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Abstract

Antibody drug conjugates (ADC) represents an interesting strategy in tumour targeted
therapy . The approach is based on the combination of the high affinity of an antibody
towards its antigen and the high cytotoxicity of a drug, leading to a selective therapuetic

agent with improved efficacy and safety.

When considering the development of an ADC, several factors are of great importance.
On the one hand, conjugation chemistry defines the properties of the ADC, such as
antibody to drug ratio (DAR) and is fundamental to yield stable and homogeneus
conjugates. On the other hand, the linker used to connect the drug with the antibody
plays an important role in the stability of the final conjugate and its efficiency in terms

of cell killing.

Considering the importance of these two factors in ADC development, this Thesis has
been focused on conjugation reactions and linker chemistry. First, new conjugation
strategies have been proposed for the design of homogeneous, stable and efficacious
ADCs. The use of carbonyl acrylamide derivatives has allowed the irreversible cysteine-
selective protein modification. Thus, when combined with Thiomab technology, an ADC
with DAR 2 was obtained in high yield, using stoichiometric amount of the reagent and
under mild conditions. Similarly, a new, ultrafast reagent, based on quaternised vinyl
pyridinium scaffold, has been described. After proving that the compound is also
cysteine selective in proteins and antibodies, the synthesis of a vinyl pyridinium
bearing an alkyne tag for further functionalization was optimized. This approach
allowed the introduction of a drug, and the resulting derivative was efficiently used for

ADC synthesis.

Concerning the linker, we have demonstrated that acetals represent an interesting
cleavable moiety for the preparation of ADCs as well as small molecules drug conjugates
(SMDC). We have prepared acetal linkers featuring coumarin as fluorophore and a
duocarmycin analogue as an example of cytotoxic drug. Markedly, it represents the first
example a duocarmycin analogue is protected with an acid cleavable moiety. Kinetic

studies were performed on these linkers and showed that they are stable in plasma,



while being rapidly cleaved under acidic conditons. This methodology was applied then
to the design of a small molecule drug conjugate (SMDC), as well as an antibody drug
conjugate (ADC). Of note, interesting outcomes emerged from the stability studies
performed on the ADC. In fact, our results showed that the stability of the ADC depends
not only on the conjugation site, but also different payloads can affect the stability of

the acetal linker, depending on the 3D disposition they adopt in the antibody pocket.

Finally, we have exploited the use of the Grob fragmentation to design ‘self-immolative’
linkers for controlled drug release. Altough the reaction mechanism is well known and
presents several synthethic applications, no biological application has been described
to date. The screening of different substrates allowed the identification of 3-
aminocyclohexanol scaffold as a suitable moiety for fragmentation reaction under
biological mimicking conditions. The novel methodology has been applied to the
controlled release of Crizotinib, a drug used for the treatment of metastatic lung cancer.
Thus, blocking the Grob fragmentation pathway, the pro-drug is stable and intact; at the
same time, activation of the pathway by removing the amine protecting group of 3-

aminocyclohexanol derivative, results in drug release.



Resumen

Los derivados firmaco- anticuerpo representan una interesante estrategia en la terapia
antitumoral dirigida. Dicha estrategia combina la gran afinidad que los anticuerpos
presentan por sus correspondientes antigenos con la presencia de firmacos altamente
citotoxicos. Como resultado se obtiene un agente terapéutico selectivo, a la vez que

altamente eficaz y seguro.

En el disefio de estos derivados farmaco-anticuerpo existen muchos factores para tener
en cuenta. Asfi, por ejemplo, la reacciéon quimica utilizada en la conjugacién define las
propiedades del compuesto final (conjugado), asi como el numero de farmacos
presentes por anticuerpo, y es decisiva para obtener un anticuerpo estable y
homogéneo. Ademas, el linker que conecta el firmaco con el anticuerpo juega un papel
importante en la estabilidad del conjugado final y en su eficacia respecto a la toxicidad

en células tumorales.

Teniendo en cuenta la importancia de estos dos factores, esta tesis doctoral se ha
centrado en el desarrollo de nuevas estrategias de conjugacién y en el disefio de nuevos
linkers. En primer lugar, se han propuesto metodologias de conjugacién alternativas
para el disefio de nuevos conjugados. Para ello, se ha descrito la sintesis de derivados
de farmacos que llevan una carbonil acrilamida, la cual reacciona selectivamente con
los residuos cisteina presentes en las proteinas o anticuerpos. Asi, combinado esta
estrategia con un Thiomab se han preparado conjugados estables y que presentan dos
unidades de farmaco por anticuerpo. De forma similar, se ha descrito el uso de vinil
piridinas cuaternizadas, las cuales pueden reaccionar también de forma selectiva con

las cisteinas presentes en la proteina.

Con respecto al linker, en esta Tesis se ha demostrado que los acetales pueden ser un
grupo funcional interesante para la preparaciéon de ADCs y de pequefias moléculas
(SMDC), donde el fluoréforo o el farmaco al que estan unidos estas entidades se liberan
en medio 4cido gracias a la hidrolisis del acetal. En este sentido, se han preparado
acetales unidos a cumarina y a un analogo de duocarmicina. Este ultimo compuesto
representa el primer ejemplo de un analogo de duocarmicina que esta protegido con un

linker sensible al medio acido. En paralelo, se han realizado estudios cinéticos con estos



linkers y se ha demostrado que, aunque son estables en el plasma, se hidrolizan
rapidamente en condiciones acidas. Es de destacar que la estabilidad del ADC con un
linker tipo acetal depende no sdlo del sitio de la conjugacion, sino que también de la

naturaleza del fairmaco o fluoréforo unido a este conector.

Finalmente, hemos explotado el uso de la fragmentacién de Grob para disefar linkers
"auto-inmolativos" para con el objetivo de liberar farmacos de forma controlada.
Aunque el mecanismo de esta reaccion es bien conocido y presenta varias aplicaciones
sintéticas, hasta la fecha no se ha descrito ninguna aplicaciéon en el ambito de la
bioldgica. El cribado de diferentes sustratos permiti6 identificar al 3-aminociclohexanol
como una molécula adecuada para llevar a cabo la reaccién de fragmentacién en
condiciones que imitan a un medio biolégico. La nueva metodologia se ha aplicado a la
liberacion controlada de crizotinib, un farmaco utilizado para el tratamiento del cancer
de pulmén metastasico. Asi, bloqueando la fragmentacién de Grob, el profirmaco es
estable y no toxico. Sin embargo, la activacién de la reaccién mediante la eliminacién
del grupo protector de amina del derivado 3-aminociclohexanol, resulta en la liberacién

del farmaco.
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Cancer is the main health problem worldwide and the second cause of death in
developed countries.ll] Nowadays, mainly used therapeutic strategies to treat cancer
include surgery, radiotherapy, immunotherapy and chemotherapy.l2l Mechlorethamine
was the first chemotherapeutic agent introduced in 1949 and it acts by irreversibly
alkylating the DNA. Since then, several cytotoxic molecules were introduced in the
market and are still used in current therapies. Most famous examples include
methotrexate (1953), vincristine (1963), doxorubicin (1974), paclitaxel (1992), among
other alkaloids, alkylating drugs and antibiotics.I3! This class of compounds, belonging
to conventional chemotherapeutics, exert their effects on fast proliferating cells, such
as cancer cells. However, this property is not enough to achieve selectivity, and
therefore healthy tissues are also affected by the chemotherapeutic agent. Most affected
tissues include bone marrow, skin, gastrointestinal tract, kidneys, but also heart and
lungs experience the negative effect of the drug. For instance, in Figure 1.1 it is
reported the bio-distribution of 1C radiolabelled paclitaxel in a patient with lung
tumour. One hour after the injection, the highest percentage of the drug is up-taken by

the liver.[4]

0-6 min 8-19 min 23-29 min 42-63 min

Figure 1.1: tissue up-take of radiolabelled 11C paclitaxel. The highest amount of the drug is found
in liver and spleen.[4]

As a main consequence, patients receiving chemotherapy experience sever collateral
effects, both immediate (acute toxicity) and after the treatment (chronic toxicity).[5!
Moreover, drug absorption from healthy tissues limits the amount of the drug able to

reach the tumour site, therefore the therapy efficiency is notably reduced. A study
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reported in 2004 showed that among 5-year survival cases in the USA, only 2.1 % was
achieved by using chemotherapeutics alone.[®]

To overcome these problems, targeted tumour therapy has emerged as one of the most
promising strategies. Paul Ehrlich first introduced this concept in 1900: his ‘magic
bullet’ consists in an agent that can kill microbes or, more generally, malignant cells,
while not affecting healthy organs.[”l This concept represents the basis of modern
selective tumour chemotherapy, which consists in an emerging class of therapeutics
able to target and exert their toxic effect uniquely in tumour cells, overcoming problems
arising from conventional chemotherapy. The increasing interest in tumour selective
therapy has produced a high number of tumour specific drugs introduced in the market
in the last 20 years. According to a study performed in 2014, 65 of the 89 drugs
approved by the FDA since the 2000s are selective drugs.3! This has been achieved
owing to the progresses in cancer metabolism, function and signalling pathways
knowledge. For example, new drugs acting on specific pathways of cancer cells have
been developed.[8-101 Great advances have been made in tumour immunology and
eliciting an immunological response against cancer cells is a rising trend in tumour
therapy. [11-13]

Moreover, the design of selective delivery methods, able to increase the local
concentration of toxic molecules and control drug bio-distribution, have improved the
efficiency of pre-existing drugs and allowed the use of highly toxic ones. This is the case
of compounds with high cytotoxicity (toxicity of nanomolar or picomolar range) that
could not be used at the optimal dose due to critical side effects, such as dolostatin

analogues, duocarmycins or pyrrolobenzodiazepines (PBD).[14

For the selective delivery of toxic cargos to the disease site, it is possible to take
advantage of the different properties between tumour and healthy tissues. As an
example, tumour tissues present leaky vasculature due to abnormal angiogenesis. This
produces the so called enhanced permeability and retention effect (EPR), which allows
preferential accumulation of nanoparticles at tumour site.[15-18] This is known as the
passive targeting approach. Furthermore, it is well known that the alteration of tumour
cell pathways produces modifications on the cell membrane. This leads to the exposure

on cell surface of antigens and receptors mainly or uniquely expressed in diseased
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tissues. The use of ligands with high affinity towards these receptors allows active
targeting of cancer cells. Such approach is a promising strategy to alter the bio-
distribution of the drug in favour of cancer tissues, avoiding problems arising from

conventional chemotherapy.

1.1 Ligand targeted drug delivery

Ligand mediated drug delivery is one of the best strategies to target pathologic cells.
The high affinity of a ligand to its receptor allows the accumulation of the toxic
compound at the disease site and, consequently, an efficient cell killing after ligand-drug
system metabolization. The general structure of a ligand targeted drug delivery system
is represented in Figure 1.2.[1%] [t consists of the targeting moiety, connected through a

linker and eventually a spacer to the therapeutic payload.

Targeting Cleavable Therapeutic
ligand Spacer bridge warhead

Figure 1.2: schematic representation of a ligand targeted drug delivery system.[19]

Compared to conventional chemotherapy, this approach presents many advantages:
toxic payloads are delivered to cancer cells selectively, without affecting healthy ones
and considerably reducing side effects. The drug reaches high concentration at disease
site, therefore lower amount of drug can be administered. This permits the use of highly
toxic compound since the maximum tolerated dose (MTD) is notably increased through
the use of a targeted delivery system. In fact, ligand-drug conjugates, compared to
chemotherapeutics alone, present a better therapeutic window, a factor that is defined
as the ratio between the maximum tolerated dose and the minimum effective dose

(MED, Figure 1.3).[19-21]
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Traditional Ligand targeted
Chemotherapy drug delivery

MTD

o MTD s -

g Therapeuticwindow <:: Therapeuticwindow

2 \‘~

& MED SRl
MED

Figure 1.3: Schematic representation of the therapeutic index. Ligand targeted drug delivery
expands the therapeutic window of traditionally used chemotherapeutic agents.

The presence of specific tumour markers and selection of the appropriate target is the
first step in designing a targeted delivery system directed against tumour tissues. In
principle, the target receptor must be exposed exclusively in pathologic cells. However,
also different levels of expression between healthy and cancer cells or different
receptor isoforms are enough to accomplish selectivity. Receptor expression must be at
least 3-times greater in tumour tissues than in healthy ones to avoid off-target
toxicity.[22-24] For instance, Her2 receptor has been efficiently targeted with several
ligands to develop new breast cancer treatments, despite it presents only a 2-fold
increased expression in tumour tissues compared to healthy ones.[25-28] Targeted
receptors should have a high internalization rate and recycling rate. This would allow
the best efficiency in terms of drug internalization, which is fundamental to reach the
minimum intracellular drug concentration needed to produce the desired toxic
effect.[21] Most receptors used for targeting are expressed on cell surface.[!] This is the
case of the aforementioned Her2, a membrane protein belonging to the protein kinase
families, which is involved in tumour signalling pathways for cell growth and survival.
Its overexpression is directly correlated with malignant transformations and its
presence is directly associated with poor prognosis in breast, ovarian and gastric
cancers.[2930] The overexpression of CD30 receptor on lymphoma cells allows its
targeting with antibodies for treatment of hematopoietic malignancies, such as large
cell lymphoma and Hodgkin lymphoma.[311 CD33 receptor up-regulation is useful for
targeting acute myeloid leukaemia cells.[32]1 Aberrant glycosylation pathways cause the
expression of abnormal MUC1 bearing truncated carbohydrate forms. Tumour

associated MUC1 can be targeted by specific antibodies for drug delivery.[331 All these
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proteins are membrane receptors, but also intracellular targets have been used for
selective therapy.34 In lack of a specific cell receptor overexpression, tumour
environment with its specific markers can be targeted using appropriate ligands.[353¢]

On the other hand, different ligands may be used to address tumour targets. They
include both small molecule ligands and inhibitors,371 peptides,[383°] aptamers,[40-42]

vitamins[4344] and antibodies.[45-47]

As we have commented, the choice of the suitable target is the first step in designing a
targeted delivery system directed against tumour cells. However, the efficacy of the
entire complex depends on many other factors. The drug, for example, needs to be
released inside the target cell, and this can be achieved by using an appropriate linker.
Chemical linkage between the targeting ligand and the drug needs to be controlled and

carefully designed to obtain stable and functional delivery systems.

In this PhD dissertation, the linker for controlled drug release from ligand-targeted
delivery system will be studied and applied to the design of small molecule drug
conjugates (SMDC) and antibody drug conjugates (ADC). In the case of ADCs, new
compounds bearing a reactive tag for controlled conjugation with the antibody will be

investigated.
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To date, several targeted delivery systems have been developed for tumour therapy.
They may differ in target and ligand choice, linker chemistry and drug conjugated.l!!
Each of these delivery systems may have advantages and disadvantages, and the
selection depends on the tumour to be treated and its accessibility.

In this chapter, critical features of antibody-drug conjugates and the main progresses
made in the field during the last years will be described. Moreover, some successful

application of small molecule drug conjugates for drug delivery will be commented.
2.1 Antibody Drug Conjugates

Antibody drug conjugates (ADC) are targeted systems that take advantage of the high
affinity that monoclonal antibodies (mAb) present towards their antigens, normally
located in cancer cells, to deliver a toxic payload to cancer tissues. The general structure
of an ADC consists of an antibody connected through a linker, either cleavable or non-

cleavable one, to a highly cytotoxic drug (Figure 2.1).

. 1

Figure 2.1: schematization of an ADC structure.

After target recognition and binding, ADC is, in general, internalized through receptor-
mediated endocytosis. In this process, it is trafficked to the endosome and lysosome,
where it is metabolized. Herein, the drug is released through different mechanisms,
depending on the linker structure. Lysosomal proteolytic enzymes digest the ADC, in
the case of non-cleavable linker, and an active metabolite of the drug is released.[?] In
presence of a cleavable linker, endosomal and lysosomal conditions themselves can
trigger the release of the drug (Figure 2.2).31 A recent work demonstrates the
importance of these processes and the influence of its regulators on ADC final toxicity.[4]

After internalization, receptor is recycled and re-exposed to cell-surface.l5s! This is the
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mechanism accepted for most ADCs developed so far; however, in the last years the use
of non-internalizing antibody conjugates has emerged as a new strategy to deliver the
drug. In this case, a cleavable linker is fundamental to allow extracellular release of the

drug and its subsequent diffusion inside the target cell. [67]

2. ADC binds to ~i g
1. ADCin receptor 7. cel o
cytoplasm * 4 : /
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Figure 2.2: schematization of ADC binding and internalization in cancer cells.[8l

Optimization of each component of an ADC is essential to achieve efficiency in vivo. For
instance, conjugation chemistry is important to define the pharmacokinetic properties
and affinity of the ADC. Depending on antibody and receptor properties, adequate
linker chemistry needs to be developed. On the other hand, drug properties, in
combination with the linker chosen, have a direct effect on ADC toxic effect in

tumours.[°-111

From an historical point of view, examples of ADC injected in mice have emerged in the
literature in late 1980s,[12] and in the late 90s the first ADC reached the clinical trials.
This was the case of BR96-doxorubicin conjugate; this ADC consists of the murine
antibody BR96, targeting Lewis Y antigen, conjugated to doxorubicin through an acid
cleavable hydrazone linker (Figure 2.3 a).

However, this first ADC failed in the clinical trials due to no net clinical benefit when

compared to the free drug administration. Indeed, while localization studies displayed
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the ability of the antibody to accumulate in breast cancer cells, Phase I and Phase II
clinical trials showed that this was not sufficient to enhance the toxicity compared to
the parental drug.[!3] The same happened to other ADCs, containing methotrexate and
desacetylvinblastine as drugs. The failure of these first-generation ADCs was due to
several issues. Firstly, the drug was not toxic enough. In fact, targeted drug delivery
with ADC causes a lower concentration of the drug inside the cell; this depends on the
rate of receptor binding and internalization processes. Therefore, more potent payloads
are required for the development of powerful conjugates.l'4l Secondly, original ADCs
made use of murine antibodies for targeting, which elicited an immune response in
patients after treatment. Human Anti Mouse Antibodies (HAMA) were found in the
serum of patients treated with these ADCs.[15] This was detrimental for the therapeutic
activity, since the ADC presented a faster clearance rate.[14
To improve these initial results, a second-generation ADC was developed, addressing
the problems of first immunoconjugates. Conventional drugs were substituted with
more toxic payloads, such as auristatines, maytansinoids, duocarmycins and
pyrrolobenzodiazepines (PBD). Moreover, the immunogenicity of murine antibodies
was avoided using chimeric or humanized variants. These improvements led to the
commercialization of three ADCs:
1. Gemtzumab-ozogamicine (Mylotarg, Figure 2.3 b), which was approved for
the treatment of acute myeloid leukaemia,[16-18]
2. Trastuzumab-emtansine (Kadcyla, Figure 2.3 c), which was approved for the
treatment of metastatic breast cancer,['°] and
3. Brentuximab vedotin (Adcetris, Figure 2.3 d) for the treatment of Hodgkin’s
Lymphoma and T-cell lymphoma.[20]
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Mylotarg targets CD33 expressing cells. Its acid sensitive hydrazone linker is
hydrolysed in the endosomes, releasing calicheamicin. On the other hand,
Trastuzumab-DM1 conjugate is obtained by reacting lysines with a DM1 drug
derivative. The antibody targets Her2 expressing cells, and after internalization and cell
metabolization, DM1 acts by inhibiting tubulin polymerization. Kadcyla is based on the
chimeric brentuximab antibody that targets leukemic cells with high expression of
CD30 receptor. This conjugate features a valine-citrulline linker, which after
internalization is cleaved by protease action and self-immolation of para-aminobenzyl
alcohol (PABA) spacer allows the release of free MMAE, which exerts a toxic function
by inhibiting tubulin polymerization.

Inotuzumab ozogamicin is the last ADC approved by the FDA in 2017. It presents the
same drug-linker system of Mylotarg, but it targets CD22 antigen, which is an objective

for the treatment of refractory and relapsed acute lymphocytic leukaemia.[21]

Considering these examples, it is clear that humanized or fully human antibodies need
to be used to improve the efficacy of the ADCs. Although all ADCs approved to date
present the IgG (immunoglobulin) presentation, new antibody formats are emerging as
an interesting alternative for drug delivery.[2223] For instance, the antigen binding
fragment (Fab),[24 avoiding the use of the whole antibody, has been successfully used
for the delivery of highly toxic pyrrolobenzodiazepine drug. Equally, single chain
variable fragments (ScFv) have been used for the modification with cytotoxic drugs and
fluorophores for internalization studies.?5] Such fragments are more easily
manufactured and their smaller structure favours tumour penetration, especially in
solid tumours. Also, they exhibit faster clearance rate, which may reduce off-target

toxicity.[26]

Many other features may be improved to enhance ADC potency in vivo. First, all ADCs
approved so far are heterogeneous mixtures of conjugates. Each conjugate has a
different Drug to Antibody Ratio (DAR), a value that has significant influence in its
properties and thus need to be carefully controlled through site-specific conjugation

methods.
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Linker properties are also pivotal to achieve efficacy in vivo. To date, most of clinically
used ADC relies on a cleavable linker for the intracellular release of the drug. These two

aspects will be described in detail in the following sections.

2.1.1 Site-selective ADC chemistry

Conjugation strategy considerably affects the properties of the final ADC, since it can
lead to homogenous or heterogeneous ADC mixtures. Heterogeneous ADCs present
several issues. First, reaction conditions need to be carefully controlled when using
non-selective conjugation methods to avoid batch to batch differences.[?7]

Moreover, heterogeneous conjugates present poor pharmacokinetic properties.[28 As a
consequence of the heterogeneous product distribution, part of the therapeutic agent
is constituted by unconjugated antibody, which competes with drug-loaded antibody
for receptor binding. Depending on its relative amount, efficiency of the treatment can
be reduced. For instance, in the case of Kadcyla and Adcetris, free antibody amount is
less than 5% and it does not represent an issue, but in Mylotarg more than 50% is
unconjugated antibody.[2°]

Moreover, in a specific batch, species with different DARs are present. In such
conjugates, the number of drugs attached is reported as an average value, and the
heterogeneity renders the characterization of the ADC a challenging task in terms of
pharmacokinetic properties and toxic dose. Indeed, conjugates with different DAR
present different antitumor activity,[39 being products with DAR of 2 and 4 the most
efficient ones. In general, lower DAR would mean poor toxicity and higher DARs, such
as 8, give unstable ADCs, with aggregation issues and faster clearance.3132] These
heterogeneous mixtures of ADCs are obtained by using ‘conventional’ conjugation
strategies based on the particular reactivity of the side chains of lysine and cysteine
with appropriate chemical reagents. As an example, previously described
Trastuzumab-emtansine is obtained by reacting the solvent-exposed lysine residues of
the antibody with NHS esters to give amides. Lysine chemistry yields a complex
heterogenous mixture, in terms of number of drugs attached to the antibody and the
site of attachment. In trastuzumab-emtansine, an average of 3.5 molecules of DM1 are

attached to the antibody, and in general, with this conjugation method, DAR is
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statistically distributed from 0 to 8. However, since an antibody contains in average 40

lysine residues, more than one million different conjugates can be generated.[33!
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Figure 2.4: DAR distribution in heterogeneous conjugates obtained by reacting lysine (left) or
cysteine (right)33] residues.

Cysteine is the natural amino acid of choice for conjugation reaction. When dealing with
proteins, cysteine is very low abundant, and several proteins bear just one exposed
cysteine residue able to react. In antibodies, the situation is more complicated:
cysteines in antibodies are normally engaged in disulfide bonds, even intrachain or
interchain. While intrachain disulfide bonds are normally buried into the antibody
structure, interchain disulfides are more solvent exposed and labile.[34 Importantly,
interchain disulfide bonds are not fundamental to maintain ADC overall structure,
which is kept by other non-covalent interactions. 35!

Conjugation chemistry through interchain thiols improves the results obtained through

lysine chemistry, however some degree of heterogeneity is still present (Figure 2.4).

Problems deriving from heterogeneous ADC mixtures can be overcome by site-specific
antibody drug conjugates, which present a controlled DAR, better pharmacokinetic
properties and improved therapeutic index.[36]

Therefore, conjugation methods to generate site-specific antibody drug conjugates are
required. Most efficient site-specific conjugation strategies include the introduction
through genetic engineering techniques of unnatural amino acids into the antibody

sequence.[37-39]
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Moreover, cysteine engineered antibodies (named Thiomabs) can be produced: these
modified antibodies present a unique, highly reactive, solvent exposed cysteine that can
be selectively modified.

Also, the use of disulfide-stapling reagents, that react with intrachain reduced thiols,

have found wide application for homogeneous ADCs synthesis.[40-42]

2.1.1.1 Non-natural amino acid introduction

The introduction of non-canonical amino acids into proteins and antibodies has made
significant progress in the last years due to the improvement in genetic engineering
techniques. Unnatural amino acids, containing aldehyde, azido, alkyne or ketone group
have been successfully obtained and purified from E.Coli, yeast and mammalian
cells.[43.44]

The protein or the antibody bearing the non-canonical residue can react in a bio-
orthogonal fashion with the desired organic compound to obtain homogenous
conjugates (Figure 2.5).

a

pH 6

Figure 2.5: examples of non-canonical amino acids present in mAb and their biorthogonal
reactivity for site-selective conjugation.
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As an example, p-azidomethyl-L-phenylalanine has been incorporated into the IgG
Trastuzumab, allowing its conjugation via strain-promoted azide-alkyne cycloaddition
(SPAAC) with a dibenzocycloctyl-MMAF derivative. The resulting ADC retained the
ability of Trastuzumab to select Her2 positive cells and showed interesting cytotoxicity
profile in cell assays (Figure 2.5 a).[45]

In other studies, mAb sequence was modified with the introduction of the unnatural p-
acetyl-L-phenylalanine residue. The unique ketone underwent oxime ligation with
substituted hydroxylamine derivatives, obtaining, under acidic condition, a stable

antibody with increased in vivo safety (Figure 2.5 b). [4647]

As above commented, the amino acid substitution can be introduced into the antibody
sequence through enzyme assisted modification. Cysteines, when inserted in the CxPxR
sequence, can be recognised by formylglycine generating enzyme (FGE). These
enzymes are able to introduce a formylglycine unit per cysteine, and the aldehyde
handle can be in turn modified via Hydrazino-Pictet-Spengler conjugation method with
suitable derivatives (Figure 2.5 c).[4849]

These are some examples of how the introduction of unnatural functional groups in the
antibody sequence allows the use of biorthogonal chemistry for the production of

chemically-defined ADCs.

2112 Disulfide stapling

Site-selective disulfide re-bridging is a modification technique that relies on the use of
specific, bifunctional reagents to link covalently reduced intra-chain thiols of an
antibody. In this case, natural cysteine reactivity is exploited and the use of an
appropriate linker for re-bridging allows the installation of a third functionality for
conjugation with a drug. A homogenous ADC with a DAR up to 4 can be obtained
through this technology. Moreover, since the modification is inserted far from Fab
region, antibody functionalities are not compromised.37.50]

Several reagents have been proposed for such purpose.[*ll Mostly used are bifunctional

sulfones,[#251 bis-substituted maleimides,[*052] and pyridazinediones (Figure 2.6 a).[53]
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More recently, new reagents have been developed. For example, the use of dibromo-
oxetanes allowed the re-bridging of disulfide bonds in peptides and therapeutic
proteins, without altering their activity. Also, application of this technique to the Fab of
an anti Her2 antibody improved its stability in plasma and under physiological
conditions, compared to the unstable native antibody bearing a disulfide bond.[54]
Divinyl pyrimidines allowed the functional stapling of the antiHer2 Trastuzumab.
Incorporation of MMAE in the structure, produced a homogenous ADC with DAR 4, able
to selectively kill Her2 expressing cells (Figure 2.6 b).[55]

Although, in general, ADCs with DAR 4 are easily obtained by employing these
techniques, the careful study of the structure of the linker can afford an ADC with a DAR
2. In a recent work, a linker having two dibromopyridazinedione units for molecule,
separated by a PEG spacer with appropriate length was used for this purpose. This
linker is able to re-bridge 2 disulfide bonds at the same time and can be conjugated with
a drug molecule. As a result, an homogeneous and functional ADC with DAR 2 is

obtained (Figure 2.6 c).[5¢]
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Figure 2.6: a) structure of reagents used for disulfide re-bridging in proteins and antibodies. Pink
dots indicate the payload or a functional group that allows further modification; b) reaction
between divinyl pyrimidine based reagent and Trastuzumab antibody. Using MMAE as toxic
payload, an homogeneus ADC with DAR 4 is obtained; c) specific bis-dibromopyridazinedione
linker allows functional rebridging and addition of only 2 functional modules. Reaction of alkyne
with adequate azides allows the synthesis of an homogenues ADC with DAR 2.
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2.1.1.3 Thiomab antibodies

Thiomab antibodies are engineered mAb in which a natural amino acid has been
replaced by a cysteine. This residue, which is solvent exposed and thus highly reactive,
allows site-selective modification. Indeed, after the selected conjugation reaction, it
gives a homogeneous antibody with DAR 2. The introduced cysteine is inserted in the

constant region of antibody’s Fab to not affect antibody’s binding ability.[36]

First Thiomab generated with this technique was an anti MUC16 antibody, bearing a
HC-A114C substitution.[3¢] The cysteine was introduced easily by site-directed
mutagenesis. However, after expression, it was ‘blocked’ as a mixed disulfide with
glutathione or cysteine, as a consequence of the production process. The liberation of
the engineered cysteine is not trivial, since it is quite difficult to selectively reduce this
disulfide while not affecting intra-chain disulfide bonds. After some optimization of the
process, a protocol for selective engineered cysteine liberation was developed: by using
TCEP as reducing agent, followed by mild re-oxidation with CuSO4 or dehydro ascorbic

acid (dhAA) free thiol was restored (Figure 2.7).
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o
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Figure 2.7: Thiomab preparation and cysteine ‘decapping’ protocol.[36]
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In this way, the engineered Thio-MUC16 was obtained and conjugated to MMAE using
maleimide as cysteine selective reagent. The direct comparison between Thiomab
conjugate and the ADC obtained by conventional disulfide reduction/alkylation
strategy showed that Thiomab drug conjugate (TDC) cytotoxicity is similar to the
analogue ADC, but TDC is better tolerated than the conventional ADC. Through this first
Thiomab-conjugate it was demonstrated the higher therapeutic index of a site-selective,
homogenous conjugate compared to the heterogeneous one.[36]

Application of Thiomab technology for site-selective conjugates synthesis has been
applied to other antibodies, as Trastuzumab. A Trasuzumab bearing an engineered
cysteine at position 114 of the heavy chain has been prepared and conjugated with
DM1, affording a homogenous ADC with DAR 2. Compared to the commercially
available Trastuzumab-emtansine, obtained through non-selective lysine amidation,
Thiomab-conjugate showed again improved therapeutic window, having higher
efficiency and reduced toxicity in vivo.[57]

When developing a Thiomab antibody particular attention need to be paid to the
modification site. Within this context, several studies have shown that the position of
modification clearly affects antibody stability.[58-60] In this respect, since Thiomab
conjugates obtained by Michael addition with maleimides can undergo fast retro-
Michael in serum, it has been proposed that the choice of a less solvent accessible site
for the conjugation could improve this significant issue.[5]

Moreover, conjugation site and accessibility influences drug-linker metabolism in cell
and thus TDC activity.[61l

Once chosen the conjugation site, most conjugation strategies reported so far for the
generation of a homogenous TDC rely on the use of maleimides as Michael acceptors,
361 disulfide bond formation,[62! although other conjugation strategies that improve

stability of TDC have been proposed.[63]
2.2 Linker chemistry in ADC synthesis
The linker used to connect the mAb with the drug have a great influence on the final

properties of the ADC. As a main aspect, linker has to be highly stable during systemic

circulation, in order to avoid uncontrolled release and consequent off-target toxicity.
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However, once the target has been reached, the linker must be cleaved and allow the
release of the drug to have the desired toxic effect. Depending on their release
mechanism, linkers can be divided into two main categories: cleavable and non-

cleavable linkers.

Non-cleavable linkers were the first used and they rely on cell metabolism for the
release of the drug. Cleavable linkers, on the contrary, depend on a specific trigger to
allow drug release. If the trigger is present only inside the cell or limited to the tumour
microenvironment, linker integrity during circulation should be ensured. Non-
cleavable linkers may be preferred to cleavable ones for their higher stability during
systemic circulation. However, several examples have shown that ADCs bearing a non-
cleavable linker have a lower in vivo efficiency compared to those ADCs bearing a
cleavable one.l641 This might be attributable to a lower toxicity of the drug metabolite
that is released and to the impossibility to exert a by-stander effect in vivo.[5] By-
stander effect consists in the toxicity induced in nearby cells by a drug released in the
extracellular environment. After intracellular ADC metabolization and drug release, if
the drug is membrane permeable, it can diffuse to nearby cells and induce toxicity. Due
to this effect, tumours that presents an heterogeneous antigen expression could be
efficiently treated with the ADC.[64.66,67]

Moreover, the use of a cleavable linker is fundamental in non-internalizing ADCs, where
the drug need to be released in the extracellular environment to enter in the target
cell.[e8]

Currently, around 75% of clinically used ADCs present a cleavable linker in their
structure, pointing out their fundamental importance.

Depending on the stimulus that triggers the release of the drug, the linkers can be

divided in chemically and enzymatically cleavable linkers.

2.2.1 Chemical cleavable linkers

Chemically cleavable linkers are sensitive to a chemical variation, such as pH, reductive

potential, or to the presence of a specific compound that triggers the cleavage.



Background

27

Acid cleavable linkers rely on different stability in acid or neutral media to allow drug
release. The cleavage occurs under acidic conditions, while in neutral or basic media
the linker is stable. Chapter 5 is focused on the synthesis of new acid-cleavable linkers

for ADC design; thus, this type of linker will be described there in detail.

Reducible linkers are disulfide bonds susceptible to the variation of reduction potential
between intracellular compartments and circulation. Such difference is due to a higher
concentration of glutathione inside the cell (1-10 mM), compared to its plasma
concentration (2-20 uM). Furthermore, intracellular glutathione levels are even higher
in tumour cells.[®°] These variations allows conditional drug release from reducible
disulfide linkers.

Regarding their application, reductively cleavable linkers have been used for the
controlled intracellular release of maytansine derivatives, a class of compounds that act
by inhibiting tubulin polymerization (Figure 2.8 a). Conjugates bearing a labile
disulfide present a higher efficacy in vivo, when compared to analogues bearing a non-
cleavable linker.[70.71]

Since most drugs do not present a thiol in their structure, a carbamate self-immolative
spacer is added, to allow the traceless release of the toxic compound. In this way, MMAE
and PBD were conjugated to antibodies and, after disulfide cleavage, native drug was
efficiently released inside the target cell (Figure 2.8 b).[72]

Moreover, cysteine in antibodies can be directly paired into a disulfide bond to obtain
a reducible linker inside the structure. These types of disulfide linker have shown
promising activity due to their higher stability caused by the less accessible disulfide

bond, which is close to the antibody (Figure 2.8 c).[73]

Notably, tumour microenvironment features, in general, a high glutathione
concentration, which besides is increased due to glutathione release by dying cells. As
a consequence, the use of reducible disulfide has been used for the efficient drug release

in non-internalizing ADC.[6!
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Figure 2.8: schematization of drug release from ADCs bearing disulfide cleavable linkers.

To date, both acid labile and disulfide cleavable linkers represent the most widespread
chemically labile linkers employed in ADC design. However, new release strategies are
being developed. For example, it is possible to take advantage of high Fe (II)
concentration inside tumour cell and its microenvironment. A trioxolane based linker,
susceptible to the occurrence of Fe (II) has been designed for MMAE conjugation and
smart release from a Her2 targeting antibody (Figure 2.9). The conjugate presents
excellent stability and selectivity towards Her2 positive cells, with 1Cso values

comparable to free MMAE.[74]
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Figure 2.9: Fe(II)-mediated release from an antiHer2 antibody.

Moreover, external chemicals can be used for the intracellular release of a drug. Within

this context, the advances in biorthogonal chemistry has led to the development of new
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reagents able to react in a selective way with specific functional groups. Importantly,
such compounds do not react with the great variety of organic moieties present in
biological systems.[’>76] Following this trend, several linkers, susceptible to the
presence of an external reagent, have been applied to the design of ADCs. In general,
bio-orthogonally cleavable linkers present increased stability compared to

‘conventional’ cleavable linkers due to their resistance to endogenous stimulus.

As an example, Pd complexes can be used to trigger the cleavage of a thioether
propargyl carbamate linker (Figure 2.10 a). Thioether function directs palladium
triggered cleavage, which induces carbamate elimination and release of the active drug.
Such strategy was efficiently applied to the development of a doxorubicin prodrug. An
anti-Her2 nanobody delivers the prodrug in cancer cells; once there, palladium

activates the drug, which in turn is able to induce its toxic effect.[77]

Also, tetrazines have been used for the decaging of drugs from an ADC containing trans-
cyclooctene (TCO) linker. This Inverse Electron Demand Diels-Alder (IEDDA) is one of
the fastest bio-orthogonal reactions developed, having a kinetic constant up to 1- 106
M-1s1, that renders it suitable for chemistry in living systems.[78]

In this context, Robillard has reported the use of a bifunctional linker for ADC synthesis,
bearing a TCO-MMAE pro-drug (Figure 2.10 b). ADC is stable as the native antibody
and able to release MMAE. This work represents the first time a biorthogonal linker was

tested in vivo, producing a tumour regression in mice. [79]
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Figure 2.10: a) a thioether propargyl carbamate linker for in vitro decaging with Pd complexes;
b) TCO-tetrazine mediated release of MMAE and c) IEDDA release mechanism.

However, the decaging yield in vivo is often low due to the fast clearance rate of the
small organic compound. As an example, tetrazines are cleared from circulation within
1 minute, therefore quantitative release is prevented.[80 This is further worsened
considering the slow reaction rate in vivo, that limits the application of this biorthogonal

linkers in drug controlled release.[81]
2.2.2 Enzyme cleavable linkers

Intracellular enzymes can be used for the liberation of a toxic compound from a pro-

drug.[82] Lysosomes are rich of hydrolytic enzymes, which can be employed to trigger
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the release of a drug from an ADC. Mostly used enzymes for this purpose are proteases,

namely cathepsin B,[83] and glycosidases, such as [3-glucuronidase.[84

Cathepsin B is a lysosomal cysteine protease that is highly up-regulated in malignant
cells,[85] making it attractive for pro-drug activation. Notably, the concentration of this
enzyme in plasma is lower compared to its lysosome concentration; moreover, its
activity is maximum at acidic pH values, while the slightly basic pH of circulation
inactivates the enzyme, avoiding premature release of the drug. Cathepsin B is able to
recognize and cleave specific dipeptide sequences. A preliminary screening showed
that doxorubicin can be efficiently released from specific dipeptides upon cathepsin B
incubation. Among more than 10 dipeptides screened, Valine-Citrulline (Val-Cit) linker
was the most promising one, being recognized by the protease and being stable in
human and mouse serum. Consequently, the use of Val-Cit linker (Figure 2.11) has
been widespread among enzymatically cleavable linkers in ADC design.[86] This is the
linker exhibited, for instance, in Brentuximab Vedotin (Figure 2.3).[87] Moreover, about
20% of ADCs that reached clinical trials are equipped with a Val-Cit linker to control
drug release.[88] This popularity is due to the increased stability of this linker, when
compared with analogues bearing an hydrazone, another popular cleavable linker in
ADC chemistry.[89]

Importantly, Val-Cit linker is always paired to a self-immolative spacer, which ensures
linker recognition by the enzyme, and in turn, avoids possible steric hindrance. To date,
amide hydrolysis has been attributed only to Cathepsin B. However, a recent study has
demonstrated that also other proteases are involved in the cleavage process. As an
evidence, MMAE and PBD bearing ADCs were toxic even in cells with no expression of
this enzyme.[%0]

Apart from Val-Cit, other dipeptides have been used for protease triggered release. As
an example, the simple Val-Ala linker has been used to conjugate MMAE to an anti Her2
targeting antibody. The final ADC has similar performance compared to the one bearing
a Val-Cit linker, but it is more easily produced and presents less aggregation
problems.[°1]

The introduction of a glycosidase cleavable linker, featuring a hydrophilic sugar moiety,

helps also to overcome the aggregation issues. Owing to the increased hydrophilicity of
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the carbohydrate, up to 8 molecules of hydrophobic MMAE can be conjugated to the
antibody. The resulting ADC does not present the common problems arising from high
DARs, such as aggregation issues and faster clearance.l°2l Within this context, §3-
glucuronidase labile linkers (Figure 2.11) have been used also for controlled release
of duocarmycin derivatives from an anti CD30 ADC.[%3]

Combination of B-glucuronic acid glycoside and a Val-Cit dipeptide allowed efficient
release of a PBD dimer from an ADC in Her2 positive cell lines. Again, the increased
hydrophilicity of the linker increases the stability of the ADC.[9] As for dipeptide linkers,
a PABA spacer is required to allow recognition and to have a second functional group
for antibody attachment. However, drugs bearing an alcohol group (such as
duocarmycin and its analogues) can be directly attached to the sugar moiety, without

compromising the enzymatic recognition.[%]

OY drug o mAb
J

CS
(e) NH
A 2
N
N hig
NH, o)

Figure 2.11: enzymatic cleavable linkers for ADC; Val-Cit-PABA linker (left); Val-Ala-PABA linker
(middle); B-glucuronic acid linker. In red it is highlighted the self-immolative spacer.

