNOs, H2SOs, -20
°C, 5h 73%; ii) pyrrolidine, KoCOs, DMF, reflux 16h, 79%; iii) 10% Pd/C, H,, DCM, MeOH,
RT, 18h, quant.; iv) 3-trifluoromethoxybenzoyl chloride, EtzN, THF, RT, 3h, 74%; v) t-
BuOK, t-BuOH, reflux, 5h, 35%.

The resynthesis of the 2-phenyl-4-quinolones began by incorporating the routes reported in

the literature (Scheme 6.1).1%°
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The first step in the resynthesis was nitration of 3’-chloroacetophenone, 158 using sulphuric
acid and fuming nitric acid, giving 159 in a yield of 73%. The use of fuming acid was
essential as switching to 60-70% nitric acid gave no reaction with complete recovery of
starting material. The reaction profile of this reaction contained multiple species by TLC
analysis, but the product was isolated by flash column chromatography. Due to the high,
lipophilic nature of the compound, a solvent system of DCM in petroleum ether was used.
Separation was not ideal as the product streaked on the column, thus eluting with impurities in
later factions. Impure fractions were discarded, impacting the yield.
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Figure 6.2: Numbered structure of 159

The position of the nitro group was confirmed based on the coupling patterns in the *H NMR
spectrum, as H-4 shows a doublet of doublet with J values of 2.1 and 8.7 Hz, indicative of J-
ortho and Jmeta @nd H-3 is a doublet suggesting it has gone ortho to this position. This was

corroborated using HMBC, which showed as correlation between the carbonyl carbon and to

only one aryl proton was seen.

The regiochemistry was ascribed to the predominant directing effect of the chloro-substituent.
Halogens are ortho-para directing and exhibit both inductive and resonance effects. Through
the resonance effect, the halogen can donate electrons into the ring, increasing electron
density in the ortho and para positions activating these positions to electrophilic attack.
However, the inductive effect removes electron density from all positions in the ring due to
the electronegativity of the halogen. As the para position is furthest to the halogen, it feels this
effect weakest and so less electron density is removed compared to other positions. Based on
this, the para position should have the greatest electron density, so more likely to undergo
electrophilic attack of the nitronium ion. The effects of the ketone group are less impactful

compared to the halogen.

With the nitro in place para to the chloro group, the compound can undergo an SNAr reaction
with pyrrolidine to give 160. The reaction worked well with full conversion of the starting
material by LC-MS analysis. A precipitate was formed upon pouring on to ice, which could

then be filtered. Filtration was very slow due to the sludge like precipitate that formed and
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needed to be dried in a vacuum oven before purification was possible. As with the previous
step, this compound streaked on silica due to a non-polar solvent system needed for flash
column chromatography. An impurity would often elute with the product in later reactions.
Purification was not essential at this stage and the impurities could be carried through without

interfering with subsequent steps.

The nitro group was reduced via hydrogenation using the H-Cube™ flow system in
quantitative yield to afford 161. While this worked for small scales, on larger scales this
caused issues such as leaching of the palladium catalyst into the product. This was due to the
high viscosity of the solution, at larger scales, which was not compatible with this method.
For larger scales, 10% Pd/C with a hydrogen balloon was used instead, which still obtained
quantitative yields but required longer reaction times. Using pure starting material led to an
orange solid. In solution, it was observed that the aniline product blackened over time, with
the NMR showing a reduction in the integral for the NH2 peak. The aniline was therefore used

straight away in the next step, suggesting it is prone to air oxidation.

The amide 162 could be formed through reaction of the aniline 161 with a benzoyl chloride,
e.g., 3-trifluoromethoxy benzoyl chloride and 3-nitro benzoy! chloride were used. Poor
solubility of these intermediates led to problems on a large scale. Filtration of the product was
the method of isolation reported in the literature, but not all product could be collected this
way as some remained in solution. Extraction and purification by flash column
chromatography was difficult due to limited solubility in solvents, including DCM. In
general, 3-nitrobenzoyl chloride produced lower yields compared to 3-trifluoromethoxy
benzoyl chloride due to the decrease in solubility, causing issues with chromatography (65%

for 3-nitrobenzoyl chloride compared to 74% using 3-trifluoromethoxy benzoyl chloride).

Cyclisation of these compounds was achieved with two different methods, potassium tert-
butoxide in tert-butanol or sodium hydroxide in dioxane under reflux. For the synthesis of
106, the use of tert-butoxide in tert-butanol led to comparatively higher yields than using
sodium hydroxide, although the reaction was low yielding in general. Monitoring of the
reaction showed full consumption of the starting material and LC-MS analysis showed
product as the major peak but also smaller peaks. The product was poured into a 10% NH4ClI
solution and then filtered to obtain the crude product. Purification of the final compound was
challenging as the filtered precipitate contained impurities. Due to the low solubility of the
product, recrystallisation was tried using hot ethanol as the solvent. Although the product
would not fully dissolve, the impurities did go into solution and after slowly cooling to room

temperature, the solid was filtered. TLC analysis showed impurities had remained but were
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significantly reduced and separable from the product. Flash column chromatography was
successful and clean fractions were obtained giving a yield of 35%. The yield was low to
maximise purity but product from impure fractions could also be used in subsequent reactions

with no impact.
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Scheme 6.2: Synthetic route to the formation of quinolone 157. Reagents and Conditions: i)
3-nitrobenzoyl chloride, EtsN, THF, 18h, 43%; ii) NaOH, dioxane, reflux, 4h; iii) Hz, 10%
Pd/C, DCM, MeOH, RT, 6h, 26% over two steps.

The synthesis of 157 was started from 161. The benzoyl chloride was switched to 3-
nitrobenzoyl chloride to give 163 in 43% yield. 163 proved difficult to purify as the

compound was not very soluble and so often coeluted with impurities on a column.

For aniline 157, the best method for cyclisation was using sodium hydroxide in dioxane
(Scheme 6.2). The sodium hydroxide was ground to a fine powder before use to give
maximum yields. The resulting intermediate 164 was isolated by filtration after precipitation
in ice cold water. The crude was washed with copious amounts of water and methanol to
remove excess sodium hydroxide that had not fully dissolved and impurities. Attempts to
purify and isolate the intermediate proved unsuccessful, with a workup yielding limited
product due to the insolubility of the product and its impurities. Instead, the crude was carried
through and was reduced using 10% Pd/C in Hz atmosphere. The resulting product had
increased solubility and so after removal of palladium catalyst, was purified by flash column
chromatography. As with the trifluoromethoxy, impurities would also elute with the
compound, but enough pure fractions were collected. The purification was less successful

than with 107, affording 26% yield over two steps.

79



The low yield was typical for analogues of this type.t®® Literature examples of anilines
included alkylated anilines that have been prepared by reduction of the nitro group first, then
alkylation followed by cyclisation, giving yields between 20-30%. This method was assessed
to see if the yield could be improved.
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Scheme 6.3: Alternate synthetic scheme for synthesis of compound 157. Reagents and
Conditions: i) Hz, 10% Pd/C, DCM, MeOH, RT, 6h, 70%; ii) NaOH, dioxane, reflux, 4h,
21%.

Compound 165 was prepared initially by a colleague Charlotte Rayburn. Two new products
were formed in the reduction of the nitro group to the aniline. The nitro group was reduced
successfully but another product, 168 was observed in which reduction of both the nitro and
ketone had occurred (Figure 6.3). The product was afforded with 70% yield while 168 was
obtained with 13% yield. Cyclisation of 166 proceeded, with a yield of 21% but the overall

yield was lower than the previous method was abandoned for larger scale.
OH
C‘N@
NH
166

Figure 6.3: Structure of reduction side product, 166

6.2. Biological testing of quinolones

Compound 157 was tested against MCF-7 cells in an SRB assay (Figure 6.4). The Glso was
found to be 62 + 0.9 nM which was less potent than what was expected with a sharp drop in
growth of the cell line, suggesting no dose dependency. This could suggest that the aniline has
a loss a potency compared to other analogues and therefore may need mono alkylating as

these analogues have improved potency in cell assays.
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Figure 6.4: Cytotoxicity of quinolone 159 evaluated on MCF-7 breast cancer cell line after 72
h. n =2 (10 repetitions per replicate), error calculated from mean values.
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Figure 6.5: SRB proliferation assay results. A/B: compound 106 shows a slight effect on
either cell line. C/D: compound 157 has significant activity on cell proliferation at 100 nM in
both cell lines. All graphs were normalised to DMSO at 100%.
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Both compounds 106 and 157 underwent further biological testing in collaboration with Dr
Lisa Prendergast. It was found that HeLa Kyoto alpha-tubulin/GFP mCherry Histone 2B
(HeLa GFP-Tubulin) and Fucci U20S cell lines were significantly less sensitive to 106
compared to 157, which showed significant cell proliferation at 100 nM (Figure 6.5). No

activity was seen at 10 nM as in the MCF-7 cell line.

An interesting difference in these compounds was the effect of spindle width in treated
metaphase cells compared to a DMSO control. Compound 106 significantly reduced spindle
width at both 10 and 1 nM concentrations. Compound 157 on the other hand, slightly
increased spindle width at 10 nM, suggesting a different mode of action between the

compounds (Figure 6.6).

Compound 157 also caused similar effects to nocodazole with poor spindle formation and
arresting of cells in mitosis in HeLa GFP-tubulin cells, suggesting it may have similar mode
of action to other antimitotic agents, whereas for 106 this was not observed. Both compounds
showed significant mitotic catastrophe. This might suggest that the compound might be more
potent than the SRB assay had originally suggested. Given the nature of the SRB assay, it
could misinterpret a cell undergoing delayed cell death as a healthy cell and so the apparent
activity of the tubulin binder would be lower than its true value. The cell assays were run over
72 h, but a longer assay may be needed to check. There is also a drop between mechanistic
and antiproliferative 1Csos which is often reported for tubulin agents. For example,
taccalonolide A, a microtubule stabilising agent, is significantly less potent in cell assays than

initiating microtubule bundling.8
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Figure 6.6: Measurements of Spindle width using ImageJ. 106 shows significant decrease in
spindle growth compared to DMSO. 157 at 10 nm displays an increase in spindle width at 10
nM suggesting higher concentrations may create wider spindle.
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6.3. Design of PROTAC with 2-phenyl-4-quinolone, 157
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Scheme 6.4: Proposed synthetic route to PROTAC 169. Reagents and Conditions: i) ethyl-3-
bromopropionate, Cs,CO3, DMF, reflux; ii) NaOH (aq) in MeOH, RT; iii) EDC.HCI, DMAP,
cereblon ligand, THF, RT.

To address the reduced potency of this warhead, a PROTAC (proteolysis targeting chimera)
approach was undertaken.*®® It would be interesting to use a tubulin binder combined with a
cereblon ligand. PROTACSs work by inducing selective proteolysis in proteins by recruitment
of the E3 ubiquitin ligase to the selected protein, causing ubiquitination and degradation. The
cereblon ligand targets the E3 ubiquitin ligase while the quinolone can target tubulin. It is
hoped that this approach could result in the degradation of tubulin. Because PROTACSs can
act catalytically, full target occupancy would no longer be required, meaning that a less potent

compound could be used as an ADC warhead.

The cereblon ligand was prepared by Daniel Fernandez Lopez. To couple the amines, ethyl-

3-bromopropionate was used, which was subsequently hydrolysed to allow for an amide
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coupling. This method has been used with other projects within the group (Scheme 6.4).
Reacting ethyl-3-bromopropionate with compound 157 afforded no product.

An alternative method was ring opening of succinic anhydride followed by an amide
coupling. Without the presence of base, no product was formed but addition of DIPEA led to
the formation of product 170, with a yield of 88%. The cereblon linker was then added
through an amide coupling with EDC giving 171 in a low yield of 17%. The low yield was
due in part to purification issues, which required semi-preparative HPLC. The PROTAC has

yet to undergo biological testing.
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Scheme 6.5: Synthetic route to PROTAC 171. Reagents and Conditions: i) succinic
anhydride, DIPEA, DMF, RT, 16h, 88%; ii) cereblon ligand, EDC.HCI, DIPEA, DMAP,
DMF, RT, 18h, 17%.

The 2-phenyl-4-quinolones were successfully resynthesized. The aniline, which contained a
handle for conjugation was tested in an SRB assay, giving a Glsg of 62 nM. This analogue
was less potent than the literature value for other quinolones. However, it was suggested that
the aniline may have broader activity as HeLa and Fucci cells were more sensitive to this

compound than the trifluoromethoxy analogue. The modes of action were also explored,
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indicating the quinolones cause significant spindle disruption and compounds 106 and 157
have subtle differences in their activity, most noticeably their effects on spindle width. A
method of synthesising a PROTAC of the quinolone was performed in the hypothesis that this

may negate the lower potency of the parent analogue.

86



Chapter 7: Thiosemicarbazone series
The last series of warheads explored were the thiosemicarbazones. Out of the seven
compounds that were identified from the NCI database, they had the lowest pGlso values
across the multiple cell lines, but literature values of this series are potent with sub-10 nM
potencies for selected analogues in SK-N-MC cell lines. SARs around the amine substituent
are limited and so groups that allow for an attachment site needed to be explored and tested to
confirm their activity. The selected analogues that were to be synthesised include an alkyl
primary amine, a piperazine, and a phenyl piperazine (Figure 7.1).

ONTTONH, " ONH ﬁN/©

172 173 174

Figure 7.1: Structures of thiosemicarbazone targets

7.1. Synthesis of N'-(diphenylmethylene)piperazine-1-carbothiohydrazide, 173

The first step in the proposed synthetic route (Scheme 7.1) involves the use of hydrazine 175

with carbon disulphide followed by iodomethane to form the methyl hydrazinecarbodithioate

176. This key intermediate can then undergo an imine formation with benzophenone followed

by displacement of methyl mercaptan with the desired amine.

As discussed in chapter 2, the first analogues that were to be synthesised would have the
pyridyl ring replaced with a phenyl ring to allow for the chemistry to be established, using

readily available chemicals.
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Scheme 7.1: Proposed synthetic route to thiosemicarbazones. Reagents and Conditions: i)
KOH, CS», Mel, IPA, H20, 0°C, 3h, 56%; ii) Benzophenone, EtOH, reflux, 5h; iii) 1-Boc-
piperazine, EtOH, reflux, 6h; iv) TFA/DCM, RT, 3h.

7.1.1.Synthesis of methyl hydrazinecarbodithioate

The formation of methyl hydrazinecarbodithioate was carried out by first reacting hydrazine
monohydrate with potassium hydroxide as reported by Klayman et al.*8® Then slowly, carbon
disulphide was added slowly at 0 °C to give a yellow precipitate, which is consistent with the
formation of the potassium thiolate salt. Addition of iodomethane to the precipitate gradually
turned it white. This was filtered and recrystallized from DCM giving the product in a 56%
yield. The recrystallised product was reported to be colourless prisms; however, a white
powder was obtained. Analysis of this intermediate was challenging owing to its poor
solubility and lack of diagnostic NMR signals. The product had limited solubility in CDCls,
making NMR analysis difficult in this solvent. Switching to DMSO-ds, NMR analysis was
achieved but showed broad peaks with no CHz peak present, but this could possibly be
occluded by the solvent peak. 3C NMR was attempted but a sufficiently concentrated sample
could not be obtained. The IR data matched that of the reported peaks with a C=S absorbance
at 1510 cm™ and N-H stretches at 3313 and 3205 giving some confidence that the compound
was synthesised. The melting point was also consistent with literature at 82-86 °C. With

partial evidence that the reaction had worked, the intermediate was carried through.

Conversion of benzophenone to the hydrazone was undertaken with intermediate 176 in IPA
under reflux but the low solubilities of these starting materials were observed. After three
hours, LC-MS analysis of the reaction mixture showed a mass of 361 had formed along with
benzophenone still present. It was thought that compound 179 might have formed (Figure 7.2)
as it is consistent with this mass. The isolation of this side product was not achieved as it

could not be isolated from the crude material.
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Figure 7.2: Suggested structure for mass peak of 361.

To address solubility problems of both compounds, multiple solvents were investigated
(Table 7.1). Catalytic acids such as acetic acid and p-toluenesulfonic acid were added to help
aid in imine formation but this made no difference to the reaction. In all the conditions, the
major peak observed in LC-MS analysis was benzophenone with a small peak with a mass of
361. The only exception was DMF, where there was a colour change to a green solution and
multiple spots were visible by TLC. It is possible that DMF was reacting with the
intermediate as no product was formed and the benzophenone starting material was still

present.

177
Entry Conditions Comments
1 IPA, reflux, 16h No product formed
2 IPA, cat. AcOH, reflux, 16h No product formed
3 IPA, cat TsOH, reflux, 16h No product formed
4 THF, reflux, 16h No product formed
5 THF, cat. AcOH, reflux, 16h No product formed
Reaction turned green in
6 DMF, reflux, 16h colour and multiple spots on
TLC
7 Toluene, 16h No reaction, benzophenone
insoluble
8 MeCN, reflux, 16h No product formed
9 EtOH, reflux, 16h No product formed
10 MeOH, reflux, cat. AcOH, No product formed
16h

Table 7.1: Solvent screen for the formation of hydrazone with 176 and benzophenone

89



As the hydrazone formation was not working, attention switched to the displacement of the
methy| thioester with an amine first (Scheme 7.2). Attempts were made with both 1-Boc-
piperazine and 1-phenyl-piperazine where the reactions were refluxed in EtOH and left for
over 16 hours. No effervescence of methyl mercaptan was seen and TLC analysis showed no
new spot with starting material present in both cases.

Scheme 7.2: Formation of carbothiohydrazide. Reagents and Conditions: i) 1-phenyl
piperazine, EtOH, reflux, 6h.

Due to the unreactive nature of key intermediate 176, a different strategy was developed.
Starting with benzophenone, 181 a hydrazone could be formed, 182 which could then be

reacted with CS; and iodomethane to form compound 183 (Scheme 7.3).
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Scheme 7.3: Synthesis towards methyl 2-(diphenylmethylene)hydrazine-1-carbodithioate,
183. Reagents and Conditions: Hydrazine monohydrate, EtOH, cat. AcOH, reflux, 6h 46%;
i) KOH, CSz, Mel, IPA, H;0, 0°C, 3h.

Imine formation was achieved after 3 hours heating in IPA at reflux, with 50% conversion of
the ketone to hydrazone 182. The reaction was left for longer but did not proceed any further.
It was thought that the addition of magnesium sulfate or molecular sieves might assist
dehydration and favour the imine formation, but neither was effective. Addition of cat. AcOH
did increase the rate of reaction but did not lead to increase conversion or overall yield. The

hydrazone was isolated in a yield of 46% after purification by flash column chromatography.

The benzophenone hydrazone was then reacted with potassium hydroxide followed by

addition of CS,. TLC analysis of the reaction mixture indicated that the starting material had
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not been consumed. Compound 182 had poor solubility in IPA and water at low temperatures
and so to increase solubility, water was removed as a solvent and EtsN was added as a base in
place of KOH as reported by Berg for the synthesis of N-isothiocyanatoimines.'®” Although
there was increased solubility of the benzophenone hydrazone, these changes did not produce
any product. A mass of 301 was identified by LC-MS analysis which could correlate to

compound 184, with dimethylation occurring (Figure 7.3).

Figure 7.3: Structure of side product in the reaction of benzophenone hydrazone and CS; and
Mel.

Two peaks at 2.42 and 2.11 ppm each integrating to 3 along with the 10 aromatic C-H peaks
were observed and an absence of NH protons in the proton NMR of the isolated compound.
This may be expected as the thioethers are not equivalent to each other, which has been
reported in the literature.'® Also seen in the LC-MS was the same mass peak of 361. This
observation would not be consistent with the previous reaction as no intermediate 2 is
available and so would not be possible to form. This product was reacted with 1-Boc
piperazine as displacement of methyl mercaptan would still be possible but yielded no

product.
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Scheme 7.4: Synthesis towards thiosemicarbazone. Reagents and Conditions: TCDI, THF,
RT, 5h, 63%; ii) Benzophenone hydrazone, TFA/TFE, 120 °C, 6h.

The key step involving addition of the amine to CS; to form the thiocarbonyl was proving
difficult and so a different approach was undertaken to install the thiocarbonyl. Using
thiocarbonyl diimidazole (TCDI), 186 was synthesised successfully with one equivalent of 1-

phenyl piperazine used (Scheme 7.4). After 3 hours, LC-MS analysis showed only mono-
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substitution with full conversion of starting material and purification of the compound was
achieved by flash column chromatography in a yield of 63%. Benzophenone hydrazone was
then reacted with 186 in the microwave at 120 °C in TFA/TFE, but upon monitoring the
reaction by LC-MS analysis, a mass peak of 434 was seen corresponding to disubstitution of

the benzophenone hydrazone, 187 with no desired product present (Figure 7.4).
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Figure 7.4: Structure of side product 187

This was confirmed by NMR after isolation of the product. Adding fewer equivalents of
benzophenone hydrazone did not help, with a mixture of starting material and disubstitution
present in the reaction. The reaction was repeated using lower temperatures starting at RT to
decrease the rate of reaction. No reaction occurred at RT and gradually raising the
temperature also did not affect the reaction. At reflux, disubstitution was seen. It was found
that the reaction only proceeded at the harsher conditions and mono-substituted product could

not be isolated.

Polanski et al. had reported the use of hydrazine to displace the second imidazole group.%
Reaction of 186 with hydrazine resulted in product with a white powder obtained in a yield of
64%. However, attempts to form the hydrazone from 186 by reaction with benzophenone

failed with no product forming.

Addition of benzophenone hydrazone 182 to TCDI was also investigated but suffered the
same problems with double addition occurring, as the reaction did not proceed at RT unlike

with 1-phenylpiperazine (Scheme 7.5).

188

Scheme 7.5: Synthetic route to thiohydrazide. Reagents and Conditions: i) TCDI, THF, RT,
6h.
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Formation of a semicarbazone followed by conversion to the thiosemicarbazone was also
explored. This would allow the use of more commercially available compounds to allow the
synthesis of a semicarbazone.

NO,
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Scheme 7.6: Synthetic route to thiosemicarbazone. Reagents and Conditions: i) 4-nitrophenyl
chloroformate, DCM, RT, 5h, 75%; ii) 1-phenylpiperazine, DIPEA, DCM, RT, 3h, 84%; iii)
Lawesson’s reagent, THF, reflux, 16h.

HoN

Sabatino et al have used benzophenone hydrazones for aza peptide synthesis, via carbamate
intermediates akin to 189 (Scheme 7.6). The reaction with 4-nitrophenyl chloroformate and
benzophenone hydrazone was successful in generating 189 in a good yield of 75%. The
compound was isolated cleanly with no double addition observed. Compound 189 was
reacted further with 1-phenylpiperazine to give semicarbazone 190 in a good yield of 84%.
For the conversion of the carbonyl to the thiocarbonyl, 191, Lawesson’s reagent was used at
100 °C in THF under microwave irradiation. The reaction mixture was monitored but
although the starting material was being consumed, no product was forming. The crude NMR
was complex with no indication of product and multiple spots were visible with TLC. The
reaction was repeated at RT, but no conversion was seen. Heating the reaction to reflux led to

the same issues as using the MW.

West, et al. have reported the synthesis of thiosemicarbazones through the starting material 4-
phenylthiosemicarbazide as another method for the synthesis of thiosemicarbazones.%
However, this would have to be synthesised through the key step involving CS, which had

already proven to be problematic and so has not been attempted.

Attempts to synthesise semithiocarbazone targets were tried but were unsuccessful. A number
of strategies were employed, starting with the key reaction of forming the thiocarbonyl with
CSaz. As this key reaction was unsuccessful, different strategies were used including the use of

TCDI and 4-nitrophenyl chloroformate given further time. The next steps would involve
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replacing the benzophenone with 2-benzoylpyridine to see if any difference is noted between
the reactivity in the imine formation and would more closely match that of the reported
literature. At this stage of the project, this work was paused in order to focus on the other

warheads, with more promising results.
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Chapter 8: Preparation of payloads

8.1. Non-Cleavable linkers

The advantage of a non-cleavable linker over a cleavable one is their apparent improved
stability in plasma, which reduces the risk of systemic release of the warhead in the body.
This could be useful where plasma stability is an issue.

Synthesis of the non-cleavable warheads was initially attempted with an amide coupling
reaction between 6-maleimidohexanoic acid and the warhead amine, for example 192.
EDC.HCI was the first amide coupling reagent that was tried for this reaction, however the
amide coupling was not as straight forward as anticipated for some of the targets.
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Scheme 8.1: Attempted amide formation to product 191 using various conditions. Reagents
and conditions: i) EDC.HCI, DMAP, 6-maleimidohexanoic acid, THF, RT, 16h; ii) HATU,
DMAP, 6-maleimidohexanoic acid, 16h; iii) 6-maleimidohexanoic acid, oxalyl chloride,
DMF, THF, RT, 6h.

In the case of compound 112 there was no reaction with EDC.HCI, with just starting material
recovered. Other amide coupling conditions were explored. Firstly, HATU was tried but was
not successful, with starting material still visible by LC-MS analysis. The more reactive acid
chloride derivative of 6-maleimidohexanoic acid was synthesised using oxalyl chloride with
catalytic amount of DMF and used in situ. However, this procedure also failed, and no
product was observed. Further to this, along with starting material recovered, hydrolysed
nitroacridone was observed. An explanation for the low reactivity of 112 could be from the
electron withdrawing nature of the nitroacridine ring itself, lowering the reactivity of the 2°

amine sufficiently to be unreactive.

Attention switched to the warhead 113. Owing to the more reactive nature of 113, which
contains a more nucleophilic amine, uncoupled from the aromatic system, the reaction with 6-
maleimidohexyl chloride was successful, giving the desired product in a good yield of 78%.
Conversion from the LC-MS showed complete conversion of starting material to product, but
on work up and purification, there was evidence that one of the by-products was the

hydrolysed nitroacridone as seen previously.
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Therefore, other methods were explored (Table 8.1). Using EDC.HCI was surprisingly low
yielding, less so was using the succinimide ester approach, which gave 22% product which
was a much milder but less reactive approach. The reaction with HATU was roughly
equivalent to using an acyl chloride and was used in preference due to the less harsh

conditions.

