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ABSTRACT

Antibody-Drug Conjugates (ADCs) are at the forefront of targeted therapy, designed to enhance
the therapeutic index of drugs. This approach leverages the high selectivity of a monoclonal
antibody (mAb) to deliver a payload, covalently bound by a linker, to a specific target, thereby
reducing off-target toxicity and improving pharmacokinetics. It is now recognized that the use of
highly cytotoxic payloads is not essential for ADC efficacy, a realization that has expanded interest
to a new range of payloads with diverse pharmacological activities. In this context, our efforts
focused on the Hedgehog (Hh) signalling pathway, whose aberrant activation is implicated in a
variety of human cancers by promoting proliferation and invasion of cancer cells. While few Hh
inhibitors are approved for Hh-dependent diseases, the rapid emergence of drug resistance is a
significant clinical challenge. Our research group has developed a library of Hh inhibitors active
against resistant receptor mutants; however, these compounds display suboptimal

pharmacokinetic profiles.

Therefore, the first section of this thesis details the design, synthesis, and evaluation of novel
ADCs. This work centered on the development of conjugates incorporating in-house payloads,
specifically Hh pathway inhibitors, ProTide-Gemcitabine systems, and ERK inhibitors, to

overcome pharmacokinetic limitations and enhance therapeutic efficacy by targeted delivery.

Additionally, the modulation of Hh can also play a role in promoting the repair of tissues and
osteogenesis processes. In this context, agonists of the Hh pathway can find application in
regenerative medicine. Our research group has developed Hh agonists that were evaluated on

mesenchimal cells for their osteogenic potential.

The second section of this thesis investigates a distinct project in green chemistry: the use of
Sulfur Hexafluoride (SFe) as a fluorinating agent. This work, carried out in the research group of
Prof. Tanja Gulder at Saarland University, was driven by the need to find applications for SFs, a
potent yet non-toxic and chemically inert greenhouse gas. A novel photochemical methodology
was developed and optimized to exploit SFs as a reagent for the nucleophilic fluorination of
organic compounds. A preliminary substrate scope evaluation yielded promising data and

established future perspectives for the valorization of this abundant gas.
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SECTION A - DEVELOPMENT OF BIOCONJUGATION STRATEGIES FOR
THE SYNTHESIS OF NOVEL ANTIBODY-DRUG CONJUGATES



CHAPTER 1. INTRODUCTION

1.1. CANCER IN THE WORLD AND FUTURE TRENDS
With improving prevention for cardiovascular diseases, changing demographic and risk factors
have led to today’s observation that cancer is the first or second leading cause of premature
death (i.e. at ages 30-69 years) in 134 of 183 countries, and it ranks third or fourth in an additional
45 countries.! Despite advances in early detection and treatment, the global incidence of cancer
continues to rise. The combination of population growth and increasing life expectancy has led

to a steady increase in the absolute number of cancer cases and deaths worldwide (Figure 1).
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Figure 1. Cancer deaths by type, world.?

According to the World Health Organization, new cancer cases are expected to increase from

approximately 20 million in 2022 to over 35 million by 2050 (Figure 2), a rise of around 77%.3
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Figure 2. Estimated number of new cases of cancer worlwide from 2022 to 2050, both sexes, age 0-85+.

While some malignancies are associated with well-characterized risk factors, such as infections
by Helicobacter pylori, human papillomavirus (HPV), or hepatitis viruses, a large proportion of
cancers are still of multifactorial or unknown origin. It is estimated that only 5-10% of all cancers
result from inherited genetic mutations, whereas the remaining 90-95% are linked to
environmental exposures and a variety of risk factors. These include tobacco use, excessive
alcohol consumption, unhealthy diet, obesity, sedentary behaviour, and chronic infections.
Notably, infection-related cancers account for roughly 13% of cases globally, with higher rates
observed in low-income regions, highlighting the importance of vaccination and antimicrobial
interventions. Other carcinogenic agents, such as ionizing radiation, ultraviolet rays, or exposure

to industrial chemicals and air pollution, also play a role in cancer development.*

Taken together, these data underscore the complex and multifactorial nature of cancer.
Demographic changes and the growing prevalence of high-risk lifestyles in industrialized societies
are expected to drive a further increase in cancer burden in the coming decades. This evolving
scenario calls for the development of more targeted and effective therapeutic strategies, and
reinforce the importance of interdisciplinary approaches in oncology research, particularly at the

intersection of chemistry, biology, and pharmaceutical innovation.

1.1.1. Conventional therapies and challenges

The standard treatment for cancer consists of generally validated therapeutic approaches widely
accepted and applied in long-term clinical practice, including surgery, radiotherapy and
chemotherapy, which are frequently combined to enhance their respective efficacies. However,

although conventional therapies have high initial response rates, the proliferation and

3



progression mechanisms of tumors, and the overall complexity of these malignancies, often
result in several complications, such as treatment resistance and tumor relapse, exposing the

limits of these traditional approaches.”

Surgical resection is the primary approach for managing solid tumors. Nevertheless, this
approach may not be adequate to achieve the desired therapeutic outcomes in cases of highly
invasive and metastatic malignancies, making it the best option only for the treatment of cancer

in its early stages.

Radiotherapy is a highly efficacious strategy for treating cancer, as the process of irradiation can
result in direct DNA damage, which subsequently leads to apoptosis, necrosis and mitotic
abnormalities in cancer cells.® However, it isimportant to note that tumor resistance and relapse
are frequently observed following radiotherapy, a phenomenon that can be attributed to the
presence of "radiation-resistant mechanisms" within tumor cells. Indeed, tumor cells
demonstrate increased self-repair capabilities, thus enabling them to effectively repair radiation-
induced DNA damage.” In addition, in cases such as hypoxic or highly differentiated tumors,
sensitivity to radiation is diminished.®® Furthermore, the efficacy of radiation treatment can be
influenced by the location and size of the tumor. Tumors in hard-to-reach areas or with large
volumes are challenging to eradicate completely using radiotherapy. Finally, a great issue of

radiotherapy is also its low selectivity, leading to damages to healthy cells, tissues, and organs.

Radiotherapy and surgery were the predominant approaches for cancer management in the
1960s. However, as micrometastases and the recurrence of cancer after surgery and radiation
therapy became evident, there was an increasing interest in combination chemotherapy.!® The
term “chemotherapy” was coined in the early 1900s by the German chemist Paul Ehrlich, who
investigated the use of chemicals to treat diseases.!! Anticancer drugs exhibit diverse
mechanisms to directly eradicate cancer cells, mainly interfering with processes involved in
progression through the cell cycle, for example by inducing DNA damage, inhibiting DNA
replication, and disrupting mitosis.!? Despite the successful development of new compounds
with antitumoral activity in the recent years, conventional chemotherapy continues to face
several challenges that necessitate further efforts towards the development of new approaches.
One major concern associated with chemotherapy is drug resistance. This situation occurs when

cancer cells become resistant to an antitumoral agent. In addition to this, decreased absorption
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of drugs and drug efflux are the major causes of such conditions. Other disadvantages of using
conventional chemotherapeutic methods include complications in dose selection, a decline in
selectivity, low penetration through tissues, rapid drug metabolism, and side effects caused by

off-target toxicity.!3

Finally, in the development of a new chemotherapeutic agent, it is insufficient to just pursue high
cytotoxic potency, instead, an early evaluation of the compound's pharmacokinetic (PK) profile
is equally critical. The PK profile of a compound encompasses the following: absorption,
distribution, metabolism, and excretion (ADME). A considerable number of candidates that show
promise in preclinical or clinical stages are unsuccessful due to unfavourable ADME
characteristics, such as poor bioavailability, rapid clearance, or off-target tissue accumulation.
Consequently, in conjunction with the efforts of medicinal chemistry to optimize efficacy, it is
crucial to integrate advanced drug-delivery strategies, controlled release systems and targeted

therapy approaches, improving the likelihood of clinical success.

1.1.2. Immunotherapy and monoclonal antibodies

The fundamental principle of immunotherapy is that the immune system can be harnessed to
cope with advanced neoplastic diseases.!* The objective of immunotherapy is to enhance or
restore the immune system's defences against cancer cells. It represents one of the most recent
advancements in cancer treatment, and its combination with conventional approaches has
proven to be successful. A range of immunotherapies, including immune checkpoint blockades
(ICBs), adoptive cell therapies, cancer vaccines, and cytokine therapies, have been developed to
target specific components of the immune system.>1® Several of these have been approved by
the United States Food and Drug Administration (FDA).!” As previously stated, although
conventional therapies demonstrate high initial response rates, they are limited by short-term
responses, treatment resistance, and cancer tissue heterogeneity. Conversely, emerging
immunotherapies have been shown to provide a long-term response by activating host antitumor
immunity. Analysis of preclinical and clinical data has demonstrated that patients with highly
immunogenic or early-stage tumors are more likely to respond positively to immunotherapies.
Nevertheless, the response rate to immunotherapies is low, with observations indicating that

only 10% to 40% of cancer patients demonstrate a positive response.!’



Among the most extensively studied elements of cancer immunotherapy are monoclonal
antibodies (mAbs), which are designed to specifically bind to antigens expressed on the surface
of tumor cells or within the tumor microenvironment.® These biologics have the capacity to
mediate anti-tumor effects through a variety of mechanisms. Unconjugated mAbs have been
shown to interfere directly with oncogenic signalling pathways by blocking ligand-receptor
interactions or by inducing receptor internalization and degradation.'® Furthermore, they have
the capacity to trigger immune-mediated mechanisms such as antibody-dependent cellular
cytotoxicity (ADCC), in which the fragment crystallizable (Fc) region of the antibody engages Fcy
receptors on effector immune cells, including natural killer (NK) cells and macrophages.?° This
process ultimately results in the destruction of antibody-coated cancer cells. Another significant
mechanism is complement-dependent cytotoxicity (CDC), whereby antibody binding activates
the complement cascade, leading to lysis of the target cell.?’ Furthermore, mAbs have been
shown to facilitate antigen uptake by dendritic cells and promote cross-presentation to T
lymphocytes, thereby initiating or amplifying adaptive immune responses. Despite these
advantages, the clinical efficacy of mAbs remains limited in many cancer types. Response rates
are subject to significant variation and are influenced by a number of factors, including antigen
heterogeneity, tumor immune evasion strategies, and individual patient immunogenetics. Tumor
cells may downregulate or even completely lose expression of the target antigen, thus rendering
antibody-based therapies ineffective over time.'” Furthermore, solid tumors frequently present
a hostile microenvironment, characterised by physical barriers, immunosuppressive cytokines,
and regulatory cell populations, all of which can impair antibody penetration and limit immune
effector function.?! These biological and physical obstacles contribute to the modest response
rates observed in many clinical settings and highlight the intrinsic limitations of relying solely on

the immunostimulatory potential of mAbs.

Nevertheless, the most valuable feature of mAbs is their excellent specificity for tumor-
associated antigens, which allows precise targeting of malignant cells while sparing healthy
tissues. This distinctive property represents the foundation for pioneering strategies that extend
beyond the immediate immunotherapeutic function of antibodies. In particular, mAbs have been
successfully repurposed as targeted delivery vehicles for cytotoxic agents, toxins, radionuclides,
or immune modulators. This approach has led to the development of antibody-drug conjugates

(ADCs), a class of therapeutics that combine the selective targeting capability of antibodies with



the potent cell-killing activity of chemotherapy agents. Consequently, even in cases where mAbs
are inadequate as standalone therapeutic agents, their structural and functional properties

remain highly valuable for the design of next-generation targeted therapies.

1.1.3. Antibody-drug conjugates

In this context ADCs stand out as promising antitumoral therapeutics and one of best tools in
targeted therapy. The approach to targeted chemotherapy was formulated at the beginning of
the twentieth century by Paul Ehrlich's concept of the "magic bullet".?? The principle of this
concept aims at avoiding adverse effects: drugs must be guided and released into the tumor sites
through association with ligands that are overexpressed or selectively expressed in the tumor.
Ehrlich's proposal has been translated into practical applications for therapy with the
development of the first conjugated antibodies. In order to become pharmacologically active
drugs, mAbs can be linked to either a radioisotope (producing radioimmunoconjugates, RICs), a

drug (ADCs) or a protein toxin (producing immunotoxins)?324,

An ADC is composed of three main elements: i) a mAb which specifically recognizes and binds an
antigen that is overexpress or exclusively expressed by the target cell, ii) a pharmacologically
active compound, also referred to as “payload” or “warhead”, iii) a linker, which is a chemical
spacer that covalently connects the payload and the mAb (Figure 3).2°> Each component is
indispensable and plays a key role in the efficacy of an ADC. For this reason, the design process
is a complex field, that implies expertise in organic chemistry, biochemistry and medicine.
Linker
* Stable to ensure that the ADC remains intact
until it reaches target
* Does not alter the mAb characteristics
(pharmacokinetics)

Ensures that the payload is released and
functional once at the target site

Antibody

* Mantains characteristics when
linked to the requisite number
of molecules via linker

« Targeted at a well-characterized
antigen  overexpressed  or
exclusively expressed by target
cells Payload

* Minimal non-specific binding * Non immunogenic

*  Well known pharmacological activity

Figure 3. General structure of an ADC.

Indeed, while the mAb must interact selectively with the tumor cells, and the payload must be

able to exhibit its pharmacological action once in the designated site, the linker must be properly
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designed to ensure stability of the bioconjugate in plasma while also being able to release the
payload in its active form once the ADC is internalized in the target cell. A key parameter in the
field of ADCs is the “Drug-Antibody Ratio” (DAR), which indicates the number of linker-payload

molecules attached on a single mAb.

The general mechanism of action starts with the intravenous administration of the bioconjugate,
because of poor oral bioavailability and to avoid proteolytic degradation by digestive enzimes.?®
The ADC remains inactive during blood circulation, until it finds and binds its cellular target. On
binding to its target, the ADC-antigen complex is usually internalized via clathrin-mediated
endocytosis, forming an early endosome containing the ADC-antigen complex.?’ Early
endosomes eventually mature into late endosomes before fusing with lysosomes. Once
internalized in the tumor cell, certain conditions, depending on the linker chemical structure and
properties, can initiate the cleavage of the linker-payload system thus releasing the payload. The
payload is then transported from the lysosome lumen to the cytosol.?” Within the intracellular

environment the drug leads to cellular death (Figure 4).
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Figure 4. General mechanism of action of ADCs. Created with Biorender.

The therapeutic index (Tl), defined as the ratio between the toxic dose and the effective dose of
a drug, has always been a critical parameter in drug development. ADCs were initially conceived
to enhance this ratio by delivering potent chemotherapeutic agents with heightened selectivity,
thereby aiming to mitigate systemic toxicity.?28 ADCs allow to use very potent cytotoxic agents

that would otherwise be too toxic for standalone systemic administration. By largely confining



their activity to tumor cells, ADCs facilitate significantly higher local drug concentrations within

the tumor microenvironment.??

Furthermore, a crucial advantage of the ADC technology is the bystander effect. This
phenomenon occurs when the cytotoxic chemotherapeutic agent, once released, can permeate
the cell membrane and affect neighboring tumor cells that may not express the specific target
antigen.3° This represents a substantial leap forward in drug design because it directly addresses
tumor heterogeneity, a major contributing factor to resistance.>® Tumors are often a
heterogeneous mix of cells, some expressing the target antigen and others not. The bystander
effect ensures that even non-expressing cells within the tumor microenvironment are exposed
to the cytotoxic drug, leading to more complete tumor eradication and potentially overcoming
resistance arising from antigen loss or downregulation. By enabling the killing of "non-
conforming" cells, it significantly broadens the therapeutic reach of the ADC within the tumor,
leading to a more durable response. Consequently, this enhances the probability of long-term

remission in complex tumor environments.

1.1.4. ADCs in the market

Paul Ehrlich's concept of targeted therapy was put into practice in 1958 when methotrexate
(MTX) was linked to an antibody targeting leukemia cells.3? In the following decades, several
efforts have been made for the development of ADCs, first employing polyclonal antibodies, that
enabled for the first time preclinical efficacy studies in animal models with both noncovalent-
linked ADCs and later covalently linked ADCs.3334 The first ADCs were produced with murine
mAbs, until advances in antibody engeneering allowed the production of humanized mAbs with
lower immunogenicity.3> After several failures in human clinical trials, caused by immunogenicity
issues, instability of linkers and low drug potency, a new generation of ADCs has been developed

exhibiting encouraging results.

In 2000 the FDA approved the first ADC, Mylotarg® (gemtuzumab ozogamicin), which combines
an anti-CD33 antibody with the DNA-targeting agent calicheamicin, for the treatment of acute
myeloid leukaemia (AML).3® Unfortunately it was withdrawn from the market a decade later due
to lack of improvement in overall survival and most importantly the occurrence of severe cases
of veno-occlusive disease. In 2012, a study showed that dose fractionation, replacing a single

dose of 9 mg/m? with three doses of 3 mg/m?, was sufficient to control liver toxicity while



maintaining anti-leukaemic activity.3” Therefore, Mylotarg was reapproved by the FDA in 2017,
both in the first-line setting and in relapsed or refractory CD33-positive AML in adults and
children. In 2011, Adcetris® (brentuximab vedotin), a CD30-specific mAb linked to monomethyl
auristatin E (MMAE), gained access to the market for the treatment of Hodgkin’s (HL) and
anaplastic large-cell lymphomas (ALCL).383° Kadcyla® (ado-trastuzumab emtansine, T-DM1)
combined for the first time the already approved and widely administered humanized antibody
trastuzumab with a potent antimicrotubule cytotoxic agent using a highly stable linker, and was
approved for the treatment of HER2-positive breast cancer, being the first ADC approved for the
treatment of any solid tumor.4%4! Following Kadcyla®, a second HER2-targeted ADC, Enhertu®
(trastuzumab deruxtecan), also called T-DXd, was approved for metastatic HER2-positive breast
and gastric cancer.*7%* Trastuzumab emtansine and trastuzumab deruxtecan differ in their

cytotoxic payloads (a tubulin inhibitor and topoisomerase | inhibitor, respectively).

Following these successes many ADCs have demonstrated impressive activity against treatment-
refractory cancers, resulting in approvals in numerous and diverse indications. To date, 17 ADCs

have received regulatory approval (Table 1), and hundreds are under clinical trials.

Interest and investments in the development of ADCs have increased significantly.
Pharmaceutical companies are investing heavily to expand the range of conditions for which
ADCs can be effective. According to a report from late 2023, the global ADC market grew from
USD 1.4 billion in 2016 to USD 11.3 billion in 2023, and is projected to reach USD 23.9 billion by
2032.%
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Table 1. Overview of approved ADCs.

Year

2000

2011

2013

2017

2018
2019
2019
2019

2020

2020
2020
2021
2021
2021
2022
2024
2025

ADC (Trade Name)

Gemtuzumab ozogamicin (Mylotarg)®
Brentuximab vedotin (Adcetris)
Trastuzumab emtansine (Kadcyla)
Inotuzumab ozogamicin (Besponsa)

Moxetumomab pasudotox (Lumoxiti)
Polatuzumab vedotin (Polivy)
Enfortumab vedotin (Padcev)

Trastuzumab deruxtecan (Enhertu/T-DXd)
Sacituzumab govitecan (Trodelvy)

Belantamab mafodotin (Blenrep)
Cetuximab saratolacan (Akalux)®
Loncastuximab tesirine (Zynlonta)
Disitamab vedotin (Aidixi)
Tisotumab vedotin (Tivdak)
Mirvetuximab soravtansine (Elahere)©
Sacituzumab tirumotecan (Jiatailai)

Datopotamab deruxtecan (Datroway)

2 Discontinued in 2010, reapproved in 2017.

® Approved in Japan.

Target
CD33

CD30

HER2

Cb22

CDh22
CD79b
Nectin-4
HER2

TROP2

BCMA
EGFR
CD19
HER2

TF
FRa
TROP2
TROP2

Cancer Type
acute myeloid leukemia
Hodgkin lymphoma and
systemic ALCL
metastatic breast cancer
B-cell precursor acute
lymphoblastic leukemia
hairy cell leukemia
diffuse large B-cell ymphoma
metastatic urothelial carcinoma
various HER2-positive cancers
triple-negative breast cancer
and urothelial carcinoma
multiple myeloma
head and neck cancer
large B-cell lymphoma
urothelial/gastric cancers
cervical cancer
ovarian cancer
lung cancer

HR*, HER2™ breast cancer

¢ Discontinued in August 2023 due to commercial considerations.

4 Approved in China.
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1.2. ANTIBODY-DRUG CONJUGATES: COMPONENTS, PROPERTIES, AND CHALLENGES

As mentioned above, ADCs represent the frontier of oncological treatment and targeted therapy.
However, they are extraordinarily complicated in nature, and the design and development of an
efficacious bioconjugate therefore involves overcoming a series of challenges and requires
expertise in several scientific fields, including protein chemistry, organic chemistry,

pharmacology and medicine.

1.2.1. Antibodies and antigens

Antibodies, also known as immunoglobulins, are Y-shaped proteins that are secreted by B
lymphocytes as part of the adaptive immune response. Each antibody consists of two identical
heavy chains (H) and two identical light chains (L), which are held together by disulfide bonds
formed by cysteine residues. Each chain is made up of one N-terminal variable (v)
immunoglobulin domain and one or more C-terminal constant (c) Ig domains. Enzymatic
processing can break up antibodies into two fragments named Fragment antigen binding (Fab)
and Fragment crystallizable (Fc) (Figure 5).#°¢ The paired v-H and v-L domains at the tips of the Y
form the antigen-binding site, and it is the hypervariable complementarity-determining regions
(CDRs) in these domains that confer high specificity to a corresponding epitope. In contrast, the
C domains, which form the Fc region, are highly conserved and mediate various functions, such
as recruiting complement or binding Fc receptors on phagocytes. Upon binding to an antigen, an
antibody can neutralize pathogens or toxins by blocking key interactions and tagging microbes
for clearance by phagocytic cells. This combination of modular structure and high-affinity
specificity makes antibodies powerful molecular recognition elements, therefore they are widely
used as reagents and therapeutics in diagnostics and biomedical applications. There are five
classes of immunoglobulins, 1gG, IgM, IgA, 1gD, and IgE. These are distinguished by the type of
heavy chain found in the molecule. Among these, immunoglobulins G (IgG) are favoured for ADCs
because they possess long serum half-life (= 21 days in humans), are structurally stable under
physiological conditions, have reduced complexity (monomeric structure), and finally have strong

safety and efficacy track record.*’

Human IgGs comprise four subclasses (I1gG1, 1gG2, 1gG3 and 1gG4), which differ in their constant
domains and hinge regions.*® Subtle variations between these subclasses affect the solubility and
half-life of mAbs as well as their affinity for different Fcy receptors (FcyRs) expressed on immune

effector cells. Most ADCs employ an 1gG1, as this subclass offers a balanced combination of
12



pharmacokinetic and functional properties. Although IgG2 and 1gG4 are also employed, for
example in gemtuzumab ozogamicin and inotuzumab ozogamicin, IgG1 antibodies demonstrate
comparable serum half-lives while exhibiting superior complement activation and Fcy receptor
engagement.*>°0 Conversely, 1gG3, are seldom utilized in the development of ADCs, primarily due

to relatively short serum half-life, which limits the therapeutic efficacy.>!

IgG structure

Qg "l .

' J
Disulfide bonds - —— Hinge region

Heavy (H) chain

— Fe region
'
C=constant, V=variable -

IgG subclasses

N AT

laG1 lgG2 lgG3 lgG4

Figure 5. Schematic representation of IgG structure and classification. Created with Biorender.

Given the need for high target specificity, strong binding affinity, and sustained exposure at the
tumor site, the selection of antibodies should aim for minimal cross-reactivity with healthy
tissues, sub-nanomolar affinity for the target antigen, and a prolonged PK half-life coupled with
low immunogenicity.®? The immunogenic potential of an ADC is a key determinant of its
circulatory half-life: antibodies with poor tumor specificity are more likely to be rapidly cleared
due to immune recognition, resulting in reduced target exposure and diminished therapeutic
efficacy.”® In the early stages of ADC development, murine monoclonal antibodies were
commonly used; however, these frequently elicited the formation of human anti-mouse
antibodies (HAMA) within weeks of a single dose, thereby limiting their clinical utility.>*
Consequently, murine antibodies were replaced by chimeric 1gGs, and later by humanised IgGs.
More recently, the interest has shifted towards the development of ADCs incorporating either
humanised or fully human antibodies, which offer enhanced tolerability and reduced

immunogenic risk (Figure 6).>2
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Figure 6. (a) murine, (b) chimeric, (c) humanised, and (d) fully human monoclonal antibodies. Red and

blue represents mouse and human antibody sequence respectively.>®

The efficacy of any antibody-based therapy fundamentally depends on the expression of antigens
and their subsequent recognition, thus making the selection of antigens a pivotal aspect of ADC
design. A well-established guiding principle is the selection of cell-surface proteins that are highly
expressed on tumor cells but are largely absent from healthy tissues. The aforementioned
selective expression has been demonstrated to broaden the therapeutic window and reduce the
likelihood of systemic toxicity.>® Ideally, ADC targets are uniformly and densely expressed across
the tumor cell population; however, absolute homogeneity is not always necessary, as some
ADCs are capable of eliciting a bystander killing effect.>” Target accessibility is another essential
consideration: high interstitial pressure within the tumor, in conjunction with endothelial,
stromal, and epithelial barriers, has the capacity to restrict ADC penetration, resulting in only a
fraction of the administered dose reaching the intended target. From a biological perspective,
the selection of an effective ADC target must therefore balance tumor expression density,
antigen internalization rates, and the chosen antibody Fc format to optimize delivery and

therapeutic impact.

Therapeutic mAbs recognize a variety of tumor-associated antigens, which can be classified into

several categories:

e haematopoietic differentiation antigens, often glycoproteins associated with cluster of
differentiation (CD) markers, include CD20, CD30, CD33, and CD52;°%>°

o cell surface differentiation antigens comprise diverse glycoproteins and carbohydrates
expressed on both normal and tumor cells;

e growth and differentiation signalling antigens include growth factors and receptors such
as CEA®, EGFR (ERBB1)®!, ERBB2 (HER2)®2, ERBB3%, MET (HGFR)®*, IGF1R®>, EPHA3®®,
TRAILR1 (TNFRSF10A), TRAILR2 (TNFRSF10B), and RANKL (TNFSF11)®7,
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e angiogenesis-associated antigens, such as VEGF, VEGFR, integrin aV3, and integrin a5p1,
support neovascularization within the tumor microenvironment;®
e stromal and extracellular matrix antigens, including fibroblast activation protein (FAP)

and tenascin, contribute to tumor architecture and survival. 8270

Recent research has focused on discovering novel antigens suitable for antibody-based cancer
therapies. Serological, genomic, proteomic, and bioinformatic approaches have identified
antigens and receptors overexpressed in tumor cells or linked to oncogenic mutations that drive

malignancy.”!

1.2.2. Linkers and spacers

Although the linker may not directly correlate with the overall potency of an ADC, the delivery of
the payload to tumor cells, and therefore the therapeutic efficacy of an ADC, ultimately depends
on the stability of the linker and its ability to trigger the release of the payload at the correct
site.”? The linker is a critical structural component that governs stability, selectivity, and
pharmacological outcome of the conjugate, far from being a simple connection between the
cytotoxic payload and the antibody.”? It must prevent premature drug release in circulation while
enabling the efficient, selective liberation of the payload once the ADC has bound to the antigen
and has been internalized by the target cell. Additionally, linker design can impact the

physicochemical properties of the ADC, influencing its solubility, stability, and biodistribution.
An optimal linker should:

e form a stable covalent bond with the payload via specific functional groups;

e contain reactive moieties for site-selective conjugation to amino acid residues of the
antibody;

e remain stable under physiological conditions to ensure plasma circulation without
premature drug release, as well as remain stable in buffered aqueous solutions to allow
formulations for intravenous administration;

e undergo cleavage only under defined intracellular conditions, enabling controlled payload

release at the target site through chemical or enzymatic transformations.

Generally linkers are named and classified according to their release mechanisms (Figure 7), the

two main classes being that of cleavable linkers and non-cleavable linkers.
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LINKERS

Cleavable Non-cleavable
linkers linkers

Chemically Enzimatically Thiosther Maleimide

cleavable cleavable - ) Others
; . linkers caproyl linkers
linkers linkers

H sensitive Reduction Peptide based B-glucuronide Phosphate
p sensitive linkers based linkers based linkers

Figure 7. Classification of linkers.

1.2.2.1. Cleavable linkers

Cleavable linkers exploit the differences in conditions between the bloodstream and the
cytoplasm within tumor cells. The change in environment once the ADC-antigen complex has
been internalized triggers the cleavage of the linker and release of the active payload. Cleavable
linkers are divided into two main sub-categories: chemically cleavable linkers and enzimatically

cleavable linkers.

1.2.2.1.1. Chemically cleavable linkers

Chemically cleavable linkers are designed to respond to specific chemical stimuli present at the
target site, thereby triggering the release of the cytotoxic payload through structural
transformations. Common triggers include the acidic pH and reductive environment

characteristic of tumor tissues (Figure 8).
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Figure 8. Chemically labile linkers and their cleavage sites.

Rapid metabolism and uncontrolled proliferation in cancer create a hypoxic microenvironment

that is enriched in acidic metabolites and reduces the extracellular pH to approximately 5.7-6.9.7
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Within tumor cells, further proton influx lowers the intracellular and subcellular pH to 5.0-6.0.7
Acid-sensitive linkers, such as hydrazone’®, acylhydrazone’” and carbonate’® linkers, can be easily
synthesised and are cleaved selectively under these acidic conditions. Notable examples include
the first-generation ADCs gemtuzumab ozogamicin (Mylotarg®) and inotuzumab ozogamicin
(Besponsa®), both of which employ an acyl hydrazone linker (Figure 9). However, hydrazone and
acylhydrazone linkers suffer from limited plasma stability, often releasing the payload
prematurely. Their synthesis is also limited to carbonyl or hydrazine derivatives, which restricts

their applicability to drugs containing these functional groups.”

Gemtuzumab anti-CD33 (Mylotarg)
Inotuzumab anti-CD22 (Besponsa)
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Figure 9. Structure of ADCs Mylotarg® and Besponsa®, containing an acyl hydrazone linker.

In this context, Migliorini and colleagues developed a pH-sensitive linker based on the natural
product gallic acid.®° The 5-(hydroxymethyl)pyrogallol orthoester derivative (HMPO — Figure 8)
has been shown to remain stable for up to 24 hours at pH 7.4 and 6.6, as well as in plasma. Under
acidic conditions (pH 5.5), it releases molecules bound to the hydroxymethyl moiety via a 1,6-
elimination mechanism (Scheme 1). The linker was non-toxic and was able to successfully

conjugate Doxorubicin and Combretastatin A4 to Cetuximab.
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Scheme 1. Proposed mechanism of the HMPO linker.

Regarding linkers that are sensitive to reductive environment, disulfide linkers exploit the higher
concentrations of glutathione (GSH) in tumor tissue compared to normal tissue, particularly
under hypoxic conditions, to selectively cleave.®%%2 A disulfide linker has many advantages: good
biocompatibility, feasable synthesis, high drug-release performance. Their main drawback is
instability, which has been partially mitigated by introducing steric hindrance to reduce
susceptibility to premature breakdown.® As a consequence, ADCs incorporating disulfide linkers
often have reduced in vivo potency due to faster clearance of prematurely released payloads.?
An example is Mirvetuximab soravtansine (Elahere®) which incorporates a disulfide linker known
as Sulfo-SPDB (1-(2,5-dioxopyrrolidin-1-yl)-oxo-4-(pyridin-2-yldisulfanyl) butane-2-sulfonic acid),
which covalently attaches the payload, DM4, a potent anti-tubulin agent, to the mirvetuximab

antibody, a chimeric IgG1 monoclonal antibody that targets FRa (Figure 10).

Mirvetuximab anti-FRa
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Figure 10. Structure of ADC Elahere®, bearing a disulfide linker.

18


https://broadpharm.com/product/bp-23649

1.2.2.1.2. Enzimatically cleavable linkers
Compared with other cleavable systems, enzymatically cleavable linkers offer superior plasma
stability.®> They are activated by lysosomal proteases, such as cathepsin B (CatB), which is
frequently overexpressed in tumors and is associated with cancer invasiveness and metastasis.2®
Proteases recognize and cleave specific dipeptide sequences (Figure 11). This releases the active

drug within the lysosomal compartment, preventing premature cleavage in circulation.
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Figure 11. Some enzimatically labile linkers and their cleavage sites.

Among these, the most widely used is the valine-citrulline (Val-Cit) dipeptide linker, combined
with the self-immolative p-aminobenzyl alcohol (PABA) spacer.8” Upon proteolytic cleavage, the
amide-linked PABA undergoes 1,6-elimination to liberate carbon dioxide and release the drug in

its amine form (Scheme 2).28
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Scheme 2. Mechanism of release of CatB-labile linker Val-Cit-PABA.

Debowchik and coworkers systematically evaluated a library of dipeptide linkers for Doxorubicin
release via enzymatic hydrolysis. They reported that Phe-Lys and Val-Lys were cleaved rapidly
(with half-lives of 8 and 9 minutes, respectively), while Val-Cit displayed markedly slower
cleavage (with a half-life of 240 minutes). Removal of the PABA group reduced the cleavage rate,
likely due to steric interference with enzyme binding. Meanwhile, substituting PABA with glycine

preserved proteolytic accessibility, but did not allow drug release.®%*° A separate study
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comparing auristatin MMAE conjugates revealed that Val-Cit linkers were over 100-fold more
stable in human plasma than hydrazone linkers, with Phe-Lys being significantly less stable than
Val-Cit.?! This enhanced stability under physiological conditions is the reason for the widespread
adoption of the Val-Cit-PABA system, as demonstrated by its successful application in Adcetris®

and other approved ADCs (Figure 12).
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Figure 12. Structure of ADC Adcetris®, bearing a Val-Cit-PABA linker.

Non-peptide cleavable linkers are also being investigated. For istance, the glucuronide linker
incorporates a hydrophilic sugar moiety which is specifically cleaved by the lysosomal enzyme -
glucuronidase. Following the enzymatic removal of the sugar from the phenolic backbone, the

release of the free drug is triggered by the self-immolation of the PABA spacer (Scheme 3).
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Scheme 3. Mechanism of release of B-glucuronidase-labile linker.

This linker was initially used to conjugate MMAE, MMAF and doxorubicin propyloxazoline to
various antibodies.®? In a comparative study, the aggregation and therapeutic performance of
glucuronide- and Val-Cit-PABA-linked ADCs were assessed.®® Glucuronide-linked conjugates
exhibited minimal aggregation (<5%), whereas dipeptide-linked ADCs showed aggregation levels
of up to 80%. While the two linker types demonstrated comparable in vitro potency, the
glucuronide system exhibited superior antitumor efficacy in vivo. However, its use was limited
due to reduced tolerability compared with Val-Cit-PABA-based ADCs. Finally other functional

groups that are responsive to other lysosomial enzymes such as sulfatase®3, glycosidase®,
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phosphatase®, caspase®, legumain®’, and non-lysosomal enzymes like fibroblast activation

protein have gained attention as potential alternatives®®.

1.2.2.2. Non-cleavable linkers

In the absence of a drug-release trigger, linkers are classified as non-cleavable linkers, since
payload release depends on complete degradation of the antibody scaffold within the lysosome
following internalization. This mechanism ensures that the cytotoxic drug is only released once
the mAb has undergone lysosomal metabolism; otherwise, the efficacy of the bioconjugate is not
granted. The primary advantage of non-cleavable linkers is their enhanced plasma stability
compared to the majority of cleavable systems.® Despite the limited bystander effect, their
capacity to resist premature cleavage outside target cells can enhance the precision of drug-

delivery, thereby minimising off-target toxicities.%

Among the most widely utilised metabolically-sensitive linkers are those which contain a
succinimide-thioether moiety, generated via a Michael addition between thiols and maleimides
(Figure 13). Payload release is believed to proceed through a retro-Michael reaction within
lysosomes, potentially combined with proteolytic degradation of the antibody, which may

facilitate linker rearrangement and subsequent drug release.0?
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Figure 13. Most commonly used non-cleavable linkers. a) MCC, b) MC.

Despite the fact that the precise mechanism remains to be fully elucidated, this approach has
been clinically validated. For instance, Kadcyla® utilizes a thioether linker comprising N-
maleimidomethylcyclohexane-1-carboxylate (MCC), wherein the cyclohexane ring provides
steric hindrance, therefore enhancing linker stability (Figure 14). Another commonly used non-
cleavable linker is the maleimidocaproyl (MC) linker, incorporated in Adcetris® (in combination

with a Val-Cit cleavable linker, see Figure 12 above), as well as in Polivy® and Padcev®.
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Figure 14. Structure of ADC Kadcyla®, bearing a non-cleavable linker.

1.2.2.3. Spacers

Spacers can be considered as structural connectors, bridgning the core components of an ADC:
the bioconjugation moiety, the linker and the payload. Advances in ADC technology have led to
increased attention on spacers design, as they can significantly impact the hydrophilicity of the
conjugate, the efficiency of drug release, and consequently the therapeutic efficacy of the

ADC.102

Most payloads in ADCs are highly hydrophobic, including widely utilized compounds such as
MMAE and exatecan. This intrinsic hydrophobicity poses a significant challenge in the
development of ADCs, as it can promote aggregation, compromise PK'%3, and complicate both
manufacturing and storage.’®® A well-established strategy to address this issue is the
incorporation of hydrophilic spacers, such as polyethylene glycol (PEG), a polymer made of
repeating units of ethylene oxide. PEG has found extensive application in the field of linker
design, becoming to-date the gold standard for improving physicochemical properties of
therapeutic agents. This is primarily due to its advantageous safety profile, chemical stability, and
capacity to enhance solubility.’®> However, PEG presents several limitations, such as a non-
biodegradable backbone and cases of hypersensitivity or accelerated blood clearance.%97 For
this reason, a range of alternative spacer technologies have been investigated, including

111

sulfamate!®, sulfamide®, glutamic acid??, fleximer!!!, and polysarcosine!!? (PSAR) (Figure 15).
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Figure 15. Spacers to enhance the hydrophilicity of linker. a) PEG, b) sulfamate, c) sulfamide, d) fleximer,

e) glutamic acid, and f) polysarcosine.

Polysarcosine (Figure 15f), also known as poly(N-methylglycine), is a biocompatible and
biodegradable polymer that is derived from the naturally occurring amino acid sarcosine. Despite
it being underexplored in the field of ADCs, PSAR has been successfully applied in nanoscale drug
delivery systems!?3, as an antifouling polymer for surface modification!4, and in fluorophore-
conjugates for imaging.'*> More recently, PSAR has been investigated for therapeutic protein
conjugation, where it was shown to provide protease resistance and extend circulation half-
life.1*® Viricel and colleagues have demonstrated the potential of polysarcosine as a
hydrophobicity-masking entity in ADCs.''” This has enabled the development of high drug-load
conjugates with improved physicochemical properties, favourable PK profiles, and enhanced
antitumor activity. It is important to note that this approach has proven to be particularly
effective for ADCs incorporating very hydrophobic payloads that would otherwise display high

aggregation propensity.

Self-immolative spacers play a pivotal role in the controlled release of ADCs. Functioning as
dynamic chemical bridges between the linker and the payload, they are designed to undergo
spontaneous, sequential fragmentation once the linker is cleaved, thereby ensuring traceless
drug release. The covalent bond between the spacer and the payload must break cleanly, so that
the cytotoxic agent is liberated in its native form, without residual chemical groups that could
compromise drug activity or induce undesired immune responses.'® Two major self-immolative
mechanisms are commonly employed. In the first, the process of linker activation initiates an
electronic cascade, which proceeds through the formation of a quinone or azaquinone methide
intermediate. This ultimately results in the release of the drug. In the second, the disassembly of

the spacer occurs via intramolecular cyclization, producing heterocyclic by-products such as
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imidazolidinone, oxazolidinone, or 1,3-oxathiolan-2-one rings. In both cases, the process is
initiated by the generation of nucleophilic functional groups (hydroxy, amino, or thiol moieties)
that are either conjugated with or located in proximity to a leaving group. The reactivity of the
former initiates a self-immolation cascade, leading to the efficient and selective release of the

unmodified payload.'*®

Self-Immolation by 1,4-, 1,6-, or 1,8-Elimination

Self-immolative spacers are designed to disassemble via electronic cascades and are typically

120,121 124

based on aromatic scaffolds bearing hydroxy , amino'?2123, or thiol groups'?*. In their
protected (or masked) state, these groups are not nucleophilic enough to trigger electronic
delocalization in the non-activated precursor. However, upon the occurrence of an external
stimulus, intrinsic nucleophilicity is restored, thereby initiating a self-immolation cascade and
releasing the active payload in one or several steps. This process is entropically favoured and is
often accompanied by the formation of stable by-products, such as CO; in the case of carbonate-

or carbamate-linked systems, rendering the reaction both spontaneous and irreversible.

The majority of reported examples rely on 1,4- (Scheme 4a) or 1,6-elimination mechanisms
(Scheme 4b), although 1,8-elimination (Scheme 4c) has been demonstrated in specific scaffolds
such as p-amino(or hydroxy)cinnamyl alcohol and coumarinyl alcohol spacers.'>> Among these,
PABA is by far the most widely applied. PABA undergoes a 1,6-elimination process to generate
quinone methide (QM) intermediates, to release the drug in its unmodified form.'?® Its
effectiveness and reliability have led to its incorporation in five FDA-approved ADCs, most often
in combination with the dipeptide Val-Cit linker. PABA is typically attached to the payload
through carbonate or carbamate linkages, which are engineered to cleave cleanly upon spacer

breakdown, ensuring traceless drug release.
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Scheme 4. Mechanisms of self-immolation via electronic cascade. PG = protecting group; X = O, NH, S. a)
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1,6-elimination (e.g. PABA), b) 1,4-elimination, c) 1,8-elimination.

Self-Immolation by cyclization

Self-immolative spacers that disassemble through cyclization often employ linkers based on alkyl
chains, such as mercaptoethanol (Scheme 5a) and ethylenediaminecarbamate (Scheme 5b), or
ortho-substituted aromatic scaffolds (Scheme 5c).1?’~12° Upon activation, these systems undergo
intramolecular nucleophilic attack, typically on a carbonyl group or an electrophilic aliphatic
carbon.'30 Cyclization may occur either directly after activation or via a preliminary elimination
step.’3! As with electronic cascade mechanisms, the process is entropically favoured and further
driven by the formation of thermodynamically stable cyclic products, most commonly 5- or 6-

membered rings.
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Scheme 5. Mechanism of self-immolation via cyclization. PG = protecting group; X = 0, NR%, S; Y = O, NR?,

CH; a) mercaptoethanol, b) ethylenediamine-carbamate, c) ortho-substituted aromatic spacer.

1.2.2.4. Polarity

The overall polarity of the linker exerts a significant influence on the PK, potency, DAR, and
therapeutic efficacy of an ADC.'3? It is important to note that, since most commonly used linkers
and payloads are inherently hydrophobic, ADCs typically achieve drug loads of about 3-4
molecules per antibody. Attempts to increase DAR are often motivated by the need to
compensate for low antigen density on tumor cells. However, such efforts frequently lead to
detrimental effects, including increased aggregation®33, accelerated systemic clearance®3, or

reduced antigen-binding affinity!34.

To overcome this, hydrophilic substituents can be
incorporated into the linker, thereby enabling the generation of ADCs with higher DARs, up to 9,
without notable aggregation or loss of binding affinity.*® It was demonstrated that these higher-
load ADCs exhibited increased potency in antigen-positive cells in comparison with standard
ADCs that possessed DARs of 3-4. Furthermore, conjugates bearing polar linkers demonstrated
enhanced activity against multidrug-resistant cell lines expressing P-glycoprotein (Pgp).**¢ This
phenomenon can be attributed to the inherent preference of Pgp transporters for hydrophobic
molecules. Subsequent to lysosomal degradation, the residual polar linker present on the

released drug diminishes Pgp-mediated efflux.
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This strategy is conceptually aligned with the use of aforementioned hydrophilic spacers such as
PEG, polysarcosine, or glutamic acid derivatives. In these cases, the tuning of polarity at the level
of the linker or spacer allows for higher drug loading while minimizing aggregation, thus
improving PK. In essence, polarity modulation demonstrates the necessity of integrating linker
design, spacer engineering, and payload chemistry as a cohesive system. The fine-tuning of each

component is essential for ensuring the stability, selectivity, and therapeutic efficacy of the ADC.

1.2.3. Payloads

Besides its activity, the fundamental criterium for selecting an ideal payload is the presence of
functional groups suitable for bioconjugation. Many highly potent pharmaceuticals do not
possess such suitable connection sites, and a chemical modification required for their
introduction can compromise biological activity. Furthermore, if the conjugated drug is not
ultimately released in its free, active form, its cytotoxic potency may be reduced. Once attached,
the payload should be stable in blood circulation, reaching the cytosol intact, after
internalization, and processing. In this context, the linker plays a dual role as both a connector

and a protective group.

Other key parameters that define an optimal payload are solubility, conjugation compatibility,
and stability.'3” Lipophilic drugs have a high degree membrane permeation, thereby increasing
their likelihood of escaping the lysosome following release. However, candidate payloads must
also be sufficiently soluble to allow efficient conjugation in agueous media, as organic solvents
can denature the antibody. Poorly soluble drugs can be modified by incorporating hydrophilic

linkers.138

Early ADCs were designed to deliver conventional chemotherapics with well-established
anticancer activity, such as methotrexate!3, doxorubicin'°, or vinca alkaloids.'*! However, these
conjugates did not prove to have superior efficacy compared to the free cytotoxic drugs
frequently requiring very high dosing, thus undermining the goal of reducing systemic
toxicities.'*? This realization led to the development of ADCs incorporating ultrapotent
compounds, including auristatins, calicheamicins, maytansinoids, and camptothecin analogues,
which exert activity at sub-nanomolar concentrations.'4314* However, it is important to highlight

that advances in bioconjugation technologies have encouraged research to shift focus from
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classical cytotoxic payloads to non-cytotoxic agents with alternative pharmacological activities.

Additionally, there has been an exploration of ADCs for non-oncological indications.

Nevertheless, to date, all clinically approved ADCs employ payloads from two primary classes
(Table 2). The first group of these agents comprises microtubule inhibitors, which disrupt mitosis.
Examples of this group include auristatin analogues and maytansinoids.®! The second consists of
DNA-targeting agents, such as calicheamicin analogues, which bind the minor groove of DNA and

induce double-strand breaks leading to apoptosis.”’

Table 2. Most commonly used payloads.