2.3 Small Molecules Drug conjugates

Small molecules drug conjugates (SMDC) are ligand targeted drug delivery system that
make use of a small ligand to deliver the drug at tumour site. In a similar way to ADCs,
the structure of a SMDC consists of a ligand, connected through a linker and eventually
a spacer to a cytotoxic compound (Figure 2.12). Regarding the linker and the drug, the
same considerations made for ADCs are valid for SMDCs; linker may be either cleavable

or non-cleavable and the drug needs to be highly cytotoxic.
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Figure 2.12: schematization of a SMDC.

In the case of SMDC, the choice of the ligand is essential: its Kd must be > 10 nM to have
accumulation of the SMDC at tumour site. In some cases, to compensate low affinity
values, multivalent presentation of the ligand can increase the affinity and thus tumour
accumulation.[1.96]

On the one hand, SMDCs are more efficiently produced and characterized than ADCs.
On the other hand, these small molecules are preferred to ADCs when dealing with solid
tumours. In this case, poor penetration and extravasation ability of ADCs can be tackled

by the use of these smaller conjugates.

The main difficulty arising from SMDC design is the ligand choice. In principle,
antibodies can be produced against every antigen, while an efficient ligand for a given
receptor overexpressed in a cancer cell is not always available. However, some

membrane receptors have been successfully targeted with small molecule ligands.[°7]

This is the case of Carbonic anhydrase IX (CAIX), an enzyme overexpressed in solid
tumours, which has been targeted with acetazolamide (Figure 2.13), a small
sulphonamide-based inhibitor that is able to deliver toxic payloads at tumour site.
Linker choice is fundamental in acetazolamide conjugate. In this respect, it has been
shown that the stability of different cathepsin B labile dipeptides directly influences
therapeutic effect of the SMDC.I7]

Prostate-specific membrane receptor (PSMA), tumour marker of prostate cancer,
presents high affinity towards (S,5)-2-[3-(1,3- dicarboxypropyl)ureido]pentanedioic
acid (DUPA, Figure 2.13), with a Kd constant of 47 nM. Conjugation of DUPA with
specific drugs through a disulfide labile linker has led to the development of efficient

delivery system able to reduce tumour growth in mice.[°8l
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Considering the increasing importance of targeted delivery system in cancer therapy

and the use of antibody-drug-conjugates (ADCs) as an exciting via to attain this purpose,

the main goal of this thesis is the design of cleavable linkers that features, on the one

hand, a functional group not explored so far that allows the controlled release of the

drug once the tumor cell has been reached and, on the other side, that present a novel

scaffold that allows an efficient and irreversible antibody-cysteine bioconjugation. To

expand the scope of this technology, it will also implement in the context of small

molecules drug conjugates (SMDC).

More specifically, the following aims have been proposed:

1)

2)

3)

Synthesis of new drug derivatives that feature novel Michael acceptors for an
efficient and irreversible cysteine-selective modification of proteins and
antibodies. Both carbonyl acrylic and vinyl pyridine reagents will be used for this

purpose.

Design, synthesis and characterization of new linkers, based on acetals for the
controlled release of drugs. This group will be equipped with a pre-drug or a
fluorophore, whose fluorescence properties will be attenuated upon the
attachment to the acetal. The behaviour of the resulting compounds will be
evaluated then in acid and neutral media. The structure presenting the best
properties in terms of acid lability and plasma stability will be applied to the design
of different targeted delivery systems, such as an ADC and a SMDC.

Study and optimization of the Grob fragmentation reaction under physiological
conditions for its application in controlled drug release. Thus, several Grob
fragmentation substrates will be synthesized and their reactivity under biological
mimicking conditions will be monitored. Equally, a strategy to control and ‘switch-
off’ the Grob fragmentation pathway will be developed. The substrate with the best
performance will be selected to develop a linker featuring a pro-drug. The stability
and ability of the linker to release the drug under controlled condition will be

assessed.



New cysteine selective reagents for
ADC synthesis

4.1 Introduction
4.1.1 Modifications at natural amino acids
4.1.2 Conjugation strategies based on cysteine modification
4.1.3 Background and objectives

4.2 Carbonylacrylic reagents for protein modifications
4.2.1 Synthesis
4.2.2 Antibody conjugation and stability

4.3 Vinyl Pyridinium reagents for protein modification
4.3.1 Synthesis of MMAE-vinyl pyridinium derivative
4.3.2 ADC synthesis and biological assays

4.4 Conclusions

4.5 Experimental section
4.5.1 Synthesis
4.5.2 Kinetic studies
4.5.3 Antibody conjugation
4.5.4 Cell assays
4.5.5 Quantum Mechanical calculations

4.6 Referencees






New cysteine selective reagents for ADC synthesis

47

4.1 Introduction

Protein bio-conjugation represents an invaluable tool to obtain modified proteins for
application in biology and medicine.[1.2] Main protein modifications include acylation,
methylation, phosphorylation and glycosylation. Those modifications enable the study
of complex protein functions through the controlled introduction of a post-translational
modification.[31 Also, introduction of fluorophores or radionuclides to study protein
biodistribution in vivo,l*-10 or drug attachment to obtain therapeutic protein conjugates
could be achieved via bio-conjugation chemistry.[11.12]

To obtain such complex structures, it is essential relying on selective modification
techniques, which would allow the preparation of stable, homogeneous and well-
characterized protein conjugates.

Therefore, new methodologies that permit site-selective modification of peptides and
proteins represents a field of high relevance, especially when dealing with the
construction of antibody-drug-conjugates (ADCs).

As described in Section 2.1.1, in this area, conjugation techniques aim at the
development of a homogeneous, regio- and chemo-selective product, which could
improve the biological behaviour of the therapeutic agent, together with its
pharmacokinetic and stability properties.

Indeed, this was the problem of the first generation of antibody drug conjugates, which,
relying on non-selective methods, yielded a heterogeneous mixture of products, with
various drug-to-antibody ratios (DARs) and, probably different biological
behaviours.[13-15] Logically, the use of site selective chemistry may allow overcoming all
those problems.

The reactions on protein present several complications. Indeed, these transformations
need to be performed under mild conditions, such as aqueous buffer (pH between 6 and
8) and 37 °C to avoid alteration of protein structure and functionality. Moreover, bio-
conjugation reactions are carried out at low reagent concentration, causing Kinetic
problems. Another main issue is to get selectivity in such transformation, because
several functional groups naturally occurring in the protein may compete under the

same reaction conditions.



48

Chapter 4

Trying to solve these issues, several methods for protein efficient modifications have
been developed in the last years, including both genetic engineering techniques, and
chemical reactions on proteins. In the first case, unnatural amino acids with unique bio-
orthogonal reactivity are introduced as mutations in the protein structure to achieve
selectivity, while in the second case natural amino acid reactivity would allow the
conjugation reaction.[16-19]

Examples of unnatural amino acids used for protein site-selective modification have
been described in the general introduction (Section, 2.1.1.1). Therefore, herein

reactivity of natural amino acids will be described,

4.1.1 Modifications at natural amino acids

In the case of non-canonical amino acids, chemo-selectivity is achieved owing to the
introduction of an organic moiety with a special reactivity inside the protein. On the
contrary, when exploiting the natural reactivity of the amino acid side chains, cross-
reactivity and side reactions must be considered. As an example, lysine and cysteine
may be competing nucleophiles with electrophile reagents, depending on the working
conditions. Despite those issues, several methods based on selective reactions of
lysines,[20.21] cysteines,[16] methionine,[2223] tryptophan,[2425] tyrosine,[26] histidine,[27]

the N-[28] and C-terminus(?°] have been developed.

As an example, tyrosine has been modified via a three component Mannich reaction
with anilines and aldehydes (Figure 4.1 a).[3%] The special structure of the N-terminus
allows its selective reaction with 2-pyridinecarboxaldehyde (Figure 4.1 b).1311 A metal-
free modification, based on the use of N-O radicals, has been reported on tryptophan
residues recently (Figure 4.1 c).[?4] This interesting methodology, which is very
selective in terms of amino acid reactivity, suffers from the need to use acid conditions,
that may not be compatible with every protein structure.

Methionine modification methods result interesting for the low abundance of this
amino acid, which normally is buried into the protein structure. For those reason, when
exposed methionines are available, they can be reacted to give homogenous conjugates.

In a recently developed strategy, methionine in proteins and peptides has been labelled
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using iodonium reagents. The diazo-sulfonium group can be further functionalized to

introduce a second modification. (Figure 4.1 d).[22]

NaNO,
EEEEE—
AcOH 0.1-0.5%

Figure 4.1: bio-conjugation reaction on natural amino acid side chains.

However, even though all these compelling strategies have been successfully applied to
protein modification, in the context of clinically useful protein and antibody-drug
conjugates, cysteine is still the residue with the best reactivity profile. Because of this,

the conjugation approaches based on this residue will be described in the following

section.
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4.1.2 Conjugation strategies based on cysteine modification

Among natural amino acids, cysteine is probably the residue with the most convenient
chemical reactivity for application in protein conjugates synthesis. Its sulfhydryl side
chain has the highest nucleophilicity and its pKa is lower in comparison to other groups
(pKa cysteine-SH - 8; pKa lysines-NHj, ~ 10.5), which in general makes this residue the
most reactive under physiological conditions towards electrophiles. Moreover, the low
abundance of free, solvent exposed cysteines (around 1.9 %),[28] facilitates the
formation of conjugates with high homogeneity and controlled DAR (in the field of
ADCs).

Classical cysteine reactivity includes mixed disulphide formation, alkylation with o-
carbonyl compounds (e.g. iodoacetamides), and conjugated addition to Michael
acceptors, such as vinylsulfones, allenamides, maleimides, and acrylates.[17.19]
Modifications have also been introduced into mAb with Julia-Kocienski-like reagents(32]
or with 3-arylpropiononitriles, 331 leading to homogenous ADC with excellent stability

in human plasma. Some of the cited examples are resumed in Figure 4.2.
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Figure 4.2: thiol-selective conjugation strategy for protein modification. a) use of Julia-Kocienski
like reagents; b) modification with maleimides; c) use of a-iodoacetamide derivatives; d)
allenamide derivative based method; e) disulfide bond formation; f) modification with 3-
arylpropiononitriles.

In a strategy developed by Davis, cysteine has also been successfully converted to
dehydroalanine (DHA) in proteins and antibodies.[34351 This could be achieved in
several ways,3¢] but the most efficient strategy involves double nucleophilic
substitution and elimination mediated by dibromoalkane derivatives on cysteines.
Thus, a Michael acceptor is introduced in the protein, which in turn can react in a bio-
orthogonal way with thiols, amines, and radicals to form stable C-S,371 C-N[38] and C-C
bonds (Figure 4.3).139 Interestingly, this methodology has been successfully applied to
the generation of a homogenous Thiomab conjugate with excellent plasma stability and

maintained selectivity towards Her2 expressing cell lines.[38]
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Figure 4.3: protein chemical modification via DHA installation into proteins.

Transition metal based reagents were also used to modify cysteine residues in proteins
and antibodies.[*0] As an example, Pentelute and Buchwald described the arylation of
thiols mediated by organometallic palladium reagents: the reaction is fast, having a
kinetic similar to thiol-maleimide addition and the product is stable in a variety of
biological conditions. Application of this methodology to antibodies lead to an ADC with

near homogenous DAR, without need for antibody engineering (Figure 4.4).[41]

or
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Figure 4.4: methodology developed by Pentelute’s group for a selective conjugation based on
cysteine arylation with organopalladium reagents.

Despite the high number of methods reported, we can still claim that maleimide
chemistry is the method of choice when dealing with the development of ADCs; as a
matter of fact, the therapeutic ADC Brentuximab Vedotin, is obtained with maleimide
conjugation chemistry.[42]

However, this technique presents some drawbacks that need to be solved: for example,
conjugation has to be performed in slightly acidic pH to prevent cross-reactivity with

histidine and lysine side chains,[*3] and maleimide reagents need to be used in excess to
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achieve complete conversion. More importantly, the main limitation of this technique
is the instability of maleimide conjugates in human plasma, due to exchange with
biological thiols.[44-46]

Several strategies have been proposed to overcome this problem, mainly acting on the
kinetic of the retro-Michael reaction. To this purpose, exocyclic olefins have been
suggested as maleimide analogues,[*’l or N-Aryl maleimides have proved to have a
greater plasma stability.[*8] Based on the idea that the hydrolysis of the succinimide ring
is able to block the retro-Michael, self-hydrolysing maleimides have been designed.[*]
Furthermore, a careful design of the conjugation site influences the stability of the
thioether, by promoting the spontaneous hydrolysis of the succinimide ring.[501 These
methodologies improves in vivo stability, but still have some problems, such as the need
of high excess reagents, sometimes ring hydrolysis is incomplete and the dependence
of the site of conjugation on the spontaneous hydrolysis limits the scope of the

methodology.

4.1.3 Background and objectives

Despite the high number of techniques currently available for the selective modification
of proteins, there are still several challenges to overcome when trying to synthesize
protein conjugates, and in particular, therapeutic ADCs.

Indeed, even if significant improvements have been achieved in protein chemistry,
there is still the need to find efficient reagent that allow easy and fast functionalization
and that lead to stable products, overcoming the main problem linked to thiol-
maleimide chemistry. This one is still the election of choice in protein bio-conjugation,

but instability of the thioether linker needs to be faced.

Taking all this into account, we have recently described the properties of new, highly
reactive benzoyl acrylic acid derivatives, able to target thiols in proteins irreversibly
and in a chemo-selective fashion.[5!

Small-peptide studies showed that benzoyl acrylic acid esters and amides were highly
reactive towards cysteines, while leaving unaltered lysine residues, even when

reactions are performed at slightly basic pH (Figure 4.5 a and b). The selectivity is
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maintained in proteins, as corroborated by chemical controls using Ellmann’s reagent.
Importantly, addition of cysteine to carbonyl acrylates presents a high reaction rate (of
the 10 M1 s'1order) and comparable with the addition to maleimides, as demonstrated
by NMR competition experiments. Moreover, when compared to thio-maleimide
conjugates, products obtained with this technology present increased resistance to

plasma degradation (Figure 4.5 c).
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Figure 4.5: a) competitive reactivity study of cysteine and lysine addition on carbonyl acrylate
yielded 99% of cysteine adduct 1a, while no Lysine adduct 1b was detected; b) second order
Kinetic constant of the reaction ; ¢) albumin modification with carbonyl acrylamide is resistant to
plasma degradation.

To expand the applicability of this methodology, we designed and synthesized complex
drug-acrylamide derivatives, which were successfully conjugated to cysteine-bearing
antibodies, yielding a stable and homogenous product. This part of the work will be
described in the following section.

In this chapter, we also describe a new class of quaternised vinyl pyridine reagents that
allows cysteine modification by ultrafast Michael type addiction (Figure 4.6). Nitrogen

quaternisation increases the reaction rate and allows protein modification using
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stoichiometric amount of reagents. To demonstrate selectivity towards thiols, both
computational and NMR studies on small molecules were performed, and the kinetic of
such transformations has been determined. Finally, to apply vinyl pyridine chemistry
to the synthesis of functional ADCs, we designed the synthesis of a
monomethylauristatin E (MMAE) derivative to obtain an antibody drug conjugate, as

will be described in Section 4.3.

N z
A | Y @l v stechiometric
| P SH N s z amounts
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}Yr\‘ ‘71: v' Mild conditions
‘+ N —VLV v Ultrafast kinetics
H o v' Stable products

Figure 4.6: schematic representation of the use of vinyl pyridinium reagent for protein
modification.

4.2 Carbonylacrylic reagents for protein modifications

4.2.1 Synthesis

To demonstrate the potential of carbonylacrylic reagents as good candidates for
selective chemical protein modifications, MMAE bearing a benzoyl acrylamide moiety
was prepared. This drug, toxic at sub-nanomolar concentration in several cell lines, acts
by inhibiting tubulin polimerization.521 It has found wide application for ADC
development and it represents the warhead of the clinically used ADC brentuximab
vedotin.[53] Between acrylamide tag and MMAE, the enzymatically cleavable valine-
citrulline linker, paired with the self-immolative p-aminobenzylalcohol (PABA) spacer,
has been inserted. Its role is to ensure cathepsin B mediated release inside the target

cells.[54

Starting from commercially available MMAE, acrylamide derivative 3 was obtained in

two steps (Scheme 4.1).
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Scheme 4.1: synthesis of MMAE with carbonyl acrylate tag for protein modification.

In the first step, coupling of MMAE with the cleavable linker was achieved through
reaction of 4-nitrofenil activated carbonate, conveniently protected at the primary
amino group as Fmoc. The carbamate formation was favoured by adding HOBt in

presence of DIPEA in DMF. Indeed, much lower conversion to the desired carbamate
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was obtained when no HOBt is added to the reaction mixture. Then, the crude reaction
was treated with 20 % piperidine in DMF to remove the Fmoc protecting group. Next,
the crude was directly purified by preparative HPLC to afford pure compound 2 with
57% yield over two steps. To obtain acrylamide 3, amine 2 was treated with trans-3-
benzoylacrylic acid, pre-activated at -10° C with IBCF and NMM in DMF. After 1 h at rt,
the reaction was complete as determined by MALDI-TOF analysis. The crude reaction
mixture was diluted with CH3CN and H20 and directly purified by reversed phase HPLC.

Carbonyl acrylamide derivative 3 was obtained in 53% yield after purification.

To extend the scope of this methodology and show the synthetic accessibility of
carbonyl acrylic reagents, we decided to use Crizotinib as a second example of drug.
This drug is an inhibitor of tyrosine kinase receptor ALK and has been indicated for the
treatment of locally advanced or metastatic non-small-cell lung cancer.[53] Also, its
structure contains a piperidine ring that can be efficiently coupled with trans-3-
benzoylacrylic acid in one synthetic step (Scheme 4.2). Under the same coupling
conditions reported before (i.e. using NMM and IBCF in DMF), a non-cleavable drug-
carbonyl acrylamide derivative was prepared from commercially available Crizotinib.
After purification by column chromatography, compound 4 was obtained with 60%

yield and ready-to-use in conjugation reaction.

Cl

IBCF, NMM, DMF,
-10°Ctort,1.5h

60%

Crizotinib

Scheme 4.2: synthesis of Crizotinib-carbonyl acrylamide derivative.
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4.2.2 Antibody conjugation and stability

With these compounds in hands, the synthesis of stable, homogenous and well-
characterized antibody drug conjugates was achieved.

To synthesize a potentially therapeutic ADC, we chose as starting material a modified
Trastuzumab antibody, which features an engineered cysteine at position 205 of the
light chain (LC-V205C). The introduced modification does not affect its structure and
its binding properties, and at the same time the solvent exposed cysteine is highly
reactive.l56] From now on, we will refer to the engineered Trastuzumab antibody LC-
V205C as Thiomab.

Optimised conjugation conditions for proteins with benzoyl acrylates consist of neutral
or slightly basic buffer, at room temperature or 37 °C. Full conversion is achieved at low
antibody concentration (10-20 uM), using low excess of reagent and after few hours
incubation.’11 However, when using an antibody as the protein starting material, some

further optimization is needed to achieve full conversion.

Indeed, in the case of our Thiomab, when the reaction is performed in phosphate buffer
at pH 8.0 or 9.0 (50 mM), low yields of the desired conjugated were achieved. However,
lowering the ionic strength and the pH of the buffer enabled us to obtain Thiomab-3
conjugate with >95% conversion after 6 h of reaction, using a limited amount of
carbonyl acrylate 3 (only 5 equivalents per cysteine).

The conditions tested are summarized in Table 4.1.

Buffer Conditions Conversion
NaPi 50 mM, pH 8.0 10 equiv. compound 3,37 °C, 24 h 0%
NaPi 50 mM, pH 9.0 10 equiv. compound 3,37 °C, 24 h 0%
NaPi 20 mM, pH 7.0, 10 equiv. compound 3,37 °C, 6 h >95 %

Table 4.1: optimization of reaction conditions for the preparation of Thiomab-3 conjugate.

Finally, the conjugate was obtained with a single modification per light-chain and no

modifications were detected in the heavy chain, as expected according to what
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previously reported for the modification of Thiomab LC-V205C using a maleimide
analogue of compound 3.05¢] After 6 h of incubation at 37°C, the reaction was complete,
as confirmed by mass analysis of the mixture (Figure 4.7). The conjugate was purified

before cell assays by size-exclusions membranes.
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Figure 4.7: a) schematic representation of the conjugation reaction; b) deconvoluted ESI-MS of
the light chain of Thiomab-3 (calcd. 24721 Da; observed 24721); c) deconvoluted ESI-MS spectra
of unmodified light chain of Thiomab-3 (calcd. 50594 Da; observed 50590).

To demonstrate that these results can be extended also to other antibodies, both
carbonyl acrylamide derivatives synthesized (compounds 3 and 4) were used to modify
F16 antibody, a fully human antibody that targets tenascin C and is able to accumulate

at tumour microenvironment in mouse models.[5758] The free cysteine residue reacted
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efficiently at 37 °C in NaPi buffer (20 mM, pH 7.0) with carbonyl acrylates 3 and 4,
yielding with high conversion (>95 %) a doubly modified F16 antibody with one
modification per light chain, as confirmed by LC-MS analysis (Figure 4.8).

a b
0 0 O O
S \ S, S - S
F16-4
F16-3
— 23,983 1:5;3.;55; fol= 23,307 1’?32")(518(;
100- 1333 1: Scan ES+ 1,296 1: Scan ES+

4.76 x 10° 4.76 x 10°

Percentage

1.845 1,900

Percentage
Percentage
Percentage

{ R [ A | I | | S |

1000 1200 1400 1600 1.800
O rethprocpelpulaivasy duppsipneiqiidpbionlel Mass (Da) o bt Lot piialis. Mass (Da)
10,000 20,000 30,000 40,000 10,000 20,000 30,000 40,000

Figure 4.8: MS-ESI analysis of F16 conjugates with acrylamide compounds; a) ion series and
deconvoluted mass spectra for F16-3 conjugate (calcd: 23985, obs 23983); b) ion series and
deconvoluted mass spectra for F16-4 conjugate (calcd: 23312, obs.23307). The fuchsia and green
balls represent compounds 3 and 4, respectively.

To evaluate if the new thioether compound is resistant to degradation in human plasma,
stability studies were performed on a simpler carbonyl acrylamide derivative.
Conjugate Thiomab-1, obtained by reacting compound 1 with Thiomab under standard
condition was used as a model for the stability assay. In this case, a doubly modified
antibody is observed, with DAR = 4. This abnormal reactivity is probably due to the
small structure of this simple carbonyl acrylamide, which can react with an additional
cysteine deriving from a spontaneously cleaved disulphide bond.

However, when incubated in human serum at 37 °C, no significant degradation was

observed after 48 h, making these reagents suitable for ADC synthesis (Figure 4.9).
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Figure 4.9: Structure of Thiomab-1 and deconvoluted mass spectrum after 48 h incubation with
human serum: no significant degradation peak is observed. Mass peak corresponds to the doubly
modified antibody (calcd. mass for two modifications: 23846 Da; found 23843 Da).

Moreover, in order to prove that the reaction condition and the modification does not
alter the protein structure, the affinity of the antibody towards its antigen was
evaluated. To this purpose, cell assays on SKBR3 cell line, which have a high level of
Her2 antigen expression, were performed and the binding of modified Thiomab-3
antibody to cell membrane was assessed by flow cytometry.

As we can see in Figure 4.10, Thiomab-3 retains the affinity for Her2 antigen.
Therefore, this feature, together with the increased stability of the thioether linker,

confers this conjugate good properties for in vivo application of these compounds.
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Figure 4.10: flow cytometry graph to analyse ADC Thiomab-3 binding.
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4.3 Vinyl Pyridinium reagents for protein modification

In order to find new selective reagents for cysteine modification, a computational
directed study has been performed on new electrophiles for protein conjugation.

With the help of computational predictions, we envisaged in vinyl pyridinium and
alkynyl pyridinium new suitable reagents for chemo-selective cysteine modification.
In fact, modelling the reactivity between reagents 5, 6, 7 and 8 and different
nucleophiles, suggested that the quaternisation of nitrogen atom on pyridine
dramatically increases the reaction rate. Moreover, according to the calculations, both
reagents reacts around a thousand time faster with thiolates than with amines (methyl
thiol and methyl amine were used as the simplest model in these calculations),

suggesting a preferential reactivity towards cysteines in proteins (Figure 4.11).
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Figure 4.11: Relative kinetic constants of vinyl pyridine based reagents with SMe™ and MeNH:
calculated with PCM(H20)/M06-2X/6-31+G(d,p).

The computational predictions were corroborated by small molecule studies of the
reaction. Propane thiol, propyl amine and adequately protected cysteine and lysines
were used for the reaction kinetic study by NMR, and the results are reported in the

following table (Table 4.2).
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Conversion (%)

Entry Electrophile Nucleophile 4 min 1h 24h k;(M1s1)

1 5 _~_SH 0 10 62 6.81
2 7 ~_SH 83 99 - 621x10°
3 6 _~_SH 0 0 6 0.22
4 8 ~_SH 84 99 - 871x10°
5 5 . 2 36 89 0.62
YN& NH;
© SH
6 7 e 93 93 - 2x102
\[(N"' NH,
© SH
7 7 ~_NH, 0 13 0.1
8 7 0 0 1 6 0.23

Table 4.2: experimental results for pyridine derivatives with different nucleophiles. All data
reported refer to a typical reaction performed in deuterated NaPi buffer (100 mM, pH 7.6) at 37
°C, as described in the experimental part (Section 4.5.2).

The kinetic constants of these reactions were determined by 'H-NMR studies in
deuterated phosphate buffer at pH 7.6. Under these conditions, the fastest reactions
occurs between thiols and quaternised reagents 7 and 8 (entries 2, 4 and 6, Table 4.2),
with a kinetic constant >102 in all cases. Lysine and propyl amine, as predicted by the
computational study, were much slower nucleophiles (kinetic constant up to 103 times
lower) with less than 6 % conversion after 24 h reactions in both cases (entry 7 and 8,
Table 4.2).

2-alkynyl pyridinium derivative 8 was as much reactive as its analogue 7, but it
undergoes double addition when treated even with low thiol excess, yielding a stable
dithioacetal. This might be interesting for other applications, such as disulfide stapling
reagent or for tagging with biomolecules after conjugation, but in our case the resulting

double bond may lead to undesired side reactions. So, in order to avoid potential
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formation of reactive alkene isomers on proteins, electrophile 7 was chosen as the most

convenient compound for protein modification.

Four proteins were selected to test the selectivity and the efficiency of the modification
strategy with electrophile 7.

C2Am domain of Synaptotagmin-I, Annexin-V, Ubiquitin and Albumin were used as
model proteins. They have one cysteine residue, both engineered or naturally present
and several lysines (and histidines eventually) that can act as nucleophiles. Moreover,
all of these proteins have a relevant biological function that makes interesting the
design of their conjugates. As an example, Annexin-V conjugates can be used for the
early detection of apoptosis. [59]

Interestingly, in all the investigated proteins, the conjugation reaction was complete
after 1 h incubation at 37 °C in NaPi buffer (50 mM, pH 8.0), as determined by mass
analysis of the reaction mixtures using low excess of vinyl pyridinium 7 (from 1-10

equivalents, Figure 4.12).
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Figure 4.12: cysteine selective targeting with 1-methyl-2-vinylpyridinium 7; ES-MS spectra for
the reaction of Annexin V, Ubiquitin, C2ZAm and albumin.

Under these conditions, the proteins were modified exclusively at the cysteine residue.
This fact was corroborated by using Ellmann’s reagent (Figure 4.13) as a control. This
compound reacts only with thiols and it is used for the determination of free cysteine
in proteins.[60] Thus, blocking the cysteine residue in a protein with Ellmann’s reagent
before the conjugation reaction in the conditions described above, yielded no modified
protein. Therefore, this result confirms that other potential nucleophiles in proteins
were unreactive with scaffold 7 under the employed conditions. Equally, the modified

derivatives obtained after the conjugation reaction, do not react with Ellmann’s
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reagent, meaning that all cysteine residues have been consumed (For experimental

details see Section 4.5.3).

Ellmann's reagent

Figure 4.13: Structure of the Ellmann’s reagent.

Next, before moving to the ADC synthesis, the stability of the thioether bond resulting

from the bioconjugation was evaluated. C2Am-7 was used as model compound to

assess the stability, and it was incubated in PBS buffer containing 20% of reconstituted

human plasma at 37 °C. The degradation was monitored by ES-MS analysis and no

significant degradation peaks were recorded even after 48 h incubation (Figure 4.14).
C2Am-7

C2Am-7
C2Am-7

Figure 4.14: Superimposed deconvoluted MS spectra of C2Am-7 conjugate. Peak
corresponding to conjugate (16431 Da) is the main peak in human plasma at 1, 24 and 48 h
incubation.

Considering those promising results, the synthesis of an ADC conjugate with this
methodology represented the following step. Thus, a drug derivative bearing the vinyl

pyridinium tag was synthesized.
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4.3.1 Synthesis of MMAE-vinyl pyridinium derivative

To synthesize the desired compound bearing a quaternised vinyl pyridinium attached
to the drug -linker system, the synthetic strategy adopted was based on a copper
catalysed azido-alkyne cycloaddition. Indeed, the reagent and the product of this
reaction do not compete, via Michael addition, to the activated double bond of the vinyl
pyridinium. This could be the case, for instance, of the classical amide coupling, where
the amine could give collateral addition to the double bond, instead of pure amide
formation.

Thus, the first goal was the quaternisation of commercially available 2-vinyl pyridine in

order to obtain a compound bearing an alkyne group.

Several alkylating agents were tested at this purpose, such as bromo-alkanes, iodo-
alkanes, tosyl and nosyl derivatives but no satisfactory results were obtained when
trying to quaternise pyridine nitrogen with these compounds. This was attributed to
the competing polymerization reaction of 2-vinyl pyridine with the highly reactive vinyl
pyridinium, that is much faster that nitrogen quaternisation with those alkylating
agents.l61] Fortunately, when the more reactive propargyl triflate was used, the
alkylation reaction was accomplished successfully and the desired product was

obtained in good yield (Scheme 4.3).

X
X Ho/\ O\/
A = Tf,0, pyr, toluene
N 0°C to rt, 30 min T
_—
59%

=z

9

Scheme 4.3: synthesis of quaternised vinyl pyridine scaffold.

Compound 9 was obtained by treating commercially available 2-vinylpyridine with a
freshly prepared solution of propargyl triflate. This one is obtained in situ by treatment
of propargyl alcohol with slight excess of triflic anhydride and pyridine in toluene. The
resulting solution of propargyl trifate is then separated and treated with 2-vinyl

pyridine, previously dissolved in toluene. In this way, product 9 is obtained as a white
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precipitate in good yield (59%) and without impurities deriving from polymerization
side reactions.

Derivative 9 can be used as starting material for functionalization with azide
derivatives. In our case, a MMAE derivative, bearing a spacer ending with a terminal
azido group, was obtained in two steps from commercially available MMAE and ready

to use for coupling reaction with alkyne 9 (Scheme 4.4).

compound 2

NS/\/O\/\O/\/O\/\H/OH

O 57%
HBTU, DIPEA
DMF, rt, 3h

o b0
o . o O/\OJJ\T N\:)J\'Tl N
N3/\’<o\/\}o/\)J\N N\:)J\N AN OMe Qreo
2 H o) = H NH
o j o OH
HZNJ\N
H

10

\\\9 8%

CuSOy, Na ascorbate
DMF, H,0, rt, 18 h

@J M _MmAE
\ v o) b0 /©/\o N
N /\,éovtoVJ\H N\i)J\N

Scheme 4.4: Synthesis of MMAE with the pyridinium tag 11 through copper catalysed
cycloaddition.
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As described for the previous synthesis (see Scheme 4.1), an enzymatically cleavable,
self-immolative spacer was introduced to obtain compound 2. Free amino group of the
terminal valine was then coupled with a small PEG spacer bearing an azide as terminal
group. The coupling for the corresponding amide was conducted under standard
conditions with HBTU and DIPEA in DMF. Compound 10 was obtained with moderate
yield (57%) after HPLC purification and it was ready to use in the copper-catalyzed
azide-alkyne cycloaddition (CuAAC) with compound 9. To this purpose, 9 was reacted
with 10, using CuSO4 and sodium ascorbate to generate in situ the catalytically active
Cu(ID) species. After HPLC purification, compound 11 was obtained with high purity and
ready-to-use in ADC synthesis.

4.3.2 ADC synthesis and biological assays

Finally, compound 11 and simple alkyne 9 were used for conjugation with the
engineered Thiomab. Compound 11 would allow us to obtain directly an ADC
containing MMAE as the warhead; in the other case, with compound 9 we could obtain
easily an antibody bearing an alkyne handle. This could be interesting for further bio-
orthogonal reaction with azide derivatives of biologically interesting compounds or
hydrosilylation reactions, already described in protein.l62l Again Thiomab was chosen
as the targeting antibody, because of its engineered cysteine residue, that allow mono-
modification of the light chain and its ability to target Her2 antigen, a common antigen

expressed in mammalian cancer cell lines.

To conjugate compound 9, a 25 uM solution of the antibody in NaPi buffer at pH 8.0 was
treated with just 1 equivalent of alkyne 9, affording complete conversion after only 1 h
reaction. To obtain ADC Thiomab-11, an excess of compound 11 (5 equivalents for light
chain) is required to have complete conversion, as detected by LC-MS analysis.
However, the conjugation reaction proceeded fast and ADC Thiomab-11, bearing one
modification per cysteine in the light chain is obtained after 1h (Figure 4.15). The
resultis a homogenous conjugate with a defined DAR of 2, bearing a new thioether bond

resistant to hydrolysis in plasma (as demonstrated before for the C2ZAm derivative).
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Figure 4.15: a) structures and deconvoluted mass spectrum of Thiomab-9: calcd. mass 23583; found 23601
(oxidation state); b) structures and deconvoluted mass spectrum of Thiomab-11: calcd. mass 24935; found

24935.

To determine whether the native structure of the antibody is retained, affinity assays

were performed on SKBR3 cell line, and by flow cytometry analysis it was shown that

the specificity towards Her2 positive cells is conserved (Figure 4.16).
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Figure 4.16: Counter plot indicates the binding affinity of Thiomab-11 to Her2 expressing SKBR3
cells at 50 nm. d) Percentage of SKBR3 cells bound to Thiomab-11 at 50 nm. Thiomab and
Trastuzumab were used as positive controls and IgG Isotype was used as negative control.

4.4 Conclusions

Two different strategies for chemical modifications of proteins have been described.

Firstly, driven by the excellent results obtained previously with carbonyl acrylate
derivatives for selective modification of cysteine residues in proteins,[>1l we designed
the synthesis of drug derivatives of carbonyl acrylamide, with the ultimate goal of
obtaining a structurally defined ADC. To this purpose, two drugs were functionalised
with carbonyl acrylamide handle: MMAE and Crizotinib. Both compounds were
obtained in few steps and good yield, showing the synthetic accessibility of these
derivatives. Two different antibodies, carrying engineered cysteines in the light chain
were used for the bio-conjugation reaction. As a result, homogenous Thiomab and F16
antibody conjugates were obtained, with an exact DAR of 2, as determined by MS
analysis of conjugates. In the field of ADC, the DAR value is of vital importance, since it
is directly correlated with the pharmacokinetic properties of the antibody.[¢3] Normally,
DAR values of 2 or 4 are preferred to have a therapeutically functional conjugate,

without losing the binding properties of the native structure. In our case, the
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modification does not affect the structure of the antibodies, which keep their selectivity
towards the antigen.

Secondly, a computational assisted study enabled the design of a new, ultrafast reagent
for selective modification at cysteine residues. The selectivity of the reagents, based on
pyridinium salts, was demonstrated both in small molecule models and in proteins. In
fact, while cysteine alkylation is very fast (kinetic > 102), lysine residues remain
unmodified. The method was optimized using commercially available 1-methyl-vinyl
pyridnium 7; then, considering the fast kinetic and mild conditions adopted for
conjugation, our goal was the synthesis of a more complex structure containing MMAE
as toxic warhead, as described in Section 4.3.1. Next, a MMAE-Trastzumab conjugate
was obtained in high yield, and it kept the structural properties necessary for antigen
recognition. It will be interesting in the future evaluate the cytotoxicity of both ADCs
obtained, and their selectivity both in vitro and in vivo.