7 (0]
~N

H 4 |
9® — )
N/ “

N
13 193
Conditions Yield
i) 6-maleimidohexanoic acid, oxalyl 78%
chloride, DMF, THF, RT, 6h
6-maleimidohexanoic acid, EDC.HCI, 36%
DMAP, THF, RT, 16h
6-Maleimidohexanoic acid N-succinimidyl 22%
ester, DIPEA, THF, RT, 16h
6-maleimidohexanoic acid, HATU, DMAP, 74%

THF, RT, 16h

Table 8.1: Conditions and yields for the amide formation of 193 with 6-maleimidohexanoic
acid.

For the 2-phenyl-4-quinolone, the trifluoromethoxy quinolone, 107 was selected as the first
warhead as this was the compound identified from the NCI database. This also had the same
problems as compound 112 previously, with no reaction with HATU. However, using the
more reactive partner of 6-maleimidohexyl chloride was successful despite a low yield of
44% (Scheme 8.2). The work-up involved an acid and base wash which might have reduced
the yield, with concerns of its stability. There is an argument between whether there is N or O
alkylation. It was decided that alkylation did go on the amine due to the significant shift in the
NMR of the vinyl proton. 2d NMR experiments such as HMBC also seemed to corroborate
this.
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Scheme 8.2: Synthesis of non-cleavable quinolone linker; Reagents and Conditions: i) 6-
maleimidohexanoic acid, oxalyl chloride, DMF, THF, RT, 18h, 44%.

In the cell, compound 194 would be released from the ADC after being broken down by
catabolism with a single cysteine from the antibody still attached to the non-cleavable linker.

Therefore, it might be useful to test this compound as this would be the active drug in the cell.

0 H2N o
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O O

— —
N N
162 195

Scheme 8.3: 1,4-Michael addition of L-cysteine with maleimide group of non-cleavable linker
192. Reagents and Conditions: i) L-cysteine, DABCO, DMF, RT, 6h, 52%.

For the 1,4 Michael addition to take place, the non-cleavable linker warheads were reacted
with cysteine and DABCO. Initially, the non-cleavable nitroacridine, 192, was used. This
underwent conjugate addition with L-cysteine to afford 195 with a yield of 52%. Purification
of the product proved challenging. The best separation was observed under normal phase
conditions, however, the compound did not run smoothly on silica, as seen on TLC, requiring
10% ammonia in methanol for the desired compound to be eluted. A mixture of diastereomers
was obtained but further purification was not necessary for biological testing as a mixture

would be expected in the cell.
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Scheme 8.4: 1,4-Michael addition of L-cysteine with maleimide group of non-cleavable linker
193 giving back the parent quinolone 107. Reagents and Conditions: i) L-cysteine, DABCO,
DMF, RT.

The reaction between 194 and L-cysteine was unsuccessful and instead of product being
observed, the parent warhead, 106 was recovered instead, suggesting that the amide bond was

hydrolysing in the reaction (Scheme 8.4).

To assess the stability of the compound, it was subjected to varying pH buffers (4, 7 and 10)
and observed by NMR in a DMSO-de/D,0 system.
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Figure 8.1: NMR comparison of aromatic regions of 194 at pH 4, blue — after 30 minutes, red
— after 2 weeks, green — starting material, purple — parent quinolone.

For acidic conditions, at pH 4, hydrolysis was observed to be slow, and after two weeks, a
50:50 mixture of the quinolone and non-cleavable linked warhead was seen by NMR (Figure
8.1).
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Figure 8.2: NMR comparison of aromatic regions of 194 at pH 7, blue — after 30 minutes, red
— after 2 weeks, green — starting material, purple — parent quinolone.

At pH 7, the rate of hydrolysis was faster than that of pH4, and after two weeks, the ratio had
also reached a 50:50 mixture, the same as the acidic buffer. Broader peaks were also

observed, suggesting proton exchange was seen in this buffer solution.
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Figure 8.3: NMR comparison of aromatic regions of 194 at pH 10, blue — after 30 minutes,
red — after 2 weeks, green — starting material, purple — parent quinolone.

However, at pH 10, hydrolysis of the amide was more rapid. Although initial hydrolysis after
30 minutes was similar to the previous two pH ranges, after two weeks there was near full
conversion to the parent compound, indicating that basic conditions were pushing the

hydrolysis to completion.
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Scheme 8.5: Synthesis of cysteine derivative. Reagents and Conditions: i) HATU, 6-
maleimidohexanoic acid, EtsN, DMF, RT, 18 h, 68%; ii) L-cysteine, DABCO, DMF, RT, 6h,
52%.

Due to the instablility of this amide bond, attention switched to the aniline derivative 157
synthesised previously, which would allow a better handle for attachment of the non-
cleavable and cleavable linker and allow for a more stable amide bond, with the aniline also
being more reactive. HATU conditions were used for the amide formation previously used for
the nitroacridine series (Scheme 8.5). These conditions were tried by Charlotte Rayburn and
worked well but a mass ion corresponding to double acylation was observed in the LC-MS.
This compound, 198 was also isolated and confirmed by NMR by the loss of the NH peak
(Figure 8.4).
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Figure 8.4: Structure of quinolone of double addition with 6-maleimidohexanoic acid.

Given the proposed instability of the amide bond, the compound was redissolved in DCM and

washed several times with 1M NaOH which was successful in cleaving one of the amide
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bonds. The NMR showed both NHs, confirming addition was on the aniline. Including a basic

wash in the work up helped in obtained more desired product.

Reacting on further with L-cysteine proved successful, giving adduct 196 with a yield of 56%

using the same conditions as before with a mixture of diastereoisomers.

8.2. Synthesis of amino acid backbone

Figure 8.5: Structure of mimic for protein back bone 199.

In order to better mimic the protein back bone for the conjugation, 199 was selected as a
target to use for the 1,4 Michael addition.

SH
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Scheme 8.6: Proposed synthetic route to 198. Reagents and conditions: i) NMM, pivaloyl
chloride, DMF/THF, RT, 16h; ii) MeNH2.HCI, EtsN, H20, RT, 6h.

Starting from N-acetyl- L-cysteine, 200 (Scheme 8.6), the acid was then activated using
pivaloyl chloride in situ forming the mixed anhydride and then reacted with methylamine
hydrochloride in an attempt to convert the acid to the methyl amide. However, this reaction
did not work and upon work up, the NMR did not show product despite literature

precedence. !

0] i 0O H
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201 199

Scheme 8.7: Aminolysis of protected L-cysteine. Reagents and Conditions: i) 2M MeNH: in
MeOH, MeOH, reflux, 5h.
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Attempts were made to form the methyl amide from the N-acetyl protected cysteine methyl
ester 201 as seen in the literature (Scheme 8.7).1% Instead of methylamine hydrochloride
being used, this was switched with 2M MeNH: in MeOH. Upon reaction with N-Acetyl |-
cysteine methyl ester at reflux, two spots were observed by TLC, and LC-MS gave the mass
as 353 which correlates to the dimer of the starting material, but no desired product was
observed. TLC of the starting material also gave the same two spots, compound 200 and the
disulfide dimer. The reaction was heated to reflux in a sealed microwave vial to see if this
would push the reaction, but no reaction occurred. A new route was determined which
protected the thiol and may allow the use of amide coupling reagents without the thiol
interacting (Scheme 8.8).

H ~ )J\N/gfo\ )J\N
o H U H o
201 202 203

Scheme 8.8: Synthetic route to protect thiol with tert-butyl group. Reagents and Conditions: i)
TFA, t-BuOH, RT, 4h, 87%; ii) LM NaOH, MeOH, 5h, 60%.

Starting from N-acetyl-L-cysteine methyl ester, 201, the thiol was protected as a thioether
using t-BuOH and TFA affording the product 202 in a yield of 87% (Scheme 8.8). This was

chosen due to its relative ease of removal.

Once the thiol was protected, the ester was reacted with the conditions previously tried with
refluxing with 2M MeNH> with the free thiol. However, these reactions did not lead to the
product and so the ester was then hydrolysed using 1 M NaOH in MeOH giving a yield of
60% to allow amide coupling conditions to be attempted (Scheme 8.8). The low yield for the
hydrolysis was ascribed to the high aqueous solubility of compound 203, which had to be
extracted out of the aqueous layer with 10% IPA in ethyl acetate. Once the carboxylic acid

was obtained, several different amide conditions were attempted (Table 8.2).

Forming an acid chloride of the cysteine derivative with oxalyl chloride and reacting with
methylamine did not yield product. It showed a complex crude NMR profile, with no

indication of starting material or product present.

Another attempt using HATU with EtsN with 2M MeNH proved interesting and the crude
NMR showed peaks correlating to product and starting material. Excess of methylamine was

needed as using one or two equivalents was not sufficient in the completion of the reaction.
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This was also the case for EDC.HCI. However, separation of product and starting material

proved tricky and purification was not pursued.

\‘/ \S‘/
0 S o H
M o PSR
Ho 8 H o5
203 204
Reagents Result

i) Oxalyl chloride, DMF, THF, 2h; ii) EtsN,  No reaction — crude NMR shows no product

2M methylamine in THF, THF, RT, 6h or starting material

HATU, EtzN, 2M methylamine in THF, Crude NMR shows mixture correlating to
THF, RT, 16h S.M and product

EDC.HCI, DMAP, 2M methylamine in Crude NMR shows mixture correlating to
THF, THF, RT, 16h S.M and product

B(OCH:CF3)3, 2M methylamine in THF, Crude NMR shows product only
MeCN, reflux, 18h

Table 8.2: Conditions attempted for amide coupling of protected L-cysteine with
methylamine.

A fourth option was utilised instead. This involved using a borate catalyst reported by
Sheppard et al.’*® The catalyst was commercially available and allowed for direct amidation
with amino acids; methylamine was not reported as an example however. This reaction gave a
cleaner reaction profile and the product did not need to be purified after workup as the borate

catalyst was washed out giving a modest yield of 69%.

Once the methyl amide was in place, the t-butyl could be removed (Table 8.3). Initially,
common acidic conditions were tried such as TFA in DCM and TFA neat, which is
commonly used in the deprotection of t-butyl thioethers (Table 8.3). Refluxing in TFA led to
degradation of the starting material. Unfortunately, as this was not successful, other methods
were explored. Another method which has been used is the use of p-toluenesulfonic acid, but
this degraded the product, giving a complex crude NMR profile. 85% H3PO4 has been used to

remove the t-butyl group from ethers but this failed to work in the case of the thioether.%
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Reagents Result
50% TFA in DCM, 16h No reaction — S.M recovered
TFA neat, 16h No reaction — S.M recovered
TsOH.H20, toluene, reflux, 6h S.M degraded

85% H3PO4, THF, RT, 6h No reaction — S.M recovered

Table 8.3: Deprotection conditions attempted for removal of tert-butyl group.

There were multiple papers in the literature suggesting the conversion of the t-butyl thioether
into a disulphide using sulfenyl chlorides, creating an unsymmetrical disulfide bridge. It was
hoped that reduction of a disulphide bond to the free thiol would be easier than from the t-
butyl thioether. Variations in the disulphide bridge partner were seen but the first substitution
tried was with 2-nitrosulfenyl chloride which gave the product 205 in a yield of 49%. 1
Following on, reduction of the disulphide bridge was initially tried with NaBH4.1% However,
in this case it did not afford any product and no starting material was recovered, with the

reaction profile too messy.

S . | . H
0 . S | . N
P 0 *NLW >
N ~ H
H N
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204 205 199

Scheme 8.9: Conversion of t-butyl group to disulphide bridge and subsequent reduction of
bridge. Reagents and conditions: i) 2-nitrosulfenyl chloride, acetic acid, RT, 6h, 49%; ii)
PPhs, H20, THF, RT, 4h, 19%.

Different reducing agents were therefore used. Use of triphenylphosphine in a H,O/THF

system did prove successful but gave a yield of just 19%. The low yield was mainly due to a
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difficult work up and purification. The other issue was the biproduct which was the
dimerization of the compound, which could not be avoided. This could be overcome by
reduction in situ then followed by a Michael addition with the maleimide functional group. It
was also trialled with the more aqueous soluble TCEP and slightly improved the yield to 24%.
The purification was simpler owing to an aqueous wash in the work up removing most of the
TCEP.

Upon scale up however, the amide coupling reaction using the borate catalyst failed, giving
erratic yields on repeat. Despite using the exact same conditions and concentrations, the
reaction did not prove to be successful and coupled with low yields was consequently not
used, with L-cysteine being in its place.

Future attempts would be direct amidation between unprotected L-cysteine and methylamine

and different alternative disulphide bridging partners.

8.3. Biological evaluation of non-cleavable linkers

The non-cleavable linkers and their cysteine derivatives were tested in an SRB assay on
MCEF-7 cells (Table 8.4). The potency of all the compounds were found to be poor. For the
cysteine conjugated compounds, this can be explained by the zwitterion present with the
cysteine. High molecular weight charged compounds can have difficulties crossing the cell
membrane and so a reduced activity from this is not unexpected. For compounds 192 and 195,
cell permeability could be a factor and thus resulting in poor activity. The modification with a
sterically demanding maleimide linker could also be affecting the warhead’s ability to kill

cells, preventing its mechanism of action, leading to no activity seen.

Compound 206 was synthesised by acetylating amine 113 and was also tested in the same
assay (Scheme 8.10). The acetamide 208 was found to be active with a Glsg of 28 £ 1.2 nM.
This is less potent than the parent compound 114 (6 + 1.4 nM) but demonstrates that small

modifications of the amine do not lead to significant potency loss or cell permeability.

106



Compound Cell assay Glso
0 =
/ e} S 100+
N\/\/\)J\ N § &
N NH NO, =
¢! | § 3 5o 2.6+ 0.5 uM
o
w O
N g
£ 07
H 0.1 1 10 100
o Concentration (uM)
H,N /o) -
4’\ o) S 1004
S \/\/\)J\ g
O on ’q T/\/\NH NO, g .
° N 3 5o 12.7 0.4 uM
195 _ ::
N g/ s
H 03 3 30
G Concentration (uM)

196

E 14.1 £2.4 pM

Rk | L | L | L |
0.1 1 10 100

Concentration (uM)

o

Growth (as % of OuM control)
[
o
1

HNW%S VOZ\,OH

197 o NH,

=

u

o
]

=
o
o

'S

a
T

‘—1—*\.\ 18.2 +0.6 uM

L | R L | R L | L |
0.1 1 10 100

Concentration (uM)

o

Growth (as % of OuM control)

=

o

o
le.

a
o
1

.i .
S
28+1.2nM

"""""’I_'_""""""'I_'_""""""I_'_"""""'i

0.1 1 10 100
Concentration (nM)

o
]

Growth (as % of OuM control)

107



Table 8.4: Cytotoxicity data for non-cleavable linkers and cysteine derivatives as well as
acetylated nitroacridine evaluated on MCF-7 cell line after 72 h, n = 2 (10 repetitions per
replicate), error calculated from mean values.
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Scheme 8.10: Synthesis of acetamide . Reagents and Conditions: i) Acetic anhydride, K2CO3,
DMF, 4 h, 44%.

8.4. Cleavable linkers
As discussed previously, a dipeptide cleavable linker was chosen which would exploit the use
of proteases found in the cell to cleave and release the warhead (Figure 8.6). This linker

O
y O o ! o /@/\O)J\N/\/\ \
N\/\/\)J\N N\:)kN |

HN

would allow release of the nitroacridine in the cell.

Iz

07 “NH,

207

Figure 8.6: An example of a cleavable linker nitroacridine target, 207.

Another reason for this choice of route was to enable the synthesis of a linker without the
immolative PAB-OH in place (Scheme 8.11). This would be to determine the necessity of the
immolative spacer and whether it was needed as the relative size of the warhead compared to
the linker was not large, unlike the natural products that are often used. This would be done

after 207 was synthesised and evaluated.
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Scheme 8.11: Proposed synthesis of cleavable linker without PAB spacer in place. Reagents
and conditions: i) EEDQ, 157, DCM, MeOH.

The first proposed route is shown in Scheme 8.12 employing peptide chemistry in which
carboxylic acids are activated to the succinimide esters for mild and effective amide coupling
with amines to avoid any epimerisation.!®” The maleimide group would be installed at the end
of the synthesis to ensure that no side products could form from addition to the Michael
acceptor.

Starting with commercially available 6-aminohexanoic acid 210, the amine was protected
with the Boc protecting group using Boc,O with DMAP in DCM at 0 °C. This proceeded in
an excellent yield of 88% and required no further purification after work-up. Activation of the
carboxylic acid using N-hydroxysuccinimide also proceeded well using DCC in DCM to form
the ester 212. Removing the biproduct DCU was problematic. The reaction mixture could
initially be filtered to remove the white precipitate formed in the reaction and purification
could be achieved by exploiting this insolubility of DCU and so the filtrate was concentrated
in vacuo, redissolved in the minimum amount of DCM, cooled to 0 °C and filtered again. This
was repeated several times. However, some of the impurities still remained and were visible
in the NMR. It was not necessary to completely eliminate this impurity and so could be used

in the next step.
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Scheme 8.12: Initial route to cleavable linker 218. Reagents and Conditions: i) Boc:O,
DMAP, DCM, RT, 88%; ii) N-hydroxysuccinimide, DCC, DCM, 91%; iii) L-valine,
NaHCO3, DME:H:0, RT, 73%; iv) N-hydroxysuccinimide, DCC, DCM, RT, 88%; v) L-
citrulline, NaHCO3, DME:H-0, RT, 65%; vi) EEDQ, 4-aminobenzyl alcohol, THF; vii)
TFA/DCM; viii) acetic acid, maleic anhydride.

The next step involved forming the amide bond using L-valine with a base, in this case
NaHCO:s. A polar solvent system of DME and water was used to allow for solubility of both
organic and aqueous soluble components. A weak acid, 15% citric acid, was used to quench
the reaction. Extraction of 213 did cause initial problems due to the polarity of the product
and so stayed in the aqueous phase even once the aqueous phase was neutralised. To combat
this, 10% IPA in EtOAc was used, which allowed the product to be extracted. Again, no
further purification was carried out, but some small impurities did remain from the NMR. The
same process was again used to attach L-citrulline, by first activation of L-valine as the N-

hydroxysuccinimide, 214 and then reacting on with L-citrulline to give 215.

For the amide coupling of 4-aminobenzyl alcohol with the dipeptide chain 215, EEDQ was
chosen due to its literature precedent for this reaction.*®® This is because it is known to reduce

racemisation in comparison with other amide coupling agents. It does not require a tertiary
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base and although the anhydride is formed relatively slowly, it is consumed quickly, reducing
the propensity for racemisation in this step.

The resulting crude product, 216 from this step showed many spots on TLC, and the crude
NMR appeared complex. Upon purification, TLC analysis showed one spot but the NMR was
again complex, indicating unusual splitting patterns for the peaks suggesting two similar
compounds. One explanation could be rotamers due to the steric hindrance of the amine. A
VT NMR was undertaken to examine this possibility. Despite going upwards to a final
temperature of 125 °C, the peaks showed no sign of coalescing and so the idea of rotamers

was discounted.

Another possibility was epimerisation. From a HPLC analysis of the compound, two closely
running peaks were identified. These were attempted to be separated through semi-preparative
HPLC. Due to the presence of the Boc group, separation was poor and was removed before
proceeding using 10% TFA in DCM. In running the method to increase separation of the
compounds, further peaks running very closely were found as well, indicating multiple
different compounds. After purification, NMR spectra of each peak were assessed. The NMR
showed no difference from before purification and the HPLC analysis showed multiple peaks.

This suggested that the compound was unstable and was decomposing.

Due to the failure of this route, new routes were considered. One change was to remove the
alkyl chain and instead use commercially available 6-maleimidohexanoic acid instead,
involving an amide coupling reaction with L-valine. Another suggested change was the
coupling between L-valine and L-citrulline by using an acyl fluoride. This mild method would
allow the coupling to happen in one pot and should not lead to epimerisation of the
compound. As previously mentioned, it would be beneficial to add the maleimide group last

and so the dipeptide was synthesised first.

Boc-protected L-valine, 219 was treated with cyanuric fluoride with pyridine in DCM to
fluorinate the acid to give intermediate 220 (Scheme 8.13).1% Although 220 was not isolated,
a crude IR was performed to check whether the reaction had worked, and a stretch at 1860
cm* was observed, consistent with the presence of an acyl fluoride. No product, 221 was seen
however after L-citrulline was added. The methyl ester L-citrulline was also used in the

reaction but this also yielded no product.
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Scheme 8.13: Formation of acyl fluoride and addition of L-citrulline. Reagents and
conditions: cyanuric fluoride, pyridine, DCM,; ii) L-citrulline, NaHCO3, THF

A final proposed route was used as seen with the previous route and reported in the
literature®®; activation of L-valine with succinimide ester was attempted and gave a crude
yield of 96% (Scheme 8.14) affording 224. In this case, L-citrulline methyl ester was initially
used. The proved successful as the coupling partner affording 229 in a good yield of 97%.
Deprotection of the methyl ester with sodium hydroxide again proved difficult but repeated
washing of the aqueous layer with 10% IPA in EtOAc gave 225 in a good yield of 84%. This
amide coupling was also tried with unprotected L-citrulline and also worked giving 225 in a
yield of 76%. The reaction was quenched with 15% citric acid and extracted with 10% IPA in
EtOAc and proved successful, thus eliminating an extra step and could be used directly in the

next step.

The reaction with 4-aminobenzyl alcohol and the dipeptide 225 with EEDQ did not proceed
as smoothly as anticipated. One of the issues with this reaction was solubility, hence the need
for a multi solvent system. The reaction often produced a sticky gum in the reaction mixture
which did not dissolve easily. The reaction was also wrapped in tin foil to exclude light as
EEDQ is light sensitive. The purity of the starting material could also have affected the yields
and cause issues with the solubility but attempts at purification of dipeptide 225 led to poor

recovery and yields so was used directly in the next step.
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Scheme 8.14: Synthetic route to the cleavable linked warhead. Reagents and conditions: i)
Boc,0, NaOH, THF, 0 °C — RT, 4 h, 94% ii) N-hydroxysuccinimide , DCC, THF, 0 °C — RT,
15 h, 107%; iii) L-citrulline, NaHCO3, DME, THF, H20, RT, 16 h, 89%); iv) 4-aminobenzyl
alcohol, EEDQ, MeOH, DCM, RT, 34%; v) 4-nitrophenyl chloroformate, pyridine, THF, RT,
5 h, 26%; vi) HOBLt, DIPEA, 113, DMF, RT, 16h, 67%.

(@]
H (0]
O Boc. N\)J\ ~ H

BOC\I\I(O\N : ”If : (o) ) Boc\N N:JJ\OH

H - © —— oo ~

(0]

0 C

223

229 NH 225 NH

A

H,N™ Y0 HZNKO

Scheme 8.15: Alternative route to acid 225 through the methyl ester. Reagents and
Conditions: i) L-citrulline methyl ester, NaHCO3s, DME, THF, H20, RT, 18 h, 74% ii) NaOH,
MeOH, RT, 6h, 38%.

The work up was equally challenging as it was hard to extract the product, which was not as
soluble in the extracting solvents and after purification gave a low yield of 38% of 226. To
avoid this problem, it was decided to put the crude reaction mixture straight onto Isolute® and

purified by chromatography directly. However, this decreased the separation of the product as
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the crude product had multiple impurities and the yield only modestly improved to 67%.
Despite the fact that LC-MS indicated that starting material had been fully consumed and

product was seen, purification had a significant impact on the yield.

At this point, other amide coupling reagents were assessed including EDC.HCI and HATU.
On a small scale they both gave good yields in comparison with EEDQ (78% and 69%
respectively) but this did not translate into a larger scale with poorer yields obtained than that
with EEDQ and were as consequence not used. Interestingly, no racemisation was observed

during this step, and so EEDQ would not necessarily need to be used to avoid this problem.

Once the PAB-OH was in place, 226, the next task was to create the carbamate linker. This
could be achieved using various agents such as CDI or phosgene. However, literature
precedence had dictated the use of chloroformates in order to form a carbonate, allowing for a
mild method. Initially, the reaction was carried out in an excess of pyridine, but LC-MS of the
reaction mixture showed that conversion was slow and had stalled mid-way through the
reaction. Therefore, more nitrophenyl chloroformate was added sequentially until the starting
material had been consumed. Repeating the reaction using an excess of the chloroformate did
not lead to complete conversion. Also, changing the amount of pyridine for fewer equivalents
in DCM was also tried. Although this did not necessarily improve the conversion, it meant

less pyridine was needed overall.

The product, 227 was initially quenched with 15% citric acid and worked up, however, this
led to very poor yields. Instead, concentrating the solution, and columning directly did
improve yields, but not significantly (up to 65%). 227 itself was stable under nitrogen and
under column chromatography conditions so was not degrading quickly. However, the
conditions used for the column used upwards of 5% MeOH as eluent and this could

potentially react with the carbonate.

The warhead 113 could then be coupled to the peptide with the installation of the maleimido
group was done last, as to prevent epimerisation as seen before. Initially the nitroacridine
warhead 113 was used and was coupled using HOBt. The reaction worked well with starting
material being consumed, and the excess warhead was recovered. However, isolating 228
proved challenging. Purification in normal phase conditions cleaned up the product to a
degree but TLC showed multiple impurities remained. A further reverse phase column, using
THF and H>O under neutral conditions were used, and although by TLC was impure, NMR

showed enough purity to continue with the synthesis.
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Removing the Boc group was the next step. This was done with 10% TFA in DCM and from
TLC, it was hard to tell whether the reaction had gone to completion or not as the Rt of the
starting material and product were unusually close (Scheme 8.16). It was also noted on LC-
MS that often the peak corresponding to starting material showed a mass corresponding to the
loss of Boc, presumably occurring in the mass spectrometer but there was a slight difference

in retention times.
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Scheme 8.16: Synthetic route to nitroacridine cleavable linker. Reagents and Conditions: i)
10% TFA in DCM, RT, 26%; ii) HATU, DIPEA, DMF, RT.

Once the amine deprotection had gone to completion, the solvent was removed, the crude was
dissolved in DMF, quenched with excess DIPEA and 6-maleimidosuccinimide ester was
added. From LC-MS, some product had formed but there were also several impurities. Once
the starting material had been consumed, the reaction was worked up. Purification proved
challenging and after various unsuccessful procedures it was decided that purification through
semi-preparative HPLC would be most effective. No product was isolated from this method

though.