TYPE PAYLOADS/EXAMPLES
Payloads inhibiting tubulin polymerization
Maytansinoids DM1, DM4

Auristatins MMAE, MMAF

DNA damaging payloads

Double Strand Break agents Calicheamicin

Topoisomerase | enzymes Camptothecins (topotecan, SN-38, belotecan)

Topoisomerase Il inhibitors Anthracyclines (doxorubicin, epirubicin, daunorubicin, idarubicin)
Crosslinkers Pyrrolobenzodiazepines (PBDs)

Alkylating agents Duocarmycin, Indolinobenzodiazepine (IGNs)
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1.2.3.1. Payloads inhibiting tubulin polymerization

Maytansinoids

DM1 (mertansine or emtansine) and DM4 (ravtansine or soravtansine), are semisynthetic
derivatives of maytansine, a natural benzoansamacrolide originally isolated from plants
belonging to the Maytenus genus (Figure 16).1*> These compounds bind to tubulin and inhibit
microtubule assembly, thereby blocking cell proliferation during mitosis.*4¢ Maytansine itself was
found to be too toxic for direct clinical use, however its derivatives have proved to offer excellent
stability and sufficient aqueous solubility, thus being suitable as payloads for the development of
ADCs.'*” Notable examples include Kadcyla® (T-DM1), which employs a non-cleavable MCC

linker, and lorvotuzumab mertansine, which uses a cleavable linker.

(a) (b)

Figure 16. Structure of maytansinoids a) DM1, b) DM4.
Auristatins

Monomethyl auristatin E (MMAE, Figure 17a) and monomethyl auristatin F (MMAF, Figure 17b),
are fully synthetic analogues of dolastatin-10, a highly potent antimitotic peptide isolated from
the sea hare Dolabella auricularia.?® However, due to its extreme systemic toxicity, dolastatin-10
itself is not suitable for therapeutic use. Nevertheless, its derivatives, MMAE and MMAF, retain
nanomolar potency while displaying improved solubility, stability under physiological conditions,
and chemical compatibility with linker technologies. It has been established that both act as
microtubule destabilizers, thereby preventing tubulin polymerization and inducing G2/M cell
cycle arrest.'*® Clinically, Adcetris® and Polivy® exploit MMAE as their cytotoxic warhead for the

treatment of lymphomas.
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(a) (b)

Figure 17. Structure of auristatins a) MMAE, b) MMAF.

1.2.3.2. DNA damaging payloads

Double-strand break agents

Calicheamicins represent a group of highly potent enedyine antibiotics that were first isolated
from Micromonospora echinospora. These compounds bind to the DNA minor groove, inducing
double-strand cleavage in a site-specific manner through a radical-mediated mechanism.**° The
semisynthetic derivative N-acetyl calicheamicin (Figure 18) has been incorporated into two
approved ADCs: Mylotarg® and Besponsa®. A major limitation of calicheamicins resides in their
extreme hydrophobicity, which restricts the DAR that can be achieved before protein aggregation

compromises product stability.*>°

Figure 18. Structure of N-acetyl calicheamicin.

Topoisomerase | enzymes

Camptothecins, including topotecan, irinotecan, and belotecan, were originally derived from the
bark of Camptotheca acuminata. These agents inhibit DNA topoisomerase | by stabilizing the
cleavable complex, thereby preventing DNA re-ligation and ultimately leading to lethal strand
breaks.'>* Among them, SN-38 (Figure 19), the active metabolite of irinotecan, is approximately
1000-fold more potent than its parent compound. However, it suffers from poor solubility and
unacceptable systemic toxicity when administered directly. Conjugation to antibodies addresses

these drawbacks: the ADCs anti-CEACAMS5-SN38 (labetuzumab govitecan) and Trodelvy® both
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deliver SN-38 with high homogeneity (DAR = 8) and improved aqueous solubility, providing a

clinically viable strategy to exploit this otherwise intractable payload.>?

Figure 19. Structure of SN-38.

Topoisomerase |l inhibitors

Anthracyclines, including doxorubicin, daunorubicin, epirubicin, and idarubicin, which are
isolated from Streptomyces species, function through intercalation into DNA, thereby inhibiting
topoisomerase Il and inducing double-strand breaks (Figure 20).!>® The structural diversity
exhibited by this class of compounds is reflected in their distinct pharmacological profiles.
Epirubicin, for instance, demonstrates prolonged half-life, while the lipophilic idarubicin exhibits
enhanced intracellular uptake. Doxorubicin, a clinically established anticancer drug, has a
relatively low potency compared to the other classes of payloads, however it display few
advantages as an ADC payload: high hydrophilicity, low cost, well-established pharmacodynamics

and the presence of multiple functional groups that facilitate linker attachment.*>*
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Figure 20. Structures of anthracyclines. a) Doxorubicin, b) Epirubicin, c) Idarubicin.

Crosslinkers

Pyrrolobenzodiazepines (PBDs) are naturally derived DNA-binding agents that covalently interact
with the minor groove of DNA in a sequence-specific manner, producing interstrand crosslinks
that impede replication and cell division.’>> This mechanism minimizes the emergence of
resistance and endows PBDs with picomolar potency against a wide range of tumor cell lines.
PDB dimers SGD-1882 (Figure 21a) and SG-3199 (Figure 21b) are the most commonly used for
the development of ADCs. The ADC SGN-CD33A (vadastuximab talirine) utilises a PBD dimer

payload. Dimerization strategies, which yield symmetrical or asymmetrical structures, enable
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efficient crosslinking by tethering two guanine residues on opposing DNA strands. Beyond PBDs,
indolinobenzodiazepine pseudodimers (IGNs) are under development; structural optimisation to

a monoimine form has been shown to preserve cytotoxic potency while reducing off-target DNA

crosslinking and toxicity.1>®
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Figure 21. Structures of PBDs. a) SGD-1882, b) SG-3199.

Alkylating agents

Duocarmycins, which are derived from Streptomyces species, are minor groove-binding
alkylating agents (Figure 22a). These agents irreversibly alkylate the N3 position of adenine in
duplex DNA. The extreme potency and ability to retain activity against multidrug-resistant (MDR)
tumor models renders them an attractive option as ADC payloads. For instance, the HER2-
targeting ADC SYD983 incorporates a duocarmycin derivative as its warhead.'®” Similarly, IGN
dimers (Figure 22b) based on indolinobenzodiazepines act through irreversible alkylation,

representing an additional class of promising payloads with tunable potency and selectivity.>®

OMe
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Figure 22. Structures of two alkylating agents. a) Duocarmycin C1, b) General structure of IGNs.

32



1.2.3.3. Recent advancements in ADCs charged with non-cytotoxic payloads

With only a few exceptions, represented by topoisomerase inhibitors, the dominant paradigm in
ADC research has been that therapeutic efficacy requires conjugation to an extremely potent
cytotoxic payload. This principle has driven the development of the majority of clinically
approved ADCs to date. Nevertheless, the intrinsic cytotoxicity of these agents poses
considerable limitations.’>® From a manufacturing perspective, the extreme potency of the
payloads necessitates stringent containment measures during production to ensure operator and
environmental safety, thus complicating large-scale development.'*® In order to overcome these
challenges, research has expanded its efforts for the design of non-cytotoxic ADCs, in which
antibodies are conjugated to payloads with alternative mechanisms of action. These next-
generation ADCs are being explored not only for oncology but also for a variety of non-cancer

therapeutic areas, representing a significant shift in the field.

1.2.3.3.1. Epigenetic modulators

Epigenetic aberrations have been demonstrated to play a crucial role in the onset and
progression of multiple diseases, arising from the gain or loss of function in epigenetic regulatory
proteins.'®® Among these, histone deacetylases (HDACs) have emerged as valuable therapeutic
targets, since aberrant deacetylation events contribute to a number of pathologies, including
neurological disorders, inflammatory conditions, viral and protozoal infections, cardiovascular

pathologies, and cancer.

In 2018, Cini and coworkers developed new ADCs charged with ST7612AA1, a novel thiol-based
HDAC inhibitor capable of slowing down both in vitro and in vivo growth of several tumors,
including Ras-mutant colon carcinoma, non-small cell lung cancer, ovarian cancer, triple-negative
breast cancer (TNBC), acute myeloid leukemia, and diffuse large B-cell ymphoma.®! Beyond its
antitumor activity, ST7612AA1 was shown to modulate the NF-kB pathway, epithelial-
mesenchymal transition (EMT), and transcripts involved in immune regulation and other key
pathogenic processes, suggesting a potential application in the management of inflammatory

diseases.162
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Since the active form of ST7612AA1 contains a thiol functional group, two alternative conjugation

strategies were explored:

e a MC-like non-cleavable linker, comprising a maleimide group and a thiol group (Figure
23a);

e acathepsin B-sensitive Val-Cit dipeptide with a PABA self-immolative spacer (Figure 23b).

The linkers were coupled through stable amide bonds to lysine residues of the EGFR-specific mAb
cetuximab (Ctx). The resulting HDAC inhibitor-antibody conjugates preserved EGFR recognition,
displayed efficient internalization in tumor cells, and induced a significant increase in acetylation
of histones H3, H4, and a-tubulin. In animal models of human solid tumors, these conjugates
demonstrated strong antitumor efficacy without the systemic toxicities commonly associated

with traditional cytotoxic ADCs.
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Figure 23. Structures of two ADCs charged with the novel HDAC inhibitor ST7612AA1. a) DAR = 8 (1), b)
DAR = 6 (+0.5).16

In a follow-up study, the same group reported the successful conjugation of two additional HDAC
inhibitors, SAHA (Vorinostat) and Dacinostat.'®® The corresponding ADCs demonstrated the
capacity to inhibit HDAC in a variety of tumor cell lines, effectively impeding the proliferation of
lung adenocarcinoma cells. These type of conjugates also provided a strategy to overcome the
poor pharmacokinetic properties of hydroxamic acids.'®*6> Significantly, the work demonstrated
the feasibility of employing unconventional functional groups as conjugation handles, expanding

beyond conventional amines, alcohols, and phenols. In particular, conjugates were successfully
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prepared using a non-cleavable thioether-maleimide linker (Figure 24a-b) as well as a cathepsin

B-sensitive Val-Cit linker (Figure 24c).
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Figure 24. Structures of two ADCs charged with HDAC inhibitors SAHA and Dacinostat. a) DAR(Ctx) = 4
(+0.5), DAR(Trast) = 5 (+0.5), b) DAR =3 (+0.5), c) DAR = 6 (+0.5).163

1.2.3.3.2. Immune-stimulating antibody-drug conjugates (iADCs/ISACs)

The clinical success of ADCs has prompted the development of a related class of therapeutics
called “immune-stimulating antibody conjugates” (ISACs, also referred to as iADCs). ISACs consist
of an antibody directed against a tumor-associated antigen, which is conjugated to an
immunostimulatory payload (Figure 25).1%6 The immunostimulatory payload can be composed of
agonists of Toll-like receptors (TLRs)*” or the stimulator of interferon genes (STING) pathway.!6®
Although TLR agonists are recognised as potent activators of the innate immune system, their
systemic administration is limited by severe toxicity.'®® ISACs overcome this limitation by
exploiting the antibody-mediated targeted delivery of immunostimulatory molecules directly
into the tumor microenvironment. Once internalized, ISACs induce a localized influx of pro-
inflammatory cytokines, leading to dendritic cell activation and ultimately promoting a robust
antitumor T-cell response. It has been demonstrated in preclinical models that ISACs can induce

enduring immunological memory against tumors.'’0
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Figure 25. General mechanism of action of immune-stimulating antibody conjugates.'’

Presently, no ISACs have received FDA approval, reflecting the early stage of their clinical
development. However, the concept has attracted significant interest, particularly in the context
of immune synergy, which envisions combining ISACs with immune checkpoint inhibitors to
achieve enhanced therapeutic efficacy. Preliminary studies indicate that this combined approach
may enhance the effectiveness of antitumor responses over time, thereby establishing ISACs as

a promising new frontier in the field of ADCs.

1.2.3.3.3. Payloads for non-oncology indications
Beyond oncology, there is growing recognition of the potential of ADCs in the treatment of
different diseases. Historically, a significant number of drug candidates failed the preclinical or
clinical stages of development. This failure was attributed to a lack of target selectivity, resulting
in a poor therapeutic index. The ADC strategy provides a significant opportunity to re-evaluate

such molecules, particularly by enhancing their selectivity and minimizing systemic toxicity.”?

Anti-inflammatory ADCs

Synthetic glucocorticoids, such as dexamethasone, are widely used for their potent anti-
inflammatory activity.!’”®> However, the chronic use of these medications is limited by the
occurrence of serious adverse effects, including bone mobilization, muscle wasting,
immunosuppression, and metabolic dysregulation.’® In order to retain their efficacy while

minimizing systemic toxicity, a biodegradable anti-CD163 antibody-dexamethasone conjugate
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was developed.'’4 CD163 is a glucocorticoid-regulated surface protein expressed by monocytes
and macrophages, with key roles in the clearance of debris, immune modulation, and pathogen
recognition.'’> Its restricted expression at inflammatory sites makes it an attractive target for
tissue-specific delivery. The CD163-dexamethasone ADC preserved high binding affinity post-
conjugation, a reduction in TNF-a secretion in lipopolysaccharide-stimulated macrophages, and
in vivo efficacy in mice. It is interesting to note that, compared to free dexamethasone, the ADC
was able to attenuate systemic adverse effects such as thymic lymphocyte apoptosis, weight loss,

and cortisol suppression.

Immunosuppressive ADCs

Analogous strategies have been employed in the development of non-hormonal
immunosuppressants. Dasatinib, a tyrosine kinase inhibitor originally developed for oncology, is
an oral drug applied in the treatment of chronic myelogenous leukemia and certain forms of
acute lymphoblastic leukemia.l’®’7 It has significant immunosuppressive potential but suffers
from severe systemic side effects (e.g., neutropenia, myelosuppression).1’2 To harness its activity
more safely, researchers designed a dasatinib ADC targeting CXCR4, a receptor which is highly
expressed on T and B cells and monocytes.'”® This approach restricted drug delivery to immune

cells, thereby reducing off-target effects and broadening the therapeutic window.

Antibody-antibiotic conjugates (AACs)

Beyond the field of immunology, the technology of ADCs has been adapted for the treatment of
intracellular bacterial infections. An antibody-antibiotic conjugate (AAC) targeting
Staphylococcus aureus was recently developed.’®%'1 This AAC contains a protease-sensitive
linker cleaved by the phagolysosome, thereby releasing the antibiotic precisely in the infection
sites. In preclinical models, the AAC demonstrated superiority to vancomycin in the treatment of
bacteremia. A cathepsin-cleavable linker was also employed to tether a rifamycin derivative
(rifalogue) to an anti-wall teichoic acid (WTA) antibody, achieving potent intracellular bactericidal
activity. It is noteworthy that rifalogue retained activity in acidic environment and accumulated
inside infected cells, while rifampicin conjugates demonstrated poor efficacy under the same

conditions.

Together, these advancements underscore the versatility of ADC technology as a delivery

platform that extends significantly beyond the domain of oncology. This underscores the
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potential for therapeutic applications in immunology, infectious diseases, and chronic

inflammatory disorders.

1.2.4. Bioconjugation strategies

In ADC manufacturing, bioconjugation is defined as the reaction that links the linker-payload
system to functional groups of amino acid residues on the antibody. Typically, accessible residues
on the antibody surface undergo a controlled reaction with a reactive handle installed on the
linker. The majority of ADCs are based on IgG1 scaffolds, which are ~150 kDa biomolecules that
provide multiple native conjugation sites and can also be engineered to introduce additional
reactive positions. Conventional conjugation strategies generally exploit nucleophilic residues,
while advanced approaches use genetic engineering to introduce electrophilic groups such as
aldehydes or ketones. In all cases, conjugation chemistry must selectively target reactive sites

without compromising the antibody's structural integrity.®>

Depending on the method, the reaction often generates a heterogeneous mixture of ADCs with
variable DARs and conjugation sites. A broad DAR distribution has been demonstrated to reduce
efficacy and complicate pharmacological behaviour. While higher DAR values have been shown
to increase potency, they are also associated with increased aggregation, faster clearance, and
premature payload release in circulation.'® The employment of hydrophilic and sufficiently
stable linkers is a crucial and effective measure for the mitigation of these risks. Achieving an
optimal DAR, typically ranging from 2 to 8, with a controlled distribution is imperative to optimize

efficacy while ensuring tolerability and minimising off-target toxicity.

1.2.4.1. Bioconjugation through native residues

1.2.4.1.1. Bioconjugation through lysines
Lysine is a nucleophilic amino acid with an €-amino side chain (pKa = 10.5), which is
predominantly protonated under physiological conditions. Due to the high prevalence of lysine
in proteins, with approximately 80 lysine residues present in IgG molecules, lysine has historically
been the most conventional and straightforward target for bioconjugation.'®? However, it
presents significant challenges: controlling chemoselectivity and regioselectivity is difficult, and

conjugation typically yields highly heterogeneous ADC products.
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The most established reagents for lysine modification are N-hydroxysuccinimide (NHS) esters.83
These activated acyl species are reactive, commercially available, and capable of forming amide
bonds efficiently at a pH range of 7.0-9.0 and in a relatively short time frame (Scheme 6). The
development of the first generation of clinically approved ADCs, including trastuzumab

emtansine, gemtuzumab ozogamicin, and inotuzumab ozogamicin, was enabled by NHS ester

chemistry.
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Scheme 6. Bioconjugation to lysine -NH, using NHS-ester (yellow) activation.

Nevertheless, NHS ester-based conjugation produces heterogeneous mixtures, as demonstrated
by Kadcyla® (trastuzumab-DM1), which contains a distribution of species with DAR values ranging
from 0-8, corresponding to ~40 possible lysine modification sites.'8* Further disadvantages are
associated with hydrolysis of the reactive ester and off-target reactions with other nucleophilic
residues, such as histidine, serine, threonine, and tyrosine.'®>86 A range of alternative reagents,
including sulfonyl halides!®”'88 iminoboronates'®®, diazonium salts'®°, aldehydes'®® and
isothiocyanates!®?, have been the focus of investigation in order to enhance chemoselectivity
(Scheme 7). However, their application in the context of antibody modification remains

restricted.
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Scheme 7. Conventional lysine bioconjugation reagents: (a) NHS esters, (b) sulfonyl fluorides, (c)

iminoboronates, (d) diazonium salts, (e) aldehydes, (f) isothiocyanates. Linker-payload in orange.

Recent advances have introduced new strategies for lysine-selective bioconjugation. In 2021, the
Yao group reported an azaphilone-based reagent that reacts selectively with primary amines in
proteins under mild conditions, generating only water as a by-product (Scheme 8a).2*3 The
resulting conjugates demonstrated satisfactory serum stability for a period of up to seven days.
In a more recent development in 2024, Teng and colleagues have pioneered the development of
biocompatible click reagents that utilize alkynone B-trifluoroborates as electrophiles (Scheme
8b).1% Competition experiments between benzylamine and benzyl mercaptan demonstrated
excellent chemoselectivity for amines (82% vyield) over thiols (trace), thus highlighting the
potential of these boron-containing reagents for lysine-based ADC bioconjugation. The same
group has also developed B-silyl alkynoate-based methodology for amide bond formation
(Scheme 8c). In the same year, Allimuthu and coworkers introduced isotonic anhydrides as a
novel lysine-selective reagent for amide bond formation (Scheme 8d), further expanding the

chemical toolbox for next-generation ADC design.®®
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Scheme 8. Recent innovative lysine bioconjugation reagents: (a) azaphilone-based reagent, (b) alkynone
B-trifluoroborates reagent, (c) B-silyl alkynoate reagent, (d) isotonic anhydrides reagent. Linker-payload

in orange.

1.2.4.1.2. Bioconjugation through cysteines

Cysteine is the second most exploited amino acid residue for ADC bioconjugation. In I1gG1
antibodies, cysteines are engaged in disulfide bonds, with four inter-chain disulfides, two
connecting heavy and light chains and two connecting the heavy chains in the hinge region,
maintaining the structural integrity of the antibody, and an additional twelve intra-chain
disulfides which stabilize the antibody domains.'®® Reduction under mild conditions, employing
reagents such as Dithiothreitol (DTT) or Tris(2-Carboxyethyl)phosphine (TCEP), selectively cleaves
inter-chain disulfides while preserving intra-chain bonds.'®” This process generates free thiol
groups suitable for conjugation. This controlled reduction makes cysteine conjugation
particularly attractive in comparison to lysine conjugation, as it typically yields more
homogeneous ADC preparations, together with easier characterization and quality control.
However, it is important to note that partial reduction may result in the dissociation of the light
chain, which could potentially compromise antigen binding and cross-linking capacity, processes

that are critical for efficient internalization.”!
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Free thiols generated from cysteine residues can undergo various types of functionalization,
including Michael additions, a-halo carbonyl alkylations, and disulfide re-bridging. This strategy
was employed for the development of FDA-approved ADCs, including Adcetris® and trastuzumab
deruxtecan (T-DXd). Among available reagents, maleimides (Scheme 9a) have emerged as the
most widely used. However, the resulting thiosuccinimide bond is susceptible to retro-Michael
reactions, leading to payload deconjugation and premature drug release from the antibody.'*® In
order to address this instability, a number of strategies have been devised. For instance, Lyon
and coworkers introduced a self-stabilizing maleimide-diaminopropionic acid (DPR - Scheme 9b)
linker that promotes intramolecular catalysis of thiosuccinimide hydrolysis, thereby preventing
retro-Michael elimination and improving conjugate stability.®® Furthermore, Christie and
coworkers demonstrated that N-aryl maleimides exhibit substantially lower deconjugation rates
compared to N-alkyl derivatives.?®® This finding was later applied to PBD-based ADCs.?%! In
addition, alternative cysteine-reactive chemistries have been developed to overcome the
liabilities associated with maleimide chemistry. For instance, allenamides (Scheme 9c) enable
rapid and irreversible conjugation under aqueous conditions?%?; 2-sulfonylpyrimidines (Scheme
9d) allow mild yet highly selective thiol functionalization?°3; pentafluorobenzene proved to be a
versatile handle for selective functionalization of cysetine via nucleophilic aromatic substitution
(Scheme 9e)?%*; and more recently, silicon-containing thiol-specific reagents have been reported

with superior resistance to retro-reactions.
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Scheme 9. Some cysteine bioconjugation reagents: a) maleimide, b) self-hydrolizing maleimide, c)

allenamide, d) 2-sulfonylpyrimidine, e) pentafluorobenzene. Linker-payload in orange.

Despite these advances, conjugation to naturally occurring cysteine residues still generates
heterogeneous ADC populations, potentially affecting pharmacokinetics and stability.29>2% |n

order to address this issue, a range of site-specific approaches has been developed.

Another method to obtain homogeneous products is by fully reducing four pairs of disulfide
bonds and conjugating with linker-payloads, utilizing disulfide re-bridging technology. Disulfide
re-bridging involves dual thiol-reacting linkers to simultaneously bind to a pair of cysteines.
Payloads can be straightly introduced through re-bridging disulfide bonds or connected via
bioorthogonal reactions after introducing a highly reactive trigger. This method maintains the
antibody’s morphology and controls the reaction site, with the DAR of the products adjustable
to approximately 4, 8, or 16 by varying the amounts of payloads on the linkers. Instead of
stochastic coupling, disulfide re-bridging involves the reaction with cysteine-selective cross-
linking reagents, such as bis-alkylating bis-sulfones, (Scheme 10a) dibromomaleimide (Scheme
10b) and dibromopyridazinediones (Scheme 10c).2’2%° |n comparison with conventional
heterogeneous ADCs, these site-specific conjugates exhibit enhanced homogeneity, reduced off-
target toxicity, and improved therapeutic efficacy in vivo.?1%?!1 Consequently, the development
of cysteine-based site-specific conjugation strategies remains a primary focus in the optimisation

of next-generation ADCs.
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Scheme 10. Disulfide bond rebridging: (a) Bis-alkylating bis-sulfones, (b) Dibromomaleimides, (c)

Dibromopiridazinediones. Linker-payload in orange.

1.2.4.2. Other strategies of bioconjugation
The shift towards homogeneous ADC design has driven the emergence of bioorthogonal
approaches that exploit reactive functionalities beyond thiols and amines, greatly expanding the
diversity of conjugation strategies. Recent advances have enabled the generation of
homogeneous ADCs with precise control over the DAR, thereby improving stability, PK, and

therapeutic efficacy.

Insertion or mutation of cysteine residues

A successful approach is the insertion of engineered cysteine residues into antibodies. This
preserves the integrity of native disulfide bonds while generating well-defined attachment sites
for conjugation. This strategy guarantees a uniform DAR while preserving antibody stability in
vivo, on the condition that the introduced cysteines do not hinder antibody folding or antigen
recognition. A prominent example is the development of THIOMAB antibodies, in which cysteine
substitutions are introduced at carefully selected positions.??2 Further development of this
concept was pursued by Sadowsky and colleagues, who combined THIOMABs with recombinant
XTEN peptide technology, thereby generating THIOMAB XTEN-drug conjugates.?'* The amino
acid sequence known as XTEN, which is characterized by its pseudo-repetitive nature, was
engineered to incorporate up to nine cysteine-based conjugation sites. This innovation produced
highly homogeneous ADCs with DAR values reaching 18. Remarkably, TXCs demonstrated
superior in vitro anti-tumor activity compared to conventional low-DAR ADCs, and improved

delivery efficiency both in cancer models and against Staphylococcus aureus.
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Insertion of unnatural amino acids

A significant area of research in the field of ADC technology is the genetic incorporation of
noncanonical amino acids (ncAAs) into antibodies. Beyond cysteine substitution, other residues,
including selenocysteine and p-acetylphenylalanine (pAcF), have been explored as unique
conjugation handles. Selenocysteine, which contains selenium in its side chain, displays
enhanced nucleophilicity compared to cysteine, especially toward electrophiles such as
maleimides under acidic conditions.?* This property has been exploited for dual-conjugation
strategies, combining selenocysteine- and cysteine-based chemistries to generate multi-drug

ADCs with potential applications in overcoming drug resistance.?'?

The employment of genetic code expansion technology facilitates the incorporation of ncAAs,
allowing the introduction of bioorthogonal functional groups (e.g., azides, alkynes) into
antibodies.®® This requires engineered aminoacyl-tRNA synthetases/tRNAs to recognize
nonsense codons and directing the incorporation of ncAAs during the process of translation.?®
For instance, in an anti-CXCR4 antibody, pAcF incorporation facilitated conjugation of auristatin
through a non-cleavable hydrophilic linker, resulting in a homogeneous ADC (DAR = 2) with >95%

conjugation efficiency.?!’

Glycan modification

Another promising strategy exploits the conserved N-linked glycosylation site at asparagine 297
in the CH2 domain of IgG antibodies. This glycan site can be selectively modified to provide a
handle for site-specific drug conjugation. It is important to note that glycan engineering does not
interfere with antigen recognition and Fc-mediated functions.?!® One-pot conjugation
methodologies have been developed, yielding homogeneous ADCs with defined DARs ranging

from 2 to 12, thereby providing both flexibility and structural diversity.?*°

Enzymatic conjugation

Enzymes represent powerful tools for site-specific conjugation, offering high selectivity under
mild conditions. A number of biocatalysts have been adapted for the development of ADCs.
These include transpeptidases, formylglycine-generating enzymes, and microbial
transglutaminases.??? Sortase A (SrtA) is capable of recognizing the LPXTG motif that has been
engineered into antibodies, and it catalyses the cleavage process between threonine and glycine
residues. The resulting acyl-enzyme intermediate is resolved by nucleophilic attack from an

oligoglycine-containing linker, producing a new peptide bond.??* As demonstrated, the Sortase-
45



mediated antibody conjugation (SMAC) technology preserves antigen-binding affinity after
modification.??! Nevertheless, the low catalytic efficiency of SrtA remains a issue, necessitating
either elevated enzyme concentrations or extended reaction times. Microbial transglutaminase
(MTGase) catalyzes the formation of amide bonds between the y-carboxamide group of
glutamine and primary amines.??? In the context of antibodies, MTGase has been shown to target
GIn295 on the heavy chain, thereby facilitating site-specific modification. For instance, the
conjugation of MMAE via MTGase-mediated modification, followed by strain-promoted azide-
alkyne cycloaddition (SPAAC), produced trastuzumab-MMAE ADCs with a DAR of 2, which

displayed potent in vitro cytotoxic activity.??3

1.2.4.3. Click chemistry for the synthesis of ADCs

The term "click chemistry", first defined by Kolb, Finn, and Sharpless in 2001 224, refers to a class
of reactions that are characterized by their modularity, high yield, stereospecificity, and the
production of predominantly benign by-products under conditions that are mild, oxygen- and
water-tolerant. The combination of these features with the availability of simple starting
materials and straightforward product isolation has resulted in the widespread application of
click reactions across diverse scientific fields, including materials science, drug discovery and

bioconjugation.??®

In the context of bioconjugation, click reactions offer several notable advantages, including high
efficiency, mild and aqueous-compatible conditions, stereoselectivity, and straightforward
purification. However, for a click reaction to be suitable for biological applications, it must also
be bioorthogonal and proceed with minimal interference from endogenous functional groups. In
the field of ADC development, a variety of click-based strategies have been employed, including
copper-catalyzed azide-alkyne cycloaddition (CUAAC - Figure 26a), strain-promoted azide-alkyne
cycloaddition (SPAAC - Figure 26b), hydrazino-iso-Pictet-Spengler ligation (HIPS - Figure 26c¢), and

inverse electron-demand Diels-Alder (IEDDA - Figure 26d) reactions.
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Figure 26. Click chemistry reactions in the synthesis of antibody-drug conjugates: (a) copper-catalyzed
azide-alkyne [3+2] cycloaddition; (b) strain-promoted [3+2] azide-alkyne cycloaddition reaction; (c)

hydrazino-iso-Pictet-Spengler ligation; (d) Diels-Alder reaction.

CuAAC was the first reaction formally recognized as a "click" transformation. The development
of this methodology by Tornoe, Christensen, and Meldal for the synthesis of 1,2,3-triazoles has
since resulted in its establishment as a core principle of organic synthesis.?? Its utility is wide-
ranging, covering peptide and protein modification, nucleic acid and polymer chemistry,
nanostructure synthesis, and bioconjugation.??’” Azides and alkynes exhibit a low degree of
reactivity towards biological compounds due to their weak acid-base properties. Consequently,
they are predominantly inactive towards reactions that occur within living cells. In the CuAAC
reaction, copper(l) ions activates terminal alkynes, resulting in the selective and rapid formation
of triazoles (Scheme 10-1a). Despite its high yields and specificity, the CUAAC reaction has limited
in vivo applications due to copper-induced toxicity, primarily from the generation of reactive

oxygen species.??®

To overcome the limitations of Cu(l) toxicity, the Bertozzi group pioneered SPAAC, a catalyst-free

alternative that exploits the release of ring strain in cycloalkynes. When subjected to reaction
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with azides, strained cycloalkynes undergo [3+2] cycloaddition to yield triazoles with sp?-
hybridized carbons (Scheme 11-1b). Despite its comparatively reduced speed in comparison to

CuAAC, SPAAC is biocompatible and therefore highly attractive for in vivo applications.??°

Significant efforts have been directed towards accelerating SPAAC by structural modification of
cycloalkynes, given the recognized influence of reactivity, lipophilicity, and steric properties on
the reaction rate.?%? This has resulted in the development of more reactive scaffolds, including
dibenzoannulated cyclooctyne (DIBO, Scheme 11-2a), dibenzocyclooctyne amine (DBCO,
Scheme 11-2b), aza-dibenzocyclooctyne (DIBAC, Scheme 11-2c), and bicyclononyne (BCN,
Scheme 11-2d).2317233 The increased ring strain in these derivatives, often arising from additional
sp-hybridized carbons, dramatically enhances the kinetics of the reaction.?3® SPAAC combines
fast kinetics, high selectivity, and bioorthogonality with superior safety in comparison to CUAAC.
Consequently, it has become one of the most widely applied click reactions in the design and

synthesis of homogeneous ADCs.
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Scheme 11. 1a) Copper-catalyzed azide-alkyne [3+2] cycloaddition, 1b) Strain-promoted [3+2] azide-
alkyne cycloaddition, 2) The cycloalkynes used for SPAAC: a) DIBO, b) DBCO, c) DIBAC, d) BCN.
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1.2.5. ADME and pharmacological considerations in ADC development

The design of each component of an ADC has a significant influence on the ADME properties of
the bioconjugate. The stability of the linker-payload system, the distribution of the compound
within tissues, and the PK of the drug have been demonstrated to have a substantial impact on
both the effectiveness and the safety of the pharmaceutical agent. The exposure-response

relationship is a fundamental determinant of the therapeutic index (T1).234

A key example is Mylotarg® (gemtuzumab ozogamicin), which was initially approved in 2000 for
the treatment of acute myeloid leukaemia. In light of the safety concerns pertaining to linker
instability, the ADC was withdrawn in 2010. Following a re-evaluation of exposure-response
relationships, an adjustment of dosing, and the implementation of new scheduling, Mylotarg®
was successfully re-approved by the FDA in 2017 for patients diagnosed with CD33-positive AML.
The analysis of the ADME properties of ADCs is a complex process, since each component,

antibody, linker, and payload, contributes to the overall profile (Table 3).
Table 3. ADME Characterization approaches for ADCs and their constituents.

Species ADME Information

e Determine PK-dose relationship in vivo
Antibody e Characterize target affinity/specificity in vitro, target expression/turnover in
vivo, unintended or off-target binding in vitro and in vivo

e Linker component
o Characterize linker stability and kinetics of catabolism in vitro and in
Vivo across species
o Evaluate nature of the released species (active payload and its
catabolites)
e (Conjugation site

ADC o Evaluate influence of conjugation site on linker stability in vitro and in
vivo
o Determine the effect of conjugation site on PK
e DAR
o Determine in vivo PK and disposition with heterogeneous and
homogeneous DAR species
e Metabolite identification, characterize drug-drug interaction (DDI) potential
(CYP inhibition, induction and reaction phenotypes)
Payload e P-gp substrate or inhibitor

e Characterize non P-gp transporters
e Plasma protein binding
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The antibody determines the slow clearance, long half-life, and limited tissue distribution typical
of these modalities. Furthermore, its PKs have been shown to be influenced by target antigen
expression, turnover, Fc receptor interactions, and isotype. The presence of anti-drug antibodies
(ADA) can potentially reduce ADC’s half-life.?3>23¢ The linker and payload must be considered
equally important, since factors such as linker composition, conjugation site, and DAR have been
demonstrated to affect clearance, stability, and aggregation. In addition, high DAR species tend
to clear more rapidly due to increased hydrophobicity.??” Conversely, the introduction of
hydrophilic linkers has been shown to improve exposure in anti-CD70 and anti-HER2 ADCs.%
Linker stability is a pivotal factor in ensuring safety, as the optimal ADC is designed to release its
payload exclusively in the target tissue.?3® However, due to the prolonged half-life of the
antibody, linkers are perpetually subjected to protease attack within the systemic circulation.
The evaluation of stability can be conducted in vitro through plasma incubation or in vivo by

monitoring payload release and DAR shifts.

The site of conjugation also plays a significant role in PK and disposition.?3%240 The employment
of site-specific engineering strategies (e.g. engineered cysteines, unnatural amino acids, and
chemical tags such as selenocysteine or aldehyde groups) allows DAR control and potencially
enhancing the therapeutic index.?*! The biodistribution of ADCs is generally comparable to that
of antibodies, with predominant accumulation in the liver, kidneys, lungs, and skin.24%243
However, distribution varies depending on antigen binding and physicochemical properties.?**
The clearance of ADCs is achieved through two distinct mechanisms: target-mediated drug
disposition (TMDD), wherein ADC-antigen complexes are trafficked to lysosomes for degradation
and payload release, and nonspecific pinocytosis, which can result in degradation or FcRn-
mediated recycling.?*> Following release, the unconjugated payload is distributed extensively,
similarly to a conventional small molecule drug, and its elimination is contingent on hepatic and
renal function. For instance, in the case of brentuximab vedotin, the MMAE payload is primarily
excreted in feces (¥72%) with the remainder excreted in urine.?*® Furthermore, resistance to
ADCs has emerged as a significant challenge. The genesis of this phenomenon may be attributed
to a number of factors, including downregulation or mutation of the target antigen, increased
activity of drug efflux transporters that expel the payload, or alterations in intracellular trafficking
that impair linker cleavage and payload release.?*” These mechanisms underscore the intricate
interplay between antibody, linker, and payload properties, and the necessity of carefully

balancing each element to achieve both efficacy and safety in next-generation ADC design.
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1.2.6. Non-internalizing ADCs

The clinical success of FDA-approved ADCs, all of which rely on internalizing monoclonal
antibodies, reinforced the notion that efficient internalization was mandatory for therapeutic

activity. Nevertheless, this strategy is not without its limitations:

e itdependsonthe expression of internalizing antigens, which are not uniformly distributed
across tumors;

e antibodies are large molecules, with limited tumor penetration due to slow diffusion;

e the phenomenon of the "antigen barrier" effect, in which antibodies bind to cells at the
tumor periphery in proximity to blood vessels, impedes penetration into deeper
regions?4%;

e tumor resistance can arise through changes in internalization, antigen recycling,

trafficking, or lysosomal degradation.?49:250

In light of these constraints, the strict requirement for internalization has been contested.
Interestingly, some anti-lymphoma ADCs have demonstrated efficacy in mouse models, even
when targeting poorly internalized antigens such as CD20, CD21, and CD22.2°%252 A particularly
promising approach, is Cancer Stromal Targeting (CAST), which exploits the fact that many solid
tumors display blood coagulation and fibrin deposition in the stroma.?>3 Antibodies directed
against fibrin or collagen IV were conjugated to cytotoxins, thereby generating non-internalising

ADCs that demonstrated potent activity in preclinical models.?>

In the pursuit of synthesizing a non-internalizing ADC, the design strategy shifts from intracellular
to extracellular drug release (Figure 27). The key point is the employment of labile linkers (e.g.,
protease-cleavable dipeptides, reducible disulfides), that do not require internalization for the
release of the payload to occur, taking advantage of the distinct enzymatic and redox
environment of tumors compared with normal tissues. Following release, payloads diffuse
through the tumor microenvironment, thereby enhancing bystander killing and achieving deeper
penetration than antibody-driven delivery alone. This non-internalizing mechanism of action has
been demonstrated to broaden the spectrum of ADC targets by relaxing the stringent
requirements for high antigen internalization.?®> There are several notable antigen targets,
including CD20, CD21, CD72, TAG72, CEACAMS5, and NKA27, as well as extracellular or secreted

proteins, such as Gal3BP, LRG1 and MMP9.%2*8 Beyond antigens, attention has also been directed
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towards tumor-specific stromal and vascular components, including collagen, fibrin, fibronectin,

and tenascin-C.

Collectively, these advances indicate that non-internalizing ADCs may offer a complementary and
potentially broader-spectrum anticancer strategy, particularly for solid tumors with rich stromal

components and limited internalizing antigen expression.
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Figure 27. Mechanisms of action of non-internalizing ADC. 2%

1.2.7. Characterization of ADCs

Once an ADC has been synthesized, the bioconjugate need to be purified. This is necessary to
remove excess reactants, organic co-solvents, additives and reaction by-products. Classical
protein purification methods may be performed either independently or sequentially. Such
methods include membrane filtration, gel filtration with desalting resins, size-exclusion
chromatography (SEC) to eliminate aggregates, dialysis, or tangential flow filtration (TFF) using
membranes with a suitable molecular weight cut-off.>>® As a final step, an additional buffer
exchange process may be required to preserve the ADC in the correct buffer. Once purified, the
ADC needs to be properly characterized, determining the DAR. A variety of analytical approaches,
depending on the specific payload employed, are available, including UV-visible spectroscopy,
hydrophobic interaction chromatography (HIC), and liquid chromatography coupled to mass
spectrometry (LC-MS). Additionally, it is important to highlight that each of the components
involved in the design and synthesis of ADCs influence the stability, the PK, and the
pharmacodynamics of the final product.?*” Consequently, significant efforts have been dedicated
to the assessment of the physicochemical characteristics of ADCs. Nevertheless, there are

currently no standardized guidelines that directly correlate a specific property to a given
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outcome. Analytical techniques commonly employed primarily aim at determining the DAR and
dispersity, although complementary strategies are also being investigated. For instance, dynamic
light scattering (DLS) can provide information on aggregation,?°® differential scanning calorimetry

259 matrix-assisted laser

can highlight changes in higher-order protein structure,
desorption/ionization (MALDI) can be applied to determine DAR,?®® and immunoassays can

detect disrupted binding of the Fc region.

UVv/Vis

Among the available techniques, UV/Vis spectroscopy is the most frequently reported for
determining DAR. This approach is based on the Lambert-Beer law and relies on the comparison
of the IgG's absorbance at 280 nm with that of the drug molecule. Simultaneous equations enable
the calculation of the molar ratio.?6%2%2 The method has been employed to evaluate ADCs
conjugated with a variety of payloads, including DM1, methotrexate, calicheamicin analogues
and auristatins.?37263 However, potential contributions of other sample components must be
taken into account when evaluating the observed absorption at 280 nm, as well as the possible
variations in extinction coefficients that may be attributable to the utilization of diverse buffer
systems.260:264 Fyrthermore, UV/Vis spectroscopy provides an average DAR across the entire
sample, unless orthogonal analytical methods are applied to resolve the bioconjugate

composition.

Chromatography

Chromatography is also widely applied in ADC characterization, since the conjugation process
often generates heterogeneous mixtures differing in the number and site of payload attachment.
Orthogonal techniques are therefore valuable for resolving these distinct profiles. HIC is
particularly useful for separating species based on their different hydrophobicity, thereby
allowing the determination of the DAR distribution, while Capillary Electrophoresis (CE) is
effectively employed to resolve charge variants and positional isomers of native ADCs.265-267
Although SEC is primarily used as a purification method, it can also offer insights into ADC variants
when aggregation is suspected. However, the hydrophobicity of the payload can occasionally
result in nonspecific interactions with the stationary phase. Furthermore, the conjugation of
small drug molecules may not induce a sufficiently large shift in hydrodynamic radius to be
detected by SEC.?%8 Conjugation has been demonstrated to influence the electrostatic properties

of antibodies. As a consequence, charge-based separation methods, such as CE, ion-exchange
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chromatography or isoelectric focusing, have been shown to be informative, as these methods
can detect alterations to the isoelectric point caused by lysine conjugation.?®® However, these
approaches are less applicable when the ADC mixture is highly heterogeneous and displays only
small isoelectric point differences. Site-specific conjugates, such as those obtained through
unnatural amino acids or glycoengineering, can be efficiently analysed using reverse-phase high-
performance liquid chromatography (HPLC) with C18 columns.?’ Conversely, direct
characterization of intact cysteine-linked ADCs is more challenging: disruption of inter-chain
disulfide bonds under denaturing conditions can lead to instability due to incomplete covalent
linkage between subunits. In such cases, it is possible to separate and characterize heavy and
light chains individually.?’! It has been demonstrated that HIC is particularly advantageous for
intact ADCs since it employs pH-neutral, non-denaturing salt gradients, and is especially suited
to relatively homogeneous conjugates, such as those obtained through inter-chain disulfide
linkage or site-specific methods.?®> When coupled with orthogonal techniques, such as UV/Vis or
mass spectrometry, chromatographic separation greatly enhances the information obtained. For
instance, Hamblett and coworkers demonstrated that HIC-UV/Vis analysis could resolve and

identify individual antibody species bearing from zero up to eight molecules of vc-MMAE.?3’

Mass Spectrometry

Mass spectrometry has become an increasingly important tool for ADC characterization, due to
advances in ionization techniques such as MALDI and electrospray ionization (ESI).2>” These
techniques allow the analysis of large biomolecules over wide mass ranges when used in
conjunction with time of flight (TOF) or quadrupole detectors.?”2 Although the acquisition of mass
spectra is relatively straightforward, it is important to remove salts and excipients that interfere
with ionization. Desalting is often facilitated by coupling MS with liquid chromatography.?’?
Deglycosylation with enzymes such as PNGase is also a common practice in order to simplify
analysis. MALDI-TOF MS has been shown to detect the mass shift between the unconjugated
antibody and the conjugated ADC, thus providing evidence of conjugation and an estimate of the
average DAR.®> However, the instrument's mass accuracy is inadequate for distinguishing
between individual DAR species. Conversely, ESI-MS generates multiple charged "envelopes"

that, upon deconvolution, reveal distinct species corresponding to different DAR values.?’*
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1.3. HEDGEHOG SIGNALLING PATHWAY

Until recently, the majority of ADCs approved by the FDA relied on highly potent cytotoxins as
payloads. However, it is actually known that is not mandatory to charge the mAb with extremely
cytotoxic agents to achieve effective ADCs. This paradigm shift led to a broadening of the

spectrum of available payloads and cellular targets.

In this context, the Hedgehog (Hh) signalling pathway has recently gained significant attention
due to its involvement in a wide range of human cancers. During embryonic development, Hh
signalling regulates proliferation and differentiation in a time- and position-dependent manner,
ensuring that developing tissues acquire the correct size, cellular composition, vascularization,
and innervation.?’®> The pivotal function of Hh signalling during development is evident from the
severe consequences of its disruption, exemplified by holoprosencephaly observed in Sonic
Hedgehog (SHh) mutants, a birth defect that can result as a consequence of insufficient Hh
signalling. 27° It relates to a failure of the brain to properly separate into two halves and in its
extreme form can be associated with cyclopia, the presence of a single centrally located eye. In
adult organisms, Hh activity is markedly reduced compared to embryonic and neonatal stages.
Furthermore, it is restricted to a few tissues, including neural stem cells in the CNS, as well as the
gut epithelium . This finding does not imply that the Hh pathway is without essential function in
the adult. Beyond the process of embryogenesis, Hh signalling also plays important roles in the
processes of stem cells renewal, tissue repair, and overall regeneration.?’” Consequently, it is not
surprising that a pathway regulating both proliferation and differentiation, once mutated or
aberrantly activated, can contribute to tumorigenesis or accelerate tumor growth. The Hh
pathway is of particular relevance in two malignancies where therapeutic needs remain unmet:
basal cell carcinoma (BCC), the most common cancer in the Western world, and
medulloblastoma, a childhood tumor with historically poor prognosis.?’® Furthermore, germline
mutations that promote aberrant activation of the Hh pathway have been associated with an
increased incidence of cancers in specific tissues, such as brain, skin, skeletal muscle, liver, and
colon in humans and mice, as well as bladder cancer in mice.?”’ Further studies have
demonstrated that antagonizing Hh signalling, through pharmacological inhibitors, ligand-
blocking antibodies, or overexpression of inhibitory pathway components, confirms the
persistent requirement for pathway activity in sustaining the growth of other malignancies,

including small-cell lung cancer and carcinomas of the oesophagus, stomach, pancreas, biliary
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tract, and prostate. The diversity of tissues in which Hh pathway-dependent tumors arise mirrors

the broad range of organs in which this pathway plays a critical role in stem cells renewal.