Finally, it is important to note that both carbonyl acrylamide and vinyl pyridinium
reagents are synthetically accessible, making this technology applicable to other
demanding structures to synthesize new and homogeneous ADCs with improved

properties for biological applications.
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4.5 Experimental section

4.5.1 Synthesis

Synthesis of compound 2

o H 0]
BUCAARSQRNINRERS
HN N\;)LN 0 AL OMe O OMe O
o z H
£,
HoN N
*H

This procedure is a modification of a literature protocol.l[64] Fmoc-ValCit-PAB-PNP (69
mg, 0.090 mmol) was dissolved in dry DMF (400 pL) and to this solution HOBt (12.2
mg, 0.090 mmol) and DIPEA (31.0 pL, 0.180 mmol) were added. The resulting mixture
was added to a solution of MMAE (50 mg, 0.069 mmol) in dry DMF (100 pL) and stirred
for 16 h at room temperature. 300 uL of DMF and 200 pL of piperidine were then added
to obtain a final piperidine concentration of 20% in DMF. After stirring for 1 h, Fmoc
deprotection was confirmed by MALDI-TOF, and the crude mixture was diluted with
CH3CN and directly purified by HPLC on a Phenomenex Luna C18(2) column (10 y, 250
mm X 21.2 mm), using the following gradient: 32.5% CH3CN / 67.5% H20 + 0,1% TFA
to 42.5 CH3CN / 57.5% H20 + 0,1% TFA. Product containing fractions by mass (tr =
13.80) were lyophilized overnight to obtain compound 2 as a white solid (42 mg, 0.034
mmol, 49% yield). HRMS (ESI+) m/z: calcd. for CsgHosN19012 [M+Na]* 1123.7125, found
1123.7103. Analytical RP-HPLC: tr = 19.2 (C18, 254 nm, gradient: from 68% H,0 with
0.1% TFA / 32% CH3CN to 57 % H20 + 0.1% TFA / 43% CH3CN in 20 min).
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Synthesis of compound 3

Trans-3-benzoyl acrylic acid (30 mg, 0.170 mmol) was dissolved in dry DMF (1 mL) and
cooled at -10 °C. Isobutyl chloroformate (26 pL, 0.204 mmol) and N-methylmorpholine
(22 pL, 0.204 mmol) were then added under stirring. 0.5 mL of this solution was added
to a solution of compound 2 (42 mg, 0.034 mmol) and NMM (4 uL, 0.036 mmol) in dry
DMF (500 mL) cooled at -10 °C. After stirring for 15 min, the reaction was allowed to
reach room temperature and kept stirring for an additional 1 h. Subsequently, the crude
mixture was diluted with CH3zCN and purified by HPLC on a Phenomenex Luna C18(2)
column (10 g, 250 mm x 21.2 mm) using the following method: 32.5% CH3CN / 67.5 %
H20 + 0,1% TFA to 42.5% CH3CN over 20 min, then 42.5% solvent CH3CN / 57.5% H»0
+0,1% TFA to 100% CH3CN over 10 minutes. Product containing fractions by mass (tr
=26.6) were collected and lyophilized overnight to obtain compound 3 as a white solid
(23.1 mg, 0.018 mmol, 53% yield). HRMS (ESI+) m/z: calcd. for CegH100N1oNaO14
[M+Na]* 1303.7313, found 1303.7317. 'H-NMR (400 MHz, DMSO d-6) § (ppm): 9.99
(brs, 1H amide), 8.66 (d, /=8.6 Hz, 1H, amide), 8.31 (d, J=7.5 Hz, 1H, amide), 8.05 - 7.97
(m, 2H, amide, Arom.), 7.89 (d, J=7.9 Hz, 0.5H), 7.76 (d, J=15.3, 1H, HC=CH), 7.74 - 7.69
(m, 1H, Arom.), 7.64 - 7.56 (m, 5H, Arom.), 7.32 - 7.22 (m, 7H, Ar, HC=CH), 7.20 - 7.15
(m, 1H, Arom.), 5.99 (brs, 1H), 5.39 (brs, 2H), 5.12 - 4.96 (m, 2H), 4.74 - 4.63 (m, 1H),
4.49 - 4.48 (m, 1H), 4.44 - 4.37 (m, 2H), 4.26 ('t’, J=11.4 Hz, 1H), 4.04 - 3.92 (m, 2H),
3.78 (dd, J=9.4, 2.3 Hz, 0.5H), 3.59 - 3.53 (m, 2H), 3.24 - 3.23 (m, 4H), 3.20 (s, 2H), 3.18
(s, 1H), 3.12 (s, 2H), 3.06 - 3.02 (m, 2H), 2.97 (s, 2H), 2.88 - 2.78 (m, 3H), 2.41 (m, 1H),
2.27 (m, 1H), 2.18 - 1.88 (m, 4H), 1.89 - 1.67 (m, 4H), 1.48 (m, 6H), 1.0 - 0.95 (m, 7H),
0.92 - 0.71 (m, 26H); 13C-NMR (75 MHz, DMSO d-6) 6 (ppm): of characteristic carbon
signal: 190.5 (PhC=0), 164.0 (CH=CHCONH), 159.3 (C=0 carbamate). Analytical RP-
HPLC: tr = 29.3 (C18, 254 nm, gradient: from 68% H,0 + 0.1% TFA / 32% CH3CN to 57
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% H20 with 0.1% TFA / 43% CH3CN in 21 min, then from 57% to 32% H»0 with 0.1%
TFA / 68% CH3CN in 9 min).

Synthesis of compound 4

Trans-3-benzoyl acrylic acid (48 mg,
0.27 mmol), was dissolved in dry DMF
(1 mL) and cooled at -10 °C. To this

solution isobutyl chloroformate (IBCF,

42 pL, 0.32 mmol) and N-methyl
morpholine (NMM, 36 uL, 0,33 mmol) were added under stirring. 0.1 mL of the resulting
mixture were then added to a solution of Crizotinib (10 mg, 0.022 mmol) and NMM (2.5
uL, 0.022 mmol) in dry DMF, cooled at -0 °C. After stirring 15 min, the reaction was
allowed to reach room temperature and kept stirring for additional 1.5 h. The crude
reaction mixture was concentrated and directly purified through column
chromatography (eluent AcOEt:MeOH 20:1) to give compound 4 as a light yellow solid
(8 mg, 60% yield). HRMS (ESI+) m/z: calcd. for C31H29Cl,FNs03 [M+H]+, 608.1626, found
608.1628.1H-NMR (400 MHz, CDCl3) 6 (ppm): 8.06 - 8.03 (m, 2H, Arom.), 7.96 (d, /J=15.0
Hz, 1H, CH=CH), 7.74 (d, J=1.7 Hz, 1H, H-Arom.), 7.64 - 7.60 (m, 1H, H-Arom.), 7.57 -
7.49 (m, 5H, H-Arom.), 7.31 (dd, ¥c.r=4.8 Hz, /u.u=8.9 Hz, 1H, H-Arom.), 7.06 (dd, 3/c.r
=7.9 Hz, Ju.u=8.9 Hz, 1H, H-Arom.), 6.88 (d, J=1.8 Hz, 1H, H-Arom.), 6.08 (q, /=6.7 Hz, 1H,
CHCH3), 41.93 (brs, 2H, NH>), 4.82 - 4.78 (m, 1H), 4.42-4.36 (m, 1H), 4.23 - 4.20 (m,
1H), 3.39 - 3.33 (m, 1H), 3.01 - 2.95 (m, 1H), 2.08 - 2.02 (m, 2H), 1.99 - 1.85 (m, 2H),
1.86 (d, J=6.7 Hz, 3H, CHCH3). 13C-NMR (75 MHz, CDCl3) § (ppm): 189.4 (Cq, C=0), 164.1
(Cq, NC=0), 157.5 (d, J=248.9 Hz, Cq, detected by a HMBC experiment), 148.9 (Cq),
139.9 (Cq), 136.8 (2Cq), 136.1 (CH), 134.9 (CH), 134.4 (CH), 133.8 (CH), 132.4 (CH),
129.9 (CH), 128.9, 128.9, 128.8 (5 C, Cq, 4 CH), 122.8 (CH), 122.1 (d, J=19.1 Hz, Cq),
120.1 (Cq), 119.0 (Cq), 116.8 (d, Jj=23.1, CH), 115.1 (CH), 72.5 (0-CHCH3), 58.7 (CH),
44.9 (CHy), 41.2 (CHy), 33.0 (CH>), 31.9 (CH>), 18.9 (CH3).
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Synthesis of compound 9

(j\/ Propargyl alcohol (87 pL, 1.5 mmol) and dry pyridine (121 pL, 1.5

X
| .~ mmol) were dissolved in dry toluene (1 mL) under an Argon
f

Z+

oT
atmosphere. The resulting solution was added to a solution of Tf,0 (252

4

uL, 1.5 mmol) in dry toluene (1 mL) at 0 °C under argon. After stirring
for 15 min at this temperature, a white solid is formed and allowed to precipitate. The
supernatant was taken with a syringe and transferred to a schlenk. To this propargyl
triflate solution, cooled at 0° C, a solution of 2-vinylpyridine (107 pL, 1 mmol) in 1 mL
of dry toluene was added over 10 min. The reaction was stirred 10 min at room
temperature, and then stopped adding 10 mL of Et;O for complete product
precipitation. The desired product was washed with Et,0 and used for the next steps
without further purification (174 mg, 0.59 mmol, 59%). 'H NMR (300 MHz, CD30D) &
(ppm): 9.08 (dd, j=6.3, 1.4 Hz, H-pyr), 8.61 (td, /=7.7, 1.5 Hz, H-pyr), 8.39 (dd, j=8.2, 1.5
Hz, H-pyr), 8.05 (ddd, J=7.8, 6.3, 1.5 Hz, H-pyr), 7.37 (dd, J=17.0, 11.3 Hz, H-vinyl), 6.54
(d, J=17.0 Hz, H-vinyl), 6.24 (d, J=11.3 Hz, H-vinyl), 5.59 (d, /=2.6 Hz, CHz), 3.50 (t, /=2.6
Hz, CH). 13C NMR (75 MHz, CD30D) & (ppm): 152.8 (Cq), 146.4 (C-pyr), 144.2 (C-pyr),
129.9 (CH: vinyl), 126.7, 126.5 (3C, C-pyr, CH vinyl), 80.1 (C-propargyl), 73.5 (C-
propargyl), 47.7 (CHz- N); MS (ESI+) m/z 144.08 (M+).

Synthesis of compound 10
(e} H [0}
o " o /@AOJ\N N\_)J\T N
N3/\/<o\/to/\)LH N\)L” 0 AL OMe Q
< NH

0
i SO~
HNTON

3-(2-(2-(2-azidoethoxy)ethoxy)ethoxy) propanoic acid (10 mg, 0.039 mmol) was
dissolved in dry DMF (250 pL) and reacted with DIPEA (13.6 uL, 0.078 mmol) and HBTU
(14 mg, 0.035 mmol). This solution was added to compound 2 dissolved in 250 uL of
DMF. The reaction mixture was stirred 3 h at room temperature, then diluted with 3 mL
of CH3CN and directly purified by HPLC on a Phenomenex Luna C18(2) column (10 ,
250 mm x 21.2 mm), using the following gradient: 32.5% solvent B/ 67.5% solvent A to
42.5 solvent B/ 57.5% solvent A in 20 minutes, then 42.5% to 100% solvent B in 10
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minutes (solvent A = deionized H20 + 0.1% TFA, solvent B = CH3CN). Product containing
fractions by mass (tr = 25.3) were lyophilized overnight to obtain compound 10 as a
white solid (10 mg, 0.0074 mmol, 57% yield). HRMS (ESI+) m/z: calcd. for
Ce7H109N13NaO16 [M+Na]*, 1374.8007; found 1374.7974. Analytical RP-HPLC: tg = 27.6
(C18, 254 nm, gradient: from 68% H>0 with 0.1% TFA / 32% CH3CN to 57 % H.0 with
0.1% TFA / 43% CH3CN in 21 min, then from 57% to 32% H,0 with 0.1% TFA / 68%
CH3CN in 9 min).

Synthesis of compound 11

To a solution of compound

(0]
@J OI{H i @AOJLN/MMAE 10 (9.4 mg, 0.0069 mmol)
4 mg, 0. mmo
N\\(/\’/\‘/\,%O\/to/\)LH N\:)J\H g

N=N %9 j and alkyne 9 (5.4 mg,
HZNJ\H 0.021 mmol) in a mixture
DMF:H;0 1:1 (200 pL), 22 pL of a 0.1 M solution of CuSO4 in H20 and 34 pL of a 0.1 M
solution of Na ascorbate were added. The reaction was stirred for 6 hours at room
temperature, then it was directly purified by HPLC on a Phenomenex Luna C18(2)
column (10 p, 250 mm x 21.2 mm), using the following gradient: 32.5% solvent B/
67.5% solvent A to 42.5 solvent B/ 57.5% solvent A in 20 minutes, then 42.5% to 100%
solvent B in 10 minutes (solvent A = deionized H,0 + 0.1% TFA, solvent B = CH3CN).
Product containing fraction (tr = 16.2) were collected and lyophilized overnight to
obtain compound 11 as a white solid (0.8 mg, 0.5 uMoles, 8% yield). HRMS (ESI+) m/z:
calcd. for C77H119N14016 [M]*, 1495.8923; found 1495.8883. Analytical RP-HPLC: tr =
22.2 (C18, 254 nm, gradient: from 68% H>0 with 0.1% TFA / 32% CH3CN to 57 % H»0
with 0.1% TFA / 43% CH3CN in 21 min, then from 57% to 32% H,0 with 0.1% TFA /
68% CH3CN in 9 min).

4.5.2 Kinetic studies

The second-order reaction constants of the reactions of electrophiles 5-8 with small-
molecule models 1-propanethiol, N-propylamine, N-acetylcysteine amide and Na-
acetyl-lysine amide were determined by 1H NMR (400 MHz) at 298 K in deuterated NaPi
buffer (100 mM, pH 7.6). Electrophile concentration was 3.0 mM in all cases. A 1H NMR

spectrum was recorded every 85 s (number of scans: 16). Around 5 min were needed
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to record the first spectrum after mixing the reagents. The observed second-order rate
constants kops (i.e. k2) were derived from the slope of a linearly-fitted plot of the inverse

of the electrophile concentration (1/[E]) versus time.

4.5.3 Antibody conjugation

Antibody drug conjugation reactions were performed by Gongalo Bernardes group at

Department of Chemistry, Univerisity of Cambridge.

General procedure for conjugation with carbonyl acrylamide derivatives

To an eppendorf tube with NaPi (50 mM, pH 8.0 or 20 mM, pH 7.0) and DMF (10% of
total volume), an aliquot of a stock solution of protein (final concentration 15-25 puM)
was added. Afterwards, a solution of the carbonyl acrylamide derivative (1-10 equiv.)
in DMF was added and the resulting mixture was vortexed for 10 seconds. The reaction
was mixed for 2, 6 or 24 h at 37 °C. A 10 pL aliquot at each reaction time was analysed
by LC-MS and reaction progression monitored. After complete conversion, protein
conjugates were purified by Zeba-Spin Desalting Column (previously equilibrated with
the adequate buffer) to remove small molecules, or by dialysis. Protein concentration

was determined by nano-drop or by Bradford protein assay.

Synthesis of Thiomab-1

The reaction was performed according to the general procedure, using Thiomab LC-
V205C (final concentration 15 pM), compound 1 (10 equiv.) in NaPi buffer (50 mM, pH
8.0). After 2 hours at 37 °C LC-MS indicated complete conversion to the expected
product (calculated mass for the light chain, 23643 Da -1 modification- or 23846 Da -

2 modifications-; observed mass for the light chain, 23843 Da).

Synthesis of Thiomab-3

The reaction was performed according to the general procedure, using Thiomab LC-
V205C (final concentration 20 pM), compound 3 (10 equiv.) in NaPi buffer (20 mM, pH
7.0). After 6 hours at 37°C LC-MS indicated complete conversion to the expected
product (calculated mass for the light chain, 24721 Da; observed mass for the light-
chain, 24721 Da).
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Synthesis of F16-3

The reaction was performed according to the general procedure, using F16 antibody
(final concentration 5 pM), compound 3 (10 equiv.) in NaPi buffer (20 mM, pH 7.0).
After 6 hours, LC-MS showed complete conversion to the expected product (calculated

mass for the light-chain, 23985 Da; observed mass for the light-chain, 23983 Da).

Synthesis of F16-4

The reaction was performed according to the general procedure, using F16 antibody
(final concentration 5 pM), compound 4 (10 equiv.) in NaPi buffer (20 mM, pH 7.0).
After 6 hours, LC-MS showed complete conversion to the expected product (calculated

mass for the light-chain, 23312 Da; observed mass for the light-chain, 23307 Da).

General procedure for conjugation with quaternised vinyl pyridinium reagents
To an eppendorf tube with NaPi (50 mM or 20 mM, pH 8.0) and DMF (10% of total
volume), an aliquot of a stock solution of protein (final concentration 10 uM) was added.
Afterwards, a solution of the quaternised pyridine derivative (1 to 10 equiv.) in DMF
was added and the resulting mixture was vortexed for 10 seconds. The reaction was
mixed for 1 or 2 h at 37 °C. A 10 pL aliquot of each reaction time was analysed by LC-
MS and conversion to the expected product was observed. After complete conversion,
protein conjugates were purified by Zeba-Spin Desalting Column (previously
equilibrated with the adequate buffer) to remove small molecules, or by dialysis.

Protein concentration was determined by nano-drop or by Bradford protein assay.

Synthesis of C2ZAm-7

The reaction was performed according to the general procedure, using C2Am,
compound 7 (10 equiv.) in NaPi buffer (50 mM, pH 8.0). After 1 hour at 37°C, complete
conversion was observed by LC-MS (calculated mass, 16340 Da; observed mass, 16339

Da).
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Synthesis of Ubiquitin-7

The reaction was performed according to the general procedure, using Ubiquitin-K63C,
compound 7 (1 equiv.) in NaPi buffer (50 mM, pH 8.0). After 1 hour at 37°C, complete
conversion was observed by LC-MS (calculated mass, 8684 Da; observed mass, 8685
Da). The same occurred when using 10 equiv. of 2 and leaving the reaction for 2 h, which
shows the selectivity for cysteine over other nucleophilic residues even when the

reagent is present in excess.

Synthesis of Annexin V-7

The reaction was performed according to the general procedure, using Annexin V-
Cys315, compound 7 (10 equiv.) in NaPi buffer (50 mM, pH 8.0). After 1 hour at 37°C,
complete conversion was observed by LC-MS (calculated mass, 35923 Da; observed

mass, 35924 Da)

Synthesis of Albumin-7

The reaction was performed according to the general procedure, using Albumin-Cys34,
compound 7 (1 equiv.) in NaPi buffer (50 mM, pH 8.0). After 1 hour at 37°C, complete
conversion was observed by LC-MS A 10 pL aliquot was analysed by LC-MS and
conversion to the expected product was observed (calculated mass, 66557 Da;

observed mass, 66555 Da).

Synthesis of Thiomab-9

The reaction was performed according to the general procedure, using Thiomab,
compound 9 (1 equiv.) in NaPi buffer (20 mM, pH 8.0). After 1 hour at 37°C, complete
conversion was observed by LC-MS (calculated mass for the light-chain, 23583 Da;
observed mass for the light-chain, 23601 Da —oxidation state-).

Synthesis of Thiomab-10
The reaction was performed according to the general procedure, using Thiomab,
compound 10 (10 equiv.) in NaPi buffer (20 mM, pH 8.0). After 1 hour at 37°C, complete

conversion was observed by LC-MS (calculated mass for the light-chain, 24935 Da;
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observed mass for the light-chain, 24935 Da; calculated mass for the heavy-chain,

50595 Da; observed mass for the heavy-chain, 50590 Da).

Control Reaction of C2Am-7 with 5,5'-dithiobis(2-nitrobenzoic acid)

A 40 pL aliquot of C2ZAm-Cys95-7 (10 uM) was transferred to a 0.5 mL eppendorf tube.
An aliquot of 0.8 pL (500 equiv.) of a stock suspension of 5,5'-dithiobis(2-nitrobenzoic
acid) (0.500 mM) was added and the resulting mixture vortexed for 10 seconds. After 4
h of additional mixing at 37 °C, small molecules were removed from the reaction
mixture by loading the sample into a Zeba Spin Desalting Column previously
equilibrated with NaPi buffer (50 mM, pH 8.0). The sample was eluted via
centrifugation (2 min, 1000xg). A 10 pL aliquot was analysed by LC-MS and no
conversion to a potentially doubly modified protein was observed (calculated mass for

the double modification, 16537 Da; observed mass, 16341 Da).

Control Reaction of C2ZAm-Ellman’s with 7

A 40 pL aliquot of C2ZAm-Ellman’s (10 pM) (synthesized as described in the general
procedure, using excess Ellamn’s reagent) was transferred to a 0.5 mL eppendorf tube.
An aliquot of 1.0 pL (10 equiv.) of a stock solution of 7 (8.3 mM) was added and the
resulting mixture vortexed for 10 seconds. After 1 h of additional mixing, at 37 °C,a 10
uL aliquot was analysed by LC-MS and no conversion to the potentially doubly modified
protein was observed (calculated mass for the double modification, 16537 Da; observed

mass, 16421 Da).

General procedure for ADC stabililty assay

To a 20 pL aliquot of the bio-conjugate (10 pM) in NaPi buffer (50 mM, pH 8.0) 1 pL of
reconstituted human plasma was added at room temperature and the resulting mixture
vortexed for 10 seconds. The resulting reaction mixture was then mixed at 37 °C for 48

h, at which time a 10 pL aliquot was analysed by LC-MS.

4.5.4 Cell assays

Cell assay for ADC binding were performed by Gongalo Bernardes group at instituto de

Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa
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Cell culture

SKBR3 cells (human breast adenocarcinoma cell line) were used for the in vitro studies.
The cells were maintained in a humidified incubator at 37 °C under 5% CO; and grown
using 1x DMEM (Dulbecco's modified Eagle medium) with Sodium Pyruvate and
without L-Glutamine (Invitrogen, Life Technologies). Medium was supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Gibco, Life Technologies), 1x MEM
NEAA (Gibco, Life Technologies) ,1x GlutaMAX (Gibco, Life Technologies), 200 units/mL
penicillin and 200 pg/mL streptomycin (Gibco, Life Technologies) and 10 mM HEPES
(Gibco, Life Technologies).

Thiomab-3 and Thiomab-11 specificity as determined by flow cytometry analysis.
The specificity of conjugates Thiomab-3 and Thiomab-11 was determined by flow
cytometry analysis. For this purpose, SKRB3 cells (with high expression of HER2
receptor) were plated in 96 well round bottom plates (100.000 cells per well) and
blocked for 1h with 10% FBS in 1x PBS (flow cytometry buffer). After this blocking step,
the cells were incubated with 30 uL of 50 nM of Thiomab-3 and Thiomab-11 at room
temperature. After 1 h of incubation cells were washed three times (100 pL flow
cytometry buffer added and centrifuged for 5 min at 400 G) and incubated with 30
uL/well of Goat anti-Human IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor 647 (cat. No A21445, Life Technologies) at 10 pg/mL, for 1 h. After this incubation
period, the cells were washed one time as previously described, re-suspended in 400
uL of 10% FBS in PBS and transferred to flow cytometry tubes. Acquisition was done
using a BD LSR Fortessa set up with a 640 nm laser and a 670/14 nm band-pass filter
(combination used for APC detection). Data analysis was done with Flow]o (version
6.3.4, FlowJo) software. Data represents mean * s.d of 3 biological replicates and only

single-cell events are shown.

4.5.5 Quantum Mechanical calculations

Quantum Mechanical Calculations were performed by Gonzalo Jiménez Osés, at

Universidad de La Rioja
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Full geometry optimizations were carried out with Gaussian 1665 using the M06-2X
hybrid functionallé¢l and 6-31+G(d,p) basis set in combination with ultrafine
integration grids. Bulk solvent effects in water were considered implicitly through the
[EF-PCM polarizable continuum model.[671 The possibility of different conformations
was taken into account. Frequency analyses were carried out at the same level used in
the geometry optimizations, and the nature of the stationary points was determined in
each case according to the appropriate number of negative eigenvalues of the Hessian
matrix. The quasiharmonic approximation reported by Trular et al. was used to replace
the harmonic oscillator approximation for the calculation of the vibrational
contribution to enthalpy and entropy.[¢8] Scaled frequencies were not considered. Mass-
weighted intrinsic reaction coordinate (IRC) calculations were carried out by using the
Gonzalez and Schlegel schemel® in order to ensure that the TSs indeed connected the
appropriate reactants and products. Gibbs free energies (AG) were used for the
discussion on the relative stabilities of the considered structures. Free energies
calculated using the gas phase standard state concentration (1 atm = 1/24.5 M) were
converted to reproduce the standard state concentration in solution (1 M) by adding or
subtracting 1.89 kcal mol-1 for bimolecular additions and decompositions, respectively.
The lowest energy conformer for each calculated stationary point was considered in the
discussion; all the computed structures can be obtained from authors upon request.
Cartesian coordinates, electronic energies, entropies, enthalpies, Gibbs free energies,

and lowest frequencies of the calculated structures are available below.
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5.1 Introduction

It is well known that the microenvironment in which cancer cells proliferate is
distinguished by altered physiological conditions that allow both survival and
proliferation of tumour cells. Indeed, the tumour microenvironment, which consists of
extracellular matrix, stromal cells and immune cells, plays a pivotal role in tumour
progression.[-4 Tumour acidosis, which consists in a lowered extracellular pH value
(pHe), represents one of the main features of tumour microenvironment and it is
extensively recognized as a general property of tumours.[5!

Acidosis represents a direct consequence of the increased proliferation rate of cancer
cells, which need a higher amount of energy for the biosynthesis of nucleotides
compared to normal differentiated adult cells. This increased metabolic demand forces
the cancer cell to modify its glucose pathway: normal glycolysis is substituted by
‘aerobic’ glycolysis, and this is known as the Warburg effect. This effect causes that, in
rapidly proliferating cells, the high amount of glucose up-taken by the cell is not
completely oxidized, leading to CO2 and H;0, but it is converted in lactic acid. Despite
the inferior ATP production and the consequent energetic disadvantage, the cell can
produce higher amounts of metabolic intermediates, useful for amino acids, nucleotides
and lipids biosynthesis that are necessary to maintain a fast duplication rate.[67] This
effect is enhanced in hypoxic solid tumours, where the reduced oxygen supply forces
the cell to shift its metabolism. [8]

Because of the Warburg effect, the higher intracellular lactate concentration would lead
to acidification of the intracellular pH that the cell needs to avoid in order to survive.
This delicate equilibrium is maintained thanks to the co-operative work of several
membrane transporters, ion exchange proteins and enzymes families, such as carbonic
anhydrases, that keep homeostasis mainly by emission of H* ions outside the cell.
Therefore the resulting pH is made slightly acidic, with values up to 6.0 (normal values
are around 6.5), while the intracellular pH is slightly more alkaline than normal cells
(pH~7.4).1910]

This reversed pH gradient, facilitates the survival of cancer, by favouring proliferation,

migration and metastasis, and allows the evasion of apoptosis.[t1l
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Besides the lower pH values encountered in the tumour extracellular environment,
acidic pH is also a feature of several intracellular compartments. While cytosolic pH has
to be slightly alkaline to allow cell survival, the organelles involved in the endocytic
pathway presents lower pH values up to 4.5. Large molecules, ligands and proteins that
interact with the plasma membrane are usually internalized through receptor-
mediated endocytosis and encounter an increasingly acidic environment as they
progress through the endocytic pathway. The first organelles formed, the early
endosomes, are the least acidic (pH values from 6.5 to 5.0), while late endosome and
lysosomes can reach pH values as low as 4.5-4.7 (Figure 5.1). Acidity is fundamental
to control the activity of proteases and other enzymes, and plays an important role in
the uncoupling of ligands from their receptor, which afterwards are recycled and re-

exposed on cell surface. [12-14]
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Figure 5.1: schematic representation of the endocytic pathway.[13] Bold numbers indicate pH
values for the corresponding intracellular compartment.

Therefore, the acidic conditions encountered in both intracellular compartments and
extracellular environment of cancer cells offer a motivating opportunity for the

selective delivery and release of cytotoxic compounds to diseased tissues.
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5.1.1 Acid cleavable linkers for drug release application

Based on the above commented features, the development of new linkers and materials
that are responsive to these small variations in pH and take advantage of extracellular
acidity or intracellular acidic compartment for drug release has gained great interest.
These linkers are based on acid sensitive functional groups, which are hydrolytically
stable under slightly basic circulation conditions. In particular hydrazones,[1516] acetals
and ketals,[17] silyl ethers,[18] cis-aconityl,[1°] thiomaleamic acid derivatives,[20] imines(Z1]
and orthoesters(22] are some of the most commonly used spacers for this purpose. Their

structures are represented in Figure 5.2.

R (0]

|
—Si—OR N N
\O/iOR | ~~ \N)J\R N R
R H
acetals silyl ethers hydrazone imine
0
RN R N SR OR
H _OR
~NH 0 HO
HO™ ~O SR OR
0]
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Figure 5.2: structures of acid cleavable moieties used in drug delivery.

For the purpose of this chapter, examples of the application of pH sensitive linkers in
Antibody-Drug Conjugates (ADCs) are explained below; although acid cleavable linkers
have found wide application in other delivery models, such as sensitive polymers and

nanomaterials. [5:23-26]

Mylotarg® is the first and most relevant example among ADCs relying on acid-sensitive
moieties for drug release. This ADC, used for the treatment of acute myeloid leukemia,
has been approved by the FDA in 2002 and commercialized by Pfizer. The antibody in
Mylotarg is the humanized P76.6 1gG4, which target CD33+ cancer cells. The antibody

is heterogeneously conjugated through its lysine residues via an amide bond to the
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drug, a synthetic derivative of calicheamicin yi, which exerts its toxicity by irreversibly
damaging the DNA. These two parts are linked through an acid cleavable hydrazone,
which is hydrolysed in situ at endosome pH after ADC receptor mediated
internalization.[27] After a screening of different linkers for drug release, the structure
reported in Figure 5.3 resulted to be the best in terms of in vitro cytotoxicity and
selectivity.[28]

After Pfizer spontaneously withdrew the drug from the market in 2010, due to toxicity
issues and not significant improvement in terms of overall survival, Mylotarg® has been
again restored in the market after some changes in formulations and doses of the

treatment.[29]

Figure 5.3: Mylotarg® structure; the cleavable hydrazone linker is highlighted in red.

Calicheamicin-hydrazone has also found application in the conjugation to an anti-MUC1
antibody for ovarian cancer treatment.[3031] More recently, Besponsa®, an anti CD22
antibody conjugated to calicheamicin-hydrazone has been approved for the treatment
of Acute Lymphobalstic Leukemia (ALL).[321

Despite the wide use of hydrazone in ADC design, several research groups have
explored the possibility to use alternative acid cleavable linkers in this field.

As an example, doxorubicin was conjugated to the Fab region of Trastuzumab via a
thiomaleamic acid linker. A plasma stable, site-selective conjugate was obtained, that
completely retained the affinity of the antibody fragment for Her2 antigen. When

incubated at pH 4.5, the payload was quantitatively released after acid promoted
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cyclization and self-immolative para-aminobenzyl alcohol (PABA) linker degradation

(Figure 5.4).[20]
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Her2 Fab | + ﬁ
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|

Figure 5.4: acid mediated release of DOXO from Trastuzumab Fab region.

In another example, the same antigen was targeted with a gemcitabine-Trastuzumab
conjugate. A silyl-ether was used to release the drug at acidic pH, while no free
gemcitabine was detected when the ADC was incubated in plasma. These results
indicate that silyl-ether chemistry could serve as an alternative to hydrazones for

application in ADC based drug delivery systems (Figure 5.5).[18]
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Figure 5.5: silyl ether hydrolysis for gemcitabine release in a Trastuzumab conjugate.
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5.1.2 Use of acetals as acid cleavable linkers

Among acid cleavable linkers, acetals and ketals represent one of the most interesting
categories. These functional groups are widely used in organic synthesis for the
protection of hydroxyl function, diols and carbonyl compounds, leading to stable
compounds under basic and neutral conditions that upon acid treatment recover the
original functional group.[33] Several synthetic strategies can be used to form an
acetal,[34-40] normally under mild reaction conditions that are compatible with the
presence of many functional groups and very complicated structures. Furthermore, the
acid hydrolysis mechanism of acetals is well established,[4142] allowing some degree of

prediction on their kinetics and stability.
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Scheme 5.1: acid-catalysed hydrolysis of acetals.

The rate-determining step of the reaction mechanism shown in Scheme 5.1 is the
formation of the resonance-stabilized carboxonium ion. As expected, the functional
groups adjacent to the acetal carbon influence the intermediate stability: electron-
donating substituents would likely stabilize the cationic intermediate, making the
hydrolysis faster. Also, in general, R1 and R4 groups contribute to the stability of the
reaction intermediate through inductive effects, whereas R2 and R3 contribute through
inductive and resonance effects. In a recent work based on these statements, the effects
of substituents on acetal stability are well studied, and as a result several acetal based
compounds with very different stability properties were obtained.[43]

Due to their properties, acetals and ketals are promising candidates as linkers for acid-

controlled cleavage.
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Ketals, for example, have been used for the controlled release of nucleic acids,[#445] the
design of degradable polymers,[*6-481 for pro-drug formulations using
nanoparticles,[1749-51] and for the generation of pro-drugs with higher circulation half-
life and increased absorption.[5253]

However, the application of acetal chemistry in the field of ADC remains still quite
unexplored compared to other technologies.

In an example from Yurkovetskiyl54l and collaborators, an acetal based polymer
(Fleximer) is used as a linker to synthesize a Trastuzumab conjugate with a vinka-
alkaloid based drug (Figure 5.6). The polyacetal linker significantly reduces ADC
aggregation, allowing at the same time a high Drug to Antibody Ratio (DAR) and an
unaltered antibody affinity for its target. The drug is however linked via an amide bond
and its release still depends in part on cell catabolism, although probably the acetal-

based polymer is hydrolysed in the endosomes.

Trastuzumab/b/ é;\
O HO (e} HO

T\O O O O O

Figure 5.6: Trastuzumab-drug conjugate. The linker is an acetal-based polymer, that allows drug
release upon acid hydrolysis.

In another example form Gentech, a tetrahydropyranyl acetal is used to link the
hydroxyl group of a potent anthracycline to an antibody targeting LGR5 antigen,
overexpressed in colon cancer cell lines (Figure 5.7). The final ADC shows good
selectivity and toxicity, even if the release mechanism and the effects of the presence of

the linker have not been studied in details.[55]
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Figure 5.7: structure of linker-NMS818 drug conjugate.

In the field of Small Molecule Drug Conjugates (SMDC), the most relevant example is
represented by a folate receptor ligand conjugated through a benzylidene acetal to N-
hydroxyethyl vindesine (Figure 5.8). The SMDC showed interesting properties in terms
of stability and reactivity at acid pH. However, the resulting SMDC was ineffective

probably due to the low acidity of folate receptors endosomes.[5¢]

NH,

N%NH
Ao
T

Figure 5.8: folic acid conjugate via benzylidene acetal. The acid cleavable moiety is highlighted
in red.

5.2 Background and main goals

In this chapter, our study is focused on the properties of an acetal-based linker for
intracellular drug release, for application in ADC and SMDC synthesis. Previous

research has already demonstrated that this functional group is suitable for controlled
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release applications: however, very few examples of ADC with an acetal cleavable
moiety have been studied so far. Moreover, despite the presence of a great amount of
drugs bearing a hydroxyl group,[>7] the acetal function is always connected to the drug

through an additional spacer.

In this project, the hydroxyl function of biological interesting molecules, such as drugs
and fluorophores, has been functionalized as monomethyl acetal. This linker is
designed to be stable under physiological conditions, but it is able to release the drug
atlower pH values. The use of this linker in combination with small molecule ligands or

antibodies allows the generation of a delivery system for tumour targeting (Figure 5.9).

acid-cleavable

::::;::5 o linker antibody or
fluorophore Me small molecule
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active
drug or
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Figure 5.9: acetal-based strategy for the controlled release of drugs and fluorophores.

First, in order to optimize the linker structure, several coumarin-acetal derivatives
were synthesized, and their behaviour was analysed by different techniques, namely

1H-NMR and fluorescence spectroscopy.

Once the best linker for conjugation was chosen, it was used for the development of a
duocarmycin derived pro-drug. Duocarmycins are a family of natural antibiotics that
cannot be used as chemotherapeutics in an unconjugated form due to their high toxicity
that would lead to severe collateral effects. Duocarmycin’s toxicity is attributed to the
cyclic form of the drug, which is responsible for irreversible DNA alkylation (Figure
5.10). The cyclopropane ring is spontaneously formed in vivo from the phenolic form

by an intramolecular Weinstein cyclization.[8!
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Figure 5.10: duocarmycin structure and irreversible DNA alkylation.

Therefore, controlling the cyclopropanation reaction by protecting the hydroxyl of the
phenol represents an interesting strategy for the safe delivery of this potent drug, and

different ways to achieve it have been reported. [59-62]

Our strategy relies on the protection of duocarmycin hydroxyl group as an acetal, which
is stable in circulation but after hydrolysis in an acidic pH environment, releases the
pro-drug and spontaneously forms the active drug in situ.

Once the acetal based pro-drug was obtained, it was conjugated to both antibodies and
small molecules for cancer cells targeting.

The properties of the ADC and the SMDC were studied in order to determine their
stability and the results were rationalized by molecular dynamic (MD) simulations.
Finally, targeted systems were tested in vitro to determine affinity, cytotoxicity and

selectivity towards cancer cell lines.
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5.3 Coumarin based acetals

The study of the acetal-based linker was started choosing 7-hydroxy coumarin
(umbelliferone) as a first example. Several umbelliferone-based acetals, that present
differences in the linker structure, were synthesized and their kinetics under different
conditions were studied by NMR or fluorescence spectroscopy. In the last case, we took
advantage of the different fluorescent properties of free and protected umbelliferone.
In the protected one, the fluorescence emission at around 450 nm is quenched, and it is
restored after acetal cleavage, as reported in several works on this compound or similar

ones.[57,63]

5.3.1 Synthesis

Starting from commercially available 7-hydroxy coumarin, the phenolic function was
protected using two different synthetic pathways, that lead to the formation of
structurally different acetals (Scheme 5.2).

In both cases, propyl vinyl ether was chosen as starting material for the synthesis,
leading to an asymmetric monomethyl acetal as reaction product. These acetaldehyde
derived acetals were chosen because, according to the reaction mechanism described
above (Scheme 5.1), they should present enough acid lability together with stability in
slightly basic conditions, essential properties for the application in drug delivery

systems.
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Scheme 5.2: synthetic route to obtain coumarin based acetals.

Acid catalysed activation of propyl vinyl ether, followed by the attack of commercially
available umbelliferone lead to the formation of asymmetric acetal 12, whose
properties will be discussed below.

In parallel, a different activation of the same vinyl ether using N-iodosuccinimide (NIS)
in CH2Cly, followed by umbelliferone nucleophilic attack, results in the formation of
iodo-derivative 13. In this way, a suitable handle for further structural modification is
introduced. Indeed, nucleophilic displacement of iodine by NaN3 in DMF leads to the
formation of azide 14 almost quantitatively (99%) without further purification. In
order to increase water solubility of the acetal for the following stability studies, the
azido group of 14 was reduced to amine 15 using Staudinger conditions,[¢4l which was
isolated after column chromatography purification in good yield (86%). To evaluate
how the presence of an amino group close to the acetal carbon influences the reactivity
of the linker, amine 15 was acetylated using acetic anhydride and pyridine in CH2Cl; to
obtain acetylated compound 16 in 64% yield. A preliminary screening of compounds

stability (See section 5.3.2.1 for the NMR study) points out that monomethyl substituted
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acetal 12 presents the best properties in terms of fast acid hydrolysis. Hence, analogues
of this compound bearing a chemical handle suitable for further modification and
conjugation reaction to proteins or small molecules were synthesized. To afford such
compounds, substituted vinyl ethers were used for the acetalization reaction.

This was achieved using 2-chloroethyl vinyl ether in the first reaction step, which upon
treatment with camphor-10-sulfonic acid (CSA) and umbelliferone produces in high
yield (95%) acetal 17. Chlorine substitution enables chemical modification, and in a
similar way to what previously described, an azido group was introduced by reaction
with NaN3 in DMF at 80 °C. The higher temperature required for reaction completion
causes a decrease in the yield (56%) due to partial acetal hydrolysis, as observed in the
crude reaction mixture 1H-NMR. Azido-acetal 18 was reduced with PPh3 and H0 to
obtain amine 19 that was subsequently acetylated with acetic anhydride, pyridine and
catalytic amount of DMAP to obtain compound 20 in 47% yield after purification by

column chromatography (Scheme 5.3).
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Scheme 5.3: synthesis of substitued coumarin acetals.
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To evaluate the effect caused by the introduction of a longer spacer between the acetal
group and the amino or acetamido substituent on the hydrolytic rate of the reaction,
analogues bearing a small di-ethylene glycol spacer were synthesized. The ethylene
glycol spacer is also expected to increase the solubility of final compounds. Moreover,
since our final goal is to develop an ADC, the introduction of such hydrophilic spacer
would possibly produce benefits in terms of pharmacokinetic properties and would
reduce aggregation of the ADC.[65] This represents a factor of pivotal importance when
dealing with the conjugation of highly hydrophobic drugs, which is the case of most
drugs used so far in targeted therapy.