An alternative method was also attempted. This involved the use of HATU with 6-
maleimidohexanoic acid instead of the succinimide ester. After 16 hours, the starting material
had been consumed, and there were mass peaks for the product present. The reaction did not
seem to form epimers and had a better reaction profile than the previous step with a yield of

52% and was used subsequently as no semi-prep HPLC was needed.
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Scheme 8.17: Attempted synthesis of 230. Reagents and Conditions: i) HOBt, DIPEA, 157,
DMF, RT, 16h.

Attempts at reacting 106 with 226 failed and gave back starting material. As noted previously,
the reactivity of the quinolone nitrogen is electron deficient, leading to low nucleophilicity
and concerns about hydrolytic stability of the product. For the aniline, 157 this reaction
worked modestly with a yield of 64%, to give 231 (Scheme 8.18). Like before, the Boc group
was deprotected before the maleimide was installed with HATU, giving 232 in a good yield
of 56%.
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Scheme 8.18: Synthetic route to cleavable linked quinolone 232. Reagents and Conditions: i)
HOBt, DIPEA, 157, DMF, RT, 16h, 64%; ii) 10% TFA in DCM, RT, 26%; iii) HATU,
DIPEA, DMF, RT, 56%.

However, the purification was again problematic, and a combination of normal phase and
reverse phase procedures needed to be utilised. For the purposes of conjugations, the product

did not need to be 100% pure but needed to be clear of any reactive compounds such as
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residual 6-maleimidohexanoic acid or any similar functional groups that could interfere with

the conjugation process. These intermediates were ready to be conjugated to the antibody.

8.5. Urea Linker
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Figure 8.7: A urea cleavable linker

Due to the apparent instability of compound 106 with the previous linkers, a urea derivative
was proposed (Figure 8.7) as this might lead to a more stable linker. It would also be
interesting to note any differences in the release mechanism. To generate the urea linker,
protecting groups would need to be used (Scheme 8.19). An Fmoc protecting group was
chosen due to its established use in peptide chemistry and orthogonality to the Boc protecting
group on the dipeptide. It would also be orthogonal to the nitro group and not be removed

under hydrogenation conditions which would be used to reduce the nitro to the aniline.
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Scheme 8.19: Attempted synthesis of urea linker. Reagents and conditions: i) Fmoc chloride,
DIPEA, DCM, RT, 6h, 44%; ii) Ho, 10% Pd/C, DCM, MeOH, RT, 16h, 72%; iii) EEDQ, 225,
DCM, MeOH, RT, 16h, 49%; iv) 20% piperidine in DMF, RT.

4-Nitrobenzyl amine, 234, was reacted with Fmoc chloride and was completed in 6 hours to
give the Fmoc protected amin, 235 in modest yield of 44%. The nitro group was then reduced
using 10% Pd/C with H> gas to the amine 236 in a yield of 72%. The LC-MS showed 100%
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conversion to the product, but due to the insolubility of the product, some was lost on
filtration through Celite® despite repeated flushing. 236 was then reacted with 225 to give
237 in a yield of 49%. The compound proved challenging to purify as it was insoluble and so
some product was lost through flash column chromatography. The removal of the Fmoc group
failed with 20% piperidine. The compound did not go into solution and only starting material

was seen. This work was paused due to priority shifted away from using compound 106.

8.6.Model System for Release Mechanism

To confirm that the immolative linker would release the warhead, a model system was
studied. The synthesis of the model system would employ an azide to be reduced to the
aniline, which would initiate the release of the warhead (Scheme 8.20).

239 240 241
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Scheme 8.20: Route for the model system. Reagents and Conditions: i) Sodium nitrite, 6 M
HCI, H20, 0°to RT, 5 h, 69%; ii) 4-nitrophenyl chloroformate, pyridine, THF, RT, 6 h, 46%;
iii) 113, EtsN, DMF, RT, 16 h, 65%; iv) TCEP.HCI, H20, THF, RT, 1h, 30%.
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Scheme 8.21: Route for the model system. Reagents and Conditions: i) 157, EtsN, DMF, RT,
16 h, 46%; ii) TCEP.HCI, H20, THF, RT, 1h, 98%.

Starting with 4-aminobenzyl alcohol, 239, the benzenediazonium ion was formed by reacting
with sodium nitrite under strong acidic conditions, (6 M HCI), at 0 °C.?"* The intermediate
was then immediately reacted with sodium azide in situ to form the azide 240 in a good yield
of 69%, which was filtered from the reaction. Once the azide was in place, a similar reaction
with 4-nitrophenyl chlorofromate was undertaken as seen previously for the peptide linker.
Like before, the reaction did not proceed as straightforwardly as expected, with excess 4-
nitrophenyl chloroformate needing to be added to give the product, 241, but did give a good a
yield of 80%.

It should be noted that the azide products were not stable long term, even under N, and would
turn brown. TLC analysis had shown that degradation was likely, with the formation of
multiple spots, but the product could be purified by chromatography. On scale up, the

carbonate products were used immediately to avoid this.

Displacement of the 4-nitrophenyl group was successful with both 113 and 157 warhead
(yields of 65% for 113 and 46% for 157 respectively). It was tried with the trifluoromethoxy

quinolone but had failed to react.

The resulting azide with the warhead in place was reduced using a Staudinger reduction with
TCEP.HCI as a mild reagent in the presence of water. In both cases from the LC-MS, the
starting material had been consumed. For the quinolone, the warhead mass was seen in the

LC-MS but for the nitroacridine, the hydrolysed product was the major peak seen. The
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reaction mixtures were worked up and purified to recover the warhead. Surprisingly for the
nitroacridine, the warhead was also recovered along with the hydrolysed nitroacridone. The

quinolone was recovered successfully.

It is unclear whether the conditions affected the hydrolysis of the nitroacridine due to the use
of a hydrochloride salt of TCEP, with the reaction mixture being slightly acidic. Future
studies of this would need to be done using a buffer solution or replacement of TCEP.HCI

with another reducing reagent such as triphenylphosphine.
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Chapter 9: Conjugations to the Antibody
With the cleavable and non-cleavable linkers synthesised, they could be conjugated to an
antibody. The antibody chosen was trastuzumab owing to its robustness and gold standard in
testing ADCs.

In order to conjugate to the antibody, the disulphide bridges of the antibody need to be
reduced. This can be done with mild reducing agents such as TCEP.HCI. For these
conjugations, a DAR of 4 was chosen as this is the classically accepted DAR.

The antibodies were incubated with 2.5 equivalents of TCEP to ensure an average DAR of
4.%%2 After 1 hour, the antibodies were treated with either the cleavable or non-cleavabe
linkers with 4 equivalents used. After a further 1 hour, the antibodies were quenched with
cysteine. To purify the ADCs, they were concentrated using Amicon® centrifugal filters
which allowed small molecules to pass through but retained the protein. This also allowed a
buffer exchange from PBS pH 7.2, ImM EDTA to ultrapure water. After repeated
centrifuging, the antibodies were then passed through a zeba™ spin desalting column. This
caused some issues as the antibody stuck to the column and needed flushing. This was
checked by using a NanoDrop UV spectrometer which showed no concentration of Ab was

present until after flushing.

The resulting conjugated antibodies were analysed by HRMS using the intact antibody. Some
of the ADCs were treated with DTT to reduce the antibody to its light chain and heavy chain
parts. These were also analysed on HRMS. Unfortunately, for most of these conjugates, the
expected mass was not observed in the mass spectrum. The conjugations were repeated but
gave the same result. Intact antibody was not seen even for trastuzumab, but the light chains
were identified with a mass of 23439.8 (Figure 9.1). The non-cleavable ADC 244 did show
the correct mass, with a difference of 499 observed with the light chains, suggesting the

conjugation was successful (Scheme 9.1 and Figure 9.2).
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Scheme 9.1: General scheme for the conjugation of non-cleavable linker 196 to 244
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Figure 9.1: ESI+ deconvoluted mass spectrometry data of trastuzumab at mass 23439.8.
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Figure 9.2: ESI+ deconvoluted mass spectrometry data of conjugate of 244, showing mass at
23938.8.
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A common way to check for DAR is using UV. However, both payloads are UV active at the
same wavelength of the Ab, at 220 cm™ and so the results were not accurate.

All the conjugated antibodies were submitted for testing in an SRB assay with MCF-7 cells.
The results showed that none of the conjugates were active against this cell line. Interestingly,

Herceptin did not show activity in this cell assay either.

There could be several reasons for a lack of activity. One could be the antibody is not active
in this cell line, even though MCF-7 is HER2 positive. This could be checked by trying a
different cell line such as SKBR3 cells. The antibody itself might not be of high purity since
clear analysis of the antibody was not possible. Therefore, a new source of antibody might be
needed.

With the linker themselves, it could also be down to their stability. The nitroacridines are
prone to hydrolysis so under conjugation conditions, they might hydrolyse back to the
nitroacridine, released from the linker which is why no mass was seen for these linkers

compared to the quinolone. This would not explain why Herceptin was inactive.

The ADCs would need to be checked alongside other known ADCs, which have demonstrated
activity already to confirm that the ADCs have no activity and checked against other cell

lines.
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Table 9.1 :Cytotoxicity data for the nitroacridine dimers evaluated on MCF-7 cell line after 72

h, n =2 (10 repetitions per replicate), error calculated from mean values. Herceptin is shown
as a comparison, it is not cytotoxic.
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Chapter 10: Conclusions and Future work
Antibody-drug conjugates are a therapeutic class of drugs which can selectively deliver a
potent cytotoxic payload to a targeted cell. Their proof of concept has been confirmed with
five ADCs FDA approved. ADCs are made up of 3 main components; the antibody, the linker
and the warhead. The antibody’s selectivity and specificity towards its target is essential and
picking the correct target is critical as there needs to be a differential in the number of
antigens between normal cells and cancer cells. The optimisation of the linker is important as
it can play a pivotal role in the properties of the drug as well as for bioconjugations. Often the
linker has labile bonds that can be cleaved inside the cell such as the cathepsin B sensitive
dipeptide. The warheads are often drugs which have failed clinical trials due to adverse
toxicities and possess sub-nM cytotoxicity. Often, natural products are selected such as the
aurastatins and maytansinoids. These are synthetically challenging and complex, which can
increase the cost of goods for an ADC where the cost is already high. Optimisation of these
compounds is more demanding as analogues are synthetically difficult to make. There are also

resistance issues in payloads as most common warheads share similar MoA.

To identify suitable warheads, an analysis of the NCI database was conducted. Seven
compounds were identified which had differing cell profiles suggesting a difference in their
MoA. They were also picked for their broad activity across over 60 cell lines and their
structural simplicity. Three of these compounds have been explored, the nitroacridines, the

quinolones and the thiosemicarbazones (Figure 10.1).
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Figure 10.1: Compound series identified by screening the NCI database, nitroacridine 114,
quinolone 107 and thiosemicarbazone 174.

Firstly, the optimisation of the warheads was conducted. The nitroacridine 113 was
successfully resynthesised and attempts at optimisation of the route to improve the overall

yield were unsuccessful.
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The quinolone 157 was synthesised after the original hit 106 had stability problems.

The synthesis of the thiosemicarbazones was attempted but the synthesis was not successful.
Different routes were explored but the project was stopped to focus on other aspects of the
project.

Both warheads, 113 and 157, were tested in SRB cell assays. 113 had a potency of 6 + 1.4 nM
which was less than seen from the NCI database. This could be due to a different cell assay.
The warhead still demonstrated good potency. 157 was less active, with a Glsg of 62 + 1.2
nM. Further biological evaluations were carried out with 157 and 106 which suggested that
they might be more potent than they seem. This is because they can cause mitotic catastrophe
which leads to delayed cell death, and so the cell assay might have been too short to visualise
this. Both quinolones also showed subtle differences to each other in respect to their MoA.
For example, quinolone 106 causes spindle width to decrease as opposed to 159 which has the
opposite effect.

With the warheads synthesised, they were coupled to non-cleavable and cleavable linkers.
The non-cleavable linkers were tested in the SRB assay to see if they had any potency. The
failure of the assay might be because these compounds are not cell permeable, losing all
activity. Acetylation of the nitroacridine retained potency, suggesting cell permeability is
more likely as the nitroacridine does not lose all activity. Attempts were made to make a

mimic like backbone from an antibody but was unsuccessful.

The release mechanism was also checked by synthesising compound 242. Reduction of the
azide causes a spontaneous cleavage, releasing the warhead. The warhead was successfully

recovered, giving confidence that in the cell the warhead will be released.

Figure 10.2: Structure of model system with nitroacridine
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The cleavable and non-cleavable linkers were conjugated to trastuzumab. Analysis of the
ADCs through mass spec showed that the non-cleavable quinolone linker had successfully
conjugated with the mass difference seen. It is unclear as to why the other linkers have not
bound or can’t be seen through mass spec. MCF7 cells were then treated with these ADCs but
no activity was seen. MCF-7 are HER2 presenting cells so should be susceptible to treatment
with Herceptin. However, no activity was observed with Herceptin either.

Future work will need to be focused on optimising the ADCs. Firstly, the ADCs need to be
checked on other cell lines to ensure that it is not the specific cell line or experiment, but the
ADCs themselves. They should be tested alongside ADCs known to have activity so a direct
comparison can be made. This might mean optimisation of the linker would be needed. This
could involve swapping the dipeptide linker for another cleavable linker such as the -
glucuronides. Also, a fresh batch of antibodies should be tried to ensure no aggregation has
occurred with the antibody, causing inactivity of the antibody.
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Chapter 11: Experimental and Analysis
9.1 Safety

All procedures were carried out in line with the School of Natural and Enviornmental
Sciences Safety Policy. COSHH risk assessments were completed before starting any
practical work.

9.2 Solvents and Reagents

Chemicals were purchased from Sigma-Aldrich, Alfa Aesar, Fluorochem and Apollo
Scientific and used without further purification. SureSeal™ or Acroseal™ bottles of
anhydrous solvents were purchased from Sigma-Aldrich or Acros, respectively. Deuterated
solvents used for the determination of NMR spectra were purchased from Sigma-Aldrich and

Cambridge Isotope Laboratories, Inc.
9.3 Chromatography and Equipment

Purifications by column chromatography were carried out using a Biotage SP4 automated
flash system with UV monitoring at 298 nm and collection at 254 nm, or a Biotage Isolera
automated flash system. Grace Resolv pre-packed flash cartridges were used in most cases for
normal phase separations. Reveleris pre-packed NH silica cartridges and Reveleris C-18 silica

cartridges were also used where stated.

Semi-preparative HPLC purifications were carried out by Dr. Suzannah Harnor, and Dr.
Lauren Molyneux using an Agilent 1200 HPLC system with a binary pump, autosampler,

fraction collector and diode array detector, controlled by Agilent ChemStation software.

Where stated, reactions were carried out under microwave irradiation in sealed microwave
vials with the use of a Biotage Initiator Sixty with a robotic sample bed. Reactions were
irradiated at 2.45 GHz, and were able to reach temperatures between 60 and 250 °C. Heating

was at a rate of 2-5 °C/s and the pressure was able to reach 20 bar.
9.4 Analytical Techniques

Melting points were measured using a Stuart Scientific SMP3 apparatus. FTIR spectra were
measured using an Agilent Cary 630 FTIR as a neat sample. UV spectra were recorded on a
Hitachi U-2800A spectrophotometer and were performed in EtOH or MeOH. HRMS were
provided by the ESPRC National Mass Spectrometry Service, University of Wales, Swansea.
Or alternatively, HRMS analyses were conducted in house using an Agilent 6550 iFunnel

QTOF LCMS with an Agilent 1260 infinity UPLC system. The sample was eluted on Acquity
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UPLC BEH C-18 (1.7 pm, 2.1 x 50 mm) with a flow rate of 0.7 mL/min, and run at a gradient
of 1.2 min 5-95% MeCN (0.1% formic acid) in water (0.1% formic acid).

LCMS analyses were conducted using a Waters Acquity UPLC system with PDA and ELSD.
When a 2 min gradient was used, the sample was eluted on Acquity UPLC BEH C-18, 1.7
um, 2.1 x 50mm, with a flow rate of 0.6 mL/min using 5-95% MeCN (0.1% formic acid).
Analytical purity of compounds which were biologically tested was determined using Waters
XTerra RP18, 5 um (4.6 X 150 mm) column at 1 mL/min using either MeCN and water (0.1%
ammonia) or MeCN and water (0.1% formic acid) with a gradient of 5-100% over 15 min,

and were required to meet the purity citeria of >95% as a single peak under each gradient.

'H-NMR spectra were obtained using a Bruker Avance 111 500 spectrometer using a
frequency of 500 MHz. 3C and **F-NMR spectra were acquired using the Bruker Avance 111
500 spectrometer operating at a frequency of 125 MHz, and 470 MHz, respectively. The
abbreviations for spin multiplicity are as follows: s = singlet; d = doublet; t = triplet; q =
quartet, p = pentet, sext = sextet, sept = septet and m = multiplet. Combinations of these
abbreviations are employed to describe more complex splitting patterns (e.g. dd = doublet of
doublets) and where broadening of the peak is observed, spin multiplicity is accompanied by
the prefix br = broad. There are some occasions where there was not enough material isolated
or remaining to ensure a *3C-NMR where all the carbons could be visualised. Where this is

the case, it is referenced in the text.

11.1. Conjugations

For a classically conjugated ADC with DAR 4, 1 equivalent of trastuzumab was reduced
using 2.5 equivalents of TCEP in PBS pH 7.2, 1 mm EDTA for 1 h at 37 °C. Then, 4
equivalents of cleavable or non-cleavable linkers in DMSO were incubated with the antibody
for Lhat37°CinPBS pH 7.2, 1 mm EDTA to give a 10% v/v DMSO solution. After 1 h, the
reaction was quenched with 16 equivalents of cysteine and left for a further 1 h. The ADCs
were purified by concentrating the solution using an amicon® Ultra-0.5 mL Centrifugal filter
10 KDa. Using the filters, the ADCs were washed with ultrapure water, enabling a buffer
exchange. After washing 3 x with ultrapure water, the residual solution was passed through a

Zeba™ spin desalting column, eluting the ADCs in ultrapure water, ready for analysis.

11.2. SRB assay
The colorimetric sulphorhodamine B assay was used in order to measure cell proliferation.
Harvested cells are centrifuged at 1000 rpm for 5 mins. The pellet is resuspended in 10 mL of

RPMI 1640 with L-glutamine growth medium. The cells are then counted using a
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Haemocytometer to ensure cell density is adequate. The cells are diluted with Trypsin 1-X
(Trypsin 5 mL mixed with 45 mL PBS). 0.1 mL of medium was added to the outer rows and
columns of two 96 well plate. Day 0 plate (plate 1) was seeded with 80 pL of cells each in 10
wells while the growth inhibition plate (plate 2), 80 pL of cells was added to 60 wells (6 x 10).
The plates were incubated at 37 °C overnight. The first ten wells in plate 2 are used as a control
and 20 pL of a 1% DMSO concentration, plus media was added. Up to 5 different compounds
could be tested and for each compound, 20 pL was added to each well on a row (x 10). The
drugged cells were incubated at 37 °C for 72 hours. Plate 1 was fixed at Day 1 using 25 pL of
ice cold 50% (wt/v) TCA solution to each well and leave for 1 hour at 4 °C. The plates were
then washed with tap water 4-5 times and shaken to remove excess water and dried at 60 °C for
3 hours. Stored at 4 °C until needed. After 72 hours, plate 2 was fixed in the same manner as
just described. Plates were stained using 100 puL of 0.4% SRB solution and left for 30 mins.
Dye is removed and plate is rinsed with 1% acetic acid, five times. Dried at 60 °C before 100
pL of 10 mM Tris pH 10.5 is added to each well and shaken gently for 20 mins. Absorbance is
read at 570 nm using FluoStar Omega Plate reader. Data was analysed using Prism software,
mean value across the 10 wells are used to generate data point. Experiment was repeated for

each compound tested.

11.3. Compound Data
11.1.3. General Procedures

General Procedure A — SyAr on 9-chloro-1-nitroacridine

Amine (2 eq) was added to a solution of 9-chloro-1-nitroacridine 127 (1 eq) in THF (3
mL/mmol) followed by EtsN (2 eq). The reaction was heated to reflux for 16 h before the
solvent was removed in vacuo. The crude material was purified by flash column

chromatography.
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Synthesis of 6-(pyrrolidin-1-yl)-2-(3-(trifluoromethoxy)phenyl)quinolin-4(1H)-one, 106

To a solution of N-(2-acetyl-4-(pyrrolidin-1-yl)phenyl)-3-(trifluoromethoxy)benzamide 164
(248 mg, 0.63 mmol) dissolved in tert-butanol (6.6 ml) was added potassium tert-butoxide
(284 mg, 2.53 mmol). The reaction was heated to 70°C and left for Sh. The reaction was left
to cool to room temperature before water (10 ml) was added. The product was extracted with
DCM (3 x 10 ml) and the combined organic layers were dried over MgSQzg, filtered and
concentrated in vacuo. The crude product purified by flash column chromatography (silica; 0-
10% MeOH in DCM) to afford a yellow solid (68 mg, 0.19 mmol, 30%); R¢ 0.45 (10% MeOH
in DCM); m.p. 301.6-312.9 °C; UV Amax (EtOH/nm) 272.0, 291.2, 400.0; IR vmax/cm™ 3245
(NH), 1576 (C=0); *H-NMR (500 MHz, DMSO-ds) 81 2.01-2.03 (4H, m, H-11), 3.29-3.31
(4H, m, H-10), 6.29 (1H, s, H-8), 7.03-7.05 (1H, m, H-3), 7.12-7.14 (1H, m, H-2"), 7.54-7.56
(1H, m, H-4%), 7.66-7.68 (1H, m, H-4), 7.71 (1H, t, J = 8.0 Hz, H-5), 7.81-7.82 (1H, m, H-6),
7.87-7.89 (1H, m, H-6"), 11.56 (1H, s, NH); *C-NMR (125 MHz, DMSO-ds) 8¢ 25.1 (C-11), 48.6
(C-10) (Not all visualized); **F-NMR (470 MHz, DMSO-ds) &F -56.6; LRMS (ES*) m/z 374.0
[M+H]"; HRMS failed to detect mass. Data consistent with literature values, lit. m.p. 280-282

°C (decomposition).t®°
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Synthesis of N-methyl-1-nitroacridin-9-amine, 112
14
SNH NO,
9

8 1

CEX

6 : N/ : 3
To a stirred solution of 9-chloro-1-nitroacridine (142 mg, 0.55 mmol) in THF (2 mL) was
added Et3N (0.38 ml, 2.75 mmol) and methylamine (2M in THF) (1.38 mL, 2.75 mmol) and
heated to reflux. The reaction was left for 5 hours before cooled to RT, diluted with H20 (10
mL) and extracted into DCM (3 x 10 mL). The combined organic extracts were washed with
brine (10 mL), dried over MgSQOyg, filtered and concentrated in vacuo before purified by flash
column chromatography (silica; 30-60% EtOAc in petroleum ether) to afford a red oil (76 mg,
0.29 mmol, 54%); R 0.16 (60% EtOAc in petroleum ether); UV Amax (EtOH/nm) 221.0,
275.2, 399.8; IR vmax/cm™ 3070 (NH), 1521 (N=0), 1333 (N=0); 'H-NMR (500 MHz,
DMSO- ds) 81 7.34-7.36 (1H, m, H-7), 7.46-7.49 (1H, m, H-6), 7.60 (1H, d, J = 8.2 Hz, H-5),
7.75-7.77 (1H, m, H-3), 7.80-7.87 (2H, m, H-4, H-8), 8.05-8.08 (1H, m, H-2) 12.27 (1H, s,
NH); *C-NMR (125 MHz, DMSO- ds) 5c 53.4 (C-14) , 116.9 (C-5), 118.8 (C-6), 122.6 (C-
4), 129.7 (C-3), 130.2 (C-2), 131.4 (C-11), 148.9 (C-1) (C-10, C-12, C-13 not visualised);
LRMS (ES*) m/z 254.1 [M+H]"; HRMS failed to detect mass. Data consistent with literature

values. 156
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N*-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine, 113

3' 1
N/\/\NH No2

To tert-butyl methyl (3-((1-nitroacridin-9-yl)amino)propyl)carbamate (300 mg, 0.76 mmol)
was added 10% TFA in DCM (5 mL) at 0 °C. The temperature was allowed to warm to RT

I\)w

and was stirred for 3 hours after which the reaction mixture was concentrated in vacuo, and
the residue was neutralised with a saturated solution of NaHCO3 (30 mL) and extracted in
DCM (5 x 30 mL). The combined organic layers were washed with NaHCO3 (2 x 20 mL),
then brine (30 mL) and then dried over MgSO.4 and concentrated in vacuo to give a red oil.
The product was purified by amine column chromatography (NHz-silica; 0-10% MeOH in
DCM to afford the title compound (214 mg, 0.69 mmol, 91%) as a red oil. Rt 0.23 (10%
MeOH in DCM); UV Amax (EtOH/nm) 222.2, 277.6; IR vmax /cm™ 3262 (N-H), 3184 (N-H),
1526 (N=0); *H NMR (500 MHz, , DMSO-ds) 3 1.83-1.88 (2H, m, H-2"), 2.57 (3H, s, H-
4%),2.99-3.02 (2H, m, H-1") 3.43 (1H, br s, NHCHa), 3.73-3.77 (2H, m, H-3"), 7.10 (1H, t, J =
7.6 Hz, H-7), 7.26-7.30 (1H, m, H-6), 7.34 (1H, d, J = 8.2 Hz, H-5), 7.40-7.44 (1H, m, H-3)
7.49-7.53 (2H, m, H-4, H-8) 7.81 (1H, d, J = 8.0 Hz, H-2), 11.06 (1H, s, NH-Ar); *°C NMR
(125 MHz, CDCl3) 8¢ 31.2 (C-2), 35.6 (C-4’), 50.0 (C-3"), 50.9 (C-1"), 116.3 (C-5), 116.6
(C-13), 129.0 (C-6), 130.2 (C-4), 131.5 (C-3), 141.2 (C-2), 149.6 (C-11), 150.3 (C-1), (C-10,
C-8, C-7, C-12 and C-9 not visualised); LRMS (ES*) m/z 311.3 [M+H]"; HRMS m/z
calculated for C17H19N4O2 [M+H]" 311.1987 found 311.1969. Data consistent with literature

values.°®
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Synthesis of 2-((3-nitrophenyl)amino)benzoic acid, 125