1.3.1. Mechanisms of Hh signal transduction

Hh proteins are secreted signalling molecules first discovered in Drosophilae Melanogaster
together with many components of their transduction machinery.?’® These proteins are highly
hydrophobic and, upon secretion, are capable of diffusing through tissues to generate gradients
that are fundamental to embryonic development.?’> Despite the significant differences between
Drosophilae and vertebrates, the underlying signalling mechanisms are remarkably well
conserved. In humans, three homologues have been identified with distinct spatial and temporal
distribution patterns: Sonic hedgehog (SHh), Indian hedgehog (IHh), and Desert hedgehog (DHh).
In mammals, Hh signalling can be initiated through two distinct mechanisms: canonical ligand-
dependent signalling and non-canonical, ligand-independent mechanisms that act downstream

of Smoothened (SMO).28°

Canonical Hh signalling (Figure 28) begins when the Hh glycoprotein binds to and inactivates the
12-transmembrane receptor Patched1 (PTCH1).28 In the absence of Hh ligand, the function of
PTCH1 is to suppress the activity of Smoothened (SMO), a GPCR-like protein.?®? This, in turn,
allows SMO to accumulate at the primary cilium (PC), where it becomes activated and initiates
the downstream cascade. The activation of SMO has been demonstrated to promote the nuclear
translocation of GLI family transcription factors, which in turn drive the expression of target

genes.
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Figure 28. A schematic of the vertebrate Hh signalling pathway a) in the absence or b) presence of Hh

ligands. Created with Biorender.

The GLI transcription factors are central effectors of the pathway. Three GLI proteins (GLI1, GLI2
and GLI3) are zinc-finger transcription factors that are expressed in vertebrates, in overlapping
and partially redundant domains. GLI1, initially characterised as an amplified oncogene in
malignant glioma, functions as a transcriptional activator.?8® The function of GLI2 is
predominantly as a transcriptional activator, whilst that of GLI3 is principally as a repressor.?®*
The equilibrium between the activator (GLI-A) and repressor (GLI-R) forms of these proteins is

pivotal in determining the outcome of signalling.?®>

Another significant regulator is Suppressor of Fused (SuFu), a negative regulator of GLI activity.?8¢
In the absence of Hh ligand, SuFu binds GLI proteins in the cytoplasm, thereby preventing their
nuclear translocation and maintaining pathway repression.?®’ The retention of GLI proteins by
SuFu can result in the processing of these proteins into truncated repressor forms following the
process of phosphorylation by kinases such as GSK3B, CK1, and PKA.28 This process leads to the
partial degradation of the proteins via the proteasome.?® Activation of Hh signalling results in
SuFu hyperphosphorylation, leading to the release of GLI proteins and their subsequent
penetration of the nucleus, where they initiate transcription.?®® A number of kinases have been
demonstrated to regulate this process at various levels, including PKA, PKC, CK1, MEK1, GSK3,
PI3K, and DYRK1.290-292
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In addition to phosphorylation, post-translational modifications, including ubiquitination and
acetylation, have been shown to further refine the activity of Gli. Ubiquitination, first
characterised in Drosophilae and later confirmed in vertebrates, leads to the degradation or
proteolytic cleavage of Gli proteins.??®> Furthermore, acetylation has been demonstrated to
modulate GLI function: The acetylation of GLI1 and GLI2 at lysines 518 and 757, respectively,
represents an inhibitory modification that is reversed by HDAC1.2°* The process of HDAC1-
mediated deacetylation promotes transcriptional activation of the pathway. Conversely, the
degradation of HDAC1 through the action of an E3 ubiquitin ligase complex results in the
termination of the signal, thus ensuring a positive autoregulatory loop in the presence of Hh
ligand.?** Genetic alterations in negative regulators of the pathway provide evidence of its
oncogenic potential. Mutations in the PTCH1 and SuFu genes, for instance, have been associated
with tumorigenesis.?®> As demonstrated by knockout mouse models, SuFu loss alone has been
shown to be sufficient to activate Hh signalling independently of receptor input.?°® However, the
development of tumors also requires the loss of a second tumor suppressor gene, such as p53.2%7
This illustrates how aberrant activation of canonical SHh signalling contributes to the molecular

basis of cancer.

Additionally, "non-canonical" Hedgehog signalling activations are known. These processes can be
categorized into two distinct types: type |, which functions downstream of SMO to regulate
intracellular calcium flux and actin cytoskeleton dynamics, and type Il, which operates
independently of SMO, promoting cell proliferation and survival.?®® Over the past decade, most
studies on non-canonical Hh signalling have emerged within the field of tumor biology.
Nevertheless, the precise mechanisms remain to be elucidated. Initially, it was hypothesised that
canonical signalling required SMO entry into the PC, whereas exclusion from the PC redirected
signalling towards non-canonical pathways.?*® However, recent studies have demonstrated that
non-canonical signaling can also occur in a PC-dependent manner, for instance by promoting
SMO-mediated calcium signalling and subsequent a-tubulin acetylation in mouse embryonic
fibroblasts.3® Recent findings suggest that non-canonical signalling may have a detrimental
effect on osteoblast differentiation and bone formation. 3°! Despite the insights afforded by these
observations, the molecular determinants that govern the selection between canonical and non-

canonical routes remain largely unresolved.
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1.3.2. Hh pathway in osteogenesis and bone metabolism

The Hh signalling pathway is a fundamental regulator of bone development, remodelling, and
homeostasis. Its influence extends to multiple cell types and processes, orchestrating the
formation, maintenance, and repair of skeletal tissues. In endochondral ossification, the process
by which most long bones develop, IHh is the predominant ligand.3°? IHh functions to coordinate
the engagement of mesenchymal stem cells (MSCs) and regulate chondrocyte proliferation and
maturation, which are critical for forming the cartilage template that is later replaced by bone.303
SHh, another key ligand, plays an important role in intramembranous ossification, responsible
for the formation of flat bones such as those in the skull, and also in the crucial processes of bone
fracture repair. SHh achieves this by driving the differentiation of MSCs towards the osteogenic
lineage.3%* The regulatory reach of the Hh pathway is not limited to bone formation. It also
participates in the complex process of bone remodelling by influencing both osteoblasts (bone-
forming cells) and osteoclasts (bone-resorbing cells).3%> In essence, the Hh pathway has a
complex role, coordinating multiple cellular activities to ensure proper skeletal development and

to mediate repair in adult organisms.

The function of the Hh pathway in osteogenesis is complex and exhibits a stage-specific duality.
While the activation of Hh signalling is a vital initial step for promoting early osteoblast
differentiation and proliferation, its role is not one of continuous, uninhibited activation. The
process of terminal maturation into bone-forming osteocytes requires a precise decrease in Hh
activity.3%6397 This sophisticated function of the Hh pathway in bone homeostasis is a critical
consideration for therapeutic strategies. It implies that simply activating the pathway indefinitely
is not the goal for promoting bone formation. Instead, successful interventions must act more
like a rheostat, providing a precisely timed and localized signal that promotes early

differentiation while avoiding the negative consequences of prolonged activation in mature cells.

The successful repair and regeneration of bone tissue are not solely dependent on the formation
of new bone matrix. These processes are inherently linked to the development of a functional
vascular network to supply oxygen and nutrients. SHh is identified as a master molecule that
synergistically links osteogenesis and angiogenesis, a dual function that holds immense
therapeutic potential. SHh acts as an upstream regulator for some of the most prominent
angiogenic growth factors, including Vascular Endothelial Growth Factor (VEGF) and

angiopoietins.3%® By inducing the expression of these factors in interstitial mesenchymal cells,
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SHh stimulates angiogenesis through paracrine mechanisms.3% Beyond this indirect, paracrine
effect, SHh also acts as a direct mediator for endothelial cell activation and tube formation via
Gli-independent pathways. Its influence on vascularization is further enhanced by its ability to
promote vessel stabilization. Shh contributes to the recruitment of mural cells and supports the
proliferation of smooth muscle cells (SMCs), leading to the wrapping of new microvessels with a
stabilizing cellular sheath.3%® This coordination of both new vessel formation and their
stabilization is a significant advantage over therapeutic approaches that focus on a single aspect,
such as using only VEGF, which often results in unstable vessels. The ability of a single molecule
or pathway agonist to simultaneously orchestrate bone formation and its vital vascular supply
mirrors the body's natural healing mechanisms. This dual role presents a much more complete
and powerful strategy for regenerative medicine applications and provides a compelling

rationale for the search for small molecules that can modulate this pathway.

Motivated by the significant therapeutic potential of activating the Hh signalling pathway in
regenerative medicine, our research group focused its attention on the development of novel
small-molecule agonists of SMO. A pharmacophoric model derived from the chemical structures
of two well-established canonical SMO agonists, SAG and purmorphamine was developed.3!° This
computational model served as a blueprint for a virtual screening process of a large chemical
library. The screening of commercial compound libraries led to the identification of a new
quinolinecarboxamide derivative, GSA-10 (Figure 29), whose chemical structure was found to fit
the pharmacophoric model well, possessing two hydrogen bond acceptor groups and four
hydrophobic regions, thus providing a strong foundation for its further characterization as a

potential SMO agonist.
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Figure 29. Proposed pharmacophoric model for GSA-10 and chemical structure of GSA-10.

GSA-10 demonstrated an approximate half-maximal effective concentration (ECsp) of 1.2 uM,
which is comparable to that of purmorphamine (ECso~0.8 uM) but less potent than SAG (ECso
~0.13 uM). However, a notable finding was that the maximal response achieved by GSA-10 was

significantly higher than that of SAG, representing only about 75% of the maximal response of
60



GSA-10. This is a crucial pharmacological difference, as it indicates that while SAG is more potent
(as it requires a lower concentration to produce a response), GSA-10 is ultimately more
efficacious in promoting osteogenesis at its saturating dose. This distinction makes GSA-10 a
more powerful inducer of the osteogenic response. GSA-10 functions involving a fundamentally
different, non-canonical mechanism of action compared to conventional SMO agonists. This
molecule does not exhibit several of the established hallmarks of Hh pathway activation. First, it
does not compete for the classic Bodipy-cyclopamine (BC) binding site on the SMO receptor,
suggesting it targets a novel and distinct active site. This is further supported by the observation
that its osteogenic effects are not inhibited by cyclopamine, unlike other SMO agonists, but are

blocked by a panel of other antagonists, such as SANT-1.

GSA-10 scaffold was employed for the design and synthesis of a new class of quinolone
derivatives.3!! Modifications to the ester moiety were a critical determinant. Replacing the
propyl ester with a carboxylic acid group, as in compound 1 (Figure 30a), resulted in a substantial
two-fold improvement in activity, yielding an ECso of 0.6 M. This suggests a preference for a free
carboxylic acid group in the binding site. Conversely, converting the ester to an amide or an ether
led to a dramatic loss of activity. Lastly, decorating the condensed phenyl ring generally did not
improve activity, with one notable exception. The 6,7-dimethoxy substitution in compound 2
(Figure 30b) yielded a remarkable submicromolar ECs of 0.36 UM, making it approximately three
times more potent than GSA-10 and on par with the reference agonist SAG. This finding suggests
that specific, targeted modifications to this ring can significantly enhance the molecule's
osteogenic potential. This studies successfully elucidated key structure-activity relationships
(SARs), leading to the identification of optimized compounds with enhanced osteoinductive
activity. Together, these achievements highlight the potential of developing targeted small
molecules as therapeutic agents to promote bone regeneration through the controlled activation

of the Hedgehog signaling pathway.
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Figure 30. Chemical structure of Hh agonists 1 and 2.
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1.3.3. Hh pathway mutations and cancer

The correlation between Hh pathway activity and cancer was first documented with the
identification of heterozygous mutations in PTCH as the underlying genetic cause of Gorlin's
syndrome.3'2 Patients with this syndrome develop numerous BCCs throughout their lifetime and
are also predisposed to other malignancies, most notably medulloblastoma, which originates
from cerebellar granule neuron progenitor cells, and rhabdomyosarcoma, a tumor of muscle
tissue.313 Following studies revealed that the majority of BCCs manifest hyperactivation of the Hh
pathway, as evidenced by increased mRNA levels of the Hh target genes GLI1 and PTCH1 in tumor
cells.3'* In such cases, inactivating mutations of PTCH1 are most frequently observed, although
activating mutations of SMO are detected in approximately 10% of BCCs.3%> Furthermore, more
than one-third of human medulloblastomas exhibit aberrant Hh signalling, frequently associated
with PTCH1 mutations and, less frequently, with SuFu mutations.3'® In all these scenarios,
deregulated Hh pathway activity is believed to drive excessive cell proliferation, ultimately
leading to tumor formation. Experimental evidence from mouse models has largely confirmed
these observations. The overexpression of GLI13Y7, GLI23!8 or constitutively active SMO3% in the
skin of otherwise normal mice demonstrated to produce lesions that closely resemble BCCs in
both their histological features and the expression of phenotypic markers. Furthermore, mice
heterozygous for PTCH1 mutations, which are considered a murine model of Gorlin's syndrome,
display increased body size, a higher incidence of spontaneously arising medulloblastomas, and
greater susceptibility to UV-induced BCCs. 31° This closely reflects the phenotype observed in
human patients. Furthermore, mice carrying heterozygous loss-of-function mutations in SuFu

develop skin abnormalities similar to those seen in Gorlin's syndrome.?%

As previously discussed, the Hh pathway plays a dual role, being essential for both cancer growth
and tissue regeneration through its influence on stem cell renewal. These apparently divergent
processes, cancer and tissue repair, may in fact be mechanistically connected. Increased cancer
risk has been demonstrated to be strongly associated with chronic exposure to harmful agents
such as alcohol, tobacco smoke, and organic chemicals32%321, with persistent infections such as
Helicobacter pylori and other pathogens3??, and with inflammatory conditions including

323 31| of which share the common feature

sclerosing cholangitis and inflammatory bowel disease
of prolonged tissue damage. Acute injury is typically followed by an increase in stem cell pools
and a transient activation of the Hh pathway.3?* However, in the context of chronic injury, the

repeated damage to tissue prevents complete regeneration, resulting in continued pathway
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activation and an expansion of progenitor cell populations (Figure 31). The continuous Hh
signalling and proliferative activity mirrors the persistent activation seen in cancer cells. These
findings provide support for the hypothesis that the development of tumors may represent a
pathological extension of an otherwise physiological repair process. In this model, genetic or
epigenetic alterations prevent the return of stem or progenitor cells to quiescence once
regeneration is complete, effectively trapping them in a state of continuous self-renewal and

thereby initiating tumorigenesis.
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Figure 31. a) Acute injury produces an increase in the pool of activated stem cells. Upon completion, the
number of activated stem cells returns to baseline. b) Chronic injury also causes expansion in the pool of
activated stem cells, but because of repeated injury the pool size does not return to baseline. As a result,

the total number of activated stem cells is greatly increased over time, increasing the probability that an

oncogenic event will trap a stem cell in the activated state.3?

In accordance with this hypothesis, the Bmi-1 gene, which is required for the renewal of
haematopoietic stem cells, has also been demonstrated to be essential for the propagation of
leukaemia in transplantation experiments.32® Furthermore, the expression of Bmi-1 and nestin,
both markers of stem cell renewal3?’, is dependent on Hh pathway activity in Hh-driven
tumors.328329 |t is hypothesized that multiple genetic or epigenetic modifications are required to
sustain this aberrant state, not only locking stem cells into continuous self-renewal, but also
enabling their autonomous proliferation, thus bypassing the regulatory signals that typically
sustain their identity. Collectively, these observations demonstrate the critical involvement of
the Hh pathway in oncogenesis and highlight its relevance as a therapeutic target.
Pharmacological antagonists of Hh signalling have already produced encouraging results,
particularly in the treatment of BCC, medulloblastoma, and several solid tumors in preclinical

studies.
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1.3.4. Inhibiting Smoothened

SMO is a member of the G protein-coupled receptor (GPCR) superfamily, specifically belonging
to class F, also known as the Frizzled family.33° Unlike most GPCRs, SMO is characterised by an
extended carboxyl-terminal (C-terminal) domain, which is indispensable for Hh-dependent
signalling.33! This domain contains four conserved clusters of basic amino acids within a region
bearing six serine/threonine phosphorylation sites. In Drosophilae, the SMO receptor is present
as a constitutive multimer due to interactions between its N-terminal regions.?32 Upon binding
of Hh ligand to PTCH, a process of phosphorylation of the C-tail occurs, resulting in a reduction
of the overall positive charge of the basic clusters and enabling the C-tails to interact more
closely.?32 Despite the significant differencies in the amino acid sequence of SMO between
Drosophilae and mammals, the structural features that regulate self-association, the
phosphorylation motifs, and the conformational shifts induced by phosphorylation are well
conserved.?®® Following these modifications, in Drosophilae SMO translocates to the plasma
membrane, whereas in mammalian cells it is specifically directed to the membrane of the PC,

which is strictly required for Hh signalling in vertebrates.333

Similarly to other GPCRs, SMO is presumed to function through ligand binding at its extracellular
domain.334 Despite extensive research, a conclusive physiological ligand remains to be identified.
Moreover, studies on PTCH suggest that its inhibitory effect on SMO is not mediated by direct
stoichiometric interaction, but rather through a catalytic mechanism in which PTCH regulates
intracellular concentrations of small-molecule modulators of SM0.33> Nevertheless, given its
pivotal role in transmitting the Hh signal, SMO has become the primary therapeutic target for
pathway inhibition. Pharmacological blockade of SMO has been demonstrated to prevent the
downstream activation of GLI transcription factors, thereby ultimately suppressing the

transcription of genes that promote tumor growth and progression.

Cyclopamine

Cyclopamine, a steroidal alkaloid first isolated from Veratrum Californicum, commonly known as
corn lily, was the first compound identified to strongly interact with SMO and suppress Hh
signalling (Figure 32a).3%® During the 1950s, cases of lambs born with cyclopia, a rare
malformation characterized by a single median eye, were reported in Idaho. Following years of
investigation, researchers were able to identify the underlying cause to be the ingestion of corn
lily by pregnant female sheep.?3” It was not until several decades later that the connection
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between this teratogenic effect and the Hh pathway was elucidated. Through experimental
studies, the phenomenon of cyclopia was successfully replicated by silencing the SHh gene. This
finding served to establish a crucial link between the genetic evidence and the observations that
had been made forty years earlier. In 1998, the initial reports indicated that cyclopamine
possessed the capability to impede SHh signal transduction.338 By the year 2000, the potential
applications of cyclopamine in the field of oncology had come to attention, with evidence of its
activity against multiple tumor types.3?° Since then, cyclopamine has been widely recognized in
both its capacities as a molecular probe for the investigation of Hh biology and as a candidate
therapeutic agent in conditions driven by aberrant Hh signalling. Preclinical studies confirmed its
ability to suppress tumor growth in a broad variety of malignancies, including glioma, melanoma,
colorectal, pancreatic, prostate, and small-cell lung cancers, as well as
medulloblastoma.324328335340-342 pegpite its extensive use as a Hh pathway inhibitor in cell-based
and murine models, the clinical translation of cyclopamine has been hindered by its poor
solubility and relatively low potency.3?43%28342 Fyrthermore, the presence of a Lewis acid or
conditions of pH < 2 determinate the opening of E ring, providing the analogue Veratramine

(Figure 32b). Veratramine can cause hemolysis by its non-specific cytotoxic activity.343

(b)

Figure 32. Structure of a) Cyclopamine, and its analogue b) Veratramine.

Vismodegib (GDC-0449)

In January 2012, vismodegib (Figure 33) became the first Hh pathway inhibitor approved by the
FDA, following encouraging outcomes from early phase | and Il trials that demonstrated its
efficacy in BCC.34* Since then, the drug has been extensively evaluated in a variety of advanced
malignancies.34>3% Vismodegib exerts its function through binding to SMO, thereby blocking
downstream signalling within the Hh cascade. The most significant examination of its clinical
activity and safety was conducted in the international, open-label STEVIE trial, which enrolled
1215 patients with either locally advanced or metastatic BCC across 36 countries.3*” The study

documented objective response rates of 68.5% for locally advanced disease and 36.9% for
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metastatic cases. Nevertheless, adverse events were significant, with serious complications

occurring in 289 patients (23.8%) and 46 deaths (3.8%) being reported.

One unresolved issue concerns the potential association between vismodegib treatment and an
increased incidence of cutaneous squamous cell carcinoma (SCC). A case-control analysis

348 whereas

indicated an eightfold rise in SCC occurrence among vismodegib-treated patients
another study failed to confirm this correlation.3*® In light of the conflicting findings, it is
recommended that patients undergo regular dermatological monitoring during their therapy.
Another critical challenge is the development of acquired resistance: approximately 21% of
patients experienced tumor regrowth during continuous vismodegib administration, with a mean

detection time of 56.4 weeks based on clinical evaluation.3>°
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Figure 33. Structure of vismodegib.

Sonidegib (LDE-225)

Sonidegib (Figure 34) is a small-molecule inhibitor that directly targets SMO, thereby preventing
Hh pathway activation, and is currently approved for the management of advanced BCC.3*! In
clinical phase | evaluation, this compound exhibited a satisfactory safety profile in patients with
advanced solid tumors, whilst concomitantly demonstrating antitumor activity, not only in
advanced BCC, but also in relapsed medulloblastoma.3>? The results of a subsequent phase Il trial
demonstrated that the daily administration of 800 mg did not yield superior efficacy in
comparison with 200 mg, while it was associated with a significantly higher incidence of grade
3/4 adverse events (64.0% vs 43.0%). In view of the ineradicable nature of BCC, median overall
survival (OS) had not been attained even after 30 months of treatment. It is estimated that the
two-year OS rates for patients receiving 200 mg daily were 93.2% in cases of locally advanced
disease and 69.3% in cases of metastatic BCC, although complete responses remained
infrequent.®>®> When compared with vismodegib, sonidegib appears to have a similar overall
response rate (ORR) in cases of locally advanced BCC (57% vs 69%), but the complete response
rate was markedly lower (3% vs 31%). In the context of metastatic disease, vismodegib
demonstrated a substantial advantage, exhibiting an ORR that was 2.7 times higher than that

observed with sonidegib (39% vs 15%).3>* The spectrum of adverse events was found to be
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comparable between the two agents, although gastrointestinal toxicity occurred with greater
frequency in patients treated with sonidegib. Furthermore, cross-resistance has been observed,
with patients with advanced BCC who had failed vismodegib therapy demonstrating cross-
resistance to sonidegib as well.3>> Beyond its approved indication, sonidegib is currently being
investigated both as monotherapy and in combination regimens for a range of solid and

haematological malignancies.3>!

Figure 34. Structure of sonidegib.

Saridegib (IP1-926)

Saridegib (Figure 35), a semisynthetic analog of cyclopamine, has been proved to be a potent and
selective inhibitor of SMO. The antitumor activity of the substance has been demonstrated in a
range of studies conducted in vitro and in vivo, including research into ovarian cancer,
medulloblastoma and head and neck tumors.3>® Notably, experiments in a genetically engineered
mouse model of pancreatic cancer revealed that saridegib reduces tumor-associated stroma
while simultaneously increasing intratumoral vessel density.3>” This stromal depletion enhances
the delivery of co-administered systemic chemotherapy, ultimately resulting in reduced tumor
size and prolonged survival in treated mice. A multicentre phase | clinical trial was conducted, in
which saridegib was tested in combination with FOLFIRINOX, a chemotherapy regimen made up
of four drugs (folinic acid, 5-fluorouracil, irinotecan and oxaliplatin).3>® The treatment yielded an
objective response rate of 67%. Despite these encouraging findings, the trial was terminated
prematurely following the results of a separate phase Il study, in which the combination of
saridegib with gemcitabine produced adverse outcomes. Nevertheless, clinical trials are ongoing
to assess the efficacy of saridegib in the treatment of BCC, chondrosarcoma, and metastatic

pancreatic cancer.3>!

Figure 35. Structure of saridegib.
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Itraconazole

Itraconazole (Figure 36) is a synthetic antifungal agent belonging to the triazole class. It has been
approved for the treatment of several fungal infections, including aspergillosis, sporotrichosis,
blastomycosis, systemic candidiasis, and paracoccidioidomycosis.3>® Beyond its antifungal
applications, itraconazole has demonstrated pharmacological activities of oncological relevance,
including anti-angiogenic effects, inhibition of the Hh pathway, induction of autophagy, and cell
cycle arrest.3%0 |ts mechanism of action on the Hh pathway involves blocking the ciliary
accumulation of SMO, a process that differs from that of cyclopamine and other SMO inhibitors.
Clinical studies have been conducted to investigate its potential in oncology. In an open-label
phase Il trial conducted on 29 patients diagnosed with BCC, itraconazole demonstrated a 45%
reduction in cell proliferation, a 65% decrease in Hh pathway activity, and a 24% reduction in
tumor area.?®! A further phase Il randomised trial investigated the use of itraconazole in patients
with metastatic castration-resistant prostate cancer. Amongst the 46 participants, 29 received a
high-dose of itraconazole (600 mg/day), whilst 17 received a low-dose (200 mg/day). At 24
weeks, progression-free survival (PFS) was 48% in the high-dose group and 11.8% in the low-dose
group, with median PFS of 11.9 and 35.9 weeks, respectively.3®? Further retrospective analyses
have indicated a survival benefit of itraconazole in patients with refractory cancers, including
ovarian clear cell carcinoma, triple-negative breast cancer, pancreatic cancer, and biliary tract

malignancies.363-366
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Figure 36. Structure of itraconazole.
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1.3.4.1. SMO drug resistance

The development of SMO inhibitors has provided substantial therapeutic benefits in the
treatment of cancer. Nevertheless, the emergence of drug resistance remains a considerable
obstacle. One of the principal resistance mechanisms involves mutations in SMO, as
demonstrated by genomic analyses of resistant tumors, particularly within its drug-binding
pocket, which result in a reduction or complete loss of inhibitor binding.3®” For instance, a
significant proportion of patients diagnosed with BCC initially exhibit a positive response to
vismodegib, yet over time, resistance frequently develops. Yauch and coworkers identified the
SMOP473% mutation in a medulloblastoma patient, thereby inducing resistance to vismodegib.3%8
As another example, Buonamici and colleagues reported that although sonidegib initially induced
tumor regression in medulloblastoma models, resistance soon developed through SMO

mutations that restored Hh pathway activity.3¢°

In addition to SMO mutations, cancer cells have the capacity to exploit alternative signalling
pathways to bypass Hh inhibition. In other malignancies, such as metastatic colorectal cancer,
non-canonical GLI1 activation via RAS/RAF or PI3K/AKT pathways renders SMO inhibition
ineffective, explaining the lack of response to vismodegib.3’° Unexpectedly, activation of the
phosphatidylinositol 3-kinase (PI3K) pathway has also been identified as a mechanism of
resistance. Combination therapy involving PI3K inhibitors and sonidegib has been demonstrated
to significantly delay the emergence of resistance.3®® Consequently, novel therapeutic strategies
are being explored, including the design of drugs targeting downstream components of the Hh
pathway (e.g., GLI transcription factors) and rational combinations of SMO inhibitors with agents
blocking alternative pathways such as PI3K or MEK inhibitors. These approaches offer a potential

solution to the issue of resistance and enhance the durability of the response.

As described above, further limitation of Hh inhibitors is associated with their adverse effects
and off-target toxicities. Consequently, the development of agents that exhibit an optimal
balance between efficacy and tolerability remains paramount. Innovative drug delivery systems,
including nanoparticles and targeted drug conjugates, offer a promising route to optimize tumor

targeting while minimizing systemic toxicity.
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1.3.4.2. MRT compounds

Over the past decade, our research group has developed a consistent body of work on Hh
pathway inhibition through novel SMO and GLI antagonists, combining structural pharmacology,
mechanistic exploration in melanoma, and preclinical validation in cancer models. The initial
work focused on virtual screening of commercial compound libraries against a SMO antagonist
pharmacophore, identifying MRT-10 (3, Table 4), an acylthiourea with antagonist activity in
various Hh assays (half maximal inhibitory concentration, ICso = 0.65 uM for blocking
differentiation of multipotent mesenchymal C3H10T1/2 cells into AP-positive osteoblasts)3’.
Subsequent optimisation processes led to a family of acylthiourea, acylurea, and acylguanidine
derivatives, including MRT-83 (4, Table 4).3? This acylguanidine displayed antagonist activity
comparable to that of GDC-0449.33 To better understand the interaction of MRT compounds
with the receptor SMO, available X-ray crystal structures of human SMO in complex with various
antagonists, including LY2940680, SANT-1, cyclopamine, and Anta XV, were evaluated in
combination with targeted mutagenesis experiments.3’* The investigation identified two major
categories of seven-transmembrane (7TM)-directed antagonists: type | ligands, which bind
predominantly at the extracellular loop (ECL) region, such as LY2940680 (Figure 37a),
cyclopamine, Anta XV, and type Il ligands, which extend more deeply into the 7TM cavity, as
exemplified by SANT-1 (Figure 37b).33%375 These findings gave rise to the hypothesis that a third
class of antagonists could be developed, characterised by the ability to engage both regions

simultaneously.
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Figure 37. X-ray structures (PDB accession codes 4JKV and 4N4W, respectively) of hSMO binding different
antagonists, a) LY2940680; b) SANT-1, to the transmembrane domain (white ribbons). The bound ligand

is indicated by sticks and rendered by a transparent surface. The inset illustrates the structure of each

ligand.3”*
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Compound 4 was able to inhibit BC binding to HEK-hSMO cells, suggesting that it engages
residues within site 1. Although reproducible docking of 4 into cleft-closed hSMO structures
proved unsuccessful, the cleft-open conformation (4N4W, with SANT-1 bound) readily
accommodated 4, consistent with observations of structure-activity relationships.3”® It is
noteworthy that docking indicated that the deepest portion of the cavity (site 2) remained
unoccupied, suggesting that elongation of the biaryl moiety may yield analogues with superior

potency.

Pursuing this rationale, derivatives of 4 with extended biaryl moieties were synthesized (Table
4), evaluating their activity in blocking SMO-mediated differentiation of mesenchymal
progenitors into osteoblasts induced by the SMO agonists SAG and GSA-10).37® Among the five
analogues generated, MRT-92 (6, Table 4) exhibited the most striking profile, with the ability to
block SAG-induced differentiation of C3H10T1/2 cells at an ICso of 5.6 nM. In contrast, 6
demonstrated significantly weaker antagonism against GSA-10, with an ICsp of 1000nM. The
results indicated that 6 is a low-affinity antagonist of SMO-GSA-10, but a highly potent and
selective blocker of SMO-SAG signalling in C3H10T1/2 cells. It was demonstrated that other
acylguanidine and thioacylurea derivatives exhibited comparable micromolar inhibition of SMO-
GSA-10. However, these derivatives were found to be less effective than 6 against SMO-SAG-

driven responses.3’4
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Table 4. Structures and ICso values for vismodegib, MRT-83 and derivatives on SAG and GSA-10 -induced

differentiation of C3H10T1/2 cells.3”*
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Further pharmacological characterization revealed that 6 acts as a competitive antagonist of SAG:
increasing SAG concentrations shifted the inhibition curve of 6 progressively to the right, with up
to a 60-fold increase in ICso (Figure 38a-c). These findings confirmed that 6 shares a binding site
with SAG. Its functional activity was validated in a range of cell-based assays, where compound
6 consistently demonstrated potency comparable to, and in many cases greater than, established

SMO antagonists.
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Figure 38. Characterization of 6 in biological assays. a-c) Activity of 6 on SAG (0.1mM) or GSA-10 (1 mM)
induced differentiation of C3H10T1/2; d, e) NIH3T3 cells untreated or treated with SAG (1 mM) alone or
in the presence of 6 (0.3 mM) were stained with antibodies against endogenous Smo (green), acetylated
tubulin (red), and DAPI (blue); f) Inhibition of BC (5 nM) binding to HEK-hSMO cells in presence of

increasing concentrations of 6 was visualized using fluorescence microscopy in a representative field.?”*

Mechanistic studies have provided further elucidation on the mode of action of compound 6. In
cell models, 6 effectively prevented the ciliary translocation of SMO triggered by SAG stimulation
(Figure 38d-e). Docking simulations predicted that 6 occupies the entire 7TM cavity, from the
upper ECL to the cytoplasmic-proximal region, thereby exhibiting features of both type | and type
Il antagonists (Figure 39a). The compound was shown to establish three principal anchoring

interactions:

e aromatic and hydrophobic contacts between the trimethoxyphenyl group and the upper
ECD/ECL3;

e ahydrogen-bonding network involving the central acylguanidine and amide moieties with
polar residues in the extracellular region of the cavity;

e extensive hydrophobic and aromatic interactions within the narrow, deep portion of the

cavity.
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The results of the mutagenesis experiments confirmed the involvement of residues from both
subpockets (Figure 39b). It is of particular significance that this dual-site engagement confers
activity against the clinically significant SMOP*3" mutation, a well-known mechanism of
resistance to vismodegib and sonidegib, as demonstrated by preserved radioligand binding and

inhibitory potency.
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Figure 39. a) Close-up of the proposed binding mode of 6 to hSMO. The ligand is displayed in ball and
sticks using the following color coding: carbon, black; nitrogen, blue, oxygen, red. SMO side chains (carbon
atoms) are colored according to their contribution to bind only LY2940680 (green), only SANT-1 (cyan), or
both antagonists (tan). b) Schematic representation of 6 binding to hSMO. Site 1 (cyan) is occupied by the
agonists (SAG) and antagonists (LY2940680; Anta XV, cyclopamine, GDC-0449), whereas site 2 (green) is

only used by the antagonist SANT-1. Compound 6 occupies both sites simultaneously.?”*

On the basis of these structural and pharmacological findings, compound 6 was investigated in
melanoma models.3’” This demonstrated that SMO antagonism exerts profound effects on tumor
cell viability and plasticity. It was demonstrated that compound 6 inhibits GLI1 expression and
reduces melanoma cell proliferation in a dose-dependent manner (Figure 40a). Mechanistic
investigations revealed that 6 induced replication stress and DNA damage, activating the
ATR/CHK1 checkpoint pathway, leading to G,/M arrest, multipolar spindle formation, and
ultimately mitotic catastrophe (Figure 40b). It is noteworthy that the impact of these agent was
not limited to bulk tumor cells; it also impeded the growth of melanoma stem-like cell
populations by reducing sphere formation, self-renewal potential, and expression of stemness

markers.
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Figure 40. a) ICso values for each cell line. b) Representative confocal microscopy images of A375 cells

counted as normal mitosis (DMSO) or mitotic catastrophe after treatment with compound 6.3”7

In vivo, systemic administration of compound 6 led to a substantial reduction in A375 xenograft
growth without any effect on body weight (Figure 41). Furthermore, analysis of tumor samples
from treated mice revealed a significant decrease in GLI1 levels. Experiments involving RNA
interference (RNAI) to silence SMO abrogated these effects, thereby establishing the target
specificity. Collectively, these findings expanded the relevance of SMO inhibition from
developmental models to aggressive solid tumors, while highlighting the capacity of 6 to target

both proliferating tumor cells and therapy-resistant stem-like compartments.
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Figure 41. a) In vivo tumor growth of A375 melanoma cells subcutaneously injected into athymic nude
mice. Animals were treated at tumor appearance with vehicle or compound 6 (15 mg/kg). After 12 days
of treatment, mice were sacrificed. Scale bar = 10 mm; b) Tumor weight in mice treated with vehicle or
compound 6; c) Representative tumor size in mice treated with vehicle or compound 6; d) gPCR of GLI1

MRNA in melanoma xenografts in mice treated with vehicle or compound 6; e) Mice body weight at the

end of the treatment.?””
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The translational potential of this chemical class was subsequently tested in Hh-dependent
colorectal cancer, where pathway activity contributes to tumor maintenance and progression.3”8
Compound 6 again emerged as the most promising candidate, combining potent inhibition of
GLI1 transcription with favourable drug-like characteristics, including absence of P-glycoprotein
interaction, acceptable permeability in Caco-2 assays, and high selectivity across a 45-kinase
panel. In vivo, oral administration of compound 5 (200 mg/kg, 5 days/week for two weeks)

resulted in a significant 48% reduction in LS180 xenograft tumor volume without any weight loss

or overt toxicity, while also downregulating Hh pathway markers in tumor tissues.

In vitro ADME parameters, and in vivo metabolism and PK of compound 6 were also
investigated.3’® Compound 6 displays a favorable interaction profile in terms of P-glycoprotein
and intestinal absorption. In the P-gp ATPase assay, it showed no detectable interaction with the
transporter, indicating that it is unlikely to be either a substrate or an inhibitor of P-gp, which
minimizes the risk of efflux-related poor bioavailability or drug-drug interactions. Consistently, in
the Caco-2 permeability assay, its influx/efflux (I/E) ratio was close to 1, further suggesting
passive diffusion across intestinal epithelium without significant transporter involvement and a
low risk of compromised oral absorption. Regarding CYP450 interactions, compound 6 interfered
with CYP1A2, CYP3A4, CYP2C9, and CYP2C19 activities, but not CYP2D6. The interference was
variable and not always concentration-dependent, which indicates that metabolic interactions
with certain CYP isoforms may occur and should be considered in drug-drug interaction
assessments. In terms of metabolic stability, compound 6 showed moderate metabolic
degradation in murine plasma at 37 °C. In mouse hepatocytes, it exhibited a relatively high
intrinsic clearance (CLint = 756 mL/min/kg) and a short half-life of about 8 minutes, suggesting
rapid metabolism in the liver. The in vivo PK profile in mice following a single oral dose of 200
mg/kg showed that compound 6 was quantifiable in plasma up to 24 hours, with a distinct
absorption profile characterized by multiple peaks, the highest observed at 4 hours post-dose.
Its plasma elimination half-life was approximately 2.5 hours. However, it exhibited a higher
apparent clearance (CL/F = 1460 mL/h/kg) compared to other analogues tested, which translated

into lower systemic exposure overall.378
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1.3.5. Inhibiting GLI
As discussed above, SMO is the primary target of Hh pathway inhibition. However, SMO inhibitors
are ineffective in controlling tumors that rely on the non-canonical activation of the zinc-finger

transcription factors GLI1 and GLI2.

Furthermore, the direct targeting of GLI proteins through the employment of small molecules
emerges as a promising strategy to overcome the drug resistance that is often associated with
SMO mutations. Despite this potential, only a limited number of GLI inhibitors have been
identified (Figure 42), and none possess the PK profile required for clinical development, largely

due to poor metabolic stability, low aqueous solubility, and high hydrophobicity.
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Figure 42. Structures of GLI inhibitors. a) GANT-58; b) GANT-61; c) GlaB; d) ATO; e) JC19.

GANTs

GLI antagonists, known as GANTs, were first identified at the National Cancer Institute in a GLI-
luciferase reporter assay performed in HEK293 cells.?®® These compounds have been shown to
interfere with the nuclear translocation of GLI, thereby preventing its binding to DNA. It has been
demonstrated that both GANT-58 (Figure 42a) and GANT-61 (Figure 42b) inhibit GLI-mediated
gene activation; however, GANT-61 is more specific for GLI proteins and has proved to be more
effective in reducing the DNA-binding activity of GLI1 and GLI2. Several studies have
demonstrated that GANT-61 exerts its antineoplastic effects by inhibiting GLI1 and GLI2 in various
cancer cell lines, including those derived from rhabdomyosarcoma, osteosarcoma,
neuroblastoma, and ovarian cancer.3’°-38! |n a mouse xenograft model of human prostate cancer,
GANT-61 reduced tumor growth and proliferation and strongly downregulated PTCH1 mRNA

expression. Despite these encouraging findings, both GANT-61 and GANT-58 exhibit suboptimal
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drug-like properties. GANT-61 is only moderately potent, with micromolar ICso values, and
undergoes rapid hydrolysis under physiological conditions, producing an inactive aldehyde and
an active diamine metabolite.3®? This instability, when combined with its low aqueous solubility,
has thus far precluded its advancement, and no clinical trials have been initiated. GANT-58 is less
potent than GANT-61. Furthermore, the extreme lipophilicity of GANT-58 results in very poor
solubility and low bioavailability. Indeed, in vivo studies demonstrated that unformulated GANT-
58 was essentially inactive, and therapeutic effects were only observed when it was encapsulated

in polymeric nanoparticles.383

Glabrescione B (GlaB)

GlaB (Figure 42c), a natural isoflavone that displays selective antagonism against GLI1, also
exhibits significant limitations. It is evident that GlaB, in its native state, is highly insoluble in
water, unstable in plasma, and exhibits low oral bioavailability. In order to address these issues,
recent preclinical studies have formulated GlaB in self-assembling mPEG-cholane micelles,
thereby improving its solubility and stability.38* In this form, GlaB demonstrated high drug loading
capacity, extended circulation time, and minimal off-target toxicity. It was found that micelle-
encapsulated GlaB was able to successfully permeate the blood-brain barrier, thereby
significantly suppressing Hh-driven medulloblastoma growth in murine models. These results
confirm the potential of GlaB as a GLI inhibitor but also underline that unmodified GlaB is not

suitable for clinical use due to its poor bioavailability.

Arsenic Trioxide (ATQO)

ATO (Figure 42d), an FDA-approved pharmaceutical agent, has been shown to directly inhibit the
GLI1 and GLI2 transcription factors, and is clinically used in the treatment of acute promyelocytic
leukaemia (APL).38> This compound has been shown to bind GLI1 and GLI2, thereby blocking their
activity and reducing the expression of Hh target genes.3% It has also been demonstrated that
this process reduces GLI2 stability, thereby preventing its accumulation in the primary cilium
following Hh activation.?®” In preclinical models, ATO increased apoptosis, reduced tumor cell
growth, and downregulated Hh target genes across a wide spectrum of malignancies, including
osteosarcoma, APL, malignant pleural mesothelioma, rhabdomyosarcoma, prostate cancer,
colon cancer, and pancreatic cancer stem cells. Noteworthy, ATO demonstrated the ability to
target both tumor epithelial cells and tumor-initiating cells, thus highlighting its therapeutic

relevance.?®® However, the systemic administration of ATO is associated with significant
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drawbacks. The compound exhibits extensive tissue distribution and is cleared slowly, leading to
prolonged exposure even at low doses.®® From a clinical perspective, this results in significant
toxicities, including leukocytosis, QT-interval prolongation, elevation of hepatic enzymes, and the
potentially fatal "differentiation syndrome" observed in APL therapy.3®° Furthermore, ATO is a
simple inorganic compound with limited aqueous solubility, and the higher doses required to
inhibit solid tumors cannot be tolerated in patients.3°® These PK and toxicological issues have

restricted the use of ATO, limiting its applicability as a GLI inhibitor in solid tumors.

1.3.5.1. JC19

Alongside the development of MRTs SMO inhibitors, significant effort have been directed by our
research group towards the identification of compounds that efficiently target GLI transcription
factors. Starting from known GLI1 inhibitors GlaB and vismione E (Figure 43a), a pharmacophore-
based virtual screening approach was applied to databases of commercially available molecules
in order to identify novel GLI1 modulators.3°! The resulting five-feature pharmacophore (Figure
43b) consisted of two hydrophobic groups, two hydrogen bond acceptors, and one aromatic ring,
which corresponded to the two terminal methyl groups of the m-prenyl side chain of GlaB and
the 7-prenyl group of vismione E, the oxygen atoms at positions 4 and 5 of GlaB and positions 8
and 9 of vismione E, as well as the condensed phenyl ring of GlaB and the central phenyl ring of
vismione E, respectively. This screening process led to the identification of negative GLI1
modulators belonging to the thiophene, pyrazolo-pyrimidine, and quinoline derivative classes,

that populated databases of commercially available compounds.3%!
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Figure 43. a) Chemical structure of GlaB and vismione E used to generate the pharmacophore model for
GLI1 inhibitors; b) Graphical representation of the five-feature pharmacophoric model for compounds
affecting GLI1 protein level. Green spheres are hydrophobic regions (HY); red spheres are hydrogen bond

acceptor groups (HBA); the red ring is an aromatic ring feature (RA).3%
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Among these hits, compound 10 (Figure 44), a commercially available quinoline, was prioritised
and used as the starting point for the synthesis of a focused library. This library was designed to
improve the biological profile and establish SARs.3°? 8-hydroxyquinoline derivatives revealed
several significant data. Antiproliferative activity appeared to be only modestly dependent on
substituents and substitution patterns on the phenyl ring of the C7 benzyl moiety, with ICsq values
in the low micromolar or submicromolar range. Conversely, the capacity to modulate GLI1
protein levels was found to be profoundly influenced by these characteristics: unsubstituted
compounds or those bearing small substituents such as Cl or Me exhibited a minimal or no effect
on GLI1 levels. However, the C7 benzyl moiety was not indispensable for activity, and a simple 5-
chloroquinolyl-8-ol (11 - Figure 44) proved inactive. On this basis, 8-hydroxyquinoline SST0776
(12 - Figure 44) and oxazino-quinoline SST0794 (13 - Figure 44) were prioritised for further

evaluation as GLI inhibitors.
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Figure 44. a) General chemical structures of 5-chloroquinolyl-8-ol 11, and quinoline derivatives; b)

Structures of compounds 10, SSTO776 12, and SST0794 13.

Subsequently, a classical hit-to-lead optimization strategy was pursued, reducing scaffold
complexity in 13 and removing the chiral center of 12. This ultimately resulted in the
identification of compound JC19 (14 - Figure 45).33 It is noteworthy that 12, 13 and 14 exhibited
superior activity in comparison to the established GLI inhibitors GANT61 and GlaB. It was
demonstrated that all three quinolines were capable of downregulating GLI1 and GLI2 protein
levels in a dose-dependent manner in NIH3T3 cells. Furthermore, it was established that 14 was

able to reduce both proteins by approximately 80% at 0.5 uM.
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Figure 45. Structure of compound 14 and gPCR of GLI1, GLI2, PTCH1, and Pfkfb3 in SuFu”" MEFs treated
with SST0776, SST0794, and JC19 at 0.5 and 1 uM, or GANT61 and GlaB at 5 uM for 48 h, with cells treated
with DMSO equated to 1.3%

Mechanistic investigations revealed that these quinolines impaired GLI-mediated transcription
by disrupting the binding of GLI1 and GLI2 to DNA, as demonstrated by reduced occupancy on
the PTCH1 promoter. Furthermore, mithramycin treatment fully abolished their effects on PTCH1
mRNA reduction, supporting a direct role in DNA binding inhibition. Consequently, strong
suppression of Hh target gene expression was evident across a wide range of cancer cell lines.
The treatment of commercial melanoma cells (A375, MeWo, SK-Mel-5), primary melanoma cells
(§SM2c, Me-53), glioblastoma (U87-MG), medulloblastoma (DAQY), breast cancer (MCF7), and
intrahepatic cholangiocarcinoma (HuCCT1, CCLP1) over a period of 72 hours resulted in a dose-
dependent decrease in cell growth, with ICso values ranging from 0.1 to 1.6 uM. Electrophoretic
mobility shift assays (EMSA) and DNA pull-down experiments demonstrated that 14 disrupted
GLI1/DNA complex formation. The results of molecular docking studies further corroborated
these findings, predicting 14 interaction with GLI1 residues located in zinc fingers ZF4 and ZF5.
Site-directed mutagenesis was employed to confirm the involvement of H351, a residue in ZF4
that coordinates zinc, in 14 binding. By targeting the interaction of GLI1 and GLI2 with DNA, 14
effectively inhibited both canonical PTCH/SMO-dependent and non-canonical Hh activation,
suppressing oncogenic hyperactivation of the pathway. Evidence from genetic silencing and
CRISPR/Cas9 knockout experiments reinforced the specificity of these quinolines: the ablation of
GLI1 or GLI2 strongly reduced the effects of the compounds on cell proliferation and Hh target
gene expression. This specificity was further confirmed by the absence of effects on the catalytic
activity of 77 protein kinases linked to Hh signalling or known to modulate GLI transcription
factors via post-translational modifications. Preliminary ADME profiling identified quinoline 14
as the most suitable lead candidate (Table 5). In contrast to compounds 12 and 13, 14 exhibited

notable aqueous solubility.
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Table 5. ADME parameters of compounds 12, 13 and 14.3%

Aqueous Solubility (ug/mL) Plasma PAMPA Metabolic
Cmpd Buffer Stabilit 10°cm/sec Stabilit
P H.0 MilliQ ) Y ( /sec) J
Solution (%) (%MR) U(%) £ SD
0.52 12.16
12 - > 98 98.30 + 0.07
(logS = -5.87) (9.59)
2.95 15.35
13 - > 98 95.69 + 0.35
(logS =-5.04) (21.57)
813.62 741.23 12.98
14 > 98 99.35+0.09
(logS =-2.56) (logS =-2.59) (17.28)

PK studies of 14 revealed a short half-life and high clearance after a single intraperitoneal dose
(Table 6). However, repeated administration twice daily for 12 days achieved a dose-dependent
inhibition of tumor growth, with a 70% reduction in tumor volume at 25 mg/kg. Importantly, no

systemic toxicity was observed, and no hepatic accumulation occurred.