For this purpose, linker 22 was synthesized as reported in the following scheme

(Scheme 5.4).

0 MsCl, NEts o
/\o/\/ \/\OH 0°Ctort, 2 h /\o/\/ V\OMS
_—

diethylene glycol vinyl ether 98% 21
NaNs DMF, | _
50 °C, 16 h °

(e}
/\o/\/ \/\N3
22

Scheme 5.4: synthesis of diethyelene glycol spacer.

From commercially available diethylene glycol vinyl ether, transformation of the
alcohol into the corresponding methanesulfonate derivative 21, followed by
nucleophilic substitution gave azide 22 in good overall yield (74%). Compound 22 was

used as starting material for umbelliferone derivatives synthesis shown in Scheme 5.5.
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Scheme 5.5: synthesis of coumarin acetals with a PEG-spacer.

Monomethyl acetal 23 was obtained from 22 and umbelliferone using CSA as catalyst
in good yield (72%). Terminal azido group was transformed to amine 24 under
Staudinger conditions and it was then acetylated by treatment with acetic anhydride
and pyridine to give compound 25.

All compounds were completely characterized (See Experimental Part, Section 5.8) and
their behaviour in acidic media was studied by NMR and fluorescence spectroscopy, as

described in the next section.

5.3.2 Coumarin derivatives stability

In order to study the stability properties of coumarin derivatives previously described,
both NMR kinetic experiments and UV experiments were performed.

Thus, the reactivity of the acetals in an acid buffer was monitored mainly by NMR.
Equally, the UV spectra were used to determine the stability of the acetal in more
complex systems, such as human serum, that was used as a model to simulate
circulation conditions.

Among the compounds synthesized in the previous section, only compounds 12,15, 16,
20, 24 and 25 were tested, due to their higher water solubility, in comparison with

other synthetic intermediates.
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53.2.1 NMR kinetic study

To study the hydrolysis kinetic at acidic pH, compounds 12, 15, 16, 24 and 25 were
dissolved in phosphate buffer at pH 5.7, which is the pH value that can be encountered
in lysosomes or endosomes, and all compounds were incubated at 37 °C. Results

obtained by NMR experiments are reported in Table 5.1.

Compound ki(s1)
0”0 oj\o/\/ '
12

‘ o o O 2.5:10

H
25
o o oM 22:105
(0]
20
oo O)\O/\/ :
16
Z CH
0 6.2:10-6
0”0 070" TN,
24
n.d.
15

Table 5.1: kinetic rate constant for acetal hydrolysis at pH 5.7; n.d. = not determined.

NMR studies allowed us to understand the linker influence on acetal group hydrolysis
rate. Surprisingly, compound 15 was completely stable even after 48 h incubation at 37
°C in acid media (pH 5.7). This result was rationalized considering that the primary
amino group, mainly presented in the protonated form at pH 5.7, prevents the

protonation of the acetal and the subsequent formation of the carboxonium
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intermediate, which is the rate-determining step for acetal hydrolysis (See Scheme
5.1).Indeed, it would let to the formation of a highly unstable species that presents two
positive charges at close distance. That allows acetal 15 to be completely stable in acid
media at 37 °C. As a prove to this hypothesis, it can be observed that the separation of
the amino group from the acetal carbon, as in compound 24, promotes the hydrolysis
and the release of free coumarin. Moreover, the substitution of the amine for an
acetamido group, enhances the hydrolytic rate of the monomethyl acetal (as in
compounds 16 and 20), although the hydrolysis reaction is slow at the slightly acidic
pH studied. In fact, as extensively demonstrated by Liu et al., [43] the presence of an
electron-withdrawing substituent close to the acetal moiety, as it is the case of these
two compounds has a bad influence on the hydrolysis rate. This is likely the reason why
compound 12, substituted only with alkyl groups, presents the highest kinetic rate
among the other acetals. For this compound, by 1H-NMR it was observed that after 12 h
incubation at pH 5.7 hydrolysis is complete. On the contrary, its analogue 16,
substituted with an acetamido group, gives only 20 % hydrolysis in the same conditions
(Figure 5.11). Nevertheless, the absence of a suitable handle for further derivatization

prevented us from using this linker in drug conjugate synthesis.
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Figure 5.11: 1H-NMR of compounds 12 (top) and 16 (bottom) after 12 h incubation in phosphate
buffer (0.1 M, pH 5.7). Blue dots indicate umbelliferone signals, pink dots stand for propanol and
green dots for compound 16.

Compounds 20 and 25 present a comparable hydrolytic rate, in the order of 10-5, which
represents an acceptable value for de-conjugation reaction in vivo. As expected, the
higher distance between acetamido group and acetal in compound 25 renders the
hydrolysis of this compound slightly favourable, with kinetic constants of around 2.5
10 in NaPi buffer at pH 5.7, compared with compound 20 that presents a kinetic

constants of around 2.0 x 10-5.
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As an example, in Figure 5.12 the monitorization by 1H-NMR of the hydrolysis reaction
of compound 20 is reported. The reaction proceeding is monitored by the integration
of the signal corresponding to the H-3 of 20. In the aromatic region new signals are
observed, corresponding to free umbelliferone protons. According to the hydrolysis
mechanism reported in Figure 5.12 a, acetaldehyde is also generated, and typical
aldehyde’s proton around 9.8-10 ppm is observed, although its intensity is very low due
to the presence of an equilibrium with the hydrated form. Another signal that can be
monitored to follow the reaction is the decreasing of acetal proton’s intensity at around
5.6 ppm, even if its integration cannot be used for kinetic constant determination due
to its proximity to water residual signal. Even if the reaction is not complete, 42%
percent release of coumarin is observed after 12 hours incubation. The first order
kinetic constant of the hydrolysis reaction was determined to be k1 (37 °C) = 2.20-10-5
+1.60-10°6 s,
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Figure 5.12: a) hydrolysis reaction of acetal 20; b) 1H-NMR of compound 20 at different times
in phosphate buffer at pH 5.7; H-3 proton signal is highlighted; c) first order decay of compound
20 concentration.
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5322 Fluorescence release study

Due to the different fluorescent properties of coumarin, depending on the availability
of the free phenol group, it was possible to determine the release of coumarin by
fluorescence spectroscopy. This technique allows to work at lower concentration, more
similar to the physiological ones. Moreover, the reaction can be monitored also in more
complex systems, such as human serum.

Due to acetal protection emission fluorescence is quenched and also the emission

maximum is slightly shifted towards shorter wavelengths (Figure 5.13).
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Figure 5.13: emission spectrum of free umbelliferone (violet) and protected derivative 20
(pink) in H20 at 100 puM concentration.

Acetal 20 was used for this study. This compound, according to the previous NMR study
is among the ones with the fastest kinetic in acid media, together with compound 25.

The incubation of acetal 20 at acidic pH 5.0 (0.1 M acetate buffer) and pH 5.7 (0.1 M
phosphate buffer) causes a fast release of free umbelliferone that results in the
recovery of the fluorescence emission at around 450 nm. Moreover, incubation of the
same compound in a 20% solution of human plasma in H;0, produced a negligible

release after 24 h, as we can see in the emission spectra in Figure 5.14.
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Figure 5.14: coumarin released from compound 20 after 24 hours incubation in plasma (pH 7.2,
green graph), phosphate buffer (0.1 M, pH 5.7, blu graph) and acetate buffer (0.1 M, pH 5.0, red
graph).

Therefore, while compound 20 is able to release umbelliferone in slightly acid buffer,

the acetal linker is quite stable in human serum, masking the fluorophore in this media.

5.4 Duocarmycin derivatives synthesis

Prompted by the promising results obtained with coumarin-acetal derivatives, acetal
function was then used for the generation of a pro-drug.

The alkylating unit of a duocarmycin analogue was used as a proof of concept for the
experiments. The linker bearing the small PEG spacer was used in this case: such
structure presents the best reactivity in acid media and its hydrophilic properties
would benefit the properties of the final ADC. Additionally, the amino group allows
further chemical functionalization.

With these concepts in mind, acetal 29 was prepared in few steps from commercially
available seco-duocarmycin analogue 26.

The Boc protecting group of compound 26 was removed by treatment with
trifluoroacetic acid (TFA) in CHzCl,. Then, the amine group was protected as methyl
carbamate by treating the crude mixture with methyl chloroformate and NaHCOs3, This
base was used to avoid undesired spiro-cyclization. The protecting group exchange is
essential to avoid side reactions during acid stability experiments that can occur with
the acid labile Boc group. On the contrary, methyl carbamate is known to be stable

under slightly acid conditions.[331 Afterwards, CSA catalysed acetal formation using
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vinyl ether 22 and compound 27 gave acetal 28 as a diastereomeric mixture in a good
yield (76%) after column purification. The azido group was reduced using Staudinger
conditions to afford amine 29, which was purified and characterised before stability

assays (Scheme 5.6).
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Scheme 5.6: Synthetic pathway to obtain compound 29.

To get the cyclic form of the duocarmycin derivative, compound 27 was treated with
aqueous NaHCO3 in THF to obtain 30, which was used as a control in the biological

assays (Scheme 5.7)
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Scheme 5.7: spiro-cyclization reaction to obtain duocarmycin active form.
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5.4.1 Stability assays

In order to evaluate the stability of duocarmycin acetal 29, UPLC-MS studies were
performed in acid buffer and in plasma. This allowed not only the monitorization of
acetal concentration decay, but also the formation of the active form of the drug 30 at
the slightly acidic pH used for the assay. NMR measurements could not be used for this
study, as done previously with coumarin-based acetals, due to the low concentration
that needs to be used in the experiments as a consequence of the poor solubility of these
compounds in buffered aqueous solutions.

As expected, the hydrolytic rate is significantly different in plasma and at endosomal
pH. As we can see in Figure 5.15, after 48 hours, more than 60% of the drug is released
in acid buffer, while more than 85% of the conjugated duocarmycin derivative is still
present after the same incubation time in human serum. Interestingly, no phenolic form
of the drug was detected neither in plasma nor acid buffer, suggesting that the active
form of the drug is generated as soon as the acetal group is cleaved, making this
approach interesting for the release of spiro-duocarmycin in vivo. These data also prove
the wide-range applicability of the employed linker. Indeed, it can be used for the
derivatization of different compounds, keeping a similar reactivity behaviour in acid

buffer and plasma.
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Figure 5.15: hydrolysis reaction of compound 29 (upper panel) and acetal concentration decay
in acid buffer and plasma (lower panel).

To analyse the mechanism of the transformation in acid conditions, quantum
mechanical (QM) calculations were performed (Figure 5.16).

The study indicates that the reaction may proceed through the naphthoxide derivative
even at acidic pH. The alkoxide dramatically increases the nucleophilicity of the
aromatic system and promotes the very fast Sx2-type cyclopropanation reaction with

concomitant departure of the chloride leaving group.
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Figure 5.16: Cyclopropanation pathway calculated with PCMnu20/M062X/6-31+G(d,p) for
deprotonated intermediate after acetal cleavage.[66]

Under these conditions, the reaction is exergonic, leading to a stable conjugated enone.
On the contrary, the reaction through the protonated naphtol was calculated to be nine-
fold slower and endergonic. Other potentially competing reactions, such as hydrogen-
shift and ring-expansion to give 3-methylindoline and tetrahydroquinoline derivatives
were calculated to be exceedingly slow compared to cyclopropanation.

Once demonstrated, both theoretically and experimentally, that acetal pro-drug 29 was
able to release duocarmycin derivative 30 in a controlled way, this methodology was
applied to the development of two different drug delivery systems. In fact, a small

molecule drug conjugate and an antibody drug conjugate were synthesized and studied.

5.5 Small Molecule Drug Conjugate

As a first model, duocarmycin-acetal based pro-drug was applied to the development of
a small molecule drug conjugate (SMDC) targeting carbonic anhydrase 9 (CAIX). This
membrane enzyme is overexpressed in many solid tumours as a consequence of

hypoxia and is involved in the regulation of the intracellular pH of the cancer cell.
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Importantly, this membrane receptor represents an interesting target for tumour-
therapy due to its overexpression in cancer cells, while its expression in normal tissues
is lower.[67.68] [n the field of tumour selective therapy, CAIX has been targeted both with
antibodies®®l and small molecule inhibitors[70 that work as ligands. In this line of
research, Neri and co-workers have successfully demonstrated that acetazolamide, a
small sulphonamide based CAIX inhibitor with a Kq of 10 nm, can accumulate at tumour
site and, when conjugated with cytotoxic payloads, it can reduce tumour progression in
mice models.[71-76]

For those reasons, acetazolamide was chosen as the targeting ligand for SMDC
synthesis. Moreover, CAIX expressing tumours present low extracellular pH values,

representing an interesting target to be addressed with acid sensitive delivery systems.

5.5.1 SMDC synthesis and stability studies

The synthesis of the acetazolamide conjugate was accomplished through a copper
catalysed azide-alkyne cycloaddition between duocarmycin-azide 28, previously
described (See Scheme 5.6), and an acetazolamide derivative with an alkyne group.
Thus, the acetamido group of commercially available acetazolamide was removed by
treatment with 1M HCI at reflux, which gave the hydrochloride salt 31. This compound
was reacted with pyridine and 6-hexynoyl chloride, previously generated in situ by
treating the corresponding acid with oxalyl chloride and catalytic DMF in CHCl, to give
alkyne 32 (Scheme 5.8).

1) 5-hexynoic acid

HoN 0 S HCI 1 M, NH; +  (COCly, DMF, X\ 9 N-N o
) NHAc reflux, 3h =S S __NH3 CH,Cl,, 0 °C to rt I N
ST e ° 8 Ter po N/ks)\,,S\NHz
N-N >99% N—N 2) pyridine, DMF H o}
2.5 h, 48%
acetazolamide 31 32

Scheme 5.8: synthesis of acetazolamide derivative 32, bearing an alkyne group for conjugation
with duocarmycin derivative.
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Once alkyne 32 was obtained, it was treated with azide 28 in presence of Cul and DIPEA
in CH2Cl, leading to conjugate 33 as a diastereomeric mixture in good yield (71%)

(Scheme 5.9).

/
0
28, Cul, DIPEA N#O
THF, 3 h, t N9
32 ——— ‘ CH o NN\ &
0% cl O i N=N )'\8% N
O 10 o/\/o\/N Z N

33

Scheme 5.9: Synthesis of acetazolamide-duocarmycin conjugate.

The stability of compound 33 was tested as previously done for amine derivative.
Therefore, SMDC 33 was incubated in acid buffer at pH 5.7 at 37 °C and in human serum
at the same temperature to simulate circulation conditions. The mixture was then
analysed by UPLC-MS every 12 hours. As it is observed in Figure 5.17, compound 33 is
highly stable in plasma, and at the same time it decomposes relatively fast at pH 5.7 and
37 °C. Under these acidic conditions, only 15% of the starting material remained
unaltered after 24 h incubation (Figure 5.17). On the contrary, at plasma pH (~ 7.2),
the hydrolysis was less than 5% after 24 h.

100 —— pH=5.7

50 1

duocarmycin (%)

—— plasma
0 T T T 1

0 10 20 30 40
time (h)

Figure 5.17: release of duocarmycin from acetal 33 at different pH values.

Relying on the good results obtained from release experiments, SMDC 33 was tested in

vitro to define its ability to selectively kill cancer cell lines.
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5.5.2 In vitro assays of SMDC 33

To determine its toxicity profile, targeted compound 33 was tested in the renal cancer
cell line SKRC52. Toxicity assays showed that pro-drug 33 kills CAIX expressing cells in
a similar way compared to free duocarmycin analogue 30 (Figure 5.18). In fact, cell
viability was reduced to 16% and 12% after treatment with compound 30 (50 uM) and
33 (50 uM) respectively. This result suggests that the linker breaks efficiently after

internalization in cancer cells, confirming what previously demonstrated by in vitro

assays.
a b c
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Figure 5.18: cell toxicity assay for compounds 30 and 33 in SKRC52 cell line; a) ICso of
duocarmycin analogue 30 (5.4 + 0.1 uM); b) ICso of targeted compound 33 (18.0 = 0.1 uM); cell
viability of SKRC52 cells after treatment with 50 uM of compounds 30 (pink bar) and 33 (red
bar); 1% DMSO was used as control (grey bar).

To check whether the acetazolamide based delivery system was selective against CAIX*
cancer cell lines, compounds 30 and 33 were tested in HEK293T cell line, which does
not express this enzyme. Surprisingly, the toxicity trend of free drug 30 and pro-drug
33 is the same as in SKRC52 cells. In fact, ICsp of free drug is 1.9 + 0.1 uM and of targeted
system is 6.2 + 0.1 uM. The lack of selectivity could be attributed to the small molecule
system that is not enough membrane-impermeable and could be unselectively up-taken
by the cell causing the observed toxicity. Also, HEK293T, like many other healthy cell
lines, express other carbonic anhydrases, like carbonic anhydrase 2 (CAII), an
intracellular enzyme that is unselectively bound by acetazolamide as previously
described.l72l However, this first in vitro toxicity experiment showed that the linker

breaks efficiently inside the cell, causing the desired toxic effect. Such result reflects the
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stability assays described in Section 5.4.1, and showed that acetal moiety can be used
for the intracellular release of the drug. However, the targeting system need to be

improved for efficient delivery in vivo.

5.6 Antibody Drug Conjugate

Duocarmycin pro-drug based on acetal moiety was applied to the development of an
Antibody Drug Conjugate (ADC). To this purpose, the previously described Thiomab
antibody was used. This engineered antibody targets Her2 expressing cells and features
a cysteine residue at position 205 of each light chain (Trastuzumab LC-V205C).[77-80]
Thus, the engineered antibody presents a single, highly reactive, exposed cysteine in
the light chain that, in combination with the conjugation technology based on the S-
Michael addition of thiols to carbonyl acrylamide handles (described in Chapter 4),
would yield a highly homogeneous and stable ADC, with a controlled drug-to-antibody
ratio (DAR).

In this way, Thiomab-coumarin and Thiomab-duocarmycin ADCs bearing an acid

cleavable linker were synthesized, as will be described below.

5.6.1 Synthesis of carbonyl acrylamide derivatives

First, coumarin and duocarmycin bearing a carbonyl acrylamide handle were
synthesized for their conjugation with Thiomab. Amines 24 and 29 (for their synthesis
See Scheme 5.5 and Scheme 5.6) were the starting material for the functionalization

with carbonyl acryl amide handle.



120

Chapter 5

0
OH
Ph)w
0
m CHs IBCF, NMM, DMF, = CHy o}
le) -10 °C to I't, 1.5h 0 Ph
0”0 0 0 U N, 0”0 00 NI N
48% H i
24 34
o)
o)
>\\O/ i H N>LO/
N Ph “ OH ¢
N N

ne 0
‘ IBCF, NMM, DMF,
O o -10°Ctort, 1.5 h O CL o]
o A0~ )K/th
WLO/\/O\/\NHZ 45% o N

H o}

29 35

Scheme 5.10: synthesis of carbonyl acrylamide handles for ADC synthesis.

Activation of trans-3-benzoylacrylic acid with isobutyl chloroformate (IBCF) and N-
methyl morpholine (NMM) in DMF at -10 °C, followed by the addition of compound 24,
produced compound 34 in 48% yield. Equally, carbonyl acrylamide 35 was obtained
from 29 in 45% yield after purification by column chromatography (Scheme 5.10).

5.6.2 ADC synthesis and stability

Carbonyl acrylamides 34 and 35 were then used for conjugation reaction with the
antibody. The conjugation reaction proceeds smoothly in most cases, although some
optimization was needed to obtain full conversion to the desired ADC with DAR 2, and
avoid undesired acetal cleavage, especially when performing the conjugation with
compound 35.

The different conditions tested to optimize the conjugation reaction are resumed in

Table 5.2.
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Entry Reaction conditions Conversion (mass)
1 35 (1 equiv.), 2 h, NaPi (50 mM, pH 7), 25 °C 5-10% (23699)
2 35 (1 equiv.), 2 h, NaPi (50 mM, pH 8), 25 °C 5-10% (23699)
3 35 (1 equiv,), 2 h, NaPi (20 mM, pH 7), 25 °C 5-10% (24017)
4 35 (10 equiv.), 2 h, NaPi (20 mM, pH 7), 25 °C 5-10% (24018)
5 35 (10 equiv,), 6 h, NaPi (20 mM, pH 7), 25 °C 100% (24017)
6 35 (10 equiv,) 24 h, NaPi (20 mM, pH 7), 25 °C 100% (24020)
7 35 (10 equiv), 6 h + dialysis, NaPi (20 mM, pH 7),25°C 100% (24021)
8 34 (20 equiv.), 3 h, NaPi (20 mM, pH 7), 25 °C 42% (23895)
58% (24347)
9 34 (6 equiv.), 3 h, NaPi (20 mM, pH 7), 25 °C >95% (23898)
10 34 (10 equiv.), 3 h, NaPi (20 mM, pH 7), 25 °C >95% (23898)

Table 5.2: conditions tested for Thiomab-34 and Thiomab-35 and synthesis.

As can be inferred from Table 5.2, full conversion of Thiomab to the duocarmycin-
conjugate requires the use of 10 equivalents of carbonyl acrylamide reagent 35 for at
least 6 hours reaction (entries 5 and 6). The use of less equivalents (entry 3) and
shorter reaction times (entry 4) gives only 5-10 % conversion to the final product.
Importantly, the buffer concentration is fundamental for the good proceeding of the
reaction: using 50 mM NaPi buffer causes premature hydrolysis of the acetal moiety
and a compound whose mass corresponds to the conjugate with the PEG spacer is
obtained (mass 23699, entry 1). Surprisingly, this happens also when basic buffer is
used (NaPi buffer 50 mM, pH 8.0, entry 2), but the problem is overcome using 20 mM
NaPi buffer at pH 7.0. Finally, full conversion is obtained when using 10 equiv. of
reagent 35 in 6 hours at room temperature (entry 6), as shown by LC-MS analysis
(Figure 5.19). Purification by overnight dialysis does not give further problems and
conjugate remains intact (entry 7).

Conjugation with the umbelliferone derivative 34 proceeded smoothly and the cleavage

of the acetal was not detected in the optimized conditions encountered. To obtain
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desired conjugate, reaction was performed in NaPi buffer (20 mM, pH 7.0) at 25 °C.
Notably, a doubly modified antibody (two modifications per light chain) was obtained
when a high excess of compound 34 was used (entry 8). This might be attributed to
spontaneous disulfide cleavage in the antibody, which lead to a second free cysteine
residue able to react with the carbonyl acrylamide reagent.[81] However, this was easily
overcome by carefully controlling the amount of reagent 34 used. Reaction of the
antibody with 6 or 10 equivalents of 34 gave after 3 hours at room temperature
Thiomab-34 with >95% conversion (entry 9 and 10), as shown by LC-MS analysis
(Figure 5.19).

o
Oy o) % & o)
< &, U
0 NaPi (20 mM, pH 7.0)

10 % DMF, 25 °C
> 95% conversion

Figure 5.19: schematization of the reaction of Thiomab with derivatives 34 and 35;
deconvoluted LC-MS spectra of Thiomab-34 (right) and Thiomab-35 (left).

Next, the stability of Thiomab-34 and Thiomab-35 was evaluated in human serum.
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For Thiomab-34, fluorescence studies were performed in order to determine the
release of fluorescent umbelliferone. Thus, Thiomab-34 buffer was changed to PBS,
and 1% reconstituted human serum was added, followed by incubation at 37 °C. Also,
to verify that 7-hydroxy coumarin was efficiently released, buffer of the antibody was
exchanged to NaPi buffer at pH 5.7 and release studies were performed.

As aresult, Thiomab-34 is able to release more than 50% 7-hydroxy coumarin after 24
hours incubation in acid buffer, while more than 80% of conjugate is conserved in
human serum (Figure 5.20). These results fit with what previously observed from
experiments in small molecules (See Section 5.3.2).

In the case of Thiomab-35, a completely different behavior was observed. Thiomab-35
is stable in human serum after 2 hours incubation (Figure 5.20), but after 24 hours

more than 62 % release of duocarmycin is detected by LC-MS analysis.
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Figure 5.20: stability assays on Thiomab-34 and Thiomab-35. a) fluorescence emission due to
umbelliferone release in acid buffer (NaPi 20 mM, pH 5.7) (red) and human serum (green).
Fluorescence intensities are normalized to umbelliferone emission at 450 nm. b) deconvoluted
LC-MS analysis of Thiomab-34 after 24 hours incubation in human serum at 37 °C.

5.6.3 In vitro assays

To evaluate the ability of the previously synthesized ADCs to target cancer cells and
selectively delivery and release the drug in tumour cells, in vitro experiments on

different cell lines were performed. As a model for Her2 positive tumour cells, SKBR3,
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a breast cancer cell line was chosen. As negative control MDA-MB 231 cells were
chosen, which represent a good model for Her2 negative breast cancer cells.

First, flow cytometry experiments were performed, to determine whether ADC
structure is conserved upon conjugation reaction and it is able to selectively bind
SKBR3 versus MDA-MB 231.

Thus, Thiomab-34 and Thiomab-35 conjugates binding to Her2 receptor was
determined by flow cytometry analysis. As it is emerges from Figure 5.21, while very
low signal is observed for binding to MDA-MB 231 cells, Thiomab-34 and Thiomab-35
strongly bind to the surface of SKBR3 cells. Thus, the conjugation strategy and the drug
or fluorophore insertion do not provoke a modification of antibody structure, as the

modification does not alter binding capacity of the antibody.

Her2+cell line Her2-cell line Her2 binding

100

normalized to mode
normalized to mode
normalized to mode

Thiomab-35 Thiomab-35 Thiomab-34

Figure 5.21: flow cytometry analysis of Thiomab conjugates. Binding of Trastuzuamb-35 on
SKBR3 cells (left) and MDA-MB 231 cells (middle). Grey graph represents unstained cells; blue
graph represents cells treated with only secondary antibody; red graph represent cells treated
with Thiomab-35 conjugate. Left panel: binding of Thiomab-34 to SKBR3 cells. Grey graph
represents unstained cells; red graph represents cells treated with Thiomab-34 conjugate.

Afterwards, toxicity assays were performed on the aforementioned cell lines, to check
whether the binding selectivity is reflected in selective toxicity.

Incubation of SKBR3 and MDA-MB 231 cells with increasing concentration of Thiomab-
35 showed that such conjugate has a 3-fold superior toxicity in SKBR3 cells (ICso = 1.03
+0.20 pM) compared to the toxicity in MDA-MB 231 cells (ICso of 3.04 + 0.37 uM, Figure
5.22).
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Figure 5.22: toxicity of ADC Thiomab-35 in SKBR3 and MDA-MB 231 cell lines.

Even if there is some selectivity in the toxic effect, also Her2 negative cells experience
the toxic effect of free duocarmycin. This is attributable to the poor stability of the acetal
bond that may cause drug release in the extracellular media. Thus, free duocarmycin

may diffuse inside the cell, producing non-selective cell killing.

5.6.4 Molecular Dynamics simulations

To understand the unexpected behavior of Thiomab-35 and the different behaviors of
duocarmycin and umbelliferone Thiomab conjugates, 200 ns Molecular Dynamic
simulations (MD) on conjugates Thiomab-34 and Thiomab-35 were performed,
considering the four possible diastereomers generated upon conjugation. These
calculations were performed in explicit water and using AMBER 18 software,[82]
implemented with ff14SBI[83 and GAFFI84 force fields to properly simulate the
conformational behaviour of these conjugates.

Interestingly, this study highlighted the presence of a transient hydrogen bond between
an oxygen atom of the acetal and the amino group of Lys425 in Thiomab-35 conjugate

(Figure 5.23 a). A CH/m interactions between the aromatic ring of the duocarmycin
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derivative and the hydrogen Hf3 of Ser133 stabilizes this conformation and keeps in
close proximity Lys425 and the acetal group. Therefore, Lys425 may act as
intramolecular acid catalyst for the hydrolysis reaction by protonating the acetal, which
is the first step in the hydrolysis reaction. Therefore, acetal hydrolysis is accelerated
and premature drug release occurs.

Such contact interaction is not appreciable in conjugate Thiomab-34, whose acetal
group is at safe distance from Lys425 (Figure 5.23 b). In this case, umbelliferone
payload forces a different spatial orientation and as a result the acetal conjugate

presents good stability in plasma.
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Figure 5.23: molecular dynamics simulation on Thiomab-34 and Thiomab-35 conjugates. a)
zoom of the conjugation site of Thiomab-35 conjugate and its environment: Lys425 can interact
through an hydrogen bond with acetal linker, increasing the rate of its hydrolysis; b) frames of
the simulation of Thiomab-34 structure: Lys425 (blue dot) stays far from acetal oxygen (pink
dot).

5.7 Conclusions

In this chapter, the properties of an acid cleavable linker based on the acetal group were
studied.
First, small molecules bearing a coumarin and duocarmycin derivatives were

synthesized, as examples of biologically interesting molecules that can be modified with
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an acetal group. 7-hydroxy coumarin-acetals bearing different linkers were synthesized
and their behaviour in acid media was studied. Among them, an acetal with a small PEG
spacer (compound 25) showed to be enough acid-labile to give relatively fast
hydrolysis at pH 5.7, a pH value that can be encountered in lysosomes or endosomes.

Thus, the corresponding duocarmycin derivative 29 was synthesized. The stability
studies performed on this small molecule showed it is resistant to hydrolysis when
incubated in human serum, but it readily releases active payload when incubated in
slightly acid conditions. Therefore, a SMDC targeting CAIX and based on this linker-drug
system was synthesized and characterized. In vitro assays showed that this compound
has a toxicity profile similar to free duocarmycin in CAIX expressing cells, suggesting

that acetal moiety cleaves efficiently inside the target cell.

Moreover, to expand the applicability of the acetal linker, an ADC was synthesised.
Engineered Thiomab, bearing a cysteine at position 205 of the light chain was
conjugated using carbonyl acrylamide technology to duocarmycin derivative
35 and coumarin derivative 34 giving homogenous conjugates with DAR 2. The
properties of these conjugates (Thiomab-34 and Thiomab-35) were more difficult to
evaluate and less predictable. In fact, a completely different stability profile from SMDC
and small molecule-linkers were observed. Rationalization of this result through MD
simulations showed how the conjugation site influences the stability of the linker. Also,
the payload in this case has great influence on the ADC stability: in fact, changing
duocarmycin with umbelliferone produces a different conformation and disposition of
this compound in antibody conjugation site, that results in a higher stability, as
confirmed by fluorescence assays.

Therefore, acetals can be used as linker for the controlled release of drugs from targeted
delivery systems. In the case of Small molecule drug conjugates, linker stability can be
easily tuned and predicted, giving conditionally stable systems. In the case of ADC, a
careful control of drug, linker in combination with an adequate conjugation site are
fundamental to obtain a fully stable and useful ADC. Finding right conditions, with the
help of MD simulations, can allow the use of acetals for the generation of pro-drugs and

their application in ADC development.
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5.8 Experimental section

5.8.1 Synthesis

Synthesis of compound 12

_ o Propyl vinyl ether (2.5 mmol, 213 mg) was dissolved in
3

oo o/ao/\/ dry CH2Cl; (1 mL) under an inert atmosphere. The mixture
was cooled at 0 °C and CSA (18 mg, 0.07 mmmol) was added. A solution of umbelliferone
(200 mg, 1.23 mmol) in dry CH2Cl; (1 mL) and some drops of dry DMF were then added
and the reaction mixture was stirred at room temperature for 3h. Then, the reaction
mixture was diluted with Et,0 (30 mL), washed with NaHCO3 (10 mL) and extracted
with Et;0 (2 x 20 mL). The organic phase was dried over Na;SO, filtered and
concentrated under reduced pressure. The crude product was purified through silica
gel column chromatography (eluent AcOEt: Hexanes 1:3) to give acetal 12 with 48%
yield (146 mg, 0.59 mmol). HRMS (ESI+) m/z: calcd. for C14H16NaO4 [M+Na]*: 271.0941,
found 271.0941. 'H NMR (400 MHz, CDCl3) § (ppm): 7.65 (d, J=9.6 Hz, 1H, H-4), 7.38 (d,
J=8.6 Hz, 1H, Harom.), 6.98 - 6.93 (m, 2H, Harom.), 6.27 (d, /=9.6 Hz, 1H, H-3), 5.48 (q,
J=5.3 Hz, 1H, Hacetal), 3.68 - 3.62 (m, 1H, OCH3), 3.47 - 3.42 (m, 1H, OCH3), 1.64 - 1.58
(m, 2H, CH2), 1.53 (d, J=5.2 Hz, 3H, CHCH3), 0.91 (t, J=7.6 Hz, 3H, CHs). 13C NMR (101
MHz, CDCl3) 6 (ppm): 161.3 (CO), 160.2 (Cq arom.), 155.6 (Cq arom.), 143.4 (C-4), 128.7
(CHarom.), 114.5 (CH arom.), 113.5 (C-3),113.2 (Cq arom.), 104.2 (CH arom.), 99.5 (CH
acetal), 67.2 (OCHz), 22.9 (CHz), 19.7 (CHCH3), 10.6 (CH3).

Synthesis of compound 13
yZ CH,| A solution of N-iodosuccinimide (3.21 mmol, 722.2 mg) in
omo/io/\/ dry CH2Cl; (5 mL) under inert atmosphere was cooled at 0
2C. Propyl vinyl ether (276.5 mg, 3.21 mmol) and a solution of umbelliferone (400 mg,
2.47 mmol) in dry THF (4 mL) and dry DMF (1 mL) were then added. The reaction was
stirred at room temperature for 24 hours and then it was quenched with Na;S;03 0.1 M
(10 mL) and the compound was extracted with CH2Cl; (50 mL). The organic phase was

dried over Na;SOs, filtered and concentrated under reduced pressure. The crude

mixture was purified through column chromatography (eluent CH2Cl,: Et,0 100:1) to
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give compound 13 as an orange oil with 48% yield (386 mg, 1.03 mmol). HRMS (ESI+):
m/z calcd. for C14H16104 [M+H]* 375.0088, found: 375.0075. 'H NMR (400 MHz, CDClI3)
8 (ppm): 7.66 (d, J=9.6 Hz, 1H, H-4), 7.41 (d, J=8.4 Hz, 1H, Harom.), 6.99 - 6.95 (m, 2H,
Harom.), 6.30 (d, J=9.5 Hz, 1H, H-3), 5.41 (t, J=5.6 Hz, 1H, Hacetal), 3.70 - 3.67 (m, 1H,
OCH), 3.54 - 3.48 (m, 1H, OCHz), 3.42 (d, J=6.0 Hz, 2H, CH2I), 1.63 (sx, J=7.6 Hz, 2H,
CHz), 0.93 (t,J=7.6 Hz, 3H, CH3). 13C NMR (101 MHz, CDCI3) é (ppm): 160.9 (CO), 159.5
(Cq arom.), 155.5 (Cq arom.), 143.2 (C-4), 128.9 (CH arom.), 114.4 (CH arom.), 114.1
(Cq arom.), 113.8 (Cq arom.), 104.6 (CH arom.), 101.5 (CH-acetal), 68.3 (OCHz), 22.8
(CH2), 10.6 (CH3), 3.4 (CHI).

Synthesis of compound 14

To a solution of compound 13 (306 mg, 0.82 mmol) in
DMF (3 mL), NaN3 (266 mg, 4.08 mmol) was added. The
reaction was stirred for 3 h at 50 °C. Then, AcOEt (100 mL)
was added and the solid was filtered. The filtrate was washed with H,0 (3 x 50 mL). The

= CHaN
0”0 o o

organic phase was dried over Na;SO,, filtered and concentrated. The product was
purified through column chromatography (eluent CH:Cl;: Et,0 100:1) to give
compound 14 as a yellow liquid with 86% yield (204 mg, 0.70 mmol). HRMS (ESI+)
m/z: calcd. for C14H1sN3NaO4 [M+Na]+ 312.0955, found 312.0951; calcd. for C12H16N304
[M+H]* 290.1135, found 290.1138. 'H NMR (300 MHz, CD30D) 6 (ppm): 7.91 (d, J=9.6
Hz, 1H, H-4), 7.61 - 7.59 (m, 1H, Harom.), 7.08 - 7.06 (m, 2H, Harom.), 6.32 (d, /=9.6
Hz, 1H, H-3), 5.60 (t,/J=5.2 Hz, 1H, H-acetal), 3.75-3.70 (m, 1H, OCH2), 3.62-3.58 (m, 1H,
OCH), 3.56 (d, J=5.4 Hz, 2H, CH:N3), 1.62 (sx, J=7.6 Hz, 2H, CHz), 0.94 (t, J=7.6 Hz, 3H,
CH3). 13C NMR (75 MHz, CD30D) &6 (ppm): 161.6 (CO), 160.1 (Cq arom.), 155.4 (Cq
arom.), 144.1 (C-4), 129.3 (CH arom.), 114.2 (CH arom.), 113.9 (Cq arom.), 113.0 (CH-
3),103.8 (CH arom.), 100.7 (CH-acetal), 68.8 (OCHz), 51.8 (CHzN3), 22.6 (CHz), 9.5 (CH3).

Synthesis of compound 15

f\/@\ CH,NH, To a solution of compound 14 (110 mg, 0.38 mmol) in THF
o“ o o/io/\/ (8 mL), PPh3 was added (200 mg, 0.76 mmol) and the
reaction was warmed at 45 °C. 40 minutes later, H,0 (54.7 pL, 3.04 mmol) was added

and the reaction was stirred overnight at 45 °C. The reaction was then concentrated
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under reduced pressure and the crude product was purified by silica gel
chromatography eluting with AcOEt to eliminate fosfine by-products. Amine was then
eluted with CHCl;: MeOH 5:1 and concentrated under reduced pressure to give
compound 15 as a yellow oil with 86% yield (86 mg, 0.33 mmol). 'H NMR (300 MHz,
CD30D) 6 (ppm): 7.89 (d, J=9.5 Hz, 1H, H arom.), 7.57 (d, J=9.2 Hz, 1H, H arom.), 7.15 -
6.91 (m, 2H, H arom.), 6.29 (d, J=9.5 Hz, 1H, H arom.), 5.42 (t, J=5.1 Hz, 1H, H acetal),
3.72-3.64 (m, 1H, OCHz), 3.57 - 3.49 (m, 1H, OCHz), 2.97 (dd, J=5.1, 1.1 Hz, 2H, CH:NH>),
1.61 (sx, J=7.4 Hz, 2H, CHz), 0.92 (t, J=7.4 Hz, 3H, CHz). 13C NMR (75 MHz, CD30D) 6
(ppm): 161.7 (C=0), 160.6 (Cq arom.), 155.4 (Cq arom.), 144.1 (CH arom.), 129.2 (CH
arom.), 114.2 (CH arom.), 113.6 (Cq arom.), 112.8 (CH arom.), 103.6 (CH arom.), 102.4
(CH acetal), 68.3 (OCHz), 43.3 (CH:NH2), 22.6 (CH2), 9.5 (CH3).