NO,
5

To a solution of 2-iodobenzoic acid (5.0 g, 20 mmol) in DMF (50 mL) was added 3-
nitroaniline (5.6 g, 40 mmol), Na.COs (21 mg, 0.2 mmol), and copper iodide (118 mg, 0.6
mmol). The reaction mixture was stirred under reflux for 6 hours. The solution was cooled to
RT before 6 M HCI (30 mL) was added and the solution was left overnight to form a
precipitate which was collected and washed with H>O. The crude product was purified by
flash column chromatography (silica; 60-80% DCM in petroleum ether) to give a yellow solid
(3.6 g, 14 mmol, 69%). Rf 0.27 (60% EtOAcC in petroleum ether); m.p. 204.8-206.7 °C; UV
Amax (EtOH/NM) 207.8, 228.4, 339.2; IR vma/cm™ 3309 (NH), 2852 (OH), 1665 (C=0), 1521
(N=0), 1336 (N=0); *H-NMR (500 MHz, CDCls) &+ 6.92-6.95 (1H, m, H-4), 7.35-7.37 (1H,
m, H-5"), 7.47-7.53 (2H, m, H-5, H-4"), 7.56-7.58 (1H, m, H-3), 7.92-7.94 (1H, m, H-6"),
8.10 —8.12 (1H, m, H-2"), 8.15-8.16 (1H, m, H-6), 10.2 (1H, s, NH), 13.29 (1H, s, OH); 13C
NMR (125 MHz, CDCls) 8¢ 114.5 (C-2), 115.7 (C-2), 117.8 (C-6”), 119.2 (C-6), 127.2 (C-4),
128.1 (C-3’), 130.2 (C-57), 132.0 (C-3), 133.5 (C-5), 135.4 (C-6"), 141.9 (C-1), 142.2 (C-1")
173.2 (C-7); LRMS (ES+) m/z 258.0 [M+H]*; HRMS [M+H]* (C13H1:N20), calcd 258.0147
found 258.0136. Analytical data consistent with literature values, lit. m.p. 220 °C.2%
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Synthesis of 9-chloro-1-nitroacridine, 126

s Cl NO,
6 2 ,;1/1 3
To 2-((3-nitrophenyl)amino)benzoic acid (1.0 g, 3.9 mmol) was added POCIs (7.2 mL, 78
mmol) and the mixture was heated to 140 °C and stirred for 1 h. The reaction mixture was
cooled to RT and petroleum ether was added (20 mL) and stirred for 30 mins followed by no
stirring for 30 mins. The solution was decanted off to leave a residue which was quenched
with ice and quickly neutralized with 28% NH4OH solution. The reaction mixture was
extracted into DCM (3 x 100 mL). The combined organic extracts were dried over MgSQg,
filtered and concentrated in vacuo. The crude material was purified by flash column
chromatography (silica; 100% DCM) followed by reverse phase flash column (C-18; 20-60%
THF (0.1% NHs) in water (0.1% NHz3)) to give a yellow solid (391 mg, 1.51 mmol, 39%); Rt
0.59 (100% DCM); m.p. 154-156 °C; Amax (EtOH/nm) 212.8, 249.2, 362.4; IR vmax /cm’™
1519 (N=0), 1356 (N=0); *H-NMR (500 MHz, DMSO-dg) &n 7.89 (1H, m, H-6), 7.97 (1H,
dd, J=7.2, 8.8 Hz, H-3) 8.04 (1H, m, H-7), 8.25 (2H, m, H-4 and H-8), 8.45 (2H, m, H-2 and
H-5); 13C NMR (125 MHz, DMSO-ds) 8¢ 115.3 (C-10), 124.6 (C-13), 129.6 (C-8), 130.0 (C-
7), 130.1 (C-5), 133.1 (C-6), 134.6 (C-4), 137.4 (C-3), 146.5 (C-2), 148.3 (C-9), 149.1 (C-1)
(C-11, C-12 not visualised); LRMS (ES*) m/z 259.1 [M(®*CI)+H]", 261.1 [M(*’CI)+H]*;
HRMS m/z calculated for C13HsCIN2O, [M(**CI)+H]" 259.0269 found 259.0274. Data

consistent with literature values, lit m.p. 150-151 °C.*%
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9-chloro-3-nitroacridine, 128

Cl
8 1

7 3 9\1 2
_ 3

g Ny TNO;
Compound 129 was prepared using the same procedure as described for 127, to afford the
desired product (198 mg, 0.77 mmol, 20%) as a yellow solid. Rt 0.59 (100% DCM); m.p.
207-210 °C; UV Amax (EtOH/nm) 364.6, 347.0, 295.2, 238.8; IR vmax /cm 1309 (N=0), 1343
(N=0); *H NMR (500 MHz, DMSO-ds) 1 7.95 (1H, ddd, J = 1.4, 6.6, 8.8 Hz, H-7), 8.08
(1H, ddd, J = 1.4, 6.6, 8.8 Hz, H-6), 8.33 (1H, dd, J = 1.4, 8.8 Hz, H-5), 8.45 (1H, dd J = 2.3,
9.5 Hz, H-2), 8.50 (1H, dd, J = 1.4, 8.8 Hz, H-8), 8.67 (1H, d, J = 9.5 Hz, H-1) 9.04 (1H, d, J
= 2.3 Hz, H-4); LRMS (ES*) m/z 259.1 [M(®*Cl)+H]*, 261.1 [M(®’Cl)+H]*; HRMS m/z
calculated for C13HsCIN202 [M(®°CI)+H]* 259.0269 found 259.0257. Data consistent with
literature values, lit m.p. 214-216 °C.1¢
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Synthesis of 2-nitro-6-(phenylamino)benzoic acid, 132

O,N N/i
2 H

HO™ O

Synthesis of 2-nitro-6-(phenylamino)benzoic acid, was attempted in several ways as outlined

below.

a) To a solution of 2-chloro-6-nitrobenzoic acid (50 mg, 0.25 mmol) in DMF (2 mL) was
added aniline (46 HRMS m/z calculated for C13H7CIN,O2 [M(*CI)+H]* 259.0269 found
259.0257.), Cul (1.9 mg, 0.01 mmol) and NaHCO3 (1 mg, 0.01 mmol). The reaction mixture
was heated to reflux and left for 16 hours. Reaction abandoned as no product was observed by
LC-MS.

b) To a solution of 2-chloro-6-nitrobenzoic acid (50 mg, 0.25 mmol) in 1,4-dioxane (2 mL)
was added aniline (46 pL, 0.5 mmol), NaOBu' (48 mg, 0.5 mmol) and Pd(t-BusP). (15 mg,
0.03 mmol). The reaction was heated to reflux and left for 16 hours. Reaction abandoned as

no product was observed by LC-MS.

¢) To a solution of 2-amino-6-nitrobenzoic acid (50 mg, 0.27 mmol) in DMF (2 mL) was
added bromobenzene (57 uL, 0.54 mmol) followed by CuO (22 mg, 0.27 mmol) and K>CO3
(75 mg, 0.54 mmol). The reaction was heated to reflux and left for 16 hours. Reaction

abandoned as no product was observed by LC-MS.
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Synthesis of Methyl 2-fluoro-6-nitrobenzoate, 133

NO, O
6 8
5 1 7 O/
2
4 F

3

To a stirred solution of 2-fluoro-6-nitrobenzoic acid (5.0 g, 27 mmol) in DMF (50 mL), was
added potassium carbonate (7.5 g, 54 mmol). The reaction was cooled to 0 °C in an ice bath
for 10 minutes before iodomethane (1.8 mL, 29 mmol) was added slowly. The solution was
warmed to RT and stirred overnight for 16 hours. Ether (50 mL) was added and the reaction
mixture was filtered through Celite® and then concentrated in vacuo. A saturated solution of
NH4CI (50 mL) was added and the product was extracted into EtOAc (3 x 50 mL). The
organic layers were combined, washed with H>O (2 x 30 mL) and brine (30 mL) before being
dried over MgSOy, filtered, concentrated in vacuo to obtain an orange crystalline solid (4.2 g,
21 mmol, 78%). Rt 0.81 (60% EtOAC in petroleum ether); m.p. 59.4-62.1°C; UV Amax
(EtOH/nm) 204.2, 254.0; IR vmad/cm™® 1673 (C=0); 'H-NMR (500 MHz, DMSO- dg) & 3.84
(3H, s, H-8), 7.54-7.55 (1H, m, H-3), 7.62 (1H, dt, J = 8.2, 7.8 Hz, H-4), 7.91 (1H, d, J = 8.2
Hz, H-5); *C-NMR (125 MHz, DMSO-ds) ¢ 54.2 (C-8) , 117.6 (C-1), 123.2 (C-5), 124.7
(C-3), 133.7 (C-4), 157.8 (C-2) 159.7 (C-6), 162.6 (C7); °F-NMR (470 MHz, DMSO-ds) & -
113.9; LRMS (ES™) m/z 213.2 [M+H]*. HRMS m/z calculated for CsH7FNO4 [M+H]*
200.0314 found 200.0319. Data consistent with literature values, lit m.p. 60-61 °C. 2%
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Synthesis of methyl 2-nitro-6-(phenylamino)benzoate, 134

O,N N/i
2 H

MeO (@]

To a microwave vial containing methyl 2-fluoro-6-nitrobenzoate (50 mg, 0.18 mmol) in TFE
(2 mL) was added aniline (35 pL, 0.36 mmol). The reaction mixture was heated in the

microwave at 120 °C for 2 hours. Reaction abandoned as no product was seen by LC-MS.
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Synthesis of Tert-butyl methyl(3-((1-nitroacridin-9-yl)amino)propyl)carbamate, 136

0
S s,
6°0 5N "NH NO,

I 8 9 1
4 7 13 \1 5
6 O /O
12°N"11 3
5 4

To a stirred solution of 9-chloro-1-nitroacridine (400 mg, 1.55 mmol) in THF (10 mL) was

7

added EtsN (648 pL, 4.65 mmol) followed by tert-butyl (3-aminopropyl)(methyl)carbamate
(874 mg, 4.65 mmol). The reaction mixture was heated to reflux and was allowed to stir for 3
h to give a red solution. The solution was allowed to cool to RT and concentrated in vacuo.
The crude product was redissolved in DCM (10 mL) and then washed with a saturated
solution of NaHCO3 (10 mL) followed by H20 (10 mL). The organic layer was dried over
MgSOQg, filtered and concentrated in vacuo to give a crude oil. The product was purified by
flash column chromatography (silica; 0-10% MeOH in DCM) to give the title compound as a
red oil (535 mg, 1.3 mmol, 84%). Rf 0.2 (5% MeOH in DCM); UV Amax (EtOH/nm) 221.6,
278.6 and 387.4; IR vmad/cm™ 3278 (br N-H), 1661 (C=0); 'H-NMR (500 MHz, DMSO- ds)
8n 1.32-1.38 (9H, m, H-7), 1.72 (2H, brs, H-2"), 2.73 (3H, br s, H-4"), 3.24 (2H, t, ] = 6.8 Hz,
H-17), 3.65 (2H, t, ] = 6.1 Hz, H-3"), 7.08 (1H, t, J = 7.6 Hz, H-7), 7.27-7.31 (2H, m, H-5, H-
6), 7.36 (1H, d, J = 8.3 Hz, H-3), 7.49-7.51 (2H, m, H-4, H-8), 7.79 (1H, br s, H-2); 3C NMR
(125 MHz, DMSO- dg) 8¢ 28.5 (C-4°), 31.2 (C-2"), 34.5 (C-7°), 36.2 (C-17), 47.1 (C-3") 78.6
(C-6%), 114.5 (C-10),116.3 (C-5), 116.5 (C-13), 118.5 (C-8), 120.2 (C-7), 129.0 (C-6), 130.2
(C-4), 131.5 (C-3), 141.1, 141.2 (C-2, C-12), 149.7 (C-11), 150.2 (C-1), 150.2 (C-5), 162.8
(C-9); LRMS (ES+) m/z 411.3 [M+H]"; HRMS m/z calculated for C2;H27H404 [M+H]+
411.2027 found 411.2040.
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Synthesis of tert-butyl (3-aminopropyl)(methyl)carbamate, 138

0 6
ke
H2N/\2/\’\|l4o
7

To a stirring solution of N-methyl-1,3-diaminopropane (3.9 mL, 37 mmol) in MeOH (100
mL) at 0 °C was added Boc.O (8.1 g, 37 mmol). The solution was warmed to RT and stirred
for 2 h before the solvent was removed in vacuo. The crude mixture was redissolved in DCM
(50 mL), washed with a saturated solution of NaHCO3 (50 mL), H>O (50 mL) and brine (50
mL). The organic phase was dried over MgSOyg, filtered and concentrated in vacuo. The crude
mixture was purified by flash column chromatography (silica; 0-20% MeOH in DCM (10%
NH?3)) to give a colourless oil (2.23 g, 12.2 mmol, 33%). Rt 0.15 (20% MeOH in DCM (10%
NH3)); IR vmax/cm™ 3364 (NH), 1670 (C=0); *H NMR (500 MHz, CDCls) 81 1.39 (9H, s, H-
6), 1.55-1.58 (2H, m,, 1.84 (2H, br, H-2), 2.62-2.64 (2H, m, H-1), 2.77 (3H, s, H-7), 3.22-3.23
(2H, m, H-3); **C NMR (125 MHz, CDCls) 8¢ 25.6 (C-2), 29.4 (C-6), 35.4 (C-7), 40.1 (C-1),
44.3 (C-3), 74.6 (C-5), 161.3 (C-4). LRMS (ES+) m/z 188.9 [M+H]*; HRMS failed to detect

mass. Data consistent with literature values.!’®-2%
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Synthesis of tert-butyl (3-aminopropyl)(methyl)carbamate, 138
e T
o T/\/\NHZ

To a solution of tert-butyl (3-(1,3-dioxoisoindolin-2-yl)propyl)(methyl)carbamate (154 mg,
0.82 mmol) in MeOH (5 mL) was added hydrazine hydrate monohydrate (79 pL 1.64 mmol)
and heated to reflux. After 4 hours, the reaction mixture was cooled to RT and the precipitate
formed was filtered off. The filtrate was concentrated to dryness in vacuo and diluted with
H20 (10 mL). It was extracted with EtOAc (3 x 10 mL) and the combined organic layers were
dried over MgSOy, filtered and concentrated in vacuo to give a colourless oil (96 mg, 0.51
mmol, 62%). See above for data.

143



Synthesis of 2-(3-(methylamino)propyl)isoindoline-1,3-dione, 139

To a solution of 3-bromopropylphthalimide (1.0 g, 3.7 mmol) in MeCN (30 mL) was added
Methylamine (2M in THF, 9.3 mL, 19 mmol) and Cs.COz (2.4 g, 7.5 mmol) and the reaction
mixture was heated to reflux and left to stir for 6 hours. After cooling to RT, the reaction
mixture was extracted into EtOAc (3 x 30 mL) and the combined organic fractions were dried
over MgSQOyg, filtered and concentrated in vacuo. The crude product was purified by flash
column chromatography (silica; 0-10% MeOH in DCM) to afford a white solid (417 mg 1.45
mmol, 39%). Rt 0.16 (10% MeOH in DCM); m.p. 190-194 °C; UV Amax (MeOH/nm) 271.8;
IR vmax/cm™ 3391 (NH), 3056 (NH), 1667 (C=0); *H NMR (500 MHz CDCls) &n 1.20 (1H,
br's, NH), 1.68-1.71 (2H, m, H-3), 2.64 (3H, s, H-1), 2.71-2.75 (2H, H-2), 3.84-3.87 (2H, m,
H-3), 7.70-7.84 (4H, m, H-7, H-8); *C NMR (125 MHz, CDCl3) 8¢ 28.6 (C-3), 35.8 (C-1),
47.1 (C-2), 56.2 (C-4), 118.9 (C-7), 129.8 (C-8), 131.1 (C-6), 165.4 (C-5); LRMS (ES+) m/z
219.3 [M+H]*; HRMS m/z calculated for C12H1sN2O2 [M+H]" 219.1078 found 219.1089.

Data consistent with literature values, lit m.p. 204-206 °C.1"®
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Synthesis of tert-butyl (3-(1,3-dioxoisoindolin-2-yl)propyl)(methyl)carbamate, 143

1 6

O 0]
ﬂ()k "
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To a solution of 2-(3-(methylamino)propyl)isoindoline-1,3-dione (200 mg, 0.92 mmol) in
MeOH (10 mL) at 0 °C was added Boc20O (400 mg, 1.83 mmol). The reaction mixture was
warmed to RT and stirred for 5 hours before concentrating in vacuo. The compound was
redissolved in DCM (10 mL), washed with 1M HCI (10 mL) and H.O (10 mL), dried over
MgSQOsg, filtered and concentrated in vacuo to obtain a white solid (245 mg, 0.77 mmol, 84%).
Rr 0.32 (10% MeOH in DCM); m.p. 78-82 °C; UV Amax (MeOH/nm) 272.4; IR vmax/cm™
3086, 1661 (C=0); *H NMR (500 MHz CDCls) &1 1.25 (9H, s, H-1), 1.88-1.91 (2H, m, H-6),
3.10 (3H, s, H-4), 3.41-3.43 (2H, m, H-5), 3.75-3.80 (2H, m, H-7), 7.70-7.84 (4H, m, H-10,
H-11); *3C NMR (125 MHz, CDCls) ¢ 25.3 (C-6), 29.4 (C-1) 36.2 (C-4), 48.3 (C-5), 56.1
(C-7), 80.4 (C-2), 119.0 (C-10), 129.7 (C-9), 131.2 (C-11), 165.5 (C-5); LRMS (ES+) m/z
319.4 [M+H]*; HRMS m/z calculated for C17H23N204 [M+H]" 319.1654 found 319.1641.

Data consistent with literature values, lit m.p. 74-76 °C.1"®
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Synthesis of 2-(3-((4-methoxybenzyl)(methyl)amino)propyl)isoindoline-1,3-dione, 144

To a solution of 3-bromopropylphthalimide (250 mg, 0.93 mmol) in MeCN (10 mL) was
added N-(4-methoxybenzyl)-N-methylamine (422 uL, 2.80 mmol) and Cs,CO3z (909 mg, 2.79
mmol) and the reaction mixture was heated to reflux and left to stir for 6 hours. After cooling
to RT, the reaction mixture was extracted into EtOAc (3 x 10 mL) and the combined organic
fractions were dried over MgSOs, filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (silica; 0-10% MeOH in DCM) to afford a white
solid (261 mg, 0.77 mmol, 82%). Rt 0.55 (10% MeOH in DCM); m.p. 145-149 °C; UV Amax
(MeOH/nm) 265.4, 224.9; IR vmax/cm™ 3056 (NH), 1667 (C=0); *H NMR (500 MHz CDCl5)
Sn 1.88-1.90 (2H, m, H-10), 2.40 (3H, s, H-13), 2.61 (t, J = 7.1 Hz, H-11) 3.72 (2H, s, H-12),
3.83 (3H, s, H-7°) 3.95-4.00 (2H, t, J = 7.1 Hz, H-9), 7.01 (2H, t, J = 7.6 Hz, H-3 and 5°) 7.21
(2H, t, J = 7.6 Hz, H-1" and 2°), 7.74-7.76 (2H, m, H-3 and 6) 7.84-7.86 (2H, m, H-3 and 6);
13C NMR (125 MHz, CDCl3) 8¢ 25.5 (C-10), 39.8 (C-13), 55.8, 55.9 (C9 and 10), 118.3 (C-
2°, C5°), 121.5 (C-3, C-6), 132.5 (C-2’, C-6"), 166.1 (C-1) (C-2, C-7 C-1" and C-4’ not
visualised); LRMS (ES+) m/z 339.4 [M+H]*; HRMS m/z calculated for C2oH23N2O3 [M+H]*
339.1164 found 339.1183.
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Synthesis of 1-(2,4-dimethoxyphenyl)-N-methylmethanamine, 146

To a solution of 2,4-dimethoxybenzaldehyde (1.0 g, 6.0 mmol) in EtOH (20 mL) was added
MeNH: (2M in MeOH, 9 mL, 18 mmol). MgSO4 was added to the reaction and was refluxed
for 16 hours. The solution was cooled to RT, filtered and at 0 °C, NaBH4 (454 mg, 12 mmol)
was added. The reaction mixture was warmed to RT and left to stir for 3 hours. The solvent
was concentrated in vacuo and the residue redissolved in EtOAc (10 mL). The organic later
was washed with H2O (10 mL), dried over MgSOsa, filtered and concentrated in vacuo to give
a white product (489 mg, 2.70 mmol, 45%) Rt 0.27 (10% MeOH in DCM); m.p. 81-86 °C;
UV Amax (MeOH/nm) 275.1; IR vmax/cm™ 3420 (NH), 3004 (NH); *H NMR (500 MHz
CDCl3) 81 2.36 (3H, s, H-9), 3.54 (2H, s, C-8), 3.76 (3H, s, H-10), 3.78 (3H, s, H-7), 6.45-
6.48 (2H, m, C-4, C-5), 7.14-7.15 (1H, m, H-6); 13C NMR (125 MHz, CDCl3) 8¢ 34.8 (C-9),
49.4 (C-8), 56.2 (C-10), 56.3 (C-7), 101.6 (C-3), 109.5 (C-5), 118.4 (C-1), 131.1 (C-6), 157.1
(C-2 and C-4). LRMS (ES+) m/z 182.4 [M+H]*; HRMS m/z calculated for C10H1sNO>
[M+H]* 182.1347 found 182.1361. Data consistent with literature values.?%
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Synthesis of 2-(3-((2,4-dimethoxybenzyl)(methyl)amino)propyl)isoindoline-1,3-dione,
147

To a solution of 3-bromopropylphthalimide (110 mg, 0.4 mmol) in MeCN (10 mL) was added
1-(2,4-dimethoxyphenyl)-N-methylmethanamine, 148 (150 mg, 0.83 mmol) and Cs,COs (811
mg, 2.49 mmol) and the reaction mixture was heated to reflux and left to stir for 6 hours.
After cooling to RT, the reaction mixture was extracted into EtOAc (3 x 10 mL) and the
combined organic fractions were dried over MgSQOyg, filtered and concentrated in vacuo. The
crude product was purified by flash column chromatography (silica; 20-50% EtOAC in
petroleum ether) to afford a white solid (112 mg 0.30 mmol, 74%). Rt 0.45 (50% EtOAc in
pertroleum ether); m.p. 1140-155 °C; UV Amax (MeOH/nm) 276.8; IR vmax/cm™ 3056 (NH),
1667 (C=0); *H NMR (500 MHz CDCls) 8n 2.36 (3H, s, H-9), 3.54 (2H, s, C-8), 3.76 (3H, s,
H-10), 3.78 (3H, s, H-7), 6.45-6.48 (2H, m, C-4, C-5), 7.14-7.15 (1H, m, H-6); *°C NMR (125
MHz, CDCls) ¢ 34.8 (C-9), 49.4 (C-8), 56.2 (C-10), 56.3 (C-7), 101.6 (C-3), 109.5 (C-5),
118.4 (C-1), 131.1 (C-6), 157.1 (C-2 and C-4). LRMS (ES+) m/z 182.4 [M+H]"; HRMS m/z
calculated for C21H25N204 [M+H]" 369.1422 found 369.1436.
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Synthesis of N*-(2,4-dimethoxybenzyl)-N*-methylpropane-1,3-diamine, 148
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To a solution of 2-(3-((2,4-dimethoxybenzyl)(methyl)amino)propyl)isoindoline-1,3-dione (70
mg, 0.19 mmol) in MeOH (5 mL) was added hydrazine hydrate monohydrate (14 uL 0.29
mmol) and heated to reflux. After 4 hours, the reaction mixture was cooled to RT and the
precipitate formed was filtered off. The filtrate was concentrated to dryness in vacuo and
diluted with H.O (10 mL). It was extracted with EtOAc (3 x 10 mL) and the combined
organic layers were dried over MgSQyg, filtered and concentrated in vacuo to give a white
solid (40.7 mg, 0.17 mmol, 90%). R¢ 0.40 (10% MeOH in DCM); m.p. 65-71 °C; UV Amax
(MeOH/nm) 261.1; IR vmax/cm™ 3374 (NH), 3074 (NH); *H NMR (500 MHz CDCls) 84
1.90-1.92 (2H, m, H-2), 2.36 (3H, s, H-4), 2.42-2.44 (2H, m, H-3), 2.48-2.52 (2H, m, H-1),
2.87 (2H, br, NH), 3.60 (2H, s, H-5), 3.67 (3H, s, H-8"), 3.71 (3H, s, H-7"), 7.01-7.05 (2H,
m, H-3" and H-5"), 7.41-7.43 (1H, m, H-6") 13C NMR (125 MHz, CDCl3) 8¢ 23.4 (C-2), 39.1
(C-1),41.1 (C-4), 55.2,55.3,55.5 (C-3, C7°, C-8’) 102.3 (C-3"), 107.1 (C-5") 131.5(C-5")
(C-1°, C-2 and C-4’ are not visualised); LRMS (ES+) m/z 239.6 [M+H]*; HRMS m/z
calculated for C13H23N20, [M+H]" 239.1756 found 239.1744.
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N-(2,4-dimethoxybenzyl)-N*-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine, 149

m\

NH No2
To a solution of 9-chloro-1-nitroacridine (50 mg, 0.19 mmol) in THF (5 mL) was added EtsN
(81 pL, 0.58 mmol) and N*-(2,4-dimethoxybenzyl)-N*-methylpropane-1,3-diamine, (40 mg,
0.17 mmol). The reaction was heated to reflux for 6 hours before cooling to RT. The solvent
was concentrated in vacuo and purified on flash column chromatography (silica; 0-10%
MeOH in DCM) to give a yellow solid (66 mg, 0.14 mmol, 84%) Rt 0.65 (10% MeOH in
DCM); m.p. 214-218 °C; UV Amax (MeOH/nM) 271.8; IR vmax/cm™ 3289 (NH), ;'H NMR
(500 MHz CDCl3) 6 1.76-1.80 (2H, m, H-11), 2.15 (3H, s, H-13), 2.39-2.42 (2H, m, H-12),
3.23-3.26 (2H, m H-10), 3.64 (2H, s, H-14), 3.71 (3H, s, H-21), 3.84 (3H, s, H-22), 6.74 (1H,
br, NH)7.02-7.06 (2H, m, H-17, H-19), 7.21-7.23 (1H, m, -16), 7.48-7.56 (2H, m, H-7, H-6),
7.80-7.89 (3H , m, H-5, H2, H-8,, 8.14-8.16 (1H, m, H-2).:3C NMR (125 MHz, CDCls) 8¢
28.4 (C-11), 4.08 (C-13), 55.9, 56.1 (C-21, C-22), 57.2 (C-14), 102-7 (C-16), 110.1 (C-17),
120.4 (C-5), 126.7 (C-7), 130.8 (C-4), 135.4 (C-7). (Tertiary carbons not visualised); LRMS