Table 6. PK parameter of compound 14.3%

Parameters Unit 15/mg/kg 25 mg/kg
ty: h 6.479 4.353
Tmax h 0.083 0.083
Crmax ug/mL 0.890 1.570

AUCo.24n pg/mL*h 0.548 1.228

AUCoq.int pg/mL*h 0.586 1.324

MRTo.int h 5.004 5.983
Vz/F (mg/kg)/(ng/mL) 239.142 118.518
CI/F (mg/kg)/(ng/mL)/h 25.583 18.869

In vivo treatment resulted in a dose-dependent reduction in GLI1 mRNA levels in melanoma
xenografts, thereby confirming GLI1 downregulation as a biomarker of response (Figure 46). In
conclusion, the hit-to-lead design and synthesis of the quinoline derivative 14, alongside the
biological characterisation of three potent quinolines, identified 14 as a highly active GLI1/GLI2
inhibitor. The activity of the compound under investigation extends to both canonical and non-
canonical Hh activation, and it effectively counteracts pathway hyperactivation. In addition, it

demonstrates favourable solubility, strong in vivo efficacy, and a promising safety profile.
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Figure 46. a) Experiment timeline of the in vivo treatment; b) In vivo growth of A375 melanoma cells
subcutaneously injected in athymic nude mice; c) Representative images of tumors at the sacrifice; d)
Mice body weight during treatment; e) gPCR of GLI1 in melanoma xenografts treated with vehicle, JC19
15 mg/kg or 25 mg/kg for 72 h. 3%3

Furthermore, a recent work by our research group revealed its ability to overcome 5-Fluorouracil
(5-FU) chemoresistance in colorectal cancer (CRC) by targeting a newly identified GLI1-PHGDH
positive feedback loop.3** The study found that combining JC19 with 5-FU produced a strong
synergistic effect, particularly in CRC models that overexpress PHGDH, significantly enhancing
the tumor cells' sensitivity to the chemotherapy. This combination therapy was validated in vivo
using mouse xenografts, where the JC19/5-FU regimen proved superior to monotherapy in
inhibiting tumor growth, reducing cell proliferation, and downregulating the expression of
PHGDH and survival proteins like c-Myc. This research thus validates targeting the PHGDH-HH

axis with JC19 as a promising strategy to combat 5-FU drug resistance.
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1.4. PROTIDE TECHNOLOGY

Nucleoside analogues (NAs) are a crucial class of drugs used to treat cancer and viral infections.3°>
To exert their therapeutic effect, NAs must enter the cell and undergo sequential
phosphorylation by host kinases to their active triphosphorylated form. However, this activation
pathway has several limitations. The first phosphorylation is often inefficient due to structural
differences between the NA and natural nucleosides. Furthermore, NAs are typically polar
molecules, which results in poor intestinal permeability, low oral bioavailability, and inefficient

passive diffusion across cell membranes.3%

The ProTide technology, developed by McGuigan, Mehellou, Balzarini, and co-workers, was
designed to overcome these issues.?®’ This prodrug strategy "masks" the first phosphate group
of the NA monophosphate with an amino acid moiety and an aryl ester. This neutral, more
lipophilic construct allows the ProTide to efficiently cross the cell membrane via passive diffusion.
Once inside, the masks are enzymatically cleaved to release the nucleoside monophosphate
directly. This approach bypasses the problematic first phosphorylation step, allowing for rapid
conversion to the active triphosphate metabolite, which can then inhibit intracellular enzymes

or be incorporated into nucleic acid chains to terminate elongation and promote apoptosis.3®®

The intracellular activation cascade begins with the cleavage of the amino acid's ester group by
an intracellular esterase, such as Cathepsin A, which generates a free carboxylate (Scheme 12).
This carboxylate then performs a nucleophilic attack on the central phosphorus atom, displacing
the aryl group and forming a highly unstable five-membered anhydride intermediate. This ring is
rapidly opened by a water molecule (attacking either the carbonyl carbon or the phosphorus
atom) to generate a phosphoramidate metabolite. The final step is the cleavage of this
metabolite's P-N bond by the phosphoramidase HINT1 (histidine triad nucleotide binding protein
1), releasing the active nucleoside monophosphate. 3%83%° ADCs charged with ProTide-based
scaffolds have never been reported, and the combination of ProTide activation pathway and the
selectivity of the monoclonal antibody could allow to overcome the limitations of nucleoside

analogues and phosphorylated drugs in general, avoiding off-target effects.
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Scheme 12. General mechanism of the ProTide activation.
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1.5. AIM OF THIS RESEARCH WORK

The continuous search for more selective and tolerable cancer treatments has positioned ADCs
at the forefront of pharmaceutical innovation. This therapeutic technology, which harnesses the
specificity of mAbs to deliver a pharmacological agent directly to the tumor site, is evolving
beyond the use of only highly potent cytotoxic payloads, opening the door to a broader spectrum
of therapeutic mechanisms. In this context, attention has shifted towards targeting key
oncogenic signalling pathways, such as the Hedgehog signalling pathway, whose aberrant
activation contributes to the progression of various malignancies and makes it a critical
therapeutic target. Our research group has successfully developed several Hh pathway
modulators, including the potent SMO inhibitors such as compound 6 and the GLI inhibitor 14.
Compound 6 is particularly promising because of its sub-nanomolar activity in different tumor
cell lines and a unique dual-site binding mechanism that mantains its efficacy in mutant strains
commonly observed with vismodegib. However, its full therapeutic potential is constrained by a
suboptimal PK profile, leading to rapid systemic clearance, thereby limiting its clinical utility.
Consequently, the conjugation of 6 to a selective mAb through an ADC strategy represents a
rational and necessary approach to circumvent these liabilities. Bioconjugation is expected to
enable targeted delivery, increase plasma half-life, and enhance its local concentration at the

tumor site.

Building on this rationale, the objectives of this research work aim to advance both the Hh

inhibitors development and the ADC technology platform:

1. toenhance the therapeutic potential of our in-house developed Hh pathway inhibitors by

integrating them into the ADC platform.

2. to systematically explore and optimize novel bioconjugation methodologies, applying
these advancements not only to the Hh inhibitors but also to various linker-payload

systems, directed at different cellular targets.

3. To better understand the dual role of the Hh pathway by continuing the study of the
agonist activity of previously developed compounds (GSA-10, compound 1, and
compound 2) and evaluating their osteogenic capabilities in new, relevant cell models,

thus exploring the potential of these compounds in regenerative medicine.
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1.5.1. Synthesis of new ADCs charged with Hh inhibitors

The primary objective of this research is the design, synthesis, and comprehensive
characterization of novel ADCs utilizing our Hh pathway inhibitors such as 6 and 14, as the
payloads (Figure 47). This effort is driven by the need to overcome the PK limitations of the free
compound through a targeted delivery approach. The synthetic strategy involves several critical
steps: first, the chemical modification of the Hh inhibitor to introduce a suitable linker-
attachment handle without compromising its intrinsic pharmacological activity. Second, the
careful selection and synthesis of a cleavable and non-cleavable linker system, a decisive factor
affecting the stability of the ADC in circulation and efficient payload release within the tumor
microenvironment or lysosome. Finally, the bioconjugation of the activated linker-payload
moiety to a selected mAb. The resulting ADCs will be characterized for their DAR and subjected
to in vitro and in vivo studies to evaluate their stability, targeted cytotoxicity, mechanism of
action, and therapeutic index compared to the unconjugated inhibitor. This project aims to
validate the hypothesis that the ADC format can "rescue” potent inhibitors with suboptimal PK

profiles, thereby unlocking their full therapeutic potential in oncology.

ADCs charged with Hh inhibitors

T Payloads: Hh inhibitors s===———cccccea=o ~
A
i OMe i
1
MeO. S
poMe N” N N [ H i
~_Y| H H N N i
! Meo Hel O Su \© I
H OMe 6 H
1 14 |
\, ,’

mAb

Figure 47. Graphical representation of the proposed ADCs charged with Hh antagonists.

1.5.2. Exploration and development of bioconjugation methodologies
Parallel to the specific synthesis of the Hh-inhibitor ADCs, a core aim of this work is the
exploration and advancement of general bioconjugation methodologies. This objective implies
the employment chemoselective ligation strategies (e.g., click chemistry, strained alkyne
cycloadditions, or bioorthogonal reactions), innovative linker-payload systems and

implementation of robust analysis techniques (Figure 48).
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Figure 48. General steps for the development of an ADC. Created with Biorender.

1.5.3. Synthesis and evaluation of Hh agonists for osteogenic applications

Finally, leveraging our research group's established expertise in Hh pathway modulation, a
distinct yet related objective is the continuation and expansion of studies focusing on the agonist
activity of selected small molecules. The Hh pathway is not solely implicated in cancer; its
controlled activation plays a crucial and fundamental role in tissue homeostasis, notably in bone
morphogenesis, repair, and regeneration. Specifically, compounds such as GSA-10, compound 1,
and compound 2, previously developed as dual Hh pathway modulators, have shown promise for
their agonist activity on the pathway. This objective will focus on: carrying out an efficient
synthesis of these agonists, followed by the in-depth biological evaluation of their osteogenic
capacity (Figure 49). New cellular models of bone differentiation will be employed (e.g.,
mesenchymal stem cells or specific osteoblast lines) to precisely quantify their ability to induce
differentiation markers (e.g., Alkaline Phosphatase, collagen synthesis) and promote bone
formation in vitro. This line of investigation seeks to evaluate the group's chemical library for
applications in regenerative medicine, providing a valuable diversification of the research beyond

oncology.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1. SYNTHESIS OF NEW ADCs CHARGED WITH Hh INHIBITORS

2.1.1. Design of ADCs for the first bioconjugation strategy

For the bioconjugation of Hh inhibitors, two different linkers were selected, both allowing the
bioconjugation with Lys residues of Cetuximab (Figure 50): i) A non-cleavable linker inspired by
conventional MCC and MC linkers combined with a self-immolative spacer (Figure 50a); ii) The

HMPO linker, a cleavable system previously developed by our research group (Figure 50b).%°

pH-sensitive linker

Figure 50. General structure of the proposed ADCs using two different linkers, a) non-cleavable linker, b)

HMPO linker.

2.1.1.1. Definition of connection sites for the introduction of linkers
Our initial efforts for the synthesis of ADCs charged with in-house developed Hh inhibitors were
primarily focused on the potent SMO inhibitor compound 6 (Figure 51a). A fundamental
requirement in ADC design is that the payload must bear a functional handle suitable for linker
connection, and for the release of the payload in its active form. Since the core structure of 6

lacked such a moiety, the original synthetic route was strategically modified to incorporate a self-
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immolative PABA-like spacer containing an anilinic group onto the guanidine moiety. As a
possible alternative to the introduction of a spacer to make the acylguanidine 6 accessible to the
insertion of a linker, a modification of its structure was proposed. The only functionality that
could be modified without affecting its inhibitory activity toward SMO was the trimethoxybenzyl
moiety. An analogue of 6, compound 15, was developed for this purpose (Figure 51). As already
indicated by previously reported SAR analysis of this class of compounds3®’3, the replacement of
a -OMe group with an -OH moiety in para position did not impact in the activity (in vitro assay: 6:
A3751Cs50=0.299 £ 0.05 pM, BT474 1C50=1.0 £ 0.1 uM; 15: A375 IC50 = 1.06 £ 0.6 uM, BT474 I1Cso
=0.5%0.1 uM).

Possible unconventional connection site

Substitution for the introduction of a connection site

Figure 51. Structure of compound 6 and its analogue 15.

Our synthetic approach for the functionalization of compound 6 and the introduction of a linker,
was guided by the retrosynthetic analysis shown in Scheme 13. We first envisioned disconnecting
the linker-payload system 16 at its triazole moiety, a cleavage that reveals alkyne 17 and azide
18 as the primary precursors. Intermediate 17 was further simplified: a retrosynthetic cleavage
of its carbamate group suggests it could be assembled from linker 19 and the functionalized
payload 20. Payload 20 was retrosynthetically cleaved at its thiourea moiety to provide synthons
21 and 22. Compound 21 could be obtained from acyl chloride 23 and aniline 24. Finally, fragment
24 was traced back to the simple starting materials, aniline 25 and carboxylic acid 26, via

disconnection of its central amide bond.
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Scheme 13. Retrosynthetic scheme for the preparation of linker-payload system 16.
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Phosphonium salt 28 was prepared in 91% yield by treating benzyl bromide 27 with
triphenylphosphine. The resulting salt was subjected to a Wittig reaction with benzaldehyde in
the presence of Lithium bis(trimethylsilyl)Jamide (LIHDMS) to yield the intermediate 29 in 99%
yield. The alkene moiety was subsequently reduced with H, in presence of Pd/C to obtain
compound 26 (83% yield). The carboxylic acid was activated to the corresponding chloride 30 by
treatment with thionyl chloride, enabling the formation of an amide bond with aniline 25,
yielding compound 31 (80% yield). The reduction of the nitro group to amine with H; in presence
of Pd/C furnished compound 24 in 99% yield. This amine was finally treated with commercially
available acyl chloride 23 and ammonium thiocyanate to successfully provide the target

acylthiourea intermediate 21 in 73% yield (Scheme 14).

O O O
PPhs LIHDMS H,, Pd/C
—_—
Acetone Br THF Q MeOH, Q

rt., 16 h rt, 16 h
reﬂux 16 h P+ -Ph OH OH
Ph Ph o [e]
29 26
28
27 91%) (99%) (83%)
NO
agme |
H,N NO,
25 HN
socl, Q Pyridine Ha, PAIC HNY
—_— —_— O —_—_—
reflux, 3 h CH,Cl, O MeOH, O ©
Cl rt, 16 h rt,4h
° ®
30 31 O
MeQO (80%) 24
o (99%)
MeO
CI 'd ~\
MeC 23 o s /@\/ 0
M
NH,SCN e0 N)]\N N
> H H H
Acetone MeO O
reflux, 1 h
OMe 21
(73%)

Scheme 14. Synthesis of intermediate 21.

Meanwhile, the spacer 22 was prepared starting from PABA. The synthesis required the
formation of the corresponding diazonium salt using NaNO,, followed by a substitution by NaNs
providing the azide intermediate 32 in 98% yield (Scheme 15). Subsequently, the benzylic alcohol

moiety was converted into the corresponding bromide 33 (85% vyield) by treatment with PBrs.
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The amine 22 was obtained through a Gabriel reaction: the phthalimide intermediate 34 was

obtained in 95% vyield and hydrolyzed by treatment with hydrazine, yielding the required

benzylamine 22 in 81% yield. The crucial introduction of the spacer onto the payload was then

performed by reacting the acylthiourea intermediate 21 with the benzylamine 22 in the presence

of HgCl,. This step successfully provided the desired alkylated guanidine, compound 35, in

excellent 91% vyield. Finally, the azide group was reduced by treatment with trimethylphosphine,

furnishing the final functionalized payload 20 in 60% yield (Scheme 15). This successful synthetic

sequence allowed us to functionalize an unconventional moiety (the guanidine nitrogen) of the

SMO inhibitor, thereby making it suitable for the subsequent connection with properly designed

linkers.
OH NaNO, OH NaN; OH
e . —  »
H2N H,S0, aq. 2 M N7 H,0 N3
dark 0°C->rt.
PABA 0°C, 15 min 1h 32

2 (98%)
NH
Y o)

PBrs Br K,COs4 N

—> —
CH,Cl, 8 DMF N3 o
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EtOH DMF H H H ‘
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Scheme 15. Synthesis of compound 20.
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2.1.1.2. Connection of compound 20 with a non-cleavable linker
The non-cleavable linker was prepared by reacting maleic anhydride with propargyl amine and
acetic anhydride. The desired compound 36 was obtained in 60% yield (Scheme 16).
Subsequently, the Michael addition of 2-mercaptoethanol provided the intermediate non-
cleavable linker 19 in 78% vyield. Notably, the 2-mercaptoethanol moiety functions as a self-
immolative spacer within the ADC structure, releasing the payload through a cyclization

rearrangement once the non-cleavable linker is effectively cleaved in vivo.

OH
o nHNTN _ s—
] AcOH.rt. 16k 04Q§0 Ho S

—_ - = 0N 0

2) (Acx0 / MeCN
0 AcONa Z rt, 16 h F

65°C,2h 36 10
(60%) (78%)

Scheme 16. Preparation of linker 19.

For the introduction of the payload, the alcohol 19 was activated by treatment with p-nitrophenyl
chloroformate, converting it into the more reactive carbonate intermediate 37 (Scheme 17). This
intermediate was treated with 20, successfully obtaining the linker-payload system 17 in 32%
yield over the two steps. As a final step, the introduction of a carboxylic acid group onto the linker
was required to enable amide bond formation with the lysine residues of the mAb. A
CuAAC reaction was carried out with alkyne 17 and the azido-acid 18. The final compound, 16,

was successfully synthesized and isolated.
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Scheme 17. Synthesis of the linker-payload system 16.

2.1.1.3. Connection of compound 15 with a non-cleavable linker
A similar non-cleavable linker was applied for the preparation of a linker-payload system charged
with 15. The non-cleavable linker was prepared by Michael addition of 4-mercaptobenzyl alcohol
onto the intermediate 36, successfully yielding the linker-spacer system 38 in 84% yield. The
benzyl alcohol moiety of 38 was subsequently converted into the corresponding, highly unstable
bromide 39 by treatment with PBrs. This reactive intermediate 39 was immediately alkylated by
15 under alkaline conditions, affording the desired product 40 in 45% yield. Finally, the terminal
alkyne moiety of the system was functionalized by a CuUAAC reaction with the azide 18, thereby

providing the final linker-payload system 41 ready for bioconjugation (Scheme 18).
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Scheme 18. Synthesis of the linker-payload system 41.

2.1.1.4. Connection of compound 15 with a cleavable linker

A third linker-payload system, composed of compound 15 and the pH-sensitive HMPO linker, was
also successfully synthesized. The preparation of the HMPO linker followed the previously
optimized procedure developed.?® A cyclization reaction of ethyl gallate with triethyl
orthoformate in the presence of the acidic resin Amberlyst 15, provided the intermediate 42 in
excellent 95% vyield (Scheme 19). Subsequently, the free phenol moiety was subjected to an
alkylation reaction using propargyl bromide, yielding compound 43 with 88% yield. Finally, the

reduction of the ester moiety in the presence of LiAlH4, furnished alcohol 44 in 95% yield.

OEt

0 (0] (o}
Ho OEt Eto)\OEt o OEt Z e 0 OEt ° OH
Amberlyst 15 Et0— K,CO3 KI  Et0— LiAIH, E‘0_<oj©/\
O 0 —_—

HO — > e

THF =
Toluene OH Acetone o) 4 . O\//
reflux, 16 h 42 reflux, 16 h \/ 0°C->rt,1h
(95%) 43 44 HMPO

Ethylgallate (88%) (95%)

Scheme 19. Synthesis of the pH-sensitive linker 44.
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For the introduction of the payload, the benzyl alcohol moiety of 44 was converted into the
corresponding chloride 45 by treatment with SOCl,. Given the acidic lability of the orthoester
structure within the HMPO linker, the chlorinating step required careful control: the chlorinating
agent was added dropwise at 0 °C, and the pH was maintained alkaline adding EtsN to prevent
decomposition. Subsequently, the functionalized payload 15 was introduced via an alkylation
reaction on its phenol moiety, in the presence of NaOH. The resulting intermediate 46, was
successfully isolated in 76% vyield. This intermediate was then subjected to the final
functionalization step: a CuUAAC reaction with the azide 18, which provided the desired, complete

linker-payload system 47 in a 48% yield (Scheme 20).
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Scheme 20. Synthesis of the linker-payload system 47.

2.1.1.5. Bioconjugation reaction via amide coupling on Lys residues

Having successfully synthesized three distinct linker-payload systems charged with the Hh
inhibitor 6 and its derivative 15, the bioconjugation reactions were performed. The mAb selected
for this process was Cetuximab (Ctx). Ctx is selective for the EGFR antigen, which is frequently
overexpressed across multiple tumors, including those that are Hh-pathway dependent.
Furthermore, Ctx was selected due to its established clinical safety profile, known pharmacology,
and ready availability.*® The bioconjugation proceeded in a two-step sequence. First, the
carboxylic acid moiety present on the linker-payload system was converted into the activated
sulpho-N-hydroxysuccinimide (S-NHS) ester intermediate using S-NHS and 1-Ethyl-3- (3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) as the coupling reagents. Second,

the resulting activated linker-payload was added to a solution of Ctx in PBS buffer (pH 7.4) and
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stirred at room temperature (r.t.) for 1 hour (Scheme 21). The resulting mixture was then purified
by ultrafiltration, using a 10 kDa cutoff membrane. This final purification step was essential to
efficiently remove the excess of unreacted linker-payload and residual reagents, thereby isolating

the final ADCs 48-50.

General procedure
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Scheme 21. Synthesis of ADCs 48-50. Payload in red.

The DAR values for the obtained bioconjugates were determined via MALDI-TOF analysis using

the formula:

MWype — MWinap

MVVlinker—payload
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All three ADCs 48-50 exhibited satisfactory mean DAR values (Table 7). However, the absolute
numerical DAR value alone is insufficient to define the overall quality profile of an ADC. The ideal
scenario involves a homogeneous distribution of the payload across the antibody molecules. In
the case of ADCs 48-50, a significant heterogeneous distribution of the DAR was observed from
the MALDI analysis, a factor that could potentially compromise the PK profile of the bioconjugate

in vivo.

Table 7. DAR values for ADCs 48-50.

ADC Linker-payload DAR
48 16 2.30
49 41 3.40
50 47 1.90

Providing additional confirmation of this challenge, a substantial loss of protein material was
concurrently noted when monitoring the mAb concentration throughout the bioconjugation
process. This loss is likely correlated with aggregation phenomena and subsequent precipitation
of the ADCs, a common side effect of non-selective conjugation that further underscores the

need for more controlled, site-specific methodologies.

2.1.2. Second bioconjugation strategy

With the aim to obtain more homogenous bioconjugate and DAR distribution, a second
bioconjugation strategy was investigated. To achieve a more tunable and homogenous loading
of the linker-payload systems over the mAb, a prefunctionalization of the mAb with a spacer
bearing a dibenzocyclooctyne (DBCO) moiety was approached. This strategic modification allows
for two critical improvements: i) It enables the intermediate step to be precisely monitored,
thereby limiting the distribution of the DAR, ii) It exploits the high chemoselectivity of the Cu-
free SPAAC reaction to introduce the linker-payload system in a subsequent, highly efficient step
(Figure 52). This process necessitated the development of new linker scaffolds, appropriately
designed to incorporate an azide moiety suitable for the click reaction. For this second strategy

GLI inhibitor 14 was also investigated as a payload.
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Figure 52. General structure of the proposed ADCs. Payload in light blue.

2.1.2.1. Synthesis of clickable non-cleavable linkers

Several synthetic protocols were attempted for the preparation of a non-cleavable linker bearing
the necessary azide moiety. The initial strategy involved the chlorination of maleimidohexanoic
acid using SOCl,, followed by an amide coupling with N-Boc-ethylenediamine, which successfully
furnished intermediate 51 in 60% yield. The subsequent step required the removal of the tert-
butyl carbamate (Boc) protecting group by treatment with trifluoroacetic acid (TFA), providing
compound 52 and a second amide coupling with the activated NHS-ester 53. However, this step
resulted in a very low yield of compound 54 due to the significant formation of uncharacterized

by-products.

Despite the poor outcome of the last step, the Michael addition of the 2-mercaptoethanol spacer
on 54 was investigated. Initial attempts suggested the reaction was not occurring, as the starting
material was completely recovered. However, monitoring the reaction overtime (Table 8)
revealed that the addition occurred very quickly (within minutes). Critically, the addition product
55 was rapidly subjected to a Retro-Michael reaction, fully restoring the starting material

(Scheme 22). Because of high instability of 55 a different synthetic approach was investigated.
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Scheme 22. First synthetic route for the synthesis of the clickable non-cleavable linker.

Table 8. Michael addition reaction and monitoring over time.

§(O i Ho~ q\/\/\)?\ N
H S N N
N\/\/\)L ~UN MeCN, r.t. N~ N
) H \([)]/\/\/\N3 . J N \g/\/\/\ 5
54 55
Time (min) Ratio 54 : 552
2 45 : 55
5 20: 80
10 85:15
15 100:0

2Reaction procedure: 54 (1 equiv), dry MeCN (0.5 M), 2-mercaptoethanol (1.1 equiv). Reaction stirred at
r.t. and checked via HPLC-MS.

Reacting maleic anhydride with 5-aminopentan-1-ol and acetic anhydride in acetic acid at reflux
temperature, compound 56 was obtained in good yield (Scheme 23). The acetyl ester of 56, was
hydrolyzed by treatment with HCl to furnish the target alcohol 57 in 69% vyield. The isolated
compound 57 was converted to the corresponding bromide 58 and then treated with NaNs. The
expected compound 59 was not obtained even heating at 100 °C. Treating 57 in Appel’s
conditions, with PPhs, NaNs, tetrabutylammonium iodide (TBAI), and tetrabromomethane no

better results were obtained.
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Scheme 23. Second attempt for the synthesis of the clickable non-cleavable linker.

Finally, the azide was directly introduced on maleimidohexanoic acid, using Propylphosphonic

anhydride (T3P) and azide 22. T3P was chosen as a convenient coupling agent due to its

compatibility with less hazardous solvents like ethyl acetate (EtOAc), its non-flammability and

non-toxicity, and the easy removal of its side product (propylphosphonic acid) via simple aqueous

workup.%%2 This reaction afforded the desired product (60) in acceptable 46% yield (Scheme 24).

Crucially, on this new scaffold, the Michael addition with 2-mercaptoethanol and 4-

mercaptobenzylalcohol gave excellent results, providing the stable linkers 61 and 62 in optimal

yields (respectively 82 and 76%), thereby confirming that the new 60 structure successfully

circumvented the stability issues encountered in the previous approaches .
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Scheme 24. Successful synthesis of non-cleavable linkers 61 and 62.

2.1.2.2. Connection of non-cleavable linkers with payloads 15 and 20.
For the synthesis of the first clickable linker-payload system, the hydroxyl moiety of the non-
cleavable linker 61 was initially activated by treatment with p-nitrophenyl chloroformate,
thereby converting it into the more reactive carbonate intermediate 63 (Scheme 25). Prior
attempts to isolate the carbonate 63 were unsuccessful due to its high instability. Consequently,
the reaction crude was immediately subjected, without further purification, to the coupling
reaction with the payload 20 to form the carbamate moiety via the aniline group (Scheme 23).
The desired linker-payload system 64 was successfully obtained in low 20% yield. This modest
yield was attributed to the numerous purification steps required to isolate the final product as

pure compound.
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A second clickable linker-payload system, composed of the non-cleavable linker 62 and the

payload 15, was then prepared. This synthesis involved the initial chlorination of the hydroxyl

moiety of 62 by treatment with SOCI,, which furnished the intermediate 65. Intermediate 65 was

highly reactive and was utilized immediately without further purification. It was subsequently

reacted with compound 15 in the presence of N,N-Diisopropylethylamine (DIPEA) in

dichloromethane (Scheme 26). This alkylation reaction proceeded very slowly, requiring reflux

temperature to initiate the conversion of the starting material. Furthermore, even after 4 days,

a portion of the unreacted starting material remained. Nevertheless, the desired product 66 was

successfully isolated and purified in 20% yield via preparative thin-layer chromatography, a

method necessary due to the complexity of the reaction mixture.
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Scheme 26. Synthesis of linker-payload system 66.

2.1.2.3. Connection of non-cleavable linker with GLI inhibitor 14
For the synthesis of linker-payload systems charged with the GLI inhibitor 14, it was not necessary
to introduce an additional handle for the linker, unlike the previous cases. This simplification was
possible because compound 14 already possesses a secondary amine group that could be directly
exploited as a connection site for carbamate formation. Payload 14 was first synthesized
according to the reported procedure. 393 Similar to the reaction sequence described in Scheme
25, the non-cleavable linker 61 was converted in situ into the reactive carbonate intermediate
63. This intermediate was immediately treated with 14 and DIPEA, successfully isolating the

desired product 67, in sufficient 45% yield (Scheme 27).
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Scheme 27. Synthesis of payload 14 and linker-payload system 67.

2.1.2.4. Synthesis of a clickable cleavable linker

The synthesis of the pH-sensitive HMPO linker containing an azide moiety, was also explored.
Compared to the synthesis of the non-azide linker 44 (see Scheme 19), two key steps needed to
be modified: i) Instead of alkylating the phenol with propargyl bromide, a Mitsunobu reaction
was carried out to introduce the azido-alcohol 68, which successfully provided the intermediate
69 in excellent 95% yield, ii) The final reduction of the ester was not possible with previously
applied LiAlH4, as the reduction of the azide into the corresponding primary amine occured.
Instead, the milder reducing agent Diisobutylaluminum hydride (DIBALH) successfully provided
the desired benzyl alcohol 70 in 70% yield (Scheme 28).

(0] O o
HO EtO
OEt O
_Amberlyst 70 E‘O_< EtO—<O OEt Et0— ort
HO o
OH Toluene [e]
reflux, 16 h o
PPhy © DIBALH
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CH,Cl, 7 THF 70 7 N
0°C->rt 69 N3 0°C->rt. (70%) 3
N 2h (95% 4h
Br 7 OH NaNj Ny ™ oH
DMF 68 _

9-bromononan-1-ol

Scheme 28. Synthesis of pH-sensitive linker 70.

rt->70°C,16 h
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2.1.2.5. Connection of the cleavable linker 70 with payloads 14, 15 and 20

For the connection of compound 20 with the pH-sensitive linker 70, the initial approach consisted
of activating the benzyl alcohol moiety of 70 to the corresponding reactive carbonate
intermediate 71 by treatment with p-nitrophenyl chloroformate. As previously observed, the
high instability of this intermediate required to directly treat 71, without purification, with 20
(Scheme 29). However, in the presence of DIPEA the desired product was not observed, while
the formation of the activated species 71 was confirmed by MS. Attempts of carrying out the

reaction at higher temperatures led to the degradation of the starting materials.

NO
0 1% ?
OH ) )j\
EtO—<o p-nitrophenyl chloroformate EtO—<O 0
DMAP
0 e}
(e}

CH,Cl,

0°C->rt.
70 Ns 2h 7 7
N3

o
io
F

NH,

o N Me
M DIPEA
N7N N
H H H

MeO
MeO CH,Cl,
OMe 0°C->rt,16h H
O MeO
20 OMe

Scheme 29. Failed attempt for the introduction of linker 70 on compound 20.

Consequently, direct connection of the aniline to the benzyl carbon of the linker, avoiding the
formation of the carbamate was investigated. The corresponding chloride 72 was prepared by
treating 70 with p-toluenesulphonyl chloride (TsCl). The proposed mechanism for this unusual
chlorination reaction was elucidated to involve the initial formation of the tosylated intermediate
73. This intermediate then readily cleaves to the resonance-stabilized carbocation intermediate
74 (due to the influence of electron-donating groups), which is finally attacked by a chloride anion

(CI") to yield the desired chlorinated compound (Scheme 30).4°3

EtsNHCI \v
TsClI

CHy*
A EtsN OTs o
EDG{)/\OH ﬁ, EDG— O —— gpelt O/ ‘T EDG Oﬁ

Et;NHCI 73 TSOHNEt,

Scheme 30. Proposed mechanism for the chlorination of compound 70 with TsCl.
108



This intermediate was successfully purified by flash chromatography and isolated in 85% yield.
The final coupling reaction between 72 and payload 20 in the presence of DIPEA afforded the

desired linker-payload system, 75, in 24% yield (Scheme 31).
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Scheme 31. Synthesis of compound 75.

The same successful protocol was subsequently utilized to introduce linker 70 onto the phenolic
payload 15. The reaction involved treating the chloride intermediate 72 with the phenolic moiety
of 15 in the presence of DIPEA. This alkylation provided the desired linker-payload system 76 in
33% vyield (Scheme 32).
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M ’ o N3
O NH o) VH?/
MeO. JJ\
N™ N N ] 76
H H H (33%)
HO
OMe 15 i

Scheme 32. Synthesis of compound 76.

72

For the synthesis of the final linker-payload system, composed by the pH-sensitive linker 70 and
the GLI inhibitor 14, the in situ formation of a carbamate moiety was investigated once again.
The activated carbonate 71 was prepared and subsequently treated with 14 in the presence of
DIPEA. In this instance, the reaction successfully afforded the desired linker-payload product 77

in 34% yield (Scheme 33).
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Scheme 33. Synthesis of compound 77.

2.1.2.6. mAb prefunctionalization and bioconjugation via click reactions

To carry out the bioconjugation of the clickable linker-payload systems, the development of
specifically designed spacers was required. We decided to explore the prefunctionalization of the
mAb not only on lysine residues but also on cysteines by preparing two distinct spacers. Both
spacers (78 and 79) were synthesized starting from maleimidohexanoic acid (Scheme 34). For the
synthesis of spacer 78 maleimidohexanoic acid was first activated as the NHS-ester 80 (94%
yield), followed by an amide coupling, providing the intermediate 81 in 32% yield. A Michael
addition of DBCO-amine on 81 afforded spacer 78 (70% yield). This spacer is specifically designed
for the prefunctionalization of lysine amine residues via amide bond formation with the
carboxylic acid moiety. Spacer 79 was prepared in a good 85% yield in a single step coupling
maleimidohexanoic acid and DBCO-amine in the presence of EDC, HOBt and EtsN. This final
spacer has a reactive maleimide moiety and is therefore suitable for direct bioconjugation to the

cysteines on the mAb via Michael addition.
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Scheme 34. Synthesis of spacers 78 and 79.

Once synthesized the clickable spacers, the prefunctionalization conditions were optimized. For
spacer 78, the carboxylic acid was in situ activated using S-NHS and EDC-HCl and then added to a
solution of Ctx in PBS (pH 7.4) (Figure 53a). The bioconjugation product 83 was clearly detectable
in MALDI-TOF spectra, showing an average DAR (calculated on the mono-charge (m/z=MW/1),
di-charge (m/z=MW/2), and tri-charge (m/z=MW/3) peaks) equal to 5.14 (Figure 53b). Notably,
no loss of protein material and no precipitation were observed during the prefunctionalization

process.
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Figure 53. a) Prefunctionalization reaction of Ctx with spacer 78, b) MALDI-TOF analysis of unconjugated
Ctx (red) and ADC 83 (orange).
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For spacer 79, the mAb Bevacizumab, an anti-VGFR IgG, was firstly reduced by treatment with
TCEP to obtain free thiol moieties (Figure 54a). It was then immediately incubated with a solution
of 79 and analyzed by MALDI-TOF. In this case as well, no precipitation was observed and the
prefunctionalization was successfully achieved, as observed from the functionalization of the
heavy chain, light chain and half mAb (Figure 54b).
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Figure 54. a) Prefunctionalization reaction of Bevacizumab with spacer 79, b) MALDI-TOF analysis of

reduced mAb (red) and ADC 84 (pink).

Following the successful prefunctionalization of the mAbs with spacers 78 and 79, the SPAAC
click reactions with the synthesized linker-payload systems were carried out by adding the linker-
payload solution in DMSO to the solution of the prefunctionalized mAb in PBS (pH 7.4) and
stirring the resulting mixture for 16 hours at 4 °C. Unfortunately, the bioconjugation reactions
were not successful: MS spectra presented no significant mass variation compared to the DBCO-
functionalized ADCs 83 and 84, indicating a failure of the click reaction. Simultaneously, visible
precipitation was observed during the bioconjugation process, and the concentration of the mAb
significantly decreased. We hypothesized that the lipophilicity of the linker-payload systems was
a crucial parameter affecting the outcome of the bioconjugation. As highlighted by a recent work
from our research group, the LogP of the linker-payload system, the descriptor that estimates
lipophilicity of a molecule by measuring its solubility in nonpolar solvents versus water, can

directly impact the success of the bioconjugation by generating undesired aggregates.*%*
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Therefore, LogP values were predicted*® for each prepared compound demonstrating to be too
high (6.9 — 12.6) to be compatible with aqueous bioconjugation conditions (Figure 55). This high
lipophilicity is responsible for the aggregation and precipitation, preventing both the effective

mixing of reagents and the successful completion of the SPAAC reaction.
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Figure 55. Structures of spacers, clickable linker-payload systems (payload in blue) and predicted LogP
values.
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2.1.3. Design of a new spacer for enhanced hydrophilicity

The results obtained from the initial two bioconjugation strategies revealed two major,
interconnected challenges that must be overcome to synthesize expected ADCs. The first
challenge is the DAR distribution, which must be as homogeneous as possible to mitigate
potential PK issues in vivo. The second, and more critical challenge is the direct correlation
between the linker-payload lipophilicity and the aggregation in aqueous media. While the first
bioconjugation attempts (targeting lysines) successfully yielded the bioconjugates, the wide DAR
distribution and the partial precipitation required to plan a different approach. Although the
second strategy (based on SPAAC click chemistry) failed, it allowed us to successfully explore the
reactivity of both lysine and cysteine residues on the mAbs and, most significantly, to identify the
LogP parameter as a crucial property to be considered in the design of the linker-payload
systems. To overcome these issues, we decided to focus on the bioconjugation to cysteine
residues. This approach is inherently superior for DAR control, as IgG antibodies contain only four
inter-chain disulfide bonds, a number far smaller than the eighty available lysine residues, thus
enabling a more controlled and defined DAR distribution. Furthermore, instead of developing
and synthesizing entirely new linker-payload systems, a third clickable spacer was designed to be
applied to the previously synthesized payloads (Scheme 35). This new spacer integrates three

main characteristics aimed at addressing the identified challenges:

e a DBCO moiety for the SPAAC click reaction, allowing for the stable introduction of the

linker-payload prior to the final bioconjugation;
e areactive moiety specifically designed for conjugation with the cysteine thiols of the mAb;

e a chain of polysarcosine (PSAR, logP = -6 depending on the lenght of the chain), a highly
hydrophilic polymer, to significantly increase the solubility of the entire linker-payload

system in aqueous media, thereby mitigating aggregation and precipitation phenomena.

For the bioconjugation to the cysteine residues, the pentafluorobenzene functionality was
chosen over the conventional maleimide group, in order to reduce the instability issues caused
by the reversible retro-Michael reaction that can occur in vivo. In contrast, the
pentafluorobenzene moiety reacts with available thiols via an irreversible SyAr (Nucleophilic
Aromatic Substitution) mechanism?°*. This reaction provides a stable thioether covalent bond,

which securely links the linker-payload system to the mAb.
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Scheme 35 shows the retrosynthetic strategy developed for our spacer. Starting from
compounds 88-93, we first envisioned disconnecting the triazole, revealing spacer 87, which can
be obtained from two subsequent amide coupling reactions of PSAR chain 85, with DBCO-amine

on the carboxylic moiety, and a pentafluorophenyl moiety on the amine.
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Scheme 35. Retrosynthetic scheme for the synthesis of ADCs via cysteine bioconjugation, using spacer 87

for enhanched hydrophilicity. Linker-payload system in orange.
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Prior to the synthesis, the LogP values of the final PSAR-functionalized linker-payload systems
(88-93) were predicted® (Table 9), and all demonstrated a significant improvement in
hydrophilicity compared to the original clickable linker-payload systems alone, directly

confirming that the PSAR chain could successfully mitigate the aggregation issues.

Table 9. LogP values of final compounds 88-93 compared to those of the clickable linker-payload systems
(64, 66, 67, 75-77).
Clickable linker-payload

Compound LogP
precursor (LogP)

88 64 (10.7) 8.1
89 67 (6.9) 4.3
90 77 (8.9) 6.6
91 76 (10.4) 8.6
92 66 (10.9) 7.9
93 75 (12.6) 10.3

2.1.3.1. Synthesis of spacer 87

For the preparation of the designed spacer, a solid-phase peptide synthesis (SPPS) approach was
investigated to obtain an oligo-sarcosine chain containing eleven monomers. A polystyrene
based resin, functionalized with 2-chlorotrityl chloride (CTC) was selected as the solid support.
The synthesis involved the standard iterative cycle: i) deprotecting the amine moiety by removing
the fluorenylmethoxycarbonyl (Fmoc) group with piperidine in DMF, followed by ii) the amide
coupling of an additional sarcosine monomer or dimer. These steps were repeated until the
desired chain length was achieved, yielding the polymer 85 (Scheme 36a). The loading of the
resin was assessed by Fmoc cleavage test (absorbance measurement at 301 nm) and the
following steps were evaluated using two methods: by cleaving the PSAR charged from a small
portion of the resin analyzing by LC-MS and by a colorimetric chloranil based assay for secondary

amines (Scheme 36b).4%¢
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Scheme 36 a) Solid-phase peptide synthesis procedure for the preparation of PSAR polymer 85, b)

colorimetric assay for the detection of protected (left) or free (right) secondary amines.

Following the successful synthesis of the PSAR chain, the immobilized polymer 85 was treated
with 2,3,4,5,6-pentafluorobenzoic acid in amide coupling conditions using EDC, HOBt and DIPEA
(Scheme 37a). Finally, the cleavage from the resin was carried out by treatment with a solution
of 20% 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) and 2% triisopropyl silane in CH;Cl;, providing
intermediate 86, which was isolated by precipitation with diethyl ether and centrifugation. The
formation of the desired product was confirmed by LC-MS analysis, which clearly revealed the
expected peak at 992 m/z, corresponding to the [M-H]  species (Scheme 37b). Finally
intermediate 86 was treated with DBCO-amine, DIPEA and HATU, to provide spacer 87, which
was purified via preparative HPLC. Spacer 87 formation was again confirmed by LC-MS, which

displayed a single peak with 1252 m/z, corresponding to [M+H]* (Scheme 37c).
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Scheme 37 a) Synthesis of spacer 87, b) MS analysis of 86, ¢) MS analysis of 87.

2.1.3.2. Synthesis of linker-payload systems with spacer 87

Compound 87 was subjected to SPAAC click reactions with the six previously synthesized azide-
bearing linker-payload systems (64, 66, 67, 75, 76 and 77). The click reactions were performed
and analyzed directly via MS (Scheme 38), confirming the successful formation of the desired
products for 4 out of the 6 systems (64, 67, 76 and 77), obtaining compounds 88-91 (Table 10).

However, compounds 66 and 75 were recovered and no reaction was observed.
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F
> F
F DMSO
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Scheme 38. General procedure for the SPAAC click reaction carried out with spacer 87.
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Table 10. Structure of linker-payload-N3 systems and outcome of click reaction.

Linker-payload-N; Product807f (t:nw;mk with Outcome
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H H H
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3 .
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2.1.3.3. Bioconjugation to Cys residues
To carry out the bioconjugation of the PSAR-functionalized linker-payload systems 88-91, Ctx was
reduced with TCEP in TRIS buffer (pH 8) and directly treated with compounds 88-91 (Scheme 39).
Notably, during the bioconjugation process, no precipitation was observed. This outcome
validated the rationale of the third approach proving an increased hydrophilicity of the linker-

payload systems thanks to the introduction of the PSAR chain.

L g—g TCEP /ﬁr}
-S—S— - —SH " \/\n/ L|nker
TRIS, r.t.

2h
88-91
DMSO/TRIS pH 8
4°C,16 h

ADC 94-97
Scheme 39 Synthesis of ADCs 94-97.
The final bioconjugates 94-97 were purified by ultrafiltration and analyzed by HIC. The HIC
chromatograms were compared to the one of the starting Ctx and commercial ADC Adcetris®. All
four chromatograms confirmed the successful formation of the bioconjugated species, that

showed a longer retention time (Figure 56).
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Figure 56. HIC spectra of ADCs 94-97.
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This shift in retention time was expected as a measurable increase in hydrophobicity occured by

charging the payload. These results confirmed the covalent linkage between the linker-payload

systems and the Cys residues of Ctx. While the determination of the definitive DAR values

requires further dedicated MS analysis, an initial DAR was hypothesized by comparing the HIC

chromatograms of our ADCs with those of commercially available ADCs, such as Adcetris®. The

resulting average DAR values, which necessarily take into account the residual presence of

unconjugated mAb, are summarized in Table 11.
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Table 11. Analysis of the HIC chromatograms with areas of the peaks and DAR calculation.

ADC Time (min) Area % DAR Average DAR

3.547 39.664 0

94 12.230 32.887 6 4.17
13.179 27.449 8
3.536 26.810 0
8.643 22.258 4

95 4.79
9.917 8.805 6
13.357 42.127 8
3.540 70.034 0

96 1.80
11.208 29.966 6
3.538 29.759 0

97 5.62
13.355 70.241 8

Beyond the chromatographic validation, additional confirmation of successful conjugation was
provided by the extracted absorbance spectra of the detected HIC peaks. The clearest example
is demonstrated by ADC 95: the peaks corresponding to the proposed DAR 4, 6, and 8 all
displayed the characteristic protein absorption profile (consistent with unconjugated Ctx).
Crucially, they also exhibited a distinct absorption peak at 240 nm, which is specifically related to
the absorption of the linker-payload system. This 240 nm absorption progressively increased with
the assumed increase in DAR, unequivocally proving that these peaks are derived from species
covalently composed of both the protein and the linker-payload system (Figure 57). Other peaks

that did not display this same behaviour were considered as impurities.
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Figure 57. Absorption spectra extracted from the HIC of ADC 95, with visible peak at 240 nm rising with

increasing DAR.
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In conclusion, by focusing on cysteine conjugation for superior DAR control and implementing a
novel polysarcosine spacer to enhance hydrophilicity and manage the LogP, we achieved the
desired outcome. The final PSAR-functionalized linker-payload systems effectively circumvented
the aggregation issues, and HIC analysis confirmed the successful formation of four distinct ADCs
(93-97) with favorable, defined DAR distributions. However, it is important to note that the full
characterization of these novel ADCs is still ongoing to define all critical physicochemical

parameters, such as confirming the final DAR values.