Synthesis of compound 16

f\/©\ CH,NHAc  To a solution of compound 15 (50 mg, 0.19 mmol) in
0~ "o O/io/\/ CHCl; (5 mL), pyridine (92 pL, 1.14 mmol), Ac;0 (108 pL,
1.14 mmol) and a catalyticamount of DMAP were added. After stirring for 3 h, the crude
reaction mixture was washed with NH4Cl (20 mL) and extracted with CH2Cl; (50 mL).
The organic phase was dried over Na;SOy, filtered and concentrated under reduced
pressure. Crude product was purified through chromatography on silica gel (eluent
AcOEt: Hexane 2:1) to give acetal 16 as a white solid with 64% yield (37.1 mg, 0.13
mmol). HRMS (ESI+) m/z: calcd. for C1¢H19NNaOs [M+Na]* 328.1153, found 328.1155.
H NMR (400 MHz, CD30D) & (ppm): 7.90 (d, /=9.6 Hz, 1H, H-4), 7.59 - 7.57 (m, 1H, H
arom.), 7.07 - 7.05 (m, 2H, Harom.), 6.30 (d, /=9.6 Hz, 1H, H-3), 5.49 (t,/J=5.2 Hz, 1H, H
acetal), 3.72 - 3.66 (m, 1H, OCH3), 3.60 - 3.48 (m, 3H, OCH;, CH;NH), 1.97 (s, 3H, COCH3),
1.61 (sx, J=7.6 Hz, 2H, CHz), 0.93 (t, J=7.6 Hz, 3H, CH3). 13C NMR (101 MHz, CD30D) 6
(ppm): 172.4 (CO-CH3), 161.6 (CO), 160.5 (Cq arom.), 155.4 (Cq), 144.1 (CH arom.),
129.2 (CH arom.), 114.0 (CH arom.), 113.6 (Cq), 112.8 (CH arom.), 103.6 (CH arom.),
99.9 (CH acetal), 68.6 (OCHz), 41.7 (CH:NH), 22.5 (CHz), 21.0 (COCH3), 9.5 (CH3).

Synthesis of compound 17
= cH To an ice-cooled solution of CSA (17.1 mg, 0.074
3
omo}\o/\/m mmol) in dry CH2Cl; (1 mL) under argon, 2-

chlorovinylether (376 pL, 3.7 mmol) and a solution of Umbelliferone (200 mg,
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1.23 mmol) were added. The solution was allowed to warm to room temperature
and stirred for 1.5 h. After this time, the reaction mixture was diluted with 20 mL
of Et;0 and washed with a saturated NaHCO3 solution (10 mL). The product was
extracted with Et;0 (2 x 20 mL), organic phase was dried over Na;SO, filtered
and concentrated. The crude product was purified by silica gel chromatography
in hexane/ethyl acetate (3:2) to give compound 17 as a yellow solid (315 mg,
95%). HRMS (ESI+): m/z calcd. for Ci3H13Cl0OsNa [M+Na]* 291.0395, found
291.0401. 'H NMR (400 MHz, CD30D) é (ppm): 7.88 (d, J=9.5 Hz, 1H, H-4), 7.56 -
7.54 (d, J=8.2 Hz, 1H, H-5), 7.04 - 7.01 (m, 2H, H-6, H-8), 6.28 (d, /=9.5 Hz, 1H, H-
3),5.68 (q,/=5.3 Hz, 1H, CH-acetal), 3.93 - 3.98 (m, 1H, OCH2), 3.77 - 3.82 (m, 1H,
OCHz) 3.66 (t,/=5.5 Hz, 2H, CH:Cl), 1.55 (d, /=5.3 Hz, 3H, CH3). 13C NMR (101 MHz,
CD30D) & (ppm): 161.7 (CO), 160.1 (Cq arom.), 155.4 (Cq arom.), 144.2 (CH-4),
129.0 (CH-5), 114.3 (CH-6), 113.5 (Cq arom.), 112.7 (CH-3), 103.7 (CH-8), 99.3
(CH-acetal), 65.5 (OCH), 42.5 (CH:Cl), 18.5 (CH3s).

Synthesis of compound 18
Z CH, To a solution of 17 (261 mg, 0.97 mmol) in DMF (2
Omo}\o/\/m mL), NaN3 (189 mg, 2.91 mmol) was added and the
reaction mixture was heated at 80 °C for 3 d. After this time, the reaction was
diluted with ethyl acetate (50 mL), filtered and the resulting solution was washed
with H20 (3 x 20 mL). The organic phase was dried over Na;SOy, filtered and
concentrated. The crude product was purified by silica gel chromatography in
hexane/ethyl acetate (3:2) to give 18 (154 mg, 57%). HRMS (ESI+): m/z calcd.
for C13H13N304Na [M+Na]* 298.0799, found 298.0797.1H NMR (400 MHz, CD30D)
S (ppm): 7.89 (d, J=9.5 Hz, 1H, H-4), 7.56 (d, /=9.3 Hz, 1H, H-5), 7.04 - 7.02 (m,
2H, H-8, H-6), 6.28 (d, /=9.5 Hz, 1H, H-3), 5.70 (q, /=5.3 Hz, 1H, CH-acetal), 3.90 -
3.86 (m, 1H, OCHz), 3.74 - 3.69 (m, 1H, OCHz), 3.36 - 3.40 (m, 2H, CH2N3), 1.57 (d,
J=5.3 Hz, 3H, CHz). 13C NMR (101 MHz, CD30D) 6 (ppm): 161.8 (CO), 160.1 (Cq
arom.), 155.4 (Cq arom.), 144.2 (CH-4), 129.1 (CH-5), 114.2 (CH-6), 113.5 (Cq
arom.), 112.6 (CH-3), 103.6 (CH-8), 99.2 (CH-acetal), 64.2 (OCHz), 50.4 (CH2N3),
18.5 (CH3).
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Synthesis of compound 19
= CHs Derivative 18 (51 mg, 0.19 mmol) was dissolved in
0% o o/io/\/NHz THF (3 mL) and to this solution PPhs (99 mg, 0.38
mmol) and H;0 (27 pL) were added. The solution was heated at 45 °C for 16 h
and then it was concentrated. The crude obtained was purified by silica gel
chromatography in CH:Cl;/MeOH/ NEt3 (10:1:0.1) to give 19 (25 mg, 89%).
HRMS (ESI+): m/z calcd. for C13H14N304 [M+H]* 250.1071, found 250.1074. 'H
NMR (400 MHz, CD30D) 6 (ppm): 7.92 (d, J=9.5 Hz, 1H, H-4), 7.60 (d, /=8.6 Hz,
1H, H-5), 7.09 (d, J=2.4 Hz, 1H, H-8) 7.03 (dd, /=8.6, 2.4 Hz, 1H, H-6), 6.31 (d,
J=9.5 Hz, 1H, H-3), 5.74 (q, J=5.3 Hz, 1H, H-acetal), 3.92-3.97 (m, 1H, OCHz),
3.72-3.77 (m, 1H, OCHz), 3.11-3.15 (m, 2H, CH2NH3), 1.60 (d, J=5.3 Hz, 3H, CHa3).
13C NMR (75 MHz, CD30D) 6 (ppm): 161.7 (CO), 160.0 (Cq arom.), 155.5 (Cq
arom.), 144.2 (CH-4), 129.2 (CH-5), 114.1 (CH-6), 113.6 (Cq arom.), 112.8 (CH-
3),103.4 (CH-8), 99.1 (CH-acetal), 61.6 (OCH:), 39.4 (CH:NHz), 18.4 (CHz).

Synthesis of compound 20
m CH, y Derivative 19 (22 mg, 0.088 mmol) was
oo o}\o/\/Nj( dissolved in pyridine (900 pL) and acetic
0 anhydride (300 pL) was added. After stirring for
1.5 h, the reaction mixture was concentrated, and the crude product was purified
by silica gel chromatography in CH2Cl,/MeOH (20:1) to give acetal 20 (12.1 mg,
47%). HRMS (ESI+): m/z calcd. for CisH17NOsNa [M+Na]* 314.0999, found
314.0996. 'H NMR (300 MHz, CD30D) & (ppm): 7.92 (d, /=9.5 Hz, 1H, H-4), 7.57
(d,J=8.5 Hz, 1H, H-5), 7.06 (d, J=2.3 Hz, 1H, H-8), 7.02 (dd, /=8.5, 2.3 Hz, 1H, H-6),
6.29 (d, /J=9.5 Hz, 1H, H-3), 5.66 (q, J=5.3 Hz, H-acetal), 3.78-3.71 (m, 1H, OCHz),
3.64-3.56 (m, 1H, OCHz), 3.36 (m, 2H, CH2N), 1.84 (s, 3H, COCH3), 1.55 (d, /=5.3
Hz, 3H, CHCH3). 13C NMR (75 MHz, CD30D) é (ppm): 172.0 (COCH3), 161.7 (CO),
160.2 (Cq arom.), 155.4 (Cq arom.), 144.2 (CH-4), 129.0 (CH-5), 114.3 (CH-6),
113.3 (Cqarom.), 112.6 (CH-3), 103.5 (CH-8), 98.9 (CH-acetal), 63.0 (OCHz), 39.0
(CH2N), 21.0 (COCH3), 18.4 (CHCH3).
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Synthesis of compound 21
Commercially available 2-(2-(vinyloxy)ethoxy)ethan-1-ol
70O ous (1.00 g, 7.56 mmol) was dissolved in anhydrous CH2Cl; (11
mL) under an Argon atmosphere. The solution was cooled at 0 °C and NEt3 (2.11 mlL,
15.12 mmol) and MsCl (0.76 mL, 9.83 mmol) were added. The mixture was allowed to
warm at room temperature and stirred for 2 hours. Afterwards, the solution was diluted
with AcOEt (150 mL) and washed with H20 (3 x 30 mL). Organic phase was dried over
Na»SO0,, filtered and concentrated to give crude compound 21 that was used in the next
step without further purification (1.47 g, 7.00 mmol, 92% yield). 'H NMR (300 MHz,
CDCl3) 6 (ppm): 6.50 (dd, J=14.3, 6.8 Hz, 1H), 4.49 - 4.34 (m, 2H), 4.21 (dd, J=14.3, 2.2
Hz, 1H), 4.05 (dd, J=6.8, 2.2 Hz, 1H), 3.88 - 3.85 (m, 2H), 3.83 - 3.76 (m, 2H), 3.09 (s,
2H).

Synthesis of compound 22

To a solution of compound 21 (200 mg, 0.95 mmol) in DMF (1.5

/\O/\/O\/\Ns

mL) NaN3 (123 mg, 1.90 mmol) was added and the reaction was
stirred at 50 °C for 16 hours. Afterwards, the reaction mixture was diluted with AcOEt
(150 mL), the solid was filtered and the filtrate was washed with H20 (3 x 20 mL).
Organic phase was dried over NaS0Oy, filtered and concentrated at reduced pressure.
Crude product was purified by silica gel chromatography to give compound 22 (114
mg, 0.72 mmol) with 76% yield. 1H NMR (300 MHz, CDCl3) 6 (ppm): 6.53 (dd, j=14.3,
6.8 Hz, 1H), 4.22 (dd, /J=14.3, 2.2 Hz, 1H), 4.05 (dd, /=6.8, 2.2 Hz, 1H), 3.90 - 3.87 (m, 2H),
3.82 - 3.63 (m, 4H), 3.44 (t,J=5.1 Hz, 2H).[8%]

Synthesis of compound 23
To an ice-cooled solution of 22 (280 mg, 1.78
omogg/\/o\/\m mmol) in dry CH2Cl; (2 mL) under nitrogen
atmosphere, CSA (8 mg, 0.035 mmol) and a
solution of Umbelliferone (96 mg, 0.59 mmol) were added. After 5 minutes, the
solution was allowed to warm to room temperature and stirred for 1.5 h. After
this time, the reaction mixture was diluted with 40 mL of CH,Cl; and washed with

a saturated NaHCOs3 solution (20 mL). The product was extracted with CH2Cl; (2
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x 40 mL), the organic phase was dried over Na;SOy, filtered and concentrated.
The crude product was purified by flash column chromatography on silica gel
eluting with CH2Cl;:Et;0 (60:1 to 40:1). Pure compound 23 was obtained with
72% yield (135 mg, 1.28 mmol). tH NMR (400 MHz, CD30D) 6 (ppm): 7.86 (d,
J=9.5 Hz, 1H, H-4), 7.52 (d, J=8.5 Hz, 1H, H-5), 7.03-6.99 (m, 2H, H-6, H-8), 6.26
(d,J=9.5 Hz, 1H, H-3), 5.64 (q, /=5.3 Hz, 1H, CH-acetal), 3.87-3.82 (m, 1H, OCHz),
3.73-.3.62 (m, 5H, OCH2, CH;-PEG) 3.34-3.32 (m, 2H, CH2-N3), 1.53 (d, /=5.3 Hz,
3H, CH3). 13C NMR (101 MHz, CD30D) & (ppm): 161.7 (CO), 160.2 (Cq arom.),
155.4 (Cq arom.), 144.2 (CH-4), 129.0 (CH-5), 114.4 (CH-6), 113.4 (Cq arom.),
112.6 (CH-3), 103.8 (CH-8), 99.5 (CH-acetal), 69.9, 69.7 (2C, CH:-PEG), 64.7
(OCH2), 50.3 (CH2N3), 18.7 (CH3).

Synthesis of compound 24
Derivative 23 (111 mg, 0.34 mmol) was
Omo/?\l-‘;/\/o\/\NHz dissolved in THF (10 mL) and to this solution
PPh3 (182 mg, 0.69 mmol) and H20 (49 pL, 2.72
mmol) were added. The solution was heated at 45°C for 16 h and then it was
concentrated. The crude obtained was purified by silica gel chromatography in
CH2Cl;/MeOH/ NEt3 (10:1:0.1) to give pure compound 24 (85 mg, 0.29 mmol, 85%).
HRMS (ESI+): m/z calcd. for C1sH20NOs [M+H]* 293.1341, found 294.1331. 1H NMR (500
MHz, CD30D) & (ppm): 7.91 (d, J=9.4 Hz, 1H, H-4), 7.57 (d, J=8.6 Hz, 1H, H-5), 7.09 (d,
J=2.3 Hz, 1H, H-8) 7.03 (dd, J=8.6, 2.3 Hz, 1H, H-6), 6.29 (d, J=9.5 Hz, 1H, H-3), 5.66 (q,
J=5.3 Hz, 1H, H-acetal), 3.86-3.84 (m, 1H, OCHz), 3.74-3.72 (m, 1H, OCHz), 3.64-3.63
(m, 2H, CH2-PEG), 3.52 (t, J=5.3 Hz, 2H, CH2-PEG), 2.78 (t, J=5.3 Hz, 2H, CH2NHy), 1.55
(d, J=5.3 Hz, 3H, CH3). 13C NMR (125 MHz, CD30D) & (ppm): 161.7 (CO), 160.3 (Cq
arom.), 155.4 (Cq arom.), 144.2 (CH-4), 129.0 (CH-5), 114.4 (CH-6), 113.4 (Cq arom.),
112.6 (CH-3), 103.7 (CH-8), 99.5 (CH-acetal), 71.6, 69.7 (2C, CH.-PEG) 64.6 (OCH>),
40.6 (CH2NHz), 18.6 (CH3).

Synthesis of compound 25

_ oH o To a solution of 24 (20 mg, 0.068 mmol) in
3
omoﬁ\o/\/o\/\NJ\ CHCI; (1 mL) pyridine (33 pL, 0.41 mmol) and

H
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acetic anhydride (42 pL, 0.41 mmol) were added. After stirring for 16 h, the reaction
mixture was concentrated, and the crude product was purified by flash column
chromatography in AcOEt/MeOH (20:1) to give acetal 25 (19 mg, 0.056 mmol, 83%).
HRMS (ESI+): m/z calcd. for C17H22NOs [M+H]* 336.1447, found 336.1454. 1H NMR (400
MHz, CD30D) & (ppm): 7.91 (d, J=9.5 Hz, 1H, H-4), 7.56 (d, /=8.6 Hz, 1H, H-5), 7.07 - 7.02
(m, 2H, H-8, H-6), 6.29 (d, J=9.5 Hz, 1H, H-3), 5.66 (q, J=5.2 Hz, H-acetal), 3.85 - 3.83 (m,
1H, OCHz), 3.73 - 3.70 (m, 1H, OCH3), 3.64 - 3.61 (m, 2H, CH2-PEG), 3.54 - 3.51 (m, 2H,
CH:-PEG), 3.34 - 3.31 (m, 2H, CHz-NHAc), 1.94 (s, 3H, COCHz), 1.55 (d, J=5.2 Hz, 3H,
CHCH3). 13C NMR (101 MHz, CD30D) § (ppm): 171.9 (COCH3), 161.7 (CO), 160.2 (Cq
arom.), 155.4 (Cq arom.), 144.2 (CH-4), 129.0 (CH-5), 114.4 (CH-6), 113.4 (Cq arom.),
112.6 (CH-3),103.7 (CH-8),99.6 (CH-acetal), 69.7,69.1 (2C, CH2-PEG), 64.7 (OCH2), 39.0
(CH2N), 21.1 (COCH3), 18.7 (CHCH3).

Synthesis of compound 27

cl—, To a solution of commercially available compound 26 (80 mg, 0.24
N\\<O\ mmol) in CH2Cl; (3 mL) TFA (460 uL) was added and the reaction
OO © was stirred at rt. After 1 h, the mixture was concentrated, and the
OH crude product was dissolved in THF (4.2 mL), cooled at 0 °C and
to this solution NaHCO3 (60 mg) and CH30COCI (37 pL, 0.48 mmol) were added. After
1.5 h, the reaction was diluted with of CH;Cl; (40 mL) and the organic phase washed
with H20 (20 mL), dried over Na;SOy, filtered and concentrated. The solid obtained was
purified by a silica gel column chromatography in hexane/ethyl acetate (1:1) to give
compound 27 (64 mg, 91%) as a grey solid. HRMS (ESI+): m/z calcd. for C15sH14NClO3Na
[M+Na]* 314.0554, found 314.0550. 'H NMR (400 MHz, CDCl3) 6 (ppm): 8.58 (brs, 1H,
OH), 8.27 (d, J=8.4 Hz, 1H, arom.), 7.96 (brs, 1H, arom.), 7.64 (d, /=8.3 Hz, 1H, arom.),
7.54 - 7.49 (m, 1H, arom.), 7.39 - 7.35 (m, 1H, arom.), 4.35 - 4.32 (m, 1H, CH2N), 4.16 -
4.11 (m, 1H, CHzN), 4.01 - 3.92 (m, 5H, OCH3, 1 CH2Cl, CH), 3.42 (‘t’, J=10.6 Hz, 1H,
CHCI). 13C NMR (75 MHz, CDCl3) 6 (ppm): 154.8 (NCO), 154.7 (Cq arom.) 140.6 (Cq
arom.), 130.3 (Cq arom.), 127.7 (CH arom.), 123.8 (CH arom.), 123.1 (CH arom.), 122.0
(Cq arom.), 121.9 (CH arom.), 114.2 (Cq arom.), 98.8 (CH arom.), 53.4 (OCH3), 52.8

(CH2N), 46.5 (CH2Cl), 42.0 (CH).
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Synthesis of compound 28

o A solution of 27 (24 mg, 0.18 mmol) in dry

N)QO CH2Cl; (600 pL) was cooled at 0°C, and then 22

A O CHs was added (56 mg, 0.36 mmol), followed by
cl

O Q}\O/\/o\/\N:s drops of dry THF to complete solubilisation.

After that, a 5 mg/mL solution of CSA (320 pL,
0.0072 mmol) was added and the reaction was allowed to warm to room
temperature. After completion of the reaction, the mixture was diluted with
CH2Cl; (40 mL) and washed with H,0 (20 mL), dried over Na;SO, filtered and
concentrated. The crude mixture was purified by a silica gel column
chromatography in CH:Cl;/Et,0 (70:1) to give 28 (20 mg, 56%) as a
diastereomeric mixture. HRMS (ESI+): m/z calcd. for C21H25CIN4OsNa [M+Na]+*
471.1406, found 471.1406.1H NMR (400 MHz, CD30D) & (ppm): 8.09 (d, J=8.4 Hz,
1H, arom.), 7.75 (brs, 1H, arom.), 7.63 - 7.60 (m, 1H, arom.), 7.42 - 7.38 (m, 1H,
arom.), 7.26 - 7.22 (m, 1H, arom.), 5.61 (q, /=5.2 Hz, H-acetal), 4.17 - 4.13 (m, 1H,
CH:N), 4.06 - 4.00 (m, CH;N), 3.97 - 3.91 (m, 1H, CH), 3.84 - 3.81 (m, CH:Cl), 3.80-
3.73 (m, 4H, OCH3, CH-PEG), 3.64 - 3.58 (m, 1H, CH-PEG), 3.57 - 3.47 (m, 5H, CH-
PEG, CHzCl), 3.19 - 3.15 (m, 2H, CH2N3), 1.52 - 1.50 (2 x d, J=5.2 Hz, 3H, CH3 2
diastereomers). 13C NMR (75 MHz, CD30D) & (ppm): 154.0 (CO), 153.9 (Cq arom.)
140.8 (Cq arom.), 130.3 (Cq arom.), 127.3 (CH arom.), 123.2 (CH arom.), 123.1
(Cq arom.), 122.9 (CH arom.), 121.9 (CH arom.), 115.9 (Cq arom.), 100.4 (CH-
acetal), 99.4 (CH arom.), 70.0, 69.7 (CH2-PEG), 65.5 (CH2-PEG, 2 diastereomers),
52.4 (CHzN), 51.9 (OCH3), 50.3 (CH2N3), 46.3 (CH:Cl), 41.2 (CH), 19.2, 19.1 (CHj3,

2 diastereomers)

Synthesis of compound 29

o To a solution of compound 28 (15 mg, 0.033

N)to mmol) in THF (2 mL), PPh3 (17 mg, 0.067 mmol)

N CH was added. After stirring for 20 min. at 25°C, H20
DeW:

o}\o/\/o\/\NHz (4.7 pL, 0.26 mmol) was added, and the mixture
O was stirred overnight at room temperature. The

reaction was then concentrated at reduced pressure and the crude solid was purified
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by silica gel column chromatography in CH»Cl,/MeOH (7:1) to give 29 (9 mg, 65%).
HRMS (ESI+): m/z calcd. for C21H2sCIN,0s [M+H]* 423.1681, found 423.1683. 1H NMR
(400 MHz, CD30D) 6 (ppm): 8.19 (d, /=8.5 Hz, 1H, arom.), 7.87 (brs, 1H, arom.), 7.74 (d,
J=8.4 Hz, 1H, arom.), 7.53 - 7.49 (m, 1H, arom.), 7.36 - 7.32 (m, 1H, arom.), 5.71 (q, J=5.2
Hz, H-acetal), 4.29 - 4.28 (m, 1H, CH:N), 4.20 - 4.14 (m, 1H, CH:N), 4.11 - 4.09 (m, 1H,
CH), 3.96 - 3.95 (m, CH:Cl), 3.93 - 3.85 (m, 4H, OCH3, CH-PEG), 3.76 - 3.72 (m, 1H, CH-
PEG), 3.65 - 3.59 (m, 3H, CH, CHzCl), 3.50 - 3.47 (m, 2H, CH:-PEG), 2.77 - 2.74 (m, 2H,
CH:NH2), 1.61 (d, J=5.2 Hz, 3H, CHz). 13C NMR (75 MHz, CD30D) 6 (ppm): 153.9 (2C, Cq
arom. , CO), 140.9 (Cq arom.), 130.3 (Cq arom.), 127.4 (CH arom.), 123.2, 132.1 (CH
arom., Cq arom.), 122.9 (CH arom.), 121.9 (CH arom.), 116.1 (Cq arom.), 100.4 (CH-
acetal), 99.5,99.3 (CH arom., 2 diastereomers), 69.9 (2C, 2CHz), 65.4 (CH3), 52.4 (CH),
51.9 (OCH3), 46.4, 46.3 (CH:C], 2 diastereomers), 41.1 (CH), 40.1 (CH2NH2), 19.1 (CH3, 2

diastereomers).

Synthesis of compound 30

Derivative 27 (8 mg, 0.027 mmol) was dissolved in THF (1 mL)
and a 5% aqueous solution of NaHCO3z was added. After stirring
overnight at room temperature, the mixture was diluted with

CH2Cl; (10 mL) and washed with H20 (5 mL). The organic phase

was dried over NazSO., filtered, concentred and the resulting crude product was
purified by column chromatography in AcOEt/hexane (1:1) to give derivative 30 (6 mg,
87%). HRMS (ESI+): m/z calcd. for C1sH13NO3Na [M+Na]+ 278.0788, found 278.0784. 'H
NMR (300 MHz, CD30D) & (ppm): 8.12 (dd, /=7.9, 1.4 Hz, 1H, arom.), 7.61 - 7.56 (m, 1H,
arom.), 7.46 - 7.40 (m, 1H, arom.), 7.13 - 7.10 (m, 1H, arom.), 6.92 (s, 1H, arom.), 4.14 -
4.05 (m, 2H, CH2N), 3.87 (s, 3H, OCH3), 3.13 - 3.07 (m, CH) 1.76 (dd, /=7.8, 4.2 Hz, 1H,
CH:Cl), 1.55 (‘t’, J=4.7 Hz, 1H, CH:Cl). 13C NMR (75 MHz, CD30D) & (ppm): 187.1 (CO),
162.4 (Cq), 153.2 (Cq), 140.9 (Cq), 132.1 (CH arom.), 131.9 (Cq), 126.1 (CH arom.),
125.9 (CH arom.), 121.6 (CH arom.), 107.2 (CH arom.), 52.9 (CH:N), 52.6 (OCH3), 33.4
(Cq), 29.0 (CHz), 24.0 (CH).
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Synthesis of compound 31
N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide (1.00 g, 4.5 mmol)
oﬁ,,\( b was suspended in 1M HCl (24 mL) and the suspension was heated at
o\ ! cr
reflux for 2.5 hours. Then, solvent was evaporated and crude salt 31
was obtained as a white solid with quantitative yield (972 mg, 4.5 mmol). Product was

used without further purification in the next step.

Synthesis of compound 32

A solution of 5-hexynoic acid (200 pL, 1.84 mmol) and

o NN O
les\ jSlto DMF (7 pL) in DCM (7 mL) was cooled on ice and oxalyl
H HoN chloride (141 pL, 1.66 mmol) was added drop wise over

15 min. The reaction was allowed to warm to room temperature, stirred until
evanescence ceased and then concentrated under reduced pressure. The yellow liquid
was dissolve in anhydrous DMF (0.5 mL) and thi solution was added drop wise to a
solution of 31 (397 mg, 1.84 mmol) and pyridine (943 pL, 25.8 mmol) in DMF (1.5 mL)
and the reaction stirred for 3 h at room temperature. The solvent was removed under
reduced pressure and the residue purified by flash column chromatography (EtOAc) to
give the product as an off-white solid (242 mg, 0.88 mmol, 48%).

1H-NMR (300 MHz, DMS0-d6) 6 (ppm): 2.81 (t,/=2.6 Hz, 1H), 2.65 (t, /=7.4 Hz, 2H), 2.24
(td,J=7.1,2.6 Hz, 2H), 1.84 - 1.77 (m, 2H).[71]

Synthesis of compound 33
o/ Cul (0.5 mg, 0.003
N><o mmol) was suspended
o O HaC PPN in THF (500 pL) under
cl O}\o/\/ ;\;MH an argon atmosphere
O o i}\,é(‘) NH, and azide 28 (12 mg,
0.027 mmol), DIPEA
(11 pL, 0.064 mmol) and alkyne 32 (9 mg, 0.032 mmol) were then added. After stirring
for 3 hours at room temperature, the solution was concentrated at reduced pressure.
The resulting solid was suspended in MeOH and filtered over Celite, concentrated and

purified by column chromatography in CH2Cl,/MeOH (15:1) to give 33 (14 mg, 70%)
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as a white solid. HRMS (ESI+): m/z calcd. for C29H35CINgOgS2Na [M+Na]+ 745.1600,
found 745.1597. 'H NMR (400 MHz, CD30D) 8 (ppm): 8.18 - 8.15 (m, 1H, arom.), 7.86
(brs, 1H, arom.), 7.73 (d, J=8.4 Hz, 1H, arom.), 7.68 (brs, H-triazole), 7.51 (‘t’, J=7.5 Hz,
1H, arom.), 7.36 - 7.32 (m, 1H, arom.), 5.70 (2 x q, J=5.2 Hz, H-acetal, 2 diastereomers),
4.47 - 443 (m, 2H, CHz-N triazole), 4.28 - 4.24 (m, 1H, CH2N), 4.20 - 4.14 (m, 1H, CH:N),
4.10 - 4.08 (m, 1H, CH), 3.97 - 3.81 (m, 7H, CH2Cl, OCH3, CH-PEG), 3.77 - 3.73 (m, 1H,
H-PEG), 3.66 - 3.58 (m, 3H, CH2-PEG, CH:(Cl), 2.68 - 2.61 (m, 2H, CH2), 2.52 - 2.46 (m,
2H, CHz),1.99 - 1.92 (m, 2H, CHz), 1.62 - 1.60 (2 x d, J=5.2 Hz, 3H, CH3, 2 diastereomers).
13CNMR (75 MHz, CD30D) & (ppm): 171.8, (CO), 165.0, 161.6 (Cq acetazolamide), 153.9
(NCO, Cq arom.), 140.8 (Cq arom.), 130.3 (Cq arom.), 127.4 (CH arom.), 123.2, 123.1,
123.0, 122.9 (Cq arom., CH-triazole, CH arom.), 121.9 (CH arom.), 116.0 (Cq arom.),
100.3 (CH-acetal), 99.4 (CH arom.), 70.0 (CHz), 68.9 (CH2), 65.1 (CHz), 52.4 (CHzN), 52.0
(OCH3), 49.9 (CH2), 46.4 (CH:Cl), 41.1 (CH), 34.0 (CH2), 24.1 (2CH2), 19.1 (CH3z, 2
diastereomers). Carbon peak corresponding to triazole quaternary carbon is not

observed.

Synthesis of compound 34

7
m\ mmol), was dissolved in dry DMF
0”0 o] o]
JJJ‘kO/\/O\/\N)v\[(Q (1 mL) and cooled at -10 °C. To this
H

o solution IBCF (30 pL, 0.23 mmol)

3-benzoyl acrylic acid (34mg, 0.19

and NMM (25 pL, 0.23 mmol) were added under stirring. Afterwards, a solution
of 24 (23 mg, 0.078 mmol) in 0.5 mL of DMF was added and the reaction mixture
was stirred for 15 minutes at -10 °C, then allowed to warm at room temperature.
After 1.5 hours, the reaction mixture was directly concentrated under reduced
pressure and purified by flash column chromatography on silica gel eluting with
AcOEt:EtP (4:1) to give 34 as a light-yellow solid (17 mg, 48%). HRMS (ESI+):
m/z calcd. for C25H26NO7 [M+H]* 452.1709, found 452.1711. 1H NMR (400 MHz,
CD30D) & (ppm): 8.04 -8.02 (m, 2H, H-Ph), 7.88 - 7.84 (m, 2H, H-4, CH=CH), 7.69
- 7.56 (m, 1H, H-Ph), 7.58 - 7.52 (m, 3H, H-5, H-Ph), 7.06 - 6.98 (m ,3H, H-8, H-6,
CH=CH), 6.26 (d, J=9.5 Hz, 1H, H-3), 5.65 (q, J=5.2 Hz, 1H, H-acetal), 3.89 - 3.84
(m, 1H, OCHy), 3.76 - 3.71 (m, 1H, OCH3), 3.67 - 3.60 (m, 4H, CH2-PEG), 3.49 -
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3.47 (m, 2H, CH2NH), 1.53 (d, /=5.2 Hz, 3H, CHz). 13C NMR (125 MHz, CD30D) &
(ppm): 190.0 (CO), 165.3 (CO amide), 161.8 (CO), 160.2 (Cq arom.), 155.4 (Cq
arom.), 144.2 (C-4), 136.9 (Cq), 135.1 (CH=CH), 133.5 (CH-Ph), 132.6 (CH=CH),
129.0,128.6,128.4 (5C, 4 CH-Ph, C-5), 114.4 (C-6),113.4 (Cq), 112.6 (C-3),103.7
(C-8),99.6 (C-acetal), 69.8, 68.8 (2C, OCH:-PEG), 64.8 (OCH2), 39.4 (CH2NH), 18.7
(CHa3).

Synthesis of compound 35

o) 3-benzoyl acrylic acid (60 mg, 0.35

N N»\O/ mmol), was dissolved in dry DMF (1
" ‘ mL) and cooled at -10 °C. To this
O o} 0 solution IBCF (56 pL, 0.43 mmol) and
WKONOV\HM(@ NMM (47 uL, 0,43 mmol) were added

(0}
under stirring. 0.28 mL of this solution

were added to a solution of 29 (16 mg, 0.038 mmol) in dry DMF, cooled at -10 °C. After
15 minutes, the reaction was allowed to warm at rt and kept stirring for 1.5 h. The crude
reaction mixture was diluted with 20 mL of CH;Cl; and washed with H,0 (20 mL). The
organic phase was dried over Na;SOs, filtered and concentrated and the crude product
was purified by column chromatography in CHzClz/acetone (20:1) to give 35 as a light-
yellow solid (10 mg, 45%). HRMS (ESI+): m/z calcd. for C31H33CIN,07Na [M+Na]*
603.1869, found 603.1870. tH NMR (400 MHz, CD30D) & (ppm): 8.20 (d, /=8.5 Hz, 1H,
arom.), 8.02 - 7.99 (m, 2H, arom.), 7.87 - 7.81 (m, 2H, arom., CH=CH), 7.72 (‘t’, J=7.9 Hz,
1H, arom.), 7.67 - 7.64 (m, 1H, arom.), 7.56 - 7.49 (m, 3H, arom.), 7.37 - 7.33 (m, 1H,
CH=CH), 5.75 - 5.72 (m, H-acetal), 4.29 - 4.26 (m, 1H, CH2N), 4.20 - 4.17 (m, CH;N), 4.07
-3.98 (m, 1H, CH), 3.96 - 3.90 (m, 5H, OCH3, CH:Cl, CH-PEG), 3.89 - 3.80 (m, 1H, CH-
PEG), 3.78 - 3.67 (m, 5H, CH-PEG, CH2Cl), 3.63 - 3.60 (m, 2H, CH;N-amide), 1.63 (d, J=5.2
Hz, 3H, CH3). 13C NMR (101 MHz, CD30D) & (ppm): 190.0 (CO), 165.3 (Cq arom.), 153.9
(NCO, Cq arom.), 136.8 (Cq arom.), 135.1 (CH=CH, 2 diastereomers), 133.5 (CH arom.),
132.6,132.5 (CH arom., 2 diastereomers), 130.3 (Cq arom.), 128.6, 128.4 (4 CH arom.),
127.4 (CH arom.), 123.2, 123.1 (CH arom. 2 diastereomers), 122.9 (CH arom.), 121.9
(CH arom.), 116.03 (Cq arom.), 100.5, 100.4 (CH-acetal, 2 diastereomer), 99.5, 99.4 (CH
arom., 2 diastereomers), 69.9, 69.8, 68.9, 68.8 (2 CH;, 2 diastereomers), 65.6, 65.4
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(OCHg, 2 diastereomers), 52.4 (CHzN), 51.9 (OCH3), 46.3 (CH2Cl), 41.2 (CH), 39.4 (CH»-
N-amide), 19.2, 19.1 (CH3, 2 diastereomers).

5.8.2 Stability studies

Determination of the hydrolytic rate constants by tTH-NMR

Acetals 20, 24 and 25 were dissolved in 540 uL NaPi buffer (0.1M, pH = 5.7) containing
60 pL of D20 to a concentration of 16 mM. Reaction progress was monitored by 1H NMR
(400 MHz, D20) at 37 °C and through the integration of the signal of the methyl group
at 1.55 ppm in the starting material or to the signal corresponding to the H-3 of
umbelliferone.

Acetals 12, 15 and 16 were dissolved in deuterated NaPi buffer (0.1 M, pH =5.7) ata
concentration of 14 mM. Reaction progress was monitored by 'H NMR (400 MHz, D,0)
at 37 °C and through the integration of the signal of the methyl group at 1.55 ppm in the

starting material or to the signal corresponding to the H-3 of umbelliferone. .

Coumarin release study by fluorescence emission

Acetal 20 was dissolved in CH3CN to a final concentration of 20 mM. To evaluate the pH
dependent release of fluorescent 7-hydoxy-coumarin, aliquots from the stock solution
were diluted in phosphate buffer (0.1 M, pH 5.7), acetate buffer (0.1 M, pH = 5.0), or
plasma (pH = 7.2, 20% human serum diluted in deionized H,0) to a final 100 uM
concentration. Then, the emission spectra were recorded every 24 h in a Jobin-Yvon
Horiba Fluorolog 3-22 Tau-3 spectrofluorometer (for 7-hydroxy-coumarin: Aexc=323

nm, Aem=455 nm).

Stability studies of acetal 29 and SMDC 33

Stability of the acetals 29 and 33 was assessed in human serum (pH = 7.2) and in
acetate buffer (0.1 M, pH =5.7) at 37 °C. To this purpose, stock solutions (10 mM)
of these acetals in DMSO were diluted in acetate buffer or in a 20% solution of
human serum in water to a final concentration of 650 uM for 29 and 65 uM for
acetal 33. The solutions were incubated at 37°C and the amount of free
duocarmycin 30 was determined by using Ultra Performance Liquid

Chromatography-Mass Spectrometer (UPLC-MS) (Bruker micrOTOF-Q). Column:
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ACQUITY UPLC BEH C18 1,7; diameter: 2.1 mm and length: 100 mm). The
samples (60 pL of the acetal solution diluted with 600 pL of MeOH) were eluted
following gradient: 1:99 to 60:40 CH3CN:H20 for 6 min, then 60:40 to 100:0
CH3CN:H20 over 0.5 minutes, with a flow of 0.45 mL/min.

5.8.3 Antibody Drug Conjugates synthesis and stability

Synthesis of ADC Thiomab-35

To an eppendorf with 23.5 pL of NaPi (20 mM, pH 7.0) and 2.78 uL of DMF, was added
a 12.5 pL aliquot of a stock solution of Thiomab® LC-V205C (80 pM) and the resulting
mixture was vortexed for 10 seconds. Afterwards, an 8.26 mM solution of compound
35 (1.2 uL, 10 equiv.) in DMF was added and the reaction mixed for 1 h at 37 °C. At each
reaction time, a 10 pL aliquot was analyzed by LC-MS and conversion to the expected
product was observed (calculated mass for the light chain, 24019 Da; observed mass
for the light chain, 24017 Da; calculated non-modified heavy chain, 50594; observed
mass for the heavy chain, 50587 and 50628 Da - oxidation states). Using 1 and 10 equiv.
of the reagent the reaction was not complete after 2 h. To purify the ADC, small
molecules were removed from the reaction mixture by loading the sample onto a Zeba
Spin Desalting Column previously equilibrated with NaPi (20 mM, pH 7.0). The sample
was eluted via centrifugation (2 min, 1500 xg). When the reaction was scaled up for in
vitro studies, this procedure was followed by a dialysis to optimize the efficiency of the
method. The sample was dialysed against 0.5 L of NaPi (20 mM, pH 7.0), stirring,
overnight, at room temperature. The buffer solution was changed after 2 h. The
following day, the buffer solution was changed once again. After 24 h, the sample was

analysed by LC-MS and the concentration determined with a SpectraMax i3x.

Synthesis of ADC Thiomab-34
To an eppendorf with 32.5 puL of NaPi (20 mM, pH 7.0) and 4.4 uL of DMF, was added a

12.5 pL aliquot of a stock solution of Thiomab® LC-V205C (80 pM) and the resulting
mixture was vortexed for 10 seconds. Afterwards, an 10 mM solution of compound 34
(0.6 uL, 6 equiv.) in DMF was added and the reaction mixed for 3 h at 37 °C, until >95%
conversion to the expected product was observed by LC-MS analysis (calculated mass

for the light chain, 23890 Da; observed mass for the light chain, 23898 Da). To purify
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the ADC, small molecules were removed from the reaction mixture by loading the
sample onto Amicon® Ultra Centrifuge filters with 10 kDa cut-off. The sample was
eluted via centrifugation (2 min, 1500 xg) and the concentration was determined with

a SpectraMax i3x.