(ES+) m/z 461.7 [M+H]*; HRMS m/z calculated for C26H2oN4O4 [M+H]* 461.2571 found
461.2559.
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Synthesis of N,N3-bis(1-nitroacridin-9-yl)propane-1,3-diamine, 151

Synthesised according to general procedure A, using 9-chloro-1-nitroacridine (50 mg, 0.19
mmol), EtzN (79 pL, 0.57 mmol), 1,3-propanediamine (32 pL, 0.38 mmol) in THF (0.57 mL).
The crude material was purified by flash column chromatography (silica; 0-10% MeOH in
DCM) followed by reverse phase flash column chromatography (C-18; 5-95% THF in H.O)
to give ared oil (55 mg, 0.11 mmol, 56%). Rs 0.20 (10% MeOH in DCM); Amax (MeOH/nm)
224.8, 270.6; IR vmax/cm™ 3310 (NH) *H NMR (500 MHz CDCls) 84 1.80 (2H, dd, J =5.5
Hz, H-11), 3.16-3.18 (4H, m, H-10), 7.39-7.46 (6H, m, H-5, H-6, H-7), 7.71-7.76 (4H, m, H-
3) 8.11-8.13 (2H, m, H-8) 8.19-8.22 (2H, m, H-2, 2.39-2.42 (2H, m, H-12), 3.23-3.26 (2H, m
H-10), 3.64 (2H, s, H-14), 3.71 (3H, s, H-21), 3.84 (3H, s, H-22), 6.74 (1H, br, NH)7.02-7.06
(2H, m, H-17, H-19), 7.21-7.23 (1H, m, H-16), 7.48-7.56 (2H, m, H-7, H-6), 7.80-7.89 (3H ,
m, H-5, H2, H-8), 8.14-8.16 (2H, m, H-2).*C NMR (125 MHz, CDCls) &¢c 28.5 C-11), 42.5
(C-10), 120.4 (C-5), 125.1 (C-7) 130.7 (H-6, 136.8 (C-4), (Tertiary carbons not visualised);
LRMS (ES+) m/z 519.8 [M+H]*; HRMS m/z calculated for C29H23NsOs [M+H]" 519.1743
found 519.1726.
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Synthesis of N*,N*-bis(1-nitroacridin-9-yl)butane-1,4-diamine, 154
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Synthesised according to general procedure A, using 9-chloro-1-nitroacridine (50 mg, 0.19
mmol), EtzN (79 pL, 0.57 mmol), 1,4-butanediamine (38 pL, 0.38 mmol) in THF (0.57 mL).
The crude material was purified by flash column chromatography (silica; 0-10% MeOH in
DCM) followed by reverse phase flash column chromatography (C-18; 5-95% THF in H.O)
to give a yellow oil (45 mg, 0.09 mmol, 45%). R¢ 0.25 (10% MeOH in DCM); Amax
(MeOH/nm) 222.8, 264.6; IR vmax/cm™ 3323 (NH)'H NMR (500 MHz CDCls) 8 1.61-1.65
(4H, m, H-11), 3.24-3.29 (4H, m, H-10), 7.42-7.45 (2H, m, H-7), 7.66-7.74 (6H, m, H-5, H-6,
H-3) 8.08-8.11 (2H, m, H-8), 8.17-8.21 (2H, m, H-2); 1*C NMR (125 MHz, CDCl3) 8¢ 27.3
(C-11), 48.6 (C-10), 120.3 (C-5), 125.3 (C-7) 130.4 (C-6), 137.0 (C-4), (Tertiary carbons not

visualised); LRMS (ES+) m/z 533.1 [M+H]*; HRMS m/z calculated for C3oH2sN¢O4 [M+H]*
533.1932 found 533.1946.
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Synthesis of N*,N*-bis(1-nitroacridin-9-yl)cyclohexane-1,4-diamine, 155
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Synthesised according to general procedure A, using 9-chloro-1-nitroacridine (50 mg, 0.19
mmol), EtzN (79 pL, 0.57 mmol), trans-1,4-diaminocyclohexane (43 mg, 0.38 mmol) in THF
(0.57 mL). The crude material was purified by flash column chromatography (silica; 0-10%
MeOH in DCM) followed by reverse phase flash column chromatography (C-18; 5-95% THF
in H20) to give an orange oil (44 mg, 0.08 mmol, 41%). R¢ 0.30 (10% MeOH in DCM); Amax
(MeOH/nm) 223.4, 271.6; IR vma/cm™ 3314 (NH); *H NMR (500 MHz CDCls3) 8 1.44-1.56
(8H, m, H-11, H-12), 2.61-2.64 (2H, H-10), 5.4 (1H, br, NH), 7.43-7.49 (2H, m, H-7), 7.58-
7.62 (2H, m, H-6), 7.71-7.75 (4H, m, H-5, H-3), 8.08-8.11 (4H, m, H-8, H-4), 8.24-8.28
(2H, m, H-2); *C NMR (125 MHz, CDCls) 3¢ 24.9 (C-11, C-12), 55.8 (C-10), 120.4 (C-5),
125.6 (C-7) 125.9 (C-6), 136.4 (C-4), (Tertiary carbons not visualised); LRMS (ES+) m/z
559.6 [M+H]"; HRMS m/z calculated for C32H27NeO4 [M+H]™ 559.2175 found 559.2167.
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Synthesis of N,N'-(1,4-phenylenebis(methylene))bis(1-nitroacridin-9-amine), 156
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Synthesised according to general procedure A, using 9-chloro-1-nitroacridine (50 mg, 0.19
mmol), EtzN (79 pL, 0.57 mmol), m-xylylenediamine (50 pL, 0.38 mmol) in THF (0.57 mL).
The crude material was purified by flash column chromatography (silica; 0-10% MeOH in
DCM) followed by reverse phase flash column chromatography (C-18; 5-95% THF in H.O)
to give a brown oil (38 mg, 0.06 mmol, 34%). R 0.61 (10% MeOH in DCM); Amax
(MeOH/nm) 226.7, 278.9; IR vmax/cm™ 3327 (NH); *H NMR (500 MHz CDCls3) &1 4.36 4H, s
H-10), 7.29 (4H, s, H-12) 7.42-7.45 (2H, m, H-7), 7.60-7.63 (2H, m, H-6), 7.73-7.78 (4H, m,
H-5, H-3), 8.03-8.07 (4H, m, H-8, H-4), 8.23-8.28 (2H, m, H-2); *C NMR (125 MHz,
CDClz) 6c 47.8 (C-10), 120.9 (C-5), 124.8 (C-7), 125.9 (H-6), 127.6 (C12) 136.4 (C-4),
136.8 (C-11) (Tertiary carbons not visualised); LRMS (ES+) m/z 581.6 [M+H]*; HRMS m/z
calculated for CagH23NsOs [M+H]" 581.1914 found 581.1926.
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2-(3-aminophenyl)-6-(pyrrolidin-1-yl)quinolin-4(1H)-one, 157

To a stirred solution of 2-(3-nitrophenyl)-6-(pyrrolidin-1-yl)quinolin-4(1H)-one (253 mg,
0.76 mmol) in DCM (5 mL) and MeOH (55 ml) was added 10% Pd/C (9 mg, 0.08 mmol) and
put under a Hz atmosphere. The reaction mixture was stirred at rt for 6 h before passing
through Celite®. The filtrate was concentrated in vacuo to afford a yellow solid. Purification
was achieved by flash column chromatography (silica; 0-5% MeOH in DCM) to afford the
desired compound (45 mg, 0.15 mmol, 26% over two steps) as a yellow solid. Rt 0.16 (5%
MeOH in DCM); m.p. 338-343 °C; UV Amax (EtOH/nm) 282.6, 398.0; IR vmax/cm™ 3471
(NH), 3369 (NH), 1571 (C=0); 'H NMR (500 MHz, DMSO-ds) &1 1.98-2.01 (4H, m, H-11),
3.29-3.31 (4H, m, H-10), 5.40 (2H, br s, NH>), 6.09 (1H, s, H-8), 6.71 (1H, d, J = 7.8 Hz, H-
4%), 6.88 (1H, d, J = 7.1 Hz, H-2"), 6.92-6.93 (1H, m, H-3), 7.01 (1H, d, J = 2.8 Hz, H-4), 7.07
(1H, dd, J = 2.8, 8.9 Hz, H-6), 7.17-7.19 (1H, m, H-5"), 7.65 (1H, d, J = 8.9 Hz, H-6"), 11.50
(1H, br s, NH); *C NMR: (125 MHz, DMSO-ds) 8c; 25.5 C-11), 48.8 (C-10), 103.1 (C-8),
105.3 (C-2°), 112.6 (C-6), 114.9 (C-4), 115.9 (C-3), 119.1 (C-6"), 120.2 (C-4), 128.6 (C-1),
129.9 (C-5°), 132.3 (C-1°), 144.8 (C-9), 149.6 (C-3°), 176.6 (C-7) (C-2 and C-5 not
visualized); LRMS (ES*) m/z 306.3 [M+H]"; HRMS [M+H]* (C1gH20N30) calcd 306.1601

found 306.1622. Data consistent with literature values.>®
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Synthesis of 1-(5-chloro-2-nitrophenyl)ethan-1-one, 159
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To fuming HNOs (2.6 mL, 61 mmol) at -20 °C was slowly added dropwise H2SO4 (0.4 mL,
7.0 mmol). The reaction mixture was allowed to stir for 15 min before 3-chloroacetophenone
(0.6 mL, 4.8 mmol) was added dropwise under vigorous stirring over 15 minutes. The
reaction mixture was warmed to -10 °C stirred for 5 h. After this time the reaction mixture
was quenched with H,O (50 mL) and stirred for a further 1 h before extracted into DCM (75
mL). The combined organic layers were washed with H.O (5 x 100 mL), dried over MgSO4
and concentrated in vacuo. The crude product was purified by flash column chromatography
(silica; 50-100% DCM in petroleum ether) to give the desired product as a white solid (656
mg, 3.20 mmol, 66%). Rr 0.28 (50% petrol in DCM); m.p. 56-60 °C; UV Amax (EtOH/nm)
270.8; IR vmax/cm™ 1694 (C=0), 1541 (N=0), 1357 (N=0); *H NMR (500 MHz, CDCl3) &
2.56 (3H, s, H-8), 7.39 (1H, d J = 2.1 Hz, H-6), 7.57 (1H, dd, J = 2.1, 8.7 Hz, H-4), 8.09 (1H,
d, J = 8.7 Hz, H-3); 3C NMR (125 MHz, CDCl3) 5c 30.2 (C-8), 125.9 (C-3), 127.4 (C-6),
130.5 (C-4), 139.6 (C-1), 141.2 (C-5), 143.8 (C-2), 198.2 (C-7); LRMS (ES*) m/z 200.0

[M+H]". HRMS failed to detect mass. Data consistent with literature values, lit m.p. 60-62
OC.207
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Synthesis of 1-(2-nitro-5-(pyrrolidin-1-yl)phenyl)ethan-1-one, 160
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To a stirred solution of 1-(5-chloro-2-nitrophenyl)ethan-1-one (656 mg, 3.28 mmol) in DMF
(3 mL) was added pyrrolidine (582 mg, 8.2 mmol) and K>CO3z (1.81 g, 13.1 mmol). The
reaction mixture was heated to 140 °C and stirred overnight. The reaction mixture was poured
onto ice and filtered to afford the crude product which was purified by flash column
chromatography (silica; 50-100% DCM in petroleum ether) to afford the title compound as a
yellow solid (675 m, 2.88 mmol, 88%). Rt 0.15 (80% petrol in DCM); m.p. 124-127 °C; UV
Amax (EtOH/nNm) 399.6; IR vmax/cm™ 1699 (C=0), 1596 (N=0), 1389 (N=0); *H NMR (500
MHz, CDCls) 81 2.07-2.09 (4H, m, H-10), 2.49 (3H, s, H-8), 3.38-3.41 (4H, m, H-9), 6.22
(1H, J = 2.4 Hz, H-6), 6.48 (1H, dd, J = 2.4, 8.9 Hz, H-4), 8.05 (1H, d, J = 8.9 Hz, H-3); 13C
NMR (125 MHz, CDCls) ¢ 25.5 (C-10), 30.7 (C-8), 48.1 (C-9), 108.0 (C-6), 111.2 (C-4),
127.5 (C-3), 132.7 (C-2), 142.3 (C-1), 151.7 (C-5), 201.8 (C-7); LRMS (ES*) m/z 235.4
[M+H]*. HRMS m/z calculated for C12H15N203 [M+H]" 235.2570 found 235.2543. Data

consistent with literature values, lit m.p. 119-121 °C.
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1-(2-amino-5-(pyrrolidin-1-yl)phenyl)ethan-1-one, 161
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To a stirred solution of 1-(2-nitro-5-(pyrrolidin-1-yl)phenyl)ethan-1-one (417 mg, 1.78 mmol)
in DCM (5 mL) and MeOH (5 mL) was added 10% Pd/C (20 mg, 0.18 mmol) under a H>
atmosphere. The reaction mixture was stirred at RT for 18 h. The reaction mixture was passed
over Celite® and the filtrate was concentrated in vacuo to afford the desired product (358 mg,
1.75 mmol, 99%) as an orange solid Rr 0.23 (50% petrol in DCM); m.p. 86-89 °C; UV Amax
(EtOH/nm) 241.2; IR vma/cm™® 3401 (N-H), 1646 (C=0); 'H NMR (500 MHz, CDCls) &4
2.00 (d, J = 6.2 Hz, H-10), 2.57 (3H, s, H-8), 3.23 (4H, d, J = 6.2 Hz, H-9), 5.69 (2H, s, NH>),
6.64 (1H, d, J = 8.8 Hz, H-3), 6.77 (1H, dd, J = 2.7, 8.8 Hz, C-4), 6.85 (1H, d, J = 2.7 Hz, H-
6); *C NMR (125 MHz, CDCls) 8¢ 25.3 (C-10), 28.2 (C-8) 48.9 (C-9), 113.5 (C-1), 118.8
(C-6), 119.3 (C-3), 121.3 (C-4), 139.8 (C-2), 142.0 (C-5), 201.0 (C-7); LRMS (ES*) m/z
205.4 [M+H]*. HRMS m/z calculated for C12H17N20 [M+H]* 205.3418 found 205.3426. Data

consistent with literature values.®®
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Synthesis of N-(2-acetyl-4-(pyrrolidin-1-yl)phenyl)-3-(trifluoromethoxy)benzamide, 162

To a stirred solution of 1-(2-amino-5-(pyrrolidin-1-yl)phenyl)ethan-1-one (261 mg, 1.3
mmol) in THF (4 ml) was added EtzN (0.7 ml, 4.7 mmol) and the solution was cooled to 0 °C
before 3-(Trifluoromethoxy)benzoyl chloride (0.3 ml, 1.6 mmol) was added slowly over 5
minutes. The solution was stirred for 30 minutes before warmed to RT and stirred for a further
3 hours. The reaction mixture was concentrated in vacuo, redissolved in DCM (30 mL) and
washed with NaHCOs3 (3 x 30 mL), then brine (30 mL), dried over MgSO4 and concentrated
in vacuo to give a brown solid. The crude product was purified by flash chromatography
(silica; 0-10% MeOH in DCM) to afford an orange solid (395 mg, 1.0 mmol 79%); Rt 0.86
(10% MeOH in DCM); m.p. 146.5-147.7 °C; UV Amax (EtOH/nm) 202.0, 247.4, 329.6, 400.0;
IR vmax/cm™ 3268 (NH), 1673 (C=0), 1587 (C=0); 'H-NMR (500 MHz, DMSO-dg) & 1.97-
1.99 (4H, m, H-10), 2.63 (3H, s, H-8), 3.30-3.32 (4H, m, H-9), 6.84 (1H, dd, J = 9.0, 2.8 Hz,
H-2%), 7.00 (1H, d, J = 8.4 Hz, H-4), 7.62 (1H, s, H-6), 7.71-7.72 (1H, m, H-4"), 7.87-7.89
(1H, m, H-6), 7.70-8.00 (1H, m, H-5), 8.10-8.11 (1H, m, H-3), 11.54 (1H, s, NH); 3C-NMR
(125 MHz, DMSO-ds) 8¢ 23.2 (H-10) 25.5 (H-8), 48.0 (H-9), 118.3 (C-6), 119.2 (C-2),
122.2(C-7°), 126.7 (C-4), 127.4 (C-4°), 129.6 (C-6"), 130.1 (C-3), 131.5 (C-1) 132.1 (C-2),
133.7 (C-5"), 138.1 (C-17), 145.6 (C-5), 163.4 (C-11), 201.3 (C-7) (C-3’ not visualized); 1°F-
NMR (470 MHz, DMSO-ds) 5F -55.8; LRMS (ES*) m/z 393.1 [M+H]*; HRMS [M+H]*
(C20H20F3N203) calcd 393.1241 found 393.1271. Data consistent with literature values.!°
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N-(2-acetyl-4-(pyrrolidin-1-yl)phenyl)-3-nitrobenzamide, 163

To a stirred solution of 1-(2-amino-5-(pyrrolidin-1-yl)phenyl)ethan-1-one (358 mg, 1.75
mmol) in THF (15 mL) under N> was added EtzN (1.22 mL, 8.75 mmol) at 0 °C. To this was
added portion wise 3-nitrobenzoyl chloride (971 mg, 5.25 mmol). The reaction mixture was
allowed to stir for 30 min, before warmed to RT and stirred for 18 h. After this time the
reaction mixture was concentrated in vacuo, redissolved in DCM and washed with NaHCO3
(3 x 30 mL), then brine (30 mL), dried over MgSO4 and concentrated in vacuo to give a
brown solid. Purification was achieved by flash column chromatography (silica; 0-10%
MeOH in DCM) to give the title compound (267 mg, 0.756 mmol, 43%) as a red solid. Rf 0.22
(100% DCM); m.p. 216-219 °C; UV Amax (EtOH/nm) 328.0, 247.6; IR vma/cm™ 3216 (N-H),
1670 (C=0), 1590 (C=0), 1525 (N=0), 1339 (N=0); *H NMR (500 MHz, CDCls) n 2.04
(4H, d, J = 6.2 Hz, H-10), 2.71 (3H, s, H-8), 3.34 (4H, d, J = 6.2 Hz, H-9), 6.87 (1H, dd, J =
2.8,9.1 Hz, H-4), 7.03 (1H, d, J = 2.8 Hz, H-6), 7.70 (1H, t, J = 8.0 Hz, H-5"), 8.34-8.37 (2H,
m, H-6>, H-4*), 8.77 (1H, d, J = 9.1 Hz, H-3), 3C NMR (125 MHz, CDCls) §¢ 25.5 (C-10),
28.5(C-8), 47.8 (C-9), 113.3 (C-6), 118.4 (C-4), 122.4 (C-3), 122.8 (C-2), 123.4 (C-1), 124.1
(C-2), 125.9 (C-4"), 129.8 (C-5"), 132.6 (C-6"), 137.3 (C-1°), 144.0 (C-5), 148.5 (C-3°), 162.7
(C-11), 204.0 (C-7); LRMS (ES*) m/z 354.3 [M+H]*; HRMS [M+H]" (C19H20N204) calcd
354.1448 found 354.1446. Data consistent with literature values, lit m.p. 213-215 °C.1%
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2-(3-nitrophenyl)-6-(pyrrolidin-1-yl)quinolin-4(1H)-one, 164

To a stirred solution of N-(2-acetyl-4-(pyrrolidin-1-yl)phenyl)-3-nitrobenzamide (267 mg,
0.756 mmol) in dioxane (10 mL) was added NaOH (454 mg, 11.3 mmol) and heated to reflux.
The reaction was left to stir for 4 h before cooling to RT and poured into 10% NH4CI solution
(100 mL) producing a brown precipitate. The crude was collected and was washed with H.O
(3 x 20 mL). The crude product was used directly in the next step with no purification. Crude
characterisation: Rt 0.6 (10% MeOH in DCM); m.p. 325-329 °C; IR vma/cm™ 3257 (N-H),
1592 (C=0), 1531 (N=0), 1341 (N=0); LRMS (ES") m/z 336.3 [M+H]".
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Synthesis of 4-0x0-4-((3-(4-0x0-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-2-
yl)phenyl)amino)butanoic acid, 170

To 2-(3-aminophenyl)-6-(pyrrolidin-1-yl)quinolin-4(1H)-one, 2-(3-aminophenyl)-6-
(pyrrolidin-1-yl)quinolin-4(1H)-one (100 mg, 0.33 mmol) in DMF (2 mL) was added DIPEA
(114 pL, 0.66 mmol) and succinic anhydride (33 mg, 0.33 mmol) and left to stir at RT for 16
hours. The solvent was removed in vacuo and was purified by reverse phase flash column
chromatography (C-18; 5-95% THF in H.O) to obtain a yellow oil (117 mg, 0.29 mmol,
88%). Rt 0.14 (10% MeOH in DCM); UV Amax (MeOH/nm) 304.2 224.1; IR vma/cm™ 35013
(COOH); *H NMR (500 MHz CDCls) 6y 2.43 (2H, d, J = 6.8 Hz, H-21), 2.51(2H, d, J = 6.8
Hz, H-22), 3.38-3.42 (4H, m, H-3), 3.46-3.49 (4H, m, H-4), 6.90-6.91 (1H, m, H-13), 6.94
(2H, d, J = 8.2 Hz, H-8), 7.20-7.25 (3H, m, H-6, H-7), 7.38-7.40 (1H, m, H-16), 7.77-7.80
(2H, m, H-16 and H-20), 12.2 (1H, s, COOH) ; **C NMR (125 MHz, CDCls) 8¢ 20.4 (C-2),
29.4 (C-21), 29.9 (C-21) 50.4 (C-1, C-4), 97.1 (C-12), 114.1 (C-6, 119.2 (C-8), 121.9 (C-7),
128.7 (C-15),147.5 (C-1), 171.8 (C-11), 172.2 (C-23), 173.1 (C-20); (Not all carbons
visualised) LRMS (ES*) m/z 406.3 [M+H]"; HRMS m/z calculated for C23H24N304 [M+H]*
406.5132 found 406.5114.
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Synthesis of 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)-N-(8-(2-((3-(4-
0x0-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-2-

yl)phenyl)amino)acetamido)octyl)acetamide, 171

HN 39\38

O=40 N

41 42
0 33

To 4-0x0-4-((3-(4-0x0-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-2-yl)phenyl)amino)butanoic
acid , (100 mg, 0.25 mmol) in DMF (2 mL) was added DIPEA (44 pL, 0.25 mmol), DMAP (3
mg, 0.03 mmol), EDC.HCI (39 mg, 0.25 mmol) and cereblon ligand (118 mg, 0.25 mmol).
The reaction was left overnight and was concentrated in vacuo. The crude product was
purified by reverse phase flash column chromatography (C-18; 5-95% THF in H,O) to afford
the title compound as a yellow oil (34 mg, 0.04 mmol). R 0.27 (10% MeOH in DCM); UV
Amax (MeOH/nm) 364.2 206.7; IR vmax/cm™ *H NMR (500 MHz CDCls) 81 1.22-1.36 (12H,
m, H-21 to H-26), 2.11-2.14 (8H, m, H-1, H-41, H-42), 2.78 (2H, m, H-26). 3.35-3.40 (4H,
m, H-2), 3.85 (2H, s. H-18), 4.32-4.36 (3H, m, H-29, H-38), 6.88-6.92 (2H, m, H-10, H-17),
6.99-7.09 (5H, m, H-8, H-15, H-4, H-13, H-14), 7.44-7.49 (2H, m, H-31, H-33), 7.88-7.90
(1H, m, H-32), 8.11 (1H, s, NH); *°C NMR (125 MHz, CDCl3) ¢ 20.6 (C-42), 24.8 (C-1),
25.4 (C-22, C25), 28.4 (C-24, C23,), 29.1 (C24, C23), 29.3 (C-41), 37.9 (C-20), 28.4 (C-27),
48.6 (C-2), 55.9 (C-18), 61.3 (C-38), 65.4 (C-29), 94.6 (C-10), 113.7 (C-17), 116.2 (C-8, C-
15), 118.1 (C-13), 188.4 (C-5), 119.2 (C-4), 169.0 (C-37), 169.8 (C-19). (Can’t visualise rest
of carbons) LRMS (ES*) m/z 804.8 [M+H]*; HRMS [M+H]" (CasHsoN7QOs) calcd 804.3452
found 804.3428.
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Synthesis of methyl hydrazinecarbodithioate, 176

H
HZN’N\I(S\

S
To a solution of KOH (0.56 g, 12 mmol) in H20 (1 mL) and IPA (0.8 mL) was added
dropwise at 0 °C, hydrazine hydrate (0.32 mL, 12 mmol) in water (0.5 mL). Then carbon
disulfide (0.60 mL, 0.1 mmol) was added dropwise to the solution over 30 mins. The solution
was stirred at 0 °C for 2 h before Mel (0.75 mL, 12 mmol) was added and the reaction was
stirred for a further 1 h. The white precipitate was then filtered and washed with cold water to
give a white solid (0.82 g, 6.72 mmol, 56%). Rt 0.23 (10% MeOH in DCM); m.p. 82-86 °C;
UV Amax (MeOH/nm) 249.4, 321.8; IR vmax/cm™ ; *H NMR (500 MHz DMSO-ds) 8+ 3.25
(1H, br, NH>), 5.24 (1H, br, NH). CHz not visualised, occluded by solvent peak. Data
consistent with literature, lit m.p. 81-82 °C.208
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Synthesis of (diphenylmethylene)hydrazine, 182