2.1.3.4. Preliminary biological evaluation of ADCs 95 and 96

Following the successful preparation of four new ADCs charged with in-house developed Hh
inhibitors, a preliminary biological evaluation was carried out on the two bioconjugates charged
with payload JC19, ADCs 95 and 96, in collaboration with Dr. Barbara Stecca at Istituto per lo

Studio, la Prevenzione e la Rete Oncologica (ISPRO) in Florence.

Biological activity of ADC 95 and ADC 96 was evaluated on melanoma cell lines. Aberrant HH
activation isinvolved in melanoma as several melanoma cell lines express high level of SMO, GLI1,
GLI2 and PTCHL1. In particular SK-MEL-5 cells were selected because of the high EGFR levels. The
antiproliferative activity was investigated in a dose dependent manner compared to Ctx alone,
unconjugated 89 and 90 and JC19 as a positive control. SK-MEL-5 cells were treated at different
concentrations for 72 h. As shown in Figure 58, ADCs 95 and 96 reduced viability and
proliferation, with I1Cso values in the nanomolar range, while the single components Ctx, JC19 and

unconjugated 89 and 90 had no effect compared to untreated cells.
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Figure 58 Cell viability assay on SK-MEL-5 melanoma cells treated with ADCs 95, 96 and controls.

To verify whether an increase in apoptosis induced the antiproliferative effect, an AnnexinV/7-
AAD double staining assay with subsequent cytofluorimetric analysis was performed. Treatment

with 95 and 96 in SK-MEL-5 cells resulted in an increase of early and late apoptosis (Figure 59).
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Again, Ctx, JC19 and unconjugated linker-payload systems showed no effects, confirming that the

obtained ADCs exerts a significant pro-apoptotic effect on melanoma cell lines.
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Figure 59 Cytofluorimetric analysis of cell apoptosis on SK-MEL-5 melanoma cells treated with ADCs 95,

96 and controls.
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2.2. EXPLORATION AND DEVELOPMENT OF BIOCONJUGATION METHODOLOGIES

2.2.1. Natural products as payload for ADCs: Cyclopamine linked to Cetuximab for

Hedgehog pathway inhibition

As described in paragraph 1.3.4, Cyclopamine is a well-known steroidal alkaloid and natural
product inhibitor of the Hh signaling pathway. Despite its pivotal role in discovering the Hh
pathway, cyclopamine has never achieved clinical viability due to significant liabilities, including
poor solubility, PK issues, and adverse off-target effects. This work aimed to overcome these
critical limitations by developing ADCs charged with cyclopamine to investigate whether the
incorporation of this natural product into an ADC system could enhance its anticancer activity,

circumventing some of the PK limitations observed to date.

2.2.1.1. Bioconjugation of linker-payload systems charged with cyclopamine

Two distinct linker-payload systems were designed and synthesized: compound 98, featuring an
acid-cleavable HMPO orthoester linker, and compound 99, based on a non-cleavable scaffold
(Figure 60). The initial bioconjugation approach chosen for both compounds consisted of the in
situ activation of the carboxylic acid moiety present on the linkers as NHS-esters. This activation
was intended to promote the formation of an amide bond with the lysine residues of the anti-

EGFR monoclonal antibody, Ctx.

HOOC

COOH

98 99
Figure 60. Structures of cyclopamine-based linker-payload 98 and 99. Payload in red.

Compound 98 was treated with S-NHS and EDC in a DMSO/EPPS mixture, followed by the
addition of a freshly prepared stock solution of Ctx in EPPS at pH 8.0 (Scheme 40). This process
successfully provided the desired ADC 100 with an average DAR of 1.90, as indicated by MALDI-

MS analysis (Figure 61).
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Figure 61. MALDI spectra of unconjugated Ctx (left) and ADC 100(right).

However, employing the same protocol on substrate 99, the bioconjugation with Ctx was
unsuccessful. Even changing the activation and bioconjugation conditions, it was impossible to

obtain the expected bioconjugate.

The different behavior observed between compound 98 and 99 during the bioconjugation
suggested that the different lipophilicity of the two linker-payload systems could affect the
bioconjugation outcomes. To overcome the issues related to the bioconjugation of 99, a
completely different approach was explored, involving the prefunctionalization of Ctx and the
subsequent exploitation of the SPAAC click reaction, as already investigated for the MRT
derivatives. The NHS-activated carboxylate 101 was treated with DBCO-amine yielding the DBCO-
functionalized amide 102 in a 58% isolated yield (Scheme 41). Ctx was prefunctionalized by
incubation with the NHS ester of 14-azido-3,6,9,12-tetraoxatetradecanoic acid (103) in PBS (pH

7.4). Prefunctionalized Ctx (Ctx-N3) was obtained with DAR equal to 1.80 (Figure 62). Finally, the
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bioorthogonal click reaction was performed reacting Ctx-Ns3 in PBS (pH 7.4) with a DMSO solution
of the DBCO-amide 102. This successful SPAAC step provided the desired ADC 104, charged with

cyclopamine, with a final DAR equal to 1.0 (Figure 62).
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Scheme 41. Synthesis of ADC 104.
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Figure 62. MALDI spectra of unconjugated Ctx, prefunctionalized Ctx-N; and ADC 104.

2.2.1.2. Preliminary biological evaluation of ADCs 100 and 102

The biological activity of ADCs 100 and 104 was evaluated in collaboration with Istituto per lo
Studio, la Prevenzione e la Rete Oncologica (ISPRO) in Florence. Assays were performed on the
A375 and SK-MEL-5 melanoma cell lines, both of which were selected due to their confirmed high
expression of the EGFR antigen. Treatment with both ADCs resulted in a significant reduction in
cell viability and proliferation, where the control groups, including the unconjugated Ctx, free
Cyclopamine, and the unconjugated linker-payloads (98 and 99), had no effect compared to
untreated cells. To confirm that the observed efficacy was indeed mediated by SMO inhibition
and targeted delivery, Western blot analysis on A375 cells was performed. This confirmed that
both ADCs successfully inhibited the key effectors of both signaling cascades: GLI1 and GLI2
(Hedgehog pathway) and p-EGFR (Tyr11739) and pERK1/2 (EGFR cascade). Additionally, ADC 100
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displayed a potent pro-apoptotic effect. Cell internalization of ADC 100 was evaluated,
confirming the specific interaction with EGFR and subsequent internalization necessary for drug
release. Finally, HPLC studies provided complementary data, validating that cyclopamine remains
stable at pH 5.5, the acidic condition under which it is hypothesized to be released from the

HMPO linker within the endolysosomal compartment.4’

2.2.2. Synthesis of ProTide-enabled ADCs

The clinical application of numerous phosphate and phosphonate drugs is significantly limited by
their negative charge, resulting in poor membrane permeability and reduced therapeutic
efficacy.3°>3% Furthermore, drugs like Nucleoside Analogues (NAs) necessitate intracellular
activation via phosphorylation, a metabolic process frequently compromised by the
downregulation of key activating enzymes in drug-resistant tumor cells.*® To circumvent these
challenges, the ProTide technology was developed. The aim of this work is the first integration of
ProTide technology with ADCs, establishing a novel platform for the targeted delivery of active,
phosphorylated therapeutics. The core of this strategy lies in a specially designed ProTide linker
that exploits the established enzymatic activation pathway (involving esterase and
phosphoramidase cleavage) to release the active monophosphorylated drug directly inside the
target cell (Scheme 42). Gemcitabine, a widely used nucleoside analogue, was selected as the
model drug and was conjugated non-selectively to the lysine residues of Trastuzumab (an mAb
targeting the HER2 receptor). This synthetic approach aimed to combine the high potency and
metabolic advantage inherent to the ProTide system with the superior specificity and targeted
internalization properties of the antibody, ultimately leading to enhanced therapeutic efficacy

and reduced systemic toxicity.
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Scheme 42. Proposed release mechanism of phosphorylated nucleosides from antibody-ProTide

conjugates.
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2.2.2.1. Bioconjugation of ProTide systems charged with Gemcitabine

For the realization of the ADCs, two Gemcitabine-ProTide scaffolds, compounds 105 and 106,
were synthesized, each properly functionalized for bioconjugation to the lysine residues of
Trastuzumab via stable amide bond formation. Compounds 105 and 106 were initially converted
to the corresponding NHS-esters and subsequently reacted with Trastuzumab in a DMSO/PBS pH
7.4 mixture. The conjugation successfully afforded the expected ADCs (107 and 108, Scheme 43).
The final bioconjugates were purified via dialysis. The DAR was determined by MALDI analysis,
yielding an average DAR of 4.63 for ADC 107 and 3.84 for ADC 108 (Figure 63). Furthermore, an
additional confirmation of the conjugation success was provided by UHPLC-MS analysis
performed after extensive DTT-mediated disulfide reduction, with results highly consistent with

the initial MALDI data.
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Scheme 43. Synthesis of ADCs 107 and 108.
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Figure 63. MALDI spectra of unconjugated Trastuzumab, ADC 107 and ADC 108.

2.2.2.2. Preliminary biological evaluation of ADCs 107 and 108

To validate the crucial hypothesis that the enzymatic activation pathway of the ProTide system
remains functional even after conjugation to the antibody, the in vitro metabolism of ADCs 107
and 108 was investigated. The ADCs were incubated with Carboxypeptidase Y (a functional
analogue of lysosomal Cathepsin A), and the resulting formation of the active metabolite,
Metabolite C (monophosphorylated Gemcitabine), was quantified over time using UHPLC/MRM-
MS. The results confirmed a clear time-dependent release of Metabolite C from both ADCs,
verifying that the enzymatic cleavage pathway is fully preserved post-conjugation. Furthermore,
internalization of ADCs 107 and 108 into tumor cells was assessed by immunofluorescence on
SKBR3 (human breast carcinoma) and MIA PaCa-2 (human pancreatic adenocarcinoma) cell lines.
The data confirmed that the ErbB2 receptors were internalized following binding to the ADCs at
a rate equal to that of the unconjugated Trastuzumab, demonstrating that conjugation did not
compromise the crucial targeting mechanism. Finally, the two conjugates exhibited a superior
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antiproliferative effect compared to the unconjugated Gemcitabine ProTide, thus confirming the
enhanced therapeutic potential and successful targeted delivery achieved by these novel

ProTide-enabled ADCs.4%°

2.2.3. Synthesis of ADCs charged with ERK inhibitors

The emergence of drug resistance in tumors, driven by cellular heterogeneity and the
immunosuppressive Tumor Microenvironment (TME), is a critical clinical obstacle. M2-like
Tumor-Associated Macrophages (TAMs), a key TME component, are known to facilitate both
metastasis and drug resistance.*'° To overcome this, a promising strategy is to develop a targeted
delivery system that simultaneously addresses both tumor cell malignancy and the cell-cell
interactions within the TME. The Colony-Stimulating Factor 1 Receptor (CSF-1R) is an ideal dual
therapeutic target, as it is expressed on both tumor cells and TAMs. For cancers like Malignant
Mesothelioma (MM), tumorigenesis and resistance are dependent on Extracellular Signal-
Regulated Kinases (ERK), which modulate inflammation, proliferation, and stem-like
phenotypes.*!! Interestingly, one of the signalling pathways downstream of CSF-1R is ERKS,
which is required for MM tumorigenesis and drug resistance. All these observations identify ERK5
as a potential target for innovative cancer treatment, although selective and effective targeting
of ERK5 pathway remains elusive. The aim of this project is to use the ADC strategy, to produce
an anti-CSF-1R-conjugated ERK5 inhibitor, XMD8-92, to suppress both TAMs renewal and

mesothelioma cells growth, for dual-action therapy.

2.2.3.1. Bioconjugation of XMD8-92 to anti-CD115 antibody
For the synthesis of the proposed ADC the linker-payload system 109 has been synthesized,
introducing on the ERK5 inhibitor XMD8-92 a non-cleavable linker suitable for the bioconjugation
to the lysine residues of an anti-CD115 mAb. Compound 109 has a carboxylic moiety already
activated as a NHS-ester that could be directly incubated with a solution of mAb in PBS (pH 8) at
r.t. for 1 hour, providing the desired ADC 110 (Scheme 44). MALDI analysis of 110 confirmed the

formation of the expected bioconjugate with an average DAR equal to 7.55 (Figure 64).
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Figure 64. MALDI spectra of unconjugated mAb (left) and ADC 110 (right).

Additionally, a second ADC, 111, was synthesized exploiting SPAAC click reaction. This process

required two main steps. First, the linker-payload 109 was reacted with DBCO-amine to obtain

the amide 112. Simultaneously, the mAb was prefunctionalized by introducing the azide moiety

onto the antibody's lysines, yielding the CD115-N3 bioconjugate. This initial bioconjugate was

analyzed to have a DAR of 6.19. In the final step, a solution of the linker-payload 112 was added

to the CD115-Ns bioconjugate, resulting in the ADC 111 (Scheme 45). MALDI analysis of ADC 111

confirmed the final product had a DAR of 3.81 (Figure 65).

133



12 ’QNIO
EtO S
HN
=N n{ ADC 111 HN
o)
N\\’/Z/ —_— \f
\ DMSO/PBS pH 7.4 Eto o
/ 4°C, 16 h @
o)
oy
N
QO I »poqiko Q P
N/
—N
DMSO/PBS pH 7.4 )%/ \9/\'\‘3
CD115 p
rt., 1h
CD115-N,
Scheme 45. Synthesis of ADC 111.
CD115 mAb CD115-N;
T o, 1240341 3 I1mroser
H Tgan i b MW azide (acid)= 277.3 g/mol
H m/z = MW/2 i m/z=MW/2
DAR 6.26
1 m/z = MW/1
‘ or] s DAR 6.12
m/z = MW/1 it
| 144809 24
WJA \_,I_‘" 7‘ .V_“_j‘ vh R u——.“‘.\/" w
oo . - — o o e ) oo prors - 40000 60000 80000 100000 120000 140000 160000 180000 200000
ADC 111
\ m/z = MW/2 MW 112=1073.3 g/mﬂl
g!mﬁ- 50743 407 | DAR 4 65
|
|
N m/z = MW/1
ool | ‘ DAR 2.97
L f—
Al AW A~ A

Figure 65. MALDI spectra of unconjugated mAb, CD115-Ns; and ADC 111.
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2.2.3.2. Preliminary biological evaluation of ADC 111

Preliminary biological data provided encouraging results. The dual-targeting ADCs 110 and 111
exhibited superior anti-proliferative effects in MM (AB1) cells and tumor-associated
macrophages TAMs compared to single-agent controls, with the higher DAR formulation proving
most effective. ADCs successfully suppressed AB1 cell growth in colony assays, blocked G1/S
progression, and significantly reduced TAM proliferation. Mechanistic studies confirmed the
binding of ADCs to CSF-1R, its subsequent internalization and lysosomal processing in
macrophages, and the release of XMD8-92. Crucially, treatment with the synthesized ADCs
directly resulted in the inhibition of phosphorylated ERK5 (pERK5) in TAMs, validating its

mechanism.

135



2.3. SYNTHESIS AND EVALUATION OF Hh AGONISTS FOR OSTEOGENIC APPLICATIONS

While Hh pathway inhibition is primarily known for its application in anticancer therapy, its
activation holds significant potential for tissue regeneration and repair following severe injury.
Small molecules that positively modulate the SMO receptor are proposed as therapeutic tools to
stimulate tissue function, restore compromised repair mechanisms, and enhance engineered
tissue implantation, given their ability to promote stem cell differentiation. Their notable
osteoinductive activity, specifically the ability to increase bone mass, positions SMO agonists as
attractive candidates for treating bone diseases like osteopenia and osteoporosis. Despite this
potential, the scope of positive SMO modulators explored for regenerative medicine remains
limited. To address this gap, our research group successfully developed and synthesized a novel
class of quinolones that act as SMO agonists. Preliminary biological data confirmed their
hypothesized osteoinductive activity, suggesting these compounds are potent novel osteogenic
agents for multipotent mesenchymal cells and are of therapeutic interest for bone-related
diseases. Building on these results, the aim of this project is to synthesize and biologically test
these Hh agonists to rigorously evaluate their osteogenic ability on Mesenchymal Stem Cells
(MSCs) and three-dimensional systems. This models, composed of multipotent progenitor cells
capable of differentiating into osteoblasts, chondrocytes, and adipocytes, could provide crucial

insight into the employment of these agonists as a promising tool in musculoskeletal therapies.

2.3.1. Synthesis of Hh agonists
As described in paragraph 1.3.2, GSA-10, compound 1, and compound 2 were identified as the
most promising Hh agonists, leading us to focus our investigation on their synthesis. GSA-10 and
compound 2 shared the initial synthetic steps: the formation of the 3-carboxyquinolone core was
achieved by reacting aniline 113 with triethyl methanetricarboxylate under microwave (MW)
irradiation, affording intermediate 114 in 65% yield (Scheme 46). For GSA-10, 114 was treated
with aniline 115, again under MW irradiation, providing the final product, GSA-10, in good 70%
yield. For the synthesis of compound 2, 114 was treated with tert-butyl 4-aminobenzoate
obtaining 116 in 65% yield. Finally, the ester moiety of 116 was hydrolyzed with TFA to afford the

corresponding acid, 2, in excellent 92% yield (Scheme 46).
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Scheme 46. Preparation of GSA-10 and compound 2.

For the synthesis of 1 the carboxylic acid 117 was converted into the corresponding ethyl ester
in Fisher’s conditions, affording 118 in excellent 92% yield (Scheme 47). The nitro group was
reduced with Pd(OH),/C and H,, and the aniline obtained was directly treated with
propionaldehyde under the same reductive conditions, forming 119 in 58% vyield. The newly
formed amine group of 119 was then functionalized by treatment with ethyl 3-chloro-3-
oxopropanoate, providing the amide intermediate 120 in good 78% vyield. An intramolecular
cyclization was subsequently achieved by treating compound 120 with NaH, affording the
quinolone 121 in 78% yield. Finally, 121 was treated with aniline 122 under MW irradiation,

obtaining the desired product 1 in 48% vyield.
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Scheme 47. Preparation of compound 1.

2.3.2. Evaluation of compounds GSA-10, 1 and 2 on MSCs
Following the successful synthesis of the target Hh agonists, GSA-10, compound 1, and
compound 2, their osteogenic potential was evaluated using bone marrow-derived MSCs (BM-
MSCs). The investigation focused on determining whether SMO receptor activation enhances
osteoblast differentiation and subsequent calcium deposition in vitro. All assays were performed

in collaboration with Prof. Renieri's research group at the University Hospital of Siena.

MSCs Isolation and characterization

BM-MSCs were isolated from three human donors (Orthopedic Unit, University Hospital of Siena)
after informed consent. Cells were expanded to passage 3 (P3) and characterized prior to
differentiation experiments. MSC identity was confirmed via immunofluorescence staining for
the characteristic positive cell-surface markers CD73, CD90, and CD105, as mandated by the
International Society for Cell Therapy (ISCT). Phalloidin staining was used to visualize actin
filaments, and DAPI stained cell nuclei. The confirmed co-expression of these markers, alongside
a typical fibroblast-like morphology, ensured that the isolated population was free from

hematopoietic or fibroblastic contamination (Figure 66).
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Figure 66. MSCs characterization via immunofluorescence staining to detect cell-surface markers,

according to ISCT.

Validation of osteogenic differentiation model

To validate the cellular model, MSCs were subjected to standard osteogenic differentiation
medium for up to 35 days. Successful differentiation was confirmed by Alizarin Red S (ARS)
staining, which selectively binds to calcium salts deposited in the extracellular matrix.
Quantitative ARS analysis measured time-dependent mineralization, showing substantial calcium
deposition between days 21 and 35, confirming the efficacy of the differentiation medium and
the suitability of the model (Figure 67).

Alizarine Red Staining: LONZA hMSC

ARS ctrl ARS diff ARS diff ARS diff ARS diff ARS diff

Calcium Calcium
deposit deposit

DAY 7 DAY 14 DAY 21 DAY 28 DAY 35

Alizarine Red Staining: BM-hMSC
ARS ctrl ARS diff ARS diff ARS diff ARS diff ARS diff

Calcium
deposit 4

DAY 7 DAY 14 DAY 21 DAY 28 DAY 35

Figure 67. ARS assay of commercial LONZA hMSCs and patient-derived BM-hMSC. The blue arrow show

the visible calcium deposits.
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ARS assay on MSCs treated with Hh agonists

MSC cultures were subsequently treated with the SMO agonists SAG, GSA-10, compound 1, and
compound 2. Initial screening utilized a 10 UM concentration, which was later adjusted to 3 uM
to prevent cytotoxic effects. The assay showed visible calcium accumulation and mineralized

matrix deposition (Figure 68).

Ctrl-{exp) Ctri+(diff) SAG 100nM GSA-103uM Cl3pl c23um
= B8 TR R ] 2 por 3. - 3

1 WEEK

BASAL

HH Agonists

2 WEEK

3 WEEK

Figure 68. ARS assay of patient-derived BM-hMSCs treated with Hh agonists SAG, GSA-10, 1 (C1) and 2
(C2).

Hh agonist testing and pathway activation

Successful pharmacological activation of SMO was verified by real-time polymerase chain
reaction (RT-gPCR) analysis of the canonical Hh pathway downstream targets, PTCH1 and GLI1
after 48 h and 21 days (Figure 69). The hypothesis is that enhanced Hh signaling promotes the
expression of osteogenic genes (such as RUNX2 and COL1A1) and accelerates bone matrix

formation.
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Figure 69. RT-gPCR of canonical Hh targets (PTCH1 and GLI1) and of osteogenic genes (COL1A1 and
RUNX2).

SAG robustly increased GLI1 expression, confirming canonical pathway activation. However, the
qguinolone derivatives often produced stronger osteogenic outcomes despite weaker canonical
transcriptional activation. This observation aligns with emerging evidence that Hh signalling is

not binary but tunable and that distinct SMO conformations may bias downstream outputs.

Evaluation of early osteogenic commitment

To quantify the early osteogenic activity induced by the agonists, an Alkaline Phosphatase (ALP)
activity assay was performed. The ALP assay quantifies the enzymatic conversion of a
colorimetric substrate, correlating with the upregulation of ALP during the initial phases of
osteoblast differentiation. Elevated ALP activity after treatment with the SMO agonists provided
biochemical evidence that Hh pathway activation successfully facilitates osteogenic maturation,
thus demonstrating increased enzymatic activity, suggesting enhanced osteogenic commitment

(Figure 70).
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Figure 70. ALP assay after 2 and 14 days, showing significant results after the treatment with GSA-10,

compound 1 (C1) and compound 2 (C2).

Evaluation of osteogenic potential in 3D scaffold systems

The transition from 2D in vitro cultures to 3D scaffold systems is a fundamental step in evaluating
the translational potential of new osteoinductive molecules. The osteogenic effects of Hh
signalling activation were further investigated using 3D scaffold-based constructs. Specifically,
when hMSCs were cultured on Poly(e-caprolactone) (PCL) 5:1 scaffolds (RegenLab) and treated
with Hh agonists SAG, GSA-10, 1 and 2, the results of the ARS assay successfully mirrored the
promising outcomes observed in 2D cultures (Figure 71). The treated constructs exhibited
homogeneous mineral deposition throughout the structure, significantly improved organization
of the extracellular matrix (ECM) and enhanced spatial distribution of the mineralized matrix.
These findings are particularly significant as many osteoinductive strategies lose efficacy within
the diffusion-limited environments characteristic of 3D systems. The persistence of Hh-mediated
osteogenesis under these constraints underscores the biological robustness of the pathway and
highlights the clinical potential of these quinolone-based derivatives for bone tissue engineering

applications.
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Figure 71. ARS assay performed on PCL 5:1 scaffolds treated with SAG, GSA-10, 1 (C1) and 2 (C2).
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CHAPTER 3. CONCLUSIONS

The first section of this thesis was based on the design, synthesis, and application of novel
Antibody-Drug Conjugates. The research presented herein was driven by the goal of enhancing
the therapeutic potential of promising small molecule inhibitors by leveraging the specificity of
monoclonal antibodies, while simultaneously advancing the fundamental methodologies of

bioconjugation.

A primary focus of this research has been the development of innovative ADCs charged with our
in-house developed Hh signalling pathway inhibitors. Recognizing the therapeutic promise of
these potent compounds, which was hampered by suboptimal PK profiles, we successfully
integrated them into an ADC platform. This endeavor involved the strategic chemical
modification of the Hh inhibitors to allow for linker attachment, the synthesis and evaluation of
various linker technologies, including both cleavable and non-cleavable systems, and their final
conjugation to a selected monoclonal antibody. The challenges encountered and overcome
during this process have provided valuable insights into the critical interplay between payload,
linker, and antibody in designing a successful ADC. In the end, four ADCs have been successfully
synthesized (Scheme 48). Looking ahead, these results open up several perspectives for future
research. ADCs 95 and 96 showed promising preliminary biological results, with ICso values in the
nanomolar range (37.58 nM for 95 and 109.7 nM for 96) and a significant induction of early and
late apoptosis. Nevertheless, the novel ADCs developed need further in vitro and in vivo
evaluation to fully assess their therapeutic efficacy and safety. This evaluation process is under
development in collaboration with Dr. Barbara Stecca at Istituto per lo Studio, la Prevenzione e

la Rete Oncologica (ISPRO) in Florence.
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Scheme 48. Structures of ADCs charged with Hh inhibitors synthesized. Payload in blue.
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In parallel to the development of Hh inhibitor-based ADCs, novel chemical strategies for the
stable and efficient linkage of payloads to antibodies have systematically been explored and
optimized. This investigation was not confined to a single class of therapeutic agents but was
extended to a variety of linker-payload systems aimed at different cellular targets and employing
diverse mechanisms of action. In particular, the natural alkaloid cyclopamine, two different

Gemcitabine-ProTide scaffolds, and ERK inhibitor XMD8-92 have been bioconjugated (Scheme
144



49). This approach has allowed us to build a versatile and robust ADC technology platform,

adaptable for the targeted delivery of a wide range of therapeutic agents.
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Scheme 49. ADCs synthesized charged with cyclopamine, ProTide systems and ERK inhibitors.
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Furthermore, this research has acknowledged the complex and dualistic nature of the Hh
signalling pathway, aiming to deepen our understanding of its role beyond oncology. Our
previously developed compounds (GSA-10, compound 1 and compound 2) have been furtherly
studied and evaluated for their potential application in regenerative medicine, specifically for
their osteogenic capabilities. The preliminary steps taken towards understanding the role of Hh
pathway agonists in osteogenesis set the stage for a new research direction in this understudied

field.
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CHAPTER 4. EXPERIMENTAL PART

4.1. SYNTHESIS OF NEW ADCs CHARGED WITH Hh INHIBITORS

4.1.1. General experimental procedures, materials and instruments

All reagents were used as purchased from commercial suppliers without further purification. The
reactions were carried out in oven dried vessels. Solvents were dried and purified by

conventional methods prior use or, if available, purchased in anhydrous form.

Flash column chromatography was performed with Merck silica gel A 60, 0.040-0.063 mm (230-
400 mesh). MPLC Syncore Bilichi on highly resistant PP cartridges Normal Phase silica gel NP 40 -
63 pum particle size and 60 A pore size (Si60) withstand a maximum pressure of 10 bar (145 psi)
column with PE (Eluent A) and EtOAc (Eluent B) as mobile phase. Merck aluminum backed plates
pre-coated with silica gel 60 (UV254) were used for analytical thin layer chromatography and

were visualized by staining with a KMnO4 or Ninidrine solution.

NMR spectra were recorded at 25 °C or at 37 °C with 400 or 600 MHz for 1H and 101 or 151 MHz
for 13C Briicker Advance NMR spectrometers. The solvent is specified for each spectrum.
Splitting patterns are designated as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; bs,
broad singlet. Chemical shifts (8) are given in ppm relative to the resonance of their respective

residual solvent peaks.

High and low resolution mass spectroscopy analyses were recorded by electrospray ionization

with a mass spectrometer Q-exactive Plus.

HPLC analyses were performed on a LC/MSD system Agilent InfinityLab LC/MSD iQ, Column:
InfinityLab PoroShell 120 EC-C18 2.1 x 50mm x 2.7um. Flow: 0.4 mL/min. Eluent A/B: H20/MeCN.
Gradient: 5% B to 95% B in 10 minutes, 4 minutes at 95 % B and 3 minutes of re-equilibration.

Detection: 254 nm and 210 nm

HIC analyses were performed on a HPLC system Agilent 1260 Infinity I, Column: TSKgel Butyl-NPR
4.6 mm x 35 mm, P/N 14947 4.6 x 35 mm. Flow: 0.8 mL/min. Eluent A: NazHPO42H,0 50 mM pH 7,
Eluent B: (NH4)2504 2 M/ Na;HPO42H,0 50 mM pH 7, Eluent C: IPA . Gradient: A/B/C 27.5/70/2.5 to
A/B/C 38.8/55/6.2 in 2 minutes, to A/B/C 75/0/25 in 10 minutes, A/B/C 75/0/25 for 2 minutes, to
A/B/C 75/0/25 in 3 minutes. Detection: 260 nm and 280 nm. Commercially available ADC
brentuximab vedotin (Adcdetris®) was used as control.
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MALDI analysis were performed on a Brucker UltrafleX/TOF in linear mode, voltage polarity Pos.
Samples preparation: the matrix solutions were prepared at two different concentrations, and
both were used in parallel. 20.0 mg or 25 mg of Super DHB were dissolved in a solution of MeCN
(150 pL), H0 (350 pL) and TFA (0.05 uL) and deposited in a stainless-steel target placed in a
termoblock set at 39 °C. When the sample was dried, 1.65 pL of matrix solution was added and
once completely dried and crystalized, the target plate was removed from the thermoblock. The
target plate was analyzed with MALDI-TOF set in linear mode at 83% of laser intensity. The m/z
range was from 30 kDa to 200 kDa. For each sample spot, 10 shots were acquired to improve the

spectra quality and mass accuracy.

SK-MEL-5 cell line was kindly provided by Dr. Laura Poliseno (CRL-ISPRO, Pisa, Italy). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone, Milan, Italy) with 10% fetal

bovine serum (FBS), 1% Penicillin-Streptomycin, and 1% Glutamine (Lonza, Basel, Switzerland).

4.1.2. Synthetic procedures
N-(2-methyl-5-(3-(3,4,5-trimethoxybenzoyl)thioureido)phenyl)-[1,1'-biphenyl]-4-
carboxamide hydrochloride (21)

1, CX 3

M

€0 N~ N N
H H H

MeO l
OMe - HCI

The product was prepared according to the literature.3”3

1H NMR (400 MHz, DMSO-ds, 8 ppm, J Hz): 6 11.00 (s, 1H), 9.12 (s, 1H), 8.80 (s, 1H), 7.70-7.00 (m,
12H), 6.87 (s, 2H), 3.96 (s, 9H), 2.10 (s, 3H).

13C NMR (101 MHz, DMSO- dg, 6 ppm): & 180.4, 166.5, 164.3,156.9, 142.6, 142.1, 142.0, 140.4,
136.7,135.4,128.8, 128.7, 126.8, 125.6, 121.1, 118.7, 110.1, 61.2, 57.6, 20.1.

ESI: m/z 556 [M+H]*
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(4-azidophenyl)methanol (32)

SO
N3

4-Aminobenzyl alcohol (3 g, 24.35 mmol) was dissolved in a solution of H,SO42 M (20 mL) at 0 °C
and to the resulting mixture, a solution of NaNO; (2.52 g, 36.52 mmol) in H,0 (10 mL) was added.
The reaction was stirred at 0 °C for 15 min and a H;0O solution (10 mL) of NaNs (2.36 g, 36.52
mmol) was added dropwise. The mixture was stirred at r.t. in the dark for 1 h. The crude was
extracted with Et,0 (2 x 30 mL). The combined organic layers were washed with HCI 1 N (20 mL),
H>0 (20 mL) and brine (30 mL), dried over anhydrous Na;SQg, filtered, and concentrated under
reduced pressure to provide compound 32 (3.55 g, 23.86 mmol, 98% yield) as a yellow oil without

further purification.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.42 (d, J = 8.0, 2H), 6.97 (d, J = 8.0, 2H), 4.57
(s, 2H), 1.87 (bs, 1H).

13C NMR (101 MHz, Chloroform-ds, & ppm): 6 139.01, 137.45, 128.36, 118.88, 64.05.
1-azido-4-(bromomethyl)benzene (33)

oA
N

3

Compound 32 (1.7 g, 11.4 mmol) was dissolved in CH,Cl; (25 mL) at 0 °C and PBr3 (1.3 mL, 13.7
mmol) was added dropwise. The resulting solution was stirred at r.t. for 30 min. The crude was
quenched with Na,COsss (25 mL). The phases were separated, and the aqueous phase was
extracted with CHxCly (3 x 30 mL). The combined organic layers were dried over anhydrous
Na,SOq, filtered, and concentrated under reduced pressure to provide compound 33 (2.05 g, 9.7

mmol, 85% vyield) as a bright orange oil without further purification.

1H NMR (400 MHz, Chloroform-di, 8 ppm, J Hz): 6§ 7.33 (d, J = 8.0, 2H), 6.95 (d, J = 8.0, 2H), 4.42
(s, 2H).

149



2-(4-azidobenzyl)isoindoline-1,3-dione (34)

SO

3 (0]

o]

The bromide 33 (1.8 g, 8.5 mmol) was solubilized in dry DMF (15 mL), under N2, and phthalimide
(1.25 g, 8.5 mmol) and K>COs3 (2.35 g, 17 mmol) were added at r.t. The reaction was heated at 80
°C for 16 h. After completion of the reaction, the mixture was cooled to r.t. and filtered on a
Blchner funnel to remove precipitated salts. The residue was dissolved in CH2Cl; (20 mL) and
washed with H,0 (2 x 20 mL) and NaClss (20 mL). The organic phase was dried over anhydrous
Na,S0s, filtered, and concentrated under reduced pressure. The phthalimide derivative 34 was
purified by means of flash chromatography on silica gel eluting 0-60% gradient of EtAOc in

petroleum ether (2.2 g, 8.1 mmol, 81% yield).

1H NMR (400 MHz, Chloroform-di, & ppm, J Hz): 6 7.82 (dd, J = 5.6, 3.1 Hz, 2H), 7.68 (dd, J = 5.6,
3.1 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H), 4.79 (s, 2H).

(4-azidophenyl)methanamine (22)

N

3

The phthalimide derivative 34 (2.2 g, 8 mmol) and hydrazine monohydrate (1.2 mL, 24 mmol)
were solubilized in EtOH (25 mL). The reaction mixture was carried out at reflux for 4 h and was
concentred under vacuum after cooled at r.t. The residue was diluted in EtOAc (15 mL), filtered
on a Buchner funnel. The organic layer was dried over anhydrous Na;SQs, filtered, and
concentrated under reduced pressure to provide the desired compound 22 as orange solid (955

mg, 6.45 mmol, 81% vyield).

1H NMR (400 MHz, Chloroform-di, 8 ppm, J Hz): § 7.26 (d, J = 8.0, 2H), 6.95 (d, J = 8.0, 2H), 3.80
(s, 2H), 1.91 (bs, 2H).

13C NMR (101 MHz, Chloroform-di, § ppm): & 137.85, 134.61, 129.37 (2C), 118.65 (2C), 31.33.
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(E)-N-(N'-(4-azidobenzyl)-N-(4-methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)-
3,4,5-trimethoxybenzamide (35)

NE

L CX 3
M
€0 NN N
H H H
MeO
OMe

The thiourea 21 (574 mg, 1.03 mmol) and the benzyl amine 22 (153 mg, 1.03 mmol) were
solubilized in dry DMF (10 mL), and EtsN (287 uL, 2.06 mmol) and HgCl, (280 mg, 1.03 mmol)
were added at 0 °C. The mixture was stirred at r.t. for 16 h and was concentered under reduced
pressure. The residue was diluted in EtOAc (30 mL) and washed with H;0 (2 x 40 mL) and brine
(30 mL). The organic layer was dried over anhydrous Na;SOs, filtered and concentrated under
reduced pressure. Product 35 was purified by flash chromatography on silica gel eluting 0-5%

gradient of MeOH in CH,Cl, (629 mg, 0.94 mmol, 91% yield).

H NMR (400 MHz, Chloroform-dz, 8 ppm, J Hz): 12.01 (bs, 1H), 9.26 (bs, 1H), 7.98-7.91 (m, 6H),
7,68 (d, )= 8.4,2H), 7.60 (d, J = 8.0, 1H), 7.49 (s, 2H), 7.45 (d, J = 8.0, 2H), 7.40 (t, J = 7.6, 1H), 7.24
(t,J=4.0, 2H), 6.97 (s, 2H), 4.66 (s, 2H), 3.84 (s, 3H), 3.79 (s, 6H), 2.28 (s, 3H).

ESI: m/z 670 [M + HJ".

(E)-N-(N'-(4-aminobenzyl)-N-(4-methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)-
3,4,5-trimethoxybenzamide (20)

NH,

$dsdy
MeO N)\N N
H H H
MeO
OMe
The azide 35 (90 mg, 0.13 mmol) was solubilized in CHCl, (5 mL), and P(Me)s (400 uL, 3.2 mmol)

and H;O (7 uL, 3.2 mmol) were added. The mixture was stirred at r.t. for 16 h. The crude was
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concentrated under vacuum and the product 20 was achieved by precipitation with PE:Et20 3:1

(20 mL)(51 mg, 0.08 mmol, 60% yield).

1H NMR (400 MHz, Chloroform-ds, 8§ ppm, J Hz): 12.07 (bs, 1H), 7.94 (d, /= 8.0, 2H), 7.71 (d, J =
4.0, 4H), 7.63-7.49 (m, 6H), 7.41 (d, J = 5.2, 2H), 7.23 (d, J = 5.6, 1H), 7.20 (d, J = 6.0, 1H),

6.62 (d, J=7.2, 2H), 4.63 (s, 2H), 3.88 (s, 9 H), 2.33 (s, 3H).

ESI: m/z 644 [M + H]*, 666 [M + Na]*.

1-(prop-2-yn-1-yl)-1H-pyrrole-2,5-dione (36)

Maleic anhydride (700 mg, 7.14 mmol) and propargylamine (0.5 mL, 7.85 mmol) were dissolved
in glacial acetic acid (14 mL) and stirred at r.t. for 16 h. The reaction mixture was concentrated
under reduced pressure, the resulting residue was suspended in acetic anhydride (5 mL) and
NaOAc (311 mg, 3.57 mmol) was added. The reaction vessel was heated at 65 °C for 2 h. After
cooling to r.t., the reaction mixture was diluted in H,0 (70 mL) and extracted with Et,O (3 x 100
mL). The combined organic phases were dried over Na;SO, filtered, and evaporated under
vacuum. Compound 36 was purified via chromatography on silica gel eluting 0-50 % gradient of

EtOAc in PE, and obtained as a transparent oil (582 g, 4.28 mmol, 60% yield).
1H NMR (400 MHz, Chloroform-ds, 8 ppm, J Hz) § 6.66 (s, 2H), 4.12 (s, 2H), 2.13 (s, 1H).

3-((2-hydroxyethyl)thio)-1-(prop-2-yn-1-yl)pyrrolidine-2,5-dione (19)

Compound 36 (1.39 g, 10.3 mmol) was solubilized in MeCN (40 mL) and 2-mercaptoethanol (1.44
mL, 20.6 mmol) was added dropwise. The reaction mixture was stirred at r.t. for 16 h. Product 19
was purified via chromatography on silica gel eluting 0-100 % gradient of EtOAc in PE, and

obtained as a transparent oil (1.91 g, 8.03 mmol, 78% yield).
1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 4.15 (s, 2H), 3.75 (t, J = 7.0 Hz, 2H), 3.24 - 3.12
(m, 2H), 2.88 (ddd, J = 83.2, 14.3, 7.2 Hz, 2H), 2.50 (dd, J = 19.0, 3.6 Hz, 1H), 2.19 (s, 1H).
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General procedure for the synthesis of carbamates (GP1)

The desired linker (0.4 mmol) was solubilized in dry THF or dry CH2Cl; (5 mL) at r.t under N,. At0
° C p-nitrophenyl chloroformate (89 mg, 0.44 mmol) and DMAP (98 mg, 0.8 mmol) were added,
and the resulting mixture was stirred for 30-50 min at 0 °C. The activated compound was checked
by TLC and was dropped into a solution of the desired amine or aniline (0.6 mmol) and DIPEA
(209 pL, 1.2 mmol) at 0 °C. The reaction was stirred at r.t. for 0.15-16 h. The solvent was
evaporated under reduced pressure and the residue was dissolved in EtOAc (10 mL) and washed
with H,0 (5 mL) and brine (5 mL). The organic phase was dried over anhydrous Na,SOy, filtered,
and evaporated under vacuum.
2-((2,5-dioxo-1-(prop-2-yn-1-yl)pyrrolidin-3-yl)thio)ethyl (Z)-(4-(((((4-methyl-3-(4-

phenethylbenzamido)phenyl)amino)(3,4,5-
trimethoxybenzamido)methylene)amino)methyl)phenyl)carbamate (17)

0] 0
HNJ\O/\/S\QN
S\

el
MeO
© N NH
MeO (0]
OMe

Prepared according to GP1 from linker 19 and payload 20 in dry THF. Reaction time 3 h.

Carbamate 17 was purified by flash chromatography on silica gel eluting 0-100 % gradient of
EtAOc in PE (114 mg, 0.13 mmol, 32% yield).

1H NMR (400 MHz, Chloroform-di, & ppm, J Hz): & 12.05 (bs, 1H), 7.93 (d, J = 8.0, 2H), 7.70 (d, J =
8.01, 2H), 7.63-7.49 (m, 8H), 7.54 (d, J = 5.2, 2H), 7.46 (d, J = 7.5, 1H), 7.32 (d, J = 6.0, 1H), 6.61
(d, J = 8.0, 2H), 4.68 (s, 2H), 4.32 (t, J = 7.0 Hz, 2H), 4.24 (s, 2H), 3.88 (s, 9 H), 3.06 (m, 2H), 3.00 -
2.79 (m, 3H), 2.32 (s, 3H), 2.14 (s, 1H).

ESI: m/z 906 [M + Na]*.
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6-azidohexanoic acid (18)

HO)J\/\/\/N3

6-bromohexanoic acid (1 g, 5.1 mmol) was solubilized in dry DMF (5 mL) and NaNs (1.67 g, 25.7
mmol) was added at the mixture at r.t. The reaction was stirred for 16 h at 80 ° C. EtOAc (100 mL)
was added at the crude, filtered on Biichner and washed with KHSO4 1 M (2 x 50 mL), H.0 (2 x 30
mL) and brine (30 mL). The organic phase was dried over anhydrous Na;SOs, filtered, and
evaporated under reduced pressure. The product was obtained as yellow oil (727 mg, 4.6 mmol,

90% yield).

H NMR (400 MHz, Chloroform-di, 8 ppm, J Hz): 6 10.93 (bs, 1H), 3.19 (t, J = 6.8 Hz, 2H), 2.28 (t,
J=7.4Hz, 2H), 1.60-1.56 (m, 4H), 1.44-1.26 (m, 2H).

ESI: m/z 156 [M-H]

General procedure for CUCAAC reactions (GP2)

The desired alkyne (0.07 mmol) and the azide 18 (9 mg, 0.056 mmol) were dissolved in dry DMF
(2 mL) under argon. The solution was degassed with three cycles of argon/vacuum. To this
solution, a freshly prepared aqueous mixture (2 mL) of Cu(OAc); (4 mg, 0.021 mmol) and Na
ascorbate (8 mg, 0.042 mmol), previously degassed by argon/vacuum cycles, was added
dropwise. The reaction mixture was degassed and left to stir under argon at r.t. for 16 h. The
solvent was evaporated and the crude was purified by silica gel flash chromatography eluting O-

10 % gradient of MeOH in CHCl; to provide the desired compound.
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(2)-6-(5-((3-((2-(((4-(((((4-methyl-3-(4-phenethylbenzamido)phenyl)amino)(3,4,5-
trimethoxybenzamido)methylene)amino)methyl)phenyl)carbamoyl)oxy)ethyl)thio)-2,5-

dioxopyrrolidin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)hexanoic acid (16)

ﬁ}“
wEaLas *.w‘

Prepared according to GP2 from azide 16 and compound 17.
Obtained: 41 mg, 0.4 mmol, 71% vyield.

ESI: m/z 1041 [M + H]*.

3-((4-(hydroxymethyl)phenyl)thio)-1-(prop-2-yn-1-yl)pyrrolidine-2,5-dione (38)

The compound 36 (600 mg, 4.36 mmol) and 4-mercaptoethanol (350 mg, 2.57 mmol) were
solubilized in MeCN (15 mL) and a catalytic amount of EtsN (18 uL, 0.1 mmol) was added
dropwise. The reaction mixture was stirred at r.t. for 16 h and after the crude was concentrated
under reduced pressure. Product 38 was purified via chromatography on silica gel eluting 0-100

% gradient of EtAOc in PE, as a transparent oil (594 mg, 2.16 mmol, 84% yield).

1H NMR (400 MHz, Chloroform-d1,  ppm, J Hz): & 7.47 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 7.7 Hz, 2H),
4.66 (s, 2H), 4.15 (s, 2H), 3.99 (dd, J = 9.2, 4.1 Hz, 1H), 3.14 (dd, J = 18.8, 9.2 Hz, 1H), 2.67 (dd, J =
18.8, 4.2 Hz, 1H), 2.13 (s, 1H).

ESI: m/z 276 [M+H]*, 298 [M+Na]*.
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3-((4-(bromomethyl)phenyl)thio)-1-(prop-2-yn-1-yl)pyrrolidine-2,5-dione (39)

Compound 38 (110 mg, 0.4 mmol) was dissolved in CH,Cl; (10 mL) at 0 °C and PBr3 (56 uL, 0.60
mmol) was added dropwise. The resulting solution was stirred at r.t. for 30 min. The mixture was
concentered under N2 and quickly filtrated on a pad of silica gel using PE:EtOAc 1:1 mixture. The
resulting filtrate was concentered under reduced pressure and the bromide 39 was immediately

used for the next step without further purification (135 mg, 0.4 mmol).
General procedure for phenols alkylation (GP3)

The desired phenol (0.038 mmol) was dissolved in MeOH (1 mL) and NaOH 10N (8 pL, 0.076
mmol) was added. The resulting mixture was stirred for 10 min and then added to the bromide
or chloride compound (0.115 mmol). The reaction was carried out at r.t. for 0.08-3 h. The base
was neutralized with HCI 1 N, diluted with CH,Cl,, dried over anhydrous Na;SOs, filtered and
evaporated under vacuum. The crude was purified by silica gel flash chromatography eluting 0-

10% gradient of MeOH in CH,Cl; to provide corresponding product.