Release of umbelliferone from Thiomab-34

A 20 pL aliquot of the bioconjugate Thiomab-34 (10 uM) in NaPi buffer (20 mM, pH 7.0)
was thawed. 1 pL of reconstituted human plasma was added at room temperature and
the resulting mixture vortexed for 10 seconds. The resulting reaction mixture was then
stirred at 37 °C. Similarly, to determine the release of umbelliferone in acid condition,
conjugate buffer was changed to NaPi (20 mM, pH 5.7) using Amicon® Ultra Centrifuge
filters and the concentration adjusted at 10 pM. The resulting reaction mixtures were
then stirred at 37 °C. After 24 hours, umbelliferone release was determined by
measuring the fluorescence spectrum using a SpectraMax i3x plate reader (Aexc 325 nm
for free umbelliferon). To avoid interferences with fluorescence, proteic content was
precipitated with 3-fold excess methanol, separated by centrifugation for 5 min at

14000 rcf and the fluorescence spectrum of free coumarin in solution was recorded.

Stability of Thiomab-35 in human serum.

A 20 pL aliquot of the bioconjugate Thiomab-35 (10 uM) in NaPi buffer (20 mM, pH 7.0)
was thawed. 1 pL of reconstituted human plasma was added at room temperature and
the resulting mixture vortexed for 10 seconds. The resulting reaction mixture was then
mixed at 37 °C. After 2, 24 and 48 h, a 10 pL aliquot of each reaction mixture was
analysed by LC-MS.

5.8.4 In vitro assays

Cell culture

SKRC52 (CAIX positive) and HEK293T (CAIX negative) cell line were used for the in
vitro studies of SMDC 33, and two breast cancer cell lines were used to determine the
cytotoxicity of conjugate Thiomab-35, namely SKBR3 (Her2 positive) and MDA-MB 231
cells (Her2 negative). SKBR3 and MB 231 cells were grown using 1x DMEM (Dulbecco's
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modified Eagle medium) with Sodium Pyruvate and without L-Glutamine (Invitrogen,
Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco, Life Technologies), 1x MEM NEAA (Gibco, Life Technologies) ,1x GlutaMAX
(Gibco, Life Technologies), 200 units/mL penicillin and 200 pug/mL streptomycin
(Gibco, Life Technologies) and 10 mM HEPES (Gibco, Life Technologies).

SKRC52 and HEK293T cells were routinely grown in a humidified incubator at 37 °C
under 5% CO; and split before reaching confluence using TrypLE™ Express. Cells were
grown on DMEM medium supplemented with 10% heat-inactivated FBS, 2 mM
GlutaMAX™, 10 mM HEPES, 1% NEAA, 1 mM sodium pyruvate, 100 units/mL penicillin
and 100 pg/mL streptomycin.

Cytotoxicity and ICso calculation

Cytotoxicity of acetal 33, duocarmycin 30 and conjugate Thiomab-35 was assessed
using a CellTiter-Blue® Cell Viability Assay (Promega, USA), a fluorescent dye approach
based on the ability of metabolically active cells to covert the dye resazurin to the
fluorescent resorufin product. Briefly, cells were seeded at a concentration of 10 000
cells/well (100 pL) in flat-bottom 96 well-plates and allowed to adhere and adapt to the
plates for 24 h. At this point, culture medium was exchanged to complete medium
supplemented with increasing concentrations of each compound in technical
triplicates. In the case of SKRC52 and HEK293T cell lines, plates were incubated for 72
hours. SKBR3 and MDA-MB 231 cells were incubated with ADC for 48 hours. After
incubation, cell viability was assessed by exchanging the culture medium to medium
supplemented with CellTiter-Blue Reagent (dilution 1:20 from commercial stock) and
incubated for another 1 h 30 min, before analysis of fluorescence on an Infinite M200
(Tecan, USA) plate-reader (Aexc=560, Aem=590). Relative fluorescence units (R.L.U.) were
normalized to the values obtained for the appropriate vehicle controls. Results are
shown as average of 3 independent experiments. A sigmoidal curve (variable slope)
was fitted to each dataset, using GraphPad Prism v6 software, and used to calculate the

half-maximal inhibitory concentration (ICso) for each compound.

Flow cytometry assays

Surface staining of Her-2 antigen on SKBR3 and MDA-MB231 cells.
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Cells were cultured routinely as mentioned in earlier sections. On the day of
experiment, cells were trypsinised and stained for the surface antigen Her-2. In brief,
cells were incubated with ADCs Thiomab-34 and Thiomab-35 at 4 °C for 30 min. Cells
were then washed with ice-cold PBS and the primary antibody was detected using a
commercial Goat Alexa 647-conjugated anti-human (H+L) antibody (ThermoFischer
Scientific). The samples were acquired using LSRFortessaTM flow cytometer (BD
Biosciences, USA) with a 640 nm laser and a 670/41 band-pass filter (for APC

detection). Data was analysed using Flow]o software and only single cell data is shown.

5.8.5 Molecular Dynamics simulations

The starting coordinates for the acetal fragments of conjugates Thiomab-34 and
Thiomab-35 were generated and minimized with Chem3D (version 17). The
crystal structure of the Fab of Thiomab LC V205C ® (PDB id: 5d6c)[86 was used
as starting coordinates for the antibody. MD simulations were performed with
AMBER 18 package, [82] implemented with ff14SB,[83]1 and GAFFI84] force fields.
Parameters for the unnatural residues were generated with the antechamber
module of AMBER, using GAFF force field and with partial charges set to fit the
electrostatic potential generated with HF/6-31G(d) by RESP.[871 The charges
were calculated according to the Merz-Singh-Kollman scheme using Gaussian
161881 Each molecule was immersed in a water box with a 10 A buffer of TIP3P
water molecules.[8%] In the case of MD simulations performed on the conjugates,
the system was neutralized by adding explicit counter ions (Cl). A two-stage
geometry optimization approach was performed. The first stage minimizes only
the positions of solvent molecules and ions, and the second stage is an
unrestrained minimization of all the atoms in the simulation cell. The systems
were then heated by incrementing the temperature from 0 to 300 K under a
constant pressure of 1 atm and periodic boundary conditions. Harmonic
restraints of 10 kcal-mol-! were applied to the solute, and the Andersen
temperature coupling schemel®l was used to control and equalize the
temperature. The time step was kept at 1 fs during the heating stages, allowing

potential inhomogeneities to self-adjust. Hydrogen atoms were kept fixed
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through the simulations using the SHAKE algorithm.[°1l Long-range electrostatic
effects were modelled using the particle-mesh-Ewald method.[891 An 8 A cutoff
was applied to Lennard-Jones interactions. Each system was equilibrated for 2 ns
with a 2-fs time step at a constant volume and temperature of 300 K. Production
trajectories were then run for additional 500 ns under the same simulation

conditions.
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6.1 Introduction

Self-immolative spacers are compounds able to self-degrade spontaneously and
irreversibly. The process is governed by an entropy increase and by the formation of
thermodynamically stable products. In order to avoid uncontrolled self-immolation
process, the reactive group of such compounds (the one that ‘starts’ the immolation
process) is ‘blocked’ with a protecting group. Upon specific stimulation, the active
function is deprotected and the self-immolative process can occur (Figure 6.1).[1-3]
These compounds have experienced increasing interest in the last years, especially for

applications in drug delivery and controlled release.

e_/‘ SPACER \r ACTIVATION e SPACER /
—_—

Figure 6.1: schematic representation of a self-immolative process. The removal of the protecting
(PG, red) triggers the release of the active molecule (shown in cyano), after self-immolation of the

spacer (grey).

Regarding the structures and the self-immolation mechanisms of such spacers, most of
them are based on two processes: the active molecule can be formed as a result of an
electronic cascade process, or disassembly can be caused by an intramolecular
cyclization reaction driven by the formation of highly stable five membered or six
membered rings.[4

Aromatic systems bearing an amino, 5] hydroxyl,[®] or thioll?! substitution belong to the
first class of compounds. After deprotection, that can be promoted by enzymes(8-13] or
chemical reagents,[14-18] the free nucleophile triggers the electronic cascade and the
leaving group is released. Para- or ortho-substituted benzyl alcohols present this type
of reactivity (1,4-elimination process)[19 but also cinnamyl alcohols (1,6-elimination
process)[2021] or coumarinyl alcohols (1,8-elimination process that allows real time
monitorisation of the release)(?2! follow the same self-immolative pathway (Figure
6.2). The nature of the leaving group influences the kinetic of the entire elimination
process: for example, substitution of an ether with a carbamate or carbonate
significantly increases the reaction rate. In this latter case, the formation of a stable by-

product, such as CO; enhances the kinetic of the whole process. Also, temperature, pH
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and nature of the solvent have effects on the drug release.[!l Recently, it has been shown
that quaternary amines act as leaving group when coupled to para-amino benzyl

alcohol spacer, allowing the release of drugs bearing a tertiary amine group.[23]

a PG’X\[> . £©V!
b

X 1 XL 0._0
" Cﬁf/ — \'m]
2

= - /q <
X XL
PG >

.
- S

Figure 6.2: self-elimination by electronic cascade; a) benzyl alcohol-based structures; b)
coumarinyl alcohol derivatives; c) cinnamyl alcohol derivatives. Leaving group is represented by
coloured circles; X=NH, O, S.

Regarding the cyclization mediated release, it occurs on alkyl chains adequately
substituted (i.e., a nucleophile group at suitable distance from an ester or a carbonate).
Moreover, aromatic systems ortho-disubstituted can undergo cyclization and
subsequent leaving group liberation.[2425] Cyclization can occur directly after activation
and protecting group removal, or after a previous elimination process (Figure 6.3).[26]
Normally, this type of processes are slower than the elimination cascades,?71 but they
can be used to gain stability or to improve the linkage of the drug according to its

functional groups.
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Figure 6.3: intramolecular cyclization mediated release. X = NH, O, S.

Both elimination and intramolecular cyclization processes have been widely applied in
the field of drug controlled release,[?8] generation of pro-drugs(? and in the field of
degradable polymers as new materials.[*30-33] In most cases, the spacer is fundamental
for an efficient activation and optimal release.

As an example, most antibody drug conjugates relies on para-aminobenzyl alcohol
spacer for intracellular liberation of the drug.[34-37 This linker is often combined with a
dipeptide (mainly, valine-citrulline) recognized by intracellular cathepsins. In this
application, the spacer between the linker and the drug is necessary to allow enzymatic
cleavage, that otherwise is prevented by steric hindrance. In fact, it has been shown that
direct attachment of the drug doxorubicin to several enzymatically labile dipeptides
does not produce drug release after treatment with Cathepsin B.[38]

In the case of polymers, a high number of self-immolative spacer are assembled in a
linear[3?] or branched way!*% to allow multiple drug release.

Furthermore, combination of two or more self-immolative spacers has been used in the
development of pro-drugs or ADCs. The improvement of the release of the drug from
these structures is attributed to a better enzymatic activation, due to a facilitated

recognition.[41]



158

Chapter 6

6.1.1 Fragmentations reactions: the Grob fragmentation

Fragmentations reactions are specific transformations that result in the cleavage of a C-
C bond in an alkyl chain.l*2l According to Grob definition, a heterolytic fragmentation is
an organic reaction occurring in substrates presenting a specific dispositions of carbon
and heteroatoms (as O, N, S, P and halogens). Such structure is cleaved in three
fragments following a specific mechanism.

Substrates that can undergo fragmentation are 1,3-substituted chain bearing
heteroatoms at positions 1 and 3 (Figure 6.4)[4344] : X is a pushing residue, featuring a
negative charge or a lone pair of electrons, and Y is a leaving group or a group that can

accommodate the negative charge (pulling group).

XNy —_— XZF £ Y

Figure 6.4: general fragmentation mechanism on 1,3-hetero-disubstituted substrates; X
represents a generic atom with a negative charge or a lone pair of electrons, while Y is the leaving
group or a group that can accommodate the negative charge.

Amines and alcohols are among the most typical groups that can trigger the
fragmentation reaction, while halogens, sulfonates and quaternized amines are the
most typical leaving groups used.

Eschenmoser described the first example of such type of reactivity in 1952. He observed
the ring opening reaction of a substituted 3-hydroxy ketone under basic conditions

(Scheme 6.1).[43]

a
&om KOH &\ OMs | OH
O o

OH (o)

Scheme 6.1: first example of fragmentation reported by Eschenmoser.

After his pioneer work, the investigation of Grob’s group greatly contributed to the
development of the reaction by understanding the fragmentation mechanism.
The reaction could occur through three different mechanisms: a two-step ion

mechanism that can be cationic (Figure 6.5 a) or anionic (Figure 6.5 c), and a
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synchronous mechanism (Figure 6.5 b), in which double bonds are formed

concurrently with the cleavage of the C-C and C-X bonds.

U/ \ - fragmentation
~,.C. - substitution
Y + X c’9\ > _elimination
/ | \ - ring closure
a
N/ |y \ / |
N, -C. - _
C’C\ p ——» \)+(,C + C/,C\ +y
(4 . | /\

T - \C/ | v |

X7C o+ T = Oy
| /\ 7\

Figure 6.5: mechanisms proposed for the fragmentation.

Fragmentation may occur consequently in all these pathways; however, in the two step
processes competitive reactivity may interfere with the fragmentation. Hydrolysis, ring
closure reaction and elimination may occur as well. On the contrary, if the reaction goes
through the synchronous mechanism the fragmentation is the only route.[*4 The
concerted mechanism needs some stereo-electronic requirements to be fulfilled. More
precisely, it operates only when both the orbital containing the lone pair of X and the C-
Y bond are anti periplanar to the C-C bond that will be cleaved. As an example, Grob
studied the different reactivity of 3-exo and 3-endo chlorotropanes. In the exo
compound, the stereo-electronic requirements are met, and the reaction follows the
synchronous mechanism to give quantitative fragmentation. On the contrary, in the
endo epimer, alternative pathways led to the elimination and hydrolysis product

(Scheme 6.2).[46] As expected, the kinetic rate of the reaction is much lower in this case.
N \
N
F/CI — m
\“% h
cl

%
/
Y
— OH + j)m

Scheme 6.2: reactivity of chlorotropane derivatives.
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In general, Grob fragmentation have found wide application in synthetic organic
chemistry. It has been applied to the synthesis of highly demanding macrocyclic
structures,[47-49] for ring opening reaction,[5% as a key step in the total synthesis of
natural compounds.[51-54 According to the reaction mechanism, fragmentation is
favoured under basic condition, but also variations in acid conditions have been
developed.[55] Synthetic modifications, including tandem reactions,[56571 or borane
induced Grob fragmentation[5859 have been used and exploited for their synthetic
versatility.

Interestingly, this fragmentation reaction could be useful for the development of new

self-immolative spacers, which is the main goal of this chapter.
6.1.2 Background and main goals

As previously described, Grob fragmentation is an organic transformation that has
proved wide utility in organic synthesis. Normally, the reactions are performed in
organic solvent, at different temperatures and in presence of strong bases. Only in the
first reports by Grob, fragmentation was studied in water as the main solvent, proving
that the reaction proceeds also in aqueous systems. The studies on the fragmentation
of 3-aminocyclohexanol derivatives showed that the cis isomers fragments in
MeOH/H0 at 50 °C. Under these conditions, the kinetic rate of the first order reaction
was reported to be 2.94 x 104, corresponding to a half-life of 39 minutes.[60] More
recently, a study on the solvolysis of 4-bromopiperidine via Grob fragmentation has
been reported in water/organic solvents. The kinetic constant of the fragmentation has
been determined in 30/70 MeOH/H:0, in presence of NEt3, and resulted to be 3.2 - 104
(Figure 6.6) .[61]

\& 0

N ¥ » . 0\\@( k(50°C) =

o’@\ —> Ny~ ~F S 2,94 - 10
k(55°C) =

MN—\ gr — > PN~ + 5 32104

Figure 6.6: kinetic rate constants of solvolysis of 3-aminocycohexanol derivative (top) and 4-
bromo piperidine (bottom).
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These previous results showed that the reaction can occur in H;0 as a solvent, but still
the reaction conditions were not compatible with the typical biological ones (neutral
pH and 37 °C). However, starting from these results, we envisaged in the Grob
fragmentation an interesting methodology for the development of a new self-
immolative spacer for drug delivery application.

The structures chosen to study the aforementioned reaction under biological
conditions are reported in Figure 6.7. They all feature a secondary amine that acts as
the pushing group, triggering the fragmentation reaction. Amines were preferred to
alcohols due to the harsh conditions required in general to generate an alkoxide (such
as strong bases), not compatible with biological systems. On the contrary, amines lone
pair might be available at physiological pH, in a percentage that depends on its pKa.
Three-carbon chain separates the amine from the leaving group, which is a sulfonate.
This is an excellent leaving group and can be found in small molecules, such as dyes, to

increase their solubility. [62]

(o) .
R %R
sN/\/\o/ W
H (o)

Figure 6.7: common structure of compounds studied in this chapter.

The reactivity of such compounds was studied to determine whether Grob
fragmentation could be used as a new release mechanism for drug delivery application.
This methodology could be an alternative to currently used self-immolative spacers,
which rely on intramolecular cyclization reaction or electronic cascades for the

liberation of the biologically active compound.
6.2 Substrate screening for Grob fragmentation

Several attempts were made in order to find the adequate compound that can give Grob
fragmentation under physiological conditions. The minimal structure required for such
fragmentation, as previously described, includes the presence of a pushing and a
leaving group separated from a three-carbon atom chain. These minimal requirements
are met in bicyclic nortropine derivatives, 3-aminocyclohexanol, and 3-aminopropanol

structures (Figure 6.8).
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HN
ﬁ)m/OH Hsz/oH H,N__~__OH

. . 3-aminopropanol
. 3-cis-aminocyclohexanol
exo-nortropine

Figure 6.8: structures studied as substrate for Grob reaction.

Convenient modifications were introduced in those structures in order to transform the
starting alcohol in a sulfonate, that acts as leaving group and reporter of the self-
immolative fragmentation. After the synthesis, their reactivity was evaluated under

biological mimicking conditions.
6.2.1 Synthesis of Grob fragmentation substrates

We started with modification of the nortropine ring to check whether Grob
fragmentation is practicable under mild physiological conditions. In fact, while this
structure is among the first examples reported by Grob in his work,[#6] due to its
interesting reactivity in organic solvents as synthetic scaffold, no reports are focused
on its reactivity in water or aqueous buffers.

Starting from commercially available N-Boc-nortropinone 36, compound 39, which
presents the correct configuration of the substituents to undergo Grob fragmentation,
was synthesized in three steps (Scheme 6.3).

NaBH,, EtOH, MsClI, NEt;

BocN BocN BocN
% ft, 2h %OH CH,Cly, rt, 2h %OMS
o B —— =
94% 61%
36 exo- 37 38
+
TFA, CH,Cl,,
BocN rt, 1h >99%
R?

HN oM
endo- 37 j/m/ s

39

Scheme 6.3: Synthesis of nortropinone derivative 39 for Grob fragmentation; only the entire
synthesis of exo isomer is reported, since it is the only substrate able to give the fragmentation
reaction.
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Compound 36 was treated with NaBH4 in EtOH to obtain alcohol 37 as a 1:1 mixture of
endo and exo isomers, which were separated by column chromatography.[63] At this
step, the assignation of the endo and exo compound was complicated by 'H signals
overlapping of H-3 and H-2 and 5, which complicates NOESY spectrum interpretation.
Consequently, both compounds were transformed into their methanesulfonyl
derivatives by treatment with MsCl and NEt3, giving compound 38 in a moderate yield.
At this point, NOESY studies were performed to determine which of the compounds
corresponds to the exo isomer. Afterwards, the Boc group of compound 38 was

removed by treatment with TFA in CH2Cl; to obtain compound 39.

Concerning the other structures tested (Figure 6.8), a similar synthetic pathway was
followed. As a difference, the methanesulfonate was substituted by a dansyl sulfonate
moiety as the leaving group. This modification was introduced because of the
interesting features of dansyl sulfonate. Its fluorescent properties can lead to a product
with potential biological application to monitor the release in cells or more complex
systems. The determination for dansyl sulfonate release could be used to study Grob
fragmentation reaction in cells. Moreover, to follow the reaction course by 1H-NMR, the
aromatic pattern of this group allows a more detailed study. Taking this into account,
commercially available 3-amino-2,2-dimethylpropan-1-ol was conveniently modified.
In this case, the presence of a primary amino group allowed the introduction of a second
substituent that can modulate the pK, of the amine, and consequently its protonation
state and its reactivity, at physiological pH. Also, hydroxyl group can be easily
transformed in the sulfonic ester derivative. In an attempt to increase the Grob
reactivity, the 2,2 dimethyl derivative was chosen instead of the structurally easier 3-
aminopropanol. In fact, considering the reaction mechanism, 4! this compound would
let to the formation of isobutylene as the resulting alkene. Such di-substituted olefin
represents a more thermodynamically stable by-product than ethylene, favouring in
this way the overall course of the reaction.

Taking these considerations into account, three different derivatives of 3-amino-2,2-

dimethylpropan-1-ol were synthesized.
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These structures were obtained in few steps, starting from commercially available 2,2-
dimethyl-3-(methylamino)propan-1-ol or 2,2-dimethyl-3-aminopropan-1-ol as
described in Scheme 6.4 and Scheme 6.5.

BocyO, NaHCO3 DNS-CI, pyr. IID’OC O
~ N ° ’ ’ (O /2
N OH CHiCN, Hy0, 1, 16h N o oot X o.
N OO 0°Cort, 18h g

®>  Boc

n
9 21% o ‘
2,2-dimethyl-3- o8%

(methylamino)

propan-1-ol 40 “
TFA, CHyClo, H\></ 0
1,2 h N O-¢ ~
4 — “ N
>99% 0 |
42

Scheme 6.4: synthesis of N-methylated derivative 42.

2,2-dimethyl-3-(methylamino)propan-1-ol was conveniently protected as the
corresponding Boc derivative under standard conditions, using Boc,0 and NaHCO3 in
CH3CN/H20 solvent to obtain compound 40 quantitatively. This alcohol was readily
transformed in the corresponding dansyl sulfonate using the appropriate dansyl
sulfonyl chloride in pyridine in a rather low yield (21% yield). After removing the Boc
group with TFA in CH:Cl;, compound 42 was obtained without need for further

purification.

Equally, benzylamine derivatives were obtained from the commercially available 2,2-
dimethyl-3-(amino)propan-1-ol. We thought that by inserting a group able to lower the
pK, of the secondary amine, an improvement on the reaction rate would be observed.
Benzylamine and pentafluorobenzyl amines were introduced at this purpose. In fact,
benzylamines have one unit pK, lower than other secondary amines (as an example:
benzylamine pK, is 9.33, while methylamine has a pK, of 10.63 at 25°C).[641 The
presence of a fluorinated benzene ring would lower the basicity of the amine thanks to
the electronegativity of fluorine atoms. Moreover, the introduction of fluorine it is well-

known to be relevant in medicinal chemistry.[65]
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To obtain such structures, a similar synthetic pathway to what previously described

was followed (Scheme 6.5).

1) RBr, THF, 1t, 7 h - R=‘g/\©
HN“XOH ) Boc,0, NaHCO, CHCN, 'T'%OH

H,0, tt, 16h, 55% Boc 4
3-amino-2,2-dimethyl
propan-1-ol F
R= % F
F F
F
44

Scheme 6.5: synthesis of protected secondary amines from 3-amino-2,2-dimethyl propan-1-ol.

First, secondary amines were obtained from commercially available amino-alcohols.
Mono alkylation was achieved by treatment of excess amine with corresponding alkyl
bromide to avoid undesired formation of tertiary amine. After 7 h at rt, the crude
reaction mixture was analysed by NMR, revealing the effective formation of the desired
mono alkylated product. Treatment of the crude with Boc;0 and NaHCO3 allowed the
protection of the secondary amine, as well as the quantitative recovery of 3-amino-2,2-
dimethylpropan-1-ol as Boc protected carbamate (Scheme 6.5).

The subsequent transformation of the alcohol to the dansyl sulfonate derivative and the
removal of the Boc group, following the conditions above described, afforded

compounds 47 and 48 in overall good yield (76% and 68%, respectively, Scheme 6.6).

H O
N \></O\ 4 O
Bn/ //S N/
O

(J
R. DNS-Cl, pyr, R TFA, CH,Cl,
N OH , pyr,
l% 0°Ctort, 18 h 'T'/WODNS ,1h a7
Boc —_— Boc I
>99 % H o)
/N O\ /7
PFB S N
2O

45,R =Bn, 76%
46, R = PFBn, 68%

48

Scheme 6.6: synthesis of dansyl sulfonate derivatives 47 and 48.



166

Chapter 6

Incubation of compounds 42, 47 and 48 in different buffers allowed the release of
dansyl sulfonate, which acts as the leaving group. As will be later described, the release
was induced by an intramolecular nucleophilic substitution, which is competitive with
the Grob fragmentation in these structures.

To avoid this problem, a cyclic derivative, based on 3-amino-cyclohexanol scaffold, was
synthesized. In this case, only the cis isomer displays the correct substituent
disposition. In one hand, this compound allows the Grob fragmentation, in the other
hand, the intramolecular nucleophilic substitution pathway is completely blocked due
to the disposition of the substituents. Again, the presence of the primary amine allows
modulation of the pK, depending on the substituents previously introduced.

Because in the case of 3-amino-propanol derivatives, benzyl derivatives 47 and 48
exhibited a greater reactivity compared to methylamine 42, we directly synthesized
cyclic analogues bearing benzyl substituents, as reported in Scheme 6.7. Moreover,
primary amine derivatives were synthesized, to check whether the absence of
substituents on nitrogen eventually influences the Grob fragmentation pathway.
Therefore, protected secondary amines were obtained from 3-aminocyclohexanol in
two steps with high yield to obtain compounds 49 and 50. Instead, the protected
primary amine was achieved directly by treating the starting material with Boc
anhydride. Alcohols 49, 50 and 51 were then converted to the dansyl sulfonate. For
alcohol 51, the conditions described above were successfully applied, giving, after
treatment with dansyl chloride in pyridine, compound 54 with 77% yield. When the
same conditions were applied to alcohols 49 and 50, sulfonate esters 52 and 53 were
obtained in poor yield (<10%). To obtain more amount of those compounds, sulfonate
ester formation was achieved using dansyl chloride and DMAP acting both as catalyst
and base, in CH3CN as solvent. In this case, a cleaner product was obtained, with higher
yield (50 % for compound 52 and 73% for compound 53 after purification by flash
column chromatography) in both cases.

Removal of Boc yielded substrates 55, 56 and 57 quantitatively (Scheme 6.7).
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Scheme 6.7: synthesis of cis-3-amino cyclohexanol derivatives.
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In order to confirm that the Grob fragmentation pathway is operating in the cis

derivative, the trans isomer was also prepared. According to the Grob mechanism above

explained, the fragmentation reaction is blocked due to an inappropriate orbital

overlapping. Thus, trans analogue 60, with the N-benzylamine, was synthesized as

previously described for its analogue compound (Scheme 6.8).
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Scheme 6.8: synthesis of trans cyclohexanol derivative.

The removal of the lone pair availability on the amine should block the fragmentation.
To prove this hypothesis, derivative 55 was acetylated by treating it with pyridine and
acetic anhydride in CH2Cl,. After column purification, compound 61 was obtained in

72% yield (Scheme 6.9).

0
- O \\S/O N CH,Cly, rt, 16h O 0
N A\ —_—
| O © U 72% O
>N
55 61

Scheme 6.9: synthesis of N-acetylated derivative 61.

All compounds synthesized in this section were tested to determine whether they can

undergo Grob fragmentation under mild conditions, mimicking typical biological ones.
6.2.2 Study of the reactions under biological conditions
In Figure 6.9 the structures of the compounds tested in this section are shown. All of

them present a three-carbon atom chain with the substituents in the appropriate

disposition.
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(compound 39) derivatives (compounds 42, 47 and 48) cis-3-
aminocyclohexanol

derivatives (compounds
55,56 and 57)

Figure 6.9: structures of the compounds tested. In yellow it is highlighted the three-carbon atom
chain, in violet the nucleophile and in cyan the leaving group.

We started our study with compound 39, which was incubated in mixtures MeOH and
an aqueous buffer at different pH values. The buffers tested were PBS at pH 7.4 and
NaPi buffers at pH 8.0 and pH 9.3. In those basic buffers the amine would be
deprotonated in different percentages, suggesting that a different reactivity will be
observed.

The reaction mixtures were incubated overnight at 37 °C. Afterwards, they were
concentrated and a 'H NMR of the crude was recorded.

While compound 39 is completely stable at pH 7.4, some fragmentation is observed at
pH 8 and no starting material is observed at the highest pH 9.3, due to complete
fragmentation. As an example, in Figure 6.10 the NMRs deriving from overnight
reaction in PBS and NaPi buffer at pH 8.0 are reported. While in the upper spectrum
just clean starting material is observed, a more complex spectrum results from
incubation at pH 8.0. While there is still starting material present (signals highlighted
with blue dots), the typical terminal alkyne pattern is also observed (signals highlighted
with green dots) between 5 and 6 ppm. These signals are indicative of the Grob
fragmentation. Also, singlet of methanesulfonate is observable around 2.7 ppm (pink

dot).
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Figure 6.10: a) Grob fragmentation products obtained from compound 39; b) 1H-NMR of reaction
of compound 39 in PBS buffer (upper panel) and in NaPi buffer (0.1 M, pH 8, lower panel).

Therefore, we can conclude that the reaction has a pH dependent profile and that this
structure can undergo fragmentation to release, in this case, methansulfonate.
However, the reaction with structure 39 is not compatible with physiological
conditions. In fact, the reaction occurs in aqueous systems at 37 °C, but only at pH > 8,
which is not typically found in biological systems (if we exclude mitochondria, where
pH can reach values as high as 8).[66] Thus, the Grob substrate need to be improved by
modulating the pK, of the amine. Nortropine skeleton does not allow such structure
tuning because the introduction of a substitution on nitrogen yields a tertiary amine
that cannot be further functionalized as an amide or carbamate. This latter
functionalization is essential to control the release in vivo properly.

For this reason, 3-aminopropanol derivatives were synthesized and studied. These
compounds should be easy to functionalize and the free amine can be alkylated allowing

modulation of its reactivity.
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The reactivity of this compound was evaluated by 1H-NMR spectroscopy, since it allows
a better study and characterization of the products formed during the reaction.

Compounds 47, 48 and 42 were incubated in deuterated buffer and CD30D to achieve
complete solubility and 1H-NMR spectra were recorded at different times, depending
on the reaction rate. The buffers used for the study were PBS, NaPi pH 6 and NaPi pH 8.
Starting from compound 42, as expected its behaviour was similar to that of compound
39. Dansyl sulfonate was released starting from pH 8.0, although in this case the
reaction is faster to the previous compound. After 12 hours incubation in NaPi buffer at
pH 8.0, > 95% of dansyl sulfonate was deconjugated. However, in PBS buffer, no
reactivity was observed even after 20 hours incubation. Nevertheless, the reaction that
produces the release of the living group is an intramolecular nucleophilic substitution
and not the desired Grob fragmentation (Figure 6.11 a). Azetidine 62 by-product was
observed both in TH-NMR spectra and by MS-ESI analysis of the reaction (Figure 6.11
b and c). The observed ring closing reaction could be due to the presence of a gem-
disubstitued effect (Thorpe-Ingold effect) that forces the amino and sulfonate group to
be close to each other.l671 Notably, the intramolecular nucleophilic substitution is

favoured, despite the formation of a highly tensioned 4-membered ring.
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Figure 6.11: a) competitive reactions occurring on compound 42; b) MS-ESI spectra of
the reaction crude after 20 hours incubation in NaPi buffer (0.1 M, pH 8.0); c) tH-NMR
spectrum of the reaction mixture, recorded in CD30D.

In an attempt to increase the reactivity of such substrates, by reducing the amount of
protonated amine at neutral pH, and to prevent the intramolecular nucleophilic
substitution by increasing the steric hindrance, benzyl and pentafluorobenzyl

substituents were installed on the nitrogen atom (compounds 47 and 48). The
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behaviour of those compounds was studied in deuterated NaPi buffers at pH 8.0 and 6.0
and in PBS at pH 7.4. Both derivatives were able to release dansyl sulfonates in those
buffers, even at pH 6.0, proving the positive effect of benzyl substituents on amino
group reactivity. For example, at pH 6.0 almost complete release of the sulfonate was
observed after 24 hours, as determined by 'H-NMR spectroscopy for both compounds.
For compound 48, the reaction was complete in only 6 hours, even at pH 6.0, while for
compound 47, 20 hours were needed to complete the reaction. Despite the increased
rate of dansyl sulfonate release, the introduced substitutions did not shift the reaction
pathway towards the Grob fragmentation, and the release of the sulfonate was
triggered by the intramolecular nucleophilic substitution. In fact, by 1H-NMR it was
clear the appearance of the signals of corresponding azetidines, together with dansyl

sulfonate (Figure 6.12).

n

o) H NaPi buffer, F
N ,O\></N CH3CN, 37 °C +
~ S F e
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63 ® DNS-SO,H
°
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UL A J N 1
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Figure 6.12: reaction pathway followed by compound 48, incubated in CD30D/ deuterated NaPi
buffer (0.1 M, pH 6.0) at 37 °C (top); H NMR of the reaction recorded at 300 MHz after 6 h
incubations. Signals of azetidine 63 are observed between 1.0 and 4.5 ppm, and DNS-SOsH is
observed in the aromatic region. A similar behaviour is observed for analogue compound 47.

These compounds do not represent the appropriate substrate for Grob fragmentation,

but it can be interesting taking advantage of this fast cyclization reaction for the efficient
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release of biologically interesting compounds. Moreover, these results showed how
different reactivities could be obtained by carefully tuning the substituent. For example,
the installation on the amine of groups that lower its pK, could allow the reaction in
slightly acidic conditions, as the ones encountered in tumour microenvironment and in
some intracellular compartments.[68]

To move towards the Grob fragmentation and avoid intramolecular nucleophilic
substitution, cyclic analogues were synthesized, based on the structure of 3-
aminocyclohexanol (Figure 6.8). The formation of a highly tensioned bicyclic
compound, bearing both substituent in an equatorial position, would completely
prevent the intramolecular nucleophilic substitution in these derivatives.

Reactivity of compounds 55, 56 and 57 was then studied at different pH values. 1H
NMRs of these compounds were recorded at 0, 24 and 48 h of incubation, showing that
compounds 55 and 56 undergo fragmentation of the cyclohexane skeleton allowing the
release of the sulfonate.

1H-NMR spectra of the reaction of compound 56 in deuterated PBS buffer (pH 7.4) is
reported in Figure 6.13. The reaction was monitored at 0, 24 and 48 h of incubation. A
zoom-in of the region between 5 and 10 ppm is reported, where the most important

variation in the 1H-NMR are observed.
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Figure 6.13: Grob fragmentation on compound 56 (top); NMRs of the reaction after 0, 24 and 48
hour-time incubation in deuterated PBS buffer (pH 7.4, bottom).

By analysing these 'H-NMRs it is clear that the solvolysis of compound 56 is due to a
fragmentation of cyclohexane ring. The peak at around 10.1 ppm can be clearly
attributed to aldehyde 64, resulting from the hydrolysis of the imine, which is the first
product of the fragmentation. Also, new aromatic protons appear and correspond to
dansyl sulfonic acid. In the region between 5 and 6 ppm it is observed the presence of a
typical terminal alkene pattern, resulting from the cleavage of C-2 and C-1 bond.

Integration of the aromatic signals of dansyl sulfonate in the aromatic region can be

used to determine the rate of the reaction. This integration is more accurate than
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relying on other signals such the aldehyde proton, that might be in equilibrium with its
hydrated form and the imine. In this case, 69% of dansyl sulfonate is released starting
form compound 56 (-NHPFB) after 48 hours in PBS buffer. A similar reactivity is
observed for compound 55 (-NHBn),

On the contrary, the compound 57 (with the primary amine, -NH;) does not react
through this route, being much more stable under the same conditions. This could be
attributed to a higher pKa of this primary amine.

Study of the reaction in buffers at different pHs displays the pH dependent profile of the
reaction. If we compare the reactivity of the compounds in PBS at pH 7.4 and in NaPi
buffer at pH 8.0 the amount of fragmentation products is more or less the same for the
two benzylated compounds 55 and 56. On the contrary, at pH 6.0 the amount of dansyl
sulfonate released is lower for the two compounds, even if a significative release is still
observed (Figure 6.14).

Compound 56 represents the more unstable compound under the conditions tested,

due likely to its lower pKa.

NaPibuffer (0.1 M, pH 6) PBS buffer
120 1 120 -
;\:100 < o X 100 o e -0 57
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Figure 6.14: release of dansyl sulfonate from compounds 55 (NHBn), 56(-NHPFB) and 57 (-
NH2).

As a control to determine if Grob fragmentation is the preferred reactivity pattern for
this class of compound, analogue trans-3-aminocyclohexanol 60 was tested under the
same conditions. Only the reactivity in PBS buffer (pH 7.4) was evaluated, since
previous experiments showed that the isomer 55 was reactive in such reaction

conditions.
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The reactivity was evaluated again by NMR and as expected structure 60 was not able
to give fragmentation under the same conditions. The 1H NMR spectrum displays some
changes between time 0 and time 48 hours (Figure 6.15 a). This can be due to some
conformational equilibrium of the structure, that does not present a preferred
conformation, or there might be some spontaneous hydrolysis. However, the Grob
fragmentation is not observed, since peaks of the products deriving from this reaction
are not observed here. This lack of reactivity of compound 60, due to an incorrect
orbital overlapping, suggests that in the other compounds Grob fragmentation was

observed.

To develop a strategy that would allow the control of the Grob fragmentation in vivo,
the stability of compound 61 (Scheme 6.9, -NAcBn) in PBS was evaluated. A priori, the
formation of the amide bond would cause the delocalization of electron pair of the
nitrogen, reducing or completely preventing the reactivity previously observed on
compound 55. Incubation of N-acetyl compound 61 in PBS showed that this compound
is actually stable in PBS, suggesting that the formation of an amide could be a strategy
to selectively block and control the Grob fragmentation. In fact, as observed in the NMR
(Figure 6.15 b), after 48 hours incubation there is almost no modification of the
aromatic region, suggesting that sulfonate is intact and this compound is stable.
However, some new signals are appearing, probably due to spontaneous hydrolysis, but

the release rate is significantly slower.
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Figure 6.15: a) 1H NMR of compound 60 incubated in CH3CN and PBS buffer at 0, 24 and 48 h.
b) stability of compound 61 in PBS buffer at 37 °C at 0, 24 and 48 h. In both cases, no peaks
diagnostic of Grob fragmentation pathway, such as aldehyde and terminal double bond protons,
are detected.

Therefore, it has been demonstrated that cyclohexanol structure is suitable for the
controlled release of sulfonates via Grob fragmentation. Switching from the free amine
to the amide or carbamate (we expect to have the same stability of the amide) decreases
the rate of the reaction by completely blocking the fragmentation. In this way, a strategy
to control the release was developed, and then it was applied to the release of a drug,

as will be explained in the following section.

6.3 Application to the controlled release of Crizotinib

Compound 50 (for the synthesis see Scheme 6.7) was chosen as the starting material
to synthesize the finale compound for controlled drug release via Grob fragmentation.
As the drug will be released in form of the sulfonate derivative, Crizotinib was chosen
as amodel for this application. This drug has a nanomolar toxicity on several cancer cell
lines by inhibiting phosphotyrosine kinases, such as c-MET, ALK and ROS1.1691 It is
important that the small variation that will be introduced in the structure of the drug
does not affect its final toxic effect. In the case of Crizotinib, crystal structures of this
compound bound to c-MET and ROS1 showed that in the recognition process 2-

aminopyridine ring plays a pivotal role, while the piperidine ring stays out from the
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binding pocket and exposed to the solvent (Figure 6.16).[7071 Therefore, introducing a
small structural variation in this part of the molecule probably would not interfere with

its properties as inhibitor and its toxicity.
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Figure 6.16: X-ray structure of Crizotinib bound to ROS1. The protein is shown as green ribbons
and the ligand as sticks.