To a solution of benzophenone (1.0 g, 5.5 mmol) in ethanol (20 mL) was added hydrazine

monohydrate (0.47 mL, 10 mmol) and cat. AcOH (0.1 mL). The reaction was heated to reflux

and stirred for 6 hours. The solvent was removed in vacuo and the crude product was purified

by flash column chromatography (silica; 0-10% MeOH in DCM) to give a white solid. Rt 0.15
(10% MeOH in DCM); m.p. 94-97 °C; UV Amax (MeOH/nm) 272.3, 315.8; IR vmad/cm™ 3340
(NH); 'H NMR (500 MHz CDCl3) 845.15 (2H, s, NHy), 7.01-7.06 (5H, m, H-2, H-7, H-8, ),
7.21-7.25 (3H, m, H-6, H-1), 7.28-7.32 (2H, m, H-3); *C NMR (125 MHz, CDCls) ¢ 126.4
(C-7), 127.9 (C-2), 128.7 (C-1), 128.8 (C-8), 129.0 (C-4) 149.1 (C-5); LRMS (ES*) m/z 197.3
[M+H]". HRMS m/z calculated for C13H13N2 [M+H]" 197.2103 found 197.2141. Data

consistent with literature values, lit m.p. 94-96 °C.20°
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Synthesis of (1H-imidazol-1-yl)(4-phenylpiperazin-1-yl)methanethione, 186

S
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To 1-phenyl-piperazine (100 mg, 0.62 mmol) in THF (5 mL) was added TCDI (122 mg, 0.68
mmol). The reaction was stirred at RT for 5 h. The solvent was removed in vacuo and the
product was purified by flash column chromatography (silica; 0-10% MeOH in DCM) giving
a yellow oil (125 mg, 0.46 mmol, 74%). Rt 0.24 (10% MeOH in DCM); UV Amax (MeOH/nm)
314.5, 224.1; IR vma/cm™ 1514 (C=S); 'H NMR (500 MHz CDCls) &1 3.42-3.44 (4H, m, H-
5), 3.46-3.49 (4H, m, H-6), 6.89-6.91 (1H, m, H-4), 6.98 (2H, d, J = 8.4 Hz, H-2), 7.18-7.25
(3H, m, H-3, H-9), 7.36-7.40 (1H, m, H-10), 8.11 (1H, s, H-8); 13C NMR (125 MHz, CDCls)
dc 50.6 (C-5), 54.9 (C-6), 115.1 (C-2), 118.9 (C-10), 121.9 (C-4), 128.7 (C-3), 128.9 (C-9),
135.4 (C-8), 147.5 (C-1), 170.8 (C-7); LRMS (ES*) m/z 273.4 [M+H]"; HRMS m/z calculated
for C14H17N4S [M+H]* 273.3941 found 273.3956. Data consistent with literature values.®°
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Synthesis of 4-nitrophenyl 2-(diphenylmethylene)hydrazine-1-carboxylate, 189

To a solution of (diphenylmethylene)hydrazine (500 mg, 2.55 mmol) in a mixture of DCM
(20 mL), THF (10 mL) and pyridine (0.47 mL, 5.61 mmol) at 0 °C stirring was added 4-
nitrophenyl chloroformate (1.13 g, 5.61 mmol) and left to stir at room temperature for 5
hours. After the reaction was completed, the yellow solution was concentrated in vacuo and
purified by flash chromatography (silica; 0-5% MeOH in DCM) to afford a yellow solid (695
mg, 1.91 mmol, 75%). R = 0.35 (10% MeOH in DCM); m.p. 119-123 °C; UV Amax
(MeOH/nm) 251.3, 205.6; IR vmax/cm™ 3384 (NH,), 2954 (NH), 2910 (NH), 1630 (C=0),
1607 (C=0); *H NMR (500 MHz CDCl3) 4 7.21-7.25 (3H, m, H-10, H-11, H-12), 7.48-7.59
(8H, m, H-3, H-4, H-5, H-9, H-13, H-16), 7.88-7.92 (2H, m, H-6, H-2), 8.21-8.24 (2H, m, H-
17); 3C NMR (125 MHz, CDCl3) 8¢ 123. 6 (C-16), 126.8 (C-16),128.4, 128.5 (C-5, C-3, C-
10, C-12), 131.1 (C-4, C-11), 133.8 (C-1), 144.6 (C-18), 157.4 (C-7), 158.5 (C-14); LRMS
(ES") m/z 362.7 [M+H]*; HRMS m/z calculated for C2oH16N3O4 [M+H]* 362.6147 found

362.6130. Data consistent with literature values.?°
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Synthesis of N'-(diphenylmethylene)-4-phenylpiperazine-1-carbohydrazide, 190

To a solution of 4-nitrophenyl 2-(diphenylmethylene)hydrazine-1-carboxylate (150 mg, 0.42
mmol) in DCM (10 mL) was added DIPEA (220 pL, 1.26 mmol) and 1-phenylpiperazine (66
ML 0.42 mmol) and was stirred for 3 h at RT. The reaction mixture was washed with 1M HCI
(5 mL), H2O (5 mL) and brine (5 mL). The organic fraction was dried over MgSQe., filtered,
concentrated in vacuo and purified by flash column chromatography to give a yellow oil (136
mg 0.35 mmol, 83%) Rt = 0.55 (10% MeOH in DCM); UV Amax (MeOH/nm) 260.3, 216.7; IR
vma/cm™ 2957 (NH), 1630 (C=0), 1680 (C=0); *H NMR (500 MHz CDCls) 8 3.14-3.16
(4H, m, H-16), 3.41-3.43 (4H, m, C-15) 6.76-6.78 (1H, m, H-20), 6.88-6.90 (2H, m, C-18),
7.15-7.26 (5H, m, H-19, H-10, H-11, H-12) 7.45-7.51 (5H, m, H-4, H-5, H-3), 7.89-7.92 (2H,
m, H-6, H-2);3C NMR (125 MHz, CDCls) 3¢ 50.9 (C-15), 52.6 (C-16), 117.4 (C-18), 121.1
(C-20), 130.9 (C-13, C-2) 131.1 (C-9, C-6), 133.1 (C-4), 157.6 (C-7), 158.4 (C-14); LRMS
(ES™) m/z 385.3 [M+H]*; HRMS m/z calculated for C24H2sN4O [M+H]" 385.4716 found
385.4734.
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Synthesis of 6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-methyl-N-(3-((1-nitroacridin-9-
yl)amino)propyl)hexanamide, 193

N q\/\/\)}\zo > 2 -

To astirred solution of N*-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine (50 mg, 0.16
mmol) in DMF (2 mL) was added 6-maleimidohexanoic acid (34 mg, 0.16 mmol), HATU
(73 mg, 0.19 mmol) and DMAP (1 mg, 0.01 mmol) at 0 °C. The reaction was warmed to RT
and stirred for 16 h. The solution was concentrated in vacuo, loaded onto Isolute® and
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purified by flash column chromatography (silica; 0-10% MeOH in DCM) to afford a red oil
(61 mg, 0.12 mmol, 74%). Rf 0. (5% MeOH in DCM); UV Amax (EtOH/nm) 221, 278.0; IR
vmax/cm™ 3263 (NH), 1700 (CO), 1602 (CO), 1528 (NO); *H NMR: (500 MHz, DMSO-ds)
8n; 1.08-1.13 (2H, m, H-8°), 1.41-1.46 (2H, m, H-7"), 1.51-1.55 (2H, m, H-9°), 1.71 (2H, br,
H-2%), 2.16-2.20 (2H, m, H-6"), 1.99-2.01 (2H, m, H-10), 2.88 (3H, s, H-4"), 3.41-3.44 (2H,
m, H-3"), 3.47-3.52 (2H, m, H-1"), 3.72 (1H, br, NH), 6.64 (2H, s, H-12"), 7.01-7.10 (1H, m,
H-7), 7.17 (1H, br, H-6), 7.33-7.41 (2H, m, H-3, H-5), 7.51-7.61 (1H, m, H-4), 7.75-7.78 (1H,
m, H-8), 8.27-8.30 (1H, m, H-2); *C NMR: (125 MHz, DMSO-ds) &c; 25.0 (C-7°), 25.4 (C-
8%), 26.2 (C-17), 28.6 (C-9°), 35.4 (C-4’), 37.2 (C-6°), 42.7 (C-10") 48.7 (C-3"), 103.2 (C-10),
118.7 (C-5), 119.7 (C-13), 124.3 (C-8), 125.9 (C-7), 129.8 (C-6), 134.9 (C-127), 135.4 (C-4),
140.4 (C-2),171.4,172.0 (C-5°, C-11"),(C-1, C=11, C-12 and C-13 were not visualized);
LRMS (ES*) m/z 504.4 [M+H]*; HRMS [M+H]" (C27H30Ns0s) calculated 504.4891 found
504.4810.
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Synthesis of 1-(6-0x0-6-(4-0xo0-6-(pyrrolidin-1-yl)-2-(3-
(trifluoromethoxy)phenyl)quinolin-1(4H)-yl)hexyl)-1H-pyrrole-2,5-dione, 194

To a solution of 6-maleimidocaproic acid (50 mg, 0.24 mmol) in THF (1 mL) at 0°C was
added 1 drop of DMF followed by oxalyl chloride (10 pL, 0.11 mmol). The solution was
stirred for 3 hours at RT and then concentrated in vacuo before the crude reaction mixture was
redissolved in THF (2 ml) and EtsN (77 puL, 0.55 mmol) was added followed by 6-(pyrrolidin-
1-yl)-2-(3-(trifluoromethoxy)phenyl)quinolin-4(1H)-one (101 mg, 0.33 mmol). The solution
was stirred at 50 °C for 16 hours and then concentrated in vacuo. The crude mixture was
quenched with water (10 mL) and the product was extracted with DCM (3 x 10 mL). The
organic layers were combined, washed with brine (10 mL), dried over MgSQyg, filtered and
concentrated in vacuo. The crude product was purified by flash column chromatography
(silica; 0-10% MeOH in DCM) to afford a brown solid, (48 mg, 0.08 mmol, 35%); Rf = 0.79
(10% MeOH in DCM); m.p. 220-223 °C; UV Amax (EtOH/nm) 213.2, 278.2, 334.8, 397.2; IR
vmax/cm-1 1761 (C=0), 1703 (C=0), 1630 (C=0); 1H-NMR (500 MHz, CDCl3) 4+ 1.20
(2H, m, H-4"), 1.38-1.44 (4H, m, H-3’, H-5"), 2.16-2.18 (4H, m, H-1) 2.40 (2H, t, J = 7.5 Hz,
H-2"), 3.09-3.12 (4H, m, H-2), 3.25 (2H, t, J = 7.2 Hz, H-6"), , 6.59 (2H, s, H-8"), 6.74 (1H, d,
J =2.6 Hz, H-7), 6.90-6.92 (2H, m, H-15, H-17), 7.16-7.18 (2H, m, H-4, H-11), 7.69-7.71
(1H, m, H-13), 7.74-7.76 (1H, m, H-14), 7.79-7.80 (1H, m, H-10); *C NMR (125 MHz,
CDClz) 8¢ 24.5 (C-1), 25.7 (C-3”), 26.3 (C-4"), 28.3 (C-57), 30.9 (C-2"), 34.3 (C-6), 37.5 (C-
2), 96.2 (C-7), 110.8 (C-17), 119.6 (C-4), 120.4 (C-14), 120.8 (C-15), 121.6 (C-11), 123.7 (C-
13), 125.2 (C-10), 130.0 (C-12), 130.9 (C-9), 134.1 (C-18), 137.4 (C-5), 141.9 (C-8°), 143.7
(C-3), 151.3 (C-8), 152.8 (C-16), 170.8 (C=0), 170.9 (C=0), 179.4 (C=0). °F NMR (470
MHz, CDCls) -57.5; LRMS (ES") m/z 568.2 [M+H]*; HRMS failed to detect a mass.
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Synthesis of S-(1-(6-(methyl(3-((1-nitroacridin-9-yl)amino)propyl)amino)-6-oxohexyl)-
2,5-dioxopyrrolidin-3-yl)cysteine, 195
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To a solution of 6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-methyl-N-(3-((1-nitroacridin-9-
yl)amino)propyl)hexanamide (50 mg, 0.1 mmol) in DMF (2 mL) was added L-cysteine (12

l\)m

mg, 0.1 mmol) and DABCO (1 mg, 0.01 mmol). The reaction mixture was stirred for 6 hours
before the solvent was concentrated in vacuo. The product was purified by reverse phase flash
column chromatography (C-18, 5-95% THF in H,0) to afford a red solid (31 mg, 0.05 mmol
52%. Rf 0.1 (10% MeOH in DCM); m.p. 180-185 °C; UV hmax (EtOH/nm) 222.0, 245.0,
280.2; IR vmax/cm™® 3258 (NH), 1603 (CO); *H NMR: (500 MHz, DMSO-ds) dn; 1.09-1.12
(2H, m, H-8"), 1.42-1.48 (2H, m, H-7), 1.53-1.57 (2H, m, H-9"), 1.74-1.78 (2H, m, H-2"),
2.16-2.20 (2H, m, H-6"), 2.00-2.02 (2H, m, H-10), 2.85 (3H, s, H-4"), 3.01-3.11 (4H, m, H-
12°, H-14"), 3.39-3.42 (2H, m, H-3"), 3.45-3.50 (2H, m, H-1°), 3.64-3.68 (1H, m, H-15"),
3.71-3.74 (1H, m, H-13"), 3.88 (1H, br, NH), 7.03-7.10 (1H, m, H-7), 7.16-7.19 (1H, m, H-6),
7.34-7.43 (2H, m, H-3, H-5), 7.51-7.59 (1H, m, H-4), 7.76-7.80 (1H, m, H-8), 8.27-8.30 (1H,
m, H-2), 9.14 (2H, s, NH2), 11.71 (COOH); 3C NMR: (125 MHz, DMSO-ds) &¢; 25.1 (C-7),
25.4 (C-8°), 26.1 (C-1°), 28.8 (C-9), 31.7 (C-14"), 34.1 (C-127), 35.1 (C-4’), 37.6 (C-6"), 42.4
(C-10°), 44.6 (C-13°), 48.8 (C-3°), 56.7 (C-15"), 103.2 (C-10), 118.6 (C-5), 119.6 (C-13),
124.3 (C-8), 126.1 (C-7), 129.7 (C-6), 135.1 (C-4), 140.7 (C-2), 171.6, 171.9, 171.3 (C-5", C-
11°, C-),(C-1, C=11, C-12 and C-13 were not visualized); LRMS (ES*") m/z 625.71 [M+H]";
HRMS [M+H]" (C30H37NsO-S) calculated 625.1601 found 625.1622.
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Synthesis of 5-(2,5-dioxocyclopent-3-en-1-yl)-N-(3-(4-oxo-6-(pyrrolidin-1-yl)-1,4-
dihydroquinolin-2-yl)phenyl)pentanamide, 196

To a stirred solution of 6-(pyrrolidin-1-yl)-2-(3-aminophenyl)-quinolin-4(1H)-one (57 mg,
0.19 mmol) in DMF (2 mL) was added 6-maleimidohexanoic acid (40 mg, 0.19 mmol),
HATU (87 mg, 0.23 mmol) and DMAP (2 mg, 0.02 mmol) at 0°C. This was left to stir for 10
minutes before warming to room temperature and was left to stir for a further 18 hours. The
reaction was quenched using 1 M HCI (5 mL) followed by water (5 mL) and extracted in
DCM. The combined organic layers were washed with water (5 mL) followed by brine (5
mL) and a saturated solution of NaHCO3 (5 mL) before dried over MgSOsa, filtered and
concentrated in vacuo. The crude compound was purified by flash column chromatography
(silica; 0-10% MeOH in DCM) to obtain a yellow oil (65 mg, 0.13 mmol 68% yield). Rf 0.3
(5% MeOH in DCM); UV Amax (EtOH/nm) 216.8, 289.2, 397.0; IR vmad/cm™ 3364 (NH),
3243 (NH), 1695 (C=0); *H NMR: (500 MHz, DMSO-dg) &n; 1.23-1.26 (2H, m, H-4""), 1.51
(2H, p, J=7.2 Hz, H-3"), 1.60 (2H, p, J = 7.2 Hz, H-5""), 1.96-2.00 (4H, m, H-11), 2.31 (2H,
t,J=2.5Hz, H-2""),3.27-3.30 (4H, m, H-10), 3.39 (2H, t, J =7.1 Hz, H-6"), 6.11 (1H, s, H-
8), 6.97 (2H, s, H-8"), 7.00-7.02 (1H, m, H-3), 7.07 (1H, d, J = 8.3 Hz, H-4), 7.42-7.45 (2H,
m, H-6, H-5), 7.63 (1H, d, J = 7.7 Hz, H-4"), 7.70 (1H, d, J = 7.3 Hz, H-2"), 7.98-8.0 (1H, m,
H-6"), 10.1 (1H, s, NHCO), 11.55 (1H, s, NH); *C NMR: (125 MHz, DMSO-ds) 5c; 25.0 (C-
3”),25.5 (C-11), 26.3 (C-4""), 28.3 (C-5"), 36.7 (C-2""), 37.4 (C-6""), 48.1 (C-10), 103.2 (C-
5%), 118.2 (C-6), 119.2 (C-2"), 120.2 (C-3), 120.9 (C-2°), 122.3 (C-4°), 129.8 (C-6"), 134.9
(C-8°"), 140.3 (C-5), 145.0 (C-3"), 171.5, 171.9 (C-7°*, C-1""), 176.82 (C-7) (C-1, C-2, C-9.
C-1" were not visualized); LRMS (ES™) m/z 499.5 [M+H]"; HRMS [M+H]" (C29H31N40.)
calculated 499.4872 found 499.4813.
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Synthesis of S-(2,5-dioxo-1-(6-0x0-6-((3-(4-0x0-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-
2-yl)phenyl)amino)hexyl)pyrrolidin-3-yl)cysteine, 197

To a solution of 6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-methyl-N-(3-((1-nitroacridin-9-
yl)amino)propyl)hexanamide (50 mg, 0.1 mmol) in DMF (2 mL) was added L-cysteine (12
mg, 0.1 mmol) and DABCO (1 mg, 0.01 mmol). The reaction mixture was stirred for 6 hours
before the solvent was concentrated in vacuo. The product was purified by reverse phase flash
column chromatography (C-18, 5-95% THF in H;0) to afford a yellow solid (24 mg, 0.04
mmol, 40%). Rf 0.1 (10% MeOH in DCM); m.p. 205-211 °C; UV Amax (EtOH/nm) 252.0,
280.2; IR vmax/cm™ 3234 (NH), 1613 (CO); *H NMR: (500 MHz, DMSO-dg) 8n; 1.11-1.14
(2H, m, H-4%), 1.52-1.57 (4H, m, H-3*’, H-5""), 2.04-2.06 (4H, m, H-11), 2.08-2.11 (2H, m,
H-2"%), 2.44-2.62 (6H, m, H-6>", H-8*’, H-13"") 3.84-3.87 (2H, m, H-10"’, H14°") 6.79 (1H, s,
H-8), 6.87-6.90 (1H, m, H-3), 6.95-7.0 (2H, m, H-6, H-4), 7.23-7.27 (2H, m, H-5°, H-4"),
7.56-7.61 (2H, m, H-6’, H-2), 8.9 (2H, s, NH2 12.6 (1H, br, COOH) NMR: (125 MHz,
DMSO-ds) d¢c; Carbon NMR too weak LRMS (ES™) m/z 620.8 [M+H]*; HRMS [M+H]*

failed to find a mass.
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Synthesis of (R)-2-acetamido-3-mercapto-N-methylpropanamide, 199

To a solution of (R)-2-acetamido-N-methyl-3-((2-nitrophenyl)disulfaneyl)propenamide (50
mg, 0.15 mmol) in THF (2 mL) and H20O (0.2 mL) was added TCEP.HCI (132 mg, 0.46 mmol)
and the reaction was left to stir for 6 hours at RT. The organic solvent was removed in vacuo,
diluted with H20 (10 mL) and was then extracted with 10% IPA in EtOAc (3 x 5 mL). The
organic layers were combined, washed with brine (10 mL), dried over MgSOs, filtered and
concentrated in vacuo. The crude mixture was purified by flash column chromatography (silica;
0-10% MeOH in DCM) to give a white solid (6.3 mg, 0.04 mmol, 24%). R¢ 0.75 (10% MeOH
in DCM); m.p. 178-182 °C; IR vmadcm™ 2921 (NH), 2952 (NH), 2520 (SH) 1637 (C=0); H
NMR (500 MHz, CDCls) 81 2.04 (3H, s, H-1), 1.84 (3H, s, H-1), 2.85 (3H, d, J = 5 Hz, H-5)
3.08-3.18 (2H, m, H-6), 4.72-4.88 (1H, m, H-3), 6.55-6.58 (1H, m, NH), 6.69-6.72 (1H, d, J =
8.0 Hz, NH), 7.38-7.41 (1H, m, H-10), 7.70-7.73 (1H, m, H-9), 8.25-8.30 (2H, m, H-8 and H-
11). 3C NMR (125 MHz, CDCls) 8¢ 23.1 (C-1), 26.3 (C-5), 30.1 (C-6), 43.1 (C-5), 53.3 (C-3),
172.2 (C-2), 174.2 (C-4). LRMS (ES*) m/z 177.3 [M+H]*; HRMS [M+H]* (CsH13N20,S)

calculated 177.5136 found 177.5153. Data consistent with literature values, lit m.p. 192-195
OC.le
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Synthesis of methyl N-acetyl-S-(tert-butyl)-L-cysteinate, 202

To a solution of N-acetyl L-cysteine methyl ester (1.0 g, 1.1 mmol) in TFA (10 mL) was
added tert-butanol (0.56 mL, 1.06 mmol). The reaction was stirred for 4 hours before being
concentrated in vacuo and diluted with H.O (10 mL). The pH was adjusted to 8 with 28%
ammonium hydroxide solution and was extracted in EtOAc (3 x 25 mL). The organic layers
were combined, dried over MgSQg, filtered and concentrated in vacuo to give a colourless oil
(1.18 g, 87%). Rr 0.75 (10% MeOH in DCM); m.p. 110-112 °C; IR vmadcm™ 2962 (NH),
1780 (C=0), 1740 (C=0); 'H NMR (500 MHz, DMSO-dg) & 1.27 (9H, s, H-1), 1.85 (3H, s,
H-1), 2.73 — 2.88 (2H, m, H-6), 3.64 (2H, s, H-5), 4.37 — 4.48 (1H, m, H-3), 8.38 (1H, d, J =
7.8 Hz, NH); 3C NMR (125 MHz, DMSO-dg) d¢ 22.7 (C-1), 29.8 (C-6), 31.1 (C-8), 42.8 (C-
7), 52.5 (C-5), 53.3 (C-3), 169.8 (C-4), 171.7 (C-2). LRMS (ES*) m/z 234.1 [M+H]*; HRMS
[M+H]* (C10H20NO3S) calculated 234.3613 found 234.3631.
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Synthesis of N-acetyl-S-(tert-butyl)-L-cysteine, 203

To a solution of methyl N-acetyl-S-(tert-butyl)-L-cysteinate (1.18g, 5.05 mmol) in MeOH (30
mL) stirring at 0 °C was added 1 M NaOH (10 mL) and warmed to RT. The reaction was
stirred for 5 hours before concentrated in vacuo to give an aqueous residue. The pH was
adjusted to 5 with 1 M HCI and concentrated in vacuo. The crude product was redissolved in
H20 (20 mL) and extracted in EtOAc (3 x 20 mL). The organic layers were combined, dried
over MgSOyg, filtered and concentrated in vacuo to give a white solid (669 mg, 60%). Rs 0.75
(10% MeOH in DCM); m.p. 164-166 °C; IR vma/cm™ 3333 (COOH), 2965 (NH), 1704
(C=0), 1637 (C=0); 'H NMR (500 MHz, DMSO-ds) 5 1.27 (9H, s, H-7), 1.84 (3H, s, H-1),
2.71—2.88 (2H, m, H-5), 4.32 — 4.40 (1H, m, H-3), 8.23 (1H, d, J = 7.0 Hz, NH); °C NMR
(125 MHz, DMSO-ds) ¢ 22.6 (C-1), 30.1 (C-5), 31.0 (C-7), 42.4 (C-6), 53.4 (C-3), 172.3
(C-2), 174.2 (C-4). LRMS (ES*) m/z 220.2 [M+H]*; HRMS [M+H]* (CoH1sNOsS) calculated
220.3798 found 220.3814. Data consistent with literature values, lit m.p. 130 °C.2*2
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Synthesis of (R)-2-acetamido-3-(tert-butylthio)-N-methylpropanamide, 204

To a solution of N-acetyl-S-(tert-butyl)-L-cysteine (640 mg, 2.90 mmol) in MeCN (15 mL)
was added B(OCH2CFs3)3 (1.3 mL, 5.85 mmol) and 2 M methylamine in THF (2.1 mL, 58.5
mmol) and the solution was stirred and refluxed at 80 °C overnight. The solution was
concentrated in vacuo before being redissolved in DCM. The organic layer was washed with a
saturated solution of NaHCOs (10 mL) followed by 1 M HCI (10 mL). The organic layer was
then dried over MgSOyg, filtered and concentrated in vacuo to give a pale yellow solid (355
mg, 69%). R 0.75 (10% MeOH in DCM); m.p. 154-157 °C; IR vmax/cm™ 2935 (NH), 1712
(C=0), 1646 (C=0); *H NMR (500 MHz, DMSO-ds) 8 1.26 (9H, s, H-8), 1.84 (3H, s, H-1),
2.58 (3H, d, J = 4.5 Hz, H-5) 2.61 — 2.82 (2H, m, H-6), 4.28-4.32 (1H, m, H-3), 7.94-7.96
(1H, m, NH), 8.10 (1H, d, J = 8.0 Hz, NH); 3C NMR (125 MHz, DMSO-ds) ¢ 23.4 (C-1),
26.1 (C-5), 30.6 (C-6), 31.2 (C-8), 42.5 (C-5), 53.7 (C-3), 172.3 (C-2), 174.2 (C-4). LRMS
(ES™) m/z 233.3 [M+H]"; HRMS [M+H]" (C29H31N40s) calculated 233.4106 found 233.4091.
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Synthesis of (R)-2-acetamido-N-methyl-3-((2-nitrophenyl)disulfaneyl)propenamide, 205

To a solution of (R)-2-acetamido-3-(tert-butylthio)-N-methylpropanamide (177 mg, 1.0
mmol) in acetic acid (10 mL) stirring was added 2-nitrobenzene sulfenyl chloride (228 mg,
1.2 mmol). After 6 hours the reaction mixture was concentrated in vacuo before diluted with
H20 (20 mL) and extracted in EtOAc (3 x 20 mL). The organic washings were combined,
dried over MgSQy, filtered and concentrated in vacuo. The crude product was purified by
flash column chromatography (silica; 0-10% MeOH in DCM) to afford a yellow solid (162
mg, 49%). Rs 0.75 (10% MeOH in DCM); m.p. 187-190 °C; UV Amax (EtOH/nm) 279.1,
224.1; IR vmax/cm™ 2924 (NH), 1716 (C=0), 1654 (C=0); *H NMR (500 MHz, CDCls) &
2.04 (3H, s, H-1), 1.84 (3H, s, H-1), 2.85 (3H, d, J = 5 Hz, H-5) 3.08-3.18 (2H, m, H-6), 4.72-
4.88 (1H, m, H-3), 6.55-6.58 (1H, m, NH), 6.69-6.72 (1H, d, J = 8.0 Hz, NH), 7.38-7.41 (1H,
m, H-10), 7.70-7.73 (1H, m, H-9), 8.25-8.30 (2H, m, H-8 and H-11). 3C NMR (125 MHz,
CDCls) 8¢ 23.4 (C-1), 26.4 (C-5), 31.2 (C-6), 54.1 (C-7), 124.3 (C-11) 124.7 (C-10), 128.9
(C-7). 133.3 (C-8), 139.4 (C-9), 145.2 (C-12), 172.4 (C-2), 174.1 (C-4). LRMS (ES*) m/z
230.1 [M+H]"; HRMS failed to detect a mass.