4-((4-((2,5-dioxo-1-(prop-2-yn-1-yl)pyrrolidin-3-yl)thio)benzyl)oxy)-3,5-dimethoxy-N-(N-(4-

methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)benzamide (40)

Prepared according to GP3 from bromide 39 and payload 15.

Obtained 16 mg, 0.02 mmol, 45% vyield.
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1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.77 (d, J = 8.0 Hz, 2H), 7.55 (s, 2H), 7.42 (dt, J
= 13.5, 6.8 Hz, 2H), 7.32 - 7.22 (m, 6H), 7.21 - 7.07 (m, 6H), 5.06 (s, 2H), 3.92 (s, 6H), 3.07 - 2.80
(m, 4H), 2.28 (s, 3H).

13C NMR (101 MHz, Chloroform-d;, & ppm): 6 174.20, 173.01, 165.90, 165.46, 156.20, 153.41,
146.78, 141.00, 139.06, 137.25, 134.30, 132.66, 132.34, 131.64, 129.75, 129.14, 128.47, 127.31,
126.20, 121.60, 119.58, 106.46, 82.51, 74.17, 74.04, 71.84, 63.03, 56.81, 52.06, 47.89, 44.08,
37.68, 37.40, 36.42, 36.12, 36.04, 29.70, 28.12, 17.52, 1.02.

ESI: m/z 810 [M + H]*, 832 [M + Na]*.

6-(4-((3-((4-((2,6-dimethoxy-4-((N-(4-methyl-3-(4-
phenethylbenzamido)phenyl)carbamimidoyl)carbamoyl)phenoxy)methyl)phenyl)thio)-2,5-
dioxopyrrolidin-1-yl)methyl)-1H-1,2,3-triazol-1-yl)hexanoic acid (41)

MeO
o o)
S NH
LS wed

Prepared according to GP2 from azide 18 and compound 40.
Obtained: 29 mg, 0.03 mmol, 56% vyield.
ESI: m/z 967 [M + H]*.

(2-ethoxy-7-(prop-2-yn-1-yloxy)benzo[d][1,3]dioxol-5-yl)methanol (44, HMPO)

@]
Eto{ ]Q/\oH
(0]
=

o7
The product was prepared according to the literature.®

Obtained 915 mg, 3.66 mmol, 95% vyield.
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H NMR (600 MHz, Chloroform-ds, 6§ ppm, J Hz): 6 6.89 (s, 1H), 6.67 (s, 1H), 6.63 (s, 1H), 4.81 (s,
2H), 4.58 (s, 2H), 3.75 (q, J = 7.1 Hz, 2H), 2.52 (s, 1H), 1.26 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, Chloroform-di, 6 ppm): 6 147.68, 140.58, 135.42, 133.89, 119.50, 108.82,
101.75, 78.39, 75.94, 65.23, 59.37, 57.39, 14.82.

ESI: m/z 273 [M+Na]*.

6-(chloromethyl)-2-ethoxy-4-(prop-2-yn-1-yloxy)benzo[d][1,3]dioxole (45)

o)
Et0— j©/\cl
o)
.

o _#Z

Compound 44 (100 mg, 0.4 mmol) was solubilized in dry CHxCl, (6 mL) at 0 °C and SOCI; (70 pL,
0.96 mmol) and EtsN (145 pL, 1.04 mmol), both freshly distilled, were added carefully. The
reaction was carried out at 0 °C for 30 min. After 30 min, the mixture was concentered under N
and quickly filtrated on a pad of silica gel using PE:EtOAc 1:1 mixture. The filtrate was
concentered under reduced pressure and was immediately used for the next step without further

purification.

4-((2-ethoxy-7-(prop-2-yn-1-yloxy)benzo[d][1,3]dioxol-5-yl])methoxy)-3,5-dimethoxy-N-(N-(4-
methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)benzamide (46)

]

O NH /@\/
MeO:Q)LNJJ\N N O
o H H H
O
EtO{OI;/\ OMe
I $
|

Prepared according to GP3 from chloride 45 and payload 15.

1H NMR (400 MHz, Chloroform-dz, & ppm, J Hz): 7.76 (d, J = 8.2 Hz, 1H), 7.48 (s, 2H), 7.31 - 7.07
(m, 5H), 6.86 (s, 1H), 6.77 - 6.59 (m, 7H), 6.53 (s, 1H), 4.95 (s, 2H), 4.29 (s, 2H), 3.88 (s, 6H), 3.69
(g, J = 7.3 Hz, 2H), 3.06 - 2.78 (m, 4H), 2.27 (s, 3H), 2.50 (s, 1H), 1.21 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, Chloroform-d;, 8 ppm): 165.90, 153.16, 147.40, 146.66, 145.14, 144.37,
141.02, 140.39, 140.27, 137.01, 134.29, 131.99, 129.75, 129.11, 128.47, 127.26, 126.18, 121.36,
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119.44, 110.39, 109.48, 106.21, 104.67, 103.28, 76.08, 75.93, 74.85, 74.58, 59.08, 57.85, 57.37,
57.22,56.34, 37.68, 37.43, 29.72, 24.05, 17.41, 14.83, 1.02.

ESI: m/z 785 [M + H]*.

6-(5-(((6-((2,6-dimethoxy-4-((N-(4-methyl-3-(4-
phenethylbenzamido)phenyl)carbamimidoyl)carbamoyl)phenoxy)methyl)-2-
ethoxybenzo[d][1,3]dioxol-4-yl)oxy)methyl)-1H-1,2,3-triazol-1-yl)hexanoic acid (47)

o]

el
M
€0 N7 N N
5 H H H
0
EtO |O
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%N
n

N—N

OH

Prepared according to GP2 from azide 18 and compound 46.
Obtained: 28 mg, 0.03 mmol, 48% yield.
ESI: m/z 942 [M + H]*, 964 [M + Na]*.

tert-butyl (2-aminoethyl)carbamate (N-Boc-ethylendiamine)

H
N.
H,N" >""Boc

Di-tert-butyl dicarbonate (44 mg, 1 mmol) was dissolved in CHCls (10 mL), and was added
dropwise to a solution of ethane-1,2-diamine (133 pL, 2 mmol) in CHCIs (10), cooled to 0 °C using
an ice bath. The resulting mixture was stirred at r.t. for 3 h. The mixture was washed with H,0 (3
x 20 mL) and brine (20 mL), then the organic phase was dried over anhydrous Na;SO,, filtered,
and evaporated under reduced pressure. The desired product was obtained pure as a yellow oil

without further purification (155 mg, 0.97 mmol, 97% yield).

1H NMR (400 MHz, Chloroform-dz, & ppm, J Hz) 6 3.05-3.09 (d, 2H), 2.68-2.71 (t, 2H), 1.35 (s, 9H).
13C NMR (100 MHz, Chloroform-ds, & ppm) & 28.22, 41.55, 43.08, 78.65, 156.28.
ESI: m/z 161 [M+H]".
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6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoyl chloride

<//;{ 0
N\/\/\)J\CI

o]
6-maleimidohexanoic acid (106 mg, 0.5 mmol) was solubilized in anhydrous CH,Cl, (2 mL), under
N2, and cooled to 0 °C. Then thionyl dichloride (181 pL, 2.5 mmol) was added and the mixture
stirred at r.t. for 3 h. After completion of the reaction, the solvent and thionyl dichloride were

evaporated under reduced pressure and the product was obtained as a colorless oil and used

directly without further purification.

ESI: m/z 230 [M+H]*
tert-butyl (2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)ethyl)carbamate (51)

N
N-Boc-ethylendiamine (384 mg, 2.4 mmol) was dissolved in anhydrous CH,Cl; (3 mL) and cooled
to 0 °C, under Ny. EtsN (335 puL, 2.4 mmol) was added and the mixture stirred at 0 °C for 30 min.
The mixture obtained was added dropwise to a solution of 6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
yl)hexanoyl chloride (460 mg, 2 mmol) in anhydrous CH,Cl, (4 mL), at 0 °C under N». The resulting
mixture was stirred at r.t. for 16 h, then it was washed with H,0 (3 x 10 mL) and brine (10 mL).
The organic phase was dried over anhydrous NaSQs, filtered, and evaporated under vacuum.
The crude was purified by silica gel flash-chromatography eluting 0-0.5% gradient of MeOH in
CH,Cly, providing product 51 as a colorless oil (423 mg, 1.2 mmol, 60% yield).

1H NMR (400 MHz, Chloroform-ds, 8 ppm, J Hz) 6 6.64 (s, 2H), 6.34 (bs, 1H), 5.10 (t, J = 5.9 Hz,
1H), 3.45 (t, J = 7.2 Hz, 2H), 3.28 (dd, J = 7.7, 3.9 Hz, 2H), 3.20 (d, J = 5.7 Hz, 2H), 2.11 (t, J = 7.6
Hz, 2H), 1.67 - 1.45 (m, 4H), 1.38 (s, 9H), 1.33 - 1.13 (m, 2H).

13C NMR (100 MHz, Chloroform-di, & ppm) 6 24.99, 26.26, 28.17, 28.31, 36.24, 37.52, 40.24,
40.46,79.42, 134.01, 156.84, 170.77, 173.47.

ESI: m/z 354 [M+H]*, 376 [M+Na]*
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N-(2-aminoethyl)-6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamide trifluoroacetate (52)
o]

N

o 0" CF;
/ 0]
N\/\/\)I\N/\/NH3+
o H

Compound 51 (200 mg, 0.56 mmol) was solubilized in a mixture of TFA:CH,Cl, 1:9 (8 mL) and
stirred at r.t. for 16 h. After completion of the reaction, the solvent was evaporated under

vacuum and the product was obtained as a TFA salt and used without further purification.

2,5-dioxopyrrolidin-1-yl 6-azidohexanoate (53)

A solution of compound 18 (100 mg, 0.63 mmol) in anhydrous CH,Cl, (3 mL), under N, was cooled
to 0 °C, then EDC-HCI (182 mg, 0.95 mmol) and N-hydroxysuccinimide (110 mg, 0.95 mmol) were
added. The resulting mixture was stirred at r.t. for 16 h, then it was washed with H,0 (3 x 10 mL).
The organic phase was dried over Na>SOg, filtered, and evaporated under reduced pressure. The
product was obtained pure as a colorless oil (160 mg, 0.63 mg, 99% vyield) and used without

further purification.

ESI: m/z 255 [M+H]*

6-azido-N-(2-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido)ethyl)hexanamide (54)

Activated acid 53 (184 mg, 0.5 mmol) and compound 52 (127 mg, 0.5 mmol) were dissolved in
anhydrous CHCl; (3 mL), the resulting mixture was cooled to 0°C, under N3, then DIPEA (530 pL,
3 mmol) was added slowly. The reaction mixture was stirred at r.t. for 16 h, then it was diluted
with CH2Cl> (5 mL) washed with NaHCOsss (2 x 10 mL), HCI 0.5 N (2 x 10 mL) and brine (10 mL).
The organic phase was dried over Na>SOg, filtered, and evaporated under reduced pressure. The
crude was purified by silica gel flash-chromatography eluting 1-5% gradient of MeOH in CHCls,
providing product 54 as a colorless oil (28 mg, 0.07 mmol, 14% vyield).
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H NMR (400 MHz, Chloroform-di, & ppm, J Hz): § 6.69 (s, 2H), 6.43 (bs, 1H), 6.32 (bs, 1H), 3.51
(t, J = 7.15 Hz, 2H), 3.38 (m, 4H), 2.33 (t, J = 7.46, 2H), 2.19 (t, J = 7.54, 2H), 1.70-1.56 (m, 4H),
1.47-1.34 (m, 2H), 0.96-0.74 (m, 8H).

ESI: m/z 415 [M+Nal*
5-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)pentyl acetate (56)

Maleic anhydride (493 mg, 5 mmol) was dissolved in glacial acetic acid (10 mL), 5-amino-1-
pentanol (545 ulL, 5 mmol) was added and the resulting mixture was refluxed for 2 h. Acetic acid
was then removed under vacuum, the obtained residue was dissolved in acetic anhydride (10
mL) and AcONa (247 mg, 3 mmol) was added. The mixture was stirred at reflux temperature for
16 h. The reaction mixture was cooled to 0 °C, neutralized with NaHCOsss and extracted with Et,0
(3 x20 mL). The combined organic layers were dried over Na;SOy, filtered, and evaporated under
reduced pressure. The crude was purified by silica gel flash-chromatography eluting 1-4%

gradient of AcOEt in CH,Cl,, providing product 56 as a colorless oil (787 mg, 3.5 mmol, 70% yield).

H NMR (400 MHz, Methanol-da, 6§ ppm, J Hz): § 6.78 (s, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.48 (t, J =
7.0 Hz, 2H), 1.99 (s, 3H), 1.60 (ddt, J = 19.9, 14.7, 7.0 Hz, 4H), 1.39-1.28 (m, 2H).
ESI: m/z 248 [M+Na]*
1-(5-hydroxypentyl)-1H-pyrrole-2,5-dione (57)
0

lféN/\N\OH

0]

Compound 56 (200 mg, 0.9 mmol) was dissolved in a mixture of THF:HCI 5 N (1:2 - 3 mL) and
stirred at r.t. for 3 h. The reaction was cooled to 0 °C and quenched with NaHCOsss, then THF was
removed under vacuum and the product was extracted with EtOAc (3 x 20 mL). The organic
phases were combined and dried over Na;S0O, filtered, and evaporated under reduced pressure.
Product 57 was obtained pure as a pale-yellow solid (129 mg, 0.7 mmol, 79% vyield) without

further purification.
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14 NMR (400 MHz, Methanol-ds, & ppm, J Hz): § 6.78 (s, 2H), 3.49 (dt, J = 16.0, 6.8 Hz, 4H), 1.65 -
1.45 (m, 4H), 1.39 - 1.28 (m, 3H).
ESI: m/z 182 [M-H]"

N-(4-azidobenzyl)-6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamide (60)

6-maleimidohexanoic acid (570 mg, 2.7 mmol) was solubilized in anhydrous EtOAc (15 mL), under
N,. Then azide 22 (400 mg, 2.7 mmol), DIPEA (1.4 mL, 8 mmol) and propylphosphonic anhydride
solution 50% in EtOAc (2.4 mL, 4.05 mmol) were added, and the resulting mixture was stirred at
r.t. for 30 min. The mixture was washed with H,0 (2 x 20 mL) and NaHCOsss (2 x 20 mL). The
organic phase was dried over NaSOs, filtered, and evaporated under reduced pressure. The
crude was purified by silica gel flash-chromatography eluting 0-2% gradient of MeOH in CH,Cly,
providing product 60 as a white solid (430 mg, 1.26 mmol, 47% yield).

1H NMR (400 MHz, Methanol-ds, 6 ppm, J Hz): & 8.36 (s, 1H), 7.28 (d, J = 8.15 Hz, 2H), 7.00 (d, J =
8.5 Hz, 2H), 6.77 (s, 2H), 4.30 (d, J = 5.87 Hz, 2H), 3.45 (t, J = 7.1 Hz, 2H), 2.20 (t, J = 7.4 Hz, 2H),
1.59 (dp, J = 25.2, 7.4 Hz, 4H), 1.32 - 1.20 (m, 2H).

ESI: m/z 342 [M + H]*, 364 [M + Na]*
N-(4-azidobenzyl)-6-(3-((2-hydroxyethyl)thio)-2,5-dioxopyrrolidin-1-yl)hexanamide (61)

HO/\/ o ©

Compound 60 (200 mg, 0.6 mmol) was suspended in MeCN (3 mL), under N and 2-
mercaptoethanol (67 uL, 0.95 mmol) was added. The resulting mixture was stirred at r.t. for 16
h. After completion of the reaction, the solvent was evaporated under reduced pressure. The
crude was purified by silica gel flash-chromatography eluting 0-4% gradient of MeOH in CHCl,,
providing product 61 as a pale yellow solid (207 mg, 0.49 mmol, 82% vyield).

1H NMR (400 MHz, Methanol-d4, & ppm, J Hz): 6 7.27 (d, J = 8.2 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H),
4.30 (s, 2H), 3.91 (dd, J = 9.0, 3.7 Hz, 1H), 3.73 (td, J = 6.4, 1.2 Hz, 2H), 3.44 (t, J = 7.1 Hz, 2H), 3.15
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(t,J = 8.0, 7.3 Hz, 1H), 3.01 (dt, J = 13.6, 6.3 Hz, 1H), 2.80 (dd, J = 13.2, 5.9 Hz, 1H), 2.46 (dd, J =
18.5, 3.8 Hz, 1H), 2.20 (t, J = 7.4 Hz, 2H), 1.66 - 1.50 (m, 4H), 1.32 - 1.24 (m, 2H).

13C NMR (100 MHz, Methanol-ds, 6 ppm, J Hz):  177.57, 175.65, 174.36, 138.87, 135.72, 128.79,
118.68, 60.81, 42.06, 39.18, 38.17, 35.78, 35.37, 33.64, 26.84, 25.89, 25.03.

ESI: m/z 442 [M + Na]*
N-(4-azidobenzyl)-6-(3-((4-(hydroxymethyl)phenyl)thio)-2,5-dioxopyrrolidin-1-yl)hexanamide
(62)

Compound 60 (100 mg, 0.3 mmol) was suspended in MeCN (3 mL), under N and 4-
mercaptoethanol (63 mg, 0.45 mmol) was added. The resulting mixture was stirred at r.t. for 16
h. After completion of the reaction, the solvent was evaporated under reduced pressure. The
crude was purified by silica gel flash-chromatography eluting 0-2% gradient of MeOH in CHCl,,
providing product 62 as a white solid (106 mg, 0.22 mmol, 73% yield).

1H NMR (400 MHz, Methanol-ds4, & ppm, J Hz): § 7.47 (d, J = 8.2 Hz, 2H), 7.30 (dd, J = 15.5, 8.4 Hz,
4H), 7.00 (d, J = 8.6 Hz, 2H), 4.57 (s, 2H), 4.30 (s, 2H), 4.12 (dd, J = 9.1, 3.8 Hz, 1H), 3.33 (t, J = 7.2
Hz, 2H), 3.17 (dd, J = 18.7, 9.2 Hz, 1H), 2.62 (dd, J = 18.6, 4.0 Hz, 1H), 2.17 (t, J = 7.4 Hz, 2H), 1.65
-1.50 (m, 2H), 1.45 - 1.31 (m, 2H), 1.21 - 1.07 (m, 2H).

13C NMR (101 MHz, 150 MHz, Methanol-ds, 6 ppm) & 152.37, 147.50, 142.43, 133.07, 132.77,
128.79, 128.58, 127.50, 125.95, 119.20, 112.83, 107.45, 106.18, 100.09, 69.68, 60.63, 59.50,
55.81, 51.36, 37.37, 29.55, 29.24, 28.95, 25.72.

ESI: m/z 504 [M + Na]*
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2-((1-(6-((4-azidobenzyl)amino)-6-oxohexyl)-2,5-dioxopyrrolidin-3-yl)thio)ethyl (4-(((((4-
methyl-3-(4-phenethylbenzamido)phenyl)amino)(3,4,5-

trimethoxybenzamido)methylene)amino)methyl)phenyl)carbamate (64)

S

O—\_

MeO

H
OMe O
Prepared according to GP1 from linker 61 and payload 20 in dry CH,Cl,. Reaction time 16 h.

The obtained crude was purified by silica gel flash-chromatography eluting 0-2% gradient of
MeOH in CH,Cly, providing product 64 as a white solid (26 mg, 0.02 mmol, 20% yield).

1H NMR (600 MHz, Methanol-ds, § ppm, J Hz): & 7.85 (d, J = 8.25 Hz, 2H), 7.42-7.05 (m, 20H), 6.98
- 6.93 (m, 3H), 4.59 (s, 2H), 4.55 (s, 1H), 4.36 (dt, J = 11.28, 6.35 Hz, 1H), 4.28 (m, 3H), 3.95 (m,
1H), 3.43 (t, J = 7.11 Hz, 2H), 3.24-3.09 (m, 3H), 3.01-2.90 (m, 6H), 2.43 (dd, J = 18.59, 3.78 Hz,
1H), 2.29 (s, 3H), 2.17 (t, J = 7.40 Hz, 2H), 1.56 (m, 4H), 1.27 (m, 2H).

13C NMR (150 MHz, Methanol-ds, § ppm): 152.42, 141.16, 138.87, 135.69, 129.43, 128.78,
128.58, 128.20, 127.94, 127.41, 125.61, 122.91, 118.68, 118.40, 106.07, 59.70, 55.16, 53.38,
46.55, 42.07, 41.17, 39.05, 38.19, 37.44, 37.18, 35.54, 35.36, 30.22, 28.75, 27.46, 26.83, 25.87,
25.01, 21.98, 21.57, 20.09, 18.42, 16.36, 13.22, 12.96, 7.81.

ESI: m/z 1118 [M + HJ*
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N-(4-azidobenzyl)-6-(3-((4-(chloromethyl)phenyl)thio)-2,5-dioxopyrrolidin-1-yl)hexanamide
(65)

Compound 62 (100 mg, 0.2 mmol) was suspended in anhydrous CHCl, (2 mL), under N, and
cooled to 0°C. Then SOCI; (30 pL, 0.42 mmol) was added. The resulting mixture was stirred at r.t.
for 1 h. After completion of the reaction, the solvent was evaporated under reduced pressure.

The crude was used without further purification.

ESI: m/z 500 [M3>Cl + H]*, 502 [M37Cl + H]".
4-((4-((1-(6-((4-azidobenzyl)amino)-6-oxohexyl)-2,5-dioxopyrrolidin-3-yl)thio)benzyl)oxy)-3,5-
dimethoxy-N-(N-(4-methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)benzamide (66)

o) NH/@\/O
MeO
© NJ\N N
H H H
0 O
N

Prepared according to GP3 from chloride 65 and payload 15. Reaction time 96 h.

The obtained crude was purified by pTLC 20 x 20 cm eluting 3% mixture of MeOH in CH,Cl,

providing product 66 as a white solid (6.7 mg, 0.006 mmol, 20% yield).

1H NMR (600 MHz, Chloroform-ds, 6 ppm, J Hz): 6 d 8.07 (bs, 1H), 7.82 (d, J = 7,92 Hz, 3H), 7.56
(s, 2H), 7.49 (dd, J = 8,04, 18.48 Hz, 5H),7.34-7.30 (m, 5H), 7.23 (d, J = 8,04 Hz, 3H), 7.19 (d, J =
7,44 Hz, 2H), 6.97 (d, J = 8,28 Hz, 2H), 5.99 (bs, 1H), 4.36 (d, J = 5,82 Hz, 2H), 4.01 (dd, J = 4,08,
13.2 Hz, 1H), 3.95 (s, 6H), 3.42 (t, J = 7.26, 2H), 3.13 (g, J = 9.12 Hz, 1H)3.04 (d, J = 7.92, 2H),2.99
(d, J = 7,86 Hz, 2H), 2.70 (dd, J = 4,14, 18.66 Hz, 1H) 2.39 (s, 2H), 2.36 (t, J = 7.44 Hz, 3H), 2.06-
2.03 (m, 6H).
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ESI: m/z 1016 [M + H]*; 1038 [M + Na]*.
7-((cyclohexylamino)methyl)-4-methoxyquinolin-8-ol (14)

OMe

pZ
N
OH

The product was prepared according to the literature.3

H NMR: (600 MHz, Methanol-ds & ppm): & 8.59 (d, J = 4.8 Hz, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.28
(d, J = 9 Hz, 1H), 6.92 (d, J = 4.8 Hz, 1H), 4.12 (s, 2H), 4.06 (s, 3H), 2.61-2.57 (m, 1H), 2.01 (d, J =
10.8 Hz, 2H), 1.76 (d, J = 12.6 Hz, 2H), 1.28-1.19 (m, 6H).

13C NMR: (150 MHz, Methanol-ds & ppm): & 162.90, 149.02, 140.13, 126.93, 121.43, 110.09,
100.36, 55.60, 55.00, 45.80, 31.73, 25.66, 24.62.

2-((1-(6-((4-azidobenzyl)amino)-6-oxohexyl)-2,5-dioxopyrrolidin-3-yl)thio)ethyl cyclohexyl((8-
hydroxy-4-methoxyquinolin-7-yl)methyl)carbamate (67)

0 N3
H\/©/
N
N/\/\/\n/
S/l:vf 0
(0]

o
O
Ao

Prepared according to GP1 from linker 61 and payload 14 in dry CH,Cl,. Reaction time 16 h.

The obtained crude was purified by silica gel flash-chromatography in CH,Cly, providing product

67 as a grey oil (23 mg, 0.032 mmol, 42 % yield).

1H NMR (600 MHz, Methanol-d4, & ppm, J Hz): 6 8.60 (d, J = 5.1 Hz, 1H), 7.55 (d, J = 8.7 Hz, 1H),
7.35-7.25(m, 3H), 6.99 (t, /= 8.1 Hz, 3H), 6.90 (d, J = 5.2 Hz, 1H), 4.65 (s, 2H), 4.47 - 4.19 (m, 4H),
4.03 (s, 3H), 3.94 (ddd, J = 8.9, 3.7, 1.8 Hz, 1H), 3.45 (dd, J = 9.6, 4.7 Hz, 2H), 3.25 - 3.09 (m, 2H),
2.99-2.70 (m, 2H), 2.44 (dd, J = 18.5, 3.7 Hz, 1H), 2.19 (g, J = 7.5 Hz, 2H), 1.79 - 1.40 (m, 8H), 1.37
-1.16 (m, 8H).

ESI: m/z 732 [M + H]*.
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ethyl 2-ethoxy-7-hydroxybenzo[d][1,3]dioxole-5-carboxylate (43)

0]

0
OEt
Et0—
0
OH

Under N2 atmosphere, Amberlyst® 15 (62 mg) was suspended in dry toluene (80 mL). After 30
minutes, ethyl gallate (1 g, 5.046 mmol) and triethyl orthoformate (2.5 mL, 15.098 mmol) were
added at r.t. and then the mixture was heated to reflux for 16 h. The reaction was cooled to r.t.,
filtered on Celite pad and toluene was evaporated under reduced pressure. The crude was
purified by silica gel flash-chromatography eluting 0-30% gradient of AcOEt in PE, providing
product 43 as a white solid (1.06 g, 4.19 mmol, 83% yield).

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.42 (d, J = 1.5 Hz, 1H), 7.15 (d, J = 1.5 Hz, 1H),
6.92 (s, 1H), 4.32 (q, /= 7.1 Hz, 2H), 3.71 (q, J = 1.6 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 1.9
Hz, 3H).

13C NMR (151 MHz, Chloroform-di, 6 ppm): & 165.72, 147.33, 140.23, 138.48, 124.69, 120.12,
112.32,104.19, 77.87, 76.30, 61.02, 59.59, 57.37, 14.77, 14.32.

ESI: m/z 301 [M + Na]*.
9-azidononan-1-ol (68)

VD N N N
Ny OH

9-bromononan-1-ol (500 mg, 2.24 mmol) was solubilized in dry DMF (10 mL), then NaNs (730 mg,
11.2 mmol) was added. The resulting mixture was heated at 70 °C and stirred for 16 h. After
reaction completion, H,0 was added (10 mL) and the organic phase was extracted with EtOAc (3
x 25 mL). The organic layers were unified and washed again with H,0 (25 mL). Then the organic
phase was dried over Na,SOy, filtered, and evaporated under reduced pressure. Compound 68
was obtained as a yellow oil (384 mg, 2.07 mmol, 92% yield) and pure enough, therefore it did

not require further purification.

1H NMR (400 MHz, Chloroform-di, & ppm, J Hz):  3.53 (t, J = 6.6 Hz, 2H), 3.18 (t, J = 6.9 Hz, 2H),
1.55 3 1.44 (m, 4H), 1.35 3 1.18 (m, 10H).
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ethyl 7-((9-azidononyl)oxy)-2-ethoxybenzo[d][1,3]dioxole-5-carboxylate (69)

o
0
OEt
Et0— :@)J\
0

Under N; atmosphere, compound 43 (1.45 g, 4.5 mmol) and compound 68 (1 g, 5.4 mmol) were
dissolved in dry CH,Cl, (86 mL). To the resulting solution PPh3 (2.36 g, 9 mmol) was added. Then
the mixture was cooled to 0 °C and a solution of DIAD (1.77 mL, 9 mmol) in CHCl; (28 mL) was
added dropwise. The resulting reaction mixture was heated to r.t. and stirred for 2 h. Solvent was
removed under reduced pressure and the crude was purified by silica gel flash-chromatography
eluting 0-30% gradient of EtOAc in PE, providing product 69 as a orange oil (1.8 g, 4.27 mmol,
95% vyield).

1H NMR: (400 MHz, Chloroform-dz, & ppm, J Hz): 6 7.29 (d, /= 1.5 Hz, 1H), 7.19 (d, J = 1.5 Hz 1H),
6.90 (s, 1H), 4.30 (q, J = 7.1 Hz, 2H), 4.08 (t, J = 6.6 Hz, 2H), 3.70 (q, J = 1.3 Hz, 2H), 3.21 (t, J = 6.9
Hz, 2H), 1.77 (m, 2H), 1.54 (m, 2H), 1.45 3 1.25 (m, 13H), 1.22 (t, J = 7.1 Hz, 3H).

ESI: m/z 444 [M + Na]*.
(7-((9-azidononyl)oxy)-2-ethoxybenzo[d][1,3]dioxol-5-yl)methanol (70)

Under N; atmosphere, compound 69 (1.24 g, 2.94 mmol) was dissolved in dry THF (40 mL). The
resulting solution was cooled to 0 °C, and a solution of DIBAL 1M in toluene (5.89 mL, 5.89 mmol)
was added dropwise. The reaction mixture was stirred at r.t. for 4 h. At the end of the reaction,
30 mL of saturated solution of potassium sodium tartrate tetrahydrate were added and the
mixture was stirred for 30 min. The organic layer was separated, dried over Na;SO, filtered and
evaporated under reduced pressure. The crude was purified by silica gel flash-chromatography
eluting 0-30% gradient of AcOEt in PE, providing product 70 as a yellow oil (832 mg, 2.06 mmol,
70% vyield).
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1H NMR: (400 MHz, Chloroform-di, 6 ppm, J Hz): § 7.24 (s, 1H), 6.86 (s, 1H), 6.55 (s, 1H), 4.56 (s,
2H), 4.07 (t, J = 6.6 Hz, 2H), 3.72 (q, J = 7.1 Hz, 2H), 3.24 (t, J = 7 Hz, 2H), 1.77 (m, 2H), 1.63-1.27
(m, 12H), 1.24 (t, J = 7.1 Hz, 3H).

ESI: m/z 402 [M + Na]*.

4-((9-azidononyl)oxy)-6-(chloromethyl)-2-ethoxybenzo[d][1,3]dioxole (72)

0
Et0— “
0

Compound 70 (50 mg, 0.13 mmol) was solubilized in anhydrous CH,Cl; (1.5 mL), under N3, and
the obtained solution was cooled to 0°C. Then EtsN (18 pL, 0.13 mmol), DMAP (20 mg, 0.16 mmol)
and p-TsCl (45 mg, 0.23 mmol) were added. The mixture was stirred at 0°C for 1h. Then, the
solvent was evaporated under reduced pressure. The crude was quickly purified by silica gel flash-
chromatography eluting isocratic PE:EtOAc mixture (9:1), providing product 72 as a colorless oil

(44 mg, 0.11 mmol, 85% yield).

H NMR (400 MHz, Chloroform-di, 8 ppm, J Hz): 6 § 7.24 (s, 1H), 6.86 (s, 1H), 6.55 (s, 1H), 4.55 (s,
2H), 4.07 (t, J = 6.6 Hz, 2H), 3.72 (q, J = 7.1 Hz, 2H), 3.24 (t, J = 7 Hz, 2H), 1.77 (m, 2H), 1.63-1.27
(m, 12H), 1.24 (t, J = 7.1 Hz, 3H).

N-(N'-(4-(((7-((9-azidononyl)oxy)-2-ethoxybenzo[d][1,3]dioxol-5-yl)methyl)amino)benzyl)-N-
(4-methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)-3,4,5-trimethoxybenzamide (75)

N 3/\/\/\/\/\0

ﬁ e

g,

Chloride 72 (15 mg, 0.038 mmol) was solubilized in anhydrous CH,Cl> (1 mL), under N3, then
compound 20 (21 mg, 0.031 mmol) and DIPEA (9 uL, 0.068 mmol) were added. The resulting

mixture was stirred at reflux temperature for 48 h, until the disappearance of the starting
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material was observed. The solvent was evaporated under reduced pressure. The crude was
purified by silica gel flash-chromatography eluting 0-1% gradient of MeOH in CHCl,, providing
product 75 as a white solid (7.8 mg, 0.0075 mmol, 24% vyield).

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.84 - 7.77 (m, 3H), 7.58 (s, 1H), 7.30 - 7.25 (m,
6H), 7.23 - 7.16 (m, 5H), 6.82 (d, J = 1.9 Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.39 (d, J = 9.9 Hz, 4H),
4.64 (s, 1H), 4.45 (s, 2H), 4.02 (t, J = 6.6 Hz, 2H), 3.89 (d, J = 6.6 Hz, 9H), 3.73 (q, J = 7.1 Hz, 2H),
3.25 (t, J = 6.8 Hz, 2H), 3.05 - 2.88 (m, 4H), 2.32 (s, 3H), 2.20 - 2.13 (m, 6H), 1.81 (s, 3H), 1.73 (p, J
= 6.7 Hz, 2H), 1.64 - 1.54 (m, 2H), 1.44 - 1.22 (m, 6H).

13C NMR (101 MHz, 150 MHz, Methanol-ds, 6 ppm) 6 176.65, 152.40, 152.38, 147.51, 146.38,
142.43,141.04, 134.22, 133.08, 132.78, 128.79, 128.58, 128.36, 128.26, 127.50, 125.96, 119.20,
112.84, 107.45, 106.19, 100.09, 69.68, 60.63, 59.50, 55.80, 54.26, 51.35, 49.22, 37.63, 37.37,
31.79, 29.54, 29.24, 29.12, 28.94, 28.69, 26.57, 25.71, 22.54, 17.18, 14.56.

ESI: m/z 1033 [M + H]*, 1071 [M + K]*.
4-((7-((9-azidononyl)oxy)-2-ethoxybenzo[d][1,3]dioxol-5-yl)methoxy)-3,5-dimethoxy-N-(N-(4-

methyl-3-(4-phenethylbenzamido)phenyl)carbamimidoyl)benzamide (76)

Prepared according to GP3 from chloride 72 and payload 15. Reaction time 16 h.

The obtained crude was purified by flash-chromatography 0-0.1% gradient of MeOH in CHCl;,
providing product 76 as a white solid (18 mg, 0.02 mmol, 33% vyield).

1H NMR (600 MHz, Chloroform-di, & ppm, J Hz): 6 d 8.00 (bs, 1H), 7.77 (d, J = 12,06 Hz, 2H), 7.72
(bs, 1H), 7.47 (s, 2H), 7.28-7.24 (m, 5H), 7.20 -7.13 (m, 4H), 6.98-6.96 (m, 1H), 6.85 (s, 1H), 6.70
(s, 2H), 4.95 (s, 2H), 4.06 (t, J = 9.96, 2H), 3.90 (s, 6H), 3.69 (q, J = 10.56, 2H), 3.23 (t, J = 10.44,
2H), 3.02-2.92 (m, 4H), 2.32 (s, 3H), 1.78-1.74 (m, 4H), 1.61-1.54 (m, 6H), 1.42-1.21 (m, 7H).

13C NMR (600 MHz, Chloroform-di, 6 ppm, J Hz): & d 152.9, 147.0, 146.6, 142.1, 141.0, 137.0,
133.8, 132.1, 132.0, 131.9, 129.2, 128.5, 128.4, 127.1, 126.2, 119.2, 109.3, 106.0, 102.2, 75.1,
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69.5, 58.9, 56.1, 51.5, 37.7, 37.4, 31.9, 30.9, 30.0, 29.7, 29.6, 29.4, 29.37, 29.35, 29.3, 29.1, 28.8,
28.4,28.0,27.8,26.7,25.9, 22.7,17.4, 14.9, 14.2.

ESI: m/z 915 [M + H]*; 936 [M + Na]*.

4-(((7-((9-azidononyl)oxy)-2-ethoxybenzo[d][1,3]dioxol-5-yl])methyl)amino)benzyl
cyclohexyl((8-hydroxy-4-methoxyquinolin-7-yl)methyl)carbamate (77)
N3/\/\/\/\/\

O
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Prepared according to GP1 from linker 70 and payload 14 in dry CH,Cl,. Reaction time 16 h.

The obtained crude was purified by silica gel flash-chromatography eluting 0-1% gradient of

MeOH in CH,Cly, providing product 77 as a colorless oil (19 mg, 0.027 mmol, 34% yield).

1H NMR (400 MHz, Chloroform-di, & ppm, J Hz): 6 8.58 (d, J = 5.2 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H),
7.43 - 7.25 (m, 1H), 6.92 - 6.78 (m, 1H), 6.72 (d, J = 5.2 Hz, 1H), 6.64 - 6.50 (m, 1H), 6.40 (s, 1H),
5.12 (s, 1H), 5.02 (s, 1H), 4.72 (s, 1H), 4.67 (s, 1H), 4.01 (s, 3H), 3.81 (s, 2H), 3.75 - 3.62 (m, 2H),
3.23 (t,J = 7.0 Hz, 2H), 1.88 - 0.90 (m, 28H).

13C NMR (101 MHz, 150 MHz, Chloroform-dz, & ppm) & 162.67, 156.31, 149.01, 147.84, 147.05,
142.23, 138.76, 133.56, 131.03, 125.39, 121.67, 120.00, 119.29, 111.36, 108.29, 101.43, 100.43,
69.21, 66.96, 59.05, 56.45, 55.74, 51.44, 41.23, 40.74, 31.13, 30.64, 26.67, 25.82, 25.36, 14.79.

ESI: m/z 692 [M + H]*.
trans-4-{[6-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanamido]methyl}cyclohexane-1-
carboxylic acid (81)

(0]
o N
K N
N \NJJ\/\/\/
HO H O

EDC-HCI (1.054 g, 5.5 mmol) and N-hydroxysuccinimide (576 mg, 5 mmol) were added at 0 °C,
under N, to a solution of 6-maleimidohexanoic acid (1.056 g, 5 mmol) in dry CHCl, (6 mL) and

the mixture stirred at r.t. for 16 h. The reaction mixture was washed with HCl 0.1 N and H>0, then
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dried over Na;S04 and the solvent removed under reduced pressure. The activated acid was

obtained as a white solid without further purification (1.46 g, 4.7 mmol, 94% yield).

ESI: m/z 309 [M + HJ".

The obtained solid was dissolved into glacial acetic acid (10 mL) and trans-4-(aminomethyl)-

cyclohexane carboxylic acid (1.06 g, 6.75 mmol) was added at r.t. The reaction mixture was stirred

atr.t. for 16 h. Acetic acid was removed under reduced pressure, the residue diluted with MeOH

(10 mL) and filtered through a short pad of Celite. H,O (40 mL) was slowly added to the MeOH

solution and the mixture stirred at r.t. for 30 min. The solid was combined by filtration and dried

under vacuum to give pure compound 81 (510 mg, 1.46 mmol, 32% vyield).

14 NMR (400 MHz, Methanol-ds, & ppm, J Hz) & 6.85, (s, 2H), 3.54 (t, J = 7.2 Hz, 2H), 3.07 (d, J =

7.0 Hz, 2H), 2.27 - 2.21 (m, 2H), 2.05 (dd, J = 14.0, 3.5 Hz, 2H), 1.87 (dd, J = 13.3, 3.6 Hz, 2H), 1.69-

1.62 (m, 4H), 1.49 - 1.32 (m, 6H), 1.05 (m, 2H).

13C NMR (100 MHz, Methanol-ds, 6 ppm) 6 178.04, 174.19, 170.74, 133.52, 44.59, 42.61, 36.80,

36.61, 35.03, 29.14, 28.05, 27.46, 25.55, 24.76.

ESI: m/z 349 [M - HJ.

trans-4-({5-[3-(3-{2-Azatricyclo[10.4.0.0*°]hexadeca-1(12),4(9),5,7,13,15-hexaen-10-yn-2-yl}-
3-oxopropylamino)-2,5-dioxo-1-

pyrrolidinyl]pentylcarbonylamino}methyl)cyclohexanecarboxylic acid (78)

To a solution of DBCO-amine (91 mg, 0.33 mmol) in dry MeCN (2 mL), EtsN (46 uL, 0.33 mmol)
was added dropwise, at r.t. under N,. The resulting mixture was stirred for 15 min, then
compound 81 (100 mg, 0.3 mmol) was slowly added. The mixture was stirred at r.t. for 16 h and
then the crude was concentrated under vacuum. The crude was purified by silica gel flash-
chromatography eluting 2% mixture of MeOH in CHxCly, to provide pure compound 78 as a yellow

solid (144 mg, 0.23 mmol, 70% yield).
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1H NMR (400 MHz, Methanol-ds, & ppm, J Hz) 6 7.91 (d, J = 6.49 Hz, 1H), 7.65 (t, J = 6.53 Hz, 1H),
7.50-7.47 (m, 1H), 7.44-7.40 (m, 2H), 7.32-7.29 (m, 2H), 7.20 (td, J = 8.48, 7.97, 1,49 Hz, 1H),
5.13 (dd, J = 14.03, 3.09 Hz, 1H), 3.70 (dd, J = 13.91, 3.99 Hz, 1H), 3.58 (dd, J = 8.45, 4.84 Hz,
1H), 3.40 (qd, J = 7.85, 7.19, 4.56 Hz, 2H), 2.99 (q, J = 5.57, 2H), 2.78-2.45 (m, 4H), 2.27-2.16 (m,
4H), 2.10-1.85 (m, 3H), 1.79 (d, J = 13.08 Hz, 2H), 1.66-1.49 (m, 4H), 1.48-1.25 (m, 4H), 0.96 (1, J
= 12.87 Hz, 2H)

ESI: m/z 625 [M - H]..
N-[3-(2-azatricyclo[10.4.0.0*°]hexadeca-1(16),4,6,8,12,14-hexaen-10-yn-2-yl)-3-oxopropyl]-6-

(2,5-dioxopyrrol-1-yl)hexanamide (79)

L
O

6-maleimidohexanoic acid (38 mg, 0.18 mmol) and DBCO-amine (40 mg, 0.14 mmol) were
solubilized in anhydrous CHCl; (2 mL), under N3, and the resulting mixture was cooled to 0°C.
Then EDC-HCI (52 mg, 0.27 mmol), HOBt (36 mg, 0.27 mmol) and EtsN (38 uL, 0.27 mmol) were
added. The resulting mixture was stirred at r.t. for 16 h. After completion of the reaction, the
solvent was evaporated under reduced pressure. The crude was purified by silica gel flash-
chromatography eluting 1% mixture of MeOH in CHCly, providing product 79 as a yellow oil (58
mg, 0.12 mmol, 86 % yield).

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.65 (dd, J = 7.6, 1.3 Hz, 1H), 7.41 - 7.25 (m,
7H), 6.66 (s, 2H), 5.94 (t, J = 6.1 Hz, 1H), 5.11 (d, J = 13.9 Hz, 1H), 3.67 (d, J = 13.9 Hz, 1H), 3.47 (t,
J=7.3Hz, 2H),3.31 (dddd, J = 13.7, 7.5, 6.3, 3.8 Hz, 1H), 3.18 (dddd, J = 13.5, 7.5, 5.9, 3.7 Hz, 1H),
2.42 (ddd, J = 16.6, 7.5, 3.8 Hz, 1H), 1.97 - 1.84 (m, 3H), 1.61 - 1.40 (m, 4H), 1.21 (ttd, J = 10.2, 7.4,
6.7, 3.5 Hz, 2H).

13C NMR (101 MHz, Chloroform-d;, 6 ppm) 6 172.51, 172.29, 170.81, 150.99, 147.97, 134.06,
134.05, 132.08, 129.03, 128.61, 128.30, 127.84, 127.24, 125.54, 122.93, 122.46, 114.71, 55.51,
37.70, 37.66, 36.34, 35.12, 34.82, 28.26, 28.25, 26.36, 25.03, 24.34.

ESI: m/z 470 [M + HJ".
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Quantitative Fmoc Loading Determination by UV-Vis Spectroscopy
This protocol is used to determine the substitution level (loading) of the first Fmoc-amino acid
attached to the solid support. The Fmoc group is cleaved from a known weight of resin using a
piperidine 20% solution in CH,Cl,. This reaction releases dibenzofulvene (DBF), which reacts with
piperidine to form a DBF-piperidine adduct that strongly absorbs UV light around 301 nm. The
concentration, and thus the resin loading, can be calculated using the Beer-Lambert law.
Colorimetric assay for secondary amines
Two solutions were prepared:

A. 2% (v/v) acetaldehyde in DMF;

B. 2% (w/w) chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone) in DMF.
To assess the presence of free amine few beads of resin were sampled and washed with DMF
and MeOH. Then 2 drops of solution A and two drops of solution B were added to the washed
resin. After 5 min, the color of the resin was analysed via microscope. The presence of blue beads
reveals a positive test.4%®

Loading 2-chlorotrityl chloride resin with Fmoc-SAR-OH

. O N O\n/\'\ll/Fmoc

O O Me

CTCresin (1 g, 100-200 mesh, 1% DVB, 1.1 mmol/g) was swollen in dry CH,Cl; (10 mL) for 10 min.
Then, a solution of Fmoc-SAR-OH (411 mg, 1.32 mmol) and DIPEA (0.960 mL, 5.5 mmol) in dry
CHCl; (10 mL) was added. The obtained mixture was stirred by bubbling N, for 2 h at r.t. After 2
h, solvent was removed by filtration under vacuum and the resin was washed with CH,Cl, (3 x 10

mL x 10 min), DMF (3 x 10 mL x 10 min) and MeOH (3 x 10 mL x 10 min), and finally dried.
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Fmoc deprotection

l O
Cl O\ﬂ/\'?‘H
(e} Me

SAR-loaded resin was treated with a solution of piperidine 20% in DMF (1 mL/100 mg of resin)
and stirred by bubbling N, for 30 min at r.t. This step was repeated again stirring for 15 min. At
the end of the reaction, the resin was washed with DMF (4 x 5 mL x 5 min) and CH2Cl; (4 x 5 mL
x 5 min). The successful deprotection was verified via colorimetric assay for free secondary

amines.

Amide coupling (chain elongation)

Q A
o) N.
O ol {ﬂ/\l\ll]lnk/ Fmoc
O O Me

Deprotected resin was treated with a solution of Fmoc-SAR-OH or Fmoc-SAR-SAR-OH (3 equiv),
HATU (3 equiv), DIPEA (3 equiv) in dry DMF (1 mL/100 mg of resin). The resulting mixture was
stirred by bubbling N for 2 h at r.t. At the end of the reaction the resin was washed with DMF (5
X 5 mL x 5 min) and CHxCl; (5 x 5 mL x 5 min). The successfull introduction of the Fmoc-protected

peptide was verified via colorimetric assay.

The steps of Fmoc-deprotection and amide coupling were repeated until the desired lenght was

reached, providing product 85.