Moreover, Crizotinib is easy to functionalize, thanks to the reactivity of its piperidine
ring. Our retro-synthetic strategy involved an aza-Michael addition of Crizotinib on a
vinyl sulfonate, prepared in one step from precursor 50 (Scheme 6.10).

Alcohol 50 was transformed into the corresponding sulfonate using vinyl sulfonyl
chloride, in presence of triethylamine and DMAP to catalyse the reaction. After
purification, compound 66 was obtained in 87% yield. This transformation allowed the

introduction in the Grob fragmentation scaffold of a highly reactive Michael acceptor.

vinylsulfonyl chloride, i
F F Boc DMAP, NEt;, F F Boc
,{,,, OH 0°Ctort,1.5h ,{,/, oL
F : : F : TS A
87% 4
F F o
66

50

Scheme 6.10: synthesis of vinyl sulfonate 66 for Michael reaction with Crizotinib.
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In fact, reaction of 66 with Crizotinib, in presence of catalytic amount of NEt3 in a
CH:Clz/iPrOH mixture yielded pure adduct 67 in excellent yield (95%) after
purification by column chromatography. After removing the Boc protecting group,
compound 68 was obtained in 99% yield and acts as the substrate for Grob

fragmentation (Scheme 6.11).
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Scheme 6.11: Synthesis of Criztonib pro-drug releasable via Grob fragmentation.

Once obtained compound 68, Crizotinib liberation was monitored by UPLC-MS. Both
compound 67 and 68 were tested at this purpose. From this study, it is expected that
derivative 68 would release sulfonate 69, while the presence of the Boc carbamate in

67 would prevent the reaction (Scheme 6.12).
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Scheme 6.12: release of Crizotinib analogue 69 from compound 67.

To test this hypothesis, both compound 67 and 68 were incubated in PBS buffer at 37
°C and the solutions were analysed by UPLC to monitor liberation of dansyl sulfonate
group. As expected, after 24 hours incubation, it was detected the release of sulfonate
69 from compound 68, but not from compound 67 (Figure 6.17).

Regarding reactivity of compound 68, comparing chromatograms registered directly
after incubation, with the one registered after 24 hours incubation in PBS buffer at 37
°C, itis clear that peak at retention time 1.4, corresponding to compound 68 decreases.
The peak increasing at retention time 1.3 corresponds to the released sulfonate 69.
Such peak is not detected in chromatograms with compound 67, indicating that the

Grob fragmentation cannot undergo as a consequence of amine protection.
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Figure 6.17: UPLC-UV chromatograms of the reaction of compound 68 in PBS buffer at 37 °C.
In grey it is reported the chromatogram at time 0, in cyan it is represented the chromatogram
after 24 hours incubation.

6.3.1 Synthesis of Grob fragmentation scaffold with cathepsin B
triggered release for conjugation with antibodies

To apply the Grob fragmentation release strategy to the controlled liberation of drugs
from antibodies, the synthesis of a suitable compound for ADC conjugation was
designed. In order to obtain such structure, compound 70 was synthesized (Figure
6.18). This compound presents the carbonyl acrylamide tag for reaction with cysteine,
Val-Cit dipeptide paired with the PABA and Grob fragmentation spacer for enzymatic

triggered release and finally toxic Crizotinib as the active compound.
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Figure 6.18: structure of the compound for ADC synthesis. Carbonyl acrylamide tag for reaction
with cysteine is highlighted in blue. To trigger the release a Val-Cit linker is inserted (green)
coupled with PABA (black) and Grob fragmentation (violet) self-immolative spacers. Crizotinib
(red) serves as the active compound.

To obtain this compound, adequately activated valine-citrulline linker was synthesized.
Starting from commercially available Boc protected valine, its carboxylic acid was
activated as N-hydroxy succinimide ester using N-hydroxy succinimide (NHS) and N,N'-
Dicyclohexylcarbodiimide (DCC) in tetrahydrofuran (THF) for 16 hours. Compound 71
was obtained in quantitative yield and then reacted with Citrulline using NaHCO3 in
DME and H;O for 16 h. Thus, Boc protected dipeptide 72 was obtained in 75% yield.
Free acid was then reacted with PABA-OH, using N-Ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ) as activating agent. For amide bond formation with citrulline
it is important to use this coupling reagent since it avoids citrulline epimerization.[7Z]
As a result, compound 73 was obtained with 77% yield after purification by column
chromatography. Alcohol was then activated as a 4-nitrophenol carbonate, by using bis-
4-nitrophenol carbonate and DIPEA in DMF. Activated linker 74 was obtained with 57%

yield after column chromatography purification (Scheme 6.13).
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Scheme 6.13: synthesis of activated Val-Cit linker 74 for compound 70 synthesis.

Once obtained the activated carbonate, it was reacted with secondary amine 68 to give
carbamate 75 in presence of DIPEA and HOAt, which is fundamental to increase the
reaction yield. Afterwards, Boc protecting group was removed by treatment with TFA
to afford amine 76, which was reacted with trans-3-benzoyl acrylic acid, IBCF and NMM
to give amide 70. This compound features the desired carbonyl acrylate moiety for
reaction with cysteine (Scheme 6.14).

As a next step, and out of the scope of this Thesis, this compound will be conjugated

with antibodies to allow targeted delivery of Crizotinib to cancer cells.
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Scheme 6.14: synthesis of compound 70 for ADC synthesis.

6.4 Conclusions

Considering the importance of self-immolative spacers in chemical biology and pro-
drug synthesis, in this chapter a new degradable linker based on the Grob
fragmentation was developed. After synthesizing and screening different structures

(Figure 6.9), it was observed that only 3-amino cyclohexanol and nortropine
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derivatives efficiently fragment under the reaction condition tested. Among them,
benzylated derivatives 55 and 56 were the substrates that gives faster reaction and
allows the release of fluorescent dansyl sulfonate even at pH 6.0. In particular,
compound 56 was the compound with highest release rate at this slightly acidic pH. It
is important to consider the pH at which the reaction is performed, especially
depending on the cellular compartment or tissue that is going to be targeted. According
to our results, Grob reaction can occur at pH around 6.0, typically found in endosomes
and lysosomes. The results derived from the study of the reactivity by NMR suggest that
a structure derived from compound 56 would be the best candidate for a self-
immolative spacer to use in drug delivery.

For this reason, this structure was used to generate a pro-drug from Crizotinib, a potent
phosphotirosine kinase inhibitor used in cancer therapy. We have demonstrated that
from compound 67 a potentially toxic Crizotinib analogue can be released, while no
reaction was observed with the variant 68, which presents a protected amine group.
This result showed that Grob fragmentation substrates could be used as new self-
immolative spacers in drug release. The reaction occurs spontaneously in physiological
buffers at different pHs but can be easily controlled by protecting the free amine, which
promotes the reaction.

On this basis, Grob fragmentation scaffold was equipped with a valine-citrulline linker,
susceptible to cathepsin B enzyme protease activity, obtaining compound 70. Such
structure is bearing also a carbonyl acrylamide moiety for conjugation with cysteine in
antibodies and proteins.

Therefore, a drug targeted delivery system that relies on Grob fragmentation for the
controlled drug release has been prepared and will be conjugated to antibodies in the

near future.
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6.5 Experimental section

6.5.1 Synthesis

General procedure for secondary amines synthesis (General procedure A)

To a solution of primary amine (5 equiv.) in THF (0.2 M), the appropriate alkyl bromide
(1 equiv.) was added at 0 °C. The reaction was allowed to reach room temperature and
after complete starting material consumption, the crude mixture was directly

evaporated and used for the following reaction without further purification.

General procedure for Boc protection of secondary amines (General procedure
B)

The secondary amine was dissolved in a CH3CN:H20 2:1 mixture (0.15 M) and to the
resulting solution NaHCO3 (2.5 equiv.) and Boc20 (1.3 equiv.) were added. The reaction
was stirred 16 hours at room temperature, and then stopped by diluting with Et,0 and
washing with H;0. Organic phase was dried with Na,SO0y, filtered and concentrated, and
the resulting crude was purified by column chromatography to give Boc-protected

compound.

General procedures for Dansyl sulfonate formation

General procedure C: Alcohol (1 equiv.) was dissolved in dry pyridine (0.2 M) under
inert atmosphere and cooled at 0°C. To this solution dansyl chloride (3 equiv.) was
added and the reaction was stirred overnight at room temperature. Afterwards, the
crude mixture was concentrated to dryness and purified by column chromatography,

to give pure dansyl sulfonates.

General procedure D: Alcohol (1 equiv.) and DMAP (3 equiv.) were dissolved under
N2 atmosphere in dry CH3CN (0.1 M). Then, dansyl chloride (3 equiv.), dissolved in
anhydrous CH3CN (0.3 M), was added dropwise to the reaction mixture and stirred 16

hours at room temperature under inert atmosphere. The reaction was controlled by
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TLC, and, when complete, it was concentrated to dryness and the crude solid was

purified by FCC.

General procedure for Boc deprotection (General procedure E)

N-Boc protected amines were treated with a 15% solution of TFA in CH2Cl; (0.05 - 0.1
M). Reaction was checked by TLC, and when complete it was evaporated to dryness by
using toluene to co-evaporate TFA. The crude product was used without further

purification for the following experiments.

Synthesis of compound exo-37
) A solution of N-Boc-tropinone 36 (920 mg, 4.44 mmol) in EtOH (44
BocN-1
% mL) was cooled at 0 °C and treated with NaBH4 (335 mg, 8.88
7 OH

; mmol). The reaction was warmed at room temperature and after
2 hours a TLC (AcOEt:Hexanes 1:1) showed the disappearance of
starting material. The reaction was quenched by adding H,0 (40 mL) and then let
stirring 10’ at room temperature. After that, EtOH was evaporated and compound was
extracted with AcOEt (3 x 50 mL). Organic phase was washed with brine (50 mL), dried
over NazSO0, filtered and concentrated. Crude compound were purified by column
chromatography (AcOEt:Hexanes 1:2) giving endo-37 (425 mg, 1.87 mmol, 42%) and
ex0-37 (459 mg, 2.01 mmol, 45%). HRMS (ESI+) m/z: calcd. for C12H21NNaO3z [M+Na]*
250.1414; found 250.1420. Spectroscopic data for compound exo-37: 1H NMR (300
MHz, CDCl3) 6 (ppm): 4.17 (brs, 2H, H-1, H-5), 4.10 - 3.96 (m, 1H, H-3) 2.70 (m, 1H, OH)
1.92 - 1.84 (m, 4H, H-2, H-4, H-6, H-7), 1.59 - 1.46 (m, 4H, H-2, H-4, H-6, H-7) 1.42 (s,
9H, Boc). 13C NMR (75 MHz, CDCl3) 6 (ppm): 153.3 (C=0), 79.4 (Cq, Boc), 63.6 (CH-3),
52.9 (2C, CH-1, CH-5), 40.3 (2C, CH2-2,CHz-4), 28.5 (3C, CH3 Boc), 28.2 (2C, CH2-6, CH2-
7).

Synthesis of compound 38
BocN ex0-37 (109 mg, 0.48 mmol) was dissolved in anhydrous CH;Cl;
W)m/OMS (2 mL) under inert atmosphere. To this solution MsCl (48 pL, 0.62
mmol) and NEt3 (133 pL, 0.96 mmol) were added at 0 °C, and the

reaction was then warmed at room temperature. After 1 hour, a TLC control showed
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the complete consumption of starting material. The reaction was then diluted with
CH:Clz (50 mL) and washed with H,0 (2x20 mL). The crude compound was purified by
column chromatography (AcOEt:Hexanes 1:1) to give pure compound 3 (90 mg, 0.29
mmol, 61% yield). HRMS (ESI+) m/z: calcd. for C13H23NNaOsS [M+H]* 328.1189, found
328.1190. 'H NMR (400 MHz, CDCl3) 6 (ppm): 5.02 (m, 1H, H-3), 4.23 (brs, 2H, H-1, H-
5), 2.97 (s, 3H, OMs), 2.04 (brs, 2H, H-2, H-4), 1.96 (brs, H-6, H-7), 1.83 (brs, 2H H-2, H-
4),1.65 -1.63 (m, 2H, H-6, H-7), 1.44 (brs, 9H, Boc). 13C NMR (101 MHz, CDCl3) & (ppm):
153.1 (€C=0), 79.8 (Cq, Boc), 75.1 (CH-3), 52.7 (2C, CH-1, CH-5), 39.6 (CH3, OMs), 37.8
(2C, CH2-2,CHz-4), 28.2 (3C, CH3 Boc), 27.9 (2C, CH2-6, CHz-7).

Synthesis of compound 39

HN Following General Procedure E compound 39 was obtained from

OMs  3g (50 mg, 0.13 mmol) in quantitative yield (40 mg, 0.13 mmol).

HRMS (ESI+) m/z: calcd. for CgH16NO3S [M+H*] 206.0845, found
206.0852. 1H NMR (300 MHz, CDCl3) § (ppm): 5.07 - 4.96 (m, 1H, H-3), 4.17 - 4.16 (m,
2H, H-1, H-5), 3.16 (s, 3H, OMs)) 2.42 - 2.34 (m, 2H, H-2, H-4), 2.18 - 2.01 (m, 6H, H-2,
H-4, H-6, H-7). 13C NMR (75 MHz, CDCl3) 6 (ppm): 71.7 (CH-3), 54.7 (2C, CH-1, CH-5),
36.9 (CH30OMs), 34.9 (2C, CH2-2,CH2-4), 25.4 (2C, CH2-6, CH2-7).

Synthesis of compound 40

Compound 40 was obtained from 2,2-dimethyl-3-
HO/1>2<3\ M /k (methylamino)propan-1-ol (100 mg, 0.85 mmol) following
General Procedure B. Purification of the crude with
AcOEt:Hexanes 1:4 gave compound 40 with 78 % yield (144 mg, 0.66 mmol). 1H NMR
(300 MHz, CDCl3) & (ppm): 3.10 (s, 2H, H-1), 3.02 (s, 2H, H-3), 2.86, (s, 3H, NCH3) 1.42
(s, 9H, Boc), 0.84 (s, 6H, CH3). 13C NMR (101 MHz, CDCl3) 8§ (ppm): 157.8 (C=0), 80.2
(Cq, Boc), 67.8 (CHz2-1), 56.0 (CH2-3), 38.0 (2C, NCH3, Cq-2), 28.3 (3C, CHg3, tBu), 23.3 (2
CH3). MS (ESI+) m/z 316.18 (MNa*).
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Synthesis of compound 41

Compound 41 was obtained following General
Procedure C, using 40 (36 mg, 0.16 mmol) as starting
material. Compound 41 was obtained after purification
by column chromatography (AcOEt:Hexanes 1:5) with
21% yield (15 mg, 0.03 mmol). 1H NMR (300 MHz, CDCl3)
S (ppm): 8.62 (d, /=8.5 Hz, 1H, H-DNS), 8.34 - 8.24 (m, 2H, H-DNS), 7.67 - 7.50 (m, 2H,
H-DNS), 7.22 (d, J=7.5 Hz, 1H, H-DNS), 3.71 (s, 2H, H-1), 3.07 (s, 2H, H-3), 2.91 (s, 6H,
CHz-DNS), 2.79 (s, 3H, NCH3), 1.38 (s, 9H, CH3z Boc), 0.88 (s, 6H, CH3s). 13C NMR (75 MHz,

CDCI3) (due to the presence of Boc rotamers, some carbon peak are splitted) & (ppm):
156.6, 156.1 (C=0), 151.8 (Cq), 131.6 (CH-DNS), 131.2 (Cq), 130.5 (CH-DNS), 129.9
(Cq), 129.8 (Cq), 128.6 (CH-DNS), 123.0 (CH-DNS), 119.4 (CH-DNS), 115.6 (CH-DNS),
79.9, 79.4 (Cq, Boc), 77.2 (CH2-1) 56.6, 55.9 (CH2-3), 45.4 (2C, CH3-DNS), 37.7, 37.5 (2
C, NCH3, Cq-2), 28.3 (3C, CH3Boc), 22.8 (2C, CHz). MS (ESI+) m/z 451.56 (MH*).

Synthesis of compound 42

Compound 42 was obtained from compound 41 (57 mg,

_N 0.13) following General Procedure E, with quantitative

_O yield (44 mg, 0.13 mmol). HRMS (ESI+) m/z: calcd. for
o]

g \ C1gH27N203S [M+H]+ 351.1741, found 351.1734. 'H NMR

- -

¢k (300 MHz, CDs0D) & (ppm): 8.69 (dd, j=8.6, 1.1 Hz, 1H-DNS),
8.45 (dt, J=8.7, 0.9 Hz, 1H, H-DNS), 8.38 (dd, /=7.4, 1.2 Hz, 1H, H-DNS), 7.79 - 7.74 (m,
2H, H-DNS), 7.61 (dd, J=7.8, 1.0 Hz, 1H, H-DNS), 3.85 (s, 2H, H-1), 3.11 (s, 6H, CH3-DNS),
2.91 (s, 2H, H-3), 2.67 (s, 3H, -NCH3), 0.96 (s, 6H, CH3). 13C NMR (75 MHz, CDs0D) &
(ppm): 148.0 (Cq), 131.2 (Cq), 131.1 (CH-DNS), 130.2 (CH-DNS), 129.5 (Cq), 128.6 (Cq),
128.5 (CH-DNS), 124.2 (CH-DNS), 121.5 (CH-DNS), 116.9 (CH-DNS), 75.7 (CHz-1), 55.9
(CH,-3), 45.0 (2C, CH3-DNS) , 34.0 (Cq-2), 33.8 (-NCHs), 20.6 (2C, CHs).

Synthesis of compound 43
Compound 43 was obtained following General Procedures A

HO/><\N
2\ and B. First, the secondary amine was obtained by using 3-
o~ ©O

amino-2,2-dimethylpropan-1-ol (150 mg, 1.45 mmol) and
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benzyl bromide (35 pL, 0.29 mmol). Crude secondary amine was protected with Boc
following General Procedure B. Purification of the crude by column chromatography
(AcOEt:Hexanes 1:4) gave compound 43 with 98% yield over two steps (84 mg, 0.29
mmol). 1H NMR (400 MHz, CDCl3) 6 (ppm): 7.34 - 7.31 (m, 2H arom.), 7.28 - 7.24 (m,
1H arom.), 7.16 - 7.15 (m, 2H arom.), 4.58 - 4.34 (m, 3H, CH,Ph), 3.21 (d, J=7.3 Hz, 2H,
H-1), 3.11 (brs, 2H, H-3, OH), 1.39 (s, 9H, Boc), 0.91 (s, 6H, CHz). 13C NMR (101 MHz,
CDCI3) 6 (ppm): 157.9 (C=0), 138.3 (Cq arom.), 128.5 (2C, CH arom.), 127.1 (CH arom.),
126.7 (2C, CH arom.), 80.8 (Cq, Boc), 68.0 (CH:-1), 53.6, 53.4 (2 CHz, CH2Ph, CH-3), 38.2
(Cq-2), 28.2 (3 CHs, tBu), 23.5 (2 CH3). MS (ESI+) m/z 316.18 (MNa*).

Synthesis of compound 44

Compound 44 was obtained following General Procedures
F F Boc A and B. First, the secondary amine was obtained by using 3-
F N%/OH amino-2,2-dimethylpropan-1-ol (197 mg, 1.91 mmol) and
2,3,4,5,6-pentafluorobenzyl bromide (57 pL, 0.38 mmol).
Crude secondary amine was protected with Boc following General Procedure B.
Purification of the crude by column chromatography (AcOEt:Hexanes 1:4) gave
compound 44 with 55% yield over two steps (80 mg, 0.21 mmol). 1H NMR (400 MHz,
CDCl3) 6 (ppm): 4.54 (brs, 2H, CH,PFB), 3.18 - 3.13 (m, 4H, CH»-1, CH2-3) 1.41 (s, 9H,
Boc), 0.93 (s, 6H, CHz). 13C NMR (101 MHz, CDCl3) 6 (ppm): 156.7 (C=0), 81.7 (Cq, Boc),
67.9 (CH2-1), 53.6 (CH2-3), 42.1 (CH2PFB), 38.3 (Cq-2), 28.1 (3C, CHz Boc), 23.3 (2C,
CH3); quaternary C-F carbon are not detected. 1°F NMR (282 MHz, CDCl3) § (ppm): -
141.43 (dd,J=22.2, 8.2 Hz, 2F),-154.55 (t,/=20.8 Hz, 1F),-161.91 (td, J=22.1, 8.0 Hz, 2F).
MS (ESI+) m/z 406.13 (MNa*).

Synthesis of compound 45
Compound 45 was obtained following General
\*/ Procedure C, using 43 (73 mg, 0.25 mmol) as
O 0 /OQQO\N?OMQ starting material. Compound 45 was obtained
N O S\b after purification by column chromatography
| (AcOEt:Hexanes 1:4) with 76% yield (100 mg,
0.19 mmol). HRMS (ESI+) m/z: calcd. for C9H3sN2NaOsS [M+Na]* 549.2394; found
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549.2386.1H NMR (400 MHz, CDCI3) § (ppm): 8.61 (d, /=8.5 Hz, 1H, H-DNS), 8.28 - 8.23
(m, 2H, H-DNS), 7.56 - 7.50 (m, 2H, H-DNS), 7.30 - 7.19 (m, 4H, H-arom., H-DNS), 7.17
-7.08 (m, 2H, H-arom.), 4.38 (brs, 2H, CH2Ph), 3.74 (s, 2H, CHz-1), 3.11 (CH2-3), 2.90 (s,
6H, CHs-DNS), 1.38 - 1.31 (brm, 9H, Boc), 0.88 (s, 6H, CHz). 13C NMR (75 MHz, CD30D)
(due to the presence of Boc rotamers, some carbon peaks are splitted) § (ppm): 156.6
(C=0), 151.5 (Cq), 138.6, 137.9 (1C, Cq), 131.5 (CH-DNS), 131.3 (Cq) 130.6 (CH-DNS),
129.9, 129.8 (Cq), 128.7 (CH-DNS), 128.5 (2C, CH-arom.), 127.4, 127.1, 126.8 (3C, CH
arom.), 123.2 (CH-DNS), 119.6 (CH-DNS), 115.7 (CH-DNS), 80.3 - 79.9 (Cq Boc), 77.6
(CH2-1), 53.5,53.2,52.8, 51.8 (2C, CH-Ph, CH2-3), 45.5 (2C, CH3-DNS), 37.6 (Cqg-2), 28.2
(CH3zBoc), 23.0 (2C, CH3).

Synthesis of compound 46

Compound 46 was obtained following General
o) o-8 0 Procedure C, using 44 (61 mg, 0.16 mmol) as starting
j_/ Q N/ material. Compound 46 was obtained after purification
by column chromatography (AcOEt:Hexanes 1:4) with
F F 68% yield (67 mg, 0.11 mmol). HRMS (ESI+) m/z: calcd.
FF for Cz9H34FsN20sS [M+H]* 617.2103, found 617.2100. H
NMR (400 MHz, CDCl3) § (ppm): 8.62 (d, J=8.5 Hz, 1H, H-DNS), 8.33 - 8.07 (m, 2H, H-
DNS), 7.67 - 7.46 (m, 2H, H-DNS), 7.16 (d, /J=7.6 Hz, 1H, H-DNS), 4.28 (brs, 2H, CH,PFB),
3.76 (s, 2H, H-1) 3.10 (brs, 2H, H-3) 2.91 (s, 6H, CH3-DNS) 1.33 (brs, 9H, Boc), 0.95 (s,
6H, CHz). 13C NMR (75 MHz, CDCl3) § (ppm): 155.2 (C=0), 151.8 (Cq), 131.7 (CH-DNS),
131.1 (Cq), 130.6 (CH-DNS), 129.8 (Cq), 128.6 (CH-DNS), 123.0 (CH-DNS), 119.1 (CH-
DNS), 115.3 (CH-DNS), 80.8 (Cq, Boc), 76.8 (CH:-1), 54.4 (CH2-3), 45.4 (2C, CH3-DNS),
41.7 (CH2PFB), 37.6 (Cg-2), 28.1 (3C, CH3 Boc), 22.8 (2C, CH3); quaternary C-F carbon
are not detected. 1°F NMR (282 MHz, CDCl3) § (ppm): -142.27 - -124.39 (m, 2F),-155.29

--155.59 (m, 1F), -162.23 - -162.43 (m, 2F).

Synthesis of compound 47

Compound 47 was obtained from compound 45

/rll ‘ s’p (32 mg, 0.061 mmol) with quantitative yield (27
SPLme -
o H mg, 0.061 mmol) following General Procedure E.
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HRMS (ESI+) m/z: calcd. for C24H31N203S [M+H]* 427.2050, found 427.2045. H NMR
(400 MHz, CD30D) & (ppm): 8.67 (d, J=8.6 Hz, 1H, H-DNS), 8.29 (dd, J=7.3, 1.2 Hz, 1H, H-
DNS), 8.22 (d, J=8.6 Hz, 1H, H-DNS), 7.68-7.63 (m, 2H, H-DNS), 7.46 - 7.42 (m, 5H, H-
arom.), 7.37 (d, J=7.6 Hz, 1H, H-DNS), 4.16 (s, 2H, CH,Ph), 3.81 (s, 2H, CH,-1), 2.93 (s,
6H, CH,-DNS), 2.90 (s, 2H, CH,-3), 0.92 (s, 6H, CHz). 13C NMR (75 MHz, CD30D) § (ppm):
148.4 (Cq), 131.2 (Cq), 130.9 (CH-DNS), 130.3 (CH-DNS), 130.2 (Cq), 129.9 (2C, CH-
Arom.), 129.5 (2C, Cq, CH-Arom.), 128.9 (2C, CH-Arom.), 128.7 (Cq), 128.5 (CH-DNS),
124.1 (CH-DNS), 121.1 (CH-DNS), 116.8 (CH-DNS), 75.4 (CHz-1), 53.3 (CHz-3), 52.2
(CH,-Ph), 44.9 (2C, CH3-DNS), 33.9 (Cq-2), 20.6 (CHs).

Synthesis of compound 48

Compound 48 was obtained from 46 (32 mg,

| ‘ 0 F . N .
N % 0.061 mmol) with quantitative yield (27 mg,
o H 0.061 mmol) following General Procedure E.
F F
F TH NMR (400 MHz, CD30D) & (ppm): 8.58 (dd,

J=8.6, 1.2 Hz, 1H, H-DNS), 8.19 (dd, j=7.3, 1.2 Hz, 1H, H-DNS), 8.13 (d, /=8.7 Hz, 1H, H-
DNS), 7.58 - 7.54 (m, 2H, H-DNS)), 7.25 (d, J=7.5 Hz, 1H, H-DNS), 4.31 (s, 2H, CH,PFB),
3.74 (s, 2H, H-1), 3.00 (s, 2H, H-3), 2.82 (s, 6H, CH3-DNS), 0.87 (s, 6H, CH3). HRMS (ESI+)
m/z: calcd. for C24H26FsN203S [M+H]* 517.1578, found 517.1580. 13C NMR (101 MHz,
CD30D) 6 (ppm): 150.9 (Cq), 146.1 (d, J=250.6 Hz, C-F Arom.), 142.5 (d, /J=253.2 Hz, C-F
Arom.), 137.7 (d, J=250.6 Hz, C-F Arom.), 131.2 (CH-DNS), 130.8 (Cq), 130.6 (CH-DNS),
129.6 (Cq), 129.5 (Cq), 128.5 (CH-DNS), 123.3 (CH-DNS), 119.4 (CH-DNS), 115.9 (CH-
DNS), 104.9 (t, J=18.5 Hz, Cq.), 75.0 (CHz-1), 54.1 (CH2-3), 44.5 (2C, CH3DNS), 39.2
(CHzPFB), 34.1 (Cq), 20.6 (2C, CH3). 1°F NMR (282 MHz, CD30D) & (ppm): -77.49 (s,
TFA),-140.48 - -140.60 (m, 2F),-153.16 - -153.32 (m, 1F), -163.59 - -163.66 (m, 2F).

Synthesis of compound 49

Compound 49 was obtained following General Procedures A
Boc
Hoo 2. N and B. First, the secondary amine was obtained by using
3
6 4
5

(IR, 3S)-3-aminocyclohexanol and benzyl bromide, with
addition of 20% DMF to complete solubilisation. Crude
secondary amine was protected as Boc carbamate following General Procedure B.

Purification of the crude by column chromatography (AcOEt:Hexanes 1:2) gave
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compound 49 as colourless oil with 87% yield. tH-NMR (500 MHz, CDCl3) 7.30 - 7.21
(m, 5H, H-Ar), 4.36 (brs, 2H, CH2Ph), 4.07 (brs, H-3), 3.63 (brs, 2H, H-4, OH), 2.04 (m, 1
H), 1.91 (d, J=11.6 Hz, 1 H), 1.76 - 1.73 (m, 1H), 1.76 - 1.03 (m, 14H); 13C-NMR (125
MHz, CDCl3) 155.7 (C=0), 140.2 (Cq arom.), 128.3, 126.7 (5C, CH arom.), 79.9 (Cq Boc),
70.0 (CH-1), 53.2 (CH-3), 46.6 (CH2Ph), 40.4 (CH2), 34.7 (CHz), 29.8 (CH2), 28.4 (3C, CH3
tBu), 22.2 (CHz). MS (ESI+) m/z 306.21 (MH+), 328.19 (MNa*).

Synthesis of compound 50

F Compound 50 was obtained following General Procedures A

F Fand B. First, the secondary amine was obtained by using (1R,35)

F -3-aminocyclohexanol and 2,3,4,5,6-Pentafluorobenzyl

HO\O’N\BocF bromide. Crude secondary amine was protected as Boc-

carbamate following General Procedure B. Purification of the
crude by column chromatography (AcOEt:Hexanes 1:2) gave compound 50 as
colourless oil with 85% yield over two steps. 1H NMR (300 MHz, CDCl3) 6 (ppm): 4.56
(brs, 2H, CH;PFB), 3.76 - 3.60 (m, 2H, H-1, H-3), 2.06 - 1.93 (m, 2H), 1.84-1.76 (m, 1H),
1.69 - 1.62 (m 3H), 1.46 (s, 9H, CH3 Boc), 1.42 - 1.22 (m, 2H), 1.17 - 1.04 (m, 1H). 13C
NMR (101 MHz, CDClz) § (ppm): 154.9 (C=0), 146.4, 143.9, 138.7, 137.0, 136.2, 113.0,
(6C, C-F arom.), 80.7 (Cq, Boc), 69.8 (CH-1), 54.8 (CH-3), 39.8 (CH:-Ph), 36.9 (CH2-2),
34.7 (CHz), 29.2 (CHz), 28.3 (3C, CH3 Boc), 22.2 (CHz-5). 1°F NMR (282MHz, CDClz) &
(ppm): -142.8 (brs, 2F), -155.5 - -155.6 (m, 1F), -162.1 - -162.3 (m, 2F). MS (ESI+) m/z
396.16 (MH*), 418.14 (MNa*).

Synthesis of compound 51
H Compound 51 was obtained from I1R,3S-3-aminocyclohexanol
HO\O’N\BOC following General Procedure B. Purification of the crude with
AcOEt:Hexanes 1:1 gave compound 51 with 70 % yield. HRMS (ESI+)
m/z: calcd. for C11H22NO3 [M+H]* 216.1596, found 216.1594. 'H NMR (400 MHz, CDClI3)
S (ppm): 4.71 (brs, 1 H), 3.75 - 3.70 (m, 1H, H-1), 3.52 (brs, 1H, H-3), 2.19 - 2.16 (m, 1
H, H-2),1.87 - 1.77 (m, 3H, H-4, H-5, H-6) 1.44 (s, 9H, CH3, Boc) 1.37 - 1.06 (m, 4H, H-2,
H-4, H-5, H-6). 13C NMR (101 MHz, CDCl3) § (ppm): 155.2 (C=0), 79.2 (Cq, Boc), 69.0
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(CH-1), 47.8 (CH-3), 41.7 (CH2-2), 34.5, 32.2 (2C, CH,-4, CH2-6), 28.4 (3C, CH3 Boc), 20.8
(CH-5).

Synthesis of compound 52

N Compound 52 was obtained following General Procedure
D, using 49 (44 mg, 0.11 mmol) as starting material 52
\N/ crude was purified by column chromatography
0=8=0 OYX) (AcOEt:Hexanes 1:4), giving pure compound 52 with 50%
O\O’N yield. HRMS (ESI+) m/z: calcd. for C3oH3oN20sS [M+H]*
539.2574, found 539.2575. 'H NMR (400 MHz, CDCl3) &
(ppm): 8.61 (d, J=8.3 Hz, 1H, H-DNS), 8.26 (d, /=7.2 Hz, 1H, H-DNS), 8.19 (d, /=8.6 Hz,
1H, H-DNS), 7.56 - 7.51 (m, 2H, H-DNS), 7.26 - 7.19 (m, 4H, H-DNS, H arom.), 7.10 -7.09
(m, 2H, H arom.), 4.34 - 4.26 (m, 3H, CH2Ph, H-1), 3.91, 3.44 (brs, 1H, H-3), 2.90 (s, 6H,
CH3-DNS), 1.99 - 1.96 (m, 1H), 1.84 - 1.81 (m, 1H), 1.66 - 1.54 (m, 3H), 1.33 - 1.12 (m,
12H). 13C NMR (75 MHz, CDCI3) 8§ (ppm): 155.4 (C=0), 151.6 (Cq), 139.6 (Cq), 132.6
(Cq), 131.4 (CH-DNS), 130.0 (Cq), 129.8 (CH-DNS), 128.5 (CH-DNS), 128.3 (2C, CH
arom.), 126.8, 126.4 (4C, Cq, CH arom.) 123.2 (CH-DNS), 119.7 (CH-DNS), 115.5 (CH-
DNS), 80.5 (Cq, Boc), 80.1 (CH-1), 52.9 (CH-3), 46.8 (CH2-Ph), 45.5 (2C, CH3-DNS), 37.2

(CH2), 31.8 (CH2), 29.4 (CH2), 28.3 (3C, CH3-Boc), 21.7 (CHz).

Synthesis of compound 53

O
N
/

Compound 53 was obtained following General

@)

(0]

Oo=w

material. 53 was obtained after purification by column

- Oy_ % Procedure D, using 50 (40 mg, 0.10 mmol) as starting
O

R chromatography (AcOEt:Hexanes 1:4) with 73% yield

F F (46 mg 0.073 mmol). HRMS (ESI+) m/z: calcd. for
FF C30H34FsN20sS [M+H]* 629.2106, found 629.2103. 'H

NMR (400 MHz, CDCl3) 6 (ppm): 8.61 (d, /=8.4 Hz, 1H, H-DNS), 8.26 (d, /J=7.3 Hz, 1H, H-
DNS), 8.20 (d, /=8.6 Hz, 1H, H-DNS), 7.56 (m, 2H, H-DNS), 7.21 (d, /J=7.5 Hz, 1H, H-DNS),
4.43 - 4.30 (m, 3H, CH2-PFBn, H-1), 3.52 (brs, 1H, H-3), 2.90 (s, 6H, CH3-DNS), 1.87 (brs,
2H),1.71 - 1.68 (m, 2H), 1.57 - 1.54 (m, 1H), 1.35 (s, 9H, Boc), 1.33 - 1.10 (m, 3H). 13C
NMR (101 MHz, CDCl3) & (ppm): 154.7 (Cq, C=0), 151.7 (Cq-DNS), 145.9 (d, J=145.3 Hz,
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2C, C-F arom.), 140.5 (d, J=140.5, C-F arom.), 137.2 (m, 2C, C-F arom.), 132.7 (Cq-DNS),
131.5 (CH-DNS), 130.1 (CH-DNS), 130.0 (Cq-DNS), 129.9 (Cq-DNS), 128.5 (CH-DNS),
123.3 (CH-DNS), 119.8 (CH-DNS), 115.7 (CH-DNS), 112.8 (m, C-F arom), 81.0 (Cq Boc),
80.4 (CH-1), 54.9 (CH-3), 45.6 (2C, CH3-DNS), 37.3 (CH:-PFB), 36.8 (CH2), 31.9 (CHz),
29.8 (CH2), 28.9 (CH2), 28.3 (3C, CH3 Boc), 21.9 (CHz). °F NMR (376 MHz, CDCl3) &
(ppm): -146.6 (s, 2F),-159.1 (s, 1F), -165.9 (td, J=21.6, 7.4 Hz).

Synthesis of compound 54

~\ Compound 54 was obtained following General Procedure C, using 51
(132 mg, 0.61 mmol) as starting material. Crude 54 was purified by
OO column chromatography (AcOEt:Hexanes 1:4), to give pure compound R
0=$=0 54 with 77% yield (210 mg, 0.47 mmol). HRMS (ESI+) m/z: calcd. for
Q’O C23H33N20sS [M+H]* 449.2105, found 449.2107. 'H NMR (300 MHz,
CDCI3) 6 (ppm): 8.68 (d, /J=8.6 Hz, 1H, H-DNS), 8.33 - 8.28 (m, 2H, H-DNS),
7.66 - 7.55 (m, 2H, H-DNS), 7.27-7.24 (m, 1H, H-DNS), 4.49 - 4.39 (m, 2H,
H-1, NH), 3.43 (brs, 1H, H-3), 2.96 (s, 6H, CH3-DNS) 2.14 - 2.07 (m, 1 H, H-2), 1.90 - 1.66
(m, 3H) 1.41 (s, 9H, CH3, Boc) 1.39 - 1.03 (m, 4H). 13C NMR (75 MHz, CDCl3) 6 (ppm):
154.9 (C=0),132.6 (Cq), 131.3 (CH-DNS), 130.9 (Cq), 130.2 (CH-DNS), 129.9 (Cq), 129.7
(Cq), 128.5 (CH-DNS), 123.4 (CH-DNS), 120.1 (CH-DNS), 115.7 (CH-DNS), 79.9 (Cq,
Boc), 79.5 (CH-1), 47.4 (CH-3), 45.6 (2C, CH3-DNS), 38.8 (CH2-2), 31.9, 31.7 (2C, CH2-4,

CH2-6), 28.4 (3C, CH3 Boc), 20.6 (CH2-5).

HN.
Boc

Synthesis of compound 55

N Compound 55 was obtained from 52 (15 mg, 0.028 mmol)
with quantitative yield (12 mg, 0.028 mmol) following

OO General Procedure E. HRMS (ESI+) m/z: calcd. for
0=8=0 HQ C2sH31N203S [M+H]* 439.2050, found 439.2050. 'H NMR
OUN (400 MHz, CD30D) & (ppm): 8.65 (d, J=8.6 Hz, 1H, H-DNS),

8.32 (dd,/=7.3, 1.0 Hz, 1H, H-DNS), 8.28 (d, J=8.7 Hz, 1H, H-
DNS), 7.73 - 7.55 (m, 2H, H-DNS), 7.49 - 7.28 (m, 6H, H-arom., H-DNS), 4.43 (m, 1H, H-
1), 4.08 (q,/=13.0 Hz, 2H, CH,Ph), 3.20 - 3.04 (m, 1H, H-3), 2.96 (m, 6H, CH3-DNS) 2.40
-2.31 (m, 1H, H-2), 2.05 (m, 1H, H-4), 1.85 - 1.69 (m, 2H, H-5, H-6), 1.57 (q, J=11.7 Hz,
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1H, H-2), 1.44 - 1.15 (m, 3H, H-4, H-5, H-6). 13C NMR (75 MHz, CD30D) & (ppm): 151.2
(Cq), 133.8 (Cq), 132.4 (Cq), 132.0 (CH-DNS), 131.6 (CH-DNS), 131.0 (Cq), 130.8 (2C,
CH arom.), 130.7 (2C, CH arom.), 130.5 (Cq), 130.3 (CH-arom.), 129.7 (CH-DNS), 125.0
(CH-DNS), 121.9 (CH-DNS), 117.6 (CH-DNS), 79.9 (CH-1), 55.8 (CH-3), 48.0 (CH:Ph),
46.1 (2C, CH3-DNS), 36.3 (CH2-2), 32.4 (CH2-6), 28.4 (CH2-4), 21.5 (CH2-5).