178



Synthesis of N-methyl-N-(3-((1-nitroacridin-9-yl)amino)propyl)acetamide, 206
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To a solution of nitro (34 mg, 0.11 mmol) in DMF (2 mL) was added K>CO3z (15 mg, 0.11
mmol) followed by acetic anhydride (10 pL, 0.11 mmol). The reaction was stirred for 4 hours
until consumption of the starting material and then concentrated in vacuo. The residue was
dissolved in DCM (10 mL) and washed with H>O (3 x 10 mL) before being dried over
MgSOs, filtered and concentrated in vacuo. The crude product was purified by flash column
chromatography (silica; 0-20% MeOH in DCM) to give a red oil (17 mg, 0.05 mmol, 44%).
Rf 0.29 (RP C-18, 50% THF (0.1% NHs3) in H20 (0.1% NHa)); UV Amax (EtOH/nm) 261.7,
347.8, 391.2; IR vmax/cm™ 3359 (NH), 1617 (CO), 1527 (NO); *H NMR: (500 MHz, DMSO--
de) dn 1.68-1.78 (2H, m, H-15), 1.93 (3H, s, H-18), 2.88 (3H, s, H-19), 2.94 (1H, s, NH),
3.16-3.19 (2H, m, H-14), 3.24-3.26 (2H, m, H-16), 7.10-7.12 (1H, m, H-7), 7.28-7.33 (2H, m,
H-3, H-5), 7.35-7.38 (1H, m, H-6), 7.49-7.54 (2H, m, H-4, H-8), 7.78-7.83 (1H, m, H-2) *C
NMR (125 MHz, DMSO-dg) dc; 19.6 (C-18), 23.4 (C-15), 34.8 (C-19), 40.1 (C-14), 47.4 (C-
16), 111.9 (C-10), 115.1 (C-13), 115.3 (C-5), 117.4 (C-13), 118.6 (C-8), 122.0 (C-7), 130.1
(C-6), 130.8 (C-6), 134.8 (C-4), 135.1 (C-3), 140.1, 140.2 (C-2, C-11), 151.3 (C-1), 157.3 (C-
9). LRMS (ES™) m/z 353.4 [M+H]"; HRMS [M+H]* (C19H21N4O3) calculated 353.6147 found
353.6127.
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Synthesis of 4-((S)-2-((S)-2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)-3-
methylbutanamido)-5-ureidopentanamido)benzyl methyl(3-((1-nitroacridin-9-

yl)amino)propyl)carbamate, 207
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To 4-((S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanamido)benzyl methyl(3-((1-nitroacridin-9-yl)amino)propyl)carbamate 229 (35
mg, 0.04 mmol) was added 10% TFA in DCM (1 mL). The reaction was left at RT for 5
hours. The solvent was removed in vacuo and DMF (1 mL) was added. The solution was
cooled to 0 °C and DIPEA (87 pL, 0.5 mmol) was added followed by HATU (30 mg, 0.08
mmol) and 6-maleimidohexanoic acid (17 mg, 0.08 mmol). The reaction was left to stir for 16
h at RT. The reaction mixture was concentrated in vacuo and the crude product was purified
by reverse phase column chromatography (C-18; 5-95% THF in H20) to give the product as a
red oil (13 mg, 0.02 mmol, 50%). Rf 0.25 (10% MeOH in DCM); UV Amax (EtOH/nm)
284.0, 242.2 216.3; IR vmax/cm™ 3334 (NH), 1613, 1649(CO); *H NMR: (500 MHz, DMSO-
de) dH; 0.98 (6H, dd, J =7.1, 20.4 Hz, H-4), 1.24-1.28 (4H, m, H-7°, H-8"), 1.55-1.61 (4H, m,
H-9’, H-27), 1.70-1.74 (2H, m, H-26), 2.85-2.89 (1H, m, H-6), 2.92-2.94 (2H, m, H-16),
3.08-3.10 (2H, m, H-28), 3.15 (3H, s, H-17), 3.18-3.20 (2H, m, H-15) 3.46-3.49 (2H, m, H-
10%), 4.15-4.18 (1H, m, H-2"), 4.22-4.25 (1H, m H-25), 4.56 (2H, s, H-19), 7.52-7.58 (3H, m,
H-7, H-21), 7.62-7.71 (3H, H-6, H-22), 7.81-7.90 (5H, m, H-12", H-3, H-4, H-5, H-8). 8.16-
8.19 (2H, m, H-4, H-8), 8.24-8.26 (1H, m, H-2); 3¢ NMR: (125 MHz, DMSO-ds) 8c; Carbon
sample too weak for *C NMR; LRMS (ES*) m/z 909.7 [M+H]"; HRMS [M+H]*
(C46H57N10010) calculated 909.7423. found 909.7465
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Synthesis of 6-((tert-butoxycarbonyl)amino)hexanoic acid, 211

To a solution of 6-aminohexanoic acid (5.0 g, 38 mmol) in 1,4-dioxane:H20 (40 mL, 2:1) was
added 1 M NaOH (20 mL) and cooled to 0 °C. Boc.O (9.2 g, 42 mmol) was added and the
solution was allowed to warm to RT and stirred for 4 hours. The solution was concentrated in
vacuo and redissolved in water (50 mL). The aqueous layer was washed with EtOAc (30 mL)
and the pH of the aqueous layer was adjusted to pH 1. The product was then extracted into
EtOAc (3 x 50 mL), dried over MgSOs., filtered and concentrated in vacuo to give a colourless
oil which crystallised to a white solid on standing (7.74 g, 88%). Rf 0.10 (10% MeOH in
DCM); m.p. 41-44 °C; IR vmadcm™ 3287 (COOH), 3012 (NH), 1710 (C=0); 'H NMR (500
MHz, DMSO-de) 81 1.23 (2H, p, J = 7.1 Hz, H-4), 1.33-1.40 (11H, m, H-5, H-9), 1.48 (2H, p,
J=7.5Hz, H-3),2.18 (2H, t, J = 7.5 Hz, H-2) 2.89 (2H, p, J = 6.6 Hz, H-6) 6.77 (1H, s, NH),
11.99 (1H, s, COOH); °C NMR (125 MHz, DMSO-ds) ¢ 24.7 (C-3), 26.3 (C-4), 28.7 (C-9),
29.7 (C-5), 34.1 (C-2), 55.7 (C-6), 77.8 (C-8), 156.0 (C-7), 174.9 (C-1). LRMS and HRMS

failed to detect mass. Data consistent with literature values, lit m.p. 35-37 °C.2'3
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Synthesis of 2,5-dioxopyrrolidin-1-yl 6-((tert-butoxycarbonyl)amino)hexanoate, 212
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To a stirring solution of 6-((tert-butoxycarbonyl)amino)hexanoic acid (5.0 g, 22 mmol) in
THF (40 mL) was added N-hydroxysuccinimide (2.7 g, 24 mmol) and the reaction mixture
was cooled to 0 °C before DCC (4.9 g, 24 mmol) was added. The solution was warmed to
room temperature and stirred under N for 16 hours. The white precipitate that formed was
filtered off and the filtrate was concentrated in vacuo to give an oil which was redissolved in
DCM (20 mL) and left for 1 hour before being filtered again and concentrated in vacuo to
give a white solid (6.2 g, 19 mmol, 86%); R 0.25 (10% MeOH in DCM); m.p. 76-80 °C; IR
vmax/cm™® 3017 (NH), 1730 (C=0),1715 (C=0), 1695 (C=0); *H NMR (500 MHz, DMSO-ds)
8n 1.25-1.40 (15H, m, H-3, H-4, H-5, H-9), 2.65 (2H, t, J = 7.7 Hz, H-2), 2.81 (4H, s, H-2"),
2.87-2.92 (2H, m, H-6), 6.78 (1H, br, NH); *C NMR (125 MHz, DMSO-ds) ¢ 24.4 (C-3),
25.8 (C-2"), 25.9 (C-4), 28.7 (C-9), 29.4 (C-5), 35.0 (C-2), 55.2 (C-6), 77.8 (C-8), 156.0 (C-
7), 169.4 (C-1), 170.7 (C-1°). LRMS (ES*) m/z 329.4 [M+H]*; HRMS [M+H]* (C15H25N206)

calculated 329.1729 found 329.1742. Data consistent with literature values, lit m.p. 82-86
OC.214
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Synthesis of (6-((tert-butoxycarbonyl)amino)hexanoyl)-L-valine, 213
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To a solution of 2,5-dioxopyrrolidin-1-yl 6-((tert-butoxycarbonyl)amino)hexanoate (6.0 g, 19
mmol) in DME (66 mL) and THF (20 mL) was added L-valine (2.5 g, 21 mmol) and NaHCOs
(1.8 g, 21 mmol) in water (66 mL) and the reaction mixture was stirred for 16 hours at room
temperature before 15% citric acid (75 mL) was added. The solution was extracted with 10%
IPA in EtOAC (3 x 70 mL) and the organic layers were combined and washed with water (50
mL) followed by brine (50 mL) before being dried over MgSOys, filtered and concentrated in
vacuo to give a crude yellow solid which was titurated with ether three times to give a white
solid (6.2 g, 19 mmol, 95% vyield). Rf 0.16 (10% MeOH in DCM); m.p. 74-78 °C; IR vmax/cm’
13213 (COOH), 3017 (NH), 1715 (C=0), 1695 (C=0), 1676 (COOH); *H NMR (500 MHz,
DMSO-ds) &1 0.87 (6H, dd, J = 6.9 and 11.5 Hz, H-4"), 1.21-1.23 (2H, m, H-3) 1.37 (11H, br,
H-4, H-9), 1.46-1.49 (2H, m, H-5), 1.99-2.05 (1H, m, H-3") 2.11-2.19 (2H, m H-2), 2.87-2.92
(2H, m, H-6), 4.14 (1H, dd, J = 5.8 and 2.6 Hz, H-1°), 6.75 (1H, s, NH), 7.91 (1H, d, J = 9.0
Hz, NH), 12.49 (1H, s, COOH); 3C NMR (125 MHz, DMSO-dg) ¢ 18.5 (C-4°), 24.9 (C-3),
25.6 (C-4), 25.7 (C-9), 28.7 (C-5), 33.8 (C-3°), 35.4 (C-2), 57.4 (C-1°), 77.7 (C-8), 156.0 (C-
7), 172.9 (C-1), 173.7 (C-2°). LRMS (ES*) m/z 331.4 [M+H]*; HRMS [M+H]* (C16H31N2Os)
calculated 331.6249 found 331.6271.
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Synthesis of 2,5-dioxopyrrolidin-1-yl (6-((tert-butoxycarbonyl)amino)hexanoyl)-L-
valinate, 214
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To a stirring solution of 6-((tert-butoxycarbonyl)amino)hexanoyl)-L-valine (3.0 g, 9.1 mmol)
in THF (30 mL) was added at 0 °C N-hydroxysuccinimide (1.2 g, 10.0 mmol) followed by
DCC (2.1 g, 10.0 mmol). The solution was warmed to room temperature and stirred under N>
for 16 hours. The cloudy white precipitate was filtered off and the filtrate was concentrated in
vacuo to give an oil which was redissolved in DCM (20 mL) and left for 1 hour before being
filtered again and concentrated in vacuo to give a white solid (3.8 g, 8.9 mmol, 98%). R¢ 0.22
(10% MeOH in DCM); m.p. 88-90 °C; IR vmad/cm™ 3105 (NH), 3024 (NH), 1730 (C=0),
1715 (C=0), 1695 (C=0), 1676 (C=0); *H NMR (500 MHz, DMSO-ds) &+ 0.99 (6H, t, J =
7.4 Hz, H-4"), 1.20-1.26 (2H, m, H-3) 1.37 (11H, br, H-4, H-9), 1.48-1.51 (2H, m, H-5), 2.16-
2.18 (3H, m, H-2, H-3") 2.81 (4H, s, H-6") 2.88 (2H, q, J = 6.3 Hz, H-6), 4.57 (1H, dd, J = 6.2
and 2.6 Hz, H-17), 6.75 (1H, s, NH), 8.35 (1H, d, J = 6.2 Hz, NH); 3C NMR (125 MHz,
DMSO-ds) 8¢ 18.4 (C-4%), 24.9 (C-3), 25.4 (C-6), 25.6 (C-9) 25.9 (C-5), 28.7 (C-3°), 33.8
(C-2), 35.2 (C-6), 55.8 (C-1°), 77.8 (C-8), 156.0 (C-7), 168.2 (C-5°) 170.5 (C-1), 173.2 (C-
2°). LRMS (ES*) m/z 428.5 [M+H]*; HRMS [M+H]* (C20H33N307) calculated 428.7194
found 428.7162.
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Synthesis of (13S,16S)-13-isopropyl-2,2-dimethyl-4,11,14-trioxo-16-(3-ureidopropyl)-3-
oxa-5,12,15-triazaheptadecan-17-oic acid, 215
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To a solution of 2,5-dioxopyrrolidin-1-yl (6-((tert-butoxycarbonyl)amino)hexanoyl)-L-
valinate (3.5 g 8.2 mmol) in DME (40 mL) and THF (15 mL) was added L-citrulline (1.6 g,
9.0 mmol) and NaHCO3 (1.8 g, 21 mmol) in water (40 mL). Yhe reaction mixture was stirred
for 16 hours at room temperature before 15% citric acid (50 mL) was added. The solution was
extracted with 10% IPA in EtOAc (3 x 50 mL) and the organic layers were combined, washed
with water (40 mL) followed by brine (40 mL) before being dried over MgSO4, filtered and
concentrated in vacuo to a yellow solid (3.7 g, 7.6 mmol, 93%). Rt 0.13 (10% MeOH in
DCM); m.p. 130 — 132 °C; IR vma/cm™ 3436 (NH,), 3301 (NH), 3071 (COOH), 2951 (NH),
1723 (C=0), 1704 (C=0) 1635 (C=0), 1610 (C=0); *H NMR (500 MHz, DMSO-ds) 51 0.95
(6H, dd, J=6.8, 17.8 Hz, H-4’), 1.25-1.27 (2H, m, H-3), 1.33-1.43 (13H, m, H-4, H-9, H-8"),
1.46 (2H, m, H-5), 1.52-1.64 (2H, m, H-7"), 2.01-2.08 (3H, m, H-2, H-3"), 2.89-2.96 (4H, m,
H-6, H-9°), 3.70-3.75 (1H, m, H-1"), 4.10 (1H, q, J = 5.1 Hz, H-5"), 5.42 (2H, s, NH>), 5.88
(1H, m, NH), 7.01 (1H, d, J = 9.3 Hz, NH), 7.67 (1H, s, NH), 7.89 (1H, s, NH), 9.10 (1H, s,
COOH); *C NMR (125 MHz, DMSO-ds) 8¢ 18.3 (C-4°), 21.2 (C-8), 23.4 (C-3), 23.6 (C-4),
28.9 (C-9), 30.6 (C-5), 31.1 (C-7"), 31.6 (C-37) 36.4 (C-2), 40.9 (C-6), 48.1 (C-9°), 55.2 (C-
5), 61.2 (C-17), 79.4 (C-8), 159.4 (C-7), 160.1 (C-10") 168.9 (C-2"), 176.1 (C-1), 176.3 (C-
6’). LRMS (ES™) m/z 353.4 [M+H]"; HRMS failed to detect mass.
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Synthesis of (tert-butoxycarbonyl)-L-valine, 223
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To a solution of L-valine (5.0 g, 43 mmol) in THF (75 mL) and water (38 mL) stirring was
added 1 M NaOH (50 mL). The solution was cooled to 0 °C before Boc.O (10 g, 47 mmol)
was added slowly and allowed to warm to RT and stirred for 4 hours. The reaction mixture
was concentrated in vacuo and diluted with H2O (50 mL). The aqueous solution was washed
with EtOAc (50 mL) before acidified to pH 2 with 2 M HCI. The aqueous layer was extracted
with EtOAc (3 x 100 mL) and the combined organic layers were dried over MgSOy, filtered
and concentrated in vacuo to give a colourless oil (8.67 g, 40 mmol 94%) R¢ 0.55 (10%
MeOH in DCM); IR vmax/cm™ 3327 (NH), 2968 (COOH), 1688 (C=0); *H NMR (500 MHz,
DMSO-ds) 81 0.87 (6H, t, J = 7.2 Hz, H-7), 1.39 (9H, s, H-1), 1.97-2.00 (1H, m, H-6), 3.79
(1H, dd, J = 6.0, 8.5 Hz, H-4), 6.93 (1H, d, J = 8.5 Hz, NH), 12.46 (1H, br, COOH); 13C
NMR (125 MHz, DMSO-dg) ¢ 18.61 and 19.61 (C-7), 28.67 (C-1), 49.05 (C-6), 59.56 (C-4),
78.42 (C-2), 156.23 (C-3), 173.96 (C-5); LRMS (ES™) m/z 218.2 [M+H]"; HRMS [M+H]*
(C10H20NQ4) calculated 218.1347 found 218.1470. Data consistent with literature values.?*®
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Synthesis of 2,5-dioxopyrrolidin-1-yl (tert-butoxycarbonyl)-L-valinate, 224
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To a solution of (tert-butoxycarbonyl)-L-valine (2.24 g, 10.3 mmol) in THF (40 mL) was
added N-hydroxysuccinimide (1.31 g, 11.4 mmol) followed by DCC (2.35 g, 11.4 mmol) at 0
°C. The reaction was warmed to RT and left to stir for 15 hours. The precipitate that was
formed was filtered off and the filtrate was concentrated in vacuo before being redissolved in
DCM and left to stand for 1 hour. The precipitate was filtered off and the filtrate was
concentrated in vacuo to give a white powder (3.51 g, 1.1 mmol, 107%). R¢ 0.79 (10% MeOH
in DCM); m.p. 113-115 °C; IR vmax/cm™ 3318 (NH), 2929 (COOH), 1779 (C=0), 1732
(C=0), 1691 (C=0); *H NMR (500 MHz, DMSO-ds) &+ 0.99 (6H, d, J = 6.8 Hz, H-9), 1.40
(9H, s, H-1), 2.11-2.15 (1H, m, H-8), 2.80-2.82 (4H, m, H-7), 4.22 (1H, dd, J = 6.4, 8.2 Hz,
H-4), 7.60 (1H, d, J = 8.2 Hz, NH); 3C NMR (125 MHz, DMSO-ds) 5 18.6 and 19.0 (C-9),
26.0 (C-1), 33.9 (C-7), 58.4 (C-8), 79.1 (C-2), 156.1 (C-3), 168.4 (C-6), 170.6 (C-5). LRMS
(ES*) m/z 315.4 [M+H]"; HRMS [M+H]" (C14H23N20s) calculated 315.4371 found 315.4346.

Data consistent with literature values, lit m.p. 123-124 °C.6
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Synthesis of (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanoic acid, 225

To a solution of L-citrulline (2.82 g, 16.1 mmol) in H20 (36 mL), DME (36 mL) and THF (9
mL) was added 2,5-dioxopyrrolidin-1-yl (tert-butoxycarbonyl)-L-valinate (4.59 g, 14.6 mmol)
followed by NaHCOs (1.35 g, 16.1 mmol) and the reaction was stirred for 16 hours before the
organic solvents were removed in vacuo. To the aqueous residue was added 10% citric acid
(75 mL) and was extracted with 10% IPA in EtOAc (3 x 100 mL). The organic extracts were
combined and washed with brine before being dried over MgSOy, filtered and concentrated in
vacuo to give a white solid (4.08 g, 10.9 mmol, 89%). R¢ 0.20 (20% MeOH in DCM); IR
vmadcm™ 3444 (NH,), 3310 (NH), 3087 (COOH), 2964 (NH), 1719 (C=0), 1640 (C=0),
1599 (C=0); m.p. 199.3 — 200.7 °C. *H NMR (500 MHz, DMSO-ds) 8+ 0.80 (6H, dd, J = 6.8,
17.8 Hz, H-13), 1.36 (2H, br, H-8) 1.40 (9H, s, H-1), 1.47-1.64 (2H, m, H-7), 2.01-2.08 (1H,
m, H-12), 2.82-2.99 (2H, m, H-9), 3.68-3.73 (1H, m, H-6), 4.13 (1H, g, J = 5.4 Hz, H-4), 5.36
(2H, s, NHy), 5.92 (1H, m, NH), 7.08 (1H, d, J = 9.5 Hz, NH) 7.42 (1H, s, COOH); 3C NMR
(125 MHz, DMSO-ds) 8¢ 18.2 (C-13), 20.2 (C-8), 28.8 (C-1), 31.1 (C-7), 31.7 (C-12), 49.3
(C-9), 54.7 (C-6), 60.5 (C-4), 78.8 (C-2), 159.1 (C-10), 168.1 (C-3), C-5 and C-11 not
visualised. LRMS (ES*) m/z 375.5 [M+H]"; HRMS [M+H]" (C10H20NOQ4) calculated
375.6179 found 375.6155. Data consistent with literature values.?*’