PSAR11-PFB (86)

(0] F
HO F
‘B‘/\N
(0] I\I/Ie11
F F
F

SAR-loaded resin was treated with a solution of piperidine 20% in DMF (1 mL/100 mg of resin)

and stirred by bubbling N, for 30 min at r.t. This step was repeated again stirring for 15 min. At
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the end of the reaction, the resin was washed with DMF (4 x 5 mL x 5 min) and CHCl, (4 x 5 mL
x 5 min). Then the resin was treated with a solution of pentafluorobenzoic acid (3 equiv), EDCHCI
(3 equiv), HOBt (3 equiv) and DIPEA (6 equiv) in DMF (1 mL/ 100 mg of resin), and the resulting
mixture was stirred by bubbling N, for 2 h at r.t. The resin was washed with DMF (5 x 5 mL x 5
min) and CHxCl; (5 x 5 mL x 5 min). To cleave the product from the resin a solution of HFIP 20%
and TIS 2% in CH2Cl> (1 mL/ 100 mg of resin) was added and stirred by bubbling N> for 1h. The
solution was filtered and the step was repeated for 30 min. The final filtrate was evaporated
under vacuum, then the product was precipitated by adding Et,0. The resulting suspension was
centrifuged at 3000 rpm for 5 min, washing with Et,0 two times, and finally the obtained solid

was dried under vacuum for 24 h.

ESI: m/z 992 [M - HJ-.
DBCO-PSAR11-PFB (87)
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Compound 86 (35 mg, 0.035 mmol) was solubilized in dry DMF (500 pL), then HATU (15 mg,
0.0385 mmol) and DIPEA (25 pL, 0.14 mmol) were added, and the resulting mixture was stirred
at r.t. for 5 min. Then DBCO-amine (12 mg, 0.042 mmol) was added, and the mixture was stirred
under Ny, in the dark, for 16 h. At the end of the reaction, the solvent was removed under vaccum
and the resulting crude was purified via preparative-HPLC eluting a 0-60% gradient of MeCN in

H20. The product was obtained as a pink solid (15 mg, 35% yield).

ESI: m/z 1252 [M + H]*.
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General procedure for SPAAC click reactions (GP4)

Linker-payload systems (1 equiv) solubilized in DMF (500 pL) was reacted with a solution of
compound 87 in DMSO. The resulting mixture was stirred at r.t. for 16 h. The reaction mixture

was purified via preparative-HPLC.

2-((2,5-dioxo-1-(6-oxo0-6-((3-(8-(2,5,8,11,14,17,20,23,26,29,32-undecamethyl-
1,4,7,10,13,16,19,22,25,28,31,34-dodecaoxo-1-(perfluorophenyl)-
2,5,8,11,14,17,20,23,26,29,32,35-dodecaazaoctatriacontan-38-oyl)-8,9-dihydro-3H-
dibenzo[b,f][1,2,3]triazolo[4,5-d]azocin-3-yl)benzyl)amino)hexyl)pyrrolidin-3-yl)thio)ethyl (E)-
(4-(((((4-methyl-3-(4-phenethylbenzamido)phenyl)amino)(3,4,5-

trimethoxybenzamido)methylene)amino)methyl)phenyl)carbamate (88)

»

Prepared according to GP4 from linker-payload 64.

ESI: m/z 1186 [M + 2H]?".

178



2-((2,5-dioxo-1-(6-ox0-6-((3-(8-(2,5,8,11,14,17,20,23,26,29,32-undecamethyl-
1,4,7,10,13,16,19,22,25,28,31,34-dodecaoxo-1-(perfluorophenyl)-
2,5,8,11,14,17,20,23,26,29,32,35-dodecaazaoctatriacontan-38-oyl)-8,9-dihydro-3H-
dibenzo[b,f][1,2,3]triazolo[4,5-d]azocin-3-yl)benzyl)amino)hexyl)pyrrolidin-3-yl)thio)ethyl
cyclohexyl((8-hydroxy-4-methoxyquinolin-7-yl)methyl)carbamate (89)

MeO

< ow
TS Oy b

Prepared according to GP4 from linker-payload 67.
ESI: m/z 993 [M +2H]?*".

(2-ethoxy-7-((9-(8-(2,5,8,11,14,17,20,23,26,29,32-undecamethyl-
1,4,7,10,13,16,19,22,25,28,31,34-dodecaoxo-1-(perfluorophenyl)-
2,5,8,11,14,17,20,23,26,29,32,35-dodecaazaoctatriacontan-38-oyl)-8,9-dihydro-3H-
dibenzo[b,f][1,2,3]triazolo[4,5-d]azocin-3-yl)nonyl)oxy)benzo[d][1,3]dioxol-5-yl)methyl
cyclohexyl((8-hydroxy-4-methoxyquinolin-7-yl)methyl)carbamate (90)

/\
Q -

g 3

Prepared according to GP4 from linker-payload 77.

ESI: m/z 973 [M +2H]?*".
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N-(36-(3-(9-((6-((2,6-dimethoxy-4-((N-(4-methyl-3-(4-
phenethylbenzamido)phenyl)carbamimidoyl)carbamoyl)phenoxy)methyl)-2-
ethoxybenzo[d][1,3]dioxol-4-yl)oxy)nonyl)-3,9-dihydro-8H-dibenzo[b,f][1,2,3]triazolo[4,5-
d]azocin-8-yl)-3,6,9,12,15,18,21,24,27,30-decamethyl-2,5,8,11,14,17,20,23,26,29,32,36-
dodecaoxo-3,6,9,12,15,18,21,24,27,30,33-undecaazahexatriacontyl)-2,3,4,5,6-pentafluoro-N-

methylbenzamide (91)

ok %W’{ s R ooy @m

Prepared according to GP4 from linker-payload 76.

ESI: m/z 1135 [M +2H]?*.

4.1.3. Bioconjugation procedures
General procedure for preparation of ADCs 48-50, 83 and 84.
The carboxylic acid moiety of linker-payload system (28 pL, 10 mM in DMSO) was activated by
adding S-NHS (5 pL, 100 mM in mQ) and EDC-HCI (5 pL, 100 mM in mQ). The reaction was stirred

for 16 h at r.t.

The resulting solution was added to a solution 10 mg/mL of Cetuximab or Bevacizumab in PBS
(pH 7.4, 35 pL). The mixture was stirred at r.t. for 1 h. The excess of linker-payload was quenched
adding 20 mM glycine aqueous solution (27 pL). The obtained ADCs were purified by
ultrafiltration using 10 kDa cutoff dialysis membrane removing the unreacted excess of small

molecules. DAR was determined by MALDI analysis.
General procedure for preparation of ADCs 94-97.

To a solution 5mg/mL of Cetuximab in TRIS buffer (pH 8.0, 100 pL) a solution of TCEP (6.6 L, 10
mM in mQ) was added and the mixture was stirred at r.t. for 2 h. The excess of reductant was
removed by ultrafiltration using 10 kDa cutoff dialysis membrane. Immediately after filtration,

solution of compounds 88-91 in DMSO was added to the reduced mAb, and the mixture was
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stirred at 4 °C for 16 h. The obtained ADCs were purified by ultrafiltration using 10 kDa cutoff
dialysis membrane removing the unreacted excess of small molecules and the resulting

bioconjugates were analysed via HIC.
Cell viability assay on ADCs 95 and 96.

3x103/well SK- MEL-5 melanoma cells were seeded in triplicate in 96-well plates (Corning) with
complete DMEM medium. After 24h cells were treated in 2.5% FBS DMEM with Cetuximab, JC19,
unconjugated linker-payload systems and ADCs 95 and 96 at different concentrations to compare
the effect of ADCs with the single components. After 72 h of treatment the culture medium was
removed, cells were fixed in paraformaldehyde (Kaltek Srl) for 10 minutes and then stained with
Crystal Violet (Sigma- Aldrich) (0.1% Crystal Violet, 20% Methanol, dH20) for 15 minutes in mild
agitation. After 24 h, cells were bleached with 10% glacial acetic acid RPE (Carlo Erba) for 15
minutes in mild agitation, then the absorbance, which is proportional to the number of viable
cells within every well, was measured at 595 nm with VICTOR X5 (Multilabel Plate Reader,

PerkinElmer).
Cytofluorimetric analysis of cell apoptosis on ADCs 95 and 96.

For analysis of cellular apoptosis was used a double staining with Annexin V and 7-
Aminoactinomycin D (7-AAD) (BD PharmingenTM). SK-MEL-5 melanoma cells were seeded in 6-
multiwell plates (Corning) in complete medium and after 24 h were treated with Cetuximab,
JC19, unconjugated linker-payload systems and ADCs at 200 pg/mL concentration. After 72 h of
treatment culture medium has been collected, cells have been detached with Accutase (Thermo
Scientific) and resuspended in 50 pL of 1X Binding Buffer (BD PharmingenTM). Cells were stained
with 1 pL of Annexin V and 2.5 pL of 7- Aminoactinomycin D (BD PharmingenTM) for 15 minutes
in the dark and added with 200 uL of 1X Binding Buffer for the analysis with CytoFLEXS (BD

Beckman Coulter).
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4.2. EXPLORATION AND DEVELOPMENT OF BIOCONJUGATION METHODOLOGIES

4.2.1. General experimental procedures, materials and instruments

All reagents were used as purchased from commercial suppliers without further purification. The
reactions were carried out in oven dried vessels. Solvents were dried and purified by

conventional methods prior use or, if available, purchased in anhydrous form.

MALDI analysis were performed with the MALDI-TOF in linear mode set at 83% of laser intensity.
Samples preparation: the matrix solutions were prepared at two different concentrations, and
both were used in parallel. 20.0 mg or 25 mg of Super DHB were dissolved in a solution of MeCN
(150 pL), H,0 (350 pL) and TFA (0.05 uL) and deposited in a stainless-steel target placed in a
termoblock set at 39 °C. When the sample was dried, 1.65 pL of matrix solution was added and
once completely dried and crystalized, the target plate was removed from the termoblock. The
target plate was analyzed with MALDI-TOF set in linear mode at 83% of laser intensity. The m/z
range was from 30 kDa to 200 kDa. For each sample spot, 10 shots were acquired to improve the

spectra quality and mass accuracy.

4.2.2. Bioconjugation procedures

Preparation of ADC 100

To a 10 mM DMSO solution of compound 98 (10 mM in DMSO), an aqueous solution of S-NHS (2
eg, 100 mM in mQ) and an aqueous solution of EDC-HCI (2 equiv, 100 mM in mQ) were added,
and the mixture was stirred at r.t for 16 h. Subsequently, 250 pL of Cetuximab (0.025 equiv, 10
mg/mL, EPPS pH 8.0) were added, and the mixture was gently mixed at r.t. for 1 h. An aqueous
solution of glycine (2 equiv, 40 mM in mQ) was added to quench the unreacted linker-payload
system, and the mixture was stirred at r.t. for 5 min. The obtained ADCs were purified by
ultrafiltration using 10 kDa cutoff dialysis membrane removing the unreacted excess of small

molecules. DAR was determined by MALDI analysis.
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Pre-functionalization of Cetuximab

To 400 pL of Cetuximab (0.05 equiv, 10 mg/mL, PBS pH 7.4) was added a 10 mM solution in DMSO
of 14-azido-3,6,9,12-tetraoxatetradecanoic acid (103). The mixture was stirred at r.t. for 1 h. An
aqueous solution of glycine (2 equiv, 40 mM in mQ) was added to quench the unreacted linker-
payload system, and the mixture was stirred at r.t. for 5 min. The resulting bioconjugate (Ctx-N3s)
was purified by ultrafiltration using 10 kDa cutoff dialysis membrane and analysed by MALDI

mass spectrometry.
Preparation of ADC 104

To 450 L of the functionalized Ctx-N3 (5.7 mg/mL in PBS pH 7.4) was added a DMSO solution of
the linker-payload system (102, 80 equiv), and the mixture was gently mixed at 4 °C for 16 h. The
resulting bioconjugate was purified by ultrafiltration using 10 kDa cutoff dialysis membrane and

analysed by MALDI mass spectrometry.
Preparation of ADCs 107-108

The proper carboxylic acid (105 or 106, 0.01 mmol) was dissolved in anhydrous DMF (0.5 mL) in
a round bottom flask under N, and magnetic stirring. DCC (3 mg, 0.014 mmol) and NHS (2 mg,
0.014 mmol) were added to the solution and the mixture stirred at r.t. for 16 h. The white solid
was removed by filtration and the solvent removed under vacuum, to provide a white solid
(MS(ESI): m/z 881 [M + Na]* for activated 105, 833 [M + Na]* for activated 106 that was dissolved
in DMSO in order to obtain a 10 mM solution.

To a solution of Trastuzumab (in PBS pH 7.4) was added a DMSO solution of the activated linker-
payload system (105 or 106, mM in DMSO, 20 equiv), and the mixture was gently mixed at r.t.
for 1 h. An aqueous solution of glycine (2 equiv, 40 mM in mQ) was added to quench the
unreacted linker-payload system, and the mixture was stirred at r.t. for 5 min. The resulting
bioconjugate (107 and 108) was purified by ultrafiltration using 10 kDa cutoff dialysis membrane
and analysed by MALDI mass spectrometry.

Preparation of ADC 110

To a solution of anti-CD115 mAb (100 pL in PBS pH 7.4) was added a DMSO solution of the
activated linker-payload system (109, mM in DMSO, 20 equiv), and the mixture was gently mixed
at r.t. for 1 h. An aqueous solution of glycine (2 equiv, 40 mM in mQ) was added to quench the

unreacted linker-payload system, and the mixture was stirred at r.t. for 5 min. The resulting
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bioconjugate was purified by ultrafiltration using 10 kDa cutoff dialysis membrane and analysed

by MALDI mass spectrometry.

Pre-functionalization of anti-CD115 mAb

To 100 pL of anti-CD115 mAb (0.1 equiv, 2 mg/mL, PBS pH 7.4) was added a 10 mM solution in
DMSO of 14-azido-3,6,9,12-tetraoxatetradecanoic acid (1.4 pL). The mixture was stirred at r.t for
1 h. An aqueous solution of glycine (2 equiv, 20 mM in mQ) was added to quench the unreacted
linker-payload system, and the mixture was stirred at r.t. for 5 min. The resulting bioconjugate
(CD115-N3) was purified by ultrafiltration using 10 kDa cutoff dialysis membrane and analysed by

MALDI mass spectrometry.
Preparation of ADC 111

To 100 pL of the functionalized CD115-N3 (1.9 mg/mL in PBS pH 7.4) was added a DMSO solution
of the linker-payload system (112, 40 equiv), and the mixture was gently mixed at 4 °C for 16 h.
The resulting bioconjugate was purified by ultrafiltration using 10 kDa cutoff dialysis membrane

and analysed by MALDI mass spectrometry.
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4.3. SYNTHESIS AND EVALUATION OF Hh AGONISTS FOR OSTEOGENIC APPLICATIONS

4.3.1. General experimental procedures, materials and instruments

All reagents were used as purchased from commercial suppliers without further purification. The
reactions were carried out in oven dried vessels. Solvents were dried and purified by

conventional methods prior use or, if available, purchased in anhydrous form.

Flash column chromatography was performed with Merck silica gel A 60, 0.040-0.063 mm (230-
400 mesh). MPLC Syncore Biichi on highly resistant PP cartridges Normal Phase silica gel NP 40 -
63 um particle size and 60 A pore size (Si60) withstand a maximum pressure of 10 bar (145 psi)
column with PE (Eluent A) and EtOAc (Eluent B) as mobile phase. Merck aluminum backed plates
pre-coated with silica gel 60 (UV254) were used for analytical thin layer chromatography and

were visualized by staining with a KMnQOs or Ninidrine solution.

NMR spectra were recorded at 25 °C or at 37 °C with 400 or 600 MHz for 1H and 101 or 151 MHz
for 13C Briicker Advance NMR spectrometers. The solvent is specified for each spectrum.
Splitting patterns are designated as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; bs,
broad singlet. Chemical shifts (8) are given in ppm relative to the resonance of their respective

residual solvent peaks.

High and low resolution mass spectroscopy analyses were recorded by electrospray ionization

with a mass spectrometer Q-exactive Plus.

HPLC analyses were performed on a LC/MSD system Agilent InfinityLab LC/MSD iQ, Method: Column:
InfinityLab PoroShell 120 EC-C18 2.1 x 50mm x 2.7um. Flow: 0.4 mL/min. Eluent A/B: H20/MeCN.
Gradient: 5% B to 95% B in 10 minutes, 4 minutes at 95 % B and 3 minutes of re-equilibration.

Detection: 254 nm and 210 nm.
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4.3.2. Synthetic procedures

propyl 4-(1-hexyl-4-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxamido)benzoate (GSA-10)

o)
OHO/@A
XN
H
/\/\)NO

The product was prepared according to the literature.3!

O/\/Me
Me

1H NMR (400 MHz, Chloroform-ds, § ppm, J Hz): § 16.30 (bs, 1H), 15.71 (bs, 1H), 8.24 (d, J = 8.0
Hz, 1H), 7.85 (d, J = 8.4 Hz, 2H), 7.77 (t, J = 8.4 Hz, 1H), 7.44-7.24 (m, 2H), 6.52 (d, J = 8.8 Hz, 2H),
4.27 (t,J = 7.6 Hz, 2H), 4.19 (t, J = 6.4 Hz, 2H), 2.85-2.80 (m, 2H), 1.76-1.71 (m, 2H), 1.45-1.23 (m,
6H), 0.98 (t, J = 7.6 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H).

13C NMR (400 MHz, Chloroform-ds, 6 ppm): & 197.23, 173.05, 170.67, 164.25, 141.28, 139.13,
134.52, 130.97, 125.94, 123.06, 115.64, 92.11 72.54, 65.95, 42.32, 29.71, 26.54, 26.11, 22.01
21.95, 13.53, 10.11.

ESI: m/z 473 [M + Nal*, 449 [M - H]-.
4-(1-hexyl-4-hydroxy-2-oxo-1,2-dihydroquinoline-3-carboxamido)benzoic acid (2)

0
OH © /©)\OH
NN
H
Nige)
Me/\/\)
The product was prepared according to the literature.3!

1H NMR (400 MHz, Methanol-ds, 6 ppm, J Hz): 6 16.37 (bs, 1H), 15.82 (bs, 1H), 8.24 (d, J = 8.0 Hz,
1H), 7.87 (d, J = 8.4 Hz, 2H), 7.77 (t, ) = 8.4 Hz, 1H), 7.44-7.24 (m, 2H), 6.52 (d, J = 8.8 Hz, 2H), 4.27
(t,J=7.6 Hz, 2H), 2.85-2.80 (m, 2H), 1.49-1.23 (m, 6H), 0.89 (t, / = 6.8 Hz, 3H).

13C NMR (400 MHz, Methanol-ds, & ppm): & 197.21, 173.05, 170.67, 169.23, 139.13, 134.58,
130.92, 128.81, 125.99, 123.06, 115.62, 72.53, 42.32, 30.58, 29.71, 26.11, 19.13, 13.49.

ESI: m/z 407 [M - HT, 443 [M + CI]-.
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propyl 4-(4-hydroxy-6,7-dimethoxy-2-oxo-1-propyl-1,2-dihydroquinoline-3-

carboxamido)benzoate (1)

o)
OH O /Q)\
MeO X N
H
MeO HN 0

Me

O/\/Me

The product was prepared according to the literature.3!

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 16.28 (bs, 1H), 12.87 (bs, 1H), 8.02 (d, /= 8.4
Hz, 2H), 7.76 (d, J = 8.8 Hz, 2H), 7.55 (s, 1H), 6.72 (s, 1H), 4.24 (q, /= 6.4 Hz, 4H), 4.00 (s, 3H), 3.96
(s, 3H), 1.82-1.75 (m, 4H), 1.50 - 0.92 (m, 6H).

13C NMR (400 MHz, Chloroform-ds, & ppm): 6 171.19, 170.00, 166.25, 162.49, 155.14, 145.74,
141.64,135.66, 130.68, 126.19, 125.70, 120.30, 109.07, 105.33, 96.92, 95.82, 77.33,77.01, 76.69,
66.44, 56.25, 44.18, 20.17, 11.44, 10.54.

ESI: m/z 469 [M + H]*, 491 [M + Na]*, 507 [M + K]*.
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SECTION B - DEVELOPMENT OF PHOTOREDOX METHODOLOGY USING SULFUR
HEXAFLUORIDE FOR NUCLEOPHILIC FLUORINATION OF ALKOXYAMINES
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CHAPTER 1. INTRODUCTION

1.1. THE IMPORTANCE OF FLUORINE IN PHARMACEUTICAL AND AGROCHEMICAL
SCIENCES

The strategic introduction of fluorine into organic molecules has become a cornerstone of
modern medicinal and agrochemical chemistry. While fluorine-containing compounds are rare in
nature, their synthesis and application in the design of bioactive substances are now considered
indispensable. This prominence stems from the unique physicochemical and stereoelectronic
properties of the fluorine atom and the carbon-fluorine (C-F) bond. Fluorine possesses the
highest electronegativity on the Pauling scale, and its atomic radius is the second smallest,
comparable to that of hydrogen*!?. These fundamental characteristics enable fluorine to form an
exceptionally strong single bond with carbon, with a bond energy of approximately 485

kimol1.413

These properties allow the fluorine atom to act as a potent modulator of a molecule's biological
behavior. The introduction of fluorine can dramatically alter a compound's properties,
influencing its acidity, lipophilicity, stability, and overall reactivity.*'4-416 Such enhancements can
manifest in improved binding to target receptors, more efficient transport to the site of action,

and increased resistance to metabolic deactivation.*'”

1.1.1. Physicochemical and stereoelectronic properties

Fluorine’s high electronegativity and the resulting polarity of the C-F bond, which has a large
dipole moment (u=1.51D), have significant electronic and conformational effects on a
molecule.**® A primary effect is the modulation of acidity; the electron-withdrawing nature of
fluorine can stabilize a conjugate base, thereby altering the molecule’s pKa value and its
interactions with biological targets, such as through hydrogen bonding.**° Furthermore, fluorine
atoms play a critical role in controlling a molecule's lipophilicity. As a consequence, fluorine can
improve its permeability through biological membranes, facilitating its transport to the intended
site of action.*?° A prominent example is the use of trifluoromethyl (CF3) and trifluoromethoxy
(OCFs3) groups, which have been shown to improve the penetration of active ingredients into the
CNS. Beyond electronic effects, the small size of the fluorine atom, which is similar to that of
hydrogen, allows for subtle but significant stereoelectronic and conformational changes. The
substitution of a hydrogen atom with a fluorine atom often results in a minimal steric
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perturbation while altering the molecule’s electronic landscape.*?! For instance, high quantum
mechanical level calculations have demonstrated that polyfluorinated isopropyl moieties induce
a preference for a coplanar arrangement of the phenyl ring and the C-F bonds, with rotational
barriers of approximately 7.74 and 6.62 kcalmol™ for heptafluoro-iso-propyl and 1-methoxy-
heptafluoro-iso-propyl groups, respectively.???2 These conformational changes can be crucial for

optimizing the fit of an active ingredient into its receptor's binding pocket.

1.1.2. Bioisosteric replacement and metabolic stabilization

A fundamental strategy in drug and agrochemical design is bioisosteric replacement, where an
atom or group is substituted with another that has similar size, shape, and electronic
properties.*?® The fluorine atom is the perfect bioisostere for hydrogen due to their comparable
atomic radii. The trifluoromethyl group (CFs) is a widely used bioisostere for a methyl group (CHs),
a strategy particularly effective for enhancing metabolic stability.#>* This strategic replacement
of hydrogen with fluorine or methyl with a trifluoromethyl group can block or significantly
decrease oxidation processes, particularly those mediated by cytochrome P450
monooxygenases.*?* This deliberate modification prevents the molecule from being prematurely
metabolized and deactivated, thereby increasing its half-life and overall efficacy in the body. A
classic example of this is the drug ezetimibe, where key metabolic sites are strategically replaced

by fluorine atoms to achieve metabolic stabilization and an enhanced PK profile.*?

1.1.3. Fluorine in modern agrochemicals

Agrochemicals launched in the period from 2016 to 2022 reveal the sustained and growing
importance of fluorine in this sector. Approximately 64% of all new halogenated agrochemicals
introduced during this time were fluorinated, with a clear preference for specific fluorine-
containing motifs. The trifluoromethyl group was found in approximately 52% of these products,
the difluoromethyl (CHF;) group in 20%, and the trifluoromethoxy (OCFs) group in 4%.4%¢ The
trifluoromethylpyridine (TFMP) fragment is particularly noteworthy, being a biologically active

fragment in about 30 marketed pesticides.*?”

Fluorinated herbicides often function by mimicking natural plant hormones or by inhibiting key

biosynthetic pathways. The precise placement of fluorine is critical for their efficacy.

e Auxin Mimics (Florpyrauxifen-benzyl): The herbicide florpyrauxifen-benzyl (Figure 71a)

acts as a synthetic mimic of the naturally occurring plant growth hormone indole-3-acetic
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acid (IAA).*?8 Its development hinged on a detailed SAR study that demonstrated the
significant value of a fluorine atom at a specific position on the pyridine ring. The
introduction of a fluorine at the 5-position of the pyridine ring led to optimized
effectiveness against dicotyledonous weeds. A direct comparison of herbicidal activity
with other halogens showed a clear ranking: 5-Br<5-Cl<5-H<5-F.#?® This finding
underscores that the biological effect is not due to a generic halogen but is a highly
specific interaction requiring the unique electronic and steric properties of the fluorine

atom at that precise location.

Protoporphyrinogen Oxidase (PPO) Inhibitors (Trifludimoxazin): Trifludimoxazin (Figure
71b) is a PPO inhibitor that contains a novel gem-difluorinated 3-oxo-2H-1,4-benzoxazine
ring system.*3° This motif is central to its high efficacy. A comparative analysis with its
non-fluorinated des-F2 analog revealed a significant enhancement in activity against
problematic weeds such as velvetleaf and redroot pigweed, highlighting that the gem-
difluorination is an activity-enhancing structural feature. The fluorine atoms in this ring
are believed to influence the dynamics of the PPO2 binding pocket, leading to a more
favorable affinity with the herbicide ligand and, consequently, reduced affinity with the

target enzyme.*3!

-
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(a) - florpyrauxifen-benzyl (b) - trifludimoxazin

Figure 71. Structure of fluorinated herbicides a) florpyrauxifen-benzyl and b) trifludimoxazin.

Fungicides represent the largest class of new fluorinated agrochemicals, with a particular

emphasis on heterocyclic scaffolds.

Succinate Dehydrogenase Inhibitors (SDHIs): This class of fungicides (Figure 72), which
targets complex Il of the respiratory chain, has seen a significant rise in fluorinated
compounds.’*2 A common and highly effective structural motif is the pyrazole-4-
carboxamide moiety, particularly when featuring a difluoromethyl (CHF,) group.
Prominent examples include pydiflumetofen, isoflucypram, inpyrfluxam, and

fluindapyr.*?® In the case of isoflucypram, a specific SAR study showed that the 5-fluoro-
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3-difluoromethyl pyrazole is particularly beneficial and significantly more active than its

trifluoromethyl counterpart.*33
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pydiflumetofen isoflucypram inpyrfluxam fluindapyr

Figure 72. Structure of some fluorinated fungicides SDHIs.

1.1.4. Fluorine in pharmaceuticals

The importance of fluorine in pharmaceutical chemistry is a central theme in modern drug
design. The strategic placement of fluorine atoms in bioactive molecules has been shown to

enhance key PK parameters such as bioavailability, lipophilicity, and metabolic resistance.*3*

This is a widely used strategy to replace a hydrogen atom without causing significant steric
changes to the molecule, while still dramatically altering its electronic profile, or improving its
metabolic stability. The efficacy of this approach is evident in a number of recently approved FDA
drugs that contain fluorinated moieties, suggesting that these groups contribute significantly to

their biological activity and optimized PK profiles. These include:

e Tovorafenib (Figure 73a): A selective RAF kinase inhibitor with anti-tumor activity, used
to treat pediatric low-grade glioma with specific genetic mutations. It works by inhibiting
the RAF-mediated signalling pathways, such as the RAS-RAF-MEK-ERK pathway, which are

often dysregulated in cancer. Tovorafenib is also noted for its ability to cross the BBB. 43>

e Vorasidenib (Figure 73b): A first-in-class dual inhibitor of mutant isocitrate
dehydrogenase-1 (IDH1) and -2 (IDH2). This drug works by blocking the overproduction
of D-2-hydroxyglutarate (2-HG), an oncometabolite that contributes to oncogenesis and
tumor growth. Vorasidenib demonstrates improved brain penetration and higher drug
exposure compared to other IDH inhibitors, making it effective for treating low-grade

glioma.*3®
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e Other approved drugs such as inavolisib, acoramidis, ensartinib, danicopan, and
seladelpar also feature fluorine-containing moieties, which may contribute to their

optimized biological and pharmacokinetic profiles.*3*
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(a) - Tovorafenib (b) - Vorasidenib

Figure 73. Structure of two fluorinated drugs a) Tovorafenib and b) Vorasidenib.

The development of new fluorinated bioactive compounds is inextricably linked to the evolution
of synthetic methodologies. While traditional methods for incorporating fluorine remain
foundational, modern chemistry is increasingly turning to more efficient and sustainable

approaches to address the challenges of complexity and scale.

1.2. TRADITIONAL FLUORINATING REAGENTS: CHALLENGES AND LIMITATIONS

The two primary approaches for synthesizing fluorinated organic compounds are: 1) the
"fluorinated synthon" method, which involves incorporating a pre-fluorinated molecule, and 2)
the direct fluorination method, which creates new carbon-fluorine bonds in a pre-existing
molecule.**” Over 90% of fluorinated drugs and agrochemicals are produced using the building-
block method, where fluorine is introduced as part of a raw material.*3” However, a significant
amount of research has focused on the direct fluorination approach to overcome the limitations

of traditional methods.

For this reason the development of advanced fluorinating reagents is continously evolving. These
newer reagents are designed for enhanced thermal stability, operational simplicity, and
chemoselectivity, making them suitable for late-stage fluorination of complex, biologically active
molecules. In addition, multicomponent reactions (MCRs) have emerged as powerful tools for
synthesizing fluorinated compounds.*** These "one-pot" processes combine three or more
reagents to build complex scaffolds, including fluorine-containing polyheterocycles, efficiently
and sustainably. They are praised for their high atom economy, minimal need for purification,

and alignment with green chemistry principles.
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The formation of the carbon-fluorine bond is often a significant challenge in organic synthesis
due to the unique physicochemical properties of fluorine and the inherent limitations of
traditional fluorination methods. The choice of reagent is critical and depends on the specific

transformation required, whether it be nucleophilic, electrophilic, or radical-mediated.

1.2.1. Nucleophilic fluorinating reagents

A key class of nucleophilic reagents includes sulfur trifluoride derivatives, which are particularly
effective for deoxyfluorination, the conversion of hydroxyl groups into fluorine atoms. The most
well-known is diethylaminosulfur trifluoride (DAST - Figure 74a)*3® , which has been a popular
choice for fluorinating alcohols and other substrates due to its versatility and ease of handling.
However, DAST can be thermally unstable and prone to decomposition. This led to the
development of more stable and safer alternatives, such as bis(2-methoxyethyl)aminosulfur
trifluoride (Deoxo-Fluor - Figure 74b)**° and 2,2-difluoro-1,3-dimethylimidazolidine (DFI - Figure
74¢)**°, which are more amenable to large-scale industrial applications. Beyond these, simple
fluoride sources like alkali metal fluorides and quaternary ammonium fluorides have been
studied. For instance, anhydrous tetrabutylammonium fluoride (TBAF) in DMSO has been shown
to be effective for the fluorodenitration of activated ring systems under mild conditions.**! A
significant challenge with such reagents is the dual nature of the fluoride ion, which can act as

both a nucleophile and a strong base, potentially leading to undesirable side reactions.
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(a) - DAST (b) - Deoxo-Fluor (c) - DFI

Figure 74. Structure of nucleophilic fluorinating agents a) DAST, b) Deoxo-Fluor and c) DFI.

1.2.2. Electrophilic fluorinating reagents
To circumvent the use of highly reactive and corrosive elemental fluorine gas (F2), a range of user-
friendly, bench-stable electrophilic reagents have been introduced. These reagents, often
referred to as N-F reagents, function as a stoichiometric source of positive fluorine (F*) and have
revolutionized benchtop fluorination chemistry. A prominent example is Selectfluor (1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) - Figure 75a)**?,
which is used in the enantioselective fluorination of B-ketoesters with high yields and

enantiomeric excess in the presence of titanium complexes. Another widely used reagent is N-
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fluorobenzenesulfonimide (NFSI - Figure 75b)*43, a stable crystalline solid that can be employed

to fluorinate alkyl radicals and has also been applied in the synthesis of a steroid derivative.

Syl 0P %P
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Figure 75. Structure of electrophilic fluorinating agents a) Selectfluor, b) NSFI.

1.2.3. Radical-mediated fluorination

A variety of strategies have been developed to generate carbon-centered radicals for
fluorination. For example, some methods utilize manganese-catalyzed C(sp3)-H fluorination with
silver fluoride (AgF) as the fluoride source and iodosobenzene as a stoichiometric oxidant. #4444
Another notable approach is copper-catalyzed C(sp3)-H fluorination via a Hydrogen Atom
Transfer (HAT) mechanism, which proceeds through a transient Cu(lll) fluoride intermediate.#4®
Radical chemistry can also be initiated by photocatalysis, which uses visible light to drive
reactions under mild conditions. This has enabled new routes for decarboxylative fluorination
from carboxylic acids and allows for the selective fluorination of highly substituted aliphatic
substrates that are challenging to synthesize using other methods. Radical-mediated fluorination
has emerged as a powerful, complementary approach to traditional ionic methods, overcoming
previous limitations associated with the lack of selective radical fluorinating agents. These
innovations provide chemists with a broader and more selective toolbox for C-F bond formation

under mild conditions.

One of the oldest and most fundamental challenges is the difficulty of creating new carbon-
fluorine bonds with selective control over the reaction. Traditional fluorination reactions are
generally limited to simple molecules and often require harsh conditions such as high
temperatures or highly reactive intermediates, which severely restrict their application to more

complex, functionalized molecules. Key difficulties are related to the properties of fluorine itself:

e High reactivity and toxicity: Elemental fluorine (F2) is one of the most powerful and
hazardous reagents, and its use is typically limited to specialized laboratories with
dedicated equipment due to its corrosive nature and indiscriminately reactive character.
This has led to the development of alternative, easier-to-handle reagents, but many of

these are still toxic or unstable.
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Poor nucleophilicity: The fluoride ion (F7) is a weak nucleophile in the presence of protic
solvents like water or alcohols because its small size and high charge density cause it to
form strong hydrogen bonds. This solvation shell effectively "cloaks" the ion, reducing its

reactivity for nucleophilic substitution reactions.

Dual reactivity: In the absence of hydrogen-bond donors, fluoride becomes a much better
nucleophile, but also a strong base, which can lead to undesired side reactions like

elimination.

Harsh reaction conditions: Conventional methods such as the Balz-Schiemann and Halex
reactions, used for preparing aryl fluorides, require high temperatures and aggressive
conditions. These methods are unsuitable for molecules containing sensitive functional
groups that cannot tolerate such a harsh chemical environment. The Halex reaction, for
instance, is used industrially to convert electron-poor aromatic chlorides into fluorides

using spray-dried potassium fluoride (KF) at high temperatures.

Challenges in metal-catalyzed reactions: The high bond strength and polarized nature of
the metal-fluorine bond make the reductive elimination step, a crucial part of many
catalytic cycles, particularly challenging. This increases the activation energy barrier for
C-F bond formation and makes it difficult for the desired reaction to outcompete

unproductive side reactions, such as hydrolysis of the metal-fluorine bond.
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1.3. SULFUR HEXAFLUORIDE (SFe¢): A POTENT GREENHOUSE GAS AND A LATENT
FLUORINE SOURCE

Sulfur hexafluoride (SFs) is a molecule with a significant duality in its properties: it is a widely used
industrial gas but also the most potent greenhouse gas known. Characterized by its high density,
high dielectric constant, low toxicity, and chemical inertness, SFs is extensively used as an

electrical insulator in high-voltage equipment and in the semiconductor industry.

In 1997, the Kyoto Protocol recognized SF¢ as the most potent greenhouse gas, with a global
warming potential approximately 23.900 times greater than that of carbon dioxide (CO,), and an
atmospheric lifetime exceeding 3.000 years. As of 2020, atmospheric concentrations of SF¢ have
surpassed 10 parts per trillion (ppt), and projections indicate a 75% increase by 2030. This
alarming trend highlights the urgent need for innovative strategies to repurpose SF¢ for chemical
feedstock production. As previousloy described, currently available fluorinating reagents, such
as Selectfluor, DAST, and NFSI, are often cost-prohibitive for large-scale use, chemically unstable,
and prone to producing undesirable by-products. In contrast, SFe is inexpensive, non-toxic, and

possesses an essentially unlimited shelf life.

The chemical inertness of SFe, particularly the strong FsS—F bond with a dissociation enthalpy of
approximately 455 kJmol™%, makes its activation challenging and has historically limited its use in
organic synthesis to conditions of extremely high temperatures and pressures.*’ However,
recent advancements have focused on converting this inert gas into an active fluorinating reagent

under milder conditions.

1.3.1. Activation of SF¢ for fluorination
The high chemical and physical stability of SFs presents a significant challenge for its activation
and subsequent utilization. For these reasons, increasing attention has been directed toward the
development of effective methods for the activation and transformation of SFe. A key strategy
involves single-electron reduction (SER) through photocatalytic or electrochemical pathways,
which generates the highly reactive SFe radical anion (Figure 76). This intermediate then
fragments into a fluoride anion (F7) and a pentafluorosulfanyl radical (SFs). Modern

methodologies leverage these principles to achieve various fluorination reactions.
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Figure 76. Photoredox activation of SFs.

A prominent activation strategy is photoredox catalysis, which uses light to initiate the
reaction.**® The photocatalyst, upon excitation by visible light, performs a single-electron
transfer to SFs, generating the highly reactive SFs~ radical anion.**® This transient species then
fragment into a fluoride anion (F7) and a pentafluorosulfanyl radical (SFs’), which can then
participate in fluorination reactions. This method has been successfully applied to the
deoxyfluorination of benzylic, allylic, and propargyl alcohols with high chemoselectivity and

functional group tolerance, employing Ru and Ir catalysts (Scheme 50a).%*°

Another key approach involves the use of metal-free organic electron donors. Certain highly
reducing organic molecules can directly activate SFe through single- or two-electron reduction.
For instance, 2,2'-bipyridyl-based donors (Scheme 50b) can rapidly and selectively reduce SFe at
ambient temperatures, yielding stable solid ion pairs containing the SFs™ anion.**° Similarly, N-
heterocyclic carbenes (NHCs - Scheme 50c) have been shown to activate SFs via a single-electron

transfer (SET) mechanism under UV light, leading to the fragmentation of the SF¢~ radical
anion.*! A particularly significant advancement is the synthesis of a new SFs-based reagent by
activating SFe with tetrakis(dimethylamino)ethylene (TDAE - Scheme 50d) under blue LED
irradiation, which can then be used for deoxyfluorination and the synthesis of SFs-containing

scaffolds.?32
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Scheme 50. a) Deoxyfluorination of allylic alcohols by photoredox catalysis using SFs; b-d) Metal-free

organic electron donors reported for the activation of SFe.

Beyond these methods, other activation pathways have also been explored. Electrochemical
activation similarly operates via SER to generate reactive intermediates from SFe.*>® These
diverse activation methodologies demonstrate the immense potential of SFe not only as a safe
and inexpensive fluorinating agent but also as a means to degrade a potent greenhouse gas by
converting it into useful chemical building blocks. However, these methods have generally been

limited to a narrow range of functional groups, such as activated alcohols and carboxylic acids.

199



1.4. AIM OF THIS RESEARCH WORK

The strategic introduction of fluorine into organic molecules is crucial in pharmaceutical and
agrochemical sciences, as the unique properties of the C-F bond critically modulate a compound’s
biological profile, stability, and lipophilicity. However, current industrial fluorinating reagents
often present drawbacks related to high cost, chemical instability, and hazardous by-products. In
contrast stands SFs, an abundant and highly stable industrial gas recognized as the most potent
greenhouse gas, necessitating urgent repurposing strategies. While SFs is an appealing
alternative due to its low cost, non-toxicity, and abundant availability, its extreme chemical

inertness presents a formidable challenge for effective chemical activation.

This research work was carried out in the research group of Prof. Tanja Gulder, at Saarland
University, and aims to convert this potent pollutant into a valuable chemical feedstock. The core
objective is to develop efficient and versatile methodologies for the catalytic activation and

transformation of SFe (Figure 77).
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Figure 77. Structure of SFs and general photoactivation for the fluorination of organic substrates.

Specifically, this work focuses on the utilization of SFe within photoredox catalysis as a benign,
inexpensive, and readily available source of fluoride. The primary synthetic goal involves
exploring a novel methodology for the nucleophilic fluorination of alkoxyamines, a key
transformation that contributes to the synthesis of highly valuable fluorinated building blocks.
For this class of substrates, Ortalli and coworkers proposed a mechanism for the fluorination of
TEMPO-functionalised alkoxyamines, which implies mesolytic cleavage of the substrate, which
bypasses the formation of reactive carbon-centered radicals (Scheme 51).%*% From a synthetic
perspective, the TEMPO group is also noteworthy for its facile installation in a single step from a

wide variety of substrate classes.
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Scheme 51. Reported (radio)fluorination of TEMPO-functionalised alkoxyamines.

By successfully implementing a mild, photoredox-driven activation pathway, this work seeks not
only to provide a sustainable solution for a critical environmental problem but also to establish a

new, scalable, and operationally simple strategy for accessing fluorinated organic compounds

crucial for modern drug discovery.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1. REACTION OPTIMIZATION

2.1.1. Photocatalyst screening
The initial efforts directed at developing our SFe-mediated fluorination methodology focused on
screening available, well-established photocatalysts on a model substrate. The choice of the ideal

catalyst was governed by the need to participate in two fundamental, processes (Scheme 52):

e Reduction of SFs : The catalyst must effectively reduce the fluorinating agent, SFs , via a
SET mechanism to generate the radical anion SFe¢~ . This intermediate undergoes

spontaneous dissociation to generate the crucial nucleophilic fluoride anion (F);

e Oxidation of substrate: Within the same catalytic cycle, the photocatalyst must
simultaneously oxidize the TEMPO-functionalized substrate, providing the corresponding
radical cation. This oxidative step is necessary to induce the subsequent mesolytic

cleavage and the generation of the target carbon cation intermediate.
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Scheme 52. Possible photocatalytic cycle.

Based on the state of the art in photoredox catalysis, a defined library of candidates was
assembled and screened using compound 123 as the model substrate (Scheme 53). In addition
to the most commonly employed Iridium catalysts, the library included one Ruthenium catalyst

and an acridinium salt to ensure a broad evaluation of distinct photoredox properties. Compound
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123 was solubilized in deoxygenated 1,2-dichloroethane (DCE), photocatalyst (PC) was added,

then the reaction vessel was filled with gaseous SFs, via a baloon and the resulting mixture was

stirred and irradiated with 456 nm LED for 6 hours. Results obtained are summarized in Table

12.

PFe
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Scheme 53. SFs-enabled fluorination of compound 123. For the initial optimization of reaction conditions

catalysts PC1-9 have been screened.

Table 12. Catalyst screening.

Entry®  Catalyst (2 mol%)  Solvent Light (nm) Time (h) Yield® (%)

PC1 DCE 456 06 17

2 PC2 DCE 456 06 39

3 PC3 DCE 456 06 No reaction

4 PC4 DCE 456 06 67

5 PC5 DCE 456 06 62

6 PC6 DCE 456 06 12

7 PC7 DCE 456 06 04

8 PC8 DCE 456 06 No reaction

9 PC9 DCE 456 06 9

aReaction conditions: Substrate, PC, SFsbaloon, 456 nm LED, r.t. (cooled by overhead fan), solvent (0.2 M)
deoxygenated by N, flow; *Yield determined by *°F NMR using external standard 1F-napthalene.
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The initial screening of the photocatalyst library demonstrated varying levels of efficiency for the
target fluorination reaction. While catalysts PC3 and PC8 showed no detectable reactivity (entries
3 and 8), catalysts PC3, PC6, and PC7 did afford the desired fluorinated product 124, but in very

poor yields ( < 20% vyield) (entries 1, 6, and 7).

Significantly more promising results were observed using catalysts PC2, PC4, and PC5 (entries 2,
4, and 5). Among these working catalysts, PC4 stood out as the most effective, delivering the
fluorinated product in the highest yield (67%) and exhibiting the highest redox potential (Figure
78). Consequently, PC4 was selected as the optimal photocatalyst to be carried forward into the

following stages of reaction optimization.
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Figure 78. Redox potentials of the best performing catalysts. Eredox Vs SCE in MeCN.

2.1.2. Light wavelenght and solvent optimization

Having successfully identified a suitable photocatalyst (PC4), the next critical parameter to
investigate was the light source (Table 13). As expected, the reaction did not proceed in the dark
(entry 14), unequivocally confirming the fundamental role of photocatalytic activation for both
the substrate and the fluorinating agent. We subsequently screened different wavelengths as
well as distinct light sources operating at the same wavelength. The two best outcomes were
achieved using the 440 (entry 11) and 456 nm (entry 16) Kessil lamps. This improved performance
is likely attributed to enhanced light penetration, better absorption efficiency by the
photocatalyst, and a slight increase in the reaction temperature. Overall, the 456 nm Kessil lamp

provided the optimal condition, yielding the desired product in a 68% vyield.
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Table 13. Light wavelenght optimization.

_N
(0] F

©i5 SFg, Ir(dF-CF3-ppy),(dtbpy)PFg (2 mol%) (:@
r.t. (cooling by fan)

solvent (0.2 M), time, hv

(0.2151?110|) 124
Entry° Solvent Light (nm) Time (h) Yield® (%)

10 DCE 405 06 45

11 DCE Kessil 440 06 68

12 DCE Kessil 390 06 53

13 DCE 528 06 03

14 DCE In Dark 06 -

15 DCE CFL (2*48 W bulbs) 06 Traces
16 DCE Kessil 456 06 71

3Reaction conditions: Substrate, PC, SFs baloon, irradiation, r.t. (cooled by overhead fan), solvent (0.2 M)
deoxygenated by N, flow; PYield determined by °F NMR using external standard 1F-napthalene; CFL:
Compact Fluorescent Lamp

Additionally, a brief screening of various solvents was carried out (Table 14). However, every
alternative solvent tested yielded the fluorinated product in a significantly lower yield when
compared to DCE. For this reason, DCE was definitively selected as the optimal solvent for the
current methodology, as it provided the best balance of solubility, stability, and efficiency for the

photoredox system.
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Table 14. Solvent screening.