Synthesis of compound 56
Compound 56 was obtained from 53 (15 mg,
O 5-0 0.024 mmol) with quantitative yield (13 mg,
\N Q ° O_NH i F 0.024 mmol) following General Procedure E.
’ LQ’F HRMS (ESI+) m/z: caled. for CasHzsFsN2OsS
[M+H]* 529.1579, found 529.1573 H NMR (400
MHz, CD30D) § (ppm): 8.67 (d, J=8.6 Hz, 1H, H-DNS), 8.36 (t, J=8.6 Hz, 2H, H-DNS), 7.75
- 7.68 (m, 2H, H-DNS), 7.51 (d, J=7.6 Hz, 1H), 4.57 - 4.47 (m, 1H, H-1), 4.33 (q, J=13.9
Hz, 2H, CH;PFB), 2.44 - 2.39 (m, 1H, H-2), 2.15 - 2.12 (m, 1H, H-4), 1.89 - 1.82 (m, 2H,
H-5, H-6), 1.64 (q,/=11.5 Hz, 1H, H-2), 1.49 - 1.22 (m, 3H, H-6, H-4, H-5). 13C NMR (101
MHz, CD30D) & (ppm): 151.1 (Cq), 147.2 (m, J=246.1, 2C, C-F arom.), 143.9 (d, /J=256.0,
C-Farom.), 139.1 (d, J=149.6 Hz, 2C, C-F arom.), 133.9 (Cq), 132.0 (CH-DNS), 131.6 (CH-
DNS), 131.0 (Cq), 130.5 (Cq), 129.7 (CH-DNS), 125.1 (CH-DNS), 122.0 (CH-DNS), 117.7
(CH-DNS),106.9 (m, Cq arom.), 79.7 (CH-1), 56.7 (CH-3), 46.1 (2C, CH3-DNS), 36.3 (CH>-
PFB), 36.2 (CH:-2), 32.4 (CH2-6), 28.2 (CH2-4), 21.4 (CH:-5). 1°F NMR (376 MHz, CD30D)
8 (ppm): -77.45 (CF3 TFA),-141.75 - -141.83 (m, 2F),-153.46 - -153.58 (m, 1F), -163.57

--163.72 (m, 2F).

Synthesis of compound 57

Compound 57 was obtained from compound 54 (11 mg, 0.024

\N/
mmol) with quantitative yield (9 mg, 0.024 mmol) following
OO General Procedure E. HRMS (ESI+) m/z: calcd. for C1gH25N203S
0=5=0 [M+H]* 349.1580, found 349.1586. 1H NMR (300 MHz, CD30D) §

O NH
*O’ ?  (ppm): 8.68 (d, J=8.6 Hz, 1H, H-DNS)), 8.34 (dd, J=7.3, 1.3 Hz, 1H,
H-DNS), 8.27 (d,J=8.7 Hz, 1H, H-DNS), 7.69 - 7.66 (m, 2H, H-DNS),
7.39 (dd, J=7.7 Hz, 1H, H-DNS), 4.56 - 4.38 (m, 1H, H-1), 3.19 - 3.06 (m, 1H, H-3), 2.23
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(m, 1H, H-2), 1.95 - 1.73 (m, 3H, H-4, H-5, H-6), 1.54 (q,J=11.6 Hz, 1H, H-2), 1.40 - 1.23
(s, 3H, H-4, H-5, H-6). 13C NMR (75 MHz, CD30D) & (ppm): 151.0 (Cq), 132.3 (Cq), 131.0
(CH-DNS), 130.1 (CH-DNS), 129.6 (Cq), 129.5 (Cq), 128.3 (CH-DNS), 123.3 (CH-DNS),
119.8 (CH-DNS), 115.8 (CH-DNS), 78.4 (CH-1), 47.8 (CH-3) , 44.5 (2C, (CH3-DNS), 36.3
(CH,-2), 30.8 (CH,-6), 28.70 (CHz-4),20.0 (CH,-5).

Synthesis of compound 58

Compound 58 was obtained following General Procedures A

\‘/ and B. First, the secondary amine was obtained by using

O O
HO T\/@ racemic trans-3-aminocyclohexanol and benzyl bromide, with
\O. addition of 20% DMF to complete solubilization. Crude

secondary amine was protected as Boc carbamate following
General Procedure B. Purification of the crude by column chromatography
(AcOEt:Hexanes) gave compound 58 with 60% yield. 'H NMR (400 MHz, CDCl3) &
(ppm): 7.31 - 7.22 (m, 5H, arom.), 4.37 (brs, 3H, CH,Ph, H-3), 4.18 (brs, 1H, H-1), 1.74 -
1.65 (m, 5H), 1.56 (m, 12H). 13C NMR (75 MHz, CDCl3) = 155.7 (C=0), 140.2 (Cq arom.),
128.2,126.6 (5C, CH- arom.), 79.7 (Cq, Boc), 67.2 (CH-1), 50.7 (CH-3), 47.4 (CH.Ph), 37.7
(CH2), 31.6 (CH2), 30.8 (CH2), 28.4 (3C, CH3 Boc), 19.8 (CHz). MS (ESI+) m/z 306.21
(MH*), 328.19 (MNa*).

Synthesis of compound 59
Compound 59 was obtained following General Procedure
C, using 58 (12mg, 0.0.39 mmol) as starting material. 59
was purified by column chromatography (AcOEt:Hexanes

OYO
O\\ ,O ‘\N
O S U 1:4), giving pure compound 59 with 77% yield. This

O compound could not be completely characterized due to its

\l\ll instability. Therefore, only 'H NMR description will be
reported. 1H NMR (300 MHz, CDCl3) 6 (ppm): 8.63 (d, /=8.6

Hz, 1H), 8.32 (d, J=8.6 Hz, 1H), 8.26 (dd, J=7.3, 1.3 Hz, 1H), 7.63 (dd, J=8.6, 7.1 Hz, 1H),
7.55 (dd, j=8.6, 7.3 Hz, 1H), 7.39 - 6.84 (m, 4H), 7.11 - 7.08 (m, 2H), 4.89 (brs, 1H), 4.39

(brs, 1H), 4.14 - 3.82 (m, 2H), 2.93 (s, 6H), 1.85 - 1.32 (m, 17H).
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Synthesis of compound 60
Compound 60 was obtained from 59 (8 mg, 0.15
@_"}N"'Q o O N< mmol) with quantitative yield following General
O-# O Procedure E. HRMS (ESI+) m/z: calcd. for
C2sH31N203S [M+H]* 439.2050, found 439.2043. H
NMR (300 MHz, CD30D) & (ppm): 8.69 (d, /=8.6 Hz, 1H, H-DNS), 8.34 (dd, /J=7.3, 1.3 Hz,
1H, H-DNS), 8.27 (d, J=8.7 Hz, 1H, H-DNS), 7.77 - 7.65 (m, 3H) 7.48 - 7.33 (m, 5H), 5.01
- 4.98 (m, 1H, H-1), 3.89 - 3.82 (m, 2H, CH;Ph), 3.40 - 3.35 (m, 1H, H-3), 2.88 (s, 6H,
CH3-DNS), 2.22 - 2.13 (m, 2H), 1.78 - 1.39 (m, 6H). 13C NMR (75 MHz, CD30D) § (ppm):
152.1 (Cq), 132.2 (Cq), 131.5 (Cq), 131.0 (CH-DNS), 130.1 (CH-DNS), 129.8 (Cq), 129.5
(CH), 129.4 (CH), 129.0 (CH), 128.9 (Cq), 128.6 (CH-DNS), 123.2 (CH-DNS), 118.9 (CH-
DNS), 115.5 (CH-DNS), 78.3 (CH-1), 52.8 (CH-3), 48.0 (CH;Ph) 44.3 (2C, CH3DNS), 32.7
(CH2), 28.9 (CH2), 27.8 (CH2), 18.3 (CHz).

Synthesis of compound 61

~NT Compound 55 (9 mg, 0.017 mmol) was dissolved in CH2Cl;
OO (0.2 mL), and to this solution Acz0 (9 uL) and pyridine (8.1
puL) were added. After 3 hours, the reaction was

o:(sl):o 'EC\Q concentrated and crude product was purified by column
U chromatography to give compound 61 (7 mg, 0.014 mmol,
86% yield). HRMS (ESI+) m/z: calcd. for Cz7H33N204S
[M+H]* 481.2155, found 481.2161. 'H NMR (400 MHz, CDCl3) § (ppm): 8.60 (d, /=8.4
Hz, 1H, H-DNS), 8.21 (d, /J=7.3 Hz, 1H, H-DNS), 8.13 (d, /=8.7 Hz, 1H, H-DNS), 7.54 - 7.42
(m, 2H, H-DNS), 7.23 - 7.19 (m, 4H, H-DNS, H arom.), 7.02 - 7.01 (m, 2H arom.), 4.39 -
4.29 (m, 4H, CH.Ph, H-1, H-3), 2.88 (s, 6H, CH3-DNS), 1.91 (s, 3H, COCH3), 1.90 - 1.45
(m, 5H), 1.16 - 1.04 (m, 3H). 13C NMR (101 MHz, CDCI3) § (ppm): 171.4 (C=0), 137.7
(Cq), 132.6 (Cq), 131.3 (CH-DNS), 130.2 (CH-DNS), 129.8 (Cq), 129.5 (Cq), 128.8 (2C,
CH arom.), 128.4 (Cq), 128.3 (CH-DNS), 127.4 (CH arom.), 126.8 (Cq), 125.7 (2C, CH
arom.) 123.5 (CH-DNS), 120.3 (CH-DNS), 115.7 (CH-DNS), 80.4 (CH-1), 51.1 (CH-3),
47.8 (CH2Ph), 45.6 (2C, CH3-DNS), 36.6 (CH:-2), 31.8 (CHz), 29.7 (CHz), 22.4 (COCHa),
21.6 (CHz-5).
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Synthesis of compound 66

. Compound 50 (80 mg, 0.2 mmol) was dissolved in dry
F F CH2Cl; (1 mL) and the solution was cooled at 0 °C. Then,
F DMAP (1.2 mg 0.01 mmol), NEt3 (42 pL, 0.3 mmol) and vinyl
% o F N. O sulfonylchloride (28 uL, 0.22 mmol) were added. The
\/S\\o U ?)/ j< reaction was let to warm at room temperature, and stirred
for 1 hour, until a TLC (AcOEt:Hexanes 1:2) showed the
completion of the reaction. Then, the reaction was diluted with CHCl; (30 mL) and
washed with H;0 (15 mL). The organic phase was dried over Na;SOs, filtered and
concentrated. The crude was purified through column chromatography, eluting with
AcOEt:hexanes 1:4, giving compound 66 as a colourless oil (85 mg, 0.17 mmol, 87%
yield). HRMS (ESI+) m/z: calcd. for C20H25FsNOsS [M+H]* 486.1368, found 486.1366. 1H
NMR (300 MHz, CDCl3) 6 (ppm): 6.60 - 6.35 (m, 2H, H-vinyl), 6.12 (d, /=9.6 Hz, 1H, H-
vinyl), 4.53 (brs, 2H, CH,PFB), 4.48 - 4.39 (m, 1H, H-1), 3.75 (m, 1H, H-3), 2.21 - 2.07
(m, 2H), 1.90 - 1.77 (m, 2H), 1.69 - 1.66 (m, 1H), 1.46 - 1.27 (m, 12H). 13C NMR (75
MHz, CDCI3) & (ppm): 154.7 (C=0), 133.5 (CH-vinyl), 129.5 (CHz-vinyl), 81.1 (Cq, tBu),
80.3 (CH-1), 54.9 (CH-3), 37.4 (CH2Ph), 36.9 (CH2), 32.0 (CH2), 28.8 (CH3), 28.3 (3C, CH3
tBu), 21.9 (CHz). 1°F NMR (282 MHz, CDCI3) 6 (ppm): -142.60 (brs, 2F),-154.95 (t,/=20.8

Hz, 1F)),-161.24 - -162.57 (m, 2F).

Synthesis of compound 67
Compound 66 (11 mg, 0.022

E [ = o mmol) and Crizotinib (5 mg,
\©\J\o - /N‘N NIEO@— Boc  0.011 mmol) were dissolved
N\PFB together in a  mixture

CH:Cl2/iPrOH 5/1 (600 pL). To the solution NEt3 (1 pL, 0.011 mmol) was added, and
the reaction was stirred overnight at room temperature. Afterwards, the solution was
concentrated to dryness and the crude was directly purified by column
chromatography (CH:Cl;:MeOH 9:1) to give pure compound 67 (9.5 mg, 0.01 mmo],
92%). HRMS (ESI+) m/z: calcd. for C41H47Cl2FsNeOgS [M+H]* 935.2524, found 935.2553.
1H NMR (300 MHz, CDCl3) 6 (ppm): 7.77 (d, J=1.8 Hz, 1H), 7.57 - 7.50 (m, 2H), 7.33 (dd,
J=8.9, 4.8 Hz, 1H), 7.07 (dd, /j=8.9, 7.9 Hz, 1H), 6.89 (d, J=1.7 Hz, 1H), 6.10 (q, J=6.6 Hz,
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1H), 4.82 (brs, 2H), 4.68 - 4.48 (m, 3H), 4.16 - 4.08 (m, 1H), 3.67 (s, 1H), 3.32 (m, 2H),
3.05-3.01 (m, 2H), 2.96 - 2.91 (m, 2H), 2.34 - 2.26 (m, 7H), 1.91 - 1.87 (m, 4H), 1.71 -
1.67 (m, 4H), 1.46 - 1.33 (m, 12H). F NMR (282 MHz, CDCl3) 6 (ppm): - 112.0 (1F), -
42.5 (2F), -154.9 (1F), -161.75, -161.78 -161.93 (2F). Analytical RP-HPLC: tr = 12.9
(C18, 254 nm, gradient: from 75% solvent H,0 + 0.1% TFA / 25% CH3CN to 100%
CH3CN over 20 min).

Synthesis of compound 68

. . Compound 67 (3 mg,
F‘Q_F}NQ o N \ NH2 0.003 mmol) was
I
0-S ~~0 Cl - ,
AR ('5_\—N N,N\ . dissolved in CH2Cl; (600
= uL) and to this solution

N TFA (100 pL) was added.
After 1 hour stirring at room temperature, the reaction was concentrated in vacuo to
give compound 68 (2.2 mg, 0.0027 mmol, 88% yield). HRMS (ESI+) m/z: calcd. for
C36H39C12F¢N604S [M+H]* 835.2029, found 835.2000. 'H NMR (300 MHz, CD30D) 6
(ppm): 8.02 - 7.95 (m, 1H), 7.70 (brs, 1H), 7.63 (d, /=1.6 Hz, 1H), 7.52 (dd, J=9.0, 4.8 Hz,
1H), 7.31 (dd, J=9.0, 8.2 Hz, 1H), 7.17 (d, J=1.6 Hz, 1H), 6.38 (q, /=6.6 Hz, 1H), 4.8 - 4.80
(m, 2H), 4.68 - 4.53 (m, 1H), 4.49 (brs, 2H), 3.97 - 3.92 (m, 2H), 3.82 - 3.77 (m, 2H),
3.71 - 3.66 (m, 2H), 3.54 - 3.43 (m, 1H), 2.4 - 2.35 (m, 4H), 2.33 - 2.21 (m, 2H), 2.09 -
2.06 (m, 1H),1.97 (d, J=6.6 Hz, 3H), 1.77 (q,J=11.6 Hz, 1H), 1.67 - 1.45 (m, 5H).1°F NMR
(282 MHz, CD30D) & (ppm): -77.12 (s, TFA), -113.95 (s, 1F), -140.13 - -145.14 (m, 2F),
-153.43 (t,J=20.2 Hz, 1F), -161.63 - -166.88 (m, 2F). Analytical RP-HPLC: tg = 8.1 (C18,
254 nm, gradient: from gradient 75% solvent H20 + 0.1% TFA / 25% CH3CN to 100%
CH3CN over 20 min).

Synthesis of compound 71
o To an ice-cooled solution of BocValOH (490 mg, 2.2 mmol) in
>Lo)LNj:fo THF (6 mL), DCC (463 mg, 2.24 mmol) and N-hydroxy
g\v\ifo succinimide (285 mg, 2.48 mmol) were added. After 10 minutes,
the reaction was allowed to reach room temperature, and it was

stirred 16 hours. Afterwards, solid was filtered and the solution was concentrated at
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reduced pressure. Crude solid was dissolved in CH2Cl; (100 mL) and organic phase was
washed with saturated NaHCO3 solution (2 x 30 mL). Organic phase was dried over
Na,SO0,, filtered and concentrated to give compound 71 as a white solid (687 mg, 2.18
mmol, 99%).1H NMR (300 MHz, CDClz) 6 (ppm): 5.05 - 5.02 (m, 1H, NH) 4.60 (dd, /)=9.2,
4.9 Hz, H-a), 2.85 (s, 4H), 2.35 - 2.26 (m, 1H, H-B), 1.08 (d, j=6.9 Hz, 3H, CHz3), 1.05 (d,
J=6.8 Hz, 3H, CH3). [73]

Synthesis of compound 72

o o To an ice-cooled solution of
>Lo)LNj;(H N)LNHZ (687 mg, 2.18 mmol) in DME (5 mL), a solution of
H oo OIO:AH Citrulline (573 mg, 3.27 mmol) and NaHCO3 (274
mg, 3.27 mmol) in H,0 (5 mL) was added. The reaction was kept at 0 °C for 30 minutes,
then it was warmed at room temperature and stirred 16 hours. Afterwards, it was
stopped by adding H,0 (10 mL) and a saturated NaHCOj3 solution (1 mL). Resulting
mixture was washed with AcOEt (30 mL) and the aqueous phase was acidified with HCI
at pH 3. Product was extracted using 25% of iPrOH in CHCI3 (3 x 60 mL). Organic phase
was dried over Na;SOy, filtered and concentrated to give compound 72 (609 mg, 1.63
mmol, 75% yield). Crude product was used for the next step without further
purification. t1H NMR (300 MHz, CDCl3) 6 (ppm): 7.58 (brs, 1H), 6.07 (brs, 1H), 5.69 (m,
1H), 4.49 (brs, 1H), 4.01 (m, 1H), 3.13 (brs, 2H), 2.06 (m, 1H), 1.90 (m, 1H), 1.75 (m,

1H), 1.55 (m, 2H), 1.42 (s, 9H), 0.92 (m, 6H). MS (ESI+) m/z 397.22 (MNa+).

Synthesis of compound 73
o o Compound 72 (200 mg, 0.40 mmol) was
XO*EHI\AQLNHZ dissolved in CHCl; (2 mL) and MeOH (1 mL) and
O i to the resulting solution PABA-OH (79 mg, 0.64
mmol) and EEDQ (195 mg, 0.80 mmol) were
added. The reaction was stirred at room
OH temperature and in darkness for 16 hours, and
then it was concentrated at reduced pressure. The crude solid was purified by column
chromatography (CH2Cl2: MeOH 7:1) to give pure compound 73 (146 mg, 0.30 mmol)
with 77% yield. '1H NMR (300 MHz, CD30D) & (ppm): 7.57 (d, /=8.5 Hz, 2H, H-Arom.),
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7.31 (d, J=8.5 Hz, 2H, H-arom.), 4.57 (s, 3H, H-a, CH,Ph), 3.95 (m, 1H, H- a), 3.26 - 2.98
(m, 2H, H-B Cit), 2.25 - 2.00 (m, 1H), 1.95 - 1.83 (m, 1H), 1.86 - 1.71 (m, 1H), 1.67 - 1.53
(m, 2H), 0.99 (d, j=6.8 Hz, 3H, CHs-Val), 0.95 (d, J=6.8 Hz, 3H, CHs-Val). MS (ESI+) m/z
480.28 (MH+).74

Synthesis of compound 74
o o To a solution of compound 73 (146 mg, 0,30
>Lo)LNj;(H N)LNHZ mmol) in DMF (3 mL) bis-4-nitrofenil
H o OI,\;AH carbonate (463 mg, 1.52 mmol) and DIPEA
(270 pL, 1.52 mmol) were added. After 5
<P o NO2  hours at room temperature, a TLC showed
o)ko/©/ no more starting material and the solution
was concentrated at reduced pressure. Crude product was purified by column
chromatography (CH2Cl2:MeOH 8:1) to give pure compound 74 (109 mg, 0.17 mmol)
with 57% yield. HRMS (ESI+) m/z: calcd. for C30H40Ne¢NaO1o [M+Na]+ 667.2698, found
667.2695. 1H NMR (400 MHz, CD30D) 6 (ppm): 8.36 - 8.27 (m, 2H, Arom.), 7.74 - 7.62
(m, 2H, Arom.), 7.51 - 7.39 (m, 4H, Arom.), 5.27 (s, 2H, OCH2Ph), 4.62 - 4.51 (m, 1H, H-
a), 3.93 (d, J=6.7 Hz, 1H, H-a), 3.27 - 3.20 (m, 1H, H-& Cit), 3.16 - 3.09 (m, 1H, H-y Cit),
2.10 - 2.02 (m, 1H, H-B Val), 2.00 - 1.86 (m, 1H, H-B Cit), 1.78 (m, 1H, H-B Cit), 1.71 -
1.53 (m, 2H, H-y Cit), 1.46 (s, 9H, Boc), 0.99 (d, /J=6.8 Hz, 3H, CH3 Val), 0.96 (d, J=6.8 Hz,
3H, CH3 Val). 13C NMR (75 MHz, CD30D) & (ppm): 173.3 (C=0 amide), 171.0 (C=0
amide), 160.9 (C=0), 156.8 (C=0),155.8 (C=0), 152.6 (Cq), 145.5 (Cq), 138.8 (Cq), 130.6
(Cq), 129.1 (2C, CH-arom.), 124.9 (2C, CH-arom.), 121.9 (2C, CH-arom.), 119.8 (2C, CH-
arom.), 79.3 (Cq Boc), 70.2 (OCH2Ph), 60.4 (CH-a Val), 53.5 (CH-« Cit), 38.9 (CH-6 Cit),
30.5 (CH-B Val), 29.1 (CH:-B Cit), 27.3 (3C, CH3 Boc), 26.4 (CH:-y Cit), 18.3 (CHz Val),

17.2 (CHz Val).
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Synthesis of compound 75

O+_NH,

F HN

F. F
cr HaN_ N F N
E 7S ‘NH
07N\ 5-0 FN_ O o NHBoc
N -
N NI \\O \fr o
Cl ~ (o)

Compound 74 (9 mg, 0.02 mmol) was dissolved in CH3CN (200 uL) and DMF (60 uL).
To this solution HOAt (4 mg, 0.029 mmol), DIPEA (5 uL, 0.058 mmol) and a solution of
compound 68 (10 mg, 0.011 mmol) in CH3CN (200 uL) were added. The reaction
mixture was stiired 16 hours at room temperature and then concentrated. Compound
75 (8 mg, 0.006 mmol, 30% yield) was purified by flash column chromatography on
silica gel, eluting with CH,Cl2:MeOH 10:1. HRMS (ESI+) m/z: calcd. for CeoH74Cl2F¢N11011
[M+H]* 1340.4566, found 1340.4571. Analytical RP-HPLC: tr = 11.9 (C18, 254 nm,
gradient: from gradient 75% solvent H20 + 0.1% TFA / 25% CH3CN to 100% CH3CN

over 20 min).

Synthesis of compound 76

Oy NH,
F HN
F F
cl HaNC N F N ,
E P NH

0N\ 5-0. FN_ 0 [} NH
N - 2

Y NI \b \ﬂ/ o

Cl ~ o

Compound 75 (8 mg, 0.006 mmol) was dissolved in CH2Cl, (400 uL) and TFA (50 uL)
was added to the solution. After 1 hour at room temperature, analytical HPLC showed
completion of the reaction, which was concentrated at reduced pressure. Resulting
crude was purified by preparative HPLC on a Phenomenex Luna C18(2) column (10 ,
250 mm x 21.2 mm) using the following gradient: from 75% H0 +0.1% TFA / 25%
CH3CN to 35% H20 +0.1% TFA / 65% CH3CN. Fractions containing product by mass
(tr=21.5) were lyophilized to give compound 76 (3 mg, 0.0024 mmol, 40% yield). HRMS
(ESI+) m/z: calcd. for CssHesCl2FsN1109S [M+H]* 1240.4041, found 1240.3990.
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Analytical RP-HPLC: tg = 11.2 (C18, 254 nm, gradient: from gradient 65% solvent H,0 +
0.1% TFA / 35% CH3CN to 35% solvent H,0 + 0.1% TFA / 65% CH3CN over 30 min).

Synthesis of compound 70
Os_NH,
F F
¢l HaN N F N .,
] [ R RGN o\/©/ 1 0
— N
IO RO g
~ o o]
cl o}

trans-3-benzoyl acrylic acid (17 mg, 0.094 mmol) was dissolved in dry DMF (0.33 mL)
and cooled at -10 °C. Isobutyl chloroformate (15 pL, 0.11 mmol) and N-
methylmorpholine (12 pL, 0.11 mmol) were then added under stirring. 23 pL of this
solution was added to a solution of compound 76 (3 mg, 0.0024 mmol) in dry DMF (0.2
mL) cooled at -10 °C. After stirring for 15 min at -10 °C, the reaction was allowed to
reach room temperature and kept stirring for an additional 1 h. Subsequently, the crude
mixture was diluted with CH3CN and purified by HPLC on a Phenomenex Luna C18(2)
column (10 g, 250 mm x 21.2 mm) using the following method: 65% H20 / 35% CH3CN
to 35 % H20 / 65% CH3CN over 30 min. Product containing fractions by mass (tr= 20.5)
were collected and lyophilized overnight to obtain compound 70 as a white solid (0.6
mg, 0.4 pmol, 21% yield). HRMS (ESI+) m/z: calcd. for CesH72Cl2FsN11011S [M+Na]*
1398.4409, found 1398.4425. Analytical RP-HPLC: tg = 19.1 (C18, 254 nm, gradient:
from gradient 65% solvent H,0 + 0.1% TFA / 35% CH3CN to 35% solvent H20 + 0.1%
TFA / 65% CH3CN over 30 min).

6.5.2 NMR study of the Grob fragmentation

Compound 39 was dissolved in a mixture 1:1 of MeOH/ buffer (PBS, NaPi 0.1M pH 8.0,
NaPi 0.1 M pH 9.3) or MeOH/H;0 at a final 20 Mm concentration. After 12 hours the
solution was concentrated ad reduced pressure and an NMR in CD30D was recorded.

Compounds 42, 47, 48, 55, 57, 60 and 61 were dissolved in a mixture 1:1 of CD3CN/
deuterated buffer (PBS, NaPi 0.1 M pH 6.0, NaPi 0.1 M pH 8.0; for compound 60 and 61

only PBS buffer was used) at a final 5 mM concentration. When compound was not
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completely soluble, more amount of organic solvent was added. NMR tubes were
incubated at 37°C and spectra were recorded at different times, depending on the

reaction Kinetics.

6.5.3 UPLC release of crizotinib derivative from 67 and 68

To monitor Crizotinib-derivative 69 release in different conditions by UPLC, compound
67 and 68 were dissolved at 0.5 mM concentration in MeOH/PBS buffer and incubated
at 37 °C. At 0, 4, 8, 12 and 24 hours incubation, a 100 pL aliquot was taken, and kept at
-20 °C until the time of the analysis. To analyse the proceeding of the reaction, aliquots
taken were diluted 1:10 with MeOH, and 5 pL of the diluted solution were analysed by
using Ultra Performance Liquid Chromatography-Mass Spectrometer (UPLC-MS)
(Bruker micrOTOF-Q). Column: ACQUITY UPLC BEH C18 1,7; diameter: 2.1 mm and
length: 100 mm. Samples were eluted following gradient: 1:99 to 60:40 CH3CN:HO for
6 min, then 60:40 to 100:0 CH3CN:Hz0 over 0.5 minutes, with a flow of 0.45 mL/min.
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7.1 Conclusions

The following conclusions can be drawn from the results obtained along this PhD

dissertation:

» Carbonyl acrylamide technology was applied to the synthesis of homogeneous
ADCs. This methodology is cysteine selective, presents fast kinetic and allows
modification of proteins and antibodies with high conversion.

Derivatives of highly cytotoxic drugs, such as MMAE and Crizotinib, equipped with
a carbonyl acrylamide scaffold were synthesised, proving the synthetic
accessibility of the reagents even when dealing with very complex structures.
These compounds were then conjugated to an engineered Trastuzumab antibody
(Thiomab), giving as a result a homogeneous ADC with DAR = 2. Importantly, the
modification yields a stable conjugate, improving results obtained with other
accepted methodologies, and does not induce significant modification in the

antibody structure, as demonstrated by binding assays.

» Inasimilar way, quaternised vinyl pyridinium reagents were used for modification
of proteins and antibodies. Studies performed on small molecules showed that
quaternised vinyl pyridinium scaffolds were extremely reactive and selective
towards cysteine. This property makes them ideal candidates for site-selective
protein and antibody modification, as corroborated by reactions with various
protein scaffolds. Also, final conjugates present high stability in plasma. As a proof
of concept, a MMAE derivative bearing the vinyl pyridinium tag was synthesized.
This compound was used for the conjugation with antibodies to generate a
homogenous and fully functional ADC with DAR = 2. Notably, the ADC conserves
the binding properties of the original antibody, resulting interesting for in vitro and

in vivo biological applications.

» The synthesis and the kinetics studies of several linkers based on the acetal group
were also performed. The acetal group was used to generate a prodrug and a pre-

fluorophore starting from duocarmycin and coumarin, respectively. Markedly,
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these small molecules are fully stable in plasma but readily hydrolysed in acid
conditions allowing conditional release. Therefore, the acetal-based linker was
applied to the synthesis of a SMDC and an ADC. Regarding the SMDC study, acetal
based pro-drug showed comparable toxicity with the parental drug, suggesting that
the acetal group is cleaved, and the active form of the drug is released inside the
cell. Concerning the ADC, very few examples of acetal-based linkers have been
described to date for application in ADC synthesis, despite the well-known acid
labile behaviour of this moiety. In this work, we have conjugated the acetal linker
bearing duocarmycin and coumarin to Thiomab, obtaining homogenous conjugates
with DAR = 2. With these conjugates in hand, we have demonstrated that their
properties are closely related not only to the microenvironment of the conjugation
site, but also to the nature of the payload. In fact, our results showed that two ADC
featuring the same acetal linker but varying exclusively on the payload present
completely different stability in plasma. Extensive MD simulations performed on
the ADCs were essential to explain how the different 3D orientation of the linker-
payload could be responsible for this difference in stability. This unexpected

finding enhances the importance of payload choice in ADC synthesis.

The Grob fragmentation was studied under physiological mimicking conditions.
For this purpose, several Grob fragmentation substrates were synthesized and
their reactivity was evaluated under different conditions and at different pH values,
producing the release of a fluorophore or a drug. We went one step further and
changed the free amine for an amide or carbamate, allowing the total control of
release of the payload. The combination of the Grob fragmentation substrate with
an enzymatically cleavable linker would allow controlled intracellular drug release.
These outcomes point out that Grob fragmentation substrates can act as novel self-

immolative spacers in controlled drug release.

7.2 Conclusiones

Del trabajo desarrollado en esta tesis doctoral se pueden extraer las siguientes

conclusiones:
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» Se ha aplicado con éxito la utilizacion de carbonil acrilamidas para la sintesis de
conjugados farmaco-anticuerpo (ADC). Estos derivados de acrilamida reaccionan
rapidamente y de forma selectiva con los residuos de cisteina del anticuerpo,
permitiendo asf la modificacidn de proteinas y anticuerpos con alta conversion.
Dichas carbonil acrilamidas se han acoplado satisfactoriamente a firmacos muy
toxicos , como el MMAE o el Crizotinib, lo que demuestra la accesibilidad sintética
de los reactivos, incluso cuando se trata de estructuras muy complejas. Adémas,
estos compuestos se han conjugado con una versiéon modificada del Trastuzumab ,
generando un ADC homogéneo, con una relacién farmaco/anticuerpo = 2. Es
importante destacar que la modificacion produce un conjugado estable, mejorando
los resultados obtenidos con otras metodologias muy utilizadas, y no afecta de

forma significativa a la estructura y actividad del anticuerpo.

» Se han utilizado reactivos de vinil piridinio cuaternizados para la modificacién
selectiva de proteinas y anticuerpos. Los estudios realizados en moléculas
pequeiias han mostrado que los compouestos de vinil piridinio cuaternizados son
también extremadamente reactivos y selectivos para cisteina. Ademas, los
conjugados finales presentan alta estabilidad en plasma. Como ejemplo, se sintetiz6
un derivado de MMAE acoplado a un de vinilo piridinio. Este compuesto se usé para
la conjugacién con anticuerpos para generar un ADC homogéneo y completamente
funcional con DAR = 2. El ADC conserva las propiedades de unién del anticuerpo

original, resultando interesante para aplicaciones biolégicas.

» Sehanrealizado estudios de sintesis y cinética de varios linkers basados en acetales.
Estos acetales se han utilizado para generar un pre-farmaco de duocarmicina y un
fluoréforo de derivado de cumarina. Estas pequefias moléculas son completamente
estables en plasma, pero se hidrolizan facilmente en condiciones A&cidas
permitiendo asi la liberacién controlada del firmaco o del fluoréforo. El linker con
el derivado de duocarmicina se ha unido a una pequefia molécula (acetazolamida)
y a un anticuerpo, dando lugar a un SMDC o a un ADC, respectivamente. En el caso

del conjugado SMDC, el pre-fArmaco mostré una toxicidad in vitro comparable a la



216

Chapter 7

duocarmicina libre , lo que sugiere que el grupo acetal se rompe y la forma activa
del farmaco se libera dentro de la célula. Con respecto al ADC, se ha conjugado los
acetales que contienen duocarmicina y cumarina con Thiomab, obteniendo asi ADC
homogéneos con relacién farmaco-anticuerpo = 2. Una vez obtenidos estos
conjugados, se ha demostrado que su establilidad estan relacionadas no solo con el
del sitio de conjugacidn, sino también con el tipo de compuesto que se ha
conjugado. De hecho, nuestros resultados han mostrado que dos ADC con el mismo
linker pero que varfan exclusivamente en la presencia del farmaco o del fluor6foro
presentan una estabilidad completamente diferente en el plasma. Simulaciones MD
realizadas sobre los ADC fueron esenciales para explicar como las diferentes
disposiciones de los linkers podrian ser responsables de esta diferencia en la
estabilidad. Este resultado puede ser relevante a la hora de seleccionar el

farmaco/fluoréforo en la sintesis de ADC.

La fragmentacién de Grob se ha estudiado en condiciones similares a las
fisioldgicas. Para ello, se han sintetizado varios sustratos de fragmentacién de Grob
y se ha evaluado su reactividad en diferentes condiciones y a diferentes valores de
pH, produciendo la liberacién de un fluoréforo o de un farmaco. La sustitucién de
la amina libre por una amida o carbamato ha permitido el control total de la
liberacion del farmaco. La combinacion del sustrato de fragmentacion de Grob con
un linker labil a la accién de enzimas presentes en células tumorales permitira la
liberacion controlada del fairmaco una vez alcanzado el tumor. Estos resultados
demuestran que los sustratos que dan la fragmentaciéon de Grob pueden actuar

como nuevos linkers autoinmolativos en la liberacién controlada de farmacos.
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8.1 Reagents and general synthetic procedures

Commercial reagents were used without further purification. Analytical thin layer
chromatography (TLC) was performed on Macherey-Nagel precoated aluminium sheets
with a 0.20 mm thickness of silica gel 60 with fluorescent indicator UV254. TLC plates
were visualized with UV light and by staining with phosphomolybdic acid (PMA)
solution (5 g of PMA in 100 mL of absolute ethanol), KMnO4 solution or sulfuric acid-
ethanol solution (1:20). Column chromatography was performed on silica gel (230-400
mesh). 1H, 13C NMR and 1°F NMR spectra were measured with a 500 MHz, 400 MHz or
300 MHz spectrometers with TMS as the internal standard. Multiplicities are quoted as
singlet (s), broad singlet (br s), doublet (d), doublet of doublets (dd), triplet (t), sextet
(sx) or multiplet (m). Cq stands for quaternary carbon atom. Spectra were assigned
using COSY and HSQC experiments. All NMR chemical shifts (§) were recorded in ppm
and coupling constants (/) were reported in Hz. High resolution electrospray mass (ESI)
spectra were recorded on a microTOF spectrometer; accurate mass measurements

were achieved by using sodium formate as an external reference.

8.2 General protein conjugation methods

LC-MS method for analysis of protein conjugation

LC-MS was performed on a Water Acquity UPLC system equipped with a single
quadrupole mass detector using an Acquity UPLC protein BEH C4 column, 300 4, (1.7
mm, 2.1 x 50 mm). Solvents A, water with 0.01% formic acid and B, 71% acetonitrile,
29% water and 0.075% formic acid were used as the mobile phase at a flow rate of 0.2
mL/min from 0-20 min, and 0.05 mL/min from 20-30 min. The electrospray source
was operated with a capillary voltage of 3.0 kV and a cone voltage of 20 V. Nitrogen was
used as the desolvation gas at a total flow of 8 L/h. Total mass spectra were
reconstructed from the ion series using the MaxEnt algorithm preinstalled on MassLynx
software (v. 4.1 from Waters) according to the manufacturer’s instructions. To obtain
the ion series described, the major peak(s) of the chromatogram were selected for

integration and further analysis.
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Analysis of protein conjugation by LC-MS

Briefly, the total ion chromatogram, combined ion series and deconvoluted spectra are
measured for the starting material and the product of the bioconjugation reaction. This
allows to monitor progress of the conversion of the non-modified antibody to the
conjugated antibody. After size exclusion purification, SpectraMax i3x protein analysis

is used to determine the yield of the reaction.

8.3 Supplementary information of Chapter 4

HRMS-ESI spectrum of compound 2
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1H NMR of compound 4 (400 MHz, CDCl3)
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1H NMR of compound 9 (300 MHz, CD30D)
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HRMS-ESI of compound 10
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8.4
1H NMR of compound 15 (300 MHz, CD30D)
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1H NMR of compound 20 (300 MHz, CD30D)
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1H NMR of compound 24 (500 MHz, CD30D)
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1H NMR of compound 25 (400 MHz, CD30D)
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13C NMR of compound 29 (400 MHz, CD30D)
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1H NMR of compound 30 (300 MHz, CD30D)
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1H NMR of compound 34 (400 MHz, CD30D)
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1H NMR of compound 35 (400 MHz, CD30D)
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8.5 Supplementary information of Chapter 6
1H NMR (300 MHz, CD30D) of compound 39
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1H NMR (300 MHz, CDs0D) of compound 42
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1H NMR (400 MHz, CD30D) of compound 47
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Supplementary informations

1H NMR (400 MHz, CD30D) of compound 48
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19F NMR (282 MHz, CD30D) of compound 48
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Supplementary informations

1H NMR (400 MHz, CDs0D) of compound 55
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1H NMR (400 MHz, CD30D) of compound 56
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Supplementary informations

19F NMR (376 MHz, CD30D) of compound 56
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1H NMR (300 MHz, CDCls) of compound 66
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Supplementary informations

19F NMR (282 MHz, CDCls) of compound 66
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H NMR of compound 67 (300 MHz, CDClI3)
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19F NMR of compound 67 (282 MHz, CDCl3)
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1H NMR of compound 68 (300 MHz, CD30D)
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19F NMR of compound 68 (282 MHz, CD30D)
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1H NMR of compound 74 (300 MHz, CD30D)
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HRMS-ESI of compound 75
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