188



Synthesis of tert-butyl ((S)-1-(((S)-1-((4-(hydroxymethyl)phenyl)amino)-1-0xo-5-
ureidopentan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate, 226
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To a solution of (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanoic acid (1.56 g, 4.17 mmol) in dry DCM (30 mL) and MeOH (15 mL) stirring at
RT was added EEDQ (2.06 g, 8.34 mmol) and 4-nitrobenzyl alcohol (616 mg, 5 mmol). The
orange solution was stirred overnight in the dark. The reaction mixture was concentrated in
vacuo and purified by flash column chromatography (silica; 0-10% MeOH in DCM) to afford
a white solid (875 mg, 1.83 mmol, 34% yield). Rf 0.49 (10% MeOH in DCM); m.p. 119-123
°C; UV Amax (MeOH/nm) 247.2, 208.4; IR vmad/cm™ 3286 (NH,), 3060 (OH), 2964 (NH),
2930 (NH), 1644 (C=0), 1604 (C=0); *H NMR (500 MHz, DMSO-ds) 51 0.84 (6H, m, H-1),
1.20-1.24 (2H, m, H-14), 1.39 (9H, s, H-1), 1.54-1.74 (2H, m, H-13), 1.90-2.00 (1H, m, H-
17), 2.90-3.07 (2H, m, H-15), 3.80-3.84 (1H, m, H-6), 4.43 (2H, d, J = 4.7 Hz, H-12), 5.10-
5.14 (1H, m, H-4), 5.77 (1H, s, NH), 7.23 (2H, d, J = 8.2 Hz, H-10), 7.55 (2H, d, J = 8.2 Hz,
H-9), 10.03 (1H, s, OH); 3C NMR (125 MHz, DMSO-ds) ¢ 18.9 (C-18), 20.2 (C-14), 27.2
(C-13), 28.8 (C-1), 31.1 (C-17), 49.0 (C-15), 53.1 (C-6), 60.5 (C-4), 63.4 (C-12), 78.8 (C-2),
119.4 (C-9), 127.4 (C-10), 137.9 (C-8 and C-11), 155.9 (C-3), 159.3 (C-16), 171.1 (C-5),
172.1 (C-7); LRMS (ES*) m/z 480.6 [M+H]"; HRMS [M+H]* (C23H3sN50s) calculated
480.2744 found 480.2752. Data consistent with literature values.?’
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Synthesis of tert-butyl ((S)-3-methyl-1-(((S)-1-((4-((((4-
nitrophenoxy)carbonyl)oxy)methyl)phenyl)amino)-1-oxo-5-ureidopentan-2-yl)amino)-1-
oxobutan-2-yl)carbamate, 227
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To a solution of tert-butyl ((S)-1-(((S)-1-((4-(hydroxymethyl)phenyl)amino)-1-oxo-5-
ureidopentan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate (875 g, 1.83 mmol) in a
mixture of DCM (20 mL), THF (10 mL) and pyridine (0.33 mL, 4.03 mmol) at 0 °C stirring
was added 4-nitrophenyl chloroformate (812 mg, 4.03 mmol) and left to stir at room
temperature for 5 hours. After the reaction was completed, the yellow solution was
concentrated in vacuo and purified by flash chromatography (silica; 0-5% MeOH in DCM) to
afford a pale yellow solid (303 mg, 0.47 mmol, 26%). R = 0.80 (10% MeOH in DCM); m.p.
119-123 °C; UV Amax (MeOH/nm) 251.3, 205.6; IR vmax/cm™ 3384 (NH,), 2954 (NH), 2910
(NH), 1630 (C=0), 1607 (C=0); *H NMR (500 MHz, DMSO-ds) 6+ 0.84 (6H, dd, J = 6.7,
20.6 Hz, H-23), 1.38 (11H, br, H-1 and H-19), 1.53-1.76 (2H, m, H-18), 1.86-2.03 (1H, m, H-
22), 2.87-3.10 (2H, m, H-20), 3.83 (1H, dd, J = 6.7, 8.9 Hz, H-4), 4.37-4.48 (1H, m, H-6),
5.24 (2H, s, H-12), 5.41 (2H, s, NH>), 5.92-6.03 (1H, m, NH), 6.74 (1H, d, J = 8.9 Hz, NH),
7.41 (2H, d, J = 8.5 Hz, H-10), 7.56 (2H, d, J = 9.0 Hz, H-15), 7.64 (2H, d, J = 8.5 Hz, H-9),
8.01 (1H, d, J=7.5 Hz, NH), 8.31 (2H, d, J = 9.0 Hz, H-16). 3C NMR (125 MHz, DMSO-ds)
dn 18.6, 19.7 (C-23), 27.2 (C-19), 28.7 (C-1), 30.0 (C-18), 30.9 (C-22), 38.8 (C-20), 53.5 (C-
6), 60.3 (C-4), 70.8 (C-12), 78.6 (C-2), 119.5 (C-9), 123.0 (C-15), 125.8 (C-16), 130.2 (C-11),
130.3 (C-10), 139.8 (C-8) 145.4 (C-17), 152.4 (C=0), 155.8 (C-14), 155.9 (C=0), 159.3
(urea), 171.2 (C=0), 171.9 (C=0). LRMS (ES™) m/z 645.8 [M+H]"; HRMS [M+H]"
(C30H40NO10) calculated 645.2841 found 645.2832. Data consistent with literature values.?!’
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Synthesis of 4-((S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanamido)benzyl methyl(3-((1-nitroacridin-9-yl)amino)propyl)carbamate, 228
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To a solution of tert-butyl ((S)-3-methyl-1-(((S)-1-((4-((((4-
nitrophenoxy)carbonyl)oxy)methyl)phenyl)amino)-1-oxo-5-ureidopentan-2-yl)amino)-1-
oxobutan-2-yl)carbamate (50 mg, 0.08 mmol) in DMF (2 mL) was added N*-methyl-N3-(1-
nitroacridin-9-yl)propane-1,3-diamine (25 mg, 0.08 mmol) HOBt (13 mg, 0.1 mmol) and
DIPEA (42 pL, 0.24 mmol). The reaction was stirred at RT for 16 hours. The solvent was
removed in vacuo and the product was purified directly by flash column chromatography
(silica; 0-10% MeOH in DCM) followed by reverse phase column chromatography (C-18; 5-
95% THF in H0) to afford a red oil (44 mg, 0.05 mmol, 67%). Rf 0.35 (10% MeOH in
DCM); UV Amax (EtOH/nm) 280.3, 234.2 210.3; IR vmax/cm™ 3321 (NH), 1680 (C=0), 1649
(C=0), 1634 (C=0); *H NMR: (500 MHz, DMSO-ds) &1; 0.94 (6H, dd, J = 7.1, 20.4 Hz, H-
4%),1.43 (9H, s, H-7), 1.55-1.58 (2H, m, H-27), 1.70-1.74 (2H, m, H-26), 2.86-2.87 (1H, m,
H-3"), 2.93-2.95 (2H, m, H-16), 3.06-3.09 (2H, m, H-28), 3.15 (3H, s, H-17), 3.18-3.20 (2H,
m, H-15), 4.22-4.25 (1H, m H-25), 4.59 (2H, s, H-19), 7.52-7.58 (3H, m, H-21, H-7), 7.62-
7.71 (3H, H-22, H-6), 7.81-7.90 (4H, m, H-3, H-4, H-5, H-8), 8.24-8.26 (1H, m, H-2) 3C
NMR: (125 MHz, DMSO-ds) &c; Carbon sample too weak for 3C NMR. LRMS (ES*) m/z
816.1 [M+H]"; HRMS [M+H]"* (C41Hs3NgOo) calculated 816.3158 found 816.3173.
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Synthesis of methyl (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanoate, 229
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To a solution of L-citrulline methyl ester hydrochloride (1.55 g, 6.88 mmol) in DMF (25 mL)
at 0 °C while stirring was added DIPEA (3.3 mL, 18.8 mmol) followed by HOBt (1.15 g, 7.51
mmol) and 2,5-dioxopyrrolidin-1-yl (tert-butoxycarbonyl)-L-valinate (1.97 g, 6.26 mmol) and
the reaction mixture was warmed to room temperature and left to stir for 18 hours. The DMF
was removed in vacuo to give a yellow residue which was dissolved in H20. The product was
extracted with DCM (3 x 50 mL). The organic extracts were combined and dried over
MgSOs, filtered and concentrated in vacuo to give a crude mixture which was purified by
flash column chromatography (silica; 0-20% MeOH in DCM) to afford a white solid (1.79 g,
4.63 mmol, 74%) . R¢ 0.41 (10% MeOH in DCM); IR vmad/cm™ 3445 (NHy), 3279 (NH),
2684 (NH), 1742 (C=0), 1646 (C=0), 1580 (C=0); M.P. 120.6 — 122.5 °C. *H NMR (500
MHz, DMSO-ds) 61 0.84 (6H, dd, J = 6.6, 21.1 Hz, H-14), 1.35-1.39 (11H, m, H-1 and H-8),
1.61-1.66 (2H, m, H-7), 1.89-1.94 (1H, m, H-13), 2.92-2.98 (2H, m, H-9), 3.61 (3H, s, H-12),
3.83 (1H, t, J = 8.0 Hz, H-6), 4.18-4.22 (1H, m, H-4), 5.35 (2H, s, NH>), 5.90-5.92 (1H, m,
NH), 6.51 (1H, d, J = 9.0 Hz, NH); *C NMR (125 MHz, DMSO-ds) 5c 18.6 (C-14), 19.5 (C-
8), 27.1 (C-1), 28.1 (C-7), 31.0 (C-13), 40.6 (C-9), 52.2 (C-12), 59.8 (C-6), 63.9 (C-4), 78.5
(C-2), 159.2 (C-10), 168.4 (C-3), 172.3 (C-5), 173.0 (C-11). LRMS (ES™) m/z 339.1 [M+H]";
HRMS [M+H]" (C17H33N4Os) calculated 339.3178 found 389.3137. Data consistent with

literature values.?’
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Synthesis of 4-((S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanamido)benzyl (3-(4-oxo-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-2-
yl)phenyl)carbamate, 231

To a solution of tert-butyl ((S)-3-methyl-1-(((S)-1-((4-((((4-
nitrophenoxy)carbonyl)oxy)methyl)phenyl)amino)-1-oxo-5-ureidopentan-2-yl)amino)-1-
oxobutan-2-yl)carbamate (50 mg, 0.08 mmol) in DMF (2 mL) was added 2-(3-aminophenyl)-
6-(pyrrolidin-1-yl)quinolin-4(1H)-one (24 mg, 0.08 mmol) HOBt (13 mg, 0.1 mmol) and
DIPEA (42 pL, 0.24 mmol). The reaction was stirred at RT for 16 hours. The solvent was
removed in vacuo and the product was purified directly by flash column chromatography
(silica; 0-10% MeOH in DCM) followed by reverse phase column chromatography (C-18; 5-
95% THF in H,0) to afford a yellow oil (42 mg, 0.05 mmol, 64%). Rf 0.31 (10% MeOH in
DCM); UV Amax (EtOH/nm) 286.7, 394.4; IR vmadecm™ 3451 (NH), 3314 (NH), 1680 (C=0),
1645 (C=0), 1634 (C=0), 1580 (C=0); *H NMR: (500 MHz, DMSO-dg) w; 0.95 (6H, dd, J
=7.2,20.6 Hz, H-4"), 1.45 (9H, s, H-7"), 1.51-1.53 (2H, m, H-27), 1.67-1.71 (2H, m, H-26),
2.81-2.83 (1H, m, H-3"), 3.09-3.11 (2H, m, H-28), 4.20-4.23 (1H, m H-25), 4.54 (2H, s, H-
19), 6.14 (1H, s, H-7), 6.74-6.75 (1H, m, H-15), 6.81-6.83 (1H, m, H-17), 6.90-6.92 (1H, m,
H-10), 6.98-7.01 (1H, m, H-11), 7.03-7.04 (1H, m, H-4), 7.11-7.13 (1H, m, H-14), 7.52-7.58
(2H, m, H-21), 7.62-7.71 (3H, H-22, H-13); *C NMR: (125 MHz, DMSO--ds) 5¢; Carbon
sample too weak for *C NMR. LRMS (ES*) m/z 811.9 [M+H]*; HRMS [M+H]*
(C43H54Ng0g) calculated 811.7174 found 811.7149.
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Synthesis of 4-((S)-2-((S)-2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)-3-
methylbutanamido)-5-ureidopentanamido)benzyl (3-(4-oxo-6-(pyrrolidin-1-yl)-1,4-
dihydroquinolin-2-yl)phenyl)carbamate, 232
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To 4-((S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-
ureidopentanamido)benzyl (3-(4-oxo-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-2-
yl)phenyl)carbamate (30 mg, 0.04 mmol) was added 10% TFA in DCM (1 mL). The reaction
was left at RT for 5 hours. The solvent was removed in vacuo and DMF (1 mL) was added.
The solution was cooled to 0 °C and DIPEA (87 pL, 0.5 mmol) was added followed by
HATU (30 mg, 0.08 mmol) and 6-maleimidohexanoic acid (17 mg, 0.08 mmol). The reaction
was left to stir for 16 h at RT. The reaction mixture was concentrated in vacuo and the crude
product was purified by reverse phase column chromatography (C-18; 5-95% THF in H20) to
give the product as a red oil (20 mg, 0.02 mmol, 56%). Rf 0.23 (10% MeOH in DCM); UV
Amax (EtOH/Nm) 282.7, 246.3 214.1; IR vmax/cm™ 3456 (NH), 3334 (NH), 1674 (C=0), 1649
(C=0) 1614 (C=0), 1580 (C=0); *H NMR: (500 MHz, DMSO-ds) &1; 0.99 (6H, dd, J =7.2,
20.1 Hz, H-4"), 1.23-1.29 (4H, m, H-7’, H-8"), 1.51-1.58 (4H, m, H-9’, H-27), 1.69-1.74 (2H,
m, H-26), 2.83-2.85 (1H, m, H-67), 3.10-3.12 (2H, m, H-28), 3.46-3.50 (2H, m, H-10"), 4.16-
4.17 (1H, m, H-2"), 4.24-4.27 (1H, m H-25), 4.53 (2H, s, H-19), 6.11 (1H, s, H-7), 6.73-6.75
(1H, m, H-15), 6.79-6.81 (1H, m, H-17), 6.91-6.93 (1H, m, H-10), 7.01-7.03 (1H, m, H-11),
7.06-7.08 (1H, m, H-4), 7.16-7.21 (1H, m, H-14), 7.51-7.56 (2H, m, H-21), 7.62-7.65 (2H, m,
H-22); 3¢ NMR: (125 MHz, DMSO-ds) &c; Carbon sample too weak for *C NMR; LRMS
(ES™) m/z 903.1 [M+H]"; HRMS [M+H]" (C4sHs7N9Os ) calcd 903.0184. found 903.0149.

194



Synthesis of (9H-fluoren-9-yl)methyl (4-nitrobenzyl)carbamate, 235

To a solution of 4-nitrobenzyl amine (500 mg, 2.7 mmol) in DCM (50 mL) was added
FMOC-CI (700 mg, 2.7 mmol) followed by DIPEA (1.4 mL, 8.0 mmol). The reaction was
stirred at RT for 6 hours after which the reaction was completed. The organic layer was
washed with 1M HCI (30 mL) followed by water (2 x 30 mL). The organic layer was dried
over MgSQyg, filtered and concentrated in vacuo to give a white solid (450 mg, 1.2 mmol,
44%). Rt = 0.35 (10% MeOH in DCM); m.p. 152.2-153.3 °C; UV Amax (MeOH/nm) 299.6,
264.8; IR vmax/cm™ 3322 (NH), 1697 (C=0) 1525 and 1345 (NO); *H NMR (500 MHz
CDCl3) 64 4.16 (1H, t, J = 6.0 Hz, H-8), 4.39 (2H, d, J = 6.0 Hz, H-5) 7.23-7.27 (2H, m, H-
11), 7.29-7.37 (4H, m, H-10 and H-12), 7.53 (2H, d, J = 7.5 Hz, H-3), 7.71 (2H, d, J = 7.4 Hz,
H-13), 8.11 (2H, d, J = 7.5 Hz, H-2); 1*C NMR (125 MHz, CDCl3) 8¢ 39.6 (C-5), 42.6 (C-8),
61.9 (C-7), 115.3 (C-10), 119.2 (C-2), 120.1 (C-11), 122.3 (C-12), 123.0 (C-3), 136.7 (C-14),
139.0 (C-9), 155.7 (C-6) (C-1 and C-4 not visualized). LRMS (ES*) m/z 375.4 [M+H]";
HRMS [M+H]* (C22H19N204) calculated 375.3184 found 375.3199. Data consistent with

literature values, lit m.p. 149-151 °C.?*8
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Synthesis of (9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate, 236

To (9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate (100 mg, 0.27 mmol) in DCM (30
mL) and MeOH (30 mL) was added 10% Pd/C (3 mg, 0.03 mmol). The solution was sparged
with H2 and left in an H, atmosphere, stirring for 16 h. The solution was filtered through
Celite® and concentrated in vacuo to give the product as a white solid (68 mg, 0.19 mmol,
72%). Rt = 0.79 (10% MeOH in DCM); m.p. 127-130 °C; UV Amax (MeOH/nm) 299.3, 288.8,
264.6, 254.8; IR vmax/cm™ 3432 (NH), 3341 (NH), 1697; 'H NMR (500 MHz CDCls) 1 4.25
(1H, t, J = 6.8 Hz, H-8), 4.29 (2H, d, J = 6.0 Hz, H-5), 4.46 (2H, d, J = 6.8 Hz, H-7), 6.68
(2H, d, J = 7.5 Hz, H-2), 7.10-7.12 (2H, m, H-11), 7.31-7.34 (2H, m, H-12), 7.40-7.43 (2H,
m, H-10), 7.61 (2H, d, J = 7.5 Hz, H-3), 7.78 (2H, d, J = 7.4 Hz, H-13); C NMR (125 MHz,
CDCls) éc 40.2 (C-5), 43.1 (C-8), 62.4 (C-7), 114.4 (C-2), 118.6 (C-10), 123.8 (C-11), 124.3
(C-13), 124.9 (C-3), 125.2 (C-12) 155.4 (C-6) (C-14, C-9, C-4 and C1 not visualized); LRMS
(ES*) m/z 345.9 [M+H]"; HRMS [M+H]" (C22H21N202) calculated 345.7416 found 345.7454.

Data consistent with literature values, lit m.p. 138-139 °C.?°
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Synthesis of (9H-fluoren-9-yl)methyl (4-((S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-
methylbutanamido)-5-ureidopentanamido)benzyl)carbamate, 237

To a solution of (9H-fluoren-9-yl)methyl (4-aminobenzyl)carbamate (50 mg, 0.14 mmol) in
dry DCM (1.5 mL) and MeOH (0.5 mL) stirring at RT was added EEDQ (69 mg, 0.28 mmol)
and (S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbutanamido)-5-ureidopentanoic acid
(105 mg, 0.28 mmol). The solution was stirred overnight in the dark. The reaction mixture
was concentrated in vacuo and purified by flash column chromatography (silica; 0-10%
MeOH in DCM) to afford a white solid (48 mg, 0.07 mmol, 49% yield). Rt 0.27 (10% MeOH
in DCM); m.p. 146-150 °C; UV Amax (MeOH/nm) 292.2, 264.3; IR vmad/cm™ 3286 (NH),
2964 (NH), 2930 (NH), 1691 (C=0), 1644 (C=0), 1604 (C=0); *H NMR (500 MHz, DMSO-
de) 61 0.83-0.85 (6H, m, H-6), 1.21-1.23 (2H, m, H-10), 1.41 (9H, s, H-1), 1.56-1.61 (2H, m,
H-9), 1.99-2.03 (1H, m, H-5), 2.91-2.96 (2H, m, H-11), 3.79-3.82 (1H, m, H-8), 4.41-4.43
(1H, m, H-21), 4.66 (2H, d, J = 6.7 Hz, H-20), 4.71 (2H, s, H-18), 5.11-5.16 (1H, m, H-4),
5.81 (1H, s, NH), 6.74 (2H, d, J = 7.3 Hz, H-15), 7.11-7.13 (2H, m, H-24), 7.40-7.42 (2H, m,
H-25), 7.45-7.48 (2H, m, H-23), 7.71 (2H, d, J = 7.3 Hz, H-16), 7.81 (2H, d, J = 7.4 Hz, H-
26); 3C NMR (125 MHz, DMSO-ds) 6¢ 19.1 (C-6), 20.4 (C-10), 26.4 (C-9), 29.3 (C-1), 31.8
(C-5), 45.4 (C-21), 49.3 (C-11), 53.4 (C-8), 61.1 (C-4), 62.7 (C-20), 65.2 (C-18), 78.6 (C-2),
119.6 (C-15), 120.1 (C-23), 124.9 (C-24), 125.7 (C-26), 126.4 (C-25), 127.5 (C-16), 137.8
(C-14), 138.0 (C-17), 140.3 (C-27), 144.1 (C-22), 156.2 (C-3), 160.2 (C-12), 172.3 (C-7),
173.3 (C-13); LRMS (ES*) m/z 700.5 [M+H]*; HRMS [M+H]* (C3sH49NsO7) calculated
700.9647 found 700.9623.
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Synthesis of (4-azidophenyl)methanol, 240

To a solution of sodium nitrite (200 mg, 3.0 mmol), in H>O (5 mL) at 0 °C was added
dropwise 4-aminobenzyl alcohol (246 mg, 2.0 mmol) in 6N HCI (2 mL). The solution was left
to stir at 0 °C for 30 mins before sodium azide (520 mg, 8.0 mmol) in H20 (10 mL) was
added slowly dropwise so the temperature did not rise above 5 °C. The reaction mixture was
allowed to warm to room temperature and left to stir for 5 hours. The reaction mixture was
then poured into 10% aqueous NaHCO3 solution and extracted into EtOAc (3 x 30 mL). The
organic extracts were combined, dried over MgSOs., filtered and concentrated in vacuo and
then purified by flash column chromatography (silica; 0-20% EtOAc in petroleum ether) to
afford a white solid (207 mg, 1.4 mmol, 69% yield). Rf 0.65 (10% MeOH in DCM); m.p. 30-
32 °C; UV Amax (MeOH/nm) 299.4, 265.2, 205.4; IR vmax/cm™ 3379 (OH), 3318 (NH), 2109
(N3); 'H NMR (500 MHz, CDCl3) 8114.69 (2H, s, H-5), 7.02-7.05 (2H, m, H-2), 7.36-7.39
(2H, m, H-3); **C NMR (125 MHz, CDCls) 8¢ 64.7 (C-5), 119.1 (C-2), 128.6 (C-3), 137.6
(C-4), 139.4 (C-1). LRMS (ES*) m/z 150.2 [M+H]*; HRMS failed to detect mass. Data

consistent with literature values, lit m.p. 27-28 °C.22
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Synthesis of 4-azidobenzyl (4-nitrophenyl) carbonate, 241
4_NO
60 ¥

To a solution of 4-nitrophenyl chloroformate (383 mg, 1.9 mmol) in pyridine (0.15 mL, 1.9
mmol) and THF (4 mL) at 0 °C was added (4-azidophenyl)methanol (142 mg, 0.95 mmol) in
THF (4 mL) dropwise over 30 mins. The reaction was warmed to RT and left to stir for 6
hours. The reaction mixture was concentrated in vacuo and purified by flash column
chromatography (silica; 0-20% EtOAc in petroleum ether) to afford a white solid (239 mg,
0.76 mmol, 80%). Rt 0.60 (10% MeOH in DCM); m.p. 94-96 °C; UV Amax (MeOH/nm)
256.4, 204.8; IR vmax/cm™ 2116 (N3), 1750 (C=0); *H NMR (500 MHz, CDCl3) 8145.26 (2H,
s, H-5), 7.05-7.08 (2H, m, H-2), 7.36-7.39 (2H, m, H-3) 7.42-7.46 (2H, m, H-2"), 8.26-8.30
(2H, m, H-3"); ¥C NMR (125 MHz, CDCls) 8¢ 70.5 (C-5), 119.5 (C-3°), 121.8 (C-2"), 125.3
(C-2), 130.7 (C-3), 139.4 (C-1), 145.6 (C-4), 152.5 (C-4"), 155.6 (C-1°), 158.1 (C=0). LRMS
(ES™) m/z 315.2 [M+H]*; HRMS failed to detect mass. Data consistent with literature values,
lit m.p. 101-102 °C.?%
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Synthesis of 4-azidobenzyl methyl(3-((1-nitroacridin-9-yl)amino)propyl)carbamate, 242

To a solution of 4-azidobenzyl (4-nitrophenyl)carbonate 31 mg, 0.1 mmol) in DMF (1 mL)
was added N*-methyl-N3-(1-nitroacridin-9-yl)propane-1,3-diamine (30 mg, 0.1 mmol) and
EtsN (27 pL, 0.19 mmol). The solution was stirred for 16 hours and then the solvent removed
in vacuo. The residue was redissolved in DCM, washed with H2O (10 mL) and brine (10 mL)
before being dried over MgSQyg, filtered and concentrated in vacuo. The crude mixture was
purified by flash column chromatography (silica; 0-5% MeOH in DCM) to afford a red solid
(16 mg, 0.03, 33%). R¢ 0.45 (10% MeOH in DCM); m.p. 74-77 °C; UV Amax (MeOH/nm)
391.4, 247.0; IR vma/cm™ 3284 (NH), 2105 (N3), 1674 (C=0); *H NMR (500 MHz, DMSO-
de) 81 1.73 (2H, p, J = 6.5 Hz, H-15), 2.83-2.86 (2H, m, H-16), 3.36 (3H, s, H-17), 3.64-3.66
(2H, m, H-14), 4.98 (2H, s, H-5"), 7.00-7.03 (1H, m, H-7), 7.05-7.08 (2H, m, H-3"), 7.11-7.14
(2H, m, H-2"), 7.27-7.31 (1H, m, H-6), 7.33-7.41 (3H, m, H-2, H-3, H-5), 7.86-7.89 (1H, m,
H-4), 7.98-8.01 (1H, m, H-8); 3C NMR (125 MHz, DMSO-ds) ¢ 29.7 (C-15), 32.4 (C-5°),
34.3 (C-17), 35.2 (C-14), 53.4 (C-16), 113.9 (C-10), 116.1 (C-13), 116.8 (C-5), 117.1 (C-13),
119.1 (C-8), 121.1 (C-7), 127.4 (C-2°), 129.5 (C-3"), 130.9 (C-6), 133.6 (C-4), 133.9 (C-3),
139.5, 139.7 (C-2, C-11), 141.3 (C-4°), 143.4 (C-1°), 144.1 (C-12), 150.1 (C-1), 156.4 (C-9).
LRMS (ES*) m/z 486.7 [M+H]"; HRMS [M+H]" failed to detect mass.
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Synthesis of 4-azidobenzyl methyl(3-((3-(4-oxo0-6-(pyrrolidin-1-yl)-1,4-dihydroquinolin-
2-yl)phenyl)amino)propyl)carbamate, 243

To a solution of 4-azidobenzyl (4-nitrophenyl)carbonate 31 mg, 0.1 mmol) in DMF (1 mL)
was added 2-(3-aminophenyl)-6-(pyrrolidin-1-yl)quinolin-4(1H)-one (30 mg, 0.1 mmol) and
EtsN (27 pL, 0.19 mmol). The solution was stirred for 16 hours and then the solvent removed
in vacuo. The residue was redissolved in DCM, washed with H2O (10 mL) and brine (10 mL)
before being dried over MgSQyg, filtered and concentrated in vacuo. The crude mixture was
purified by flash column chromatography (silica; 0-5% MeOH in DCM) to afford a red solid
(22 mg, 0.05, 46%). R¢ 0.45 (10% MeOH in DCM); m.p. 91-96 °C; UV Amax (MeOH/nm)
274.4, 384.1; IR vmad/cm™ 3417 (NH), 3284 (NH), 2105 (Ns), 1674 (C=0), 1581 (C=0); *H
NMR (500 MHz, DMSO-dg) 6+ 1.94-1.97 (4H, m, H-23), 3.31-3.34 (4H, m, H-22), 4.79 (2H,
s, H-5), 6.14 (1H, s, H-14), 6.75 (1H, d, J = 7.7 Hz, H-8), 6.91 (1H, d, J = 6.9 Hz, H-12),
6.97-7.01 (1H, m, H-20), 7.09 (1H, d, J = 2.7 Hz, H-17), 7.12 (1H, dd, J = 2.7, 8.8 Hz, H-19),
7.19-7.21 (1H, m, H-9), 7.27-7.30 (2H, m, H-2), 7.32-7.36 (2H, m, H-3), 7.66-7.68 (1H, d, J
= 8.7 Hz, H-10) 11.2 (1H, s, NH); 2*C NMR (125 MHz, DMSO-ds) éc 25.4 (C-23), 51.1 (C-
22), 58.4 (C-5), 102.6 (C-14), 106.4 (C-12), 111.8 (C-17), 115.4 (C-8), 119.3 (C-10), 121.3
(C-19), 127.4 (C-3), 128.5 (C-16), 128.5 (C-16), 129.4 (C-2), 130.1 (C-9), 132.6 (C-16),
145.1 (C-21), 148.9 (C-7), 177.4 (C-15) (C-19 and C-18 not visualised). LRMS (ES*) m/z
381.3 [M+H]"; HRMS [M+H]" failed to detect mass.
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