Entry® Solvent Light (nm) Time (h) Yield® (%)
17 Toluene 456 06 14
18 DCM 456 06 51
19 MeCN 456 06 23
20 THF 456 06 17
21 HFIP 456 06 Traces
22 1,4 dioxane 456 06 08
23 MeNO; 456 06 37
24 DME 456 06 25
25 CHCls 456 S1 39
26 EtOAc 456 06 Traces
27 Et.O 456 06 Traces
28 PhCF3 456 06 44

3Reaction conditions: Substrate, PC, SF¢ baloon, irradiation, rt (cooled by overhead fan), solvent (0.2 M)
deoxygenated by N, flow; *Yield determined by °F NMR using external standard 1F-napthalene.
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2.1.3. Screening of reaction conditions
To finalize the optimization of this process on compound, systematic deviations from the
established standard conditions were screened (Table 15). This analysis was crucial for defining
the operational constraints and key mechanistic requirements of the developed photoredox

methodology.

Table 15. Condition screening.

Entry° Deviation from std conditions Light (nm) Time (h) Yield® (%)
29 Cu(OTf), 456 06 09
30 HFIP (5 equiv.) 456 06 23
31 DIPEA (1 equiv.) 456 06 Traces
32 H.0 (5 equiv.) 456 06 04
33 No degassing 456 06 43
34 No cooling fan 456 06 65
35 Std. LED plates*2 456 06 68
36 Catalyst (2.5 mol%) 456 08 74%
37 High pressure setup** 456 12 85

®Reaction conditions: Substrate, SFs baloon, irradiation, r.t. (cooled by overhead fan), solvent (0.2 M)
deoxygenated by N, flow; "Yield determined by '°F NMR using external standard 1F-napthalene.

** J Young type flask, pressurized to 2.8 bar with SFs

# average yield after 3 runs.

The data strongly underscores the non-trivial nature and high specificity of the entire catalytic
system: Substituting the optimized photocatalyst with a different metal-based catalyst, such as
Cu(OTf), (entry 29), caused a near-complete shutdown of the reaction, resulting in a yield of only
9%. This confirms that the redox potential of PC4 is irreplaceable for simultaneously performing
the required oxidation of the substrate and the reduction of SFs. The presence of even small
amounts of protic or basic species proved detrimental, confirming the delicate balance of the

nucleophilic mechanism:

e Protic solvents: The addition of H.O (5 equiv., entry 32) reduced the yield to 4%. This
necessitates performing the reaction under anhydrous conditions to prevent the

guenching of the nucleophilic fluoride anion or competing protic side reactions.
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e Base interference: The presence of DIPEA (1 equiv., entry 31) yielded only traces of the
product. This failure is likely due to acting as a competitive electron donor, intercepting
the excited PC4 and generating the radical cation DIPEA*. This competitive quenching
impedes the required oxidation of the TEMPO-substrate and the generation of the
carbocationic intermediate. As a base, DIPEA could also quench any successfully formed
carbon cation, leading to undesirable side products (e.g., elimination) instead of
fluorination.

e Oxygen exclusion: Performing the reaction without degassing (entry 33) led to a
significant drop in yield, from 68% to 43%. This confirms that the fluorination proceeds

via a radical mechanism highly susceptible to inhibition by atmospheric oxygen.

The final optimization attempts (entries 36, 37) identified the rate-limiting factors for maximum
conversion: The highest yield achieved was 85% (entry 37) by extending the reaction time to 12
h and utilizing a high-pressure setup (to increase the concentration of SFs). This confirms that the
final stages of conversion are kinetically slow and limited by the sustained availability of the
gaseous fluorinating agent. In addition, a slight increase in yield was observed even when
increasing the catalyst loading (entry 36, 2.5%). Finally, the reaction is relatively tolerant to
modest temperature variations; running it without a cooling fan (entry 34, =40°C) caused only a

minimal drop in yield (65%).

2.2. SCOPE EXPANSION
Having successfully optimized the fluorination conditions utilizing the photocatalytic activation
of gaseous SFe on the model substrate 123, the focus shifted to the synthesis of a diverse library

of substrates for scope expansion.

The synthesis of TEMPO-functionalized alkoxyamines is a well-established procedure in
literature, and various methods exist for their preparation, offering access to a wide variety of
structural motifs for fluorination (Scheme 54). For instance, the reaction can be performed via
direct functionalization of C-H bonds in common starting materials, such as ketones, esters,
nitriles, toluene, ethylbenzene, heterocycles, cyclohexene, and cyclohexanes. This is achieved
efficiently using a copper(ll)/tert-butyl hydroperoxide catalyst system [(Bpy)Cu(ll)/TBHP] under
mild, ambient air conditions (Scheme 54a).*>> Alternatively, carboxylic acids can be converted

into the desired TEMPO-alkoxyamines via several advanced methods:

208



e Aniron-catalyzed, light-driven decarboxylative alkoxyamination (Scheme 54b-c).4°64>7
e A ruthenium-catalyzed process that converts the carboxylic acid into an N-

(acyloxy)phthalimide intermediate (Scheme 54d).4>%

These available synthetic routes provide the necessary versatility to prepare a broad range of
TEMPO-functionalized substrates, allowing a thorough investigation of the functional group

tolerance and mechanistic limitations of the newly developed SFe-based photoredox fluorination.

(a) Cu(OAc); (0.5 mol%)
) 2,2-bpy (0.5 mol%) R
(? TBHP (70% aq., 2.0 equiv) ?’
R-H + N - N
80°C,16 h
(10.0 equiv) (1.0 equiv)
(b) .
Q FeBr, (2.5 mol%) 0"

| i
R-COH + N > N
MeCN (0.1 M)

390 or 440 nm, 25°C, 16 h
(1.0 equiv) (2.0 equiv)

(c) o Fe(OTH); (5.0 mol%) R
bpmen (5.0 mol%)

! [
R-COH + N - N
MeCN (0.5 M)

390 or 440 nm, 25°C, 16 h

(1.0 equiv) (2.5 equiv)
(d) TEMPO (1 equiv)
N-hydroxyphtalimide (1.5 equiv) Ru(bpy)aCly*6H;0 (2.0 mol%) R
dmap (5.0 mol%) Hantzsch ester (1.0 equiv) o~

R DCC or DCI (1.5 equiv) R &

| = >

COH THE (0.5 M) CO,Phth DMF (0.3 M)

25°C, 16 h 455 nm, 25°C, 16h
(1.0 equiv) ’

Scheme 54. Some reported methods for the synthesis of TEMPO-functionalized compounds.
Employing these efficient procedures a wide scope of substrates has been prepared (Scheme 55),

some of which (G3) containing scaffolds of APIs:
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Scheme 55. Substrates prepared for the expansion of the scope.

So far, 15 compounds of this scope have been tested (S1-S15), carrying out the fluorination in

the optimized conditions (Scheme 56).
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Scheme 56. General fluorination protocol carried out and obtained products. Yield determined by F NMR

using external standard 1F-napthalene.

For 11 out of the 15 tested substrates, the developed protocol successfully yielded the desired
fluorinated products (124-135) with good to excellent yields (57-86%). However, the yields were
significantly lower for three substrates (products 136-138, 11-33%), and the reaction completely

failed for the synthesis of product 137.

Given that the photocatalytic activation of SFs to generate the nucleophilic fluoride source
resulted efficient under these conditions, we hypothesized that the turnover-limiting step for the
overall reaction is primarily determined by the ease of forming the carbocation intermediate.
The stability of this carbocation is particularly sensitive to the electronic nature of the aromatic
substituent. The observed yield trend strongly correlates with the m-electron-donating ability of

the aromatic substituent, confirming the carbocation-mediated nature of the bond formation.
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Electron-Donating Groups (EDGs) stabilize the positive charge, facilitating the reaction, whereas

Electron-Withdrawing Groups (EWGs) destabilize it, leading to diminished reactivity.

Specifically, the strong EWGs, -CF3 (product 136, 11%), -CN (product 138, 13%), and -NO; (product
139, 0%), severely destabilize the developing positive charge on the benzylic carbon. This
destabilization renders the mesolytic cleavage step highly unfavorable, dramatically slowing the
reaction or preventing it entirely. In the extreme case of the highly deactivating group, the
energetic barrier for carbocation formation is so high that the process is completely unfavored
in respect to competitive radical pathways, resulting in zero conversion to the desired product.
Ongoing efforts are focused on exploring the application of this procedure to the remaining
substrate scope and investigating strategies to overcome the limitations imposed by these highly

deactivating groups.
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CHAPTER 3. CONCLUSIONS

The central objective of this project has been the design and implementation of a photoredox-
catalyzed strategy for the nucleophilic fluorination of alkoxyamines using the greenhouse gas SFe.
Our investigation into photocatalysts revealed that the reaction's success is critically dependent
on the catalyst's specific redox properties, with PC4 being identified as capable of simultaneously
oxidizing the TEMPO-functionalized substrate and reducing the exceptionally inert SFe. By
carefully controlling each parameter, we developed a robust protocol capable of affording the
desired fluorinated product in high yield, notably reaching 85% under an optimized high-pressure
SFe atmosphere. Testing this methodology on a modest scope of substrates has provided
satisfactory results for most compounds, and less successful substrates provided further insight

on the reaction.

The successful development of this methodology provides more than just a new synthetic tool;
it offers a compelling proof-of-concept for the chemical valorization of SFs, a problematic
pollutant that can be turned into a functional reagent for a high-value chemical transformation.
This work lays a solid foundation for future investigations. The scope of this photoredox
activation could be expanded to other classes of substrates, potentially unlocking new pathways

for the synthesis of diverse fluorinated molecules.
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CHAPTER 4. EXPERIMENTAL PART

4.1. General experimental procedures, materials and instruments

All reagents were used as purchased from commercial suppliers without further purification. The
reactions were carried out in oven dried vessels. Solvents were dried and purified by

conventional methods prior use or, if available, purchased in anhydrous form.

Flash column chromatography was performed with Macherey-Nagel silica gel 60 M, 0.040-0.063
mm. Merck aluminum backed plates pre-coated with silica gel 60 (UV254) were used for
analytical thin layer chromatography and were visualized by staining with a KMnO4 or Ninidrine

solution.

NMR spectra were recorded at 25 °C or at 37 °C with 400 MHz for 1H, 101 MHz for 13C and 282
MH for 19F, using Briicker AV Il NMR spectrometer. The solvent is specified for each spectrum.
Splitting patterns are designated as s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; bs,
broad singlet. Chemical shifts (8) are given in ppm relative to the resonance of their respective

residual solvent peaks.

4.2. Synthetic procedures for the preparation of TEMPO-functionalized alkoxyamines

General procedure 1 (GP1)*°>

Cu(OAc), (0.5 mol%)

. 2,2'-bpy (0.5 mol%) R
Q TBHP (70% aq., 2.0 equiv) og
R-H + N > N
80 °C

16 h
(10.0 equiv) (1.0 equiv)

Under air, TEMPO (1.0 equiv), substrate (10.0 equiv), Cu(OAc), (0.5 mol%), 2,2’-bpy (0.5 mol%),
TBHP (70% aq, 2.0 equiv) were added into a round bottom flask equipped with a magnetic stirrer.
The reaction was stirred at 80 °C until its color turned from dark red to light green (indication of
the consumption of TEMPO starting material). Upon completion, the mixture was diluted with
Et,0 and washed with brine solution twice. The organic phase was dried over Na;SO4 and
evaporated under reduced pressure. The crude product was purified by silica gel flash-column

chromatography.
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General procedure 2 (GP2)*®

o R
| FeBr, (2.5 mol%) o

R-CO,H + N
MeCN (0.1 M)

390 or 440 nm, 25°C, 16 h

Y
CE

(1.0 equiv) (2.0 equiv)

The carboxylic acid (1.0 equiv), TEMPO (2.0 equiv) and FeBr; (2.5 mol%) were added in an oven-
dried Schlenk flask. The flask was flushed with argon and anhydrous and degassed MeCN (0.1 M)
was added. The reaction was allowed to stir at r.t. for 16 h under light irradiation (390 or 440
nm). After 16 h, the reaction mixture was concentrated under reduced pressure and the resulting

crude material was purified by silica gel flash-column chromatography.
General procedure 3 (GP3)*’

o Fe(OTf); (5.0 mol%) _R
I bpmen (5.0 mol%) (,)

R-COH + N
MeCN (0.5 M)

390 or 440 nm, 25°C, 16 h

Y
CE

(1.0 equiv) (2.5 equiv)

An oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with the
carboxylic acid (1.0 equiv). The flask was flushed with argon and anhydrous and degassed MeCN
(0.5 M) was added. Then, to the flask were added solutions in MeCN of N,N-dimethyl-N,N-
bis(pyridin-2-ylmethyl)ethanel,2-diamine (bpmen) (5.0 mol%, 40 mM) followed by the addition
of Fe(OTf)s (5.0 mol%, 40 mM) and TEMPO (2.5 equiv, 0.50 M). The resulting mixture was stirred
under light irradiation (390 or 440 nm) at r.t. for 16 h. Then, the solvent was evaporated, and to
the crude was added CHCl,, the resulting solution was washed with saturated solution of
NaHCOs, the organic layer was dried over Na;S04, and concentrated under reduced pressure. The

crude product was purified by silica gel column chromatography.
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General procedure 4 (GP4)**®

TEMPO (1 equiv)
N-hydroxyphtalimide (1.5 equiv) Ru(bpy)3Cly*6H,0 (2.0 mol%)

R
dmap (5.0 mol%) Hantzsch ester (1.0 equiv) o
R DCC or DCI (1.5 equiv) R lll
- |
| o
COH THF (0.5 M) CO2Phth DMF (0.3 M) [
25°C,16 h 455 nm, 25°C, 16h

(1.0 equiv)

The alkyl redox active esters were synthesized according to the following method: the
corresponding carboxylic acids (1.0 equiv), N-hydroxyphthalimide (1.5 equiv), and 4-
dimethylaminopyridine (5 mol %) were mixed in a flask with a magnetic stirring bar, then CH,Cl,
was added. Then a solution of DCC or DCI (1.5 equiv) in CH2Cl; was added slowly at r.t. The
reaction mixture was stirred at r.t. for 16 h. When the N-hydroxyphthalimide was completely
converted, the white precipitate was filtered off and the solution was concentrated under
reduced pressure. The residue was purified by flash column chromatography to give

corresponding redox active esters.

Redox-active ester (1.0 equiv), TEMPO (1 equiv), Ru(bpy)3Cl>6H20 (2 mol %), Hantzsch ester (1
equiv) were placed in a dry transparent Schlenk tube equipped with a stirring bar. The tube was
evacuated and filled with argon (three times). To these solids, dry DMF was added via a gas-tight
syringe under argon atmosphere. The reaction mixture was stirred under the irradiation (455 nm)
at r.t. for 16 h. After reaction completion, the mixture was quenched with brine and extracted
with EtOAc. The organic layers were combined and concentrated under reduced pressure. The

product was purified by flash column chromatography on silica gel.

2,2,6,6-tetramethyl-1-((1,2,3,4-tetrahydronaphthalen-1-yl)oxy)piperidine (123)

_N
O

CO

Following the general procedure GP4, the product was obtained in 96% yield as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.63 - 7.61 (m, 1H), 7.21 - 7.03 (m, 3H), 4.89 -
4.86 (m, 1H), 2.91 - 2.64 (m, 2H), 2.11 - 1.91 (m, 3H), 1.75 - 1.66 (m, 1H), 1.61 - 1.12 (m, 15H),
0.72 (s, 3H).
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13C NMR (101 MHz, Chloroform-ds, 6 ppm): 6 137.8, 137.7,129.8, 128.5, 127.2, 124.8, 78.3, 60.2,
59.9,40.4,34.7,33.3, 29.2, 29.1, 20.9, 20.6, 19.2, 17 .4.

2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidine (S1)

7

N
(0)
o
Following the general procedure GP1, the product was obtained in 90% yield as a colorless solid.

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6§ 7.28-7.14 (m, 5H), 4.72 (g, J = 6.7 Hz, 1H),
1.59-1.19 (m, 6H), 1.43 (d, J=6.7 Hz, 3H), 1.24 (s, 3H), 1.12 (s, 3H), 0.97 (s, 3H), 0.60 (s, 3H).

13C NMR (101 MHz, Chloroform-ds): & 146.0, 128.1(2C), 126.9, 126.7 (2C), 83.3, 59.8 (2C), 40.5
(2C), 34.6, 34.3, 23.7, 20.5 (2C), 17.4.

1-(benzhydryloxy)-2,2,6,6-tetramethylpiperidine (S2)

e

N
o)
©)\Ph

Following the general procedure GP3 (440 nm), the product was obtained in 93% vyield as a

colorless solid.

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.44 - 7.38 (m, 4H), 7.30 (t, J = 7.4 Hz, 4H),
7.20 (tt, J=7.4, 1.3 Hz, 2H), 5.69 (s, 1H), 1.68 - 1.28 (m, 6H), 1.20 (s, 6H), 0.79 (s, 6H).

13C NMR (101 MHz, Chloroform-ds):6 145.0, 128.2, 126.8, 126.6, 90.8, 60.0, 40.5, 34.0, 20.5,
17.2.
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1-(1-([1,1'-biphenyl]-4-yl)ethoxy)-2,2,6,6-tetramethylpiperidine (S3)

e

N
(@)

o
Ph

4-(1-bromoethyl)-1,1'-biphenyl (1.0 equiv), Cu(OTf), (2.5 mol%), 4,4’-di-tert-butyl-2,2’-bipyridine
(10.0 mol%), Cu powder (2.0 equiv) and TEMPO (1.3 equiv) were added into a flame-dried round
bottom flask equipped with a magnetic stirrer. The flask was evacuated and backfilled with N;
three times. Anhydrous and degassed benzene (0.5 M) was added. The reaction mixture was
stirred at 75°C for 16 h under N, then cooled to r.t., filtered over a short silica pad with the aid
of some Et;0 and concentrated under reduced pressure. The crude product was purified by silica
gel column chromatography eluting a gradient 0-2% mixture of EtOAc in pentane to give the

product as a white solid in 47% yield.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.63-7.59 (m, 2H), 7.57-7.53 (m, 2H), 7.45-7.37
(m, 4H), 7.35-7.30 (m, 1H), 4.84 (q, J = 6.6 Hz, 1H), 1.52 (d, J = 6.7 Hz, 6H), 1.38 (bs, 2H), 1.31 (bs,
4H), 1.19 (bs, 3H), 1.06 (bs, 3H), 0.72 (bs, 3H).

13C NMR (101 MHz, Chloroform-ds):6 145.1, 141.3, 139.8, 128.9, 127.2, 127.2, 126.9, 82.9, 59.9,
40.6, 34.7,34.5 23.7, 20.6, 17.4;

1-(1-(2-fluoro-[1,1'-biphenyl]-4-yl)ethoxy)-2,2,6,6-tetramethylpiperidine (S4)

e

N
O
FD/L
Me
Ph

Following the general procedure GP2 (390 nm), the product was obtained in 99% vyield as a

colorless solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.61-7.57 (m, 2H), 7.48-7.44 (m, 2H), 7.43-
7.35 (m, 2H), 7.19 (s, 1H), 7.17-7.16 (m, 1H), 4.85 (q, J = 6.7 Hz, 1H), 1.55-1.29 (m, 6H), 1.53 (d, J
= 6.6 Hz, 3H), 1.45 (s, 3H), 1.21 (s, 3H), 1.10 (s, 3H), 0.79 (s, 3H).
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13C NMR (101 MHz, Chloroform-ds):§ 159.6, 147.4, 136.0,130.3, 129.1 (2C), 128.5, 127.6,
127.4,127.2,122.5, 114.10, 82.4, 59.9 (2C), 40.5 (2C), 34.6, 34.3, 23.5, 20.5 (2C), 17.3.

1-(1-(4-chlorophenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (S5)

7

N
O

o
Cl

Following the general procedure GP2 (390 nm), the product was obtained in 90% vyield as a
colorless oil.

1H NMR (400 MHz, Chloroform-ds, 6 ppm, J Hz): 6 7.32 (d, J = 1.9 Hz, 4H), 4.81 (s, 2H), 1.68-1.49
(m, 5H), 1.38 (m, 1H), 1.26 (s, 6H), 1.17 (s, 6H).

13C NMR (101 MHz, Chloroform-ds):5 36.6, 132.8, 128.6 (2C), 128.2 (2C), 77.8, 59.8 (2C), 39.5
(2C), 32.9 (2C), 20.1 (20), 16.9.

1-(1-(4-methoxyphenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (S6)

e

N
O

o
MeO

Following the general procedure GP2 (440 nm), the product was obtained in 91% yield as a

colorless solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.31-7.23 (m, 2H), 6.92-6.83 (m, 2H), 4.77 (q,
J = 6.7 Hz, 1H), 3.82 (s, 3H), 1.54-1.49 (m, 3H), 1.49 (d, J = 6.7 Hz, 3H), 1.43-1.37 (m, 2H), 1.35-
1.28 (m, 4H), 1.19 (s, 3H), 1.05 (s, 3H), 0.69 (s, 3H).

13C NMR (101 MHz, Chloroform-ds): 5 158.6, 138.1, 127.9 (2C), 113.4 (2C), 82.6, 59.8 (2C), 55.3,
40.5 (2C), 34.4(2C), 23.4, 20.4 (2C), 17.4.
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1-(1-(4-isobutylphenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (S7)

Me

Following the general procedure GP2 (440 nm), the product was obtained in 85% yield as a

colorless oil.

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.24 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.1 Hz, 2H),
4.76 (q, J = 6.7 Hz, 1H), 2.46 (d, J = 7.3 Hz, 2H), 1.86 (dp, J = 13.6, 6.8 Hz, 1H), 1.49 (d, J = 6.7 Hz,
6H), 1.42 (d, J = 9.0 Hz, 2H), 1.32 (dd, J = 14.2, 7.1 Hz, 4H), 1.17 (s, 3H), 1.03 (s, 3H), 0.94 (d, J =
6.7 Hz, 6H), 0.63 (s, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 143.09, 140.29, 128.81, 126.62, 82.96, 59.87, 59.67,
45.31, 40.50, 34.54, 34.19, 30.39, 23.38, 22.51, 20.48, 17.39.

2,2,6,6-tetramethyl-1-(1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)ethoxy)piperidine (S8)

To a flame-dried Schlenk tube equipped with a magnetic stirrer were added 1-(1-(4-
bromophenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (340 mg, 1.0 mmol, 1.0 equiv), B2Pin, (762
mg, 3.0 mmol, 3.0 equiv), K3PO4 (637 mg, 3.0 mmol, 3.0 equiv), Pd(OAc); (5 mg, 0.02 mmol, 2.0
mol%) and Sphos (21 mg, 0.05 mmol, 5.0 mol%). The tube vas evacuated and backfilled with N»
three times prior to the addition of dry 1,4-dioxane (2.0 mL, 0.5 M). The reaction mixture was
stirred at r.t. under N; for 16 h, then filtered through a short celite pad and washed with EtOAc.
The filtrate was then evaporated under reduced pressure and the crude product was purified by
silica gel column chromatography eluting a gradient 0% to 1% mixture of EtOAc in pentane, to

give the product as a white solid (88 mg, 0.23 mmol, 23% vyield).
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1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.76 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H),
4.78 (q,J = 6.7 Hz, 1H), 1.46 (d, J = 6.7 Hz, 6H), 1.34 (s, 15H), 1.29 (bs, 3H), 1.16 (bs, 3H), 1.01 (bs,
3H), 0.65 (bs, 3H).

13C NMR (101 MHz, Chloroform-ds, 6 ppm): 6 167.3, 151.3, 129.6, 128.7, 126.6, 83.12, 59.9, 52.1,
40.5, 34.6, 34.3,23.7,20.4, 17.3;

3-(4-(1-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)ethyl)benzyl)cyclopentan-1-one (S9)

_N
o}

Me
(0]

To a flame-dried round bottom flask equipped with a magnetic stirrer were added Loxoprofen
(1.0 equiv), TEMPO (2.0 equiv), K2COs (1.5 equiv) and K2S,0s (1.0 equiv). The flask was evacuated
and backfilled with N; three times prior to the addition of DCE and H,0 (0.1 M, 3:1 v/v). The
reaction mixture was then stirred at 80 °C for 20 h under N,. Upon completion, the reaction
mixture was extracted with EtOAc three times. The combined organic layers were washed with
brine, dried over Na;SOs4 and evaporated under reduced pressure. The crude product was
purified by silica gel column chromatography eluting a gradient 0% to 2% mixture of EtOAc in

pentane to give the product.as a clear oil in 57% yield (diastereomers not resolved).

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.22 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H),
4.74 (q,J = 6.6 Hz, 1H), 3.12 (dd, J = 13.9, 4.1 Hz, 1H), 2.52 (dd, /= 13.9, 9.6 Hz, 1H), 2.40-2.28 (m,
2H), 2.15-2.01 (m, 2H), 1.98-1.88 (m, 1H), 1.78-1.67 (m, 1H), 1.61-1.51 (m, 2H), 1.46 (d, / = 6.6
Hz, 5H), 1.36 (bs, 2H), 1.28 (bs, 4H), 1.15 (bs, 3H), 1.01 (bs, 3H), 0.62 (bs, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 220.5, 143.6, 143.6, 138.4, 138.4, 128.6, 126.8,
82.8, 59.8 (br), 59.6 (br), 51.1, 40.4, 38.4, 35.4, 34.4 (br), 34.1 (br), 29.1, 23.3, 23.3, 20.6, 20.4,
17.3;
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N-(4-(1-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)ethyl)benzyl)cyclopropanesulfonamide (S10)

(/)//O
\
ZT
<
(¢

\

53

To a flame-dried round bottom flask equipped with a magnetic stirrer was added (4-(1((2,2,6,6-
tetramethylpiperidin-1-yl)oxy)ethyl)phenyl)methanamine (250 mg, 0.86 mmol, 1.0 equiv). The
flask was evacuated and backfilled with N2 three times prior to the addition of dry CH,Cl, (4.3 mL,
0.2 M), anhydrous EtsN (240 pL, 1.72 mmol, 2.0 equiv) and cyclopropanesulfonyl chloride (105
uL, 1.03 mmol, 1.2 equiv). The reaction mixture was stirred at r.t. under N, for 48 h, then washed
with a saturated aqueous NaHCOs solution, an aqueous 1 M HCl solution, and brine. The organic
layer was dried over Na;SO. and evaporated under reduced pressure. The crude product was
purified by silica gel column chromatography eluting a gradient 0% to 40% mixture of EtOAc in

pentane to give the product.as a white solid in 71% vyield

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.30 (s, 4H), 4.77 (9, J = 6.7 Hz, 1H), 4.54 (t, ) =
6.2 Hz, 1H), 4.32 (d, J = 6.2 Hz, 2H), 2.31 (tt, J = 8.0, 4.9 Hz, 1H), 1.46 (d, J = 6.7 Hz, 6H), 1.37 (bs,
2H), 1.29 (bs, 4H), 1.21-1.09 (m, 5H), 0.95-0.86 (m, 2H), 0.62 (bs, 3H).

13C NMR (101 MHz, Chloroform-ds, 6§ ppm): & 146.0, 135.6, 127.7, 127.2, 83.0, 59.8, 47.4, 40.5,
34.6, 34.4,30.7, 23.8, 20.5, 17.3, 5.7

1-(1-(6-methoxynaphthalen-2-yl)ethoxy)-2,2,6,6-tetramethylpiperidine (S11)

_N
@)

"
MeO

Following the general procedure GP3 (440nm), the product was obtained in 89% yield as an white

solid.

1H NMR (400 MHz, Chloroform-ds, 8 ppm, J Hz): 6 7.74-7.69 (m, 2H), 7.65 (bs, 1H), 7.47 (dd, J =
8.5, 1.8 Hz, 1H), 7.15-7.10 (m, 2H), 4.91 (q, J = 6.6 Hz, 1H), 3.92 (s, 3H), 1.55 (d, J = 6.6 Hz, 4H),
1.51 (bs, 2H), 1.34 (bs, 6H), 1.20 (bs, 3H), 1.03 (bs, 3H), 0.61 (bs, 3H)
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13C NMR (101 MHz, Chloroform-ds, § ppm): 6 157.5, 141.2, 133.8, 129.5, 128.8, 126.8, 125.9,
125.1, 118.7, 105.8, 83.4, 60.0, 59.7, 55.4, 40.5, 34.8, 34.4, 23.7, 20.5, 17.4.

2,2,6,6-tetramethyl-1-(1-(4-(trifluoromethyl)phenyl)ethoxy)piperidine (512)

Ve

N
o)
o
FsC
Following the general procedure GP1, the product was obtained in 75% yield as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.62-7.56 (m, 2H), 7.45 (d, J = 8.1 Hz, 2H), 4.86
(q,J = 6.7 Hz, 1H), 1.57-1.26 (m, 6H), 1.50 (d, J = 6.5 Hz, 3H), 1.32 (s, 3H), 1.19 (s, 3H), 1.05 (s, 3H),
0.67 (s, 3H).

13C NMR (101 MHz, Chloroform-ds, § ppm): 6 149.8, 126.7, 125.0, 82.7, 59.7, 40.3, 34.5, 34.2,
23.6, 20.3, 17.2.

19F NMR (282 MHz, Chloroform-ds, 8§ ppm) 6 -61.45.

1-(1-(4-fluorophenyl)ethoxy)-2,2,6,6-tetramethylpiperidine (S13)

e

N
O

o
F

Following the general procedure GP3 (440nm), the product was obtained in 97% yield as an

orange oil.

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.35-7.30 (m, 2H), 7.05-7.00 (m, 2H), 4.78 (s,
2H), 1.64-1.25 (m, 6H), 1.25 (s, 6H), 1.15 (s, 6H).

13C NMR (101 MHz, Chloroform-ds, 6§ ppm): & 162.3, 134.2, 129.3, 115.2, 78.2, 60.1, 39.9, 33.3,
20.4,17.3.

19F NMR (282 MHz, Chloroform-ds, & ppm): 6 -115.3.

224



4-(1-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)ethyl)benzonitrile (S14)

7

N
0]
o
NC

Cu(OTf),; (2.5 mol%), 4,4’-di-tert-butyl-2,2’-bipyridine (10.0 mol%), Cu powder (2.0 equiv) and
TEMPO (1.3 equiv) were added into a flame-dried round bottom flask equipped with a magnetic
stirrer. The flask was evacuated and backfilled with N, three times. Anhydrous and degassed
benzene (0.5 M) was added followed by 4-(1-bromoethyl)benzonitrile (1.0 equiv). The reaction
mixture was stirred at 75 °C for 16 h under Ny, then cooled to r.t., filtered over a short silica pad
with the aid of some Et,0 and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography eluting a gradient 0-5% mixture of EtOAc in

pentane, to give the product in 55% as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.60 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H),
4.82 (q,J = 6.7 Hz, 1H), 1.46 (d, J = 6.7 Hz, 6H), 1.37 (bs, 2H), 1.28 (bs, 4H), 1.16 (bs, 3H), 1.01 (bs,
3H), 0.60 (bs, 3H);

13C NMR (101 MHz, Chloroform-ds, 6§ ppm): 6 151.3, 132.2, 127.3, 119.2, 110.7, 82.9, 59.9, 40.4,
34.6, 34.3, 23.6, 20.4, 17.3;

2,2,6,6-tetramethyl-1-(1-(4-nitrophenyl)ethoxy)piperidine (S15)

7

N
O
o
O,N

Following the general procedure GP2 (390 nm), the product was obtained in 68% yield as a

colorless oil

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 8.18 (m, 2H), 7.47 (m, 2H), 4.88 (q, / = 6.7 Hz,
1H), 1.64-1.24 (m, 6H), 1.49 (d, J = 6.7 Hz, 3H), 1.29 (s, 3H), 1.17 (s, 3H), 1.02 (s, 3H), 0.61 (s, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 153.4, 147.0, 127.3 (2C), 123.6 (2C), 82.7,59.9
(2C), 40.4 (2C), 34.5, 34.4, 23.7, 20.4 (2C), 17.2.
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4.3. Fluorination of alkoxyamines via SFe¢ photocatalytic activation

General procedure for fluorination

N SFg (1 atm)
j)\’ Ir(dF-CF3-ppy),(dtbpy)PFg (2.5 mol%) JF\

R" “R2

R? r.t. (cooling by fan)
dry DCE (deoxygenated, 0.2 M)
456 nm, 12 h

An oven-dried Schlenk flask equipped with a magnetic stirring bar was charged with the TEMPO-
functionalized substrate (1.0 equiv) and PC4 (2.5 mol%). The flask was flushed with N, and
anhydrous and degassed DCE (0.2 M) was added. The flask was subjected to three cycles of
vacuum/Nz and subsequently sparged with SFe via a baloon. The obtained mixture was stirred
under irradiation (456 nm) at r.t. (cooling by fan) for 12 h. Then, the solvent was evaporated and

the crude product was purified by silica gel flash column chromatography.

1-fluoro-1,2,3,4-tetrahydronaphthalene (124)

F

CO

Yield of 74% determined by °F NMR using external standard 1F-napthalene.

Full degradation of the product was observed upon attempted purification by silica gel
chromatography. Hence, the crude product was dissolved in pentane and filtered through a celite
pipette plug, which was washed with further pentane. The filtrate was evaporated under reduced

pressure and was not subjected to further purification.
1H NMR (400 MHz, Chloroform-ds, 8 ppm, J Hz): & (benzylic proton) 5.53 (dt, J = 51.6, 4.0 Hz, 1H).
19F NMR (282 MHz, Chloroform-ds, & ppm): 6 -155.85 (m).

(1-fluoroethyl)benzene (125)

F

@KMG

Purified by silica gel flash column chromatography eluting pentane, to give product 125 in 86%

yield as a clear oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.43-7.30 (m, 5H), 5.64 (dq, J = 47.6, 6.3 Hz,
1H), 1.66 (dd, J = 23.9, 6.4 Hz, 3H).
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13C NMR (101 MHz, Chloroform-ds, & ppm): 8 141.6 (d, J = 19.5 Hz), 128.6, 128.4 (d, J = 2.3 Hz),
125.4 (d, J = 6.8 Hz), 91.1 (d, J = 167.6 Hz), 23.1 (d, J = 25.0 Hz).

19F NMR (282 MHz, Chloroform-ds, 8 ppm, J Hz): 6 -167.06 (dq, J = 47.7, 24.3 Hz);

(fluoromethylene)dibenzene (126)

F

@K%

Purified by silica gel flash column chromatography eluting pentane, to give product 126 in 83%

yield as a clear oil.
1H NMR (400 MHz, Chloroform-ds, 6§ ppm, J Hz): § 7.42-7.32 (m, 10H), 6.49 (d, J = 47.3 Hz, 1H).

13C NMR (101 MHz, Chloroform-ds, § ppm): & 140.0 (d, J = 21.3 Hz), 128.6, 128.6 (d, J = 2.3 Hz),
126.7 (d, J = 6.4 Hz), 94.6 (d, J = 172.6 Hz)

19F NMR (282 MHz, Chloroform-ds, 8 ppm, J Hz): 6 -166.70 (d, J = 46.8 Hz)

4-(1-fluoroethyl)-1,1'-biphenyl (127)

F

o
Ph

Purified by silica gel flash column chromatography eluting a gradient 0% to 20% of CHCl; in

pentane, to give product 127 in 72% yield as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.68-7.58 (m, 4H), 7.51-7.43 (m, 4H), 7.41-7.35
(m, 1H), 5.70 (dq, J = 47.7, 6.4 Hz, 1H), 1.71 (dd, J = 23.8, 6.5 Hz, 3H).

13C NMR (101 MHz, Chloroform-ds, § ppm): 6 141.3 (d, J = 2.4 Hz), 140.8, 140.5 (d, J = 19.5 Hz),
128.9,127.6,127.4,127.3,125.9 (d, J=6.8 Hz), 90.9 (d, /= 167.3 Hz), 23.0 (d, J = 25.4 Hz).

19F NMR (282 MHz, Chloroform-ds, & ppm, J Hz): 6 -166.60 (dq, J = 48.2, 24.1 Hz).
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2-fluoro-4-(1-fluoroethyl)-1,1'-biphenyl (128)
F
Me
Ph

Purified by silica gel column chromatography eluting pentane, to give product 128 in 81% yield

as a clear oil.

1H NMR (400 MHz, Chloroform-ds, 6 ppm, J Hz): § 7.55 (d, J = 7.3 Hz, 2H), 7.46 (t, J = 7.7 Hz, 3H),
7.38 (t,J= 7.4 Hz, 1H), 7.18 (t, J = 8.9 Hz, 2H), 5.66 (dq, J = 47.4, 6.5 Hz, 1H), 1.68 (dd, J = 23.9, 6.4
Hz, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 159.9 (d, J = 248.9 Hz), 143.1 (dd, J = 20.2, 7.5 Hz),
135.5, 131.0 (d, J = 4.1 Hz), 129.1 (d, J = 2.7 Hz), 128.9 (dd, J = 13.6, 1.8 Hz), 128.6, 128.0, 121.2
(dd, J = 6.8, 3.6 Hz), 113.2 (dd, J = 24.3, 7.5 Hz), 90.1 (dd, J = 169.2, 1.6 Hz), 23.0 (d, J = 25.0 Hz).

19F NMR (282 MHz, Chloroform-ds, & ppm, J Hz): & -117.43-117.38 (m, 1F), -168.33 (dq, J = 47.7,
23.4 Hz, 1F).

1-chloro-4-(1-fluoroethyl)benzene (129)

F

o
Cl

Purified by silica gel column chromatography eluting pentane, to give product 129 in 63% yield

as a colorless oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.35 (d, 2H, J = 8.4 Hz, Ph H-2,6), 7.28 (d, 2H, J
= 8.4 Hz, Ph H-3,5), 5.60 (dq, 1H, 2JH,F = 47.5 Hz, 3JH,H = 6.5 Hz, CHF), 1.62 (dd, 3H, 3JH,F = 23.8
Hz, 3JH,H = 6.4 Hz, CH3).

13C NMR (101 MHz, Chloroform-ds, & ppm): 6 140.1 (d, J = 20.0 Hz), 134.2 (d, / = 1.7 Hz), 128.8
(2C), 126.8 (d, 2C, J = 6.9 Hz), 90.4 (d, J = 168.2 Hz), 23.0 (d, J = 28.3 Ha).

19F NMR (282 MHz, Chloroform-ds, 8§ ppm, J Hz): 6 -167.5 (dq, J = 47.9 Hz, 23.9 Hz).
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1-(1-fluoroethyl)-4-methoxybenzene (130)

F

o
MeO

Purified by silica gel column chromatography eluting pentane, to give product 130 in 75% yield

as a colorless oil.

H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): 6 7.26-7.33 (m, 4H), 5.48 (dq, J = 40.5, 5.4 Hz,
1H), 3.86 (s, 3H), 1.59 (dd, J = 23.6, 5.8 Hz, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 160.0, 128.2, 127.9, 116.1, 90.0 (d, J = 166.8 Hz),
55.7,22.6 (d, J = 25.4 Hz).

19F NMR (282 MHz, Chloroform-ds, 8 ppm, J Hz): 6 -167.7 (dq, J = 40.5, 23.6 Hz).

1-(1-fluoroethyl)-4-isobutylbenzene (131)

F

o

Purified by silica gel column chromatography eluting pentane, to give product 131 in 66% yield

as a colorless oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.28 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 8.1 Hz, 2H),
5.62 (dq,/=48.0,6.5Hz, 1H), 2.49 (d, /= 7.2 Hz, 2H), 1.88 (hept, J = 6.5 Hz, 1H), 1.65 (dd, J = 23.9,
6.5 Hz, 3H), 0.92 (d, /= 6.6 Hz, 6H).

13C NMR (101 MHz, Chloroform-ds, 8 ppm): 6 142.01 (d, J = 2.4 Hz), 138.78 (d, J = 19.9 Hz), 129.34,
125.32 (d, /= 6.4 Hz), 91.16 (d, J = 166.5 Hz), 45.26, 30.36, 22.90 (d, J = 25.8 Hz), 22.50.

19F NMR (282 MHz, Chloroform-ds, 8 ppm, J Hz): 6 -164.62 (dq, J = 47.7, 23.8 Hz).

2-(4-(1-fluoroethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (132)

F

o
O\I'?»
@)

Purified by silica gel column chromatography eluting CH,Cly, to give product 132 in 64% yield as

a white solid.
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1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.83 (d, J = 7.6 Hz, 2H); 7.35 (d, J = 7.8 Hz, 2H),
5.64 (dq, J = 47.7, 6.5 Hz, 1H), 1.63 (dd, J = 23.9, 6.5 Hz, 3H), 1.35 (s, 12H).

13C NMR (101 MHz, Chloroform-ds, 6 ppm): 6 144.7 (d, J = 19.5 Hz), 135.1, 124.5 (d, J = 7.2 Hz),
91.0 (d, J = 168.1 Hz), 84.0, 25.0, 23.2 (d, J = 25.0 Hz).

19F NMR (282 MHz, Chloroform-ds, & ppm, J Hz): § -169.59 (dq, J = 47.7, 23.8 Hz).

3-(4-(1-fluoroethyl)benzyl)cyclopentan-1-one (133)

F

Me
(0]

Purified by silica gel column chromatography eluting a gradient 0-10% mixture of EtOAc in

pentane, to give product 133 in 57% yield as a light-yellow oil (diastereomers not resolved).

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.27 (d, J = 7.4 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H),
5.60 (dq, J = 47.7, 6.4 Hz, 1H), 3.15 (dd, J = 14.0, 4.2 Hz, 1H), 2.55 (dd, J = 14.0, 9.4 Hz, 1H), 2.39-
2.30 (m, 2H), 2.15-2.04 (m, 2H), 2.0-1.92 (m, 1H), 1.79-1.69 (m, 1H), 1.63 (dd, J = 23.8, 6.4 Hz,
3H), 1.60-1.51 (m, 1H).

13C NMR (101 MHz, Chloroform-ds, 6 ppm): & (C=0 not visible) 140.3 (d, /= 2.2 Hz), 139.4 (d, J =
19.5 Hz),129.2, 125.6 (d, J=6.4 Hz),91.0 (d, /= 166.7 Hz), 51.1, 38.3,35.4,29.3,22.9(d, /=25.4
Hz), 20.7.

15F NMR (282 MHz, Chloroform-ds, 8 ppm, J Hz): 6 -165.41 (dp, J = 47.7, 24.3 Hz).

N-(4-(1-fluoroethyl)benzyl)cyclopropanesulfonamide (134)

F

H\/©)\Me
(@) _N

s

N

Purified by silica gel column chromatography eluting a gradient 0-20% mixture of EtOAc in

o

[\

pentane, to give product 134 in 69% yield as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.41-7.32 (m, 4H), 5.63 (dq, J = 47.6, 6.5 Hz,
1H), 4.54 (t, J = 6.3 Hz, 1H), 4.35 (d, J = 6.2 Hz, 2H), 2.36 (tt, J = 8.1, 4.8 Hz, 1H), 1.63 (dd, J = 23.9,
6.5 Hz, 3H) 1.19-1.14 (m, 2H), 0.98-0.92 (m, 2H).
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13C NMR (101 MHz, Chloroform-ds, 6 ppm): 6 141.3 (d, J = 18.9 Hz), 137.4, 128.0, 125.8 (d, J = 6.5
Hz), 90.7 (d, J = 167.5 Hz), 47.0, 30.6, 23.0 (d, J = 25.4 Hz), 5.6.

19F NMR (282 MHz, Chloroform-ds, 8§ ppm, J Hz): 6 -167.50 (dt, J = 47.7, 24.1 Hz).

2-(1-fluoroethyl)-6-methoxynaphthalene (135)

F

.
MeO

Purified by silica gel column chromatography eluting a 10% mixture of PE in pentane, to give

product 135 in 63% vyield as a white solid.

1H NMR (400 MHz, Chloroform-ds, & ppm, JHz): § 7.77-7.72 (m, 3H), 7.45 (dd, J = 8.5, 1.8 Hz, 1H),
7.17 (dd, J = 8.8, 2.5 Hz, 1H), 7.14 (d, J = 2.5 Hz, 1H), 5.76 (dq, J = 47.6, 6.4 Hz, 1H), 3.93 (s, 3H),
1.73 (dd, J = 23.7, 6.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): & 158.1, 136.6 (d, J = 19.4 Hz), 134.6 (d, J = 1.6 Hz),
129.7, 128.6, 127.3, 124.4 (d, J = 7.7 Hz), 123.9 (d, J = 5.4 Hz), 119.3, 105.8, 91.4 (d, J = 166.9 Hz),
55.5,22.3 (d, J = 25.5 Haz).

19F NMR (282 MHz, Chloroform-ds, & ppm, J Hz): 6 -164.98 (dq, ) = 47.6, 23.6 Hz).

1-(1-fluoroethyl)-4-(trifluoromethyl)benzene (136)

F

o
FsC

Purified by silica gel column chromatography eluting pentane, to give product 136 in 11% yield

as a colorless oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.62 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H),
5.66 (dg, J = 47.5, 6.5 Hz, 1H), 1.63 (dd, J = 24.0, 6.5 Hz, 3H).

13C NMR (101 MHz, Chloroform-ds, & ppm): 6 145.6 (d, J = 19.1 Hz), 130.4 (g, J = 32.2 Hz), 125.6
(9, ) =3.6 Hz), 125.4 (d, J = 7.2 Hz), 124.1 (g, J = 270.7 Hz), 90.2 (d, J = 168.1 Hz), 22.5 (d, J = 25.0
Hz

19F NMR (282 MHz, Chloroform-ds, & ppm, J Hz): 6 -62.5 (s, 3F), -171.0 (dq, J = 47.9, 23.7 Hz).
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1-fluoro-4-(1-fluoroethyl)benzene (137)

F

o
F

Purified by silica gel column chromatography eluting pentane, to give product 137 in 33% yield

as a colorless oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): & 7.44 - 7.38 (2H, m), 7.16-7.10 (2H, m), S 19
5.65 (1H, dq, J = 47.7 Hz, 6.4 Hz), 1.59 (3H, dd, J = 24.0 Hz, 6.4 Hz);

19F NMR (282 MHz, Chloroform-ds, 8§ ppm, J Hz): 6 -115.6 (m), -164.3 (dq, J = 48.6 Hz, 24.3 Hz).

4-(1-fluoroethyl)benzonitrile (138)

F

o
NC

Purified by silica gel column chromatography eluting pentane, to give product 138 in 13% yield

as a colorless oil.

1H NMR (400 MHz, Chloroform-ds, & ppm, J Hz): § 7.67 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H);
5.67 (dg, J = 47.5, 6.6 Hz, 1H), 1.64 (dd, J = 24.0, 6.4 Hz, 3H);

13C NMR (101 MHz, Chloroform-ds, § ppm): 6 146.8 (d, J = 20.0 Hz), 132.5, 125.7 (d, J = 7.7 Hz),
118.7,112.1 (d, J = 1.8 Hz), 90.0 (d, J = 170.8 Hz), 23.1 (d, J = 24.5 Hz).

19F NMR (282 MHz, Chloroform-ds, 6 ppm, J Hz): 6 -172.58 (tdd, J = 48.0, 25.3, 8.5 Hz).
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